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PREFACE 
The  Third  lnternational Conl'erence on  Permafrost brings  together scientists and engi- 

neers from many countries  throughout  the  world,  Canada  has been vitally conccrned for many 
years  with  permafrost and  the variety of,  problems which it imposes on developments in her vast 
northern regions. This  interest is shared by >other  ,nations,  resulting in an active  and  productive 
exchange of scientific and  tcchnological  inlormatlon.  Canada,  as  the  host  country,  welcomes 
participants  from all countries involved in permafrost  studies  and it is hoped  that  the  Confcrcnce 
will further  the excellent international  cooperation  that has been developing  over  the years. 

t 

W.G. Schneider 
President 

National  Research  Council 
of Canada 

INTRODUCTION 
Preparations in Canada  for  the  Third  lnternational  Conference on Permafrost,  to be 

held in Edmonton,  Alberta, 10-13 July 1978, began in 1974 with the  formation of an Organizing 
Committee  sponsored by the  National  Research  Council  of  Canada,  through  its  Associate  Com- 
mittee on  Geotechnical  Research.  This  activity  followed  soon  after  the  Second  International 
Conference  on  Permafrost at Yakutsk,  Siberia, in the  U.S.S.R.,  July 1973. The  First  Interna- 
tional  Conference on Permafrost  took place tcn years  earlier  at  Purdue University,  Lafayette, 
Indiana, in the United States of America. 

The Proceedings  of  the  prcscnt  Conference  are in two  volumes. 'I'he first (Volume 1) 
contains 139 papers  submitted by permafrost scientists and  engineers  from eleven countries - 
Argentina,  Canada,  Denmark,  France,  Japan,  Poland,  Sweden,  Switzerland,  [J.S.A., U . S . R . R . ,  
and  the  German  Federal  Republic. Volume 11 will contain eight rcvicw papers on special 
permafrost  topics,  general  information, list  of participants, written  discussions  and  the  formal 
motlons of the  Conference. It  will  be printed  and  distributed  to  participants as soon as possible 
after  the  Conference. 

Participants  at  the  Conference will have the  opportunity of taking  part in six concurrent 
field trips  following the meetings in Edmonton.  These  tours will afford  the  opportunity of study- 
ing  permafrost  and  pro  lems related to it in northern  Canada.  The  guide books for all the field 
trips will  be provided to P full regstrants . '  at  the  Conference. 

The  Organizing  Committee  for  the  Third  lnternational  Conference on Permafrost welcomes 
all participants  and  hopes  that  the meetings, field trips,  and  other  functions will prove  to be useful 
and  enjoyable. 

Roger J.E. Brown, 
Chairman,  Organizing  Committee 

Third International  Conference 
On Permafrost 
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PREFACE 
La l’roisiime  confkrence  internationale  sur le pergklisol rasscmble  des scientifiques et 

des  ingenieurs  d’un grand  nombre  de pays du  monde  entier. LC pergklisol et  la diversitd des 
difficultis  qui y sont associkos constituent  depuis  dc  nombreuses  annkes un probleme vital pour 
le Canada  car ils g&ncnt  I’arnknagcment et I’exploitation de ses vastes  rkgions  septentrionales. 
L‘intertt  que  porte le Canada a ce sujet est partage  par  d’autres  nations.  Vest ainsi qu’on a mis 
sur pied A I’ichelle mondiale  des Cchangcs fructueux d’inf‘ormations secntifiques et techniques. 
Le Canada, en tant  que pays h8te,  souhaite la bienvenue aux  participants  de  tous les pays  qui 
s’interessent aux problimes  du pergklisol et on s’attend a ce que la confkrence facilite I’excel- 
lente cooperation  internationale  qui a progresst  avec les annees. 

W.G. Schneider 
Prisident 

Conseil national  de recherches 
du  Canada 

INTRODlJCTlON 
Au Canada, les travaux  de  prkparation  pour la Troisieme  conference  internationale  sur le 

pergelisol, qui  doit se tenir A Edmonton,  Alberta,  du 10 au 13 juillet 1978, ont commenck  en 1974 
avec la crkation  d’un  Comitd  d’organisation  parrain6  par le Conscil  national  de recherches du 
Canada,  par I’intermkdiaire de  son  Comitk  associt  de recherches  gkotechniques.  Ces  travaux 
ont  dkbute peu apris la DeuxiPme  conference  internationale  sur le pergklisol tenue a Yakoutsk 
(Sibhie), U.R.S.S., en  juillet 1973. La  PremiPre  conference internationale  sur le pergilisol 
avait  eu lieu dix  ans  auparavant i I’UniversitC Purdue,  Lafayette,  Indiana, E.-U. 

Le compte  rendu  de  cette  confkrence  comporte  deux volumes. Le volume I contient 139 
memoires  prksentis  par  des  chercheurs et des ingenieurs  spkcialisis  dans I’etude du pergklisol 
et provenant  de onze  pays:<I’Argentine, le Canada, IC Danemark, la France, le Japon, la Pologne, 
la !kli.de, la Suisse, les E.-U. ,  I’U.R.S.S., et la R.F.A. Le volume I 1  comprendra  huit rktros- 
pectives prtparkes  par des experts en pergklisol, des  informations gknerales, la liste des  parti- 
cipants, les discussions kcrites et  les rksolutions officielles de la Conference. I I  sera  imprim6 
et distribuk aux  participants d2s que possible apres la confkrence. 

Les participants  auront I’occasion  de  participer A six excursions  dans des  zones  de pergk- 
lisol, qui  suivront les rencontres  d’Edmonton. Ces tours  permettront  aux  participants d’ktudier 
sur place le pergelisol et les problemes du Nord du  Canada  qui s’y rattachent.  On  fournira des 
brochures-guides pour toutes les excursions A tous  ceux  qui  participent  de plein droit a la Con- 
fkrence. 

Le Comitk  d’organisation  de la Troisiime  confirence  internationale  sur le pergtlisol 
souhaite la bienvenue A tous les participants et nous espCrons  que les rencontres, les excur- 
sions et les autres activitks leur seront utiles et hgreables. 

Roger  J.E.  Brown, 
PrCsident du ComitC d’organisation. 
Troisiime confkrence internationale 

sur le pergtlisol 
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Troisitme  confkrence  internationale 

sur le pergklisol 
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INDEX  MODELS FOR PREDICTING  GROUND HEAT FLUX TO PERMAFROST DURING 
THAWING  CONDITIONS 
F.L. Abbey,  Don M. Gray, D.H. Male  and D.E.L. Erickson,  Division of 
Hydrology,  College of Engineering,  University  of  Saskatchewan, 
Saskatoon,  Saskatchewan 

undertaken of the  components of the  surface  energy balance over a tundra 
polygon  near  Tuktoyaktuk,  N.W.T. It was found  that  under  conditions 
where  the  development of an  atmospheric  boundary  layer is incomplete, 
to  prohibit  the  use of aerodynamic  equations  for  calculating  the  sensible 
and  latent heat flux components  from  wind,  temperature  and  humidity  data, 
simple  index  models  may  provide  reasonable  estimates  of  the  ground  heat 
flux. Two  index  models f o r  predicting  the  ground  heat  flux  during  the 
thawing  period  are  presented.  One  model is based on the  use of cumulative 
net  radiation; the other on cumulative  air  temperature  measurements. 
The  models  are  verified by measurements  of  ground  heat flux taken  at a 
depth of approximately 5 cm. The  results  suggest  net  radiation  is  the 
dominant  energy  source  governing  the  supply of ground  heat  during  the 
growth of the  active  layer. , 

M O D ~ L E S  DE R~F~RENCE POUR LE c a c m  DU FLUX DE CHALEUR VERS LE PERGELISOL LORS DU 
DBGEL 

During  the  summer of 1 9 7 3  a comprehensive  measurement  program was 

F.L.  Abbey, Don M. Gray, D.H. Male et D.E.L. Erickson,  Division  de  l'hydrologie,  Col- 
l2ge de  GGnie,  Universitg  de la Saskatchewan,  Saskatoon,  Saskatchewan. 

A l'i5t6 de 1973, on a  entrepris  une  mesure  complste d e s  Glements  du  bilan her- 
ggtique  superficiel d'un polygone  de toundra prSs  de  Tuktoyaktuk (T.N.-0.). On a 
trouvz que des modZles de r6fGrence  simples  peuvent  fournir  une  estimation  accepta- 
ble du  flux  de  chaleur  dans  le s o l ,  lorsque la formation  de  la  couche  atmosphgrique 
limite e s t  IncomplZte  et  empgche  l'emploi  d'gquations  agrodynamiques  pour  le  calcul 
des  Glgments  des  flux  de  chaleur  sensible  et  latent du vent,  de la tempgrature  et  de 
l'hurnidit6, Deux  modOles  de  prgvision  du flux de chaleur  dans le s o l  au  cours  du 
dsgel sont  prgsentgs. Le premier  est  bas6  sur  l'emploi  du  rayonnement  net  cumul6; 
le  second,  sur les tempgratures  cumulatives de l'air. Les  modsles  sont  v6rifiEs  par 
le f lux  de  chaleur  dans le sol mesur6 2 une  profondeur d e  5 cm  environ. Les dsultats 
font c r o i r e  que le  rayonnement  net est la  principale  source d'hergie responsable  de 
la chaleur  dans  le sol, au  cours  du  dgveloppement  de  la  couche  active. 
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INDEX  MODELS FOR PREDICTING  GROUND  HEAT  FLUX TO  PERMAFROST 

DURING  THAWING  CONDITIONS 

F. L. Abbey,  Don M. Gray, D. H. Male  and D. E. E. Erickson 

Division of Hydrology,  College of Engineering,  University  of  Saskatchewan 
Saskatoon,  Saskatchewan  S7N  OW0 

INTRODUCTION 

The energy  balance at  the  earth's  surface 
is  known to govern  many  natural  phenomena 
including  the rate o f  growth and decay of 
the  active  layer  in  permafrost  regions. 
Nevertheless,  it  has  proven  extremely  diffi- 
cult to incorporate the  surface  energy  bal- 
ance  into  models  designed  to  predict  free- 
zing  or  thawing  conditions.  Generally, 
either one or more of the  terms  in  the  en- 
ergy  equation  cannot  be  estimated  accurately 
as the  hydrometeorological  parameters  re- 
quired  are  not  available. 

Index  models  which  are  simple  to  apply 
and require  one  or  two  readily-available 
or easily-measurable  input  parameters  are 
widely  used  in  the  design  of  engineering 
works. In  this  paper,  two  index  models 
are  proposed  for  calculating  ground  heat 
flux.  It  is  shown  that  in  a  permafrost  re- 
gion  where  a  well-developed  atmospheric 
boundary  layer is  absent  because  of  local 
terrain  features,  it  may  be  possible  to  es- 
timate  the  cumulative  ground  flux  from  cumu- 
lative  values of net  radiation ox air  tem- 
perature. 

SITE  DESCRIPTION AND INSTRUMENTATION 

Data for this  study  were  collected  during 
the summer of 1973 at  a  site  located  approx- 
imately 18 km south  of  Tuktoyaktuk, N.W.T. 
in  an  area  of  rolling  hills 15 to 30 m  high. 
The  instrument  mast  was  located  on a rela- 
tively  level  tundra  polygon  which  was  sur- 
rounded on the  north,  east  and  south  sides 
by hills at distances  between 75 to 150 m. 
A lake was situated  approximately 50 m  to 
the west. In the  immediate  vicinity  of  the 
mast  were  cracks  approximately 1 m  deep and 
1 to 2 m wide. 

At a  site  having  such  exposure  conditions 
it  is  extremely  difficult  to  establish  the 
magnitudes  of  the  latent  and  sensible  heat 
fluxes  at  the  ground  surface.  These  fluxes 
cannot be  calculated  accurately  by  standard 
profile  methods  unless  there  is  a  well- 
developed  turbulent  boundary  layer at the 
ground  surface.  The  presence  of  cracks, 

hills  and  open  water  in  the  immediate  vic- 
inity of the  instrument  mast  made  it  highly 
unlikely  a  boundary  layer  with  measurable 
wind,  temperature  and  humidity  profiles 
would  be  present. 

Nevertheless,  in  an  attempt to obtain  a 
quantitative  assessment  of  the  errors  in 
the  various  terms  in  the  energy  budget 
which  could  be  expected  under  these  con- 
ditions, and  to  provide  data  in  support o f  
other  studies,  measurements  of  air  temper- 
ature,  humidity  and  wind  profiles  were 
made. A single  instrument  mast  was used 
to  collect  profile  data:  air  temperature 
was  measured  at  the  tundra  surface  at 
heights  of 20,  40 and 80 cm, the dew point 
temperature  at  heights of 20, 40 and 80 cm 
and the  wind  velocity  at  heights  of 2 0 ,  40, 
80 and 100 cm. The air  temperatures  were 
measured  with  shielded  thermistors,  the 
dew  point  temperatures by means  of  lithium 
chloride  dewcells, and the wind  velocities 
by anemometers of the  Rimco  "miniature 
cup" impulse  type. 

The ground  heat  flux  was  measured  di- 
rectly  using a heat  flux  plate. The  sen- 
sor was placed  approximately 5 cm below 
the  tundra  surface.  Soil  temperatures 
were  measured  by  thermistors  installed  at 
depths  of 5 ,  10, 15, 20 and 30 cm. 

Incoming  short  wave  and  reflected  radia- 
tion  were  measured  directly  using  Kipp  and 
Zonen  pyranometers.  Net  radiation  was  mea- 
sured  with  a  Funk  type net pyradiometer. 

Details  of  the  instrumentation  are  con- 
tained  in  Gray  et  a1 (1974). A11 measure- 
ments  were  made on a continuous  basis  with 
the  aid of battery-driven  field  recorders. 

BOUNDARY LAYER DEVELOPMENT 

Before  the  energy  budget  can  be  incor- 
porated  into  a  predictive  model  for  the 
surface  heat  flux  it  is  necessary  to  es- 
tablish  the  accuracy  with  which  the  sen- 
sible,  latent  and  radiation  fluxes  can be 
calculated. As mentioned  in  the  preceding 
section,  local  terrain  conditions  at  the 
measurement  site  were  such  that  it  was  un- 
likely a boundary  layer was present  within 
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which  defined  temperature,  humidity  and 
wind  profiles  exist.  Within  an  established 
boundary  layer  it  can  be  assumed  the  sen- 
sible  and  latent  heat  fluxes  are  constant 
with  height  which  makes  it  possible  to  cal- 
culate  these  fluxes  using  various  aerody- 
namic  formulae  (Sverdrup,  1936;  Thornth- 
waite and Holzman,  1939;  Deacon  and  Swin- 
bank, 1958). Alternately,  these  terms  can 
be  measured  directly  using  the  eddy  flux 
technique  developed  by  Dyer  (1961)  in  sit- 
uations  where  the  boundary  layer  is  suff- 
iciently  well  developed to  allow  the  in- 
strument  to be  placed at  a  height  where 
it can monitor  the  unsteady  components  of 
wind,  humidity  and  temperature. 

A  detailed  analysis  of  the  profiles  along 
with  the  errors  encountered  in  the  calcula- 
tion of the  latent  and  sensible  heat  fluxes 
by  aerodynamic  formulae are  given by  Gray 
et  a1,(1974).  Their  findings  may  be  sum- 
marized as follows: 
1) Logarithmic  wind  velocity  profiles 

existed at  the  site  for  much of the 
measurement  period. 

2 )  No systematic  temperature  differences 
could be detected  during  most of the 
measurement  period  indicating  the  temper- 
ature  profile  was  non-existent or, at 
best,  poorly  developed. 

3)  With  few  exceptions,  the  difference be- 
tween  the  upper  and  lower  dewpoint  tem- 
peratures  represented  a  difference  in 
absolute  humidity  of  Less  than 0.0003 
kg/kg. In  other  words,  a  humidity  pro- 
file  did  not  exist. 

calculate  sensible and latent  heat  fluxes 
indicate  differences  in  the  order  of 100% 
between the  various  expressions. 

4 )  Application  of  aerodynamic  formulae  to 

Based on  these  findings,  it  is  concluded 
that  calculations of the  ground  heat  flux 
as  a  residual  in  the  energy  equation  is  not 
possible. In terms  of  model  development, 
this  implies  some  type of empirical  index 
is necessary  if  the  ground  flux is  to be 
estimated  from  measured  atmospheric  para- 
meters.  Many  studies  of  different  natural 
surfaces  have  shown  that  net  radiation  is 
often  the  dominant  flux  in  the  surface 
energy  exchange. The  absence of a  well- 
defined  boundary  layer  and  the  long  hours 
of  daylight  would  suggest  net  radiation as 
a  major  energy  source  to  the  ground  heat 
flux at  the  study  site.  Therefore,  it  is 
appropriate  to  investigate  the  relationship 
between  these  two  fluxes. 

EVALUATION  OF  MEASUREMENTS OF THE 
GROUND HEAT FLUX 

Heat  flux  plates  are  known  to  be  sensitive 
to the medium  in  which  they  are  immersed 
(Tanner, 1963). In  addition,  it  is  impor- 
tant  to  ensure  there  is  a  good  thermal  con- 
tact  between  the  plate  and the surrounding 
material. The flux  plate  used  in  the  pre- 

sent  study  (Flux  Transensor-dimensions 
1.65 cm  x 2.5 cm  x 0.10 cm)  was  calibrated 
in  the  laboratory  in wet sand  rather  than 
in  situ. It was  essential,  therefore,  to 
establish  the  validity  of  the  heat  flux 
measurements  by an independent  means. To 
this  end  the  flux-plate  data  were  compared 
with  the  fluxes  calculated  from  the soil 
temperature  profiles.  For  this  analysis 
it  was  necessary  to  estimate  the  thermal 
conductivity  of  the  material  surrounding 
the  flux  plate. 

If one assumes  that  the  heat  flow  in  the 
soil  occurs  mainly  by  conduction  in  the  ver- 
tical  direction and that  the  medium  is  iso- 
tropic  and  homogeneous,  the  energy  equation 
assumes  the  form: 

where a = thermal  diffusivity ( a  = k/pc  in 
which; k = the  thermal  conductivity, p = 
the  density  and c = the  specific  heat), 
T = temperature, z = Length  in  the  vertical 
direction and t = time. 

Van  Wijk  and  de  Vries  (1963)  show  that, 
if  it  is  assumed  that at all  depths  the 
temperature  varies  as  a  harmonic  function 
of  time  about  the  average  value  then  a  con- 
stant, D, referred  to as  the  damping  depth, 
is  related to  the  thermal  properties of the 
soil  and  the  frequency  of  the  temperature 
wave by the  relation: 

D = ( 2 a / w )  'I2 ( 2 )  

where w = 21~/86,400 s-* for  a  24-hour  period 
Likewise,  the  phase  shift L ( z )  of  the  tem- 
perature  wave  at  a  depth, z, is equal to the 
ratio  z/D. Combining  this  equality  with 
equation 2 yields  the  following  expression 
€or  thermal  diffusivity: 

c1 = W(Z/L(Z) 1 2 /2  (3) 

Average  values  for c1 may  be  obtained  di- 
rectly  from  this  equation  once  L(z)  is  de- 
termined  from  the soil temperature  data. 

The  diffusivities  calculated  from  equa- 
tion 3 at  depths  of 5 cm  and 15 cm  were 
6.32 cm2/h  and  7.64 cm2/h respectively. 
These  values  are  substantially  lower  than 
those  listed  for  mineral  soils of various 
moisture  contents  and  approach  the  average 
value  for  water  in  the  observed  temperature 
range (4.6 cm2/h) . Gravimetric  samples  of 
the  medium  were  taken  directly  beneath  the 
surface  at  a  depth  between 4 and 7 cm. 
Although  no  tests  were  conducted  to  deter- 
mine  the  organic  content of these  samples, 
visual  inspection  indicated  that  they  were 
highly  organic.  The'  samples  had  moisture 
contents  in  excess  of 200 percent  by weight, 
an  average  heat  capacity  of  3.60 kJ/kg-OC 
and  an  average  dry  density of 700  kg/m3. 
In the  light o f  these  results, it was 
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considered  reasonable to  assume  the  density 
of the  soil  was  close to that of water 
(1000 kg/m3). DRY b E l D R Y  I WET I DRY I WET 

WEATHER CONDITIONS 

An  estimate  of  the  daily  heat  flux  may be 
obtained  in  principle  by  measuring  the  in- 
stantaneous  temperature  gradient  at 5 cm and 
multiplying  by  the  value  for  thermal  con- 
ductivity  and  integrating  over a 24-h  period. 
In practice  this  procedure  is  often  unre- 
liable  because  it  is  extremely  difficult 
to establish  the  temperature  gradient  near 
the  surface  where  Large  fluctuations  in  tem- 
perature  are  the  rule. In view  of  this  diff- 
iculty,  the  following  energy  balance  approach 
was  used to  calculate  the  heat  flux  at  the 
5 cm  depth. 

Heat  Flux ( 5  cm) = Beat  Flux (17.5 cm) + 
Change  in  Internal  Energy  between 5 
and 17.5 cm ( 4 )  

The  depth  of  the  lower  boundary was cho- 
sen at 17.5 cm  because  an  examination of 
the  temperature  data  revealed  that  in  the 
depth  increment  between 15 and 20 cm  a 
linear  temperature  gradient  could  be  used 
to  approximate  the  temperature  profile. 
Within  this  depth  increment  the  gradients 
did  not  change  significantly  over  periods 
of one hour  making  it  possible to  further 
simplify  the  calculations  by  assuming a 
steady  state  situation  over  this  period. 
Thus  the hourly  heat  flux (9) at 17.5 cm 
was calculated by assuming q = -kAT/Az 
where AT/Az is  the  average of the  gradient 
at  the beginning  and  end of the  hour.  Ther- 
mal  conductivity (k) was calculated  from 
the  expression: 

k = acp 
and the  change in  internal  energy  in  the 
layer  between 5 and  17.5 cm (AU) by, 

AU = pcAzAT 
where: c1 = 7.64 cm2/h, 

c = 3 . 6 0  kJ/kg-OC, 
p = 1000  kg/m3, 

Az = 12.5 cm  and 
AT = the  temperature  change  over  one 

hour  measured at  a  depth  of 10 cm 

Figure  1  compares  the  measured  and  calcu- 
lated  daily  heat  fluxes  at 5 cm for  the  per- 
iod  of  study. The agreement  in  the  time 
response  of  the  measured  and  calculated 
fluxes  are  good  with  the  measured  values 
generally  tending  to  be  consistently  greater 
than  the  calculated  values  except in late 
August. It is also evident  that  the  larger 
differences  are  associated  with  the  higher 
fluxes. One would  expect  the  averaging 
procedure to  give  a l o w  estimate of the  heat 
flux. A l s o ,  it is possible that  solar  rad- 
iation  penetrated  to the flux  plate  during 
periods  of  intense  radiation  causing  it  to 
read  high. 

DAY.MONfH, 1973 

Figure 1. Comparison of Measured  and  Cal- 
culated  Daily  Ground  Heat  Fluxes: 
p = 1000 kg/m3, k = 0.764 W/m*OC. 

Figure 2 shows  the  cumulative  curve  of 
measured  flux  plotted  against  the  values 
calculated  from  the  temperature  profile 
data  assuming; p = 1000  kg/m3 and 
k(17.5 cm) = 0.76 W/rn*'C. The linear asso- 
ciation  between  the  two  parameters  was  cal- 
culated  as: 

ZQ.,(HPP) = 1.50 + 1.16 CQG (TP)  (5) 
where  QG(HFP) = heat  flux  measured  by  the 
plate  (MJ/m2)  and Q,(TP) = heat  flux  cal- 
culated  by  the temperature  profile  data 
(MJ/m2) . 
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Figure 2. Comparison  of  Measured  and  Cal- 
culated  Cumulative  Ground  Heat  Fluxes 
(MJ/m2) . 
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The coefficient of determination (rZ) for Wide  scatter  of  the  daily  values  might  be 
the  reqression  is 0.999. Equation 5 suqqests expected  since  the  relative  maqnitudes of 
that on the  average  the  measured  heat  fiixes 
were 16 percent  higher  than  the  calculated 
values:  this  constant  percentage  (linearity) 
would  suggest  the  value  of k used  in  the 
calculation is low.  Considering  the  as- 
sumptions  involved  in  the  calculations  and 
that  the  heat  flux  plate  had  been  calibrated 
it i s  assumed  the  agreement is sufficiently 
close  to  validate  the  measured  heat  flux 
values.  Further  analysis  is  based  on  the 
premise  that  the  measured  heat fluxes are 
accurate. 

DAILY  VALUES  OF GROUND  HEAT FLUX 
AND  NET RADIATION 

An  examination  of  the  daily  changes  in 
ground  heat  flux  and  net  radiation  showed 
that, on the  average,  the  peak  intensity o f  
ground  heat  flux  lagged  the  peak  of  net 
radiation by two  hours. This lag was taken 
into  account  in  calculations  of  the  daily 
totals  of  the  two  components.  Net  radiation 
was  calculated  from  the  cross-over  or  zero 
point  in  the  morning  which  occurred at 
approximately 0300 hours. The corresponding 
ground  heat  flux  values  were  determined 
from 0500 hours.  Both  values  were  assigned 
to the  same  calendar day. 

Figure 3 shows the  daily  values of Q and 
Q plotted  for the  measurement  period.GFrom 
&e figure  it  can be  observed  that  the  res- 
ponse  of  the  two  variables  is  fairly  con- 
sistent  both  in  time  and  direction  although 
the  relative  magnitudes  of  the  two  fluxes 
vary  widely.  Further  attempts  were  made 
to  relate  the  daily  values  of  net  radiation 
and  ground  heat  flux  stratified  according 
to  rain  and  rainfree  periods. The scatter 
diagrams  resulting  from  this  analysis  in- 
dicated  the  association  between  the  vari- 
ables  was  very  weak  for  both  situations. 

DATE (DAY/MONTH. 1973) 

Figure 3 .  Daily  Values  of  Net  Radiation 
and  Measured  Ground  Heat  Flux  (MJ/m2) . 

net  radiation,  latent  and  sensible  heat 
fluxes  may  vary  widely  depending  on  local 
atmospheric  conditions.  Because of the 
large  scatter,  "best-fit"  curves  derived 
from  these  data  could  not  be  used as  reli- 
able  predictive  relationships. 

CUMULATIVE  VALUES OF GROUND  HEAT  FLUX 
AND NET  RADIATION 

From  the  point  of  view  of  model  develop- 
ment  the  ground  heat  flux  for  any  given 
2 4  h period is probably  unimportant  when 
considering  changes  in  the  depth  of  the 
active  layer  or  thermokarst  development. 
Further,  the  total or integrated  heat  cap- 
acity of the  active  layer  would  tend  to 
dampen  short  term  variations  in  the  surface 
energy  flux.  These  considerations  suggest 
that  cumulative  values  of  net  radiation 
may  provide a more  useful  and  accurate 
index  of  the  ground  heat  flux.  Figure 4 
shows  the  cumulative  values  of  ground  heat 
flux (CQ ) plotted  against  the  cumulative 
values OF net  radiation (ZQ,) . Two  features 
are  obvious: 
1) The  association  between  CQG  and CQ for 

rain and rain-free  periods  are disknc- 
tly  different. 

2 )  Within  either  a  rain or a rain-free  per- 
iod the  slope o f  the  curve is relatively 
uniform. 
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Figure 4. Cumulative  Measured  Ground  Heat 
Flux and Net Radiation:  Rain  and  Rain- 
free  Periods (MJ/m2) . 
During  rain  events  the  change  in C Q  cor- 

responding to a given  change  in CQ is much 
smaller  than  for  rain-free periods! Several 
factors  may  contribute  to  this  phenomenon. 
The presence  of  rain  water  in  the  upper 
soil  layer  will  temporarily  increase  its 
heat  capacity.  Furthermore,  this  water  will 
have a  more or less  uniform  temperature  and 
will  considerably  reduce  the  temperature 
gradient  at  the  surface and  hence  the  heat 
flux  into  the  soil. It should  be  recog- 
nized,  however,  that  the  result  does  not 
imply  that the  total  energy  flux  to  the 
ground  is  less  during  rain  periods.  Heat 
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flux  plates  do  not  measure  heat  transferred 
by  mass  moisture  movement  and  considerable 
amounts  of  energy  may  be  added  (advected) 
to  the  soil by the  infiltrating  water.  In 
other  words,  the  total  ground  flux  will  be 
the sum of  the  heat  flux  by  conduction  and 
the  energy  flux  associated  with  the  water 
movement. 

On  the  basis of the  results  given  in 
Figure 4 ,  linear  regressions  between CQ 
and CQN were  developed  for  both  rain  an$ 
rain-free  periods  (see  Figures 5 and 6). 
The  regression  equations are: 
For  rain-free  periods 

CQ, = -3.94 + -.347 CQN (MJ/m2 ) ( 6  1 
r2 = 0.992 

-~ For  rain  periods 
CQ, = -0.536 + 0.153 CQ, (MJ/m*) (7) 

r 2  = 0.978 

The  high  values  of  the  coefficients  of 
determination (r2) suggest  that 98 to 99 
percent of the  variation  in ZQ can be  ex- 
plained by the  linear regressik with CQ,. 
Although  the  data  exhibits  a  sinusoidal 
variation  about  the  regression  line  mea- 
surement  errors  are  such  that  the  use  of  a 
higher  order  polynomial  cannot  be  justified. 

The  results  indicate  that  over  periods 
longer  than a day  radiation  is  the  dominant 
process  contributing  to  the  ground  heat 
flux. There  are  two  possible  explanations 
for  this:  either  the  sensible  and  latent 
heat  transfer  processes  compensate  each 
other so that  their  algebraic  sum is small 
or each of these  transfer  processes  is  un- 
important  in  relation  to  the  radiation  ex- 
change process. The  latter  possibility  is 
more  likely  considering  the  lack  of  well- 
developed  humidity  and  temperature  profiles 
at  the  field  site. 

The  correlation  for  rain-free  periods 
suggest  that  the  ground  heat  flux  at a depth 
of 5 cm is on  the  average 35 percent  of  the 
net  radiation.  This  value  would  appear to be 
unusually  high  considering  the  low  conduc- 
tivity  and  good  insulating  properties  of  the 
organic  surface,  and  could  only  be  possible 
if  there was  a  large  temperature  difference 
between  the  tundra  surface  and  the  air. 
During  the  measurement  period,  surface  tem- 
peratures  recorded  by  a  shielded  thermistor 
exceeded  the  air  temperature  at 20 cm  by 6 
to 8OC on clear  sunny  days.  Balobaev (1964) 
has  shown  that  under  short  grass  conditions 
temperature  differences  in  the  order  of 5OC 
are  necessary  to  sustain a ground  heat  flux 
of  the  magnitude  encountered  in  this  study. 
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Figure 5. Cumulative  Measured  Ground  Heat 
Flux  and  Cumulative  Net  Radiation:  Rain- 
free  Periods ( M J / r n 2  ) . 
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Figure 6. Cumulative  Measured  Ground  Heat 
Flux  and  Cumulative  Net  Radiation:  Rain 
Periods  (MJ/m2) . 
GROUND  HEAT FLUX AND  AIR  TEMPERATURE 

An  analysis  of  air  temperature  and  net 
radiation  data  revealed  there  was  a  fairly 
good  degree of association  between  these 
two  parameters (r2 = 0.69). Air  temper- 
ature  is  a  much  easier  parameter  to  measure 
than  net  radiation  and  therefore  an  attempt 
was  made  to  relate CQ to  the  cumulative 
mean  daily  air  ternpergture  measured  at 
20 cm  above  the  tundra  surface.  These  data 
are  plotted in Figure 7. The  regression 
equation is: 
ZQG = 5.32 + 0.334 CT - 0.0002(CT)2 ( 8 )  

where CQ, has  the  units of MJ/m2 and CT 
has  the  units  OCmday. 
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Figure 7 .  Cumulative  Measured  Ground  Heat 
Flux  (MJ/m2)  and  Cumulative  Mean  Daily 
Air  Temperature  (OC*day):  Rain  and 
Rain-free  Periods. 

For  this  expression, r2 = 0.999. Data  for 
both  rain  and  rain-free  periods  were  in- 
cluded  in  the  derivation of equation 8. 
The  relationship  is  nonlinear  and  the  co- 
efficients  are  likely  to  exhibit  a  seasonal 
change  depending  on  vegetal  changes  and 
whether  the  tundra  is  thawing  or  freezing. 
The physical  basis of the  equation i s  diffi- 
cult  to  establish  without  a  detailed  inves- 
tigation of the  energy  exchange  processes 
between  the  air  and  the  tundra.  Therefore, 
the  relationship  must  be  considered  empiri- 
cal. However,  the  results  of  a  less  compre- 
hensive  measurement  program  on  a  denuded 
surface,  which  was  water-covered  throughout 
most  of  the  study  period,  suggested  cumula- 
tive  ground  heat  flux  could  be  Linearly  re- 
lated  to  cumulative  air  temperature  (Gray 
et  al, 1974). The possibility  of  predic- 
ting the ground  flux  from a single,  easily 
measured  parameter  such as air  temperature 
warrants  further  study. 

CONCLUSIONS 

The results  of  the  study  suggest  that 
index  models  based on  cumulative  net  radia- 
tion  or  cumulative  air  temperature  may  be 
used to predict  ground  heat  flux  to  perma- 
frost  under  thawing  conditions.  Because  of 
their  simplicity  and  potential  in  engi- 
neering  applications  further  study  and  de- 
velopment  of  these  models is warranted. 
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TRUCTION OF PALAEOCLIMATE FROM PRESENT -DAY GEOTHERMAL  DATA 

V.T. B?lobaev,   Permafrost   Inst i tu te ,   Yakutsk,  U . S . S . R .  

Ear th   ma te r ia l s   a re   med ia  wi th  a memory.  The most   in fo rmat ive  a r e  f reez i ng 
and   t haw ing   ma te r ia l s   wh ich   re ta in   i n fo rma t ion   t ens  of thousands years o l d .  By 
c a l c u l a t i n g  and a n a l y z i n g   t h e   t e m p e r a t u r e   f i e l d  o f  d i s e q u i l i b r i u m   p e r m a f r o s t  
thawing  f rom  below,  an  at tempt i s  made to   de termine   the   pa laeotempera tures  o f  e a r t h  
m a t e r i a l s  and t h e   p a l a e o c l i m a t e   d u r i n g   t h e   l a s t   c o l d   p e r i , o d   ( g l a c i a t i o n )  i n  the 
n o r t h e r n   p a r t   o f   t h e   A s i a t i c   c o n t i n e n t .   C a l c u l a t i o n s  show t h a t  20,000 years  ago 
t h e   c l i m a t e  was co lder   by 10-13OC, w h i l e   t h e   t h i c k n e s s  of  permafrost  reached 
600-800 m. 

RECONSTRUCT I ON DU P A L ~ O C L  I MAT AU MOYEN DES D O N N ~ E S  G ~ O T H E R M I  QUES ACTUELLES 

V.T. Balobaev, l n s t i t u t  de geoc ryo log ie ,   l aku tsk ,  URSS 

Les  roches  peuvent  garder  l 'empreinte  d 'gvgnements  passes.  Les  p lus 
i n t e r e s s a n t e s   d ' e n t r e   e l l e s ,   c e l l e s   s o u m i s e s  A une a l t e r n a n c e   d ' e n g e l   e t  de dege l ,  
conservent   des   in fo rmat ions   au ida ten t  de D l u s i e u r s   d i z a i n e s  de m i l l i e r s   d ' a n n e e s .  

q u i  - A p a r t i r   d ' a n a l y s e s   e t  de c a i c u l s  du champ t h e r m i q u e   d u   p e r g 6 l i s o l   i n s t a b l e  
s u b i t  un degel 3 sa base,  une t e n t a t i v e   e s t   f a i t e   p o u r   d e t e r m i n e r   l e s   p a l 6 0  
temp6ratures  des  roches e t   l e   p a l e o c l i m a t  de l a   d e r n i & r e   p e r i o d e  de r e f r o i d  
( g l a c i a t i o n )  dans l e  n o r d   d u   c o n t i n e n t   a s i a t i q u e .   S e l o n   l e s   c a l c u l s ,   l e   c l  
g t a i t ,  i l y a v i n g t  m i l l e  ans, de 10' 2 lSO C p l u s   f r o i d   q u ' a u j o u r d ' h u i   e t  
d u   p e r g e l i s o l   a t t e i g n a i t  600-800 m. 

'i 

i ssernen t 
i mat 
1 '&pa i sseur 

PEKOHCTPYKUMR  rIAJlEOKJlMMATA n0 COBPEMEHHMM  lTOTEPMMYECKMM L1A.HHbIM 
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INFLUENCE OF CLIMATE AND TERRAIN ON GROUND TEMPERATURES  IN THE CONTINUOUS  PERMAFROST 
ZONE OF NORTHERN MANITOBA AND KEEWATIN DISTRICT, CANADA 

R . J . E .  Brown, Div is ion  o f  Building  Research, N . R . C . ,  Ottawa, Canada. 

Mineral   explorat ion  in   Northern  Manitoba and District of  Keewatin  and 
i n v e s t i g a t i o n s  fo r  a proposed  natural  gas p i p e l i n e  have  produced a need f o r  perma- 
f ros t   i n fo rma t ion  where v i r t u a l l y  no d a t a  were p rev ious ly   ava i l ab le .  Thermocouple 
and thermis tor   cab les   have   been   ins ta l led  a t  var ious   depths  down t o   1 5  m i n  
d i f f e ren t   t ypes  o f  t e r r a i n   i n   t h i s   r e g i o n .  Ground temperatures  recorded  during 
1974-1976 i n c l u s i v e   a n d   t h e i r   r e l a t i o n   t o  climatic and t e r r a i n   f a c t o r s  are presented.  
Annual var ia t ions  in   ground  temperatures   and  thickness  of  t h e   a c t i v e   l a y e r   i n  
response t o  annual   f luc tua t ions  o f  summer and win te r  a i r  tempera tures   ind ica te   the  
inf luence  of c l ima te  on permafrost .  Ground t e m p e r a t u r e s   v a r y   i n   d i f f e r e n t   t y p e s   o f  
t e r r a i n  a t  one l o c a t i o n  due t o   v a r i a t i o n s   i n   v e g e t a t i o n ,  snow cover ,   p roximi ty   to  
water bodies,   and  type of  s o i l  and rock.  

.d c 

INFLUENCE DU CLIMAT ET DU TERRAIN SUR LA TEMPERATURE DU SOL, DANS LA ZONE DE PERGE- 
LISOL CONTINU DU NORD  DU MANITOBA ET DU D I S T R I C T  DE KEEWATIN, AU CANADA 
R.J.E. Brom, Division  des  recherches  en  Bgitiment, C.N.R.C., Ottawa,  Canada - 

Dans le nord du Manitoba  et le district  de  Keewatin,  l'exploration  minisre  et 
les 6tudes relatives  au  projet  de  construction d'un  gazoduc  exigent  l'apport  d'infor- 
mation  sur  le pergg l i so l ,  actuellement  presque  inexistantes.  On  a  install6  des  cdbles 
de  thermocouples  et  thermistors 5 diverses  profondeurs,  jusqu'z 15 mstres,  dans  les 
divers  types  de  terrain  de  cette rEgion. On  donne  ici  des  relev6s  des  tempgratures 
du sol, de 1974 Ei 1976 inclus, et 1'0x1 indique  les  relations  qui  existent  entre  celles- 
ci et  les  616ments  climatiques  et  morphologiques.  Les  variations  annuelles de  la 
tempsrature  du sol et de l'gpafsseur  du  rnollisol, qui dependent  des  fluctuations 
annuelles  des  temp6ratures  atmosphgriques  d'hiver  et d'i5tc5, indiquent  l'influence 
du  climat sur le  perg6lisol. Les tempgratures du s o l  varient dans les  divers  types 
de  terrain  d'une  r6gion  donnGe,  en  fonction de la vgggtation,  de  la  couverture  nivale, 
de  la  proximitg de plans  d'eau,  et  des  types de sols et  de  roches. 

BJIMRHBE  KJIkiMATA M XAPAKTEPA MECTHOCTM HA TEMnEPATYPY  rPYHTOB B 30HE 
CIIJlOIIIHOrO PACIIPOCTPAHEHMR  MHOrOJIETHEfl MEP3JIOTbl 
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INFLUENCE OF CLIMATE AND 1'EKRAIN ON GROUND TEMPERATURES 1 N  THE CONTINUOUS 
PERMAFROST ZONE OF NORTHERN MANITOBA AND KCEWKI'IN DISTRICT, CANADA 

R . J . E .  Brown 

Division  of  Building  Research,  National  Research  Council   of Canada, 
Ottawa,  Ontario.  

INTRODUCTION 

Since  1973,  regular  mcasurements  of 
ground  temperatures  have  been  taken by 
t h e  s taff  of the   Div is ion  of Building 
Research,  National  Research  Council o f  
Canada, a t   v a r i o u s   s i t e s   i n   n o r t h e r n  
Manitoba  and  Distr ic t   of  Keewatin 
(Fig.   1) to a s s e s s   t h e   i n f l u e n c e  of  
c l ima tc   and   t e r r a in  on   permafros t   in  
the  southern  reaches  of   the   cont inuous 
zonc. V i r t u a l l y  no  information  exis ted 
on pe rmaf ros t   cond i t ions   i n   t h i s   a r ea  
p r io r   t o   t hese   s tud ie s .   L imi t ed   da t a  
on  permafrost  ground  temperatures  and 
r e l a t ed   cond i t ions  wcrc  obtained  for  
Churchi l l ,   Manitoba  in   the  1940's   and 
1950's   during  construct ion  of   several  
bui ldings  and  municipal   services  
(Crumlish,  1947;  Dickens  and  Gray, 
1960)  and a d r i l l i n g  program c a r r i c d  
o u t  by t h e  Snow, Ice  and  Permafrost  
Research  Establishment (now the  Cold 
Regions  Research  and  Engineering 
Laboratory) of t he   Un i t ed   S t a t e s  Army. 
The only   o ther   in format ion  on perma- 
f ros t   cond i t ions   r e su l t ed   f rom  the  
opera t ion  of a nickel  mine a t  Rankin 
I n l e t ,  N.W.T., from 1957 t o  1962. 

Continuing  mineral   exploration 
a n d   p i p e l i n e   s i t e   i n v e s t i g a t i o n s   h a v e  
i n c r e a s e d ' t h e  need for   information on 
pe rmaf ros t ,   pa r t i cu la r ly   g round  tem- 
p e r a t u r e s   a n d   t h e i r   v a r i a b i l i t y   i n  
d i f f e r e n t   t y p e s  o f  t e r r a i n .  The 
r e su l t s   o f   obse rva t ions   t h rough  1974- 
1976 a r e   r c p o r t c d   i n   t h i s   p a p e r .  

CLIMATIC A N D  TERRAIN CONDITIONS 

TABLE I .  C L I M A T I C  DATA AND SUMMER AND WINTER AVERAGE A I R  

'I'EMPI:.RATlIRES FOR MET1:OROLOGICAL STATIONS IN STUDY AREA 

S t a t i o n  

I.nt i t u d c  

~ _.- - 

Mcan Annual Air 

Mcan Annual Maximum 

Mean Annual Minimunl 

F r c c z i n g  Index 

Thawinfi Index 

Mean Annual 

Mean Annual 

Mcan Annual 

Snow on ground,  CIN 

Tcmpera tu rc ,  "C 

Air Temperature, "C 

A i f Tempera t.ure, "(: 

Dcgrcc  Days,  " 0  

1)egree ~ y s ,  'C 

P r c c i p i t a t i o n ,  cm 

Ra i n f a  11, cm 

Snowfal I ,  cm 

( a v g .  max. snow c o v e r )  

Avg. uf Mean Air Tcmp. 
( . l u n e - S c p t .  incl.),"C 

19 74 
1975 
197h  

Avg. of Mcan Air Temp. 
( O c t .  - May i n c l . ) ,  'C 

1'373-74 
1974-75 
197s-  70 

" "_ Church i 11 

58' 45'N 

- 7 . 3  

- 3 . 3  

- 1 1 . 3  

3721 

1128 

3 9 . 7  

2 2 . 2  

183.9 

56 

7 .1  
8 . 9  
1 0 . 1  

- 1 g . 4  
- 1 7 . 0  
- 1 7 . 2  

Ennadai  
Lake 

61" O X ' N  

- 9 . 5  

-5 .3  

- 1 3 . 7  

4496 

1085 

2 8 . 6  

16.4  

120 .7  

5 3  

8 . 9  
3 . 3  
1 0 . 4  

- 1 7 . 3  
-17 .5  

- 1 6 . 1  

Chestcr- 
f i e l d  

63'  20'N 

~ 1 1 . 6  

- 7 ,  x 

- 1 5 . 2  

49 10 

735 

2 6 . 3  

1 4 . 9  

1 1 2 . 8  

41 

5 . 5  
h . h  
5 . 7  

- 2 0 . 9  
-13 .9  
- 2 0 . 8  

Baker  
Lake 

64'  18'N 

- 1 2 . 3  

- 8 . 4  

- 1 6 . 1  

51 7 3  

a 75 

2 1 . 3  

12 .4  

8 8 . 9  

41 

7 . 2  
8 . 3  
b .4  

- 2 2 . 6  
-21 .1  
-21 .4  

Keewatin  and the   no r theas t e rn   po r t ion   o f  
Manitoba are s i t u a t e d   i n   t h e   A r c t i c .   C l i m a t o l o g i c a l  
da t a   fo r   t he   s tudy   a r ea   i nd ica t e   t ha t  a i r  tempera- 
t u r e s  and p rec ip i t a t ion   dec rease   s t ead i ly   no r thward  
from the   h ighes t   va lues  at Churchill   to  Baker Lake, 
N.W.T. ( T a b l e   I ) .  The ave rages   o f   t he  mean a i r  
tempera tures   for   June   to   September   inc lus ive ,   and  
f o r  October   to  May i n c l u s i v e  f o r  t he   yea r s  1974 t o  
1976 a t  t h e   f o u r   s t a t i o n s  are g i v e n   i n   T a b l e   I .  
Summer averages are h igher  a t  Ennadai Lake t h a n   a t  
Churchi l l   because   o f   the  l a t t e r ' s  proximi ty   to  
Hudson Bay and  higher a t  Baker Lake than 
C h e s t e r f i e l d   f o r   t h e  same reason.  

.._ " 

Detai.ls o f  t h e   t e r r a i n  o f  t he   s tudy   a r ea   can   be  
found i n   t h e  two rcfercnccs:  Canada,  1962  and 
Canada, 1971. 

f r o s t  zone (Brown, 1967;  Canada,  1971; Brown, 
1977) (F ig .  I ) .  Churchi l l  i s  s i t u a t e d  ncar t h e  
approximately known boundary  between  the  contin- 
uous and  discontinuous  zones  where  permafrost i s  
about 60 m t h i ck .   Nea r   t he   coas t  i t  inc reases   t o  
approximatcly 270 m a t  Rankin I n l e t  (Weber and 
Teal,  19S9) . Inland, the  permafrost  i s  t h i c k e r  away 
from the  thermal  influence  of  l ludson Bay. I n   t h e  
v i c i n i t y  of  Baker  Lake, it i s  s s t i m t e d   t o  be 

The s t u d y   a r e a   l i e s   i n   t h c   c o n t i n u o u s  perma- 
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approximately 500 m th ick .   Sur face   fea turesnormal ly  
a s s o c i a t e d  w i t h  the  continuous  permafrost  zone a r e  
widespread.  Ice wedge polygons  and  mudboils (non- 
s o r t e d   c i r c l e s )   a r e   t h e  main  forms  of  patterned 
ground  on  land.  Distinct  typcs  of  patterned  ground 
e .g . ,   po lygons ,   r ib -and- t rough  pa t te rns ,  a l s o  occur  
in   t he   shoa l   a r eas   o f   t he   l akes   (Sh i l t s   and  Dean, 
1975) . 

METIIODS AND INSTRUMENTATION 

In  1972, 4 thermocouple  cables  wcrc  placed  in 
diamond d r i l l   b o r e h o l e s   i n   b c d r o c k ,   m a r i n e / t i l l ,  and 
an  esker  a t  Rankin I n l e t .  Four s i m i l a r   c a b l e s  were 
in s t a l l ed   a t   Church i l l   i n   1973   i n   bed rock ,   mar ine /  
t i l l ,  and a p a l s a .  The next  year,  4 were p laced  a t  
Heninga Lake (bedrock  and  thin t i l l  wi th   so r t ed  
c i r c l e s ,   poor ly   d ra ined  t i l l  with  scdgc  cover)  and 
two i n  thc Maguse Lake r e g i o n   ( t i l l ) ,   b o t h   i n l a n d  
l o c a t i o n s .   I n  1975 the   Po la r  Cas P r o j e c t   i n s t a l l e d  
thermistor c a b l e s   f o r   t h e   a u t h o r   a t  4 major   r iver  
c ross ings  on the  proposed  natural  gas p i p c l i n e  
route,  one  in  Manitoba on the   Nejan i l in i   River  160 
km northwest  of  Churchill   and  one  cach a t :  100 km 
south o f  Baker Lake on Thir ty   Mile  Lake,  15 km west 
o f  Baker Lake on  Thelon  River,  and 100 km n o r t h  of  
Baker Lake  on Meadowbank River .   In   the summer of 
1976 P o l a r  Gas i n s t a l l e d  9 t h e r m i s t o r   c a b l e s   f o r   t h e  
au thor   a long   the   p roposed   p ipe l ine   rou tc  on h igher  
ground away from thc   ma jo r   r i ve r s   o f  which 4 a r e   i n  
t he   r eg ion   nea r   t he  Tha-Anne, Noomut, Kogtok and 
Kazan Rivcrs .   Loca t ions   o f   these   cab les   a re  shown 
in   F ig .  1. 

A l l  thermocouple  and  thermistor  cables  were 
f a b r i c a t e d   t o  a length  of  approximately  15 m with 
sensors  a t  depths  of  0.76,  1.52,  2.29, 3.05, 3.81, 
4.57,  6.10,  12.19,  and  15.24m. Some cables  wcrc 
i n s t a l l c d   t o   t h e   f u l l  15.24-111 depth  and  the 
remainder to   sha l lower   dep ths  where d r i l l i n g  
d i f f i c u l t i e s  were  encountered o r  t h e  maximum hole  
depth   for   purposes   o ther   than   th i s   s tudy  was only  
requi red   to   reach   bedrock .  The thermocouple  cables 
were rcad  with a bat tery-powered  portable   precis ion 
potent iometer   and  the  thermistor   cablcs   with a 
ba t tc ry-powcred   res i s tance   b r idge .  The cahles   were 
usua l ly   read   month ly   a t   Rankin   In le t   and   quar te r ly  
a t   C h u r c h i l l .  Thc o t h c r   c a b l e s   a r e   a c c e s s i b l e   o n l y  
by h e l i c o p t e r .  

Long d i s t ances   ove r   un inhab i t ed   t e r r a in ,  uncer- 
ta in   weather   condi t ions   and   h igh   cos t  o f  h c l i c o p t e r  
t r a v e l  made i t  d i f f i c u l t   t o   r e a c h   t h e   i n l a n d   s i t e s  
a t  r e g u l a r  3-month in t e rva l s .   Su f f i c i en t   obse rva -  
t ions  have  been madc a t   v a r i o u s   s e a s o n s ,  however, 
to   gain  an  appreciat ion  of   thc  ground  temperature  
regime. 

SITE CONDITIONS ANU GROUND TEMPERATURES 

Information on cable   type  and  depth,   s i te   condi-  
t ions   inc luding   c lcva t ion   above  sea level ,   geology,  
t h i ckness   o f   o rgan ic   l aye r ,   and   ea r th   ma te r i a l s  i s  
presented   in   Table  11. Average  bottom  hole  tempera- 
t u r e s  compared  with mean annual a i r   t e m p e r a t u r e s   a r e  
shown i n  Table 111, as arc v a r i a t i o n s   i n   t h e   t h i c k -  
ness  o f  t h e   a c t i v e   l a y e r  f r o m  y e a r   t o   y e a r .  Snow 
depth  and  density  measurements  are  given  in  Table IV. 
Ground t empera tu re   i n fo rma t ion   fo r   t he   s i t e s  i s  
given i n  F igs .  2 t o  X .  

RESULTS AND DISCUSSION 

A l l  the  ground  temperature  cables  in  the  study 
area  are s i tuated  in   the  cont inuous  permafrost   zone.  
Ground temperatures   general ly   decrease  northward  in  

response   to   the   increas ingly   severe  a i r  tempera- 
t u r e s .  A t  each  locat ion  the  ground  temperature   (a t  
the   bo t tom  of   the   ho lc)  i s  several   degrees  warmer 
than   the  mean annual   a i r   t empera ture .  (The v a r i a -  
t i on   i n   t hcse   d i f f e rences  from one s i t e  t o   a n o t h e r  
i s  due t o   l o c a l   t e r r a i n   c o n d i t i o n s   ( T a b l e   1 1 1 ) ) .  

The inf luence  of a i r  temperature   var ia t ions 
from  ycar t o   yea r  on ground  tempcratures i s  exem- 
p l i f i e d   a t   t h e   s o l e c t c d   d e p t h s   i n   F i g s .  4 and 5 
fo r   Church i l l  and  Rankin  Tnlct ,   rcspectively.  The 
inf luence   o f   cooler   average  summer a i r  temperatures 
i n  1974 comparcd with  1975  and  1976  (Table  I) is 
r e f l e c t e d   i n   t h e  ground  temperatures. The 1976 
summer was coolcr  than  1975 a t  Rankin I n l c t  
( C h e s t e r f i e l d ) ,   b u t   t h c  ground  temperatures  were 
similar t o   t h o s e   i n  1975. Winter a i r   t e m p e r a t u r e s  
have a comparable   e f fec t   a l though  var ia t ions   in  
snow cover  from ycar t o  yea'r   complicate  this 
c l i m a t i c   e f f e c t .  The win ter  of 1974-75 was s l i g h t l y  
mi lder   than   the  one prcceding  and  the  one  following 
which shows up p a r t i c u l a r l y  a t  Rankin I n l e t  (P ig .  
5 ) .  The same pa t tc rn   does   no t  emerge a t   C h u r c h i l l  
a l though  the warmer ground  temperatures  during  thc 
fol lowing summer of  1975 a t  the  14.63-m  depth 
r e s u l t   p a r t i a l l y  f r o m  t he   p rev ious   mi lde r   w in te r .  
A t  Heninga  and Magusc Lakes the  ground  temperatures  
recorded  in  Scptcmher of  1975  and  1976  were 1 / 2  t o  
1 C dcg  warmer than  those i n  1974. The 3 h o l e s   i n  
the  northern  reaches o f  the   s tudy   a rea   (Thi r ty   Mi le  
Lake,  Thclon  River  and Meadowbank River)   experi-  
cnced warmer ground  tcmperatures  in  September  1975 
than  in  1976  (Fig.  8) fo l lowing   t he   t r end   o f   t he  
corresponding summer ai.r temperatures  a t  Baker 
Lake (Table X ) .  Ground temperatures  a t  t h e  
N e j a n i l i n i   R i v e r   i n   t h e   s o u t h  showed t h e  same pa t -  
t e rn   a l though  summer a i r  temperaturcs  a t  Churchi l l  
and  Ennadai Lake i n   t h e  same region  were warmcr i n  
1976. 

The t h i c k n e s s   o f   t h e   a c t i v e   l a y e r   a l s o   v a r i c d  
f rom  yea r   t o   yea r   i n   r e sponse   t o   f l uc tua t ions   i n  
summer a i r  temperatures   (Table   111)-  I t  i s  most 
n o t i c e a b l e   i n   t h e   b c d r o c k   s i t e s  a t  Churchill   and 
Rankin I n l e t .  A t  Rankin I n l e t   t h e   t h i c k e s t   a c t i v c  
layer   occurred  in   1975,   the  warmest  summer. The 
same p a t t e r n s   a r e   g e n e r a l l y   n o t i c c a b l e   a t   t h c  
o t h e r   c a b l e   s i t e s  a t  Churchill   and  Rankin  Inlet ,  
but   anomalies   occur   probably  because  of   var ia t ions 
i n  ground m i s t u r c   c o n t e n t   a t   t h e s e   m i n e r a l   s o i l  
s i t e s .  The t h i c k n e s s   o f   t h e   a c t i v e   l a y e r  a t  t h e  
Heninga  Lake s i t c  was s i g n i f i c a n t l y   g r e a t e r   i n   t h e  
warmer summers of  1975  and  1976  than  1974.  In  the 
n o r t h   t h e   a c t i v e   l a y e r   a t   T h i r t y   M i l e  Lake was 
t h i c k e r   i n  1975  than  in  1976  (Fig. 8 ) .  

The p r i n c i p a l   t e r r a i n   f a c t o r s   a f f e c t i n g   t h e  
ground  temperature  regimc a t  the  s i tes  include 
vegetat ion  and  peat   cover ,  snow cover,   proximity 
t o  water bod ies ,   and   t ype   o f   so i l   o r   rock .  The 
range of ground  temperature  regimes  can  be seen i n  
Figs .  2 ,  3 ,  6, 7. 

A t  Church i l l   t he   bed rock   s i t e  shows much g r e a t e r  
annual   temperature   f luctuat ions  and a lower  annual 
mean than   t he   t h ree   minc ra l   so i l   s i t e s   ma in ly  
because  of   the  higher   thermal   conduct ivi ty   (about  
7W/m2) (F igs .  2 and  4) .  The amplitude  of  bottom 
hole   t empera tures  i s  about  3 C deg i n   t h e   r o c k  
compared wi th  1 C deg f o r  t h e   o t h e r   h o l e s .  The 
increase  of  mean annua l   t empera tu res   i n   t he   l a t t e r  
t h ree   ho le s   f rom  the   mar ine / t i l l   t h rough   t he   pa l sa  
to   the  palsa   depression  corresponds  to   an  increase 
in   pea t   th ickness   and  snow cover   and   decrease   in  



TARLE 1 1 .  CABLE SITES: CABLE DEPTH AND SITE CONUITIONS 

Ground 
Cable   Cable   Sur facc  
Type" Depth,  Etev.  (Landform)  Layer,  (Mineral  Soil) 

O r g a n i c   E a r t h   M a t e r i a l s  
Location 

Geology 

m ASL, m CDl 

C h u r c h i l l  

2. 
3. 
4. 

1 .  Tcpl   14,94 35 
Tcpl 15.24  15 
'l'cpl  15.54 
Tcpl 14.63 

23 
20 

Rankin l n l e t  
1.  
2 .  
3 .  
4 .  

Tcp 1 
'Icy1 

13.87 
12.  50 

24 
26 

TCpl 1 . 8 8  
Tcpl  4.27 

32 
30 

Heningn Lake 
1. Tcpl 1s.s.1 107 

2.  Tcp I 14.78  114 
3. 'rcpl 
4.  Tcpl 

1A.94 
14.94 

!I!> 
91 

Mnguse Lake 
1. 
2 .  

Tcpl  11.58 
l 'cpl   11.22 

61 
91 

Ne jan i   l i n i   R ive r  Thmr 12.19 I68  

Noomut River 
'Sha-Anna River T h e r  6.10  175 

'l'hmr 
Kogtok Rivcr 

152 
Thmr 6.50 

Kazan River 
183 

Thmr 
Th i r ty   Mi l c  Lake 'rhmr 

8.80  168 

Thelon Rivcr Thmr 
5.49 I1 1 

Meadowbank River Thmr 
8 . 2 3  
8.23  130 

61 

5.80 

" ~" 

M a r i n e l t i  I 1  *' 
Redrock N i l  

23 
P a l s a  38 
Palsa  154 
depression 

Q u a r t z i t e  
S i l t -Clay-Stones  

Bedrock N i l  

T i l  I 
Eskcr 5 

8 
t s k c r  15 

Thin t i l l -  N i l  ) 
bedrock ) 

T i l l  
3 )  
8 

T i l l  10 

Crcenstone 
Gravel 
S i l r -Clay-Stones  
Gravel 

S i l t -Clay-Stoncs  
-Grani te   Gneiss  

'Till 
Ti 1 I 

36 
36 

Sand-Si l t -S tones  

G l a c i a l   d e l t a  
Outwash 

N i  1 

Marine/ti I 1  
X 

23 
25 

T i  11 
M;lrine/t i  I 1  

5 
10 
I O  

Ti 1 I N i l  

"" -" 

Sand 
Si It-Sand 

Sand-Si l t -S tones  

Sand-Stones 

TABLE I11  CABLE SITES: AIR AND GROUND TEMPERATURES AN0 THICKNESS OF ACTIVE LAYER 

THICKNESS O F  ACTIVE LAYtK, cm 

Location Mean Annual  Avg.  Bottom 
Air Temp., 'C Hole  Temp.,"C  1974  1975  19 76 

._ " - 
Churchi l l  

1. 
2. 

4 .  
3. 

Rankin I n l e t  
1 .  
2.  

1. 
3. 

- 7 . 3  

- 7 . 3  
" 7 . 3  

- 7 . 3  

-2 .9  
- 2 . 6  
-0 .9  
0 .4 

739 
61 
1 6  

768 
94 
52 

* 16  (73-4) * 64 (74-5) 

777 
76 
52 

* 76 (75-6) 

- 11.6 
-11.6 
-11 .6  
-11 .6  

- 7 . 9  
- 7 . 9  
- 7 . 9  
- 6 . 4  

329 
143 
113 
116 

34 4 
155 
131 
128 

326 
152 
107 
I28  

lleninga Lake 
I .  - 9 . 7  (approx.) - 6 . 2  

- 9 . 7  (approx . )  
34 1 

- 6 . 4  216 287 
3 .  - 9.7   (approx . )   -4 .9  158 1 71 

- Y.7  (apprux.) - 5 . 6  104  146 

2 .  

4. 

290 34 1 
259 
182 
140 

Maguse hakc 
1. - 9 . 7  (approx . )  - 1 . 7  .- 38 ( p e a t )  -38 ( p e a t )  
2 .  - 9 . 7  (approx. j -5 .1  - 91 ( h a r e   s o i l )  -91 ( h a r e   s o i l )  

N c j a n i l i n i   R i v e r  
Tha- Anne River 
Noomut River  
Kogtok River 
Kazan River 
Th i r ty   Mi l e  Lake 
Thelon  River 
Meadowbank R i v c r  

- 7 . 5  (3pprox.j  
- 9 . 4  (approx.)  
- !I.? (approx.)  
- 1 0 . 3  ( a p p m x . )  
-11 .7  (approx . )  
-12.0 (approx . )  
-12 .5  (approx . )  
- 1 2 . 8  (approx . )  

-3 .5  
-3 .9  
- 5 . 4  
- 6 . 3  

- 4 . 9  
- 5 . 2  
- 3 . 2  

- 8 . 8  

- Hole  depth* (75-6)  
- 61 

31 
51 

111 
228 

40 
204 

75 
123 - 30 

- 
- 
- 

* No permafros t  - d a t a   f o r   s e a s o n a l   f r o s t   p e n e t r a t i o n  
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1974 1975 1976 

March nec March Dec. March Dec. 
Dep.  Dens. Dep. Dens. Dep. Dens.  Dep. Dens. Dep. Dens. Dep. Dens. 

Locat ion 
- 

~. 

Churchill 
1. 
2 .  
3. 
4.  

Rankin Inlet 
1. 

3 .  
4 .  

L .  

Ileninga Lake 

2 .  
1 .  

3. 
4 .  

6 1  
46 
56 
69 

0 

23 
1s 

a 

, 237  38 ,308 51  ,320 3 -  20 
33 

,227  36 , 196  53 .232 20 - 
, 2 3 5  56 ,210   102 .245 25 - 

38 
58 

,270 18 , 2 5 7  36 ,312 10 - 

10 ,308 0 -  3 
23 , 2 2 0  30  - a 
20 , 287  15 - 15 - 1s 

, 2 7 7  94 .X67 81 , 376  99 - 91 

.264 

, 2 2 0  
, 341  

, 192  

.320 
,256  
,360 
, 3 2 0  

15  .280 

38 , 2 5 2  
10 . 240  

41 .220  

10 .320 
8 ,360 

46 .320 
5 -  

33 ,289 8 .392 
2 5  ,360 10 .312 
30 . 272  15 .320 
25 ,332  15  ,272 

Magusc Lakc 
I .  
2 .  

69 ,220 46 , 3 1 3  
I 1  , 264  23 .210 

Ncjanilini  Kivcr - 
Thirty Mi le I.nke - 
Thclon River 
Mcadnwbnnk River - 

0 ~ 

4 1  ,400  - 
28 ,281 ~ 

5 1  .409 - - - 

snow d e n s i t y .  The t h i c k e r   p e a t   c o v e r  on t h e   p a l s a  
r e s u l t s   i n  a th inne r   ac t ive   l aye r   t han  a t  the  
m a r i n e / t i l l  s i t e .  The absence of permafros t   in   the  
pa lsa   depress ion  down t o   1 5  m i s  probably   re la ted  
t o   t h e  swampy condi t ions  and  enhanced  by  the  thick 
snow cover .  The s teady  temperature   decrease down- 
ward i n d i c a t e s   t h a t   p e r m a f r o s t   p r o b a b l y   e x i s t s  below 
a thaw basin,   beginning a t  a depth  of  approximately 
30 t o  40 m. 

The s i t u a t i o n  a t  Rankin I n l e t  i s  similar where 
the  annual  temperature  f luctuations  arc  approxima- 
t e l y  2 C deg a t  the  bot tom  of   the  bedrock  hole  
( thermal   conduct ivi ty  2 .5  t o  5 W/m2) and 1 .5  C deg 
i n   t h e   e s k e r   g r a v e l   ( F i g s .  3 and 5 ) .  Temperature 
f l u c t u a t i o n s   i n   t h e  Rankin In le t   bedrock   ho le  are 
less   than   the   Churchi l l   bedrock   ho le ,   because  o f  
lower  thermal   conduct ivi ty .  Mean annual  tempera- 
tu res   and   f luc tua t ions   a re   a lmost  as g r e a t   i n   t h e  
esker gravel  and t i l l  as in the  bedrock  because o f  
t h e   t h i n   p c a t   l a y e r   a n d   t h i n  snow cover. The mean 
a n n u l  ground  temperature of c a b l e  No. 4 i s  1 .5  C 
deg h igher   than   the   o thers   because  of the  much 
t h i c k e r  snow cover .  

A t  Heninga  Lake, c a b l e s  Nos. 1 and 2 have g r e a t e r  
annual  temperature  amplitudes and lower means than 
cables  Nos. 3 and 4 because  they  are   located  in   bed-  
rock  with a t h i n  till cover   and   th inner   pea t   l ayers  
(Fig.  6 ) .  Temperatures i n   t h e   l a t t e r  two h o l e s   a r e  
modi f ied   by   the i r   p roximi ty   to   the  lake. Cable No. 1 
a t  Maguse Lake has  a s l i g h t l y  warmer temperature 
regime  than No. 2 because i t  i s  nearer   the   l ake   and  
has   t h i cke r  snow cover   (Fig.  7 ) .  

The 8 thermis tor   cab les   on   the   p ipe l ine   rou te  
a r e  a l l  , c o n s i d e r a b l y   a f f e c t e d   b y   l o c a l   t e r r a i n  
condi t ions   (F ig .  8 ) .  The c a b l e  a t  t he   Ne jan i l in i  
River i s  no t   i n   pe rmaf ros t   bu t  it experiences a 

tremendous  annual  temperature  f luctuation. I t  i s  
l o c a t e d  a t  the   t op   o f  a s teep  sandy  south-facing 
r ive r   bank .  The sandy  so i l   has  a very  low moisture  
con ten t   and   t h i s  combined w i t h   v i r t u a l l y  no snow 
accumula t ion   in   the   win ter   resu l t s   in   deep   seasonal  
freezing  which  completely thaws  each summer. Con- 
t inuous   permafros t   p robably   ex is t s  away from t h e  
bank. Tlle cables  a t  T h i r t y  Mile Lakc, Thelon  River 
and Meadowbank River   exhib i t   t empera tures   cons i -  
derably  warmer i n   r e l a t i o n   t o   t h e  mean annual a i r  
t empera tu res   ma in ly   because   o f   t he i r   p rox imi ty   t o  
bodies  o f  water a n d   r e l a t i v e l y   t h i c k  snow cover 
(Table 1x1). The  Meadowbank River   cable  i s  a t   t h e  
water ' s   edge   and  i s  a c t u a l l y  submerged dur ing  
spr ing   breakup  thus   the   t empera tures   axe   g rea t ly  
modified. The Kazan R ive r   cab le ,   l oca t ed  on a 
h i l l t o p   s e v e r a l   k i l o m e t r e s   f r o m   t h e   r i v e r   a n d   w i t h  
o n l y  5 cm o f  p e a t ,  shows t h e   s m a l l e s t   d i f f e r e n c e  
i n  ground  temperatures  from  the mcan annual a i r  
temperature  (Table  111). 

CONCLUSIONS 

Ground temperature  measurements  during  the 
per iod  1974 to   1976   i nc lus ive   i nd ica t e   t ha t  some 
co r rc l a t ions   ex i s t   be tween  them and t h e   c l i m a t i c  
a n d   t e r r a i n   f a c t o r s ,  These r e l a t ionsh ips   have  
shown up i n  o the r   a r eas   s tud ied   p rev ious ly  
inc luding  Thompson, Manitoba,  Yellowknife, N.W.T. 
and Devon I s l a n d  (Brown, 1973) .  A t  a l l  these  
l o c a t i o n s ,   v a r i a t i o n s   i n  a i r  temperature  from  year 
t o   y e a r   r e s u l t   i n   c o r r e s p o n d i n g   f l u c t u a t i o n s   i n  
ground  temperatures  and  thickness o f  t h e   a c t i v e  
l a y e r .   L o c a l   d i f f e r e n c e s   i n   t e r r a i n   c o n d i t i o n s ,  
including  thickness  o f  o rgan ic   l aye r ,  snow cover, 
proximity t o  water  bodies  and  type of s o i l  and 
r o c k ,   c o n t r i b u t e   t o  a range of  d i f fe ren t   g round 
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temperature  regimes  within  one  locali ty.   Exceptions 
and  anomalies  occur  which  defy  explanation. 
D i f f i c u l t i e s   a r i s e   i n   d e t e r m i n i n g   t h e   q u a n t i t a t i v e  
inf luence   o f   ind iv idua l   c l imat ic   and   tc r ra i .n  
fac tors .   Never the less ,   cont inuing   observa t ions  a t  
e x i s t i n g  s i tes  a n d   i n s t a l l a t i o n   o f   c a b l e s   a t  ncw 
s i t e s  will improve t h e   a b i l i t y   t o   e s t a b l i s h   t h e s e  
r e l a t i o n s h i p s .  
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I L M P L R A I U K E ,  .C 

Fig. 2 Churchill, Manitoba: mean annual ground temperature and 
maximum-minimum envelopes for 1974-76 Incl. 

TEMPERATURE.  C 

Fig. 3 Rankln  Inlet. N.W.T.: mean annual ground temperature 
and maximum-minimum envelopes for 1974-76 Incl. 
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Flg. 6 Heninga Lake, N,W.T.: maximum-minimum  ground temperature 
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IFICATION OF THE RELATION BETWEEN CLIMATE AND PERMAFROST AND THE PERMAFROST- 
TIC REGIONS 

Gavr i   lova ,   Permaf ros t   Ins t i tu te ,   Yakutsk ,  U.S.S.R. 

The r o l e   o f   c l i m a t e   i n   t h e   p e r e n n i a l   f r e e z i n g  o f  e a r t h   m a t e r i a l s  i s  examined, 
h i s t o r i c a l   o u t l i n e  o f  the  development o f  ideas  on the r e l a t i o n  between 

c l i m a t e   a n d   p e r m a f r o s t   i s   g i v e n .  It i s  p o i n t e d   o u t   t h a t  a p a r t i c u l a r   g e o c r y o l o g i c a l  
phenomenon may be r e l a t e d   t o   e n t i r e l y   d i f f e r e n t   a s p e c t s  o f  t k  c l i m a t e .  An a t tempt  
i s  made t o   c l a s s i f y   t h e   r e l a t i o n   b e t w e e n   c l i m a t e   a n d   p e r m a f r o s t   o n   t h e   b a s i s  of 
s i x  gene t i c   t ypes  o f  c l ima te :   cosmic ,   p lane ta ry ,  macro-, meso- and m ic roc l ima te ,  
and s o i l   c l i m a t e .  The geocryo log ica l   p rob lems  re la ted   to   each  type  of c l i m a t e   a r e  
examined. The E a r t h  i s  t h e n   d i v i d e d   i n t o   s e v e n   g e n e t i c ,   p e r m a f r o s t - c l i m a t i c  
reg ions :   macroc l   imat ic ;  meso-, macrocl   imat ic;   macro-,  meso-, microclimatic; meso- 
climatic; meso-, microclimatic; rPicrac1dmpati.c; and the corresponding sail-climate 
regions. 

c .A 

CLASSIFICATION DES TYPES DE RAPPORT CLIMAT-PERGELISOL ET D E S  R E G I O N S  CRYOCLIMATIQUES 
M. K. G a v r i l o v a ,   l n s t i t u t  de ggoc ryo log ie ,   I aku tsk ,  URSS 

Discuss ion  du rd le  j o u e   p a r   l e  c l  imat  dans  l 'engel  perenne  des  roches. 
H i s t o i r e  de 1 ' 6 v o l u t i o n  des n o t i o n s   r e l a t i v e s   a u   l i e n   e n t r e   l e   c l i m a t  e t  l e  
p e r g 6 l i s o 1 ,  00  il e s t   i n d i q u C   q u ' u n e   m a n i f e s t a t i o n   g e o c r y o l o g i q u e   p a r t i c u l i s r e  
p e u t   Z t r e   l i e e  $ d e s   a s p e c t s   t r e s   d i f f e r e n t s   d u   c l i m a t .   T e n t a t i v e  de c l a s s i f i c a t i o n  
du   rappor t   c l ima t -pe rgC l i so1   se lon   s i x   t ypes   g6ne t iques  de c l imat :   cosmique,  
p lang ta i re ,   mac ro - ,  mkso- e t   m i c r o c l i m a t i q u e ,  e t  c l i m a t  de sol. Analyse  des 
probldmes  gCocryolog iques  l ies  2 chaque t ype  de c l i m a t   e t   a r r a n g e m e n t   c r y o c l i m a t i q u e  
ggnet ique de l a  Terre.   Sept   reg ions  sont   d&gagees:   reg ion  macroc l imat ique;  meso-, 
macrocl  imatique;  macro-, meso-, microc l   imat ique;  mCsocl imat ique;  n&so-, 
m i c r o c l i m a t i q u e ;   m i c r o c l i n a t i q u e ;   e t  l e  c l i m a t  de  so l   correspondant .  

THllM3AlIkW CBR3M KJIMMAT-BEYHAR MEP3JlOTA M MEP3JlOTHO-KJlMMATMYECKME 
0EJlACTI.I 
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SOME RESULTS OF A NUMERICAL STUDY OF GROUND THERMAL REGIMES 

L,E, Goodrich, Division of Building  Research,  National  Research Council of Canada, 
Ottawa Ontario. 

The importance t o  the snow-ground thermal interaction of non-linear 
effects  associated with temperature  dependent soil  thermal conductivity and with 
soil  latent  heat  is  discussed. Numerical model calculations  are  presented which 
indicate  that  the  modification of mean annual ground temperatures  associated with 
these  effects can be of the same magnitude as t h e  warming due d i rec t ly  t o  the 
seasonal snow cover. 

QUELQUES R ~ S U L T A T S  DWE  TUD DE N U M ~ R I Q U E  DES REGIMES THERMIQUES D U  SOL 

L.E. Goodrich, Division des recherches  sur l e  bztiment, Conseil national de 
recherches du Canada, Ottawa, Ontario. 

Cette  communication  prCsente  quelques  rgsultats  d'etudes sur modsle 
numCrique  de  l'interaction  therrnique  neige-sol. En plus de  l'effet  de  rechauffernent 
da directement au manteau  neigeux  saisonnier  on  demontre  l'existence  de  deux  effets 
non-lineaires associh aux  proprietes  thermiques du sol mzme.  Le  premier effet, qui 
consiste  en  une  distortion du profil  des  temperatures  rnoyennes  annuelles,  est  present 
lorsque la conductivit&  thermique du sol  est  fonction  de la temperature.  Le  second 
effet  consiste en un deplacement du profil  vers des temperatures plus elev&es  cause 
par' l'existence  de  chaleur  latente  dggagee au sein  de la couche  active  lorsque 
celle-ci  regsle. Les calculs  indiquent que ces  deux  effets  peuvent  provoquer des 
modifications  de  temperatures  moyennes  annuelles  des  sols qui sont du  m&me  ordre  de 
grandeur  que  le  rechauffement do  directement au manteau neigeux. 

HEKOTOPhlE PE3YnbTATbl YklCJIOBOrO MCCJIEaOBAHMR TEIIJIOBblX PEHCkIMOB B FPYHTAX 
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SOME RESULTS OF A NUMERICAL  STUDY OF GROUND THERMAL REGIMES 

L . E .  Goodrich 

Division  of  Building  Research,.  National  Research  Council o f  Canada 
Ottawa, K1A OR6 

INTRODUCTION 

I t  i s  wel l  known t h a t  snowcover i s  a good  insu- 
la tor   and ,   as  it i s  p resen t   on ly   du r ing   t he   co ld  
p o r t i o n  of  t he   yea r ,   c an   r a i se   t he  mean annual 
ground  temperature  by  several  degrees  Celsius  above 
the  ambient mean annual a i r  Kcmperature.  During 
the  course  of  a theore t ica l   s tudy   of   long- te rm snow- 
ground  thermal   interact ions,  two n o n - l i n e a r   e f f e c t s  
a s soc ia t ed   w i th   so i l   t hc rma l   p rope r t i e s  were  found 
t o  have a s i g n i f i c a n t   e f f e c t  on   the   resu l t s .  

Displacement o f  the mean annual  ground  tempera- 
t u r e   p r o f i l e ,   a t t r i b u t a b l e   d i r e c t l y   t o   t h e   e f f c c t  
o f  snowcover r e c t i f i c a t i o n ,  is  accompanied  by a 
f u r t h e r  warming e f f e c t  due t o   t h e   l a t e n t   h e a t  
assoc ia ted   wi th  s o i l  moisture .  A t  the  same time, 
when the   thermal   conduct iv i ty   o f   the   so i l  i s  
temperature-dependent ,   th is   causes  a d i s t o r t i o n   o f  
mean temperatures  toward  lower  values. 

THERMAL RECTIFICATION  KESULTING FROM 
TEMPERATURE-DEPENDENT CONDUCTIVIW 

The thermal  conductivity  of a s o i l  i s  u s u a l l y  
s u b s t a n t i a l l y   g r e a t e r  when f rozen   than  when thawed. 
Because of  t h i s ,   t h e  mean annual  ground  temperature 
p r o f i l e  a t  equi l ibr ium is  n o t   l i n e a r   ( a s  i t  would 
be  f o r  a n   i n e r t   m a t e r i a l ) ,   h u t   i n s t e a d   e x h i b i t s  a 
curva ture  a t  shallow  depths. Mean annual  tcmpcxa- 
tures   decrease  f rom  the  surface downward to   depths  
below  which  conductivity i s  no l o n g e r   s i g n i f i c a n t l y  
dependent on time. The magnitude  of   this   effect  
depends  both on the   thermal   p roper t ies   o f   the  
ground  and on the  temperature  regime  imposed a t  t h e  
ground  surface.  

A q u a n t i t a t i v c   d e s c r i p t i o n  o f  th i s   phcnomnon i s  
most r ead i ly   g iven   fo r   ma te r i a l s  whose thermal 
conduct iv i ty  i s  a s tep-funct ion  of   temperature .   I f  
the   s tep   change   in   thern la l   conduct iv i ty   occurs  a t  
O'C, the   d i f fe rence   be tween  the  mean annual  tcmpera- 
t u r e  a t  the  depth  of maximum penet ra t ion   o f   the  
O'C-isotherm  and t h e  mean annual  surface  tempcra- 
tu re   p rovides  a useful  measure o f  t h e   p r o f i l e  
d i s t o r t i o n .  This q u a n t i t y  w i l l  be   cal led  " thermal  
of fse t"   in   the   remainder  o f  t h i s  paper .  

, Using  the  numerical model (Goodrich  (1))  out- 
l i p e d   i n   t h e  Appendix t o  the   p resent   papex  a 
number o f  t h e o r e t i c a l   c a l c u l a t i o n s  were made f o r  

the  case of  a s e m i - i n f i n i t e  medium driven  by a 
s inusoida l ly   vary ing   sur facc   t cmpera turc   wi th  
amplitude 10 K and mean O'C. A s tep- func t ion  
temperature  dependence was assumed for   the   thermal  
conduc t iv i ty ;   hea t   capac i ty  was maintained a t  a 
cons tan t   va lue .   La ten t   hea t  was n o t   i n c l u d e d   i n  
the   ca l cu la t ions .   Sepa ra t e   s tud ie s  showed t h a t  
the   thermal   o f fse t  i s  n o t   a f f e c t e d  by c i t h e r  
l a t e n t   h e a t  o r  temperature-dependent  heat  capacity.  

Figure 1 shows c a l c u l a t e d  mean annual  tempera- 
t u r e   p r o f i l c s  f o r  pc r i . od ic   s t eady- s t a t c   equ i l ib -  
r ium  condi t ions .   Resul t s   a re   g iven   for   severa l  
d i f f e ren t   va lues   o f   t he   r a t io   be tween   f rozen   and  
thawed conduc t iv i t i e s .   Fo r  a c o n d u c t i v i t y   r a t i o  
of   10  the  thermal   offsct  amounts t o  - 3  K which i s  
30 p e r   c c n t  of the   sur face   ampl i tude .  

Figure 2 shows the   e f f ec t s   o f   chang ing   t he  
assumed mean annual  surface  temperature.  For  a 
c o n d u c t i v i t y   r a t i o  of  10 the   thermal   o f fse t  i s  
inc reased   t o  - 4  K when the  mean surface  tempera- 
t u r e  i s  r a i s e d   t o  +2"C; lowering  the mean annual 
surface  temperature  t o  -2'C decreases  the  thermal 
o f f s e t   t o  - 2 . 3  K .  

Al though  the  thermal   offset   effect  is  p r e s e n t  
in  permafrost   thermal  regimes,  i t s  consequences 
a re  most d rama t i c   i n   s easona l   f ro s t   a r eas  when 
comparisons  arc made of  t h e   c f f c c t s  o f  removing 
the  snowcover   ent i re ly .  With no snowcover, p r o f i l e  
d i s t o r t i o n  i s  a t  a maximum; w i t h   s u f f i c i e n t  snow- 
cover ,   the   thermal   rec t i f ica t ion   assoc ia ted   wi th  
the   g round  proper t ies   d i sappears   a lmost   en t i re ly  
because   f ros t   pene t r a t ion  i s  minimal. 

GROUND TEMPERATURE SHIFT DUE 'I'O 'ME COMBINED 
EFFECT OF SOIL LATENT HEAT A N D  

SEASONAL  SNOWCOVER 

In  permafrost  regimes  with  seasonal  snowcover, 
d u r i n g   r e f r e e z i n g   i n   t h e  autumn and   ear ly   win ter ,  
coo l ing   o f   t he  ground  near  the  surface i s  
r e s t r a ined   by   t he   ex i s t cnce   o f  thawed material i n  
the   ac t ive   l aye r .   I n   con junc t ion   w i th   t he   r educed  
hea t   f l ow  r e su l t i ng  f rom  the   over ly ing   insu la t ing  
snowcover ,   the   heat   source  const i tuted by the  
under ly ing   unf rozen   so i l  i s  s u f f i c i c n t   t o   m a i n t a i n  
the  snow-ground in te r face   t empera ture  a t  
re la t ive ly   h igh   va lues   th roughout   the   en t i re  
f reeze-back   per iod .   This   resu l t s   in   an   increase  
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i n  mean annual  ground  surface  temperature  which i s  
n e c e s s a r i l y   r e f l e c t e d  a t  depth.  The e f f e c t i v e n e s s  
o f   t hc  mechanism i s  cnhanced i f  t h e  thawed zone 
p e r s i s t s  beyond the   pe r iod   o f  peak minimum a i r  
t empera tu res .   Fo r   t he   s ake   o f   b rev i ty ,   t h i s  
phenomenon w i l l  be cal led  "pinning ' !   in   the 
remainder   o f   th i s   d i scuss ion .  

Figures  3 t o  5 i l l u s t r a t e  how t h i s   e f f e c t   c a n  
s u b s t a n t i a l l y   i n f l u e n c e  mean annual  ground  tempera- 
t u re s   i n   pe rmaf ros t   cond i t ions .  The f i g u r e s  show 
numerical  computations  for two s i m p l i f i e d   t h c o r e t i -  
ca l   cases  which  were i d e n t i c a l   i n   a l l   r e s p e c t s  
e x c e p t   t h a t ,   i n   c a s e  B, s o i l   l a t e n t   h e a t   h a s   b e e n  
added.  Computations  were made using  thc  numerical  
technique  describcd  in  the  Appendix.   This  tech- 
nique  cont inuously  monitors   the  locat ion of the  
f reez ing  o r  thawjng   f ront (s )   and   th i s   l eads   to  
resul ts   of   higher   than  usual   accuracy.  The ground 
was assumed to   bc  homogeneous with  thermal  conduc- 
t iv i ty   and   hea t   capac i ty   cons tan t   and   independent  
of temperature .   Freezing was assumed to   t ake   p l ace  
completely a t  O O C .  A condi , t i .on  of   zero  heat   f lux 
was used  to   represent   the  boundary  condi t ion a t  
depth. A t  the   upper   sur face  a homogeneous  snowpack 
wi th   cons tan t   thermal   p roper t ies  was assumed t o  
b u i l d  up l i n e a r l y   t o  a maximum depth  which was then 
he ld   cons t an t   un t i l   me l t ing   i n   t hc   sp r i . ng .  Air 
temperature,  which was cquatcd  with snow o r  ground 
surface  temperatures as appropr ia te ,  was assumed t o  
vary   s inusoida l ly   wi th   ampl i tude  20 K around a mean 
of -1O'C. Computations  wcrc  carried  through a 
s u f f i c i e n t  number of   annual   cycles  t o  achieve 
pe r iod ic   s t cady   s t a t e   equ i l ib r ium  cond i t ions .  

As i l l u s t r a t e d   i n  F i g .  3, t h e  mean annual  ground 
tempera ture   in   the   absence   o f   l a ten t   hea t   (case   A) ,  
i s  -5.2OC. Ris implies  a tempera ture   sh i f t   o f  
4 .8  K due t o   t h e  snow cover .  With the   add i t ion  o f  
l a t en t   hea t   ( ca se   E ) ,   t he  mean annual  ground tcm- 
pera ture  is s h i f t e d  upward t o  - l .O°C,  which means a 
t e m p e r a t u r e   s h i f t   o f  9 K .  Figure 3 a l s o  shows the  
reduct ion  in   ampli tude  of   ground  temperature   f luc-  
tua t ions  a t  depth  (dotted  envclope  curves)  caused 
by the  combination o f  seasonal  snowcover  and  soil  
l a t e n t   h e a t .  The spa t io-   t empora l   i so therm  d is t r i -  
bu t ion   i n   t he  two c a s e s  i s  compared in   F ig .  4 .  

In case A a l l  isotherms,   including  the 0°C- 
isotherm  (dot ted  curve) ,   were  located by l i n e a r  
i n t e r p o l a t i o n   o f   t h e  computed  dai-ly  temperature 
p r o f i l e s .  This accounts   for   the   s l igh t   waviness  
seen   in   the   deepes t   i so therms.  The Oo-isotherrn  in 
case B was computed d i r e c t l y  as p a r t   o f   t h e   o r i g i -  
n a l   c a l c u l a t i o n   a t   t h e  same time as the  correspond- 
ing  nodal   temperature   values .   Without   la tent   heat  
thawing is  r e l a t i v e l y  deep  but  freeze-back is  near ly  
ins tan taneous .  With l a t e n t   h e a t   t h e   d e p t h  o f  thaw 
i s  great ly   reduced,   but   f reeze-back is  not  complete 
un t i l   a f t e r   mid -win te r .  A comparison o f   s easona l  
f l u c t u a t i o n s  o f  ground  tempera tures   a t   the   sur face  
(0 m ) ,  w i t h i n   t h e   a c t i v e   l a y e r  (25  cm),  and 
immediately  below it (I m) i s  presented   in   F ig .  5 .  
With l a t en t   hea t   ( ca se   E ) ,   du r ing   r e f r eez ing  of  the 
ac t ive   l ayer ,   g round  sur face   t empera tures  do n o t  go 
below -6'C; wi thou t   l a t en t   hea t   ( ca se  A),  values   o f  
-14'C are reached  during  the same time  period. I t  
shou ld   a l so   be   no ted   t ha t ,   i n   ca se  B,  t h e  minimum 
ground  surface  temperature i s  no t   r eached   un t i l  
toward t h e  end o f   t h e   w i n t e r ,  when a i r  temperatures 

are well  beyond  their  peak minimum. Several  
temporal   d iscont inui t ies   associated  with  the  "zero-  
c u r t a i n "   e f f e c t   i n   t h e  autumn,  completion o f  
freezc-back  in  mid-winter,  beginning  and  end o f  
the  snowmelt  period,  and  melting of  t he   g round   i n  
s p r i n g   a r e   e v i d c n t   i n   t h e   c u r v e   f o r  25 cm.  The 
tempera ture   a t  l - m  depth,   case B, shows a b r i e f  
per iod  of  r a p i d   c o o l i n g   i n   l a t e r   w i n t e r ,  compen- 
s a t e d  by  gradual  warming  extending  over  the 
remainder o f  t he   yea r .  A t  depth  although  tempera- 
t u r e   f l u c t u a t i o n s   a r e  smoothed in   bo th   ca ses ,   t he  
temperature a t  5 m reaches i t s  maximum severa l  
months l a t e x   i n   c a s e  B than   in   case  A. 

Thcsc resu l t s   sugges t   tha t   bo th   thermal   o f fse t  
and  pinning  effects  may s ign i f i can t ly   i n f luence  
ground  tempera tures   in   na ture .  They a l s o  show t h a t  
t h e o r e t i c a l   c a l c u l a t i o n s  o f  t h e   i n f l u e n c e   o f  snow- 
cover on mean annual  ground  temperatures w i l l  be 
mis leading   un less   these   non- l inear   e f fec ts   a re  
taken  into  account .  

SNOW-GROUND THERMAL INTERACTIONS 

A numerical model s tudy   of   the   in f luence   o f  
seasonal  snowcover  on  long-term  ground  thermal 
reg imes   has   been   car r ied   ou t   for  a t o t a l   o f  25 
cases   involv ing   bo th   permafros t   and   seasonal   f ros t  
condi t ions.   These  calculat ions  assumed  c l imat ic  
condi t ions   appropr ia te   to   Eas te rn  Canada f o r  
seasonal   f ros t   cases   and   c l imat ic   condi t ions  
appropr ia te   to   the   Western   Subarc t ic   for   permafros t  
cases.  Mathematical  assumptions a t  the  upper 
boundary  were similar to   t hose   u sed   i n   t he   ca l cu la -  
t i o n s  shown in   P igs .  3, 4,   and 5 with   the   addi t ion ,  
i n  some cases ,   o f  a s imula t ion  o f  n a t u r a l  snowcover 
d e n s i f i c a t i o n .  Both f ine-grained  and  coarse-  
g ra ined   so i l   t ypes  were  considered;  thermal  proper- 
t ies  were es t imated  from accepted  empir ical  formu- 
lae u s i n g   r e a l i s t i c   v a l u e s   f o r   s o i l   m i s t u r e  
content   and  densi ty .  An o rgan ic   su r f ace   l aye r  was 
i n c l u d e d   i n  some cases .   Soi l   f reezing  and  thawing 
were t r e a t e d  on the  assumption  that   phase  change 
took  place  completely a t  O O C .  No at tempt  was made 
to   include  moisture   changes,   f rost   heaving os thaw 
c o n s o l i d a t i o n   i n   t h e   s o i l .  A c o n s t a n t   h e a t   f l u x  
i.n the  range  of  accepted  geothermal  values was 
assumed as the  lower  boundary  condition. The 
d e t a i l s   o f   t h i s   s t u d y  are c o n t a i n e d   i n  Goodrich 
( 2 ) .  Since   the  model assumptions made r e p r e s e n t  a 
more r e a l i s t i c   p i c t u r e  of  actual ground  thermal 
regimes, i t  may be  useful   to   consider   one o r  two 
examples drawn from t h i s   s t u d y   t o   i l l u s t r a t e   t h e  
s ign i f i cance   o f   t he rma l   o f f se t  and p i n n i n g   e f f e c t s  
i n   p r a c t i c e .  

Figure 6 i s  a comparison  of mean annual  tempera- 
t u r e   p r o f i l e s  fo r  seasonal   Erost   condi t ions  with 
and  without  snowcover. The ground was assumed t o  
c o n s i s t   o f  a f ine -g ra ined   so i l   hav ing  a water  
conten t  o f  35 p e r   c e n t  by  weight  and  no  organic 
su r face   l aye r .  The r a t i o   o f  frozen t o  thawed 
c o n d u c t i v i t i e s  was approximately 2 .  With the  snow- 
cover  removed, t h e r e  i s  a reduct ion o f  approxi- 
mately 2 K a t  t he   su r f ace ;  a t  depth  the  decrease 
i s  n e a r l y  5 K .  The c o n t r i b u t i o n  due t o   t h e   t h e r -  
mal o f f s e t   e f f e c t  i s  as important  as t h e   r e c t i f i -  
ca t ion   a t t r i bu tab le   d i r ec t ly   t o   t he   snowcover .  

Figure 7 shows man  annual   t empera ture   p rof i les  
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ca lcu la ted   for   permafros t   condi t ions   us ing   severa l  
d i f f e r e n t  assumed  snowcover  parameters  and s o i l  
condi t ions .  Comparing  curves 1 t o  5 ,  which refer 
t o   t h e  same f i n e - g r a i n e d   s o i l ,  it can   be   seen   tha t ,  
wi th   permafros t ,   the   thermal   o f fse t  i s  n o t   g r e a t l y  
a f fec ted   by   the   p resence   o r   ahsence  of  snowcover. 
Mean annual  ground  temperatures,  however,  are 
h ighly   sens i t ive   to   assumpt ions  made regarding  the 
snowcover  and d e t a i l s   o f  i t s  bui ld-up.   Calculated 
mean annual   surface  tcmpcratures   for   the  condi t ions 
represented  by  curves  2 ,  3, and 5 range  from -7.OOC 
t o   + l . l ° C ,  which  covcrs  the  range  from  relatively 
cool   permafrost   to  no p e r m a f r o s t   a t  a l l .  Curve 4 
shows, as expected, an j n c r c a s e   i n  mean annual 
temperature  accompanying  an  increase  in  surface 
temperature   ampli tude.  Thc predic ted  mean tempera- 
t u re   i nc rease   (1 .6  K )  i s  however n e a r l y   a s   g r e a t  as 
the  changc  in  amplitude ( 2  K) . The d e c r e a s e   i n  
mean tempera ture   a t t r ibu tab le   to   the   p resence   o f  a 
t h in   o rgan ic   su r f ace   l aye r  i s  represented  by  curve 
6. Curvc 7 shows r e s u l t s   f o r  a s a n d y   s o i l ,  and 
a l though   l a t en t   hea t  is  less in   t h i . s   ca se   t han   fo r  
t he   f i ne -g ra ined   so i l   r ep resen ted   by   cu rve   2 ,  i t s  
e f f e c t  is more than  compcnsatcd f o r  by the  high 
thawed conduct ivi ty   value  assumed  for   the  sand.  

CONCLUSION 

The r e s u l t s   i n d i c a t e   t h a t   n o n - l i n e a r   e f f e c t s  
associated  with  temperature-dependent   soi l   thermal  
conductivity  and w i t h  soil l a t e n t  heat can  sign€- 
f i c a n t l y   a f f e c t   t h e  snow-ground i n t e r a c t i o n ,  The 
t h e r m a l   o f f s e t   e f f e c t   c a u s e s  a d i s t o r t i o n  of the  
mean annual  ground  temperature  profile,   For the 
most   usua l   so i l   thermal   conduct iv i ty   condi t ions ,   the  
d i s t o r t i o n  i s  toward  colder  temperatures a t  depth,  
I n   p e r m a f r o s t   s i t u a t i o n s ,   t h e   s h i f t  of mean annual 
ground  temperatures  toward warmer values,   caused 
d i r e c t l y  by the seasonal  snowcover, is augmented by 
t h e   p i n n i n g   e f f e c t   r e s u l t i n g  from Soil latent heat .  
These e f f e c t s  are n o t   n e g l i g i b l e .  A t  the same tfme 
t h e i r   e x i s t e n c e  compounds t h e   u n c e r t a i n t i e s   a l r e a d y  
inherent  in ground  thermal  regime  computations. 

This  paper is a con t r ibu t ion   f rom  the   D iv i s ion  
of  Building  Research,  National  Research  Council  of 
Canada and i s  publ ished  with  the  approval  of t h e  
Direc tor  of the   Div is ion ,  
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APPEND1 X 

A c e n t r a l   d i f f e r e n c e   f o r m u l a t i o n   f o r   l a y e r e d  
systems i s  used   t o   r ep resen t   t he   hea t   ba l ance   a t  
ordinary  nodes.   Dividing  space  into  non-uniform 
elements  of  width, Axi, and us ing  constant  t ime 
increments, A t ,  the   nodal   equat ions  take  the form: 

+ k .  (Ti+l m+ 1 - TYfl + Tm - f)/Axi (A1 1 l+l 

where, k i  and C i  r ep resen t   t he   t he rma l   conduc t iv i ty  
and  volumetr ic   heat   capaci ty   of   the  ith element 
and   t he   supe r sc r ip t  m i s  thc  time  i.ndex. 

I f  a f r e e z i n g  o r  thawing  f ront  i s  present   wi th-  
i n  an  element, an addi t iona l   nodal   equa t ion  i s  
in t roduced   t o   r ep resen t   t he  moving boundary  condi- 
t i o n  : 

where, k l  and k 2  a r e  
the  two phases, L i s  
P i s  t h e   p o s i t i o n  of 

thermal   conduct iv i t ies   for  
vo lumetr ic   l a ten t   hea t ,   and  
the  phase  boundary. 

A solution  technique  involving  both  forward  and 
backward  Gaussian  elimination  can  be  used  to  solve 
the  system o f  nodal   equat ions  s imultaneously  for  

T. and P .  This method, d e t a i l s   o f  which a r e  

g iven   i n  Goodrich ( l ) ,   avo ids   t he   u se  o f  c o s t l y  
noda l   i t e r a t ion   wh i l e   r e t a in ing   t he   non- l inea r i ty  
i m p l i e d   i n  Eq. (A2) .  As a r e su l t   t he   t echn ique  i s  
both   rap id   and   numer ica l ly   p rec ise .  

m4 1 

For  problems  with  periodic  boundary  conditions 
more than  one  phase  boundary may he   p re sen t .   I n  
the  permafrost  model s t u d i e s   d e s c r i b e d   i n   t h i s  
paper,   such  cases arise dur ing   the  autumn. 
lgnor ing   hea t   f l ow  in   t he   r eg ion  bounded  by  the 
freezing  and  thawing  f ronts ,   y ie lds   an  approximate 
s o l u t i o n  which makds nodal   ktcrat ion  unnecessary.  
S ince   t empera tures   in   th i s   reg ion   rap id ly   approach  
equi l ihr ium,   the  e r ro r  introduced i s  s l i g h t .  
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E f f e c t   o f   l a t e n t   h e a t  on mean annual  temperature 
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Effect o f   l a t e n t   h e a t  on i so the rm  pene t r a t ion  
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THERMAL EXPANSION OF A FROZEN BENTONITE-WATER SYSTEM 

K. Hor iguchi ,  The i n s t i t u t e  o f  Low Temperature  Science,  Hokkaido  University, 
Sapporo,  Japan 

The dimensional  change o f  a f rozen  bentoni te,-water  system was measured i n  
the   p rocess   o f   coo l ing  down t o  - 1 l Q O C .  The length  o f  specimens showed a gradual  
change,  decrease o r   i n c r e a s e ,   e x c e p t   n e a r   e i t h e r   o r   b o t h  -9 and -34OC a t . w h i c h  an 
anomaly  took  place i n  the  change o f  the   l eng th  as t h e   r e s u l t  of t h e   t r a n s i t i o n  of 
the  phase of i n t e r f a c i a l   w a t e r .  However, those  specimens w i t h  a mono-molecdlar 
w a t e r   l a y e r   c o a t i n g   a l l   t h e   s u r f a c e s  o f  b e n t o n i t e   p a r t i c l e s   d i d   n o t  show any  such 
an  anomaly  as i t  d i d   n o t   f r e e z e  i n  the  temperature  range down t o  -110OC. The co- 
e f f i c i e n t  o f  l i nea r   expans ion  a w i d e l y  depended  upon bo th   the   water   con ten t  o f  a 
specimen  and  temperature. The va lue  o f  a was m a i n l y   r e l a t e d   t o   t h e   w a t e r   c o n t e n t  
up t o   t h e   t e m p e r a t u r e   a t   w h i c h   i n t e r f a c i a l   w a t e r   u n d e r g o e s  a phase t r a n s i t i o n ;   t h e  
va lue o f  c1 o f  a specimen w i t h  a water  content  around 40% took an  abnormal ly   large 
va lue   in   the   magn i tude o f  ten   t imes   t he   va lue   o f   e i t he r  a m i n e r a l   m a t r i x   o r   i c e .  

EXPANSION THERMIQUE D ' U N  S Y S T ~ M E  BENTONITE-EAU C O N G E L ~ E  

K. Horfguchi ,  The i n s t i t u t e  of Low Temperature  Science,  Hokkaido  University,  Sapporo, 
Japon 

On a rnesurg l es   va r ia t i ons   d imens ionne l l es   d 'un   sys tbe   ben ton i te -eau   conge lee ,  
au  cours  de son re f ro id i ssemen t   j usqu 'g  -110°C. La longueur   des  6chant i l lons a subi  
une var ia t ion   g radue l le ,   augmenta t ion   ou   d iminu t ion ,   except6   vers  -9" ou -34",  ou 
-9" e t  -34', temperatures  auxquel  les  on a n o t &  une var ia t ion   b rusque,   due A une mo- 
d i f i c a t i o n  de  phase  de l ' e a u   d ' i n t e r f a c e .  Cependant, les   echant i l lons   cornpor tan t  
une couche  d'eau  monomolt5culaire A l a   s u r f a c e  de t o u t e s   l e s   p a r t i c u l e s  de b e n t o n i t e  
ne p r e s e n t a i e n t  pas cette anoma l ie ,   pu i squ ' i l s   ne   sub issa ien t  pas de c o n g e l a t i o n  
j u s q u ' a  -110°C. On a c o n s t a t 6   q u e   l e   c o e f f i c i e n t   d ' e x p a n s i o n   l i n 6 a i r e  c1 dependait  
for tement de la   teneur   en  eau de 1 ' B c h a n t i l l o n  e t  de l a  temperature. La v a l e u r  de 
~1 es t   p r i nc ipa le rnen t   r6g ie   pa r   l a   t eneur   en  eau, j u s q u ' a   l a   t e m p e r a t u r e  oh l ' e a u  
d ' i n t e r f a c e   s u b i t  une t r a n s i t i o n  de phase; l a   v a l e u r  de c1 pour  un  specimen  contenant 
e n v i r o n  40% d 'eau  dev ien t   anormalement   & lev&e,   env i ron   d ix   fo is   supkr ieure  ZI c e l l e  
de l a   m a t r i c e   m i n e r a l e   o u  de l a   g l a c e .  

TEnJIOBOE PACUHPEHME MEP3JlOfi CMCTEMbI EEHTOHBT-BO,JJA 

M ~ M ~ P ~ H H  pamep~me H ~ M ~ H ~ H M R  c H c T e w  ~ ~ H T O H H T - B O A ~  n p ~  oxrramae- 
HI4E.I A 0  T e M n e P a T Y P H  -llooc. Z J I H H a  06Pa340B H 3 M e ~ R n a c b   n o c T e n e H H o   BO^- 
P a c T a J I a  MJIH g M e m u a n a c b /  sa H c K n m q e H H e M  Tex cnyYaeB, K o r a a   T e M n e p a T y p a  
P a B H R J I a c b  -9  EI /HJIH/ -34Oc. IIPH  TOR T e M n e p a T y p e  B H 3 M e H e H m  anHHM 
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THERMAL EXPANSION OF A FROZEN BENTONITE-WATER  SYSTEM 

INTRODUCTION 

I t  is  now generally  accepted t h a t  the existence 
of an unfrozen,  interfacial  water  phase  segregates 
i c e  from a   so i l   par t ic le  i n  f rozen  soi l .  Some of 
the questions have been answered regarding  the mo- 
b i l i t y  of interfacial   water  and the  factors  govern- 
i n g  the  quantity o f  unfrozen  water. However, many 
points remain t o  be c l a r i f i ed   a s  t o  the  nature and 
properties of interfacial   water .  A frozen  soil  i s  
generally composed of s o i l   p a r t i c l e s ,   i c e ,   a i r  (and 
vapor), and unfrozen  water. I t  i s  reasonable t o  
cons ider   tha t   so i l   par t ic les ,   i ce ,  and a i r   con t r ac t  
as the temperature f a l l s ;   t h a t  i s ,  the  coef- 
f i c i e n t s  of  thermal  expansion of these materials 
are   posi t ive.  

interfacial   water  i n  a  clay-water  system, from the 
results of low temperature  differential  thermal 
analyses, i t  has been reported by Kato( 1959) and 
Anderson and Tice(1971)  that there a re  one, two o r  
th ree  exotherms  corresponding to   so l id i f i ca t ion  o f  
i n t e r f ac i a l  water, n o t  counting the one associated 
w i t h  the  freezing of free  water i n  the  pore. 
BOTOaKOB(1973) examined the  thermal  expansion o f  
several k inds  of  frozen  soils i n  a  temperature 
range from -0.4'C t o  - S T ,  and reported  that   the 
coef f ic ien t  of l i nea r  expansion depended upon the 
soi l   type and water  content; i t s  value  decreased 
as the temperature f e l l .  The author(1973) examined 
the change i n  length of a  frozen  soil  i n  a  cooling 
process down to  -1 1 O " C ,  and detected one o r   fo r  
some s o i l s  two abnormal cases o f  expansion i n  
addi t ion  to  the one associated w i t h  the normal 
freezing o f  pore  water. From these  resul ts ,  i t  is  
reasonable  to  consider t h a t  these  expansions  are 
caused by the phase transitions of unfrozen, inter- 
facial   water .  The present  paper is  concerned w i t h  
the  freezing  temperature of unfrozen  water and the  
coef f ic ien t  of l i nea r  expansion of  a Wyoming 
bentonite-water  system. 

As regards the  freezing  temperature  of  unfrozen, 

MATERIAL AND EXPERIMENTAL METHODS 

Wyoming bentonite No.20 used was obtained from 
Ward's Natural  Science  Establishment,  Inc. (P.0.Box 
1712, Rochester, New Yorjk. ) The bentonite was 
f i r s t   d i s p e r s e d  i n  d i s t i l l e d  water and allowed t o  
s t a n d  u n t i  1 a1 1 pa r t i c l e s   l a rge r  than I micron 
s e t t l e d   t o  be removed. The external  surface  area 
of the bentonite thus selected was calculated 

to  be a b o u t  l'lr)m / g  by the  B.E.T. equation by 
using  nitrogen  adsorption. 

procedure: the bentonite  with a given water 
content was stuffed  into  a  vinyl t u b e  15-20mm i n  
length and 5mm i n  diameter;  the tube was l e f t  i n  
the desiccator w i t h  a  given  vapor  pressure  for 
several  days so t h a t  a sample w i t h  lower water 
content was obtained;  both  the  ends o f  the  tube 
were sealed by a  vinyl  tape  to  prevent  evaporation 
; the tube was f i r s t   f r o z e n  a t  a  cold room (about  
-15°C) and then i t  was p u t  i n t o  l iqu id  nitrogen; 
i n  some cases i t  was d i r ec t ly  p u t  in to   l iqu id  
nitrogen. The frozen specimen was taken o u t  from 
the  tube a t  the low temperature below -10°C. Both 
the ends  of the  frozen specimen were cut perpen- 
diculary  to  the ax is  of the  t u b e ,  and then the 
length was measured by a   vern ier   ca l iper   a t  the 
cold room. The point   to  which special   a t tent ion 
should be p a i d  in  these  processes i s  to  eliminate 
any specimens w i t h  cracks  formal when frozen. 

used t o  measure the  change i n  length of frozen 
specimens. The holder of a specimen i s  diagramed 
in  Fig.1. The temperature of a specimen was auto- 
matically  controlled by a  heating  coil wound 
around the holder. A frozen specimen was placed 
i n  the  holder by keeping i t  a t   t h e  temperature Of 
about -20°C; then the temperature of specimen was 
raised t o  and maintained a t  minus several  degrees 
unt i l  the dimensional change of the specimen was 

2 

A frozen specimen was prepared by the following 

A SHINKU-RIKO thermo dilatometer DL-1500L  was 

L I Q U I D  NITROGEN I -  

I t '  OUARTZ 

DIFFERENTIAL 
TRANSFORMER 

Fig.1.  Schematic diagram of the  holder of a 
specimen. 
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no t  observed.  Starting a t   t h e  temperature  of 
minus several degrees, the specimen was subjected 
t o  the measurement o f  i t s  length  during a process 
of cooling a t  the cooling rate of 0.5OC per  minute. 
After  the end of  experiment, the water content o f  
the  frozen specimen was weighed by drying a t  23U"C 
for a day. 

change o f  the specimen was not  observed i n  a 
temperature  range from zero t o  minus several 
degrees, b u t  on a warming process a contraction 
was detected  near O"C, corresponding t o  the  
melting of normal i c e  i n  the  frozen  specimen. 

In the  process  of  cooling, the dimensional 

RESULTS 

Four kinds o f  typical   resul ts  o f  the experl'ment 
a re  g i v e n  i n  Figs.2 t o  5, 

Figure 2 shows the  dimensional change of the 
specimen which  has the water  content of 0.8149 o f  
water  per g o f  dry  bentonite(the  water  content 
denoted by W: 81.4%). The i n i t i a l  l e n g t h  o f  the 
specimen denoted by L was  15.02mm. There a re  two 
anomalous changes i n  the dimension  corresponding 
to   the phase transition of interfacial   water  not 
counting  the one associated w i t h  the freezing of 
pore water near O'C. These  changes  always  oc- 
curred a t   t h e  temperatures  near - 1 O O C  and -33°C. 
The author  defines the phase t r ans i t i on  w h i c h  
s t a r t s   a t   t h e  temperature  around -9°C a s   t h e   f i r s t  
t r ans i t i on  o f  i n t e r f ac i a l  water and t h a t  around 
-33OC the second  phase t r ans i t i on .  From Fig.2 i t  
i s  found t h a t  the second phase t r ans i t i on  begins 
before the end of the f i r s t  phase transition. The 
coef f ic ien t  o f  l i n e  r expansion 4 of the specimen 
was 25.6 x 10-5(OC-f) i n  the temperature  region 
from near -3°C t o  -10°C. The frozen specimen 
showed the expansion  regardless o f  the decrease of 
temperature i n  a temperature  range from near -10°C 
to  -55"C, t h a t  i s ,  the  coeff ic ient  of thermal 
expansion was negative. 

L -  15.02mm 

beginnlng o f  t h e   f i r s t  phase t r ans i t i on  was so 
l a rge   tha t  a small anomaly was made inv is ib le .  
The coef f ic ien t  o f  thermal  expansion was negative 
in a temperature range from - 2 O O C  t o  -7OOC. 

L-18.35mm 

w - 39.8% 

-100  -50 -0 

TEMPERATURE('C) 

Fig.3. Change i n  l e n g t h  o f  a bentonite-water 
system (W:39.8%) on cooling. 

Figure 4 shows the  dimensional  change of the 
specimen (W:29.5%; L: 18.00mm). In this case, 
the only  second  phase t r ans i t i on  was observed 
near -34OC.  The  mean value of + from -3°C t o  -34 
o c  was 7.4 x 10-5. 

/ I o  

L=lB.OOmm 

W -  29.5% / 1 - 5  

I I , , , I  , , , , ,  

TEMPERATURE(OC1 
-50  0 -100 

Fig.4. Change in  length o f  a bentonite-water 
system (W:29.5%) on cooling. 

I n . . , , ,  , , .  , 
-100 -50 0 

T E M P E R A T U R E W  

Fig.2. Change in  length of a bentonite-water 
system (W:81,4%) on cooling. 

Figure 3 shows the  dimensional change of the 
specimen ( W :  39.8%; L:18.35mm).The mean value  of 
d i a temperature  range t o  near -2OOC was 77.5 x 
10- !! . The second phase transition was not  de- 
tec ted ,  because the expansion subsequent t o  the 

Figure 5 shows the dimensional change of the 
specimen (W:15.6%;  L:16.55mm). In this case, 
any anomalous,  dimensional  changes were not  
detected. The mean value of 6 from -5°C t o  -3OOC 
was 3.1 x 10-5. The coefficent of thermal ex- 
pansion was poss i t ive  down to  -1lO'C. 
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L -  16.56mm 

W - 1 5.6 .1. 

TEMPERATURE(W 

F ig .5 .  Change i n   l e n g t h   o f  a bentoni te-water  
system (W:15.6%) on coo l i ng .  

DISCUSSION 

The t e m p e r a t u r e   o f   p h a s e   t r a n s i t i o n   o f   i n t e r f a c i a l  
water  

Some specimens showed the  expansion i n  one o r  
two  temperature  ranges  below O°C d u r i n g  a c o o l i n g  
process. These  expansions  are  found  not so sharp 
as the  expansion  observed a t   t h e   t i m e  o f  f r e e z i n g  
o f   f r e e   w a t e r .  It i s  reasonab le   t o   cons ide r   t ha t  
these  expansions  resul ted  f rom a gradual  phase 
t r a n s i t i o n  o f   un f rozen  in te r fac ia l   water .  The 
temperature a t   t h e   b e g i n n i n g  o f  the  phase  t ran-  
s i t i o n  depended  upon the   water   con ten t  o f  a 
specimen. I t s   r e l a t i o n   i s  shown i n  Fig.6. A 
s o l i d   c i r c l e   r e p r e s e n t s   t h e   t e m p e r a t u r e   a t   w h i c h  
a phase t r a n s i t i o n  began.  Each  of the  specimens 
w i th   wa te r   con ten ts   l a rge r   t han  42.3% showed i n  a 
warming  process a c o n t r a t i o n   c o r r e s p o n d i n g   t o   t h e  
m e l t i n g   o f   o r d i n a r y   i c e   n e a r  0°C. The ex i s tence  
o f   t h i s   c o n t r a c t i o n   i s   a l s o  shown i n  F ig .6.  

I 

F ig.6.   Relat ion  between  water  content  and ternpe- 
r a t u r e   a t   w h i c h  a phase t r a n s i t i o n   o f   w a t e r   b e g i n s .  

Such a c o n t r a c t i o n  as takes  p lace  near  0°C  was n o t  

observed i n   a l l  of   the  specimens  wi th  water 
c o n t e n t s   s m l l e r   t h a n   a b o u t  40% which showed 
eltpansions  near or below -9"C, and  the  tempera- 
t u r e s   a t   w h i c h   a l l   t h e s e   t r a n s i t i o n s   b e g i n   a r e  
independent  of   the  water  contents  of   specimens. 
It i s  seen t h a t   t h e   f i r s t  and  the  second  phase 
t r a n s i t i o n   o c c u r   a t   a r o u n d  -9°C and -34"C, 
r e s p e c t i v e l y .  

800m 9 /g,  and  the  d(001)  spacing o f   t h e   b e n t o n i t e  
was about 15.6A i n  t h e   c a s e   o f  a water   con ten t  
o f  28-33%. Assuming t h a t   t h i s   w a t e r   i s   u n i f o r m l y  
d i s t r i b u t e d   o v e r   t h e  enormous surface  area of t h e  
ben ton i te ,  i t  can  be  conc luded  that   the  water  
c o n t e n t   o f  28% i s   r o u g h l y   e q u i v a l e n t   t o   c o n s t i t u t e  
a mono-molecular  layer  coat ing a l l  surfaces, 
Therefore,   there  are  two  mono-molecular  layer 
between i n d i v i d u a l   i n t e r - l a m e l l a r   l a y e r s .   F o u r  
k inds  of specimens  each  containing a water   con ten t  
l ess   t han  26% d i d   n o t  show any  expansions i n  a 
temperature  range down t o  -110'C; these  specimens 
a r e  shown b y   d o t t e d   l i n e s   i n   F i g . 6 .  Presumably, 
t h e   s t r o n g   w a t e r - b e n t o n i t e   i n t e r a c t i o n   i n   t h e s e  
specimens  prevents a mono-molecular  layer  from 
rearrangement  necessary  for a phase t r a n s i t i o n .  

c o n t e n t   i n   t h e   r e g i o n  on 28-33%, t hey   on l y  show 
the  second  phase  t rans i t ion.  The  specimens  which 
have  the  water  contents  of  39.5 and 40.5% o n l y  
showed t h e   f i r s t  phase t r a n s i t i o n .   I n   t h e s e  cases, 
as t h e   e x p a n s i o n   a f t e r   t h e   b e g i n n i n g   o f   t h e   f i r s t  
phase t r a n s i t i o n  was so l a r g e   t h a t   t h e   d i m e n s i o n a l  
change corresponding t o   t h e . b e g i n n i n g  o f  t h e  
second  phase t r a n s i t i o n   c o u l d   n o t  be  detected. 
The c o n t r a c t i o n   i n   l e n g t h  o f  a specimen  corre- 
s p o n d i n g   t o   t h e   m e l t i n g   o f   o r d i n a r y   i c e   n e a r  O°C 
was n o t   d e t e c t e d   i n  specimens wi th   the  water   con-  
t e n t  of 40.5%, b u t  i t  was detected i n  specimens 
w i t h   t h e   w a t e r   c o n t e n t  of 42%. 

The c o e f f i c i e n t   o f   l i n e a r   e x p a n s i o n  & 
The v a l u e   o f &   w i d e l y  depended  upon the   water  

content  and  the  temperature  of  a specimen. I n  
some cases, i t  took a negat ive   va lue .  The va lue  
of d i s  m a i n l y   r e l a t e d   t o   t h e   w a t e r   c o n t e n t   i n   t h e  
temperature  range  higher  than  the f i r s t  phase 
t r a n s i t i o n ,   w h i c h   i s   m o s t   i m p o r t a n t   i n   n a t u r e .  
I t s   r e l a t i o n   i s   g i v e n   i n   F i g . 7 .  As i s   e v i d e n t  
from  Fig.7, i n   t h e  cases  of t he   wa te r   con ten t  of 
l e s s   t h a n  32%, the   va lue  o f 6  was almost  contant,  

T e t o t a l   s u r f a c e   a r e a  of b e n t o n i t e   i s   a b o u t  

I n   t h e  cases o f  specimens  each  having a water  

W A T E R  CONTENT (g.H,O/g.~~nbcn ) 

F ig.7.   Relat ion  between  water  content  and  co- 
e f f i c i e n t  o f  l inear   expans ion .  
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b e i n g   n e a r l y   e q u i v a l e n t   t o   t h e   c o e f f i c i e n t   o f  
l inear   expans ion   o f  a m i n e r a l   m a t r i x   i t s e l f .   T h a t  
i s ,   t h e   i n t e r f a c i a l   w a t e r  had  no e f f e c t  on   the  
thermal  expansion  of a frozen  specimen i n   t h i s  
tempera ture   reg ion .   Inc reas ing  a water   con ten t  
from 33% t o  42%, the  va lue  o f  6 showed a remarka- 
b le   increases,   and amounted t o  a va lue   ten   t imes 
as l a r g e  as t h e   f o r e g o i n g   v a l u e .   I n   t h e   r e g i o n   o f  
water   content   which i s   l a r g e r   t h a n  42%, as a water  
c o n t e n t   i n c r e a s e s ,   t h e   v a l u e   o f &   g r a d u a l l y  
decreased  to   the   va lue  of  4.8 x 10-5, which i s  
e q u i v a l e n t   t o   t h e   v a l u e   o f   n o r m a l   i c e .  

The au tho r   supposes   t ha t   one   o f   t he   e f fec t i ve  
causes of remarkable  increase i n   t h e   v a l u e   o f  6 i s  
t h e   m i g r a t i o n  o f  p a r t  o f  t h e   i n t e r - l a m e l l a r   w a t e r ,  
whose w a t e r   g i v e s   t h e   l a r g e r   v a l u e   o f   d ( 0 0 1 )  
spacing  than 15.68, t o  a pore  space  on  cool ing, as 
was p o i n t e d   o u t  by Anderson  and  Hoekstra( 1965), 
though  there  are some e f f e c t s   o f   t h e   e x i s t e n c e   o f  
exchangeable  cat ions  and  the  temperature 
dependency of t h e   s u r f a c e   t e n s i o n   o f   i n t e r f a c i a l  
water  on the  va lue  o f  6 . On t h e   o t h e r  hand, 
i t  i s  reasonable t o   c o n s i d e r   t h a t   t h e   g r a d u a l  
decrease o f +   r e s u l t s   f r o m   t h e   f o r m a t i o n   o f  a 
r i g i d   i c e   m a t r i x   i n  a frozen  specimen. 

CONCLUSION 

(1)   Unf rozen,   in te r fac ia l   water   caused one o r  
two   g radua l   phase   t ras i t i ons   t o   t ake   p lace   a t   t he  
temperature  below 0°C; phase t r a n s i t i o n s  began 
e i t h e r   o r   b o t h   n e a r  -9'C and -34°C. The ex i s tence  
o f   t hese   phase   t rans i t i ons  depended  upon the   water  
c o n t e n t   o f  a specimen,  whereas  no  such t r a n s i t i o n s  
took   p lace  i n   t h e  case o f  a mono-molecular  water 
l a y e r   c o a t i n g   a l l   s u r f a c e s   o f   b e n t o n i t e   w h i c h   d i d  
no t   f reeze i n   t h e   o r d i n a r y  sense  of the   te rm down 
t o  -110°C. 

(2 )  The va lue  o f  d. , t h e   c o e f f i c i e n t   o f   l i n e a r  
expansion,  widely depended  upon the   water   con ten t  
and  temperature o f  a specimen. I n  some cases, i t  
took   the   negat ive   va lue   resu l t ing   f rom  the   phase 
t r a n s i t i o n   o f   i n t e r f a c i a l   w a t e r .  The v a l u e   o f &  
up t o   t h e   f i r s t  phase t r a n s i t i o n  was m a i n l y   r e -  
l a t e d   t o   t h e   w a t e r   c o n t e n t   o f  a specimen.  The d 
o f  a specimen w i t h  a water   content   around 40% took 
such  an   abnormal ly   la rge   va lue   tha t  amounts t o  
ten   t imes   t he   va lue   o f  a m i n e r a l   m a t r i x   o r   i c e .  
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THEORY OF N-FACTORS AND CORRELATION OF DATA 

V.J. Lunardini, Dept. of  Mechanical Engineering, Univ. of Ottawa, Ottawa, Ontario, 
Canada. 

Data on the  n-factor,  the  ratio o f  the  surface t o  a i r  freeze/thaw  indices have 
been tabulated  for  general  surfaces,  concrete pavements, asphalt pavements, and 
surfaces  insulated a t  depth. The d a t a  could n o t  be adequately  correlated  with 
simple  parameters such as  air  index,  length o f  phase change season, or la t i tude ,  
and i t  was necessary t o  examine the  heat  transfer a t  the atmosphere-ground 
interface. 

for  the  n-factor as a function of a i r  index,  seasonal  surface  heat  transfer  exclu- 
sive of convection,  surface  coefficient of convection, and soi'l thermal properties. 
The theoretical  equation agreed f a i r l y  well with a plotting of the d a t a  on dimen- 
sionless  parameters  suggested by the  theory. The n-factor, for a s i t e ,  can be 
estimated  with  basic  meteorological d a t a  and minimal information on the  surface of 
the   s i te .  

T H ~ O R I E S  DES FACTEURS-N, ET C O R R ~ L A T I O N  ENTRE LES D O N N ~ E S  

A solution t o  the  surface  temperature problem yielded a theoretical  equation 

V . J .  L u n a r d i n i ,   D e p a r t m e n t  de Genie  mecanique,  UniVerSi te  d 'ot tawa,  Ottawa, 
On ta r io ,  Canada. 

On a mis sous fo rme  de   tab leau  les   donnkes   re la t i ves   au   fac teur -n ,   a ins i  que 
l e   r a p p o r t  des i nd i ces   de   ge l   e t   de   d6ge l   su r face -a i r ,   pou r   l es   su r faces  en genera l ,  
les   revg tements   be tonnes,   les   revg tements   en   b i tume  aspha l t ique   e t   les   sur faces  
iso lees  en  profondeur .  On n ' a  pu g t a b l i r  une c o r r g l a t i o n   s u f f i s a n t e   e n t r e   l e s  
donn6es e t  des p a r a d t r e s   s i m p l e s  comme l ' i n d i c e   a t m o s p h k r i q u e ,  l a  longueur des 
pe r iodes  de changernent  de  phase  ou l a   l a t i t u d e ,   e t  il a e t6   ngcessa i re   d 'examine r  
l e  t r a n s f e r t   d e   c h a l e u r   q u i  a l i e u  2 l ' i n t e r f a c e   e n t r e   l ' a t m o s p h 5 r e   e t   l e  so l .  

o b t e n u   u n e   e q u a t i o n   t h e o r i q u e   p o u r   l e   f a c t e u r - n ,   e n   f o n c t i o n   d e   l ' i n d i c e  atmosphg- 
r i q u e ,  du t rans fe r t   t he rm ique   sa i sonn ie r   de   su r face ,  independamment  de l a   convex ion ,  
du c o e f f i c i e n t   s u p e r f i c i e l  de convex ion   e t   des   p ropr ig tgs   thermiques   du   so l .  
L ' kqua t ion   t hgo r ique   conco rda i t   assez   b ien   avec  une representa t ion   g raph ique  des  
donnges,  par  rapport 2 des  pararnGtres  sans  dimension suggt5rg.s p a r   l a   t h g o r i e .  Pour 
un s i t e   p a r t i c u l i e r ,  on   peut   es t imer  le f ac teu r -n  $ l ' a i d e  des  donnees  rn6tgorolo- 
giques de base e t   d ' u n  minimum d ' i n f o r m a t i o n s   s u r   l a   s u r f a c e  du s i t e .  

On a trouvi?  une  solut ion  au  problGme de la   tempera ture   de   sur face ;   on  a a i n s i  

TEOPWSn-@AKTOPOB €4 KOPPEJIRU,MCr ,L@HHHX 
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THEORY OF N-FACTORS AND CORRELATION OF DATA 

V.J. Lunard in i  

Department o f  Mechanica l   Engineer ing,   Univers i ty   o f   Ot tawa 
Ottawa,  Ontario (K1N 6N5) 

INTRODUCTION 

The e s t i m a t i o n   o f   t h e   d e p t h   o f   f r e e z i n g   o r   t h a w -  
i n g   i s  an  impor tant   problem  for   engineers.  The 
successfu l  and  economical  design o f  r o a d s ,   a i r -  
s t r i p s ,   b u i l d i n g   f o u n d a t i o n s ,   e t c .  depends  upon  an 
a c c u r a t e   p r e d i c t i o n   o f   t h e  phase  change  depth. 

The t o t a l  phase  change  depth, f o r  a homogeneous 
system,  can  be ca lcu la ted   f rom  the   Mod i f ied  
Berggren  Equation, 

E = AjZ = X J K  

Berg  (1973) showed t h a t   t h i s   e q u a t i o n  gave  good 
r e s u l t s   b u t  was n o t   a p p l i c a b l e   t o   r e s i d u a l   t h a w  
layers,   whi le   Sanger   (1959)   noted  that  Eq. ( 1 )   d i d  
n o t   g i v e  good r e s u l t s   f o r   i n s u l a t i o n   l a y e r s ,   Q u i n n  
(1962),  however,  used a m o d i f i c a t i o n  of 
Lachhbruch 's   method  (1959)   to   ca lcu la te   the   f reeze 
d e p t h   f o r   i n s u l a t e d  systems w i t h  moderate  success, 
The accura te   use   o f  Eq.  (1)  depends  upon t h e   c o r -  
r e c t   v a l u e   o f   t h e   s u r f a c e   i n d e x   b e i n g  used, b u t  
t h i s   i s   n o t  a s tandard  meteoro log ica l  measurement 
and i s  r a r e l y   a v a i l a b l e .  The a i r  index, I,, l's 
tabu la ted  and  can  be  used w i t h   t h e   n - f a c t o r   d e f i n e d  
as 

The n - f a c t o r   i s  an  expression  of   the  surface 
temperature  o f   the  system  under   cons iderat ion,  and 
i s   o f   i n t e r e s t ,   r e g a r d l e s s   o f   t h e  use  which i s  made 
o f  it. The cond i t ions   under   wh ich   the   n - fac to r  
should be  used a r e   n o t   t h e   o b j e c t   o f   t h i s   s t u d y ,  
however, t h e r e   i s  no d o u b t   t h a t  it i s   v a l u a b l e   i n  
c a l c u l a t i n g   t h e   t o t a l   s e a s o n a l   d e p t h   o f  phase 
change. 

DATA 
Tables  1-4 1 i s t  n va lues   fo r   genera l   sur faces ,  

concrete pavements, aspha l t  pavements,  and su r -  
f a c e s   i n s u l a t e d   a t   d e p t h .   N o t   a l l  of the  va lues 
l i s t e d   i n   t h e s e   t a b l e s   a r e   e x p e r i m e n t a l ,  some a r e  
ca lcu la ted   wh i le   o thers   a re   "bes t   es t imates"   wh ich  
have  been  used fo r   des ign .  A d e s c r i p t i o n  o f  each 
case i s   a v a i l a b l e   w i t h   d a t e s ,   l e n g t h   o f  season, 
mean seasonal  temperatures,  phase  change  depth, 
f ree te l thaw  ind ices ,   and  the   phys ica l   p roper t ies   o f  
the  so i l   beneath  each  sur face.  These data  can  be 
found i n   L u n a r d i n i  (1977).  Only  data  which  cbuld 
be v e r i f i e d  were  used i n   p l o t t i n g   f i g u r e s .  The 

tab les  present   the  most   comprehensive  tabulat ion 
o f  n - f a c t o r s   t o   d a t e .  Brown  and Galate  (1971) 
made an i n t r o d u c t o r y   s u r v e y   b u t   d i d   n o t   a t t e m p t  
a thorough  coverage. 

The n - f a c t o r   f o r  a g i v e n   s i t e  will v a r y   w i t h  
t ime,  from  month t o  month  and  from  year t o  year .  
Measurements fo r   Fa i rbanks   f o r   two   yea rs   a re  
given  by  Berg  (1973)  and U.S .  Army (1  972) , which 
show t h a t   t h e  n value  can change  by 30% f rom 
t h e   f i r s t   h a l f  of a month t o   t h e   l a t t e r   h a l f .  
These data  emphasize  that  a seasonal  n-value 
cannot be obta ined  f rom measurements made over  a 
s h o r t   p e r i o d   o f   t i m e .  Thus  one  can  expect t h a t  
it wili be d i f f i c u l t   t o   s p e c i f y  an   n -va lue   fo r  a 
g iven  sur face.  An examination o f  Table 3 f o r  
aspha l t  shows t h a t   t h e   f r e e z e  n va lues  vary   f rom 
0.25-2.48, whi le  the  thaw  values  vary  f rom  1.4- 
2,7. These  ranges i l l u s t r a t e   t h e  problems o f  
choosing  n-values. Some attempt  must be made t o  
p resent   the   da ta  so t h a t  a ra t ional   choice  can  be 
made f o r  an a r b i t r a r y   s i t e .  
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-- 
* ArpMalt painted whit" 

N-Factor   Relat ions 

u s e f u l   c o r r e l a t i o n .  

versus Ia, shown by  F igure 1,  which  covers  the 
surfaces i n  Tables  1-4. The t r e n d  o f  t he   da ta  i s  
c l e a r e r ,   b u t   t h e   s c a t t e r  i s  s t i l l  unacceptable. 

Graph ing   the   n - fac to r  as a f u n c t i o n   o f   s i m p l e  
parameters  does  not  lead t o  use fu l   resu l t s .  It i s  
necessary   to   examine  the   phys ica l   re la t ions   wh ich  
g o v e r n   t h e   n - f a c t o r ,   i n   o r d e r   t o   a r r i v e   a t  a be t -  
t e r   c o r r e l a t i o n   o f   t h e   d a t a .  

B e t t e r   r e s u l t s   a r e   o b t a i n e d   w i t h  a graph o f  Is 

FIG I. Surteca indm YP Alr Index 

Graphing n versus I a  i n d i c a t e d  a t r e n d   f o r  n 
t o   i n c r e a s e   w i t h  Ia b u t   t h e   s c a t t e r  o f  t he   da ta  
was l a r g e .  

He iers ted   (1975)   p roposed  tha t   the   f reeze  n -  
fac to r   da ta   beneath   aspha l t  pavements cou ld  be i n -  
v e r s e l y   c o r r e l a t e d   w i t h   t h e   l e n g t h   o f  season  based 
on a i r  temperatures. However, a p l o t   o f   t h e   a s p h a l t  
da ta  showed t h a t  n does n o t   f o l l o w  any  obvious THEORY 
t rends.  The  Norwegian  data  does  form a t r e n d ,   b u t  
t h i s  seems t o  be f o r t u i t o u s ,  and i s   t h e   o p p o s i t e  o f  Surface Temperature 
t h e   t r e n d   f o r   t h e  b u l k  o f   t h e   d a t a ,   P l o t t i n g   t h e  The n - f a c t o r  i s  another  way o f   e x p r e s s i n g   t h e  
n- fac to r   versus  I a / e a  a l s o   f a i l e d   t o   y i e l d  a sur face  temperature  s ince 
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- - 
Ts = Tf - n(Tf - Ta)ea/es ( 3 )  

Any c a l c u l a t i o n   o f  n will thus be a p r e d i c t i o n  
o f   t h e   s u r f a c e   t e m p e r a t u r e ,   w h i c h   i s  a f u n c t i o n   o f  
t h e   t o t a l   h e a t   t r a n s f e r   a t   t h e   s u r f a c e .  Dempsey 
(1 969) , He ie rs ted  (1 975) , and Thompson (1973), 1 i s t  
usefu l   energy  f low schemes f o r   e v a l u a t i n g   t h e   s u r -  
f a c e   t e m p e r a t u r e   b u t   d i d   n o t   a c t u a l l y   c a l c u l a t e   t h e  
temperature. I f  evapotranspi rat ion  can  be  neglec-  
ted  (paved  sur faces)   then  the  fo l lowing  parameters 
a re   p robab ly   t he   mos t   s ign i f i can t .  

(i) N e t   r a d i a t i o n   a t   s u r f a c e   ( l a t i t u d e ,  
season, sur face   type ,   c loud)  . 

( i i )   S u r f a c e   c o e f f i c i e n t   o f   h e a t   t r a n s f e r  
(wind speed, surface  type,  season). 

( i i i )   S o i l   t h e r m a l   p r o p e r t i e s ,   ( t h e r m a l  conduc- 
t i v i t y ,   e f f e c t i v e   l a t e n t   h e a t ) .  

The so i l   t he rma l   p roper t i es  will be o f  secondary 
impor tance .   Ba rbe r   (1957)   no ted   t ha t   f a i r l y   l a rge  
changes i n   t h e   t h e r m a l   c o n d u c t i v i t y   s e v e r a l   c e n t i -  
meters  deep d i d   n o t   g r e a t l y  change p r e d i c t e d   s u r -  
face  temperatures.  

The su r face   t empera tu re   o f  a homogeneous s o i l  
can   be   eva lua ted   f rom  an   idea l i sa t ion   o f   the   ac tua l  
heat   t rans fer   p rob lem.  A t  t he   upper   su r face   o f   t he  
ground, o r  con tac t   layer ,   boundary   cond i t ions   o f  
h e a t   f l u x ,  q, and a i r  temperature Ta e x i s t ,   F i g .  
2(a) .  

a. Actwl System b. Equlvdsnt System 

FIG 2. SYSTEM GEOMETRY 

The t o t a l   h e a t   f l u x   w h i c h   s t r i k e s   t h e   s u r f a c e   i s  

qT = 9 ' h(Ta - Ts) (4) 

Now d e f i n e  an e f fec t i ve   t empera tu re   such   t ha t  

qT h(Te - T s )  ( 5 )  
The e f fec t i ve   o r   equ iva len t   tempera ture  is  

Te = q/h + Ta (6) 
Thus t h e   e q u i v a l e n t   p r o b l e m   i s   t h a t   o f   F i g .  2b 

where, i n i t i a l l y ,   t h e  ground  temperature i s  To. 
I f  t h e   i n t e r n a l   r e s i s t a n c e   o f   t h e   s o i l   i s   s m a l i  
compared to   t he   ex te rna l   res i s tance ,   t hen   t he   quas i -  
steady  approximat ion may be  used.  This  leads t o  
t h e   f o l l o w i n g   e q u a t i o n s   t o   s o l v e .  

k h(T - Te) f = O  t az 
The m a j o r   l i m i t a t i o n   i s   t h a t   t h e   i n i t i a l  tempera- 
t u r e   o f   t h e   s o l i d  be a t  Tf , b u t  L can  be  taken 
a s   t h e   e q u i v a l e n t   l a t e n t   h e a t   i n c l u d i n g   s e n s i b l e  
heat. The s o l u t i o n   t o   t h i s  system o f   e q u a t i o n s   i s  
s t r a i g h t f o r w a r d  and t h e   s u r f a c e   t e m p e r a t u r e   i s  
given  by 

N-Factor  Equation 

Te, Ta, q,  and h will be  used, as def ined  by  
Over the  thaw season, t ime  average  values o f  

FI 

-I J o  
The averages  are  computed  over  the  length o f   t h e  
surface  thaw season, o s ,  s i n c e   t h i s   i s   s i g n i f i -  

c a n t   f o r   t h e   h e a t   t r a n s f e r .   U s i n g  Eq. (8)  and 
t ime  average  values, a non-dimensional  equation 
f o r  n i s  

IT] = l r 2  - (J" 1)   (10)  

where m = Lkt/h2 r1 = nIa/m 

n2 = Ie /m = (qas/h .+ I as ) /m  

Ias i s  approx imate ly   equa l   to  1, which  could 

be  used i n   p l a c e   o f  Ias. Q = e s  i s   t h e   t o t a l  
h e a t   t r a n s f e r   a t   t h e   s u r f a c e   e x c l u s i v e   o f   c o n v e c -  
t i o n  and will be a measure o f   t h e   m e t e o r o l o g i c a l  
e f f e c t s   a n d   s u r f a c e   c h a r a c t e r i s t i c s .  

Thus it should be p o s s i b l e   t o   c o r r e l a t e   n -  
f ac to r   da ta   w i th   on l y   two   pa ramete rs .  Many o f  
the  exper iments,   which  determined  the  n- factor ,  
d i d   n o t   i n c l u d e   a l l   o f   t h e   i n f o r m a t i o n  needed t o  
c a l c u l a t e  n 1 ,   IT^ and a c c u r a t e   p r e d i c t i o n s   o f  
Q and h a r e   d i f f i c u l t .  The n e t   h e a t   f l o w   t o  
the  ground  must   equal   the  energy  requi red  to   thaw 
t h e   s o i l   t o  a depth E ,  p lus   t he   sens ib le   hea t .  
Combining t h i s   c o n c e p t   w i t h   t h e   p r e v i o u s   r e l a t i o n s  
g i v e  a r e l a t i o n  between n 1  and n2 w i t h  a 
B i o t  number 

Ca lcu la ted   va lues   o f  n i  and n2 us ing  Eq. (11 ) , 
agreed   ve ry   we l l   w i th  Eq. ( 1 0 )   b u t   t h i s   i s   n o t  a 
r i g o r o u s   t e s t   o f  Eq. ( l o ) .  It i s  c o n v e n i e n t   t o  
r e w r i t e  Eq. (10) i n   t h e   d i m e n s i o n a l   f o r m  

I S = r  - m (J-- 1)  (12) 

Eq. (12) shows t h a t  Is i s  a s t r o n g   f u n c t i o n   o f  
Ia, and exp la ins  why F ig .  1 gave f a i r   r e s u l t s   f o r  



c o r r e l  a t i n  g I s  and Ia. 

Surface  Heat   Transfer  
The t o t a l   s u r f a c e   h e a t   f l u x   e x c l u s i v e   o f   c o n v e c -  

t i o n   o v e r   t h e  season will be a s s o c i a t e d   w i t h   r a d i a -  
t i o n  and evapot ransp i ra t ion .   S ince   most   o f   the  
d a t a   p e r t a i n   t o  pavements, t he   evapo t ransp i ra t i on  
will n o t  be s i g n i f i c a n t .  The n e t   r a d i a t i o n   f l u x   i s  

(13 )  
The d i r e c t   s o l a r   r a d i a t i o n  i s  given  by 

where F i s  a c o m p l i c a t e d   f u n c t i o n   o f   o p t i c a l   a i r  
mass, atmospheric  water  vapor,  and  the  sun-earth 
d is tance,  The t h e o r e t i c a l  and e m p i r i c a l   r e l a t i o n s  
o f  Bolsenga  (1964)  were  used  as  modified  by 
Lunard in i   (1977) ,  where va lues   o f   t he   su r face   a lbe -  
do a were  summarized,  Data  taken  over a season 
i n d i c i t e   t h a t   l i t e r a t u r e   v a l u e s   o f   t h e   a l b e d o   a r e  
j u s t   e s t i m a t e s ,   e s p e c i a l l y   d u r i n g   t h e   f r e e z i n g  
season. 

Computations  were made f o r   s i t e s   f o r   w h i c h   a c -  
cura te   da ta   were   ava i lab le .  It was f o u n d   t h a t   f o r  
thaw  seasons, t h e   t o t a l   r a d i a t i v e   h e a t   t r a n s f e r   c a n  
b e   c a l c u l a t e d   t o   w i t h i n  10% o f  measured values, i f  
monthly  averages  are  used  and i f  accurate  meteoro- 
l o g i c a l   d a t a   f o r  a s i t e   a r e   a v a i l a b l e ,   F o r   t h e  
f reeze  season, t h e   p e r c e n t a g e   e r r o r   i s   g r e a t e r  due 
t o  t h e  much s m a l l e r   s o l a r   r a d i a t i o n   d u r i n g   f r e e z i n g  
Also,   the  a lbedo changes  due t o  snow and i c e  on t h e  
s u r f a c e   f o r   p a r t  o f  a day  tend  to make t h e   p r e d i c -  
t i o n s   l e s s   r e l i a b l e ,  

S u r f a c e   C o e f f i c i e n t   o f   H e a t   T r a n s f e r  

The  most d i f f i c u l t   h e a t   t r a n s f e r   p a r a m e t e r   t o  
a c c u r a t e l y   p r e s c r i b e   i s   t h e   s u r f a c e   c o e f f i c i e n t   o f  
convec t ion .   Th is  i s  due t o  an  inadequate model of 
the   tu rbu len t   m ix ing   p rocess   in   the   a tmosphere ,   bu t  
even w i t h  an  acceptable model , there  would  be a 
ques t i on   o f   accu ra te   va lues  o f  the  parameters  which 
must  be  used  with  the  model. 

t i n g  h, Lunardini   (1977).  It was d e c i d e d   t h a t   t h e  
aerodynamic  method i s   t h e  most reasonable. The  ed- 
d y   c o e f f i c i e n t   w i t h   D e a c o n ' s   ( 1 9 4 9 )   s t a b i l i t y   r e l a -  
t i o n  was used  and t h e   c o e f f i c i e n t  o f  h e a t   t r a n s f e r  
can  be   wr i t ten  

A study was  made o f   t h e   b e s t  methods o f  evalua- 

neu t ra l   (1  5) 

r l - R  l2 

Tables o f   the   sur face   roughness  zo a r e   a v a i l a -  

b le ,  however, the  problem  of   the  sur face  roughness 
i s  more d i f f i c u l t  than  merely  choosing  an  appropr i -  
a te   va lue   f rom a tab le .  Suppose the   su r face   o f  
i n t e r e s t   i s  a paved  road,  surrounded  by  grass. Then 
the   sur face   roughness   to   use  will be some combina- 
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t i o n  of   the  srass and  pavement va lue s .  Th is  will 
be t r u e   u n l   e i s   t h e   s u r f a c e   i s   v e r y  1 arge,  such  as 
an a i r s t r i p .  

The s t a b i l i t y   p a r a m e t e r  B can  be  estimated 
using  .88'-stable,  1 .O-neutral and 1 .OS-unstable, 
Deacon (1 949).  

During  any  day,  the  atmosphere may have  any o r  
a l l   o f   t h e   s t a b i l i t i e s .  However, s t a b l e   o r  
n e u t r a l   e q u i l i b r i u m  will occur if the   su r face  tem- 
p e r a t u r e   i s   l e s s   t h a n   t h e   a i r   t e m p e r a t u r e ,   w h i l e  
u n s t a b l e   c o n d i t i o n s   p r e v a i l  i f  t h e   r e v e r s e   i s   t r u e .  
On a seasonal  basis,  the  atmosphere will tend  to -  
ward  the  unstable  case  dur ing  the  thaw season while 
the   f reeze  season will tend   to   have   neu t ra l   o r  
s t a b l e   c o n d i t i o n s .  

CORRELATION OF DATA 

Using  the  appropr ia te  equat ions,  i t  was possible 
t o   e v a l u a t e   t h e   p a r a m e t e r s   i n   t h e   c o r r e l a t i o n  equa- 
t i o n   f o r   t h e   n - f a c t o r ,  Eq. (10)   or  Eq.  (12). Where 
poss ib le ,   actua l   meteoro log ica l   data  have been  used 
t o   e v a l u a t e  Q and  h. I f  no data  were  avai lab le,  
then a va lue  of h = 12 W/m2 - OC was chosen  as a 
representa t ive   va lue .  It i s  expected  that  h will 
vary   f rom 2 - 50 i n  most  cases,  based  on Eq. (15). 
The v a l u e   o f  m i s  n o t  known f o r  some o f   t g e  
cases ,   bu t   w i th  h = 12, a v a l u e   o f  m = 16 C-day 
i s   q u i t e   r e a s o n a b l e ,   u s i n g  an average  value o f  
kL = 2200 W2-day/m4-oC. F igu re  3 shows the   da ta  
f o r   b o t h   f r e e z e  and  thaw f o r   a l l   s u r f a c e s .  Many 
o f   t h e   p o i n t s  were  ca lcu lated on t h e   b a s i s   o f   e s t i -  
mates  o f   the  meteoro log ica l   condi t ions  for  a s i t e  
s ince   ac tua l   va lues   were   no t  known. 

A more  complete  comparison o f   t h e   d a t a   w i t h  
Eq. (lo), the  non-dimensional  IT equation, i s  
shown i n   F i g .  4, 

X 

x =  

4 h , , . I *  
5 6 B 102 2 4 6 8 103 2 4 

r T-Doy 
FIG 3. Surfocafndsx vs r, all rurfacss 

DISCUSSION OF RESULTS AND CONCLUSIONS 

Figs. 3 and 4 show tha t   t he   n - fac to r   da ta   can  
now be co r re la ted   reasonab ly   we l l  and t h e   t h e o r e t i -  
ca l   equa t ion   p red ic t s   t he   da ta   t rend .  No a t tempt  



45 

was  made to   ob ta in   emp i r i ca l   equa t ions   f rom  these  
graphs   s ince   the   p resent   methods   o f   ca lcu la t ing  Q 
and h do n o t   j u s t i f y   f u r t h e r   r e f i n e m e n t .  

' -7 

However, i t  i s  expected  that  more  complete  rneteo- 
r o l o g i c a l   d a t a ,   f o r   t h e   c a l c u l a t i o n   o f  Q and h , 
would  enhance t h e  agreement  between the   theory   and 
the   da ta .   Indeed,   fo r   those  s i tes   w i th   adequate  
meteoro log ica l   data,   the  ca lcu lated  va lues  were 
c l o s e r   t o   t h e   t h e o r e t i c a l   c u r v e .   I n  any  case,  the 
r e s u l t s   a r e  good, g i ven   t he   va r ious   sou rces   o f   da ta  
and complex i ty   o f   the  phenomena. 

f e r   p r e s e n t s   d i f f i c u l t i e s  as a l ready  noted.  The 
equat ions   p resented   here   shou ld   a l low  es t imates   to  
be made o f  h if adequate  data  are  avai lab le.  
More da ta   a re   requ i red  on a t m o s p h e r i c   s t a b i l i t y  as 
a f u n c t i o n   o f  season  and the   sur face   roughness   o f  
actua l   systems.   Th is   should  a l low  bet ter   est imates 
t o  be made f o r  h and t h e   t o t a l   s u r f a c e   h e a t  
t r a n s f e r .  

The t a b l e s   o f   n - f a c t o r   d a t a   l i s t e d   h e r e   a r e  
comprehensive,   but   the  usefu lness  o f   the  raw  data 
i s   l i m i t e d   u n l e s s  a s i t e   i s   l o c a t e d   a l m o s t   e x a c t l y  
a t   t h e   t e s t   s i t e .  

A cho ice  of t h e   n - f a c t o r   f o r  a s i t e   c o u l d  be  es- 
t imated  roughly   f rom  Tables  1-4 or, somewhat be t te r ,  
f rom  F ig.  1. However, the  best   procedure i s   t o  
e v a l u a t e   t h e   s u r f a c e   h e a t   f l u x  and s u r f a c e   c o e f f i -  
c i e n t   f o r   t h e   s i t e ,   u s i n g   t h e  methods  presented 
here,   or   actua l   data,   and  then  use  e i ther   F ig .  3 
o r  4 t o   a r r i v e   a t  n. 
P r e d i c t i o n   o f   N - F a c t o r s  

as a f u n c t i o n   o f   a i r   i n d e x ,   t o t a l  seasonal  heat 
t r a n s f e r ,   s u r f a c e   c o e f f i c i e n t   o f   c o n v e c t i o n ,  and 
so i l   thermal   proper t ies.   A l though  predic t ions  have 
been made b y   o t h e r   i n v e s t i g a t o r s   o f   t h e   s u r f a c e  
temperature  for   special   cases, no t h e o r e t i c a l  equa- 
t i o n   f o r   t h e   n - f a c t o r  has  been found i n   t h e   l i t e r a -  
t u r e .  

n = r/I - (J- -1) m/Ia 

Sanger  (1963),   noted  that  for A r c t i c  and  sub-Arct ic  
reg ions,   the  thaw n f a c t o r   d e c r e a s e s   w i t h   i n c r e a -  
s ing   w ind  speed w h i l e  U.S. Army (1966)   resu l ts  
no ted   t he   i nve rse   f o r   t he   f reez ing  n f a c t o r .  

The s u r f a c e   c o e f f i c i e n t   o f   c o n v e c t i v e   h e a t   t r a n s -  

An e q u a t i o n   f o r   t h e   n - f a c t o r  has  been developed 

The n - f a c t o r   i s   w r i t t e n   e x p l i c i t l y  as 

a (1 6) 

Va lues   typ ica l   fo r   nor thern   reg ions ,   were   used  to  
eva lua te   t hese   t rends   w i th  Eq. (16) .  

t he   f i e ld   exper ience   quo ted   p rev ious l y   a l t hough  
t h e   q u a n t i t a t i v e   v a l u e s   d i f f e r  .somewhat. 

d i f f e r e n c e  between  surface and a i r  temperatures, 
AT, as a funct ion  o f   the  absorbed  shor t  wave r a d i a -  
t i o n ,   w i t h   w i n d  speed  as a parameter.  They show 
t h a t   t h e   t e m p e r a t u r e   d i f f e r e n c e   f o r   t h a w j n g  will 
decrease  wi th   increas ing  wind speed. I n f o r m a t i o n  
o f   t h i s   k i n d   c a n   t h e n  be  used t o   e v a l u a t e  n f o r  
d i f f e r e n t   s i t e s ,  i f  the  absorbed  short  wave r a d i a -  
t i o n  and wind speed a r e  known. T h e i r  method i s  an 
approx imat ion  to   the  theory  presented  .here.   Us ing 
Eq.  (161, i t  can be shown t h a t  AT will decrease 
w i th   inc reas ing   w ind   speed i n  agreement w i t h   t h e  
data. 

The theo re t i ca l   equa t ion   exp la ins   t he   genera l  
t r e n d s   f o r  n,  based  on  data  or f i e l d   e x p e r i e n c e ,  
One general   observat ion,  U.S. Army (1966), t h a t  
t h e   f r e e z i n g   v a l u e   o f  n i n c r e a s e s   w i t h   l a t i t u d e ,  
i s   n o t   n e c e s s a r i l y   c o r r e c t ,  however. Both   the  
theo ry  and d a t a   c o n f i r m   t h i s .  

Eq. (12)   a l lows n t o  be  est imated  for   remote 
areas   where   l im i ted   meteoro log ica l   da ta   a re   ava i -  
l a b l e   w i t h   o n l y   g e n e r a l   i n f o r m a t i o n  on su r face  con- 
d i t i o n s .  

The r e s u l t s   c o n f i r m   t h a t   t h e   t h e o r y   a g r e e s   w i t h  

Berg  and  Quinn  (1976)  have  recent ly  p lot ted  the 
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NOMENCLATURE 

c - s p e c i f i c   h e a t  
Cs  - c loud  cover  Ia - Q/h  freeze 

e - atm.water  vapor  press. S - b r igh t   sunsh ine  
Hsr - hour  angle t - t ime  

P =la + Q/h  thaw 

I - f reeze l thaw  index  T - t  
k - the rma l   conduc t i v i t y  u - w 
ko - von Karman const .  z - e  

q - nonconvect ive  surface 
h e a t   f l u x  

emperature 
' i n d  speed 
l e v a t i o n  

y = .6 + .05Jea p - d e n s i t y  
S - s o l a r   d e c l i n a t i o n  u - Stefan  Bolttmann 
E - s u r f a c e   e m i s s i v i t y  
e-season l e n g t h  

const. 
S 4 - l a t i   t u d e   n o r t h  

Subsc r ip t s  

1 - re fe rence   he igh t  f - f r e e z e  
a - a i r  s - su r face  
e - e f f e c t i v e  t - thaw 
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THERMAL PROPERTIES AND REGIME OF WET  TUNDRA SOILS AT BARROW, ALASKA 
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S . I .  O u t c a l t ,   U n i v e r s i t y  o f  Michigan, Ann Arbor ,   Mich igan,  USA. 
E. Ng, U n i v e r s i t y  o f  C a l i f o r n i a ,   D a v i s ,   G a l i f o r n i a ,  USA. 

lleasurements of temperature  and of  thermal   conduct iv i ty  f o r  two s m e r  
per iods  were  carr ied  out  on wet organic  s u r f a c e   m a t e r i a l s  and underlying  mineral  
s o i l s  a t  Barrow,  Alaska.  Precise  temperatures  were  measured  by means o f   c a l i b r a t e d  
the rmis to r s   p l aced  at accu ra t e ly  known depths ,  from which  temperature  gradients t o  
a depth  of 1 .0  m are  calculated.   Thermal  conductivit ies  were  measured by t h e  
t r ans i en t -hea t ing   p robe   me thod ,   bo th   i n - s i tu   and   i n   t he   l abo ra to ry .   ,The   obse rved  
conduct iv i ty  of t he   o rgan ic   l aye r  was between t h a t  o f  moist a i r  ( 0 . 1  W/mK) and t h a t  
of water  (0.6 W/mK) ; t he   conduc t iv i ty   o f   t he  s i l t  s o i l  depended on t h e  s ta te  of 
f r eez ing .  The measured  data  are combined t o   c a l c u l a t e  summer h e a t   f l u x e s   t o  a 
depth of  1 . 0  m, from  which t h e   t h e r m a l   t r a n s i t i o n  of t h e   a c t i v e  layer  from i n i t i a l  
thawing t o   i n c i p i e n t   f r e e z i n g  i s  described  and  anal.yzed. 

* #  , , 
PROPRIETES ET REGIME THERMIQUES DES SOLS MOUILEES DE TOUNDRA DE BARROW, EN ALASKA 

R . W *  McGaw, u.5. Army Cold Regions Labs., CREEL, Hanover, New Hampshire, USA. 
5 -  1 .  Outca l t ,  U n i v e r s i t y  o f  Mich igan,  Ann Arbor ,   Mich igan,  USA. 
E. Ng, U n i v e r s i t y  of C a l i f o r n i a ,   D a v i s ,   C a l i f o r n i a ,  USA. 

On a mesurg Z Barrow  en  Alaska,  pendant  deux 6tGs consgcutifs, la tempgrature 
et la conductivitg  thermique  de  matgriaux  superficiels  organiques  mouill6s  et  des 
sols mingraux  sous-jacents.  On a  mesur6  avec  prgcision  les  tempgratures,  au  moyen 
de thermistors  gtalonn6s  plac6s 5 des  profondeurs  bien  dgfinies,  de manisre b cal- 
culer les gradients  thermiques  jusqu'2  une  profondeur  de 1.0 m.  On a mesure  les 
conductivitGs  thermiques  par  la  mgthode  de  la  sonde Z chauffage  transitoire,  sur  le 
terrain  et au laboratoire,  La  conductivit6  observge  de la couche  organique  s'est 
situ6e  entre  celle  de  l'air  humide (0.1 W/mK)  et  celle  de  l'eau (0.6 W/mK) ; la  con- 
ductivit6  du s o l  limoneux  dGpendait de 1'Ptat  de  congglation. On a combing les 
donnges  mesurges,  de  maniEre 2 calculer les flux  thermiques  d'gtg  jusqu'z  une pro- 
fondeur  de 1.0 m, et b ainsi  dgcrire  et  analyser la transition  thermique  que  subit 
le  molllsol,  lorsqu'il  passe du stade  initial  de  dggel Z l'amorce  de  gel. 

TEPMAnbHblE CBOmCTBA kl PEKMM BOaOHOCHRIX TYHAPOBHX FPYHTOB B EAPPOY 
/ A J I W K A /  
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INTRODUCTION 

Tundra soils near Barrow, Alaska, have 
been studied extenslvely for several decades. 
Gold and Lachenbruch (1973) reviewed the 
earlier studies, whlle Brown (1973) dis- 
cussed the more recent work of the U.S. 
Tundra Biome program. An important part o f  
these studies has concerned the thermal 
effects of natural environmental factors on 
the stability of the permafrost whlch lies 
below the active layer. 

Recent efforts have been directed to- 
ward mathematical modeling techniques to 
simulate the near-surface soil thermal re- 
gime. Nakano and Brown (1971) developed a 
model to simulate the effects of' freezing 
on the soil profile; they also considered 
some of the problems of validating such a 
model (1972). Outcalt et  al. (1975) de- 
veloped a computer model to simulate, over 
a decade of t h e ,  the effect of snow fences 
on the soil-snow thermal regime. In a study 
designed to obtain def'inltive Information 
to validate a soil thermal model, Guymon 
measured the relationshlp between soil 
moisture and soil temperature beneath the 
tundra both at Fairbanks, Alaska ( 1 9 7 5 ) ,  and 
at Barrow, Alaska (1976).  Most recently, 
Ng  and Miller ( 1 9 7 7 )  described a model 
which seeks to predlct the thermal effect 
of the tundra vegetation. 

This paper describes a further investi- 
gati'on of the s o l 1  thermal regime in the 
upper meter of soil at Barrow, Alaska. 
Both thermal properties and soil tempera- 
tures were measured, to provide a correlated 
input to soil thermal models. 

During a period from June to August 
1971 ,  temperatures were measured by a pre- 
cision thermistor installation at a tundra 
site designated as U.S. IBP Tundra Biome 
control p l o t  1 0 7 ,  approximately 2 km west of 
the Naval Arctic Research Laboratory. In 

addltion, thermal conductivity of the near- 
surface soils was measured both in-situ and 
on specimens removed to the laboratory. A 
computer analysis of the temperature data 
was performed, utilizing a finite-difference 
technique, to determine the manner in which 
apparent thermal diffusivity of the Barrow 
soils varies with temperature, depth and 
time during the arctlc summer period, 

THERMAL CONDUCTIVITY MEASUREMENTS 

The tundra soils at Barrow are charac- 
terlzed by a surface organic layer 2-10 cm 
deep underlain by an organic silt mineral 
layer which remains perennially frozen at 
depths below 30-40 cm. The thermal con- 
ductivity of the surface organic layer is 
a primary determinant of the summer heat 
rlux into the active layer. In large part 
it determines the soil temperature regime 
and the rate and depth of thawing. 

The thermal conductivity of unfrozen 
soils within the upper 10 cm at Barrow was 
measured in-situ and in the laboratory 
using the probe method of transient heating 
(McGaw 1974). Both sets of measurements 
were obtained on soils from the vicinity 
o r  control plot 107. Laboratory determln- 
ations were performed on an organic cope 
specimen at several moisture contents and 
at two temperatures ( 5 O C  and 15OC). The 
in-situ measurements were conducted in 
both the organic and mineral layers during 
the summer of 1973; these determinations 
were conducted in early August when the 
thaw depth was 33 em and the unfrozen soil 
temperature in the upper 10 cm was approxi- 
mately 2OC. 

The same thermal conductivity probe 
was used for the laboratory tests and the 
in-situ tests (Fig. 1). Tt contains a 
chromel/constantan thermocouple (output 60 
x V/OC) located at mid-depth, and a 
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h e a t i n g w i r e  of 544 ohms which  extends  the 
e n t l r e   l e n g t h  of the  probe.  The des ign  
s imula t e s  a l i n e   h e a t   s o u r c e ,   t h e   h e a t  
f l o w   i n t o  t h e  s o i l   d u r i n g  a t e s t   b e i n g  
r ad ia l ly   ou tward  I n  t h e   p l a n e  of t h e  
thermocouple.  

I n   p r a c t i c e ,  a c o n s t a n t   e l e c t r i c a l  
c u r r e n t  is a p p l i e d  t o  t h e   p r o b e   f o r  a 
pe r iod  o f  15 o r  2 0  minutes ,   dur ing  which 
t h e   t e m p e r a t u r e   I n c r e a s e   a t   t h e   p r o b e  mld- 
po in t  i s  secorded  as a f u n c t i o n  of  t ime .  
T o t a l   t e m p e r a t u r e   r i s e   a t   t h e   p r o b e  i s  
u s u a l l y  less than  0.5OC. The h e a t l n g  
c u r r e n t  i s  then  removed,  and  the  comes- 
pond ing   coo l ing   r e l a t ion  i s  obtalned.   Ther-  
mal   conduct iv i ty  is c a l c u l a t e d  from the  
long- te rm  ( logar l thrn ic )   por t ion   o f   bo th  
r e l a t i o n s  and   ave raged ,   t he   p rec i s lon  o r  
t h e  t es t  t y p l c a l l y   b e i n g   w i t h i n  55%. 

.eo& 

:onncctor 
Plus:ic 

1 
2Ocm 
( B i n )  

- 

26ohm/cml  

Thermocouplc" 

IOcm 
( C i n l  

P a .  1. CRREL the rma l   conduc t iv i ty   p robe .  

The s u r f a c e   o r g a n i c   l a y e r   i n   t h e  t e s t  
p i o t  was 4 t o  6 cm i n   d e p t h ,   g r a d i n g   i n t o  
o r g a n i c - r i c h   m i n e r a l   s o i l   a t  8 t o  1 0  cm of 
dep th .   Fo r   de t e rmina t ions   a t   t he  10-em 
dep th  t h e  probe was i n s e r t e d   v e r t i c a l l y   i n t o  
the   g round.  For  sha l lower   depths   the   p robe  
was I n s e r t e d   a t   t h e   a p p r o p r i a t e   a n g l e  t o  
p l ace  the  thermocouple a t  t h e   d e s l r e d   d e p t h ;  
i n  t h i s  mode t h e  measured   conduct iv i ty   va lue  
i s  an   average   over  a f i n i t e   r a n g e  of dep th .  
As an  example, a t  an   angle  of  45' the   p robe  
measures a mean v a l u e   f o r   t h e   d e p t h   r a n g e  

3 t o  7 cm; t h e   e f f e c t  on the  measured 
c o n d u c t i v l t y  would  be a s l igh t   smooth ing  of 
t h e   c u r v e   w i t h   d e p t h .  

F igu re  2 i s  a p l o t  of' d ry   dens l ty   and  
water   conten t   (dry-weight  bas i s )  of' t h e  
n e a r - s u r f a c e   s o i l s   o b t a i n e d   c o n c u r s e n t l y  
w i t h  t h e   i n - s i t u  t e s t s  f'or thermal   conduct i -  
v i t y .  When t h e   d e n s i t y  and  water  con- 
ten t   a t   each   depth   were   compared ,  It  was 

Dry Density 
( g/cm31 

MoiaIurO Content* (%) 

0 100 200 300 

4 

8 

I2t I' 
16 
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GIG. 2 .  D r y  dens i ty   and   water   conten t  of 
Barrow s o i l s   ( A u g u s t  1971). 

found t h a t  a zone  of f u l l   s a t u r a t i o n   e x i s t e d  
between t h e  depths   o f  2 .5  and 3 . 0  cm i n  
ear ly   August .   Moreover ,  a much sma l l e r  
wa te r   con ten t  was i n d l c a t e d   i n   t h e   n e x t  
two b e n t i h e t e r s  o f  dep th ,  i . e .  a t  thp   base  
o f  t h e   s u r f a c e   o r g a n i c   l a y e r .  The s o i l .   a t  

Thermal conductivity 
(mcel / ssc-cm-"f) 

0 1.0 2.0 3.0 

4 

Thaimal Conductivity 
( W l m  P K )  

FIG. 3 .  Thermal   conduct ivi ty  o f  Barrow 
s o i l s   ( A u g u s t  1 9 7 1 ) .  
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this level appeared to be about 50% satu- 
rated. Evidently air or other gases had 
been trapped below the saturated zone. 

Figure 3 is a plot of the thermal con- 
ductivity measurements. The data show a 
transition In thermal properties between 4 
and 8 cm of depth, paralleling the transi- 
tion in soil types. Thermal conductivity 
in the saturated zone was found to be 
nearly that of water at 2 O C  (1.32 x 
cal/s-cm-'C), giving evidence of the 
validity of the measuring techniques. 

SUMMER TEMPERATURES 

Soil temperatures were measured to a 
depth of 1.0 m by a specially designed 
string of thermistors (Fig. 4). Fourteen 
individually calibrated thermistors were 
mounted securely to a half-round extruded 
acryllc rod 140 cm in length and 0.95 cm 
in diameter. Two thermistors were mounted 
20 cm and 40 cm above the proposed ground 
level to measure air or snow temperatures. 
The material of the rod was chosen so that 
it would conduct less heat  in the vertical 
direction and have a lower heat capacity 
than the Barrow soils; the installation 
would therefore follow the temperatures o r  
the adjoining soil to a close degree. The 
precision of  the thermistors in the temper- 
ature range - I O O C  to 1.00~ was 2.5 x 10-3 
to 6.8 x l o m 3  O C  per ohm; measured tem- - 
peratures were rounded to the nearest 
o . o l o c .  

The position of each thermlstor rela- 
tive to a ground-level mark on the rod was 
determlned to an accuracy of 0.01 cm. The 
mounted thermistors were then placed into 
an outer acryllc tube 1.60 cm in external 
diameter. Small holes drilled at the loca- 
tlon of each thermistor were filled with 
heat-conducting compound from the outside, 
the Compound being in direct contact with 
each of the thermistors to provide a good 
conductlng path to the ground. Finally, 
the annulus between the two acrylic members 
was Tllled wlth epoxy under vacuum, making 
a waterproor and stable measuring device 
for precise soil temperatures and tempera- 
ture gradients. 

In November 1970 the thermistor device 
was placed into a 2.5-cm-diameter hole 
augered 1.0 m through the frozen active 
layer and into the permarrost at Barrow, 
Alaska. The hole was carefully backfilled 
with the original frozen cuttings, in- 
cluding the replacement of the organic sur- 
face layer 5 cm in depth. It was then 
allowed to equilibrate with the ground 
temperatures. 

Surface 

(et bosc of 
Thermlstor 

Wlres 
(to  sy,face) 

Frozen 
SIIt 
Backfill 

P e r m a f r o s t  

Thermrstor 

\ 

\ 

Heat - 
Conducling"" 
Compound 

FIG. 4. Precislon temperature installation 
at Barrow, Alaska, utilizing calibrated 
thermistors. 

From  June 4 to August 24, 1971, soil 
and air temperatures were measused manually 
with a potentiometer, once per day in most 
cases. The  time of the reading was chosen 
to be near mldnight, so that radiation 
effects would  be minimal and the atmosphere 
would  be generally calm. A diagram of the 
resulting temperature-time series is pre- 
sented In Figure 5; soil isotherms with 
depth are given in Figure 6. In both fig- 
ures the 30-cm depth 1 s  indicated by a 
dashed line, denoting the approximate 
maximum depth of the actlve layer in a 
normal year. 

Attentlon is directed to an unusual 
feature of the temperature data. Ordin- 
arily, as in all predominantly conductlve 
systems, the amplitude of a thermal dis- 
turbance taking place at the surface will 
be seen to decrease with depth. However, 
in the temperature zone O°C to - 0 . 5 O C  at 
Barrow, the response to the strong surface 
heating events labeled a, b and c in Flg- 
ure 5 appears to contradict this general 
rule. Shortly followlng each event a 
narrow zone of Increasing temperature 
amplitude with depth occurs, appearing as 
a step In the temperature record whereas 
the record at the next higher depth remains 
regular. 

There are several possible explana- 
tions f o r  the observed behavior. It has 
been suggested that it is simply a conduc- 
tive shock rront related to an earller 
event at the surface but delayed by small 
values of thermal diffusivity. A second 
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4 
T i m  (mo) 

. F I G .  5. Temperature-time series of manual 
thermistor measurements at Barrow, Alaska, 
during the summer o f  1971. Depths listed 
are nominal. Heating events a, b and c are 
mentioned in the text. 

passibility I s  that newly released water at 
the thawing front is no longer in pressure 
equilibrium with the still-frozen soil 
below and is pulled downward by moisture- 
tension forces In the unfrozen-water phase 
of the frozen soil; thus, sudden warming 
at depth would be the result of warm-water 
diffusion downward. Still a third possi- 
billty is the downward diffusion of satu- 
rated water vapor into the colder frozen 
Layers, producing condensation heating at 
a depth somewhat below the thawing front. 
Recent numerical simulation studIes by 
Outcalt (1977) Indicate that vapor diffu- 
sion may be significant even In very wet 
soils when the water table is within 10 cm 
of the surface. 

FIG. 6. Soil isotherms with  depth at Bar- 
row, Alaska. Notice attenuatlon of hlgh-  
frequency disturbances below O°C isotherm. 
Dashed line at 3 0  cm shows the normal depth 
o f  maxlmum thaw. 

The first mechanism is compatible with 
pure conductive thermal systems, but  may 
not give a complete explanation. The latter 
two mechanisms are closely related to each 
other and are both nonconductive i n  charac- 
ter. One or both of these diffusive mechan- 
isms is most probably the major causative 
agent for the observed temperature anomalies. 
A close study of indlviduai temperature 
profiles obtained on successive days may 
give further information on these mechanisms 

APPARENT THERMAL DIFPUSIVITY 

Through applicatlon of finite-differ- 
ence approximatlons to the depth-time-tem- 
perature matrix by means of a computer, 
the apparent thermal diffuslvlty of the 
Barrow soils between the depths of 20 cm 
and 100 cm was obtained. For this purpose, 
"apparent the.rma1 diffusivlty" was defined 
as 

a' = Tt/TZz (1) 

where T and T are the finite-difference 
approxihationsz8f aT/at  and a2T/az2, re- 
spectlvely. Observational density was 
found to be insufficient to compute appar- 
ent diffusivities within the near-surface 
unfrozen zone, where high-frequency thermal 
variations occur. Studies o r  this zone may 
be attempted at a later date. 

Graphs of the computed values of ap- 
parent thermal diffusivity are presented 
in Figures 7 and 8. Figure 7 shows the 
variation o r  apparent diffusivity with 
temperature for the 6o-cm and 80-cm depths 
in the permafrost; Flgure 8 shows the re- 
lationship for the lower 10 cm o f  the 
actlve layer. For comparison, the value 
for liquid water at o 0 C  (1.32 x cm2/s) 
is shown on both graphs (Dorsey 1940). 

A noteworthy feature of the data in 
Figure 7 i s  the strong decrease in thermal 
diffusivity with increasing temperatures in 
the permafrost. Since the soils at depths 
greater than approximately 30 cm at Barrow 
remain  frozen throughout the year, at first 
one might expect that their physical and 
thermal properties would be constant. But 
temperature is a major factor in determin- 
ing the unfrozen water content of the Bar- 
row Silt at temperatures warmer than - 5 O C .  

As Flgure 9 indicates, the amount of un- 
frozen water increases two-fold in the 
temperature range -5°C to -0.5OC (Tice 
1 9 7 7 ) .  The latent heat associated with 
the change of state o r  a portion of water 
substance from ice to unfrozen water adds 
to the effective heat capacity of the soil, 
diminishlng the apparent dlffusivity at 
higher temperatures. 
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I 1 1 1 -  
- 6  
Temperature ("C) 

- 4  - 2  

FIG. 7. Apparent thermal diffusivlty of 
permafnost at narrow, Alaska (summer 1971). 
The value for liquid water at O°C is shown 
for comparison. The curve is  drawn using 
only  the data at  the GO-ern depth. 

Referring to Figure 8, a major varia- 
tion of apparent thermal diffusivity with 
temperature a l s o  occurs in the lower por- 
tion of the active layer. Surprisingly, 
the temperature dependence varies also 
with depth. Most probably the reason here 
is that dry density and ice content are 
variable with depth, being products of the 
manner of freezing during the preceding 
autumn. Values of apparent diffusivity 
smaller than that of  liquid water (shown 
by a dashed line) are the result of latent 
heat effects, which as mentioned above in- 
crease the effective heat capacity to a 
considerable degree. 

t 
Temperorurs P C )  

FIG. 8. Apparent thermal diffusivity in 
the lower 10 cm of the active zone at 
Barrow, Alaska (summer 1371). At each 
depth, time i s  increasing toward higher 
temperatures. 

The abrupt change in the slope of the 
relationships in Figure 8 appears not to 
have been previously reported, Analysis 
shows that the "corner" on the curve for 
each depth occurs at a time equal to about 
6.80 months (June 24), which coLims&d8s wtth 
the occurrence o f  heating event a (Fig. 5), 

Borrow SILT with orponlcs 
Depth- 0 to 12 cm 
Loss on Ign =la% 

" I 

I 
I 

I I 
FIG. 9 .  Measurements of unfrozen water 
content for Barrow silt as a function of 
temperature, Data by A .  Tice (CRREL). 

the first major surface heat pulse of the 
summer. It is a temptation to speculate 
that the previously mentioned anomalies 
in the temperature record are somehow re- 
lated to the concurrent anomalies in ap- 
parent thermal diffusivity; it is as 
though the first signlficant heating of 
the surface (once thawing has commenced) 
suddenly enhances the production of 
latent heat throughout the active layer, 
even at those depths whlch are Still 
frozen. 

Finally, Figure LO is a composite graph 
of the measured temperatures ( a s  a function 
of depth and time) overlain by contours of 

E 
Y 
r 
B 

rim. ( m o l  

FIG. 10. Isobars of apparent thermal dif- 
fusivity ( a ' )  with depth and time at Bar- 
row, Alaska (summer 1971), superimposed 
over soil isotherms (see Fig. 6). Maximum 
depth of thaw I s  approximately 3 0  cm 
(dashed line). 

the computed values of apparent thermal 
diffusivity for the summer of 1971 at Bar- 
row. Presented in this way, the data indi- 
cate a decreasing diffusivity with depth in 
the frozen part  of the active layer, and 
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t h e   r e v e r s e   r e l a t i o n s h i p   i n   t h e   p e r e n n i a l l y  
f r o z e n   s o i l   b e l o w  30  ern o f   dep th .   Qu i t e  
c l e a r l y ,   t h e   a c t i v e   z o n e   o p e r a t e s   t h e r m a l l y  
i n  a d i f f e r e n t  manner   f rom  the  f rozen 
material  below i t .  

SUMMARY 

Measurements of  i n - s i tu   t he rma l   con -  
d u c t i v i t y   a n d   t e m p e r a t u r e   t o  a dep th  o f  
1 . 0  m a t  Rarrow, Alaska, have  been  presented 
i n  t h i s  p a p e r .   U s i n g   f i n i t e   d i f f e r e n c e  
methods,  a computat ion  of   apparent   thermal  
d i f f u s i v i t y  has been  performed.  

Owing t o   t h e   p r e c i s i o n  of t empera tu re  
and  depth  measurements ( + O . 0 l o C  i n   t e m p e r a -  
t u r e ,  20.01 ern I n   d e p t h ) ,   t h e r m a l   e f f e c t s  
were  observed i n   t h e   f i e l d  which  have no t  
p r e v i o u s l y   b e e n   r e p o r t e d .   T h e s e   e f f e c t s  
i n c l u d e   t h e   i n f l u e n c e  o f  phase  change o f  
s o i l   m o i s t u r e   o n   t h e r m a l   d i f f u s i v i t y ,   a n d  
the   p re sence   o f  thermal e v e n t s   a p p a r e n t l y  
r e l a t e d   t o   h e a t   t r a n s f e r   m e c h a n i s m s   o t h e r  
t han   conduc t ion .  From t h e  d a t a   o b t a i n e d  
i t  may be  concluded t h a t  pe rmaf ros t   w i th in  
a m e t e r   o f   t h e   s u r f a c e  a t  Barrow,  although 
a p p a r e n t l y   p a s s i v e ,  i s  a material  having 
dynamic   thermal   p roper t ies   under  t h e  i n -  
f l u e n c e   o f   v a r y i n g   t e m p e r a t u r e s ;  i t  is 
l i k e l y   t h a t   o t h e r   p h y s i c a l   p r o p e r t i e s  
change   wi th   t empera ture  as w e l l .  

We w e r e   n o t   a b l e   t o   o b t a i n   v a l i d  
numer i ca l   va lues  of a p p a r e n t   t h e r m a l   d i f -  
f u s i v i t y   w i t h i n   t h e   u p p e r   p o r t i o n s   o f   t h e  
a c t i v e  layer ,  where r a p i d  t h e r m a l   v a r i a -  
t i o n s   o c c u r .  We t h e r e f o r e  recommend t h a t  
additional temperature  measurements  be 
made a t  h i g h e r   f r e q u e n c i e s   o f   o b s e r v a t i o n  
( 1 0  t o  1 5  m i n u t e   p e r i o d s ,  for i n s t a n c e )  
du r ing   pe r iods   o f   ac t ive - l aye r   g rowth   and  
decay.  Such  measurements w i l l  f a c i l i t a t e  
e s t i m a t e s  of a p p a r e n t   d i f f u s i v i t y   i n  t h e  
a c t i v e   l a y e r   t o  a g r e a t e r   p r e c i s i o n   t h a n  
was p o s s i b l e   u n d e r   t h e   p r e s e n t   s t u d y .  
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EFFECT OF DEVELOPING A TERRITORY ON THE  HEAT  BALANCE AND THE  THERMAL AND MOISTURE 
REGIME OF THE GROUND I N  THE NORTHERN  PART O F  WESTERN S I B E R I A  
N.G.  Moskalenko, V .B .  S l a v i n - B o r o v s k i i ,  Yu.L.  Shur,  Al l-Union Res. [ n s t .  of 
Hydrogeology  and Engg. Geology, Moscow. N.A. Lazareva, S . P .  Malevsk i i -Ma lev i ch ,  
Main  Geophysical  Observatory,  Leningrad, U . S . S . R .  

The a u t h o r s   d i s c u s s   t h e   r e s u l t s  of  long- te rm  s tud ies   o f   the   thermal   and 
mois tu re   reg ime  in   the   layer  of  seasonal  thawing  and  the  surface  temperature,  and 
mean annual  temperature o f   p e r m a f r o s t  i n  regions  under  development i n  t h e  n o r t h e r n  
t a i g a  and f o r e s t   t u n d r a  of Western  S iber ia .  The components o f  t he   su r face   hea t  
b a l a n c e   i n  3 types   o f   na tura l   complexes   under   d is tu rbed  and  und is tu rbed  cond i t ions  
are  examined. To s t u d y   t h e   t h r e e - d i m e n s i o n a l   v a r i a b i l i t y  of the  heat  exchange 
between  the  ground  surface  and the atmosphere,  use was made of a e r i a l   s u r v e y s  of 
the  temperature  and  the  a lbedo of  the   sur face .  The p r o p o r t i o n a l i t y   f a c t o r s  o f  
t h e   s u r f a c e  and a i r  temperatures i n  the  summer have  been  determined fo r  d i f f e r e n t  
types o f  t he   pe rmaf ros t   su r face .  The e f f e c t s  of  developing a t e r r i t o r y  on  perma- 
f r o s t   a r e   d i s c u s s e d .  

INCIDENCE DE LA M I S E  EN VALEUR D ' U N  TERRITOIRE SUR LE B IkAN THERMIQUE ET SUR LE 
REG1 M E  THERM1 QUE ET AQUEUX DU SOL DANS LE NORD DE LA SI BER I E O C C  I DENTALE. 
N.G. Moskalenko, V.B. S l a v i n - B o r o v s k i i ,  Yu. L.  Shur, l n s t i t u t   s o v i g t i q u e  de 
recherches   sc ien t i f iques   en   hydrogeo log ie  e t  geo log ie   techn ique,  MOSCOU, 
N.A. Lazareva, S . P .  M a l e v s k i i - M a l e v i c h ,   O b s e r v a t o i r e   p r i n c i p a l  de  geophysique, 
Leningrad, URSS.  

e t  aqueux de l a  couche  de  dggel   saisonnier,   de  la  temperature  de  surface,  de  la 
tempera ture   annue l le  moyenne du   pe rge l i s01  dans les  regions  amenageables de l a  
tat 'ga s e p t e n t r i o n a l e  e t  de l a   t o u n d r a   b o i s k e  de l a   S i b i t r i e   o c c i d e n t a l e .  

Examen des  composantes  du b i l an   t he rm ique   du  mol 1 i s01   ( su r face   ac t i ve )  de 
t r o i s   t y p e s  de complexes   na ture ls   per tu rbgs  e t  non pe r tu rbks .  Pour l ' i t t u d e  de l a  
v a r i a b i l i t e   t r i - d i m e n s i o n n e l l e  des  paramGtres de l ' g c h a n g e   t h e r m i q u e   e n t r e   l e  
m o l l i s o l   e t   l ' a t m o s p h e r e ,   o n  a u t i l i s 6  des  leves  aeropor tes de l a   t e m p e r a t u r e   e t   d e  
l ' a l b 6 d o  de surface. Les v a l e u r s   d u   c o e f f i c i e n t  de p r o p o r t i o n a l i t &  de l a   t empera tu re  
de s u r f a c e   e t  de I ' a i r  en 6 th   son t   de termin6es   pour   d ivers   types  de sur face   du  
p e r g e l i s o l .  
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E C T C C T B e H H a W   I I n O U a Q K B   H a p y W e H H a R  nnouanga 

VI1 6,42 1,62 3,52, 1.19 6,34 -1 8,38 2.17 2,22 1,69 6,08 c 

VI11 4,07 1,53 2.18 0,81 4,52 +11 4,65 3,17 1,89 0,50 5,57 
I X  

+2 0 
2,06 1,36 0 , O O  0,37 2,42 +18 2.30 1,47 0.26 0,20 1.92 -1 8 z 12,54 4,52 6.39  2.37 13,28 13,34 8.80 4.37 2,39 13,56 

"""" 

--, 

CPCL(HCCYT09HbJC,  

K a n / C M 2 C y T  

I40 50 71 26 148 76 49 27 
H e n R s K a  6anaeca sa c e 3 o H  e% +2% 

I 

VI1 5 , 8 2  2 , 5 2  2.20 0.98 5.70 -2 8,70 3.98 1,20 1.52 
VI11 3.74 2,48 1,13 0,38 3,99 +5 4,44 3987 -0,OO Ov46 
IX 1,95 1,76 0,23 0,26 2,25 +I 6 2,48 1,40 0,77 0,30 
z 11,52 8,77 3.56 1,62  11,95  13,62 ~ , 2 4  1,aQ 2,29 

CpejC(I ieCyTOrHLJe ,  

K a n / C M 2 C Y T  

137 81 42 19 162 110 22 27 
H e B R s K a  Eiana~ca 38 C e 3 0 H  +4% 
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T a 6 n a u a  3 

P e 3 y i l L T U T h I   B e p T O n C T H b l X   p ~ M ~ U I I O l I t l b I X  M U J I h 6 e n O C 5 e M O K  

""""_ """"- ""-" """" 

n p I I p O n H b I e   K O M n J I C K C h I  (nTK) ] A , %  [ D M )  1 t,  "C 1 W o )  I H,/Ro 
I"_""" """"" """- """ 

nnOCKAfi  KYCTaPHM~KODO-hCOXOBO-~N~BUlII IKOBb1~ TOp45lHMK 15,7 0,4 2 G , 4  - 1 , C 3  
& O K O B O - ~ E l r H O B O e  6onoTo 15,s 0,7 2 4 , G  0,9 1,131 
Top$sIlo-~,IIlrepWIh~ble 6yrpb! A PpRnbl C KenpOBbIMM  KyCTapHMY-  

KOi30-MOXOBO-~RUl~~HIIKODhIMM P e n H H a M E l  15,l 0,s 33.1 1,8 0,88 
M M H e P W I h H b I e  6yrpb1 II rpRn61 C   K e a p O B h I M V  KyCTapliIIYKOBO-nAlIlai- 

MllKOLIhL" p e a H H a M H  1 6 , O  - 33,8 - 0,88 
6epe3oeo-eno~oe penrconecbc 11,8 1,3 27,7 2 , l  1 , O l  
~ I I c T ~ e ~ ~ M ~ r ~ o - e n o ~ o - 6 e p e ~ o n a ~  p e n M H a  16,3 c,2 2 B , 4  1,5 1,03 
K p y l I t I 0 6 y r p I I C T b I i i  KyCTapHArKOBO-nIImafiHRKOl3hl~ TOfiZIHMK 16,4 L , 2  24,4 1,l L O 1  
ropeme T o p Q s t m e   6 y r p b I  13,o 1.1 29,3 3.4 L O 2  

"""~"""""C""""""""""""""""""""""""""""""""""" 
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PERMAFROST MODIFICATION BY CHANGING THE NATURAL E N E R G Y  BUDGET 

F .  H. Nicholson, McGi 11 Sub-Arctic Research Laboratory , P,O. Box 790 , 
Scheffervi 11 e , Quebec, and Department o f  Geography , McGi 11 University , Montreal, 

A 7,500 m plot was modified by removing the  vegetation and erecting snow- 2 

fences.  This produced a major change i n  the energy budget .  In 49 years  the ground 
temperature a t  10 m increased by 1.8", the  active  layer deepened from 2.8 to  6 .5  m 
and the  moisture  content was lowered. The natural  heat  flux i s  ery  variable, 
lar   ely  controlled by snowcover, w i t h  an avera e of 30 x 106 Jm- being  gained and 
10s a t  5.5 m depth, The modifications compl e ely  prevented upward heat  loss from 
the 5.5 m level and below, and there was an average  gain o f  23 x lo6 Jm-2 each year 
a t  5.5 m (2% of net  radiation). Small plots were  used t o  t e s t  various summer sur- 
face  treatments. The results  are  potentially  useful  to  the open p i t  min ing  
industry. 

8 ? z 

LA MODIFICATION D U  P E R G ~ L I S O L  PAR CHANGEMENT D U  BILAN D I ~ N E R G I E  

F.H.  Nicholson, McGill Sub-Artic Research Laboratory, P . O .  Box 790, 
Scheffervil le,  Quebec and Department o f  Geography, McGill University, MontrGal. 

Une parcelle de 7,500 m2 a e t @  modifiee su i te  a l'enlevement de la  vegetation 
du so l   e t  a l a  mise en place de clotures 2 neige. Cela entratna u n  changement 
majeur dans le  bilan  d'energie. En 4; ans,  la tempgrature d u  sol a 10 m s 'e leva de 
1.8OC, l e  mollisol passa de 2.8 a 6 .5  m de profondeur e t  l e  contenu en eau f u t  
abaisse. Le flux thermique nature1  varie beaucoup, contrOl6  surtout  par l a  profon- 
deur de la  neige, avec en moyenne 30 x lo6 Jm-2 e t a n t  gagnees e t  perdues 5.5 m de 
profondeur. Les modifications  apportges o n t  arrEte completement les  pertes  thermi- 
ques vers l e  h a u t  e t   ce la  a par t i r  du niveau de 5.5 m e t  plus  bas, t o u t  en permet- 
t a n t  u n  gain moyen  de 23 x lo6 Jm-2 chaque annee a 5.5  m ( 2 %  de rayonnement ne t ) .  
De petites  parcelles o n t  e t@ ut i l i sees  pour tester  differents  traitemsnts de la 
surface du sol en e t e .  Les resul  tats  pourraient  potentiellement  servir a 1 ' industrie 
miniere a ciel  ouvert. 

MSMEHEHME PEXMMA MHOl?OJlETHEMEP3JWX FPYHTOB IIYTEM M3MEHEHMR IIPMPO~HOI'O 
3HEPrETM9ECKOrO GAJIAHCA 
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PERMAFROST  MODIFICATION BY CHANGING THE NATURAL ENERGY BUDGET 

Frank H .  Nicholson 

McGill Sub-Arctic  Research  Laboratory, P.O. Box 790, Schef ferv i l le ,  P .Q. ,  Canada GOG 2T0 

and Department of Geography, McGill University,  Montreal, P .Q.  Canada 

INTRODUCTION 

This  paper  presents  the  results  of  permafrost 
modification  experiments t h a t  have been operating 
f o r  the l a s t   f i ve   yea r s .  The prime incentive  for 
the experiments was the  continuing m i n i n g  problems 
caused by permafrost  in the Scheffervi l le   area 
(55'N) i n  the  centre of the Nouveau-Quebec-Labrador 
Peninsula  (Ives  1962, Garg and Stacey 1973). As a 
par t  of the  monitoring program i t  was necessary t o  
estimate  the  natural  hsat  budget and this alone i s  
o f  considerable in t e re s t .  

Although, for  engineering  purposes, it is  often 
better  to  protect   permafrost  from t h a w i n g ,  i n  other 
cases thawing  can be advantageous, especially when 
the  frozen  temperatures  are  not much below freezlng 
point. The d i r ec t  use of heat from conventional 
sources t o  thaw the ground via steam, or l e s s  
commonly e l e c t r i c i t y ,   i s  normally  only  practical 
for  smaller  scale  projects  (foundations,  sewage 
lines, etc.).  Considerable success has been 
achieved by us ing  heat from natural  water  (e.g. 
hydraulic  gold m i n i n g ) .  This study  describes modi- 
f ica t ion  o f  the  permafrost by changing the natural  
energy  balance and thus making be t t e r  use of  energy 
naturally  delivered  to  the  si te.  

In the more exposed par t s  of the   Schef ferv i l le  
area permafrost is  frequently 75 t o  100 m deep. 
Such sites have e s sen t l a l ly  t u n d r a  vegetation  with 
a few krummholtt spruce 1 m h i g h  o r   l e s s ,  and a mean 
annual  temperature  of -6.5O. Generally  permafrost 
is  present where the average snow depth i s  less than 
70 to  80 cm. A more general  account o f  the perma- 
frost is  g iven  elsewhere i n  this volume (Nicholson 
1978). The main modifications  selected for this 
study were trapping more  snow to  provide  insulation 
t o  reduce  winter  heat  loss, and removing the vegeta- 
t ion  to   increase summer heat i n p u t .  

EXPERIMENTAL  METHODS 

There +is a very wide range of information t h a t  i s  
relevant  to  permafrost  thermal  modification (Muller 
1947,  Williams  1965, Brown and Pew6 1973). Bakakin 
and Porkhaev (1954) sunnnarited the knowledge of per- 
mafrost  amelioration i n  the U.S.S.R., both theore t i -  

cal and prac t ica l .  Although there  are many 
possible ways to  increase summer energy  gain,  for 
practical  reasons i t  was only  possible t o  t e s t  one 
way  on a large  scale .  The simplest and most prac- 
t ical   modification was the removal o f  the  vegeta- 
t i on ,   ( t he   t e s t   a r ea  is  a fu ture  mine s i t e ) .  For 
reducing  winter  heat  loss  the  only economic choice 
was the  use of snowfences t o  increase  winter snow- 
cover, b u t  the  snowfences also  help  to  reduce  eva- 
porative and  sensible  heat  losses i n  summer. A 
7,500 m2 thermal  amelioration tes t  p l o t  was es ta -  
bl ished on a smal 1 ridge where there  was a l so  room 
f o r  a similar  sized  control  plot .  A s e r i e s  of 5 m 
diameter  small t e s t   p l o t s  were establ ished  to  test 
d i f f e ren t  summer treatments. 

The primary  instrumentation of the l a r g e   t e s t  
plots was with  thermistors  (accurate t o  M.OlO) 
in s t a l l ed  i n  drill holes t o  depths down t o  24 m. 
A major factor   in  the selection  of  the si tes was 
the  presence  of two thermocouple  cables  instal led 
i n  1968 (Thorn 19691, which could  give  longer term 
temperature control. A wide var ie ty  of other 
instrumentation  has been used Sn the da ta  collec- 
t ion program. 

A1 though the temperature measurements alone 
would show the  general  progress  of any major change 
of the  heat  balance,  evaluation of the ground heat 
budget was desirable i n  order  to  understand and 

Table 1 .  Physical  properties of the rocks  of  the 
large  plots  

Trial Control 
Plot  Plot 

B u l k  density (kg m-3) 2600 2600 

Grain density (kg m-3) 3600 3470 

Specific  heat (J kg- lrc- l )  733  704 

Mean moisture content *(% by volume) 10.4  15.6 

Thermal d i f fus iv i ty  *(m2s-I X 1.95  2.7 

Thermal conductivity *(w rn-l * C )  -' 5.5 4.0 

Heat capacity *(Jm-30C-' X IO6) 2.2 2.0 

* In the frozen  s ta te .  



improve any amelioration. The rock physical 
properties given in Tab1 e 1 were determined by a 
variety of means (Nicholson  1976). The m i s t u r e  
content  data were ob ta ined  during  the  dr i l l ing  for  
instal la t ion  of the temperature measurement cables, 
and thus these  data   are   only  direct ly  applicable t o  
those  levels   that  remain frozen. 

Providing the ground remains  frozen, and assuming 
vertical heat  flow,  the  heat  flux  through  a g iven  
layer can be estimated from the  thermal  conductivity 
(A) and temperature  profile  data by u s i n g  the 
re la t ionship  

where  AT^ represents the change i n  temperature 
between leve ls  p and q over the time period i, A Z 
equals the change i n  dep th  between p and q. Fa i s  
the to ta l   hea t   f lux   for  u time  periods a t  an inter- 
mediate  level between p and q, best  represented  as 
the   hea t   f lux   a t  a level  half way between p and q. 
Mean temperature gradients were compiled for each 
half month and the  calculated  heat  f lux was  summed 
i n  periods o f  heat  gain and lo s s .  A second method 
of  calculating the annual net heat f l u x  F~ is  by 
comparison o f  the annual  temperature  profiles 

n 
FB = i' ATj . p c  

j = l  

I " " " "  
C O N T R O L   P L O T  

0 
- , . .  

M ' J ' J  A 5 8 N D l J l F ' M  A M J J A I 
197s 1976 
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where AT i s  the change in  temperature  over one 
year for t i e  depth increment j , the net f lux  be ing  
totaled  over time periods j t o  n, and PC i s   t h e  
volumetric  specific heat. 

A se r i e s  o f  small 20 m2 plots  for  evaluating 
the opt imum summer surface  treatment were instru- 
mented w i t h  thermocouples to  depths  of 50 cm. In 
this   case  the  plots  were suff ic ient ly   c lose  toget-  
her and w i t h  a suitable  planning  of  plots, so t h a t  
temperature  alone  could be used f o r  re1  iable re1 a- 
tive evaluation. 

DISCUSSION OF TEMPERATURE DATA 

The very  large  difference i n  the temperature 
regime of the two p lo ts  can be seen i n  Fig.1. 
Data obtained  before the t e s t s   s t a r t e d  show tha t  
t he   t r i a l   p lo t   o r ig ina l ly  had a  temperature  regime 
1 i ke the control p l o t ,  b u t  probably w i t h  a s l i gh t -  
l y  lower mean temperature. F i g . 1  shows t h a t  a 
large  proportion of the winter f a l l  i n  temperature 
has been prevented. The 10 m temperature d a t a  
shown i n  F i g . 2  show tha t   the   f luc tua t ions  of con- 
trol  plot  temperatures  vary  considerably from 
winter to  winter. Comparison w i t h  Table 2 shows 
t h a t   t h i s  is  more closely  re la ted t o  winter snow- 
cover  than t o  mean temperature. A 1  t e rna t ive ly  
sumner temperatures on the control p lo t  show much 
less fluctuation from year  to  year.  F i g . 2  shows 
very  clearly how the t r i a l   p l o t  has  progressively 
warmed.  The data   s tar t ing  before  the tests began, 

I " " " "  
TRIAL PLOT 

1.75 1.71 

Fig.1.  Control and  trial  plot  temperatures a t  5 depths  through a period o f  1 7  months, w i t h  snow depth shown below. The 
deep snowcover of t h e  t r ia l   p lot   held t h e  temperatures  close  to  zero b u t  d i d  not  prevent  freezing. Note the  strong  zero 

curtain  effect  on b o t h  plots. 
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1971  lV74 1 V Z  1V76 

f i g .  2. Temperatures a t  10m on t h e  two l a r g e   p l o t s .  Under t h e  
n a t u r a l   c o n d i t i o n s  o f  t h e   c o n t r o l   p l o t ,   w i n t e r   t e m p e r a t u r e s  

below).  The t r i a l   p l o t  shows almost  continuous  improvement. 
f l u c t u a t e d  much more  than summer temperatures  (c f .   Table 2 

(Fig.   3),  show the immediate response t o  the 
modifications. This f igure   a l so  shows the grea t  
var iab i l i ty   o f  mean temperature a t  the 10 m depth 
under natural  conditions. The t r i a l   p l o t  has cont i -  
nued t o  warm, even against  a trend of natural 
cooling. 

Fig.  1 shows a strong zero cu r t a in   e f f ec t   fo r  
bo th  plots, w i t h  temperatures  remaining a t   f r eez ing  
point f o r  a long time due t o  release  of  latent heat 
as t h 2  act ive  layer   f reezes .  The zero  curtain 
temperature is  -0.02 or -0.03O rather t h a n  a t  exact- 
l y  zero, the depression be ing  due to   soi l   water  
solutes  (Williams  1967). The active  layer  has 
varied  considerably i n  depth from year t o  year on 
the control p l o t ,  b u t  has progressively deepened on 
the t r i a l  p l o t  (Table  3). Despite this deepening 
no thawed ground has ye t  been maintained through a 
ful l   winter .  

"Surface  temperatures",  (Fig.4)  are  notably 
higher on the trial p l o t  than on the control p l o t ,  
though there is  l i t t l e   d i f f e r e n c e   a t   n i g h t ,  The 
small p lo t  d a t a  presented i n  Table 4 show clear ly   the 
important  effect  of removing the vegetation. As a 
practical  measure polyethylene sheet i s  n o t  as good 
a s  i t  appears since i t  becomes br i t t le  af ter   only one 
winter and i s  easily  destroyed by the wind. Tests i n  
summer 1976 confirmed t h a t  d u s t i n g  w i t h  carbon 
black, o r  blackening w i t h  dye, is  benef ic ia l ,  b u t  
no economic evaluation has ye t  been made. 

Table 2 .  Snow condit-ions and winter 
(October to  March) temperatures 

1971 1972 1973 1974 1975 
-72 -73 -74  -75 -76 

Peak snow depth (cm) 
- Control p lo t  5 3 20 13 8 - Trial p lo t  92 83 88 89 135 

cm day snow 
- Control  plot 1050 731 4566 3226 1690 
- Trial   p lot  10930 11660 11690 15400 19690 

Mean air  temperature 
OC -16.1 -18.1 -14.9 -16.8  -16.0 
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Fig. 3. 12 month  running mean t e m p e r a t u r e s ,   p l o t t e d   a t   t h e  
end o f  each  month o f   t h e   p e r i o d .  The snowfences produced 
an immediate  ef fect  on ground  temperatures and  warming  has 

been main ta ined  even  aga ins t   na tura l   coo l ing   t rends .  

"table 3 .  Active layer  depths (m) 

1972 1973 1974  1975 1976 

Control p lo t  2.3 2.9 3.0 3.0 2.6 
Tr ia l   p lo t  3.7 4.7 5.0 5.8 6.5 

DISCUSSION OF HEAT BUDGETS 

Surface  energy  budgets 

approximately  4,000 x 1 O6 JK2  (Petzold  1974), and 
average net radiation under natural  conditions on 
the s i t e  is  estimated as 1,250  x  lo6 Jm-2, of 
which 88% i s  received i n  the snowfree  period. 
Heat equivalent to 10% o f  annual net radiation i s  
needed t o  melt the average  snowfall  of 350 mn b u t  
much of th i s  comes from sensible  heat  gain (Price 
and Ounne 1076) and additionally ground underlain 
by permafrost usually has much less snowcover t o  
be thawed. Average evapotranspiration, as measuged 
by small lysimeters,  i s  equal t o  375 t o  500 x  10 

The mean annual global  r a d i a t i o n  is  

F ig .  4. "Surface  temperatures" on t h e   t w o   p l o t s  compared t o  

an  11 po in t   t he rmop i l e ,   w i th  measurement p o i n t s   a t  1 cm depth 
a i r  temperature. The surface  temperatures  were  measured  wi th 

i n   t h e   m i n e r a l   s o i l  and r e f e r e n c e   j u n c t i o n s   a t  4 m depth. 
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Table 4 .  Typical results from small (20 m ) 
plots  for  evaluating summer surface  treatment. 

Mean midsummer ground temperatures 
(18 July t o  15 August)  

SURFACE COVER AND/OR TREATMENT 1973 1974 

Natural vegetation  (lichen dominated) 4.5 3.1 

Natural vegetation  (lichen dominated) 4.4 3 . 3  

Stripped bare of vegetation 6.2 4.7 

Stripped  bare of vegetation 7.0 5.2 

Natural vegetation  plus clear 
polyethylene  sheeting 8.9 7.7 

Stripped  bare,  plus  clear 
polyethylene  sheeting 9.3 8.5 

Stripped  bare,  plus  clear 
polyethylene  sheeting 10.4 9.3 

Stripped  bare (on large  t r ia l   p lot)  :- 

- Midway between two snowfences 9.8  7.8 

- Close t o  a snowfence 10.5 8.4 

Mean air  temperature  13.4  12.0 

Jm2 p.a. which is  35 t o  45%  of available  net 
radiation. Latent heat losses from llchen covered 
ground were only 80% of those from bare ground or 
ground w i t h  a cover of vascular  plants. 

The difference between the sumer  surface 

bulent energy losses, and albedo variations, which 
strongly  affect some of the smal 1  plot  results. 
A large number of small heat flux  plates  usually 
indicated much greater heat gain on the t r ia l   p lot .  
However, total  heat flux  indicated, a1 t h o u g h  
approximately 10% o f  net  radiation  values, was n o t  
high enough to  account for  the  calculated heat 
gain  in the ground. The heat flux  plates seem t o  
underestimate  heat flux due t o  soil  characteristics 

Ground energy budgets 

Using the methods  of calculating energy budgets 
given in  equations  1 and 2 ,  the heat f lux  a t  depths 
5.5 m and 10.5 m was calculated, as given in 
Tables 5 and 6. These depths were chosen because 
until 1975 they remalned frozen and hence the 
thermal properties remained constant. Table 5 
shows t h a t  under natural  conditions heat gains and 
losses  are very variable,  especially heat losses. 
The t r ia l   p lo t  shows rather lower average heat 
gain b u t  a very different  net heat flux because 
there has been no heat loss   a t   a l l  from these 
depths since  the  initial  period. The most impor- 
tant  trend  Indicated by the da ta  in Table  6 can 
easiest  be seen by comparing the two sets  of 
figures  for  total heat flux below 5.5 m. For the 
control  plot, method FA l'ndicates less heat gain, 
or mre  heat loss,   for 3 years o u t  of 4.  For the 
t r i a l   p lo t ,  every  year PA indicates more heat  gain 
t h a n  method F . This i s  almost certainly due t o  
lateral  heat h o w .  The control  plot i s  a ridge 
s i t e ,  with  deeper snow areas around and thus i t  i s  
somewhat colder t h a n  much of the  adjoining  area. 
The t r ia l   p lo t  has now been made warmer t h a n  the 
adjoining area and thus there is  l ikely t o  be 
la teral  heat flow.  Since method FA makes no 
allowance for  non vertical heat flow th is  would 
produce the budset discrepancies. Method F, 

energy balance o f  the two large  plots can be mainly approxlmately represents the true  heat b u d g g t  of 
attributed  to  the  (lichen dominated) vegetation mat these particular  plots. Method F approximately 
which absorbs the  radiation  before i t  reaches  the  represents  the  results  that  shouli be obtained on 
soil  and hence much energy i s  los t  without ever a much larger modified area i f   l a te ra l  heat flow 
entering the ground. The differences of la tent  were really  negligible. 
heat losses due t o  the lichen cover, work in 
opposition t o  this  dominant factor.  Additional For the  layer t h a t  thaws these methods are 
factors include  the snowfences, which reduce tur- severely  limited  partly because heat transport may 

Table 5. Calculated  heat  flux a t  selected depths Jm-2 x lo6 

CONTROL PLOT TRIAL PLOT 

Heat  Heat Net Heat  Heat  Net 
DEPTH PERIOD Gain Loss Flux Gain Loss Flux 

5.5 m 1972173 24.9 -49.7 -24.8 22.3 -2.1 "20.2 
1973/74 39.9 -11.7 +28.2 26.6 0 +26.6 
1974/75 24.2 -34,O -9.8 18.8 0 +18.8 
1975/76 29.4 -46.0 -16.6 23.9 0 "23.9 

Mean 29.6 -35.3 22.9 0 

10.5 m 1972/73 4.0 -23.5 -19.5 8.6 0 +8.6 
1973/74 10.8 -4.0 4.8 11 -6 0 +11.6 
1974/75 7.7  -15.8 -8.1 12.3 0 +12.3 
1975/76 5.7 -20.9 -15.2 11.1 0 +11.1 

Me an 7.1 -16.1 10.9 0 
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Tab1 e 6. N e t   h e a t   f l u x  (Jrn-* x l o6 )  c a l c u l a t e d  by two  methods : 

FA From cont inuous  moni tor ing o f  t h e   t e m p e r a t u r e   g r a d i e n t   a t   d i f f e r e n t   d e p t h s .  
F~ From changes i n   t h e   t e m p e r a t u r e   p r o f i l e  from y e a r   t o   y e a r .  ' 

5.5 t o  10.5 m 
FA 5 3  

CONTROL  PLOT 

Net  1972/73 -5.3 -6.5 
Net  1973/74 4-21.4 +26.7 
Net  1974/75 -1 .7 -13.6 
Net  1975/76 -1.3 -9.9 

4 Year  Net +13.1 -3.3 

TRIAL PLOT 

Net 1972173 +11.6 +10.2 
Net  1973/74 +15.0 c10.1 
Net  1974/75 +6.5 +2.5 
Net  1975/76 +12.8 + 2 . 2  

4 Year  Net +45.9 +25.0 

no t   be   en t i re l y   by   conduc t ion   and   pa r t l y   because  
t h e  changes o f   mo is tu re   con ten t   th rough  t ime  were  
n o t  measured.  However, f o r   t h e   a c t i v e   l a y e r  on t h e  
c o n t r o l   p l o t ,  when t h e   a c t i v e   l a y e r   r e a c h e s  a s i m i -  
l a r   d e p t h   f o r   t w o   s u c c e s s i v e  seasons, t h e  amount o f  
h e a t   l o s t  when the  ground  f reezes  should  equal   the 
amount o f   hea t   ga ined  when i t  thaws,  and  thus f o r  
such a p a i r   o f   p e r i o d s  a budget  can  be made. T h i s  
t e s t  was t r i e d   f o r   t w o   p a i r s  o f   y e a r s   w i t h   s u i t a b l e  
data and a &6% balance was achieved  using  methods 

and F , i n d i c a t i n g   t h a t  most o f  t h e   h e a t   t r a n s f e r  
must  be 8y conduction  (Nicholson  and  Lewis  1976). 
Recent   ex tens ive   mo is tu re   sampl ing   s t rong ly   suppor ts  
t h e  assumed mois tu re   con ten ts  and  hence t h e  abso lu te  
heat   f lux   va lues  ca lcu lated  by  these  methods seem 
usefu l .  It seems t h a t  an  annual  average o f  about 
150 x 106 Jm-2 a r e   g a i n e d   a n d   l o s t   a t   t h e  .75 m 
l e v e l  and t h a t   t h e   l a t e n t   h e a t   i n v o l v e d   i n   f r e e z i n g  
and  thawing  the  whole  act ive 1 a y e r   i n  an average 
y e a r   i s   i n   t h e   o r d e r  o f  160 x 1 O6 Jm-2, e q u i v a l e n t  
t o  13% o f   n e t   r a d i a t i o n .  

The c o n d i t i o n s  on t h e   t r i a l   p l o t  do n o t  a1 low 
s i m i l a r   c a l c u l a t i o n s  because  the  depth u f  thaw 
var ies   f rom  year  t o  y e a r .   I n  1976 the   re - thawing  
o f  most o f   t h e   g r o u n d  thawed i n   t h e   p r e v i o u s   y e a r  
was v e r y   f a s t   i n d i c a t i n g   t h a t   t h e   m o i s t u r e   c o n t e n t  
was much lower  th;n t h e   i n i t i a l   v a l u e  measured a t  
t h e s e   l e v e l s .   T h i s   i s   v e r y   s i g n i f i c a n t   t o   t h e  
ach iev ing   o f   p rog ress i ve   ame l io ra t i on   o f   t he   t he rma l  
cond i t i ons .  It i s  a l s o   v e r y   s i g n i f i c a n t   i n   r e p r e -  
s e n t i n g  a combined  mo-isture  and thermal  amel iora- 
t i o n  o f  the  permafrost ,   which means a s i g n i f i c a n t  
improvement o f   t h e   e n g i n e e r i n g   p r o p e r t i e s   o f   t h e  
ground. 

CONCLUSION 

The  use o f  snowfences  combined w i t h   s t r i p p i n g  
o f   t h e   v e g e t a t i o n  has  produced a major  improvement 

Below  10.5 m Total   Below 5.5 m 
FA FB FA FB 

-19.5 -9.7 -24.8 -16.2 

-8.1 0 -9 .a -13.6 
-15.2 -5.6 -16.5 -15.5 

+6.8 +13,9 +28.2  +40.6 

-36 .O -1.4 -22.9 -4.7 

+8.6 +9.8 +20 * 2 e20.0 
+11.6 +4*7 +26.6 +14.8 
i-12.3 +3.3 +18.8 +5.8 
+11.1 -1-3.0 +23 9 +5.2 

+47.6 +20. a +89.5 +45 a 8 

i n  ground  thermal   condi t lons i n  5 years  on a s i t e  
t h a t  was i n i t i a l l y   u n f a v o u r a b l e .   B e t t e r   r e s u l t s  
could  be  obtained  by  using more e f f i c i e n t  snow- 
fences,  by  apply ing  the  method  to a l a r g e r   a r e a  
and by  b lackening  the  ground. The  snowfences make 
the   method  unsu i tab le   fo r   use  on a l a r g e   s c a l e  be- 
cause o f  t he   l abour   cos ts  and t h e   i n e v i t a b l e   r e s -  
t r i c t i o n  o f  s i t e   t r a f f i c a b i l i t y .  However t h e  
method  would be d i r e c t l y   a p p l i c a b l e   t o  such  spe- 
c i a l i s e d   t a s k s  as improv ing bad c o n s t r u c t i o n   s i t e s ,  
p r e v e n t i o n   o f   p e r m a f r o s t   d e v e l o p m e n t   i n   s t o c k p i l e s  
and a i d i n g   i n   c o n t r o l   o f   s u p r a p e r m a f r o s t   g r o u n d -  
water. I n  a mod i f i ed   f o rm,   w i th   bu l l dozed   ea r th  
r i d g e s   s u b s t i t u t e d   f o r  snowfences,  the  method may 
be   app l i cab le  on a w ide   sca le   t o   improve   t he   eng i -  
n e e r i n g   p r o p e r t i e s  o f  the  upper  few  metres o f  
frozen  ground. 
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THERMAL P H Y S I C S  OF PERMAFROST TERRAIN 

A . V .  Pav lov ,   Pe rmaf ros t   I ns t i t u te ,   Yaku tsk ,  U.S.S.R. 

Long-term  observat ions  (1957-1976)  were  used  to  study  thermophysical  
processes i n  t h e   s y s t e m   o f  soi l  - sur face   cover  (snow, v e g e t a t i o n )  - near-surface 
l a y e r  o f  the atmosphere  under d i f f e r e n t   p e r m a f r o s t  and c l i m a t i c   c o n d i t i o n s   ( Z a g o r s k ,  
Vo rku ta ,   Yaku tsk ,   I ga rka ,   e t c . ) .  I t  has  been  determined  that  the  heat  exchange o f  
t he  snow cover   changes  sharp ly   wi th   temperature.  Thus one  can  d iscuss   the   reg iona l  
e f f e c t s  of the  heat   exchange  on  the  temperature  reg ime of  permafrost .  A1 1 
components o f  the   hea t   ba lance   o f  "meadow" landscapes,  water  bodies  and  forests 
have   been   de te rm ined   quan t i t a t i ve l y   f o r  a number o f   r e g i o n s .  A basts fo r   energy  
d e t e r m i n a t i o n   a n d   e n e r g y   c l a s s i f i c a t i o n  of natura l   landscapes i s  g iven .  The 
albedo o f  t h e   a c t i v e   s u r f a c e   a n d   t h e   r a d i a t i o n   b a l a n c e  R a re   t aken  as the  main 
energy   f ac to rs .  The n a t u r a l   p e r m a f r o s t   t e r r a i n   t y p e s  form t h e   f o l l o w i n g   c l a s s i f i -  
c a t i o n   s e r i e s   ( i n   t h e   o r d e r  o f  d i m i n i s h i n g  R ) :  p i n e  and   sp ruce   f o res t ,   l a rch  
f o r e s t ,   h i r c h  and  mixed  forest ,   water   body,   ic ing.  

LA PHYS I QUE THERMI QUE D E S  TERRA I NS P E R G ~ L  I SOLES 
A .V .  P a v l o v ,   l n s t i t u t  de g&oc ryo log ie ,   l aku tsk ,  URSS 

De nombreuses  annkes  d 'observat ions  (1957-1976)  ont   permis  d 'etudier  les 
processus  therrnophysiques  dans l e   s y s t h e   s o l  - c o u v e r t u r e  de su r face   (ne ige ,  
v e g e t a t i o n )  - couche  a tmosph6r ique  au   so l ,   dans   d ivers   m i l ieux   c ryoc l imat iques  
(Zagorsk ,   Vorku ta ,   laku tsk ,   Igarka ,   e tc . ) .  Un changement  brusque  du  caractsre 
des   &changes   t he rm iques   en t re   l a   couve r tu re   n i va le   e t   l a   t empkra tu re  a 
evidence,  ce  qui   semble  indiquer qu'A l ' & c h e l l e   r e g i o n a l e ,   c e u x - c i   i n f  
reg ime   the rm ique   du   pe rgk l i so l .   Eva lua t i on   quan t i t a t i ve ,   pou r   une   se r  
de toutes  les  composantes  du  b i   lan  thermique des paysages de " p r a i r i e "  
f o rE ts .  La b a s e   d ' u n e   & v a l u a t i o n   e t   d ' u n e   c l a s s i f i c a t i o n   g n e r g g t i q u e s  
n a t u r e l s   e s t  donn&e. L ' a l b h d o   d e   l a   s u r f a c e   a c t i v e  e t  l e  b i l a n   r a d i a t  
cons ide r6s  comme les  facteurs  energgt iques  dominants .   Les  paysages na 

, 
I 

t 

B t e  mis en 
u e n t   s u r   l e  
e de reg ions ,  

p lans  d 'eau,  
des  paysages 
f R sont  
u r e l  s des 

reg ions  de pergel   is01  sont   c lasses  (dans 1 ' o r d r e   d ' u n  R d e c r o i s s a n t )  comme s u i t :  
f o r & t  de p i n   e t   d ' e p i c k a ,   f o r E t  de & l & z e ,   f o r s t  de  bouleau e t   f o r C t   m i x t e ,   p l a n s  
d 'eau,   na leds.  

TErIflO@M3MKA MEP3JIOTHbIX JIAHaLLlAQTOB 
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me n ( 0 )  = 0.92-10-2 M ~ / c ;  a = 2.91*10d2  l/OC: 
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Ta6nnua I 

63,7 
14,s 
10,2 
33,0 
6,1 

25,o 
1,3 

6 2 4  
11,s 
19,9 
30,7 
19,l 

9,3 
2 , l  

41,2 
10,1 
13,O 
21,l  

7,3 
11,3 

2,5 

38,2 
0.1 
9Y5 

22,B 
9,8 
9,6 
3,2 

37,s 
9,3 
8.7 

19,s 
9,g 
6,6 
1,7 

16,5  80,2 100,O 
1 1 , O  25,5  2 2 3  

-1,4 31,G 51,8 
6,9 23 , l  25y4 

-1.6 4,s 9, G 
1,3 26,3 39.2 

-1,1 0,2 2,o 
RKYTCK (1970-1973 rr.) 
27,O 89,3 100yO 
18,l 29,9 18,g 
9,0 28,8 31,9 

-0,l 30,6 49,2 
0,4 19,B 30,s 
1,0 10,3 14,9 

-2,o 0 , l  3,4 
Mrapxa (1971-1974 rr.) 
32,s 76,7  100.0 
21,L 31,2  22.9 
7,8 20.8 29,4 
3,6 24,7 47,8 
3,O 10,3 18-5 
1.7 12,O 25,6  

-293 0.2 5,7 

1 0 0 , O  
3 1.7 
28,s 
39,s 

S , B  
32,7 

0,2 

100.0 
33,5 
32,4 
34,1 
21,O 
11,s 
0,1. 

100,o 
40,7 
27,2 
32,2 
13,4 
15,7 
0,3 

BopKyTa (1959-1961 lT.1 
26,2 64,4 100.0 100,O 
13,3 19,4 16,O 30,2 
10,9 20,4 24,7 31,6 

2,o 24.6 59.3 38,2 
2,6 12,4 25,7 19,3 
0,8 10.4 25.2 L8,9 

ConeHaR (1974-1975 rr, 
-2,o 132 8,4 1,g 

35.4 72,9 l O 0 , O  100,O 
32,1 41.4 24,s 56.9 

7,9 16,6 23.2 22.8 
4 - 7  14,8 52yO 2 0,3 

- - 29.9 - 
+ - 17,6 - 

-1p6 0 9 1 .  4.5 0,3. 
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T a 6 n a a a  3 



T a 6 n u u a  4 

Anb6en0, % 

'n 10-12 10-13 14-19 

Paneaunowbrit Gana~c, K M J I / C M ~  

rr 13-14 14-15 20-2 1 

'JI 42  45 24 
'r 51 60 34 

400 

300 

200 

roo 

T a 6 n a u a  5 

Anb6eno (PO OTHOLCeHAlO K OTKpblTOMY F a C T K y )  

'51 0,55-0,6 0,55-0,65 0,6-0,85 0,45-0,55 L O  -2,o 
5- 0,4 -0,45 

'n 193 -1,4  1,25-1,38 1,1-1.2 1,06-1,15 0,7 -0,Q 
'1. 1,6  -1,7  1,4 -1,5 1,3-1,4 0,85-1-15 0.5 -0,7 

0,45-0,55 0.5-0,65 0,70-0,85 1,05-1,25 
P ~ A a l u l O H H b I f i  6ana~c (no OTHOUleHAX) K O T K p b I T O M Y   V a C T K y )  
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DEVELOPMENT AND TESTING OF A COMPUTER MODEL FOR HEAT AND MASS FLOW IN FREEZINGSOILS 

Marsha I .  Sheppard, B.D. Kay,  J.P.G. Loch 
Department of  Land  Resource  Science, U n i v e r s i t y  o f  Guelph,  Guelph,  Ontario, Canada 

A computer model  has  been deve loped   to   s imu la te   t he   coup led   f l ow   o f  mass 
and  heat i n  a f r eez ing ,   l aye red   so i l   sys tem.  Heave i s   a l l o w e d   t o   o c c u r   t h r o u g h   t h e  
use o f  de forming  co-ord ina tes .  The f l u x   e q u a t i o n s  and the  mathemat ica l   funct ions 
used t o   q u a n t i f y   t h e   t h e r m a l  and h y d r o l o g i c   p r o p e r t i e s   o f   t h e   s o i l   a r e   d e s c r i b e d .  
The  model  has  been t e s t e d   u n d e r   b o t h   l a b o r a t o r y   a n d   f i e l d   c o n d i t i o n s .  The r e s u l t s  
show t h a t   t h e  model g i v e s   e x c e l l e n t   p r e d i c t i o n s   o f   m o i s t u r e   f l o w  and  temperature 
d i s t r i b u t i o n   u n d e r   l a b o r a t o r y   c o n d i t i o n s .  However, t he  model d id   no t   pe r fo rm  as  
w e l l  when employed w i t h  t h e   f i e l d   d a t a .  The 0°C isotherm was p r e d i c t e d   t o  
p e n e t r a t e   t o  a g rea ter   depth   than was observed. The v a r i a b i l i t y   i n   m o i s t u r e  
c o n t e n t   i n   t h e   f i e l d   p r e c l u d e d  a r e a l i s t i c  comparison o f  observed  and  predic ted 
m o i s t u r e   p r o f i l e s .   F u t u r e   a p p l i c a t i o n   o f   s u c h  a model t o   f i e l d   c o n d i t i o n s   w o u l d  
appear t o  r e q u i r e   r e v i s i o n   t o   a c c o u n t   f o r   t h e   n a t u r a l   v a r i a b i l i t y   i n   b o u n d a r y  
c o n d i t i o n s  as  w e l l  a s   t h e   t h e r m a l   a n d   h y d r o l o g i c   c h a r a c t e r i s t i c s   o f   f r e e z i n g   s o i l .  

MISE AU P O I N T  ET ESSAI D ' U N  M O D ~ L E  INFORMATIQUE DE L ~ ~ C O U L E M E N T  DE LA CHALEUR ET DE 
LA MAT I ~ R E  DANS LES SOLS LORS DU GEL 

Marsha I .  Sheppard, B.D. Kay, J.P.G. Loch,  Departement de l a   S c i e n c e  des  ressources 
de l a   t e r r e ,   U n i v e r s i t k  de  Guelph,  Guelph,  Ontario, Canada. 

On a mis   au   po in t  un mods le   in fo rmat ique  s imu lan t   l ' ecou lement   assoc ik  de l a  
m a t i s r e  e t  de l a   c h a l e u r  dans un systgme  de  sol s t r a t i f i g ,   l o r s  du g e l .  On t i e n t  
compte  du  soulGvement  grsce 2 des  coordonnees  de  deformation.  Les  equations  du  f lux 
e t   l e s   f o n c t i o n s   m a t h h a t i q u e s   s e r v a n t  21 mesure r   l es   p rop r ig tgs   t he r rn iques   e t   hyd ro -  
l o g i q u e s   d u   s o l   f o n t   l ' o b j e t   d ' u n e   d e s c r i p t i o n .  Le  mod8le a e t &  mis 2 l ' e s s a i   e n   l a -  
b o r a t o i r e   e t   s u r   l e   t e r r a i n ,  Les r e s u l t a t s   i n d i q u e n t   q u ' i l   p e r m e t  de t r 6 s   b i e n  mesu- 
r e r   l ' e c o u l e m e n t  de l ' e a u   e t   l a   d i s t r i b u t i o n  de l a   t e m p e r a t u r e  dans l e s   c o n d i t i o n s  
du l a b o r a t o i r e .  Le modele n ' a  malheureusement pas et6  a u s s i   e f f i c a c e   s u r   l e   t e r r a i n .  
L ' i s o t h e r m e  de 0°C devra i t   theor iquement   descendre  p lus  bas  que  nous  l 'avons mesur-5. 
La v a r i a t i o n  du  contenu  en  eau,  sur l e   t e r r a i n ,  a empgchi! t ou te   compara i son   rea l i s te  
e n t r e   l e s   p r o f i l e s   d ' h u m i d i t e   p r g v u s   e t   o b s e r v e s .   P o u r   l ' e m p l o i   s u r   l e   t e r r a i n ,   c e  
modsle d e v r a i t   s e m b l e - t - i l   E t r e   r e v u   p o u r   t e n i r  compte  des v a r i a t i o n s   n a t u r e l l e s  2 
tempgra ture   vo is ine   du   po in t  de f u s i o n ,  de meme que  des p r o p r i e t e s   p h y s i q u e s   e t  
hydro log iques   du   so l   lo r5   du   ge l .  

PA3PAEjOTKA M MCnMTAHME MATEMATMYECKOfi MOAEJIM IICJTOKR TEIIJIA M MACCLI B 3hMEF'3AK)lt[EM 
YPY HTE 

P L I ~ ~ ~ O O T ~ H ~  MaTCMZiTMUCCKCiR M U A W I ~  cnapetaworo n o T o K a  M a c c t a  n Tenna B 3a~eg3am- 
ueB c n o n c T o 2 1   r p y H T o B o R   c m T e M e .  l"lyseHne yqnmwanacb n o c p e n c T B o M   n a p a M e T p o B   H e Q o p M a -  
U H H .  O n H c a H m   y p a B H e H H H  IfOTOKOB M M a T e M a T M q e c l ( n e  @ynKqnH, a c n o n b s y e ~ ~ e  ann KonHYecT- 
B e H H O r O   O n p c n e n e H n R   T e p M H Y e c K M x  M r M n p o n o r n v e c K f l x  CBORCTB r p y H T o B .  Monenb H c n w r a H a  
npu 0 6 p a E j o T K e   P e 3 y n b T a T O B   n a 6 o p a T o p m x  u nonemx uccnegosamn. P e s y n b T a T m  n o ~ a m ~ a w r ,  
U T 0  MOAeJIb   MOXeT  B@@eKTHBHO  MCnOnb30BaTbCR a n H  J I a 6 O p a T O p H H x   p a c q e T o s   n O T O K O B  BnarM 
n P a c n P e L t e n e H H R   T e M n e P a T Y p H .   O A H a K O ,   3 @ @ e K T H B H O C T b  MOffeYlU C H U X a e T C R  Ilpn HCnOJlb30BaHUW 
ee nnff 0 6 p a 6 o ~ ~ n  p e a y n b ~ a ~ o ~  nonemx nccneaonaenil. Ha6nmnewrr n o ~ a 3 a n u ,  UTO Hynesan 
M 3 0 T e P M a   n P O H M K a e T  H a  MeHbLUyW I'JIY6HHyl  YeM 6HnO p a C C Y U T a H 0  C KOMOUblD M O A e n U .  T O Y H O e  
C p a B H e H H e  Ha6nH)ftaeMblX H PaCCYUTaHHblX npO@wteff BnalKHOCTH  OKa3anOCb  HeB03MOXHhIM U3-Ja 
KoneBaHnR c o p e p x a n n f f  m a r u  B nonemx Y C ~ O B U A X .  A ~ R  n p H M e H e m R   T a K o R  Moaens m n  noneswx 
YCnOBUR,  nO-BUAUMOMY, n O T P e 6 ~ T C R  H e K O T O p h l e   n O p a 6 0 T K H  C T e M ,  PTO6bI M O n e n b   M O r n a   Y P U -  
T b t B a T b  eCTeCTBeHnble U 3 M e H e H U R  B rpaHH'ZHHX  yCnOBHRX HagRay C T e p M H u e c K H M H  H IYiApOJIOrU- 
' IeCKHMH X a g a K T e p H C T H K a M H   3 a M e p 3 a K J ~ e r O   r p y e T a .  
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DEVELOPMENT AND TESTING OF A COMPUTER  MODEL  FOR  HEAT AND MASS FLOW I N  FREEZING SOILS 

Marsha I .  Sheppard, B . D .  Kay and J .P .G.  Loch 

Department  of Land  Resource  Science 
U n i v e r s i t y   o f  Guelph,  Guelph, Ontar io ,  Canada 

INTRODUCTION ( c )   t o   t e s t   t h e  model w i t h o u t   m o d i f i c a t i o n  
a g a i n s t   f i e l d   d a t a  and i d e n t i f y   t h e   l i m i t a t i o n s  

The a b i l i t y   t o   a c c u r a t e l y   p r e d i c t   t h e   m a g n i t u d e  
o f   h e a t  and wa te r   f l uxes   i n   na tu ra l  and man- 
modi f ied  env i ronments  is   the  long-range  goal   o f  
much research   i n   t he   ag r i cu l tu ra l ,   eng inee r ing ,  
geological   and  meteorological   sciences.  Progress 
towards th is   goa l   o f ten   requ i res   two  separa te  
t ypes   o f   s tud ies .  The f i r s t   t y p e   o f   s t u d y  
i nvo l ves   de f i n ing   t ranspor t   p rocesses   i n   s imp le  
systems t o  which  speci f ic   boundary  condi t ions  have 
been a p p l i e d .   I m p l i c i t   i n   t h e   d e f i n i t i o n   o f   t h e  
processes is   the   deve lopment   and  tes t ing   o f  an 
appropr ia te  mathemat ica l   descr ip t ion.  The second 
type  o f   s tudy  invo lves  apply ing  the  mathemat ica l  
d e s c r i p t i o n   t o   f i e l d   c o n d i t i o n s .  

Much o f   the   research   on   heat  and wa te r   f l ow   i n  
f r e e z i n g   s o i l s  has  been o f   the  f i r s t  t ype  
discussed  above  (eg.  Everett,  1961; Wil l iams,  1968; 
Penner, 1967; M i l l e r ,  1972).  The advent o f   h i g h  
speed  computers  has  resulted  in  the  development o f  
models to   s imu la te   heat   and  water   f low  in   these 
simple  systems  (Harlan, 1973; Guymon and Lu th in ,  
1974; Carlson and Ou tca l t ,  1975; Kinos i ta ,  1975; 
Tay lo r  and Lu th in ,  1976). These  models do no t  
make prov is ion   fo r   overburden  p ressure   o r  
d e f o r m a t i o n   o f   t h e   s o i l   m a t r i x .   I n   a d d i t i o n ,  
l i t t l e   e f f o r t  has  been p u t   i n t o   t e s t i n g   t h e s e  
models. 

Scant a t t e n t i o n  has  been p a i d  t o  a complete 
d e s c r i p t i o n   o f   h e a t  and w a t e r   t r a n s f e r   i n   f r e e z i n g  
s o i l s  under f i e l d   c o n d i t i o n s .   T h i s   a r i s e s   i n   p a r t  
because  models  have n o t   y e t   s u c c e s s f u l l y   d e s c r i b e d  
the  processes  under   laboratory   condi t ions.   In  
a d d i t i o n   t h e   d i f f i c u l t i e s   a s s o c i a t e d   w i t h  
p red ic t ion   o f   water   f low  under   even  un f rozen 
c o n d i t i o n s   i n   t h e   f i e l d   ( F r e e z e ,  1975) prov ides a 
fu r ther   compl ica t ion .  

The ob jec t ives   o f   the   s tudy   repor ted   here in   were :  

(a)   to   develop a model which  would  describe  heat 
a,nd w a t e r   f l o w   i n   f r e e z i n g   s o i l  and  which 
wou ld   have   p rov i s ion   f o r   i nco rpo ra t i ng   t he  
e f f e c t   o f   o v e r b u r d e n   p r e s s u r e  and deformat ion 
o f  t h e   m a t r i x .  

( b )   t o   t e s t   t h e  model against   data  generated  f rom 
l a b o r a t o r y   s t u d i e s .  

in   apply ing  such 
s i t u a t i o n .  

Transport  Equations 

Assuming t h a t  mass 
takes  place  only  by 
u n i d i r e c t i o n a l  mass 

a model t o   t h e   f i e l d  

f l o w   o f   w a t e r   i n   f r o z e n   s o i  1 
l i qu id   f l ow ,   t he   equa t ion   f o r  
t r a n s f e r  can  be w r i t t e n   a s :  

where 0 . .  8 a r e   t h e   i c e  and ) i q u l j ) w a t e r   c o n t e n t s  
I r e s p e c t i v e l y  (cm cm 

pi, pl a r e   t h e   d e n s i t i e s   o f   i c e -  
water   respec t ive ly   (g  cm Y d  ) liquid 

K i s   t h e   h y d r a u l i c   c o n d u c t i v i t y  (cm' sec-l  
b a r - ] )  

p i s  t he   ma t r i c   p ressu re   o f   l i qu id   wa te r  

z i s  t h e   g r a v i t a t i o n a l   p o t e n t i a l   ( b a r ) .  

1 
(bar)  

An equat ion   descr ib ing  a heat   ba lance  a t  any 
p o i n t   i n  a one  dimensional  system  must  account 
f o r   t h e   c o n d u c t i o n   o f   h e a t  and t h e   p r o d u c t i o n   o r  
consumption o f   h e a t  due t o  phase  changes. Such 
an equation  can be w r i t t e n  as: 

where C i s   t h e   h e a t   c a   a c i t   o f   s o i  1 
(ergs cm-7 0 C - y )  

T i s   the   tempera ture  ("C) 
t i s   t h e   t i m e   ( s e c )  

x i s   t h e   d i s t a n c e  (cm) 

A i s   t h e   t h e r m a l   c o n d   c t i v i t y   o f   s o i l  
(wa t t  cm-1 0c-Y) 

H i s   t h e   s p e c i f i c   h e a t   o f   f u s i o n   o f   w a t e r  f 
(erg 9-11 



S u b s t i t u t i o n   o f  ( I )  i n t o  ( 2 )  gives 

aT a aT a (aP1 + z) Cx = - ( ( h - )  + H  p 
ax ax ax 1 -  

H f P l  at 

S u b s t i t u t i n g  ( 4 )  i n t o  (3 )  and rearranging  g ives:  

a e l  JT a aT 

a t  ax  ax 
( C  + Hfp l  ) - =  - (X - ) t 
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n 

The in f luence  o f   overburden  p ressure  on the  
l i q u i d   p r e s s u r e   i n   f r o z e n   s o i l s  may be  descr ibed 
(Groenevelt and Kay, 1977) by  an equa t ion   o f   t he  
form: 

T 
p1 = O0p + UP + BHfpi (6) 

where Oop i s   t h e   l i q u i d   p r e s s u r e   i n   t h e   u n f r o z e n  
s t a t e  under  unloaded  condi t ions  (bar)  

P is   the  overburden  pressure  (bar)  
T i s   t h e   f r e e z i n g   p o i n t   o f   p u r e   w a t e r   a t  
0 

atmospheric  pressure ( O K )  

The c o e f f i c i e n t s  a and B are   de f i ned  by 
Groenevelt and Kay i n  terms o f  measurable 
pa ramete rs   wh ich   a re   cha rac te r i s t i c   o f   t he   spec i f i c  
s o i l  system  under  study.  Equation (6)  can  be 
s u b s t i t u t e d   d i r e c t l y   i n t o   e q u a t i o n  ( 5 ) .  Since 
the model was tested  under  minimal  load  condi t ions 
i n   t h i s   s t u d y   ( t h e  maximum values o f  P were .010 
and .044 b a r   i n   t h e   l a b o r a t o r y  and f i e l d  
exper iments   respec t ive ly ) ,   the  p term was no t  
ad jus ted   accord ing   to   equat ion  ( 6 ) .  Consequently 
f u r t h e r   d e t a i l s   r e g a r d i n g   t h e  use o f   e q u a t i o n  
(6) will not   be  cons idered  in   th is   repor t ;   readers 
a re   re fe r red   to   the   re fe rence  by   Groeneve l t  and 
Kay f o r   a d d i t i o n a l   i n f o r m a t i o n .  

Under ze ro   l oad   cond i t i ons   t he   i ce  may be 
considered  to   be  a t   a tmospher ic   pressure.  
T h e r e f o r e   t h e   l i q u i d   p r e s s u r e   i n   t h e   f r o z e n  zone 
can  be  defined  as: 

dPl = 7 Hf l  d I n   T I  

" 1  

where  TI   is   the  absolute  temperature 
- 
V I  i s   t h e   s p e c i f i c  volume o f   l i q u i d   w a t e r  

Wi th in   the   f rozen zone, z i s   n e g l i g i b l e  compared 
t o  p l   and   t he re fo re   subs t i t u t i ng  (7) i n t o  ( 5 )  
gives:  

Equation (8)  conta ins two se ts   o f   t e rms .  The 
f i r s t  s e t   i s  a c o e f f i c i e n t   n o r m a l l y   d e f i n e d  as  an 
apparent  hear  capaci ty,  C' (Wi l l iams,  1968),   ie.  

at3 1 C ' = C + H p  f 1 a T  (9 

The second t e r m   i s  a c o e f f i c i e n t   r e l a t i n g   h e a t  
f l o w   t o  a temperature  gradient  and f o l l o w i n g   t h e  
above  nomenclature may be  def ined as  an apparent 
thermal   conduct iv i t y ,  A', i e .  

II 

Therefore when the  overburden  pressure i s  zero   o r  
n e g l i g i b l y   s m a l l ,   e q u a t i o n  ( 5 )  reduces  to: 

The s o i l   m i c r o h y d r o l o g i c   c o e f f i c i e n t s  and the  
so i l   t he rma l   t rans fe r   coe f f i c i en ts   wh ich   desc r ibe  
t h e   a b i l i t y   o f   t h e  soil  t o   t ransmi t   wa te r  and 
heat  must  be  incorporated  in  mathematical form. 
The thermal   conduct iv i t y   i s   expressed by a 
geometric mean equation  (Johansen, 1973),  the 
h y d r a u l   i c   c o n d u c t i v i t y  - pressure  (temperature) 
r e l a t i o n s h i p  b y  an exponent ia l   func t ion  and the  
mois tu re   con ten t  - pressure  ( temperature) 
r e l a t i o n s h i p   i s   e x p r e s s e d  as a l o g a r i t h m i c  
funct ion  (Anderson and T ice,  1972).  These 
func t i ons   were   subs t i t u ted   i n to   equa t ion  ( 1 1 )  and 
t h e   r e s u l t a n t   e q u a t i o n   s o l v e d   u s i n g   a n   e x p l i c i t  
scheme. 

De fo rma t ion   o f   t he   ma t r i x   i s   accoun ted   f o r  when 
the  sum o f   t he   wa te r   con ten t  and i ce   con ten t  
( e l  + O i )  becomes la rge r   t han   t he   po ros i t y ,  f , o f  
the   p rev ious   t ime  s tep .  A t  each  t ime  step  the 
de format ion   fac to r ,  Heav, i s  computed for  each 
depth node, L, us ing 

1 - fL 
Heav = - L 1 - f '  

L 

where f = p o r o s i t y   a t   t h e   p r e v i o u s   t i m e   s t e p   a t  
node L 

fL '=  new p o r o s i t y   a t  node L .  

A t  each  t ime  step  the  depth node spacings  are 
m u l t i p l i e d   b y   t h e   f a c t o r  HeavL,  The sum o f   a l l  
the new node  spacings (CAX,) a r e  added t o  a f i x e d  
re fe rence   l eve l ,   l oca ted   i n   t he   un f rozen  zone, 
and t h i s   g i v e s   t h e   l o c a t i o n  o f  t h e   s o i l   s u r f a c e  
as i t  r i s e s   w i t h  each new t ime  step. The s o i l  
water -p ressure   re la t ionsh ip  does n o t   d i r e c t l y  
account   fo r  heave;  however, s ince  i t  i s   d e s c r i b e d  
by a func t ion   wh ich  was determined  on a 
g r a v i m e t r i c   b a s i s ,  i t  t h e r e f o r e   r e q u i r e s   t h e  
i n p u t   o f   b u l k   d e n s i t y ,  Each t ime   the   ma t r i x  
deforms new values of b u l k   d e n s i t y   a r e   c a l c u l a t e d  
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from  the new water   content   consequent ly   modi fy ing 
t h i s   r e l a t i o n s h i p   t o   a c c o u n t   f o r  heave. 

A p p l i c a t i o n  o f  the  Model t o  a Laboratory  System 

Data  from a laboratory   system  that   a l lowed 
measurement o f  temperature  and mass f l o w   i n  a s o i l  
co lumn  near   saturat ion  under   f reez ing  condi t ions 
were  used t o   t e s t   t h e  model.   Dur ing  the  laboratory 
experiment,  the 0°C isotherm  advanced  at  a constant  
r a t e  o f  about .030 cm/min a f t e r   t h e   f i r s t   t h r e e  
minutes and the   tempera ture   g rad ien t   a t   the  O ° C  
isotherm  var ied  between 2.9 and 4.0°C/cm. In 
comparison  wi th  that   observed  (Figures 1 and 2 )  an 
e x c e l l e n t   s i m u l a t i o n   o f   h e a t  and mass f l o w   i n   t h e  
f i r s t  20 minutes o f  the  laboratory   exper iment  
( e x c l u d i n g   a n   i n i t i a l   e x p u l s i o n   o f   w a t e r   f r o m   t h e  
laboratory  column) was achieved when t h e   f u n c t i o n  
parameter  values  which  were  measured f o r   t h e   s o i l  
were  used  as  model  inputs. The t ime and depth 
steps  chosen fo r  the   s imu la t ion   were  1 second  and 
. 2  cm, r e s p e c t i v e l y .  

”.-_ Observed 
n Simulated 
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8 -  
m 
- 
- E 
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Simulated 

-2 
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F ig .  2 A comparison o f   the   observed and s imulated 
wa te r   up take   w i th   t ime   i n  a s o i l  column 
f reez ing   under   labora tory   cond i t ions .  

-ln5 1 
-2.0 I 

5 10 15 20 
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F ig .  1 A comparison o f   the   observed and s imulated 
l o c a t i o n   o f   t h e  O ° C  i so the rm  w i th   t ime   i n  
a s o i l  column  f reezing  under  laboratory 
cond i t i ons .  

Only 20 minutes  o f   the  laboratory   exper iment  was 
modelled due to   t empera tu re   f l uc tua t i ons   wh ich  
o c c u r r e d   a t   t h e   b o t t o m   o f   t h e   c o l u m n   a t   l a t e r  
t imes. The i n i t i a l   e x p u l s i o n   o f   w a t e r   i n   t h i s  
experiment was very  small .  However, i n  a loaded 
system i t cou ld  become q u i t e   s i g n i f i c a n t  (Loch  and 
Kay, 1977). The mechanisms d e s c r i b i n g   e x p u l s i o n  
a r e   n o t   c l e a r   a t   p r e s e n t  however, when they  have 
been descr ibed  mathemat ica l ly   they  should be 
i nco rpo ra ted   i n to   t he  model especial ly,when 
mode l l i ng  a loaded  system. 

Addi t ional   exper iments  which  were  run  for  much 
longer  t ime  have been completed and t h e  model i s  
cur ren t ly   be ing   tes ted   on   these  da ta .  

A p p l i c a t i o n   o f   t h e  Model t o  a F i e l d  System 

A f i e l d   s i t e  was instrumented  for   the  purpose 
of   co l lect ing  the  necessary  data  (Sheppard,  1977) 
t o   t e s t   t h e  model under f i e l d   c o n d i t i o n s .  
Measurements  which  were made every 15 minutes 
i n c l u d e d   s o i l ,  snow and a i r  temperatures. Snow 
depth, snow densi ty   and  water   tab le  he ight   were 
measured every  two  days  and  soi l   thermal 
conduct iv i t y ,   mo is tu re   con ten t   and  bu lk   dens i ty  
were  measured  weekly  throughout  two  winter 
seasons. 

The model was employed i n   t h e  same form  as  used 
d u r i n g   t e s t s  on t h e   l a b o r a t o r y   d a t a   w i t h   t h e  
e x c e p t i o n   t h a t   t h e   s o i l  was considered  to   be a 
layered  system.  Dis t inct  changes i n   t h e   s o i l  
parameters a t  about 30 cm j u s t i f i e d   p a r t i t i o n i n g  
t h e   p r o f i l e   a t   t h i s   d e p t h .  The s o i l  was the re fo re  
t r e a t e d  as a un i fo rm homogeneous medium w i t h i n  
each  layer .   Values  ass igned  to   the  var ious  so i l  
parameters  were  the mean values o f  severa l  
determinat ions  for   each  layer .  The t ime  and 
depth   s teps   chosen  fo r   the   f ie ld   s imu la t ion   were  
20 seconds  and 2 cm, r e s p e c t i v e l y .  

The  model was tes ted  on d a t a   c o l l e c t e d   d u r i n g  
a p e r i o d  of r a p i d   f r o s t   p e n e t r a t i o n  where  large 
temperature  gradients   ex is ted  near   the  sur face.  
These cond i t i ons   were   s im i l a r   t o   t hose  o f  t h e  
l abo ra to ry   exper imen t .   I n   t h i s   t ime   pe r iod   t he  
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surface  temperature  decreased  rapidly (-1.9OoC t o  

S 

2.94"C) and  the   p red ic ted  and observed  curves 
verged  considerably  f rom 0 t o  20 cm, w i t h   t h e  
ea tes t   d i ve rgence   a t   t he   su r face .  

To t e s t   t h e  model  under less   ex t reme  cond i t ions  
f u r t h e r  22 hour   s imu la t ion  was c a r r i e d   o u t  
inq   the   tempera tures   a t  2 cm (T2) as t he   i npu t  

temperatures.. The r e s u l t s   ( F i g u r e  3)  show ' 

p r e d i c t i o n s  much c loser   to   the   observed 
tempera tu re   p ro f i l e .  

- 5 
X -40 

-50 

- 60 

-70 

- 80 

c1-. Initial 

0-0 22 HR SIMULATED EXPLlCll 
USING T(2) 

* * 22 HR OBSERVED 

Fig.  3 A comparison o f   the   observed and 
s imu la ted   t empera tu re   p ro f i l es   a f te r  2 2  
hours  us ing  the  temperature  a t  2 cm (T2) 
as i n p u t   f o r   t h e   f i e l d  system. 

These r e s u l t s  show t h a t   t h e  model  does n o t   p r e d i c t  
hea t   f l ow   accu ra te l y   i n   t he   nea r   su r face   l aye r?  
where temperature  gradients  a s  l a r g e  a s  9°C cm 
may e x i s t .   T h i s  may be  due t o   t h e  steepness o f  
the  gradient  between nodes  per  se o r  due t o   t h e  
assumption o f  a l i n e a r   g r a d i e n t  between  nodes when 
the  real   system  exper iences a c u r v i l i n e a r  
g rad ien t .   Th is   p rob lem  cou ld   be   a l lev ia ted  w i t h  
decreased  internode  spacing  near  the  surface. 

1 

S t a t i s t i c a l   a n a l y s e s   c a r r i e d   o u t  on t h e   f i e l d  
moisture  data  have shown t h a t   t h e   v a r i a b i l i t y   i n  
mo is tu re   con ten t   i s   g rea te r   t han   t he   t o ta l  change 
i n   s o i l   m o i s t u r e   c o n t e n t   d u r i n g  a one o r  two week 
per iod .   Th is   lack  o f  s i g n i f i c a n t  change i n  
mo is tu re   con ten t   p rec ludes   t es t i ng   t he   mo is tu re  

f l o w   p o r t i o n   o f   t h e  model w i t h   f i e l d   d a t a .   T h i s  
p r o b l e m   o f   f i e l d   m o i s t u r e   V a r i a b i l i t y   i s  a very 
impor tant   cons iderat ion when a t tempt ing   to   use  a 
model t o   p r e d i c t   w a t e r   f l o w  under f i e l d  
cond i t i ons .  

F igure 4 i l l u s t r a t e s   t h e  number o f   m o i s t u r e  
conten t   observa t ions   a t   th ree   depths   a t   th ree  
t imes and s i x   c o r i n g   l o c a t i o n s .  

MAXIMUM PENETPATION OF FROST FRONT 8.8 cm 
DECEMBER 17,1975 

MAXIMUM PENETRATION OF FROST  FRONT 20.5 crn 
FEWJAW 1 1 ,  1978 

- 3 - 5 c n  
x--x 8 * 10 cm 
&a 19 - 21 cm 

F ig .  4 Frequency d i s t r i b u t i o n  o f  mo is tu re  
conten ts   de termined  a t   th ree   depths ,   fo r  
three  t imes and s i x   c o r i n g   l o c a t i o n s .  

Before   f reez ing   occur red  (November 27, 1975) t h e  
f r e q u e n c y   d i s t r i b u t i o n  showed t h a t   t h e r e  was a 
s t rong  tendency  for   the  observed  mois ture  contents  
t o   d i s t r i b u t e   q u i t e   e v e n l y   a r o u n d   t h e  mean 
m o i s t u r e   c o n t e n t   a t   t h a t   p a r t i c u l a r   d e p t h .  Once 
f reez ing  had  occurred (December 17, 1975) i n  a 
g i ven   l aye r  (3 -5  cm) t h e   m o i s t u r e   c o n t e n t s   i n   t h i s  
f rozen  zone  not   on ly   increased  in   magni tude  but  
t h e v a r i a b i l i t y  became greater. The v a r i a b i l i t y   i n  
water  content  extended down i n t o   t h e   p r o f i l e  
(February 1 1 ,  1976) as the maximum depth of the  
0°C isotherm  penetrated. 
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The v a r i a b i l i t y   i n   t h e   t o t a l   w a t e r   c o n t e n t   o f  
f r o z e n   s o i l   c a n   a l s o   b e   i l l u s t r a t e d  by cons ide r ing  
t h e   v a r i a t i o n   i n   t h e   l o c a t i o n   o f   i c e   l e n s e s .  
F igu re  5 i l l u s t r a t e s   t h e   f r e q u e n c y   t h a t   m o i s t u r e  
contents  exceeded  the  preseason  porosi ty  at  
d i f f e r e n t   d e p t h s   f o r   t h r e e   d i f f e r e n t   t i m e s .  

2 

1 

O-0 

DECEMBER 
17, 1975 

10 20 30 

SOIL DEPTH (cm) 

Fig.  5 Frequency d i s t r i b u t i o n   o f   m o i s t u r e  
contents  which  exceed  prefreezing 
po ros i t y   nea r   t he   so i l   su r face ,   f o r  
three  t imes and s i x   c o r i n g   l o c a t i o n s .  

Ice  enr ichment   near   the  sur face was found i n  most 
cores  (s ix  cores  were  taken  at   each  sampl ing  t ime) 
once   t he   so i l  began f reez ing.   Ice  lenses  were 
found  a t   lower   depths  in  some o f   t h e   c o r e s .  
O b v i o u s l y   t h e   p r o b a b i l i t y   o f   f i n d i n g  a zone o f   i c e  
enrichment i s   g rea te r   nea r   t he   su r face   t han   a t  
g r e a t e r   d e p t h s   i n   t h e   f r o z e n   s o i l .  

The i n c r e a s e   i n   v a r i a b i l i t y   i n   m o i s t u r e   c o n t e n t s  
o n   f r e e z i n g   m u s t   a r i s e   f r o m   v a r i a b i l i t y   i n   e i t h e r  
the  upper   boundary  condi t ions  (so i l   sur face 
temperature)  or   the  thermal  and  hydrologic 
c h a r a c t e r i s t i c s   o f   t h e   f r o z e n   s o i l .   S t a t i s t i c a l  
ana lyses   car r ied   ou t   us ing  snow depth  and  so i l  
temperature  data showed t h a t  snow depth  explained 
15.29% o f   t h e   v a r i a b i l i t y   i n   s o i l   t e m p e r a t u r e s   a t  
2 cm. The v a r i a b i l i t y   o f   s o i l   t e m p e r a t u r e  
decreased  as snow depth  increased. 

I t  is   obv ious  that   the  assumpt ion o f  un i form 
homogeneous media w i th   we l l   de f ined  boundary  
c o n d i t i o n s   i s   n o t   a p p l i c a b l e   t o   f i e l d   c o n d i t i o n s  
and t h a t  models  descr ib ing  heat and water  f low 
must  be m o d i f i e d   t o   a c c o u n t   f o r   n a t u r a l   v a r i a b i l i t y  
before  the  models  can  be  adequately  tested  in  the 
f i e l d ,  Such mod i f i ca t i on   wou ld  be  most use fu l  i f  
f ina l   output   were  expressed  on a p r o b a b i l i t y  
bas is ,  eg.  what i s   t h e   p r o b a b i l i t y  o f  the  water  
c o n t e n t   a t  a given  depth  exceeding  prefreezing 
poros i t y ?  

CONCLUSIONS 

The model discussed has  been tes ted   us ing   bo th  
l abo ra to ry   and   f i e ld   da ta .  The  model s imulates 
both  mois ture  and  heat   f low  ext remely  wel l   under  
l abo ra to ry   cond i t i ons .   Mod i f i ca t i ons   d i scussed  
will cer ta in ly   improve  the   heat   f low component o f  
t h e  model f o r  a f i e l d  system. The most  ser ious 

c o n c e r n   a t   t h i s   s t a g e   i s   t h e  need f o r  some method 
t o   a c c o u n t   f o r   t h e   f i e l d   m o i s t u r e   v a r i a b i l i t y  and 
subsequen t l y   t o   p red ic t   t he   p robab i l i t y  and l o c a t -  
i on   o f   an   i ce -en r i ched  zone.  The m o d i f i c a t i o n s  
discussed will prov ide  re f inements  which will 
render   t h i s  model  as w e l l  as o t h e r s   t o  be  more 
accu ra te   i n   p red ic t i ng   hea t  and mass f l o w   i n  a 
f r e e z i n g   f i e l d   s o i l  system. 
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SOLUTE REDISTRIBUTION IN FREEZING GROUND. 

B.  Hallet, Department of Appl ied  Earth S c i e n c e s ,  
Stanford U n i v e r s i t y ,  S t an fo rd ,  C a l i f o r n i a ,  U . S . A .  

Ca rbona te   and   f e r ro -magnes i an   depos i t s  t h a t  form by  chemical 
p r e c i p i t a t i o n   f r o m  soil s o l u t i o n s   u n d e r   p e r i g l a c i a l   c o n d i t i o n s   i n d i -  
cate t h a t  p o r e  waters are commonly s u p e r - s a t u r a t e d .  Select ive s o l u t e  
r e j e c t i o n  by the   g rowing  ice i s  l i k e l y   t o   b e   r e s p o n s i b l e   f o r   t h e  en- 
r i c h m e n t   o f   s o l u t e s   n e c e s s a r y  t o  r e a c h   t h e   s t a t e o f   s u p e r - s a t u r a t i o n .  
Although this r e j e c t i o n   p r o c e s s  i s  well documented for aqueous so lu -  
t i o n s   f r e e z i n g   i n   l a r g e   c o n t a i n e r s ,   e x p e r i m e n t a l   s t u d i e s  would be  
u s e f u l   t o   v e r i f y   t h a t  a similar p r o c e s s   d o e s   i n d e e d   o c c u r   i n   s o i l s .  
The s o l u t e   e n r i c h m e n t   n e a r   t h e   a c t i v e   f r e e z i n g   i n t e r f a c e ,   w h i c h   w o u l d  
be a s s o c i a t e d   w i t h   t h e   a n t i c i p a t e d   s o l u t e   r e d i s t r i b u t i o n   d u r i n g  soil 
f r e e z i n g ,  i s  shown p o t e n t i a l l y  t o  a f f e c t  the  morphology  and  propaga-  
t i o n  of t h e  f r e e z i n g   f r o n t  and t h e   n u c l e a t i o n   a n d   g r o w t h  of ice bodies.  
I t  may a lso c a u s e   t h e   r a t h e r   u n i f o r m   s p a c i n g   b e t w e e n   t h i n   i c e - l e n s e s  
i n   f i n e - g r a i n e d  soils. 

REDISTRIBUTION DES S O L U T ~ S  DANS UN SOL PENDANT SA CONGELATION. 
B.  Ha l l e t ,   Depar tmen t   o f   App l i ed   Ea r th   Sc iences ,  

S t a n f o r d   U n i v e r s i t y ,   S t a n f o r d ,   C a l   i f o r n i a ,  U .S .A .  

Les depbts de carbonates  e t   fer ro-magnesiens  qu i ,   dans un c l i m a t   t r e s  
f r o i d ,   r g s u l t e n t  des p r g c i p i t a t i o n s   c h i m i q u e s  2 p a r t i r  des   so lu t ions   du  501, 

i n d i q u e n t  que ces   so lu t ions   son t   souvent   sur -sa turges .   L 'enr ich issement   des  
s o l u t 6 s   n e c e s s a i r e   p o u r   a t t e i n d r e   l a   s u r - s a t u r a t i o n   e s t   p r o b a b l e m e n t  dG au 
r e j e t   s e l e c t i f  des   so lu tgs   par   la   g lace   au   cour   du   ge l .   Ma lgre   que ce phgnomgne 
s o i t   b i e n  connu  pour  des  solut ions  aqueuses  gelees  dans  de  grand5  rkcipients,  
i l se ra i t   dgs i rab le   de   ve r i f i e r   pa r   des   exper imen ta t i ons   qu 'un   p rocessus   semb lab le  
se p r o d u i t  dans l e s   s o l s .  Dans c e t   a r t i c l e ,   o n   e x p l i q u e   q u ' u n e   a c c u m u l a t i o n  de 
S O l U t e S  p r & s   d u   f r o n t  de g e l   s e r a i t   a s s o c i e e  3 c e t t e   r e d i s t r i b u t i o n  des   so lu tes  
au  cour de l a   conge la t i on   des   so l s .   Ce t te   accumu la t i on   pou r ra i t   6ven tue l l e rnen t  
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SOLUTE  REDISTRIBUTION IN FREXZING  GROUND 

E. Hallet 

Department of Applied  Earth  Sciences,  Stanford  University 
Stanford,  California 9495 

INTRODUCTION 

It  is  widely  recognized  that  solutes are inti- 
mately  involved  with  numerous  fundamental  processes 
occurring in frozen  ground,  and with  many ge- 
technical  problems  characteristic of cold  regions. 
Through  their  effect on rhe  osmotic  pressure  and 
freezing  temperature,  solutes  affect mass and heat 
transport  in  freezing  ground (e.g., Miller  et  al, 
1975)  and  probably  modify  the  water-ice  phase 
composition of frozen  ground  (e. g., Williams, 
1964; Anderson  and  Morgenstern, 1973). The solute 
redistribution,  which  accompanies  the  freezing 
process,  and  the  migration of solutes in frozen 
soils,  affect  the  quality of ground water  (Feulner 
and  Schupp, 1963), the  effectiveness of chemical 
alleviation  of  frost  damage  (Yong et al,  1973; 
Sheeran et al, 1976), and  other  practical  frozen 
ground  problems,  including  the  migration o f  ferti- 
lizer  and  pesticides,  a  subject  of  considerable 
interest  in  agronomy  (Cary  and  Mayland, 1972). 
In addition  to  providing  insight  into  these  funda- 
mental  and  practical  questions,  a  thorough  under- 
standing of solute  behavior  in  freezing  and  frozen 
ground  would  provide a basis f o r  studying  and 
interpreting  the  distribution  of  solutes  (P6we; 
1975)  and  authigenic  mineralization in periglacial 
deposits  (Vogt  and  Marocke,  1973;  Gourdon, 1975; 
Adolphe, 1976). 

Despite  the  clear  motivation  to  understand  the 
behavior  of  solutes  in  frozen  ground  there  are 
few  data on how they  are  affected  by  the  freez- 
ing  process (e. g., Sheeran  and  Yong , 1975). In 
particular,  the  selective  solute  rejection  associ- 
ated  with  freezing  in  soil  solutions,  which i s  one 
of  the most apparent  mechanisms  regulating  the 
distribution  of  solutes in frozen  ground  (e. g., 
Bertouille, l972), has  received  practically no 
attention in the  permafrost  literature. 

Detailed  information  on  the  effectiveness  of 
the  solute  redistribution  due  to  freezing in soils 
will have to be  obtained  experimentally  by  moni- 
toring  the  chemical  evolution of water  and  ice  in 
soil progressively  frozen  under  controlled  tern 
perature  conditions. Such  experimenrs  are  being 
initiated in the  author's  laboratory  at  Stanford 
University. The  results  will be  presented in  due 
course.  Meanwhile,  much can be  learned  about  the 
redistribution  of  solutes in freezing  solids  from 
the  vast  engineering  literature on melt  solidifi- 
cation  and  freezing  in  large  containers,  and  from 

studies o f  authigenic  mineral  deposits  formed  in 
soils  under  periglacial  conditions.  These  de- 
posits,  which  have  been  studied  principally  by 
French  geomorphologists,  are  thought to result 
from chemical  precipitation  in  freezing  pore 
waters  in  soils  and  in  near  surface  sediments. 

The  intent  of  this  paper  is t o  explore  the 
implications of the  redistribution  of solutes in 
freezing  soil  solutions i n  view of the  relevant 
literature on cryogenic  precipitates,  and on 
freezing  bulk  solutions  (solutions  frozen  in 
large  containers, as opposed  to  those  frozen in 
the network o f  small  pores in soils). 

SOLUTE  REJECTION  DURING  FREEZING OF  BULK  SOLUTIONS 

The  selective  rejection of solutes  into  the 
melt  by  the  growing  solid  phase  is  a  general 
characteristic  of  most  freezing  systems.  It  is 
well  documented for many  freezing  bulk  aqueous 

Q i z i o , l 9 7 d ) ,  KOH (Kvajic  and Brajovic, 1971), HC1 
solutions including  those of  NaCl  (Terwilliger, 

(Seidensticker,  1972)  and  CaCO  (Hallet,  1976). 
The  effective  distribution  coeificient,  defined 
as the  ratio  between  the  total  concentration  of 
solutes  frozen  into  the  ice  and  that  remaining  in 
the  water, can vary  from  about lol3 (Kvajic  and 
Brajovic,  1971) t o  almost  unity  (Terwilliger  and 
Dizio,  1970). It depends, in  a  poorly  known  way 
(Terwilliger  and  Dizio,  1970) on the  freezing 
rate,  on  the  concentration  and  the  type of solute, 
on  the  temperature  gradient in the  melt  near  the 
interface, on the  mechanism of solute  and  heat 
transfer  in  the  melt,  and on the  crystallographic 
orientation  of  the  growing  ice  crystals  (Kvajic 
and  Brajovic, 1971). Moreover,  for  electrolyte 
solutions,  it  is  generally  not  exactly  the same 
for  both  the anion and  rhe  cation,  thereby  giving 
rise to  charge  separations  and  interfacial  elec- 
trical  potentials (Cobb and Gross, 1969). 

An active  freezing  front  in  a  coarse-grained 
soil is probably  a  morphological1  complicated 
interface  with  ice  tentacles  reacting  toward the 
unfrozen  solution,  through  complicated  networks 
o f  interconnecting  soil  pores.  With  this  geome- 
try,  domains o f  solute-rich  solutions  could  be- 
come  isolated  from  the  rest of the  unfrozen  pore 
waters,  and  could  eventually  be  incorporated  in 
the  ice  phase. The solute  partitioning  during 
the  freezing of soil  solutions is therefore 
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l i k e l y  t o  be less e f f e c t i v e   t h a n   t h a t   i n   s o l u t i o n s  
f r eez ing   i n   l a rge   con ta ine r s ,   because   t he  l a t t e r  
would  probably  have  re la t ively  s imple  f reezing 
in t e r f aces .   In   t he i r   expe r imen t s   w i th  KOH solu- 
t i ons   f r eez ing   i n   l a rge   con ta ine r s ,   Kva j i c   and  
Brajovic  (19'71)  found a sudden  major  increase i n  
t h e   d i s t r i b u t i o n   c o e f f i c i e n t   ( a   d e c r e a s e   i n   t h e  
s o l u t e   p a r t i t i o n i n g ) ,  wh ich   t hey   a t t r i bu ted   t o  a 
t ransformat ion   of   the   f reez ing   in te r face   f rom a 
planar   one   to  a c o m p l i c a t e d   c e l l u l a r   o r   d e n d r i t i c  
interface.   Experiments  wirh CaC03 so lu t ions ,   a l so  
f rozen   i n   l a rge   con ta ine r s ,   sugges t  however t h a t  
even  with a compl ica ted   f reez ing   in te r face ,   the  
growing ice can  be as much as 50 times less con- 
cen t r a t ed   (pu re r )   t han   t he  melt ( H a l l e t ,  1976). 
It i s  appa ren t ,   t he re fo re ,   t ha t   a l t hough   t he  
f r e e z i n g   f r o n t   i n   s o i l s  i s  o f t e n   l i k e l y   t o  b e  
h i g h l y   i r r e g u l a r ,   s i g n i f i c a n t   s o l u t e   p a r t i t i o n i n g  
and   red is t r ibu t ion   should  accompany frost penetra- 
t i o n   i n   f r e e z i n g  ground. 

INTERFACIAL SOLUTE ENRICHMENT 

In   the   absence  o f  s t rong   mix ing   i n   t he  melt, a 
r e a s o n a b l e   c o n d i t i o n   f o r   f r e e z i n g   s o i l   s o l u t i o n s ,  
t h e   s e l e c t i v e   r e j e c t i o n   o f   s o l u t e s  a t  a n   a c t i v e  
f r e e z i n g   f r o n t   r e s u l t s   i n   a n   e n r i c h m e n t   o f   s o l u t e  
nea r   t he   su r f ace   o f   t he   g rowing   i ce   ( e .g . ,  Tiller 
e t  al, 1953; Sekerka, 1968). This  was c l e a r l y  
demonstrated by the  experiments  of  Terwill iger  and 
Dizio (1970) i n   f r eez ing   aqueous  NaCl s o l u t i o n s .  

The e f f ec t ive   pa r t i t i on ing   o f   so lu t e s   be tween  
phases i s  sens i t ive ly   dependent  on t h e  accumula- 
t i o n   o f   s o l u t e s   i n   t h e   l i q u i d   n e a r   t h e   f r e e z i n g  
in te r face ,   because  i t  i s  t h i s   i n t e r f a c i a l   l i q u i d  
t h a t   c o n t r o l s   t h e   s o l u t e   i n c o r p o r a t i o n   i n   t h e  
growing  crystal .  An i n t e r f a c i a l   s o l u t e   e n r i c h -  
ment w i l l  i n c r e a s e   s o l u t e   i n c o r p o r a t i o n   i n t o   t h e  
s o l i d .  Inasmuch as t h e   f r e e z i n g  rate and   equi l i -  
b r ium  d i s t r ibu t ion   Coef f i c i en t  are t h e   p r i n c i p a l  

Fig.  1 Dependence of  the  effective dis- 
tribution coefficient on the freezing 
rate. The curves represent equation 1 
with several values of 6, the width of 
the interfacial solute rich zone. From 
top to bottom the values o f  6 used for 
each o f  the curves were .75, 1.5, 3, 
and 6 mn. The data points, obtained 
experimentally f o r  a freezing CaCO 
solution suggest that, f o r  this ex&- 
ment, the solute-rich boundary layer 
was on the order o f  3 mm. 

f a c t o r s   i n f l u e n c i n g   t h e   i n t e r f a c i a l   s o l u t e   b u i l d -  
up, they w i l l  a f f e c r  the so lu re   i nco rpora t ion  
i n t o   t h e   s o l i d .   B u r t o n  e t  a1 (1953) showed t h a t  
t h e   e f f e c t i v e   d i s t r i b u t i o n   c o e f f i c i e n r  k can  be 
expressed as 

ko + ( 1 - ko) exp ( -  T) 
where  ko i s  the   equ i l ib r ium  d i s t r ibu t ion   coe f -  
f i c i e n t ,  R is  the   f r eez ing  rate, 8 i s  t h e  
e f f ec t ive   w id th  of t h e   i n t e r f a c i a l   s o l u t e   r i c h  
zone  and D i s  t h e   s o l u t e   d i f f u s i o n   c o e f f i c i e n t .  
Expe r imen ta l   va lues   o f   t he   e f f ec t ive   d i s t r ibu t ion  
c o e f f i c i e n t   i n  a CaCO s o l u t i o n   f r o z e n   i n  a l a r g e  
con ta ine r   (Ha l l e t ,  1976) are p l o t t e d   i n   F i g .  I, 
a long  with  curves   descr ibed by Eq. (1) f o r   d i f -  
f e r e n t   v a l u e s  of 6 . Values  of 0.01 and 10-5 
cm2/sec were used   fo r   t he   equ i l ib r ium  d i s t r ibu -  
t i o n   c o e f f i c i e n t  and d i f f u s i o n   c o e f f i c i e n t ,  
r e s p e c t i v e l y .  The experimental  data i s  reason- 
a b l y   i n   a c c o r d   w i t h  Eq. ( 1 )  when the   wid th   o f   the  
so lu t e - r i ch   l aye r s ,  6 , i s  t a k e n   t o  be about 
3 mm. Choosing  other  values  of ko reduces  the 
agreement   between  the  predicted  curves   and  the 
observed data. Fig. 1 shows c l e a r l y   t h a t   w i t h i n  
the   r ange   o f   f r eez ing  rates normally  observed i n  
f r eez ing   g round ,   t he   ne t   so lu t e   i nco rpora t ion  
i n t o   t h e   i c e  i s  dependent on t h e   f r e e z i n g  rate. 

CONSTITUTIONAL SUPERCOOLING 

The i n t e r f a c i a l   s o l u t e   e n r i c h m e n t   i n   t h e   l i q u i d  
phase  decreases   exponent ia l ly   with  dis tance  f rom 
t h e   f r e e z i n g   f r o n t   ( T i l l e r  e t  al, 1953). This  
s o l u t e   d i s t r i b u t i o n ,   a n d  i t s  e f f e c t  on the  equi- 
l ibr ium  freezing  temperature   can  give rise t o  a 

-2 -1 0 
Log OF DISTRIBUTION COEFFICIENT 
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very  interesting  situation,  in  which  a  planar 
freezing  front may break  down  and  transform to a 
much  more  complicated  one,  with concomitant modi- 
fications  in  the  solute  redistribution  pattern, 
A schematic  diagram  of  the  solute  distribution 
near  an  ice  lens  is  shown  in  Fig. 2A. The  corre- 

c 

F i g ,  2 A. Schematic in te r fac ia l   so lu te  
accumulation  caused by se lec t ive   so lu te  
rejection a t  the surface o f  a growing ice  
lens. 6 is  the  w i d t h  o f  the   solute  rich 
tone. 

t ion o f  actual and equilibrium  freezingI 
temperatures  near an act ive  ice   lens .  Ta 
and T, represent the loc i  of  actual tem- 
peratures  of  theLice and unfrozen water, 
respectively. Teq represents  the  equil- 
ibr ium f r  enin temperatures for la rger  
pores. T) =re9flects  the  depression o f  the 
freezing p a i n t  due to   solutes .  For s o i l s  
with  small  pores,  the  size and geometry 
of  pores  effectively  reduc%the  freezing 
temperatures from Teq t o  Teq. Note tha t  L 
f o r  small pores, freezing i s  not  possible 
next  to the ice   lens  because the  actual 
temperature  there is  higher  than the 
freezing  temperature.  Freezing is  fossvle ,  
however, on the  ice  lens  surface (Teq>Ta- 
normal heaving) and a t  a distanc%away 
from the in te r face ,  where Tsq> Ta (formation 
of new ice  lenses) .  

B. Schematic in te r fac ia l  d i s t r i b u -  

As a first  approximation  the  depression  of 
the  freezing  point is assumed  proportional  to  the 
solute  concentration.  For  a  finite  freezing 
rate,  the  actual  temperature  at  the  ice-water 
interface,  Tw is slightly  lower  than  the  local 
freezing  polnt,  which  is  determined  by  the  inter- 
facial  solute  concentration,  as  well  as  by  a 
number  of  effects  associated  with  pore  size  and 
geometry (e.g., Miller,  1973). If the  actual 
temperature of the  water,  is  slightly  low r 
than  the  equilibrium  freezing  temperature, , 
at  the  ice  water  interface,  and  if % decreases 
with  distance  from  the  ice  front or increases 
more  slowly  than  does TL the  degree  of  super- 
cooling  would  increase  with  distance  from  the 
freezing  interface.  This  situation, known as 
constitutional  supercooling, is o f  special  inter- 
est  because  it  can  render a smooth  freezing 
interface  potentially  unstable by enabling  pro- 
jections  from  the  freezing f ron t  to grow  spon- 
taneously.  Based  on  a  calculation  of  the  solute 
distributlon  near a freezing  interface,  Tiller 
et a1 (1953) arrived  at  a  relation  predicting 
constitutional  supercooling  and  potential  insta- 
bility f o r  a  planar  interface  when: 

. a  

& 
eq ' 

+ < (* 7) (y) 
where R is  the  freezing  velocity, k is  the 
distribution  coefficient, m is  the  molar  freez- 
ing  point  constant, C, is  the  solute  concentra- 
tion of the  solution  far  from  the  ice-water 
interface, D is the  solute  diffusion  constant. 
Reasonable  values  for k, D and  m are around 
0.02, 10-5  cm*/sec  and m = 1.85°c/mole,  respec- 
tively. G is  the  temperature  gradient. 

A reasonable  upper  value  for  the  temperature 
increase  with  depth  in  permafrost  terrain is 
around  1°C/m  (Brown,  1973),  Using  this  value 
for G and  assuming  that  pore  water  concentrations 
reach  values  of M, and  that k = 0.02, the 
soil  solution  will  be  constitutionally  super- 
cooled  if  the  daily  frost  penetration  exceeds 
0.08 cm.  For k = 0.2, the  daily  advance of the 
freezing  front  would  have  to  exceed 0.8 cm. In- 
asmuch  as  these  rates  can  often  be  surpassed  in 
freezing  soils,  it  appears  that  constitutional 
supercooling  and  its  manifestations  ought  to  be 
common  in  freezing  ground. 

CONSTITLITTONAL  SUPERCOOLING  IN  SOILS 

Besides  being a necessary  though  not  sufficient 
condition  (Sekerka,  1968)  for  the  breakdown of a 
planar  freezing  front,  constitutional  super- 
cooling  in  freezing  soils  is  of  particular  in- 
terest  because  it may lead  to a  situation  in 
which  ice  would  tend to nucleate  and grow in a 
zone  ahead o f  and separate  from  the  freezing 
front.  This  situation  would  affect  ice  lens 
growth  and  proliferation  and  may  be  in  part 
responsible f o r  generating  complicated  freezing 
fringes,  similar to ones  envisaged  by  Miller  et 
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a1 (1975) and  Aguirre-Puente  and  Fremond ( 1976). 

As  shown  in  Fig. 2B, the  relation  between  the 
actual  and  equilibrium  temperatures  near an ice 
lens  growing  in a uniform  soil  with small pores 
may  be  such  that  soil  immediately  adjacent  to  the 
ice  lens  cannot  freeze,  but  soil  located  at  a 
characteristic  distance  from  the  ice  lens  can  do 
so. 

The  temperature  at  which  water  is  in  equilibrium 
with  ice  at  the  surface of the  ice  lens i s  TL , 
the  equilibrium  freezing  temperature  for  larggq 
pores.  Immediately  away  from  the  ice  front  the 
equilibrium  freezing  temperature i s  a lower  value 
characteristic o f  the  small  pores  of  the  soil 
(T& in  Fig. 2%). If the  actual  soil  temperature 
is  characterized  by  the  line T: in  Fig. 2B, 
supercooling  necessary  for  freezing  is  present  at 
two  sites.  The  first is the  ice  lens  surface. 
Freezing  there  corresponds  to  the  conventional  ice 
lens  growth  fed  by  water  migrating  through  the  un- 
frozen  soil  ahead of the  freezing  front.  The 
second  site  where  the  temperature  is  conducive  to 
freezing  is  a  distinct  zone a t  a  finite  distance 
away  from  the  ice  lens  surface  where  TZq  exceeds 
T: , as  shown  in  Fig. 2 B .  If the  supercooling  is 
sufficient  in  this  zone,  ice  will  nucleate  and 
grow to form  a  new  ice  body  located  at  a  charac- 
teristic  distance  from  the  previously  established 
ice  lens.  If  such a process  plays  an  important 
role in the  formation  of  uniformly  spaced  ice 
lenses  in  fine-grained  soils,  their  spacing  ought 
to  be on the  order of a  large  fraction  of  the 
solute  rich  boundary  layer  thickness,  labelled 6 
in Fig. 2 B .  No data  for 6 in freezing  soils  are 
available,  but  experiments in which  bulk  aqueous 
solutions  were  frozen  slowly  suggest  that 6 can 
reach  millimeters  (Hallet, 1976). A spacing on 
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the  order  of a fraction  of  a  millimeter  would 
therefore  be  expected  between  adjacent  ice  lenses. 
Studies o f  naturally  and  experimentally  frozen 
soils, as well  as  numerical  simulations  of  ice 
segregation  (Outcalt,  1976)  suggest  that  ice 
lenses  are  commonly  separated  by  much  thicker 
sections of soil.  However,  lenses  with  a  uni- 
form submillimeter  spacing  have  been  observed  by 
the  author  in  an  experimentally  frozen  clay. 
Within  an 8 mm section  of  clay,  six  to  eight  ice 
lamellae  were  found,  separated by equally  thick 
irregular  clay  partings.  This  observation sug- 
gests  that  closely  spaced  ice  lenses,  which  may 
result  from  the  supercooling  adjacent  to  grow- 
ing  ice  lenses,  can  form  in  soils  and may per- 
haps  be  more  common  than  generally  recognized, 
presumably  because of their  inconspicuous  appear- 
ance. 

Because  pores  in  natural  soils  are  not  uniform 
in  size  and  shape,  the  position of the  zone of 
maximum  supercooling  will  be a function o f  the 
pore  size  and  shape  distribution,  as  well  as  the 
solute  distribution.  The  locus o f  equilibrium 
temperatures  would  therefore  be  more  realistic- 
a l l y  represented  by a somewhat  ir  egular  curve 
whose  envelopes  are  the  curves Teq and Ts 
shown  in  Fig. 2%. However,  in  general,  the 
conclusions  reached  in  the  preceding  paragraph 
remain  valid  because  maximum  supercooling  would 
be  ahead  and  away  from  the  freezing  front. 

L 
eq 

PHASE EQUILIBRIA 

Because  of  the  limited,  but  distinct  incorpora- 
tion o f  solutes  in  the  growing  ice,  the  phase 
diagrams  usually  encountered  in  the  permafrost 
literature  have to be  modified.  For  simple 
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Fig.  3 A. Schematic  phase  diagram o f  CaC03 - Hz0 system a t  a f i x e d  pC02 o f  1 bar. 
o f  t h e  CaC03 l i q u i d u s ,   w h i c h   r e f l e c t s   t h e   s l i g h t   i n c r e a s e   i n   t h e   s o l u b i l  
decreasing  temperature, i s   h i g h l y   e x a g g e r a t e d ;  it should  be -2000°C/mole 
f o r   i c e   i s   t h e   l o c u s   o f   p o i n t s   d e f i n e d  b y   t h e   p r o d u c t   o f   t h e   c a l c u l a t e d  
and t h e   e x p e r i m e n t a l l y   o b t a i n e d   e f f e c t i v e   d i s t r i b u t i o n   c o e f f i c i e n t .  

E. V a r i a t i o n s  o f  temperature T, Ca++ concen t ra t i on ,  and pH a t   t h e   e u t e c t i c  
of pc02. 

The negat ive   s lope 
ty o f   c a l c i t e   w i t h  
Cat+. So l idus   curve  
iqu id   compos i t ions  

P o i n t  as f u n c t i o n s  
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binary  systems,  the  phase  diagrams,  such as that 
presented  by Sheeran and Yong (1975) for NaC1-H20 
should  be  complemented  by  a  non-vertical  line 
representing  the  ice  solidus. Figure 3A shows  a 
more  complete,  albeit  schematic,  phase  diagram 
computed for the  CaC03-HzO  system  at  a  fixed  pC02 
(Hallet, 1976). The ice  liquidus  was  derived  from 
calculations o f  the  freezing  point  lowering  based 
on computed  ionic  activities. The  ice  solidus 
is  derived  from  the  liquidus  and  experimentally 
obtained  equilibrium  distribution  coefficients. 
Calculations of the  calcite  solubility  based  on 
activity  coefficients,  derived  using  Davies‘ 
extension of the  Debye-Huckel  equation,  led  to 
the  CaC03  liquidus.  The  values  of  temperature, 
pH apd Ca concentrations at the  eutectic  point 
were  computed  incrementally  for  The  range o f  pC02 
shown  in Fig. 3B. A detailed  derivation of  these 
phase  relations  for  the CaC03-H2GCO2 system  is 
presented  by Hallet (1976). 

The  anomalous  negative  slope of the CaCO liq- 
uidus  reflects  the  increasing  solubility o f  cal- 
cite  with  decreasing  temperature. As the  tern 
perature  is  lowered  to  the  eutectic  point  the ice 
solidus  does  not  converge  with  the ice liquidus 
(Fig.  3A). At this  point,  the  ice  remains  rela- 
tively  pure with  a  composition  equal  to  the  eutec- 
tic  value  multiplied  by  the  distribution  coef- 
ficient. If heat  continues  to be  removed  from  the 
system  at the  eutectic  temperature,  the  entire 
system  will  solidify  into an intimate  mechanical 
mixture.  However, in the  likely  case where suit- 
able  substrates  for  ice  and  calcite  growth  are 
available  nearby,  CaC03.will  precipitate  from 
solution  on  available  mineral  and  rock  fragments 
and  relatively  pure  ice  will  form  separately on 
nearby  ice  bodies.  Calcite  precipitates in 
freezing  CaC03  solution  because  water  is  selec- 
tively  incorporated  in  the  ice,  thereby  causing 
the  solute  concentration  in  the  unfrozen  solution 
to  increase  progressively  until  the  concentration 
of solutes  surpasses  the  saturation  value, Sc- 
lutes  can  then  precipitate  from  soil  solutions 
forming  cryogenic  chemical  deposits. 

CRYOGENIC CHEMICAL DEPOSITS 

According  to  Cailleux ( 196h), the  hypothesis 
that  chemical  precipitates  in  soils  result  from 
the  freezing of soil  solutions  dates  back  to  a 
1958  article  by  Polish  geomorphologist  Krivan. 
Cailleux (1964) noted  that  three  different  chemi- 
cal  deposits  occur  in  the  soils  and  alluvium  he 
studied, and  also concluded  that  the  deposits 
were the  product of freezing of pore  solutions. 
The  three  different  varieties  are 1) iron  oxide 
stains  localized  along  centimeter-thick  sub- 
horizontal  zones in homogeneous  sands, 2 )  simi- 
lar  zones  with  darker  stains  composed  predomi- 
nantly of Mn02, and 3 )  coatings  of  CaC03  largely 
localized  at  the  lower  sides  of  pebbles. 

Ek and  Pissart  (1965)  were  the  first t o  experi- 
mentally  demonstrate  that  CaCO  could  precipi- 
tate from an aqueous  solution  Jich  in  CaCO , 
frozen in a large  container.  Adolphe (1972) ob- 
tained CaCO coatings  experimentally on the  lower 
sides  of  pezbles  placed in  a  sand  subjected to 

freeze-thaw  cycles. The  overall  appearance, 
concentric  layering,  elongated  nature o f  the 
calcite  crystals  and  very  thin  iron  hydroxide 
partings  found in these  experimentally  produced 
coatings  are  strikingly  similar  to  those  found 
in  naturally  occurring  calcite  coatings  of  pre- 
sumed  cryogenic  origin,  which  are  described  in 
detail  by  Vogt  and  Marocke  (1973).  More  recently 
Adolphe  (1976)  presented  the  results  of an exten- 
sive  experimental  study  of  freezing  soils,  with 
pore  waters  containing  a  number  of  different so- 
lutes. The ferro-magnesian  coatings he obtained 
appear  very  similar to naturally-occurring  ones, 
described  by  Gourdon (1775). Although i K  is 
clear  that  chemical  Precipitates of  supposed 
cryogenic  origin  are  most  likely  forming  in 
freezing  soil  solutions,  their  mode of formation 
has  not  been  studied in detail. 

It  appears  likely  that  cryogenic  precipitates 
result  directly  from  the  selective  removal  of 
water  into  the  growing  ice  and  the  consequent 
progressive  enrichment  of  solutes  into  the  un- 
frozen  pore  solution.  The  accumulation of so- 
lutes in the  melt  due  to  the  solute  redistribu- 
KiOn in aqueous  solutions  frozen  slowly in large 
containers  was  clearly  demonstrated  with  CaCO 
solutions  (Hallet, 1976). 3 

On the  basis  of  these  observations  and  experi- 
ments,  a  simple  conceptual  model  for  the  forma- 
tion of cryogenic  precipitates in freezing  soils 
can  be  formulated, As the soil freezes  from  the 
top  down,  solutes are  selectively  rejected  by 
the  ice  phase, They tend  to  accumulate at the 
freezing  front  but  also  diffuse  downward,  down 
concentration  gradients.  With  continued  pre- 
ferential  rejection  of  solutes  by  the  growing 
ice,  the  solute  concentration in the  unfrozen 
soil  solution  increases  progressively.  Even- 
tually,  the  solution  becomes  sufficiently  super- 
saturated fo r  heterogeneous  nucleation t o  occur 
and for the  solutes to precipitate  rapidly  until 
the  solute  concentration  is  lowered  to  the  satu- 
ration point.  Continued ice growth  and  accom- 
panying  solute  rejection  leads  to  further,  albe- 
it  limited  mineral  precipitation. If the  frost 
penetration  is  sufficiently  rapid,  soil  grains 
on which  precipitation  has  occurred  are  engulfed 
in the ice and  suitable  substrates  for  mineral 
growth  are  rendered  unavailable. When this 
occurs,  precipitation  has  to  cease  until  enough 
additional  freezing  occurs  to  re-establish  suf- 
ficient  supersaturation  to  induce  another  epi- 
sode of nucleation  and  subsequent  mineral  growth. 
This  cyclic  precipitation  could  give  rise to 
series  of  uniformly  spaced  bands,  along  which 
authigenic  mineralization  is  localized,  much 
like  those  described  by  Gourdon (1975). More- 
over,  this  mode of precipitation is well in 
accord  with Gourdon’s observation  that,  whereas 
the upper  surfaces of the  stained  bands are 
sharp  and  distinct,  the  lower  surfaces  are  dif- 
fuse. The upper  distinct  surfaces  could  result 
from  the  abrupt  precipitation,  which  occurs  once 
the  critical  supersaturation has been  reached, 
and  the  lower  diffuse  surfaces  could  reflect  the 
progressive  engulfment  of  that  substrate favor- 
ing  mineral  precipitation. 
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The t endency   fo r  CaC03 t o   p r e c i p i t a t e   u n d e r  
pebb les   (Ca i l l eux ,  1964; Adolphe, 1972) i s  prob- 
a b l y   d u e   t o   t h e i r   i n f l u e n c e  on t he   advanc ing  
f r e e z i n g   f r o n t .  The f r o n t  w i l l  t e n d   t o   a d v a n c e  
more rap id ly   th rough  pebbles   than   th rough  the  sur- 
rounding  matrix,  which i s  g e n e r a l l y  much r i c h e r   i n  
water. It is not   c lear ,   however ,   exac t ly  how t h i s  
tendency w i l l  a f f e c t   t h e   p a t t e r n   o f  CaCO p r e c i p l -  
r a t i o n   b e c a u s e  o f  t h e  complex n a t u r e   o f  ?he h e a t  
and mass t r a n s p o r t  i n  t h e   v i c i n i t y  of pebbles ,  

CONCLUSIONS 

Studies   o f   c ryogenic   chemica l   p rec ip i ta tes ,  
which form i n  s o i l s  u n d e r   p e r i g l a c i a l   c o n d i t i o n s ,  
i n d i c a t e   t h a t   p o r e  waters are commonly s u p e r  
saturated,   presumably as a r e s u l t  of t h e   p a r t i -  
t i o n i n g   a n d   r e d i s t r i b u t i o n   o f   s o l u t e s   t h a t   a c c o m  
pany t h e   f r e e z i n g   p r o c e s s   i n   s o i l s .  The a n t i c i -  
pa t ed   t endency   fo r   so lu t e s   t o   accumula t e  a t  t h e  
f r e e z i n g   f r o n t  may commonly l e a d   t o   a n   i n t e r e s t i n g  
s i t u a t i o n   i n  wh ich   t he   supe rcoo l ing   i n   t he  un- 
f r o z e n  water i n c r e a s e s   w i t h   d i s t a n c e   f r o m   t h e  
f reez ing   f ront .   Through Its p o t e n t i a l   i n f l u e n c e  
on the  morphology of t h e   f r e e z i n g   f r o n t   a n d  on 
t h e   n u c l e a t i o n  of new i c e   l e n s e s ,   t h i s   s i t u a t i o n  
i s  par t i cu la r ly   no tewor thy   because  i t  may modify 
t h e   h e a v i n g   c h a r a c t e r i s t i c s  of s o i l s .  
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CHEMISTRY OF INTERSTITIAL  WATER FROM THE SUBSEA  PERMAFROST, PRUDHOE BAY,  ALASKA 

I . K .  Iskandar, U.S. Army  Cold  Regions  Research and Engineering  Laboratory, 
Hanover, N.H., U . S . A . ,  T.E.  Osterkamp  and W.D. Harrison,  Geophysical  Institute, 
University of Alaska,  Fairbanks,  Alaska, U . S . A .  

Interstitial  water  from  Prudhoe  Bay  subsea  sediments  extracted  by  gravity 
settling  and  centrifugation  was  analyzed  with  depth for  salinity  (specific 
conductance)  and  selected  chemical  parameters.  Six  holes  under  the  seabed,  one 
hole  on  the  beach  and  one  hole  on  land were sampled  during  two  drilling  projects 
in  1975  and  1976. In  general  conductivity  values  were  nearly  constant  with  depth 
in  most  of  the  profiles,  Values  up  to  71 mhos/cm were  found  in  unfrozen  water 
from  sediments  under  shallow  sea  water (2.5 meters  of  ice  and  water)  compared  with 
50-55 mmhos/cm  under  deeper  water (12 meters). In  general,  all  conductivity  values 
of interstitial  water  from  subsea  permafrost  were  considerably  higher  than  those of 
solutions  from  land-based  permafrost.  Selected  sediment  characteristics of 
potential  importance  in  studying  the  chemistry  of  interstitial  water  such as field 
measurement  of  temperature,  organic  carbon  content,  calcium  carbonate  content  and 
particle  size  analysis  are  discussed. 

? 

CHIMIE DE L'EAU TNTERSTITIELLE DU PERGELTSOL  SOUS-MARIN DE LA BAIE PRUDHOE EN ALASKA 

I . K .  Iskandar, U.S. Army  Cold  Regions  Research  and  Engineering  Laboratory,  Hanover, 
N.H.,  U.S.A.,  T.E.  Osterlcamp  and W.D. Harrison,  Geophysical  Institute,  University 
of  Alaska,  Fairbanks,  Alaska, U.S.A. 

On a analys6  en  fonction  de  la  profondeur la salinite  (conductance  spgcifique) 
de  l'eau  interstitielle,  extraite  par  centrifugation et dgcantation,  que  contenaient 
des  sgdiments  sous-marins de la  baie  Prudhoe,  et  sGilectionn6  certains  paramztres  chi- 
miques. On a  recueilli  des  Gchantillons  au  cours  de six forages  d'exploration  effec- 
tuGs  sur le fond  marin,  un  sur  la  plage,  et  un  autre s u r  la  terre  ferme,  au  cours  de 
deux  projets  de  forage  prgvus  pour  1975  et  1976. En g&Gral, les valeurs  de  la  con- 
ductivitg  Ctaient  presque  constantes  dans  la  plupart  des  profils,  quelle  que  soit  la 
profondeur,  On  a  enregistrG  des  valeurs  atteignant  71 mmhos/cm dans  de  l'eau  non 
gelge  provenant  de  sgdiments  marins  peu  profonds (2.5 m de  glace  et  d'eau),  par  rap- 
port 2 50-55 mmhos/cm  pour  des  sgdiments  plus  profonds (12 m). En  gGnGra1,  toutes les 
valeurs  de  conductivitg de l'eau  interstitielle  du  pergglisol  sous-marin  6taient  beau- 
coup  plus  GlevGes  que  celles  de  solutions  extraites  du  pergglisol  terrestre.  Dans  le 
prgsent  article,  on  Gtudie  certaines  caract6ristiques  des  sgdiments,  qui  pourraient 
prgsenter  un  interst  du  point  de  vue de  la  chimie  de  l'eau  interstitielle,  par  exemple 
la  tempgra'ture  mesurge  in  situ,  la  teneur  en  carbone  organique  et  en  carbonate  de 
calcium,  et la granulomgtrie. 
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INTRODUCTION 

Recent geophysical exploration of off- 
shore areas near Prudhoe Bay, Alaska, indi- 
cates that oil and gas deposits are likely 
to exist there. Development of these de- 
posits requires an understanding of the 
physical, mechanical and chemlcal proper- 
ties of the subsea sediments since the 
necessary structures, pipelines, etc. will 
be located on and wlthin them. Recent off- 
shore probing and drilling projects by 
Lewellen (1973, 1976), Osterkamp and Harri- 
son (1976) and Sellmann et al.  (1976) have 
proven that subsea permafrost exists near 
Barrow and Prudhoe Bay and suggest that it 
exlsts over much of  Alaska's continental 
shelf in the Beaufort Sea. The results of 
Canadian (Hunter et al. 1976) and Russian 
(Zhigarev and Piakht 1974) investigators in 
their arctic offshore areas have been 
similar. 

At Barrow and Prudhoe Bay the mean 
annual temperatures at the sea bed are 
below O°C and a thawed layer, In whlch the 
temperatures are less than O°C and which 
increases in thickness seaward, is present 
over ice-bearing permafrost. The existence 
of this thawed layer in the presence of 
negative sea bed temperatures indicates that 
thawing of initially ice-bonded permafrost 
is caused by infiltration of sea water salts 
into the permafrost. Therefore, the study 
of the salts and their distribution in the 
thawed subsea permafrost sediments is neces- 
sary to construct models of the salt trans- 
port processes controlling the thawing and 
to increase our understanding of the devel- 
opment of this thawed layer. 

This paper is based on the results of 
two offshore drilling projects carried out 
at Prudhoe Bay during April and May 1975 
(Osterkamp and Harrison 1976) and during 
March through May 1976 (Sellmann et al. 
1976, Chamberlaln et al. 1978). These pro- 
jects included mechanical analysis of the 
sediment samples, engineering tests, pene- 
tration tests, permeability measurements, 
thermal logs, and chemical analysis of the 
interstitlal water. Only the results of 
the interstitlal water chemlstry and 
selected sediment characteristics are pre- 
sented in this paper. 

SAMPLING AND ANALYTICAL METHODS 

All holes except hole PB-I  were 
drilled along a line beglnning at the 
North Prudhoe Bay State No. 1 well, near 
the northwest corner of Prudhoe Bay, and 
extending seaward along a bearing of 
N32.5'E across Reindeer Island (Fig. 1). 
Hole PB-1 was drilled farther east in 
Prudhoe Bay. Hole numbers for the near- 
shore holes (1975 drilling program) were 
the distances from the beach in meters; 
negative values apply to holes on land and 
positive values to holes offshore. Holes 
PB-1, -2 and -3 (1976 drilling program) 
were located 2 . 8 ,  17 and 6.6 km offshore 
respectively. Two-meter-thick fast ice 
was used as a drilling platform to  drill 
into the sea bed. Rotary wash boring 
using NX casing and sea water or sea water 
mixed with drilling mud was the most satis- 
factory drilling method and was used for 
most of the holes. Sediment samples were 
collected with Shelby tubes in the near- 
surface, flne-grained sediments and with 
drive samplers in coarse-grained sediment 
at greater depths. 

Samples were usually selected from 
the central part of the core and/or from 
the riner-grained sediments to minimize 
the possibility of sea water contamination. 
All hole depths and sample depths were 
measured from the sea Ice surface. Figure 
2 shows the preliminary logs for holes 
PB-1, -2 and -3. Logs for the other holes 
are given in Osterkamp and Harrison (1976). 

In the 1975 drilling program, the 
interstitial water was extracted by de- 
canting the supernatant water from the 
sediment samples. In holes PB-1 and -3 
the interstitial water was extracted by 
centrifugation at 1000 rpm  for 30 minutes 
using special filterlng centrifuge tubes 
(Millipore Corp.) made of plastic and 
Teflon to minimize metal contamination. 
These tubes allowed processlng of coarse- 
grained sediments not easily handled by 
other techniques. The validity of filter 
centrifuging as a method of extracting 
interstitial water ror chemical analysis 
is well established (Edmunds and Bath 
1976). Interstitial water was extracted 
from hole PB-2 samples by shaking the 
sample with 20 ml of deionized water for 
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FIG. 1. Subsea permafrost drillhole loca- 
tions at Prudhoe Bay, Alaska; 1975 and 1976. 

PB.1 PB-2 PB-3 

so . . ... " . 

FIG. 2. Preliminary hole logs for PB-1, 
PB-2 and PB-3 (Sellmann et  al., 1976). 

1 hr, then centrifuging as above. These 
samples from hole PB-2 were used  only for 
electrical conductivity measurements. 
Immediately after extraction, the intersti- 
tial water from holes PB-1, -2 and -3 was 
analyzed for C03, HCO,  and pH. The total 
soluble salts were determined by electrical 
conductivity measurements at room tempera- 
ture and then normalized to 25OC. A Beck- 
man pH meter was utilized for pH measure- 
ments. Carbonate and HCO were determlned 
by titration. Na, K, Ca 2nd Mg were deter- 
mined by atomic absorption in the presence 
of 0.1% lanthanum; chloride was determined 
by titration of 1 mL with AgNO,. Sulfate 

was determlned according to Hach Chemical 
Co. methods and HCo3 by acid titration, 
The estimated error for the conductivlty 
and atomic absorption measurements was 
about 5%. Errors for chloride and sulfate 
determinations may have been as large as 
10-20%. 

RESULTS AND DISCUSSION 

The salinity profile (expressed as 
electrical conductivlty) of thawed samples 
from the on shore permafrost in holes -225 
and -226 is shown In Figure 3. These con- 
ductlvity values are typical o f  the perma- 
frost at Prudhoe Bay (Howitt 1971) and 
similar to Barrow (Bsown 1969, O'Sullivan 
1967). Sea water has a conductivity of 
53 mmhos/cm at 2 5 O C  for comparison. Figure 
3 includes a conductivity profile for a 
hole on the beach (Hole 0). The high 
values at the beach surface and down to 
the 1.6-m depth from the snow surface may 
be related to brine exclusion from sea 
water that freezes on the beach and to 
freezing of the active layer there. The 
depth of thaw on 28 July 1975 was 0 . 5  m 
measured from the surface of the beach 
and the temperature of the thawed/frozen 
boundary then was -0.29OC. If it is 
assumed that this freezing point depresslon 
was due entirely to the presence of the 
salts in the interstitial water and  that 
phase equilibrium exists between this water 
and the ice at the thawed/frozen boundary 
then the concentration of the salts in the 
interstitial water was 5.4 ,?oo , which cor- 
responds to a conductivity of 10 mmhos/cm. 
The conductivity of the water from the 
thawed sample at the same depth in May 
(under in situ- frozen conditions) was 53 
mmhos/cm or about five times higher. This 
means that substantlal seasonal. variations 
occur in the salinity proftle in these 
shallow beach deposits. This could be due 
t o  flushing of the active layer by fresh 
meltwater from the tundra during runoff. 

Holes 190, 195 and 203 (PIg. 3) were 
drilled through 1.1 m of ice where the 
ice freezes to the sea bed annually. The 
sediments were ice-bonded at a l l  depths 
at the tlme of sampling (May 1975). 
However, later studies showed that the 
sea bed  had thawed to the 4-m depth in 
November 1975. The high conductivlty 
values from the 1-3 m depth are probably 
due to brine exclusion in the thawed zone 
of the sea bed as It refreezes each year. 
It I . s  possible that this mechanism 
annually drives highly concentrated salt 
brines into the subsea permafrost in 
areas of shallow water. It was also 
noticed that holes 195 and 203 filled 
with very concentrated brine after they 
were abandoned. Values of 140 and 168 
mmhos/cm were obtained in hole 195. The 
brine in these holes could have come from 
isolated pockets under the ice or within 
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the sea bed or It may have been distrib- 
uted throughout the sediments. In any 
event, these observations indicate that 
concentrated brines are present and 
highly mobile in the sediments near the 
sea bed where the ice freezes to the bottom 
annually. 

It should be noted that holes 195 and 
203 were the only offshore holes drilled 
with a hollow stem auger. Because of the 
presence of the concentrated brines in 
these holes it is possible that  the  con- 
ductivity value of 6 2  mmhos/cm obtained at 
the 2 2 . 3 - m  depth may have been due to con- 
tamlnation. 

In hole 190, where drillinff mud was 
used in a cased hole, the conductlvity of 
a thawed sample from 28.5 m was 48 mmhos/cm. 
If this sample was uncontaminated then the 
I n  situ temperature measurements (Osterkamp 
and Harrison, 1976) imply that roughly 40% 
of the interstitial water was unfrozen even 
though the sediments were ice-bonded (Oster- 
kamp and Harrison 1976). This assumes that 
the unfrozen water was due entirely to the 
presence o r  the salts. 

Hole 481 was drilled where there was 
1.8 m o f  ice underlain by < 0.1. m o r  water 
with a conductivity of 9 2  mmhos/cm. The 
conductivity profiles for holes 481 and 
PB-1 are included in Figure 3. The log of 
hole 481 shows that the sea bed was 
"frozen" to a depth of 3 .0  m from the ice 
surface and that two Shelby tube samples 
were obtained In these "frozen" sediments. 
This implies 'that the sediments were not 
completely ice-bonded, If they had been, 
it  would have been very difficult to ob- 
tain samples, but no difflculty was noted. 
The conductivity of the interstitial water 
at  the  2.1-m depth was 5 2  mmhos/cm  and the 
temperature approximately - 2 . 8 O C ,  which 
implles that roughly 65% or more of the 
Interstitial water was unrrozen. 

At the phase boundary between the 
thawed and ice-bonded sediments at the 
21.14 depth in hole 483 a conductivity 
value of 67 mmhos/cm was calculated from 
the measured temperature and the assumption 
of phase equilibrium there. The conducti- 
vity decreased across the boundary from 
this value to 39 mmhos/cm at a depth of 
21.3 m. Since the temperature at this 
depth was -2.4'C the amount o f  unfrozen 
water was about 55%. Thus,  the ice content 
Increases sharply over a distance of 0.2 m y  
which indicates that the phase boundary 
is well-deflned at this site. Penetration 
tests conflrm this conclusion (Osterkamp 
and Harrison 1976). 

Hole PB-1 was farther east in Prudhoe 
Bay at a site where there was 1 . 9 0  m of 
ice over 0.72 m o r  water. These was no 
ice-bonded permafrost to the 32.1-m depth 
reached during drllling. The conductivity 



Table 1.  Se lec ted   phys ica l   and   chemica l   charac te r l s t ics  of sediments and 
i n t e r s t i t i a l  water Prom subsea permaf rmt ,  Prudhoe Bay. 

O f  t h e  water u n d e r   t h e   i c e  was 93 mmhos/cm, 
w h i c h   i n d i c a t e s   t h a t   t h e   w a t e r  was not  sub- 
j e c t   t o   m i x i n g  w i t h  sea water. The  con- 
d u c t i v i t y   p r o f i l e  o f  t h e   i n t e r s t i t l a l  water 
from  the  sediment   samples  i s  shown i n  Fig- 
u r e  3 and   t he   chemica l   ana lys l s  i s  sum- 
mar i zed   i n   Tab le  1. These   conduc t iv i ty  
p r o f i l e s   f o r   h o l e s  481 and PB-1 a r e  similar, 
except  a t  shal low  depths   where  lower s a l t  
c o n t e n t s  may have  been  caused by f r e e z i n g  
and  subsequent s a l t  r e j e c t i o n  downward.  The 
mean c o n d u c t i v i t y  and s t a n d a r d   d e v l a t i o n  o f  
t h e  i n t e r s t i t l a l  water i n   t h e  unbonded s e d i -  
ments i s  7 0  + 13 mmhos/cm i n   h o l e  481 and 
68 - + 4 mmhos7cm i n  PB-1. 

C o n d u c t i v i t y   p r o f i l e s   f o r   t h e   r e g i o n  
where  normal   sea  water  was found  under   the 
I c e   ( h o l e s  PB-3, PB-2 and  3370)   are  shown 
i n   F i g u r e  3.  A t  ho le   3370  there  was 2 . 0  m 
of i c e   o v e r  0 . 8  m of water. The conduct i -  
v i t y   o f  t h e  water from  under t h e  i c e   c o v e r  
was 5 1  mmhos/cm. C o n d u c t i v i t y   v a l u e s  
f o r  t h e  i n t e r s t i t l a l  water from t h e  sedi- 
ments  were a l l  s l i g h t l y   g r e a t e r   t h a n   t h a t  
o f  t h e   s e a  water. A t  h o l e  PB-3 t h e r e  was 
1 .83  m of i c e   o v e r  4 . 0 2  m o f  wa te r .  The 

Chemistry of i n t e r s t i t i a l   l r e t e r  
Organic 

Depth  Sediment ,% c lay  CaCO carbon water 100 d sed. 
Conduc- 

Sample (cm) t e x t u r e  + s i l t  ( %  dry3wt) ( X  dry wt)  'Centriksed' %tal p11 (mhoe/cm) ( p b h s  ydr thousand) 
t i v i t y  C1 SO, l lC0 K Ca  Na 

Hole PB-1 
1 2.65 Clay loam 
2  2.70  Clay l o r n  

20.5 
19.5 

71.8  48.5 7.75 71.05  25.0 .3.6 0 .3  0.88 0 .60  0.56 16.0 

3 2.75  Clay loam 20.5 
18.2  52.0 7.67 66.50 20.0 3.8 0.3 0.77 0 . 6 5  0.53 15.0 

4 2 -80  Clay loam 19.8 
9 2.88  Clay loam 17.9 

10  4.26  Clay loam 
1.29 10.1 40.5 7.56 73.50 30.0 4 .b  0 . 3  0.92 0.80 0.64 16.5 

100 
11 5.16 Sandy 

1'1.6 2.07 11.5  52.2 7.80 62.23 30.0 0 .7  0.73 O.LO 0.90 15.0 

12 6.84 Sandy 
97 15.5 1.95 5.9  42.6 7.87 63.21 30.0 .j.3 0.3  0.67 0.40 0.80 1 5 . 0  

13  7 .71 Sandy w/gravel 
85 21.3 2.52 8 . 7  51.9 7.93  60.71  25.0  0.2  0.66 0.40 0.5b  1 4 . 0  

9.3 0.72 
1 4  8.01 Sandy wlgravel  15 

15 .b  33.5 7.78 67.82 25.0 6.5 0 .3   0 .90 0.60 0.6.3 15.0 
7.7 0.06 2.6 6 . 3  7.69  70.56 75.0 0 . 1  0.95 0.70 0 . 3 3  16.0 

13.9  45.0  7.62  65.60 20.0 3.9 o.:! 0.77 0.60 0.60 15.0 
47.0 '1.64 68.50  25.0  3.7 0.2 0.8:~  0.65  0.53 1>.8 13.6 

15 8.64 Sandy w/gravel 17 7.3 1.08 3.2 5.5 7.55 71.05 :?5.0 3.9  0.2 0.66 0.80 0.58 16.0 

93.60 .36.0 b . 9  0.4 0.50 0 . 4  1.20 .24.0 

,_ 

16 i 5 . 0 0  
Sea water brine 

3.9  0.06 7.8 72.00  25.0 1 1 . 0  1 .2  0.8 0.60 16.0 

17 1 7 . V  Fine sand 
18 13.08 I , o m  

2'7 
27 

8.9 
11.6 

0.72 9.6 
0.81 

29.2 7.60  32.00 

19 lll.011 Clayey 
16.9 

9L 
56.70 19.5 4.5 0.2 1.15 0.85 0.3) 12.0 

11.5 
70 15.09  Clayey 98 13.8 0.72 

1.29 25.6  51.50 

21 1>.'?5 Clwyey 
22.5 

98 
54.60 

22 17.16  Clayey 80 
14.8 0.78 22.9 

3.2 
53.80 

0.63 
23 18.69  Clayey 67 
211 20.16  Clayey 

1.2 
72 

0.57 15.6 55.30 
4 . 1  0.60  20.5  48.30 

middle 
bottom 

Hole PB-2 

17.1 54.10 

Sea water t o p  48.72  0.50  0.20 0.60 

50.00  0.62  0.20  0.50 
119 .a2  0.55  0.20  0.50 

Hole PR-3 
25 5.91 Sand, a i l t  
26 6.09 S i l t  

30 25.8  0.12  28.7 19.0 2.5 
40 71.9 

0.65  0.40  0.35  10.0 

27 6.60 S i l t  
0. L2 25.1 b3.50 15.3 2.3 

48 
28  7.65  Clay  loam 

20.6 0.83 
72 7L.5 

29 8.34  Clay loam 98 27.5 0.81 
0.2h 

30  9.00 Clay loam loo  16.9 
31  9.51  Clay loam loa 

U.84 3.0 
15.9 

33.6  7.3 49.30 18.7 2.0 0.1 0.64 0.30 0.74 11.0 

32 10.41  Clay loam 77 13.9 
1.08  46.5 50.30 18.0 2 . h  0.3 0.75 0.20 0.64 11 .0  

33 14.16 Sand, g rave l  6 
3.15 10.5 65.6 7.95 

0.5 
50.10 18.6 2.0 (1.3 0.62  0.40 0.60 11.0 

34 17.04  Sand,  gravel 11 
11.2 15.8 7.95 50.96 20.0 2 . h  0.2 0.56 0.60 0.60 11.2 

35 20.19  Sand,  gravel 11 c0.3 
c0.i 5.7 8.7  7.76  50.47 15.0 2.2  0.2 0.70 0.60  0.60  11.0 

36 2B.Ll Sand,  gravel 4 2.6 
8.5  7.40  50.96 15.0 0 . 1  0.72  0.60 0.60 11 .0  

37 31.50  Sand,  gravel  13 
0.03 

0 . 9  
h.5 55.37 15.0 2.5  0.2  0.73  0.60  0.60  12.0 

38 311.53 Sand,  gravel  12 r0.1 
" 10.0 13.0  7.54 54.88 15.0  2.7  0.2 0.64 0.60  0.70  12.0 

39 44.04  Sand,  gravel 
0.06 

8 
8.0 11.5 7.54  53.90  lb.0  2.7  0.2  0.60 0.60 0.60  10.0 

3.7 
bO 116.71, Sand, g rave l  6 

0.09 11.5 15.5  7.53  50.70  13.0  2.4 
rO.l 

0.54 0.60 0.60  10.0 
0.03  7.7  7.92  50.70  13.0 2.4 0.1 0.45 0.60 0.50 10 .0  

53.0h 
53.0h 

2.4 0 .1  0.52 0.30 0.55 11.2 
2.3 0.1 0.b9 0.20 0.47 11.2 

53.13  2.2 0.1 0.50 0.20 0.60 11.2 

18.9 2.6 0.1 0.38 0.40 1.27 10.6 

0.85 0.40 0.35 10.0 
21.9  b1.30 1'3.1 2.2  0.56 0.40 0.40  10.5 
23.8  47.10  15.2  2.2  0.85  0.45 0.31 11.0 
24.7  49.30 16.1 2 . 1  0.76 0.40  0.40  11.0 

5.1 
1.3 

Sea water tup 
middle 
bottom 

Normal ses water (Weast. 1968) 

c o n d u c t i v i t y  of  t h e  water f rom  under   the  
i c e   c o v e r  was 53 mmhos/cm. Conduc t iv i ty  
v a l u e s  of  t h e   i n t e r s t i t i a l   w a t e r   f r o m   t h e  
S e d i m e n t s   w e r e   s l i g h t l y   l e s s   t h a n  tha t  of 
t h e   o v e r l y l n g   s e a   w a t e r   e x c e p t   a t  t h e  28- 
35 m d e p t h  where t h e y  were s l i g h t l y   g r e a t e r .  
Close  agreement  between t h e  c o n d u c t i v i t y  
p r o f i l e s   W h o l e  3370  and  hole PB-3 was 
f o u n d   i n  s p i t e  of d i f f e r e n c e s   i n   t h e  
d r i l l i n g   e q u i p m e n t ,   s a m p l e   c o l l e c t i o n  and 
sample   p rocess ing .  A t  h o l e  PB-2 t h e r e  was 
2 . 0 1  m o f  i c e   o v e r  9 .88  m of water. The 
conduc t i , v j ty  o f  wa te r  from u n d e r   t h e   i c e  
cover   increased   f rom  48 .7  mmhos/cm j u s t  
u n d e r   t h e   i c e   c o v e r   t o  5 0 . 0  mmhos/cm n e a r  
t h e  sea bed .   Conduc t iv i ty   va lues  of t h e  
i n t e r s t i t i a l   w a t e r   f r o m   t h e   s e d i m e n t s   w e r e  
s l i g h t l y   g r e a t e r  than  t h a t  of  t h e  sea water 
e x c e p t   f o r  a va lue  of  3 2  mmhos/cm a t  t h e  
12.27-m d e p t h   ( t o p  5 cm o f  sediments)   and 
a va.lue of  48.30 mmhos/cm a t  t h e  20.16-m 
dep th .  The r e a s o n   f o r  a s u b s t a n t i a l l y  
l o w e r   v a l u e   i n   t h e   t o p  5 cm of   sedlments  
i s  n o t  known, bu t  i t  c o u l d   b e   t h a t   t h e  
sediment i s  g r a v e l   a n d   s a n d   a n d   i n t e r s t i t i a l  
wa te r  was o b t a i n e d   b y   a d d i t i o n   o f   d i s t i l l e d  
wa te r .  The mean c o n d u c t i v l t i e s   f o r   t h e  
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i n t e r s t i t l a 1   w a t e r   i n   h o l e s  3370, PB-3 and 
PB-2 were 57 2 mmhos/cm, 49 .9  & 3 . 7  
mmhos/cm and 50.8 2 8.0 rnmhos/cm respec-  
t i v e l y .   H u n t e r   e t   a l .  ( 1 9 7 6 )  r e p o r t e d  much 
lower   conduc t iv i ty   va lues  for i n t e r s t i t i a l  
water  from subsea   pe rmf ros t   i n   t he   Beaufo r t  
Sea.  T h i s  may be  due t o   t h e   i n f l u e n c e   o f  
f resh   water   f rom  the   Mackenzie   River   near  
t h e i r   s t u d y  s i t e s .  

Even   though  subsea   permafros t   ex is t s  
throughout  the  e n t i r e   p r o f i l e s   i n   h o l e s  
PB-2 and  -3 t h e r e  was no evidence  of   ice-  
bonded  permafrost   wi th  a p o s s i b l e   e x c e p t i o n  
n e a r   t h e   b a s e  of h o l e  PB-2. T h i s   p o s s i b i l -  
i t y  i s  sugges ted  b y  t h e   f a c t   t h a t   c i r c u l a -  
t i o n  was ma in ta ined   and   r e fusa l  was met i n  
a t t e m p t i n g   t o   a d v a n c e  the c a s i n g   a t  t h i s  
po in t   (Se l lmann   e t  a l .  1 9 7 6 ) .  

The d e p t h   d i s t r i b u t i o n  of s e l e c t e d  
i o n s   i n   i n t e r s t i t i a l   w a t e r   s a m p l e s   f r o m  
h o l e s  PB-1, - 2  and -3 i s  summarized i n  
Table  1. S imi lk r   i n fo rma t ion  i s  ava i? . ab le  
f o r  s e l e c t e d   s a m p l e s   i n   h o l e s  190, 481 and 
3370 (Osterkamp  and  Harrison 1 9 7 6 ) .  How- 
e v e r ,  the  c h e m i c a l   a n a l y s i s  seems t o  be 
u n r e l i a b l e   d u e  t o  u n b a l a n c e d   t o t a l   c a t i o n s  
and   un ions   expressed   as  meg/l .  Tn ho le  
PB-1, ch lo r ide   va lues   were  much less than  
t h o s e   i n   t h e   s e a  water sample u n d e r   t h e   I c e  
a t   t h a t  s i t e .  I n   c o n t r a s t ,   s e v e r a l   s a m p l e s  
from  hole PB-3 c o n t a l n  h ighe r  c h l o r i d e  
values  compared w i t h  t h e  sea   wa te r .  T h i s  
f i n d i n g   a g a i n   i n d i c a t e s   t h a t   s e a   w a t e r   u s e d  
a s   d r i l l i n g   f l u i d  d i d  no t   con tamina te   t he  
samples .   In   gene ra l ,  K i n  t h e   i n t e r s t i t i a l  
water  was h i g h e r   t h a n   t h a t   i n   s e a   w a t e r  
s a m p l e s .   S e v e r a l   i n v e s t i g a t o r s  (Manheim 
and  SayleS 1974 ,  S a y l e s   e t  al. 1973)  showed 
tha t  h ighe r  K v a l u e s   w e r e   o b t a i n e d   i n   i n t e r -  
s t i t i a l   w a t e r   e x t r a c t e d   a t   h i g h e r   t e m p e r a -  
t u r e s   a n d / o r  when t h e r e  was a d e l a y   I n  ex- 
t r a c t i n g   t h e   i n t e r s t i t i a l   w a t e r   f r o m   t h e  
s e d i m e n t s   a f t e r   c o l l e c t i o n .   I n   t h e   p r e s e n t  
s t u d y ,   b o t h   f a c t o r s  may have   con t r ibu ted   t o  
t h e   r e l a t i v e l y   h i g h  K v a l u e s .   D i s t r i b u t i o n  
of Na wi th   dep th   (Tab le  1) i s  s i m i l a r   t o   t h e  
d i s t r i b u t i o n  of  bo th   conduc t iv i ty   and  cl 
i o n .   I n   h o l e  PB-3, i n  s p i t e  of t h e  low 
CaC03 con ten t  Ca and Mg were h i g h e r   i n   t h e  
i n t e r s t i t i a l   w a t e r  below  the 1 4 - m  dep th  com- 
pared t o  over ly ing   sed iments   (Table  1) .  
This   could  be  due t o  lower  cat ion  exchange 
c a p a c i t y   i n   t h e   d e e p e r   s e d i m e n t s   ( s a n d   a n d  
g r a v e l ) ,   w h l l e   l o w e r   v a l u e s   i n  t h e  ove r ly ing  
f i n e r   t e x t u r e d   s e d i m e n t s   c o u l d   b e   d u e   t o  
e x c h a n g e   r e a c t i o n s   a n d / o r   p r e c i p i t a t i o n   o f  
Ca and Mg as ca rbona te s .  Also, t h e  h igh  Ca 
and Mg i n   t h e   d e e p e r   s e d i m e n t s  may r e p r e s e n t  
an i n i t i a l   c o n c e n t r a t i o n  when sediments  were 
f r o z e n ,   p r i o r   t o   t h e i r   b e i n g   c o v e r e d  by s e a  
water .   O 'Sul l ivan  (1967)  conc luded   t ha t  t h e  
m a j o r   f a c t o r s   c a u s i n g   v a r i a t i o n s   i n   s a l t  con- 
t e n t  of  p e r m a f r o s t   a r e   t e x t u r e ,   d e p t h   a n d  
mois ture   conten t  o f  t he   s ed imen t   and   h i s to ry  
o f   t he  s i t e .  

The p r o f i l e s  f o r  h o l e s  PB-3, PB-2 and 
3370 show t h a t   t h e  sa l t  concen t r a t ions   o f  

t h e   i n t e r s t i t i a l  waters a r e   n e a r l y   c o n s t a n t  
w i t h   d e p t h   a t   s i t e s   w h e r e  normal. sea   water  
is found   unde r   t he   i ce   cove r .  T h i s  imp l i e s  
t h a t   s a l t   t r a n s p o r t  mechanism I n t o   t h e  
unbonded  subsea  permafrost  I s  e f f l c i e n t ,  
and t h e r e f o r e   i n v o l v e s   m o t i o n   o f   t h e   i n t e r -  
s t i t i a l  w a t e r   i n   w h i c h   t h e  i s  d l s s o l v e d .  
Harrison  and  Osterkamp ( 1 9 7 6 )  a s s e s s e d   t h e  
r o l e   o f   m o l e c u l a r   d i f f u s i o n   o f   s a l t s   i n  
unbonded  subsea  permafrost  by s o l v i n g  a 
coupled,   one-dimensional   heat   conduct ion 
and s a l t   d i f f u s i o n  model i n   t h e   p r e s e n c e  
of a moving  phase  boundary.   Their   analysis  
and the   expe r imen ta l  sa l t  concent ra t ion   and  
t e m p e r a t u r e   p r o f i l e s   s u g g e s t   t h a t   h e a t  is 
t r a n s p o r t e d  by c o n d u c t i o n   a n d   t h a t   s a l t  i s  
t r a n s p o r t e d  by m o t i o n   o f   t h e   i n t e r s t i t i a l  
w a t e r   i n   t h e  unbonded  sediments.  This  con- 
c l u s i o n  may n o t   b e   v a l i d   f o r   f i n e - g r a i n e d  
s e d i m e n t s   i n   o t h e r   a r e a s .  

The percent   c lay   and  s i l t  i n   t h e  
sediments  of PB-1, -2 and -3 (Table  1) 
var ied   wide ly   f rom  one   ho le   to   another   and  
a l so   w i th   dep th   i n   each   ho le .   Sed imen t  
c h a r a c t e r i s t i c s  of p o t e n t i a l   i m p o r t a n c e   i n  
s t u d y i n g   t h e   c h e m i s t r y  of i n t e r s t i t i a l  
water a r e   p r e s e n t e d  for h o l e s  PB-1, -2 and 
-3 i n   T a b l e  1. The t o p  4 m o f   t h e   s e d i -  
ments   near   shore   (ho les  PB-1 and -3 )  con- 
t a l n e d  much more CaC03 than   t he   s ed imen t s  
f a r t h e r   o f f s h o r e   ( h o l e  PB-2) .  Values  of 
CaC03 i n  t h e  former  ranged  from 15.5 t o  
21.3% o f  t he   d ry   we igh t  o f  t h e   s a m p l e s   i n  
h o l e  PB-1 and from 1 3 . 9   t o  27.5% i n   h o l e  
PB-3. The exac t   sou rce   o f  t h i s  CaC03 i s  
not  known b u t   o n e   p o s s i b i l i t y  I s  that  t h i s  
ca rbona te  may have   been   depos i ted   in  s i t e s  
as a r e s u l t  of  t h e   p r e s e n c e  of' b r ine   unde r  
t h e   i c e .   A n o t h e r   p o s s i b i l i t y  i s  t h a t  it 
r e p r e s e n t s   r e c e n t   m a r i n e   d e p o s i t s .  

I n  c o n t r a s t   t o   t h e  CaC03 c o n t e n t ,  
o rganic   carbon was s l i g h t l y   h i g h e r   i n   t h e  
sed lment   o f   ho le  PB-2 compared t o   h o l e  
PB-3. Seve ra l   i nves t iga to r s   (Na idu   and  
Hood 1972, Naidu  and Mowatt 1 9 7 5 )  have re- 
p o r t e d  a low o rgan ic   ca rbon   con ten t   i n  
Arc t i c   subsea   s ed imen t s   i n   gene ra l .  The 
low tempera tuye ,   near  or below O°C, and 
t h e  l o w   s u p p l y   o f   d i s s o l v e d   n u t r i e n t s   t o  
t h e  near -shore   sed iments   f rom  cont inenta l  
drainage  (Hobble 1 9 7 3 )  a r e   p r o b a b l y   t h e  
most Impor t an t   r ea sons .   Add i t iona l   f ac to r s  
such as low 0 2  and  high C 0 2  u n d e r   t h e   i c e ,  
h igh ly   s a l ine   pocke t s   o f   wa te r ,   and   t he  
presence  of  o f f s h o r e   b o t t o m - f a s t   i c e   r e -  
s t r i c t i n g   s p a c e   f o r   b e n t h o s   i n h a b i t a t i o n  
c o u l d   a l s o   p o s s i b l y   i n f l u e n c e   t h e   a m o u n t s  
o f   o rgan ic   ca rbon   i n   s ed imen t s .  
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GEOPHYSICAL ASPECTS OF DEVELOPMENT OF PERMAFROST 
V.A .  Kudryavtsev  and V . G .  Melarned. Moscow S t a t e   U n i v e r s i t y ,  U . S . S . R .  

The au tho rs   ana lyze   t he   p resen t   s ta te  o f  development o f  the  geophysica l  
bases o f  p e r m a f r o s t   s t u d i e s   r e f l e c t i n g   t h e   r o l e  of  heat-  and  mass-exchange i n   t h e  
f o r m a t i o n   o f   p e r m a f r o s t ,   i t s   r e l a t i o n  t o  t h e   n e t   r a d i a t i o n  at t h e   s u r f a c e  o f  the  
E a r t h ,   t h e   i n t e r n a l   s o u r c e s   o f   h e a t  and t h e   c h a r a c t e r i s t i c s  o f  f o r m a t i o n  o f  
g e o l o g i c a l  and  physico-geographical   environments.  The f o r m a t i o n   a n d   h i s t o r y  o f  
development o f   t h e   p e r m a f r o s t   z o n e   a r e   t h e   r e s u l t  o f  complex  temperature  f luc tua-  
t i o n s  o f  d i f f e r e n t   p e r i o d s   a t   t h e   s u r f a c e .  The au thors   a lso   examine a number of 
a l g o r i t h m s  o f  t h e   s o l u t i o n  o f  the  Stefan  problem,  which  best   descr ibes  the 
dynamics of  the  heat-  and  mass-exchange  during  freezing of d i f f e r e n t   e a r t h  
mater ia ls   w i th   a l lowances   fo r   the   fo rmat ion   and  d isappearance o f  pe rmaf ros t  due t o  
t h e   n e t   r a d i a t i o n   a t   t h e   s u r f a c e ,  changes i n   i t s   l e v e l   i n   t i m e ,   e t c .  

QUEST IONS GEOPHYS I QUES RELAT I VES AU DEVELOPPEMENT D U  PERGiLI SOL 
V .  A. Kudryavtsev, V . G .  Melarned, U n i v e r s i t e   d ' f t a t  de MOSCOU, URSS 

Analyse  de l ' k t a t   a c t u e l  de l ' e l a b o r a t i o n  des fondements ggophysiques de 
l a   g g o c r y o l o g i e ,   q u i   m e t t e n t  en IumiGre l e   r 6 1 e  des  echanges  thermiques e t  de masse 
dans' l a   f o r m a t i o n   e t  1 'expansion du p e r g B l   i s o l ,  les c o r r 6 l a t i o n s   q u i  1 i e n t   c e l u i - c i  
a u   b i l a n   r a d i a t i f   n e t  de l a   s u r f a c e  de l a   T e r r e ,   l e s   s o u r c e s  de c h a l e u r   i n t e r n e s   e t  
l e s   p a r t i c u l a r i t e s  de l a   f o r m a t i o n  des m i l i eux   gko log ique   e t   phys i co -geograph ique .  
L ' a p p a r i t i o n   e t   1 ' 6 v o l u t i o n   u l t e r i e u r e  de l a  zone  de p e r g k l i s o l   s o n t   l e s   r 6 s u l t a t s  
d 'une  ser ie   complexe de f l u c t u a t i o n s   t h e r m i q u e s  de l a   s u r f a c e  a des  periodes 
d i f f e r e n t e s .  Le5 auteurs  exarninent  aussi  une s e r i e   d ' a l g o r i t h m e s  de r e s o l u t i o n  du 
prob ls rne   de   S te fan ,   qu i   dgcr i t  de l a   f a s o n   l a   p l u s   e x h a u s t i v e   l a  dynarnique  des 
t r a n s f e r t s  de c h a l e u r   e t  de masse l o r s  de l ' e n g e l  de d i ve rs   ma te r iaux   du  5 0 1 ,  en 
tenant  compte de l a   f o r m a t i o n   e t  de l a   d i s p a r i t i o n  du   pe rge l i so l   en   f onc t i on   du  
b i l a n   r a d i a t i f   n e t  de la s u r f a c e ,   d e   l a   v a r i a t i o n   d u   n i v e a u  de c e l u i - c i  avec l e  
temps, e t c .  
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ANTARCTIC SOIL STUDIES USING A SCANNING ELECTRON MICROSCOPE 
M. Kumai, U.S. Army Cold  Regions  Research  and  Fmgineering Lab., Hanover, NH. USA; 
D.M. Anderson, National Science  Foundation, Washington, DC, USA.; and F.C. Ugolini, 
University of Washington, Seattle,  Washington, USA. 

investigated using a scanning electron mkroscope  fitted  with an energy  dispersive 
X-ray analyzer.  Electron  micrographs of soil g a i n s  from lower Wright Valley 
showed sharp edges and smooth surfaces, indicating a low degree of mechanical and 
chemical  weathering. ?"ne soil grains were 11% quartz and 4% magnetite.  Chlorides 
were found on 7% of the soil grains. 

By contrast,  electron micrographs of soil pains from the Beacon  Valley showed 
rounded grains  indicating a high degree of mechanical and chemical  weathering. The 
soil g a i n s  were 20% quartz.  Rhombohedral  crystals (Cas041 were found on 60% of 
the soil grains, Chlorides were  found  on 30% of the soil Wains. Because of the 
high degree of weathering, it was  concluded that the  morainic  soils from the  Beacon 
Valley m e  much older than those of the  lower  Wri&ht  Valley, 

?"ne textures of morainic soils from southern  Victoria  Land,  Antarctica,  were 

 TUD DE DES s o u  DE L'ANTARCTIQUE, i L ' A I D E  D ~ U N  MICROSCOPE ELECTRONIQUE A BALAYAGE 

M. Kumai, U .S .  Army Cold  Regions  Research  and  Engineering  Lab.,  Hanover, N.H.  U.S.A.; 
D.M. Anderson,  National  Science  Foundation,  Washington, D.C.  U .S .A . ;  and 
F.C. U g o l i n i ,   U n i v e r s i t y  o f  Washington,  Seatt le,  Washington, U.S.A. 

On a 6 t u d i e   l a   t e x t u r e  des so l s   mora in iques   du   sud   de   l a   Te r re   V i c to r i a  
(V i c to r i a   Land) ,  situee dans l ' A n t a r c t i q u e ,  3 l ' a i d e   d ' u n   m i c r o s c o p e   e l e c t r o n i q u e  
21 balayage,  &quip&  d 'un  analyseur  de  rayons X 21 p o u v o i r   d i s p e r s i f .  Le5 micrographies 
6 l e c t r o n i q u e s  de p a r t i c u l e s  de sol pr6levees- dans l ' a v a l  de l a   v a l l e e   W r i g h t  
r g v e l a i e n t  des a r E t e s   v i v e s   e t  des su r faces   l i sses ,   co r respondan t  a un f a i b l e   d e g r e  
d ' a l t g r a t i o n   m k a n i q u e   e t   c h i r n i q u e .  Ces p a r t i c u l e s   e t a i e n t  compos6es 3 1 1 %  de 
q u a r t z   e t  4% de magnk t i t e .  On a r e n c o n t r e  des c h l o r u r e s  dans 7% des p a r t i c u l e s .  

Par  contre,   des  micrographies de p a r t i c u l e s  de sol   provenant  de l a  v a l l b e  
Beacon rnont ra ien t   des   g ra ins   a r rond is ,   donc   carac tdr ises   par  un degre   & lev& 
d ' a l t e r a t i o n  mecanique e t  chimique. Ces p a r t i c u l e s   e t a i e n t  compos&es 21 20% de 
q u a r t z .  On a rencon t re  des cr is taux  rhomboedr iques (CaSO4) dans 60% des p a r t i c u l e s  
de sol e t  des c h l o r u r e s  dans 30% des p a r t i c u l e s .  En ra i son   du  degri! e l e v 6  
d ' a l t e r a t i o n ,  on .a c o n c l u  que les   so l s   mora in iques  de l a   v a l e e  Beacon s o n t   b i e n  
p lus   anc iens  que  ceux de l ' a v a l  de l a  Val lee   !J r igh t :  

I J-IH . 
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INTRODUCTION 

The soils of continental Antarctica 
have formed In a severely cold  and arid 
climate. They are generally coarse and re- 
main loose at temperatures below O°C because 
of the pauclty of liquid water. They have 
a yellowlsh-red hue and acqulre fine tex- 
tures with age. These solls have been 
studied by many workers: Jensen (~916), 
Glazovskaia (1958), McGraw (1960), Kelly 
and Zumberge (1961)~ and Claridge (1965). 
They were classified as  ahumic, cold desert 
soils by Tedrow and Ugolini (1966). Wea- 
thesing of the soils and ionic migration In 
the frozen soils were studied by Ugolini 
and Anderson (1973). 

Scannlng electron microscope and 
electron microprobe analyses of volcanic 
ash From two sites near Lake Vanda in the 
upper Wright Valley, southern Victoria 
Land, Antarctica, were presented by Jones 
et al. (1973). The ash conslsted o f  arnor- 
phous, porous, friable, light gray materials. 
The amorphous nature of the ash was con- 
firmed by a powder X-ray  dif'fraction analy- 
sis that indicated an absence o r  crystal- 
linity. Examination of Antarctic soi.ls with 
a scanning electron microscope was reported 
by Kumai et al. (1976). 

This paper presents the results of 
an investigatlon of morainic soils from 
southern Victoria Land, Antarctica, The 
textures, weathering, and chemlcal species 
o r  the soils were examined using electron 
microscopes and an energy dispersive X-ray 
analyzer. The purpose of' this report is to 
show typical textures of moralnlc soils, to 
characterize these textures, and to discuss 
them, 

MATERIALS AND METHODS 

The moralnlc soils were collected at 
various places in the lower Wright Valley 
(soils 2 and 3 ) ,  in Beacon Valley (soils 1 
and h ) ,  and in the first lateral valley on 
the northwest side of Beacon Valley (soils 
5 and 6 ) ,  as shown in Figure 1. The solls 
were brought back to the laboratory and 
kept at room temperature. They were neither 
ground nor etched. 

For scannlng electron microscopy, a 
portion of each soil sample was spread to 
suitable density on a double-coated tape 
stuck on the sample mount. The sample was 
then coated wSth chromium vapor (or 
pnllndium- gold 40:GO) to a thlckrless of' 
about 100 8 by n conventional shadowing 
technlque. It was then examined wlth a 
Hitachi-Perkin-Elmer scanning electron 
microscope equlpped with an energy d i s -  
persive X-ray analyzer. 

Common elements such as Na, Mg, Al, 
Si, P, S, C1, K,  Cay T l ,  Cry Mn, Fey Co, 
Ni, Cu, Pd, and Au in the soil samples 
were determined using: the energy dis- 
persive X-ray analyzer. X-ray mapping 
was done to determine the elemental d i s -  
tribution of the grains of soil and to 
identify salt efflorescences. An acceler- 
ating voltage of 20 kV was used in this 
examination. 

The limit of detectability for this 
examination was determined using standard 
clay minerals such as dickite 15c  and 
montmorillonite 23, and was found to be 
0.1% for Na and K, and 0.01% for Pe. 
Element identificatlon was carried o u t  by 
area analysis and  spot analysis. The dia- 
meter of the beam spot f o r  the spot analg- 
sis was determlned using an NaCl crystal, 
and found to be 0.05 um. The three elements 
used in shadowing, Cr, Pd and Au, were de- 
tected, but P, Co  and Ni were not found in 
the so i l .  samples. Some of the elements Nay 
Mg, Al, Si, S ,  C1, K, Ca, TI, Mn, and Fe 
were determined to be in the soil samples. 

Pine grains of soil were examlned 
using a transmission electron rnicToscope, 
and the electron diffraction patterns 
obtained were analyzed. Amorphous materials 
were not found In the s o l l s .  

EXAMINATION AND DISCUSSION 

Lower Wright Valley 

The soil in the lower Wright Valley 
formed through comminution resulting from 
glacier transport and possibly through 
f r o s t  action after soil depositlon. Ac- 
cording to Nichols (1971), the Trilogy 
Glaciation occurred at least 7000 years ago; 
thus the soil Is younger than 7000 years. 



FIG. 1, Morainic soils were collected in the lower Wright Valley and Beacon Valley, 
Antarctica. 

Soil samples 2 and 3 were collected 
at two sltes around a shallow Lake in the 
lower Wright Valley, near the base of 
Wright Lower Glacier (Flg. 1). During the 
warmest part of the summer, an intermittent 
stream, the Onyx Rlver, flows from the 
shallow lake into Lake Vanda. Soil 2 was 
collected from the morainic complex of the 
Trilogy Glaciation at site 3 about 2 km 
from the Wright Lower Glacier. The soil is 
sandy and grayish brown under dry rield con- 
ditions (2.5 Y 5/2 using the Munsell color 
notation). The s o l 1  temperature varied 
f r o m  -5°C to -14°C at the surface, and was 
- 2 O O C  at the top layer of the permafrost on 
2 November 1969. Soil 3 was collected at 
site 1, which has a lower elevation than 
s l t e  3. This,soil is sandy and light 
brownish gray (2.5 Y 6/2) under dry field 
conditions. The soil temperature varied 
from - 3 ° C  to -13'C at the surface and was 
-17°C at the tbp l a y e r  of the permafrost on 
2 November 1969. The depth of' the top 
layer of the permafrost at these sites was 
29 to 39 em. 

A typlcal scanning electron micrograph 
(Pig.  2a)  of soil 2 shows grains having 
sharp edges, indicatlng weak mechanical and 
chemlcal weathering and thus a young age. 
Figure 2b shows the energy disperslve X-ray 
pattern obtained by area analysis (6x5 urn) 
of the large grain in Figure 2a, which 
indicates Si, Al and K. A transmisslon 
electron micrograph (Fig. 2c) of soil 2 
also shows grains having sharp edges and 
weak weathering. Figure 2d shows the elec- 
tron diffraction pattern of the large grain 
in Flgure 2c, which indicates a hexagonal 

net pattern. MagneV'lte and quartz were 
found. Iron, CaC12 and K C 1  were found in 
7% of the grains. Soil 2 is described as 
an ahumic, saline soil, 

The grains of soil 3 (Fig. 2e), from 
site 1, have angular fragments and smooth 
surfaces formed through comminution o r  the 
soil during glacial transport and frost 
action after deposition. The grains of 
soil 3 have sharper edges, less chloride 
and less weathering than those of soil 2. 
Figure 2f shows the energy dispersive 
X-ray pattern obtained by area analysis 
(6x5 urn)  of the large grain in Figure 2e, 
which indicates Na, Mg, Al, Sf, K, Cay Ti 
and Fe. No chloride was found in soil 3. 
However, particles of quartz, magnetite 
and silicate minerals were found. Soil 3 
is younger than soil 2,  as may be seen 
clearly in Figure 2 e ,  and from the criteria 
presented in previous publications (Ugolini 
1963, Ugolini and Anderson 1973). 

Beacon Valley 

Soils 1 and 4 were collected in Beacon 
Valley (Fig. 11, where soils formed through 
glacier transport. Soil 1 was selected 
from a <2-mrn fraction, and I s  light reddish 
brown (5 YR 6 / 3 )  under dry field conditions. 
The soil is sandy, ahumic and saline. Soil 
4 is pale yellow (2.5 Y 7/41 and sandy, 
showing extensive salt efflorescence. 

By contrast, a typical electron micro- 
graph ( P i g .  3a) or soil 1 shows rounded 
grains that have been subjected to a high 
degree of mechanical and chemical weather- 
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Valley. a )  Gra ins  of s o i l  2 having  sharp 
edges, and b )  the energy d i s p c r s l v e  X-ray p a t t e r n  of the largest g r a i n .  e )  Trans-  
mis s ion   e l ec t ron   mic rograph  o f  g r a i n s  o f  s o i l  2 and d) the electron d i f f r a c t i o n  
p a t t e r n  o f  the largest g r a i n .  e )  Gralns  nf' s o i l  3 havlng sharp edges  and smooth 
sur faces ,   and  f )  t h e   e n e r g y   d i s p e r s i v e  X-ray p a t t e r n  o r  the l a rges t  g r a i n .  

i n g .  The e n e r g y   d i s p e r s i v e  X-ray p a t t e r n  
(Fig. 3 b )  o f   t h e   g r a i n   i n   F i g u r e  3a i n d i -  
c a t e s  Mg, A l ,  S i ,  C1, K ,  Ca and  Fe. 
Chlor ides   such  as CaC12, MgC12 and KC1 were 
round on 14% o f   t h e  s o i l  g r a i n s ,   S u l f u r  
and s a l t   e f f l o r e s c e n c e s   w e r e   a b s e n t  from t h e  
s o i l   g r a l n s .  

S o i l  4 shows s a l t   e f f l o r e s c e n c e  on 
r o u n d e d   g r a i n s ,   i n d i c a t i n g  a h igh   degree  o f  

mechanica l   and   chemica l   weather ing .   Sa l t  
e f f l o r e s c e n c e   I n  t h e  fomn of  rhombohedral 
c r y s t a l s   ( P i g .  3 c )  found on many o f  t h e  
rounded s o i l   g r a i n s  was i d e n t i f i e d  as  
CaSQt, u s i n g  e n e r g y   d l s p e r s i v e  X-ray ana lg-  
s l s  (F ig .  3 d ) .  Rhombohedral c r y s t a l s  
( C a S O , )  were  found  on 6 0 %  o f   t h e  s o i l  
g r a i n s .  A b a c k s c a t t e r e d   e l e c t r o n  Image 
( F i g .  3e )  of  s o i l  4 shows a c u b i c  c r y s t a l ,  
rounded   gra ins ,  a l i n e  (x) along  whlch a 
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FIG. 4, Mora.inic s o i l s  from l a t e r a l   v a l l e y ,   n o r t h w e s t  side of  Beacon V a l l e y .  a )  Ca80~~ 
c r y s t a l  on a. g r a i n  of s o l 1  5 and. 'b) its enerlgy dispersive X-ray patterm. c )  
Rounded grains of' soil 6 and d) an   en largement .  

Lateral Valley 

Moralnic sandy SOILS 5 and G were col- 
lected on  an alluvial fan in the first 
lateral valley on the northwest slde of 
Beacon Valley. soil 5 is a surface soil 
(0 to 6 cm deep) and is reddish brown (5 YR 
4/4) under dry field conditions. Soil 6 
(6 to 136 ern deep) is from below the sur- 
face and Is reddish brown (5 YB 5/4). 
Soils 5 and 6 were examined using the scan- 
nlng electron microscope and the energy 
dispersive X-ray analyzer to observe their 
differences with depth. 

Soil 5 has rounded grains, Indicating 
a high degree of weathering. A scanning 
electron micrograph (Fig. 4a) showed a 
crystal 8 urn in diameter restlng on a grain 
of soil 5; the crystal was confirmed to be 
Cas04 by energy dispersive X-ray analysis 
(Fig. 4b). Salt efflorescence (CaSO,) was 
found on 60% of the grains. Chlorides were 
absent. The soil grains were 2 0 %  q u a r t z .  

Soil 6 has rounded grains, showing a 
high degree oT weathering. No Salt efflor- 

escence was seen in a scanning electron 
micrograph of the soil grains (Fig. 4c) or 
in an enlargement of a portion of the micro- 
graph (Plg. 4d). The soils were free of 
salt efflorescence and chlorides. The s o i l  
grains were 25% quartz. Salt efflor- 
escences (CaS04)  were found in the surface 
soil but  not in the deeper soil. This was 
the main difference observed between the 
surface s o i l .  and the deep soll. Soils 5 
and 6 were classified as sandy and evapor- 
ite sails. 

CONCLUSIONS 

Morainic soils 2 and 3 from the lower 
Wright Valley had grains with sharp edges 
and fresh, smooth surfaces, Indicating a 
low degree of weathering. Morainlc s o l l s  
1 and 4 from Beacon Valley and soils 5 
and 6 from the lateral valley both had 
YQunded gralns, indicating a higher degree 
of' weathering. Because of the low degree 
of weathering, It was concluded that the 
moralnic soils from lower Wright Valley 
are much younger than those from Beacon 
Valley and the lateral Valley. 



In  the  examination of' differences of 
soil  gralns  with depth, extensive  salt 
efflorescence  was  found on the  surface 
soil, but  not on the  deep  soil.  The 
chlorides  and  sulfates on the  grains of 
surface  soil  may  have  been  supplied f rom 
the  atmosphere.  They  were  probably 
supplied  by  sea  spray, by wind, and by the 
condensation  nuclei of snow  crystals  (Kumai 
1976)  over a long  period,  and  were  crystal- 
lized as  salt  efflorescences  on  the  soil 
grains  after  sublimation of snow in  the 
severely  cold  and  arld  climate of Antarctl- 
ca.  Amorphous,  porous,  frlable  volcanic 
materials  were  not  found in the  moralnlc 
soils. 
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AN NMR STUDY OF THE PHASE TRANSITION OF WATER IN MODELS AND IN FROZEN CLAYS 

V.I. K v l i v i d z e ,  V.F. K i s e l e v ,  A .V .  Krasnushkin,  A .B .  Kurzaev  and  L,A.  Ushakova 
Moscow S t a t e   U n i v e r s i t y ,  U .S .S .R .  

The s tudy of i c e   f u s i o n   i n   f r o z e n   e a r t h   m a t e r i a l s   i s   p a r t   o f   t h e   g e n e r a l  
p rob lem  concern ing   phase  t rans i t ions   in   h igh ly   d ispersed  he terogeneous  sys tems.  
Fo r   such   ma te r ia l s   t he   con t r i bu t i on  of s u r f a c e  atoms  and  molecules to   t he   t he rmo-  
dynamic  funct ions  cannot   be  ignored,   s ince i t  leads to  an e x t e n s i o n  of the  phase 
t r a n s i t i o n  and a disp lacement  o f  t h e   t r a n s i t i o n   p o i n t   i n t o   t h e   n e g a t i v e   t e m p e r a t u r e  
reg ion .  The phase t r a n s i t i o n s  i n  f i n e - g r a i n e d   i c e ,   f r o z e n   w a t e r   d i s p e r s i o n s  o f  
s i l i c a  powder  and p o l y f l u o r o e t h y l e n e   r e s i n ,   a n d  i n  w a t e r - s a t u r a t e d   c l a y   m i n e r a l s  
( m o n t m o r i l   l o n i t e   a n d   k a o l i n i t e )   w e r e   s t u d i e d   b y   t h e  NMR method.  Also  determined 
were  the  phase  composi t ion o f   t h e   w a t e r  component o f  the  specimens a t  below-zero 
t e m p e r a t u r e s ,   t h e   t h i c k n e s s   o f   w a t e r   f i l m s   a n d   t h e   m o b i l i t y  of water   mo lecu les .  

I n   t h e   f i r s t   a p p r o x i m a t i o n   t h e   l o w e r i n g   o f   t h e   f u s i o n   p o i n t  o f  i c e   o n   t h e  
s u r f a c e  o f  h y d r o p h i l i c   b o d i e s  does n o t  depend  on  the  radius o f  c u r v a t u r e  of t h e  
i c e   s u r f a c e   b u t   o n   t h e   e n e r g y  o f  i n t e r a c t i o n  between  water   molecules  and  the  so l id  
body. 

 TUD DE PAR LA M ~ T H O D E  DE RNM ( R ~ S O N A N C E  N U C L ~ A I R E  M A G N ~ T I Q U E )  DE LA TRANSFORMATION 
DE L '  EAU  DANS LES  MODELES  ET DANS LES A R G l  LES GELEES 
\ . I .  K v l i v i d z e ,  V.F. K i s e l e v ,  A . V .  Krasnushkin,  A.B. Kurzaev, L.A.  Ushakova, 
U n i v e r s i  t e  d l   f t a t  de MOSCOU, URSS 

du p r o b l h e   g e n e r a l  des t r a n s f o r m a t i o n s   d ' e t a t  dans l es   sys thes   h& t&rogSnes   hau te -  
ment disperses.  Pour  de  te ls  modSles,   on  ne  peut  negl iger  l 'apport   des  atomes  et  
des  molecules  de  surface 21 la   fonct ion  thermodynamique,   pu isque  ce lu i -c i   Cree une 
p r o l o n g a t i o n  de l a  t r a n s i t i o n   d ' u n e  phase 21 1 ' a u t r e  e t  un deplacement  du  point   de 
t r a n s i t i o n  dans l e  domaine  des tempera tures   negat ives .   Les   t rans i t ions   de   phase 
dans l a  g l a c e  de granu lomgt r i e  f i n e ,  dans l e s   d i s p e r s i o n s  aqueuses  gelees  de f i n e  
poudre de s i l i c e   e t  de p l a s t i q u e  f l uo re  e t  dans l e s   m i n e r a u x   a r g i l e u x   s a t u r e s   d ' e a u  
( m o n t m o r i l l o n i t e   e t   k a o l i n i t e )   o n t   & t 6   k t u d i g e s   p a r   l a  methode  de RNM. La phase 
de l a  composante  eau  des echant i l lons   aux   tempera tures   nggat ives ,   1 '6pa isseur   des  
p e l l i c u l e s   d ' e a u  e t  l a   m o b i l i t e   m o l g c u l a i r e  de 1 ' e a u   o n t   & g a l e n l e n t   e t 6   & f i n i s .  
l ' aba issemen t  de l a  temperature  de  fusion  de l a  g l a c e  2 l a  su r face  des  corps 
h y d r o p h i l e s  ne depend pas dans la   p remigre   approx imat ion   du   rayon de  courbure  de 
l a   s u r f a c e  de l a   g l a c e  mais de l ' g n e r g i e  de l ' i n t e r a c t i o n  des  molecules  d 'eau  e t   des 
corps so 1 ides.  

L ' e t u d e  de l a   f o n t e  de l a   g l a c e  dans l e s   m a t g r i a u x   d e   s o l   g e l 6 s   e s t  une p a r t i e  

MCCnEaOBAHME (PA30BOTO nEPEXOnA BOnbl B MOflEnbHbIX OEXEKTAX 
M MEP3nbIX rJIMHAX METOAOIV. RMP 

B.M. K~n~~sk~nnse,  B.@. K m e n e B ,  A.B. K p a c a y m K n H ,  A. 6. K y p a a e B ,  JI. A. YuraKoBa 
MOCKOBCKEIB f O C .   Y H H B e P C H T e T ,  CCCP 
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THE ENERGY SURFACE: A NEW CONCEPT TO DESCRIBE THE BEHAVIOUR OF FROZEN SOILS 
M . J .  O'Connor, EBA Engineering  Consultants Ltd.,  Calgary,  Alberta,  Canada 
R . J .  Mitchell,  Queen's  University,  Kingston,  Ontario,  Canada 

A characteristic  equation  may  be  formulated  to  describe  the  behaviour 
of  frozen  soil  under a variety of test  boundary  conditions.  The  technique  uses 
standard  multivariate  statistics  and  trend  surface  analysis t o  describe  the 
relationship  between the variables  stress,  strain  rate,  and  energy  absorbed  as 
a  frozen  sample  deforms.  Experimental  data  gathered  on  frozen  silt  at -1OOC 
suggest that  the  behaviour of this  soil  is  almost  completely.control1ed by, and 
confined to ,  the  surface  represented  by  these  three  variables.  Definition of 
the  characterfstic  energy  surface may therefore  be the  key  to  both  prediction 
and  description  of  frozen  soil  performance  under a variety of different  boundary 
conditions, 

L' CNEREI E DE SURFACE: UN CONCEPT PERMETTANT D E  D f C R I R E  LE  COMPORTEMENT DES GiLISQLS 
M.J. O'Connor, EBA Eng ineer ing   Consu l tan ts   L td . ,   Ca lgary ,   A lber ta ,  Canada 
R.J. M i t c h e l l ,  Queen 's   Un ivers i ty ,   K ings ton ,   Ontar io ,  Canada. 

On p e u t   P o r m u l e r   u n e   e q u a t i o n   c a r a c t g r i s t i q u e   p o u r   d e c r i r e   l e  cornportement 
d ' u n   g C l i s o l  dans d i v e r s e s   c o n d i t i o n s   l i r n i t e s   e x p e r i m e n t a l e s .  La t e c h n i q u e   f a i t  
appel A l a   s t a t i s t i q u e  3 p l u s i e u r s   v a r i a b l e s   c o u r a n t e s   e t  2 l ' a n a l y s e  des  tendances 
en   su r face ,   pou r   dgc r i re  l a  r e l a t i o n   e n t r e   l e s   v a r i a b l e s   t e l l e  que l a   c o n t r a i n t e ,   l a  
v i t e s s e   d e   d g f o r r n a t i o n   e t   I ' C n e r g i e   a b s o r b e e   a u   f u r  e t  3 mesure  de l a   d k f o r r n a t i o n  
d'un e c h a n t i l l o n  de g g l i s o l .  Les  donn6es  exper imentales  provenant  d 'exper iences 
condui tes  sur  un s i l t   g e l 6  2 -10 OC semblen t   ind iquer  que l e  cornporternent de ce so l  
est presque  en t is rement   con t r81e  par  l a  s u r f a c e  que r e p r g s e n t e n t   c e s   t r o i s   v a r i a b l e s ,  
e t  limite 2 c e t t e   s u r f a c e .  La d g f i n i t i o n  de l a   s u r f a c e   & n e r g & t i q u e   c a r a c t g r i s t i q u e  
p o u r r a i t  donc p e u t - & t r e   p e r m e t t r e  l a  p r g d i c t i o n   e t   l a   d e s c r i p t i o n  de l a  performance 
d l u n   g e l i s o l  d a n s   d i v e r s e s   c o n d i t i o n s   l i m i t e s .  

3HEPTETBaCKAR IIOBEPXHOCTb - HOBAR KOHLT,EIIIJELR, lI03BOJEW4AR OIIRCATb 
CBORCTBA MEPJJIblX FPYHTOB 
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THE  ENERGY  SURFACE: A NEW  CONCEPT  TO  DESCRIBE  THE  BEHAVIOUR OF FROZEN  SOILS 

M. J. O'CONNOR1  and  R. J. MITCHELL2 

'EBA Engineering  Consultants  Ltd.,  Calgary 
'Queen's University,  Kingston 

INTRODUCTION 

Although  it  has  been  recognized  that  both  stress 
or strain  rate  controlled  tests  may be used  to 
determine  the  characteristic  strength  and  behavi- 
our of frozen soil, the  relationship  between  the 
strength  parameters  derived  from  each  type  of  test 
has  not  been  firmly  established.  Goughnour  and 
Andersland (1968) concluded  that  the  creep  rates 
of polycrystalline  ice  depended on stress,  temper- 
ature,  strain,  and  absorbed  strain  energy.  Strain 
energy  was  defined  by  these  authors  as  the  area 
under  the  plastic  strain  versus  axial  stress  curve. 
Hawkes  and  Mellor (1972) noted  a  smooth  transition 
between  constant  stress  and  constant  deformation 
rate  results  by  comparing  maximum  values of the 
stresslstrain  rate  ratio  for  each  type  of  test. 
Other  authors  have  also  recognized,  at  least  im- 
plicitly, some relationships  between  the  results 
obtained  using  both  test  methods on ductile  mater- 
ials.  Higashi (1967) and  Dillon  and  Andersland 
(1966)  equated  tertiary  creep  with  post-peak 
stxess  reduction.  Halbroolc  (reported  by  Gold, 
1958) observed  similarities  between  yield  strain 
for  ice  at  constant  deformation  rates  and  the  on- 
set  of  the  tertiary  mode  in  creep  tests. In spite 
of all  this,  no  simple,  explicit  relationship has 
yet  been  proposed  to  adequately  describe  the  be- 
haviour  of  ice  or  frozen  soil  under  a  variety of 
test  conditions. 

J! 

It is readily  apparent  that  the  principle  compo- 
nents  of  any  characteristic  relationship  describ- 
ing the  behaviour of a  frozen soil must  include 
the  three  parameters  stress,  strain,  and rime. It 
is not  readily  apparent,  however, in what form 
these  parameters  must be related. As an  example, 
consider the relationship  between  strength  and 
strain  rate  (strain  and  time  incorporated  into  a 
single  variable)  for  samples of frozen  South 
Nation  River  (SNR) silt under  two  different  test 
conditions.  Figure 1 shows  the  laboratory  results 
of specimens  tested  at  a  constant  temperature of 
-1OOC.  For  stress  controlled  (creep)  tests  (des- 
ignated  by  the  letters BF) Leading t o  sample  fail- 
ure,  the  minimum  strain  rate  observed  during  the 
test  has  been  used  as  the  abscissa,  along  with  the 
actual  shear  stress (4) at t h i s  minimum  point as 
the  ordinate.  For  constant  deformation  rate (TX) 
tests1  the  maximum  stress  and  the  axial  strain 
rate  at  this  point  have  been  plotted, 

AREA UNDER STRESS/STRAIN 
CURVE REPRESENTS APPROXIMATE 
SHEAR STRAIN ENERGY ABSORBED 

10 BY SAMPLE. I 

0 10 I5 

E l %  

FIGURE 2 .  Relat ionship  between  absorbed  strain 
energy for constant   deformation  rate 
t e s t  ( A )  and constant   test  ( 6 )  shape 
f a c t o r  K de f ined   as   the   ra t io  A/E 

'This distinction  between  the  terms de@n&on 
rate  controlled  and A&/raiut rate  controlled is 
necessary,  because  although  the  deformation  rate 
is  approximately  constant  in  the  triaxial  ma- 
chine,  the  natural  strain  rate  continues to in- 
crease  as  the  sample  compresses. 
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While  the  strength  versus  strain  rate  relationship 
is  linear,  and  similar f o r  both  types of tests, 
the  agreement  is  not  exact, A prime  factor in 
this  disagreement  may be the  greater  shear  strain 
energy  absorbed  by  the  samples  during  constant 
stress  conditions. A s  Figure 2 demonstrates, 
this  is  approximately  twice  the  energy  absorbed 
during  an  equivalent  strain  rate  controlled  test, 
when  the  sample  is  strained  to  the  same  degree, 
The  shape  factor K is  often  used to describe  the 
ratio of these  energies. 

z = c1 + c2x + c 3 y "t c4x2 + c 5 xy 

+ CJ + 5 x 3  + c*x y + c xy 2 2 
9 

-t cloy3 
where C1 to Cl0 are  arbitrary  constants. 

The  program  used  a  least-squares  analysis to 
minimize  the  variance  associated  with  the  data 
and  thus  determined  the  values  of  the  constants 
c1 to c 10' 

On the basis of this  lfmited  evidence,  the  au- 
thors  decided to undertake  a  statistical  evalua- 
tion of the  relationship  between  strength,  strain 
rate,  and  absorbed  energy,  using  laboratory  re- 
sults of tests  carried  out on frozen SNR silt. 

Trend  Surface  Analysis  and 
the  Energy  Surface  Concept 

The  evaluation was performed  using  the  computer 
program KWIKR8, a Fortran IV program  for  multi- 
ple  regression  and  geologic  trend  analysis  pre- 
pared  as  Computer  Contribution 28 by  the  Kansas 
State  Geological  Survey, 1968. Through  trial 
and  error,  it  was  established  that a significant 
fit  to  the  experimental  data  could  be  obtained 
using  a  third  order  polynomial  if  the  data  were 
first  transformed  such  that 

x = /qdy (the  absorbed  shear  strain  energy) 
y = log p (the  shear  strain  rate) 
z = q (the  shear  stress). 

The  equation of the  polynomial is 

3 
700755 26 

185363.32 

60 05 

0.92 

0 96 

1196.16 
6 . 0 1  
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The  results  of  analyses for both  types  of  triax- 
ial  tests  are  shown  in  Table 1. Figure 3 shows 
the  trend  surface  fitted  to  data  from  the  defor- 
mation  rate  controlled  tests,  and  Figure 4 shows 
a  similar  surface  based  on  the  creep  test  re- 
sults.  Both  plots  use  the  shear strain (9) as 
the  dependent  variable. This  is  shown  as  a 
solid  contour where  experimental  data  exist,  and 
as  a  dashed  contour  in  areas  where  the  data  are 
merely  extrapolated.  Because  each  surface  re- 
presents  the  relationship  berween  stress,  strain 
rate, and  the  amount o f  shear  strain  energy  ab- 
sorbed  by  the  frozen  specimen  during  the  test, 
this  surface  has  been  named  the ENERGY SURFACE 
for these  particular  boundary conditions, 

It is apparent  that  a  great  deal o f  similarity 
exists  between  the  two  energy  surfaces  presented 
here. This  similarity  may be quantitatively  as- 
sessed  by  examining  the  residual  surface  formed 
when  one  surface is subtracted  from  the  other. 
As Figure 5 demonstrates,  little  difference  is 
apparent  over  the  common  area where  experimental 
data  exist. The two populations  can  therefore 
be  combined  to  yield  a  common  stress, strain 
rate,  absorbed  (shear  strain)  energy  surface  for 
SNR silt  at -1OoC as shown  in  Figure 6 .  

Data from plane  strain  tests on SNR silt  have 
been  analysed in  the  same  manner. It is clear 
from  Figures 7 - 9 that  remarkable  uniformity 
also  exists  between  the  stress  controlled (PB) and 
strain  rate  controlled (PT) results  here. Com- 
bining  both  types of data as before  yields  the 
energy  surface  shown  in  Figure 10. 

Application  of  the  Energy  Surface  Concept 

Once  a  valid  surface  has been  obtained,  its  value 
lies in  the  fact  that  it  can be used  to  predict 
the  results  of  other  tests,  independent of the 
test path, If  a  creep  test  is run with q equal 
to a  constant  value o f  50 x lo5 Pa, for  instance, 
the  surface  predicts  rhat the  strain  rate  versus 
strain  energy  relationship  will  be  defined  by 
the q  equal  to 50 x 105 Pa contour  as  shown 
schematically  by  path A i n  Figure 11. On the 
other  hand,  if  a  test  is  carried out  under  truly 
constant  (shear)  strain  rate  conditions,  the  sur- 
face  can  be used  to  predict  the q versus  fqdy 
relationship  by  examining  the  appropriate  cross 
section  of  the  surface  along  path B. In most 
cases,  however,  strain  controlled  tests  are  per- 
formed  at  a  constant  deformation rate, and  thus 
the  shear  strain  rate  increases  as  the  test  pro- 
ceeds. Under  such  conditions  the  appropriate 
cross  section  cannot be taken  parallel  to  the 
absorbed  energy axis, but  may  be  approximated  by 
inclining  the  cross  section  slightly  depending on 
the  estimated  shape  factor o f  the  stress  strain 
curve  (path C ) .  Of course  this  energy  surface 
concept is also  useful  for  predicting  behaviour 
under  more  complicated  stress  paths, as might  be 
found  during  step  Loading  tests  (path D). 

This  method  also  provides  an  effective  way  of 
maximizing  the  information  available  from  a  single 
test. A short  series  of  such  tests  could  pro- 
vide all the  data  necessary  to  construct  a  relia- 
ble  energy  surface,  without  the  time  or  expense 
of a  prolonged  rest  program. 
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One of the  inherent  disadvantages  of  creep  test- 
ing  is  the  logarithmic  increase in time  to  failure 
as the  stress  level is reduced.  Usually  it  is 
necessary to extrapolate  the  results of short-term 
tests in  order  to  predict  specimen  performance 
under low  stresses  for  long  time  periods. If, 
however,  the  concept of this  energy  surface  is 
valid,  it  may  be  possible to bring  the soil  into 
a  state eyLLivdent to  that which might  result 
from  low  stresses  applied €or long  time  periods, 

I 
I 
I 

, I  

by  a  much  more  convenient  method.  Using  path E, 
for  example,  the  lengthy  time  necessary t o  bring 
the  soil  along  rhe q equal  to 35 x IO5 Pa contour 
to  the  minimum  strain  rate  point  has been  complete- 
ly avoided,  by  forcing  the  sample  to  absorb  energy 
at  an  initially  faster  rate.  The  minimum  strain 
rate achieved  during  this  procedure  would  theoret- 
ically  be  identical to that  achieved  during  a  can- 
ventfonal  creep  test where q remained  at  a  fixed 
value  of 35 x lo5 Pa throughout  the  test. 
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load.  

Because  the  percentage  of  strain  recoverable  is 
usually  very  small  when  such  samples  are  unloaded 
from  high  stress  levels,  this  recoverable  strain 
may  be  neglected  in  the  energy  considerations 
presented  here.  Thus  it  has  not  been  necessary 
to separate  the  elastic  and  plastic  components 
o f  strain  when  deriving  the  energy  surface  equa- 
tion.  This  simplification  could  not  be  made 
where  the  foregoing  unloading  technique  was in- 
tended  to  yield  critically  accurate  strain  rate 
information  at  very  low  stresses.  Under  such 
conditions  viscoelastic  rebound  caused  by  un- 
loading  would  completely mask the  normally  small 
compressive  strains  for  some  time. It would  then 
be  necessary to continuously  monitor  the  strain 
rare  until  the  effects of viscous  rebound  had 
been  sufficiently  reduced so that  reliable  posi- 
tive  strain  rates  could  again  be  measured. 

This  concept  of  energy  surface  is  also  useful 
for  displaying  measured  differences  in  soil 
behaviour  between  plane  strain  and  triaxial 
stress  conditions.  Although  the  similarity  in 
shape  between  Figures 6 and 10 i s  remarkable, 
small  differences  in  the  magnitude  of  the q 
contours  indicate  that  the  shear  strength  was 
generally  slightly  higher  under  plane  strain 
conditions  than  under  triaxial  conditions. Con- 
versely,  for  any  sample  shear  stress (9) the 

minimum  strain  rate  was  usually  lower  than  that 
observed  in  axisymmetric  triaxial  tests,  and  the 
energy  necessary  to  achieve  the  failure  condi- 
tions  was  usually  grearer. 

Nonuniform  Test  Conditions  and 
the  Energy  Surface  Concept 

Although  the  laboratory  experiments  presented 
here  were  conducted  at  uniform  temperature, 
moisture  content,  and  bulk  density,  it is easy 
to  visualize  the  formation of other  similar 
energy  surfaces  where  boundary  conditions are 
more  variable.  Figure  12  shows a schematic  rep- 
resentation  of  how  temperature  changes  might 
influence  a  creep  test.  The  upper  surface  has 
been  constructed  from  data  determined  at  a  temp- 
erature  of  -lO°C,  the  lower  surface  at  -5%. 
Arrows  on  the  upper  surface  indicate  the  path 
a  specimen  would  follow  under  constant  stress 
and  temperature  conditions. If, after  the 
sample  has  progressed to point  A,  the  temper- 
ature  is  instantaneously  raised,  then  the  strain 
rate  increases  to  that  shown  by  point B. Sub- 
sequent  behaviour i s  confined  to  the  energy  sur- 
face  for  the  higher  temperature  and  the  original 
stress  level. 



125 

FIGURE 12. Schematic representation of  stress/strain-rate/absorbed energy sur- 
faces  at  different  temperatures.  Arrows show p a t h  for  constant 
stress  creep  test as temperature  fluctuates 

Similar  surfaces  might  also be constructed  to 
show the  effects  of  moisture  content,  bulk 
density,  grain  size,  unfrozen  water  content,  and 
confining  pressure.  The  latter  could  be  related 
through  a  simple  surface  using  the  variables  hyd- 
rostatic  stress (p), volumetric  strain  rate (G) 
and  volumetric  strain  energy  (Jpdv), or perhaps 
through a more  complex  function  incorporating  all 
the  potential  energy  sources  into  one  variable, 
such as 

ENERGY = f(shear strain,  volumetric  strain, 
temperature) 

Significance  of  the  Eneray  Surface  Concept 

The  isolation of a  unique  relationship  describing 
the  behaviour o f  frozen soil has  been  the  princi- 
pal  aim  of  much  recent  research.  While  the  for- 
mulation of an energy  surface  as  described  above 
does not completely  describe all aspects  of  creep 
behaviour,  it  does  represent an important  concep- 
tual  step  in  that  direction. The use of a  simple 
polynomial  rather  than  the more complex  nonlinear 
expression  proposed by Goughnour  and  Andersland 
(1968) further  facilitates  a  general  statistical 
approach  to  the  analysis of experimental  data  and 
permits  the  application of confidence  limits  in 
predictions  of  strength. 

The concept of energy  surface  is  also  important 
because  it  integrates  the  results of all  types 

of  tests:  constant  strain  rate,  constant  stress, 
and  stage  loading  tests. It therefore  permits 
an  investigator  to  more  efficiently  design  a  test 
program  and  evaluate  the  results  using  the  full 
range of equipment  available. 

Conclusion 

Experimental  data  gathered on frozen SNR silt  at 
-1OOC suggest  that  the  behaviour  of  this soil is 
almost  completely  controlled by, and  confined 
to, an ENERGY SURFACE represented  by  the  varia- 
bles  shear-stress ( q ) ,  logarithm  of  shear  strain 
rate  (log y )  and  absorbed  shear  strain  energy 
(fqdy). Formulation  of  the  surface  is  facilita- 
ed  through  the  use  of  a  standard  multivariate 
statistical  technique  and  trend  surface  analysis. 
Once  the  energy  surface  is  accurately  defined, it 
can be the  key  to  both  description  and  prediction 
of soil  performance  under  a  variety of different 
boundary  conditions. 
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ELECTRICAL PROPERTIES OF PERMAFROST 

Gary R. Olhoef t ,  U.S. Geological  Survey, MS 964, Box 25046, Denver  Federal 
Center,  Denver,  Colorado 80225, USA 

m a t e r i a l s  have  been s tud ied  as func t i ons  o f  frequency,  temperature,  appl ied 
un iax ia l   con f i n ing   l oad ,  and e l e c t r i c   f i e l d   s t r e n g t h .  The e l e c t r i c a l   p r o p e r t i e s  
are  strongly  f requency  dependent,   requir ing  the  presence  of   both  conduct ion and 
displacement  currents i n   t h e   i n t e r p r e t a t i o n  o f  e lectro  magnet ic  sounding  survey 
data. A t  low  f requencies  there  are  s t rong and marked  dependencies  upon  tempera- 
tu re ,   con f in ing   load ,  and e l e c t r i c   f i e l d   s t r e n g t h .   W i t h   i n c r e a s i n g   f r e q u e n c y ,  
these  dependencies  decrease,  becoming  negligible  near a few  megaHertz.  Several 
water - re la ted  mechanisms are   respons ib le  for the  observed  proper t ies i n   d i f f e r e n t  
f requency  ranges:  ionic  conduct ion  through  unfrozen  water,  a Maxwell-Wagner  type 
o f   e f f e c t ,   t h e   r e l a x a t i o n   o f   B j e r r u m   d e f e c t s   i n   i c e ,   t h e   r e l a x a t i o n  o f  unfrozen 
water  molecules, and p o s s i b l e   r e l a x a t i o n s  o f  a c la th ra te -hyd ra te  or o f  organic  
molecules i n   t h e   u n f r o z e n   w a t e r   s u r r o u n d i n g   c o l l o i d a l   p a r t i c l e s .  

The complex r e s i s t i v i t y ,   d i e l e c t r i c   c o n s t a n t ,  and loss   tangent  of  permafrost 

PROPRI i ~ i ~  ~ L E C T R  I QUES DU PERGEL I SOL 
Gary R. O l h o e f t ,  U . S .  Geological  Survey, MS 964,  Box 25046, Denver  Federal  Center, 
Denver,  Colorado 80225, USA.  

On a e t u d i e   l ' e n s e m b l e   r e s i s t i v i t e ,   c o n s t a n t e   d i 6 l e c t r i q u e   e t   t a n g e n t e  
de p e r t e  des  mat6r iaux de p e r g e l i s o l  en f o n c t i o n  de l a   f requence ,  de l a   t empera tu re ,  
de l ' a p p l i c a t i o n   d ' u n e   c h a r g e   h y d r o s t a t i q u e   u n i a x i a l e   e t  de l a   f o r c e   d ' u n  champ 
e l e c t r i q u e .  Les propr i6 tes   e lec t r iques   son t   fo r te rnent   dependantes  de l a   f requence ,  
ce   qu i   ex ige   l a   p resence  A l a   f o i s  de cou ran ts  de c o n d u c t i o n   e t  de  deplacement  pour 
i n t e r p r e t e r   l e s  donnges  des  sondages  electromagn6tiques. P.ux basses  frgquences, 
on c o n s t a t e  que l e s   p r o p r i e t 6 s   e l e c t r i q u e s   s o n t   f o r t e m e n t   d k t e r m i n g e s   p a r   l a  
t e m p g r a t u r e ,   l a   p r e s s i o n   h y d r o s t a t i q u e   e t   l a   f o r c e  du champ e l e c t r i q u e .  A mesure 
que la   f rgquence  augmente, c e t t e  dependance  diminue e t   d e v i e n t   n k g l i g e a b l e   l o r s q u e  
la   f requence   es t  de l ' o r d r e  de  quelques  Mggahertz. En presence  d 'eau,   p lus ieurs  
mecanismes  determinent   les  propr ig tks  observges,   dans  p lus ieurs gammes de  frequences: 
c e   s o n t   e n   p a r t i c u l i e r   l a   c o n d u c t i o n   i o n i q u e  dans l ' e a u  non  gelge, un t y p e   d ' e f f e t  
Maxwell-Wagner, l a   r e l a x a t i o n  des dg fau ts   B je r rum dans l a   g l a c e ,   l a   r e l a x a t i o n  des 
mo l6cu les   d 'eau   non   ge lee   e t   l es   re laxa t i ons   poss ib les   d 'un   c l ' a th ra te   hyd ra te   ou  
de rno lgcules  organiques  dans  l 'eau  non  ge l6e  qu i   entoure  les  par t icu les  co l lo l i 'da les.  
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ELECTRICAL  PROPERTIES OF PERMAFROST 

G. R .  Olhoeft 
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INTRODlJCTInN 

A knowledge of   the  e lectr ical   propert ies  o f  
permafrost  materials i s  useful  in  searching  for 
minerals  in  cold regions, investiqating  the 
engineering  properties  along  pipeline  routes  or 
around manmade structures,  monitoring the s t a tus  
and extent o f  water i n  frozen  around, and 
explorino  planetary  reqoliths. The study o f  
electr ical   propert ies  i s  complicated by t h e i r  
extreme s e n s i t i v i t y  t o  many environmental param- 
eters ,   par t icular ly   water   content .  A s ing le  mono- 
layer  of  adsorbed  water can decrease  the DC 
r e s i s t i v i t y  of a dry  si l icate  material  by  an order 
of  magnitude  (Olhoeft,  1975),  while a few weiqht 
percent can decrease  the DC r e s i s t i v i t y  by as many 
a s  nine orders of rnaqnitude. The e f f e c t  of  water 
and water-related mechanisms varies  strongly w i t h  
frequency, The extremely broad ranqe o f  frequen- 
c i e s  now used by various  geophysical  techniques 
allows  these mechanisms to  be s t u d i e d  separately 
as a means of  obtaining  information  about  the 
s t a t e  o f  water. 

real   part   of  the complex r e s i s t i v i ty   ( s imi l a r ly  
for  conductivity) and "DC r e s i s t i v i t y " ,   t o   t h e  
r ea l   r e s i s t i v i ty  i n  the  limit  as  the  frequency 
aoes to   zero  (s imilar ly   for   conduct ivi ty) .  "Loss 
tanqent" is   the   total   loss   tanqent ,   includinq both 
d i e l e c t r i c  and conduction losses, accordinq t o  the  
equation 

In th i s   paper ,   " rea l   res i s t iv i ty"   re fe rs   to   the  

where D i s   the   loss   t anaent .  E l - j E l l  i s  the  com- 
plex  permit t ivi ty ,  Udc,,is the DC conductivity, and 
f i s  the frequency.  Dielectric  constant" i s  the 
real   par t  o f  the complex permi t t iv j ty   re la t ive  t o  
t h a t  o f  free  space. For fur ther   de ta i l s ,   see  
01 hoeft (1  975,  1976a) * 

LABORATORY RESULTS A N D  DISCUSSION 

Firlure 1 i l l u s t r a t e s   t he   e l ec t r i ca l   p rope r t i e s  
of a basalt  from Thinqvellir ,   Iceland, having 4.3 
vol%  water-accessible  porosit.y, 0.35 m2/qm spec i f ic  
surface  area,  and a b u l k  density  of 2.82 gm/cm3. 
Sol id   l ines   are  the measured r ea l   r e s i s t i v i ty ,  
dashed l i nes ,   a r e  the measured reciprocal  of  the 
real  conductivity,  arrows  (near  the  left  axis)  are 
measured DC r e s i s t i v i t i e s ,  and d o t t e d  l i nes   a r e  
extranolations.  The top  curve i l l u s t r a t e s   t he  
vacuum-dry, 298-K electrical   properties  versus 

13 
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1 1 1 1 1 1 1 1 1  I 
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frequency. The low frequency l imi t ,  where the 
r e s i s t i v i t y  tiecornes independent o f  frequency and 
where the   rea l   res i s t iv i ty  and reciprocal o f  the  
conductivity  converge, i s  the DC l imi t ;  i t   i s  
determined by the ionic  conduction i n  the   basal t .  
The frequency-dependent  parts o f  the curve  are 
determined by the   d i e l ec t r i c  mechanism o f  the  
basa l t .  The lower  curve r e su l t s  from sa tura t ing  
the  sample w i t h  water. The DC r e s i s t i v i t y  drops 
enormously, and the region  of  the  conduction 
mechanism extends  to  higher  frequencies. Only a t  
the highest frequencies i s   t h e r e  a hint  t h a t  the 
d i e l e c t r i c  mechanism i s  becoming important. The 
middle  curves i l lustrate   the  water-saturated 
sample a t  247 K ,  where most of the water i s  
frozen. The unfrozen par t  (on the  order o f  7 
monolayers)  causes  the  difference  observed  at low 
frequencies between the DC r e s i s t i v i t y  and  the  
resu l t s   for   the  vacuum-dry sample. The conduc- 
t ion  mechanism of  ice  plays a small r o l e   a t  this 
temperature, b u t  the  a b r u p t  return t o  d i e l e c t r i c  
behavior  near a few tens  of Hertz i s  caused by 
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t he   d i e l ec t r i c  mechanism of  the  ice,   not o f  the 
basalt.  This sample i s  discussed  in more de ta i l  
i n  Olhoeft  (1'375). 

Figure 2 i l l u s t r a t e s   t he   e l ec t r i ca l   p rooe r t i e s  
o f  a more typical  permafrost  material. Shown a re  
the   rea l   res i s t iv i ty  ( p ' ) ,  the reciprocal o f  the 
real  conductivity ( ~ " l ) ,  the   d ie lec t r ic   cons tan t  
( k ' ) ,  and the loss tangent  ( D ,  note the  scale  
chanqe). The sample i s  SEB-20C1-1 from the 
Geological Survey of Canada f ie ld   8 i te ,   Involu ted  
Hill,  near  Tuktoyaktuk, N.W.T. (69 29' N ,  132' 
37' Id). The sample is  primarily  a  mixed-layer 
aaureqate  containing some non-smectite  clays and 
53  vol%  water. The r e su l t s  shown are  for  environ- 
mental conditions  of  1.75 qm/crn3, 262.8 K, and 
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1 . 6 2 ~ 1 0 ~  Pa load, which are  approximately  equiva- 
l en t   t o  i n  s i tu   condi t ions a t  10m d e p t h .  Note 
the more complex shape of the  frequency dependence 
as compared t o   t h a t  of the  basal t  o f  Figure 1 .  
This i s  caused by the greater number o f  water- 
re la ted  mechanisms tha t   a re   ac t ive  (see bel ow). 

Figure  3 i l l u s t r a t e s   t he   r ea l   r e s i s t i v i ty  
versus frequency and uniaxial  confining  load for 
another sample from Involuted  Hill,  SEB-16C-1 i s  
from 9m d e p t h ,  with an estimated 33 volX water. 
The dependence upon frequency and load i s   q u i t e  
c l ea r ,  w i t h  decreasing  load dependence as the 
frequency  increases. This re la t ionship   i s   in  
con t r a s t   t o   t ha t  shown by the data o f  Figure 4 
f o r  two samples of sand. The frequency depend- 
ence i s  negligible.  

t ha t  were thawed and refrozen. SEB-4P-1RF was 
formed in to   t he  shape o f  the original  core and 
refrozen; sample handling and preparation were 
the same as   for   the i n t a c t  cores  (see  Olhoeft, 
1975). I t s  electrical   properties  display  a  very 
slight dependence upon load. Sample SEB-4K-X was 
formed by placing  sand  in  the sample holder a t  
298 K and applying  a  load  of 3 . 2 6 ~ 1 0 ~  Pa while 
freezing the sample a t  262.1 K. I t  then exhibit-  
ed no change i n  r e s i s t i v i t y  up to  loads o f  l o7  
Pa. Note t h a t  a1 1 o f  the   res is t ivi ty   curves  con- 
verge a t   t h e  h i g h  frequencies. 

A dis t inc t   d i f fe rence  between the  dependence 
on load o f  the electr ical   propert ies  of perma- 
f ros t s  composed of clays  versus  those composed 
of sands i s  i l l u s t r a t e d  i n  Figures 3 and 4. 
Hoekstra and Keune (1967) have shown t h a t  the 
pressure dependence o f  the  electrical   propertl 'es 
o f  montmoril lonite  permafrost i s  readily ex- 
plained by the  increasing amount o f  unfrozen  water 
w i t h  increasina  pressure. This explanat ion  fa i ls  
here,  primarily  because  these  samples  contain no 
montmorillonite. Note however t h a t  the  pressure 
dependence of the  unfrozen  water f a i l s  by a 
factor   of   f ive  in   explaining  the magnitude of the  
observed  load dependence i n  Fiqure 3 ( for   de ta i  1 s ,  
see  Olhoeft,  1975). A more reasonable  explana- 
t i o n  fo r   t h i s   behav io r   i s   d i s to r t ion  and deforma- 
t ion  due to   loadino of the  double-laver  structure 

B o t h  samples  in  Figure 4 are  permafrost  sands 

I 2 3 4 5 6 
LOG FREQUENCY (HZ) 
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w i t h i n  the unfrozen  water  surrounding  the  colloidal 
c lay   par t ic les .  This mechanism would not be pre- 
sent in non-col loidal  material s ,  thus  producing no 
load dependence in the sands. 

temoerature  for  several  materials. The  c i r c l e s  
a re   the   basa l t  of  Fiqure 1 (open c i r c l e s   a r e  A C  
measurements extrapolated t o  DC,  c losed  are   direct  
measurements a t  DC) .  Pluses ,   crosses ,   t r ianqles ,  
and squares  are  synthetic  kaolinite  permafrost  
with the  indicated  weight,  percentages  of 1700 
ohm-m water  (squares  are 7.5 ohm-m water),  Slashed 
c i r c l e s   a r e   t h e  sand of Figure 4. Open hexagons 
a r e   f o r  a natural  ice  core SEB-20C-2 from j u s t  
below the  clay of Fiqure 2. Closed hexagons a re  
SEB-POC'-l o f  Fiqure 2 .  Note t h a t   a l l  o f  the 
synthet ic   kaol ini te  samples  converqe t o   t h e  same 
l i n e  upon freezing,  suggesting a s imi la r  amount of 
unfrozen  water  in each case.  Also,  the  total 
water  content  determines  the amount of increase i n  

Figure 5 shows the chanqe in DC r e s i s t i v i t y  w i t h  

5 -  

4-  

3- 

2- 

I -  

F. 5 
." 

243 253  263  273 283 293 
TEMPERATURE ( K )  

r e s i s t i v i t y  upon freezing  (especial ly  compare 
K-15.3%, crosses,  w i t h  K-14.8%, squares,  both  with 
comparable  water  contents b u t  w i t h  very d i f f e ren t  
r a t e r   r e s i s t i v i t , y ) .  

Figure 6 i l l u s t r a t e s  the proportionali ty be- 
tween the Zx104 Hz ice   re laxat ion peak i n  the   loss  
tanqent and water  content. Note t ha t   t he  magni- 
tude o f  the peak i s  changed by both water  content 
and the   r e s i s t i v i ty  o f  the  water, b u t  tha t   the  
shape  of  the  curves  remains the same. This s u p  
gests t h a t  the   loss   tangent   a t  Zx104 Hz may  be 
used as an ind ica tor  of r e l a t ive  changes i n  i ce  
content  (rouqhly  equivalent  to h t a l  water  content) 
i n  areas where the   water   res i s t iv i ty  i s  f a i r l y  
uniform. However, whpn water r e s i s t i v i t y  i s  
changing, the r a t i o  o f  the loss   tangent   a t  2x104 
Hz to  the  near 102 Hz m i g h t  be used. Note a l so  

that   the   posi t ion of the  peak w i t h  frequency 
alters  as  the  temperature  changes,  thus  giving an 
indication o f  ground temperatures. 

CONCLUSIONS A N D  SUMMARY 

Figure 7 i s  a schematic   i l lustrat ion o f  the 
mechanisms involved and produces a very good 
summary of the   cur ren t   s ta te  o f  knowledge of  the 
electr ical   propert ies  of  permafrost.  This  figure 
i s  based upon the  data o f  Olhoeft  (1975) and 
Hoekstra and Delaney (1974); i t  i s   representa t ive  
of  permafrost  similar t o  SEB-20C'-1 in  Figure 2. 

The dotted  ll 'ne i s  the   dielectr ic   constant .  
The so l id   l i ne  is  the  total   loss   tangent   ( the 
dashed po r t ion   i s   l e s s  the  conduction  losses). 
In the  region  labeled 0, the  ionic  conduction 
loss  t h r o u g h  the unfrozen  water i s  the dominant 
mechanism. In region M t h i s  conduction  loss 
nearly  obscures a type o f  Maxwell-Wagner response 
(dashed l i n e )  due t o  int ,er-nar t ic le   interact ion 

0' I I I I I I I I 
- 4 - 2  0 2 4 6 8 IO 
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( t h i s   i s   s t r o n g e r  i n  the   c lays   than  the   sands) .  
Reqion B i s   t h e   r e l a x a t i o n   o f   B j e r r u m   d e f e c t s   i n  

RUNNELS, L. V . ,  1969, D i f f u s i o n  and r e l a x a t i o n  

i c e  (Runnels,  1969),  as i d e n t i f i e d   b y   t h e   f r e -  
quency  and ac t i va t i on   ene rgy  o f  t he   l oss   t angen t  
peak. Reqion W i s  t h e   r e l a x a t i o n   o f   u n f r o z e n  SCHWARZ, G., 1972, D i e l e c t r i c   p o l a r i z a t i o n  
water  molecules.  The  mechanism o f   r e g i o n  U was phenomena i n   b i o m o l e c u l a r  systems, p. 163-191 
observed i n   t h e   n a t u r a l   c l a y   p e r m a f r o s t s   f r o m  

. I n v o l u t e d  Hill (F iqu re  2 and 3), b u t  i t  was n o t  
seen i n   t h e   s y n t h e t i c   m o n t m o r i l l o n i t e   o r   k a o l i n i t e  
c lay   pe rmaf ros ts   no r   i n   any   o f   t he   na tu ra l   sand  
permafrosts, It i s  s u q q e s t e d   t h a t   t h i s  mechanism 
may be e i t h e r   t h e   r e l a x a t i o n   o f   c l a t h r a t e - h y d r a t e s ,  
o r   t h e   r e l a x a t i o n   o f   o r g a n i c   m o l e c u l e s   w i t h i n   t h e  
u n f r o z e n   w a t e r   s u r r o u n d i n g   c o l l o i d a l   c l a y   p a r t i -  
c l e s  (Schwarz, 1972). As t h e   n a t u r a l  samples  are 
s t i l l  unthawed, t h i s   l a s t  mechanism  remains t o  be 
p o s i t i v e l y   i d e n t i f i e d ,  

It should be c l e a r   t h a t   t h e   e l e c t r i c a l   p r o p e r -  
t i e s  o f  permafrost  are  caused  by a number o f   v e r y  
compl icated mechanisms.  The Maxwell -Wagner t y p e  
mechanism i s   t h e   r o o t  of a vo l tage -cu r ren t  non- 
l i nea r i t y   (O lhoe f t ,   1976b)   and   t he   l oad  dependence. 
T h e r e   a r e   r e l a x a t i o n s   o f   p a r t i c l e s  and t h e i r  
d o u b l e - l a y e r   c h a r g e   d i s t r i b u t i o n s   ( c o l l e c t i v e l y  
c a l l e d   t h e  Maxwell-Wagner e f f e c t )  , o f  unf rozen 
water   and  f rozen  water   ice,   and  poss ib ly   o f  
organic   molecules i n   t h e   u n f r o z e n   w a t e r   o r   o f  
i m p u r i t i e s   w i t h i n   t h e   i c e   s t r u c t u r e   ( s u c h  as 
c l a t h r a t e - h y d r a t e s ) .  These r e l a x a t i o n s   a r e   t h e  
r o o t  of the  frequency dependence.  The t r a n s i t i o n  
o f   t h e   e l e c t r l ' c a l   p r o p e r t i e s  f r o m  dominantly 
c o n d u c t i o n - l o s s   t o   d i e l e c t r i c - l o s s  mechanisms 
(from  frequency-independent t o  frequency-dependent 
r e s i s t i v i t i e s )   c o m p l i c a t e s   t h e   i n t e r p r e t a t i o n   o f  
f i e l d  electromagnetic-sounding  surveys  owinq t o  
the   necess i t y  o f  i nc lud ing   d i sp lacemen t   cu r ren ts  
( d i e l e c t r i c   l o s s e s ) .  Many f u r t h e r   i n v e s t i g a t i o n s  
i n   b o t h   t h e   l a b o r a t o r y   a n d   t h e   f i e l d   a r e   r e q u i r e d .  

phenomena i n   i c e ,  p.  514-526 i n  Physics of  I ce ,  
Plenum, N.Y. 

i n   D i e l e c t r i c  and Related  Molecular  Processes, 
The  Chemical  Society,  London. 
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INVESTIGATION OF THE STRUCTURE AND PROPERTIES OF BOUND WATER 

B.A. Savel 'ev,  Moscow S t a t e   U n i v e r s i t y ,  U.S.S.R. 

The n a t u r e   o f   c o h e s i v e  bonds i n  f r o z e n   s o i l s  can   be   exp la ined  w i th   the   he lp  
o f  a model r e f l e c t i n g   t h e   s t r u c t u r e  i n  the  near-boundary  reg ion  ar is ing  f rom  the 
m u l t i p l i c i t y   o f   l a y e r s  between  the m ine ra l  p a r t   o f   t h e   s k e l e t o n  and i c e .  The 
mu l t i l aye red   sys tem  i nc ludes   adso rbed   wa te r   (wh ich   i n   t u rn   cons i s t s   o f  a f i r m l y  
bonded l a y e r  and a d i f f u s i o n  f i l m ) ,  a m o b i l e   s u r f a c e   l a y e r  of ice,  and a contac t  
l a y e r  o f  i c e   j o i n e d  t o  t h e   r e s t   o f   t h e   i c e   b o d y .  The author   d iscusses  the  format ion 
o f  each l a y e r  and   p rov ides   da ta   on   t he   e f fec t   o f   t he   mu l t i l aye red   sys tem  on   t he  
s t r e n g t h  and  deformat ion  proper t ies of  f r o z e n   s o i l s .  

iTUDE DE LA STRUCTURE  ET DES PROPRIiTiS DU LIANT AQUEUX 

B.A. S a v e l ' e v ,   U n i v e r s i t e   d ' E t a t  de MOSCOU, URSS 
, 

La n a t u r e  des l i e n s  de cohesion  dans le g e l i s o l   p e u t   E t r e   e x p l i q u g e  a I ' a i d e  
d 'un   mods le   qu i   re f l& te  l a  s t r u c t u r e  de l a  zone l i m i t r o p h e  e t  l a  m u l t i p l i c i t e  des 
couches  qui l a  composent e n t r e   l a   p a r t i e   m i n 6 r a l e   d u   s q u e l e t t e   e t   l a   g l a c e .  Ce 
systsme 21 couches m u l t i p l e s  comprend I 'eau  adsorbee,  composee 21 son tou r   d 'une  
couche  so l idement   l iee e t  d ' u n e   p e l l i c u l e  de d i f fus ion,   d 'une  couche  de  g lace 
s u p e r f i c i e l l e   m o b i l e ,   e t   d ' u n e   c o u c h e  de g lace   de   con tac t   ad jacente  au  r e s t e   d e   l a  
masse de g l a c e .   L ' a u t e u r   e x p l i q u e   l a   f o r m a t i o n  de  chaque  couche e t   f o u r n i t  des 
donnkes  montrant   l ' in f luence  du  syst4me  mul t icouche  sur   la   rgs is tance  mecanique e t  
l a   d k f o r m a b i l i t e   d u   g 6 l i s o l .  

MCCIIEflOBAHME CTPYKTYPbi M CBORCTB CBR3AHHOfi BOflM 
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CTpyKTypme rrapaMeTp  KonxenRwomoro nbaa aa K O H T B K T ~  c nacnepcmrMA o ~ p m u m ~  n p ~  -SOC (no M.E. CasenmBy) """_ """""" "" _""" mpa3e1 CTOCTU C 1 cp Iv cp 1 JIOB B pMHMue o d a e ~ a  
Koe@$mnear UBBUJIM- nnomanh ceqetlm 065eM OCpWJHCHHOPO  nOBepXHOCTb  KpHCTW- 

na s . 10-ScM2 
OCpFnHeHHOrO K ~ H C T ~ J I -   K P H C T M I J I ~  

"""- """"""" 

.IO-S CM3 P, c u  

1"""" """"""""" ""I"""""_ """""""_ """"" 

AcKaHrenb 2,56 185 26 102 

CyrnHaoK 2.61 295 48 82 

Kaonm 2,37 452 77 68 

IIecoK 2,37 884 177 57 
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TEMPERATURE-ELECTRICAL RESISTIVITY RELATIONSHIP I N  CONTINUOUS 
PERMAFROST AT PURTUNIQ, UNGAVA PENINSULA 
M.K+ Se uin,  Dept o f  Geology  and  Program of   Engineer ing  Phys ics,   Univ .   LaVal ,  
Quebec 8 1K 7P4, Canada * 

A t  t h e   n o r t h e r n   t i p   o f  New Quebec,  continuous  permafrost i s   c o n t r o l l e d  by 
t h e   e l e v a t i o n  of the  ground and mean annual a i r  t empera tu re   ra the r   t han   by   t he  
w i n t e r   i n s u l a t i o n   f a c t o r .   P e r m a f r o s t   a t t a i n s   i t s   g r e a t e s t   t h i c k n e s s   i n  Canada i n  
the   Pu r tun iq   a rea  and i n   t h e   c e n t r a l   A r c t i c   I s l a n d s .   I n   s p i t e   o f   d i f f i c u l t  access 
to   t he   we l l s   f o r   t he   down- the -ho le  measurements, a reasonable amount of temperature 
and e l e c t r i c a l   r e s i s t i v i t y   d a t a  were  gathered a t   t h r e e   s i t e s .  A r e l a t i o n s h i p  
between  temperature and e l e c t r i c a l   r e s i s t i v i t y   d a t a  was e s t a b l i s h e d   f o r   d i f f e r e n t  
rock  types. I t  was c o n c l u d e d   t h a t ,   i n  some i n s t a n c e s ,   e l e c t r i c a l   r e s i s t i v i t y  measu- 
rements can  be a wor thwh i le   subs t i tu te   fo r   tempera ture   measurements .  The d i s t r i b u -  
t i o n   o f   t e m p e r a t u r e  as a func t ion lo f   the   depth   ind ica tes   aonormal   tempera ture   g ra-  
d i e n t   o f   t h e   o r d e r   o f  -O.OIO°C m- . A t  a tempera tu re   o f  0 C, t h e  base o f   t h e   p e r -  
mafrost  i s  some 125 m below  the mean sea  leve l ,   which means a cont inuous  permafrost  
t h i ckness   o f  some 615 m on t h i s   c o n t i n e n t a l   p l a t e a u .  

PELATION: TEM@RATURE-R~SISTIVIT~ ELECTRIQUE DANS UNE AIRE DE PERG~LISOL CONTINU 
A PURTUNIQ,  PENINSULE D '  UNGAVA 
M.K. Seguin, Dep. de Geologic, Univ.  Laval,  Quebec G1K  7P4, Canada * 

e s t   d a v a n t a g e   c o n t r T i l 6 e   p a r   l ' e l 6 v a t i o n   e t   l a   t e m p e r a t u r e  moyenne  de l ' a i r  que p a r  
l e   f a c t e u r   i s o l a t i o n .   L ' g p a i s s e u r  d u   p e r g e l i s o l  dans l a  r e g i o n   d e   P u r t u n i j   $ s t  
a v e c   c e l   l e   d u   c e n t r e  de 1 ' A r c t i  que l a   p l u s  grande  de t o u t   l e  Canada. En d p i t  des 
grandes d i f f i c u l  t e s  d 'acces a des t r o u s  de forage,  nous sommes parvenus a r e c u e i l -  
lir des  donnees  de temperature e t  de r e s i s t i v i t 6   B l e c t r i q u e a 3 . t r o j s  sics. Nous 
avons e t a b l i  une r e l a t i o n   e n t r e   l a   t e m p e r a t u r e  e t  l a   r e s l s t l v l t e   e l e c t r i q u e   p o u r   d i -  
vers  types de roches. Dans l u s i e u r s  cas, l e s  mesures de r e s i s t i v i t e - G l e c t n q u e  
peuven t   E t re  un s u b s t i t u t  va ! able  aux  mesures de temp6ra ture .   La   var ia t ion  de l a  
temp@r$,Euq  en- fonct ion de l a   p r o f o n d e u r   i n d i q u e  un gradient   normal  de 1 ' o r d r e  de 
-0.010 m- . A l a  temperature de OC, l a  base  du p e r g e l i s o l   s e   s i t u e  h quelque 
125 m en  dessous  du  niveau moyen de 1 a mer, ce q u i  si g n i f i e  une  6pai   sseur de perge- 
l i s o l  de quelque  615 m s u r  ce p la teau   con t inen ta l .   Conna issan t  l a   c o n d u c t i v i t e  
thermique de d i v e r s   t y p e s  de roches de l a  reg ion ,  nous  pouvons c a l c u l e r  l e  f l u x  
geothermique  dont   les   va leurs  moyennes v a r i e n t   e n t r e  32 e t  41 m i l l i w a t t  mW2 s u i v a n t  
l e  t y p e  de roches  consid&@. 

A l ' e x t r G m i t 6   N o r d   d u  Nouveau-Quebec, l a   d i s t r i b u t i o n   d u   p e r g e l i s o l   c o n t i n u  

* Cont r ibu t ion   o f   the   Cent re   d 'e tudes   nord iques ,   Un i   vers i  t6 Lava l  
Con t r i bu t i on   du   Cen t re   d 'e tudes   no rd iques ,   Un ive rs i t e   Lava l  
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AT PURTUNIQ, UNGAVA PENINSULA 

M, K. Seguin 

Dept of Geology and Program of  Engineering  Physics, 
Univ. Laval , Quebec G1 K 7P4,  Canada * 

INTRODUCTION 
Permafrost is  widespread i n  the  northern  half  of 

the New Quebec-Labrador Peninsula (Brown 1975) and 
isolated  patches  occur  over much o f  the  southern 
half  o f  the  peninsula  (f igure 1 ) .  Definite infor- 
mation is  scarce  (Ives  1974) coming mainly from oc- 
casional  exploration, m i n i n g  or   construct ion  act i -  
vity or from research institutes such  as the Earth 
Physics Branch, the National  Research Council and a 
few Nordic  Centers  attached  to  Universities. As- 
bestos mining i n  the  Purtuniq  area soon encountered 
problems re la ted  to  permafrost and investigations 
began i n  1963 (Lawrence and Pihlainen 1963; Samson 
and Tordon 1969). In this region, the d is t r ibu t ion  
of  permafrost i s   re la t ive ly   cons tan t .  The occuren- 
ce of  permafrost seems t o  be controlled by the e l e -  
vation of the ground surface and the mean annual 
temperature  rather  than by the  winter  insulation 
fac tor ,   i . e .  snow cover. The area i s  a gently 
roll ing  plateau having an average  elevation of  
500 rn above sea leve l ,  w i t h  the highest h i 1  Is 
reaching  slightly  over 600 rn. The climate i s  cha- 
racterized by a long,  cold  winter. The  mean annual 
temperature i s  -8 t o  - lO°C,  w i t h  extreme  temperatu- 
res  rarely  exceeding 2l0C i n  sumner and  -4OOC in 
winter (Thompson 1966). 

C o n t i n u i n g  m i n i n g  problems caused by permafrost 
i n  the P u r t u n i q  a r e a  prompted the development of  a 
s e r i e s  o f  physical measurements on permafrost.  Per- 
mafrost  causes  problems  in d r i l l i n g  and production. 
Knowing where the permafrost i s   w i l l  not   solve  a l l  
the problems b u t  i t  will  help  in  defining  exactly 
what some of  the problems are.  The s tudies  i n  the 
Purtuniq  area  are   of   par t icular   interest  because 
they  are  concerned w i t h  bedrock  permafrost problems 
whereas, elsewhere, i n  the majority  of cases the 
main emphasis  has been on unconsolidated ground ma- 
t e r i a l .  In the P u r t u n i q  area,  the  bedrock i s  co- 
vered w i t h  only 2 t o  3 m of  residual soi l  consisting 
of  sandy and s i  1 ty  gravel w i t h  many boulders. The 
soil   matrix  (exclusive  of  gravels and boulders) 
contains an average of 60% ice  by volume. 

LOCATION 
The study  area was located i n  the  continous perma- 

frost zone of the  Quebec Ungava Peninsula a t  ap- 
proximate l a t i t u d e  6I049'N and longitude 73058'W, 
some 500 Km north of the tree l ine.  Vegetation is 
r e s t r i c t ed  t o  tundra comnuni t i e s  (Maycock  and  Mat- 
thews 1966). This area i s  some 1800 Km north  of 
Montreal,  approximately 1100 and 350 Km from the 
* Cont r ibu t ion  of  the Centre d'etudes  nordiques, 

Universite Laval 

start  o f  discontinuous and 
respectively  (figure 1 ) .  
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- 

continuous  permafrost start  o f  discontinuous and continuous  permafrost 
respectively  (figure 1 ) .  

"" " 
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- 
F i g .  1. Distribution of  continous and disconti-  

nous permafrost i n  Eastern Canada. 

GEOLOGY 
Regional 

The rocks  of this area  are   a l l  Precambrian  in 
age. The oldest  rocks  (Archean)  are  granodioritic 
gneisses and granodiorites. The upper  Chukotat 
Group and the o lder  Povungnituk Group rocks which 
are Middle o r  Upper Precambrian i n  age l i e  uncom- 
formably on the Archean rocks  (Bergeron  1957, 
1959; Stam 1961; Stevenson  1968;  Taylor  1974). The 
Povungni t u k  rocks are composed of metasediments 
and massive basic  metalavas. The metasediments 
consist  o f  argi l l i tes ,   sandstones,   b lack  schis ts  
and some dolomites. The overlying  Chukotat Group 
is  made up e s sen t i a l ly  of  pillowed lavas w i t h  i n -  
terbedded  sedimentary  rocks. The Povungni t u k  and 
Chukotat  Groups are invaded by basic and ultraba- 
s i c   s i l l s  w h i c h  occur more frequently i n  rocks  of 
the Povungnituk Group. Copper and nickel  minera- 

**********..** SOUTHERN LIMIT W 
DISCONfINUOUS PERMAFROST -- - - SOUTHERN Ltmtr OF 
CONTINUOUS PERMLIFUOST 
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l i z a t i o n  and   concen t ra t i ons   o f   ch ryso t i l e   asbes tos  
a r e   p r e s e n t   a t   o r   n e a r   t h e   b o t t o m   o f   t h e   u l t r a b a s i c  
s i l l s  (Bergeron  1959; Dugas 1971). 

Local 
Gel inas  (1962)  descr ibes i n   d e t a i l   t h e   m e t a s e d i -  

mentary,  metavolcanic and i n t r u s i v e  sequences of  
the  Watts  Lake - Purtuniq  area. The metamorphosed 
sediments o f   t h e   P o v u n g n i t u k  Group i n c l u d e   g a r n e t i -  
f e r o u s   b i o t i   t e - m u s c o v i t e   s c h i s t s ,   g r a p h i t i c   s c h i s t s ,  
c h l o r i t e - s e r i c i t e   s c h i s t s ,   c h l o r i t e - c a r b o n a t e  
s c h i s t s ,   q u a r t z - f e l d s p a r   g n e i s s e s ,   p y r i t i c   s l a t e s ,  
do lomi te and  banded q u a r t z i t e .  The metavolcanics 
of   the  Povungni tuk Group are composed o f  massive 
m e t a b a s a l t s ,   c h l o r i t e - a c t i n o l i t e   s c h i s t ,   a m p h i b o l i -  
te, garne t i f e rous   amph ibo l i t e  and c l i n o z o i s i t e -  
p l a g i o c l a s e   r o c k   w h i l e   t h e   r o c k s   o f   t h e   C h u k o t a t  
Group are   ma in ly  composed o f   p i l l o w e d  metabasal ts. 
The i n t r u s i v e   r o c k s   c o n s i s t   o f   m e t a g a b b r o ,  amphibo- 
l i t e   g a r n e t i f e r o u s   a m p h i b o l i t e ,   s e r p e n t i n e  amphibo- 
l i t e ,   t r e m o l i t e   s e r p e n t i n i t e  and  aphani t ic   serpen- 
t i n i t e   ( f i g u r e  2 ) .  

I 

F 

ULTRA BASICS 

. . - . . . .. . . - 

SCALE BASEMENT ROCKS GNEISS IOUARTZ-FFLPIPIII) 

MET.-SEDIMENTS E 3  MICA SCHISTS - 
0 2 4 6 8 (KILOMETER,) 

- FAULT 
+- + SYNCLINAL AXIS 

: ig. 2. Geo log ica l   p lan   v iew o f  the   Pur tun iq   a rea .  

An u l t r a b a s i c   s i l l   c o n t a i n i n g   t h e   a s b e s t o s   o r e b o -  
dy o f   P u r t u n i q   i s   r o u g h l y   e l l i p t i c a l   i n  shape,  and 
l i e s   i n  a sync l ina l   bas in,   which  has a w i d t h  o f  
3-8 Km and a l e n g t h  of a t   l e a s t  25 Km. Metavolca- 
n i c   r o c k s   e x t e n s i v e l y   a l t e r e d   t o   c h l o r i t e - s e r i c i t e  
s c h i s t s   u n d e r l i e   t h e   s i l l .  The u l t r a m a f i c   r o c k s  
c m p r i s i n g   t h e   s i l l s  were o r i g i n a l l y   c h r o m i t e -  
b e a r i n g ,   o l i v i n e - r i c h   p e r i d o t i t e s   o r   d u n i t e s ,   a n d  
pyroxeni tes  (Stewar t   1976) .  Due to   in tense  serpen-  
t i n i z a t i o n  and a l t e r a t i o n   w h i c h   a f f e c t e d   t h e   s i l l ,  
t h e   o r i g i n a l   c o n t e n t   o f   p y r o x e n e s   i n   t h e   u l t r a b a s i c  
rocks  cannot  be  exact ly  determined.  Al tered  py- 
r o x e n i   t e  o r  py roxene- r i ch   rocks   cons t i t u te  an e s t i -  
mated  60-70% o f   t h e   t o t a l   s i l l  complex.  Minor 
l a y e r i n g  and  banding o f  pyroxene (now t r e m o l i t e ) ,  
s e r p e n t i n i t e   ( d u n i t e )   a n d   i n   p l a c e s   m a g n e t i t e   i s  
p r e s e n t   i n   t h e   s i l l   ( T h a y e r  1960). Talc-carbonate 
rock  occurs i n   t h e   v i c i n i t y   o f   t h e  orebody i n  a 
number o f   l o c a t i o n s .  The  body of  q u a r t z i t e   l o c a t e d  
no r th   o f   t he   asbes tos   o rebody   f o rms  a s y n c l i n a l  
s t r u c t u r e   p l u n g i n g   g e n t l y   t o   t h e   n o r t h e a s t .   T h i s  
q u a r t z i t e   i s   b e l i e v e d  t o  rep resen t  a p o r t i o n   o f   t h e  
lowermost  rock  sequence  which  overl ies  the  basement 
rocks  (Stewart  1976). 

P le is tocene 
The l a s t   g l a c i e r s  o f  the   P le is tocene  c rossed  the  

area i n  a d i r e c t i o n  NIOOE, as i n d i c a t e d   b y   g l a c i a l  
s t r i a 1  and roches  moutonnees  (Matthews  1962,  1967). 
All er ra t i cs ,   mos t   o f   wh ich   were   d i sp laced  by l e s s  
than  700 m, a re   l oca ted  t o  t h e   n o r t h   o f   t h e i r  
sources  (Rogerson  1967),   Eel i f racts  and some very 
o c c a s i o n a l   t h i n   d r i f t   c o v e r   t h e   a r e a .  Around 
Watts  and  Murray  lakes some 30 Km nor thwest   o f   the  
c e n t r e   o f   t h e   a r e a   i n v e s t i g a t e d ,   g r a v e l  benches up 
t o  20  rn-thick  are  present.  A l i t t l e   f u r t h e r  west, 
s t r a t i f i e d  sands  occupy  the  bottom of Deception 
R i v e r   v a l l e y .  

MEASUREMENT SITES 

Down-the-hole  measurements  of  temperature  and 
e l e c t r i c a l   r e s i s t i v i t y  were  conducted on August 
1976 a t   t h r e e   s i t e s   i n   t h e   P u r t u n i q   a r e a :   1 )   B l a s t  
(p roduc t ion)   ho les  on benches o f   t h e  open cast ;  
these  ver t i ca l   ho les   (d iameter ,=15 cm) hav ing  an 
average  depth o f  15 m a re   l oca ted  on l e v e l s  470, 
460  and 420 m above mean sea l e v e l .  The bedrock 
i s   s e r p e n t i n i z e d   d u n i t e ;  2 )  Su r face   exp lo ra t i on  
i nc l i ned   ho les   (d iamete r  -8 cm) i n   t h e   s u r r o u n d -  
ings  o f   the  main  ore  zone  (mine  area) .  The bed- 
rock  i s  e i t h e r   s e r p e n t i n i t e d   d u n i t e ,   t a l c - c a r b o n a -  
t e   r o c k  or metaquar t z i t e ;  3)  E x p l o r a t i o n   h o l e s   i n  
an i n c l i n e d   a d d i t   u n d e r   t h e  open cast .  These i n -  
c l i ned   ho les   (d iamete r  -8 cm) a r e   l o c a t e d  on l e -  
v e l s  300 t o  50 m above mean s e a   l e v e l .   I n   t h i s  
l a s t  case, the  bedrock i s   s e r p e n t i n i z e d   d u n i t e ,  
ta lc -carbonate   rock ,   serpent in i  zed p e r i d o t i t e  
(II. i n t e r m i x e d   p y r o x e n i t e )  or py roxen i te .  

ACCESSIBILITY OF THE  WELLS FOR THE  MEASUREMENTS 
No problems  were  encountered  making  measurements 

i n  t h e   s h o r t   b l a s t   h o l e s ;   t h e y   w e r e   f r e e   o f   w a t e r  
and  no  caving  took  place. Deep su r face  and under- 
g round   exp lo ra t i on   ho les   cou ld   no t  be used  w i th  
t h e  same ease. A b r i n e   s o l u t i o n   o f   c a l c i u m   c h l o -  
r i d e  and f resh   wa te r  was used i n   t h e   p r o c e s s   o f  
diamond d r i l l i n g   t o   a v o i d   f r e e z i n g   i n   p e r m a f r o s t .  

I n   s p i t e   o f   t h i s   p r e c a u t i o n ,  a h a l t   i n   d r i l l i n g  
sometimes f o r  as 1 i t t l e  as  ha1 f an h o u r   i n   v e r y  
c o l d   p e r m a f r o s t ,   a l l o w e d   t i m e   f o r   t h e   d r i l l i n g  
rods t o   f r e e z e   i n   t h e   h o l e s .  One s o l u t i o n   i s   t o  
p u l l   t h e   r o d s  when dec id ing  upon a v o l u n t a r y  
s t o p   i n   d r i l l i n g .   I n  some i ns tances ,   f reez ing  
occurred when t h e   h o l e  was a l r e a d y   q u i t e  deep  and 
the   t ub ing ,   co re   ba r re l ,   d iamond   b i t s   and   anc i l l a -  
r y  t o o l s   w o r t h  many thousand o f  d o l l a r s  were l o s t .  
The on ly  ways t o   r e c u p e r a t e   t h i s   m a t e r i a l   a r e   t h e  
d r i l l i n g   o f   a n o t h e r   h o l e   o f   l a r g e r   d i a m e t e r  con- 
c e n t r i c   w i t h   t h e   o r i g i n a l  one o r   t r y i n g   t o  thaw 
t h e   i c e   f r o m   t h e   c e n t e r   o f   t h e   t u b i n g   u s i n g  an 
e lec t r i ca l   hea t ing   e lemen t .   Mos t   o f ten ,   t hese  
we l ls   a re   los t   fo rever   and  a re   consequent ly   un-  
su i   t ab le   f o r   geophys ica l  measurements * 

In many instances,  by  the  t ime  the  rods  have 
been pu l l ed   ou t ,   t he   denser   sa l ted   wa te r  of the 
b r i n e   s o l u t i o n  has a1 ready   s ta r ted  t o  s i n k   i n   t h e  
bottom o f  t h e   w e l l   w h i l e   r e l a t i v e l y   l i g h t e r   f r e s h  
w a t e r   f l o a t s   a t o p  and s t a r t s   f r e e z i n g .  By t h e  
t ime  one i s  ready   to   take   the  measurements, a p l u g  
of  i c e   i s   o b s t r u c t i n g   t h e   t o p   p a r t   o f   t h e   h o l e .  
Some wel ls   can  eventual ly   be  recuperated  by  co-  
v e r i n g   t h e   i c e   p l u g   w i t h  a b r i n e   s o l u t i o n   o r  me- 
t h y l   a l c o h o l   f o r  a c e r t a i n  time t o   o b t a i n  a pa r -  
t i a l   t h a w i n g  and  then  b lowing  wi th  a j e t   o f  com- 
p ressed   a i r .   A f te r   repea t ing   t he   p rocess  many 
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t imes,   the   f resh   water   and  the   b r ine   so lu t ion   a re  
f l u s h e d   o u t  and t h e   t o p   p a r t   o f   t h e   w e l l  may be 
used f o r   t h e  measurements. I n   o t h e r  cases,  the b r i -  
ne s o l u t i o n   d i d   n o t   f r e e z e  by t h e   t i m e   t h e  measu- 
rements  were t o  be made. The  column o f   f l u i d  i n  
t h e   u p p e r   p a r t   o f   t h e   h o l e   c o u l d   t h u s  be b lown  ou t  
w i t h  compressed a i r .  I f  t h e   p o r e   f l u i d   p r e s s u r e   i n  
t h e   c o u n t r y   r o c k   i s   l o w ,   t h e   l e v e l  will remain   a l -  
m o s t   c o n s t a n t   b u t   u s u a l l y   t h i s  was n o t   t h e  case as 
i n d i c a t e d   i n   t h e   t w o   f o l l o w i n g   e x p e r i m e n t s ,  

I n  one i n s t a n c e   t h e   b r i n e   s o l u t i o n  was f l u s h e d  
o u t   w i t h  a j e t   o f  compressed a i r   b e f o r e   p u l l i n g  
the   rods   ou t  and the  upper  empty  space o f   t h e  co- 
lumn was f i l l e d   w i t h   f u e l .  The rods  were  then 
p u l l e d   o u t  and t h e   f r e e  space  c rea ted   by   the i r  re- 
moval was a g a i n   f i l l e d   w i t h   d i e s e l   f u e l .   A f t e r  a 
s h o r t   w h i l e ,   t h e   f u e l   s t a r t e d   t o   s p i l l   i n d i c a t i n g  
e i the r   t he   p resence  o f  a b u i l t  up p o r e   f l u i d   p r e s -  
sure i n  t h e   w a l l r o c k   d u r i n g   t h e   p r o c e s s   o f   d r i l l i n g  
and/or a volume  expansion due t o   t h e   f r e e z i n g   o f  
w a t e r   i n   t h e   w a l l r o c k  and i n   t h e   w e l l .   I n   a n o t h e r  
i n s t a n c e ,   t h e   b r i n e   s o l u t i o n  was removed almost 
comp le te l y   f rom  the   ho le   by   pump ing   f ue l   o i l   i n   t he  
h o l e   b e f o r e   p u l l i n g   t h e   t u b i n g   o u t .  As soon as t h e  
rods   were   pu l l ed   ou t ,   t he   d iese l   f ue l   s ta r ted  
t o   s p i l l   o v e r   t h e   c a s i n g   a n d   a l m o s t   t h e   w h o l e   v o l u -  
me o f   f u e l  was expel   led.  The f l u i d   p o r e   p r e s s u r e  
i n   t h e   w a l l   r o c k   a p p e a r e d   t o   b e   c o n c e n t r a t e d   i n  a 
shear  zone o f   t a l c -ca rbona te   rock  and f r a c t u r e d  
s e r p e n t i n i z e d   d u n i t e .   I n   o r d e r   t o   a v o i d   t h i s   p r o -  
blem, i t  i s  suggested   tha t  a non -po l l u t i ng ,  non- 
f r e e z i n g   f l u i d   h e a v i e r   t h a n   w a t e r ,  be used, t h a t  
w o u l d   t e n d   t o   s i n k   t o   t h e   b o t t o m   i n   s p i t e   o f   t h e  
buoyant  pressure when d iese l   f ue l   canno t  be used 
as a d r i l l i n g   f l u i d  because o f   p o l l u t i o n  dangers 
on su r face  and explosion  hazards  underground.  In 
any  event,  because o f   t h e   g r e a t   d i f f i c u l t i e s  en- 
countered i n  the  cont inuous  permafrost  zone o f   t h i s  
r e g i o n  and t h e   r e l a t i v e   i n a b i l i t y   t o   p r e d i c t   t h e  
t h e r m a l   s i t u a t i o n  of a spec i f i c   we l l   immed ia te l y  
a f t e r   d r i l l i n g  it, very   few  we l ls  become access ib le  
t o  measurements. 

PREPARATION OF THE  WELLS FOR THERMAL AND 
ELECTRICAL RESISTIVITY MEASUREMENTS 

Before   under tak ing  a s e r i e s   o f   t h e r m a l  and e lec -  
t r i c a l   r e s i s t i v i t y  measurements i n   t he   bo reho les ,  
cer ta in   cond i t ions   ought   to   be   met .  If t h e   h o l e  
rema ins   pe r fec t l y   d ry   and  i f  no  caving o f   t h e   w a l l -  
rock i s  observed,  thermal  and e l e c t r i c a l   r e s i s t i v i -  
ty  l ogg ing  can  be  done a t  any t i m e   w i t h o u t  any  ad- 
d i t i o n a l   p r e c a u t i o n .  However, i f  rock   cav ing  4s 
observed i n   t h e   w a l l r o c k ,  i f  t h e   h o l e   i s   p a r t i a l l y  
f i l l e d   w i t h  a f l u i d  or i f  any h u m i d i t y   i s   p r e s e n t  
on t h e   w a l l s ,   a d d i t i o n a l   p e r m a n e n t   i n s t a l l a t i o n s  
should be made i n   t h e  we1 I s ,   I n  such  cases, a po- 
l y v i n y l   c h l o r i d e  (P.V.C.) t u b i n g   ( e x t e r n a l   d i a m e t e r  
=7.5 an) was lowered i n  t h e   h o l e s .   I n   o r d e r   t o  be 
a b l e   t o  measure t h e   f i n i t e   v a l u e s  of e l e c t r i c a l   r e -  
s i s t i v i t y   o f   t h e   w a l l r o c k   t h r o u g h   t h e   h i g h l y   r e s i s -  
t i v e  P.V.C. tub ing,   the  contact   between  the  e lec-  
t rodes  and  the  wal l rock  must   take  p lace  through a 
good conductor. To r e a l i z e   t h i s   s i t u a t i o n ,   t w o  me- 
thods  were  cons idered:   1)   the  in t roduct ion o f  an 
i n t e r n a l  a n d   e x t e r n a l   t h i n   m e t a l l i c   c y l i n d r i c a l  
s t r i p  coming 4n c o n t a c t   w i t h   e a c h   o t h e r   b y   t h e   i n -  
s e r t i o n   o f  pop r i v e t s ;  2) t h e   i n t r o d u c t i o n   o f  me- 
t a l l i c  un ions   be tween  re   u la r   leng ths   o f  P.V.C. t u -  
b ing  (Seguin 1973,  1974ay. For t h i s   p a r t i c u l a r  

s tudy ,   t he   second   so lu t i on   t u rned   ou t   t o   be  more 
p r a c t i c a l   a n d   e f f i c i e n t .  

One spec i f i c   p rob lem was encountered   w i th   the  
P.V.C, t ub ing .   Th i s   t ub ing  i s  l e s s   e x p e n s i v e   t o  
buy i n  l o n g   r o l l s   t h a n   i n   i n d i v i d u a l   b a r s .  How- 
ever, when c u t   i n   s h o r t  segments o f  1.2 m or so,  
t he  P.V.C. t u b i n g   i n   l o n g   r o l l s ,   w h i c h   i s   r e l a t i -  
v e l y   r i g i d ,   p r e s e n t s  an arcuate  form. When many 
o f  t h e s e   c i r c u l a r  segments a re   a t tached  together ,  
a l a r g e   f r i c t i o n   i s   e x e r t e d  by t h i s   i r r e g u l a r   t u -  
b ing  on t h e   r e l a t i v e l y   s t r a i g h t   w a l l  of t h e   w e l l ,  
so  t h a t  for  ex tens i ve   l eng ths   o f   t ub ing ,  i t  i s  a 
l a b o r i o u s   t a s k   t o   p u s h  "it down the  hole.  For t h i s  
reason,  the  more  expensive  but  easier  to  handle 
P.V.C. s t r a i g h t  segments a re   p re fe rab le .  The P.V. 
C. t u b i n g   i s   t h e n   f i l l e d   w i t h   d i e s e l   f u e l  or me- 
thano l .  A p l u g   a t   t h e   b o t t o m  of  t he   t ub ing   p re -  
vents  any  leakage  and  the  presence o f   t h i s  non- 
f r e e z i n g   f l u i d   s t o p s  a n y   p o s s i b l e   i n f i l t r a t i o n   o f  
d r i p p i n g   w a t e r  on the  wal   l rock  (Seguin 1974b, 
1975) .   Wi th   these  preparat ions,   the  wel l  i s  ready 
f o r  measurements . 

TEMPERATURE  MEASUREMENTS 

The most comnon temperature  measuring  devices 
are  the  thermocouples  and  the  thermistors ;   the 
m o s t   s e n s i t i v e   i s   d e f i n i t e l y   t h e   t h e r m i s t o r   w h i c h  
i s  a t i n y   b l a c k   b e a d   t h a t  has  an e l e c t r i c a l   r e s i s -  
tance  tha t   var ies   w i th   tempera ture .  The n a t u r e   o f  
t h e   v a r i a t i o n   i s   d e t e r m i n e d   b y   c a l i b r a t i o n .  The 
the rm is to rs   used   f o r   t h i s   s tudy   a re   so ld  comner- 
c i a l l y  by  Fenwal Electronic,   Massachusetts,  U.S.A. 
(UBB25Jl s e r i e s ) .  The r e s i s t a n c e   i s  1350 ohms a t  
O°C which means t h a t   s m a l l   u n c e r t a i n t i e s   i n   t h e  
res is tance  o f   the   connect ing   cab les   can  be ne- 
g lected.  One o f  t he   t he rm is to rs   used   su f fe red  a 
s m a l l   s t e a d y   d r i f t   i n   r e s i s t a n c e ,  so t h a t  a p e r i o -  
d i c   reca l i b ra t i on   p roved   necessa ry .  The r e s i s t a n -  
ce change f o r  a temperature change o f  l0C i s  about 
3%, s o  t h a t  a t h e r m i s t o r   o f  2000 ohms will change 
by 60 ohms i f  the  temperature i s  changed  by l0C. 
Resistance measurement t o  one ohm  was obta ined,  
g i v i n g  an accuracy of 0.015 t o  0.02OC. The r e s i s -  
tance was measured w i t h  a m i n i a t u r e   T r i - p h a s e   d i -  
g i t a l   m u l t i m e t e r ,  model 245, manufactured  by  Data 
P r e c i s i o n  Corp.,  Massachusetts, U.S.A.  (Seguin 
1974b.  19751. 

T h e k   a r e ' t w o  ways o f   g e t t i n g   t h e   t h e r m i s t o r s   i n -  
t o   p o s i t i o n   t o  measure temperature i n  a w e l l .  One 
way i s  t o   b u i l d   t h e   t h e m i s t o r s   i n t o  a c a b l e   a t  
p redetermined  in te rva ls  and t o   p l a c e   t h e   c a b l e  
permanently i n   t h e  we1  1. The o t h e r  way i s  t o  keep 
p a r t  or a l l  o f  a we1 1 open, and t o   v i s i t  i t  p e r i o -  
d i c a l l y   w i t h  a por tab le  cable.   Usual ly ,   the  por-  
table  cables  have a p robe   w i th  a s i n g l e   t h e r m i s t o r  
inside,  and  are  lowered by s t e p s   t o   o b t a i n  a se- 
ries of   readings  throughout   the  ho le.  The  advan- 
tages o f   t h e  permanent   cab le   a re   the   one-e f fo r t  
i n s t a l l a t i o n ,   t h e  ease  and  speed o f  subsequent v i -  
s i t s ,  a n d   t h e   s a f e t y   f a c t o r   o f   h a v i n g   t h e   c a b l e   i n  
p lace  if anyth ing   shou ld  happen t o   b l o c k   t h e   h o l e ,  
such  as rock   fa l l ,   cav ing ,   water   leakage,   f reeze-  
back, e t c .  .. The advantages o f   t h e  permanent  ca- 
b le   a re   indeed more e v i d e n t   i n   m i d - l a t i t u d e   t o  
s u b - a r c t i c   a r e a s .   I n   t h e   n o r t h e r n   t o   a r c t i c  
a r e a s ,   t h e   h o l e s   a r e   f i l l e d   w i t h   d i e s e l   f u e l  or 
some o t h e r   n o n - f r e e z i n g   f l u i d   i n   o r d r e   t o  make su- 
re t ha t   t he   cab les   a re   no t   des t royed   by   f o rces  
developed i n   t h e   f r e e z i n g  mud, sea  water,  calcium 
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chloride  brine.  Consequently,  as  the  holes  are 
filled  with  non-freezing  fluid,  the  portable  equip- 
ment making use of l i g h t  probes and cables ( ~ 1  Kg/ 
100 m )  can be used a t   p r o f i t   s i n c e  they wi 11 eas i ly  
sink i n  the f lu id .  The advantages  of the portable 
cable method are   the   f lex ib i l i ty  of choice o f  mea- 
suring p o i n t s  i n  a specif ic   hole ,  the poss ib i l i t y  
of reca l ibra t ion   a t   in te rva ls  of  time and the f a c t  
that   the  equipment can be used i n  many holes. The 
portable  cable method was favoured  not  only  for 
temperature  depth studies b u t  also  for  considera- 
t ions  re la ted t o  the  qual i ty  o f  the results ob- 
tained and heat  flow measurements. 

In this study, we have chosen a modified  version 
of the portable  cable method; a  cable  with 20 leads 
was used. Pairs  of  thermistors were placed a t  i n -  
tervals  of 70 cm along the cable and one thermistor 
i n  the pa i r  was o r i en ted   a t  180' from the  other.  
Both readings were taken and averaged o u t ;  i n  this 
fashion, i t  appeared tha t   l a t e ra l  convection e f -  
f ec t s  were eliminated. The thermistors were ins- 
t a l l ed  i n  the   in te r ior  of 3  concentric  f lexible 
and resistant silicone  rubber  tubings used i n  chi- 
rurgy. The leads t o  the  thermistors   are   isolated 
w i t h  an epoxy resin glue and the beads towards  the 
exterior are  coated w i t h  a  conducting  glue. The 
whole system is perfectly impermeable i n  order t o  
avoid  short circuits. A rotary switch a1 lows the 
measurements a t   successive points. This 18  ther- 
mistors  portable  cable method of fers   def in i te  ad- 
vantages  over the s ing le  p o i n t  method, i n  particu- 
l a r  Improved accuracy and faster  temperature measu- 
rements.  This  system can operate i n  holes  having  a 
diameter  of 4 t o  16 cm, Due t o  thermal inertia, a 
certain period of time i s  r e q u i r e d  t o  obtain  a 
s t a t e  of  thermal equilibrium between the  walls  of 
the well and the thermistors. A multi-sensing por- 
table  device  has proven t o  be r ea l ly   e f f i c i en t  i n  
this respect. 

ELECTRICAL  RESISTIVITY MEASUREMENTS 
The contact between the  walls  of  the  well i s  made 

w i t h  a system o f  three pre-stressed s t ee l  springs 
attached t o  the  cable and placed i n  a plane perpen- 
dicular   to  this cable   a t   angles   of  1200 from each 

ther. The alpha  cable  (specification: 1176 6/C 
j22 7/30) has  a  jacket o f  PVC (polyvinyl  chloride) 
and can withstand a  voltage  of 200 volts.  Four 
sets of springs o f  t h i s  k i n d  are  placed  along the 
cable w i t h  separations of  2.5,  1.2 and 2.5 m res- 
pecti  vely. For more de t a i l s  on the conception and 
construction of   the  e lectr ical  probes, the reader 
is re fer red  t o  Seguin  (1973, 1974a, b ,  1975). The 
electrodes  are  arrayed  according to  the Schlumber- 
ger  configuration w i t h  the half-distance  separating 
the  potential   electrodes (MN/2) equal t o  0.6 m .  
This system can operate i n  wells  having  a  diameter 
of  5.1 t o  15 cm. The instrument used t o  measure 
the   e lec t r ica l   res i s tance  i n  d i rect   current  i s  a 
u n i t  manufactured by Scintrex Limited, Toronto, 
Canada (model No: SP5-RM).  The  maximum output 
voltage o f  the source was 450 volts.  The e l e c t r i -  
cal   resistance i n  a l te rna t ing   cur ren t  was measured 
w i t h  a Terrameter, model No: TI 5370-IE manufac- 
tured by Aktiebolaget Elektrisk Malmletning, 
Stockholm, Sweden. The waveform o f  t he   a l t e r -  
nating current is square and the frequency is very 

tend from 0. 03 to  10008 ohms and the maximum out-  
low ( 4  Hertz . The ran e of the measurements ex- b 

p u t  is  400 volts. Time varying in t ens i t i e s  of t e l -  
lu r ic   cur ren ts  which a re  sometimes appreciable  in 
this northern  region  are  substantially  eliminated 
w i t h  the use of this unit. 

RELATIONSHIP BETWEEN TEMPERATURE A N D  
ELECTRICAL  RESISTIVITY 

One can foresee certain advantages i n  measuring 
the   e lec t r ica l   res i s t iv i ty   ins tead  of the tempera- 
ture.  Temperature measurements are made a t  the 
surface  of  the  walls and are thus representative 
of  a  very small volume o f  the surrounding rock  ty- 
pe. Due to  large temperature disturbances  (heat- 
i n g )  i n  the  dri l l ing  process and re1 a t ive ly  poor 
thennal  conductivities o f  the rockmass (slow  dif-  
fus iv i ty) ,   the  temperature i n  this very  small vo- 
lume close to  the wallrock  surface  are  substan- 
t i a l l y   d i f f e r e n t  from the surrounding medium. To 
avoid this problem, many temperature measurements 
ought t o  be made a t   d i f f e r e n t  periods of time and 
over  a  large span of time u n t i l  the approximate 
state  of  temperature  equilibrium is obtained  in 
the  wallrock  surface. Over this long period of 
time,  freeteback is a comnon cause  of  breaks  in 
thermistors when using the pennanent  cable method. 
Finally,  temperature measurements a re   essent ia l ly  
punctual;  since a cer ta in  time lag  takes place t o  
obtain the s ta te  o f  equilibrium between the tempe- 
rature of the thermistors and tha t  o f  the  wall - 
rock, a continuously recording device would  not be 
appropriate. 
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F i g .  3. Experimental relation between e l e c t r i -  
ca l   r e s i s t i v i ty  ( P )  expressed i n  Ohm-metre and 
temperature ( T )  expressed i n  'Celsius f o r  a se r -  
pentinized  dunite ( i n  a re la t ive ly   d ry   s ta te )  of 
the P u r t u n i q  area.  

exc i ta t ion  of a much l a r   e r  volume of rock and 
Elec t r ica l  resist ivity  masurements involve the 

consequently the tempera!,, disturbed rock volume 



i s  much sma l le r .  The r e s i s t i v i t y  measurements are 
thus  less  dependant on the   t ime  of  measurement; i t  
i n v o l v e s  a sma l le r   f requency   o f  measurements  and 
more   immedia te   resu l ts .   F ina l l y ,  a cont inuous   re -  
s i s t i v i t y   l o g   i n   a n a l o g   o r   d i g i t a l   f o r m  may be  ob- 
t a i n e d   r a p i d l y .  An e s t i m a t e   o f   t h e   r e s i s t i v i t y   o f  
t he   geo log i ca l   f o rma t ion   a t  a spec i f i c   tempera ture  
can then  be   eas i l y   separa ted   f rom  loca l   and  spa t ia l  
v a r i a t i o n s  caused  by  changes i n   m i n e r a l   c o m p o s i t i o n  
and r o c k   h e t e r o g e n e i t i e s .   E v e n t u a l l y ,   e l e c t r i c a l  
soundings  f rom  surface may a l l ow   the   de te rm ina t ion  
o f  t h e   t e m p e r a t u r e   a t   d i f f e r e n t   s u b s u r f a c e   l e v e l s  
be fo re   under tak ing  any d r i l l i n g .  

T a k i n g   i n t o   a c c o u n t   t h e   f o l l o w i n g   f a c t o r s :  1) 
rock  type,   2)   ice  and/or   water   content  (Eh, pH) 
and 3) minera log ica l   compos i t ion ,   and  cons ider ing  
one c o n s t a n t   a t  a time, a c o a r s e   b u t   d e f i n i t e   r e l a -  
t i o n   c o u l d  be  establ ished  between  temperature  (T) 
and e l e c t r i c a l   r e s i s t i v i t y  (1) )  f o r   t h e   f o l l o w i n g  
fou r   rock   t ypes  : se rpen t in i   zed   dun i te ,   t a l   c - ca rbo -  
n a t e   r o c k ,   s e r p e n t i n i r e d   p e r i d o t i t e  and  pyroxeni te .  
F igure 3 shows the   observed  re la t ion   be tween T and 
P i n  the  approximate  temperature  range 0 t o  -7OC 
f o r  a r e l a t i v e l y   d r y   t y p i c a l   s e r p e n t i n i z e d   d u n i t e .  
Th e l e c t r i c a l   r e s i s t i v i  y i s   a p p r o x i m a t e l y  5 X 
10 a-m a t  O°C and 2 X 10 R-m at.-7OC. I n   f i r s t  ap- 
p r o x i m a t i o n ,   t h e   r e l a t i o n   i s   e x p r e s s e d  as a s t r a i g h t  
l i n e  a n d   t h e   e l e c t r i c a l   r e s i s t i v i t y   i n c r e a s e s  when 
the  temperature  decreases  below  the me1 t i n g   p o i n t  
o f   i c e  as expected from the   theory .  
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F i g .  4. R e l a t i o n :   e l e c t r i c a l   r e s i s t i v i t y  ( P )  - 
temperature (T)  f o r  a s e r p e n t i n i z e d   p e r i d o t i t e  and 
a p y r o x e n i t e   ( i n   b o t h   d r y  and s a t u r a t e d   s t a t e )   f r o m  
the  Pur tun iq  area.  

F igu re  4 shows the   observed  re la t ion   be tween T 
and  Pin  the  approximate  temperature  range: 5 t o  
-5 C f o r   s e r p e n t i n i z e d   p e r i d o t i t e   a n d / o r   p y r o x e n i t e  
i n   b o t h   t h e   d r y  and  water   saturated  s ta te.   Below 
O°C, t h e   e l e c t r i c a l   r e s i s t i v i t y   o f   p u r e   s e r p e n t i n i -  
zed p e r i o d o t i t e   i s   l a r g e r   t h a n   t h e  one o f  pyroxeni -  
t e   i n t e r m i x e d   w i t h  some p e r i d o t i t e   f o r  a s p e c i f i c  
tempera ture   va lue .   In   the   d ry   s ta te ,   the  T - P 
r e l a t i o n s h i p  above OC i s  about   the same f o r   b o t h  
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p e r i d o t i t e  and  pyroxeni te .  When s a t u r a t e d   w i t h  
water, a large  decrease i n   e l e c t r i c a l   r e s i s t i v i t y  
takes  place  around O°C f o r   b o t h   p e r i d o t i t e  and  py- 
r o x e n i t e  as expected  f rom  theory.  The r e s i s t i v i t y  
o f  p y r o x e n i t e  and p e r i d o t i t e   i s  10 t i m e s   l a r g e r  i n  
t h e   d r y   s t a t e   t h a n   i n   t h e   s a t u r a t e d   s t a t e  above 
O°C. These p re l im ina ry   resu l t s   a re   consequen t l y  
q u i t e   i n s t r u c t i v e  and  encouraging. 

DISTRIBUTION OF TEMPERATURE VS DEPTH 
The tempera ture   resu l ts  were ob ta ined  from d i f -  

f e ren t   we l l s   i n   t he   Pu r tun iq   a rea .   Tempera tu res  
ob ta ined   a t   e leva t i ons   be low  app rox ima te l y  225  m 
above  sea l e v e l   a r e   a p p a r e n t l y   n o t   g r e a t l y   i n -  
f luenced by  seasonal   temperature  f luctuat ions and 
t h e   t e m p e r a t u r e   g r a d i e n t   i s   r e l a t i v e l y   c o n s t a n t .  
The  mean temperature  gradient   obta ined  f rom tempe- 
r a t u r e  measurements i n   a l l   t h e   a c c e s s i b l e   d r i l l  
holes  below 250 m above  sea l e v e l  an taken  by 
s teps o f  50 m i s  equal t o  -O.OIO°C m-', whereas 
the   g rad ien t  o f  t he   who le   i n te rva l  250 m above -1 
and 30 m be low  sea   l eve l   i s   equa l  t o  -0.008°C m . 

The p o s i t i o n   o f   t h e   p e r m a f r o s t  base  has  been  es- 
t i m a t e d   b y   e x t r a p o l a t i o n   o f   t h i s   g r a d i e n t  down t o  
a temperature o f  O°C, t h e   p r o b a b l e   e q u i l i b r i u m  
p o i n t   i s  126 2 15 m below  the mean sea l e v e l .  As 
t h e   e l e v a t i o n   o f   t h e   s u r f a c e  was approx imate ly  
490 m i n  t h i s  area, t h i s   i m p l i e s  a cont inuous  per-  
mafrost   th ickness o f  some 615 m on t h i s   p l a t e a u .  
T h i s   s e c t o r   o f   t h e   c o n t i n e n t   i s   l o c a t e d  some 50 Km 
south o f   t h e  Hudson S t r a i t   c o n n e c t i n g   t h e   A t l a n t i c  
and A r c t i c  oceans.  This means t h a t   t h e  base o f  
t h e   c o n t i n u o u s   p e r m a f r o s t   o u g h t   t o   r i s e   w i t h  an 
average  grade of 0,25% i n  t h e   n o r t h e r n   d i r e c t i o n  
i f  the   pe rmaf ros t   i s   absen t   under   t he   sea   she l f .  
Actual ly ,   d iscont inuous  permafrost  was encounteved 
i n   t h e   k c e p t i o n  Bay a rea   l oca ted  some 45 Km 
nor thwest  o f  Pur tun iq.  Two o f   t h e   s i x t e e n   s i t e s  
d r i l l e d   i n   t h i s   r e g i o n   e n c o u n t e r e d   d i s c o n t i n u o u s  
p e r m a f r o s t   a t   d e p t h s   o f   1 0   t o  25 m below mean sea 
l e v e l  (Samson and  Tordon  1969).  This  indicates 
t h a t  a t h i n n i n g  o f  the  permafrost   through  the  ba- 
se a t  an average  rate o f  2.5 m p e r   k i l o m e t e r   i n  
t h e   n o r t h w a r d   d i r e c t i o n   i s   o f   t h e   r i g h t   o r d e r   o f  
magnitude. 

THERMAL CONDUCTIVITY AND HEAT FLOW 

A d e t e r m i n a t i o n   o f   h e a t   f l o w  (9 )  requi res  two 
separate  measurements:  the  thermal  gradient 
(aT /aZ) ,  and the   t he rma l   conduc t i v i t y  (K), o f   t h e  
rocks i n  which  the  temperatures  are measured. 
Heat   f low  across a u n i t   a r e a   i s   t h e n   c a l c u l a t e d  
by the   f o rmu la  q = -K grad T. Measurements of t h e  
thermal   conduct iv i t y   were  done i n   t h e   l a b o r a t o r i e s  
o f   t h e   D i v i s i o n   o f  Seismology  and  Geothermal  Stu- 
dies,  Earth  Physics  Branch,  Ottawa  (see  Table I). 

As most o f   t he   t empera tu re  measurements  were 
made i n   t h e   f o l l o w i n g   r o c k   t y p e s :   s e r p e n t i n i t e d  
p e r i d o t i t e ,   s e r p e n t i n i t e ,   p y r o x e n i t e  and t a l c -  
carbonate  rock  (serpent in ized  shear  zones),   the 
mean the  a1 o n d u c t i v i t y   i s   o f   t h e   o r d e r  of  
3.57 Wm-P"oC-F. he  corresponding mean heat   f low 
value (9 )  i s  mWm-h ( t h e   S I - u n i t   f o r   h e a t   f l o w   i s  
expressed i n  Watt/metre2;  however, i t  i s  more 
c o n v e n t i o n a l   t o   u s e   t h e   s u b - u n i t :   m i l l i w a t t /  
metre2 (mW/m2)). This mean h e a t   f l o w   v a l u e   i s  so- 
mewhat lower   than  the mean va lue   o f  41 mW-' ob- 
t a i n e d  for  a l l   t h e   P r e c a m b r i a n   s h i e l d s  o f  t he  



e a r t h  (Gass 1971). The h ighes t   heat   f low  va lues  
(41 mWm-2) are  encountered i n   t h e  metasediments  and 
pyroxeni  e and  the  lowest   heat   f low  va lues 
(32 mWm- I ) i n   t h e   s e r p e n t i n i z e d   d u n i t e  and  per ido- 
ti te.  

TABLE 1 
Pur tun iq  - Measured Phys ica l   Proper t ies  

o f  Core M a t e r i a l  * 
Rock No. Wet Den- Poro- Thermal Con- 
Type** Sam- s i  ty ($)  s i t y  (0) d u c t i v i t y  ( K )  

p l e s  g cm- i n  S I  y n i t j  
w m- OC- 

Me an Me an  Mean  Max Min 
S. Pe*** 12 2.9 .2 3.32 4.26 2.67 
5. Du 31 2,7 .4  2.91 3.99 1.68 
Se r p  3 2.7 .8 3.72 5.53  2,33 
PY 2 3.0 . 2  3.69 4.29 3.09 
Serp.sh.zo 4 2.6 1.1 3.53 6.92 2.38 
S c h i s t  7 3.0 2.6 3.73 4.22 2.90 
Mg 4 2.7 1 .o 3.91 4.34 3.42 
Ms 2 2.8 .3  3.54 3.56 3.51 

* The the rma l   conduc t i v i t y  measurements on d i f f e -  
ren t   rock   t ypes  o f  the  Pur tun iq  area  were made 
by   the   Ear th   Phys ics   Branch  o f   the   Depar tment  
o f  Energy,  Mines  and  Resources,  Ottawa (A.S. 
Judge, personal  comnunication,  1977). 

** Based  on  core descr ipt ion  by  Asbestos  Corpora- 
t i o n .  

*** S.Pe = S e r p e n t i n i z e d   P e r i d o t i t e ;  S.Du Serpen- 
t in ized   Dun i te ;   Serp  = S e r p e n t i n i t e ;  Py Py- 
roxenite;  Serp.sh.20 Serpent in ized   shear  zone; 
Mg = Metagreywacke; Mq = Metaquar t z i t e .  

ADDITIONAL  CONSIDERATIONS 
Care fu l   examina t ion   o f   t he   rockwa l l   o f   t he   i n -  

c l i n e d   a d d i t   p r o v i d e d  much i n s t r u c t i v e   i n f o r m a t i o n .  
The permafrost   encountered i n  most  rock  types was 
r e l a t i v e l y   d r y .   M o s t   o f   t h e   w a t e r  was condensed 
on the   roo f   o f   t he   add i  t; very 1 i t t l e  was observed 
on t h e   w a l l s   o r   t h e   f l o o r ,  The humid i t y  on t h e  
r o o f   i s  caused  by the   coo l i ng   o f   t he   i ncoming  
wanner a i r  f rom  the   ou ts ide   dur ing   the  summer sea- 
son and/or   hau l ing   t rucks  and t r a c t o r s .  Much con- 
densation i s   a l s o   o b s e r v e d   a t   t h e   j u n c t i o n   o f   t h e  
main   add i t   and  the   co lder   open ings   and  shor t   d r i f t s .  
V e r y   l o c a l l y ,   t h e   n a t u r e   o f   t h e   p e r m a f r o s t   i s  d i f -  
ferent .   Dur ing  the  excavat ion o f   t h e   u p p e r   p a r t  
o f   t h e   a d d i t   i n   O c t o b e r  1975, m e l t i n g   i c e  and 
running  water  were  encountered i n  a f a u l t   o r   s h e a r  
zone p r e s e n t   i n   s e r p e n t i n i z e d   d u n i t e   a n d   t a l c - c a r -  
bonate  rock.   With  the  appearance  of   the  winter 
season  and a temporary  stop i n   t h e   c i r c u l a t i o n  o f  
the   motor ized   veh ic les  as w e l l  as o f   the   min ing   ac-  
ti v i  ti es, odd-shaped s t a l a c t i t e s  and s t a l  agmi tes  
s t a r t e d   t o  grow  and a permanent  freeze-up o f  t h i s  
zone took  p lace.  

I c e   c r y s t a l s   a r e  commonly observed  w i th  or i n  
t h e   v i c i n i t y   o f   a l t e r a t i o n   o f   f r a c t u r e   t o n e s  cha- 
r a c t e r i z e d  by the  occurence o f  p u r e   w h i t e   t a l c   o r  
ta lc-carbonate  rock  ve ins.  It appears t h a t   b e f o r e  
o r   a t   t h e   b e g i n n i n g   o f   t h e   l a s t   g l a c i a t i o n   o f   t h e  
area,   sur face  water   perco lated down t h e   f a u l t   p l a -  
nes o r   t h e   s h e a r  zones  and i n   t h e   j o i n t s   o f   t h e  
bedrock. A s l a b   o f   a l m o s t   p u r e   i c e  was f o u n d   a t  
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an e l e v a t i o n   o f  64 m above  sea l e v e l  when b l a s t i n g  
the advance f r o n t   o f   t h e   a d d i t  on Augu t 24th, 
1976. P a r t   o f  an i c e  wedge, some 10 m 3 .  i n   a r e a l  
ex ten t   and 25 t o  30 un t h i c k  was c a r e f u l l y  examined 
and i t s  temperature was measured. Th is  wedge of 
i c e   f i l l s  an open j o i n t   i n  an a l t e r e d   t a l c - c a r b o -  
na te   ve in   encoun te red   i n   se rpen t in i zed   dun i te .  
E x c e p t   f o r   t h i s   v e r y   l o c a l  and minor  presence o f  
i c e   i n   t h e   b e d r o c k ,   t h e   p e r m a f r o s t   i s   e x c e p t i o n n a l -  
l y  dry. No t r a c e   o f   w a t e r   ( m e l t i n g   i c e )  was seen 
i n   t h e  mass ive   pe r ido t i t e .  The dense  and  massive 
py roxen i te   appears   t o  be the   co ldes t   rock  mass 
( p e r m a f r o s t   c o r e ) ;   t h i s   c h a r a c t e r i s t i c   i s   m o s t  
p r o b a b l y   r e l a t e d   t o   t h e   t h e r m a l   c o n d u c t i v i t y   o f  
t h i s   rock   t ype .  These fragmental   p ieces of i n f o r -  
m a t i o n   r e l a t i v e   t o   t h e   n a t u r e   o f   p e r m a f r o s t   a r e  
o f   g r e a t   v a l u e   f o r   s o l v i n g   p r o b l e m s   o f   c o n t i n o u s  
p e r m a f r o s t   i n   d r i l l i n g  and i n   d i f f e r e n t  phases o f  
m in ing   ope ra t i on .  

CONCLUSION 

A good  knowledge  o f   the  phys ica l   proper t ies  o f  
permafrost i s   e s s e n t i a l   t o   c a r r y   o u t   e f f i c i e n t  
d r i l l i n g  and  mining i n  bedrock  permafrost.  Keeping 
t h i s   i d e a   i n  mind,  down-the-hole  temperature and 
e l e c t r i c a l   r e s i s t i v i t y  measurements  were made t o  
o b t a i n   r e l i a b l e   i n f o r m a t i o n   r e l a t i v e   t o   t h e r m a l  
and e l e c t r i c a l   p r o p e r t i e s   o f   t h e   c o n t i n u o u s  perma- 
f r o s t   l a y e r  o f  the   Pur tun iq   a rea .  For ins tance,  
a r e l a t i v e l y   a c c u r a t e   l a t e r a l  and v e r t i c a l   d i s -  
t r i b u t i o n   o f   t e m p e r a t u r e   i n   b e d r o c k   p e r m a f r o s t  may 
be u s e f u l   i n   t h e   o r g a n i z a t i o n   o f  a d r i l l i n g   p r o -  
gramme and i n   p a r t i c u l a r  i n  the  choice o f   t h e  
d r i l l i n g   f l u i d   b u t  i t  will o b v i o u s l y   n o t   s o l v e   a l l  
t h e   d r i l l i n g  problems  encountered i n  continuous 
bedrock  permafrost .  

Rel iab le  temperature measurements i n   w e l l s   a r e  
d e f i n i t e l y   t h e   b e s t   i n f o r m a t i o n   t o   g a t h e r   i n  bed- 
rock   pe rmaf ros t   bu t  for p r a c t i c a l   r e a s o n s ,   t h i s  
i n f o r m a t i o n   i s   n o t  always eas i l y   ob ta ined .   Th i s  
s tudy  shows t h a t  measurements o f  t h e   e l e c t r i c a l  
r e s i s t i v i t y   o f  bedrock  permafrost  can be a v i a b l e  
s u b s t i t u t e   t o   d i r e c t   t e m p e r a t u r e  measurements. 
Indeed, an exper imenta l   ra la t ion  between  thermal  
c o n d u c t i v i t y   a n d   e l e c t r i c a l   c o n d u c t i v i t y   c o u l d  be 
e s t a b l i s h e d   f o r   d i f f e r e n t   r o c k   t y p e s   o f   b e d r o c k  
pe rmaf ros t   i n   t he   Pu r tun iq   a rea .  A temperature 
versus  depth  determination  and an e s t i m a t i o n   o f  
h e a t   f l o w  o f  the  bedrock  permafrost  i n   t h e   P u r t u -  
n i q   a r e a   a r e   t w o   o t h e r   i m p o r t a n t   p i e c e s   o f   i n f o r -  
mat ion  which may be used to s o l v e   s p e c i f i c  
d r i l l i n g  and  mining  problems i n  permafrost. 
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CONDITIONS AND GEOTHERMAL CONSEQUENCES OF THE MOISTURE EXCHANGE BETWEEN THE 
LITHOSPHERE AND THE ATMOSPHERE I N  THE  PERMAFROST  REGION 

P.F. Shvetsov,  Al l -Union Res. I n s t .  o f  Hydrogeology  and Eng. Geology, Moscow, 
U.S.S.R.  

The i n t e n s i v e  and e x t e n s i v e   f a c t o r s  o f  the  moisture  exchange  between  the 
l i t h o s p h e r e  and the   a tmosphere   bo th   w i th in  and ou ts ide   t he   pe rmaf ros t   reg ion  depend 
main ly   on  the lithological-petrographic and  morphomet r ic   charac ter is t i cs  o f  the 
ground  complex ( s o i l  and under ly ing   rocks) .   Th is   p rocess  i s  v e r y   i n t e n s i v e   o n l y  
i n   p l a c e s  where  the  ground  complex i s  represented  by  coarse-grained,  coarse- 
f ragmentary   and  f i ssured   mater ia ls ,  whose seepage c o e f f i c i e n t   i s   g r e a t e r   t h a n  10-5 
m/sec. Thus they do n o t   f r e e z e   a t  a mean annual a i r   t e m p e r a t u r e   o f  - 1 1  t o  -12OC. 
However, i n  most  areas  the  ground  complex  consists o f  s i l t y  and  peaty   mater ia ls ,  
wh ich   exp la ins   the   low  ra te  o f  water  exchange  between  the  l i thosphere  and  the 
atmosphere i n   pe rmaf ros t   reg ions  and i n   a r e a s   h a v i n g   l i m i t e d   l a r g e   f r e s h   w a t e r  
resources. 

COND IT  I ONS PART I CUL I ?RES ET CONSEQUENCES GEOTHERM I QUES DE,L I ECHANGE D I EAU 
ENTRE LA L I T H O S P H ~ R E  ET L 'ATMOSPHERE DANS LA ZONE DE PERGELI SOL 
P.F. Shvetsov, l n s t i t u t   s o v i e t i q u e  de recherches   sc ien t i f i ques  en hyd rogeo log ie   e t  
geolog ie  technique,  MOSCOU, URSS. 

e t   l ' a t m o s p h s r e  21 l ' i n t e r i e u r   e t  4 l ' e x t 6 r i e u r  de l a  zone  de p e r g e l i s o l   s o n t  
de te rm ines   p r i nc ipa lemen t   pa r   l es   ca rac ts res   l i t ho log iques  e t  p e t r o g r a p h i q u e s   e t  
les  caract&res  morphornetriques  du  complexe  du  sol  (sol e t  roches  sous- jacentes).  
Ce processus   n 'es t   i n tense  que 121 o b t e  complexe du s o l   e s t   c o n s t i t u g  de mater iaux 
2 g r o s   g r a i n s ,   m a c r o c l a s t i q u e s   o u   f i s s u r C s ,   d o n t   l e   c o e f f i c i e n t   d ' i n f i l t r a t i o n  
dCpasse  10-5 m/s, e t   q u i  ne g s l e n t  donc  pas en prgsence  d 'une  temperature  annuel le 
moyenne de l ' a i r  de - 1 1  2 -12 OC. Cependant, l a  pr6dominance  des  sols  l imoneux- 
s i l t e u x   e t   t o u r b e u x   e x p l i q u e   l e s   f a i b l e s  Cchanges d ' e a u   e n t r e   l a   l i t h o s p h e r e   e t  
I 'atmosphSre  dans  les  regions de p e r g e l   i s o l ,   e t   l a   f a i b l e   p r o p o r t i o n  des  regions 
possgdant de grandes  ressources en eau  pure. 

Les f a c t e u r s   i n t e n s i f s   e t   e x t e n s i f s  de l ' e c h a n g e   d ' e a u   e n t r e   l a   l i t h o s p h & r e  

OCOEEHHOCTM YCJIOBMfi M TEOTEPIWYECKME CnEnCTBMFI BOnOOEMEHR JIMTOC@EPM 
C ATMCCQEPOa B IIPEnEJlAX MHOrOJlETHE~ KPMOJIMT030HM 

l7.G. UlBeuoB, BHMM rmporeonoran ~ . l  mxeHep. reonorm, Mocma, CCCP 
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DETERMINATION OF UNFROZEXT WATER I N  FROZEN SOIL BY PULSED NUCLEAR MAGNETIC RESONANCE 

Allen R. Tice,  U. S. Axmy Cold Regions  Research  and Eng. Lab., Hanover, NH 03755 
Chester M. BUTYOUS, Quaternary  Research C t r . ,  Univ.  Washington, S e a t t l e ,  WA 98195 
Duwayne M. Anderson, Div. of Polar  Programs, N a t .  Sc i .  Found., Washington, DC 20550 

Pulsed  nuclear  magnetic  resonance (NMR) techniques  have  been  developed  and 
ut i l ized  to   determine  complete   phase  composi t ion  curves  for t h r e e   s o i l s .  This 
promising new technique   of fe rs  a non-destructive method f o r  measurements of 
unfrozen water conten ts  i n  f r o z e n   s o i l s  from -0 .2OC through - 2 5 O C .  The r e s u l t s  
show tha t   unf rozen  water contents  determined by th i s   t echn ique  depend upon i c e  
content ( i . e .  t o t a l  water con ten t ) .  These r e s u l t s  are c o n t r a r y   t o  earlier 
assumptions  based on r e s u l t s  which ind ica t ed   t ha t   un f rozen  water conten ts  are a 
funct ion of temperature  only.  These f ind ings  show great  promise i n  the  descrimin- 
a t i o n  of  unfrozen water associated  with  mineral   grain  boundaries  and t h e   i c e -  
water in t e r f aces  of the   po ly-crys ta l l ine   i ces   p resent   in   so i l -water   sys tems.  

D~TERMTNATION DE L'EAU NON G E L ~ E  DANS UN G~LISOL, PAR R~SONANCE MAGN~TIQUE 
N U C L ~ I I I E  

On a m i s  a u   p o i n t  e t  u t i l i&  des   t echniques   de   rgsonance   magngt ique   nuc lga i re  
' (RMN) pour  d6terminer  des  courbes  complztes de composi t ion   des   phases   pour   t ro i s  

s o l s .  Cette nouvel le   t echnique   semble   pouvoi r   nous   o f f r i r   une  mgthode  non destruc-  
t ive  de  mesure  de l a  teneur   des  g g l i s o l s  en  eau non g e l g e   e n t r e  -0.2"C e t  -25°C. Les 
r g s u l t a t s   i n d i q u e n t  que l a  teneur  en  eau non gelge  que  donne  cet te   technique dgpend 
de l a  teneur   en   g lace   (c ' es t -5-d i re   de  l a  t eneur   t o t a l e   en   eau ) .  Ces r g s u l t a t s  
sont  cont ra i res   aux   hypothzses   an tgr ieures   fondges   sur  d e s  rgsu l t a t s   i nd iquan t   que  
la teneur en  eau non ge lge  e s t  seulement   fonct ion  de l a  tempgrature.  Ces dgcouvertes  
nous o f f r i ron t   s ans   dou te   un  moyen d ' i d e n t i f i e r   l ' e a u   g e l g e   a s s o c i g e   a u x   s u r f a c e s  
des   pa r t i cu le s   mingra l e s ,  e t  aux   in te r faces   g lace-eau   des   g laces   po lycr i s ta l l ines  
prssentes   dans  les systsmes  sol-eau. 

OIIPEaEJIEHWE HE3AMEP3WEn B O W  B MEP3JIblX rpYHTAX METoAoM MMIIYJIbCHOrO 
R)JEPHO-MArHWTHOl?O PEJOHAHCA 

JJJIJX onpenenemm KPHBHX nonHoro @asoBoro CocTaBa ~ J I R  ~ p e x  THIIOB 
rpyHTa 6HJIH pa3pa60TaHH H I I p H M e H e H b I  M e T O m  HMnyJ'IbCHOrO RAePHO-MarHBT' 
H O r O  p e 3 O H a H C a / R M P / .  H O B H ~  lTepCl l eKTHBHhI8  M e T O a  lTO3BOJIFleT OlTpeaf2JIRTb 
coaepxaaae ~ e ~ a ~ e p s r n e a  BOW B M e p p x  r p y q a x  b e 3  pa3pyrtreHm odpasua 
3 TeMnepaTypHoM ~ ~ ~ a n a s o ~ e  OT -0,2 C no -25  C. P e s y m ~ a ~ ~  a H a m 3 o B  no- 
K a z x m a m T ,  YTO coaepxaHae ~esa~epsrrleft  BO^, Haftnemoe 3THM MeTOaOM, 3a- 
BMCWT OT coaepmawm nbaa /T.e. OT 06uero coaepxamm BOW/. ~ T E I  g a H H r J e  
npoTmopeuaT paHee cyqecTBosakmsM npennonoxeHanM o TOM,  TO coaepxame 
~esa~epsrnefi EIOJJEJ samcm TonbKo OT TeMnepaTypH. HoBHe p e 3 y n b ~ a ~ ~  npea- 
C T a B n R m T c f l  nepcneKTHBHmm AHR onpeaeneHHH ~esa~epsmeil   BO^ H a  rpaHHuax 
s e p e ~  "HepanoB EI Ha nosepxHocm pasne~~a,nea-so~xa B nonmpHcTanmVec- 
K H X  JIbJJaX, nPMCYTCTBYm4MX B CEICT,eMBX I 'PYHT-BOaa. 
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DETERMINATION OF UNFROZEN WATER IN FROZEN  SOIL 
BY PULSED NUCLEAR MAGNETIC RESONANCE 

A.R. Ticel, C.M. Burrous2, and D.M. Anderson3 

lU.S.  Army  Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire, USA 
2Quaternary Research Center, University of Washington, Seattle, Washington, USA 
3Division of Polar Programs, Natlonal Science Foundation, Washington, DC, USA 

INTRODUCTION 

The utility of nucl.ear magnetic re- 
sonance (NMR) techniques in the investiga- 
tion of liquid water in frozen or un- 
frozen soils has been demonstrated by 
Ducros and Dupont (1962), Graham et al. 
(1964), .Hecht et al. (1966), Pearson and 
Derbyshise (1973),  Prebb1.e and Currie 
(1970), Touillaux et al. (1968), Woessner 
(1974), Woessner and Snowden (19661, and 
Wu (1964). Pulsed NMR techniques offer 
a number of distinct advantages over the 
wide line NMR adsorption method (Woessner 
and Snowden 1966). The recent general 
availability of small, relatively inexpen- 
sive pulsed NMR units makes this tech- 
nique especlally attractive for routine 
determinations of the unfrozen water 
contents of frozen s o i l s  as a function 
o f  varying temperature. However, a 
simple, straightforward methodology has 
yet to be established. This paper 
describes the results of a preliminary 
investigation of one possible method of 
determining the phase composition of 
frozen s o i l  (unfrozen water contents vs 
temperature) by pulsed  NMR techniques. 

EXPERIMENTAL METHODS 

oven dry to saturation. The soil-water 
rnivtures were uniformly compacted to 3.2 
cm3  in 10-mm-OD test tubes and  sealed 
to prevent water loss. The samples were 
frozen quickly in liquid nitrogen. Each 
sample was preconditioned by two frceze- 
thaw cycles and then refrozen and stored 
at -35'C until needed (about one week). 
A few samples were lost during the 
freeze-thaw process (test tubes cracked 
or sea ls  leaked); these were discarded. 
Weights were determined both before and 
after the tests to assure constant water 
contents. 

A Praxis model 550 pulsed NMR 
analyzer with 10-mm probe was used Lo  
observe proton relaxation. The probe 
and a l l  the samples were placed I n  a 
closed environmental chamber that could 
be cooled and regulated at temperatures 
down to about -30°C. The most trouble- 
some experimental difficulty resulted 
from the temperature sensitivity o$ the 
NMR probe; this tended to result in 
detuning as the temperature was lowered. 
Echoes were not observable below - 1 O O C ;  

therefore, many of the optlonal types of 
measurements available on the analyzer 
could not be used. For this reason, 
free induction decay, which was observed, 
was used to develop the method described 
herein. The probe was tuned at room 
temnerature (2l0C) and the first Dulse 

The three soils selected for this ampiitudes for free induction decay 
following a slngle 90' pulse with a 0 , 3 -  
second clock were recorded and subjected 
to analysis and comparison. 

investigation were Umiat bentonite 
(Anderson and Reynolds 1966), Kaolinite 
No. 7 from Wards Natural Science Estab- 
lishment, and Fairbanks silt obtained 
from the extensive Quaternary deposit 
blanketing the Goldstream area of 
Fairbanks, Alaska. These three solls 
are representative of the range of soil 
properties of most common interest. 
Unfrozen water contents had previously 
been obtained for each by other methods. 
The soils were Investigated in their 
natural state, without treatment, except 
for drying and passing through a number 
1 0 0  sieve (0.149 mm). 

About 16 samples of each soil were 
prepared at water contents ranging from 

Throughout the experiments, the 
temperature of the envlronmental chamber 
was se t  at a selected value  and the 
probe and a l l  the samples were allowed 
to equilibrate at this temperature 
overnight. Then, one at a time, the 
samples were inserted into the probe and 
the NMR signal recorded. The sampl-es 
were manipulated within the closed 
environmental chamber by mechanical 
fingers controlled from outside the 
chamber. A close check was kept to 
insure constant sample temperature 
during these measurements. 
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Three serles of  tests were run on , 

each soil. Series 1 and 3 were warming 
cycles in which the previously frozen 
samples were Inserted into the chilled 
environmental chamber and then warmed 
within the chamber in a series of dlscrete 
temperature steps. Comparison of these 
two cycles provides an estimate of the 
reproducibillty of the technlque. 
Series 2 was a cooling cycle in which 
the previously frozen samples were f'irst 
warmed to -0 .3"C within the environ- 
mental chamber, then cooled in a series 
of discrete temperature steps. The 
cooling cycle was included to investi- 
gate the effect of hysteresis. 

The basic assumption of this approach 
was that the first pulse amplitude is 
directly proportional to the amount of 
unfrozen water present in the sample. 
Accepting thls, unfrozen water contents 
can be determined by comparing the NMR 
signal at any sub-zero temperature to 
that at room temperature where all the 
water is unfrozen. However, detuning of 
the probe caused a signal reduction with 
decreasing temperature, even for samples 
known from previous work to be completely 
unfrozen. After considerable investiga- 
tlon o f  alternatives, it was found that 
this signal reduction could be compensated 
for by multiplying the raw signal at 
each temperature by an appropriate nor- 
malization factor. The normalized 
signal could then be compared directly 
with the signal obtained at roon: tempesa- 
ture and.the unfrozen water content 
determined. 

The normalization factor was obtained 
as follows. Two reference samples of 
Umiat bentonite that were known to 
remain unfrozen to -25Oc (at water 
contents of 17.6% and 2 3 . 0 % )  were prepared, 
and the first pulse amplitudes were 
measured at room temperature and at each 
sub-zero temperature established during 
the investigatlon. The normalization 
factor at each temperature was taken as 
the average of the ratios of the NMR 
signal at room temperature to that 
observed at each sub-zero temperature. 
This normalization factor increased from 
1.00 at room temperature to 2 .26  at -25OC. 

It was also found that an additional 
small correction may be needed to account 
for a proton response due to chernlcally 
combined water In some soils even when 
oven dry.  To evaluate this factor, oven 
dry samples of each of the three soils 
were prepared and the first pulse ampli- 
tudes were determined at room temperature. 
For Umiat bentonite and Fairbanks silt 
the signals were Less than twice the 
noise level and were therefore considered 
to be negligible. However, a small but 
significant signal was recorded for the 

oven dry kaollnlte. This contribution 
was therefore removed s o  that the 
remaining part of the signal could be 
interpreted as arislng from the unfrozen 
water. Accordingly, the data f o r  oven 
dry kaolinite were converted to the NMR 
signal intensity per unit welght of 
kaolinite. The weight o f  mineral solids 
in each subsequent kaolinite sample was 
multiplied by this ratio and the result 
subtracted from the normalized NMR 
signal. This correction was found to be 
equivalent to a water content of 2.7% 
per gram of dry kaollnite. 

After a l l  the NMR data were normal- 
i-zed  and corrected as described above, 
they were translated into unfrozen water 
content by multlplylng each signal by a 
ratio of unfrozen water content per  unit 
signal. This ratio was found separately 
for each sample by simply dividing the 
known total water contents by the first 
pulse amplitude signal at room tempera- 
ture for each. 

RESULTS AND DISCUSSION 

A complete tabulation of the un- 
frozen water contents calculated for the 
first series of measurements (series 1, 
a warming cycle) is given in Tables 1, 
2 and 3. Simllar data were obtained for 
series 2 and 3. Space limitations 
preclude presentation of all the data 
here. 

If the tabulated data are examined 
by first concentrating sequentially on 
each test temperature column, the follow- 
ing observations are generally true. At 
the lowest water contents the calculated 
unfrozen water content is equal to the 
total water content (allowing for a 
small experimental error).  At the 
lowest water contents the sample tempera- 
ture is always higher than the thawing 
point and no ice can be present. As 
higher and higher water contents are 
examined, a point at which the calcu- 
lated unfrozen water content is signifi- 
cantly l e s s  than the total water content 
can be recognized. The difference 
between the total water content and the 
unfrozen water content can be regarded 
as the ice content of the sample. The 
unfrozen water contents have been plotted 
against ice contents calculated in this 
way. Separate plots were made for each 
soil at each temperature (only points 
for ice contents significantly above 
zero were included). Since each plot 
was found to be approximately linear, 
linear regression lines were ritted to 
each. A representative plot is shown in 
Figure 1. 



Table 1. 

Unfrozen water   conten ts   vs .  temperature for 19 samples 
of Umiat Bentoni te  at va r ious  water con ten t s  

Water 
Content 7.L 12.6  17.6  P3.0 P8.1 32.6 38.2 48.4  60.2  84.3  113.7  161.9  236.1  272.5 324.2 380.0  430.8 1182.5 531.0 
( %  Dry W t )  

Tempera- 
ture 
C wu  wu  wu W" wu  wu  wu  wu  wu  wu  wu  wu WU wu  wu  wu WU wu wu 

-0.20 
-0.46 
-0.70 
-0.90 
-1.00 
-1.20 
-1.39 
-1.61 

-1.90 
-1.70 

-2.85 

-5.11 
-4.07 

-7.22 
-6. IL 

-8.10 

-10.10 
-9.05 

-13.11 
-16.87 
-19.48 

-25.43 
-22.21 

7.6 13.0 17 .5  23.1 

7 . 6  1 3 . 1  17.5 23.1 
7 .5  12.7 17.6 23.0 

7 .2  12.6 17.L 73.2 
6 .5  13.9  17.h 13.2 
7.3 11.8 17 .5  23.1 
7.9 13.3 17 .5  23.2 
6.7 12 .0  17.6 23.0 
6.9 11 .9  17.6 ?3.1 
7 . 5  12.8 17 .5  23.1 
7 .6  13.1 1 7 , h  23.3 
7 .9  13.3 1 7 . h  23.2 
6.4 11.8 17 .5  23.2 
7.4 12 .6  17.5 23.2 
6.7 12.3 17 .5  23.2 
7 .5  12.7 17 .5  23.1 
7.7 12.6 17.6 23.0 

8.0 13.0 17.7 22.9 
7.2 12 .6  17.7 22.9 

7 . 6  1.2.9 37.5 23.1 
6.0 11 .5  17 .6  23.0 

6 . 5  11.8 17.8 22.7 
5.9 11.1 17.7 22.9 

29.0 34.6 4 1 . 4  
28.8 34.2 41.0 
29.L 35.0 42.1 

29.3 34.9 41.9 
29.5 35.0 42.2 

29.8 35.5 42.9 
29.2 34.8 41.7 

28.9 311.4 41.0 
79.1 34.8 41.8 

29.3 35.0 41.6 
29.5 35.2 39.7 
29.4 34.3 37.2 
28.7 32.1 34.7 
28.5 31.6 33.9 
27.h P9.8 31.7 
27.1 29.h 31.2 
26.3 28.2 29.8 
15 .6  77.5 28.7 
24.4 27.0 28.3 
711.9 26.4 27.5 
24.7 25.9 26.8 
24.3 25.4 26.6 
24.3 25.4 26.h 

53.8 67.7 95.3 
53.1 66.8 93.7 
54.9 69.1 94.0 
55.0 69.2 96.6 

55.9 68.4 76.6 
54.5 68.1 76.7 

48.9 55.5 62.7 
l h l 4 . a  50.1 55.9 

54.8  68.9 87.8 

51.9 59.7 67.5 
50.5 58.0 65.3 

111.5 46.6 51.9 
38.4 112.8 46.; 
37.8 41.4 45.4 
34.6 37.6 LO.3 
33.9 37.5 40.6 
32.5 35.11 36.7 

30.3  33.0  35.3 
30.8  33.3  35.0 

28.9 31.1 31.6 
28.0 29.7 29.6 

27.5 28.5 29.0 
27.1  18.6  28.8 

130.9 186.0 200.9 265.4 310.3 385.0 401.5 428.9 
120.1 142.8 155.3 182.8 207.1 241.1 263.8 26b.9 
110.7 130.7 145.7 165.7 176.8 213.9 230.5 238.b 
109.5 121 .1  135.6 151.9 166.6 187.9 206.2 212.1 
100.7 116.5 128.2 lh5 .8  160.5 178.3 196 .1  204.8 
86.8 100.8 118.1 135.2 144.6 165.2 171.9 186.5 
87.8 103.3 117.6 132.5 148.9 148.9 168.0 171.8 
77.9 91.9 104.7 117.1 129.6 151.0 168.7 179.7 
75.9 88.9 101.9 113.9 124.6 142.1 159.4 179.8 
73.1 86.9 102.6 114.8 129.5 146.3 152.5 175.3 
65.0 76.9 90.9 101.3 111.3 129.3 130.7 155.8 
59.6 69.4 83.0 92.2 101.5 11.6.5 121.0 1110.2 
53.2 60.7 70.7 76.8 8L.b 95.4 10b.o 113.3 
52.3 59.7 7o.h 77.9 85.6 95.3 93.6 112.3 
45.7 57.4 60.0 64.2 69.1 77.6 83.8 101.4 
45.6 53.3 60.3 65.6 70.1 77.4 83.6 89 .3  

38.3  42.6  48.5  51.2  52.8  59.5  64.9  69.2 
42.8 49.0 55.3 58.5 64.2 69.9 75.2 83.5 

38.2 42.3 46.8 47.8 50.8 56.3 57.5 61.5 
34.2 35.7 38.5 37.6 L0.2 42.8 43.2 48.5 

29.1 29.1 30.2 29.9 28.L 28.6 27.5 29.7 
30.6 30.4 31.4 30.9 32.3 32.2 30.6 34.4 

30.2  28.9  30.4  31.0  29.8  32.1  32.3  33.3 

533.0 
285. ? 
257.0 
238 .O 
220.2 
200.3 
207.? 
182.2 
175.h 

160.9 
m .  4 

1L3.7 
113.3 
113.0 

90.9 
91.7 
61.5 

61.7 
72.5 

49.2 
34.7 
28.1 
31.5 

W = Calcu la t ed  unfrozen water content 

agreement, in general, i s  good. A 
slight hysteresis can be seen in the 
data from the warming and cooling cycles. 

I80 1 I I I I I I 
Unfrozen Water Content = 47.54 % 
Temperature = - 2.85 "C 

160- - 
E m 

The Intercept in Figure 1 gives the 

140- 
unfrozen water that can be associated 
with the soil mineral grain boundaries 

the unfrozen water content appears to 
increase above t h l s  value in proportion 

0- 
L +  alone. As shown in Figure 1, however, 
2 ", 120- 

2 s  
E 100- to the amount of ice present (i.e., with 

Na increasing total water content), The 

I , , , I  slope of the line gives the increase in 
unfrozen water content with increasing 
ice content (grams of unfrozen water per 

60 gram of ice). 

40Q 
This finding I s  contrary to assump- 

IO0 200 300 400 tions made earller by Nersesova and 
Calculated Ice Content Tsytovich (1966), Anderson and Hoekstra 

( %  Dry Weight 1 (1965) and Anderson and Tlce (19731, but 
1. Calculated unfrozen water con- 

tents vs calculated ice contents. The 
unfrozen water content at thls temperature 
is taken f r o m  the Intercept at zero ice 
content. 

The intercept o f  the regression at 
zero ice content is either the water 
content at the thawing point (warming 
cycle) OF the water content at the 
freezing point depression (cooling 
cycle). It is equivalent to the un- 
frozen water contents. These intercepts 
may be compared to earlier data obtained 
by the isothermal calorimeter method. 
(Anderson and Tice 1973) This is shown 
in Figure 2 .  It is apparent that the 

agrees with the results of Yong (1965) 
who used an adiabatic calorimeter to 
establish that the ice content does have 
an effect on unfrozen water contents. 
The results of  thls investigation 
suggest that the unfrozen water content 
can be usefully separated into two 
parts: one part that is associated with 
the soil minerals alone, and another 
part that I s  associated with the ice 
present. The latter appears to  be 
proportional to the ice content. This 
conclusion requires confirmation by 
independent means, however. Until then 
it must be regarded with some skepticlsm. 
It  would appear, however, that the 
unfrozen water contents reported earlier 
may  be low in cases where the soil 



Water 
Content 
($ Dry W t )  

Tempera- 
t u r e  

OC 

-0.20 
-0.46 
-0.70 
-0.90 
-1.20 
-1.39 
-1.61 
-1.70 
-1.90 
-2.85 
-h.07 
-5.11 

-7.22 
-6.14 

-9.05 
-8.10 

-10.10 
-13.11 
-16.87 
-19.48 
-22.21 
-25.43 

1.0 

WU 

1.8 
1.9 
2.5 
1.3 
1.8 
2.1 
0.9 

1.8 
0.2 

2.0 
2.2 
0.4 

1.0 
1.1 

1.7 
2.1 
2.1 
2.1 
2.0 
0.4 
-0.1 
1.0 

5.7 

WU 

6.1 
6.2 
6.9 
6.1 
6.4 
6.6 
5 . 5  

6.4 
5.3 

6.1 
6.4 
4.8 
5.1 
4.9 
4.9 
4.9 
5.0 
4.8 
4.1 
2.7 
2.1 
2.7 
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Table 2. 

Unfrozen water contents vs. temperature f o r  11 samples 
of Kaolinite E t  various water contents 

10.9 

wu 

11.5 

12.6 
11.6 

11.9 
11.0 

12.1 
10.7 
10.2 
11.2 
10.3 
9.3 
7.2 
6.8 
6.6 

6.4 
6 . 1  
5.7 
3.8 

2.6 
3.1 

2.7 

6.2 

15.6 

WU 

16.L 

16.6 
16.3 

13.6 

16.4 
17.h 

16.4 
14.5 

14.5 
13.0 
11.1 

8 . 5  
8.1 
7.9 
7.1 
7.6 
7.4 
6.5 
4.1 

2.6 
3.L 

2.9 

20.5 

WU 

22.2 
22.1 
23.h 
22.3 
21.6 
20.9 
19.3 

18.h 
18.2 

15.0 
13.3 
10.6 
10.0 
9.4 
8.5 
8.7 
8.6 
7.5 
6.1 
4.2 
3.1 
3.2 

22.6 

wu 

2h.S 

25.6 
24.3 

24.6 
23.4 
23.h 
20.5 
19.5 
19.8 
16.4 
13.6 
11.1 
10.5 
9.7 
8.5 

9.0 
9.0 

7.6 
6.1 

2.9 
4.2 

3.2 

24.6 

wU 

26.6 

27.8 
26.8 
25.6 
25.1 
22.5 
21.3 
21.L 
17.7 
14.3 
12.0 
11.5 
9.6 
9.3 

9.4 
9.6 

8.4 
6.5 
4.6 
3.3 
3.4 

26.7 

26.3 

wU 

28.9 
28.0 
30.1 

28.1 
29.3 

27.6 
23.9 
22.8 
22.8 
18.6 
15.0 
12.5 
11.9 
10.7 

10.0 
9.6 

9.5 

6.4 
8.4 

4.5 
3.1 
3.0 

28.9 

32.2 
30.7 
31.3 
29.5 
27.0 
25.5 
22.8 
21.2 
21.6 
18.4 
15.2 
12.8 
12.9 

10.2 
11.4 

10.3 
9.8 
8.7 
6.3 
4.6 
3.4 
3.0 

30.8 

WU 

33.8 
32.3 
33.1 
31.3 
27.8 
26.1 
23.7 
22.0 
22.3 
19.0 
15.5 

13.1 
13.3 

10.4 
11.7 

10.3 
10.1 
8.8 
6.6 
4.5 
3.3 
2.9 

59 .'r 

WU 

47.5 
b2.7 
42.1 
38.3 
34.7 
32.7 

27.9 
29.6 

29.5 

19.8 
25.2 

16.9 
17.2 

12.2 
14.4 

12.7 
11.9 
9.8 
6.h 
3.8 
2.3 
1.9 

I '  I 
I 1 1 1 I I 1 I I I I 

( 0 )  Series I (Warming  Curve) 
( - 1  Series 2 (Cooling  Curve) 
( 0 )  Series 3 (Warming Curve 
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FIG. 2. Unfrozen water contents as a function 
of temperature determined from NMR results. 
(The solid lines represent unfrozen water con- 
tents determined by the isothermal calorimeter). 



Table 3. 

Unfrozen  water  contents vs. temperature for  111 emplea 
of Fairbanks zilt at various water  contents 

Water 
Content 1 . 0  
( 4  Dry Wt) 
Tempera- 

t u r e  
O C  

-0.20 
-0.46 
-0.70 
-0.90 
-1.20 1 . 7  
-1.39 1 .0  
-1.61 1 . 0  
-1.70 1 .0  
-1.90  2.0 

WU 

-2.85 1 .'I 
-h .07 0.8 
-5.11 
-6 111 

1.1 
2 .3  

-7.22 1 .3  
-8.10 1 . 4  
-9.05 :1 .6 

-10 * 10  2.6 
-13.11 
-16. 87 

1 . 6  

-19.h8 
le> 

-22.21 
1.7 

-25.43 
1.8 
1 .2  

1.7 

WU 

1 .9  
3.3 
3.0 
1.9 
2.6 
1 .6  
1 .6  
1.6 
3.9 

1 . L  
3.0 

1 . S  
3.5 
2.2 
2.8 
3.8 
b.O 

2.3 
3.3 

2.6 
2.5 
1 . 6  

2.1 3.6 4.6 7.6 

WU WU  wu "u 

3.7 3.7 4.4 5.2 

3.9 11.7 5.6 5.9 
2.8 3.7 4 . 1  11.6 
3.6 3.1 L.O 3.7 
7.5 3.1 3.4 3.8 
2 .3  2.9 3.2 3.5 
2 . 5  3.1 3.6 3.7 
h . 2  5.0 5.4 5.11 
3.5 3.7 11.5 4 . 1  
2.1 2.7 2.8 3.0 
2 .1  7.6 2.9 3 .1  
L.L 4.7  4.8 b . 7  
3.0 3 .1  3.3 3.3 
3.3 3.7 3.7 11.1 
4 . 3  L.5 '1.7 b.9 
b . O  4 .3  4.h '1.3 

4 . 1  5 .1   5 ,b  5.9 

1.7 4.1 b . 5  4.8 
2.7 2.7 2.7 2.7 
2.8 2.9 3 , l  3.0 
2.6 2.7 2.9 2.8 
1.8 1.8 2.1 1.8 

contains appreciable ice. Uncertalnty 
in the magnitude of the underestimate 
arising from the presence of ice in 
partially frozen soils results from the 
following fact: we do not y e t  know what 
part of the first pulse amplitude signal 
from the soil ice is actually due to 
unfrozen water at the ice/water interface 
of the polycrystalline soil ice, and 
what part of the signal is caused by 
protons within the ice crystal itself. 
A second uncertainty is that the ratios 
used to convert the normalized first 
pulse amplitudes to unfrozen water 
contents are based on measurements of 
water associated with mineral grain 
boundaries alone, The  ratio for fcef 
water boundaries may  be significantly 
different. The details of the contribu- 
tion of the polycrystalline soil ice to 
unfrozen water content are the subject 
of continuing research, 

CONCLUSIONS 

These results show the utility of 
using the first pulse ampiitude o f  the 
NMR free induction decay to investigate 
the phase composition of frozen soils. 
The method is useful for both warming 
and cooling cycles over a wide range of 
temperature. The method also shows 
promise in distlnguishing between the 
unfrozen water assoelated with mineral 
boundaries and that associated wlth the 
boundaries o r  polycrystalline soil ice. 
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RESULTS OF EXPERIMENTAL STUDIES OF THE FREEZING PROCESS IN VERY FINE-GRAINED SOILS 
T.N. Zhestkova, Moscow S t a t e   U n i v e r s i t y ,  U .S .S .R .  

The a u t h o r   d i s c u s s e s   t h e   r e s u l t s   o f   l a b o r a t o r y   s t u d i e s  of t h e   f r e e z i n g  
process  and of f o r m a t i o n   o f   c r y o g e n i c   t e x t u r e   a n d   s t r u c t u r e   i n   f r o z e n   s o i l s   o f  
d i f f e r e n t   c o m p o s i t i o n .  The c r i t i c a l   w a t e r   c o n t e n t  a t  wh ich   i ce   segregat ion   beg ins  
i s  a f u n c t i o n   o f   t h e   s o i l   c o m p o s i t i o n ,   t h e   i n i t i a l   w a t e r   c o n t e n t ,   t h e   d e n s i t y ,  and 
t h e   r a t e  o f  f r e e z i n g .  The f r e e z i n g   r a t e   i s   i n   t u r n  a func t i on   o f   t he   p rocess   o f  
f r e e z i n g  and i ce   f o rma t ion .   Long- te rm  s t ruc tu ra l   rea r rangements   t ake   p lace   i n  
f r o z e n   s o i l ,  as w e l l  as p u r i f i c a t i o n   o f   i c e   l a y e r s   f r o m   s o i l   a g g r e g a t e s  and t r a n s -  
f o r m a t i o n   o f   t h e   l a t t i c e   s t r u c t u r e  t o  a l a y e r e d   s t r u c t u r e .  The p r i m a r y   t e x t u r e   o f  
t h e   s o i l   p r e d e t e r m i n e s   i t s   s t r u c t u r e .  The s t r u c t u r e   i s   a f f e c t e d  most  by  open 
f i s s u r e s   w h i c h   a r e   p a r a l l e l   t o   t h e   i s o t h e r m a l   s u r f a c e s   o f   t h e   f r e e z i n g   s o i l .  I c e  
f i l l i n g   t h e  a p e n   f i s s u r e s   i s   o f  a m i x e d   s u b l i m a t i o n - s e g r e g a t i o n   o r i g i n .  The 
r e s u l t s   o f  a s t r u c t u r a l - p e t r o g r a p h i c   s t u d y   o f   t h e   s o i  1 skeleton,  ice-cement  and 
i c e   i n c l u s i o n s   a r e   g i v e n .  

R ~ S U L T A T S  DES RECHERCHES EXPERIMENTALES SUR LE PROCESSUS 0 1  ENGEL DES SOLS F INS 

T.N. Z h e s t k o v a ,   U n i v e r s i t g   d ' f t a t  de MOSCOU, URSS 

P r e s e n t a t i o n  des r g s u l t a t s  de   recherche5   en   l abo ra to i re   su r   l ' enge l   de   so l s  
ge les   de   compos i t i on   d i ve rse   e t   l a   f o rma t ion   des   t ex tu res   e t   s t ruc tu res   c ryo -  
geniques. La t e n e u r   c r i t i q u e  en  eau,  en  pr6sence  de  laquel le commencent 3 se 
former  des  segregations  de  glace,  d6pend  de l a   c o m p o s i t i o n  du s o l ,  de l a   t e n e u r  
i n i t i a l e  en  eau,  de l a   d e n s i t 6   e t  de l a   v i t e s s e  de   congg la t i on .  La v i t esse   de  
c o n g g l a t i o n   e s t  3 son t o u r  une fonc t i on   du   p rocessus   de   congg la t i on   e t  de f o r m a t i o n  
de g lace .  Une l e n t e   r e s t r u c t u r a t i o n   c r y o g g n i q u e  a l i e u  dans l a  zone p e r g & l i s o l e e ,  
les  t raPn6es de g l a c e   p e r d e n t   l e s   a g r e g a t s   d e   s o l   q u ' e l l e s   c o n t i e n n e n t   e t   l a  
s t r u c t u r e   c r y o g e n i q u e   t r e i l l i s g e  se t r a n s f o r m e   e n   s t r u c t u r e   s t r a t i f i e e .  La 
s t r u c t u r e   i n i t i a l e   d u   s o l   d e t e r m i n e  sa tex tu re   c ryoggn ique .  Ce s o n t   l e s   f e n t e s  
ouve r tes ,   pa ra l l 6 les   aux   su r faces   i so the r rn iques   d 'un   so l   qu i   g& le ,   qu i   exe rcen t  
l a   p l u s   g r a n d e   i n f l u e n c e   s u r   l e  model6  de l a   t e x t u r e   c r y o g e n i q u e .  La g l a c e   q u i  
r e m p l i t   l e s   f e n t e s   o u v e r t e s   e s t  3 l a   f o i s  une g lace   de   segrggat ion  e t  d ' a b l a t i o n  
(7). Prksen ta t i on   des   rCsu l ta t s  de l ' g t u d e  s t ructuro-pht rographique d u   s q u e l e t t e  
du s o l ,  de l a   g l a c e   d e   c i m e n t a t i o n   e t   d e s   i n c l u s i o n s  de g lace .  

PE3YJIbTATbI 3KCrIEPMMEHTAJIbHblX  MCCJIEflOBAHMfi nPOUECCA IIPOMEPSAHMR 
TOHKOaMCnEPCHbIX FPYHTOB 

T.H. >KeCTKOBa,  MOCKOBCKMfi roc. Y H H B e p C M T e T ,  CCCP 

n p H B O a S T C g   p e 3 Y I I b T a T b I   J I a 6 O p a T O p H O r O   H C C J l e A O B a H I l f f   n p O U e C C a   n p O M e p 3 a H M S  II '$OpMHpOBa- 

H A S   K p I l O r e H H O 8   T e K C T Y p b I  I1 C T p Y K T Y p b I   M e p 3 n b I X   r p Y H T O B   p a 3 n H r H o r o   C O C T B B B .   K W W - I e C K a R   B i l a l K -  

HOCTb,   npI l   KOTOPOP  HaYJnBaeTCR  CerpeTaI lROHHOe  JIbf lOBhIne i ' IeHIIe ,   3aBHCHT OT COCTaBEi rpyHTa, H a -  

rmbHOfi BfiaXKOCTkl,  WIO'THOCTA Jn CKOpOCTki I l p O M e p 3 a H H R .   C K O p O C T b   I I p O M e p 3 a H A H   R B n S e T C R  B CBOH) 

O r e p e n b   + y H K u n e B  npouecca I I ~ O M ~ ~ ~ ~ H H R  M n w o s b I n e n e w m  HaGnmnae~cff U n H T e n b H a R   n e p e c T p o a K a  

K p A o r e H H o P  TeKcTypbI B ~ e p s n o t i  3 o H e  ~ P Y H T O B ,  o w m e H u e  mnsHbIx LLIJTMPOB OT a r p e r a T o B   r p y H T a  ki 

I 1 3 M e H e H H e   C e T q a T O Z i   K p R O r e H H O f i   T e K C T Y P b l  B C n O M C T y I o .   n e p B I I Y H a S   C T p y K T y p a   r p y H T a   f l p e n o n p e f l e -  

n R e T  er0 K p I l O r e H H O e   C T p o e a k i e .  Ha~Gon~mee BnllRHHe Ha p I I C y H O K   K p I l O r e H K O f   T e K C T Y p b I   O K a 3 6 I B a I C T  

O T K p b I T b I e   T P e ~ H H b I ,   I I a p a I I n e J l b H b l e   H 3 0 T e p M H Y e C K R M   I I O B e p X H O C T R M  B I I p O M e p s a W U e M  rpyHTe. flen, 
3 a n o n ~ g m 1 l f i   O T K p b I T b E  TpeLLIMHbI, "eeT c M e r u a H H b r 8  a~~rrMarr~oHHo-cerperauIloHHbr8 re~e3m. Tipa- 

n b n a - B K . n E q e m i % .  

BOASTCH pe3YSfbTaTbI CTpyKTypHO-n@TpOrpa'$aYecKoro M3YYeHEIR C K e n e T a   F p y H T a ,   n b U a " U e M e H T a  A 



157 

P E 3 Y J I b T A T b I   3 K C n E P M M E H T A n b H H X  MCCJIEnOBAHMfi nPOUECCA l"tPOMEP3AHMR 
TOHKOnMCnEPCHbIX rPYHTOB 

T.H. XecTKoBa 



158 
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E OF HIGHLY MINERALIZED GROUNDWATER I N  THE C O O L I N G  OF THE  LITHOSPHERE AT 

izhov,  Moscow S t a t e   U n i v e r s i t y ,  U . S . S . R .  

i gh l y   m ine ra l i zed   g roundwate r   p lays  a s p e c i a l   r o l e   i n   t h e   c o o l i n g   o f   t h e  
c r u s t   a t   d e p t h   i n   t h e   r e g i o n s   o f   l o w   t e m p e r a t u r e   p e r m a f r o s t .  A q u a n t i t a t i v e  

assessment   o f   th is  phenomenon  shows t h a t  i t  depends  on t h e   e f f e c t  o f  f r e e   c o n v e c t i o n  
and  decrease i n   t h e   h e a t  o f  i c e   f o r m a t i o n   d u r i n g   f r e e z i n g  o f  a u n i t  volume o f  e a r t h  
m a t e r i a l s   s a t u r a t e d   w i t h   h i g h l y   m i n e r a l i z e d   g r o u n d w a t e r .  The e f f e c t s   o f   t h e s e  
f a c t o r s   a r e   i n t e r r e l a t e d   a n d  may inc rease   t he   dep th  of p e n e t r a t i o n   o f   t h e  Oo geoiso-  
the rm  i n   t he   l i t hosphere   by  a f a c t o r   o f  2 t o  2.5. Under c o n d i t i o n s   o f  a p l a t f o r m ,  
t h e   e f f e c t   o f   f o r c e d   c o n v e c t i o n   d u r i n g   t h e  movement o f   g roundwater  down t h e   d i p   o f  
g e o l o g i c a l   s t r u c t u r e s   i s   n e g l i g i b l e .  The present   th ickness o f  pe rmaf ros t   con ta in ing  
h igh l y   m ine ra l i zed   g roundwate r  depends  on  palaeogeographical,   geological  and  perma- 
f r o s t   c o n d i t i o n s ,  as w e l l  as n e o t e c t o n i c  movements. 

THE  ROL 
DEPTH 

A.B. Ch 

H 
E a r t h  I s  

LE ROLE DES EAU)! SOUTERRAI NES FORTEMENT MINERAL I SEES DANS LE REFRO I D  lSSEMENT  DE 
LA L ITHOSPH~RE A GRANDE PROFONDEUR 
A.B.  C h i z h o v ,   U n i v e r s i t e   d ' f t a t   d e  MOSCOU, URSS 

Les eaux sou te r ra ines   f o r temen t   m inCra l i s6es   j ouen t  un r61e  impor tan t  dans 
l e  re f ro id i ssemen t   en   p ro fondeur   de   l a   c roa te   t e r res t re  dans l e s  zones  de  perg6- 
l i s o l  de  basse tempkrature.  L ' e v a l u a t i o n   q u a n t i t a t i v e   d e   c e   p h e n o m h e   m o n t r e   q u ' i l  
e s t   d g t e r m i n 6   p a r   l a   l i b r e   c o n v e c t i o n   e t   l a   d i m i n u t i o n   d e   l a   c h a l e u r   d e   f o r m a t i o n  
de l a   g l a c e   l o r s  de   l ' enge l  de 1 'uni tC  de  volume  de  mater iaux  de sol sa tu res  en 
eaux  fo r tement   m inCra l i s6es .  Les e f f e t s  de c e s   f a c t e u r s   s o n t   i n t e r r e l i k s  e t  
peuvent  accro' i t re  de 2 3 2,s f o i s  l a  profondeur   de  penetrat ion  du  geoisotherme  de 
00 dans l a   l i t h o s p h & r e .  Dans l e  cas de s t r u c t u r e s   e n   p l a t e - f o r m e ,   l l i n f l u e n c e   d e  
l a   c o n v e c t i o n   f o r c e e  au cours   de   la   descente  des   eaux   sou ter ra ines   su ivant  le 
pendage  des  couches e s t   n g g l i g e a b l e .   L ' e p a i s s e u r   a c t u e l l e   d u   p e r g g l i s o l   c o n t e n a n t  
des eaux   sou te r ra ines   f o r temen t   m ine ra l i sges  dCpend des  condi t ions  pa leogeographiques,  
geo log iques ,   hyd rog6o log iques   e t   g&oc ryo log iques   a ins i  que  de l a   n a t u r e  des mou- 
vements  neotectoniques. 

0 POJlrIM BMCOKOPtMHEPA~M30BAHHbIX nOn3EMHbIX BOA B FJIYEOK.OM 
OX.JlAXflEHMM JIMTOCd?EPbI 
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AT AND M O l S  TUP :E TRAN ' S  FE .R DU RING SUBLIMATION - 
DESUBLIMATION OF WATER I N  F INE-GRAINED SOILS 
E.D. Ershov, V . V .  Gurov, I ,A. Komarov and E.Z. Kuchukov. Moscow S t a t e   U n i v e r s i t y ,  
U .S .S .R .  

The au tho rs   i nves t i ga ted   t he   sub l ima t ion  of i c e  and c r y s t a l l i z a t i o n  of w a t e r  
vapour i n   f r o z e n   f i n e - g r a i n e d   s o i l s .  The r e l a t i v e   r o l e   o f   m o i s t u r e   t r a n s f e r   i n   t h e  
s o i l s  and t h e i r   h e a t  exchange wi th   the  surrounding  vapour-gas medium were  determined. 
The r a t e  o f  s u b l i m a t i o n  - d e s u b l i m a t i o n   o f   w a t e r  i s  shown t o  be a f u n c t i o n   o f   t h e  
chemical -minera log ica l   composi t ion o f  s o i l s ,   t h e i r   w a t e r   c o n t e n t ,   t e x t u r e ,   s t r u c t u r e ,  
age  and genesis,  and o f   t h e   p a r a m e t e r s   o f   t h e  gaseous  medium. The d i f f e r e n t   r o l e s  
o f  m o i s t u r e   t r a n s f e r   i n   t h e   f o r m   o f   v a p o u r  and l i q u i d   d u r i n g  i ce  s u b l i m a t i o n  i n  
c layey  and  sandy  soi ls  were  determined, as w e l l  as t h e   c o r r e s p o n d i n g   d i f f u s i o n  
c o e f f i c i e n t s   o f   w a t e r .  Methods a re   sugges ted   t o   p red ic t  and c o n t r o l   t h e   i n v e s t i g a -  
ted  processes, and a new method i s  proposed to   de te rm ine   t he  amount of unfrozen 
water  and i c e  i n  f i n e - g r a i n e d   s o i l s ,  

ETUDE EXP~RIMENTALE DU TRANSFERT D E  CHALEUR ET DIHUM I DIT: LORS DE LA SUBLIMATION 
ET DESUBLIMATION DE L ' E A U  DANS LES SOLS FINS 
E.D .  Ershov, V . V .  Gurov,  I.A. Komorov, E .Z .  Kuchukov. U n i v e r s i t e   d ' i t a t  de 
MOSCOU, URSS 

c r i s t a l l i s a t i o n  des  vapeurs  d'eau dans l e s   g 6 l i s o l s  de   g ranu lomet r ie   f ine .  Le 
r 8 1 e   r e l a t i f   d u   t r a n s f e r t   d ' h u r n i d i t g  S l ' i n t g r i e u r  des sols e t  des  &changes 
the rm iques   en t re   ceux -c i   e t   l es   vapeurs   e t  gaz env i ronnants e s t  dhtermine. Les 
a u t e u r s   e t a b l i s s e n t  que 1 '  i n t e n s i t e  de l a   s u b l i m a t i o n  - desub l imat ion   de   l ' eau  
dans l e s   s o l s  depend  de leurs   compos i t ion   ch imique  e t   m inera log ique,   teneur   en  eau, 
s t r u c t u r e ,   t e x t u r e ,  3ge,  gen&se e t  des paramstres  du  mi l ieu  gazeux. 1 1 s  montrent 
l e s   d i f f g r e n t s   r b l e s  du t r a n s f e r t   d ' h u m i d i t g  sous  forme  de  vapeur e t  de l i q u i d e   l o r s  
de l a  s u b l i m a t i o n  de l a  g lace  dans l e s  sols a r g i l e u x   e t   s a b l e u x ,   e t   e t a b l i s s e n t   l e s  
coe f f i c i en ts   co r respondan ts  de d i f f u s i o n   d e   l ' e a u .  t l s  p rgsenten t  des  mgthodes  de 
p r e v i s i o n   e t  de r e g u l a t i o n  des  processus  analyses e t  une  nouvelle  mgthode  de 
d g t e r m i n a t i o n  de l a  q u a n t i t e   d ' e a u  non gelee e t  de  g lace dans l e s   s o l s   f i n s .  

Examen des r e s u l t a t s  des  recherches  sur l a   s u b l i m a t i o n  de l a   g l a c e   e t   l a  

3KCnEPMMEHTAnbHOE MCCJJEnOBAHME rIPOUECCOB TEWIO- M BnATOnEPEHOCA 
IIPM CYEJ"AUMM-fiECYWIMMAHM BnATM B MCIIEPCHbIX llOPoJlAX 
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3KCnEPMMEHTAJJbHblE MCCflEAOBAHMR nPOUECCOB TET[JIO- M BJIArOnEPEHOCA 
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WATER MIGRATION, FORMATION OF TEXTURE AND I C E  SEGREGATION I N  FREEZING AND THAWING 
CLAYEY SOILS 
E.D .  Ershov, V . G .  Cheverev, Yu. P. Lebedenko,  and  L.V.  Shevchenko, Moscow S t a t e  
U n i v e r s i t y ,  U . S . S . R .  

The a u t h o r s   c a r r i e d   o u t  an i n teg ra ted   exper imen ta l   s tudy  o f  the  development 
o f  the   tempera ture  and m o i s t u r e   f i e l d ,   t h e   f i e l d  of thermodynamic p o t e n t i a l  o f  
water ,   the  amount of t h e   e x t e r n a l   a n d   i n t e r n a l   m o i s t u r e   m i g r a t i o n ,   t h e   r a t e s  o f  
dewater ing  and  water   accumulat ion,   the  deformat ions,   and  the  shr inkage  s t resses  in  
f r e e z i n g  and  thawing soils o f  d i f f e r e n t   c o m p o s i t i o n ,   s t r u c t u r e  and p r o p e r t i e s ,  as 
w e l l  as t h e   p r o c e s s e s   o f   i c e   s e g r e g a t i o n  and f o r m a t i o n  o f  t e x t u r e   u s i n g  methods 
o f  t ime- lapse  photography  and  scanning  microscopy. 

LA MIGRATION DE L '  EAU, LA FORMATI ON DE LH STRUCTURE ET DE S ~ G R ~ G A T I O N S  DE 
GLACE DANS LES SOLS ARGI LEUX SOUMIS A DES ALTERNANCES DE GEL ET DE DEGEL ~ 

E.D. Ershov, V . G .  Cheverev, Yu. P. Lebedenko,  L.V.  Shevchenko, U n i v e r s i t g   d ' E t a t  
de MOSCOU, URSS.  

l e s   s o l s  soumis 4 des  a l ternances  de  ge l   e t   de  dggel   ayant   une  composi t ion,   une 
s t r u c t u r e   e t  des p r o p r i e t e s   d i f f e r e n t e s  dans l e  temps e t  l 'espace,   le   dgve loppement  
du champ de  temp6ra ture   e t   d 'humid i te ,   du  champ de  potent ie l   thermodynamique de 
l ' e a u ,   l a   d e n s i t i !  d e s   m i g r a t i o n s   i n t g r i e u r e s   e t   e x t e r i e u r e s  de l ' h u m i d i t 6 ,  
l ' i n t e n s i t g  de l a   d g s h y d r a t a t i o n   e t  de l 'accumula t ion   d 'eau,   les   dg format ions   e t  
l e s   c o n t r a i n t e s  de r e t r a i t ,   a i n s i  que les   p rocessus   de   skgrkgat ion  de l a   g l a c e   e t  
de fo rma t ion   des   s t ruc tu res  21 l ' a i d e  de l a   p h o t o g r a p h i e   u l t r a - a c c G l 6 r e e   e t  de l a  
m ic roscop ie  =I balayage. 

R g s u l t a t s   d ' u n e   & t u d e   e x p e r i m e n t a l e   i n t 6 g r 6 e   s u r   l e s  lois  q u i   r g g i s s e n t ,  dans 

MMrPAUMR BflAI", CTPYKTYPCOEPA30BAHME M LUflMPOBOE JIbLlOBbInEJIEHME 
B nPOMEP3AIOUMX M OTTAMBAIOIUMX rnMHMCTblX rPYHTAX 
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MMI’PALIMR BflAI’M, CTPYKTYPOOIiPA30BAHME M LUJIMPOBOE JIbnOBbiLF3IEHME 
B RPOMEP3AIOUIMX M OTTAMBAIOUMX  rnMHMCTbiX I’PYHTAX 
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KPUOreHHhIX  TeKCTyp  MHOPOIIeTHeMeP3nbIX IleAlOBUBJlbHbM 

oTnoweHuti. - "Tpynbr CeB.-BocT. oTn. Mn-Ta ~ e p s n o ~ o -  
BeneHUR Ha TeppUTOpUH  flKYTCKOfi ACCP". gJKYTCK, 
C. 12-14 .  

KYnPSlBLIEB B. A., EPWOB 3.A., UIEBYEHKO n.B. 
1974. Porn npouecca ycanm B nbnoo6pa3oea~au A ny- 
qemt npo~epsamrunx rpymoB, - "BecTH. MrY,  Cep, 
reon. v ,  Ng 3 ,  c. 80-91. 

JIEEEnEHKO IO. n., UIEBYEHKO n. B. 1976. Bnaro- 
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EFFECT OF LONG-TERM CRYOMETAMORPHISM OF EARTH MATERIALS ON THE 
GROUNDWATER 

S . M .  Fot iev,   Ind.   and Res. I n s t .   f o r  Eng. Surveys i n   C o n s t r u c t  

A r e g i o n a l i z a t i o n  scheme of t h e  U.S .S .R .  i s   s u g g e s t e d   t o  
- o f  long-term  cryornetamorphism o f   e a r t h   m a t e r i a l s  on   the   cond i t  

FORMAT I ON OF 

i o n ,  Moscow, U . S . S . R .  

determi ne t h e   e f f e c t  
ions o f  ground  water  

format ion.   The.scheme  includes  the  Northern  and  Southern  zones o f  long- term 
cryometamorphism,  and  the  zone o f  seasonal  cryometamorphism. The n o n u n i f o r m   e f f e c t  
o f   c r y o m e t a m o r p h i s m   o n   t h e   c o n d i t i o n s   o f   g r o u n d w a t e r   f o r m a t i o n   i n   d i f f e r e n t  zones 
was due t o  d i f f e r e n t   p e r i o d s   o f   c o n t i n u o u s   e x i s t e n c e   o f   c r y o g e n i c   w a t e r   b a r r i e r s  
and to  t h e   d i f f e r e n c e s   i n   t h e i r   t h i c k n e s s   a n d   d i s c o n t i n u i t y .  The hyd rogeo log ica l  
p r o v i n c e s   a r e   s i n g l e d   o u t   b y   a n a l y z i n g   t h e   s t r u c t u r e   o f   p e r m a f r o s t   w h i c h   c o r r e l a t e s  
i n   t h e   v e r t i c a l   c r o s s - s e c t i o n ,   d i f f e r e n t   f r o z e n   l a y e r s   h a v i n g   v e r y   d i f f e r e n t  
hydrogeo log ica l   p roper t ies .   Depend ing   on   the   p resence of w a t e r   i n   t h e   i n t e r i o r  o f  
s t r u c t u r e s  and i t s   c o m p o s i t i o n   a n d   m i n e r a l i z a t i o n ,  i t  i s   p o s s i b l e  t o  s i n g l e   o u t   t h e  
p rov inces  o f  a i r - d r y   e a r t h   m a t e r i a l s ,   t h e   f r e s h   w a t e r   p r o v i n c e s  and   t he   sa l i ne  
wa te r  p r o v  i nces . 

L '  INFLUENCE DU PROCESSUS DE CRYOMiTAMORPHI SME PERENNE DES MATiRIAUX DE SOL SUR 
LES CONDIT IONS DE FORMATION DES EAUX SOUTERRAINES 

S.M. F o t i e v ,   l n s t i t u t   i n d u s t r i e l   e t   s c i e n t i f i q u e  de r e c h e r c h e s   e n   g e n i e   c i v i l ,  
MOSCOU, U . R . S . S .  

Schema de r 6 g i o n a l i s a t i o n   d u   t e r r i t o i r e  de 1 ' U R S S  en   vue   de   l ' eva lua t ion   de  
l ' i n f l u e n c e   d u   p r o c e s s u s  de  cryomf5tamorphisme  perenne  des  roches  sur  les  condit ions 
de fo rma t ion  de5 eaux   sou ter ra ines .  On d i s t i n g u e   l e s  zones  nord e t  sud  du c ryo -  
metamorph ism  pkrenne  e t   la   zone de cryometamorphisme  saisonnier  des  roches. 
L ' h e t 6 r o g h e i t e  de l ' i n f luence  du   c ryomgtamorph isme  sur   les   cond i t ions   de   fo rmat ion  
des  eaux  souterraines  dans  diverses  zones a e t e  d e t e r m i n g e   p a r   l e s   d i f f g r e n t e s  
p e r i o d e s   d ' e x i s t e n c e   c o n t i n u e  des b a r r i e r e s   B t a n c h e s   n o n - c r y o g h i q u e s   e t   l e s  
d i f f e r e n c e s   d ' e p a i s s e u r   e t  de d ' i s c o n t i n u i t e  de c e l l e s - c i .  Les provinces  hydrog6.o- 
c ryo log iques   son t   de l im i tges   g rsce  2 l ' a n a l y s e  de l a   s t r u c t u r e   d u   p e r g g l i s o l   q u i  
c a r a c t g r i s e ,  dans l a  coupe v e r t i c a l e ,   l e   r a p p o r t   e n t r e   l e s   d i f f 6 r e n t e s  couches de 
roches   c ryogkn iques   don t   l es   p rop r ie tes   hyd rogeo log iques   son t   t r2s   d i f f h ren tes .  
Les  provinces  des  roches  sSches a l ' a i r ,   c e l l e s  des  eaux  douces e t   c e l l e s  des  eaux 
sa lees ,   se lon   l a   p r&sence   d 'eau  A l ' i n t e r i e u r  d e s   s t r u c t u r e s   e t  la c o m p o s i t i o n   e t  
m i n g r a l i s a t i o n  de c e l l e - c i ,   s o n t   t r a i t e s   s e p a r h e n t .  

BAMRHME I'IPOUECCA MHOTOJIETHErO KPMOMETAMOPQM3MA. rOPHbIX nopofl 
HA YCJIOBMR @OPMMPOBAHMR nOa3EMHbIX Boa 

C.M. QOTIIeB,   npOII3BOQ. H H . - K  HH-T no HHXeaep .   E I3bICKaHIIRM B C T p O H T e J I b C T B e ,   M O C K B B ,  cc,cP 

ring p e T a  B n m H m  npouecca M H o r o n e m e r o  K P H O M ~ T ~ M O ~ $ I I ~ M ~  nopon H a  Y C ~ O B ~ S  GOPMHPO- 
B a H m   n o n 3 e M H b r x   B o a  npennaraeTca c x e M a   n o c n e n o B a T e n m o r o  p a ~ o w p o k m  T~PPMTOPHH CCCP. 
BbIaeneHbI CeWpHaS II &HaR 3 0 H b I  M H O r O n e T H e F O   K p I I O M e T a M O p @ A a M a  II 3 0 H a   C e 3 0 H H O r O   K p M O M e -  

TaMOp@i3Ma  I IOpOn.   HeOffHOpOnHOCTb  BnMRHRR  npOU@CCa  KpHOMeTaMOp+R3Ma IIOpOn Ha YCnOBIIR  @pMH- 

P O B a H l l H   n O n 3 e M H b I X  BOA B p a 3 H b I X   3 0 H a X   O I l p e n e J I S l J l f a C h   P a 3 n I I 9 H b I M   D p e M e H e M   H e n p e p b I B H O r O   C y m e C -  

TBOBBHIIH  KpROr@HHbIX  BOnOyIIOpOB,  pa3JlHWieM HX MOLUHOCTI? H n p e p b I B H C T O C T U .   r t i n p O r e O K p M O n O F k l Y e c -  

m e  ~ ~ O B I ~ H U H H  B b r n e n m w T c R   H a   o c K o B e   a H m m a  cTpoewa K p I ? o r e H H o f   T O ~ U I ? ,   K o T o p o e  x a p a ~ ~ e p a 3 y e ~  
coomouewe B B e p T a K a m H o M  pmpeae pa3n~f~f~~brx RPYCOB K p a o r e m b r x  nopon, r k l n p o r e o n o r H s e c K M e  

C B 0 8 C T B a  KOTOpbIX B e C b M a  pB3IlMYHbI. B 3aBIICHMOCTH  OT BaJlMYMH BOflbI  B H e n p a x   C T P Y K T Y P ,  @e 
COCTBBa I? M i i H e p a J l H 3 a U H H   B b l ~ e J l S I ~ T C f I  IIPOBMHUBH  BO3nyUrHO-CyXHX  nOpOn,  npecHblX HJIlR C O n e H b l X  

BOA. 
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BJ"HME WOUECCA MHCrOJETHErO KPMOMETIZMOP@M3MA rOPHbiX nOFOA 
H A  YCJIOBM8 *OPMMPOBRHMR nOa3EMHblX BOA 

C. M. @ O T A ~ B  
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FROST  MOUNDS AS INDICATORS OF WATER TRANSMISSION ZONES IN THE ACTIVE 
LAYER OF PERMAFROST DURING THE WINTER SEASON (KHANGAY ms. , MONGOLIA) 

* 

W. Froehl ich   and  J .  S lupik ,   Dept .  of Phys. Geogr . ,   Po l i sh  Ac. S c i . ,  Krakow 

S t u d i e s  were made i n   t h e   d i s c o n t i n u o u s   p e r m a f r o s t   z o n e  i n  t h e   s o u t h e r n  
slopes of Khangay Mts. The mean a n n u a l   p r e c i p i t a t i o n  is 226 mm, t h e   a n n u a l  a i r  
t empera tu re   ave rages  -5.9%. I s o l a t e d   i c e - c o r e d   f r o s t  mounds and ice mounds or 
mounds fo rming   w ind ing   r i dges   occu r   i n   t he  valley f l o o r s   i n   a s s o c i a t i o n   w i t h  water 
e i t h e r   f l o w i n g   b e l o w  ice  or o u t f l o w i n g   f r o m   s p r i n g s .  Such mounds develop i n  t h e  
active l a y e r   d u r i n g   t h e   w i n t e r  season u n d e r   h y d r o l o g i c   c o n d i t i o n s  similar t o  t h a t  
of  pingo  growth  (open  system).  Permafrost  only restricts, from the bottom, the 
water t r a n s m i s s i o n   z o n e   e i t h e r  i n  t h e   g r o u n d   o r   i n   t h e  r iver  c h a n n e l .   R e g i s t r a t i o n  
of t hese   fo rms  may h e l p  t o  d e t e c t   s p r i n g s  and c h a n n e l   s e c t i o n s  wi th  p e r e n n i a l  f low 
b e n e a t h   t h e  ice cover .  

UTILISATTON DES PINGOS C O W  TNDICATEURS DES ZONES DE CIRCULATION D'EAU DANS LE 
MOLLTSOL DES ZONES DE PERGELISOL, PENDANT L'HIVER (MONT WIANGAY, MONGOLIE) 

W. F r o e h l i c h  e t  J. Slupik ,   Dept .  of Phys. ,   Geogr . ,   Pol ish Ac. Sci., Krakow (Cracovie) ,  
Pologne,  

On a r G a l i s 6  des 6tudes  dans l a  zone de  p e r g g l i s o l   d i s c o n t i n u   d e s   v e r s a n t s  
meridionaux  des  rnonts Khangay. La moyenne a n n u e l l e   d e s   p r i 5 c i p i t a t i o n s  est d e  226 mm, 
e t  l a  moyenne a n n u e l l e   d e  l a  tempgrature  atmosphGrique d e  -5.9OC. Des b u t t e s  'a l en-  
t i l les  d e   g l a c e   o u   a u t r e s   s t r u c t u r e s  similaires formant   des  crgtes  onduleuses   occu-  
p e n t  l e  f o n d   d e s   v a l l g e s ,  e t  s o n t   a s s o c i 6 e s  h des  Gcoulements  d 'eau  au-dessous d e  l a  
g lace ,   ou  2 p a r t i r   d e   s o u r c e s .  Ces m o n t i c u l e s  se forment  dans l e  m o l l i s o l   p e n d a n t  
l ' h i v e r ,  dans les  m z m e s  cond i t ions   hydro log iques   que  les p i n g o s  ('a c i r c u l a t i o n   o u v e r -  
t e ) .  Le p e r g g l i s o l   r g d u i t   s e u l e m e n t ,  ii p a r t i r  du  fond, l a  z o n e   d e   c i r c u l a t i o n   d ' e a u  
dans l e  s o l  ou l e  l i t  d u   c o u r s   d ' e a u .   S i   l ' o n   i n d i q u e  ces s t r u c t u r e s ,  on pourra   p ro-  
bab lemen t   dece le r   p lus   f ac i l emen t  les  s o u r c e s  e t  les chenaux  qui   cr6ent   un  ecoulement  
permanent  au-dessous  de l a  c o u v e r t u r e  d e  g l a c e .  

BYrPbI IIYYEHMSI KAK rIPM3HAK CYUECTBOBAHMR 30H QMJIbTPAUMM BOA B AERTEJfb- 
HOM CJlOE MHOrOJlETHEn MEP3JIOTbl B 3HMHMB IIEPHOA 
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FROST MOUNDS AS  INDICATORS OF WATER TRANSMISSION ZONES I N  THE ACTIVE: 
LAYER OF  PERMAFROST DURING THE WINTER SEASON  (KKANGAY M S .  , MONGOLIA) 

W. Froehlich  and J. Slupik 

STUDY AREA 

This   pape r   p re sen t s   t he   pa r t i a l   r e su l t s   o f  
r e sea rch   ca r r i ed  on i n  Mongolia i n  1976,  within 
the  discont inuous  permafrost  zone  (Fig. 1). 
I n v e s t i g a t i o n s  were made by two geographical  
exped i t ions   i n   t he  Tsagan  Turutuin-go1  River  during 
t h e  summer seasons of 1974  and  1975  (see: Mongo- 
l i a n  - Pol i sh   Phys ica l  - Geographic  Expedition, 
19 75). 

southern  slopes of t h e  Khangay Mrs., and t h e  
Bayan-Nuurin-khotnoz  Basin s i t u a t e d  a t  t h e  
mountain f o o t  (Klimek e t  a l . ,  1976). The northern,  
mountainous  past   of  the  catchment  basin  buil t  up 
of c rys t a l l i ne   rocks   r eaches  up t o  2000 - 
3500 m a.s.1. Permafrost  developed on the   north-  
facing  s lopes and a t  the   va l ley   bo t toms.  The 
f loo r   o f   t he  Bayan-Nuurin-khotnor  Basin, s i t u a t e d  
a t  2000 m a.s. I., i s  bounded on the souKh by a 
f a u l t   s c a r p  , 500 m high. In i ts  n o r t h e r n   p a r t  i t  
i s  covered by water-bearing  gravel  and  sand. Tn 
t h e   s o u t h e r n   p a r t  of t he   bas in   t he   depos i t s  
cons is t   o f  a s i l ty -sandy  f rac t ion .   Permafros t  
occurs  discontinuously  (Longid,  1962); i n  the 
s o u t h e r n   p a r t  of  t he   bas in  i t  is assoc ia ted   wi th  
surface  forms:  pi?gos,   earth hummocks e t c .  
(Rotnicki  and Babinski,  1976). 

The river  run-off  can b e  observed  from May 
until October  (Kuznetsov,  1968). In the   winter  
season,   ic ings  are   formed,  In t h e  mountainous 
p a r t  of t h e  Tsagan  Turutuin-go1  River Basin these  
are ground water icings  developed a t  t h e   v a l l e y  
bottom,  below  the water outflow,  from  springs 
act ive  throughout   the  winter   (Fig.   2) .  Vast 
r iver i c i n g s  are formed i n  the   southern   par t  of 
t h e  Bayan Nuurin-khotnor  Basin i .e.  wi th in   t he  
zone of l i m i t e d   t r a n s m i s s i v i t y  due t o   t h e   l i t h o -  
log ica l   changes   in   depos i t s   (F ig .  3) .  

Permafrost  occurrence  and  the  accompanying 
events  on t h e   t e r r i t o r y   r e a c h i n g  as far   southwards 
as 46040' n o r t h   l a t i t u d e   r e s u l t s  from severe 
cont inenta l   c l imat ic   condi t ions   (Gravis ,   1974) .  

I n  the  ten-year  period 1960 - 1969,  the mean 
annual a i r  temperature was -5.9%. and  the  average 
y e a r l y   t o t a l   p r e c i p i t a t i o n  was 226.1 mm. These 
d a t a  come from t h e   G a l u u t   s t a t i o n   s i t u a t e d  a t  
,2160 m a.s.L., i n  t h e   v i c i n i t y  of t h e  Bayan 
Nuurin-khotnor  Basin.   In  the  period of freeze-up, 
the   nega t ive   to ta l   o f   t empera ture  a t  t h e   s o i l  
s u r f a c e  i s  from about -2500 to -35OOOC, the g l o b a l  
r a d i a t i o n  is 30-40 ccal/cm2  (Gavrilova,  1973). A s  
a consequence ,   t he   hea t   f l ux   i n to   t he   so i l  i s  
always  negative, and i t s  v a l u e   i n   t h e   w i n t e r   s e a s m  
ranges from -3  t o  -4.5 ccal/cm2. 

This  drainage  basin  covers a fragment of t h e  

Dur ing   t he   f i e ld   s tud ie s   (Apr i l  1-20, 
1976),   the mean d i u r n a l  a i r  temperature was from 
-1.1 t o  -14.00C. The minimum temperature a t  t h e  
s o i l   s u r f a c e  dropped t o  -23"C, whereas  the 
maximum temperature  reached +30.2OC. Under such 
weather  conditions  the  break-up  process  began 

DESCKIPTION OF FORMS 

In   w in te r ,   su r f ace   e f fus ions  of ground-water 
i n   t h e  form of i c i n g  and f r o s t  mounds ars preva- 
l e n t   i n  some r i v e r   f l o o d   p l a i n s  and low-lying 
swampy areas  (Mackay and  Ldken, 1974) .  In 
Mongolia,   seasonal  hydrolaccoliths are connected 
to   t he  areas of i c i n g s  - b o t h   i n  and outs ide   the  
zone of permafrost  (Sukhudrovsky, 1974) .  AK t h e  
bottcm  of  the  Tsagan  Turutuin-go1  River  Valley 
and i t s  tributary,   the  Olgoin-gol,   one  can  observe 
f r o s t  mounds wi th in   i c ings .  These are seasonal  
events  as they   have   no t   been   no t iced   in   sumer .  
Similar  mounds were found i n   t h e   r i v e r   c h a n n e l s ,  
e i t h e r   s e p a r a t e l y   o r  i n  the  form  of r idges  
i m i t a t i n g  a l i n e  of maximum v e l o c i t y  of flow. 
These  forms are s t r i c t l y  connected  with  water  flow 
i n  a r ive r   du r ing   w in te r ,  and with water outflow 
of  super-permafrost  groundwater. 

Ice-cored  ear th  mounds 

Such forms were observed   in   f lood   p la ins  of 
t h e  Tsagan  Turutuin-go1  and  Olgoin-go1  Rivers, i n  
t he   con t inua t ion  of the  ground  outflow  zone of 
spr ing  water; they can be  found a t  varying  dis-  
tances from  the  foot  of a slope,  and  they are very 
similar t o   " f r o s t   b l i s t e r "   i n   t h e   F a i r b a n k s   a r e a  
i n  Alaska  (Linell ,   1973).  

The mounds a r e  1 - 3 m h igh ,   usua l ly   ova l   o r  
spindle-shaped  (Fig. 4 ) .  Thei r   l ength  a t  the  base 
ranges  from a few t o  a dozen or so meters. Some 
of them are assymetr ic :  a s lope coming down 
towards the  outf low of water from the   sp r ing  is 
Longer  and more gentle.  These mounds are covered 
wi th  an i ce   co re   o f   s eve ra l  dozen  centimeters 
which is connected a t   t h e   b a s e  of t h e  form with a 
vas t   i c ing   cover ing  a f lood   p l a in  of the  r iver .  
A tension  crack,  sometimes  wider  than 0.5 m. runs 
from the   base  of the  mound and  along the   r i dge .  
It i s  o f t e n  accompanied by two cracks  branching 
o u t   r a d i a l l y .  A t  the  s u m m i t ,  the   depth   o f   the  
crack  reaches 1 m. Such a c r a c k   i n   t h e   f l o o r  i s  
covered   wi th   i ce   which   cons t i tu tes  a top of an 
ice l e n s  of b u i l t - u p   i n t r u s i v e   i c e .  Such  forms 
are well known from Russian l i t e r a t u r e  as 
"sezonnye  bugry  puchenya" i . e .  seasonal   pingos 
(Dostovalov  and  Kudryavtsev,  1967). They are 
f o n e d   s i m i l a r l y  t o  pingos - open  system (Mackay 
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and  Black  1973). They d i f f e r ,  however, i n  dimen- 
sions;   they  can  be  found  only  in  the  winter  season 
and  they  are  connected  to a seasonal ly   f rozen  
l a y e r ,  

I c e  mounds 

"Ice  bugors"  usually accompany i c i n g s  of 
Syberian  r ivers  (Sokolov,  1973).  Mounds bui l t -up 
of s h e e t   i c e  were  observed i n  a f lood   p l a in  of t h e  
Tsagan  Turutuin-go1  and  Olgoin-go1  Rivers  covered 
w i t h   i c i n g s .  The s i z e  and  shape of these  mounds 
were similar to   the   i ce-cored  mounds,  They can  be 
found i n  the   con t inua t ion  of the  confluence trans- 
verse  ephemeral streams* One o r  more c racks  
branch  out   radial ly   a long  rhe summits of t h e  mounds 
(Fig. 5 ) .  I n  the  channel  of  the  Tsagan  Turutuin- 
go1   River ,   wi th in   the   southern   par t  of t h e  Bayan 
Nuurin-khotnor Basin, one  could  observe  swelling 
o f   t h e   i c i n g   i m i t a t i n g   t h e   l i n e  of maximum 
veloc i ty   o f   f low of the  meandering  r iver  (Fig.  6 ) .  
Sometimes these  forms, 1 - 2 m high  and  several  
meters  wide a t   t he   base ,   ex t ended   fo r   s eve ra l  
ki lomcters   a long  the  r iver   channel .  The open 
crack,  over 2 m deep, was going  a long  rhe  r idge.  
The l o c a t i o n  o f  these  forms was s t r i c t l y   c o n n e c t e d  
t o   t h e   c h a n n e l   c u t t i n g  deep in to   t he   s andy- s i l t y  
deposits,   immediarely  downstream  of  intensive 
al imentat ion  f rom  subpermafrost   aquifer ,  

THE MECHANISM OF FROST ACTION I N  
THE ZONE OF WATER TRANSMISSION 

DURING WINTER SEASON 

Ice-cored  ear th  mounds 

These  forms  can  be  found i n   t h e  zone  of a 
water migration  from a spr ing ,   p laced   under  a s l o p e  
f o o t ,  t o  a r iver   channel .  I n  s u m m e r ,  the   f low i s  
f r ee   nea r   t he   g round   su r f ace ,  i n  deposi ts   under-  
l a i n  by bedrock  or  by  an  impermeable  permafrost 
l a y e r .  When a f reez ing   per iod   begins ,  a t rans-  
mission zone of wa te r   con t r ac t s  due t o   t h e   f r o s t  
p e n e t r a t i o n   i n t o   t h e   s o i l   ( F i g <  8A). The f u r t h e r  
from the   sp r ing ,   t he   coo le r   t he  water becomes. 
Af te r   severa l   hundred  meters, the   water   f reezes  
and thus ,  i t  does  not   reach  the  channel .  I n  given 
weather   condi t ions ,   the   d i s tance  from spring  out-  
f low  to   the  place of freeze-up  depends on the  
temperature of t he   sp r ing  water and i t s  v e l o c i t y  
and  discharge.  The  outflow of water from  the 
spr ing  goes on, under   p ressure ,   in  a t ransmission 
zone closed  both  from  the  top  and  the  bottom.  In 
the   p l ace  where  seeping  water   f reezes ,   the   ice  
lens   g rows ,   c rea t ing  a " b l i s t e r "  on t h e   s u r f a c e .  
A continuous  inflow of wa te r   causes   t he   i nc rease  of 
a h y d r o s t a t i c   p r e s s u r e   i n  a water   t ransmission 
zone. Under i t s  i n f l u e n c e   t h e   s o i l   c r a c k s   a t   t h e  
weakest  place  which i s ,  a t  t h e  same rime, the   p l ace  
where  there  i s  the   h ighes t   p re s su re ,  i . e .  wi th in  
t h e  domed ground. Water e f f u s e s  our of the   c rack ,  
cove r ing   t he  mound with  an  ice-core and c r e a t i n g  a 
s h e e t  of ice  around i t  (Fig.  8B).  Development  and 
growth  of  icing  can  be  observeu  during  the  entire 
winter  season. I t  probably  c.oncentrates  in a few 
shor t   phases  of water   expuls ion  onto  the  surface 
due t o   t h e   i n c r e a s i n g   a r t e s i a n   p r e s s u r e  (Kane, 
Carlson, Bowers 1973). 

In   sp r ing ,   t he   i ce -co re   cove r ing   t he  mound 
thaws f i r s t  under   so la r   rad ia t ion .  The up-doming 

ground dams the  outf low o f  water,  sometimes 
c r e a t i n g  a pond from t h e   s i d e  of the  outf low of 
water from the   spr ing .  When t h e   s o l a r   r a d i a t i o n  
i n c r e a s e s ,  i t  c a u s e s   t h e   h e a t   p e n e t r a t i o n   i n t o  
the  ground.  Aparr  from  the  warming  influence  of 
spring water ,  i t  is the impulse  causing  the ice 
l e n s   t o  thaw. It r e s u l t s   i n  a ground  subsidence 
o f  thermokarst   character (Fig, 8C). The mound 
forms  disappear i n  May, l a t e s t  of a l l   i n   J u n e ,  
a f te r   the   ra iny   season   has  come. Under t h e  
in f luence   o f   r a in fa l l ,  a d i s t i n c t l y  formed mound 
col lapses   dur ing  a few  days.  This phenomenon was 
observed by Dr. E. Nowaczyk in  June  1976. What 
remains  out  of  the  ice-cared mound i s  a bulge 
from 20 - 30 cm high,  which imitates its range. 
Its c e n t r a l   p a r t  i s  lowered,  being a v i s i b l e   t r a c e  
of a former  crack  (Fig. 8D). 

Ice  mounds 

The mechanism of the formation of these forms 
i s  similar t o   t h e  one  described  above. When t h e  
autumn freeze-up  comes,  the  ice  cover i s  formed 
on t h e  Tsagan  Turutuin-go1  River.  This  causes 
c o n s t r i c t i o n  o f  a d i scha rged   pa r t  of a r i v e r  
channel,  bounded  by  permafrost  in its  bed and by 
the   i ce   cove r   i n   t he   t op   (F ig .  9A)* The f a c t   t h a t  
t h e   r i v e r  i s  suppl ied  by water from a subpermafrost 
a q u i f e r  in t h e   n o r t h e r n   p a r t  of t h e  Bayan Nuurin- 
khotnor  Basin  guarantees a perennial   run-off  i n  
win ter ,  It i s  p r e t t y   d i f f i c u l t   f o r   t h i s  t o  occur 
i n   t h e   s o u t h e r n   p a r t  of t h e   b a s i n   d u e   t o   l i t h o -  
logical   changes  of   deposi ts .  The decrease  of 
t r a n s m i s s i v i t y  is accompanied by a h y d r o s t a t i c  
pressure .  It produces a doming and  cracking  of 
i c e  as well as the   expuls ion  of water on to   t he  
surface  (Fig.  9B).  This is how r i v e r   i c i n g  
develops  (Williams  and Van Everdingen  1973). The 
most  favorable  conditions  of water f low i n  t h e  
channe l   i n   w in te r  are i n  a st reamline,   because 
t h a t  i s  where the  channel  i s  the   deepes t   and   the  
v e l o c i t y  of f l ow  the   g rea t e s t .  Thus, t h e  water 
t ransmission zone i n   t h e   r i v e r   c h a n n e l  i s  r e f l e c -  
ted on t h e   s u r f a c e  by  long  ridges. 

During  ice  break-up,  the  supply of  r i v e r  
waters  from  subpermafrost   aquifer  does  not  stop. 
The open  cracks  along  the  submit of i c e   r i d g e s  
f a c i l i t a t e  a f r e e  water f low  a long  the  s t reamline.  
It i s  conducive   to   the   ex tens ion  of t he   t r ans -  
mission  zone  due t o  ice  thawing  caused by t h e  
i n c r e a s i n g  amount of flowing  water  (Fig.  9C). 
Owing t o   t h i s   f a c t ,   w i d e r  and  wider  "pipe" i s  
formed i n  a s t reaml ine .  Under the  weight   of   ice ,  
it co l l apses ,   p roduc ing   fu r the r   ex t ens ion  of t h e  
d ischarge   sec t ion   (F ig .  7 and 9D). I n  some 
segments  of  the  channel,  ice-thawing is  quicker  
than  the  formation  of  "pipes"  beneath  the ice 
cover. It concerns   espec ia l ly   h igh ,  w e l l  i n s o l a t e d  
sou th - fac ing   c l i f f s  on t h e   r i v e r  meanders.  Then, 
f o r  some time, t h e   i c e  mounds have t h e  same form 
as they had i n   w i n t e r .  Water flows  round them 
c u t t i n g  a deeper  channel  nearby (F ig .  6 ) .  It 
l e a d s   t o  an unde rcu t t ing   o f   t he   b lu f f  on o u t s i d e  
meanders  and  channel  shifting. 

CONCLUSIONS 

Ice-cored   ear th  mounds as well as ice-r idges 
w i t h i n   r i v e r   i c i n g s  are a p r e v a l e n t  phenomena i n  
the   no r the rn   ha l f  o f  Mongolia. We could see i t  
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whi le   go ing   by   p l ane   fo r   ove r   1000  km. Regis- 
t r a t i o n   o f   t h e s e  forms may h e l p   t o   d e t e c t   z o n e s  o f  
water f l o w   i n  a r i v e r   b e n e a t h   t h e  ice cove r ,  as 
well a5   he lp   t o   l oca t e   sp r ings .   Deve lopmen t  of 
f r o s t  mounds o c c u r s   i n  a h y d r o l o g i c a l   p r o c e s s  
ve ry  similar t o   t h e   g r o w t h  o f  p ingos  - open 
s y s t e m .   T h i s   f r o s t   a c t i o n  i s  r e s t r i c t e d   t o  an 
a c t i v e   l a y e r ,   f r o s t  mounds e x i s t   o n l y   i n  a w i n t e r  
s e a s o n ;   a n d   p e r m a f r o s t   p l a y s   a n   i n d i r e c t   r o l e  as a 
c o n s t r i c t i n g   b o t t o m   l a y e r   t h e  water t r ansmiss ion  
zone i n   t h e   g r o u n d ,   o r   i n  a r i v e r   c h a n n e l .  

"micro-pingos" - c losed   sys tem are a l s o  known. 
They were observed  within  ice-wedge  polygons 
(French   1971) .   Both   f ros t  mounds  have  no  genetic 
term. According t o  a v e r y  similar mechanism 
formed  by h y d r a u l i c   f o r c e s ,   t h e   i c e - c o r e d  mounds 
be long   t o   t he   p ingo   g roup .  A term "winter-pingos" 
would on ly   emphas ize   t he i r   ephemer i c   cha rac t e r ,  
a n d   t h e   f a c t   t h a t   t h e y   d e v e l o p   f u l l y   i n   w i n t e r .  

Apart   from frost mounds observed   in   Mongol ia ,  
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ARCTIC BEACH PROCESSES  AND  THE THAW OF ICE-BONDED SEDIMENTS IN THE 
LITTORAL ZONE 
J. R. Harper, E. H. Owens,  and W. J. Wiseman, Jr. 

R a t e s  of thaw  and  depth of thaw  on  arct ic   beaches  differ   f rom  those  measured  on 
tundra  surfaces  owing to the  inf luence of seawater.  Depth of thaw  in t he  l i t toral   zone  l imits 
the  redistribution of sediments by wave  or ice action.  Normal  rates of thaw  in a beach  can  be 
increased  rapidly  during  storms  and  can  permit  inlet  development  in  barrier  systems  that 
contain  deep  permafrost .  An increase in thaw  ra tes  at the  unbonded-bonded  interface  results 
primarily  from  temperature  and  salinity  chanies  caused by groundwater  migration  within  the 
unbonded  sediments. 

LES PLAGES DE L ' A R C T ~ ~ E  ET LE DEGEL DE S~DTMENTS L I ~ S  PAR LA GLACE DANS LA ZONE 
LITTORALE 

J . R .  Harper, E.B. Owens, et W.J. Wiseman, Jr. 

Sur les plages  arctiques, l a  vitesse  et  la  profondeur  du  dggel  diff'erent  de 
celles  mesurGes  dans la toundra, 2 cause  de  l'influence  de  l'eau  de  mer. La profon- 
deur  du  degel dans la  zone  littorale  limite  la  redistribution  des  sediments par 
l'action  des  vagues  ou  des  glaces. Les taux de  dggel  d'une  plage  peuvent  augmenter 
rapidement  au-dessus d e  la  normale  durant les tempztes  et  entraTner  la  formation  de 
passages  dans  des  barrizres  contenant  un  pergglisol  profond.  L'augmentation  des 
vitesses  du  dggel 2 l'interface  entre  les  matgriaux lies et non ligs est causge  avant 
tout  par  les  changements  de  tempgrature  et  de  salinitg  dus b la  migration  des  eaux 
souterraines dans les sgdiments  non li6s. 

IIPOqECCbl IIPOTABBAHMH B rPYHTAX EEPErOB APKTMYECKBX MOPER ki B 
CI.@WEHTWPOBAHHblX JlbAOM OCAAKAX JMTOPAJIbHOfl 30HbI 
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ARCTIC  BEACH PROCESSES AND  THE THAW OF ICE-BONDED  SEDIMENTS IN THE  LITTORAL  ZONE 

J. R. Harper, E. H. Owens,  and W. J. Wiseman, Jr. 

Coastal   Studies  Insti tute,   Louisiana  State  University,  
Baton  Rouge,  Louisiana 70803 

INTRODUCTION 

Intensification of coastal zone  act ivi t ies   in   arct ic  
regions  has  resulted  in  increasing  concern  about  the 
distribution of nearshore  and  l i t toral   permafrost .   The 
occurrence of permafrost  at the  land-water   interface is 
dependent  on  climatic  and  oceanographic  conditions as 
well as on  coastal  stability.  Models  designed to predict  
permafrost   occurrence  must  include  coastal   migration 
effects (Lachenbruch  1957;  Osterkamp 1975). As  the 
l i t toral   zone  represents   an  important   heat   exchange 
interface,   the   object ives  of this  study  were to (1) mea- 
sure   t empora l   ra tes  of thaw in the   l i t to ra l  zone through- 
out   the   mel t   season ,  (2) establish  the spatial variation  in 
thaw,  both  in  alongshore  and  across-the-shoreline  direc- 
tions,  and (3) re la te   thaw effects to coastal processes 
and  morphology. 

THAW DEPTH  AND  FROST  TABLE  DEPTH 

In this  discussion,  "frost  table"  depth i s  defined as t h e  
depth to t h e  O t  isotherm  (Mackay  1977)  and  is  located 
by subsurface  temperature  profiles.   "Depth of thaw" 
r e fe r s  to the   depth  of thc  upper  surface of the  ice-  
bonded  sediments  and is generally  located by probing or 
augering.  This  distinction is necessary  because  saline 
pore  water   may  depress   the  ice-bonded  interface  tem- 
perature   such  that   the   "depths  of thaw"  will  lie  below  the 
frost table  depth  (Owens and Harper,  1977). 

Previous  studies  (Carson et al 1975;  Fisher  1977; 
McCann  and  Hannell  1971;  Owens  and  McCann  1970;  and 
Rex 1964) have  es tabl ished  that   permafrost   f requent ly  
underlies  arctic-  beaches,  barrier  spits,  and  barrier  islands 
and   tha t   there   a re   bo th   t empora l   and   spa t ia l   var ia t ions  
of thaw in the  littoral  zone  (MacDonald  and  Lewis  1973; 
Taylor  and  McCann  1974;  and  Owens  and  Harper, 1977).. 

SITE DESCRIPTION 

The  study site is   located at Peard Bay,  Alaska, a coast 
character ized by an  eroding  tundra  bluff  in  the east and 
by a 9-km-long  barrier  spit  in  the  west  (Fig. I). Mea- 
surements   were  made of across-the-beach  thaw  depths 
by  probing  along  four  profiles  (Flto F4 in  Fig. 1). Ground 
tempera tures   were   meaured   wi th   thermis tor   rods  (A and 
B in Fig. I), and  meteorologic  processes,  including  air 
temperature,   soil   heat  f lux,   and  net  radiation,  were 
monitored  continuously at an  adjacent  inland site. A 
more  complete  description of the  data   col lect ion  proce-  
dures, as well as the   or iginal   data ,   may  be  found  in  
Harper  (in  preparation). 

Fig. 1. Location  map of the  study  area,   thaw  depth 
profiles (F1 to F4), thermistor  rods A and 8, and 
meteorological  station  (triangle).  The  hachure  marks 
indicate  tundra  bluffs. 

Comparison of meteorological  data  collected  during 
this  study  with  published  records  from  Barrow, 80 km to 
the  northeast ,   indicates   that   Peard Bay has  a slightly 
warmer  micro-climate  than  Barrow  (mean  monthly  sum- 
mer  temperatures   are   approximately 2 T  warmer)  and 
tha t   Peard  Bay receives   about   75%  more  net   radiat ion 
than  Barrow  in a normal  summer  (Maykut  and  Church 
1973;  Owens  and  Harper,  1977). 

THAW PROFILES  AND THAW RATES 

Representative  thaw  profiles  from  the  Peard Bay 
study  are   presented  in   Figure 2. Profile FI is backed by 
a 2-m-high tundra  bluff,  and  profile F3 is   located on a 
55-m-wide  barrier  spit. In both cases the  beach 
materials  are  poorly  sorted,   f ine- to medium-grained 
sands,   but  some  interbedded gravels a r e  included.  The 
two  examples  show  similar  trends  in  that   thaw  profiles 
generally  parallel   the  beach  surface.  In addition,  thaw 
depths   in   the  lower  beach face are  initially  shallower  in 
the  ear ly   summer  but   are   then  substant ia l ly   deeper   la ter  
in   the  summer.  

Analysis of average  thaw  depth by zones  (zone A 
represents   the  lower  beach face, zone B represents  
middle  beach face, zone C represents   the  berm,   and  zone 
D is the  lagoon  shore  beach  face)   (see Fig. 2), emphasizes 
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Fig. 2. Selected  plots of thaw-depth  profiles on FI and F3. Beach tones (A,B, C, and D) are  defined  in  the teKt. 
(From  Owens  and  Harper, 1977.) 

the  across-beach  variation in thaw  rates (Fig. 3). Thaw  in 
the  upper  beach face, zone A, is  initially  delayed by the  
presence of an ice  foot  but  develops  rapidly as the 
nearshore  lead forms. A subtle  increase  in  thaw  rates in 
mid-July  coincided  with  breakup.  This  mid-summer  rate 
increase  suggests  that  heat or salt  exchange  with  near- 
shore  waters  is  partially  dependent on the  presence of 
nearshore  pack  ice. 

The  major  difference in thaw  characteristics  between 
profiled  sites  is  the  greater  thaw  depth  development on 
the  barrier  spit  profiles (Fig. 4 ) .  Thaw  began at approxi- 
mately  the  same  time at all  profile  sites,  developed 
rapidly  during  early  June,  and  then  showed a decrease  in 
l a t e  June.  Thaw  rates  were  similar  until  mid-July, 
although  the  mean  thaw  depth of the  barrier  spit  profiles 
was about 13 cm greater  than  that of non-barrier  profiles. 
Breakup of the  nearshore sea ice  occurred  in  mid-July  and 
apparently  influenced  thaw  rates on the  barrier  profiles, 
F3 and F4, by increasing  the  heat  exchange  between  ice- 
bonded  sediments  and  nearshore  waters.  The  result  was a 
greater  mean  depth of thaw  on  the  barrier  spit  during  late 
summer.  The  atypical  thaw  sequence of beaches,  in  the 

sense  that  they do not  show  the  more  normal  exponent- 
ially  decreasing  depth of thaw,  is  emphasized by the 
temporal  variation  in  thaw  rates,  especially in the  lower 
beach  face.  Comparison  with  other  data  (Table I)  
suggests  that  relative  differences  between  early-summer 
and  late-summer  thaw  rates  distinguishes  beaches  from 
other  environments  and  shows  the  marked effects of the 
nearshore  waters, i.e., the  high heat  capacity  and 
salinity. 

Differences  between  probed  thaw  depths  and  the 
frost-table  depth (i.e., 0°C isotherm as determined  from 
thermistor  rods)  indicate  that  salts  were  present  in  the 
interstitial  pore  waters  (Table 2). The  bonded-unbonded 
interface  temperature  and  the  corresponding  salinity of 
the  depressed  freezing  point  are  estimated by comparing 
thaw  depths  with  the 0°C depth.  At  thermistor  rod R 
estimated  salinities  increased  rapidly as the  nearshore 
lead  opened  and as nearshore  and  offshore  waters mixed. 
At  thermistor  rod B, on the  middle  beach  face,  estimated 
salinities  gradually  increased  to  about 17 ',Lo prior tQ 
open-water  conditions. I t  would  appear  that  salts  either 
originated  from  the  nearshore  waters or were  released 
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Fig. 3. Mean  depth of thaw by beach  zones  on  profile 
F2  (see  Fig. 2 for l imits of zones).  Zone  mean  values 
were  computed by averaging  depth of thaw  measurements 
over a 6-m segment  on  the  lower  beach face for  zone 
A  and 9-m segments  on  the  middle  beach  face  and  berm 
for  zones  B  and C, respectively. 

from  brine  pockets  trapped  during  the  previous  winter's 
f reezeup. 

SALT  AND  HEAT  FLUX  CALCULATIONS 

Using a simple  lateral  diffusion  equation,  the esti- 
mated  salinity  increases  (Table 2) can  be  reproduced  only 
by assuming a diffusivity  many  orders of magnitude  larger 
that  the  molecular  value. I t  is  more  reasonable  to  assume 
that  the  salinity  changes  were  caused by a groundwater 
flow  driven by the  pressure  head at the  beach face as a 
result of a change  in  water  levels.  Dominick et al. (1971) 
have  shown  that for a beach  with  finer  grained  sediments 
than  those at Peard  Bay  the  time  lag of the  tidal  wave 20 
m  up  the  beach  over  that  at the  mean  water  level is, at 
most, a f ew hours.  Such  pressure-driven  lateral  flow 
through  the  beach  could  easily  cause  the  changes  in 

Fig. 4. Mean  depth of thaw  on  profiles Fl  t o  F4. The 
thaw  depths   are   the  average of all  values  on  each  pro- 
file. 

salinity  that  were  observed  during  this  study. 

No storm  surges  occurred at Peard Bay during the  
study  period,  and  consequently  the effects of a storm  on 
thaw  rates  was  not  observed.  However,  in  view of the  
close  proximity of the  bonded-unbonded  interface  to  the 
beach  surface  and its possible  influence  on  the  breaching 
of barrier  islands,  the effect of a storm  surge  on  thaw 
ra t e s  is evaluated  from a theoretical  model. The  thaw 
model  (Harrison  and  Osterkamp  1976)  considers  the 
e f f ec t s  of a 24-hour storm  surge  on a predominantly  sand 
beach.  The  diffusion  and  heat  coefficients of Harrison 
and  Osterkamp  are  assumed,  the  bonded-unbonded  inter- 
face temperature  is approximated by O"C, and  the  upper 
layers of the  permafrost   are   assumed  to   be at a 
temperature  of -4°C. Because  the  coastal   waters  reach a 
temperature  of approximately 4°C in the  la te   summer,  

TABLE 1 .  Thaw  Rate  Variability 

TIME 

THAW 
RATE 

(cm/day) LOCATION SOURCE 

NON-BEACH 
Early  July ( 1966) -1.5 
Early  August ( 1966) -0.2 

Early  July ( 1973) -0.9 
Early  August  (1973) -0.2 

BEACH 
Early  July  (1968) -0.5 
Early  August  (1968) -0.4 

Early  July  (1976) -0.8 
Early  August ( 1976 1 -0.7 

Early  July  (1976) -0.7 
Early  August ( 1976) -0.6 

Tundra,  Barrow 
Tundra,  Barrow 

Dune  Sand,  Colville  Delta 
Dune  Sand,  Colville  Delta 

Kelley & Weaver  1969 
Kelley & Weaver  1969 

Walker & Harris  1976 
Walker & Harris  1976 

Beach, Devon  Island 
Beach, Devon  Island 

Owens  1969 
Owens  1969 

Beach  (All  Profiles) , Peard Bay This  Study 
Beach (Al l  Profiles) , Peard Bay This  Study 

Beach  (Zone  A) , Peard Bay This  Study 
Beach  (Zone A,  1, Peard Bay This  Study 



TABLE 2. Comparison of Probe  and  Thermistor  Rod  Data 

Rod  A  (Tundra  Cliff) 
Salinity 

Rod B (Profile F2) 
Salinity 

Thermistor  Probed  Interface of Poie  Thermistor  Probed  Interface of Pore 
0°C Thaw Temperature  Water 0" c Thaw  Temperature  Water 

Depth  Depth  (Estimate)  (Estimate)  Depth  Depth  (Estimate)  (Estimate) 
Date   (cm)  (cm) ( " C )  ( o / o o )  Date  (cm)  (cm) ( "C )  ( o / o o )  

5149 
3151 
3152 
5154 
3157 
5161 

3166 29 31 -0.28 5 2166 
3177 40 62  -1.55 28 3180 
3184 46 78  -2.10 38 5183 
3192 60 79  -1.39 26 3192 
3203 94" 84 3203 

3222 
3242 

0 
17 
14 
18 
29 
31 
41 
50 
49 
53 
63" 
73* 
75* 

2 
3 

20 
20 
30 
33 
44 
54 
58 
60 
64 
71 
72 

-0.7  13 
-0.1 2 
-0.1  2 
-0.09  2 
-0.4  8 
-0.5 9 
-1.0  18.5 
-0.8  15 

*Oo C depth  estimated by extension of temperature  profile  from  lower  two  thermistors. 
NOTE: From  Owens  and  Harper, 1977. 

salinity effects may  be  neglected. Using these  assump- 
tions,  the  model  predicts a 10-cm increase  in  thaw  depth 
during a 24-hour storm  surge.  This  value of 10 cm/day 
compares  well  with  the  rapid  initial  thaw  rates  measured 
at the  beach face immediately  following  destruction of 
the  ice   foot  (Fig. 3, tone  A). However,  Harrison  and 
Osterkamp's  model  assumes  still  water in the  sediments. 
During a storm  surge,  wave-induced  motions of the  pore 
water  and  mean  flow in the porous  beach  caused by 
coastal  setup will tend to cause an  increase  in  the  flux of 
heat  within  the  thawed  beach  material. If the  value of 
the  thermal  diffusivity  is  increased by 100 and 10,000, 
respectively, in order  to  simulate  groundwater  flow,  and 
the  thermal  conductivity  is  increased  accordngly,  then for 
a 2C-hour inundation  the  thaw  depths would increase by 28 
and  72  cm,  respectively (Le., 1.2 and 3.0 crn/hr). Al- 
though  we  have no field  data  to  verify  these  calculations, 
they  suggest  that  the  increase in depth of thaw  during 
storms  may  be  important  because  it  increases  the  volume 
of unconsolidated  sediments  available  for  longshore  trans- 
port by wave  action. 

EFFECTS OF SUBSURFACE ICE 
ON COASTAL  PROCESSES 

The  presence of ice-bonded  sediments  in  the  beach  can 
act as a lower  limit  for  sediment  redistribution in the  
littoral  zone  (Owens  and  McCann 1970). The  depth of 
;thaw varies  temporally  and  spatially, so that   the  effects 
of subsurface  ice on littoral  processes  vary,  depending  on 
the  time  available  for  thaw  and on local  oceanographic 
and  meteorologic  conditions.  The  depth of thaw i s  a 
primary  consideration in rates of sediment  redistribution 
and  morphologic  changes  on  arctic  beaches.  Since  thaw 
depths  on  the  upper  beach face and  berm  are  usually  less 
than 1 m, sediment  redistribution by wave  action, 

storm  surge  washover,  and  ice push  will be  limited  to  the 
upper  meter of the  beach.  This  depth will change  through 
t ime as a result of that&! induced  during  the  storm by high 
water  levels. The processes by which  thaw  rates  increase 
can  be  related  to  salinity  and  temperature  changes at the 
unbonded-bonded  interface  that  result  from  groundwater 
flow  that  is  generated by pressure  heads in the  beach, 
which are  caused by a temporary  rise  in sea level. 

The  breaching of barriers  to  form  new  inlets,  inlet 
migration,  and  the  erosion  or  relocation of spits  and 
barriers  can  occur  only if the  subsurface  sediments  are ice 
f r e e  or if there  is  sufficient  thaw  during a storm or storms 
to melt  the  ice-bonded  sediments. If an  inlet  depth of 3 m 
is assumed  for a newly  formed  inlet,  then a thaw  rate  on 
the  order of 8.3 cm/hr  during a 48-hour storm is  required 
for  a barrier on which the  active-layer  depth  was  initially 
1 m above  water  level.  This  thaw  rate is considerably 
higher  than  that  predicted by the  simple  model  discussed 
above  and  suggests  that  inlet  formation on arctic  barriers 
requires a minimum  storm  surge of approximately 96 
hours'  duration or two 48-hour storms. On the  Chukchi 
coast of Alaska,  several 24-hour or 48-hour storms  usually 
occur  during  late  summer  and  fall, so that  breaching of a 
barrier  with  ice-bonded  Subsurface  sediments  could  occur 
during a single  open-water  season. 

On the  Beaufort  Sea coast, which  has a lower  open- 
water  storm  frequency,  inlet  breaching  or  barrier  migra- 
tion  is  less  likely to occur  unless  the  subsurface  sediments 
a r e  unbonded. The  barriers on this coast a re  known to 
undergo  major  morphological  changes  during  the  infre- 
quent  periods of storm-wave  activity,  and  it  may  be 
assumed  that  the  subsurface  sediments in these  areas of 
change  are unbonded. The  migration of barrier  island 
systems  across  the  Beaufort  Sea  shelf  was  probably  too 
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rapid  for  the  development of a deep  permafrost  layer 
within  the  barriers.  Shoreline  morphology  changes  on  this 
coast would therefore  not  be  dependent on the  thaw of a 
thick  subsurface  permafrost lens. 

CONCLUSIONS 

1. Thaw rates  on  beaches  remain  relatively high through- 
out the  summer season because of the  presence of 
seawater  in  the  littoral  tone. Thaw rates on tundra 
surfaces, in contrast,  decrease  exponentially  during 
the  summer. 

2. Calculations  suggest  that  groundwater  flow  within  the 
unbonded  beach  sediments  causes a salinity  increase  in 
the  pore  water  and a resulting  increase in the  depth of 
thaw. 

3. Normal  thaw of ice-bonded  material in the  beach 
limits  the  depth  to  which  littoral  sediments  can  be 
redistributed by either  wave  action  or  ice push. 

4. Simple  calculations  indicate  that  thaw  rates in a 
barrier  beach  can  be  sufficiently  incredsed  during 
storm  surges  to  permit  inlet  formation  in  barriers  with 
subsurf ace permaf  rost. 
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SNOWMELT INFILTRATION AND MOVEmNT I N  FROZEN SOILS 
Douglas L. Kane, John D .  Fox, Richard D. Se i fe r t ,  I n s t i t u t e  of Water 
Resources, Un ive r s i ty  of Alaska ,  Fa i rbanks ,  Alaska.  George S.  Taylor ,  
Dept.  of Agronomy, Ohio S ta te  Un ive r s i ty ,  Columbus, Ohio 

The movement of water th rough  f rozen  soils,  pa r t i cu la r ly  those 
w i t h  moi s tu re  contents  below saturated condi t ions ,  i s  of importance 
t o  stream runof f  and groundwater recharge. The v a r i a b i l i t y  of runoff  
i s  closely related t o  t w o  important  factors ,  climatic cond i t ions  and 
s o i l  condi t ions .  T h i s  paper reports on t h e  importance of f r o z e n  soils 
i n  a l t e r i n g  surface runoff  and  groundwater recharge. Data on s o i l  
moisture conten ts ,  soil-air-snowpack temperatures, s o i l  t e n s i o n s  i n  
un f rozen  s o i l s  and var ious s o i l  properties were made a t  t w o  f i e l d  
sites, w i t h  h ighly  vary ing  thermal and h y d r a u l i c  properties. The sys -  
t e m s  can be v i s u a l i z e d  as t h i n  layers of permafrost and seasonally 
f r o z e n  or  thawed organic and mineral soils . A two-dimensional f l o w  
model w a s  developed t o  predict  t h e  ra te  and temporal character is t ics  
of water moving downslope f o r  cases n o t  observed i n  our  l imi t ed  f ie ld  
data .  

INFILTRATION ET D ~ P L A C E M E N T  DES EAUX DE FONTE DANS LES G ~ L  I SOLS 

Le deplacement  de l ' e a u  dans l e s   g k l i s o l s ,   e n   p a r t i c u l i e r   c e u x   d o n t   l a  
t e n e u r   e n   e a u   e s t   i n f g r i e u r e  au n iveau  de   sa tura t ion ,   joue   un   r61e dans 1 '6cou le -  
ment   par   ru isse l lement ,   a ins i  que  dans l ' a l i m e n t a t i o n d e s  nappes  souterra ines.  La 
v a r i a b i l i t e  de 1 '6cou le rnen t   es t   e t ro i t emen t   1 iee  3 deux   f ac teu rs   impor tan ts ,   l es  
c o n d i t i o n s   c l i m a t i q u e s   e t   e d a p h i q u e s .  Le p r C s e n t   a r t i c l e   t r a i t e  de l a   f o r t e  
i n f l u e n c e  des g & l i s o l s   s u r   l e   r u i s s e l l e m e n t  de s u r f a c e   e t   l ' a l i m e n t a t i o n  des  nappes 
s o u t e r r a i n e s .  On a obtenu  des  donnges  sur la   teneur   en  eau  du  so l ,   les   tempgratures 
du   so l ,  de l ' a i r ,   e t  de l a   c o u v e r t u r e   n i v a l e ,   s u r   l a   t e n s i o n  de l ' e a u   d u   s o l  dans 
l e s   s o l s  n o n   g e l & s ,   e t   d i v e r s e s   a u t r e s   p r o p r i e t e s   d u   s o l ,  en deux s i t es   exper imen-  
taux ,   qu i   p resen ta ien t  des p rop r i6 t6s   t he r rn iques   e t   hyd rau l i ques  t r6s  v a r i e e s .  On 
p e u t   v i s u a l i s e r   I ' e n s e m b l e  comme e t a n t  compose  de minces  couches  de p e r g e l i s o l ,  
e t  de so ls   m ingraux   e t   o rgan iques ,   ge les   ou   dkge lgs   su ivant   les   sa isons .  On a 
e t a b l i  un   mod&le   d '6cou lement   b id imens ionne l ,   qu i   permet   de   p red i re   les   carac tgr is -  
t i q u e s  de d e b i t   e t  de dur6e  de  1'6coulement de l ' e a u   s u i v a n t  une pente  pour  des cas 
non observes au  cours  de  nos  quelques  etudes i n   s i t u .  

MBQBnbTPAUMR M ABMXEHWE TAJlbIX BOA B MEP3JIMX I'PYHTAX 

A B H x e H H e  BOJW B MeP3JIHX F p y H T a X ,  B O C O 6 e H H O C T H  T a K H X ,  rae CO- 
AePXaHMe BOP@ HMXe COCTORHHR H a C h w e m R ,  HrpaeT B a x H y m  ponb B P e X H M e  
BOAOCTOKa H nxTaHHfl r p y H T o B r J X  r O P H S O H T O B .  M s M e H e H H R  B peX"e BOAOCTO- 

K a  CBs3aHM c ABYMH B~X-IhlMR @ a K T O p a M H :  K J l M M a T H 9 e C K H M H  YCJ'IOBHRMH pi rpyH- 
T o B m H  YCJIOBE.IRMH. AaHHOR padore P a C C M a T p H B a e T c R  BnTIMRHMe MepsnNx 
r P Y H T o B  Ha P e x H M  BOAOCTOKa M IIIMTaHEZR rpYHTOBblX rOpH30HTOB. AJrR a B y X  
I'IOneBhlX YYaCTKOB C CHJIbHO OTJIHYaIOUHMHCR TePMaJIbHHMH 14 rHApocTaTsqec- 

PaType B CBCTeMaX rPYHT-BO3~X-CHeXHMR IIOKPOB, H a l I p f l x e H H R x  B TaJIhlx 
r P Y H T a X ,  P a 3 J I H Y H b l X  CBORCTBaX I7PYHTOB. CHCTeMbl MOXHO paCCMaTpuBaTb 
K a K  T O H K H e  CnOH M H O r O J I e T H e f i  MeP3JIOTbl €4 Ce30HHOM@pJJ'IHX HnTIH Ce3onHOTankJX 
opraaHqecKHx €3 M H H e P a n b H N x  nOpOA. AJ'IR 0I"IpeJJeJIeHHfl CKOPOCTH M B p e M e H H b l X  
X a P a K T e P R C T H K  ABHXeHHFI C T e K a m u e R  BOW AJIH cnyqaeB, H e  ~ a 6 ~ 1 1 1 o ~ ~ a e m x  B 
H U H X  3KCnePaMe~~ax,  paJpa6oTaHa AByxMepHaR QnmHAanbHaR M O J J ~ J I ~ .  

KHMH YCnOBBf lMH 6hlJ"IH noJIyYeHhl AaHHhIe  0 BJIaI 'OCOAepXaHHH B F P Y H T e ,  TeMne- 
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INTRODUCTION 
The movement of snowmelt  water  with 

respect  to  frozen  ground is o f  importance 
because  this  water  may  constitute  poten- 
tial  groundwater  recharge  and/or  compose 
a  flood  generated  from  surface  runoff.  In 
areas of discontinuous  permafrost,  a 
multi-layered  soil  regime  consisting  of 
differing  physical  properties  may  exist 
because  of  the  presence of both  organic 
and mineral soils and  the thermal  states 
of  these  soils. In interior  Alaska  near 
Fairbanks,  areas  underlain by permafrost 
generally  have  a  very  thick  organic  layer 
(25-40 cm), with an active  layer o f  50-100 
cm, except  for  well-drained  sites  where  the 
active  layer  is  thicker.  Permafrost-free 
soils  have  a  5-10-cm  layer of decaying 
organic  material with the  depth  of  seasonal 
frost  again  being  directly  related  to  the 
moisture  content.  A  combined field, 
laboratory, and  modeling  study was carried 
out to  assess  the  groundwater  recharge 
characteristics of frozen soils for  various 
areas. 

LITERATURE  REVIEW 
By far, the  emphasis  in  the  literature 

related  to  the  entire  sequence  of  break-up 
has  been  to  study  snowmelt  processes 
within  the  snowpack,  to  forecast floods 
that  emanate  from  partially  frozen  terrain, 
and to  examine the effect of various 
surface  practices on snowmelt  runoff. 
These  three  areas of study  account  for 
well over 90 per cent of the  completed 
research.  Lacking  in  this  field  is  the 
inclusion  of  the  interaction of frozen 
soils  with  the  snowpack and unfrozen 
subsurface layers.  Of course  with  snowpack 
studies,  the  role  of  frozen  soils  is 
neglected  completely:  with  the  other t w o  
fields of study,  frozen  ground  is  part of 
the  system  under  study  and  certain  simpli- 
fying  assumptions are made  to  account  for 
the  mass  transfer  processes  which  occur in 
the soil system. 

To be complete, an analysis  of  water 
movement  through  frozen  soils  should 
include an examination of both  heat  and 
mass  transfer  processes.  Several  mathe- 
matical  models  have  been  developed  to 
consider  just  this  aspect.  Harlan  (1973) 
and  Kennedy  and Lielmezs  (1973)  developed 
the first  coupled  heat and mass  transfer 
models  specifically  for  looking at mois- 
ture  transfer  in  frozen  soils.  More 
recently,  additional  models  have  been 
developed  by Guymon and Luthin (1974), 
Taylor  and Luthin  (1976) , Guymon and  Berg 
(1976) , Kay  et  al. (1977) , and Outcalt 
(1976).  Several of the  latter  models  have 
been  developed  for  examining  the  mecha- 
nism of frost  heaving.  For  snowmelt 
infiltration,  the  same  physical  processes 
are occurring,  but  in  reverse order; 
therefore  the  same  mathematical  expres- 
sions  can  be used with  adjustments  made 
to  the  initial  and  boundary  conditions. 
The  earlier  models have all  been one 
dimensional. To examine the  pathway of 
snowmelt water, at least  a two-dirnen- 
sional  model  is  needed  as  the  water can 
either  infiltrate  vertically or move 
downslope.  Where  organic  layers  exist 
over  mineral soil, the  usual  regime 
consists  of  vertical  infiltration  of 
water  into  the  organic  layer,  development 
of  saturated  conditions  at  the  organic- 
mineral  soil interface, and consequently 
the  movement of water  downslope  through 
the  organic  layer. 

Field  studies of snowmelt  infiltration 
into frozen  soils are totally  absent. 
One  of  the  major  problems of the  avail- 
able  models  is  the  lack  of real data  for 
use  in  evaluating  model  accuracy.  Jumikis 
(1973)  examines soil moisture  transfer 
upon  freezing  as  a  function of soil 
porosity.  Several  studies  have  been 
performed  in  the  laboratory where soil 
columns  have  first  been  uni-directionally 
frozen,  then  the  redistribution of the 
water  measured.  These  laboratory  studies 
generally do not adequately  represent 
field conditions  primarily  because of the 
extreme  temperature  gradients  and  the 
short  duration of each  trial run. 
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The infiltration  of  snowmelt  water  into 
frozen  soils  depends  primarily on the 
hydraulic  gradient and.hydraulic conduc- 
tivity  of  the  frozen  porous  medium. As 
soil water  freezes,  pore  pressure  decreases 
as  particle  surface  forces  are  unsatisfied. 
At subzero  temperatures, it has  been  shown 
that  a  variable  percentage of the  available 
water  remains  unfrozen and  that  this 
percentage is a  function of particle  size 
distribution and  temperature.  Williams 
and Burt  (1974)  examine  the  hydraulic 
conductivity  of a frozen  silt  loam  over a 
temperature  range of 0 to -0 .5OC.  These 
values  would  closely  approximate  the  range 
of hydraulic  conductivities  during  the 
ablation  sequence.  There are other  excel- 
lent  papers, too numerous to mention,  that 
touch on our narrow theme. 

EXPERIMENTAL DESIGN AND  FIELD  METHODS 
Investigations  were  carried out at two 

sites  in  the  Goldstream  watershed  approxi- 
mately 10 miles  northeast of Fairbanks, 
Alaska. The sites were chosen  because 
they  were  representative of two  major 
vegetation-soil  associations  in  interior 
Alaska. Site one is  located on a  south- 
facing,  well-drained  slope  in  a  stand  of 
birch-aspen ( B e t u l a  papyrifera-PopuZus 
tremuloides) and  is  permafrost  free. The 
second  site  is  located  near  Silver  Creek 
where  permafrost  conditions  predominate 
and  black  spruce ( P i c e a  m u r i a n u )  is the 
dominant  vegetation.  Site one is  typical 
of  areas  where  groundwater  recharge  from 
precipitation  could occur, and site  two is 
typical o f  areas  where  a  large  percentage 
of the surface  runoff  is  generated  because 
of limited  infiltration  in  permafrost 
areas. 

A  major  goal of this  experiment was to 
determine  the  vertical  and  lateral flow 
from  existing  pore  pressure  gradients for 
a  thawing  system. The difficulty  of 
measuring  pore  pressures  with  tensiometers 
is  appreciated  for  frozen  soils.  However, 
following  melt of the frozen soils, in- 
place  tensiometers were filled with water 
to  record  pore  pressures at various  depths. 
Pore  pressure  gradients were monitored 
using tensiometers  from 26 April  1976 to 
17 September 1976; these  instrument  arrays 
were  placed at 25-cm intervals at depths 
from 25-100 cm. This data is  summarized 
in  a  report by Kane et al.  (1977). 

Numerous  other  field  measurements were 
made  during  the course of the  study: 
soil,  snowpack, and air  temperatures; soil 
moisture  content;  depth of seasonal  frost 
and  snowpack:  and density of the  snowpack. 
Snow  surveys were made  using  the  larger 
diameter  Adirondack  sampler. This snow 
sampler  works  especially well in light 
snowpack with extensive  hoar-frost. 
Snowpack  depth  and  water  content were 

measured  weekly  during  the  period  of 
accumulation and daily  during  the  ablation 
period. Transects, 25 m  in  length, were 
established  and  a  sample  taken  every 
meter. Samples  were not collected  over 
the  lysimeter  because of the  small  cross- 
sectional area. 

A hygro-thermograph and solarimeter, 
both  continuous  recording, were used  to 
obtain  basic  climatological  information. 
Snowpack  and ground  temperatures were 
monitored  by several  vertical  arrays  of 
thermistors at a  spacing o f  either 10 or 
20 cm. A standard  non-recording rain 
gauge,  as  well as a  tipping-bucket rain 
gauge, were used to monitor  rainfall 
during  the  ablation  period  and  the  follow- 
ing summer season. Soil  samples for 
moisture content were obtained  with  a 
7.6-cm diameter  motor-driven  portable 
coring  device.  Soil  samples  were  col- 
lected from  the core at depth  intervals 
of 5 cm.  Maximum  sampling  depths  varied 
from 90 cm to 270 cm, determined  primarily 
by  the  presence of rocks. Mineral  samples 
were  dried  at LO5OC for 2 4  hours, while 
organic  soils  were  dried  in a microwave 
oven.  Laboratory  analysis of the  samples 
included soil moisture content, bulk 
density,  porosity, and unfrozen  saturated 
hydraulic  conductivity. 

In  order  to  measure  the  rate  of  infil- 
tration  from  the  snowpack  several  simple 
lysimeters  were  installed.  These  lysi- 
meters  were o f  those  outlined by Haupt 
(1969).  They have an approximate  surface 
area  of 2500 cm2 and were  refilled  with 
native  organic  and  mineral  soils. At 
each site, two of the  lysimeters  were 
filled with organic  material (-10 cm) 
only:  this was supported  by a  shallow 
layer  of  pea-gravel  and  a  coarse  screen. 
For  the  remaining  lysimeters,  a  layer  of 
20 cm of mineral soil was placed  under 
the organic  layer.  The  outlets of the 
lysimeters  were  connected  to  a  tipping- 
bucket rain gauge  that was attached  to an 
event  recorder. The total  measured 
outflow  from  the  lysimeters  with  the 
organic  layer can be  compared  with  the 
total  snowpack  composition,  the  difference 
being water  lost  to  evaporation (or 
transpiration)  and  retention  in  the 
organic  layer.  Outflow  from  lysimeters 
containing  both  organic  and  mineral soils 
will  reflect  additional  water lost to 
soil retention and will also reflect  the 
additional  time  needed  for the flow  to 
travel  through  the  thicker  layer. 

DATA  DISCUSSION 
The measurement  of  various soil vari- 

ables can give an indication o f  processes 
occurring in the  system. With  regard  to 
the soil temperatures  (Figures 1 and 2 ) ,  
the infiltration o f  snowmelt  water  (at 
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GROUND TEMP "C 
-20- -loo 0 10" 

Fig. 1. Ground  temperature  variations 
at permafrost-free site. 

GROUND TEMP *C 
-20° -10" 0 10" 

Fig. 2. Ground  temperature  variations 
at permafrost site. 

O O C )  into  the  soil  layers  should  result 
in  a  rapid  increase  in  the soil tempera- 
ture to O°C. By 14 May 1 9 7 6 ,  the  depth 
of  thaw at the  permafrost  site was about 
30 cm (of which 20 cm  constitutes  organic 
material) and at the  permafrost-free 
site,  the  maximum  depth o f  thaw was 65 
cm.  During the  remainder  of  the summer, 
the  maximum  thaw  at  the  permafrost  site 
reached 100 cm in  late July, while at the 
permafrost-free site, the  220  cm of 
seasonal frost had  disappeared  by early 
J u l y .  Thermistors  located  in  the  snow- 
pack above  the  lysimeters  indicated that 
the snow temperatures were slightly 
warmer  toward  the  end of the  ablation 
period when  compared  to  the  surrounding 
snowpack. 

The rate  of  thaw  is  a  function of many 
factors,  including  the  initial  moisture 
content  (unfrozen  water and  ice) of the 
soil. It can  be  seen  in  Figures 3 and 4 
that  the  initial  moisture content (20-60 
per  cent) at  the  permafrost  site is much 
higher  than  that  of  the  permafrost-free 
site (12-20 per  cent). The  effect of the 
higher  moisture  content is two  fold-- 
first, it reduces  the  hydraulic  conducti- 
vity of the soil system  since  ice  occupies 
a larger  fraction of the  pores; and 
second,  the  quantity  of  heat  required  to 
thaw  an  incremental  volume is increased. 
Fox the  permafrost site, it was observed 
that  there was an increase  in the mois- 
ture  content in the  upper  organic  mate- 
rial  but  very  little  change  in  the 
mineral soil. For the  permafrost-free 
site,  increases in the  moisture  content 
were  observed at depths  greater  than 75 
cm by early June. The moisture  content 
is  reported  as  per cent by volume  because 
of  the  large  variations  in  the  bulk 
density  between  the  mineral  and  organic 
layers . 
Tensiometers  installed  €or  the  purpose 

of  measuring  the  direction  and  magnitude 
of  hydraulic  gradients  indicated  that 
very  low  pore  pressures  existed at the 
25-cm depth at the  permafrost-free  site 
throughout  the  month  of  May;  however,  a 
continual  drying  trend  took  place  through- 
out  the  month of June. Low soil tensions 
are  an  indication of near-saturated 
conditions.  Soil  tensions on the order 
of 600-800 cm of water  were  measured at 
the  same  site for the  remainder of the 
summer  at  all  depths.  From the 25-cm 
depth  to  the 75-cm depth, the  direction 
of  the  hydraulic  gradient was predomi- 
nantly  downward.  Soil  tensions at the 
permafrost-dominated  Silver  Creek  site 
were  consistently  lower  than  those at the 
permafrost-free  site.  Maximum soil 
tension at the Silver  Creek  site  did not 
exceed 450 cm of water and  generally 
remained at the  level  of  150-200  cm 
throughout  the  summer.  This is comparable 
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Fig. 3 .  Variation  in  moisture  content 
at  permafrost site. 
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Fig. 4. Variation  in  moisture  content 

at permafrost-free site. 

to  the data collected by Luthin and 
Guymon (1974). 

The rate of snowpack  depletion and the 
outflow  from  the  three  lysimeters at the 
permafrost-free  site  are  shown in Figure 
5. At the onset of ablation, 16 April 
1976, the  snowpack  contained  slightly 
less  than 10 cm  of  water and, by 27 April 
1 9 7 6 ,  the  ablation was complete.  Channels 
1 and 3 represent  the  lysimeters  with 
organic  material  only  and  Channel 2 
represents  the  lysimeter  with  layers of 
both organic and mineral soi ls .  As can 
be seen,  Lysimeters I and 3 start  respond- 
ing sooner  than  the  remaining  lysimeter 
and also have  a  larger  volume of flow. 
Channel I. has  a  maximum  accumulated flow 
approaching 5 cm of water; Channel 3 has 
a  volume of 6 cm o f  water; and Channel 2 
has a  volume  of 3 . 5  cm  of  water.  Slightly 
over 50 per  cent of the  water  from  the 
maximum  snowpack  infiltrated  to the 
organic-mineral soil interface at the 
permafrost-free  site.  Apparently,  an 
additional 20 per cent was retained  in 
the  upper 20 cm of the  mineral soil and 
was  subsequently  lost by evapotranspira- 
tion. 

A similar  site was established at the 
permafrost  area with the  lysimeters. To 
minimize  the  length of plumbing  from  the 
lysimeters  to  the  tipping-bucket  gauges, 
the gauges  were  placed  in  excavated  pits. 
It  quickly  became  apparent  that  this 
scheme  would not work at the permafrost 
site  because  large  volumes of water  were 
moving  downslope  through the organic 
layer  and  flooding the pits. At the 
permafrost-free site, never was any water 
observed  moving  either  downslope  through 
the  organic  litter or in  surface  channels. 
It was visually  obvious that vertical 
infiltration  had  occurred  at  the  perma- 
frost-free site, whereas at the  perma- 
frost  site,  vertical  infiltration was 
inhibited. Except for a thicker  organic 
Layer at the  permafrost site, physical 
conditions at the  two  sites  are similar. 
As  indicated  previously,  the  initial 
moisture  content  (ice  and  water)  at the 
onset of ablation at the  permafrost  site 
was  much  higher.  Apparently  this  addi- 
tional  water  in the pores,  once  frozen, 
i s  responsible  for  a  lower  hydraulic 
conductivity. The rate at which  water is 
supplied  to  the  frozen  soil  determines 
the  critical  value  for  the  hydraulic 
conductivity  to  prevent  infiltration. 
Because of the inability  to  control  field 
conditions,  this  problem  can  be best 
studied  by  the use of a  computer program. 
We used a  two-dimensional  flow  model  €or 
a  shallow-layered  system  where  the flow 
properties of the  various  layers can be 
varied  and the  lateral  outflow  for  a 
given  precipitation  event can be deter- 
mined.  By examining  this  mechanism  over 
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a short  period  of  time,  the  boundaries can 
be  assumed  to  be  constant;  that  is, 
boundary  changes  due to phase  change  (ice 
to water)  are  minimal. 

Meltwater from the  top of the  snowpack 
appeared to move  quite  readily  through  the 
lower part of the  pack once isothermal 
conditions were achieved.  One  explanation 
for  this is that  the  restructuring of the 
snow  crystals at the  base of the  snowpack 
is  responsible  for  much  larger  crystals 
that are unable to retain  appreciable 
amounts of water. Also,  with  these  shallow 
snowpacks,  the  maximum  path of travel 
through  the  pack  seldom  exceeds 50 cm. 

One remaining  objective was to determine 
what happened  to  the  meltwater once it 
reached  the  mineral s o i l .  Does it continue 
to flow  downward  vertically]  does  it  flow 
laterally  due  to  varying  hydraulic  prop- 
erties of the  layered  system; or does  the 
hydraulic  gradient  reverse  and  the flow 
proceed  toward the  ground  surface? Data 
from  the  tensiometers  operated  during  the 
summer  months  indicated that the  gradient 
from  a  depth of 25 cm to  a  depth of 75 cm 
was, for the most part,  downward. It is 
unlikely  that once water  reached  the  25-cm 
level, it would  be  governed  by  the  evapo- 
transpiration  processes  which  occur  near 
the  surface due to relatively  shallow  root 
systems. 

It has  been  observed  that  drying of the 
near-surface  soils  does  happen  during  the 
winter  months when the temperature  gradi- 
ent  is  responsible  for  reversing  the  pore 
pressure  gradient  thus  causing  water 
movement  toward  the  ground  surface.  This 
reversed  gradient  may  result not only in a 
redistribution of water  in  the  near- 
surface  layer,  but  also in a loss as some 
of the water  moves into the snowpack. 

CONCLUSIONS 
It is accepted that the  infiltration 

rate of water  into  frozen soils is con- 
trolled  by the ice  content  within  the 
soil  pores;  as  ice  content  increases, 
hydraulic  conductivity  is  reduced.  Field 
or  laboratory  measurements of the  hydrau- 
lic  conductivity of frozen  soils  have 
been  limited  because of the  extreme 
difficulty  in  maintaining  thermodynamic 
equilibrium  conditions.  When  the  infil- 
tration of water  into  frozen  soils occurs, 
the  amount of infiltrated  water  may be 
limited  by either  the  hydraulic  con- 
ductivity or the  snow  ablation rate. 

In  this  study, it was found that the 
ablation  period  had  a  duration of 11 days 
(16 April  to 27 April),  with  the  daily 
melt  contribution  increasing  to  a  maximum 
value of 2.45 cm on the  Last  day. Of the 
approximately 10 cm of water  from  the 
maximum  snowpack, the lysimeters  indi- 
cated that  about 55 per cent of this 
water  infiltrated  through the organic 
layer (=lo cm  in  thickness)  and 3 5  per 
cent  infiltrated  through  the  combined 
organic  and  mineral  layer ( = 3 0  cm  in 
thickness). In terms of potential  ground- 
water  recharge,  it was apparent  that  less 
than 3 . 5  cm of water  would  eventually 
reach  the  groundwater  table  that  is 
situated at a  depth  near 7 5  m. Since 
no surface or lateral  flow was observed, 
the  hydraulic  conductivity of the  frozen 
soil at the  permafrost-free  site was not 
the  limiting  factor to infiltration. 

Since the total snowpack and the rate 
of ablation  were  comparable at both 
sites,  the  presence  of  lateral flow down- 
slope  through  the  organic  layer at the 
permafrost  site  would  indicate  that  the 
hydraulic  conductivity of the frozen 
mineral  layer  was  the  limiting  factor  to 
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infiltration.  Field  data on moisture 
content  show  that  the  moisture  content  is 
considerably  higher at the  permafrost 
site. This  could  also  be  ascertained  from 
the  temperature  data,  because  the  rate  of 
freeze  in  terms  of  depth was  about  twice 
as  great  at  the  permafrost-free  sites. 

There  axe  many  other  factors  that 
should  be  considered  when  examining  the 
infiltration  of  water  into  frozen soils. 
Also, mathematical  models  should be a 
valuable  aid  in  predicting, for  a  given 
hydrological  input,  the  critical  value O f  
the  hydraulic  conductivity  necessary  to 
induce  surface  or  lateral  flow.  Work  is 
continuing  along  these  lines. 
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ENVIRONMENTAL ISOTOPES IN PERMAFROST RELATED WATERS ALONG THE MACKENZIE VALLEY 
CORRIDOR 

F. A .  Michel  and P. F r i t z ,  Dept o f   Ea r th   Sc i ences ,  Univ. o f  Water loo,   Water loo,  
Ontario,   Canada N2L 3 G 1  

Water f rom  samples   r ep resen t ing   f i ve   co res ,   co l l ec t ed   a long   t he   Mackenz ie  
V a l l e y   C o r r i d o r ,  was a n a l y s e d   f o r  i t s  oxygen" and t r i t i u m   c o n t e n t s .   S a m p l i n g   i n  
t h e s e   c o r e s  was done a t  o n e   f o o t   i n t e r v a l s   n e a r   t h e   s u r f a c e   a n d  a t  f i v e   f o o t  
i n t e r v a l s  a t  depth .  The core   f rom a s i x t h   h o l e  a t  Norman Wells was sec t ioned   and  
a n a l y s e d  a t  2 t o  3 c m  i n t e r v a l s .   I n  a l l  cases, t r i t i u m  was found only at: t h e  
surface  and  no  measurable   amounts  were de tec ted   be low  about  3 meters. Similarily 
t h e  l80 con ten t s   dec reased  from about  6l80 = -23 O/oo SMOW a t  t h e   s u r f a c e   t o  about 
6l8O = -31 SMOW a t  depth .   This  change c a n n o t   b e   r e l a t e d   t o   i s o t o p e   f r a c t i o n a -  
t i o n   e f f e c t s   a n d  i s  i n t e r p r e t e d  as a n   a g e   d i f f e r e n c e   w h e r e b y   t h e   d e e p   i n a c t i v e  
permafros t  i s  p o s s i b l y  as much as 7,000 t o  10 ,000   yea r s  o l d .  The  t r i tdum  and l80 
d a t a   t h u s   e n a b l e   o n e  t o  d i s t i n g u i s h  between act ive and   i nac t ive   pe rmaf ros t .   The  
depth  of t h e  active pe rmaf ros t   appea r s  t o  be  r o u g h l y   r e l a t e d   t o   t h e   g r a i n  s i z e  of  
t h e   s o i l  whereby  the active zone   tends  t o  b e   d e e p e r   i n   s o i l s   w i t h   h i g h e r   c l a y  
c o n t e n t s .  

G ~ O C H I M I E  ISOTOPIQUE DE L ' E A U  DU P E R G ~ L I S O L  DANS LE CORRIDOR DU MACKENZIE 
F.A. M i c h e l   e t  P .  F r i t z ,  Dep. des  sciences de l a   t e r r e ,   U n i v .  de Water loo,   Water loo,  
On ta r io ,  Canada N2L 3 G 1  

c inq  carot tes  provenant   du  corr idor   du  Mackenzie.   Les  prClSvements o n t  ete e f fec tues  
B t ous   l es   p ieds   p r6s  de l a   s u r f a c e   e t  2 tous   les   c inq   p ieds   en   p ro fondeur .  La 
c a r o t t e   p r o v e n a n t   d ' u n   s i x i s m e   t r o u ,  21 Norman Wel ls ,  a 6 t6   sec t i onnee   e t   ana lysge  
2 des i n t e r v a l l e s  de 2 S 3 cm. Dans t o u s   l e s   p r & l S v e m e n t s ,   l e   t r i t i u m   n e  se 
t r o u v a i t   q u ' A   l a   s u r f a c e ;   a u c u n e   q u a n t i t 6  m s u r a b l e   n ' a  6te dosee 3 l u s  de 3 m 
env i ron .  De l a  mzme fason, l e  dosages  de "0 p a s s a i e n t   d ' e n v i r o n  A1'3 -23 O / O O  

SMOW 3 l a   s u r f a c e  21 e n v i r o n  -31 O/oo SMOW en   p ro fondeur .   Ce t te   va r ia t i on  
e s t  sans rappor t   avec   l e   f rac t i onnement   des   i so topes   e t   dependra i t  de d i f f e r e n c e s  
d ' i g e :  en p r o f o n d e u r ,   l e s   e a u x   r e l i c t e s   d u   p e r g P l i s o l  se sont accumulees  sous un 
c l i m a t   p l u s   f r o i d .  Les dosages  de t r i t i u m   e t  de 180 pe rmet ten t  donc  de d i s t i n g u e r  
e n t r e   l e s   p e r g e l i s o l s   a c t u e l   e t   r e l i c t e .  La profondeur  du p e r g e l i s o l   a c t u e l  semble 
r e l i 6 e ,  en gros,  =I l a   g r a n u l o m e t r i e   d u   s o l ,  l a  zone a c t i v e   e t a n t  g6nGralement  plus 
p ro fonde   dans   l es   so l s   r i ches   en   a rg i l e .  

On a d o s e   l ' o x y g 2 n e - 1 8   e t   l e   t r i t i u m  dans  des -5chant i l lons  correspondant  2I 
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ENVIRONMENTAL  ISOTOPES IN PEWFROST RELATED  WATERS  ALONG 

THE MACJCENZIE  VALLEY  CORRIDOR 

F. A.  Michel  and  P.  Fritz 

Department o f  Earth  Sciences,  University  of  Waterloo 

Waterloo,  Ontario,  Canada N2L 3G1 

INTRODUCTION 

During  the  past  few  years,  interest  in  the 
northern  regions of Canada  has  grown  rapidly.  Oil 
and  gas  exploration  has  resulted  in  the  proposal 
o f  several  pipeline  routes  through  northern 
Canada.  Large  sections  of  these  pipeline  corri- 
dors  are i n  areas  underlain  by  permafrost,  either 
continuous  or  discontinuous.  Information  about 
its  formation  and on hydrogeologic  systems  within 
permafrost  environments i s  sparse.  The  literature 
on  hydrogeologic  systems  has  been  summarized by 
Williams  and Van Everdingen  (1973), 

Studies  directly  relating  to  permafrost  rely 
primarily  upon  temperature  profiling  since  perma- 
frost  describes  a  temperature  regime i n  the  sub- 
surface  (Brown,  1970).  Additional  information 
however,  can  be  obtained If water  contained  in 
cores,  either  frozen  or  unfrozen,  is  analysed f o r  
its  isotopic  composition.  Such  studies  appear to 
be  especially  valuable  if  contemporary  and  relic 
permafrost  are to be  distinguished.  Such  an 
approach  was  taken  by  Mackay  and  Lavkulich  (1975) 
who  used  oxygen  isotopes to study  the  history o f  
permafrost  beneath  a  recently  drained  lake  in  the 
delta.  They  demonstrated  that  isotopic  differences 
reflecting  the  history of the  permafrost  do  exist. 

In this  study,  the  analyses  of  over  one  hundred 
samples  for  oxygen-18 and some  tritium  values  are 
presented  for  water  in  permafrost  with  the aim of 
demonstrating  that  it  is  possible  to  deduce  from 
these  data,  valuable  information  about  the  origin 
and  history of this  water.  This  study i s  still  in 
progress  and  a  more  detailed  discussion  of  these 
data  will  be  presented  at  a  later  date. 

STUDY  SITES 

During  the  summer o f  1975,  a  drilling  program 
by  Foothills  Pipe  Lines  Ltd.  along  their  proposed 
Mackenzie  Valley  route  resulted  in  the  collection 
of a  number of cores. In June of 1976  representa- 
tive  cores  from  this  group  were  selected  and 
samples  taken  from  each  interval  available.  The 
location of the  holes  from  which  these  cores  were 
collected  are  from  north to south,  M.P.  23  (75-2- 

(75-l!”), and  M.P. 598 (75-19-3). A detailed 
drilling  program  at  Norman  Wells  was  undertaken  by 
Van Everdingen  and  Michel  in  September  of  that 
year  (core  NWD-1). All of  the  samples  were  kept 

l), M.P. 176 (75-4-1) ,  M.P. 4 2 3  (75-8-2), M.P. 536 

frozen  until  sealed  in  double  plastic  bags,  from 
which  time  they  were  kept  refrigerated. 

The  Mackenzie  Valley  was  completely  glaciated 
during  the  last  ice  age.  The  stratigraphy  of  the 
unconsolidated  deposits  is  therefore  representa- 
tive of tills,  glacial  lacustrine  and  glacial 
fluvial  material.  All of the  holes  drilled  by 
Foothills  are  adjacent  to  river  crossing  sites 
with  the  exception  of  hole  75-15-1.  This  hole  is 
located  on  level  terrain  which  was  previously  the 
site o f  a  forest  fire.  The  detailed  hole  drilled 
at  Norman  Wells,  NWD-1,  is  located  on  slightly 
sloping  terrain i n  an  undisturbed  spruce  forest 
with  a  thick moss floor. 

EXPERIMENTAL  PROCEDURE 

To  extract  the  water  from  the  soil,  the  samples 
were  first  allowed t o  equilibrate  in  sealed  bags 
to room  temperature.  Each  sample  was  then  placed 
within  a  steel  jacket  and  subjected  to  a  con- 
trolled  hydraulic  pressure  to  squeeze  the  water 
from the  soil.  The  water  enters  directly i n t o  a 
polypropalene  syringe  which  can  be  sealed  with  wax 
until  ready  for  analysis,  These  procedures  for 
sample  collection  have  been  developed  and  tested 
by  Patterson  et  a1  (1977). 

Each  sample,  from  which  more  than 3 ml  of 
water  could  be  obtained,  was  analysed  for  oxygen- 
18.  The  oxygen-18  contents  are  expressed  as 
permil  difference  between  the  sample  and  Standard 
- Mean  ocean  water (S1*0 o f o o  SMOW).  The  results 
were  plotted  and  samples  were  then  selected  for 
tritium  analyses.  Interpretation  of  the  isotope 
data  has  been  made  with  the  aid o f  geotechnical 
data  received  from  Foothills  Pipe  Lines  Ltd. 

The  analytical  error f o r  oxygen-18  is  less  than 
k 0.10 O f o o .  Tritium is done  by  direct  liquid 
scintillation  counting  where  the  errors  are  rela- 
tively  large  and  are  dependent  on  counting  times. 
Because  of  the  small  sample  size no enrichment  was 
possible  and  therefore,  the  error is always  given 
where  tritium  values  are  listed. 

RESULTS AND DISCUSSION 

Figure  1 (A to F)  are  plots of  oxygen-18 
contents  versus  depths.  The  tritium  contents  of 
samples  analysed  to  date  axe  also  indicated. 
With  the  possible  exception  of  hole  75-19-3,  none 
of  the  holes  reach  the  base  of  the  permafrost. 
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L i m i t e d  f i e l d   d a t a  on the   l oca l   r echa rge  waters 
of the Mackenzie  Valley  suggest that modem waters 
have  values   in   the  range  of  -20 Oleo t o  -24 O f 0 0  

6l80 SNOW and t r i t i um  va lues   o f  150 t o  180 T.U.  
( t r i t i u m   u n i t s ,  1 T.U. = 10l8 3H/1H). Analyses  of 
t h e  tritium i n  the permafrost  water revealed that 
the  t r i t i u m  i s  genera l ly   assoc ia ted  w i t h  t h e  
h igher  oxygen-18 va lues .  The h i g h e s t   t r i t i u m  
va lues   (pos t  bomb) occur   w i th in   t he   t op  few f e e t  
of t h e  ground  surface. A s  a general   observat ion 
one  notes  a d e c r e a s e   i n  oxygen-18 wi th   depth  
which i s  e s p e c i a l l y   c l e a r   i n   p a r t s  A ,  B and C o f  
f i g u r e  1. The curves on these  graphs  can  be  sub- 
d i v i d e d   i n t o  three s e c t i o n s .  The upper  zone 
r e p r e s e n t s  water i n   i s o t o p i c   e q u i l i b r i u m   w i t h  
modern waters and   conta ins   t r i t ium.  The lower 
zone of the cu rves   r ep resen t s   o lde r  water which no 
longe r   con ta ins   t r i t i um and i s  n o t   i n   e q u i l i b r i u m  
wi th   t he  modern waters .  An intermediate   zone may 
represent  mixing  of  the water from the  upper  and 
lower  zones. This  p re l imina ry   i n t e rp re t a t ion  
d i f fe rs   f rom  the   one   g iven  by Mackay and  Lavkulich 
(1975) who assumed t h a t  oxygen-18 d i f f e r e n c e s   i n  
the i r   samples  were due to   i so tope   e f f ec t s   wh ich  
occur  during  freezing  (Suzuoki  and  Kirmura,  1,973). 

The s i m i l a r i t y  of t he   g raphs   fo r   pa r t s  B ,  C and 
D o f   f i gu re  1 can  be  explained by the uniformity 
of   g ra in   s izes   which  are i n   t h e   c l a y  t o  s i l t y   c l a y  
range. The l a r g e   s a m p l i n g   i n t e r v a l s   i n   p a r t  B 
t e n d s   t o  smooth the shape  of the curve. The upper 
boundary i n   p a r t s  B and C f o r  the 'zone of  mixing' 
mentioned e a r l i e r  i s  a t  a depth  of  approximately 
3 t o  4 meters (10 t o   1 3   f e e t )  while the  lower 
boundary i s  a t  approximately 8 t o  9 meters (26 t o  
30 f e e t ) .  The s o i l  o f   the   core   represented  in 
p a r t  D has the  highest   clay  content  of  any  and the 
upper  boundary  of  the  mixing  zone i s  e s t ima ted   t o  
be a t  a depth  of  approximately 6 t o  7 meters (20 
t o  2 3   f e e t ) .  

The'graph  of  core 75-2-1, p a r t  A of   f i gu re  1, 
i n d i c a t e s  the p r e s e n c e   o f   i r r e g u l a r i t i e s   i n   t h e  

va lues  which were not v i s i b l e   i n  the cores  
discussed  above. The g r a i n   s i z e  of this core  
va r i e s   be tween   s i l t y ,   f i ne   s and   and  medium sand  of 
p o s t - g l a c i a l   f l u v i a l   o r i g i n .  The peaks are not  
r e l a t e d   t o   c h a n g e s   i n   t h e   l i t h o l o g y .  The reverse 
t r end   i n   t he   l ower   pa r t   o f  the hole   can  only  be 
specula ted   about ,   bu t  may r e f l e c t   t h e   p r o x i m i t y   t o  
the   base   o f   the   permafros t .  The zone of mixing i s  
poorly  def ined,   probably as a r e s u l t  of  t h e  
c o a r s e r   g r a i n   s i z e .  

From t h e   d r i l l   l o g s   a v a i l a b l e ,   c o r e  75-19-3 
( p a r t  E)  appea r s   t o   mos t   l i ke ly   r ep resen t  a 
ground  condition  where  the  temperature is near  O°C 
throughout i t s  en t i r e   dep th .   Seve ra l   sys t ema t i c  
changes i n  the oxygen-18 conten ts  are preserved 
wi th in   the   core .  The l a c k  of  an  oxygen-18 s h i f t  
t o  more nega t ive   va lues  is expla inable  by the age 
of t h e  water i n   t h e   p e r m a f r o s t .  The presence of  
active  groundwater  systems i s  expressed  by  the 
numerous s p r i n g   d i s c h a r g e s   i n   t h e  area. These 
s p r i n g  waters have 6l8O v a l u e s   i n   t h e   r a n g e  o f  
-21.9 OfOo t o  -23.4 O / O o  and  an  average  value  of 
-22.9 O / O o .  The average 6l80 value  of the perma- 
f r o s t  i s  -22.5 o/oo and supports   the  assumption 
t h a t   t h i s  water i s  derived  from the a c t i v e  ground- 

water systems with some l o c a l   p r e c i p i t a t i o n  
recharge  near  the ground  surface. The peaks are 
p o s s i b l y   t h e   r e s u l t  o f  i s o t o p e   e f f e c t s   c r e a t e d  
d u r i n g   f r e e z i n g   s i n c e  a 2 t o  3 o/oo f r a c t i o n a t i o n  
occurs   between  the  sol id   and  l iquid water phases 
(Suzuoki  and  Kirmura,  1973). 

Figure 1, p a r t  F is a graph   of   the   de ta i led  
core  sampling  undertaken at  Norman Wells. The 
t o t a l   d e p t h  o f  p e n e t r a t i o n  of the core  i s  1.85 
meters (6 .1   f ee t )  and the re fo re   r ep resen t s   on ly  
the   ve ry   t op   o f   t he   pe rmaf ros t   i n   t he  area. Each 
sample was 2 t o  3 cm (0.1 f e e t )   i n   t h i c k n e s s .  
The d e t a i l e d   s a m p l i n g   i l l u s t r a t e s   t h e   t r u e  com- 
p l ex i ty   o f  the permafrost  which i s  l o s t   i n   t h e  
o ther   cores .  

The f r o s t   t a b l e  on September l s t ,  1976 was a t  
0.48 meters (1 .6   f ee t ) .  Oxygen-18 c o n t e n t s   i n  
the   top   por t ion   o f   the   permafros t  are h ighly  
i r r e g u l a r .  The overal l   t rend,   superimposed on 
c y c l i c   v a r i a t i o n s ,  i s  towards more nega t ive  
oxygen-18 contents   with  depth.  A t  t h i s  time i t  
i s  n o t  known whe the r   t hese   cyc l i c   va r i a t ions  are 
caused   by   i so tope   e f f ec t s   du r ing   f r eez ing   o r  
whether they are due t o  t he   success ive   f r eez ing  
o f   d i f f e r e n t  water masses. The e n t i r e  core 
cons i s t s   o f  s i l t  and clayey s i l t  material. 

The l a r g e   i s o t o p e   s h i f t s   w i t h   d e p t h   t o  6I8O 
values  as low as -31.5 Oleo are probably not  
r e l a t e d   t o   i s o t o p e   e f f e c t s   o c c u r r i n g   d u r i n g  
f r e e z i n g  of water i n  a s o i l  column, b u t   r e f l e c t  
wa te r s   wh ich   i n f i l t r a t ed   du r ing   co lde r   c l ima t i c  
condi t ions   and/or  are r e l a t e d   t o   g l a c i a l  melt- 
waters. It i s  specu la t ed   t ha t   t he   ex i s t ence  of 
permafrost   beneath the ice   shee t   o f   the   Wiscons in  
G l a c i a l  is u n l i k e l y  (Mackay and  Black,  1973)- The 
growth  of  permafrost  would  then  have  occurred 
a f t e r   t h e  retreat of t h e   i c e .  By 10,000  years 
B.P., the Mackenzie  Valley w a s  comple te ly   i ce  free 
( Z o l t a i  and Pe t tap iece ,   1973)  and g l a c i a l   l a k e s ,  
which  covered  the  val ley f l o o r  du r ing   t he   ex i s t -  
ence  of ice  dams f u r t h e r   n o r t h ,  were dra in ing .  
Subsequent  permafrost   aggradation  locked the water 
of the   sa tura ted   sed iments   in   p lace .   Correc ted  
carbon-14  ages on the s p r i n g  waters near  the s i t e  
of  core 75-19-3 are i n   t h e   o r d e r  of 2,000 t o  4,000 
B.P. Their  6 l 8 0  va lues  are c l o s e   t o   v a l u e s  
observed i n  contemporary  permafrost  and  local 
shallow  ground waters add  support   to   the  sugges-  
tion t h a t   t h e  water i n  the permafrost   with  lower 
6 l80 values   has   been  formed  before   that  time, 
poss ib ly   du r ing   co lde r   c l ima t i c   cond i t ions .  

CONCLUSIONS 

The usefulness   of   environmental   i sotopes  in  
permafrost   invest igat ions  has   been documented 
through  the  data   presented here. The fol lowing 
conclusions  can  be drawn as a r e s u l t  of t h e  
a n a l y s e s   c a r r i e d   o u t   t o   d a t e .  
1) Post  bomb tritium is  i n   g e n e r a l   a s s o c i a t e d  
with  high 6l8O values  and i s  found  only a t  t h e  
sur face .  

2) Three zones  of  groundwater  activity  can  be 
def ined   wi th in  the permafrost  as: 
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a )  an  upper  zone  representative of  modern pre- 
c i p i t a t i o n   r e c h a r g e  water 

b)  a lower   inac t ive   zone   representa t ive  of o l d  
p o s t - g l a c i a l  water 

c )  an intermediate  zone o f  mixing. 

3) Contemporary  permafrost   containing  tr i t ium 
o c c u r s   t o  a grea te r   depth  i n  f ine   g ra ined  materials 
than   i n   coa r se r   g ra ined   aggrega te s .  

4)   comparison  with  spr ing  data   possibly  indicates  
t h a t   t h e  water w i t h i n   t h e   i n a c t i v e   r e l i c  perma- 
f r o s t  was emplaced  several  thousand  years  ago  and 
r e p r e s e n t s   e i t h e r   g l a c i a l  meltwater or p r e c i p i t a -  
t i o n s   f a l l i n g   u n d e r   c o l d e r   c l i m a t i c   c o n d i t i o n s   t h a n  
those  encountered  today. 
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Figure 1: Oxygen-18 con ten t s   ve r sus   dep ths   fo r   s ix   co res .  
A) 75-2-1, sand  and  gravel to 1.7  m,f ine  sand  to   bot tom. 
B) 75-4-1, c l a y - s i l t  till throughout  except  for  gravel-sand till from  1.8 m t o  3.7 m. 
C )  75-8-2, p e a t   t o  1.8 m, sand to 2.7 m, c l a y  to bottom. 
D) 75-15-1, peat to 0.9 m,  s i l t - c l a y  t o  bottom. 
E) 75-19-3, s i l t  and sand t o  4 . 9  m, sil t  and c lay   to   bo t tom.  
P) NWD-1, s i l t - s a n d   t o  0.93 m, s a n d - s i l t  to 1.2 m, c l ay - s i l t   t o   bo t tom.  
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LONG-TERM DYNAMICS OF GROUNDWATER I C I N G S  
N.N. Romanovskii, V . E .  Afanasenko, Moscow S ta te   Un iv .  
M.M. Koreisha,  Ind.   and Res. I n s t .   f o r  Eng. Surveys i n   C o n s t r u c t i o n ,  Moscow, 
U.S.S.R.  

o f   t h e   e v o l u t i o n  of groundwater   i c ings .  The long-term  dynamics of i c i n g s   w h i c h  
d e t e r m i n e s   t h e i r   m i g r a t i o n  a n d   g e o l o g i c a l   a c t i v i t y   i s   c l o s e l y   r e l a t e d  t o  t h e   t a l i k  
r e g i m e ,   D u r i n g   t h e   c y c l i c   c h a n g e s ,   t h e   p r e d o m i n a n t   f a c t o r   i n   t h e   i n t e r r e l a t i o n s h i p  
b e t w e e n   i c i n g s   a n d   t a l i k s   i s   t h e   t h e r m a l   e f f e c t  of t he   i ce   compr i s ing   t he   i c i ngs   on  
t h e   u n d e r l y i n g   e a r t h   m a t e r i a l s .   S h o r t - p e r i o d   c l i m a t i c   f l u c t u a t i o n s   l e a d   t o   t h e  
d e f o r m a t i o n   o f   t h e   d e v e l o p m e n t   c y c l e s   o f   i c i n g s   b u t   t h e   c y c l   i c i t y   i t s e l f   i s  
r e t a i n e d .  The induced  changes i n   t h e   e v o l u t i o n   o f   i c i n g s   r e s u l t   f r o m   m a j o r  changes 
i n   t h e   e n v i r o n m e n t :   t h e   d e g r a d a t i o n  o f  i c e   i n   p e r m a f r o s t ,   o r   l o c a l   e f f e c t s  o f  such 
f a c t o r s  as t h e   l a t e s t  movements  and i n c r e a s e d   s e i s m i c i t y .  

L o n g - t e r m   c y c l i c   ( s e l f - f l u c t u a t i n g )  and induced   changes   a re   cha rac te r i s t i cs  

LA DYNAMl QUE LONG TERME DES NALEDS DES EAUX  SOUTERRAI NES 
N.N. Romanovski i ,  V.E. A f a n a s e n k o ,   U n i v e r s i t e   d ' f t a t  de MOSCOU, 
M . M .  K o r e i s h a ,   l n s t i t u t   i n d u s t r i e l   e t   s c i e n t i f i q u e  de recherches  en  genie 
c i v i l ,  MOSCOU, URSS 

t y p i q u e s   d e   l ' e v o l u t i o n  des  naleds  ou dbmes de  glace  formgs  par  les  eaux  souter-  
r a i n e s .  La dynamique 3 l ong   te rme des g laces  des  na leds,   qu i   determine  leur  
m i g r a t i o n   e t   l e u r   a c t i v i t 6   g e o l o g i q u e   e s t   g t r o i t e m e n t   l i e e   a u   r g g i m e  des t a l i k s .  
L 'act ion  thermique  du  naled  sur  les  roches  sous- jacentes  joue  un  r81e  fondamental  
dans l ' i n t e r r e l a t i o n  des  naleds e t  des t a l i k t ;   l o r s  de l e u r   v a r i a t i o n s   c y c l i q u e s .  
La dk fo rma t ion   des   cyc les  de p r i s e  des   eaux   sou ter ra ines   se   p rodu i t   sous   l ' i n f luence 
de v a r i a t i o n s   c l i m a t i q u e s   d e   c o u r t e   p e r i o d e ,   m a i s   l a   c y c l i c i t 6  mEme est  conservge. 
Les v a r i a t i o n s   o r i e n t 6 e s  de l ' g v o l u t i o n  des   na leds   se   p rodu isent   lo rs  de m o d i f i -  
c a t i o n s   i m p o r t a n t e s   d u   m i l i e u   n a t u r e 1   t e l l e s  la dggrada t ion   du   pe rg6 l i so1 ,   e t   de  
f a c t e u r s   a t t r i b u a b l e s  i l ' i n f l u e n c e   l o c a l e   t e l s   l e s  mouvements p l u s   r e c e n t s  et  
l ' a u g m e n t a t i o n  de l a   s g i s m i c i t g .  

Les var ia t ions   perennes  cyc l   iques   (au to-osc i  1 l a t o i   r e s )   e t   o r i e n t g e s   s o n t  

MHOrOJlETHRR n M H A " K A  HAJlEnEfi nOD3EMHbIX BOn 
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ENFRGY FLUXES  RELATED TO THE YEARLY PHASE CHANGES OF WATER IF1 TUNDRA 

B. E .  Ryd6n , Hydro1 og i ca 1 Depar trnen t , Un i ve rs  i t y   o f  Uppsa 1 a ,  Uppsa 1 a , Sweden 

H y d r o l o g i c a l   i n v e s t i g a t i o n s   w i t h i n   t h e   T u n d r a  Biome p r o j e c t  o f  t h e  
Swedish p a r t  o f  I B P  have  focused on water   ba lance  es t imat ions  and t h e   p e r i o d i c  
f reeze  and  thaw  in  a permafrost   landscape.  Based on 3-7 years o f  mon i to r i ng   hyd ro -  
l o g i c a l  a n d   m e t e o r o l o g i c a l   v a r i a b l e s ,   p r e l i m i n a r y   c a l c u l a t i o n s   a r e   p r e s e n t e d  as 
regards  energy  exchange  through  the  yearly  phase  changes. 

C O R R ~ L A T  I O N  ENTRE LE FLUX E N E R G ~ T  I QUE ET LES VARIATIONS ANNUELLES DE PHASE 
SUBIS PAR L'EAU DANS LA TOUNDRA 
B. E.  Ryden, Dgpar tement   d 'hydro log ie,   Univers i te   d 'uppsala,   Uppsala,  Sut5de. 

Les   & tudes   hyd ro log iques ,   e f fec tuees   dans   l e   cad re   du   p ro je t   re la t i f  
aux  b iomes  de  toundra  ( In ternat ional  Biome Program),   auquel   cont r ibue  la  Su&de, 
o n t   p o r t e   p r i n c i p a l e m e n t   s u r   l e s   e v a l u a t i o n s   d u   b i l a n   h y d r o l o g i q u e ,   e t   l e s   c y c l e s  
de g e l   e t  de dege l  dans  une  reg ion   de   pergg l i so l .  Des c a l c u l s   p r e l i m i n a i r e s ,  bases 
sur  3 2 7 ann6es  de  releves des v a r i a b l e s   h y d r o l o g i q u e s  e t  mgtgoro log iques ,   decr iven t  
l e s   t r a n s f e r t s   e n e r g g t i q u e s   q u i   o n t   l i e u   a u   c o u r s   d e s   v a r i a t i o n s   a n n u e l l e s   d e   p h a s e .  
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ENERGY FLUXES RELATED TO  THE  YEARLY PHASE CHANGES OF WATER IN TUNDRA 

Wdrology  Department,  University of UppsaIa, P. 0. BOX 554, 
S-751 22 Upsala, Sweden 

INTRODUCTION 

Within the Swedish Tundra  Investigatim,attention 
has been paid  to hydrodynamics and thermo- 
dynamics of the  periodic  freeze and thaw. The 
surface  layer of almost undecomposed peat shows 
strong  variations in temperature  gradients and 
water content.  The energy income  through global 
radiation is related  to tke energy-consuming 
processes,viz.  evaporation; sub1imation;thaw 
and melt; and heating of snow, ground and air. 

THE SITE AND ITS REGIME 

The following is a summary of calculations on the 
energy c m s u q t i o n s  through  hydrological processes 
at a tundra mire, Stordalen, Abisko, in northern- 
most Sweden. The fddd studies  were  performed  from 
1970 to 1976 within the Tundra  Biome project of 
International Biological Programme (IBP). 

Temperatures of air and soil  were  recorded by 
platinum  sensors and Aanderaa dataloggers, 
radiation components by Moll-Gorczynski pyrano- 
meters and a  Robitzsch actinograph. Thaw depts 
were  observed by the Gandahl(l957) frost depth 
meter and the  soil  moisture content gravimetically 
examined. Other  climatic  variables  were  recorded 
by meteorological  standard  instruments. (See 
further  Rydh and Kostw ,1977). 

With regard  to  climate,the  frequent  warm,  moisture- 
bearing  westerlies and southwesterlies make for a 
relatively mild growing season  and,in  addition,the 
leeward  effects cm the  eastern side of the Scandinavian 
water divide result in a reduction of cloud cover and 
an increase in energy income (Fkartveit & d. ,1975). 
The  site is located within the global region of dis- 
continuous permafrost and soils  are dominated 
by peat over mineral  soi1,mostly silt. The yearly 
snow cover  over  the whole mire  (Fig. 1) averages 
10-15 cm,whereas in depressimabout 30 cm 
accumulate. The windblown, exposed, elevated areas 
a r e  often bare through the  winter. They are thus 
important  for  the cold  content of the  mire  prior to 
snowmelt and thaw. mowmelt occurs  during  April 

and May followed by thaw to a  maximum depth of 
100 cm,which i s  not achieved until next  winter 
(Fig. 2). Refreezing  normally  begins in October 
(Rydkn and Kostw 1977). 

The  annual figures of the  water  balance  variables, 
Table 1, show magnitudes Similar to  the  figures 
(calcu1ated)for another  sub-artic  site, Agapa, 
U3SR. The moistures exchange of FLordal0n is, 
€or natural  reasons,greater than that of artic 
sites  such  as Devon Island. N.  W. T. ; or 
Earrow,Alaska. 
TABLE 1 Water  Balance Variables of Tundra Sites 

(mm) 

P R E 
Devon Island,N.W.T. 185 84 101 
Barrow, Alaska 175 108 72 
Agapa, W. S. S.R. 344 ca 230 ca 115 
Stordalen, Sweden 330 170 160 

From R y d h  (1977b) 

ENERGY  CONSUMPTION 

The basic  energy  balance equation 

shows the  balance between the  net  radiation  Rn, 
the eddy sensible  heat flux H,the  heat flux into 
ground G, and the  latent  heat flux LE. The term G 
cc$?responds to  the  heating of the snow pack to 
0 C ,G,,and the  heating of the  soil,Gi,first  to 0 C 

0 

and later  to  summer  temperatures. The term LE 
involves the  phase changes when snow melts and 
sublimates, E ,the thaw of the ground E ,and the 
evaporation oBthe soil  water E,. Thus tie term 
LE represents  the ablation of the snow pack and 
the  transformation of the  frozen  surface  soil  to an 
active  layer. 
Latent heat of sublimation Liv E of fusion of ice 
Lil a r e  taken a s  680 and 80 cal g ,respectively. 
Thus latent  heat of evaporation,L1v,Epals 600 cal g . 
qecific heat of peaty  soils cp cal cm degree! is 
calculated through 

dl 
-1 

W 
cp  = c y  + cw * 100 (2) 
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Fig 1. Show cover presented as weekly averages of 
10  selected  points across the mire. The time 
for disappearance of snow varies from mid 
April to Mid May. 

where c is the specific heat of $y peat,  cal g 
degree-’ QiS its density I g C n i  7 cw the specific 
heat of water, cal cm degree, and w the volumetric 
moisture content expressed in percent (cf Andersson 
1964). The product cf equals at Stordalen 0,02-0,04, 
the heat capacity of soil considered. Thus the pro- 
perty of specific heat varies almost entirely with 
the water content (w). @ecific heat of mineral soil 
is calculated through an expressicm of a similar 
type,although at St dalen-ye heat capacity c s  
equals 0,47 cal cm degree ,as an average. 

- 1  

-3 

-Y 
The cmtributimto the energy exchange due to 
advection and biotic processes  are neglected. The 
order of magnitude of advection heat as  produced by 
rain is calculated through 

where cw is the specific heat of water,d,the depth 
of rainfall; sx$e density of water, and AT, the 
temperature 1 erence between rain and soil sur- 
face  (Eaglesm 1970). 

The eddy sensible heat flux can be calculated 
(Lettau,l949)from 

dG 
c L = p p A .  dz (4) 

where 

In the equation,Q i s  density of air,Cp specific heat 
of air  at canstant presmre,A the exchange coefficient, 
B potential temperature, z We height abwe ground, 
K vm Ka’rman’s constant ,u* friction  velocity, and 
Ri Richardson’s number. The wind profiles  from 
Stordalen in summer show a logarithmic increaae 
with height. The air is thus expected to  be 
approximately neutrally  stratified,  the conditions 
for which equation (5) is valid. Although the  necessary 
data are  not complete for a whole graving season, 
an approach malo& to the computation for Barrow 
(Weller and Holmgren,l974)haa been applied. 
Relationships are derived from energy exchange data 
at tundra sites of Norway (Ekartveit @ a,. 19753, 
Canadian Arctic (Addison,l977)and Alaska (Weller 
and Holmgren, 1974 ) 

RESULTS 

Energy studies of a  tundra  surface  appear to be well 
guided by the  yearly  periods  that have been applied 
by Weller and  Holmgren  (1974).  The system of 
divieiw emphazises the snowmelt as the dominating 
period when most physical properties change. Thus, 



Fig 2. Thaw period length and refreezing  at two sub- 
sites a hummock (solid  line), well drained  after 
snowmelt,and a depression (dotted line),wet 
throughout the growing season  but,after snow- 
melt only temporarily standing water. Note the 
heat flux dawnwards at  the same time  that 
mid-winter prevails above. 
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beginning in late  winter  the  premelting  period is 
followed by snowmelt ,postmelting and midsummer, 
whereas  the  reverse  processes  start  during  the 
period of freezing  that  transfers  the  landscape 
into winter.  (The  orginally  suggested  term  "freeze- 
up9s  repeatedly  misunderstood in Scandinavia, 
thus  this  period of the  year  is  referred  to  as  the 
freezing  period). The prcsent  paper  considers  the 
part of the  year  that  starts in February and ends in 
late  September, i. e. beginning with the  premelt and 
ending when freezing  starts, 

The followhg tabulated estimates of energy crm- 
sumption a re  based on data and syntheses as regards 
the  Tundra Biome presented by the  present  author, 
partly  together with various  co-authors,viz, 
Skartveit & a_l. (1975),Rosswall e_t 4. (1975),Ryd&n 
(1977a) and Ryd6n and Kostov (1977). S o w  
evaporation is calculated  according to  Konstantinov 
(1963) a s  shown by tk present  author (9. cit. ) +  

TABLE 2  Energy consumption 
through  hydrological processes 

Pre-Melt  February and March 

Heating of mow 125 cal  cm2 
Sublimation of snow 7 05 
Heating of ground 180 
Sensible  heat 40 

Total consumed 1050 cal cm -2 

Global radiation 5767 t t  

Albedo 0,83 

%ow-Melt,April 

Sublimation of snow  705 cal c i 2  
Melting of snow  2315 
Sensible  heat 1330 
Thaw of soil 120 
Evaporation 1800 

Total consumed 6270 cal  cm2 
Global radiation 7194 t t  I t  

Albedo 0,13 

Post-Melt and Mid-Summer, May-Sept (incl.) 

Evaporatim 5640 cal  cm2 
Thaw 3540 
Heating of soil 450 
Sensible  heat 16650 

Total cmsumed 26230 cal c m 2  
Global radiation 33963 

Albedo 0,23 
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DISCUSSION 

The  three full years of observation in Fig. 1 show 
that ablation and thaw processes in total  require 
an amount of energy  that  equals  approximately 
33550 cal c G 2 .  The sources of this  energy 
income a re  global radiation and advection heat, 
i. e.  heat transferred by rain and air. 

The relative magnitude of heat transported 
by rain  to  this  area could be  estimated in the 
following way. Approximately 53% of the  summer 
rainfall depth at Stordalen arrived  from  the 
sector SW-S-E,which might illustrate  the  por- 
tion of rain  that  is  warmer than the ground, 
This  portion  equals 60 mm.  Accordingly, if the 
average tern erature  lfferences between ground 
a d  air  are 1 C and 5 C , th$ energy amount 
transferred equal 6 cal c m  and 30 cal  cm , re- 
spectively. If refreezh,  occurs  ,the  suppg  from, e. g. , 
10  mrn rainfall. of 0 C equals 80 cal c m  , Ebch rain- 
fall may remwe  part or all of the cold content of a 
snowpack (Eagleson,lS'IO) or of an upper  horizon of 
frozen  soil.  Thus,the  energy  prwided by this  phase 
change of water is small compared with radiation 
income (Table  2),but not negligible  during  the snow- 
melt  period. 

Since the  total global radiation  recorded  at  Sordalen 
is approximately 47 000 cal and the  total consumed 
energy  equals 33 550,during  the  actual  seasons, one 
arrives  at an average  albedo of 0,22.  The albedos 
separated into the above periods  are, however,  a better 
description of energy fluxes,viz, 83% reflected  from 
the  winter snow cover,l30/c from  the melting snow  and 
partly  bare  ground,and 23% incoming radiation re- 
flected by the  mat of tundra vegetation. 

The calculations on energy consumption, Table 2,  
are  based on data  from  the  intensively studied 
depression  site  (Fig.  2,dotted  curves). The  de- 
pression  collects  water and remains  saturated through? 
out the snowmelt. Standing water  occur  during  most of 
this  period.  To  some extent this  fact explains the  fairly 
low albedo of 13%, only. As reported  from Alaskan 
tundra (Weller and Holmgren,  1974)the  albedo shows 
a continuous decrease through the snowmelt to a 
lawest  value of 15%.The  tundra  albedo of Barrow, 
however,refers to a larger  area which includes 
both water-filled and well drained  spots. The inten- 
sively studied depression  at Stordalen is markedly 
wetter, 

% til- 
-3 

0 

CONCLUSIONS 

Among the  Tundra Biome sites  referred,the  water 
balance  variables  at Stordalen show relatively  great 
annual exchange of water,which might imply also a 
greater  energy exchange. Energy fluxes through eva- 
poration and radiation  play a dominant role  compared 

with that of rainfall  transfer or refreezing. 

The seasons suggested by Weller and Holmgren 
(op. cit.  )seem  to  be an excellent division also of 
the Stordalen climate conditions. The calcula- 
tions of energy consumption related  to  the 
yearly  phase changes of water show significant 
differences between the  seasons, Apart from  re- 
flected  energy,  the snow sublimation represents 
the  largest  part of energy consumption at  the  surface 
during  the  premelt  period. During snowmelt all  items 
increase in rnagnitude,maximurn  fluxes of energy a re  
involved in melting and evaporation. The following 
period,the  snowfree  part of the growing season, shows 
considerable  increase,as  expected, of the  energy 
flux related  to  evaporatian and sensible  heat. 

Albedo can be f w d  from  the  ratio of consumed to 
received  energy. Thus the albedo of the snow covered 
tundra  surface  at Stordalen averages 0,83. The  over- 
saturated  surface of mixed snow, standing water and 
soaked peat shows an albedo of 0,13. Finally, the 
growing season with a  vegetation dominated by 
Sphagnum moss is found to  reflect 23  of the in- 
coming radiant  energy, 
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IMPACT OF INTERRUPTING SUBSURFACE FLOW IN THE NORTHERN BOREAL FOREST 
E . D .  Soulis, Northern  Engineering  Services Co. L t d . ,  Calgary,  Alta., Canada 
D . E .  Reid, R.M. Hardy  and Associates  Limited,  Calgary,  Alta., Canada 

To study  the  effect of interrupting flow in  the  active  layer i n  permafrost 
regions, an impermeable barr ier  was constructed  in  July 1975 across 12m of a 
7.1% slope  near Chick  Lake, N.W.T. To detect  possible  thermal,  hydrologic, and 
vegetation changes upslope and  downslope active  layer,  water  table, and plant 
cover were  measured during  the summer of 1975 and 1976. The average maximum 
depth  of thaw o f  44cm for  the two years was unaffected b u t  by August 1976 there 
was a difference  in  water  levels of 5.6 cm and a measureable increase  in down- 
slope s tanding dead plant  cover,  primarily on Labrador tea ,  1 ingonberry and 
dwarf horsetail .  

Water balance  considerations and permeability  tests, which indicate  the product 
of the permeabi1it.y and porosity o f  the  active  layer  declines  exponentially with 
depth,  are shown to  predict a long-term  differenc; 

EFFETS DE L' INTERRUPT ION DE L' iCOULEMENT SOUTERRAI 
GRAND NORD 

in  water  levels of 15.7cm. 

N DANS LA F O R ~ T  B O R ~ A L E  DU 

Pour  etudier les consequences  que  peut avoir l'interruption de l'gcoulernent dans 
le mollisol, dans les  regions de pergelisol,  on a construit  en  juillet 1975 une 
barri&re  impermgable  de 12 m de long sur une pente  de 7.1%, pr&s du lac  Chick, 
T.N.-0.  Pour  dgtecter  d'6ventuelles  modifications  thermiques,  hydrologiques,  et 
de la vegetation,  on a &value les caracteristiques du mollisol dans les parties 
superieures  et  infkrieures  de la pente,  et  celles du niveau phreatique et  de la 
couverture  vegetale, au cours  des 6t6s 1975 et 1976. La profondeur  maximale de 
dggel,  &gale en  moyenne S 44 cm pour  ces  deux annees, n'a pas  varie,  mais  en aoat  
1976, on a constate une variation de 5 . 6  cm du  niveau phreatique,  et un accroisse- 
ment  mesurable au bas de la pente  de la couverture  v&gktale  morte  et  restee'en  place; 
cette  couverture vegetale est  en  particulier  constituge  de t h 4  du Labrador, 
d'airelle ponctuke et de  prele nain. 
Les considgrations  relatives au bilan hydrologique,  et les essais de permeabilite, 
qui indiquent  que  le  produit  de la perrneabilit4  et de la porosite du mollisol  dgcline 
de  fason  exponentielle  avec la profondeur,  permettent de predire d long  terme  une 
variation du niveau phreatique &gale 21 15.7 cm. 
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IMPACT OF INTERRUPTING  SUBSURFACE  FLOW I N  THE  NORTHERN  BOREAL FOREST 

E.D. Soul is   and D.E. Reid 

Nor thern  Engineer ing  Serv ices Company L i m i t e d  
R.M. Hardy  and  Associates  Limited,  Calgary,  Alberta 

INTRODUCTION 

Concern  has  been  expressed ( f o l t a i  and  Petta- 
p iece  1973, P.A.A.G. 1974) that   p lacement   and  oper-  
a t i o n   o f  a c h i l l e d  (<O°C) n a t u r a l  gas p i p e l i n e   i n  
t h e   t r a n s v e r s e   p o s i t i o n  on g e n t l e   s l o p e s   i n  
p e r m a f r o s t   r e g i o n s   m i g h t   s i g n i f i c a n t l y   a l t e r   t h e  
downslope  hydrologic and thermal   reg ime  leading 
t o   a t t e n d a n t  changes in   vege ta t i on .   Th i s   poss ib -  
ility i s  b e i n g   i n v e s t i g a t e d   j o i n t l y   b y   N o r t h e r n  
Engineer ing  Serv ices Co, Ltd.   (hydrology)  and 
R.M. Hardy & Assoc ia tes   (vegeta t ion)   fo r   Canad ian  
A r c t i c  Gas Study  Limited. 

I n   J u l y ,  1975 a b a r r i e r   t o   s u b s u r f a c e  and 
s u r f a c e   f l o w  was cons t ruc ted  and the  impact  on 
w a t e r   l e v e l s ,   a c t i v e   l a y e r   t h i c k n e s s  and  vegeta- 
t i o n   i n   t h e   v i c i n i t y   o f   t h e   b a r r i e r  has  been 
reco rded   s ince   t ha t   t ime .   I n   t h i s   paper ,   t he  
r e s u l t s   o f   t h e   f i r s t  two y e a r s   o f   m o n i t o r i n g   a r e  
presented, a p r e d i c t i o n   o f   t h e   l o n g   t e r m   h y d r o -  
l o g i c   i m p a c t   i s   d e v e l o p e d  and the   poss ib le   impact  
on vege ta t i on   i s   d i scussed .  

The study  area i s   l o c a t e d  i n  a l a k e   b a s i n   i n  
the   cen t ra l   Mackenz ie   Va l ley   about  80 km n o r t h -  
west o f  Norman Wells, a t   approx imate ly   65"52 'N 
and  128"07'W  (Fig.  1). The b a s i n   i s   s u r r o u n d e d  
b y   t h e   r u g g e d   t e r r a i n   o f   t h e   F r a n k l i n   M o u n t a i n s  
where  elevations  range  from 145 m a t   l a k e   l e v e l  
t o  960 m on top  of  Gibson  Ridge. The c l i m a t e   i s  
d r y   c o n t i n e n t a l   c h a r a c t e r i z e d  by s h o r t   c o o l  
summers, l o n g   c o l d   w i n t e r s ,  and l o w   p r e c i p i t a t i o n .  
The average  annual  temperature o f  -6°C p laces   the  
a r e a   i n   t h e   n o r t h e r n   p o r t i o n   o f   t h e   d i s c o n t i n u o u s  
permafrost  zone. The average  annua l   p rec ip i ta t ion  
i s  about 23 cm (Burns  1973). The l a k e   b a s i n   i s  
under la in  by  Cretaceous  shale  and  fo lded and 
faul ted  Devonian  Limestone.  Dur ing  the  Pleisto- 
cene, g lac ie r   i ce   comple te ly   covered  the   a rea ,  
hav ing moved northwester ly  f rom  the  Canadian 
S h i e l d   e r o d i n g  till and  bedrock to   p roduce a 
s e r i e s   o f   g r o o v e s  and p a r a l l e l   r i d g e s .   L a t e r  
when mel twater   covered  the   a rea ,   lacus t r ine  
c l a y s  and s i l t s  were  deposited. 

The s t u d y   p l o t  is on a moderate  7.1%  slope  on 
the   sou th   s ide  of Chick  Lake  (Fig. l), w i t h i n  a 
till l a n d f o r m   r e p r e s e n t a t i v e   o f   t h e   t y p e  of 
t e r r a i n  most l i k e l y   t o  be a f f e c t e d  by t h e   i n t e r -  
r u p t i o n  of f low. The dominant  phase o f   t h i s  
t e r r a i n   t y p e   r e s u l t s  from a s u r f a c e   m o d i f i c a t i o n  

o f   g e n t l e   t o  moderate  slopes  by  sheetwash  drain- 
age  and associated  s lopewash  deposi ts.  The t o p  
s t r a t u m   o f   i c e - r i c h   p o o r l y   s o r t e d   s i l t y   c l a y  and 
s i l t y  s a n d   l a y e r s   w i t h   t h i n   o r g a n i c   s u r f a c e  
l a y e r s   i s   g e n e r a l l y   l e s s   t h a n  2 m t h i c k ,   b u t  may 
reach 4 m l o c a l l y .  The associated  dra inage 
produces a f i n e   t e x t u r e d   p a t t e r n  o f  r i l l s  and 
i n t e r f l u v e s .  

The so i l   su r face   i s   weak ly   t o   modera te l y  
hummocky  (hummock diameter 50 t o  100 cm, h e i g h t  
25 t o  40 cm), and dra inage i s   g e n e r a l l y  i m -  
p e r f e c t  on t h e  hummocks and  poor i n   t h e  depres- 
sions  between hummocks. Permafrost  i s  found 
throughout  the  study  area,  wi th  an  average 
maximum depth o f  thaw i n  1975  and  1976 o f  44 cm, 
c o n f i n e d   m a i n l y   t o   t h e   s u r f a c e   o r g a n i c   l a y e r s .  

The v e g e t a t i o n   c o n s i s t s   o f  an  open b lack  
spruce  forest   wi th   abundant   shrubs and l i c h e n s .  
The t y p e   i s   d i s t i n g u i s h e d   b y   t h e   s h o r t ,   o f t e n  
uneven,  and  open  appearance  of  the  stands 
through  which a l i gh t - co lo red   g round   cove r  
dominated  by  blueberry (Vaeciniwn diginoswn),  
Labrador  tea f k d m  graeZandicwn), and l i c h e n s  
fCZadina spp.l a r e   v i s i b l e  (Gubbe and  Janz 
1974). 

METHODS 

The b a r r i e r  t b  f l o w   c o n s i s t e d   o f  a p l a s t i c -  
l i n e d   d i t c h   c o n s t r u c t e d   p e r p e n d i c u l a r   t o   t h e  
s lope  (F ig .  2 ) .  A d o u b l e   p l a s t i c   l i n e r ,  6 mil 
thickness,  burl 'ed  below  the  depth  of  seasonal 
thaw in te r rup ted   subsu r face   f l ow   (F ig .  3) .  The 
l i n e r  was s t r e t c h e d   o v e r   t h e   b a c k f i l l   m a t e r i a l  
t o   i n t e r r u p t   s u r f a c e   f l o w  and t o   p r e v e n t   e r o s i o n  
o f   t h e   b a c k f i l l .   G r a n u l a r   S t y r o f o a m   i n s u l a t i o n  
was p l a c e d   i n   t h e   t r e n c h   i n  heavy p l a s t i c  bags 
to   con t ro l   t he rma l   deg rada t ion .  

The purpose o f  t h e   d i t c h  was t o   i s o l a t e   t h e  
downslope p o r t i o n   o f   t h e   s t u d y   p l o t   f r o m   i n f l o w  
f rom  the  ups lope  por t ion.  To m in im ize   f l ow  
a round   the   d i t ch  ends t h e   d i t c h  was extended 
about 5 m beyond  each  side o f   t h e   s t u d y   p l o t .  
I n   a d d i t i o n ,   t h e   c e n t r e   l i n e   o f   t h e   s t u d y   p l o t  
p a r a l l e l   t o   t h e   s l o p e  was l o c a t e d  on a s l i g h t  
r i d g e  up t o  5 cm h igher   than  the  edges o f   t h e  
p l o t .  



227 

L E G E N D  

STUDY P L O T  

= WINTER ROAD 

- - - - DRAINAGE C H M N L L  

CONTOUR INTERVAL 7.5m 
u 

malars 

FIG.]. Locotion of study area 

I 

j L  Llm E t"+ LINE2 

* - LINE I 

LEGEND 
+ STANDPIPE LOCATIONS NOT TO SCALE 

I 
:X PERMENTPL 

FIG.2. Location of vegetation  quadrat lines and 
cut - off ditch FIG. 3 .  Cross- section of cut-off ditch 



228 

Three  standpipes  were  set  up  along  each  of  the 
vege ta t i on   quadra t   l i nes  1 t o  8 (F ig .  2 )  immed- 
i a t e l y   f o l l o w i n g   d i t c h   c o n s t r u c t i o n  t o  mon i to r  
changes i n  t h e   w a t e r   t a b l e .   A c t i v e   l a y e r  meas- 
urements  were  taken  near  the  standpipes a t   t h e  
same t i m e   t o   m o n i t o r  changes i n   t h e   d e p t h   o f  
thaw.  These  parameters  were  measured r e g u l a r l y  
f o r   t h e   r e s t   o f   t h e  summer o f  1975  and a l s o  
d u r i n g   t h e  summer o f  1976. To reduce  sur face 
damage by  tramp1 i n g   d u r i n g   t h e   c o u r s e   o f   t a k i n g  
readings,  a walkway o f   s m a l l   l o g s  was p laced on 
the  approach  to   each  o f   the  s tandpipes.  

The d e t e c t i o n  and m o n i t o r i n g   o f   v e g e t a t i o n  
change was based  on  gross  compositional  and 
m o r p h o l o g i c a l   c h a r a c t e r i s t i c s   i n   t h e  above 
ground  vegetat ive  ar ts   determined  by  annual  
comparisons  of :   1p  indiv idual   species  cover,  
and 2 )  r a t i o   o f   l i v i n g   t o  dead cover. These 
comparisons  were made w i t h i n  a s e r i e s   o f  perma- 
n e n t l y  marked  quadrats  (25 x 50 cm) w h i c h   p a r a l l e l  
t he   s tandp ipe   a r ray   (F ig .  2 ) .  Each 1 i n e  or 
s e r i e s   c o n t a i n s  20 r e p l i c a t e s   a t   r e g u l a r l y  
spaced i n t e r v a l s   ( 2 5  cm). The o r i e n t a t i o n  and 
l o c a t i o n  o P  t h e   l i n e s   p r o v i d e s   t h e   c a p a b i l i t y   t o  
assess   t he   spa t ia l   ex ten t   o f   any   de tec tab le  
change i n   e i t h e r   t h e   u p s l o p e   o r  downslope d i r e c t -  
i o n s  . 

Two independent  techniques  were  employed f o r  
t h e   e v a l u a t i o n  of p l a n t   c o v e r   c h a r a c t e r i s t i c s .  
I n  each  quadra t   v isua l   es t imates   o f   percent   cover  
o f   l i v e  and  dead mater ia l   were made f o r  each 
major  species i n   t h e   s h r u b   s t r a t a   ( 0 . 5   t o  1.0  m), 
and  herb  and  dwarf  shrub  strata (>0.5 m). 

The  second  method  employed t h e   u s e   o f   f a l s e -  
c o l o r   i n f r a r e d  (FCIR)  photography (35 mm fo rma t ) .  
FCIR emulsion  type was used  because o f   t h e   d i s -  
t i n c t i v e   s p e c t r a l   r e f l e c t a n c e   c h a r a c t e r i s t i c s   t o  
which i t  i s   s e n s i t i v e .   R e f l e c t i o n   o f  wave- 
l e n g t h s   i n   t h e   n e a r   i n f r a r e d   p o r t i o n   o f   t h e  
spectrum i s   a f f e c t e d  by, i n   a d d i t i o n   t o   c e r t a i n  
o t h e r   f a c t o r s ,   t h e   m o i s t u r e   s t a t u s   o f   p l a n t  
t i s s u e s ,   e s p e c i a l l y   t h e   m e s o p h y l l   c e l l   l a y e r .  
Since  water  balance i s  one o f   t h e   f i r s t   f a c t o r s  
a f f e c t e d   i n   s t r e s s e d   p l a n t s ,  a d i f f e r e n c e   i n   n e a r  
i n f r a r e d   s p e c t r a l   r e f l e c t a n c e  will u s u a l l y  
c l e a r l y   d i f f e r e n t i a t e  between  dead  and  dying o r  
l i v i n g   p a r t s ,  as w e l l  as p r o v i d e   a n   e a r l y   c l u e   t o  
s t ress  which may n o t   y e t  be e v i d e n t  as v i s i b l e  
c h l o r o s i s  or nec ros i s .  

RESULTS 

The h y d r o l o g i c   r e s u l t s   f o r   t h e  ends o f   t h e  
f i r s t  and  second summers f o l l o w i n g   c o n s t r u c t i o n  
a re  shown i n  F ig .  4. The average  depth o f   w a t e r  
above  the maximum depth o f  thaw was 5.2 cm and 
7.0 cm downs lope   o f   t he   d i t ch   f o r  1975  and  1976 
r e s p e c t i v e l y ,  whereas the  upslope  depth  increased 
f rom 5.2 cm i n  1975 t o  12.6 cm i n  1976. 

The w a t e r   t a b l e   d i d   n o t   r i s e  between  rows  as i n  
some cases  Fig. 4 suggests. The 7.1% downward 
s l o p e   o f   t h e   s t u d y   p l o t   i s   g r e a t e r   t h a n   a l l   o f  
the  upward  slopes shown i n   t h e   w a t e r   t a b l e .  

I n  1975 the  average maximum depth of thaw was 

42.6 cm and 45.9 cm i n  1976. F i g ,  4 suggests 
t h e r e  was no apparent  dif ference  between  upslope 
and  downslope  average  depths o f  thaw. 

The vegetat ion  appears  to  have  responded  to a 
r e d u c t i o n   i n   t h e  downslope  water   tab le  leve l  
w i t h   a n   i n c r e a s e   i n   s t a n d i n g  dead cover i n  1976. 
Dead cover   o f   Labrador   tea  on  the  average 
increased  f rom 2.7% t o  5.5% and o f  dwarf  horse- 
t a i l  (Equisetm  scivo-ides) increased  from  6.6% 
t o  10.2% b o t h   o f   w h i c h   w e r e   s i g n i f i c a n t   a t   t h e  
1% l e v e l .   I n   a d d i t i o n  dead c o v e r   o f   l i n g o n b e r r y  
(Vaee-i-nim vi t fs- idaea)  i nc reased  f rom  3 .6%  to  
5.5% which was s i g n i f i c a n t   a t   t h e  5% l e v e l .  
Al though  the  d i f ference  between 1975  and  1976 
downslope  dead  cover was s t a t i s t i c a l l y   s i g n i f i -  
cant, i t s  magnitude  averaged  only 2.8% f o r   t h e  
above  species. 

Dead t i s s u e  was found t o  be most   eas i l y  
de tec tab le   on   vascu la r   spec ies  i n   t h e   f i e l d   b y  
c h l o r o s i s  and  necrosis  and  on FCIR photography 
by yel low,  orange,  and  green  colors.   Al though 
mosses and  l ichens  have a high  ground  cover,   the 
f i e l d   e s t i m a t i o n   o f   l i v e  and  standing  dead  cover 
o f  mosses on t h e   b a s i s   o f   s l i g h t   d i f f e r e n c e s   i n  
shades o f  green  and brown was v e r y   d i f f i c u l t ,  
w h i l e  i t  was e x t r e m e l y   d i f f i c u l t   t o   t e l l   w h e t h e r  
o r   n o t   t h e   l i c h e n s   w e r e   a l i v e  or dead. FCIR 
photography i s   n o t   u s e f u l  because  these  plants 
l a c k   t h e   i n f r a r e d   r e f l e c t i n g   t i s s u e ,   t h e  meso- 
p h y l l   l a y e r .  

PREDICTION OF LONG TERM  IMPACT 

Hydro log i c  

The long   t e rm  ave rage   pos i t i on   o f   t he   wa te r  
t a b l e   i s   d e t e r m i n e d   b y   t h e   w a t e r   b a l a n c e   i n   t h e  
seasonally  thawed or a c t i v e   l a y e r .  The i n p u t s  
a t  any p o i n t   i n   t h e   a c t i v e   l a y e r   a r e   u p s l o p e  
i n f l o w ,   r a i n f a l l  and  snowmelt  and  the  outputs 
are  downslope  outf low and evapo t ransp i ra t i on .  
I n  the  long  term  these components  must  balance. 

Because t h e   m e t e r o l o g i c a l   i n p u t s   a r e  random, 
t h e   p o s i t i o n   o f   t h e   w a t e r   t a b l e   i s   l i k e w i s e  
random.  However, a t  a g i v e n   t i m e ,   i t s   p o s i t i o n  
will be func t i on   o f   seve ra l   an teceden t   me te ro -  
log ica l   events   and i t  i s  reasonab le   to   es t imate  
i t s  mean p o s i t i o n   u s i n g   a v e r a g e   m e t e r o l o g i c a l  
c o n d i t i o n s  . 

T h e r e f o r e ,   t h e   a v e r a g e   p o s i t i o n   o f   t h e   w a t e r  
t a b l e  will occur when t h e  mean e f f e c t i v e   p r e -  
c i p i t a t i o n ,  PE, ( r a i n f a l l   p l u s  snowmelt l e s s  
e v a p o t r a n s p i r a t i o n )   i n t o  each  elemental   sect ion 
o f   l eng th  dL o f   t h e   a c t i v e   l a y e r   ( F i g .  5 )  equals 
t h e   d i f f e r e n c e  between i n f l o w  and ou t f l ow .  
S ince   permeab i l i t y ,   k ,  i s  independent   o f  L, t h e  
Dupu i t   approx imat ion   fo r   normal   f low may be  used 
t o   d e s c r i b e   t h e   f l o w ,  q, p r o v i d e d   t h a t :  

wh,ere h i s   t h e   d e p t h   o f   f l o w ,  S i s   t h e   s l o p e   o f  
t h e   a c t i v e   l a y e r ,  and L i s  downslope  distance. 
Therefore,  the  change i n   f l o w ,  dq, i s  an i n c r e -  



229 

DISTANCE FROM EDGES OF DITCH (MI 
10 5 0 5 10 IS 20 

I 
I I I 7 I 1 1 

I 7 6 5 4 3 2 1 
UPSLOPE  LINES DITCH DOWNSLOPE L I N E S  

OBSERVED 25 AUGUST 1975 

I UNFROZEN  GROUND 
x Observed points 

- M a x  depth of thaw I 

PREDICTED LONG TERM AVERAGE 

UNFROZEN  GROUND 

DISTANCE FROM EDGES OF DITCH iM) 
10 5 0 S 10 1s 20 

I 1 I 
I 1 l 
8 7 b 5 4 3 1 2 

I 
I I I I 

UPSLOPE  LINES DITCH DOWNSLOPE LINES 

FIG.4, Profiles of water table positions 
and maximum depths of thaw. 
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LAKE TAPPING IN THE COLVILLE RIVER DELTA, ALASKA 

H. J. Walker,  Dept. of Geography and Anthropology  and  Coastal  Studies 
Institute,  Louisiana  State  University, Baton Rouge, LA, U.S.A.  70803  

Lakes  in  arctic  deltas  are  highly  varied  in  origin, size, 
depth,  and  shape.  Equally  varied  are the processes  affecting  them. 
One of the  most  important is lake  tapping, a phenomenon  that  is 
affected  by  the  nature  and  composition of the  sediments  in and 
around the l a k e ,  the presence  or  absence of permafrost and ice 
wedges, and  river  flow  especially  that  during  breakup  flooding. 
Tapping usually leads  to  the  lowering of a lake's level, exposure of 
at least a part  of a lake's  bottom,  modification  of its permafrost 
regime,  developmeqt  of  a  lake  delta,  and  eventual  filling  of  the l a k e  
basin. The relevant  processes  and  the  stages of modification subse- 
quent  to  tapping  are  in  evidence in the 600 sq km Colville  River 
delta,  northern  Alaska. 

ABA 
H.J 
Lou 

I SSEMENT DU NI  VEAU DES LACS DANS LE  DELTA DE LA RIV I :RE COLVI LLE,  EN ALASKA. 
, Wa lke r ,   Dep t .   o f   Geography   and   An th ropo logy   and   Coas ta l   S tud ies   I ns t i t u te ,  
i s i a n a   S t a t e   U n i v e r s i t y ,   B a t o n  Rouge,  LA, U .S .A .  70803 

Dans l e s   d e l t a s   a r c t i q u e s ,   l e s   l a c s   o n t  une o r i g i n e ,  une  dimension,  une 
p r o f o n d e u r   e t  une c o n f i g u r a t i o n   t r 6 s   d i v e r s e s .  De  msme, l e s   p r o c e s s u s   q u i   s ' e x e r -  
cen t   su r   ces   l acs   p resen ten t   de   g randes   va r ia t i ons .   Pa rm i  ces p h e n o m h e s ,   l e   p l u s  
i m p o r t a n t   e s t   l ' a b a i s s e m e n t   d u   n i v e a u   d e s   l a c s ,   q u i   d 6 p e n d   d e   l a   n a t u r e   e t   d e  l a  
c o m p o s i t i o n   d e s   s 6 d i r n e n t s   d a n s   l e s   l a c s   e t   s u r   l e u r   p o u r t o u r ,   d e   l a   p r e s e n c e   o u   d e  
l ' a b s e n c e   d e   p e r g g l i s o l   e t   d e   c o i n s  de g l a c e ,   e t   d e   l ' g c o u l e m e n t   f l u v i a t i l e ,   e n  
p a r t i c u l i e r   p e n d a n t  les i n o n d a t i o n s   d u e s  2 l a  d&ba^cle  des  glaces. P a r  s u i t e   d e  
l ' a b a i s s e r n e n t   d u   n i v e a u   d e   l ' e a u ,   u n e   p a r t i e   d u  fond du   l ac   se   t rouve   exposee ,   ce  
q u i   r n o d i f i e   l e   r e g i m e   d u   p e r g 6 l i s o l   d e   c e l u i - c i ,   p r o v o q u e   l a   c r o i s s a n c e   d ' u n   d e l t a  
l a c u s t r e   e t   f i n a l e m e n t   l e  comblement   du 'bass in   lacus t re .  On p e u t   o b s e r v e r   l e s  
p rocessus  en q u e s t i o n   e t   l e s   c h a n g e m e n t s   p r o g r e s s i f s   q u i   r e s u l t e n t   d e   l ' a b a i s s e m e n t  
d u   n i v e a u   l i r n n i m e t r i q u e   d a n s   l e   d e l t a   d e   l a   r i v i g r e   C o l v i l l e ,   d e  600 krn d e   s u p e r f i c i e ,  
dans l e   n o r d   d e   1 ' A l a s k a .  

KAIITAX OJEPHbIX Boa B aEJIbTE PEKH KOJIBHJIJI /AJIRCKA/ 
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FIG.4. Profiles of water table positions 
and moximum depths of thaw. 
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FIG, 5. Elemental section of the active layer. 

mental section, i s  given by: 

dq 7 nkSdh ( 2 )  

where n is   soil   porosity.  However, 

dq = PE dL (3) 

and since  there i s  no groundwater component of 
flow i n  the active  layer PE is  equal to  the 
runoff, R. Therefore, 

" r -  dh R 
dL nkS 

and h i s  equal t o  zero when L i s  zero. According 
to  inequality  (l),   this  equation is  valid when 

R - cc n k  
S2 

which i s   sa t i s f ied   for  a  wide range o f  conditions. 

To solve  equation (4)  the  relationship between 
n k  and the  distance below  ground surface, d ,  is  
required. The surficial   soils of the study  plot 
vary from  a highly permeable fibric  peat a t  the 
surface to  an organic  clay a t  depths greater than 
about 40 cm. Thus n k  can  be expected to  decrease 
dramatically w i t h  dep th .  F i g .  6 shows laboratory 
results  obtained  for  several  soil samples taken 
f rom nearby locations i n  the study  area  plotted 
against  equivalent depth had the samples been 
taken from the  study  plot. The high coefficient 
of correlation ( r  = .971) suggests the semi- 
logarithmic  equation shown is satisfactory.  
Therefore, 

log ( n k )  = .307 - .118d 

w h i c h  i s  equivalent to: 

n k  = ce -bd 

w i t h  c equal t o  2.03 cm/sec, b equal t o  .271 cm" , 
d i n  centimeters, and n k  i n  cm/sec. 

10 70 .In 40 " 

d-DEPTH (CM) 

FIG.6. Depth below ground vs logarithm 
of porosity times permeability. 

W i t h  reference  to F i g .  5 ,  the  relationship 
between the depth o f  flow, h ,  and d i s :  

h = D - d  

where D i s  depth of thaw. 

Substituting  equations (6 )  and  (7) i n  (4). and 
solving  for h ,  gives: 

h = ( l /b)  I n  (1 t BL) (8) 

where 

B = F 5  
Rb ebD 

(9) 

Application of equation (8) to  the study plot 
i s  shown i n  F i g .  4.  From the detailed contour 
map  upon which F i g . 1  was based, S and L for  the 
upslope side o f  the  ditch were calculated  to be 
3.4% and 335 m respectively. The surveyed slope 
o f  the  study  plot o f  7.1% was used for  the 
downslope. Most o f  the  difference i n  the  pre- 
dicted upslope and  downslope water table  posi- 
tions is  nevertheless due t o  the large  differ- 
ence i n  L rather than the difference i n  slope 
values . 

Runoff  was estimated a t  10 cmlyr from  a 
regional  hydrologic  investigation by The Shawin- 
igan  Engineering Company Limited (1970) and the 
depth of the  active  layer used was the mean 
d e p t h  of thaw  shown for  the observed results i n  
Fig. 4. 

The predicted long term dep th  o f  water above 
the  frozen ground upslope  of the d i t c h  is  3 2 . 3  
cm and the mean downslope value i s  16.6 cm. 

I t  remains to  confirm inequality ( 1 )  i s  
sat isf ied.  Upslbpe o f  the ditch,  this requires 
that:  
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<< 2.03 e cm -.271d 

.034 

which i s   s a t i s f i e d  when d i s   l e s s   t h a n  33 cm. 
Downslope it i s   r e q u i r e d   t h a t :  

l o  <c 2.03 e cm -.271d 

.071 

which i s   s a t i s f i e d  when d i s   l e s s   t h a n  38cm. 
From Fig.  4, e q u a t i o n   ( 8 )   i s   a p p r o p r i a t e   e v e r y -  
where excep t   i n   t he   bo t tom  few   cen t ime te rs   o f   t he  
a c t i v e   l a y e r .  

The h igh   va lues   f o r   dh /dL   a t   t h i s   dep th   requ i re  
t h a t   t h e   t r u e   v a l u e   f o r  h must be h igher   than 
pred ic ted   by   equat ion  (8) t o   s a t i s f y   c o n t i n u i t y .  
The s i z e   o f   t h i s   i n c r e a s e   r e m a i n s   t o  be i n v e s t -  
i ga ted .  However, s ince   equat ion  (8) cou ld  be 
a p p l i e d  when t h e   d e p t h   o f   t h e   a c t i v e   l a y e r  was 38 
cm, t h i s   d e p t h   c o u l d  be used t o   e s t i m a t e  an upper 
bound f o r  h. A comparison o f   t h e  two s o l u t i o n s  
would show t h a t   t h e  maximum e r r o r   i n   h ' i s  6 cm 
when L i s  ze ro   and   t he   e r ro r   dec l i nes   t o   ze ro   f o r  
l a r g e  L. There fo re   t he   pos i t i on   o f   t he   wa te r  
t a b l e   i s   c o r r e c t l y   p r e d i c t e d   u p s l o p e   o f   t h e   d i t c h  
by  equat ion (8) b u t  may be underestimated down- 
slope  by a few  cent imeters.  

Vegetat ion 

The s l i g h t   i n c r e a s e   i n   t h e  amount o f  d:ad 
s tand ing   p lan t   cove r   i n   t he   downs lope   a rea   i nd i c -  
a t e s   t h a t   v e g e t a t i o n   i s   r e s p o n d i n g   t o   t h e  change 
i n   t h e   h y d r o l o g i c   r e g i m e   c r e a t e d   b y   t h e   b a r r i e r .  
To r e l i a b l y   p r e d i c t   t h e   l o n g - t e r m   i m p a c t   o f   t h e  
shadow zone  on v e g e t a t i o n   a f t e r   o n l y  one y e a r   i s  
d i f f i c u l t ,  i f  not   impossib le .  It i s   i m p o r t a n t   t o  
n o t e   t h a t   t h e   m a g n i t u d e   o f   t h e   i n c r e a s e   i n  dead 
cover i s  small  and i t  c o u l d   e a s i l y  be o f f s e t   o r  
m o d i f i e d   d u r i n g  more  average  growing  condit ions 
s ince   bo th  1975  and  1976  were dr ier   than  normal .  

H y p o t h e t i c a l l y ,  however, i f  the  shadow zone 
s t a b i l i z e s   a t   i t s   p r e s e n t   p o s i t i o n   o r   c o n t i n u e s   t o  
en large  over   the  long- term,   then some vege ta t i on  
changes  can  be  expectCd e s p e c i a l l y   i n  terms o f  a 
s l i g h t   r e d u c t i o n   i n   l i v i n g   c o v e r  and p o s s i b l y  a 
change i n  species  composi t ion.   Hydro log ica l ly   the 
shadow zone, over   the  long- term may b e g i n   t o  
resemble   the   be t te r   d ra ined  r idge   top   ups lope  f rom 
t h e   t e s t   a r e a   w h e r e   t h e   o n l y   m o i s t u r e   e n t e r i n g   t h e  
system i s  f r o m   d i r e c t   p r e c i p i t a t i o n .   P o s s i b l e  
assoc ia ted  changes i n   t h e   v e g e t a t i o n  may i n c l u d e  
t h e   a d d i t i o n   o f   o c c a s i o n a l   w h i t e   b i r c h  fBetuZa 
p a p y r i f e r d  t o   t he   t ree   s t ra tum,   wh i l e   g reen   a lde r  
(AZnus orispa) w i t h  SaZix s p p .  and  Labrador  tea 
m i g h t   t e n d   t o   i n c r e a s e   i n   t h e   s h r u b   l a y e r .  The 
improved   so i l   d ra inage   cond i t i on  will l i k e l y  have 
a p o s i t i v e   e f f e c t  on t r e e   d e n s i t y  and p r o d u c t i v i t y .  

The n e t   e f f e c t   o f   t h e  shadow zone i s  then 
l i k e l y   t o  be a l o c a l  improvement i n  s o i l   c o n d i -  
t i o n s   f o r   p l a n t   g r o w t h  downslope o f   t h e   d i t c h ,  
such t h a t   t h e   c h a r a c t e r   o f   t h e   v e g e t a t i o n  may tend  
t o  be s l o w l y   s h i f t e d  away from  an open b lack  
spruce  type  toward a c losed  b lack  spruce,   whi te  

b i r c h   t y p e  e 

CONCLUSION 

The observat ions shown i n   F i g .  4 a r e   i n s u f f i c -  
i e n t   t o   c o n f i r m   t h e   p r e d i c t e d   l o n g   t e r m   a v e r a g e  
w a t e r   t a b l e   p o s i t i o n .  However, t h e   r e s u l t s  show 
a t r e n d   i n   t h e   c o r r e c t   d i r e c t i o n .  The summer 
o f  1975 was unusua l ly   d ry   and i t  i s   n o t   s u r p r i s -  
i n g   t h a t  no h y d r o l o g i c   d i f f e r e n c e  was e v i d e n t  
upslope and  downslope o f   t h e   b a r r i e r .   N e v e r t h e -  
l e s s   a t   t h e  end o f   t h e  summer 1976, which was 
we t te r   t han  1975 b u t   s t i l l   d r i e r   t h a n  average, a 
d i f f e r e n c e  was becoming  apparent  and  both  port- 
i o n s   o f   t h e   s t u d y   p l o t  were  moving  from a very 
d ry   pos i t i on   t owards   p red ic ted   no rma l   pos i t i ons .  

The p r e d i c t e d   e f f e c t  on v e g e t a t i o n   i s   a l s o  
weak ly   suppor ted   by   t he   f i r s t   two   yea rs   o f  
observa t ions ,   never the less ,   bo th   p red ic t ions  
mus t   rema in   hypo the t i ca l   un t i l   da ta   i s   ob ta ined  
over  a number o f   yea rs .  

Measureable  changes i n  hydrology  and  vegetat-  
i o n  have  been  observed, b u t   t h e   r e s u l t s   o f   t h e  
exper iment   are  exaggerat ions  o f   those  expected 
due t o  a b u r i e d   c h i l l e d  gas p i p e l i n e  because  the 
b a r r i e r  used i n t e r r u p t s   a l l   f l o w ,   i n c l u d i n g  
r a r e l y   o c c u r r i n g   s u r f a c e   f l o w ;  whereas some f l o w  
can  be  expected i n   t h e   r e d u c e d   a c t i v e   l a y e r   t h a t  
develops  over a p i p e l i n e .  
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LAKE TAPPING IN THE COLVILLE RIVER DELTA, ALASKA 

B. J.  Walker,  Dept. of Geography  and  Anthropology  and Coastal S tud ie s  
I n s t i t u t e ,   L o u i s i a n a   S t a t e   U n i v e r s i t y ,   B a t o n  Rouge, LA, U . S . A .  70803  

Lakes i n  a rc t ic  d e l t a s  are h i g h l y   v a r i e d   i n   o r i g i n ,   s i z e ,  
despth, and shape.   Equal ly   var ied are the   p rocesses   a f fec t ing   them.  
Ol ie  of   the   most   important  i s  l ake   t app ing ,  a phenomenon t h a t  i s  
a f f e c t e d  by the   na tu re   and   compos i t ion   o f   t he   s ed imen t s   i n   and  
a round   t he   l ake ,   t he   p re sence  or absence  of  permafrost-   and ice 
wedges,  and r i v e r   f l o w   e s p e c i a l l y   t h a t   d u r i n g   b r e a k u p   f l o o d i n g .  
Tapping usually leads t o   t h e   l o w e r i n g   o f  a l a k e ' s  level,  exposure  of 
a t  l eas t  a p a r t  of a lake ' s   bo t tom,   modi f ica t ion   of  i t s  permafrost  
regime,  developmen,t of a l a k e  de l t a ,  a n d   e v e n t u a l   f i l l i n g   o f  t h e  l a k e  
bas in .  The r e l evan t   p rocesses   and   t he  stages of modi f ica t ion   subse-  
quent  t o  tapping  are i n   e v i d e n c e   i n   t h e  600 sq km Co lv i l l e   R ive r  
de l ta ,  nor thern   Alaska .  

A B A l  SSEMENT DU NI VEAU DES LACS DANS LE  DELTA DE LA R I  V I i R E  COLVl LLE, EN ALASKA. 
H.J. Walker,  Dept. o f  Geography  and  Anthropology  and  Coasta l   Studies  Inst i tu te ,  
Lou is iana   S ta te   Un ive rs i t y ,   Ba ton  Rouge, LA, U.S.A. 70803 

Dans l e s   d e l t a s   a r c t i q u e s ,   l e s   l a c s   o n t  une o r i g i n e ,  une  dimension,  une 
p r o f o n d e u r   e t  une c o n f i g u r a t i o n   t r B s   d i v e r s e s .  De  meme, le5   p rocessus   qu i   s 'exer -  
cent   sur   ces  lacs  prgsentent   de  grandes  var ia t ions.   Parmi   ces phEnomGnes, l e   p l u s  
impor tan t   es t   l ' aba issement   du   n iveau  des   lacs ,   qu i  depend  de l a   n a t u r e   e t   d e   l a  
compos i t i on   des   sed imen ts   dans   l es   l acs   e t   su r   l eu r   pou r tou r ,   de   l a   p resence   ou   de  
l ' a b s e n c e   d e   p e r g e l i s o l   e t   d e   c o i n s  de g l a c e ,   e t  de l ' e c o u l e m e n t   f l u v i a t i l e ,   e n  
p a r t i c u l i e r   p e n d a n t   l e s   i n o n d a t i o n s   d u e s  d l a  d4ba"cle  des  g laces.  Par  sui te  de 
l 'aba issement   du   n iveau  de   l ' eau ,  une p a r t i e  du  fond  du  lac  se  t rouve  exposee,   ce 
q u i   m o d i f i e   l e   r 6 g i m e   d u   p e r g e l i s o l   d e   c e l u i - c i ,   p r o v o q u e   l a   c r o i s s a n c e   d ' u n   d e l t a  
l a c u s t r e   e t   f i n a l e r n e n t  le comblement d u ' b a s s i n   l a c u s t r e .  On peu t   obse rve r   l es  
processus en q u e s t i o n  e t  les   changements   p rogress i fs   qu i   rgsu l ten t   de   l ' aba issement  
du   n i veau   l imn img t r i que   dans   l e   de l ta   de  l a  r i v i & r e   C o l v i l l e ,   d e  600 k m  de s u p e r f i c i e ,  
dans l e  nord  de  1 'A laska.  

KAIITAHC 03EPHblX BOA B JJEJIbTE PEKH KOJIBMJIJI /AJIXCKA/ 
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INTRODUCTION 

Lakes  are  one  of  the  most  conspicuous 
forms to  be  seen  in  many  parts of the 
Arctic.  Thus, it is not surprising  that 
they have attracted  the  attention of 
hydrologists,  limnologists  (Hobbie  1973) , 
and  geomorphologists  over  the  years. 
Most  of  this  attention  has  centered 
around  the  study o f  thaw lakes, especi- 
ally  those  of  the  oriented  variety,  a 
type  that  is  common  on  the  North  Slope 
of Alaska (see, for  example,  Black  and 
Barksdale 1949,  Carson and  Hussey  1962, 
Black 1969, and  Sellmann et al. 1975). 
During  the  process  of  seeking  explana- 
tions  for  lake  orientation as it  occurs 
in  permafrost,  investigations  have  docu- 
mented  well  the  temporal  and  spatial 
instability of North  Slope  lakes. 

Because of the  emphasis  placed on 
oriented  lakes,  many  other  types  of  lakes 
and  the  processes  involved  in  their 
formation,  maintenance, and destruction 
have  been  neglected.  Classifications  of 
arctic  lake  types  are  rare.  A  major 
exception  is  the  categorization of Kuzin 
and Reynin  (1972)  of  the  lake  basins of 
West  Siberia  that  contains  19  types  and 
subtypes. 

There  are  several  sub-environments  in 
the  Arctic  that  possess  a  variety of lake 
types.  Possibly  the  sub-environment  with 
the  greatest  heterogenity is  the  delta. 
Whereas  the  major  variation  in  oriented 
lakes  appears  to  be one of  size,  deltaic 
lakes  vary in shape  as  well.  Some 
deltaic  lakes  are  oriented but the 
orientation  processes  are  different 
from  those  operating on  the  general 
tundra  surface. The high  variability 
in  deltas  is  due  mainly  to  the  distinc- 
tive  processes  operating  in  riverine/ 
deltaic  systems. 

THE COLVILLE  RIVER  DELTA  AND  ITS LAKES 

The  Colville  River  delta  occupies 
about  600 km2 where  the  Colville  River 

enters  the  Arctic  Ocean  some 25 km west 
of  Prudhoe  Bay  in  Alaska. The delta  is 
composed of a  variety of materials 
including  gravel,  clay,  silt,  sand, 
and  peat. Of the  mineral  sediments 
silts  tend  to  predominate.  However,  a 
study of bank  types of the  delta  showed 
that 75 percent of those  riverbanks 
where  erosion is occurring  is  made  of 
peat  (Ritchie  and  Walker 1974). The 
delta's  morphology  is  complex  and  con- 
sists  of  several  active  distributaries, 
widely  distributed  sand  dunes,  numerous 
ice  wedges and  ice-wedge  polygons,  as 
well  as a highly  varied  set of lakes. 
Permafrost  underlies  all  of  these 
features  except  for  the  deeper  lakes 
and  the  thalweg  portions of river 
channels. 

Lakes  are  present  in  old  river 
channels,  terrace  flank  depressions, 
swales  of  ridge  and  swale  deposits, 
inter-  and  intra-dune  depressions 
(Walker  and  Harris  1976),  low  centered 
polygons,  and  the  trough  between  adja- 
cent  polygons  (Dawson  1975  and  Walker 
1976). 

By  far  the  vast  majority of water 
bodies  in  the  delta  are  ponds.  However, 
large lakes  are  not  uncommon.  Those 
with  an  area  over 50,000 m2 are  present 
by  the 100s and  combined  occupy  over 
16 percent of the  delta's  surface. 
Twenty-four  of  these  lakes  are  more 
than  one km2 in area  (Fig. 1) . Whereas , 
most of the  delta's  lakes  are  shallow, 
a  few,  especially  among  the  larger 
lakes,  have  depths of up  to 10 m. 
Shallow  lakes,  those  less  than  about 
2 m deep,  freeze  to  the  bottom  during 
winter.  Ice  on  the  deeper  lakes  rarely 
thickens  more  than 2 m. Such  lakes 
become  quite  conspicuous  during  June 
and  early  July  because  they  retain 
their  ice  cover  much  longer  than  those 
lakes  which  freeze  to  the  bottom 
(Fig. 4). 

Nearly all of the  lakes,  the  levels 
o f  which  vary  somewhat  throughout  the 
delta,  are  drained  by  flow  over  the 
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Fig. 1. The  Colville  River  delta  and 
its  lakes.  Those  lakes  in  black  are 
subject  to  flooding  during  high  river 
stages. 

lowest  edge  and  by  slow  seepage  through 
the  thin  active  layer  during  summer. 
The  amount of natural  drainage  from 
each  lake  is  relatively  small  because 
the  area of each  lake's  drainage  basin 
is  generally  limited  and  the  total  amount 
of snow  accumulation  around  and  on  each 
prior  to  the  melt  season  is  not  great. 

A flight  over  the  delta or an  examina- 
tion of maps  and  aerial  photographs 
show  that  many  lakes  are  connected  to 
the  various  distributaries by narrow  and 
often  lengthy  channels  (Fig. 2 )  . Such 
connections  occur  with  lakes  of  all 
sizes  but  those  found  in  combination  with 
the  larger  lakes  are  usually  more con- 
spicuous  and  durable.  These  connections 
initially  result  where  there  is  a  break- 
through  between  the  river  and a lake. 
Such  breakthroughs  are  common  in  the 
Colville  delta;  a  half-dozen  large  lakes 
have  been  tapped  in  the  past 20 years. 

LAKE AND RIVER PROCESSES 

The  delta's  lakes,  like  the  delta's 
other  forms,  undergo  relatively  rapid 
change.  Lake  enlargement  proceeds 
through  the  action  of  waves  during 
summer  and i c e  during  the breakup 
period.  These  active  processes  are 
aided by thaw of the  frozen  riverbanks 

and of the  ice  wedges  that  are  present 
in  the  surrounding  banks. Most Large 
lakes,  unless  bordered by sand  dunes, 
exhibit  a  serrated  shoreline,  the 
indentations of which  represent  former 
ice  wedges  (Fig. 4) . 

As the  deeper  lakes  expand,  shallow 
shelves  or  abrasion  platforms  develop 
around  their  edges.  Often  these 
shelves  possess  a bottom relief  that  is 
inverted  from  that  possessed  prior  to 
lake  enlargement. In the  process of 
advance  the  ice  of  the  wedges  between 
ice-wedge  polygons  melts  leaving  rela- 
tively  deep,  narrow,  submerged  troughs. 
Such  inverted  relief  in  the  shallow 
water  of  the  lake  is  often  visible  on 
large  scale  photography. 

Although lake expansion  hastens  the 
tapping  process  much  more  important  is 
the  migration of the  river  channel. 

1 C 

L 

0 - 1 2 

km. 

Fig. 2. Four  tapped  lakes  in  the 
Colville  River  delta  arranged by length 
of time  since  tapping.  Lake A was 
tapped  in  1971,  Lake B between 1956 and 
1960, Lakes C and D sometime  before 
1948. The  delta  locations of these 
lakes  are  shown  on  Fig. 1. 
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During  most  of  the  year  river  banks  are 
protected  both  by  the  freezing of the 
thaw  layer  ana  by  the  protection o f  
covering  snow.  It i s  during  the  flood- 
ing  period  of  spring  that  most  river 
bank  erosion  occurs.  Flooding  in  the 
Colville  River  usually  lasts  from  Late  May 
to mid-June  during  which  period of time 
as  much  as  half o f  the  annual  discharge 
takes  place  (Arnborg  et  al. 1966). 

Most river  banks  are  protected  by 
snow  drifts  during  initial.  flooding 
but, as floodwaters  rise,  snow  is 
rapidly  undercut  and  removed  from 
the  bank.  The  relatively  warm  flood- 
water  then  becomes  effective  in  thawing 
the  frozen  bank  materials  and  then 
removing  them.  The  process  creates  a 
thermoerosional  niche  at  floodlevel. 
Such  niches  are  found  in  virtually  all 
cut  banks  in  the  delta.  The  degree  to 
which  they  develop  is  related to the 
type  of  sediment  present  in  the  bank 
as  well  as  to  wind  direction  and 
strength  and  water  temperature,  velocity, 
and  stage  (Walker  and  Arnborg 1966). 

The  major  deepening  of  the  niche 
occurs  during  Elooding.  At  the  time 
o f  and  subsequent  to  niche  creation 
subaerial  thaw  occurs  in  the  banks. 
So long  as  the  river  is  in  flood  the 
thawed  material  that  sloughs  from  the 
bank  is  removed,  after  flooding it 
accumulates  at  the  base of the  bank. 
Bank  retreat i s  also caused  by  collapse. 
Breakage  usually  occurs  along  ice  wedges 
within  the  prepared  block.  In  highly 
mineralized  banks,  included  ice  wedges 
retreat  at  about  the  same  rate  as  the 
mineral  portion of the  bank  (Walker  and 
Arnborg 1966). Peat  banks,  however, 
recede  in  a  different  fashion.  Ice 
wedges  melt  back  faster  than  the  peat 
thaws  and  erodes  giving  a  serrated  edge 
to  the  river  banks  (Fig. 4) similar  to 
those  described  for  lakes  above. 

The  melting of an  ice  wedge,  just as 
thawing  of  permafrost,  is  faster  in 
water  than  air so that  ice  wedges  also 
possess  thermoerosional  niches.  Fre- 
quently  the  overhang  of  tundra  surface 
above  a  thawing  wedge  may  extend  several 
meters  before  collapse  occurs  (Fig. 3 ) .  

LAKE TAPPING 

Observation  in  the  Colville  delta 
confirms  that  the  tapping of most  lakes 
has  several  distinct  stages. As a  lake 
enlarges  riverward  and  the  river  erodes 
lakeward  the  tundra  bank  separating  the 
two  is  gradually  reduced  in  width. 
During  the  narrowing  process,  ice 
wedges  trending  perpendicular  to  the 

cutbanks o f  both  the  river  and  lake 
thaw  faster  than  the  peat  they  separate. 
Eventually,  thawing  of  the  ice  wedge 
produces  a  tunnel,  unless  or  until  the 
thin  tundra  cap  over  the  wedge  collapses. 

Most  lakes  in  the  delta  prior  to 
tapping  are  substantially  higher  (more 
than 2 m  in  some  cases)  than  the  normal 
level  of  the  river.  Even  though  the 
connection  may  be  made  during  flood 
stage  there  is  usually  a  gradient  down 
from  lake  to  channel. As flow  from 
lake  to  river  begins,  thawing  and  ero- 
sion  proceed  rapidly  (Figs. 4 and 5). 
Thermal  erosion  proceeds on both  sides 
of the  connecting  channel--a  niche 
develops  in  the  outlet (Fig. 6) and 
block  collapse  of  polygons  occurs 
(Fig.  7)  widening  further  the  opening. 

During  outflow  at  the  time  of  draining 
scour pools apparently  form  near  the  lake 
entrance  (Fig. 8 ) .  The  scour  pool  at 
the  entrance  to  Lake C (Fig. 2 )  is  nearly 
10 rn deep. In  addition,  the bar opposite 
the  entrance  may  be  eroded  by  the  rush 
of  water  from  the  lake  as  seems  to  have 
been  the  case  with  a  lake  that  was  tapped 
in  1971  (Fig. 5 ) .  

SUBSEQUENT CHANGES 

The  major  change  that  occurs  immedi- 
ately  with  tapping  is  partial  or  even 
complete  draining  of  the  tapped  lake. 
The  lake's  surface  is  lowered  by the 
difference  between  the  former  lake  level 
and  the  normal  river  stage  although  the 
lake  level  will  fluctuate  from  then on 
with  river  stage.  The  lowered  level 
leaves  exposed  the  portions  of  the  lake 
bottom  that  had  been  shallow  prior  to 
tapping.  Generally  this  surface  is 
around  the  edge of the  lake, i.e., the 
former  wave-built or wave-cut  platforms 
(Fig. 9). Occasionally  peat  stacks 
remain  (Fig. 9 ) .  

Lake  level  frequently  is  lowered 
enough so that  all  or  most  of  the  lake 
freezes  to  the  bottom,  and  if  conditions 
are  favorable  leads  to  an  eventual 
refreezing  of  the  thaw  bulb  that  occurs 
beneath  the  lake  and  in  some  cases  even 
to  the  development of pingos. 

Several  lake  budgets--temperature, 
chemical,  ice,  and  suspended  load-- 
change  drastically  with  tapping.  During 
flooding,  relatively  warm  water,  often 
with  high  quantities of suspended 
materials,  enter  the  lake. On the  other 
hand  at  low  stage,  saltwater  intrusion 
up  the  river  will  enter  those  lakes  that 
are  sufficiently  close  to  the  delta 
front. 
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Suspended  material  will  be  deposited 
on  the  bottom-fast  ice of the  lake 
during  breakup  and on the  lake  bottom 
after  the  ice  has  been  removed.  The 
high  suspended  load of the  Colville 
(Walker  1969)  and  the  effective  trapping 
of floodwaters  in  tapped  lakes  insure 
that  lake  deltas  develop  rapidly  (Fig. 8 ) .  
Although  entirely  subsurface  at  first 
these  deltas  continue  to  grow  until 
eventually  parts  of  them  are  exposed 
even  at  high  water  (Walker  and  Morgan 
1961). Such deltas  may  increase  in 
size  sufficiently  to  divide  lakes,  often 
into  unequal  parts.  In  the  case of 
Lake D (Fig. 10) such  division  appears 
imminent.  Eventually,  the lake delta's 
channel  will be diverted  toward  the 
larger  portion of the  lake  and  filling 
will  continue.  Normally,  in  time  such 
connected  lakes  will  be  filled  to  such 
an  extent  that  at  a  low  stage of the 
river  the  sediment-filled  lake  bottom 
will  be  exposed.  The  lake  delta's 
channel  then  serves  mainly  as  a  drain 
for  the  lake  and  at  low  water  may even 
be converted  into a dry  ravine. 

Permafrost  growth  accompanies  the 
enlargement  of  these  lake  deltas. 
Frost  cracks  develop,  eventually  leading 
to the  formation of ice  wedges  and  ice- 
wedge  polygons  (Fig. 10). 

Although  deposition  is  the  dominant 
process  for  a  long  period of  time  it 
is  by no  means  the  only  process  operat- 
ing  in  the  lake  area.  The  river  channel 
that  causes  a  break-through  often 
continues  to  migrate  lakeward.  As  a 
result  it  will  begin  to  remove  some  of 
the  sediment  it  originally  deposited 
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in  the  lake.. Th e  amount of erosion  can 
usually  be  approximated  by  connecting 
the  high  banks  on  either  side o f  the 
lake  entrance,  if  they  are  still  pre- 
served  (Fig. 10). In time,  unless  the 
river  channel  changes  its  course,  the 
river will destroy  the  lake  delta  it 
helped  construct  just  as it had  previ- 
ously destroyed  the  lake  which it had 
earlier  tapped. 

CONCLUSIONS 

The  numerous  processes  involved  in 
lake  tapping,  filling,  and  destruction 
in arctic  deltaic  environments  are 
affected  by  the  nature of the  sediments 
in and  around  the lake, the  presence  or 
absence  of  permafrost  and  ice wedges, 
and  the  nature of the  erosion  and  deposi- 
tion  that  occur  in  a  highly  seasonal 
hydrologic  system. 

Because  all of the processes  and 
stages  discussed  in  this  paper axe in 
evidence in the  CoLville  River  delta,  it 
provides  a  natural  laboratory of workable 
s i z e  for some  future  study  of  arctic  lake 
processes. 
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Fig. 10. Lake D illustrating  the  growth of lake  delta  after  tapping. In the  older 
delta  (created  by  a  previous  tapping)  ice-wedge  polygons  are  well  developed. On the 
present  delta  frost  cracks  are  common  and  thin  veins of ice  are  forming  initiating  a 
new  polygonal  pattern. 
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THE ROLE OF TECTONICS IN THE  FORMATION O F  PERMAFROST O N  LOW PLAINS 

V . V .  B a u l i n ,  E.B. Belopukhova, N.S.  Dani lova,  G . I .  Dubikov,  and A ,  Ya Stremyakov. 
Ind.  and Res. I n s t .   o f  Eng. Surveys i n   C o n s t r u c t i o n ,  Moscow, U.S.S.R. 

The t e c t o n i c   u p l i f t s  o f  t he   Ea r th ' s   su r face   on   t he   l ow   p la ins  i n  the North 
a r e   c h a r a c t e r i z e d  by the  presence of eg igene t i c   pe rmaf ros t  with sheet ice, l a r g e  
f r o s t  mounds, e p i g e n e t i c  wedge ice ,  i ce -so i l   ' ve ins  and s o i l  veins. The th i ckness  
o f  permafrost   decreases  by 100 - 200 m. I n   t he   sou the rn   reg ions   pe rmaf ros t  becomes 
more d i scon t inuous  and i t s  mean annua l   tempera ture   r i ses .  

I n   t h e   c a s e   o f   t e c t o n i c   d e p r e s s i o n s   a n d   r e l a t i v e   s i n k i n g  o f  t h e   E a r t h ' s  
s u r f a c e ,   t h e r e   i s   w i d e s p r e a d   s y n g e n e t i c   f r e e z i n g   o f   u n c o n s o l i d a t e d   d e p o s i t s ,  
f o r m a t i o n   o f   t h i c k   i c e  wedges and ac t ive   deve lopment  of  thermokarst .  The th i ckness  
o f   pe rmaf ros t   i nc reases .  

R6LE DE LA TECTON IQUE DANS LA FORMATI ON DU PERGELISOL DANS LES PLAl NE$ BASSES 
V . V .  B a u l i n ,  E.B. Belopukhova, N.S. Dani lova,  G.I. Dubikov, A .  Ya. St'remyakov, 
I n s t i t - u t   i n d u s t r i e l   e t   s c i e n t i f i q u e  de  recherches  en  gPnie c i v i l ,  Moscou, URSS. 

Le5 soulGvements  tectoniques de l a   s u r f a c e   t e r r e s t r e  dans les   basses   p la ines  
du nord  ont  donne  naissance 2 un p e r g 6 l i s o l   e p i g g n e t i q u e   c a r a c t 6 r i s E   p a r   l a  
presence  de  nappes  g lac ia i res,  de b u t t e s  2 l e n t i l l e  de  g lace,   de  co ins  de  g lace 
gpigenkt iques,   de  ve ines  avec  ou  sans  g lace;   1 '6paisseur  des couches  gelkes  diminue 
de 100 2 200 m; dans les regions  du  sud l e  p e r g e l i s o l   d e v i e n t   p l u s   d i s c o n t i n u   e t  
sa tempkrature moyenne augmente. 

Dans les   depress ions   tec ton iques ,  e t  1 2 1  oh l a  s u r f a c e   t e r r e s t r e  a sub i  un 
abaissement r e l a t i f ,  i l  s 'es t   souven t   p rodu i t   un   enge l   synghk t ique   des   dep8 ts  
meubles, accompagn&  de l a  f o r m a t i o n   d ' e p a i s   c o i n s   d e   g l a c e  e t  d ' i n t e n s i f s   p h h o -  
m h e s  de t h e r m o k a r s t ;   l ' g p a i s s e u r   d u   p e r g e l i s o l   s ' a c c r o ' i t   a l o r s .  

POJIb TEKTOHMKM B @OPMM.POBAHMM MEP3JIbIX TOJILLI HM3MEHHbIX PABHMH 
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FABRICS OF ICE WEDGES IN CENTRBZI ALASKA 

Robert F.  Black, Dept. of Geology and Geophysics, Univ. of Connecticut , 
S t o r r s ,  CT, USA 

were sampled during 1949-50 near Fairbanks. Twenty-six samples were packed in dry 
ioe and shipped to Barrow, Alaska, f o r  thin section preparation and fabrics 
studies. The thin-section studies confirmed f i e l d  observatione on dimensional 
orientations of ice gra ins ,  bubbles, and other inclusions.   Lineat ions of o p t i c  
axes were better developed i n  the surface wedges than in the buried wedges. 
Strong maxima were normal to fractures in the ice and commonly hor izonta l  and 
perpendicular t o  the wedge axis.  Lesser maxima were vert ical ,  noma1 t o  a s ide  of 
a wedge and at  angles of perhaps 300 to 4 5 O  t o  the hor izonta l  but seemingly 
unrelated to  a discrete  fracture. The fabrica were similar t o  t h o s e   i n   i c e  wedges 
i n  northern Alaska. 

Four actively growing surface wedges and nine deeply buried inactive wedges 

TEXTURE DES COINS DE GLACE  DANS L'ALASKA CENTRAL 

Robert I?. Black,  Dept. of Geology and  Geophysics,  Univ. of Connecticut, Storrs, CT, 
U. S.A. 

On a effect&  des  Gchantillonnages  sur  quatre  coins  de  glace  superficiels 2 
croissance  active  et  neuf  coins  de  glace  inactifs  profondGment  enfouis,  au  cours  des 
annges 1949 et 1950,  prSs  de  Fairbanks. On a emball& 26 Gchantillons  dans  de la 
glace sZche, et on  les  a  expPdi6s 2 Barrow, en Alaska,  pour  pr6parer  des  lames  minces, 
et  Gtudier les textures.  Les  Gtudes  des  lames  minces  ont  confirm6  les  observations 
faites  in  situ  sur  l'orientation  prgfgrentielle  des  grains  de  glace,  des  bulles,  et 
autres  inclusions. Les 1inGations  correspondant B la  direction  des  axes  optiques 
Gtaient  mieux  dGveloppGes  dans  les coins  de  glace  superficiels  que  dans  les  coins 
enfouis.  On a constat6  l'existence  d'importants  maxima  perpendiculaires  aux  fractu- 
res  de  la  glace,  et  en  gGn6sal  horizontaux  et  perpendiculaires 3 l'axe  des  coins d e  
glace.  Les  maxima  moins  importants  gtaient  verticaux,  perpendiculaires 2 l'une  des 
faces  du  coin de glace,  et  faisaient  des  angles  d'environ 30" 5 45" avec  l'horizon- 
tale,  mais  apparemment,  ne  pr6sentaient  pas  d'affinitgs  avec  une  fracture  discrste. 
La  texture  6tait  semblable 3 celle  observee  dans  les  coins  de  glace  du  nard de  
1' Alaska. 

TEKCTYPA JIEJJRHMX  KJIEIHbEB B l7PYBTAX U E H T P A J l b H O R  AJIRCKB 
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FABRICS OF ICE W'F,EDGES IN CENTRAL ALASKA 

Robert F. Black 

Department of Geology and &ophyeios 
The University of Connecticut 

Storm,  Connecticut USA 
INTROIXJCTION 

I n  central  Alaska, speoifioally  the Pairbanks 
area, ice wedgepi are  abundant at various  levels  in 
the  perennially  fmsen muok deposita of the  oreek 
val ley  bot tom and lower oolluvial  elopes (Pdd, 
1965). From 1945 t o  1950, inclusive,  f made 
numerous field  observations of both m f a c e  and 
buried wedges, and during 1949-1950, col lected  ice  
samples from four actively growing aurPans m d p s  
and from nine  deeply  buried  inaotiva wedges. The 
samples were paoked in a portable ice box with dry 
ioe and  flown t o  Barrow, Alaska, for th in   sec t ion  
preparation and fabrics  study  (Black, 1953a, 1953b, 
1963, and 1974). The Fairbanks  study &e a mall 
part  of a comprehensive report (Black, 1953b) tha t  
is unpublished and available  only i n  the   l i b ra ry   a t  
the Arctic Research Library, Barrow.  Only the 
study  of ioe wedges from central  Alaska i s  summa- 
rieed here. Background information i s  given i n  
Blaok (1974) and Literature  oited.  The detai led 
gsology o f  some ioe mdges near  those whose fabrics  

7;;2f Brown, e t  g. (1969), Matthaws 
w n  here i s  presented  by Sellman 

1974) , and Pbie*71975a) , among others,  provide 
information on the  Quaternary environment. 

SURFACE WEDGES 

Tbe surface wedges vmm part  of a polygonal 
n e t w r k   i n  muskeg about 300 m southeast  of  the 
Alaska Field  Station of the U. S. Amy (CRREL) on 
the  Fanners Loop Road, about 3 lon notth-northeast 
of Fairbanke (Pe'ke; 1965, stop 13). Several 
hundred wedges am n3adily Been on air p h c t O S .  
From surfme  expression  the wedges range from 1 t o  
4 m i n  width. Those sampled seemed t o  be 1 t o  2 m 
wide. Vert ioal   re l ief  of the polygons was 3 t o  
90 cm. The surfaoe was covered  with a lush growth 
of grasses,  sedges, low shrubs, and vascular 
plants.  Surfaae water was abundant. Sphagnum was 
common in  the  tmughe.  Six 5-cm swore t h in  Bec- 
t iona were prepared o f  representative  parts of the 
corns t ha t  were 18 t o  9 cm long. Depth Qf thaw 
at time of sampling  ranged from 30 t o  85 om; 
samples w8m collected  Btarting at least 13  to  
61 cm below the thawwd zone. 

The a w e  .and one thin  section of We- A 
revwaled  equigranular  grains of iae mostly 1 t o  
3 ' m m  across. Spherical air bubble@, 0.1 t o  0.5 mm 
aaross, were aoat temd uniformly throughout  the 
s l i d e  and were dist r ibuted at random within grains. 
C-axes were widely  oriented,  but a concentration 
was horizontal and rou&ly  nomal  to  the  horisontal 
a r i a  o f  the wedge. 

In H e m  B t yp ica l   e i l t   l aye r s  and bubbly ice 

in   pa ra l l e l  zones were roughly  paral le l   to   the 
e i b e  of the wedge. The silt and bubbles 
oommonly lay   in   f rac ture  zones tha t  were at acute 
angles t o  a side. Ice grains were mostly 2 t o  
4 mm m r o s ~ ,  but as   l a rge  as 1 am. A st raight  
ice-grain  border eonfonned commonly with a frac- 
ture, silt layer,  o r  bubble zone (Fig. 1). 
C-axes were concentrated  generally  nomal t o  the 
long axis of the wedge and were horizontal 
(Fig. 2). 

showed ooasiderable  variabil i ty from place t o  
plaes & f s w  Matinreterm apart in  Cmtal  
size and shape, i n  sir bubble8 , and general 
fabrio. The upper thin  sect ion w a s  made up 
en t i r e ly  of equigfanular  grains, 2 t o  5 mm i n  
diameter, many of which  were roughly  hexagonal i n  
outline. A l l  had a t   l e a s t  one long  straight s i b  
Air bubbles commonly were 0.7 t o  1.0 mm in dia- 
meter, and most were located on the boundary 
between grains. C-axee of  grains were largely 
hoxizontal end normal to   the   ax is  o f  the wedge; 
the   res t  were w&icd.  Similar air bubbles i n  
thick  seotion mre also  present in the  ri&t half 
of the middle thin  section  (Fig. 3): the lef t  
part had muoh smaller bubbles  closer  spaced. 
Most air bubbles were elongated  vertioally. 
Under cmsaed polamids  the middle thin  section 
(Fig. 4) had two conspicuous  fabrioe. Many 
subhedral  grains 2 t o  6 mm aorosa are i n   t he  
r ight  part. and mom eaaller  grains  appear in the 
le f t   par t .   This  slide rewealed fewer euhedral 
grains than  in  the  upper  slide. Air bubble@ -re 
commonly pn grain boundaries in  Figure 3, but 
mom mm i n   t h e  grainpi than in the upper slide.  
C-=ea of mains  throu@out  the  middle  slide 
(Fig. 4) were oriented  mostly normal t o  the band- 
ing  near   the left s i b  o f  the  we- and were 
roughly  horiaontal. The lower th in  sretioa warn 
e imi la r   to   the  lefY  aide of the middle thin 
seotion (Pig. 4). Air bubbles were g4nsrally 0.1 
t o  0.3 mm m m s ~  ma widely  aaattmwd;  grain  size 
waa 1 t o  6 m in dfasleter and subhsdral in out- 
line.  Graine Lesa than 2 mm &oros~ made up a 
t h i r d  of the  s l ide.  The nearly  horizontal  m a x i -  
nnun was incl ine4 more than in the middle or upmr 
sl ides  and the   var ia t ion of grain  orientations 
waa greater; the  fabr ie  dieagram of the  lower 
al ide i s  shown i n   F i p e  5. The maximum of a x e m  
was normal t o  a pronomaad dimensional  lineation 
of the grains and at an m g l e  of about 2oo t o   t h e  
horizontal  axis  of  the wedge or the side of the we-. Another l ineat ion at em a n g h  of 35' t o  
the fomet bora no apparent re lat ion t o  the 
aryet al ma*imurn. 

The core and three   th in  seotions of' We- C 
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Wedge D, at3 represented by the  core and one 
thin  section, also ehowad considerable  diverefty. 
A i r  bubbles ranged from 0.1 t o  0.5 mm across; 
most were less   than 0.2 mm. They  were ma t t e red  
uniformly  through  the  right  part of the   th in  
section and a t  random within  grains;   in   the  lef t  
part o f  the seotion  the  bubbles were oonoentrated 
in layers  parallel   to  the  axial   fabric  (Fig.  6). 
The equal-area diagram (Fig. 7) of  C-axes show a 
marked concentration,  but a grain  plot  (Pig. 8) 
shows tha t   d i scre te   c lus te rs  o f  grains of pa ra l l e l  
alignment are re la ted   to  a p a r t i o u l a r   f r a c t u n  and 
that  many separate   c lusters  make up the  concentra- 
t ion.  Many  more grains  approximately normal t o  
the  surface of the ground were present i n   t h e  
section  than are shown. 

BURIED WEmS 

During November 1949 and July 1950, the  best  
exposures of buried  ice wedges i n  the  Fairbanks 
area were in  placer  operations on Fairbanks Creek, 
37 h northeast o f  Fairbanks. The si te is 2-3 km 
above the  junction of F i s h  Creek. During  several 
v i s i t s  22 oores and one block were taken from 
nine wedges f reshly exposed by hydraulic  opera- 
tione.  Seventeen 5-cm aquare thin  sect ions and 
tw  25-0111 square thin  sect ions were studied. The 
samples aama f r o m  large wedges tha t  were under 6 
t o  9 m of perennially frozen muck before strip- 
ping  operations began. The wedges made up a well- 
developed network of polygons. The tops of the 
wedgee were trunoated at au angular  unoonfomity 
that  separated them from an overlying  bed of silt , 
3 t o  5 m thick,  that  contained a netwurk of small, 
thin wedges. Some of the  small upper wedges 
penetrated  the  unoonfomity and the  upper part of 
the lower si l t  and larger  ice wedges. The large 
wedges i n   t he  lower syatern were exposed  through a 
vert ieal  range of 3 t o  7 m ,  but  the  apices of the 
wedges were still buried. Many upper  smaller 
wedges *re exposed f o r . t h e i r  full vert ias l  range 
of 3 t o  4 m. The lower muek is considered t o  be 
part  of  the  Coldstream  Formation of WiPrconainan 
age and the  upper silt is probably Holocene 
(Pdwe', 1975b). Neither was dated. 

large wedges; Wedges H and I mere i n  the upper 
network o f  small nedgss. 

Wedges A t o  0 were in   the  lower network of 

On November 27, 1949, f ive samples were cored 
horizontally and pa ra l l e l  t o  the  long mi8 of 
buried wedge A. The cores were spaaed at uniform 
intervals  across the wedge, about 6 m below the 
top  (Fig. 9). The cores and f ive  5-cm t h i n  
sections were similar and confirmed t h e   f i e l d  
observations of the fabrics.  A i r  bubbles  ranged 
mostly f r o m  1 t o  4 mm aoross and were epherical t o  
irregular.  mey lay in  crude layers p a r a l l e l   t o  
the  sides of the wedge and t o   i n d i s t i n c t  and dis- 
oontinuous silt layers. Most ice  grains mre 2 t o  
5 mm BOMBS and commonly equigranular  (Fig. 10). 
A distinct  elongation  paralleled  the  fraotures,  
silt layers,  and bubble  zones tha t  roughly 
paralleled  the  sides o f  the wsd&m. Concentration 
of C-axes were generally normal or almost normal 
t o  thoee  fraotures  or t o  the sides o f  the wedge. 
One thin  seot ion on the right side of the wd@ 
had a group of C-axes plunging 600 t o   t h e  lef t  i n  
addi-tfon t o  a group of horizontal a x e m .  Small 

grains were more oommon than  in  Figure 10, and 
nUmerouB irregular   f raatures   betwen grains 
dipped  steeply rigfit pa ra l l e l  t o  the side of the 
wedge. Equigranular  grains  averaging 1 om auras8 
were more aommon in the   l e f t   par t   o f   the  mQet 
and t h e i r  C-axes tended t o  be 4 5 O  to   the   face  of 
the wed@ and horizontal. 

wed@ B was exposed from its truncated  top  to 
a m a x i m u m  depth of 4 m and for a horizontal dis- 
t a m e  o f  12 m along  the side of the wedge. 
Fol ia t ion   para l le l   to   the  faides of the wadtip 
produced a pat tern  of   c i rolee and scrol ls   &ere 
d i f fe ren t ia l   ab la t ion  had  penetrated  unevenly 
into  the wedge. One irregular  aontraction crack, 
2-3 mm wide and normal t o   t h e  bankl resul ted from 
extremely low air temperature on November 29, 
1949, af tex a visit the day befom. On November 
9, three  horizontal  cores were taken normal t o  
the wedge a x i a  a t  about 3 m below the  top. The 
base of the wedga w a s  covered. The cores and one 
5 - c m  thin  sect ion confirmed the megascopic 
fabr ics .   S i l t   l ayers  and bubble  zones made up 
the  fol ia t ion  paral le l   to   the  a idea.  Most 
bubbles were apherieal and 1-2 mm auross. Ice 
grain8 were roughly r e c t i l i n e a r  and elongated  in 
the   fo l ia t ion  or normal t o  it. C-axes followed 
the  elongation of the  grains. Grains varied f r o m  
1-2 mm t o  2 cm; the  awrage waa almost 1 om. 

Wedge C was exposed natural ly  and by exoavab 
i n g   i n  an area about 2 by 2 m and c lea r ly  
edended   to  greatsr depths. The ice was txunoat- 
ed on top and mroms the face preaurnably by 
ancastrial  Fairbanks Creek. Pa ra l l e l  beds o f  
silt *re draped over and against the unconfonu- 
i t y .  The upper  part of the wed@ diaplaysd 
typical near ly   ver t ioa l   fo l ia t ion  o f  silt and air 
bubblee and arieecrosaing  layere of silt and air 
bubblee. About 1 m below the  top was an inset  
zone of gently  dipping layers of ioe and a i l t .  
Air bubbles rangd widely i n  siza,  shape, and 
abundance i n  aach  layer.  This  part  did  not have 
the  fabr ios  of any other wedge studisd and i s  
considered  to be the   r s su l t  of  outting  out  by 
thaw and r e f i l l i n g  by slowly flowing water. 
Eroavation below the  inset  zone showed typical  
fabr ics  as those above it. A blook of ice  30 cm 
wide, 25 cm high, and 20 cm in to   the  bank was 
taken f r o m  l e f t  of  center  in  the  lowest  part of 
the wedge exposed. A thin  sect ion showed Offsat 
criencmesing silt layers (Fig. 11) and generally 
equigranular  grains of ice averaging 0.5-1 om in 
diameter (Fig. 12). C-axe@ were randomly 
oriented  with a tendency t o  be vertical or hori- 
zontal. Air bubblee were 2-4 nun aaross, mostly 
spberioal, and randomly diatributed. The offset  
of silt layers  ooaursl at grain  boundaries. A 
ver t ioal  25-cm square th in   mot ion  of thm inset  
zone showed gsntly  dipping  layered  zones  with 
different silt layers and a i r  bubblee of 
differant   s izes  and concentrations. Grain sises 
and &apes also ohanged  markedly f r o m  l ayer   to  
layer,  from 1-3 mn i n  aome layers t o  5 cm or more 
in  others.  Elongation w a ~ i  para l l e l  or normal t o  
the layers i n  oonspicuous  cluefers. C-axes were 
variously  oriented,  but  diatinct m a x i m s  were 
nomal and para l le l   to   the   l ayers .  A p m  square 
thin  eeotion f r o m  the  opposite aide and bottom of 
the  block showed similar maxima. 
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Wedgas Dl E (Fig.  13), F, and 0 were adjacent 
sides of a polygon that  was part of a net  exposed 
in  plan and par t ly   in   sect ion.  The upper 2-3 m 
of the wedges  were  removed during  hydraulic 
operations. On July 2 and 4, 1950, f ive  samples 
were cored  vertically from different   par ts  o f  
wedge I), at  depths o f  15 t o  60 om. A t  the  time, 
penetration of melt  water was lees  than 15 cm. 
The rmnples and two thin  sections showed e m -  
granular grains of i c e ,  commonly  0.5-1 cm acrossf 
with diffuse orientation of  C-axes. Air bubbles 
tended t o  be large and spherical.  Crisscrossing 
fabric  was shown best by silt p a r t i c l e s   i n  
discontinuous and i l l-defined  layers.  

Wedge E (Fig. 13) intersected weage D a t   r igh t  
angles and waa s imi la r   to  it megascopically. One 
eample was cored from the  center o f  the wedge and 
adjaoent to  the  junction  with wedge D. It and two 
thin  sections  displayed more marked fo l i a t ion  and 
larger  graina  than samples from we- D. C-axes 
were horizontal ,  normal to   the  fol ia t ion.   Grains  
were elongated  vertically 1.5 : 1 and 2 : 1. 
Another sample 3 m higher  and 6 m farther  along 
the wedge a d  two thin  sections showed st i l l  more 
pronounced fo l i a t ion  of silt and bubble layers and 
more variable grain size.  Lineations o f  C-axe8 
were ve r t i ca l ,  normal .to the  horizontal  axis of 
the wedge, and i n  other   direct ions  in   the  hori-  
zontal .   lost  C-axes o f  large graina were hori- 
zontal, and of small  grains  vertioal. NO dimen- 
sional  elongation o f  grains waa apparent. 

wedge F intersected weage E a t  an angle of go, 
and about 3 m away, waB exposed i n  a 4-m section. 
A core in the  center and 1 m above the  base of the 
exposure and one thin  sect ion showed faint  criss- 
croming  fo l ia t ion  of silt layers and air bubbles 
roughly pa ra l l e l   t o   t he  mdgw axis.  Grain s i s e  
and shape were much l ike   tha t  f r o m  wedge D. 
C-axes were variably  oriented. 

Wedge G intersected uedge E at a 30’ angle and 
wapl the  extension  of Wedge F on the  opposite side 
of Wedge E. Megasaopically fo l ia t ion ,   l inea t ion ,  
and dimenaions of c r y s t a h  were s imi la r   to   the  
upper  part  of wedge E. 

brae of stripping  operations. Its trace was 
followed  by slump where melting of the  ioe 
ocourrod. One DO= W&B taken  vertiaally,   half   in 
silt and half i n  the wedge t o  a depth of 10 cm i n  
unaltered  ioe , and another 5 m along  the wedge. 
The core8 and one thin  sect ion showed i r r egu la r  

to aurosa Fig. 14). Most C-axes were roughly 
ver t ioal  or  normal t o  the wed@ axia and hori- 
zontal. Many healed  fractures were p a r a l l e l   t o  
the axis and at acute  anglea. 

Wedge I W&B about 15 m from wedge €I, but W&E 
not  conneoted  with kt. It was exposed par t ly   in  
plan and also in   sect ion (Fig. 15). It penetrated 
the  angular  unaonfomity on the  Qoldstream muok at 
least t o  a depth  of 1 m. The top  of  the wdge had 
been removed by  aluioing  operations, and only 2 m 
of the upper s i l t w s m l a f t  on July ;Q, 1950. One 
aore was t aken   ver t ica l ly   to  a depth of 40 om, 
about 1 m from the fme in Fig. 15. It athd two 
thin motions ahowe& typical  silt l aye r s   i n  a 
atrong f o l i a t i o n   p a r a l l e l   t o  the wedge axis. 

The top o f  uadp H was par t ly  exposed a t   the  

anular grains of ice commonly  2-4 mm 

Spherical a i r  bubbles 1 - 2  mm across were thinly 
scattered.  Ice  orystals  in  the lower part were 
i r regular  i n  shape and variecl from 1 t o  15 mm 
across  (Fig.  16). C-axes produced a very weak 
l ineat ion normal t o  the wedge axis  and horizontal. 
Farther up the  core  the main difference was the 
absence o f  an optic   axis   l ineat ion.  

SU2rIMARY OF FABRICS 

TPle surface wedges displayed more oomplicated 
fabrics than did the  buried wedges. Recrystalli- 
zation of ice i n  buried wedges makes f o r  more 
equigranular  graine and a tendency for a i r  
bubbles t o  be spherical  and concentrated on grain 
boundaries.  Offsetting of  silt  layers   c lear ly  i s  
brought about  by recrystallization.  Optic-axis 
l ineat ion of  grains  in  surface wedges is stronger 
than  in  buried wedges. Strong  lineations are 
normal to  fractureB and to   the  wedge axis  and 
horizontal.  Others  are  vertical, normal t o  he 
side o f  a wedge, and at  angles  of  perhaps 30 t o  
450 to   the  horizontal .  These and other  aspects 
of the wedges of  the  Fairbanks  area  indicate  that 
the surface ~ l e d g ~ ~  are still growing locally.  
The f ab r i c s  o f  the  ice  wedges of the  Fairbanks 
area,  both  surface and buried,   are comparable 
with  those  in  northern  Alaska  (Black, i953b and 
1974) 
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Fig. 2. Equal-area diagram of optic a x i s  
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I W'I!EFSTRESS CONDITIONS IN CEREALS USED IN RECOGNIZING FOSSIL ICE-WEDGE PoLyGONaL 
PATI'EF%S IN DENMARK AND NOFX'HERN GERMANY. 
L. Christensen,  Dept. of Geology, Univ. of &rhus, DK-8000, Aarhus C, Denmark. 

During dry periods  in May and June the  potential  evapotranspiration (E ) ex- 
ceeds the precipitation (P) and cereal plants can only cover  their evaptrakpira- 
tion by water  consumption from soil  water.  Differences  in A X  between  wedge-fill 
materials in fossil ice-wedge  polygonal  patterns and their adjoining host materials 
cause differential growth and plant developat in  cereal  plants and make it ps- 
sible to recognize and categorize  fossil  ice-wedge  polygons  from  low-level  aerial 
flights  and from the surface of the  ground before excavations.  Positive and negati- 
ve crop-polygons, two categories of fossil ice-wedge  polygons  revealed by crop-pat- 
terns, are descrikd and a  map  showing the distribution of crop-polygons  resulting 
from  fossil  ice-wedge  polygonal patterns in  Denmark and Northern Germany is presen- 
ted. 

LOCAL I SATION D E S  POLYGONES DE TOUNDRA FOSS I LES, AU DANEMARK ET EN ALLEMAGNE DU 
NORD, D ' A P R E S  LE MODE DE CROlSSANCE DES CEREALES EN Pl!,RIODE DE SECHERESSE 

L. Chr is tensen,   Dept .  o f  Geology,  Univ. o f  Aarhus, DK-8000, Aarhus, Danemark. 

p o t e n t i e l l e  (Ep)  excgde l e  vo lume  des   p rec ip i t a t i ons  (P) e t   l e s   c g r e a l e s   n e   p e u v e n t  
compenser l e u r   6 v a p o t r a n s p i r a t i o n   q u ' e n  u t i l i s a n t  l ' eau   du   so l .   Les   ma te r iaux   qu i  
comblent l e s  c o i n s   d e   g l a c e   s e p a r a n t   l e s   p o l y g o n e s   d e   t o u n d r a   h s s i l e s   n ' o n t   p a s  l a  
mgme teneur  en eau d i s p o n i b l e  (AWC) que les   matgr iaux   ad jacents ;   on   cons ta te   que 
les   c&r&a les   on t   un   r y thme  de   c ro i ssance   e t  un deve loppement   d i f f e ren ts   su i van t  
qu 'e l les   poussent   dans  1 ' u n  ou l ' a u t r e   d e   c e s   r n a t e r i a u x ,  ce  q u i  nous permet de 
reconnaTtre e t  d ' i d e n t i f i e r   a v e c   p r e c i s i o n   l e s   p o l y g o n e s   d e   t o u n d r a   f o s s i l e s ,  21 
p a r t i r   d e   l e v 6 s   a e r i e n s   e f f e c t u g s  b basse a l t i t u d e ,   e t   d ' o b s e r v a t i o n s   e f f e c t u g e s   a u  
so l   avan t   que   l e   so l   ne   so i t   c reuse .  Dans l e   p r 6 s e n t   a r t i c l e ,   o n   d e c r i t   d e s  
cu l tu res   d isposges  su ivant   des   po lygones,   qu i   reprgsenten t   deux   ca tCgor ies   de  
po lygones  de   toundra   foss i les ,  m i s  en  evidence  par l e  mode de  croissance  des 
cu l tu res ;   on   p resen te   auss i  une c a r t e ,   m o n t r a n t   l a   d i s p o s i t i o n   d e s   c u l t u r e s   s u i v a n t  
des  polygones  qui  to' l 'ncident  avec les polygones  de  toundra  foss i les  au Danemark e t  
en A1 1 emagne du  Nord. 

Pendant les   pkr iodes   de   secheresse  de  ma i  e t   j u i n ,  1 ' e v a p o t r a n s p i r a t i o n  
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W"F,RsTRGsS CONDITIONS IN CEREALS USED IN R J X E N I Z I N G  FOSSIL 
1 C E - m  WLYGONAL PAmRNS IN DENMRRK AND NORTHERN GERMANY 

L.  Christensen 

Department  of  Geology,  Aarhus  University, DK-8000 Aarhus C, Denmark 

INTRocuCrIoN 

Ice-wedge  polygonal  patterns fomed as a result 
of  permafrost  conditions  were  widely  distributed 
microrelief € o m  in  the  western  parts  of Denmark 
and Northern Germany during  Younger  Pleniglacial 
and Late  Glacial.  ALthough  the  stratigraphy of  
presently known fossil-frost  phenomena in Derrmark 
is  not known in  detail,  several  studies  during  the 
last 10 years mapped the  areal  distribution  of  fos- 
sil  ice-wedge polygonal patterns  revealed by crop 
marks from  the  air  (Svensmn 1963,  1972 and  Chris- 
tensen  1973  a,b and 1974).  Differential  crop-ripe- 
ning  was  seen  on  air  photcgraphs taken in  Fngland 
(Shtton  1960,  Williams  1964,  Worseley 1966 and 
mrgan 1971) , Sweden and  Northern c a n " I y  (Svensson 
1964 arb, 1972, 1973 and 1976) and North America 
(Wayne  1967) . 

Few studies  however  have  been  centered  on: 
1. The  kind of information  and  the  diagnostic 

criteria  that can be extracted a b u t  the  subsurface 
phenmena as  revealed  by  the  cropmarks  during  the 
period of  growth  together  with  excavations  at  cer- 
tain  imprtant  sites. 

2.  The content of  available  water ( A K )  in  the 
subsoil  materials of structures  as  revealed by crop- 
polygons. 

An attmpt will be made to show the  relationship 
between volume ratios  of  solid  ccBnpOnents,  water 
and air  in  wedge-fill  of  ice-wedge  casts and their 
adjoining  hosts  in  order to explain  the m u n t  of 
available wakx for  plant  growth. nm sites  with 
cropmarks  in  cereals  developed on sandy sediments 
are  described.  1974  was a representative year and 
is used as an exarnple. 

Black-and  white, colour and CIR photographic 
transparencies  have  been  succes€ully  used  for  iden- 
tification of cropmarks.  CIR  photos show differen- 
ces between crops a d  soil  that  are  not shown on 
black-and white photos. Both vertical and oblique 
photm are used. 

Actual water and air  content were determined 
for soil samples f m  excavations.  The  permanent 
wilthg pint (pwp) was  determined by means of a 
pressure-membrane  apparatus.  The A W  was  determined 
by finding  the  difference  between  the  actual  water 
content and the water  content  at PWP. 
FOSSIL ICE-WEDGE POLYGONS IN THE JUTLAND PENINSULA 

Special  effort  was &e to identify  new  sites 

in Denmark and Northern  Germany and several hun- 
dred  sites  with  fossil  ice-wedge  pOlYgOM1  patterns 
were  found mainly in  the  western  part of the  Jut- 
land  peninsula  outside  the maximum extent  of  the 
Weichselian  ice-sheets  (Fig. 1). These  features 
have  been  delineated  from  aerial  phoimgraphy and 
from  low-flying  reconnaissance  aircraft.  However 
only a minor n m b a  of features  have been dated  at 
present, and these are Younger  Pleniglacial  and 
Late  Glacial. 

ge-fill  material and their  adjoining  hosts  have 
revealed  twa  categories  of  fossil  ice-wedge ply- 
qonal  patterns  (Fig. 2 )  : 

The  study  of  several hundred samples from wed- 

1. Wedge-fill  slightly  more  fine-grained and 
containing mre solid  corpnents and water  but 
less  air  in  the pres than materials  from 
their  adjoining  hosts  (Fig, 2 A). 
2 .  Wedge-fill  slightly mre warse-grained  and 
containing  less  solid cmpnents and water, 
but mre air  in  the  pores  than  materials from 
their  adjoining  hosts  (Fig. 2 B) . 
Category 1 (Fig. 2 A) is ccmmnly distributed 

in  areas  built up by coarse-grained  sandy  sedi- 
ments  such  as  the outwash plains  in  the  western 
part  of  the JuUand peninsula.  The  textural  ccanpo- 
sition shows great  variation  inside  the  cast, both 
vertically  and  horizontally,  but  the % vol. of 
solid cmpnents i s  abut 60 %. The % vol. of air 
and water  is qual. The  solid  compnents  of the 
adjoining  host  is 55 % . The pore  volume  is  mainly 
filled  with  air and only 5-7 % is filled  with 
water. 

found in fine-grained  sediments  such  as  the Sale 
mrainic landscape compsed  of  sandy  clayey  til1 
and in fine-qrained sandy sediments of the  Weich- 
selian  outwash plains. The  solid cmnpnent is 55%. 
The  pore  volume  is  mainly  occupied by air ( 3 5  % )  
and is only 10-14 % water.  The  solid  ccanponent  of 
the  adjoininq  host  materials  is  slightly mre than 
60 % and the rest  is  divided  equally  between  air 
and  water. 

Category 2 (Fig. 2 B) is less c m n  and is 

W'I'ER-BALANCE, 1974 

The  natural  vegetation is closely  related to 
soil-water in sedirrmts  and  soils. As cultivated 
crops  cannot  spread  freely,  but grow where  the 
f m  sows, the  crops  reflect  the  conditions  of 
growth. The varying  soil  properties  above  the  ice- 
wedge  casts and their  adjoining  hosts  is  revealed 
by  plant-marks  or  crop-marks. 
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Percentage of total agricultural  
land  covered by crop-polygons: 

Fig. I.. Distribution of cmp-plygons revealing fossil ice-wedge polygonal patterns presumed to have 
formed during the Weichselian  glaciation. The rnap is based on reconnaissance flights and aerial photcgraphs 
taken during the period of plant growth and plant dwelopnent frcan May+tober during the years 1966-76. 
As scme areas have been investigated mre than others the map is only partly a guide to the frequency of 
croppolygons. 
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Table I. Water-balance of Western Jutland 1973-74 i n  m. 

Mean DK. 

1974 
1973 
1972 
1971 
1970 
1960-69 

287 
261 
195 
267 
296 
264 

5 -66 20 - 74 
66  16  43 - 22 
6 1  18 82 8 
27 -20 44 - 39 
85 59 35 - 46 
43 - 4  52 - 20 

."<E%*"&iY "" &!%A "" SEE: 

.-a "" L Z !  "" k . 2  "" b.2 "" b 
67  -29  97 - 6  37  -35  175  124 

"""- 

43  -48 86 -10 46 -26 102  53 
27 -73 61 -44 36 -60  89 31 
68 2 7 1  -20 5 1  -31 32  -15 
65 - a 56 -47 72 - 4 4 1  - 5 
31  -79 86 - 2 36 -37 89 37 
53 -36 81 - 5 89 1 6  66 1 9  

"""-" Oct * 

a b  
62  38 

""_"" 
I 

94 68 
40 14  
1 7  -10 
58 29 

109 8 3  
78  53 

""""""_"" a b  
452 - 94 

395 -104 
362 -138 

363 - 94 
471 1 5  
462 23 

382 - 48 

a: Precipitation (P ) ,  b: Water-balance: P-E P 

Table IT. Calculated AWC i n  mn in soil  materials, 1974. 

Depth below Materials of Surplus/deficit in m 
the earths Wedge-fill adjoining  host in W g e - f i l l  c v e d  
........................... ""_ """"" 

surface to adjoining host 

................................... 
A I  A 2  

50 a n  100 mn 25 m 75 nml 
100 m 200 m nc 175 mn 
150 cm 300 rmn nc 275 mn 

""""""_""""""""""""""""""""""""""""- B 1  B 2  

50 rn 40 mn 65 mn 
LOO Qn nc 133 m 

- 25 IIUII 
-133 llpn 

nc: not calculated, no roots observed in this depth i n  excavations 

The porous soil absorbs and contain  considerah- 
le munts of water and the crops  absorb  water by 
root  activity. Water absorption from the soil takes 
place frm day to day during the period of growth. 
The so i l  water is supplied pe r id i ca l ly  by precipi- 
tation, which is the principal source of the w a t e r .  
The water consumption by crops is dependant on cli- 
mate, soil properties and types of crop. In Derrmark 
the water mnswlption of crops ranges from 30 % to 
60 % of the total annual precipitation. The time of 
precipitation is m r e  important for  the  crop than 
the total annual precipitation.  Especially i n  Den- 
m r k  the growth of cereals, and to SCUE extent pas- 
ture grasses, and the developmt of c rop rmrk  is 
depenaant on the  precipitation and evaporation i n  
"June. 

The precipitation (P) and water-balance (P-E ) 
for wstern  Jutland in 1974 i s  shown Table I. 
The results are canpiled from climatic  stations 
from a larger geographic area. The figures show 
the measured P and the calculated water-balance, 
which is calculated by subtracting the measured E 
from P . Table I shows the mean values  for Denmark' 
in 1974 and the foregoing  years and mean values 
for  the years 1960-69. The last values can be used 
as "no&" values in ccarrparing w i t h  1974. 

very dry during  spring and ear ly sumner and very 
rainy  during a u t m .  

The 1974 period of growth is characterized  as 

Fig. 2. Vol. % of solid ccanponents, air and water in wedgefil l  materials fran ice-wedge casts and 
their adjoining hosts in  categories of ice-wdge casts in the  Jutland peninsula. (A) 5 km east of Esbjerg. 
(B) west of Varde. w l h g  made in  excavations in Nw. 1974 when the soil was adequately mistured for 
f ie ld  capacity. 
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1. May 
Germinating cereal  plants 

I A l  POSITIVE C R O P - M A R K S  

2. June 
rMatured  main shoots  

3. July -August  
Matured  cereal  Dlants 

NEGATIVE CROP-MARKS I 
1. May 
Germinating cereal plants 

2 .  June 
M-atured main shoots 

3. July-  August 
Matured  cereal plants 

Fig. 3.  Schanatic representation of plant growth and developnent of crop-marks in cereals (spring- 
barley, oat and wheat) abwe ice-wedge casts  during the period of growth, 1974. A. Positive crop-mrks 
developea above ice-wedge casts w i t h  wedqe-fill more finegrained than materials of adjoining host. See 
fig.  2 A. B. Negative cropmrks developed abve ice-wedge casts with  wedge-fill mre coarse-gxained 
than adjoining host. See fig.  2 B. 
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A W  FOR CEREAL GRCWCH, 1914 

?b calculate the to t a l  amount of  water  available 
for  the  cereal  plants  during May and June, the pe- 
riod  with  the mst intensive growth and the period 
in which plants may suffer from shortage o f  water, 
it is necessary to calculate total water budget 
(Table 11). 

t o  the effective m t  depth,  the  depth  abve which 
the soil contains so mch  available water that the 
plants absorb from the whole profile.  In excava- 
t ions,  rats penetrated to a depth of 150 cm i n  
type A 1. Above the  adjoining  hosts,  standard  cal- 
culations of mt penetration to 50 cm have been 
used. The A W  of  wedge-fill is shown i n  Table  11. 
In A 1 the pJIx= surplus  increases from  75 rrrn i n  50 
cm below the  earth's  surface to 275 mn i n  150 un 
below the earth's surface.  In type B 1 there is a 
def ic i t  of 25 mn a t  a depth of 50 cm, and at 100 cm 
below the  earth's  surface there is a de f i c i t  of 
133 mn. 

The mean E for Western Jutland  during May and 
June is 207 rrm? The total P for the same period is 
78 n. The E which cannot be covered by P is 129~rm. 
This means &t the E value which cannot be cove- 
red by P is 2.15 mn & day.  Therefore  during  dry 
periods in May and June the growth of cereal plants 
above A 1 can continue for 35 days i f  root penetra- 
t ion is 50 cm below the   ear th   sur face  and for 81 
days i f   the  rcot penetration is 100 cm below the 
earth's surface.  In B 1 the AKC only covers 1 2  days 
of E as  ccunpared to the adjoining  host. No roots 
havepbeen observed below 50 un i n  wedge-fill. 

The Awc i n  the soil is calculated  in  proportion 

CROP-POLYGONS I N  CE533LS 

Based on the &E, two categories of crop-poly- 

1. Positive crop-polygons (Fig. 3 A) 
2. Negative  crop-polygons (Fig. 3 B) 
Positive  cropplygons,  as earlier defined by 

Christensen (1974) ,  are polygonal patterns formed 
where cereal plants have better  conditions of 
growth. This is the case where the AW during dry 
periods is sufficient to cover the E . 

During May, 1974, plant growth a s  sl ight ly  
better above wedge-fill materials than abve   t he  
adjoining host. Rmt developnent is sl ight ly  deeper 
in  wedge-fill.  In June, cereal plants above host 
materials  suffer frmn shortage of  water and are 
forced to mature, while growth and plant develop- 
ment Continue without  breaks above wedge-fill. The- 
se latter la t ter   p lants  ripened  normally during 
July-August. 

a plygonal configuration of slightly  higher  plants. 
In June the positive crop-polygon is quite  clearly 
shown as  a  green polygon of higher  plants  against 
yellow to yellow-green small plants.  In July-August, 
the   psi t ive  croppolygon is seen as much htgher, 
mature yellow plants  against snaller yellow plants. 
On black and white  aerial  photqraphs the positive 
crolrpolygons are revealed  as darkex polygons 
againstlighter surroundings  during May-June and as 
slightly  darker yellow polygons against  lighter sur- 
roundings during July-August. For use  of CLR aer ia l  
phobgraphic  transparencies  the most useful period 

gons can be distinguished  (Fig. 3). 

The positive crop-mlygon can be seen i n  May as  

of photography is May and June where the infrard 
reflection fram green plants is optimal. On CIR 
photographs ob ta in4  from low-level f l igh ts  i n  
June, positive  croplnarks  consistinq of only a sin- 
gle  row of cereal  plants may be distinguished. The- 
refore, even several  generations of small c r o p  
polygons may be distinguished i n  the sam field.  
Figure 4 shows three generations of crop-polygons 
on Late Glacial  river  terraces along the Varde 
River. 

Beet Barley Grass 

........... 

Pos. crop marks! catured main shoots 

._.C 
0 10 10 60m 

Pos. crop marks 

Matured main  shoots 

Fig. 4 .  Detailed map showing positive crop 
polygons a b v e   f o s s i l  ice-wedge polygons i n  barley 
f ie ld  west of Varde. The map is redrawn  from CIR 
photcgraphic transparencies. The polygonal pattern 
is diffuse in tomraphic  heights and depressions. 
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Russian mrkers  - as quoted by Dylik (1966) - 
suggest that large polygons are formed under ccanpa- 
ratively  milder  climatic  conditions than small ones. 
Accepting the evolution  of polygonal patterns i n  
the Varde area as  proposed by DylFk (1966) then the 
plygonal patterns show a remarkably long period of 
a mild cold climate resulting in the formation of 
the f i r s t  generation polygons and a short pi& of 
a cold climate resulting i n  the formation of the 
second and third generation of polygons. 

where smaller plants grow above the wedge-fill be- 
cause of difficult  root  penetration.  In June the 
plants abve wedge-fill suffer because of a shor- 
tage  of water, and they are forced t o  mature, while 
growth and plant developnent continue  without 
breaks outside  the wedge. During July-August the 
cereal  plants on host materials mature normally. 
The negative  crop-plygon  revealing  the subsoil 
pattern can be studied €ran MayAugust. In May the 
pattern is seen as an area of s l ight ly  lower plants. 
The height  effect may be reinforced by photoqra- 
phing during early morning or  late evenings when 
there are low sun-angles. CIR photos  reveal that 
infrared  reflectance increase as   re la t ive  turgidi ty  
decrease. As relative  turqidipy is used to express 
water stress situations i n  plants, water stress can 
be €ound as ear ly   as   la te  bay a h v e  these structu- 
res. In  June the  negative  cropplygon is quite 
clearly shown as  a yellow polygon with mall cereal 
plants  in a  green field  with  higher cereal plants. 
This  period is the best period  for  aerial photogra- 
phy, while the period from mid-June to the kegin- 
ning of  July is the best  period to trace small de- 
tails in  the cereal  f ield as even small structures 
are thfm revealed by plants.   In  late July to August 
the negative  cropplygon is revealed by a negative 
rel ief  of soaller matured plants surrounded by 
higher matured plants. 

The negative c roprark  can be seen in   ear ly  May 

W K L U S I O N  

The difference in of wedgefi l l  mterials 
and materials of the adjoining host gives  different 
conditions of growth and plant developnent during 
dry periods in  May a d  June  where the E exceeds 
the P, and the plants can only cover t h k r  map- 
transpiration by water consumption from the soil 
Water. The A K  variations can be seen as  cropmarks. 
T W  categories of croppolygons can be distinguish- 
ed: positive and negative  crop-plygons  correspn- 
ding to tm kinds of foss i l  ice-ge polygonal 
patterns in the subsoil. 

crop-polygons i n  IXmark and Nort-hern Germanqr are 
The informations  gained f r m   a e r i a l  map?ing of 

improving the mglish text. Mrs. Gissel Nielsen 
ski l ful ly  executed the map and the drawings. Finan- 
cial support fo r   t h i s  study was provided by Sta tens  
Naturvidenskabelige  Forskningsrzd. 
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The aerial vantage point has reveal& so many 211-219. 
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ROCK GLACIERS AS PERMAFROST B O D I E S  WITH A D E B R I S  COVER AS AN ACTIVE LAYER. A 
HYDROLOGICAL APPROACH. ANDES OF MENDOZA, ARGENTINE. 

A r t u r o  E. Co r te ,   Conse jo   Nac iona l   de   l nves t i gac iones   C ien t i f i cas  y Tecn icas ,   Ins t .  
A r g e n t i n o   N i v o l o g i a  y G l a c i o l .  Mendoza, A rgen t ina  

By means o f  aerophotos  and  ground  inspection*s, a b a s i n   w i t h   r o c k   g l a c i e r s  and 
g l a c i e r s   i s   s u r v e y e d  . Run-off   measurements  f rom  glaciers  and  rock  g laciers  are 
made a t  the  end o f  t h e  summer when a l l   t h e  snow was mel ted away.  The corresponding 
areas o f  g l a c i e r s  and   rock   g lac ie rs   a re   co rnpared*w i th   run -o f f   da ta .  An area   o f  
6,5 km 2 o f  uncovered  i ce   g ives   less   water   than 4,5 km2 o f  r o c k   g l a c i e r s .  The t o t a l  

56%, g l a c i e r s  
summer and . The h i g h  
i e s  o f  rock  
assessment 

f l o w   o f , t h e   r i v e r  Cuevas a t  3478 m i s  composed o f :  r o c k  
f l o w  44%. The maximum r u n - o f f   f o r   t h e s e   a r e a s   a t   t h e  en 
beginning o f  t h e   f a l l  and a f t e r  a w i n t e r   o f   l o w  snow f a 1  
b a s i n s   o f   t h e   c e n t r a l  Andes o f   A r g e n t i n a  and Ch i l e   con ta  
g l a c i e r s ;   c o n s e q u e n t l y ,   t h e s e   o b s e r v a t i o n s   a r e   o f   s i g n i f  
o f  wa te r   resources   i n   t hese   d ry   reg ions .  

g l a c i e r s   f l o w  
d of t 
Is was 
i n   s i m  
I cance 

he l a s t  
0. ~ m 3 / s  

i l a r  bod 
f o r   t h e  

LES GLAC I ERS DE PI  ERRES, CONS I D ~ R ~ S  C O M M E  DES MASSES DE P E R G ~ L  ISOL RECOUVERTES 
D '  UN MOLL I SOL C O N S T I T U ~  PAR UNE COUVERTURE DE DEBRIS. APPROCHE G ~ O L O G  I QUE. 
ANDES D E  MENDOZA, ARGENTINE. 

A r t u r o  E.  Corte,  Consejo  Nacional de l n v e s t i g a c i o n e s   C i e n t i f i c a s  y Tecnicas,  
I n s t .   A r g e n t i n o   N i v o l o g i a  y G l a c i a l .  Mendota,  Argentine. 

Au rnoyen de pro tograph ies   aer iennes  e t  d ' e x p l o r a t i o n s  menees s u r   l e   t e r r a i n ,  on 
a 6tud iB  un  bass in  occup6  par  de5 g l a c i e r s ,   e t  des g l a c i e r s  de p i e r r e s .  On a 
e f f e c t u g  2 l a   f i n  de 1 ' 6 t e  des  mesures  du d e b i t  des eaux  de f o n t e  des g l a c i e r s  
de p i e r r e s ,   a p r h   l a   d i s p a r i t i o n  de t o u t e   l a   n e i g e .  En u t i l i s a n t   l e s  donnges 
r e l a t i v e s  4 1'6coulement,   on a compare  des s u p e r f i c i e s   g q u i v a l e n t e s   d e   g l a c i e r s  
h a b i t u e l s   e t  de g l a c i e r s  de p i e r r e s .  On a c o n s t a t 6   q u ' u n e   s u p e r f i c i e  de 6.5 km 2 
de g l a c e  nqn recouver te  donne  moins  d'eau  qu'une  ktendue  de 4 . 5  km de g l a c i e r  de 
p i e r r e s .  A 3 478 m, l e   d e b i t   t o t a l  de l a   r i v i 6 r e  Cuevas p r o v i e n t  des  eaux de 
f o n t e  des g l a c i e r s  de p i e r r e s   p o u r  56 %, des  eaux  de f o n t e  des g l a c i e r s  pour 44 %. 
A l a   f i n  de 1 ' 6 t k   d e r n i e r ,  au  d&but  de  l 'automne, e t   a p r s s   u n   h i v e r   c a r a c t e r i s  
par   de   fa ib les   chu tes   de   ne ige ,   le   deb i t   max imal   e ta i t   dans   ces  zones de 0.5 m 5 /s.  
Les bass ins   e leves  des Andes cen t ra les   de  1 ' A r g e n t i n e   e t  du C h i l i   c o n t i s n n e n t  de5 
volumes s i m i l a i r e s  de g l a c i e r s  de  p ier res;   par   consequent ,   ces  observat ions  sont  
impor tan tes   pou r   1 '6va lua t i on  des  ressources  en  eau  de  ces  regions  ssches. 
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A .  E. Coxte 

Institute Argent ino  de  Nivologia  y GZacioZogia (I.A~TIGLA). 
Consejo  Yaciona.1 de  T n v e s t i g a c i o n e s   C i e n t i f i c a s  j r  f4cnicR.s 

I h T T R Q ~ ~ C T I O ~  AFT TERIJIVTOLOGY 

As i t  WR.S proposed   (Cor te  1976a) rock gla- 
c i e r s   c o u l d  be d i v i d e d  i n  two gronps:  1) 
"True   rock   g la .c ie ra"   which  a re  a f e n t u r e  
r e m l t i n g  from t he   accumula t ion  o f  snow 
and debr i s  i n  talus slopes (Spencer  1%00, 
G r o t z b a c h   1 9 6 5 )   o r  talus cones!Di  Colber- 
t a l d o  1946) which by the   mo t ion  o f  t h e  de- 
bris and i c e  are t r a n s f o r m e d   i n t o   t o n g u e s  
o f  r o c k   g l a c i e r s .  The i c e   i n   t h i s   t y p e  o f  
r o c k   g l a c i e r  i s  b e l i e v e d  t o  be i n t e r s t i t i a l  
However as p rev io ixs ly   i nd ica t ed  by T)i Col- 
b e r t a l d o  (lq46) a.nd L l i b o u t r y  (1061) t h e  
talus c o n e s   f e d   f r o m   a v d a n c h e s   c o n t a i n  a 
s t r u c t u r e  o f  l a ,ye r s  nf snow, ice   and   debr i s .  
TTnder t h i s  category t h e   f o l l o w i n g   t y p e s  
should be i n c l u d e d :   t h e  tphxe r o c k   g l a c i e r  
(Spencer  lq00) ; t h e   " H a n g b l o c k ~ l a t " ( G r 6 t z -  
bach la65); t h e  valley-wall t y p e   ( O u t c a l t  
and Benedic t  1 9 6 5 ) ;  the   i ce-cemented   type  
( P o t t e r  1972);  and t h e  ta.1u.s s l o p e   t y p e  
(Barsch lQ6S). 
2 )  "T)ebris   covered  glaciers ' l   were  proposed 
t o  be c a l l e d   r o c k   g l a c i e r s   w h i c h  derive 
fr-orn t h e   m e l t i n g  o f  v a l l e y   g l a c i e r s ( B r o w n  
1925 ,  L l i b o u t r y  ls53, O u t c a l t   e t  d . l O 6 5  
P o t t e r  1972, Barach 1969). I n  t h i s   r e p o r t  
a n d   p r e s e n t   s t a t e  o f  t h e   r e s e a r c h p a  body 
o f  i c e  and d e b r i s   w i t h  an unknown g e n e s i e  
and which i s  comple te ly   covered  by a d e b r i s  
mant le  is Aes igna ted   w i th   t he  n m e  rock 
glacier. 
The measuremen t  o f  accumula t ion  o f  8nOW 
on t h e  aurface o f  n r o c k   g l a c i e r  wae done 
by P o t t e r  (1972) w i t h  an ice-cored  rock 
gla .c ier .Bowever   there  is no in fo rma t ion  on 
t h e  hydrology o f  r o c k   g l a c i e r a . f h i s  i s  due 
t o  two  f a c t o r s :   a ) t h e   d r a i n a g e   f r o m  rock 
glaclers i s  mostly  undePgxound d.ve t o   t h e  
b o u l d e r s   c o v e r i n g   t h e   s u r f a , c e s ; b )  the stu- 
dy o f  r o c k   g l a c i e r s  i s  a development of 
the Last 20 yeare( Ca,pps 1910, L l i b o u t r y  
1453,1955,1956,1961; m h a f t i g  e t  a l  195n; 
Barsch 1969,1971;White 1971; P o t t e r  lQ72 

and  Corte  LC176 a-b). 
The hydro log ica l   behav iovr  o f  Chi1ea.n xnd 
Ce.scadea,n g la .c ie ra   were   *comparedfPos t  
1970) and i t  was e s t i m a t e d   t h s t  t h e  mini- 
mun nm o f f  a t  t h e  end o f  t h e  m m e x  de- 
pends o n  t h e   a r e a   c o v e r e d  by t h e   g l a . c i e r s  
and ~ l s o  o n   t h e   m o u n t  of  snow p r e c i p i t a -  
ted.   the  previous w i n t e r ;   t h e  minimlln run-  
o f f  f r o m   g l n c i e r s   c a n   r e a c h  80$ o f   t h e  
t o t a l  m n  o f f .  
A t  t h e  enci o f   t h e  snmmer 1Q74-75 i n   t h e  
C e n t r a l  hndes,Rl'o Clxevas, and  above 3.300 
m, the   nm-off   observed   f rom  rock  gla .c iers  
w a s  s i g n i f i c a n t l y   h i g h e r   t h a n  that from 
uncovered   ice .  When dealing wi th   t he   hy -  
d r o l o g i c a l   b e h a v i o n r  o f  rock g l a c i e r s   t h e  
r o l e  pla.ye? by the :   a , )d , eb r i s   cove r  and 
b ) the   f rozen   co re   shou ld   be   cons ide red .  
a )  t h e   t e m p e r a t u r e   c o n d i t i o n s  o f  the de- 
bris cover   cnn be impor tnn t  because it 
can  r ,egnlate  the amount o f  i c e   i n   t h e   c o r e  
o r  i n  t h e  cover.The d -eb r i s   cove r   w i th  
i t a   s o r t e d   b o u l d e r  m r f n c e s ,  t h e  cormga.-  
t e d  t r a n s v e r s a l   b a n d s  a.nd Lon&Fitud,irml 
t roughs ,  the t h e m o k a r s t   d e p r e s s i o n s   a r e  
i d e a . 1   p l a c e s  f o r  snow t o  be   t rapped   in .  
b )  The c o r e  with i t a   m a s s i v e   i c y - b e d s ,  
can c o n t r i b u t e   a u b s t a n t i a l l y   t o   t h e   h y -  
d r o l o g i c a l   b e h a v i o u r  o f  t h e   r i v e r s  
emerging from t h e   r o c k   g l a c i e r s .  
The r o c k   g l a c i e r s   i n   c o n s i d e r a t i o n  R T ~  

l o c a t e d   i n  an a r e a   w h i c h  was s u b j e c t e d   t o  
f i e g l a c i a t i o n   c o n d i t i o n s   d v r i n p ;   t h e   p r e s e n t  
c e n t u r y   ( L l i b o u t r y   l S 5 6 ; P o s t  lq70; Corte  
1976b). It i a  p o s s i b l e   t h a t   g l a c i e r   i c e  
can   p lay  an i m p o r t a n t   p a r t   i n   t h e   c o n a t i -  
t u . t i o n   o f   t h e   r o c k   g l a c i e r s  i n  ques t ion .  
A first approximation,  on t h e   e f f e c t  of 
t h e   g l a c i e r s   a n d  rock gla .ciers  mn-o f f  
co~n.ld be d e r i v e d   a f t e r   s e v e r a l  years o f  
v e r y  Low p r e c i p i t n t i o n a , a s   h a p p e n e d  i n  
t h e   s i x t i e s . T ) l n i n g   t h e   f o l l o w i n g  svmmers 
t h e  rivers run-of0 WRS s u f f i c i e n t   t o  mve 
t h e  farmlands and orcha rds .  The base f l o w  
i s  exp la ined  8s  r o c k   g l a c i e r s   a n d  glaciers  
f low.  
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In t h e   i n v e n t o r y  o f  g l a c i e r s   a n d  rock 
g l a c i e r s '   c a r r i e d  by L. E. E s p i z u a ,   i n   t h e  
122,7 aq. km o f  t h e   u p p e r  r i v e r  Cuevas 
a rea   and   above  3270 m. t h e   f o l l o w i n g  co- 
verage a r e a s  are i n d i c a t e d :  1) glaciers:  
7,18 sq. km o r  5,8$ o f  t h e   t o t a l  area;2) 
thermokars t :   4 ,94  sq. km o r  4 ,2$   o f   t he  
t o t a l  a r e a ;  3) r o c k   g l a c i e r s : 4 , 7 4  sq.km 
o x  3,8% o f  t h e  t o t a l  a r e a ;  4 )  mora,ines 
p o s s i b l y   c o n t a i n i n g   i c e :  2,72 sq. km o r  
1,846 of t h e   t o  t a l  area, g i v i n g  a t o  t a l  o f  
19,58 sq. km or 15,6$ o f  t h e   t o t a l  area. 
The c h a r a c t e r i s t i c s  of t h e s e   a . r e a s  are:l) 
g1ac iexs :unde r  this c a t e g o r y   l a t e  mow 
p a t c h e s  and minor i c e   b o d i e s  w e  i nc luded .  
2 )  t h e m o k a r s t :   t h i s   f a c i e s  o r  p a t t e r n  i s  
l o c a t e d   b e l o w   t h e   u n c o v e r e d   i c e   f a c i e a . I n  
t h e s e   d r y  zones, the  t h e r m o k m s t  i s  one 
o f  t he   mos t   ou . t s t a .na ing   f en tn res  o f  t h e  
g l a c i e r   u n d e r   m e l t i n g   c o n d i t i o n s ,   S u c h   f e a -  
h r e s  were desc r ibed   fo r   t he   s t a .gne .n t  A h a -  
k a n   G l a c i e r a  f Glayton 1964) .  
The term t h e m o k a r s t   ( K a c h u r i n  1062), i n -  
c l u d e s   t h e   p r o c e s s  and t h e   r e s u l t i n g  f o r m  
due t o  t h e  thaw o f   d e b r i s   c o v e r e d   i c e ( P o -  
pov 1956, A l e s b i n s k a y a   e t  a1 1 9 7 2 ) . I n   t h e  
t h e r m o k a r s t   t h e r e  Rxe two thawing  proces-  
sea:a,) the  thawing  procesa  produced  by  the 
d i f f e r e n t i a l   m e l t i n g  prod.mced by t h e  uneven 
d e b r i s   m a n t l e ,  b )  the  thwwing  process  pm- 
duced by t h e   m e l t   w a t e r s .  The f irst  pro- 
cess w i l l  p r o d u c e   e l e v a t i o n s  and depres-  
s i o n s   ( C o r t e  la60) whi le   the   second one 
will produce small c h n n n e l s , l a k e s , h o l e s ,  
t u n n e l s ,   c a v e s ,   e t c .  The t h e r m o k a , r s t ,   i n  
i t s  e a r l y   s t R g e s   i a   c h n r a c t e r i z e d  by c i r -  
cu la r  d e p r e s s i o n s   o r   t h e r m o k a r s t  1akes .h  
l a t e r   s t . a g e s  as t h e   m e l t   w a , t e r s   a r e   c u t -  
t i n g   t h r o u g h   t h e  i c e  o f  t h e   r o c k   g l a c i e r  
t h e r e   a r e   h o l e s ,   c a v e s ,   t w m e l s ,   a n d   t h e  
t h e r m o k a r s t   l a k e s  are d r a i n e d   o u t .   F i n a l l y  
as t h e   d e b r i s   l a y e r  i s  increas ing ,   thermo-  
karst f e a t n r e s  c m  be cove red   w i th   deb r i a .  
This stage i s  d e s i g n a t e d   w i t h   s t x u c t n r a l .  
d e b r i s  stage.A r e m a r k a b l e   f e a t u r e  o f  t h e  
thermokars t  i s  the   a symet ry . ln  this re -  
g ion   the   thermoka . ra t   border  facing t h e  
soa th (co1d  s i d e )  is s t e e p ;   w h i l e  the bor- 
d e r  f a c i n g  n o r t h (  warmside) i s  g e n t l e .  
Th i s  i s  an a s y m e t r i c a l  feature produced 
by r a d i a t i o n .  
The thermokarst   in  Tiem-ShRm(Aleshinskaya 
e t  a1 1972)  shows t h e   c o r r e s p o n d i n g  asyme- 
t r ica l  r a d i a t i o n  f o r  t h e   n o r t h e r n  hemis- 
phere .  The d e p r e s s i o n s  like the   thexmokars t  
d e v e l o p e d   i n  the permafros t   xegiona  a r e  
nlrrounded by t e n s i o n   c r a c k s   d u e   t o  co- 
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I l a p s e .  
3 )  rock  glaciexa: (P ig .1)  unde r  t h i s  ca- 
t e g o r y  we i n c l u d e   t h e   i c e   a n d   d e b r i s  bo- 
d i e s  t o t a l l y   c o v e r e d   w i t h  a debris mant le .  
Here   the  g lac ie rs  which  lnnder  negatlve  ba- 
l ance   axe   be ing   cove red  by d e b r i s   a r e  a.1- 
so i nc luded   (L l ibo t l t ry  1953).The rock gla- 
c i e r a   w h i c h   a r e  f ed  f r o m  ava lanche   chutee  
are i n c l u d e d   h e r e  also. 
4) moraines:  lxnder thts c a t e g o r y   t h e  de- 
b r i s  accurm1,lations  which  are l o c a t e d  a t  
t h e   s i d e s  ob t h e   n n c o v e r e d   i c e  areas are 
inchd .ed .Accord ing  t o  t h e  ground inspec -  
t i o n   t h e s e   m o r a i n e s  w e  also f r o z e n  con- 
t a i n i n g   i c e  and d e b r i s   l a y e r s  and are co- 
ve red   w i th  a t h i n   a . c t i v e  layer o f  l o o s e  
d e b r i s  i n  the su.mmer. 
I n   t h e   u p p e r   r i v e r  &revas t h e r e   a x e   t h r e e  
s i g n i f i c a t i v e  rock g l a . c i e r s  covering t h e  
f o l l o w i n g   a r e a s :  Tres Dedos: 1,s sq ,h  
(Pig. 1);Fan de  Azdcar: 1,7 sq. km and 
Cajo'n d e l  Rubio: 4,5 aq. km w i t h  an a l t i -  
t u d i n a l   b e l t  af a,bout GOO me te r s   (F ig .2 ) .  

W E  OEBRIS 20 VER 

The d e b r i s   c o v e r  can b e   o b s e r v e d   i n  the  
f r o n t a l   p a r t s  a.na s i d e s  o f  t h e   a c t i v e   r o c k  
g l a . c i e s s  and  i n   t h e   a c t i v e   t h e r m o k a r s t .  
The cove r  shows s t r a t i f i c a t i o n ,   s o r t i n g  
and open. work t e x t u r e s .  I n  the u p p e r   p a r t  
o f  t h e  rock g l a c i e r s   t h e r e  are l o n g i t u d i -  
n a l  bands, and i n  t he   l ower  pRrt.8, trans- 
versal  ones.  The motion o f  t h e  rock gla- 
c i e r  i n  i t s  f r o n t s  and  s ides  produces  gra- 
v i t a t i o n a l   e o r t i n g  and  open  work  textnres  
w h i c h   a r e   i n c o r p o r a t e ?   i n t o  the b0d.y o f  
t h e  rock g l a c i e r .   T h e r e  is a l s o   s o r t i n g  
produced by snow melt   wash which prodncea 
s t r a t i f i e d   d e b r i s .   T h e s e   s t n x c t v r e s   a n d  
t e x t u r e s  can be o b s e r v e d   i n   t h e  o l d  sec- 
t i o n s  o f  t h e   i n a c t i v e  o r  f o s s i l  rock gla- 
c i  ere. 
The d e b r i s   c o v e r  sholnld be an impor t an t  
r e g u l a t o r  of t h e   s t o r e d   m e l t   w a t e r  or anow 
f d l s  o r   d r i f t e d  snow. However i t s  role is 
beginning   to   be   unders tood , .  The t h i c k n e s s  
o f  the d e b r i s   c o v e r  was meamred i n  d i f -  
f e r e n t   e l e v a t i o n s  of t h e   r o c k   g l a c i e r  (Fig. 
2 ) ,  a n d  i t  behaves R.S an a c t i v e  layer over 
pe r raa f ros t , nen r  3000 m., i t  is about  20- 
40 meters, wh i l e  o v e r  4000 m. it i s  o n l y  
10 cm. t h i c k .   T e b r i s  cover d e c r e a s i n g   w l t h  
e l e v a t i o n  was also i n d i c a t e d   ( P o t t e r  LQ72, 
Bened ic t   l q73) .  
Open c i r c l e s   i n  Fig. 1 show the  d e b r i s  
t h i c k n e s s  i n  t h e  Ilorcones r o c k   g l a . c i e r ,  
Aconca,gna(R.Wlstos o r a l  corn. ).The t h i c k -  
n e s s   v a r i a t i o n a   w e   p r o a l n c i n g   t y p i c a l  p ~ t -  
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Of 
t h e   m c k  gla,ciers:  1) t h e   u p p e r   p a t t e r n  i a  
t h e   u n c o v e r e d   i c e ; 2 )   b e l o w   t h e r e  i s  a pa t -  
t e r n   o f   c o v e r e d   i c e   w i t h  a t h i n  layer o f  
d e b r i s , o f   t h e  o r d e r  of d e c i m i t e r s ;  3 )  R B  

t h e   c o v e r i n g  l a y e r  i n c r e a s e s   a c t i v e   m e l t -  
ing t a k e s   p l a c e ,  pxodlncing R themnokarat  
l andscape  with t h e x a o k a r s t  lakea,  h o l e s ,  
me l t   channe la ,   cave rns ,   caves ,   hnnne l s .  This 
i s  the t h e r m o k a r s t   f a c i e s   o r  stage ( C a r t e  
lQ76 b). A t  t h e  border o f   t h e   t h e m o k a r a t  
d e p r e s s i o n s ,   t h e r e  axe t e n s i o n   c r a c k s  simrl- 
l a r  t o   t h e  onea observed  i n  t h e   a c t i v e  la-  
yer i n  t h e   t h e m k a r s t  o f  the permafroat 
r eg ions . l l he   t h i ckness   o f   t he   deb r i s   cove r  
i n  these r e g i o n s  vaxies, bnt  i s  i n  order 
o f  a me te r .   4 )Be low  the   ac t ive   t he rmokar s t ,  
as t h e   d e b r i s   l a y e r  increases, i t  is cove- 
r i n g  a l l  d e p r e s s i o n s ,  a.nd t h e   d e b r i s   i a  
p a t t e r n e d   i n  f i e l d  o f   t r a n s v e r s a l   a r c h e s ,  
t r o n g h s ,   t h e m a l c o n t r a , c t i o n   c r a c k e  m d  SOF- 

t e d   d e b r i s .  Whose l a y e r  i n   t h i s   f a c i e s  i s  
c a l l e d   t h e   s t n l c t u r a l  d e b r i s  f a c i e s .  5 )  
Rn- the r  down t h e   m r f a c e s   a r e  smoothed as 
the r o c k   g l a c i e r  becomes i n a . c t i v e ; i f  em- 
a i o n  i s  a v a i l a b l e  in c r e e k s  or r a v i n e s , i c e  
can be f o m d   i n   d e p t h s  o f  20-40 m e t e r s  
(P ig .  2 ) .  
T h e r e   a r e   v a r i o u s   f a c t o r s   r e s p o n s i b l e  € o r  
the s t n n c t w m l   f e 8 , t v r e s   o b s e r v e d  i n  t h e  
s t n n c t u r a l  debr i s  facies:l) d e b r i a  flows 
o v e r  the f r o z e n   c o r e ,  2 )  t h e m a l c o n t r a c t i o n  
c r a c k i n g ,  3) s o r t i n g  by gravity and melt- 
wash o p e n   t e x t u r e s  and s t r a t i f i e d   d e b r i s  
produced i n   f r o n t  o f  -the rock glaciers Rnd 
a l s o  i n  the  the rmokare t   dep res s ions .  4 )  Sor- 
t i n g  by down melt ing  !Corte   lQ60).5)The 
p a t t e r n s  o f  the  deformed  ta. l i18 produced by 
the   mo t ion  o f  t h e   r o c k   g l a c i e r  s h o u l d  be 
i n c l u d e d   h e r e . I t  i s  a. lso o b s e r v e d   i n  the  
r o c k   g l a c i e r s   i n s p e c t e d  tha t  t h e   d e b r i a  co- 
v e r  materids a r e  a.ngu1a.r w i th   sha rp  edges, 
t h e r e  i~ no s i l t  and  c l a y   f r a c t i o n s  i n  t h e  
surface.In one  pla.ce a t i l l - l i k e   m a t e r i a l  
was exposed.1n t h e  m t w a l  s e c t i o n s  of t h e  
i n a c t i v e  rock g l a c i e r a ,  a lack of  silt  and. 
c l a y  i s  obsemred. 
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I n  t h e   u p p e r  l eve ls  o f  t h e   r o c k  glaciers,  
s p e c i a l l y  i n  t h e   t h e r m o k a r s t   r e g i o n s ,   t h e  
frozen core  i s  open f o r  I n s p e c t i o n  i n  the 
me l t   channe l s ,  caves, tunnels,and t h e  fa- 
c e s   o f   t h e   d e e p   t h e m k a r s t  1akes.h t h e s e ,  
a n d   o t h e r   p l a c e s ,   t h e   f o l l o w i n g   t y p e s  o f  
i c e   h a v e   b e e n   8 i f f e r e n t i a t e d : l )   I c e  strata: 
t h i s   t y p e  o f  i c e  is observed  RB R s t e e p  

i n c l i n e d  strata o f  i c e  and  d e b r i e ( f r o z e n ) ;  
t h e   i c e   c a n  be t r a n s p a r e n t  with large crys- 
ta1s;h.t  also b u b b l y   i c e  i s  found.Debris  
r i a g e a   a r e   f o r m e d  i n  p l ace8  where   these  
v e r t i c e . 1  ice  and d e b r i s  h y e r s  are o1Jtcrop- 
ping. By i n s p e c t i n g   cave^ we o b s e r v e d   t h a t  
t h e  h b b l e s  i n  t h e  i c e  a r e   o r i e n t e d   i n  the 
f l o w   l i n e   d i r e c t i o n . T h e   l a r g e s t   t h e r m o -  
k a r s t   d e p r e s s i o n s  are found i n   t h i o  type 
o f  i ce ,wh ich  i s  p o s s i b l y   g h c i e r  i c e .  2) 
S u r f i c i a l   i c e : u n d e r   t h i s   h e e . d i n g  8.11 type* 
o f   i c e  formed on the s n r f a c e  nnrj incorpo-  
r a t e d   l a t e r  o n   i n t o   t h e  body of t h e   r o c k  
g l w i e r  by the flow o f   t h e   d e b r i s   s l n r f a c e  
a re  . included.   Here,   the   thermokarst ' s  
h k e s ,   i c e ,  r i v e r  i c e ,  icings are  a l s o  i n -  
c l u d e d .   V e r t i c a l l y   o r i e n t e d  h b b l e s  i n f l i -  
c a t e   s u r f a c e   w a t e r   f r e e z i n g .   3 ) I n t e r s t i -  
t i a l  i c e :  this t y p e  o f  i c e  i e  the  cernent 
t ype  of i c e  which fills the d e b r i s  p o r e s  
and i s  f o u n d   i n   t h e   l o w e r  parts o f  t h e  
rock  g h c i e r s .  When exca,vating t h e  d e b r i s  
cove r  a t  t h e  end o f  t h e  surnrner, t h e  thaw 
l i n e  i s  a t  t h e  mnximun p e n e t m t i o n   d e p t h .  
Two excavat ions   were  made: one i n   t h e  Ca- 
jbn d e l  ihlbio at 3Q50 m. in R bon lde r  slo- 
pe;the f r o s t l i n e  was found  a.t 1 meter   deep  
m d  the i c e  was  cementing  blocks o f  30 cm. 
d i ame te r .  The o t h e r  e x c a m t i o n  wa.8 mwle i n  
t h e  Tres 7)ed.o~ a t  3680 m, i n  R cov.rse gra- 
ve l  with b o u l d e r s ;   t h e   f r o s t   l i n e  was 10~8.- 
t e a   a t  3 m. depth.?lhis  Anta i s  ~ 1 8 0  i n c h -  
de?. i n  Fig.2. 4)Ynow i c e  and f i r n  l a y e r s  
bu r r i ed  by the   mo t ion   o f   t he  deb r i s :  t h e s e  
t y p e s  o f  i c e  and snow m e  observed  i n  t h e  
h i g h e r  p r t s  o f  the Cajdn d e l  Rrlbio a t  
4200 m. The l o n g i  t u . l i n R . 1  t ronghs ,which  
a r e  mow avalanche  t a l u B  deformed by t h e  
motion of the rock g l a c i e r , c o n t a i n , i n  
t h e i r   l o w e r  p c r t s ,  t hese   t ypes   o f   mow 
and f i r n  1p .yers . I t  i s  also observed t h a t  
i n  t h e   s o u t h   f a c i n g  s l o p e s  the   neve  and 
i c e  l aye r s  s r e  be ing  covered. by t h e  d e b r i s  
motion .5)   Other   types  of i c e :  no segrega- 
t i o n   t y p e  o f  i c e  was s o  fay fovnd i n  the 
r o c k   g l a . c i e r a   e x a m i n e d ;   s i n c e   t h e   d e b r i s  
c o v e r   l a c k s   f i n e   p w t l c l e s  mls i t  i s  ~ l s o  
g e n e r a l l y  quite  d . r y ; i t  Beem f e a s i b l e  
t ha t  t h i s  type  o f  i c e  i s  not of i m p o r t m c e  
in t h e   r o c k   g l a c i e r   c o r e  and cove r  compo- 
s i t i o n  .However it should  be emphasized 
t hn t   t he   a r ea .   examined  was the   t he rmokar s t  
f a c i e s . T h e   p o s s i b i l i t y  tha t  shearing e€- 
f e c t s  can b r i n g   m t e r i a l  from t h e   i c e   c o -  
r e ,  nnd b u i l t   t h e   t r m s v e r a a . 1   a r c h e s  of 
the  rock g l a c i e r s  was proposed  by Carra- 
ra(lQ73) but n e g l e c t e d  by B e n e d i c t f l n 7 3 ) .  
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The o r i g i n  o f  R r o c k   g l a c i e r  i s  o f  a s c i e n -  
t i f i c  i n t e r e s t  m d  also o f  importnnce f r o m  
t h e   h y d r o l o g i c a l   v i e w p 0 i n t . b   r o c k   g l a c i e r  
of t h e   t a l u s   s l o p e   t y p e , t h e   t n l e   r o c k  gla- 
c i e r   shou ld   ha ,ve  l e s a  i c e   s t o r e d  i n  t h e  bo- 
dy  than a r o c k   g l a c i e r   w h i c h   i a  a clebris  
covered   g lac ie r .Rowever  8,s i n r l i ca t ed  by T i  
C o l b e r t d d o  (1946) a,nd L l i b o u t r y  (1961) the 
t a . l u s   cones  f e d  from a . v e l m c b e s   c 0 n t a . h  
a s t n n c t u r u  o f  l aye r s  o f  mow-ice end ?e- 
bris. 
A r o c k   g l e c i e r   w h i c h  has a l n r g c  nrea  u n d e r  
the rmokw-u t   s t age   shod?  also have R. d i f f e -  
rent   hyrl roloGica1  behaviolxr   thnn a. rock  &a- 
c i e r   w h i c h  has  a lo.rge a r e a  u n d e r   s t r u c t u -  
r a l  d e b r i s   s t a g e   ( C o r t e  lQ76 a ) .  
I n  t he   hydro log ica l   a s ses ruen t  o f  rock  &la,- 
c i e r s  i t  i s  n o t   o n l y   i n t e r e s t i n g   t o  know 
t h e   p a s t   g l a c i a l   h i a t o y y   b u t  o f  f u n d a m e n t a l  
i n l p o r t n n c c   a r e   t h e  methods by which snow, 
m e l t   w a t e r  A.nd d e b r i s  are  accumlnted, .Ab- 
sir& ~ n d  K o r o t k i e v i c h   ( p e r s .  com.) r e p o r t  
t h a t   i n   t h e   d r y  SE mountains  o f  t h e  TJSSR 
t h e r e '   a r e   s p e c i a l   t y p e s  o f  r o c k   g l m i e r s  
i n  which moistlare condensation  makes  them 
a.s souTces o f  perme.nent  water. The a r e a  
u n d e r  stnriy has been v n d e r  d a g l a c i a t i o n  
c o n d i t i o n =   d n r i n g   t h e  183% 100 yea . r s (L l i -  
bout ry   1953,1"55 ,Pos t  IS70 and t h e  m t h o r ' s  
own o b s e r v a t i o n s )  .It sholxld be cons ide red  
i f  g l a c i e r   i c e  o f  previolns v a l l e y  g l a c i e r s  
covld be i n c l n d e d   i n  the body of  t h e s e   r o c k  
g l a c i e r s .  
The s tudy  o f  the i c e   s t r v c t u r e  and t e x t u r e  
o f  t h e   c o r e   c a n  r e v e a l  the   p rocesses   wh ich  
ha.ve a f f e c t e d  t h e  r o c k   g l a c i e r s . T h e   i c e  
composi t ion  o f  t h e   c o r e  and c o v e r   a r e   r e -  
v e d i n g   t h a t   p o s s i b l y   g l a c i e r   i c e  i s  p re -  
aented ~ . s : v e r y  t m n s p w e n t   i c e   b o d i e s   w i t h  
l a r g e   c r y s t a l  maeaive i c e   t i l t e d  beds w i t h  
d e b r i s  l a .ye r s  o f  b v b b l y   i c e   w i t h  f l o w  f e a -  
t n re s , e t c .   Me tamorph ic   p rocesses   have  af- 
f e c t e d   t h i s   m a s s i v e   i c e  aa r e v e d e d   b y : r e -  
f r e e z i r q  o f  m e l t   w a t e r s  from t h e m o k a r s t  
l a k e s  showing  ver t ica . l ly   o r ien ted .  habblea 
i n  h o r i z o n t a l  1s.yers o f  i c e ,  t h e   c o v e r i n g  
o f  r i v e r   i c e  and s u r f i c i R . 1   i c e  by d e b r i s  
f l o w s ;   t h e   i n c o r p o r a t i o n  o f  snow benks i n t o  
t h e  body o f  the r o c k   g h c i e r  i s  n.180 ob- 
served..eill t h e s e  proceases  will change   t he  
prima.ry i c e  t e x t u r e  and  s t m c t n r e s  i n t o  
new t y p e s   o f   i c e .  
The r o c k   g l a c i e r s  o f  t h e   T r e s  Dedos(Fig.1) 
pan d e  AmicRy and. Cnjdn d e l  ~ w i o  a r e   t o t d -  
l y   c o v e r e d   w i t h  debr i s ,  c o n s e q u e n t l y ,   t h e  
i c e  c o m p o s i t i o n   i n   t h e   a e c t i o n a  of t h e  
thermokars t   depress ions ,mel t   channela , t tan-  

n e l s   a n d  caves. I n  t h e   l o w e r   p a r t s ,   i n   t h e  
e t n l c t u r a . 1  debris f a c i e s ,   t h e  sec t ions  ha- 
ve   to   be  made. 
The genes i s   a s sesmen t ,   o f   t he  Ca.jdn d e l  
Rubio rock   g l ec i e r ,base? I  on morphology, 
shows t h t  : t h i s   r o c k   g l a c i e r  i s  r e l a t e d  
t o  a rn1altitlxd.e o f  a v a l a n c h e   t r a c k s  i n  whic? 
t h e   t a , l u s  ba.nds a re  deformed by motion of 
t h e   r o c k   g l a , c i  er; t h e  longi tnd ine .1  bando 
m e   t h e r e f o r e   c o n s i d e r e 8  deformed  avalan- 
che   t ahs .However   t he  role played  by pre- 
v i o a s   g l w i e r   i c e  c m  n o t  be a t  t h e  pre- 
sent   t ime  indicated. .TPhe  other  two t y p e s  
o f  r o c k   g l a c i e r s ,   t h e   T r e s  T)edos ~ n d .  t h e  
Pam de  Azljcaz  contain la,r.ge thermokars t  
d e p r e s s i o n s   i n d i c a t i n g   t h a t  h r g e  ma.ssive 
i c e - p o s s i b l y   @ ; l a t i e r   i c e -  is p r e s e n t   t h e -  
re .Wi th   the   p re t ren t   in format ion  i t  i s  i m -  
p o s s i b l e   t o  say  w h e t h e r   t h e s e   r o c k  gla- 
c i e r s   a r e   t r u e   r o c k   g l a c i e r s  o r  d e b r i s  
cove red   g l ac i e r s   (Cor t e   1076  a ) .Po r  t h i s  
reRaon t h e   g e n e r n l  name o f  rock  glaciera 
is used  f o r  t h e s e  featlnres c o n t a i n i n g  a 
f r o z e n   c o r e  and t o t a l l y  coverea wi th   de-  
b r i s . P i n a l l y ,  when d e a l i n g   w i t h   t h e   g e -  
n e s i s  o f  rack g l a c i e r s  i t  should  be  in-  
d i c a t e d   t h e i r   r e l a t i o n   w i t h   t h e   i c e - c o r e  
mora ines  (@atrem 1963,1964,1q65,1Vi,  
Bassch 1 9 6 Q , l V l ) .  As i n d i c a t e d  by g s t r e m  
(1064) ,  the i ce-cored   mamine  i s  a. f e a t u -  
r e  o f  f r o z e n  d e p o s i t   c l o s e  .to the  g l a c i a -  
t i o n  limit a n d  r e l a t e d  t o  c o n t i n e n t a l i t y  
($atrem a n d  Arnold. 1Q70). Our rock  gLa- 
c i e x s   a r e  also R c o n t i n e n t a l   c l i m a t i c  fea- 
tu re  bu t  much wanner ,   l oca t ed  well  below 
t h e  glaciation limit (F ig .  2). The c o r m -  
g a t e d  rock ; r l a . c i e r s   su r fpce  is n o t  a f r o -  
zen  fea.tlnre; i t  is a m e l t   s o l i g e l i f l u c t i o n  
fea. t lare   not  r e l n t e d  t o  the   i ce -co red  mo- 
r a i n e s .  We d.o h a v e   i n   t h e   C e n t r a l  Andes 
t h e   e q u i v a l e n t  t o  t he   i ce -co red  moraines 
j v s t  a t  the   bor f ie r  of sml1 g l w i e r s  (F ig .  
2)* 

RTV-OFF FROM ROCK GLACIERS 

In  t h e   i n v e n t o r y  o f  g l a c i e r s  o f  t h e  Cen- 
t r a l  Andes we a r e   o b s e r v i n g   t h a t   t h e  ba- 
s i n s   c o n t a i n i n g  large w e n s  w i t h  rock 
g h c i e r s   u n d e r   t h e n n o k a r s t   s t a g e  have 
h i g h e r   r u n - o f f   t h a n  areas w i t h  no thermo- 
k a r s t  and much l a r g e r  ereas w i t h   g l a c i e r s .  
The thexmoknrst  i s  a f a c i e s  o f  a c t i v e   i c e  
melting and i t  s h o u l d   b e   t h e r e f o r e   r e f l e c -  
t e d   i n   t h e   s u n - o f f .  
A t  t h e  end of t h e  1c173-74-75 mxmmem, it 
cowld be obse rved   t ha t   rock   G lRc ie r s  run- 
o f f  w e r e   s u b s t a n t i a l l y   h i g h e r   t h a n   t h a t  
of glaciera .  
TTnder e v e r y   t a l u s  s lope  rock  g lac ie r  t h e r e  

4 



267 

was a l i t t l e   8 t r e a m ; t h e   m e r g i n g  o f  these 
streams j o i n s  t o  form a small river.The 
a r e a  for t h e   r u n - o f f   s t u d i e s  was chosen 
a f t e r  an a n a l y a i s  o f  6000 sq. km o f  g l a -  
c i e r  i n v e n t o r y , o b s e x v i n g   t h a t  the rock  gla- 
c i e r s  and g l a c i e r s  a t  the   end  o f  the Cuevaa 
V d l e y , h a d   t h e i r   o u t f l o w  over a rock   ou t -  
c rop  i n  wh ich   t he   wa te r  f l o w  could be mea- 
sured.  The f low from t h e   g l a c i e r s  comes a11 
t h e  way o v e r   s i l t - c l a y - s t o n e s  rocks. There 
i s  no rock  which  conla  produce -seepage OF 
loss o f  w a t e r  by inf i l t ra t ion .Meaalzreme~t~  
o f  t h e   m - o f f  were made IQ t o  4 t i m e s  ~1 

day  depending on t h e   w e a t h e r   c o n d i t i o n e .  
A atream gage tsIAP Mad. 620)  was used 
and MY. R.Brnce d id  them.Data was taken 
during t h e  second p a r t  o f  February and 
March 1976 when the r i v e r  Cuevas   s t a r t ed  
to form i c i n g s  in their margin.The areas 
cove red   wk th   g l ac i e r s  and r o c k   g l a c i e r s  
a n a   t h e i r   r u n - o f f  a x e  i n d i c a t e d  i n  t a b l e s  
1-2.So far t h e  following p r e l i m i n a r y  ob- 
s e r v a t i o n s   a r e   p r e s e n t e d , :  

Tnble 1 

Table 2 

EST1mllh.D FLOW OF ROCK GLACIERS A N D  GLA 
CIERS TO RIVER CTJEVAS AT THE END OF THE 
STTUMER 

p a r t i a l   b a s i n s  rock glac ie rs  g l a c i e r s  

(a) 30% 
(b) 5 6% 14% 

(a+ b) 5 6% 446 

The t o t a l  f l o w  a t  the   end  o f  t h e  summer, 
is measured a t  3460 m and i t  is done when 

a l l  mow o f  t h e   p r e v i o u s   w i n t e r   h a s   m e l t e d  
a v e r   t h e   r o c k  glacier mmface.The strewn 
gage s t a t i o n  is a t  the f o o t  of t h e  rock 
glacier.1) G l a c i e x s   w i t h   a n   a r e a  o f  6,5sq. 
km,(wi th  17,0$ and 25,4$ covemge  i n  ba- 
sins a and b) 20,2$ o f  the  t o t a l   b a s i n  
s u p p l i e d  44% o f  t h e  t o t a l  f1ow.Riock gla- 
ciers w i t h   a n   a r e a ,  of 4 ,5  sq. km( 36,6% 
coverage and 1c),2$ of t h e   t o t a l   a r e a . )  avp- 
p l i e d  %,$ o f  t h e  t o t a l  f l o w  o f  the r i v e r  
Cuevas.This r i v e r  i s  formed w i t h   t h e  com- 
bined f low o f  t h e s e  two f lows : the   rock  
g l a c i e r  and g l a c i e r   f l o w ,  2)Pew h o u r s  af -  
t e r  a h a i l   s t o r m , t h e   g h c i e r   m n - o f f   i n -  
creased due t o  t h e  ha i l  melt   ;however   such 
an i n c r e a s e  i n  t h e  flow o f  t h e  rock g l a r  
c i e r ~ !  w a s  n o t   o b s e r v e d  du r ing  t h e  mea.s?xre- 
ment time.The rock g l a c i e r   w i t h  i t s  rongh 
s u r f a c e  and d e b r i s  cove r  r e t n r d s  o r  keeps 
f rozen   t he   me l t   wa te r s .Rnn-o f f   f rom rock 
g l a . c i e r n  i a  more s t a b l e   t h m   t h a t  o f  @a- 
c i e r s .  3 ) ~ h e  rock g l a c i e r s  f l o w  i s  clear 
w a t e r  with no d e b r i s   i n   s 1 a s p e n a i o n ; a m n l l  
creeks prod.uced by m e l t   w a . t e r s   e n t e r i n g   i n  
the u p p e r   p a r t s   o f   t h e  body o f   t h e   r o c k  
g l a c i e r s , a r e   n o t  observed RS d i r t y  f l o w  
i n  t h e   l o w e r   p a , r t s  o f  t h e   r o c k   g l a c i e r s '  
t o t a l  f l o w . T h i s   i n d i c a . t e a   t h a t   t h e  rock 
glacier s lows   t he  flow o r  f r e e z e s  it with- 
i n  i t s  body.4) The t e m p e m h r e   o f   t h e   r o c k  
g l a . c i e r  vms dways a t  O' C r j t ~ r l n g  t h e  ob- 
s e r v a t i o n   t i m e . T h e   g l a c i e r s  r u n - o f f  s i n c e  
they  are loc8.ted o.bo1n t 2 km from t h e  gla- 
c i e r  were  above O o  C. 5 )Chemica l   ana lys i s  
o f  r o c k   g l a c i e r s   a y e   i n d i c a t r l n g  a t o t a l  
ha rdness  o f  204 nnd 208 m i l i g r m s   p e r  li- 
ter(C0 C a ) ; t h e   g l a c i e r s  168-171 Q/l. 

COP'CLTTSIO7TS 

1) G l a c i e r s   w i t h  a covemge area of 6,52 
sq.km, give 44% o f  the t o t a , l   f l o w , w h i l e  
s o c k   g l a c i e r s  with 4 * 5  8 q . h  g i v e  56% o f  
t h e  t o t a l  f l o w .  
2 )  Rtnn-off from rock g l a c i e r s  is more a ta -  
b l e   t h a n  that from g1ac ie r s ;wa te r   t empera -  
t u r e  at t h e  snout of rock  g h c i e r s  Was O o  
C , T o t a l   s o l u t e s  i n  m i l i g r a m / l i t e r   a r e   h i g h -  
e r  f o r  r o c k   g l a c i e r s   t h a n  f o r  t h e   g l a c i e r s  
s t u d i e d .  
3 )  Stratified d.ebr i s  e.n$ open work  textu-  
res are pyoihce? a.t t h e   f r o n t  and sides 
of  t h e   r o c k   g l a c i e r ;   t h e y  w e  i nco rpora t ed  
i n t o   t h e  body o f  t h e  rock glacier by i t a  
motion. 
4 )  T t  i s  t e n t a t i v e l y   p r o p o d e d   t h a t   t h e  
hydro log ica l   behav iour  o f  t h e   r o c k  gla- 
c i e r  w i l l  be determined by t h e  genesis. 



Fig.1. Tres 9edos Rock 
g l a c i e r  swnmer 1974. Photo 
A. E, Coxte 
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/ 

Fig. 2 Debr is   cover  thick- 
ne88eS of the Central  Andean 
rock g l a . c i e r s  a8 a f u n c t i o n  
of t h e   a l t i t u d e  and f a c i e s  
developed 
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CRYOLITHOGENESIS AS AN INDEPENDENT  HYDROTHERMAL  TYPE OF SEDIMENTARY PROCESS 

Sh. Sh. Gasanov, P a c i f i c   I n s t i t u t e   o f  Geography,  Vladivostok, U .S .S .R .  

The con t inen ta l   s tages  of c r y o l i t h o g e n e s i s   d i s p l a y  two d i s t i n c t ,   m u t u a l l y  
i n t e r r e l a t e d   b u t   o p p o s i t e   ( w i t h   r e s p e c t   t o   t h e  1 i thodynamic   e f fec t )   tendenc ies ,  
w h i c h   m a n i f e s t   t h e m s e l v e s   i n   t h e   f a c t   t h a t   m a t t e r   t e n d s   t o   a c h i e v e   e q u i l i b r i u m  
r e l a t i v e  t o  the   thermodynamic   cond i t ions   in   the   permaf ros t   zone.  The f i r s t   t e n -  
dency c o n s i s t s   i n   d i s i n t e g r a t i o n ,   d i s p e r s i o n  and s c a t t e r i n g   o f   m i n e r a l   m a t t e r  
accompanied  by  endothermal  effects. The second  tendency   cons is ts   in   the   s tead i  l y  
i n c r e a s i n g   r o l e   o f   i c e   i n   t h e   s t r u c t u r e  o f  p roduc ts  o f  c ryod iagenes is ,   t he  
c o n c e n t r a t i o n   o f   i c e   t o   f o r m   l a r g e   m a s s i f s  accompanied  by  exothermal  ef fects,   and 
i n   t h e   e v e r  more complex   i ce   fo rmat ions .   Th is   leads  t o  t h e   f o r m a t i o n  o f  typornorphic 
parageneses o f  e a r t h   m a t e r i a l s ,   t h e   c o m p o s i t i o t i   a n d   s t r u c t u r e  o f  w h i c h   d i f f e r  
r a d i c a l l y   f r o m   t h o s e   o f   t h e   p r o d u c t s  o f  l i t h o g e n e s i s   i n   o t h e r   z o n e s .  The typo-  
morphism o f  processes  and  products of l i t h o g e n e s i s   i n   t h e   p e r m a f r o s t  zone  forms 
t h e   b a s i s   f o r   c o n s i d e r i n g   c r y o l  i thogenesis as a hydro thermal   t ype  of  sedimentary 
process . 

LA CRYOLITHOGEN~SE - TYPE HYDROTHERMIQUE I N D ~ P E N D A N T   D U  PROCESSUS S ~ D I  MENTAI RE 

Sh. Sh. Gasanov, l n s t i t u t   p a c i f i q u e  de  geographie,   V lad ivostok,  URSS 

Deux tendances i n t e r r e l i g e s ,   b i e n   q u ' o p p o s k e s  dans l e u r   e f f e t   l i t h o d y n a r n i q u e  
e t   q u i   s e   m a n i f e s t e n t   l o r s q u e   l a   m a t i & r e   t e n d  vers un e q u i l i b r e   p a r   r a p p o r t  3 
l ' e t a t  thermodynamique de l a  zone  de p e r g g l i s o l ,   p e u v e n t   e t r e   o b s e r v g e s   a u   c o u r s  
des e tapes   con t inen ta les  de l a   c r y o l i t h o g e n g s e .  La p remis re  comprend l a   d g s i n -  
t g g r a t i o n ,   l a   d i s p e r s i o n   e t   l a   d i s s g m i n a t i o n  de l a   m a t i g r e   m i n b r a l e ,   q u i  
s'accompagnent d ' e f f e t s  endotherrniques. La seconde  s 'expr ime p a r  l ' i n f l u e n c e  
t o u j o u r s   c r o i s s a n t e   d e   l a   g l a c e   s u r   l a   t e x t u r e  des produi ts   de  d iagengse  cryo-  
ggn ique ,   pa r   l a   concen t ra t i on  de la   g lace   en   des  masses e t  des  accumulations 
tou jours  p lus  vo lurn ineuses,  en m&rne temps que c e r t a i n s   e f f e t s   e x o t h e r m i q u e s ,   e t  
pa r   des   f o rmes   g lac ia i res  de p lus  qn  p lus  complexes.  I1 en r g s u l t e  des  para- 
gen&ses  typomorphiques des r o c h e s ,   4 u i   s e   d i s t i n g u e n t   r a d i c a l e m e n t ,   p a r   l e u r  
c o m p o s i t i o n   e t   l e u r   t e x t u r e ,  des p r o d u i t s   d e   l a   l i t h o g e n k e  dans d ' a u t r e s  zones. 
Le typomorphisme  des  processus e t  des p r o d u i t s   d e   l a   l i t h o g e n & s e  dans l a  zone de 
p e r g e l i s o l  donne  un  argument e s s e n t i e l   p o u r   c o n s i d e r e r   l a   c r y o l i t h o g e n & s e  comme 
un type  hydrothermique  du  processus  sedimenta i re .  
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THERMAL  CONTRACTION  CRACIG IN MASSIVE SEGREGATED ICE,  TUKTflYAKTUK PENINSULA,  
N.W.T., CANADA 

W. A l a n   G e l l ,  R.M. Hardy & Assoc ia tes   L td  ., Ca lga ry ,   A lbe r ta ,  Canada 

P e t r o l o g i c a l   a n a l y s i s  was per formed  on  massive  ground  ice  t ransected  by 
t h e r m a l   c o n t r a c t i o n   c r a c k s ,   i n   o r d e r   t o   i - n v e s t i g a t e  mode o f  f r a c t u r e ,   i n f i l  of 
cracks  and i n t e r r e l a t i o n s h i p s  among f rac tu re   pa ths .   Cracks   p ropagated   t rans-  
g r a n u l a r l y   t h r o u g h   l a r g e   c r y s t a l s  o f  massive  ice.  Sub-boundaries and o t h e r  
d i s l o c a t i o n   g r o u p s  may have   a ided   i n   rn i c ro -c rack   nuc lea t i on ,  and bubbles  probab 
ac ted  as  s t r e s s   c o n c e n t r a t o r s .   F r a c t u r e . s   w e r e   i n f i l l e d   b y   f r e e z i n g  o f  b u l k  
wa te r   ra the r   t han   hoa r ,  C-axes o f  i n f i l   c r y s t a l s  formed a v e r t i c a l   g i r d l e  norm 
t o   t h e   c r a c k   p l a n e ,   i n   c o n t r a s t   t o   t h e   v e r t i c a l   p o i n t  maximum i n  massive  ice, 
Some i n f i l   g r o w t h   o c c u r r e d   i n   l a t t i c e   c o n t i n u i t y   w i t h   m a s s i v e   i c e   c r y s t a l s   b u t  
f r e q u e n t l y   s m a l l  new co lumnar   c rys ta l s  grew.  Subsequent f r a c t u r e s   d i d   n o t   f o l l o w  
the   pa ths  of e a r l i e r   c r a c k s .   M a s s i v e   i c e   c a n  s t i l l  be  recognized  between 
f r a c t u r e s ;   r e p e a t e d   c r a c k i n g  may even tua l l y   p roduce  an i c e  wedge. 

FISSURES DE CONTRACTION THERMIQUE DANS LA GLACE MASSIVE DE S ~ G R ~ G A T I O N ,  
PEN I NSULE DE TUKTOYAKTUK, T.. N. -o.,  CANADA 

W .  Alan   Ge l l ,  R.M. Hardy E Assoc ia tes   L td . ,   Ca lgary ,   A lber ta ,  Canada. 

On a e f f e c t u e  une a n a l y s e   p g t r o g r a p h i q u e   d ' e c h a n t i l l o n s  de g l a c e   s o u t e r r a i n e  
massive  t raversge  par  des f i s s u r e s  de c o n t r a c t i o n   t h e r m i q u e ,   a f i n   d ' g t u d i e r   l e s  modes 
de f r a c t u r e   e t  de rempl issage des f i s s u r e s ,   a i n s i  que l a   f a s o n   d o n t   l e s   d i v e r s e s   l i g n e s  
de f r a c t u r a t i o n   s o n t   l i e e s   e n t r e   e l l e s .  Les f i s s u r e s  se  sont  propagees  d 'une  part i -  
c u l e  3 l ' a u t r e  en t r a v e r s a n t  de g r a n d s   c r i s t a u x  de glace  massive.  Des su r faces  se- 
conda i res  de separa t i on   e t   au t res   reseaux  de d i s l o c a t i o n   o n t   p e u t - E t r e   c o n t r i b u e  i 
l a   f o r m a t i o n  de m i c r o f i s s u r e s ,   e t   l e s   b u l l e s   d ' a i r   o n t   p r o b a b l e m e n t   c o n s t i t u e   l e s  
p o i n t s  de con t ra in te   max ima le .   C 'es t  de l ' e a u   q u i  en g e l a n t  a  comb16 l e s   f r a c t u r e s  
p l u t a t  que  du g i v r e .  Les  axes C des c r i s t a u x  de rempl issage  ont  forme  une  tone  ver-  
t i c a l e   n o r m a l e  au p l a n  de f r a c t u r a t i o n ;   a l o r s  que  dans l a  glace  massive,  ces  axes 
a v a i e n t  une o r i e n t a t i o n   p r g f g r e n t i e l l e   v e r t i c a l e .   Q u e l q u e s   c r i s t a u x  de rempl issage 
des f i ssu res   se   son t   f o rmgs   pa r   ex tens ion   du   reseau   c r i s ta l l i n  de l a  g lace  massive,  
mais t r & s  souvent, i l  s 'es t   f o rm6  de nouveaux c r i s t a u x   c o l o n n a i r e s  de p e t i t e   t a i l l e .  
Les f r a c t u r e s   u l t g r i e u r e s   n ' o n t  pas s u i v i   l e  mEme rgseau de f r a c t u r a t i o n .  On peut  
encore   reconnar t re  l a  glace m a s s i v e   e n t r e   l e s   f r a c t u r e s ;  une f i s s u r a t i o n   r e p e t 6 e  
p e u t   f i n i r   p a r   c r 6 e r  un c o i n  de g lace .  

1 Y  

a1 
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A w i d e  variety o f  ice types cccurs i n  the 
Mackenzie Delta - Tuktqaktuk Peninsula, N.W.T., 
area of Canada. Ma+y (1972) has enurnerated the 
following t y p s  : open cavity ice, wedge ie, win 
ioe, tension crack ice, closed cavity ice, epige- 
netic segregated ice, sill ice and pore ice. O f  
these,  ice wedge ie, forrred by the -Fated in- 
f i l l ing  of vertical thml mntraction cracks, is 
widespread i n  Arctic areas. A long-term study of 
m aspects o f  cracking has been mderbken by 
Mackay (1974) on Carry Island, a t  a site similar 
to that discussed here. It has ken shDwn that 
wedges of a wide  age  range may be found in close 
proximity.  cracking patterns have been recorded, 
wether  w i t h  associated ground tmpratures. 
Knowledge of gmmd m a t u r e s  is important in 
tha t  cracks result from tension  arising fm con- 
strained thermal contraction produced by rapid 
surface temperature dmps superimposed on generally 
low tanperatures (Lachenbruch 1962). Inf i l l ing of 
~e cracks may be by hoar frost, snow or surface 
water, a l t haqh  s a w  closure of the cavities m y  
occur by cmpression of the ground More  the   i n f i l  
processes operate. In theoretical analyses of 
fracture of wedge ice, sc~ne wrkers have treated 
wedges as purer homgemous bodies,  although 
mchenbruch recognized layered wnpositimal vari- 
ations. These layerings result fran bubble and 
other inclusions  incaprated during freeze-back 
of fractures. In  addition variatirms exis t  in 
crystal  characteristics  within wedges, as pointed 
out by Black (1953) , Cor& (19621, S h d i i  (1964) 
and Vtiurina and V t i u r i n  (1970) . Havewr, no 
detailed study of petrcgraphic f e a a s  of indi- 
vidual fractures in massive seqegaM ice has 
k e n  reported previously i n  the mglish literature. 

Little experhtal work has been performed on 
the crystallcgraphic  features of themally induced 
fractures in ice. Crack patterns dsveloping under 
thennal shock in i e  plates were Shawn by  Gold 
(1961) to be depndent on the  crystallographic 
orientation of the i e  with respect to the shocked 
surface. A preference was found for the s u r f a e  
trace of cracks to be parallel to the planes con- 
fidinins la1 and I C '  directions. Abrupt changes 
m crack direction in passing f m  one Fain  to 
the next were observed. 

In the failure exprimmts of Gold (1972) and 
others the ice s-les have been fa i r ly  pure o r  at  
least deaerated. By caparison, ice in permafrost 

may have a high  bubble and sedimnt  content. Also, 
gmmd ice may have a well-developed crystal sub- 
structure and varying crystal size and shape, can- 
pared  with the mre uniform laboratory samples. 
Further, a l l  ice bodies near the ground surface 
have had ccmplex cyclic stress histories and may 
haw h. subject to recrystallization. It is 
the intention in this paper to discuss: pet" 
logic aspects of  the mode of  i n i t i a l  fracture of 
massive segregated ground ice, inf i l  of fractures 
and the relationship of  succeeding fractwes to 
earlier ones. 

Thermal contraction cracks may occur i n  m y  
surficial. materials - organics, sedimnts and ice 
bodies. owing to the diff icul ty  of finding siAgle 
fractures in soils, and problem of thin section 
peparation, individual thermally i n d u d  frac- 
tures in layered massive segregated ground ice 
only are considered. The ice M y  subject  to 
fracture underlies an involuted hill near 
ntktgraktuk. Involuted h i l l s  are p-nt re- 
lief features in the area, and have been described 
by Mackay (1963). The particular h i l l  discussed 
here myrises  1-10 m of stony clay  overlying  a 
15 m thick ice core, which has been subject to 
recrystallization. Detailed temperatwe records 
for the specific hill are not available, but the 
man mual ground terqxratue is about -8°C. 
The ground s u r f a e  above the cracks i s  a south- 
facinq tundra-mved slope. An open crack was 
observed on the wall of a cellar excavated in   the  
h i l l ;  cracking OccUzTed during winter 1972-1973, 
but the exact date and temperature conditions are 
unknown. cracking also occurred the previous 
w i n t e r ;  prior cracking events we& not  recorded. 
The ice was  sampled at  a depth of 3.5 m, by coring 
fran a cellar wall: A detailed  discussion  of the 
massive segregated ice is given elsewhere (Gel1 
1976) and, w h i l e  it is not  repeated here, scane 
characteristics are considered, i n  terms of crystal 
size,  shape, Lattice  orientation and substructure, 
and inclusions in relation to potential  fracture 
surfaces. 

Pre-fracture characteristics of the massive 
-sated gromd ice 

Crystal size in  thin section is large, ranging 
f m  15 m 2  in bubbly layers, to 600 mn2 in bubble- 
free zones. Crystals are &granular to slightly 
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Introductim 

This  investigation is part  of a wide-ranging study into 
the  txcurrence  and  dis t r ibut ion of ground ice and  frozen 
ground in the  Mackenzie  Delta  area  and  Mackenzie  Valley 
north of Fort  Simpson.  Special  emphasis  has  been  placed  on 
near-surface  soils. In order  to assess   this   information  a l l   the  
geotechnica l   da ta   ava i lab le   were   assembled   in   the   Mackenzie  
Valley  Geotechnical  Data Bank (Lawrence,   1974a;   lau  and 
Lawrence, 1976a). Since  the late 1960's approximately 11 600 
boreholes  have  been  dril led  for  geotechnical  purposes  in  the 
Mackenzie  Valley,  Mackenzie  Delta,  and  Beaufort  Sea. 
Borehole  logs  and  laboratory  test  records  with  varying 
degrees  of detail   are  available  for  these  boreholes.   The  holes 
were  drilled  principally  for  the  following  purposes: 

I )  investigation of alignment  and  construction  for  the 
Mackenzie  and  Dempster  highways,  carried  out by t h e  
Department  of Public  Works  and  its  consultants; 

2) investigations of alignment  for  several  proposed  gas 
and  oil  pipeline routes, carried  out  by gas and  oil  consortia;  and 

3) investigations  carried  out by the  Department  of 
Indian  Affairs  and  Nwthern  Development as part  of a n  
inventory of granular  construction  materials in Mackenzie 
Valley. 

Mackenzie Valley Geotechnical Data Bank 
The  data  bank  consists of I 1  677 records of borehole 

information.  These  records  were  processed  using COBOL 
programming on a Control  Data  Cyber 74 computer   and  are  
stored  on a magnet ic   tape  created at the   Depar tmenta l  
Computer  Science  Centre,   Energy,  Mines  and  Resources,  
Ottawa  (Lawrence,  1974b). 

Each  record  in  the  data  bank  consists of t h e  following 
(Proudfoot  and  Lawrence, 1976): 

I )  a header  line  which  includes  27  variables  specifying 
the  location,  topography,  and  technical  aspects of each  dr i l l  
s i te ;  

2) a maximum of I8 lines  used to describe soil 
st rat igraphy  where up to 29 geotechnical  and permafrost  
charac te r i s t ics  can be recorded;  and 

3) a n .  uncoded comment   l ine  where  explanatory  data  
c a n  be recorded. 
The  completeness   and  accuracy of t h e   d a t a  bank  information 
depends to a large  degree  on  the  qual i ty  of the  or iginal  
records. 

A retrieving  system  using COBOL and FORTRAN 
programming (Lau and  Lawrence, 1976a) can  be utilized to 
retrieve  information of permafrost   and  geotechnical  proper- 
t ies   f rom  the  data   bank  with  respect  to var ious   parameters  
such as topographic  position, soil texture,   genetic  soil   type,  
and  season of drilling.  Soil  moisture  and  depth  relationships 
(Lawrence, 1979; Lau  and  Lawrence,  1976a)  and  winter 
ground  ice  distribution  (Lau  and  Lawrence,  1976b)  for 
selected  map-areas  in  the  Mackenzie  Valley  have  been 
studied  in  detail  utilizing  the  Mackenrie  Valley  Geotechnical 
Da ta  Bank. 

An extended  version of this  paper  has 
1 Conference on Permaf ros t  to be  held 

The  objective of this  study  was to examine  the  regional 
distribution of ground ice and  frozen  ground in the  Mackenzle 
Valley. Unfortunately,  t h e  da ta   po in ts   s tored  in the  data 
bank  are  not  distributed  evenly  across the  breadth of the 
valley  but  are  concentrated  largely in a few  lines  running the 
length of the  vailey.  These  lines follow the  a l ignments  of the  
various  proposed  highway  and  pipeline  routes  that  have  been 
investigated  in  the  area.  Thus,  use of t h e   d a t a  bank does not 
give a true  regional  picture  but  instead  represents a 
la t i tudinal   prof i le   f rom  southeast  to northwest,   parallel  to 
Mackenzie  River.   The  greatest   concentrations of data  points 
a r e  shown  in  Figure 7.1. 

Figure 7.1. The  lines  and  dots  show  the  locations of the 
greatest   concentrat ion of data  points  in  the 
NTS map-areas  covered  in  the  Mackenzie  Valley 
Geotechnical   Data  Bank. 

been   accepted   for   p resenta t ion  at the  3rd  International 
in  Edmonton  Alberta,  July 10-13, 1978. 
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F In order to examine  the  var ia t ions in grollnd Ice and 
ozcn grwlnd along the  profile the cornpleff' data set wa5 

divlded  -into subscat;. For  corlvenicncc,  the Nattnr~al Topo- 
graphlr  System (NTS) map-areas  were used a\ J. gu~d t .  11-1 t l l j s  
division,  resulting in a total of 28 subsets  between  map-areas 
95 H and 107 C (Fig. 7.1). Fourteen of thew  subse t>  
contained  data   f rom  less   than 100 boreholes  each  and  were 
discarded  from  further  analysis.  

In addi t ion,   data  for 121 boreholes   f rom  the  floor of the  
Beaufort  Sea also  were  included  in   the  data   bank.   These  were 
combined  into a separate  subset  within  map-area 107C.. 

In order  to consider  ground  ice  and  frozen  ground as 
geologic  materials,   the  data  within  each  subset  were  broken 
down  further by the  genesis  of the  soi l   mater ia l   and by t h e  
engineering  classification of t h e  soils.  Fifteen  Unified  Soil 
Classification  System  soil  types  were  encountered in t h e  
study  area.  These were  grouped  into  f ive major engineering 
soil  groups  according to grain size, amount  of fines, and liquid 
limit.  Since  the soil group  containing  soil  types MH, CH, and 
OH was  encountered  in  only  six  map-areas,   this  group  was not 
used  in  the  statistical  analysis.  Five  classes of soil 
permafrost   and  ground  ice  conditions  were  identified;  they 
were  grouped  into  three  major classes for  analysis. 

The  statist ical   approach  taken  was to consider   the 
proportion of I )  frozen  soils  with  visible ice, 2) frozen  soils 
with  no  visible  ice,  and 3) unfrozen  soils  within  each  map- 
a rea ,   f i r s t  for each  genetic  soil   class  and  then  for  each 
engineering  soil  group.  Percentages of frozen  soils of all 
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Discussion of Resul t s  
There is  a general   Increase irt amount  01  Iru/,t.l1  grourld 

and  ground ice from  south to north in  MackrnLrc- V,tllcy.  In 
some  par t s  of upper  Mackenzie  Valley  uniromn  ground 
predominates,   whereas in the   de l ta   reg lon  frozen ground, 
commonly  with a considerable  amount of segregated  ice,  is 
ubiquitous. 

This  general  impression  is  borne out by various  detailed 
s tudies  of ground  ice  condit.ions  in  the  region  (Judge, 1973; 
Heginbottom  and  Kurfurst ,  1975) and by t h e  data compiled in 
the  data   bank.   The  amount   and  ra te  of thrs variation, 
however ,   d i f fers   for   each  soi l   type  whether   genet ic  or 
engineering  classifications are used.  Furthermore,   the  nature 
of the  change  is   nei ther   uniform  nor   consis tent .  

Engineering Soil Groups 

The  proportion of frozen  soils  with  visible ice for  each 
engineering  soil  group  is  shown in Figure 7.2a (by  map-area). 
Results  show  the  dist inctly  different  behaviour of gravels  and 
sands  (groups I and 11) f rom  tha t  of fine  grained soils and 
peats   (groups 111 and IV). The  distribution  curves for both 
clean,  coarse  grained  soils  and  coarse  grained  soils  with  f ines 
display  generally  increasing  amounts of visible  ice  with  higher 
latitude. 
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Figure 7.2. Distribution of frozen  soils  with  visible  ice  and  frozen soils of a l l   types  by 
soil type  and  map-area;  2a,   2b  -engineering  soil   groups;  2c,  2d - g e n e t i c  
soil classes. 
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highcr  proportion of 
Mackenzie V a l l r y .  

The  proportion of frozen soils of all types Ior  each 
engineering soil group IS shown In Figure  7.2b  (by  map-area). 
The distribution  curves  for  gravels  and  sands  drsplay a slowly 
increasing  trend  from  south to north,   and  the  curves for f ine 
grained soils and  peats  show a similar  increase w i t h  the.  total 
amount  of frozen  soils  remaining  almost  constant at  a high 
level  in  lower  Mackenzie  Valley.  The  curves  show a 
decreasing  t rend  towards  the  Beaufort  Sea which  is  typical of 
all  soil  groups. 

Genetic Soil Classes 

_ .  

F i g u r e s   7 . 2 ~   a n d  7.2d show  the  proportion of frozen 
soils with  visible  ice  and  frozen soils of al l   types   respect ively 
for   each  genet ic   soi l  class. 

Morainal  soils  derived  from  Laurentide  ice  are  assumed 
to be  the  oldest  Soil5 in  Mackenzie  Valley.  These  soils  are 
predominant ly   f rozen  throughout   the  region,   except  in t h e  
extreme  southeast .   The  proportion of frozen  soils  with 
visible  ice  ranges  from low  in t h i   e x t r e m e   s o u t h  of 
Mackenzie  Valley to high in the  Mackenzie  Delta;  it drops off 
sharply  towards  the  Beaufort  Sea.  The  proportion of frozen 
soils of all   types  follows a similar  pattern,  rising  from  the 
southern  l imit  of the  area,  dropping  gradually  in  the  central 
region,  and  then  rising  again in the  north.  

Glaciofluvial  soils  show a complex  and  irregular  distri- 
bution of both  frozen  soils of all   types  and  frozen  soils  with 
visible  ice.  The  proportion of frozen  soils  with  visible  ice 
rises  between  the  southern  and  central   regions.  In t h e  
northern  region,  the  proportion  r ises  again,   then  drops off 
near   the  coast. The  proportion of frozen  soils of al l   types   has  
a similar  distribution. I t  r ises  gradually  from  the  southern to 
the   cen t ra l   reg ion .  In the  northern  region,  the  distribution 
pa t te rn  is similar to t h a t  of frozen  soils  with  visible  ice;  near 
t h e  coast the  proportion  levels off. 

Lacustrine  soils are distributed  sporadically;  they  occur 
in five  map-areas in the  southern  and  central   regions  and  in  
the   Mackenzie  Delta near   the   a rc t ic  coast. The  proportion of 
frozen soils with  visible  ice  rises  sharply  within  the  central 
region.  The  distribution of frozen  soils of al l   types   appears  to 
be  straightforward  through  upper  Mackenzie  Valley. 

Data   on  a l luvial   soi ls   are   avai lable   mainly  f rom  the 
central   region of Mackenzie  Valley  and in one  map-area  in 
e a c h  of the  southern  and  northern  regions.   Frozen  soils  with 
visible  ice  display a normal  distribution  with a low  in t h e  
south  and a high  in  the  north.  The  distribution of frozen  soi ls  
of a l l   types   appears  to be-bimodal. 

Organic  soils of various ages are present   through  the 
length of Mackenzie  Valley  and  are  predominantly  frozen 
throughout   the  area.  Irl  the   southern  and  central   regions  the 
proportion of frozen  soils  with  visible ice is   relatively  low  and 
increases  significantly  in  the  northern  region.  This  increase 
is  followed by a gradual  drop  towards  the  Beaufort   Sea.   The 
distribution  curve  for  frozen  soils of all   types  follows a 
similar  pattern.  

The  general   trend of increasing  proportions of both 
vis ible   ice   and  total   ice   content  in f rozen  soi ls   f rom  south to 
north  is   in  good  agreement  with  the  general   trend of t h e  
climatological  data  available  for  Mackenzie  Valley  and  the 
Beaufort  Sea  (Burns,  1973). 

Interpretation of Results 
After   evaluat ing  a l l   the   avai lable   data ,   cer ta in   features  

of distribution of frozen  ground  and  ground  ice  in  Mackenzie 
Valley  become  evident.  Frozen  ground is widespread 

everywhere ~n t h e  valley  north of h0"N,  and 1 t 5  propnrtron 
~ r ~ ~ d u ~ ~ l l ~  incr rasm  f rom soutll to rlorttl.  Thc proportIoI1 0 1  
frozcrl grourrd i F  gre'lter that1 50 per   cent  in a l l   a r eas  arid In 

all penctlc: c ldssrs  except  for lacustr lnc soils in tllc rlrc,l 
around  Fort Slrrlpson and for ; ~ l l u v ~ a l  and  glacioiluvlal so11\ III 
KhC x e d  around  Fort  Norman.  Tllese  two anomalies car1 bt, 
a t l r rbufed  to the  presence of surficial  rnatcrials wi th  Ilttlv or 
no  flncs  and to the  absenc-e of a cover  of thlck  peat or 
organic  soils,   These  features  result  In bet ter   local   drainagc 
conditions. 

In soils classified by the  Unified  Soil  Classification 
Sysrem  the  proportion of frozen  ground  ranges  from 70 to 100 
per   cent   in   a l l   areas   and  for   a l l   engineer ing  soi l   groups  except  
for  the  following:  clean,  coarse  grained soils in  areas  around 
Fort  Simpson,  Dahadinni  River,  Sans  Sault  Rapids,  and  Arctic 
Red  River;   coarse  grained soils with  f ines  in  areas  around 
Fort Simpson  and  Sans  Sault  Rapids;  and  fine  grained  soils in 
t h e  area around Port Simpson.' In the  Fort   Simpson  area,  
located  in   the  zone of sporadic  permafrost ,   most  boreholes 
were  located in recent ly   dis turbed  terrain  a long  the 
Mackenzie  Highway. In these   a reas ,   the   amount  of frozen 
ground  and  ground  ice  decreased  considerably  following 
dis turbance of the   t e r ra in ;   thus   these   resu l t s   may  no t   be  
typical of the  map-area. 

Low  values   for   the  Dahadinni   Rher   area  can  be 
explained by the  small   number  of borehole  results  available;  
these  boreholes  were  located  predominantly  in  the  well  
drained, ice free,   coarse   grained soils of the  r iver   terraces .  

Data   for   the  Sans  Saul t   Rapids   and  Arct ic   Ked  River  
a rgas   have   been   a f fec ted  by the  predetermined  locat ion of 
the  major i ty  of boreholes.  Detailed  investigations  carried  out 
for  the  proposed  Mackenzie  Valley  pipeline  route  and  the 
pipeline  testing  facil i t ies,   concentrated  mainly  on  the  well  
drained  outwash  plains  and  f luvial   terraces,   which  contain  low 
amounts  of ground ice, around  Sans  Sault  Rapids. In t h e  
Arct ic   Red  River   area  most   data   were  der ived  f rom a 
detailed  study of the  granular   resources   and  borrow  pi ts   for  
the  Dernpster Highway, Because  boreholes  were  located in 
well   drained,  coarse  grained  sediments at high  elevation,  with 
l i t t le  or  no  excess  ground  ice,   f inal   results  tend to be biased 
towards  low  values. 

The  decrease  in   the  proport ion of frozen  ground  and 
ground  ice in t h e   a r e a   n e a r   t h e   a r c t i c  coast probably  is 
controlled by the   locat ion of boreholes,  because  most  studies 
in this   area  were  done  in   c lose  proximity to the  r iver  
channels;   thus  the  results  reflect   the  warming  influence of 
Mackenzie  River  and  the  massive  water  body of the  Beaufort  
Sea. 

conclusions 
I 

The  general   impression,  substantiated by this  study,  is  
that   frozen  ground  is   more  extensive,   occurs at shallower 
depths,   and  contains  more  visible  excess ice as one goes f rom 
south to north.   The  greatest   change  appears  to b e  in t h e   a r e a  
between  Sans  Sault   Rapids  and  Travail lant  Lake,  which 
probably  coincides  with  the  boundary  between  the  continuous 
and  discontinuous  permafrost  zones  (Brown, 1967). This is also 
the   a rea   where   de ta i led   s tud ies   a re   l ack ing   and   where   more  
investigations are needed. 

The  significant  factors  controll ing  the  distribution of 
frozen  ground  and  ground  ice in Mackenzie  Valley, as 
determined  in  this  study,  appear to be  location  ( lati tude),  soil 
texture,   surface  drainage,  surface  disturbance,  vegetation, 
and  slope  aspect.   Although  the  quali tative  ranking of these 
fac tors   var ies   f rom  s i te  to site,   the  major  controls  on 
permafrost   conditions  seem to be  lat i tude  and  soil   texture.  
This is in  good  agreement  with  the  climatological  conditions 
of Mackentie  Valley, i.e., generally  colder  and  longer  winters 
and  the  cooler  and  shorter  summers of the   nor thern   par t ,  
compared to the   southern   par t .   There   a re   some  anomal ies ,  
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elongate parallel to the ccmpositional layering, 
w h i c h  ranges in dip f m  0" to 40". Thus there is 
no predominance of vertical grain bundaries (paral- 
lel to the potential  fracture  surface)  as is the 
case i n  lake ice. Crystal substructum, in the 
form of sub-hmdaries parallel to c-axes, is 
present throughout the ice body, both  where frac- 
tures are present and absent. The c-axes of crys- 
tals in the massive ice  are generally approximately 
vertical a d  i n  the potential  fracture plane. The 
sub-boundaries  ccmprise arrays of dislocations, and 
separate zones of lattice with misorientations of 
several degrees. The s ~ r a i n s  are not purely 
functions of original segregated ice  crystal growth, 
as the ice has k e n  subject tn post-solidification 
prcesses. It is to be expecked that high disloca- 
tion  densities occur also around inclusions and 
elsewhere. In creep tests Gold (1963) observed that 
cavities developed a t  grain boundaries, a t  grain 
boundary triple p i n t s  and a t  intersectims of slip 
planes and subimundaries. The cavities probably 
nucleated a t  impurity particles  or zones of high 
dislocation density ( G i f k i n s  1969) . 

In the massive segregated ice under discussicm 
here, inclusions ccmprise  bubbles and other solutes, 
and sediment.  Bubbles  range up to 3 mn in d imte r ,  
and are located i n  both intercrystalline and intra- 
crystalline positions. Sedht and segregated 
solutes occur mainly in grain bo*ies, which axe 
zones  of  atcanic disorder. Thus, prior to fracture 
the  ice has  markedly different  crystal and inclu- 
sior, characteristics f m  ice samples wed in 
laboratory experiments on fracture. 

Fracture characteristics 

A typical contraction crack is sham in Figure 1. 
It is evident that the fracture propagated through 
c o a r s e g r a i n e d  segregated ice and tended to be 
transgranular rather than intergranular. ?here are 
no major  changes in fracture  orientation a t  grain 
boundaries, thus differences in lattice orientation 
exert no major oontrol. This is in contrast to the 
results of  Eold (1961) on them1 shock. However, 
it should be mted that the  mnditions discussed 
here are not those of thd shock, but  of tension 
resulting fm thermal mntractim. The ixansqra- 
nul= cracks also  differ €ran those discussed by 
Anderson and Weeks (1958) for a sea-ice beam which 
failed i n  tension by fracture along the basal 
planes  of mystals. H a v e v e r ,  in sea-ice the 
basal planes are also the si tes  of brine pockets 
which act as stress mce.ntrators. Such gross 
liquid  inclusions have not been observed i n  
ground ice, but films of low mlting pint liquid 
may occuc along grain boundaries. The influence 
of  bubbles i s  not irrmediately evident petrographi- 
cally as any bubbles i n  the fracture path are 
obliterated during later sublhtion and mlt-back 
during inf i l  of cracks. 

The appearance  of fracture surfaces inmediately 
after  fracture i s  not readily ]mown, i n  caparison 
w i t h  metals, as sublimation caurs prior to obser- 
vation. Also, the crack features described above 
were not observed on open fractures, but in thin 
sections of infilled cracks. S a w  d i f i a t i o n  of 
original featut-es may have occurred in the inf i l  
process. 

I n f i l  o f  fractures 

The act w i d t h s  of fractures imwdiately after 
cracking are unknown, as sorw contraction of the 
cracks may OC(TUC before inf i l  and saw flow has 
occurred prior to s q l i n g .  Hawever , an open 
crack observed on a cellar wall was approximately 
3 mn wide. Also, an estimate can be obtained frcm 
the  position of  boundaries between original frac- 
tured grains and the inf i l  crystals. Such bound- 
aries are up to 3 m apart. This distance m y  
include scme melt-back by inflowing  water. At; the 
liquid and solid were similar in ccmposition, there 
vmdd be no prablm of nucleation. Thus there is 
no mpious "chill zone" of crystals similar to 
that which CCCXKS i n  saw ice bodies i n  pemfrost, 
such as icing mund ice €reezing against  active 
layer soil  (Gel1 1976) .  Sarne growth occurred 
epitaxially on crystals of massive segregated ice, 
while in other cases new crystals grew. Capeti- ti= growth was limited by the spa- available, 
t h u s  there is no progressive change in lattice 
orientation w i t h  dis'cancs fron the grh substrate, 
to give a strong preferred lattice orientation, 
as cccws i n  lake ice and icing mmd ice. Figure 
2 represents a vertical section orthogonal to a 
typical  fracture and shows the c-axes of massive 
sqreqated ie crystals to be nearly vertical i n  
the  fracture plane, while infil  crystals give a 
vertical  girdle nonnal to the  fracture. It is of 
interest to ccmpare these results with those of 
Shmkii (1964) , Black  (1953) and Corte (1962) on 
ie wedges. The major d i f f e m e  to be noted i s  
that the cracks discussed here are individual 
cracks in massive segregated ice,  rather than i n  
wedge ice, as studied by Shumskii, Corte and Black. 
The vertical  girdle nom1 to the  fracture was not 
reported by earlier mrkers. On the  other hand, 
they found several other  fabrics i n  reoently 7 
crystals:  vertical point rmxima (Shwrskii 1964) , 
a a  horizontal rmximum nonnal to the crack (Carte 
1962) which transected crystals with  appraximately 
vertical c-axes. H a e v e r ,  the  fabrics discussed 
ly these vmrkers may be for  old ie, w h i c h  had 
been d i f i e d  by recrystallization, where& the 
ice discussed here is knm to have grm recently. 

Tne infil  texture differs markedly fm that 
of rrrassive segregated ice. Crystal size is ob- 
viously limited by the SF- available for grcrwth, 
and crystal shape tends tmard colmmar, parallel 
to the growth dinztion, and orthogonal to the 
fracture surface. Further, it is apparent that 
infil  crystals have gmwn after  fracture, not 
synchmmusly  with slow opning of a crack, as 
in the latter case curvature of crysuls muld 
be expected, as described for rock veins by Durney 
and Ramsay (1973). mtual bomdaries are straight 
or gently curved, locally with small gas  bubbles. 
There are no p m o u n d  inhqrcwths a t  the 
o3ntral seam i n  the init ial  growth period, as also 
observed by Vtiurina and V t i u r i n  (1970, Figure 37) .  
Pmnound sub-boundaries were not observed i n  the 
rewly-grmn inf i l  crystals. A -11 munt of ice 
gmwth occurred m the surface of the  fractured 
massive sqreqated ie before bubbles formed. 
This indicates a build-up  of dissolved gas a t  the 
solid-liquid interface during the init ial  freezing 
due to the much 1- solubility of gas i n  the 
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solid than the  liquid. The bubbles occur on both 
sides of. the fracture over large areas thus indica- 
t ing a widespread nucleating event. This i s  evi- 
dence for growth f m  the mlt, rather than for 
vapur  deposition as hoar. In  other areas, hoar 
frost  may be a factor,  but its influence on grawth 
of inf i l   c rys ta l s  from bulk water is unknown. ut- 
tice orientations of hoar crystals relative to the 
growth substrate are t e rp ra tu re4epnden t I  thus 
a variation with depth in petrofabrics  muld be 
expected i f  hoar crystals were a major factor. 
Mackay (1975) cites  other evidence to discount 
hoar growth. 

Subseq-wnt fractures 

It is evident f m  the above discussion  that in- 
fi l led  fractures present texture and @rofabrics 
which d i f f e r   m k e d l y  fm those  of the mssive 
segregated ice which the cracks transect. The 
smaller i n f i L  crystals have a greater specific 
grain boundary area, part ia l ly  in vertical  seams 
with abundant gas  bubbles. Also a  greater range 
of  c-axis  orientations occurs, including s a w  crys- 
t a l s  with vertical basal planes. mver ,  where 
refracturing occurred the cracks  did not follow 
the same plane. Series of fractures were &served 
( b e t w e e n  which massive segregated ice could still 
be rerognized); rn crossed, and in other cases 
a crack trenaed into a  previous  one. In general 
there was  no obvious control by earlier fractures, 
i . e.  the t&ure and presence  of m t r a l  seams of 
fractures  aontainm bubbles had little effect  
on subsequent fractures. This may be due to  finer 
grained  materials  havirq a greater  ability to a c e  
mte contraction strains. It should be noted 
that the ice discussed here was not  surface ice; 
Mackay (1974) b n s t r a t e d  that at   the  gmmd 
surface  cracks' often reoccupy the previous season's 
position. 

DISCUSSICkJ 

In the present study it was rot possible t o  
observe the ini t ia t ion of fracture. Nucleation 
of micrwoids may occur a t  bubbles, or by demhe- 
sion at  inclusion/ice  interfaces.  Dislocation  pile- 
ups may provide sufficient stress concentration to 
sat isfy the Griffith  criterion  for  fracture.  In 
such a high  temperature solid as  ice in permafrost , 
it appears l ikely that separation m y  occur a t  
f i l m  of segregated low melting  point  liquid. 

rnrnSIC%.TS 

where thermal contraction  cracks  penetrated 
massive ie, the cracks wee transgranular rather 
than intergranular. The cracks *re inf i l led by 
both epitaxial growth on massive ice crystals, and 
small crystals with lattice orientations in  a verti- 
cal  girdle normal to the vertical crack, in contrast 
to the nearly vertical point maxirmnn of the large 
crystals o f  massive segregatd ice. where subseqcaent 
fractures  occurred they did  not  generally follm 
paths of earlier fractures. Thus it is evident that 
grain boundaries have exerted no major control on 
fracture  propagation,  during either original or 
subsequent fracture. Sub-boundaries and other dis- 
location groups associated  with  inclusions may have 

aided in  micro-crack nucleation, and bubbles may 
haw acted as stress concentrators. 

In the m r k  reported here it w a s  not possible to  
study ice imnediately after  fracture. Such obser- 
vations muld be helpful, as muld mre detailed 
laboratory  information ccncerning the effect  of 
texture on the  pmpagatim and s u b s q u a t   i n f i l  of 
cracks in ice. 
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F i g .  I .  Schematic  diagram of  i n f i l l e d  
v e r t i c a l   c r a c k  in massive  ice,  o = bubble; 

growth.  Scale 2x n a t u r a l .  
"_ = f rac ture   sur face  w i t h  e p i t a x i a l  

F i g .  2. Petrofabrics of  f r a c t u r e   i n  
massive  ice.   Vert ical   sect ion  orthogonal  
t o   c r a c k .  f = f rac ture   p lane;  x = massive 
i c e   c r y s t a l ;  = infil c r y s t a l .  
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CYCLIC NATURE O F  THERMOKARST ON THE MARITIME PLAIN IN THE UPPER PLEISTOCENE AND 
HOLOCENE 
G.F. G r a v i s ,   A l l - U n i o n  Res. I n s t .  o f  Hydrogeology  and  Engr  Geology, MOSCOW, U.S.S.R.  

The r a d i o c a r b o n   d a t i n g   o f   a l a s   d e p o s i t s  and o f  a l l u v i a l  and  marine  deposi ts 
o f   s i m i l a r  a g e ,   t o g e t h e r   w i t h   p a l y n o l o g i c a l   d a t a  show t h a t  most  thermokarst   depres- 
s i o n s   o n   t h e   M a r i t i m e   P l a i n  and t h e   N o v o s i b i r s k   I s l a n d s   a r e  o f  pre-Holocene  age. I t  
i s   no ted   t ha t   deve lopmen t  o f  t he r rnoka rs t   occu r red   ma in l y   du r ing   t he   co ld   g lac ia t i on  
epochs ( the   Zyryan  and  the   Sar tan   epochs) ,   and  tha t  i t  c o i n c i d e d   i n   t i m e   w i t h   t h e  
l o w e r i n g  o f  the  main base l e v e l  o f  e r o s i o n ,   i . e .   t h e   s e a   l e v e l .  The da ta   ob ta ined  
a r e   u s e d   t o   p o s t u l a t e  a hypo thes i s  of c y c l i c  development o f  thermokarst  as a 
f u n c t i o n   o f   c l i m a t i c  changes, f l u c t u a t i o n s  o f  sea l e v e l  and r e l a t e d  changes i n   t h e  
e ros ion -denuda t ion  and  accumulation  processes. 

LES CYCLES DU THERMOKARST DE LA PLAINE COTISRE PENDANT LE P L ~ I S T O C ~ N E  SUPCRI EUR ET 
L I H O L O C ~ N E  
G.F. G r a v i s ,   I n s t i t u t   s o v i g t i q u e  de recherches   sc ien t i f i ques   en   hyd roggo log ie  e t  
g g o l o g i e   c i v i l e ,  MOSCOU, URSS 

Le5 donnkes   pa l yno log iques   e t   l a   da ta t i on   au   rad ioca rbone  des d6p6ts  du 
complexe  therrnokarst ique  et  des a l l u v i o n s   e t   s e d i m e n t s   m a r i t i m e s  de l a  merne gpoque 
on t   mon t re   que   l a   p lupa r t  des d4pressions  therrnokarst iques de l a   p l a i n e   c g t i s r e   e t  
des Ples de l a   N o u v e l l e - S i b g r i e   s o n t   a n t e r i e u r e s  3 l 'Holoc&ne.  Le  dkveloppement  du 
thermokarst  a s u r t o u t   e u  1 ieu   au   cours  des p g r i o d e s   g l a c i a i r e s   f r o i d e s  (Bpoque de 
Z y r i a n d a   e t  de Sar tane) .  I1 cot 'nc ida i  t dans l e  temps avec 1 ' aba issement   du   p r i  n- 
c i p a l   n i v e a u  de base  de 1 ' 6 r o s i o n  - l e   n i v e a u  de l a  mer. 

Fondee s u r   l e s  donnees  obtenues,  une  hypothsse  du  d&veloppernent  cyclique du 
t h e r r n o k a r s t   q u i   s e r a i t   f o n c t i o n  des v a r i a t i o n s   c l i r n a t i q u e s ,  des f l u c t u a t i o n s  du 
n i veau  de l a  mer e t  des v a r i a t i o n s  des processus   d 'e ros ion ,   de   denudat ion   e t  
d 'accumu la t i on  a e t e  6laborge.  

UMKfl.MqHCCTb TEPMOKAPCTA HA nPMMOPCKOa HMSMEHHOCTM B BEPXHEPi nJIEfi+ 
CTOLIEHE M rOJIOUEHE 

r.@. I'pamc, BHMM rkinnporeonorsn k~ mxeHep. reonorm, Mocma, CCCP 
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UMKnMYIlOCTb TEPMOUPCTA HA JIPMMOPCKOri HM3MEHHOCTM 
B  BEPXHEM  nJIEflCTOUEHE M kVJIOUEHE 

BHMM ranporeonoran H aHmeHepnofi reonoraa, MocKna, CCCP 
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SOME ASPECTS OF THE MECHANICS OF FROST  FRACTURING OF SOILS IN THE PERMAFROST ZONE 

S . E .  Grechishchev,   A l l -Union Res. I ns t .   o f   Hyd rogeo logy   and  Eng. Geology, 
Moscow, U . S . S . R .  

The problem o f  t h e   d i s t r i b u t i o n  of t h e r m o e l a s t i c   s t r e s s e s   i n   t h e   v i c i n i t y  of 
two  marg ina l   f rac tu res  i n  a semispace i s   s o l v e d ,  and t h e   s o l u t i o n   i s   a p p l i e d   t o   t h e  
a n a l y s i s   o f   f r o s t   f r a c t u r i n g   o f   s o i l s   i n   t h e   p e r m a f r o s t  zone w i th   a l l owances  f o r  
t h e i r   t h e r r n o r h e o l o g i c a l   p r o p e r t i e s   a n d   g r a v i t y .  The exper imenta l l y   de termined 
v i s c o s i t y   c o e f f i c i e n t s  of f a i l u r e   i n   t h e  apexes o f  f r a c t u r e s   i n   d i f f e r e n t   f r o z e n  
s o i l s   a r e   g i v e n  i n  r e l a t i o n   t o   t e m p e r a t u r e .  The t e m p e r a t u r e   f i e l d   i s   a p p r o x i m a t e d  
as a sum o f  t w o   h a r m o n i c   o s c i l l a t i o n s .  The suggested  method makes i t  p o s s i b l e   t o  
c a l c u l a t e   t h e   d e p t h   o f   f r a c t u r e s ,   t h e   c r o s s   s e c t i o n  of t h e i r   o p e n i n g  and t h e   e q u i -  
l i b r i u m   d i s t a n c e   b e t w e e n   t w o   a d j a c e n t   f r a c t u r e s .  The c o n d i t i o n s   o f   s t a b l e  and 
u n s t a b l e   g r o w t h   o f   e q u i l i b r i u m   f r a c t u r e s   a r e   d e s c r i b e d .  I t  i s  shown t h a t   u n d e r  
p r e s e n t   c l i m a t i c   c o n d i t i o n s   t h e   d e p t h  and w i d t h  o f  f r a c t u r e s  and t h e   e q u i l i b r i u m  
d i s t a n c e   b e t w e e n   a d j a c e n t   f r a c t u r e s   h a v e   l i m i t i n g  minimum  and maximum values.  
Numer i ca 1 examp 1 es a r e  g i vena 

QUELQUES ASPECTS DE LA MiCAN I QUE DE LA GiL  I FRACTION DES SOLS DAN$ LA ZONE DE 
PERGELISOL 
S . E .  G r e c h i s h c h e v ,   I n s t i t u t   s o v i g t i q u e  de   recherches   sc ien t i f iques   en   hydrogeo log ie  
e t   g e o l o g i e   c i v i l e ,  MOSCOU, URSS 

de  deux f rac tu res   marg ina les  dans un demi-espace.   La  rnhe  so lut ion e s t  app l i qu6e  a 
l ' a n a l y s e  de l a   g g l i f r a c t i o n  des s o l s  dans l a  zone  de p e r g e l i s o l  compte  tenu de 
leu rs   p rop r i6 tgs   t he rmorheo log iques   e t  de l e u r   p o i d s .  

c i e n t s  de v i s c o s i t g  de l a   d e g r a d a t i o n   s u b i e   p a r   l e s   c r f t e s  des f r a c t u r e s  dans 
d i f f e r e n t s   g 6 l i s o l s   s e l o n  l a  temp&rature.  Le champ de t e m p e r a t u r e   e s t   c a l c u l 6  de 
fason  approx imat ive ,   e t   p rend  la   fo rme  de  la s o m e  de deux osc i l l a t i ons   ha rmon iques .  
La mgthode  proposee  permet de c a l c u l e r   l a   p r o f o n d e u r  des f r a c t u r e s ,   l e u r   p r o f i  1 
d ' o u v e r t u r e   e t   l a   d i s t a n c e   d ' e q u i l i b r e   e n t r e  des f r a c t u r e s   v o i s i n e s .  Les cond i -  
t i o n s  de l a   c r o i s s a n c e   s t a b l e  e t  i n s t a b l e  des f r a c t u r e s   c r y o g e n i q u e s   g q u i l i b r g e s  
s o n t   d g c r i t e s .  I1 s 'av6re   que,  dans l e s   c o n d i t i o n s   c l i m a t i q u e s   a c t u e l l e s ,   l a  
profondeur  e t  l a   l a r g e u r   d ' o u v e r t u r e  des f r a c t u r e s   e t  l a  d i s t a n c e   d ' e q u i l i b r e   e n t r e  
des f r a c t u r e s   v o i s i n e s   o n t  des va leu rs   l im i tes   m in ima les   e t   max ima les .  Exemples 
numkriques. 

HEKOTOPME BOnPOCbI MEXAHMKM KPMOrEHHOrO PACTPECKMBAHMR 
rPYHTOB KPMOJ'IMT030Hbl 

C.E. r p e w m e B ,  BHMM r w p o r e o n o r H A  EI. mmesep.  r e o n o r N H ,   M o c K B a ,  CCCP 

S o l u t i o n  du  problsme de l a   d i s t r i b u t i o n  des tens ions   thermo6 las t iques   au tour  

P r e s e n t a t i o n  des  donnges exper imenta les  obtenues  sur   les  va leurs des c o e f f i -  

l l o n y r e H o  pemewe aaaar~ o p a c n p e n e n e H H H   T e p M o y n p y r A x   H a n p m c e w i i  B OKP~CTHOCTRX ~ B Y X  

K p a e B b l X   T P e l U H H  B IIOJIyrlpOCTpaHCTBe.  PeLUeHEle  nPkIMeHeH0 K a H a n H 3 y   K p H O r e H H O r O   P a C T p e c K H B a H A R  

r p y H T O B  KPBOJ'lEIT030HbT. YqTeHbI   TepMOpeOnOI'HYeCKHe  CBOf iCTBa  Mep3JIb lX  rPYHTOB H CO6CTBeHHblf i  

B ~ C  rpyma. 

seprumax Tperum B p a m m ~ b r x  ~epsnbrx rpywax B 3 a B A c m M o c T k l  OT T e M n e p a T y p b r .  none TeMnepa- 
n p A B e a e H b I   3 K C n e p k l M e H T a J I b H b I e   A a H H b I e  0 3 H a Y e H R m  KO3&$AQReHTOB B R 3 K O C T A   p a 3 p y U e H H R  B 

Typ IIpklHRTO n p ~ 6 n ~ x e ~ ~ o  B DklaAe CYMMbI A B y X   r a p M O H B Y e C K A X  ~ o n e 6 a ~ ~ 8 .  I?penJI€lraeMaH  MeTOAklKa 

I I 0 3 B O n R e T   B b I q A C J I k i T b   l T y 6 1 3 H y   T p e I U H H ,   I I p O ~ W l b   P a C K p b I T H R   T p e U H H  kl PaBHOBeCHOe  PaCCTORHIle  MeX- 
nY COCenHHMH  TpeLWHaMH.  YCTaHOBJleHbI  yCnOBMR YCTO$hIIBOTO 13 HByCTO&HBOrO  POCTa  PaBHOBeCHbIX 

KpaoreHwIx TpemaH. I"IoKa3bIBaeTcR,  YTO B YCnOBHcIX c o s p e M e H H o r o  mmaTa rnybaaa B mapma 
p a c K p b 1 m c I   T p e r U u H  II p a s H o s e c a o e   p a c c T o R H H e  M e w Y  C O C ~ A H H M H  T p e r u H H a M a   H M e m T  npeaenwbre MH- 

HEIM-bHble H MBKCRMEUIbHblF2 3HaqeHHR.  nPHBOARTCR  YHCJXeHHbIe  IIpHMepbI.  
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HEKOTOPbIE BOnPOCbI MEXAHMKM KPMOrEHHOrO PACTPECKMBAHMFI WYHTOB KPMOJIMT030Hbl 

C. E. @eraueB 

BHMM ranporeonorm H aHxeHepHoii reonorrxu, MOCKBa, CCCP 
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T a 6 n a u a  I 

x 
Plh 0,40 0 0 , 0 5  0,07 0,10 0,16 0, 75  0,35 

DYHKUHR k: 
0 , 2  0,27 0 , 3 0  0,35 0 ,38  0,40 0,41 0,41 0,4i 
075 0.30 0,33 0,40 0,46 0,47 0 ,4x  0,48 0,48 
180 0,21  0,24 0 , 3 2  0,37 0,38 0,40 0,-40 0,41 
2 , O  0,07 0,24 0,16 0,18 0 , 2 0  0 , 2 3  0,24 0,25 
3,o 0 ,02  0,02 Q O . 1  0 , O G  0,07 0,08 0,08 0,10 

Q Y H K ~ ~ ~  E‘ k 
0 , 2  0 , 0 2  0 ,02  0 , 0 2  0,02 0 ,02  0,02 0,02 
0 , 5  0,05 0,05 0, 06 0,07  0,07  0,07  0,07 0,07 
1 , o  0 , l O  0,11  0.12  0.13 0, 14  0,14 0,  14  0.14 
2,o 0,07 0,06 0, 11 0,12 0,13 0,13 0,13 0,13 

8 , 0 2  

3,o 0 , O l  0,02 0 , 0 3  0,06 0,06 0,07 0,07 0,07 

@YHKUEIR E{ 
0 , 2  0,05 0 ,05  0,05 0 , O G  0 , O G  0, O B  0,06  0,06 
0 , s  0,19 0 , 2 0  0 , 2 2  0 , 2 3  0,24 0,24 0,24 0,24 
1,o 0,54 0 , 5 7  0, 61 0,65 0, 67 0, 67 0,68 0,68 
290 1,52 1, 61 1,72 1,83 1,813 1,89 1,92 1,92 
3 , O  2,SO 2,96 3, 17 3,37 3.48 3,48 3,53 3 ,53  

T a 6 n a u a  2 

P l  ‘1 

t,p/t01 0 , 2  1 0 , s  I 1 , O  I 2 , O  I 3 , O  
@YHKUM Kc 

0,05 0 , 2 8  0,24 0,15  0,07 0,06  
0 , 1  0,29 0 , 2 5  0,17 0,10 0,OD 
0 , 2  0,31  0,27 0 , 2 0  0,14 0,13 
0 , s  0 ,35  0,32  0 , 2 6  0 , 2 3  0 , 2 2  

@YHKUHR K, 
- 

0,05  0, 15 0, 19 0, 113 0,14 0,07 
0 ,  1 0,16 0,20  0 , 2 0  0,18 0,10 
0 , 2  0,19 0,23 0 , 2 2  0,18 0,1*1 
0.5 0 , 2 F  0 , 2 8  0,29 0 ,26  0.23 

T a 6 n u u a  3 

Y / h  
Plh 0 , s  1 0 ,7  ( 1 , O  0 , 3  0 1 0 , 2  

@YHKUHR st 

1 , 0  0.92 0,75 0,67 0.53 0,37 0 
2 , O  1,62 0,95 0,80 0,57 0,31 0 
3,0 1,3a 0,97 0,80 0.50 0 , 2 0  0 

*YHKUHR s: 
0 , 5  0,04 0,04 0,04 0,04 0,03 0 
l , o  0,12 0,12 0 , l l  0 , l i  0,09 0 
2.0  0 , 2 8  0,27 0 , 2 5  0 . 2 3  0 ,20  0 
3 , O  0,37 0 ,38  0,28 0,27 0 ,24  0 

$(y) = 3; (plh, y/h) -: 1 (plh)2 SY (X, y/h)  (25)  
N B Kame smbr-wa~ane B e c H b I  

- 
S(y) = jk(plh, y / h )  - (plhI2 StCh y/h), 

1 ( 2 6 )  

T a 6 n n u a  4 

0,40 0 , 2 6  
0 ,35  0,29 
0 , 2 5  0,35 
0,15 0,40 
0 , I O  0.43 
0,07 0,43 
0,05 0,44 
0 , O O  0,44 

0,20 
0, 32 
0,37 
0,41 
0,43 
0.44 
0,44 
0,45 

@YHKlIklSI s y  
0,30 0 , 3 2  
0,33 0,34 
0,38 0 ,  39 
0,42 0,42 
0,44 0,44 
0,44 0,44 
0,45 0,45 
0,46 0,45 

0,31 0 
0,32 0 
0 ,36  0 
0,39 0 
0,40 0 
0,41 0 
0,41 0 
0,41 0 
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T e G n u u a  5 



294 
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"MASS WASTING IN P E R M A F R O S T  AND NON-PERMAFROST ENVIRONMENTS" 
A,Jahn, Dept. of Geography University in Wroclaw, Poland 

In a cold climate  environments  the features of m a s s  wasting on slopes  are 
usually  fairly  identical  irrespective of the  presence o r  absence of permafrost. 
This refers mainly to the mechanism and the  consequences of f rost  creep. It 
could be assumed,  that  in  its  final  effect  identical  results a r e  obtained not only 
from frost  creep but from all  kinds of pulsating  soil movements occuring on slo- 
pes, Hence the similarity of the  curves of the movement i. e. of the  soil  structures 
as observed  in  different  climatic  conditions.  Permafrost does not control  the 
mechanism of soil movement, but it  indicates the range of this movement extending 
to the  depth  /summer  thaw/.  Hence, from frost  creep  structures can  be deter- 
mined the  thickness of the  active  layer of permafrost  in  the  Pleistocene en- 
vironment. 

"MOUVEMENTS DE  MASSE  QUI  CARACTiRl   SENT LE5 M I L  I EUX  DE 
EN CLIMAT  FROID"  

A.  Jahn,  departement de g e o g r a p h i e ,   u n i v e r s i t g  de Wro 

P E R G ~ L  

c law,  P 

ISOL E T  LES AUTRES, 

o l  ogne. 

Dans l e s   c l i m a t s   f r o i d s ,   l e s  mouvements  de  masse qu i   se   p rodu isen t   su r   l es  
versants   sont   en  ggngra l  de mEme n a t u r e ,   q u ' i l  y a i t  ou non u n   p e r g e l i s o l .  Le 
terme  de mouvement de masse d e s i g n e   s u r t o u t   l e  mecanisme e t  les consgquences  du 
f l uage  d^u au g e l .  On p e u t   a d m e t t r e   q u ' e n   d e f i n i t i v e   l e s   r e s u l t a t s   s o n t   l e s  m@mes, 
que les  pentes  subissent   un  f luage da  au g e l ,   o u   d i v e r s   a u t r e s  mouvements qu i  
a f f e c t e n t   p e r i o d i q u e r n e n t   l e   s o l  d e   c e s   p e n t e s .   C ' e s t   c e   q u i   e x p l i q u e   l a   s i m i l a r i t e  
des  diagrammes  du  deplacement,  donc l e s   s i m i l a r i t g s  de s t r u c t u r e  des so l s   cons ta tees  
dans d i v e r s   c l i m a t s .  Le p e r g g l i s o l  ne determine  pas l e  mgcanisme  des rnouvements 
que s u b i t   l e   s o l ,   m a i s  i l  con t r6 le   l eu r   ex tens ion   en   p ro fondeur ,   qu i   co r respond  2 
la   profondeur   de  dggel   en e t & .  Par   consgquent ,   les   s t ruc tu res   que  c r6e   le   f luage 
pe rmet ten t   de   dg te rm ine r   l ' epa isseur  du m o l l   i s 0 1   q u i   r e c o u v r a i t   l e   p e r g e l   i s o l  des 
m i l i e u x   g l a c i a i r e s  du   P le is tocsne.  

aBMKEMME rPYHTOB HA CKJIOHAX B MEPJJIOTHbIX M BEJMEP3JIOTHbIX YCJIOBMRX 
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MASS WASTING IN PERMAFROST  AND  NON-PERMAFROST  ENVIRONMENTS 

A .  Jahn 

Department of Geography,  University of Wroclaw,  Wroclaw,  Poland 

INTRODUCTION 

For  more  than  twenty  years  soil movementsonmoun- 
tain  slopes  have  been  investigated  and  measured; 
these  studies  mostly  refer  to  frost  creep and 
gelifluction.  This  research  is  under  way in the 
permafrost  environments of Greenland,  Spitsbergen, 
Canada  and  Siberia,  but  also  in  regions  where  perma- 
frost  is  lacking,  like  the  Rocky  Mountains  in 
America,  the  Alps,  the  Scandinavian  Mountains,  the 
Carpathians  and  the  Sudety  Mountains - in  short 
in  regions  of  alpine  environments.  My  attempt  at 
correlating  the  results of these  investigations  is 
based,  chiefly,  upon  material  collected by  myself 
during  studies  made in the  Sudety  Mts.  in  Poland 
and  in  Spitsbergen;  I  also  include  relevant  data 
available from other  regions. 
Motion  measurements  can  only  supply  concepts 

about  the  mechanics of these  effects  which  I  am 
investigating  by  studying  the  results  of  long-term 
movements, i.e.  ground  structures. 

COMMENT  ON  METHODS  APPLIED 

Measurements  of  movements  at  the  soil  surface  are 
usually  made  by  the  use  of  wooden  pegs  or  markers 
inserted  into  the  soil.  This  method  yields 
favourable  results  as  shown  by  examples  reported 
from  Greenland  by  Washburn (1967). For determining 
deeper soil or subsurface  movement,  it  is  customary 
to use  wooden  or  concrete  rods  subdivided  into 
segments  and  driven  into  the soil to L m depth 
(Rudberg  1958,  Jahn 1961, Benedict  1970,  Jahn- 
Cielinska 1 9 7 4 )  or  flexible  plastic  tubes  made  of 
polyethylene  (Zhigarev  1960,  Williams 1966,  Price 
1973); a  methodological  valuation of such  measure- 
ments  was  given by Selby (1966). My own experience 
suggests  that  the  use  of  segmented rods is  prefer- 
able.  In  a  cold  climate  the soil movement  consists 
of  frost  creep  with  two  componenrs:  one  which  runs 
parallel t o  the  slope  gradient  (slide  and  flow) 
the  orher  being  perpendicular  to  the  slope (an 
expanding,  spreading motion).  Polyethylene  tubes 
indicate  movements  only  in  the  former  direct,ion, 
and,  accordingly  they  fail  to  reveal soil movements 
fully  (this  method  being  ineffective  as deschbed 
by  Ross  Mackay  and  Mathews, 1 9 7 4 ) .  Segmented  rods 
can  indicate  and  measure  movements  in  both  direc- 
tions. 

A comparison  shown  in  Fig. 1, as  well  as  two 
photographs  taken  in  the  Sudety  Mts.  (Figs. 2 and 
3 )  represents  convincing  evidence in favour  of  the 
second  method. 

cm "J P ? P ? 'P 

A 

r-B 
Fig. 1. Soil  creep  measurements  in  the  Sudety 

A. Soil  creep  in  the  Karkonosze  Mountains 
Mts. 

between 1960 and  1970.  Altitude  1200 a .s . l . ,  
mean  annual  air  temperature  l0C. 

Kletno, between 1971 and  1975.  Altitude 
640 m a.s.l., mean  annual  temperature 5'C. 

THE CLIMATE 

The  presence of permafrost  and  the  occurrence 

B. Soil  creep  in  Snieznik  Klodzki  massif,  at 

of  mass  wasting  on  "cold  type"  slopes  are  not 
contingenr  upon  identical  climatic  parameters. 
Permafrost  is  merely  the  result  of  negative  tem- 
peratures,  winter  temperatures as reflected  in 
the  mean  annual  temperature of  the  order  of 
about -5'C. Mass  wasting  in  cold  climates, 
including  frost  creep,  represents  a  phenomenon 
linked  with  temperature  oscillations  around  O°C; 
hence  they  occur  during  warmer  periods  (spring 
and  autumn)  and  take  place  in  environments  where 
the  mean  annual  air  temperature  is O°C or  above 
O°C. A  "permafrost  climate''  affects  soil  move- 
ments  indirectly;  the  formation, in winter  time, 
of a permafrost  layer  inside  the  Soil  creates 
conditions  favourable  to  mass  wasting  in 
summertime.  The  problem is :  what  are  the  rate 
of  soil  movements  and  their  mechanism  in  perma- 
frost  and  non-permafrost  environments. To be 
more  specific,  are  there  any  differences  between 
mass  movements  in  European  mountains  whose 
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cold  areas  without  permafrost.  While  in  high 
mounrains  in  America  and  Europe  the  annual  rate 
of  gelifluction  movements is 1 to  4 cm, in  the 
Spitsbergen  or  Greenland  areas  this  figure 
amounts  to  12-15  cm  per  year  (Jahn  1961,  Washburn 
1967). In  highlands of the  temperate  zone,  like 
the  Sudety  Mrs.,  surface  movements of the  soil 
vary  between 0.5 and  1.5  cm  annually  (Fig. l), 
This is even  more  surprising  since  in  non- 
permafrost  mountains an exceptionally  high  rate 
of s o i l  movement  has  occurred  in  places  where 
needle  ice  is  effective;  Cerlach  (1959)  found 
that  in  the  Tatra  Mts. a "leap"  of  single stones 
can  amount to 7  cm in a  single  day;  in  Canada 
Ross Mackay  and  Mathews  (1974)  report  that  the 
movement  caused  by  needle ice was  35  cm  in  the 
course  of  a  year.  This  kind o f  movement  rep- 
resents  a  local  phenomenon,  depending on specific 

Pig. 2 .  K ~ e t ~ o .  S o i l  creep ~ e a s u ~ e ~ e ~ t s  by means climatic  conditions  (spring  and  autumn  night- 
of fl.exible p l a s t i c  tubes ,  frosts)  and on slope  inclination.  The  movement 

occurs  only  on  surfaces  without  dense  vegetation 
cover, i.e., on slopes  deprived  of  natural 
insulation. 

SUBSURFACE MOVEMENT  AS  DETERMINED BY MEASUREMENT 

Data  are  fairly  numerous on measurement of 
soil  movements  extending  below  the  surface of 
the  soil up to 1.0 or  1.5 m, recorded  in non- 
permafrost  mountains,  i.e.  in  Alpine  environments. 
Little  is known about  these  phenomena  in  perma- 
frost  areas  where  attention  has  been  centered  on 
surface  movement.  Figure 4 presents  six  types of 
vertical  profiles  of  the  movements  which  seems t o  
exhaust  all of the  varieties  observed so far. The 
curves  could  be  described as convex,  concave, 
and  different  combinations  of  convex-concave 
downslope.  Curve 1, most  commonly  occurring 
(Rudberg  1957,  Williams  1966,  Price  1973,  Jahn- 
Cielinska  1974, Ross Mackay-Mathews 1 9 7 4 )  
illustrates  a  continuous  and  rapid  reduction of 
movement  with  depth. 

Fig .  3. The K a ~ k ~ n o ~ z ~ =  S o i l  creep measured 
by means of s e ~ m e n t e ~  wooden stakes.  

s " , ~ h ~ ~ : m ~ ; l r ~ s : t ~ " , ~ ~ ~ ~ ,  Alpine  environments  lack  the % ~ ~ ~ ~ ~ n ~ r v ? ~ % a t h e  presence  of  permafrost (/ ) 2 ([ 
significance  of  permafrost  does  not  lie in its 
thermal  properties  but  rather  in  its  hydrological 
importance,  as  permafrost  forms  a  layer  impermeable 
t o  underground  water. 
However,  frost  creep i s  merely  a  form  of  move- 

ment  of  soil  creep  type  which,  as  a  rule,  may  also 
occur  under  different  climatic  conditions 
(Terzagi's  "seasonal  creep",  1950) ; these  movements 
are  caused  by  volume  changes  in  the  surface  soil 
layer  due  to  alternate  wetting  and  drying.  This 
type  of  "pulsating  movements"  does  not  depend  upon 
the  presence  of  permafrost,  and  does  not  even 
require a cold  climate. 

SURFACE SOIL MOVEMENT Fig. 4 .  Types of curves  indicating  the  movement 
of  the  soil  mainly  creep.  For  explan- 

On soil  surfaces  the  rate of movement  is  defin-  ation  see  the  text. 
itely  higher  in  permafrost  environments  than in 



Curve 2 (Price  1973,  Jahn-Cielinska  1974,  Benedict 
1976)  shows  a  profile  of  soil  movement,  essentially 
decreasing  downward  but  retarded  by  vegetation 
which  covers  the  slope  surface.  Curve 3 ,  showing 
the  slow  reduction of movement  with  depth, 
illustrates  a  phenomenon  occurring in a  rather 
shallow soil layer (Ross Mackay-Mathews 1974). 
Curve  4  indicates a soil  movement  greater  in  the 
depth  than  at  the  surface  (Williams  1966,  Price 
1973). Curve 5 shows  movement  as  split  up  in 
different  soil  layers,  with  unrestrained  movements 
of particular  soil  horizons;  this  sort  of  soil 
movement  along  shear  planes  has  been  observed in 
the  Sudety  Mts.  (Fig. 5), Sahn-Cielinska.  Curve 6 
presents  a soil movement  char is variegared  but 
with  no  evidence of shearing  (Zhigarev  1960). 

types  have  been  identified  whereas  in  permafrost 
environments  only  curves 1, 4 and 6 have  been 
found. 
The  curves  shown in Fig. 4 mainly  illustrate 

the  effect  of  frost  creep,  or  even  just  creep (a 
pulsating  movement).  This  process  initiates soil 
movements  and  is  their  basic  cause,  while  gelifluc- 
tion  only  modifies  to  some  extent  the  shape of the 
curves.  Hence  it  may  be  concluded  (as  indicated 
At an earlier  date, i.e. by  Benedict  1976)  that 
there is no marked  difference in the  action  of 
frost  creep,  in  permafrost  and  non-permafrost 
environments;  this  would  mean  that  the  mechani-sm 
of  this  process  is  independent  of  the  presence  of 
permafrost. 

In  non-permafrost  environments all of  the  above 

Crn  
0 
5 

a 

Fig. 5. Curves of soil creep in the  Karkonosze 
Mts.,  convex (A)  and  concave (B) down- 
slope.  Shearing  planes:  1-layer 5 cm 
deep,  (action  of  needle ice),  2-layer 
25  cm  deep,  where  lower  shearing  plane 
the  result  of  a  variety of causes  such 
depth  of  winter  freezing,  systems  of 
plant  roots,  changes  in  water  content 
and soil composition. 

is 
as 

SUBSURFACE MOVEMENT AS DEFINED BY STRUCTURE 

Measurement  of s o i l  movements,  mostly  carried 
out  and  continued  for  several  years  (with  the 
longest  series  barely  extending  over  some 10 
years)  indicate how this  process  is  advancing, 
whereas  the  final,  long-term  effects  of soil 
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movements can only  be  observed  in  the  shape  of 
the  resulting soil srructures.  At  Longyearbyen 
in  Spitsbergen,  in a permafrost  environment,  the 
result of 30 years  gelifluction  is  evident  in 
the  bending  of  the  pillars  upon  which  buildings 
had  been  put  up,  prior  to  their  destruction  in 
1942  during  the  war.  Here  the  annual  rate of 
gelifluction  in  the  surface  layer  was  at  least 
2-4  cm  (Pig. 6). This  gelifluction  is  a con- 
tinuous  process  which,  considering  evidence of 
the  tilt of the  pillars,  might  be  likened to the 
movement  illustrated  by  our  curve 1 (Pig. 4 ) .  
Gelifluction  structures  represent  stratified 

structures  (gelifluction  sheets).  However,  when 
gelifluction is connected  with  frost  creep,  one 
distinctly  notices  what is called  "gelifluction 
roots",  and  hook-like  structures  ("slope  hooks") 
can be seen.  Hook-shaped  frost  creep  and  geli- 
fluction  structures  are  common  in  permafrost 
regions of  Spitsbergen,  Siberia  and  Canada. It 
would  follow  then  that,  although  the  evolution  of 
mass  wasting  on  slopes  may  suffer  disturbance and, 
depending on all  sorts of obstructions  it  may 
be represented  by  a  variety  of  curves,  the  final 
result  is  bound  to  appear  in  the  shape  of  either 
of two  curves:  a  concave  downslope  bend o r  a 
convex  downslope bend; the  former  essentially 
results  from  frost  creep,  the  latter from sheet 
gelifluction,  the  shearing-off  occurring 
frequently. 

Fig. 6. Foundation  pillars of a demolished 
building  after 30 years  action  of 
gelifluction,  Longyearbyen,  Spirsbergen. 

In a  permafrost  environment  the  downward  limit 
of such  structures  indicates the thickness  of  the 
active  layer of permafrost. 
Herein  is  the  only  evidence  of  the  connection 

of  frost  creep  and  permafrost.  Permafrost  does 
not  affect  the  mechanism  of  such  Soil  movements 
but  determines  its  vertical range, the  movements 
being  restricted  to  the  active  layer of perma- 
frost.  Unless  the  climate  undergoes  considerable 
changes,  a  summer  thaw  layer  of  definite 
thickness  exists on slopes.  The  structure of the 
layer  reveals  the  characteristic  arches of 
slope  hooks.  At  times  such  arches  may be cut-off 
by erosion,  or  else  they  may  be  covered by 
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gelifluction  sheets  (Fig. 7). 

Fig. 7. Structure  of  slope  hooks - resulting  from 

1. 

2 .  

3 .  

AL 

exposure t o  soil  creep. 
The  beginning  of  formation of structure  by 
deflection  of  the  motion of S o i l  particles 
(a)  from  direction  perpendicular  to  slope 
gradient (b) 
Advanced  stage  of  structure  formation,  with 
initial  slope  surface  shown 
Cut  off  structures  (a),  and  reconstruction 
of initial  slope  surface  (b) 

- active  layer, P - permafrost. 

Fig. 8 .  Slope  hooks  at  Glantre,  Wales,  Gelifluc- 
tion  sheet  visible  above  hook  structure. 

The  extent of slope  hooks  in  the  Bleistocene 
periglacial  environment  is  indicative  of  the 
thickness  of the active  layer  of  permafrost.  Best 
preserved  are  usually  those  structures  of  slope 
hooks  Khat  have  been  covered  and  fossilized  by 
slope  deposits  (Fig. 8).  Exposures  of  slope 
hooks  were used in  the  Sudety  Mts.,  where  during 
the  last  glaciation  the  thickness  of  the  active 
layer  of  permafrost  was 1 t o  3 m (Fig. 9). 

Fig. 9.  Cut off slope  hooks  in  the  Sudety  Mts., 

A - kaolinized  regolith  clays, B - gelifluction 
sheet. 

These  hook  structures  were  discovered  at  widely 
different  altitudes,  between 400 and 1500 m a.s.1. 
Although  with  increasing  altitude  the  thickness 
of the  structures  tends  to  decrease,  this 
correlation i s  hardly  invariable.  The  thaw of the 
soil  in  the  summertime  during  the  Pleistocene 
seems t o  have  depended  more  upon  ldcal  factors, 
such  as  slope  exposure  and  vegetation  cover  than 
upon  altitude. 

at  Wojcieszow  Corny. 

CONCLUSIONS 

In cold  climate  environments  the  features  of 
mass  wasting on slopes  are  usually  fairly  iden- 
tical  irrespective of the  presence  or  absence 
of  permafrost.  This  refers  mainly  to  the 
mechanism  and  consequences of frost  creep.  It 
could  be  assumed  that i n  its  final  effect 
identical  results  are  obtained  not  only  from  frost 
creep  but  from  all  kinds of pulsating  soil  move- 
ments  occurring  on  slopes.  Hence  the  similarity 
of  the  curves  of  movement  profiles,  i.e.  of  the 
soil  structures  as  observed in different 
climatic  conditions. 
Permafrost  does  not  control  the  mechanism  of 

soil  movement,  but  exerts  a  control on the  depth 
of  the  movement  (summer  thaw).  Hence,  from 
frost  creep  structures  of  permafrost  in  the 
Pleistocene  environment  the  thickness of the 
active  layer  can  be  determined. 
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THE  COMPARISON OF FROZEN S O I L  STRUCTURE  BENEATH A HIGH  CENTER POLYGON,  TROUGH AND 
CENTER, A T  BARROW, ALASKA 

s *  Kinos i ta ,  y. SUZuki, K. Horiguchi  and M. Fukuda, I n s t i t u t e  of LOW Temperature 
Science,   Hokkaido  University,   Sapporo,  Japan 

Dri l l ing  programs were c a r r i e d   o u t  a t  a polygon of Barrow i n  summer, 1974 ,  by 
using a portable   boring  machine.  Core samples  of 4.5cm in   d i ame te r  were taken a t  a 
t rough (from t h e   s u r f a c e   t o  77cm deep)  and a t  a r a i sed   cen te r   ( f rom  the   su r f ace   t o  
109cm deep) .   I ce   co res  were found  below  the  depth of 55cm a t  the   t rough .   S l i ced  
specimens  of   these  ice   cores  were observed  under a p o l a r i z e d   l i g h t   f o r   a n a l y s i s  of 
t h e i r   c r y s t a l   s t r u c t u r e s .  Frozen s o i l  spec imens   cu t   to   p ieces   every  5cm i n   l e n g t h  
were measured for the i r   phys ica l   and   chemica l   quant i t ies ,   and  14C d a t i n g   e s p e c i a l l y  
f o r  organic   conten ts .   Discuss ions  w i l l  be  made f rom  these   ana lys i s  on t h e   d i f f e r -  
ences  of s o i l  water fea tures   be tween  the   t rough  and   the   ra i sed   cen ter   o f   the  
polygon. 

 TUD DE COMPARATIVE DE LA STRUCTURE DU G ~ L  I SOL DES FENTES P ~ R I  P H ~ R I  QUES ET DU CENTRE 
D ' U N  POLYGONE  CONVEXE, A BARROW EN  ALASKA 

S. K inos i t a ,  Y. Suzudi, K, Horiguchi and M. Fukuda, I n s t i t u t e   o f  Low Temperature 
Science,   Hokkaido  University,   Sapporo, Japon 

On a u t i l i s 6   p e n d a n t  1 ' G t E  1974  une   foreuse   por ta t ive ,   pour  l a  G a l i s a t i o n   d ' u n  
programme de f o r a g e   s u r  l e  s i t e  d'un  polygone  de  toundra 2 Barrow. On a prElevG  des 
Garo t tes   d '6chant i l lonnage   de  4.5 cm de  diarnstre (9  77 cm de  profondeur 2 p a r t i r   d e  
l a  surface)   dans  une  dgpression 2 l a  p g r i p h s r i e  du  polygone,   puis   au  centre  de  c e  
polygone (2 109 c m  de profondeur 5 p a r t i r  de  l a  s u r f a c e ) ,   l e q u e l  forme  un bombement. 
On a r e c u e i l l i   d e  l a  g l a c e  2 55 c m  de   p rofondeur   dam l a  dgpression.  On a observ6 
au   microscope   po lar i san t   des  lames minces des Gchant i l lons  de glace   pour   ana lyser  
la s t r u c t u r e   d e s   c r i s t a u x .  On a sec t ionn6 l e s  Gchant i l lons   de   gGl iso l   en   t ranches  
de 5 cm de long, pour mesure r   l eu r s   ca rac t s r e s   phys iques  e t  chimiques, e t  pour   da t e r  
au  radiocarbone (14,) l a  mati'ere o rgan ique   qu ' i l s   con t i ennen t .  Ces ana lyses   nous  
p e r m e t t r o n s   d ' s t a b l i r  les d i f f g r e n c e s   d e   c a r a c t s r e s   d e   l ' e a u  du s o l  2 l a  pg r iphgr i e  
e t  a u   c e n t r e  du  polygone. 
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THE  OMP PAR IS ON OF  FROZEN SOIL STRUCTURE  BENEATH A HIGH CENTER POLYGON, 
TROUGH AND CENTER,  AT  BARROW,  ALASKA 

S. Kinos i ta ,  Y. Suzuki, K. Hor iguchi  and M. Fukuda 

I n s t i t u t e  o f  Low Temperature  Science,  Hokkaido  University,  Sapporo,  Japan  060 

INTRODUCTION 

Polygonal   pat terns i n  pe rmaf ros t   o r i g ina te   f rom 
the   f o rma t ion   o f   c racks  due to   t he   t he rma l   s t ress  
i n   t h e   t o p   l a y e r  of the  ground  f rozen i n   w i n t e r  
(Doctbalov  and  Kydryabtsev  1967). It has  been 
suggested  that   these  cracks  form  po lygonal  
t roughs  and  that  sometimes water   f rom  me l t ing  snow 
pene t ra tes   i n to   t he   c racks  -in spr ing  and  f reezes 
i n   s i t u   n e x t   w i n t e r ,  whereby i c e  wedges are  formed 
e v e n t u a l l y   t h r o u g h   t h e   r e p e t i t i o n  of these phe- 
nomena (Lachenbruch  1963). Such a polygon is  
c a l l e d  an ice-wedge  polygon  (Brown  and  Kupsch  1974) 
. An area  surrounded  by a t rough has n e i t h e r   i c e  
wedge nor   c rack   though  the   top   layer  o f  the  area 
repeats  an  annual  cycle o f   f r e e z i n g   i n   w i n t e r  and 
thawing i n  summer every  year .  From t h i s   p o i n t  i t  
becomes n o t i c e a b l e   t h a t   f e a t u r e s   o f   s o i l   w a t e r   a r e  
d i f f e r e n t  between  the  t rough and t h e   c e n t r a l  
p o r t i o n   i n   a n  ice-wedge  polygon. 

wedge polygons a t  Barrow,  Alaska  (Brown  1963). 
Core  samplings of the  upper  layer  were  taken a t  
one polygon a t   t h i s   l o c a t i o n   i n  June,  1974 ( 
Kinosi ta  1975).   Soi  1 water   contents   and  o ther  
quan t i t i es   were   s tud ied  on t h e  samples taken 
separa te ly   f rom  the   t rough  and  the   cen t ra l   por t ion .  
Typ ica l   d i f fe rences   be tween  the   two  s i tes  will be 
discussed. 

It has  been  confirmed t h a t   t h e r e   a r e  many i c e -  

SAMPLING SITES 

Bor ing  was done a t   s e v e r a l   p o l ' n t s   a t  a polygon 
a t  Barrow,  Alaska,  during a pe r iod   f rom 22 t o  24 
Ju l y ,  1974.  The se lected  po lygon i s   l o c a t e d   n e a r  
the   rada r   s i t e   (N71"19 ' ;  W156'39') l km  nor th -eas t  
from NARL, which i s  shown as a cross  mark i n  Fig.1. 
Many po lygons   c lus te r   and  fo rm a patterned  ground. 
Equi -contour   l ines  around  the  po lygon  are shown i n  
t h e   m a g n i f i e d  map of  Fig.2.  The  width o f  each 
polygon i s  about 10m. The h e i g h t  o f  t he   h ighes t  
p o i n t   o f   i t s   r a i s e d   c e n t e r   i s   a b o u t  50cm.  Two 
cross  marks i n  F ig .2   a re   bor ing   spo ts :  one i s  
l o c a t e d   i n   t h e   t r o u g h  and t h e   o t h e r   a t   t h e   c e n t e r .  
The h e i g h t   d i f f e r e n c e   i n   b o t h   t h e   s p o t s   i s  45cm. 

This  area  belongs t o  a zone of   cont inuous 
permaf ros t   and  tundra   vegeta t ion .   In   th is   a rea  
t h e  maximum th ickness   o f   the   rne l t ing . layer  i n  
summertime i s  40cm as a genera l   spa t ia l - tempora l  
average. However, a t   t h e   s i t e   o f   b o r i n g   t h e  
t h i c k n e s s   o f   t h e   m e l t i n g   l a y e r  was found t o  be 

o n l y  7-8cm on 22 t o  24 J u l y ,  1974. Boring  works 
was done f o r   t h e   f r o z e n   s o i l   t o   t h e   d e p t h   o f  77cm 
a t   t h e   t r o u g h  and 109cm a t   t h e   c e n t e r   b e l o w   t h e  
surface  of  each  spot. 

METHODS OF MEASUREMENTS 

A por tab le  bor ing  machine was used f o r   u n d i s -  
turbed  f rozen-soi l   sampl ing.  A l ong   rod  (60cm) 
was a t t a c h e d   t o   t h e  en i n e  (2h.p, ) o f  the  machine 
and r o t a t e d  (r.p.rn.1803. A samp l ing   cy l i nde r  

F ig .1 .   Locat ion  map o f  Barrow,  Alaska.  Cross 
mark: samDl i nq p o i n t  . 

Fig.2.  Topographic map of the  polygon  where 
b o r i n g  was conducted,  Cross  marks:  boring  spots. 
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(Q.5cm in i nner   d iameter ;  30cm l o n g )   w i t h  a c u t t i n g  
nose was a t tached  to   the   lower   end of the  rod,  By 
us ing  extens ion  rods  (each 50cm) samples  could  be 
c o l l e c t e d   a t   d e p t h s   f r o m   t h e   s u r f a c e   t o   t h e  130cm- 
deep level.  Photographs  were  taken o f  samples 
f rom  the   samp l ing   cy l i nde r   and   t he i r   l aye r  
s t r u c t u r e  was observed. Then, they  were  cut  t o  
p i e c e s   a t   i n t e r v a l s   o f  5cm. The pieces  were  put 
i n t o  sample  bags f o r   l a b o r a t o r y   s t u d i e s .  When i c e  
layers  were  found i n  core  samples,  they  were  sl iced 
and  observed  under a p o l a r i z e d   l i g h t   f o r   a n a l y s i s  
o f   t h e i r   c r y s t a l   s t r u c t u r e s ,   i m m e d i a t e l y   a f t e r   t h e  
sampling. I n   t h e   l a b o r a t o r y   t h e   f o l l o w i n g  
measurements  were  conducted: 
(1) Be fo re   d ry ing  

I t s   s o i l   c o l o r  and s o i l   t y p e  were  observed, 
A c i d i t i e s  pH (H20) o f   s o i l   w a t e r  and pH (KC1) of 
s o i l   w a t e r  exchanged  by KC1 were  measured. Some 
o rgan ic  samples  were c a r r i e d  t o  Japan  and  subjected 
t o  1% da t ina .  

Dens i t y  was measured by  weighing a specimen. 

( 2 )  A f t e r   d r y i n g  (One-day l o n g   d r y i n g   i n   a n  oven 
a t  110°C) 

Water   con ten t   and  dens i ty   o f   d ry   so i l   paPt ic les  
were  measured. 

DATA  ANALYSES 

( 1 )  A t  t r ough  

th i ckness  was  2-3cm. The frost l i n e   e x i s t e d   a t   t h e  
depth o f  7cm below  the  surface.  Core  samples  were 

The su r face  was covered  wi th  sedges; t h e i r  

taken by b o r i n g   t o   t h e   d e p t h   o f  77cm. I c e  
layers  were  found i n  core  samples  taken 
be low  the   dep th   o f  55cm. Photographs  of 
t h e   s e c t i o n s   o f   t h e   i c e   l a y e r s   a r e  shown 
i n  Figs.3  and 4. From these  pa t te rns  i t  
was f o u n d   t h a t   t h e   i c e  is  p o l y c r y s t a l  1 ine;  
each c r y s t a l  was 2-3mm i n  diameter  and 3- 
lOmm l o n g   i n   t h e   v e r t i c a l   d i r e c t i o n ,  and 
inc luded  many t iny a i r  bubbles.  The  layer 
s t r u c t u r e s ,   s o i l   t y p e s  , dens i t i es ,   wa te r  
c o n t e n t s ,   d e n s i t i e s   o f   s o i l   p a r t i c l e s  
and a c i d i t i e s  pH (H20)  and pH (KC1 ) a r e  
g i v e n   i n   t h e   u p p e r   p a r t  of Fig.5.  The 
s o i l   t y p e   v a r i e d   w i t h   t h e   d e p t h :  a 
m i x t u r e  o f  s i l t  and  sedge roo t5   f rom  the  
su r face  t o  d e p t h   o f  9cm, and s i l t  from 9 
t o  55cm i n  depth.  Pebbles  were  included 
i n   t h e   l a y e r s   a r o u n d   t h e   d e p t h   o f  14cm. 
The s o i l   c o l o r  a l so  var ied:   b lack-brown 
f rom  the   sur face   to   the   depth  o f  43cm 
and  dark-brown  from  43 t o  55cm i n  depth, 
Water  contents  were 20-70% except   the  
top  and  below 50cm. 
(2 )  A t  r a i s e d   c e n t e r  

The su r face  was covered  w i th   l i chens :  
t h e i r   t h i c k n e s s  was  2-3131, The f r o s t   l i n e  
e x i s t e d   a t   t h e   d e p t h   o f  8cm below  the 
surface.  Core  samples  were  taken t o   t h e  
depth o f  109cm f r o m   t h e   s u r f a c e   a t   t h e  
ra ised   cen ter ,   wh ich  was  64cm deep  from 
t h e   b o t t o m   o f   t h e   t r o u g h .   I c e   l a y e r s  were 
n o t   f o u n d   i n   c o r e  samples. 

o f  Fig.6. I t s   s o i l  Cyppwas a m i x t u r e  of 
s i l t  and  peat,  and i t  had many t h i n   i c e  
lenses, It can  be  supposed t h a t   t h i s   s o i l  

A core  sample i s  shown i n  the  photograph 
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F i g . 5 .   P r o f i l e s   o f   w a t e r   c o n t e n t ,   s o i l   t y p e ,   d e n s i t y ,  
d e n s i t y   o f   s o i l   p a r t i c l e s  and a c i d i t y  pH (H20)(open c i r c l e s )  
and pH (KC1 ) ( s o l i d   c i r c l e s )   o b t a i n e d   a t   t h e   t r o u g h  and t h e  
ra ised  cen ter   o f   the   po lygon,   Bar row.  
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I had  undergone  a large  frost heaving. 
The layer  structures, soi l  types,  densities, 

water  contents,  densities of soi l  particles and 
acidi t ies  pH (HzO) and pH ( K C 1 1  are given i n  the 
lower part o f  Fig.5. The soil  type  varied w i t h  the 
depth: a mixture of s i l t  and roots of lichens from 
the  surface  to the  depth of 8cm, s i l t  from 8 to 40 
cm in depth and below the d e p t h  of 98cm, peat from 
40 to 52cm and 85 to  98cm in  depth, a mixture of 
s i l t  and peat from 52 t o  84cm i n  depth.  Pebbles 
were included i n  the  layers around 55, 70 and 105cm 
i n  depth. The soil  color was almost black-brown 
or dark-brown.  Because many peat  layers were 
included,  water  contents were extremely larger than 
those  in  the trough portion. 

The 1 %  dating was  done  on the samples taken 
from the  peat  layers a t  the depth of  47cm,  The 
resul t  was 3,700 -k 105 B.P.years.  This value 
agrees with the  data obtained by  Brown (1963) 

CONCLUSION 

From the  results of  measurements  a schematic 
figure can  be  drawn for  the  vertical  section of 
the polygon as shown in Fig.7. I t  was derived 
from the 14C dating on the  indicated  layer  in 
F i g . 7  that  the tundra polygon  and ice wedge  were 
formed nearly 3,090 or more years ago. 

polygon are summarized as  follows: 
( 1 )  The area of the  raised  center abounds in 
organic  material with large water contents and 
h i g h  values of pH ( K C 1 ) .  From these  results i t  
is  considered that  the  area showed a large  frost  
heaving i n  the  freezing  period, was water- 
saturated  in summer,  and  was very active  in 
accumulation o f  organic  material t h o u g h  the summer- 
time was very short. 
( 2 )  The area o f  the trough has no organic  material, 
has small water  contents, and  low values o f  pH 
( K C 1 ) .  I t  1s considered that  the  area showed a 
very small f rost  heaving in  the  freezing  period, 
and  was inactive i n  accumulation o f  organic 
material. However, the  area was water-saturated 
i n  summer, because the water table was i n  the 

Typical characteristics of the ice-wedge 

5ill 

ktwedge 

Fig.7. Schematic representation o f  the  vertical 
section o f  the  ice wedge polygon observed i n  this 
work. 

same level  as  the  surface of the trough.  Ice 
layers were  formed  below the dep th  o f  55cm which 
m i g h t  be the  top of  an ice wedge. 
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MINERAL STABILITY IN THE ZONE OF CRYOLITHOGENESIS 

V.N. Konishchev, Moscow S t a t e   U n i v e r s i t y ,  U.S.S.R.  

Contemporary concepts o f  t h e   i n t e r a c t i o n   o f   w a t e r   w i t h   d i f f e r e n t   s t r u c t u r a l  
groups o f  rock - fo rm ing   m ine ra l s  make i t  p o s s i b l e   t o   s u g g e s t  a t h e o r e t i c a l  model o f  
m i n e r a l   s t a b i  1 i  t y   w i t h   r e s p e c t  t o  f a c t o r s   o f   f r o s t   w e a t h e r i n g .  I t  fo l l ows   f rom 
t h i s  model t h a t   t h e r e   a r e   d i f f e r e n t   l i m i t s  of f r o s t   s h a t t e r i n g   f o r   d i f f e r e n t  
m ine ra l  groups.  These l i m i t s  depend  on  the  spec i f ic   sur face  energy  o f   the  minera ls ,  
w h i c h   i s  a f u n c t i o n  o f  t h e   c r y s t a l l o c h e m i c a l   s u r f a c e   p r o p e r t i e s ,   t h e   p r o p e r t i e s  o f  
t h e   s o i l   s o l u t i o n  and t h e   g r a i n   s i z e .  The a v a i l a b l e   e x p e r i m e n t a l   d a t a  on f r o s t  
s h a t t e r i n g  o f  d i f f e r e n t   m i n e r a l s   c o n f i r m   t h e s e   t h e o r e t i c a l   c o n s i d e r a t i o n s .  The 
a u t h o r   e s t i m a t e s   t h e   s t a b i l i t y  o f  p a r t i c l e s   w i t h   r e s p e c t   t o   t h e   f a c t o r s  o f  f r o s t  
weather ing,  as w e l l  as i n  r e l a t i o n   t o   t h e  amount  and composi t ion o f  substances 
d i s s o l v e d   i n   t h e   s o i l   s o l u t i o n ,   t h e   r e a c t i o n  of t he   su r round ing  medium, and  the 
e x t e r n a l   c o n d i t i o n s .  

LA STAB I LITE DES MI N ~ R A U X  DANS LA ZONE DE CRYOL I T H O G E N ~ S E  
I 

V . N .  K o n i s h c h e v ,   U n i v e r s i t e   d ' c t a t  de MOSCOU, URSS 

L ' a n a l y s e  des no t i ons   con tempora ines   re la t i ves  2 l ' i n t e r a c t i o n   e n t r e   l ' e a u  
e t   l e s   d i v e r s   g r o u p e s   s t r u c t u r a u x   d e   m i n e r a u x   c o n s t i t u a n t s  des  roches  permet  de 
p resen te r   un   modg le   t heo r ique   de   l a   res i s tance   des   m ine raux   aux   f ac teu rs   d 'a l t e -  
ra t i on   c ryogen ique .   L 'e tude   du  modBle thgor ique  mont re  que l e s   l i m i t e s   d e  
f ragmenta t ion   c ryogen ique  var ien t   se lon   les   g roupes de mineraux. La l i m i t e  de 
f ragmen ta t i on  dgpend  de 1 ' 6 n e r g i e   s u p e r f i c i e l l e   s p e c i f i q u e  des  min&raux,  energie 
q u i   e s t   f o n c t i o n   d e s   p r o p r i e t e s   c r i s t a l l o c h i m i q u e s   d e  l a  sur face,  des p r o p r i g t e s  
de l a   s o l u t i o n   e t   d e   l a   d i s p e r s i o n  du s o l .  Les  donnges  exper imentales  d isponibles 
sur   la   dksagregat ion   c ryoggn ique  de   d ivers   m ineraux   con f i rment  les n o t i o n s  thee- 
r i q u e s   e x p o s g e s   c i - d e s s u s .   L ' a u t e u r   & v a l u e   l a   r g s i s t a n c e   d e s   p a r t i c u l e s   a u x  
f a c t e u r s   d ' a l t e r a t i o n   c r y o g e n i q u e ,   a i n s i  que l e u r   s t a b i l i t 6   s e l o n  l a  q u a n t i t C  e t  
l a  composi t ion  des  substances  dissoutes  dans l a  s o l u t i o n  du s o l ,   l a   r e a c t i o n  du 
m i l i e u   e t   l e s   c o n d i t i o n s   e n v i r o n n a n t e s .  

YCTOnYMBOCTb MMHEFAJIOB B 30HE KPMOJIMTOrEHE3A 
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TYNDALL FIGURES IN I C E  CRYSTALS OF GROUND-ICE IN PERMAFROST NEAR FAIRBANKS, 
ALASKA 

Troy L .  Pew6, Department o f  Geo logy ,   Ar izona  S ta te   Un ivers i ty ,  Tempe, Ar izona 
and U.S.  Geological  Survey, Tempe, Ar izona,  U.S.A. 85281 

T y n d a l l   f i g u r e s   a r e  masses o f   l i q u i d   o f   s n o w f l a k e - l i k e  shape  which  form 
i n  s imp le   c rys ta l s   by   i n te rna l   me l t i ng .   F igu res   were   obse rved  i n  b o t h   c r y s t a l s   o f  
f o l i a t e d   g r o u n d - i c e  and c l e a r   i c e  masses. The f i g u r e s   a r e   p e r p e n d i c u l a r   t o   t h e  
o p t i c   a x i s   o f   t h e   c r y s t a l  and show tha t   wedge- ice   c rys ta ls   have  no   p re fe r red  
o r i e n t a t i o n .   L a r g e   c r y s t a l s  of n o n - f o l i a t e d ,   c l e a r   g r o u n d - i c e   i n   s i t u   w e r e  exposed 
to the   sun 's   rays   in   such a way tha t   Tynda l l   f i gu res   deve loped  and  enlarged  onto 
t h e   s u r f a c e   f o r m i n g   f i n e   p a r a l l e l   l i n e s .  A s t u d y   o f   T y n d a l l   f i g u r e s   o f f e r s  a 
r e l a t i v e l y   e a s y  method t o   l e a r n   a b o u t   c r y s t a l   s i z e  and o r i e n t a t i o n ,  

FIGURES DE TYNDALL DANS LES CRISTAUX DE GLACE QUI COMPOSENT LA  GLACE  SOUTERRAINE DU 
PERGiLISOL DE LA R E G I O N  DE FAIRBANKS EN ALASKA. 

Troy L.  Pew&, Department of Geology,   Ar izona  State  Univers i ty ,  Tempe, Arizona  and 
U.S. Geological  Survey, Tempe, Ar izona, U.S.A. 85281 

Les f igures   de   Tynda l l   son t  des masses  de l i q u i d e   q u i   o n t   p r i s  l a  forme  d'une 
6 t o i l e  de ne ige  e t  se forment dans  des c r i s taux   s imp les ,   pa r   f us ion  3 l ' i n t e r i e u r  de 
ces c r i s t a u x .  On a observe   ces   f igures  dans  des c r i s t a u x  de g l a c e   s o u t e r r a i n e  ruba- 
nee e t  des  masses  de g lace   t ransparente .  Les f i g u r e s   s o n t   p e r p e n d i c u l a i r e s  21 l'axe 
o p t i q u e  du c r i s t a 1   e t   i n d i q u e n t  que l e s   c r i s t a u x   q u i  composent l e s   c o i n s  de g lace  
n ' o n t  pas d ' o r i e n t a t i o n   p r g f e r e n t i e l l e .  De g rands   c r i s taux  de g l a c e   s o u t e r r a i n e  
t r a n s p a r e n t e   e t  non rubange,  restgs en place,  se  sont  trouves  expos&s 2 l a   l u m i g r e  
s o l a i r e  de t e l l e   s o r t e  que  des f i g u r e s  de Tynda l l  se  sont   const i tubes  e t   agrandies 
j u s q u ' s   a t t e i n d r e   l a   s u r f a c e ,  en formant de minces   l ignes   para l l& les .   L 'C tude des 
f i g u r e s  de Tyndall   nous  permet  assez  faci lement de connaTtre l a  dimension des c r i s -  
taux,  e t  l e u r   o r i e n t a t i o n .  

Okll?YPbl TMHWJIR B KPMCTAJIJIAX rPYHTOBOr0 JlSJjA B PAROHE 03PEEHKCA/AJIRCKA/ 



31 3 

TYNDALL FIGlJRES I N  I C E  CRYSTALS OF G R O U N D - I C E  I N  PERMAFROST 
NEAR VAIRBANKS , ALASKA 

TROY L .  Phi& 

D e p a r t m e n t   o f   G e o l o g y ,   A r i z o n a   S t a t e   U n i v e r s i t y   a n d  
U. S. G e o l o g i c a l   S u r v e y ,  Tempe,   Arizona,  U.S.A.85281* 

INTRODTJCTION 

I c e  i s  w i d e s p r e a d   i n   t h e   f r o z e n   g r o u n d  
o f t h c   w o r l d ,   a n d ,  a1l;houg;h i c e  forms annu- 
a l l y   i n   s e a s o n a l l y   f r o z e n   g r o u n d ,  most of 
t h e   i c e   i n   t h e   g r o u n d   e x i s t s   i n   p e r m a f r o s t  
o f   t h e   p o l a r   a n d   s u b p o l a r   l a n d s .  Perma- 
f r o s t   c a n   b e   h u n d r e d s  of meters t h i c k   a n d  
c o n t a i n s   b o d i e s   o f   [ { r o u n d - i c e   t h a t   r a n g e  
i n   s i z e   f r o m   i n t e r s t i t i a l   i c e   c e m e n t i n [ :  
t o g e t h e r   g r a i n s   o f   s e d i m e n t   t o  large mas- 
ses o f   i c e  1 0  t o  3 0  m i n   d i a m e t e r .   T h e r e  
a r c  s e v e r a l   c l a s s i f i c a t i o n s  of g r o u n d - i c e  
s u c h  as Lhose by S h u m s k i i ,   S c h v e t z o v ,   a n d  
Dos tova lov  ( 1 9 5 5 )  and  IVackay (1972). 

The rrmst c o n s p i c u o u s   a n d  common t y p e  
o f   m a s s i v e   i c e   i n   t h e   p e r e n n i a 1 l . y   f r o z e n  
ground i s  l a r g e   i c e   w e d g e s  or masses that ;  
have a m a r k e d   f o l i a t e d   a p p e a r a n c e   c a u s e d  
by a m u l t i t u d e   o f   o r i e n t e d   p a r a l 1 e " L  o r  
s u b p a r a l l e l   l a y e r s   o r   s u r f a c e s  of a i r  bub- 
b l e s  a n d   m i n u t e   i n c l u s i o n s  of o r g a n i c   a n d  
i n o r g a n i c  mat ter .  MosL f o l i a t e d   i c e  mas- 
ses o c c u r  as w e d g e - s h a p e d ,   v e r t i c a l  ( F i f ? .  
3 )  or i n c l i n e d   s h e e t s   o r   d i k e s  1 em Lo 3 
n: wide   and  1 t o  10 m h i e h  when s e e n   i n  
t r a n s v e r s e   c r o s s - s e c t i o n .   T h e y   h a v e   h e e n  
d e s c r i b e d   f r o m   S i b e r i a   a n d   N o r t h   A m e r i c a  
by many w o r k e r s  ( f o r  e x a m p l e ,   T o l l ,  1895 ;  
L e f f i n p ; w e l l ,  1915 ;  Popov, 1 9 5 5 ,  1969 ;  
Lachenbruch 1962, Shumskil ,   1964;   P6w6,  
1954,  1.973).  

I C E  CRYSTALS 

I c e   c r y s t a l s   i n   t h e   f o l i a t e d   g r o u n d -  
i c e  masses r a n g e   i n   s i z e  from l e s s  t h a n  1 
t o  1 0 0  mm and  a r e  n e a r l y   e q u i d i m e n s i o n a l  
e s p e c i a l l y   i n   i n a c t i v e  i c e  wedges   nea r  
I J a i r b a n k s  , Alaska.   They a re  a n h e d r a l   o r  
s u b h e d r a l   w i t h   s m o o t h   b o r d e r s .   B e c a u s e  
t h e   c r y s t a l s  a r e  n e a r l y   e q u i d i m e n s i o n a l  
a v d ,   t h e  same s i z e ,  a r a t h e r   p a n u l a r ,  
n e v e - l i k e  mater ia l  f o r m s   o n   t h e   s u r f a c e   o f  
t h e   i c e  mass when t h e   i c e  melts a n d   t h e  
c r y s t a l s   s e p a r a t e .   T h e   o r i e n t a t i o n s  of 
o p t i c   a x e s  of c r y s t a l s   i n   t h e  wedk, res a r e  
_ _ ~  

* P u b l i s h e d   w l t h   p e r m i s s i o n  of t h e  
D i r e c t o r ,  U. S .  G e o l o g i c a l   S u r v e y .  

w l d e l y   d i v e r K e n t   e x c e p t   a l o n g   v e i n s  o r  
s h e a r   z o n e s  ( T .  L .  Pkwe' ,  u n p u b .   d a t a ,  
1 9 4 9 ) .  In d e t a l l e d   s t u d i e s  o f  t h e   c r y s -  
t a l o g r a p h y  o f  i c e   w e d g e s  a t  Harrow, 
A l a s k a ,   B l a c k   ( 1 9 5 2 ,  1953), r e p o r t e d  
v a r i o u s  maxima o f   l i n e a t i o n ;  Gel1 ( 1 9 7 6 )  
made s imi la r  s t u d i e s  o f  wedge i c e  o f  t h e  
Mackenzle  Delt;a.   Watanabe ( 1 9 6 9 )  illus- 
t r a t e d   t y p j . c a l .   a n h e d r a l   i c e   c r y s t a l s   f r o m  
i c e  wedges near Fox,  l? km n o r t h   o f   F a i r -  
b a n k s ,   A l a s k a ,   a n d   S h u m s k i i   ( 1 9 6 4 )  
r e p o r t e d  s imi la r  c r y s t a l s   f r o m   t h e  USSR. 

I n d i v i d u a l   i c e   c r y s t a l s  a r e  c o l o r l e s s ,  
b u t   u b i q u i t o u s  s i l t  p a r t i c l e s   R i v e   t h e  ice 
mass a y,ray c o l o r  o r  d i r t y   a p p e a r a n c e .  
T h e   f o l i a t e d   i c e   w e d g e s   c o n t a i n  many 
y o u n f f e r   c r o s s - c u t t i n g   i c e   v e i n s  1 t o  5 mm 
w i d e ;   c r y s t a l s   i n   t h e s e   v e i n s   a r e   a b o u t  1. 
t o  11 mm in d i a m e t e r   a n d  rough1.y  equidlme- 
s i o n a l .  Tn t h e   y o u n g e s t   o f   t h e s e   i c e -  
f i l l e d   c r a c k s ,   w h i c h  a r e  p e r h a p s  l e s s  t h m  
a y e a r  o l d  and   wh ich   have   no t   been   sub -  
j e c t e d   t o   p r e s s u r e   f r o m   e x p a n d l n g   a r o u n d  
durirlF:  t,he  summer, t h e   c r y s t a l s   a r e  
n e e d l e - l i k e ,  1 t o  5 mm l o n g ,   a n d   e i t h e r  
u n o r i e n t e d   o r   h o r i z o n a l   a n d  a t  r i g h t   a n g -  
l e s  t o   t h e  wall  of  t h e   v e i n .  I n  t h e  
smallest wedge--a s i n g l e ,   v e r t i c a l   c r a c k  
o r   d i k e  1 t o  5 mnl w i d e - - i c e   e x i s t s  as a 
v e i n   f i l l i n g .   T h e s e   c r y s t a l s  a rc  h o r i -  
z o n a l   n e e d l e s   a b o u t  Z t o  5 mm l o n g  a t  
r i E h t   a n g l e s   t o   t h e   v e i n  wail o f  f r o z e n  
s i l t  o r  s a n d .   T h e   c r y s t a l s  meet i n  a 
s u t u r e d   l - i n e  I n  t,he c e n t e r  o f   t h e   v e i n .  

TYNDALL FIGURES 

T y n d a l l   f i g u r e s  a re  f l o w e r - s h a p e d  mas- 
ses of l i q u i d   t h a t   f o r m  by i n t e r n a l  melt- 
i n g   i n   s i m p l e   c r y s t a l s  o f  i c e   ( N a k a y a ,  
1956, p .  4 )  ( F i g .  2 ) .  They a r e  named 
a f t e r  J .  T y n d a l l ,  a n o t e d   E n g l i s h   p h y s i -  
c i s t ,  who f i rs t  o b s e r v e d   s u c h   f l g u r e s  
( 1 8 5 8 ) .  T h e   f i g u r e s  l i e  i n   p a r a l l e l  
p l a n e s   p e r p e n d i c u l a r   t o   t h e   o p t i c   a x i s  of 
t h e   c r y s t a l .   T h e   c a v i t y   o f   m e l t i n g  i s  
f i l l e d   w i t h  water e x c e p t  for a b u b b l e ,  
w h i c h   c o n t a i n s   n o  a i r .  

I n  t h e   l a b o r a t o r y ,   T y n d a l l   f i g u r e s  
were o b s e r v e d   a n d   m e a s u r e d   i n   c r y s t a l s   o f  
f o l i a t e d   g r o u n d - i c e  from t h e  West Dawson 
m i n i n g   c u t ,  1 6  km n o r t h  of F a i r b a n k s .  
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F i g .  1. F o l i a t e d   i c e  wedge exposed   i n  perrrmf'riost i n  e x p e r i m e n t a l   t u n n e l   n e a r  
Fox, Alaska excavated  by U.S. Army Cold  Rep,ions Research and i?np:ineerinp 1 , abora to ry  
Temperature i n  t u r lne l  0. P C .  (Photograph by c .  J .  Romberg, 1 9 7 3 )  
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The c r y s t a l s   w e r e   s t u d i e d  at, room tempera-  
t u r e   u n d e r  a b i n o c u l a r   m i c r o s c o p e .  Side 
l i )<ht i r i ) ;  was p r o v i d e d  by a d e s k   f l o r e s c e n t  
lamp p l a c e d   a d j a c e n t   t o   t h e   m i c r o s c o p e  a t  
t h e  level .  of t h e   s p c c i m e n .   i n t e r n a l  melt- 
i n g  s t a r t s  fr,orrl t h e   h e a t   a b s o r b e d  by some 
n u c l e i   ( N a k a y a ,  1956, p .  8 ) .  In t h e  f o l i -  
akcd   g round- i ce   mos t  o f  t h e   n u c l e i  a.re 
pyobat-ily ( : ra ins  o f  s i l t  ( F i e .  3 ) .  A s  t h e  
T y n d a l l  riEI;ure f o r m s ,  i t  i s  f i r > s t  small 
a n d   d i s c o i d ;  i t  l a t e r  grows ' i n t o  a snow- 
f l a k e   s h a p e   i f  enuuish h e a t  i s  a p p l i e d   o v e r  
a long enou(;h p e r i o d  o f  t ime. On ly   d i s -  
c o i d  f i [ : u r e s   d e v e l o p e d   i n   c r y s t a l s   f r o m  
t h e   i c e  wedge   because   o f   weak   r ad ia t ion  
s o u r c e .  

F i g .  2. Snowf lake-shaped   Tyndal1  f i p;- 
ure i n  a l a r g c  cr.ysLe.1 o f   E l a c i e r   i c e  
s u b j   c c t e d   t o  sLrong r a d i a t i o n  . ( F r o m  
Nakaya ,  1956, P l a t e  9 ,  No.22.  ) 

Inasmuch as t h e   f i g u r e s  are a lways  
p e r p e n d i c u l a r   t o   t h e  o p t i c  a x e s  o f  t h e  
c r y s t a l s ,   t h e y   s e r v e  a s  a simple  means 
f o r   d e t e r m i n i n [ <   O r i e n t a t i o n  of i n d i v i d u a l  
c rysLals .  T h e   f ' o l i a t e d   i c e   f r o m   t h e  West 
Dawson min ing  cut has c l e a r   a n h e d r n l  t,o 
s u b h e d r a l   c r y s t a l s  less t h a n  1 mm t o  5 mrrl 
i n   d i a m e t e r .  T h e   T y r l d a l l   f i g u r e s  show 
t h a t   t h e  c r y s h a l s  have  no p r e f e r r e d  
o r i e r i t , a t i o n   ( F i g .  3 ) .  P r e v i o u s  observa- 
t i o n s  ( T .  L .  P&w&, u n p u b .   d a t a ,  1 9 / 4 9 ) ,  
made u n d e r   c r o s s e d   n i c o l s ,   o f   f o l i a t e d  
i c c  from t h e  same a r e a   r e v e a l e d   t h e   s a m e  
a b s e n c e   o f   p r e f e r r e d   o r i e n t a t i o n .  

Evc ry   Tynda l l  f ipyre  c o n t a i n e d  several 
$-:rains of  s i l t ,  i n   l a r g e  part, m i c a   p a r t  i- 
c l e s ,   w h i c h  were in t h e   c r y s t a l   p r i o r   t o  
rnelti.nj;. Most s i l t  i n   t h e   f o l i a t e d   i c e  
i s  b e t w e e n   t h e   c r y s t a l s   ( F i g .  3) and is 
commonly c o n c e n t r a t e d   i n   b a n d s   t h a t   p r o -  
d u c e   t h e   f o l i a t i o n .   S i l t   g r a i n s   b e t w e e n  
c r y s t a l s  a r e  also r 'eport,ed by V t y u r i n  
(1959) f o r   f o l i a t e d   i c e   i n   S i b e r i a .  

The  s tudy  of   ' I 'yndal l   f ' igur ,es  I n  wedge 
i c e  a p p e a r s   t o   b c  a pr'onlisirlg l i n e  of' 
i n v e s t i g a t i o n   w h i c h   c o u l d   r e v e a l   s u c h  
i n f o r m a t i o n  as t h e   t y p e  o f  n u c l e i ,  

o r i e n t a t i o n  of t;be c r y s t a l s ,   a n d   p e r h a p s  
p u r i t y  o f  t h e   i c e .  

in crystals  of foliated ground iC. 

TYNDALL FIGURES 

F i g .  3 .  T y n d a l l -   f i p y r e s   i n  cryst- ,a lS O f  
f o l i a t e d   j ; r o u n d - i c e  f rom West Dawson 
rnfn ing   cu t  1 6  km n o r t h   o f   F a i r b a n k s ,  
A l a s k a .  

T y n d a l l   f i g u r e s  were o b s e r v e d   i n  
c:rystal:; of   nonfo l i . a . ted  , c l e a r  grourld- 
i c c   n e a r   b ' a . i r b a n k s ,   A l a s k a .  In l ower  
F a I r b m k s   C r e e k ,  30 krn n o r t h e a s t  of  
Fa i . r .banks ,   Eold   p lacer  rni.nini; o p e r a t i o n s  
exposed a l a r g e  mass o f  . ice,  4 t o  5 r r ~  I n  
d i a m e t e r ,   w h i c h  was p r o b a b l y  a pin(f;o. 
The mass was composed of' c l e a r ,   c o l o r l e s s  
c r y s t a l s  30 t o  50 em i n   d i a m e t e r .  As t h e  
I c e   m e l t e d   i n   t h e  s u n ,  T y n d a l l  fi.{:ures 
d e v e l o p e d   a n d   e n l a r g e d   o n t o   t h e  s u r f a c e ,  
fomifn): f i n e   p a r a l . l e l  3.i.nes  on t h e   l a r g e  
c r y s t a l s  (sur>fa.ce s t r i a t i o n s ) .  

B e c a u s e   t h e   c r y s t a l s  were randonlly 
o r i e n t e d ,   t h e   p a r a l l e l   l i n e s   o f   o n e   c r y s -  
t a l  were a t  a n g l e s  t o  t h e   p a r a l l e l   l i n e s  
of' o t h e r '   c r y s t a l s   a n d   d u p l i c a t e d   o n  a 
l a r g e   s c a l e   w h a t  was o b s e r v e d  i r ~  c r y s t a l s  
o f   f o l i a t e d   [ ; r o u n d - i c e   u n d e r   t h e   r n i c r o -  
s c o p e .  Shumsk i i  (1964) n o t e d  when t h e  
w e a t h e r  i s  f a v o r a b l e ,   t h e   o u t l i n e s   o f   t h e  
c r y s t a l s   a n d   T y n d a l l   f i p ; u r e s   a p p e a r   a s  a 
n a t u r a l  pl 'ocess,  a n d   t h u s ,   t h e  s i z e  a.nd 
o r i e n t a t i o n  o f  t h e  basal planes of' i c e  
c r y s t a l s  become e v i d e n t .  

A s imilar o b s e r v a t i o n  was  made on  a 
c l e a r  i c e  mass e x p o s e d   i n   G o l d  H i l l  Loess  
( P k w k ,  1975 a,b) a t  Gold H i l l  1 0  km wes t  
o f   F a i r b a n k s .  A mass o f  c l e a r   i c e  7 0  cm 
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i n   d i . ame te r   con ta ined   r a r ldo rn ly   o r i en ted  
c r y s t a l s  4 t o  1 2  cm i n   d i a m e t e r   w h i c h  
e x h i b i t e d   p a r a l l e l   s t r j a t i o n s   a b o u t  5 to 
1 0  mm a p a r t   ( F i g .   4 ) .  The c h a r a c t e r i s t i c s  
of' t h e   i c e   a n d   l i n e s   w e r e   e x a c t l y  as d e -  
s c r i - b e d  f o r  the  l a r g e r  cxp(1sur.e on  Fair.- 
b a n k s  Creek s e e n  earlier but, t h e   c r y s t a l : ;  
werc smaller .  J n   n e i t h e r  of' t h e s e  two 
o b s e r v a t i o n s  , unfo r tuna . t , e ly ,   were   c rysLa l s  
c o l l e c t e d  f'or l a b o r a t o r y   s t u d y .  

T h e   s t u d y   o f   T y n d a l l   f i g u r e s   i n   g r o u n d  
i c e   o f f e r s  a r e l a t i v e l y  easy method by 
which t o  l e a r n   a b o u t   c r y s t a l   s i z e  and 
o r i e n t a t i o n   i n   t h e   f i e l d .  This method 
h a s   b e e n   r ' e c e n t l y   u s e d  by Mackay and 
Stap ;er   (1966a ,b)  in a. s t u d y  of t h i c k  
t i l t e d   b e d s  of  s e g r e g a t e d   i c e   a n d   p i n g o  
i c e  in t h e  Mackerlzie DelLa. 

PiK. 4 .  L a r g e   c r y s t a l s   o f   g r o u n d - i c e  
e x h i b i t i n g   s t r i a t j . o n s  caused by emergence 
o f   T y n d a l l  f ipyres  o n   s u r f a c e .  Gold  H i l l ,  
10 krn west of F a i r b m k s ,   A l a s k a .   ( P h o t o  
g r a p h  No; 4 7 0  by T .  T,. P&w&,  September  15, 
1 9 4 9 )  
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IN OF POLYGONAL-VEIN ST RUCTURES 

N.N. Rornanovskii, Moscow S t a t e   U n i v e r s i t y ,  U . S . S . R .  

The po lygona l - ve in   s t ruc tu res   a re   subd iv ided   i n to   two   g roups :   p r imary   and  
secondary .   Pr imary   s t ruc tu res  a r e  those  fo rmed  by   repeated   f ros t   f rac tu r ing ,  
f i l l i n g   o f   f i s s u r e s   w i t h   e a r t h   m a t e + i a l s   o r   i c e ,  and  by  subsequent  transformation 
o f   m a t e r i a l s   f i l l i n g   t h e   f i s s u r e s   i n   t h e   s e a s o n a l l y - f r o z e n   l a y e r ,   s e a s o n a l l y -  
thawed layer  and  permafrost .   Secondary  structures  are  formed as a r e s u l t  o f  thaw- 
i n g   o f   p r i m a r y   s t r u c t u r e s .   P r i m a r y   s t r u c t u r e s   a r e   c l a s s i f i e d   o n   t h e   b a s i s  of  t h e i r  
p o s i t i o n   i n   t h e   s e a s o n a l l y  thawed ( f r o z e n )   l a y e r  - permafrost  system,  which 
r e f l e c t s   t h e  dependence  on t h e  mean annua l   t empera tu res   o f   ea r th   ma te r ia l s ,   and   a l so  
o n   t h e   b a s i s   o f   m a t e r i a l s   f i l l i n g   t h e   f r o s t   f i s s u r e s ,   w h i c h   i s   c a u s a l l y   r e l a t e d   t o  
t h e   w a t e r   c o n t e n t   o f   e a r t h   m a t e r i a l s .  I f  t h e  amount o f   w a t e r  on t h e   s u r f a c e   i s  
h i g h ,   t h i s   l e a d s   t o   f o r m a t i o n  o f  t h e   s e r i e s :   s o i l   v e i n s  - i c e  wedges; i f  t h e  
amount o f   w a t e r   i s  low, pr imary  sand  ve ins  are  formed.  

Any o f   t h e   a f o r e m e n t i o n e d   c a t e g o r i e s  may be   ep igene t i c  o r  syngene t i c .  
Secondary   po l ygona l - ve in   s t ruc tu res   i ne lude   re l i cs   con ta in ing   g round   i ce .  

PRlNClPES D E  LA CLASSIFICATION DES STRUCTURES  POLYGONALES 
N.N. Romanovsk i i ,   Un ivers i te   d 'E ta t   de  MOSCOU, URSS 

Les s t ruc tu res   po l ygona les   se   d i v i sen t   en   deux   g roupes :   l es   s t ruc tu res  
p r i m a i r e s ,   c . - d - d .   c e l l e s   q u i   s e   f o r m e n t   l o r s   d e   l a  g&l  i f r a c t i o n   r e p g t g e ,   d u  
rempl  issage  des  fentes p a r  des  mater iaux  du  so l   ou de l a  g l a c e ,   e t   d e  1 ' a 1   t t r a t i o n  
subsequente  des  materiaux  de  remplissage  dans l a  couche g e l t e   p & r i o d i q u e m e n t ,   l a  
couche  dggelee  periodiquernent e t   l e   p e r g h l i s o l ;   l e s   s t r u c t u r e s   s e c o n d a i r e s  qu i  
a p p a r a i s s e n t   l o r 5  du d&ge l   des   s t ruc tu res   p r ima i res .  Les s t r u c t u r e s   p r i m a i r e s   s o n t  
c l a s s e e s ,   d ' u n e   p a r t ,   e n   f o n c t i o n   d e   l e u r   p o s i t i o n  dans l e  syst&me  couche  dggelee 
(ge lge)   per iod iquernent  - perge l   i s01  , r e f  l e t a n t   l e u r  dgpendance  des  temperatures 
moyennes annue l l es  des ma te r iaux  de s o l ,   e t ,   d ' a u t r e   p a r t ,  en f o n c t i o n   d e   l a   n a t u r e  
des  mat6riaux  de  rernpl issage  des f e n t e s  de g e l ,   q u i  e s t  l i e e  causalement au contenu 
en  eau  des  roches. En p r g s e n c e   d ' u n   v o l u m e   d ' e a u   d e   s u r f a c e   P l e v h ,   l a   s e r i e  
s u i v a n t e  se f o r m e :   f i l o n s  de sol - f e n t e s   d e   g e l ;   e t   l o r s q u e  l e  volume d ' e a u   e s t  
f a i b l e ,   f o r m a t i o n  de f i l o n s  de s a b l e   p r i m a i r e s .  

con tenant   de   la   g lace  dans l e  s o l .  Toutes   les   ca tegor ies  de s t r u c t u r e s   d 6 f i n i e s  
c i -dessus   peuvent   Gt re   ep igknet iques  ou syng6ngt iques. 

Les s t ruc tures   po lygona les   seconda i res   comprennent   des   s t ruc tu res   res idue l les  

nPMHUMrIbI CMCTENtATM3AUMM nOnMTOHA~bHO->KMnbHbTX CTPYKTYP 
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nF"HIlMnb1 CMCTEMATMBAUMM nC)37MTOHA~bHO-~MnbHbIX CTF'YKTYP 
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AGE OF CRYOTURBATED ORGANIC MATERIALS IN EARTH HUMMOCKS FROM THE CANADIAN ARCTIC 

S.C. Z o l t a i ,  Canadian Forestry  Service,  Northern  Forest  Research  Centre, Edmonton 

C .  Tarnocai , Canada Soi 1 Survey, U n i v .  of  Manitoba, Winnipeg R3T 2N2, Manitoba, 

W . W .  Pettapiece,  Canada Soil  Survey, U n i v .  o f  Alberta, Edmonton T6G 2E3, Alberta, 

T6H 3S5, Alberta, Canada 

Canada 

Canada 

Buried organic  materials were collected from under 26 ear th  hummocks i n  the 
a r c t i c  and subarctic  regions o f  Canada.  Radiocarbon  dates were obtained from 50 
samples (pea t ,  wood, and other  organic  material) ,  both from the  act ive  layer  and 
from the  near-surface  permafrost. Ages of  the  buried  materials  are  not  clearly 
related  to  depth o f  burial  or t o  posit ion under the hummocks.  The burial  was due 
t o  cryoturbation  in most cases. Most mater ia ls   are  younger  than 4,800 years.  
Cryoturbation i s  believed  to have been intense d u r i n g  the  early  periods,  beginning 
about 4,500 years ago simultaneously  in  al l   regions.  Most  hummocks were formed 
d u r i n g  the   in i t ia l   per iod  between 4,500 and 2,500 years  ago, b u t  burial o f  surface 
material   is   continuing on a reduced sca le  t o  the  present.  

~ G E  DES M A T ~ R  IAUX ORGANI  QUES C R Y O T U R B ~ S  QUI COMPOSENT LES THUFURS DE 
L ' A R C T I Q U E   C A N A D I E N  

On a r e c u e i l l i  des mater iaux   o rgan iques   p ro fonds ,   que  recouvra ien t  26 
t h u f u r s  dans l e s   r 6 g i o n s   a r c t i q u e s   e t   s u b a r c t i q u e s  du Canada. On a e f f e c t u k   l a  
d a t a t i o n  au  radiocarbone  de 50 e c h a n t i l l o n s   ( t o u r b e ,   b o i s ,   e t   a u t r e s   m a t e r i a u x  
o rgan iques ) ,  21 l a   f o i s  dans l e   m o l l i s o l   e t   l e   p e r g i t l i s o l   p r o c h e s  de l a   s u r f a c e .  
On n ' a  pa5 pu e t a b l i r   c l a i r e m e n t  de c o r r 6 l a t i o n   e n t r e  1 'a"ge  des  rnater iaux  enfouis 
e t  la p r o f o n d e u r   o u   l a   s i t u a t i o n  de ces  mater iaux  au-dessous  des  thufurs.  Dans l a  
p l u p a r t  des cas ,  c ' e s t   l a   c r y o t u r b a t i o n   q u i  a provoque  l 'enfouissernent des rnater iaux,  
qui  en  ggngral  ont  rnoins  de 4 800 ans. On pense  que  les  processus  de  cryoturbat ion 
o n t   e t 6   i n t e n s e s   p e n d a n t   l e u r   p h a s e   i n i t i a l e ,   q u i  a d 6 b u t 6   s i m u l t a n h e n t  i l  y a 
e n v i r o n  4 500 ans   dans   tou tes   les   rgg ions .  La p l u p a r t  des  thufurs  se  sont  formes 
pendant l a   p e r i o d e   i n i t i a l e   q u i   s e   s i t u e   e n t r e  4 500 e t  2 500 a n s ,   m a i s   l ' e n f o u i s -  
sement  des ma tg r iaux  de s u r f a c e   s e   p o u r s u i t   a c t u e l l e m e n t  2 une e c h e l l e   r e d u i t e .  

BOJPACT OPrAHMtIECKMX OTJIOTEHMm B 3EMJIRHEJX KOgKAX B KAHAACKOR APKTMKE 
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AGE OF CRYOTUKBATED ORGANIC MATERIALS I N  EARTH HUMMOCKS 
FROM THE CANADIAN ARCTIC 

S.C. Z o l t a i ' ,  C.  Tarnocai2 and  W.W.Pettapiece3 

Canadian  Forestry  Service,  Environment Canada, Northern  Forest   Research  Centre,  Edmonton TGH 3S5, A1 b e r t a  
Canada So i l   Su rvey ,   Ag r i cu l tu re  Canada, Un ivers i ty   o f   Man i toba,   Winn ipeg R3T  2N2, Manitoba 

Canada So i l   Su rvey ,   Ag r i cu l tu re  Canada, U n i v e r s i t y   o f   A l b e r t a ,  Edmonton T6H 2E3, A l b e r t a  

INTRODUCTION 

Ear th  hummocks a r e  a t y p e   o f   n o n s o r t e d   c i r c l e  or 
n e t  (Washburn  1973).  They  are  hemispherical i n  
shape, about  40-50 cm h igh  and  have a d i a m e t e r   o f  
1-2 m, b u t   t e n d   t o  be elongated  along  s lopes 
( Z o l t a i  and Tarnocai   1974).   They  invar iably  occur 
on f i n e - g r a i n e d   s o i l s   o f   c l a y   t o   c l a y   l o a m   t e x t u r e  
and  can  be  found  on  permafrost  terrain  throughout 
the   Subarc t i c  and A r c t i c   r e g i o n s   o f  Canada wherever 
t h e   s o i l   t e x t u r e  and mo is tu re   cond i t i ons   a re   f avo r -  
a b l e   f o r   t h e i r   f o r m a t i o n .  Ea r th  hummocks were 
found   on   nonpermaf ros t   t e r ra in   i n   t he   sou the rn  
Mackenzie  Val ley,  but  were  regarded as r e l i c t   f e a -  
t u r e s  on the   bas i s  o f  w e l l - d e v e l o p e d   s o i l   p r o f i l e s  
( Z o l t a i  and Tarnocai  1974). On permafrost   areas 
they  are  a lmost   a lways  under la in   by a l a y e r  o f  pure 
i c e  o r   h i g h   i c e   c o n t e n t   m a t e r i a l  up t o  1 rn t h i ck ,  
Very   f requent ly   they   con ta in   bur ied   o rgan ic   mate-  
r i a l   i n  amorphous o r  somewhat decomposed  form. 

Bur ied   o rgan ic   ma t te r  was noted i n  many s o i l s  i n  
nor thern  A laska and Canada (Tedrow 1963, Tedrow 
and Douglas 1958, Hopkins  and  Sigafoos 1951, 
Mackay 1958). The organ ic   mater ia l   genera l  l y  
occurred a few  cent imetres  be low  tne  top  o f  perrna- 
f r o s t   e i t h e r   i n   c o n t i n u o u s   l a y e r s   o r   i n   s t r i n g e r s .  
Organic   mater ia l  was a l s o  commonly found i n   t h e  
a c t i v e   l a y e r   i n   t h e   f o r m   o f   c o n t i n u o u s   l a y e r s ,  
i n t r u s i o n s ,   o r   i n v o l u t i o n s .  The b u r i a l   o f   t h e  
o r g a n i c   m a t e r i a l  has  been a t t r i b u t e d   t o   c r y o t u r b a -  
t ion   (Hopk ins  and Sigafoos 1Y511, t o  gradual down- 
h i l l  movement o f   e a r t h  hummocks (Mackay  19581, o r  
to   decompos i t ion   dur ing  a warmer c l i m a t i c   p e r i o d  
(Tedrow  1963). 

The presence o f   i n c o r p o r a t e d   o r g a n i c   m a t t e r   o f f e r s  
a un ique  oppor tun i ty  t o  s t u d y   t h e   e f f e c t   o f   c r y o -  
genic  processes on s o i l  development and a l s o  t o  
consider  i t  i n   r e g i o n a l  and  zonal  contexts. I n  
the   cou rse   o f   s tud ies  on terrain-vegetation-perrna- 
f r o s t   r e l a t i o n s h i p s  i n  the  Canadian  Subarct ic and 



A r c t i c   r e g i o n s   ( Z o l t a i  and Pettapiece  1973, 
Z o l t a i  and Tarnocai  1974,  Tarnocai  1973,  Tarnocai 

vated and  examined i n   d e t a i l .  Many o f   t h e s e  con- 
t a i n e d   b u r i e d   o r g a n i c  materials i n   l a y e r s ,   i n v o l u -  
t i o n s ,  smears, o r   p o c k e t s   w i t h i n   t h e   a c t i v e  
l a y e r   o r   i n   t h e   n e a r - s u r f a c e   p e r m a f r o s t .   O r g a n i c  
m a t e r i a l  was c o l l e c t e d  from 25 e a r t h  hummocks and 
50 radiocarbon  dates  were  determined. 

" e t  d l .  1976)  about  150  earth hummocks were  exca- 

The purpose o f   t h i s   p a p e r  i s  t o  examine  the ages 
o f  c r y o t u r b a t e d   o r g a n i c   m a t e r i a l   i n   t h e   S u b a r c t i c  
and A r c t i c   e n v i r o n m e n t s   o f   n o r t h e r n  Canada and t o  
d i s c u s s   t h e i r   l o c a l  and r e g i o n a l   i m p l i c a t i o n s ,  
w i t h   p a r t i c u l a r   r e f e r e n c e   t o   s o i l   s t a b i l i t y  and 
c l i m a t e .  

METHODS 

I n   t h e   w e s t e r n   A r c t i c   o f  Canada, e a r t h  hummocks 
were  studied i n   t h e  Low A r c t i c  and S u b a r c t i c   c l i -  
ma t i c -vege ta t i on   reg ions   (F ig .   1 ) .  I n  t h e   c e n t r a l  
A r c t i c  most  work was c a r r i e d   o u t   i n   t h e   M i d - A r c t i c  
r e g i o n ,   b u t  some  hummocks w e r e   i n v e s t i g a t e d   i n   t h e  
H i g h   A r c t i c  and Low A r c i t c   a r e a s  as w e l l .  I n  a l l  
cases  well- formed hummocks were  selected i n  areas 
where  slope was less  than  4%.  Excavations  were 
made a t   l e a s t  50 cm i n t o   t h e   p e r m a f r o s t .  The per-  
ma f ros t  was d i s t i n g u i s e d   f r o m   s e a s o n a l   f r o s t   e a r l y  
i n   t h e  season  by   the   h igh   i ce   con ten t   o f   the   per -  
mafrost. The s o i l   p r o f i l e s  were  described and 
sampled,  and the  samples  were la ter   analyzed.  The 
d i s p o s i t i o n   o f   b u r i e d   o r g a n i c   m a t e r i a l  was care- 
f u l l y   n o t e d   i n   r e l a t i o n   t o   t h e   p e r m a f r o s t   t a b l e  
and t o  hummock morphology. 
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The  sampled o r g a n i c   m a t e r i a l  was immediately en- 
c l o s e d   i n  an a i r t i g h t   c o n t a i n e r ,   o f t e n   i n  a f rozen  
s t a t e .  The compos i t ion   o f   the   da ted   mater ia l  was 
determined as peat,  which i s   f i b r o u s  or s l i g h t l y  
decomposed moss o r   l i t t e r ;   o r g a n i c   m a t e r i a l ,  which 
i s  modera te l y   t o   we l l  decomposed,  amorphous organ- 
i c   m a t t e r   w i t h   h i g h   m i n e r a l   s o i l   c o n t e n t ;  or wood. 

Most  radiocarbon  determinations  were made by  the 
Radiocarbon  Laboratory   o f   Brock  Univers i ty  (BGS) 
and a few  by  the  Geological  Survey o f  Canada (GSC). 
I n   t h e   l a b o r a t o r y   t h e  samples received  s tandard 
t r e a t m e n t ,   i n c l u d i n g   w a s h i n g   w i t h   d i s t i l l e d   w a t e r ,  
removal o f  o r g a n i c   a c i d s   w i t h  NaOH, and  removal o f  
carbonates  wi th  HC1, as requ i red .  The ages a r e  
uncorrected  and  are  g iven as years B.P.  

RESULTS 

The radiocarbon  dates  (Table  1)   range  f rom 11200 
t o  500 years B.P., but   most ages are  younger  than 
5000 years B.P. The number o f   rad ioca rbon   da tes  
occurr ing  dur ing  500-year   per iods was p l o t t e d   i n  
bar  d iagrams  (Fig.   2) .  I n   t h i s   a n a l y s i s   o n l y  two 
o f   t h e  seven  dates (BGS-204 and  209)  obtained 
f rom Hummock 16 i n   t h e   S u b a r c t i c   r e g i o n  were  used 
t o   a v o i d   o v e r r e p r e s e n t a t i o n   f r o m   t h i s   d e t a i l e d  
s i t e .  The d iagram  (F ig .  2A) shows t h a t   t h e  number 
o f  bu r ied   o rgan ic  samples i s   f a i r l y  even  from 5000 
t o  500 years B.P.,  w i t h  a peak i n   t h e  3000- t o  
3500-year  range. The  number o f  samples o l d e r   t h a n  
5000 yea rs ,   d i s t r i bu ted   f rom 5000 t o  11 500 years, 
-f.s t oo  low t o  show a p a t t e r n .  The diagram o f  
samples f r o m   d i f f e r e n t   c l i m a t i c - v e g e t a t i o n  

Table  1,  Radiocarbon  dates  froni  earth hummocks. 

Sample depth 8 
L o c a t i o n   p o s i t i o n   D e p t h   t o  Sample from 

Sample L a t .  Long. Centre  Trough  permafr ,   Permafr .   or   Mater ia l  Age 
no, N W (cm)  (cm) (cm) a c t i v e   l a y e r   d a t e d  (yr B.P.)  Lab. no. Region 

l a  73"37' 
1b 

2a 72"58' 
2b 

3a 71031' 
3b 
3c 

4a 68"30' 
4b 

5 71O29' 

6 69"57' 

7 69O48' 

8a 71003' 
Bb 

9a 68"27' 
9b 

94"50' 

94057' 

94"lO' 

92"52' 

94"52' 

93"30' 

93"22' 

95"20' 

132"27' 

55 

72 

65 
110 

62 

30 

59 

80 

31 

110 

68 
35 20 

53 
53 15 

55 
55 

42 32 

54 
34  30 

45 

50 

63 

31 44 
35 

80 
100 45 

A Peat 
P Peat 

P Peat 
P Peat 

P Peat 
P Peat 
P Peat 

P Peat 
P Peat 

A Org . 
P Org e 

P Org + 

A Peat 
A Org . 

P Peat 
P Peat 

3340~140  
5251 80 

30001 YO 
2710+110 

3140* 90 
6420i100 
4260f  90 

2860f 90 
1210t eo 

2440t YO 

481  0+100 

34301 80 

2060+ 80 
.l240+  90 

22701 80 
3980+ 90 

BGS-331 
BGS-330 

BGS-335 
BGS-336 

BGS-249 
865-248 
BGS-250 

BGS-246 
BGS-247 

BGS-243 

BGS-245 

BGS-244 

BGS-242 
BGS-241 

BGS- 190 
BGS-191 

High  Arct l 'c  
H i g h   A r c t i c  

M i d - A r c t i c  
M id -Arc t i c  

M i d - A r c t i c  
M i d - A r c t i c  
M id -Arc t i  c 

Low A r c t i c  
Low A r c t i c  

M i d - A r c t i c  

M i d - A r c t i c  

M id -Arc t i c  

M i d - A r c t i c  
M i d - A r c t i c  

Subarc t i c  
Subarc t i c  
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Table 1. (Continued) 

10a  68"08'  135"49 ' 80 45 P Peat 385& 90 BGS-192  Low A r c t i c  
1 Ob 98 70 P Org . 377M 90 BGS-193 Low A r c t i c  

l l a  69"25' 139O59' 47 25 P Peat 6 2 4 k l l O  BGS-194  Low A r c t i c  
l l b  52 50 P Peat 5750-1100 BGS-195  Low A r c t i c  

l i la  67"58'  132"43' 65 55 P 
12b 

13a 69"33'  131"35' 62 45 
13b  62 

14a 69"16'  132"20' 52 42 P 
14b 44 43 P Peat 1210T 80 BGS-203  Low A r c t i c  

Peat 24002 80 BGS-202  Low A r c t i c  

15  69"16'  132"20'  90 65 P Wood 4670t 90 BGS-213  Low A r c t i c  

16a 65"lO'  127"27' 49 84 A Peat 2000k 80 BGS-204 Subarc t i c  
16b 65  85 A Peat 2060* 80 BGS-205 Subarc t i c  
16c  65  80 A Wood 1020+ 80 BGS-206 Subarc t i c  
16d  65 80 A Peat  880+ 80 BGS-207 Subarc t i c  
1 be 58 60 A Wood 5801 80 BGS-208 Subarc t i c  
1 6 f  47 34 A Wood 710k  85 BGS-209 Subarc t i c  

Org . 
45 

42804  90 BGS-198 Subarc t i c  
27 P Peat 3110k 90 BGS-199 Subarc t i c  

P Org . 81  60k110 BGS-PO0 Low ) A r c t i c  
55 P u r g  . 8780i130 BGS-201 Low A r c t i c  

16g 47 44 P Peat 1100+100 BGS-210 Subarc t i c  

17a 67"27'  133"50' 76 50 P Peat 27804 90 BGS-211 Subarc t i c  
17b 54 70 P Peat 3110k 90 BGS-212 Subarc t i c  

18  66"05'  136"13' 50 90 A Org . 1540k 70 BGS-150 Subarc t i c  

19 68"08' 133"27' 85 75 P Org . 4690~100  BGS-320 Subarc t i c  

20 68"22'  133"45' 100  130 A Org. 1660k 90 BGS-321 Subarc t i c  

21a 6 ~ ~ 2 6 '  133"Ol' 70 60 P Org . 5950t'lOO BGS-318  Low A r c t i c  
21 b 30 60 A Org . 3030t 90 BGS-317  Low A r c t i c  

22 66"IO' 136O21'  105 65 P Wood 5002180 GSC-2037 Subarc t i c  

23a 66"05'  136"17' 2.0 
23b 55 
23c  62 

5(! A Org . 3 2 1 0 ~  50 GSC-1861 Subarc t i c  
50 P Org . 3920k 50 GSC-2006 Subarc t i c  
50 P Org.  11200~100 GSC-2018 Subarc t i c  

24 66"50'  135"23' 85 70 P Peat  1960i 60 GSC-1804 Subarc t i c  

25a 73'46' 95"02'  82 55 P 
25b 67 32 P 
25c 99 

26 67"32'  94"03'  74 51 P Peat 490' 80 BGS-403  Low A r c t i c  

Peat 90204120 BGS-332 H i g h   A r c t i c  
Peat 9480t190 BGS-333 H i g h   A r c t i c  

55 P Peat 8070+110 BGS-334 H i g h   A r c t i c  

reg ions   (F ig .  ZB) a l s o  shows t h e  peak i n   t h e  3000- 
t o  3500-year  range,  with  an  equal  peak i n   t h e  Sub- 
a r c t i c   r e g i o n   i n   t h e  1500- t o  2000-year  range. 
Most  dates i n  the Low A r c t i c   r e g i o n   a r e   i n   t h e  200@ 
t o  4000-year  range. 

Most hummocks showed more than one l a y e r   o r  
i n t r u s i o n  o f  b u r i e d   o r g a n i c   m a t e r i a l .   I n   o r d e r   t o  
determine  whether a p a t t e r n   e x i s t e d   i n   t h e  age 
d i s t r i b u t i o n   o f  these mater-ials,  two or more sam- 
p les  were  taken  for   dat ing  f rom many hummocks, 
The most   deta i led  sampl ing was done f rom  an  ear th  
hummock (No. 16) i n  the  Subarct ic   reg ion  where 
seven  age  determinations  were made (F ig ,  3) .  The 
dates show t h a t   t h e   m a t e r i a l   o c c u r r i n g   w i t h i n  a 

few  cent imetres  of   the  permafrost   table,   near  the 
interhummock  trough, 1s the  oungest [ 16e  and f )  . 
From here,  moving downward (YGg) and  toward  the 
c e n t e r   p a r t  o f  t he  hummock, the   da tes   genera l l y  
become o lder   (16a and b) . Young and o ld   dates  can 
o c c u r   t o g e t h e r   i n   t h e   c e n t e r   p a r t .  Samples 1Gc 
and d h a w   d i f f e r e n t  ages, i n   s p i t e  of  t h e   f a c t  
t h a t  Sample  16c, a p i e c e   o f  wood, was enclosed i n  
t h e   p e a t   o f  Sample 1Gd. 

the  interhummock  trough and under   the  center  of 
t h e  hummock a re  compared, no d e f i n i t e   p a t t e r n  
emerges. I n  some cases  the  mater ia l   f rom  the  cen- 
t e r   i s   o l d e r   t h a n   t h e   m a ' t e r i a l   u n d e r   t h e   t r o u g h ,  
b u t   o f t e n   t h e   r e v e r s e   i s   t r u e ,   I n  15 hummocks 

when ages o f   bu r ied   o rgan ic   ma te r ia l s   f rom  under  
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“7 
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2 ‘000 YR B.P 

‘ c o o  v u  B.P. 

F i g .  2 .  A - Total number of dates  in 500-year  periods. 
B - Number o f  dates by climatic-vegetation  regions i n  500-year  periods. 

where the age  of  the  materials from the  center and 
trough  positions can be compared, 8 had older 
materials  in  the  center and 7 under the trough. 

Old and  young materials can occur  indiscrimin- 
ately  and,  in two  hummocks, were even found s ide  by 
s ide ,  Hummock 23, located  in an unglaciated  part 
of the Yukon, yielded two dates i n  the 3000- t o  
4000-year range and a much older  date  only 7 cm 
deeper  (Fig. 4 ) .  In another hummock (No. 3), the 
lower par t  o f  an apparently  continuous  layer gave a 
date   far   o lder  t h a n  the  upper part of the same 
1 ayer. 

DISCUSSION 

Local Implications 

The  mechanism f o r  the  formation o f  earth hummocks 
i s  n o t  known (Mackay  and MacKay 1976). Because 
earth hummocks are  associated w i t h  permafrost  ter- 
rain  (except  for  fossil   forms),  i t  i s  generally 
believed  that  pressures  generated  during  the annual 
freezing  of  the  active  layer  cause  the  materials  to 
be displaced.  Tree r i n g  studies have shown 

Qm MOSS & PLAT C R Y O T U R B A i t D  SOIL 

;U;;[;~~~RGANIIC W E A K L Y   C R Y O T U R B A T E D  5011 

ICE 
NON-CRYOTURUAIED SOIL 

” P E R E N N I A L L Y   F R O Z E N  

Fig. 3 ,  Cross section of Hummock 16,  with  location 
o f  radiocarbon.dated  samples. 

(Zoltai  1975)  that  trees growing on  hummocks a re  
subject t o  perfodic, sudden earth movements. Very 
frequently,  soil  horizons t h a t  should be near  the 
surface  are found buried by soil   parent  material ,  
or  horizons and horizon  boundaries  are  disrupted 
by frost-churning  (Tarnocai  1973,  Zoltai and 
Tarnocai 1974, Pettapiece  1974,  1975).  Similarly, 
buried  organic  material  often  appears i n  swirls o f  
smeared streaks  in  the  soil ,   suggesting movements 
i n  a viscous mass. This process i s  thought t o  be 
cryoturbation, a churning, mixing movement resu l t -  
i n g  In uneven displacement  of  soil  materials in 
the act lve  layer .  

Cryoturbation mixes and  blends  the  materials i n  
the  active  layer;  therefore,  ages  obtained from 
such material must be treated  with  caution. The 
juxtaposit ion of materials of different   ages ,  as 
Samples 16c and d ,  i l l u s t r a t e s  this d i f f i cu l ty .  
Careful  sampling may  a1 lev ia te   the  problem b u t  
will  n o t  eliminate i t .  The analysis of  several 
samples from the  same ear th  hummock  may fur ther  
increase  confidence  in  the  ages  obtained. 

The origin of the  buried  organic  material may be 
polygenetic, b u t  cryoturbation  appears t o  be the 
main  mechanism for   the   bur ia l .  Organic  material  in 
the interhummock troughs may become wried by mate- 
r i a l  heaved or  extruded from the hummock. In some 
cases a hummock may  move downslope by a slow ro l l -  
100 c m  

Fig. 4 ,  Cross  Section o f  Hummock 23, w i t h  loca- 
t ion of  radiocarbon  dated  samples. 
Legend as i n  F i g .  3. 
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ing motion which buries  organic  materials (Mackay 
1958). Later extrusions or downhill movements wi 11 
increase  the  thickness  of  soil  over the buried or- 
ganic  material,  increasing i t s  relat ive  posi t ion  in  
the  act ive  layer ,  and raising  the  permafrost   table 
i n  relation  to  the  organic  material .   Eventually 
this process may r e su l t  i n  placing  the  buried mate- 
rial  within  the  permafrost,  as shown  by the deep 
burial of a relatively  recent  (500-year)  material 
a t  Hummock 22 (Table 1 ) .  

A temporary  increase  in  the  thickness o f  the 
act ive  layer  may also  account  for  the  occurrence o f  
buried  organic  materials i n  the  permafrost.  In  the 
Subarctic  areas  forest   f ires  cause a twofold 
increase i n  the  thickness  of  the  active  layer,  
which may remain as long as 100 years   af ter   the  
f i re   (Pet tapiece  1974) .  A1  though the ground i s  
in i t ia l ly   s tab le   dur ing  the recovery  stage,  cryo- 
turbation begins t o  be ac t ive  some 70 years   a f te r  
the  f ire  (Zoltai   1975).  A change i n  cl imate  to 
warmer conditions t h a n  a t  present may a l so   r e su l t  
i n  a thicker   act ive  layer   in   a l l   c l imat ic   regions,  
allowing a deeper  burial  of  cryoturbated  materials. 

Some organic  materials were buried by geological 
processes  other  than  cryoturbation. The o l d  date 
in Hummock 23 (11200 y e a r s )   i s  probably from mate- 
rial  buried  under  loess  of an o l d ,  unglaciated  sur- 
face. The d a t e s   a t  this hummock  show t h a t  i n  the 
act ive  layer   mater ia ls  can be  moved  by cryoturba- 
t i o n  without  disturbing  the  underlying  old mate- 
r ia ls .   Similar ly ,   the   mater ia ls   in  Hummock 25 a re  
believed t o  have been deposited  during a sedimen- 
tary  process  in a bay formed by the  receding  marine 
limit  following  the  deglaciation  of  the  area. The 
material ,  however, was sh i f ted  by cryoturbation, as 
shown  by the younger age of the  deeper  material 
(Sample  25c: 8070 years) and the older  age of the 
material  overlying i t  (Sample 25a: 9020 years ) .  
The other  old  dates  (e.g. Hummocks 3 ,  11,  13, and 
21)  probably  resulted from the  burial  of  old  sur- 
face  organic  material   or  peat t h a t  accumulated on 
the  surface  before  cryoturbation became active.  

The occurrence  of  organic  material  several  thou- 
sands o f  years  old w i t h i n  the   ac t ive   l ayer   i l lus -  
t r a t e s   t he  slow r a t e  of decomposition i n  arctSc and 
subarctic s o i l s .  A t  Hummock 23,  material  over 
3000 years  old was found w i t h i n  20 cm of the sur- 
face of this Imperfectly  drained  soil.   This mate- 
r i a l  may have remained undecomposed fo r  a few thou- 
sand years,  b u t  i t  i s  ent i re ly   possible  t h a t  the 
material was  moved close t o  the surface by cryotur- 
bation d u r i n g  relatively  recent  t imes.  

Some of the   da tes   re f lec t   the  age of the hummocks, 
as well as  the age of the  cryoturbated  materials, 
Hummock 15  occurred on a stablized  surface of a 
thermokarst mudflow. Wood approximately 10 cm i n  
diameter  occurring i n  the  underlying  material a t  
the 220-cm dep th  was dated a t  5500+10u years (BGS- 
214), and woody peat from a cryoturbated  organic 
layer  beneath a hummock yielded a date o f  4670 
years (Hummock 15,  Table 1 ) .  This shows t h a t  the 
slumped surface became s tab i l ized  and hummocks were 
formed i n  a space  of  about 1000 years. 

Regi ona 1 Imp1 i cations 

The radiocarbon  dates  (Table 1 )  indicate   that  
most buried  materials  are  less  than 4800 years 
old. T h e  age of the  burjed  material, however, 
does  not indicate   the time  of i t s   b u r i a l ,   i t   g i v e s  
only a minimum date of the   burial .  As the young- 
e s t  buried  material was dated a t  490 years,  one 
might assume tha t  most surface  materials were sev- 
eral  hundred years  old  at   the  t ime of their   bur ia l  
I t  i s  therefore  estimated t h a t  the  ages of buried 
materials  dated a t  4800 years and younger indi-  
cate  the  beginning of intense  cryoturbation some 
4500 years  ago. This process  continues t o  the 
present. 

T h e  preponderance  of  dates from the  3000- t o  
4000-year range  (Fig 2A) suggests a severe  rate 
of cryoturbation  in  the  init ial   period. Had the 
r a t e  of cryoturbation remained the same, one would 
expect  to  find more younger da t e s .   I t   i s   poss ib l e  
t h a t  a f te r   the   ear th  hummocks were formed some 
2500-4500 years  ago,  as shown  by the  large num- 
ber of samples in  the 3000- t o  5000-year  range, 
they  attained a s t a t e  of equilibrium w i t h  the 
environment and  became re la t ive ly   s tab le .   S tudies  
of hummocks i n  the  western  Arctic and  Subarctic of 
Canada noted that   ear th  hummocks a re   r e l a t ive ly  
s table   features  (Mackay and Mackay 1976,  Pettapiece 
1975).  Tree  ring  studies  indicate an average  of 
only one ground movement every 20 years d u r i n g  the 
l a s t  200 years  (Zoltai  1975). 

Analysis  of  dates on an east-west  gradient shows 
l i t t l e   d i f f e rence   i n   t he  ages of cryoturbated  or- 
ganic  matter. The average age of  14  determina- 
tions (excludlng  ages  over 5000 years) i n  the 
eastern part  of the study  area  is  2537 years,while 
the  average age of 21 samples i n  the  western  Arctic 
.Is 2796 years.   Similarly,  there i s  only a small 
difference  in  ages on a north-south  gradient, 
arranged w i t h i n  present  climatic-vegetation  re- 
gions. The average age in  the Mid- and High 
Arctic  regions i s  2814 years  (11  samples), i n  the 
Low Arctic  region 2610 years (Y samples), and i n  
the Subarctic  region 2562 years  (15  samples). 

Materials  older  than 5000 years  recovered from 
the Low and Mid-Arctic  regions were probably  pre- 
served i n  a permafrost  environment. The lack  of 
old  materials from the  glaciated  Subarctic  region 
suggests  that  permafrost was absent from the   so i l s  
before 4500 years ago,  or i f   present ,  i t  was 
associated  with deep act ive  layers  where cryotur- 
bation  did  not  occur. 

The onset o f  intense  cryoturbation on  previously 
stable  surfaces  throughout the Canadian north 
about 4500 years ago can be interpreted  as a 
r e su l t  o f  a c l imat ic  change.  Cryoturbation i s  
associated  with  high  soil  moisture  levels and low 
temperatures, T t  i s  possible  that   the  climatic 
change was toward colder and moister  conditions. 
This  assessment i s  supported by pollen  studies i n  
northern Canada where a cooling  of  the  climate, 
beginning a t  4800 years  ago, is   indicated  (Nichols 
1975).  Studies  of  peat deposits i n  the Mackenzie 
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V a l l e y   ( Z o l t a i  and Tarnocai   1975)   ind icated  that  
peat  i n   t h e   S u b a r c t i c   r e g i o n  was deposi ted i n  a 
permafrost- f ree  environment and permafrost  began t o  
develop i n  them about 4000 years ago. 

1. 

2. 

3. 

4. 

5. 

CONCLUSIONS 

C r y o t u r b a t i o n   b u r i e s   o r g a n i c   m a t t e r   w i t h i n   t h e  
a c t i v e   l a y e r ,  Some of t h i s   m a t e r i a l  may 
become p a r t   o f   t h e   p e r m a f r o s t  as c r y o t u r b a t i o n  
causes i t  to   be   bu r ied   deep ly .  

No c l e a r - c u t   p a t t e r n   e x i s t s   i n   t h e   p o s i t i o n  o f  
c ryo turba ted   o rgan ic   mater ia l :   the   deepest  i s  
n o t   n e c e s s a r i l y   t h e   o l d e s t ,  and m a t e r i a l   a t   t h e  
edge o f  hummocks i s  no t   necessa r i l y   t he  youngest. 

Some m a t e r i a l  was bur ied  by  sedimentary  or  
aeo l ian   p rocess ,   bu t  was a l s o   s u b j e c t   t o   c r y o -  
t u r b a t i  on. 

C ryo tu rba t i on  became ac t i ve   t h roughou t   no r the rn  
Canada about 4500 years ago. 

C l i m a t i c   c o n d i t i o n s  became more  severe i n  
no r the rn  Canada some 4500 years ago.  Permafrost 
c o n d i t i o n s  may h a v e   p e r s i s t e d   i n   t h e   A r c t i c  
a reas   be fore   th is   t ime,   bu t   were   p robab ly  
absent   f rom  the  present-day  Subarct ic   areas.  
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OFFSHORE PERMAFROST IN THE ASIATIC ARCTIC 

F.E. A re ,   Pe rmaf ros t   I ns t i t u te ,   Yaku tsk ,  U.S.S.R.  

Of fshore   permaf ros t   ex tends   over   the   g rea ter   par t  o f  the a r c t i c   s h e l f  o f  
As ia   and  the   Arc t i c   Bas in .  I t  i s  absen t   i n   t he   upper   pa r t  o f  t h e   c o n t i n e n t a l  slope, 
i n   t h e  deeper p a r t s  o f  t h e   a r c t i c  seas (at   depths  f rom 200 t o  900 rn) and p robab ly  
a l s o   i n   t h e  zone o f  the   warming  e f fec t  of l a r g e   r i v e r s   a t  depths,  less than 20 rn. 
R e l i c   p e r m a f r o s t   o c c u r s   i n   t h e   c o a s t a l   s t r i p  of t h e   s h e l f  10 t o  30 km i n   w i d t h ,  
p r o v i d i n g   t ' h i s   s t r i p  became submerged as  a r e s u l t  o f  t he rma l   ab ras ion .   Re l i c  
permafrost  may o c c u r   a l s o   i n   t h e   p a r t  o f  the s h e l f  which was d r y   d u r i n g  the l a s t  
reg ress ion .  The th i ckness  o f  p e r m a f r o s t   i n  the deep p a r t   o f  the A r c t i c   B a s i n  
between  the  Barents-Kara  shel f   and  the Lornonosov Ridge  ranges from 15 t o  30 m, 
w h i l e  beyond  the  r idge i t  i s  about 10 m. 

LE PERGiLISOL DES FONDS MARINS D E  L'ARCTIQUE AS lAT tQUE 
F. E. Are, l n s t i t u t  de geoc ryo log ie ,   l aku tsk ,  URSS 

Le p e r g e l i s o l  des   fonds   mar ins   s '6 tend  sur   la   ma jeure   par t ie   du   p la teau 
a r c t i q u e  de 1 ' A s i e  e t  du   bass in   de   1 'A rc t i que .  I1 e s t  absent  de l a  p a r t i e   s u p e r i e u r e  
du t a l  us c o n t i n e n t a l  e t  des p a r t i e s   l e s   p l u s   p r o f o n d e s  des rners a rc t i ques   (p ro fondeurs  
de 200-900 m), e t   peut -e t re   Pga lement  des  zones oil l e s   f l e u v e s   c r 6 e n t  un rechauf fement ,  
3 des p ro fondeurs   i n fP r ieu res  a 20 m. La f r a n g e   l i t t o r a l e   d u   t a l u s   c o n t i n e n t a l  
cornporte un p e r g g l i s o l   r e s i d u e 1   s u r  une l a r g e u r  de 10-30 km l o r s q u ' e l l e  a et6 
submerg6e  par s u i t e  de l 'abras ion   thermique.   Le   perge l i so l   res idue1  peut   ega lement  
e x i s t e r  dans l a   p a r t i e  du t a l u s   c o n t i n e n t a l   q u i   s ' a s s e c h a i t  au  cours  de l a   d e r n i e r e  
r C g r e s s i o n .   L l k p a i s s e u r   d u   p e r g e l i s o l  dans l a  p a r t i e   p r o f o n d e   d e   1 ' A r c t i q u e   e n t r e  
l e   t a l u s   c o n t i n e n t a l   d e   B a r e n t s - K a r a   e t   l a  Cre te  de Lomonossov e s t  de l ' o r d r e  de 
15-30 m, e t  de 1 ' a u t r e   c 8 t e   d e   l a   C r e t e  - de 1 ' o r d r e  de 10 m. 

CYEAKBAJIbHAJl KPMOJIMTCBOHA A3MATCKOm APKTMKM 
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STRUCTURE OF THE  NORTHERN CIRCUMPOLAR PERMAFROST  REGTON 

I .  Ya. Baranov.  Ind.  and Res. I n s t .  of  Eng. Surveys i n  Cons t ruc t i on ,  MOSCOW, USSR 

The c r y o s p h e r e   i s   d e f i n e d  a s  a s i n g l e  thermodynamic  region  formed  by 
geospheres o f  nonun i fo rm  ma t te r   wh ich   a re   i n   con tac t  w i th  each   o the r ,  The 
geospheres  have a temperature  below O°C w h i c h   c a u s e s   c r y s t a l l i z a t i o n ,   c o o l i n g   a n d  
supercoo l i ng  of w a t e r .   W a t e r   c r y s t a l l i z e s  i n  t h e   c r y o g e n i c   p a r t  o f  the   c ryosphere  
and  does not c r y s t a l l i z e   i n   t h e   c o o l i n g   p a r t .   B o t h s   p a r t s   a r e   i n t e r r e l a t e d .  The 
elements o f  the   c ryosphere  are: the  atrnocryosphere (the enve lop ing  element) ,  t he  
1 i thocryosphere  ( forming)   and  the  hydrocryosphere  (super imposed] .  A1 1 elements 
are  dynamic i n   t i m e  and  space.  Each c l a s s ,   t y p e  and  species of  frozen ground 
fea tu res   i s   deve loped   under   de f i n i t e   t he rmodynamic   cond i t i ons ,  The boundar ies o f  
the i r   occur rence  a re   independent  and v a r y   i n   t i m e  and  space i n   d i f f e r e n t  ways. The 
c i r c u m p o l a r   p a r t s  o f  t h e   c r y o s p h e r e   a r e   s i m i l a r  i n  s t r u c t u r e   b u t   d i f f e r   w i t h   r e s p e c t  
t o  the  development o f  ce r ta in   f rozen   g round   fea tu res   and  the p o s i t i o n   o f   t h e i r  
boundar ies ,   depend ing   on   the   env i ronmenta l   cond i t ions .  

a round  the   Ear th ,   wh ich   p lays  a s p e c i a l   r o l e   i n   i t s   d e v e l o p m e n t .  
The c o n s t a n t   p a r t s  o f  the   a tmcryosphere   f o rm a cont inuous  "cryogenic  screen' '  

STRUCTURE DE LA ZONE SEPTENTRIONALE C I RCUMPOLAI RE DE PERGEL I SOL 

I .  Ya. Baranov, l n s t i t u t   i n d u s t r i e l   e t   s c i e n t i f i q u e  de  recherches en g g n i e   c i v i l ,  
Mos cou, URSS 

La  cryosphGre e s t  une rggion  therrnodynamique  unique  formee de ggosphgres 
c o n t i g u k   e s s e n t i e l  lernent   heterogsnes.   Leur   temperature,   in fer ieure 21 OOC, provoque 
l a   c r i s t a l l i s a t i o n ,  l e  re f ro id i sse rnen t  e t  l a  s u r f u s i o n  de l ' e a u .  Deux p a r t i e s  de 
l a  cryosph6t-e  sont 1 i e e s   e n t r e   e l l e s :  l a  zone  cryogsne oil 1 ' e a u   s u b i t   l a   c o n g e l a -  
t i o n ,   e t   l a  zone  de  refroidissernent oil n ' a  pas l i e u   l a   c o n g e l a t i o n .  Les elements 
de l a   c r  os hs re   son t :   I ' a t rnoc ryosphSre   ( couv ran te ) ,   l a  1 i t hoc ryosphZre  
( c o n s t i  --=" t u a n t e   e t  1 ' hyd roc ryosphs re   ( superposk ) ,  dynarniques  dans l e  temps e t  
l ' espace .  Chaque c lasse ,   t ype   e t   gen re  de s t r u c t u r e  1 i 6 e   a u   p e r g e l i s o l   s e  
dgveloppe dans  des c o n d i t i o n s  therrnodynamiques  precises;   les  l i rn i tes de l e u r  
developpernent  sont  ind6pendantes e t  v a r i e n t  de   f ason   d i f f g ren te  dans l e  temps e t  
1 'espace. Les p a r t i e s   c i   r c u r n p o l a i r e s  de l a   c r y o s p h s r e   o n t   u n e   s t r u c t u r e  de  type 
unique, rnais e l l e s   d i f f g r e n t   p a r  l e  d6veloppernent  de ce r ta ines   s t ruc tu res   l i i 5es   au  
p e r g e l i s 0 1   e t  21 l 'ernplacernent de l e u r s  1 irni t e s ,   q u i   s o n t   f o n c t i o n  des c o n d i t i o n s  
n a t u r e l l e s .  

c o n t i n u   a u t o u r  de l a   T e r r e ,   g c r a n   q u i  joue un r61e p a r t i c u l i e r  dans 1 ' B v o l u t i o n  de 
catte d e r n i s r e .  

Les p a r t i e s   c o n s t a n t e s  de 1 'atrnoscryosphsre  forrnent un "ecran  cryog6ne" 

CTpYKTYpA CEBEPHOR OKOJIOrIOJIRPHOfi OWIACTM KPMOrEHHbIX OIPA30BAf" 
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ACTIVE ROCK GLACIERS AS INDICATORS FOR DISCONTINUOUS ALPINE 
PERMAFROST. AN EXAMPLE FROM THE SWISS ALPS 
Dietrich Barsch, University of Heidelberg, Department of Geography, 
Heidelberg, Federal Republic of Germany 

Active rock glaciers are moving (5-100 cm/a) bodies of 
frozen ta lus  cemented by interstitial ice, The mean ice content is 
around 50 to 60%. They are, therefore, bodies of permafrost even if 
some of the ice is of glacial  or ig in ,  Because we do find, at the 
same e levat ion,  patches of permafrost outside of these  rock glaciers 
(e.g. i n  talus slopes etc,), t hey  are  indicators for  permafrost in 
their  neighbourhood.  Therefore the lower limit of ac t ive  rock glaciers 
is approximately the lower limit of discontinuous a lp ine  permafrost. 
In a cross profi le  from NW to SE through the Swiss Alps t h i s  lower 
limit is situated at 2400-2600-250om a, s, 1,011 north fac ing  slopes 
(tal 2600-2800-2700 m on south facing slopes), In the Swiss A3ps 
the total volume of ac t ive  rock g lac i e r s  is ca. 1-2 to 1.6 km , the 
total amount of disconsinuous a lp ine  permafroft is estimated, for  t h e  
western Alps ,  to 2 0  km in an area of 3221 km above the mentioned 
lower limits. 

* 

UTTLISATION DES GLACIERS  DE PIERRES ACTIFS COMME INDICATEURS  DU  PERGELISOL  ALPIN 
DISCONTINU. EXEMPLE DES ALPES SUISSES 

Dietrich  Barsch,  Universitg  de  Heidelberg,  Dgpartement  de  ggographie,  Heidelberg, 
RGpublique  fGdGrale  d'Allemagne 

Les  glaciers  de  pierres  actifs  sont  des  masses  de  dgbris  gelgs,  cimentes  par 
de  la glace interstitielle, qui se  dgplacent 2 des  vitesses  comprises  entre 5 et 100 
cm  par an,  Leur  teneur  moyenne  en  glace  se  situe  entre 50 et 60%. 11s  reprgsentent 
donc  d'importantes  masses de peTggliso1, mSme si une partie  de  la  glace  qui les com- 
pose  est  d'origine  glaciaire.  Etant  donng  qu'b la mZme  altitude  des  ?lots de pergg- 
lisol  accompagnent  les  glaciers  de  pierres  (par  exemple,  dans les talus  d'gboulis, 
etc),  ces  derniers  peuvent  servir 2 dsceler la prgsence  du  pergglisol. De plus,  la 
limite  inf6rieure  des  glaciers  pierreux  actifs  correspond  approximativement 5 la 
3irnite  infgrieure  du  pergglisol  alpin  discontinu. Dans un  profil  orientg NO - SE, 
5 travers les Alpes  suisses,  cette  limite  inf6rieure  se  situe ii 2400-2600-2500 mctres 
d'altitude,  sur  des  versants  orientgs vers l e  nord (et 2 environ 2600-2800-2700 mZ- 
tres  sur  les  versants  orientcs  vers  le  sud).  Dans  les  Alpes  suisses,  le  volume  total 
de glaciers  pierreux  actifs  est  d'environ  1.2 2 1 .6  km3, et  le  volume  total  du  pergc- 
lisol  alpin  discontinu  ess  estimE  dans les Alpes  occidentales 2 20 km 3 , rGpartis  sur 
une  superficie  de 3221 km , au-dessus  des  limites  inf6rieures  dont  il e s t  question 
plus  haut. 

AERCTBYIOl@iE KAMEH1.IWE IIOTOKM KAK IIPM3HAK CYUGCTBOBAHMR 3Of1bI HECIIJlOWfIO~O PACnPOCTPAHEHMR 
MHOrOnETHEFI MEP3nOTbl B BMCOKOrOPHMX PAmOHAX HA IIPMMEPE WBEALpPCKMX Anbn 

U e n c T s y m u n a  K a M e H m e   n m o K n   n p e n c T a a n R w T  cob08 nsnxyunecff /5-100 CM/rOn/ ~ e p s -  
nhtC OCblIlM, C~eMeHTMpOBZlHHMe  nyCTOTHhlM IlbaOM. CpeaIiee C O A e p X a H U e  Jlbfta C O C T a E I n R ~ T  50-608, 
n O 3 T O M y   K a M e H H H e  IIOTOKM MOXHW C l I M T a T b   M H O P O n e T H ~ M e p 3 n b l M B   M a C C a M U ,  name e C n M   Y a C T b  Jlbffa 
MMeeT JleAHMKOBOe  I'IpOUCXOXJleHMe. OHU RBJIRWTCR yKa3aHMeM H a  C Y u e C T B W B a H H e   M H Q r o J l e T H e f t  
Mep3nOTI4, T e M  60nee YTO Ha TOR Xite BbICOTe MOXHO n e f l C T B H T e J l b H 0   H a 6 n H l n a T b  ne6onamue 
YsaCTKW  MHOrOJleTHeR  Mep3JlOThl   BHB BTMX KaMeHHtJX IIOTOKOB / H a n p H M e p ,  Ha OTKOCaX/ .   nQ3TOMY 
HHXHHH r p a H H U a  JleftCTByHJlqHX  XaMeHHblX peK l I ~ M 6 J M 3 W T e J l b H O   C O O T B e T C T B y e T   H U X H e i i  rpaHuqe 
30Hhl HeCIIJlOlllHOrO p a C I I p O C T p a H e H i f a   B ~ C O K O r O p H O f t   M H O r W n e T H e f t   M e g 3 J I O T H .  B f l O n e p e t r H O M  pas- 

H a  BhlCOTe 2400-2600-2500 M H a H  YpOEtieM MOPR Ha CeBepHbtX  CKJlOHaX /no CpaBHeHHlO C 2600- 
2800-2700 M H a  fOXWtjX CXJ10HaX/,3 B WBenQapCKHX h b n a X  O6QHB o6'beM n e f l C T l 3 y l O ~ U X  KaMeHWbtX 
I'IOTOKOB C O C T a B J l R e T  It2-1,6 KM I a 0 WNR o d a e ~  HeCnJ'IOWHOfe MliOl?OJIG?THeMep3JlOti MaCCH B 

pese c ce~epo-3anaga H a  m r O - B o c T o K  vepes Wseflqapcxne Anbnw 3 ~ a  nUxHm r p a H n r f a  I ' I ~ O X O ~ H T  

3ana-x  Anbnax O u e n n B a e T c R  B 20 RM' na nnoukqn 3221  KM B s e p x  OT y w a 3 a H H h u r  wxmx 
rpanxy. 
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ACTIVE ROCK GLACIERS AS INDICATORS FOR DISCONTINUOUS ALPINE PERMAFROST. 

AN EXAMPLE FROM THE SWISS ALPS 

Dietrich  Barsch 

INTRODUCTION 

Since  the  a l ready  c lass ical   paper  of 
Wahrhaftig and Cox (1959) ac t ive  (s t i l l  
moving) rock  glaciers   have  a t t racted con- 
s i d e r a b l e   i n t e r e s t  from students  of  peri-  
glacial   environments o f  alpine  regions.  
Today w e  do know ac t ive   rock   g lac ie rs  
from a l l  major mountain  systems, i f   t h e y  
are only  high enough.  But s t i l l  and 
despi te   the  valuable   informations  given 
by q u i t e  a number o f  s tud ie s  ( c : . f .  White 
19761, there are a Lot of  questions open 
to   d i scuss ion   (egg .   the   genes is  o f  the 
i c e   i n   a c t i v e   r o c k   g l a c i e r s  etc.). During 
t h e  l a s t   y e a r s   ( s i n c e  1965) w e  d i d  some 
work on rock  glaciers  (mainly i n  Switzer- 
land, but   a l so   in   Scandinavia) ,  which 
seems t o  be of i n t e r e s t   a l s o  for t h e  
d i s t r i b u t i o n  of alpine  permafrost. 

D E F I N I T I O N  AND DESCRIPTION 

An a c t i v e  rack g lac i e r  i s  a tongue  or 
lobate shaped body 05 frozen t a l u s  of 
“porridge-like”  appearance, which creeps 
downslope a t  an  average  speed of 5 t o  loo 
cm/a (maximum: 500 cm/a) and which i s  ce- 
mented by i n t e r s t i t i a l  ice, the   conten t  
of which changes from place to place and 
from individual   to   individual .   Act ive  rock 
g l ac i e r s  are separated  by  s teep  f ront  and 
side scarps  from the  surrounding  terrain,  
T h e  slope  of  ghese  scarps i s  of ten   s teeper  
than 30 t o  40 , ‘chat i s  more, o r  at least  
near ,   the   angle  of repose. Along these  
scarps it i s  v i s i b l e   t h a t   o n l y  on the  sur-  
face  w e  do f ind  the blocky  angu3ar t a l u s  
(boulders  often  bigger  than 1 m forming 
a layer  between 2 and 5 m thick.  Below 
the  blocky  surface,   boulders  are rare and 
enbedded in   ma te r i a l   o f   g rave l   t o  s i l t  
size.  According to o u r   d r i l l i n g  (Barsch 
1977) the g r a i n   s i z e  decreases with  in- 
creasing depth. 

type  ( type 2 1  c.f.  Barsch  1969a) is i n   t h e  
European mountains  about 200-400 m long, 
100-150 m wide and  around 40-50 m th ick ,  
Maximum recorded  thickness i s  about 80- 
loo m i n  Macun I (Lower Engadin). 

The s u r f a c e   r e l i e f   o f  an act ive  rock 

T h e  average  rock  glacier of t he   va l l ey  

g l ac i e r   cons i s t s  on the  average  of 
furrows and r idges  which seem t o  resemble 
f low  s t ructures  of very  viscous  f luids .  
The furrow and r idges  are thought to be 
an  expression o f  t h e  downslope movement 
of the rock  glacier ,   but   their   rheologi-  
cal in t e rp re t a t ion  i s  still open t o  d is -  
cussion: The ridges  can be due t o  d i s -  
turbance of t h e  movement (egg.  pushing, 
t h re sho lds )   o r   t o   i npu t   va r i a t ions  
(changing  of t a lus   p roduc t ion   o r  of t a l u s  
deposi t ion  by  glaciers  a t  t h e  head of t h e  
rock  glacier ,  c.f.  Barsch  1976a). 

In   r e l a t ion  t o  ac t ive   rock   g lac ie rs  
the  inact ive  ones do not  move any longer, 
but,   according t o  seismic soundings,  they 
still contain a frozen  core below l o  or 
1 2  rn of unfrozen  talus.   In the Swiss  Alps, 
even during winter time, t h i s  upper t a l u s  
layer  i s  no t   t o t a l ly   f rozen .  

Fossil rock   g lac ie rs  are those which 
have no ice content  any  longer. They are 
normally found  around o r  below t h e  pre- 
s en t  day  timber-line.  Their  surface 
r e l i e f  shows the normal,  but subdued 
furrows and r idges,  

THE I C E  IN ACTIVE ROCK GLACIERS 

According t o  our seismic soundings a l l  
ac t ive   rock   g lac ie rs  below t a lus   s lopes  
or below g lac i e r s   ( t ype  1 and 2,  Barsch 
1969a) are composed of   f rozen   ta lus  (un- 
published data and  Barsch  1973). The 
veloci ty   of  the seismic waves i s  between 
3000 and 4000 m/sec, whereas f o r  glacier 
ice the   ve loc i ty  is around 3600 m/sec. 
T h i s   i r r e g u l a r f t y   i n   t h e   v e l o c i t y  of t h e  
seismic waves seems t o  be c h a r a c t e r i s t i c  
fo r   f rozen  material (Roethlisberger 1972, 
Barsch  19731,  because the  ice content 
changes from place  to  place.  During OUT 
1975 d r i l l i n g  campaign (Barsch 19771, we 
d r i l l e d  more than l o  m i n  a rock glacier:. 
In   these  upper  2 0  SS of the   rock  glacier  
MurtSJ. I, w e  found in   ou r   co re   s eve ra l  
lenses  of clear ice between the  f rozen 
ta lus .  The clear ice can be explained as 
segregated ice described fo r   i n s t ance  by 

avalanchesl) .  The same is t r u e   f o r  
t h e   d r i l l i n g   i n   t h e   r o c k   g l a c i e r  Grubem 
(Barsch,  Fierz and Haeberli 19761,  where 

R:kwaT (19721, o r  as ice derived from 
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we  found  the  same  mixed  layered  system OS 
ice  and  talus  (sand  to  gravel  size)  below 
the  bouldery  mantle. 

In  both  drillings  the  ice of the  bigger 
ice  lenses  or  ice  bodies is composed of 
small crystals.  There  has  been  no  evidence 
that  the  ice  has  been  derived  from  former 
glacier ice. The  total  ice  content in the 
drillings - including  the  fine  distributed 
ice  coatings  in  the  frozen  sand  and  talus - has  been  estimated  to  be  around 50-60 % 
of the  total  volume.  The densip is 
supposed  to  be 1.5 to 2 .0  g/cm . This  has 
been  checked by bore  hole  measurements  at 
the  Gruben  drilling  Grub L (Barsch,  Fierz 
and  Haeberli  1976). 

subsequent  terrestrial  survey  revealed 
about 994 active  rock  glaciers  in  the 
Swiss  Alps.  The  total  volume of all  these 
rock  glgci9rs  is  estimated to be 1200 to 
1600#16 m (Barsch  1976a)  with  a  thick- 
ness  of  the  active  layer  during  high  sum- 
mer  between 1 to 3.5 m  (Barsch  1973 ). The 
total  content of ice  (interstitial  ice)  in 
act&vegrock  glaciers i s  around 600 to 960 *la rn . 
frost  as  frozen  soil,  talus  or  bedrock, 
at  variable  depth  below  the  surface  in 
which  a  temperature  below  freezing has 
existed  for  more  than  two  years  (Washburn 
1973, p. 18 following  Muller 19471, all 
these  observations  and, also, excavations 
show  that  active  rock  glaciers  are  bodies 
o f  permafrost.  This  is  true  even if part 
of the  ice  in  an  active  rock  glacier  is 
former  glacier  ice. 

Studies of the  “active  layer” o f  active 
rock  glaciers by hammer  seismic  soundings 
revealed  a  thickness of the  unfrozen  upper 
layer of 1 to 3,s m above  the  permafrost 
table  during  summer  (Barsch 19731, Accor- 
ding  to our temperature  measurements,  the 
active  layer  is  we11  below  freezing  point 
during  winter  time.  This  demonstrates  that 
the  permafrost  is  active,  that  means  in a 
dynamic  equilibrium  with  the  present  day 
climatic  conditions  below  the  snowline  in 
the  Alps.  Inactive  rock  glaciers,  which 
show no present day downslope  movement, 
have an unfrozen  upper  layer,  which  is 
often  more  than  lo m thick.  This  perma- 
frost  is  therefore  regarded as inactive. 

PERMAFROST NEAR ACTIVE  ROCK GLACXERS 

An  interpretation of air  photos  and  a 

According  to  the  definition of perma- 

In recent  years  a  large  number of perma- 
f ros t  localities  in  the  Swiss  Alps  have 
been  found  and  discussed  in  several  papers. 
One  of  the  starting  points  ha3  been  the 
study of soil  temperatures  by  Liitschg 
(1947). Good summaries  of  the  known  locali- 
ties and of the  temperature  measurements 
have  been  published  by  Furrer  and  Fitze 
(1970) and by Haeberli (19761, respective- 
ly. Nearly  a11  these  permafrost  oecurren- 
ces  are  found  around  active rock glaciers 

(c.f. Barsch 197623). This has  been  proven 
in a small. study  area  by  my  student 
W. HaeberSi (1975). Near the  Fliiela-Pass 
(Grison) the  lower  limit of active  rock 
glaciers  in  northern (NW-N-NE) exposure 
is 2560 m according  to  a  surface  trend 
analysis  throughout  the  Swiss  Alps.  In 
relation to altitude,  the  distribution 
of permafrost i s  as  follows  (Haeberli 
1975, p.  130) : 

altitude  area  of  percentage of the 
permafrost  total  area  minus 

(km2 1 glacierized  sur- 
face (%) 

2200-2400 0.1 ca. 1.7 
2400-2600 198 16,7 
2600-2800 4,s 42,9 
~ ~ O O - ~ O O Q  2 9 8  95 ,5  
above 3000 0 , 6  85,2 
In  relation to timberline (ca. 2300 m )  
and  snowline  (ca.  3100 m), these  values 
demontrate  that  the  region  of  active 
rock  glaciers  belongs to the zone of 
discontinuaus  alpine  permafrost. 

DISTRIBUTION OF DISCONTINUOUS 
ALPINE PERMAFROST 

Alpine  permafrost  should still be  divided 
into three  zones  (sporadic,  discontinuous 
and continuous)  because  in  alpine  relief 
the environment  is of such  a big variabi- 
lity  that  patches Of permafrost  can  be 
found  far  outside of  the  area of normal 
distribution, i.e. below  timberline  in a 
climate  with  positive  mean  air  tempera- 
ture.  Therefore,  we follow h a s  (1974) 
despite  the  sound  arguments  of  Brown 
(1968, 19691, which  are o f  great  impor- 
tance  for  uniform  areas (c.f. also 
Haeberli  1976  or  Barsch 1976b). The 
sporadic  alpine  permafrost is situated 
below  the  zone o f  active  rock  glaciers, 
i.e. at  altitudes  with a mea8 annual  air 
temperature  above 0 to -1/-2 C. The  lower 
limit of active  rock  glaciers,  which do 
exist  in areas with span annual  air 
temperature  below - 2 C, is also, in 
general  terms,  the  line  above  which  one 
expects to find  discontinuous  alpine 
permafrost. If we take  the lower limit 
of  active  rock glaciers as lower  Limit 
of  discontinuous  alpine permafrost, it 
i s  necessary  to  point  out  that  patches 
of discontinuous  alpine  permafrost  can 
be  found loo m  below  this  line,  but  this 
limit  cannot  be  determined  precisely at 
the  moment. 

limit of all active  rock  glaciers 
(exposure:  NW-N-NE)  in  the  Swiss  Alps 
reveals  that  in  a  cross  section  through 
the Alps  from NW to SE (from the north 
slope  over  the  central  parts  to  the  south 
slope)  discontinuous  alpine  permafrost 5s 

A surface  trend  analysis of the  lower 
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to  be  found  above 240o-~600-2500 m a. s. 
1. on  north  facing  slopes,  According to 
the  difference  between  north  and  south 
facing  active  rock  glaciers  in  the Alps 
of 150 to 250 m  the f approximate  lower 
limit of discontinuous  alpine  permafrost 
on  south  facing  slopes  should  be  in  the 
same cross-profile  at  an  elevation  of 
2600-2800-2700 m. 

For  the  western  Alps,  including  the 
Swiss  Alps,2with a total  area of 
39 228,7  km  discontinuous  alpine  perma- 
frost  can  be  expected in the  zone bet- 
wepn 2600 and 3000 m, which  covers  3221 
km  or 8.2 % (Lie2 1903). If we assume 
that  permafrost  is to be  found  in 30 % of 
this  area,  and  that  its  mean  thickness  is 
around 20 m, then  the  following  can  be 
said t 
1. possible  area  influenced by 

discontinuous  permafrost: 3221 km2 
2. possible  area  with  under- 

laying  permafrost  (30 %): 965 km2 
3. estimated  permafrost 

volume : 20 km 3 

4. estimated  volume of 
permafrost-ice (30 %): 6 km3 

These 6 km of permafrost-ice  represent 3 
about  9 % of the  total  volume of all  Swiss 
glacier2,  which  has  been  estimated  at 
67,4 km (Miiller, Caflisch  and  Miiller 
1976). 

This  estimation  is  only to show  the 
importance  of  permafrost  in  the Alps. To 
give  a  better  impression of the  altitudi- 
nal  distribution of permafrost  in  the  Alps 
we will  consider two different  parts: 
the  north slope and  the  central part o f  
the Alps. 

north  slope central  part 
(emf. Berner ( e g g .  Wallis/ 
Oberland 1 Eraubiinden) 

continuous 
permafrost! ca. 3500 m(?)  ca.  3600 m ( ? )  
snow  line 
(around 1850 

lower  limit 
of active  rock 
glaciers : 2400 m 2600 m 
discontinuous 
permafrost:  ca. 2350 m ca, 2550 m 
timberline:  1750 m 2250 m 
The  lower  limit of active rock glaciers, 
which  has  been  determined  by a surface 
trend  analysis  of a large number of in- 
dividuals,  seems  to be of greater  impor- 
tance  for  the  description of the  perma- 
frost  distribution  than  all  other  clirna- 
ticaly  controlled  equilibrium  lines.  Even 

ADD. Z ca. 2600 m ca. 3100 m 

1 .n  the well kn le di stribution 
of permafrost is indicated by indirect 
methods. As one o f  the  best  indicators, 
especially  in  the  central  parts,  the 
active rock glacler can be used. 
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MORE PRECISE P O S ~ T I O N  OF THE  SOUTHERN  PERMAFROST BOUNDARY BETWEEN THE URALS AND 
THE OB R I V E R  

G.I. Dubikov,  Ind.  and Res. I n s t ,   o f  Eng. Surveys i n   C o n s t r u c t i o n ,  MOSCOW, U.S.S.R.  

The a u t h o r   o u t l i n e s  a new pos i t i on   o f   t he   sou the rn   pe rmaf ros t   boundary  
between  the  Urals and t h e  Ob, w h i c h   l i e s  If - 2' f a r t h e r   s o u t h   t h a n  a l l  boundar ies 
p r o p o s e d   e a r l i e r .  The f o r m a t i o n   o f   p e r m a f r o s t   a t   t h e s e   l a t i t u d e s  depends  on a 
c o m b i n a t i o n   o f  many common and l o c a l   f a c t o r s   o f   w h i c h   t h e  mos t   impor tan t   i s   t he  
i n s u f f i c i e n t  summer h e a t i n g   o f   t h e   s u r f a c e   i n   s h a d y   f o r e s t s .  A spec ia l   zone   o f  
massi fs   and  is lands  o f   f rozen  c layey  and organ)c.eaIrth.-rnarer.ial-s Is-singled out 5n 
Mestern Siheria where t h e s e  materials occur t !xXclusively i n  dense,  dark,  coniferous 
f o r e s t s  and are   absent  i n  t r e e l e s s   s e c t i o n s .  The f r o z e n   g r o u n d   i n   t h i s  zone i s  
c h a r a c t e r i z e d  by an ex t reme ly   uns tab le   t he rma l   reg ime   and   h igh   i ce   con ten t .  On 
t h e   b a s i s  o f  the   l a t te r   t hey   a re .   comparab le   w i th   syngene t i ' c   f rozen   depos i t s -  tn 
a r c t i c   r e g i o n s .  

PRCC I s I ONS S U P P L ~ M E N T A  I RES SUR L I EMPLACEMENT DE LA L IMITE MCRI D I ONALE DU 
P E R G ~ L I S O L  ENTRE L 'OURAL ET L ' O B  

G.I. D u b i k o v ,   l n s t i t u t   i n d u s t r i e l   e t   s c i e n t i f i q u e  d e   r e c h e r c h e s   e n   g e n i e   c i v i l ,  
Moscou, URSS 

Une n o u v e l l e  l i m i t e  m e r i d i o n a l e   d u   p e r g e l   i s o l   e n t r e   1 ' O u r a l   e t   1 ' O b   e s t  
proposee  de un e t  demi 3 deux  degres   de   la t i tude   p lus   au  sud  que t o u t e s   c e l l e s  
suggerkes  auparavant. La f o r m a t i o n   d u   p e r g e l i s o l  2 ces l a t i t u d e s   e s t   d e t e r m i n e e  
pa r   l a   comb ina ison  de  nombreuses c o n d i t i o n s   g g n g r a l e s   e t   l o c a l e s ,   d o n t   l a   p l u s  
i m p o r t a n t e   e s t   l e   r e c h a u f f e m e n t   e s t i v a l   i n s u f f i s a n t   d e   l a   s u r f a c e   d u   s o l  des f o r & t s  
ombreuses.  Les rsgles  proposees  permettent  de  degager en S i b g r i e   o c c i d e n t a l e  une 
zone p a r t i c u l i & r e  d e   m a s s i f s   e t   d ' T l o t s  de m a t 6 r i a u x   a r g i l e u x   e t   b i o g s n e s   g e l e s ,  
que l ' o n   r e n c o n t r e   e x c l u s i v e m e n t  dans les   fo rEts   de  res ineux sombres e t   t o u f f u e s ,  
e t   j a m a i s  dans l e s   r e g i o n s  non boisees.  Le g g l i s o l  de c e t t e  zone e s t   c a r a c t e r i s 6  
pa r  un regime  thermique  extrEmement  instable e t  par  une  teneur  &levee en g lace .  
Ce t te   de rn i s re   l es   rend   en   f a i t   comparab les  aux  depb ts   ge l&s   synghe t iques  des 
r e g i o n s   p o l a i r e s .  
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A GEOECOLOGLCAL M A P P I N G  SCHEME FOR ALASKAN COASTAL TUNDRA 
K.R. Everett,  Inst. of Polar  Studies,  Ohio  State  Univ.,  Columbus, OH; P,J.  Webber 
and D.A. Walker,  INSTAAR,  Univ.  Colorado,  Boulder, CO; R,J.  Parkinson,  Dept. of 
Agron., Ohio State  Univ.; J. Brown, U.S.A. CRREL,  Hanover, N,H., U.S.A. 

A unified  Geoecological  mapping  system  has  been  developed  for  northern 
Alaska  which  recognizes  in a given  area a suite of landforms  whose  geomorphic  ele- 
ments control the  composition  and  distribution of vegetation  and soil. Within  each 
landform  boundary a  fractional  code is displayed  in  which  the  numerator  consists of 
the geomorphic  feature  and  its  characteristic  vegetation  stand  presented  as a 
series of alpha-numeric  units.  The  denominator  is  comprised of three  elements,  the 
soil(s),  the  landform  type  and its mean slope. Each map contains  an  annotated  list 
of code  symbols  and  is  accompanied  by a text  in  which  the  characteristics of the 
code  components  are  discussed. The advantages of such a mapping  technique  include: 
(1) integrating  on a  single  base  a  large  body of diverse  data  into a relatively  few 
easily  detected  environment: units; (2) the  derivation of any  number of special  pur- 
pose  maps  by  selecting  components  of  the  code  andlor  related  analytical  data; 
(3 )  permitting  an  expansion  of  the  code to include  other  kinds of geotechnical  or 
environmental  data. 

S Y S T ~ M E  DE CARTOGRAPHIE G ~ O ~ C O L O G I Q U E  APPLICABLE ;1 LA TOUNDRA LITTORALE DE 
L ' ALASK4 

On a mis,au point  une  technique  uniforrnisge de cartographie  ggogcologique  pour 
le  nord  de  l'Alaska,  permettant  d'identifier  dans  une  rggion  donnee  une  sgrie de  fo r -  
mes  topographiques,  dont  les  6lGment:s  ggomorphiques  contrslent la composition  et la 
r6partition  de  la v6gGtation et  du sol. Dans les  limites  de  chaque  forme  topographi- 
que,  figure  un  code  fractionnaire OG le  num6rateur  correspond 2 1'616ment  morpholo- 
gique,  et  la  vGg6tation  caractgristique  est  pr6sentGe  sous  forme  de  sgries  d'unitgs 
alphanumsriques. Le dgnorninateur  comprend  trois  glgments,  le ou les sols, le type 
de  forme  topographique, et la pente  moyenne.  Chaque  carte  contient  une  liste  expli- 
cative  de  symboles  des  codes,  et  est  accompagnge  d'un  texte,  dans  lequel  on  dgcrit  en 
dgtail les 6lSments du code. Les avantages de ce systhe cartographique  sont: (1) 
l'intggration sur une  base  unique  d'un  vaste  ensemble  de  donnges  diverses,  dans un 
nombre  relativement  faible  d'unit6s  environnementales  facilement  identifiables; ( 2 )  
l'obtention  de  n'importe  que1  nombre  de  cartes  spgcifiques,  par  sGlection  des  Elgments 
du code et des  donngea  analytiques  connexes; ( 3 )  les  possibilitgs  d'expansion  du  code, 
pour  inclure  d'autres  types de donnges  ggotechniques  ou  ehvironnementales. 
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A GEOECOLOGICAL MAPPING SCHEME FOR ALASKAN COASTAL TUNDRA 

K.R.  Everett’, P.J. Webber2, D.A. Walker2, R.J. Parkinson’  and J. Brown 3 

‘Institute oT Polar Studies and Department of Agronomy, The Ohio State University, 
>Columbus, Ohio, USA. 
Instltute of Asctic and Alpine Research and Department of Environmental, Population and 
Organismic B l o l o g y ,  University of‘ Colorado, Boulder, Colorado, USA. 
3U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshipe, USA. 

INTRODUCTION 

The basic techniques and concepts em- 
ployed  in the soils and vegetatlon descrip- 
tion and mapping reported in this paper are 
standard. They have been combined, however, 
with specially defined geomorphic units to 
produce what we believe to be a unique map- 
ping system. The maps produced using this 
scheme provide an integrated vlew of soils 
and vegetation with respect to landform 
units underlain by continuous permafrost. 
They also provide the opportunity to vlew, 
singly or in combination, vegetation, soils 
or landform units on the same map base. 
Crampton and Rutter (1973)  have described a 
system of geoecological terrain mapping in 
the discontinuous zone of pennafrost. 

APPROACH 

In 1973 an area of approximately 7 km2 
was mapped at the U.S. Internatlonal Bio- 
logical Program (IBP) Tundra Blome site at 
Prudhoe Bay  (Fig. 1, area A) to provide 
representatlve baseline soils and vegeta- 
tion information for the apes (Everett 1975, 
Everett and Parkinson 1977, Webber and 
Walker 1975). 

The soils and vegetatlon keys recog- 
nized ten landform units, six soils and 
thirteen vegetation assemblages. Additlon- 
ally, percent slope was included In the 
solls key. In 1974 soil and vegetation 
mapping at a scale of 1:6000 was extended 
to cover the majority of the Prudhoe Bay 
ollfield, roughly the area covered by the 
road network existing at that tlme (Pig. 1). 

The s o i l  and vegetation mapping was 
accomplished Independently. When compared, 
the completed vegetation and soil maps 
showed a very close correspondence in map 
unit boundaries. This was not surprising 
since landforms, and their associated drain- 
age gradients, had been recognized as the 
element controlling the characterlstlcs of 
both soils and vegetation. 

For each map a legend or key was de- 
veloped which related soils or vegetation 

FIG 1. Index map showing the principal 
cultural features in the Prudhoe Bay area 
as of 1976. Numerals I-IV refer to master 
maps and soils and vegetation maps com- 
pleted in 1975. A :  Area mapped in 1973 
in support of U.S. Tundra Blome. B: Area 
mapped in 1975 (not discussed in this 
paper).  C: Area covered by master map ex- 
cerpt (Fig. 3) and  by the derived maps 
(Fig. 4). 

to specific landform units and to the re- 
lief elements it contained. For example, 
areas composed of low-center polygons whose 
rim and central basin (center) height dif- 
ference was greater than 0.5 m could be 
separated from similar areas where relief 
contrast was less than 0.5 m, or from 
other areas in which the polypnal cells 
were Incomplete and rims low and discon- 
tinuous (Fig. 2). In the sequence just 
outlined there is an increase in moisture 
from one unit to the next-ln fact, a 
moisture gradient is recognizable in a 
saturated, nearly flat environment. The 
relief elements within each of the 
landform unIts, e . g .  the polygon rims, 
troughs and centers, each display unique 
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FIG. 3. Excerpt from master map with partial soils and  vegetation  legends 
(see Fig. 1 for location).  Dashed  line  shows  location of stations  along 1976 
Rolligon tests.  Multiple pass lanes 1-3 (top)  include sta. 26-30. 

Partial  vegetation  legend  (numerator). 

Characteristic  vexeta-  Characteristic 
Code tion  species  microsite 

B - Vegetation on  dry,  barren or sparsely  vegctaled  areas 
B 1 Dr.yas integrifoliu.  Oxytropis  nixrescens, Pingos, elevated ridges, 

Lecanora  epihryon 
Curex rupestris,  Distichiurn  cupillaceurn, edges of river hluffs. 

Sulix reticulala,  Ditrirhum Jlexicaule, 
Lecanora  epihryon 

polygons,  rims of 
drained  lakes. 

liurn, Suxifrugu oppositifolia,  Bryum 
wrightii,  Tharnnolia  subuliformis 

U - Vegctation  on  mesic  upland or well-drained  areas 

B2 Dryas  intcxrifolia, Suxifrugu oppositifolia, Pingos, high-center 

E3 Dryas  inlugrifolia,  Eriophorum angustifu- Frost boils. 

U2 Dryas  integrifoliu,  hriuphorurn  vaginarutn, Well-drained upland 
Carex bigelowii,  Toinenthypnurn  nitens, sites. 
Dirrichum floxicaule,  Thamnoliu  subuli- 
forrnis 

U3 Dr,ya$ inwgrifolia,  Lriophorum  unguslifo- Well-drained upland 
lium,  Carex  higelowii, Carex aquatilis, sites,  polygon  rims, 

ulifbrmis 
Tornenthypnum  nitens,  Thamnoliu  sub- and aligned hummocks. 

Dryas inteErifulia, Salk  reficuluta, Salix polygon  rims  and 
arctica,  Tornenrhypnum  nitens aligned hummocks. 

chum  flexicuulc 
Carex scirpoiden. Suliv rotundifolia, Dirri- banks. 

reticulura, Eriophorum  angustifoliurn, banks. 
Carex  aquatilis,  Dirrichum  flexicaule 

Astragalus  urnbellatus,  Snxiliaxa spp., 
Ranunculus  pedatifidus 

U4 Carex aquati1i.v. Eriophorum  anpstifolium, Moister  upland  sites, 

U6 Dryas  inregrifolia,  Cassiope  terrugonu. Well-drained snow 

U7 Salix rotundifblia, Eqtri.rerum arvense, Salix Late  thawing  snow 

U10 Dryus  intcgrifolia, foa spp., Festuca spp., Pingo tops. 

M - Vegctation on moist or wet,  poorly  drained  areas 
M2 Carex aquutilis, Eriophorum ungzr.rrifohrtm, Low moist sitcs, low 

Pediculnris sudetica,  Drepanocludus  brevi- polygon  centers  and 
fnlius, Cinclidium lutif(~li~rm troughs,  lake margins. 

st'orpiuides polygon  centers,  lake 
M4 Carex aquatilis, Carex saxurilis, Scorpidiun~ Low,  wet  sitcs, low 

margms. 
M 5  Carex aquutilis,  Solir  rorzrndifolia, Dupow Moist crcck banks. 

lia / Is/wri, Can~pyiirrn~ stellaturn 
E -- Vegetation  in  pertnancntly  standing  water 

E l  Curer  aquutilis Shallow  watct to ahout 

E2 Arctophilu fulvu Deep water to  ahout 
30 cm. 

100 c m .  
W - Water 
W1 I.akcs and  ponds. 
W2 Streams  and  rivers. 
W3 Flooded areas caused by roads or pads. 

D l  Barc earth will1 pionecring species (e& B w v a  pdusa, Eriophururn 
D  Disturbed  areas 

anxustifolium,  Bryurn spp., Pzrnuriu hygrometricu.  Leptohr,vutn 
p,vriformcj, Murt!huntia pulsmorpha). 

D2 'Itash or debris,  or  foreign gravel on surface of tundra. 
D3 Dust-covered areas adjacent to roads. 
0 4  Vehicle  tracks,  deeply  rutted. 
DS Vchiclc  tracks,  not deeply rutted. 
Dh Wintcr roail. 
U 7  Excavated  areas,  primarily in river gravels. 

Partial soils and landform legend  (denominator). 

COdP 
(1.91 no.) 

Taxonomic Identifving field 
nume characteristics 

Pergelic CryoboroLl 

Pergelic Cryaquoll 

1 )  Flislic Pergelic 

2) Pergelic Cryohemist 
Cryaquept 

Complex 

1) Histic Pergelic 
Cryaquept 

2) Pergelic Cryofihtist 
Cnmplcx 
Pergelic Cryorthcnt 

Pergelic-Ruptic- 
hqucptic  Cryaquoll 

A cold (Cryo) more or less freely  drained 
soil, underlain by permafrost (Pergclic) 

turcd  surface  horizon > 18 ctn thick. 
with a dark,  humus-rich,  granular  tex- 

A cold,  dark-colored,  wet  soil,  protnin- 

humus-rich, weakly granular  surface 
cnlly  mottled in the  lower  part of the 

horizon. 
1) A cold, wef gray rnincral  soil,  com- 
monly mottled, having a  surface  horizon 
). 25 c m  thick,  composed of predomi- 
nantly  organic (pctily) material. 2) A 
cold, wcl, dark-colored soil composed of 
moderately decomposed organic  tnatc- 
rials lo depths > 40 cm. 
1) As above. 2) A cold,  wet,  reddish to 
yellowish  colored soil composed  of  little 

dcplhs >40 cm. 
decomposcd  fibrous  organic materials l o  

A cold,  somewhal  freely  drained gravelly 
soil lacking  significant  horizon dcvelop- 
rnent and generally free o l  organic  matter. 
The cold soil of frost  scar  areas in which 
a  Cryaquoll  soil (no. 2) is intimately as- 
sociated  with  and  inlerrupted  by  a  cold, 
wet, gray colored  and  nlottlcd  mineral 
soil lacking  any  significant  organic  sur- 
face horizon - - -  a Pergelic Cryaquept. 

3 
4 
5 

6 
7 

8 
9 

0 

A 
P 

Lnndform 

High-center  polygon,  center-trough  contrast > 0.5 m. 
High-center polygon,  center-trough  contrast G 0.5 m. 
Low-center  polygon,  rim-center  contrast > 0.5 In. 
Low-center  polygon,  rim-center  contrasl c 0.5 In. 
Mixed, including  bolh  high-center  and  low-center  in  an  intricate 

Frost  scar  tundra  (non-sorted). 
Strangmoor  and/or largc diameter,  commonly  discontinuous  low- 

Earth  hutrmocks  dssociated with dissected slopes. 
Reticulate - slightly  convex  polygons  with  hummocky  tnicrorc- 

Non-pattcmed  ground  or with patterned  ground  occupying < 20%. 
Pingo. 
Flood plain. 

pattern. 

centcr  polygon  pattern;  littlc or no  microrelief  contrast. 

lief,  hummock-interhummock relief contrast < 15  cm. 

Code (3rd no.) 
Slope range /%) 0-2 2-6 6-12  12-20 > 20 

2 3  4 5 
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f e a t u r e s   a s  of August 1974. The s o i l s  and 
vege ta t ion   i n fo rma t lon  was added t o  t h e  
landf'orm u n i t s   a s  a f r ac t ion   symbol .  The 
numera to r   d i sp l ays ,   i n   a lphanumer ic  com- 
b i n a t i o n s ,   t h e   p r i n c i p a l   v e g e t a t i o n   s t a n d  
t y p e s .  The l a n d f o r m   u n i t   d e s i g n a t i o n ,   t o -  
g e t h e r  w i t h  t h e   p r i n c l p a l   s o i l s  and t h e  
mean s l o p e   c l a s s ,   a r e  shown i n  numeric com- 
b i n a t i o n s   i n  t h e  denominator .  The com- 
p l e t e d   s h e e t s   ( l o c a t i o n s  o f  t h e   f o u r  map 
s h e e t s   a r e  shown i n   F i g .  l , I-IV) a r e   r e -  
f e r r e d   t o   a s   t h e   m a s t e r  maps. An exce rp t  
from one o f  t h e s e  maps i s  shown i n   F i g u r e  
3 .  Each symbol  i.s a n n o t a t e d   i n   a n  accom- 
panying  legend.  The k e y s   f o r   v e g e t a t i o n  
and s o i l s   a r e   p u r p o s e l y   s i m p l i f i e d  s o  t h a t  
t hey  may be  used by I n d i v i d u a l s  w i t h  scl . -  
ence   o r   engineer lng   backgrounds   bu t   wi thout  
s p e c i a l   t r a i n i n g   i n   s o i l s ,   b o t a n y ,   e c o l o g y  
o r  geomorphology.   Detai led  information on 
v e g e t a t i o n   c h a r a c t e r i s t i c s   I n c l u d i n g   s t a n d  
composi t ion   and   morphologica l ,   phys ica l   and  
c h e m i c a l   p r o p e r t i e s   o f   t h e   s o i l s  i s  t r e a t e d  
i n  a t e x t  which  accompanies  the  maps. 

The mas ter  map t h e n   c o n t a i n s ,  on a 
s i n g l e   b a s e ,   a l l .   t h e   r e l e v a n t   g e o b o t a n i c a l  
i n fo rma t lon  for t h e   a r e a  It covers .   Such 
maps p r o b a b l y   r e a c h   t h e i r  maximum p o t e n t i a l  
i n  a r e a s   u n d e r l a i n  by permafrost   which  have 
produced  landforms on which  there  i s  a max- 
lmum in t e r r e l a t ion   be tween   so i l s   and   vege -  
t a t i o n .  Maps s u c h   a s   t h e   m a s t e r  map a l s o  
h a v e   t h e   p o t e n t i a l   t o  be  g r e a t l y   g e n e r a l -  
i z e d ,  o r   t h e y  may be made t o   r e f l e c t   v e r y  
s p e c i a l   ( u s e r - o r l e n t e d )   d a t a   c o m b i n a t l o n s .  
Such s p e c i a l   p u r p o s e  maps a r e   r e f e r r e d  t o  
as   der ived  maps.  

THE DERIVED MAP 

The de r ived  map employs  the  master  map 
base.   Depending  upon  the  user  need, a s i n -  
g l e   s o i l ,   v e g e t a t i o n   o r   l a n d f o r m   c h a r a c t e r -  
i s t i c ,   o r  any  combination of them, may be 
s e l e c t e d   a n d   t h e  map produced w i l l  r e f l e c t  
o n l y   t h e s e   d a t a .  The complexi ty  of  t he   de -  
r i v e d  map v a r i e s   a c c o r d i n g   t o   u s e r   r e q u i r e -  
ments.  For example, a user   concerned   wi th  
the  maximum s e a s o n a l   t h i c k n e s s  of  t h e   a c -  
t i v e   l a y e r  would r e q u i r e  a map on which 
s e v e r a l   a c t i v e   l a y e r   t h i c k n e s s   c a t e g o r i e s  
could be i d e n t i f i e d   ( F i g .  4A). A map r e -  
f l e c t l n g   p e a t   t h i c k n e s s  may be  needed i n  
cont ingency   p lanning  for oll s p i l l s  and 
c lean-up   procedures   (P ig .  O B ) .  I n t e r p r e -  
t i v e  maps such as one   dep ic t ing   t h i ckness  
of  snow cover   (F ig .  4 ~ )  r e q u f r e   e x t r a p o l a -  
t i o n s   b a s e d  upon su r face   roughness   t ha t   can  
be   approximated   f rom  the   l andform  uni t s .  
Areas of s p e c i a l   e c o l o g i c a l   i n t e r e s t  may 
a l s o   b e   d e f i n e d .   T h e s e   a r e   e s s e n t l a l l y  
h a b i t a t  maps on which  combinations of  t h e  
vege ta t ion   and   landform data a r e   u s e d  o r  
t hey  may be  more  complex,   depict ing  areas  
of a e s t h e t i c   v a l u e .  

Perhaps  the  most  complex of  all t h e  
de r ived  maps developed t o  d a t e   i n v o l v e  

Table 1. Rating scheme for evaluation of Rolligon impact on vegetation 
Each factor is rated  according to  immediate  impact 

(numerator) and predicted  long-term  impact  (denominator). 

compression to tundra surfuce - rcfcrs to  the bending and compressing of 
live m d  standing  dcad  vegetation to  the  tundra  surface so that  it bccotncs 
flattened  and  oriented  tu  the  direction  of travel. 

0 no ohscrvable compression  of vegetation to  tundra surface. 
1 - slight cornprcssion ofvegetation (1-10% of  plants  affected). 
2 - moderate  compression of vegetation (10-506 of plants  affected). 
3 - severe cornprcssion of  vegetation (> 50% of  plants  affected). 

Compression hclow watw surfuce - refers to  the  compression  of sedges and 

0 - no  water  or  no observable compression  of vegetation helow water 

1 - slight compression  ofvcgctation below waler  surfacc (1-104 of 

2 . mutlcratc  compression  of vegetation below  water  surracc (lo-SOW 

3 - severe compression  of-vegetation below water  surface (:, 509, of- 

moss hummocks  below  a  water  surface. 

surface. 

plants affected). 

of  plants  affcctcd). 

plants affected). 
i3i~vplurerwrvt - refers to scvcral categories  of  disturbance. 

:I) tussocks of moss or Eriophonrm vadnatum moved or  overturncd. 
b) displacement of wet musses such as Scorpidium scnrpioidrs and 

Drepanoc/adus hrevifolius by splashing action. 
c) exposure  of  bare soil by removal ofvegetation  mat. 
0 - n o  displaccmcnt ofveget;ltion. 
1 - some displacement  ofvegetation (l-lO% of plants affected). 

3 - severe displacc~r~cnt  of vegetation (> 5076 of plants affcctcd). 
2 - moderatc displacement of  vegetation (10-504 of plants  affected). 

Brmkugc - rcfers to breakage of  plant  stems  or  flowering  stalks. 
0 - no breakagc ohscrved. 
1 -some breakage obscrvcd (1-10% of plants  affected). 
2 - moderate breakage observed (10-50% of  plants  affccted). 
3 - severe breakage crhscrved (> 504bof plants  affected). 

Lkposilion - refcrs to accumulation  of  mud and moss to sides of track. 
0 - n o  mud or moss accumdation at sidcs of  track. 

2 -. many shallow patches  of  mud  or moss. 
1 - few shallow patches of mud  or moss. 

3 - continuous  thick deposit of mud or moss. 
Gverull immediate impact 

0 - no impact: 1 - slight impact; 2 -moderate  impact: 3 -severe  impact. 
Rated suhjcctively on  the basis of  the 5 immediate Impact scores  above: 

The scale is the same a s  ror Overall immediufe  impact. 
Rated subjectively on the basis of  the  fivc long-term impact  scows. 

Irnpact followinx une season 

- terrain s e n s i t i v i t y   ( P i g .  4D). Such maps 
b r l n g   t o g e t h e r ,   a g a i n   w i t h i n  common land-  
f o r m   u n i t s ,  a number o f  combinations  of 
so i l s ,   vege ta t lon   and   l and fo rm  da t a   wh ich  
mus t   be   man ipu la t ed   i n   r e sponse   t o   ce r t a in  
g iven   fac tors   such   as   season   and   type   and  
frequency of  impact .  

I n   o r d e r   t o   g a t h e r   b a s e l i n e   d a t a  on 
t h e   r e a c t i o n  of  t h e   s o i l s ,   v e g e t a t i o n   a n d  
l a n d f o r m s   t o  a s p e c i f i c   I m p a c t ,  a f i e l d  
t e s t  was conducted a t  Prudhoe Bay i n  June 
1976 (Walker e t  a l .   i n   p r e s s ) .  A Bechte l  
smooth-t i red  Rol l igon  weighina  approxlmate-  
Ly 1 1 , 5 0 0  kg was d r i v e n   a t  a r e l a t l v e l y  
un l fo rm  In t e rmed ia t e   speed   i n  a s i n g l e  
p a s s   a c r o s s   a s  many landform-soll-vegeta" 
t i o n   u n i t s   a s   p o s s i b l e   w i t h i n  t h e  a l l o t t e d  
t e s t   s p a c e   ( F i g .  3 ) .  The t e s t  was  con- 
d u c t e d   i n   l a t e   s p r l n g  when water l e v e l s  
were highest- w o r s t   p o s s l b l e   c a s e  be- 
c a u s e   i n   a d d i t i o n   t o   p o s s i b l e  COmpaCtiOn 
of buoyed-up   organic   mater ia l   and   f la t ten-  
i n g  of t h e   v e g e t a t i o n ,   t h e   p a s s a g e   o f   t h e  
R o l l i g o n   t i r e   s u c k s  up mosses   and  l ichens,  
push ing   t hese   p l an t s   ahead   and   t o  the  
s i d e s  o f  t h e   v e h i c l e   t r a c k  where  they 
cover  and kill a d j a c e n t   v e g e t a t i o n .   P r i o r  
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FIG: 4. Derived special-purpose maps. Maps A and B reflect quantitative  data collected during the course of the survey and  extrapolated to  
similar landform+oils units. Map C was developed using what quantitative  data were available in the region based upon surface roughness 
(the  landform unit characteristics). Map D wav developed from  quantified response of  the vegetation and soils to a single Rolligon pass rep- 
resented by the dashed line. These data were then  extrapolated to similar soils-vegetation4andform units. 
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Table 2. Vegetation impact scores for 4 of 27 stations along the single pass Rolligon track (Fig. 3). 
Each station is rated for one tu three vegetation numbers appearing in the  numerator of the landform code. Five impact categories are rated for im- 
mediate impact  (numerator) and predicted impact in 1 y t  (denominator). The numerical ratings are based upon quantitative definition (not shown). 
The greater the  number the more severe the impact. Each vegetaion unit is a lso  given an overall immediate impact score, based on the scores in the 
five impact categories. An overall score for predicted (1 -yr) impact is also given. Figure 5 shows arcas characteristic ofsoils-vegetation-landform 
units crossed during the Rolligotl test (from Walker et al., in press). 

Compression  Compression 
Immet,oate~ories~ 

Depotition  Immedi- Pledicted Depth of 
to tundra breluw water Displace- Break- of muss ate impact in thawlcm) 

Sta. Landscapc Characreriznrion Subunit surface surface menf  age or  mud  impnct 1 y r  6 /29 /76  

u 3  Frost boil tundra B3, Frost boil 
6 U4, Upland tundra 

om 
1/1 

2/1 ojo ryo 2 a 
O(0 o/o a10 1 

38.1  
23.8 

2 5 DV tundra U3, Upland 111 010 111 o/o o/o 1 1 15.1 

U3 M2 Dry and moist low M 2 ,  Low center 111 1/1 010 010 1 1 15.5 

M2, Trough 21 1 21 2 1 16.3 
2 

1/1 010 211 
1 

2 
17.6 

M2 U4 Moist area with M2,  Low center 212 010 212 2 1 15.6 
intermittent poly- U4, Rim 
gons M4, Trough 1/1 3/ 1 2/1 o/o 211 

2 2 
2 2 12.0 

12.6 

center polygons ~ 3 ,  Rim 21 1 

21 1 
1/1 
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to the test  an  impact ratlng  scheme  was  de- 
veloped  for  both  vegetation  and  soils.  The 
evaluatlon  was  largely  observatlonal  but 
could  easily  be  employed  throughout the 
area  covered by the  master  map  (and  beyond) 
and  could  accommodate a wlde  array of 
vehicle  types.  The  rating  scheme  used  for 
vegetation is shown  in  Table 1. This 
scheme  embodies a number  of  the  principles 
used  by  Radforth (1973 a,b)  in evaluating 
impact  on  muskeg  areas.  Table 2 I s  a 
partial  presentation of the  test scores 
with  reference to the  landform  code. A 
similar,  although  not so detailed,  rating 
scheme  was  used  for  soils.  It  reflected 
principally  peat  compression.  The  derived 
sensitivity  map  (Pig.  4D)  was  constructed 
uslng  the  Impact  and initial  recovery  data 
developed In the  test.  Admittedly  the  more 
complex  derived  maps  contain a high  order 
of subjectivity.  This  subjectivity,  how- 
ever,  does not diminish  the  value  of  such 
maps and  can  be reduced  in  proportion  as 
funds  are  made  available  for  detailed 
studies. 

CONCLUSIONS 

In thls  paper  we  have  attempted  to  de- 
scribe a rationale Tor  Integrated  mapping 
of  soils  and vegetation f o r  arctic  coastal 
plain  tundra  and  to  illustrate a few of the 
possibilities  for  using  such  maps  in  which 
landform  units  are  the  unifying  elements. 
Such  maps  can  provide a starting  point in 
decisions  affecting  land-use  allocations  on 
the  arctic  coastal  plain. It is  felt  that 
the keys are  sufficiently  general  that  such 
maps,  especlally  derived maps, can  be  con- 
structed  and  interpreted  by Individuals 
wlthout  speclalized  botanical or pedologi- 
cal  knowledge. 
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DISTRIBUTION OF ALPINE PERMAFROST IN THE NORTHERN HEMISPHERE AND ITS RELATION TO 
A I R TEMPERATURE 

Y .  F u j i i ,  N a t i o n a l   I n s t i t u t e   o f   P o l a r  Research, Kaga 1 chome, Chikusa-ku,  Tokyo l73., 
Japan.  K.Higuchi,  Water  Research I n s t i t u t e ,  Nagoya University,  Furo-cho,  Chikusa-ku, 
Nagoya 464, Japan. 

The area o f  a l p i n e   p e r m a f r o s t   i n   t h e   n o r t h e r n   h e m i s p h e r e   i s   e s t i m a t e d  as 
2.3 x 10 6 2  km wh ich   cor responds- to   about  2 .3% o f   t he   l and   a rea  and about 1 1 %  o f   t h e  
area  o f   permafrost   zone i n  the  nor thern  hemisphere  respect ive ly . -  The a l t i t u d e   o f  
the  lower  limit o f  a l p i n e  permafrost  i s  l o w e r   i n   h i g h e r   l a t i t u d e ,   t h e   l a t i t u d i n a l  
g rad ien t   be ing  90 t o  l O O m  per  one  degree o f   l a t i t u d e .  The lower limit o f  a l p i n e  
permafrost  corresponds t o  t h e   a l t i t u d e   o f   a n n u a l  mean a i r  t empera tu re   o f  - 1  % -3OC. 

The occu r rence   o f   a lp ine   pe rmaf ros t  can be separated  f rom  those  of   cont inuous  and 
d i s c o n t i n u o u s   p e r m a f r o s t   i n   a r c t i c  and s u b a r c t i c  zones  by  combination o f   t h e  
monthly mean a i r  temperatures  of   the  warmest  month  and  the  coldest  one. 

R ~ P A R T I T I O N  DU P E R G ~ L I  SOL ALPIN DANS L I H ~ M I S P H ~ R E  NORD EN FONCTION DE LA 
T E M P ~ R A T U R E  A T M O S P H ~ R  I QUE 

Y .  F u j i i ,   N a t i o n a l   I n s t i t u t e   o f   P o l a r   R e s e a r c h ,  Kaga 1-chome, Chikusa-ku,  Tokyo 173, 
I n s t i t u t e ,  Nagoya Universi ty,   Furo-cho,  Chikusa-ku, Japan: K. Higuchi,  Water  Research 

Nagoya 464,  Japan. 

On es ime que l e   p e r g e l i s o l  a 
de 2.3 x 10 I E  km2, ce  qui   correspond 
e n v i r o n  1 1 %  de l ' e t e n d u e  de l a  zone 

" 

l p i n  occupe dans l 'h&misph&re   nord  une s u p e r f i c i e  
e n v i r o n  2.3% de l a  s u r f a c e   t e r r e s t r e ,  e t  a 

de p e r g e l i s a l  de I ' h e m i s p h S r e   n o r d .   L ' a l t i t u d e  
de l a  l i m i t e  i n f g r i e u r e  du p e r g e l i s o l   a l p i n   d i m i n u e  2 mesure  que l a   l a t i t u d e  augmente; 
on  observe  que l a  l i m i t e  in fCr ieure   passe de 90 3 100 m l o r s q u e   l a   l a t i t u d e  augmente 
d 'un  degre.  La l i m i t e   i n f e r i e u r e  du p e r g g l i s o l   a l p i n   c o r r e s p o n d  A l ' a l t i t u d e  oh 
r6gne une temperature  atmospher ique  annuel le moyenne compr ise   en t re  - 1  e t  - 3 ° C .  On 
p e u t   d i s t i n g u e r   l e s  zones de p e r g g l i s o l   a l p i n  des  zones  de pe rgC l i so1   con t inu   ou   d i s -  
c o n t i n u  dans l e 5  reg ions   a rc t i ques   e t   subarc t i ques ,  en  combinant  les  temperatures 
atmospheriques  mensuelles moyennes du  mois l e   p l u s . c h a u d  e t  du  mois l e  p l u s   f r o i d .  

PACIIPEAEJIEHWE MHOI?OJIETHER MEP3JIOTbl B BbICOKOrOPHMX PABOHAX CEBEPHOFO 
l-IOJIYIXIAPMR B SABWCMMOCTR OT TEMnEPATYPbI BOJAYXA 
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INTRODUCTION 

The relationship between the distribution of per- 
mafrost in the northern hemisphere and the environ- 
ments has  been studied by recent observations at 
high latitude (Nikiforoff, 1928; Black, 1950; 
Terzaghi, 1952; Brown, 1960, 1965, 1967, 1968). 
Especially, the southern limit of  the continuous 
and discontinuous permafrost zone in the high 
latitude area of the northern hemisphere can be 
correlated with the isotherm o f  the annual mean 
air temperature. 

occurrences of permafrost in mountainous areas, 
which we can define as alpine permafrost. There- 
fore, the distribution o f  the alpine permafrost in 
the northern hemisphere and its relationship to 
climatic conditions were studied as will  be des- 
cribed in this paper. 

However, little is known about the conditions for 

DISTRIBUTION OF ALPINE PERMAFROST 

In the area south of  the southern limit of  the 
subarctic discontinuous permafrost zone, permafrost 
occurs in mountainous areas. The lower limit of 
alpine permafrost-varies with latitude and other 
geomorphological features, 
On the basis of  the recent studies sumrnarjzed  in 

Table 1, the relation between the altitude of  the 
lower limit and the latitude is shown in  Fig.1. 
As seen "in this figure, the lower limit is lower at 
higher  latitude. The limit is lower in the case of 
permafrost at island such as Mt.Fuji (Fujii and 
Higuchi, 1972) and  Mt.Daisetsu  (Fukuda  and 
Kinoshita, 1974), Japan, than that at.,continents. 
But, the latitudial gradient of the elevation of the 
lower li-mRli.ts-.is 901 lOOm per degree in each case. 
The lower limit is higher on south facing slopes 

than north facing slopes.  In the Mt.Everest (8848111) 
region, Nepal Himalayas, the limit is 4900a5000m 
on south facing slopes (Fujii  and Higuchi, 1976) 
and 4900111 on north facing slopes (Hsieh et al., 
1975). The limit on the south facing slope o f  
Mt.Fuji  (3776m), Japan, is about 100m higher than 
on the north facing slope (Fujii  and  Higuchi, 1972). 
Wjth increasing elevation, the distribution o f  

permafrost changes from scattered patches to 
discontinuous and finally continuous. 
On the basis of recent observations of alpine 

permafrost shown in Table 1 and maps of alpine 
permafrost in U.S. mountains by Retzer (19651, and 
the Tien-Shan mountains by Gorbunov (1967) and 

Brown (1968), the distribution o f  alpine perma- 
frost in the northern hemisphere can be summarized 
as in Fig.2. 
The total area of alpin p rmafrost can be esti- 

mated to be about 2.3x10fkm5,  as seen in Table 2. 
This value corresponds to about 2 . 3 %  of the land 
area in the northern hemisphere and about 11% of 
the area o f  the permafrost zone in the northern 
hemisphere. About 68% o f  the alpine permafrost 
in northern hemisphere exists i-n the.Tibetan 
Plateau and Himalaya Mountains. 

BELP.TIOM BETWEEN LONER LIMIT 
OF ALPINE PEEMAFROST AND AIR TEMPERATURE 

Many studies have  been done on permafrost dis- 
tribution in  high latitudes of  the northern 
hemisphere and its relation to  annual mean air 
temperature (Nikiforoff, 1928; Black, 1950; 
Tertaghi , 1952; Brown. 1960, 1965, 1967, 1968). 

In the case of  the arctic and subarctic, the 
southern limit o f  discontinuous and continuous 
permafrost coincide roughly with the -1.1"C  and 
-8.3OC isotherm of annual mean air temperature, 
respectively (Brown, 1968). 
The lower limit of alpine permafrost at the 

summit of Mt. Fuji,  Japan, corresponds to the 
altitude of the annual mean air temperature of 
-1.4~,-1.8OC (Fujii  and Higuchi, 1972). 
On  the other hand, the lowest occurrences of 

permafrost in the Front Range, Colorado Rocky 
Mountains coincide with the altitude of an annual 
mean air temperature of approximately -1 .O"C 
(Ives, 1973). 

In the case of the  Khumbu region, Nepal 
Himalayas, the annual mean air temperature at the 
lower limit o f  permafrost is -2.8%-3.4OC. The 
annual mean ground temperature at the lower limit 
in the Khumbu region is 1.5 %2.8OC on the average. 
The annual mean air temperature at  the lower limit 
of alpine permafrost listed in Table 1 was esti- 
mated on the basis of  the temperature records at 
the meteorological stations nearest t o  the obser- 
vation points o f  permafrost and the assumed value 
of  the lapse rate. It was found that the lower 
limit o f  alpine permafrost corresponds to the 
a1 titude of annual mean air temperature of -1 2, -3 
"C. These values are 12.2OC lower than that at 
the southern limit of  the permafrost zone in 
Canada (Brown, 1968). Such a difference can be 
explained by the higher value of  the annual mean 
ground temperature at the former than that at the 
latter, since the heat supply to the ground 
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surface i s much more at hiqh altitude, due t .O 
higher solar radiation, even if the  air temperature 
is the same. 
According to the same method of estimation as 

mentioned above, the monthly mean air temperatures 
in the warmest month, Tw, and those o f  the coldest 
one, Tc, were estimated at the lower limit of 
alpine permafrost shown in Table 1 and also at the 
southern limits of the continuous and discontinuous 
tones in high latitudes of the northern hemisphere 
shown by Brown (1968) and Ferrians (1969). Fig.3 
shows the relation between the occurrence of 
permafrost and Tw and  Tc.  In  Fig.3, the annual 
mean air temperature and the annual range are also 
indicated by the lines o f  a and a respectively. 
It can  be seen in this figure ttat the condition 

for occurrence of alpine permafrost, continuous 
permafrost and discontinuous permafrost can be 
classified clearly by the combination of Tw and Tc. 

It i s  interesting to notice that the annual range 
of  air temperature at the lower limit of alpine 
permafrost is less than those at the southern 
limits of the continuous and discontinuous 
permafrost zone. 

CONCLUDING REMARKS 

As shown in Fig.3, the occurrence of alpine per- 
mafrost can be separated from those o f  continuous 
and discontinuous permafrost by the monthly mean 
air temperatures of the warmest month  and the 
coldest one. However, the existence of permafrost 
depends on not only two parameters as above, but 
also on the thermal properties of  the soil, water 
content in the soil, depth o f  snow, duration of 
snow cover and other elements, as shown by studies 
of permafrost at the summit of Mt.Fuji, Japan 
(Fujii  and Higuchi, 1972). Therefore, it will be 
necessary to study these elements in the area 
where alpine permafrost exists. 

Besides, it was found by the author's observa- 
tions o f  permafrost and ground temperature in the 
Nepal Himalayas (Fujii  and Higuchi, 1976) that the 
existence o f  alpine permafrost can be correlated 
with the ground temperature at 50cm depth. There- 
fore, in order to detect the lower limit of alpine 
permafrost, it is important to measure the ground 
temperature variation by altitude, since the lapse 
rate o f  ground temperature in the area above the 
lower limit is greater than below it, as observed 
in the Nepal Himalayas (Fujii  and Higuchi, 1976). 
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TABLE 1 

LOWER LIMIT OF ALPINE PERMAFROST 
LOWER AREA LOCALITY LATITUDE LONGITUDE LIMIT 

ROCKY Mts. near  Cassiar 59"17'N 129'48'W 1370  Brown  1969 
and Beartooth  Mts. 44'53'N 109°30'W 2960 > Pierce,  1961 

C@AST Mts.  Niwot  Ridge  40" N 106" W 3500 Ives  and Fahey,  1971 
Tesque Peak 35"47'N  105"47'W  3720  Retzer,  1965 
M t .  E l  b e r t  39"07'N  106"27'W  4000  Baranov,  1959 
Mt.Whitney  36'35'N  118"17'W  (4420)  Retzer,  1965 

MEXICO Ci t l a l   t e p e t l   1 8 " 3 0 ' N  97'50'W 4600 Lorento, 1969 
E .  CANADA Mt.Jacques C a r t i e r  49" N 66" W 1270  Brown,  1968 
E. U.S.A. Mt.Washington  44"15'N  7T0201W  Antevs.  1932 
ANDES Central  Chi' le.. Andes 33" s 7BC w 4000 L1 i bout ry  , 1955 
ALPS Corvatsch M t .  46'25'N  9"50'E  2700  Barsch.  1969 
TIEN SHAN T ien  Shan 42" N 78" E 2700  Gorbunov , 1967 
HIMALAYA Mukut  Himal 28"45 I N  83"30' E 5000 F u j i i  and Higuchi, 1976 

REFERENCES 

Khumbu Himal 27'55'N 86'50'E 4900a5000 I1 I1 

near Rongbuk GI. 28'10'N 86"50'E 4900 Hsieh e t   a l . ,  1975 
TIBET Khul  un Shan 31'20'N 91"40'E 4500 14. $C, 1963 

Nienching  Tangkula Shan 36'20'N  94"50'E  4200 I1  I1 

HAWAII Mauna  Kea 19"30'N 155'40'W 41 70 Woodcock, 1974 
JAPAN Mt .Fu j i  35"21'N 138'44'E  2800a2900 F u j i i  and Higuchi, 1972 

Mt .Taisetsu 43'40'N  142'55'E 21 50  Fukuda  and K inosh i ta ,  1974 

TABLE 2 

AREA OF ALPINE PERMAFROST I N  NORTHERN HEMISPHERE 

ASIA  T i   be tan   P la teau 
Kara  koram  Mts. 

1 157.8 x l o 4  km2 

Himalaya  Mts.  10.0 x 10 km 

T ien  Shan Mts. 
Pami r 

4 2  

EUROPE Alps  Mts. 0.5 x lo4 km2 0.5 x 10 km 4 2  

NORTH Rocky  Mts.  (Canada) 
AMERICA Coast  Mts.  (Canada) 

] 27.8 x IO4 km2 

Rocky  Mts. (U.S.A.) 

S i e r r a  Nevada (U.S.A.) 45.2 x 10 km 
1 17.4 x lo4 km2 4 2  

c 

232.6 x l o 4  km2 
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Fig. 1. Relation  between  the  altitude o f  the  lower  limit  of  alpine 
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Fig. 2. Distribution o f  permafrost in the  northern  hemisphere 
(Continuous  and  discontinuous  zone by Ferrians (1969)) 



371 

OC 
2 5  

20 

1s 

10 

5 

0 

F ig .  3 .  Relation between the  occurrence o f  permafrost and the monthly mean 
a i r  temperature o f  the warmest m o n t h  (Tw) and tha t  o f  the  coldest  (Tc) 

A : lower l imi t  o f  alpine  permafrost zone 
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PERMAFROST I N  THE  MOUNTAINS OF CENTRAL A S I A  

A.P. Gorbunov,   Permafrost   Inst i tu te ,   Yakutsk,  U.S.S.R,  

I n  the  T ien  Shan and the   Pami r -A la i   (w i th in   t he   boundar ies  o f  t h e  U.S.S.R. )  
pe rma f ros t   occu rs   ove r   an   a rea   o f  11Q,ooQ km . The lower  boundar ies of permaf ros t  
i s l ands ,   d i scon t inuous  and   con t inuous   pe rmaf ros t   a re   a t   a l t i t udes  o f  2700, 3200 
and 3500 m i n  t h e   n o r t h e r n   p a r t   o f   t h e   r e g i o n ,  and a t  3700, 4100  and  4400 m i n  
the   sou th .  The t h i c k n e s s   o f   f r o z e n ,   u n c o n s o l i d a t e d   g r a n u l a r   d e p o s i t s  and t h e  
min imum  temperature  are  est imated  to  be 150 - 200 m and -4 t o  -5OC i n   t h e   T i e n  
Shan, and t o  be  100 - 150 m and - 2  t o  -3OC i n   t h e  Parnir. The s o l i d   r o c k s   i n  the 
h i g h e s t   r i d g e s   a r e   f r o z e n   t o  a dep th  of several  hundred  meters  and  their  temper- 
a t u r e  may reach -2OOC. The h i g h e s t   i c e   c o n t e n t   i s   f o u n d  i n  l a k e  and m o r a i n i c  
d e p o s i t s  and i n   g r a n u l a r   t a l u s .   I n j e c t e d   i c e  forms the  l a r g e s t  bodies i n  the 
lake   depos i ts .   In   the   mora ines   the   la rges t   bod ies   a re   fo rmed by  b u r i e d   g l a c i e r  
i ce .  The c o a r s e   t a l u s   m a t e r i a l   i s   s a t u r a t e d   w i t h   i c e   r e s u l t i n g   f r o m   f r e e z i n g  o f  
seepage  water .   F issure   i ce   i s   found i n  s o l i d   r o c k s   a n d   i n   t h e  zone of  weathering. 

2 

LE P E R G ~ L  I SOL DANS LES MONTAGNES DE L IAS IE CENTRALE 

A.P. Gorbunov, l n s t i t u t   d e   g G o c r y o l o g i e ,   [ a k u t s k ,  URSS 

Le p e r g g l i s o l   d u   T i e n  Shan e t  du  Pamir-Alai (en t e r r i t o i r e   s o v i 6 t i q u e )  
s ' g tend   su r  une s u r f a c e  de  110 000 km2. Les 1 irni tes   i n fg r i eu res   des  i 1 6 t s  de 
p e r g e l i s o l ,   d u   p e r g b l i s o l   d i s c o n t i n u   e t   c o n t i n u  se s i t u e n t   a u   n o r d   d e   l a   r k g i o n  21 
2700, 3200, e t  3500 m, e t   a u  sud 3 3700, 4100,  4400 m d ' a l t i t u d e .   L ' e p a i s s e u r  
des  dep8ts  geles  f ragrnentaires e t  meubles e t   l a   t e m p e r a t u r e   m i n i m a l e   s o n t   r e s p e c t i -  
vement  de  150-200 rn e t  de -4-5 OC au   T ien  Shan, e t  de 100-150 m e t  de -2-3 OC au 
Parn i r .   Su r   l es   p lus   hau tes   c re tes ,   l a   roche   so l i de   es t   ge lge   j usqu ' j   p lus ieu rs  
centa ines   de   rng t res   e t  sa temperature  descend  jusqu' i i  -20 OC. La teneur   en  g lace 
e s t  l a  p l u s   & l e v e e  dans l e s   d 6 p 8 t s   l a c u s t r e s   e t   m o r a i n i q u e s   e t   l e s   6 b o u l i s   g r o s s i & -  
rernent  fragrnentaires. Dans l e s   d e p 8 t s   l a c u s t r e s ,   c e   s o n t   l e s   l e n t i l l e s   d e   g l a c e  
i n j e c t e e  qu i  f o rmen t   l es  masses l es   p lus   impor tan tes ;  dans l e s   m o r a i n e s ,   c ' e s t  l a  
g l a c e  de g l a c i e r   e n f o u i e .  Les ebou l is   g ross ie rement   f ragmenta i res   son t   sa tures   de  
g lace ,   c r&e  par  l e  gel  des  eaux d ' i n f i l t r a t i o n .  La r o c h e ' m a s s i v e   e t   l a  zone 
d ' a l t g r a t i o n   c o r n p o r t e n t   d e s   f i s s u r e s   r e m p l i e s  de g lace .  

MHOrOIIETHEMEP3IIbIE TOIlUM TOP CPEaHER A3MM 
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MHOTOnETHEMEP3lIblE TOlIUlM TOP CPEjlHE6i A3MM 

A.n. rop6yeoa . 

M H C T U T ~ T  MepsnoToseneaaR, RKYTCK. CCCP 
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SPECIAL ASPECTS OF H I G H  MOUNTAIN PERMAFROST METHODOLOGY A N D  ZONATION IN THE ALPS 

W .  H a e b e r l i ,   V e r s u c h s a n s t a l t  f. W a s s e r b a u ,   H y d r o l o g i e   u .   G l a r i o l o g i e ,  ETH Z i j r i c h ,  
S w i t z e r l a n d  

A v e r y   s i m p l e   g e o t h e r m i c   m e t h o d  t o  s t u d y   p e r m a f r o s t   d i s t r i b u t i o n   i n   t h e   A l p s  i s  
t h e   m e a s u r e m e n t   o f   t h e   t e m p e r a t u r e  a t  t h e   b a s e   o f   t h e   w i n t e r   s n o w   c o v e r  as  a s o r t  
o f  i n d i r e c t   h e a t  f l o w  m e a s u r e m e n t .   T e m p e r a t u r e   v a l u e s   i n   P e r m a f r o s t  areas are  clear- 
l y   l o w e r   t h a n   i n   p e r m a f r o s t  f r e e  areas. Because r e s i s t i v i t y   v a l u e s   i n   f r o z e n   g r o u n d  
a n d   b u r i e d   g l a c i e r  i c e  d i f f e r  a t  l e a s t  b y  a f a c t o r  o f  1 0 ,  e l e c t r i c a l  r e s i s t i v i t y  
s o u n d i n g s  are m o s t   a p r o p r i a t e   t o   d i s c r i m i n a t e   b e t w e e n   t h e s e  materials. R e c e n t  resi- 
s t i v i t y   s o u n d i n g s   e v i d e n c e d   t h a t   r o c k   g l a c i e r s   i n   m o s t  cases do  n o t   c o n t a i n   g l a c i e r  
i c e  b u t   c o n s i s t  o f  p e r e n n i a l l y   f r o z e n  d e b r i s .  A c t i v e  r o c k  g l a c i e r s  may t h e r e f o r e   b e  
u s e d  as i n d i c a t o r s   f o r   h i g h   m o u n t a i n   p e r m a f r o s t .  

P e r m a f r o s t  i n  t h e   A l p s  i s  s p o r a d i c   i n   t h e   f o r e s t e d   m o u n t a i n s   a n d   d i s c o n t i n u o u s  
b e t w e e n   a b o u t  2300 a n d  3500 rn.a.s.1. I n   t h e   h i g h e s t   r e g i o n s   ( u p   t o  4800 m.a.s.1.) 
p e ' r m a f r o s t  i s  c a n t i n u o u s   a n d   v e r y  low b e d r o c k   t e m p e r a t u r e s  a r e  o b s e r v e d   e v e n   b e -  
n e a t h  small g l a c i e r s .  

MODE D I ~ T U D E  DU P E R G ~ L I S O L  DE HAUTE MONTAGNE ET D E  L A  ZONATION DU P E R G ~ L I S O L  DANS 
LES ALPES 

pergelisol dans les  Alpes,  consiste a mesurer l a  temperature de l a  base de l a  COU- 
verture  nivale  d 'hiver,   c 'est-a-dire ?I indirectement mesurer le   f lux  thermique. 
Les temperatures  relevees clans les  zones de pergelisol  sont  nettement  inf@rieures a 
cel les  des zones dPpourvues du  pergglisol. E t a n t  donne  que les  valeurs de r e s i s t i -  
v i te  mesurges dans le   gel isol   e t   la   g lace profonde de glacier  diffgrent  d'un  ordre 
de grandeur au moins egal ?I 10,  l e s  logs de resist ivite  electrique  permettent  ais& 
ment  de distinguer  ces  materiaux  l'un de l ' a u t r e .  Des logs de rGsistivit6  recents 
o n t  dgmontre que dans la  plupart des cas,   les  glaciers de pierres ne contiennent 
pas exactement de la  glace de glacier ,  mais sont  plut6t  constitu6s de debris  gel6s 
en permanence. Les glaciers de pierres   act i fs  peuvent donc servir   d '   indicateurs du 
.pergel i sol de haute montagne. 

discontinu  entre 2,300 e t  3,500 m d 'al t i tude  environ. Dans les  regions  les  plus 
elevees (jusqu'a 4,800 m d 'a l t i tude) ,   le   pergel isol   es t   cont inu,   e t  on constate que 
l e  soubassement  peut avoir une temperature extremement basse, meme au-dessous  des 
glaciers de p e t i t e   t a i l l e .  

Une methode geothermique trZls simple  permettant  d'etudier  la  reparti  tion du 

Dans les  Alpes, le  pergelisol  est  sporadique dans les  montagnes bois@es,   e t  
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INTRODUCTION 

The advancing  d isc losure o f  h i g h   a l p i n e   r e g i o n s  
i n  temperate  znnes  brings  along a g r o w i n g   i n t e r e s t  
i n   h i g h - a l t i t u d e ,   m i d l a t i t u d e   p e r m a f r o s t   ( I v e s   1 9 7 3 ) .  
The h i s t o r y   o f   s c i e n t i f i c   r e s e a r c h  and p r a c t i c a l  
exper ience  re la ted   w i th   permaf ros t  i n   t h e   A l p s   ( l a -  
t i t u d e   a b o u t  47'N) i s   l o n g   b u t   n o t   w e l l  known a t  
a l l   ( c f .   r e f e r e n c e s   g i v e n   b y   H a e b e r l i  1975a). Du- 
r i n g   e x t e n s i v e   f i e l d  work i n  t h e   l a s t   y e a r s  seve- 
r a l   s p e c i a l   p r o b l e m s  and phenomena r e l a t e d   t o   h i g h  
mountain  permafrost   research were  encountered i n   t h e  
Alps. It i s  t h e  purpose o f  t h i s   p a p e r   t o   d i s c u s s  
some o f   t hese   f ea tu res .  

METHODOLOGY 

The methods   app l i ed   t o   s tudy   a lp ine   pe rmaf ros t  
a r e   d i r e c t   ( d i g g i n g  and d r i l l i n g ) ,   s e m i - d i r e c t  
(geophysical  soundings  and  measurements)  and  indi- 
r e c t   ( d e l i n e a t i o n  o f  p e r m a f r o s t   d i s t r i b u t i o n   u s i n g  
env i ronmenta l   ind icators) (Haeber l i   1975a) .   Most  o f  
these methods a r e   w e l l  known f rom  a rc t i c   pe rmaf ros t  
research   bu t  some s p e c i a l   e x p e r i e n c e   r e l a t e d   t o  
h igh -a lp ine   cond i t i ons  may be u s e f u l   f o r   p e r m a f r o s t  
research i n  other  mountain  regions. 

A very  s imple  and  usefu l   geothermic  method  to  
s t u d y   p e r m a f r o s t   d i s t r i b u t i o n  i n  t h e  zone o f  d i s -  
cont inuous  permafrost  i n  the   A lps  i s  t he  measure- 
ment o f   t h e   t e m p e r a t u r e   a t   t h e   b a s e   o f   t h e   w i n t e r  
snow cover (BTS = Bottom  Temperature o f  t h e   w i n t e r  
Snow cover)  as a s o r t  of i n d i r e c t   h e a t   f l o w  measure- 
ment. I n  an a l p i n e  snow cover  which i s   a t   l e a s t  l m  
t h i c k ,   s h o r t   t i m e   v a r i a t i o n s   o f   t h e   a i r   t e m p e r a t u r e  
do n o t   p e n e t r a t e   t o   t h e   c o n t a c t  zone  between snow 
and u n d e r l y i n g   s o i l .  The temperature i n  t h i s   t o n e  
i s   p r a c t i c a l l y   s t a b l e  and  the same every  year f o r  
longer   per iods.   Moreover   th is   temperature i s  f i r s t  
o f   a l l  a f u n c t i o n  o f  the  heat   f low  f rom  the  under-  
l y i n g   s o i l :  BTS va lues i n  permafrost   areas  are 
c l e a r l y   l o w e r   t h a n   i n   p e r m a f r o s t   f r e e   a r e a s ,   b u t  
s i m i l a r   t o   v a l u e s  measured  on g l a c i e r   s u r f a c e s .  

S i n c e   t h e   f i r s t   d i s c u s s i o n   ( H a e b e r l i  1973), t h i s  
method  has become we l l   es tab l i shed .   Th i s  may be 
Seen f r o m  Fig. I., where a l l  measurements r e l a t e d  
t o   t h i s  phenomenon and v e r i f i e d  by other  methods 
( i n  most  cases  by  geophysical  soundings) known t o  
the  author   are  compi led.  Up t o  now  BTS values 
lower  than -3OC were taken   as   i nd i ca t i ng   pe rmaf ros t  
ex i s tence  and va lues   h igher   than -2 C as i n d i c a -  
t i n g   p e r m a f r o s t  absence. The range  between -2 and 
-3'C was i n t e r p r e t e d  a6 methodo log ica l   uncer ta in -  
t y   ( i n a c t i v e   p e r m a f r o s t  ?). As a nex t   s tep  a li- 
near (? )  r e l a t i o n  between snow cover   th ickness 
and BTS values may l e a d   t o  a c l o s e r   d e f i n i t i o n   o f  
t h e   l i m i t i n g   v a l u e s .   T h i s   r e l a t i o n   c o u l d  be  s tu-  
d i e d  on the   sur face   o f   tempera te   g lac ie rs .   Recent  
s t a t i s t i c a l   a n a l y s i s  o f  41 BTS measurements  from 
an a c t i v e   r o c k   g l a c i e r  i n  the  "Aeusseres Hocheben- 
kar "   (Obergurg l ,   Oetz ta l ,   Aus t r ian   A lps)  shows no 
s i g n i f i c a n t   c o r r e l a t i o n  between BTS values  and 
snow cover   th ickness o r  a l t i t u d e  a.s.1. On t h e  
o t h e r  hand, BTS values seem t o  be c l o s e l y   r e l a t e d  
t o   t h e   t h i c k n e s s   o f   t h e   a c t i v e   l a y e r   o f  the per- 
maf ros t   dur ing  summertime (Haeber l i  and P a t z e l t  , 
i n  press). The use o f  snow tempera tures   to  map and 
pred ic t   permaf ros t   by   mic rowave  rad iomet ry  i s  per- 
haps  an i m p o r t a n t   p o s s i b i l i t y  f o r  t h e   a p p l i c a t i o n  
o f  remote  sensing  techniques i n  h igh  mounta in 
permafrost   regions. 

0 

It i s  q u i t e  easy t o  i den t i f y   underg round   i ce   by  
app ly ing   re f rac t ion   se ismic   techn iques   (Earnes  
1965, Hunter  1973,  Ri j thl isberger  1972) i n  quar te r -  
nary  sediments  wi th in   the  A lps  (Barsch 1973, Hse- 
b e r l i  1975a) b u t   o f t e n  i t  is n o t   p o s s i b l e  t o  d i s -  
c r im ina te   be tween   bu r ied   g lac ie r   i ce   (dead   i ce )  
and  f rozen  ground  by  th is  method,  because P-wave 
v e l o c i t y   i s  i n  bo h cases   w i th in   the  same range 
(3000 t o  4000 ms ). For th is   p rob lem,   wh ich  in- 
c i d e n t a l l y  can  be  impor tant   for   engineer ing  work,  
e l e c t r i c a l   r e s i s t i v i t y   s o u n d i n g s   a r e  more  adequate. 
R e s i s t i v i t y   v a l u e s  i n  f rozen   deb r i s  i n  the   A lps  
are u s u a l l y  within the  range Prom 20 000 t o  
200 000 nm (Geotest AG, unpubl ished  data,   Fisch 
e t   a l . ,   i n  press) ,  whi le   va lues   f rom  a lp ine   g la -  
c i e r s   f a l l   i n , t h e   r a n g e   f r o m   a b o u t  10 t o  more 
than 100 M f l m  (Rn th l i sbe rge r   1967) .   Res is t i v i t y  

-1 
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Fig. 1. Tempmture at the base of the winter snow cover ( f e b m r y ,  march) versus mow cover thickness. 
Parmafrost c o n d i t i o n s   v e r i f i e d  by diggings and geophysical soundings. Data from d i f f e r e n t  regiona of 
the Alps. 

values i n   b u r i e d  snowbank i c e  seem t o  be w i t h i n   t h e  
same range as the  va lues measured i n   a l p i n e   g l a -  
ciers  (Nstrem  1967). I n   t h e   l a s t   y e a r s   e l e c t r i c a l  
r e s i s t i v i t y   s o u n d i n g s  ware made on 7 r o c k   g l a c i e r s  
( a c t i v e   t o   i n a c t i v e )  i n  the   A lps  o f  Sw i t ze r land  
(Earsch ,   unpub l ished  da ta ,   F isch   e t   a l .  i n  press) .  
All s t u d i e d   r o c k   g l a c i e r s   c o n s i s t   o f   f r o z e n   d e b r i s  
and n o t  of b u r i e d   g l a c i e r   i c e   n o r   b u r i e d  snowbank 
ice.   Only one o f  t hese   rock   g lac ie rs   con ta ins  some 
t h i n   g l a c i e r   i c e   a t   t h e   s u r f a c e   b u t   a l s o  t h i s  g la -  
c i e r   i c e   i s  embedded i n  th i ck   f rozen   sed imen ts  
( F i s c h   e t   a l . ,  i n  press). 

Deta i led   permaf ros t   mapp ing   us ing   se ismic   re f rac-  
t i o n  and BTS measurements i n  t h e   r e g i o n   o f   t h e  
Hochebenkar   rock  g lac iers   (Haeber l i  and P a t z e l t ,  
i n  p r e s s ,   c f .   P i l l e w i t z e r  1957, V i e t o r i s   1 9 7 2 ) ,   t o -  
gether  with t h e   r e s u l t s  o f  t h e   e l e c t r i c a l   r e s i s t i -  
v i t y  soundings  mentionned  above, c l e a r l y   c o n f i r m e d  
t h a t   r o c k   g l a c i e r s   a r e   c r e e p  phenomena o f   h i g h - a l -  
p ine  permafrost .  Rock g l a c i e r s   a r e   t h e r e f o r e   t h e  
most   impor tan t   geamorpho log ica l   ind ica tors  o f  per- 
ma f ros t  i n  the  Alps,  and may be  used to   da termine  
p e r m a f r o s t   d i s t r i b u t i o n   i n  mountainous  regions with 
a . c o n t i n e n t a 1   c l i m a t i c   c h a r a c t e r .  I n  reg ions  with 
heavy p r e c i p i t a t i o n   r o c k   g l a c i e r s  are a lmos t   nea r l y  
absent.  This phenomenon, observed i n  about a l l  
h igh   moun ta in   reg ions   o f   t he   wor ld  (8.9. G u i t e r  
1972, Nstrem 1964, Jistrem and  Arnold  1970), i s  w e l l  
exp la ined  by  a very  s imple  model when t h e  perma- 

f r o s t   h y p o t h e s i s  f o r  r o c k   g l a c i e r   f o r m a t i o n   i s  
a p p l i e d :   r o c k   g l a c i e r s  will only   fo rm i n  a zone 
where permaf ros t   fo rmat ion  i n   t h i c k   d e b r i s  accu- 
mu la t i ons  is poss ib le .   Th i s   "po ten t i a l   t one  o f  
rock   g lac ie r   f o rma t ion "  i s  l i m i t e d  by  the  upper 
boundary o f  debr is  accumulat ion,   which i s  g iven  
b y   t h e   e q u i l i b r i u m   l i n e  on g l a c i e r s  (no  debr is  
accumulation will t a k e   p l a c e   a b o v e   t h i s   l i n e ) ,  and 
by  the  lower  boundary o f  p e r m a f r o s t   d i s t r i b u t i o n  
(F ig .  2. ) .  I n  reg ions  with a c o n t i n e n t a l   c l i m a t i c  
cha rac te r ,   t he  mean e q u i l i b r i u m   l i n e  on g l a c i e r s  
i s  much h igher   than  the  lower   boundary o f  perma- 
f r o s t   d i s t r i b u t i o n ;   t h e   l l p o t e n t i a l  zone o f  rock  
g lac ier   format ion"   extends  over   severa l   hundred 
meters  (Haeber l i  1975a) and a g r e a t  number o f  rock  
g l a c i e r s   e x i s t .  I n  reg ions  with a more mar i t ime 
c l i m a t i c   c h a r a c t e r   t h e  mean e q u i l i b r i u m   l i n e  on 
g l a c i e r s  i s  s t rong ly   l owered  (e.g. MUller e t   a l .  
1976, Tvede e t   a l .   1 9 7 4 ) ,   t h e   " p o t e n t i a l  zone o f  
rock   g lac ie r   fo rmat ion"   d isappears  and no rock  
g l a c i e r  will e x i s t ,  because no debr is   accumulat ion 
i s  p resen t  t o  be   pe renn ia l l y   f rozen   (F ig .  2.) .  
T h e r e f o r e ,   t h e   d i s t r i b u t i o n  o f  r o c k   g l a c i e r s  seems 
t o   b e  a f u n c t i o n   o f   t h e   d i s t r i b u t i o n  o f  p r e c i p i t a -  
t i o n .  The study o f  f o s s i l   r o c k   g l a c i e r s   c o u l d   n o t  
o n l y  make p o s s i b l e   t h e   r e c o n s t r u c t i o n  o f  t h e  for -  
mer p e r m a f r o s t   d i s t r i b u t i o n  i n  the   A lps   bu t   a l so  
b r i n g   a l o n g  a new approach f o r  q u a n t i t a t i v e   r e -  
c o n s t r u c t i o n s   o f   p a l e o p r e c i p i t a t i o n .  
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Fig. 2. Simple model of rock glacier d i s t r i b u t i o n  in high mountain  regions. 

Pe renn ia l  snowbanks  were shown t o  be s t r o n g l y  r e -  
l a t e d   t o   l o c a l   p e r m a f r o s t   o c c u r r e n c e  (furrer and 
F i t z e  1970, Haeber l i   1975a).  The new i n v e n t o r y  of 
f i r n  and i c e  masses i n  Sw i t ze r land   a l so   con ta ins  
much i n f o r m a t i o n   a b o u t   t h e   d i s t r i b u t i o n  o f  l a r g e r  
snowbanks i n  the  A lps (Muller e t   a l .  1976). Th i s  
i m p o r t a n t   i n f o r m a t i o n  will be  very u s e f u l  f o r  fu- 
tu re   permaf ros t   research  i n  the  Alps.  

ZONATION 

The d i s t r i b u t i o n  o f  g l a c i e r  and  permafrost zones 
i n   t h e   A l p s  was already  discussed  by  Haeber l i   (1975b).  
C e r t a i n l y ,  much re f inement   shou ld   be   in t roduced i n  
t h e   f u t u r e ,   b u t  as a f i r s t  approx imat ion a combined 
zonat ion o f  permaf ros t   and  re la ted  phenomena may 
be  summarised  here. 

I n  t h e   e a r l y  1960's  the  term  "sporadic  permafrost  
zone" was discarded  by  american  authors (Brown  and 
PBw6 1973).  This will not   be  done i n   t h e   A l p s ,  be- 
cause i t  became i n c r e a s i n g l y   e v i d e n t   t h a t   l o c a l   i s o -  
l a t e d   p e r m a f r o s t   b o d i e s   a t   a l t i t u d e s  where the  mean 
annual a i r  temperature i s  w e l l  above 0 C a re  & a 
d i s t r i b u t i o n a l   v a r i a t i o n  o f  d iscont inuous  permafrost .  
Local   permafrost   occurrwnce i n  the  form of i c e  caves 

0 

and,  more r a r e l y ,   a l s o   f r o z e n   g r o u n d  is q u i t e   w e l l  
documented i n  the   "sporad ic   permaf ros t  zone" o f  t h e  
Alps  be low  t imber l ine,   extending  f rom less than 
1000 m.a.s.1. to   about  2300 m.a.s.1. I c e  caves  have 
been known to  mounta in  inhabi tants ,   mounta ineers 
and   spe leo log i s t s   f o r  a l o n g   t i m e   i n   a b o u t   a l l   k a r s t  
r e g i o n s   o f   t h e   A l p s  (e.g. Jaeger  1905)  and  even  the 
Jura  mounta ins,   but   not  much s c i e n t i f i c   i n f o r m a t i o n  
seems t o  be a v a i l a b l e .  One o f  t h e   i c e  caves a t   v e r y  
l o w   a l t i t u d e  i s  the  "Mei r inger   E ishnhle" ,   near   the 
BrUnigpass a t  about 940 m.a.s.1. (Moser  1952), 
where t h e  mean annual a i r  temperature is on t h e  
o r d e r   o f  +6 t o  +7OC. P o l l e n   a n a l y s i s  of i c e  from 
caves i n   t h e   A u s t r i a n   A l p s   s u g g s s t s   t h a t   t h e  cave 
i c e   i s   n o t  a r e l i c  f rom t h e   l a s t   g l a c i a t i o n   b u t  was 
fo rmed   du r ing   pos tg lac ia l  o r  even h i s t o r i c   t i m e  
(Schmeidl   and  Kral  1969). I n  severa l   cases  f rozsn 
ground i n  ex t remely   shaded  debr is   a t   very   low  a l -  
t i t u d e   i s  known too. I n  connec t ion   w i th  power p l a n t  
cons t ruc t i on ,   underg round   i ce  was found i n  a g r a v e l  
r i c h   f o r e s t   s o i l   a t   a b o u t  1820 m.a.s.1. on a steep 
n o r t h   f a c i n g   s l o p e   n e a r   P u n t   d a l   G a l l   ( S w i s s  Na- 
t i o n a l   P a r k ) .  I n  t h e   A u s t r i a n   A l p s   p e r e n n i a l l y  fro- 
zen  debr is  was detected i n  a t u n n e l  f o r  water  supply 
i n  t h e   G a i l t a L e r   A l p e n   a t  1810 m.a.s.1. (Weiss 1958) 
and i n   t h e  Karawanken c h a i n   p e r e n n i a l l y   f r o z e n  
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d e b r i s  as low as about  1100 m.a.s.1. i s  known s ince  
the   las t   cen tury   (HBLte l   1963) .   Permaf ros t   a t  a s i -  
m i l a r   a l t i t u d e  (1020 m.e.s.1.)  was r e p o r t e t   f r o m   t h e  
Jura  mountains  too  (Richard  1961). The au tho r   f ee l s  
t h a t  i t  may be somewhat d i f f i c u l t   t o   e x p l a i n   t h e  ge- 
n e s i s   o f  such  low  a l t i tude  permafrost   showing  no 
s i g n  of  b e i n g   r e l i c   p e r m a f r o s t ,   b u t ,  a5 i n  t h e  case 
o f  i c e  caves ,   reduced  vent i la t ion  i n  coarse  debr is  
may be  the most impor tan t   f ac to r .  

a l l   e x p o s i t i o n s   ( l o n g  snow cove r   du ra t i on ! ) ,   bu t  
s teep  s lopes  fac ing  south and eas t   a re   p robab ly  
pe rmaf ros t   f ree  up t o  the  lower  boundary o f  c o n t i -  
nuous  permafrost.  Recent  work shows t h a t  t h e  f l o o r s  
of majo r   c i rques   a re   pa r t i a l l y   occup ied   by  perma- 
f r o s t  above  about 2800 m.a.s.1. (e.g. a t   t h e  Gru- 
bengletscher,   near Saas FEE o r  a t  t h e  Upper Theo- 
du lg le tscher ,   near   Zermat t )  . As al ready  d iscussed 
i n   t h e   p r e v i o u s   s e c t i o n ,   r o c k   g l a c i e r s   a r e   t h e   p r e -  

permafrost is the best studied per- dominant  morphological phenomenon o f   d i s c o n t i n u o u s  

m a f r o s t   i n   t h e   A l p s  and occurs above about 2300 m. 
a.s.1. (Haeber l i   1975a),  where t h e  mean annual a i r  
temperature i s  on the   o rde r  o f  - 1 O C .  A c t i v e   r o c k  

permafrost  i n  the   A lps  and a good co inc idence o f  
t h e   d i s t r i b u t i o n   p a t t e r n  o f  p e r e n n i a l  snowbanks  and 
permafrost  can  be  observed.  Often  runoff does n o t  
t a k e   p l a c e   a t   t h e   s u r f a c e   b u t   i n   f o r m   o f  many 

g l a c i e r s  i n  the   con t inen ta l   reg ion   nea r   t he   Sw iss  
Nat iona l   Park  may even  descend t o  2200 or 2100 m. 
a.s.l., bu t   usua l l y   no r theas t   t o   wes t   f ac ing   S lop  
are  p e r e n n i a l l y   f r o z e n  above about 2400 t o  2600 m 
a.s.1. A t  about 2700 m.a.s.1. h i l l t o p s  and  wind- 
b lown   c rss ts   a re   pe renn ia l l y   f rozen   t oo ,  and be t -  
ween about 2700  and 2800 m.a.s.l., 50% o f  t h e   n o t  
g l a c i a t e d   a r e a  i s  est imated t o  be   under la in   w i th  
permaf ros t   ( the  mean annual a i r  temperature  equals 
-3 t o  - 4 O C  a t   t h i s   a l t i t u d e ) .  The f o o t   o f   h i g h  and 
s teep  s lopes with st rong  accumulat ion o f  avalanche 
snow i s  f rozen  above  about 2400 t o  2700 m.a.s.1. i n  

smal l   watercourses   a t   the   permaf ros t   tab le .  Because 
o f  marked  overdeepening i n  bedrock  topography  from 
t h e   L a s t   g l a c i a t i o n ,   p e r m a f r o s t   i n   t h i c k   s e d i m e n t s  
does not  necessari ly  reach  bedrock.  Groundwater  hy- 
d ro logy  may therefore  be  compl icated,  as  can  be ob- 
served  a t   the  Grubengletscher .  The t i m b e r l i n e   i s  
s i tua ted   be low  the   d iscont inuous   permaf ros t  zone 
and vege ta t i on  i s  almost  absent when permafrost  is 
present. I n  p e r e n n i a l l y   f r o z e n  zones, g l a c i e r   t o n -  
gues may be p a r t i a l l y   c o l d  and   f rozen   t o   t he   bed   a t  
the  margins,  as i s   t h e  case o f  the Grubengletscher 
(Haeber l i   L975b).   Englacial   temperatures seem t o  be 
i n   t h e  same range  as  permafrost  temperatures  (about 
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0 t o  -5'C). I n  t h e   A l p s   t h e   e q u i l i b r i u m   l i n e  on 
e x i s t i n g   g l a c i e r s  i s  w i th in   the   d iscont inuous   per -  
mafrost zone - probably  i n  t h e   l o w e s t   p a r t  o f  t h i s  
zone i n  reg ions  with a mar i t ime  c l imate  and i n   t h e  
uppermost p a r t   i n   r e g i o n s  with a more c o n t i n e n t a l  
c l imate.  Above t h e   e q u i l i b r i u m   l i n e ,   t h e  accumula- 
t i o n  zones o f  g l a c i e r s  are temperate,  because  melt- 
water warms up  the  whole f i r n  t o  0 C by l a t e n t  
heat  exchange. 

0 

Fo l low ing   t he   p ropos i t i ons  o f  s o v i e t  and  american 
authors,   the  lower  boundary o f  cont inuous  permafrost  
d i s t r i b u t i o n  i n  the   A lps  i s  taken a t   t h e   a l t i t u d e  
where t h e  mean annual a i r  temperature i s  about 
-8.S0C (Brown  and Pew6 1973). Some f i e l d   o b s e r v a -  
t i o n s   c o n f i r m   t h a t   p e r m a f r o s t  i n  t h e  Alps above 
t h i s   a l t i t u d e   ( a b o u t  3500 m.a.s.1.) i s  cont inuous 
indeed, and tha t   the   lower   boundary   o f   con t inuous  
permafrost  may even  be somewhat lower ,   perhaps   a t  
about 3300 m.a.s.l., where t h e  mean annual a i r  tem- 
pe ra tu re  i s  on t h e   o r d e r   o f  -7OC. Bergschrunds a t  
the  upper end o f  a l p i n e   g l a c i e r s  may separa te   co ld  
i c e  from c o l d  f i rn ,  as i s  the  case on t h e   s m a l l   i c e  
cap a t   Jungf rau joch   (3500 m.a.s.l.), o r  c o l d   i c e  
f rom  temperate  f i rn ,   as i s  the   case  a t   the   Jungf rau-  
f i r n  o r  the  Ewigschneefa ld   ( two  d i f ferent   accumula-  
t i o n   b a s i n s  o f  the   Great   A le tschg le tscher ) .  I n  a l l  
cases known up t o  now, however ,   the  ice above the  
bergschrund l i e s  i n  a l o c a t i o n  where permafrost  
must ex is t   (Haeber l i   1975a) .  A t  about 3300 t o  3400 
m.a.s.l., bergschrunds  occur  on  slopes o f  a l l   e x - '  
p o s i t i o n s  and therefore  permafrost   should  be prs- 
sent  everywhere. On t h e   s o u t h   f a c i n g   w a l l  o f  t h e  
Jungfraujoch.  the mean bedrock  temperature i s  on the  
o r d e r   o f  -2 C (H. Mathys,  Bern,  personal communica- 
t i o n ) .  Thus,  even south   fac ing   s lopes  may be  f rozen 
a t  a somewhat l o w e r   a l t i t u d e .  I n  the   con t inuous  per-  
ma f ros t  zone o f  the  A lps,  no debr is   accumulat ion 
takes   p lace  and permafrost  i s   r e s t r i c t e d   t o   n e g a t i v e  
temperature  bedrock. The f i r n  o f  g l a c i e r s   i s   a l m o s t  
cold,   because  meltwater  format ion and p e r c o l a t i o n  
r a p i d l y  decayes with i n c r e a s i n g   a l t i t u d e .   I n   t h e   r e -  
g ion  o f  t h e   h i g h e s t   a l p i n e  summits  (above  about 
4000 m.a.s.1.) eng lac ia l   tempera tures   a re  on t h e  
o rde r  o f  -5 t o  -2OOC and  most o f  the  steep  hanging 
g l a c i e r s  on moun ta in   wa l l s   a re   f rozen   t o   t he  bed- 
rock   (Haeber l i  1975b, c f .  Fig. 4.). Recent  tempera- 
t u r e  measurements i n  a b o r e h o l e   d r i l l e d   t h r o u g h  a 
s m a l l   i c e  cap a t   C o l l e   G n i f e t t i  (4450 m.a.a.l., 
Monte  Rosa  group)  suggest  that   the  temperature  at  
t h e  i ce /bed rock   i n te r face  i s  on t h e   o r d e r   o f  -14OC, 
which  gives a considerable  permafrost   th ickness 
(Oeschger e t   a l . ,   i n   p r e s s ) .  

0 
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PLATEAU  MOUNTAIN:  A  CASE  STUDY OF ALPINE  PERMAFROST IN THE  CANADIAN ROCKY MOUNTAINS 
by  Stuart  A.  Harris  and  Roger J . E .  Brown 
Department of Geography,  University of Calgary,  Calgary,  Alberta,  Canada;  and 
Division of  Building  Research,  National  Research  Council of Canada,  Ottawa,  Ontario, 
Canada. 

Investigations of  alpine  permafrost  in  the  Western  Cordillera of Canada  were 
initiated  in  1974 on Plateau  Mountain  located  in the front  ranges of the  Rocky 
Mountains 80 km  southwest of  Calgary,  Alberta.  Thermocouple  and  thermistor  cables 
to  measure  ground  temperatures  were  installed  in  boreholes  to  depths of 15 t o  30 m 
on  the  summit  above  treeline  at  2519  m  elevation  and  down  the  forested  mountain  side 
to  2103 m elevation.  Monthly  observations  on  these  cables  and  temperature  checks  in 
an  ice  cave  confirm  the  existence of  permafrost  (-1.0 t o  -1.5"C).  The  mean  annual 
air  temperature  at  the  summit  is  -4.1"C  and strong-winds remove  most o f  the  snow. 
Temperature  measurements  indicate  that  permafrost  extends t o  a  depth o f  possibly 
100 m or more,  the  upper  portion  having  adjusted  to  the  present  climate  and  the 
lower  layers  being  relic. 

, , , 
LE MONT PLATEAU: ETUDE  D'UNE ZONE DE PERGELISOL ALPIN SITUEE DANS LES MONTAGNES 
ROCHEUSES  CANADIENNES 

Stuart  et A. Harris  et  Roger J.E. Brown, DGpartement  de  ggographie,  Universitg  de 
Calgary,  Calgary,  Alberta,  Canada;  et  Division des. recherches sur l e  bztiment, 
Conseil  national  de  recherches  du  Canada,  Ottawa,  Ontario,  Canada. 

On a entrepris en 1974 une  gtude  du  perg6lisol alpin de la  cordillgre  Occiden- 
tale  canadienne,  sur  le mont Plateau,  qui  fait  partie  des  chainons  Erontaux  des 
montagnes  Rocheuses EI 80 km au  sud-ouest  de  Calgary,  en  Alberta. On a install6  des 
c3bles  de  thermocouples  et  thermistors  destinzs 2 mesurer  la  temp6rature  du sol dans 
d e s  trous  de  sondage  de 15 2 30 m  de profondeur  for6s Z 2159 m d'altitude,  au somet, 
lequel  dgpasse  la  limite  supgrieure  des  arbres,  et  sur le versant  boisE  de  la  monta- 
&ne  jusqu'z 2103 m d'altitude. Des  observations  effectuzes  chaque  mois  sur  ces cz- 
bles,  ainsi  que les relevgs  de  tempgrature  obtenus  dans  une  caverne  de  glace  confir- 
ment  l'existence  du  pergEliso1 (-1.0 2 -1.5OC). La tempgrature  atmosphGrique  annuel- 
le  moyenne  est de -4.lOC au sommet,  et d e s  vents  violents  enlzvent  la  plus  grande 
partie  de  la  neige. Des  mesures  de  ternpsrature  indiquent  que  le  perg6lisol  atteint 
au moins 100 m de  profondeur,  et  que la portion  supgrieure  de  celui-ci  subit  l'in- 
fluence  du  climat  actuel,  tandis  que  les  couches  infgrieures son t  des  couches  relictes. 
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INTRODUCTION 
Although  the  presence of permafrost  in  northern 

Canada  has  been  well  documented,  there  are  few 
studies  that  mention  its  existence  in  alpine  regions 
of western  Canada,  In  the  Rocky  Mountains  these 
studies  include  that  by  Ogilvie  and  Baptie (1967), 
who  noted  permafrost  in  peat  at  2347 m elevation  in 
the  Snow  Creek  Valley,  Banff  National  Park,  and  by 
Scotter  (1975)  who  observed  ground  ice  in  excava- 
tions f o r  the  pylons of a  ski-lift  being  installed 
at  2655  and  2691 m elevation  above  treeline  in  the 
Sunshine  ski  area  near  Banff,  Alberta.  In  the Coast 
Mountains,  Mathews  (1955)  has  also  observed  ground 
ice.  Other  landforms  containing  subsurface  ice, 
such  as  rock  glaciers and  ice  cored  moraines,  have 
been  more  commonly  recognized  in  these  mountainous 
regions  (Wahrhaftig  and Cox,  1959;  Thompson,  1962, 
gstrem  and  Arnold,  1970;  Brown  and  P&w&,l973;  Smith, 
1973;  Johnson,  1974;  Luckman,  1975;  Osborne, 1975). 
Brown  (1967)  predicted  the  probable  extent of perma- 
frost  throughout  the  western  Cordillera  at  higher 
altitudes  based  on  the  published  climatic  data  for 
that  region  and  on i t s  distribution  in  relation to 
climate  in  northern  Canada, 

is a l so  noticeable  in other  parts of the  world. 
American  observations  are  limited  (Retzer,  1956; 
Steidtmann,  1973)  and  detailed  work  has  been res- 
tricted  mainly  to  Colorado  (Ives,  1974;  lves  and 
Fahey, 1971). Some  European  investigations  have  been 
carried  out  in  the  Alps  (Campbell,  1954;  Furrer, 
1955;  JXckli,  1957;  Richard,  1961;  Elsasser, 1968; 
Barsch, 1969; Fuxrer  and  Fitze, 1970). The  main 
records  in  Asia  are  from  Tien  Shan  and  Yakutia  in 
the  Soviet  Union,  where  the  most  detailed  and  wide- 
spread  measurements  have  been  made,  and  also 
Mongolia  and  China  (Gorbunov,  1967;  Lugovoy, 1970; 
Nekrasov  and  Indoleva,  1972;  Chou  and Tu, 1963). 
Permafrost  has  been  found  on the  summit of Mount 
Fuji  in  Japan (Higuchi  and Fujii, 1971)  and on Mauna 
Kea  in  Hawaii  (Woodcock, 1974). Since  most of  these 
studies  axe  limited  to  the  description  of  a  few 
local  occurrences,  there  is  a  clear  need  for  further 
work  on  the  distribution  and  environmental 
relationships  of  alpine  permafrost. 

In 1974,  the  authors  began  a  systematic  study of 
alpine  permafrost  in  Western  Canada  by  installing 
ground  temperature  instrumentation  in  five  boreholes 
on Plateau  Mountain,  in  southwestern  Alberta.  This 
was  followed  by  further  drilling  in  1976 at  this 
mountain  and  at  other  selected  locations. The  pre- 
liminary  results of the  investigations  at  Plateau 
Mountain  are  reported  here. 

The  paucity of detailed  work  on  alpine  permafrost 

PHYSICAL  ENVIRONMENTAL  FEATURES OF STUDY  SITE 
The area of investigation i s  located  on  the  upper 

elevations of Plateau  Mountain,  situated  in  the 
Front  Ranges  of  the  Rocky  Mountains  (Fig. l), It 
lies  approximately 80 km southwest of Calgary  and 
rises  to  2519 m elevation. The  mountain  is  formed 
from  the  core of an  anticline  and has a  flat  summit 
tilted  gently  downward  to  thc  west  and north, It 
consists of siliceous  dolomite of the  Rocky 
Mountain  formation,  surrounded  by  limestones,  soft 
sandstones,  and  shales of the  Etherington andMount 
Hood  formations  (Douglas,  1958;  Norris, 1958). 
The treeline  varies  in  height  depending onaspect 

(Fig. 2 )  but  averages  2290  m  clevation  on  the  west 
side  (Bryant  and  Scheinberg,  1970). Typically, 
this  timberline  is  not  sharp  but  includeskrummholz 
and  glades of willow  and  grass  among  the  trees 
extending  downward  in a vertical  zone  about 150  m 
below  this  elevation,  Above  the  treeline,thealpirie 
zone  is  dominated  by  grassy  lower  slopesandl.ichen- 
covered  rocks  on  the  summit  (Bryant  and  Scheinbcrg, 
1970). The upper  part of the  subalpine  forest  is 
dominated  by  spruce  and  alpine  larch  with  Douglas 
fir,  lodgepole  and  whitehark  pine. 
The  area  lies  in  the  rainshadow  east of the 

Continental  Divide.  The  mean  precipitation  for 
September  1974  to  September  1976  was  about 15 cm, 
but  the  areas  above  treeline  tend to  be blownclear 
of  snow. The mean  annual  air  temperature  at 2519111 
for  the  same  period  was  -4.1°C,comparedwith O..OSnC 
at 2266 m, within  the  forest  (Sept.  1975 t o  Sept. 
1976). Strong  winds  occur  throughout  the  year  and 
it  snowed  every  month  during the period  1974-1976. 
The  running  mean of  the  freezing  index  varied  from 
2086  to  2590  C  degree-days,  while  that  for  the 
thawing  index  ranged  from  775  to 925 C  degree-days 
during  this  period. 
Well  developed  patterned  ground  is  present on 

the  gentle  slopes of the  summit,  ranging  from 
sorted  circles  to  stone  polygons  to  sorted  stripes 
on  the  steeper  slopes  (Bryant  and  Scheinberg,l970; 
Woods, (in  press]. The area  was  not  glaciated  dur- 
ing the Plei.stocene (L.C. Hills  Bryant  and 
Scheinberg,  1970)  and  caves  occur  in the limestone. 
One of these  caves  at  about  2244 m elevation  is 
approximately 200 m long and  contains  a zonecoated 
with large hexagonal  plate-like  ice  crystals (Ford 
and  Quinlan, 1973). 

INSTRUMENTATION  AND  OBSERVATION  METHODS 

In August  1974,  the  first  five  boreholes  were 
drilled  between 2290 m  and the summit  (Fig. 2 ) .  
Four are  15 m in  depth;  the one at the  highest 
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elevation  is 31 m  deep. A thermocouple  cable  with 12 
sensors  was  placed  in  each  hole. In Sept. 1976, 
another  six  holes  were  drilled - threc 15 m  deep and 
three 31 m - iq  which  thermistor  cables  were 
installed.  Ground  temperature  observations were 
obtained  cvery  month  thereafter. Table  1 suparizes 
the  characteristics of each  site. 
Recorders  were  used  to  obtain  continuous  data on 

air  and near-surface soil  temperatures (20 and 50 cm 
depths)  from  Aug. 1974 at Site 2.  A  second  air tem- 
perature  station  was  established  in  the  forest  at 
Site 8 in  1975.  Snowpack  data were collected  at  all 
sites  and  rainfall  was  measured  at Site 2. 
The icc  cave  was  mapped  and  its  geometry  deter- 

mined  (Figs. 3 and 4). Temperature  recording  statiors 
were established  using  three  Lambrecht  hygrothermo- 
graphs  with  monthly  charts  and  two  slmllar  recorders 
with  yearly  charts,  The  Lambrecht chartswerecllanged 
at  least  twice  during  each  summer to obtain  in  indi, 
cation of the  fluctuations  in  air  temperature. 
Thermocouples  were  installed  in  the  ground o r  ice  at 
each  temperature  station  in  the  cave  to  measure  the 
actual  temperature  at  each  location. 

RESULTS 

Permafrost  was  confirmed  at  seven of the boreholes 
and  also  in  parts of  the  ice cave.  At  least  two  yea= 
were required  for the tempcratures  at  depths  exceed- 
ing 10 m  to  recover  from  the  warming  effects of the 
drilling (Fig.5). Where  the  ground  temperatures  arc 
only a few  tenths of a  degree  below  zero,  e.g.,  at 
Site 5, this  thcrmal  disturbance  resulted  in  approx- 
imately  1-1/2  years  elapsing  before  the  permafrost 
was  restored  around  the  cables. 

ture  with  depth  after  approximately 1-1/2 years  at 
Sites  1,2,  and  5.  In  each  case, the ground tempera- 
tures  generally  decrease  with  depth,  suggesting  that 
an  adjustment  is  still  taking  place  to  present  air 
temperature  conditions  which are several  degrees 
warmer  than  the  early  postglacial  period  when the 
permafrost  formed,  i.e., the permafrost  is now 
partly  relic.  Calculated  rates of heat  flow  are 
given  in Table  2. 
The data  from the ice  cave  confirm  this conclusion 

(Figs. 3 and 4), sincc  the  permafrost  is  confined to 
the  lowest  and  deepest  portions of the cave. The air 
temperatures  for 8 Oct.  1976 are typical for the 
cave,  noticeable  summer  temperature  fluctuations 
only  being  found  at the Lambrecht  hygrothermograph 
nearest the entrance. The relative  humidity  was 
constantly  at 100%; water  dripped  almost contin- 
uously  from the roof in  the  largest  part of thecave. 

A comparison o f  the  active  layer  thickness  with 
elevation  suggests  that  the  depths  to  the  permafrost 
table  may  be  predicted  from  a  semi-logarithmic  plot 
&.the data (Fig. 7 ) .  The degree of variability 
decreases  rapidly  with an increase  in  elevation,  as 
does  the  thickness of the  active  layer.  Above  2499 m 
the  active  layer  is  always  less  than 5 m  thick. 
All  permafrost  appears t o  be  associated  with 

tundra  vegetation on this  mountain. The  temperature 
cables  below  treeline  have  recorded  temperatures 
1-1/2  to 2 C deg  warmer  than  those  installed at the 
same  time  above  treeline  at  similar  elevations,  Mean 
annual  ground  temperatures  determined from the  deep- 
est  sensor  are  plotted  against  altitude  in  Fig. 8. 
The  vegetation  cover  appears to .  have  a  considerable 
effect on these  ground  temperatures  at  a  given  alti- 
tude. The  presumed  vertical  limits of the  continuous 

Figure 6 shows the annual  fluctuations in tcmpera- 

and  discontinuous  permafrost  zones1  are  also  shown 
on  the  graph. The  discontinuous  permafrost  is  a 
mere 76 m  in  vertical  extent, so that  thorc  is  a 
very  sharp  transition  from no permafrost  to  contin- 
uous  permafrost.  Bcsidcs  the  influencc of veget- 
ation  there i s  a considerable  degree of variation 
in  thc  ground  temperatures  in  response to  other 
local  factors,  such  as  drainage,  aspect,  and  pres- 
ence of hollows  which  receive  excessive  solar 
energy. 

A noticeable  feature  (shown  in F i g .  8) is  that 
the  soil  temperatures  become  warmer  in  the  forest 
at  the  treeline. This  does  not  agree  with  the  air 
temperature  data, but  it  does  match  the  increase  in 
winter  snow  depth. Snow is  blown  into  the  trees 
from  the  adjacent  alpine  tundra  and  forms  deep 
drifts. I f  the  depth of  snow  cover  in  the  tundra 
is  plotted  against  winter  soil  tempcratures  at  the 
150 cm  depth  (Fig. 9) there  appears  to  be  an  appre- 
ciable  insulating  effect,  particularly  when  the 
snow  depth  exceeds  25  cm. 

zone  clear of snow, so that  ground  heat loss  is 
considerably  greater  above  treeline  than  below. 
'This may  explain  the  close  relationship of the 
permafrost  to  vegetation  cover  on  the  north  and 
westward  (windward)  sides of Plateau  Mountain. NO 
data  are  available  at  present  for  the  leewardsides. 

High  winds  tend  to  blow  the  main  aipine  tundra 

DISCUSSION AND CONCLUSIONS 
There  appears  to  be  a  zone of continuous  perma- 

frost  above  2305  m  in  the  alpine  tundra  areas  and 
islands  of  permafrost  as  low  as  2224  m  in  the  Front 
Ranges of the  Rocky  Mountains  near  Calgary.  This  is 
higher  than  predicted  by Brown (1967), f o r  this 
latitude  (approximately  1790 k 140  m  altitude  at 
50"N - 51°N),  At Plateau  Mountain  the  higher  ground 
temperatures  in  the  forest  appear t o  be  due to less 
cooling  by  advection  and  more  insulation  from 
thicker  snow  cover, 
An  indirect  but  major  factor  affecting thedistri- 

bution of permafrost  is  the  wind, whi.ch removes. 
most of the  snow  cover  above  the  treeline.  Few  data 
are  available f o r  average  and  maximum  alpine  wind 
speeds  but  they  are  generally  much  greater  than  in 
the  Arctic as illustrated  by  nearby Fortress 
Mountain  (Fig. 1) where  winds of 255 km per  hour 
were  recorded  above  treeline  before  the  instruments 
were  blown  away. 
This  raises  some  questions  about  the  distribution 

and  characteristics of alpine  permafrost  westward 
into  British Columbia, Although  air  temperatures  do 
not  change  appreciably,  the  precipitation  increases 
sharply  west of the  Continental  Divide so that  the 
present-day  glaciation  limit  becomes  lower  in  that 

The  identification of the  zones  is  based  solely 
on areal  distribution of the  permafrost,  i.e.,  in 

the  continuous  zone,  permafrost  occurs  everywhere 
beneath  the  ground  surface  and  in  the  discontinuous 
zone  there  axe  areas  with no permafrost. The  gener- 
ally  accepted  ground  temperature  criterion o f  -5'C 
separating  the  two  zones  in  the  North  does not seem 
to  apply  in  these  alpine  regions  where  the  ground 
temperatures  at  the  lower  vertical  limit of the 
continuous  permafrost  zone  is  much  closer  to O°C 
("-1.0 to -1.5OC). The  presence of permafrost  at 
these  warmer  temperatures is probably  due  in  part 
to  the  thin  snow  cover, 
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Table 1 

Altitude, 
Sits m Vegetation  Aspect  Comments 

Slope S 

1 2519 Alpine  tundra 2"  at NO05 Sorted  stone  nets,  typical o f  the  highest 

2 2484 Alpine  tundra 4' at N267 As  Site 1. 

3 2438 Alpine  tundra 4" at N310 In a hollow where  water  collects  in  spring. 

part of the plateau. 

Thin  loess  overlies  the  shattered  bedrock. 

4 2426 Nil 6" at N340 In  a ditch  alongside  the  road.  Tends  to 
accumulate  more  snow  in  winter. 

5 2318 Alpine  tundra 4)" at NlO8 In a  slight  hollow  formed  during  the 
drilling 

Sa 2319 Alpine  tundra o' On ridge  top,  otherwise  as  Site 1. 

6 2293 Alpine  tundra 5"  at NO35 A5 S i t e  1. 

7 2270  Stunted  spruce  10"  at N252 About 60 m below  tree  line. 
forest 

7a  2270  Willow  7O  at N272 In a wet  drainage  course  near  Site 7 .  

8 2201 Spruco-fir-pine- R' a t  NllM Typical  of  forested  Areas  in  the  upper 

9 210n Spruce-fir forest 6" at N220 Typical of main  forest 

larch  forest  150  m of the forest. 

TABLE 2 Downward  heat  flow  in  the  first  five  horeholes  on  Plateau  Mountain 1-1 /2  years  after  drilling, 
based on measured  thermal  conductivity  values. 
nepth of Temperature  decrease  with  Thermal  conductivitya,  Ground  heat  flow 

site layer. m &@ for  layer. "C* throueh  layerb.  W/m2 
1 4 . 6  - 6.1 0 .04  5.18 0.136 

1 6.1 - 7 . 6  0.04 0.136 
1 7 . 6  - 12.2 0. on 0.093 
1 12.2 - 15.2 0.04 0.065 
1 15.2 I 18.3 0.04 0.063 
1 18.3 - 30.5 0.12 0.053 

2 12.2 - 15.2 0.05 5.18**  0.085 

3 12 .2  - 15.2 0.03 S.lR"" 0.051 
4 12.2 - 15.2 0.05 4.92  0 .081 

5 12.2 - 15 .2  0.05 6.10 0.120 

* Average  of  monthly  observations  over 1 to 2 year  period  and  represents  differences  in  temperatures 
between  two  levels  on  same  instrument  at same time.  Therefore  they  are  relative  not  absolute 
values, 

** Values  inferred  from  similar  rock  type  as  Site 1. 

a Determinations  by  A.S.Judge,  Earth  Physics  Branch,  Department  of  Energy,  Mines  and  Resources,Ottawa. 

Calculations  by L.E. Goodrich,  Division o f  Building  Research,  National  Research  Council,  Canada, 
Ottawa. 

direction  (gstrem,  1966).  From  the  results  obtained 
on  Plateau  Mountain, it appears  that  the  lowest 
level of continuous  permafrost  will  rise  steadily 
westward  due  to  the  increased  precipitation  and 
reduced  wind. 
An  additional  complication  further  westward  is 

that  the  area  was  mainly  covered  by  glaciers fo r  
most o f  the  glacial  periods,  unlike  PlateauMountain, 
so that  extrapolating  from  the  present  study  should 
be  done  cautiously. No data  are  available  on  ground 
temperatures  existing  in  alpine  peat-coirered  ter- 
rain  but  they  are  probably  lower  than  beneath  the 
other  surface  materials  judging from observationsin 
northern  Canada  and  Alaska  (Viereck,  1965; Brown, 
1968, 1969; Brown and  PCwC, 1973; Brown, 1975) .  
Similarly,  the  areas o f  cold  air  drainage  in  the 
valley  floors  have  yet  to  be  checked  for  permafrost. 
The  present  results  are  probably  typical of the 

higher  mountains  in  the  Front  Ranges as ice  caves 

are  also  known  at  Moose  Mountain,  65  km  west  of 
Calgary,  and  Crow's  Nest  Pass  on  the  Continental 
Divide  southwest  of  Calgary  at  similar  elevations 
(Ford  and  Quinlan,  1973),  Until  more  work  has  been 
done,  changes  in  elevation of the  permafrost  zone 
in a north-south  direction  remain in doubt. 

to  the 30 m depth  is  primarily  controlled  by  the 
present-day  climate.  Much o f  the  permafrost  at 
greater  depths,  and  within  the  ice  caves,  however, 
appears  to  be  relic.  Heat  is  currently  being  trans- 
ferred  downward (or cold  upward)  at  a  noticeable 
rate  (Table 2 ) .  This  may  partially  explain  why  the 
continuous  permafrost  zone  appears  to  begin  at  a 
mean  annual  ground  temperature of about -1'C 
instead o f  -5'C as  in  the  Arctic  (Brown  and  PCwt, 
1973).  Another  factor  contributing  to  this  increase 
of  the  upper  ground  temperature  limit  for  contin- 
uous  permafrost  at  these  lower  latitudes  may  be  the 

The  permafrost  examined  at  Plateau  Mountain  down 
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more  effective  winter  advection  caused by stronger 
winds.  Mackay  et  a1  (1972)  have  observed  relic 
permafrost  in  the  western  Arctic,  although  it  is 
relatively  rare  in  Canada,  probably  due  to  the  wide- 
spread  glaciation.  From  the  ground  temperature  data 
obtained at  Plateau  Mountain,  the  permafrost.prob- 
ably  exceeds  twice  the  measured  depth of 30  m  based 
on geothermal  gradients  observed  in  permafrost 
regions  up t o  approximately 1 C  deg/l60  m.  However, 
this  is  minimal  as  the  extent  and  thickness o f  the 
relic  permafrost  are as yet  unknown. 
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Fig. 1, Location  of  Plateau  Mountain  in  the 
Rocky  Mountains, 

5 N 

Fig. 3. Ground  temperatures  in  the  cross-section 
of Plateau  Mountain  Ice Cave, 8 Oct 1976. 
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ground - Plateau  Mountain,  Alberta. M . A .  Thesis 
submitted t o  Dept  of  Geography,  University of 
Calgary. 
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Fig. 2. Location  of  thc  ground  temperature 
cables  on  Plateau  Mountain. 
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Fig. 6 Envelopes of annual  temperature 
fluctuations at Si.tes 1, 2 and S, 
two  years  after  drilling. 

Site 5 

Fig, 5. Geotherms ( "C)  for  Sitcs 1, 
2 and 5 from  1974  to  1976. 

Fig. 7 .  Variation  in  thickness of the  active 
layer  with  elevation,  Plateau  Mountain 

A c t i v e  

L o y e r  

F i g .  a .  Variation in ground  temperature 
at  the upper limit of the  zone 

o f  minimum  amplitude as a function of 
altitude. Arrows indicate  probable 
direction  of  temperature  change at new 
boreholes (less than 13 years o ld ) .  
Length o f  bar  corresponds  to  the  annual 
variation.  Dashcd  lines  indicate  general 
trends of  data. 

Fig. 9. Winter soil 
temperatures 

at  depth of 150 cm, 
as related  to  depth 
of snow,  Plateau 
Mountain. 
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CLIMATIC AND DENDROCLIMATIC I lr jDlLES I N  THE DISCONTINUOUS PERMAFROST ZONE OF THE 
CENTRAL ALASKAN UPLANDS 

R.K. Haugen and  J.  Brown, U.S.  Army Cold  Regions  Research and Engineer ing 
Laboratory,  Hanover, New Hampshire, U. S . A .  

Most c l ima t i c   reco rds   f rom  cen t ra l   A laska   rep resen t   l ow land   s i t es .   C6nsequen t -  
l y ,   c o n t i n u o u s   c l i m a t i c   o b s e r v a t i o n s   w e r e   i n i t i a t e d   i n  1970 a t   f o u r   s i t e s  (750- 
1150 m e l e v a t i o n )  160 km n o r t h  o f  Fairbanks  near  Eagle Summit, a t  one s i t e  (760 m) 
t o  km eas t  o f  Livengood, and a t  one s i t e  (1040m) on the   no r the rn   f l ank   o f  M t .  
F a i r p l a y .  Mean annual  temperatures a t  these  up land  s i tes  range  f rom - 8 - 1 0  t o  
-h.h°C, as compared t o  -3.5OC a t   F a i r b a n k s   f o r   t h e  same p e r i o d  of record.  The s i t e  
d a t a   c h a r a c t e r i z e   a i r   t e m p e r a t u r e s  and p e r m a f r o s t   c o n d i t i o n s   f o r   s e v e r a l   d i f f e r e n t  
a lp ine   t und ra  and f o r e s t e d   s e t t i n g s .  Based  upon c o r r e l a t i o n s  of r a d i a l   g r o w t h   o f  
t i m b e r l i n e   w h i t e   s p r u c e  and  June-July   temperatures,   dendroc l imat ic   pat terns of 
warm and cool  growing  seasons  are  documented  over  the  past 300 years   fo r   the  Yukon- 
Tanana Up lands .   S imi la r   t imber l ine   t ree   g rowth   pa t te rns   a re   found  south  to  the  
Alaska Range and a t   t h e   w h i t e   s p r u c e   t i m b e r l i n e   i n   t h e   s o u t h e r n   f o o t h i l l s   o f   t h e  
Brooks Range, suggest ing a r e l a t i v e   u n i f o r m i t y   o f  summer tempera ture   pa t te rns  
throughout   cent ra l   A laska.  

INDICES  CLT'MATIQUES ET DENDROCLIMATIQUES DE LA ZONE DE PERGELISOL  DISCONTINU DU 
CENTRE DE L'ALASKA 

R.K. Haugen  and J. Brown, U,S, Army  Cold  Regions  Research  and  Engineering  Laboratory, 
Hanover, New Hampshire, U . S . A .  

, 

Dans  la  partie  centrale de l'lllaska,  la  plupart  des  relevgs  climatiques  ont 6t& 
effectugs  dans  des  basses-terres.  C'est  pourquoi  l'on a entrepris  des  observations 
climatiques  continues  en  1970  sur  quatre  stations  (de  750 Z 1,150 m  d'altitude), 
situges 2 160 km au  nord  de  Fairbanks  pr'es  de  Eagle  Summit,  sur  une  station  (de  760 
m  d'altitude)  situge 2 40 km 2 l'est de Livengood, et sur  une  autre  (de  1,040 m> 
situge  sur  le  versant  nord  du  mont  Fairplay. h ces  altitudes,  la  tempcrature  annuel- 
le moyenne  se  situait  entre -8.1° et -6.4OC par  rapport 'a -3.5"C 'a Fairbanks,  pendant 
la  mzme  pgriode  de  releves. Les relev6s  portaient  sur  latempgrature  atmosphGrique 
et  l'gtat  du  pergslisol  dans  divers  milieux  de  toundra  alpine  et  milieux  bois6s. 
Bade sur les  corrglations  qui  existent  entre  les  faisceaux  annuels  de  croissance 
d'epinettes  blanches  situges 2 la  limite  supgrieure  des  arbres,  et les temperatures 
de  juin  et  juillet, la dendroclimatologie  a  permis  d'identifier  les  periodes frakhes 
et chaudes  de  croissance  qui  ont  caract6risP  les 300 derni'eres  annges  dans  les  hautes- 
terres  du  Yukon  et de Tanana. On a observg  des  tendances  similaires  pour  les  anneaux 
de  croissance  des  arbres  de  la  limite d e  vgggtation  arborge,  au  sud  de  la chahe de 
1'Alaska  et  de  la  limite  de  1'Ppinette  blanche  dans  le  pigmont  mPridional  de  la  chaTne 
Brooks,  ce qui indique  une  uniformit&  relative  des  tempgratures  estivales  dans  tout 
le  centre  de  l'blaska. 

KSMMATMYECKME M HEHnPOKJW"MTM4ECKME IIOKA3ATEJiM B JOHE HECllJfOWHOrO PACllPOCTPAHEHMff 
MI~iOTOJlIETNE~ MEP3JIOTbl B UEHTPAJIbHOfl AJIRCKE 

KhbUlafl tIaCTb KnHMaTMYeCKMX  ABHHldX,  CO6paHHHX no UeHTpaJlbHOR A n R C K e ,  O n H C b l B a e T  
nn3MeHHue yqacTKn. B  TOR C B R ~ H ,  B 1970  r. Bblnn HavaTu g e r y n n p a b l e  na6nrogeHuR: K n n M a T n -  
r t e C K n X  ~ C J I O B M R  Ha t l e T w p e x   y v a c T K a x  / H a  BhlCOTe 750-1150 M /  B 160 K M  K cesepy OT 0 3 p 6 e H K C a  
HeganeKo OT ~ r n - C a m w r ,  Ha onHoM yvacTKe /760 M/ B 40 K M  K mry OT nnseHryna H Ha omcm 

y v a c T K a x   B a p b u p y m T  OT -8,1 no 6 , 4  C no c p a B H e n u m  c -3,5 C B panone Q s p B e ~ ~ c a  38 TOT xe 
nepnog H C n b I T a H H 8 .   A a H H b l e ,   n o n y Y e H H w e  H a  3 T H x  yqac~Kax, gawr n p e n c T a s n e H u e  o T e M n e p a T y -  

OHOB.  C o n o c T a B n e H s e   A a H H b l x  o g a n u a n b H o M  pome KaHancKon enn H a  r g a H H q e  neca n T e M n e p a -  

Y v a C T K e  /lo40 M/ H a  C e B e P H X M   C K n O H g  r0PH @3gnJle8. C p e f f H H g  rOnOBhlf! T e M I l e p a T y p b l  Ha 3THX 

Pax B O m t y X a  n M e P 3 n O T H U X  yCJ'IOBHRX B pa3JlUnHblX  3OHaX  BblCOKOrOpHOR  TYHnPbl  H YleCHblX pan- 

T y P  3a H m H b  U H W l b  MeCnqbt  i l 0 3 B O n H n 0  O n H C a T b   ~ e H . l Q O K J I H M a T H U e C K H e   O C O 6 e H H o C T H   T e n n o r 0  H 
X O n O A H O r O   C e 3 0 H O B   p O C T a   P a C T H T e J l b H O C T H  H a  l7SIOCKOrOpbRX  aKOHa M T a H a H b l  38 n O C n e p H H e  
300 n e T .  Bburo HaRneHo, YTO o c o 6 e H H o c T H  poma nepesbeB Ha rgaeeue neca CXOAHH AJIR pan- 

npexropbm x g e B T a  Bpyuca,  TO y ~ a s h t a a e r  na o T H o c s T e n b H y w ,   o n n o p o a H o e T b  neTnHx TeMnega- 
TY~HHX yc~ros~i3 no BceR seHTganbHoR knacKe. 

OHOB K Wry OT  AnflCKHHCKOrO x p e 6 ~ a  H Ha F P a H H U e   I I p O W S p a C T a H H F l   K a H a C K O n  e n H  B IOXHblX 
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CLIMATIC  AND DENDROCLIMATIC  INDICES  IN THE DIS.CONTINUOUS PERMAFROST ZONE OF THE 
CENTRAL  ALASKAN  UPLANDS 

R.K. Haugen  and J. Brown 

U.S. Army  Cold Regions  Research and Engineering  Laboratory,  Hanover, New Hampshire, USA 

INTRODUCTION 

Permafrost  conditions  in  the  uplands 
of central  Alaska  and  the  climatic  vari- 
ables  associated  with  them  are  poorly  under- 
stood.  Most  information on the  discontin- 
uous  permafrost  zone  has  been  developed  in 
populated  lowland areas, The  construction 
of the  Trans-Alaska  Pipeline  has  begun  to 
provlde  regional  and  site-specific  informa- 
tion  on  the  distributlon  of  permafrost  in 
diverse  environmental  settings (Krelg and 
Reger 1976). For instance, 52% o f  the 
128 km of pipeline  on  the  uplands  between 
the  Tanana  and  Yukon  Rivers is elevated  as 
a  result  of  ice-rich,  near-surface  perma- 
frost  conditions.  At elevations  below 
1000 m the region is  generally  underlaln by 
moderately  thick  to  thin  permafrost i n  areas 
of' flne-grained  deposits  and by discontin- 
uous  or  isolated  masses of permafrost  in 
areas of thick, coarse-grained  deposits 
(Ferrians 1965). In the  mountainous  areas 
above 1000 m, permafrost  thickness,  distri- 
bution ana temperature  are  even  more  vari- 
able than in the  lowlands and  uplands. 

Of the many variables  responsible  for 
the  distribution of permafrost,  alr  temper- 
ature remains the most  Important.  The  spa- 
tial and temporal  distribution of tempera- 
ture is complex and often  difficult  to 
estimate  for  remote  areas.  To  advance  our 
understanding of these  Important  variables, 
bioclimatological  studies  were  inltiated  in 
remote  upland  sites  in the I g 6 O r s .  The 
principal  objective of these  studies  was  to 
extrapolate  lowland  climatic  records to the 
upland  sites  for  which no records  existed. 
Furthermore,  through  the  analysis of tem- 
perature-sensitive,  timberline  tree  growth, 
it was  possible to construct  a  dendroclf- 
matic record of temperature  variations. 
Our approach  involved 1) analysis of  exist- 
ing  upper  air  data  and  lowland  temperatures, 
2 )  measurement  and analysis of air and 
ground  temperatures at alpine  sites  and  in 
close proximity to timberline  to  provide 
verification for our  temperature  predic- 
tions,  and 3) analysls of tree-ring  cores 
from  the  white  spruce  timberlines. 

STUDY  REGION 

The  Eagle  Summit  area, 174 km north  of 

Fairbanks on the  Steese  Highway,  was  se- 
lected  as  our  major  site  (Fig. 1). Addi- 
tional s i t e s  to the east  (Mt. Fairplay) 
and  west  (Elliott Highway) and  more re- 
cently  sites  along  the  Yukon  River-Prudhoe 
Bay Haul Road  were  also  utilized to extend 
our  base of observations  within  the  lnte- 
rior of Alaska.  The  Eagle  Summit  study 
region consists o r  two  major  monltoring 
areas: the  Summit  (mile 106 on the  Steese 
Highway)  and  Eagle  Creek  (mile 101). 
Eagle  Summit  is  characterized  by  dry  al- 
pine  to  wet  sedge  meadows.  Seasonal  thaw 
depth ranges from 1 m on dry  sites to 30- 
50 cm in wet  meadows.  Seven  vegetation 
types are present  proceeding  downslope  at 
Eagle  Creek: i) alpine  tundra, 2 )  alder 
shrub, 3) frost  scar  meadow, 4) spruce 
shrub, 5 )  shrub-tussock  tundra  transition, 
6) tussock tundra, and 7 )  valley  bottom 
spruce  forest. Depth to permafrost  ranges 
from  more  than 1 rn on the  upper  slopes  to 
40-60 cm on the  fine-grained,  wet,  tussock- 
covered  Lower  slopes. The tussock vegeta- 
tion  occurs  below  the  treeline  and  over- 
lies  weakly  developed  ice  wedge  polygons. 
The  Elliott  site  occupies  a  flat  upland 
area  above the local  timberline and is 
tussock-covered  (Brown et  al. 1969). The 
Mt. Fairplay site is on a flat, west-facing 
flank of the  mountain, is tussock-covered 
and is at  about  the  same elevation  as  the 
local  timberline on south-exposed  Slopes. 
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RESULTS 

upper Air 

Figure 2 shows  the  January,  April, 
July and  October  upper air  temperature 
lapse rates for  Fairbanks  based  on 11 years 
of National  Weather  Service  monthly  sum- 
marles. The solid  line is the  mean  de- 
rived by averaging  the  monthly  temperature 
for  each  milllbar  level  after  correcting 
to sea  level  elevations.  The  dashed  lines 
represent  one  standard  deviation of the 
mean.  The  April,  July  and  October  curves 
show a uniform  elevational  gradient  of 
loC/10O m above 500 m above  sea  level  and 
are  similar  in  shape. On the contrary, the 
January  curve  illustrates  the  predominance 
of  the  winter  temperature  inverslon  below 
1500 m as previously  demonstrated  by Bilello 
(1974). Winter  temperatures i n  the  free 
air  between 500 and 1500 m above  sea  level 
are  warmer  than  in  the  zone  below 500 m. 
These  elevations  coincide  with  the  major 
portion of upland  terrain  in  central  Alaska. 
Therefore  it Is extremely  important  to  con- 
sider  the  warming  effect o f  the  winter  in- 
version  when  estimating  air  and  ground  tem- 
peratures  in this upland  area. 

Based  on  the  upper  air  data  available 
from  Nome,  McGrath,  Fairbanks  and  White- 
horse, and the ground level  station  data, 
there  is  relatively  little  variation  in 
mean  annual  temperature  up  to 1500 m above 
sea  level.  Within  thls  elevational  range 
mean annual afr temperatures, based  both 
on lapse rates and  data  from  existing 
stations at various  lowland  elevations, 
ranged  between -3 and -5.5OC. The predomi- 
ance o f  the  winter  Inversions  offsets  the 
temperature  decreases  with  elevation ex- 
hibited  during  spring, summer and  fall. 

FIG. 2.  Air  temperature  proflles  at Fair- 
banks,  Alaska,  based  on 1958-68 records. 
(Climatological  Data  National Summary, 
ESSA, Ashville,  N.C.) 

Climatic  Stat ions 

A second  approach  used  to  estimate 
temperatures  for  remote  upland  areas  uti- 
lized the  standard  shelter  observational 
data  from  stations at  various  elevations. 
For the  purposes of this paper, analysis 
was  extended  to  cover all terrain  eleva- 
tions  in an east-west  transect  between 64 
and 66"N in  central  Alaska, and is based 
on  stepwise  multiple  regression  of the 
independent  parameters of latitude,  longi- 
tude,  and  elevation  vs  temperature.  Upper 
air  data  from  Nome,  McGrath,  Fairbanks  and 
Whitehorse  were  also  incorporated in the 
regression  analysis  to  provide  additional 
sample points  for  the  higher  elevatlons. 
A total of 33 station  records  between  the 
Alaska  and Brooks Ranges  were  incorporated 
in  the  analysis.  These  stations p l u s  the 
five  points for each of the  upper  air 
stations  provided a total of 53 sample 
points (n). Separate  regression  analyses 
were  done for January, July, and  mean 
annual  temperatures. 

The  regression  equations and  correla- 
tions  for  these  analyses  are: 

y1 = 30.503-1.422X3-0.0006g2x~+ 

1 3  
(1) 

2 ( 0 . 0 0 9 8 X  X 1; R=0.95, SE=1.3OC 

where: yl=July monthly mean ( " C )  

y2=January  monthly  mean ( " C )  

X =latitude  (decimal  fractions) 
X2=longitude  (decimal  fractions) 
x =elevation  (feet x based  on 

1 

3 USGS topographic  maps) 

The Latitude  component  does  not  appear 
in  the  January  equation  because  It  failed 
to  meet  the 0.5 probability  level. In 
contrast,  the  July  equation has  both  lati- 
tude and longitude  components.  Although 
an  equation  for a mean  annual  temperature 
was  derived,  it  is  not  adequately  sensi- 
tive  to  elevation  within  the  study  area 
because of the effect of winter  inversions 
in  the 500-1500 m range. 

Temperatures  from  standard  climatic 
shelters at our  remote  stations  have  been 
summarized  in  Table 1. The data  base 
varies  in  duration and  continuity  over a 
six-year  period, 1970-75. Missing  data 
occur  primarily  In  the  winter  months  when 
31-day  thermographs  sometimes  ceased to 
function In the  extreme cold (below -30°C). 
Therefore  our  sample is smaller  for  Decem- 
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Table 1 .  Alr temperature  compilations  for remote upland s i t e s  an$  comparison  with  Fairbanks (1970-1976).. 
Base temperature  for  degree-day summations: Freezing 0 C ,  Thawing O°C, Growing P C .  

ber  and January. Fairbanks temperatures 
for the 1970-75 remote-site observational 
period and for the most recent 30-year nor- 
mal (1941-70) are included for comparison. 

The four sites within the Eagle Summit 
area demonstrate several significant points 
which bear directly upon temperature regimes 
of' permarrost in these upland areas. The 
mean annual temperatures at the Eagle Creek 
Lodge site (690 m) and Eagle Summit (1130 m) 
are the same, -8.5"C, but the intermediate 
sites are sllghtly warmer. This illustrates 
the effect of cold air drainage into con- 
fined valleys which occurs during the winter 
as well as the summer. This is further 
emphasized when examining dlurnal tempera- 
ture values. The Lodge site has the highest 
dally and monthly maxlmums and lowest mini- 
mums of all the upland sites. 

Based upon the four Eagle Summit- 
Eagle Creek sites the following lapse rates 
( O C / l O O  m) were calculated using the Fair- 
banks 1970-1975 records: 

Eagle Eagle Creek 
Summit Trees Tussock Lodge 

July -0 .89 -0.80 -1.04 - 1 . 3 2  
January -0.17 0.60 0 . 7 0  0.09 

The July values generally agree with the 
commonly accepted l a c  decrease per 100 m 
Increase in elevation for summer tempera- 
tures. However, the wlnter or January 
rates vary from slightly cooling at the 
Summit slte to significantly warming with 
increase in elevation within the inter- 
mediate sites. This indicates Eagle Summit 
elevation (1130 m) coincides roughly with 
the top of the temperature Inverslon ob- 
tained from Fairbanks data (Flg, 2). From 
this we conclude that most  of the upland 
terrain in central Alaska is subjected to 
a warming temperature gradient with eleva- 
tlon during the winter months. The rate of 
warmlng is considerably less than that 

" 

ahown by Bilello (1974) for stations below 
5 0 0  m. 

The Elliott site, comprising the Same 
vegetatlon at comparable elevation with 
the Eagle Creek Tussock site, exhibits an 
almost identical air temperature regime 
although they are 150 km apart. The Mt. 
Fairplay site is comparable both in eleva- 
tion and vegetation but is slightly warmer 
than the Eagle site. 

In addition to air temperature, ground 
surface temperatures just beneath the plant 
cover were obtained at the Elliott and 
Eagle Creek Tree and Tussock sites from 
1969 to 71 and 1975 to present. These data 
provide a total of 34 paired monthly aver- 
ages for air and ground level. A line.ar 
regression equation slgnificant at the 
0.05 probability level was obtained from 
these data: 

y = 1.22 + 0.597x ( 3 )  

where y = mean  annual ground surface tem- 
perature 

X = mean  annual air temperature (r = 
0.87, standard error of estimate 
(SE) = 1.4"C). 

This equation, based on spatially dis- 
tant sites and elevations over several 
years of record within the alpine tundra, 
provldes a means for estimating ground sur- 
face temperatures for these upland tundra 
conditlons. According to this equation, 
mean annual ground surface temperatures at 
our remote sites range from -3.9"C (Eagle 
Summit) to - 2 . 6 O C  (Tussock site). 

ALPINE TIMBERLINE POSITION AND 
DENDROCLIMATOLOGICAL INDICES 

Recognizing that the slx-year period 
of record for our remote site observations 
is a very short time compared to the cll- 
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FIG. 3. E-W transect  from  western  Yukon Territory  to  Seward  Peninsula,  indicating  calcu- 
lated  positlon of 10°C July  isotherm  (eq 1) and  observed timberline  elevations. 

matic  fluctuations  responsible  ?or  the 
present  permafrost regime, timberline  posi- 
tion,  dendroclimatological  indices, and 
recorded  temperature  data  have  been  ana- 
lyzed to  provide a historical  perspective. 

Alpine  tlmberlines,  such as are  ana- 
lyzed In  the  present  study,  may  offer  sev- 
eral  advantages  over  the  latitudlnal  timber- 
line  as  long-term  cllmattc  indicators.  The 
temperature  gradient at  the alpine  timber- 
line  is  much  steeper  than  the  latitudinal 
one  over the same  ground distance. Tso- 
thermal  movements  can be  measured in  meters 
rather than kilometers.  The  stability  of 
the  timberline I s  a key  factor in the  ana- 
lysis  of  temperature  relationships.  Timber- 
lines  throughout  central  Alaska  were ex- 
amined  for  dendroclimatic  analysis  (Haugen 
1967). The oldest  specimens  dated  by  den- 
drochronologlcal  methods  as  described by 
Schulman (1956) are  within  the  present 
zone of temperature  stress. This zone  be- 
gins  about 100 m vertical  elevation  below 
the  edge of the  continuous  forest.  The 
oldest  timberline  tree  was  found  near  the 
Canadian  border  and  dated  back  to 1440 with 
an estimated 200 years  more  undatable  due 
to center r o t .  Several  large  standlng  dead 
trees at  Eagle  and Twelve Mile  Summit 40 km 
to  the  south  dated  back  to  around 1600. 
Based  on  this  type of evidence,  timberline 
position  and, by inference,  growing  season 
temperatures  probably  have  not  changed 
appreciably  in  central  Alaska  for  the  past 
T O O  years.  Recent  warming,  however,  is 
indlcated  by  many young  trees,  less  than 40 
years o l d ,  at  many interior  Alaska  locations 
both  below  and  above  the  timberline.  These 
observations  contrast  with  those  of  Nichols 
(1976) in  northern  Canada  where  seedlings 
were  found  only  below  the  timberline,  and 
with  those of Denton and  Karlen (1977) In 
southern  Alaska  where  fossil  wood  was 
found  upwards of 76 m above  the  present 
timberllne. 

The  relationship  between  the  white 
spruce  timberline  and  the 10°C July iso- 
therm 15 Illustrated  in  Figure 3. This 
isotherm  is  the  traditional  boundary be- 
tween  the Arctic  and  Subarctic  in  the 
Koeppen and  other  climatic  classifications 
and  is  meant to  coincide  roughly  with  the 
northern  limit of tree  growth  (Griggs 1937). 

3[t can  be  seen in Figure 3 that  the  iso- 
therm  and timberline  coincide  near the 
coast, but diverge  toward  the  interior. 
A better  fit  is  obtained  by  the  so-called 
Nordenskjald  line,  which  is  defined by  the 
equation V = 9°C - 0.1 k where k = the  cold 
month  temperature  (Nordenskjald  and  Mecking 
1928). This i s  an  empirical  formula and 
there  is  no  physical  reason  to  assume  that 
there  is  any  direct  relationship  between 
winter  temperatures and the timberline 
position.  Applying  the  Nordenskjald  form- 
ula  to OUT upland  temperature  data  indi- 
cates a close  agreement  between  timberline 
elevation and  temperature  for  Mt.  Fairplay, 
Eagle  Summit,  and  Indian  Mountain  (two 
years'  data  provided t o  us by W w e  and 
Reger;  Personal  comm.) In central  Alaska, 
the  divergence o r  the  timberline from the 
10' July  isotherm  appears to reflect  the 
increasing  continentality of climate  and 
can  thus be  consldered a naturally  occur- 
ring  indicator of the  annual  temperature 
amplitude. 

For dendroclimatic  study,  material 
was  collected  from  approximately 20 tim- 
berline  sites  within  central  Alaska,  both 
north and south o f  the  Yukon  River.  Based 
on the  original  sampling of over 1000 spec- 
imens, a regional  tree  growth  index f o r  
the  timberline  was  developed  (Haugen 1 9 6 7 ) .  
The  index is  based on 32 trees. The cores, 
obtained From trees  using a Swedish  incre- 
ment borer,  were  mounted  and  individual 
rings  measured  to  the  nearest 0.01 milli- 
meter.  Individual  specimens  were  cross- 
dat,ed  and  the measurements  corrected f o r  
age-trend  as  described  by  Schulman ( 1 9 6 5 ) ,  
yielding a curve  representing  the mean 
growth  for  the  specimen.  Growth  ring-width 
measurements from individual  cores  were 
converted  to  percent  departures from the 
mean growth  for  the  individual  tree. For  
each  local  timberline  site a minimum of 
eight of the most  sensitive  tree  cores  were 
selected as representative of the  site. 
These  individual  site  chronologies  were 
combined to provide a regional  index (Fig. 
4). The  vertical  scale  represents  the  per- 
cent departure from the mean growth (100%) 
of all trees.  Values  above 100% indicate 
intervals of  warmth  and  depressions  repre- 
sent cool  periods. 
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FIG. 4. Yukon-Tanana  Upland  regional  dendroclimatic  index, 1570-1962, complled from temp- 
erature-sensitive  tlmberline  trees.  Collectlon  sites  included the vicinities  of  Eagle 
Summit,  Twelve Mile Summlt,  Salcha  River  headwaters,  and  the  Taylor  Highway  north of  Mt. 
F,airplay.  Numbers  above the  growth  curve  indicate  the  number of trees  composing  the  in- 
ales at a  given  date. 

The Yukon-Tanana  Upland  regional  index 
displays several.  distinct intervals  of  de- 
pressed  growth,  notably  the mid-16001s and 
the  early 1800's. The most  recent  perlod, 
since  about 1935, suggests  the  warmest 
growing  season  temperatures  since  the  late 
1700's .  Glacial  advances  in  the  northern 
Alaska  Range  dated  by  Reger  and  Pewe (1969) 
as  occurring in 1580, 1650, 1830  and 1875 
agree  closely  with the cool intervals  indi- 
cated  by our  index.  Similarly,  Blasing  and 
Fritts (1975), utilizing  many of our  inte- 
rior  Alaska  chronologles  in  a  state-wide 
study of climate  similarly  noted  the  cool 
interval of the  early 1 8 0 0 ' s  and the  con- 
siderably  increased  warmth  in  the  period 
1925-32. 

Using climatic  data,  Hamilton (1965) 
showed  distinct  warming  perlods,  especially 
during 1925-45, based on 8-year  running 
means of University  Experiment  Station  data 
(near  Fairbanks).  Our analysis  uses  five- 
year  means of July,  January  and mean annual 
temperatures  expressed  as  departures  from 
the 1941-70 normal.  These  data  (Fig. 5 )  
clearly  show the warm  perlod  described  by 
Hamilton and also  a  less  pronounced  peak- 
ing of January  temperatures  during 1956- 
65. As can be  seen  in Figure 5, the 
period of our  remote  site  records (1970- 
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FIG, 5. Departures of 5-year  averages of 
January, July  and  mean annual  temperatures 
at  Fairbanks. 

75) generally  had colder  January  tempera- 
tures,  warmer  July  temperatures,  but  near- 
ly normal  mean  annual  temperatures.  This 
analysis  again  illustrates the dominating 
Influence  of  January  temperatures  on  the 
patterns of mean  annual  temperature. 

DISCUSSION  AND  CONCLUSIONS 

The data  and analysis  presented  thus 
far  enable  us to draw  certain  conclusions 
on regional  dlstribution of aIr and  ground 
temperatures and distribution of forest- 
tundra  ecotone  in  central  Alaska and fur- 
ther  to  speculate on their  relationship to 
changes in permafrost  temperature  regimes. 
Proceeding  across  central  Alaska  there is 
a  gradual shift from  marltime  climate  in 
the west to more  continental  climate in 
the  mountainous east (Brown and Pewe 1973). 
Lowland  climates  show  a  decrease  in  pre- 
cipitation and an increase  in  summer  tem- 
peratures,  with  no  major  change  in  mean 
annual  air  temperatures  proceeding  from 
west  to  east.  Our  data  and  analyses pro-  
vide  estimates of seasonal and annual  tem- 
perature  distribution  for  upland  topography 
which  dominates  the  eastern  half of central 
Alaska. In western  sections  the  timberline 
and the 10°C July  mean  coincide.  However 
in the  eastern  section  these  diverge (Pig. 
3 ) ,  possibly  because of the wide  range  in 
diurnal  temperature  fluctuations of the .. 
more  continental  setting. The Nordenskjold 
line  corrects  for  the  divergence  and  pro- 
vides  a  more  realistlc  estimate of the 
warm  month  temperature at the  timberline 
as well  as an indication  of the amplitude 
o f  mean  annual  temperature.  These  ampli- 
tudes  in  the  uplands  are  smaller  than  In 
the  lowlands. It is  thererore  possible  to 
speculate  that  under  simllar  snow  conditions 
permafrost  temperatures  may  be  warmer at 
these  higher  elevations. 

The  dendroclimatic  index  for  the 
Tanana-Yukon  Upland  enables us to  speculate 
on the  magnitude of growing  season  tempera- 
ture changes  over  the  past  several  centupies. 
The  warming  trend  since 1930, and  the  below- 
normal  temperature  in  the  first  half  of  the 
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19th  century,  are  clearly  indicated  from 
the  dendroclimatic  index.  The  pre-1800 
index  shows a predominance o f  warmer  growing 
seasons.  The current. age  composition Of 
the  timberline  suggests  growing  season 
climatic  stablllty  for  at  least  the  past 
300 years and  possibly  the  past 700 years, 
particularly  in  the  viclnity  of  the  U.S.- 
Canadian  border. 

However, It  is  important  to  emphasize 
that  below  the  timberline  the  forest  is  not 
continuous  and  that  local  climates  and  per- 
mafrost  conditions  vary  considerably.  Such 
a situation is  demonstrated by the  Eagle 
Creek  slope  where  tussock  tundra  exists  be- 
low  the  white  spruce.  These  local  reversals 
of vegetation  zonation  are  likely  controlled 
by  edaphic condltions,  whereby  the  wetter 
lower  slopes  produce  shallow  active  layers 
upon  which  the  forest  vegetation  cannot 
persist.  In  turn,  these  tundra-covered 
lower slopes  undoubtedly  yield  colder  perma- 
frost  temperatures. 
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REGIONAL OCCURRENCE OF PERMAFROST, MACKENZIE VALLEY, CANADA 

J.A. Heginbottom, P . J .  Kurfurst  and J.S.O. Lau, Geological  Survey of  Canada, 
Ottawa, Canada 

Data from some 11 ,600   bo reho les ,   d r i l l ed  f o r  geo techn ica l   pu rposes   i n   t he  
Mackenzie  Valley,  northwestern  Canada,  have  been  compiled  into a computer  data 
bank. A s ta t i s t ica l  analysis   has   been  performed on these   da t a  i n  o r d e r   t o  examine 
t h e  r e g i o n a l   d i s t r i b u t i o n  o f  frozen  ground  and ground ice i n   r e l a t i o n   t o   b o t h  
g e n e t i c   s o i l  classes and   eng inee r ing   so i l  groups. Frozen  ground  occurs a t  
shal lower depths ,  con ta ins  more v i s i b l e   e x c e s s  ice ,  and i t s  ex ten t   i nc reases  from, 
south t o  no r th ,  down t h e   r i v e r   v a l l e y .  The main con t ro l l i ng   f ac to r s   appea r  t o  be 
l a t i t u d e   a n d   s o i l   t e x t u r e .   F i n e r   t e x t u r e d   s o i l s   g e n e r a l l y   c o n t a i n  more moisture  
and more ice  than  coarser s o i l s .  Poorly d r a i n e d   s i t e s   w i t h  a th i ck   cove r  o f  pea t  
conta in  more ground ice  than   ad jacen t   d r i e r  s i t e s .  

P R ~ S E N C E  i L ' ~ C H E L L E  R ~ G I O N A L E  DU P E R G ~ L  I SOL, V A L L ~ E  DU MACKENZI E, CANADA. 

J . A .  Heginbottom, P,J. K u r f u r s t   e t  J . S . O .  Lau,  Commission  geologique  du Canada, 
0 t tawa , Canada. 

un  but  geotechnique,  dans  la  val lee  du  Mackenzie,  dans le nord-ouest  du Canada, 
o n t   s e r v i  a a l i m e n t e r  une  banque  de  donnees automat isees. On a f a i t  l ' a n a l y s e  
s t a t i s t i q u e  de ces donnGes, a f i n   d ' e t u d i e r  l a  r k p a r t i t i o n   r e g i o n a l e  du g e l i s o l   e t  
de l a   g l a c e   s o u t e r r a i n e ,   p a r   r a p p o r t   a u x   c l a s s e s  de sols  considerges  du  point   de 
vue  gengt ique,   e t   aux  groupes  de  so ls   du  po int  de vue de l e u r s   p r o p r i e t e s   t e c h n i q u e s  
Le ge l i so l   apparaP t  A des  profondeurs  moins  grandes, l a   g l a c e   q u ' i l   c o n t i e n t  en 
ertcss e s t   p l u s   v i s i b l e ,   e t  son etendue  augmente  du  sud  au  nord,  d'amont  en  aval, 
dans l a   v a l l & e  du   f l euve .   Les   p r i nc ipaux   f ac teu rs   dg te rm inan ts   semb len t   e t re   l a  

Les  donn&es  qu'on  fournies 1 1  600 t r o u s  de fo rage   env i ron ,   e f fec tues  dans 

1 a t  i tude 
r a l  ement 
ment d ra  
souter ra  

e t   l a   t e x t u r e  des s o l s .  Les s o l s  de t e x t u r e   p l u s  f 
p l u s   d ' e a u  e t  p lus   de   g lace   que   l es   so l s   p lus   g ross  

ings,   recouverts  d 'une  epaisse  couche de tourbe,  con 
i n e  que  des s i t es   ad jacen ts   p lus   secs .  

ine  cont iennent   g&n&- 
i e r s .  Les s i t e s   f a i b l e -  
t i e n n e n t   p l u s  de  g lace 
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REGIONAL OCCURRENCE. OF PERMAFROST, MACKENZIE VALLEY, 
CANADA 

J .  A. Hcginbottom, P .  J.  Kurfurst   and J .  S .  0 .  Lau 

Terrain  Sciences  Division,  Geological  Survey o f  Canada 
Ottawa, Ontar io  K1A OE8 

INTRODUCTION 

An understanding of permafrost  i s  o f   v i t a l  i m -  
por tance   in   a lmost  a l l  phases  of programs f o r  
development in   Arc t i c   and   Suba rc t i c   r eg ions .  Ad- 
equate  knawledge  conccrning  the,presence o r  
absence of ground  ice  and  frozen  ground  and  their  
e x t e n t  i s  e s sen t i a l   du r ing   t he   p l ann ing   s t ages  o f  
a l l  c o n s t r u c t i o n   a c t i v i t i e s   i n   t h e   N o r t h   i n   o r d e r  
tha t   they   can   be   car r ied   to   comple t ion   success-  

Th i s   i nves t iga t ion  i s  p a r t   o f  a wide-ranging 
f u l l y  . 
s tudy   i n to   t he   occu r rence   and   d i s t r ibu t ion   o f  
ground i ce   and   f rozen   g round   i n   t he  Mackenzie 
Delta area and  the  Mackenzie  Valley  north of Fort  
Simpson,  Special  emphasis  has  been  placed on 
n e a r - s u r f a c e   s o i l s .   I n   o r d c r   t o  assess t h i s   i n -  
formation a l l  t he   geo techn ica l   da t a   ava i l ab le  were 
assembled  in  the  Mackenzie  Valley  Geotechnical 
Data Bank (Lawrence  1974a, Lau and  Lawrence  1976a). 
Since  the  la te   1960 's   approximately  11,600  bore-  
ho les   have   been   dr i l l ed   for   geotechnica l   purposes  
i n   t h e  Mackenzie  Valley,  the  Mackenzie Delta and 
the  Beaufort   Sea.   Borehole  logs  and  laboratory 
tes t  r eco rds   w i th   va ry ing   deg rees   o f   de t a i l   a r e  
a v a i l a b l e   f o r   t h e s e   h o l e s .  The holes  were d r i l l e d  
p r inc ipa l ly   fo r   t he   fo l lowing   pu rposes :  

1. Inves t iga t ions   o f   a l ignment   and   cons t ruc t ion  
f o r   t h e  Mackenzie  and  Dempster  Highways, 
c a r r i e d   o u t  by t h e  Dcpartment o f  Publ ic  Works 
and i t s  consul tan ts .  

2 .  I n v e s t i g a t i o n s  o f  alignment f o r  s eve ra l   p ro -  
posed  gas  and o i l   p i p e l i n e   r o u t e s ,   c a r r i e d  
out  by g a s   a n d   o i l   c o n s o r t i a .  

3 .  I n v e s t i g a t i o n s   c a r r i e d   o u t  by t h e  Department 
of  Indian  and  Northern Affairs as p a r t  o f  an 
inventory o€, granular   cons t ruc t ion  materials 
i n   t h e  Mackenzie  Valley. 

THE MACKENZIE VALLEY GEOTECHNICAL DATA BANK 

The d a t a  bank cons i s t s   o f   11 ,677   r eco rds   o f  
borehole  information.  These  records were process-  
ed us ing  COBOL programmmg on a Control Data Cyber 
74 computer  and  are  stored on a magnet ic   tape 

, c r e a t e d  a t  the  Departmental  Computer Science 
Centre,  Dept.  of  Energy,  Mines  and  Resources, 
Ottawa (Lawrence  1974b). 

following  (Proudfoot  and  Lawrence  1976): 
Each r e c o r d   i n   t h e   d a t a  bank c o n s i s t s   o f   t h e  

1. a h e a d e r   l i n e  which  includes 27 v a r i a b l e s  
specifying  the  locat ion,   topography,   and 

t e c h n i c a l   a s p e c t s   o f   e a c h   d r i l l  s i t e ;  
2 .  a maximum o f   1 8   l i n e s   u s c d   t o   d e s c r i b e   s o i l  

s t r a t i g r a p h y  where up t o  29 geotechnical  and 
permafros t   charac te r i s t ics   can   be   recorded ,  
and 

data   can  be  recorded.  
3 .  an  uncoded comment l i n e  where  explanatory 

The completeness  and  accuracy  of  the  data  bank 
information  depends t o  a la rge   degree  on t h e  
q u a l i t y  o f  t h e   o r i g i n a l   r e c o r d s .  

A r e t r i ev ing   sys t em  us ing  COBOL and FORTRAN 
programming  (Lau  and Lawrence 1976a)  can  be 
u t i l i z e d   t o   r e t r i e v e   i n f o r m a t i o n  on permafrost  
and   geotechnica l   p roper t ies  from t h e   d a t a  bank 
wi th   respec t   to   var ious   parametcrs   such  as t h e  
t o p o g r a p h i c   p o s i t i o n ,   s o i l   t e x t u r e ,   g e n e t i c   s o i l  
type,  and  season o f  d r i l l i ng .   So i l   mo i s tu re   and  
dep th   r e l a t ionsh ips  (Lawrence  1975, Lau and 
Lawrence  1976a)  and win ter   g round  ice   d i s t r ibu-  
t i o n  (Lau and  Lawrence  1976b) f o r   s e l e c t e d  map- 
a r e a s   i n   t h e  Mackenzie  Vallcy  have  been  studied 
i n   d e t a i l   u t i l i z - i n g   t h e  Mackenzie  Valley Geo- 
t e c h n i c a l  Data Bank. 

DATA USED IN THIS STUDY 

The ob jec t ive   o f   t h i s   s tudy  was t o  examine t h e  
reg iona l   d i s t r ibu t ion   of   g round ice and  frozen 
ground i n   t h e  Mackenzie  Valley.  Unfortunately, 
t h e   d a t a   p o i n t s   s t o r e d  i n  t h e   d a t a  bank are n o t  
d i s t r ibu ted   even ly   ac ross   t he   b read th  of  t h e  
v a l l e y ,   b u t  are l a r g e l y   c o n c e n t r a t e d   i n  a few 
l i n e s   r u n n i n g   t h e   l e n g t h   o f   t h e   v a l l e y .  These 
l i nes   fo l low  the   a l ignmen t s  o f  t he   va r ious  
proposed  highway  and  pipel ine  routes   that   have 
b e e n   i n v e s t i g a t e d   i n   t h e  area. Thus, use of t h e  
d a t a  bank  does  not  give a t r u e   r e g i o n a l   p i c t u r e ,  
bu t   r ep resen t s   i n s t ead  a l a t i t u d i n a l   p r o f i l e  from 
s o u t h e a s t   t o   n o r t h w e s t ,   p a r a l l e l   t o   t h e  Mackenzie 
River. The l i n e s  o f  t h e  most  concentrated  data 
p o i n t s  are shown in   F ig .  1. 

I n   o r d e r   t o  examine the   va r i a t ions   i n   g round  
ice and  f rozen  ground  a long  the  prof i le ,   the  
comple te   da ta   se t  was " s l i ced"   i n to   subse t s .  For 
convenience,  the  National  Topographic  System 
(NTS) map-areas  were  uscd as a guide   for   the  
s l i c i n g   o p e r a t i o n ,   r e s u l t i n g   i n  a t o t a l  o f  28 
subsets  between  map-areas 95 H and  107 C (Fig.  1). 
Fourteen o f  t hese   subse t s   con ta ined   da t a  from 
l e s s   t h a n  100  boreholes  each  and  were  discarded 
from f u r t h e r   a n a l y s i s .  

I n   a d d i t i o n ,   d a t a   f o r  121  boreholes  from t h e  
f loor   o f   the   Beaufor t   Sea  were a l s o   i n c l u d e d   i n  



Pig. 1. Locations of  t h e  most concent ra ted   da ta  
bank p o i n t s  on t h e  NTS map-areas. 

the  data   bank.   These were combined i n t o  a separ -  
a te   subset   within  map-area 107 C .  

I n   o rde r   t o   cons ide r  ground i c e  and f rozen  
ground as g e o l o g i c a l   m a t e r i a l s ,   t h e   d a t a   w i t h i n  
each  subset  were  further  broken down by t h c  gen- 
e s i s  of  t h e   s o i l   m a t e r i a l  and by   the   engineer ing  
c l a s s i f i c a t i o n  o f  t h e   s o i l s .   F i f t e e n   U n i f i e d   S o i l  
C la s s i f i ca t ion   Sys t em  so i l   t ypes  were  encountered 
i n   t h e   s t u d y   a r e a .  These were groupcd  into f ivc  
,major   engineer ing   so i l   g roups   accord ing   to   g ra in  
s i z e ,  amount of f i n e s ,   a n d   l i q u i d  limit. Since 
t h e   s o i l   g r o u p   c o n t a i n i n g   s o i l   t y p e s  MH, CH and OH 
was encountered  in   only  s ix   map-areas ,   th is   group 
was not used i n  t h e   s t a t i s t i c a l   a n a l y s i s .  The 
gene t i c   and   eng inee r ing   c l a s ses   cons ide red   a r e  
l i s t e d   i n   T a b l e  I .  F i v c   c l a s s e s   o f   s o i l  perma- 
f r o s t  and  ground ice condi t ions   were   ident i f ied  
i n i t i a l l y .  These  were  grouped in to   t h ree   ma jo r  
c l a s s e s   f o r   t h e  main a n a l y s i s  and a r e  shown i n  
Table 11. 

The s ta t i s t ica l  approach  taken was to cons ider  
1) the   p ropor t ion  of frozen s o i l s   w i t h   v i s i b l e   i c e ,  
2 )  f r o z e n   s o i l s   w i t h  no v i s i b l e   i c e ,   a n d  3) un- 

Table I 
Engineer ing  and  Genet ic   Soi l   Classif icat ion 

I I I 

I Coarse-gra ined   so i l s   wi th  
f i n e s  GM,GC,SM,SC 

Fine-gra ined   so i l s  
( l i q u i d  limit 40) 

Peat P t  I V  

ML,CL,CI ,OL IT1 

rep resen ted   fo r  s ta t i s t ica l  a n a l y s i s .  
Sources:  Engineering s o i l  groups - the   modi f ied  

U n i f i e d   S o i l   C l a s s i f i c a t i o n  System 
Gene t i c   so i l  classes - Rut te r  e t  a l .  

1973; Hughes e t  a l .  1973; Rampton 1973. 

Table TI . .  . 

I c e   d i s c e r n i b l e  

Frozen-vis ibl  

v i s i b l e   i c e  

Source:  Pihlainen  and  Johnston 1963 

frozen  soi ls   wi thin  each  map-area,  f i r s t  for   cach  
g e n e t i c   s o i l   c l a s s  and then   for   each   engineer ing  
soi l   group.   Percentages of f r o z e n   s o i l s   o f   a l l  
t ypes   and   f rozen   so i l s   w i th   v i s ib l e   i ce  o n l y  were 
p l o t t e d   ( f r o z e n   s o i l s  o f  a l l  types   i nc lude  frozen 
s o i l s   w i t h   v i s i b l e   i c e ) ;   t h e   d e t a i l e d   r e s u l t s  arc 
shown g r a p h i c a l l y   i n   F i g .  2. 

DISCUSSION OF RESULTS 

As one moves from  south t o   n o r t h   i n   t h e  
Mackenzie  Valley,   there i s  a g e n e r a l   i n c r e a s e   i n  
amount o f  frozen  ground and ground ice.  In some 
p a r t s  of  t h c  Upper Mackenzie  Valley  unfrozen 
ground  predominates ,   whereas   in   the  del ta   region 
frozen  ground,   of ten  with a cons iderable  amount 
o f   s e g r e g a t e d   i c e ,  i s  ubiqui tous .  
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Fig. 2 .  Dis t r ibu t ion   o f   f rozen   so i l s   w i th   v i s ib l e   i ce   and   f rozen   so i l s  o f  a l l  types   by   so i l   types   and  
map-areas. 2a + 2h = Engineering s o i l  groups,  2c + 2d = G c n e t i c   s o i l   c l a s s e s .  

This  general   impression i s  borne  out  by  various 
d e t a j l e d   s t u d i e s  o f  ground i c e   c o n d i t i o n s   i n   t h c  
region  (Judge 1973, Heginbottom  and  Kurfurst 1975) 
and  by  the  data  compiled i n  thc   da ta   bank .  Ilow- 
e v e r ,   t h e  amount and r a t e  o f  t h i s   v a r i a t i o n   d i f f e r s  
for   each   so i l   type   whether   gene t ic  o r  engineer ing 
c l a s s i f i c a t i o n s  are used.   Furthermore,   the   nature  
of   the  change i s  ne i ther   un i form nor  c o n s i s t e n t .  

Engineer ing  soi l   groups 

The proport ion  of   f rozen soi ls  w i t h   v i s i b l e   i c e  
for   each  engineer ing  soi l   group i s  shown i n   F i g .  2a 
(by  map-area).  Results show t h c   d i s t i n c t l y   d i f f -  
crent   behaviour   of   gravels   and  sands  (groups I and 
11) from t h a t   o f   f i n e - g r a i n e d   s o i l s  and p e a t s  
(groups 111 and  IV). The d i s t r i b u t i o n   c u r v e s  f o r  
both  c lean  coarse-grained  soi ls   and  coarse-grained 
s o i l s   w i t h  f ines  d i s p l a y   g e n e r a l l y   i n c r e a s i n g  
amounts o f  v i s i b l e   i c e   w i t h   h i g h e r   l a t i t u d e .  The 
amount of  v i s ib l e   i ce   i nc reases   s lowly   f rom  For t  
Simpson (95 H) t o  Norman Wells  (96 E ) ;  t h i s   i n -  
crease i s  followed  by a sha rp   d rop   a t  Sans S a u l t  
Rapids  (106 H). The d i s t r ibu t ion   cu rvcs   have  two 
peaks a t  T r a v a i l l a n t  Lake (106  0)  and a t  Fort  
McPherson  (106 M) wi th  a low between  them a t  

A r c t i c  Red River  (106 N). After   reaching  t h e  sec- 
ond peak t h e   d i s t r i b u t i o n   c u r v e s  show gradual ly  
decreasing  t rends  towards  the  Beaufort  Sea. 

The d i s t r ibu t ion   cu rves   fo r   bo th   f i ne -g ra ined  
so i l s   and   pea t . s   a r c   s imi l a r   t o   g ravc l s   and   s ands  
containing a much h igher   p ropor t ion  o f  f rozen 
s o i l s   w i t h   v i s i b l e   i c e   i n  t hc  Upper Mackcnzie 
Valley. Two lows a t  Sans  Sault  Rapids  (106 I t )  and 
a t   A r c t i c  Red River  (106 N )  a r e   n o t  so pronounced 
a s   f o r   g r a v e l s   a n d   s a n d s ,   b u t   t h e   d i s t r i b u t i o n  
curve   t rend  i s  otherwise  very similar. 

each  engineering  soil   group i s  shown i n   F i g .  2b 
(by  map-area).   Although  thc  distribution  curves 
fo r   g rave l s  and sands   d i sp lay  a s lowly   increas ing  
trend  going from s o u t h   t o   n o r t h ,   t h r e e   d i s t i n c t -  
ive  minima arc   cncountered a t  Dahadi.nni  River 
(95 N ) ,  Sans  Sault  Rapids  (106 H) and A r c t i c  Red 
River  (106 N ) .  The d i s t r ibu t ion   cu rves   fo r   f i ne -  
g ra ined   so i l s   and   pea t s  show an increase  from FoTt 
Simpson (95 H) t q  Fort  Norman (96 C ) .  Northward 
to   Aklavik (107 d )  t h e   t o t a l  amount o f  f rozen 
soi ls   remains  a lmost   constant  a t  a h igh   l eve l .  
The d i s t r ibu t ion   cu rvcs  show a dccrcas ing   t rend  
f o r  the  area  between  Aklavik (107 E )  and  the 
Beaufort  Sea  which i s  t y p i c a l  o f  a l l  so i l   g roups .  

The propor t ion  o f  f r o z c n   s o i l s  o f  a l l   t y p e s  f o r  
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G e n e t i c   s o i l   c l a s s e s  

Figs.  2c  and 2d show the   p ropor t ion   of   f rozen  
s o i l s  w i t h   v i s i b l e   i c e   a n d   f r o z e n   s o i l s   o f  a l l  
t ypes   r e spcc t ivo ly   fo r   each   gene t i c   so i l   c l a s s .  

assumed t o   b e   t h e   o l d e s t   s o i l s   i n   t h e  Mackcnzie 
Valley.  These so i l s   a r e   p redominan t ly   f rozen  
throughout   the  region,   except   in   the  extreme 
southeas t .  The p r o p o r t i o n   o f   f r o z e n   s o i l s   w i t h  
v i s i b l e   i c c   r a n g e s  from low in  the  extreme  south 
o f   t h e  Mackenzic  Valley t o   h i g h   i n   t h e  Mackenzie 
Del ta .  Thc d i s t r ibu t ion   cu rve   has  two peaks a t  
T r a v a i l l a n t  Lakc (106 0) and  Fort McPherson (106 M) 
u-i.th a low a t  Sans  Sault  Rapids  (106 H ) ;  it drops 
off   sharply  towards  the  Reaufort   Sca.  The propor- 
t i o n   o f   f r o z e n   s o i l s   o f  all types  fol lows a sim- 
i l a r   p a t t e r n   b u t  two peaks  occur a t  Mahony Lake 
(96 F)  and a t  ]Fort  McPherson (106 M) . The propor- 
t i o n   r i s e s  from t h e   s o u t h e r n   l i m i t   o f   t h e  area, 
drops   g radual ly   in   the   cen t ra l   reg- ion ,   and   then  
r iscs  aga in   i n   t he   no r th .  

G l a c i o f l u v i a l   s o i l s  show vcry complex  and i r r e g -  
u l a r   d i s t r i b u t i o n   o f   b o t h   f r o z e n  soils o f  a l l  
t ypes   and   f rozen   so i l s   w i th   v i s ib l e   i ce .  The pro-  
por t ion  o f  f r o z e n   s o i l s   w i t h   v i s i b l e  ice rises 
from  Camsell Rend (95 J) i n   t h e   s o u t h e r n   r e g i o n   t o  
Wrigley (95 0) and  Fort Norman (96 C)  i n   t h e   c c n -  
t ra l  r eg ion .   In   t he   no r the rn  rcgion, the   propor-  
t i o n   r i s e s  from A r c t i c  Red River  (106 N) t o  
T r a v a i l l a n t  Lake (106 0 ) ,  t hen   d rops   o f f   nea r   t hc  
A r c t i c   c o a s t .  The propor t ion  o f  f r o z c n   s o i l s  o f  
a l l  types  has  a v e r y   s i m i l a r   d i s t r i b u t i o n .  I t  
r i s e s   g r a d u a l l y  from t h e   s o u t h e r n   t o   t h e   c e n t r a l  
region  and  reaches i t s  peak  around  Wrigley (95 0 ) .  
In t h e   n o r t h e r n   r c g i o n ,   t h e   d i s t r i b u t i o n   p a t t e r n  
i s  vc ry   s imi l a r  t o  t h a t   o f   f r o z e n  soi ls  w i t h   v i s -  
i b l e   i c e   w i t h  a maximum a t   T r a v a i l l a n t  Lake (106 0) 
and a minimum a t  Arctic Red R ive r   i n   t he   ad j acen t  
arca (106 N).  Near t h e   A r c t i c   c o a s t   t h e   p r o p o r -  
t i o n   l e v c l s  o f f .  

L a c u s t r i n e   s o i l s   a r e   s p o r a d i c a l l y   d i s t r i b u t e d ;  
they   occur   in   f ive   map-areas   in   the   southern   and  
c e n t r a l   r e g i o n s  and i n   t h e  Mackenzie  Delta  near 
t h e   A r c t i c   c o a s t .  The propor t ion   of  f rozcn s o i l s  
w j t h   v i s i b l e   i c e  riscs sharply  between  Wrigley 
(95 0) and  Dahadinni  River  (95 N) wi th in   t hc  ccn- 
t ra l  reg ion .  Near t h c   c o a s t   i n   t h e   n o r t h e r n  
r eg ion   t hc   p ropor t ion   va lues   l cve l   o f f .  The d i s -  
t r i b u t i o n  of  f r o z e n   s o i l s   o f  a l l  typcs  appears  t o  
be  straightforward  through  the  whole  Mackenzie 
Val ley.  The main r i s e   i n   t h e   d i s t r i b u t i o n   c u r v e  
appears   to   be   in   the   south   be tween  For t  Simpson 
(95 H) and  Wrigley (95 0 ) .  

A l l u v i a l   s o i l s  are p resen t   ma in ly   i n   t he   cen t r a l  
reg ion  of t h e  Mackenzie  Valley  and in  one  map-area 
in   each   of   the   southern   and   nor thern   reg ions .  
Frozen s o i l s   w i t h   v i s i b l e  ice d isp lFy  a normal 
d i s t r ibu t ion   w i th  a low in   t he   sou th   a round  Camsell 
Bend (95 J) and a h igh   in   the   nor th   a round  For t  
Good  Hope (106 I ) .  The d i s t r i b u t i o n  of f rozen 
s o i l s  o f  a l l   types   appears   to   be   b imodal   wi th  
peaks  around  Wrigley (9s 0) and  Port Good Hopc 
(106 I) r e s p e c t i v e l y .  The lowest  value  occurs 
around  Fort Norman (96 C)  . 
t h e   l e n g t h   o f   t h e  Mackenzie  Valley;  thcy are pre-  
dominant ly   f rozen  throughout   the  area.   In   the 
sou the rn   and   cen t r a l   r eg ions   t he   p ropor t ion   o f  
f r o z e n   s o i l s   w i t h   v i s i b l e  ice i s  r e l a t i v e l y  low 

Morainal   soi ls   der ived from  Laurentide  Icc  arc 

Organic   so i l s   o f   var ious   age  are present  through 

a n d   i n c r e a s e s   s i g n i f i c a n t l y   i n   t h e   n o r t h e r n   r e -  
gion.   This   increase i s  followed  by a gradual  
drop towards t h e  Bcaufort Sea. The d i s t r i b u t i o n  
curve   for   f rozen  so i l s  o f  a l l  types  fol lows a 
similar p a t t e r n .  ' h e  p r o p o r t i o n   r i s e s  from Fort  
Simpson  (95 H) t o   t h e   a r e a   n o r t h   o f   F o r t  Good 
Hope (106 I ) ;  an  anomalously low va lue   occu r s   a t  
Fort Good  Hope (106 I) . 

The gene ra l   t r end   o f   i nc reas ing   p ropor t ion   o f  
b o t h   v i s i b l e   i c c  and t o t a l  ice con ten t   i n   f rozen  
s o i l s  from s o u t h   t o   n o r t h  i s  i n  good agreement 
wi th   t he   genc ra l   t r end   o f   t he   c l ima to log ica l   da t a  
a v a i l a b l e   f o r   t h e  Mackenzie  Valley  and  the Beau- 
f o r t   S c a  (Burns 1973) .  Gcnera l ized   prof i les  o f  
t h e   d a t a   a v a i l a b l e  f o r  each  ecological   region 
nor th  o f  600N are presented   in   F ig .  3; they 
inc lude   f r eez ing  and  thawing  index, mean number 
o f  days  above/below 3 2 O P ,  annual mean d a i l y  
temperature,   and  annual mean n e t   r a d i a t i o n .  

-_ FREEZING POIh!-"------- 

Pig. 3 .  C l i m a t o l o g i c a l   p r o f i l e s   f o r   t h e  
Mackenzie  Valley  (Burns 1973) .  

Winter mean water conten t  

The win ter  mean water conten t   o f   so i l   samples  
f o r   t h e   g e n e t i c   a n d   e n g i n e e r i n g   s o i l   c l a s s e s  is 
presented  i n  Fig. 4. I t   r e p r e s e n t s   t h e  mean 
value  of   the  water   content   data   der ived  f rom  bore-  
h o l e s   d r i l l e d   i n   t h e   w i n t e r   p e r i o d .   P a r t i c u l a r l y  
noteworthy i s  the   d i spe r s ion   abou t   t he  mean which 
i n  some cases i s  cons iderable .  I t  should  a lso  be 
n o t e d   t h a t   t h e   w i n t e r  mean water   conten ts  o f  most 
coa r se -g ra ined   so i l s  are found t o   b e   r e l a t i v e -  
l y   cons t an t   r ega rd le s s   o f   dep th   wh i l e   t hc   f i ne -  
g r a i n e d   s o i l s  show an   exponen t i a l   r i s e   i n   t he  
win ter  mean water  content  towards  the  ground 
s u r f a c e  (Lau  and  Lawrence  1976b), 

The win ter  mean water   conten ts   o f   the   c lean ,  
coa r se -g ra ined   so i l s  are g e n e r a l l y  low. However, 
as t h e  amount o f   f i n e s   i n c r e a s e s ,   t h e   w i n t e r  mean 
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Fig. 4. D i s t r i b u t i o n   o f   t h e   w i n t e r  mean water 

4a - Engineering  soi l   groups;  4b - G e n e t i c   s o i l  
content   by  soi l   types   and  map-areas .  

c l a s s e s  (Legend as f o r  Fig. 2 ) .  

water  content o f  t h e s e   s o i l s   i n c r e a s e s .  The winter  
,mean water con ten t s   o f   t he   f i ne -g ra ined  s o i l s  a r e  
h igher   than   those  o f  t h e   c o a r s c - g r a i n e d   s o i l s ,  
wi th   peat   having  the  highest   value as expected.  

G l a c i o f l u v i a l   s o i l s  show very low winter  mean 
wa te r   con ten t .   Th i s   con ten t   appea r s   t o   i nc rease  
fo r   t he   g roup   o f   a l l uv ia l ,   l acus t r ine   and   mora ina l  
s o i l s  and  reaches maximum fox   organic  soi ls .  

Af t e r   eva lua t ing  a l l  o f  t h e   a v a i l a b l e   d a t a ,  
c e r t a i n   f e a t u r e s  o f  d i s t r i b u t i o n  of frozen  ground 
and  ground  ice  in  thc  Mackenzie  Valley become ev- 
ident.   Frozen  ground i s  widespread  everywhere  in 
t h e   v a l l e y   n o r t h   o f  60°N and i t s  proport ion  grad-  
u a l l y   i n c r e a s e s  from s o u t h   t o   n o r t h .  The propor- 
t i o n  o f  f rozen  ground i s  g rea t e r   t han  50% i n  a l l  
a r e a s  and i n  a l l  g e n e t i c   c l a s s e s   e x c e p t   f o r  
l a c u s t r i n e   s o i l s   i n   t h e   a r e a   a r o u n d   F o r t  Simpson 
(95 H) and f o r   a l l u v i a l   a n d   g l a c i o f l u v i a l   s o i l s  
i n   t he   a r ea   a round   Fo r t  Norman (96 C ) .  These two 
anomal ies   can   be   a t t r ibu ted   to   the   p resence   o f  
s u r f i c i a l   m a t e r i a l s   w i t h  l i t t l e  o r  no f ines   and  
t o   t h e   a b s e n c e   o f  a cove r   o f   t h i ck   pea t  o r  organ- 
i c   s o i l s .  T h e s e   f e a t u r e s   r e s u l t  i n  b e t t e r   l o c a l  
dra inage   condi t ions .  

In s o i l s   c l a s s i f i e d   b y   t h e   U n i f i e d   S o i l  Class- 
i f i c a t i o n  System the  proport ion  of   f rozen  ground 
ranges from 70 t o  100% i n  a l l  a r c a s  and f o r  a l l  
engineer ing  soi l   groups  except  €or the   fo l lowing  
map-areas:   clcan  coarse-grained s o i l s  i n   a r e a s  
around  Fort  Simpson (95 H), Dahadinni  River (95N), 
Sans Sault  Rapids  (106 H) and  Arct ic  Red River 
(106 N); c o a r s e - g r a i n e d   s o i l s   w i t h   f i n e s   i n   a r e a s  
around  Fort  Simpson (95 I f )  and  Sans  Sault  Rapids 
(106 H ) ;  and   f i ne -g ra ined   so i l s   i n   a r ea   a round  
Fort  Simpson  (95 H). Geographic   locat ion  has   the 
main e f f e c t  on r e s u l t s  from t h e   F o r t  Simpson a r e a  
(95  H),  which i s  l o c a t e d   i n   t h e   s p o r a d i c  perma- 
f ros t   zone .  Most o f  the  boreholes   were  located 
i n   r c c e n t l y   d i s t u r b e d   t e r r a i n   a l o n g   t h e  Mackenzic 
Highway, where t h e  amount of  frozen  ground  and 
ground  ice  decreased  considerably.  However, t h e s e  
r e s u l t s  may not   be  typical   of   the   map-area.  

Low va lues  f o r  the  Dahadinni  River area (95 N) 
can  be  explained  by  the  small  number of   borehole  
r e s u l t s   a v a i l a b l e ;   t h e s e   b o r e h o l e s  were  predomin- 
an t ly   l oca t ed   i n   t he   we l l -d ra ined ,   i ce   f r ee  
c o a r s e - g r a i n e d   s o i l s   o f   t h e   r i v e r   t e r r a c e s .  

A r c t i c  Red River (106 N) areas   have  been  affected 
by the   p rede termined   loca t ion  of the   ma jo r i ty  o f  
bo reho les .   De ta i l ed   i nvcs t iga t ions   ca r r i ed   ou t  
for   the  proposed  Mackenzie   Val ley  pipel ine  route  
a n d   t h e   p i p e l i n e   t e s t i n g   f a c i l i t i e s   c o n c e n t r a t e d  
mainly on the  wcl l -drained  outwash  plains   and 
f l u v i a l   t e r r a c e s   w i t h  low amount o f  ground i c e  
around  Sans  Sault  Rapids. In  t h e   A r c t i c  Red 
R ive r   a r ea   t hc  most of  t h e  6at.a d e r i v e  from a 
de ta i l ed   s tudy   o f   t he   g ranu la r   r e sources   and  
borrow p i t s  f o r   t h e  Dempster Highway. Since 
boreholes   were   loca ted   in   wel l -dra ined ,   coarse-  
grained  sediments a t  h igh   e l eva t ion ,   w i th  l i t t l e  
o r  no e x c e s s   g r o u n d   i c e ,   f i n a l   r e s u l t s   t e n d   t o   b e  
biascd  towards low va lues .  

The dec rease   i n   t he   p ropor t ion  of fxozen  ground 
and   ground  ice   in   the   a rea   near   the   Arc t ic   coas t  
i s  p robab ly   con t ro l l ed  by t h e   l o c a t i o n   o f   b o r e -  
ho le s ,   s ince  most of  t h e   s t u d i e s   i n   t h i s   a r e a  
were  done i n   c l o s e   p r o x i m i t y   t o   t h e   r i v e r  chann- 
e l s ;   t h u s   t h e   r e s u l t s   r e f l e c t   t h e  warming i n f l u -  
ence of t h e  Mackenzie  River  and the  massive  water  
body of the  Beaufort   Sea.  

Data for   the   Sans   Saul t   Rapids  (106 H) and 

CONCLUSIONS 
The genera l   impress ion ,   subs tan t ia ted  by t h i s  

s tudy,  i s  tha t   f rozen  ground i s  more ex tens ive ,  
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occurs  a t  shal lower  depths   and  contains  more v i s -  
i b l e ,   e x c e s s   i c e  as one goes from s o u t h   t o   n o r t h .  
The g rea t e s t   change   appea r s   t o   be   i n   t he  area 
between  Sans  Sault  Rapids  (106 H) and  Trava i l lan t  
Lake (106 0) which  probably  coincides  with  the 
boundary  between  continuous  and  discontinuous 
permafrost  zone (Brown 1967).  This i s  also t h e  
a r e a  where de t a i l ed   s tud ie s   a r e   l ack ing   and  where 
morc i n v e s t i g a t i o n s  are needed. 

t ion   o f   f rozen   ground  and   ground  ice   in   thc  
Mackenzie  Valley, as de te rmined   i n   t h i s   s tudy ,  
appear t o  b e   l o c a t i o n   ( l a t i t u d e ) ,   s o i l   t e x t u r e ,  
sur face   d ra inage ,   sur face   d i s turbance ,   vege ta t ion ,  
and   s lope   aspec t .   Al though  thc   qua l i ta t ive   ranking  
o f   t h e s e   f a c t o r s   v a r i c s  from s i t e  t o   s i t e ,   t h e  
major   cont ro ls  on permafrost   condi t ions seem t o  be 
l a t i t u d e  and s o i l   t e x t u r e .  T h i s  is i n  good agree-  
ment wi th   the   c l imato logica l   condi t ions  o f  t h e  
Mackenzie  Valley, i . e . ,   gene ra l ly   co ldc r   and   l onge r  
winters   and  the  cooler   and  shorter  summers of t h e  
n o r t h e r n   p a r t ,  compared t o   t h e   s o u t h e r n  part .  
There   a re  some anomalics  however,  such as t h e   d r y  
areas  around  Sans  Sault   Rapids  and  Fort  Good Ilope. 

The f i n e r   t e x t u r e d   s o i l s ,   s u c h  as s i l ts ,  c l a y s  
and   c l ay - s i l t  t i l l s  genera l ly   conta in  morc moisture  
and more ice   than   coarser ,   sandy  and   grave l ly   so i l s .  
There  appears  to  be a c l e a r ,   p o s i t i v e   r c l a t i o n s h i p  
between  natural   moisture   content   and  engineer ing 
p r o p e r t i c s   o f   f i n e s .  

surface  drainage  were made, it can  be  concluded 
t h a t   p o o r l y   d r a i n e d   s i t e s   w i t h   t h i c k   s u r f a c e   p e a t  
o r  organic   cover   conta in  more ground  ice  than 
a d j a c e n t ,   d r i e r   s i t e s .  

terms  of  i t s  presence o r  absencc as a r e s u l t   o f  
surface  disturbance.  In  such  cases  the  removal  of 
vege ta t ion  was found t o  be a m a j o r   c o n t r i b u t o r   t o  
t h e   d e c r e a s e   i n  amount of  frozen  ground  and  ground 
i c e .  

Differences  in   s lope  aspect   were  a lso  examined.  
There i s  s t rong   ev idence   t ha t   sou th - fac ing   s lopes  
a re   d r i e r   and   no r th - f ac ing   s lopes   we t t e r   t han  
adjacent   level   ground.  However, l o c a l   l i t h o l o g y ,  
s lope   ang le   and   s lope   a spec t   can   ove r r ide   d i f f e r -  
ences   due   so l e ly   t o   t he   pos i t i on  on the   s lope .  

The ' s i g n i f i c a n t   f a c t o r s   c o n t r o l l i n g   t h e   d i s t r i b u -  

Although  only  very  general   observat ions of  ground 

The e f f e c t s   o f   v e g e t a t i o n  were  considered  only  in 
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PEFNAFmT BENFATW IN THE MACKENZIE DEXTA, N. W. T. I CANADA 
G.W. Hollingshead, L. Skjolingstad, L.A. IhuLdquist, Northern Engineering Services 
C a p n y  Limited, Calgary, Alberta, Canada 

i' Recent preliminary dri l l ing  for  a proposed gas pipeline has encountered 
permfrost beneath Shallow Bay and other channels of the Mackenzie Delta. The 
perrrafrost beneath "he western part of Shallow ~ a y  is a relic condition l e f t  
by a rapidly  retreating  shoreline. Geothermal calculations of the degradation 
agree well with the observed condition and probable rate of retreat. Similar 
analyses suggest that -frost is aggrading w k e  the w a t e r  depth is less 
than 0.85 m. This condition is found over a large area of Shallow Bay and at 
point bars in several other channels. 

prebninantly  si l ty  my s e d h t s  i n  an over-consolidated state. The present 
proximity of the frozen ground to the  channel boundaries contributes to 
stabi l i ty  of slopes as great as 45 degrees. These  observations have important 
implications  for  construction of pipeline  ditches and other structures in 
the Mackenzie Delta. 

PERGfLl SOL DES CHENAUX DU DELTA DU MACKE,NZI E ,  T.N.-O., CANADA. 

The former permafrost regire i n  Shallow Bay has apparently l e f t   t he  

Au cours   de   f o rages   d 'exp lo ra t i on ,  en  vue  de l ' i n s t a l l a t i o n   d ' u n  gazoduc, 
on a r e n c o n t r k   l e   p e r g g l i s o l  dans l e  sous-sol  de  Shallow Bay e t   d ' a u t r e s  chenaux 
du  delta  du  Mackenzie. Dans l e  sous-sol  de l a   p a r t i e   o u e s t   d e   S h a l l o w  Bay, l a  
p e r s i s t a n c e   d u   p e r g e l   i s o l   r g s u l t e  du r e t r a i t   r a p i d e   d e   l a   l i g n e  de  r ivage. Les 
c a l c u l s   g b t h e r m i q u e s  de l a  dggradat ion   qu 'a  d a  s u b i r   l e   p e r g e l i s o l   c o n c o r d e n t   b i e n  
avec 1 'C ta t   ac tue l   du   pergg l  i s 0 1  , e t   l a   v i t e s s e   p r o b a b l e   d e   r e t r a i t .  Des analyses 
s i m i l a i r e s   s u g g e r e n t   q u e   l e   p e r g 6 l i s o l   s u b i t  une aggradat ion ,   lo rsque l a  profondeur 
d ' e a u   e s t   i n f e r i e u r e  3 0.85 m. On rencont re   ce t te   s i tua t ion   sur   une  g rande  & tendue 
de Shal low Bay, e t  dans  des bourrelets  arques  prCsents  dans  de  nombreux  autres 
c hena ux: 

A Shal low Bay, l e  
surconso l ida t ion   des  sCd 
d 'un   ge l   i s01  a p r o x i m i t e  
qui p e u v e n t   a t t e i n d r e  45 
envisage  de  creuser  des 
s t r u c t u r e s  dans l e   d e l t a  

rggime  de p e r g g l i s o l   a n t e r i e y r  a apparemment provoque l a  
irnents  en m a j o r i t 6   s i l t e u x .  A 1 ' h e u r e   a c t u e l l e ,   l a   p r e s e n c e  
des l i m i t e s  des  chenaux c o n t r i b u e  3 s t a b i l i s e r  des  pentes 
O. Ces observa t ions   p resenten t  un g r a n d   i n t g r t t ,   p u i s q u ' o n  

fossgs  pour l a  p o s e   d ' u n   p i p e l i n e ,   e t   d e   c o n s t r u i r e   d ' a u t r e s  
du  Mackenzie. 
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PERMPEROST BENIWTH CHANNELS IN THE MKKENZIE DELTA, N.W.T. CANADA 

G.W. Holling-shead: L. Skjolingstad *and L.A. Rxdquist 

INTWDUCTION 

The Mackenzie River Delta (Figure 1) lies 
entirely within the continuous permafrost zone 
of northern Canada. Althugh the widespread oc- 
curence of mimarine pxnufrost withi.n the Beau- 
for t  Sea has been IaMwn for several years 
(Mackay 1972) it is only since 1974 that perma- 
frost has been located beneath the fresh water 
d i s t r k t a r y  channels of the Delta. 

w i n g  preliminary soils  drilling  for the pro- 
posed Canadian Arctic m s  (cA(;sL) pipeline ac- 
cross the outer Delta, -frost was Located 
beneath Shallow 13ay and other channels. The 
conditions under which permafrost can persist, 
or aggrade and its impact on the channel mr- 
pholcgy are discussed in the following para- 
SraPk- 

CHANNEL PKmHom AND HYDmm 
The Delta distributes peak flows of a b u t  

28,000 m3/s through a maze of channels ranghg 
in w i d t h  from 2 m to 7 Ian and i n  depth frm 
less than 1 m to mre than 50 m. During la te  
winter, ice cover thickness averages 1.5 to 2.0 m. 
Many of the mller distributaries,  parti- 
cular ly  on the w e s t  side of the Delta, as well 
as parts of shallow Bay, freeze to the bed 
yearly. The outer Delta floods  annually to a 
depth of a b u t  1 .2  m during the ice breakup in  
early June. Massive ice jams are not c m n  
nor has any evidence of  hanging dams been found. 

The distributary channels are ccarrparatively 
deep,  have characteristically steep side slopes 
(as great as 45 degrees) and suherged benches 
which may extend as m h  as one half of the 
distance  across  the channel. Thermal niching 
and wave action have @en suggested as the pri- 
mary mechanisms by which banks e r d e  and chan- 
nels shift (Hollingshead and Rmdquist, 1977). 

Several test hles have been drilled in  ShaL- 
low Bay and nearby channels along the proposed 
CAGSL pipeline route. The bed materials are 
predcnninantly fine sands and silts w i t h  minor 
mmts  of clay and organic material. The stra- 
ta are cmparatively dense w i t h  dry densities 
ranging €ran 1440 to 1590 kg/m3 a d  do not ex- 
hibit  significant  plasticity. A considerable 
number of cyclical loading tests of urdisturbed 

specimens  have shown that the sediments are not 
susceptible to liquefaction a t  lmels of seisnic 
activity appropriate to the region a d  design 
l i f e  of the pipeline  project. 

oedcaneter tests revealed that the strata near 
bed level are highly overconsolidated. Recon- 
solaation pressures up to 10 ks/cm2 were mea- 
sured, resulting  in overconsolidation ratios of 
between 50 and 75 within the top 4 m beneath 
the bed. A t  depths of 7 m and 11 rn the over- 
consolidation ratio drops to 2.7 ard 2.2 res-- 
psctively. These results  indicate that, unlike 
other major deltas, Shallow Bay sedimnts form 
an overconmlidatd  crust which exterds €or a 
significant depth. 

It is lcnown that mean sea level has risen saw 
90 m ova the las t  20,000 years and is now es- 
sentially i n  a state of equilibrium (Mackay, 
1972) .  Assuming an annual deposition of 200 mil- 
lion metric  tons of mte r i a l  (Water Survey  of 
Canada, 1976) and a uniform thicbess of 90 m, 
the Delta muld have been hilt i n  the past 7,800 
years. It i s ,  therefore, only recently anerging 
and the apparent  overconsolidation of the surface 
crust is prokably a result of freezing and thaw- 
ing. The sequence of events by which this could 
arise is discussed in the following section. 

PEFNU'RST BELckJ S m  BAY 

Shallow my, j u s t  downstream of the m u t h  of 
Reindeer Channel, ranges in depth frm 0.7 m to 
5.2 mas shmn i n  Figure 2. The 5.2 m depth 
coincides w i t h  a distinct &hannel which 
parallels the axis of the Bay about 2 Ian from the 
west shoreline. Further downstream this sub- 
channel contains local depressions to depths of 
20 m. As with  the other channels, side slopes i n  
these depressions are cmparatively steep. 

The strata below the bed of Shallow Bay may 
be descr- as a dense silt w i t h  an overcon- 
solidated  crust. Generally,  overconsolidation 
results from glaciation,  overhrden  erosion,  or 
dessication. Because  none  of these phenomena 
have occurred i n  the modern delta to the extent 
necessary ta create the observed condition, it is 
mre l ike ly  that the condition is a result of a 
previously  frozen state or series of freeze-thaw 
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cycles. upon freezing, the pore water may be re- 
distributd  locally  resulting in ice lens growth 
at some pints and consolidation of the soil 
strata e lseere .  If sane of tkis pore water is 
lost  upon thawing, the  net  result w i l l  be an over- 
ConsoLidated depsit. The suggested sequence of 
events  leadirq to this condition in the bed of 
Shallow Bay follows. 

It is apparent from aerial photcqaphy dating 
back to 1930 Wt the west shoreline of Shallow 
my has been retreating a t  a very rapid rate over 
the l a s t  several decades. Indeed, the evidence 
&ws a retreat of mut  0.68 h since 1930 or 
15  m per year as a result of therm1 niching and 
wave action. The actual annual retreat w i l l  vary 
greatly w i t h  the size and location of mnds which 
are breached in the process. During the mer 
of 1976, an additional retreat of 6 to 8 m occurred 
along the L i n e  AB (Figure 1). Thus it is cl- 
that within the past 100 years, the west quarter of 
what is now Shallow my  was exposed to a i r  temper- 
atures conducive to maintaining  permafrost. As 
the bank retreated, the material became expasd to 
the wamer water tmperatures. 

Water temperature in Shallow m y  and other Delta 
channels ranges from 0 to 22OC w i t h  an annual av- 
erage t-ature of abut 4OC. The water temper- 
atwe increases rapidly following ice heakup but 
the sumner peak is of short duration. Applying 
m n U y  mean water tanperatures to the bed idl- 
cates that 7.2 m of t h a w  muld have occurred during 
the past LOO years. &xmmiq that the shore has 
been retreating steadily a t  15 m per year, the 
depth t0 pxmfrost  can be plotted (Figure 2 ) .  The 
upper bound is obtain& by assuming that the b f i  
remained a t  2 m depth for nearly the fu l l  period 
noted; the lower bound is found by assuming that 
thawing started from the present day profile. 

Similar u p  and lower bund profiles can be 
calculated  for a rate of shore retreat of 7.5 m 
per year. The values a t  Bore Hole 3 are plotted 
on F~gure 2 ard agree well w i t h  the obsenred penua- 
frost depth. A t  this  rate of retreat it wuld have 
taken 250 years for the shore to rmve fm hre  
Hole 3 to its present psi t ion.  This indicates an 
earlier rate  substantially lower than that obser- 
ved since 1930. 

V e r y  recent data on g r o d  tanperatures beneath 
Shallow Bay (Judge, 1976) also confirm the exist- 
ence of the permafrost table near the predicted 
depth.' The d e l  of 'chis "disequilikxim" perma- 
frost which is thawing  slowly a t  top and b o t h  
surfaces has been proposed by Mckay (1972) and is 
illustrated  in F i v e  3a. 

The situation on the  northeast  side of Shallow 
my is less clear but it my we11 be represented 
by the d e l  slmwn i n  Figure 3b. Comparison of 
a i r  pho'cqraphs shows that bars are building and 
sediment is being deposited along the  right banks 
of Reindeer Channel and Shallow Bayr Figure 2 
shows Ilhat the Bay is less than 2 rn deep f m  the 
midpoint to the right bank. 

To check the d e l  in Figure 3b, geothermal cal- 
culations using a f ini te  element geothermal pro- 
gram developed by W n  Production Research Ltd. 
(Wheeler, 1973) were carried  out to simulate the 
yearly freeze-thaw cycles  for  different water 
depths i n  Shaaallow Bay. The ground was assume3 
originally to be unfrozen but very close to O°C 
which would simulate the lmilding up of a sand 
bar. For the flill~ner period the actual mnthly  
mean water tmperatures w e r e  applied to the bed 
w h e r e a s  throughout the winter mnths  the  mnthly 
mean air tanperatures w e r e  applied to the surface 
of the snow ard ice. Figure 4 shows how the 
-frost aggrades for various water depths dur- 
ing 20 years. A t  a  depth of 0.85 rn n~ permafrost 
is created. Figure 5 gives a mre detailed 
picture of the permafrost thickness and the ac- 
tive  layer in the channel bed after 16 years 
assuming a  constant water depth of 0.75 m. 

It is likely that permafrost is Milding up 
where the water depth  during the winter is less 
than 0.85 m. Permafrost will not aggrade be- 
neath greater depths of water given the terrrper- 
ature regime of the Delta channels. subsequent 
erosion to depths below this w i l l  initiate thaw, 
the rate of t h a w  increasing w i t h  water depth 
down to 1.90 rn which is the average maximum ice 
thicbess in  Shallow my. The upper frozen zone 
is created and thawed as deposition and erosion 
OCCLK, whereas the lower permafrost table re- 
mains ccanparatively stable w i t h  ground temper- 
atures very close to O T  through the permafrost 
and talk Depenaing on the relative  duration 
of freezing and &wing, mre than one perma- 
frost  layer w i t h  depth might be anticipated. 

Figure 2 illustrates that for a distance of 
abut 1.5 Ian in the eastern half of Shallow Bay 
the bottom is less than 0.85 m helow the water 
surface. Given the aimve ccrrrputations, near SUI- 
face permafrost might be expctd in  this area. 

A similar condition of aggrading pesmafrost 
occurs beneath p i n t  bars in  other channels. 
For example, Figure 6 shows a tongue  of perma- 
frost extending into East Channel imneaiately 
downstream of Swimring Point. A t  this location 
the bar is suhnerged by 0.6 m a t  law water and 
may be exposed just  prior to freezeup. 

IMPLICATIONS FOR CONSTRUCTION 

The close proximity o f  the permafrost to the 
channel side slopes and benches is a mjor  con- 
sideration i n  the design of strucmes w i t k i n  the 
Delta. Profiles from m y  channels through the 
outer ~e1t.a clearly show several  miles of suberg& 
slopes which'are steeper than w l d  be anticipated 
in  similar sediments located in another environ- 
ment. The frozen ground also controls channel 
migration to a certain extent ard renders it mre  
rqular as previously noted a t  other northern 
rivers by OOoper and Hollingshead (1973). Thus, 
channel behavior is more predictable. This is of 
scane assistance  in the design of pipeline channel 
crossings  since the pints a t  which the pipe may 
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be brought up  on either side of the channel can be 
well established. 

On the other hand, the general c h e l  shape 
and shifting combined with the c-ative 
rigidity of large diameter pipe  forces  the 
designer to place the pipe deeper into the channel 
banks than m l d  be normal. Tkis means that sub  
stantial volumes of permafrost must be excavated 
and due consideration must be given to  the post 
construction  mnditions. 

The proximity of the permafrost to the channel 
also has a very significant  effect on the design of 
wharfs, water intakes and other structures 
associated with the gas  processing plants p r o p s d  
for the Delta region. 

The above observations also have certain implica- 
tions  for  pipeline  ditch construction. The ex- 
perience of pipeline engineers in deltaic environ- 
m t s  of the Southeastern United States is that 
dredged ditch side slopes cannot be maintain& 
except a t  extranely low angles. The steep natural 
side slopes of the mckenzie Delta channels indi- 
cate that a mch narrclwer and thus mre econcmical 
ditch can be excavated across Shallow Bay and the 
other major channels. Slop s t a b i l i t y  analyses 
under wave action have been conducted to confirm 
this view (Hollingsheaa and bndquist, 1977) 

As a further check on the probable  construction 
conditions,  a shrt section of test ditch was ex- 
cavated in  Shallow Bay in la te  August 1975. The 
side slopes were excavated a t  approximately 2 : 1. 
These slopes rained essentially uncl-nnged through 
one week of mnitoring during which period the sur- 
face of Shallow Bay was camparatively rough on 
several occasions. 

The trenching operation in the frozen areas m y  
be mre difficult  than in the unfrozen portions. 
Howver, the  ditch walls i n  frozen ground w i l l  
stand with vertical  sides  for a reasonable length 
of time so the volmes of excavation will be 
reduced. 

Recent field observations  during a l l  seasons and 
laboratory data on undisturbed soi l  samples reveal 
that the outer Mackenzie Delta is different f m  
other del ta ic   envi romts .  The s i l t y  sediments 
are overconsolidatd, ccsnparatively dense, and mt 
very susceptible to liquefaction.  Very,steep, 
natural slopes exist a t  many locations 1 ~ 1  the 
Delta channels both parallel a d  perperdicular to 
the flow direction. It appears that the perma- 
frost regime plays an imprtant role i n  this 
regard. Wave and themnl erosion, assisted by the 
transporting caph i l i t i e s  of the flow, are the 
.mst likely causes of bank erosion in the outer 
Delta. Finally, the nature o f  the sediments is 
such that pipeline ditch slopes can be expected to 
stand at reasonably steep angles. If the prdic- 
tions regarding the distribution of -frost a t  
shallow depths are confirm&  widespread spradic  
-frost my  be anticipated in the bed of 
Shallow Bay. 

- 
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THE CATENA OF PERMAFROST S O I L S  IN THE BAYAN-NUURIN-KHOTNQR BASIN,  
KHANGAI MTS.,MONGOLIA 

A .  ~ o w a I k o w s k i ,   D e p t .   o f   S o i l  Sc. F. F e r t i l ,   F o r e s t  Res. I n s t . ,  
Warszawa-Sekocin,  Poland 

A complex o f  ac t i ve   p ingo   f o rms   o f   t he   ho locene   age   w i th  a s p e c i f i c  so i l  
catena  d isp lay ing   c ryogen ic ,   aeo l ian ,   xero thermal  and  zoogenic  features  occur  in 
the   Bayan-Nuur in -khotnor   Bas in .   In   the   d ry   semi -deser t   s teppe  l ink ing   ranges  o f  
a l k a l i n e  brown x e r o s a l i n e   s o i l s   w i t h   p e r m a f r o s t   u s u a l l y   o c c u r i n g   a t  a depth  below 
150cm have  developed  f rom  noncarbonate  dry,   f luvial   sands  in  depressions  between 
p i n g o   h i l l s  and i n  the   lower   par ts  of t h e i r   s l o p e s .  These s o i l s   a r e   p a r t l y   c o v e r e d  
wi th   the  gray-brown and gray   aeo l ian   sands .   In  more extens ive  depress ions among 
p i n g o   h i l l s   t h e y  have  been destroyed  owing t o  t h e   f o r m a t i o n  of f l a t   d e f l a t i o n   b a s i n s  
w i t h   d r y   a l k a l i n e   s o i l s  o f  t h e   i n i t i a l   s t a g e  o f  evo lu t ion .   There  sometimes  occurs 
ground  water a t  a d e p t h   o f  7Ocm downward supported  by  permafrost.  Broken o f f ,  not  
jo ined  together   rayges  o f  g r a y ,   c a r b o n a t e ,   x e r o s a l i n e   s o i l s   d e r i v e d   f r o m   l a c u s t r i n e  
s i l t s   w i t h  ice l e n t i c l e s   a r e   p r e s e n t  i n  the   upper   par ts  o f  p i n g o   h i l l s .  

LA CATENA DE  SOLS P E R G ~ L I S O L E S  DU BASS IN DE BAYAN-NUURIN-KHOTNOR, MONTS 
KHANGAI, MONGOLIE 
A. Kowalkowski,  Department o f  S o i l   S c i .  and F e r t i l . ,   F o r e s t  Res. I n s t .  Warszawa- 
Sekocin  (Varsovie),  Pologne. 

I1 e x i s t e  dans l e  bass in  de Bayan-Nuurin-Khotnor  un  complexe de s t r u c t u r e s  
a c t i v e s  de  type  p ingo,   d 'zge  ho loc&ne,   comportant   une  catena  de  so ls   spgc i f ique,  a 
caract5res  cryoggnes,   eo l iens,   xgrotherrn iques,   e t   zooghes.  Dans les  s teppes sBches 
e t   semi -dbser t iques ,   des   so ls   a lca l ins   b runs   x&rosa l ins ,   auxque ls   es t   assoc ie  un 
pergCl iso1   hab i tue l lement   rencont r6  d une profondeur   supgr ieure 2 150 cm, se  sont 
f o r d s  A p a r t i r  de sables  f luv ia t i ' les   secs,   dkpourvus  de  carbonates,  A l a  p a r t i e  
i n f g r i e u r e  des p i n g o s   e t  dans les depress ions  les  separant .  Ces s o l s   s o n t   p a r t i -  
e l lement   recouver ts  de s a b l e s   e o l i e n s   b r u n - g r i s   e t   g r i s .  Dans les   d6p ress ions   l es  
p l u s   v a s t e s   e n t r e   l e s   p i n g o s ,   c e s   s o l s   o n t   f a i t   p l a c e   a u x  sols a l c a l i n s  secs i n i t i a u x ,  
par  s u i t e  de l a   f o rma t ion   de   bass ins   de   dg f l a t i on  d f o n d   p l a t .  On r e n c o n t r e   p a r f o i s  
l a  nappe  phrgat ique 4 p a r t i r  de 70 cm de profondeur,   au-dessus  du  pergel isol .  I 1  
e x i s t e   a u  sommet des  pingos  des  6tendues  discontinues de s o l s   g r i s ,   c a r b o n a t e s   e t  
xCrosa l i ns ,   de r i ves  de s i l t s   l a c u s t r e s ,   q u i   c o n t i e n n e n t  des l e n t i l l e s  de g lace ,  
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TEIE C A T E N A  O F  P E R M A F R O S T   S O I L 5  IN THE I3AYAN-NIIURIN-KHOTNOR U A S I N  

OF  THE  KHANGAI  MOUNTAINS,  MONGOLIA 

A. I<owalkowcki 

/Contribution of the MonKoliarl-l-'olish Physicn-Geographical   Expedi t ion N o  191 
Dep,?rtment of Soil Sc ience   and   F~r l i l i za t ion ,   Fo res t   Resea rch   In s t i t u t e  

Warsxawa-Sqkocin,   Poland 

INTRODUCTION 

A n   a s s o c i a t i o n  of pingo  hi l ls   and  r idges of 

a c losed   sys t em type /Muller 19591 wc!re found  

by  Rotniclci and  Rabir iski  /1978/ in the  Bayan-  

Nuurin-khotnor  nasin in Mongolia  /1950-1980 m 

a.s.l/. 

This Basin   i s   s i tua ted   on   the   south  of the 

permafrost  of the  northern  hemisphere.  

P ingo  of IIolocenc age 3 to 9 metres   high 

o c c u r  in dead  channels   f i l led with  fluviatile  clay 

sed imunis .   Recent ly   the i r   agrada t ion   has   t aken  

place.   At   thc s a m e  time thc rmocar s t   and   aco l i an  

def la t ion  cause  thcir   degradat ion.  

Vividness of p rocesses   mode l ing   t he   ea r th ' s  

sur face   today ,  as well as, d r y   a n d  cool conti- 

nental   cl imate  determine  morphology  and  proper- 

t i c s  of the   c ryogenic   and   aeo l ic  soil assoc ia t ion .  

T h e  aim o f  our invest igat ions  carr ied ou\ in 

1 9 7 5   w a s  to study  the  relationship  between  pin- 

go topoca tenc   and   so i l   cover .  

OBJECT AND METHODS 

A s e r i e s  of pingo  hil ls   was  investigated  on 

s c ross - sec t ion  of about  550 metres  long  /Fig.  

1/. T h c y   a r e   l o c a t e d   o n   t h e  YV sliding  river  ter- 

r ace   t r ans fo rmed  by the  meandering,  river Tsa- 

gan-Turutuin-go1 in the   sou the rn   pa r t  of the Ba- 

yan-Nuur in  -1chotnor Basin  /Rotnicki,  Babirislci 

1978 / .   The   r i ve r   t e r r ace   i s  built  by  laminated 

l a k e  ca rbona te   c l ay  and f luvial   sands  s t ra t i f ied 

wilh l a y e r s  of gravel.  A pe rmaf ros t   occu r s   a t  a 

depth  of 6 0  c m .  

G r o u n d  icc l c n s c s  to 8 m thick  constitute  the 

core of pingo whrcch a r e   c o v e r c d  with a l aye r  

of 1,2 - 2,4 n~ mineral  malcrials. 

Samplcs wpre  talccn from each   l aye r   t o  the 

depth of permafros t   and  icc l cnscs   were   ana l i -  

zed  as follows: Colour - using  Munsel l  Soil Co- 

lour Char t s ,   Gra in   s i ze  - by  a combined  areo-  

metric - sicve method;  organic C by  Tiurin's 

rnethod; N total by Kjeldnhl's  method; pH poten- 

tiometrically;  specific'   Rravity  by  pycnom-eter me- 

thod.  Bulk  density was determined in samples  of 

100 cm3* Thc total porosi ty   was  f igured  out  

from the   va lue  o f  specific  gravity  and  bulk  den- 

sity. 

R E S U L T S  O F  INVESTIGATIONS 

Thc  cryogenic   aeol ical ly   act ive  pingo  lands-  

c a p e   i s   c h a r a c t e r i z e d  by a mosaic  of poligene- 

tic  elementary soil a r e a s   / T a b l e  I/. 
Remnants  of brown  xerosal ine soils o c c u r  in 

d e p r e s s i o n s   a n d  in the  lower  par ts  of pingo  slo- 

pes. They   a r e   fo rmed  f r o m  fluvial   sands  /profile 

no  0501.  T h e   s o i l s   a r c   p a r t l y   c o v e r e d  with g r a y  

brown  and   gray   aeo l ian   sands   /p rof i le   no  051, 

053 a n d  0541. They   a r e   ove rg rown  f r o m  25-800/0 

with clustersof   dry  s teppe  vegetat ion.  

F l o c k s  of g r a z i n g   h o r s e s ,   y a k s ,  seats a n d  

sheep   cause   t he   beg inn ing  of a e o l i c   p r o c e s s e s  

here.  A s  a resu l t  of t h e s e  are the microdepres- 

s ions   to  2 0  c m  in depth  with a deflation  cover 

of coarse s a n d  or fine  gravel.   They f o r m  belts 

of zoogen ic   t r anve r sa l   mic ro te r r aces  on the  pin- 

g o   s l o p e s .  

Fluvial   and  lacustrine  greyish-yellow  carbo- 

nate   s t ra t i f ied  sediments   are  in the  underg-ound 

of s a n d s  of fluvial   origin  which  are  partly  aeoli-  

cally  transformed. They a re   e i the r   s a tu ra t ed  by 

water or  arc within  the reacll of a permafrost. 

h'lat deflation  basins  were  formed in wide 

sp rcad   dcp rpss ions   by   aeo l i an   p rocpsses .   They  
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Fig. 1 The  longitudinal  profile- of thc SQ uence  of pingo  hills in the  south-eastcrn  part of the 

1 - Permafrost ,  2 - Thawing  water  level,  3 - Deflation  cover, 4- - Subrecent   brown  xerosal i -  
ne  soil c o v e r e d  by young  aeolian,  sand, 5 - Young  aeol ian  sand,  6 - Fine  laminated  gray  la- 
custrine  sediments,  7 - Frost t ransformed  gray  lacustr ine  sediments   with  gophers   passageways,  
8 - Investigated  soil  pits. 

Y Bayan-Nuurin-khotnor  Basin 

Table  1 

Catene of Soils in the Pingo Landscape  of the  nayan-Nuurin-khotnor  Basin 

Prof ile 
N o  

0 4 9  

053. 
0 5 4  

051 

0 5 0  

0 I -  8 

0 4 7  

0 5 2  

Soil type 

Initial  dcvclopmcnt  stadium 

Initial dc.velopmr:tlt stadium 
on fossil  brown  xero- 
sal ine 

Initial  clcvcloprrlent  stadium 
on  fossil   brown  xero- 
sal ine 

Brown  xero-salinc 

C ray xc?ro-salinc? on  fus- 
s i 1  brown  xcro-saline 

G r a y  xcro-salinc 

-7- 

Localization 

Deflation  basin 
between  pingo 

Accumulation 
basin  betwccn 
pingo 
P a r t s  of dep rcs s ion  
surrounding  pingo 

F h t  dcprcssion,  
lowEr a n d  rr~iddlf? 
pa r t s  of pingo s lopc 

LJpp<?r par ts  of 
pingo s lope 

Depth of 
permafrost 

lack to 
2 5 0  c m  

deepe r  
than 2 0 0  
CtTl 

2 8 0  c m  

d(?cper 
than 1 5 0  
c m  

190 c tn  

1 2 5  c l n  

115 ct11 

Contemporary  morpho- 
genic   p rocess  

aeolic  deflation 

acolic  accumulation 

aeolic  accumulation 

lack,  locally  development 
of  zoogpnic  terraces 



416 

arc   sur rounded by semicircular  edges 0,fi - 1,2 

111 fro~rl the southeaEL and by ~ ~ c c u m d a t c d  banks 

of acolian sands 0 , 4  - 0 , 6  m I-liRh /Fig. lA/. 

I n  thc.sc basins  soils of the initial. devc.lopin& 

stadium /profile no 0491 a r e  dry, in spitc of tho 

fact that, in placcs, the  supported  ground  watc,rs 

have already occurc!d at a depth of 7 0  c r n  /July, 

1975/ .  T lwse  soils a r e  covered by xcrofile  step- 

- 

- 
I 

I 

I 

L 

Pi t  
N o  

0 47 

048 

0 5 0  

049 

051 

0 5 2  

0 5 3  

0 5 4- 

- 

Depth 
in cm 

0-5 
20-25 
60-65 
105-120 

0-5 
5-10 
2 0-2 5 
60-65  
115-3.25 
190-200 

0-5 
15-20 
30-35 
45-50 

0 

0-5 
3 . 0 - 3 . 5  
50-5 5 
55-60 
100-110 

0-5 
10-1 5 
30-35 
5 0 - 5 5  
55-65 
130-140 

0-5 
3 .0 -15  
40-4 5 
50-55 
90-100 

0-5 
10-1 5 
30-35 
50-60 
130-140 

0 

0-5 
15-20  
3 0-3 5 
5 5 - 6 0  
" 

Color 

2,5Y5/2 

5Y5/2 

2,5Y5/2 
2,5Y 613 

2,5Y4/3 

2,5Y6/2 
2,5Y6/2 

1 oYR 513 
l o Y R 5 / 4  

2,5Y3/3 

loYR5/3  
3. OYR 514 
2,5Y6/2 
2,5Y4/2 

3.oYR.1/3 
l o Y R 4 / 3  
1oYH 613 
2,5Y6/4 
5Y4/3 
7,5Y6/2 

10YH3/4 

1 OYR 413 

2,5Y7/3 

1 oYR 514 

1 oYR 113 
1 oYR 413 

2,5Y6-5/2 
2,5Y6/2 
5 Y 5 / 2  
5 Y 5 / 2  
5Y5/3 

ZoYR5//3- 
l oYR 512 
I oYI? 513 
3.oYR5/3 
2,5Y3/3 

loY 12 513 
ZoYR5/3  
2,5Y?/2 
2,5Y5/2 "- 

Table 2 

S o m e  physical  properties of permafrost soil 

i 
2,7 2 
2,70 
2,81 
2,70 

2,65 
2,67 
2,67 
2,68 
2,68 
2,69 

2,63 
2,62 
2,63 
2,67 

2,7 2 
2.06 
2,70 
2,65 
2, O R  

2,62 
2,69 
2,70 
2,68  

2,65 

2,62 
2,68 
2 ,71  
2,71 
2,72 

2,64. 
2,67 
2,68 

2 ,71  

2,615 
2,67 

2,67 
2,70 

2,64 

2,67 

2,67 

1,l.l 
1,09 
1,07 

1 ,29  
1,37 
1 ,39  
1,1-6 

1 , 4 8  
1,39 

1,30 
1 ,44  

1,42 
1 ,45  
1,47 

1 ,42  
1 , 4 1  
1 , 4 5  
1 , 4 6  

1,38 
1 ,12  
1 ,16  

0 

1,51 
1,50 
1 , 4 6  

4 

> 

4 

I )  

0 

Total 
poro- 
s ity 

% 

59,19 
60,30  
61,9 

51.,3 

47,9 
45,s 

48,6 

* 

43,7 
46,9 
45,2 
51,3 

47,7 
4-5,4 
45,5  

J 

45,8  
47 ,6  
46,2 
4 5 3  

47,3 
5n,2 
57,1 

42,o 
43,n 
4.5,5 

* 
0 

I 

O 

4 

c 

T 
r 20,o 

mm 

0 

0 

0 

0 

0 

0 
0. 
0 

0 

0 

0 

0 

0 

0 

0,5 
n 
0 
0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

< i  

0 

0 

0 

0 
0 

o 
0 

1 

l,0-0,lo 
. .  

mm 

3,o 
1,o 
5,0 
2,o 

5 u,7 
57,2 
53,o 
63,6 
05,4 
I 4 , O  

77,6 
67,4 
57,o 
l E , O  

794 
67,4 
90,5 
46,9 
89,2  
l , 0  

71.,5 
78,4  

39,O 
77 ,2  

42,o 
54,7 

73,u 
990 
h o  
I., 0 
3 . , 0  

77,'L 
7 6,7 
80,6 
78,7  
l9,8 

u3,7 
77,s 
B<>,? 

20,o 
G 5 , 6  

" 

in per cen t  
0,l o-0,02 

- 

' 0 , 0 0 2  
mm 

92,o 
93,O 
84,O 
90,o 

27,4 
30,6 
2 E ; 9  
24,l 
1 9 , s  
3 4 , O  

11,9  
1 n,n 
2 2 , o  

0,3 
11,8 

3,9 
3 ,4 
397 

90,o 

F),7 
6,9 
7,9 

24,o 
29,o 

2,0 

11,7 
83,8 
85,7 
91.,8 
92,O 

10,9  
l0 ,o  
6,1) 

3.0 ,O 

'1.3 ,7 

3,6 
s, 0 
<:,o 

1. (i, 9 
'I 1,9 

45,O 

1 
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/Fis.  I I?/, On tIw sur-facc ttwy 1.1ave a crust  

with- rnicropolygonal dryir.tg clefts and with salt 

cfflorc-sccnccs. Frorn t h f :  souLllwc.st side there 

is a thc?rmocarst  caused by the mplting of a 

shallow  pernlafrost dl.l1*in% the Summer. 

Surfacc  water  erosion as well as f rost  acti- 

vities Cause  the forming of domal  microrelief 

/Fig. 1 B/. Multy-s!orey systems of passageways 

of gophers  densely  populating the dry  steppe 

a r e  I r e  uently  encountered in thcse  soils. 

Arnong  domal  upwnrping covercd with vegctation 

or sometimes with a deflation  gravel  layer  occur 

elongated  irregular  erosional  depressions  and 

gullies  to 1,5 m deep. On some of them accumu- 

latcd  acolian  sand  and  gravel  can  be  observed. 

/Table 2 profile no, 052,  Fig. 1 B/. 

9 

In p laces  where  thermal c uilibrium has  becn 

disturbcd,  for  example in river  and  dead  chan- 

nel  undercuts, therrrtal erosion  and  abrasion  are  

proceeding. A s  a consequcnce  of this  water ba- 

s in s  with a pingo  outline  and  varying  depth to 

2,5 metres are bcinlg formed.  They  are  surroun- 

ded  by  remnants of lower  parts of. pingo  slopes 

in thc form of a collar  /Rotnicki,  nabitiski 1978/. 

In these  basins   because Qf freezing  during  the 

winter  subaqueous  cryogenic  mineral soils a r e  

developing. 

The physical  features of the  currently domina- 

t ing f rost   and  aeol ian  processes  have been  fouhd 

in the  profiles of the  investigated  soils  /Table 21. 

Characteristic  for  cryogenic soils i s  the low 

bulk density  ranging from 1.07 to 1.51. I t s  value 

i s  decreasing with depth in soil profile  /prof. 

0 5 0 ,  052,  0 5 3 /  and with increasing  content of 

floatable  fractions.  The  total  porosity i s  high 

varying from 43Ok to 62% of similar  regularities 

and  i s  locally  formcd  by  the  vegetation  and the 

soil vertebrates  /prof. Or18, 049/.  

The  content of organic matter var ies  in the Soil 

proffie from 0,Zlok - 2,00% which i s  characte- 

ristic for the dominatinp, cryogenic   processes  

/Table 31. But the m a x i m a  a t  different  depths Can 

be  conncctpd with fossi l  s o i l  horizons or with 

migrating of puptizctl hurnic ac ids  of fUlViC type 

in the  alcalinp soil. Thc widpr C to N ratio, in 

soil  horizons  richcr in organic  substances,  points 

to thc. last phcnorricna. 

9 

Uopth 
c rn 

0-5 
20-25 
60-65 
105-1.20 

0-5 
5 -1 o 
20-25 
60-65 
115-125 
190-200 

0-5 
15-20 
30-35 
45-50 

0 

0-5 
10-1 5 
50-55 
55-60 
3 00-110 

0-5 
10-15 
30-35 
50-55 
55-65 
1 3  0-1 4-0  

0 -5 
10-15 
40-4-5 
5 0-5 5 
90-100 

0 -5 
10-15 
30-35 
50-60 
130-1.40 

0 

0-5 
15-20  
30-35 
55-60 

c 
% - 

Z , 0 7  
0 , 5 8  

0.48 
0,97 

0,89 
0,68  
1,97 
0,40 

1,3 3 
0 ,33  

0,37 
0,55 
0,3 fL 
0 ,70 

0 ,52  
0,23 
1,04 
0,44 
0,45 
0,57 

0,5 4 
0,13 
0 , 2 2  
0,41 
0,45 
0,70 

0,54 
1 , O O  

1.,14. 
0.57 
0,32 

o,27 
0,12 
0,38 
0,29 
0,32 

0,44 
0,7 2 
0,23 
q4o 
o,77 - 

There are  no  fcaturcs  of  humus  accumulation in 

thc  soil  morpl~ology,  cspccially in fine-grained 

soils. In this  hulnus  light  coloured forms dorninn- 

tc?. Accordinz; to Glazovslcaya /1972/ they are  

typical for xcro-alcalinc.  landscape poor in rain- 

fall. In dry pcriot-Is soil solutions 1n:igrnte from 

tllc clclling  permafrost to the sllrfnce. 
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SUI \ . IMARY 

In t l w  nayan-Nuurin-lchotnor TIIasin occur s   an  

association of active pingo forms of Holoccno 

e g c .  A specific soil catene with cryogenic, aeo- 

lic  and xc?rothermic features i s  conncctcd with 

them. 

In depressions  and in iower  parts of pingo a r c  

formed alcalic brown xcro-saline  soils from non- 

carbonate fluvial sands. They are covered  partly 

with gray-brown  and  gray  aeolic  sands  on  which 

dry  semidesert  steppe  develops. 

In more extensive  depressions,  deflation basins 

occur  with alcalic  soils of initial developing  sta- 

d ium.  They  were  created of sand, in places,  with 

ground  water at 7 0  cm in depth. 

The  top  parts of the  pingo are covered with 

gray carbonate  xero-saline soils. In their sub- 

soil a t  a depth of 1 ,2  m l enses  of ground ice 

occur.  

Developed  pasture  intensifies  aeolic  and ero- 
s ion  processes .  

Specifity of described phenomenon is the coup- 

ling of pingo  association of the northern  perma- 

frost with xerothcrmal  dry  steppe and  szmi-de- 

s e r t  alcaline soils of Central Asia. 

GLAZOVSKAYA M.A.  1972. Soils of Ihc Ea r th  

/rush/.  MOSCOV. 

MWLLER F. 15’59. Roohachtungcn Gber Pingos. 

Meddclclser urn Grbnlnncl. 153 Kopenhngen. 227. 

R O T N I C K I  K., L3A?\nl6.lSKI %. 1978. Tho cryogt.- 

nic relief in the Bayan -Nuurin-Ichotnor Basin. 

Bull. Acad. Polon., S E T .  Sci. de la  Terre.  
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ZONAL AND REGIONAL  PATTERNS  OF FORMATION O F  THE  PERMAFROST R E G I O N  IN THE U . S . S . R .  

V.A. Kudryavtsev, .K.A. Kondrat 'eva  and N.N.  Romanovskii, Moscow S t a t e   U n i v e r s i t y ,  
U.S.S.R. 

The most   genera l   zonal   and  reg ional   pat terns o f  occu r rence   o f   t he   pe rmaf ros t  
zone  can  be  deduced  from a g e n e r a l   g e o c r y o l o g i c a l   r e g i o n a l i z a t i o n  map. The  geocryo- 
l o g i c a l  map on   the   sca le  1 :  Z 5 , O O O , W O  compi led  by  the  authors shows the   reg iona -  
l i z a t i o n  of  the  permafrost   zone:   subaer ia l ,   subglac ia l   and  submar ine.  I t  was 
compi led a5 a r e s u l t   o f  a g e n e r a l i z a t i o n  d f  t h e   g e o c r y o l o g i c a l  map of t h e  U.S .S .R .  
on the s c a l e  1:2,500,000.  This makes i t  p o s s i b l e   t o   g i v e  a new g r a d a t i o n   o f   t h e  
parameters o f  t he   subaer ia l   pe rmaf ros t   zone ,   hav ing   mod i f i ed   t he   boundar ies  of t h e  
g e o c r y o l o g i c a l   r e g i o n s   a n d   s u b r o n e s   w i t h i n   t h e   l i m i t s   o f   t h e   c o n t i n e n t  and t h e  
water   a rea  o f  the   Po la r   Bas in .   Fur thermore ,  i t  becomes po(ssib1e t o   s i n g l e   o u t  and 
d e s c r i b e   t h e   s u b g l a c i a l   p e r m a f r o s t   z o n e   f o r   t h e   f i r s t  t ime ,  

LO I S  DE LA PP b RT 1 
V.A.  Kudryavtsev, 
MOSCOU, URSS - 

Les l o i s  1 
zone d e   p e r g e l i s o l  

T lON ZON ALE ET R ~ G I O N A L  E DE LA ZONE DE P E R G ~ L I  SOL EN URSS 
K.A. Kondrat ieva,  N.N. Romanovsk i i ,   Un ive rs i t e   d ' t t a t   de  

es p lus   genera les  de l a   r e p a r t i t i o n   z o n a l e  e t  r e g i o n a l e  de l a  
sont  deqaqees 21 p a r t i r  d ' u n e   c a r t e  3 l ' k c h e l l e  de  1/25 000 003 

i n d i q u a n t   l a   z o n a t i o n  du p e r g e l  i 5 0 1 ,  qu i   se   subd iv i se  en perge l   i s01   subaer ien ,  
s u b g l a c i a i r e   e t   s o u s - m a r i n .   E l l e   r e s u l t e   d ' u n e   g g n e r a l i s a t i o n  de l a   c a r t e  9.50- 
c r y o l o g i q u e  de I ' U R S S  3 l ' e c h e l l e  de  1/2 500 000 e t  p e r m e t ,   d ' u n e   p a r t ,   d ' e t a b l i r  
une n o u v e l l e   g r a d a t i o n  de5 paramGtres  de l a  zone  de  perg.5l isol   subaer ien,  apres 
a v o i r   p r t 5 c i s e   l e s   l i m i t e s  des  rCgions e t  sous-zones  g6ocryo log iques  cont inenta les 
e t  de c e l l e s   d u   p l a n   d ' e a u  du b a s s i n   p o l a i r e ,   e t ,   d ' a u t r e   p a r t ,  de d e f i n i r   e t  de 
c a r a c t e r i s e r   p o u r   l a   p r e m i g r e   f o i s   l a  zone  de p e r g g l i s o l   s u b g l a c i a i r e .  

30HAJlbHblE M PErMOHAnbHbIE 3AKOHOMEPHOCTM QOPMMPOBAHMR 
KPMOIIMT~OHbl CCCP 
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30HAJIbHblE M PEWOHAflbHbIE 3AKOHONEPHOCTM QOPMMPOBAHMR KPMOflMT030HbI CCCP 

B.A. I(ynpR8u@B, K.A. KOHnpaTbeBa, H.H. POMaHOBCKHlf 
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I 
PHC. 1. CxeMa nonpasneneHaR KpUOJIkiT030HbI ann 

reoKpAonorsrccKoi wpm1 ~ a c m ~ a 6 a   1 : 2 6  000 000 
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PERMAFROST DISTRIBUTION & CHARACTERISTICS NEAR SCHEFFERVILLE, QUEBEC: RECENT STUDIES 

F. H .  Nicholson, McGill Sub-Arctic Research Laboratory, P.O. Box 790, 
Scheffervil le,  Quebec, and Department of Geography, McGi11 University, Montreal. 

Data from 84 new ground temperature measurement instal  1 ations  are  presented. 
On one s i t e  15 cables  reach  the  permafrost  base, which averages 85 m deep b u t  shows 
considerably more re l ie f  than  the ground surface. The active  layer  usually  varies 
w i t h  increasing  vegetation from 2 t o  3.5 m ,  and t h e  depth a t  a s ing le   s i te   var ies  
by 25% from year t o  year.  Different  patterns o f  suprapermafrost groundwater move- 
ment i n  the  active  layer were direct ly  observed. "Wet lines" w i t h  character is t ic ,  
vegetation mark suprapermafrost  drainage  channels, which have a sharply  defined 
subsurface form  and much more unfrozen ground e i ther  a s - a  very deep active  layer 
or as a t a l i k .  The relationship between snowcover and ground temperatures was 
further  quantified.  Permafrost  prediction based on multiple  linear  regression with 
snow and a groundwater variable would predict  the  discontinuous  permafrost  cor- 
rectly  for 90% of the sites available. 

LA D l  STRl BUTION ET LE$ CARACTERISTIQUES DU PERGfLl SOL SCHEFFERVILLE 
F.H. Nicholson,  McGill Sub-Arct ic   Research  Laboratory ,  P .0 ,  Box 790, 
S c h e f f e r v i l l e ,  Quebec,  and  Department o f  Geography,   McGi l l   Univers i ty ,   Montrea l .  

l a  mesure  de l a   t empgra tu re   du   so l   son t   p rgsen tees   i c i .  a un s i t e ,  15 cables 
a t t e i g n e n t  l a  base  du p e r g g l i s o l  (en moyenne 85 m de p r o f o n d e u r )   e t   c e u x - c i  demon- 
t r e n t   c o n s i d e r a b l e m e n t   p l u s  de r e l i e f   p o u r   c e t t e  base  comparativement 2 c e l u i  de l a  
su r face   du   so l   e l l e -m ihe .  Le m o l l i s o l   v a r i e   h a b i t u e l l e m e n t   s u i v a n t   l a   v g g 6 t a t i o n  
e n t r e  2 e t  3 . 5  rn, e t  la profondeur  4 un s i t e   v a r i e  de 25% d'annee  en  annee.  Di f fE- 
r e n t s  rnodgles  du rnouyement des  eaux  souterraines  du  suprapergEliso1  dans l e  
m o l l i s o l   o n t  e t6  observges  d i rectement .  Des l i g n e s  de v e g e t a t i o n   p l u s   f o n c &  
i n d i q u e n t   l e s  emplacements  des  canaux  de  drainage  du  suprapergel isol   qui   ont   une 
forme t r & s   d e f i n i e  sous l a   s u r f a c e   e t  beaucoup p l u s  de so l   dege l6   qu 'aux   au t res  
e n d r o i t s ,   s o i t  comme un m o l l i s o l   t r 6 s   p r o f o n d   o u  un t a l i k .  Les r e l a t i o n s   e n t r e   l e s  
c a r a c t e r i y t i q u e s  d u   c o u v e r t   n i v a l   e t   l e s   t e m p g r a t u r e s   d u   s o l   f u r e n t   q u a n t i f i g e s  
p l u s  en d e t a i l .  La methode  de p r g d i c t i o n   d u   p e r g e l i s o l   b a d e  s u r  l a  r e g r e s s i o n  
l i n e a i r e   m u l t i p l e  des v a r i a b l e s   n e i g e   e t   e a u x   s o u t e r r a i n e s   p o u r r a i t   p r g d i r e  
c o r r e c t e r n e n t   l e   p e r g e l i s o l   d i s c o n t i n u   p o u r  90% de5 s i t e s   d i s p o n i b l e s .  

Les  donnees d 'g tudes   rhcentes   p rovenant  de 84 n o u v e l l e s   i n s t a l l a t i o n s   p o u r  
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PERMAFROST DISTRIBUTION AND  CHARACTERISTICS NEAR SCHEFFERVILLE, QUEBEC: RECENT STUDIES 

Frank H. Nicholson 

McGill Sub-Arctic Research Laboratory, P.O. Box 790, Schefferville, P.Q., Canada GOG 2T0 

and Department of Geography, McGill University, Montreal, P.Q., Canada 

I 1 

INTRODUCTION 

This paper reports the results of recent studies 
based on the McGill Sub-Arctic Research Laboratory, 
Schefferville, Quebec. Permafrost investigations 
in the  Schefferville area began in the late 1950's 
(Ives 1962; Bonnlander and Major-Marothy 1964; 
Annersten 1966). Since  the  work reported to the 
Second International Permafrost Conference (Granberg 
1973; Nicholson and Granberg 1973; Nicholson and 
Thom 1973), results have been obtained from some 84 
new temperature  measurement sites and, unlike the 
earlier sites, some 20% penetrate the permafrost 
base. More information on the  active  layer i s  now 
available, and this has been correlated with other 
studies, especially those con,cerning suprapermafrost 
groundwater. A study of permafrost amelioration has 
yielded information on the ground thermal regime 
(Nicholson 1978). There has been intensive investi- 
gation of permafrost distribution to dewlop methods 
of prediction for use in planning for iron ore 
mining operations. 

GENERAL ENVIRONMENT AND PERMAFROST DISTRIBUTION 

The location of  the research area in relation to 
the permafrost distribution in the peninsula i s  
given in  Fig.1. The research area lies in the 
transition  zone from boreal forest  to  tundra, with 
woodland on less exposed ground and tundra-form ve- 
getation (with only krumnhol tz-form tree  species) 
on higher or more exposed sites. Recent data analy- 
sis shows that  the mean annual temperature is  -4.9OC 
at Schefferville  (500  m a.s.1.) and  -6.5OC at  700  m 
elevation on one of the main investigation sites 
(fimmins 4). The permafrost of  the  Schefferville 
area is discontinuous, permafrost being common under 
the tundra vegetation and normally absent under 
woodland. The most important factor controlling 
the distribution of permafrost is the amount of 
winter  snow insulation. With a mean annual snowfall 
of 350 cm, an accumulation 1.5 m  deep i s  normally 
present by the end of winter in wooded sites. Where 
tree cover does not inhibit snow drifting there is 
great variability of snowcover and permafrost occurs 
wherever  the  snowcover is thin, (generally less than 
70 to 80 cm). The rock materials  are extremely 
vari  ab1 e, ranging from chert, taconite and quartzite 
with almost zero porosity to porous earthy, leached 
iron formation, often  overlain by shallow till. 

1 

C"C I O U I h I I Y  LIMIT 0,  FOHTIHUOUI P I I Y A F L O I T  I&*rWw. IW7l  

d i s t r i b u t i o n   i n  the  Nouveau-Qudbec-Labrador  Peninsula.  The 
F i g .  1. L o c a t i o n  o f   S c h e f f e r v i l l e   i n   r e l a t i o n  t o  permafrost  

map i s   m o d i f l e d  f r o m   I v e s   ( 1 9 6 2 ) ,   w i t h   r e f e r e n c e   t o :  Brown 
( 1 9 7 5 ) ;   r e c e n t  S c h e f f e r v i l l e  d a t a  and snow d i s t r i b u t i o n  as 

seen  from LANDSAT Imagery (NE p o r t i o n  only). 

NEW  DEEP GROUND TEMPERATURE DATA 

Data from 56 new sites are presented in Fig.2a 
to e. Most of  the  data  were collected by logging 
the temperatures in antifreeze filled pipes instal- 
led in drill  holes. The pipes used are 2.7 cm 
rigid ABS plastic pipe (rated 150 p.s.i.) and the 
logging is carried out with a  thermistor probe 
calibrated to O.0lo accuracy. This method is much 
more economical of  manpower and materials than the 
use of fixed thermistor cables and it is only by 
this means that such a large amount of data could 
be collected. Logging in antifreeze gives readings 
consistent to &0.05O at  7  m depth and usually 
$0.02O below 15  to 20 m depth. The method was not 
originally deslgned for active layer monitoring 
but when shallow  temperature gradients are at a 
minimum, accurate measurements can  be obtained at 
shallow depth, permitting active layer depth to be 
determined. All of  these installations are in 
exploration or development drill holes of the Iron 
Ore Company o f  Canada. 



429 
I 1  -1 -1 0 -2  -1 0 1 2 -1 

I I , -  0 
7 

I 
/ - m -  

- 2 0 -  

" 

" 

" 

" 

Fig. 2. Tempera ture   p ro f i les   f rom  recent   ins ta l la t lons ,  showing  a  wide  variat ion o f  ground  temperatures.  There  are  several 
wet l i n e "   s i t e s   w i t h   l a r g e   t a l i k s  above the  ermafrost .  The warmest p r o f i l e s   i n   ( e )   a r e  under or near  the  shore of a 20 ha 

lake.  (a)   Timnins 4 and adjacent  area. (by and (c )  Timmins 3 s i te .   (d)   F leming 7 s i t e .  (e )  Fleming 3, Lance Ridge and 
Knox Mi ne s i t e s  . 
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Fig.  3. Cross sect ions  through  permafrost .   (a)  shows a t a l i k  i n  a   va l l ey  and the   fo rm  o f   the   permaf ros t   tab le  as observed 
i n  t renches   ( la te  September). An a s y m n e t r i c   t a l i k  i s  shown on  (c) and the   i n f l uence  o f  groundwater  f low  maintaining  unfrozen 
ground r i g h t   t h r o u g h   s u r r o u n d i n g   p e r m a f r o s t   i s  shown i n  (f). (a )  and ( f )  Timmins 4 s i t e .   ( b )   t o  (e )  f immins 3 s i t e .   No te  

tha t   sec t ion la )  i s  a t   doub le   t he   sca le   o f   t he   o the r   sec t i ons .  

The profiles seen in  Fig.2 show  a  wide  range of 
conditions over  a  distance  of 10 to  15 km and an 
altitude range o f  200 m. Even at 100 m depth there 
is  no general equilibrium dominated by vertical 
heat flow. The  sections in Fig.3 indicate the gen- 
eral variability, with Fig.3b-e being all from one 
site  with general permafrost depth about 85 m.  On 
this s i t e  15 installations reach the base of the 
permafrost. Although the  maximum ground surface 

slope  over most o f  the  site is only 4 O ,  and  is 
generally much less, the  slope  of  the permafrost 
base is comnonly two or  three  times as steep. 
Often local steepening i s  associated with wet lines 
on the surface, but sometimes  the permafrost base 
slopes steeply well away from wet lines. This 
series  of  sections  explains many of  the features 
of  the  temperature profiles shown in  Fig.2b and c. 
Fig.3f shows a section from the  Timnins 4 s i t e ,  
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Table 1.  Temperatures a t  50 cm dep th  under 
different covers 

Individual  points Mean 

Bare ground 6.0 5.6 5.8 6.9 6.1 
Ephemeral pond 8.7  8.7 
Brush 5.3 5.6 4.7 5.1 3.8 4.9 
Lichen 3.3 3.7 4.7 2.8 3.6 
Krummhol t z  t ree  1.9  1.9 .8 3.4 2.0 
Wet line  vegetation: 
Mi xed 6.4 3.3 4.4 
Sedge 5.6 3.9 4.6 4.7 
Moss 3.0 5.1 4.5 4.2 
Hummocks 3.2 3.9 3.5 

depression of freezing  point  exactly  agrees with 
an experimental  value  obtained by Williams (1967, 
p .  17) for  depression o f  freezing  point due t o  
normal groundwater solutes  in  the i ron  ores of the  
Schefferville  area. 

Fig. 4. The relationship between active  layer depth and 

circular areas. Groundwater affected s i t e s  are  those  in 
percentage o f  ground bare o f  vegetation  over 15 m radius 

"wet lines" ( see   t ex t ) .  

where a valley  line has sufficient groundwater flow 
t o  maintain a thawed  zone completely through the 
permafrost. 

THERMAL BUDGET 

In the  course of a  permafrost  amelioration 
experiment the thermal budget was calculated  for a 
typical  ridge s i t e  (Nichols n 1978). Net radiation 
I s  approximately  1,250 x log Jm-2 of which  35 t o  
45% are used i n  evaporation. The equivalent of 
about 10% of the annual net  radiation i s  gained and 
los t  a t  the 75 cm level (Nicholson and Lewis 1976) 
and nearly 1% a t  the 10 rn level.  The budget  varies 
considerably from year t o  year, mainly due t o  
vari abi 1 i ty of snowcover. 

There is no doubt that  the permafrost i n  this 
area i s   in  balance w i t h  the present climate. Per- 
mafrost is   actively developing in mine waste dumps 
in  the  area (Nicholson  1976). A t  the Wishart s i t e  
8 t o  10 m of permafrost has developed in 10 years. 
This is  also  relevant t o  the possibil i ty of perma- 
f ros t  development consequent upon f i r e  i n  woodland. 
On the open terrain produced by f i r e  only  shallow 
snow can accumulate on raised areas. Typically 25 
t o  50 years are needed t o  allow revegetation t o  the 
point where sufficient snow is trapped t o  ensure no 
permafrost development. The mine dump experience 
indicates t h a t  this would allow development of  10 
t o  20 m of permafrost on temporarily  deforested 
sites where only  shallow snow accumulates. 

In 1973 i t  was reported t h a t  the ground freezes 
a t  O°C (Nicholson and Thorn), with no depression of 
freezing p o i n t ,  w i t h i n  the accuracy o f  the measure- 
m e n t  system used (*.lo). W i t h  mre accurate  field 
measurement i t  has been found that  the active layer 
freezes a t  -0.02 t o  -0.03O. This a m o u n t  of 

THE ACTIVE LAYER 

Unfortunately the  surface  cover near many of 
the  s i tes  monitored for  deep ground temperature i s  
fa r  t o o  disturbed d u r i n g  the  drilling process t o  
be useful for active  layer  observations. For 35 
s i t e s  , however, good d a t a  have been obtained 
(Fig.4). The s i t e s  have  been classified according 
t o  whether or not  they are  specially  affected by 
groundwater. The effect  of suprapermafrost ground- 
water will be discussed  in the next section. On 
s i t e s  not  specially  affected by groundwater there 
i s  a general relationship between percentage vege- 
tation cover and active  layer dep th .  I t  i s  notable 
that  the  active  layer  is  controlled by variations 
of heat gain whereas the distribution of permafrost; 
is  controlled by variations of heat  loss  (winter 
snowcover). Test  plot da ta  show t h a t ,  as i n  other 
areas , vegetation cover considerably reduces heat 
gain by the ground (Nicholson  1978). The general 
observed range of active  layer dep th  i s  1.8 t o  4 m ,  
the calculated  regression  for the non groundwater 
affected  sites shown in Fig.4 indicates a range 
from 2.4 t o  3.6 m. Additional factors  influence ac- 
tive  layer  depth,  especially  variations of thermal 
conductivity and ice  content. The deepest non 
groundwater affected  active  layer recorded i s  in 
solid bedrock (as contrasted t o  the leached or  
shattered bedrock. o r  t i l l ,  of most other s i t e s ) .  
On palsas  the well drained  peat  gives an extreme 
contrast of thermal conductivity and the  active 
layers  are only 50 t o  80 cm deep. 

Table 1 shows that  the  effect o f  vegetation 
cover i s  by no means uniform. However,  krummholtz 
spruce  usually forms only a small percentage of the 
cover, "wet 1  ine  vegetation"  correlates w i t h  
groundwater affected  si tes,  and by far  the common- 
est vegetation cover is  lichen mat, or mixed herb 
and lichen mat. Thus, using the regressfon given 
in  Fig.4, major errors are m s t   l i k e l y  on dominant- 
ly brush covered sites. 

The active  layer depth varies considerably from 
year t o  year, a fluctuation over a range of 25% of 
the total  depth being normal. This fluctuation i s  
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controlled  partly by general factors and partly by 
local  factors, of which water content o f  the active 
layer when i t   i s  frozen i s  probably the most impor- 
t a n t .  Summer 1976 produced notably less t h a n  aver- 
age active  layer d e p t h ,  for  reasons t h a t  are n o t  a t  
a l l  apparent from the meteorological record. One 
important result  was that  frozen ground from the 
previous  winter remained in most  muskegs (which  
comnonly thaw each year) and thus the total  perma- 
frost cover was temporarily  increased by perhaps 
10%.  This emphasises the need for  cautlon when in- 
terpreting  observations from a short  period. 

SUPRAPERMAFROST GROUNDWATER 

On the ground "wet lines" o r  "drainage l ines" 
marked  by characteristic  vegetation are an obvious 
and common feature of the  permafrost  affected  areas, 
sometimes with well marked valley forms b u t  often 
with l i t t le   re l ief .   Si tes   c lass i f ied  as  "ground- 
water affected" in F ig .4  were in or  very  near vis i -  
ble wet l ines marked by  some combination o f  charac- 
t e r i s t i c  mosses, sedges or dark lichens. Data  from 
temperature  observations i n  dri 11 holes , observa- 
tions  in mines and in  geological  exploration 
trenches show t h a t  these  drainage  lines are normal- 
ly  underlain by thawed "channels" of varying depth, 
for  a t  least  p a r t  of the  year. The resul t   i s   that  
the  drainage  1  ines have active  layers u p  t o  15 m 
deep, taliks  (perennially unfrozen zones) may exis t  
down to 25 or 30 m ,  or there may be complete ab- 
sence of permafrost beneath a drainage  line 
(Fig.3f). The term talik  is   preferred  for the 
second case because these  are zones kept actively 
unfrozen by heat from moving groundwater (as oppos- 
ed t o  the case o f  passively unfrozen ground above 
re1 i c t  permafrost, which should not  be termed a 
talik  zone). The active  nature of the ta l iks  was 
demonstrated  in one case on the Timmins 4 perma- 
f ros t   s i t e  where artificial  modiflcation a t  the  sur- 
face caused la teral   shif t  of a 25 m deep t a l i  k zone, 
as  observed by temperature observations in  dri l l  
holes . 

Excavation of 2 km of geological  exploration 
trenches on the Timmins 4 s i t e  in f a l l  1976 gave an 
opportunity  for  visual  observation of the  nature of 
moisture distribution and groundwater mvement. On 
the si te  studied, the materials of the active  layer 
were generally porous, being t i l l ,   o r  leached bed- 
rock, o r  frost  shattered bedrock. As expected the 
nature of groundwater movement ref lects  the nature 
of the materials. In highly porous materials  a 
simple  shallow saturated tone was found  above the 
frozen ground, so that the groundwater regime would 
be as shown in  Fig.5a. Typical material would  be 
leached iron formation w i t h  a bulk density o f  2500 
kg m-3 and a porosity of about 45%. The frozen 
material below the  active  layer was always saturated 
whereas the  unsaturated part of the  active  layer 
would normally have volumetric  moisture contents of 
about  15%,  ranging u p  t o  28%. In less regularly 
porous material,  for  instance  variably  fractured and 
leached  bedrock, the water movement and distribution 
was irregular and the  saturated zone might be a 
shallow layer above the frozen ground, b u t  more 
commonly  would  be a much deeper and less  regular 
zone.  Occasionally strong flows were seen issuing 
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F i g .  5 .  The frost  table and the  water table  in  the  active 
layer through the summer at specimen s i t e s .  The s i tes   are:  
( a )  on a broad crest (b )  on a slope and ( c )  in a "wet l ine" 

valley bottom. There was heavy rainfall  i n  later  July.  

from particular cracks. This  type o f  situation 
would produce the groundwater regime shown in 
Fig. 5b. 

I n  drainage  lines the saturated zone i s  
comnonly less t h a n  a metre below the  surface, b u t  
in some places,  especially i n  well marked valley 
l ines ,  may become  much deeper as  the thaw season 
progresses (Fig.%). Fig.3a shows the typical 
situation  for a drainage  line  in  a  valley. The 
permafrost table was seen t o  plunge remarkably 
steeply  at the edge of the  drainage  line, and 
thus a subsurface water movement "channel I' may be 
very well defined, even when the  surface  relief 
i s   s l i gh t .  These "channels"  will n o t  always be 
symmetrical (F ig .3~) .  The very 1 arge depth o f  
freeze and thaw in many drainage  line  active 
layers  is  a  topic deserving more attention. 
During permafrost amelioration  tests i t  was shown 
t h a t  6 m of ground will  freeze by midwinter, des- 
pite a deep and early cover of snow. However , i f  
a whole channel were saturated, a t  the typically 
h i g h  moisture  contents observed, the necessary 
heat gain and loss i s  very large. In part, 
freezing can be accomplished from  below and la ter-  
a l ly  w i t h  a geometry l ike t h a t  seen i n  Fig.3a. 
A1 t h o u g h  the permafrost  temperature i s  not much 
below O°C freezing of the actlve  layer from  below 
on s i t e s  away  from drainage  lines is  quite obvious 
in  available temperature records. However, i t  
seems that deep thawed zones often  largely d r a i n  
l a te  i n  the  season,  leaving the ground with a 
much lower molsture content which i s  more easily 
frozen. Perhaps mre important, the ground will 
be porous and a1  low faster  thawing o f  the zone by 
groundwater movement in the following summer. 

When the  suprapermafrost groundwater drainage 
l ines  enter open p i t  mines they cause considerable 
problems. Large, saturated, thawed areas cause 
slope  stability problems, and water in the ore as 
we1 1 as water on the p i t   f loor  causes further 
problems. By i t s  nature this water is extremely 
d i f f icu l t  t o  control by conventional dewatering 
techniques. For this  reason, and because of the 
general influence of suprapermafrost groundwater 
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on the  permafrost of the   a rea ,  th i s  topic has 
received  special  attention,  including  a  study  of  a 
catchment  using  a s e r i e s  o f  roundwater  wells by 
J .  Lewis in 1975 (Lewis 19773; the  detailed  trench 
investigation mentioned above; and a  study  currently 
underway in which R.  Wright i s   a t tempt ing   to   in te r -  
cept a1 1 the suprapermafrost  groundwater movement 
from a  large  plot ,   using  a  trench  f i l led w i t h  
coarse  gravel. 

COMPILATION OF SNOW  MAPS 

Since snow i s  the  most important  factor 
controll ing  permafrost   distribution, an e f f i c i e n t  
method of monitoring  large amounts of snow informa- 
t ion  was needed, The  method o f  snow modelling by 
computer,  described by Granberg (1973) is  s i t e  
spec i f i c  and thus a second method described by 
Granberg,  using  aerial  photography  taken a t   i n t e r -  
vals  through  the snowmelt period, was modified f o r  
use on a broad scale.  For peak snow accumulation 
ground truth, 5 snow monitoring si tes were used, 
each 1  to  2 km2 i n  area,  with between 70 and 250 
measurement points per s i t e .  In 1974 7 f l i g h t s  were 
made a t   s u i t a b l e   i n t e r v a l s  through  the snowmelt 
period  to  cover an area  approximately 150 km2. 
Ve r t i ca l   a i r  photographs were taken  through  the 
cargo  hatch  in the f loor  of either a Beaver or Otter 
aircraft   using  a hand held camera. To be useful  for 
permafrost  distribution studies the snowmelt should 
be reasonably  uniform so t ha t  the snow boundaries 
a t   t h e  time  of each f l ight   wil l   represent  a parti-  
cu lar  snow dep th  before the snowmelt started. I t  
was found t h a t  the snowcover i n  1974 was reasonably 
representative of the  long  term  average  as  far  as 
can be determined from 8 years  of  large  scale snow 
monitoring. The methodology  has been described i n  
de ta i  1 (Ni chol  son 1975) 

A PREDICTIVE MODEL FOR GROUND TEMPERATURES 

In  1973  Nicholson and Granberg described a model 
for   predlct ing ground temperatures from snowcover, 
based on the Timnins 4 si te.  For prediction a t  a 
particular  depth (0) the model used the average 
snow depth over an area of radius 20 (termed SNOW2,, 
e.g.: 

TI, -0251 S30 - 1.84 ( r  = .78) 

where T15 is  the temperature a t  depth 15 m ;  and S 
is  the mean  snow depth i n  cm over an area  of  radii! 
30 m (= 2D) + However, neither the methods o f  com- 
p i l i n g  the snow d a t a ,  nor the use o f  snow d a t a  
po in t s   a t  4 m in te rva ls  were appropriate  for  extend- 
ing this work t o  other s i t e s .  15 m interval  grid 
snow data was compiled by use of sequential vertlcal 
aer ia l  photographs taken  through the snowmelt 
season as described i n  the previous section. Three 
areas have been analysed using this   type of da t a ,  
spaced u p  t o  7 km apar t  and over  a  surface  elevation 
range  of 80 m (Fig.6a). 1 :1200 maps and vertical 
sections were produced f o r  one mine s i t e  using the 
type of regression  given above. Jones  (1976) , 
(working  when only da ta  for Tlmmins 4 were avail-  
able) ¶ used stepwise  multiple  regression  involving 
snow, elevation and various geological and vegeta- 
tional  parameters. He found s ign i f i can t  improvement 
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F i g .  G ( a )  and G (b ) .   Scat te r   g raphs   compar ing   tempera tures  
a t  15  ni d e p t h   w i t h  two different nieasures of  snowcovcr, show- 
i n n   v i s u a l l y   t h e  inlproven1ent g i ven  by u s i n g  the SNOLdsai, ( c )  
shows rhserved tenlpcratures plotted a g a i n s t  the  tcrr lperatures 
p r e d i c t e d   u s i n g  a m u l t i p l e   r e g r e s s i o n   w i t h  S40Us,i and a 

q roundwate r   va r iab le .  

in  prediction  could be made using  multiple  regres- 
sion w i t h  snow and s i t e  elevat ion,   or  snow and 
geology ( t h e   l a t t e r   r e l a t e d   t o  thermal conductivity),  
Vegetation i n  combination w l t h  snow gave only a 
smal 1 increase i n  explanation. The temperature 
variation  for  a g iven  height change was f a r   g r e a t e r  
than any lapse   ra te  and i t  seems tha t   e leva t ion   i s  
re f lec t ing  some other fac tor .  Equal or be t t e r  
r e su l t s  have since been obtained u s i n g  SNOW2, 
combined with mean  snow over  a 300 m c i r c l e ,  t o  
give  a measure of "general  area  influence", which 
suggested t h a t  a better model for snowcover was 
needed. 

An improved snow influence model  was developed 
taking  into  account  the  influence  of an area of 
snowcover according to   the   so l id   angle  subtended 
by t h a t  area a t  the prediction  point (Gold and 
Lachenbruch 1973). Using a  15 m g r i d ,  f f  the an- 
gular  influence o"f  snow over  a  radius of 300 m is  
t o  be taken  into  account, some 1250 data  points 
a re  involved in each prediction poin t .  Average 
snow values were compiled for 15 m wide rings a t  
20 successive  distances from the  p o i n t  on the sur- 
face above the  prediction p o i n t .  The solid angu- 
lar   inf luence o f  each ring could  then be calculated 
w i t h  l i t t l e   d i s t o r t i o n  of  the  solid  angular  influ- 
ence  of  individual  points, b u t  greatly  reducing the 
da ta   t o  be handled a f t e r   t h e  means fo r  each ring 
had been compiled. Using the snow sol i d  angular 
Influence (SNOW,,,) for   r ings  u p  t o  300 m radius, 
new regressions were calculated,  the r e su l t s  being 
summarised i n  Table 2 and the  graph f o r  15 m dep th  
i s  g iven  i n  Fig.6b.  Solid  angular  influence  alone 
assumes an equilibrium condition.  If  the solid 
angular  influence is  weighted fo r  the distance of 
the prediction p o i n t  from the  area o f  snow, this 
would correspond t o  the non equilibrium s i tua t ion .  
I t  i s  notable   that  the SNOWsaI gave be t t e r  
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Table 2. C o r r e l a t i o n   o f   t e m p e r a t u r e   a t   v a r i o u s  
depths   w i th  SNOWsai 

No. o f  
r p o i n t s  

T7.5m - .047 S s a i  - 3.81 -78  78 

Tism - .042 S,,i - 3.30  .76  58 

T30m = .036 Ssai - 2.74 .74 41 

T45m .030 S,,i - 2.27 -73 33 

T60m = .024 S,,i - 1.75 .73  28 

resu l t s   t han   t he   d i s tance   we igh ted  snow v a r i a b l e ,  
i n d i c a t i n g   t h a t   t h e   e q u i l i b r i u m   c o n d i t i o n  model i s  
more approp r ia te .   Th i s  was expected  f rom  other  
evidence on t h e   s t a t e   o f   e q u i l i b r i u m   o f   t h e  perma- 
f r o s t   i n   t h e   a r e a .  

The importance o f  suprapermafrost  groundwater, 
as descr ibed above, s t i m u l a t e d   a t t e m p t s   t o   q u a n t i f y  
t h e   e f f e c t   o f   t h i s   v a r i a b l e  on  ground  temperatures. 
The in f luence  o f   suprapermafrost   groundwater  was 
assumed t o  be r e l a t e d   t o   e x t r a   h e a t   g a i n   v i a   t h e  
drainage  channels and t h a t   t h i s   i n f l u e n c e   w o u l d  be 
p r o p o r t i o n a l   i n  some way t o   t h e  volume o f  f low, and 
i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   d i s t a n c e   f r o m  a 
channe l .   A f te r   va r ious   t es ts  i t  was f o u n d   t h a t   t h e  
b e s t   v a r i a b l e  was t o   t a k e   t h e   s q u a r e   r o o t   o f   t h e  
a rea   d i v ided  by t h e   s q u a r e   r o o t   o f   t h e   d i s t a n c e  
f rom  the  nearest   dra inage  channel .  Use o f   m u l t i p l e  
r e g r e s s i o n   w i t h  SNOWqal and the  groundwater   var iab le 
improved   the   p red ic t i on   o f   t empera tu res   a t   15  m from 
r = .76 t o  r - .86 ( F i g . 6 ~ ) .   T h i s   t r e a t m e n t   o f  
groundwater i s   o b v i o u s l y  wrong  for   temperatures  wel l  
above f reez ing ,   bu t   e r ro rs   a t   such   t empera tu res  will 
n o t   a f f e c t   t h e   p r e d i c t i o n  of permafrost .  From F i g . 6 ~  
i t  can  be  seen tha t   f rozen   o r   un f rozen   g round   i s  
c o r r e c t l y   p r e d i c t e d   f o r  90% o f   t h e   s i t e s .   T e s t s   a r e  
underway t o   f u r t h e r   e x t e n d   t h e   a r e a l  and a l t i t u d i n a l  
range o f   a p p l i c a b i l i t y  of  t h e   r e s u l t s .  

CONCLUSION 

Recent  studies i n   t h e   S c h e f f e r v i l l e   a r e a  have 
g iven much  new i n f o r m a t i o n  on t h e   n a t u r e  and d i s -  
t r i bu t i on   o f   t he   pe rmaf ros t ,   t he   ac t i ve   l aye r   and  
suprapermafrost   groundwater ,   leading  to  a b e t t e r  
overa l l   unders tand ing   o f   the   permaf ros t  o f  t h e  
area .   In tens ive ,   long   te rm  inves t iga t ions ,   such 
as those  based  on  the  McGil l   Sub-Arct ic  Research 
Labora tory   a re   va luab le  as a r e f e r e n c e   f o r   o t h e r ,  
n e c e s s a r i l y   s h o r t e r ,   s t u d i e s .  
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CRYOLITHOLOGICAL MAP OF THE U.S.S.R.  (PRINCIPLES OF COMPILATION) 

A,I .  Popov, G.E. Rozenbaum and A.V.. Vostokova. Moscow S t a t e   U n i v e r s i t y ,  U.S.S.R. 

The development of t h e o r e t i c a l   p r i n c i p l e s   o f  a new branch o f   s c i e n c e  - c ryo-  
l i t h o l o g y ,  and the  accumulat ion o f   f ac tua l   pe rmaf ros t   da ta   f o rmed   the   bas i s   f o r   t he  
c o m p i l a t i o n   o f   t h e   f i r s t   c r y o l i t h o l o g i c a l  map o f   t h e  U.S .S .R .  a t  a s c a l e   o f  
1:4,000,000. The map r e f l e c t s   t h e   s t r u c t u r e  of permafrost  i n  the  uppermost  hor izon 
20 m i n   t h i c k n e s s .  The e n t i r e   p e r m a f r o s t   s t r u c t u r e  i s  shown i n   t h e   c r y o l i t h o l o g i -  
c a l  columns f o r   i n d i v i d u a l   r e g i o n s .  The main  pr inc ip les  behind  the  map's   legend 
a r e   t h e   i d e n t i f i c a t i o n   o f   t h e   g e n e t i c   t y p e s   o f   f r o z e n   e a r t h   m a t e r i a l s  and t h e i r  
combinat ions,  as w e l l  as t h e   i d e n t i f i c a t i o n   o f   t h e   t y p e s   o f   c r y o l i t h o g e n e s i s  
c h a r a c t e r i s t i c  o f  these   ma te r ia l s .  The c r y o l i t h o l o g i c a l  map shows on ly   t hose  
c h a r a c t e r i s t i c s   o f   p e r m a f r o s t   w h i c h   r e f l e c t   t h e   c a u s a l   r e l a t i o n s h i p  between  the 
s t r u c t u r e  and l i t h o l o g y ,   t h e   f a c i e s - g e n e t i c   a f f i l i a t i o n  and  the  age o f   t h e  accom- 
modat ing  rocks.  The map i l l u s t r a t e s   t h e   s p a t i a l   d i s t r i b u t i o n  o f  the  types o f  
c r y o l i t h o g e n e s i s  and r e f l e c t s   t h e   t o n a l i t y   o f   p r o c e s s e s  and   t he   mrpho log ica l  
r e s u l   t s  o f  c r y o l  i thogenes i s  . 

CARTE CRYOL I THOLOG [QUE D E  L 'URSS (PRINC IPES DE SON  LABORA AT ION) 

A. I .  Popov, G.E. Rozenbaum, A . V .  Vos tokova ,   Un ive rs i t e   d ' f t a t   de  MOSCOU, URSS 

L ' g l a b o r a t i o n  des fondements   thgor iques   d 'une  nouve l le   o r ien ta t ion  
s c i e n t i f i q u e  - l a  c r y o l i t h o l o g i e ,  e t  l a  comp i la t i on   de  donnges f a c t u e l l e s   s u r  l e  
p e r g g l i s o l   o n t   s e r v i  de base a l ' e l a b o r a t i o n   d e  l a  p r e m i & r e   c a r t e   c r y o l i t h o l o g i q u e  
de I ' U R S S ,  21 l ' e c h e l l e  de 1 /  4 000 000. La c a r t e   m o n t r e   l a   s t r u c t u r e   c r y o g g n i q u e  
du p e r g k l i s o l  dans les   p remiers  20 m 3 p a r t i r  de l a   s u r f a c e ;   l a   s t r u c t u r e  du 
p e r g e l i s o l  dans sa t o t a l i t e  se r e t r o u v e  s u r  l e s   p r o f i l s   c r y o l i t h o l o g i q u e s  des 
d i f f e r e n t e s   r e g i o n s .  Les pr inc ipes   fondamentaux   qu i   on t   p res ide  a 1 ' 6 l a b o r a t i o n  
de l a  lkgende  ont   cons is t i?  en l ' i d e n t i f i c a t i o n  des  types  ggngtiques  de  roches 
cryoggniques,  de  leurs  combinaisons  ainsi   que des. types de c r y o l i t h o g e n g s e   q u i  
l e u r   s o n t   p a r t i c u l i e r s .  Sur l a  c a r t e   c r y o l i t h o l o g i q u e   n e   s o n t   u t i l i s e e s  que l e s  
c a r a c t e r i s t i q u e s   d u   p e r g k l i s o l   q u i   r e f l s t e n t   l e s   r e l a t i o n s   c a u s a l e s   e n t r e   l a  
s t r u c t u r e   c r y o g g n i q u e   e t   l a   l i t h o l o g i e ,   e n t r e   l ' a p p a r t e n a n c e  2 un f a c i g s  e t  1 '3ge 
des  format ions  environnantes.  La c a r t e   r e v 6 l e  l a  d i s t r i b u t i o n   s p a t i a l e  des  types 
de c ryo l i t hogensse ,   d 'une   pa r t ,  e t  l a   z o n a l i t e  des processus e t  l e s   r e s u l t a t s  
morphologiques de l a   c r y o l i t h o g e n & s e ,   d ' a u t r e   p a r t .  

KPMOJIMTOnOrMYECKAR KAPTA CCCP (nPMHUMI"Ib1 COCTABJ'lEHMFI) 
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PERMAFROST  EXTENT I N  THE SOUTHERN  FRINGE OF THE DISCONTINUOUS PERMAFROST ZONE, 
FORT SIMPSON, N.W.T. 

J .A. Renn ie ,  D. E .  Reid;:, and J .  D. Henderson 
Nor thern  Engineer ing  Serv ices Company L im i ted ,   Ca lga ry ,   A lbe r ta ,  T2P OTg 
*R.M. Hardy E Assoc ia tes   L imi ted ,   Ca lgary ,   A lber ta ,  T2P 2W5 

Ma jo r   eng inee r ing   p ro jec ts  i n  n o r t h e r n  Canada a r e   g r e a t l y   i n f l u e n c e d   b y   t h e  
e x t e n t   o f   p e r m a f r o s t ,   p a r t i c u l a r l y   i n   t h e   d i s c o n t i n u o u s   p e r m a f r o s t  zone. A perma- 
f r o s t  mapping  study was c a r r i e d   o u t   i n  the s o u t h e r n   f r i n g e   o f   t h e   d i s c o n t i n u o u s  
permaf ros t   mne  near  Fort  Simpson, N.W.T., u s i n g  a i r  p h o t o   i n t e r p r e t a t i o n  and 
e l e c t r o m a g n e t i c '   r e s i s t i v i t y   t e c h n i q u e s .  The occurrence of p e r m a f r o s t   i n   t h i s  
p o r t i o n  o f  the   d iscont inuous  zone i s  mos t   s t rong ly   i n f l uenced   by   i nsu la t i ng  
organic   layer   th ickness  and/or   shading,   Permafrost  i s  p resent  i n  such  peat  land- 
forms a s  peat  p lateaus,  palsas,   and  f lat   bogs,  and  also  under  dense  stands of b l a c k  
spruce,   nor th - fac ing   s lopes   and  r i verbanks ,  and  shaded n o r t h - f a c i n g   s i d e s  of sand 
dunes o r   c r e v a s s e   f i l l i n g s .   A p p r o x i m a t e l y  35% o f   t h e   s t u d y   a r e a   i s   u n d e r l a i n   b y  
p e r e n n i a l l y   f r o z e n   s o i l s ,  90% o f  wh ich   i s   assoc ia ted   w i th   pea t   l and fo rms .  

ETENDUE DU P E R G ~ L  I SOL A LA L IM ITE SUD DE LA ZONE DE P E R G ~ L  I SOL D I SCONTINU, 
FORT SI MPSON , T. N * -0. 
J . A .  Rennie, D.E: R a i d t  e t  J , P .  Henderson 7 Northern  Engineer ing  Serv ices Co, L t d . ,  
Calgary,  A1,berta  and R.M. Hardy & Assoc ia tes   L imi ted ,   Ca lgary ,   A lber ta .  

Les grands  t ravaux de g 6 n i e   e n t r e p r i s  dans l e  nord du Canada sont  
f o r t e m e n t   t r i b u t a i r e s  de 1 '6 tendue   du   pe rgg l i so l ,  en p a r t i c u l i e r  dans l a  zone  de 
p e r g g l i s o l   d i s c o n t i n u .  On a e f f e c t u 6  une e tude  car tograph ique  du   perge l i so l  2 l a  
l i m i t e  du sud de l a  zone  de p e r g e l i s o l   d i s c o n t i n u ,   p r & s  de Fort Simpson,  T.N.-O., 
en fa isan t   appe l  =1 des techniques de p h o t o i n t e r p r i 5 t a t i o n  e t  de r g s i s t i v i t g   f i l e c -  
t romagnf i t ique.   L 'ex is tence du p e r g e l i s o l  dans c e t t e   p a r t i e  de l a  zone  de p e r g 6 l i s o l  
d i s c o n t i n u  depend en   g rande  par t ie   de   l ' bpa isseur  de l a  couche  organique  iso lante,  
e t  de l a   p r o t e c t i o n   c o n t r e   l a   l u m i B r e   s o l a i r e .  Les p la teaux  de tou rbe ,   pa l ses ,   e t  
t o u r b i & r e s   p l a t e s   c o n t i e n n e n t  un p e r g e l i s o l ,   a i n s i  que l e s  zones s i tuees  sous  d ' i5pais  
groupements d ' e p i n e t t e s   n o i r e s ,   l e s   b e r g e s  des cours  d 'eau  e t   les   versants   exposgs 
a u   n o r d ,   e t   l e s   p e n t e s   a b r i t g e s   d u   s o l e i 1   e t   o r i e n t k s   v e r s  l e  nord  des  dunes  de 
sab le   ou  des rembla is  de crevasses. Le sous-sol de l a  reg ion   6 tud ie .e   es t  compos6 
S 35% d ' u n   p e r g e l i s o l   q u i   e s t  dans une p r o p o r t i o n  de 90 % associe  aux  formes 
c a r a c t e r i s t i q u e s  des te r ra ins   t ou rbeux .  
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PERPIAFROST  EXTENT I N  THE  SOUTHERN  FRINGE OF THE  DISCONTINUOUS  PERMAFROST ZONE, 
FORT SINPSON, N.W.T. 

J.A. Rennie, D.E. Reid*,  and J.D.  Henderson 

Northern  Engineer ing  Services Company L imi ted ,   Ca lgary ,   A lber ta ,  T2P  OT5 
*R.M. Hardy & Associates  L imi ted,   Calgary,   A lber ta ,  T2P 2W5 

INTRODUCTION 

The presence  or  absence o f  p e r m a f r o s t   i n   t h e  
d iscont inuous  permafrost  zone will g r e a t l y   i n -  
f luence  ma jor   eng ineer ing   p ro jec ts   such as p ipe -  
l i n e s  or roads.   S ince  such  const ruct ion  pro jects  
encounter numerous t r a n s i t i o n s   f r o m   f r o z e n   t o  un- 
f rozen  g round  th roughout   the i r   leng ths ,  i t  i s  
e s s e n t i a l   t h a t   p e r m a f r o s t   d i s t r i b u t i o n   b e  mapped 
as a c c u r a t e l y  as possible.   This  concern  prompted 
Nor thern  Engineer ing  Serv ices Company L i m i t e d   t o  
conduct a s tudy   to   accura te ly   de termine   the  
e x t e n t   o f   p e r m a f r o s t   a l o n g   t h e   p r o p o s e d   A r c t i c  
Gas p ipe1  ine   rou te   where  i t  t r a v e r s e s   t h e   d i s -  
cont inuous  permafrost  zone. 

Permafrost i n   t h e   s o u t h e r n   f r j n g e  of  t h e   d i s -  
cont inuous zone was known t o   o c c u r   i n   p a t c h e s  a 
few  square   meters   to   severa l   hec tares   in   s i te  
a n d   c o n f i n e d   t o   c e r t a i n   t y p e s  o f  t e r r a i n   w i t h  
good p e a t   i n s u l a t i o n  and  under  certain  dense 
stands o f   t rees   wh ich   p rov ide   shad ing   f rom summer 
thawing  and  reduced  winter snow cover  (Brown 
1970). 

P r e l i m i n a r y   t e r r a i n   s t u d i e s   i n c l u d i n g   a i r p h o t o  
i n t e r p r e t a t i o n  and t e s t h o l e   d r i l l i n g   i n d i c a t e d  
tha t   permaf ros t   occur rence was ex t reme ly   va r iab le  
and t h a t  a more d e t a i l e d   i n v e s t i g a t i o n  was neces- 
s a r y .   T h i s   i n v e s t i g a t i o n   i n c l u d e d   d e t a i l e d   a i r -  
p h o t o   i n t e r p r e t a t i o n   o f   b o t h   t e r r a i n  and  vegeta- 
t i on ,   e lec t romagne t i c   res i s t i v i t y   su rveys ,   and  
t e s t h o l e   d r i l l i n g .  

DESCRIPTION OF STUDY AREA 

The study  area i s   l o c a t e d   w i t h i n   t h e   s o u t h e r n  
f r i n g e   o f   t h e   d i s c o n t i n u o u s   p e r m a f r o s t  zone along 
480 km o f   t h e   p r o p o s e d   A r c t i c  Gas p i p e l i n e   r o u t e  
extending  f rom Zama Lake, A l b e r t a  (59"N) t o  
Wi l lowlake  River ,  N.W.T. (62"40'N). See F ig.  1. 
The a r e a   c o n s i s t s   o f   f l a t   t o   r o l l i n g   t e r r a i n  
where  elevat ions  range  f rom 730 m ASL on t h e  
A lbe r ta   P la teau   t o   140  m ASL on the  Great  Slave 
P l a i n   n e a r   F o r t  Simpson. The up lands   cons i s t   o f  
r o l l i n g  till depos i ts   over ly ing   Cre taceous  sha les  
w h i l e   t h e  1 owlands  below 230 m ASL n e a r   F o r t  
Simpson c o n s i s t   o f   t h i c k   g l a c i o l a c u s t r i n e  and 
d e l t a i c  sediments  (Craig 1965, R u t t e r   e t   a l .  
1972).  Lowlands i n   n o r t h e r n  A1 ber ta   be low 490 m 
ASL a l s o   c o n s i s t  o f  g lac io lacus t r ine   sed iments .  

Approx imate ly  65% o f  the  area i s  covered  by  peat 
depos i t s  1 m t o  8 m t h i c k .  

The c l i m a t e   i s   d r y   c o n t i n e n t a l  , charac te r i zed  
by  shor t   cool  summers, l o n g   c o l d   w i n t e r s ,  and 
l o w   p r e c i p i t a t i o n .  Mean annual  temperature i s  
-2.5"C i n   n o r t h e r n   A l b e r t a  and -4°C a t   F o r t  
Simpson. Mean annual p r e c i p i t a t i o n   i s  390 mm 
i n   n o r t h e r n   A l b e r t a  and 345 mm a t   F o r t  Simpson 
(Burns  1973). 

0 100 200 300 400 

KILOMETERS 

FIG. 1 Location of the study area and 
regional permafrost distribution 
(modified from Brown, 1967) 
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TABLE 1 

TERMIN CLASSIFfCATIOE M U T E D  W EXTENT OF  PERMAFROST 

PHASE X OCCURRENCE  DESCRIPTION  UNFROZEN FROZEN OR  RELATED  PFATLAND 
CLASSIFICATION 

Speckled  bog 
(BS) 3w. Speckled  bog.  Elevated  peat  plateau  area with  numerous F 

thawed  depressions.  Elevated  areas are  underlain  by 
permfrost, thawed  depressions  are  unfrozen 

Peat  Plateau 
Collapse Bog u 

Thin peat 
(PT + Trees) 

above  water 
table 

2ox Shallow  peat  areas. water table  usually  below  ground 
surface.  Usually  aupports  Cree  growth.  Tree  type  Flat  bo$ 
indicates  whether  frozen  or  unfrozen.  Blanket  bog 
- Tamarack,  scattered  pine.  dvarf  birch U Bowl bog 

- Mixed  tree  apeciea U - white  spruce,  white t black  spruce,  willow U or F - Black  spruce u or F 

LOW,  wet 
peatland 

(PT) 1Z Lou. wet  peatland.  Also  includes  recently  drained  pond U 
areas  where  peat fomtion is  just  beginning.  Usually 
unfrozen.  Water  table  at or above  ground  surface. 

String  fen 
Net  fen 
Flat  fen 
Shore  fen 
Draw  fen 

Thin  forost  peat 
(Lichens + Trees) i% Areaa  of  lichen  covered  ground  with  sparse to moderate 

with  lichen  cover  Generally  unfrozen  with  very  amall  pockets of  thin  (in  early  develop- 
tree  cover  of  white  spruce,  pine, or black  spruce. U Thin  blanltet  bog 

permafrost. m n t  stage) 

Traed  peat 
(rn) 

drainageways 

u Narrow,  unfrozen  treed  peat  drainageways  surrounded 
by  frozen  peatland. ¶'he drainageways  often  contain 
well defined  amall  creeks. On the  Ebbutt Hills  these 
unfrozen  drainageways  are  expected  to  be  underlain 
by permafrost  at  depth. 

U but 
F at  depth  Draw  fen 

(Trees) 25% 
Treed  Areaa 

Treed  areab. derate to  heavy  tree  cover on  mineral soil. 
u 

- Mixed  forest 
- Pine, aspen,  birch,  tamarack,  balsam  poplar  Non-poatland 

U phase 
- White  spruce,  white + black spruce U or F - Black  spruce - moderate  cover U or  F - dense  cover F 

:revasso 
lining 

(CF) 2% Crevaese  filling.  Narrow  linear  ridges  of  ablation  till, U Nw-peatland 
usually  covered  by  pines.  Unfrozen.  phaae 

<I2 Shade  of  sand  dune. Smdl areas  under  th-  shading 
influence of sand dunes, generally on the  north or 
northeast  side.  Usually  frozen. 

P Non-peatlaud 
phaae 

(Shad. Of  CF) 

. .. 

<l% Shade  of  crevasse  filling.  Small  area  under  the 
shading  influence  of a large  crevasse  fillin&.  Usually 
frozen. 

F NOQ-peatl.lld 
phase 

" . . 

Shaded  Riverbank <lf Shaded  north-facing  riverbanks.  Usually  frozen. F Non-peatland 
phase 

North  facing  slope  <lX  Shaded  north-facing  alopea.  Usually  frozen  F  Uon-peatland 
Dhac 

Burns - used  in 
conjunction  with 
a terrain  phaoe 

Variablo  Rocenr  burns  exert  very  little  thermal  influence i n  
organic  terrain  but  can  thaw  permafrost  in  aream  with 
no peat  cover F or U 
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PERMAFROST DISTRIBUTION 

Permafrost was found t o   e x i s t   o v e r  35% o f   t h e  
study  area, and  ranged  from a low  of  approximate- 
l y  10% a r e a l   e x t e n t   i n   t h e   d e l t a i c   l o w l a n d s   n e a r  
F o r t  Simpson t o  80% on t h e   E b b u t t   H i l l s  and 60% 
o n   t h e   A l b e r t a   P l a t e a u .   S l i g h t l y  more than 90% 
o f   t h e   p e r m a f r o s t   i s   a s s o c i a t e d   w i t h   p e a t   i n s u -  
l a t i on ,   t he   rema in ing   po r t i on   be ing   assoc ia ted  
w i th   shad in   p rov ided   by   no r th   f ac ing   s lopes  or 
t ree   cover   ?b lack   spruce) .  

The obse rved   pe rmaf ros t   d i s t r i bu t i on  showed 
t h a t   t h e   s o u t h e r n   f r i n g e   o f   t h e   d i s c o n t i n u o u s  
zone ex tends   f u r the r   no r th   t han  was p r e v i o u s l y  
b e l i e v e d  (Brown  1967), e s p e c i a l l y   a l o n g   t h e  
Mackent ie   R iver   va l ley .   Th is   observa t ion  com- 
pa res   f avou rab ly   w i th  a p r e v i o u s   s t u d y   o f   f r o z e n  
p e a t l a n d   d i s t r i b u t i o n   ( Z o l t a i   a n d   T a r n o c a i   1 9 7 5 ) .  

De l i nea t ion   o f   Pe rmaf ros t   us ing   A i rpho to   Mapp ing  

Airphoto  mapping o f   p e r m a f r o s t   i n   t h e   s o u t h e r n  
f r i n g e  o f  the   d iscont inuous   permaf ros t  zone i s  
a i d e d   b y   t h e   f a c t   t h a t   t h e r m a l   d e g r a d a t i o n   i n  
t h e   l a s t  150 t o  200 years has apparen t l y  been 
widespread  (Thie  1974), so tha t   remain ing   bod ies  
o f   p e r m a f r o s t   a r e   c o n f i n e d   t o   s i t e s   w i t h   a d e q u a t e  
insu la t ion   and/or   shad ing .  These s i t e s  can be 
i d e n t i f i e d   b y   c e r t a i n   v e g e t a t i o n  and t e r r a i n  
features.   Permafrost  i s  commonly found i n   e l e -  
v a t e d   p e a t   p l a t e a u s ,   p a l s a s ,   d r y   f l a t  bogs,  dense 
stands o f   b lack   sp ruce ,   no r th - fac ing   s lopes   and  
r iverbanks,   and  the shaded n o r t h - f a c i n g   s i d e s   o f  
sand  dunes or c r e v a s s e   f i l l i n g s .  

S i m i l a r l y ,   t h e r e   a r e   v e g e t a t i o n   a n d   t e r r a i n  
fea tures   wh ich   a re   ind ica tors   o f   un f rozen  g round.  
Permafrost i s   g e n e r a l l y   a b s e n t   u n d e r   a l l   w e t  
f e n s   o r  bogs  and  stands o f  aspen, w h i t e   b i r c h ,  
p i n e   o r   m i x e d   f o r e s t   o n   m i n e r a l   s o i l .  

The r e l a t i o n s h i p  between  permafrost  and  the 
comnon v e g e t a t i o n   a n d   t e r r a i n   f e a t u r e s  is i l l u s -  
t r a t e d   i n   T a b l e  1.   Severa l   representat ive  areas 
o f  each t e r r a i n  phase  have  been i n v e s t i g a t e d  
by   e lec t romagne t i c   res i s t i v i t y   su rveys   and  
b y   t e s t   h o l e   d r i l l i n g   t o   v e r i f y   t h e   r e l a t i o n -  
sh ips  shown i n   t h e   t a b l e .  Because t h e   t e r r a i n  
mapping  has  been  used  as t h e   b a s i s   f o r   p i p e -  
l i n e   d e s i g n   i n   t h i s   a r e a ,  i t  has a l s o  been 
sub jec ted   t o   add i t i ona l   spo t   checks   and  
d r i l l i n g .  

E levated  peat   p la teaus  (Speck led  bog)   are  the 
most common p e r e n n i a l l y   f r o z e n   p e a t l a n d   t y p e  
(F ig .  2 ) .  The e leva ted   po r t i ons   a re   a lways  
u n d e r l a i n   b y   p e r m a f r o s t   w h i l e   t h e   n e a r   c i r c u l a r  
thaw  depressions  are  unfrozen  "windows" i n   t h e  
permafrost  i f  they   a re   10   meters  or more i n  
diameter. The smal ler   thaw  depress ions  apparent ly  
are  not  complete  "windows" i n   t h e   p e r m a f r o s t   b u t  
a re   assoc ia ted   w i th  a deeply  depressed  permafrost  
t ab le .   I n tens i ve   s tud ies   have   been   ca r r i ed   ou t  i n  
these  peat lands t o  i n v e s t i g a t e   t h e  shape o f  perma- 
f r o s t  edges, t h i ckness   o f   pe rmaf ros t ,   and   va r ia -  
t i o n   i n   i c e   c o n t e n t   w i t h   d e p t h ,   b u t   t h e s e   s t u d i e s  

are  beyond  the  scope o f   t h i s  paper. I n  general,  
permafrost  edges t e n d   t o  be v e r y   a b r u p t   i n   t h e s e  
peat lands   (F ig ,  3) .  

SCALE 

F I G .  2 Speckled bog t e r r a in  (BS) (peat 
plateau) showing areal  extent of 
permafrost (white) and thawed 
collapse bogs (black).  

F l a t  bogs, b l a n k e t  bogs,  and  bowl  bogs (PT + 
Trees   ca tegory )   o f ten   a re   under la in   by   permaf ros t ;  
the  t ree  types  growing  on  these  shal low  peat  
a r e a s   a r e   u s e f u l   f o r   i n d i c a t i n   t h e   p r e s e n c e  or 
absence o f   pe rmaf ros t   (Tab le  14. 

The i d e n t i f i c a t i o n   f e a t u r e s  used f o r   r e c o g n i -  
z ing   var ious   t ree   spec ies   on   a i rphotos   a re  
d e s c r i b e d   i n  a s tudy   o f   permaf ros t   occur rence 
along  the  Alaska Highway  (Raup  and  Denny  1950). 
I n   t h e   s o u t h e r n   f r i n g e   o f   t h e   d i s c o n t i n u o u s  zone, 
deciduous  trees  (aspen,  balsam  poplar),  because 
o f   t h e i r  deep r o o t  sys tem,   a re   re l i ab le   i nd i ca -  
t o r s  o f  unfrozen  ground when p r e s e n t   i n   p u r e  
s tands   o r  as the  dominant  species i n  mixed  forest .  
Black  spruce  and  white  spruce  can sometimes  have 
very  shal low  root  systems,  and will grow  on 
e i ther   f rozen  o r   un f rozen  g round.   Very  dense 
stands o f  s tunted  b lack  spruce  are  usual ly   under-  
l a i n   b y   p e r m a f r o s t .  

Most o f  t h e   w e l l - d r a i n e d  soi ls  i n  the   s tudy  
area  would  be  covered  wi th   whi te   spruce (or mixed 
fo res t   w i th   wh i te   sp ruce   be ing   t he   dominan t  
species)  i f  it were  not  f o r  t h e   r e p e a t e d   n a t u r a l  
occurrence o f   f o r e s t   f i r e s .   A f t e r  a f i r e  on w e l l -  
d r a i n e d   m i n e r a l   s o i l  has  removed t h e   t r e e   c o v e r  
( a n d   u s u a l l y   t h e   p e r m a f r o s t  as w e l l ) ,   i n v a d e r  
species  such  as  p ine,  aspen,  poplar  or   b i rch are 
qu ick   to   revegeta te   these  a reas ,   and  the   so i l  
general ly  remains  unfrozen.  Occasional  successive 
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FIG. 3 to FIG. 6 Some typical  relationships o f  permafrost to terrain and vegetation with the 
corresponding  resistivity  response 
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burns  prevent  many o f  these  areas  f rom  achiev ing 
the   mature   wh i te   spruce  o r   m ixed  fo res t   t ree   cover .  
In   areas  such as f l a t  bogs  and b lanket   bogs   w i th  
t h i n   p e a t   c o v e r ,   f o r e s t   f i r e s  may o r  may n o t  cause 
permafrost   to  degrade  permanent ly.   Permafrost  may 
gradual ly  aggrade  again i f  t h e   i n s u l a t i v e   p e a t  
cove r   re tu rns  and shading  by  trees  increases.  Peat 
p la teaus   a re  more r e s i s t a n t   t o   t h e r m a l   d e g r a d a t i o n  
caused  by f i r e  (due t o   v e r y   t h i c k  spongy p e a t   i n -  
s u l a t i o n )  and seem t o  be r e l a t i v e l y   u n a f f e c t e d   b y  
repeated   burns   even  though  they   a re   typ ica l l y  
burned  f requent ly   and some s l o w   b u r n i n g   f i r e s  may 
char   the   upper   10   to  30 cm o f   t h e   p e a t .  

De l i nea t ion   o f   Pe rmaf ros t   us ing   E lec t romagne t i c  
R e s i s t i v i t y  Surveys 

In   de l i nea t ing   pe rmaf ros t ,   t he   use  o f  geophysics 
i s  based  on  di f ferences i n   t h e   e l e c t r i c a l   r e s i s t i -  
v i t y  between  frozen  and  unfrozen  ground.  Previous 
work  (Hoekstra e t  a1 . 1975, Hoekstra  1977)  has 
shown t h a t   t h e   r e s i s t i v i t y   o f   t h e   g r o u n d   i s  a 
func t ion   o f   tempera ture ,   i ce   con ten t ,   water   con-  
ten t ,   and  so i l   t ype ,  The a p p a r e n t   r e s i s t i v i t y  
over   f rozen  g round  i s   marked ly   h igher   than  the  
apparen t   res i s t i v i t y   ove r   un f rozen   g round   (Tab le  
2) .  The r e s i s t i v i t y   a l s o   i n c r e a s e s  as t h e   g r a i n  
s ize   inc reases .   F ig .  3 t o  6 i l l u s t r a t e   t h a t   t h e  
r e s i s t i v i t y  responds t o  changes i n   t h e   t h i c k n e s s  
and i c e   c o n t e n t   o f   t h e   f r o z e n  ground,  and  changes 
i n  soil type. 

TABLE 2 

Resistivity of Soils in the Fort Simpson area 

Range of Resistivities 
(ohm-m) 

Soil Type 

CH - High Plastic Clay 
CL - Low Plastic Clay 
ML - Low Plastic Silt 
MH - High Plastic Silt 
SC - Clayey Sand 
SM - Silty Sand 
GW - Gravel, well graded 
GC - Clayey or Silty 

GP - Gravel, poorly graded 
gravel 

Unfrozen 

10-25 
25-45 
50-80 
40-60 
50-100 
300-1000 
500-1000 

225-350 
1000-3000 

Frozen 

20-50 
40-80 
70-150 
60-110 
80-200 

1000-3000 
800-3000 

350-1000 
3000-10000 

Modified from Hoekstra et al. 1975, based on 
field data from the  Fort Simpson area. 

I n   t he   pas t   seve ra l   yea rs ,   t es ts   have  been con- 
duc ted   w i th  a v a r i e t y   o f   e l e c t r i c a l  and e l e c t r o -  
m a g n e t i c   r e s i s t i v i t y   t e c h n i q u e s   t o   e v a l u a t e   t h e i r  
a b i l i t y   t o   d e l i n e a t e   p e r m a f r o s t .  It i s  apparent 
f r o m   t h e s e   f i e l d   t r i a l s   t h a t   t h e  EM31, F ig .  7, i s  
bes t   su i ted   fo r   mapp ing   sha l low  permaf ros t .  

The EM31 i s  a se l f - con ta ined   i ns t rumen t   cons i s t -  
i n g   o f  two  hor izon ta l   cop lanar   d ipo les   wh ich   a re  
separated  by a f i x e d   d i s t a n c e  o f  3.6 m. The t r a n s -  
m i t t e r   d i p o l e   e m i t s   e l e c t r o m a g n e t i c  waves a t  a 
frequency o f  39 khz.  The t r a n s m i t t e d  waves induce 

c u r r e n t   f l o w   i n   t h e   g r o u n d   w h i c h  i s  lmeasured by 
t h e   r e c e i v i n g   d i p o l e .  The r e c e i v e d   s i g n a l   i s   t h e  
sum of t h e   p r i m a r y   f i e l d  and a secondary   f i e ld .  
The secondary f i e l d  has both  inphase  and  quadra- 
t u r e  phase  components w i t h   t h e   t r a n s m i t t e d   s i g n a l  
w h i l e   t h e   p r i m a r y   f i e l d  has o n l y  an  inphase com- 
ponent. The r e s i s t i v i t y  o f  the  ground i s   d e t e r -  
mined  f rom  the  quadrature  phase component which 
can  be  measured w i th   g rea te r   accu racy   t han   t he  
inphase component. 

1 

T 

FIG. 7 The EM31 

P r e l i m i n a r y   i n v e s t i g a t i o n s  showed t h a t   r e s i s t i -  
v i t y  surveys  wi th   the EM31 r e l i a b l y   d e l i n e a t e d  
permaf ros t   and  a l lowed  es t imat ions   o f   depth   o f  
permafrost .  The c o r r e l a t i o n  between r e s i s t i v i t y  
and  permafrost   th ickness i s   i l l u s t r a t e d   i n   F i g .  3 
t o  6 and  Fig. 8 and 9. 

E l e c t r o m a g n e t i c   r e s i s t i v i t y   s u r v e y s   w e r e   p a r t i -  
c u l a r l y   u s e f u l   f o r   d e t e r m i n i n g   t h e   p e r m a f r o s t   d i s -  
t r i b u t i o n   i n   a r e a s   c o v e r e d   w i t h   t h o s e   t r e e   s p e c i e s  
t h a t  can  grow  on e i t h e r   f r o z e n  or unfrozen  ground 
(Table 1 ) .  This  method o f   p e r m a f r o s t   d e l i n e a t i o n  
was also  used i n   a l l   q u e s t i o n a b l e   a r e a s   ( f r o m   a i r -  
p h o t o   i n t e r p r e t a t i o n )  or i n  burned  areas  where  the 
e f f e c t  o f  t h e   f i r e  had t o  be  determined.   Resis t i -  
v i t y  surveys   were   a lso   car r ied   ou t  on severa l  
rep resen ta t i ve   a reas  of  each t e r r a i n  phase shown 
i n  Table  1.   This was the  most  useful  method  of 
ob ta in ing   da ta  on t h e   d i s t r i b u t i o n  o f  permafrost  
and  the  s ize  and shape o f   p e r m a f r o s t   b o d i e s   w i t h -  
i n   t e r r a i n  phases tha t   con ta ined  bo th   f rozen and 
unfrozen  ground. 

I n   e n g i n e e r i n g   p r o j e c t s ,   g e o p h y s i c s   i s   b e s t  
used t o   a i d   i n   s e l e c t i n g   t h e   b e s t   p o s s i b l e   d r i l l -  
h o l e   s i t e s  and to   ex t rapo la te   subsur face   con-  
d i t i o n s  between d r i l l h o l e s .   I n   p l a n n i n g  geo- 
p h y s i c a l   f i e l d   s t u d i e s ,  i t  i s   i m p o r t a n t   t o  do 
t h e   f i e l d  work   dur ing   the   spr ing  when t h e   a c t i v e  
l a y e r   i s   f r o z e n .  The u n f r o z e n   a c t i v e   l a y e r  
d u r i n g  summer, f a l l ,  and e a r l y   w i n t e r  has a g r e a t  
b lanket ing   e f fec t   and  tends   to  make t h e   i n t e r -  
p r e t a t i o n   o f   t h e   d a t a  much more d i f f i c u l t .  
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FIG, 8 Comparison  between  predicted 
geophysics permafrost thickness 
and observed borehole  permafrost 
thickness,  peat less than 3.28 M. 
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FIG. 9 Comparison  between predicted 
geophysics  permafrost  thickness 
and observed borehole  permafrost 
thickness, peat  greater  than 
3.28 M. 

CONCLUSIONS 

Permafrost  in the study  area i s  confined t o  
s i t e s  w i t h  adequate  dry  peat  insulation  and/or 
shading  provided by north-facing  slopes or t r e e  
cover,  mainly  black  spruce. These areas  of 
frozen ground occupy 35% o f  the  study area. 
Frozen and unfrozen ground can be recognized on 
airphotos on the  basis  of  vegetation and t e r r a in  
features.  Electromagnetic  resistivity  surveys 
can accurately  delineate the boundaries  of 
frozen and unfrozen ground and can be used to 
estimate the permafrost  thickness.  Resistivity 
surveys  are  therefore  useful  for  providing  data 
to  confirm  airphoto  interpretation, and  in any 
very  detailed  studies o f  permafrost  distribution. 

REFERENCES 

Brown, R.J.E.,  1967.  Permafrost i n  Canada. 
Geol. Surv. Can. Map 1246 A .  

.........., 1970,  Permafrost i n  Canada. 
University  of  Toronto Press. 

Burns, B . M , ,  1973. The climate  of the 
Mackenzie Val ley  - Beaufort  Sea. Vol . 1 ,  
Climatological  Studies, No. 24,  Atmospheric 
Environment, Environment Canada. 

Craig, B . G . ,  1965. Glacial Lake McConnell , and 
the   sur f ic ia l  geology  of  parts o f  Slave 
River and Redstone  River  map-areas, 
D i s t r i c t  of  Mackentie. Geol. Surv. Can.,  
Bulletin 122.  

Hoekstra, P., Sellman, P . V . ,  and Delaney, A . ,  
1975. Ground and a i rborne   res i s t iv i ty  
surveys o f  permafrost  near Fairbanks, 
Alaska. Geophysics  Vol.  40: 641-656. 

Hoekstra, P., 1977. Geophysical methods f o r  de- 
lineating  shallow  permafrost.  Geophysics 
( i n  press). 

Raup, H . M .  and Denny, C.S., 1950. Photo in t e r -  
pretation o f  the terrain  along  the  southern 
par t  o f  the Alaska Highway, U.S.G.S. 
B u l l  et i  n 963-0 : 95-1  35 

Rutter, N . W . ,  M i n n i n g ,  G . V , ,  and Net te rv i l le ,  
J.A.  1972. Sur f ic ia l  geology and geo- 
morphology of Fort Simpson, 95H; Trout Lake, 
95A; Camsell Bend, 955. Geol . Surv. Can. 
Open Fi le   Ser ies  93. 

Thie, J . ,  1974. Distribution and thawing of perma- 
f r o s t  i n  the  southern  part  of the disconti-  
nuous permafrost zone l’n Manitoba. Arctic 
Vol 27, NO. 3:  189-200. 

Zol ta i ,  S.C. and Tarnocai, C . ,  1975. Perennially 
frozen  peatlands i n  the  western  arctic and 
subarctic of Canada. Can. J .  Earth  Sci.,  
Vol 12, N O .  1 :  28-43. 



445 

PRINCIPLES OF CRYOLITHOLOGICAL REGlONALlZATlON OF THE PERMAFROST ZONE 

B , I .  V t y u r i n ,   P a c i f i c   I n s t i t u t e   o f  Geography,  Vladivostok, U.S.S.R. 

C r y o l i t h o l o g i c a l   r e g i o n a l i z a t i o n   c o n s i s t s   i n   t h e   u n i f i c a t i o n  o f  t e r r i t o r i e s  
s h o w i n g   r e l a t i v e   s i m i l a r i t i e s   i n   s u c h   i m p o r t a n t   c h a r a c t e r i s t i c s  as t h e   s t r u c t u r e  
and t e x t u r e  of permaf ros t ,   i ce   con ten t  of permaf ros t ,   t ypes   and  quant i t ies  o f  
g round   i ce ,   e t c .  The C h a r a c t e r i s t i c s  chosen  depend  on the  aims o f   r e g i o n a l i z a t i o n .  
The present  aims o f  s m a l l - s c a l e   c r y o l i t h o l o g i c a l   r e g i o n a l   i t a t i o n  and permafrost  
mapping a r e   p u r e l y   s c i e n t i f i c .   T h e r e f o r e ,   s t r e s s   s h o u l d   b e   p l a c e d   o n   t h e   g e n e t i c  
a p p r o a c h ,   i . e .   t h e   s t u d y   o f   t h e   d i s t r i b u t i o n   p a t t e r n s   o f   d i f f e r e n t   g e n e t i c   t y p e s  
and forms of permaf ros t   a rea l l y  and v e r t i c a l l y .  The au thor  has  developed a 
c r y o l i t h o l o g i c a l   c l a s s i f i c a t i o n  o f  permafrost   based  on  these  pr inc ip les.  A 
s c h e m a t i c   c r y o l i t h o l o g i c a l  map of t he   no r theas te rn  U . S . S . R .  i s   g i v e n  as an example 
o f  c r y o l i t h o l o g i c a l   r e g i o n a l i z a t i o n .  

PRINCIPES DE 
B. 1 .  V t y u r i n ,  

LA ZONATION CRYOLITHOLOGIQUE DE LA ZONE DE PERGgLiSOL 
I n s t i t u t   p a c i f i q u e  de  geographie,   Vladivostok,  URSS 

La z o n a t i o n   c r y o l i t h o l o g i q u e   c o n s i s t e  en  une u n i f i c a t i o n  des t e r r i t o i r e s   q u i  
o n t  en commun c e r t a i n s   g l e m e n t s   e s s e n t i e l s  comme: l a   s t r u c t u r e   e t   l a   t e x t u r e   d u  
p e r g 6 l i s o 1 ,  son  contenu  en  glace,  les  types  de  glace  dans l e  so l ,  l es   rCserves  de 
g l a c e ,   e t c .   S e l o n   l ' o b j e t   d e   c e t t e   z o n a t i o n ,  l e s  uns   ou   les   au t res   de   ces   t ra i ts  
p e u v e n t   B t r e   c h o i s i s .  La z o n a t i o n   c r y o l i t h o l o g i q u e  d p e t i t e   g c h e l l e  e t  l a   c a r t o -  
g r a p h i e  du pergg l i so l   ne   peuvent  21 l ' h e u r e   a c t u e l l e   a v o i r   q u ' u n   b u t   p u r e m e n t  
sc ien t i f ique .   C 'es t   pourquo i   on   accordera  l a  p r i o r i t e  2 l ' approche  genet ique:  
i n v e n t a i r e  des l o i s  de l a   d i s t r i b u t i o n  des d ivers  types  genet iques  e t   formes  de 
p e r g e l i s o l  dans l ' e s p a c e   e t  en coupe v e r t i c a l e .   L ' a u t e u r  a e t a b l i  une c l a s s i f i c a -  
t i o n   c r y o l i t h o l o g i q u e   d u   p e r g C l i s o 1   b S t i e   s u r   c e s   p r i n c i p e s .  Une car te   schemat ique 
du  Nord-Ouest de 1 ' U R S S  e s t  presentee 2 t i t r e  d 'exemple   de   zonat ion   c ryo l i tho log ique.  

l7PMHLIMrIbI KPMOJ"OJIOTMYECKOT0 PAROHMPOBAHMR OEjnACTM 
MHO~OJlETHEMEP3AbIX nOPOa 
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PRESERVATION OF SEASbNAL FROST IN PEATLANDS, KINOJE LAKES, SOUTHERN HUDSON BAY LOWLAND 
D.W. Cowell,  Dept. of F i s h e r i e s  & the  Environment,  Lands  Directorate,  Burlington, 
Ontar io ,  Canada; J.K, Jeglum, Great Lakes Forest   Research  Centre ,  S a u l t  S t e .  Marie, 
Ontario; J . C .  Merriman, In land  Waters Directorate-Burl ington,   Ontar io .  

Hudson Bay Lowlands, 85 km NW of  Moosonee, a t  the  southern  margin of discont inuous 
permafrost .   Wetland  types  and  percentages of samples   wi th   f rozen   pea ts  were: 
t r e e d  bog, 100%; open  bog, 40%; t r e e d   f e n   p l u s  swamp, 36%; and  open f en ,  14%. 

I n  early  August,   1976, 55 sites were studied  .near   the  Kinoje  Lakes i n  t h e  

The pape r   r epor t s  on depths t o   f rozen   pea t ;   t h i ckness  o f   f rozen   l aye r ;   l oca t ion  
o f   f rozen   pea t   i n   r e l a t ion   t o   pea t   dep th ,   g roundwate r  level, and su r face   i r r egu-  
lar i t ies ;  and i n s u l a t i n g  materials (dominant  species,   peat  type).  

Black s p r u c e   i s l a n d s ,   o c c u r r i n g   i n   f e n s  and bogs, always  had f r o z e n  peats .  
Transec ts   across  a s p r u c e   i s l a n d   i n   p a t t e r n e d   f e n  showed t h a t  i t  had a r a i s e d  
mineral   core .  A you th fu l   pa l sa   i n   open   f en  was covered by t h e  brown moss 
Scorpidiwn scorpioides and i ts  underlying  peat .  The  moss  and p e a t  is i n t e r p r e t e d  
as t h e  main cause of o r i g i n  and  growth of t h i s   p a l s a .  

PERMANENCE DU GEL S A I  SONN IER DANS LES T O U R B I ~ R E S ,  LACS K I  N O J E ,  BASSES-TERRES DU SUD 
DE LA B A l  E D '  HUDSON 
D . W .  Cowel l ,   D i rect ion  gCnCrale des Ter res ,   Bur l ing ton ,   Ont . ,  Canada. 
J.K. Jeglum,  Serv ice  canadien  des  forSts ,   Saul t   Ste-Mar ie ,   Ont . ,  Canada. 
J .  Merr iman,   D i rec t ion   des   eaux   in t&r ieures ,   Bur l ing ton ,  Ont., Canada. Min is tGre  
des PCches e t  de  1'Environnement. 

Au dgbut  d 'aoOt 1976, on a e t u d i g  55 s tat ions  proches  des lac5 K i n o j e ,  dans 
les basses- te r res   de   la   ba ie   d 'Hudson a 85 km au  nord-ouest  de Noosonee, 2 l a  
1 imi t e  sud du  perg6l   is01  d iscont   inu.  Les types de zones margcageuses, e t  l e 5  
pourcentages   d 'gchant i l lons   con tenant  de l a   t o u r b e  gelee,  g t a i e n t :   t o u r b i & r e  
boisCe,  100 %; t o u r b i 8 r e   C l a i r e ,  40 %; f e n   b o i s 6   e t  marecage, 36 8 ;  e t   f e n  
c l a i r ,  14 %. 
1'Cpaisseur  de l a  couche   ge lge ;   l a   s i t ua t i on   de . l a   t ou rbe   ge lge   pa r   rappor t  d l a  
p ro fondeur   de   t ou rbe ,   au   n i veau   ph rea t ique   e t   aux   i r rggu la r i t es   de   l a   su r face ;   e t  
l a   n a t u r e  des  matCriaux  isolants  (espsces  dominantes,  type  de  tourbe). 

Les P l o t s   d ' e p i n e t t e   n o i r e ,  que l ' o n   r e n c o n t r e  dans l e s   f e n s   e t   t o u r b i & r e s ,  
con t iennen t   t ou jou rs   de   l a   t ou rbe   ge lee .  Des t r a n s e c t s   t r a v e r s a n t   u n   t l o t  
d ' g p i n e t t e s   s i t u 6  dans  un  fen 2 f i g u r a t i o n   p g r i g l a c i a i r e   o n t   i n d i q u &  que l a   p a r t i e  
c e n t r a l e  de c e t   t l o t   6 t a i t  un noyau  mineral  surClev6. Une p a l s e  rgcemment formge 
e t  s i t u C e   d a n s   u n   f e n   c l a i r   e t a i t :   r e c o u v e r t e   p a r   l a  mousse brune &orpidim 
~ c o ~ i o i d e s ,  e t   l a   t o u r b e   s e r v a n t  de  support 4 c e l l e - c i .  On a t t r i b u e  8 l a  trois- 
~ a n c e  de l a  mousse e t  4 1 'accumulat ion  de  tourbe  la   format ion  e t   le   d&veloppement   de 
c e t t e   p a l s e .  

L e   p r & s e n t   a r t i c l e   i n d i q u e   l a   p r o f o n d e u r  3 l a q u e l l e   o n   a t t e i n t   l a   t o u r b e   g e l & ;  
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PRESERVATION OF SEASONAL  FROST I N  PEATLANDS, 
KINOJE LAKES,  SOUTHERN BUDSON BAY LOWLAND 

D. W. CoweLll,  J. K .  Jeglum2 
and 5. C .  Merriman3 

Department of F isher ies   and   the   Envi ronment ,  ILands D i r e c t o r a t e -  
Bur l ing ron ,   On ta r io ;  2Great Lakes  Forest   Research  Centre-  

Sau l t   S t e .   Mar i e ,   On ta r io ;   31n land   Wate r s   D i rec to ra t e -Bur l ing ton ,   On ta r io  

INTRODUCTION 

The K i n o j e   L a k e s   o c c u r   w i t h i n   t h e   e x t e n s i v e  
p e a t l a n d s  o f  t h e  Hudson Bay Lowlands, 80 km west- 
northwest  of  Moosonee,  Ontario,   approximately 
halfway  between  rhe Moose and   Albany  r ivers .   This  
area i s  j u s t   t o   t h e   n o r t h  o f  t h e  -1°C (30°F) mean 
d a i l y   i s o t h e r m  (Chapman and Thomas 1968) .   consid-  
e r e d  by Brown (1966,   1967)   to   co inc ide   wi th   the  
s o u t h e r n  limit o f   d i scon t inuous   pe rmaf ros t  
( F i g u r e   1 )  + 

From August 1 to   10 ,   1976 ,  a h e l i c o p t e r  
s u p p o r t e d   e c o l o g i c a l   s u r v e y  was c o n d u c t e d   i n   t h e  
Kinoje   Lakes   a rea ,   and  a l so  i n  a few si tes 
between Moosonee and  Kinoje,   and  near  Moosonee. 
There were 1 4   h e l i c o p t e r   l a n d i n g  si tes,  and a t  
most   o f   these  a number o f   d i f f e r e n t  smnples, 
r e p r e s e n t i n g   s p e c i f i c   p l a n t   c o m m u n i t i e s ,  were 
c o l l e c t e d .   U s u a l l y   s a m p l e s   r e p r e s e n t e d   d i f f e r e n t  
p h a s e s   i n  a pa t t e rn   o r   complex ,   fo r   example ,   i n  
a pa t t e rned   bog ,   r i dge  or h igh  mound, low mounded 
areas i n t e r m e d i a t e   i n   r e l i e f ,   a n d   b r y o p h y t e  mar- 
covered pools .  

Datawere co l l ec t ed   f rom 55  samples at  t h e   1 4  
l and ing  sires; 53 samples were c l a s s i f i e d  as w e t -  
l ands   and  2 as uplands.  One o f   t h e   w e t l a n d  
s a m p l e s   d i d   n o t   h a v e   h a b i t a t   d a t a   c o l l e c t e d .  
Hence ,   observa t ions  in t h i s   p a p e r   a r e   b a s e d  on 
52 samples.  

Each  sample  consis ted of  a v e g e t a t i o n a l   c h a r -  
a c t e r i z a t i o n , ,   i n c l u d i n g   s t r u c t u r a l   a n a l y s i s   a n d  
cover  estimates f o r   p l a n t   s p e c i e s   i n  2 t o  5 
q u a d r a t s   o f  1 m2 area; g round   su r f ace   desc r ip -  
t i o n s ;  dep ths  to g r o u n d w a t e r   l e v e l ,   m i n e r a l   s o i l ,  
and  the  upper   and  lower  surfaces  of any   f rozen  
l a y e r s   ( p e a t ,   i c e )   i f   p r e s e n t , a n d   p e a t   a n d  
water samples   €o r   subsequen t   ana lyses .  

Each  of   the  wet land  samples  w a s  c l a s s i f i e d  as 
bog,   fen ,   marsh ,   o r  swamp, which are four   main 
ecosys tems  of   wet lands   which   have   been   proposed  
f o r   u s a g e   i n  Canada ( Z o l t a i  et aZ. 1974;  Jeglum 
et aZ. 1974).  The bog a n d   f e n   u n i t s  were f u r t h e r  
c l a s s i f i e d  as open o r   t r e e d  (cf. Jeglum et aZ. 
1 9 7 4 ) .  A l l  t h e  samples c l a s s i f i e d  as bog were 
ombrotrophic  i n  t h a t   t h e y   h a d  no s e n s i t i v e   p l a n t  

A swrple c o n s i s t s  of i n fo rma t ion   abou t  a p l a n t  
community ( s p e c i e s   p r e s e n t ,   k i n d   o f  s o i l ,  e t c . ) ,  
t h e   p l a n t  community be ing  a l i m i t e d  area of 
vegetation  which  appears  homogeneous.  

i n d i c a t o r s  of mine ro t rophy   p re sen t  ( S j G r s  1961, 
1963) ,  pH v a l u e s   o f   t h e   w a t e r  were a l l  less t h a n  
4.2 (S j t i r s   1952) ,   and   ca l c ium  concen t r a t ions  o f  
water were a l l  less t h a n  2 mg/ l i . t r e  (Eorham and 
P e a r s a l l   1 9 5 6 ) .  A l l  o f  t h e   s a m p l e s   c l a s s i f i e d  
a s   f e n ,   m a r s h   o r  swamp, on t h e   o t h e r   h a n d ,  were 
mine ro t roph ic  (cf. Sji3rs  1961,  1963). 

F W I  Location of the study area 

Four  of   the  wet land  samples  were c l a s s i f i e d  
a d d i t i o n a l l y  on t h e   b a s i s  of a prominent  landform 
f e a t u r e   w h i c h   t h e y   p o s s e s s e d ,   v i z . ,   t h r e e   s a m p l e s  
as "b lack   sp ruce   i s l ands"  (cf. S j 8 r s   l 9 6 3 ) ,   a n d  
one as "palsa"  (cf. Brown 1973) .   This   paper  
d i s c u s s e s   r e l a t i o n s h i p s  of t h e s e  units and   o f   t he  
above  main  wetland  ecosystems t o  t h e   o c c u r r e n c e  
of f rozen   ho r i zons   benea th   t he  52 samples   during 
t h e   p e r i o d   o f   s a m p l i n g   i n   A u g u s t .  

RESULTS 

N i n e t e e n   o f   t h e  52 wetland  samples   had  f ro-  
z e n   l a y e r s .   V e g e t a t i o n a l   a n d   p h y s i c a l   d a t a   f o r  
t h e   s a m p l e s   w i t h   f r o z e n   l a y e r s  are g i v e n   i n  
Tab le  1. 

D e p t h s   t o   t h e   f r o z e n   l a y e r   v a r i e d  among t h e  
samples,  from 13 t o   1 6 0  cm. ,  ave rag ing  52 cm 
( T a b l e   1 ) .  They were a l so  v a r i a b l e   w i t h i n  
samples ,   and   the   occur rence   o f   f rozen  layers was 
o f t e n   d i s c o n t i n u o u s .   S i n c e  most of   t he   f rozen  
l a y e r s  were r e l a t i v e l y   t h i n  (5-20 cm on August 1 
t o  IO) most o f  them were probably  examples   of  
s e a s o n a l   f r o s t .  
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The f rozen   layers   a lmost   a lways  were con- 
t a ined   w i th in   t he   pea t   ho r i zon   o f   t he   s ample .   In  
only  one  sample,  a b l a c k   s p r u c e   i s l a n d  (KlOc) was 
t h e   f r o z e n   l a y e r   d e f i n i t e l y   o b s e r v e d   t o   e x t e n d  
i n t o   t h e   u n d e r l y i n g  mineral s o i l .  However, i t  is 
l i k e l y   t h a t   t h e   s a m p l e   f o r  a low p a l s a  (M5a) a l s o  
e x t e n d e d   i n t o   t h e   m i n e r a l   s o i l ,   a l t h o u g h   t h e  
f r o z e n   l a y e r  in th i s   sample   could  not  be pene- 
t r a t e d .  

A l l  but   one s i te  had a groundwater   level  
perched  above  the  f rozen material ( T a b l e   1 ) .  
Wate r   t empera tu res   i n   t he   su r f ace  PO015 o r   i n  
t h e   p i t s  dug fo r   pea t   s amples   va r i ed   f rom 0.5 t o  
18°C. Gradien ts   be tween  sur face   pool  water tem- 
p e r a t u r e s  and those  i n  peat   immediately  beneath 
were o f t en   sha rp .  For example, i n  a bog pool  
covered  by a cont inuous   l ayer  of a f l o a t i n g  
sphagnum a t  i t s  margins  and a b l a c k  mat o f  
ClcrdopodieZZa fZuitmts i n  t h e   c e n t r e s ,   t h e  
s h a l l o w   s u r f a c e  water was 18"C,  whereas  the 
unconso l ida t ed   aqua t i c   pea t   j u s t   benea th   t he  
mar w a s  c l o s e  t o  f r e e z i n g .  

Treed  bog 

One of   the   samples  (K4a) was a roundish 
b l a c k   s p r u c e   i s l a n d   o c c u r r i n g   w i t h i n  an open  bog. 
The o t h e r   t r e e d  bog  samples  occurred as marginal  
zones  on  ra ised  bogs  surrounding a cen t r a l   open  
bog. A l l  o f   t h e   t r e e d  bog  samples  (4 of 4 )  had 
f rozen   ho r i zons ,   occu r r ing  as d i scon t inuous  
l e n s e s   i n   t h e   s a m p l e  area. Frozen strata were 
o f t e n   l o c a t e d   b e n e a t h   l a r g e  sphagnum o r  f e a t h e r  
moss mounds, and   t he   b l ack   sp ruce   t r ee s   p robab ly  
provided   addi t iona l   shading   and   insu la t ion .  

The   dominant   spec ies   in   these   samples  were 
b lack   sp ruce  (Picea mariana2), 20-60% cover;  
e r i caceous   sh rubs ,   ma in ly   l ab rador - t ea  (Lsdwn 
groenZandicm), sheep- l au re l  ( K a M a  angusti fozia),  
and  lea ther - leaf  (Chamae&phne caZyculatd; sphag- 
nums, mainly Sphagnwn fusm; l ichens ,   ma in ly  
CZadonia alpestris and C. rangiferina; a n d   f e a t h e r  
moss,  mainly PZeuroziwn schreberi. 

Open bog 

Discon t inuous   f rozen   l enses  were found i n  40% 
(8 t o  20) of the  samples   in   open  bog.   Usual ly   the 
f r o z e n   l a y e r s  were b e n e a t h   h i g h   r i d g e s   o r  mounds. 
The v e g e t a t i o n   i n   t h e s e   h i g h  mounds o f t e n  con- 
s i s t e d   o f   s t u n t e d  o r  shrubby  b lack   spruce ;  
e r icaceous   shrubs ,   main ly   l ea ther - leaf ,   sheep-  
l au re l ,   and   l ab rador - t ea ;  sphagnums, e s p e c i a l l y  
S. fuscwn and S. rzlbe&Zwn; and  l i chens   main ly  
C%adoniu aZpestris and C, rangifemha. 

O f t e n   t h e r e  w a s  a low mounded p h a s e   i n t e r -  
mediate   between  the  high mounds and   the  mat i n   t h e  
pool   phase .   Usual ly   th i s   low mound phase  had no 
f r o z e n   h o r i z o n ,   b u t   i n  K5b-4 a f r o z e n   l a y e r   d i d  
occur   benea th  Sphagnum mageZZanicm. 

Nomenc la tu re   fo r   vascu la r   p l an t s   men t ioned   i n  
t h i s   p a p e r  after Gleason  and  Cronquist (1963); 
b r y o p h y t e s   a f t e r  Nyholm (1969);   and  l ichens 
a f t e r   F i n k  (1961). 

Some of the  pools   covered  with  bryophyte  mats 
had f rozen   ho r i zons .  In t h e s e   c a s e s   t h e r p  w a s  a 
sphagnum mat a t  the  margins   and a mat of 
CladopodieZla fluitane cove r ing   t he   cen t r e s  of 
t he   poo l s .   Benea th   t he  mat was a spongy o r  Soupy 
a q u a t i c   p e a t ,   a n d  a f r o z e n   l a y e r  formed a firm 
bo t tom  tha t  would suppor t  a person ' s   weight .  

In a sample in a burned  open  bog (K7b-11, t h e  
shrubby  b lack   spruce ,   e r icaceous   shrub ,   and  
sphagnum cover  were much less than   fa r   an   unburn-  
ed  open  bog (D7d-1) loca t ed   c lose   by .  The depth 
t o   f r o z e n   l a y e r   i n   t h e  mounds was g r e a t e r   i n   t h e  
burned  than  the  unburned  bog,   suggest ing  deeper  
thawing   i n   t he   bu rned ,  less vegetated  sample 
(Tab le   1 ) .  

Swamp p l u s   t r e e d   f e n  

T h i s   c o n s i s t s  o f  two main u n i t s ,   t r e e d   f e n s  
which are u s u a l l y  on deeper   peats ,   and swamps 
which are u s u a l l y  more d e n s e l y   t r e e d  and on 
sha l lower   pea t s .  We combined t h e s e  two u n i t s  
because   t he re  is a continuum  between  them,  and 
they are s i m i l a r   i n   b e i n g   t r e e d   o r   t h i c k e t e d   a n d  
minerotrophic .  

T h i r t y - s i x   p e r c e n t  ( 4  of 11)   of   these 
samples   had  discont inuous  f rozen  lenses .   Samples  
wi th   t hese   f rozen   l enses   were :  a swamp p a r a l -  
l e l i n g  a stream, and  separated  f rom it by a well- 
d r a i n e d ,   r a i s e d   m i n e r a l   l e v e e ;  a t r e e d   f e n  on a 
r i d g e  i n  a pa t t e rned   f en ;   and  two b l a c k   s p r u c e  
i s l ands   su r rounded   by   pa t t e rned   f en .  We classi- 
f i e d   t h e   i s l a n d s  as b lack   sp ruce /Schrebe r ' s  
f e a t h e r  moss swamp (cf. Jeglum e t  u Z .  1974),  
because  even  though  they were elevated  and  were 
r e l a t i v e l y   " d r y "  on the   sur face ,   they   had   cons id-  
e rab le   pea r   accumula t ions  (90 and 150 cm), and 
had   g roundwate r   l eve l s   no t   f a r   benea th   t he  
s u r f a c e  (-17  and -28 cm) (Table   1 ) .  

The f rozen  materials were found as lenses 
beneath sphagnum  and S c h r e b e r ' s   f e a t h e r  moss 
mounds. All four   samples  were c h a r a c t e r i z e d  by 
subs t an t i a l   t r ee   cove r ,   and   consequen t   shad ing :  
b l ack   sp ruce  on t h e   b l a c k   s p r u c e   i s l a n d s ;   w h i t e  
cedar  (rhuju oocidentaZis) on t h e   r i d g e s  of 
pa t t e rned   f en ;   and  a number of   conifers--white  
sp ruce  (Picea gZaum), balsam f i r  (Abies baZsameu) 
and  black  spruce-- in   the  s t ream-side swamp. 

Marsh 

One o f   t he   t h ree   s amples   c l a s sed  as marsh 
had a f rozen   s t r a tum.  The  sample was a f l o a t i n g  
sedge mat dominated by Carex ros tmta  along  an 
unnamed t r ibu ta ry   o f   t he   K ino je   R ive r .  The 
sample si te was s e v e r a l  meters from  the  margin of 
t h e   r i v e r .   T h i s   i s o l a t i o n   f r o m  moving water, 
p l u s   t h e   i n s u l a t i o n  of the   s edge  mat and t h e  
soupy,   aqua t ic   pea t   benea th   the  mat, probably 
re ta rded   the   thawing  oE t h e   f r o z e n   s t r a t u m .  

Open f e n  

Four teen   percent  ( 2  of  14)  of  the  samples 
had  f rozen  layers .   The two samples   w i th   f rozen  
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l a y e r s  were b o t h   c h a r a c t e r i z e d  by a f l o a t i n g  mat 
of brown  moss w i t h  a th ick   accumula t ion  of brown 
moss peat   beneath.  The f r o z e n   l a y e r  was more o r  
less con t inuous   benea th   t h i s  brown  moss-peat 
cover ,   bu t  w a s  absent   under   the   ad jacent ,   sedge-  
r i c h   v e g e t a t i o n .  

One of   the  samples  (K3b) w a s  a poo l   w i th in  
a weakly  minerotrophic  seepageway  ("soak"  Sjt irs 
1948)  out  of a bog-bog pool  complex. The pool  
was about   two-thirds   covered  with a brown moss- 
p e a t  mat o f  Drepnoczadus exannulatus. There w a s  
no  f rozen  Stratum  beneath  the  open water o f   t h e  . 
poo l ,   no r   benea th   t he   r i dges   o f  sphagnum  which 
were l o c a t e d   c r o s s w i s e   t o   t h e  water movement i n  
t h i s  seepageway.  Although p a r t   o f   t h i s  brown 
moss-peat  mat a t  the  margin  of   the  pool  was 
s l i g h t l y   e l e v a t e d   a b o v e   t h e  water t h i s  was 
probably  because  of   the  low water t a b l e s   d u r i n g  
t h e   d r y  summer of 1976,  and  not  because o f  a 
r i s i n g  up o f  an ice core.  

The  second  sample  with a f r o z e n  stratum (M5a) 
was cau t ious ly   r ega rded  as a p a l s a .  I t  was 
covered   wi th  a brown  moss-peat mar of  Scorpidiwn 
scorpioides, and was r a i s e d   s l i g h t l y   ( e . g . ,  30-50 
cm) above   the   sur face   o f   the   sur rounding   fen   which  
was v e g e t a t e d   w i t h   s c a t t e r e d   s t u n t e d   t a m a r a c k ,   a n d  
s p a r s e l y   d i s t r i b u t e d  low shrubs  and  sedges.  The 
s u r f a c e  of t h e  brown moss w a s  dry  and  cracked,  
b u t   t h e   p e a t  was water logged   c lose   benea th   the  
s u r f a c e .  The f r o z e n   l a y e r  was very  hard,   and i t  
probably  had a h ighe r   con ten t   o f   i ce   t han   t he  
o the r   f rozen   l aye r s   obse rved .  The f r o z e n   l a y e r  
could   no t   be   pene t ra ted   wi th   the   equipment   ava i l -  
able .   Consequent ly  we do n o t  know wherher   or  nor 
t h e   f r o z e n   l a y e r   e x t e n d e d   i n t o   t h e   m i n e r a l   s o i l .  

Transect s tudy  of b l a c k   s p r u c e   i s l a n d  

A b l a c k   s p r u c e   i s l a n d ,   l o c a t e d   i n  a p a t t e r n -  
ed  fen  near   sample K l O c ,  w a s  s t u d i e d   w i t h  a 
t r a n s e c t   t o   d e t e r m i n e   i n t e r r e l a t i o n s h i p s   o f  
sur face   topography,   pea t   depth ,   under ly ing  
mine ra l   so i l   t opography ,   and   f rozen   l aye r s  
(F igu re  2 ) .  There w a s  an   i nc rease   i n   g round  
s u r f a c e   r e l i e f  of up t o  1 m a b o v e   t h e   f l o a t i n g  
sedge m a t  phase of t h e   a d j a c e n t   p a t t e r n e d   f e n .  
The e l eva t ion   above   t he   r i dge   phase   o f   t he   ad j a -  
cen t   f en  w a s  i n   t h e   o r d e r   o f   6 5  cm. 

P e a t   d e p t h s   a l o n g   t h e   t r a n s e c t  were v a r i a b l e ,  
between 30 and  110 cm on the   i s l and .   The re  was 
no   conspicuous   increase   in   the   pea t   depth   benea th  
t h e   i s l a n d ,  as would b e   e x p e c t e d   i f   t h e   u n d e r l y i n g  
m i n e r a l   s o i l   s u r f a c e  was l e v e l .   I n   f a c t ,   t h e  
sha l lowes t   pea t   dep ths   occu r red   benea th   t he  
i s l a n d ,   i n d i c a t i n g  a rise i n  t h e   u n d e r l y i n g  
minera l   topography.   This   observa t ion  was r epea ted  
i n  sample KlOc, i n  w h i c h   l a r g e   c r y s t a l l i n e   b o u l -  
d e r s   o c c u r r e d   c l o s e   t o   t h e   s u r f a c e ,   w i t h i n  30 cm 
i n  one  case,   and on t h e   s u r f a c e   i n   a n o t h e r   c a s e .  

Open-sided s o i l   a u g e r  of the   Wiscons in   type ,  
made of   casehardened steel and   wi th   coarse  
j a g g e d   t e e t h  a t  the  opening,  borrowed  from 
R. J. E. Brown, Nat ional   Research  Counci l   of  
Canada. 

S N ..:w . .. 

2 Peat depth. ice and Physiography of a nlack spruce island near linle 
Kiraie Lake. (11 aurlaee physs$mphv (2) Peat dculhs acmSs ialand 
(assurnma a flat surface) ard frozen layer occurreme and (3) Plan ol 
island showing hatian of t r a n m l  (distance h m e r r e s l .  

Frozen   layers  were a lways   wi th in   the   pea t  
l a y e r   i n   t h i s   b l a c k   s p r u c e   i s l a n d ,   a l t h o u g h   t h e y  
d id   ex tend   c lose   t o   t he   mine ra l -pea t   i n t e r f ace .  
Frozen   layers   were   th in   and   d i scont inuous  
(F igu re  2 ) .  

DISCUSSION 

Most  of t h e   f r o z e n   l a y e r s   t h a t  were observed 
were t h i n ,   r e l a t i v e l y   e a s y   t o   p e n e t r a t e   a n d   p r o b -  
ab ly   me l t ed  by f a l l .  Hence, most f r o z e n   l a y e r s  
were p r o b a b l y   s e a s o n a l   f r o s t .  However, i t  is our  
guess   t ha t   t he   ha rd   i ce   l aye r   benea th   t he   l ow 
pa lsa ,   and  some of  t h e   h a r d   f r o z e n   l e n s e s   i n   b o g s  
a n d   b l a c k   s p r u c e   i s l a n d s ,   p r o b a b l y   p e r s i s t e d  
t h r o u g h   t h e   f a l l   i n t o   t h e   n e x t   w i n t e r ,  and i f  so, 
they  were  examples o f  permafrost .  The d ry  summer 
of  1976 may have  acted t o  p re se rve  some o f   t he  
f r o z e n   l a y e r s   L a t e r   i n t o  summer than   u sua l ,  as 
t h e r e  would  have  been  reduced downward pe rco la -  
t i o n   o f  warm r a i n  waters and  reduced la teral  
movements i n  a l l  systems. 

Our o b s e r v a t i o n s   s u g g e s t   t h a t   t h e   p r e s e r v a -  
t i o n   o f   f r o z e n   l a y e r s  in wetland  ecosystems is 
r e l a t e d   t o   t h r e e  main fac tors - -vegeta t ive   cover ,  
peat   type,   and water movements.  The  shading  and 
i n s u l a t i o n   o f  a si te by v e g e t a t i v e   c o v e r  is 
impor t an t ,  as a t t e s t e d   b y   t h e   h i g h   f r e q u e n c y  of 
f r o z e n   l a y e r s   i n   t r e e d  bog ( l o o % ) ,   a n d   i n   t r e e d  
f e n   p l u s  swamp ( 3 6 % ) ,  and  by   the   g rea te r   depth  
t o   t h e   f r o z e n   l a y e r   i n   t h e   b u r n e d   o p e n  bog (K7b-1) 
compared w i t h   t h a t   i n   t h e   u n b u r n e d   o p e n  bog 
(K7d-1).  Although we have   i nd ica t ed   t he  impor- 
t a n t   s p e c i e s   p r o b a b l y   a s s o c i a t e d   w i t h   s h a d i n g   a n d  
i n s u l a t i o n   ( T a b l e   l ) ,   q u a n t i t a t i v e   m i c r o c l i m a t i c  
d a t a   a r e   r e q u i r e d   t o   i n d i c a t e   t h e   r e l a t i v e   l e v e l s  
o f   i n s u l a t i n g   e f f i c i e n c y .  

P e a t  is a n o t h e r   p r i m e   f a c t o r   i n   t h e   i n s u l a -  
t i o n  of f r o z e n   l a y e r s ,  and the   h igh   f r equency  o f  
f rozen   layers   in   bo th   t reed   bog   (100%)  and   open  
bog (40%) i n d i c a t e s   t h a t   p e a t s  i n  bogs ,   pa r t i cu -  
l a r l y  sphagnum p e a t ,   h a v e   e x c e l l e n t   i n s u l a t i n g  
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p r o p e r t i e s .  Mounds and  r idges are t h e   b e s t   p r e -  
s e r v e r s  of f r o z e n   l a y e r s ,   b u t  we a l so   encoun te red  
f rozen   l aye r s   benea th  bog poo l s   cha t  were covered 
wi th   b ryophyte  mats and f i l l i n g   i n   w i t h   a q u a t i c  
p e a t .  

A t h i r d  main f a c t o r  i s  water movement, o r  
more p r e c i s e l y   l a c k  o f  water movement. Frozen 
l a y e r s  were most common in   bogs ,   wh ich   have   t he  
lowes t   hydro topographic   g rad ien ts   and   s lowes t  
r a t e s   o f  water movement of: a l l  t h e  main  wetland 
ecosystems, Bogs a l s o   t e n d   t o   b e   r a i s e d   a b o v e   t h e  
surrounding water t ab le   and   r ece ive   mos t   o f   t he i r  
i n p u t  by r a i n f a l l   w h i c h   f u r t h e r  limits t h e  amount 
of water movement. I n  a minerotrophic  seepageway 
o u t  o f  a bog,  where water movements were s l i g h t l y  
i n c r e a s e d ,   t h e   r i d g e s   w i t h  sphagnum d id   no t   have  
f rozen   l aye r s ,   p robab ly   because  of the   seepage   of  
water through them.  However, i n   t h e  brown moss- 
p e a t   f i l l e d   p o o l s  (K3b) a d j a c e n t   t o   t h e s e   r i d g e s  
t h e r e  were i c e   l e n s e s .   I n   f e n s ,  swamps, and 
marshes,  sites tha t   gene ra l ly   have  more water 
movement and  seepage  than  bogs,   the   f requency 
of f r o z e n   l a y e r s  was lower.  In these  minero-  
t r o p h i c ,   f l o w i n g   w a t e r   t y p e s ,   f r o z e n   l a y e r s   a r e  
p re se rved  when t h e r e  i s  h igh   vege ta t ive   cove r ,  
e s p e c i a l l y  brown  mosses, f ea the r   mosses ,   dense  
con i f e r s ,   and  mounds of  sphagnum, o r   i n  cases 
where  there  i s  some degree of i s o l a t i o n   f r o m   t h e  
e f f e c t s   o f  moving wa te r .  

t o  c o n f i r m   t h i s   b e c a u s e  i t s  pH was 7.3 and Catt 
c o n c e n t r a t i o n  was 14 ppm which  corresponds  to  
S j c r s   ( 1 9 5 2 )   e x t r e m e l y   r i c h   f e n   c l a s s i f i c a t i o n ,  
The o n l y   v a l u e s   h i g h e r   t h a n   t h e s e   t h a t  we found 
in   t he   K ino je   Lakes   a r ea  were i n  a f e n   o v e r l y i n g  
70 cm of marl. 

The o t h e r  brown  moss a s s o c i a t e d   w i t h  a 
f r o z e n   l a y e r  was DrepanocZa%us exannulatus (K3b). 
Z o l t a i  (1973) observed   pa lsa   format ion   benea th  
t h i s  moss n e a r  Hudson Bay in   Manitoba.  However, 
t h e   s u r f a c e   o f   t h e  moss  mat in   our   sample  was 
o n l y   s l i g h t l y   r a i s e d ,   a n d  i t  i s  n o t  known i f   t h e  
s u r f a c e  w i l l  become r a i s e d   h i g h e r ,   o r   i f   t h e  
f r o z e n   l a y e r  was a c t u a l l y   p e r m a f r o s t .  

The r e l a t i o n   o f  two b l a c k   s p r u c e   i s l a n d s   t o  
s l i g h t  rises i n   t h e   u n d e r l y i n g   m i n e r a l   s o i l   t o p -  
ography  and  boulders   has   not   been  descr ibed  pre-  
v i o u s l y  as f a r  as we know. SjBrs  (1963)  defined 
b l a c k   s p r u c e   i s l a n d s  as i s l a n d - l i k e   s t r u c t u r e s ,  
u sua l ly   l a rge r   t han   pa l sa s ,   wh ich  commonly occur  
in   pa t te rned   fens ,   and   a re   "presumably   pennanent -  
l y   f r o z e n " ,  We obse rved   t ha t   t hey   can   occu r  
surrounded by  open  bog as w e l l .  I n   t h e s e   c a s e s  
i t  is sugges ted   tha t   they   had  a similar o r i g i n  as 
r a i s e d   m i n e r a l   s o i l   a r e a s   o r   c l u s t e r s  of stones 
and boulders ,   and  were i n i t i a l l y   m i n e r a l   s o i l  
up land   or  swamp sites surrounded  by  fen.  Bog 
has   invaded   over   the   €en   and   a round  the   i s lands ,  
b u t   t h e   b l a c k   s p r u c e   i s l a n d s   r e m a i n   f o r  some time 

Based  on  the  data   presented,   and  the  above as an   express ion  o f  u n d e r l y i n g   m i n e r a l   s o i l  
d i s c u s s i o n ,  a r easonab le   conc lus ion  is t h a t   t r e e d  rises. The is lands  surrounded  by  bog are c u t   o f f  
bogs  and some open  bogs  would  be  expected  to  be f r o m   m i n e r a l   s o i l  water, and   wi th   cont inuing   pea t  
t h e   f i r s t  s i tes of p e r m a f r o s t   a g g r a d a t i o n   i f   t h e  accumulation on t he   i s l ands   t hey   conve r t   f rom 
climate became c o o l e r .  mine ro t roph ic  swamp t o  ombrotrophic   t reed  bog.  

The p a l s a  we desc r ibed  was one of  a number 
o c c u r r i n g   i n   t h e  same area ,   resembl ing   the   dark-  
brown mud bottoms of dried-up  ponds  from  the a i r .  
Brown (1973) desc r ibed  similar f e a t u r e s ,  a l so  i n  
t h e  Hudson Bay Lowland,  which  had a l a y e r  of 
f r o z e n   m a t e r i a l   a b o u t  1 m th i ck ,   and   t he   su r f ace  
of   the   permafros t  a t  abou t   t he  same depth as o u r  
sample  (M5a).  The  palsa we s t u d i e d  w a s  l o c a t e d  
beneath a mat of Sco2.-pidiwn scozyioides, a moss 
which is  o f t e n   n o t e d   a s   M n g   c a l c i u m - l o v i n g .  I t  
seems t h a t   s h a l l o w   f e n   p o o l s   f i l l e d   w i t h  brown 
moss  and  peat become l o c a t i o n s  o f  permafrost  
growth  and  maintenance. The occurrence  of 
f r o z e n  s t ra ta  benea th  bog p o o l s   f i l l e d   w i t h  
CkdopodieZZa fZuitaans is another   example of t h e  
same th ing ,   a l t hough   t he   f rozen   l enses  were n o t  
as l a rge ,   and   p robab ly  n o t  as permanent, as those  
i n   t h e   f e n   p o o l s .  

A n  i n t r i g u i n g   q u e s t i o n  is, what   caused  the 
c l u s t e r   o f  brown m o s s - f i l l e d   p o o l s   i n i t i a l l y ?  One 
p o s s i b i l i t y  i s  t h a t   t h e y  are local  marl-bottomed 
POOLS which  favoured  the  development  of  calcium- 
l o v i n g  Scoy.p<d<~m. Marl l a k e s  were observed   c lose  
by,   downslope  f rom  raised  beach  r idges,   and  local  
marl concent ra t ions   could   have   been   depos i ted   in  
s h a l l o w   p o c k e t s   i n   t h e   m i n e r a l   s o i l   t o p o g r a p h y  
fol lowing  emergence  f rom  the  TyrrelL  Sea  (and 
p r i o r  t o  o rgan ic   accumula t ion ) .   Re la t ive ly   h igh  
ca lc ium  leve ls   could   be   main ta ined  as surrounding 
water is drawn i n t o   t h e   p a l s a   b y   f r e e z i n g   a c t i o n .  
The chemistry of groundwater i n   t h e   p a l s a   t e n d s  

From t h e s e   o b s e r v a t i o n s  i t  i s  sugges t ed   t ha t  
permafrost  i s  n o t  a main c a u s a l   f a c t o r   f o r   b l a c k  
s p r u c e   i s l a n d s   i n   t h e   K i n o j e  Lake area, l o c a t e d  
near t h e   s o u t h e r n  limit of d i scon t inuous  perma- 
f r o s t .  I t  may b e   t h a t   f u r t h e r   n o r t h   p e r m a f r o s t  
does become a more i m p o r t a n t   f a c t o r ,   i n  terms of 
a c c e n r u a t i n g   t h e i r   h e i g h t ,   m e l t i n g   o u t   t o  form 
c o l l a p s e   s c a r s ,  erc. However, unde r ly ing   mine ra l  
so i l   t opography   shou ld  s t i l l  be  considered as a 
poss ib l e   p r imary   cause   fo r   t hese   i s l ands ,   and  
more d e t a i l e d   t r a n s e c t  work is r e q u i r e d   t o  
e l u c i d a t e   t h e s e  complex r e l a t i o n s h i p s .  
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BIOLOGICAL RESTORATION STRATEGIES I N  RELATION TO NUTRIENTS AT A SUBARCTIC SITE I N  
FAIRBANKS, ALASKA 

Larry  Johnson, Alaska Projects Off ice ,  U.S. Army Cold  Regions  Research and 
Engineering  Laboratory,  Fairbanks, Alaska, U.S.A. 

R e s t o r a t i o n   n e e d s   i n   t h e   f a r   n o r t h  have  dramatical ly   increased as t h e   e x t e n t  
of sur face   d i s turbance   has   increased   over   the  las t  decade. The urgency of a r c t i c  
and   subarc t ic   revegeta t ion  and r e s t o r a t i o n   h a s  prompted the  use  of  technology 
developed i n   t h e   t e m p e r a t e  zones, a t  least some of  which may u l t imate ly   be  
s u i t a b l e   i n   t h e s e   c o l d e r   r e g i o n s .  A randomized  block  design was es t ab l i shed  i n  
1975 on the Chena Flood C o n t r o l   P r o j e c t   i n   o r d e r   t o  test t h e   e f f e c t  of n u t r i e n t  
a p p l i c a t i o n s  upon the   compet i t ive   re la t ionships   be tween  a rc ta red   fescue ,   b lue jo in t  
r eedgras s ,  and  annual  rye. Data gathered  over two growing  seasons on biomass, 
cover ,  maximum he igh t ,   nu t r i en t   con ten t ,  and o ther   per t inent   parameters  are used  to  
p r e d i c t   t h e   e f f e c t s  of nu t r i en t   man ipu la t ion  upon long- te rm  res tora t ion  goals.  It  
is a n t i c i p a t e d   t h a t   t h i s   r e s e a r c h  w i l l  i nc rease   t he   op t ions   ava i l ab le   fo r   success fu l  
mi t iga t ion  of impact  from  northern  industrial   development.  

MESURES BIOLOGIQUES DE RESTAURATION DU MILIFU PAR APPORT D'iLfMENTS  NUTRlTl FS 
AU SOL P R O P O S ~ E S  POUR UN s ITE SUBARCT I QUE, A FA I RBANKS EN ALASKA 

L a r r y  Johnson,   A laska  Pro jects   Of f ice,  U.S. Army Cold  Regions  Research and 
Engineer ing  Laboratory ,   Fa i rbanks,   A laska,  U . S . A .  

4 

Dans l e  Grand Nord, l e   b e s o i n  de r e s t a u r a t i o n   d u   m i l i e u  a beaucoup  augmente 
e n   r a i s o n   d e   l ' g t e n d u e   c r o i s s a n t e  des  dCgZts  que s u b i t  l a  sur face   du   so l   depu is  
d i x  ans dans c e t t e   r C g i o n .  La necess i te   de  restaurer   rap idernent   l 'env i ronnernent  
des r g g i o n s   a r c t i q u e s   e t   s u b a r c t i q u e s   e t   d ' y   a s s u r e r   l e   r g t a b l i s s e m e n t  de l a  
vegeta t ion ,  a encourage  l 'usage  de  techniques  rnises  au  point  dans les   tones  
temperees ,   qu i   pour ra ien t   en   par t ie   conven i r   aux   reg ions   p lus   f ro ides .  En 1975, 
on a c o n p  u n   b l o c   a v e c   r e p a r t i t i o n   a l e a n a t o i r e ,   d e s t i n e   a u   p r o j e t  de ma'itr ise  des 
crues de Chena, a f i n   d ' e t u d i e r  comment i n f l u e r a i t   l ' a p p o r t   d ' e n g r a i s   s u r   l a  
c o r n p g t i t i o n   i n t e r s p e c i f i q u e   e n t r e  l a  f g t u q u e   a r c t i q u e ,  l a  calamagrost is  du Canada 
( f o i n   b l e u   d u   N o r d ) ,   e t   l e   s e i g l e   a n n u e l .  Les  donnees recue i l l   i es   pendan t   deux  
s a i s a n s   c u l t u r a l e s   s u r   l a  biomasse, l a   c o u v e r t u r e   v e g e t a l e ,  l a  hauteur  maximale, 
l a   c o n c e n t r a t i o n  e n   e l e m e n t s   n u t r i t i f s   e t   a u t r e s   p a r a m s t r e s   p e r t i n e n t s ,   o n t   s e r v i  
a p r e d i r e  dans q u e l l e  mesure l ' e m p l o i   d ' e n g r a i s   p e r m e t t r a i t  de r e a l i s e r  d l ong  
terrne l e s   o b j e c t i f s   d e   r e s t a u r a t i o n  du m i l i e u .  On esp&re  que  les  recherches 
actuel lement   poursu iv ies  permet tent   de  t rouver   davantage  de  so lu t ions  pour   redui re  
1 ' impact  du  developpement  industr iel  sur 1 'environnement  du Grand Nord. 

METON EMOllOrMYECKOm PECTABPAYMM C YYETOM POJIIM nMTATEJlbHMX 
BEUECTB HA CYEAPKTINECKOM YYACTKE B 03PEEEKCE /AJIRCKA/ 
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BIOLOGICAL RESTORATION STRATEGIES IN RELATION TO NUTRIENTS AT A SUBARCTIC SITE 
IN FAIRBANKS, ALASKA 

Larry Johnson 

Alaska Projects Office, U.S. Army Cold Regions Research and Engineering Laboratory 
Fairbanks , Alaska, K 3 l  

INTRODUCTION 

The Arctic and Subarctic regflons have 
been subjected t o  increased environmental 
impacts durlng the past decade. Some of 
these impacts, such as off-road vehicle 
activities, began over 30 years ago, while 
others, such as those associated with petro- 
leum extraction, have only recently com- 
menced. Exploration for and extraction of 
mineral resources have increased many-fold, 
with the development of the Prudhoe Bay 
oilfield and the associated Trans-Alaska 
Pipeline Project being the most significant 
examples. 

Associated with this resource develop- 
ment and its environmental impact has been 
the development of methods for short-term 
revegetation and long-term restoration o f  
disturbed sites (Johnson and Van Cleve 
1976). The urgent need for revegetation 
techniques that can keep pace with  modern 
industrial impact has necessitated the 
wholesale transfer of temperate zone tech- 
niques to the Arctic and Subarctic. These 
techniques may or may not be suitable for 
the more Severe climatic condltions of 
these northern areas. There has been insuf- 
ficient testing and time since research 
first began to accurately assess the 
eventual outcomes. For example, there are 
few If any commercially available agronomlc 
grass seeds that have been developed speci- 
fically for the northern cold regions. 
Seed supplies for  two suitable natlve 
species of grass are only now beginning to 
be developed in the U.S. and Canada 
(Younkin 1976). 

The research described in this paper 
was initiated in May 1975 to determlne the 
competitive response of revegetation species 
In  relation  to the nutrient regime, one  of 
several research volds which became apparent 
following a Ilterature review of revegeta- 
tion in Arctic and Subarctic North America 
(Johnson and Van Cleve 1976). Previous 
studies have emphasized the Importance of 
nutrients in northern habitats (Haag 1974, 
Van Cleve 1977) and related Canadian studles 
are summarized by Younkin (1976). 

SITE LOCATION AND DESCRIPTION 

With the cooperation of the Alaska Dis- 
trict of the U.S. Army Corps of Engineers, 
CRREL established a long-term biological 
restoration experiment for nutrient compe- 
tition on the Chena River Lakes Flood Con- 
trol Project, located 30 krn east of 
Fairbanks, Alaska, along the Richardson 
Highway (Johnson and Specht 1 9 7 5 ) .  The 
CRREL experimental slte is located on a 
1-m-thick, level man-made raised silt 
blanket on the upstream and eastern edge 
of the flood control project. Although 
the study site is not underlain by perma- 
frost there is discontinuous permafrost in 
the immediate vicinity. 

The study site is situated on the ter- 
races and floodplains of the Chena and 
Tanana Rivers and is covered by vegetation 
ranglng from Salix thickets on the xeric 
gravel bars to Populus balsamifera forests 
and then to Picea glauca-Betula papyrifera 
on mesic sites to  Picea mariana-Betula 
papyrifera on poorly drained sltes, and 
Carex-Eriophorum bogs on the wettest or 
hydric sites. The wetter sltes are under- 
lain by permafrost (Viereck 1970). 

The climate in this area characteris- 
tically has long, cold winters and warm 
summers. Relatively high air temperatures 
combined with low rainfall during early 
Summer can create drought conditions in 
some years. Temperature and precipitation 
data for the Chena site durlng the 1975 and 
1976 growing seasons are glven in Table 1. 

Table 1. Climatic data for the 1975-1976 
growing seasons, Chena site, Alaska.* 

1975 Avg Max Min 
Temperature ("C) Precipitation 

M a 9  1 0  17 3.5 86 
(mm) 

Temoerature (OCl Preclnltatlon 

*Data  from  Army Meteorological Support Team, 
Ft. Wainwright, Alaska. 
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Replication 

1 

1 

2 

2 

3 

Fertilizer rates ( k g l h a ) :  0 = 0; 0.5 = 57; 1 = 114; 2 = 228. 
Nitrogen 8s N: phosphorus as P205, Potassium w a s  applied as K 2 0  at 114 kglha on all treatments. 

FIG, 1. Layout of block design with randomized fertilizer t,reatment at three replications. 

METHODS 

The experiment utilizes a randomized 
block deslgn consisting of five blocks to 
test the effects of varied levels of nutri- 
ent application upon three varieties of 
grasses at the followinE seeding rates: 
1) annual rye (Lolium multiflorum) at 45.6 
&/ha (40 Ib/acre),) arctared fescue 
(Festuca rubra) at 45.6 kg/ha (40 lb/acre), 
a-lmnt reedgrass (Calamagrostls 
canadensis) at 28.5 kg/ha (25 lb/acre). 
These three were selected in order to eval- 
uate the effect of a rapidly growing annual 
(rye) upon a slower growing agronomic 
species (fescue),  and the effect of an 
agronomfc species (fescue) upon a native 
species suitable for revegetation (blue- 
joint). The blocks correspond to the fol- 
lowing five seed treatments at the above 
rates: 1) arctared fescue-bluejoint reed- 
grass, 2) arctared-annual rye, 3) arctared 
fescue, 4) bluejoint reedgrass, and 5) 
annual rye. 

A total o f  16 dlfferent fertilizer 
applications, with three replicates of 9 m2 
each, were made within each of the five 
blocks. A 1 1  plots received an application 
of' 114 kg/ha (100 lb/acre) of K20 in addi- 
tion to one of four levels (0, 57, 114 or 
2 2 8  kg/ha, corresponding to 0, 50, 100, 200 
lb/acre) of elemental N applied as NH4N03 
and one of Tour identical levels of triple 
superphosphate (PpOs). The detailed layout 
of the plots within one of the blocks is 

shown in Figure 1. A l l  plots were sepa-+ 
rated by 2-m-wide buffer strips to minimlze 
seed or fertilizer mixinE from other plots. 

Soil samples were taken prior to the 
beginning of the experiment from selected 
border strips. According to preliminary 
physical analyses, the silt blanket is com- 
posed of predominantly fine-grained silts 
(52% by weight) and sand (46%) with local 
pockets of gravel and small cobbles. 
Further physical and chemical nutrient 
analyses will be presented elsewhere. 

A l l  plots were harvested during late 
J u l y  1975 and 1976 and data obtained for 
biomass, percent cover and maximum height 
of total vascular vegetation. Each 9-m2 
plot was subdivlded Into nine 1-m2 subplots 
and in both years three subplots were 
chosen at random for the cover and height 
measurements. A 0.1-m' aboveground biomass 
sample was gathered from each of the three 
subplots. These were oven-dried  at 80°C 
for 48 hours, separated by species for 
current year's growth and the current year's 
g:rowth weighed. Average values for maximum 
height, percent cover, and biomass were 
determined on the basis of the nine sub- 
samples taken each year, Samples were 
ground and  passed through a 40-mesh sieve 
and analyzed for nitrogen and phosphorus 
content using a Technicon auto-analyzer. 
This method utilizes a colorimetric test 
for both total nitrogen and total phosphorus 
following digestion (Schuman et al. 1 9 7 3 ,  
Steckel and Flannery 1968). 
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RESULTS AND DISCUSSION 

The  main r e s u l t s   f o r  1 9 7 5  a r e   p r e s e n t e d ,  
and  then a more d e t a i l e d   a n a l y s t s  i s  g iven  
f o r   t h e   s e c o n d  (1976) y e a r   r e s u l t s ,   w h i c h  
p rov ide  a b e t t e r   i n d i c a t i o n  o f  long-term 
t r e n d s .   R e s u l t s   a r e   a n a l . y z e d  by t h e  Mann- 
Whitncy s t a t i s t i c   t o   d e t e r m i n e  i f  t h e  dlf- 
ference  between  means i s  s l g n i f i c a n t .  The 
s t a t i s t i c  was s e l e c t e d   b e c a u s e  i t  i s  a non- 
p a r a m e t r i c   t e s t .  

A S  n o t e d   i n   T a b l e  2 ,  t he   r ap i .d ly  grow- 
i n g   a n n u a l   r y e   a c h i e v e d   t h e   h l g h e s t   t o t a l  
biomass,  % cover ,   and  maximum h e i g h t   v a l u e s  
d u r i n g   t h e   f i r s t   y e a r .  The d i f f e r e n c e s  be- 
tween   the   two  perennia ls   were   l . ess   p ro-  
nounced, w i t h  f e s c u e   y l e l d i n g   t h e   h i g h e s t  
b i o m a s s   w h i l e   b l u e j o i n t   a t t a i n e d  a h i g h e r  
pe rcen t   cove r   and  maximum h e i g h t .  

The h i g h e r   c o v e r   a n d   h e i g h t   d e s p i t e  a 
lower   b iomass   o f   b lue jo in t  as  compared t o  
f e s c u e  was d u e   t o  i t s  u p r i g h t   g r o w t h   h a b i t .  
Fescue   t ends   t o   fo rm  t i gh te r ,   l ower   g rowing  
clumps. S u c h   d t f f e r e n c e s   i n   g r o w t h   f o r m  
c o u l d   h a v e   i m p l l c a t i o n s   f o r  thermal s t a b i l i t y  
on a d i s t u r b e d   s i t e .   F o r   e x a m p l e ,   c o v e r  w l 3 . 1  
be  important i n   de t e rmi .n ing   a lbedo ,   he i -gh t  
i n   d e t e r m j n i n g   c o n v e c t i v e  heat: exchange , 
whi-le  biomass w i l l  111or~e d i r e c t l y   i n f l u e n c e  
conduct ive   hca t   cxchanges .  

Table  2. Maximum mean v a l u e s *   f o r   i n i t i a l  
y e a r ' s   g r o w t h  (3.975). 

T o t a l  
F e r t  i- v a s c u l a r  Max 

t r e a t m e n t   l e v e l s t  (g/m2) cover** (em) 

Fescue- 2 7 Y P  
24.3 2 . 3 3  28.11 

b lue  j o i n t   ( f o r  1N,2P) 

Fescue- 2 2 5 7 . 0  5.00  73.56 

Seed l j z e r  Biomass p l a n t   h e i g h t  

rY e ( f o r  1N,2P) 

Fescue 2 .5 14.2 1.67 15.44 

B l u e j o i n t  .5 1 10.3 2.78 21.00 
( f o r  IN, . 5 F )  

RY e 1 2  95.6 5.17 70.67 
* Based  on  average  of 9 s a m p l e s .   I n   c a s e s  

where  the maximum v a l u e s  Tor all t h r e e  
p a r a m e t e r s   d i d   n o t  o c c u r  a t  a s i n g l e  
r e r t i l i t y   l e v e l   t h e  new l e v e l  i s  g lven  
i n   p a r e n t h e s e s   b e n e a t h   t h e  odd pa rame te r .  

t See   F igu re  1. f o r   e q u i v a l e n t  rates.  
* *  C l a s s e s  1-10 where l=l-lO%, lO=gl-lOO% 

Addi t iona l  o b s e r v a t l o n s  on the  r i r s t  
yea r   i nc luded :  

I.. Maximum blomass  product lon  occurred  with 
a n n u a l   r y e g r a s s  sown a lone .   A l though   t he  
d i f f e r e n c e  was n o t  s t a t i s t i c a l l y   s i g n i f i c a n t  
a t  t h e  5% l e v e l  w i t h  t h e  Mann-Whitney s t a t i s -  
t i c ,   t h e r e  was a d e f i n i t e   t r e n d .  

2. The maximum biomass   and   cover   va lues   for  
b l u e j o i n t   w e r e   a t t a i n e d   a t   t h e   l o w e r   n i t r o -  
g e n   l e v e l s  (.5 N, 1 F )  as  compared w i t h  r y e  
OT f e s c u e .  This  s u g g e s t s   t h a t   b l u e j o i n t  
r e s p o n d s   b e t t e r  a t  a l o w e r   f e r t i . l j . t y   l e v e l  
t h a n  do  e i t h e r  o r  t h e   o t h e r  two s p e c i e s .  
However, t h i s   t r e n d   d i d   n o t   c o n t i n u e   i n t o  
the  second  year ' .  

3 .  The n i t rogen   and   phosphorus   con ten t   o f  
s e l e c t e d   t i s s u e   s a m p l e s  shows t h a t   r y e  had 
c o n s i s t e n t l y   l o w e r   l e v e l s   o f  N and P t h a n  
e i t h e r   b l u e j o l n t  o r  f e s c u e .  This was ex- 
p e c t e d   s i n c e   r y e  was t h e  only   spec ies   which  
had s t a r t ed  t o   u n d e r g o   a n t h e s i s  a t  t h e   t i m e  
o f  h a r v e s t  arid also was t h e  most r a p l d l y  
growing   spec ies .  

The biomass d a t a   f o r   t h e   s e c o n d   y e a r  
(Table  3 )  g e n e r a l l y   r e f l e c t   t h e   t r e n d s   f o r  
b o t h   p e r c e n t  c o v e r  and maximum h e i g h t .  
Therefore ,   the   ana1ys j . s   here  w i l l  concen- 
t r a t e  upon  biomass  values   only.  

Table  3 .  Biomass (g/m2) as  a f u n c t i o n  of 
f e r t i l i z e r   t r e a t m e n t  ( 1 9 7 6 ) .  

F e r t i l i z e r  

N 
t r ea tmen t  

P 
0 0 
- - 

0 
0 
0 
.5 
. 5  
. 5  
. 5  
1 
1 
1 
1 

1 
. 5  

2 
0 
.5 
1 
2 
0 

1 
. 5  

2 
2 0 
2 . 5  
2 1 
2 2 

Spec ie s   s eeded   i n   1975  
Fescue 

21.3 
24.2 
32.5 

9 . 7  
67.2 
68.5 
94.0 
116.7 
67.0 

335 .9  
182.9 
145.1 

1 0 . 2  
7.5 

1 1 . 9  
23.3 
55.7 
98.9 
105.0 
39.5 
150.8 
175  * 5 
345.4 

39 .I. 32.5 
250.6 356.5 
350.7 323.8 
395 0 415.6 

For a l l  s e e d   t r e a t m e n t s  t h e  following 
c a n   b e   s t a t e d :  

1. A t  0 N t h e r e  i s  l i t t l e  o r  no r e sponse  
t o   a d d i t i o n s   o f  P o r ,   i n   o t h e r   w o r d s ,   w i t h -  
o u t   a d d i t i o n a l   n i t r o g e n   i n c r e a s e d   p h o s p h o r -  
u s   has  L i t t l e  e f f e c t .  

2 .  A t  0 P b i o m a s s   r i s e s   t o  a maximum a t  57 
kg/ha (50 l b / a c r c )   a d d i t i o n s  o f  N ,  above 
which it e i t h e r   d e c l i n e s   o r   r e m a i n s  a t  t h e  
same l e v e l .  

3. There i s  a s y n e r g i s t i c   e r f e c t   o f  N and 
P a t  h igher  l e v e l s  o f  n u t r i e n t   a d d i t i o n .  

4. Biomass   va lues   o f   bo th  f e s c u e  and  blue- 
j o i n t   r o s e   r a p i d l y  a t  i n t e r m e d i a t e   l e v e l s  
of N and P (57-114 kg/ha o r  50-100 l b / a c r e )  
and  then  reached maximum v a l u e s  a t  t h e  
h i g h e s t   l e v e l s  ( 2 2 8  kg/ha o r  2 0 0  I b / a c r e ) .  
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These trends are important in under- 
standing the competitive outcomes of the 
bluejoint-fescue and the annual rye-fescue 
seed mixes (Fig. 2 and 3). Figure 2 Is a 
bar graph of the biomasses for the fescue- 
bluejoint seed mix as compared to total 
biomasses of fescue and bluejoint planted 
singly at  cornparable fertilizer treatments. 
It is Immediately obvious 'chat the fescue- 
bluejoint mlxture produced a greater biomass 
in almost all cases than either the fescue 
or bluejoint sown indlvidually. 

Other trends become apparent when the 
biomass of fescue or bluejoint In the mix  
is compared to the corresponding individual 
species biomass. The responses are sum- 
marlzed below. 

1. At 0 N and all levels of P there is 
little or no dirference in response. 

2. At .5 N fescue biomass increases in the 
mix but bluejoint biomass decreases in the 
mlx as compared to single species plots. 
Therefore, at .5 N and .5, 1 or 2 levels of 
P fescue actually has a higher production 
in the mix than by i t s e l f .  This seems to 
occur at the expense of bluejoint biomass 
production. 

3. At 1 N bluejoint biomass is even more 
markedly reduced in the mix as compared to 
the single species. 

4. At 2 N both bluejoint and rescue bio- 
mass are reduced in the mix relative to 
single-species plots. 

Differences in means which were sig- 
niflcant at the 5% level using the Mann- 
Whitney statistic are also shown In Figure 
2. 

In a similar way, comparisons can be 
made between the biomass of the annual rye- 
fescue mix and the pure fescue plots (Pig. 
3 )  * 

1. At 0 N there  was greater biomass with 
the mix. 

2. At . 5  N and 1 N with additional phos- 
phorus the mix produced less biomass. 

3. At 2 N the mix had equal o r  greater 
production of biomass. 

These trends show that competitive 
successes are determined, at least In part, 
by nutrient levels. This must be kept in 
mind when developing seed mixes and ferti- 
lizer applications for restoration. 

A more detailed examination of the re- 
sults suggests several ways In which com- 
pet i t t lve  outcomes Wlthin.revegetatlon seed 
mixes may  be managed by nutrient manipula- 
tion. The perennial seed mix (f.e. fescue 
and bluejoint) yielded higher rescue biomass 

I at ths 5 %  level: 
Statistically slgnlficant differonce In msana of biomara 

x Bluslomt I 

q / m z  5001 
400 

x x  

rl, n 

Phosphorus IP) 0 0.5 I 2 00.5 I 2 0 0.5 I 2 

ni 

0 0.5 I 2 

Nltrogen (N)  0 0.5 I 2 
"" 

FIG. 2. Bar graphs of biomasses for fescue- 
bluejoint seed mix as compared to total 
blomasses of fescue and bluejoint planted 
singly at comparable fertilizer treatments. 

( 0 )  Statlatlcally slqnificant difference In moon6 of 
frscua biomass at the 5 %  Icval 

4 0 0 ~  

3501 n 

,501 

100 - 

Phosphorus(P) 50-,lih 0 0 0.5 I 2 0 0.5 I 2 
3 0.5 -I I 2 0 

Nllroaan ( N  ) 0 
"" 

. .  

0.5 I 2 

FIG. 3 .  Bar graphs of biomasses of annual 
rye-fescue m l x  as Compared to pure fescue 
plots at comparable fertillzer treatments. 
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a t  a l l  phosphorus   l eve l s  w i t h  t h e  . 5  n i t r o -  
g e n   a p p l i c a t i o n .   B l u e j o i n t   b i o m a s s  was 
r e d u c e d   b u t   t h e   t o t a l   b i o m a s s   o f  t h e  mix 
was s t i l l  g r e a t e r   t h a n   o r   w l t h i n  10% of  t h e  
biomass o f  t h e  two s p e c i e s  when grown  sepa- 
r a t e l y .   T h e r e f o r e ,  the  mix  should  be  recom- 
mended f o r  u se  a t  t h e s e   f e r t i l i z e r   l e v e l s  
( . 5  N and .5, 1 o r  2 P). However, a t  h igher  
n u t r i e n t   a p p l i c a t i o n s   b l u e j o l n t   a l o n e  may be  
a b e t t e r   c h o i c e   s i n c e   t h e r e  i s  a s t r o n g  com- 
p e t i t i v e   e f f e c t   o f   f e s c u e  upon b l u e j o i n t .  
For  example, a t  t h e  2 N and   t he  .5 P l e v e l  
t h e   b l u e j o i n t   p r o d u c t i o n  b y  i t s e l f  i s  g r e a t e r  
t h a n   t h e   f e s c u e   p l u s   b l u e j o i n t   b i o m a s s   t o t a l  
of t h e  mix.   Therefore ,  i f  a c e r t a i n   s i t u a -  
t i o n   r e q u i r e d   t h e   u s e  of  n a t i v e   s p e c i e s ,  a 
h i g h e r   n u t r i e n t   l e v e l   i n   c o m b i n a t i o n  w i t h  
b l u e j o i n t  as  t h e   s o l e   s e e d  would meet t h e  
s t i p u l a t i o n s .  However, i t  should be  s t a t e d  
tha t  monospec ie s   i nc rease  the  chance of  
h a r m f u l   d i s e a s e  or i n s e c t   i n f e s t a t i o n s  s o  
t h a t   m i x e s  a re  o f t e n   p r e r e r r e d .  

I n  a similar manner t h e   c o m p e t i t i v e  re- 
sponse of  t h e   a n n u a l   r y e - f e s c u e   s e e d  mix i n  
r e l a t i o n   t o   n u t r i e n t   L e v e l s   s u g g e s t s  manage- 
ment s t r a t e g i e s   f o r   r e v e g e t a t i o n   a n d   r e s t o r -  
a t i o n .  A t  t h e  1 N l e v e l  all. a d d i t i o n s   o f  
phosphorus   decreased   the   b lomass   o f   fescue  
I n   t h e   s e c o n d   y e a r  as compared t o   f e s c u e  
a l o n e .   T h e r e f o r e ,   i f   p r o d u c t i o n  of  a peren-  
n i a l   g r a s s   c o v e r  i s  a more  important  concern 
t h a n  a r a p i d  i n i t i a l   c o v e r   ( e . g .   a n n u a l  r y e )  
t h e   f e s c u e   s h o u l d   e i t h e r   b e   s e e d e d  by i t s e l f  
o r  a n u t r i e n t   l e v e l   s u c h  as 2 N, . 5  P should 
be   used ,   In te res t ing ly   enough a t  t h e  2 N 
a n d   e i t h e r   t h e  .5 o r  1 P l e v e l s   t h e r e  was 
a c t u a l l y   g r e a t e r   f e s c u e   b i o m a s s   p r o d u c t i o n  
from t h e  rye- fescue  m i x  t han   f rom  f e scue  
a lone .  T h i s  may i n d i c a t e  tha t  t h e   a n n u a l  
r y e   i n h i b i t s  t h e  fescue  more by n u t r i e n t  
compet i t ion   (which  may be  reduced  by  high 
f e r t i l i t y   l e v e l s )   t h a n  by p h y s i c a l l y   o v e r -  
t opp ing   t he   f e scue   and   cove r ing  it  wi th  
l i t t e r   i n   s u b s e q u e n t   y e a r s .  

CONCLUSION 

A s  t h e   p o t e n t i a l   f o r   e n v i r o n m e n t a l  i m -  
p a c t   g r o w s   i n   t h e   n o r t h e r n   r e g i o n s   a n   i n -  
c r eas tng   need  a r i ses  f o r  improved   res tora-  
t ion   t echnology  encompass ing  a v a r i e t y  o r  
methods .   Fu r the r   r e sea rch   shou ld  be under- 
t a k e n   o n   " s u i t e s "  of r e s t o r a t i o n   t e c h n o l o -  
g l e s   s u c h  as combinat ions  of  woody and  herb- 
aceous   spec ie s ,   s eed   mixes   o f   na t ive   and  
agronomic  species ,   and  use o f  su r f ace   o rgan-  
i c   m a t t e r   t o g e t h e r  w i t h  s e e d i n g   a n d   f e r t i -  
l i z e r  p rog rams .   Add i t iona l   r e sea rch  on 
r e a c t i o n s  of n a t i v e   s p e c l e s   t o   d i s t u r b a n c e s  
and on development of novel  methods o f  u t i -  
l i z i n g  them f o r   r e s t o r a t i o n   n e e d s   t o   b e  en- 
couraged  (Chapin  and Van C l e v e ,   i n  p r e s s ) .  

The r e s u l t s   r e p o r t e d   i n   t h i s   p a p e r  
sugges t   an   a l t e rna t ive   means   (nu t r i en t   man i -  
p u l a t l o n )   f o r   c o n t r o l l i n g   t h e   c o m p e t i t i v e  
o u t c o m e s   o f   r e v e g e t a t i o n   m l x e s   i n   o r d e r   t o  
meet  management g o a l s .  The use   o f  a nu r se  
crop  such as annua l   rye   does   no t   a lways  

i n c r e a s e   l o n g - t e r m   v e g e t a t l o n   c o v e r   d e s p i t e  
s u c h   c l a i m s   i n  some o f   t h e   a r c t i c   a n d   s u b -  
arctic r e v e g e t a t i o n   l l t e r a t u r e .  It should  
p r o b a b l y   n o t   b e   u s e d   u n l e s s   r a p i d   v e g e t a -  
t i o n   c o v e r  is e s s e n t i a l  f o r  e r o s i o n   c o n t r o l  
O r  Some,other   purpose.  The e f f e c t  of a 
n u r s e   c r o p   o r  of  a r ap id -g rowing   pe renn ia l  
s p e c i e s  upon o t h e r   p e r e n n i a l   s p e c i e s   v a r i e s  
d e p e n d i n g   u p o n   t h e   f e r t i l i z e r   l e v e l s   u s e d ,  
as shown by t h e   e x a m p l e s   i n   t h i s   r e p o r t .  
The re fo re ,  i t  i s  i m p o r t a n t   t o   s e l e c t   t h e  
s p e c i e s   a n d   t h e  f e r t i l i z e r  l e v e l s   i n   u n i s o n  
when d e v i s i n g  a management p l a n   f o r   r e s t o -  
ration i n   t h e   A r c t i c   a n d   t h e   S u b a r c t i c .  
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TERRAIN-FORMING  PROCESSES I N  THE PERMAFROST  REGtON  AND  THE  PRINCIPLES O F  T H E I R  
P R E V E N T I O N   A N D   L [ M l T A T t O N  I N  TERRlTORtES  UNDER  DEVELOPMENT.  

N.A.  Grave  and V . L .  Sukhodrovsk i i .   Permaf ros t   rns t i tu te ,   Yakutsk ,  U,S,S,R. 

The au tho rs   examine   so l i f l uc t i on ,   t he rma l   e ros ion ,   heav ing ,   and   " the rmokars t  
r e s u l t i n g   f r o m   o r   r e a c t i v a t e d  by the  economic  development of a t e r r i t o r y  with i c e -  
r i c h   p e r m a f r o s t .  The new ground  features  formed i n   t h i s  way tend  towards  ecolo- 
g i c a l   e q u i l i b r i u m  and a r e   s t a b i l i z e d   a t   d i f f e r e n t   s t a g e s  of the i r   devk lopment .  
N o r m a l l y   t h e   a c t i v e   r e l i e f - f o r m i n g   p e r i o d  does   no t   l as t   l onger   t han  10 y e a r s   a f t e r  
t h e   s u r f a c e  has  been d is turbed.   Actual   examples o f  d e s t r u c t i v e  phenomena r e s u l t i n g  
f rom  regional   economic  development  are  g iven  and means o f  p r e d i c t i n g  them  and 
e l i m i n a t i n g   o r   l i m i t i n g   t h e i r   h a r m f u l   e f f e c t s   o n   s t r u c t u r e s  and t h e   t e r r a i n   a r e  
out1  ined.  

FORMATI ON DE RELIEFS DANS LA ZONE DE PERGEL I SOL; COMMENT EN R ~ D U I R E  ET E M P ~ C H E R  
LE DEVELOPPEMENT  SUR  LES  TERRtTOIRES  ACTUELLEMENT M r S  EN  VALEUR 
N.A.  Grave, V.L.  S u k h o d r o v s k i i ,   l n s t i t u t   d e   g g o c r y o l o g i e ,   l a k u t s k ,  URSS 

f t u d e  des ph6nomSnes de s o l  i f  1 uc t   ion ,   d 'e ros   ion   thermique,   de   sou l  Svement, 
de   thermokars t   rhc t i v6 .s   ou   p rovoques  par   les   t ravaux   de   mise   en   va leur   d 'un  
t e r r i t o i r e   s i t u e  dans  une  zone  de p e r g e l i s o l   r i c h e  en  glace.  Les  nouvel les  formes 
de r e l i e f   q u i   a p p a r a i s s e n t  dans  ces c o n d i t i o n s  se s t a b i l i s e n t   g r a d u e l l e m e n t  3 
d iverses   & tapes  de leur  developpernent,   et  i l  tend 4 s ' g t a b l i r  un e q u i l i b r e   & z o l o -  
gique. La p g r i o d e   a c t i v e   d e   f o r m a t i o n   d e   r e l i e f s  ne dure  en  gen6ral  pas  plus de 
10 ans  apr2s l a   p e r t u r b a t i o n  de l a   s u r f a c e .  Exernples conc re ts  de  phgnomhes 
nefastes  imputables 3 l'am6nagement, moyens de l e s   p r e v o i r   e t   d ' e n   & l i m i n e r   o u  
l i m i t e r   l ' e f f e t   n u i s i b l e   s u r   l e s   c o n s t r u c t i o n s   e t   l e s   p a y s a g e s .  

PEJIbEOOOEPA3Y EUME nPOUECCbl OEJIACTM BErHOfi MEP3JIOTbI M rXPMHUMnb1 
MX lIPEflYl7PEXflEHMR M OJ?PAHWiEHMR HA OCBAMBAEIVibIX TEPPMTOPMflX 
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AN APPROACH TO THE ECOLOGY OF PERMAFROST IN CENTRAL  ICELAND 

K. Priesni t z ,  Dept o f  Geography, Univ of Gottingen, W-Germany 
E.  Schunke, Dept of Geography, Univ of Gottingen, W-Germany 

Basing upon  f ie ld  work between 1970 and 1976 the  authors  give a survey of 
the  permafrost  in  central  Iceland  with  special emphasis t o  the  actual  aggradation 
and degradation  processes.  Sporadic  permafrost amounting t o  a b o u t  180 sq.km i s  lim- 
i ted t o  wet places  with  peat and si1  ty t o  fine-sandy  material, There a re  phenomena 
o f  degradation  initiated  in many cases  in  the warm period 1920-50 b u t  continuing 
until now, and o f  aggradation  increasing  rapidly  during  the l a s t  ten  years.. These 
phenomena are investigated with respect t o  the  ecological  conditions. The actual 
decl ine o f  temperatures - freezing  indices have  augmented by about 25% compared to 
those o f  the normal period,  the lower temperature being especially  efficient  in 
early  winter - shifts  the  aggradation-degradation  balance towards a preponderance 
of aggradation. 

ETUDE  fCOLOGI QUE DU PERGEL ISOL DE L '  I SLANDE  CENTRALE 
K. P r i e s n i   t z ,  Dept  de Geog, Univ de G8tt ingen, A1 lemagne  de 1 'Ouest 
E.  Schunke,  Dept de Geog, Univ  de Gblttingen,  Allemagne de 1 'Ouest 

Bases s u r  des recherches   e f fec tudes   en t re  1970 e t  1976 les auteurs  donnent 
une vue  d 'ensemble  du  pergel isol   en  ls lande  centrale  en  appuyant  sur  les  processus 
d ' a g g r a d a t i o n   e t  de degradat ion .   Le   perge l i so l   sporad ique  d ' l s lande  couvrant  3 peu 
pr6s 180 km2 ne  se  trouve  que  dans des t e r r a i n s  humides 3 t o u r b e   e t  21 des s o l s  1 imo- 
neux. On d i s c u t e   l ' e c o l o g i e  des  phenom&nes  de degradat ion,   qu i   souvent   ont  e t e  i n i -  
t i e s  pendant la   per iode  re la t ivernent   chaude de  1920-50  rnais qu i   con t i nuen t  5 se 
d e v e l o p p e r   j u s q u ' a   a u j o u r d ' h u i   e t  des  phenomhes  d 'aggradat ion,   qu i   se  mul t ip l ient  
depu is   env i ron  10 ans. Ces phdnornhes  sont   6 tud ies  dans  l 'opt ique  gcolog ique.  
L 'abaissement  actuel   des  temperatures - l e  f r o i d  curnu16 a augment6 de 25% en 
comparaison  avec  celui de l a  p6r iode  hormale,   l 'abaissement e t a n t  l e  p l u s   s f f i c a c e  
au  debut. de l ' h i v e r   r e n d  3 pousser l e  b i l a n   e n t r e   l ' a g g r a d a t i o n  et l a  degrada- 
t i o n   v e r s  une  prepond6rance de l ' a g g r a d a t i o n .  

MCCJIEaOBAHME 3KOJZOrMM 30HH MHOFOJIETHER  MEP3JIOTEJ B IJEHTPAJIbHOfi trCJIAHAtx€i 
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AN APPROACH TO  THE  ECOLOGY OF PERMAFROST IN CENTRAL  ICELAND 

K. P r i e s n i t z  and E. Schunke 

Department o f  Geography, U n i v e r s i t y   o f   G o t t i n g e n ,  W-Germany 

INTRODUCTION 
The actual   knowledge  of   Icelandic  permafrost  i s  

l i m i t e d   t o  some marginal   observat ions i n  papers 
dea l ing   w i th   o ther   ob jec ts   (Thoroddsen 1913, S t e i n -  
dbrsson 1945,  1967, Thbrar insson 1951,  Jbhannesson 
& Thorste insson 1957,  Todtmann 1960, Friedman e t   a l .  
1971, Tbmasson & Thorgrimsson  1972, and o t h e r s )  and 
t o  two  pub l i ca t ions  by  Bergmann (1972)  and  Schunke 
(1973) who t r e a t   o f   s p e c i a l   a s p e c t s   o f   p e r m a n e n t l y  
f rozen  ground i n   c e n t r a l   I c e l a n d .  Thus we s h a l l  t r y  
i n   t h i s  paper t o   g i v e  a genera l   su rvey   o f   I ce land ls  
permafrost, i t s   p r o p e r t i e s ,   d i s t r i b u t i o n ,  and e c o l -  
ogy w i t h  emphasis  on i t s   a c t u a l   b e h a v i o u r .   T h i s  
survey i s  based  upon i n v e s t i g a t i o n s   i n   c e n t r a l   I c e -  
l a n d   c a r r i e d   o u t  between  1970  and 1976, a i r  photo- 
g r a p h   i n t e r p r e t a t i o n ,  and  upon  meteorological   data 
concerning  both a i r  and s o i l   c l i m a t e s .  

DESCRIPTION OF THE ICELANDIC PERMAFROST 

The permafrost-phenomenon  considered  here  has  not 
been ascer ta ined  by  temperature measurements bu t   by  
i d e n t i f i c a t i o n   o f   t h e   f r o z e n   s t a t e   o f   s o i l   w a t e r  - 

t h e   p o s s i b i l i t y   o f   s l i g t h l y   d i v e r g e n t   r e s u l t s  ob- 
t a i n e d  by pure  temperature  cons iderat ion  cannot  be 
excluded. 

amounts to   abou t  180 sq.km, as t o   t h e   d i s t r i b u t i o n  
i t  i s   t o  be c l a s s i f i e d  as sporadic   permafrost   (F ig .  
1). The th i ckness   o f   pe rmaf ros t  measu.red i n   l a t e  
summer va r ies   f rom some decimeters  up  to 6 meters. 
Temperature  measurements o f   t h e   p e r m a f r o s t   d u r i n g  
the  summer showed r e i a t i v e l y   h i g h   v a l u e s   v a r y i n g  
between 0.0 and -1.0 C,  which means t h a t  i t  belongs 
to   t he   ca tegory   o f   ' t empera te '   pe rmaf ros t .  The 
t h i c k n e s s   o f   t h e   a c t i v e   l a y e r   i s  40-80 cm. It de- 
pends  on the   na ture   o f   the   subs t ra tum  and  the  com- 
p o s i t i o n   o f   t h e   v e g e t a t i o n   c o v e r .  The v a r y i n g   i s o -  
l a t i n g   p r o p e r t i e s   o f   d i f f e r e n t   m a t e r i a l s   a r e   c l e a r l y  
demonstrated  by  measurements o f   t h e   v e r t i c a l  temper- 
a t u r e   d e c r e a s e   w i t h i n   t h e   a c t i v e   l a y e r :   w h i l e o i n  
peat   temperature  gradients   f rom 0.6 up t o  0.8 C per  
cm were  meBsured those i n  m ine ra l   so i l   we re   on l y  
0.1 t o  0.2 C per cm. 

The s t r u c t u r e   o f   t h e   p e r m a f r o s t   i s   m o s t l y   c h a r a c -  
te r i zed   by  a succession o f  minera l  and organic  mate- 
r i a l .   T h i s   s u c c e s s i o n  and a v e r y   d i s t i n c t   s t r a t i f i -  
ca t i on   o f   t he   younges t   vo l can ic   sed imen ts   pe rm i t   an  
easy i d e n t i f i c a t i o n  o f  c r y o g e n i c   s t r u c t u r e s   i n   t h e  
permafrost  as w e l l  as i n   t h e   a c t i v e   l a y e r .  The con- 
t e n t   o f   t u r f   i n   t h e   p e r m a f r o s t   i s   r e m a r k a b l y   h i g h .  

The t o t a l   p e r m a f r o s t   a r e a   i n   c e n t r a l   I c e l a n d  

The ground i c e   o f   t h e   p e r m a f r o s t   i n   I c e l a n d   c a n  
be c l a s s i f i e d   i n t o   t h r e e   d i f f e r e n t   i c e   t y p e s ,  
namely  segregated  ice,  massive  ice, and po re   i ce .  
Segregated i c e   w i t h   i c e   l a y e r s   v a r y i n g   f r o m  5 t o  
10 mm occurs i n  peaty  and s i l t y   m a t e r i a l s .   C l e a r  
massive i c e   c o n s i s t i n g   o f   o b l o n g   p o l y e d r i c   i c e  
c r y s t a l s  i s  t o  be  found  in.peat,  i n   h o r i z o n t a l  
layers   up   to  40 cm t h i c k .   P o r e   i c e   i s   l i m i t e d   t o  
w e l l   d r a i n e d   s i l t y  and sandy  sediments  which  most- 
l y  show a s i n g l e   g r a i n   t e x t u r e .   P o r e   i c e   i s   t h e  
dominant   i ce   type .  

d ing   s t ruc tu res   o f   permaf ros t ,   wh ich   o f ten   a l low 
conc lus ions   abou t   t he   moda l i t i es  o f  i t s  genesis. 
Permaf ros t   con ta in ing   und is tu rbed  hor izon ta l   lay -  
e r s   o f   p e a t ,  ashes  and s i l t  may be i n t e r p r e t e d   i n  
such a way tha t   the   permaf ros t   deve lopped  w i thout  
any l o c a l   d i f f e r e n t i a l  vo lume  inc rease  bu t   tha t  
a general  upward  heaving of a la rge   sur face   took  
p lace   (F ig .  2 ) .  On t h e   o t h e r  hand s i d e   t h e r e   a r e  
permafrost   areas  showing  fo lded  and  loca l ly   up-  
l i f t e d  sediment   s t ra ta ( F i g ,  3 ) .  It seems ev iden t  
t h a t   t h i s   k i n d   o f   f o l d i n g  happened a f t e r   t h e   s e d i -  
mentat ion o f  t h e   s t r a t a  and tha t   t he   de fo rma t ions  
o r i g i n a t e   f r o m   d i f f e r e n t i a l   f r o s t   a c t i o n .   I n   t h e  
c e n t r e   t h e y   c o n t a i n   u s u a l l y   c l a y e y   a n d   s i l t y  mate- 
r i a l   w i t h   s e g r e g a t e d   i c e   c o v e r e d   b y   u p l i f t e d   l a y -  
e r s   o f   t u r f - a n d  sandy   tephra   less   suscept ib le   to  
f r o s t  - t h e  same p r o f i l  we f i n d   i n   r e c e n t   p a l  sas. 
These mounds o f t e n  became l a t e r  on  covered  wi th 
younger  volcano-eo1  ian  sediments  and  the  permafrost 

I 

There  have  been  observed-two  main  types  of  bed- 

I 4 " f l L n - n  2'" 
" . I*  

F i g .  1. The d i s t r i b u t i o n   o f   p e r m a f r o s t   i n   I c e l a n d .  
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spread from these  centres  over a wider area.  If  de- 
flation  takes  place i t  will hurt f i r s t   t h e s e   f o s s i l -  
ized  permafrost mounds and degradation of the perma- 
f ros t   wi l l  begin  in  the same place where i t s  aggra- 
da t ion   s t a r t ed   f i r s t   ( c f .   nex t   chap te r ) .  

There a re  no posit ive  hints provinq a prehalocene 

t 
age of any of  the  Icelandic  permafrost, b u t  there 
are  proofs of the maximum age of cer ta in  permafros 
occurences:  several  radiocarbon  datings of the  au- 
thors)   peat  samples from the main permafrost  areas 
showed ages between 7615 & 95 and 4120 5 90 years 
before 1950 (c f .   s imi la r   resu l t s  by Friedman e t  a1 
1971, 140), Thus this  permafrost   is  of postglacia 
age. In some places  the  tephra  of  the Hekla erup- 
tion of 1104 A . D .  could be ident i f ied  amonq other 

1 

volcanic  strata  within  the  permafrost. So ihere  must 
have been permafrost  formation  after  this  date, 
probably  during  the ' L i t t l e  Ice Age' (1600-1900). 
We sha l l   see   l a te r  t h a t  apar t  from these  fossi l  and  
subrecent  permafrost  bodies  there  are  positive  in- 
dices  of  actual  permafrost  formation. 

The area where permafrost  in  Iceland  occurs i s  
limited t o  the  central  Icelandic  uplands  around 
Vatna-, Lang- ,  and Hofsjokull a t   a l t i t u d e s  between 
460 m and 720 m, the lowest  occurence  being a t   t h e  
Miklumjrar,  the  highest  near  the  Orravatn. 

The d is t r ibu t ion  map shows c lear ly  t h a t  most of 
the  permafrost   areas  are  si tuated  within a r e l a t ive -  
ly   short   d is tance of the  Ice  caps,and  that  the more 
maritime  border  area of the  central   Icelandic up-  
lands in the  s ,  W ,  and NW i s  nearly  free of perma- 
f ros t   (F ig .  1).  The common topographic  feature  of 
the  permafrost  areas  in  Iceland i s  their   posi t ion 
in  depressions. The bedrock underneath  the perma- 
frost i s  basa l t  of low permeability.  In  areas of 
highly permeable hyaloclastica and rhyo l i t s  ( ' M b  
berg'-formation) no permafrost has been observed. 
Another character is t ic   of   the   locat ion of permafrost 
i s   t h a t   i t  i s  l imited  s t r ic t ly   to   peat ,   mohel la ,  and 
fine-sandy  tephra. Mohella i s  a ltjess-like  eolian 
sediment,  the  tephra  considered  here i s  a volcano- 
eolian  sediment  mostly  of sandy to  gravelly  texture.  

The surface of the  central   Icelandic u p l a n d  with 
the  ice  caps of Vatna-, Lang- ,  and Hofsjokull i s  
almost  vegetation  free. In t h i s  ground moraine and 
sandur deser t   there   a re   oas i s - l ike  small  vegetation 
areas,  mostly si tuated  in  glacial   depressions and 
characterized by eolian or colluvial  accumulations 
of the mentioned loose  materials and by edaphic h u -  
midity. These circumstances seem to  be the  optimal 
conditions  for  the  formation and conservation  of 
permafrost. The areas of gravelly and sandy ground 
moraines and sandurs  are - as  to  our  observations 
by several hundred d r i l l i n g s  and diggings - t o t a l l y  
f r e e  of  permafrost. 

The actual dynamic of permafrost - degradation, 
conservation  or  aggradation - may be observed  direct- 
ly by repeated measurements of the  thickness and the 
la te ra l   l imi t s  of  permafrost  bodies  or i t  may  be con- 
cluded from morphological  indices. As direct  obser- 
vations of the  actual  balance o f  the permafrost  are 
lacking we have t o  interprete  the  aggradation and 
degradation  forms.  This method seems to be very 
valuable under the  considered  conditions  for two 
reasons: f i r s t ly   there   a re   absolu te ly   cer ta in   d i s -  
t i nc t ive  marks between aggradation and degradation 

forms and secondly  there  are  only  very few (cer- 
t a in ly   l e s s  t h a n  10%) permafrost  patches  without 
any aggradation  or  degradation  forms, which can be 
c lass i f ied   as   s tab le   o r  changing in a rnorphologi- 
ca l ly   ind i f fe ren t  way. The cause seems t o  be t h a t  
permafrost a t   t h e  extreme l i m i t  of i t s  occurence 
responds  very  sensitively  to any climatic  or  other 
ecological  change by showing aggradation or degra- 
dation symptoms. 

DEGRADATION  FORMS 
The degradation forms of permafrost belong t o  

the  thermokarst phenomenon. Degradation  takes 
place by the  formation  of  thermokarst  depressions 
and thermokarst  valleys  (Fig. 2 and 3 ) .  By the 
deepening and widening of  these  cavit ies perma- 
frost   p la teaus become  more  and  more dissected 
into mounds of rounded contours.  Thermokarst  de- 
pressions  differ from thermokarst  valleys  in  re- 
spect  to  their  appearance and their   genesis .  
Thermokarst  depressions  are  shallow,  usually round 
waterfilled  pools of varying  depths and diameters. 
They occur  as ini t ia l   degradat ion forms scattered 
over intact  permafrost  areas and as   f inal   vest ige 
o f  degraded  thermokarst mounds  and pal sas .  The 
deeper and wider  ones are   of ten surrounded by 
steep  denudation  slopes  with  the  water  level  ac- 
t ing as base  level  of  denudation. Whereas the 
stagnant  water i n  the  thermokarst  pools  causes 
thawing of the  permafrost by thermo-erosion  the 
running  water in  the  thermokarst   valleys  acts 
mainly by mechanical  erosion. The thermokarst 
valleys  cause a dissection of the  permafrost,  cut- 
t i n g  i t  into  isolated mounds. 

The thermokarst mounds can be c lass i f ied   in to  
four formal types, namely  pl ateau-shaped, hump- 
shaped, dyke-shaped and ring-shaped  thermokarst 
mounds. These mounds show varying  dimensions 
(diameters  or  lengths of  2-30 m ,  heights o f  1-2.5 
m ) ,  steep  denudation  slopes and mostly a uniform 
height o f  neighbouring  forms, thus demonstrating 
t h e i r  o r i g i n  from one only  plateau-shaped perma- 
f r o s t  body. Bigger and smaller  forms can c lear ly  
be ident i f ied   as   d i f fe ren t   s tages  of a degradation 
se r i e s   ( c f .  Schunke 1973). 

In  Iceland  these  thermokarst mounds are   cal led 
palsas - I rDst i r '   in   Icelandic  - without  exception 
(cf.  Thbrarinsson  1951,  Steindbrsson 1967, Fried- 
man e t   a l .  1971) .  The ra ther  academic question 
whether  these forms should be named 'degradation 
palsas '  i n  contrast  to  the  real  'aggradation  pal- 
sas l .discussed  in  the  following  chapter,  shall be 
omitted here. 

AGGRADATION FORMS 

Aggradation o f  permafrost can be ident i f ied  most 
eas i ly  by palsas which r i s e  i n  g rea t  number - more 
than 1200 s ingle  forms have been mapped  and  exam- 
ined - i n  boggy areas ( F i g .  4 ) .  Palsas and ther- 
mokarst mounds often show a s imi l a r i t y  of forms. 
We distinguish  the  following  formal  types: hump- 
shaped,  plateau-shaped,  shield-shaped and dyke- 
shaped palsas. The dimensions  of  palsas  are usu- 
al ly   smaller  t h a n  those  of  thermokarst mounds: 
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diameters  vary  f rom 1-10 m, he igh ts   f rom 0.50-1.2 m. 
The m o s t   u n s i g n i f i c a n t   f o r m s   w i t h o u t   p a r a l l e l s  
among the   degradat ion  mounds are  the  sh ie ld-shaped 
pa lsas   w i th   gen t le   s lopes  and heights  between 50 
and 80 cm. 

Pa lsas   a re  composed o f  a p e a t y   a c t i v e   l a y e r  and 
a perenn ia l   f rozen  core   wh ich  has a d i s t i n c t l y  
h ighe r   con ten t  of i ce   than  the   permaf ros t   con ta ined 
i n  degradat ion mounds. It c o n s i s t s   o f   m a s s i v e   i c e  
or segrega ted   i ce   i nc lud ing   pea t  and some m ine ra l  
m a t e r i a l .  The peaty  palsa  cover has a th i ckness  
o f  30-40 cm and t r a c e s   e x a c t l y   t h e  convex  perma- 
f r o s t  body. 

The surface o f   r e c e n t   p a l s a s   i s   m o s t l y   f r e e   o f  
vege ta t i on   (F ig .  4) :  t h e   h y g r o p h i l e   v e g e t a t i o n  has 
died  because o f   t h e   u p l i f t i n g  and a xerophi le   vege-  
t a t i o n   a d a p t e d   t o   t h e  new c o n d i t i o n s  has n o t   y e t  
appeared. The pea t   cove r   o f   f as t   g row ing   pa l sas  

i s   o f t e n   s p l i t  and f i s s u r e d  so t h a t  a rap id   degra-  
da t i on   can   t ake   p lace  - the  wel l  known aggradation- 
d e g r a d a t i o n   c y c l e   o f   p a l  sas ( c f ,  Washburn  1973, 
153) .   Palsas  genera l ly  seem t o  l a s t   o n l y  a s h o r t  
t ime, 

The pa l  sas i n   I c e l a n d  have  been  dated  as  being 
very  young,  which means less  than  about  10 years 
o l d ,   b y   t h e   f o l l o w i n g   c r i t e r i a :  The growing of 
a g r e a t  number o f  new palsas has been  observed i n  
places  where  they had disappeared  between  the 
t h i r t i e s  and s i x t i e s   o f   t h i s   c e n t u r y   ( c f .   S t e i n -  
dhrsson  1967, Bergmann 1972).  The o r i g i n a l  vege- 
t a t i o n   i s   d y j n g ,   a n   a d a p t e d   x e r o p h i l e   v e g e t a t i o n  
i s   s t i l l   l a c k i n g .  The p o l l e n   c o n t e n t   o f   t h e  up- 
p e r m o s t   p a r t s   o f   t h e   p a l s a   c o v e r   i s   i d e n t i c a l  
w i t h   t h a t  o f  the  surrounding  bog. A p r o o f  of 
r a p i d   f o r m a t i o n   o f   t h e   p e r m a f r o s t   c o r e  seems t o  
be, t h a t   t h e   m a s s i v e   i c e   o f t e n   c o n t a i n s   v e r t i c a l  
t u b u l a r   a i r   i n c l u s i o n s ,   w h i c h   f o l l o w i n g  Shoumsky 
(1957, 107)  prove a r a p i d   g r o w t h   o f   i c e .  Age de- 
t e r m i n a t i o n s   o f   p a l s a   i c e   u s i n g   t h e   t r i t i u m  method 
have n o t   y e t  been  completed. 

Very   o f ten  a formal  convergence o f   p a l s a s  and 
thermokarst  mounds has  been  observed. I n  these 
cases  they  can be d i s t i n g u i s h e d   b y   t h e i r   d i f f e r e n t  
composit ion:  pal sas conta in   segregated or massive 
i c e  whereas f o r   t h e r m o k a r s t  mounds p o r e   i c e   i s  
t y p i c a l .   I n   p a l s a s   t h e   s t r a t a   a r e  bended  and 
show an a n t i c l i n e   s t r u c t u r e  whereas i n  thermokarst  
mounds the  bedding  wi th   few  except ions i s  hor izon-  
t a l .   C o n t r a r y   t o   t h e r m o k a r s t  mounds p a l s a s   a l -  
ways have a peat   cover .   Another   d i f ference  re-  
s u l t s   f r o m  numerous p o l l e n   a n a l y s i s   f r o m   a c t i v e  
l a y e r - m a t e r i a l :   t h e   p o l l e n   c o n t e n t   o f  samples 
taken  near   the   sur face   o f   thermokars t  mounds 
shows 50-55% o f  non-tree  pol len  (gramineae,  cyper-  
aceae, caryophyl laceae)  and  about  the same per-  
centage o f   t r e e   p o l l e n   ( s a l   i x ,   b e t u l a ,   e r i c a c e a e ) .  
I n   t he   pea ty   pa l sa   cove r   non - t ree   po l l en   domina te  
w i t h  85 -90%  aga ins t   t ree   po l l en   w i th  10-15%, which 
v a l u e s   a r e   i d e n t i c a l   t o   t h o s e   o f   t h e   s u r r o u n d i n g  
bog area. 
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THE  ACTUAL DYNAMIC OF THE ICELANDIC PERMAFROST 
By ana lys ing   the   descr ibed phenomena t h e   a c t u a l  

permafrost   dynamic,   the  responsible  processes and 
the   ma in   eco log ica l   cond i t ions   can  be recognized. 
The ana lys i s   o f   deg rada t ion   f o rms  shows c l e a r l y  
- e s p e c i a l l y   i n   a r e a s   w i t h   e x t e n d e d ,   p l a t e a u l i k e  
pe rmaf ros t   l i ke   a t   t he   Or rava tn ,   B lSgn ipuve r   and  
Haensnaver - t h a t   t h e  mounds a re   res idua l   f o rms  
o f  a former  larger   permafrost   body.  The degrada- 
t i o n   p r o c e s s   i s   i n i t i a t e d  by l i n e a r   e r o s i o n   o r   b y  
d e f l a t i o n ,   w h i c h   d e s t r o y   t h e   i s o l a t i n g   c o v e r   o f  
the  permafrost  and  produce i n i t i a l   c a v i t i e s .   R a i n -  
and   me l twa te r   co l l ec t i ng   i n   t hese   dep ress ions  
causes  accelerated  degradat ion  by  thermo-erosion 
wh i le   runn ing   water   ac ts   ma in ly   by   mechan ica l   e ro-  
s ion.  The r e s u l t   o f   t h e  combined a c t i v i t y  o f  de- 
f l a t i o n ,   f l u v i a l   e r o s i o n  and thermo-erosion i s  t h e  
f o r m a t i o n   a n d   f i n a l l y   t h e   d e s t r u c t i o n   o f   t h e r m o -  
k a r s t  mounds. 

D e f l a t i o n   s t a r t s  where  the  vegetat ion  cover i s  
damaged, f o r   i n s t a n c e   b y   f r o s t   c r a c k i n g ,   b y   d i l a -  
t i o n   c r a c k i n g   o n   t h e   t o p   o f   t h u f u r s   o r   p a l s a s ,   o r  
by  grazing  animals.   Needle  ice  format ion  acceler-  
a t e s   d e f l a t i o n   b y   f u r t h e r   u n d e r m i n i n g   o f   t h e  vege- 
t a t i o n  and   l oosen ing   o f   t he   so i l   ma te r ia l .  Many 
o f  t h e   s u r f a c e s   o f   p e r m a f r o s t   p l a t e a u s   a r e   e o l i a n  
denudat ion  sur faces.   Degradat ion  o f   permafrost  
underneath   these  sur faces   o f ten   s ta r ts ,  as men- 
t i o n e d  above, i n   t h e   c e n t r e   o f   d i f f e r e n t i a l   f r o s t  
heav ing   s t ruc tu res   (F ig .  3 ) .  Th is   can   be   exp la in -  
ed by  several  causes: The p r o j e c t i n g   p a r t s   a r e  
most   s t rong ly   exposed  to   w ind   ac t ion .  The o r i g i -  
na l   permafrost  mounds have a much h i g h e r   i c e  
content  than  the  surrounding  permafrost ,   conse- 
q u e n t l y   t h e i r   t h e r m a l   c o n d u c t i v i t y  and t h e i r   v o l -  
ume loss   by   thawing   a re   h igher  compared t o  t h e  
corresponding  values  of   the  surrounding  area. 

The ac tua l   aggradat ion   o f   permaf ros t   man i fes ts  
i t s e l f   i n   n e a r l y  a1 1 known cases  by  palsas,  that 
means by i c e   s e g r e g a t i o n   o r   b y   t h e   f o r m a t i o n   o f  
massive  ice  under  a t h e r m i c a l l y   i s o l a t i n g   p e a t  
cover .   Bes ides  on  the  protect ion  by  peat  i t  de- 
pends  on a h igh   g round  water   tab le  or a t   l e a s t  a 
very  poor  drainage. I n   t h r e e  known cases,  where 
aggradat ion  takes  place  wi thout  being  accompanied 
by  any s i g n i f i c a n t   s u r f a c e   f o r m   t h e   t y p i c a l   i c e  
form i s  po re   i s .  The pecu l ia r   causes  o f  p o r e   i c e  
a r e   r e l a t i v e l y   w e l l   d r a i n e d   s t r a t a   o f   t e p h r a   o r  
mohella, 

The e r o s i o n   o f   t h e   h i g h l y   m o b i l e   s e d i m e n t s   t e -  
phra  and  mohella i s  v e r y   e f f i c i e n t  and  has acce l -  
e r a t e d   i t s   r a t e   s i n c e   t h e   t i m e   p r i o r   t o   t h e   s e t t -  
lement (874 A,D.) b y   t h e   f a c t o r  3-15, thus  caus- 
i n g   t h e   t o t a l   d i s a p p e a r a n c e   o f   t h e s e   f o r m e r l y  
widespread  sediments  from  large  areas o f  t h e  up- 
l ands   ( c f .   Thh ra r insson  1962, S igb ja rna rson  1969, 
Gudbergsson  1975). The p o s s i b i l i t i e s   f o r   t h e  ag- 
g r a d a t i o n   o f   p o r e   i c e   t h e r e f o r e  become more  and 
more r e s t r i c t e d .  

As a l r e a d y   d e s c r i b e d   t h e   a c t u a l   s i t u a t i o n  o f  
I c e l a n d i c   p e r m a f r o s t   i s   c h a r a c t e r i z e d   b y  a s imul -  
taneous  degrading  and  aggrading. A q u a n t i t a t i v e  
e s t i m a t i o n   o f   t h e   s i z e   o f   t h e   p e r m a f r o s t   a r e a   a c -  
t u a l l y   a f f e c t e d   b y   d e g r a d a t i o n  shows t h a t  i t  i s  
about   the same s i z e  or a b i t   s m a l l e r   t h a n   t h a t  
showing  signs o f   agg rada t ion .   Mos t   o f   t he   edaph ic  

f a c t o r s   c o n d i t i o n i n g   g r o w t h   o r   d e c r e a s e   o f  perma- 
f r o s t  have  been  mentioned. I n   t h e   l a s t   c h a p t e r  
we will pick  out   the  main  factors   which  can  be  sus-  
pected t o  be r e s p o n s i b l e   f o r   t h e   a c t u a l  changes. 

FACTORS INFLUENCING THE ACTUAL  PERMAFROST DYNAMIC 

Among t h e   f a c t o r s   a f f e c t i n g   t h e   p e r m a f r o s t   b a l -  
ance   t he   c l ima t i c  ones seem t o  be  the  most  impor- 
t a n t .  A q u a n t i t a t i v e   d e s c r i p t i o n   o f   t h e   c e n t r a l  
I c e l a n d i c   c l i m a t e   s i n c e  1966  can  be  based  on  mete- 
o r o l o g i c a l   d a t a  o f  a new s t a t i o n   i n   t h i s   r e g i o n ,  
Hveravel l  ir (642 m above  sea l e v e l ,   c f .   F i g .  1 ) . 
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Per iod 1960-75. 

Not more than 10-20 km away f r o m   H v e r a v e l l i r   s e v e r a l  
aggrad ing   permaf ros t   a reas   a re   s i tua ted ,  so the   da ta  
o f  H v e r a v e l l i r   c a n  be considered as being  represen- 
t a t i v e   o f   t h e   m a c r o c l i m a t i c   c o n d i t i o n s   c a u s i n g   o r  
a l l ow ing   agg rada t ion   o f   pe rmaf ros t .  The f o l l o w i n g  
da ta   a re   averages   o f   the   per iod  1966-75. 

With i t s  annual mean temperature o f  -1. l 0 C ,  a mean 

temperature o f   t h e  warmest  month  (August) o f  6.2OC 
and a mean temgerature  o f   the  co ldest   month  (Feb-  
r u a r y )   o f  -6.6 C c e n t r a l   I c e l a n d  has  an  ET-climate 
acco rd ing   t o  Koppen.  Average p r e c i p i t a t i o n   p e r  
yea r  amounts t o  795 mm, the  average number o f  f r o s t -  
days t o  238 and t h a t  o f  i c e  days t o  126. The aver- 
age sum o f   nega t i ve   deg ree   days   du r ing   t he   f ros t  
p e r i o d   ( f r e e z i n g   i n d e x )   t o t a l s  -1165OC, t h a t   o f  
pos i t i ve   degree  days   dur ing  summer ( thawing  index)  
76OoC. A s u p e r i o r i t y   o f   t h e   f r e e z i n g   i n d e x   o f  such 
a k i n d  means genera l ly   an  impor tant   tendency  to  
permafrost   aggradat ion.  

From November u n t i l  May, t h i s   i s   d u r i n g  210 days, 
cen t ra l   I ce land  has  on  an  average a cont inuous snow 
cover  being 20-50 cm t h i c k   ( a v e r a g e   o f   t h e   e n t i r e  
winter ) .   Month ly   averages of  snow cover   he ights  
can r i s e  up t o  1 m. As wind speeds  use t o  be high, 
t h i s   t h i c k n e s s  may vary   cons iderab ly .  The connec- 
t i o n  between a d i f f e r e n t i a l  snow d i s t r i b u t i o n  and 
a d i f f e r e n t i a l   f r e e z i n g  of the  ground,  which may 
cause d i f f e r e n t i a l   p e r m a f r o s t   a g g r a d a t i o n ,   i s   w e l l  
known. I n  a reas   f ree  o f  permafrost   the  ground i s  
f rozen  cont inuous ly   f rom  October   to  May down t o  
depths   o f  150 cm (Schunke & S t i ng1  1973).  Long- 
term  temperature  records o f   I c e l a n d i c   s t a t i o n s  
show s ince  about  15 years a unequivocal  temperatur 
decrease. As th is   decrease  appears  wi thout   any 
except ion i n   t h e   r e c o r d s   a l l   o v e r   I c e l a n d   ( F i g .  5 )  
one may e x t r a p o l a t e   t h a t   t h e   u p l a n d   r e g i o n  does 
n o t   b r e a k   t h e   r u l e .   G r i m s s t a d i r   i s   t h e   n e a r e s t  
l o n g - t e r m   s t a t i o n   t o   t h e   a r e a   c o n s i d e r e d   h e r e   s i t -  
uated a t  an a l t i t u d e   o f  384 m a t   t h e  NE f r i n g e   o f  
t he   cen t ra l   up land   (F ig .  1). I t s  temperature  data 
show a good p a r a l l e l   i s m   t o   t h o s e   o f   H v e r a v e l l i r  
s i n c e   t h i s   s t a t i o n   e x i s t s   ( F i g .  6 ) .  Gr imss tad i r  
reco rds   du r ing   t he   pe r iod  1961-75 an  averagg low- 
e r i n g   o f   t h e  annual mean temperatuLe  by 1.1 C y  o f  
the  summer  mean temperap re   by  1.4 C, o f   t h e   w i n t e r  
mean temperature  by 0.8 C and  an  average inc rease  
of the   f reez ing   index   by  -188OC ( t h i s   i s  by 24%), 
a l l  values compared t o   t h o s e   o f   t h e  normal  per iod 
1931-60 (F ig .  7). 

The i n t e n s i f i c a t i o n   o f   t h e   f r o s t   r e g i m e  appears 
p a r t i c u l a r l y   c l e a r   d u r i n g   t h e   p e r i o d  1965-75: t b e  
f r e e z i n g   i n d e x   o f   G r i m s s t a d i r   m o u n t i n g   t o  -1010 C 
has  augmented by 34% a g a i n s t   t h a t  o f  1924-34, t h e  
warmest  decade o f  t h i s   c e n t u r y   w h i c h  had induced 
an   impor tan t   deg rada t ion   o f   pe rmaf ros t .   The re   i s  
a remarkable  average  temperature  deBression  against  
the  normal   per iod  by as much as 1.7 C 1n e a r l y  
winter  (October-November) , a dec is ive   season  fo r  
groundfrost   aggradat ion  because o f   t h e   f r e q u e n t  
absence o f  a c l o s e d   i s o l a t i n g  snow cover. 

a l   a g g r a d a t i o n   o f   p e r m a f r o s t   i n   p a r t s   o f   t h e   I c e -  
l and ic   up land  does n o t  pose  any  problems  as t o   i t s  
major  cause - t h e   n e a r l y  as f r e q u e n t l y   i d e n t i f i e d  
permafrost   degradat ion  on  the  o ther  hand seems t o  
be r a t h e r   p u z z l i n g  and c o n t r a d i c t o r y .  We t h i n k  i t  
i s  qu i te   no rma l ,   t ha t   deg rada t ion   occu rs   under   c l i -  
ma t i c   cond i t i ons   obv ious l y   f avou r ing   agg rada t ion ,  
by   reasons   wh ich   a re   pa r t l y   o f   genera l ,   pa r t l y   o f  
more l im i ted   reg iona l   s ign i f i cance :   Aggrada t ion  
o f   pe rmaf ros t   by   pa l sa   f o rma t ion  does  always i n i -  
t i a t e  some subsequent   degradat ion,   especia l ly  i f  
the   pa lsas   fo rm  very   qu ick ly ,   the   reason  be ing   the  
damage done to   t he   pea t   cove r  and the   vege ta t i on ,  

C o n s i d e r i n g   t h e   c i t e d   c l   i m a t i c   t e n d e n c y   t h e   a c t u -  



479 

oo-  Mean annual  temperature 
- 0 5  1 , 1 I I 

1921 
1930 

1101 
1970 

r I r ,--i-, 4 -u b 

n winter temperature w 7::: 
ti 0 
I 5  

70 

E 5  

h O  
5 5 ~ - r r , , , , I ~ , . I , I . , , , 1 1 1 1 1 , , 1 1 , 1 1 , 1 1 , 1 , , 1 , , , , ~ ~ ~  

1921  1931 
1830  1940 

I941 
1950 

1951 
1960 

18E1 
1970 

’0° I 
OC 
700 

eo0 

900 

IO00 

1921  1931 
1930 1940 

T I  , I I 1  I I I I 1  1 I r I , -? 1 ,  “7 “1” 

1941 
1950 

1951  1901 
1 w n  1 q /[I 

F i g .  7. Trends o f  annual, summer,oand w i n t e r  
temperatures  and  degree  days  below 0 C a t  Grims- 
s t a d i r  (384 m ) .  10-year  moving  averages.  Period 
1918-75. 

Aggradat ion  or   even  conservat ion  o f   permafrost   wi th-  
ou t   an   i so la t i ng   pea t   o r   vege ta t i on   cove r  seems t o  
be imposs ib le   under   the   ac tua l   I ce land ic   cond i t ions .  
Permafrost  dynamic i s   s t r o n g l y   i n f l u e n c e d  by d e f l a -  
t i on ,   wh ich  depends  on c l i m a t i c   f a c t o r s   o t h e r   t h a n  
temperature,  substratum and vege ta t i on .  The very 
ac t ive   e ros ion   o f   vo lcano-eo l ian   sed iments   acce le r -  
a tes  permafrost   degradat ion,   the i r   accumulat ion,  i f  
happening  above  the  minimal  a l t i tude,  favours  aggra- 
da t i on   t endenc ies .   Aggrada t ion   reac ts   ra the r   f as t ,  
degradat ion   o f   permaf ros t   con t inues   over  a l ong   t ime  
once i t  has s t a r t e d .  The d e s t r u c t i o n   o f   v e g e t a t i o n  
due t o   i n t e n s e   g r a z i n g   f o r   i n s t a n c e  causes  perma- 
f r o s t   d e g r a d a t i o n   o v e r  a long  per iod,   even i f  t h e  
g raz ing  has  been  abandoned  meanwhile. 

I n   r e g i o n s   o f   c r i t i c a l   c o n d i t i o n s   f o r   p e r m a f r o s t  
e x i s t e n c e   w i t h  a s t r o n g l y   d i f f e r e n t i a t e d  dynamic o f  
permafrost  as i t  i s   t h e   c a s e   i n   c e n t r a l   I c e l a n d   o n l y  
an eco log i ca l   app roach   a l l ows   t o   eva lua te   t he   i nd i -  
v i d u a l   i n f l u e n c e   o f   c l i m a t i c  and non-c l ima t i c   f ac -  
t o r s .  

d b t t i r  and M r .  F los i   Hra fn   S igurdsson.  
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ASSESSMENT  OF  THE  EFFECTS OF SNOW ROAD CONSTRUCTION AND USE ON VEGETATION SURFACE 
ELEVATIONS AND ACTIVE LAYERS NEAR INUVIK, N.W.T. 

W . E .  Younkin  Jr .   and  L iR.   Het t inger ,   Env i ronmenta l   D iv is ion,  
R . M .  Hardy E Associates  L td. ,   Calgary,   A lber ta ,  Canada 

A s tudy   on   t he   e f fec ts  o f  snow road   cons t ruc t i on  and  use  on sur face  
e l e v a t i o n ,   a c t i v e   l a y e r   d e p t h  and l i v i n g   p l a n t -   c o v e r  was e s t a b l i s h e d  1 1  km south- 
eas t  o f  Inuv ik ,  N.W.T. i n  the f a l l  of 1973. Resu l t s   i nd i ca ted  a f i r s t  year 43% 
mean decrease i n  plant  cover.   Evergreen and deciduous  shrubs  were i n i t i a l l y   a f f e c t e d ,  
b u t  some l a t e r   r e c o v e r y  was ind icated.   Cover   reduct ion of mosses and l i chens ,  
conversely,  appears  to  be  more  permanent.  There  were  no  signif icant  changes i n  
s u r f a c e   e l e v a t i o n  o f  the   road   o r   ac t i ve   l aye r   t h i ckness .  

€TUDE DES R€PERCUSSIONS DE LA CONSTRUCTION ET DE LWTILISATION D W N E  ROUTE DE 
NE I GE Sl lR LE t10L1~1501 ET LA COUVERTURE V fGfTALE VIVANTE 

W.E. Younkin Jr. et L.R. Hettinger,  Environmental  Division, R.M. Hardy & Associates 
Ltd.,  Calgary,  Alberta,  Canada. 

On a rGalis6  une  6tude  des  rcpercussions  qu'ont  eu  la  construction et l'utili- 
sation  d'une  route de  neige  sur le niveau  du sol, la  profondeur du mollisol,  et la 
couverture  vEgGtale  vivante, 5 11 km au  sud-est  d'Inuvik (T.N.-0.) pendant  l'automne 
1973. Les rgsultats  ont  indiqu6  que  pendant  la  premizre  annge, la couverture v6gG- 
tale a subi  une &duction moyenne  de 4 3 % .  Au dgbut,  les  arbustes 2 feuilles  persis- 
tantes  et 2 feuilles  caduques  ont  r6gress6, mais on a  observ6 une recolonisation ul- 
tsrieure  par  ceux-ci.  Par  contre, il semble  que la couverture  vgggtale de mousses 
et  de  lichens  ait  subi  une  rgduction  plus  durable. On n'a  pas  observg  de  variations 
importantes du niveau  de la route  ou  de  1'Spaisseur  du mollisol. 

OUEHKA BJIMRHMR CTPOWTEJIbCTBA €4 3KCrIJIYATAuWW CHEFOBOB AOPOI'ki HA 
BbICOTY IIOBEPXHOCTHOFO PACTBTEJIbHOrO IIOKPOBA M HA aEflTEJIbHblE CJIOM 
FPYHTOB  BFJIMJkI F.klHYBMK /CEBEPO-3AnAAHblE TEPPMTOPMM, KAHAAA/ 



481 

ASSESSMENT OF THE  EFFECTS OF SNOW  ROAD CONSTRUCTION AND USE ON  VEGETATION, 
SURFACE ELEVATIONS  AND  ACTIVE LAYERS NEAR INWIK, N.W.T. 

W.E. Younkin  and L.R. Hettinger 

Environmental  Division, R.M.  Hardy & Associates  Ltd.,  Bow  Valley  Square 11, 
Calgary,  Alberta  T2P 2W5 

INTRODUCTION 

Construction  of  gas  pipelines,  such  as 
that  earlier  proposed  through  the 
Mackenzie  Valley,will  require  a  haul 
road  and  construction  pad  in  the  right- 
of-way.  Conventionally,  this  has  been 
achieved  by  grading  part  of  the  right- 
of-way,  however,  this  technique  cannot 
be  used on ice-rich  permafrost  terrain 
without  causing  permafrost  degradation 
and  hydrolic  erosion.  Preliminary 
studies  of  the  feasibility of con- 
structing  roads  with  snow  were  initiated 
at  Norman  Wells  in  March  and  April  of 
1973  (Adams  1973).  The  results of these 
tests of the  technical  feasibility  and 
environmental  impact  of  snow  road  con- 
struction  and  use  were  begun  near  Inuvik 
during  the  winter of 1973-1974  (Fig. 1). 

Construction of the  snow  road  was 
started  in  October,  1973  (Northern 
Engineering  Services  Company  Ltd. 197433). 
Clearing  (trees  and  large  shrubs  only) 
was  done  using  chain  saws  and  axes.  The 
road bed, including 10 cm of snow  cover 
and  small  shrubs,  was  then  compacted  by 
a J-5 Bombardier  (a  small,  tracked 
vehicle)  to  speed  the  freezing of the 
active  layer.  Approximately  the  first 
200 m  of  roadway  was  made  with  snow  manu- 
factured  by a Larchmont  Twin  snow  gun 
similar  to  the  type  used  on  ski  slopes. 
However,  the  majority of the  road  was 
built  with  snow  hauled  from  a  nearby 
lake  and  dumped  on  the  right-of-way 
where it  was  spread  and  compacted  by 
a D6 caterpillar  tractor  to  a  depth 
of 60 to 90 cm.  Unlike  the  Norman Wells 
tests  where  the  roads  were  essentially 
ice  roads ox ice  capped  snow  roads,  the 
Inuvik  road  was  made  entirely of show, 
the  top 25 cm being  processed  into  a 
snow  pavement  by a three  part  procedure: 
(1)  disaggregation  with a rotary  plow 
puivimixer, ( 2 )  levelling  with  a  three 
component  drag, ( 3 )  compaction  partially 
with  a  D6  caterpillar  tractor  equipped 
with  low  ground  pressure  pads  and 
finished  with  a  vibrator  roller 
(Northern  Engineering  Services  Co. 
Ltd. 197413). 

The  use of the  pulvimixer  (essentially) 
a  farm  rotatiller) to break  the  snow 
crystals  to  facilitate  compaction was a 
new  concept  for  road  construction.  The 
snow  pavement  created by  this  process 
exceeded  a  Rammsonde  Hardness  of  1000 
whereas  the  pavement  on  the  compacted 
snow  road  near  Norman  Wells  only  reached 
a  hardness o f  251 (Adams  and  Hernadez 
1 9 7 7 ) .  

Tests of the  durability of the  road 
under  traffic  conditions  were  carried 
out from  December 7, 1973 to  January 
2 2 ,  1974  and  again  in  spring  from  April 
6 to May 6 ,  1974. Each  portion of the 
road  received  over 1000 vehicle  passes. 
The  main  trafficking  vehicle  was  a 
Kenworth  tandem  tractor  ana  tandem 
trailer  with  gross  weights of up  to 
35,454 kg (78,000 lb.)  ana  tire  pre- 
sure  at 80 psi  (Northern  Engineering 
Services Co. Ltd.  197433) . By  May  29, 
the  road  was 98% melted  and  a  visual 
inspection  revealed  no  apparent  com- 
paction  of  the  organic  layer  and  very 
few  minor  mechanical  abrasions. 

The  objectives  of  the  research  des- 
cribed  in  this  report  were to deter- 
mine  the  effects o f  construction  and 
use  of  the  snow  road  on: (1) percent 
ground  covered by living  vegetation 
and, ( 2 )  ground  surface  elevation  and 
active  layer  thickness. 

METHODS 

The  effects  of  the  snow  road on vege- 
tation  and  permafrost  were  determined 
by  quadrat  sampling  of  vegetation  cover 
ana  measurement of the  ground  surface 
elevation  and  active  layer  thickness. 
A 50 m  transect  was  established  per- - 
pendicular to the  road  in  each o f  the 
five  visually  recognized  community 
types  of  the  area  (alder-birch,  black 
spruce/heath/lichen,  black  spruce/ 
lichen,  black  spruce/heath/moss  and 
black  spruce/willow-birch  moss:  Fig. 
1). T e n  2 X 5 dm  quadrats  were  used 
to  assess  cover in each  treatment  area 
of  the  transects  consisting of the 
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snow  road,  an  area  adjacent to  the 
road  cleared of trees and  shrubs  and  a 
control  area  which  was  undisturbed.  Sur- 
face  elevation  and  active  layer  depth 
were  measured  every 50 cm  along  each 
transect  using  a  Level  and  stadia  rod 
and  graduated  metal  probe. 

The  vegetation  was  sampled  in  the 
summer  of  1974  after  construction  and 
use  of  the  snow  road  and  again  in  1975 
and  1976.  The  transects  were  moved 3 m 
to one side  in  1976  to  determine  if 
trampling  by  investigators  over  a  period 
of  the  study  was  having  an  adverse 
effect  on  lichens and  mosses. 

Data  were  analysed  and  ordered  using F 
and  Duncan's  Multiple  Range  tests 
(Steel  and  Torrie  1970). 

RESULTS 

Mean  plant  cover  one  year  after  con- 
struction  and  use  of  the  snow  road  (1974) 
had  been  reduced  42%  in  comparison  to 
undisturbed  controls  (Table 1). Ever- 
green  shrubs  were  the  most  severely 
affected,  showing  a  mean  cover  re- 
duction  of  14.2%,  followed  by  mosses, 
lichens,  deciduous  shrubs  and  herbs 
with  mean  reductions  in  cover  of  9.8%, 
8.6%, 7.5%  and 1.7% respectively. 

Two growing  seasons  following  con- 
struction  and use, the  disturbed  vege- 
tation  within  deciduous,  evergreen  and 
herb  structure  classes  showed  siqnifi- 
cant  increases  in  terms  of  initial  re- 
duction  in  living  cover of 7 . 3 % ,  6.7% 
and  3.7%  respectively.  Though  not 
statistically  significant,  grasses  and 
sedges  increased  1.4%  in  cover.  Mosses 
and lichens,  however,  showed  a  further 
decline in  cover of 15% and 7.6% re- 
spectively.  Thus,  the  mean  total 
cover  reduction on the  roadway  at  the 
end of  1975  was 45.6%, no  significant 
change  from  that of 1974. 

Tn 1976  the  transects  in  disturbed 
areas were moved 3 m to one side  fax 
cover  readings  to  determine if  the  de- 
cline in moss and  lichen  cover  within 
disturbed  areas  was  due  to  trampling 
during  data  collection.  Vegetation 
within  deciduous  shrub,  evergreen  shrub, 
herb  and moss structural  classes  showed 
essentially  no  change  from  that  recorded 
in  1975.  Grasses  and  lichens  showed 
significant  increases  in  cover of 5.7% 
and 6% respectively.  The  total  mean 
cover  reduction  on  the  roadway  at  the 
end  of  1976 was 33.9%. The  only  struc- 
ture  classes  significantly  lower  than 
controls  were  evergreen  shrubs,  mosses 
and lichens  with  reductions  below  con- 

trols of 8 . 2 % ,  23.4% and 10.2% respec- 
tively.  The  Vegetation  within  all 
other  structure  classes  had  recovered 
to  or  exceeded  1974  control  values. 

Construction  and  use  of  the  snow  road 
had no significant  effect  on  mean  sur- 
face  elevation  or  mean  active  layer 
thickness  on  either  the  road  or  the 
cleared  area.  Mean  elevation  of  the 
roadway  and  cleared  area  decreased 
respectively  0.2 m and  .04 m  in  1974, 
. 0 8  m and . 0 8  m  in  1975  and  .06 m 
and -05 m in  1976  (Table 2 ) .  Mean 
active  layer  thickness  in  the  roadway 
and  cleared  area  decreased  respectively 
2 cm  and 1 cm in 1974 and  increased  4 
cm  in  1975  where  it  remained  in  1976 
(Table 2 ) .  

DISCUSSION 

The  processed  snow  road  constructed 
at Inuvik  appears  to  be  superior  to  the 
ice  or  ice  capped snow  roads  constructed 
at Norman  Wells  in  terms of its  ability 
to protect  the  vegetation.  Following 
one  season's  use  the  mean  plant  cover 
on the  roadway at Norman  Wells  was 12% 
versus 5 3 %  at  Inuvik  (Adams  and 
Hernandez  1977).  Allowing  for  the 
greater  amount of forest  cover  removed 
at the  Norman  Wells  test  site,  this 
was  still  a 76% decrease  in  understory 
cover  versus  47%  at  the  Inuvik  test 
site. 

The  year following  construction  and 
use  of  the  snow road, the  vegetation 
structure  classes  with  the  highest 
percent  reduction  in  living  cover  were 
the  evergreen  and  deciduous  shrubs at 
75% and 70% respectively.  However,  this 
decrease  in  cover  does  not  appear  to 
represent  a  serious  long-term  distur- 
bance.  Although  the  aerial  parts of 
the  plants  on  the  roadway  were  damaged, 
the  roots of most  of  the  plants  re- 
mained  viable.  By  the  end  of  the  second 
year  the  living  cover  of  the  deciduous 
and  evergreen  shrubs  had  increased 2.5 
to  4  times  over  that  in  1974  and  living 
cover  within  the  deciduous  shrub, 
grass and sedge, and  herb  structure 
classes had recovered  to  previous  levels. 

Mosses  and  Lichens  were  the  only 
species  not  showing  any  recovery  by 
1975  and, in fact, had  continued  to 
decline  in  cover  over  the  two-year 
period;  mosses  producing  approximately 
50% and  lichens 70% less cover in 1975 
than  in  1974.  The  movement of  the 
transects ( 3  m) in 1976  did  result  in  a 
significant  increase  in  lichen  cover, 
suggesting  that  trampling  by  investiga- 
tors  during  the  course of the  study  may 
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have  been  an  added  disturbance.  Though 
moss  cover  did  not  continue  to  decline  in 
1976,  there  was  little  increase.  The 
reasons  for  this  are  not  clear.  The 
forest  cover  in  this  area  is  sparse  and 
it  seems  unlikely  that  the  removal of 
this  cover  would  influence  the  micro- 
environment  to  the  extent  suggested  by 
the  large  cover  reductions  observed  in 
the  lichens  and  mosses  in  1975.  Studies 
by Gill  (1973)  of  the  effects  of  re- 
moving  the  forest  cover  in  the 
Mackenzie  Delta  show  that  tree  removal 
results  in  a  reversion  to  a  tundra 
community  high  in moss and  lichen 
cover. 

Although  snow  road  construction  and 
use  did  result  in  reductions  in  plant 
cover,  there  was  no  significant  change 
recorded  in  either  surface  elevation 
or  active  Layer  thickness  over  the 
three  years  during  which  these  para- 
meters  were  measured.  This  is  similar 
to  findings  reported  in  other  studies 
which  suggest  that  the  intact  peat  layer 
has  a  greater  influence  on  depth of 
thaw  than  either  the  albedo  or  insula- 
tive  effects of living  vegetation  (Bliss 
and  Wein  1972,  Haag  and Bliss 1973, 
Younkin  1974). 

CONCLUSIONS  AND  RECOMMENDATIONS 

1) Construction  and  use  of  the  snow 
road  resulted  in  a  first  year  mean  de- 
crease  in  plant  cover  of  43%. 

2 )  Evergreen  and  deciduous  shrubs 
were  the  vegetation  structure  classes 
most  adversely  affected  the  first  year 
following  construction,  showing  mean 
reductions  in  cover  of 9.8% and  8.6% 
respectively.  However,  this  was  not  a 
permanent  reduction  as  all  vegetation 
structure  classes  except  mosses  and 
lichens  have  shown  significant  in- 
creases  in  cover  over  a  three  year 
period,  the  deciduous  shrub,  herb 
and  grass  classes  recovering  to 
previous  levels. 

3)  Mosses  and  lichens  continued  to 
decrease  in  cover  following  the  first 
year.  Movement  of  the  transects  and 
the  resultant  increase  in  lichen  cover 
in  1976  suggests  that  trampling  during 
the  course  of  the  study  was  partially 
responsible for this  decline.  Though 
moss  cover  did  not  show  a  similar 
increase,  it  did  not  decline  further 
ih  1976. 

4)  There  have  been  no  significant 
changes  in  the  surface  elevation  of  the 
road  or  in  the  active  layer  thickness 
under  the  road  during  the  three  year 
monitoring  period.  Mean  surface  eleva- 

tions  and  active  layer  thicknesses  on 
the  roadway  have  varied  less  than  2  cm 
and 3 m  respectively  from  those  on 
control  surfaces. 

5) Continued  monitoring of the  vege- 
tation  and  physical  characteristics  of 
the  snow  road  right-of-way i s  recom- 
mended  through  1978  to  document  both 
the  rate of vegetation  recovery, 
especially  that o f  the  mosses,  and  any 
long-term  changes  in  surface  elevation 
or active  layer  thicknesses. 
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HYDROGEOCHEMICAL INVESTIGATIONS IN PERMAFROST  STUDIES 

N.P. Anis i rnova,  Permafrost   Inst i tute,   Yakutsk,  U.S.S.R.  

F i e l d  and   exper imen ta l   da ta   a re   used   t o   examine   t he   poss ib i l i t y   o f   se lec t i ng  
s p e c i f i c   c r y o h y d r o g e o c h e m i c a l   c h a r a c t e r i s t i c s   o f   f o r m a t i o n  o f  permaf ros t  and i c e ,  
as w e l l  as hydrochemical   ind ices o f  the  cryogenic  metamorphism o f  water   remain ing 
i n  t h e   l i q u i d  phase.  These c h a r a c t e r i s t i c s  can  be  used i n   p e r m a f r o s t  and hydro- 
g e o l o g i c a l   i n v e s t i g a t i o n s  i n  t h e   s t u d y   o f   p e r m a f r o s t   f a c i e s ,   i n   t h e   p a l a e o h y d r o -  
g e o l o g i c a l  and  palaeoperrnafrost  models, as w e l l  as i n   t h e   f o r e c a s t s  of p o s s i b l e  
changes i n   t h e   p e r m a f r o s t   a n d   h y d r o g e o l o g i c a l   c o n d i t i o n s   i n   t h e   c o u r s e  of  t h e  
economic  development of d i f f e r e n t   p e r m a f r o s t   r e g i o n s .  

RECHERCHES HY D R O G ~ O C H  I MI QUES EN G ~ O C R Y O L O G  I E 

N.P.  A n i s i m o v a ,   l n s t i t u t  de geocryo log ie,   lakutsk,  URSS 

L 'au teur   se   fonde  sur  des   e tudes   exper imenta les   e t  des reconnaissances  sur 
l e   t e r r a i n  pour  examiner l a   p o s s i b i l i t e  de   p rec i se r   l es   cond i t i ons   c ryohydro -  
g6ochirniques de fo rma t ion   du   pe rgk l i so l  e t  d e , l a   g l a c e   e t  d6gager   les   ind ices  
hydrochimiques  du  rnetamorphisme c r y o g h e  de l a   c o m p o s i t i o n  de l ' e a u   q u i   r e s t e  en 
phase l i q u i d e .  Ces c a r a c t e r i s t i q u e s   p e u v e n t   S t r e   u t i l i s e e s  dans l e s  recherches 
geocryo log iques  e t   hydrog&ologiques,  dans l ' e t u d e   d u   f a c i s s  du p e r g e l i s o l ,  dans l e s  
mod2les  paleohydrogeologiques  et  palgogGocryologiques, e t  dans l e 5   p r e v i s i o n s  des 
v a r i a t i o n s  des cond i t ions   geocryo log iques   e t   hydrog6o log iques   au   cours  de l'amenage- 
ment de   d iverses   reg ions   perge l i so lges .  

l?MLlPCrEOXM"YECKME MCCiIEnOBAHMcI B MEP3JlOTOBEAEHMM 
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HIGH FREQUENCY ELECTRICAL METHODS FOR THE DETECTION OF FREEZE-THAW INTERFACES 
A . P .  Annan and J.L. Davis,  Geological  Survey  of Canada,  Dept.  of  Energy, Mines 
and Resources, 6121 b o t h   S t r e c t ,  Ottawa, K1A OE8, Ontario, Canada. 

Permafrost i s  not  uniquely  described by the  temperature of the  material .  
The dominant factor  determining  the  physical  properties o f  permafrost i s  the 
presence and s t a t e  of pore water. The r ea l   d i e l ec t r i c   cons t an t  of geologic 
materials i n  the  frequency band 10 t o  1000 MHz i s  strongly  dependent on  tl!e 
unfrozen  water  content. Time-domain reflectometry and impulse  radar  are  recently 
developed  techniques which can be used t o  measure the d ie lec t r ic   cons tan t  of 
geologic  materials .in situ. Field  observations show t h a t  the d ie lec t r ic   cons tan t  
indicates  the s t a t e  o f  pore  water and t h a t  shallow  freeze-thaw  boundaries can be 
mapped from the  surface.  W i t h  further  refinement,  these  techniques may yield 
valuable  geotechnical  information  for  planning  engineering  projects and post- 
construction  monitoring o f  thermally  sensit ive  geologic  materials.  

MiTHQDES iLECTR IQUES 2 HAUTE FRiQUENCE, PERMETTAW DE DiCELER LES INTERFACES DE GEL 
ET DEGEL 

A . P .  Annan e t  J.L. Davis,  Commission  geologique  du Canada, M i n i s t G r e  de l l i n e r g i e ,  
des  Mine5 e t  des  Ressources,  601,  rue  Booth, Ot tawa,  K I A  OE8, Onta r io ,  Canada. 

On ne peut  uniquement d k r i r e   l e   p e r g e l i s o l   d ' a p r 6 s   l a   t e m p e r a t u r e  du  matgr iau.  
LeS fac teu rs   qu i   dg te rm inen t   p r i nc ipa len len t  l e 5  propr ig t i55   phys iques   du   perg& l iso l  
SOnt la   p resence e t  1 l e t a t  d e   1 ' e a u   i n t e r s t i t i e l l e .  La c o n s t a n t e   d i e l e c t r i q u e  r g e l l e  
de5 deP6ts  sedimentaires,   dans  la gamme de  f requences  comprise  entre 10 e t  1000 MHz, 
depend  fortement de l a   t e n e u r  en eau  non  gelee. On a rgcernrnent mis   au  po int   des 
t e c h n i q u e s   u t i l i s a n t  la  r & f l e c t o m & t r i e   e t   l e   r a d a r  3 impu ls ions ,   pou r   me5ure r   i n   s i t u  
l a   c o n s t a n t e   d i g l e c t r i q u e   d e s   c o u c h e s  de ma te r iaux   s&d imen ta i res .  Des obse rva t i ons  
e f fec tuges   sur  le t e r r a i n   i n d i q u e n t  que l a   c o n s t a n t e   d i 6 l e c t r i q u e   e s t   f o n c t i o n  de 
l ' e t a t  de 1 'eau i n t e r s t i t i e l l e   e t   q u ' i l   e s t   p o s s i b l e  de c a r t o g r a p h i e r  2 p a r t i r  de l a  
s u r f a c e   l e s   i n t e r f a c e s  de g e l   e t   d e g e l  peu  profondes. En amel io ran t   ces   techn iques ,  
o n   p o u r r a i t   o b t e n i r  d e s   i n f o r m a t i o n s   g e o t e c h n i q u e s   t r 2 5   u t i l e 5   p o u r   l a   p l a n i f i c a t i o n  
de P r o j e t s   t e c h n i q u e s   e t   l ' o b s e r v a t i o n  du comportement  de  certaines  couches  de  mat&- 
r i aux   sed imen ta i res ,   sens ib le5   aux   va r ia t i on   t he rm iques ,   ap r&s   l ' achsvemen t  de c e r -  
t a i n s   t r a v a u x  de c o n s t r u c t i o n .  

BbICOKOWCTOTHblE BJlEKTPB9ECKBE METOW OIIPEmJIEHHR rPAHkIW PA3AEJIA 
MEXJJY 30HAMM IIPOMEP3AHBR M IIPOTAMBAHMR 

T e M n e p a T y p a  H e  m m e T c R   e m H c T B e H H m   n a p a M e T p o M ,  x a p a ~ ~ e p ~ 3 y m q a ~  
M H o r o n e T H e M e p 3 m d e  FPYHTH. OCHOBHHM @aKTopoM, o n p e a e n R m y r d M  O k i s ~ ~ e c ~ a e  
C B O R C T B a   M H O r O J I @ T H @ M e P 3 J ' I h l X   r P y H T O B ,   R B J I R e T C R   I I p H C y T C T B H e  €3 COCTORHHe 
lTOPOBOfi B O W .  a & C T B P i T e J I b H a H   J ( H 3 J I e K T p H q e C K a R   I I p O H H I i a e M O C T b  nOpOa B as- 
ana30~e  U a c T o T  OT 1 0  no 1 0 0 0  Mru c m b H o  ~ ~ B M C H T  OT cogepmaHHR H e s a M e p s -  
lU@R BOAM. n H 3 J T e K T p H r e C K a R   I I p O H H ~ a e M O C T b  I'IOpOA  MOXeT 6blTb H 3 M e p e H a  B IIO- 
JIeBHX  yCJIOBHRX C IIOMOWbKl T a K H X  HOBhlX MeTOAOB,  KaK B p e M e H H O - a O M e H H a R  
pe@nemoMeTpm H M M n y n b c H a R  paasonoKaym. I I o n e B H e  H ~ ~ J I I O A ~ H H F I  noKa3ma- 
NT, ~ I T O  ~ M ~ J I ~ K T P H Y ~ C K ~ R  n o c T o m H a R   o T p a x a e T   C o c T o R m e  ~ O P O B O ~ ~   BO^ H 
YTO n e r n y 6 o K H e  rpaaww pasgena  OH n p o M e p s a H a R  H O T T a n B a m R  MOXHO K a p -  
T H P O B a T b  C I IOBepXHOCTPi .  ZanbHefiIJIee yCOBepmeHCTBOBaHTIHe 3TMX MeTOAOB nos- 
BOJITIHT nOJIYYaTb  UeHHyKl  reOTeXHHY@CKYKl  HH@OPMauklH3 AnR I InaHEIpOBaHHR  CTPO- 
H T ~ J I ~ H H X  O ~ X ~ K T O B  EI nocnegymaero KOHTPOJIR Han C O C T O R H H ~ M  r p y H T o B ,  uys-  
CTBHTeJIbHEdX K H 3 M e H e H R F f M   T e M I I e p a T y p H .  
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H I G H  FREQUENCY ELECTRICAL METHODS FOR THE DETECTION 
OF FFIEEZE-THAW INTERFACES 

A.P. Annan and J . L .  Davis 

Geological  Survey of Canada,  Ottawa,  Ontario, Canada 
K1A OE8 

INTRODUCTION 

permafrost  i s  the  term a p p l i e d   t o   e a r t h  
materials  which are p e r e n n i a l l y   a t  o r  
below O°C. Unfortunately  the  temperature 
a lone  cannot   uniquely  descr ibe  the 
phys ica l   p rope r t l e s  of permafrost ,  since 
mechanical  loading  and  dissolved 
impuri t ies   can a l t e r  the   f r eez ing   po in t  of 
water   s ign i f icant ly   f rom O°C. The domin- 
an t   fac tor   de te rmining   the   phys ica l  
p r o p e r t i e s  of permafrost  is the   presence 
and stAte of pore  water   ( f rozen  or  
unfrozen) , (Anderson  and  Morgenstern, 
( 1 9 7 3 ) ,  Mellor   (1973)) .  A techllique f o r  
de t e rmin ing   t he   phys i ca l   s t a t e  of pore 
water  of  geologic materials i n  s i t u  would 
provide   usefu l   addi t iona l   in format ion   to  
permafrost   skudies.  

The e l e c t r i c a l   p r o p e r t i e s  of yeologic 
materials in   the  f requency  range 1 0  t o  
1 0 0 0  MHz are  strongly  dependent  on  the 
unfrozen  water  content.  The r e a l  
d i e l e c t r i c   c o n s t a n t  i n  this   f requency 
range is primari ly   determined by t h e  water 
content  and  only  weakly  dependent  on  other 
var iab les   inc luding  s o i l  type (Nikodem 
( 1 9 6 6 )  , Hoekstra  and  Delaney, ( 1 9 7 4 ) ,  
Davis e t .  al. ( 1 9 7 7 ) ) .  The r eason   fo r  
t h i s  i s  the   h igh   d i e l ec t r i c   cons t an t   o f  
water which i s  generated by t h e   p o l a r  
na tu re  of t h e  water molecule. The 
d i e l e c t r i c   c o n s t a n t  of ice i s  smaller   than 
t h a t  of water by more than an o rde r  of 
magnitude i n  the  aforementioned  frequency 
range. A s  a r e s u l t ,  geologic   mater ia l s  
c o n t a i n i n g   s i g n i f i c a n t  amounts  of pore 
water e x h i b i t   l a r g e   c h a n g e s   i n   d i e l e c t r i c  
cons t an t  when the   pore  water f r e e z e s  
(Olhoeft ,   (1975)) .   Figure 1 shows an 
example  of t h i s :   t h e   a v e r a g e   d i e l e c t r i c  
constant .over   the  f requency  range 1 0  t o  
1 0 0 0  MHz versus temperature i s  p l o t t e d  
f o r  a w e t ,  c l a y - t i l l   s o i l .  

t h a t   t h e   d i e l e c t r i c   c o n s t a n t   c a n   b e  
determined for geo log ic   ma te r i a l s  i n  s f t u  
and t h a t   t h e   d i e l e c t r i c   c o n s t a n t  
indicates   whether   the pore water is 
frozen  or   not .  

The following  discussion  demonstrates 
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Fi.g. 1 The a v e r a g e   d i e l e c t r i c   c o n s t a n t  
over  the  frequency band 1 0  t o  
1 0 0 0  MHz versus   temperature   for  
a w e t  c l a y - t i l l   s o i l .  

MEASUREMENT TECHNIQUES 

The frequency  range 1 0  t o  1000 MHz 
permits   the use of techniques  based on 
electromagnet ic  wave propagation. Time- 
domain r e f l ec t rome t ry  (TDR) (Fel lner-  
Feldegg ( 1 9 6 9 ) ,  Davis  and Chudobiak 
( 1 9 7 5 ) )  and  impulse  radar (Morey, 1974),  
Annan and   Dav i s ( l976) )   a r e  two such  
techniques.  Both  methods  are  used t o  
measure the  propagation  veLocity  of 
e l ec t romagne t i c   t r ans i en t s   i n   geo log ic  
materials i n  situ. Since   the  electro- 
magnetic wave v e l o c i t y  i s  determined by 
t h e   e l e c t r i c a l   p r o p e r t i e s  of t he   ma te r i a l  
(magnet ic   propert ies  of v i r t u a l l y  a l l  
bu lk   geologic   mater ia l s  do not  vary 
s igni f icant ly   f rom  magnet ic   p roper t ies  
i n  free space) ,   the   e lec t romagnet ic  wave 
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ve loc i ty   can   be   u sed   t o   i n fe r   t he   d i e l ec t r i c  
constant .  

When t h e  TDR method is used,  an electri-  
ca l   t r ansmiss ion   l i ne  i s  i n s e r t e d   i n t o   t h e -  
s o i l  o r   rock .   In   p rac t i ce   t he   t r ansmiss ion  
l i n e  i s  a para l le l -wire   l ine   wi th   spac ing  
of 5 c m  between wires and  lengths  up t o  
2 m. The electromagnetic wave v e l o c i t y  on 
t h i s   l i n e  i s  t h e  same a s   t h a t   i n t h e m a t e r i a l  
surrounding  the  l ine.  The TDR e l e c t r o n i c s  
measure  the two-way t r a v e l  t i m e  of a 
- t rans ien t   p ropagat ing   a long   the   l ine .   S ince  
t h e   l i n e  Length is known, veloci ty   can  be 
determined  and  the  dielectr ic   constant  
es t imated.  

The impulse  radar  system radiates an 
electromagnetic  impulse  into  the  ground, 
Changes i n   e l e c t r i c a l   p r o p e r t i e s   i n  t h e  
ground ref lect  some of t h e   s i g n a l  which i s  
then  detected  and  displayed  versus   delay 
time af te r  rad ia t ion   of  the impulse. For 
rout ine  reconnaissance,  a f ixed  antenna 
conf igu ra t ion  i s  t r anspor t ed  on the su r face  
t o   o b t a i n   p r o f i l e s   o f  radar r e f l e c t i o n s  
versus   pos i t ion .  To ob ta in   an   es t imate  of 
dielectr ic   constant   with  depth  and t h e  depth 
of r e f l ec t ing   ho r i zons  t h e  r ada r  i s  deployed 
i n  a wide   angle   re f lec t ion   and   re f rac t ion  
(WARR) sounding mode. I n  WARR sounding  the 
radar   antennas  are   placed  together   and  then 
moved apart  a t  a constant  rate. The r e s u l t  
i s  a d i sp lay  of r a d a r   r e t u r n  time versus 
antenna  separation  from  which the s igna l  
ve loc i ty   can  be determined  and  the  dielec- 
t r i c  cons tan t   es t imated .  Examples of f i e l d  
resul ts   can  be  found i n  Annan and  Davis 
( 1 9 7 6 ) .  By using a combination of WARR 
soundings, TDR measurements  and d r i l l i n g  
Con t ro l   t he   d i s t ance   t o   r e f l ec to r s   and  t h e  
d ie lec t r ic   cons tan t   can   be   in fer red  for 
geologic   mater la l s  2n s2tu. 

FIELD RESULTS 

TDR measurements  have  been  conducted 
i n  a wide  var ie ty  of s o i l s  a t  d i f f e r e n t  
times of the yea r .  The r e s u l t s   p r e s e n t e d  
here  demonstrate the change i n  e lectr ical  
proper t ies   wi th   season  of t h e  year .  The 
f i r s t  se t  of d a t a  w a s  c o l l e c t e d  over t h e  
winter  months a t  two tes t  s i tes  i n   t h e  
O t t a w a  area (Davis,  1975). At one s i te  
t h e  s o i l  i s  a sand  while a t  t h e   o t h e r  s i te  
t h e  s o i l  is a c lay.  F i g  2 ( a )  and (b) 
d i sp lay  the a v e r a g e   d i e l e c t r i c   c o n s t a n t  
of t he   t op  25  cm of s o i l   v e r s u s  t i m e .  The 
sudden  decrease  and  increase  of   dielectr ic  
c o n s t a n t   ( i n d i c a t e d  by arrows on t h e  
diagrams)  correspond  to  the  thaw-freeze 
and  freeze-thaw  events. 

Similar  measurements  have  been made a t  a 
number of permafrost  test  sites near 
Tuktoyaktuk, N.W.T., Canada. The measure- 
ments were made a t   s i x  month i n t e r v a l s ;  
the  remote  nature of the  s i tes  and 
cur ren t ly   ava i lab le   equipment   d id   no t  
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Fig. 2 The a v e r a g e   d i e l e c t r i c   c o n s t a n t  
over  the  frequency band 1 0  t o  
1 0 0 0  MHz versus  time of t h e  top  
0 .25  m of (a )  a sandy s o i l  and 
(b)  a c l a y   s o i l .  
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permit cont inual   monitor ing.  The s o i l  a t  
t he  si tes was a heterogenous  mixture  of 
p e a t ,   i c e ,   a n d   c l a y - t i l l .  The observed 
d i e l e c t r i c   c o n s t a n t   a t  the s i tes  has been 
averaged  and i s  l isted in   Table  1 versus 
time o f  year   and  depth  in   the  ground.  The 
unf rozen   (ac t ive)  Layer i s  v i s i b l e  from 
the high dielectric constants   observed 
near   the  surface  during  the summer. The 
average   th ickness   o f   the   ac t ive  layer was 
38 c m  during  the summer measurement 
pe r iod .   In   gene ra l ,   t he   d i e l ec t r i c  
cons t an t s  were less than 4 for the  
f rozen   so i l s   and   grea te r   than  1 0  f o r  the 
unfrozen soils. 

Table 1 

Winter Summer Winter 
Depth !cm) 

0-24 3.6 1 2  3 . 7  
24-48 3 . 8  5 3  3 . 8  
48-75  3 . 5  3.6 3 . 5  

The a b i l i t y  of radar obse rva t ions   t o  
detect   subsurface  freeze-thaw  boundaries 
is i l l u s t r a t e d  by t h e  two r ada r   s ec t ions  
d i s p l a y e d   i n  F i g .  3 and P i g .  5. A 
-variable-gray-scale  graphic  recorder is 
used t o   d i s p l a y  the  i n t e n s i t y  of radar  
re f lec t ions   versus   de lay  af ter  impulse 
t r ansmiss ion   (ve r t i ca l  scale) and s p a t i d  
l o c a t i o n   ( h o r i z o n t a l   s c a l e ) .  The da ta  
d isp layed   here  w a s  c o l l e c t e d  w h i l e  moving 
the  systemover the ground a t  about 5 km/hr 
and  represents   only a few minutes o f  
survey t i m e .  

Fig. 3 shows a r ada r   s ec t ion   t aken  on 
p l ace r   g rave l s  a t  Hunker Creek  near 
Dawson C i ty ,  Y.T., Canada. The geologic  
s e c t i o n  w a s  composed of   coarse   gravel  
and  boulders  underlain by weathered  bed- 
rock a t  a .depth   o f  1 0  m. Event 1 i s  the 
t r ansmi t   pu l se  combined with a r e f l e c t i o n  
from the ground  surface  and  event 2 i s  a 
subsu r face   r e f l ec t ion .  F i g .  4 shows t h e  
i n t e r p r e t a t i o n   o f   t h e   r a d a r  data.  The 
delay times have  been  converted t o  depth 
estimates by independent  determinations 
of propagat ion   ve loc i ty   ob ta ined   wi th  the 
TDR and WARR sounding  methods. The 
r e f l e c t o r  a t  a depth o f  about 3 m 
corre lh- tes   wi th  a t r a n s i t i o n  from frozen 
to   unfrozen  gravel   observed by d r i l l i n g  
(MacLean, (1976) ) . 

Fig .  5 shows a more complex r ada r  
sec t ion   ob ta ined  w h i l e  t r a v e r s i n g  t h e  
shorel ine  approach of  an ice br idge 
c ross ing   the  Mackenzie  River a t  Norman 
Wells, N.W.T. Canada. The geologic  
sec t ion   cons i s t ed   o f  ice over water over 
s i l t  a t  t h e   r i g h t  end  of  the  traverse  and 
r a f t e d  i c e  over  s i l t  a t  the l e f t  end of 
t he   t r ave r se .  The events  on the record 
are: (1) t r ansmi t   pu l se  and s u r f a c e  
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YUKON TERRITORY 

DRILL 
HOLE 
# 2  k " 5 0 m +  

HUNKER CREEK 
YUKON TERRITORY 

DRILL 
HOLE 
# Z  

Fig .  4 I n t e r p r e t a t i o n  of t h e  radar data 
shown i n  F ig .  3 .  
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Fig .  5 A r a d a r   s e c t i o n a b t a f n e d w h i l e   t r a v e r s i n g   t h e   s h o r e l i n e   a p p r o a c h  of an ice 
b r i d g e   c r o s s i n g  t h e  Mackenzie River a t  Norman Wells, N.W.T. ,  Canada. 
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return; ( 2 )  ice-frozen s o i l  reflection; 
( 3 )  frozen-unfrozen  soil  reflection; 
(4) ice-water  reflection;  (5)  first 
multiple  of  the  ice-water  reflection; 
and  (6)  river  bot.tom  reflection.  The 
interpreted  radar  section  giving  depths 
of  the  boundaries  is shown in  Fig.  6. 

SUMMARY  AND  CONCLUSIONS 

Experimental  results  indicate  the 
dielectric  constant  of  soils  can  be 
measured  reliably in the  field.  Both 
the  TDR  and  radar  techniques  have  spatial 
resolutions  of  about 10 cm. Observations 
to  date  yield  an  average  dielectric 
constant  of  3  for  freshwater  ice, 2 to 5 
for  dry or frozen  sands, 3 to 8 for  dry 
or frozen c lays ,  and 10 to 50 for wet 
unfrozen soi ls .  Therefore,  the  dielec- 
tric  constant  is  a  reliable  indicator 
of  the  state  of  pore  water.  Subsurface 
freeze-thaw  boundaries can be  mapped 
from  surface  observations  and  monitored 
versus  time. 

complement  one  another.  The  TDR  method 
provides a localized  techique  which  is 
optimally  used €or monitoring  purposes. 
The  impulse  radar  is  best  employed  as  a 
mapping  instrument  for  rapid  lateral 
extrapolation  of  information  from 
localized  drilling or monitoring  sites. 

The  monitoring of electrical 
properties as  well as  temperature at 
geotechnical  sites  would  yield 
valuable  information on  freezing-point 
depression. In areas  with  shallow 
temperature  gradients,  the  freeze-thaw 
interface  can  be  a  significant  distance 
from  the O°C isotherm.  Knowledge  of  the 
position  of  the  freeze-thaw  boundary 
could in turn  be  used  to  predict  failure 
of  structures  built  on  thermally  unstable 
geologic  materials. 

The  two  techniques  described  here 
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INTRODUCTION 

Many devices are now avallable for 
measuring the electrlcal resistivity of 
earth materials for purposes.of subsurface 
exploration. Galvanic techniques have been 
traditionally employed, but recently, newer 
methods have become more popular for some 
applications. This study deals with the 
use of magnetic induction and radiowave 
surface impedance methods for permafrost 
studies to  depths of' about 50 m. 

The objective of the study was to 
evaluate the combined use of  the surface 
impedance resistivity technique at LF ( 2 0 0 -  
400 kHz) ar,d at VLF (10-30 kHz), and the 
magnetic induction resistivity technique at 
a close coil spacing (3.7 m) for qualita- 
tive and quantitative studies of permafrost 
distribution and changes in permafrost 
properties. Three study areas (Fig. 1) 
were selected in Alaska's discontinuous 
permafrost zone. At the Fairbanks sites, 
subsurface information was available from 
borehole data, galvanic resistivity data 
(taken at the time of the study),  and gen- 
eral permafrost mapping based on shallow 
probing, lirnlted drilling data and  surface 
indicators such as ground cover and vegeta- 
tion (Pew6 1958). The Gulkana site  had 
more data available on ice volume and dis- 
tribution based on drill holes spaced  no 
greater than 30 m apart along a 600-m study 
line (R&M 1970). A l l  the sites were lo- 
cated near an LF transmitter. 

THEORY AND DESCRIPTION OF EQUIPMENT 

Surface Impedance Technique 

In this method, ground resistivity 
values are derived from a comparison of 
electromagnetic field components of a pro- 
pagating ground or  sky wave. In the VLF 
band, powerful tsansmitters operated by the 
U.S. Navy allow radiation to be monitored 
over a range of several thousand kilometers. 
In the LP band  most available transmitters 
radiate between 25  and 400 watts. Generally, 
we have found that for a 25 W beakon, the 
maximum working range I s  about 16 Inn. 

The electromagnetic field components 
of a ground or sky wave radiated by a ver- 
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FIG. 1. Location of study sites. 

Tronsrn~tler 
Rrmore 

Y 
FIG. 2 .  'Ground  electroma,gnetic field com- 
ponents of a radio wave transmitted from 
a vertically polarized antenna. 

tically polarized antenna are illustrated 
In Flgure 2 .  E refers to the electric 
field components and H to the magnetic 
field component referenced to local x, Y, 
z coordinates. The Surface impedance Z s ,  
defined asrk 
*This definition automatically appl ies  to 
the ground wave, but for the sky wave the 
Erazing incidence angle must be near O o ,  
which is usually true at ranges > IO00 km 
at VLP, for this definition to hold.. 



is approximated for a uniform subsurface 
model by the formula 

where 
{ =  J-l 
p = resistivity In ohm-meters 

p o  = free space permeability = h ~ x l O - ~  
henryshnetcr 

w = frequency in radians/second 

when dielectric properties are neglected. 

The phase value, 4 5 O ,  is usually in- 
dicative of resistive homogeneity, at 
least to a depth 6 defined in the litera- 
ture as the skin depth a.nd derived from 
the formula 

At this depth the refracted field strengths 
have attenuated to e-' of their surface 
values. Since 6 increases as Yrequency de- 
creases, more than one frequency can be 
used to resolve resistivity changes with 
depth. In Alaska adequate field strengths 
above 10 kHz within the VLP, LP and MF 
bands are rarely simultaneously available 
at any one location. 

When the earth is I.ayered, equation 2 
must be modified as both the phase and am- 
plitude of Zs change, depending on the 
resistivity and thickness of each layer. 
The theory has been developed (Wait 1962) 
for generating Zs values above any number 
of layers. In general, a phase > '15' 
usually indicates that resistivlty is de- 
creasing with depth, while a phase ~ ' 1 5 '  
usually indicates that resistivity is in- 
creasing with depth. According to this 
simpllfied model of homogeneous layers, 
all phase angles are confined between Oo 
and 9 0 " .  When lateral inhomogeneities 
exist, the theory does not apply and only 
qualitative interpretations can be made. 

In the VLF band the portable Geonics 
EM-16R (Geonics Ltd., Toronto, Canada) was 
used. For this study a similar instrument 
was developed to operate in the LF band- 
the Geonics EM-32. Wlth the LF instru- 
ment Ex Is determined between two probes 
spaced 2 m apart and is compared to Hy 
measured with a ferrite-loaded coil lo- 
cated in the instrument handle. The de- 
vice must be pretuned but may operate any- 
where between 200 and 400 kHz. The ampli- 
tude Of 2, is calibrated in.ohm-meters of: 
"apparent resistivity" (range is 0-30,000 
ohm-m) determined from the amplitude in- 
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version of equation 2 lzslz 
Pa = wuo 

which equals the true resistivity when the 
earth is homogeneous. The phase of zs 
is regd directly in degrees (range is 0 
to 9 0  ) .  A high impedance voltmeter is 
used to measure E, so that the contact re- 
sistance of the probes poses no problem. 

The accuracy of the readings depends 
on the signal to noise ratio. This i s  
mainly determined by transmitter range and 
power (for LP a.nd VLF),  by ionospheric 
factors (for VLF), and by the value of 
ground resistivity itself because as re- 
sistivity decreases so does the amplltude 
o r  E,. At the Goldstream Valley site VLF 
amplitude was accurate to about 4 5%,  VLF 
phase to about 1 3% and LF amplitude to 
about 5 10%. At the Copper River Basin 
site, LF amplitude and phase were both 
accurate to about 2 3%,  while accuracy at 
VLF was extremely p o o r .  

Magnetic Induction Technique 

In this method, ground resistivity 
values are derlved from the amount of mag- 
netlc field coupling between two loop 
antennas located at or slightly above the 
earth's surface. One Loop, the trans- 
mitter, generates a primary a-c magnetic 
field which couples directly to the re- 
ceiver loop through free space, but also 
induces eddy currents within the earth. 
These currents then regenerate a secondary 
magnetic Field which also couples with the 
receiver. Since the secondary fleld is 
not recelved in phase with the primary 
field, the quadrature phase component is 
used to avoid primary field interference 
with the measurement. In addition to 
ground resistivity, secondary coupling is 
also affected by loop separation and 
orientation, loop helght above ground, 
and transmitter frequency. 

In t h i s  study the Geonics EM-3l was 
used. The instrument I s  calibrated in 
millimhos/meter of apparent conductivity 
ua whlch can  then be converted to ohm- 
meters of' apparent resistivity pa ( u a = l / p a ) .  
At the instrument's operating frequency of 
40 kHz, the variation of apparent conduc- 
tivity with respect to first layer thick- 
ness t for a two-layer model is glven in 
Figure 3. 0, Is normalized by the con- 
ductivity of the first layer and t is 
normalized by the coil separation s .  
When a conductor lies above an insulator 
(u2/ul<l), little change in aa wlll o c c u r  
for values of t/s>2 (or t=7.3 m for the 
EM-31). 

RESULTS 

Goldstream Valley 
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The v a l l e y   s e c t i o n  shown i n   F i g u r e  4 
was s e l e c t e d  f o r  t h e   t r a n s i t i o n   f r o m  
thawed  ground t o   p e r m a f r o s t .  The s o l 1  
t y p e s   a r e   p r e d o m i n a n t l y  s i l t  and   g rave l  
u n i t s  (Pewe 1 9 5 8 ) ,  some of   which   a re  
p e r e n n i a l l y   f r o z e n .   B e d r o c k ,  commonly 
r e f e r r e d   t o  as B i r c h   C r e e k   s c h i s t ,  i s  
I n f e r r e d  a t  d e p t h s   r a n g i n g   t o  50 m from 
PPwe's s t u d y .   A l o n g   t h i s   s e c t i o n   a p p a r e n t  
r e s i s t i v i t y  was measured   us ing   the  
magnet ic   induct ion   and   sur face   impedance  
t e c h n i q u e s ,   t h e  l a t t e r  mon i to r ing  
s t a t i o n  NLK ( 1 8 . 6  kHz) and   t he  LF t r a n s -  
mitter a t  Fox,  Alaska (35.6 kHz). The low 
power ( 2 5  W )  o f   t h e  Pox t r a n s m i t t e r   a n d  i t s  
d i s t a n c e   f r o m   t h e   s t u d y   s e c t l o n  (18  km) 
r e s u l t e d   i n   t o o  much n o i s e  f o r  a c c u r a t e  
d e t e r m i n a t i o n   o f  LF phase v a l u e s .  

The a p p a r e n t   r e s i s t i v i t y   a n d  VLF 
phase p r o f i l e s  shown i n   F i g u r e  4 g l v e   t h e  
fo l lowing   i n ro rma t ion :  

1. Over t h e  thaw s e c t i o n  a l l  i n s t r u -  
m e n t s   r e a d   t h e i r   l o w e s t   v a l u e s   a n d   t e n d   t o  
equal ize   be tween 5 0  and 2 0 0  ohm-m. Th i s  
i s  p r e d i c t a b l e   f r o m   t h e  VLF phase  which i s  
nea r  45'. 

2 .  Over t h e   p e r m a f r o s t ,  t h e  h i g h e s t  
r e s i s t i v i t y   v a l u e s  a re  found a t  356 kHz. 
This  is c o n s l s t e n t  w i th  t Q e  VLF phase  
v a l u e s   o f   g r e a t e r   t h a n  4 5  , values   which  
p r e d i c t   t h a t   r e s i s t i v i t y   d e c r e a s e s  w i t h  
d e p t h  as ,  i n   t h i s   c a s e ,   w h e r e   t h e  thawed 
s i l t  or  bedrock is o f   l o w e r   r e s i s t i v i t y  
t h a n   t h e   o v e r l y l n g   p e r m a f r o s t .  

3 ,  Over the   permafros t ,   be tween  0 and 
1 . 8  km, t h e   m a g n e t i c   i n d u c t i o n   r e a d i n g s  
vary  between 2 0 0  and 700  ohm-m. T h i s  
c o n t r a s t s   w i t h   t h e  50 ohm-m v a l u e s   o v e r  
t h e   a r e a s   f r e e   o f   p e r m a f r o s t .  

Between 0 and 1 . 8  km, w h e r e   d e p t h   t o  
bedrock i s  assumed t o  be f a i r l y   u n i f o r m ,  
t h e   l a r g e   c h a n g e s  i n  a p p a r e n t   r e s i s t i v i t y  
at  356 kHz a re  l i k e l y   t o   b e   I n d i c a t i v e  of 
changes   i n   pe rmaf ros t   t h i ckness ' ,   g round  
i c e  volume o r  a c t i v e   l a y e r   d e p t h .  The 
i n f l u e n c e   o f   a c t i v e   l a y e r   d e p t h  i s  ex- 
p l o r e d   i n   F i g u r e  5,  where t h e  t h e o r e t i c a l  
r a n g e s   o f   a p p a r e n t   r e s i s t i v i t y   a n d   p h a s e  
f o r  a three- layer   model  are  compared t o  
t h e   r a n g e s   o b s e r v e d   o v e r   t h e   p e r m a f r o s t  
zone. A t  356 kHz t h e  t h e o r e t i c a l   a n d  ob- 
s e r v e d   r a n g e s   o f   a p p a r e n t   r e s i s t i v i t y   a g r e e  
f o r  t l e s s   t h a n  70 cm. However, t h e  theo-  
r e t i c a l   r a n g e   o f   t h e   m a g n e t i c   i n d u c t i o n  
r e a d i n g s  i s  much greater t h a n   t h e   r a n g e  of 
t h e   o b s e r v e d   v a l u e s .   S i n c e  t h e  d e p t h  o f  
s e n s i t i v i t y  o f  t h i s   i n s t r u m e n t  i s  s o  much 
,less t h a n   t h a t   o f  t h e  LF u n i t ,  i t  may be 
p l a u s i b l e   t o   i n t e r p r e t  some o f  t h e  LF d a t a  
as i n d i c a t i v e   o f   c h a n g e s   i n   p e r m a f r o s t   i c e  
c o n t e n t  o r  t h i c k n e s s ,   s u c h  as between 0 . 3  
and  0.6 km and a t  0 . 9 6  a n d   1 . 8  km. T h i s  
conc lus ion  may a l so  be made f r o m   n o t i n g  
t h e  similar t r e n d  o f  t h e  LF t o  t h e  VLF data,  
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FIG. 3 .  Two-layer  curves f o r  a c o p l a n a r ,  
double l oop   magne t i c   i nduc t ion   sys t em 
o p e r a t i n g  a t  a f requency   of  40 kHz. For 
the   Geon ics  EM-31, s = 3.66 m. u i s  t h e  
a p p a r e n t   c o n d u c t i v i t y .  a 
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FIG. 4 .  Top: g e o l o g i c   p r o f i l e  of t h e  
Go lds t r eam  Va l l ey   s tudy   s ec t ion   ( a f t e r  
Pew6 1 9 5 8 ) .  Bottom: LF (356 kHz), VLF 
(18.6  kHz)  and  magnet ic   induct ion ( s  = 
3.66 m )  r e s p o n s e s   o v e r   t h e  same s e c t i o n .  

p a r t i c u l a r l y   s i n c e   t h e  VLF data  should  be 
more i n s e n s i t i v e   t o   t h e   a c t l v e   l a y e r .  

Farmer ' s  Loop Road 

Th i s  s i t e  i s  l o c a t e d  a t  CRREL'S f i e l d  
s t a t i o n  on  Farmer 's  Loop Road n e a r   F a i r -  
banks.  The s i t e  was e s t a b l i s h e d   i n  1 9 4 6  
f o r   i n v e s t i g a t i n g   t h e   ' e f r e c t s  of c l i m a t i c  
a n d   s u r f a c e   c o n d i t i o n s  on  ground  tempera- 
t u r e s   ( L i n e 1 1  1973). The v e g e t a t l v e   c o v e r  
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FIG. 5 .  A p p a r e n t   r e s i s t i v i t y   a n d   p h a s e   a t  
1 8 . 6  and 356 kHz a s  a f u n c t i o n   o f   a c t i v e  
l a y e r   t h i c k n e s s  t f o r   t h e  model  shown. 
Values a r e  compared   wi th   the   ac tua l   ranges  
o b s e r v e d   o v e r   t h e   t h i c k   p e r m a f r o s t   s e c t i o n  
between 0 and 1 . 8  km of F igu re  4. 

of  two  one-acre p l o t s  was modif ied  (and 
s ince   main ta ined)   to   s tudy   induced   changes  
i n   t h e   d e p t h   t o   p e r m a f r o s t .  A b roadcas t  
band t r a n s m i t t e r   n e a r   t h e  s i t e  s e v e r e l y  
I n t e r f e r e d   w i t h  t h e  VLF and LF s i g n a l s  
a v a i l a b l e ,   t h e r e b y   l i m i t i n g  t h e  s tudy  t o  
o n l y  magnet ic   induct ion   and   ga lvanic   t ech-  
n iques .  

I n   F i g u r e  6 (bot tom)  t h e  subsu r face  
c o n d i t i o n s   a r e  shown b e n e a t h   e a c h   p l o t  as  
determined b y  d r i l l i n g   I n  1 9 7 2 .  P l o t   " a t r  
r e t a i n s  i t s  na tu ra l   sp ruce   and  moss cove r .  
The p r e s e n t  maximum a c t i v e   l a y e r   d e p t h  is 
approximately 1 m, bu t  when t h e   g e o p h y s i c a l  
t es t s  were   per formed  the   seasonal   f ros t   had  
only  thawed t o   a p p r o x i m a t e l y  30 cm. P l o t  
r rb f l  was modif ied b y  r emov ing   on ly   t he   t r ee s  
and  brush.  Here,  the  p e r m a f r o s t   l i e s   a b o u t  
'1.7 m b e n e a t h   t h e   s u r f a c e .  The s e a s o n a l  
f r o s t   o f   p l o t  "b" was a t   a b o u t  7 0  cm d e p t h  
and c o u l d  not   be   pene t ra ted   wi th  a hand- 
o p e r a t e d   f r o s t   p r o b e .   P l o t  t r ~ l l  was modi- 
f i e d  by s t r i p p i n g  all t h e   v e g e t a t i o n ,   i n -  
c lud ing  t h e  e n t i r e   o r g a n i c   l a y e r ,   f r o m   t h e  
s u r f a c e .   H e r e ,   t h e   p e r m a f r o s t   l i e s  a t  
about  6 . 7  m dep th  a n d   t h e   s e a s o n a l   f r o s t  
a t  about  1 2 0  em. I n   c o n t r a s t   t o  t h e  sea-  
s o n a l   f r o s t   o f   p l o t   " b , "  t h e  s e a s o n a l  
f r o s t   i n   p l o t  " c "  c o u l d  be p e n e t r a t e d  
e a s i l y ,   s u g g e s t i n g   t h a t   o n l y   s e v e r a l   c e n t i -  
me te r s   o f   f ro s t   r ema ined .  

A d d i t i o n a l   d a t a   o n   d e p t h   t o  perma- 
f r o s t  were ob ta ined   f rom  two   ho le s   d r i l l ed  
i n   e a c h   o f  p l o t s  "b"  and " c "  i n  1975 ( F i g .  
6 ) .  The in fo rma t ion   ob ta lned  i s  shown  by 
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FIG. 6 .  Bottom:  Approximate  subsurface 
p e r m a f r o s t   p r o f i l e   a t   t h e   F a r m e r ' s  I J O O P  
Road t e s t  s i t e .  Top: a p p a r e n t   r e s i s t i v i y  
p r o f i l e s   o f  two m a g n e t i c   i n d u c t i o n   t r a -  
Verses   and  one  galvanic   t raverse   above 
t h e  same s e c t i o n .  
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FIG. 7 .  Ga lvan ic   sound ing   da t a   (do t s )  ob- 
t a i n e d   o v e r   e a c h   p l o t   o f   F i g u r e  6 u s i n g  
t h e  ecjuispaced Wenner c o n f i g u r a t i o n .  The 
smooth  curves  matching  the  data  were  gen- 
e ra t ed   f rom  the   l aye red   mode l s  shown a t  
l e f t .  
t h e   s p r e a d e r  bars i n   t h e  b o t t o m   p r o f i l e .  
The v a r i a t i o n   b e t w e e n   t h e  1972 and 1 9 7 5  
d a t a  i s  n o t   s u r p r i s i n g   s i n c e  i t  i s  unsea- 



sonable to assume that the top of the per- 
mafrost is flat. 

Galvanic soundings (Fig. 7 )  were made 
over each plot to determine resistivity 
values for the thawed and frozen layers. 
Using the equispaced "Wenncr" configura- 
tion, the probes were spread symmetrically 
from the plot midpoints as shown in the 
figure and the maximum interprobe spacing 
was 20 m. For a four-probe array this 
gives a maximum spacing of 60 m between 
the outer probes, which i s  the width of 
each plot. 

The curves matching the data in Fig- 
ure 7 are generated from the theoretical 
models shown, using layer thicknesses 
from the control data. The model f o r  plot 
?la 11 

about 10 m. The model value of 3000 ohm-m 
for the permafrost of plot  Irarr is reason- 
able, but the model value of 1000 ohm-m 
for plot "b" must be influenced by the 
thawed material at greater depth since the 
model was limited to four layers. The 
model permafrost value of 600 ohm" for 

tures near O°C, signifying high free water 
content and therefore less resistive per- 
mafrost. 

shows the permafrost thickness to be 

plot " c "  may represent permafrost tempera- 

Figure 6 shows the results of two mag- 
netic induction traverses and one galvanic 
traverse. Over plot the magnetic in- 
duction values generally range between 300 
and 600 ohm-m. The galvanic model for 
plot rralr should give a magnetic induction 
reading of 2500 ohm-m (using Fig. 3). The 
large discrepancy may be due  to an inaccu- 
rate galvanic resistivity determination at 
the probe spacing of  only 0.5 m and to a 
callbration error in the magnetic induction 
unit. If the active layer resistivity is 
really about 50 ohm-m as is the case for 
plot l f ~ , l r  then the magnetic induction 
readings should still be much higher at 
1300 ohm-m. 

Above plot Irb" the magnetic induction 
readings are between 8 0  and 220 ohm-m. No 
three-layer theoretical curves are avail- 
able yet but the theoretical value must be 
between 80 and 150 ohm-m as  the  thin sea- 
sonal. frost layer of 3000 ohm-m and the 
permafrost at 5 m should have a small ef- 
fect (this can be seen from Figure 3 when 
considerlng the effect of a thin insulator 
above, or a deep insulator below, a con- 
ductive layer). Over plot r r ~ "  the magnetic 
induction values range between 30 and 50 
ohm-m. This agrees with the galvanlc 
soundings out to the probe spacing of 7 m 
(in homogeneous earth this spacing i s  the 
approximate depth of sensitlvity) and with 
the 5-m spacing of the galvanic traverse. 

Copper River Basin 
This test site is located near the 

FIG. 8. Bottom: subsurface intcrpreta- 
tion of 25 borings at the Copper River 
Basin test site (after R&M Engineering 
1970). Top: LF' apparent resistivity 
and phase and magnetic induction apparent 
resistivity profiles above the same sec- 
tion. 

town of Gulkana. The soil. types of' the 
area are generally described as glacial 
clays, clay tills and subaqueous deposits 
that are fairly homogeneous In nature ex- 
cept for their ice content. Therefore, 
ice content was expected to predominantly 
influence changes in reslstivity readings. 
A section was selected along one  of the 
earlier proposed Alyeska pipeline align- 
ments for which an interpretation (R&M 
Engineering 1970) of 25 borings is pre- 
sented in Figure 8 (bottom). The northern 
end of the section intersects the actual 
pipeline. No data could be obtained in 
the center of the Indicated thaw zone 
since a pond occupies this site.  An LF 
transmitter radiating 400 W at 248 kHz is 
located nearby. 

Figure 8 (top) shows the LP apparent 
resistivity and phase profiles and  the 
magnetic induction apparent reslstivity 
profile. At LF the mean resistivity is 
about 80 ohm-m, which at 248 kHz gives a 
skin depth of 9 m. This means that con- 
ditions below this depth marginally affect 
LF readings. Within 6 m of the surface 
some of the high ice content zones corre- 
l a t e  with maxima in the LF profile. Some 
low ice content zones are also associated 
with LF resistivity maxima and  may reflect 
the lack of information between boreholes. 



507 

In r e  The m a g n e t i c   i n d u c t i c  s i s t i v i t i e s  
a r e   g e n e r a l i y   g r e a t e r   t h a n   t h e  LF v a l u e s .  
T h i s   i m p l i e s  t h a t  t h e   o r g a n i c s   a n d   c l a y e y  
s i l t s  f o u n d   n e a r   t h e   s u r f a c e   a r e  o f  s l i g h t -  
l y  h i g h e r   r e s i s t i v i t y   t h a n   t h e   g e n e r a l l y  
low i c e   c o n t e n t  (<lo%) s i l t y   c l a y s   f o u n d  
a t  d e p t h .  It a l s o   i m p l i e s   t h a t  LF phase 
va lues   shou ld  be  c o n s i s t e n t l y   g r e a t e r   t h a n  
4 5 O  s i n c e   t h e  more r e s i s t i v e  material  i s  
found   nea re r   t he   su r f ace .   S ince   mos t  phase 
va lues   were  a t  o r  below 45O, i t  i s  b e l l e v e d  
t h a t  d i e l e c t r i c   p r o p e r t i e s  must   have  inf lu-  
e n c e d   t h e   r e s i s t i v i t y   i n t e r p r e t a t i o n s  ( d i s -  
c u s s e d   i n   t h e   r i n a l   s e c t i o n ) .  

CONCLUSIONS AND FINAL REMARKS 

D e s p i t e   t h e   i n f l u e n c e  o f  t h e   a c t i v e  
l a y e r ,   s t r o n g   r e s i s t i v i t y   c o n t r a s t s   w i t h i n  
p e r m a f r o s t   w e r e   s e e n   t o   e x i s t  a t  LF but  
n o t  a t  VLF I n   t h e   G o l d s t r e a m   V a l l e y   s t u d y .  
C o n s i d e r i n g   t h e   s k i n   d e p t h   v a l u e s   f o r  LF 
i n   p e r m a f r o s t   ( e . g .  4 6  m at 356 kHz i n  3000 
ohm-m mater ia l ) ,  t h i s  method  would  be best  
s u i t e d  f o r  h i g h   r e s i s t i v i t y ,   d i s c o n t i n u o u s  
permafros t   zone   s tud ies   per formed  before  
s e a s o n a l  thaw s e t s   i n ,  The i n f o r m a t i o n  
gained  from a l l  t h ree   sys t ems   a l lowed  a 
good e s t i m a t e  o f  t h e   p e r m a f r o s t   t h i c k n e s s  
a t  t h e   G o l d s t r e a m   V a l l e y   s i t e .  

The magnet ic   induct ion   sys tem may have 
g i v e n   u n r e l i a b l e   l o w   r e s i s t i v i t y   v a l u e s   i n  
t h e   h i g h   r e s i s t i v i t y   z o n e s   d u e   t o   c a l i b r a -  
t i o n   e r r o r .  An e r r o r   o f  1 mmho/m i s  o f  
margina l   concern  when u a = 2 5  rnmhos/m, bu t  
I s  s e v e r e  when ua=0.4 mmho/m such  as  above 
p e r m a f r o s t   a n d   t h i n   a c t i v e   l a y e r s .  It is 
a l s o   h i g h l y   p r o b a b l e  t h a t  d i e l e c t r i c   p r o -  
p e r t i e s   s t r o n g l y   i n f l u e n c e d   t h e  LF r e a d i n g s  
even a t  t h e  low r e s i s t i v i t y   v a l u e s   p r e s e n t  
i n   t h e  Copper  River  Basin.  High d i e l e c t r i c  
c o n s t a n t s   a r e  known t o   c h a r a c t e r i z e   c l a y  
r i c h   m a t e r i a l s   ( O l h o e f t   1 9 7 5 )   a n d  wlll de- 
p r e s s   b o t h   a p p a r e n t   r e s i s t i v i t y   a n d   p h a s e  
when measured  above a homogeneous material .  
Wi thout   the   magnet ic   induct ion   or  LF phase 
da ta ,  t h e s e   e f f e c t s  would  not  have  been 
a p p a r e n t .   I n   l i g h t  of t he   above   cons ide r -  
a t i o n s ,  i t  seems t h a t  f o r  low r e s i s t i v i t y  
s i t e s ,  magne t i c   i nduc t ion  may be a more 
r e l i a b l e  method  than LF sur face   impedance  
f o r   d e f i n i n g  areas o f  h i g h   i c e   c o n t e n t  
w i t h i n   f a i r l y   u n i f o r m   s e d i m e n t s .  

Both   the  LF and   magnet ic   induct ion  
t e c h n i q u e s   h a d   s u f f i c i e n t   s e n s i t i v i t y   t o  
d e t e c t   t h e  thaw z o n e s   i n  a l l  s t u d y   a r e a s ,  
even I n  t h e  low r e s i s t i v i t y ,   c l a y - r i c h  
sed iments  of t h e  Copper  River  Basin where 
r e s i s t i v i t y   c o n t r a s t s   b e t w e e n  thawed and 
f r o z e n   s t a t e s   a r e   n o t  l a rge .  Fu tu re  
s t u d i e s   f o r   t h e s e   t e c h n i q u e s   m i g h t   b e  
pe rmaf ros t   de t ec t ion   In   a l luv ium,   where  
l e s s  un i fo rmi ty  of m a t e r i a l   t y p e   e x i s t s  
and  where r e s i s t i v i t y   l e v e l s  may be much 
h ighe r  f o r  t h e   c o a r s e r   g r a i n e d   m a t e r i a l s ,  
b u t   a g a l n   w i t h  small c o n t r a s t s   b e t w e e n  
frozen  and  thawed states.  
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USE OF AC CURRENT SURVEYS I N  PERMAFROST STUDIES.  
Yu. A. Avet ikyan,  Fnd. and Res. t n s t .  f o r  Eng. Surveys i n  Const ruc t ion ,  
MOSCOW, U,S.S,R.  

T h e  au tho r   d i scusses   t he   poss ib i l i t y   o f   w iden ing   t he   scope  o f  AC c u r r e n t  
s u r v e y s   i n   p e r m a f r o s t   s t u d i e s .   I n  the i n v e s t i g a t i o n s  of  t he   upper   pa r t  o f  the 
c ross   sec t i on  i t  is essent ia l   to   ex tend  the   f requency   to   the   rad io   f requency   range.  
Sets  o f  master  curves  have 6een c a l c u l a t e d   w i t h   a l l o w a n c e s  fo r  the  d isp lacement  
currents t o  i n t e r p r e t   t h e   r e s u l t s  o f  such   i nves t i ga t i ons .  The n a t u r e  of the 
t h e o r e t i c a l   c u r v e s  i s  examined on the  examples of g r a p h i c   m a t e r i a l .  The parameters 
of e l e c t r i c a l   s u r v e y   s t a t i o n s   s u i t a b l e   f o r   p r o b i n g ,   p r o f i l i n g  and l o g g i n g   w i t h i n  a 
w?de frequency  range  are  enumerated  and  described, Examples of corresponding 
measurements- o f  the  ampl i tudes and phases o f  s i g n a l s  i n  the  f requency  spectrum a r e  
Suggwted  and tFie performance o f  equipment fo r  t h e   r e a l i z a t i o n  o f  these  methods i s  
descr ibed.  

UT I L I SAT ION DU COURANT ALTERNAT I F DANS DES L E V € S  POUR L '   TUD DE DU P E R G ~ L  I soL 
Yu. A .  A v e t i k y a n ,   l n s t i t u t  de r e c h e r c h e s   i n d u s t r i e l l e s   s c i e n t i f i q u e s  en  levgs 
techn iques   pou r   l a   cons t ruc t i on ,  MOSCOU, URSS. 

p r o s p e c t i o n   e l e c t r o m a g n g t i q u e   p o u r   l ' e t u d e   d u   p e r g e l i s o l .  I1 e s t  ngcessai re 
d ' e t e n d r e  l e  domaine  des  frgquences  jusqu's l a  gamme des radiofrGquences  pour 
d t u d i e r   l a   p a r t i e   s u p e r i e u r e   d u   p r a f i l .  P o u r   p e r m e t t r e   d ' i n t e r p r e t e r   l e 5   r e s u l t a t s  
de ces t r a v a u x ,   l ' a u t e u r  a ca lcu lk   les  courbes  maTtresses  en tenant compte  des 
courants  de dgplacement. La n a t u r e  des  courbes  thgor iques  est   etudiCe =I l ' a i d e  
d ' i l l u s t r a t i o n s .  Sont d g c r i t s  e t  enumer6.s les  pararngtres  des  stat ions de levgs 
g lect romagnet iques OC l ' o n  a pu  proceder  aux  sondages,  au  trace des p r o f i l s   e t  aux 
d iagraph ies  A l ' i n t e r i e u r   d ' u n e   l a r g e  bande de frequences;  l 'auteur  propose  des 
exernples de mesures i n   s i t u   c o r r k l a t i v e s  des  ampli tudes e t  phases  des  signaux 5 
l ' i n t g r i e u r  de l a   g a m e  de f d q u e n c e s ,  e t  d g c r i t   l e s   p e r f o r m a n c e s  de l 'equipernent 
ngcessai re 2 l a   p r i s e  de ces  mesures. 

L ' a u t e u r   e t u d i e   l e s   p o s s i b i l i t g s  des  lev&  ef fectues 21 l ' a i d e  de l a  

c 
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INTERPRETATION OF SUB-SEABOTTOM PERMAFROST I N  THE BEAUFORT S E A  B Y  
S E I S M I C  METHODS.  PART 1 .  S E I S M I C  REFRACTION METHODS 

J .A .Hun te r ; k ,   K .G .Neave+ ,   H .A .MacAu lay fc ,   and   G .D .Hobson* ,   *Geo log ica l  
S u r v e y   o f   C a n a d a ,   + P o l a r   C o n t i n e n t a l   S h e l f   P r o j e c t ,   O t t a w a ,   C a n a d a  

T h e   o c c u r r e n c e   a n d   d i s t r i b u t i o n  o f  i c e - b o n d e d   p e r m a f r o s t   b e -  
n e a t h   t h e   s e a   f l o o r  o f  t h e   B e a u f o r t  Sea S h e l f   h a v e   b e e n   m a p p e d   b y  
s e i s m i c   t e c h n i q u e s .   T h e   d a t a   f o r   t h e  maps  comes p r i m a r i l y   f r o m   r e -  
f r a c t i o n   a r r i v a l s   o n   f r o n t   e n d s  o f  u n p r o c e s s e d   m a r i n e   r e f l e c t i o n   r e -  
c o r d s   s u p p l i e d  t o  u s   b y   t h e   o i l   i n d u s t r y .   H i g h   s e i s m i c   v e l o c i t i e s ,  
i n d i c a t i v e   o f   i c e - b o n d e d   p e r m a f r o s t ,   a r e   o b s e r v e d   e a s t  o f  1 3 5 O W  f r o m  
t h e   s h o r e l i n e   o u t   t o  9 0  m w a t e r   d e p t h .  A t h i n   d i s c o n t i n u o u s   u p p e r  
l a y e r   a p p e a r s  t o  o v e r l y  a c o n t i n u o u s   t h i c k e r   ( g r e a t e r   t h a n   3 0  m) h o r i -  
z o n .   W e s t   o f  1 3 5 O W ,  t h e r e  i s  a z o n e   o f   a n o m a l o u s   s e i s m i c   v e l o c i t i e s  
w h i c h   a r e   i n t e r m e d i a t e   b e t w e e n   t h e   v e l o c i t y   f o r   u n f r o z e n   s e d i m e n t s   a n d  
t h e   v e l o c i t y   f o r   i c e - s a t u r a t e d   s e d i m e n t s   ( g r e a t e r   t h a n  2 . 5  K m / s e c ) .  
T h i s   z o n e   c a n   b e   e x p l a i n e d  a s  a n   o c c u r r e n c e   o f   p a r t i a l l y   i c e - b o n d e d  
p e r m a f r o s t ,   o r   a l t e r n a t i v e l y ,   a s   g a s - h y d r a t e   b o n d e d   s e d i m e n t s .  

INTERPRETATION DU PERGiLISOL SOUS-MARIN DE LA MER  DE BEAUFORT PAR DES METHODES 
S I S M I Q U E S .  P A R T I E  1 .  METHODES DE SISM[QUE-RfFRACTION 
J . A .  Hunter *, K.G. Neave, H.A. MacAuleyh, e t  G.D. Hobson, 
kCommision g b l o g i q u e  du  Canada, p r o j e t   r e l a t i f  a u   p l a t e a u   c o n t i n e n t a l   p o l a i r e ,  
Ottawa, Canada. 

p e r g e l i s o l  l ie par l a  g l a c e ,   e t  sa r e p a r t i t i o n ,  au-dessous  du  fond  marin  du  plateau 
de l a  mer de  Beaufort.  Les  donnees  qui on t  s e r v i  3 e t a b l i r   l e s   c a r t e s   p r o v i e n n e n t  
e s s e n t i e l l e m e n t  des   s ignaux   f ron taux   de   re f rac t i on ,   qu i   f i gu ren t   su r   l es   en reg is -  
t rements non t r a i t g s  de  s ismique-ref lex ion  mar ine,   que nous a f o u r n i s   l ' i n d u s t r i e  
p e t r o l   i s r e .  On observe a l ' e s t  de 1350 0, e n t r e   l e   r i v a g e   e t  90 mgtres de 
pro fondeur   d 'eau,   des   v i tesses   s ismiques   g lev6es   qu i   ind iquent   la   p resence  d 'un  
p e r g e l i s o l   l i 6  p a r  l a  glace. I1 semble  qu'une  mince  couche  super leure  d iscont inue 
recouvre   un   hor izon   con t inu   p lus   6pa is   (super ieur  a 30 metres] .  A l ' o u e s t  de 135' 
0, i l  e x i s t e  une zone  de v i t esses   s i sm iques   ano r rna les ,   i n te rmed ia i res   en t re   l a  
v i t e s s e   c a r a c t g r i s t i q u e  des  sediments  non  gelgs, e t  l a  v i t e s s e   c a r a c t g r i s t i q u e  des 
sediments  saturCs en g lace   ( super ieu re  3 2.5 km/s ) .  On p e u t   e x p l i q u e r   l a   p r e s e n c e  
de c e t t e  zone par  l a   p r e s e n c e   d ' u n   p e r g e l i s o l   p a r t i e l l e m e n t  li& p a r   l a   g l a c e ,   o u  
b ien  p a r  la  presence  de  sediments  l ies  par  des  hydrates  gazeux. 

On a f a i t  appel a des  methodes  s ismiques  pour  cartographier  les zones  de 

M3YLlEHME MEP3JITJx FPYHTOB IIOA AHOM MOPR EOOOPTA C IIOMOUbIo CERCMMWCKBX 
MET0)JOB. sACTb 1. CE$iCMHsECKHE PEQPAKUBOHHbIE METO,J&I 
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INTERPRETATION OF SUB-SEABOTTOM  PERMAFROST 
IN THE  BEAUFORT  SEA BY SEISMIC  METHODS 

PART I  SEISMIC  REFRACTION  METHODS 

LA.  Hunter*, K.G. Neave', H.A. MacAulay*  and G.D. Hobson' 

"Geological  Survey of Canada, 'Polar Continental   Shelf   Project,  
Department  of Energy, Mines and  Resources ,   Ot tawa,   Canada 

INTRODUCTION 

During  the last glacial   advance,  the  Beaufort   Sea 
Shelf  in  the  Mackenzie  Delta area is  thought to have  been 
exposed to ext reme  subzero   t empera tures  as a resul t  of 
sea-level lowering (of approximately 100 m )   i n   t h e  
absence of any  substant ia l   th ickness  of glacial ice. This 
hypothesis  was  proposed by Mackay (1972) and  was 
supported by evidence of ice-bonded  permafrost  samples 
obtained  from  shallow  drilling  into  the  seabottom  (Golden 
et al, 1970). Both  relic  and  aggrading  permafrost  
conditions are thought to exist,  (Judge, 1974), since  both 
posit ive  and  negative  seabottom  temperatures  presently 
exist on  the  shelf .   Large  thicknesses (>lo00 m )  of poorly- 
consolidated  Tertiary  and  unconsolidated  Cenozoic  sedi- 
men t s   a r e  known to exist   onshore  and  are  interpreted to  
be  present  offshore. If the  pore  f luids of these  sediments 
are  non-saline  then  ice-bonding  should  occur  in  permafrost 
a reas   benea th  sea bottom.  The  degree of ice-bonding 
depends  on  grain size and  temperature  (Aptikaev,  1964). 
Excess   ice   in   the  form of ice lensing  should  also  be 
present  where  conditions  for  ice-segregation  exist 
(Mackay  and  Rampton, 1971). 

Seismic  refract ion  methods  have  been  used to map  
the   p resence  of ice-bonded  material  on  land  (Hunter, 
1973)  since  the  seismic  velocity of coarse-grained  frozen 
unconsolidated  ice-saturated  sediments is higher  than  in 
the  unfrozen state. Fine-grained  sediments (clays and 
fine  si l ts)   exhibit   temperature-dependent  velocity  rela- 
tionships  below 0°C since  large  quant i t ies  of unfrozen 
water  exist;   unfrozen  water  content  decreases  with 
decreas ing   tempera ture   over  a wide  range,  resulting  in 
increasing  seismic  velocities.  Hence,  clays  and  fine  silts 
at marginal   permafrost   temperature  (-IoC), and   i n   t he  
absence of ice  lensing,  may  be  seismically  indistingui- 
shable f rom the  unfrozen state. 

In the  offshore  regions of the  Beaufort  Sea  Shelf 
a rea ,   where   permafros t   t empera tures   may  be   re la t ive ly  
high,  (Judge, 19741, seismic  methods  can  only be used to  
map  areas  where  coarse  grained  ice-saturated  sub-seabot- 
tom  sediments  occur, or where  substantial  ice lensing 
occurs  in  fine-grained  sediments. 

Init ial   marine  seismic  experiments  carried  out by 
Hunter  and  Hobson, (19741, showed  that   high  seismic 
velocities,  indicative of coarse-grained  ice-saturated  sedi- 
ments ,   d id   exis t   in   some  areas  of the  Beaufort   Sea  Shelf .  
A program  was  subsequently  initiated to  map,  in a 
reconnaissance  manner ,   the   occurrence of ice-bonded 
permafrost   us ing  the  seismic  records  obtained by several  
oil  and gas exploration  companies  operating  in  the 
southern  portion of the  Beaufort   Sea  from  Herschel  Island 
to  Cape  Dalhousie.  Over 11,000 line-kilometres of d a t a  
were  examined  consisting of approximatley 16,000 seismic 
records. 

REFRACTION  INTERPRETATION 

Since  the  seismic  data  came  from  several   com- 
panies,   the  hydrophone  array  configurations as well as 
recording  techniques  and  record  density  varied  through- 
out   the   survey   a rea .  In most  instances,   playback of 
digital  tapes  was  required to  arrange  the  seismic 
records  in a wiggle-trace  or  variable  area  display 
without  "moveout"  corrections.  As  well,  time-depen- 
dent  tapered  amplitude  gains  ( the  common  format  for 
reflection  seismic  data)  were  removed  or  minimized to  
enhance  the  f i rs t -arr ival   refract ion  events .   True 
amplitude  recovery of early  refraction  events  was 
obtained  wherever  possible  for  use  in  attenuation 
s tudies   (see  Par t  11). 

A  typical  hydrophone  array  may  consist of a 
2400  m  cable  with  24  traces  consisting of 30 hydro- 
phones (at l,5  m  spacings)  per  trace.  The  seismic 
source  may be an  air-gun  array of various  sizes to 
produce a source  signal  without  interfering  "bubble" 
pulses.   Records  are  obtained by stacking  9  air-gun 
shots.  A  typical  record  suite  is  shown  in  Fig. 1. 

Velocity  measurements  were  made  on  f irst-  
arr ival   events   and  depth  es t imates   were  obtained by t h e  
"intercept-time"  method,  assuming  no  dip  on  the  refrac- 
t ion  interface.   Interpretation  quali ty  varied  throughout 
the  survey  area  because of variations  in  record  quality 
and  variations  in  measurement  accuracy  on  different 
types of record  displays. An average  error  assigned to 
depth  determinations is e s t ima ted  to  be t 20 m. 

RESULTS 

The  distribution of high-velocity  refracted 
events  on  industry  records  is  shown  in  Fig. 2. From  this 
distribution of da ta ,   the   she l f   a rea   has   been   d iv ided   in to  
the  continuous  and  discontinuous  ice-bonded  permafrost 
zones,  and  the  non  ice-bonded  zone  (see  Fig. 3). There 
are   several   outs tanding  features ,   some of which  are: 
1) No evidence of ice-bonded  permafrost  has  been 

found  in  water  depths  in  excess of 90 m 
2) No high  velocities  indicating  ice-bonded  perma- 

frost   occur  in  the  offshore  region  (water  depths 
>20 m)  west  of N-S line at approximately 135"W 
longitude.  This  boundary  has  been  delineated as 
well   from  marine  refraction  surveying of the  
Geological  Survey of Canada  and  from  shallow 
reflection  seismic  studies (M. O'Connor, E.B.A. 
Consultants Ltd., Calgary,  personal  communi- 
cations). 

3) There  are   no  correlat ions  between  interpreted 
boundaries   and  major   seabot tom  features  (eg. 
extension of river  channels  offshore). 



Fig. 1. Industry  seismic  records showing refraction  arrivals  from  thick  ice-bonded 
permafrost .  

Fig. 2. Location of industry  data,   analysed  for  high-velocity  refraction  events.  
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permafrost   from  industry  seismic  records.  

In the  ice-bonded  zones,   there  is   evidence to 
sugges t   tha t  at least   two  "seismic"  layers  exist   from a 
close  examination of the  depth  determinat ions to t h e   t o p  
of ice-bonded  permafrost.  The  upper  layer  depths  lie  in 
t he   r ange  of 60 - 100 m  and  the  lower  layer  depths  are  in 
t he   r ange  of 120 - 250 m. Often,  evidence of the  lower 
layer  can  be  seen as a la ter   event   on  seismograms  where 
upper   layer   refract ions  are   interpreted.   The  locat ions of 
the  interpreted  upper  and  lower  seismic  layers  are  shown 
in Fig. 4 and  Fig. 5. 

The  upper  seismic  layer  often  displays  rapid at- 
tenuation of the  f i rs t   arr ival   refract ion  suggest ing a thin 
layer   (see  Par t  11). The  refractions  associated  with  the 
lower  layer,   in  contrast ,   show  low  attenuation  rates,  
indicating a thick  layer (>30 m). 

By examination  of  records  in  the  central   part  of 
the   survey   a rea   near   the  135"W ice-bonded  permafrost 
boundary,  we  have  mapped  an  area  where  sub-seabottom 
sediment  velocit ies  are  anomalously  higher  than  published 
velocity  depth  functions  for  non-permafrost   areas  (Hofer 
and  Varga, 1972). The  zone  is  shown  in  Fig. 6 for 
velocit ies in the   range  of 1700 to 2400 m/s. We suggest 
two  possible  interpretations:  
1)  The  velocities  may  result  from  partially  ice-bonded 

clays  and  si l ts  at temperatues   just   below 0°C 
where   the  ice con ten t  is not  high  enough to produce 
velocit ies  above our threshhold  values of 2.5 km/s  
for ice-bonded  sediments,  or, 

2) These  velocit ies  may  result   from  the  occurrence of 
c la thra te   hydra tes  at relatively  shallow  depths. 
Lit t le  is   known of the  seismic  propert ies  of gas  
hydrates.  In one  experiment  Stoll  et al, (1971) 
measured  velocit ies of hydrate-saturated  sands  in 
the  range  of IS00 to 2600 m/s. Gas  hydra tes   have  
been  encountered  in   some  Mackenzie   Del ta   wel ls  
and  can  exis t   in   associat ion  with  permafrost  and at 
tempera ture   above  0°C (Bily  and  Dick, 1974). 

CONCLUSION 

From  correlations of available  dri l l ing  data 
(Hunter et al, 19761, i t   appears   in   the   se i smic   in te rpre-  
tation  that   ice-bonded  permafrost  is confined to a reas  
of sand  and  gravel  where  abundant  fresh  water  has  been 
available to form  inter-granular  ice. In the  offshore 
regions  (where  mean  annual  seabottom  temperatures 
are less than O O C )  ice-bonded  permafrost  is  probably 
aggrading at the  upper  surface if the  pore-water 
salinity  is  negligible,  and  degrading at the  lower 
boundary.  Inshore,   where  seabottom  temperatures  are 
under  the  influence of the  Mackenzie  River  discharge,  
ice-bonded  permafrost is degrading  from  both  the  upper 
and  lower  surfaces.  Rugged  topography  found  on  the 
upper  boundary  in  the  inshore  regions  bears  witness to 
ei ther   the  different ia l   degradat ional   ra tes   resul t ing 
from  river  channel  development at lower sea levels, or 
the  complex  distribution of grain-size  and  pore-water 
salinity  in  the  sediments.  

Although  in  the  western  portion of the  survey 
area  seismic  records  reveal   l i t t le   indicat ion of ice- 
bonding  offshore,   bot tom  temperature   data   suggest   that  
permafrost  conditions  exist;  hence  we  suggest  that  most 
of the  upper 100 m e t r e s  of sub-seabottom  materials  is 
fine-grained silts and  clays.  This  interpretation 
correlates   wel l   wi th   the A.P.O.A. dril l ing  results  in  the 
inshore area (Golden et al, 19701, indicating a 
thickening  of  fine-grain  sediments to the   wes t  of 
135"W. Further,  we suggest that  thick  f ine-grained 
materials  probably  can  be  found  below  seabottom  north 
of Cape  Dalhousie   in   the  area  where  our   seismic 
interpretation  indicates  no  ice-bonding  present.  

Most cores taken  in  coarse-grained  ice-bonded 
mater ia l s   in   the   thermokars t  area onshore (Rampcan and 



Mackay, 1971) indicates  excess  ice  present.   Indeed, 
seabot tom  topography,   not   unl ike  onshore  thetmokarst  
a r eas ,  is found  in   areas  of interpreted  ice-bonded  perma- 
f ros t .  Hence i t  is not  unreasonable to expec t   excess  
ice   condi t ions to exis t   offshore  in   s imilar   mater ia ls .  We 
suggest   that   our   interpretat ion of ice-bonded  sub-seabot- 
tom permafros t   may be t aken  as a guide to a reas   where  
excess   ice   condi t ions  may  present   engineer ing  hazards .  

As well, s ince  gas   hydrates   in   sediments   are ,  at 
present,   seismically  indistinguishable  from  ice-bonded 
pe rmaf ros t ,   an   i n t e rp re t a t ion  of high  seismic  velocit ies 
may   a l so   s e rve  as a guide to the   po ten t ia l   occur rence  of 
such  shallow  deposits.  
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Fig. 5. Distribution  and depth to  the   top  of the  lower  thick  continuous 
velocitv layer. 

7 1 ' ' ~  

high- 

Fig. 6 .  Distribution of anomalous  velocit ies which a r e  higher t h a n   e x p w t e d  
for  unconsolidated  sedIlments but lower than  expected  for   ice-saturated  sediments .  



520 

HOFER, H., and W .  VARCA,  1972. Seismogeologic 
experience  in  the  Beaufort   Sea.  Geophys. 37, (4), 
605-619. 

HUNTER,  J.A.  1973.  Shallow  marine  refraction  survey- 
ing  in  the  Mackenzie  Delta  and  Beaufort   Sea.  
Geol.  Surv. Can. Paper 73-18: 59-66. 

VUNTER,  J.A.  and G.D.  HOBSON.  1974.  Seismic 
refract ion  method of de tec t ing   sub-seabot tom.per -  
mafros t .  In: The Coast and  Shelf of the   Beaufor t  
Sea,  3.C. Reed  and J.E. Sater  (eds), A.I.N.A.: 401- 
416. 

HUNTER, J.A., A.S. JUDGE, H.A. MACGULAY, R.L. 
GOOD, K.M. GAGNE,  and K.A. BURNS,  1976.  Permafrost 

and  Frozen  Sub-Seabot torn  Mater ia ls   in   the 
Southern  Beaufort   Sea,   Beaufort   Sea  Project.  
Tech.  Rep.  no.  22,  Geol.  Surv.  Can. 

JUDGE, A.S. 1974.  The  occurrence of offshore  perma- 
frost in  Northern  Canada In: Proceedings of the, 
Symposium  on  Beaufort   Sea  Coastal  & Shelf 
Research, A.I.N.A. San  Francisco,  427-437. 

MACKAY, J.R. 1972.   Offshore  permafrost   and  ground 
ice ,   southern  Beaufort   Sea.   Can.  3 .  Earth  Sci.  9: 
1550-1561, 

KAMPTON, V. and J.K. MACKAY,  1971.  Massive  ice  and 
icy  sediments   throughout   the  Tuktoyaktuk  Penin-  
sula,   Richards  Island  and  nearby  area,   District  of 
Mackenzie. Geol. Surv.  Can.  Paper  71-21, 16 pp. 

STOLL, R.D., 7. EWING, and  G.M. BRYAN,  1971. 
Anomalous wave velocit ies in sediments   containing 
gas   hydrates ,  J. Geophys.  Res. 76:  2090-2094. 



521 

INTERPRETATION OF SUB-SEABOTTOM PERMAFROST I N  THE BEAUFORT S E A  B Y  
S E I S M I C  METHODS. PART I I .  ESTIMATING THE THICKNESS O F  THE H I G H -  
VELOCITY LAYER 

J . A . H u n t e r * ,   K . G . N e a v e + ,  H . A . M a c A u l a y * ,   a n d  G.D.Hobson+, ;kGeologica l  
S u r v e y  o f  C a n a d a ,   + P o l a r  C o n t i n e n t a l   S h e l f   P r o j e c t ,   O t t a w a ,   C a n a d a  

l a y e r s   h a s   b e e n   c o n d u c t e d   t o   d e t e r m i n e   t h e   p o t e n t i a l  o f  m a p p i n g  
t h i c k n e s s  o f  p e r m a f r o s t   u n d e r   t h e   B e a u f o r t  Sea S h e l f .   F o r   t h i n ,  
s h a l l o w ,   h i g h - v e l o c i t y   l a y e r s ,  a m e t h o d   d e s c r i b e d   b y  J.H. Rosenbaum, 
u s i n g   a t t e n u a t i o n   m e a s u r e m e n t s   o f   r e f r a c t e d   e n e r g y ,   h a s   b e e n *   s u c c e s s -  
f u l .   F o r   t h i c k e r   l a y e r s ,  a d i s p e r s i o n   m e t h o d   b a s e d   o n   m o d a l   p r o p a g a -  
t i o n   ( d i s c u s s e d   b y   R o s e n b a u m )   a n d  a t e c h n i q u e   b a s e d   o n   d i s c r e t e   r e f   l e c  
t i o n s   f r o m   t h e   b a s e  o f  t h e   l a y e r   h a v e   b e e n   t r i e d ;   h o w e v e r ,   s t r o n g  
m o d e s   d e v e l o p e d   i n   t h e   l o w - v e l o c - i t y   l a y e r   a b o v e   t h e   i c e - b o n d e d   s e c t i o n  
a d d i n g   c o n s i d e r a b l e   n o i s e  t o  t h e   r e c o r d s .   T h e  l o w  s i g n a l - t o - n o i s e  
r a t i o   o n   t h e   u n p r o c e s s e d   r e c o r d 5   m a k e 5   m e a s u r e m e n t  o f  t h i c k n e s s   u n -  
r e l i a b l e .   S i g n a l   e n h a n c e m e n t   p r o c e s s i n g  may r e t r i e v e   t h e   t h i c k n e s s  
i n f o r m a t i o n   f r o m   t h e   r e c o r d s .  

A s t u d y  o f  t h i c k n e s s   d e t e r m i n a t i o n   m e t h o d s  f o r  h i g h - v e l o c i t y  

, , , 
INTERPRETATION DU PERGELISOL SOUS-MARIN DE LA MER DE BEAUFORT PAR DES METHQDES, 
SISMIQUES. PARTIE 2. ESTIMATION DE LA PUISSANCE DE LA COUCHE DE V!TESSE  ELEVEE 
J.A. Hunter::, K.G. Neave?, H.A. MacAulaya,  and G.D. Hobson+, Xommision  gCologique 
du Canada, + p r o j e t   r e l a t i f  au   p la teau   con t inen ta l   po la i re ,   O t tawa ,  Canada. 

On a e f f e c t u e  une  etude  des  rngthodes  de  determination  de l a   pu i ssance  des 
couches  caract6r isCes  par  une  v i tesse  &levee  de  propagat ion  des  ondes  s ismiques, 
pour determiner dans q u e l l e  mesure il e s t   p o s s i b l e   d e   c a r t o g r a p h i e r   l ' & p a i s s e u r  
du pergCl iso1   sous-mar in   du   p la teau  cont inenta l   de   la  mer de  Beaufor t .  Une mgthode 
d e c r i t e   p a r  J.H. Rosenbaum, q u i  a u t i l i s e  des  mesures  de l ' a t t e n u a t i o n   d e   l ' e n e r g i e  
r e f r a c t e e ,  a donng  des resul ta ts   conc luants   pour   les  couches  peu  profondes,   carac-  
t e r i s e e s   p a r  une v i t esse   & levee .  Pour le5  couches  p lus  gpaisses,  on a essay6  une 
methode  de d i s p e r s i o n  basee  sur l a  propagat ion  modale  (Ctudige  par Rosenbaurnl, e t  
une t e c h n i q u e   b a d e   s u r   d e s   r g f l e x i o n s   d i s c r g t e s  A p a r t i r  de l a  base  des  couches; 
cependant,  de  forts  signaux  se  sont  produits  dans l a  couche   de   Pa ib le   v i t esse   s i t uee  
au-dessus  de l a   t r a n c h e   l i 6 e   p a r  l a  g lace ,   qu i  a i n t r o d u i t  un b r u i t   c o n s i d e r a b l e  
dans les   enreg is t rements .  Le f a i b l e   r a p p o r t   s i g n a l - b r u i t   s u r   l e s   e n r e g i s t r e m e n t  non 
t r a i t e s   r e n d   l e s  mesures  de  puissance  des  couches  peu  sores.  L'ampli f icat ion 
autornatique  de5  signaux  peut  aider a obten i r   sur   les   enreg is t rements   des   rense igne-  
ments r e l a t i f s  3 la  puissance  des  couches. 
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INTERPRETATION  OF  SUB-SEABOTTOM  PERMAFROST 
IN THE  BEAUFORT  SEA BY SEISMIC METHODS 

PART I1 ESTIMATING THE THICKNESS OF THE  HIGH-VELOCITY  LAYER 

J.A. Hunter*,  K.C. Neave', H.A. MacAulay"  and G.D. Hobson+ 

*Geological  Survey of Canada, 'Polar Continental  Shelf  Project, 
Department  of Energy,  Mines  and  Resources,  Ottawa,  Canada 

INTRODUCTION 

A  knowledge of the  depth to the  base of a high- 
veloci ty   permafrost   layer   is   desirable   both  for   making 
seismic  ref lect ion  s ta t ic   correct ions  and  for   cer ta in  
engineering  aspects of well  drilling* We have  made  three 
d i f fe ren t   a t tempts  to map  the  lower  permafrost   boundary 
with  data   f rom  the  f ront-ends of oil-industry  marine- 
reflection  records  (see  Part  I for  detailed  description) 
using  an  attenuation  method, a dispersion  method  and 
finally  reflection  readings.   The  three  methods  are  similar 
to the  extent   that   they  a l l   depend  on  seismic  energy  being 
ref lected  f rom  the  bot tom of the  high  velocity  layer.  The 
bottom  reflections  cause  interference  phenomena  for  the 
attenuation  and  dispersion  techniques  and  they  cause 
discrete   arr ivals   for   the  ref lect ion  method.   Each  method 
is described  separately  below. 

ATTENUATION  METHOD 

The  f irst   approach  is  to assume  that   the   layer   is  
thin  with  respect to the  wavelength of the  signal. In this 
case, the   th in   l ayer  acts as a waveguide  for  some of the 
incident  energy.  The  rays  are  reflected  internally at or 
near  grazing  incidence to form a 'plate  wave'  which 
travels  without  dispersion.  A  'plate  wave'  signal  would 
resemble a head  wave  on a record  except   that   i t   would 
suffer  amplitude  decay as i t   propagates   because  shear  
wave  energy is radiated  into  the  low  velocity  medium  on 
either  side.  Rosenbaum  (1965)  published  theoretical 
calculat ions  on  the  a t tenuat ion  ra te   and  produced  an 
appropriate  formula  which  would  apply to  wavelengths 
which  are  long  with  respect to layer  thickness.  The 
expression 

B = K  -1/2L-1/3 & D-l 
p2  vPL2 

shows  an  inverse  relationshlp  between  the  layer  thickness, 
D, and  the  a t tenuat ion rate, 8. There   a r e   f ac to r s   i n   t he  
expression  related to: geometr ic   spreadin of the  energy,  
(R- 1 /2 ); dispersion of the  signal,  (L-"'); the   densi ty  
con t r a s t  of the  layer ,  (pl/p2); and  the   cont ras t   be tween 
the  shear  wave  velocity  in  the  low-velocity-surroundings 
and-  the  plate-wave  velocity  in  the  high-velocity  layer, 
(Vsl/VpL2). The  Rosenbaum  expression  for  at tenuation is 
only  valid  for long wavelengths X/D>II, (Sherwood,  1967). 
Model-study  measurements  have  confirmed  i ts   validity  in 
t ha t   r ange  (Donato, 1965; Lavergne,  1966;  Poky  and 
Nooteboom,  1966;  and  Riznichenko  and  Shamina, 1957). 

In using  the  Rosenbaum  expression,  the  plate-wave 
veloci ty   can  be  measured  direct ly   on  the  records  but   the  
shear  velocity  in  unfrozen  sediments  cannot.   Since  we 
have  no direct   measurements   f rom  f ie ld   s tudies  in t h e  
a rea ,  a typical  velocity of 400 m/sec.  has  been  used 

(Hamilton, 1971, and  Molotova  and  Vassil'ev, 1960). 
Therefore ,   the   th ickness   es t imates  will be  subject to 
error  where  this  value  is   not  appropriate.  

The  Rosenbaum  expression  has  given  good  results 
for  some  Geological  Survey of Canada  seismic  data   taken 
near  shallow  offshore  boreholes:  one at Tingmiark 
located  north of Toker  Point,   the  other  in  Kugmalli t  Bay. 
The  seismic  thickness   es t imates   are   within  12% of the 
measured  thickness. In both cases, the  thickness is less 
than 10 m. 

Attenuation  studies  on  some  industry  data  suggest 
t he re  is an  average  thickness  of the  upper  high-velocity 
layer of 14 metres   in  a smal l   a rea   nor th  of Richards 
Island. 

Higher  frequency  modes  have  higher  attenuation 
rates  than  the  low-frequency  plate-wave  according to  
Sherwood (1967) and  Rosenbaum  (1965). If a t tenuat ion 
measurements  were  made  incorrectly  on  higher  modes,  
the  thickness  estimate  would  be too small.  As a result, 
some  drilling  control i s  necessary t o  ver i fy   the  thickness  
determinations by the  a t tenuat ion  method.  

DISPERSION  METHOD 

The  second  method  assumes  that   the  layer  is   thick 
with  respect to wavelength.  The  high-velocity  layer acts 
as a waveguide  for  dispersed  modes.  Rosenbaum (1964) 
produced a set of velocity  solutions for trapped  modes  in 
a Lucite  plate  submerged  in  water.   Dispersion  occurs 
since  the  group  velocity  is  a function of frequency.  The 
phase  velocity of a mode is always  greater  than  or  equal 
to the  plate-wave  velocity. 

Rosenbaum  found  that   low  attenuation  rates  were 
possible  for  parts of the  higher  modes,  particularly  n = 2 
so tha t   par t s  of these  modes  should  be  observable  on 
seismic  records. Crary (1954)  identified  the  analogue to 
the  second  mode as a prominent  high-frequency  event 
during  his  seismic  study  on  ice  island, T3, and  used i t  to 
es t imate   the   th ickness  of the  ice.  The  ice-bondkd 
permafrost   layer   in   our   s tudy is not  surrounded by a 
fluid, as in  Rosenbaum's  model,  but  by  sediments  with a 
finite  but  low  rigidity.  The  velocity  structure  is  not 
expected to be   a l te red  by the  low  rigidit ies  encountered 
in  unfrozen  sediments.  There  will be some  shear-wave 
energy  radiating  from  the  plate,  as discussed  in  the  f irst  
model,  and  all of the  modes  in  the  plate  will   thereby 
suffer   some  a t tenuat ion.  In addition,  the  dispersion 
cu rves   a r e  a funct ion of Poisson's  ratio.  Kurfurst (1977) 
finds  that   frozen  sediments  have  typical  values of 0=0.4. 
The  curves  were  calculated  using o = 1/3 so t h a t   s o m e  
adjustment  would  be  required to do   accu ra t e   da t a  
processing for a permafrost  high-velocity  layer. 



523 

In prac t ice ,  a few  good  records  showed  enough  velocity  layer  mode. In this case, t h e  high  frequency 
ev idence  of the  required  modes to perform a reliable  suggests  that   these  could  be  higher  modes (n = 4, 6, or 8). 
interpretat ion  but   most  had too low a s ignal- to-noise   ra t io   Unfortunately,   the   uncertainty of the  mode  idcntifica- 
(Fig. 1). Usually,   the  best   ucveloped  modes  were  the  t ion  renders  the  interpretation of thickness  ambiguous. 
leaking  modes in the  waveguide  above  the  high  velocity 
layer  (Phinney, 1961) and  they  obl i terated  the  s ignals   which mode number identification, could be OvercOtne if 

Both of the  problems,  upper  waveguide  noise  and 

for   which  the  dominant   ear ly   arr ival   appears  to be a high- 
to the lower  boundary*  Figure shows a record tent records were using  signal-enhancement 

techniques on very  low-frequency  records. 

Fig. 1. An  industry  reflection  record  front  end  showing  multiple  reflec- 
tions from the  low-velocity  zone above the  high-velocity  layer,   and 
also showing  multiple  reflections  which  appear to or iginate   within 
the  high-velocity  layer. 
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Fig. 2. An i ndus t ry   r e f l ec t ion   r eco rd   f ron t  end showing   mu l t ip l e   r e f l ec -  

t ions   f rom  wi th in   the   h igh-vc loc l ty   l ayer .   These   appear  to  
r ep resen t   h ighe r   modes  of t h e   t y p e   d e s c r i b e d  by Rosenbaum  (1964).  

REFLECTION NiETHUr) 

The   t h i rd   s i t ua t ion  is t h e   o n e   f o r   w h i c h  the l a y c r  is 
so th i ck   t ha t   d i f f e ren t   mu l t ip l e   r e i l ec t ions   i n s ide   t he  
l a y e r   a r e   s e p a r a t e d   i n   t i r n e ;   t h e r e f o r e ,   i n t e r f e r e n c e  
b e t w e e n   t h e   m u l t i p l e s  is not  a problem. In such  a case, 
t h e   d i s c r e t e   r e f l e c t i o n   a r r i v a l s   f r o m   t h e   t o p   a n d   b o t t o m  
of t h e   f r o z e n   l a y e r   c a n   b c   u s e d  to d e t e r m i n e   t h c   t h i c k n e s s  
and   ve loc i ty  of t h e   l a y e r ,  (Fig. 3). 

T h e   m a j o r   f a c t o r s  to b e   c o n s i d c r c d   a r e   t h e   r e l a t i v e  
ampl i tudes   (F ig .   4A)   and   a r r iva l   t imes   (F ig .  415) of t h e  
s igna ls .   Ampl i tude   s tud lcs   ind ica te   rha t   re f rac t ion  ar- 
rivals  should be l a rge r   t han   t he   co r re spond ing   r e f l ec t ion .  
F igure   5   shows a s t r o n g   r e f r a c t i o n   a r r i v a l ,  i n  addi t ion  to  a 
r c f r ac t ion   mu l t ip l e   (one   wh ich  has r e f l e c t e d   o n r e   f r o m  
t h e   f r e e   s u r f a c e )   a n d   n o   b o t t o m   r e f l e c t i o n .   J u s t  as t h e  
d l spe r s ion   me thod   encoun te r s   s t ronge r   r eve rbe ra t ions  
a b o v e   t h e   p e r m a f r o s t   l a y e r ,   t h e   b o t t o m   r e f l e c t i o n   m e t h o d  
also s u f f e r s   f r o m   s t r o n g   i n t e r f e r e n c e   f r o m   e n e r g y   p r o p a -  
ga ted   h igher   in   the   sec t ion .   This   method  could   be   u t i l i zed  
if the   s igna l - to-noise  ratio w e r e  improved. 

CONCLUSION3 

S o m e   l i m i t e d   s u c c e s s   h a s   b e e n   f o u n d   f o r   t h e  
t h i c k n e s s   m e a s u r e m e n t s   f r o m   d a t a   o n   t h e   f r o n t - e n d s  of 
i n d u s t r y   r e f l e c t i o n   r e c o r d s .   T h e   a t t e n u a t i o n   m e t h o d   c a n  
be used for re la t ive ly   th in   l ayers   ( less   than   30   m) .   Future  
s t u d i e s   a r e   p l a n n e d  to m a p   t h i c k n e s s   i n   a r e a s   w h e r e   s u c h  
th in   l aye r s   occu r .  ' h e  lower   boundary  of th icker  
pe rmaf ros t   l aye r s   canno t   be   t napped   u s ing   t he   unenhanccd  
r eco rds   wh ich   were   aqa i l ; l b l e   fo r   t h i s   s tudy .  I f  b e t t e r  
s igna l - to -no i se   r a t io s   were   ach ieved   fo r   t he   bo t tom 
r e f l e c t i o n s  by a t y p e  of ve loc i ty   f l l t e r ing ,   t hen   bo t tom 
de te rmina t ions   fo r   t h i cke r   l aye r s   shou ld   be   f eas ib l e  
seisrnical ly .  
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FORECAST OF CHANGES IN GEOCRYOLOGICAL CONDITIONS DURING ECONOMIC DEVELOPMENT O F  THE 
PERMAFROST REG I ON 

V .A .  Kudryavtsev  and L.N. Maksimova, Moscow S t a t e   U n i v e r s i t y ,  U .S .S .R .  

The authors  examine  the  general   problems of g e o c r y o l o g i c a l   f o r e c a s t i n g :   i t s  
aims,  content,  forms,  objects  and  methods.  The  aims  and  tasks of f o r e c a s t i n g   a r e  
de f i ned   b road ly  as a s u b s t a n t i a t i o n   n o t   o n l y   o f   d e s i g n  and c o n s t r u c t i o n ,   b u t   a l s o  
o f  a scheme o f  development of t h e   p e r m a f r o s t   r e g i o n ,  as w e l l  as o f  p r i n c i p l e s  and 
methods o f   r a t i o n a l  use o f  n a t u r a l   r e s o u r c e s   i n   t h i s   r e g i o n .  These  problems  are 
s o l v e d   s u c c e s s i v e l y   a t   d i f f e r e n t   s t a g e s   o f   d e v e l o p m e n t   b y   p r e p a r i n g   g e n e r a l ,  
r e g i o n a l   a n d   l o c a l   f o r e c a s t s ,   w h i c h   i n c l u d e   a n   e v a l u a t i o n   o f   t h e   n a t u r a l   e v o l u t i o n  
of t he   env i ronmen t   (env i   ronmen ta l -h i s to r i ca l   f o recas ts ) .  The impor tance   o f   s tudy -  
ing   the   response of the  env i ronment  t o  changes i n   g e o c r y o l o g i c a l   c o n d i t i o n s  
( e c o l o g i c a l   f o r e c a s t s )   i s   n o t e d .  The i n t e g r a t e d  methods o f   g e o c r y o l o g i c a l   f o r e -  
c a s t i n g   a r e   d i s c u s s e d .  All t h i s   p o i n t s   t o   t h e   c o m p l e x i t y  of the  problem  and i t s  
g rea t   economic   s ign i f i cance.  

P R ~ V I  s I O,N DU CHANGEMENT DES CONDITIONS G ~ O C R Y O L O G  IQUES PAR su ITE DE L ' A M ~ N A G E M E N T  
DE LA REGION DE P E R G ~ L  I SOL 
V.A. Kudryavtsev, L.N.  Maksimova, U n i v e r s i t k   d ' i t a t  de MOSCOU, URSS 

Les au teurs   g tud ien t   les   aspec ts   ggneraux  de l a   p r e v i s i o n   g e o c r y o l o g i q u e :  ses 
b u t s ,   s o n   c o n t e n u ,   s e s   d i f f e r e n t e s   f a c e t t e s   e t   l e u r s   i n t e r r e l a t i o n s ,  ses o b j e t s   e t  
methodes. Les bu ts   e t   l es   p rob lsmes  de l a   p r e v i s i o n   s o n t   c o m p r i s  au  sens l a r g e  
comme l e  fondement  non  seulement de l a   c o n c e p t i o n   e t  de l a   c o n s t r u c t i o n   m a i s   a u s s i  
du p r o j e t  d'amenagement  de l a   r e g i o n   p e r g e l i s o l e e ,  des p r i n c i p e s   e t  des  mgthodes 
d ' e x p l o i   t a t i o n   r a t i o n n e l   l e  de ses ressources  nature1  les.  Ces prob lsmes  se   rgso lvent  
success ivement   aux  d i f ferentes  e tapes de 1 'amenagement l o r s  de 1 ' & l a b o r a t i o n  de pr6-  
v i s ions   synop t ique ,   reg iona le   e t   conc rs te ,   qu i   comprennen t  1 ' a p p r 6 c i a t i o n  de 
1 ' evo lu t i on   no rma le  de 1 ' e n v i   r o n n e m e n t   ( p r e v i s i o n   n a t u r o - h i s t o r i q u e )   e t  de 1 ' i n f l u -  
ence  technog6ne  (previ s ion  technogen  ique) . Le r81 e de 1 ' e tude  des reac t   i ons  de 
1 'env i ronnement   aux  t ransformat ions des c o n d i t i o n s   g b c r y o l o g i q u e s   e s t   m i s  en 
r e l i e f   ( p r e v i s i o n   g c o l o g i q u e ) .   D i s c u s s i o n  des methodes  complexes  de p r e v i s i o n  geo- 
c r y o l o g i q u e .  Les questions  examinees  temoignent de l a   c o m p l e x i t 6   d u   p r o b l s m e   e t  de 
sa  grande  importance  pour  l 'economie. 

l'lPOl?H03 M3MEHEHMR TECKPMOAOTMqECKMX YCJIOEaMGI LPM rIPOK3BOflCTBEHHOfiI 
OCBOEHMM  OEJZACTM MHOl?OJlETHEI\rlEP3JIbIX rIOPOfl 
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G E O C R Y O L O G I  CAL SURVEY METHODS 

V . A .  Kudryavtsev and K.A. Kondrat 

533 

leva, Moscow S t a t e   U n i v e r s i t y ,  U.S.S.R. 

The main  purpose o f  g e o c r y o l o g i c a l   i n v e s t i g a t i o n s   i s   t h e   d e t e r m i n a t i o n  o f  
bo th   t he   ex i s t i ng   pe rmaf ros t   cond i t i ons   and   t hose   wh ich  will r e s u l t  from  the 
economic  development of a g i v e n   t e r r i t o r y ,   F o r   t h i s  i t  i s   e s s e n t i a l   t o   e x p l a i n  
why pa r t i cu la r   pe rmaf ros t   cond i t i ons   ex i s t   i n   t he   p resen t   env i ronmen t ,   wha t   caused  
them  and how they will develop i n  a changing  environment. Thus g e o c r y o l o g i c a l  
i n v e s t i g a t i o n s  must   inc lude a s tudy   o f   t he   deve lopmen t   o f   geoc ryo log i ca l   cond i t i ons ,  
i ,e .  a s tudy   o f   t he   e f fec t   on   t he i r   deve lopmen t   o f   each   env i ronmen ta l   f ac to r .  Such 
a s t u d y   i s   p o s s i b l e   o n l y   o n   t h e   b a s i s  of a geoc ryo log i ca l   su rvey   wh ich   i s   t he  most 
complete  form o f   p e r m a f r o s t   i n v e s t i g a t i o n s ,  A geocryo log ica l   survey  must   inc lude 
a geoc ryo log i ca l   f o recas t  and a c o m p i l a t i o n  of  geocryo log ica l  maps o f   e x i s t i n g  and 
p red ic ted   pe rmaf ros t   cond i t i ons ,  as w e l l  as  recommendations  on  methods o f  c o n t r o l -  
l i n g   t h e   g r o w t h  of permaf ros t .  

METHODOLOG I E DU  LEV^ G ~ O C R Y O L O G  I QUE 

V . A .  Kudryatsev, K.A. K o n d r a t ' e v a ,   U n i v e r s i t C   d ' i t a t  de MOSCOU, U R S S  

La determinat ion  des c o n d i t i o n s   g e o c r y o l o g i q u e s   e x i s t a n t e s   e t  de c e l l e s   q u i  
s u i v e n t  1 'amgnagement d ' u n   t e r r i   t o i   r e   c o n s t i   t u e  1 ' o b j e c t i f   p r i n c i p a l  des recherches 
gCocryologiques. I1 s ' a g i t   d ' e x p l i q u e r   p o u r q u o i  ces c o n d i t i o n s   e x i s t e n t  dans l e  
m i l i e u   n a t u r e l   a c t u e l ,  comment e l l e s   o n t   g t e   c r g g e s ,   e t  comment e l l e s   6 v o l u e r o n t  
en  presence des v a r i a t i o n s  du m i  l ieu  env i ronnant .   Par   consequent ,   les   recherches 
g6ocryo log iques   do ivent   inc lu re  une etude des l o i s   q u i   r e g i s s e n t  l a  c r g a t i o n  des 
cond i t i ons   geoc ryo log iques ,   c ' es t -2 -d i re  de 1 ' i n f l u e n c e  de  chaque f a c t e u r  du 
mi l ieu   na ture l   sur   leur   deve loppement .  Une t e l l e   e t u d e   n ' e s t   p o s s i b l e   q u e  s i  e l l e  
s 'appu ie  s u r  l e   l e v g   g g o c r y o l o g i q u e   q u i   c o n s t i t u e   l a   f o r m e   l a   p l u s   c o m p l s t e  de 
recherche  ggocryologique. Le l eve   ggocryo log ique  do i t   ob l iga to i rement   comprendre  
l ' g l a b o r a t i o n  de p r g v i s i o n s  e t  de car tes   geocryo log iques   dgcr ivan t   les   cond i t ions  
geoc ryo log iques   ex i s tan tes   e t  a v e n i r ,   e t   a u s s i  une  recommandation p o r t a n t   s u r   l e s  
procedes e t  mgthodes 3 u t i   l i s e r   p o u r  l a  r e g u l a t i o n  de  ces processus. 
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CKEEP TEST ON UNDISTURBED ICE-mCH SILT 

~ 

E.C. Mr=Roberts, T.C. Law and T. Murray, Northem Engineering Services Cmpny 
Limited, CalgaIy, Alberta, Canada 

The results of creep tests on Undistwkd ice-rich silt frcan N o m  Wells, 
N.W.T. are presented. Iang term tests have been conducted typically to durations 
of up to 100 days, a t  stresses frm 70 to 300 KN/rn2, and at  tarpratures frm 
-1Oc tn -3Oc. The t e s t  data have hen interpreted in terms of secondary creep. 
Based on this interpretation,  the data suggests that undisturkd ice-rich silt a t  
low stress levels creeps at rates sanewhat less than those  reported for ice a t  
similar stresses and tenperatures. A t  higher stresses which ultimately lead t;O 
failure the creep rates are similar w i t h  ice. me long term strength at - ~ O C  for 
Mrman Wells silt is found to he in reasonable agreement  with other available data 
on f ine-grained low density soils. Wwwer, mnmn Wells silt exhibits less gain 
i n  strength w i t h  lower tanperatxire t?-nn do other frozen soils. 

ESSA I s DE FLUAGE, R ~ A L I S ~ S  SUR UN SILT NON  PERTURB^, i FORTE TENEUR D E  GLACE 

E . C .  McRoberts, T.C. Law and T. Mur ray ,   Nor thern   Eng ineer ing   Serv ices  Company 
L i m i t e d ,   C a l g a r y ,   A l b e r t a ,  Canada. 

Dans l e   p r e s e n t   a r t i c l e ,   o n  donne l e s   r e s u l t a t s   d ' e s s a i s  d e   f l u a g e ,   r 6 a l i s e s  
sur  un s i l t  non   pe r tu rb& ,   r i che   en   g lace ,   p rovenan t   du   pu i t s   de  Norman Wel ls ,  T.N. -0.  
On a e f fec tu6   des   essa is  de   longue  durhe ,   pouvant   a t te indre  100 j o u r s ,  au  cours 
desquel s des c o n t r a i n t e s   v a r i a n t   d e  70 a 300 KN/m2 o n t  6tP. exercges, A des  temp6ra- 
tu res   compr ises   en t re  - 1  OC e t  - 3  OC. On a i n t e r p r e t e   l e s  donnees  expgrimentales 
en f o n c t i o n   d u   f l u a g e   s e c o n d a i r e .   L o r s q u ' o n   s e   b a s e   s u r   c e t t e   i n t e r p r & t a t i o n ,   l e s  
donnees  semblent  indiquer  que l e   s i l t  non   pe r tu rb& ,   r i che  en glace,  soumis 3 de 
f a i b l e s   c o n t r a i n t e s ,   s u b i t  un f l uage   mo ins   rap ide   que ,ce lu i   cons ta t6   pou r   l a   g lace ,  
soumise 3 des c o n t r a i n t e s   e t  des   t empera tu res   s im i l a i res .  Sous l ' e f f e t   d e   c o n -  
t r a i n t e s   p l u s  -Elev6es, q u i   f i n i s s e n t   p a r   p r o v o q u e r   l a   r u p t u r e ,   l e s   v i t e s s e s   d e  
f l u a g e   s o n t   l e s  msmes que p o u r   l a   g l a c e .  On cons ta te   auss i   qu '4   l a   t empera tu re   de  
- 1  OC, l a   r 6 s i s t a n c e  3 l o n g  terme du s i l t  de Norman Wel ls   concorde a s s e z  bien  avec 
l e s   a u t r e s  donnees d i s p o n i b l e s   s u r   l e s   s o l s  3 g r a i n s   f i n s  e t  de f a i b l e   d e n s i t e .  
Cependant, l e   s i l t  de Norman W e l l s   m a n i f e s t e  une  augmenta t ion   de   rgs is tance  p lus  
f a i b l e  en f o n c t i o n  de 1 'abaissement  de  la  temperature  que  les a u t r e s  g C l i s o l s .  
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E.C. Mc=Raberts*, T.C. Law and T.K. Murray 

Northern mgineerinq Services Campany Limited, Calgary 
*Assigned fm R.M. Hardy and Associates Limited, Calgary 

lNTmDXTTTCeT 

This paper presents the resdts of constant st ress  
creep tests conducted on frozen samples of undistur- 
bed ice-rich silt fran N o m  Wells, N.W.T. Tests 
of typically up to  100 days duration at  stresses 
f r m  70 to 300 kN/m2 and temperatures fran -1°C to 
-3°C are presented as are a ccanplerrtx~tary series 
of shorter duration tests which terminated i n  creep 
failure. The data a t  lwer stresses is interpreted 
in terms of secondaty creep. While in saw tests 
this steady state rate may only be the minimun 
creep rate at  the esad of the test ,  evidence suggests 
a truly steady rate is often attained. 

SAMPLING ANJ3 TESTING PIMCEDURES 

Samples were obtained fran the Canadian Arctic 
Gas Study Limited Test Site a t  Norman Wells. Four 
inch d i m t e r  cores were obtained by drilling hri- 
zontally in  the walls of a test pit.  The test p i t  
i tself  was saw h x 2-n square by 2 n  deep and  was 
excavated with extrene care so as to ensure minirmm 
disturbance to the insitu permafrost. Firstly, a 
series of closely spaced and overlapping holes were 
drilled conpletely around t k  h x h sq -mce  and to 
a depth of h. The remaining block of frozen soil, 
which was no where in  contact w i t h  the  exterior 
walls of the p i t  w a s  then broken up using jadc- 
hamwrs. Frozen cores were then obtained fm belaw 
the normal a&= layer fran a depth of 1.0 t~ 2.W. 
Sampling w a s  undertaken during winter mnths with 
ambient air tanperatures as low as -4OOC. The index 
properties of the cores obtained and tested are 
listed in Table 1. The ice structure i n  the insi tu  
perma€rost was a finely banded stratif ied ice of 
essentially  horizontal bands of visible ice f r m  5 
to 201-m in thichess separated by soil  layers of 
equivalent thickness. Because the cores were sam- 
pled horizontally tlae creep tests me mdertaken (x1 

cores carpsed of essentially vertical slabs of 
frozen so i l  and ice w i t h  the abme noted spacing. 

Sample with a 2: l  length to dimer ratio and 
d i m t e r s  fran 94 to 1 O h  were tested i n  a tri- 
axial cell of local design. Load was applied using 
a 2 h  dimter case hardened piston through a 
Tlmnpson linear ball bearing race. men cell pres- 
sures were applied a w i p e r  seal munted beneath the 
bearing race provide3 a g c d  seal a t  exceedingly 
l i t t le pistan  friction. A dial gauge accurae to 
 IO-^ inch (2.5X10-3 mn) was used to  masure 
sample defomtim. For tests conducted to w e  
displacarrents minor adjusmts to load *E 

TABLE 1 - PROPERTIES OF TEST SAMPLES 

INITIAL 
FROZEN ICE 

SANPLE BULK (WATER) LIQUID PLASTIC 
NUMBER DENSITY CONTENT SAND SILT CLAY L ~ M I T  LIMIT 

( W d )  ( X )   ( X )  (%) (X)  (X) ( X )  

B- 1 
B-3 
B-4 
B-6 
0-7 
B-8 
8-9 
8-10 
B-11 
B-12 
E-13 
B-14 
8-17 
B-18 
B-19 
8-20 
8-21 
8-22 

B-24 
8-23 

8-25 
B-26 
8-27 
8-28 
B-29 

B-36 
8-33 

8-36 
B-40 
8-41 
B-42 
8-45 
B-46 

8-52 
B-53 
B-60 
8-61 
B-62 

8-51 

1369 
1206 
1211 
1416 
1308 
1135 
1181 
1161 
1270 
1455 
1394 
139f 
1452 
1337 
1471 
1394 
1351 

1367 
1479 

1416 
1495 

1455 
1622 
1678 
1462 
1307 
1536 

1467 
1356 

1260 
1556 
1489 
1321 
1235 
1357 
1464 
1368 
1386 
1358 

94.1 3  70 27 
TEST UNDERWAY 

126.2 
80.1 
96.6 

155.3 
185.1 

115.4 
74.4 

85.9 

100.6 
78.8 

70.2 

105.4 
69.3 
90.6 
67.3 
70.0 
74.2 
48.8 
L2.2 

106.9 
64.6 

57.9 
89.0 

123.1 

65.6 
56.2 

85.9 

90.1 
67.9 
90.1 
86.1 
90.7 

128.8 

86.2 

81. a 

198.8 

128.1 

1 
4 
4 
5 
6 
6 
4 
4 
11 
3 
4 
3 
3 
4 
4 
3 

4 
3 

3 
5 
5 

- - 
3 
3 
4 

3 
5 
I 
5 

75 24 

67 29 
71 25 

73 22 
75 19 
72 22 
75 21 
75 21 
53 36 
74 23 
71 25 
76 21 
74 23 
76 20 
71 25 
61 36 

67 30 
79 17 
73 24 
70 25 
72 23 

" 

" 

" 

" 

- -  
65 32 

63 33 
59 38 

78 19 
75 20 
70 26 
77 18 

" 

" 

" 

" 

42 

44 
60 

54 
56 
56 
54 
51 
52 
39 
47 

46 
43 

38 
31 
37 
37 

41 

40 
L2 

33 
33 
- 
- 
- 
49 
52 
38 - 
4 2  
52 
43 
34 

33 

51 
35 
44 
47 
46 
42 
40 
33 

40 
27 

28 
35 
28 
23 
28 
27 

26 
29 
28 
23 
24 

40 
39 
26 

31 
39 
30 
25 

- 

to ensue constant stress conditions. Tests were 
mrducted in a large walk-in freezer maintain& 
a t  -4.O"C. Each cell was  surrounded by 5Qm of 
styrofomn insulation top and side and placed on a 
plate of 4 h  p l y a d .  A copper coil  inside  the 
cell was  connected to  a Hat Pack -1 603340 
tmprature control unit operated outside the walk- 
in freezer. one hot pack was connected in parallel 
w i t h  three cells using well insulated  leads. This 
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system a l l 4  control of temperaturres to about 
40.1"C. A t k i n s  Pm9-3 thermistors were used to 
mitor sample tmpxatures on an hourly basis and 
the daily average temperatures calculated. D i a l  
gauge readings were taken as required dee- 
upn test duration but a t  a minimum of one reading 
daily.  Prior to load application the sample temp- 
erature was all- to s tab i l ize  for 48 hours. A 
seating Load consisting of the piston and hanger 
load was then applied for approximately two hours 
before findl load application. 

Because of the long duration of the testing 
prcgram sane difficulties in tenperatwe fluctu- 
ations were expxienced. kcasional power fail- 
ures resulted  in loss of tanperature control. 
While these failures were of shrt duration they 
resulted i n  warming up, but  not  rndting of the 
samples. In  order to prevent loss o f  the sarrples, 
the tanperature  control units were h d i a t e l y  
adjusted to lower tenperatms but i n  s a w  cases 
the initial temperature a u l d  not be recovered. 

TEST RESULTS 

Table 1 lists the iridex properties of all 
smnples tested with exceptions as noted. Table 2 
provides a s u n a r y  of the secondary strain rate 
interpretations made for all sanples tested. The 
strain time relationships observed for select& 
groups of tests are plotted in Figs. 1 to  7. In 
Fig. 1 the straight line superimposed on the 
strain time plot, and bounded by tvm short e- 
tal lines, is the steady state creep rate inter- 
pretation made for this test for the time period 
fran 240,000 to 640,000 minutes. The magnitude 
of the creep rate, the axial stress on the sample 
and the average temperature during the time pxid 
during which the creep rate is based ~ J E  recorded 
in  Table 2. In  Figs. 2 to 7 only the strain t h  
plots are given. It should be noted that the tes t  
results in Figs. 2 to 7 are not ordered according 
to any physical properties  but have been condensed 
i n  as few figures as possible based on the magni- 
tude of strains and test duration. In sane cases, 
such as test B-20 in Fig. 2, tm steady state 
creep portions e x i s t .  In this test a temperature 
malfunction signified by the symbol, T, resulted 
in  a change in average cell w a t u r e  fmn 
-3.2'C to -4.1'C and a substantial decrease in 
the creep rate. The average tenperatas and the 
creep rates are both recorded i n  Table 2 for any 
tests i n  which this  occurred. In one test B-46, 
Fig. 3, the axial stress was decreased fm 138 to 
69 kN/m2. In test B-18, Figs. 3 and 4,  the devi- 
ator stress was  increased in three incremmts frun 
69 to 138 to 262 kN/m2. Fig. 3 records the calcu- 
lated st ra in  tiw plot  for the first two i n c m t s  
and in Fig. 4 for   a l l  three. In some, failure, as 
characterized by the onset of tertiary creep, was 

the time to failure is marked w i t h  an arrow and the 
tim recorded on the figure such as for test B-23, 
Fig. 4. In ~ m n e  tests, a detailed inspectim of a 
log strain rate log tine plot  indicated that the 
smnple was still in a primary creep mde of defor- 
mtim. A l l  tests which may not have reached a 
definite seconddlry mde are noted in Table 2. 

observed and in these cases OUT interpretaticn of 

TABLE 2 - SUMMARY OF CREEP TEST RESULTS 

SAMPLE U1-U3 U TEMP. CREEP RATE 
3 

NUMBER (lcN/m2> (kN/m2) ("C) ( x ~ O - ~  yr-') 

B- 1 

B- 3 
B-4 

B-6 

B- 7 

B- 8 

B-9 
B-10 

B-11 
B-12 
B-13 

B-14 
B-17 
B-18 

B-19 
B- 20 

B-21 
B-22 

E-23 
B-24 
B-25* 
B-26* 
B-27 
B-28 
B-29* 
B-33+ 
B-36- 
B-38+ 
B-40 
B-41 
B-42 
B-45 
B-46 

B-51 
B-52 
B-53 
B-60' 
B-61+ 
B-62+ 

138 

276 
164 

127 

9 

69 

225 
103 

303 
198 
138 

689 
1378 

69 
138 
262 
407 

69 

551 
69 

413 
413 

14 
34 

689 
103 
138 
414 

69 
205 

1378 
138 
689 
689 
138 

69 
207 
551 
345 
345 
345 
207 

0 

0 
28 

28 

28 

0 

28 
0 

28 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-2.9 
-3.6 
-3.0 
-2.2 
-3.3 
-2.1 
-3.0 
-2.1 
-3.2 
-2.5 
-2.7 
-3.7 
-2.8 
-3.4 
-3.6 
-3.6 
-1.1 
-1.2 
-1.2 
-1.1 
-1.5 
-1.3 
-1.0 
-1.1 
-3.2 
-4.1 
-2.5 
-1.0 
-1.1 
-3.0 
-1.0 
-2.6 
-2.2 
-2.7 
-3.8 
-1.2 
-3.0 
-1.1 
-1.4 
-0.9 
-1.4 
-3.2 
-1.1 
-1.5 
-1.4 
-1.0 
-0.4 
-0.7 
-1.1 
-1.1 
-2.9 

48.5 
34.3 

475.0 
628.0 
140.0 
225.0 
83.1 

251.0 
105.0 

15.8 
8.0 

257.0 
77.0 
36.8 

425.0 
123.0 
156.0 
125.0 

920000.0 

53.0 
368.0 

12400.0 
179000.0 

38.5 
12.3 

24200.0 
46.9 
41.2 

2060.0 
78800.0 

1.7 
5.9 

47300.0 
25.0 
85.0 

710.0 
26.0 

858.0 

205.0 
52600.0 

3260000.0 
1200.0 

49.0 
37.8 

368000.0 
34200.0 
8900.0 
6600.0 

570.0 

- 

- 

* May be in primary creep 

+ NO strain time p l o t  provided. 
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against the log of time to failure based on the 
procedure suggested by Vialov (1965) . En order to 
present the data, tests have been assigned to two 
nominal temperatures of -1'C and -3'C. The actual 
test tmpra tu re  for a l l  tests that failed are as 
given i n  Table 2 but it can be noted here that for 
the -1.O"C tests the range in temperatures were 
frcxn -0.7'C to -1.2OC except for test B-52 a t  
-0.4"C and for the -3.O'C tests f r m  -2.5"C to 
-3.2'C. Sample E-52, Fig. 7 ,  tested a t  a stress 
of 551 kN/m2 and -0.4"C does not  present clear 
evidence of the  onset o f  tertiary creep in the form 
of rapidly  accelerating strain rate with time. 
However, a close examination of the deflecticol 
time plot suggests that failure may have occurred 
a t  a time of 100 minutes. This interpretation f i t s  
reasonably well with the  other test data for the 
slightly colder soils a t  -1.O'C. Test E-52 is 
identified on Fig. 8 with a question mark. Based 
on the linear  extraplation s h  in Fig. 8 long 
term 100 year strengths of 1 7 1  and 220 kN/d are 
predicted for temperatures of -1.0 and -3.OOC. 
Table 3 presents a canparison of the long term, 100 
years, unconfined canpression strength for various 
soils and Norman Wells silt. ~0nnat-1 Wells silt 
data  exhibit less gain in  strength w i t h  lower 
temperature than is found for  other tests on re- 
molded or undisturbed samples. The magnitude of 
the predicted long term strength  for Norman Wells 
silt is in reasonable agreemmt w i t h  other data on 
f i n e  grained low density  soils. The strenqi3-1.~ pre- 
dicted for Norman Wells silt are substantially less 
than predicted for roarse grained or dense soils. 

The steady state creep rate interpretations list- 
ed i n  Table 2 are plotted in Fig. 9, which relates 
the deviator stress applied to  the s q l e  against 
the strain  rate. The samples have been subdivided 
into three temperature ranges; that is, w a r m r  

-2.5"C. Tests which may still be i n  primary creep 
are indicated by an arm attached to the data 
point. The solid  horizontal lines joining data 
points a t  the s m  stress are for samples which 
have t m  tmpratures-strain rate values as given 
in Table 2 .  The non-horizontal solid lines join 
the two tests conductd a t  varying stress levels. 
ALSO shown i n  Fig. 9 are the stress intensities 
which  would result in  failure at  t h ~ s  of  0.5 years 
and 100 years, based on Fig. 8 and for sample tmp- 
eratures of -1.O"C and -3.O'C. Steady state creep 
rates  are given for samples that did not f a i l  as 
well as for tests fron Fig. 8 which terminated in 
creep  rupture and which are denoted by a cross 
super-*sed  on the test symbol. There wre two 
tests B-17 and B-40, Table 2 ,  which failed but  did 
not have a noticeable  steady state creep stage. It 
can be seen that the twu types of tests are mre or 
less dividea by the failure stress predictions a t  
0.5 years given i n  Fig. 9. Haever, there is an 
in-iate  zone i n  which saw samples have failed 
and sane have not. Also presented in Fig. 9 are 
thke lines based on studies of the f1m law for ice 
by McRoberts (1975) and Nixon  and McRaberts (1976). 
These a r v e s  are for ice a t  0.0, -1.0 and - 2 . 5 ' ~  
and are based  on  secondary strain rate interpreta- 
tions of data fran a variety of s o u r e s .  

than - l .O°C,  f m  -1°C t o  -2.5"C, and W l d a  than 

w 3  

Bat Baioss clay -1 
-3 

ottavw sanl -1 

H3Ibzhester sand -1 
-3 

Fat  Clay 
-3 
-1 
-3 

Sault clay -1 
-3 

Iwmver Silt -1 
-3 

Suffield clay -1 
-3 

l4au1'cain S i l t  -1 

1060 
900 

1410 
655 

1010 
605 

520 
820 

190 
550 
320 
895 

145 
370 
240 

171 
220 

U 
U 
R 

R 
R 
U 
U 

R 
R 
R 
R 

R 
R 
U 

U 
U 

20-24 

23 

29 

15 

33 

29-35 

31-42 

23 

42-185 

As mted in Table  2,  there were five tests con- 
ducted in  this series a t  a lm cell pressure of 
28 kN/m2. This cell pressure had no apparent 
effect on creep rate. 

Based on an empirical correlation  originally due 
to Fbyen (see Glen, 1975) the effect of tempera- 
ture, T, on the secondary creep response can  be 
expressed  as 

where A, n, m are constants. While a value of 
m l  was originally suggested by Myen (see Glen, 
1 9 7 5 ) ,  a data review  -ducted by Nixon  and 
McRoberts (1976) suggests that m ranges between 
1.9 and 2 . 3  for ice. While Q. 1 M e r s  that n 
is independent  of tenperatwe the review by  Nixon 
and McRaberts (1976) suggested that n was tmpsr- 
ature deperdent a t   l ea s t  €or ice. Haever, for 
N o m  Wells silt, the data presented in Fig. 9 
suggests that there is no trend between n and 
temperature, although n is certainly stress 
dependent. 

For any given smnple at  a given st ress  it is 
possible to  adjust the masured strain rate, E , ,  
a t  sa'ne tmprature, To, to the strain  rate, ER, 
at a reference temperature, T based on the 
relakiwship R' 

ER = S o  (1- T,lm/(l- TRIm ....... 2 

where Fq. 2 fo l lws  € r a n  1. Selecting a value 
of ml. 8 based on trial and error procedure to 
get a best f i t  a l l  data given in  Table 2 has been 
adjusted to a  reference temperatures o f  -1.OOC 
using Eq. 2 ,  to give Fig. 10. It can be seen that 
this procedure does tend to brinq the data toge- 
ther into a tighter pup. &e selection of A 
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and n parameters for this data is smmfhat sub- 
jective and  depends upn the purpose a t  hand. 
However, an upper bound or no faster than re- 
lationship takes the form 

1.6~10-~ D ~ ~ * ~  1.5X10-14 o:-o 
i . =  + ... 3 

(1 - T)1*8 (1 - T ) l * *  

i n  units of ((years) , OC, m/m2). -1 

Also shown in Fig. 10 is the  prediction  for ice 
a t  -1°C based on data reviewed by Nixon and 
PicRoberts (1976). It can be seen that the Norman  
wells silt data  consist o f  essentially two data 
sets in  relation to the flow law of ice. The first, 
for tests w h i c h  terminated i n  creep  rupture  exhibit 
secondary creep rates  slightly  faster than that 
for ice. The second, for tests at 1m stresses 
and long duration  exhibit creep rates s&t 
slower than ice. 

DISCUSSICN 

For the higher stress tests, which resulted i n  
failure or the onset of tertiary creep, a good 
correlation has been found  between the reciprocal 
of applied st ress  and tine to failure. mverover, 
samples tested a t  stress levels less than that 
which  would have caused failure  as predicted by the 
extrapolation -licit in  Fig. 8, did not lead to  
failure  as can be seen i n  Fig. 9. Except for the 
two tests B 1 7  and E 4 0  where it was not  possible 
to discern a secondary creep stage, all other tests 
which lead to failure  dia  exhibit a secondary 
creep stage. These creep rates are q u i t e  similar 
to the flow rates  for ice a t  the saxre stress and 
temperature. H a v e v e r ,  sanples of ice-rich silt 
tested a t  stress levels which did mt  lead to 
failure,  exhibit secondary creep rates consider- 
ably slawer than published infomtion on the flow 
laws for ice at  the same stresses and tmpratures.  

The ice data referend in  th is  paper i s  taken 
from a review by N k n  and McRoberts (1976) who 
s m i z e d  the available Laboratory tests data on 
polycrystalline ice. When this data is mupared 
with ice-rich silt, i.e. Figs. 9 and 10  it appsars 
that the creep data on ice indicates  substantially 
faster creep rates  especially a t  the lmr stresses 
which may be of interest in certain design appli- 
cations.  In a  recent smmmry of the properties 
of ice Glen (1975) cautions that a t  lmr stresses 
the problem that transient creep has not  finished 
becaws very acute. Glen goes on to note that 
most workers have ignored tkis and plotted their 
rninimm rates, the result of t h i s  being to change 
the slope of the law to approximately unity 
from a  value of n of about 3. It is beyond the 
present srope to engage in  a detailed discussion 
of the creep literature on ice. H m v e r ,  it must 
be noted that while saw of the data reviewed by 
Nixon and McRokrts (1976) may, in   fact ,  still be 
i n  primary creep and therefore result in over- 
estimates of creep rate it is thought that other 
data sets are not. Therefore, w h i l e  the present 
ice-rich silt data, as expressed by Eiq. 3 is f e l t  
to be a realist ic upper hund for the soil  tested 
caution could be exercised i n  extraploting  these 

results to other soil types; especially warmer,  
finer grained, and mre icy soils than the silt 
soil reported here. 

A major impetus to the testing program present& 
here was the @rerrt=nt for st ress-s t ra in- th  
relationships of frozen soil a t  low stresses, 
temperatures near the m l t i n g   p i n t ,  and for  tests 
presented here are of longer duration than any 
available i n  the published literature. However ,  
there my be possible  shortcanings to the data 
presented here which should be briefly considered. 
Because of the unawidable effects of slight 
tempratwe  variations during testing it is not 
possible to carpare strain rates over exactly the 
same time range although the test durations are 
i n  general of the s m  order of magnitude. Tests 
B-25 and B-26 a t  the law stresses of 1 4  and 34 
kN/m2, as wll as  other tests a t  higher stresses, 
may still be in  primary creep based on interpreta- 
tions of log strain  rate log time plots. It 
appears that the test duration  required to reach 
the SecOndary creep d e  increases  with  decreasing 
applied stress. It may also be cmmnted that the 
test duration required to  establish secondary 
creep my be longer the  colder  the Ilemperature. 

mms10Ns 

This paper has presented the results of creep 
tests undertaken on undisturkd sanples of ice- 
rich silt. The mjor  finding is that a secondary 
creep rate  interpretation of the data  indicates 
that iceric;h clayey silt a t  lw stresses creeps 
a t  rates sawwhat less than w h a t  muld be expect- 
ed for ice, based MI available data. A t  higher 
stresses which ultimately  lead to failure  the 
creep rates are quite similar to or  slightly 
faster than that of ice. Caparisons of long 
term strength data suggest that while the 
strength a t  -1°C for undisturbed N o m  Wells 
silt is similar to published infomtion the 
gain in  strength a t  lwer temperatures is less 
than that generally found in   rmlded   or  un- 
disturbed samples. 

-s 

This paper presents the resu l t s  of creep tests 
undertaken as part of a testing program  conducted 
by Northern Engineering Services Ccpnpany Limited 
on behalf of its client Canadian Arctic Gas Study 
Limited who have given permission to publish this 
information. The authors also wish to acknowledge 
Mr. A r t  Draper who undertook the laboratory test- 
ing. 
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ELECTRICAL STATE OF A PERMAFROST CROSS SECTION 

V.P .  M e l ' n i k o v  and B . I .  Gennad in ik .   Permaf ros t   Ins t i tu te ,   Yakutsk ,  U . S . S . R .  

The authors   in t roduce  the   concept  o f  t h e   e l e c t r i c a l   s t a t e  of a g e o l o g i c a l  
c ross   sec t i on .  The s t r u c t u r e   o f   t h e   l a t t e r   i s  examined as an o b j e c t  o f  s tudy  of 
t h e   e l e c t r o p h y s i c s  of  permaf ros t   wh ich   inc ludes  a combinat ion o f  parameters 
r e f l e c t i n g   t h e   s t a t e  of t h e   g e o l o g i c a l   o b j e c t ,   t h e   f o r m s   o f   m a n i f e s t a t i o n  o f  t h e  
e l e c t r o m a g n e t i c   f i e l d ,  and  the  physico-chemical   processes,  which  e i ther  depend  on 
o r   d e t e r m i n e   t h e   e l e c t r o m a g n e t i c   f i e l d ,  The methods of s t u d y i n g   t h e   e l e c t r i c a l  
s ta te   a re   d i scussed ,  as w e l l  as the   i nves t i ga ted   pa ramete rs   ( t he   pa ramete rs   o f   t he  
e l e c t r o c h e m i c a l   a c t i v i t y ,   w h i c h   r e f l e c t   t h e   c h a r a c t e r i s t i c s  o f  t r a n s f e r  and 
s e p a r a t i o n   o f   c h a r g e s   i n  a heterogeneous  medium).  The v a r i a b i l i t y  o f  t h e   e l e c t r o -  
c h e m i c a l   a c t i v i t y   i n   t h e   u p p e r   p e r m a f r o s t   h o r i z o n s   i s   i l l u s t r a t e d  and t h e o r e t i c a l  
models f o r   t h e   d e s c r i p t i o n  o f  t h e   e l e c t r i c a l   s t a t e  of  p e r m a f r o s t   a r e   g i v e n  ( a  
c a p i l l a r y  model  and a model o f   t h e   e l e c t r o d e   p o l a r i z a t i o n  on t h e   s u r f a c e  o f  i c e -  
cement) . 

L I ~ T A T  ~ L E C T R I Q U E  DU PROFIL G ~ O C R Y O L O G I Q U E  

V . P .  M e l ' n i k o v ,  B . I .  Gennadnik, l n s t i t u t  de geoc ryo log ie ,   l aku tsk ,  URSS 

Les a u t e u r s   i n t r o d u i s e n t   l a   n o t i o n  de 1 ' e t a t  e l e c t r i q u e  du p r o f i  1 ggolog ique.  
Sa s t r u c t u r e  en e s t  exarninke  en t a n t   q u ' o b j e t   d ' e t u d e  de 1 ' 6 lec t rophys ique   du  
g e l i s o l   q u i  comprend 1 'ensemble des p a r a m s t r e s   r e f l e t a n t  1 ' G t a t  de l ' o b j e t  96.0- 
l o g i q u e ,   l e s  modes de m a n i f e s t a t i o n  du champ e lec t romagng t ique   e t   l es   p rocessus  
phys i co -ch im iques   qu i   son t   cond i t i onnEs   pa r   l e  champ 6 l e c t r o m a g n e t i q u e   o u   q u i   l e  
de te rm inen t .   D i scuss ion  des methodes  de  recherche  sur 1 l e t a t   E l e c t r i q u e   e t  des 
paramhtres  e tud ies  ( les  paramgtres de 1 ' a c t i v i t e   g l e c t r o - c h i m i q u e   q u i   r e f l s t e n t  
l e s   c a r a c t g r i s t i q u e s   d u   t r a n s f e r t   e t  de l a   s e p a r a t i o n  des charges dans  un m i  l i e u  
h e t e r o g s n e ) .   I l l u s t r a t i o n  de l a   v a r i a b i l i t e  de l ' a c t i v i t e   g l e c t r o - c h i m i q u e  des 
ho r i zons   super ieu rs  de l a  zone p e r g e l i s o l e e .  Des modeles  theor iques de d e s c r i p t i o n  
de 1 ' 6 t a t   e l e c t r i q u e  du perge l i so l   son t   p resent&  (mod2 le  de c a p i l l a r i t g   e t  modsle 
de p o l a r i s a t i o n  des e l e c t r o d e s  21 l a   s u r f a c e  de l a  g l a c e  de c i m e n t a t i o n ) .  

SJIEKTPMYECKOE COCTORHME ~EOMEP3JIOTHOI'O  PA3PE3A 
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INFLUENCE OF PORE FLUID SALINITY ON SEISMIC AND ELECTRICAL PROPERTIES OF ROCKS AT 
PERMAFROST TEMPERATURES 

B ,  X,  Pandit and M. S, King, 
Department of Geological Sciences ,   Univers i ty  of Saskatchewan,  Saskatoon,  Sask. 

The in f luence  of p o r e   f l u i d   s a l i n i t y  upon seismic and electrical  p r o p e r t i e s  of 
porous  sedimentary  rocks a t  permafrost   temperatures has been   s tud ied .   Ul t rasonic  
v e l o c i t i e s  have  been  measured on samples of two sandstones  and a l imestone  subject-  
ed t o  t r i a x i a l  loading   condi t ions  a t  t empera tu res   i n   t he   r ange  -15 t o  3 C ,  when 
s a t u r a t e d   i n   t u r n   w i t h   d i s t i l l e d  water, 0.03 M N a C l  and 0.1 M N a C l .  The complex 
r e s i s t i v i t y  and  phase-angle  relationships  have  been  measured as a func t ion  of f req-  
uency on these   rocks   sub jec t ed   t o  a h y d r o s t a t i c  s ta te  of stress, a t  temperatures 
a n d   p o r e   f l u i d   s a l i n i t i e s   i n   t h e   r a n g e s   r e f e r r e d   t o  f o r  t h e   u l t r a s o n i c  tests. 

u l t r a s o n i c   v e l o c i t i e s  as the  temperature  i s  reduced  below 0 C .  It i s  found t o  re- 
d u c e   t h e   r e s i s t i v i t y  of each  rock  for  a given  temperature,  frequency  and s t a t e  of 
stress. It l e a d s   t o  more resistive behaviour of the   rocks .  The pore ice content  
predicted  by  the  three-phase  t ime-average  equation a t  temperatures  below 0 C sati- 
s f a c t o r i l y   e x p l a i n s   t h e  relative d e c r e a s e   i n   r e s i s t i v i t y  as t h e   s a l i n i t y  is in- 
creased.  
INFLUENCE DE LA SALINITf DES FLUIDES INTERSTITI ELS SUR LES PROPR] f T i S  
S ISMI QUES ET tLECTRIQUE3 D E S  ROCHES AUX TEMPfRATURES QUI PERMETTENT 
L '  ETABL I SSEMENT DU PERGEL I SOL 
B. I .  P a n d i t   e t  M.S, King, 
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INFLUENCE OF PORE FLUID  SALINITY ON SEISMIC AND ELECTRICAL PROPLRTIES 
OF ROCKS AT PEWFROST 'SEMPEKATURES 

E .  I. Pandi t   and  M. S .  King 

Department o f  Geolog ica l   Sc i ences  
U n i v e r s i t y  of Saskatchewan 

Saskatoon,   Sask.  S7N OW0 

INTRODUCTION 

The i n f l u e n c e   o f   p o r e - w a t e r   s a l i c i t y  on some 
m e c h a n i c a l   a n d   e l e c r r i c a l   p r o p e r t i e s  o f  porous 
sed imentary   rocks  a t  pe rmaf ros t   t empera tu res   has  
b e e n   s t u d i e d   a n d   t h e   r e s u l t s   a r e   p r e s e n t e d   i n   t h i s  
paper .   Ul t rasonic   compress iona l   and   shear -wave  
ve loc i t i e s   have   been   measu red  as a f u n c t i o n  of 
p o r e - w a t e r   s a l i n i t y  on samples of two s a n d s t o n e s  
and a l i m e s t o n e   s u b j e c t e d  ro t r i a x i a l   l o a d i n g  con- 
d i t i o n s .  Complex e lectr ical  r e s i s t i v i t y  and  phase- 
a n g l e   r e l a t i o n s h i p s  a t  d i f f e r e n t   f r e q u e n c i e s   h a v e  
been  measured  on a sands tone   and  a l imestone  sub-  
j e c t e d   t o   h y d r o s t a t i c   l o a d i n g   c o n d i t i o n s .  The 
measurements  have  been made i n   t h e   t e m p e r a t u r e  
r ange  -15'C t o  3OC. 

The v e l o c i t i e s  of e l a s t i c  waves   and   the   e lec t -  
r i c a l   p r o p e r t i e s  as a func t ion   o f   f r equency  of 
f r o z e n   r o c k s  are r e q u i r e d   i n   t h e   i n t e r p r e t a t i o n  of 
s e i s m i c ,   e l e c t r i c a l   r e s i s t i v i t y   a n d   e l e c t r o m a g n e t i c  
s u r v e y s   i n  areas of pe rmaf ros t .  The e l a s t i c -wave  
p r o p a g a t i o n   a n d   e l e c t r i c a l   p r o p e r t i e s   o f  water- 
sa tu ra t ed   po rous   med ia  are r a d i c a l l y   a l t e r e d  when 
t h e   t e m p e r a t u r e  i s  reduced  below O°C. Labora to ry  
measurements   o f   e las t ic -wave   ve loc i t ies   in   warer -  
s a t u r a t e d   p o r o u s   m a t e r i a l s  a t  permafros t   t empera t -  
u res   have   been   publ i shed   by   Fro lov   (1961) ,   Antsy-  
f e r o v  & e (1964),  Timur  (1968),  Nakano e t  a1 
(1972),  Kurfurst   and  King  (1972) ,  Nakano and 
Froula   (1973) ,   Kurfurs t   (1976)   and KiEg (1977).  A s  
t h e   t e m p e r a t u r e  was decreased  below 0 C t h e s e  work- 
ers a l l   o b s e r v e d   s h a r p   i n c r e a s e s   i n   v e l o c i t y ,   w i t h  
the   deg ree   o f   i nc rease   depend ing   on   t he   wa te r  con- 
t e n t   o f   t h e   p o r o u s  material. 

E l e c t r i c a l   p r o p e r t i e s   o f   w a t e r - s a t u r a t e d   p o r o u s  
media  have  been  s tudied by Ananyan (1958),  Parkho- 
menko (1967)  and  Hoekstra  and  McNeill  (1973) .  Again 
p r o n o u n c e d   i n c r e a s e s   i n   r e s i s t i v i t y  were observed 
as t h e   t e m p e r a t u r e  w a s  decreased   be low O°C. C o l l e t t  
(1974)   conc ludes   t ha t   t h i s   i nc rease   depends   on   t he  
water conten t   o f   the   porous  material, t he   chemica l  
con ten t  of t h e   s a t u r a n t ,   a n d   t h e   c o m p o s i t i o n   a n d  
g r a i n   s i z e  of the  mineral   component .  

SPECIMEN PREPARATION 
Specimens  of 5cm d i a m e t e r   f o r   t h e   u l t r a s o n i c -  

v e l o c i t y  tests were c a r e f u l l y   c o r e d  f rom q u a r r i e d  
blocks  of   Boise   and  Berea  sandstone  and  Salem lime- 
s t o n e ,  using f r e s h  water as t h e   c o o l i n g   f l u i d .  The 
Boise  and Berea spec imens   were   cored   perpendicular  
t o  the bedding.  Specimens of 3.8cm d i a m e t e r   f o r   t h e  
e l e c t r i c a l   r e s i s t i v i t y  tests were cored   f rom  b locks  

of Boise   sandstone  and  Salem  l imestone,   again 
u s i n g   f r e s h   w a t e r   a s  the c o o l i n g   f l u i d .   P r e v i o u s  
t e s t s  had   proved   the   un i formi ty   o f   phys ica l   p rop-  
er t ies  of specimens  cored  f rom  s ingle   bl .ocks of 
t h e s e   r o c k s .   L i t h o l o g i c   d e s c r i p t i o n s  of Boise   and 
Berea   s ands tone   have   been   p re sen ted   by  Timur 
(1968) ,   and   pe t rographic   descr ip t ions   and   phys i -  
ca l   p roper t ies   o f   Berea   sands tone   and   Sa lem  l ime-  
s t o n e  by Krech e t  a1 ( 1 9 7 4 ) .   P h y s i c a l   p r o p e r t i e s  
o f   t h e   s p e c i m e a s   u s e d   i n   t h e s e   t e s t s   a r e   g i v e n   i n  
Table I. 

Table  I. P h y s i c a l   P r o p e r t i e s  of Specimens 

Specimen  Porosi ty  Dry Dens i ty ,  kg.m -3 

Boise   sands tone  0.25 1910 

Berea sands tone  0.18 2170 

Salem  l imestone 0.12 2340 

The f l a t   e n d s  of the specimens were ground  perpen- 
d i c u l a r   t o   t h e   a x i s  of t h e   c o r e   a n d   p a r a l l e l  t o  
e a c h   o t h e r   t o  a t o l e r a n c e  of 0.0015cm, u s i n g   f r e s h  
w a t e r   a s   t h e   c o o l a n t .  A s  c o m p l e t e d ,   t h e   u l t r a s o n i c  
ve loc i ty   spec imens  were approx ima te ly  7.5cm long ,  
a n d   t h o s e   f o r   r h e   r e s i s t i v i t y  tests 3.8cm long .  

The  Specimens were d r i e d   i n  a vacuum  oven 
m a i n t a i n e d   a t  1 0 5 O C  under a vacuum of 70 Pa  of 
mercury o r   l o w e r   f o r  a t  l e a s t  24 h o u r s .   A f t e r  
weighing,   the   specimens were s a t u r a t e d  in d i s t i l -  
l e d  water, 0.03 mola r   concen t r a t ion  (M) o r  0.1 M 
s o l u t i o n s  of NaCl by   the   fo l lowing   method.  They 
were f i r s t   s a t u r a t e d   b y   i m m e r s i o n   i n   t h e   s a t u r a t -  
i n g   s o l u t i o n   i n  a p r e s s u r e   v e s s e l   a n d   s u b j e c t i n g  
them t o  a vacuum of 270Pa  of  mercury. To e n s u r e  
f u l l   s a t u r a t i o n   t h e  immersed  specimens were t h e n  
p r e s s u r i z e d  t o  10MPa. The p o r o s i t y   v a l u e s   r e p o r r e d  
i n   T a b l e  1 were obtained  by  weighing  the  specimens 
b e f o r e   a n d   a f t e r   s a t u r a t i o n .  

The  5cm-diameter  specimens were mounted i n  
t u r n   b e t w e e n   p i e z o - e l e c t r i c   t r a n s d u c e r   h o l d e r s   f o r  
u l t r a s o n i c - v e l o c i t y  tests. Lead f o i l   d i s c s   o f  
0.0006cm t h i c k n e s s   p r o v i d e d   a c o u s t i c   c o u p l i n g  a t  
each   t r ansduce r   ho lde r .  Each  specimen  was  surround 
ed   by   double   j acke ts  of r i g h t l y - f i t t i n g ,   t h i n  
rubbe r ,   ove r   wh lch   ove r l app ing   v iny l   r ape  was 
wrapped .   This   ensured   tha t   the  DC 200 s i l i c o n e  
f l u i d   e x e r t i n g   t h e   c o n f i n i n g   p r e s s u r e   d i d   n o t  in- 
vade  the  specimen  pore  space,  The  3.8cm-diameter 
s p e c i m e n s   f o r   t h e   r e s i s t i v i t y  cests  were mounted 
b e t w e e n   e l e c t r o d e   h o l d e r s  i n  t h e  same  manner, ex- 
c e p t   t h a t  a th in   Laye r  of g r a p h i t e   o n   t h e   e l e c t -  
r o d e s   p r o v i d e d   e l e c t r i c a l   c o u p l i n g .  
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APPARATUS 

A block  diagram of t h e   u l t r a s o n i c - v e l o c i t y  
a p p a r a t u s  i s  shown i n   F i g .  1. The p i e z o - e l e c t r i c  
t r ansduce r   ho lde r s  are designed t o  measure com- 
p res s iona l   and   shea r -wave   ve loc i t i e s   s equen t i a l ly  
on t h e  same specimen,   and  are  similar t o  t h o s e  de- 
scribed  by  King  (1970).  The specimen i s  surrounded 
i n  t h e   t r i a x i a l   c e l l  by DC 200 s i l i c o n e   f l u i d .  
Compressed n i t r o g e n  i s  employed t o  a p p l y  t h e  con- 
f i n i n g   p r e s s u r e   a n d   a x i a l  stress on the  specimen.  
P o r e - f l u i d   p o r t s   p e r m i t   f r e e   d r a i n a g e  of t h e   p o r e  
f l u i d   f r o m   t h e   s p e c i m e n .   U l t r a s o n i c   v e l o c i t i e s   c a n  
be  measured  with  an  accuracy  of f l  percent   and   wi th  
a p r e c i s i o n  of  20.5 percent   on  a given  specimen. 
The t e c h n i q u e   f o r   m e a s u r i n g   u l t r a s o n i c   v e l o c i t i e s  
is  t h e  same as tha t   desc r ibed   by   Kur fu r s t   and  King 
(1972).  

t a i n e d   a t   t e m p e r a t u r e s   i n   t h e   r a n g e  - 1 8 O  t o  2loC, 
w i t h i n   t h e  limits +O.O5OC. T e m p e r a t u r e s   i n   t h e  
chamber   and   w i th in   t he   p re s su re   ce l l s   i n   t he  DC 200 
s i l i c o n e   f l u i d   a d j a c e n t   t o   t h e   s p e c i m e n   a r e   m o n i t o r  
ed   by   p l a t inum  r e s i s t ance   s enso r s .  

The con t ro l l ed - t empera tu re  chamber can   be  main- 
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Fig.  1. Block  Diagram of U l t r a son ic -  
Veloc i ty   Appara tus  

A block  diagram of t h e   e l e c t r i c a l - r e s i s t i v i t y  
a p p a r a t u s  i s  shown i n   F i g .   2 .  It has   been   descr ibed  
previous ly   by   King   (1977) ,   except   tha t  a phase- 
meter  i s  now employed to   measure  phase-angle  re- 
l a t i o n s h i p s .   P o r e   f l u i d   p o r t s   p e r m i t   f r e e   d r a i n -  
age  of t he   po re   f l u id   f rom  the   spec imen .   P re l imin -  
a r y  tests, on the   sys tem  wi th   ho l low  cardboard   cy l -  
inders   sur rounded  by   rubber   j acke ts   and   the  DC 200 
s i l i c o n e   f l u i d ,   a n d   w i t h   d i f f e r e n t   v a l u e s  of pre- 
c i s i o n   r e s i s t o r s   p l a c e d   b e t w e e n   t h e   e l e c t r o d e   h o l d -  
e r s   t o   s i m u l a t e  a r e s i s t i v e   s p e c i m e n ,   i n d i c a t e d  no 
i n d u c t i v e   c o u p l i n g  in the   f requency   range  5Hz t o  
10kHz. T e s t s   w i t h   w a t e r - s a t u r a t e d   c y l i n d e r s   o f  
permafrost  o f  d i f f e r e n t   l e n g t h s   i n   t h e   r a n g e  3.8cm 
t o  7.6cm i n d i c a t e d   t h e   p r e s e n c e  of  measurable  con- 
t a c t   r e s i s t a n c e   o n l y   i n   t h e   f r e q u e n c y   r a n g e  5Hz t o  
lOOHz a t  temperatures   below -8 C. 0 

OPERATIONAL  PROCEDURE 

The o p e r a t i o n a l   p r o c e d u r e   f o r   b o t h   u l t r a s o n i c -  
v e l o c i t y   a n d   e l e c t r i c a l - r e s i s t i v i t y  tests is s i m i -  
lar .  Specimens  mounted  between  the  ultrasonic 
t r a n s d u c e r   h o l d e r s   a n d   r e s i s t i v i t y   e l e c t r o d e   h o l d -  
ers i n   t h e i r   r e s p e c t i v e   p r e s s u r e  cells are placed 
i n   t h e   t e s t  chamber  maintained a t  room temperature .  

FREQUENCY 

" # I :  

TEMPERATURE 

P T  RESISTbNCE  SENSOR 

Fig.  2 .  Block  Diagram  of  Electrical- 
R e s i s t i v i t y   A p p a r a t u s  

The spec imens   a r e   t hen   sub jec t ed   t o  a conf in ing  
p r e s s u r e  of O.1MPa. A f t e r  a l l  p r e s s u r e   a n d   e l e c t -  
r i c a l   c o n n e b t i o n s   h a v e   b e e n   t e s t e d ,   p r e l i m i n a r y  
u l t r a son ic -ve loc i ty   and   r e s i s t i v i ty   measu remen t s  
a r e  made a t  room remperature .  

reduced t o  -15OC, with   the   spec imen  cont inuous ly  
s u b j e c t e d   t o  a c o n f i n i n g   p r e s s u r e  of O.1MFa. The 
t i m e  r e q u i r e d   f o r  a specimen  to come t o   e q u i l i b -  
r ium  with i t s  s u r r o u n d i n g s   a t   t h i s   t e m p e r a t u r e   h a s  
been   expe r imen ta l ly   demons t r a t ed   t o   t ake   s eve ra l  
hours .  No measurements   are  made, t h e r e f o r e ,   u n t i l  
24  hours   have   e lapsed   wi th  The temperature   of   the  
chamber m a i n t a i n e d   a t   t h i s   l e v e l .  

men t s   a r e  made a t  the  lowest  temperature.   These 
are followed  by  measurements made a t  s u c c e s s i v e l y  
h igher   t empera tures ,   a l lowing   the   spec imens   to  
come t o   t h e r m a l   e q u i l i b r i u m   w i t h   t h e i r   s u r r o u n d -  
i n g s   f o r  2 4  hours  a t  each   tempera ture   s tep .  

For t h e   u l t r a s o n i c - v e l o c i t y  rests each   spec i -  
men was f i r s t   s u b j e c t e d  t o  a h y d r o s t a t i c   p r e s s u r e  
of 0.35MPa. The a x i a l  stress was t h e n   r a i s e d   i n  
f i v e   s t e p s   t o  a maximum of 13.8MPa, with  compress- 
ional   and  shear-wave  veloci t ies   measured a t  each 
s t e p   i n   a x i a l  stress. Between r u n s ,   w h i l e   t h e  
chamber temperature  was be ing   changed   to  a new 
level,  the   conf in ing   pressure   on   the   spec imen was 
reduced   to   and   main ta ined  a t  O.1MPa. 

F o r   t h e   e l e c t r i c a l - r e s i s t i v i t y  tests each 
specimen  was  subjected  to  a h y d r o s t a t i c   p r e s s u r e  
o f  0.35MPa whi l e  complex r e s i s t i v i t y   a n d   p h a s e -  
angle  measurements were be ing  made. Between runs ,  
t h e   c o n f i n i n g   p r e s s u r e  on the  specimen was reduced 
t o  and  maintained a t  O.1MPa. 

The temperature  i n  t h e   t e s t  chamber i s  then 

Ul . t r a son ic -ve loc i ty   and   r e s i s t i v i ty   measu re -  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e   u l t r a s o n i c - v e l o c i t y  tests 
are shown i n   F i g s .  3-5, i n  which  compressional 
and   shear -wave   ve loc i t ies   for   spec imens  of t h e  
t h r e e   r o c k   t y p e s  a t  a n   a x i a l  stress of 13.8MPa 
are p l o t t e d  as a f u n c t i o n  of t e m p e r a t u r e   f o r   d i f -  
f e r e n t   p o r e  water s a l i n i t i e s .  I t  w i l l  b e   n o t e d  
that   compressional   and  shear-wave  veloci t ies   de-  
c r e a s e   w i t h   a n   i n c r e a s e   i n   s a l i n i t y  a t  temperat-  
ures   below DOC. The e f fec t  i s  p a r t i c u l a r l y  marked 
a t  t e m p e r a t u r e s   c l o s e  t o  O°C. A t  t empera tu res  
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Fig.  5 .  U l t r a s o n i c   V e l o c i t i e s :  Salem 
Limestone 

below - 1 5 O C  t h e r e  are i n d i c a t i o n s   t h a t   t h e   v e l o c i t -  
ies  converge t o  a common value  of  compressional  and 
shear-wave ve loc i ty   for   each   rock   type .  

to i n c r e a s e d   s a l i n i t y  of t he   po re  water is observed 
for   Boise   sandstone.  For t h e   o t h e r  two rocks   t e s t ed  
t h e r e  is a freezing  point  depression  of  approximare 
l y  0.5OC as t h e   p o r e   f l u i d   s a l i n i t y  i s  increased.  

A t  temperatures  above O°C some v a r i a t i o n   i n  
both  compressional  and  shear-wave  velocit ies  for 
specimens  of  the same rock  type i s  observed.  This 
i s  a t t r i b u t e d   t o   e f f e c t s  of d i f f e r e n c e s  i n  mechani- 

No marked depression of t he   f r eez ing   po in t   due  

cal properties between  specimens  cored  from  the 
same b l o c k   a n d   t o   d i f f e r e n c e s   i n   s a l i n i t y  of t h e  
po re   f l u id .  

The r a t i o  of the  compressional   to   the  shear-  
wave v e l o c i t y  is essent ia l ly   independent  of t h e  
pore water sa l in i ty   for   these   rock   spec imens .  A t  
temperatures  below O°C t h e   r a t i o  is 1 . 7  for   Boise  
and  Berea  sandstone  and 1 .9  f o r  Salem  limestone. 
Above O°C s l i g h t   i n c r e a s e s   i n   t h e   r a t i o  are ob- 
se rved ,   bu t   t hese   can   be   a t t r i bu ted   pa r t ly   t o  
d i f f i c u l t i e s  i n  d e t e r m i n i n g   t h e   f i r s t   a r r i v a l  of 
t he   shea r   wavexnequ ivoca l ly ;   t h i s  i s  p a r t i c u l a r l y  
t h e   c a s e   f o r  Berea  sandstone. 

An i n c r e a s e   i n   t h e   a x i a l  stress from 0.35MPa 
t o  13.8MPa r e s u l t s   i n  an increase  i n  the   ve loc i t -  
i e s  of compressional  and  shear  waves. A t  temper- 
a tures   below O°C t h e   i n c r e a s e  is less than 3 per- 
cent ;   above O°C t h e   i n c r e a s e  is less than 12 per- 
cen t .  The e f f e c t  is most  pronounced  for Berea 
sandstone. 

spaces  of these  rock  types,  as a func t ion  of 
temperature,   can  be made using  Timur's  (1968) 
three-phase  time-average  equation.  Using  the com- 
p res s iona l -wave   ve loc i t i e s   a t   an   ax ia l  stress of 
13.8MPa, t h e   i c e   c o n t e n t s  shown i n  Table I1 are 
predicted  for  Boise  sandstone  and  Salem  l imestone. 

An estimate of t h e  ice content  i n  the   po re  

Table 11. Ice   Content  as a Function  of  Pore 
Water S a l i n i t y  and  Temperature 

Rock Type Pore  Water  Temperature  Ice  Content 
S a l i n i t y ,  M OC Pore  Val  Fract 

Boise 0 .o -15 0.95 
sands  tone 0.0 -5 0.87 

0.0 -1.5 0.85 

0.03 -15 0.90 
0.03 -5 0.84 
0.03 -1.5 0.73 

0.1 -15 0.90 
0.1 -5 0.78 
0.1 -1.5 0.55 

Salem 0.0 
l imestone 0.0 

0.0 

0.03 
0.03 
0.03 
0.1 
0.1 
0.1 

-15 
-5 

-1.5 

-15 
-5 

-1.5 

-15 
-5 

- 1 . 5  

0.87 
0.71 
0 .61  

0.68 
0 . 5 4  
0.31 

0.68 
0.48  
0.15 

It can  be  seen  that   even  with a pore-water 
s a l i n i t y  of M=O.l most of the   pore   space   in   the  
Boise  sandstgne i s  f i l l e d   w i t h   i c e  a t  temperat- 
u r e s  of -1.5 C and  lower. An increase   in   pore-  
w a t e r   s a l i n i t y   f o r  Sa lem  l imes tone   resu l t s   in  
much lower   f r ac t ions  of pore  volume  becoming 
f i l l e d   w i t h   i c e .   T h i s   i s o p a r t i c u l a r l y   n o t i c e a b l e  
a t  temperatures  above -5 C .  

The r e s u l t s   o f   t h e   e l e c t r i c a l - r e s i s t i v i t y  
measurements  for  Boise  sandstone  and  Salem lime- 
s tone  are shown i n  F i g s .  6-15. The v a r i a t i o n  of 
complex r e s i s t i v i ty   w i th   f r equency  a t  d i f f e r e n t  
temperatures  and for di f fe ren t   pore-water   sa l in i -  
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t ies is shown i n   F i g s .  6-11. A s  e x p e c t e d ,   t h e  com- 
p l e x   r e s i s t i v i t y   d e c r e a s e s   w i t h   a n   i n c r e a s e   i n   p o r e  
w a t e r   s a l i n i t y  as w e l l  a s   w i t h  an i n c r e a s e   i n  temp- 
e ra ture .   Al though i t  is perhaps   p remature   to   d raw 
g e n e r a l   c o n c l u s i o n s   f r o m   t h e   l i m i t e d   d a t a   p r e s e n t -  
ed   he re ,  a c e r t a i n   t r e n d  i s  e v i d e n t .  An i n c r e a s e   i n  
s a l i n i t y   o r   i n   t e m p e r a t u r e   p r o d u c e s   t h e  same e f f e c t  
in   ex tending   the   f requency   range   over   which   these  
r o c k s   e x h i b i t   c o n d u c t i v e   r a t h e r   t h a n   d i e l e c t r i c  be- 
hav iour  . 

Figs .  1 2  and 13 i l l u s t r a t e   t h e   e f f e c t  of temp- 
e r a r u r e   a n d   s a l i n i t y  on t h e   c o m p l e x   r e s i s t i v i t y   o f  
the  Boise   sandstone  and  Salem  l imestone  specimens 
a t  a frequency  of 1kHz. A t  t empera tures   be low O°C, 
i n c r e a s e s   i n   b o t h   p o r e - w a t e r   s a l i n i t y   a n d   t e m p e r a t -  
u r e   r e d u c e   t h e   r e s i s t i v i t y .  A t  temperatures   above 
O°C, the   t empera ture   dependence  i s  e s s e n t i a l l y  
g o v e r n e d   b y   t h e   v a r i a t i o n   o f   p o r e - w a t e r   r e s i s t i v i t y  
wi th   t empera tu re .  

1 

105 

- 
E 

C 
l 

t P 
I O '  I I I I I I 
-16 -12 -8  -4 0 4 

TEMPERATURE ( ' C )  

Fig .  1 2 .  E l e c t r i c a l   R e s i s t i v i c y :   B o i s e  
Sandstone,  lkHz 

The observed res is t ivi t ies  f o r  0.03 a n d   0 , l  M 
s a tu ran t s   were   compared   w i th   t hose   ca l cu la t ed   u s ing  
A r c h i e ' s  l a w  (Ke l l e r   and   F r i schknech t ,  1970, p.21) 

y, = Pu a+-" 
i n   w h i c h &  is  t h e   r e s i s t i v i t y  of t h e   r o c k ;  fa, t h e  

r e s i s t i v i t y  of t h e   p o r e  water; 4 , t h e   p o r o s i t y ;  a 

and m ,  c o n s t a n t s .  The agreement i s  good f o r   b o t h  
Boise sands tone   and   Sa lem  l imes tone   wi th  a=l and 
m=2. 

The r e s u l t s   p r e s e n t e d   i n   T a b l e  I1 i n d i c a t e   t h a t  

r 
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Fig .  13.  E l e c t r i c a l   R e s i s t i v i t y :   S a l e m  
Limestone, lkHz 

a t  t e m p e r a t u r e s   i n   t h e   r e g i o n  of -15OC t h e  rela- 
t i v e   p r o p o r t i o n  of p o r e   s p a c e   c o n t a i n i n g   i c e  i s  
similar f o r   B o i s e   s a n d s t o n e   w i t h  0.0, 0.03 and 
0.1 M s a t u r a n t s .  The d i f f e r e n c e s   i n   r e s i s t i v i t y  
o b s e r v e d   i n   P i g .  1 2  a t   t h i s   t e m p e r a t u r e   a r e   t h e n  
exp la ined   by   t he   add i t iona l   conduc t ion   p rov ided  
by N a C l  d i s p l a c e d   f r o m   t h e   i c e ,   w h i c h   i n c r e a s e s  
t h e   s a l i n e   c o n c e n t r a t i o n  of t h e   s o l u t i o n   i n   t h e  
sma l l e r   po re   spaces   and   t he   l i qu id   phase   immedia t e  
l y   a d j a c e n t  t o  t h e   m i n e r a l   p a r t i c l e s .  A s  t h e  temp- 
e r a t u r e   i n c r e a s e s ,   t h e   r e l a t i v e   p r o p o r t i o n s  of 
po re  volume c o n t a i n i n g   i c e   c h a n g e  as t h e   s a l i n i t y  
i s  i n c r e a s e d :   t h e   g r e a t e r   t h e   d i f f e r e n c e   i n   p r o -  
p o r t i o n  of i c e   i n   t h e   p o r e s   t h e   g r e a t e r  the  d i f -  
f e r e n c e   i n   r e s i s t i v i t y   m e a s u r e d ,   T h i s  i s  p a r t i -  
c u l a r l y   n o t i c e a b l e   a t   t e m p e r a t u r e s   b e l o w ,   b u t  
approaching,  OOC. 

The d i f f e r e n c e s   i n   r e s i s t i v i t y   o b s e r v e d   i n  
Fig.  13 f o r  Salem limestone w i t h   s a t u r a n t s  of 
d i f f e r e n t   s a l i n i t i e s  may be e x p l a i n e d   i n  a similar 
manner. 

The v a r i a t i o n s  of p h a s e   a n g l e   w i t h   t e m p e r a t u r e  
a t  a frequency o f  lkHz f o r  Boise   sands tone   and  
Salem  l imestone are shown i n   F i g s ,  14 and 15. 
There is a t r e n d   f o r   t h e   p h a s e   a n g l e s  t o  d e c r e a s e  
a s   t h e   t e m p e r a t u r e  i s  inc reased ,   w i th   nea r -ze ro  
v a l u e s   r e c o r d e d  as t h e   t e m p e r a t u r e  i s  r a i sed   above  
O°C. Thus t h e   c a p a c i t i v e   b e h a v i o u r  of t h e   r o c k  
specimens is d e c r e a s e d   a s   t h e   t e m p e r a t u r e  is  
r a i s e d ,   w i t h  i ts  e l i m i n a t i o n  a t  tempera tures   above  
O°C. An i n c r e a s e   i n   p o r e - w a t e r   s a l i n i t y   r e d u c e s  
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Fig .  14. Phase  Angles:   Boise  Sandstone, lkHz 
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Fig.  15.  Phase  Angles:  Salem Limestone, lkHz 
t h e   p h a s e   a n g l e   a t  a g iven   tempera ture   be low DOC. 

c a t e d :   € o r   B o i s e  (0.03M) and  Salem  (0.1M). The 
r easons   fo r   t he   anomalous   behav iour   r equ i r e  more 
i n v e s t i g a t i o n   b e f o r e   a n   e x p l a n a t i o n   c a n   b e   o f f e r e d .  
R e s i s t i v i t y   s t u d i e s   o n  Berea sandstone  specimens 
s a t u r a t e d   w i t h  0.03M and 0.1M N a C l  s o l u t i o n s   a l s o  
i n d i c a t e d   a n o m a l o u s   b e h a v i o u r ,   g a r t i c u l a r l y   i n   t h e  
r ange  of t empera tu res  -2OC t o  2 C. The r e a s o n s   f o r  
t h i s   b e h a v i o u r  are a l s o   u n d e r   i n v e s t i g a t i o n .  

However, t h e r e  are some anomalous   r e su l t s   i nd i -  

CONCLUSIONS 

1. A n  i n c r e a s e   i n   p o r e - w a t e r   s a l i n i t y   i n   t h e   r a n g e  
0.0 t o  0.1M N a C l  d o e s   n o t   s i g n i f i c a n t l y   d e p r e s s   t h e  
f r e e z i n g   p o i n t   i n   p o r o u s   s a n d s t o n e s  and l i m e s t o n e s .  
2 .  An i n c r e a s e   i i p o r e - w a t e r   s a l i n i t y  i n  the   r ange  
0.0 t o  0.1M N a C l  e € f e c t i v e l y   r e d u c e s   t h e   e f f e c t  
of s h a r p   i n c r e a s e s   i n   u l t r a s o n i c   v e l o c i t i e s  as t h e  
t empera tu re  i s  reduced  below O°C. 
3. The p o r e   i c e   c o n t e n t   p r e d i c t e d   b y   t h e   t h r e e -  
phase  t ime-average  equat ion a t  d i f f e r e n t   t e m p e r a t -  
u r e s   b e l o w  O°C s a t i s f a c t o r i l y   e x p l a i n s   t h e   r e l a t i v e  
d e c r e a s e s   i n   r e s i s t i v i t y  as t h e   p o r e - w a t e r   s a l i n i t y  
is  i n c r e a s e d .  
4 .  An i n c r e a s e   i n   p o r e - w a t e r   s a l i n i t y   r e d u c e s   t h e  
magn i tude   o f   t he   phase   ang le  a t  a g iven   t empera tu re  
and   l eads  t o  more res is t ive b e h a v i o u r   i n   p o r o u s  
sands tones   and   l imes tones .  
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GEOPRYSICAL INTJESTIGGATIONS OF OFFSHORE PERMAFROST, PRUDHOE BAY, ALASKA 

James C Rogers and John L .  Morack, Geophysical Institute, University 
of Alaska,  Fairbanks, Alaska U . S . A .  

Seismic investigations have been made near a line of existing 
drill holes at Prudhoe  Bay, Alaska in an effort to delineate the up- 
per surface of the offshore ice-bonded permafrost and to correlate 
the seismic r e s u l t s  with information gained by drilling. 

where the drilling work delineated the upper permafrost surface. 
Records at distances further from shore  indicate a permafrost surface 
dipping offshore to a depth of approximately 100 meters at a distance 
of 14 kilometers from shore. Sparker reflection data showing many 
hyperbolic reflections are included with  the refraction and reflection 
data but no conclusions are reached as to the origin of these reflec- 
tions. 

Good correlation was found within 3 . 3  kilometers of the shor.e, 

* 4 

ETUDE DU PERGELISOL SOUS-MARIN DE LA BAIE PRUDHOE EN ALASKA 

James C. Rogers  et  John L. Morack,  Geophysical  Institute,  University of Alaska, 
Fairbanks,  Alaska U . S . A .  

O n  a effect& dans la baie  Prudhoe,  en  Alaska, des Etudes  sismiques, 2 proxi- 
mit6  d'une  ligne  de t r o u s  d e  forage  existants,  afin de dglimiter  le  niveau  supGrieur 
du  pergglisol  sous-marin li6 par la glace  et de d6couvrir  la  correspondance  entre les 
rgsultats  sismiques et l'information  obtenue  au cours des forages.  On  a  constat6  une 
excellente  concordance,  dans  les  premiers 3 . 3  kilomztres 5 partir  du  rivage, O?I les 
forages ont: permis  de  dglimiter  le  plan  supErieur du pergglisol. Les relev&  obte- 
nus 2 des  distances p l u s  grandes  du  rivage  indiquent que la surface  du  pergEliso1  est 
inclinGe vers la mer et  atteint  environ 100 mstres d e  profondeur 2 14 kilomztres  de 
distance  de la c6te. Les donnges  de  sismique-rgflexion par Sparker, qui manifestent 
de nombreuses  rgflexions  hyperboliques,  sont  incluses  dans  les  donnges  de  sismique- 
r g f r a c t i o n  et sismique-&flexion, mais on ri'a pu  tirer  jusqu'z p r g s e n t  de  conclusions 
sur  l'origine  de ces rgflexions. 
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GXOPHYSICAL  INVESTIGATION  OF  OFFSHORE  PERMAFROST, PRUDHOE BAY, ALASKA 

J. C. Rogers 
J. L. Morack 

Geophysical  Institute 
University  of  Alaska 

Fairbanks,  Alaska  99701 

INTRODUCTION 

Offshore  seismic  investigations  have 
been  conducted  near  a  line of existing 
drill  holes at Prudhoe  Bay,  Alaska  in  or- 
der  to  delineate  the  upper  surface of the 
ice-bonded  permafrost. 

kilometers of the  shore,  where  drilling 
located  the  upper  permafrost  surface. 
Seismic  records  at  distances  further  from 
shore  where  drilling  information  is  not 
available  indicate  an  ice-bonded  perma- 
frost  surface  dipping  offshore to a  depth 
of approximately 100 meters at a  distance 
of about  14  kilometers  from  shore.  Sparker 
reflection  data  (provided  by  the U. S .  
Geological  Survey)  showing  many  hyperbolic 
reflections  but  not  indicating  the  bonded 
permafrost  surface  are  included. No con- 
clusions are reached as to  the  origin of 
these  reflectors.  Refraction  work on  two 
islands  bordering  Prudhoe  Bay  is  also 
discussed. 

Good  correlation  was  found  within 3 . 3  

SEISMIC  INVESTIGATIONS 

Seismic  velocities  may  vary  greatly  in 
a  material as  its  state  is  changed  from 
the  icebonded  condition  to  a  completely 
thawed  condition.  This  velocity  variation 
i s  the  basis  for  seismic  detection of ice- 
bonded  materials  (Dobrin  1975). 

Velocities  systematically  measured  in 
the  field  by  the authors  at  Point  Barrow 
and  Prudhoe  Bay,  Alaska  fell  into  two 
general  groups. The ice-bonded  sandy 
gravels  typically  were  found 4~ have  ve- 
locities  ranging  from 2500 ms  to 3100 
ms-1,  while  those  same  materials  in  the 
non-frozen  state  exhibited  velocities 
ranging  from 1600 -' to 2000 ms-l.  (Rogers 
et a1 1975)  This  contrast  is  the  basis Of 
the  refraction  technique  which i s  covered 
in  more  detail  elsewhere  (Hunter  1974). 
Additionally,  successful  refraction  mea- 
surements  depend  upon  seismic  velocity  in- 
creasing  with  depth as is the  case in 
Prudhoe Bay. Velocities  measure  in  the 
sea  water  are  typically 1500 mseq  while 
the  non-frozen  bottom  (v=200  ms-l)  may  lie 
upon  frozen  material  (v=3000  ms-l),  The 
transition  from  the  ice-bonded  permafrost 
to  non-frozen  materials at the  bottom of 
the  permafrost  is  not  detectable  with 

seismic  refraction  techniques  (Hunter  et 
a1 1976  Dobrin,  1975)  and  the  work  repor- 
ted  here  deals  only  with  the  upper  boun- 
dary. 

techniques,  to  delineate  "permafrost" 
according to the  classic  definition  based 
upon  temperature.  Rather,  the  delinea- 
tion  is  between  the  bonded  and  the  non- 
ice-bonded  conditions  in  the  material. 
(Hunter  et a1 1976) A l s o ,  there i s  some 
everaging  over  the  material  sampled  with 
the  refraction  technique and it  is  pos- 
sible  that  interpretation  of  ice-bonded 
or non-ice-bonded  conditions  may  be sub- 
ject  to  modification  in  that  the  material 
may  not  be  totally  frozen nor totally  ice 
free. The  reflection  technique  does  not 
present  the  averaging  problem  encountered 
in  refraction  work,  but  the  observation 
of  small  ice-bonded  inclusions  in  non- 
frozen  material is dependent  upon  the  re- 
lative  size  of  the  signal  wave  length  and 
the  dimensions of the  inclusions. Also, 
orientation  of  the  inclusion  with  re- 
spect  to the  observer  can  be  important  in 
reflection  work. 

It  is  not  possible,  using  seismic 

Prudhoe Bay  Field  Work 

450  meters  long,  was  supported  by  floats 
at a  depth of approximately  one  meter 
below  the  water  surface  and  towed  behind 
the USGS vessle  "Karluk"  The seismic 
source was  a 6.55 x 10-~;3 (40 cubic  inch) 
air  gun.  An  analog  system  was  used  for 
amplifying  and  recording  the output  from 
the  24-channel  streamer  on  paper  chart 
and  magnetic  tape. 

cruising at a  speed  of  about 1.4 ms-l, 
stopping  the  engine  every  five  minutes 
for  thirty  seconds,  and  firing  the  air 
gun. The  record  spacing  thus  obtained 
was  approximately 4 0 0  meters.  Figure 1 
shows  the  location  of  the  work.  In  a 
Later  section  the  sparker  data,  copies 
of  which  were  generously  provided  by  Erk 
Reimnitz,  are  compared  with  the  air  gun 
data. The drilling  line of Osterkamp 
and  Harrison  (1976) i s  shown on Figure 1 
as  a single  heavy  solid  line  and  their 
depth  data  are  compared  in  Figure 2 with 
the  seismic  data. 

A  hydrophone  streamer,  approximately 

Typical  data  gathering  entailed 

Figures 3 and  3b  present  two  types 
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o f   d a t a   i n c l u d i n q   a n  a i r  s u n  seismic re- 
f r a c t i o n   r e c o r d   a n d   c o n t i n u o u s   s p a r k e r  
r e f l e c t i o n   d a t a   r e s p e c t i v e l y .  

RESULTS OF INVESTIGATIONS 

A i r  Gun Data, L i n e  A 
The r e f r a c t i o n   D o i n t s   i n d i c a t e d  bv 

t h e   d i a m o n d s   i n   t h e   L p p e r  l e f t  o f  - i i q u r e  
2 ,  a v e r t i c a l   s e c t i o n   t h r o u g h   l i n e  A 
o f  F i g u r e  1, Correspond t o  r e f r a c t o r s  
w i t h  ve loc i t ies  o f  a a p r o x i m a t e l y  3 0 0 0  
m s - l *  T h i s   p o r t i o n  of t h e   r e f r a c t i o n  
l i n e  was r e v e r s e d   a n d   t h e  local  s l o p e   o f  
t h e  refractors  v a r i e d   f r o m  0 t o  0 . 1 9  
r a d i a n s  (0-11 d e q r e e s )   d i p p i n q  away 
from s h o r e .   T h e   p o i n t s   c o r r e s p o n d  
c l o s e l y   w i t h   d r i l l i n g   d a t a  shown  on t h e  
f i g u r e   a s  c i rc les  (Osterkamp  and   Harr i son  
1 9 7 6 ) .  They r e p o r t e d   a n   a b r u p t   c l e a r l y -  
def ined   boundary   be tween  f rozen   and   non-  
f r o z e n  material .  R e f r a c t i o n   d a t a  
beyond  1 .5  km f r o m   s h o r e   d i d   n o t  locate  
h i g h   v e l o c i t y   r e f r a c t o r s ,   b u t   r e f l e c t i o n  
i n f o r m a t i o n  w a s  s c a l e d   f r o m   t h e   r e f r a c -  
t i o n   r e c o r d s .   T h e s e   r e f l e c t i o n   p o i n t s  
are shown as t r i a n g l e s   o n   F i c r u r e  2 and 
are s e e n  t o  co r re spond   aDprox ima te ly  
t o   t h e   r e f r a c t i o n   d a t a   a n d   t o   t h e   o u t e r -  
most d r i l l i n g   d a t a  a t  a b o u t  3 . 3  km from 
s h o r e  * 

The f i r s t  a r r iva l s  s e e n   i n   t h e  re- 
f r a c t i o n   r e c o r d   o f   f ' q u r e  3a   g ive  a 
v e l o c i t y  of 2000 ms ' - i n   t h e   b o t t o m  
s e d i m e n t s .  A r e f l e c t i o n   e v e n t  i s  s e e n  
i n   t h e   f i r s t  1 0  c h a n n e l s  of t h e   r e c o r d  
a p p r o x i m a t e l y  80  m i l l i s e c o n d s   a f t e r   t h e  
s h o t  time. E v e n t s   s u c h   a s   t h i s  are 
p l o t t e d  as  t r i a n g l e s   i n   F i g u r e  2 .  

The r e f l e c t i o n   d a t a   d e p t h s   h a v e   b e e n  
p l o t t e d   u s i n g   a n   a v e r a g e   v e l o c i t y  for  t h e  
n o n - f r o z e n   m a t e r i a l  o f  2 0 0 0  m s - 1 .  AS i t  
i s  n o t   p o s s i b l e  t o  t e l l  e x a c t l y   w h e r e  
t h e   r e f l e c t i o n   t a k e s   p l a c e ,  a l l  r e f l e c -  
t i o n   d a t a   a r e   p l o t t e d   a s s u m i n q   t h e   r e f l e c -  
tors were d i r e c t l y   b e n e a t h   t h e   b o a t .  
C o n s e q u e n t l y ,   t h e s e   p o i n t s  may b e   p l o t t e d  
too deep .  I t  i s  n o t   l i k e l y   t h a t   t h e y  
are p l o t t e d  too s h a l l o w ,  a f e a t u r e   t h a t  
w o u l d   r e s u l t   f r o m   u s i n g  too l o w  a v e l o -  
c i t y   i n   t h e   n o n - f r o z e n  materials.  

The s h o a l   s e e n   i n   F i g u r e  2 corre- 
sponds  t o  t h e   c l o s e s t   a p p r o a c h  t o  Rein- 
d e e r   I s l a n d ' s   w e s t e r n   e n d   w h e r e  Fumble 
O i l  d r i l l e d  a tes t  h o l e   t h a t   p r o d u c e d  
f r o z e n   s e d i m e n t s   f r o m  sea l e v e l  t o  a b o u t  
2 0  m d e p t h   a n d   a g a i n   f r o m  9 0  to 125 m. 
T h u s   t h e r e  i s  f a i r   a g r e e m e n t   b e t w e e n   t h e  
r e f l e c t i o n s   s e e n  by t h e  a i r  qun streamer 
s y s t e m   a n d   t h e   i c e - b o n d e d   p e r m a f r o s t  
o b s e r v e d   b y   n e a r b y   d r i l l i n g .  

- 1  

- S p a r k e r  Data 
The small s q u a r e s  shown  on  Fiqure 2 

c o r r e s p o n d  t o  h y p e r b o l i c   r e t u r n s   s c a l e d  
from USGS c o n t i n u o u s   r e f l e c t i o n   r e c o r d s  
a l o n g   L i n e  1 5  of F i g u r e  1. A t y p i c a l  
r e f l e c t i o n   r e c o r d  i s  shown i n   F i g u r e  3b. 
S i m p l e   g e o m e t r i c   c a l c u l a t i o n s   u s i n p   t h e  

s h a p e   o f   t h e   h y p e r b o l a s   i n d i c a t e s   t h a t  
t h e   r e f l e c t o r s  may be obse rved   on  a 
r e c o r d   w h i l e   t h e  boat i s  d i s p l a c e d   a b o v e  
them  by  an  angle  o f  a b o u t  0 . 8  r a d i a n s  
f r o m   t h e   v e r t i c a l .   T h u s  many o f   t h e  
n o i n t s  are ? l o t t e d  too deep;  it i s  n o t  
p o s s i b l e   t o  t e l l  which may be shown a t  
t h e i r  true depth .   However ,   us inq   the  0 . 8  
r a d i a n   a n q l e ,  w e  estimate t h a t  some 
p o i n t s  may b e   p l o t t e d  too deep  by a f a c -  
t o r  of p e r h a p s  1 . 4 ,  (cos 0 . 8  r a d .  )-l. 
F u r t h e r   a n a l y s i s   o f   t h e   r e c o r d s   s u q q e s t s  
t h e   r e f l e c t o r s   q e n e r a t i n s   t h e   h y p e r b o l a s  
a r e   n o  larqer t h a n  10 meters i n  a cross- 
s e c t i o n a l   d i m e n s i o n   a n d   p e r h a p s   o n   t h e  
o r d e r  o f  a wave l e n g t h   ( 2 - 3  m )  i n   e x t e n t .  
The d i p p i n g   c h a r a c t e r   o f   t h e   s p a r k e r  
d a t a  shown  on F i q u r e  2 i s  n o t   s e e n  i n  
F i q u r e  4 which i s  a p p r o x i m a t e l y   n a r a l l e l  
t o  s h o r e .  

One i m p o r t a n t   a s n e c t   o f   t h e   c o n t i n -  
u o u s   r e f l e c t i o n   d a t a  i s  t h a t  no   upaer  
boundary   o f   t he  ice bonded   pe rmaf ros t  i s  
s e e n ,  a f a c t   w h i c h  i s  i n   c o n t r a s t   t o   t h e  
c o r r e l a t i o n   b e t w e e n   d r i l l i n g   a n d   r e f r a c -  
t i o n   r e s u l t s   d i s c u s s e d   a b o v e .  Our  con- 
c l u s i o n  i s  t h a t   a l t h o u s h   t h e   b o n d e d  perm- 
a f r o s t   s u r f a c e  i s  o b s e r v e d   w i t h i n  50 
meters o f   t h e   s u r f a c e   i n   F i g u r e  2 ,  it i s  
n o t   s e e n  by t h e   c o n t i n u o u s   r e f l e c t i o n  
e q u i p m e n t b e c a u s e   t h e   b o u n d a r y  i s  1ocal . ly  
rough or d i f f u s e  or  perhaps   bo th .   The  
h y p e r b o l i c   r e t u r n s   w h i c h  are  s u r p r i s i n q  
i n   t h e i r   d e p t h   r a n q e ,   h a v e   b e e n   d i s c u s s e d  
by  Reimnitz e t  a l .  They d i s c u s s e d   t h e  
p o s s i b i l i t y   o f   t h e i r   o r i q i n   b e i n g   l a r g e  
b o u l d e r s .   O t h e r   s p e c u l a t i o n   i n c l u d e s   g a s  
p o c k e t s .   E i t h e r   p o s s i b i l i t y   w o u l d  pro- 
v i d e   t h e   s h a r p   v e l o c i t y   d i s c o n t i n u i t y  
r e q u i r e d   f o r   q o o d   r e f l e c t i o n   r e t u r n s .  

O t h e r   L o c a t i o n s  i n  Prudhoe  Say 
Line  B i n   F i g u r e  1, a t r a c k  over 

wh ich   t he   Kar luk   t owed   an   a i rgun   sou rce ,  
c o n t a i n e d   h i y h   v e l o c i t y   r e f r a c t o r s  a t  
e a c h  end., Refractors o n   t h e   s o u t h   e n ?  
o f   t h e   l i n e  were o b s e r v e d  t o  a d i s t a n c e  
of 18 meters. A t  t h e   n o r t h   e n d  of l i n e  
R h i g h   v e l o c i t y  re f rac tors  were a g a i n  
o b s e r v e d  a t  d e p t h s  t o  4 0  m over 2 . 4  km 
of l i n e .  

L i n e  C i n   F i g u r e  2 i s  a reversed 
r e f r a c t i o n   l i n e  f r o m  t h e   s h o r e  t o  t h e  
a p p r o x i m a t e   l o c a t i o n  of Hole P R - 1  d r i l l e d  
by W.S. Arvy CRREL a n d   t h e  USGS (Sel lman 
and. o t h e r s ,  1976) + A h i g h   v e l o c i t y  
r e f r a c t o r  w a s  o b s e r v e d  t o  a d i s t a n c e  o f  
0 . 8  km f rom  sho re  a t  a d e p t h   o f  1 5  m. 
Beyond 0 . 8  km f r o m   s h o r e ,   n o   h i g h   v e l o -  
c i t i e s  w e r e  o b s e r v e d .   H y p e r b o l i c  
r e t u r n s  were o b s e r v e d   o v e r  a l l  of l i n e  
25 r a n a i n a   i n   d e p t h   f r o m  15  t o  250 m. 
A f a c t   w h i c h  seems t o  F r e c l u d e   t h e  possi- 
b i l i t y   t h a t   t h e   h y p e r b o l i c   r e t u r n s  are 
r e l a t e d  t o  t h e   p r e s e n c e   o f  ice bonded 
materials.  

Re indee r   I s l and   and  Cross I s l a n d  
I n  add" m a r i n e   r e f r a c t i o n  
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work   desc r ibed ,  a l imi ted   amount  of r e f r a c -  
t i o n  work was carr ied o u t   u s i n g   a n   e n h a n c e -  
ment hammer seismograph.  A h i g h   v e l o c i t y  
( f r o z e n )   l a y e r  was o b s e r v e d   o n   C r o s s   I s l a n d  
which i s  a p p r o x i m a t e l y  1 8  km east of Rein- 
d e e r   I s l a n d .   T h i s   l a y e r   c o r r e s p o n d e d  w e l l  
w i t h  areas o f   v e g e t a t i o n - - c o n s i s t i n g   p r i -  
m a r i l y   o f   q r a s s e s .   I n   n o n - v e g e t a t e d  areas 
g e n e r a l l y   n o   f r o z e n   l a y e r s  were d e t e c t e d .  
I t  is e s t i m a t e d   t h a t   t h e   p e n e t r a t i o n  cawa- 
b i l i t y   o f   t h e   s y s t e m  was p e r h a p s  5 t o  1 0  
meters. R e i n d e e r   I s l a n d   h a s   n o   v e g e t a t i o n  
a n d   n o   f r o z e n   l a y e r s  were o b s e r v e d   a d j a -  
c e n t  t o  t h e  Humble O i l  ho l e .   These  
o b s e r v a t i o n s   c o n f l i c t   w i t h   t h e   p r e v i o u s l y  
r e p o r t e d   p e r m a f r o s t   c o n d i t i o n s   i n d i c a t i n g  
p e r m a f r o s t  from t h e   s u r f a c e  t o  2 0  m 
d e p t h   o n   t h e   i s l a n d   ( R e i m n i t z   a n d   B a r n e s  
1 9 7 4 ) .   T h e   I s l a n d   w o r k   t h a t  w e  have  done 
t o  d a t e  i s  i n   a g r e e m e n t   w i t h   r e s u l t s  a t  
Barrow  (Rogers an.! o t h e r s   1 9 7 5 )   w h e r e  a 
close c o r r e s p o n d e n c e  was found  between 
v e g e t a t i o n   a n d   n e a r   s u r f a c e   p e r m a f r o s t  
( w i t h i n  2 m o f   t h e   s u r f a c e )   w h i l e  non- 
v e g e t a t e d  areas were n o t   q e n e r a l l y   u n d e r -  
l a i n  by   f rozen  materials. P e n e t r a t i o n  
estimates for  t h e  Barrow work  range from 
5 t o  10 m f o r  hammer seismograoh  work t o  
30 t o  50 m f o r   e x p l o s i v e   s o u r c e s .  

DISCUSSION AND CONCLUSIONS 

The a i r g u n   d a t a   a n d   t h e   d r i l l i n g  
d a t a   s u g g e s t  a b o n d e d   p e r m a f r o s t   s u r f a c e  
b e n e a t h   l i n e  A t h a t   d i p s   s e a w a r d  a t  an  
a n g l e  less t h a n  - 0 2  r a d i a n s .  However, 
t h e r e   h a s   b e e n   n o   c o n t i n u o u s   r e f l e c t i o n  
p r o f i l i n g   t h a t   d e l i n e a t e s  a c o n t i n u o u s  
u p p e r   s u r f a c e  €or t h e   b o n d e d   p e r m a f r o s t .  
A l t h o u g h   t h e   c o n t i n u o u s   r e f l e c t i o n  data 
i n c l u d e s  a l a r g e  number   o f   po in t  re- 
f lectors t h a t  l i e  a t  or  b e l o w   t h e   p r e -  
sumed s u r f a c e ,   n o   e v i d e n c e  of s u c h  a 
c o n t i n u o u s   s u r f a c e  i s  s e e n   i n   t h o s e   d a t a .  
The f r e q u e n c i e s   a s s o c i a t e d   w i t h   t h e  a i r  
gun are a p p r o x i m a t e l y  100 Hz w h i l e   t h e  
S p a r k e r   d a t a  were g a t h e r e d  a t  f r e q u e n c i e s  
between 500 Hz and 1 0 0 0  Hz. T h i s  d i f -  
f e r e n c e   m i g h t   a c c o u n t   f o r   t h e   d i f f e r e n c e  
i n   t h e   o b s e r v a t i o n s .  More i n f o r m a t i o n  
w i l l  be r e q u i r e d   i n   o r d e r  t o  d e t e r m i n e   t h e  
c h a r a c t e r i s t i c s  of t h e   s u r f a c e   r o u g h n e s s .  

t h e  center o f   P rudhoe  Bay a g r e e s  w i t h  
t e m p e r a t u r e   i n f o r m a t i o n   i n  d r i l l  h o l e  PR-1 
r epor t ed   by   Hopk ins .   The   t empera tu re  
g r a d i e n t   i n   t h a t   d r i l l   h o l e   s u g g e s t s   n o  
f r o z e n  material a t  t h a t   l o c a t i o n .  One 
p o s s i b l e   e x p l a n a t i o n  fo r  t h e   a b s e n c e  of 
f r o z e n  material benea th   P rudhoe  Bay i s  
t h a t  it i s  t h e  s i t e  o f  a former thawlake .  

T h e   l a c k   o f   o b s e r v e d   p e r m a f r o s t   i n  
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Figure 3. Prudhoe Bay Area. Light,  solid  lines A, 13, and 
C are  tracks of the Kasluk towing  a  hydrophone  streamer  with 
an a i r  gun source.  Dashed  lines 15, 17, and 25 are tracks of 
t h e  Loon  with  continuous  reflection  equipment  and a sparker 
source.  The  heavy s o l i d  line  adjacent to lines A and 15 i s  
the drilling  line of Osterkamp  and  Harrison (1976). PB-1 is 
a drilling  site of Selhann and  others (1976). 
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ELECTROMAGNETIC  SOUNDING OF PERMAFROST, N.W.T., CANADA, IN SUMMER AND WINTER 
J. R. Rossiter, D. W. Strangway, A. Koziar, J. Wong, and G. R. Olhoeft 
Departmentsof  Physics  and  Geology,  University of.Toronto, Toronto,  Ontario,  Canada 

Three  separate  electromagnetic  methods  were used  both in summer and in winter 
to  determine  the  electrical  properties  and  layering  of  permafrost  near  Tuktoyaktuk, 
N.W.T. Audio-frequency  magnetotellurics was able  to  delineate  permafrost  layering. 
The method was insensitive  to  the  active  layer,  whether  melted  or  frozen, implying4 
a  conductivity-thickness  (ot) 5.03 mho. The permafrost had a  conductivity  of 510 
mho/m,  and  overlay  material  at  least 100 times  more  conductive.  Radio-frequency in- 
terferometry was also  insensitive  to  a  melted  active  layer,  indicating  ot<0.1  mho. 
Permafrost  layering was not  dftected,  but a  dielectric  constant of about 6, and a 
conductivity o f  about 5 x 10- mho/m were estimated for the permafrost. An in situ 
probe  measurement  gave  conductivities  for  the  melted  active  layer in summer  of <0.12 
mho/m, and a  thickness of 50 cm  (0t<0.06  mho). In winter,  the  dielecttic  constant 
of  the  frozen  active  layer  was  about 7, and the  conductivity 5 3 x 10- mho/m. 

" 

SONDAGE ~ L E C T R O M A G N ~ T I Q U E  DU P E R G ~ L I S O L ,  T.N.-o. , CANADA, EN i ~ i  ET EN HIVER 
J.R. R o s s i t e r ,  D.W. Strangway, A.  Koz ia r ,  J .  Wong, and G . R .  Olhoeft,   Departments 
o f  Phys ics   and  Geo logy ,   Un ivers i ty   o f   Toron to ,   Toron to ,   Ontar io ,  Canada. 

On a employe t r o i s  me thodes   6 lec t romagn6 t iques   d i s t i nc tes ,   en   h i ve r   e t   en  
e t & ,  p o u r   d e t e r m i n e r   l e s   p r o p r i g t e s   e l e c t r i q u e s   e t  l a  s t r a t i f i c a t i o n   d u   p e r g C l i s o l  
p rss  de Tuktoyaktuk,  T.N.-0. A l ' a i d e  de  sondages  magnetotel lur iques  aux  audio- 
frequences,  on a pu d e c r i r e   l a   s t r a t i f i c a t i o n  d u   p e r g e l i s o l .   C e t t e   m g t h o d e   e t a i t  
i n e f f i c a c e  dans le m o l l i s o l ,  que c e l u i - c i   s o i t   g e l 6   o u  non,  ce  qui   indique un prod i t  
c o n d u c t i v i t e - k p a i s s e u r  (crt) 2 .03 mho. Le p e r g e l i s o l   a v a i t  une c o n d u c t i v i t e  5 10- 1 
mho/m, e t   l e   r n a t e r i a u  d e   c o u v e r t u r e   e t a i t  au rnoins 100 fo i s   p lus   conduc teu r .  
L ' i n t e r f e r o r n e t r i e   a u x   a u d i o f r e q u e n c e s   & t a i t   a u s s i   i n e f f i c a c e  dans l e  moll is01 degele, 
ce  qu i   ind ique un p rodu i t   o t<0 .1  mho. On n ' a  pas  d ike16  de  s t ra t t f t i&at ion  du  perg6-  
l . iso1,  m a i s  on a est ime que l e   p e r g e l i s o l   a v a i t  une c o n s t a n t e   d i g l e c t r i q u e   d ' e n v i r o n  
6, e t  une c o n d u c t i v i t e   d ' e n v i r o n  5 x 10 -4  rnho/m. Au cou rs   d 'un  sondage,  on a 
cons ta t6  que l e   m o l l i s o l   d e g e l e   a v a i t  en e t 6  une c o n d u c t i v i t e   ~ 0 . 1 2  mho/m e t   g p a i s s e u r  
de 50 cm (ot<0.06 mho). En h i v e r ,   l a   c o n s   a n t e   d i e l e c t r i q u e   d u   r n o l l i s o l   6 t a i t  
d ' e n v i r o n  7, e t  sa c o n d u c t i v i t 6  5 3 X 10 mho/m. 
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ELECTROMAGNETIC SOUNDING OF PERMAFROST, N.W.T., CANADA, 
I N  SUMMER AND WINTER 

J .  R. Ross i ter ' ,  D. W. Strangway, A. Koziar', J. Wong, and G. R. O l h o e f t  3 

Departments o f  Physics  and  Geology,  Universi ty  of   Toronto,  
Toronto,   Ontar io,  Canada 

INTRODUCTION 

A v a r i e t y   o f   e l e c t r o m a g n e t i c  (EM) methods  have 
been  used t o  sound  permafrost, a t   f r equenc ies   f rom 
DC (Sco t t ,  1975), t o   o v e r  100 MHz (Annan  and  Davis , 
1976).  They  have  been  successful i n  determin ing 
the   dep th   t o   pe rmaf ros t ,   i n   separa t i ng   pe rmaf ros t  
from  non-permafrost zones ( H o e k s t r a   e t   a l ,  , 1975) , 
and i n   e s t i m a t i n g   t h e   t h i c k n e s s  o f  permafrost  
l aye rs   (Koz ia r  and  Strangway,  1975). 

I n   t h i s  paper we r e p o r t   r e s u l t s   u s i n g   t w o   d i s -  
t i n c t  EM methods:  audio-frequency  magnetotel lur ics 
(AMT) and  rad io - f requency   in te r fe romet ry .  The 
former  technique was operated a t   f requenc ies   f rom 
10 HZ t o   1 0  kHz; t h e   l a t t e r ,   f r o m  1 MHz t o  32 MHz. 
I n  a d d i t i o n ,  we summarize d a t a   c o l l e c t e d   n e a r  100 
MHz using  an i n   s i t u  probe,  which  measures  the 
d i e l e c t r i c   p r o p e r t i e s   o f   t h e   u p p e r m o s t   l a y e r s .  

S ince   t he   nea r -su r face   ac t i ve   l aye r   me l t s  and 
f reezes  f rom  season  to  season, i t s   c o n d u c t i v i t y  
va r ies   g rea t l y .   The re fo re ,  it i s   i m p o r t a n t   t o  
t e s t  any EM system  designed t o  sound permafrost  
both when t h e   a c t i v e   l a y e r   i s   m e l t e d ,  and when it 
i s  f rozen ,   i n   o rde r   t o   unders tand   t he   sys tem 's  
response and,  hence,  be a b l e   t o  assess i t s  
c a p a b i l i t i e s  and l i m i t a t i o n s .  The  measurements 
reported  here  were made b o t h   i n  summer (August 
1974)  and i n   w i n t e r  (March  1976). 

FIELD SITE 

The  measurements  were made a t   t h e   I n v o l u t e d  Hill 
t e s t   s i t e ,  aboLht 16 km northeast  of   Tuktoyaktuk,  
N.W.T., Canada. T h i s   t e s t   a r e a  was set   up  by  the 
Geological  Survey o f  Canada, and has  been  ex- 
t e n s i v e l y   s t u d i e d   b y  G.S.C. personnel   (see,   for  
example, Rampton and Walcott,  1974; Davis e t   a l . ,  
1976; Scott  and  Hunter,  1977). The H i1  1 i s  es- 
s e n t i a l l y  a remnant i ce   f ea tu re ,   abou t  700 m by 
1500 m, r i s i n g  20 m above  the  surrounding  topo- 
graphy. It r e s t s  on f r o z e n  sand,  and the  whole 
area 1s over la in   by   about  3 t o  10 m o f   c l a y  till. 

AMT and  in te r fe romet ry  measurements  were made 
bo th  on t o p   o f   t h e  Hill and t o   t h e   s o u t h   o f   t h e  
Hill. I n   s i t u  measurements  were made o n l y  on t h e  
Hill i t s e l f .  

RESULTS 

Audio-Frequency  Magnetotel lur ics 

M a g n e t o t e l l u r i c s   u t i l i z e   d i s t a n t   l i g h t n i n g  
s t r i k e s  as the  source  s ignal .   Th is   energy  prop-  
aga tes   a round   the   wor ld   w i th in   t he   ea r th - i ono -  
sphere   cav i ty .  The ho r i zon ta l   magne t i c   f i e ld   and  
the   co r respond ing   o r thogona l   ho r i zon ta l   e lec t r i c  
f i e l d   a r e  measured.  The r a t i o   o f   t h e s e  two 
measurements g i ves   an   apparen t   res i s t i v i t y ,   wh ich  
i s   i n d i c a t i v e   o f   t h e   c o n d u c t i v i t y   s t r u c t u r e   o f  
the  subsurface. 

O p e r a t i o n a l l y ,   t h e   e l e c t r i c   f i e l d  was measured 
us ing  a 30 m grounded e l e c t r i c   d i p o l e ,  and t h e  
m a g n e t i c   f i e l d  was measured w i t h  a broad-band i n -  
d u c t i o n   c o i l .  Readings  were made every 30 m, a t  
10 frequencies  between  10 Hz and 10 kHz, and a t  
b o t h   o r i e n t a t i o n s ,   i . e . ,   w i t h   t h e   e l e c t r i c   f i e l d  
p a r a l l e l  and p e r p e n d i c u l a r   t o   t h e   t r a v e r s e .  A 
more  complete  descr ipt ion i s   g i v e n  by  Koziar  
( 1  976). 

Typica l   permafrost   sounding  curves  are shown 
i n   F i g u r e  1. A t  low  f requencies  the  apparent  
r e s i s t i v i t y   i s  low - about 10 t o  100 ohm-m. A t  
h i g h e r   f r e q u e n c i e s   t h e   a p p a r e n t   r e s i s t i v i t y   c u r v e  
converges t o  a 45" l i n e  on a l o g - l o g   p l o t .   T h i s  
t ype  o f  behaviour i s  c o n s i s t e n t   w i t h  a h i g h l y   r e -  
s i s t i v e   l a y e r   o v e r l y i n g  a more conduc t i ve   l aye r  
( F i g u r e   l a ) .  I f  t h e   r e s i s t i v i t y   c o n t r a s t  between 
t h e s e   t w o   l a y e r s   i s   l a r g e ,   t h e   c u r v e  becomes ve ry  
i n s e n s i t i v e   t o   t h e   a c t u a l   r e s i s t i v i t y   o f   t h e  
upper  layer.  I n  the   h igh   f requency  limit, t h e  
a p p a r e n t   r e s i s t i v i t y  depends o n l y  on t h e   t h i c k -  
ness o f   t h e  upper  layer.  A t  lower   f requencies,  
t h e   a p p a r e n t   r e s i s t i v i t y   c o n v e r g e s   t o   t h e   t r u e  
r e s i s t i v i t y  o f  the  substratum. 

F o r   t h e   s i t u a t i o n   i n   w h i c h   t h e r e   i s   a n o t h e r ,  
more conduc t i ve ,   l aye r   above   t he   res i s t i ve   l aye r ,  
t h e   a p p a r e n t   r e s i s t i v i t y   c u r v e   d e c r e a s e s   a g a i n   a t  
h igh   f requenc ies .   Theore t i ca l   ca l cu la t i ons   i n -  
d i c a t e   t h a t   a t  10 kHz t h i s   e f f e c t   i s   n o t   r e s o l v a -  
b l e   u n l e s s   t h e   c o n d u c t i v i t y - t h i c k n e s s   p r o d u c t  i s  
g rea ter   than 0.03 mhos. There i s  no c o n s i s t e n t  
i n d i c a t i o n   o f   t h i s   e f f e c t   i n   t h e  summer data 
(F igu re  l b ) .  

1. Now a t  C-CORE, Memorial  University  of  Newfoundland, St. John 's ,   N f ld .  
2. Now a t   F a c u l t y   o f  Law, U n i v e r s i t y   o f   T o r o n t o .  
3. Now a t  U.S.  Geological  Survey,  Denver,  Colorado. 



4 r  

(c) 0 W/NT€ff 

0 
0 I 2 3 4 

log frequency ( H z )  

4 
n I 

F igu re  1 - ( a )   S o l i d   l i n e  - Theore t i ca l  AMT 
sound ing   curve   fo r  a 2 - l aye r   ea r th :  p 1  = 105n-m, 
p2 = 10n-m, tl = 300 m. (b )   C losed   c i r c les  - 
Summer AMT readings on I n v o l u t e d  Hill, basel ine,  
antenna  east-west.  (c) Open c i r c l e s  - w i n t e r  AMT 
r e a d i n g s   a t  same l o c a t i o n   a n d   o r i e n t a t i o n   a s   ( b ) .  
Po in t - to -po in t   d i f fe rences   be tween ( b )  and ( c )  
a r e   p r o b a b l y   n o t   s i g n i f i c a n t .  

F igu re  2 (below) - P l o t   o f   r e s i s t i v i t y   o f  sub- 
permafrost  layer  (upper  curve),  and o f   p e r m a f r o s t  
th ickness as determined  from AMT sounding (lower 
curve) .  The assumption was  made tha t   t he   re - .  
s i s t i v i t y   c o n t r a s t  between  layers was large.  Data 
a re  shown from a sound ing   p ro f i l e   runn ing   f rom on 
t o p   o f   t h e   I n v o l u t e d  Hill t o   t h e   f l a t s   s o u t h  o f  
t h e  Hill. Where t h e   t w o   o r i e n t a t i o n s   g i v e   s i m i l a r  
resu l t s ,   t he   dep th   es t ima tes  seem g o o d - ( a f t e r  
Koziar,  1976). 
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This   upper   va lue of t h e   c o n d u c t i v i t y - t h i c k n e s s  
product  for t h e   s u r f a c e   l a y e r   i s   s u b s t a n t i a t e d   b y  
t h e   s i m i l a r i t y  o f   t he   w in te r   da ta ,   t aken  when t h e  
a c t i v e   l a y e r  was f r o z e n   ( F i g u r e  IC). Al though  the  
i n c i d e n t   f i e l d s   a r e  weak i n  t h e   A r c t i c  because 
t h u n d e r s t o r m   a c t i v i t y   i s   d i s t a n t ,  i t  was p o s s i b l e  
to   t ake   repea tab le   read ings ,   excep t   nea r   t he   cav i t y  
p r o p a g a t i o n   n u l l  a t  about 2 kHz. There i s  some 
s c a t t e r   i n   t h e   w i n t e r   d a t a ,   m a i n l y  because t h e  
contact  impedance was v e r y   h i g h   ( s e v e r a l  megohms). 
A l though  the   con tac t  impedance was s u b s t a n t i a l l y  
lowered  by  apply ing a m i x t u r e  o f  h i g h l y   s a l i n e  
w a t e r   a n d   e t h y l e n e   g l y c o l   a n t i - f r e e z e   t o   t h e  

electrodes  (see  Hessler  and  Franzke,  1958),   the 
antenna was neve r the less   capac i   t a t i ve l y   coup led   t o  
the  ground, Thus  any movement o f   t h e   w i r e s  (for 
example,  by  wind)  can  cause  spurious  readings. 

The d e p t h   t o   t h e   p e r m a f r o s t   a n d   t h e   r e s i s t i v i t y  
o f   the   subs t ra tum  were   ob ta ined  by  a l e a s t -  
squares  analysis,  assuming a two- layer  model 
(Koziar ,  1976; Kozia,r and  Strangway,  1975). Where 
t h e   r e g i o n   i s   l a y e r e d ,   t h e   e s t i m a t e d   d e p t h  of 
permafrost  (25-40 m) agrees w e l l   w i t h   r e s u l t s   f r o m  
d r i l l i n g  on   t he   "T la t s "   sou th   o f   t he  Hill ( p r i v a t e  
communication from W .  J. Scot t ) ,   as shown i n  
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F igu re  2. On t h e  Hill, t h e   b o t t o m   o f   t h e  perma- 
f r o s t  has n o t  been  reached  by d r i l l i n g ,   b u t   i s  
b e l i e v e d   t o  be a t  a depth  of  about 300 m, from a 
s tudy   o f   t empera tu re   p ro f i l es   (p r i va te  communi- 
c a t i o n   f r o m  3. R. Mackay).  Here t h e  computed 
depths  are  very  low, and a r e   n o t   p l a n a r .  A two- 
l a y e r  model i s   n o t   a p p r o p r i a t e   t o   d e s c r i b e   t h i s  
reg ion ,   wh ich   c lea r l y  does n o t  have  an i n f i n i t e  
l a y e r e d   s t r u c t u r e ,  and sub-permafrost   conduct ive 
mater ia l   a round  the  Hill probab ly   i n f l uences   t he  
AMT a p p a r e n t   r e s i s t i v i t y .  

Radio-Frequency  Interferometry 

Th is   techn ique was p r i m a r i l y   d e v e l o p e d   f o r  
sound ing   the   lunar   sur face   (Sur face   E lec t r i ca l  
P roper t i es  Team, 1974),   but  has a l s o  been  used 
s u c c e s s f u l l y   t o  sound g l a c i e r s   ( R o s s i t e r   e t  a1 . , 
1973; Strangway st., 1974).  This i s   t h e   f i r s t  
r e p o r t   o f   i t s  use t o  sound permafrost .  

The technique  uses a h o r i z o n t a l   e l e c t r i c   d i p o l e  
as  source,  and a smal l   loop  antenna as r e c e i v e r .  
The t r a n s m i t t e r   i s   p l a c e d  on t h e   s u r f a c e   t o  be 
sounded,  and a t r a v e r s e   i s  made away f rom  the  
t r a n s m i t t e r ,   u s u a l l y   w i t h   t h e   r e c e i v e r  mounted on 
a v e h i c l e .  Waves t r a v e l   d i r e c t l y   t o   t h e   r e c e i v e r  
both  above  and  below  the  surface, and f rom  the sub- 
surface, i f  t h e r e   a r e   s u b - s u r f a c e   r e f l e c t i n g  
hor izons.  The pr ime  requi rement   for   successfu l   use 
o f   t h e  method i s   t h a t   t h e   m a t e r i a l  sounded  must 
have  very  low  e lect romagnet ic   losses  a t   the 
frequencies  being  used. The inst rumentat ion  used 
was i d e n t i c a l   t o   t h e   u n i t   t a k e n   t o   t h e  moon, w i t h  
m o d i f i c a t i o n s   f o r   b a t t e r y  power  and  thermal  in- 
s u l a t i o n   i n   w i n t e r .  S i x  f requencies  f rom 1 MHz t o  
32 MHz, two  orthogonal   t ransmit t ing  antennas, and 
three  orthogonal  receiving  antennas  were  used. 

Resul ts   f rom one o f   t h e   m a i n  components t h a t   i s  
maximum-coupled t o  a p lane - laye red   s t ruc tu re   a re  
shown i n   F i g u r e  3. The m a j o r   r e s u l t   i s   t h a t   t h e r e  
i s   v e r y   l i t t l e   i n t e r f e r e n c e  seen e i t h e r   i n  summer 
o r   i n   w i n t e r .   T h i s   r e s u l t   i m p l i e s  a l o s s y  sub- 
sur face ,   s ince   bo th   lunar   and  g lac ie r   s tud ies  
showed s t r o n g   i n t e r f e r e n c e ,   a s   c a l c u l a t e d   t h e o r e t i -  
c a l l y   f o r  a l o w - l o s s ,   d i e l e c t r i c   h a l f - s p a c e  (Annan, 
1973). The s i m i l a r i t y   o f   t h e   w i n t e r   a n d  summer 
r e s u l t s   s u g g e s t s   t h a t   t h e   m e l t e d   a c t i v e   l a y e r   i s  
n o t   t h e   p r i m e   c a u s e   o f   t h e   l a c k   o f   i n t e r f e r e n c e .  
Theoret ica l   models   o f   the  in ter ference  expected 
f o r  a conduc t i ve   l aye r   ove r  a d i e l e c t r i c   h a l f - s p a c e  
ind i ca te   t ha t   t he   upper   l aye r   mus t   have  a con- 
duc t i v i t y - th i ckness   p roduc t   o f   abou t  0.1 mhos o r  
more t o   a t t e n u a t e   t h e   i n t e r f e r e n c e   s i g n a l   c o m p l e t e -  
l y .  T h e r e f o r e ,   t h e   i n t e r p r e t a t i o n   t h a t   t h e   a c t i v e  
l a y e r   i s   n o t   t h e  cause o f   a t t e n u a t i o n   i s   i n   a g r e e -  
ment w i t h   t h e  AMT conc lus ion ,   i , e .   t ha t   t he   con -  
d u c t i v i t y - t h i c k n e s s   p r o d u c t   i s   p r o b a b l y   l e s s   t h a n  
.03 mhos. 

T h i s   r e a s o n i n g   i m p l i e s   t h a t   t h e   m a j o r   l o s s   i s  
due t o   t h e   p r o p e r t i e s   o f   t h e   p e r m a f r o s t   I t s e l f .  
The DC conduct iv i t y   can   be   the   cause  o f   such 
l o s s e s .   I n   t h i s   c a s e   t h e   a t t e n u a t i o n  of i n t e r -  
ference will decrease  w i th   inc reas ing   f requency .  
C a r e f u l   e x a m i n a t i o n   o f   t h e   d a t a   p r e s e n t e d   i n  
F igu re  3 shows t h a t   a t   1 6  and 32 MHz t h e r e   i s  a 
s l i g h t  amount o f  i n t e r f e r e n c e  seen, so t h a t  by 

f i t t i n g   t h e  16  and 32 MHz d a t a   t o   t h e o r e t i c a l  
half-space  curves, a measure o f   t h e   p r o p e r t i e s   o f  
the   layer   can   be  made. S i n c e   t h e r e   i s   l i t t l e  
c h a r a c t e r   i n   t h e   i n t e r f e r e n c e s   c u r v e s ,   t h e  
est imate o f  the  parameters  are  on ly   approx imate.  
However, t h e   b e s t  f i t  (see  F igure 3)  i s   f o r  a 
d i e l e c t r i c   c o n s t a n t   o f   a b o u t  6 and a l oss   t angen t  
( a t  16 MHz) o f  0.17.  This  loss  tangent,  if 
e n t i r e l y  due to   conduc t ion   l osses ,   g i ve8  a con- 
d u c t i v i t y   f o r   t h e   p e r m a f r o s t   o f  5 x 10 mho/m, a 
v a l u e   t h a t   i s   c o n s i s t e n t   w i t h   t h e  AMT data. 

There  are some d i f ferences  between  the  data 
c o l l e c t e d   i n  summer and w i n t e r   a t  32 MHz. We 
a t t r i b u t e   t h e   w i n t e r   i n t e r f e r e n c e   t o   p r o p a g a t i o n  
w i t h i n   t h e  snow l a y e r   l y i n g  on the  sur face.  
A l though  the snow  was v e r y   t h i n   i n   p l a c e s ,  i t  was 
banked  up t o  a t h i c k n e s s   o f  1 t o  2 m t o   t h e   s o u t h  
o f   t h e  Hill. T h i s   i s   t h i c k  enough f o r  modes t o  
p ropagate   (see   Ross i te r   e t  a1 . , 1975) ,  and t h e  
main  peak i n   t h e  32 MHz data  can be explained  by 
t h i s  mechanism (as shown i n   F i g u r e   3 a ) .  

I n   S i t u  Probe 

The dramat ic   e f fec t   o f   f reez ing  and thawing i n  
t h e   a c t i v e   l a y e r  was observed  by  insert ing  probes 
i n t o   t h e  upper  meter,  using  the  method o f  Smith 
and K ing   (1974)   t o   measure   t he   d ie lec t r i c   p rop -  
e r t i e s .  The r e s u l t s  have  been repor ted   by  Wong 
" e t  a1 . (1977),  and  are summarized here   fo r ' com-  
p a r i s o n   w i t h   t h e  AMT and i n t e r f e r o m e t r y   r e s u l t s .  

By immersing  the  monopole i n  a d i e l e c t r i c   h a l f -  
space  and  measur ing  the  complex  dr iv ing-point  
impedance a t  resonance  and  anti-resonance,  the 
d i e l e c t r i c   c o n s t a n t  and l o s s   t a n g e n t   o f   t h e   h a l f -  
space  can  be  determined. The  measured  values f o r  
var ious  monopole  lengths  are  presented i n   F i g u r e  
4. The large  d i f ferences  between summer and 
w i n t e r ,   e s p e c i a l l y   i n   t h e   u p p e r  50 cm, a r e  
obvious. 

The a c t i v e   l a y e r  has a d i e l e c t r i c   c o n s t a n t  
near 50 i n   t h e  summer, and a l oss   t angen t   o f   abou t  
1 ( a t   a b o u t  100 MHz). These v f l ues   co   res   ond   t o  
a DC c o n d u c t i v i t y   o f   a b o u t  10- t o  lo-' mh:/m. I n  
w i n t e r   t h e i r   v a l u e s   a r e   a b o u t  7, .01 o r  l ess ,  and 
10 mho/m o r   l e s s ,   r e s p e c t i v e l y .  Even i n   w i n t e r  
there  appeared t o  be some decrease i n   d i e l e c t r i c  
constant   wi th   increas ing  monopole  length,  and we 
a t t r i b u t e   t h i s   e f f e c t   t o  a small  amount o f   r e -  
s i d u a l   u n f r o z e n   w a t e r   i n   t h e   a c t i v e   l a y e r ,  even i n  
w i n t e r .  The summer va lues   a re   cons is ten t   w i th   an  
upper   layer   con ta in ing   about  40% wa te r ,   ove r l y ing  
a f r o z e n   s o i l   l a y e r   w i t h  a conduc t i v i t y   nea r   10  
rnho/m (Hoekstra and  Delaney, 1974; Olhoeft,   1977). 

DISCUSSION AND CONCLUSIONS 

From t h e  above r e s u l t s  it i s   c l e a r   t h a t   a l l  
t h r e e   r a t h e r   d i f f e r e n t   t e c h n i q u e s   g i v e  comple- 
m e n t a r y   i n f o r m a t i o n   a b o u t   t h e   e l e c t r i c a l   s t r u c t u r e  
a t   t h e   I n v o l u t e d  Hill reg ion .  AMT i s   t h e  most 
promis ing  technique  for   determin ing  permafrost  
th ickness,  i f  t h e   r e g i o n   i s   a p p r o x i m a t e l y   l a y e r e d ,  
and the  substratum i s  conduct ive.  The  conduc- 
t i v i t y   o f   t h e  sub-permafrost   mater ia l   can  a lso  be 
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Figure 3 (above) - Radio interferometry curves for 
frequencies from 1 to 32 MHz, south of  the 
Involuted H i l l  (solid lines), in (a) winter, and 
( b )  summer. Dashed 1 ines represent theoretical 
fits for a half-space with a dielectric constant 
o f  6 and loss tangent o f  0.17. Dotted 1 ine is a 
two-layer model, with the upper (snow) layer 
k = 2.4, tans =0.01, tl = 3 m. 

Figure 4 (right) - Comparison of the apparent di- 

estimated. The method is insensitive t o  the ac- 
tive layer, as long as its conductivity-thickness 
product is less than .03 mhos, Radio interfer- 
ometry is also insensitive to the active layer, and 
although the losses in the permafrost were t o o  
great to detect layering, the electrical properties 
o f  the permafrost could be estimated. The radio 
interference method would only be useful t o  esti- 
mate thickness where the permafrost ,conductivity i s  
less than 10- mho/m, and therefore might be more 
useful  in other regions. The technique i s  also 
able to measure snow thickness. The in situ probe 
technique is  useful for delineating the electrical 
structure of the top meter. 
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SUBSURFACE D I P S  BY RADAR PROBING OF PERMAFROST 

Rober t  R. Unterberger,   Dept o f  Geophysics, Texas A&M Un iv ,   Co l lege  S ta t ion ,  Texas 

Severa l   radar   p rob ing   o f   permaf ros t   exper iments   were   car r ied   ou t  a t  o r  near  
Umiat,  Alaska t o   d e t e r m i n e   t h e   c a p a b i l i t y   o f  250 MHz r a d a r  waves t o  (1 )   pene t ra te  
permafrost ,  ( 2 )  determine  the  presence of  s u b s u r f a c e   r e f l e c t o r s   w i t h i n   t h e  perma- 
f r o s t ,  and (3)  de termine   the   depth   o f   permaf ros t .  An assumption o f  E ' / E ~  = 3.0 
f o r   t h e   r e l a t i v e   e l e c t r i c   p e r m i t t i v i t y  of the  average  permafrost   format ions 
( i c e  = 3.2, dry  sandstone = 2.55) was made. Radar   d ips   (d i rec t i on   and  amount) 
compared f a v o r a b l y   w i t h   s h a l l o w   d i p s  measured i n  w e l l s   d r i l l e d   b y   t h e  USGS i n   o r  
on t h e   U m i a t   a n t i c l i n e .  In some cases ,   radar   penet ra t ion  was r e a t e r   t h a n   t h e  
known depths o f  p e r m a f r o s t   p o s s i b l y   b e c a u s e   o f   t i g h t   r o c k   o r   o i  ?-" -fil ed  porous 
sandstone. Maximum depth o f   p e n e t r a t i o n   b y   r a d a r   p r o b i n g   i n t o   p e r m a f r o s t   n e a r  a 
known o i l   w e l l   a t   U m i a t  was 2023 ft (61 7 m) . Ai rborne  radar   systems such as 
descr ibed  g ive   p romise  for f as t   reconna issance  o f  p e r m a f r o s t   c o u n t r y   f o r   f i n d i n g  
d i r e c t i o n  o f  d i p s  o f  subsu r face   f o rma t ions ,   sha l l ow   fau l t s   o r   o the r   subsu r face  
s t ructure  and  mapping o f  bo t tom  o f   pe rmaf ros t   bu t  more  research  and  test ing  are 
r e q u i r e d .  The l a s t   m e n t i o n e d   i s   i m p o r t a n t   t o   s e i s m i c   i n t e r p r e t a t i o n .  

MESURES D E  L '  INCLINAI SON DU P E R G ~ L I S O L  PAR SONDAGE RADAR 

Robert R. Unterberger,  Dept. o f  Geophysics,  Texas AEM Un iv .   Co l l ege   S ta t i on  Texas 

On a e f fec tue   p lus ieu rs   exper iences   de  sondage  radar  du  pergel isol  21 Umiat, 
en  Alaska,  ou  aux  environs,  de  maniere d d6terminer   la   capac i tg   d 'ondes   radar   de  
250 MHz a (1 ) p e n e t r e r   l e   p e r g e l   i s 0 1  (2 )  dece le r   l a   p resence   de   rg f l ec teu rs   p roches  
de l a   su r face ,  A 1 ' i n t e r i e u r  du p e r g e l   i s o l ,   e t  d; ( 3 )  i nd ique r   l a   p ro fondeur  du 
p e r g & l i s o l .  On a admis  que les  couches de p e r g e l i s o l   a v a i e n t  en moyenne une 
p e r m i t t i v i t e   e l e c t r i q u e   r e l a t i v e   & g a l e  2 E ]  cO  - 3.0 (g lace  = 3 . 2 ,  gres  sec = 2.55) .  
Les i nc l   i na i sons   (d  i r e c t   i o n   e t   q u a n t i  t&) &Val  u6es  par  ondes  radar  concordaient  assez 
b ien   avec   les  pendages  peu i n c l i n e s  mesures  dans  des p u i t s   f o r C s   p a r  l a  USGS, sur  
l ' a n t i c l i n a l  de  Umiat,  ou 4 l ' i n t e r i e u r  de c e l u i - c i .  Dans c e r t a i n s   c a s ,   l e s  ondes 
radar  ont   pengtre  p lus  profondement  que  les  n iveaux  connus  de  pergCl i s 0 1  , probable-  
nent  21 cause  de l a  f o r t e   d e n s i t e   d e   l a   r o c h e   o u  de l a  presence  de grGs poreux  conte- 
nan t   du   pe t ro le .  La profondeur  maximale  d'un  sondage  radar  dans l e   p e r g e l  i s 0 1  p r&s  
d l u n   p u i t s  de p k t r o l e  connu, A U m i a t ,  a e t &  de 2 034 p i  (617 m). Les d i s p o s i t i f s  
rada r   ae ropor tes ,   t e l s  que d h c r i t s ,   p e r m e t t r o n t   d ' e f f e c t u e r  une  etude  rapide  de 
reconna issance   de   l a   reg ion   de   pe rge l i so l ,   e t  en p a r t i c u l i e r  d e   d g t e r m i n e r   l ' o r i e n -  
t a t i o n  du  pendage  des  format ions  proches  de  la   sur face,   des  fa i l les   peu  profondes 
o u   a u t r e s   s t r u c t u r e s  peu d i s t a n t e s  de l a  s u r f a c e ,   a i n s i  que  de c a r t o g r a p h i e r  l a  
base  du  pergel iso l ,   mais  i l  e s t   n g c e s s a i r e   d ' e f f e c t u e r   d a v a n t a g e   d ' e s s a i s ,   e t   d e  
poursu iv re   la   recherche.  Les essa is   son t   pa r t i cu l i s remen t   impor tan ts   pou r   l ' i n te r -  
p r e t a t i o n  des  leves  s ismiques. 
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INTRODUCTION 

This  paper  descr ibes a f i e l d   e x p e r i m e n t   a t   U m i a t ,  
Alaska  (about 340 m i l e s   n o r t h  o f  Fairbanks  and 
n o r t h   o f   t h e  Brooks Range)  on t h e   C o l v i l l e   R i v e r  
i n  March  and A p r i l  o f  1965 t o   d e t e r m i n e   t h e   a b i l i t y  
o f  a VHF e lec t romagnet ic   radar   sys tem  to   penet ra te  
permafrost ,   to  map subsur face   re f lec t ions   a long a 
p r o f i l e   l i n e   n e a r   t h e  Umia t   an t i c l i ne ,   and   t o  
d e t e r m i n e   t h e   b o t t o m   o f   p e r m a f r o s t   a t   t e s t   w e l l  
l o c a t i o n s  where  the  depth o f   p e r m a f r o s t  has  been 
measured. T h i s   p a r t i c u l a r   l o c a t i o n  was chosen 
because  the U.S. Geological  Survey (USGS) had 
done exp lo ra t ion   work  on the  Naval  Petroleum 
Reserve (NPR) No. 4 and pub l ished  we l l   logs   and 
core  data on t h e   w e l l s   d r i l l e d  on  and n e a r   t h i s  
a n t i c l i n e .  Thus radar   da ta  on t h e   d e p t h   o f   t h e  
permafrost   and  the  measured  format ion  d ip  could be 
compared wi th   publ ished  subsur face  data  f rom  the 
USGS ( C o l l i n s  1958, Reed 1958). 

BACKGROUND 

Steenson  (1951)  investigated  the  use o f   r a d a r   t o  
p r o b e   i n t o   g l a c i e r s .  Evans (1963)  has  used r a d i o  
waves t o  measure i ce   t h i ckness  and  (1966)  the 
depths o f  g lac ie rs   f rom  the   a i r .   Wa i te   and  
Schmidt  (1962 A )  f o u n d   t h a t   a l t i m e t e r   r a d i o  waves 
p e n e t r a t e d   i c e  and  gave  erroneously  low  readings 
t o   p i l o t s   f l y i n g   i n   t h e   A n t a r c t i c .  Some  may have 
been k i l l e d  by f l y i n g   i n t o   m o u n t a i n s   o f   i c e .  
B a i l e y   e t  a1  (1964),  Ginsburg  (1960),  Rinker (1967), 
Rudakov (1960),  Vogrodski i   (1965), Wai t e  (1962 B, 
1966),  Walford  (1964),  and  Yoshino  (1961)  put  the 
concept o f   p r o b i n g   w i t h   r a d i o  waves i n t o   p r a c t i c e  
on g l a c i e r s  and ice  sheets .   Theoret ica l   aspects  
o f  these  problems  were  studied  by Cook (1960 A ,  B), 
Evans (1965),  and  Saxton  (1950). I n   t h i s   p a p e r ,  we 
discuss  probing  through  permafrost .  

THEORY 

The h y p o t h e s i s   i s  made t h a t   t h e   f r e e z i n g   o f  
w a t e r   i n   t h e   p e r m a f r o s t   s i g n i f i c a n t l y   i m m o b i l i z e s  
t h e   d i p o l e  moment o f  water  - t h e   c h i e f   l o s s  
mechanism o f  e lect romagnet ic  wave t r a n s m i s s i o n   a t  
VHF, The depth o f   p e n e t r a t i o n  o f  the   rada r  waves 
will depend somewhat on radar  system  parameters 
(power  output ,   antenna  ga in,   receiver   no ise  leve l  , 
f r e q u e n c y ,   e t c . )   b u t   p r i n c i p a l l y  on t h e   l o s s  

tangent* of the  permafrost   (see Cook 1960 B ) .  
Von Hippel  (1954)  has shown t h a t   f o r   l o w - l o s s  
m a t e r i a l s   ( t a n  6 << 1 )   a t  250 MHz the  t ransmiss ion 
l o s s   ( a t t e n u a t i o n )   o f  a p lane  e lect romagnet ic  
wave t rave l i ng   t h rough  a m a t e r i a l   o f   n e g l i g i b l e  
magnet ic   losses   bu t   w i th  a f i n i t e   t a n  6 will be 

22.7 JE1/Eo tan 6 dB/meter  (1) 

where i s   t h e   r e a l   p a r t   o f   t h e   r e l a t i v e  
e l e c t r i c   p e r m i t t i v i t y   ( d i m e n s i o n l e s s ) .  Assuming 
E I / E o = ~  f o r  a mix ture  o f   f rozen  porous  sandstone 
and ice+,  and a 170 dB dynamic  range o f  t he   rada r  
system  and  tan 8 = lod3 ( t e f l o n  has a tan  6 = 10-4 
and we have  measured some s a l t w i t h   t a n  6 = ZxlO-5), 
we would  have  31 dB o f   t h e   e m i t t e d   r a d a r   s i g n a l  
absorbed i n  a two way t rave l   pa th   ove r  400 meters 
(approximate  deepest  depth  of   permafrost   (1330  f t )  
measured i n  Alaska,  Black  (1954)).  This  leaves 
ample r a d a r   s i g n a l   s t r e n g t h   t o  be used i n  geomet- 
r i c a l   s p r e a d i n g   a n d   r e f l e c t i o n   l o s s e s   a t  one o r  
more i n t e r f a c e s  between  the  surface and the  bottom 
o f   t h e   p e r m a f r o s t .  A t  th is   bo t tom,   the   sharp  
chan e i n   t h e   r e l a t i v e   e l e c t r i c   p e r m i t t i v i t y  of 
i c e  73.2) t o   f r e e   w a t e r  (78) i s  e x p e c t e d   t o   g i v e  a 
l a r g e   r e f l e c t i o n   c o e f f i c i e n t .  Thus we would 
expect a l a r g e   r a d a r   s i g n a l   i n d i c a t i v e   o f   t h e   J c e -  
w a t e r   i n t e r f a c e   s i g n i f y i n g   t h e   b o t t o m   o f   t h e  
permafrost. 

EQUIPMENT 

The radar  system was packed  and  flown (commer- 
c i a l   a i r l i n e s )   t o   F a i r b a n k s ,   A l a s k a .   H e r e ,   a f t e r  
assembly  and test ,   the  system was mounted i n  a 
cha r te red   Beaver   a i r c ra f t   (F ig .  1 1. The rada r  
system was capable o f   b e i n g   o p e r a t e d   i n   t h e   a i r  
w h i l e   f l y i n g  (powered  by a 400 Hz generator  
coup led   t o   t he   a i rp lane   eng ine )   o r  on l a n d  
(powered  by an Onan i n   t h e   p l a n e ) .  Two Yagi 

* The l o s s   t a n g e n t   i s  an e l e c t r i c a l   p r o p e r t y   o f  
any m a t e r i a l .  It i s   d e f i n e d  as t a n  6 = E ' / E ' ' ,  

where  the  complex e l e c t r i c   p e r m i t t i v i t y   i s  
d e f i n e d  as E* = ~ l - j ~ " ,  and E '  i s   t h e   & p a r t ,  
and E "  i s   t h e   i m a g i n a r y   p a r t ,  Thus tan  6 i s  a 
measure o f   t h e   l o s s  o f  t h e   m a t e r i a l .  

-t I c e  has an € ' / E O  = 3.2 whereas d r y  sandy s o i l  
has an = 2.55 a t  VHF (von  Hippel  1955). 



FIG. 1 .  Fermafrost  robing radar  system mounted 
inside a chartered Beaver a i r c r a f t  i n  
Fairbanks , A1 as ka . 

antennas were stacked  as an array and were mounted 
on each w i n g ,  one w ~ n ~  array was the  transmitter 
and  one the  receiver,  see  Fig. 2. R e c e ~ ~ e r  and 

FIG. 2, Transmitting  antennas  stacked i n  the 
H plane mounted on wing o f  B e a ~ e r  
f ~ y i n g  over ~ o 1 v ~ l l e  River,  Alaska. 
~ o u n d  d o t  below outer  antenna is  a 
moose ~ r a ~ i n g  on willows. 

t r a n s m ~ t ~ e r   c a b l e s  could be c ~ n ~ e c ~ ~ d  to   fe~nale  
Type N coaxial  feedth~ough on e i the r   s ide  o f  the  
Beaver f u s e ~ a g e   t o  a l ~ o w  a ~ o t h e r   s e t  o f  stacked 
Yagi antennas t o  be used ~ o i n t i n g  i n t o  the ground 
Some distance (110 ft or 33-5 m )  from the  airplane 
and o f f  t h e   r ~ ~ w a y   ( s e e  Fig. 3) .  Data were taken 
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by p ~ o t o g r a ~ h ~ n g   t h e   o s ~ i ~ ~ o ~ c o ~ e  screen w i t h  a 
Pel a ro id  camera. 

FIG. 3. Antennas i n   rush o f f  Urniat a i r s t r i p  
f o r  radar  probing  into  perma~rost. 
Note 4 o f  Yagi antenna  directors have 
been ret~oved from airborne  antenna 
system, T h i s  was a ~ r e ~ a u t i o n a r ~  
measure for landing i n  deep snow. 

The r a d a r  equipment i s  similar t o  t h a t  used by 
Un~erberger (1974) and by Hofser e t  a1 (1972) .  
The radar  system G h a r a c t e ~ ~ s t i c s  are shown in 
Table I .  

TABLE I 
Radar ~ y s t e m  ~ ~ a r a c t e r i s t i ~ s  

F r ~ ~ u e n c y  250 MHz 

Power ~ u t p u t  15 kW m a ~ i m u m ~  b u t  
c o n t i ~ u o u s f y   v a r i a ~ l e  
down t o  a s t ab le  minimum 
s f  500 w a t t s  

~ r a n s m ~ t t ~ r  Ant~nna 2 bay array o f  10 element 
Yagis s t a ~ k e d  i n  the 
H-plane 

~ e c e i ~ i n g  Antenna 2 bay array o f  10 ~ l e ~ e ~ t  
Yagis stacked i n  the 
H-pl ane 

Antenna Gain 14.3 dB 

Antenna  amwi width for 
2 Bay Array 

E-plane (a i r )  4%" 
H-plane ( a i r )  32" 

Pulse ~ ~ d t h  0 .6  m i c r o s e c o n ~ ~  

Pulse ~ e ~ e t i t j o n  Rate 981 pps 

Receiver ~ ~ n s i t ~ ~ ~ t ~  .c 4 dB (above theoretical  
noise  level)  

Data  isp play Polarojd camera pictures 
o f  the A-scope p r e s ~ n t a -  
t i o n ,  u ~ u a ~ l y   a t  a sweep 
r a t e  o f  7 usldiv.  
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A f t e r   c h e c k o u t   f o r   s a t i s f a c t o r y   o p e r a t i o n   o f   t h e  
radar  system on the  ground i n  Fa i rbanks   and  la te r  
i n   t h e   a i r p l a n e   a t   F a i r b a n k s ,   t h e  Beaver was f lown 
t o  Umiat,  Alaska  which  served as the  research  base. 

RADAR PROBING EXPERIMENTS IN PERMAFROST 

The radar  system was opera ted   a i rborne  as a 
checkout  but  we had  no   con t inuous   pos i t ion   loca t ion  
system on board. On' l a n d   a t   c e r t a i n   s p e c i f i c   w e l l  
locat ions  where  data on depths   to   spec i f i c   sub-  
sur face  format ions  were known, p lus  known depths 
to   t he   bo t tom  o f   pe rmaf ros t ,  we probed  w i th   radar  
f o r   d a t a  on s t r a t a   w i t h i n   t h e   p e r m a f r o s t  and f o r  
permafrost   depth.  We descr ibe now a r a d a r   p r o f i l e  
run  on the   no r the rn  edge o f   t h e  Umiat a i r s t r i p  
which i s   r o u g h l y   p a r a l l e l   t o   t h e   a x i s   o f   t h e   U m i a t  
a n t i c l i n e   ( s e e   F i g .  4)  and less  than  two  ml les 
(2.7 km) away. E i g h t   r a d a r   s t a t i o n   l o c a t i o n s  were 
l oca ted   a long   t he   no r the rn  edge o f  t h e   a i r s t r i p  
6000 ft (1829 m) long, see F ig .  5 .  With  the 

I 5 P I O '  152. 

$ OIL Y E L L , S H U T ~ I I I  bc 1 + onv noLt 
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FIG.  4. Map of  Umiat,  Alaska  area  showing 
a i r s t r i p   l o c a t i o n ,  Umiat a n t i c l i n e  
a x i s  and t e s t   w e l l   l o c a t i o n s .  Oil 
i s   a t  300 ft depth. 

:-- 316 F T  A 
30'SOUlH' 'jO+noRrH . .  

. .  
FIG. 5 .  Drawing o f  Umia t   a i r s t r i p   show ing  

l o c a t i o n s  o f  rada r   p ro f i l e   pe rmaf ros t  
p r o b i n g   s t a t i o n s .  

a i r s t r i p   b e i n g   b u i l t  on a gravel   base we d i d   n o t  
probe  through  the  gravel .   Instead we probed down- 
ward   w i th   our   an tennas  a t  a 33.5 m d is tance  f rom 
the   no r the rn  edge o f  t h e   a i r s t r i p   w i t h   t h e  Beaver 
a i r c r a f t   v e r y   c l o s e   t o   t h e  edge o f  t h e   a i r s t r i p .  
Thus t h e  Yagi  antennas  were a c t u a l l y   i n   t h e   b r u s h  
suppor ted  by  the  d i rectors   o f   the  antenna  ar ray,  
The two fo lded   d ipo les   t ha t   were   f ed   by   t he   t rans -  
m i t t e r  were  about 1 meter above the  snow (see 
F igs.  3 and 6 ) .  By t h i s   a i r s t r i p   o f f s e t ,  we 

hoped t o   a v o i d  some o f   t h e   s c a t t e r i n g   o f   t h e  
p rob ing   e lec t romagne t i c  waves by   the   g rave l  
m ixed   w i th   i ce ,   a l t hough   the   who le   a i r s t r i p  was 
b u i l t   a t   t h i s   l o c a t i o n  because o f   t h e   g r a v e l  
na tu re  o f  t h e   C o l v i l l e   R i v e r   h e r e .  

From radar   da ta   showing  re f lec ted   s igna ls  as a 
f u n c t i o n   o f   t i m e   ( s t a n d a r d  A-scope radar   da ta  
p r e s e n t a t i o n ) ,  we make the  assumption of E ' / E ~ = ~  

w h i c h   y i e l d s  a radar   speed*   o f  285 f t / u s .  The 
radar  data  measured i n  t ime  and  thus   tu rned  in to  
range  data  gave us a radar  measured  subsurface 
d i p  o f  1 .35   f t /100 ft (1.35%  grade) i n  the  west 
d i r e c t i o n .  

CORRELATION  WITH USGS TEST  WELL  DATA 

From Co l l ins '   (1958)   pub l i shed  da ta  on t e s t  
w e l l s   a t   U m i a t ,  we c a l c u l a t e   t h e   d i p   o f   t h e   t o p  
o f   t h e  Grandstand?  formation as f o l l o w s :  

* The radar  speed i s  half the   ac tua l  speed o f  
t r a v e l   i n   t h e   f o r m a t i o n .   I n   t h i s  manner,  one 
mere ly  measures the  ( two way) time t o   t h e   t a r g e t ,  
as observed on t h e   o s c i l l o s c o p e ,   m u l t i p l i e s   b y  
t h i s   r a d a r  speed  and  obta ins  the  d is tance  to   the 
t a r g e t   o r   r e f l e c t o r   i n   t h e   s u b s u r f a c e .  

T A Cretaceous  o i l -bear ing  sandstone  format ion 
o v e r l a i n   b y   t h e   n o n m a r i n e   K i l l i k   t o n g u e   o f   t h e  
Chandler  format ion  which i s  about 20 ft (6 m) 
t h i c k .  
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TABLE I1  
Known Test  Well   Dips  of  Grandstand  Formation 

From To Distance West Dip % 
D i r e c t i o n   W e l l   W e l l   I n   F e e t   f t / 1 0 0  ft Grade 

East-West 8 1 27,566  1.44  1.44 
East-West 9 3 10,649 1.28  1.28 
East-West 9 4 11,395 1.44  1.44 

The d i p   f r o m   t e s t   w e l l s  9 t o  4 i s  1.44 f t / 1 0 0  ft 
(1.44%  grade). These w e l l s   a r e   n e a r l y   p a r a l l e l   t o  
t h e   U m i a t   a i r s t r i p .  

d i p  measured  by r a d a r   o f  1.35  f t /100 ft, p a r t i c u -  
l a r l y  when we remember t h a t   t h e   r a d a r   p r o f i l e  was 
made l a t e r a l l y  and south  about 9000 ft (2.7 km) 
f rom  the   Umia t   an t i c l i ne   ax i s .  

" 

These d a t a   c o r r e l a t e   w e l l   w i t h   t h e   w e s t e r l y  

NORTH-SOUTH D I P  EXPERIMENT 

The Umiat a n t i c l i n e   i n   t h e   r e g i o n   o f   t h e   U m i a t  
a i r s t r i p   i s   d i p p i n g   w e s t   i n   t h e   e a s t - w e s t   d i r e c t i o n  
and south i n   t h e   n o r t h - s o u t h   d i r e c t i o n  as can  be 
seen f rom  F ig.  4. Therefore a b e t t e r   d i p  measure- 
ment   (h igher   d ip   va lues)   m igh t  be made a long  the 
d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   U m i a t   a i r s t r i p  and 
an a t tempt  was  made t o   e s t a b l i s h  two   s ta t i ons  
( c a l l e d  30+ Nor th  and 3FJt South)  at.   the  west  end 
o f   t h e   a i r s t r i p  (see F i g .  5) .  From t h e  USGS data 
o f   C o l l i n s  (1958), we have d e f i n i t i v e   c o r e   d a t a  
ind ica t ing   the   Grands tand  Format ion  has the  
f o l l o w i n g   d i p :  

TABLE I11 
Known Test  Well  Dips o f  Grandstand  Formation 

From To 
Di rect ion  Wel l   Wel l   South  Dip % Grade 

North-South 3 5 11.6 ft/lOO f t  11.6 
North-South 5 6 13.5  f t /100 ft 13.5 
North-South 6 7 15.7 f t / 1 0 0  ft 15.7 

From t h e   l o c a t i o n   o f   t h e s e   w e l l s  on F i g .  4, these 
dips  should  decrease  the  closer  (e.g.  from  Well  5 
t o   W e l l   3 )   t h e y   g e t   t o   t h e   U m i a t   a n t i c l i n e   a x i s ,  
and i t  i s  seen from  Table I11 t h a t   t h e y  do. The 
maximum d i s t a n c e   a p a r t   i n   t h i s   d i r e c t i o n  we cou ld  
ob ta in  two r a d a r   p r o b i n g   s t a t i o n s  was 376 ft 
(115 m). Assuming t h e   l a r g e s t   o f   d i p s   g i v e n   i n  
Table 111, as would be expected as t h e   a i r s t r i p   i s  
c l o s e s t   t o  N-S 6 t o  7, and  assuming an average 

o f   the   subsur face   fo rmat ions  as 3.0 as 
b e f o r e ,   t h e   e x p e c t e d   d i f f e r e n c e   j n   a r r i v a l   t i m e s  
o f   r a d a r   s i g n a l s   r e f l e c t e d   f r o m   t h e   t o p   o f   t h e  
Grandstand  formation  would  be  0.17 us. Our 
a b i l i t y   t o  measure r e f l e c t i o n   t i m e s   i s   a b o u t  
0.05 us ( h a l f   o f  one s m a l l e s t   d i v i s i o n  on the 
osc i l l oscope   t ime   sca le )  and t h u s   w i t h   o n l y  
376 f t  be tween   rada r   s ta t i ons   t h i s  makes any 
measurement o f   d i p   f r o m   a r r i v a l   t i m e   d i f f e r e n c e s  
d i f f i c u l t .  The r a d a r   d a t a   o b t a i n e d   d i d   i n d i c a t e  
s o u t h   d i p   w i t h  a t i m e   d i f f e r e n t i a l   o f   a b o u t  
0.08 ps. A l o n g e r   p r o f i l e   i n   t h i s   n o r t h - s o u t h  
d i r e c t i o n   i s   c l e a r l y  needed bu t   t he  many  hummocks 
p r e s e n t   i n   t h i s   a r e a   p r e v e n t e d   t h e   B e a v e r   a i r c r a f t  
from  moving t o  such a l o c a t i o n .  

" 

Another   no r th -sou th   d ip   f i e ld   exper imen t  was 
made over  a much l a r g e r   d i s t a n c e  (3300 ft o r  
1006 m) by   t ak ing   rada r   da ta   a t   Tes t   We l l  No. 6 
and  Test  Well No. 3. As can be seen f rom  F ig.  4 
these   two   we l l s   a re   i n   t he   no r th -sou th   d i rec t i on  
and  from  pub1  ished  data  (Coll ins  1958)  the  average 
d i p   o v e r   t h i s   r e g i o n   t a k e n   f r o m   w e l l   d a t a   i s  
12.9 f t / l 0 0  ft (12.9%  grade) f o r   t h e   t o p   o f   t h e  
Grandstand  Formation. 

A f t e r   c o r r e c t i n g   f o r   e l e v a t i o n   d i f f e r e n c e s   i n  
r a d a r   s t a t i o n   l o c a t i o n s ,   r a d a r  measurements 
showed 5.7 f t / 1 0 0  ft (5.7%  grade) o r   o n l y   a b o u t  
ha l f   the  Grandstand  d ip .   Th is   cannot  be a t t r i b -  
u t e d   t o   o u r  use o f  an i n c o r r e c t   a v e r a g e   e l e c t r i c  
p e r m i t t i v i t y  because i n   o r d e r   t o   o b t a i n  
12.9 f t / 1 0 0  f t  (12.9%  grade)  d ip  f rom  the  radar 
data, a radar  speed  greater  than  the  speed of 
l i g h t   w o u l d  be needed. Some o the r   exp lana t ion  
must be sought. 

When one c o n s i d e r s   t h e   d i p   o f   t h e   a n t i c l i n a l  
subsurface  and how i t  v a r i e s ,  and understanding 
t h a t  a f i r s t   a r r i v a l   o f   t h e   r a d a r   r e f l e c t i o n  will 
come f r o m   t h e   K i l l i k - G r a n d s t a n d   i n t e r f a c e   a t  a 
p o i n t   a t   r i g h t   a n g l e s   t o   t h e   e m i t t e d   r a d a r  
s p h e r i c a l  wave pa th  as d i r e c t e d   i n t o   t h e   s u b -  
surface,  the  d istance  between two f i r s t   a r r i v a l  
p o i n t s  on t h e   a n t i c l i n a l   s u r f a c e   ( t o p  o f  Grand- 
s tand - bottom o f  K i l l i k  t o n g u e   i n t e r f a c e )   t h a t  
a r e   p e r p e n d i c u l a r   t o   t h e   r a d a r   s t a t i o n s  on the 
su r face  will be much c loser   than  the   spac ing  
be tween  the   sur face   radar   s ta t ions .   There fore  
the  simple  system  used f o r   c a l c u l a t i n g   t h e  
previous  moderate  dips  (1.35  f t /100 ft or  1.35% 
grade) we used  before will n o t   s u f f i c e   f o r   l a r g e  
dips  and more ray  path  geometry  must be taken 
i n t o   a c c o u n t .  Radar d a t a   g i v e s   t h e   c o r r e c t  
d i r e c t i o n   o f   d i p ,  however. 

DEEP  PROBING OF PERMAFROST 

How f a r  can radar   p robe  in to   permaf ros t?  The 
answer  depends  on the  radar  system  parameters and 
the  loss  tangent   o f   the  subsur face  geology  probed.  
I f  we i n c r e a s e   t h e   r e c e i v e r   g a i n   t o  a maximum and 
use f u l l  power o f   t he   rada r   sys tem and  ask what i s  
the   t ime of t h e   l a t e s t   a r r i v i n g   s i g n a l ,  we can g e t  
some i d e a   o f   t h e   d e p t h   t o   w h i c h   t h i s   r a d a r   s y s t e m  
can  probe  the  permafrost .   For  the  Umiat  region, 
we ob ta ined   t he   f o l l ow ing   da ta :  

TABLE IV 

Maximum Range o f  Permafrost   Penetrat ion  Data 
Time To 

Radar 
Locat ion+ 

Fu r thes t  Range* 
S igna l  I n   F e e t   I n   M e t e r s  

Test  Well No. 5 7.8 us 2023 61 7 
Test We1 1 No. 6 4.3 us 1026 31 3 
Test  Well No. 3 3.8 p s  883 269 
A i r s t r i p   p r o f i l e ,  

Sta. 29 3.6 US 826 252 
Extreme  east  end 
o f   p r o f i l e   3 . 8  U S  88 3 269 

t See  map o f   F i g .  4. 
* Assuming  an  average o f  3.0. 
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A good explanation as t o  why the  radar  probing 
depth i s  shallow  (S883 f t  or 269 m) for   three 
radar   s ta t ions i s  because  these  locations  are on 
or  near a surface  boulder  area,  i .e.  the  reason 
why the   a i r s t r ip  was loca ted   there .   I t   i s  prob-  
able   that  much sca t te r ing  of radar  energy  takes 
place  in  the  subsurface  gravel and boulders be- 
cause t h e i r   s i t e  could approach the  radar wave- 
length  of 2 .27  f t  (.69 m) i n  the  frozen  formation. 
This  scattering of the  radar  energy  reduces  that 
ava i lab le   to  probe  the  depths bel ow. A1 though 
the maximum radar  range o f  penetrat ion  a t   Test  
Well No. 6 corresponds  closely t o  the measured 
permafrost  depth  of 1055 f t  (322 m )  in th i s   a rea ,  
Collins  (1958)  gives  the bottom of permafrost  for 
Test Well No. 6 as 770 f t  as  obtained by  Max 
Brewer using a thermistor  cable  reaching  only  to 
700 f t  b u t  by using short extrapolation  of 
measured temperatures. The radar  station  near 
Test Well No, 5 (see F i g .  a) showed radar  penetra- 
t ion t o  2023 f t  (617 m ) ,  almost  twice  as deep as 
the  deepest known depth  of  permafrost i n  this area,  
1055 f t   f o r  Test Well  No. 9 .  Ferrians  (1965) and 
Baptist  (1960)  give  the  depth  of  permafrost of 
Test Well  No. 5 as 800 f t .  Now the  usual assump- 
tion  in  radar  probing i n  permafrost  country i s  
t h a t  the  signal  received  in  time  is  indicative 
of the bottom of  permafrost. The ra t iona le  behind 
t h i s  assumption i s   t h a t  below permafrost  (by 
def ini t ion)   the  temperature   is  above freezing and 
therefore  water  is  present i n  porous formations. 
This  water  (because of i t s  h i g h  tan 6 and la rge  
E ' / E ~  of 78) effect ively  shields  any s ign i f i can t  
further  penetration by radar by drast ic   a t tenua-  
t ion of the waves. However, two things can mi t i -  
gate  this  assumption.  First,  the  formation might 
s t i l l  be porous b u t  the  formation be o i l - f i l l e d  
( o i l  i s  a nonpolar l i qu id ) .  Then electromagnetic 
waves could  penetrate.  Second,  the  formation 
m i g h t  be t i g h t  and thus have no porosity. Hard 
rock could  transmit  electromagnetic waves also.  A 
t h i r d  poss ib i l i t y  i s  one o f  i n t e r p r e t a t i o n ,   ? . e .  
multiple  radar  reflections  are  taking  place  within 
the  permafrost   i tself .  B u t  the  radar  data do not 
indicate   this  is  the   s i tua t ion .  

RADAR PROBING  APPLICATIONS 

W i t h  an airborne  radar  system such as described 
here b u t  w i t h  a suitable  data  recording  devfce 
such as a color TV tape  recorder  (needed  for 
recording  the bandwidth of the  radar  probing 
signal  in  real  time) and a continuous  electronic 
navigation  system, one  can f l y  a vast  area of 
permafrost  country i n  short  times  to  record 
( 1 )  dip of subsurface  formation (amount and 
d i rec t ion ,  ( 2 )  information on the  continuity 
of  subsurface  stratigraphy  (faults,   etc.) ,  and 
(3)  possibly map the bottom of permafrost. All of 
these  are  very  useful  data i n  the  oil-finding 
business.  Indeed, a knowledge o f  the  variation  in 
the bottom of permafrost i s   c r i t i ca l   t o   s e i smic  
in te rpre ta t ion  (Dobrin  1961). The absence  of perma- 
f r o s t  i n  certain  areas  creates  nonexistent  syn- 
Clines i n  Seismic mapping of the  subsurface  be- 
Cause the unfrozen  near-surface has a much lower 
seismic  velocity than  the  frozen pemafr0st.e 
Problem i s  t o  know where the  permafrost  is  absent. 

CONCLUSIONS 

Although airborne  operation of radar probing 
of permafrost i s   q u i t e   p o s s i b l e ,   f o r   t h e   f i r s t  
experiments we chose t o   s t a y  on the ground 
simplifying  the problem o f  knowing  where you 
are.  The permafrost zones  probed were not 
f o u n d  t o  be uniform b u t  revealed many re f lec t ions  
within  the  permafrost  tone. Thus a simple 
profil ing of the  distance t o  the bot tom of 
permafrost was  shown t o  be more complex. The 
radar-measured  shallow  dips of the Umiat an t i c l ine  
within  the  permafrost  over a mile  or so compared 
favorably  with  those  calculated from the measured 
Killik-Grandstand  interfaces  in  the Umiat t e s t  
wells.  A t  steeper  dips  the  radar measurements 
were lower t h a n  computed dips from t e s t  well 
data.  In b o t h  cases,  however, the  directfon 
o f  the  dip was clearly  displayed. Depths t o  
permafrost were probed a t  s i t e s   c lo se  t o  a 
number of Umiat t e s t  we1 1s as well  as  along  the 
a i r s t r ip   p ro f i l e .   Sca t t e r ing  by near  surface 
boulders is   bel ieved t o  l imit   penetration of 
radar  a t  or  near  the Umiat a i r s t r i p  although 
shallow  dips  could s t i l l  be measured despite this 
sca t te r ing .  A t  one s i t e  (Umiat Test Well 6 )  
almost 8 ps of reflected  radar  signals were 
observed  caused by possibly  probing  completely 
through  the  permafrost i n t o  h a r d  rock or o i l -  
f i l l e d  porous rock both of which are  capable of 
transmitting  electromagnetic waves. 
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THERMAL INTERACTION OF PIPELINES WITH THE GROUND 

L.S.  Garagulya, S .  Yu. Parmuzin, V . V .  Sp i r idonov  and A . S .  T s u r i k o v  
A l l - U n i o n  Res. I n s t .   f o r   P i p e l i n e   C o n s t r u c t i o n ,  Moscow, U . S . S . R .  

S e v e r a l   a s p e c t s   o f   t h e   t h e r m a l   i n t e r a c t i o n   o f   p i p e l i n e s   w i t h  
s t u d i e d :   f o r   f o r e c a s t i n g  changes i n   p e r m a f r o s t   c o n d i t i o n s  i n  t h e  

the   g round  a re  

v i c i n i t y  o f  p i p e l i n e s ,   a i o n g   t h e   r i g h t - o f - w a y   a n d   i n   a d j a c e n t   a r e a s ;  t o  determine 
the  des ign  temperature of t h e   p i p e l i n e   d u r i n g   c o n s t r u c t i o n ,   a n d  to determine  changes 
i n   t h e   t e m p e r a t u r e  o f  t h e   h e a t   c a r r i e r   a l o n g   t h e   r o u t e   d u r i n g   t h e   o p e r a t i o n a l  
p e r i o d .  The i n i t i a l   d a t a  f o r  f o r e c a s t i n g  changes in   the   g round  tempera ture   reg ime 
m u s t   b e   o b t a i n e d   d u r i n g   t h e   p e r m a f r o s t   s u r v e y   o r   i n   t h e   c o u r s e   o f   e x p l o r a t i o n .  The 
i n t e r a c t i o n  of p ipe l i nes   w i th   t he   env i ronmen t   can   be   s tud ied   by  means o f   f i e l d  and 
laboratory  exper iments,   analogue  computers  and  mathematical   methods. 

immediate 

L'lNTERACTlON THERMIQUE DES PIPELINES ET DES SOLS 
L.S.  Garagulya, S .  Yu. Parmuzin, V . V .  Sp i r i donov ,  A.S.  T s u r i k o v ,   l n s t i t u t  
s o v i e t i q u e  de r e c h e r c h e s   s c i e n t i f i q u e s   e n   c o n s t r u c t i o n  de p i p e l i n e s ,  MOSCOU, URSS 

, 
Etude de p lus ieu rs   aspec ts  de 1 ' i n t e r a c t i o n   t h e r m i q u e  des p i p e l i n e s  e t  des 

s o l s :   p r e v i s i o n  des m o d i f i c a t i o n s  des cond i t i ons   geoc ryo log iques  dans l a  zone 
t o u c h e e   p a r   l e   p i p e l i n e ,  dans l a  zone du t r a c e   e t   s u r   l e   t e r r i t o i   r e   a d j a c e n t ;  
d e t e r m i n a t i o n  de l a   t empera tu re  des p i p e l i n e s  au cours de l a   c o n s t r u c t i o n  e t  des 
v a r i a t i o n s  de tempgra tu re   de   l ' agen t   rechau f fan t  l e  l o n g   d u   t r a c g   l o r s  de l a   m i s e  
en s e r v i c e .  Le5 donnees i n i t i a l e s   p o u r   l a   p r e v i s i o n  des var ia t ions  du  rCgime 
thermique des so ls   do ivent   B t re   ob tenues  au   cours   du   lev&  ggocryo log ique  ou  des 
p r o s p e c t i o n s .   L ' e t u d e  de l ' i n t e r a c t i o n  des p i p e l i n e s   e t  du m i l i e u   p e u t  
s ' e f f e c t u e r   l ' a i d e   d ' e x p 6 r i e n c e s   i n   s i t u  et en l a b o r a t o i r e ,  de l a  s i m u l a t i o n   s u r  
des machines  analog iques,   e t  de m6thodes  mathematiques. 

TEnJIOBOE B3AMMOaEfiCTBME MArMCTPAnbHbIX TPYLOIIPCBOflOB C rPYHTAlLlM 
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GRAPHS FOR DISTURBANCE-TEMPERATURE DISTRIBUTION  IN PERMAFROST UNDER 
HEATED  RECTANGULAR STRUCTURES 

Alfreds R. Jumikis, Rutgers   Univers i ty  - The State  Un ive r s i ty  of New 
J e r s e y ,  New Brunswick, New J e r s e y ,  U.S.A. 

These  computer ized  inf luence  value graphs for three-dimensional  
d i s tu rbance - t empera tu re   d i s t r ibu t ion  a t  any p o i n t   i n   t h e   c e n t r a l  ver- 
t i c a l  plane X = 0 i n   p e r m a f r o s t   b e n e a t h   h e a t e d   r e c t a n g u l a r   s t r u c t u r e s  
are given   here  for ratios of A/B = 1.00, 1.50, 2.00,  3.00, 5 .00,  and 
10.00. Herein 2A is t h e   l e n g t h  of t h e  r e c t a n g u l a r   c o n t a c t   s u r f a c e  
area of the h e a t e d   s t r u c t u r e  on permafrost ,   and 2B i s  the   w id th  of 
the r e c t a n g l e .  The graphs are easy  t o  use. They permi t   easy  deter- 
minat ion of tempera ture   reg imen,   qu ick   p lo t t ing  of temperature fields,  
and   de l inea t ion  of the thawing  bowl i n  permafrost benea th   hea ted  
s t r u c t u r e s  rectangular i n   p l a n .  

DIAGRAMMES INDIQUANT LA REPARTITION D E S  PERTURBATIONS QUE SUBIT LE PERG~LISOL EN 
FONCT I ON DE LA TEMP~RATURE,  AU-DESSOUS DE STRUCTURES RECTANGULA I RES C H A U F F ~ E S  

A l f r e d s  R. Jumik i s ,   Ru tge rs   Un ive rs i t y  - The S t a t e   U n i v e r s i t y  o f  New Jersey,  
New Brunswick, New Jersey, U.S.A. 

Dans l e   p r e s e n t   a r t i c l e ,   o n  donne  des  diagrammes  autornatisks  des  valeurs 
d e t e r m i n a n t e s ,   q u i   p r e s e n t e n t   e n   t r o i s   d i m e n s i o n s   l a   r e p a r t i t i o n   d e s   p e r t u r b a t i o n s  
en f o n c t i o n   d e   l a   t e m p g r a t u r e ,   e n   t o u t   p o i n t   d u   p l a n   v e r t i c a l   c e n t r a l  X' 0 du 
perge l   i so l ,   au-dessous   de   s t ruc tu res   rec tangu la i res   chauf fCes,   pour   des   quot ien ts  
de A Zi B Cgaux d 1.00, 1.50, 2.00, 3.00, 5.00, e t  10.00. 2A represente   la   longueur  
de l a   s u r f a c e  d e   c o n t a c t   r e c t a n g u l a i r e   d e   l a   s t r u c t u r e   c h a u f f g e   q u i   r e p o s e   s u r   l e  
pe rgC l i so1 ,   e t  2B e s t   l a   l a r g e u r   d u   r e c t a n g l e .  Les  diagrammes s o n t   f a c i l e 5  3 
u t i l i s e r .  11s perrnettent  de  d6terminer  faci lement l e  regime  therrnique,  de  t racer 
rap idement   les  champs thermiques, e t  de d e l i m i t e r   l a   c u v e t t e   d e   d e g e l   q u i  se  forme 
dans l e   p e r g e l i s o l ,  au-dessous des s t r u c t u r e s  chauPPCes rec tangu la i res   p lanes .  

rPA@WKM PACIIPEAEJIEHBR TEMIIEPATYP HAPYWEHMR B MHOI'OJlETHEMEP3JIhlX 
I'PYHTAX IIOA OTAIIJIWBAEMIJ" IIPRMOYrOJIbHbJ" KOHCTPYKUBRMM 
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GRAPHS FOR DISTURBANCE-TEMPERATURE DISTRIBUTION I N  PERMAFROST 
UNDER HEATED RECTANGULAR STRUCTURES 

College  of Engineering,  Rutgers, The S t a t e  
Universi ty   of  N e w  J e r sey ,  N e w  Brunswick ,  N . J .  08903 USA 

INTRODUCTION 

This  paper  presents  computerized  in- 
fluence  value  graphs  giving  three-dimen- 
s iona l   t empera ture   d i s turbance   d i s t r ibu-  
tion [Jumikis (1973)l. They permit   quick,  
e f f e c t i v e   e v a l u a t i o n   a n d   p l o t t i n g   o f  tem- 
pera ture   f ie lds   in   permafros t   ( tempera ture  
a t  any   po in t   i n  permafrost) beneath  heated 
s t r u c t u r e s   r e c t a n g u l a r  i n  plan.   Inf luence 
value  graphs are here   given  for  the follow- 
i n g   f i v e   r e l a t i v e   s i z e s   o f   t h e   r e c t a n g l e s :  
A/B = 1 . 0 0 ,  1 . 5 0 ,  2.00, 3.00, 5.00  and 

where 2 A  i s  the length  of  the r ec t angu la r  
con tac t   su r f ace  area on the  permafrost  
(along  the  X/A-axis),  and 2B i s  the  width 
of   the   rec tangular   contac t   sur face  area on 
the permafrost   (along  the Y/B-axis) (see 
Figs.  1 through 8 ) .  The graphs are easy 
t o  use. 

10.0, 

THEORETICAL BASIS 

The equat ion used here f o r  computing 
and p lo t t i ng   t he   i n f luence   va lues  may be 
found i n  Lachenbruch’s (1957) o u t l i n e  of a 
three-dimensional   temperature   dis t r ibut ion 
in  permafrost   underneath  heated  buildings.  
The t ranscendenta l   equa t ion   in   ques t ion  
for a thermal  disturbance T ( X , Y , Z )  i n  a 
s teady-state   heat-f low  process  i s  

rn 

- a rc t an  (X+A) (Y-B) 
Z J Z 2 + ( X + A )  2 + ( Y - B )  

. .’ . (1) 

Thus, the  dimensions of the r ec t ang le  are 
(2A) X (2B). 

Equation (1) gives   the  thermal   dis-  
turbance T ( X , Y , Z )  a t  any p o i n t  ( X , Y , Z )  i n  
the  hemispace  (permafrost)  underneath  an 
a rea   rec tangular   in   p lan   and   in   contac t  
with  permafrost ,  when a constant  tempera- 

maintained  over   this   rectangle .  Beyond 
the   rec tangular  area, on the  boundary  sur- 
€ace of the  permafrost ,   the   temperature  

ture Tconst  from a hea ted   bu i ld ing  is 

is To. 
I n  1 9 6 3 ,  Porkhayev also presented an 

equat ion similar t o  Eq. (1) , b u t   d i f f e r -  
en t ly   de r ived ,  f o r  calculat ing  tempera-  
t u r e   d i s t r i b u t i o n   f o r  a three-dimensional 
problem  for any poin t   in   the   hemispace .  
The temperature  values T are t o   b e   d e t e r -  
mined e i t h e r   a n a l y t i c a l l y ,  o r  by means of 
g r a p h i c a l   i n t e g r a t i o n  , i . a .  , by construc- 
t i n g  a concen t r i c   annu la r   g r id  by means 
of gnomonic p r o j e c t i o n s  of meridians  and 
p a r a l l e l s  o f  a hemisphere  onto i t s  north 
polar   t angent   p lane ,  as suggested by 
Lachenbruch ( 1 9 5 7 ) .  

For e f f e c t i v e   e v a l u a t i o n  and  quick 
p l o t t i n g  of tempera ture   f ie lds   o f  perma- 
f ros t   benea th   hea ted   rec tangular   s t ruc-  
t u r e s ,  t h e  author   endeavored  to   prepare 
corresponsing  temperature   inf luence 
graphs (F igs .  1 through 6 ) .  To  f a c i l i -  
t a te  ascer ta ining  temperature   depth co- 
o r d i n a t e s  Z ,  v i z . ,  Z/B, i n   t he   pe rmaf ros t  
a l o n g   t h e   v e r t i c a l   c e n t e r l i n e  (E) through 
t h e   o r i g i n  of coordinates  (X=O;  Y=O) a t  
t h e   c e n t e r  of the   rec tangle ,   the   au thor  
prepared  the  graph shown in   F ig .  7. 

The maximum thawing  depth Emax (on 
t he  Z-axis) f o r  T=O a t  i n f i n i t e  t i m e  t is 
given by Porkhayev (1963)  a s  

- B = V h 2 r c O t 2  ($*ql)++(l+n2) i-+(l+n2]’ 

. . . (2) 
where 

u r n  

. . . ( 3 )  

. . . ( 4 )  
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In  Eq. ( 3 1 ,  
KF 

To 

= coeff ic ient   of   thermal   conduct ivi-  
t y  o f  frozen zone of  permafrost; 

KT = c o e f f i c i e n t  of thermal  conductivi-  
t y  of thawed  zone of  permafrost;  

= temperature on t h e  su r face  of per- 
mafrost   boundary  outside  the 
heated  rectangle;   and 

the   r ec t ang le  on permafrost. 
Tconst= temperature   over   the  surface  of  

The author 's   graph for Porkhayev's 

" equat ion (Eg. 2 )  is shown i n  Fig. 8 

An example of disturbance  temperature 
i so the rms   i n  the X=O plane  underneath a 
hea ted   r ec t angu la r   s t ruc tu re  i s  shown i n  
Fig. 9.  

NEED FOR TEMPERATURE INFLUENCE 
VALUE GRAPHS 

The need  €or  such  graphs may be at- 

1. Heat conduction  problems  in perma- 
t e s t e d  as follows: 

f rost ,   especial ly   permafrost   thawing  f rom 
hea ted   s t ruc tures   in   connec t ion   wi th   l ay-  
i ng   founda t ions   i n   t he  Arctic and  Antarc- 
t i c ,  are o f   i n t e r e s t   t o   t h e   d i s c i p l i n e s  of 
foundation  engineering  and  thermal soil 
mechanics. 

2. The evaluations  of  thawing  induced 
by var ious  modif icat ions of the  tempera- 
t u r e  on the  ground  surface i s  impor tan t   in  
problems  of  engineering  design and logis- 
t ics  . 

3.  The mathematics   for   calculat ing 
thermal f i e l d s  should   be   readi ly   ava i l -  
ab le   and   access ib le   to   engineers  i n  easy- 
to-use  graph  form for t h e i r   e f f e c t i v e   u s e  
in   t he   des ign  of s t r u c t u r e s   i n  perma- 
f r o s t .  

INFLUENCE VALUE GRAPHS 

The tempera ture   d i s t r ibu t ion   in -  
f luence  value  graphs are prepared for a 
square (A/B = 1 .00 ,  Fig. 1) and f o r  rec- 
t ang le s  whose s i d e   r a t l o s   a r e  A/B = 1.50; 
2.00;   3 .00;   5 .00;  and 10.00 (Figs .  2 
through 6) . 
ues   i n  t h e  form  of  dimensionless  tempera- 
t u r e   r a t i o s  T/Tconst as   func t ions   o f   re la -  
tive dimens ions ,   o r   s ide   r a t io s  of the 
r ec t ang le s  A/B, and r e l a t ive   coord ina te s  
X/A = 0.00 ,  Y/B, and Z/B. The graphs 
p e r t a i n   t o   t e m p e r a t u r e   f i e l d s   i n  the  ver- 
t ical  X = 0 planes t ha t  pass  through  the 
c e n t e r  (X=O;  Y=O) of   the   rec tangles .  
The graphs  are   prepared fo r  a cons t an t  
surface  temperature   of  Tconst = l0C. For 
temperatures Tconst o ther   than  1 ° C ,  t h e  
graph  influence  values  must be m u l t i p l i e d  
by the  temperature Tconst i n  hand. 

These  graphs  contain  influence  val-  

i i HEATEO STRUCTURE 

t Z  1 + 7 / B  PLAN OF HEATED STRUCTURE 

Fig. 9. Example of   dis turbance-temperature   isotherms  in   the 
X = 0 plane  underneath a hea ted   r ec t angu la r   s t ruc tu re .  
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FROZEN, FREEZING AND THAWING 
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iTAT ACTUEL DES RECHERCHES SUR LE GEL DES ROCNES ET DES MA&RIAUX DE CONSTRUCTION 
J. Aguirre-Fuente, Iaboratoire d' A6rothermique du C .N.R, S., 4ter route des Gardes, 
9219O-Meudon, France. 

En 1975 a eu l i eu  l e  VISm CongrSs International de l a  Fondation FranGaise 
d'ktudes Nordiques, qui po r t a i t  sur les problSms posgs pay. l a  G l i f r a c t i o n .  
(Le Ha-, 23-25 ami1 1975). 

ont pu prgsenter leurs travaux et &hanger des idees sur les recherches fondamenta- 
les e t  appliqu6es  concemant l e  gel des roches, des mtgriaux naturels e t  artifi- 
c i e l s  de construction, des sols e t  d'autres  milieux  dispersgs. 11s ont dress6 l ' 6 t a t  
des comaissances sur l e  sujet du CongrSs e t  soulev6 les problSmeS qu ' i l   f au t  r6- 
soudre pour continuer  efficacement les recherches. 

divers aspects du problSme dans un schgrm cohErent e t  propose des voies possibles 
de Yecherche . 

Une centaine de cherchews e t  inghieurs, appartenant 5 plusieurs  disciplines,  

La. prgsente communication constitue un essai de synthsse ; ell@ prgsente le8 

PRESW STATE OF KESI2RCH ON THE FFEEZING OF ROCKS ANE CONSTRUCTION MATERIAL!S 

5. Aguirre-Puente,  Laboratoire  d'a&othermique, Centre national de la  recherche 
scientifique,  4b route  des Gardes, 92190 Meudon, F'rance. 

The Fondation f'ranqaise d'gtudes nordiques held i t s  sixth international 
conference, dealiw with the  problems of p o s t  and frost   act ion,  et  Le Havre on 
Apyil 23 - 25, 1975. 

About a hundred researchers and engineers, belonging t o  several  disciplines, 
presented the i r  work and exchanged ideas on basic and applied  research  centering on 
the  freezing  of rocks, natural and ar t i f ic ia l  construction materials, s o i l s  and 
other fine-grain materials. 'They compiled existing knowledge  on the  conference 
theme and raised problems for which solutions must be  found if  research is  to be 
effectively pursued. 

IC BOIIPOCY 'M3YYEHMR IIPOEJIEMbl IIPOMEP3AHWR rOPHblX IIOPOa M CTPOMTEJIbHHX 
MATEPRAJIOB 
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i T A T  A C T U E L  DES R E C H E R C H E $  S U R  L E  G E L  
D E S  R O C H E S  E T  D E S  M A T E R I A U X  D E  C O N S T R U C T I O N  

J .  A g u i r r e - P u e n t e  

L a b o r a t o i r e   d ' A e r o t h e r m i q u e  d u  Cen t re   Na t iona l   de   l a   Reche r -  
c h e   S c i e n t i f i q u e   . ' I t e r ,   R o u t e  d e s  Gardes,   92190-Meudon,  France.  

R ~ S U M ~  

E n  1 9 7 5 ,  a e u   l i e u   l e  VISme Congrgs  In-  
t e r n a t i o n a l   d e   l a   F o n d a t i o n   F r a n C a i   s e  
d ' E t u d e s   N o r d i q u e s ,  q u i  p o r t a i t   s u r   l e s  
p rob lemes   poses  p a r  l a   G e l i f r a c t i o n * .  

a p p a r t e n a n t  a p l u s i e u r s   d i s c i p l i n e s ,  o n t  
p u  p r e s e n t e r   l e u r s   t r a v a u x   e t   e c h a n g e r   d e s  
i d e e s   s u r   l e s   r e c h e r c h e s   f o n d a m e n t a l e s   e t  
a p p l i q u e e s   c o n c e r n a n t   l e   g e l   d e s   r o c h e s  , 
d e s   m a t e r i a u x   n a t u r e l s   e t   a r t i f i c i e l s   d e  
c o n s t r u c t i o n ,   d e s   s o l s   e t   d ' a u t r e s   m i l i e u x  
d i s p e r s e s .   1 1 s  o n t  d r e s s @   l ' g t a t   a c t u e l  
d e s   c o n n a i s s a n c e s  sur l e   s u j e t  d u  CongrPs 
e t   s o u l e v e   l e s   p r o b l G m e s   q u ' i l   f a u t  resou- 
d r e   p o u r   c o n t i n u e r   e f f i c a c e m e n t   l e s   r e c h e r -  
c h e s ,  

La p r g s e n t e   c o m m u n i c a t i o n   c o n s t i t u e  u n  
e s s a i  de s y n t h g s e ;   e l l e   p r e s e n t e   l e s   d i -  
v e r s   a s p e c t s  d u  p rob l sme   dans  u n  schema 
c o h e r e n t   e t   p r o p o s e   d e s   v o i e s   p o s s i b l e s   d e  
r e c h e r c h e .  

Une c e n t a i n e   d e   c h e r c h e u r s   e t   i n g e n i e u r s ,  

1. INTRODUCTION 

Deux g r a n d e s   f a m i l l e s  de c h e r c h e u r s ,   c o n -  
f r o n t e e s  a d e s   p r o b l e m e s   c o n c e r n a n t   l e   g e l  
d e s   r o c h e s ,  o n t  6 t e  & 1 ' o r i g i n e   d e   c e   c o n -  
g res  i n t e r n a t i o n a l * :  
- l e a   g d o m o r p h o l o g u e s ,  gdoZogues e t   g i o g r a -  
p h e s  q u i ,   e n   h a u t e s   l a t i   t u d e s ,   e t  m6me dans  
d e s   r C g i o n s   a c t u e l   l e m e n t   t e m p e r e e s ,   d o i v e n t  
examiner   de  pres  l ' a c t i o n  d u  ge l   en   hau te s  
l a t i t u d e s ,   e n   m o n t a g n e ,  o u  a i l l e u r s   p e n d a n t  
1 e s   e p o q u e s  1 o i  n t a i  n e s   d e   g l a c i a t i o n s .  

*VIBme Congr2s  I n t e r n a t i o n a l  de l a  Fonda-  
t i o n  Prancaise d ' B t u d e s  Nordiques : " L E S  
P R O B L E M E S   P O S E S   P A R   L A   G E L I F R A C T X O N .  R E C H B R  
CHES  FONDAMENTALES ET A P P L I Q U E E S  (roches 
' e t  m a t d r i a u x  a r k i f i c i e l s  d e  c o n s t r u c t i o n )  IfJ 

Le Havre, 2 3 - 2 5  a v r i l  1 9 7 5  1 4 8 1 .  Ce Congras  
a d t d  r d a Z i s i  a v e c  l e  concours  d u  L a b o r a -  
$ o i r e  d ' d d r o t h e r m i q u e  du C e n t r e  N a t i o n a l  
d e  Za Recherche S c i e n t i f i q u e  (Meudonl e t  
d e  la Commiss ion d e  Ggographie  P o l a i r e  du 
Comite' N a t i o n a l  d e  Ge'ographie (Paris). Pre" 
s i d o n t  : Jaime A g u i r r e - P u e n t e ,  L a b o r a t o i r e  
d'ddrothermique Czu C N R S ,  4 t e r ,  r o u t e  d e s  
Gardes .92190 -MEUDON. 

n 

-2es  ingdnieurs q u i   d o i v e n t   l u t t e r   c o n t r e  
l ' a c t i o n  d u  g r o i d   s a i s o n n i e r  sur l e s   p i e r -  
r e s  n a t u r e l l e s ,   l e s   p r o d u i t s   c e r a m i q u e s  
e t   l e   b e t o n   u t i l i s e s   d a n s   l a   c o n s t r u c t i o n .  

De p l u s ,  en r a i s o n  d e  l a   g r a n d e   d i v e r s i -  
ti. d e s   p h e n o g e n e s   p h y s i q u e s   e l e m e n t a i r e s  
p r e s e n t s  d u r a n t  l e   g e l   d e s   m i l i e u x   d i s p e r -  
S B S ,  d ' a u t r e s   d i s c i p l i n e s  o n t  gga lemen t  
e t @   r e p r e s e n t e e s  : des  t h e r m i c i e n s ,   d e s  
p h y s i c o - c h i m i s t e s ,   d e s   m e c a n i c i e n s   d e s   m i -  
l i e u x   p o r e u x ,   d e s   i n g e n i e u r s   d e s   r o u t e s ,  
d e s   s p g c i a l i s t e s   d e   l a   c o n g e l a t i o n   d e s  
t i s s u s   b i o l o g i q u e s  1 3 7 , 3 9 1 ,  des  m a t h e m a -  
t i c i e n s ,   d e s   m e t a l l u r g i s t e s  1361. 

d u  Congres  ne p e u t  p a s  s e   f a i r e   d a n s   l e  
c a d r e  d e  c e t t e   c o m m u n i c a t i o n  : l e  t e x t e  
comple t   des  4 5   c o m m u n i c a t i o n s   p r e s e n t e e s ,  
d o n t   l a   l i s t e   e s t   d o n n e e  a l a   f i n  de c e t  
e x p o s e ,   e s t   c o n t e n u ,   a v e c   l e s   d e b a t s   e t  
l e s   c o n c l u s i o n s ,   d a n s   l a   r e f e r e n c e  1461 ;  
en o u t r e ,   l e s   r e f 6 r e n c e s  1471  e t  149Ipr-e- 
s e n t e n t   u n e   a n a l y s e   p l u s   a p p r o f o n d i e  du  
C o n g r s s .  

Dans c e  q u i  s u i t ,  n o u s   a l l o n s   e x p o s e r  
q u e l q u e s   c o n c l u s i o n s   g e n e r a l e s   e t   s u g g C -  
r e r   q u e l q u e s   v o i e s  de  r e c h e r c h e  3 s u i v r e  
p o u r   u n e   m e i l l e u r e   c o n n a i s s a n c e  d u  pheno- 
m6ne d u  g e l   d e s   r o c h e s .  

2 ,  CONSIDfRATIONS G i N i R A L E S  

La c o n g e l a t i o n   d e s  s o l s ,  d e s   r o c h e s   e t  
d e s   p i e r r e s   a r t i f i c i e l l e s   t e l l e s   q u e   l e  
b e t o n  e t   l e s   p r o d u i   t s   c e r a m i q u e s   - 1 e s   t u i -  
l e s   e t   l e s   b r i q u e s -   e s t  u n  probleme  de 
t r a n s f e r t   d e   c h a l e u r   e t   d e   m a s s e   d a n s   l e s  
m i l i e u x  p o r e u x  c o n t e n a n t   p l u s  o u  moins 
d ' e a u .  

avons  a c o n s i d e r e r   d e u x   t y p e s   d e  m a t C -  
r i a u x   p o r e u x  : 
-des   mi l - i eux   po reux  n o n  c o n s o l i d e s  o u  peu 
c o n s o l i d e s   t e l s   q u e   l e s  s o l s  o u  c e r t a i n e s  
c r a i e s  , 
- d e s   m i l i e u x   p o r e u x   c o n s o l i d e s  comme l e s  
r o c h e s   n a t u r e l l e s ,   l e  b e t o n  e t   l a   p l u p a r t  
des  p r o d u i  t s  c6ra rn iques .  

Dans l e s   p r e m i e r s ,  o n  s u p p o s e  1 a m a t r i -  
c e   p o r e u s e   f o r m 6 e   d e   p a r t i c u l e s   s o l   i d e s  
e n   c o n t a c t   p l u s  o u  m o i n s  f o r t   s u i v a n t   l e s  
p r e s s i o n s   e x e r c e e s   a u x   l i m i t e s  d u  m i l i e u .  
Dans l e s   s e c o n d s ,   l a   m a t r i c e   p o r e u s e   p e u t  
E t r e   c o n s i d e r e e  cornme u n  s o l i d e   c o n t i n u  

Une a n a l y s e   d e s   s u j e t s   t r a i t e s  au   cours  

D u  p o i n t  d e  vue  de l a   s t r u c t u r e  , nous 
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r a v e r s e  p a r  u n  r e s e a u  
l i e r   d e s  Dores o u  des  f 

p l u s  o u  moins r e g u -  
i s s u r e s  d a n s   l e s -  

q u e l s  1 ' e a u  e t  1 ' a i r   p e u v e n t   s e j o u r n e r .  
L e s   r e s u l t a t s   d e s   r e c h e r c h e s   m e n 6 e s  d e -  

p u i s  q u e l q u e s   d i z a i n e s   d ' a n n g e s  sur l e   g e l  
d e s   s o l s  o n t  a b o u t i  a d e s   s o l u t i o n s  de c e r -  
t a i n s   p r o b l  gmes u r g e n t s   p o s e s   p a r   l a   t e c h -  
n ique  r o u t i e r e  1 3 , 1 3 , 1 7 1 .  La r e c h e r c h e   f o n -  
d a m e n t a l e  a j o u 6  u n  g r a n d   r 6 1 e   d a n s   l ' a c q u i -  
s i t i o n   d e   c e s   c o n n a i s s a n c e s  en f o u r n i s s a n t  
no tamment   des   modeles   phys iques   des  p h e n o -  
menes v e r i f i e s   p a r  des  r e c h e r c h e s   e x p e r i m e n -  
t a l e s  11,34,49,531,  

A i n s i ,  o n  d i s p o s e   a c t u e l l e m e n t   d ' u n   s c h e -  
ma c o h g r e n t   a s s e z   c o m p l e t   e x p l i q u a n t   l e s  
p h e n o m e n e s   c r y o g g n i q u e s   d e p u i s   l ' g c h e l l e  
m i c r o s c o p i q u e  d u  p o r e   j u s q u ' a   l ' e c h e l l e  ma- 
c r o s c o p i q u e   d e s   m a s s i f s   i n t e r e s s a n t   l a   c o n s -  
t r u c t i o n   r o u t i e r e  ou c e r t a i n s   p r o b l g m e s  p o -  
s e s  p a r  l e   p e r g g l i s o l .  

I 1   n ' e n   e s t   p a s   d e  meme d e s   r o c h e s   e t   d e s  
p i e r r e s   a r t i f i c i e l l e s  d o n t  l e   c o m p o r t e m e n t  
m g c a n i q u e   e n t r a v e   p r o f o n d e m e n t  1 ' e t a b i   i s s e -  
ment  de l o i s   p l u s  ou m o i n s   g g n g r a l e s  p o u -  
v a n t  E t r e   a p p l i q u g e s   d a n s   l e s   e t u d e s  g e o m o r -  
p h o l o g i q u e s  ou d a n s   l a   t e c h n i q u e  de l a   c o n s -  
t r u c t i o n .  

De p l u s ,   l a   r e c h e r c h e  sur l a   g e l i f r a c t i o n  
e t a n t  r e l a t i v e m e n t   r e c e n t e ,  1 ' u n i f i c a t i o n  
d e s   c o n n a i s s a n c e s   a c q u i s e s   p a r   l e s   s p g c i a -  
l i s t e s   d e s   d i f f e r e n t e s   d i s c i p l i n e s   c o n c e r -  
n g e s   n ' a   p a s   e n c o r e   f a i t   l ' o b j e t   d ' e f f o r t s  
p a r t i c u l i e r s .  

La p l u p a r t   d e s   c o n n a i s s a n c e s   c o n c e r n a n t  
l a   r e s i s t a n c e  a u   g e l   d e s   p i e r r e s   o n t  e t e  
a c q u i s e s   d e '   f a q o n   e m p i r i q u e ;   l e s   g e o l o g u e s  
e t   l e s   g e o m o r p h o l o g u e s   o n t   c o n t r i b u e s   f o r -  
t emen t  .3 c e t t e   a c q u i s i t i o n   d e   r e n s e i g n e -  
m e n t s   e n   o b s e r v a n t   c e   q u i   s e   p a s s e   d a n s   l e s  
zones f r o i d e s  d u  g l o b e  ou en h a u t e   a l t i t u -  
de e t  e n   s e   p o s a n t   d e s   q u e s t i o n s   c o n c e r n a n t  
l ' o r i g i n e   d e s   f r a g m e n t s   r o c h e u x   l a i s s e s ,  
d a n s   l e s   z o n e s   a c t u e l l e m e n t   t e m p e r g e s ,   p a r  
l e s   d i v e r s e s   g l a c i a t i o n s  d u  p a s s e .  Le temps 
g e o l o g i q u e   c o n s i d g r e   p a r   e u x   e s t  de l ' o r d r e  
d e   m i l l i e r s  o u  d e   m i l l i o n s   d ' a n n e e s ;   c ' e s t  
u n  f a c t e u r  q u i  i n t e r v i e n t   d a n s   l a   f a t i g u e  
ou l a   f r a c t u r e   p r p g r e s s i v e   d e s   m o r c e a u x  ro- 
cheux  a u   c o u r s   d e s   m i l l i o n s   d e   c y c l e s  d e  
ge l   -dgge l  . 

Le compor tement  a u  g e l   d e s   m a t e r i a u x   d e  
c o n s t r u c t i o n   n a t u r e l s  ou a r t i f i c i e l s  a 6 t 6  
C t u d i e  p a r   l e s   i n g e n i e u r s   d e   l a   c o n s t r u c -  
t i o n  q u i  o n t  comme s o u c i   l a   s g c u r i  t e  e t   l a  
b o n n e   c o n s e r v a t i o n   d e s   s t r u c t u r e s   e t  des  f i -  
n i t i o n s   d e s   c o n s t r u c t i o n s  d e  g e n i e   c i v i l  e t  
d ' a r c h i t e c t u r e   ( p o n t s ,   b a r r a g e s ,   o u v r a g e s  
d ' a r t ,   e d i f i c e s ,   e t c  . . . ) .  Le t emps   cons i -  
d e r 6   d a n s   c e   c a s   e s t   d e   l ' o r d r e   d e   p l u -  
s i e u r s   g g n e r a t i o n s ,   i l   p e u t   a t t e i n d r e   q u e l -  
ques c e n t a i n e s   d ' a n n e e s   d a n s   l e s   m e i l l e u r s  
c a s .  

Le l i e n   e n t r e   l e s   p r e o c c u p a t i o n s   d e   c e s  
d e u x   f a m i l l e s   d e   c h e r c h e u r s  e s t  l e   t a u x  de 
r e f r o i d i s s e m e n t  subi  p a r  l a   p i e r r e ,  au 
c o u r s   d ' u n   c y c l e  q u i  e s t  d u  m6me o r d r e  de  
g r a n d e u r   p o u r   l e s   r o c h e s   e x i s t a n t   n a t u r e l -  
l emen t   dans  u n  l i e u  d o n n e  e t  p o u r   l e s   p i e r -  
res  posges  d a n s  u n  b z t i m e n t  e l e v e   p a r  

1 ' h  omme au m6me 1 i e u .  
P l u s i e u r s   p a r a m g t r e s   p r g p o n d g r a n t s   d a n s  

l e  mecanisme  de l a  g e l i f r a c t i o n  o n t  6 t e  
s i g n a l e s . ,   m a i s   l e s   p r o b l e m e s   p r a t i q u e s  
s o n t   e n c o r e   l o i n   d ' & t r e   r e s o l u s .  

I 1   e s t   i n d i s p e n s a b l e   a u x   g e o p h y s i c i e n s  
e t   i n g g n i e u r s   d e   c o n n a i t r e  l a  r e s i s t a n c e  
d e s   p i e r r e s   l o r s   d e   l a   c o n g e l a t i o n .  Des 
e s s a i s  o n t  e t e  conGus p o u r  c l a s s e r   l e s  ma- 
t e r i a u x   e n   f o n c t i o n   d e   l e u r   d e g r e  de g e l i -  
v i  t& m a i s   c e s   e f f o r t s  o n t  et@ f a i t s   i n d e -  
pendamment p a r   l e s   g g o g r a p h e s ,   l e s   s p 6 c i a -  
l i s t e s  d u  b e t o n ,  l e s   s p e c i a l i s t e s   d e s   c @ -  
r a m i q u e s   e t   l e s   i n g e n i e u r s   u t i l i s a n t   l e s  
p i e r r e s   n a t w e l l e s .  

L e s   m e t h o d e s ,   l e s   p a r a m e t r e s   c h o i s i s   e t  
l e s   t e s t s   u t i l i s e s   e t a n t  t r e s  d i f f e r e n t s ,  
u n e   c o n f r o n t a t i o n   e s t   d i f f i c i l e  a e t a b l i r .  
I 1   s ' a v e r e   d o n c   i n d i s p e n s a b l e   d ' a b o r d e r  
l e   p r o b l e m e  sur u n  p l a n   f o n d a m e n t a l .   L ' a -  
n a l y s e   p h y s i q u e   c o n d u i r a ,   d ' u n e   m a n i e r e  
p l u s   e f f i c a c e ,  a u n e   m e i l l e u r e   c o n n a i s s a n -  
c e  d u  phgnamene e t  a u n e   f o r m u l a t i o n   p l u s  
u n i v e r s e 1  1 e ,  

3 .  O B S E R V A T I O N S  E T   E X P ~ R I M E N T A T I O N S  

3 . 1 ,  C o n g e l a t i o n   d e s   s o l s  non compl6 te -  
ment conf  i nes  

L e s   d i f f g r e n t e s   r e c h e r c h e s   p r e s e n t e e s  
au  c o u r s  d u  c o n g r e s  sur  l e   g e l   d e s   s o l s  
13,13,29,34,441 s e   b a s e n t  sur l e s   o b s e r -  
v a t i o n s   e f f e c t u g e s  en l a b o r a t o i r e  o u  dans  
1 a n a t u r e  m6me 16 ,52 ,54 ,591 .  Nous r a p p e -  
l o n s   b r i s v e m e n t  , c i - d e s s o u s ,   l e   c o m p o r t e -  
ment des s o l s   s o u m i s  a u  g e l .  Dans l e s   e s -  
s a i s   d e  s o l s  n o n  c o n f i n e s   l e   m i l i e u   c o n t e -  
n u  d a n s   l a   c e l l u l e   e x p e r i m e n t a l e  a l a  l i -  
b e r t i !   d e   s e   d e f o r m e r   l o n g i t u d i n a l e m e n t  
c a r   l a   p l a q u e  s e r v a n t  a r e f r o i d i r  1 ' u n e  
d e s   f a c e s   d e   l ' e c h a n t i l l o n   n ' e s t   p a s   f i x e .  

Pendan t  l a  c o n g e l a t i o n  d ' u n  g c h a n t i l l o n  
d e   s o l   f i n   s u f f i s a m m e n t   h u m i d e ,  ou a l i m e n -  
te p a r   u n e   n a p p e   d ' e a u   e x t e r i e u r e ,   l a   z o -  
ne g e l e e   s u b i t   u n e  a u g m e n t a t i o n  i m p o r t a n -  
t e   d e   v o l u m e   p a r   r a p p o r t  a s o n   v o l u m e   i n i -  
t i a l .  La s t r u c t u r e  d u  m i l i e u   p o r e u x   e s t  
c o m p l 6 t e m e n t   c h a n g e e   p a r   l ' a p p a r i t i o n   d e  
f e u i l l e t s   d e   g l a c e ,  d ' e p a i s s e u r   v a r i a b l e  
d a n s   l ' e s p a c e ,   s e   p r e s e n t a n t   p e r i o d i q u e -  
ment e t   o r i e n t e s   l e   p l u s   s o u v e n t   p a r a l l e -  
l emen t   aux   i so the rmes  1 5 2 1  . 

Le g o n f z e m e n t   o b s e r v b  e s t  d ' u n   o r d r e   d e  
g r a n d e u r   b i e n   s u p d r i e u r  d e e l u i  qui pour -  
r a i t   p r o v e n i r  de La v a r i a t i o n  d e  volume 
s p S e i f Z q u e  de  Z 'eau  Z o r s  d u  changement 
d ' & t a t .  

en e a u ,   l e s   m e s u r e s   c o n f i r m e n t   q u e   l e  
g o n f l e m e n t   G q u i v a u t  a l a   q u a n t i t e   d ' e a u  
f o u r n i e   p a r   l a   s o u r c e   e x t e r i e u r e .   C e t t e  
e a u   s e   t r a n s f o r m e  en  g l a c e   s u r  l e  f r o n t  
d e   c o n g e l a t i o n  aprgs  a v o i r  t r a v s r s d  Za 
zone  non  geZBe  de  Z'BchantiZZon 1 5 2 1  , 

gine   de   ce   phenomene ,  a p u  & t r e   m i s e   e n  
e v i d e n c e   d i r e c t e m e n t  p a r  l a   m e s u r e   d e s  

Dans l e   c a s   d e s   e c h a n t i l l o n s   a l i m e n t e s  

La s u c c i o n   c r y o g d n i q u e ,  q u i  e s t  a 1 ' o r i -  



p r e s s i o n s   i n t e r s t i t i e l l e s   d e  1 ' e a u  a 1 ' a i -  
d e  d e   t e n s i o m e t r e s   p l a c e s   l e   l o n g  de  l ' e -  
c h a n t i l l o n   e t   a t t e i n t s   p a r   l e   f r o n t   d e   g l a -  
ce   152 ,591 ,  

L ' e p a i s s e u r   d e s   d i f f e r e n t e s   c o u c h e s   d e  
l ' e c h a n t i l l o n   a u g m e n t e   p e n d a n t   q u e   l e   f r o n t  
d e   g e l   l e s   t r a v e r s e   d e   h a u t   e n   b a s ,  Ces cou .  
c h e s  s o n t  e n s u i t e   p o u s s e e s   v e r s   l e   h a u t  p a r  
l a   d e f o r m a t i o n   d e s   c o u c h e s   i n f e r i e u r e s .  Le 
g o n f l e m e n t  moyen p a r  u n i t e . d e  l o n g u e u r  
a u g m e n t e   l o r s q u e  l a  v i t e s s e  d u  f r o n t   d e   g e l  
d iminue .  Dans c e r t a i n e s   c o n d i t i o n s ,  u n  re-  
gime s t a t i o n n a i r e   s ' e t a b l i t   a v e c   g r o s s i s s e -  
m e n t   d ' u n e   s e u l e   c o u c h e   d e   g l a c e   s e p a r e e  d u  
mi l i eu  p o r e u x .  

3 . 2 .   C o n g e l a t i o n  des  s o l s  c o n f i n e s  

D ' a u t r e s   e x p e r i e n c e s   d e  g e l  d e   s o l s  a n t  
&ti! r e a l i s e e s  en e m p e c h a n t   l e   g o n f l e m e n t ;  
d e s   f o r t e s   p r e s s i o n s   d e   c o n f i n e m e n t  o n t  
a l o r s  e t 6   m e s u r e e s  B 1 ' a i d e   d e s   c a p t e u r s  
158 ,601 .  

ne B t o u s   l e s   m i l i e u x   p o r e u x   c o n s o l i d e s ;  
l a   m a t r i c e   p o r e u s e  d o i t  a l o r s ,   e n   e f f e t ,  
s u p p o r t e r   l e s   p r e s s i o n s   i n t e r n e s   o c c a s i o n -  
nees p a r  l a   t r a n s f o r m a t i o n   d e  1 ' e a u   e n   g l a -  
c e   d a n s   l e s   p o r e s ,  

3 .3 .   Cong i2 la t ion   des   roches  

L ' i m p o s s i b i l i t e   d e   s e   d e f o r m e r   e s t  commu- 

L e s   d e b r i s   l a i s s e s   d a n s   l a   n a t u r e   p a r   l e s  
d i v e r s   c l i r n a t s   f r o i d s   a y a n t   e x i s t @   d a n s  
une   r eg ion   donnee ,  ou 1 ' S v o l   u t i o n   a c t u e l   l e  
d e s   d g b r i s  d a n s  l e s   r e g i o n s   d e   h a u t e   a l t i -  
t u d e  ou d e   h a u t e   l a t i t u d e ,   m o n t r e n t   u n e  
t r e s   g r a n d e   d i v e r s i t & ;  de p l u s r   l a   d i s p o -  
s i  t i o n  d e s   d i v e r s   t y p e s   d e  g e l  i f r a c t s  
e s t   c h a r g e e   d e   p r e c i e u x   r e n s e i g n e m e n t s  
g e o l o g i q u e s .   M a i s ,  1 ' i n t e r p r e t a t i o n   c o r r e c -  
t e   d e   c e s   m o r p h o l o g i e s  ne  pourra   evidem- 
m e n t   s e   f a i r e   s u r   d e s   b a s e s   s c i e n t i f i q u e s  
q u ' e n   e s s a y a n t   d ' a p p r o f o n d i r   l e   m e c a n i s m e  
c o m p l e t   d e   l a   g g l i f r a c t i o n .  Ce p r o b l e m e ,  
s i g n a l e   d e p u i s  u n  c e r t a i n  nombre   d ' annees  
p a r   l e s   g e o g r a p h e s ,   g e o m o r p h o l o g u e s   e t  
g e o l o g u e s   p e u t   G t r e   i l l u s t r e   e n t r e   a u t r e s ,  
p a r  d e s   r e l i e f s  d u  Groe land  o n  l e s   t y p e s  
d ' e b o u l i s   e t   l e u r   c l a s s i f i c a t i o n   n a t u r e l l e  
o n t  Gte b i e n   e t u d i e s  1321 e t   c o n s t i t u e n t  
l e   t e m o i g n a g e ,  q u i  r e s t e  a d e c h i f f r e r   p a r  
l e s   s p e c i a l i s t e s ,  d u  p a s s a g e   d e s   m u l t i p l e s  
c l i m a t s   d e p u i s   d e s   m i l l e n a i r e s .  

L ' o b s e r v a t i o n  e n   h a u t e   a l t i t u d e   d a n s   d e s  
z o n e s   m o n t a g n e u s e s ,   p l u s   a c c e s s i b l e s   q u e  
l ' a r c t i q u e ,   p e r m e t   l ' o b s e r v a t i o n   s y s t e m a t i -  
que  de  l ' a c t i o n  d u  g e l  sur  l e s   r o c h e s ,  Des 
me thodes   modPrves   d ' en reg i s t r emen t   pa r   pho-  
t o g r a p h i e  e t  s t 6 r e o p h o t o g r a m e t r i e  a e r i e n n e s  
d a n s  l e   b l e u   e t   l e   p r o c h e   u l t r a v i o l e t ,   f a c i -  
l i t e   l e   t r a v a i l   r a p i d e   e t   e f f i c a c e  sur d e s  
@ t e n d u e s   c o n s i d e r a b l e s  1 1 9 1 ,  

Des e x p e r i e n c e s  de ge l   de   roches  o n t  et i!  
r e a l   i s e e s   p a r  d i  f f e r e n t s   o r g a n i   s m e s  I7,8, 
1 4 , 1 5 , 2 2 , 2 6 , 3 3 , 3 5 1 .  

L ' e x a m e n   d e s   d e b r i s ,   a p r e s   d e s   d i z a i n e s  
ou d e s   c e n t a i n e s   d e   c y c l e s   g e l - d e g e l  , r end  
compte  des  t r o i s  t y p e s   d e   g e l i f r a c t s  : d e s  
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p o u d r e s ,   d e s   g c a i l l e s   e t   d e   g r a n d s  mor- 
c e a u x   a y a n t   l e s   t r o i s  dimensions d u  mgme 
o r d r e   d e   g r a n d e u r .  

Le nombre t r e s   g r a n d   d ' e x p e r i e n c e s  a 
p e r m i s   d e   m e t t r e   e n   e v i d e n c e   d e s   a s p e c t s  
i m p o r t a n t s   d e  l a  g g l i f r a c t i o n   e t  a a i d e  B 
l ' e t a b l i s s e m e n t   d e s   h y p o t h e s e s   d e   t r a v a i l  
s u r   l e   c o m p o r t e m e n t  a u   g e l   d e s   m i l i e u x  p o -  
reux  : e v a p o r a t i o n  o u  s u b l i m a t i o n  de l a  
g l a c e ,   e x t r u s i o n  de l a   g l a c e ,   c i r c u l a t i o n  
d ' e a u  d a n s  l a   r o c h e ,   i m p o r t a n c e  d u  reg ime 
t h e r m i q u e   t r i d i m e n s i o n n e l .  De p l u s ,   q u e l -  
q u e s  e x p e r i e n c e s   p l u s   d e p o u i l l e e s ,   e n  r e -  
g ime   un id imens ionne l ,  o n t  c o n f i r m @  1 'irn- 
p o r t a n c e   d e   l a   s u c c i o n   c r y o g e n i q u e   e t a b l i e  
en s u r f a c e   q u i   p r o d u i t   u n e   c i r c u l a t i o n  
d a n s   l a   r o c h e .  Des mgthodes  de  mesure  don-  
n a n t  de s  r e s u l t a t s  t r e s   e n c o u r a g e a n t s   o n t  
e t @  m i s   e n   o e u v r e   e n   l a b o r a t o i   r e  o u  dans  
l a   n a t u r e  : p r o p a g a t i o n   d ' o n d e s   u l   t r a s o -  
n o r e s   ] 1 8 , 2 2 , 3 0 , 3 3 1  , o b s e r v a t i o n   m i c r o s c o -  
p i q u e   e t   a n a l y s e s   p , h y s i c o - c h i r n i q u e s   I 2 5 , 2 6 ,  
2 7 1  , d i l a t o m e t r i e   1 7 , 2 2 , 3 3 1 ,   a n a l y s e s   t h e r  
m i q u e ,   p o n d e r a l e   e t   g r a n u l o m e t r i q u e  1 1 4 ,  
1 5 , 2 6 , 2 8 , 3 3 , 3 5 , 4 3 1   , e t c . . .  

P a r   a i l l e u r s ,   d e s   e t u d e s   s t a t i s t i q u e s  
o n t  6 t e   f a i t e s   a f i n   d e   m e t t r e  en   ev idence  
d e s   p a r a m e t r e s   p r e p o n d e r a n t s   d a n s   d e s   c a s  
t r e s  s p e c i f i q u e s ,   s o i t   d a n s   l a   n a t u r e  1111 
s o i  t d a n s   l e s   e x p e r i e n c e s  de l a b o r a t o i  re  
I 1 5 , 2 3 , 3 1 1 .  

t e r e s  d e   c l a s s i f i c a t i o n   d e s   r o c h e s   s e l o n  
l e u r   s e n s i b i l i t e  au g e l ,   d ' a u t r e s  s u g g e -  
r e n t  des p a r a m e t r e s   i m p o r t a n t s   d o n t   l ' i n -  
f l u e n c e   r e s t e  a e t u d i e r .  Chaque d i s c i p l i -  
ne e s s a y e   d ' u t i l i s e r  au  mieux l e s   i n f o r m a -  
t i o n s   e x p g r i m e n t a l e s   m a i s ,   e n   g e n e r a l ,   l e s  
m g t h o d e s   d ' a p p l i c a t i o n   s o n t   c o n s i d e r g e s  
comme p r o v i s o i   r e s ,  

C e r t a i n e s   e t u d e s   a b o u t i s s e n t  B d e s   c r i -  

4 .  A N A L Y S E  D U  P H i N O M i N E  

4 . 1 ,  Mecani srne mi c r o s c o p i q u e   I 2 , 5 3  I 
4.1.1. PhGnomenes c a p i l l a i r e s  

La c o u c h e   d e   t r a n s i t i o n   e n t r e   l e   s u b s -  
t r a t   s o l i d e   e t   l ' e a u  o u  l a   g l a c e  i n t e r -  
v i e n t   d a n s   l e   p r o c e s s u s   d e   s o l i d i f i c a t i o n .  
Son r B l e   e s t   d ' a u t a n t   p l u s   i m p o r t a n t   q u e  
l a   s u r f a c e   s p e c i f i q u e  d e  l a   m a t r i c e   e s t  
g r a n d e .  E n  e f f e t ,  1 ' a g i t a t i o n   m o l C c u l a i r e  
d a n s   l ' e a u   l i b r e   e s t   c a r a c t e r i s e e   p a r  une 
s t r u c t u r e   d e t e r m i n e e ,   a r  u n  o rd re   mo lecu -  
l a i r e  donne 1 5 7 ,  vol .I!. L e s  m o l e c u l e s  
d ' e a u  e t a n t  p o l a r i s e e s ,   l e u r   a g i t a t i o n   e s t  
m o d i f i e e   s e n s i b l e m e n t   p a r   l e s   i o n s   d i s s o u s  
e t  p a r  c e u x   d e   l a   f r o n t i s r e .   C e t t e   i n f l u -  
ence se  m a n i f e s t e  d ' a u t a n t  p l u s   q u e   l e s  
d i m e n s i o n s   d e s   c a v i t e s   s o n t   p e t i t e s  e t  que 
l a   c o u r b u r e  des  p a r o i s   e s t   g r a n d e  1 5 7 ,  
vol . 51 * 

L e s  m o l e c u l e s  d ' e a u  e n   c o n t a c t   a v e c   l a  
p a r o i   s ' o r d o n n e n t  su r  c e l l e - c i   s e l o n   l a  
n a t u r e   d e   l a   s u r f a c e   s o l i d e .   I 1   s ' e t a b l i t  
a i n s i   u n e   z o n e   d e   t r a n s i t i o n  oir e x i s t e  
u n  p a s s a g e   d ' u n   o r d r e   ( c e l u i   d e s   m o l e c u l e s  
s u r   l a   p a r o i )  u n  a u t r e   o r d r e   ( c e l u i   d e  
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l ' e a u   l i b r e ) ,   C e t t e   z o n e  de t r a n s i t i o n   e s t  
c o n s t i t u g e   p a r  ce  q u ' o n   a p p e l l e   " e a u   a d s o r -  
bee' '  o u  "eau  1 i 6 e " .  E n  c h a q u e   p o i n t   d e   l a  
c o u c h e   d ' e a u   a d s o r b g e ,   e s t   d e f i n i  u n  ensem- 
b l e   d e   p r o p r i & t 6 s  o u  de c a r a c t e r i s t i q u e s  
q u i   s e r o n t   d i f f e r e n t e s   d e   c e l l e s   d e   l ' e a u  
l i b r e   e t   q u i   v a r i e n t  d e   m a n i @ r e   c o n t i n u e  
j u s q u ' a u   s u b s t r a t   s o l i d e .   L e s   c h e r c h e u r s  
a y a n t  e t u d i e  c e   p r o b l e m e   e s t i m e n t  1 ' G p a i s -  
s e u r   d e   l a   c o u c h e   d ' e a u   a d s o r b e e   e n t r e   1 0  
e t  l O O n m  156,571. 

Quant 3 l a  g l a c e ,   e l l e   p o s s e d e ,   d a n s   l e  
domaine des t e m p e r a t u r e s  q u i  n o u s   i n t e r e s -  
s e ,  u n e   s t r u c t u r e   h e x a g o n a l e .  La t emp6ra -  
t u r e   d ' e q u i l i b r e   e a u - g l a c e   " l i b r e s "   e s t  p a r  
d e f i n i t i o n  l e  z 6 r o   d e g r e   C e l c i u s .   L ' e x p e -  
r i e n c e   m o n t r e   q u e   c e t t e   s t r u c t u r e   e s t   e n  
g e n e r a l   i n c o m p a t i b l e   a v e c   c e l l e   d e s  s u b s -  
t r a t s   r e n c o n t r e s   d a n s   l e s   m i l i e u x   d i s p e r s e s  
c e l a   i m p l i q u e   q u e   l a   t e m p e r a t u r e   d ' e q u i l i -  
b r e   e a u - g l a c e   d a n s  l a  c o u c h e   d ' e a u   a d s o r -  
b e e   d i m i n u e   a v e c   l a   d i s t a n c e  au s u b s t r a t  
1 2 , 5 3 1  - 

I1 f a u t   s i g n a l e r   q u e   l e   p a s s a g e  d u  s u b s -  
t r a t  a l a   g l a c e   s e   f a i t  a t r a v e r s   u n e   c o u  
c h e   d ' e a u   a d s o r b e e   e n   g e n e r a l   t r 6 s   m i n c e .  
O n  p e u t   c o n s i d e r e r   l e   s y s t e m e   g l a c e / e a u - a d -  
s o r b e e / s u b s t r a t  comme une i n t e r p h a s e  a 
t r o i s   c o m p o s a n t s   q u i   p e u t ,   e l l e  mgme e t r e  
r emplacee  p a r  u n e   s u r f a c e   d e   d i s c o n t i n u i t 6  
c o n s t i t u a n t   u n e   i n t e r f a c e  155 ( c h  X X ) I .  
Dans c e t t e   n o u v e l l e   i n t e r f a c e ,   l e  compo- 
s a n t   " e a u "   p o s s e d e   u n e   m o b i l i t e   s u p e r f i -  
c i e l l e   e t  e s t  c a r a c t e r i s e   p a r  u n  p o t e n t i e l  
c h i m i q u e ,  La n o t i o n  d e   c o m p t a b i l i t e   e n t r e  
l a   s t r u c t u r e  d e  l a   g l a c e   e t   c e l l e  d u  s u b s -  
t r a t   s e   t r a d u i t   p a r  u n e   c o n s e q u e n c e   t r 6 s  
s i g n i f i c a t i v e  : p o u r  u n  s u b s t r a t   i n c o m p a t i -  
b l e   a v e c   l a   g l a c e ,   l a   n u c l e a t i o n   d e   c e l l e -  
c i   s e   l o c a l   i s e  a u  c e n t r e   d e s   p o r e s   e t   l o i n  
du  s u b s t r a t .  

I 1  e s t   n P c e s s a i r e  de  prendre  en  compte 
d a n s   l e   p r o b l e m e  d u  g e l ,  deux   t ypes   de  
phenomenes : l e s  p h e n o m e n e s   c a p i l l a i r e s  
s i m p l e s ,   l e s   p h e n o m e n e s   d ' a d s o r p t i o n .   L e s  
p r e m i e r s  s o n t  ceux q u i  p e u v e n t   e t r e   e x p l i -  
q u e s   e t   q u a n t i f i e s  i p a r t i r  d e s   r e l a t i o n s  
t h e r m o d y n a m i q u e s   d l i n t e r f a c e  - t e n s i o n  s u -  
p e r f i c i e l l e   d e   s u r f a c e ,   e n e r g i e   l i b r e   d e  
s u r f a c e ,   f o r m u l e  d e  L a p l a c e ,   f o r m u l e  de  
T h o m s o n ,   r e l a t i o n   d e   C l a u s i u s - C l a p e y r o n ,  

L e s   s e c o n d s   c o r r e s p o n d e n t  .3 c e u x   p r o d u i t s  
p a r   l e s   v a r i a t i o n s   d e s  p r o p r i e t e s  de  l ' e a u  
en f o n c t i o n   d e   l a  d i s t a n c e  au s u b s t r a t   d a n s  
l e   s e i n   d e   l a   c o u c h e   d ' e a u   a d s o r b e e ;   d a n s  
ce c a s  , 1 ' a b a l  ssement c r y o s c o p i q u e ,  1 a 
p r e s s i o n ,  l a  m o b i l i t g ,   e t c . . . ,  son t  des 
v a r i a b l e s  q u i  I malheureusement ,   ne  p e u v e n t  
pas  e t r e   a c t u e l l e m e n t   6 v a l u 6 e s   f o r m e l l e m e n t .  

Dans l e s   c a s  00  l e s  phenomenes c a p i l l a i -  
r e s   s i m p l e s   s o n t   p r e p o n d e r a n t s ,   u n e   c o u c h e  
d ' e a u   a d s o r b e e   e n t r e   l a   g l a c e  e t  l e  subs- 
t r a t  c o n t i n u e   d ' e x i s t e r ,   L ' o r d r e   m o l e c u l a i -  
r e   impose  a l ' e a u   p a r   l e   s u b s t r a t   e v o l u e  
d a n s  l e   s e n s   p e r p e n d i c u l a i   r e  a l a   p a r o i  d u  
p a r e ,   m a i s   a u c u n e   c o n t r a i n t e   n ' e m p g c h e   l e s  
m o l e c u l e s   d ' e a u   d e   s e   d e p l a c e r   d a n s   l e  sens 
p a r a l l e l e  i l a  p a r o i   ( m o b i l i t e  d u  composant  
" e a u " ) ,  

4 . 1 . 2 .  Modgle c a p i l l a i r e  

Le modele   p ropose  d a n s  l e s   r e f e r e n c e s  
/ 1 ,2 ,47 ,48 ,49 ,531  perme t  de comprendre  l e  
mgcanisme  physique  des   phenomgnes  secondai-  
r e s   a c c o m p a g n a n t   l e   d e p l a c e m e n t   d ' u n  f r o n t  
de  gel   dans u n  m i l i e u  p o r e u x .  Nous  r a p p e -  
l o n s   i c i   s e u l e m e n t   l a   c o n c l u s i o n   d e   l ' e t u -  
de   thermodynamique   d 'un   e lement   microsco-  
p i q u e , c o n s t i t u e  par d e u x   p o r e s   r e l i e s   p a r  
u n  c a n a l i c u l e ,   c o n t e n a n t   d e   l ' e a u   e t   s o u -  
mis a u n e   c o n g e l a t i o n  : Dans l e   c a s  0 0  l e s  
phenomenes   c ryogeniques  d l ' e c h e l l e  d u  po- 
r e  sont  l e   r e s u l t a t  d u  comportement   de l ' 
i n t e r f a c e   s i m p l e   e a u - g l a c e  comme dans   ce -  
l u i  o b  1 ' i n t e r p h a s e   c o m p l e x e   g l a c e / e a u - a d -  
s o r b @ e / s u b s t r a t   e s t   p r e p o n d e r a n t ,  Ze t r a n s  
f e r t  d e  c h a l e u r ,  l e  comportement de8  in- 
t e r p h a s e s  e t  Ze t r a n s f e r t  d e  masse c o n s t i -  
t u e n t  d e s  phBnomanes BIBrnentaires coupZds.  

4 . 2 .  A n a l y s e   m a c r o s c o p i q u e   1 2 , 5 0 , 5 1 [  

L ' g t u d e   m a c r o s c o p i q u e  d u  g e l   d e s   s o l s  ou 
d e s   r o c h e s   d e m a n d e   d ' a b o r d   u n e   t r a n s p o s i -  
t i o n   d e s   c o n c l u s i o n s  de 1 ' e t u d e   m i c r o s c o -  
p ique   au   ca s  de l a   c o n g e l a t i o n  de l ' e a u  
con tenue   dans  u n  m i l i e u   p o r e u x .   E n s u i t e ,  
p o u r  l e s   r o c h e s ,  i 1 e s t   n e c e s s a i r e  de con-  
s i d e r e r   l e s   e f f e t s   m e c a n i q u e s   o c c a s i o n n e s  
p a r   l e s   c o n t r a i n t e s   d e   l a   g l a c e   l o r s q u e   l e  
m i l i e u   p o r e u x   n ' e s t   p a s   d e f o r m a b l e .  

4 . 2 . 1 .  S y s t e m e   i s o t h e r m e  

C o n s i d e r o n s   l e   c a s  d ' u n  m i l i e u  p o r e u x  
s a t u r g   d ' e a u ,  soumis a une   t empera tu re  
c o n s t a n t e   i n f e r i e u r e  1 0 ° C .   L ' a p p l i c a t i o n  
d e   l a   f o r m u l e   d e  Thomson e t   d e s   c o n c e p t s  
d ' e a u   a d s o r b e e   c o n d u i s e n t  5 l a   c o n c l u s i o n  
que  de l a   g l a c e  d o i t  a p p a r a i t r e  d a n s  l e s  
p o r e s  d u  m i l i e u   m a i s   q u ' u n e   c e r t a i n e   q u a n -  
t i t @   d ' e a u   r e s t e r a  a 1 ' e t a t   l i q u i d e .  

A l l 6 c h e l l e   m a c r o s c o p i q u e ,   l e s   q u a n t i t e s  
d ' e a u   l i q u i d e  e t  de  g l a c e   d e p e n d e n t  non 
s e u l e m e n t   d e   l a   t e m p e r a t u r e   i m p o s e e   m a i s  
a u s s i   d e s   d i m e n s i o n s   d e s   p o r e s   e t  de l e u r  
e t a l e m e n t .  

Le c o n c e p t  d ' e a u  a d s o r b e e   l a i s s e   p r e v o i r  
q u e   l e s   q u a n t i t e s   d ' e a u   l i q u i d e   e t   d e   g l a -  
ce  dependen t   ega lemen t   de  1 a n a t u r e   d e   l a  
m a t r i c e   p o r e u s e   e t   d e  1 ' i m p o r t a n c e  d e  l a  
c o u c h e   d ' e a u   l i e e  p a r  r a p p o r t  a u x  dimen- 
s ions  d e s   p o r e s .  

p e r i e n c e   I 2 1 , 6 1 , 6 2 1  . 
4 . 2 . 2 .  Systkme non i s o t h e r m e  

Ces c o n c l u s i o n s   s o n t   c o n f i r m e e s   p a r  1 ' e x -  

Les   so l  1 i c i  t a t i o n s  t h e r m i q u e s   o c c a s i o n -  
n a n t   l a   t r a n s f o r m a t i o n   e n   g l a c e   d e   l ' e a u  
i n t e r s t i t i e l l e   e n g e n d r e n t  u n  g r a d i e n t   t h e r -  
mique d a n s  l e   m a s s i ' f   p o r e u x .  Or, on s a i t ,  
d ' u n e   p a r t ,   q u e   l a   q u a n t i t e   d ' e a u  non  ge- 
l @ e  en   des sous   de  0 ,OC e s t   f o n c t i o n  de l a  
temperature e t ,  d ' a u t r e   p a r t ,  que l e  m i -  
l i e u   e s t   c o n s t i t u e   p a r   d e s  pores d ' u n e  
g r a n d e   d i v e r s i t 6  de fo rmes  e t  de  dimen- 
s i o n s .  La p e n e t r a t i o n  d u  f r o n t   d e   g l a c e  ?I 
t r a v e r s   l e   m i l i e u  s e  f a i t  d o n c  d ' u n e  
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m a n i g r e   d i f f e r e n t e  e n   c h a q u e   p o i n t ,   d o n n a n t  
l i e u  a u n  f r o n t   d e   g l a c e   d e   f o r m e   t o u r m e n -  
t g e  q u i  i n t g r e s s e  une f r a n g e  d u  m i l i e u  oh 
l e s   t e m p e r a t u r e s   s o n t   v o i s i n e s   d e  z e r o  de -  
g r 6  1 5 0 , 5 1 1 .  Chaque   po re   con tenan t   de  l a  
g l a c e   c o n s t i t u e   a l o r s  u n  s y s t e m e  s e  compor- 
t a n t  comme l e  modg le   mic roscop ique ,  ma-is 
l e s   m a n i f e s t a t i o n s   m a c r o s c o p i q u e s   s o n t   l e  
r e s u l t a t   d e   t o u s   c e s   e f f e t s   m i c r o s c o @ i q u e s  
g l g m e n t a i r e s   a y a n t   l i e u   d a n s   l a   z o n e   d e  
changement   de phase .  

t i o n  d u  m i l i e u   p o r e u x ,   l a   z o n e   d e   c h a n g e -  
m e n t   d e   p h a s e   s e   d g p l a c e ,   l a i s s a n t  i 1 ' a -  
m o n t ,   d a n s   l e   c a s   d e s   s o l s   p r i n c i p a l e m e n t ,  
des   zones  de  s e g r e g a t i o n   d e   l a   g l a c e   e t   u n e  
s t r u c t u r e   m o d i f i e e   d e  l a  m a t r i c e   p o r e u s e .  
L ' i m p o r t a n c e  d e s  m a n i f e s t a t i o n s   c r y o g e n i -  
q u e s   e s t   f o n c t i o n ,  cornme d a n s   l e   c a s  d u  mo- 
d g l e   m i c r o s c o p i q u e   c a p i l l a i r e ,  d u  c o u p l a g e  
des phgnomenes   e l emen ta i r e s  : l e   t r a n s f e r t  
de c h a l e u r ,   l e s  phenomenes d ' i n t e r f a c e  e t  
l e   t r a n s f e r t   d e   m a s s e .   M a i s ,   a f i n   d e   p o s e r  
l e   p r o b l s m e   s u r   l e   p l a n   t h e o r i q u e ,   i l   e s t  
n e c e s s a i r e   d e   c h o i   s i  r d e s   v a r i a b l e s   g l o b a -  
l e s   e t   d ' e t a b l i r   l e s   l o i s   d e   c o m p o r t e m e n t  
c o r r e s p o n d a n t  a c e s   t r o i s  phgnomenes e l e -  
m e n t a i   r e s .  

4 . 2 . 2 . 1 .  La f o r c e   d e   s u c c i o n   c r e e e   p a r  l a  
p r e s e n c e   d e   l a   g l a c e   d a n s   l a   z o n e   d e   c o n g e -  
l a t i o n   e s t   d i f f e r e n t e   d ' u n  p o i n t  a u n  a u -  
t r e ;  mais I a 1 ' e c h e l l e   m a c r o s c o p i q u e ,   l a  
f o r c e   d e   s u c c i o n   r e s u l t a n t e   p a r   u n i t e   d e  
s u r f a c e   f a i t   i n t e r v e n i r  1 ' i n t e g r a l e   d e s  
f o r c e s   e l e m e n t a i r e s   a f f e c t e e   d ' u n   f a c t e u r  
q u i  e s t   l a   p o r o s i t g  d u  m i l i e u ,  Deux p r o b l e -  
mes s e  p o s e n t  : d ' a b o r d ,   l ' e s t i m a t i o n   d e s  
f o r c e s   d e   s u c c i o n   e l e m e n t a i r e s ,   e n s u i t e ,  
l ' i n t e g r a t i o n   d e   c e s   f o r c e s .  

L e s   c o n n a i s s a n c e s   a c q u i s e s  ne p e r m e t t e n t  
p a s   e n c o r e   d e   d e t e r m i n e r   l a   f o r c e   d e   s u c -  
c i o n   6 l e m e n t a i r e   e n   p a r t a n t   d e s   p o t e n t i e l s  
c h i m i q u e s  e t  d e s   c a r a c t e r i s t i q u e s   d e   l ' e a u  
l i k e .   M a i s ,   d a n s   c e r t a i n s   c a s ,   l e   d i a m e t r e  
moyen d e s   p a r t i c u l e s   e s t   b i e n   s u p e r i e u r  5 
l ' e p a i s s e u r   d e   l ' e a u  lice. Ceci   permet  
d ' a d o p t e r ,   d a n s   c e   c a s ,   l ' h y p o t h e s e   s e l o n  
l a q u e l l e   l e   m e n i s q u e   e a u - g l a c e   c o n s t i t u e  
l e   f a c t e u r   p r e p o n d g r a n t   d a n s  l a  c r e a t i o n   d e  
c e t t e   f o r c e  d e  s u c c i o n ,   l ' e a u   a d s o r b e e  
a y a n t   p o u r   r B l e   p r i n c i p a l  d ' e t a b l i r  des  
c a n a u x   d e   c i r c u l a t i o n   e n t r e   l e   s u b s t r a t   e t  
l a   g l a c e   i n d i s p e n s a b l e s   a u   g o n f l e m e n t  dir 
a u  g e l .   C e t t e   h y p o t h g s e   p e r m e t   d o n c   d e  sim- 
p l i f i e r   l e   p r o b l P m e   e n   a d o p t a n t   l a   l o i   d e  
Lap lace   pour  1 ' e s t i m a t i o n   d e  l a  c h u t e   d e  
p r e s s i o n   d a n s   l ' e a u   i n t e r s t i t i e l l e  d ' u n  
e l e m e n t   c a p i l l a i r e  d u  m i l i e u   p o r e u x ,   e n  
s u p p o s a n t   q u e   l e   m e n i s q u e   a d o p t e  u n  r ayon  
d e   c o u r b u r e  e g a l  au  rayon d u  p o r e .  

L ' i n t g g r a t i o n   d e s   f o r c e s   d e   s u c c i o n   s u p -  
p o s e   e n s u i t e   l a   c o n n a i s s a n c e  de . la p o r o s i t e  
de  de l a  d i s t r i b u t i o n   p o r o m e t r i q u e  d u  mi- 
l i e u .  
4 . 2 . 2 . 2 .  P o u r  l a   p r i s e  en c o n s i d e r a t i o n  
d u  phe r iomPne  t h e r m i q u e  I 1 6 , 2 4 , 4 6 1  d a n s  
1 ' e t u d e   d e   l a   c o n g e l   a t i o n   d ' u n  sol  s a t u -  
r e ,  on c o n s i d e r e   q u e ,   d a n s  u n  p o r e ,   l a  

A i n s i  , au   cour s  d u  p r o c e s s u s   d e   c o n g e l a -  

t e m p e r a t u r e   d e  1 ' e a u   e s t   c e l l e   d e  l a  ma- 
t r i c e   p o r e u s e ,   c a r   l a   l e n t e u r   o b s e r v e e  d u  
p h e n o m e n e   s u g g s r e   u n e   f a i b l e   v i t e s s e   d e  
l ' e a u  q u i  c i r c u l e .  Par c o n s e q u e n t   l a   l o i  
d e   c o r n p o r t e m e n t   a d o p t e e   e s t   l a   l o i   d e   F o u -  
r i e r  d e s   s o l i d e s   c o n d u c t e u r s   1 4 0 , 4 1 , 4 2 , 4 6 /  
4 . 2 . 2 . 3 .  L e  t r a n s f e r t   d e   m a s s e   i n t e r v e n a n t  
au c o u r s  du g e l   d e s  so l s  e s t  l e   t r a n s f e r t  
d e  l ' e a u   p r o d u i t  p a r  l a   s u c c i o n   c r y o g e n i -  
que .  Ce phenomsne   r e l eve   de   l a   mecan ique  
d e s   f l u i d e s  en mi l i eux  p o r e u x .  Compte t e n u  
de l a  d i m e n s i o n   d e s   p o r e s ,   d e s   p r e s s i o n s  
i n t e r s t i t i e l l e s   e n   p r e s e n c e   e t  de  l a   l e n -  
t e u r   d e  1 ' P c o u l e m e n t ,   l a   l o i   d e   D a r c y   p e u t  
e t r e   a d o p t e e  comme. l o i  de  comportement .  

Des m o d e l e s   m a t h g m a t i q u e s   o n t   e t 6   e t a -  
b l i s  a p a r t i r   d e   c e s   c o n c e p t s .  Des r e s o -  
l u t i o n s   n u m e r i q u e s   a p p o r t e n t   a c t u e l l e m e n t  
une   reponse  a main t s   p rob lGmes   pos6s   pa r  
l a   g e o t h e r m i q u e   r o u t i e r e  1 1 3 1  e t  a c e r -  
t a i n s   a u t r e s   p r o b l e m e s   r e n c o n t r e s   d a n s   l a  
t e c h n i q u e  ou d a n s   l e s   z o n e s   d e   p e r g e l i s o l  

4 . 2 . 2 . 4 .  Dans l e   c a s  d ' u n  m i l i e u   p o r e u x  
c o n s o l   i d e  , l e   r e s e a u   d e s   p o r e s   p e u t   a v o i r  
d e s   c o n f i g u r a t i o n s  t r e s  d i v e r s e s   s e l o n   l a  
n a t u r e  e t  l a  g e n e s e  d u  s u b s t r a t .  Dans u n  
m&me m i l i e u ,   l e s   f i s s u r e s   e t   l e s   p o r e s  pre-  
s e n t e n t   d e s   f o r m e s ,   d e s   d i m e n s i o n s   e t  des  
c o m b i n a i s o n s   t r s s   d i v e r s e s   e n   d e t e r m i n a n t ,  
en r e a l i t e ,   l a   r e s i s t a n c e   m e c a n i q u e   g l o b a -  
l e   a u x   s o l l i c i t a t i o n s   e x t g r i e u r e s .  E n  p a r -  
t i c u l i e r ,  u n  e f f e t  de l a   p r g s e n c e   d e s   f i s -  
s u r e s ,  memes t r G s   m i n c e s ,   e s t   d e   d o n n e r  a 
l a   r o c h e   d e s   s u r f a c e s   p r e f e r e n t i e l l e s   d e  
r u p t u r e .  

Le m o d s l e   c a p i l l a i r e   e t   l e s   e x p e r i e n c e s  
des  s o l s  c o n f i n e s  o n t  m o n t r e  que  , p o u r  u n  
m i l i e u  ne p e r m e t t a n t   p a s   l a   d e f o r m a t i o n  ma- 
c r o s c o p i q u e   n 6 c e s s a i r e  a l a   s e g r e g a t i o n   d e  
l a  g l a c e ,   l e   p h g n o m e n e  d u  changement  
d ' e t a t  d e   l ' e a u   d a n s   l e s   p o r e s   e n g e n d r e  
d e s   c o n t r a i n t e s   d a n s   l a   g l a c e   e t   p a r   c o n -  
s g q u e n t  d a n s  1 a m a t r i c e  s o l  i d e .  Ces  con- 
t r a i n t e s   s o n t   e n   f a i t   d e s   s o l l i c i   t a t i o n s  
m g c a n i q u e s   a p p l i q u k e s  a l ' i n t g r i e u r  m&me 
d u  m i l i e u  1 5 1 .  E l l e s   d e c o u l e n t  d u  compor te  
ment  de l ' i n t e r f a c e   d a n s   c h a q u e   p o r e   e t  
p a r   c o n s e q u e n t ,   d e p e n d e n t  .3 l ' e c h e l l e  m i -  
c r o s c o p i q u e ,  d u  t y p e   d e s   p o r e s   e t   d e   l e u r  
d i m e n s i o n .   E l l e s   o n t  d e s  v a l e u r s  t r P s  d i f -  
f g r e n t e s  d ' u n  p o i n t  a u n  a u t r e   e t ,   b i e n  
q u e   l e u r   i n t g g r a t i o n   p u i s s e   m o n t r e r  une va- 
l e u r   e f f e c t i v e   g l o b a l e   i n f g r i e u r e  8 l a  re -  
s i s t a n c e   m g c a n i q u e   m a c r o s c o p i q u e ,  on  p e u t  
s ' a t t e n d r e  a d e s   d e p a s s e m e n t s   l o c a u x   d e s  
v a l e u r s   c r i t i q u e s   d e   r u p t u r e   e t  a des  v a -  
r i a t i o n s   d e   s t r u c t u r e  a l ' g c h e l l e   m i c r o s c o  
p i q u e .  

On v o i t   d o n c  l a  d i f f i c u l t g , e n   l ' e t a t  a c -  
t ue l   de   nos  c o n n a i s s a n c e s , d ' i n t r o d u i r e  c e  
n o u v e l   a s p e c t   d a n s   l ' e t u d e  d u  c o u p l a g e   d e s  
phgnomenes   616menta i   res .  

Avec l e s   b a s e s   f o n d a m e n t a l e s   r g s u m e e s  
pr@c@demment ,  an a e n v i s a g e   l e  phgnomene a 
l ' e c h e l l e   m a c r o s c o p i q u e   a f i n  d e  m e t t r e   e n  
g v i d e n c e   l e s   p a r a m g t r e s  .a e t u d i e r   e t   l e s  
v o i e s   d e   r e c h e r c h e   l e s   m i e u x   a d a p t g e s .  

1 5 1 )  * 
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4 . 3 .  M e c a n i s m e   p h y s i q u e   d e   l a   g & l i f r a c -  
t i o n  121 

A f i n   d ' a b o r d e r   l e   p r o b l e m e ,   i l  a e t &  i n -  
d i s p e n s a b l e   d e   s c h e m a t i s e r   l a   m a t r i c e  p o -  
r e u s e ,   s u p p o s e e   c o m p l e t e m e n t   s a t u r e e  a 
l ' i n s t a n t   i n i t l a l ,  pour  p o u v o i r   a p p l i q u e r  
l e s   c o n c e p t s   d e   l ' e t u d e   f o n d a m e n t a l e   f a i t e  

l ' e c h e l l e   m i c r o s c o p i q u e .  
Le m o d g l e   c o n c u   p e r m e t   d ' e x p l i q u e r   l ' a p -  

p a r i t i o n   d e   p l a q u e s   d e   g l a c e  en s u r f a c e ,  
a l i m e n t C e s  p a r  1 ' e a u   d e   l a   r o c h e ,   e t   l e s  
d i f f e r e n t 5   t y p e s   d e   r u p t u r e   m i s   e n   e v i d e n -  
c e   p a r   l e s   o b s e r v a t i o n s   f a i t e s   d a n s   l a   n a -  
t u r e  128 ,32 ,431  e t  e n   l a b o r a t o i r e  1 2 6 1 .  

c i o n   c r y o g e n i q u e ,   f a i t   i n t e r v e n i r   l a  d i s -  
t r i b u t i o n  d e s   d i m e n s i o n s   d e s   p o r e s   e t   l a  
p e r m e a b i l i t e  au   dessus  e t  au   dessous   de  
O'C. La p r e s s i o n   d e   l ' e a u   i n t e r s t i t i e l l e  
e t   l e s   p e r t e s   d e   c h a r g e   d e   l ' e c o u l e m e n t  
d a n s   l e s   c a p i l l a i r e s   d e   f a i b l e   d i a m e t r e  
c o n s t i t u e n t   d e s   v a r i a b l e s   d e p e n d a n t e s  d o n t  
l e s  Val e u r s   s o n t   f o n c t i  on p r i n c i p a l   e m e n t  
de l a   v i t e s s e   d e   p r o p a g a t i o n  d u  f r o n t   d e  
c o n g e l a t i o n .  

l e n t i l l e s  d e   g l a c e   p a r a l e e l e s  5 l a   s u r f a c e  
d u  b l o c   e t  a o c c a s i o n n e r   d e s   c o n t r a i n t e s  
t e n d a n t  a e l a r g i r   l e s   c a v i t e s .   C e t t e   t e n -  
d a n c e   s e   m a n i f e s t e ,   e n   e f f e t ,   d a n s   c e r t e i -  
n e s   r o c h e s ,   p a r  u n  d c a - i l Z a g e  au   premier   ge l  
ou p r o g r e s s i v e m e n t   l o r s   d e   g e l s   r e p G t 6 s .  

P a r  a i l l e u r s ,  u n  rbgirne b r u t a l  d e  eongd- 
Zat-ion p e u t   e x i s t e r  : 
- s o i t   p a r c e   q u e   l a   t e m p e r a t u r e   d e   s u r f a c e  
descend t r e s   b a s  e t  t r e s   r a p i d e m e n t ,  
- s o i t  p a r c e   q u e   l e   r e s e a u   d e   p e t i t s   c a p i l -  
l a i r e s  possede  une t r 6 s   f a i b l e   p e r m g a b i l  i -  
t e ;  i l   c o n d u i t   d a n s   t o u s   l e s   c a s  1 d e s   p r e s -  
s i o n   e l e v e e s  de l ' e a u   i n t e r s t i t i e l l e ,  d l  

a u t a n t   p l u s   g r a n d e s   q u e   l a   t a i l l e   d e   1 ' 6 -  
c h a n t i l l o n   e s t   g r a n d e .  Une r u p t u r e  par Bcla -  
ternent a p p a r a f t  s o u v e n t   d a n s   c e s   c a s ;   b i e n  
e n t e n d u ,   l e  nombre  de l a   f o r m e   d e s   f r a g - .  
ments depend d u  reseau r e e l   d e s   f i s s u r e s  
q u i  c o n s t i t u e n t   d e s   s u r f a c e s   p r e f e r e n t i e l -  
l e s  d e  rupture .  

r 8 l e   l o r s  des p r o c e s s u s   r e p 6 t e s   d e   g e l - d e -  
g e l ,   s o i t   p a r  u n  e l a r g i s s e m e n t   p r o g r e s s i f  
e t   i r r e v e r s i b l e  des c a v i t e s  l o r s  d e  l a  s e -  
g r e g a t i o n   d e   l a   g l a c e ,   s o i t   p a r   d e s   c h a n g e -  
m e n t s   m i c r o s c o p i q u e s   c u m u l e s   d e   l a   s t r u c -  
t u r e   s o l i d e   d u s   a u x   d e p a s s e m e n t s   l o c a u x   d e s  
1 imi t e s  c r i t i q u e s   d e   r u p t u r e .  

L 'gcou lemen t   de  1 ' e a u ,   i n d u i t  p a r  l a  s u c -  

Un r d g i m e  d e  geZ dous t e n d r a  B f o r m e r   d e s  

Les  phgnomgnes  de f a t i g u e  j o u e n t  u n  g rand  

5 .  P R O B L ~ M E S  P O S ~ S  P A R  L A  G ~ L I F R A C T I O N  E T  
VOIES POSSIBLES D E   R E C H E R C H E  

5 . 1 .  R e c h e r c h e   t h e o r i q u e  e t  e x p e r i m e n t a t i o n  
tondamen ta l  e 

L ' e x p l i c a t i o n   q u a l i t a t i v e   c i - d e s s u s   e s t  
l o i n   d l 6 t r e   p a r f a i t e ,  mais e l l e   f a i t   s a i s i r  
l e  m e c a n i s m e   f o n d a m e n t a l   d e   l a   g e l i f r a c t i o n  
e t  s u g g e r e  des v o i e s   d e   r e c h e r c h e   p o u r   a p -  
p r o f o n d i r   l a   c o n n a i s s a n c e  d u  phenomene. 

Un p r e m i e r   p r o b l e m e   n e c e s s i t a n t  une  m e i l -  

l e u r e   a p p r o c h e   e s t   c e l u i   d e  l a  s c h e m a t i s a -  
t i o n  de l a  m a t r i c e   p o r e u s e  q u i  ne   pourra  
s e   f a i r e   r a i s o n n a b l e m e n t   q u ' a   l ' a i d e   d e  
l ' e t u d e   d e   l a   s t r u c t u r e   d e s   r o c h e s .   L e s  me- 
s u r e s   d e   p o r o m e t r i e   s o n t   i n d i s p e n s a b l e s  
m a i s  e l l e s   d o i v e n t   G t r e   c o n t r d l e e s  p a r  d e s  
@ t u d e s   a p p r o f o n d i e s  de l a   s t r u c t u r e   d e s  ro- 
c h e s  a l ' a i d e  d e   t e c h n i q u e s   m o d e r n e s   d ' a u s -  
c u l t a t i o n   ( a n a l y s e   s t a t i s t i q u e s   d ' i m a g e s  , 
r a y o n s y ,   r a y o n s  X ,  u l   t r a s o n s  , rayonnement  
i n f r a r o u g e )   u t i l i s e e s  1 c h a q u e   i n s t a n t   d e s  
p r o c e s s u s   t h e r m i q u e s .  

U n  a u t r e   a s p e c t   q u i   a p p o r t e r a   d e s  pre-  
c i e u s e s   i n f o r m a t i o n s   e s t  1 ' e t u d e   e x p e r i m e n -  
t a l e   e t   t h g o r i q u e   d e   l a   p e r m e a b i l i t e  a 1 '  
e a u   d e s   m a t r i c e s   p a r t i e l l e m e n t   g e l e e s .  Des 
m o d e l e s   d e v r o n t  e t r e  a d o p t e s  p o u r  l ' g t u d e  
d e   l ' e a u   l i e e ,   s o i t   d ' u n  p o i n t  de  vue  hy- 
d r o d y n a m i q u e   ( f l u i d e s   m i c r o p o l a i r e s  I l l  
e t c  . . . ) ,  s o i t  d ' u n   p o i n t   d e  vue  thermadyna- 
mi q u e .  

L ' e t u d e   d e   l a   t h e r m o d y n a m i q u e   d e   l ' a b a i s -  
s e m e n t   c r y o s c o p i q u e   e t   l e   c o u p l a g e   a v e c   l a  
p r e s s i o n   d e  1 ' e a u   i n t e r s t i t i e l l e  d o i t  6 t r e  
f a i t e  en f a i s a n t   i n t e r v e n i r   l a   t a i l l e  de 
l ' e c h a n t i l l o n  comme p a r a m e t r e   i m p o r t a n t  
d a n s  1 a g e l  i f r a c t i   o n .  

Les e tudes  c o n c e r n a n t   l e   d i f f i c i l e  p r o -  
b l e m e   d e   l a   d e t e r m i n a t i o n  d u  champ des   con-  
t r a i n t e s   d l u n e  roche  p r o d u i t e s  p a r  l ' a u g -  
m e n t a t i o n   d e   l a   p r e s s i o n   i n t e r s t i t i e l l e  
151 s o n t  a a p p r o f o n d i r .  O n  d o i t   i n t r o d u i r e  
d a n s   l a   t h e o r i e   m e c a n i q u e ,   l ' e x i s t e n c e   d e s  
s y s t e m e s   p o r e u x  ou d e s   s y s t e m e s   d e   f i s s u -  
r e s  1 3 8 1 ,  ne s e r a i t - c e   q u ' e n   a d o p t a n t   d e s  
r e s e a u x   f i c t i f s   e q u i v a l e n t s ,  a 1 ' a i d e   d e  
model e s   g g o m e t r i q u e s .  

Le p r o b l e m e   d e   l a   p r o p a g a t i o n  d u  f r o n t  
de   ge l  o u  "p rob leme  de S t e f a n "   e s t   b i e n  
connu   en   l ' absence   des   phenomenes   s econda i -  
r e s   e t  p o u r  d e s  r & g i m e s   t h e r m i q u e s   u n i d i -  
m e n s i o n n e l s .   P o u r   l e s   c a s   r e e l s  1 4 , 1 2 / ,  i l  
f a u t  d i s p o s e r   p o u r   r e s o u d r e   l e   p r o b l e m e   d e  
S t e f a n  d e  p r o g r a m m e s   d e   c a l c u l   e l a b o r e s  
c a r   l a   c o m p l e x i t @   a u g m e n t e  d e s  que  l a  g e o -  
metric e s t   m u l t i d i m e n s i o n n e l l e   e t   q u e   l e s  
c o n d i t i o n s  a u x   l i m i t e s   r e p r g s e n t e n t  p l u s  
f i d g l e m e n t   l e s   c o n d i t i o n s   n a t u r e l l e s .   I 1  
f a u d r a i  t ,  d e  p l u s ,   t e n i r   c o m p t e   d e   l a   t e m -  
p e r a t u r e   v a r i a b l e  d u  f r o n t  en f o n c t i o n   d e  
l a   p r e s s i o n   d e   l ' e a u  d a n s  l a   z o n e  non ge -  
l g e ,  

L a  m o d e l i s a t i o n   p h y s i q u e   e t   m a t h e m a t i q u e  
d o i t   e t r e   p o u r s u i v i e  151 a f i n   d e   p o u v o i r  
c o n s i d k r e r   l a   r e s i s t a n c e   m e c a n i q u e   d e s  ro-  
ches  au mEme t i t r e   q u e   l e s   a u t r e s  p h e n o m e -  
n e s   e l e m e n t a i r e s .  

p o r e u x   d e v r a   6 t r e   d e v e l o p p e e   d a n s   l e s   c a s  
d e s   m i l i e u x  non comple t emen t  s a t u r e s  e t  
dans   ceux  oil l a  g l a c e   o c c u p e   p a r t i e l l e m e n t  
l e s   p o r e s   d o n n a n t   u n e   p e r m e a b i l i t e   v a r i a -  
b l e .  

5 . 2 .  E x p e r i m e n t a t i o n   s y s t e m a t i q u e  

L a  mecanique  d e s  f l u i d e s   d a n s   l e s   m i l i e u x  

C o n c e r n a n t   l a   d e t e r m i n a t i o n  d u  deg re   de  
g B 1  i v i  t 6  des roches une i n t e r p r e t a t i o n   p l u s  
p o u s s e e  d o i t  S t r e   e f f e c t u e e  a. l a   l u n i e r e  de 
m k c a n i s m e   p h y s i q u e   d e   l a   g e l i f r a c t i o n .  
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Un r a p p r o c h e m e n t   e n t r e   l e s   c h e r c h e u r s  s ' i n -  
t e r e s s a n t  a l a   g e o m o r p h o l o g i e   e t   l e s   i n g 6 -  
n i e u r s  s ' i n t e r e s s a n t  h l a  c o n s t r u c t i o n  se-  
r a i t  t r g s  f r u c t u e u x  1461 en  a b o u t i s s a n t  a 
une s y n t h e s e  d e  l e u r s   r e s u l t a t s .  Des r e c h e r -  
c h e s   p o r t a n t   s u r   l ' i n f l u e n c e   d e s   d i m e n s i o n s  
des  C c h a n t i l l o n s   e t   l a   m a n i s r e   d e   l e s  humec- 
t e r   t o u t  a u   l o n g   d e s   e s s a i s   r 6 p C t e s  d e  g e l -  
d e g e l   s e r a i e n t   d e s   p l u s   u t i l e s .  Des e s s a i s  
u n i d i m e n s i o n n e l s   e t  des  mesures  de  deforma- 
t i o n s   e t   d e   c o n t r a i n t e s   d e v r a i e n t   E t r e   p o u r -  
sui  v i s  * 

5 . 3 .  O b s e r v a t i o n s   f a i t e s   d i r e c t e m e n t  d a n s  
l a  n a t u r e  

Des o b s e r v a t i o n s  e t  mesures f a i t e s   d i r e c -  
t e m e n t   d a n s   l a   n a t u r e   p e r m e t t r a i e n t   u n e  
c o n f r o n t a t i o n   c o n t i n u e l l e  a u x  e t u d e s  t h e o -  
r i q u e s ,  

m e n t   s y s t e m a t i q u e s   e t   p r o g r a m m e e s   e n   f o n c -  
t i o n  d e s   a s p e c t s   p r 6 c i s  B e t u d i e r .  La con-  
d u i t e   d e s   o b s e r v a t i o n s   s u r   l e s   m a s s i f s  ro- 
c h e u x   p a r a l l   e l e m e n t   a u x   o b s e r v a t i o n s  meteo- 
r o l o g i q u e s   d o i t   r e c e v o i r   u n e   a t t e n t i o n  
p a r t i c u l i e r e  1 2 0 , 4 6 1  ( e v o l u t i o n   d e   l a   t e m -  
pe ra tu re  d e  s u r f a c e  1 1 7 1 ,  i n f l u e n c e  d u  v e n t  
d a n s  l e  r e g i m e   t h e r m i q u e   e t   d a n s   l e   t a u x  
d ' e v a p o r a t i o n   d e   I ' e a u   e t   d e   s u b l i m a t i o n  
de l a   g l a c e  1 1 0 1 ) .  

le-mEme 191, e n   p a r t i c u l i e r   l ' a c t i o n   d e   l a  
s o l i d i f i c a t i o n  d e  l ' e a u   d a n s   l e s   f i s s u r e s  
d e ,   l a   g l a c e  1381, c o n s t i t u e n t   a u s s i   d e s  su- 
j e t s  de r e c h e r c h e  a d e v e l o p p e r .  

Ces o b s e r v a t i o n s   d o i v e n t  Btre i m p e r a t i v e -  

E n f i n ,   l ' a c t i o n  d u  f r o i d  sur l a   g l a c e   e l -  
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EFFECT OF END CONDITIONS ON THE UNIAXIAL  COMPRESSIVE  STRENGTH OF FROZEN SAND 

T.H.W. Baker,  Geotechnical  Section,  Division of Building  Research, 
National  Research  Council of Canada,  Ottawa,  Canada. 

Four  different  platen  configurations  were  used  to  determine  the  influence of  
some  end  conditions  on  the  laboratory-determined  uniaxial  compressive  strength of 
frozen  sand.  Cylindrical  specimens  of  fine  Ottawa  sand  (ASTM  designation C-1093, 
compacted  at  the  optimum  moisture  content  and  saturated  before  unidirectional 
freezing,  were  tested  at  temperatures  varying  between -5 and -6OC. Each  specimen 
was subjected  to a constant  strain  rate of 0.7 x lod3 min-l  using  an  Instron, 
universal  testing  machine  (model  1127). A compliant  platen  designed  to  reduce 
friction  between  platen  and  specimen, t o  distribute  the  load  uniformly,  and  to 
minimize  stress  gradients  produced by eccentric  loading,  was  found t o  be  most 
desirable in determining  the  uniaxial  compressive  strength of the  frozen  sand 
specimens. 

I~JFLUENCE DE LA CONFIGURATION DES EXTR~MIT~S D'UN   CHANT ILL ON DE SABLE GEL; SUR LA 
RESISTANCE DE CELUI-CI LA COMFMSSION UNIAXIALE. 

T.H.W. Baker,  Section  ggotechnique,  Division  des  recherches  sur  le  B3timent,  Conseil 
national  de  recherches  du  Canada,  Ottawa,  Canada. 

On a utili&  quatre  diffgrentes  sortes  de  plaques  de  pression,  pour  dGterniner 
l'influence  que put avoir  la  configuration  des extrhitgs d'un  gchantillon  de  sable 
gel& sur la  rgsistance 2 la  compression  uniaxiale  de  celui-ci,  dans  les  conditions du 
laboratoire. Les  gprouvettes  cylindriques de sable  fin  d'0ttawa (designation ASTM 
C-109) , ont G t i Z  comprimges 2 leur  teneur  optimale  en  eau,  puis  saturges,  avant  d'gtre 
soumises 5i une  congglation  unidirectionnelle;  puis on  les  a  soumises  aux  essais  de 
compression Z des  tempgratures  variant  entre -5 e t  - 6 ° C .  On a  utilis6  un  Instron, 
qui  est  un  appareil  universe1  d'essai  de  rgsistance  des  matgriaux (modsle 1 127) 
pour  soumettre  chaque  gprouvette 2 une  vitesse  de  dgformation  constante d e  0.7 x 
lom3 rnin-l. On a constat6  qu'une  plaque de pression  souple,  destinge 2 rgduire  la 
friction  entre  la  plaque  et  l'gprouvette, et 2 rgpartir  uniformgment  la  charge,  .et 
aussi 2 r6duire  les  gradients de contrainte  produits  par  une  charge  excentrique, 
convenait  parfaitement  pour  determiner  la  r6sistance 2 une  contrainte  uniaxiale  des 
Gprouvettes  de  sable  gel6. 

BJIMHME KOHEYHEJX YCJIOBMR HA COIIPOTMBJIEHME OAHOOCHOMY CXATMlO MEP3JIOI'O 
IIECKA 
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EFFECT OF END CONDITIONS  ON  THE  IJNIAXIAL  COMPRESSIVE  STRENGTH  OF  FROZEN  SAND 

T.H.W.  Raker 

Geotechnical  Section,  Diuision of Building  Research, 
National  Kcscarch  Council of Canada,  Ottawa,  Canada. 

TNTRODUCTION 

In the  conventional  uniaxial  compression test, 
force  is  applied  to  the  ends of right  circular 
cylindrical  specimens  through  steel  platens  that 
make  direct  contact  with  the  test  specimen. 
Friction  betwcen  the  platen and specimen  produces 
radial  restraint, so therc  is  a  triaxial  state of 
stress  near  the  end  planes.  1nserti.on  of a highly 
compliant  sheet  between  platen  and  specimen  will 
change  the  sign o f  radial  end  forccs  from 
compressive  to  tensile,  but  does not  eliminate  the 
triaxial  strcss  state.  Irregularities  in  the 
specimen  end  planes can create  strcss  concentra- 
tions  that  could  lead t o  premature  failure of the 
specimen  (IAHK, 1975) .  Stress  gradients  can  be 
produced  by  eccentric  loading  and  by  lack of 
parallelism  between  specimen  end  planes o r  between 
specimen  ends  and  loading  platcns. 

One solution  to  the  aforementioned  problems  would 
be to accept some frictional  restraint  at  the 
specimen  ends  and to  prepare  specimens wi.th  large 
slenderness  ratios  (height/diametcr). I f  the 
specimen  is long enough,  the  mid-section  is 
relatively  frcc  from  end  effects.  Newman  and 
Lachance  (1964)  showed  that  platens  either more 
compressible  than  the  specimen ox' lcss  compressible 
than  the  specimen  affect  the  specimen  over  an  axial 
distance  from  the  end  planes of about one specimen 
radius. A slenderness  ratio  greater  than  two 
usually  eliminates  thc  effects of end  conditions  on 
compressive  strength  (Mogi,  1966).  The relation- 
ship of platen/specimen  compressibility  and 
slendcrncss  ratio  and  their  effcct on uniaxial 
compressive  strength  are  shown  in  Fig. 1. The 
ideal  relationship  would bc achieved  when  the 
platen  and  specimen h a w  the  same  compressibilitics 
and  therc  is no relative  movement  betwcen  platen 
and  spccimcn  ends  (Painting, 1974). 

Specimens  with  large  slenderness  ratios  require 
special  care  in  preparation  to  ensure  that  the  end 
planes  are  normal  to  the  axis of symmetry  and  flat 
within  strict  tolerances.  Flexure of  the  specimen 
must be avoided hy strict  alignment  and  high 
rigidity in the  loading  system t o  avoid rotation or  
lateral  movement of the  platens.  Haynes  and  Mellor 
(1976)  found  it  extremely  difficult to  ohtain  valid 
results  when  testing  ice  in  the  conventional 
uniaxial  compression  test,  even  when  cxtreme  care 
was  exercised.  Tests  pcrformed  by  the  author on 
specimens of frozen  sand  wcre  found  to  agree  with 

some investigators,  but  disagreed  with  others. 
Figurc 2 presents  the  author's  data  along  with 
other  investigations  into  the  effect of applied 
strain  rate  on  the  uniaxial  compressive  strength 
of frozen  sand  in  the  same  tcmperature  rangc. 
Some discrepancy  in  the  test  results  may  he  due to 
cnd  effects,  specimen  variability  and  variability 
in  the  test  conditions. 

A  testjng  program,  using  specimens of frozen 
sand,  was  initiated t o  investigatc  thc  influcnces 
of various  end  conditions  employed  in  the  uniaxial 
compression  testing o f  brittle  materials.  Four 
platen  configurations  were  considered. 

I .  Aluminum  end  cap.  (Hawkes  and Mellor, 1972) 

2 .  Aluminum  disk  platen  with  a  rubber  insert. 
(Davin,  1956;  Newman  and  Lachance,  1964) 

3 .  Aluminum  disk platen.. (I-lawkes  and Mellor, 
1970) 

4 .  Maraset  compliant  platen.  (Kartashov  et a 
1970;  Haynes  and Mellor,  1976;  Law, 1977) 

Each  specimen  was  sub'ected t o  a  constant  st 
rate of 0 . 7  x 10-3 min-1  using an  Instron 
univcrsal  testing  machinc  (model  1127). This 
strain  rate  was  chosen as it  was  in  thc  middlc 

1, 

rain 

speed range  capability of the  testing  machine  and 
was  in a range where  the  data from the  literature 
disagreed  with  the  author's  data. 

SAMPLE  PREPARATION 

Fine  Ottawa  sand (ASTM designation  C-109)  was 
compactcd  into a Plexiglas  split  mould  in  layers 
at  the  optimum  moisture  content  (14 per cent  by 
dry  weight), as  dctcrmined  by a standard  Proctor 
compaction  test.  The  mould  was  cvacuatcd  and 
saturated  with  distilled  water  prior to  freezing. 
Insulation  was  placed  around  the  mould  to  ensure 
uniaxial  freezing  at a cold room tempcraturc of 
-5'C. After  complete  freezing,  which  took  ahout 
3 days,  thc  sample was taken  out of the  mould  and 
the  ends  were  machined  and  faced  to  the  required 
specimen  length.  Fifty-one  test  spccimens  were 
produced  with  an  average  total  moisture  contcnt o f  
19.2 per  cent  and a standard  deviation of 1 per 
ccnt. A  more  detailcd  description of  the 
procedures  followed  in  the  preparation o f  these 
specimens  can  he  found  in  Baker (1976). 
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All of  the  test  specimens  used  in  this 
investigation  were 7 6  mm in  diameter  and  were 
machined  and  faced to the  following  lengths. 

Length (mm) Slcndcrness  Ratio 

57 
76 
152 
196 

0.75 
1 .0  
2 . 0  
2 . 6  

DESIGN OF COMPLIANT  PLATEN (LAW, 1977)  

The  compliant  platen  used in  this  study  was 
developed  within  the  Division of Building  Research, 
National  Research  Council of Canada.  Its  design 
was  based  on  the  work  performed by Kartashov  et  a1 
(1970)  and  Haynes  and  Mcllor ( 1 9 7 6 ) .  The platen 
consists of a  circular  plug of compliant  matcrial 
surrounded  by  a  metal  ring.  The  design  criterion 
determining  the  dimensions  and  properties of these 
platen  components  is  as  follows. 

The  compliant  plug  can bc made  from  any  material 
that  is  more  compressible than the  specimen. This 
relationship  must  satisfy  the  cxpression: 

1,s u w  

Ep Es 

a = radius of the  compliant  plug 
(specimcn) 

The external  radius of thc  ring is equal 
t o  : 

'1+c ( l-vc) 

= j l-C(l*vc) a ( 4 )  

An  epoxy resin,  Maraset # 6 3 8 - 4 5 ,  was  chosen 
as the  compliant  plug  material  used in the  testing 
o f  frozen  sand. 

DISCIJSSION OF RESULTS 

The results o f  thc  tcsts  using  the  four  platen 
configurations  are shown in  Figs. 3 to 6. The 
horizontal  linc  givcs  the  mean  strength  obtained, 
the  vertical  line  gives  the  standard  deviation  and 
the  number  denotes  the  numbcr o f  tcsts  completed 
for  each  slenderness  ratio. 

where E s ,  vs = modulus of compression  and 
Poisson's ratio of  the  specimen 
material.  Frozen soil is a 
viscoelastic  material so the 
secant  modulus  at  failure  was 
used. 

E v = modulus of compression  and 
p' Poisson's  ratio of  the  compliant 

plug  material. 

The  confining  ring  can be  made  from  any  material 
whose  rigidity  exceeds  a  certain  limit  given  by  the 
expression: 

Aluminum  End  Cap  (Fig. 3)  

where  Ec, vc = modulus of compression  and 
Poisson's ratio of  the  confining 
ring material. 

The  diameter of the  compliant  plug  is  made  equal 
to  the  specimen  diameter  and  the  thickness  of  thc 
plug  is  made  equal  to  the  radius  of  the  specimen. 

The  thickness of the  ring  is  designed so that 
the  lateral  expansion of the  platen,  under  load, is 
the  same  as  that o f  the  specimen,  Thickness of  the 
ring  is  equal  to: 

T = b - a  (3) 

where T = thickness of  the  ring 

b = external  radius of the  ring 

Th-is  type of platen  was  used  by  Hawkes  and 
Mellor (1972)  for  testing  dumbell  shaped  specimens 
of  ice,  The  dumbell  shape  was  designed  to 
eliminate  end  effects  using  rigid  end  conditions. 
When  using  these  platens  with  right  cylindrical 
specimens  the  ends  werc  completely  restrained  from 
lateral  movement.  Specimens of small  slenderness 
ratio  are  actually  being  stressed  triaxially.  As 
the  specimen  length i s  increased,  the  effect of 
end  confincment on the  over-all  strength of  the 
specimen  is  reduced. 

Aluminum  Disk  with  Rubber  Insert  (Fig. 4 )  

Low  modulus  inserts  and  lubricated  friction 
rcduccrs  have  been  employed  in  compression 
testing  to  reduce  stress  concentrations at  the 
end  faces of specimens  with  rough  texture. 
Tensile  forces  are  produced  at  the  specimen  ends 
by  the  lateral  movement  of  the  insert.  As  the 
compressive  stress  is  increased,  vertical  tensile 
cracks  appear in the  specimen  radiating  from  the 
centre of the loaded  face.  Vertical  stresses  are 
concentrated  at  thc  centre of  the  loaded  face  and 
vary  in  magnitude  with  the  compression  modulus 
and  thickncss of thc  insert  material.  Similar 
behaviour i s  observed if  the  ends of the  specimen 
are  convex,  or if the  loading  platen  in  contact 
with  thc  ball  seating i .s n o t  rigid  enough. The 
influence of this  end  condition  is  greatest  on 
specimens  with  small  slcnderness  ratios. 

Aluminum  Disk  Platen  (Fig. 5 )  

Aluminum  was  choscn  over  steel  as it  had a 
lower  compression  modulus,  The  elastic  match 
between  platen  and  specimen  determines  the  end 
condition  imposed on the  specimen.  Steel  and 
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frozen  sand  have a modulus  ratio of about  0.001. 
Aluminum  and  frozen  sand  have a modulus  ratio of 
about 0.005. An  ideal  match  would  have  a  modulus 
ratio of 1.0. 

The  thickness of the  platen  is  important as its 
rigidity  must  bc  high  in  order to prevent  bending 
stresses.  This  can  also  be  preventcd  by  using  a 
spherical  seating  arrangement  having  a  larger 
radius  than  the  ball  seat  used  in  this 
investigation. Thc  platens  used  during  these  tests 
showed no sign of bending. 

Some  friction  appeared  to  be  occurring  between 
the  platen  and  specimen  at  smaller  slenderness 
ratios.  At  a  slenderness ratio of 2.0  the 
compressive  strength  appears  to  level off to  a 
value of 12,500 kPa.  This would  appear  to  be  an 
average  value  for  the  first  three  platen 
configurations  and  specimens  having  large 
slenderness  ratios.  From  previous  investigations 
of end  effects  on  compression  testing of materials 
(Newman  and  Lachance,  1964)  this  value  would be 
reported  to  be  the  true  compressive  strength of the 
material. 

The large  standard  deviations  in  strength  for 
each  slenderness  ratio may indicate  the  effect  of 
surface  roughness  and  resulting  stress 
concentrations.  Surface  roughness  would  be 
different  for  each  sample  tested  and  cause  a  large 
variation  in  the  resulting  strengths. 

Maraset  Compliant  Platen  (Fig. 6) 

The  variation  in  uniaxial  compressive  strength 
with  increasing  slenderness ratio  is  very  small. 
This  small  variation  can  be  explained  by  the 
differences  in  moisture  content  between  specimens. 
The  variation of compressive  strength  with  the 
moisture  content of specimens  tested  with  the 
Maraset  platens  is  shown  in  Fig. 7 ,  Specimens  with 
a slendekess ratio o f  2.0 had-a lower-moisture 
content  than  those  with  a  ratio o f  2.7.  Strength 
appeared  to  decrease  with  increasing  moisture  (ice 
content  in  the range of  moisture  content  tested. 
The  relationship of moisture  content  to  strength o 
frozen  soil has  been  explained  by  Tsytovich (1975) 

The  compressive  strength of the  frozen  sand  was 
found  to  be  about 25 per  cent  higher  using  the 
Maraset  platens  than  with  the  other  platen 
configurations  at  high  slenderness  ratios ( Z  2.0). 
At  a  slenderness ratio of 2.7 the  first  three 
platen  configurations  had  an  average  strength of  
12,300 kPa and the  Maraset  platens  would  have 

averaged  about 15,700. Haynes  and  Mellor (1976) 
found  similar  results  using  compliant  platens  to 
test  cylindrical  specimens of ice  having  large 
slenderness  ratios ( 2 . 2  to 2.5). The  strengths 
they  obtained from testing  cylindrical  specimens 
with  compliant  platens  agreed  well with  those 
obtained  from  testing  dumbell  shaped  specimens. 
They  attributed  this  higher  strength  to  the 
reduction of stress  concentrations  resulting  from 
rough  specimen  ends  in  contact  with  the  loading 
platens.  Kartashov  et  a1 (1970) found  a  similar 
result  in  their  tests on rocks. 

CONCLUSION 

Law (1977) proposed  a  procedure  for  designing 
compliant  platens to  match  the  characteristics of 
the  specimen  being  tested.  His  design  equations 
are  based on the  elastic  parameters of the 
materials  involved.  Frozen  sand  is a viscoelastic 
material  and  exhibits non-elastic  features  prior 
to  yield.  All  the  specimens  tested  in  this  study 
exhibited  a  ductile  type of deformation.  The 
secant  modulus  at  yield,  determined  using  a 
standard  compression  test  with  steel  platens,  can 
be  used as  the  modulus of compression  for  the 
specimen (Es ) .  This  value  inserted  into  the 
design  equations  would  provide  a  platen  that  could 
be  used  in  testing  specimens  to  the  yield  point 
and  remove  the  dependence  on  slenderness  ratio  as 
shown  by  the  results  obtained  from  this  study. 

Compliant  platens  would  reduce  the  effect of 
rough  ends  on  specimens  and  simplify  procedures 
for specimen  preparation.  Smaller  slenderness 
ratios would  eliminate  the  possibility of buckling 
and  tilting.  This  would  generally  reduce  the 
expense of sampling  and  testing  and  may  reduce 
some of the  variability  due  to  the  test 
conditions. 

Platens of this  nature  may  lead  to an improved 
comparison of results  obtained  by other 
investigators  and  may  permit  the  standardization 
of procedures of testing  (frozen)  materials. 

This  paper is a  contribution  from  the  Division 
of  Building  Research of the  National  Research 
Council of  Canada  and i s  published  with  the 
approval of the  Director o f  the  Division. 
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THAW PENETRATION AND PEPMAFROST  CONDITIONS  ASSOCIATED WITH THE LIVENGOOD TO 
PRUDHOE EAY ROAD, ALASYA 

R. Berg, J. Brown, R.  Haugen, U.S. Army Cold  Regions  Research  and  Engineering 
Laboratory,  Hanover, New Hampshire 

An environmental   engineer ing  s tudy  including  the 88 ki lometer  TAPS Road 
and t h e  580 ki lometer   Alyeska  Pipel ine  Haul  Road was i n i t i a t e d   d u r i n g   t h e  summer 
of 1976. Phys iog raphy   a long   t he   rou te   r anges   f rom  the   ro l l i ng  Yukon-Tanana Uplands, 
where the   permafros t  i s  w a r m  ( - l ° C )  and  discont inuous,   through  the  Brooks Range and 
t h e  A r c t i c   F o o t h i l l s   t o   t h e   A r c t i c  Coastal Plain,   where  permafrost  i s  co ld  (-lOOC) 
and cont inuous.   Permanent ly   f rozen  subgrade  mater ia ls   range from rock t o  extremely 
ice- r ich   f ine-gra ined  s i l t s .  Approximately 30 s i tes  have  been  selected  for  rneasur- 
ing thaw  subsidence  and  seasonal  thaw  penetration;  instrumentation  for  measuring 
a i r  tempera tures   has   been   ins ta l led  a t  15 si tes  and sur face   t empera tures  were a l s o  
measured a t  t h r e e  of  t h e s e  s i tes .  The 1976 thawing  indexes  varied from 350°C-days 
a t  Prudhoe Bay t o  1880'C-days a t  Livengood.  Measured  thaw p e n e t r a t i o n   i n  un- 
d i s tu rbed  areas ad jacent  t o  t he   road   va r i ed  from 28 cm t o  112 cm. The ca l cu la t ed  
g rave l  embankment th ickness   to   p revent   subgrade   thawing   dur ing   the  1976 thawing 
season  ranged  from 1 . 9  m near Prudhoe Bay t o  5.2 m near Livengood. 

PROFONDEUR DE D ~ G E L  ET GTAT DU PERG~LTSOL 'A PROXIIIIT~ DE LA ROUTE cONSTRUITT 
ENTRE LIVENGOOD ET LA BAIE PRUDHOE EN ALASKA 

Une Gtude  technique  de  l'environnement,  en  parriculier  de la route  de 88 km 
de  long  qui longe le  pipeline  de  l'lllaska,  et de la voie  de  roulage  de 580 kilom'e- 
tres  de  long  qui  suit  le  pipeline  d'Alyeska a 6t6 entreprise  pendant l'Gt6 1976. Le 
long de ces  voles, on passe  des  hautes  terres  onduleuses  du  Yukon  et  de  Tanana, oii 
le  pergglisol ii une  tempgrature  relativement  Elevge (-1°C) et  est  discontinu, 2 la 
chake Brooks  et  au  pi6mont  de la plaine  C6ti'ere  arctique, oii le  pergglisol  est  froid 
(-10°C) et  continu, La taille  des  matgriaux  qui  composent  le  pergglisol  varie  entre 
celle  de  roches  et de  silts  (limons) fins et  extrGmement  riches  en  glace. On a choi- 
si  environ 30 sites, O?I l'on a mesurs  le  tassement dQ au  dggel  et  la  profondeur  du 
dGgel  saisonnier; on  a install6  des  appareils de  mesure  de  la  temperature  atmosphg- 
rique  en 15 sites,  et on  a aussi  relev6 l a  tempgrature  de  la  surface  dans  trois 
d'entre  eux. Les indices  de  d6gel  GvaluGs  en 1976 ont  varig  entre  350°C-jours  dans 
la baie  Prudhoe  et  1880°C-jours 2 Livengood. La profondeur  de  dggel,  telle  que 
mesurge  dans  des  zones  non  pertubges  proches  de  la  route,  variait  entre 28 cm  et 
112  cm.  On  a  calculg que pour  empzcher le dggel  du  saus-sol, on devait  construire  un 
remblai  de  gravier  de 1.9 m prSs de la baie  Prudhoe,  et  de 5.2 m pr'es de  Livengood, 
pendant la pgriode  de d g g e l  de 1976. 
nPOCAYBBAHME TAJTMX BOA M MEP3J'lOTHhlE YCJIOBMR, OTMEYAEMME nPkI 
CTPOMTEJTbCTBE IlOPOrM OT JlMBEHrYJlA a0 3AJlMBA nPYAX0 /AJITIRCKA/ 

J ~ T O M  1 9 7 6  r .  6 ~ n u  H a q a T b t  nccnenoBawR npuponHwx n n H m e H e p H h t x  ycnosun H a  T p a c -  
cax 88-1(MnoMe*rposoil noporn C M C T C W  Tpaltc-An}lcKnIIcIcoro T ~ Y ~ O ~ I ~ O D O ~ ~  n 580-~nno~e~ponon 
AOpOrU m f 3  IlpOKJIapKR  AnFICKUHCKOrO  Tpy6OIlpOBOZKl.   @H3UOrpa@HR Ha 3TOM  YVaCTKe  MeHEleTCff  
OT  XOnMMCTblX nnocKoropuR K)KoHa H TaHaHhI,  rne O T M e Y a e T c R  HecnnouHoe p a c n p o c T g a H e H n e  

npenropnR po A p K T u q e c W M  npu6pexHoR nonee8 c r p y n T a M a  cnnouworo gacnpocTpaHeHun, xa- 
r P Y H T O B  C OTHOCHTeJIbHO  BblCOKOR T e M n e p a T y p o a  /-I c / ,  Xpe6Ta B g y K C a  n APKTUVeCKHX 0 

R a K T e p M 3 y N W i M H C R   H I l J K O a   T e M n e p a T y p O f t  /-lo c/. M H O r O J l e T H e M e p 3 J I M e   r p Y H T b l   B a p b U g y K l T  02' 
C K a n b H H X  X 0  BldCOKOJlbnUCTblX MnUCTblX n O p O n .  &lH U 3 M e p e H H f f  CTeneHM npocanKu r p y H T O B  npS4 
O T T a U B a H H U  H Ce30HHOPO  npOCa'dUBaHUH  TaJlbtX BOJJ 6HnO Bbl6paHO  OKOnO 30 YYaCTKOB: H a  15 

KaX H w e p F I n a C b   T a K g e   T e M n e p a T y g a  Ha nOPepXHOCTE4  rpyHTOB.oHHaeKCbl   OTTaUBaHWR Sa 1 9 7 6  I?. u3 m x  6hma y c T a H o s n e H a   a n n a p a T y p a  Ann n 3 ~ e p e ~ n ~  T e M n e p a T y p H  ~o3nyxa u H a  T p e x   y s a c T -  

sagbmposann OT 350 C-Anen B panone ~ a n n a a  ~ ~ Y A X O  no 1880 C-nHefi B Jlnsenryne. 3 a ~ e p e ~ -  
Hoe npocaunsaHne T a n H x  sox H a   H e H a p y m e H m x   y u a c T K a x ,  npumwatouwx K nopore, sapbnposano 
OT 28  CM no 112 CM. P a c c u e T H a n   B w c o T a  HaCbtnH us rpapm nnrr n p e n o T B p a l l l e H n r r  T a m m  r g y ~ -  
Ta B C B ~ O H  o T T e n e n e R  1976 r. cocTaenma OT 1 , 9  M B paBoHe sanma npynxo go 5 ,2  M B 
g a s o H e   J I m e H r y g a .  
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THAW PENETRAT-CON  AND PERMAFROST CONDITIONS ASSOCIATED WITH THE LIVENGOOD TO 
PRUDHOE BAY ROAD, ALASKA 

R. L. Berg, J. Erown and R, K. Haugen 

U.S.  Army c o l d  Regions Research and Engineering Laboratory, Hanover, New Hampshire, USA 

INTRODUCTION 

Construction of the Trans-Alaska oll 
pipeline necessitated construction of an 
adjacent road over more than one-half of 
its length for access to workpads and for 
logistics. The road was constructed to 
Alaska secondary highway standards in two 
sections. The first sectlon, approximately 
90 k m  in length, was constructed between 
August 1969 and July 1970 and ran from 
Livengood to the Yukon River. It I s  refer- 
red to as the TAPS Road  and the Alaska De- 
partment of Highways has now designated it 
the Yukon Highway. The 577-km-long "Haul 
Road" between the Yukon River and Prudhoe 
Bay was built during the perlod 2 9  April to 
2 9  September 1974. Included in it are 20 
permanent bridges, over 1,000 culverts and 
135 material sites. The road is unique in 
that is  is closely associated with the 1.2- 
rn-diameter hot oil pipeline and 0.2- to 
0.25-rn gas-feeder line. There'ase 15 oil 
line crossings o f  the road of which 9 are 
for the buried oil llne  and 6 are for the 
aboveground pipe. The road right-of-way 
incorporates the buried oil plpeline for 
about 19 km and the aboveground pipeline 
for about 25 km. The gas-feeder line, 
which will carry gas at below freezing 
temperatures from Prudhoe Bay to Pump 
Stations 2, 3 and 4 north of the Brooks 
Range, crosses the road seven times and I s  
buried within 5 m of the toe of the road 
for about 180 km of its 229-km  length. 

Prior to construction of the Haul Road, 
the only recent experience north of Liven- 
good with permanent roads in Alaska was the 
TAPS Road and the Prudhoe Bay road net. 
Investigations on the TAPS Road have pro- 
vided many examples of road performance in 
the discontinuous zone of permaf'rost: Smith 
and Berg ( 1 9 7 3 ) ,  Berg and Smith (1976), Lot- 
speich (1971) and Jackman (1974) have re- 
ported on the behavior of portions of this 
road. The Prudhoe Bay spine-road, con- 
structed largely in winter 1969, is  situ- 
ated in the cold continuous permafrost zone. 
Knight  and Condo (1971) reported on road 
and test section performance In the Prudhoe 
Bay  area. During 1976, CRREL initiated an 
environmental engineering investlgatlon of 
the Haul Road in conjunction with the Fed- 
eral Highway Administration (FHWA)  and the 

Alaska Department o f  Highways (ADH). This 
paper reports upon the first year's results 
of the thaw penetration investigatfons and 
related climatic studies. 

PHYSICAL AND CLIMATIC SETTINGS 

The road traverses three maln physio- 
graphic provinces in Alaska (Fig. 1). Pro- 
ceeding northward fron near Livengood, the 
road crosses a series of valleys and 
rounded ridges between 600 and 1200 meters 
in elevation. It then enters the glaciated 
Brooks Range along the terraces and f l o o d  
plains of the Koyukuk and Dietrich rivers. 

FTG. 1. Physiographic units traversed by 
the road and facilities related to the 
trans-Alaska oil pipellne construction. 
Physiographic units based on Wahrhaftla 
( 1 9 6 5 ) .  
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FIG. 2 .  Major t e r r a i n   t y p e s   e n c o u n t e r e d  b y  the  Haul  Road.  (Numbers i n   p a r e n t h e s e s   c o r -  
respond t o  t h o s e   o f   p h y s l o g r a p h i c   u n i t s   I n   F i g u r e  1; t e r r a i n  classification modif ied  f rom 
Kreig  and  Reger (1976); data based  on  Alyeska  Terrain  Unit  Maps.) 

The r o a d   c r o s s e s   t h e   C o n t i n e n t a l   D i v i d e  a t  
Atigun Pass a t  1 4 4 7  m e l e v a t i o n  and  grad- 
ua l ly   descends   t h rough   t he   Brooks  Range 
a n d   n o r t h e r n   f o o t h l l l s   o n t o   t h e  f l a t  o u t e r  
c o a s t a l   p l a i n .  The m a j o r   t e r r a l n   t y p e s  
t r a v e r s e d  by the  Haul  Road are  summarized 
i n   F i g u r e  2 ,  

The r o u t e   c r o s s e s   b o t h   t h e   d i s c o n t i n -  
uous  permafrost   zone  in  t h e  s o u t h e r n   p o r t i o n  
and   t he   con t inuous   pe rmaf ros t   zone   t o   t he  
n o r t h .  A major   concern w i t h  road   cons t ruc -  
t i o n  I s  t h e  placement of  the   road   bed   over  
o r   a d j a c e n t   t o   h i g h - i c e - c o n t e n t   f r o z e n   s o l l .  
Many of t he   up land   and   va l l ey   s lopes   sou th  
and   no r th   o f   t he   Con t inen ta l   D iv ide   con ta in  
mass ive   i ce   bodies .   Conspicuous   examples  of 
mass ive   i ce   were   found:  on t h e  TAPS Road 
( S m i t h  and  Berg  1973,  Berg  and  Smith  1976); 
on t h e  v a l l e y   s l o p e s   n e a r   D i e t r i c h  Camp 
where   concent ra ted   shee t   f low  through  cu l -  
v e r t s  has caused   t he rma l   e ros ion ;   and   i n   t he  
i c e - r i c h   c u t   n e a r  Happy Val ley  Camp (McPhaIl 
e t  a l .  1975,   1976) .  

The   road   t r ave r ses  two  major   c l imat ic  
r e g i o n s   b r o a d l y   d e f i n e d  as t h e  a r c t l c  c l i -  
mate o f   t he   Nor th   S lope   and   t he   con t inen ta l  
c l i m a t e  Of the  I n t e r i o r .  The Brooks  Range 
I s  t h e   t r a n s i t i o n  zone  between t h e  two. 

I n   o r d e r   t o   e s t l m a t e   a n n u a l   a n d   s e a -  
s o n a l  thermal regimes  and t o  s e r v e  as  a 
basis  f o r  e s t i m a t i n g   s e a s o n a l   f r e e z i n g   a n d  
t h a w i n g   d e p t h s ,   m u l t i p l e   r e g r e s s i o n   a n a l y -  
s e s   were   app l i ed  t o  t e m p e r a t u r e   d a t a   r e p r e -  
s e n t i n g   t h e   e n t i r e   p i p e l l n e   r o u t e .   T h r e e  
s e c t i o n s - - n o r t h e r n ,   I n t e r i o r ,   a n d   s o u t h e r n  
as i l l u s t r a t e d   i n   F i g u r e  3--were u s e d ,  
Where f e a s i b l e ,   s h o r t   c l l m a t i c   r e c o r d s   u t l l -  
i z e d   i n  t h e  a n a l y s i s   w e r e   a d j u s t e d   t o  a nor- 
mal by  compar ing   depar tures   f rom  normals   for  
long-term s i t e s .  F o r  example ,   Be t t l e s ,   t he  
o n l y   s t a t i o n   b e t w e e n   t h e  Yukon Rlver  and the  
Brooks  Range  having a 30 -yea r   r eco rd ,  was 
u s e d   t o   a d j u s t   d a t a   f r o m   s i t e s   i n  t h i s  a r e a .  
Table  1 p r e s e n t s   t h e   t h a w i n g   a n d   f r e e z i n g  

indexes   f rom  cu r ren t ly  m o n i t o r e d   s t a t i o n s  
a l o n g   t h e   p i p e l i n e   a n d  Haul Road r o u t e .  

Table  1. Air f r e e z i n g  and  thawing  indexes 
a l o n g   t h e   p i p e l l n e   a n d   r o a d ,  OC-days. 

Thawing  index  Freezing  index 
- S i t e  1975 1976  1975-1976  Winter 

Five-mile  Camp 1582 1545 4 5 1 2  
Old Man Camp " 1459 3958 
P rospec t  Camp- 1543 1657 3755 
Pump S t a t i o n  5 
Coldfoot  Camp 1 5 3 2  1583 3832 
D i e t r i c h  Camp -- 1 4 6 0  4263 
Chandalar  Camp -- 974 3303 
Atigun Pass " 472' " 

Atigun Camp 919 1021 " 

Galb ra i th  Lake  833  1005  4835 
Camp 
Toolik  Lake Camp -- 960' " 

Happy V a l l e y  Camp.806 1083  5065 
Sagwon MS 1 2 7  -- 913+ " 

Franklin B l u f f s  -- 793 " 

Deadhorse (ARCO)  2 7 2  554 
(448)s 

5730 
(5727  ) *  

+ C R R E ~ ,  t he rmograph   da t a ,   o the r   da t a   f rom 

"Average f o r  1970-73, Brown e t  a l .  (1975) .  

A t  t h e   G a l b r a i t h  Camp a i r p o r t ,  340 km 
n o r t h  o f  t h e  Yukon River ,   and  a t  t h e  Dead- 
horse  Airport   near   Prudhoe  Bay,   both a i r  
tempera tures   and   tempera tures  on a g r a v e l  
sur face   were   cont inuous ly   measured .   Sur -  
f a c e   t r a n s f e r   c o e f f i c i e n t s   w e r e   d e t e r m i n e d  
f r o m   r a t i o s   o f  t h e  month ly   sur face   thawing  
index  t o  t he   mon th ly  a i r  thawing  index.  
R e s u l t s  are  shown I n   T a b l e  2 .  For  computa- 

Nat iona l   Weather   Serv lce .  
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tions o f  maximum seasonal thawing depths 
discussed subsequently, an n-factor of 1.4 
is used for gravel surfaces, The Depart- 
ment of the Navy (1967) recommends a simi- 
lar value, 

Table 2. Surface transfer coefficients for 
gravel surfaces, 1976 summer. 

Location June 9 Aug Sept Season* 

Galbraith 1.68 1.46 1.35 1.33 1.41 
Airport (8)** ( 3 1 )  (31) ( 2 7 )  

Airport ( 3 0 )  ( 3 0 )  ( 3 1 )  (13) 

*Weighted average 
**Numbers in parentheses indicate number of 
days data were available. 

Deadhorse 1.08 1.30 1.36 1.63 1.30 

ROAD DESIGN 

The Haul Road was designed and con- 
structed in seven segments by four contrac- 
tors (Fig. 1). It has two 4.3-m-wide traffic 
lanes with a cross slope on each lane of 4.2 
c m h .  The design speed is about 70 km/hr  and 
the trafric surface I s  gravel. Vertical 
grades are  generally less than 8 % ,  but in 
mountainous terrain grades up to 12% were 
allowed. The design vehicle was a semi- 

trailer cornbinatlon with tandem axles on 
the tractor and trailer and a total overall 
length of 16.8 m (Alyeska. Pipeline Service 
Company 1971). 

Two design methods were used to deter- 
mine embmkment thicknesses. Over competent 
subgrades, i.e. s o i l s  having a California 
Bearing Ratio (CBR) greater than 3 when 
thawed, the embankment thickness was a 
minimum of 0.9 m. Over incompetent sub- 
grades, i.e. soils with a CBR less than 3 
when thawed, the embankment thickness was 
based on the reduced subgrade strength 
method (U.S .  Army  and  Air Force 1966) south 
of the Brooks  Range a.nd upon construction 
experience north of the Brooks Range (Table 
3). In both designs the upper 0.9 m of the 
embankment consisted of a select fill over- 
lain by 15 cm of surface course material. 

To define where each d e s l g n  method 
was applicable, Alyeska engineers used 
soil maps and made cone penetrometer ob- 
servations in the summer. Laboratory and 
field correlations of moisture content, 
density, cone penetrometer readings and 
CBR values provlded the mechanism for 
differentiating between competent and in- 
competent subgrades (McPhail et: al. 1975). 
Table 3 presents design thicknesses for 
competent and incompetent subgrade soils 
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Table 3. 
(Alyeaka Pipeline Service Company 1971). 

Design thickness of Haul Road 

DeSiEn thickness 
Incomp. Comp. Total  Incompetent  Competent 

Segment (m)  (m) (ion) (km) ( % I  (km) (X1  

Length designed for 

soils 5011s so i l s  length soils 

1 
2 
3 
4 

6-s 
5 

6-N 
7 

1.8 
1.8 
1.7 
1.5  
1 . 5  
1.5 
1.5 
1.5 

0.9 
0.9 
0.9 
0.9  
0.9  
0.9 
0.9 
1.2 
Total 

1 2 . 6  
94.5  

90.9 
48.6 
4 6 . 5  
64.5 

44.3 
52.8 
10.6 

45.2 
26.9 

49.7 

3m 
8 8 . 5  

52.3 55 
61 
58 
22 
58 
70 

28.3 
42.2 

38.1 
38.0 
19.6 
19.3 
12.2 

8.9  
2 m  

45 
39 
42 
78 
4 2  
30 
20 

G 
and the lengths of each per segment. In- 
competent subgrade soil conditions were 
encountered in more than 60% of the road, 
indicating that high ice content subgrade 
soils predominated. 

THAW PENETRATION 

Approximately 30 "representative" 
sites have been established along the road 
to monitor its performance. Smith and Berg 
(1973) and Berg and Smith (1976) discussed 
the performance of the TAPS Road constructed 
during 1969-1970 and  it will not be dis- 
cussed further here. Level observations and 
probings to permafrost adjacent to the seg- 
ments constructed in 1974 were initiated 
during the 1976 thawing season, and during 
the spring and summer of 1977 temperature 
sensors were installed in and adjacent to 
the road at six locations. Table 4 provides 

a brief description of the observatlon sites. 
In addition, observations are being made at 
two locations at each of four airfields and 
at elght pipeline work pad and a c c e s s  road 
locations north of the Yukon River. Data 
in Table 4 show average thaw penetration 
depths adjacent to the road in late August 
1976 and 1977. Thaw depths at the toes of 
the roadway embankment are also shown, A 
relatively small variation in thaw depths 
in undisturbed areas was observed. This i s  
primarily due to the increasing surface 
cover and thickness of organics in the 
undisturbed areas progressing from north 
to south. Most o f  the varlation in thaw 
depth in the undisturbed areas is due to 
differences In material types, moisture 
contents and exposure to incident short- 
wave radiation. Thaw depths measured in 
1977 were generally slightly greater than 
those measured i n  1976, agreelnk with 
climatlc observations which indicate a 
warmer 1 9 7 7  thawing season. 

Figures 4 and 5 present thaw penetra- 
tion depths in late August 1976 beneath and 
adjacent to the road sites 1 5  km and 435 km 
north of the Yukon River, respectively 
(Table 4). Thaw penetration beneath the 
road could not  be measured by probing; there- 
fore it was estimated by computing the 
depth using a thawing index measured near 
the site  and representative soil properties. 
The modfried Berggren equation (Aitken and 

Approx. 
Table 4 .  Ohservatlon s i t e s  along  TAPS Road and Haul Road. 

Haul road 
distance  from  Approx. 
Yukon  River  elevation  Subgrade  thlcknesa 

(rn) 
Lt. Toe 

(m) 
Rt. T n c  

soil  type (m) 1 9 7 6   1 9 7 7   1 9 7 6  1171 19'16 1977 
Undl sturbed 

Embankment  Maximum  thaw  penetratlon  (cm) 

segment  Station 

TAPS rd. 
TAPS rd. 
1 (T) 
1 
1 

2 
1 

3 

3 
3 (TI 
3 
3 
3 (TI 
3 
4 (T) 
4 
4 
4 
5 
5 
5 (T) 
6s 
GS (TI 
6N 
6N 
6N 
6N 

7 
6N 

7 

2710+00 
560+a9  

8 6 9 t 7 0  

1341+99  
1 5 3 7 t 4 9  
2 0 6 5 t 3 2  
1046+07  

156+86  

1 6 3 4 4 9  
593+4'1 

1 0 8 9 + 6 9  

2415tOO 

3560+00 
S57*00 

924+30 
523+12  

1 3 7 5 + 1 3  
604tOO 

862+4a  
1 7 5 8 + 4 3  
2828+56 
333'1+00 
4 0 9 5 t 0 4  
4357+00  
4493+76  
1782+54  
1 8 3 8 t 0 4  

2277+02  

2753+9a  

704+84 

64*  494 
E *  358  

15  
4 0  

1 6 2  
166 
2 7 6  

560 
286 662 
288  6 7 9  
2 9 3   9 6 9  

32'5 
3 2 3  930 

8 8 6  
1 4 8   8 2 0  

404  
3 7 3  9'1 8 

482 
4 3 5  'I 0 2  
451 3 1 3  
473   279  
482 311 
484 191 
531 D O  
533 80  

Sllt 
Ice-rlch  silt 
Ice-rich  sllt 
Sandy silt 
Ice-rich  silt 
Ice-rich  silt 
Ice-rich  silt 
Gravel  with  silt 
and  sand 
Ice-rlch  silt 
Ice-rich  sllt 
Sllt 
Sllt 

Sllt 
Ice-rich  silty  sand 

Silty  gravel 
Silty  gravel 
S l l t y  gravel 
Gravelly silt 
Sllty  gravel 
Sllt 
Sl . l t  
S j  It 
s i  It 
Silt 
Silt 
Silty sand 
s11 t 
Silt 
Sandy  silt 
Sandy  sllt 

1 . 3  92 
1 . 5   9 3  
1 . 4  1 2 0  
1 . 9  8 9  
1 . 8  
I . 9  

1no 
9 3  

1 . 9  
0 . 6   4 0  

3 0  

1 . 5  
2.8 1 1 3  

8 2  

1 . 2  
1 . 7  

1 5 0  
51 

1.6 ND 
2 . 1   5 5  
1 . 5  
1 . 5  

ND 
ND 

7 . 3  
1.8 ND 

40 

2.1 ND 
1 . 2  50 
1.0 
1.3 53 
2 . 2  
1 . 5  

ND 
62 

1 . 9  
1 . 2  

47  

1 . 8  
I . 3  

ND 
49  

I . 3  6 5  
1 . 5  60 

107 

48 

,119  
,119 

ND 
9 0  

.119 
10? 

ND 
1 0 7  

ND 
110 

, 119  
7 6  

1 1 7  
62 

NPF 
9 9  

ND 
a 8  
46 
5 3  

ND 
ND 
ND 

61 
58 
58  

6 1  
7 1 
'/ 5 

ND 

1 4 1  
88 

9 3  
1 4 5  
1 0 0  

7 7 
9 8  

7 1  
4 5  

140 

ND 
110 

6 6  
ND 
ND 

ND 
ND 

9 8  

8 2  

48  
7 5  
58 

ND 
5 9  
50  
66 

4 1  
6 0  
65  

N D  

,119 
>119 

ND 
9 5  

, 1 1 9  

1 0 7  
7 6  

ND 

ND 
88 

>119 
74 

>11Y 
7 7  

NPF 

ND 
114 

81 
ND 

8 8  
57 

64 
6 0  

6 9  
56 

ND 
ND 

65 
53 

69 

85 89 
8 2   7 3  
4 8 52 
38 
7 2  a 2  

50 

62 61 

" ND 52 
61 

56 58 
43  
8 8  > 1 1 9  

49  

43  41 
ND 108 

4 6  ND NPF 
47  

ND 
51 

88 
50 

ND 6 6  
ND 4a 
45 4 8 
56 6 2  
4 1  46 
ND 51 
4 n  46 

ND - No data. *South o f  Yukon River;  all others north o f  Yukon River. 

NPF - No permafrost a t  site. 
(T) - Subsurface  temperature  sensors  installed I n  19 '77.  
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FIR. 4. S u r f a c e   a n d   p e r m a f r o s t   e l e v a t i o n s  
f o r   o b s e r v a t i o n  s i t e  15 Bm n o r t h   o f   t h e  
Yukon R ive r .  

FIG. 5 .  Su r face   and   pe rmaf ros t   e l eva t ions  
f o r   o b s e r v a t i o n  s i t e  435 km n o r t h   o f   t h e  
Yukon R i v e r .  

Berg 1968) was u s e d   t o   c a l c u l a t e   t h e   t h a w  
d e p t h s .  The d r a m a t i c   e f f e c t   o f  1 0  cm of 
i n s u l a t i o n   b e n e a t h   t h e  work  pad i s  shown 
i n   F i g u r e  5.  Although  the  work  pad i s  ap- 
proximate ly  half t h e   t h i c k n e s s   o f   t h e   H a u l  
Road, thaw b e n e a t h   t h e  work pad  probably 
d o e s   n o t   p e n e t r a t e   t h e   i n s u l a t i o n  a t  t h l s  
s i t e .  

Table  5 con ta ins   da t a   wh ich  were used 
to ca lcu la t e   t haw  dep ths   benea th   t he   road  

e20 

s u r f a c e   i n   F i g u r e s  4 and 5. C a l c u l a t i o n s  
of thaw depths   benea th   the   road   were  made 
a t  o t h e r   l o c a t i o n s   a l o n g   t h e   H a u l  Road and 
d a t a   u s e d  for t hese   computa t ions  are  also 
shown i n   T a b l e  5 .  Calcu la ted   thaw  depths  
a r e  shown i n   F i g u r e  6 .  Thaw depths benea th  
t h e   s u r f a c e   o f  t h e  g rave l   road   (Curve  B )  
fo l low t h e  same g e n e r a l   t r e n d  as t h e  a i r  
thawing   i ndexes ,   i . e .   an   i nc rease   f rom 
n o r t h   t o   s o u t h .  T h i s  t r e n d   d i f f e r s   f r o m  
o b s e r v a t i o n s   i n   u n d i s t u r b e d   a r e a s   b e c a u s e  
t h e   e f f e c t  o f  t h e   s u r f a c e   v e g e t a t i o n  i s  
e s s e n t i a l l y   e l i m i n a t e d .  Curve D 1.n F igu re  
6 i l l u s t r a t e s   t h e   e f f e c t  of p l a c l n g  a 5-cm- 
t h i c k   i n s u l a t i n g   l a y e r  on top   o f   the   sub-  
base   cour se .  

When a road  i s  o p e n e d   f o r   p u b l i c   t r a v e l ,  
p ressure   mounts  to pave it. I n   a r c t i c  and 
s u b a r c t i c  areas a n   a s p h a l t i c   c o n c r e t e   p a v e -  
ment i s  normally  used,   and i t  abso rbs  more 
s o l a r   r a d i a t i o n   t h a n  a g r a v e l   s u r f a c e ,  re- 
s u l t l n g   i n   i n c r e a s e d  thaw p e n e t r a t i o n  as  
shown i n  Curve A I n   F i g u r e  6 .  A l i g h t -  
c o l o r e d   s u r f a c e   c a n   b e   a p p l i e d   t o   r e d u c e   t h e  
amount o f  s o l a r   r a d i a t i o n   a b s o r b e d  by t h e  
asphal t  pavement.  Berg  and  Aitken  (1973) 
r e p o r t   t h a t   w h l t e   p a i n t  has been   success-  
f u l l y   u s e d  on a runway a t  Thule ,   Greenland,  
and  on  highway t e s t   s e c t l o n s   n e a r   F a i r b a n k s ,  
Alaska .  Thaw depths   benea th  a whi te -pa in ted  
a s p h a l t i c   c o n c r e t e  pavement  were c a l c u l a t e d  
and a r e  shown i n  Curve C I n   P l g u r e  6 .  - 

Tab le  5 .  D a t a   u s e d   i n   c a l c u l a t i n g   t h a w   p e n e t r a t i o n   d e p t h s .  

D i s t ance  
from Yukon Sur face  Base Subbase thawing annua l  thawing 

R ive r  cour se  cour se  m a t e r i a l  i ndex  temp season  

Thickness*  Air** Avg Length  of 

(h) (m)  (m)  (m) ('C-days) O_ (days )  

1 5  
123 
196 
288 
348 
435 
531 
576 

0.15 0.76 
0.15 0.76 
0.15 0.76 
0.15 0.76 
0.15 0.76 
0.15 0.76 
0.15 0 . i 6  
0.15 0.76 

0.53 
0.97 
0.30 

0.34 

0.46 
0.61 

0 .25  

0.58 

1542 - 6.7  162 
1645 - 4 . 1  161 
1578 - 4.8 160 
1011 -10.3 129 

971 - 1 0 . 0  120 
1064 -11.0 115 

790 - 7.4  109 
349 -12.2 100  

Asphal t  
, pave-   Surface  Base  a t ion  Subbase  Subgrade 

I n s u l -  

Material rnent c o u r s e   c o u r s e  la= material s o l 1  

Dry d e n s i t y  2210 2243 2080  32  1922  1281 
(kg/m3 1 

Hoia tu re   con ten t  0 6 8 0  10  2 5  

Thermal  con-  1.49  3.61  3.21  0.03  2.76  1.19 
d u c t i v i t y  

(W/m K) 
Heat o f   f u s i o n  0 4.51  5.58 o 6.44 10.73 

(107 J/m3) 

( X  dry wt)  

Heat c a p a c i t y  1.88 2.01  2.10 0.07 1.97  1 .92 
( l o 6  J/ms " C )  

Where a pavement was used It was 0.08 rn t h i c k .  
**To o b t a i n   s u r f a c e   t h a w i n g  indexes  t he  a i r  thawing   indexes  were 

m u l t i p l i e d  by t h e  following f a c t o r s :  

A s p h a l t i c   c o n c r e t e  - 1 .8  
G r a v e l   s u r f a c e  = 1 .4  

W h i t e - p a i n t e d   a s p h a l t i c   c o n c r e t e  f 1 . 0  

'L I00 200 300 400 500 800 

Distonce from Yukon Rivar(km) 

FIG. 6 .  E f f e c t   o f   s u r f a c e   t y p e   a n d   i n s u l a -  
t i n g   l a y e r  o n   c a l c u l a t e d  maximum s e a s o n a l  
t haw  pene t r a t lon   benea th  t h e  road  s u r f a c e .  

Subsurface   t empera ture   measurements   in  
a n d   a d j a c e n t   t o   t h e  roadway will con t inue  
through t h e  summer of  1978.  These   da ta  w i l l  
s u b s t a n t i a t e  o r  r e s u l t  in m o d i f i c a t l o n s   t o  
our thaw d e p t h   p r e d i c t l o n s .  
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DENSIFICATION BY FREEZING AND THAWING OF FINE MATERIAL DREDGED FROM WATERWAYS 

Edwin 4. Chamberlain  and  Scott  E. B lou in ,  U.S. Army Cold  Regions  Research  and 
Engineering  Laboratory,  Hanover, New Hampshire, U .S .A .  

Volume  changes  and  permeqbi 1 i t i e s   f o r   f i n e   m a t e r i a l   d r e d g e d   f r o m   w a t e r -  
ways w e r e   o b s e r v e d   i n   t h e   l a b o r a t o r y   a f t e r   f u l l   c o n s o l i d a t i o n  and  freeze-thaw 
c y c l i n g   f o r   a p p l i e d   p r e s s u r e s   i n   t h e   r a n g e  o f  0 . 9 3   t o  30.73 kN/rn2. Up t o  20% 
volume  reduct ion was observed when d r e d g e d   m a t e r i a l s   w i t h   l i q u i d   l i m i t s   i n   t h e  
range  o f  60 t o  90%  were  subjected to f r e e z e - t h a w   c y c l i n g .   V e r t i c a l   p e r m e a b i l i t i e s  
were   observed  to   inc rease  by  a5 much as two   o rde rs   o f   magn i tude .  The t e c h n i c a l  and 
economic f e a s i b i l i t y   o f   u s i n g   f r e e z e - t h a w   o v e r c o n s o l i d a t i o n   p r o c e d u r e s   t o   i n c r e a s e  
the  volume of m a t e r i a l   s t o r e d   i n   d i s p o s a l   s i t e s   i s   c o n s i d e r e d .  

ACCRO I SSEMENT DE  DENS IT;, DC AUX ALTERNANCES D E  GEL ET DE D ~ G E L ,  DE M A T ~ R I A U X  FINS 
RECUEILLIS PAR DRAGAGE DE COURS D ' E A U  

Edwin J .  Chambeplain  and  Scott E.  B lou in ,  U.S.. Army Cold  Regions  Research  and  Engi- 
neer ing  Laboratory ,   Hanover ,  New Hampshire, U.S.A. 

On a o b s e r v g   a u   l a b o r a t o i r e  que  des  sediments f i n s   r e c u e i l l i s   p a r   d r a g a g e  de 
cou rs   d 'eau   p resen ta ien t  des v a r i a t i o n s  de  volume e t  de p e r m e a b i l i t e   p a r   s u i t e  de 
l eu r   su rconso l i da t i on   p rovoquge   pa r  des a l t e r n a n c e s  de g e l   e t  de  degel a des  pres- 
s ions   compr i ses   en t re   0 .93   e t  30.73 kN/m2. On a observe  que  des  sediments  a insi  
r e c u e i l l i s ,   c a r a c t & r i s & s   p a r   d e s   l i r n i t e s  de l i q u i d i t 6  de l ' o r d r e  de 60 2 90%, pr6-  
s e n t a i e n t  une r e d u c t i o n  de  vo lume  pouvant   a t te indre 20%, l o r s q u ' o n   l e s   s o u m e t t a i t  5 
un c y c l e  de g e l   e t  de  dggel, e t  que l e u r   p e r r n e a b i l i t g   v e r t i c a l e   p o u v a i t   a u g m e n t e r  
c e n t   f o i s .  Dans l e   p r 6 s e n t   a r t i c l e ,  on e t u d i e   l ' i n t & r & t   q u ' a u r a i t ,   d u   p o i n t   t e c h n i -  
que e t  6conomique, l e  procedk de tassement  des  matt5riaux de dragage  par  des  cycles 
de g e l   e t  de  dggel, de manisre 21 a c c r o t t r e   l a   c a p a c i t g  des  d6charges. 

JAMOPAXRBAHME ki OTOrPEB KAK METOA YIIJIOTHEHRR MEJIKOAWCIIEPCHOrO FPYHTA, 
M3BJIEYEHHOrO R3 BOFSOCTOKOB 
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DENSIFICATION BY FREEZING AND THAWING OF F T N E  MATERIAL DREDGED FROM WATERWAYS 

Edwin J .  Chamberlaln 
S c o t t  E .  R l o u i n  

U.S. Army Cold   Regions   Research  and EnEinee r ing   Labora to ry ,   Hanover ,  N H ,  USA 

I N T R O D U C T I O N  

L a r g e   q u a n t i t i e s   o f   m a t e r i a l   d r e d g e d  
f rom  harbors   and   waterways  are  c u r r e n t l y  
b e i n g   d e p o s i t e d   i n   c o n t a i n m e n t  a reas .  
Because a l a r g e   p e r c e n t a g e  of   dredged  mate-  
r i a l  i s  f i . n e - g r a i n e d ,  i .t  s water c o n t e n t  
r ema ins   h igh   and  i t  r e q u i r e s   l a r g e   a r e a s  
f o r   c o n t a i n m e n t .   D e w a t e r l n g   o f   t h i s   m a t e -  
r i a l  would   decrease  its volume  and  a l low 
more o f  i t  t o  b e  s t o r e d   i n  t h e  a v a i l a b l e  
s p a c e .  

T h i s  s t u d y   a n a l y z e s  t h e  f e a s i b i l i t y  o f  
u s i n g   n a t u r a l   f r e e z i n g   a n d   t h a w i n g   p r o -  
c e s s e s   t o   d e c r e a s e  t he  water c o n t e n t   o f  
f i n e - g r a i n e d   d r e d g e d   m a t e r i a l s   b e i n g   d i s -  
p o s e d   o f   i n  t h e  Great Lakes r e g i o n   o f  t h e  
U n i t e d  S t a t e s .  The r e s u l t s  of 1abnra to r .y  
f r e e z e - t h a w   c o n s o l i d a t i o n   s t u d i e s   a r e  com- 
b i n e d   w i t h   a n  estimate o f  c l i m a t o l o g i c a l  
l i m i t a t l o n s   a n d   a n t j c i p a t e d   o p e r a t i o n a l  
p r o b l e m s   t o   a s s e s s  t h e  p o t e n t i a l   f o r  a p p l i -  
c a t i o n  of t h i s  method. 

OVERCONSOLIDATTON BY FREEZING AND THAWING 

The  phenomenon  of   overconsol ida t ion   by  
f r e e z i n g   a n d   t h a w l n g   h a s   b e e n   o b s e r v e d   b y  
many r e s e a r c h e r s   s t u d y i n g  t h e  c o n s o l i d a t i o n  
p r o p e r t i e s  of thawinky s o i l s .   S h u s h e r i n a  
(1959) , S t u a r t  (1964) , Ponomarev (1966), 
T s y t o v i c h  e t  aL. (1966), Malyshcv ( 1 9 6 9 )  
and  Nixon  and  Morgenstern (1973) a l l  re-  
p o r t e d   s i g n i f f c a n t   i n c r e a s e s   i n  t h e  con- 
s o l i d a t i o n   o f   c l a y   s o i l s  a f t e r  one o r  more 
f r e e z e - t h a w   c y c l e s .   I n   g e n e r a l ,  t h e  ove r -  
c o n s o l i d a t i o n   h a s   b e e n   a t t r i b u t e d   t o   t h e  
n e g a t i v e   p o r e  water p r e s s u r e s   g e n e r a t e d   a t  
t h e  f r e e z i n g   f r o n t ,   w h i c h   c a u s e   a n   i n c r e a s e  
i n  t h e  e f f e c t i v e  s t r e s s  on t h e  material  i m -  
m e d i a t e l y   b e 1 . 0 ~ .  As a r e s u l t  t h e  c l a y  
p a r t i c l e s   r e o r i e n t   i n t o  a more  compact 
a g g r e g a t e d   o r   l a y e r e d   s t r u c t u r e ,  t h e  c l a y  
p a r t i c l e s   a n d   i c e   b c i n g   s e g r e g a t e d .   R e c e n t  
s t u d i e s   ( C h a m b e r l a i n  e t  a l .  1978) have 
shown t h a t  t h e  p r e c o n s o l i d a t i o n   p r e s s u r e  
due t o   f r e e z i n g   u n d e r   n a t u r a l   c o n d i t i o n s  
may be as  h i g h  as 3 . 8  MFa. 

The process of f r e e z e - t h a w   c o n s o l i d a -  
t i o n  i s  p r e s e n t e d   i n  terms of  e f f e c t i v e  
s t r e s s  i n   F i g u r e  1. A clay s l u r r y  is f u l l y  
c o n s o l l d a t e d   t o  p o i n t  a on t h e   v i r g i n  com- 
p r e s s i o n   c u r v e   a n d  frozen w i t h  f r e e   a c c e s s  

\Virgin Compression Curve 
\ 

$tress C U ~ Y R  durlng  freezlng 
and Ihawng for the bulk sample 

Effectlve stre$$ curve durlng freezing 
ond lhowlng withln dlscrete  clay  layers 

& \ 
\ 
\ 
\ 

". 
Lag Total Stresr U o r  Effective Stress U' 

. . 

PTG. 1. T h e o r i z e d  thaw c o n s o l i d a t i o n  
p r o c e s s .  

t o   w a t e r .   E x t e r n a l l y ,  t h e  sample has 
undergone a n e t   i n c r e a s e  i n  v o i d   r a t i o   t o  
p o i n t  h d u e   t o  t h e  expans ton   o f  we.t,er t o  
i c e  and t h e  i n t a k e   o f  water from t h e  r e s -  
e r v o i r .  Fiowever , d u r i n g   f r e e z j  n~ d i s c r e t e  
e l e m e n t s  of c l a y   a n d   i c e   h a v e   f o r m e d ,  the 
c l a y   e l e m e n t s  b e i n g  o v e r c o n s o l i d a t c d  t o  
p o i n t  h '  due t,o t h e  n e T a l i v e   p o r e  water 
p r e s s u r e s .   S c h e m a t i - c a l l y ,  t h e  s t r u c t u r ' e  
has changed  f rom t h e  d i s p e r s e d  fo rm showrl 
i n   i n s e r t  a t o  t h e  s e g r e g a t e d   a n d   f l o c c u -  
l a t e d  f'orm  shown i n   i n s e r t  b a n d  b '  . Upon 
t h a w i n g ,  t h e  e f f e c t i v e  s t r e s s  p a t h  w i t h i n  
t h e   d i s c r e t e   e l e m e n t s   o f  clay i s  dep j . c t ed  
a l o n g   l i n e   b t - c  t;o p o i n t  c where t h e  p o r e  
p r e s s u r e s  ape I n   e q u i l i b r i u m  w i t h  t h e  ap- 
p l i e d   l o a d ,   a n d   t h e   m a t e r i a l  has unde r -  
Eone a n e t   d e c r e a s e   i n   v o l d   r a t i o   f r o m  
p o i n t  n t o   p o i n t  c .  

SITE AND MATERIAI, DESCRIPTION 

The m a t e r i a l s   t e s t e d  weTe o b t a i n e d  
f r o m   f i v e  s i t e s  i n   t h e  Great L a k e s   r e g i o n  
of t h e  U n i t e d   S t a t e s :  T i m e s  Reach i n  
B u f f a l o ,  N e w  York;   Toledo  Penn 7 and   an  
i s l a n d   i n   T o l e d o ,   O h i o ;   O ' B r i e n  Lock i n  
C h i c a g o ,   I l l l n o i s ;   a n d   G r e e n  Day i n  Green 
R a y ,  Wiscons in .  A l l  s i t e s  were d iked  con- 
t a i n m e n t   a r e a s   w i t h  weir  f a c i l j t i c s   t o  
c o n t r o l   r u n o f f ,   D e t a i l e d   d e s c r i p t i o n s   o f  
t h e  d i s p o s a l  s f t e s  were g i v e n  by  Chamber- 
l a i n   a n d   B l o u i n  (1976). A l l  m a t e r i a l s  
were o b t a i n e d  a t  water c o n t e n t s   a b o v e  



624 

their liquid limits and were predominantly 
smaller than 74 urn. The material proper- 
ties are given in Figure 2. 

U.S Std. Sieve No Hydromerer 

t 
1 3. I 

00 

0.01 0.001 
imln Slre ( m m )  *I" .T " - 

Curve 
Organic 
content NAT. W. 

no. Site G. Class, 1x1 1x1 LL PL PI 

1 ToladoPenn 7 2.71 CH 3.8 74.8 61.3 27.8 33.5 
2 O'Brien Lock 2.76 OH 5.3 95.3 89.2 42.0 47.2 
3 Toledo Isle 2.74 CH 2.9 108.7 70.7 29.6 41.1 
4 Tamor Bnach 2.80 ML 5.1 44.8 38.0 29.6 9.3 
5 Green Bay 2.69 OH 9.2 268.5 198.0 59.6 138.4 

FIG. 2. Grain size distribution and index 
properties. 

APPARATUS AND PROCEDURES 

The thaw-consolidation apparatus, sim- 
ilar to one employed by Morgenstern and 
Smith (L973), is illustrated in Figure 3 .  
It consists of a Teflon-lined Plexiglas 
cylinder with a 63.5-mm inside diameter and 
L52.4-mm outside diameter. The fixed base 
and movable piston contain stainless steel 
porous plates with provisions for drainage 
and flushing. The piston is scaled by 
means of a rubber r r O "  ring lubricated with 
a light machine oil* The drainage lines 
from the base and piston lead to a constant 
head device and Screw pump. The base drain- 
age line also leads directly to a pressure 
transducer t o  allow measurement of the pore 
water pressure. A system of valving also 
permits falling head permeability tests to 
be conducted. Both the base  and piston 
contain thermoelectric cooling devices for 
controlllng unidirectional freezing. A 
constant temperature circulating bath pro- 
vides for long-term stable heat removal. 
Frost penetration rates were obtained by 
evaluating the output of thermocouples 
positioned in the base, piston and side 
wall o f  the cylinder. 

The test material was mixed thoroughly 
in a blender at a water content two to 
three times its liquid limit and deaired 
prior to being poured into the chamber, 
which was partially filled with deaired 
water. The piston was then pushed into the 
cylinder until air bubbles stopped coming 
out .of the connecting line and the connec- 
tion was made to the drainage system. The 

A. Heat Exchange Chomber 

B Thermoelectric  Cooling l J e v l L ~  
tor Water Circulotlon 

Lood 
Platform 

C No Volume 

FIG. 3. Thaw consolidation apparatus. 

load was applied in increments according 
to U.S, Army  EM 1110-2-1906 (1965) and the 
pore water pressure measured, After appli- 
cation of the load the sample was allowed 
to consolidate until the pore pressure 
fell to zero. 

When the sample was to be frozen, the 
piston was raised to approxlmately double 
the sample height, and  bottom-up freezing 
commenced with water free to f'low through 
the piston. Raising o f  the piston and 
bottom-up freezing were employed to minl- 
mize the restraint to heaving on t h e  
sample during freezing. In preliminary 
tests, it was observed that a pressure in 
excess of 30 kN/m2 was required to remove 
a frozen sample f r o m  the Teflon cylinder. 
If similar forces were mobilized during 
top down freezing, the frozen p l u g  would 
cause an overconsolidation of the unfrozen 
material beneath because of the resistance 
to heaving. Upon completion of freezing, 
the load was reapplied and the sample was 
allowed to thaw uncontrolled with water 
free to flow to the constant head device. 
Consolldatlon was considered complete once 
the pore water pressure again fell to zero. 
Nomally, two or three freeze-thaw cycles 
were required to maximize the degree of 
thaw consolldatlon. Upon completion o r  
normal and thaw consolidation tests, a 
falling head permeability test was con- 
ducted. 

TEST RESULTS 

Preliminary tests revealed that the 
rate of frost penetration appears to be of 
little consequence within the range ex- 
amined. For instance, the change in vol- 
ume of the Toledo island material under an 
effective stress of 3.0 kN/m2 was 19% after 
freezing at 380 mm/day, whlle the same 
material frozen at 34 mm/day underwent a 
volume change of 18% during thawlng. A 
standard rate of 150 to 200 mm/day was 
therefore adopted. 
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The greatest degree of overconsolida- 
tion was observed for the Toledo island, 
Penn 7, and O'Brien Lock materials, which 
had plasticity indexes of 41.1, 33.5 and 
47.2% respectively. An example of the re- 
sults in the void ratio effective stress 
plane is illustrated in Plgure 4. Freezing 
and thawing, however, was not an effective 
overconsolidation mechanism for a l l  the ma- 
terials tested, as is illustrated in Figure 
5.  For instance, only a 6% reduction in 
volume was observed for the Green Bay mate- 
rial, which had a plasticity index of 
138.4%, while the maximum volume decrease 
observed for the Times Beach material (PI = 
9 . 3 )  was 4%. 

Because time is an important factor in 
the consolidation of fine-grained materials, 
a special test was conducted on the Toledo 
Penn 7 material where no load was applied 
until 53 days after thawlng. The result 
dlffered little from the normal test where 
the sample thawed under load. 

The permeability of each material was 
also determined before freezlng and after 
thawing. These tests were conducted after 
complete relaxation of the stress on the 
pore water, i.e. completion of primary con- 
solidation. In all cases the permeability 
was greater after thawing, even when reduc- 
tions in void ratio occurred. For example, 
Figure 6 shows that the permeability of the 
O'Brien Lock material is as much as two 
orders of magnitude greater for the thaw- 
consolidated case than for the normally 
consolidated case. A special test showed 
that the prefrozen permeability was 
recovered in approximately 40 days (Fig. 7) 
what appears to be a period  of secondary 
consolidation. Nonetheless, a volume 
change of approximately 20% occurred during 
the period of reducted permeability. 

The increased permeability for the 
thaw consolidated case can be readily under- 
stood by examlning the specimens after 
freezing. For instance, Figure 8 shows the 
top surface of a Toledo Island sample after 
freezing and thawing but incomplete thaw 
consolidation. A polygonal structure is 
distlnct. These features were not always 
visible to the naked eye after sample re- 
moval, particularly in the samples consoli- 
dated at the higher stress levels. In order 
to further examine this structure, a thin- 
section study was made o f  the Toledo Penn 
7 material after freezing. Figure 9 shows 
magnifications of vertical and horizontal 
profiles. The dark areas are composed of 
dredged material solids and the light bands 
are ice. When thawed, the joints become 
paths of least flow resistance and, thus, 
the permeability is increased. 

POTENTIAL BENEFITS IN FIELD SITUATIONS 

In order to explore the potential bene- 
fits of both thaw-enhanced consolidation and 

I 100 c 
I 

FIG. 4.  oil ratio vs effeciive stress for 
the Toledo island site material. Numbers 
indicate number of freeze-thaw cycles. 

Green E',, 1 
*- 

w, loo 20 40 SO 80 100 I ILO yA l k  I ?A0 
Water Content (%) 

FIG. 5.  Volume change due to freeze-thaw 
vs. initial water content for the rlve 
materials studies. 

Narmallv  Consolidated 
Tnow Consalldotmd 

Recovery 

2 

I 0'9 I I I 1 I I  
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

1. Void Rarh 

FIG. 6. Permeabillty vs void ratio for the 
O'Brien Lock material. Numbers indlcate 
number of freeze-thaw cycles. Applled 
stress (P) shown on dashed llnes between 
the normally and thaw-consolidated condl- 
tions. 

and the subsequent increase In permeability, 
laboratory data from the Toledo island site 
were extrapolated t o  field situations. The 
first part o f  this analysis considers only 
the ultimate settlements achlevable, wlth- 
out regard for the time required to obtain 
them, while the second part concentrates 
on the settlements as they relate to time. 
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t 1 

It is assumed 'chat the inltial water con- 
tent is a constant 8 0 %  over all depths. 

The effective stress due to gravity 
was comblned with the normal.ly consolidated 
void ratio curve from Figure 4 to produce 
a p l o t  o f  the volume change as a function 
of depth due to gravitational loading as 
shown in Figure 10. For depths less than 
l,4 m, the effective stress due to gravity 
is not sufficient to produce volume changes 
in excess of the initial assumed volume, so 
that Initial conditi.ons are unchanged above 
this depth. 

Three comparisons to the gravitational 
IO9  consolidation curve are shown in Figure 10. 

0 10 20 30 40 50 The first comparison is the expected volu- 
metric strain after a single freeze-thaw 

PIG. 7. Permeabllitg change with time for cycle. The volumetric strain was obtained 
the  O'Nrien Lock material.. in the same manner as for the gravltational 

curve, except  that the thawed data from 
Figure 4 were used in place of the normally 
consolidated data. The second comparison 
shown in Figure 10 is  with the anticipated 
dry density volume change which would 
ultimately result from adding a 2.5-m-thick 
surcharge of a material of 1,6-Mg/m3 den- 
sity to thc dredged material. The final 
comparison shown in Figure 10 is for the 
case where the dredged material undergoes 
one freeze-thaw cycle and is subsequently 
loaded by a 2.5-m surcharge as above. The 
tota.1 volume reductjon for the thaw-consol- 
idated and surcharge-consolidated materials 
ranges from 18% For shallow facilities to 
23% f'or an original material depth of 8 m. 
The volume reduction resulting from one 
freeze-thaw cycle is equivalent to that 
produced by the 2.5-m surcharge. Additlon 
of a 2.5-m surcharge to the thaw consoli- 
dated material results in a total volume 
reduction of approximately 27%. 

T i m  (days) 

i . ' i G .  8, Surface  02'  T o l c d n  island sample According to Terzaghi and Peck (1966), 
TIS-' ar"r,er incomplete thaw cco:lsolida.ti on. the consolidation time t  is given by: 

were selected and. assumed Independent of 
stress level.. Assuming a 9 0 %  degree of 

found to be approxlmately 0.9. No bottom 
drainage is assumed; thus H equals the 
thlckness of  the dredged material in a l l  
cases. Consolidation times computed from 
equation 1 are plotted as a function of 

FIG. 9. T h i n  sections of t;be Toledo isla.rld to be desireable, TV was 
material in the frozen s t n . t e :  left - 
vertical; right - horizontal. 
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FIG. 10. Volumetric strain as a function 
of depth. 

depth in Figure 12. It can be Seen that 
for a layer 1 rr1 thick, 0.028 year (10 days) 
is required to reach 9 0 %  consolidation for 
the thaw-consolidated case, while 1.41 gears 
is required f o r  the normally consolidated 
case, a difference factor of 50. Similarly, 
f o r  a 4-m-thick layer the corresponding 
t5.nies become 0.116 year vs 22.83 years. 

SITE MANAGEMENT 

In making the comparison between the 
thaw-consolidated and  conventiona.lly con- 
solidated cases the actual mechanics of 
freezing a disposal site have been ignored. 
In order to conveniently compare equal 
volumes of material, the hypothetical site 
was assumed to be filled to capacity and 
subsequently frozen completely. In this 
way, the depth of material at  the initial 
assumed density and water content was 
identical for the freeze-thaw case and for 
the gravity and surcharged cases. In 
practice, the material would  have to be 
frozen sequentially as it is deposited 
because of the relatively shallow depths 
of seasonal frost penetration expected 
at thc study sites (see Table 1). 

One method, seasonal deposition- 
freezing, would  be to deposit a layer of 
material each dredging season and allow 
it to freeze completely during the winter 
months and to thaw in the spring with 
surface drainage, perhaps enhanced by 
trenching. The process could then be re- 
peated during subsequent years until the 
area was filled. The annual depth of mate- 
rial treated, howevey, would  be limited to 
the depth of natural frost penetration. 

A second method, sequential deposi- 
tion-freezing, would be to pump unfrozen 
dredged material from beneath the frozen 
surface or from an adjacent site onto the 
frozen surface repeatedly during the winter, 
allowing each layer to freeze before the 
next was applied. Each layer would  be  only 
50 t o  75 mm thick. This would not neces- 
sarily increase the depth of frozen material 
significantly as the bottom of the frozen 
material might thaw. However, it would 
increase the quantity of material frozen 
during a given winter. 

' / \ Tho* 1 

IO" 
IO0 I o1 I o2 

p, E f f e c t i v e  Stress ( h p a )  

PIG. 11, Coefficient of consolidatlon XS 
a function of effective stress. 

t I  

Dapth of Dredged Moterlol 

FIG. 12. Time to 90% consolidation vs 
depth. 

Table 1. Snowfall and freezing 
depths for five Great Lakes cities. 

Mean annual 
Mean annual frost depth (m) 

city snowfall (m) ~=80%*~=60%t 
Buffalo 2.24 0.32 0.37 
Toledo 0.79 0.21  0.24 
Detroit 0 . 8 3  0.24  0.27 
Chicago 0.84 0.24 0.27 
Green Bay 1.01 0.48 0.55 
8 Assumes a l l  water frozen 
t Assumes 20% unfrozen water content 

Snow removal could add operational 
problems, espectally in areas of high 
snowfall such as Buffalo (see Table I). 
This problem would  be particularly diffi- 
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cult until the dredged material froze deep 
enough to support heavy equipment. If a 
heavy snow cover accumulated before  suffi- 
cient frost penetration occurred it would 
probably not be possible to remove the snow, 
and the disposal area would not freeze 
signlficantly * 

DISCUSSION AND CONCLUSIONS 

Freezing and thawing may be an effec- 
tive means of enhancing the densification 
of fine-grained dredged materials with 
plasticity indexes at  least within the 
limits of 30 to 50%. Freezing and thawlng 
increases the vertical permeabillty by as 
much as two orders of magnitude, the result 
being a considerably shorter consolldation 
t h e  for the thawed material. 

The utility of freeze-thaw consollda- 
tion enhancement in field situatlons is 
predicated on the efficient use of' natural 
freezing conditions and the provision of 
adequate drainage facilities. Field sites 
must be managed to maximize the depth of 
frost penetration. The depth of freezing 
can be increased by sequentially placing 
and freezing shallow lifts of dredged ma- 
terial durlng the winter, 

There is a certain amount of specula-  
ion in this analysis of enhancing the con- 
solidation of dredged material by freezing 
and thawing, The reliability of extra- 
polating laboratory thaw consolidation and 
permeability data to field situations has 
yet to be demonstrated. Other potential 
applications ros this knowledge are the 
dewatering of paper mill and sewage sludge 
and analysis of' the stability of founda- 
tions beneath liquid natural gas tanks and 
chilled gas pipe  lines. 
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ENGINEERING PROPERTIES OF SUBSEA PERMAFROST I N  THE PRUDHOE BAY REGION OF THE 
BFAUFORT SEA 

Edwin J .  Chamberlain, Paul V. Sellmann and S c o t t  E. Blouin ,  U.S. Army Cold Regions 
Research  and  Engineering  Laboratory,  Hanover, New Hampshire, U.S.A. 

Core samples, cone p e n e t r a t i o n   r e s i s t a n c e  and  temperature   data   obtained 
from subsea  sediments  near  Prudhoe  Bay, Alaska, prov ided   t he   bas i s  for t h i s  
study. The s i t e s  were located. 1 t o  17 km from  shore i n  2 t o  12 m of water. Max- 
imum hole   depth was 50 m.  The materials a t  t h e   d r i l l  s i t e s  included  sands and 
gravels over l a in  by 11.5 t o  7.5 m of  s i l t s  and  c lays .  No ice-bonded materials were 
observed, a l though   t he rma l   da t a   i nd ica t ed   t ha t   pe rmaf ros t  was present .   Index 
p rope r ty ,   t r i ax i a l   compress ive   s t r eng th ,   conso l ida t ion  and permeabi l i ty  da ta  were 
ob ta ined   i n   t he   l abo ra to ry .   S t r eng ths   r anged  between 25 and 270 kPa f o r   t h e   f i n e  
material. Highly  overconsolidated  clays  were  encountered at t h e  s i t e  f a r t h e s t  
from  shore. The preconsol ida t ion  pressure was es t ima, ted   to   be  1 . 5  MPa. Rased 
on cons idera t ions   o f   geologic   and   c l imat ic   h i s tory ,  it i s  proposed   tha t   the   over -  
consol ida t ion  i s  a r e s u l t   o f   f r e e z i n g  and thawing. 

PROPRLET~S TECHNIQUES DU PERG~LISOL SOUS-WIN DE LA BAIE PRUDHOE, DANS LA 
R ~ G I O N  DE LA MER DE BEAUFORT. 

La p rgsen te  Gtude est basse  sur   des   donnges relatives 2 d e s   c a r o t t e s   d e  
sgdiments  sous-marins  de l a  rgg ion   de  l a  baie  Prudhoe  en  Alaska,  2 l a  r s s i s t a n c e  
de  ceux-ci   au  forage,  e t  2 leur   tempgrature .  L e s  sites se t rouva ien t   de  1 5  
17 km du  r ivage  e t  l a  profondeur   d 'eau a l l a i t  d e  2 5 1 2  m. La profondeur maximale 
d e   f o r a g e   6 t a i t   d e  50 m. Sur les sites d e   f o r a g e ,  les matgriaux  cornprenaient  des 
sables e t  d e s   g r a v i e r s   r e c o u v e r t s   d e  4.5 5 7.5 m de s i l ts  e t  a r g i l e s .  On n ' a  p a s  
obse rvg   de   ma tg r i aux   l i g s   pa r  l a  g l ace ,  bien que les donnges  thermiques  a ient  
ind iqus  l a  prGsence  d 'un  perggl isol .  On a obtenu   au   l abora to i re   des   donn6es  
relatives aux   p ropr ig tgs   ca rac tGr i s t iques   des   ma tg r i aux ,   aux  essais t r i a x i a u x   d e  
r g s i s t a n c e  5 l a  compression, et aux essais de  perm6abi l i tG e t  de conso l ida t ion .  
La r s s i s t a n c e  mgcanique des   matgr iaux fins s ' 6 c h e l o n n a i t   e n t r e  25 e t  270 kPa. On 
a r e n c o n t r s   d e s   a r g i l e s  trss for tement   indurGes  sur  l e  s i t e  l e  plus  Gloigng  du 
r ivage .  On a estimg l a  p res s ion   de   p rgconso l ida t ion  5 1.5  ma. En r a i s o n  de  
l ' h i s t o i r e   g 6 o l o g i q u e  e t  c l ima t ique ,  on suggs re   que   l ' i ndura t ion  est due  aux 
a l t e r n a n c e s   d e   g e l  et de   dggel .  

TEXHMYECKME CBORCTBA MHOrOJIETHEMEP3JlblX FPYHTOB HA aHE 3AJIkIBA IIPYmO 
B MOPE EOOOPTA 

Z a H H o e   H c c n e n o s a H a e   O c H o B a H o   H a  p e 3 y n b ~ a ~ a x  K o n o H K o B o r o  npo6o- 
oT6opa k~ H ~ M ~ ~ ~ H H R  C o n p o T m n e H m  K O H Y C H O ~ ~  n e H e T p a q m  H T e M n e p a T y p M  B 
O T n o x e H m x  Ha ZHe s . a n H B a  ITpy~xo / A n R c K a / .   M c n w r a T e n b H H e   y Y a c T K s  pac- 

H a x  rnybma c K B a x m h I  CocTaBmna 5 0 ~ .  noporn H a  ~ Y P O B H X  y y a c T K a x  6m-1~ 
npencTasnem n e c K o M  EI r p a s m M ,  IIOKPHTHMW c n o e M  ma ~ 3 .  rnmm T O ~ ~ E I H O R  

l T O J I a l 7 a J I H C b   H a   P a C C T O F I H E l H  1 - 1 7 ~ ~  OT depera H a  F J I Y ~ H I - I ~  2 - 1 2 M .   M a K C H M a J I b -  

OT 4 , s  a0 7 , 5 M .   O C a A K O B ,   U e M e H T H P O B a H H H X  JIIbLSOM, H e   H a 6 n K ) A a n O C b ,  XOTR 
T e M l l e p a T y p H H e   A a H H M e   y K a 3 H B a J l H   H a   I T g H C y T C T B M e   M H O r O J ' I e T H @ $ i   M e P S J I O T H .  B 
n a 6 0 p a T O p H M X   y C J I O B t l R X  ~HZJIM.  IIOJIyreHhl J J a H H b l e  06 O C H O B H h I X   C B O f i C T B a X ,  
l ' I P O U H O C T H  Ha T p e X O C H O @  C X a T R e ,  y I l J ' I O T H e H H H  EI I I P O H H U a e M O C T H .   3 H a U e H P i H  
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ENGINEERING PROPERTIES OF SUBSEA PERMAFROST IN THE PRllDHOE BAY REGION OF THE BEAUFORT SEA 

Edwln J. Chamberlain', Paul V. Sellmann', Scott E:. Blouin', David M. Hopkins2 and 
Robert I. Lewellen 3 

'U.S. Army  Cold Regions Research and Englneeri.ng Laboratory, Hanover , New Hampshire , USA 
2u,s. Geological Survey, Menlo Park, California, USA 

3Arctic Research, Littleton, Colorado, USA 
INTRODUCTION 

Recent investigations (Hunter et al. 
1976, Osterkamp and Harrison 1976, Lewellen 
1976) support earlier Indications that per- 
mafrost is very extensive u n d e r  the Beau- 
fort  Sea. 

During the spring of 1976, a drilling 
program was conducted along a transect from 
1 to 17 km offshore of Prudhoe Ray, Alaska, 
to obtain data on the vertical and horizon- 
tal distribution and the engineering and 
chemical properties of subsea permafrost 
(Scllmann et al. 1976). This extended the 
line previously investigated by Osterkamp 
and Harrison (1976). Core samples were ob- 
tained for laboratory determinations of in- 
dex, strength, and compressibility proper- 
ties as well as P o r  sedlment chemistry. In 
addition, in-situ measurements of penetra- 
tion resistance and temperature were ob- 
tained. Supporting geological, thermal, 
dating, and fossil studies were undertaken 
by the U.S. Geological Survey to aid in in- 
terpreting the geologic history of this 
region. 

SITE LOCATIONS 

Three holes were drilled offshore in 
the Prudhoe Bay area uslng the sea ice 
cover as a drilling platform. One of the 
sites was within Prudhoe Bay and the others 
were north and south of Reindeer Island 
(Fig. 1). Water depths and distances from 
shore are given in Plgures 2-5. 

The sites were selected to include a 
range of thermal and geological settings 
controlled by dlstance from shore, occur- 
rence of offshore islands and bars, and 
water depths. The University of Alaska 
drilling program conducted in 1975 near and 
offshore of the new ARC0 dock facility 
(Osterkamp and Barrlson 1 9 7 6 )  and geophys- 
leal studies in the Prudhoe Bay area (Rogers 
1976) were helpful in determining site loca- 
tions. The study by Osterkamp and Harrison 
(1976) established the existence of bonded 
pesrnafrost in two holes in areas of shallow 
water < 2  m in depth. Their deepest offshore 
hole (46 m), located approximately 3370 m 
from shore, did n o t  penetrate into bonded 
permafrost. 

.. 

FIG. 1. CRREL-USGS subsea drilling loca- 
tion, Prudhoe Bay region, spring 1976. 
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FIG. 2. Engineering properties and hole 
logs  Tor  site PB-1, approximately 2.8 km 
f rom shore. 
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FIG. 3. Engineering propertles and hole 
logs for site PB-2, approximately 17 km 
from shore, 
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FIG. 4. Engineering properties and hole 
logs for site PB-3, approximately 6.5 km 
from shore. 
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HOLE LITHOLOGY  AND SAMPLE PROPERTIES 

The drllllng and sampling techniques 
used during thc project have been described 
in detall by Sellrnann  et al. (1976). 

The hole logs shown in FiEures 2-4 are 
based on field obscrvati,ons of cores, wash 
samples and drilling conditions, and re- 
sults of laboratory analysis. The l o g s  all 
show a fine-grained surface section of 
marine sediments (fine sand, silt  and clay) 
4.5 to 8.8 m thick. These sediments com- 
monly contain a few rounded pebbles, per- 
haps material ice-rafted from nearby 
beaches. These appear to overlie beach 
sediments (well-rounded gravel, coarse sand 
and some mud). The lower part of the marine 
mud sequence at  site PB-2 contains abundant 
small pebbles and granules. The fine- 
grained marine materials are soft  and weak 
at sites PB-1 and PB-3 while at slte FB-2 
they appear to be  very stiff and overcon- 
solldated. 

The marine sequence is underlain by 
poorly sorted angular gravel lacklng any 
organic remains, probably deposited as 
glacial outwash. The outwash appears to 
be approximately 18 m thick at sites PB-1 
and PB-3 and Less than 5 m thick at FB-2. 
A l l  boreholes terminate in an alluvlal 
section of well-sorted sand, pebbly sand 
and gravel containing lenses of detrital 
wood and  plant fragments. 

The Index properties and Unified Soil 
Classifications are given in Figures 2-4. 
It can be seen, with  few exceptlons, that 
t h e  flne-grained silts and clays a t  sites 
PB-1 and PB-3 have the high moisture con- 
tents commonly encountered in rnarlne en- 
vironments, while the clays at site PB-2 
have Lower water contents in the range of 
their plastic limits. 

EXPERIMENTAL PROGRAM 

Cone Penetrometer Field Tests 

60th dynamSc and static penetrometer 
tests in the sediments were conducted using 
the sea ice as a platform. For the dynamic 
tests, a standard 64-kg hammer dropped 
0.76 m was used to drive the probe string, 
which was made up o f  EW drill rod sur- 
rounded by EX casing. The probe consisted 
of a 60° hardened steel cone attached to 
the drill rod and a 150-mm-long sleeve 
welded to the base o f  the casing. The cone 
and sleeve both had a dlarneter of 57 mm. 
The point  and sleeve could be driven simul- 
taneously or separately by temporarily 
adding 0.3-rn sections of casing or rod at 
the top of the probe string as desired. 
The static penetrometer used the same probe 
string and was pushed  by a hydraulic cy- 
linder mounted atop a quadrapod anchored 
to the sea ice. 
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FIG. 5. Static and dynamic cone capacitles 
for site PB-4, approximately 0,8 km from 
shore. 

The results of the tests are illustra- 
ted in Figures 2-5. At site PB-1, the stat- 
:i.c penetration resistances were very low 
( c 2  MPa) throughout the fine-grained section. 
Upon enteri-ng the coarser-grained sands and 
gravels the static penetration resistance 
rapidly increased to 24 MPa. Because of 
equipment difficulties, dynamic penetration 
data were obtained only in the flne-grained 
section. The range of penetration resist- 
ances was between 12 and 24 blows/m. 

At site PB-2, a few static penetration 
results were obtained, but  they are of ques- 
tionable quality because of rod buckling 
problems In the deep water. The dynamic 
cone capacity rises sharply in the upper 
1.4 m of silty sand to nearly 200 blows/m 
and f a l l s  abruptly to 50 to 100 blows/m in 
the clays beneath. 

The cone penetration data at site PB-3 
show the best correlation. Both the static 
and dynamic cone penetration data show an 
increase of penetration resistance through 
the upper meter of loose silty sand, a re- 
latively constant penetration resistance 
through the next meter of more compact silt, 
and a decrease in the next 0.5 m of sorter 
silts to a relatively low penetratlon resis- 
tance in the next 2-1/2 m of very soft silt. 
At a penetration depth of approximately 5 m 
a very stiff layer of sand  was encountered 
and the penetration resistance increased 
rapidly with increasing penetration depth. 

At site PB-4, the greatest penetration 
depth (11 m) was achieved, using the dynarn- 
i c  cone penetrometer. The penetration re- 
sistance increased from 100 blows/m below a 
depth of 2 m to nearly 250 blows/m near 10 m 
of penetration. The static cone penetration 
resistance increased to 8 MPa at the 2-m 
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F I G .  6. Temperature profiles for Prudhoe 
Bay sites 01, 02, 0 3  and 04 (USGS data 
from Marshall, personal communication). 

penetration d e p t h  and remained constant to 
5-m depth. 

In  Situ Temperature Profiles 

Equilibrium temperature data were ob- 
tained through the bore of the cone pene- 
tration rod at f o u r  sites, With the excep- 
tion of site PB-1 where convection problems 
occurred, the resultlng temperature profiles 
compared well with the data obtained by the 
USGS (V. Marshall, pers. comrn) in Figure 6. 

The bottom temperatures at the shallow 
water sites PB-1 and PB-4 where the salt 
concentrations were high because of restric- 
ted flushing under the sea ice cover were 
-3.25OC and -2.3OoC respectively while the 
bottom temperatures at the deeper water 
sites PB-2 and PB-3 were both approximately 
-1 .70°C.  Negati.ve temperature gradlents 
occur at all sites below sediment depths of 
5 to 12 m. This sugtrests that ice-bonded 
permafrost is present i.n the sediments 
below. 

Undralned-unconsolldated triaxial com- 
pression tests were conducted at confining 
pressures estimated to be equivalent t o  the 
in situ overburden pressures on samples pre- 
pared from core specimens obtained from the 
three drill sites. The samples were 50 mm 
in diameter and 115 mm in length. The 
tests were conducted at a constant rate of 
strain o f  approximately 0.045/min. at O+l°C. 
The samples were not ice-bonded as chemical 
analysis of the pore water revealed that 
the free2ing point  was -1.8'~ or lower. 

For site PB-1, Figure 2 illustrates 
that to a depth of 5 m or more the sedi- 
ments are weak, the maximum shear strength 
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being 45 kPa, while at a depth near the 
boundary of the fine-grained marine sedi- 
ments and the coarser-grained glacial out- 
wash material the shear strength increases 
to 134 kPa. 

At site PB-2 (Fig. 3 ) ,  there Is a 
gradual but significant increase of shear 
strength with depth. In the overlying sandy 
materlal the shear strength is approximately 
84 kPa. Near the top of the stiff marine 
clay section the strength is only a sllghtly 
greater 92 kPa but it increases to 2 2 5  kPa 
near the bottom. 

At site  PB-3 the shear strength de- 
creases with depth (Fig. 4) in the marine 
section as softer and finer-grained materi- 
als are encountered. In the upper half of 
this section the strength is as high as  107 
kPa while near the bottom it is approxi- 
mately 28 kPa. 

Laboratory Consolidation Tests 

Because the clay samples taken from 
site PB-2 appeared to be overconsolldated, 
laboratory consolidation tests were con- 
ducted on two selected samples, one ob- 
tained from core PB-2-05 and the other from 
PB-2-07. These tests revealed overconsolid- 
ation stresses of 3800 and 3600 kPa respec- 
tively, the resulting overconsolidation 
ratios being 99 and 53. 

DEPTH TO ICE-BONDED PERMAFROST 

As no ice-bonded samples were recovered, 
it was initially concluded that ice-bonded 
permafrost lay  at some unknown distance be- 
neath the bottom of the drill holes. How- 
ever, because of the extremely difficult 
driving conditlons a t  the termination depths 
at PB-2 and PB-3,  it was suspected that ice- 
bonded permafrost might have been encoun- 
tered. 

From the chemistry data of Iskandar et 
al. (1978) it was estimated that the freez- 
ing point of the interstitial water at both 
sites was approximately -1.8Oc. Extrapo- 
lating the straight line segments of the 
USGS (1976) temperature profiles downward 
to intercept the -1.8OC isotherm resulted 
in estimated depths to ice-bonded perma- 
frost for sites PB-2 and PB-3 oT 29.9 and 
43.3 m respectively (see Pig. 6). These 
depths correlate extremely well with the 
2 9 . 5 -  and 44*2-m depths at which drilling 
and sampling were termlnated because of 
collapsed casing or very high penetration 
resistances. It appears then that the 
depth to ice-bonded permafrost is less at 
the site most distant from shore. 

OVERCONSOLIDATED CLAYS AT SITE PB-2 

Distribution in the Beaufort Sea 

The fact  that highly overconsolidated 
clays were observed at only  onc of the 
three sites drilled leads to  the concluslon 
that they may occur only  in special marine 
environments. Reimnitz et al. (1974) re- 
ported finding stiff silty clays approxi- 
mately 1 km seaward off Egg Island near 
Simpson Lagoon,  In addition, Hollingshead 
and Rundquist (1977) reported that over- 
consolidated clays have been observed in 
shallow waters of the Mackenzie Delta. 

Possible Mechanisms 

Many overconsolidation mechanisms 
exist but  only the traditional factors of 
1) overburden pressure and subsequent ero- 
sion, 2) desiccation, and 3 )  glaciation, 
and the lesser-known mechanisms such as 
4) freezing and thawing and 5 )  the forces 
of drifting berg ice or s e a  ice were con- 
sidered. 

To evaluate these mechanisms the gee- 
logic and climatic history of the nearshore 
Beaufort Sea must be known. 

Geologic and Climatic: History 

Osterkamp and Harrison (1976) dated 
the sands and gravels underlying the marine 
clays at approximately 22,000 years BP. 
Barnes and Reimnitz (1.974) stated that 
these clays are pre-Holocene or more than 
7,000  to 10,000 years old, but stratigraph- 
ic, paleontologic and geochronologic study 
of our samples show that they are, in fact, 
Holocene, and range in age from contempor- 
ary to perhaps 10,000 years old. This 
period of time was characterized by a re- 
treat of continental glaciation and a rise 
in sea level. Short term glacial advances 
may have occurred. However, reported 
glacial-geological studies indicate that 
none of these advances could have extended 
out onto today's coastal plain (Hamilton 
and Porter 1975). Sea level fluctuations 
occurred In this region throughout the late 
Pleistocene time in response to varying 
amounts of water being tied up on the con- 
tinent in the form of glacier ice. Within 
the last 20,000 t o  30,000 years the sea 
level was 100 m lower than at present, and 
has been rising continuously since, al- 
though at a varying pace during the period 
in which the marine clays accumulated 
(Hopkins 1973, Hopkins et al. 1977). 

Evaluation of Overconsolidation Mechanisms 

Glacial loading can be readily clim- 
inated as an overconsolldation mechanism 
since there is no evidence that this part 
of the coastal plain has been glaciated 
since the time the marine clays were de- 
posited. 

Sediment loadina and erosion can be 
excluded as an independent mechanism since 
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adequate overburden thicknesses have not 
been available. It appears that slnce the 
deposition of the marine clays, no land sur- 
face at site PB-2 could have been more than 
a few meters above the existing sea level.. 
The laboratory tests indicate that an over- 
burden thickness of approximately 350 m of 
submerged sediment or 175 m of elevated sedi- 
ment is necessary to overconsolidate these 
marine clays to their present state. 

It has been suggested that the forces 
of drifting ice or pressure ridges may be 
factors in the overconsolidatLon process. 
However, there is little evidence that ice 
forces would compact the sea f l o o r  sedlments. 
On the contrary, Reimnitz and Barnes (197LI) 
have observed that rather than compressing 
the sea floor sediments, the ice  would d-is- 
lodEe them and  cast them aside. The process 
would be one O C  bulking, particularly in the 
soft marine sediments where there is little 
or no strength. 

Desiccation is a common mechanism f o r  
overconsolidating clay soils. However, the 
necessary exposure of these marine sediments 
to the atmosphere would also mean that  they 
would be subject to low temperatures and 
frozen. 

Because temperature conditions appear 
to have been favorable over much of the late 
Pleistocene time for deep freezing of ex- 
posed land surfaces, and because more con- 
ventional overconsolidation processes do not 
appear to be viable, the process of frleeze- 
thaw consolidation was given serious con- 
sideration. A discussion of this process 
I s  given by Chamberlain and B l o u l n  (1978). 

Freeze-Thaw Consolidation Tests 

The results of two freeze-thaw con- 
solidation tests conducted at an applied 
effective stress level of 1 2 8  kPa are super- 
imposed on the undisturbed loading curve in 
Figure 7 .  The PB-2-05 and PB-2-07 materials 
were reconstituted in the form of slurries, 
dealred, and fully consolidated under suc- 
cessively increasing pressures to 1 2 8  kPa 
(approximately the pressure of 13 m of sub- 
merged sand or the thlckness o f  Reindeer 
Island) and then frozen unidlrectionally 
and allowed to thaw. For sample PB-2-05 
(Fig. 7), the void ratio decreased 24% from 
0 .973  to 0 . 7 4 8 .  Similar results were ob- 
tained for sample PB-2-07. 

Because of the uncertainty of the in- 
fluence of freezing rate and the effects of  
drying and wetting on these materials when 
reconstituted for testing pu??poses, the diT- 
ferences noted in Fig. 7 between the thawed 
and undisturbed void ratios are not consid- 
ered significant. Thus, these tests demon- 
strate that Treezing and thawing is a via- 
ble mechanism for overconsolidatlng the 
marine clay sediments at site PB-2. 
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FIG. 7 .  Compression curves f o r  undisturbed 
and remolded-thawed material from site 
PB-2-05. 

This explanation is, of course, depen- 
dent upon these sediments being frozen 
during a period of rising sea level. Thus, 
some process providing for heat transfer 
between the cold arctic air and the marine 
clays must have occurred. 

7 
There appear to be three distinctly 

different processes for providing a good 
thermal conncctlon or "fhermal bridge" be- 
tween the marine sediments and the cold 
arctic air. The transgression of a barrier 
island, such as nearby Reindeer Island, 
across site PB-2 would provide the "thermal 
bridge" required. Since it is  known that 
Reindeer Island is migrating westward and 
shoreward from site PB-2 (Hopkins et  al. 
1977) and that the depth of Ice-bonded 
sediments at Humble 011 Company's hole C - 1  
on Reindeer Island is almost precisely the 
required frost penetration depth (20 m), 
this appears to be the most likely process. 

However, it is also possible that  per- 
turbations in the sea level curve or ground- 
Ing of berg ice o r  massive sea ice struc- 
tures could have provided the necessary 
"thermal bridge." Since little is  known of 
short-term Lowering o f  the sea level in the 
past 10 thousand years and because grounded 
ice would result in only  llmited  bed con- 
tact and freezlng depths, these latter two 
processes appear to be l e s s  Likely. 

CONCLUSIONS 

1. Subsea sediment temoeratures were below 
ooc at all sites studied during the spring 
of 1976. 

2 .  Ice-bonded permafrost did  not occur 
within the upper 30 m o f  subsea sediments 
in a region extending from I to 17 km off- 
shore. 
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3 .  Negative gradients in thermal data and 
analysis of pore water chemistry suggest 
that ice is present at 29.9- and 43 3-m 
depths at sites PB-2 and PB-3 respectively. 
Because site PB-2 is in the deepest water 
and is at the greatest distance from shore, 
it appears that the depth to ice-bonded 
permafrost decreases with increasing dis- 
tance from shore at these sites. 

4. Shallow, highly overconsolidated marlne 
clays occur seaward of Reindeer Island, 
whi.le softer marine muds occur inside the 
barrier island along our study lline. 

5 .  The dense marine clays probably have 
been overconsolidated by freezing and thaw- 
ing. The most likely process appears to 
involve freezing of the marine sediments 
during transgression of a barrler Island 
across the site. 

6. In-situ cone penetration resistance 
data can be obtained using the sea ice as a 
platform. This information can be used t o  
delineate t h e  occurrence of soft and stiff 
marine materials as well as dense sands and 
gravels and  provi.de rapid access to thermal 
data. 
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I CE-RI  CH S O 1  LS AS BASES FOR STRUCTURES 

V . V .  Dokuchaev, Z.P.  Artemov  and D.R. Sheinkman.  Leningrad  Zonal Res. I n s t .  of 
Exp.  Design, U ,S .S .R .  

The d e s i g n   r e s i s t a n c e   o f   i c e - r i c h   s o i l s   t o   l o a d i n g   s h o u l d   b e   d e t e r m i n e d   n o t  
as   t he   u l t ima te   l ong - te rm  s t reng th ,   a t   wh ich   de fo rma t ions   a t tenua te   w i th   t ime ,   bu t  
as t h e   h i g h e s t   s t r e s s   w h i c h  does n o t   c a u s e   p r o g r e s s i v e   f l o w   d u r i n g   t h e   s e r v i c e   l i f e  
o f  t h e   s t r u c t u r e .  A f ounda t ion   base   des igned   i n   t h i s  way f i r s t  deforms i n   t h e  
s t a g e   o f   n o n - s t a b i l i z e d   c r e e p ,   w h i c h   i s   n e g l i g i b l e   f o r   t h e   g i v e n   s o i l s ,  and  then i n  
t h e   s t a g e   o f   s t a b i l i z e d   f l o w .   T e s t s   c a r r i e d   o u t   o v e r  a wide  temperature  range  on 
s o i l s  o f  d i f f e r e n t   c o m p o s i t i o n ,   i c e   c o n t e n t  and s t r u c t u r e  showed t h a t   t h e r e   i s  a 
l i n e a r  dependence o f   t h e   d e f o r m a t i o n   r a t e   w i t h   s t r e s s   a t   s t r e s s e s   w h i c h   a r e   l e s s  
than  the  des 
f o r   t h e   s e t t  
p a r t i c u l a r .  
t e s t s  . 

i g n   r e s i s t a n c e .   T h i s  makes i t  p o s s i b l e   t o   f i n d  an   eng inee r ing   so lu t  
lement o f  foundat ions   caused  by   the   c reep  o f   i ce- r i ch   so i l s   and  i ce  
T h i s   s o l u t i o n   a g r e e s   w i t h   e x p e r i m e n t a l   d a t a   o b t a i n e d   i n   p e n e t r a t i o n  

i on 
i n  

LES  SOLS R I C H E S  EN GLACE UTILISiS COMME BASES DE STRUCTURES 
V . V .  Dokuchaev, Z.P.  Artemov, D.R.  Sheinkman. l n s t i t u t   r e g i o n a l  de  Leningrad 
de   recherches   sc ien t i f iques   en   p ro je ts   expgr imentaux ,  URSS 

Pour l e s   s o l s   r i c h e s  en g l a c e ,   l a   r e s i s t a n c e   t h e o r i q u e  21 l ' a c t i o n  de charges 
d o i t   G t r e   e t u d i g e  non  pas comme une f o r c e  de r e s i s t a n c e   f i n a l e  en  presence  de 
l a q u e l l e   l e s   d 6 f o r m a t i o n s   s ' a t t g n u e n t   a v e c   l e  temps,  mais comme l a   c o n t r a i n t e  
maximale  qui ne p r o v o q u e   p l u s   d ' a c c k l e r a t i o n   d u   f l u a g e   p e n d a n t   l a   d u r & e   d ' u t i l i s a t i o n  
de l a   s t r u c t u r e .  La b a s e   d l u n e   f o n d a t i o n   c o n s t r u i t e   s u i v a n t  ce p r i n c i p e  se deforme 
d 'abo rd   pendan t   l ' k tape   de   f l uage  non s t a b i l i s e ,   q u i   e s t   n e g l i g e a b l e  dans l e  cas 
des s o l s   e x a m i n g s ,   e t   e n s u i t e   p e n d a n t   l e   f l u a g e   s t a b i l i s e .  Les exper iences qu i  
o n t  k te  f a i t e s  en  presence  d 'une gamme etendue  de  ternp6ratures  avec de5 so ls   de  
composi t ion,   de teneur en g l a c e   e t  de t e x t u r e   d i f f g r e n t e s   o n t   m o n t r k   q u ' i l   e x i s t e ,  
21 des c o n t r a i n t e s   i n f g r i e u r e s  3 l a   r g s i s t a n c e   t h e o r i q u e ,  une r e l a t i o n  l i n k a i r e  
e n t r e   l a   v i t e s s e  d e   d e f o r m a t i o n   e t  ces c o n t r a i n t e s .  En g h i e   c i v i l ,   c e l a  permet 
de t r o u v e r   u n e   s o l u t i o n  a l ' a f f a i s s e m e n t   d ' u n e   f o n d a t i o n   s u r   p i l i e r s   p r o v o q u e   p a r  
l e   f l u a g e  des s o l s   r i c h e s  en  g lace e t  de l a   g l a c e  en p a r t i c u l i e r ,   s o l u t i o n   q u i  
s 'accorde  avec  des  donnges  exp6r imenta les  obtenues  lors   des  essais   de  penetrat ion.  

CMJIbHOJIbAMCTbIE TPYHTbl KAK OCHOBAHMR CCOPYXEHMa 
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TEMPERATURE AND STRAIN RATE EFFECTS ON THE STRENGTH ROZEN SI LTY-CLAY 

T.  Ersoy, Highway Division, Government of  the Northwest Terr i tor ies ,  Yellowknife, 

E .  Torgrol,  Professor, Dr. Technical  University o f  Istanbul , Turkey 
N.W.T. Canada 

A laboratory  investigation  of  the  effects o f  temperature and loading 
rate  on the  shear  strength o f  frozen  soil i s  described.  Triaxial compression 
t e s t s  were conducted in a cold room w i t h  a s t ra ig   control led  t r iaxial  compression 
machine. The t e s t  temperatures  varied from -0.5 C t o  -11 .O C and the  loading 
rates  varied from 0.381 mmlminute t o  2.540 mm/minute.  The  chamber pressure was 
196.1 kPa. Sandy-silty-clay  passing a 0.422 mm sieve was used in the  preparation 
of  the specimens. The specimens were prepared  in a miniature Harvard mold by 
compacting a t  the optimum moisture  content  with  the  standard  Proctor  energy, 
saturated with d i s t i l l ed  water and subsequently  exposing  to  freezing  temperatures 
according t o  a predetermined freezing program. I t  was observed t h a t  the  effect  
o f  the  loading  rate was less   s ignif icant  t h a n  the  effect  o f  the  temperature. A 
linear  Kelationship between the maximum deviator ic   s t ress  and the  tes t  temperature 
below 0 C i s  given along with the two "deviatoric  stress - t e s t  temperature - 
loading  rate" diagrams. 

EFFETS DE LA T E M P ~ R A T U R E  ET DE LA VITESSE D E  D ~ F O R M A T I O N  SUR LA RESISTANCE 
MECAN IQUE D l  UN GELISOL COMPOSE D ' U N E  ARG I LE SI LTEUSE COMPACTiE 
T. E r s o y ,   D i v i s i o n   d e   l a   V o i r i e ,  Gouvernement  des Ter r i to i res   du   Nord-Ouest ,  
Y e l l o w k n i f e ,  T.N. - O . ,  Canada. 
E. T o r g r o l ,  P ro f . ,  D r .  U n i v e r s i t e   T e c h n i q u e   d ' l s t a n b o u l ,   T u r q u i e  

d e   l a   t e m p g r a t u r e   e t   d e   l a   v i t e s s e   d e   c h a r g e   s u r   l a   r e s i s t a n c e   a u   c i s a i l   l e m e n t  
d ' u n   g g l i s o l .  On a e f fec tue   des   essa is   de   compress ion   t r i axa le   dans   une  chambre 
f r o i d e ,  en u t i l i s a n t  une  p resse  permet tan t   d 'e f fec tuer   ces   essa is   dans   des   cond i t ions  
de   dg fo rma t ion   con t r6 lee .  Au cours   des   essa is ,   la   tempera ture  a v a r i 6   e n t r e  -0.5' C 
e t  - ll.Oo C ,  e t   l e s   v i t e s s e s   d e   c h a r g e   e n t r e  0.381 rnrn/minute e t  2.540 mm/minute. 
Dans l a  chambre  de  compression, l a   p r e s s i o n   s ' g l e v a i t  2 196.1 kPa.  Pour l a   p r e p a r a -  
t i o n  des   echan t i l l ons ,   on  a u t i l i s 6  un  rn6lange d ' a r g i l e   s i l t e u s e   e t   s a b l e u s e ,  fi ltrC 
3 t r a v e r s  un tamis de 0.422 mm. On a p r e p a r e   l e s   e c h a n t i l l o n s  dans  un m u l e   m i n i a -  
ture  Harvard,   en  les  compactant  =I une c o n c e n t r a t i o n   d ' e a u   o p t i m a l e   d a n s   l e s   c o n d i t i o n s  
h a b i t u e l l e s   d ' u n   e s s a i   P r o c t o r ,  en l e s   s a t u r a n t   d ' e a u   d i s t i l l & e ,   p u i s  en l e s  sou- 
m e t t a n t  a des  tempgratures  basses  (point   de  conghlat ion  et   au-dessous),   conformement 
au  programme s p e c i f i g   d ' e s s a i  de conge la t ion   des   mater iaux .  On a observe  que l ' e f f e t  
de la  v i t e s s e   d e   c h a r g e   e t a i t   m o i n d r e   q u e  1 ' e f f e t  de la   tempera ture .  On donne i c i  
deux  diagrarnmes " c o n t r a i n t e   d e v i a t r i c e  - tempera tu re   exp6r imen ta le "   e t   " con t ra in te  
d e v i a t r i c e  - v i t e s s e  de  charge", e t   l ' o n  a pu e t a b l i r  une r e l a t i o n   l i n e a i r e   e n t r e   l a  
c o n t r a i n t e   d 6 v i a t r i c e  maximum e t   l e s   t e m p e r a t u r e s   e x p e r i m e n t a l e s   i n f e r i e u r e s  3 0 '. 

On d e c r i t  dans l e   p r e s e n t   a r t i c l e  u n e   e t u d e   f a i t e  au l a b o r a t o i r e  des e f f e t s  
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TEMPERATURE AND STRAIN RATE  EFFECTS ON THE STRENGTH OF  COMPACTED FROZEN SILTY-CLAY 

Turgut  Ersoy, Dr. Eng. 
Government o f   t h e   N o r t h w e s t   T e r r i t o r i e s ,  

Y e l  1 owkni  fe, Canada 

Ergun  Togrol  
Professor  D r .  

T e c h n i c a l   U n i v e r s i t y   o f   I s t a n b u l  , Turkey 

INTRODUCTION 

Knowledge o f   the   mechan ica l   behav iour  o f  f rozen  
s o i l s   i s  needed i n  a wide  range o f   C i v i l   E n g i n e e r -  
i n g   a p p l i c a t i o n s .  These app l ica t ions   a re   encount -  
ered i n  Permafrost   regions,  as  wel l  as i n   s l o p e  
s t a b i l i z a t i o n  and tunnel   excavat ion  works  wi th   the 
a i d   o f   a r t i f i c i a l  ground  f reezing.  Ever  increas- 
i ng   conce rn   f o r   env i ronmen ta l   p ro tec t i on  has re -  
s u l t e d   i n  comprehensive f e a s i b i l i t y   s t u d i e s .  
These studies  were  mainly  concerned  wi th  the  enviro- 
nmental  impact o f  proposed  engineer ing  s t ructures 
f o r ' h e a t   s e n s i t i v e   r e g i o n s .   T h i s ,   i n   t u r n ,  has 
inc reased  the  need f o r  a more  comprehensive know- 
l e d g e   o f  numerous p r o p e r t i e s  o f  f r o z e n   s o i l s .  The 
shear   s t reng th   o f  compacted-saturated-frozen-sandy- 
s i l t y - c l a y   i s   c o n s i d e r e d   t o   b e  among these  prop- 
e r t i e s .  

I n   t h i s   e x p e r i m e n t a l   s t u d y   t h e   e f f e c t s   o f  temper- 
a t u r e  and   l oad ing   ra te  on the   shear   s t rength   o f  
f rozen   so i l   we re   i nves t i ga ted .  

EQUIPMENT,  MATERIAL AND PROCEDURE 

T r i a x i a l  compression  tests  were  conducted i n  a 
c o l d  room w i t h  a s t r a i n   c o n t r o l l e d   s t a n d a r d  tri- 
axial  compression  machine. A second c e l l   w h i c h  
e n c l o s e d   t h e   s t a n d a r d   t r i a x i a l   t e s t   c e l l  was de- 
signed and c o n s t r u c t e d   i n   o r d e r   t o   r e d u c e   t h e  
t r a n s f e r   o f   t e m p e r a t u r e   v a r i a t i o n   t o   t h e  specimen. 
By means o f   t h i s  arrangement,  the  temperature 
v a r i a t i o n   o f   t h e   s u r f a c e   o f   t h e  specimen was i n -  
sured t o  be less t han  f0.03°C. The standard tri- 
axia l   loading  machine was a l s o   i m p r o v e d   t o   s u i t  
t h e   t e s t   c o n d i t i o n s .  

L i q u i d   p a r a f f i n  was used  as c e l l   f l u i d .   S i n c e   t h e  
l i q u i d   p a r a f f i n   e l i m i n a t e d   t h e  use o f   r u b b e r  mem- 
branes - a t   l e a s t   f o r   l o w   c e l l   p r e s s u r e s  used 
here  i .e.  196.1 kPa - and i t  d i d   n o t   f r e e z e   a t  
-13OC, t h e   l i q u i d   p a r a f f i n  was cons ide red   t o   be  a 
f a v o u r a b l e   c e l l   f l u i d   f o r   t h e   u n d r a i n e d   t r i a x i a l  
t e s t s .  Specimen temperature was r e c o r d e d   ( t o  
+0.05°C) by a p o t e n s i o m e t r i c   m i l i v o l t m e t e r   u t i l i -  
zing  copper-constantan  thermocouple  placed  adja- 
cen t  t o  the  specimen.  Thermocouple  readings  were 
checked a t   t h e   b e g i n n i n g  and a t   t h e  end o f  each 
tes t   us ing   p rec is ion   g lass   thermometers .  

Eng ineer ing   p roper t ies   o f   the   mater ia l   used i n   t h e  
exper iments  are  g iven i n  Table  1. 

The  specimens  were  prepared i n  a m i n i a t u r e  
Harvard  mold by  compacting a t   t h e  optimum  mois- 
tu re   con ten t   w i th   the   S tandard   Proc tor   Energy .  
Dry d e n s i t y   o f  compacted  specimen  varied  between 
171 5 kg/m3 and 1760 kg/m3. D a t a   r e l a t e d   t o   t h e  
compac t ion   a re   g i ven   i n   Tab le  2. 

Compacted  specimens  were  submerged i n   d i s t i l l e d  
w a t e r   f o r  a minimum of  two  days f o r   c a p i l l a r y  
saturat ion  under  constant  volume. The  degree  of 
s a t u r a t i o n   v a r i e d  between 92% and 99%. The 
m o i s t u r e   c o n t e n t   o f   s a t u r a t e d  specimens  were 
found t o   v a r y  between 19.1% and  21.0%. A f t e r  
saturat ion,   the  spec imens  were  f rozen  (a l l   around 
f r e e z i n g   i n  a c losed  system)  according  to a pre-  
determined  freezing  program. The  specimens  were 
kep t  a minimum o f  10 hours a t   t h e   i n i t i a l   f r e e z i n g  
temperature.   Another   14  hours  e lapsed  for   br ing-  
i n g   t h e  specimens t o  a spec i f i ed   t es t   t empera tu re .  
To i n s u r e   t h a t   t h e r e  was no temperature  gradier l t  
i n   t h e  specimen p r i o r   t o   t h e   t e s t ,   t h e   t e s t  was 
n o t   s t a r t e d   u n t i l  a l inear   tempera ture   g raph 
p a r a l l e l   t o   t i m e   a x i s  was reco rded   fo r  a l e a s t  two 
hours.  Aluminum f o i l s   c o a t e d   w i t h   s i l i c o n e   g r e a s e  
were  placed on  each  end o f  t h e   c y l i n d r i c a l   s p e c i -  
men t o   r e d u c e   t h e   f r i c t i o n   a t   t h e   p l a n e s  of 
a x i a l   l o a d   a p p l i c a t i o n .   F o r   t h e   f i r s t  4% of 
a x i a l   s t r a i n  a s e t   o f   r e a d i n g s  was taken   a t   eve ry  
0.2 m ve r t i ca l   d i sp lacemen t .   Fo r   t he   res t   o f  
t he   t es t ,   read ings   were   t aken   a t  0.5 mm i n t e r v a l s .  
The t e s t  was c o n t i n u e d   u n t i l   t h e  specimen was 
compressed approx imate ly  18%. 

The tes t   t empera tu re   va r ied   f rom -0.5OC t o  -11.00 
C and the   l oad ing   ra tes   va r ied   f rom  0 .381  mmlmin 
t o  2.540 mm/min. The  chamber pressure was 2.0 
kgf/cmZ ( 196.1  kPa) . 

RESULTS AND CONCLUSIONS 

TO d e t e r m i n e   t h e   l e v e l   o f   s i g n i f i c a n c e   o f   t h e  
two  var iab les  the  test   temperature  and  the  load-  
i n g   r a t e ,  a n   a n a l y s i s   o f   v a r i a n c e  was c a r r i e d  
o u t  usSng t h e  mean  maximum d e v i a t o r i c   s t r e s s  
values o f  random t h r e e   t e s t s   t h e   v a r i a b l e s  o f  
wh ich   were   w i th in   t he   spec i f i ed   l im i t s .  From t h e  
r e s u l t s   o f   t h e   a n a l y s i s  i t  was seen t h a t   t h e   t e s t  
temperature was a s i g n i f i c a n t   v a r i a b l e   ( i . e .  
changes i n   t h e   t e s t   t e m p e r a t u r e   a f f e c t   t h e   s h e a r  
s t r e n g t h  more than  the changes in t h e   l o a d i n g  
r a t e )  compared w i t h   t h e   l o a d i n g   r a t e   a t  a s ign -  
i f i c a n c e   l e v e l   o f  0.05, 
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TABLE 1 

S p e c i f i c  Liquid 
Gravi ty  L i m i t  

TABLE 2 

P l a s t i c  
Limit 

x 
24.7 

P l a s t i c i c y  
Index 

x 

15.5 

Value Smaller than 2 Micron I Percentage of Fines 

6.4 I 16 - 20 

Act iv i ty :  
(Rat io  of P l a s t i c i t y  
Index t o  the   Percent-  
age of f i n e s  smaller 
than 2 micron) 

0.97 - 0.78 

Optimum Moisture  Content 
(Cornpaction i n   t h e  
Miniature  Harvard Mold 
with  Standard  Proctor 
Energy). 

x 

18.7 

Mold Size (mm) 
- 

- Volume Weight o f  Number of Height of Number of Compaction  Ambient Temp. 

Diameter  Height 
cm kgf 

Hammer Hammer Drop Blows per Energy p e r  during 
Layers c m  Layer volume  Compaction 

kgf mlm3 OC 

33.34 71.53 62.4 0.550 3 15.24 15 60400 +22 2 2  

FIGURE 1 .  Dependence of the  shear  strength on the  test temperature and the loading rate. 
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FIGURE ,?.Dependence o f   t h e   s h e a r   s t r e n g t h  on t h e   l o a d i n g   r a t e  and the   t es t   t empera tu re .  

T e s t   r e s u l t s   a r e  shown i n   t h e  form of maximum de- 
v i a t o r i c   s t r e s s  - tes t   tempera ture  and maximum 
d e v i a t o r i c   s t r e s s  - l o a d i n g   r a t e   d i a g r a m s   i n  
F igu re  1 and 2 respec t i ve l y .   F igu re  3 shows 
s t r e s s - s t r a i n   c u r v e s   f o r   t h r e e   d i f f e r e n t   l o a d i n g  
r a t e s   a t  -0.5OC and a t  a chamber pressure of  
196.1  kPa. 

As shown on  F igure 1 i t  was observed  tha t  a 
l i n e a r   r e l a t i o n s h i p   e x i s t e d  between  the  shear 
s t r e n g t h  o f  the  f rozen  spec imen  and  the  test  
temperature  for  temperatures  between - 0 . 5 O C  and 
-3.OOC. Th is   re la t i onsh ip   can   be   f o rmu la ted   as :  

( cl - C3)max. = -0.456T t b 

where ( C 1  - c3)max. = Maximum d e v i a t o r i c  
s t r e s s   i n  mPa 

T = Test  temperature i n  OC ( shou ld  
be  used  wi th  i t s  a l g e b r a i c   s i g n ) .  

b = 0.520 MPa for a l o a d i n g   r a t e  
of  0.508  mmhinute. 

b = 0.637 MPa for a l o a d i n g   r a t e  
of 1,143  mm/minute. 

b = 0.755 MPa f o r  a l o a d i n g   r a t e  
of 2.540 mm/minute 

F igures 1 and 2 show tha t   fo r   tempera tures   be low 
-5OC, t h e   r a t e   o f   i n c r e a s e   o f   t h e   s h e a r   s t r e n g t h  
wi th  the  temperature  lessens,  however  the  ef fect  
o f   t h e   l o a d i n g   r a t e  on the   shear   s t rength  becomes 
more p e r c e p t i b l e .  The decreasing  s lope  of   the 
maximum d e v i a t o r i c   s t r e s s  - temperature  curve 
below -5OC i s   b e l i e v e d   t o  be  caused  by a change 
i n   t h e   r a t e  of  decrease o f  the   un f rozen   wa te r  
e x i s t i n g  i n  t h e   f r o z e n   s o i l .  



646 

A X I A L  STRAIN E lo/ 1 
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PROBLEMS AND POSSIBILITIES OF STUDYING THE PROCESSES OF DYNAMIC RELAXATION IN 
FROZEN  EARTH  MATER I ALS 

A.D. F ro lov ,  Moscow Geol,  Survey  Inst.,  U . S . S . R .  

By summariz ing  and  analyzing the s p e c i f i c s   o f   f r o z e n   s o i l s  as heterogeneous 
macrosys tems,   inc lud ing   re laxa t ion   theory  and  exper imenta l   data,   the  author   s ing les 
o u t   r e l a x a t i o n   s p e c t r o s c o p y   i n   p e r i o d i c   f i e l d s  a s  one o f   t h e   p r o m i s i n g   d i r e c t i o n s  
i n  t h e   s t u d y   o f   t h e   p h y s i c s   o f   f r o z e n   e a r t h   m a t e r i a l s .  The advantages of u s i n g  
re laxa t i on   spec t roscopy   t o   i nves t i ga te   t he   deve lopmen t ,  changes  and i n t e r -  
re la t i onsh ips   o f   dynamic   mechan ica l  and e l e c t r i c a l   p r o p e r t i e s   o f   f r o z e n   S o i l 5  and 
i ce   a re   d i scussed .  The p o s s i b i  1 i t y   o f   i n t e g r a t e d   s t u d i e s  o f  f r o z e n  soils by means 
o f  r e l a x a t i o n   s p e c t r o s c o p y   i n   d i f f e r e n t   f o r c e   f i e l d s   i n   d i f f e r e n t   r e g i m e s  of  t h e i r  
changes i s   n o t e d .  

P R O B L ~ M E S  ET PERSPECTIVES DE L G T U D E  DES PROCESSUS DE RELAXATION DYNAMIQUE DANS 
LES ROCHES C R Y O G ~ N  I QUES 

A.D.  F r o l o v ,   l n s t i t u t  de prospect ion  geolog ique de MOSCOU, URSS 

La g & n & r a l i s a t i o n  e t  l ' a n a l y s e  des t r a i t s   p r o p r e s   a u x   g C l i s o l s   e n   t a n t  que 
macrosystGmes  h6terog$nes, l a   t h e o r i e  de l a  r e l a x a t i o n  e t  l e s  donn&es  experimentales 
permet ten t  de cons iderer  l a  spec t roscop ie   de   re laxa t i on  dans l e s  champs per iod iques  
comme une o r i e n t a t i o n   i n t e r e s s a n t e  de l ' e t u d e  de l a   p h y s i q u e  des roches  cryogeniques. 
L ' a u t e u r  dernontre l 'u t i l i te  de l a   s p e c t r o s c o p i e   d e   r e l a x a t i o n  dans l a  recherche des 
l o i s  de la   fo rmat ion ' ,  de l a  v a r i a t i o n   e t  de  l ' in terdgpendance des p r o p r i e t e s  
dynamiques,  mEcaniques e t  e l e c t r i q u e s  des g e l i s o l s   e t  de l a   g lace .   Cons ta ta t i on  
e s t   f a i t e  des p o s s i b i l i t g s  des  recherches  integrees  sur les roches  cryogeniques 
au moyen de l a   s p e c t r o s c o p i e   d e   r e l a x a t i o n  dans d i f f g r e n t s  champs de f o r c e   e t  dans 
d i f f g r e n t s  rgg imes  de  var ia t ion.  

l7POEJlEMbI M rIEPCrlEKTMBbI M3YYEHMFI IIPOUECCOB n M H A " Y E C K 0 R  PEJIAKCAUMM 
B KPMOrEHHbIX nOPOaAx 
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STRENGTH AND DEFORMATION OF FROZEN S I L T  

F .  Donald  Haynes,  U.S.Army Cold  Reg ions   Resea rch  and Eng inee r ing  
Labora tory ,   Hanover ,  New Hampshire, U.S.A. 

R e s u l t s  are g i v e n   f o r  t e s t s  made i n   u n i a x i a l   t e n s i o n  and u n i a x i a l  
compress ion  on f r o z e n   F a i r b a n k s  silt. These c o n s t a n t  d i s p l a  erne t 
rate t e s t s  were made o v e r  a s t r a i n  r a t e  range fgom 1.6 x lo-' s-' t o  
2 . 9  s - l  and a t e m p e r a t u r e   r a n g e   f r o m  O°C t o  -57 C .  Over these  r a n g e s  
t h e  c o m p r e s s i v e   s t r e n g t h   i n c r e a s e d   a b o u t  one o rde r  of magn i tude ,  w h i l e  
the t e n s i l e   s t r e n g t h   d o u b l e d   o v e r  t h e  s t r a i n  r a t e  r a n g e   a n d   i n c r e a s e d  
abou t   one   o rde r  o f  magn i tude   ove r  t h e  t e m p e r a t u r e  range.  F o r   i n c r e a s -  
i n g   s t r a i n  r a t e  a n d   d e c r e a s i n g   t e m p e r a t u r e ,  t h e  s p e c i f i c   e n e r g y   f o r   t h e  
compress ion  t e s t s  and the modulus i n c r e a s e d  b u t  t h e  s p e c i f i c   e n e r g y  for 
t h e  t e n s i o n  t e s t s  d e c r e a s e d .   E x p r e s s i o n s  were deve loped  f o r  t h e  
s t r e n g t h  as a f u n c t i o n  of s t r a i n  r a t e  and   t empera tu re .  The inc rease  
i n   s t r e n g t h  w i t h  h ighe r  s t r a i n  rates and l o w e r   t e m p e r a t u r e s  i s  
e x p l a i n e d  by  t h e  s t r e n g t h  o f  t h e  i c e   m a t r i x ,   c h a n g e s   i n  the u n f r o z e n  
water c o n t e n t ,   a n d   i n t e r g r a n u l a r  friction. 

R~SISTANCE ~ C A N I Q U E  ET D~FORMATION DES SILTS GEL& 
On prgsente ici les  rssultats  d'essais  au  cours  desquels un silt gel6  provenant 

de  Fairbanks  a gt& soumis 2 des essais de traction et de  compression  uniaxiales. 
Pour  ces  essais, on a considGr6  une  vitesse  de  dgplace ent constante,  pour  une 
vitesse  de  di5formation  comprise  entre 1.6 x 10 -4 /s  -' B 2.9  s -1 la tempsrature 
gtant  comprise  entre 0 OC et -57 OC. Dans ce domaine,  la  r6sistance 2 la  compression 
a  augment6  d'environ un  ordre  de  grandeur,  tandis  que  la rgsistance 5 la  traction  a 
doublg  sur  l'intervalle des  vitesses  de  dgformation,  et a augment6  d'environ un 
ordre  de  grandeur  sur  l'intervalle de tempgrature.  En  augmentant  la  vitesse de 
dzformation  et  en  diminuant la tempgrature, on a  constat6  que  l'snergie  spgcifique 
qu'exigent  les  essais de compression  et le  module ont augments,  mais  que l'hergie 
sp6cifique  qu'exigent les  essais de  traction  a  diminug.  On a Btabli  des  expressions 
de la  r6sistance  mgcanique  en  fonction  de la vitesse de dgformation  et de la temp& 
rature.  L'augmentation  de  rgsistance  rnzcanique 2 mesure  qu'augmentent  les  vitesses 
de  dgformation  et  que  diminue  la  tempsrature  s'explique  par  la  rssistance de la 
matrice  de  glace,  les  variations de la  teneur en eau  non  gel6e  et le frottement qui 
s'exerce  entre les grains. 

IIPOYHOCTb kI ~ E c ~ O P M A U B R  MEP3JIOrO MJIA B PAmOHE O P E E H K C  
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STRENGTH AND DEFORMATION OF FROZEN  SILT 

F. Donald Haynes 

U.S. Army Cold Regions Research and Engineering Laboratory 
Hanover, New Hampshire, USA 

INTRODUCTION 

The strength and deformatlon of frozen 
soils depend upon several variables, among 
which are strain rate and temperature 
(Mellor and Smith 1966, Sayles 1966, Sayles 
and Epanchin 1966, Vialov 1965). In a 
frozen saturated silt the interstitial ice 
bonds the soil grains together, so that the 
strength of the ice becomes an important 
factor. The unfrozen water film surround- 
ing the soil particles persists even at 
temperatures to -190°C and this influences 
the strength and the type of failure (Fair- 
hurst 1970). Once deformation of the soil 
permits grain-to-grain contact of the soil 
and/or ice, intergranular friction can im- 
pede failure (Sayles and Haines 1974). 

A laboratory investigation was under- 
taken in order to determine the effect of 
strain rate and temperature on the uniaxial 
compressive strength and the uniaxial 
tensile strength o f  frozen silt. The 
initial tangent modulus was also obtained 
as a function of the test variables, 

TEST PROGRAM 

The material selected for the tests 
was Fairbanks silt which had a specific 
gravity of 2.71 and a dry density of about 
1420 kg/m3. A mold, in which aluminum end 
caps were placed, was used to compact the 
silt. Inserts were also placed. in the 
mold to produce a dumbbell-shaped specimen 
with a minimum diameter of 2 5 . 4  mm and a 
gage length of 38.1 mm. The dumbbell-shape 
largely eliminates undesirable end effects 
in the compression tests and provides a 
minimum area for failure in the tension 
tests. After compaction, the silt was 
saturated with  distllled, deaerated water 
and frozen from the top down in  an open 
system where water was supplied to the 
bottom of each specimen. The specimens 
tested had a density of about 1840 kg/m3, 
a moisture content o r  about 3 O % ,  and a 
void ratio of about 0.95. 

All specimens were tested on a closed- 
Loop testing machine operated at a constant 
displacement rate. An envlronmental 
chamber was used in conjunction with the 

testing machine. A load cell was used to 
measure the applied load and the signals 
from two linear variable dlfferential 
transformer transducers were averaged to 
obtain the axial deformation. Tests Were 
conducted over a strain rate range from 
1.6~10-~ s-l to 2.9 sU1 and a temperature 
range from -0,lOC to -57°C. 

UNIAXIAL STRENGTH 

The behavior of frozen silt under 
unlaxial stress varies widely with in- 
creasing strain rates and decreasing tem- 
peratures (Sayles and Haines 1974, Wolfe 
Grid Thieme 1964).  At high strain rates, 
E z 1.0 swl, and at low temperatures, 8 
c - 4 O 0 C ,  an elastic behavior is usually 
observed. For lower strain rates and 
higher temperatures a viscoelastic be- 
havior is usually observed. A typical 
viscoelastic response from uniaxial com- 
pressive loading at a strain rate of 
s-l and a temperature of - 2 O C  is shown in 
Figure 1. The specimen continued to sus- 
tain a load with increasing deformation 
beyond the linear range of the LVDT's. 
The true stress was found for such tests 
by assuming a Poisson's ratio of 1/2 to 
account for the increase In cross-section- 
al area. Figure 1 shows that the maximum 
true stress coincided with point A on the 
load-deformation curve. For all tests 
with similar load-deformation curves, 
point A was selected as the point of 
railure stress. In this investigatlon as 
in others (Kaplar 1953, Sayles and Haines 
1974, Wolfe and Thieme 1964) the uniaxial 
Compressive strength was found to be very 
sensitive to strain rate and to tempera- 
ture. The compressive strength as a func- 
tion of strain rate and temperature is 
shown in Figure 2 .  For a given strain 
rate the strength Increases over an order 
of magnitude as the temperature is de- 
creased from - 0 . l O C  to -50°C. At a given 
temperature, the compressive strength is 
related to the strain rate by 

u = A E  ab c (1) 

where the strength uc is in MN/m2, the 
strain rate E is in s-l and the constants 
A and b for a given temperature fJ are 
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Figure  1. Load and t r u e   s t r e s s   v s   d e f o r -  
mat ion f o r  a s l o w   c o m p r e s s i o n   t e s t ,  ma- 
chine  speed 0 . 0 4 2 3  cm/s. 

::7/ - 0  I 
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Figure  2 .  Compress ive   s t r eng th   a s  a func- 
t i o n  o f  s t r a i n   r a t e .  

g i v e n   i n   T a b l e  1. 

Table  1. Cons tan t s  f o r  e q u a t i o n  1. 

e A b 

- 0.1OC 7.08 0.302 
- 1 . 7  14.68 0 * 327 
- 5.6 1 8 . 6 4  0.256 
- 9.4 29.0 0 . 2 8  
-17.8 4 7 . 3  0.26 
-34 .4  60.2 0.164 
-50.7 89.2 0.151 

These   cons tan ts   were   found by a l e a s t -  
squa res  f i t  and a re  a p p l i c a b l e   o v e r   t h e  
t empera tu res   i nd ica t ed   and  f o r  s t r a i n  
r a t e s   f r o m  4 ~ 1 0 - ~  t o  0 . 4  s-l. There was 
no t e n d e n c y   f o r  the  c o m p r e s s l v e   s t r e n g t h  
t o   p l a t e a u  a t  t h e  h ighes t  s t r a i n   r a t e s  
and   l owes t   t empera tu res .   Th i s   i nd lca t e s  

4 0.0423 cm/s 
A 4 2 3  cm/s 

/ 

Temperalure ( ' C )  

Figure  3 .  Compress ive   s t rength  v s  temper- 
a t u r e  f o r  Fa i rbanks  s i l t .  

tha t  t h e  maximum s t r e n g t h  w i l l  be  found 
beyond t h e   r a n g e  o f  t h e  t e s t   v a r i a b l e s  
used .  

The c o m p r e s s i v e   s t r e n g t h  as  a func-  
t i o n  of t empera tu re  i s  shown I n   F i g u r e  3 .  
Each  point   on  the graph  r e p r e s e n t s   t h e  
average  of a t  l e a s t   t h r e e   t e s t s .   F o r   t h e  
higher   machine  speed,  4 . 2 3  cm/s, t h e  aver -  
a g e   s t r a i n   r a t e  was 0.4 s-l a n d   f o r   t h e  
lower  machine  speed,  0.0423 cm/s, t h e  
a v e r a g e   s t r a i n   r a t e  was 5 , 7 ~ l O - ~  s-l. 
Even  though  the   s t rength  i s  h i g h e r  f o r  t h e  
h i g h e r   s t r a i n   r a t e  t e s t s ,  t h e   r a t e  o f  i n -  
c r e a s e   a p p e a r s  t o  be   i ndependen t   o f   s t r a in  
r a t e  a t  t empera tu res   l ower   t han  - 4 5 O C .  

The t e n s i l e   s t r e n g t h  was f o u n d   t o   b e  
r e l a t i v e l y   i n s e n s i t i v e   t o   s t r a i n   r a t e   a n d  
t empera tu re   excep t  a t  low s t r a i n   r a t e s  
and  temperatures  above -6"~. These  r e -  
s u l t s  are shown i n  F igu re  4 .  A s  t h e  tem- 
p e r a t u r e  i s  decreased  f rom -0.1OC t o  -57OC 
the  t e n s i l e   s t r e n g t h ' i n c r e a s e s   a b o u t   a n  
o r d e r  of magnitude a t  a s t r a i n   r a t e  of 
3 ~ 1 0 - ~  s-l and  quadruples  a t  a s t r a i n   r a t e  
of 1 0 - l  s-l, The t e n s i l e   s t r e n g t h  as  a 
r u n c t l o n  of  s t r a i n   r a t e   c a n   b e   e x p r e s s e d  
by 

u T = A €  - b  

where   t he   cons t an t s  R and b f o r  a g iven  
t empera tu re  e were  found by a l e a s t -  
squa res  f i t  and a re  given i n   T a b l e  2 .  
As b e f o r e ,   t h e   s t r e n g t h ,  UT,  is i n  MN/m2 
a n d   t h e   s t r a i n   r a t e ,  E ,  i s  i n  s-l. These 
c o n s t a n t s   a r e   a p p l i c a b l e  for s t r a i n   r a t e s  
from T x ~ O - ~  to 0.1 sdl. 
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Table  2. Constan ts  for e q u a t i o n  2 .  
I I I I I I I I  

0 A 0 -10 -20  -30 -40 A - 5 0  -60 
b Temperoture ("c) 

- 0.1oc 3 . 0  0 .18  F igu re  5 .  T e n s i l e   s t r e n g t h  as a f u n c t i o n  
- 1 * 7  4.1 0 . 0 8 9  of t empera tu re .  
- 5+6 5 . 1  0.012 
- 9.14 5*7 - 0 . 0 0 2 6  
-1.7.8 6 , 14 0 . 0 0 2 4  
-34.4 11 . 9 -0.037 
-56.7 6 . 8  - 0 . 0 1  

The t e n s i l e   s t r * c n g t h  a t  t empera tu res  
down t o  -57'C i s  p l o t t e d   i n   F i g u r e  5 ,  
Each   po in t   r ep resen t s   an   ave rage  o f  a t  
l e a s t   t h r e e   t e s t s   e x c e p t  tha t  t h e   p o i n t  a t  
-34.4OC and a t  4.23 cm/s r e p r e s e n t s   o n e  
t e s t  a n d   t h e   p o l n t   a t  - 5 6 . T ° C  and a t  * 2 3  
cm/s r e p r e s e n t s   t h e   a v e r a g e  of  two t e s t s .  
For, the   h igher   machine   speed ,   4 .23  cm/s 
t h e   a v e r a g e   s t r a i n   r a t e  was 5 .  9 ~ 1 0 - ~  s - ~ ,  
and f'or t h e   l o w e r   m a c h h e   s p e e d ,  0.01123 
cm/s, t h e   a v e r a g e   s t r a l n   r a t e  was 3 . 2 ~ 1 0 - ~  
s-l. The p lo t t ed   cu rves   were   ob ta ined  
from a l e a s t   s q u a r e s   f i t   t o   t h e   d a t a .  A 
r a t e  o f   i n c r e a s e   i n   t h e   s t r e n g t h  i s  g r e a t -  
e s t  and similar f o r  a l l  t e s t s  above -18OC. 

A s u r f a c e   r e p r e s e n t i n g   t h e   c o m p r e s -  
s l v c   s t r e n g t h  as  a f u n c t i o n  o f  t empera tu re  
and. s t r a i n   r a t e  i s  shown i n   F i g u r e  6 .  Be-  
cause  of l i m i t e d  data a v a i l a b l e  some e x t r a -  
p o l a t i o n  was n e c e s s a r y   t o   c o m p l e t e   t h e  s u r -  F i g u r e  6. un iax ia l  compressive strength 
f a c e   o v e r   t h e   t e m p e r a t u r e   a n d   s t r a i n   r a t e  
r anges  shown.  The fol lowling equa t ions  
w e r e   d e t e r m i n e d   t o   b e s t   d e s c r l b e   t h e   s u r -  
f a c e :  

o f  Fa i rbanks  s i l t .  Line  segments  between 
p o i n t s  (0-0) r e p r e s e n t   d a t a .   O t h e r   l i n e  
s e g m e n t s   r , e p r e s e n t   e x t r a p o l a t i o n s .  

C = ~ o E O . ~ ~  t 1.360,  ( 3 )  maximum modulus as i n d i c a t e d  b y  t h e  Load- 
d e f o r m a t i o n   c u r v e   i n   F i g u r e  1. The 
modulus as a f u n c t i o n   o f   s t r a i n   r a t e  i s  
p r e s e n t e d   i n   F i g u r e  7 ,  A g e n e r a l   i n -  
c r e a s e  in t he  modulus w i t h  i n c r e a s i n g  
s t r a i n   s a t e  is observed  even w i t h  t h e  con- 
s i d e r a b l e   s c a t t e r   o f   t h e  da ta .  The e f f e c t  
t h a t   t e m p e s a t u r e  has on t h e  modulus i s  
g i v e n   i n   F i g u r e  8 .  Each   po in t   p lo t t ed  
is an  average o f  a t  l e a s t  th ree  t e s t s .  
Again, a g e n e r a l   i n c r c a s e   a n d   s c a t t e r   a r e  
observed.  However,   the r a t e  of i n c r e a s e  
appea r s   t o   be   g rea t e s t   be tween  O°C and 
-10'C. The modulus r e s u l t s  o f  t h i s   I n -  

for 4 ~ 1 0 - ~  < E < 3 

U c  = 7 . 1 E  + 0.330, t 0.018; ( 4 )  

for  10-3 < ; < 4 ~ 1 0 - ~  

where u c  i s  t h e   c o m p r e s s i v e   s t r e n g t h   i n  
MN/m2, E i s  s t r a i n   r a t e   i n  s-l, and O n  i s  
O C / - l Q C  * 

I N I T I A L  TANGENT MODULUS 

The i n i t i a l   t a n g e n t  modulus was c a l -  
v e s t i g a t l o n  show good agreement w i t h  
t h o s e   f o r   f r o z e n  Ottawa s a n d   r e p o r t e d  b y  
S a y l e s  and Epanchin (1966), f o r  p o l y c r y -  c u l a t e d   f o r   e a c h   t e s t   a n d   r e p r e s e n t s   t h e  
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S t m n  R o l e  1 5 ' )  

Figure 7, Initial tangent modulus as a 
function o f  straln rate at -9.4"C. 

Temperature ('C) 
Figure 8. Initial tangent modulus vs tem- 
perature for Fairbanks silt. 

stalllne ice reported by Hawkes and Mellor 
(1972),  and for Fairbanks sllt found by 
Kaplar (1963 1. 

FAILURE ANALYSIS 

The failure mode for frozen s l l t  de- 
pends upon the temperature and strain rate. 
At temperatures above - 4 O C  and strain rates 
below L O - 3  s-l a vlscoelastic behavior was 
abserved for both the compression and ten- 
sion tests. A definitely brittle behavior 
was observed at temperatures below -34OC 
and strain rates above 10-1 s-l for the 
uniaxlal tests. Combinations of plastic 
deformation and cleavage cracking were 
found for the compression tests at inter- 
mediate temperatures and strain rates. 

The brittle fracture criterion pro- 
posed by Griffith (1924) appears to be a 
reasonable explanatlon for fracture initl- 
ation in frozen soils. His theory showed 
that a microcrack could grow under the 
application of a critical stress. Since 
polycrystalline ice usually has flaws 
such as cracks and air bubbles, it  is 
likely that cracks would propagate from 
such stress risers. The effect of soil 
grains in this system is to arrest or im- 
pede crack propagation and this explains 
the hlgher strengths found for frozen 
saturated soil than for polycrystalline 
ice. lJnder comparable temperatures and 
strain rates, Haynes (unpublished) found 
that frozen silt is about 50-90% stronger 
than polycrystalline ice. 

Unfrozen water present in saturated 
soils is discussed by Anderson and Morgen- 
stern (1973), and Hoekstra (1969). It 
has a deflnitc effect on the strength of 
frozen soil and frozen rocks. Using the 
methods f o r  calculating the unfrozen 
water content, Wu, developed by Anderson 
and Tice (1972) the compressive and ten- 
sile strengths are plotted as functions 
of unfrozen water content in Figures 9 
and 10 respectively. Since  the unfrozen 
water increases rapidly above - l O ° C ,  the 
greatest effect is to be expected in this 
range. This conclusion is substantiated 
by the rapid decrease in tensile strength 
at temperatures above -1OOC shown in 
Figure 5. Under stress, the ice matrix 
may experience pressure melting, describ- 
ed  by Hoekstra and Keune (1967), whlch 
will increase the water content. An in- 
crease in the water content is suggested 
as being a cause for  the plastlc deforma- 
tion observed at temperatures above - l o o c .  

The ice matrix is strengthened with 
increasing Strain rate and decreasing 
temperature. The following rates of in- 
crease in compresslve strength are re- 
ported by Haynes (unpublished): 

at  -7OC and 10' s-l and 

do c =  0.79 MN 
ae m q  

at L = b . 4  s-l and 0°<e<-560C for polycry- 
stalline Ice. From  Flgure 3 the compres- 
sive strength of frozen silt Increases at 
a rate of 1.362 MN/m20C. It is readily 
seen that the ice matrix may account for 
5 8 %  of this rate of increase. Below 
- 1 O O C  the tensile strength of silt does 
not increase rapldly and t h l s  agrees well 
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A 0.0423 ern16 
4 4.23 cm/s 

i 

W, ( g  H p p  dry  soil I 

Figure 9 .  Compressive strength of Pair- 
banks silt as a function of unfrozen water. 

IO , , , ,  
Tension 
0 00423 cm/s 

4 23 cm/s 

0 - 001 0 0 2  003 004 005 

w. lgH,O/Q dry salll 

Figure 10. Tensile strength of Palrbanks 
silt as a function o f  unfrozen water. 

with results by Hawkes and Mellor (1972) 
and Baynes (unpublished). 

Intergranular friction between the 
soil grains and/or ice grains in creep 

tests Is discussed by Sayles and Haines 
(1974). This effect should  be most impor- 
tant where plastic deformation is obser- 
ved. Since some plastic deformation was 
found for a wide range of compression 
tests at -48"~ and E = 4 . 7 ~ 1 0 - ~  s-l and at 
-9°C and f = 5 . 2 ~ 1 0 - ~ ,  intergranular fric- 
tion should  be considered an important 
factor in strengthening frozen silt. 

SUMMARY 

The uniaxial compressive strength of 
frozen saturated Fairbanks silt increases 
about one order of magnitude as the strain 
rate  is increased from to 2.9 s-l at 
a constant temperature of - 9 . b " C .  A 
similar increase is observed a s  the tem- 
perature is decreased from -0.1OC to -57'C 
at average strain rates of 0.4 s - ~  and 
5.7~10-~ s-l. The Compressive strength 
showed no tendency to plateau as it in- 
creased. The uniaxial tensile strength 
i s  less sensltive to the test variables, 
doubling over the straln rate range and 
increasing 3-8 times over the temperature 
range. An increase in the initial tangent 
modulus wlth increasing strain rate and 
decreasing temperature was found from the 
uniaxial tests.  An expanded range of the 
test variables is necessary to determine 
maximum and minimum values for these 
properties. 

The Increase in strength of frozen 
silt can be explained by changes in the 
unfrozen water film surrounding the soil 
grains, strengthening of the ice matrix, 
and Intergranular friction between the 
soil and/or ice grains. Even though the 
unfrozen adsorbed water film can exist 
down to -190°C, the greatest effect it 
will have on the strength should be above 
-1OOC where i.t has the greatest rate of 
increase. Based on tests with polycry- 
stalline ice, the ice matrix i s  strength- 
ened at rates of 0.294 MN/m2 s-l at a 
constant temperature of -7OC  and 0 . 7 9  
MN/m2'C at a constant strain rate of 0.4 
s-l, These values indicate that ice 
strengthening may account for 58% of the 
rate of increase f o r  frozen silt. The 
keying action produced by intergranular 
frictlon subsequent to axlal and lateral 
deformation can be an Important factor 
in strengthening frozen silt under com- 
pressive stress. 
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INFLUENCE OF FREEZING AND THAWING ON THE RESILIENT PROPERTIES OF A SILT  SOIL 
BENEATH AN ASPHALT  PAVEMENT 

Thaddeus C. Johnson,  David M. Cole, and Edwin J. Chamberlain,  U.S. Army Cold 
Regions  Research & Engineering  Laboratory,   Hanover ,  New Hampshire, U.S .A.  

S t r e s s -de fo rma t ion   da t a  for si l t  s u b g r a d e   s o i l  were o b t a i n e d  from i n - s i t u  
tests and. l a b o r a t o r y  tests, for u s e  i n  mechan i s t i c   mode l s   fo r   des ign  of pavements 
a f f e c t e d   b y   f r o s t   a c t i o n .   P l a t e - b e a r i n g  tests were run   on   b i tuminous   concre te  
pavemen t s   cons t ruc t ed   d i r ec t ly   on  a s i l t  s u b g r a d e ,   a p p l y i n g   r e p e a t e d   l o a d s   t o   t h e  
pavemen t   su r f ace   wh i l e   t he  s i l t  was f rozen ,   t hawing ,   t hawed ,   and   fu l ly   r ecove red .  
R e p e a t e d - l o a d   l a b o r a t o r y   t r i a x i a l  tests were performed  on  the s i l t  i n   t h e  same 
c o n d i t i o n s .   A n a l y s i s   o f   d e f l e c t i o n   d a t a   f r o m   t h e   i n - s i t u  tests showed res i l ien t  
moduli  of t h e  s i l t  as low as 2000 kPa f o r  the c r i t i c a l  thawing   per iod ,   and  
100,000 kPa o r  h i g h e r  when f u l l y   r e c o v e r e d .   A n a l y s i s  of t h e   l a b o r a t o r y  tests, 
which  gave  moduli  comparable t o  t h e  l a t te r  v a l u e s ,  showed t h a t   r e s i l i e n t  modulus 
dur ing   recovery   f rom  the   thaw-weakened   condi t ion   can   be   modeled  as a f u n c t i o n  of 
t h e   c h a n g i n g   m o i s t u r e   c o n t e n t .  

INFLUENCE QU'EXERCENT LE GEL ET LE D I ~ G E L  SUR LES P R O P R I ~ T ~ S  ~LASTIQUES D ~ U N  SOL 
LIMONEUX AU-DESSOUS D ~ U N  REVETDENT ROUTIER  ASPHALT^. 

On a o b t e n u   a u   c o u r s   d ' e s s a i s   i n   s i t u  e t  d ' e s s a i s   d e   l a b o r a t o i r e   d e s  donnGes 
s u r  les c a r a t G r i s t i q u e s  contraintes-dGformations du  sous-sol   l imoneux  d 'une  route;  
ces donnges  ont  servi 2 G t a b l i r   d e s   m o d g l e e   p e r m e t t a n t   d ' 6 p r o u v e r  l a  concept ion   de  
revgternents r o u t i e r s   s o u m i s  2 l ' a c 5 i o n  du g e l .  On a e f f e c t &   d e s  essais de charge  
avec p l a q u e  c i rcu la i re  s u r  d e s  revetements en  bgton 2 l i a n t   h y d r o c a r b o n g ,  e t  
c o n s t r u i t s   d i r e c t e m e n :   s u r   u n  sous-sol limoneux, en a p p l i q u a n t   d e s   c h a r g e s   r g p g t G @ s  
s u r  l a  su r face   du   r eve temen t ,   pendan t  l e  g e l ,  l e  d g g e l   p a r t i e l ,  e t  l e  d g g e l   t o t a l   d u  
l i m o n ,   p u i s   a p r z s  l a  r e c u p g r a t i o n   c o m p l s t e   d e   c e l u i - c i .  On a a u s s i   r E a l i s 6  au  
l a b o r a t o i r e ,   d a n s  l e s  mgmes c o n d i t i o n s ,   d e s  essais t r i a x i a u x   e n   s o u m e t t a n t  l e  limon 
2 des   cha rges   rGpEtGes .   L ' ana lyse   des   donn6es   r e l a t ives  2 l a  f l s c h e   o b t e n u e   a u   c o u r s  
d e s  essais i n  s i t u  a ind iqus   que  l e  modu le   de   rg s i l i ence   du  s i l t  pouva i t   descendre  
j u s q u ' z  200 kPa pendant  l a  p g r i o d e   c r i t i q u e   d e   d g g e l  et a t t e i n d r e   1 0 0  000 kPa,  ou 
mEme p l u s ,   a p r S s  sa r 6 c u p g r a t i o n   t o t a l e .   L ' a n a l y s e  des  essais e f f e c t u g s   a u   l a b o r a -  
t o i r e ,   q u i  a donn6  des  modules  comparables Z ces d e r n i z r e s   v a l e u r s ,  a indiquz  qu 'on 
p o u v a i t   r e p r g s e n t e r  l e  modu le   de   rg s i l i ence   pendan t  l a  p g r i o d e   d e   r g c u p g r a t i o n   q u i  
s u i t  l ' a f f a i b l i s s e m e n t   d u  s o l  di3 au   dggel ,   par   un   mods le   qu i   expr ime l e s  v a r i a t i o n s  
de  l a  t e n e u r  en eau.  

BJIMIIHME IIPOWCCOB 3AMEPSAHMR M OTTAHBAHMR HA YnPYrOCTh MnMCTOI'O I'PYHT'A tI0a 
ACOAJIbTOBhlM IIOKPMTMEM 
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INFLUENCE OF FREEZING AND ,THAWING ON THE RESILIENT PROPERTIES OP A SILT  SOIL 
BENEATH AN ASPHALT PAVEMENT 

Thaddeus C. Johnson, David M. Cole and Edwin J. Chamberlain 

U.S.  Army Cold Regions Research and Engineering Laboratory 
Hanover, New Hampshire, USA 

INTRODUCTION 

In the past the design of pavements in 
the cold regions has relied upon a slngle 
index of subgrade supporting capacity, 
whose numerical value is selected to rep- 
resent the worst case durlng thawing, the 
normal case after recovery, or  some sort of 
annual average. As design methods based on 
calculated stresses and strains become more 
widely adopted and refined, it will be  pos- 
sible to render a more adequate accounting 
for the extreme seasonal variation in sub- 
grade supporting capacity, by incorporating 
in the method a damage accumulator. 

Design procedures are available (Ber- 
gan and Monismith 1972 ,  Barker and Brabston 
1974) for analysis of fatigue damage accum- 
ulation in pavements subjected to freezing 
and thawing. These methods require a pre- 
diction of the seasonal values of the re- 
silient modulus M, (deviator stress divlded 
by recoverable strain),  and resilient Pois- 
son's ratio pry of each type of soil, base 
course, or other material in the pavement 
profile. 

The objective of the research sum- 
marized hereln was to develop laboratory 
testing techniques for obtainlng M for 
silts, which are among the soils tfiat ex- 
hibit the greatest seasonal range in sup- 
porting capaclty. The approach was  to 
compare the M, obtained from the laboratory 
testing of a silt with the results obtained 
from the analysis of repeated-load plate 
bearing tests for the frozen, thawing and 
recovery conditions. 

FIELD REPEATED-LOAD TESTING 

Test Pavements and Subarade Soil 

Repeated-load plate bearing tests were 
performed during the period February to 
December 1975 at  six test points on two 
pavements constructed In Ranover, New Hamp- 
shire, in July 1971. The pavements are 
entirely of asphalt concrete, placed  di- 
rectly on a prepared subgrade; the thick- 
ness of asphalt concrete is 127 mm for one 
Pavement and 229 mm for the other (Fig. 1). 

The subgrade soil is a silt  of  very 

Concre t t  
A s p h a l t  

,229-m A C  Povement+.127-m A C  Pavement 
[Test  ~ o ~ n t s  P4, P5, P 6 )  (Test brits PI, P2. P31 

S u r f a c e  M i x  1.0381: I 
B l n d e r  M I X  ti???? I 

B i n d e r  M I X  

Compacted 5111 Suhgrode 
( lop  4 6 m  scarlflad. 

blended,  and  compacted) 

FIG. 1 Test pavements. 

U S. Standard Sieves 

G r a i n  Sire ( m m )  

FIG. 2. Properties of Silt. 

low plasticity contalning varying amounts 
of sand  (Fig. 2) ,  classified ML under the 
Unifled Soil Classlflcation System. The 
soil is consldered extremely frost-suscep- 
tible, as evidenced by slgnificant mois- 
ture migration and  frost heave even in 
closed-system freezlng (Quinn et  aL. 1 9 7 3 ) ,  
and by frost heave and spring break-up 
problems experienced on roads in Hanover 
constructed on similar materials. 

Repeated-Load Plate Bearing Tests 

The equipment used In the test is 
mounted on the back of a truck, the frame 
of which is supported on a heavy steel 
beam to provide a rirm reactlon for the 
plate load. The load actuator works on 
adjustable air pressure, and loads up t o  
about 53 kN can be applied at frequencies 
to about 20 per mlnute. 
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A load cell located on  top  of the 
plate produces a load signal for each load 
repetition. The resilient and residual de- 
Flectlons of the plate and o f  the pavement 
surface at various radial. distances are 
measured with linear variable differential 
transformers (LVDT's). A pen recorder was 
used for both load and deflection signal.s. 
For the tests reported herein a load of 
about: 40 kN was applied through a 304-mm- 
diameter plate. The load was repeated 1000 
times, wlth a wave form that approximates 
slowly moving trafflc (Fig. 3). 

Tests were performed at various stages 
in the annual cycle of freezing, thawing 
and strength recovery. Temperatures In the 
pavement and subgrade during tests at the 
six  test points are typiried by those shown 
in Figure 4 for test  point P1. The ob- 
served resilient deflections for the serles 
of tests at the same  point arc shown in 
Figure 5. 

RESILIENT MODULUS OF SUBGRADE CALCULATED 
FROM FIELD TESTS 

Mathematical Model 

To calculate the resilient modulus of 
the silt In the various stages of freeze- 
thaw cycling the pavement and subgrade were 
considered as an elastic layered system. 
Barenberg (1973) discussed some o f  the de- 
ficiencies of the layered system approach 
but concluded it is the best general mathe- 
matical model currently available for eval- 
uating pavement systems. The model em- 
ployed i s  that of Michelow (1963), for 
which the computer program was published 
by Warren and Dleckmann (1963). 

Inputs to the computer program include 
the average vertlcal pressure applied by 
the plate, M and of asphalt concrete 
for the loadyng time and temperature of'  the 
test, and Mr and of all layers of the 
subgrade including trlal values f o r  that 
layer for which the solution is desired. 
Program outputs include stresses, strains 
and displacements at various depths and 
radial distances. 

Characterlzation of Asphalt Concrete 

The stlffness moduli for the various 
layers of asphalt concrete selected f o r  use 
in the analyses are summarized in Figure 6 .  
Results of initial laboratory repeated-load 
trlaxial tests (described below) at devi- 
ator stresses of 310 and 413 kPa were used 
as a guide in selecting moduli for surface 
'cousses, while the modulus for the binder 
courses for the 229-mm pavement was based 
on tests at 103 kPa. After the moduli were 
selected and used in the analyses of de- 
flections measured in plate-bearing tests, 
additlonal laboratory testing of asphalt 
concrete was performed to evaluate the ef- 

Cvclo Time 3.3 I 

Pulse Duration 1 s 

a. Field Repeated Load Plate Bearing Tests. 

Cvcle Timc 3.0 s 
Pulse Duration 1 s 

b. Laboratory Repeated Load Triaxlal Tests. 
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0 

Temperature. "C 
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5 
r 
E 
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+ 

1.0 

15 1 1-. . ..  .. 

FIG. 4. Ground temperatures at test 
point P1. 

Dovs 

FIG. 5. Resllient def'lection o f  plate and 
two radial points, test point P1. 

f'ects of molsture content; somewhat lower 
moduli were found for the molst asphalt 
concrete at temperatures above freezing. 

Values of Poisson's ratio of the as- 
phalt concrete, f o r  use In analyzing the 
deflectlons, were selected based on re- 
view of published data (Sayegh 1967, 
Monlsmlth and Secor 1962) and on the lab- 
oratory testing described below. The val- 
ues adopted for the analyses are shown in 
Figure 6. 
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401 I I I ' I ' I  I I I I I , , , I \  I , 
I o3 

Stl f fness MnduIu$, MPo 
I o4 

FIG. 6. Stiffness modulus of asphalt con- 
crete used in analysis. 

Characterization o r  Frozen Silt 

During thawing and early stages of 
recovery, the pavement section still In- 
cluded a layer of frozen silt. The resil- 
ient moduli for the frozen silt adopted 
f o r  the analysis of plate bearing tests to 
calculate the resilient modulus of the sub- 
grade silt during thawing and recovery were 
taken from the initial results of labora- 
tory tests summarized in Fi.gure 9. The 
moduli are strongly dependent on tempera- 
ture, as illustrated by the following val- 
ues: 14.2 GPa ( - 4 O C ) ,  7.6 GPa (-3"C),  1.4 
GPa (-1'C). As values for Poisson's ratlo 
for the frozen silt were not obtained in 
the laboratory test program, a value of 
0.26, corresponding to a frequency of 1 
kHz and -3.g°C, was selected from Stevens' 
(1975) tests. 

Calculated Resilient Modulus of Silt Wlth- 
in the Zone of Freezing 

The deflection basins measured in six 
tests at test point P1 are shown In Figure 
7; the dates of the tests and the tempera- 
tures prevailing at the time of each test 
are shown in Figure 4. By solving for the 
surface deflections given by the layered 
elastic theory for successive trial resil- 
ient moduli of the thawing or recovering 
silt layer, that modulus was found which 
gave the best fit with the observed plate 
deflectlon; the resulting calculated de- 
flection basins also are shown in Figure 7. 

In many cases the entire calculated 
deflection basin coincided acceptably with 
the observed basin, as for example Pl-1, 
Pl -3  and P1-6. In other cases (Pl-0 and 
Pl-7) the deflection basins differed mark- 
edly, and only by using substantially 
lower moduli for the uppermost layer, the 
asphalt concrete, could the deflectlon 
basins be made to coincide. It does not 
seem implausible that the difficulty is 
attributable to the asphalt concrete, be- 
cause later tests on moist asphalt con- 
crete showed somewhat lower moduli, and 
because the discrepancy is encountered 

rn -measured 
c -calculated 

c(ol -ca lcu lo ted(ad lusted)  

O"'-J 

Rodio l  Distance from Center o f  Plate,   meters 

FIG. 7. Measured and calculated deflec- 
tion basin, test  point Pl. 

mope frequently and is more pronounced In 
those cases in whlch an error in asscss- 
ing the modulus of the asphalt concrete 
would have the greatest Impact on the re- 
sults. It is recognized, however, that 
part  of the dlscrepancy could  be attribut- 
able to inappropriateness of an elastic 
layered system model, compa~ed with the 
undoubted inelastic behavior of the 
materials. The rigidity of the loading 
plate also limits the applicability of 
the model, whlch assumes uniform stress 
distribution beneath the plate. 

Nevertheless, it is believed the 
possible inaccuracies deriving from use 
of an elastic model will be compensated 
in part by the use of the same model for 
design, calculating stresses and strains 
based upon inputs that Include those same 
moduli. Consequently, it is belleved the 
calculated moduli of the silt Yepresen'L 
reasonably well the moduli applicable f o r  
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FIG. 8. Calculated resllient moduli of 
subgrade silt, test  point PI.. 

use in design. The calculated moduli are 
shown In Figure 8 for test point P1. Gen- 
erally similar values were obtained at 
test points P2, P3,  P4, P5 and P6. The 
moduli shown in solid lines in Figure 8 
correspond to test values for asphalt con- 
crete summarized in Figure 6, while the 
dashed lines are those trial values that 
give the best flt of' the deflection baslns. 

b y 5  

REPEATED-LOAD TRIAXIAL TESTS 

Specimens, Equipment and Testing Procedures 

A s  repeated-load plate bearing test 
data for a given subgrade soil will seldom 
be available for use in designing new pave- 
ments, It is convenient to employ labora- 
tory tests to characterize the stress- 
deformation response of soil affected by 
freezing and thawing. To develop suitable 
techniques for this purpose, laboratory 
repeated-load triaxial tests were performed 
on asphalt concrete and silt cores 50 mm 
in diameter, taken from the test sections. 
Asphalt concrete cores were tested under 
varying temperature and moisture conditions 
and deviator stress levels. The silt  spec- 
imens, taken from the test pavements in the 
frozen condition, were tested at several 
subfreezing temperatures as well as in the 
thawed condition for a range of deviator 
stresses and moisture contents. Undis- 
turbed samples also were taken in the fall, 
and tested at in-situ moisture content and 
denslty to represent the fully recovered 
condition. 

Apparatus 

The test specimens were mounted in a 
conventional triaxial cell. Axial defor- 
mation measurements were obtained using 
four LVDT's. The stems were mounted on 
spring-loaded Plexiglas clamps at third 

points on the samples. The bar'rels were 
individually mounted on arms with two 
hinged joInts  to allow freedom of movement 
in the horizontal plane. 

Direct radial deformation measurement 
was made with three non-contacting varl- 
able impedance transducers (VIT) equally 
spaced about the specimen at mid-height 
and mounted on the triaxial cell cylinder. 
Each transducer required an aluminum foil 
target placed between the specimen and 
the rubber triaxial membrane. 

A minlature load cell mounted inside 
the triaxial cell served as a monitor for 
the axial load  and a feedback source for 
the testing machine. The load cell out- 
put, the sum of the three VIT outputs, 
and the average of the LVDT outputs were 
recorded simultaneously on a high-speed 
pressurized-ink strip chart recorder. 

The cyclic load was applied by a 
closed loop electro-hydraulic testing 
machine. An electro-mechanical device 
was programmed to produce the load pulse 
waverorm (see Fig. 3). The pulse dura- 
tion  was l second and frequency 20 cycles 
per minute. Test temperatures were moni- 
tored by a digital thermometer. Com- 
pressed nltrogen was used as a cell fluid. 

Procedures 

The asphalt concrete cores were 
trimmed to length (approximately 1 2 7  mm), 
and the ends and sides ground smooth with 
a high-speed grinder mounted on a lathe 
carriage. Specimens were subjected to a 
test series in their original condition 
and retested after being saturated under 
95 kPa vacuum. A flnal test series was 
performed after specimens were dried in a 
desiccator. Resulting water contents 
ranged from 0% to 2.0%. Test temperatures 
ranged from - 6 . 7 " ~  to 32.2OC. Deviator 
stress levels were 103.11 kPa for the 
32.2OC tests and 206.8 kFa  for all others. 
Load was applied for 200 cycles, or until 
a stable response was obtained. 

The silt cores were cut to length on 
a band saw while frozen. Ends were 
trimmed flat using a lathe. Tests on 
frozen specimens were conducted at several 
temperatures from - 6 . 7 O c  to -0.8Oc, and 
deviator stress levels from 69 kPa to 
about 660 kPa. Confining pressure was 
69 kPa throughout the test series. 

Specimens were thawed and con- 
solidated to varying degrees to obtain a 
range in sample properties. Thawed tests 
were conducted at room temperature 
(22.2OC). The deviator stress ranged 
from 3.5 kPa to a high of 172.4 k P a  whlle 
the confining pressures ranged from 6.9 
kPa to 103.4 kPa; these stress levels 
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were selected to conform with the range of 
vertlcal and tangential stresses developed 
in the silt during the plate bearing tests. 

RESILIENT PROPERTIES CALCULATED FROM 
LABORATORY TESTS 

A l l  test data were analyzed by multi- 
ple linear regression and analysis of varl- 
ance techniques, to obtain empirical rela- 
tionships between M, and ur and the signi- 
ficant variables. This technique was em- 
ployed to obtain easy access to Mr  and 
for a wlde variety of conditions. The re- 
gression equations were in polynomial form, 
expressing M, and in terms o f  deviator 
stress , confining sgress , dry density, 
water content and temperature. The moduli 
for silt in various conditlons shown in 
Ftgure 9 ape a result o f  the statistical 
analysis. 

Asphalt Concrete 

The resilient modulus M for the as- 
phalt concrete was observed go be primarily 
a function of temperature, decreasing by 
almost two orders of magnitude between -5OC 
and 30°C. Moisture content and deviator 
stress also were slgnificant factors. M, 
decreased by more than 3 0 %  for each percent 
increase in water content at 2 5 O C  and in- 
creased by approximately 2 5 %  for each per- 
cent increase in water content at -5 °C ;  
while at 0% water content Mr decreased by 
as much 35% for an increase In deviator 
stress of 1 0 3 . 4  kPa  to 310 .3  kPa. Confin- 
ing stress level had little effect on Mr. 

Sllt 

The resilient modulus of the frozen 
silt decreased more than one order of mag- 
nitude as the temperature approached the 
melting point, ranging from over lx104 MPa 
at -5.6'~ t o  less  than lx103 MPa at -0.5OC 
(Pig. 9 ) .  Increasing od influenced Mr to 
a lesser but still significant degree, de- 
creasing Mr  by approximately 50% between 
70  and 500 MPa. The parameters of u 3 ,  w 
and y d  did not appear to significantly af- 
fect the results for the range of condl- 
tions imposed. 

Upon thawlng, most samples were too 
soft and weak to test, and had to be either 
partially or fully consolidated under the 
respective confining pressure before ap- 
plying the repeated load. Water content 
was the most signlflcant factor affecting 
M,, which increased two orders of magni- 
tude from w = 3 9 %  to  w=29% (Fig. 9 ) .  In- 
creasing deviator stress decreased M, to a 
lesser degree (the greatest decreases oc- 
curring at the lower water contents), 
while increasing confining pressure and 
dry density increased Mr. 

It can be seen that there is a con- 

Curve 
A 
B 

C 

D 

E 

Description yd,Mg/m3 
Frozen 40 95 1.218 
Thawed, uncon- 39 95 1.290 
solidated 
Thawed, partial-35 90 1.314 
ly consolldated 
Thawed, partial-32 97 1.426 
ly consolidated 
Fully recovered 2 9  80 1.346 
7.. "1 

- I .  "I .I 

Deviator  S t r e $ $ .  k P n  
200 400 600 

FIG. 9. Resilient modulus OP silt from re- 
peated-load triaxial tests. 

slderable range of My over the frozen, 
thawed  and recovered states. Mr can 
change from lx104 MPa for the frozen con- 
dition to l e s s  than 4 MPa for the thawed 
condition, and then to more than 3 x 1 0 2  
MPa for the fully recovered condition. 

Poisson's ratio could not be ob- 
tained for the frozen silt because of ex- 
tremely small radial strains. For the un- 
frozen silt, H ranged from 0.20 to 0.50, 
the average vayue being 0.36. Generally, 

Increased with increasing deviator 
stress and decreasing confining pressure, 
the ur versus o d  plots being concave down- 
wards, 

DISCUSSION AND CONCLUSIONS 

From Figure 8 it can be seen that 
resilient moduli o f  the silt obtained 
from the results of field tests at point 
P1 vary from a milnimum of approxlmately 
2 MPa fn the thin thawed layer at the be- 
ginning of sugrade thawlng to 100-200 MPa 
in the fully recovered condition. Labora- 
tory test results showed M, for the uncon- 
solidated condition immediately arter 
thawing to be 4 MPa while the value for 
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the fully recovered  state  ranged  from 30 to 
300 MPa  depending  on  the  deviator  and  con- 
fining  stress  levels.  It  thus  appeass  that 
the  repeated  load  triaxial  test  can  ade- 
quately  obtain Mr values f o r  the  range of 
seasonal  conditions,  providing  that  con- 
dltions of moisture  are  known or can be  ac- 
curately  estimated.  The  minimum  values 
during  thawlng  are  extremely  low  and  cannot 
be  determined in  the  triaxial  test  because 
the specimens  are  unstable. 

The  research  results  summarized  herein 
lead to  the  following  conclusions: 

1. The resilient  modulus of silt  sub- 
grade  soil  can be  determined  from  deflec- 
tions  measured  in  plate  bearing  tests on 
the  pavement  surface.  The  rate of recovery 
from the  thaw-weakened  condition  can be 
determined  by  performing  such tests  through- 
out  the  thawing  and recovery  periods. The 
resilient  modulus of silt  ranges  from  about 
2 MPa  during  thawing,  to 100-200 MPa In the 
fully  recovered  state,  and  to  more  than 
10,000 MPa when  frozen. 

2. The  resilient  modulus and  Poisson's 
ratio of silt  after  thawing  and  during 
recovery can be determined by  laboratory 
repeated-load  triaxial  tests  on  undisturbed 
samples  obtained  in  the  frozen  condition  and 
tested  after  thawing.  Specimens o f  silt 
were too soft  immediately  after  thawing  to 
be tested,  and  first  had  to be  partially 
consolidated;  thus it was not possible  to 
deterrnlne the minimum  resilient  modulus. 

3. The  resilient  modulus  and  Poisson's 
ratio of silt determlned  in  repeated-load 
triaxial  tests  can be  expressed as  a  func- 
tion of deviator  stress,  minor  principal 
stress,  moisture  content,  dry  density,  and 
temperature. 

4. Under  given  stress  conditions,  the 
resilient  modulus  of  silt  during  recovery 
after  thaw can be modeled  as  a  function of 
changes  in  moisture  content  that  take  place 
during  consolidatton. 

Many  persons  at CRREL  particlpated  in 
this  research  project,  furnished  essential 
support,  and  contributed to I t s  successful 
completion.  The  authors  wish  to  acknow- 
ledge  partlcularly  the  contributions of 
R. Perham  who  developed  the  repeated-load 
plate-bearing  testing  device; J. Stubstad 
and  N. Smith  who  modified  and  adapted 
various  components of the  test equlpment, 
developed  the  testing  procedures,  and 
performed  most of the  plate-bearing  tests; 
R. Eaton who took  samples  and ran some of 
the  plate-bearing  tests;  and D. Van  Pelt 
who  reduced  the  data and  assisted  with  the 
computer  analyses.  This  study was sponsored 
by the U.S. Army,  Corps of Engineers. 
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NE I C E  

Stephen J .  Jones, In land  Waters  Di rectorate,   Env i ronment  Canada, Ottawa, Canada, 

T r i a x i a l   t e s t s   ( u n i a x i a l   c o m p r e s s i o n   p l u s   h y d r o s t a t i c )  have been 
performed on p u r e   p o l y c r y s t a l  I i n e   i c e   i n  t h e  s t r a i n - r a t e   r a n g e  10-6 t o  5 x 10-3 
5-1 a f  -12OC. The y i e l d   s t r e s s   i n c r e a s e d  by a f a c t o r  o f  two as t h e   h y d r o s t a t i c  
p ressure   inc reased  to  30 MNm-2 and then  decreased  con-ti  nuousl y t o   t h e   h i g h e s t  
hydros ta t i c   p ressure   reached ( 7 6  MNm-2). A t  t h e s e   s t r a i n - r a t e s   c r a c k i n g   i s  

SuPp-essed by  about IO MNm-2 h y d r o s t a t i c ,  and t h e   f l o w  .law exponent, n, i s  reduced 
from  about 5 a t  a tmospher ic   p ressure   to   about  3 a t  30 MNm-2 hyd ros ta t i c   p ressu re .  

ESSAI TRIAXIAL DES POLYCRISTAUX DE GLACE 

Stephen J. Jones, Direction ghgrale des  eaux  intgrieures,  Environnement  Canada, 
Ottawa,  Canada 

Des  essais  triaxiaux  (compression  uniaxiale y compris  hydrostatique) 
ont 6t6 effectues sur des polycristaux  de  glace  pure 3 des  vitesses  de  dgformation 
de 2 5 x s-l 2 -12°C. La limite  de  rgsistance a augmentE  par  un  facteur 
de  deux  avec  l'augmentation de la  pression  hydrostatique 2 30 MNm-2 et  ensuite 
e l l e  flgchit  de  facon  continue  jusqu'au  moment OG la  plus  haute  pression 
hydrostatique  est  atteinte (76 MNm-2). A ces  d6pendances  de  contrainte  les 
fissures  sont  supprimges par environ 10 MNmh2 hydrostatique,  et  l'exposant de l a  
loi  sur  l'gcoulement, n, est  r6duit  d'environ 5 sous  pression  atmosph6rique 3 
environ 3 sous  une  pression  hydrostatique  de 30 MNn'2. 

TPEXMEPHHE BCI'IblTAHMR IIOJ"PMCTAJIJ"ECKOl?O JlbZJA 
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TRIAXIAL TESTING OF POLYCRYSTALLINE I C E  

Stephen J .  Jones 

G lac io logy   D iv i s ion ,   I n land   Wate rs   D i rec to ra te  
Department o f   t h e  Environment,  Ottawa, K1A  OE7, Canada 

t o   t h e  samples,  using a s p e c i a l   j i g   t o   m a i n t a i n  
a l ignment ,   before  they  were  ready  for   the mechan- 
i c a l   t e s t s .  

INTRODUCTION 

Many workers   have  s tud ied   the   un iax ia l  mechan- 
i c a l   b e h a v i o u r   o f   i c e   b u t  few  have  bothered  wi th 
more complicated  stress  systems.  Rigsby  (1958) 
s t u d i e d   t h e   e f f e c t  o f  h y d r o s t a t i c   p r e s s u r e  on the  
shear  creep  behaviour o f   f o u r   s i n g l e   c r y s t a l s  and 
conc luded  tha t  if the  temperature was measured 
from t h e   p r e s s u r e   m e l t i n g   p o i n t ,   h y d r o s t a t i c   p r e s -  
sure  had no e f fec t .   Hae fe l  i and  others  (1968) de- 
f o r m e d   t h r e e   p o l y c r y s t a l l i n e   i c e  samples i n  com- 
p ress i ve   c reep   w i th  a 30 M N r 2  superimposed 
hydros ta t i c   p ressure   and showed t h a t   t h e   c r e e p   r a t e  
was inc reased  by   the   hydros ta t i c   p ressure ,   a t  
constant  temperature.  A t  h i g h e r   s t r a i n - r a t e s ,  
comparable t o   t h i s   s t u d y ,  Goughnour  and  Andersland 
(1968)  not iced a s l i g h t   i n c r e a s e   i n   t h e   s t r e n g t h  
o f  p u r e   i c e  samples w i t h  a 0.7 M N r 2  con f i n ing  
pressure.  Recently, Simonson  and others  (1975) 
c o n d u c t e d   t r i a x i a l   t e s t s  on ice,   and  sand- ice,   to 
200 MNmm2 a t  -10%  and  found a "monotonic  decrease 
i n   s t r e n g t h   t o   t h e   h i g h e s t   p r e s s u r e   t e s t e d " .   T h e r e  
has  been  several  studies on var ious  sand- ice and 
permafrost  systems  (Smith  and Cheatham, 1975; 
A l k i r e  and  Andersland, 1973; Chamberlain  and  others, 
1972). The o b j e c t   o f   t h i s   w o r k  was t o  s tudy   the  
e f f e c t  o f  conf in ing  pressure  on  the  compressive 
behaviour o f   i c e   o v e r  a wide  range o f   s t r a i n - r a t e s ,  
f r o m   t h e   n o r m a l   c r e e p   r a n g e   t o   t h e   b r i t t l e   f r a c t u r e  
r a n g e .   T h i s   p a p e r   r e p o r t s   r e s u l t s   i n   t h e   s t r a i n -  
ra te   range   10 -6   t o  5 x 10-3 s-1.  

SAMPLE  PREPARATION 
The f i n e   g r a i n e d  , random p o l y c r y s t a l  1 i ne  samples 

were  prepared  by f i l l i n g  a c o l d   s t a i n l e s s   s t e e l  
mold 400 mn long  and 26 mm d iamete r   w i th  snow and 
evacua t ing   t he   a i r .   De ion i zed   and   d i s t i l l ed   wa te r  
was b o i l e d   t o  remove a i r ,   coo led   under  vacuum 
u n t i l   i c e   j u s t  began t o   f o r m  and  then  added t o   t h e  
mold. The whole was t h e n   k e p t   a t  -15OC u n t i l   a l l  
the   water  was frozen.  This  method was f i r s t  used 
by  Glen (1955).  The i c e  was removed f rom  the  mold 
by g e n t l y  warming i t  u n t i l   t h e   i c e   s l i d   o u t ,  and 
then samples  were c u t  and  machined t o  a s i z e   o f  
20 mm d iameter  and 60 mm l e n g t h .   A n a l y s i s   o f   t h i n  
sect ions  under   crossed  po laro ids showed t h a t   t h e y  
were  random p o l y c r y s t a l s   o f   g r a i n   s i z e  :: 1 mm 
d i a m e t e r .   T h e i r   s l i g h t l y  hazy  appearance  indicated 
tha t   t hey   con ta ined  some f i n e l y   d i s p e r s e d   a i r  
bubbles.   Stainless  steel   end  caps  were  f rozen  on 

INSTRON LOAD CELL 

A+""P 

Fig.1.  Diagram of t h e   h i g h   p r e s s u r e   c e l l   u s e d  
i n  t h i s   s t u d y .  The sca le  shown i s   i n c o r r e c t ;  
c o r r e c t   s c a l e  i s  1:5.1. Cold box n o t  shown. 

MECHANICAL  TESTING PROCEDURE 

The mechanical   test ing  apparatus  used i s  shown 
i n  F i g .  1. The i c e  sample, S, was p laced i n  a 
c e l l   c a p a b l e   o f   w i t h s t a n d i n g   a t   l e a s t  100 MNmm2 
hyd ros ta t i c   p ressu re .  The p r e s s u r i z i n g   f l u i d  was 
Dow C o r n i n g   S i l i c o n e   f l u i d  200, hand-pumped through 
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the   l ine ,  H .  A piston, P, sealed by  two O-rings, 
applied  a  uniaxial  compressive  force t o  the  sample. 
The whole sa t   ins ide  a cold box on the base of a 
model 1116 Instron  mechanical  tester. All the 
tests  reported  here were done a t  -12 * l0C,  the 
temperature  usually  varying  less  than  0.loC  during 
a t e s t ,   a s  monitored by a  thermocouple ( T ,  F i g .  1 )  
ins ide   the   ce l l .  The Instron  load  cell ,  being 
outside  the high pressure   ce l l ,  measured n o t  only 
the uniaxial  load  applied by the  crosshead, b u t  
a lso  the  force o f  the  hydrostatic  pressure on the 
piston, P, and any f r ic t iona l   force  of the  piston 
i t s e l f .  The f r i c t i o n  was small and was taken  into 
account by d o i n g  dummy runs without  a  sample. The 
hydrostatic  pressure was  more d i f f i cu l t   t o   t ake  
into  account  because i t  increased  s l ight ly  d u r i n g  
an experiment - as  the  piston  descended,  the 
volume of  the  cell was decreased and the hydro- 
s ta t ic   p ressure  was, thus, increased,  Typically, 
the  hydrostatic  pressure  rose by 1 MNm-2  d u r i n g  an 
experiment. The o u t p u t  of  the  Instron  load  cell ,  
therefore,  was a linearly  increasing  load due t o  
the  increasing  hydrostatic  pressure  plus  the  load- 
time  curve  of  the  ice sample i t s e l f ,  as shown in 
Fig, 2 .  

4ooc 

F i g . 2 .  Load-time curve f o r  sa pl 30-01-76 
deformed a t  -11.7C,E =Z.SX10-4s-f, a t  a 
hydrostatic  pressure o f  50MN1n'~. A t  point A 
the  piston  hits   the sample. B marks the 
yield  point o f  the  sample. 

The l inear ,   hydrostat ic ,   par t  of the  curve was 
extrapolated and subtracted from the  curve  to  give 
the load-time  curve  of  the  ice sample alone,  as 
shown in  the  lower  part o f  Fig. 2 .  The hydrostatic 
pressure was a lso  monitored  independently  with  a 
Heise  gauge, and t h i s  confirmed the  l inear   increase 
i n  pressure. The load-time  curve was then converted 
t o  stress-strain  in  the  following way.  The load, 
F ,  was converted  to  stress,  U, using  the  equation 

u = A .  F (e) 

where R was the  length o f  sample and R was the 
in i t ia l   l ength  of sample. The fac tor  '(a/a,) 
took account of the  increase  in  cross-sectional 
area  of the sample as  the  compression  took  place. 

The Instron compressed t h e   i c e   a t  a constant 
speed of deformation. The time  axis  of  the 
Instron  s t r ip   char t   recorder  was, therefore,  
taken to  be directly  proportional  to the amount 
of compression, A R  = R, - R .  The t rue   s t a in ,  
Ail&, (no t  a , )  was then  calculated. 

For most t e s t s  the samples were immersed 
directly  in  the  si l icone  f luid,   without  covering 
them f i r s t  with a t h i n  rubber  sleeve. Some were 
protected from the   o i l  by such  a  sleeve b u t  these 
showed  no difference  in   yield or f r ac tu re   s t r e s s  
from the  unprotected  samples.  Further  tests were 
done a t  one atmosphere  pressure,  using an a i r  
bath  rather than the   s i l i cone   f lu id ,  both w i t h  
and without  rubber  sleeves, and these   t es t s   a l so  
showed no s ign i f i can t   e f f ec t  of e i ther   the   o i l   o r  
the rubber sleeves. 

The application o f  the  hydrostatic  pressure 
raised  the  temperature  of  the  oil and hence the 
ice  by several  degrees.  Therefore, two precau- 
t ions were necessary. The f i r s t  was to  make sure 
t h a t  the  temperature  never  rose above the  pressure 
melting  pol'nt, and the second was tha t   the  
temperature had t o  be allowed to   equ i l ib ra t e   a f t e r  
applying t h e  pressure. 

L = 1.4 X  IO-^ S-I 

I I I I I I 
IO 20 30 40 50 60 

TRUE STRAIN % 

Fig.3.  Stress-strain  curves for two samples; 
one deformed a t  atmospheric  pressure, the 
o t h e r   a t  33.5MNm"2 hydrostatic  pressure. 

RESULTS 

A typical   s t ress-s t ra in   curve is  shown i n  
F i g ,  3 for two samples deformed a t  a   s t ra in- ra te  
of 1 . 4  x 10-4 S-1, one a t  atmospheric  pressure, 
the  other a t  33.5 MNm-2  pressure. While s imi la r  
in  shape,  the h i g h  pressure  curve had a  yield 
stress  nearly  double  that  of the  atmospheric 
pressure  curve.  After  reaching  the  yield  or max- 
imum, the stress dropped  markedly and  remained 
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cons tan t   up   t o  60% t r u e   s t r a i n  - the  maximum 
poss ib le   w i th   the   equ ipment .  The appearance  of 
the  two  samples a f t e r   t e s t i n g  was d i f f e r e n t .  The 
atmospheric  pressure  samples was v e r y   h i g h l y  
cracked, opaque, w i t h ,   u s u a l l y ,  some p ieces o f  i c e  
s h a t t e r e d   o f f   t h e  sample; t he   h igh   p ressu re  
sample,  however, was uncracked  and  c lear .   In  
fac t ,   the   h igh   p ressure   sample  was more c l e a r   t h a n  
a t   t h e   s t a r t  o f   the  test   because  the  smal l  amount 
o f   a i r   i n   t h e   o r i g i n a l  sample  had  disappeared. 
This  disappearance was due t o  one o f   t h r e e   t h i n g s :  
( a )  the  bubbles  c losed  up so much under  the 
h y d r o s t a t i c   p r e s s u r e   t h a t   t h e y   w e r e   i n v i s i b l e ,  
( b )   t h e   a i r   d i f f u s e d   i n t o   t h e   i c e   l a t t i c e ,  
( c )   t h e   a i r  formed a c l a t h r a t e   h y d r a t e   ( M i l l e r ,  
1969;  Jones  and Johar i  , 1976). 

A t  lower   s t ra in - ra tes ,   e .g ,  1,5 x 10-6 s - 1 ,  t he re  
was a much less  pronounced  y ie ld   s t ress.   There 
was very l i t t l e   c r a c k i n g   i n  any o f   t h e  samples  and 
much l e s s   d i f f e r e n c e   i n   t h e   s t r e s s - s t r a i n   c u r v e s  
o f   the   a tmospher ic   and  h igh   p ressure   tes ts .  

Temp -I I#C 

i =5.4xio-4s-1 

:t v 
II I I I I I 

IO 20 30 40 50 60 
CONFINING PRESSURE MNm-2 

Fig.4. Showing the  dependence o f  t h e   y i e l d  
s t r e s s  on con f in ing   hyd ros ta t i c   p ressu re .  
( 5 )   i s   t h e   m e a n . o f  5 d i f f e r e n t   t e s t s .  The 
arrow  mark on the   abc issa  i s  t h e   a i r   c l a t h r a t e  
format ion  pressure,  

F ig .  4 shows t h e   y i e l d   s t r e s s   r e s u l t s   o b t a i n e d  
a t  a s t r a i n - r a t e   o f  5.4 x S-1 a t   v a r i o u s  
conf in ing  pressures.  As can  be  seen,  the y i e l d  
s t ress  doubled as the   con f in ing   p ressure   inc reased 
t o  30 MNm12 and  then  decreased  slowly t o   t h e  
h ighes t   hydros ta t i c   p ressures   used.  Above 
10.6 M N r r 2  conf in ing  pressure,   marked  on  the 
abscissa o f   F i g .  4, an a i r   c l a t h r a t e   w o u l d  be 
s t a b l e   a t  -11.5OC. I f  such a c l a t h r a t e   d i d   i n d e e d  
form  f rom  the  smal l  amount o f   a i r   i n   t h e  samples, 
i t  had  no o b v i o u s   e f f e c t  on t h e   s t r e n g t h   o f   t h e  
i c e ,  

Fig.5. The s t r a i n - r a t e  dependence  of t he  
y i e l d   t r e s s   a t   a t m o s p h e r i c   p r e s s u r e  and a t  
30MNm-3 con f in ing   p ressu re .  

From F ig .  4, and s i m i l a r   p l o t s   a t   o t h e r   s t r a i n -  
r a t e s ,   t h e   s t r e n g t h   o f   i c e   a t   a t m o s p h e r i c   p r e s -  
sure and a t  30 MNm-2 c o n f i n i n g   p r e s s u r e  was de- 
termined and these   p lo t ted   as  a f u n c t i o n  of 
s t r a i n - r a t e  on a l o g / l o g   s c a l e ,  as shown i n  
F ig .  5 .  The h igh   p ressure   da ta  f i t  a s t r a i g h t  
l i n e   w i t h  a s lope  of  3.9 imp ly ing  a power t ype  
f low  law,  E = un, w i t h  n = 3.9. Below s - l ,  
t h e  one  atmosphere  (0.1 M N r 2 )   d a t a   f i t t e d  a 
power l a w   w i t h  n = 5.4, b u t   a t   s t r a i n - r a t e s  above 

s-l dev ia t i ons   f rom a s t r a i g h t   l i n e   o c c u r r e d  
as t h e   i c e  c h a n g e d   f r o m   d u c t i l e   t o   b r i t t l e  
b e h a v i o u r .   T h i s   d u c t i l e / b r i t t l e   t r a n s i t i o n  zone 
has  been noted  by  Ramseier  (1976). The con f in ing  
p r e s s u r e   p r e v e n t e d   t h e   b r i t t l e   c r a c k i n g   o r   f a i l -  
u r e   o f   t h e   i c e   a n d   a l l o w e d   t h e   s t r e s s   t o   r i s e   t o  
a h i g h   v a l u e ,   s u f f i c i e n t   f o r   p l a s t i c   d e f o r m a t i o n .  

CONCLUSIONS 
I n   t h e   s t r a i n - r a t e   r a n g e  10-6 t o  5 x loq3 S - l  

t h e   m a i n   e f f e c t   o f   h y d r o s t a t i c   p r e s s u r e   o n   t h e  
m e c h a n i c a l   p r o p e r t i e s   o f   i c e   i s   t o   e l i m i n a t e  
c r a c k i n g   a n d   b r i t t l e   f a i l u r e  and t h u s   a l l o w   i c e  
t o  deform p las t i ca l l y .   Consequen t l y ,   t he  power 
law  exponent, n, i s  reduced  to  a va lue   no rma l l y  
found a t  a tmospher i c   p ressu re   a t   l ower   s t ra in -  
ra tes,   where  crack ing does no t   normal ly   occur .  
This  conf i rms  (Ramseier,   1976)  that   the  increase 
i n  n found i n  atmospher ic   pressure  tests  i s  due 
t o   t h e   o n s e t   o f   b r i t t l e   b e h a v i o u r .  

Our r e s u l t s   a g r e e ,   i n   g e n e r a l ,   w i t h   t h o s e   o f  
the  prev ious  workers  ment ioned i n   t h e   i n t r o d u c -  
t i o n .  The o n l y   s i g n i f i c a n t   d i s a g r e e m e n t   i s   w i t h  
the  work  of Simonson  and o the rs  (1975) who d i d  
n o t   o b s e r v e   t h e   i n i t i a l   i n c r e a s e   i n   s t r e n g t h  
w i t h   i n c r e a s i n g   h y d r o s t a t i c   p r e s s u r e   t h a t  we 
observed.   A f te r   the  maximum i s  reached,  however, 
we a g r e e   t h a t   t h e r e   i s  a "monotonic  decrease i n  
s t reng th " .  
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OBSERVATIONS OF FROST HEAVING  ACTION IN THE EXPERIMENTAL SITE, TOMAKOMAI, JAPAN 

S. Kinos i ta ,  Y. Suzuki, K .  Boriguchi and M. Fuduka, I n s t i t u t e  of Low Temperature 
Science,  Hokkaido  University,  Sapporo,  Japan 

Observations were conducted on f r o s t   h e a v i n g   f o r c e   t h a t   a c t e d  on the  p a r t  
where  heaving was r e s t r a i n e d  and on s o i l   p r e s s u r e s   o c c u r r e d   v e r t i c a l l y   j u s t  below 
the   g round  sur face   near   the   res t ra ined   par t   and   the   f ree ly   heaving   par t .   Thei r  
minute  changes were con t inuous ly   r eco rded   e l ec t r i ca l ly   du r ing   t he   qu ick   heav ing  
period  from 18 t o  2 1  January  (average  heaving  speed:  0.3cm/day)  and  the  slow 
heaving  period from 26 February   to  1 March (average  heaving  speed:  0.05cm/day). 
They showed typica l   da i ly   changes  added t o  the   gene ra l   t r end .  I t  was found t h a t  
these   da i ly   changes  were caused  by  the  changes  in  thermal  expansions  experienced 
wi th in   t he   f rozen   l aye r  due t o   t h e   d a i l y  changes of s o i l   t e m p e r a t u r e s ,  

OBSERVATIONS RELATIVES AIJ SOUL~EMENT DU AU GEL, SUR LA STATION EXP~RIMENTALE DE 
A 

T O M A K W I ,  AU JAPON 

S. Kinos i ta .  Y. Suzuki, K. Boriguchl  and M. Fuduka, I n s t i t u t e  of Low Temperature 
Science,  Hokkaido University,   Sapporo,  Japon 

On a Studi6  l a  f o r c e   d e  soulZvement  due  au  gel,  qui s'exerce sur  une zone su- 
b i s s a n t  une f o r t e   c o m p r e s s i o n ,   a i n s i  que les p res s ions   qu i   s ' exe rcen t   dans  l e  s o l  2 
l a  v e r t i c a l e ,  2 faible profondeur,  2 l ' i n t g r i e u r  e t  2 l ' e x t 6 r i e u r   d e  l a  zone  en  ques- 
t i o n .  On a enregis t rg   Glectr iquement  l e s  var ia t ions   in f imes   p rodui tes ,   pendant  l a  
pgr iode   de   soulhement   rap ide ,  du 18 au 2 1  j a n v i e r   ( v i t e s s e  moyenne de   sou lhemen t :  
0.3 cm/jour>,  e t  l a  pgriode  de  soulsvement   lent ,  du 26 fGvrier   au ler mars ( v i t e s s e  
moyenne de  soulsvement:  0.05  cm/jour). On a observg   des   var ia t ions   quot id ienne  
typ iques ,   superpos6es   aux   r6ac t ions   habi tue l les .  On a cons t a t6  que ces v a r i a t i o n s  
quo t id i ennes   r6 su l t a i en t   de   va r i a t ions   de   l ' expans ion   t he rmique   de  l a  couche  gelGe, 
engendrzes  par des var i a t ions   quo t id i ennes   de  l a  tempzrature du s o l .  

HAEJWJIEHElR MEP3JIOTHOrO IIY9EWMR HA 3KCIIEPMMEHTAJlbHOM YmCTKE B 
TOMAKOMAB,RIIOHMfl 
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OBSERVATIONS OF FROST HEAVING ACTION I N  THE  EXPERIMENTAL SITE, TOMAKOMAI, JAPAN 

S .  Kinos i ta ,  Y .  Suzuki, K. Hor iguchi  and M, Fukuda 

I n s t i t u t e   o f  Low Temperature  Science, Hokka 

INTRODUCTION 

When the  ground  f reezes i n   w i n t e r ,  a heaving of 
t h e   s u r f a c e   i s   o b s e r v e d  sometimes,  which i s   c a l l e d  
f ros t   heav ing .  If p a r t  of   the  heaving  surface i s  
suppressed, i t  undergoes a r e s i s t i v e   f o r c e ,   w h i c h  
i s  a heav ing   fo rce   (K inos i ta  1967,  Penner  1970) + 

Such a f o r c e   i n f l i c t s  damage t o  a c o n s t r u c t i o n  on 
the  ground. The heaving  force i s  a cause o f  a 
s t r e s s e d   s t a t e   i n s i d e   t h e   f r o z e n   g r o u n d .  

Another  cause o f  a s t r e s s e d   s t a t e   i n s i d e   t h e  
frozen  ground i s   t h e   v e r t i c a l   g r a d i e n t   o f   t h e  
temperature.   This  stress i s  thermal  stress,   which 
amounts a t   t i m e s   t o  such a l a r g e   v a l u e   i n   t h e  
s e v e r e l y   c o l d   a r e a   t h a t   v e r t i c a l   c r a c k s   a r e  formed 
i n   t h e   t o p   l a y e r   o f   t h e   f r o z e n   g r o u n d   a t   i n t e r v a l s  
o f   t e n   t o   t h i r t y   m e t e r s .  These c r a c k s   o r i g i n a t e  
po lygon  pa t te rns  or i c e  wedges (Lachenbrush 1962, 
Doctobalov  and  Kydryabtsev  1967).  Therefore, 
t he rma l   s t ress   i ns ide   t he   f rozen   g round   i s   an  
impor tan t  phenomenon f o r   t h e   f o r m a t i o n  o f  
c h a r a c t e r i s t i c   l a n d f o r m s   i n   c o l d   r e g i o n s .  

changes i n  t h e   f r o s t   h e a v i n g   f o r c e   a c t i n g   o n  a 
res t ra ined  a rea ,   so i l   p ressures   a round  the   re -  
s t ra ined  a rea   and  the   f ree ly   heav ing   sur face  o f  
the  f rozen  ground,  

Th is   paper   repor ts  measurements made o f   d a i l y  

INSTRUMENTATION 

F o r   t h e   s t u d i e s   o f   f r o s t   h e a v i n g  a f i e l d   s i t e  
was prepared i n   t h e  Tomakomai exper imenta l   fo res t ,  
Hokkaido,  Japan  (Kinosita 1969, 1973, 1975);  the 
g round   f reezes   t o   t he   dep th   o f  70cm a t   i t s  maximum 
i n   w i n t e r   i n   t h e  Tomakomai area, A concrete  water-  
p roo f   bas in   (5x5~1  w ide ;  2m deep) was packed  wi th  
a t e s t   s o i l   ( s i l t y   o r  sandy),  as shown i n  Fig.1. 
A w a t e r   l e v e l   w i t h i n   t h e   b a s i n  was c o n t r o l l e d  
a r t i f i c i a l l y  so t h a t  a s u f f i c i e n t  amount o f  
water  i s   s u p p l i e d   t o   t h e   s o i l   t o  cause a l a r g e  
f r o s t  heave t o   t a k e   p l a c e .  

Severa l   s tee l   rods  (4cm i n  diameter; 2.4m 
long)   were   se t   up   ver t i ca l l y   f rom  the   bo t tom  o f  
t he   bas in .   The i r   l ower  ends  were so anchored 
i n t o   t h e   b o t t o m   o f   t h e   c o n c r e t e   b a s i n   t h a t   t h e  
rods  remained  immovable  through  the  whole  winter 
; they  served as r e f e r e n c e   p o i n t s   f o r   l e v e l i n g  
work.  Other  water  basins  were  prepared  l ikewise 
for d i f f e r e n t   t e s t   s o i l s .  
(1)  Measurements o f   f r o s t   h e a v i n g   f o r c e  

A s t e e l   d i s c  (12cm i n  d iameter ;   lcm  th ick)  

i d o   U n i v e r s i t y ,  Sapporo,  Japan 060 

was p laced on the   g round  sur face   a t   the   midd le  
p o i n t  between  two  neighboring  rods a t  an i n t e r v a l  
o f  60cm. Set  on t h e   d i s c  was a l o a d   c e l l   ( c a p a c i -  
ty o f  5000kg),  on  which a r i g i d   s t e e l  channel 
(12cm wide; 80cm long )  was placed. The bo th  ends 
o f  the   channe l   were   fas tened  to   the   s tee l   rods   by  
b o l t s .  These  arrangements  were made b e f o r e   w i n t e r  
. As t h e   s t e e l   d i s c  was rendered  immovable 
throughout   the  whole  winter ,   the  area  covered  by 
t h e   d i s c  was r e s t r a i n e d   f r o m   h e a v i n g ,   w h i l e   i t s  
surrounding  area was a l l o w e d   t o  heave  f reely,  
The fo rce   ac t i ng   upon   the   d i sc  was recorded 
e l e c t r i c a l l y   b y   t h e   l o a d   c e l l .  
(2)  Measurements o f   s o i l   p r e s s u r e   w l ’ t h i n   t h e  

frozen  ground 
So i l   p ressu re  gauges (BK-ZKA, c a p a c i t y   o f   2 k g l  

cm2; lOcm i n  diameter; 2cm t h i c k )  were s e t   v e r t i -  
c a l l y   i n   t h e   g r o u n d   i n  such a way t h a t   t h e i r  
edges were i n   t h e  same l e v e l  as the   su r face   a f te r  
the  ground  f rozen  deeper  than lOcm below  the 
sur face,  One gauge was s e t   n e a r   t h e   r e s t r a i n e d  
d i s c  (30cm a p a r t   f r o m   t h e   p e r i p h e r y   o f   t h e   d i s c ) ,  
and t h e   o t h e r  gauge a t   t h e   f r e e l y - h e a v i n g   a r e a .  
Before  p lacing  each gauge, a h o l e  was dug  on t h e  
d e s i g n a t e d   p o s i t i o n   s l i g h t l y   l a r g e r   t h a n   i t s   s i z e  
; then,   the gauge was p u t   i n   t h e   h o l e ,  and water  
was poured  into  the  gap  between  the gauge  and 
t h e   w a l l   o f   t h e  hole,  I n  a l i t t l e   w h i l e   t h e   w a t e r  
f r o z e  and t h e  gauge was  made c l o s e l y   i n   c o n t a c t  
w i th   the   c i rcumference.   Pressures   tha t   ac ted  on 
the  gauge  were   recorded  e lec t r i ca l l y   a t   each 
l o c a t i o n .  
( 3 )  Other measurements 

D a i l y  changes  were  recorded  on a i r  temperature, 
so i l   temperatures  a t   severa l   depths,  heave  amount 
o f   t he   g round   su r face   and   wa te r   l eve l .   Co re  
samples taken  o f   the   f rozen  g round  severa l   t imes 1 WATER 

Fig.1.  Diagram o f   t y p i c a l   i n s t r u m e n t a t l o n   a r r a y  
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throughout the period  of  the  experiment were used 
t o  measure t h e i r  water contents and  densities. 

RESULTS 

A t e s t   s o i l  i n  each basin  started  freezing 
l a t e  i n  November from i t s   su r f ace  downward, and 
i t s   f r eez ing   f ron t  reached the  deepest  level i n  
mid-March, and the  frozen  state  disappeared com- 
pletely  in  the  beginning of May. The freezing  of 
soi l   effected changes of the leve ls  o f  the  surface 
, the  layers  at   several   depths,   the  freezing  front 
and  the water  table, as are shown w i t h  the  lapse 
of time i n  F i g , 2 ,  together w i t h  equi-temperature 
l ines .  The maximum heave amounted t o  16.4cm in  
the  middle of February;  the  ratio  of  the heave 
amount t o  the original  thickness of the  layer was 
80%, which was one of the severest   frost   heaves.  

Heaving force and soil   pressure showed compli- 
cated  changes. Their values  during  the  quick 
heaving  period and the slow heaving  period a re  
shown i n  Figs.3and  4  respectively. During the 
former  period which was from 18 t o  21 January  the 
depth (D )  of the  frozen  layer and the  heave amount 
( H )  of the  ground surface were 
cm respectively;  the  freezing 
around O.Gcm/day and the  heaving 
around 0.3cm/day (this value was 
or ig ina l   l eve l   a t  the depth of 5cm below the 
original  level of the ground sur face) .  During the 
lat ter period from 26 February t o  1 March D and H 

r e   a r  nd 39.4cm and 16.4cm respectively,  and 
and a were around O.l3cm/day and O.OScm/day 

r e s p e c t k l y ;  th i s  value of H shows a slow 
heaving speed as compared w i  4 the  value obtained 
i n  the period from 18 t o  21 January. 

For both periods the  dai ly  changes of soil 
temperature a t   t h e  depth  of 5cm showed about 40% 
of the ampli tude of the da i ly  changes  of a i r  
temperature and a one-hour phase  lag. A t  the 
depth of lOcm they  also showed about 20% o f  the 
amplitude and a  four-hour  phase  lag. Heave 
amount, heaving force and soi 1 pressure showed 
s imi la r  changes t o  the change of a i r  temperature. 

These features   are  summarized as  follows: 
(1)  The heave amount increased fwm 7 a.m. t o  
noon every  day, and showed almost no change f o r  
the rest o f  the day. 
( 2 )  The heaving force showed repe t i t ions  of 
increase and decrease w i t h  a one-day cycle 
during the period from 18 t o  21 January. As 
fo r   t he  heave amount, i t  increased  steadily 
during the same period, b u t  i t  remained almost 
constant   for  the period from 26 February t o  
1 March. 
( 3 )  The soil pressure i n  the  frozen ground where 
heaving was unrestrained showed the same phase 
change as the temperature a t  the depth of 10cm. 
(4)  The soil   pressure i n  the  frozen ground 30cm 
apar t  from the  restrained  disc showed also  a  
cyc l ic  change o f  a one-day period. 

DISCUSSIONS 

The increase  of  heaving  force ( d F )  which 
acted upon the restrained disc is  given by the 
elastic  theory  as  follows:,  

dF = dw, 
1 - v 2  

where E and V are respectively Young's modulus 
and Poisson 's   ra t io  of the  frozen  ground, R i s  
the radius, and dw is   the   increase o f  the heave 
amount of the ground surface where heaving  takes 
place  freely.  The value of dw i s  the  sum of the 
thickness  of a new born layer ( d h )  a t   t h e  freezing 
f ron t  due  t o  the  ice  segregation, and the thermal 
expansion ( d l )  due t o  the temperature change i n  
the  frozen  layer: 

dw = d h  + d l  ( 2 )  

I f  the change of the a i r  temperature  (AT) i s  
given by A sin a t ,   t h e  change of the   so i l  temper- 
a ture  a t  the dep th  o f  z i s  predicted by the  heat 
conduction  theory: 

where K i s  the thermal d i f fus iv i ty  and+  i s   t h e  
period of the cyc l ic  change w h i c h  i s  equal t o  one 
day.  Therefore,  dl i s  given as follows: 

dl = ( E )d D T ( Z ) d Z  '+" 1: 
w h e r e a i s  the coef f ic ien t  of  thermal  expansion, 
and 0 i s   the   f reez ing  dep th .  

Since the formation o f  dh i s  due t o  thermal 
condi t ions  a t   the   f reezing  f ront  which i s  27cm 
deep during  the period from 18 t o  21 January and 
39.4cm deep d u r i n g  the  period from 26 February t o  
1 March, dh m i g h t  have fair ly   smaller   cycl ic  
changes t h a n  d l ,   I f  d h  i s  assumed t o  change 

Fig.2.  Profile  of  changing  levels  of ground 
surface,  four  subsurface  depths,  freezing  front 
and water table;  p ro f i l e  o f  changing depth w i t h  
specific  temperatures.  



l inear ly  i n  the recording  curves,  dl can be ob- 
tained from the  curves,  andoc can be calculated.  
Though the changes of dl do not always f i t  eq.(4), 
a rough approximation can be given fo r   t he  
derivation  of  the  numerical  value o f o l  ; namely, 
from the  curves  of dw i n   F i g g ~ a n d  4 the values 
ofo( is  calculated  to be around 5 x l O q V  is given 
as 0.3) .  This  value i s  supposed t o  be a cor rec t  
one i n  consideration of a large  ice   content  (more 
t h a n  100%). 

given by e q . ( l )   i s  examined i n  the recording curves 
i n  Fi s . 3  and 4, the  value of E i s  roughly  obtained 
as 10 ! kg/cm2. Sha rp  decreases  in  the  curves were 
not  explained by eqs. ( 1  ) and ( 4 )  ; they  are  due t o  
the stress relaxation owing t o  the v iso-e las t ic i ty  
of the  frozen  ground.  (Kinosita  1967). 

frozen ground i s  given by the  following  equation: 

When the  increase of f r o s t  heaving force dF 

The increase of soil   pressure ( d 6 )  i n  the 

d Q  = - o( E A T ( Z )  
1 -v 

In this  research  the  pressure gauges 
were bur ied   ver t ica l ly   a t   l eve ls  
ranging from the  surface  to  the  depth 
ef 10cm. Therefore, the  average  value 
d 6 i s  given by: 

From the  values o f &  and E obtained by 
the above-mentioned procedures the  
amplitude of the chan es o f  is  
calculated  as 100g/cmj; this f i t s  the 
value shown i n  the  recording  curves i n  
Fiys.3 and 4. This  value i s  not so 
large. However, i n  the Arctic area 
the  temperature changes w i t h  a much la rger  
amplitude, whereby a much la rger  thermal 
stress m i g h t  appear. 
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18 19 JANUARY 20 21 

Fig.3.  Temperatures ( a i r  and two subsurface 
depths),  heave amount, heaving force and soi 1 
pressures   ( res t ra ined  posi t ion:   dot ted 1 ine 
and non-restrained  position: broken l i n e ) .  
From 18 t o  21 January. 

26 27 FEllRwdr 28 

Fig.4.  Temperatures ( a i r  and two subsurface 
d e p t h s ) ,  heave  amount, heaving force and soil 
pressures   ( res t ra ined  posi t ion:   dot ted  l ine 
and non-restrained  position: broken l i n e ) .  
From 26 February t o  1 March. 
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CREEP BEHAVIOR OF FROZEN SAND UNDER A DEEP CIRCULAR LOAD 
B. Ladanyi  and J. Paquin,   Northern  Engineering  Centre,   Ecole  Polytechnique, 
MontrGal,  Qugbec,  Canada. 

Creep of frozen  sand  under a deep   c i rcu lar   load ,   such  as appl ied  by a p i l e  base ,  
was s t u d i e d   i n  a series of  loading tests ca r r i ed   ou t   unde r   con t ro l l ed   l abo ra to ry  
condi t ions .   Af te r   the  tests,  creep and s t r e n g t h   p r o p e r t i e s  of the   f rozen   sand  were 
determined by t e s t i n g  1 4  samples  taken  from  the test  tank.  This  enabled a d i r e c t  
comparison  to   be made between  the test r e s u l k s  and t h e o r e t i c a l   p r e d i c t i o n s   b a s e d  on 
an ear l ie r  publ ished  theory.  It i s  found tha t   t he   l oad ing  of  frozen  sand by a deep 
c i r c u l a r   l o a d  results i n   p e n e t r a t i o n  rates t h a t  are a f f e c t e d  by both  the  load  and 
the   l oad ing   h i s to ry ,   bu t  which become prac t ica l ly   independent  of t h e  l a t te r  a f t e r  
a f u l l   m o b i l i s a t i o n  of t he   pene t r a t ion   r e s i s t ance .  The use  of a theory  based on a 
spherical  c a v i t y  creep expansion  model,   led  to a s a t i s f a c t o r y   p r e d i c t i o n  of obser- 
ved  penetrat ion ra tes .  

FLUAGE D'UN SABLE  GEL^ sous UNE CHARGE CIRCULAIRE PROFONDE 

E. Ladanyi et J. Paquin, Centre d ' Ing6nier ie   Nordique,   Ecole   Polytechnique,  
Montrgal ,   Qdbec,  Canada. 

L e  f l uage   d ' un  s a b l e  gel6  sous  une  charge  c i rculaire   profonde,   semblable  5 l a  
base   d 'un   p ieu ,   fu t   Gtudi6   en   e f fec tuant   une   sgr ie   d ' essa is   de   chargement   dans   des  
cond i t ions   de   l abo ra to i r e   b i en   con t ro lges .  AprGs ces essais, on a dGtermin6 les 
p ropr i6 t6s   de   f l uage  e t  l a  resistance mgcanique  du s a b l e  gel6  en  soumettant   aux 
essais t r i a x i a u x  14 Gchant i l lons  prglevgs du bac d ' e s s a i .  Ceci a permis   de f a i r e  
une  cornparaison d i r e c t e   e n t r e  les r g s u l t a t s   d ' e s s a i s  e t  les  pr6vis ions   theor iques  
baszes su r  une thgor i e   pub l ige  prgcgdemment. L e s  essais montrent   qu 'une  charge  c i r -  
cu la i re   p rofonde   dans  un sab le   ge l6   condu i t  2 des   t aux   de   p6nGtra t ion   qu i   sont  a f -  
f e c t g s   t a n t  p a r  l ' i n t e n s i t g  que par l ' h i s t o i r e   d e  l a  s o l l i c i t a t i o n .  Ces taux de- 
v i ennen t   t ou te fo i s   i nd6pendan t s   de   ce t t e   h i s to i r e   dSs  que l a  r g s i s t a n c e  5 l a  p&G- 
t r a t i o n  est cornplsternent rnobilisee.  Ces taux  de  p6nGtrat ion  observgs se comparent 
bien  avec  ceux  calculGs 2 p a r t i r   d ' u n e   t h g o r i e   b a s g e  s u r  l e  rnod'ele mathgmatique  du 
f luage  d 'une  cavi ts   spherique  soumise 2 une   press ion   in te rne .  

MCCJIEAOBAHUE IIOJI3YYECTM M E P J J I O r O  IIECKA I"I0A KOJlbuEBOR H A r P Y J K O n  HA 
I'JIYEUHE 
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CREEP BEHAVIOR O F   F R O Z E N  SAND UNDER A DEEP CIRCULAR LOAD 

B. Ladanyi  and J. Paquin 

Centre d ' l n g k d e r i e   N o r d i q u e ,   E c o l e   P o l y t e c h n i q u e  
C.P, 6079,  Montrgal, Qugbec H3C 3A7,  Canada 

INTRODUCTION 

The type  o f  founda t ions  most f r e q u e n t l y   u s e d   i n  
con t inuous   pe rmaf ros t   r eg ions  are d e e p   f o o t i n g s   o r  
p i l e s ,  embedded d e e p l y   i n t o   t h e   p e r m a n e n t l y   f r o z e n  
ground so as t o   a s s u r e   t h e i r  Long term s t a b i l i t y  
u n d e r   t h e   a p p l i e d   s t r u c t u r a l   l o a d s   a n d   t h e   f r o s t  
heaving   forces .   Whi le   the  embedment depth  of   such 
founda t ions  may v a r y   w i d e l y , i t  is n e v e r t h e l e s s  
u s u a l l y   s e v e r a l  times l a r g e r   t h a n   t h e i r   w i d t h   o r  
diameter .  When t h e   l o a d  i s  a p p l i e d  t o  such a deep 
f o o t i n g   o r   p i l e ,  it is  c a r r i e d   p a r t l y  by t h e  late- 
r a l   s h e a r i n g   f o r c e  and p a r t l y  by the   end   bear ing .  
It i s  well known f r o m   t h e   g e o t e c h n i c a l   l i t e r a t u r e  
t h a t   t h e   r a t i o   o f   t h e  two suppor t ing   fo rces   depends  
on q u i t e  a number o f   f a c t o r s ,   s u c h  as t h e   t y p e  of 
s o i l ,   t h e   f o o t i n g   s h a p e ,  the method of i n s t a l l a -  
t i o n ,   t h e  embedment r a t i o  and   t he   s e t t l emen t  of t h e  
f o o t i n g .  It i s  c l e a r l y   v e r y   i m p o r t a n t   t o   s t u d y   r h e  
behavior  of p i l e s   u n d e r   l o a d ,   e i t h e r  a t  a f u l l   o r  
a reduced   sca le ,   bu t   the   complexi ty  of t he   obse r -  
ved  phenomena obscures   somet imes   the   v iew  on   the  
two s e p a r a t e   s u p p o r t i n g   f o r c e s   a n d  makes d i f f i c u l t  
any clear c o m p a r i s o n   w i t h   t h e o r e t i c a l   p r e d i c t i o n s .  

In  t h e   p e r m a f r o s t   l i t e r a t u r e ,   s e v e r a l   a c c o u n t s  
have  been made a b o u t   f i e l d   a n d   l a b o r a t o r y   p i l e  
l oad  tests (e.g.,  Vyalov,  1959;  Crory,  1963). How- 
ever ,   probably,   because of the complexi ty   o f   the  
problem,   as   wel l  as t h e   d i f f i c u l t y   o f   p r o p e r l y   d e s -  
c r i b i n g   t h e   f r o z e n  soil p r o p e r t i e s   i n   t h e   f i e l d ,  
ve ry   f ew  compar i sons   w i th   t heo re t i ca l   p red ic t ions  
have  been made up t o  now. 

An excep t ion  t o  t h i s  i s  a r ecen t   pape r  by Nixon 
and  McRoberts  (1976), i n  which  the two a u t h o r s  make 
a s u c c e s s f u l   a t t e m p t   t o   a n a l y z e   t h e   c r e e p  set t le-  
ment of a p i l e  as t h e   r e s u l t  o f  t h e   c r e e p  of s o i l  
a l o n g   t h e   p i l e   s h a f t   a n d   b e n e a t h   t h e   p i l e   b a s e ,  
r e spec t ive ly ,   and   f i nd  a s a t i s f a c t o r y   a g r e e m e n t  
w i t h  some p u b l i s h e d   d a t a  on f u l l   s c a l e   p i l e  tests. 

On t h e   o t h e r  hand some t h e o r e t i c a l   e f f o r t s   h a v e  
been made t o  so lve   t he   p rob lems  of t h e   s h a f t  resis- 
tance  (Johnston  and  Ladanyi ,   1972)   and  the  end  bea-  
r i n g   o f   d e e p   f o o t i n g s   a n d   p i l e s  embedded i n  perma- 
frost   (Ladanyi   and  Johnston,   1974;   Ladanyi ,   1976)  
bu t  no known s y s t e m a t i c   s t u d y   o f   t h e  two problems 
has   been  made up t o  how, i n  wh ich   t he   expe r imen ta l  
r e s u l t s  would be  compared w i t h   t h e o r e t i c a l   p r e d i c -  
t i o n s   u n d e r   c o n t r o l l e d   l a b o r a t o r y   c o n d i t i o n s .  

I n   a n   a t t e m p t  t o  h e l p   t o   f i l l   t h i s   g a p ,   t h e   p r e -  
sen t   s tudy   concent ra tes   upon  the   p roblem  of   c reep  
settlement of a d e e p   c i r c u l a r   l o a d ,   s u c h  as would 
be  produced  by  loading  only the p i l e  base with   no  
e f f e c t   o f  l a te ra l  s h e a r i n g  stresses. In  t h e   s t u d y ,  

no new theo ry  is  d e v e l o p e d ,   b u t   t h e   e x i s t i n g   t h e o -  
ries of d e e p   p e n e t r a t i o n   r e s i s t a n c e  of f r o z e n  
soi ls   (Ladanyi   and  Johnston,   1974;   Ladanyi ,   1976)  
are compared w i t h   t h e   r e s u l t s   o f  a series of ca re -  
f u l l y   p e r f o r m e d   l a b o r a t o r y   d e e p   c i r c u l a r   f o o t i n g  
tests, u s i n g  as a b a s i s   t h e   r e s u l t s  of t r iax ia l  
t e s t s   c a r r i e d   o u t   w i t h   t h e   f r o z e n   s o i l   s a m p l e s  ta- 
k e n   d i r e c t l y   f r o m   t h e   t e s t i n g   t a n k   a f t e r   c h e  
r e s t s .  

DESCRIPTION OF SAND,  FREEZING AND SAWLING 

The s a n d   u s e d   i n   t h e  tests was a commercially 
produced  quartz  sand  from S t .  Canut,  QuCbec,with 
f a i r l y   i r r e g u l a r   g r a i n s   o f   s p e c i f i c   g r a v i t y  G ,  = 
2.68. Its g r a i n  s i z e  can   be   de f ined  by t h e   t y p i c a l  
g r a i n   d i a m e t e r s :  D60 - 0,59 mm and D10 = 0.26 mm, 
g i v i n g   t h e   c o e f f i c i e n t  of un i fo rmi ty  Cu = 2.27 .  
The l i m i t i n g   d e n s i t i e s   o f   t h e   s a n d  when d r y  were 
found t o   b e  1325 kg/m3  and  1577  kg/m3,respectively, 
w h i c h   c o r r e s p o n d s   t o   t h e   r a n g e   o f   v o i d   r a t i o s  0.68 
d e  G 1 . 0 0  a n d   p o r o s i t i e s  40.5 d n  50.0%. 

- 

For t h e   t e s t s ,   t h e   d r y  s a d  was depos i t ed  in a 
c y l i n d r i c a l   c o n t a i n e r ,   6 0  cm i n   d i a m e t e r   a n d  90 cm 
h i g h  (F ig .  4 ) .  However, i n   o r d e r   t o   g e t  a uniform 
sand   dens i ty ,  a c i r c u l a r   p e r f o r a t e d   p l a t e ,  i n i t i -  
a l l y  a t  the   bo t tom  o f   t he   con ta ine r ,  was p u l l e d  
s lowly   upwards   t h rough   t he   s and .   Th i s   r e su l t ed   i n  
a f a i r l y   u n i f o r m   s a n d   d e n s i t y   b u t   r a t h e r  on t h e  
l o o s e   s i d e .  The sand was t h e n   s a t u r a t e d   s l o w l y  
from  the  bottom up  and  subsequent ly   subjected t o  
u n i d i r e c t i o n a l   f r e e z i n g   i n  a co ld  room kep t  a t  
-6OC. The   f r eez ing  was f o r c e d   t o   r a k e   p l a c e   f r o m  
t h e   s u r f a c e  downwards  by  keeping  the  lower  portion 
o f   t h e   s a n d   a r t i f i c i a l l y   u n f r o z e n  and by l e t t i n g  
t h e   w a t e r , t r a p p e d   b e t w e e n   t h e   f r e e z i n g   f r o n t   a n d  
the  bot tom,  escape  through a bot tom  pressure   va lve  
a d j u s t e d   t o  20  kPa.  The f r e e z i n g  o f  sand  and tem- 
p e r a t u r e   s t a b i l i z a t i o n  t o  -6OC took about  2 months. 
The t empera tu re  of the   sand  was cont inuously  che-  
cked by s i x   t h e r m i s t o r s  embedded a t  six,  1 5  cm 
d i s t a n t ,   l e v e l s   b e l o w   t h e   s u r f a c e .   T h i s   f r e e z i n g  
p r o c e d u r e   r e s u l t e d   i n  a v e r y  l i t t l e  heave   wi thout  
v i s i b l e   i c e   s e g r e g a t i o n ,   a n d   w i t h   v e r y  l i t t l e  re- 
s i d u a l  l a te ra l  s t r e s s e s .  

A f t e r   f i n i s h i n g   t h e   p e n e t r a t i o n  tests, rhe   spe-  
c i m e n s   o f   f r o z e n   s a n d   f o r   t r i a x i a l  tesrs were ta- 
ken   f rom  the   conta iner  by a spec ia l ly   des igned   ro -  
t a r y   s a m p l e r   d r i v e n  by an e lectr ic  d r i l l .  The sam- 
p l e r  had i t s  i n d e n t e d   c u t t i n g   e d g e   s l i g h t l y   l a r g e r  
t h a n   t h e  wall t h i ckness   o f   t he   s ample r   t ube ,  i n  
o r d e r  t o  r e d u c e   t h e  wall f r i c t i o n  and   hea t ing  of 
t h e   s a m p l e   d u r i n g   r o t a t i o n .  
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From the  sand  container   used  in   the tests,  14 
such  specimens were taken  from  the least undis tur -  
bed area of t h e   c o n t a i n e r   c l o s e   t o   t h e  wall  and 
from the  depths  between 6 and 24  cm. A l l  the   spe-  
cimens  had the  diameter  of  about  3.43 cm and were 
c u t   f o r   t h e   t r i a x i a l  tests i n t o   p i e c e s   t h e   l e n g t h  
of  which was about  twice  the  diameter.  The main 
p h y s i c a l   c h a r a c t e r i s t i c s  of the  specimens,  such as 
t h e   v o i d   r a t i o ,  e,  t h e   t o t a l  water conten t ,  w, and 
the   degree  of s a t u r a t i o n   w i t h  ice,  S r i ,  are shown 
in   Tab le  1. 

Sample 

No. 

9 
13  

6 
8 

16 
1 2  

2 
3 
4 

10 
11 

14 
1 7  

15 

wi th   an   i nc reas ing   s t r a in  ra te ,  t h e r e  i s  a marked 
i nc rease   i n   t he   peak   s t r eng th  and a s l igh t   decrea-  
se i n   t h e   f a i l u r e   s t r a i n .  However, a f t e r   t he   peak ,  
t h e   s t r e n g t h  is much l e s s   a f f e c t e d  by t h e   r a t e , s o  
that   even a post-peak  s t rength  decrease  can  be ob- 
served a t  h i g h e r   r a t e s ,  which is probably  due t o  
a n   i n c r e a s i n g   b r i t t l e n e s s  of t h e   m a t e r i a l  a t  high 
rates of s t r a i n .  

In a d d i t i o n   t o   t h e   c u r v e s   o b t a i n e d   i n  uncon- 
f ined  tests, Figure 1 shows a l s o  a s t r e s s - s t r a i n  
curve  obtained  under a confining  pressure of 

Table 1: Resul t s  of t r iax ia l   compress ion  tests wi th   f rozen   s and   a t  T = -6OC.  

Depth 

cm 

22 
27 

11 
9 

24 
14 

9 
9 

22 
9 

22 

6 
6 

14 

- 
e 

- 
1.09 
1.03 

0.95 
1.00 
1.10 
1.07 

0.99 
0.95 
1.06 
0.99 
1.07 

0.97 
0.97 

1.16 
I_ 

T 
I 

0.32 
0.87 0.31 
0.85 

0.25  0.78 
0.29  0.85 
0.34 

0.85 0.31 
0.89 

0.29  0.86 
0.27  0.83 
0 . 3 2  0.89 
0.30  0.89 
0.32  0.88 

0.26 

0.83 0.33 

0.86  0.29 
0.79 

i l  
%/h  

0.218 
0.223 

1.954 
2.180 
2.222 
2 e 256 

19.02 
22.14 
22,59 
22.47 
21.54 

226.0 
224.8 

2326 

- 
"3 
MPa 
- 

0 
3.57 

0 
0 

1.71 
3.62 

0 
0 
0 

0.69 
3,52 

0 
3.48 

0 - 

(01 - 03Ip 
MPa 

2.61 
3.31 

5.10 
4.74 
4.76 
4.61 

6.56 
7.10 
6.96 
7,29 
6.30 

8.99 
12.19 

10.57 

(01 - U3lpp 

MPa 

2,55 
3.79 

4.08 
3.77 
3.69 
4.51 

2.76 
3.97 
4.37 
5.09 
5.69 

4 .OO 
8.59 

1.32 

€ f  
cm 

2.00 
3.00 

1.75 
1.60 
0.80 
1.50 

0.85 
0.60 
0.90 
1.00 
1.50 

1.00 
0.50 

0.70 

From t h e   r e s u l t s   i n   T a b l e  1, one can  deduce  the 
fo l lowing   l imi t ing  and  average  varues : 0.95 e 

1.16,  average  1.028,  0.25 < w  < 0 . 3 4 ,  average 
0.30, 0.78 <Sri < 0.89,  average  0.85. For some 
reason  they  a lso showed a t r e n d   f o r  a s l i g h t  in- 
crease i n   v o i d   r a t i o  and ice content   wi th   the  
depth. 

MECHANICAL PROPERTIES OF FROZEN SAND 

The diameter of the  14  samples  taken  from  the 
conta iner  w a s  3.43 f 0.11 cm and t h e i r   l e n g t h  va- 
r i e d  from  6.56 to   8 .00  cm, with  an  average of 6.93 
cm.After  trimming  the  samples  on a Lathe  and a f te r  
t empera tu re   s t ab i l i s a t ion ,   t hey  were submitted t o  
a series of both  unconfined  and  confined  tr iaxial  
compression tests i n  a servo-control led  loading 
sys tem  wi th   an   accura te   cont ro l  of  displacement 
rates. 

A s  w i l l  be   seen  in   Table  1, the  confining  pres-  
sures ,  0 3 ,  i n   t h e  tests var ied  fro! zero t o  about 
3.60 "Pa, w h i l e   t h e   s t r a i n  rates, E l ,  used  can  be 
d i v i d e d   i n t o   f i v e   g r o u p s ,   d i f f e r i n g  by a f a c t o r  of 
10, i .e . ,  0.22%/h,  2.2%/h,  22%/h,  225%/h  and 
2326%/h. 

Figure 1 shows a set of stress-strain curves ob- 
t a i n e d   i n  5 unconfined tests and  one  confined test 
a t  5 d i f f e r e n t   s t r a i n  rates. The curves show t h a t ,  

T= - 6OC 

a,-O (AS except Test 13) 

Fig. 1 - Stress -s t ra in   curves   for   f rozen   sand  ob- 
ta ined  i n  five  unconfined  and  one  confi-  
ned compression test of f i v e   d i f f e r e n t  
s t ra in  rates. 
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3 . 5 7  MPa and a t  a low rate  of  0.22%/h. It w i l l  be 
s e e n   t h a t  a t  t h e s e  low rates of s t r a i n   t h i s   f r o z e n  
sand shows a p l a s t i c  and  even  strain-hardening  be- 
havior .  

0.1 0001 L" 0,Ol 0.1 10 100 

Strain rate, e , ,  K '  

Fig. 2 - Peak  and  post-peak  strength  of  frozen  sand 
a g a i n s t   t h e   a p p l i e d   s t r a i n  rates obtained 
i n  unconfined  and  confined  compression 
tests. 

In  F igure  2 ,  t he   r e su l t i ng   peak  and  post-peak 
s t r eng ths   i n   unconf ined  (03 = 0) and some confined 
(u3 = 3 . 5 5  "a) tests have   been   p lo t ted   aga ins t   the  
a p p l i e d   s t r a i n  rates i n  a log-log  plot .  The f i g u r e  
shows c l e a r l y   t h e   d r o p  of the   pos t -peak   s t rength  
wi th   r e spec t   t o   t he   peak   s t r eng th   w i th   r e spec t   t o  
t he   peak   s t r eng th  as t h e   s t r a i n   r a t e   i n c r e a s e s .  The 
drop is, however, much more pronounced i n  t h e  un- 
confined  than i n  the   conf ined   tes t s ,   which  is due 
t o   t h e   u s u a l l y   o b s e r v e d   d e c r e a s e   i n   b r i t t l e n e s s  
wi th   increas ing   conf in ing   pressure .  The experimen- 
t a l  poin ts   for   peak   s t rengths   can   be   connec ted  by 
s l i g h t l y   c u r v e d   l i n e s ,   t h e   i n v e r s e   s l o p e s  of which 
vary  from  about n =  3 . 6  t o  14.5 f o r  03 = 0, and 
from  about n = 7 . 1   t o  3.6 f o r  u 3.55 MPa, when 
t h e  rate var ies   f rom 0.002 t o  28Xlh. 

F ina l ly ,   F igu re  3 shows t h e   v a r i a t i o n   o f   t h e  
peak,(Ul - U3)p,  and the  post-peak,(Ul - a 3 >PP, 
s t r e n g t h  in t h e  tests wi th   t he   app l i ed   conf in ing  
pressure.   Al though  the number of tests was too 
small t o   g i v e   s t a t i s t i c a l l y   s i g n i f i c a n t   v a l u e s   f o r  
e a c h   c o n f i n i n g   p r e s s u r e ,   t h e   r e s u l t s  show, never- 
t he l e s s ,   t he   fo l lowing   t r ends :  (1) For  the  peak 
s t r e n g t h :   t h e r e  i s  a s l i g h t   i n c r e a s e   w i t h  0 3  a t  low 
rates, no i n c r e a s e  i n  the  middle  range,and  sharp 
i n c r e a s e  a t  high rates of s t r a i n ;  ( 2 )  For  the  post-  
peak   s t r eng th :   t he re  i s  more inc rease   w i th  0 3  than 
for t he   peak   s t r eng ths .  

A mos t   l i ke ly   exp lana t ion   fo r   t h i s   behav io r  is 
t h a t  at  low and  middle-range rates t h e   r e l a t i v e l y  
loose  f rozen  sand  behaved  in  a typ ica l ly   undra ined  
manner: a t  very low rates and a t  l a r g e  strains some 
i n t e r g r a n u l a r   f r i c t i o n  w a s  mobil ized.  A t  middle- 
range rates, t h e r e  w a s  no time t o  e s t a b l i s h  i n t e r -  
g r a n u l a r  contact,  and e s s e n t i a l l y   t h e  ice cement 
was sheared.  A t  h igh rates, i n  t u r n ,   t h e r e  was a 
sha rp   i nc rease   i n   s t r eng th   w i th   t he   conf inemen t ,  
b u t   t h i s  was probably less due t o  f r i c t i o n   t h a n   t o  

Peak strength Post -peak strength 
A 

2.26 h" 12 I 

10 - 

I 

2 -   2 -  

h" 

Fig .  3 - V a r i a t i o n  of  peak  and  post-peak  strengths 
of f rozen  sand  with  the  confining  pres-  
s u r e ,  a t  f o u r   d i f f e r e n t   s t r a i n  rates. 

t h e   f a c t   t h a t   t h e   c o n f i n e m e n t   p r e v e n t s   b r i t t l e  
crack  propagat ion  in   the  specimens as i n   t h e  case 
of rocks .  

PENETFATION  TESTS 

A s  s t a t e d   i n   t h e   i n t r o d u c t i o n ,   t h e  main purpose 
of the   p resent   s tudy  was t o  c h e c k   t h e   p o s s i b i l i t y  
of p r e d i c t i o n  of the   behavior   o f   deep   foo t ings   in  
f r o z e n   s o i l s  on t h e   b a s i s  of laboratory  determined 
f r o z e n   s o i l   p r o p e r t i e s .  In a d d i t i o n ,  an answer was 
sought   to   the   ques t ion   whether   the   pene t ra t ion  ra- 
re i s  e s s e n t i a l l y  a f u n c t i o n  of the   appl ied   load ,  
or  whether and how  much i t  i s  a f f e c t e d  by t h e  
load ing   h i s to ry .  

These  requirements had a de termining   in f luence  
on the   des ign  and the  choice  of  experimental  appa- 
r a t u s  and the  performance  of   the tests. A s  men- 
t ioned ear l ier ,  f o r   t h e  tests, the   sand  w a s  depo- 
s i t e d ,   s a t u r a t e d ,   f r o z e n ,  and  kept a t  a cons tan t  
temperature  of -6OC i n  a s t e e l   t a n k  60 cm i n   d i a -  
meter  and 90 cm high  (Fig.  4 ) .  The temperature  of 
the  sand w a s  continuously  checked by 6 t h e r m i s t o r s  
i n s t a l l e d   c l o s e   t o   t h e  wall a t  6 levels s t a r r i n g  
from the   sand   sur face  down t o  the   dep th  of 7 5  cm. 
I n   a d d i t i o n ,   a b o u t  a t  t h e  same 6 levels, l a te ra l  
s t r a i n   g a g e s  were cemented on t h e   o u t s i d e  of t h e  
tank,   enabl ing a continuous  check of hoop stresses 
i n   t h e   t a n k  wall  bo th   du r ing   f r eez ing  and  during 
penet ra t ion  tests t o  be made. 

The tank  was i n s t a l l e d   i n  a r i g i d   a d j u s t a b l e  
steel loading  f rame  consis t ing  of  a bottom  and a 
top  f rame  held  together  by 4 pipe  columns. I n  
long term tests the   l oad  was appl ied  by a 24 kN 
capac i ty   Bel lof ram  cy l inder ,   and   in   shor t  term 
t e s t s  by a 490 kN h y d r a u l i c   j a c k   f i x e d   t o   t h e  up- 
per  frame. 

A l l  t h e   p e n e t r a t i o n  tests were performed by 
means of a 3 . 5 7  cm diameter  Fugro 5 ton capac i ty  
electric pene t romete r   w i th   f r i c t ion   s l eeve .  



683 

To str 
recor 

Fig,  4 - Test set-up  for  the  performance of s tage-  
loaded  deep  penetrat ion tests. 

This   choice w a s  made in order  t o  be   ab le  t o  re- 
cord  properly  the  t rue  end-bearing,  by e l imina t ing  
any p o s s i b l e   e f f e c t s  o f  l a te ra l  f r i c t i o n .   I n   o r d e r  
t o   o b t a i n   t h e   e f f e c t  of a deep   c i rcu lar   foo t ing ,  
the  cone of the   o r ig ina l   pene t rometer  was replaced 
by a f l a t   d i s c .  

During t h e  tests, simultaneous  recording on a 
s t r i p   c h a r t   r e c o r d e r  was made of (1) t h e  end pres-  
s u r e ,   ( 2 )   t h e   f r i c t i o n  on the   s l eeve ,  and (3)   the 
displacement of t he   pene t romete r ,   t he   l a t t e r  by 
means of a l inear   po ten t iometer .  

It should b e  noted,  however,   that   before  each 
test ,  t h e  whole  rod  of  the  penetrometer was care- 
fu l ly   g reased   w i th  a s i l i c o n e   g r e a s e  in order  t o  
keep la te ra l  f r i c t i o n   t o  a minimum. A s  a r e s u l t ,  
the   recorded la te ra l  f r ic t ion   d id   no t   exceed   about  
1% of the  appl ied  load  in   any of t h e  tests. In  ad- 
d i t i on   t o   t he   d i sp l acemen t  o€ the  penetrometer,  
the  heave of the  sand  surface was a l s o  measured by 
3 d i a l   gages .  

PERFORMANCE AND RESULTS OF PENETRATION TESTS 

The tests descr ibed in t h i s   pape r  were a l l  per- 
formed i n  one s i n g l e  test tank ,   bu t  a t  3 d i f f e r e n t  
depths  below  the f ree  sur face ,  i .e . ,  Test P1 a t  
15.24 c m ,  Test P2 a t  30.48 cm and Test P3 a t  45.72 
cm. For  each test ,  a hole  was c a r e f u l l y   d r i l l e d   t o  
t h e  desired depth.The  diameter  of  the  hole w a s  only 
s l i g h t l y   l a r g e r   t h a n   t h a t  of the  penetrometer   shaf t  
giving a c l o s e  f i t .  In o r d e r   t o   g e t  a uniform  con- 
tact  a t  the  bottom of the   ho le ,  a small q u a n t i t y  
of water was poured i n t o   t h e   h o l e   j u s t   b e f o r e   t h e  
pene t romete r   i n s t a l l a t ion ,  and was t h e r e  l e t  t o  
. f reeze   before   the  test. It should  also  be  noted, 
that   temperature  was measured a l s o   w i t h i n   t h e  pene- 
trometer by a t h e r m i s t o r   i n s t a l l e d   i n s i d e   t h e  
s h a f t ,  7 cm above i ts  base. A l l  t h e  tests were 
s tage- loaded,   but   the   length of t h e   s t a g e s  and t h e  
loading  sequence was d i f f e r e n t  in each test .  

'est 

P 1 A  

P l B  

P1C 

PLD 

P2 

P3 

- 
Stagt 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1l 
1 2  
1 3  
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 - 

Load 

MPa 

7.57 
9.03 

11.13 
13.35 
16.38 
18.16 
20.47 
22 92 
6.68 
9.12 

11,35 
13.80 
15-58  
17.80 
20.05 
22.25 
24.48 
24.92 
27.15 
29,37 
8.90 

17.80 
26 e 70 
17.80 

8.90 

11.13 
8.90 

11.13 
8.90 
6.68 
4.45 

18.07 
4.01 
7.57 

13.80 
20.92 

0 

- 
Time 

h 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
L 
1 
1 
1 
l 

- 

22.55 
45 * 1 5  
50. OC 
25.5C 
67.18 
115.57 

21.83 
98.05 
48.05 
24.52 
3.7: 
I * O C  - 

End r a t e  

cm/h 

0.0166 
0.0254 
0,0452 
0.0803 
0.1328 
0.1547 
0.2007 
0.2972 
0.0152 
0.0170 
0.0258 
0.0343 
0.0510 
0.0805 
0.1190 

0.2845 
0.3312 
0.4724 
0.6141 
0.0200 
0.1092 
0.3703 
0.0590 
0.0038 

0 e 00847 
0.00381 
0.00838 
0.00417 
0.00142 
0.00027 

0.09130 
0 * 00038 
0.00370 
0.02997 
0.17272 
0.00429 

0.1824 

Cotal s e t t l  

cm 

0.0315 
0.0627 
0.1168 
0.2052 
0.3500 
0.5149 
0.7391 
1 I 0530 
1.0936 
1 .1208  
1.1528 
1.1988 
1,2562 
1.3433 
1.4703 
1.6575 
I. 9433 
2.3304 

3.4846 
3.6080 
3.7483 
4.1788 
4.2258 
4.2136 

1.1430 
I. 2901 
1.7780 
2.4463 
2.5400 
2.6055 

2.8560 
2.8687 
3.0930 
3.9639 
4.6746 
4.6215 

2 8348 

In  Test P1 ,  s t a r t i n g   a t   t h e   d e p t h  o f  15.24 cm,  
a l l   t h e   s t a g e s  were only  one  hour  long. A s  shown 
in Table   2 ,   the   t es t   can   be   d iv ided   in to   four  
loading  sequences. In  t h e  f i rs t  sequence  (PlA), 
the   load  was increased up t o  22.92 MPa in 8 sta- 
ges .   Af te r   the  las t  s t age ,   t he   l oad  w a s  taken  off,  
and the  second  sequence  (PlB)  s tar ted from  6.68 
Ml' and a t ta ined   24 ,48  MPa i n  9 s t ages .   Af t e r   t he  
s t a g e  1 7 ,  the   penetrometer  was unloaded and imme- 
dia te ly   re loaded   to   about   the  same level ,  and 
then  l e t  t o   a t t a i n  29.37 MPa i n  3 a d d i t i o n a l  sta- 
ges   (PlC),   After   the   s tage  20,   the   load was again 
taken  off  and then,  in t h e  l as t  sequence  (PlD), 
f i r s t   i n c r e a s e d   i n  3 s t a g e s   t o  26.70 MPa and then 
decreased i n  two s tages   back t o  8.90 MPa. 

Some most   important   resul ts  of t h i s   t e s t   a r e  
summarized i n  Table 2 and shown i n   F i g s  5 and 6 .  
Table 2 g i v e s , i n   t h e  last two columns,the  pene- 
t r a t i o n  rate and t h e   t o t a l  settlement a t  t h e  end 
of  each  stage. It w i l l  be   seen   tha t ,  a t  t h e  end 
of t h e  t es t ,  t h e   t o t a l   p e n e t r a t i o n   a t t a i n e d   o n l y  
4.21 cm. Figure 5 shows a t y p i c a l  set of t o t a l  
settlement versus  time cu rves   ob ta ined   i n  Test 
PlA, while  Fig.  6 g ives  a p l o t  o f  t h e  end  pene- 
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t r a t i o n  rates v e r s u s   a p p l i e d   l o a d s  f o r  a11 sequen- 
ces of   the  test .  

A f t e r   f i n i s h i n g   t h e   T e s t  P 1 ,  t h e   h o l e  was d r i l -  
l e d  t o  t h e   d e p t h  of 30.48  cm, where   the  Test P2 was 
s t a r t e d .  The  main  purpose of t h i s  test was t o  see 
how t h e   l o a d i n g   h i s t o r y   a f f e c t s   t h e   p e n e t r a t i o n  
rate, The load  i n  t h e  test was, t h e r e f o r e ,   f i r s t  
twice  cycled  between  11.13  and 8.90 MPa and  then 
d e c r e a s e d   t o  4.45 "a. The   length  of s t a g e s   i n   t h i s  
t es t ,  as well a6 in t h e   f o l l o w i n g  Test P3, was n o t  
f i x e d   i n   a d v a n c e ,   b u t  was determined by t h e   r e q u i -  
r emen t   t ha t ,  a t  t h e  end of any   s t age ,   t he  ra te  
should   be   reasonably   cons tan t .  As seen i n  Table  2 ,  
t h i s   r e q u i r e d   t h e   l e n g t h  of s t ages   va ry ing   f rom 
about  1 t o  5 days ,   depending   on   the   appl ied   load .  
The t o t a l   P e n e t r a t i o n   i n  Test P2 a t t a i n e d  2.60 cm. 

Fol lowing   the  Test '22, t h e   h o l e  was d r i l l e d  
f u r t h e r  t o  t h e   d e p t h  of 45.72 cm, where   the   Tes t  P 3  
was per formed.   S imi la r ly  as i n   t h e   p r e v i o u s  t es t ,  
t h e   l o a d   i n  Test P 3  was cyc led   wi th ln   wide  limits, 
and t h e   l e n g t h  of s t a g e s   v a r i e d   i n v e r s e l y   w i t h   t h e  
i n t e n s i t y  of t h e   l o a d .  A t  t h e  end  of t h i s  test ,  
t h e   t o t a l   s e t t l e m e n t  was 4.62 cm. 

Figure 6 shows the end of stage  penetration 
rates versus load plot  f o r  all the  tests .  More 
de ta i l s  about the teats  can be  found i n  Paquin 
(1977). 

0 10 20 30 40 50 60 
Tlrne. min 

11 I I I I I I 

Fig. 5 - Time versus t o t a l  settlement  curves obtai- 
ned i n  stage-loaded  penetration t e s t  P1A , 
with 1 hour per stage and increasing  load. 

Fig .  6 - End p e n e t r a t i o n  ra te  v e r s u s   l o a d   r e l a -  
t i o n s h i p s   o b t a i n e d   i n  a l l  p e n e t r a t i o n  
tests. 

QUALITATIVE  EVALUATION OF TEST RESULTS 

Due t o   t h e   f a c t   t h a t   t h e  main  subject   under  
s t u d y   i n   t h i s   p a p e r  was the  dependence of  t h e  pe- 
n e t r a t i o n  ra te  on t h e   l o a d ,   t h e  time and t h e   l o a -  
d i n g   h i s t o r y ,  less a t t e n t i o n  was p a i d   t o   t h e  set- 
t l e m e n t   b e h a v i o r   i n   t h e   f i r s t   r u n  of Test P l   i n  
w h i c h   t h e   p e n e t r a t i o n   r e s i s t a n c e  of t h e   f r o z e n  
sand was s l o w l y   m o b i l i z e d   u p   t o   f a i l u r e .  A l l  t h e  
rest o f   t h e  tests were conduc ted   i n   a l r eady   p re s -  
t r a i n e d   s o i l  so t h a t   o n l y   t h e  end ra te  r e p r e s e n t s  
a r e l evan t   pa rame te r .  

I n  g e n e r a l ,  when L o o k i n g   i n t o   t h e   r e s u l t s  of 
t he   t h ree   pe r fo rmed   s t age - loaded   pene t r a t ion  
tests, shown in Table 2 and Figures 5 and 6, one 
can draw the  following  conclusions: 

( 1 )   I n   t h e   p e r i o d  of m o b i l i z a t i o n  of pene t r a -  
t i o n   r e s i s t a n c e ,   t h e  rate i s  a f f e c t e d  by b o t h   t h e  
load   and   t he   l oad ing   h i s to ry   (Tes t  PlA-D, Fig. 6)  
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I n  t h i s   p e r i o d ,   t h e  rates in   loading ,   un loading  and 
re loading   sequences   can   d i f fe r  by a f a c t o r  of 2 t o  
3 ,   b u t   t h e   d i f f e r e n c e   t e n d s   t o   d i s a p p e a r  a t  high 
loads  and rates. 

(2)  Once the   pene t r a t ion   r e s i s t ance   has   been  
fu l ly   mob i l i zed ,  as i n  Tests P2 and  P3, a s teady  
p e n e t r a t i o n  rate c a n   b e   a t t a i n e d   a f t e r  a l i m i t e d  
time period,varying  from a minimum of  about 1 day 
up to   abou t  5 days. Under these   c i r cums tances ,   t he  
p e n e t r a t i o n   r a t e  becomes e s s e n t i a l l y  a f u n c t i o n  of 
the  appl ied  load  and i s  only  very l i t t l e  a f f e c t e d  
by the   loading   h i s tory   (F ig .  6 ) .  

(3) A s  f a r  as the   abso lu t e   va lues  of l o a d s  and 
pene t r a t ion   r a t e s   obse rved  a t  these   t h ree   dep ths  
are concerned,  they fit well  with  the  expectations 
f o r  Test P1, but one would expect  to  get,at  the sa- 
me rate, a higher penetration  resistance i n  the de- 
epest  Test P3, than in Test P2, as  actually obser- 
ved. One possible  explanation for t h i s  i s  the al- 
ready mentioned increase in porosity of the sand 
with the  depth. 

COMPARISON OF RESULTS WITH 

THEORETICAL PREDICTIONS 

If   one is o n l y   i n t e r e s t e d   i n   t h e   r e l a t i o n s h i p  
be tween   t he   pene t r a t ion   r a t e ,  si, a t  t h e  end  of 
any   s tage  i and the  corresponding  appl ied  pressure,  
ql, t h e   f a c t   t h a t   t h i s   r e l a t i o n s h i p  was p r a c t i c a l -  
l y   l i n e a r   f o r   m o s t  of t h e  tests when shown i n  a 
log- log   p lo t ,   (F ig .  6 )  e n a b l e s   t h i s   r e l a t i o n s h i p  
to   be  expressed by a power l a w  (Ladanyi,  1976) 

n k i  = bc(si/qc)  (1) 

where h and qc are t h e   r e f e r e n c e  rate and stress, 
r e s p e c t l v e l y ,  and n is the creep  exponent   for  
stress. For   example,   f rom  the  s t ra ight   l ine   por-  
t i o n s  of t h e   l i n e s  shown i n   F i g .  6 ,  one  can  f ind 
the   fo l lowing   va lues  of  parameters  qc a?d n,   assu-  
ming always  the same r e f e r e n c e  ra te  of sc == 0.01 

F 

cm/h (Table 3 ) .  
Table 3 

Test Run n 9 , r  ma 

P1A 1-8 2.60 6.2 
P1B 12-17 3.67 10.0 
P1C 18-20 3.59 9.2 
P1D 21-22 2.45 6,7 
P2 1-5 3 . 4 0  11.9 
P2 5-6 4.10 10.8 
P3 1-5 3.58 10.0 

It should  be  noted,  however,   that   the  end rates i n  
test P1 ,ca r r i ed   ou t   w i th   on ly  1 hour   per   s tage,were 
not   ye t   s teady  state rates. 

The problem  of t h e   r e s i s t a n c e  of a f r o z e n   s o i l  
t o   p e n e t r a t i o n  by a deep  c i rcular   load  has   been 
approached i n   r e c e n t   l i t e r a t u r e  i n  s e v e r a l   d i f f e -  
rent ways,  For  example,  Ladanyi  and  Johnston  (1974) 
use  for   that   purpose  the  mathematical   model   of   an 
expanding  spherical   cavity  and  deduce  therefrom 
the   r e l a t ionsh ips   be tween   t he   l oad  and t h e  set t le-  
ment o r   t he   s e t t l emen t  rate f o r  a deep  foot ing.  
The i r   so lu t ion   t akes   i n to   accoun t   bo th   t he  non li- 
near   v i scoe las t ic   behavior   and   the   e f fec t   o f   in te r -  
n a l   f r i c t i o n  i n  frozen  soil .   Ladanyi  (1976) shows 

tha t   the   deep   pene t ra t ion   p roblem  can   a l so   be  
t r e a t e d  by the  convent ional   bear ing  capaci ty   theo-  
ry ,   provided  one  takes   into  account   properly  the 
rate of s t r a i n   e f f e c t  on t h e   s t r e n g t h  of penetra-  
t e d   s o i l .   F i n a l l y ,  Nixon  and  McBoberts  (1976) 
show how the   l oad -pene t r a t ion  rate r e l a t i o n s h i p  
can  be  found  from  the  Boussinesq stress d i s t r i b u -  
t i o n  combined w i t h  a power l a w  creep  equat ion.  

When t r y i n g   t o  re la te  the  behavior  of a deep 
foo t ing   w i th   t ha t   o f  a r e p r e s e n t a t i v e   s o i l   s a m p l e  
u n d e r   t r i a x i a l  rest condi t ions,   the   problem most 
d i f f i c u l t   t o   s o l v e  i s  u s u a l l y   t h a t  of s e l e c t i n g  
t h e   s t r a i n   r a r e  i n  t h e  test t h a t  would be  repre- 
s e n t a t i v e   o f   t h e   a v e r a g e   s t r a i n  rare of t h e   s o i l  
d u r i n g   p e n e t r a t i o n .   S i n c e   t h e   s t r a i n  ra te  around 
the   foo t ing   decreases   cont inuous ly   wi th   the   d i s -  
t a n c e ,   v a r i o u s   i n t e r p r e t a t i o n s  are p o s s i b l e .  The 
one  considered  here  (Ladanyi,   1976),  relates t h e  
p e n e t r a t i o n  ra te ,  8 ,  of a c i r c u l a r   f o o t i n g   o f  
diameter  B w i t h   t h e  time t o   f a i l u r e ,  t f ,  of a 
s o i l  element  located  below  the  base in t h e   l i n e  
of p e n e t r a t i o n ,  by the   express ion  

tf = 0.5(h"/3- 1) T;'/'((B/s) (1) 

where  yf is t h e   s h e a r   s t r a i n   a t   f a i l u r e   i n  a tri- 
a x i a l  test and i s  a small f r a c t i o n  of t h e   f a i -  
l u r e   s t r a i n .  The time tf i s ,  i n   f a c t ,   t h e  time 
necessa ry   fo r  a pLas t i5  zone  below  the  foot ing,  
advancing a t  t h e  ra te  6 ,  t o   r e a c h  a so i l   e l emen t  
i n  which t h e   c u r r e n t   s t r a i n  is equal  hyf , 

As t h e   p e n e t r a t i o n   r a t e s   i n   t h e  tests were ra- 
ther   s low,   one  can  take 7f m 1 . 5  E l f  a 0.03, as 
i n  compression Test 9,  and,  assuming h = 10%  for  
t h e   n e g l i g i b l e   p o r t i o n  o f  t h e   f a i l u r e   s t r a i n ,  and 
t ak ing   i n to   accoun t   t ha t  B 3.568 cm, one  can 
f i n d   f r o m   E q . , ( l )   t h a t   t h e   r e p r e s e n t a t i v e   a v e r a g e  
s t r a i n  rate, E l a v  f l f / t f  = 0.003 i. I f  w e  want 
t o  use fo r   t he   compar i son   t he   pene t r a t ion  test P3, 
i n  which C!.qQ03< k < 0,17 cm/h, t h i s  would g ive  
9 X 16' < e l a v  < 5 x t?'. A s  s e e n   i n   F i g .  2, 
t h i s  rate i s  s lower   than   in   the   s lowes t  compres- 
sion t e s t s   p e r f o r m e d ,   l i k e  tests 9 and  13. We 
s h a l l   t h e r e f o r e   i n   t h e   f o l l o w i n g  assume t h a t   t h e  
f r o z e n   s o i l   p r o p e r t i e s  are charac te r ized  by t h e  
c reep   equat ion  

E l  = ic [ ( D l  - D3)/Uc1 
n 

( 2 )  

in which,   for  rates slower  than 0.001h (Fi.g. 2)  
and   fo r  low  conf in ing   pressure ,   one   f inds  n * 
3.60, and Oc * 2.10 MPa a t  E C  = 0.001 K'. I n  ad- 
d i t i o n ,  i t  is seen i n   F i g .  1 tha t   fo r   such   s low 
r a t e s   t h e r e  is no l o s s  of s t r e n g t h   a f t e r   f a i l u r e ,  
and i n   F i g .  3 ,  t h a t  i?J 5' a t  t h e   f i r s t  peak,and 

8.5' a t  l a r g e   s t r a i n s .  

According t o  Ladanyi  and  Johnston  (1974),  once 
the  creep  parameters   of  a f rozen   so i l   have   been  
descr ibed  as shown i n   t h e   i n   t h e   f o r e g o i n g ,   t h e  
p e n e t r a t i o n   r a t e  of a deep   c i rcu lar   load   can   be  
est imated by u s i n g   t h e i r  Eqs. (56),   (61),   (93) 
and  (102). From t h e i r  Eq. (56)  and (61):  

= B(0.5)n+'(cc/~~)(3/n)n(pi - pol (3)  

where (p.   -po)  i s  the  net  pressure in  the  sphcri- 
cal c a v i b ,  connected with  the  load q by 
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f = (1 + sin p ) / ( ~ .  - sin 8) (6) 

For   compar i son ,   t he   pene t r a t ion  test P3 w a s  se- 
l e c t e d   b e c a u s e  i t  was t h e   d e e p e s t  test (D/B  = 12.8)  
a n d   t h e   l o a d i n g   s t a g e s   w e r e   k e p t   d e l i b e r a t e l y  so 
long as t o  a t t a i n  a r easonab ly   s t eady- s t a t e   beha -  
v i o r .  In a d d i t i o n ,   s i n c e   t h e  test s t a r t e d   w i t h  a 
l a r g e   l o a d ,   t h e   s o i l   r e s i s t a n c e  was completely mo- 
b i l i z e d   i n  a l l  t h e   s t a g e s  (7 = l) .  It s h o u l d   a l s o  
b e   n o t e d   t h a t  c and !8 i n  Eqs .  ( 3 )  t o  ( 6 )   r e f e r   t o  
t h e   s h e a r   s t r e n g t h   m o b i l i z e d  on t h e   s u r f a c e  o f  t h e  
soil cone   formed  be low  the   load   dur ing   pene t ra t ion ,  
a n d   t h e y   c o r r e s p o n d   t h e r e f o r e   t o   l a r g e   s t r a i n s .  A s  
f a r  as t h e   a m b i e n t   p r e s s u r e  po i s  concerned,  if one 
a d d s   t o g e t h e r   t h e   o v e r b u r d e n   p r e s s u r e   ( a b o u t  8 kPa) 
and   the  l a te ra l  p res su re   measu red   hy   s t r a in   gages  
mounted  on t h e  wall  of t he   con ta ine r   ( abou t   34   kPa ) ,  
i t  i s  found   t ha t  i t  amounts   on ly   to  po Q 0.005 q ,  
which   can   be   neglec ted .  

From E q s .  ( 5 )  and   (6 ) ,   w i th  (d ".8.5', U c  = 2.10 
m a ,  f C  = 0.001 ti', n = 3.60 and 61 = 0.003 B as 
b e f o r e ,   o n e   g e t s :  

c = 1.227 0.278 

1. A f r o z e n   s a n d   w i t h   t h e   v o i d   r a t i o  of abou t  
1 and a t  a t empera tu re  of -6OC behaves a t  low 
rates of s t r a i n  i n  a n o n - b r i t t l e  manner  and  shows 
v e r y  l o w  v a l u e s  of  a n g l e  of f r i c t i o n ,  @ G 5 O  a t  
the  peak  and 0 8,5' a f t e r   t h e   p e a k ,  A t  h i g h   r a -  
tes of s t r a i n  i t s  behav io r  is b r i t t l e   w i t h  a more 
p ronounced   e f f ec t   o f   con f in ing   p re s su re .  

2 .  When t h e   f r o z e n   s a n d  i s  loaded  by a deep 
c i r c u l a r   l o a d ,   t h e   r e s u l t i n g   r a t e   o f   p e n e t r a t i o n  
i s  a f f e c t e d   b y   b o t h   t h e   l o a d   a n d   t h e   l o a d i n g   h i s -  
t o r y ,   b u t  becomes p r a c t i c a l l y   i n d e p e n d e n t   o f   t h e  
lat ter a f t e r   t h e   p e n e t r a t i o n   r e s i s t a n c e   h a s   b e e n  
f u l l y   m o b i l i z e d ,  

3 .  The time n e c e s s a r y   f o r   a t t a i n i n g   t h e   s t e a d y -  
s t a t e  ra te  in a s t age - loaded   pene t r a t ion  test va- 
r i e s  between 1 and 5 days  depending  on  the  Load. 

4 .  A s a t i s f a c t o r y   p r e d i c t i o n  o f  observed  pene- 
t r a t i o n  rates can   be   ob ta ined  by u s i n g  a t h e o r y  
based on t h e   s p h e r i c a l   c a v i t y   c r e e p   e x p a n s i o n  mo- 
d e l .  
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ON THE  ROLE OF THE COMPONENTS OF FROZEN CLAY SOILS IN THE DEVELOPMENT OF STRENGTH 
AT DIFFERENT TEMPERATURES 
R.V. Maksimyak, Res. I n s t .  of Foundations  and  Underground  Structures, Moscow, 
E . P .  Shusher ina, V.V.  Rogov, M . I .  Zabolotskaya, Moscow S t a t e   U n i v e r s i t y ,  U .S .S .R .  

The a u t h o r s   s t u d i e d   t h e   r o l e   o f   i n d i v i d u a l  components  and s t r u c t u r a l  bonds 
o f  f r o z e n   c l a y   s o i l   i n   t h e   d e v e l o p m e n t  of i t s   s t r e n g t h   w i t h i n  a wide  range o f  
t empera tu res   ( t o  - 5 O O C ) .  The s tudy was based  on  the  resul   ts of t es ts   on   t he  
s t r e n g t h   o f   f r o z e n   s o i l s  and ice   under   shor t - te rm  loads  and  on e l e c t r o n   m i c r o s c o p e  
i n v e s t i g a t i o n s  of t h e   m i c r o s t r u c t u r e .  The m i c r o s t r u c t u r a l   i n v e s t i g a t i o n s  of 
specimens i n   t h e i i n i t i a l   s t a t e  and a f t e r   f a i l u r e  showed t h a t   t h e   p e r f o r m a n c e   o f  
f r o z e n   c l a y   s o i l s   u n d e r  a l oad  depended  on  changes i n   t h e   s t r u c t u r a l   e l e m e n t s   ( i c e  
inc lus ions ,   m ic roaggregates ,   water  f i  lms)  and  the  bonds  between them ( i n t r a -  
and in te raggrega te   bonds ,   bonds   be tween   i ce   and   ske le ton   pa r t i c l es ,   i n te r -  and 
i n t r a c r y s t a l l   i n e  bonds i n   t h e   c a s e  o f  i c e )   a t   d i f f e r e n t   t e m p e r a t u r e s .  

LE  ROLE DES COMPOSANTES DES GEL I SOLS ARG I LEUX DANS LA  FORMATION DE LA R f S  I STANCE 

R . V .  Maksimyak, l n s t i t u t  d e   r e c h e r c h e s   s c i e n t i f i q u e s   s u r   l e s   f o n d a t i o n s   e t   l e s  
s t ruc tu res   so ! te r ra ines ,  MOSCOU, E . P .  Shusherina, V . V .  Rogov, M . I .  Zabolotskaya, 
U n i v e r s i t e   d ' E t a t  de MOSCOU, URSS 

t e r i s e n t  un g k l i s o l   a r g i l e u x   p e n d a n t  son a c q u i s i t i o n  de r e s i s t a n c e  rnecanique  en 
presence  d 'une gamrne &tendue  de  tempkratures  ( jusqu'A -50' C ) .  Les r k s u l t a t s  des 
essa is   e f fec tugs   sur   la   res is tance  mecan ique des g 6 l i s o l s   e t  de l a   g l a c e  sournis 2 
une charge de cou r te   du rke  e t  l e s  donnkes   d 'une   e tude   su r   l a   m ic ros t ruc tu re ,  
ob tenues   pa r   m ic roscop ie   e lec t ron ique ,   cons t i t uen t   l a   base  des recherches. Les 
recherches   rn ic ros t ruc tura les  des e c h a n t i l l o n s   a v a n t   e t   a p r &   l a   r u p t u r e   o n t   m o n t r b  
que l e  comportement  des g e l i s o l s   a r g i l e u x  sournis 2 une  charge  est   determine  par  les 
m o d i f i c a t i o n s  des   e lemen ts   s t ruc tu raux   ( i nc lus ions  de g lace,   microagregats ,   pe l  1 i c u l e s  
d ' e a u )   e t  des l i e n s   e n t r e   e u x   ( i n t r a -   e t   i n t e r a g r e g a t s ,   l i e n s   e n t r e   l a   g l a c e   e t   l e s  
p a r t i c u l e s   d u   s q u e l e t t e ,   l i e n s   i n t e r -  e t  i n t r a - c r i s t a l l i n s  dans l a   g l a c e )  d. 
d i   f f g ren tes   t emp6ra   t u res .  

M ~ C A N  I QUE A D I FFERENTES TEMPERATURES 

f t u d e   d u   r 8 1 e   d e s   d i f f k r e n t e s  composantes e t  des 1 i ens   s t ruc tu raux   qu i   ca rac -  

0 FOnM C0CTABJlRK)UIMX MEP3AbIX rJIl"MCTb1X FPYHTOB B @OPNlMPOBAHMM 
nPOYHOCTM I?PM PA3JIMYH'blX TEPLrIEPATYPAX 
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DEGRADING PERMAFROST 

E.C. McRoberts, E.B. F le tcher ,  J.F. Nixon 
Northern  Engineer ing  Services Co. Ltd.,  Calgary, A1 ber ta ,  Canada 

This  paper examines  thaw c o n s o l i d a t i o n   e f f e c t s   i n   t h a w i n g   p e r m a f r o s t   a t  two 
s i t e s   i n   t h e  Mackenzie  Valley, N.W.T. A t  these  s i tes  excess  pore  water  pressures 
have  been  measured. A cons idera t ion  o f  the  geothermal  aspects o f  degrading perm- 
a f r o s t  i s  presented and a comparison  between  predictions and observat ions  of fered. 
Cer ta in   ex tens ions   t o   t haw  conso l i da t i on   t heo ry   requ i red   i n  a cons idera t ion  of 
degrad ing   permaf ros t   a re   then  inves t iga ted .   Us ing   ava i lab le   f ie ld  and labo ra to ry  
data a t   t h e   s i t e s   s t u d i e d ,   e s t i m a t e s  of t h e   c o e f f i c i e n t   o f   c o n s o l i d a t i o n   a r e  
obtained. These values are then compared w i t h   v a l u e s   o f   t h i s   c o e f f i c i e n t   r e q u i r e d  
t o  p r e d i c t   t h e  measured  excess pore  water  pressures. It i s  found  tha t   the   h igh-  
est   pore  pressures measured a t   t h e   s i t e s   a r e   c o n s i s t e n t   w i t h   t h e   p r e d i c t i o n s  made 
us ing  the  lower  bound o f  t h e   c o e f f i c i e n t   o f   c o n s o l i d a t i o n   d a t a   o b t a i n e d   a t   t h e  
s i t e s  . 

DEGRADAT I ON 
E.C. McRoberts, E.B. Fletcher, J . F .  Nixon 
Northern  Engineering  Services t o .  Ltd., Calgary,  Alberta, 

Dans le  present  article,  on  examine les effets de 
le dCgel, dans un perVCliso1 en voie  de  di?gel,  sur  deux s 
Mackenzie, T.N.-O., ou  l'on a mesuri?  les  pressions  d'eau 

aux  valeurs  de ce coeffic 
interstitielle  mesurees. 
fortes  mesurees sur les s 
infCrieure  des  valeurs du 
question. 

Canada. 
la surconsol  idation par 
;ites de l a  vallge du 
interstitielle. On 

examine le comportement  ggothermique du pergelisol  en v o i e  de  dggradation, et on 
compare  les  prgdictions aux observations.  Ensuite,  on  6:tudie de nouveaux  Clements 
apportgs d la thCorie  de la consolidation par le degel, qui nous  permettent  de 
mieux  comprendre  l'evolution du pergel  is01 en voie d e  dggradation. A l'aide des 
donnCes  disponibles  obtenues in situ  et au laboratoire, sur les  sites  CtudiCs,  on 
a 6valu6 le coefficient de consolidation. On a alors  compare  les valeurs obtenues 

ient, qui nous permettent  de  predire  les  pressions  d'eau 
On a constate  que les pressions  interstitielles  les plus 
ires  concordent  avec  les  Cvaluations  basees sur la limite 
coefficient de consolidation  obtenues sur les  sites en 



694 
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E.C. McRoberts*, E . B .  Fletcher, and J . F .  Nixon* 

Northern  Engineering  Services Company Limited,  Calgary 
*Assigned from R.M. Hardy and Associates  Limited,  Calgary 

INTRODUCTION 

When permafrost  thaws,  excess  pore  water  pres- 
sures may be induced by thaw consolidation proces- 
se s ,  This  paper examines the consequences o f  thaw 
d u r i n g  the  long term degradation  of  permafrost by 
considering  case  records i n  the  Mackentie River 
Val ley  and i n  par t icu lar  two s i t e s   a t  Sans Saul t 
Rapids and Martin River i n  the North West 
Ter r i to r ies   o f  Canada. A t  both  these  s i tes ,   s i tu-  
ated on modest slopes,  excess  pore  pressures have 
been measured, While i t  may be possible   that  
oother phenomena associated  with  sloping  terrain 
could be responsible  for  the  pore  pressures mea- 
sured,  see McRoberts (1977)  the  objective o f  this 
paper i s   t o  examine them in 1 ight  of thaw conso- 
l idation  processes.  

The Sans S a u l t   s i t e  i s  located on  a north facing 
bank of  the Mountain River, and i s   i n c l i n e d   a t  a 
gradient  of  about  16".  Disturbance was i n i t i a t e d  
a t  this s i t e  i n  the  winter  of 1970-71 and a slope 
failure  occurred  the  following summer.  The s i t e  
was instrumented i n  1975 and excess  pore  pressures 
measured. During the  1976 season,  the s i t e  was 
visited  twice b u t  a l l  of the in s t a l l a t ions  were 
dry on both  occasions. The Martin  River s i t e  is  
located on a south-east  facing bank of the  Martin 
River near  Fort Simpson. The bank, i nc l ined   a t  a 
slope o f  up t o  20", f a i l ed  due to  disturbance 
i n i t i a t e d  i n  the  winter  of 1972-73. Field  instal -  
l a t ions  were placed i n  1975 and monitored  during 
1975 and 1976. 

GEOTHERMAL ASPECTS 

In  order t o  predict   the  consequences  of  degrada- 
t ion  i t   i s  necessary  to have a measure of the rate 
of  degradation. F i g .  1 presents  case  records from 
the Mackenzie River Valley, from the v ic in i ty  of 
Norman Wells and Fort Simpson, N.W.T., and a case 
record  cited by Linnel (1973) from Fairbanks, 
Alaska in w h i c h  the  d e p t h  of  degraded  soil is  p lo t -  
ted  against  the  square  root o f  time. The va l id i ty  
of comparing da ta  from Norman Wells,  Fort Simpson 
and Fairbanks may be assessed by comparing  thawing 
indices  (1660,  1920, and 1870°C days respectively) 
and freezing  indices (4000, 3350, and 3200 respec- 
t ive ly)   as  well as the  similar  conditions encoun- 
tered. The data i n  F i g .  1 have been subdivided 
f o r   s i t e s  having h i g h  or low ice  content  permafrost 
u s i n g  a 25% water ( ice)  content   cr i ter ion,  and f o r  
poor and good cover  based on less   than,  and more 
t h a n ,  one f o o t  of  peat. While the re   i s   ce r t a in ly  

scat ter   in   the  data ,  a pattern emerges l'n which 
s i t e s  w i t h  low ice  content  soils  degrade  faster 
than  those w i t h  high ice  contents,  and those  with 
thicker  peat  cover thaw at: a reduced rate. Also 
shown i n  F i g .  1 a re  computer predictions based on 
a one-dimensional  conditjon. These predictions 
have been made for  average  meterological  conditions 
for   the Fort Simpson - Norman We1 1 s region and 
have been executed f o r  a 30-year  period. For 
the  predictions  involving h i g h  ice   content   soi ls ,  
a 40% water ( ice)   content  was used, and a 20% 
value  for low water  ( ice)  content.  The winter 
conditions were changed by varying  the  winter snow 
accumulation  as measured by the  snow fac to r ,  where 
1 .O is  the  average  expected  snowfall . I t  can be 
seen tha t  the geothermal  response i s   s e n s i t i v e   t o  
the snow factor ,   ice   content  and depth  of  peat 
cover, I t   i s  note-worthy t h a t  the range and 
pattern of  predicted  response  para1  le1 s the 
observations made. In order   to  model the condition 
a t   t h e  Sans Saul t s i t e ,  two cases,  Case 1 and Case 
2 as shown on Fig. 1 were adopted. These cases 
encompass the  observed  pattern o f  degradation a t  
the s i te .  The geothermal history used fo r  Cases 1 
and 2 i s  considered  in  detail i n  Figs, 2a and 2b 
where the  pattern o f  degradation  for each thaw 
season up t o  seven  years i s  shown, Also given i s  
the  pattern of thaw predic ted   for   the   in i t ia l  t h a w  
season  following  disturbance a t   t h e s e  two s i t e s .  
I t  can be seen tha t  Case 1 and 2 cons t i tu te  a 
r e a l i s t i c  measure o f  the   ra te  o f  degradation  that 
can be expected i n  ice-rich,   f ine-grained perma- 
f r o s t  when compared w i t h  observed  behaviour and 
as such have been adopted for   the   s i tes   s tud ied .  

CONSOLIDATION THEORY 

Morgenstern and  Nixon (1971 ) provide a solution 
t o  a moving boundary thaw consolidation problem 
where the  thaw l i n e   i s  assumed t o  move propor- 
t i ona l ly  t o  the  square  root o f  time  as governed 
by the parameter c1. This theory may be used t o  
predict   pore-water  pressures  for  the  f irst   of a 
s e r i e s  o f  thaw cyc le s   i f  an average  value o f  c1 
i s   a s ses sed   fo r   t he   f i r s t  thaw season. However, 
a more general  approach,  given by Nixon ( l973) ,  is  
required  to  adequately  evaluate  the  generation 
o f  excess  pore-water  pressures i n  subsequent 
thaw seasons.  This  approach  uses a computer pro- 
gram t o  incorporate   arbi t rary movements of the 
thaw l ine .  The r e s u l t s  o f  this  technique are 
given in  Fig. 2a which shows the  depth  of thaw 
versus time f o r  Cases 1 and 2 as determined by 
geothermal  simulation, and Fig. 2b  w h i c h  shows the 
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d i s t r i b u t i o n   o f   n o r m a l i z e d   p o r e - w a t e r   p r e s s u r e   w i t h  
t i m e   f o r  a c o e f f i c i e n t   o f   c o n s o l i d a t i o n ,  c , o f  
0.002  cm2/sec.  The normal ized   pore   p ressuves   fo r  
each  case,  as  calculated  according  to  Morgenstern 
and  Nixon  (1971)  using  average  values  for a, t h e  
r a t i o  between  thaw  depth  and  the  square  root o f  
t ime,   are shown on  the same f i g u r e   i n   t h e   f i r s t  
thaw  season.  This  port ion o f   t h e   a n a l y s i s  shows 
t h a t  maximum normal ized  pore-water  pressures  occur 
d u r i n g   t h e   f i r s t  thaw  season  and  then  tend t o  be- 
come less   seve re   w i th   t ime .  The wors t   cond i t ion   can  

'be  c losely   approx imated  us ing  the  method  proposed 
ear l ier   by  Morgenstern  and  Nixon  (1971)  provided 
an  average  value f o r  ~1 f o r   t h e   f i r s t  thaw  season 
can  be  predic ted.  It i s   a l s o   o f   i n t e r e s t   t o  
obse rve   t ha t   t he   t ime   p red ic ted   t o   reach  peak pore 
pressure i s   l o n g e r   i n  any  given  thaw  season  the 
more  advanced t h e   y e a r   o f  thaw. The r e s u l t s   o f   t h e  
ana lys i s   a re   a l so   p resen ted  on F ig.  3 which shows 
t h e   r e l a t i o n s h i p  between  normalized  pore-water 
p r e s s u r e   a n d   c o e f f i c i e n t   o f   c o n s o l i d a t i o n   f o r  Cases 
1 and 2 f o r   c o n d i t i o n s   a t   t h e  end o f   t h e   f i r s t ,  
fourth  and  seventh  thaw seasons. No d e t a i l e d  ob- 
servat ions  were made o f   t h e   t e m p e r a t u r e  - t ime  
h i s t o r y   a t   e i t h e r   t h e   M a r t i n   R i v e r  or Sans S a u l t  
s i t e s  such t h a t  a d e t a i l e d   v a l i d a t i o n   o f   t h e   p r e -  
d i c ted   geo the rma l   response   o f   e i t he r  Case 1 o r  
Case 2 could  be made. As shown i n   F i g .  1, Cases 1 
and 2 encompass the  observed  depths o f   d e g r a d a t i o n  
a t   t h e   t w o   s i t e s ;  however, t h e   d e t a i l s   o f   t h e  de- 
g r a d a t i o n   p a t t e r n   a t   t h e   s i t e s   d u r i n g   t h e  thaw 
season  remain unknown. Average  va lues  for  ~1 have 
been t a k e n   f r o m   t h e   i n s e t   o f   F i g .  Za, and us ing  
the   so lu t ion   o f   Morgens tern   and  N ixon (1971), t h e  
normal ized   pore-water   p ressures   fo r   the   f i r s t   thaw 
season for v a r i o u s   c o e f f i c i e n t s  o f  c o n s o l i d a t i o n  
were  ca lcu lated.  These pore   p ressures   a re   a lso  
inc luded  on   F ig .  3. The r e s u l t s   o f   s i m i l a r   c a l c u -  
l a t i o n s   f o r  a case i n  which  the  ground  water   tab le 
i s  about 0.8 meters  below  the  ground  surface, as 
observed a t   t h e  Sans S a u l t   s i t e ,   a r e   a l s o  shown on 
F ig .  3. No at tempt  has been made i n   F i g .  3 t o  
r e l a t e   t h e   p r e d i c t e d   p o r e   p r e s s u r e   t o   t h e   e l a p s e d  
t i m e   o f  thaw i n  any given  thaw  season  and  an 
average  value i s  used. 

LABORATORY AND FIELD TESTING 

Frozen  permafrost   cores  were  obtained i n   u n d i s -  
t u r b e d   t e r r a i n   a d j a c e n t   t o   t h e   f a i l e d  and  degraded 
s e c t i o n s   o f   t h e   s l o p e  where f i e l d  measurements  were 
under taken.   High  ice  content   so i ls   were  encoun-  
t e r e d   a t   b o t h   s i t e s  w h e r e   t h e   s o i l   c o n s i s t s   o f   f i n e -  
g r a i n e d   g l a c i o l a c u s t r i n e   s i l t s  and s i l t y   c l a y s .  
Table 1 presents  a s u m a r y   o f   t h e   i n d e x   p r o p e r t i e s  
o f   t h e   s o i l s   e n c o u n t e r e d   a t   b o t h   s i t e s .  

P e r m e a b i l i t y   t e s t s   f o r   t h e  Sans S a u l t  and M a r t i n  
R i v e r   s i t e s  were  conducted  on  samples  which  were 
l a t e r a l l y   c o n f i n e d   i n   t e f l o n   l i n e s   p e r s p e x   c e l l s ,  
Two c e l l   s i z e s  were  used,  8.6  and  18.0 cm i n   d i a -  
meter  and  each  gave  approximately  the same r e s u l t s  
i n  terms o f   t h e   p e r m e a b i l i t y   t e s t s .  The h e i g h t   o f  
each   f rozen   so i l  sample, trirrmed  on a l a t h e   t o  f i t  
s n u g l y   i n t o   t h e   p e r s p e x   c e l l s ,  was est imated on t h e  
bas is  o f   t h e  amount of i c e  i n  t h e  sample so t h a t  a 
h e i g h t  t o  d i a m e t e r   r a t i o   o f   a b o u t  1:2 was obta ined.  
The  samples  were then  thawed a t  an i n i t i a l   s t r e s s  

of from 2 t o  4 kN/m and a s e r i e s   o f   s t r e s s   i n -  
c rements   then  app l ied   such  tha t   the   coe f f i c ien t  
o f   consol idat ion,   cv ,   and  permeabi l i ty ,  k ,  cou ld  
be o b t a i n e d   a t  each  stress  Increment.  A t  the  end 
of   each  pr imary  consol idat ion  under  each  stress 
increment a 0.3 m excess  head  of  water was a p p l i e d  
t o   t h e  sample  and  drainage i n  one d i r e c t i o n  was 
pe rm i t ted .  The volume o f   t h e   f l o w  o f  water  
through  the  sample was p l o t t e d   a g a i n s t   t i m e   u n t i l  
a l i n e a r   r e l a t i o n s h i p  was achieved. The  perme- 
a b i l i t y  was c a l c u l a t e d   d i r e c t l y   f r o m   t h e   r a t e  
o f   f l o w  and  hydrau l i c   g rad ien t   th rough  the  sample. 
The values o f  cv  and k a t  each  increment  were 
c a l c u l a t e d   u s i n g   l i n e a r   T e r z a g h i   c o n s o l i d a t i o n  
theory.  

2 

The measurement o f   p e r m e a b i l i t y   i n   t h e   f i e l d  
was c a r r i e d   o u t   u s i n g   s e a l e d - i n  Casagrande p i e -  
zometers i n s t a l l e d   i n  thawed  g round  w i th   the i r  
t i p s   a t   o r   v e r y   c l o s e   t o   t h e   p e r m a f r o s t   b o u n d a r y .  
The piezometers  were  placed i n  augered  boreholes 
e i t h e r  9 o r  13 cm i n  diameter,  surrounded  by  clean 
sand  and  sealed i n   w i t h  a ben ton i te   p lug .  A 
s l o t t e d   s t a n d p i p e  was p l a c e d   c l o s e   t o  each p i e t o -  
meter so t h a t  g round   wa te r   l eve l s   app rop r ia te   t o  
each  p iezometer   ins ta l la t ion   cou ld   be   observed.  
The excess  pore  pressure  c i ted i n   t h i s  paper  are 
re fe renced   to   t h i s   f ree   g roundwate r   l eve l   wh ich  
i n  many cases d i d   n o t   c o i n c i d e   w i t h   t h e   g r o u n d  
s u r f a c e   e l e v a t i o n .  The l o c a t i o n s   o f   t h e  Sans 
S a u l t   a n d   M a r t i n   R i v e r   s i t e s   a r e   s u c h   t h a t   o n l y  
occas ional   observat ions  could be made. F ig .  7 i s  
an  example o f  a c o m p l e t e   r e c o r d   o f  one o f   t h e  
i n s t a l l a t i o n s   t o   t h e   t i m e   o f   t h i s   w r i t i n g .  The 
t e s t s  were  done us ing  a r i s i n g  head  method  by 
removing  water   f rom  the  p iezometer   tubes  and  re-  
c o r d i n g   t h e   r a t e   o f   r i s e   o f   t h e   w a t e r   l e v e l   i n  
t h e   t u b e   u n t i l  a l i nea r   he igh t   ve rsus   t he   l oga -  
r i t h m  of t i m e   r e l a t i o n s h i p  was observed. The 
f i e l d   p e r m e a b i l i t i e s  were   ca lcu la ted   us ing   the  
shape f a c t o r   f o r  a p i e z o m e t e r   i n s t a l l a t i o n   i n  a 
s e m i - i n f i n i t e  medium w i t h  an impervious  boundary 
as g iven  by  Hvors lev  (1949) .  The shape f a c t o r s  
were   co r rec ted   f o r  smear according  to  Leonards 
(1962). The i n f l u e n c e   o f   t h e   d e p t h   o f   t h e   p i e t o -  
meter on t h e  shape f a c t o r  was assessed  by com- 
p a r i n g   t h e  shape f a c t o r  as c a l c u l a t e d   u s i n g  
H v o r s l e v ' s   c r i t e r i a   w i t h   t h a t  as ca l cu la ted   f rom 
a r a d i a l l y  s e t r i c   n u m e r i c a l   s o l u t i o n   g i v e n   b y  
Tay l   o r   (1  9 6 8 y  The r e s u l t s   o f   t h i s  work showed 
t h a t ,   f o r   t h e   p i e z o m e t e r s  used,  and i n s t a l l a t i o n  
depths i n  excess o f  one  meter ,   er rors  due t o   t h e  
e x i s t e n c e   o f  an  upper  boundary  were  small ;   there- 
f o re ,   t he  shape f a c t o r s   c a l c u l a t e d  on the   bas i s  
o f   H v o r s l e v ' s   c r i t e r i a   f o r   i n s t a l l a t i o n s   i n  a 
s e m i - i n f i n i t e  medium  were c o n s i d e r e d   s u f f i c i e n t l y  
accurate. 

The r e l a t i o n s h i p  between  permeabi l i ty   and  e f fec-  
t i v e   s t r e s s  as determined i n   t h e   f i e l d  and i n   t h e  
l a b o r a t o r y   f o r   t h e  Sans S a u l t  and M a r t i n   R i v e r  
s i t e s   a r e  shown on  F igs.  4 and 5. Un fo r tuna te l y ,  
o n l y  one f i e l d   t e s t  has  been c a r r i e d   o u t   a t  Sans 
Sau l t ;  however, t h e   p e r m e a b i l i t y   v a l u e   f a l l s   i n  
t h e   m i d d l e   o f   t h e   l a b o r a t o r y   d a t a .  The M a r t i n  
R ive r   pe rmeab i l i t y   da ta  show good  agreement 
b e t w e e n   l a b o r a t o r y   a n d   f i e l d   d a t a   w i t h   t h e   f i e l d  
da ta   tend ing   toward   the   lower  bound o f   t h e  
labora tory   da ta .  



696 

The laboratory  measurements, which were carried 
o u t   a t  a temperature  of 23"C, have been adjusted 
for temperature  effects  to be equivalent   to   f ie ld  
conditions a t  abou t  2 ° C  i n  accordance w i t h  Lambe 
(1961) who s ta tes   that   the   permeabi l i ty  o f  the 
same so i l  a t  two different  temperatures i s  d i rec t -  
ly  proportional  to  the  viscosity  of  water a t  those 
temperatures. 

A plo t   o f   coef f ic ien t  of consolidation  against 
e f f ec t ive   s t r e s s   a s  determined from the one- 
dimensional  laboratory  thaw-consolidation  tests 
mentioned previously i s  shown i n  Fig. 6.  These 
data have a l so  been corrected  for  temperature 
differences between laboratory and f ie ld   condi t ions 

An a l t e rna t ive  method of obtaining  the  coeffi- 
c i en t  o f  consolidation, discussed by Morgenstern 
and Nixon (1975), i s  to use the  relationship 

c V = k h v Y w  

where k is  permeability, mv i s  the coef f ic ien t  of 
volume compressibility and y i s  the u n i t  weight 
of  water. The coef f ic ien t  07 volume compressibi- 
l i t y ,  m v ,  i s  given by 

A E  
mv - - - v  

Aub 

where A E  i s   t h e  thaw s t r a i n   t h a t   r e s u l t s  when a 
frozen eyement o f  so i l  thaws and subsequently con- 
so l ida tes  under a change i n  e f fec t ive  stress ao;. 
The value o f  Au; is  the  resul tant  change i n  
e f f ec t ive   s t r e s s  of  the t h a w  f ron t  from i t s  i n i t i a l  
condition t o  the f i n a l   s t r e s s  upon completion o f  
thaw consolidation. In the development considered 
i n  this paper i t  is  assumed tha t   the  i n i t i a l  effec- 
tive s t r e s s ,  or residual   s t ress ,  see Morgenstern 
and Nixon (1971), i s  zero. The magnitude  of AU; 
w i t h  d e p t h  can be assessed by observing  that   at  
any g i v e n  depth X measured from the  original ground 
surface,  and assuming the water  table  to remain a t  
the  soi l   surface,  the e f fec t ive   s t ress   exer ted  by 
a so i l  column a t   t h e  end of consolidation is  
approximated as 

where yf and yi a re   the  bulk densit ies  of  frozen 
so i l  and ice  respectively.  Based  on borehole  logs 
i n  f rozen  soi l   a t   these  s i tes ,   adjacent   to   the 
newly thawed regions, a reasonable measure of 
frozen  bulk  density is  

yf = 1450 -1- 10.5X (4)  

where yf i s  i n  kg/m . A reasonable measure of the 
thaw s t ra in   for   f ine   g ra ined   so i l s  such as 
those found a t  Sans Saul t  and Martin River can be 
obtained from relationships  presented by McRoberts 
e t  a1 (1978)  as 

3 

= 671 - 320 loglo  (1450 + 10.5X) (5) 

where y i s  i n  l b s / f t 3  (1 l b / f t 3  = 16.1 kg/m3). 
Eqs. 1 Eo 5 can then be combined t o  g ive  a measure 
of cv i n  terms of the e f f ec t ive  stress t h a t  would 
be mobilized w i t h  increasing  depth o f  thaw a t  these 

s i t e s .   I t  can be seen t h a t  there is  reasonable 
agreement between the two methods i n  terms  of 
the  relationship between cy and ef fec t ive  stress. 
I t  should be noted that  whlle  cy has been re la ted  
to   e f f ec t ive   s t r e s s  i n  Fig. 6, I t  may be more 
appropriate t o  r e l a t e   cv   t o  depth  of thaw f o r  
design  purposes. I t  i s  of interest   to   observe 
t h a t  the   re la t ionship  between cv and e f f ec t ive  
s t r e s s  based on E q .  1 predicts a minimum cv a t  
s t r e s ses  i n  order  of 700 psf.  Moreover, the 
laboratory  data  for  cv  determined from t rans ien t  
flow  also shows, i n  many cases, a tendency to  
reach a minimum value a t  stresses in approximate- 
l y  the same range. I t  should be noted tha t   t he  
predicted  shape  of the cv-vs .  u; curve  calculated 
using Eq. 1 to 5 i s  questionable a t   s t r e s s e s  
grea te r  t h a n  the  indicated minimum.  As the b u l k  
densi t ies   get   h igher ,   as  governed by Eq, 4,  i t  i s  
anticipated  that   residual  stresses  are  encountered 
such t h a t  the magnitude of Aui is  much l e s s  than 
given by Eq. 3. This would r e s u l t  i n  s ign i f icant -  
l y   l e s s  of an increase i n  the  predicted  cv w i t h  
increasing  ver t ical   effect ive stress. In f a c t ,  
as  the bulk density becomes h i g h  both A E  and A U '  
approach  zero and the  overal l   effect  is  d i f f i cuy t  
t o   p r e d i c t .   I t  is  f e l t   t h a t  the Eq. 1 to 5 
approach i s  Val id  only  for  ice-rich  soi Is when 
residual  stresses  are  small .  

OBSERVATIONS OF PORE-WATER PRESSURES 

Ground water  levels i n  standpipes and the  water 
leve ls  i n  sealed-in  piezometers were observed on 
several  occasions d u r i n g  the summer and e a r l y   f a l l  
of 1975 and 1976 a t   t h e  Sans Saul t and Martin 
River s i tes .   Fig.  7 shows a typical case record 
of th i s  data,  and Table 2 i s  a summary of normal- 
ized  pore-water  pressures as calculated from the 
observations.  This  information i s  a l so  shown on 
Fig. 3 .  While s imi la r  pore  pressures were meas- 
ured at   the.Martin  River sl'te d u r i n g  1975 and 1976 
the i n s t a l l a t i o n s   a t  Sans Saul t  were completely 
dry when rev is i ted  i n  1976. 

Based on the  predictions embodied i n  F i g .  3, the 
values  of  cv  required  to  predict  the highest pore 
pressures measured i n  t he   f i e ld   a r e  between 0.0009 
and 0.0015 cmZ/sec f o r  Sans Saul t and between 
0.0015 and 0.004 crn2/sec for   the  Martin  River si te.  
These values  are  consistent w i t h  the magnitudes 
shown i n  F i g .  6 toward the lower  range  of  both 
d i r ec t ly  measured cv and those  calculated  using 
Eq.  1 The cv values based on d i r ec t  measurement 
generally  exceed  those  values  required,  according 
t o  F i g .  3,  fo r  the generation o f  the highest  pore 
pressures; however, there   are  a few t e s t  results 
i n  this range. On the other hand, the  cv  values 
assessed  using  average and lower bound permeabi- 
l i t y   d a t a  encompass the required  range  of c , 
suggesting  that  i t  may be  more appropriate !o 
use the approach  given i n  E q .  1 for   the  evaluat ion 
of  design  conditions, a t  least for the ice-rich 
s o i l s  found a t   t h e s e   s i t e s .  

No attempt has been made to   reconci le  the meas- 
ured pore-water  pressures w i t h  the predictions 
based on the  elapsed  time w i t h i n  any given thaw 
season, and the comparisons here are re la ted  t o  
the  average  value for  a gfven thaw year since 
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i n i t i a l   d i s t u r b a n c e .  Moreover,  as s t a t e d   e a r l i e r ,  
the  exact  development o f   t h e   d e p t h   o f  thaw w i t h  
t i m e   a t   b o t h   s i t e s   i s  unknown and i s  based  on  the 
p r e d i c t i o n s   g i v e n   i n   F i g s .  1 and 2. 

CONCLUSIONS 

This   paper  has  consl'dered ce r ta in   aspec ts  o f  thaw 
c o n s o l i d a t i o n   e f f e c t s   i n   d e g r a d i n g   p e r m a f r o s t   b y  
examining  two  case  records i n   t h e   M a c k e n t i e   R i v e r  
Va l l ey .  A t  bo th   these  s i tes   excess   pore   p ressures  
have  been  measured  and i t  has  been shown t h a t   t h e  
highest  excess  pore-water  pressures  measured  are 
cons is ten t   w i th   t hose   t ha t   wou ld   be   p red ic ted   us ing  
thaw  conso l ida t ion   theory .  It can  be  seen t h a t  
t h e r e   a r e  a hos t  o f  comp l i ca ted   and   i n te r - re la ted  
f a c t o r s   w h i c h  make a r e c o n c i l i a t i o n   o f   p r e d i c t i o n  
and  measurement  exceedingly d i f f i c u l t   a t  these 
s i t e s .  These d i f f i c u l t i e s   n o t w i t h s t a n d i n g ,  and 
keeping i n  m i n d   t h e   p o s s i b i l i t y  acknowledged e a r l i e r  
t ha t   o the r   p rocesses  may c o n t r i b u t e  t o  the  excess 
pore-water  pressures  measured a t  these  s lop ing  
s i t e s ,  i t  i s  encouraging t o  observe a reasonable 
agreement  between  predict ion  and measurement. 
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SSCl 

s s c 3  

SSG2 

MRPZ 

MRP6 

MRGPl 

MRGP2 

MRGP 
~ 

TABLE 2 

NORMALIZE0  EXCESS PORE-WATER PRESSURE 

;EPT 7 / 7 5  OCT 6 / 7 5  

* drawdown 

- 0 . 3 4  

0 40 - 
d r a w d o w n ( 2 )  - 

0.27 - 
0 . 1 0  - 
0 . 1 2  

0 21 

- 
- 

ULY 24/76 

drawdown 

drawdown 

drawdown 

0 . 0 6  

0 . 2 4  

0 , 0 2  

0 . 2 5  

0 . 2 6  

NOTES' I .  DASH (-) INOICATES NO RtADlNG TAKEN 

2 URAWOOWN - LEVEL OF WATER I N  THE PIEZOMETER 
WAS  LOWER THAN  THE GROUND-WATER 
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THAW  BETTLEMENT  STUDIES I N  THE DISCONTINUOUS PERMAFROST ZONE 

E.C.  McRoberts, T.C. Law, and E. Moniz,   Northern  Engineer ing  Services Company 
L im i ted ,   Ca lga ry ,   A lbe r ta ,  Canada 

Th is   paper   p resents   the   resu l ts  o f  thaw  set t lement  tests  conducted  on 
pe rmaf ros t   samp les   ob ta ined   a long   o r   ad jacen t   t o   t he   rou te   o f   t he   p roposed   A rc t i c  
Gas p i p e l i n e   r o u t e   f r o m  Norman Wel ls,  N.W.T. t o  Zama Lake,   A lber ta .   These  tests  
have  been conducted   on   th ree   s izes   o f   samples   represent ing   vo lume  fac to rs   o f  
approx imate ly  1 ,  3 and 23 t i m e s .   T e s t s   u s i n g   t h r e e   c e l l   s i z e s   a r e   r e p o r t e d   f o r  
f i n e   g r a i n e d   p e r m a f r o s t  samples  and  on t h e   s m a l l e s t   c e l l   f o r   c o a r s e   g r a i n e d  and 
peat   samples.   Corre la t ions  between  thaw  s t ra in   parameters  and  f rozen  bu lk   densi ty  
and i n i t i a l   f r o z e n   w a t e r   ( i c e )   c o n t e n t   a r e   g i v e n  and  good  agreement  between c e l l  
s i zes   ob ta ined .   A l so   p resen ted   a re   t he   t haw  se t t l emen t   p red ic t i ons  made a t  sites 
i n   t h e   s o u t h e r n   l i m i t s  of d iscont inuous   permaf ros t   tone.  These s i t e s   a r e   l o c a t e d  
i n  t i l l  and g l a c i a l   l a k e   b a s i n   s o i l s   w i t h   p e r m a f r o s t   d e p t h s  up t o  50 f e e t  (16m). 
Reasonable  agreement  between  the  observed r e l i e f  and p r e d i c t e d   t o t a l   s e t t l e m e n t  
i s   o b t a  i ned. 

ETUDES SUR LE TASSEMENT DG AU D f G E L  DANS LA ZONE DE PERGfLI  SOL D l  SCONT INU 

L e   p r e s e n t   a r t i c l e   p r e s e n t e   l e s   r e s u l t a t s   d ' e s s a i s  d e  tassement dG au  degel, 
e f fec tuCs  sur  des f i c h a n t i l l o n s  de p e r g e l   i s o l   o b t e n u s   l e   l o n g   o u  4 p r o x i m i t e   d u  
chemin  que d e v r a i t   s u i v r e   l e   p i p e l i n e   d ' A r c t i c  Gas que l i o n  se propose  de   cons t ru i re  
e n t r e  Norman We1 1s (T.N.-0.) e t   l e   l a c  Zama ( A l b e r t a ) .  On a r B a l i s B   c e s   t e s t s  s u r  
t r o i s  groupes  d imensionnels   d 'Cchant i l lons  dont   le   rappor t   des  vo lumes  est   env i ron 
1 ,  3 e t  23. Dans l e  cas  des g c h a n t i l l o n s  de p e r g e l i s o l  3 g r a i n s   f i n s ,   o n  a u t i l i s 6  
t r o i s   t a i l l e s   d i f f I 5 r e n t e s  de c e l l u l e s  e t  dans l e  cas des e c h a n t i l l o n s  de   t ou rbe   e t  
de p e r g e l i s o l  A gra ins   g ross ie rs ,   on  a u t i l i 5 6   l e s   c e l l u l e s   l e s   p l u s   p e t i t e s .  On 
a G t a b l i  des c o r r e l a t i o n s   e n t r e   l e s   p a r a m s t r e s  des c o n t r a i n t e s   d i e s  au  degel e t   l e  
p o i d s   s p g c i f i q u e   a p p a r e n t   g e l & ,   a i n s i   q u e   l a   t e n e u r   i n i t i a l e  en g lace ,   e t   on  a 
cons ta t6  une  bonne c o n c o r d a n c e   e n t r e   l e s   d i v e r s e s   c e l l u l e s .  On est ime aussi l e  
tassement  di j   au  dggel  dans  des  si tes  appartenant 21 l a  I i m i t e  rngr id ionale  de  la  zone 
de p e r g g l i s o l   d i s c o n t i n u .  Ces s i t e s  se t rouvent  dans  des t i l l s   e t  sols de  bassins 
g l a c i o l a c u s t r e s ,  oir l a   p r o f o n d e u r   d u   p e r g 6 l i s o l   a t t e i n t  50 p i  (16 m) .  On c o n s t a t e  
une assez bonne  concordance  entre l e   r e l i e f   o b s e r v g  e t  l e  tassement t o t a l   p r e d i t .  

MCCnEAOBAHMfl OCAJJKM 0TTABBAK)UIBX FPYHTOB B JOHE HECnJIOUHOr0 PACnPOCTPA- 
HEHMR MHOrOJlETHER MEP3JlOThl 

B W H H O a  p a b o ~ e  n p e a c T a B n e H H   P ~ ~ Y J I ~ T ~ T ~ Z  acnmawfi no ocanKe OT- 
TaHBaIoqHX  rPYHTOB,  ITpOBeAeHHHX Ha Obpa3IJaX  Mep3JIhlX  FPYHTOB,  OTOdpaHHhzx 
B pafiorre npeanonaraeMoi4 T p a c c M  APKTHWCKOFO ra30~0r0 ~pyBonposo~a ,  KO- 
TOPMR AonxceH CoeAMHHTb  HOpMaH"Y3JIC / C e s e p o - 3 a n a ~ ~ ~ e  TeppHTOpMB/  c 03e- 
POM 3aMa / b b d e p T a / .  B 3THX IICIIblTaHHRX  HClTOJ'IbJOBaJIHCb O b p a 3 ~ h l  TpeX 
P a 3 M e P O B  C OG'beMaMI?, YMeHbMeHHHMM B OaHH, TpH H 2 3  pasa. OnHCaHH HCIIM- 
TaHMR O6Pa3IJOB MeJlK03ePHHCTMX  MeP3JfHX  PPYHTOB  C  TpeMR pa3MepaMM R Y e e K  
ki 06pa340B KPYl"fHO3ePHHCTHX M TOP@FfHhlX I'PYHTOB  C MHHHMaJIbHblM p a 3 M e g O M  
RrXeeK. B a H M  c o o T B e T c T B I ? R  M W K ~ Y  n a p a M e T p a M I ?   a e 0 o p M a q H H   O T T a H B a H B R ,  

/.rrma/; n o w Y e H o  xoporzree C o o T B e T c T m e  no pawepaM R Y e e K .   n p e n c K a J a m  
BenkiqkiHbI ocaAKH o ~ ~ a ~ ~ a m q a x  ~ P Y H T O B  Ha KIXHHX y s a c T K a x  3 0 1 . 3 ~  HeCrmOmHOrO 
Pac l lPoCTPaHeHkiR  MHOrOJIeTHef i   M@p3nOTH.   3TI?  YrXaCTKH paCl"I0JIoXeHhl Ha nen- 
HHKOBHX mnoxemmx I? B 68ccefiHe n e n m K o B M x  osep c rny6HHoB 3 a n e r a ~ 1 ? ~  
~ e p s m x  n o p o ~  ao 1 6 ~ .  nonyqeao xopomee cornacHe Memny ~ a 6 n m ~ ~ a e ~ b w r  
P e J I b e W M  ~ P ~ A C K ~ ~ ~ H H H M M  B e n w n m a M I ?  rxonaoa ocagm. 

IIJ'IOTHOCTbH3 Mep3JlOfi TOJI4H Pi I'IepBOHaYaJlbHbEM  CO,Q@pXaHMeM 3aMepsrrreB Beau 
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E.C. P . l c R o b e r t s * ,  T.C. Law and E. Moniz" 

Tkis paper &anrents the results of thaw settle- 
mt tests d u c t e d  on three sizes of samrples on 
finegrained permafrost soils and for me size  of  
sanple on coarse-grained soil and peat. Ccmpari- 
sons between total s e t t k w n t  predictions and 
0bserVea terrain relief which may be d e  to themrr 
karst prmsses are given for sites located in 
Fig. 1. The total thaw set t lmt ,  S, associated 
with the -dimensional thawing of permafrost 
soil  is generally believed to be -sed o€ tvm 
caponents : 

X 
s = A+ + ao/o (P + y'x)  dx ....... 1 

where  S is the total se t t lmt ,  thaw settle- 
mnt parameter, X depth to thaw front fran origi- 
nal surface, average coefficient of ccmpres- 
sibil i ty,  P surcharge load, and y ' sdrged wit 
weight of thawed soil, and where it is a s s d  
that the w a t e r  table -ins at  the  surface of the 
soil, see Tsytovich (1975), Watson et al (1973) , 
Luscher ard Afifi (1973). The physical m i n g  
of the parawters h, is discussed in a latter 
section and a t  length in  the ahve cited  refer- 
e n e s .  An alternative meW of expressing thaw 
settlmt, see Speer et a l  (1973) , is to consider 
the tatal strain zP observed i n  a laboratmy test 
a t  s m  totdl stress representative of the 
average stress encountered in situ. ?he totdL 
s t r a in   a t  47.9 m/d has been adopted in tkis 
paper i n  order to present the test results using 
this mthod, although the method itself i s  not 
used in thaw settlemnt  predicticns rep& here. 

ESTING AND SAMPLJNG 

All t h a w  settlement tests were d u c t e d  in  a 
laterally confined or One-dhensimal condition 
using acrylic  cylinders of 6.4,  8.6 and 18.0 an 
ID respectively. Tne details of the testing appa- 
ratus and p d u r e s  used are essentially  identical 
to those discussed by Wamn et  a l  (1973). the 
smallest diarneter ell drainage was a l M  i n  one 
directim only, while i n  the ot-her h m  cell s i zes  
double drainage was permitted. All cells were 
lined with teflon and in addition the cell walls €or 
the large sizes were lightly greased. ?he smples 
were a l M  to thaw under uncontrolled oor@itions, 
however, s e t t l ~ t  was observed to ensure cmplete 
t h a w  consolidatim before additional i n c m t s  
were applied. Generally, a pressure of about 4.8 
k N h 2  was maintained on the sample during the thaw 
consolidation stage w i t h  subsequent incre?lents up 

to about 72 kN/m2. For 10 tests  on peat a low 
pressure of 1.2 m/m2 was used init ially,  w i t h  
increnwts to 72 kN/m2. The form  of the settlemmt- 
pressure  relationship observed for a given test is 
essentially  identical to that reported by  Watson 
e t  a1 (1973) . It was found that the ratio of the 
change in height of -le to height of original 
frozen sarrple versus applied pressure is an essen- 
t i a l l y  linear ~ l a t i m s h i p   f o r  pressures above 
atmut 20 W/m2 while below th is  stress the relation- 
ship is grved. laen the linear s-t is extra- 
polated ba-s to the ordinate the intercept 
defines &, while the slope o f  the line defines 
+. For the tests on peat the best linear relation- 
ship was obtained i n  the pressure r q e  less than 
12. o m/m2 * 

Lindisturkd permfrost ares were obtained 
using 10 and 20 an d h k r  core -1s. Sam- 
ples were prepared for  testing by trimning on a 
lathe following the procedures described by 
Watson et  al,(1973). Saples were always pre- 
pared irmrediately prior to testing to ensure a 
minirrarm of ice sublimticm E m  the sample. 
Smples were prepared with  height to dimtleter 
ratios o f  f rm 0.3 to 0.6 depending primarily on 
the visible ice mtents, w i t h  the higher ratios 
being used for the higher ice content soils. 

As can be seen in the following figures the 
samples tested encanpass a w i d e  range of bulk 
density and water contents. As the testing pro- 
m it was found that the results  for the 
mineral soil samples fell  into  essentially two 
groups. These were the fine-grained glacio- 
Lacustrine silts and clays, and tills with great- 
er than 503 sizes passing the No. 200 sieve and 
marse-grained soils with 50% or mre sizes 
m s e r  than the No. 200 sieve. The fine-grained 
soils were preaaninantly low to medium plasticity 
silts and clays with liquid limits as low as 25% 
and up to 503 and plasticity indices fran 0% to 
20%. Clay mineralcqy studies on similar soils 
reveal a high percentage of illite and kaolinite 
minerals. The coarse-grained soils  tested were 
all classified as m and SP-SM. 

TEST RTFULTS 

The resul- of thaw settlerrent tests (b, ao) 
are presenM in tenns o f  correlations w i t h  the 
initial water (ice) content of the s q l e  rather 
than w i t h  the frozen bulk density. P i s  correla- 
tion was aaoptea muse it was fw;Ld in many 
cases, where thaw settlement calculations were 
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required, that only water (ice) contents are 
available  for  stratigraphical  profiles i n  borehole 
logs. Figs. 2 and 3 present  the lresuLts of the 
tests on fine-grained soils  for F, and a, related 
to i n i t i a l  water (ice) content, w. expressions 
for p0 and a, i n  terms of w are given on these 
Figures and presented in  detail in Table 1. The 
bi-linear  relationship expressed by the  solid line 
in Fig. 2 is the correlation adopted for  the set- 
t lmt analysis. The dashed line was obtained 
frm a regression  analysis  using a logarithmic 
function and has a coefficient of correlation of 
0.93. The bi-linear  relationship has been used in 
the thaw settlement predictions rep- here as it 
was  a convenient expression and, meover, had been 
established  prior to  undertaking the regression. 

Figs. 4 and 5 present  the results of the tests 
on ice-rich  peat samples with water (ice) contents 
ranging from 200% to 2000%. It can be seen that 
them is a  considerable scatter in the test resul ts  
for both and %. Larger d i m t e r  tests were not 
conducted on peat samples. The open circles on 
Figs. 4 and 5 represent the tests conducted a t  
lower thawing pressure. While a l l  tests were inter- 
preted in  the lm stress range the lmer stress 
tests are mre reliable. Similar relationships 
were obtain& for coarse-grained soils using pri- 
marily the smallest diameter cell as few large  dia- 
meter samples w e r e  available. The correlations 
obtained am dccmmted i n  Table 1. 

The test results presented in  Fig. 2 are based 
on pemfros t  samples representing m l m  in- 
creases of a b u t  3 and 23 times the smallest 
volme, based on the 6.4 an ell. These tes t  
results give an essentially  identical measure 
of the  relationship of A, with water content. 
The scatter of the data normally associated with 
these  correlations is smewhat reduced i f  the 
test results based on the smallest diaeter sam- 
ples are not considered. These results suggest 
that  testing procedures based on the slier 
dimter samples m n l y  used for t h a w  settlement 
predictions  give, cw average , a realistic masure 
of pkent ia l  thaw settlement and that less varia- 
tion i n  the test results is obtained if   larger dia- 
mtes sarples are usd. The correlatian between 

than that obtained i n  Fig. 2 for k. Again, less 
scatter is observed i f  the mller diameter tests 
are not considered. 

and water content, Fig. 3, is less satisfactory 

A relationship betwem E~ and bulk density  for 
both fine-gsained and coarse-grained mineral soils 
is given in  Fig. 6. Also shown is a correlatim 
given by Speer e t  al  (1973) which is based on a 
regression  analysis using a lqar i tbic  function. 
It is interesting to note that the test data pre- 
sented  here lie above Speer et a1 (1973) for the 
mre ie-r ich soils, while good agreement is ob- 
tained €or ice-poor samples. This is likely due to 
'the fact that the test data reported by Sper et a1 
(1973) are for total thaw strains a t  several levels 
of pressure with l m r  pressures king used for the 
mre ice-rich sq l e s .  The thaw settlement predic- 
tions reported in  the next section have relied op 
the formulation implicit in Eg. 1. cdlculations 
have been undertaken, and which are not reported 

here, using the roethd based  on the total thaw 
strain, cP. This mthd qave quite cmnparable 
predictions of t h a w  settlement i f  the  correlations 
indicated in Fig. 6 ,  or an identical  correlation 
between axd w, also not  given, w e r e  used. In 
many cases it w i l l  be found that the use of the 
total strain rnethcd i s  entirely suitable for pre- 
liminary design estimates. 

S- PREDICTIONS AND OBSEFWATICN 

The technique embraced in Eq . 1 , applying the b, 
a, versus water content relationships s m r i z e d  
i n  Table 1 was used to predict total settlements. 
It was  assumed i n   a l l  cases that the water table 
remined a t  the soil surface.  In saw cases, only 
water (ie) content information was available with 
depth and the effective unit weight required in  
Eq. 1 had to be calculated  as folLows. The frozen 
bulk density y was calculated based on w as: 

Es yw f ;  + w/100) 
yf = wG * * * .  . . . . . f .  . 2  

w h e r e  G, is the  specific  gravity and yw the unit 
weight of water and where it is a s s w  that the 
soil is  saturated and a l l  water frozen. A cam- 
parison between yf and w for  actual  data and the 
predictims mde using Eq. 2 for a w i d e  range of 
Gs is given i n  Fig. 7. Difficulties arise in  the 
application of q. 2. The discrete soil nuggets 
contained within ie lenses can be unsaturated and 
the ice itself, because of impurities may be 
unsaturated. The sample may also have  an apparent 
&saturation due to stress release  or sample dis- 
turbance which leads to the fomt ion  of cracks. 
Eq. 2 also assurws that a l l  water contained in  the 
soil is frozen and it is well established that 
such is not the case. Finally,  antamination by 
organic particles w i l l  tend to decrease the value 
o f  G which should be used in Fq. 2 for a given 
s q f e .  Keeping mind the potential for errors 
htroduced by these  effects the agreemmt between 
yf and w is entirely reasonable for the purpose 
at  hand. The effective unit weight w a s  then cal- 
culated  as: 

y '  = yf - yi ............. 3 
where y .  is the bulk density of ice and a value of 
G = 2. k7 was adopted for   a l l  analyses. 

S 

In s a w  boreholes, significant volmws of visi- 
ble ice were observed and €or permafrost classi- 
fied as ICE using the NLX system a thaw strain 
of 100% w a s  adopted. If a w a t e r  (ice) content 
of much greater than 200% is used in  the h, 
relationship  for fine-grained soil then mre than 
100% t h a w  strain is predicted. Such water con- 
tents were assigned an ICE cateqory which ensured 
that no more than 100% thaw strain was assessed. 
Predictions of the settlerat for the frozen 
peat soils present certain difficulties.  In m y  
cases, no information on in s i tu  water (ice) con- 
tents was available  for  the  peat  soils and values 
of w = 750%  and yf = 943 kg/m3 were  ass& €or 
analysis. It can be seen i n  Figs. 4 and 5 that 
there is a  considerable scatter in  the test results 
although the tests conducted a t  lower pressures do 
f a l l  into a s l ight ly   t iqhkr  band. 
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The availability of water content data w i t h  the 
depth varied between boreholes. Fig. 8 provides 
two examples of the depth vs. water  content data 
obtained and the relationship used in  the actual 
settlerrent  calculation. considerable reliance 
was placed on the geological  interpretations made 
in  the  f ield during the drilling program in assess- 
ing the stratigraphical s e q u e n ~ s  adopted for the 
settlement  analysis. 

Table 2 lists the hreholes studied. A t  sme 
sites boreholes did  not  penetrate the permafrost 
and the total depth was  e s t k t e d  as follcws. A t  
tsm sites detailed geophysical resistivity s m y s  
(see Hoekstra 1976) were available, which in  
conjunction w i t h  the available  stratigraphy in the 
borehole, were used to obtain realistic estimates 
of permafrost depth. The second m&hd was based 
on a correlation of depth of frozen peat and perma- 
frost depth, Fig. 9,  which  was developed based on 
all boreholes drilled  in  the study area. The 
heavy line in Fig. 9, relating thickness of perma- 
frost to depth of frozen peat,  therefore provides 
a conservatim estimate of permafrost depth. If 
the depth of permafrost was not knm, the  soil 
was considered frozen to the estimated depth w i t h  
the s m  proprites  as  the bottom layer of the 
test hole. In a h s t   a l l  of the above cases the 
boreholes did  not penetrate permafrost because 
dense tills which were hard to drill were encmm- 
tered. However, these tills have law settlement 
potential with the consequence that the uncertain- 
i t y  as to permafrost depth does not intrcduce a 
significant range i n  predicted settlesllent, except 
for borehole N75-5A-2, see Table 2, 

While there is considerable scatter in the 
observed magnitudes of a, this variation does not 
unduly influence the t h a w  settlerrent  predictions. 
Table 3 indicates the effect of variation of the 

p x m t e r  on the calculated se t t lmt  of four 
boreholes. The average value of a, is that used 
for the analysis repr ted in Table 2, while the 
upper bound values of a. w e r e  1.04~10-3 m2/kN and 
8.35xlO-4 rn2m for  fine and mse-grained soil 
respectively. It should also be noted that while 
the vs. w relationship adopted for use for fine- 
grained soils predicts an % = 0.0 a t  w = 20% the 
ocsnplenentary vs. w average relationship with 
density defined by Eq. 2 predicts a t  a  pressure of 
47 .9  ? W m 2  strains of 2.8% a t  w = 20% and 2.6% a t  
w = 10%. This results in  predictions of  thaw 
strain  a t  w a t e r  contentents less than 20% even  though 

= 0. 

In the majority of the sites studied, -frost 
is associated with elevated peat plateaus m both 
till and glaciolacustrine soils. Elsewhere, perma- 
frost is associated with a thick cover of black 
spruce and then organic  layer and  such sites are 
mainly lccated near  Fort Sin'pson. An example of a 
peat  plateau site is given in  Fig. 10, Thaw settle- 
mnt  predictions, l isted in Table 2 could be made 
for both the total permafrost depth and for the 
permafrost underlying the peat a t  this site. The 
permafrost distribution described jn Fig. 10 beheen 
the borehole is based on a detailed geophysical re- 
sist ivity survey ( s e e  Hoekstra 1976). 

Table 2 lists the  predicted  settlement made for 
a l l  sites studied and the observations mde of 
terrain  relief. As it is thought that  the obser- 
ved relief is due to natural  themkarst processes 
the predicted settlemnt has been plotted  against 
the observed relief,  Fig. 11 and it can be seen 
that in m y  cases a reasonable agreement is ob- 
tained. The f i r s t  assmption  -licit in Fig. 11 
is that the observed relief is due to  natural 
themkarst  processes. For most cases  field re- 
connaissance and inspection suggests that relief 
is almost certainly due to the formation of 'cher- 
m k s t  features  associated with the degradation 
of peat plateaus. However ,  i n  saw glaciolacust- 
rine sites whexe little relief is observed con- 
siderable total settlement is predickd resulting 
in the apparent overestimates in Fig. 11. Given 
the im-rich nature o f  the stratigraphical se- 
quence it is fel t   that  the predihons  are real- 
istic and that lack of relief may relate t o  the 
genesis of the ground ice.  Alternatively  the 
differen= between predicted and observed relief 
m y  be due to incmplete crmsolidation of the 
thawed soils  in-situ. The second assuption is 
that the soil and ice stratigraphy observed in  the 
frozen borehole i s  representative of the conditions 
that once existed in the adjacent, now thawed, 
soil. Given that substantial  differences can be 
observed between boreholes d d i a t e l y  adjacent 
to one another (see also mer et a1 (1973)) this 
assmption can also introduce errors. In the peat 
plateau sites the thawed regions used as a refer- 
ence datum for  relief may exist as pockets or 
craters i n  a plain of permafrost. These pockets 
cannot drain and as they a n  w a t e r  f i l led the peat 
soils, dewding upon density, may be in  a buoyant 
condition and my not have settled. Moreover, 
peat fmn  the collapsing edge  of the t h a w  ponds or 
natural aggradation of organic debris may i n f i l l  
the pond bed hr the r  obscuring the i n i t i a l  them- 
karst relief. For exanple , in Fig. 10  the  peat 
is approximately the s e  thickness in  the frozen 
and unfrozen segmnts although this is not always 
the case. 

CcNcLuSIms 
The test results presented  here indicate  that 

thaw se t t lmt  tests conducted on three sizes of 
samples of fine-grained permafrost soils give 
essentially  identical results. This  observation 
suggests that the smaller diamter tests, camnon- 
ly  used for testing, are capable of qiving accu- 
rate  representation of t h a w  strains obtained in  
larger saples. Hwmr, it is desirable to  test  
larger dimter samples as it appears that the 
scatter normally associated with thaw s e t t l m n t  
tests is sorrmhat redued as larger v d ~ s  of 
soil are tested. Because the three sizes of 
samples give essentially similar results as the 
volm of soil tested increased it may be con- 
cluded that the test results give  a realist ic asses- 
m t  of the - strain that can be expected in- 
s i tu .  

Caparisons between observed terrain  relief, 
which is thought to be due to naturally occurring 
thaw,  and predicted settlemnt  indicate reasonable 
agreemmt for sone of the cases studied. In  other 
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cases, especially i n  f ine-grained  glaciolawtr ine 
soils considerable thaw se t t lmt  was predicted 
while l i t t le terrain relief was &sewed. rhaw 
settlmmt predictions have been made using a cor- 
relat ion which represents mre or less average 
conditions and gives reasonable predict ims.  011 
the other hand it should be noted that an upper 
bound of the test data muld tend to o v e r - e s t k t e  
thaw settlatmt. Keeping i n  mind the m y  diffi- 
cult ies are inherent i n  the apprcach discussed in 
this paper, it appears that laboratory data is 
capable of providing a reasonable prediction of 
observed thaw settlenwt for essent ia l ly  one 
,climhsional mnditions. 

It is also of s a w  interest to  note that mnsi- 
derable depths of permafrost soil have ken located 
i n  study area and cer tainly mre so that might be 
expected based on general studies of the  type 
report& by B m  (1970) . Permafrost in  the study 
area is generally related to elevated peat plateaus 
or speckled bogs. I n   t h i s  permafrost type signifi- 
cant terrain relief is observed and can be predic- 
ted based on thaw sett1-t calnilatiws. In 
the other terrain m, associated with glacio- 
lacustrine soils t e r r a i n  relief is sorru3ths absent 
although s ignif icant  thaw setttlemnt is predicted. 
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TABLE 3 EFFECT OF VARIATION IN a, FOR MINERAL SOIL  
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FROST HEAVING IN NON-COLLOIDAL SOILS 

R. D. Miller 
Dept. of Agronomy, Cornell University,  Ithaca, N . Y . ,  U.S .A.  

Concepts describing (i) ice-water equilibria  in  saturated  non-colloidal  soils,  
(ii) mass and heat  transport , and (iii) effect ive stress y.i.eld an assemblage of 
equations which "explain" heaving phenomena i n  such s o i l s  and provide a basis 
fo r  computer simulations.  Suitable programs should provide time-dependent  pre- 
dictions of expected heave  and depth of freezing f o r  a specified thermal regime, 
surface load and ground water status.   Solutions w i l l  include times of origin, 
thicknesses and spacings of ice  lenses.  Required s o i l  parameters  include (i) de- 
sorption data, (ii) unsaturated  hydraulic  conductivity  data, (iii) data Tor the 
coefficient,  x, used to parti t ion  load between effect ive stress, pore water 
pressure and pore i ce  (or  pore air)  pressure. 

S O U L ~ V E M E N T  D IFF~RENTIEL  PAR LE GEL DES SOLS NON COLLO'I'DAUX 
R. D. M i l l e r  
Dept. o f  Agronomy, C o r n e l 1   U n i v e r s i t y ,   I t h a c a ,  N . Y . ,  U . S . A .  

Les n o t i o n s   u t i l i s g e s   p o u r   d e c r i r e  ( i )  l ' e q u i l i b r e   g l a c e - e a u  dans des s o l s  
satur&s,   non  co l lo 'ddaux,  ( i  i )  l e   t r a n s p o r t  en masse e t   l e s   t r a n s f e r t s   t h e r m i q u e s ,  
e t  ( i i i )  l e s   c o n t r a i n t e s   e f f e c t i v e s  que subissent  ces  sols  nous  donnent un  en- 
semb le   d 'equa t ions   en   f onc t i on   desque l l es   on   peu t   exp l i que r   l es   phhombes  de 
soulGvement d i f f g r e n t i e l  de  ces s o l s   p a r   l e   g e l ,   e t   e t a b l i r  des   s imu la t ions   sur  
o rd ina teu r .   Tou t  programme a p p r o p r i e   d o i t  nous  permet t re  de d e c r i r e  en f o n c t i o n  
du  temps  ce  soulSvement e t   l a   p r o f o n d e u r  de p g n g t r a t i o n  du gel   pour un rggime 
thermique,  une  charge de s u r f a c e ,   e t  un n i v e a u   p h r e a t i q u e   s p e c i f i e s .  Tou:e 
s o l u t i o n   d o i t   t e n i r  compte  de l ' i n s t a n t  oi commencent 2 s e   f o r m e r   l e s   l e n t i l l e s  de 
g lace ,   de   l eu r   epa isseur   e t  de l e u r  espacement.  Les  paramstres  pedologiques 
ex iges  do ivent   comprendre ( i )  l e s  donn6es r e l a t i v e s  2 l a   d e s o r p t i o n ,  ( i i )  21 l a  
c o n d u c t i v i t e   h y d r a u l i q u e  non  saturee, ( i i i )  a u   c o e f f i c i e n t  x se rvan t  2 r C p a r t i r  
l a   c h a r g e   e n t r e   l a   c o n t r a i n t e   e f f e c t i v e ,   l a   p r e s s i o n   i n t e r s t i t i e l l e   e x e r c e e   p a r  
l ' e a u ,   e t   c e l l e   e x e r c g e   p a r   l a   g l , a c e   o u   l ' a i r  dans l e s   i n t e r s t i c e s  du s o l .  

MEP3JIOTHOE IIYYEHHE B HEKOJIJIOMAHMX FPYHTAX 
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FROST HEAVING I N  NON-COLLOIDAL SOILS 

R. D. Miller 

Department  of Agronomy, Cornell  University 
Ithaca, New York 14853 

INTRODUCTION 

The object of this paper I s  t o  regroup and 
consolidate  concepts  relating  to freezing of SS 
so i l  i n  order t o  produce a rational and mathemti- 
cal  model for   f ros t  heaving. SS so i l  designates a 
so i l  devoid of colloidal particles in which each 
par t ic le  is in solid-to-solid  contact with neigh- 
boring particles;  the  contacts  are uncemented. 
Discussion will be limited t o   s o i l  devoid of air  
and leacklable solutes. 

STATIC PARTIALLY FROZEN COLUMN 

It is convenient t o  def'ine a variable  useful 
in discussing  freezing  of SS soi ls :  

$I : (u,-u)/w Dl 

where u i  is pore ice  pressure, ic is pore water 
pressure as measured by a tensiometer,  real or 
imaginary,  a d  w i s  the  surface  tension of an ice/ 
water interface. Observe that $ has the dimen- 
sions of' reciprocal  length and it can be thought 
of as the mean cwvature, 2/~{, of an ice-water 
interface where the  liquid  side i s  beyond the 
range o f  surface  adsorption  forces. 

We begin with a s t a t i c  column diagramed i n  
Fig. 1. Soi l  i s  confined i n  a r ig id  cylinder  with 
a porous base at the bottom and a loaded piston at: 
the  top  to simulate an overburden pressure, P. 
Temperature, T, decreases with elevation, z ,  pass- 
ing through OC but  pore ice  first occurs at a 
slightly lower temperature, a t  a level x * .  The 
load, P, is large enough t o  suppress heaving with 
the existing  surface  temperature and at  a steady 

state  there is no trans- 
port of mass. 

Fig. 1. Column of SS 
soil with  surface 
load and water 
supply * 

3c 
0°C 

The Clapeyron equation  relates  equilibrium 
values of u ,  ui and T .  A convenient form of this 
equation  uses gage pressures and is  written 

W'P - ui/pi = (L/K)T E 1  
where L is latent  heat of fusion; K and T are  
temperature i n  Kelvins and OC, respectively. 'I'his 
provldes  alternate  expressions for $, e.g., 

$ = (p i  - P)U'W - ( ~ i L / d t ) T  L31 

Pore ice  content, e;, for  a given SS soil and pore 
water content 8 ,  depend on $ only where ice  lenses 
are  absent. In incompressible  soil, 

c41 

where eo is the porosity. 

t ion o f  the mineral framework (effective  stress,  
ue) and par t ia l ly  by reaction o f  pore  contents 
(neutral  stress, u n ) .  In  terns of the Terzaghi 
equation (Terzmi,  1936) : 

The load, P ,  is  par t ia l ly  supported by reac- 

P = u e + u  n C51 

When pore ice  and pore  water are continuous 
pkses  we adapt the  expression proposed by Bishop 
and B l i g h t  (1963) fo r  such  circumstances and 
writ e 

where x($) is a stress part i t ion m c t i o n  0 5 X 
: 1 and X = 1 . 0  when e ( $ )  = Bo.  

SIMILITUDE 

E'rm a consideration of similari ty between 
freezing (and t h a w i n g )  of am ss soil and drying 
(and wetting) of the same so i l ,  it has been pro- 
posed [Miller, 19651 that 

c71 

where $a is defined  for  ice-free  unsaturated  soil 

C81 
by 

$ a E (u -u)/c:sa a 
i n  which ua i s  pore air pressure and tua is the 
surface  tension of an a i rha te r   in te r face .  A t  the 
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same time, i t  was proposed that coefficients of 
hydraulic  conductivity i n  the respective systems 
would also be the same (liquid  transport  only) : 

k($)  = k($,) [SI 

It i s  suggested here that the similitude  principle 
can logically be extended to   t he  stress par t i t ion 
h c t  ion 

x($)  = x($,) D O 1  

Of' the  three  similitude  propositlons, only 
the   f i r s t  [TI, has been tested  experhentally and 
apparently corfirmed [Koopmans and Miller, 19653. 
The second [g] has also been proposed by others 
[e.&, Carey, 19661  and i s  under study i n  our 
laboratory at present. Plana t o  study  the  third 
[lo] are being  formulated. In  the meantime, for  
i l lus t ra t ive  purposes only, the  expectations of 
Bishop and B l i g h t  (1963)  can be used as a working 
approxlmatlon, namely, 

X($ )  = e($)/eo Clll 

Figure 2 presents  profiles of u ,  ui , $ , e ($I), 
un and ue f o r  a 4-8 urn silt fract ion  for  a stipu- 
lated  temperature  gradient and load, using the 
equations listed above and actual data for  e ( $ )  , 
[Koopmans and Miller, 19653. Also shown are  tenta- 
t ive  data   for  k($) (note log scale).  The decay of 
x ($ )  and the  exponential  decline in k ( $ )  with $ are 
especially  significant as all be seen later. 

Fig. 2. Stat ic   ver t ical   prof i les  of  pore  water 
pressweu;pore  ice  pressure, uc; water  content, 
e ( $ )  and stress distribution  function x($) (approx- 
imation);  effectlve stress ue, and neutral  stress, 
un; and the  hydraulic  conductivity  Ruletion, k($). 

I;YIRCE BALANCE 

The system  sketched i n  Fig. 3 represents three 
spherical  particles of radius R somewhere i n   t h e  
frozen zone of the s t a t l c  column of Fig+ 1, Let us 
consider  the balance of forces on the middle par- 
t i c l e .  Its weight i s  small, ard w i l l  be neglected. 
The gradient of pore water pressure i s  small so 
that the net  balance  of  surface  forces  act- on 
syrnnetric areas at latitudes  defined by 1r/2 > + > 
$ is small & will also be neglected.  Later we dl1 recognize tht in heaving columns, au/az 1s 
not negligible, and the  resultant  surface  forces on 
these areas of the  par t ic le  produce a s l p i f l c a n t  
force ccarrponent that ac t s  upward. 

Fig. 3. Sketch i l lus t ra -  
ting vertical  gradient of 
pore  contents  (liquid water 
i n  black) i n   s t a t i c  column, 
showlng angles of la t i tude 
$1 and $2. 

of la t i tude i n  the range $1 > $ > 4 are not sym- 
metric, however. A t  the upper (colger) ends  of 
such diameters,  the  particleexperiences a surface 
force due t o  the swelling pressure of the film 
which separates the par t ic le  from adjacent  ice. 
A t  the  other end, it experiences a surface  force 
due t o  pore water pressure  alone; the resul t  i s  a 
net downward component of force. 

The swelling pressure of the film, ugw, i s  
taken t o  be the difference between the  pressure 
on the  film, uf, at the ice-water interface and 
the pore water  pressure 

u s w  = "f - I121 
Film pressure exceeds ice  pressure by an 

amount given by 

uf = u + 2w/(R t T) i E131 
where T I s  f i lm  th ichess ,  ordinarily negligible 
conrpared with R.  For surface areas defined by 
angles of la t i tude  in   the range $ 2  > $ > 0, we 
again have symmetry with  films at both ends of 
diameters, but i f  there i s  a vertical  gradient of 

we again have a component of net  surface 7' orce. If T << R ,  

auf/az = aui/az Cl41 

In the example, aui/az = - (p,$/K)aT/az and 
is posit-ive so that there i s  a net downward com- 
ponent of force due t o  the gradient  of film 
pressure. 

For the  s ta t ic  example, we  now have two com- 
ponents  of force,  both  acting downwards,  one due 
to  the  asymetpy of the pore  contents and one due 
to  the  gradlent o f  film  pressure. These are 
balanced by an increment  of intergranular stress 
between the par t ic le  and i ts  neighbors, above and 
below. Observe that we expect intergranular 
stresses t o  increase downwards as a resul t  of the 
cumulative effects  on each successive  particle  in 
the column of  Fig. 1. In fact ,  we have already 
obtained thls resul t  by a different  route when we 
constructed  the  profile of effective  stress, ue, 
i n  Fig. 2.  The induced downward force  acting on 
the mineral framework at any level,  per  unit bulk 
volume, is the  negative  gradient of effective 
stress. We can find this by substi tuting [61 i n  
[5] and obtain 

Areas defined by diameters  subtending  angles 
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In o w  s t a t i c  example, we neglected  the first term 
on the right; in  the second tenn au . /ax was equal 
t o  2u az giving  the component due Eo the  gradient 
of t h  i fih pressure;  the  third term i s  the com- 
ponent duc t o  asymmetry of pore  contents. 

The dlstributed  force on the granular rrame- 
work i s  of course  associated with an equal and 
opposite  distributed  force on the  pore  contents. 
I n  the s t a t i c  cxamplc, we complete the  c i rc le  by 
viewing the  ice  pressure  gradient as the ex- 
pression of the cumulative reactions  to  the gra- 
dient of effective  stress,  or vice  versa. 

To s m i z e ,  the rigid pore ice  phase and the 
incompressible  mineral phase interact  via  an  inter- 
vening film with swelling  properties  to produce a 
distributed  force which tends to   d r ive  the ice  
phase and the granular skeleton i n  opposite  direc- 
t ions when there i s  a temperature gradient. The 
ice  tends  to move in  the  direction of decreasing 
temperature. Note especially that this tendency 
was demonstrated for  a system i n  which no ice  
lenses were present. The effect  is, however, 
merely an extension of Taber's (1930) original 
vision o f  the role  played by an adsorbed film of 
moblle  water i n  the mechanism of  heaving. Beskow 
(1935) stated this role  more explicitly,  likening 
it  t o  swelling phenomena i n  clays with specific 
reference t o  the  possible role of  osmotic act ivi ty  
of ions o f  a diffuse electrlc double layer. As 
described  here, however, the  force mechanism ar ises  
not from asymmetry involving a single layer of 
par t ic les  with ice  above but none  below, instead 
it involves asyrnnetry distributed through a frozen 
fringe below an ice  lens. It also  involves a grad- 
ient o f  film  pressure produced by a tenperatwe 
gradient. Evidence fo r   t he   l a t t e r  i s  seen i n  ex- 
periments i n  which a temperature  gradient  causes 
par t ic les  imbedded i n   i c e   t o  migrate i n  the  direc- 
t ion of increasing  temperature  (Rhkens and Miller, 
1973 1. 

HEAVING COLUMN 

If T were reduced  uniformly  throughout the 
column i n  Fig, [1,2] or  if P were reduced,  heaving 
would comence with the  ent i re   ice  body tending t o  
move bodily upwards i f  the  mineral framework  were 
held  stationary by an m o b i l e  base. Our problem 
I s  to  explaln how the ice movement can actually 
occur and t o  formulate  equations to  describe com- 
plicated  interactions between the necessary  liquid 
flux, ice  flux and heat flux associated with such 
movement. 

Pore Ice Movement; Heat Transport 

Movement of pore ice, a r igid body, within 
stationary  pores, can be  viewed as a regelation 
process  involving the continuous l iquid phase that 
l i e s  between pore  ice and mineral  particles which 
bound the pores. Pore ice  movement may be accom- 
panied by a simultaneous  net f lux of l iquid water 
through films and ice-free  pores.  Regelation  in- 
volves  continuous phase changes,  Locally circula- 
ting liquid flow and an associated  circulatlon of 
Latent  heat bebg  l iberated and resorbed by these 
changes. The sum of the two interact- modes of 

mass transport involvirlg rnovlrg ice  and water has 
been termed "series-parallel  transport" and has 
been discussed i n  terms of direct  and cross co- 
eff ic ients  in coupled transport  equations asmlght 
be  measured In experlments with frozen  pemea- 
meters [Miller, Loch and Bpesler, 19751. 

For our purposes, it appears easier   to  avoid 
the  notation of direct  and cross  coefficients  for 
coupled transport o f  water and heat i n  the regela- 
t ion  zone. Instead we slmply inser t   in to   the 
Fourier  heat  transport  equation a term fo r  convec- 
tive  transport o f  latent  heat whlch i s  so large 
compared yi th  convective  transport of sensible 
heat that the l a t t e r  can be neglected.  Aspointed 
out i n   t h e  paper mentioned above, pore ice  move- 
ment  by the regelation  process  constitutes a 
virtual transport of sensible heat i n  the  direc- 
tion  opposite  to  the  direction of ice  movement. 
This is the convective  term referred  to. If 
volumetrlc ice  f lux i s  o;($), the magnitude o f t h e  
correction term is P{L ~ ~ ( $ 1 .  Thus it appears 
that coupling between heat transport and volu- 
metric flux of pore ice  should be given by 

q = - h($)aT/az - PiL  VI($) E161 

where h ( $ )  is thermal  conductivity as would  be 
measured If no ice  movement were allowed. 

Pore ice  flux is related  to  ice  velocity by 

C171 

In ice-free  soil below the  frozen fringe or  
i n  that pa r t  of the  frozen  soil where par t ic les  
move with the moving ice,  the  regelation term i s  
zero. For these  regions, we use  equations of the 
f0m 

As this is written, it appews that coupling 
between heat ard mass fluxes i n  the  regelation 
zone is  adequately  expressed by Q. [16]. It i s  
necessary t o  emphasize the  tentative  nature of 
this  perception. 

Pore Water Movement. 

The liquid phase is continuous from the base 
of the column, through the  "frozen  fringe"  to  the 
base of the lowest ice  lens,  where it terminates. 
Volumetric l iquid  f lux i s  presumed t o  obey 
Darcy's l a w  throughout the  region i n  which the 
l iquid phase i s  continuous. 

v($)  =- k($)[l + a(U/~g)azl 1191 
Total mass flux i s  the sum of Piv;(*) and pzr($),  
and it is  this swn whlch Williams and Burt (1974) 
measured with  their  frozen  permemeter, as If al l  
flux were in the  liquid phase. 

Conservation 

Conservation of mass in  the  frozen  fringe 
can be expressed by 



By invoking the Maxwell. equation it can be 
shown tht  [20] leads  to a relationship  involving 
ra te  of heave, V I ,  and ra t e  of penetration,of 
freezinlr,, 

[%:$)];[PivI + ( p - p i ) v ( o i ) ~ ~ a e ( $ ) / a z l t  c211 

where V ( 0 ; )  is the  velocity of the descending  pro- 
f i l e  of Ice  content  (inherently a negative number). 

Conservation of thermal  energy i s  expressed by 

Cas($)/azlt = - { ~ I T c ( $ )  + ~ e ( u ~ ) l / a t } ~  c221 

where e ( $ )  is bulk heat  capacity of the  local S O I L .  

Internal Boundaries 

The lower lirmlt of the  frozen  fringe is the 
"freezine: front" and may be characterized by well- 
defined  values of $ i n  well-sorted  soils: 

$@ = 2/r* C231 

where (2/r*) i s  the mean curvature of an ice-water 
interface at ice  intrusion through the narrowest 
par t  of the  largest pore  necks present i n   t he   so i l .  
When uJ# i s  known, the  elevation Z* can be found 
when profiles of u and T have been computed. This 
front i s  presumably irregular and need not be de- 
fined  unless  desired. 

The base of the lowest ice  lens is the  lensing 
Yront, identified by double asterisks (#"). Since 
an  extensive  ice  lens i s  the  sole support o f  over- 
burden and ice  i s  a continuous phase, uL is contin- 
uous and at the base of the  lens  reaches P as a 
limit : 

u"* = Lim u i  = P c241 
z -+ ,n* 

The elevation, z*",  o f  the  lensing  front 
descerds ( in  step-wlse fashion) only when a new lens 
is ini t ia ted.  

LENS INITIATION 

Up t o  this point, we have provided equations 
for transport i n  which rigid  pore ice moves  upward 
at uniform velocity, V I ,  while so i l   par t ic les  re- 
main stationary. This was achieved  without assim- 
ing any over t   ro le   to   the   fomt ion  and growth of 
ice  lenses. Tne driving  force h w  been attr ibuted 
t o  the  interaction of pore ice ,  pore  water and 
temperature, a d  the swelling properties of ab- 
sorbed films. These interactions were i n  no way a 
consequence of the appearance of particle-free 
zones (ice  lenses) i n  the moving ice .  We w i l l  now 
examine why such par%icle-free zones appear and how 
they  can be predicted i f  the  relationships  given so 
far are not only correct but amenable t o  computer 
assisted  simulations when boundary coraditions are 
speclfied. Pending such solutions,  discussion is 

In  the  s ta t ic  example (Flg. 2 ) ,  we saw that 
effective  stress,  ne, was continuous and always 
positive throughout the column, but  diminished 
with elevation  in the frozen  fringe.  If  the pore 
ice  i s  allowed t o  move, the  par t ic les  will remai.n 
stationary so long as oe does riot reach zero. If 
ue does reach  zero at m y  level ,   par t ic les  at t ha t  
level will no longer be pressed aalnst   s ta t ionary 
neighbors below  and w i l l  simply move upward w i t h  
the moving ice .  The widening ice-fi l led gap be- 
comes vis ible  as a growing Ice  lens. The circum- 
stances are reminiscent of  those i n  quicksand 
where the Prseepage force"  reduces  effective  stress 
t o  zero. Thus, the  condition  for  initiation of a 
new lens i s  reached when the minimn  value of ue 
reaches  zero. The place at  which this condition 
i s  met  may be identified by tt and zt . Equivalent 
statements of the  condition for lens   ini t ia t ion 
are : 

Again consider  curves shown for the   s ta t ic  
c o l m   i n  Fig. 2. If heat inflow at the  basewere 
e m a i l e d   o r  heat extraction at the  top were in- 
creased,  surface  temperature would f a l l ,  "< mdo, 
would increase  until a capability  for lift- the 
load P was achieved, whereupon heav ix  would be- 
gin. Without reconstruct ing  the  mediate  conse- 
quences, let us sklp ahead i n  time un t i l  a compar- 
atively  steady  state has been achieved, one or 
more lenses have  formed and we have reached the 
moment , tt, at which yet  another  lens w i l l  be 
ini t ia ted.  l'he freezing  front i s  descending at 
some ra t e  V($*)  ; heaving Is taking place at some 
ra t e ,  V I ,  and there i s  an upward flux of l iquid 
water. k t  us avoid,  for  the moment, specifying 
the value of the overburden pressure, P. 

If there is a f in i te   l iqu id   f lux  in  the fro- 
zen fringe above z * ,  u must decrease with eleva- 
t ion  at an increasing  rate owing t o  the more o r  
less  exponential decay of k ( $ ) .  The prof i le  of u 
i n  Fig. 2 w i l l  now bend sharply t o   t h e   l e f t  as 
suggested by the  sketch i n  Fig. 4 .  This will 
generate an upward cmponent of surface  force on 
so i l   par t ic les ,   t ending   to   dMnish   the   resu l tan t  
effective stress. S t a r t i n g  at E*, u i  will in- 
crease with elevation,  but at a decreasing  rate, 
passing  through a maximum and then  decreasing at 
an  increasing  rate. A t  z * ,  x($*) = 1 .0 ,  but x($) 
decreases toward zero with increasing  elevation. 
A t  and below z * ,  uIz = u, but above z * ,  on 
branches away, converges on u;, and passesthrough 
a mxhum at some value (on)mm. The profi le  of 
uG cannot be constructed  until  the  load is speci- 
f led;  we have postponed doing this un t i l  now. 
Let us choose an overburden pressure P = ( u ~ ) ~ ~  
which means tht for  the speclfied  fluxes, we 
have found a load at which a new lens can form at 
z f  and t?, When  we find this load, we can imed- 
iately find where the  base of "old lens" must  be 
at the moment that the "new lens1' is about t o  
appear. It must be a t  the Level at wNch the 
curve calculated  for uf (with the assumed Liquid 
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Fig. 4.  Sketch prof i les   in  heaving column. a. A moment before a new lens i s  

ini t ia ted.  b.  Inunediately a f t e r  a new lens has been established. 
c ,  A moment before  another new lens i s  in i t ia ted ,  

flux field)  reaches the value P ,  as stated in [24], 
i . e .  at z**. Having located  the  top of the next 
lens t o  form (at elevation z f )  and the base of the 
existing  lens (at st*) we have found the spacbg 
between lenses i f  calculations of profiles of u ,  
ui , and un are  sound. 

By the time that the new lens has actually 
been established however, things must h v e  
changed; u at z f must  have dropped t o  P as re- 
quired by f241. This causes u t o  drop as required 
by [2]. There may be a slight  perturbation of 9 
owing t o  the sh i f t  of the  prlnclpal site of release 
of Latent heat from x** t o  x +  (see below). These 
perturbatlons of u and ui produce a simultaneous 
increase in  ue just below the new lens, inhibit ing 
appearance of another Lens for  the time being. 

The sudden perturbations of u .  ard u should 
have l i t t l e  p r  no effect  on the   r a t e  of heave. 
The d r iv ing  force for i ce  movement i s  maximal 
where ao,/az is maximal. The perturbations of u 
and ui occurred where (ao,/az) was zero  before  the 
new lens was initiated and I s  either zerO or s t i l l  
mall after the new lens  appeared, Thus these 
perturbations will scarcely be f e l t  at lower levels 
where the  driving mechanism is most active.  This 
inference i s  i n  accord with experience; heaving 
rate is not  noticeably  affected by the appearance 
of a new lens. 

A s  the new lens grows, the fringe of frozen 
pores  continues t o  extend i t s e l f  downward and the 
respective  profiles  readjust  accordingly. After 
some interval of time, ~t , (an) w i l l  have again 
r i s en   t o  equal P at some point  gzow  the growing 
lens and the lens  init iatlon  cycle will be repeated 
at this lower level.   In  the meantlme, the last 
lens will have grown t o  a thickness V A t .  To a 
near approx-tion, (,+X - z+)/AA = vf$s), where 
V($J*)  is the average velocity of the  freezing 
front.  

"he one significant  effect of in i t ia t ion  of a 
new lens is t o  chan@;e the level  at which a ~ j o r  
fraction of the total   la tent   heat  being released 
enters the heat-flow stream. This increment o f  
sensible heat flux at the base of the lens is 

( ~ q ) , * *  = C1 - e($**)l~ vI L261 

Latent  heat  entering the heat-flow  stream below 
the  ice  lens augments the stream by a net amount 

( Z**,z#) = e($'s)L VI [271 

SUMMARY, DISCUSSION 

The model. of f ros t  heaving described above 
appears t o  be amenable t o  computer simulation  pro- 
cedures  although moving boundary problems will 
challenge  the  programer.  Simulations should pro- 
vide  predictions of r a t e  of heave and rate of 
frost penetration as functions o f  overburden 
pressure,  thermal reglme and subsoil hydrologic 
conditions.  Information on position, tlme of 
0rigI.n and ultimte  thickness  individual  lenses 
emerges as a par t  o f  the solution. If a p r o p m  
devised  for  saturated SS soils  provides  acceptable 
simulations  of  actual  experhental data, amend- 
ments already In mind m y  allow  the approach t o  
be adapted t o  unsaturated SS so i l s  and perhaps t o  
somewhat cmpressible (SSLS) soi ls .  

Successful  simlations of real problems, how- 
ever, depend on real is t ic   data   for  e ( $ ) ,  k ( $ )  and 
x($) for   the   so i l  i n  question.  Results of studies 
of k ( $ ) ,  including  the  value and limitations of 
measurements made wlth fmzen permeameters, will 
be published when current experjments have been 
completed. It can be reported here, however, 
that resu l t s   to   da te  appear t o  support  both the 
concept and approximate  accuracy of m. D61.  
Realistic  data for x($) may prove c r i t i c a l   t o  the 
actual  use of computer simulations of heaving as 
adjuncts t o  engineering  design  procedures, and 
plans  for  appropriate  experhental  studies  are 
being  prepared. It may turn  out that the  princi- 
pal. value of the model described will be academic. 
It "explains" heaving on the one hand, and identi- 
fies  the  flmctions which m y  prove d i f f icu l t  
t o  evaluate independently on the  other. 

In recent  years,   scientists  in North America 
and Western &rope have been beguiled by models 
of heaving i n  which the base of a =owing ice   lem 
I s  taken t o  be the lower boundwy of the ice  phase 
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( "primary heaving") . Elements  of t he  model des- 
cribed above ("secondary  heaving") were proposed 
several   years ago (Miller,  1972). All this was i n  
substantial  ignorance of contemporary  views and 
data  of  Soviet   scientists.  I am indebted t o  E. D. 
E3-.shov, Faculty  of Geology, University of Moscow, 
for enlightening  correspondence. He has informed 
me that as a r e su l t  of a variety  of  careful. 
s tudies ,   Soviet   sc ient is ts  are generally  agreed 
that ice   l enses  always form at some distance 
behind the freezing  f ront .  It appears that this 
conclusion, based on observations, is compatible 
with and i s  explained by the model described 
above.  Indeed, the growth  of  needle i c e  at the 
very  surface of wet ice-free so l1  may be the only 
comonplace natural example of "primary  heaving." 
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,BOWTORY STUDIES OF THE ADFREEZE BOND BETWEEN SMALL-SCALE MODEL PILES AND FROZEN 
SAND 

V.R. Parameswaran,  Division  of  Building  Research,  National  Research  Council of 
Canada,  Ottawa,  Ontario, K1A OR6 

The  adfreeze  strength  developed  during  freezing of cylindrical  piles  to  fine 
Ottawa  sand  mixed  with 14% by  weight of water  was  measured  under  constant  rates of 
pile  displacement on an Instron  testing  machine  and  under  constant  load [ In  a creep 
equipment],  Four  types of pile  were  studied:  natural  B.C.  fir,  concrete,  steel 
coated  with a red  oxide  primer,  and  creosoted B.C. fir.  Constant  rate  tests  showed 
that  adfreeze  strength  increased  with  increasing  loading  rate.  Preliminary  data 
from  the  constant  load  creep  tests  indicate  that  the  load  dependence of the  steady- 
state  creep  rate  for  piles i n  frozen  sand  agrees  with  the  displacement  rate  depen- 
dence of the  adfreeze  strengths  determined  by  extrapolation  of  the  results of the  
constant  rate  tests.  In  general,  maximum  adfreeze  strength  developed  with  natural 
B.C. fir,  and  the  minimum  with  creosoted  B.C. fir. 

 TUD DE EN LABOMTOIRE DE L' ADH~RENCE DUE AU GEL ENTRE DES PIEUX ;i L~~CHELLE ET DU SABLE 

V.R. Parameswaran,  Division  des  recherches  en  bztiment,  Conseil  national  de  recherches 
du Canada,  Ottawa,  Ontario K l A  OR6 

Z'adhgrence  due  au  gel  de  pieux  cylindriques 2 du  sable  fin  d'0ttawa  contenant 
14% d'eau,  au  poids, a gte mesurge  sous  dgplacement  des  pieux 5 vitesse  constante, 
dans  une  machine  d'essai  Tnstron,  et  sous  charge  constante  (dans un appareil  provo- 
quant  la  reptation).  Quatre  types  de  pieux  ont 6t6 Gtudics:  en  sapin  de  Colombie 
non  traitg,  en  bgton,  en  acier  recouvert  d'un  primaire  au  minium  de  plomb  et  en  sapin 
de  Colombie  criSosot6. Les essais 2 vitesse  constante  ont  montrg  que  l'adh6rence  due 
au gel  augmente  avec  le  taux  de  mise  en  charge. Les rgsultats  prgliminaires  des 
essais  de  reptation Z charge  constante  indiquent  que  le  rapport  entre  la  charge  et 
la reptation 3 vitesse  constante  des  pieux  dans  le  sable  gel6  correspond  au  rapport 
entre  le  taux de dgplacement  et  la  force  de  l'adhgrence  due  au  gel  extrapol6  des 
rgsultats  des  essais Z taux constant. Dans  l'ensemble,  l'adhgrence  maximale  se  mani- 
festait  avec  le  sapin  de  Colombie  non  trait6  et  l'adhgrence  minimale,  avec  le  sapin 
de  Colombie  crgosotg, 

. "" . 
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LABORATORY STUDIES OF THE ADFREEZE BOND 
BETWEEN  SMALL-SCALE  MODEL PILES AND  FROZEN SAND 

V.R. Parameswaran 

Division  of  Building  Research,  National  Research  Council o f  Canada 
Ottawa.  Ontario,  K1A OR6 

INTRODUCTION 
Pile  foundations  incorporating an air  space 

between  the  structure  and  the  ground  surface  are 
used  extensively  in  permafrost  areas  to  transfer 
the  structure  loads  through  the  unstable  active 
layer  to  the  more  stable  permafrost.  Various 
types of piles,  including  timber,  steel  pipes  and 
H-sections,  and  precast  concrete  piles,  may  be 
used. Wood piles  are the  most  common,  however, 
because  they  are  available  locally in many  parts 
of  the  permafrost  regions.  Cast-in-place  concrete 
piles  have  been  used  occasionally  in  special  cases 
As a  rule o f  thumb,  a  minimum  depth  of  embedment 
in permafrost  of 3 metres  or  three  times  the 
maximum  depth of the  active  layer  during  the 
design  life  of  the  structure  (whichever  is  larger) 
is  recommended  for  piles in  permafrost  regions. 

A  pile  foundation  must  resist  uplift  forces due 
to  frost  heave  in  the  active  layer  and  loads due 
to  wind  and  the  weight  of  the  structure. Pile 
foundations  in  frozen  ground  transfer  superimposed 
loads  by  two  mechanisms:  end  bearing,  and  shear 
along  the  pile  (adfreezing). The tofal  bearing 
capacity of a  pile i s  therefore  the  sum  of  the 
calculated  contributions  of  the  two  mechanisms. 
Empirical  formulae  for  these  calculations  have 
already  been  proposed  by  several  workers in the 
Soviet Union (Vyalov  and  Porkhaev, 19691, based 
on their  experience  in  building  in  the  North. 

The  end  bearing  capacity  of  a  pile can  be ob- 
tained  from  the  value of the  compressive  strengths 
of  the soil determined  under  confined  and  unconfin- 
ed  conditions. The shearing reajstgmce developed 
at the  pi&e-soil  interface has  two  components:  that 
due to  adhesion  of ice to the  pile;  and that due t o  
s o i l  grain  friction  at  the  pile-soil  interface. 
The supporting  capacity for a  pile  embedded in 
permafrost  results  primarily  from  rhe  shearing 
resistance  at  the  pile  surface. In general,  for 
a  pile  supporting  a  structure  in  permafrost  the 
following  condition  should  be  met: 

P + T ~ A ~  + rdAd > L - T ~ %  - U 

where P is the  end-bearing  capacity  for  the pile, 
as determined  from  the  compressive  strength 
of the  soil  under  the pile, the  cross- 
sectional  area of the  bottom  end of the  pile, 
and  a  suitable  factor  of  safety, 

T~ i s  the  adfreeze  strength a t  the  pile- 

Af is the  pile-soil  interfacial  area  in 

T~ is  the  frictional  drag  stress  between 
the pile and  the  unfrozen soil (i€ 
present)  over  the  permafrost zone, 

soil  interface, 

the  permafrost zone, 

Ad  is  rhe  pile-soil  interfacial  area in 

L is  the  structural load, 
rh is  the  stress due to  frost  heave  in  the 

this  zone, 

active  layer  in  the  ground 
i s  the  pile-soil  interfacial  area in the 
active  zone, 

W is  the  uplift  load  due  to  wind 

By knowing  the  distribution  of  the  allowable 
adfreeze  strengrh,  rf,  along  the  length  of  the 
pile,  the  depth  of  embedment in permafrost 
required  to  carry  the  applied  load L can  be 
calculated.  Thus it is  imperative  that T be 
determined  accurately  to  permit  reliable sesign 
of  foundations for  structures  in  permafrost 
regions. 

Although  measurements  of  the  adfreeze  strength 
between  piles  and  frozen  ground have been  taken 
since  1930 (mainly in the  Soviet  Union), 
sufficient  information  is not  yet  available to 
make  it  possible t o  design  for  different  founda- 
tion  materials  such as concrete,  wood, and steel 
in  various  soils. The early  tests were done  by 
freezing  a  pile  into  the  ground,  then  pushing  it 
through  or  pulling  it  out of the  completely 
frozen  ground at a  relatively  fast  rate  and 
measuring  the  force  required.  The  results  of 
early work in the  Soviet  Union  from  short-term 
tests  have  been  given  by  Tsytovich  and  Sumgin 
(l959), Tsytovich  (1975)  and  Vyalov (1965). Crory 
(1966),  Crory  and  Reed (1965) and SMger (1969) 
have reported  the  results of -pile  load.tests in the  
permafrost  regions  of  North  America  for  adfreeze 
strength,  pile  settlement  under  loads  and  heave 
of  piles due to  freeze-back of the  active  layer. 
Some  of  the  tests were  short  term,  and  others 
were carried  out  over  periods of several  weeks. 

There  has  been  no  systematic  laboratory  measure- 
ment  of  the  adfreeze  strength  between  piles  and 
soils.  Recently,  Laba  (1974)  measured  the 
instantaneous  adfreeze  force  ("frost  grip," a3  he 
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c a l l e d  it) between  frozen  sand  and  concrete  under 
1 .abora tory   condi t ions  by pushing   f rozen   sand  €rom 
a n   i n n e r   c y l i n d r i c a l   c a v i t y   i n  a conc re t e   b lock  
a t  a r a t e   o f  1 . 2  mm p e r   m i n u t e .   T h e s e   r e s u l t s  
i n d i c a t e ,   i n   g e n e r a l ,   t h a t   " f r o s t   g r i p "   d e c r e a s e d  
r a p i d l y   w i t h   i n c r e a s i n g   p o r o s i t y ,   t h a t   i t ' i n c r e a s e d  
w i t h   i n c r e a s i n g  ice c o n t e n t  i n  the   sand   and   tha t  
" f r o s t   g r i p "   i n c r e a s e d   w i t h   d e c r e a s i n g   t e m p e r a t u r e .  

L a b o r a t o r y   s t u d i e s   h a v e   b e e n   i n i t i a t e d  on  t h e  
i n f l u e n c e  of v a r i a b l e s   s u c h  as l o a d i n g   r a t e ,   t y p e  
o f  p i l e  and p i l e   s u r f a c e ,   t e m p e r a t u r e ,   m o i s t u r e ,  
e t c . ,  on t h e   a d f r e e z e   s t r e n g t h   a n d   b e a r i n g   c a p a c i t y  
o f   p i l e s  i n  f r o z e n   s o i l s .  Some p r e l i m i n a r y   r e s u l t s  
of measurement   o f   the   adf reeze   s t rength   deve loped  
a t  the   in te r face   be tween  model   p i les   and   f rozen  
s a n d - i c e   m i x t u r e s   a r e   p r e s e n t e d   i n   t h i s   p a p e r .  

EXPERIMENTAL METHOD 

Measurement  of  Adfreeze  Strength  under  Constant 
Rates   of  Displacemen! 

The appa ra tus   u sed   fo r   t he   expe r imen t s  i s  
i l l u s t r a t e d   i n   F i g .  1. The model p i l e  (A) was 
7 6 . 2  mm i n   d i a m e t e r  and 304.8 nun long.  Ottawa 
f i n e   s a n d  (ASTM S p e c i f i c a t i o n  C-109, p a s s i n g   S i e v e  
No. 30 and r e t a i n e d  on  Sieve No. 100)  mixed  with 
14% by weight  of water was placed  and  compacted 
a r o u n d   t h e   p i l e   i n   f i v e   l a y e r s ,   e a c h  38.1 mm t h i c k ,  
t o   a n  optimum dens i ty   o f   about   1 ,700   kg  m-3, as 
determined by a s t a n d a r d   P r o c t o r  test. Box (B) 
was of  2 5 . 4  mm t h i c k   P l e x i g l a s   p l a t e s ,  and t h e  
plug (C) and   the   base  (D) were aluminum. The box 
c o n t a i n i n g   b o t h   p i l e   a n d   s a n d  was p l a c e d   i n  a co ld  
room ( m a i n t a i n e d   a t  -6OC f 0.2 'C)  f o r  four   days  t o  
ensure   comple te   f reez ing   of   the   sand .  A thermo- 
coup le  (T)  p l aced   i n   t he   midd le  o f  the  sand was 
used to   de te rmine   tempera ture .  

A f t e r   c o m p l e t e   f r e e z i n g   t h e   p l u g  ( C )  was  removed 
and   the   p i le   pushed   ou t  by a ram a t t a c h e d   t o   t h e  
cross-head of a f l o o r   m o d e l   I n s t r o n   t e s t i n g  
machine (25000 k g   c a p a c i t y )   i n s t a l l e d   i n   t h e   c o l d  
room.  Each test w a s  c a r r i e d   o u t  a t  a c o n s t a n t  
r a t e   o f   c ros s -head  movement. Displacement   of   the  
p i l e  was t a k e n   t o   b e   e q u a l   t o   t h e   d i s p l a c e m e n t   o f  
the  cross-head less  t h e   d e f l e c t i o n  of t h e   p l a t e  
(D), measured  by a d i a l  gauge o r  a DCDT p o s i t i o n e d  
u n d e r   t h e   p l a t e   n e a r   t h e   p i l e .  

Four   types of c y l i n d r i c a l   p i l e s  were s t u d i e d :  

Na tu ra l  B.C. f i r   w i t h  a smooth s u r f a c e   f i n i s h .  

C o n c r e t e   p i l e s   w i t h  a smoo th   su r f ace   f i n i sh .  
These  were cast i n   t h e   l a b o r a t o r y   f r o m  a commercial 
d ry   mix ,   Sakre te ,  t o  which water was added i n   t h e  
recommended p r o p o r t i o n .   A f t e r   c a s t i n g   i n   P l e x i g l a s  
t u b e s   h a v i n g   a n   i n t e r n a l   d i a m e t e r  of 76.2 mm and 
wall t h i c k n e s s  o f  12 .7  mm, the   concre te   mix  was 
v i b r a t e d   u s i n g   a n  electric v i b r a t o r  t o  e l i m i n a t e  
as much occluded a i r  as p o s s i b l e .  The f i n i s h e d  
and  cured  concrete   cyl inders   had a d e n s i t y  of 
2250 kg md3, 

S t e e l  p i l e s  made from  mild s teel  tubes  having 
o u t s i d e   d i a m e t e r   o f  76.2 rnm and wall t h i c k n e s s  of 
6,35  mm c losed  a t  the  bottom  end  with a welded 
s teel  plug  and at t he   t op  by a rubbe r   s toppe r .  

These   p i l e s   were   pa in t ed   w i th  a red   ox ide   p r imer  
t o  p r e v e n t   r u s t i n g  i n  t h e  w C t  sand. 

Creosoted B.C. f i r ,  B.C. f i r   p i l e s ,  machined 
t o  a smooth  surface f inish,  w e r e   c r e o s o t e d   i n  a 
h igh   p re s su re   au toc lave  i n  t he   Eas t e rn   Fo res t  
Products   Laboratory,   Department  of Environment, 
Ottawa.   Fol lowing  creosot ing,   the  wood was found 
to   have   absorbed ,  on an   ave rage ,  96.3 kg m V 3 ,  i . e .  
e a c h   p i l e  would  have  about 0.136 kg  of   creosote .  

Resul t s   o f   Cons tan t   Rate  Tests 

When a p i l e  was loaded a t  a c o n s t a n r   r a t e ,   t h e  
load-displacement   curve was v e r y   s i m i l . a r   t o   t h e  
s t r e s s - s t r a i n   c u r v e   f o r  a f r o z e n   s o i l   i n  uncon- 
f ined  compression,  as shown i n   F i g .  2 f o r  an 
u n t r e a t e d  B.C. f i r  p i l e .  The load  reached a peak, 
t h e n   d r o p p e d   q u i c k l y ,   i n d i c a t i n g   t h a t   t h e  bond 
between  the wooden p i l e   and   s and  had  broken. A 
similar cu rve  w a s  o b t a i n e d   f o r   c o n c r e t e   p i l e s .  
For a pa in t ed  s teel  p i l e ,   t h e   l o a d   r e a c h e d  a 
maximum, then   d ropped   ab rup t ly ,   i nd ica t ing  a 
c l e a n   s h e a r  of t h e   p i l e  f r o m   t h e   s o i l .  I n  Fig. 2 
t h e   l o a d   d e c r e a s e s  less a b r u p t l y ,   i n d i c a t i n g   t h a t  
t h e r e  is s t i l l  some a d h e s i o n   a t   t h e   i n t e r f a c e .  
Adf reeze   s t r eng th  was c a l c u l a t e d  by d i v i d i n g   t h e  
maximum l o a d   a t   t h e   p e a k  of t h e   c u r v e  by t h e  
su r face   a r ea   o f   con tac t   be tween   t he   p i l e   and   t he  
s o i l ,  

The Ins t ron   c ross -head   speeds   were   var ied  
between 0.0005 and  0 .1  mm min-l. A t  t h e   s l o w e s t  
rate i t  took   about  50 hours  t o  r each  a peak,  and 
a t  t h e   f a s t e s t   r a t e   o n l y   a b o u t  30 minutes.  
Displacement a t  peak  load was abou t  0.5 t o  1.5 mm, 
depending upon t h e   t y p e  of p i l e  and  the rate of 
load ing .  

Va lues   o f   ad f reeze   s t r eng th   ob ta ined  f o r  t h e  
v a r i o u s   p i l e s  a t  d i f f e r e n t  rates of   loading  are 
shown i n  Table  I. F i g u r e  3 g i v e s   a d f r e e z e  
s t r e n g t h s   p l o t t e d  as a f u n c t i o n  of loadfng ra te  
on a l o g - l o g   s c a l e   f o r   t h e   f o u r   k i n d s   o f   p i l e s .  
Adf reeze   s t r eng th ,  T ~ ,  v a r i e s   w i t h   r a t e  of  p i l e  
displacement  Q ,  a cco rd ing  t o :  

or 

The v a l u e s  of m and  n ,   ob ta ined  by l i n e a r  
r e g r e s s i o n   a n a l y s i s ,  are a s   f o l l o w s :  

B.C. f i r  0.2234 4.48  
Concrete  0,2161 4 . 6 3  
Pa in ted  steel 0.1661 6.02  
Creosoted B.C. f i r  0.1862 5 . 3 7  

m n = l/m 

The maximum a d f r e e z e   s t r e n g t h  was f o r   u n t r e a t e d  
B.C. f i r  and minimum f o r   c r e o s o t e d  B.C.  f i r  and 
p a i n t e d  steel p i l e s .  The a d f r e e z e   s t r e n g t h   v a l u e s  
o b t a i n e d   f o r   c o n c r e t e   p i l e s  were l a r g e r   t h a n   t h o s e  
f o r . c r e o s o t e d  B.C. f i r  and   pa in ted  s teel ,  b u t  
cons iderably   lower   than   those   for   un t rea ted  B.C. 
f i r .  

Constant-Load  Tests 

I n  a c t u a l   p r a c t i c e ,  a p i l e   f o u n d a t i o n   s u p p o r t i n g  
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a  structure  is  subjected  to  constant  loads  rather 
than  constant  rates  of  load  application.  Creep i s  
the  process  of  deformation  under  such  conditions, 
occurring  at  the  interface  between  the  pile  and  the 
soil.  To  simulate  these  conditions  in  model 
studies,  a  constant-load  creep  apparatus  was  built 
for  which  the  Plexiglas  box  with  pile  shown  in  Fig. 
1 could  be  used. 

Figure 4 is  a  schematic  diagram of the  creep 
frame  with  the  pile  inside  the  sand  box.  Weights 
were  placed  on  the  loading  pan (B). This load  was 
magnified  by  a  factor  of  4  at  pile A due  to  the 
ratio  arm (C). The  load on the  pile  was  measured 
by  means of a BLB load  cell  (D)  having a capacity  of 
4550 kg.  The  BLH  load  cell was calibrated  on  the 
Instron  load  cell  which  was,  in  turn,  calibrated 
by a  proving  ring. 

Two DCDT's,  one  positioned  under  the  pile  and  the 
other  under  the  plate  supporting  the  block  of 
frozen  sand,  monitored  deflections  due  to  the  load. 
Net  pile  displacement  was  taken  to  be  equal  to  the 
difference  between  the  two  deflections. 

Results of Constant-Load  Creep  Tests 

Figure  5  shows  a  typical  net  displacement-time 
curve  obtained  €or  a  painted  steel  pile,  The  load 
on  the  pile  was  1130.57 kg, corresponding  to  a 
stress  of  2.43 MPa on the pile  head  and 0 , 2 4 3  MPa 
along  the  pile  soil  interface.  This  curve 
resembles  a  classical  creep  curve,  with  a  primary 
region (A) where  the  creep  rate  decreased to a 
steady  value,  a  short  secondary  region (B)  of  about 
8 hours,  €or  which  the  steady-state  creep  rate  was 
1.04 x nun min-l,  and  a  tertiary  region (C) 
where  the  creep  rate  accelerated  until  failure o f  
the  pile  occurred  after  about  34  hours. 

The  results o f  preliminary  tests  are  shown  in  Fig. 
6.  The  straight  lines  1 to 4 are  extrapolations 
to the  lower-rate  regions  of  the  adfreeze  strengths 
vs loading  rate  lines  shown in Fig. 3 ;  the  plotted 
points  indicate  the  rates of motion  of  the  piles 
in  the  steady-state  creep  region  under  constant  load 
(region  B  in  Fig. 5). In  Fig, 6 ,  line 5 for  creep 
of  painred  steel  has  about  the  same  slope as line 
3, the  adfreeze  strength  vs  loading  rate.  Fox 
concrete  and  creosoted  B.C.  fir,  the  data  obtained 
from the  constant-load  creep  experiments  are i n  
reasonable  agreement  with  the  results  of  the 
adfreeze  strength  tests  under  constant  rates  of 
loading,  extrapolated to the  lower  strain  rate 
regions. 

DISCUSSION AND CONCLUSION 
Data  available  in  the  literature on the  adfreeze 

strength of piles  in  frozen  soil  are  meagre,  and 
most  laboratory  tests to determine  adfreeze 
strength  have  been  done  at  fast  fates  (Tsytovich 
1975,  Laba  1974,  Rooney  1976).  The  preliminary 
results now presented  indicate  that  adfreeze 
strength  decreases  with  decreasing  rate  of  loading. 
Preliminary  data  from  creep  tests  indicate  that 
the  load  dependence of the  steady-state  creep  rate 
for  piles i n  frozen  sand  appear  to  agree  with  the 
displacement  rate  dependence  of  the  adfreeze 

strength  determined  by  extrapolation of the  results 
of the  constant  rate  tests.  Long-term  creep  tests 
give  more  realistic  values f o r  the  long-term 
adfreeze  strengths  and  hence  €or  the  bearing 
capacities  for  piles.  The  results  obtained  from 
rapid  tests  cannot  be  used  to  calculate  the  long- 
term  bearing  capacity  of  piles i n  frozen  soil 
unless  a  large  factor of safety  is  used. 

Few  tests  have  been  carried  out  to  date  and 
further  work  must  be  done ro determine  the 
behaviour o f  piles i n  various  soils  at  different 
temperatures  and to obtain  reliable  data  for  design 
o f  foundations  in  frozen  soil.  Work  is i n  
progress  in  the  cold  rooms  of  the  Division  of 
Building  Research,  National  Research  Council of 
Canada, on the  behaviour o f  steel.  8-section  piles 
in  frozen  sand,  group  piles  (groups of 4 and 6 )  
in  frozen  sand  and  piles  in  frozen  natural  soils 
under  conditions of constant  rates  of  load 
application  and  constant  loads. 
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TABLE I 

VARlATION OF  ADFREEZE  STRENGTH WITH RATE OF LOADING 

Cross-Heed Adfreeze S t r e n g t h  (t ) , MPa 
Speed ( a )  f 

Pain ted   Creosoted  
mm min-1 B,C. F i r  Concrete S tee1 B . C .  F i r  

0.0005 

0.001 

0.002 

0.005 

0.01 

0 . 0 2  

0.05 

0.10 

1.140 

1.175 
1.29 

1.113 
1.247 

1 .61  

1.56 

1.936 

2.231 

2.42 

0.525 

0.553 

0.671 

0.733 

0.866 
0.940 

1 .16  

1.293 

1 .611  

0.497 

0.496 

0.648 

0.677 

0.679 

0.973 

1.026 

1.146 

0.403 

0.487 

0.690 
0.505 

0.720 

0.813 

0.920 

0.875 

1 .220  

F igu re  1 

Schematic  Diagram o f  the   Exper imenra l  
Set-Up to   Measure   the   Adfreeze   S t rength  
Under Cons tan t  Rate of  Cross-Head  Motion 
A P i l e ,  3" Dia 
B P l e x i g l a s  Box 
c P lug  
D Base F l a r e  
E Upper  Compression Member from I n s t r a n  

Load Cell 
T Thermocouple 
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Figure  2 

Load-Distance Curve for an Unt rea t ed  B.C.  
F i r   P i l e   i n   F r o z e n   S a n d  ( T  = 6"C, Cross- 
Head  Speed = 0.  L m d m i n )  

C R O S S - H E A D  MOTION m m  

I 

F igu re  4 
Schematic  Diagram of the Set-Up to Study  t h e  
Creep of  P i l e s  i n  Frozen  Sand Under C o n s t a n t  
Load (A - P i l e ,  B - Loading  Pan, C - R a t i o  
Arm ( 1 : 4 ) ,  D - BLH Load Cell ,  E - Frozen 
Sand) 
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Figure  5 

Creep  Curve f o r  a   P a i n t e d   S t e e l   P i l e   i n  Frozen 
Sand ( T  = 6.2"C, Loaded = 1130.57 kg) 

TIME,  h 

~ 6 . 0 1  

----I C O N C R E T E  
U C. F I R  

0 P A I N T E D   S T E E I  
L ~ p , o  ""-"_ " 

C R E O S O f E D  B . C .  F I R  

F i g u r e  6 

V a r i a t i o n  o f  Adfreeze Strength (Under 
Constant  Load) with Creep 
S teady-S tate Creep  Region 

0.1 I I I I 1  1 1 1 1  I I I 1 I 1 I I I  I I I I ,  1 1 1  

10-6  1 0 - 4  10-3 

S T E A D Y - S I A T E   C R E E P   R A T E .  mmlmin 
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A SOIL FROST SUSCEPTIBILITY TEST AND A B A S I S  FOR INTERPRETING HEAVING RATES 
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, D i v i s i o n  of B u i l d i n g  Research,  Natlonal  Research  Council of Canada, 
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A s o i l   f r o s t   s u s c e p t i b i l i t y   t e s t   i s  proposed. The method invo lves   t he  
u n i d i r e c t i o n a l   f r e e z i n g   o f  a saturated  sample  by  imposing a s tep  f reez ing  temperature 
a t  one  end of the  specimen and measur ing  the  heave  rate.  The two  most  important 
c o n d i t i o n s   t h a t   i n f l u e n c e  heave r a t e   d u r i n g   t h e   t e s t   a r e   t h e   o v e r b u r d e n   p r e s s u r e  
and the   f reez ing   tempera ture .   Resu l ts  show that   the  heave  ra te  can be expressed as 
an e x p o n e n t i a l   f u n c t i o n  o f  t h e   a p p l i e d   o v e r b u r d e d f r e e z i n g   t e m p e r a t u r e   r a t i o .  The 
des i rab le   f ea tu res   o f   t he   p roposed   f reez ing   t echn ique  and the  method o f   i n t e r p r e t i n g  
t h e   r e s u l t s   a r e   o u t l ' i n e d .  
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Edward Pennern  and Takao Ueda*fT 
+ Chef ,   sec t ion  de ggotechn ique,   D iv is ion  des  recherches en b 3 t  
n a t i o n a l  de recherches  du Canada, Ottawa,  Ontario, Canada. 
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Guest  worker  with  DBR from Takenaka  Technical  Research  Laboratory,  Tokyo 

Frost action  is a prime  consideration  in  the 
design of stablc  foundations for cold regions, It 
is well  known  that  the major destructive  factors 
caused  by  frost  action are the  heaving  forces 
developed  and  the  associated  volume  increase  of  the 
soil  due  to  the  water/ice  phase  change. Frost 
heaving  is  particularly  serious  when  the  uplift  is 
uneven  as  this  induces  racking  and  distortion  in 
the  structure  usually  not  allowed  for  in  the  design. 
In roads,  streets and  airport  runways  thaw  soften- 
ing  follows  heaving.  This  can  be  equally  serious 
as  such  thoroughfares  deteriorate  rapidly  and  may 
become  cornpletcly  impassablc  unless  load  and  travel 
restrictions  are  imposed. 

The frost  action  problem  in  enginccring  is 
usually  dealt  with  at  the  design  stage.  Removal 
of or avoiding  the  use of frost-susceptible  soils 
that  will  undergo  freezing  while  the  structure  is 
in  service  is  usually  recommended  unless  water  can 
be  effectively  excludcd. If high  costs  rule  out 
either of  these  recommendations or if  neither i s  
possible, s o i l  freezing  is  sometimes  prevented  by 
installing  insulation or by  supplying  heat. 

The  key  to  the  frost  action  problcm in 
engineering  is t o  be able to establish  the  frost 
susceptibility of soils or pseferatly  the  degree of 
frost  susceptibility.  This  is  often  done  from  thc 
grain-size  distribution of the  soil  (Rcskow  1935, 
Casagrande  1938,  Riis  1948, U.S. Corps of Engineers 
1953). The frost. susceptibility of the  soil  is 
then  predicted on the  basis o f  "frost  action 
criteria" of which  there  are  many  available.  These 
cri.teria  are  used t o  compare  the  soils  under  consi- 
deration  with  soils  with  similar  grain-size  curves 
and  whose  heaving  performance  is  known.  Difficul- 
ties  arc  encountered  with  thi.s  approach  however, 
because  grain  size,  as  a  criterion of frost  action, 
is  not  completely  reliable  although i t  i s  one of 
the  best  methods  available  at  present. 

For  structures  where  frost  action  is  likely  to 
be  an  extremely  critical  factor  in  stability,  the 
approach has been to  saturate  samples of the  soils 
involved  and  subject  them to freezing tests, 
usually  to  determine  heave  rates  although  heaving 
pressures  are  sometimes  more  relevant.  The  problem 
is to establish a laboratory  test  procedure, 
including  sample  preparation,  moisture  control, 
load  application,  freezing  technique  and  test dura- 
tion,  and  from  it  determine  the  behavior of the 
soil  during  freezing  that  can  be  expected f o r  a 

particular  field  condition.  Laboratories  that 
havc a large  dcmand f o r  frost-susceptibility  tests 
often  develop  their own methods  but  these  usually 
have as their  hasis  the  technique  dcscribed  by 
Line11  and  Kaplar (1959) which  was  developed  by 
ACFEI,  (the  predecessor  to  CRREL) , U.S. Army Corps 
of  Engineers.  Designers  arc  frcquently  dissatis- 
ficd  with the  results  obtained,  however,  and  the 
search  continues  for  more  meaningful  and  less  time 
consuming  freezing  tcsts. 

A frost-suscepti.bility  test  method  is  proposed 
in  this  paper  using a frost  cell  developed  by 
Northern  Engineering  Serviccs  Company  Limited, 
Calgary,  Alberta,  to  which  the  authors  have  made 
minor  modifications  (Penner  and lleda  1977). The 
method  stems  from  the  work  of  Northcrn  Engineering 
Services  in  connection  with  the  geotechnical 
rcscarch  carried  out  with  respect  to  the  design  of 
a proposed  Mackcnzie  Valley  gas  pipeline.  Equally 
important  is the  proposed  mcthod of interpreting 
thc  hcave  results.  Both the test  technique  and 
the  interpretation  circumvent  difficulties 
encountered  previously. The  two most  important 
test  conditions  that  have a strong  influence on the 
rcsults  arc  the  thermal  conditions  and  applied 
loads  and  these  havc  bcen  given  special  considera- 
t i o n .  The  understanding of thcsc  conditions  forms 
the  basis  of  thc  cvaluation  and  interpretati.on of 
the  results  obtained. 

METHODS  AND  MATERIALS 

The experimental  method  has  been  described  in 
detail  (Penner  and  Ueda  1977).  and  is  only  reviewed 
briefly  in  this  paper. The  test  cell  was  designed 
to hold a sample 4 in. long and 4 i n ,  in  diameter 
(10.2  cm). The  thermocouples  and  about  12  in. 
(0.3 m) of the  thermocouple  lead  were  placed  in 
shallow  grooves  around the  inside  wall o f  the  cell 
in  contact  with  the  outside of the  sample  in  an 
isothermal  planc.  These  measurements  were  used  to 
monitor temperatures,  determine  thermal  gradients 
and  locate  the O°C isotherm  in the sample. Loading 
of the  sample  for  the  consolidation  phase  and  con- 
finement  of  the  sample  during  freezing  was  done  by 
pressurizing a loading  chamber  mounted  ahove  the 
freezing  cell.  Water  movement  in  and  out of the 
sample  in  response  to  freezing  and  the  amount of 
heave  were  recorded  continuously on a  Hewlett- 
Packard 2010H data  acquisition  system. 

The  grain-size  characteristics and  Atterberg 
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limits f o r   t h e   s o i l s   t e s t e d   a r e   g i v e n   i n   T a b l e  I .  
Sample prepara t ion  was t o   p l a c e   s o i l s ,  which  had 
been   p rev ious ly   s a tu ra t ed   t o   nea r   t hc   l i qu id  limit, 
i n   t h e   t e s t   c e l l   f o r   c o n s o l i d a t i o n .   A f t e r   c o n s o l i -  
da t ion  was complete,   the prcssurc was reduced  to a 
v a l u e   s e l e c t e d   f o r   t h e  run and t h e   c e l l  was condi- 
t ioned   thermal ly   ins ide  a Tcnney constant  tempera- 
t u r e  chamber a t  some prese lec ted   t empera ture   c lose  
t o  D O C .  One end of   the  sample  had  f ree   access   to  
bubble- f ree   water   wi th   the   water   t ab le   he ld  a t  the  
base  of  the  specimen.  Heaving was i n  thc  open 
system mode th roughou t   t he   t e s t .  To s t a r t  a run, 
a s tep   f reez ing   tempera ture  was imposod a t  thc  end 
opposi te   the  water   supply.   Freezing  took  place 
unid i rec t i .ona l ly  as t h e   c e l l  walls were  heavily 
i n s u l a t e d .  

RESULTS AND DISCUSSION 

Figure 1 shows typica l   heaving   curves   for   the  
so i l s   s tud ied   and   r e sponses   t o  two d i f f c r m t   o v e r -  
burden  prcssures,  1 .0  and  4.0  kg/cm2. The rate o f  
heave was e s sen t i a l ly   cons t an t   i n   bo th   expc r imcn t s  
and   t hc   d i r ec t ion   o f   wa te r  movement reversed  f r o m  
expu l s ion   t o   i n t ake  a t  the   h ighe r   p re s su re .  

Influence  of Load Appl ica t ion ,  P 

S ince   the   sharp   reduct ion   in   the   heave  r a t e  
resu l t ing   f rom  surcharg ing  was reported  by Beskow 
(1935) ,   the   s ign i f icance  of the  overburden  pressure 
has  been  stressed  by many research  workers.  One 
school  of  thought i s  t h a t  a t  a p a r t i c u l a r  strcss 
l e v e l ,  which  can  be  found  experimentally,  the 
f r e e z i n g   o f   i n   s i t u  water and i t s  at tendant   expan-  
s i o n  w i l l  p roceed   whi le   the   heaving   a t t r ibu ted   to  
the   f reez ing  o f  migratory  water   f rom  outs ide 
sources ,   e .g . ,   the  water t a b l e  o r  u n f r o z e n   s o i l ,  
w i l l  be  stopped. From th is   concept   the  term "Shut- 
off"  pressure  was i n t r o d u c e d   i n t o   t h e   s o i l  
mechanics  l i terature  by  Arvidson  and  Morgenstern 
(1974)  and  defined  by McKoberts and  Nixon  (1975) as 

the   " e f f ec t ive  stress a t   t h e   f r o s t   l i n e  which will 
cause  nei ther   f low o f  w a t e r   i n t o   o r  away from  thc 
f r e e z i n g   f r o n t . "  An opposing view t o  which  the 
au tho r s   a sc r ibc  i s  t h a t  i t  is  n o t  p o s s i b l e   t o  
control   independent ly   the two sourccs  o f  heave  by 
1oadi.ng  the s o i l .   T h i s   h a s  been shown experi-  
mental ly  by Penner  and Ueda (1977). The r a t i o  of 
i n   s i t u   t o   m i g r a t o r y   w a t e r  which is  frozen  changes 
cont inuous ly   dur ing   the   t es t   and   has  no inf luence  
on the   heave   ra te .  

The inf luencc  of  overburden on t o t a l   h e a v e   r a t e  
f o r   t h e   s o i l s   s t u d i e d  i s  summarized i n   F i g .  2 .  
The l inear   rc la t ion   be tween  the   logar i thm of  t h e  
r a t e  of heave  and  applied  pressure  ayrecs  with 
e a r l i e r   r e s u l t s   o f   L i n s l l  and Kaplar (1959). 

Inf luence o f  Cold-sidc  Step  Temperature,  T 

The frcezing  temperature  imposed  at   the  cold 
end  of  the  sample  ranged from -0 .3  t o  - 3 . 9 5 O C .  
Figure 3 shows t h e   d r a s t i c   c h a n g e s   i n   t h e  tempera- 
t u r e   g r a d i e n t   i n   t h e   f r o z e n   p o r t i o n   d u r i n g   t y p i c a l  
t e s t   r u n s .  I t  i s  emphas ized   tha t ,   desp i te   the  
la rge   g rad ien t   changes   in   thc   f rozen   layer  and t h e  
a t tendant   decreases  i n  t h e   f r o s t   p e n e t r a t i o n   r a t e  
as   the   exper iment   p rogressed ,   the   to ta l   heave   ra te  
remained   essent ia l ly   cons tan t   (F ig .  1 ) .  These 
r e s u l t s   s u g g e s t   t h a t   t h e   r a t e   o f   f r o s t   p e n c t r a t i o n  
does  not  influcncc  the  heave rate u s i n g   t h i s  
f reez ing   technique .  I t  would seem t h a t   t h e   s i g n i -  
f i can t   f ac to r   i n   de t c rmin ing   t he   heav ing   r a t e  i s  
the   va lue   o f   the   co ld-s ide   t empera ture .   This  
temperature i s  thought   to   de tc rminc   the   suc t ion  
p o t e n t i a l   a t   t h e  growing i c e   l e n s .   I t s   e f f c c t   c a n  
b e   s e e n   i n   t h e   r e s u l t s  from  cxperiments  given  in 
Fig.  4 ,  where the   s tep   t empera ture  was lowercd i n  
s tages   during  one t e s t .  After   each  lowering  of  
the  tenpraKUrC of t h c   c o l d   s i d e   b o t h   t h e   t o t a l  
heavc rate and   thc   segrega t iona l   heave   ra te   by  
water   inf low  increased.  

TABLE I SUMMARY OF SOIL  PROPERTIES 

S o i l  % Clay  Size % S i l t  % Sand % Gravel 
<0.002 mm 0.002-0.06 0.06-2.0 > 2.0  w L ,  % wP, % IP ,  % 

"MVS 2 

Mvs 4 

Mvs 5 

MVS 6 

MVS 9 

Calgary 
S i l t  No. 1 

Calgary 
S i l t  No. 2 

Leda c l a y  

15.0 

18.5 

23.0 

24.0 

32.5 

17.0 

30.0 

8 0 . 2  

23.0 

63.5 

7 2 . 0  

66.0 

67.5 

83.0 

70.0 

19.8 

62.0 

18.0 

5 .O 

6 . 0  

0 

0 

0 

0 

0 

0 

0 

4 .O 

0 

0 

0 

0 

- 

36 .S7 

25.37 

30.14 

33.10  

- 

- 
- 

- 
20.78 

18.28 

21.02 

22.39 

- 

- 
- 

- 
16.09 

7.09 

9.12 

10.71 

I 

- 
- 

*MVS = Mackcnzie  Valley S o i l s  
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Table I1 g i v e s   r e s u l t s   t h a t  show the   s t rong  where AP = heaving  pressure 
e f fec t   o f   the   va lue   o f   the   co ld-s ide   t empera ture ,  
a l though  the  experiments   were  carr ied  out   ent i re ly  
d i f fe ren t ly   than   descr ibed   above .   In   these   exoer i -  

AT = f r eez ing   po in t   dep res s ion  a t  t h e  ice 
l e n s  below To, OC 

ments the  cold-side  Ereczing  temucratures  were-  held AH = s p e c i f i c   h e a t  o f  fusion 
c o n s t a n t   i n   t h e  f irst  two sets of   exper iments   for  
three  successive  runs  each,   but   the   warm-side 
temperature  was  changed. The heave r a t e  was t h e  
same f o r  a l l  th ree   runs .  The two s e t s  o f  experi-  
ments  were c a r r i e d  ou t  wi th   d i f fe ren t   overburden  
pressures ,  2 and 4 kg/cm2. The d i f f e r e n c e s   i n   t h e  
amount o f  f ros t   pene t r a t ion   fo r   each   run   were ,   3 .7 ,  
5 . 2  and 7 . 1  cm, f o r   b o t h   s e t s ,   r e s p e c t i v e l y ,   f o r  
t h e  same p e r i o d .   I n   t h e   t h i r d   s e t ,   t h e  warm-side 
temperature was he ld   cons t an t   and   i n   t h rce   succes -  
s ive  runs  the  cold-s ide  s tep  temperature  was 
changed. A th reefo ld   change   in   s tep   t empera ture  
r e s u l t e d   i n  a f ive fo ld   change   i n   heave   r a t e .  
Again  the  f rost   penetrat ion  depth  corresponded  with 
t h e  f i rs t  two se t s .  

" 

The inf luence  o f  the  cold-side  temperature  on 
heave rate i s  summarized i n   F i g .  5 b y   p l o t t i n g  
logari thm  heave  ra te   vs  1 / T .  Resu l t s   ex t r ac -  
t e d  from s tud ie s   by   Kap la r   (1968) ,   p lo t t ed   i n   t he  
same way, a r e   a l s o   i n c l u d e d   i n   t h i s   f i g u r e .  

The Combined Inf luence  o f  Overburden  Pressure,  P, 
and  Cold-side  xemperature, T, on Total  Heave Rate 

A nunber o f  research  workers   (e .g , ,  Koopmans and 
M i l l e r  1966, Radd and O e r t l e  1966,  Hoekstra  1969) 
have shown t h a t  f o r  s o i l s   w i t h  an apprec i ab le   c l ay  
conten t   the   theore t ica l   heaving   pressure / f reez ing  
po in t   dep res s ion   r a t io ,   g iven  by Eq. (l), can b e  
ve r i f i ed   i n   t he   l abo ra to ry   w i th in   expe r imen ta l  

V .  = s p e c i f i c  volume o f   i c e  

T = bulk  ice/water   equi l ibr ium 
0 temperature, OC 

I t  is  assumed tha t   the   t empera ture  a t  the   face  
of the   g rowing   ice   l ens  i s  propor t iona l   to   the  
cold-s ide  s tep  temperature ,  i . e . ,  the   lower   the  
cold-side  temperature  the  lower  the  temperature of  
the  ice l e n s .  Based on this  assumption  and 
Eq. (13, an   eva lua t ion   can   be  made of   the  Y / T  
r a t i o  a t  the  lower limit of t o t a l   h e a v e   r a t e  and 
AP/AT, t h a t  is, a s  P / T  reaches   the  maximum value 
o f  AP/AT(11.3 kg/cm2 * "C),  t h e   t o t a l   h e a v e   r a t e  
approaches  the  lower limit. 

The s o i l s   f o r  which  heaving  rates  were  measured 
expe r imen ta l ly   fo r  a number of  cold-side  tempera- 
t u r e s  and  overburden  pressure  combinations  were 
Leda c l a y ,  a local   marine  c lay,   and MVS 4 ( a  s o i l  
from t h e  Mackenzie  River  Valley,  Northwest 
T e r r i t o r i e s ) .  The p l o t t e d   r e s u l t s  (F ig .  6) 
i n d i c a t e   t h a t   t h e r e  i s  a l i n e a r   r e l a t i o n   w i t h i n  
the  observed  range  between  logarithm  of  total  
heave rate and P / T  the   ra t io   o f   the   overburden  
pressure  and  the  cold  s ide,   f reezing  temperature .  
Figure 6 i s  i n  fact i combination of F igs .  2 and 
5 ;  the   resu l t s   can   be   expressed   by   the   equat ion:  

e r r o r .  dhTOT -b P/T 
- =  

d t  a e  (2) 

AP 

AT T V .  
0 1  

AH - 11.3  kg/(cm2 ."C) (1)  where % = t o t a l   h e a v e   r a t e ,  mm/min 

TABLE I1 HEAVING RUNS AT VARIOUS WARM- AND COLD-SIDE  TEMPERATURES WITH REMOULDED LEDA CLAY 
(80% CLAY SIZE; 20% FINE SILT) 

S e t  
O f  

runs - 
jet 1 

; e t  2 

jet 3 

- 

Preconsol ida t ion  
pressure ,  kg/cm2 

4 .0  
4.0 
4.0 

4.0 
4.0 
4 .0  

4.0 
4,O 
4.0 

Pressure  
during 

of   sample  of  heaving 
Temperature  Temperature 

run,kg/cm2 chamber, 'C cold  side,OC 

4.0 t 3 . 8 8  -0.90 
4 .O +2 .30  -0.95 
4 .O -0.90 41.33 

2.0 t3 .88  -0.95 
2 .o + 2 . 2 2  -0.90 
2.0 t1 .30 -0.90 

2 .o 42.30  -0.40 
2.0 +2 .22  -0.90 
2 . 0  +2.23 -1.45 

To t a l  heave 
rate,  mm/min 

0.70 X 10-3 
0.76 X 1 0 - ~  
0.76 X 10-3 

1.90 X 10-3 
1.96 X 1r0-3 
1.84 X 10-3 

0.51 X 10-3  

2.63 X 10-3 
1.96 x L O v 3  

Depth of  O°C 
isotherm a t  

2000 min., cm 

3.7 
5 . 2  
7.1 

3.9 
5.2 
7.1 

2.8 
5.2 
7 . 3  
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B and b arc   constants   (posi t ive)   depending 

p = overburden  pressure,  kg/cm2 
T = cold-s ide  f reezing  temperature  

The fo l lowing   a r e   t he   des i r ab le   f ea tu re s   o f   t he  
f reezing  technique  used  and  the  interpretat ion 
sugges ted   wi th   regard   to   the   l abora tory   eva lua t ion  

on s o i l   t y p e  

below  0% 

o f  

1. 

2 .  

3. 

4 .  

5 .  

6 .  

7. 

f r o s t   s u s c e p t i b i l i t y .  

The rclat i -on  between  f rost   heave and  time i s  
l i n e a r   f o r   t e s t   p e r i o d s  up t o  3 o r  4 days  and 
i s  independent   o f   f ros t   pene t ra t ion   ra te   for  a 
g iven   s t ep   f r eez ing   t empera tu re   (F ig .   1 ) .  A 
cons tan t   hcave   ra te  is  eas i ly   ach ieved   by   t h i s  
method . 

The f ros t   heave - t ime   r e l a t ion  i s  independent o f  
t h e   r a t i o  o f  i n   s i t u   wa te r   and   mig ra to ry   wa te r  
i n   i ce   fo rma t ion .  A t  the  beginning,  heave i s  
t o t a l l y  from i n   s i t u   w a t e r ;  when f r o s t   p e n e t r a -  
t ion   s tops ,   heave  i s  from migratory  water   only.  

'Ihe f i e ld   ove rburden   p re s su re   an t i c ipa t ed   need  
n o t   b e  known i n  advance o r  s imula t ed   i n   t he  
f r e e z i n g  tes t ;  t h e   r a t e s  a t  other   overburden 
pressures   can   be   ca lcu la ted  o r  obtained  graphi-  
c a l l y .  

Tho cold-side  freezing  temperature  used  must  be 
h e l d   c o n s t a n t   t o   c a l c u l a t e   t h e  P/T r a t i o  
c o r r e c t l y .  Any s u i t a b l e   f r e e z i n g   s t e p   t e m p e r a -  
t u r e ,  however,  can  be  used  which  can  be 
conveniently  produced by t h e   a v a i l a b l e   f r e e z i n g  
equipment. 

' h e r s  i s  no wal l   adfreeze  problem,  hcnce  there  
i s  no need   for  a t apered  ce l l ,  o r  movable 
r i n g s ,   e t c .  The design  of   the  cel l ,   borrowed 
from  Northern  Engineering  Services,  Calgary, i s  
g iven   i n   t he   pape r  by Penner  and Ueda (1977). 

Only one f r e e z i n g   t e s t  i s  r e q u i r e d   s i n c e  a 
second  s tcp  f reezing  temperature   can  be imposed 
i n   t h e  same expe r imen t   t o   e s t ab l i sh   t he   r e l a -  
t ion  between  logarithm  heave rate vs P I T  
(Fig.  4 and  7) .  

A s  the   re la t ion   be tween  to ta l   heave   and   t ime i s  
l inear ,   the   exper iment   can   be   t e rmina ted   a f te r  
a r e l a t i v e l y   s h o r t   t i m e .  The o r i g i n a l  ACFEL 
f ros t   heaving   exper iments   requi red  24 days  to  
complete. 

CONCLUDING  REMARKS 

The heaving  response  to a s tep  f reezing  tempera-  
ture  has  been  analyzed  elsewhere  (Penner  and Ileda 
1977) and a mechanical model was developed  to   help 
understand  the  heaving  process (Ueda and  Penner) . 
I t  i s  evident  from  Fig.  1 t h a t  i f  any  heaving 
o c c u r s   d u r i n g   t h e   f i r s t   s t a g e s   o f   t h e  test ,  
a l though water i s  e x p e l l e d   i n i t i a l l y ,   w a t e r   f l o w  
must reverse  i f  t h e   t o t a l   h e a v e   l i n e a r l y   i n c r e a s e s  
wi th  time. Expuls ion  during  the  ear ly   s tages  i s  
related  to   overburden  and  f reezing  temperature  
(Ueda and Penner) . 

The r a t i o  of appl ied  overburden  pressure 

t o  f reezing  temperature   can be expressed  by  an 
exponent ia l   func t ion   of   the   heave   ra te .   This  
g r e a t l y   e n h a n c e s   t h e   u t i l i t y  of t he   heave   t e s t .  

I t  i s  be l ieved   tha t   a l though a sound  approach 
t o   f r o s t   s u s c e p t i b i l i t y   e v a l u a t i o n   o f   s o i l s   h a s  
bcen   p re sen ted   t he re   a r e  s t i l l  a spec t s   o f   t hc  t cs t  
t h a t   n e e d   c l a r i f i c a t i o n   t o   e s t a b l i s h   f u l l y  i t s  
u l t ima te   u se fu lncss .  Hence, t h e   t e n t a t i v e   n a t u r e  
o f  the  approach  should be  k e p t   i n  mind. F i n a l l y ,  
no mention  has  hcen made o f  t h e   c r i t i c a l   r a t e   o f  
heavc  that   determines a f r o s t - s u s c e p t i b l e   s o i l .  
A t  p r e s e n t ,  a t  l e a s t ,   t h e   s c a l e  o f  heave   r a t e s  
developed  by CRREL a re   thought   to   be   acceptab le  
(Line11  and  Kaplar  1959). 
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Figure 1 Frost   penetrat ion  and  heave  measurements  
f o r  MV5 2 a t  1.0 kg/cm2 (above) and 4 .0  
kg/cm2 (below). 
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Figure 2 Total  heave  rate v s  pressure 
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Figure 3 Typical  temperature  gradient  changes  in 
t h e  Emzen por t ion   du r ing   f r eez ing  tests. 

Figure 4 The in f luence  o f  lower ing   the   co ld   s ide  
temperature on heaving rate.  
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Figure 7 The inf luence  of   lowering  the  cold  s ide 
temperature  on  heaving rate. 
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Figure 5 Tota l  heave  ra te   vs   temperature .  
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Figure 6 Heaving  rate  vs  the  overburden 
p res su re l s t ep   t empera tu re   r a t io .  
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D I R E C T  SHEAR TESTS ON NATURAL F INE-GRAINED PERMAFROST SOILS 
W.D. Roggensack, EBA Engineer ing  Consul tants   L td. ,Edmonton,   A l ta . ,  Canada 
N.R. Morgenstern,  Dept. o f  C i v i l   E n g i n e e r i n g ,   U n i v .   o f   A l b e r t a ,  Edmonton, 

A l t a . ,  Canada 

Laboratory   d i rect   shear   tests   were  per formed  on  undis turbed  samples 
o f  f r o z e n   s i l t y   c l a y   o b t a i n e d   f r o m   n e a r   F o r t  Simpson, N.W.T. Test  temper- 
a tu res   were   ma in ta ined  cons tan t   near  - 1 " C ,  a n d   t h r e e   d i f f e r e n t   s h e a r i n g  
rates  were  employed. The r e s u l t s  show t h a t   w i t h   s u f f i c i e n t l y   s l o w   s t r a i n  
r a t e s ,   t h e   s h e a r   s t r e n g t h   o f   i c e - p o o r ,   f i n e - g r a i n e d   f r o z e n   s o i l s  depends 
upon  normal   s t ress  and  conf i rms  that   they  exhib i t  a d e f i n i t e   f r i c t i o n a l  
response. The f r i c t i o n   a n g l e   d e t e r m i n e d   f o r   t h e   f r o z e n   s o i l   c o r r e s p o n d e d  
t o  t h e   e f f e c t i v e   f r i c t i o n   a n g l e   o b t a i n e d  when t h e  same m a t e r i a l  was 
sheared i n  a thawed s t a t e .   S h e a r - i n d u c e d   f a b r i c   a n d   r e d i s t r i b u t i o n   o f  
wa te r   w i th in   t he   spec imens  was i n d i c a t e d  by segregated   i ce   tha t   accumula ted  
a l o n g   f a i l u r e   p l a n e s   d u r i n g   t h e   t e s t s .  
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INTRODUCTION 

ished  data  concerning  behaviour  of  

per formed  on  reconst i tu ted or 
y prepared  specimens. The s tudy 
r e   d e s c r i b e s   d i r e c t   s h e a r   t e s t s  

has  been r e s t r i c t e d   t o   t h a t   o b t a i n e d  
1 
1 

1 
e 

wh'ich  were  conducted  on  undisturbed  samples  of 
a f r o z e n   s i l t y   c l a y .  

Fea tu res   d i s t i ngu ish ing   t he   behav iou r   o f  
p e r m a f r o s t   f r o m   t h a t   o f   s i m i l a r   u n f r o z e n   s o i l  
a re   assoc ia ted   ma in l y   w i th   t he  amount  and t ype  
of  ground  ice  present.   Propert ies  such as 
creep  under  sustained  load and the  marked 
dependence o f   s t r e n g t h   o n   s t r a i n   r a t e   c a n  be 
a t t r i b u t e d   d i r e c t l y   t o   t h e  manner i n   w h i c h   i c e  
responds t o   t h e   a p p l i c a t i o n   o f   l o a d .   I c e   i s  a 
c o n t r o l l i n g   f a c t o r   i n   t h e   w e l l - d o c u m e n t e d   r a t e - ,  
t ime-, and  temperature-dependent  propert ies 
t h a t   c h a r a c t e r i z e   t h e   b e h a v i o u r   o f   f r o z e n  
s o i l s .  A need t h e r e f o r e   e x i s t s   t o   r e c o g n i z e  
d i sc re te   f o rms   o f   g round   i ce  and t r e a t  them as 
geo log ica l  components capab le   o f   exe r t i ng  a 
s i g n i f i c a n t   i n f l u e n c e  on the   p roper t ies   o f  
f r o z e n   s o i l s .  

Vialov  (1962) was t h e   f i r s t   t o  suggest  that  a 
g r o u p   o f   f a i l u r e   e n v e l o p e s   o b t a i n e d   f r o m   t r i a x i a l  
compression  tests,  each  corresponding  to a 
s p e c i f i c   t i m e  to  f a i l u r e ,   c o u l d  be  used t o  
d e f i n e  a mod i f i ed  Mohr-Coulomb f a i l u r e   t h e o r y  
descr ibed by 

f = C  T + on tan  $T [ I  1 

where T denotes  the  shear   s t rength 

potent ia l   shear   p lane,  and 

and r r i c t i o n  angle,   be ing  funct ions 
o f   tempera ture  and t ime.  

u denotes  the  normal  stress  on  the 

cT  and $ a re   t he   cohes ion   i n te rcep t  

n 

V i a l o v  and  Susherina  (1964)  recognized  that 
creep and  shear  strength  were  int imately 
r e l a t e d   t o   t h e   s t r a i n   r e q u i r e d   t o   f u l l y   m o b i l i z e  
f r i c t i o n a l   r e s i s t a n c e ,   t h a t   b e i n g  a d i r e c t  
f u n c t i o n  o f  t h e   t i m e   r e q u i r e d   f o r   t h e   i c e  
m a t r i x   t o   y i e l d  under   an  appl ied  s t ress.   Thei r  
exper imenta l   resu l ts   ind ica ted   tha t   the   cohes ion  
i n t e r c e p t   i n   E q u a t i o n  [ l ]  could  be  descr ibed by 

' T =  
B 

where  and B a re   empi r i ca l   cons tan ts   eva lua ted  
by p lo t t i ng   t he   exper imen ta l l y   de te rm ined  
s t reng th   ( c  ) aga ins t   t he   l oga r i t hm  o f  
t i m e   t o   f a i T u r e  ( t ) .  

S ince   then,   resu l ts   repor ted  by severa l   o ther  
researchers  have  demonstrated  that   shear  strength 
i n   f r o z e n   s o i l s   i s  a f u n c t i o n   o f   c o n f i n i n g   p r e s s u r e ,  
a l t hough   f r i c t i on   ang les   repo r ted   have   o f ten  
been less   than  va lues   ind ica ted   fo r   the  same 
s o i l s  when un f rozen  (V ia lov ,  1962; Neuber  and 
Wol ters ,  1970; Perk ins and Ruedrich, 1973; 
Ruedrich and Perk ins,  1973) .  I n   a d d i t i o n   t o  
documenting f r i c t i o n a l  response, A l k i r e  and 
Andersland  (1973)  have  also shown tha t   cons ide rab le  
ene rgy   i s   requ i red   t o   ove rcome  the   s t reng th   o f  
t h e   i c e   m a t r i x  s o  t h a t   p a r t i c l e   d i l a t i o n  can 
occur .  They r e p o r t e d   t h a t   i c e   y i e l d e d   a t   v e r y  
low  s t ra ins ,   w i th   the   deve lopment  o f  f r i c t i o n a l  
s t rength   be ing   g radua l  beyond t h a t   o f t e n   r e q u i r i n g  
s t r a i n s   o f  10% o r  more. S t ress -s t ra in   da ta  
repo r ted  by Sayles  (1973)   exhib i ted  s imi lar  
behaviour. He f o u n d   t h a t   t h e   f r i c t i o n   a n g l e  
o b t a i n e d   f o r   f r o z e n  sand  sheared a t  a r e l a t i v e l y  
s l o w   s t r a i n   r a t e  was approx imate ly   equal   to   the 
v a l u e   o b t a i n e d   f o r   t h e  same m a t e r i a l  when 
thawed.  Ladanyi  (1975)  has  described a theo- 
r e t i c a l  framework  that embraces the  simultaneous 
processes   o f   c reep,   conso l ida t ion ,  and  shear i n  
f r o z e n   s o i l s   r e s p o n d i n g   t o   t h e   a p p l i c a t i o n   o f  
an  increment o f   s t r e s s .   H i s   t r e a t m e n t   o f   t h e  
t o p i c   f o r m a l i z e d  and made r i g o r o u s   V i a l o v ' s  
ea r l i e r   concep t  o f  de layed  s t rength  envelopes 
or f a i l u r e   s u r f a c e s  dependent  upon  time.  These 
ana lyses   d rew  a t ten t ion   to   the   impor tance  o f  
e s t a b l i s h i n g   t h e   p o s i t i o n  o f  an   app l i ed   s t ress  
w i th   respec t   t o   t he   l ong - te rm  s t reng th  and 
understanding  subsequent  interact ion  between 
s t r e n g t h  and deformat ion  proper t i 'es  was po in ted  
o u t .  By t r e a t i n g   c o n s o l i d a t i o n  and creep as 
separate  but  simultaneous  processes,  Ladanyi 
has s u g g e s t e d   t h a t   c o n s t i t u t i v e   r e l a t i o n s h i p s  
chosen to   represent   quasi -s ing le-phase  behaviour  
shou ld   be   ob ta ined,by   fo l low ing  a l abo ra to ry  
s t r e s s   p a t h   t h a t   c o i n c i d e s   w i t h  an a n t i c i p a t e d  
f i e l d   l o a d i n g   c o n d i t i o n s .  

These s t u d i e s   i n d i c a t e   s t r o n g   s u p p o r t  f o r  
a d o p t i n g   f r i c t i o n a l   b e h a v i o u r   t o   d e s c r i b e   t h e  
l ong - te rm  s t reng th   o f   mass ive   f rozen   so i l s .  
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Best   avai lab le  data  ind icate  that   an  appro-  
p r i a t e   f r i c t i o n   a n g l e  can be approximated by the  
e f f e c t i v e   f r i c t i o n   a n g l e   o b t a i n e d   f o r   t h e  same 
s o i l   i n   i t s  thawed s t a t e .   I n  more i c e - r i c h  
ma te r ia l s ,   comp le te   mob i l i za t i on  o f  f r i c t i o n a l  
s t r e n g t h  may be hindered by the  ice,  and thus 
r e d u c e   t h e   f r i c t i o n   a n g l e   o b t a i n e d .  For 
dense,  coarse-grained  soi ls,   shear  strength 
dependence o n   s t r a i n   r a t e  and temperature  can 
be  embodied i n   t he   cohes ion   i n te rcep t ,   wh i l e  
t h e   f r i c t i o n   a n g l e   r e m a i n s   r e l a t i v e l y   u n a f f e c t e d .  
A t  t h e   t i m e   o f   w r i t i n g ,  an exper imenta l   deter-  
m i n a t i o n   o f   s t r e s s e s   c a r r i e d  by t h e   i c e  phase 
has no t  been reported, and the measurement o f  
pore  pressures  in   unf rozen  water   a lso  remains 
d i f f i c u l t .  The r e l a t i v e   c o n t r i b u t i o n s   o f   i c e  
and unfrozen  water to  a f rozen   so i l ' s   response  
t o   t h e   a p p l i c a t i o n   o f   s t r e s s   a r e   d i f f i c u l t   t o  
determine. The ser ies   o f   exper iments   descr ibed 
i n   t h e   f o l l o w i n g  have   t he re fo re   re l i ed  upon 
i n t e r p r e t i n g   b e h a v i o u r   i n   t e r m s   o f   t o t a l  
s t resses .  

To s t r a i n  a f r o z e n   s o i l   r e q u i r e s   t h a t   t h e  
s t r e n g t h   o f   t h e   i c e   m a t r i x  must f i r s t  be 
overcome.  The s t ress   requ i red   to   accompl ish  
t h i s  depends ma in l y  upon t h e   s t r a i n   r a t e  
imposed.  Gradual  deformation o f   t h e   s o i l  and 
i c e   p e r m i t s   f r i c t i o n a l   s t r e n g t h   t o  be  mobi l ized 
a t   t h e   m i n e r a l   p a r t i c l e   c o n t a c t s .   S i n c e   t h e  
s t rength  o f   ice  approaches  zero  under   long-  
te rm  load ing   cond i t ions ,   s t resses   t rans fer red  
t o   t h e s e   p a r t i c l e   c o n t a c t s  will e v e n t u a l l y  
become equal t o   t h e   a p p l i e d   t o t a l   s t r e s s .  
Dur ing   shear ,   i ce   i n   t he   po re  spaces r e s t r i c t s  
p a r t i c l e  movement and  suppresses  any  tendency 
f o r   d i l a t i o n .   T h i s  impedence i s   respons ib le ,  
i n   p a r t ,   f o r   t h e   u n u s u a l l y   l a r g e   c o h e s i o n  
i n t e r c e p t s   o b t a i n e d  when f r o z e n   s o i l s   a r e  
sheared a t   r e l a t i v e l y   f a s t   s t r a i n   r a t e s .  
Although l i t t l e  or none o f   t h e   a v a i l a b l e   d a t a  
per ta ins   to   the   behav iour  o f  f i ne -g ra ined  
s o i l s ,  i t  seems probable  that   they  might  also 
behave i n  a f r i c t i o n a l  manner a t   s l o w e r   s t r a i n  
r a t e s .  

Emphasis here has  been placed on the  need t o  
i d e n t i f y  modes o f  i n t e r a c t i o n  between  strength 
a n d   d e f o r m a t i o n   p r o p e r t i e s   i n   t h e   f r o z e n   s o i l ,  
thus   enab l ing   an   improved  in te rpre ta t ion   o f  
f i e l d   o r   l a b o r a t o r y   d a t a  by separately  con- 
s i d e r i n g   t h e   v a r i o u s  phenomena involved,  None 
of   the  shear   s t rength  research  descr ibed  above 
has i n v o l v e d   e i t h e r   q u a n t i f i c a t i o n   o f   f i e l d  
b e h a v i o u r   o r   t e s t i n g   u n d i s t u r b e d   p e r m a f r o s t   a t  
s t r e s s   l e v e l s  and  temperatures  re levant  to 
f i e l d   c o n d i t i o n s  as they  might  be  encountered 
i n   p r a c t i c e .  The temperature and s t r e s s  
environments  adopted  for   these  studies  were 
s e l e c t e d   t o   i n v e s t i g a t e   t h e   s h e a r   s t r e n g t h   o f  
f i ne -g ra ined   pe rmaf ros t   so i l s   nea r  O°C (Roggen- 
sack, 1977). 

TEST  APPARATUS AND PROCEDURE 

The d i r e c t  shear  tests  descr ibed  here  were 
per formed  wi th   s tandard  d i rect   shear   machines.  
T e s t s   o n   f r o z e n   s o i l s   w e r e   c a r r i e d   o u t   i n s i d e  
a re f r igera ted   labora tory   where   ambien t  tem- 

peratures  were  maintained  below O ' C .  To 
main ta in   tempera ture   f luc tua t ions   in   the   spec imens 
w i t h i n   a c c e p t a b l e   l i m i t s ,   p r o v i s i o n  
was  made t o   c i r c u l a t e   f l u i d   f r o m  a constant  
temperature  bath  through  heat  exchangers  in 
the  base and load  cap o f  each  shear  box.  Side 
f r i c t i o n  was reduced  by l i n i n g   t h e  boxes w i t h  
a t h i n   s h e e t   o f   T e f l o n ,   l e a v i n g   t h e   f i n a l  
i n te rna l   d imens ions   a t  6.00 cm x 6.00 cm (2.35 
i n .  x 2.35 i n . ) .   F i g u r e  1 presents  a schematic 
layout   o f   the   shear  box  and associated  apparatus 
used i n   t h e   t e s t s .  Shear  box reversa ls   were 
done  au tomat ica l l y ,  and t h e   f i r s t   o c c u r r e d   a t  
a d isp lacement   o f   approx imate ly  1.0 cm (0.4 
in.)   f rom  the  midpoint   posi t ion.   Subsequent 
reversals  were  separated by approx imate ly  2.0 
cm. (0.8 i n . )  o f  hor izonta l   d isp lacement .  The 
load ram was connec ted   t o   t he   upper   ha l f   o f  
the  shear box by a l o a d   c e l l   a t t a c h e d   t o  a 
react ion  f rame. The ram was f i t t e d   w i t h  a 
Thompson l i nea r   bush ing   t o   m in im ize   t he   e f fec ts  
o f   f r i c t i o n  on shear  force measurements. 
Dur ing   conso l ida t ion  and  shear,  the  samples 
w e r e   f l o o d e d   w i t h   l i g h t   p a r a f f i n   o i l   t o   p r e v e n t  
des iccat ion.   Th is   avoided  problems w i th  
chemical  degradation  that  would  have  occurred 
i f  aqueous s o l u t i o n s   o f   a n t i f r e e z e  compounds 
such as e t h y l e n e   g l y c o l  had  been  used.  Surface 
tens ion   f o rces   p reven ted   t he   o i l   f r om  i n t rud ing  
i n t o   t h e   s o i l   p o r e s   ( I v e r s e n  and Mourn, 1 9 7 4 ) .  
Sin tered   s ta in less   s tee l   porous   s tones   were  
used, being  separated  from  the  specimen by a 
s i n g l e   t h i c k n e s s   o f   f i l t e r   p a p e r .   V e r t i c a l  
and hor izonta l   deformat ions  were measured w i t h  
l i nea r l y   va r iab le   d i sp lacemen t   t ransducers  
( L V D T ~ S )  t o  an  accuracy o f   app rox ima te l y  
0.0008 cm (0.0004 i n . ) .  Shear  loads  were 
measured w i t h  temperature-compensated e l e c t r i c a l  
res i s tance   s t ra in -gauged   l oad   ce l l   w i th  a 
c a p a c i t y   o f  9 kN (2,000 Ib . )  and a r e s o l u t i o n  
of   approx imate ly  2 N ( b z l b . ) .   A t k i n s   t y p e  63 
thermistors   were submerged i n   t h e   o i l   s u r r o u n d -  
ing  the  sample  to   moni tor   temperatures.  
Temperature  records  were  checked  regular ly 
dur ing  each  test ,   and when necessary ,   con t ro ls  
on t h e   c i r c u l a t i n g   b a t h  were   ad jus ted   to  
min imize  depar tures  f rom  thermal   condi t ions 
e s t a b l i s h e d   a t   t h e   o u t s e t .  LVDT, l o a d   c e l l ,  
and thermis to r   ou tpu t   s igna ls   were   conveyed  to  
a da ta   acqu is i t ion   sys tem.  

A p re l im ina ry   l abo ra to ry   s tudy  was c a r r i e d  
o b t   t o  compare the  f rozen  and  unfrozen  shear 
s t reng th ,   ob ta ined   f o r  a r e c o n s t i t u t e d   c l a y .  
The mater ia l   used was obtained  from  an  exposure 
near  the  mouth o f   t h e   M o u n t a i n   R i v e r ,   D i s t r i c t  
o f  Mackenzie, N.W.T. The c lay ' s   geo techn ica l  
i ndex   p roper t i es   a re  summarized i n   T a b l e  I .  
To r e c o n s t i t u t e   t h e   s o i l ,  i t  was a i r - d r i e d ,  
pu l ve r i zed ,  and s l u r r i e d   a t  a water  content 
corresponding  to  a l i q u i d i t y   i n d e x   o f  2 .  The 
s o i l  was then  s tage-conso l ida ted   in  a 25 cm 
(IO in . )   d iameter   oedometer   to   an  e f fect ive 
s t r e s s   o f   a p p r o x i m a t e l y  25 kPa (3.5 p s i ) .  
Fol lowing  extrusion,  the  samples  were  tr immed 
f rom  the   b lock  and seated  in   the  shear   box.  
Freezing by subzero room temperatures was 
prevented by c i r c u l a t i n g  warm f l u i d   t h r o u g h  
the  heat  exchangers. The  remoulded s o i l  was 
then   conso l i da ted   t o  a minimum e f f e c t i v e  



731 

s t r e s s  of 50 kPa (7 p s i ) ,   a t   w h i c h   p o i n t   t h e  
water  surrounding  the specimen was removed  and 
r e p l a c e d   w i t h   l i g h t   p a r a f f i n   o i l .   F l u i d   a t  a 
tempera ture   o f  -1O'C or  co lde r  was n e x t   c i r -  
culated  through  the  base and load cap t o   f r e e z e  
the  specimen  quickly and min imize any tendency 
f o r   i n t e r n a l   r e d i s t r i b u t i o n   o f   m o i s t u r e .  Once 
f r e e z i n g  was comp le te ,   t he   c i r cu la to r   ba th  
temperature was ad jus ted   to   ob ta in   thermal  
c o n d i t i o n s   d e s i r e d   f o r   t h e   s h e a r   t e s t .  

A second  group o f   t e s t s  was performed on 
specimens o f  natural   permafrost   cored  f rom a 
landsl ide  headscarp  near  Fort  Simpson. D i s t r i c t  
o f  Mackenzie, N.W.T. T h i s   s i l t y   c l a y   c o n t a i n e d  
a f i n e ,   r e t i c u l a t e  g round  i ce   s t ruc tu re .  
G e o t e c h n i c a l   i n d e x   p r o p e r t i e s   f o r   t h i s   s o i l  
a r e   a l s o  summarized i n   T a b l e  1 .  D i rect   shear  
specimens  were  prepared  from 10 cm ( 4  i n )  
d iameter   cores   o r ien ted   w i th   the i r   long-axes  
i n   t he   ho r i zon ta l   p lane .   I nd i v idua l   b locks  
were   cu t   w i th  a power  band saw, and  an  overhead 
m i l l i n g  machine f i t t e d  w i t h  a c a r b i d e   i n s e r t  
r o t a r y   c u t t e r  was used f o r   f i n a l   t r i m m i n g .  
Each sample was inspected and  sketched t o  
reco rd   any   obv ious   i ce   s t ruc tu re   p resen t   p r i o r  
to   shear .  Once seated in   the   shear  box, 
normal   s t resses  were  appl ied  and  c i rcu la t ion 
o f  r e f r i g e r a t e d . f l u i d  was  commenced t o   m a i n t a i n  
test   temperatures  constant.  

Pr ior   to  shear ing,   loads  on  the  hanger  were 
increased  to   the  des i red  leve l .   Set t lements 
were  recorded  during  each  increment  of  normal 
s t ress .  When the  samples  had s tab i l i zed   under  
the   p reva i l ing   tempera ture  and  normal  load, 
shear was  commenced by d r i v i n g   t h e   l o w e r   h a l f  
o f   t h e  shear  box  back  and f o r t h   a t  a constant  
d isp lacement   ve loc i ty .  All specimens  were 
sub jec ted   t o  a minimum o f  one  complete  shear 
reve rsa l   be fo re   be ing  &moved from  the  apparatus. 
F o l l o w i n g   t h a t   f i r s t   r e v e r s a l ,  two tests   were 
i n t e r r u p t e d   a t   t h e   m i d p o i n t  and sub jec ted   t o  a 
second  increment o f  normal   s t ress,   a f ter   which 
shear was resumed. F i g u r e  2 i l l u s t r a t e s  
t yp i ca l   da ta   f rom  one   o f   t he   d i rec t   shear  
t e s t s   o n   f r o z e n   s o i l .  When the   tes ts   were  
f i n i s h e d ,  each  specimen was e x t r a c t e d  and c u t  
l o n g i t u d i n a l l y   t o  expose  any  changes i n   i c e  
s t r u c t u r e   t h a t   m i g h t  have  occurred  dur ing 
shear, Each c ross   sec t i on  was sketched  and 

photographed,  and  water  content  determinations 
were a l s o  made. 

DIRECT SHEAR TEST  RESULTS 

The f i r s t  g r o u p   o f   d i r e c t   s h e a r   t e s t s  was 
performed  on  samples o f   a r t i f i c a l l y - p r e p a r e d  
permafrost .   F igure 3 shows the   s t reng th  
envelope  obtained  f rom  tests on the   un f rozen 
Mounta in   R iver   c lay ,   w i th  a peak e f f e c t i v e  
f r i c t i o n   a n g l e  o f  26.5'  and a small   cohesive 
i n t e r c e p t   o f   a p p r o x i m a t e l y  7 kPa ( 1  p s i ) .  
Mu l t ip le   shear   reversa ls   on   bo th   na tura l  and 
pre-cut   shear   p lanes  ind icated a r e s i d u a l  
f r i c t i o n   a n g l e   o f  23". F igu re  4 shows the  
s t reng th   enve lope   ob ta ined   f rom  tes ts   on   t he  
f rozen  Mounta in   R iver   c lay .   S t ress-s t ra in  
cu rves   f o r   t es ts   conduc ted   a t   d i f f e ren t   no rma l  
s t resses   exh ib i t ed   remarkab le   s im i l a r i t y ,  
p r o b a b l y   d u e   t o   t h e   n e a r l y   i d e n t i c a l   s o i l  and 
i c e   s t r u c t u r e   c o n t a i n e d  by the   var ious   spec i -  
mens. The s t rength   enve lope  in   F igure  4 
i s   s l i g h t l y   n o n l i n e a r .   N e v e r t h e l e s s ,   t h e  
a v e r a g e   f r i c t i o n   a n g l e   i n d i c a t e d   i s   e s s e n t i a l l y  
i d e n t i c a l   t o   t h a t   d e t e r m i n e d   f o r   t h e  same s o i l  
i n  a n   u n f r o z e n   s t a t e .   F i t t i n g  a s t r a i g h t   l i n e  
t o   t h e   e n v e l o p e   i n   F i g u r e  4 f o r  normal  stresses 
between 100 and 300 kPa i n d i c a t e s  a f r i c t i o n  
ang le   o f  26 t o  27', which  agrees w i t h  the  peak 
a n g l e   i n d i c a t e d   i n   F i g u r e  3 .  The geometric 
cohes ive   in te rcept  of 130 kPa (19 p s i )  was 
o b t   i n e d   a t  a d i s p l a c e   e n t   v e l o c i t y   o f  6 . 9  x 
lo-' cm/day ( 2 . 7  x lo-' i n .   / day ) .   I nspec t i on  
o f   t h e   l o n g i t u d i n a l   s e c t i o n s   a f t e r   s h e a r  
r e v e a l e d   t h a t   d i s t i n c t   h o r i z o n t a l ,  and 
apparent ly  cont inuous  ice  lenses  occupied  what 
appeared t o  be the   p r i nc ipa l   shear   p lane .  The 
samples c o u l d   a l l  be   c leaved   w i th   re la t i ve   ease  
a long   t h i s   i ce   l ense ,  and a l though some s l i c k e n -  
sides  were  observed, i t  appeared  that   on ly  a 
few secondary  shear  structures had  developed. 

In   per fo rming   s im i la r   shear   tes ts   on  specimens 
carved  f rom  undisturbed  permafrost   cores,  i t  
was hoped t h a t  by o b s e r v i n g   i c e   s t r u c t u r e  
p resent   p r io r   to   shear ,   segregat ion   subsequent ly  
induced  by  shear  could be  documented w i t h  
g r e a t e r   c e r t a i n t y .   T r i a x i a l   s h e a r   s t r e n g t h  
data was a v a i l a b l e   f o r   s i l t y   c l a y   f r o m   t h e  
Fort  Simpson landsl ide  headscarp  sampl ing 
s i t e ,  and a s t reng th   enve lope   i s  shown i n  
F igu re  5 .  Figures 6, 7, and 8 show s t r e n g t h  
envelopes  obtained by shear ing   mater ia l   f rom 
the  same s i t e   a t   t h r e e   d i f f e r e n t   d i s p l a c e m e n t  
ra tes .  These r e s u l t s   c o n s t i t u t e  one  of  the 
few  instances  where  the  strength  of   undisturbed 
p e r m a f r o s t   s o i l  has  been  documented, p a r t i c u l a r -  
l y   f o r   c o n d i t i o n s   o f  warm temperature and slow 
r a t e s   o f   s t r a i n .   E f f o r t s  were made t o   m a i n t a i n  
specimen  temperatures  constant  between - 1 . 4 " C  
and - 1 . 5 " C  dur ing   shear .   Data   po in ts   p lo t ted  
on the  envelopes  correspond  to  peak  shear 
s t resses measured d u r i n g   t h e   f i r s t   c y c l e   o f  
each t e s t ,   w i t h   e x c e p t i o n s  as noted.  In  two 
o f   t he   t es ts ,   shear   d i sp lacemen t  was h a l t e d   a t  
the  shear box m i d p o i n t   f o l l o w i n g   t h e   f i r s t  
r e v e r s a l .  The normal  stresses  were  then 
increased and  shear was e v e n t u a l l y  resumed. 
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Figure 1 .  Schematic layout of shearbox and  associated equipment used 
in  direct shear tes ts .  
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Flgure 2. Typical results from a direct shear t e s t  (FS-11).  
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The  open c i r c l e s   o n   F i g u r e s  6 and 8 i n d i c a t e  
the  peak s t reng ths  measured d u r i n g   t h e   r e -  
mainder o f  those  shear  cycles. 

The  peak s t reng th   enve lope   i n   F igu re  6 
i n d i c a t e s  a f r i c t i o n   a n g l e   o f   a p p r o x i m a t e l y  
23" fo r   the   tes ts   conducted   a t   the   s lowest  o f  
t h e   t h r e e   s t r a i n   r a t e s  used, This   agrees  wi th  
t h e   e f f e c t i v e   f r i c t i o n   o f  23 t o  24" obta ined 
a t  a s i m i l a r   s t r e s s   l e v e l   f o r   t h e  same s o i l  
when thawed.  Other d i r e c t  shear  tests  on 
f rozen  so i l   were   per fo rmed  a t   fas te r   d isp lacement  
ra tes .   Fa i l u re   enve lopes   f o r   t hese   t es ts  
i n d i c a t e  some f r i c t i o n a l  response,  but  Figures 
7 and 8 sugges t   t ha t   f r i c t i on   ang les   dec rease  
a s   t h e   s t r a i n   r a t e   i s   i n c r e a s e d .  A summary o f  
t h e   r e s u l t s   f o r   d i r e c t  shear  tests  performed 
on  undisturbed  permafrost   f rom  the  Fort  Simpson 
s i t e  appears i n   T a b l e  2. 

Table 2. Summary of Laboratory Tmt RmuIW 

t m t  Froten Water Normal Peak Dilatancy Shear Oarplacement Averaqt 
. .. . .~ 

Bulk Content Strew Shear at Peak Zons Rate Tempraturn 
Density 

IMglm'l 191) IkNim') lkN/mZl IS1 Icm) . Icm/davl 1°C) 
Strrrr Thicknerrl 

FS.01 1.95 26.7 252 290 1.10 1.8 8.3 x 1W2 -1.40 

FS.02 1.98 26.9 131 240 0.20 1.2 9.2 Y 1W2 -1.40 
FS-03 1.81 24.9 491 361 0.20 1 0  0.9. 10-2 -1.40 
FS-04  1.77 50.2 307 374 0.0 1.3 0.6 X lo-' -1.45 

FS-06 1.69 26.8 667 471 0.30 1.7  10.4 Y 1W2 -1.40 

FS.06 1.86 31.0 08 274 0.20 1.6 9.8 X 1 r 2  -1.40 

FS-07 1.85 25.1 456 396 -0.10 1 1  2 . 9 X  lo" -1.60 
FS-08 1.90 32.4 218 201 030  1 0  2 . 9 ~  10-1 -1.45 
FS-08 1.93 30.0 370 376 0.0 1  1 1.8 - 1.60 
FS-10 1.88 31.2 311 394 055 0.8 1.9 
FS-11 1.93 25.0 370 485 0 15 0.Q 2.0 

- 1.45 
- 1.60 

FS-12 1.95 26.8 129 359 1 10  1.0  1.9 - 1 45 
Fs-13 1.76 37.4 809 408 -0.05 0.9 3.0 x lLT1  -1.50 
FS-14 1.88 35.8 133 286 -0.05 1.1 3 . 3 ~  Ir' -1.45 
FS-16 1.97 26.2 €67 517 0.35 1.0 1.9 - 1.40 

I221I2 266 

190312 505 

-.  -. . 
FS-18  1.95  26.8 192 333 2.0 1.0 1.8 - 1.30 

.. .. . .. " 

I Emmated lrom shear WUCIU~~S wtble on longmdmal. wrtmal  wctlon 01 r p c m e n  enammad 
nftar the lest had been completed 

2Normal w e % $  tncreaM at the midpmnt on the mcond cycle of shear latter f m t  ahsar box 
revonall 

F i g u r e  9 shows the   apparent   cohes ive   in te rcept  
p l o t t e d   a g a i n s t   t i m e   t o   f a i l u r e   f o r   t h e   F o r t  
Simpson s i l t y   c l a y  and f o r  20-30 mesh Ottawa  sand 
(from  Sayles, 1973). Tes t   resu l t s   f rom  bo th  
sources show the  geometr ic   cohesive  in tercept  
dec reas ing   w i th   t ime   to   f a i l u re ,   imp ly ing   t ha t   w i th  
s u f f i c i e n t l y   s l o w   s t r a i n   r a t e s  or long  t imes t o  
f a i l u r e ,  an   inc reas ing   percentage  o f   the   to ta l  
shear  strength  can be a t t r i b u t e d   t o   f r i c t i o n a l  
mechanisms.  Behaviour  observed i n   t h i s   s t u d y   i s  
c o n s i s t e n t   w i t h   V i a l o v ' s  (1962)  and V i a l o v  and 
Susher ina 's  (1964) f i n d i n g s ,  and subs tan t i a tes  
p r e d i c t i o n s  made by Ladanyi  (197.5).  These 
authors  have all a t t r i bu ted   t he   cohes ive  component 
o f  s h e a r   s t r e n g t h   i n   f r o z e n   s o i l s   e n t i r e l y   t o   t h e  
t ime-dependent  strength of t h e   i c e   m a t r i x .  
Most o f   t h e   d i f f e r e n c e s  between  the  apparent 
cohesion for sand  and c l a y   i n   F i g u r e   c a n  be 
a t t r i b u t e d   t o   t e m p e r a t u r e   e f f e c t s .   D i s s i m i l a r  
s o i l   p o r o s i t i e s  may a l s o  be r e s p o n s i b l e   f o r  
some o f   t h e  spread  between  these  two  l ines. 
Also, t h e   F o r t  Simpson s i l t y   c l a y   c o n t a i n e d  
some unfrozen  water,  and severa l  samples 

conta ined  through-going  ve ins o f  segregated 
ice.   For a t i m e   t o   f a i l u r e   o f  90 t o  100 
hours ,   the   cohes ive   in te rcept   fo r   the   Mounta in  
R i v e r   c l a y  was s l i g h t l y   l e s s   t h a n   t h a t   o b t a i n e d  
f rom  the   For t  Simpson c l a y   u n d e r   s i m i l a r   t e s t  
cond i t i ons .   Th i s   p robab ly   resu l t s   f rom  the  
c l a y ' s  remoulded  structure,  and t h e   s l i g h t l y  
warmer test  temperatures  employed i n   t h o s e  
t e s t s .  

SHEAR-INDUCED FABRIC 

In   the   p reced ing ,   re fe rence has  been made t o  
c e r t a i n   s t r u c t u r a l   f e a t u r e s   w h i c h   a p p a r e n t l y  
developed  dur ing  shear.   These  fabr ic changes 
were  accented by the   accumu la t i on   o f   t h in   i ce  
lenses  along  var ious  shear  p lanes.  Figure IO 
shows c r o s s   s e c t i o n s   f o r   a l l   o f   t h e  specimens 
o f   F o r t  Simpson s i l t y   c l a y  sheared i n   t h i s  
s tudy.  Most exh ib i t   nea r l y   con t i nuous   i ce  
lenses  occupying  what  appears t o  be   t he   p r i n -  
c ipa l   shear   p lane.  Numerous other  lenses  were 
v is ib le   a long  secondary   shear   s t ruc tu res ,   bu t  
most  tended t o  be   concent ra ted   in  and adjacent  
to   the  main  shear  zone.  The o r i e n t a t i o n s  of 
these  f ine  lenses  suggested  shear   features 
t h a t   w e r e   s i m i l a r   t o   t h o s e   u s u a l l y   o b s e r v e d   i n  
convent iona l   d i rec t   shear   tes ts   (Morgens tern  
and  Tchalenko, 1967; Tchalenko, 1968). Reidel  
shear zones were  present  in  most o f  the  samples, 
and some th rus t   fea tures   ex tended  we l l   beyond.  
the  pr inc ipa l   shear   zone.  The th rus t   shears  
were  most  obvious i n  specimens t h a t  had  been 
s u b j e c t e d   t o   l a r g e   c u m u l a t i v e   h o r i z o n t a l  
displacements  (e.g. FS-08  and FS-16). 

I ce   lenses   p resent   p r io r  t o  shear  probably 
s u p p l i e d   a t   l e a s t   p a r t   o f   t h e   w a t e r   t h a t  even- 
t u a l l y  made i t s  way into  the  shear  zones. 
Specimens FS-04, 07, and 09 a r e  examples  where 
t h i c k e r   o r  more  numerous lenses   tha t   fo rmed  in  
the  shear zone probab ly   o r ig ina ted   f rom  segre-  
ga ted   i ce   p resent   a t   the   ou tse t .   In   spec imen 
FS-09, an i c e - r i c h  zone  developed a t   t h e   p o i n t  
where a n a t u r a l   i c e   l e n s e  was in te rcep ted  by 
the  pr inc ipa l   shear   p lane.   S l ickensides  were 
observed  a long  both  pr inc ipa l   shear   p lanes,  
and many o f   the   th rus t   shears   ex tended  in to  
t h e   i n t a c t   s o i l  beyond.  High  spots  on some o f  
the  pr inc ipa l   shear   p lanes  were 
no t i ceab ly   po l i shed .  A scann ing   e lec t ron  
microscope  study o f   severa l   shear  zone revealed 
t h a t  a t h i n   l a y e r   o f   h i g h l y - o r i e n t e d   p a r t i c l e s  
had  formed a l o n g   e i t h e r   s i d e  of the  shear 
p l a n e .   W i t h i n   j u s t  a few  microns o f   t h a t  
sur face ,   however ,   the   so i l   fabr ic   remained 
e s s e n t i a l l y   i n t a c t .  

The c r o s s   s e c t i o n s   i n   F i g u r e  10 suggest   that  
increased  water   contents   could  be  expected  in  
t h e   i m m e d i a t e   v i c i n i t y   o f  a shear  zone. By 
c a r e f u l l y   d i s s e c t i n g   t h e  specimens w i t h  a band 
saw, i t  was p o s s i b l e   t o   o b t a i n   d e t a i l e d   w a t e r  
c o n t e n t   p r o f i l e s .   F i g u r e  1 1  summarizes water  
content   dev iat ions  f rom  the  average fo r  each 
o f   t h e  specimens  tested. Water contents  were 
usual ly   h igher   near   the  shear   p lane,  and t h i s  
inc rease  apparent ly   occur red   a t   the   expense  o f  
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t h e   r e s t   o f   t h e  sample. L i g h t   p a r a f f i n   o i l  was 
used t o   f l o o d   t h e  specimens dur ing  shear ,  
e l im ina t i ng   ex te rna l   wa te r   sou rces   f o r   t he  
shear-induced  ice. The observed phenomenon o f  
water  migration  toward  shear zones i n   f r o z e n  
s o i l s  has impor tan t   eng ineer ing   imp l ica t ions .  
E x t r a p o l a t i o n   t o   f i e l d   c o n d i t i o n s   s u g g e s t s  
that   susta ined  shear  movement along a w e l l -  
deve loped   rup tu re   su r face   cou ld   l ead   t o   t he  
accumulat ion  of  a s u b s t a n t i a l   t h i c k n e s s   o f   i c e ,  
and c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e  
p r o g r e s s i v e   d e t e r i o r a t i o n   o f   a v a i l a b l e   s h e a r  
s t reng th .  A t  t he  same t ime,  displacement 
rates  observed  along a shear  plane  could  tend 
toward  those  that  would be achieved by pure 
i ce .  

CONCLUSIONS 

Laboratory   test ing  conducted as p a r t   o f   t h e  
research  repor ted  here  substant ia tes  the 
concept   that   shear   s t rength  in   ice-poor   f rozen 
s o i l s  depends  upon the  normal  stress.  The 
f r i c t i o n   a n g l e s   m o b i l i z e d  on f r o z e n   s o i l s   i n  
t h e s e   t e s t s   w e r e   e s s e n t i a l l y   i d e n t i c a l   t o   t h o s e  
de te rm ined   i n   conven t iona l   d ra ined   t es ts  
on the  same s o i l   i n  a thawed or   un f rozen 
s t a t e .  The r e s u l t s   o f   p r e v i o u s   l a b o r a t o r y  
s tud ies  had  documented f r i c t i o n a l   b e h a v i o u r  
fo r   f rozen  sands ,   bu t   genera l l y   ind ica ted   tha t  
t h e   s t r e n g t h   o f   f r o z e n   f i n e - g r a i n e d   s o i l s  was 
pure ly   cohesive.  By conduct ing  shear   tests   a t  
s u f f i c i e n t l y   s l o w   s t r a i n   r a t e s ,   r e s u l t s   r e p o r t e d  
h e r e   c o n f i r m   t h a t   i c e - p o o r   f r o z e n   s i l t y   c l a y s  
c l e a r l y   e x h i b i t  a f r i c t i o n a l  response.  Rate 
and temperature dependence  can  be  included i n  
desc r ib ing   t he   cohes ive   i n te rcep t ,  as i t  becomes 
s m a l l   o r   n e g l i g i b l e  when s t r a i n   r a t e s   a r e   v e r y  
slow. The s t r e n g t h  and de format ion   charac ter -  
i s t i c s   o f   i c e - r i c h   s o i l s   p r o b a b l y   c o r r e s p o n d  
more c l o s e l y  to  behaviour   observed  for   ice,  
a l though  the   e f fec ts   wh ich   so i l   inc lus ions   have 
on   these  p roper t ies   requ i re   fu r ther   s tudy .  

I nspec t i ng  samples subjected t o  d i r e c t  shear 
revea led   t ha t  some r e d i s t r i b u t i o n   o f   m o i s t u r e  
had o c c u r r e d   w i t h i n  them. Th is  was evidenced 
by the  format ion  o f   semicont inuous  ice  lenses 
a l o n g   t h e   p r i n c i p a l  and secondary  shear  planes, 
and r e s u l t e d   i n  a n e t   i n c r e a s e   i n   t h e   g r a v i -  
met r i c   water   con ten t   w i th in   the   shear  zone. 
Accumu la t i on   o f   seg rega ted   i ce   a long   f a i l u re  
p lanes  impl ies  that   susta ined  shear  movement 
cou ld   l ead   t o  an acce le ra t i on   i n   d i sp lacemen t  
ra tes  i f  the   app l ied   s t ress   remained  cons tan t ,  
The  amount o f  unfrozen  water  present and i t s  
m o b i l i t y   a r e   c e r t a i n l y   f a c t o r s   i m p o r t a n t   t o  
o b t a i n i n g  a complete  understanding o f  t h i s  
phenomenon. A t  temperatures  approaching O " C ,  
i t  can be speculated  that   behaviour  might 
approach  that   observed  for   unf rozen  so i l .  
However, a t   t h e  same  warm temperatures,  segre- 
ga ted   i ce  may e x e r t  a much g r e a t e r   i n f l u e n c e  
on   bo th   s t rength  and de fo rma t ion   p roper t i es .  
Under these  circumstances, i t  i s   c l e a r l y  
impor tan t   t o   recogn ize   such   s t ruc tu ra l   f ea tu res  
as h igh   i ce   con ten t ,   o r   th roughgo ing  and semi- 
con t inuous   i ce   ve ins   t ha t   cou ld   ac t  as p r e f e r r e d  
zones o f  weakness  under sustained  load. 
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Freezing e x p e r i m e n t s  were done f o r  two k ind . s  o f  soil. u n d e r  
v a r i e d  stresses and  p e n e t r a t i o n  ra - tes ,  u s i n g  a t e m ~ e r a t u r e - c o n t r o l l i n g  
d-evice  designed by t h e  a u t h o r s  which keeps t h e  u n i d i m e n s i o n a l  penet- 
r a t i o n  rate c o n s t a . n t .  I t  was found by t h e  experiments t h a t ,  u n d e r  a 
c o n s t a n t  c o n f i n i n g  stress e ,  t h e  f r o s t  heave r a t i o  markedly 
i n c r e a s e s  w i t h  th .e  d e c r e a s e  o f  p e n e t r a t i o n  r a t e  U and t h e r e  e x i s t s  
a f o r m u l a t e d  r e l a t i o n  between t h e s e  t h r e e ,  and t h a t  t h e r e  is a l s o  a 
f o r m u l a t e d  r e l a t i o n  between the  water s u c t i o n  o r  d i s c h a r g e  r a t io  Yw, 
V znd P .  Seeking f o r  t h e  cause of  these  r e s u l t s ,  t h e  a u t h o r s  
ProFosed  a model o f  wn te r  s u c t i o n  o r  d i s c h a r g e  mechanism a t  (OF n e a r )  
t h e  freezi-ng f r o n t  an,d t h e  p roposed  a o d e l  explains t h e  e m p i r i c a l  
formula without c o n f l i c t i n g  with o t h e r  phenomena accompaning f r o s t  
a c t i o n .  

INCIDENCE DE LA VTTESSE DE P~N~TRATION DU GEL ET DES C O ~ R A W E S  HYDROSTAT~QUES SUR 
LE SOUL-NT DIFP~KNTT IEL DU SOL 
Tsutomu  Takashi,  Hide0 Yrunamoto, Takahiro  Ohrai  and  Minoru  Masuda,  Technical  Research 
Laboratory,  Seiken  Reiki. Co., Ltd.,  Osaka,  Japon. 

des  contraintes  et des vitesses de pen6tration  diverses,  au  cours  desquelles  on a 
utili& un appareil  de  contr6le  de l a  tempgrature  conGu par les  auteurs,  et pemet- 
tant  de  maintenir  la  vitesse dc pgn6tration  unidimensionnelle 2 une  valeur  constante. 
Les experiences ont  dGmontr6 que, sous l'effet  d'une  contrai-nte  hydrostatique  constan- 
te 0, le  soulevement  differentiel dii au  gel t augmente  fortement a mesure  que  diminue 
la vitesse  de  p6netration U ,  et on peut formuler une  relation  entre ces t ro i s  glgrnents, 
puis m e  autre  entre  la  succion  d'eau  ou  1'6coulement ET:', et U e t  0 .  Pour  pouvoir 
expliquer  ces  resultats,  les  auteurs  ont propose un modkle  de  la  succion  d'eau  ou du 
.m&anisme  d'ecoulcment,  sur  le  front  de  congelation (ou 3 proximit6  de  celui-ci) , et 
le rnod2le  proposE pemet de  justifier  la f o m l e  empirique, .sans ignorer  le5  autres 
ph6nom;ne.s  qui  accompagnent  l'action  du ge l .  

a effectue  des  cxpgriences  de  congglation  sur  deux  sortes  de Sols, semis 5 

BJIMRHME CKOPOCTH llPOMEP3AHMR II Ol?PAHMYHBAIOI$3l?O HAIIPRXKEHMR HA 
K030MIJMEHT MEPJJIOTHOrO IlYYEHMR TPYHTOB 

WR ABYX T H ~ I O B  ~ P Y H T O B  n p ~  p a m m w x  H a n p g x e m R x  ~ 3 .  C K O ~ O C T R X  
I I p O M e p 3 a H H R  ~ M J I H  n IpOBeaeHbl   3KCI ' I ePHMeHTH IT0 IIPOMOpaXRBaHHIO, B KOTOPHX 
H C n O J I b J O B a J I O C b   C O 3 a a H H O e   a B T O p a M H   Y C T p O f i C T B O  nSJIR K O H T P O J l R   T e M I I e p a T y p b I ,  
06ecnes~samuee IIOCTORHHYIO O a H o M e p H y m  C K O P O C T ~  r ~ p o ~ e p s a ~ ~ ~ .  EHJIO Hai3n.e- 
HO,  YTO I IpH IIOCTOISHHOM O r p a H H Y M B a m u e M   H a n p R X e H H k I  KO3@oHuHenT Mep3- 
JIOTHOrO  rIYYeHMR 5 3 a M e T H O   B O 3 p a C T a e T  C Y M e H b U e H k l e M   C K O P O C T H   I I e H e T p a q H H  
U I YTO Mexny ~ T H M H  T p e M R   n a p a M e T p a M H   c y w e c T s y e T   C O o p M y J m p o B a H H a R  3a- 
BHCI.IMOCTb, €3 4 T O  MeXJZy KOB@@BYHeHTOM BCaCblBaHHR kina H C T e P e H H R  B o r n  jW, 
B e n w m H o f i  u €3 B ~ J I H P M H O B  d T a K w e   M M e e T c R   c Q o p M y n H p o B a H H a R   J a B M c H M o c T b .  
mH H C C n e a O B a H P i R  BTMX  3aBMCMMOCTeR  aBTOpM I'IIp@AJ"IOXC~JI~ MoaeJlb MeXaHM3Ma 
B C a C h m a H H R  MJIH H c T e q e H k I R  BOW H a  rpanaqe r ~ p o ~ e p s a ~ ~ ~  HJIH B ~ J I H S H  Hee. 
n p e H J - I O X e H H a R   M O A e J I b   0 6 b R C H R e T   3 M n H p H 9 e C K y m   O O p M y J I y  kl H e  f l p 0 T H B O p e u H T  
J W Y r M M  RBneHHRM,   COIIpOBOX~aIOuHM npouecc I IpOMepSaHklH.  
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L'FPECT OF PERETRATION RATE OF FREdLING AND CONF1NXNG STRESS 
ON THE FROST HEAVE R A T I O  OF SOIL 

Tsutomu Takashi,  Hideo Pamamoto, 
Takahiro  Ohrai  and  Minoru Masuda 

Technical   Research Laboratory, Sciken   Reik i  Co., L t d .  
Osaka, Japan 

INTRODUCTION 

W i t h   s c a l e - e n l a r g e m e n t   o f   a r t i f i c i a l  
g round-f reez ing ,  t h e  requirment  f o r  t h e  
c o n s t r u c t i o n  o f  underground  s torage   t anks  
o f   l i q u e f i e d   n a t u r a l   g a s e s  as well as t h e  
f requent   needs  o f  l ong-con t inued   f r eez ing  
o p e r a t i o n ,   o f t e n   l a s t i n g   f o r  more than  two 
y e a r s ,  make c l a r i f i c a t i o n   o f   f r o s t   h e a v e  
behavior  a t  a small p e n e t r a t i o n   r a t e  (some 
0.O5-l.O mm/h) an   u rgent   need   in   Japan .  

The au thors   have  made repea ted   expe r i -  
ments on two k i n d s  o f  s a t u r a t e d   s o i l  more 
t han  170 times,   and  have  succeeded i n  
de r iv ing   an   empi r i ca l   fo rmula   wh ich  
expresses   the  dependency o f  f r o s t   h e a v e  
r a t i o  on t h e   p e n e t r a t i o n  rate. This   paper  
p r e s e n t s   t h e  data u s e d   t o   d e r i v e   t h i s  
empir ica l   formula ,   and   examines   the   type  
o f  mechanism t h a t  may g i v e  r ise  t o   s u c h  
phenomena. It i s  d e m o n s t r a t e d   t h a t   t h e  
proposed   model   expla ins   the   empir ica l  
f o r m u l a   w i t h o u t   c o n f l i c t i n g   w i t h   o t h e r  
phenomena  accompanying f r o s t   a c t i o n .  A t  
t h e  same t i m e ,   t h e  amount o f  water i n t a k e  
o r  d i scha rge   du r ing   f r eez ing   deduced  from 
t h i s  model c o i n c i d e s   v e r y  well w i t h   t h a t  
ob ta ined  from the   exper iment .  

Taber   (1929,   1930)   sugges ted   tha t   the  
l o w e r   t h e   p e n e t r a t i o n  rate i s  t h e  larger 
the f r o s t   h e a v e   r a t i o  is, while Beskow 
(1935) found t h a t   f r o s t   h e a v e  i s  independent  
o f  p e n e t r a t i o n  rate. U.S.Army (1958) data 
i n d i c a t e s   t h a t   w i t h i n  a p e n e t r a t i o n   r a t e  o f  
0.265-0.793 mm/h t h e   h e a v e   r a t i o  i s  n o t  
c o n s i d e r a b l y   a f f e c t e d  by t h e   p e n e t r a t i o n  
rate.  However, Higashi  (1958) showed t h a t  
t h e  higher t h e   p e n e t r a t i o n  rate i s  t h e  
lower the   heave  rate is. Those s t u d i e s  were 
extended by Penner - (L960)  who s t u d i e d   t h e  
r e l a t i o n  between water i n t a k e  rate and 
p e n e t r a t i o n  ra te ,  Although an   empi r i ca l  
formula f o r  t h i s   r e l a t i o n  was n o t   d e r i v d  
by him, his r e s u l t s  are similar i n  many 
r e s p e c t s  t o  those  o f  our experiments .  
Preden (1966) examined the  p e n e t r a t i o n  
wi th in  a range o f  0.5-10.0 mm/h and showed 
t h a t  t h e  heave rate i s  p r o p o r t i o n a l  t o  t h e  
p e n e t r a t i o n  rate, 

v a r y i n g   r e s u l t s ,  which i n   e x t r e m e   c a s e s ,  
are c o n t r a d i c t o r y .  The reaaona far t h i s  
i n c o n s i s t e n c y  Seem t o  l i e  i n   t h e   i m p e r f e c -  
t i o n  of t he   expe r imen ta l  and measuring 

P r e v i o u s   r e s e a r c h   t h e r e f o r e ,   s h o w s   r a t h e r  

a p p a r a t u s   a n d   t h e   s c a r c i t y  o f  q u a n t i t a t i v e  
exper imenta l  data. We have made r epea ted  
exper iments   over  70 t imes  on each o f  t h e  
samples studied  and  have made improvements 
on the   open- type   exper imenta l   appara tus .  
Then we suopose   t ha t   t he   empi r i ca l   fo rmula  
obta ined  is va l id .  

Apparatus 
Our exper imenta l   appara tus  i s  shown in 

Mg. l   and  i s  similar t o   t h a t   u s e d  by 
Takashi  e t  al. (1971) .  The f r i c t i o n a l  
r e s i s t a n c e   d u r i n g   h e a v i n g  was diminished 
by u s i n g   s l i d e   b e a r i n g s   i n   b o t h   e n d s  o f  
t h e   g u i d e - a r r n , B .  Measurement o f  f r o s t  
heave was made  by po ten t iome te r   and   t ha t  
o f  w a t e r   i n t a k e  o r  d i scha rge  amount by a 
d i f f e r e n t i a l   t r a n s f o r m e r .  The a p p a r a t u s  
has  been Tmproved t o   t a k e   r e a d i n g s   w i t h  
an accuracy  of  20 microns.  
Cont ro l  o f  Penet ra t ion   Hate   and  I ts  
Confirmation 

During a n a l y s i s  o f  t h e  thermal  
c o n d i t i o n s ,  i t  was found t h a t  a c o n s t a n t  
p e n e t r a t i o n   r a t e ,  U ,  i s  a t t a i n e d  by 
d e c r e a s i n g   t h e   t e m p e r a t u r e ,  8 , o f  t h e  
cool ing   sur face   and   the   t empehature ,  G , , ,  
on t h e   o p p o s i t e   s i d e   w i t h   t i m e ,   a c c o r d h g  
t o   t h e   f o l l o w i n g   e q u a t i o n s   ( T a k a s h i  e t  a1 
1975) .  

e2 = 0 , """"""""_"" ( 2 )  
where L i s  l a t e n t   h e a t  o f  s o i l   f r e e z i n g ,  
71 is t h e  weight  o f  u n i t  volume  of  frozen 

s o i l ,  K1 i s  t h e   t h e r m a l   d i f f u s i v i t y  o f  
f r o z e n   s o i l   a n d   k l  i s  t h e   h e a t   c o n d u c t i v i -  
t o f  f r o z e n   s o i l .   I n   t h i s   e x p e r i m e n t  
U t / K l  wa8, at t h e  most 0.13, and 
t h e r e f o r e ,   t h e   e q u a t i o n ,  
9 

z?? u z  el = - "t "-1 I""""" ( 3 )  
is o b t a i n e d   a p p r o x i m a t e l y   t h e o r e t i c a l l y .  
The experiment  was performed a t  a tempera- 
t u r e ,  0 , which was 0.2-  O " 3  'C h i g h e r   t h a n  
t h e   f r e g z i n g  p o i n t  a t  the   t e s t -body .  
A c c u r a t e   p e n e t r a t i o n   r a t e  was determined 
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a f t e r   t he   expe r imen t   f rom  the   r eco rd   o f   t he  
f r o s t  heave movement and   wa te r   i n t ake  o r  
d i scha rge  a m o u n t   w i t h   r e f e r e n c e   t o   t h e  
above   t heo re t i ca l   va lue .  fig. 2 s h o w   t h e  
temperature   change o f  t h e   c o o l i n g   s u r f a c e ,  
t h e  amount  of f ros t   heave   and   t he  water 
i n t a k i n g  o r  d i s c h a r g i n g  amount d u r i n g   t h e  
exper iment .   S ince   the   t ime-ra te  o f  f r o s t  
heave  amount  and  that o f  w a t e r   i n t a k e  o r  
d i scha rge  amount i s  a l m o s t   l i n e a r   d u r i n g  
f r e e z i n g  as  s e e n   i n  Lhe f i g u r e ,  we can 
assume t h a t  freezing p e n e t r a t i o n   h a s  a 
c o n s t a n t  rate. 

Samples and  Dimensions  of The Test-body 
The exper iments  were done  using two 

k i n d s  o f  sample whose p a r t i c l e - s i z e  distri- 
b u t i o n s  are shown i n  Fig.3 . Both  samples 
are homogeneous  and  overconsolidated silt 
and clay, and  were  not  disturbed.  Over- 
c o n s o l i d a t e d  s o i l  was chosen  because 
f reez ing   and   thawing   mus t  be r epea ted  a t  
Least 70 times for one t e s t -body ,  and t h e  
sample  must show neg l ig ib l e   change  o f  

p r o p e r t i e s   w i t h   r e g a r d   t o   f r o s t   a c t i o n .  
The d i ame te r  o f  t he   t e s t -body  was LO cm 

in   acco rdance   w i th   d imens ion  o f  t h e  
exper imenta l   appara tus .  I n  t he   de t e rmina -  
t i on   o f   s ample   he igh t ,  a p re l imina ry  
experiment  was done on two t e s t - b o d i e s  o f  
sample No.1, which  were 49 mm and 18 mm 
in h e i g h t  r e spec t ive ly .   The re  was no 
s u b s t a n t i a l   d i f f e r e n c e   w i t h   r e s p e c t  t o  t h e  
h e i g h t  o f  samples   and  the formal t e s t  
cou ld   be   pe r fo rmed .   In   t h i s   t e s t   t he  
h e i g h t  o f  t he   t e s t -body  was 18 mm f o r  
sample  No,l  and 28 mm for   sample  No.2 . 

Clay , Silt , Slnd 
oms 0l)lL 

F10.3. Partick site distribution Ot two kinds Ot aamplo. 

The F r o s t  Heave Ra t io  5 and The Water 
I n t a k e  o r  Discharge  Rat io  5w 

i n i t i a t e d  from t h e  Lower end o f  t es t -body 
and  penetrated  upward a t  a n e a r l y   c o n s t a n t  
r a t e  t o  the   upper   end .   This   s tage  
c o r r e s p o n d s   t o   t h e   " f r e e z i n g   f i n i s h e d t t  
p o i n t   i n  Fig.2 When each t e s t  run was 
f i n i s h e d ,  i t  was found   t ha t   t he   ave rage  
tempera ture  o f  t he   t e s t -body  as a whole 
v a r i e d   c o n s i d e r a b l y   w i t h   t h e   c o o l i n g  ra te ,  
I n  o r d e r   t o   u n i f y   t h e  amount o f  secondary 
expansion by e q u a l i z i n g   t h e  amount o f  
unf rozen  water r e m a i n i n g   i n   t h e  soil, our  
r e su l t s   have   been   ad jus t ed  t o  t h e   f i n a l  
amount o f  f r o s t   h e a v e  a t  t h e  time when 
the   ave rage   t empera tu re  of  t he   s amples  
reached -5 'C and -by f u r t h e r   l o w e r i n g   t h e  
t e m p e r a t u r e   o f   t h e   c o o l i n g   s u r f a c e  t o  - 10 'C a f t e r   c o n f i r m i n g   t h e   c o m p l e t i o n  of 
t h e   f r e e z e .  IO t h e  t o t a l  amount o f  f r o s t  
heave a t  t h i s  point o f  t ime i s  h and the 
h e i g h t  o f  t h e   t e s t - b o d y   b e f o r e   f r e e z i n g  
i s  B, t h e n :  

I n   t h i s   e x p e r i m e n t   f r e e z i n g  was 

5 = h/H , """""""_ (4)  
3 i s  t h e  frost h e a v e   r a t i o   o r   f r e e z i n g  
expansion ratio.  If t h e   t o t a l  volume o f  
water i n t a k e  o r  d i s c h a r g e   d u r i n g   f r e e z i n g  
i s  V, and  the  volume o f  t he   t e s t -body  
b e f o r e   f r e e z i n g  is  V, t h e n :  

sw = vw/v . -"I""* "I" (5) 
I n   t h i s  ca6e F W i s  t h e  water i n t a k e  or 
d i s c h a r g e   r a t i o .  

RESULTS OF THE EXPERIMENT 

5 - U Curve, t w  - U Curve 
m e  r e l a t i o n   b e t w e e n   t h e   p e n e t r a t i o n  
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r a t e ,  U ( a b s c i s s a )   a n d   f r o s t  heave r a t io ,  
5 , and water i n t a k e  o r  d i s c h a r g e   r a t i o ,  
5,,, , ( o r d i n a t e )  f o r  sample No.1 under   an 
e f f e c t i v e  stress of  d = 1.12 kg/cm2and 
2.12 kg/cm2are shown in F'ig.4. Fig.5 shows 
t h e  e x p e r i m e n t a l   r e s u l t s   f o r   s a m p l e  No.2 
under  r = 3.1 kg/cm2 . From t h e s e   f i g u r e s  
i t  is s e e n   t h a t  5 d i s t i n c t l y   i n c r e a s e s  as 
U d iminishes .  5 w a l s o  changes   w i th   nea r ly  
t h e  same t r e n d  as 5 . Also when U i s  l a r g e  
frost heave  accompanies   water   discharge 
and when U is small it accompanies water 
i n t a k e   u n d e r   t h e  same e f f e c t i v e  stress. I n  
o r d e r  t o  examine   t he   qua l i t a t ive   t endency  
due t o  t he   t empera tu re   g rad ien t   i n   un f rozen  
s o i l ,  a s e r i e s  o f  experiments  were  done by 
i n c r e a s i n g   t h e   t e m p e r a t u r e ,  8 by + 1°C 
The r e s u l t s  are p l o t t e d   i n  Fi6.5 . Though 
t h e r e  is a tendency f o r  s l i g h t l y   l a r g e  5 
and  T w ,  t h i s  i s  q u a n t i t a t i v e l y   n e g l i g i b l e .  

€, - 1/Ju Curve 
An empir ica l   formula   which   expresses   the  

dependence  of 5 upon U, can be de f ined  
from mg.6 and n g . 7  , i n  a p l o t  o f  1/4T 
a g a i n s t  5 . I n   b o t h   f i g u r e s   t h e   r e s u l t s  
p l o t  on s t r a i g h t   l i n e s   a n d ,  from this, t h e  

formula under   constant   must   be:  
I 

where A and B a r e   p o s i t i v e  when G- is 
c o n s t a n t .   I n   o t h e r  words, A and B are 
f u n c t i o n s  o n l y  o f   t h e   e f f e c t i v e  stress, G-• 

0 

% 
"--0 

5 - w Curve 
I n  a previous   paper   (Takashi  e t  al.  1971) 

t h e   a u t h o r s   h a v e   p o i n t e d   o u t   t h a t   i f   t h e  
p e n e t r a t i n g   c o n d i t i o n  is t h e  same 
th roughou t   f r eez ing ,   t he   r e l a t ion   be tween  
5 and w can be expressed  by t h e  
fo l lowing   equa t ion  : 

3 = 5. + + , """""_ ""- ( 7 )  

where F0 may be cons ide red  as t h e  amount 
o f  secondary  expansion  caused by t h e  
gradual f r e e z i n g  of  unf rozen  water behind 
t h e   f r e e z i n g   f r o n t  with f u r t h e r   l o w e r i n g  
of   temperature .   Therefore  $ 0  may be 
cons ide red  a6 a cons t an t   i ndependen t   o f  
cr and U. It was conf i rmed   t ha t   eq . (7 )  i s  

a p p l i c a b l e  t o  a wide range o f  p =  1. - 1.5 
kg/cm2 f o r  samples   used i n  this experiment.  

However, as seen  from Fig.8 , when (r is  
smaller than  1 kg/cm2both 5 and SW have 
somewhat smaller v a l u e s   t h a n   t h o s e  
ob ta ined  from e q . ( 7 )  . It h a s  become clear, 
from b o t h  analysis and e x p e r i m e n t s ,   t h a t  
such  phenomena are due t o  t h e   i n c r e a s e d  
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e f f e c t i v e   S t r e s s ,  Q , which is caused by a 
d r o p  i n  pore water p r e s s u r e   i n   u n f r o z e n  
s o i l  as a r e s u l t   o f   a n   i n t e n s e   i n   w a t e r  
i n t a k e   o c c u r i n g  a t  t h e   f r e e z i n g   f r o n t  
(Takashi  e t  al.  1976) . 

F , ~  8 Relatton 01 5 , tw YBWJU~ otteclive stress V lor m u l e  No 2 

( - 4 0  )o- - Curve 

governed by e x t r i n s i c   f a c t o r s   d u r i n g   f r e e z -  
i n g ,  G- and U, eqs.(6)  and ( 7 )  must be 
combined i n t o  a s ing le   fo rmula .   Graph ica l ly  
expres s ing  a l l  t h e   r e s u l t s   o f   t h e   e x p e r i -  
ment by p l o t t i n g  l/n a g a i n s t  ( 5  - S o ) c r  , we 
o b t a i n  Fig.9 i n  which  the data from both 
s a m p l e s   p l o t  on s t r a i g h t   l i n e s .  From t h i s  
t h e   r e l a t i o n ,  

If t h e   f r o s t   h e a v e   r a t i o  i s  g e n e r a l l y  

( e - 5 0  ) Q = c1 f Q/+m """" ( 8 )  
i s  e s t a b l i s h e d ,  and Cl, C2 a r e  now p rope r  
c o n s t a n t s   o f   t h e  s o i l ,  b e i n g   q u i t e   i n d e -  
pendent t o  U and 6- . Regu la t ing   t he  
equa t ion  by C1 = o-, nnd C2 = am , eq. (8) 
i s  r e w r i t t e n  as:  

where Fo, WO and UO are p r o p e r   c o n s t a n t s  o f  
t h e  s o i l .  Values  of the c o n s t a n t s  to,  & 
and Uo , of   samples  No. 1 and KO. 2 are given 
i n   T a b l e  1 . 

0 

Relation  between Heave Rate  and 
P e n e t r a t i o n  Rate 

When f r o s t   h e a v e ,  dh occur s  wi th in  
a t ime ,  d t ,  t h e   h e a v e   r a t e   c a n  be 
expressed  as dh/dt,   and when f r e e z i n g  
p e n e t r a t e s  f o r  a d i s t a n c e  o f  dX (dX + 0 )  
a t  t h e  same time, d t ,  t h e   p e n e t r a t i o n  rate 
i s  expressed  as dX/dt From this 
r e l a t i o n  and a c o n s t a n t   p e n e t r a t i o n   r a t e  
i n  the   exper iment ,  the equa t ion ,  

Table I .  Proper constants of soil samples 1 Ai  a v e r a g z k z u ?  

Volumirml content 

Volurnirml content 

Crltlcal stressfw water mc 
intdke or discharge 

of free water 

of water (porosity) 

0.0055 0.0030 

0.37237 0.347809 

0.569 0.4479 

Rela t ion  o f  5 and S w  
In order t o  f i n d   c e r t a i n   r u l e   b e t w e e n  

5 and %wal l  p o i n t s  of  o u r  t e s t   d a t a  f o r  
sample rio.2 w e r e   p l o t t e d   a g a i n s t  4 and FW 
(~ ig .10) .  In t h i s   f i g u r e  a l l  t h e  p o i n t s  
lie on a s t r a i g h t  l i n e  having  a g r a d i e n t  
o f  1 1- r (r is the   vo luminal  expansion 
r a t io  of  about 0.09 f o r   w a t e r  when i t  
freezes!.  Whatever t h e  va lues   o f  G" and 
U may be d u r i n g   f r e e z i n g ,   t h e r e f o r e ,  
water i n t a k e   n e c e s s a r i l y   t a k e s  p lace  when 
7 i s  g r e a t e r   t h a n  3.6 % , and a t  v a l u e s  
less t han  3.3 % water d i scha rge   occu r s .  
From Figs.4 , 5, 8,  i t  can be s e e n   t h a t  
t h e  5 and ? W  c u r v e s   a r e   n e a r l y   p a r a l l e l  
t o   e a c h   o t h e r ,   a n d   t h i s   s u g g e s t s   t h a t  as 
U o r  0- become smaller the   force   which  
a t t r a c t s  water t o  t h e   f r e e z i n g   f r o n t  
i n c r e a s e s   r e s u l t i n g  i n  the  development  of 
f r o s t  heave. 
Water Discharae   dur ing   Freez ing  

When U o r  W is l a rge ,  f r o s t  heave 
accompanies water d i scha rge   because   t he  
i n c r e a s i n g  volume o f  f r e e z i n g  water is  
expe l l ed  from the  system.  HcRoberts e t  a l .  
( 1 9 7 5 )   e x p l a i n e d   t h i s  phenomenon p r e c i s e l y ,  

I n   t h e   f r e e z i n g  o f  sand ,  water i s  
usua l ly   d i scha rged ,   i ndependen t ly  o f  0- and 
U If t h e  volume o f  f ree-water   (pore  
water n o t  bound t o   s o i l   p a r t i c l e s  by any 
energy)  i n  a u n i t  volume o f  sand i s  n 
( w h i c h   r e f e r s   t o   t h e   v o l u m e t r i c   c o n t e g t  o f  
f r ee -wa te r )  , t h e n   i n  a u n i t  of  t ime,   ou t  
o f  t h e   i n i t i a l  volume o f  f r e e - w a t e r   i n   t h e  
sand ,  a volume of  U * n  /(1 + f )  changes   t o  
i c e  a n d   r e m a i n s   i n   t h %   f r o z e n   s o i l ,  and 
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t h e   r e m a i n d e r ,   i . e . ,  a volume o f  w a t e r ,  

W.n - U,n - - 1 
f f l + P  - V l + P  

u ""- (12) 

is expe l l ed  from t h e   f r e e z i n g   f r o n t .  Such 
a c t i o n  will occur   even   where   t he   so i l  has 
f r o s t   h e a v e   s e n s i b i l i t y .   T h e r e f o r e ,   i f  U 
o r  O- i n c r e a s e d ,   t h e  amount o f  w a t e r   i n t a k e  
i s  su rpassed  by t h a t  o f  wa te r   d i scha rge ,  
and the  f r e e z i n g  s o i l  as a whole  heaves  up 
d i s c h a r g i n g  water as o b s e r v e d   i n   o u r  
experiment .  

o f  

ANALYSIS OF EXPERIMENTAL RESULTS 

Pump Model f o r  Water I n t a k e  o r  Discharge 
I n   t h i s   s e c t i o n  we propose a model f o r  

t h e  mechanism o f   w a t e r   i n t a k e  o r  d i scha rge  
a t  t h e   f r e e z i n g   f r o n t ,   w h i c h  i s  necessa ry  
f o r  i n d u c i n g   t h e  f r o s t  heave   equat ion  
expressed  by eq . (9 )  . The model  which is 
proposed is based on t h e   a s s u m p t i o n   t h a t  
t h e r e   a r e   t h r e e   d i f f e r e n t   k i n d s  o f  pump 
n e a r   t h e   f r e e z i n g   f r o n t .  Such pumps must 
s a t i s f y   t h e   f o l l o w i n g   n e c e s s a r y   c o n d i t i o n s :  
1) The capac i ty   o f   t he  pumps i s  a f u n c t i o n  
of  0- and U . 
2 )  Thei r   capac i ty   mus t  be larger as Q i s  
smaller and must be smaller as U is smaller, 
and when U - 0 t h e   c a p a c i t y  i s  0 ,  
3 )  5 becomes i n f i n i t y  when U - 0 and U-+ 

0. Accordingly,  dw/dt-l/U  must become 
i n f i n i t y  when U "+ 0 . 
a n d   d e c i d e d   t o   c o n s i d e r   t h e  pumps on ly  f o r  

We have   d iv ided   t he   func t ion  o f  t h e  pumps 

Here ,   t he   nega t ive   s ign  on r i g h t  hand 
s i d e  o f  t h e   e q u a t i o n   i n d i c a t e s   d i s c h a r g e d  
water. One o f  t h e  water i n t a k e  pumps will 
have a c a p a c i t y   p r o p o r t i o n a l   w i t h  U as 
po in ted   ou t  by Freden (1964) . Again, 
s i n c e   t h e   w a t e r   i n t a k e   h a s  a r e v e r s e  
p r o p o r t i o n a l   r e l a t i o n   w i t h   t h e   e f f e c t i v e  
s t r e s s ,  [r , t he   s imp les t   fo rm o f  c a p a c i t y  
o f  one   wa te r   i n t ak ing  pump, m l ,  i s :  

m l  = C; - U 
0" 

"""-""---- (14) 
Obta in ing  a simple  funct ional   form  which 
f u l f i l l s   c o n d i t i o n  3 )  , t h e   c a p a c i t y   o f  
a n o t h e r   w a t e r   i n t a k i n g  pump i s :  

m2 = C2 - ' 4 %  
u" 

"""""""* (15) 
From the  above  formulae  our  pump model is 
s u c h   t h a t   t h e r e  are t h r e e  pumps a t  t h e  
f r e e z i n g   f r o n t ,  and as they   s imul t aneous ly  
o p e r a t e   i n   p a r a l l e l ,   t h e   s p e e d  o f  water 
i n t a k e  o r  d i scha rge  a t  t h e   f r e e z i n g  
f r o n t  is: 

e 
e 

water 
intake 

tw&g tront 
Flo.11. A pump model tor the mechanism of water 
intak@ w discharge at the  trcezing  front. 

Comparison  with Ebnpirical Formula 

f r o s t   h e a v e   r e g i o n  from a u n i t  area o f  
t h e   f r e e z i n g  f r o n t  i n  a time, d t ,  i s  dws 
then,   the   formula  becomes:  

I f   t h e  volume o f  water wh ich   en te r s   t he  

If t h e  phenomenon o f   f r o s t   h e a v e  i s  t h e  
r e s u l t   o f   w a t e r   e n t e r i n g  from t h e   f r e e z i n g  
f r o n t   p l u s  a secondary  expansion  due t o  
t h e   f r e e z i n g   o f   u n f r o z e n  water con ta ined  
i n   t h e   s o i l   b e h i n d   t h e   f r e e z i n g   f r o n t ,  
t h e   f r o s t   h e a v e  rate must  be: 

water i n t a k e   a n d   w a t e r   d i s c h a r g e ,  as shown 
i n  Fig.11 . O f  t h e s e  pumps r e l a t e d  t o  water (18) 
d i scha rge  is c o n s i d e r e d   t o  be the   on ly   one  
by which water is expe l l ed  by the volume 
i n c r e a s e  when f r e e - w a t e r   n e a r   t h e   f r e e z i n g  
f r o n t   f r e e z e s .  I f  t h i s   a s s u m p t i o n  i s  

of  f r e e z i n g  front of  t h m  pump is: 

BY app ly ing   fo rmula ( l0 )  t o  dh/dt  and 
eq.(17) t o  dws/dt , we o b t a i n :  

r c o r r e c t ,   t h e   c a p a c i t y ,  m3, p e r   u n i t  area E =  5 0  + (l+r)ci(l f TJs) c'z 1 . ""(19) 
Sa t h a t ,  by s u b s t i t u t i n g :  
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i t  is a p p a r e n t   t h a t   t h e   f r o s t   h e a v e  r a t i o  
derived  from  our  model o f  t h e   w a t e r   i n t a k -  
i n g  o r  d i s c h a r g i n g  mechanism is i n  
comple te   agreements   wi th   the   empir ica l  
formula o f  eq . (9 )  . Then we o b t a i n :  

Accordingly,  €,w is :  

The cu rves  i n  f igs.4 II 5 and 8 were 
c a l c u l a t e d  from eq.(22) , and show f a i r l y  

good agreement   wi th   the   exper imenta l   da ta .  
Deduced A r t i c l e s  

Assuming t h a t  n does  not   change i f  w 
does ,  we d i f f e r e n E i a t e  dw/dt t o  U and 
equa te  t h i s  t o  0 + S o l v i n g   t h i s   e q u a t i o n  
as wi th  U, we o b t a i n :  

where U 1  is t h e   f r e e z i n g  rate f o r  t h e  
maximum dw/dt where G- i s  c o n s t a n t .   I n  
F1Lg.12 the   r e l a t ion   be tween  dw/dt  and U i s  
c a l c u l a t e d  f rom  eq . (2 l )   under   var ious  
stress, is shown. From the   expe r imen ta l  
d a t a   p r e s e n t e d   i n   t h i s   f i g u r e ,  t h e  e x i s t -  
ence o f  U1 i s  evident .   Vl i thin  the  range o f  
01 conforming   to :  

n f r p  - OT; 5 0 , _ _ _ _ _ _ _ _ _ _ -  ( 24 

F10.12.Mtw I n t a b  01 d l r l w p  rp.d V.TU prrd 
U und.r WIW. ctt.ftlw skn. c lor ur*l. W.1, 

dw/dt i n f i n i t e l y   i n c r e a s e s   w i t h   a n   i n c r e a s e  
o f  U . Accordingly,  i f  r7 is  s m a l l e r   t h a n :  

p, &/nf r , l-l---l-__------__ ( 2 5 )  
t h e   f r o s t   h e a v e  i s  always of  t h e   w a t e r  
in take- type   independent   o f  U and 0-. We 
c a l l   s u c h  a stress, c r i t i c a l  stresa, p, 
f o r   w a t e r   i n t a k e  o r  d i scharge .   Values   o f  
pC f o r   t h e   s a m n l e s  are l i s t e d  i n  Table 1 . 

CONCLUSIONS 

Conclus ions   ob ta ined  from t h e   p r e s e n t  
experiment  are as f o l l o w s .  
l) When t h e  s o i l  heaves   du r ing   f r eez ing  
under  a c o n s t a n t   c o n f i n i n g   e f f e c t i v e  
s t r e s s ,  P ,  wi th  a c o n s t a n t   p e n e t r a t i o n  
r a t e ,  U, and i s  i n  a s ta te  f r e e  from the  
r e s i s t a n c e   i n   u n f r o z e n  soil t o  moving 
po re   wa te r   (pe r f ec t   open- type ) ,   t he  f r o s t  
h e a v e   r a t i o ,  5 and  the   f ros t   heave  ra te ,  
dh /d t  are e x p r e s s e d   r e s p e c t i v e l y  by t h e  
eqs . (9 )   and  (11) 
2 )  When t h e  s o i l  f r e e z e s   u n d e r   t h e  same 
c o n d i t i o n s  as des igna ted  on l), t h e  water 
i n t a k e  o r  d i s c h a r g e   r a t i o ,  Fw, and  speed, 
dw/dt, a r e   g i v e n   r e s p e c t i v e l y  by t h e  
eqs. (22)   and (21) . 
3 )  If i t  is assumed t h a t   t h e r e  are t h r e e  
pumps on ( o r  near)  t h e   f r e e z i n g   f r o n t ,  
which   have   the   capac i t ies  shown i n  Fig.11, 
and o p e r a t e   w i t h o u t   i n t e r f e r i n g   w i t h e a c h  
o t h e r ,  eqs . (9 )  , (11), (22) and  (21) are 
s a t i s f i e d .  
4 )  The c o n s t a n t s ,  f . ,  O-, , UD and nf are 
t h e   i n t r i n s i c   f r o s t   h e a v e   p r o p e r t i e s  o f  
t he  s o i l .  Q u a l i t a t i v e l y ,   t h e   l a r g e r  q o ,  
% and UO are and t h e  smaller nf  i s ,  t h e  
h i g h e r   t h e  f r o s t  h e a v e   s e n s i b i l i t y  o f  

t h e  s o i l  i s  . 
5) S o i l   s e n s i t i v e  t o  f r o s t  heave h a s  i ts  
own c r i t i c a l   s t r e s s ,  WC f o r   t h e  water 
i n t a k e   o r   d i s c h a r g e  as shown  by t h e  
eq.(25) , and when i t  f r e e z e s   u n d e r  a 
s t r e s s   l e v e l  lower t h a n   Q , w a t e r   i n t a k e  
t a k e s   p l a c e   w i t h o u t   r e g a r d   t o   t h e  
p e n e t r a t i o n  ra te  a t  t h a t  t ime. o-, i s  a l s o  
a Droper   constant ,   and i t  is supposed 
t h a t   t h e   l a r g e r   t h i s   v a l u e  i s ,  t h e   h i g h e r  
t h e   f r o s t   h e a v e   s e n s i b i l i t y   o f   t h e  s o i l  
i s  , 
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dynamic Young's modulus, Ed, and damping r a t io ,  h ,  have  been deter- 
i c   t r i ax i a l   t e s t  equipment for  f ive  frozen  soil  types and ice a t  two 
a range of temperature,  axial  strain amp1 i tude, confining  pressure, 

and frequency t o  simulate  earthquake and low frequency  loading of frozen ground 
deposits. The resul ts  from the  research program indicate   there   is  a decrease  in Ed 
with ( 1 )  ascending  temperature, ( 2 )  increasing  axial  strain  amplitude, and ( 3 )  de- 
creasing  frequency and an increase  in h with (1  ) ascending  temperature and ,  in  gener- 
a l ,  with ( 2 )  increasing  axial  strain  amplitude and ( 3 )  decreasing  frequency. Ed for 
the  coarse-grained  cohesionless  soil  tested and ice  increases  with  increasing  confin- 
ing pressure, whereas Ed for  the  fine-grained  soils does n o t  change with  confining 
pressure. X does n o t  change with  confining  pressure  for a1 1 the  soil and  ice samples 
tested.  The values of Ed for the  soil samples in  the  frozen  state  are  approximately 
two orders of magnitude greater than  the  values of Ed for  the  materials  in  the unfro- 
zen s t a t e .  The values o f  x for  the  materials  in  the  frozen  state  are  close t o  the 
values of h for the  materials  in  the unfrozen s ta te .  

PROPRI ETCS DYNAMI QUES DES G ~ L I  SOLS, sous L 'EFFET DE CHARGES s I MULANT UN 
TREMBLEMENT DE TERRE 

Ted. S .  Vinson ,   Dep t .   o f   C i v i l   Eng ineer ing ,  Oregon S t a t e   U n i v .   C o r v a l l i s ,  OR 
97331 USA 

En e f f e c t u a n t  d e s   e s s a i s   t r i a x i a u x   c y c l i q u e s ,  on a pu   de te rm ine r   l es   va leu rs  
du  module  dynamique  de Young Ed e t   l e   q u o t i e n t   d ' a m o r t i s s e m e n t  A ,  q u i   c a r a c t g r i s e n t  
c inq   t ypes  de g g l i s o l s ,   e t   l a   g l a c e ,   p o u r   d e u x   d e n s i t e s   d i f f e r e n t e s ,   e n   f a i s a n t  
v a r i e r   e n t r e   c e r t a i n e s   l i m i t e s   l a   t e m p g r a t u r e ,   l ' a m p l i t u d e  des c o n t r a i n t e s   a x i a l e s ,  
l a   p ress ion   hyd ros ta t i que   e t   l a   f requence ,   de   man i$ re  3 s imu ler   un   sk isme  e t  1 ' e f f e t  
d 'une  charge  de   fa ib le   f rkquence  sur   des   couches  de   ge l i so l .   Les   resu l ta ts   du  
programme  de r e c h e r c h e s   i n d i q u e n t   q u ' i l  se p r o d u i t  une d i m i n u t i o n  de Ed en f o n c t i o n  
( 1 )  de 1 ' e l e v a t i o n  de l a   t empera tu re ,  (2) de 1 'augmentation  de 1 'amp1 i t u d e  des 
c o n t r a i n t e s   a x i a l e s   e t  ( 3 ) ,  de l a   d i m i n u t i o n  de l a   f r g q u e n c e ,   a i n s i   q u ' u n e  augmen- 
t a t i o n  de h en f o n c t i o n  ( 1 )  de l ' e l e v a t i o n  de l a   t empera tu re ,   e t ,   en   g&n&ra l ,  (2)  
de I ' augmen ta t i on  de l ' a m p l i t u d e  des c o n t r a i n t e s   a x i a l e s ,   e t  ( 3 )  de l a   d i m i n u t i o n  
de l a   f requence .  Ed, t e l   q u ' a p p l i c a b l e   a u x   e c h a n t i l l o n s   t e s t e s   d e   s o l  non  coherent 
de t e x t u r e   g r o s s i s r e ,  et 3 l a   g l a c e ,  augmente  en m&me temps  que l a   p r e s s i o n   h y d r o -  
s t a t i q u e ,   t a n d i s  que Ed, t e l   q u ' a p p l i c a b l e   a u x   s o l s   d e   t e x t u r e   f i n e ,  ne v a r i e  pas  en 
f o n c t i o n  de l a   p r e s s i o n   h y d r o s t a t i q u e .  h n e   v a r i e  pas   en   f onc t i on   de   l a   p ress ion  
h y d r o s t a t i q u e   p o u r   t o u s   l e s   6 c h a n t i l l o n s   t e s t e s  de s o l  et de g lace .   Les   va leurs  de 
Ed a p p l i c a b l e s   a u x   k h a n t i l l o n s  d e   s o l   g e l &   s o n t   e n v i r o n   v i n g t   f o i s   p l u s   & l e v e e s  que 
l e s   v a l e u r s  de Ed des  mat&r iaux  non  ge les.   Les  va leurs de X des  matgr iaux   ge lgs   son t  
proches des   va leurs  de X q u i   c a r a c t e r i s e n t   l e s   r n a t g r i a u x  non gel6.s. 
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DYNAMIC PROPERTIES OF FROZEN SOILS UNDER SIMULATED 
EARTHQUAKE  LOADING  CONDITIONS 

Ted S. Vinson 

Department o f   C i v i l   E n g i n e e r i n g ,  Oregon S t a t e   U n i v e r s i t y  
C o r v a l l i s ,  Oregon  97331, U.S.A. 

INTRODUCTION 

I n   t h e   p a s t  decade c o n s i d e r a b l e   a t t e n t i o n  has 
been  focused  on  Alaska  owing t o   i t s  abundance of  
n a t u r a l   r e s o u r c e s ,   p a r t i c u l a r l y   t h o s e   r e l a t e d   t o  
ou r   i nc reas ing  demand fo r   energy .  The Alaskan  pipe- 
l i n e   r e p r e s e n t s  a monumental eng ineer ing   under tak ing  
to   recover   an   es t imated  25 t o  30 b i l l   i o n   b a r r e l s  of 
petroleum  beneath  Alaska's  North  Slope;  p lans  have 
r e c e n t l y  been  announced to   deve lop   and   b r i ng   i n to  
p roduc t i on   t he  gas f i e l d s   b e n e a t h  Prudhoe Bay, which 
conta in   an   es t imated  26 t r i l l i o n   c u b i c   f e e t  of na t -  
u r a l  gas;  undoubtedly, many o t h e r   p r o j e c t s  will f o l -  
low. 

Design  engineers  concerned  wi th  the  recovery 
of   natura l   resources will be f a c e d   w i t h  many cha l -  
l eng ing   p rob lems   assoc ia ted   w i th   t he   f ac t   t ha t  85% 
o f   A l a s k a   l i e s   w i t h i n  a permaf ros t   reg ion .   Fur ther ,  
Alaska i s   l o c a t e d   i n  one o f   t h e   w o r l d ' s   m o s t   a c t i v e  
seismic  zones.  This was exempl i f ied   by   the  1964 
"Good Fr iday"  earthquake  and  more  than  seventy  other 
earthquakes  that  have  equaled  or  exceeded a R i c h t e r  
magnitude o f  7 since  the  1800's  (Meyers,  1976). 

It i s  now genera l l y   accepted   tha t   the   g round 
sur face  mot ions  that   occur   dur ing  an  ear thquake  are 
i n f l u e n c e d   t o  a l a r g e   e x t e n t   b y   t h e   c h a r a c t e r i s t i c s  
o f   the   under ly ing   so i l   depos i t   under   dynamic   load ing  
c o n d i t i o n s   ( I d r i s s  and Seed, 1968; Seed and I d r i s s ,  
1969). The importance of s o i l   c o n d i t i o n s  and  ground 
su r face   mo t ions   t o   t he   response   o f   s t ruc tu res  has 
been recogn ized   f o r   ove r   ha l f  a cen tu ry  (Wood, 1908) 
and  demonstrated  conclusively i n   s e v e r a l   r e c e n t  
earthquakes  (Seed  and  Idriss,  1971), 

Severa l   ana ly t i c   techn iques   a re   p resent ly  
a v a i l a b l e   t o   p r e d i c t  ground  sur face  mot ions  dur ing 
earthquakes.  These  techniques  require a knowledge 
o f  t h e  dynamic   p roper t i es   o f   so i l s   under   s imu la ted  
ea r thquake   l oad ing   cond i t i ons .   Fo r   f rozen   so i l s  
dynamic  propert ies  have been evaluated  f rom  seismic 
f i e l d   s t u d i e s  (Barnes,  1963;  Roethlisberger,  1972) 
and   f rom  fo rced   v ib ra t i on ,   u l t rason ic ,  and resonant 
column t e s t s   i n   t h e   l a b o r a t o r y   ( K a p l a r ,  1969;  Nakano 
and  Froula, 1973; Stevens,  1975). The t e s t   c o n d i -  
t i ons   assoc ia ted   w i th   t hese   s tud ies ,  however, do n o t  
s imu la te   ear thquake  load ing   o f   f rozen  g round depos- 
i t s ,  Thus,  an  engineer  confronted  with a se ismic 
des ign   p rob lem  invo lv ing   f rozen  so i l s   cannot   use  
e x i s t i n g   a n a l y t i c   t e c h n i q u e s   t o   p r e d i c t   g r o u n d   s u r -  
face   mot ions   because  the   dynamic   p roper t ies   o f   f ro -  
zen so i ls   under   s imulated  ear thquake  loading  condi -  

t i o n s  have n o t  been determined. 

As p a r t  of a long- te rm  s tudy   to   eva lua te   dy-  
namic   p roper t i es   o f   f r ozen   so i l s   under   s imu la ted  
earthquake and low  f requency   load ing   cond i t ions  
t h e   d y n a m i c   p r o p e r t i e s   o f   s e v e r a l   a r t i f i c i a l l y  
f rozen   so i l   t ypes   and   i ce   have  been evaluated vs- 
i n g   c y c l i c   t r i a x i a l   t e s t  equipment. The r e s u l t s  
o f  these  s tud ies   a re   repor ted   here in .  

TEST  SYSTEM AND DYNAMIC PROPERTY  DETERMINATION 

Dynamic p r o p e r t i e s   o f   f r o z e n   s o i  1 s under  sim- 
u la ted   ear thquake  load ing   cond i t ions   can  be evalu-  
a t e d   i n  a c y c l i c   t r i a x i a l   t e s t .   I n   t h e   c y c l i c  
t r i a x i a l   t e s t  a c y l i n d r i c a l  sample i s  placed i n  a 
t r i a x i a l   c e l l  and c o n f i n e d   t o  an i n i t i a l   i s o t r o p i c  
s t ress   s ta te ,  as shown i n   F i g u r e   l a ,  An a x i a l  
l o a d   i s   c y c l e d  on t h e  sample  causing a r e v e r s a l   o f  
shear   s t resses   in   the   sample   wh ich   a re  a maximum 
o f  45 degree  p lanes .   Dur ing   the   tes t   the   cyc l i c  
a x i a l   l o a d  and  sample  deformation  are  recorded. 
The a x i a l   s t r e s s  and s t r a i n   i n   t h e  sample  are d.e- 
t e rm ined   w i th  a knowledge o f   t h e   c r o s s - s e c t i o n a l  
a rea   and  leng th   o f   the  sample.  The a x i a l   s t r e s s  
when t h e  sample i s   c o n f i n e d   i s   t h e   d e v i a t o r   s t r e s s ,  
( i . e .  ma jo r   p r i nc ipa l   s t ress   m inus   m ino r   p r i nc ipa l  
s t ress ,  u1 - u 3 ) .  T y p i c a l   t e s t   r e s u l t s   e x p r e s s e d  
i n  these  terms f o r  one c y c l e  of l oad ing   a re  shown 
i n   F i g u r e  1 b. From t h i s   r e c o r d  two  dynamic  prop- 
e r t i es   requ i red   f o r   g round   mo t ion   p red ic t i ons   du r -  
ing  earthquakes,  dynamic  Young's  Modulus, Ed, and 
damping r a t i o ,  A ,  may be c a l c u l a t e d  as fo l lows:  

E =  %ax. d e v i a t o r  

'max. a x i a l  

and 

AL 
A " ?  

w i t h   t h e   t e r m s   a s   d e f i n e d   i n   F i g u r e   l b .  AL rep re -  
s e n t s   t h e   t o t a l   d i s s i p a t e d   e n e r g y   p e r   c y c l e  and 
AT rep resen ts   t he   work   capac i t y   pe r   cyc le .  

A schematic  diagram o f   t h e   c y c l i c   t r i a x i a l  
t e s t  system  used i n   t h e   r e s e a r c h   p r o g r a m   i s  shown 
i n   F i g u r e s  2a and 2b. It represents  a c o u p l i n g   o f  
ex is t ing   equ ipment   to   eva lua te   the   dynamic   p roper -  
t i e s   o f   u n f r o z e n   s o i l s   w i t h   e x i s t i n g   t e m p e r a t u r e  
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control equipment to  evaluate the s t a t i c   p rope r t i e s  
of f rozen   so i l s .   I t   i s   desc r ibed  in  detail  by 
Vinson and Chaichanavong (1976). The system  con- 
s i s t s  of four  basic components: 

1 .  an electrohydraulic  closed  loop  test  system 
which applies a cyclic  axial  load t o  the 
sample (hydraulic power supply,  servo con- 
t rol ler ,   servovalve,   actuator ;   refer  t o  
Figure  2a). 

2 .  a t r i ax ia l   ce l l  which contains  the sample 
and non-circulating  coolant  (refer t o  
Figure 2 b ) .  

3 .  a refr igerat ion  uni t  and cold  bath which 
circulates  the  coolant around the   t r i ax -  
i a l   ce l l   ( r e fe r  t o  Figure  2a). 

4. output  recording and  readout  devices  to 
monitor the axial  load, sample  deforma- 
t ion ,  and sample temperature  (load  cell , 
thermis tors ,   l inear   var iab le   d i f fe ren t ia l  
transformer [LVDT], s t r ip   char t   recorder ,  
storage  oscil loscope;  refer t o  Figures 2a 
and 2 b ) .  

A cohesive  unfrozen  soil can only be subjected 
t o  a very  small t ens i l e   s t r e s s  and a cohesionless 
soil  cannot be subjected t o  any t ens i l e   s t r e s s  be- 
fore  failure  occurs.   Therefore,   cyclic  tr iaxial  
t e s t s  must always be performed on unfrozen s o i l s  
with  the sample in a compressive s t a t e  of s t r e s s .  
In contrast  t o  this, ice  and  f rozen  soi ls  can be 
subjected  to   re la t ively h i g h  t ens i l e   s t r e s ses  be- 
fo re   f a i l i ng .  Consequently, i t   i s  possible dur-  
ing s t r a i n  (or s t ress )   cont ro l led   cyc l ic   t r iax ia l  
t es t ing   for   the  sample to go into  tension. To 
achieve a t e n s i l e   s t a t e  of s t ress   in   the  sample 
i t  must be coupled t o  the sample cap and base. 

(b) Triaxial Cell Inside  Cold Bath (c) Metal Plate Coupling Device 

Figure 2-CYCLIC  TRlAXlAL TEST EQUIPMENT 

The coupling  device  developed  for th i s  research 
program i s  shown in  Figure  2c. I t   c o n s i s t s  of 
four  screws and a metal p la te .  Undoubtedly, 
other  devices would a l so  prove sa t i s fac tory .  

MATERIAL  DESCRIPTION 

The dynamic properties of f ive  soi l   types  and 
i c e   a t  two dens i t ies  were evaluated  in  the  research 
program. The cha rac t e r i s t i c s  of the   so i l  and ice  
samples tested  are  given i n  Table 1 .  Ident i f ica-  
t ion  symbols for   the   so i l  and ice  types  are  also 
given i n  the   table .  These  symbols a r e  used in  the 
figures  associated w i t h  the  discussion of  t h e   t e s t  
r e su l t s .  

Cylindrical  samples 71 mm i n  diameter and 178 
mm in  height were tested  in  the  research program. 
All o f  the samples tested were reconstituted  mater- 
i a l s   a r t i f i c i a l l y   f r o z e n  i n  the  laboratory. A de- 
ta i led  descr ipt ion of the sample preparation  tech- 
n4ques employed i s  given by Vinson and Chaichanavong 
(1976) and Vinson, Czajkowski and L i  (1977). 

The frozen  clay  samples were c lass i f ied   as  CH, 
V, (Line11 and Kaplar,  1966). They  had a random 
or ien ta t ion  of ice  lenses whose thicknesses  varied 
from 0.8 mm to 2 m m ,  There was a thin  f i lm of i ce  
surrounding the samples  caused by water movement 
toward the  outside of the sample during  the  freez- 
ing  process. The frozen s i l t  samples were c lass -  
i f i ed   a s  ML, Nbn. There was a t h i n  layer of s i l t  
w i t h  ice  lenses  surrounding  the  samples. The OSL 
samples were c lass i f ied   as  SP, V . They  had a 
transverse  layered  structure.  Tge OSH samples 



746 

Table 1 - Characterist ics o f  Frozen Soi l s  and Ice Samples Tested  in Research Program 

Identi-   Specific 
fication  Unified  Soil  Gravity Void Density 

Name Symbol Classification of Solids  Ratio (kg/m3) Index Properties 
High density 
Ottawa sand 
Low density 
Ottawa sand 
Hanover s i  1 t 
Alaska s i l t  
Ontonagon clay 

Montmorillonite- 
Ontonagon clay 

OSH SP 2.65 0.49 2000 coeff.  of uniform. = 1 . 1 ;  coeff.  
of curvature = 1 . I  ; D50 = 0.7 mm 

of curvature = 1.1 ; D50 = 0.7 mm 
OSL SP 2.65 3 . 7 3  1290 coeff.  of uniform.= 1 . 1 ;  coeff.  

HS ML 2.74 0.60 2030 non-plastic; = 0.035 mm 
AS M L 2.70 0.59 2090 non-plastic; D50 = 0.02 mm 
oc C H  2.74 1.50 1620 l iquid  l imit  = 61; p l a s t i c   l imi t  

= 24 
MOC CH " " 1660 l iquid  l imit  = 97; p l a s t i c   l imi t  

= 37 

Low density  ice LDI " " " 904 
High density  ice HDI " " " 770 "" 

Note: All frozen  soil  samples tested were a t  a  degree of ice  saturation  close  to  100%. 

were c lass i f ied   as  SP, Nb. The i ce  samples were 
polycrystall ine and cloudy and bubbly in  appearance. 
There was a s l ight   radial   pat tern of i ce   c rys t a l s  
v i s ib le   in  some samples when they were broken apar t  
and examined in  cross-section. 

TEST PROGRAM AND RESULTS 

Several test  condition  parameters must be 
considered i n  a  comprehensive  research program t o  
evaluate dynamic properties of  frozen  soils  for 
use  in ground motion  predictions d u r i n g  earthquakes. 
Following a consideration of the  nature  of  frozen 
ground deposits and ground motion cha rac t e r i s t i c s  
o f  unfrozen soil  deposits  during  earthquake  load- 
ings  (Vinson,  1975)  these  parameters and t h e i r  
appropriate  ranges  appear t o  be 

1 .  temperature - 0" t o  -10°C; w i t h  emphasis 

2. confining  pressure - 0 to 1400 kN/m2 
3.   strain  amplitude  (axial)  - t o  
4 .  frequency - 1 t o  5 Hz. 

on the  range 0 t o  -4°C 

I t  should be emphasized t h a t  the  ranges  for  the 
test  parameters  associated  with  the dynamic re- 
sponse  of  frozen soil  deposits  during  earthquake 
loadings is  not  precisely known. This i s  owing 
primarily  to a lack o f  recorded ground motions 
o f  frozen  soil  deposits  during  earthquakes. 

Cycl ic   t r iaxial   laboratory  tes ts  were conduct- 
ed which incorporated  the  ranges o f  t h e   t e s t  condi- 
tion  parameters  given  above.  Specifically,  the  fro- 
zen so i l  and i ce  samples were tested a t  temperatures 
of -1,  -4, and -1O"C, confining  pressures  of 0 ,  350, 
700, and 1400 kN/ , axial  strain  amplitudes from 
3.0 x 10-3 t o  10- T2 %, and frequencies o f  0.05, 0.3, 
1.0, and 5 ,O Hz.  The r e su l t s  from these   t es t s   a re  
shown i n  Figures  3,  4, 5 ,  and 6. A p r ior i  i t  must 
be s ta ted  that   a  complete phenomenological explana- 
t ion  of the  results  obtained i s  not  possible a t  
t h i s  time. 

The relationship between dynamic Young's modu- 
lus ,  Ed, and temperature i s  shown in  Figure  3a. As 
would  be expected,  there is  a  decrease  in Ed with 
ascending  temperature. The r a t e  o f  decrease  is  
g rea tes t  for the  cohesionless  soil  samples (OSH, HS, 
AS, OSL), lower for  the  cohesive  soil  samples ( O C ,  
Floc), and l e a s t  for the  ice  samples (HDI, LDI). 
This is  in good agreement  with results  reported by 
Tsytovich  (1975). The r e l a t ive  magnitudes  of the 

'values  of Ed a t  a given  temperature  for  the  soil 
types shown are  also  in  general  agreement w i t h  
those  obtained  in  previous  studies  (Kaplar, 1969; 
Stevens, 1975) .  The cohesionless soils (OSH, OSL, 
HS, AS) have the  highest  values o f  Ed and the  f ine-  
grained  cohesive  soils ( O C ,  MOC) have the  lowest 
values of Ed. The values o f  Ed.for  ice  are  greater 
than for  the  f ine-grained  cohesive  soils b u t  lower 
than  the  coarse-grained  cohesionless  soils (OSH, 
OSL). A t  a  temperature  of -4"C, the  value of E 
fo r  a dense  coarse-grained  cohesionless  soil ( O g H )  
i s  approximately  five  times  that  for a fine-grained 
cohesive  soil (oc or M O C ) .  The values of Ed a re  
approximately two orders of magnitude or grea te r  
fo r  the materials i n  the   f rozen  s ta te  as compared 
to  the  values of Ed for  the  materials i n  the  unfro- 
zen s t a t e .  

The relationship between E and temperature 
for  a  fine-grained  cohesive  soi? has been shown 
to be directly  related  to  the  unfrozen  water 
content (Nakano and Froula,  1973). As the  unfro- 
zen water  content  increases  with  ascending  temper- 
ature  the  ice  content  decreases;  with  decreasing 
ice  content,  Ed decreases.  Stevens  (1975) found 
t ha t  complex dynamic Young's moduli o f  frozen  soils 
decrease w i t h  decreasing  degree o f  i ce   sa tura t ion .  
The degree of ice   saturat ion and unfrozen  water 
content  are  related by the  following  equation: 
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i n  which, 
Sice = degree o f  i c e   s a t u r a t i o n  
w = t o t a l   w a t e r   c o n t e n t  
wu = unf rozen  water   content  

2 = s p e c i f i c   g r a v i t y   o f   s o l i d s  
es = v o i d   r a t i o  
rice = u n i t   w e i g h t   o f   i c e  

= u n i t   o f   w e i g h t   o f   w a t e r  

As wu increases,  Sice decreases  and Ed decreases. 

i n g   t e m p e r a t u r e   f o r   c o h e s i o n l e s s   f r o z e n   s o i l s   i s   n o t  
as obvious.  There i s   n o t  a s i g n i f i c a n t  change i n  
the   un f rozen   wa te r   con ten t   o f   cohes ion less   so i l s  
wi th   temperature  nor  i s   t h e  dynamic  modulus o f   t h e  
i c e   i n   t h e   v o i d s   o f   t h e   f r o z e n   s o i l  mass s t r o n g l y  
dependent  on  temperature. The e x p l a n a t i o n   i s   p o s s -  
i b l y   a s s o c i a t e d   w i t h   t h e  dependence o f   t h e  dynamic 
e l a s t i c   p r o p e r t i e s   o f   c o h e s i o n l e s s   s o i l s   o n   c o n f i n -  
ing  pressure.  It i s   w e l l   e s t a b l i s h e d   t h a t   t h e   d y -  
namic  modulus o f   c o h e s i o n l e s s   , s o i l s   i n c r e a s e s   w i t h  
i nc reas ing   con f in ing   p ressu re  (Seed  and I d r i s s ,  
1970) ow ing   t o   t he   i nc reased   s t ress   a t   t he   con tac t  
p o i n t s  between p a r t i c l e s .  The i c e   i n   t h e   v o i d s  o f  
a f r o z e n   s o i l  mass i n  w h i c h   t h e   s o i l   g r a i n s   a r e   i n  
c o n t a c t   m u s t   a l s o   i n c r e a s e   t h e   s t r e s s   a t   t h e   c o n t a c t  
p o i n t s  between p a r t i c l e s  owing to   the   adhes ive-  
a t t r a c t i v e  bond i t  has w i t h   t h e   p a r t i c l e s .  The 
h i g h   s t r e s s   a t   t h e   c o n t a c t   p o i n t s   l e a d s   t o   h i g h  
values o f  dynamic  modulus. The a d h e s i v e - a t t r a c t i v e  
bond i s  apparent ly  temperature  dependent;   the  h igher 
the   tempera ture ,   the   lower   the   adhes ive-a t t rac t i ve  
bond  and t h e   l o w e r   t h e   s t r e s s   a t   t h e   c o n t a c t   p o i n t s ,  
Consequently, Ed decreases  with  ascending  tempera- 
t u r e   o w i n g   t o   t h e   d e c r e a s e   i n   t h e   a d h e s i v e - a t t r a c t -  
i v e  bond. 

The e x p l a n a t i o n   o f  Ed decreasing  wi th  ascend- 

The r e l a t i o n s h i p  between  damping r a t i o ,  X, 
and temperature i s  shown i n   F i g u r e  3b.  Again,  as 
expected,  there i s  a decrease i n  X with  ascending 
temperature. The r a t e   o f   d e c r e a s e   i s   g r e a t e s t  
f o r   t h e   c o h e s i o n l e s s   s o i l  samples (OSH, OSL, HS, 

( a  ) ( b )  'i 500 1600 15!X b 560 Iobo I 
0 

confining  pressure,^^, kN/m2 

~i~~~~ 4-  DYNAMIC YOUNG'S MODULUS AND DAMPING RATIO  VERSUS 
CONFINING PRESSURE 

1 

A S )  and l e a s t   f o r   t h e   c o h e s i v e   s o i l  samples (OC, 
MOC) and i c e  samples.  The  values o f  A f o r   t h e  
m a t e r i a l s   i n   t h e   f r o z e n   s t a t e   a r e   n o t   s i g n i f i -  
c a n t l y   d i f f e r e n t   f r o m   t h e   v a l u e s   o f  x f o r   t h e  
m a t e r i a l s   i n   t h e   u n f r o z e n   s t a t e .  The f a c t o r s  
wh ich   in f luence  the   re la t ionsh ip   be tween x and 
t e m p e r a t u r e   a r e   v e r y   l i k e l y   t h e  same fac to rs   wh ich  
i n f l u e n c e   t h e   r e l a t i o n s h i p  between Ed and  temper- 
a t u r e  as explained  above. 

The r e l a t i o n s h i p  between Ed and  conf in ing 
pressure i s  shown i n   F i g u r e  4a. Ed f o r   t h e   c o a r s e -  
g ra ined   cohes ion less   so i l s  (OSH, OSL) and i c e  samp- 
l es   i nc reases   w i th   i nc reas ing   con f in ing   p ressu re  
whereas Ed f o r   t h e   f i n e - g r a i n e d   s o i l s  (AS, HS, OC, 
MOC) does n o t  change w i th   con f i n ing   p ressu re .  
R o e t h l i s b e r g e r   ( 1 9 7 2 )   r e p o r t s   t h a t   t h e   e f f e c t  o f  
pressure on b u b b l y   i c e   i s   t o   r e d u c e   p o r o s i t y  and, 
hence, to   inc rease  the   dens i ty .   Wi th   an   inc rease 
i n   d e n s i t y   a n   i n c r e a s e   i n  Ed should be expected. 
Th is  may e x p l a i n ,   i n   p a r t ,   t h e   i n c r e a s e   i n  Ed f o r  
t h e  LDI  samples  where a decrease i n  volume w l t h  
t h e   a p p l i c a t i o n   o f   c o n f i n i n g   p r e s s u r e  was observed. 
For   the HDI  samples,  however,  no apprec iab le  de- 
crease i n  volume w i t h   c o n f i n i n g   p r e s s u r e  was ob- 
served.   Therefore,   the  increase i n  Ed based  on  an 
increase i n   d e n s i t y   c a n n o t  be j u s t i f i e d .   P o s s i b l y ,  
t h e   i n c r e a s e   i n  E f o r   t h e  HDI  samples i s   a s s o c i a t e d  
w i t h  changes i n  t f e m i c r o s t r u c t u r e .   M i s c r o f i s s u r e s  
m igh t   c lose  when a sample i s  sub jec ted   t o  a h igh  
c o n f i n i n g   p r e s s u r e .   T h i s   w o u l d   r e s u l t   i n  a more 
cont inuous  media  wi th a h ighe r   va lue  o f  E . The 
s o i l   p a r t i c l e s  were i n   c o n t a c t   f o r   t h e  OSd samples. 
The a p p l i c a t i o n  o f  a c o n f i n i n g   p r e s s u r e   c o u l d   i n -  
crease  the  s t ress a t   t h e   c o n t a c t   p o i n t s  between 
p a r t i c l e s   w h i c h   w o u l d   r e s u l t   i n  a h igh   va lue   o f  Ed. 
The s o i l   p a r t i c l e s  were n o t   i n   c o n t a c t   f o r   t h e  OSL 
samples.  Consequently,  the  increase i n  Ed w i t h  
increas ing  conf in ing  pressure  must   be  assoc iated 
w i t h  changes i n   t h e  i ,ce  matr ix   and  the  assoc iated 
increase i n  Ed as  expla ined  above  for   the H D I  
samples. The s o i l   p a r t i c l e s  were a l s o   i n   c o n t a c t  
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f o r   t h e  HS and AS samples.  Presumably,  the  appli- 
ca t i on   o f  a conf in ing  pressure  to   these  samples 
wou ld   a l so   i nc rease   t he   s t ress   a t   t he   con tac t  
p o i n t s  between  par t ic les.   and  resul t  i n  a h ighe r  
v a l u e   o f  E . However, t h e  t e s t  r e s u l t s  do n o t  
subs tan t i a te   t h i s   a rgumen t .  No e x p l a n a t i o n   o f  
t h e   r e l a t i o n s h i p  between Ed and  conf in ing   p ressure  
f o r   t h e  HS and AS samples i s  a v a i l a b l e   a t   t h i s  
t ime.  

The r e s u l t s  shown i n   F i g u r e  4b i n d i c a t e   t h e r e  
i s  no appreciable  change i n  h w i t h   c o n f i n i n g   p r e s -  
s u r e   f o r   a l l   t h e   m a t e r i a l s   t e s t e d .   C o n s e q u e n t l y ,  
t h e   f a c t o r s   w h i c h   i n f l u e n c e   t h e   r e l a t i o n s h i p  be- 
tween E and c o n f i n i n g   p r e s s u r e   f o r   t h e  OSH, OSL, 
HDI, an! LDI samples  are  apparent ly   not   the same 
as the   f ac to rs   wh ich   i n f l uence   t he  damping charac- 
t e r i s t i c s   o f   t h e   f r o z e n   m a t e r i a l s .  

The r e s u l t s  shown i n   F i g u r e  5a i n d i c a t e   t h a t  
E f o r   t h e   f r o z e n   s o i l s   t e s t e d   d e c r e a s e s   w i t h   i n -  
c f l e a s i n g   a x i a l   s t r a i n   a m p l i t u d e .   T h i s   i s   i n   a g r e e -  
m e n t   w i t h   t h e   r e s u l t s   f o r   u n f r o z e n   s o i l s  where it 
has a l s o  been found  that   Ed.decreases  wi th   increas-  
i n g   a x ' a l   s t r a i n   a m p l i t u d e   I n   t h e   a p p r o x i m a t e   r a n g e  
o f  10- 4 t o  1%  (Seed  and Id r i ss ,   1970) ,  The r a t e   o f  
decrease i s   g r e a t e s t   f o r   t h e   c o h e s i o n l e s s   s o i l  sam- 
p l e s  (OSH, OSL, HS, AS)  and l e a s t   f o r   t h e   c o h e s i v e  
s o i l  samples (OC, MOC). Ed f o r   t h e   i c e  samples 
t e s t e d  does n o t  change   app rec iab l y   w i th   ax ia l  
s t r a i n  amp1 i t u d e .  

The r e l a t i o n s h i p  between h and a x i a l   s t r a i n  
ampl i tude i s  shown i n   F i g u r e  5b. For t h e   f i n e -  
g r a i n e d   s o i l s  (HS, AS, OC, MOC) t h e r e   i s   a n   i n -  
crease i n  h w i t h   i n c r e a s i n g   a x i a l   s t r a i n   a m p l i -  
tude. A a l s o   i n c r e a s e s   w i t h   i n c r e a s i n g   a x i a l  
s t r a i n   a m p l i t u d e   f o r   u n f r o z e n   s o i l s  (Seed  and 
Id r i ss ,   1970) .  h decreases   w i th   inc reas ing  
a x i a l   s t r a i n   a m p l i t u d e   f o r   t h e   c o a r s e - g r a i n e d  
s o i l s  (OSH, OSL) and  does n o t  change s u b s t a n t i a l l y  

frequency. f, Hz 

Figure 6 -  DYNAMIC YOUNG'S MODULUS AND DAMPING RATIO VERSUS FREQUENCY 

w i t h   a x i a l   s t r a i n   a m p l i t u d e   f o r   t h e   i c e  samples 
t e s t e d  . 

The r e s u l t s  shown i n   F i g u r e  6a i n d i c a t e   t h a t  
E i n c r e a s e s   w i t h   i n c r e a s i n g   f r e q u e n c y   f o r   a l l   o f  
t i e  samples  tested. The r a t e   o f   i n c r e a s e   i s   g r e a t -  
e s t   f o r   t h e   c o h e s i o n l e s s   s o i l  samples (OSH, HS, 
OSL, A S ) ,  p a r t i c u l a r l y   i n   t h e   r a n g e  1.0 t o  5.0 Hz. 
The r a t e  o f   i n c r e a s e   f o r   t h e   c o h e s i v e   s o i l  samples 
(OC, MOC) and i c e  samples (HDI ,  LDI) i s  n o t   g r e a t .  
The i n c r e a s e   i n  Ed w i t h   i n c r e a s i n g   f r e q u e n c y ,   i s  
analogous t o  a n d   c o n s i s t e n t   w i t h   t h e   i n c r e a s e   i n  
t h e   s t a t i c  modulus o f  most   mater ia ls   w i th   inc reas-  
i n g   s t r a i n   r a t e .  

The r e l a t i o n s h i p  between x and  frequency i s  
shown i n   F i g u r e  6b. X decreases w i t h   i n c r e a s i n g  
frequency. The r a t e  of  decrease i s   g r e a t e s t   f o r  
t he   cohes ion less   so i l  samples  and l e a s t   f o r   t h e  
cohes ive   so i l   and   i ce  samples. 

I n   g e n e r a l ,   t h e   r e s u l t s  shown i n  F igures 3, 
4, 5 ,  and 6 i n d i c a t e   t h e   f r o z e n   m a t e r i a l s   w i t h   t h e  
h ighest   va lues of Ed have  the   h ighes t   va lues   o f  
a .  A lso,   for  a g i v e n   f r o z e n   s o i l   t y p e   a s  Ed 
changes w i t h  a given  parameter,  h changes i n   t h e  
opposite  sense. For example,  as Ed increases   w i th  
descending  temperature x decreases. 

SUMMARY AND CONCLUSIONS 

As p a r t  of a long- te rm  s tudy   to   eva lua te   dy-  
namic p roper t l es   o f   f r ozen   so i l s   under   s imu la ted  
earthquake  and  low  f requency  loading  condi t ions,  
values o f  dynamic  Young's  modulus, Ed, and  damping 
r a t i o ,  h ,  have  been  determined  for   f ive  f rozen 
s o i l   t y p e s   a n d   i c e   a t   t w o   d e n s i t i e s   u s i n g   c y c l i c  
t r i a x i a l   t e s t  e q u i p m e n t .   S p e c i f i c a l l y ,   a r t i f i c i -  
a l l y   f r o z e n  samples o f   r e c o n s t i t u t e d   m a t e r i a l s  
were  tested a t  temperatures of -1, -4, and -1O"C,  
c o n f i n i n g   p r e s s u r e s   o f  0, 50, 100,  and 200 ps i ,  



ax ia l   s t ra in   amp l i t udes   f rom  3 .2  x lo-' t o  lo-'%, 
and frequencies  of  0.05,  0.3, 1.0, and 5.0 Hz. 

The resu l ts   f rom  the   research   p rogram  ind i -  
c a t e   t h e r e   i s  a decrease i n  Ed.with  (1)   ascending 
temperature, ( 2 )  i n c r e a s i n g   a x i a l   s t r a i n   a m p l i t u d e ,  
and (3)  decreasing  f requency. I n  genera l ,   t he   ra te  
o f  decrease i n  Ed f o r   t h e   r e s p e c t i v e  changes i n   t h e  
v a r i a b l e s   i s   g r e a t e s t   f o r   t h e   c o h e s i o n l e s s   s o i l s  
(OSH, OSL, HS, AS), l o w e r   f o r   t h e   c o h e s i v e   s o i l s  
(OC, MOC) and l e a s t   f o r   i c e   ( L D I ,  H D I ) .  The cohe- 
s i o n l e s s   s o i l s  have  the  h ighest   va lues  o f  Ed and the  
cohes ive   so i l s   have  the   lowest   va lues   o f  Ed. The 
v a l u e s   f o r   i c e   a r e   i n t e r m e d i a t e .  The v a l u e s   o f  
Ed f o r   t h e   s o i l  samples i n   t h e   f r o z e n   s t a t e   a r e  
approx imate ly   two  o rders   o f   magn i tude  g rea ter   than 
the  Values o f  Ed f o r   t h e   m a t e r i a l s   i n   t h e   u n f r o z e n  
s t a t e .  

There i s  an  increase i n  x w i t h   ( 1  1 ascending 
temperature and, i n  genera l   w i th   (2 )   inc reas ing  
a x i a l   s t r a i n   a m p l i t u d e   a n d  ( 3 )  decreasing  frequen- 
cy. The r a t e   o f   d e c r e a s e   i s   g r e a t e s t   f o r   t h e   f i n e -  
g r a i n e d   c o h e s i o n l e s s   s o i l s  (HS, AS) and l e a s t  for  
t he   cohes ive   so i l s   and   i ce .  The values o f  x f o r  
t h e   m a t e r i a l s   i n   t h e   f r o z e n   s t a t e   a r e   c l o s e   t o   t h e  
the  va lues o f  X f o r   t h e   m a t e r i a l s   i n   t h e   u n f r o z e n  
s ta te .  

Ed f o r   t h e   c o a r s e - g r a i n e d   c o h e s i o n l e s s   s o i l  
t e s t e d  (OSH,  OSL) and i c e   i n c r e a s e s   w i t h   i n c r e a s i n g  
conf in ing  pressure,   whereas Ed f o r   t h e   f i n e - g r a i n e d  
s o i  1s (HS, AS, OC, MOC) does n o t  change w i t h  con- 
f i n i n g   p r e s s u r e .  A does n o t  change w i t h   c o n f i n i n g  
p r e s s u r e   f o r   a l l   t h e   s o i l  and i c e  samples tes ted .  

Severa l   ana ly t i c   techn iques   a re   p resent ly  
a v a i l a b l e   t o   p r e d i c t   g r o u n d   s u r f a c e   m o t i o n s   d u r i n g  
earthquakes, "these techn iques   requ i re   va lues   o f  
dynamic   p roper t ies   o f   mater ia ls   de termined  under  
s imu la ted   ear thquake  load ing   cond i t ions .  The r e -  
su l ts   p resented   p rov ide   va lues   o f   dynamic   p rop-  
e r t i e s   o f   s e v e r a l   t y p e s   o f   f r o z e n   s o i l  and i c e   a t  
two densi t ies  which  can  be  used,   wi th   reasonable 
judgment, i n   e x i s t i n g   a n a l y t i c   t e c h n i q u e s   t o   p r e -  
d i c t   s u r f a c e   m o t i o n s   o f   f r o z e n   g r o u n d   d e p o s i t s  
dur ing  earthquakes. 
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K I N E T I C  THEORY OF DEFORMATION OF FROZEN S O I L S  

S . S .  Vyalov. Res, I n s t .  of Foundations  and  Underground  Structures, Moscow, U.S.S.R,  

On t h e   b a s i s   o f   m i c r o s t r u c t u r a l   i n v e s t i g a t i o n s  i t  i s  assumed t h a t   t h e  
de fo rma t ion   p rocess   i s   caused   by   t he   d i sp lacemen t   o f   pa r t i c l es  as a r e s u l t   o f  
a c t i v a t i o n   e n e r g y   i m p a r t e d   t o  them.  This  energy  changes i n   t h e   c o u r s e   o f   d e f o r m a -  
t i o n  due,  on  the  one  hand,  to  the  weakening o f  t h e   s o i l   s t r u c t u r e  and t o   i t s  
s t reng then ing ,   on   t he   o the r .  The n a t u r e  o f  the   de format ion   p rocess  depends  on  the 
p r e v a l e n c e   o f  one o r   t h e   o t h e r  phenomenon. A s o i  1 de format   ion   equat ion  was 
d e r i v e d   w h i c h   r e l a t e s   f l o w   r a t e  t o  load,  t ime and  temperature. The n a t u r e   o f   t h e  
de format ion   p rocess  depends  on t h e   s t r e s s   l e v e l :   a t   l o w  stres;es we have 
a t t e n u a t i n g   c r e e p ;   a t  medium s t resses  - the  "epochal"   type o f  c r e e p ;   a t   h i g h  
s t resses  - f low a t  a c o n s t a n t   r a t e ,  and a t   v e r y   h i g h   s t r e s s e s  - p r o g r e s s i v e   f l o w   a t  
an i n c r e a s i n g   r a t e   l e a d i n g   t o   f a i l u r e ,   T h i s   i s   t h e   f i r s t  t ime a de fo rma t ion  
e q u a t i o n   o f   t h i s   t y p e  ha5  been d e r i v e d .  I t  makes i t  p o s s i b l e   t o   d e t e r m i n e   t h e  
deve lopmen t   o f   de fo rma t ion   mak ing   a l l owance   fo r   t he   va r iab le   t empera tu re   o f   f rozen  
s o i  1 .  

T H ~ O R I  E CINETIQUE DE LA DiFORMATlON DES G i L t  SOLS 
S . S .  V y a l o v ,   l n s t i t u t  de   recherches   sc ien t i f i ques   su r   l es   f onda t ions   e t   l es  
s t r u c t u r e s   s o u t e r r a i n e s ,  MOSCOU, URSS 

Les r C s u l t a t s  des recherches   m ic ros t ruc tu ra les   semb len t   i nd ique r   que   l e  
processus de de format ion   es t   de termine   par   le   dep lacernent  de p a r t i c u l e s  do 3 
l ' e n e r g i e   d ' a c t i v a t i o n   q u i   l e u r   e s t  cornmuniquee; l a   v a l e u r  de c e t t e   e n e r g i e   v a r i e  
au  cours de l a   d e f o r m a t i o n   q u i   r e s u l t e ,   d ' u n e   p a r t ,  de 1 ' a f f a ib l i sse rnen t  de l a  
s t r u c t u r e  du s o l ,   e t  de l ' a u t r e ,  de sa  c o n s o l i d a t i o n .  La preponderance de 1 'un  ou 
de ) ' a u t r e  ph6nornhe  dgtermine l e   c a r a c t s r e  du  processus de de fo rma t ion .  On p ro -  
pose  une  equation de l a   d e f o r m a t i o n  du sol q u i   l i e   l a   v i t e s s e   d ' e c o u l e r n e n t  3 l a  
charge,  au temps e t  a la   tempgrature,   Le  processus de d e f o r m a t i o n   e s t   f o n c t i o n  de 
I ' i n t e n s i t e  des cont ra in tes :   en   p resence de f a i b l e s   c o n t r a i n t e s ,   l e   f l u a g e  
s ' a m o r t i t ;  i l  e s t  de type   "kp isod ique"   dans   le  cas  de c o n t r a i n t e s  moyennes; i l  y a 
Ccoulernent a v i t e s s e   c o n s t a n t e  dans l e  cas de c o n t r a i n t e s   e l e v e e s ;   l e   f l u a g e  
s ' a c c e l 6 r e   e t   e n g e n d r e   l a   r u p t u r e ,   e n   p r e s e n c e  de c o n t r a i n t e s   t r & s   e l e v e e s .  
Obtenue  pour l a   p r e m i 6 r e   f o i s ,  une te l l e   Equa t ion   pe rmet   auss i  de d e f i n i r   1 ' 6 v o l u -  
t i o n  de l a   d e f o r m a t i o n  en  tenant  compte de l a   t e m p e r a t u r e   v a r i a b l e   d u   g g l i s o l .  

KMHETMqECK.AH TEGPMFI flE@OPMMPOBAHMR MEP3JIbIX FPYHTOB 

C.C. BWIOB, HMM OCHOBaHHfi ki r rof l3e~~arx COOPYXCeHH6I,  MOCKBa, CCCP 

Ha OCHOBe MllKpOCTpYKTYpHblX VCCneAOBaHAfi IIpHHHMaeTCR, YTO npOUeCC  fle~OpMHpOBaHHH 
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SOIL DEFORMATION  RESULTING FROM SOME LABORATORY FREEZE-THAW EXPERIMENTS 

A. L. Washburn,  Chester  Burrous,  and  Robert  Rein, Jr., Quaternary  Research  Center, 
University of Washington,  Seattle,  Washington, U . S . A .  

Two  experiments,  conducted on a  unique  tilting  slab  having an area of 9 m2 
and  permitting  work on  an essentially  natural  scale,  provided new  data  on  soil 
deformation  during  freeze-thaw  cycles.  The  cycles,  under  open-system  conditions of 
water  supply  with  the  slab  horizontal,  were  carried  out  simultaneously in 4 adja- 
cent soil sectors  differing  in  their  soil  characteristics. In one  experiment a 
vertical  break  developed  dividing  sectors  having a thin  cover of sand or gravel 
over silt  from  cover-free  sectors of gravelly  silt  or  silt.  Heave  and  temperature 
data  and  the  nature of the  break  support  the  conclusion  that  the  break  was  caused 
by  shearing  arising  from  different  positions of the  zero  isotherm  in  adjacent  soil 
sectors.  Several  elongate  depressions,  probably  related  in  part  to  thawing,  oc- 
curred  in the covered  sectors.  Another  experiment  resulted in similar  pocketlike 
deformations,  but  only  in a zone  between  contrasting soil types.  This  deformation, 
too,  was  probably  due  to  thawing,  with  heavier  surface  material  (sand)  sinking  into 
silt.  The  resulting  features  are  very  similar  to  involutions,  believed to be  peri- 
glacial,  known  as  Taschenboden  ("pocket  soil")  in the German literature. 

D~FORNATIONS w SOL OBSERY~ES AW COURS DE CERTAXNES EXP~RTENCES DE GEL ET DE DBGEL, 
CONDUTTES AU T&3OlUTOIW 

Deux expgriences,  rgalisges  rgcermnent 2 l'aide  d'une  dalle  basculante  congue 2 
cet  effet,  de 9 m2  de  surface,  et  pennettant  d'effectuer  les  essais 2 l'gchelle  natu- 
relle,  nous  ont  fourni  de  nouvelles  donnees  sur  la  dgformation  des s o l s  pendant les 
cycles  de  gel  et  de  dggel. Les  cycles  en  question,  dans des conditions  d'apport  d'eau 
non  restreint,  ont  eu  lieu  simultan6ment  dans  quatre  secteurs  adjacents,  qui ne  dif- 
fgraient  les  uns  des  autres  que  par  les  caractgristiques  du s o l .  Au  cours  de  l'un 
des  essais,  une  fissure  verticale  s'est  formse,  qui  a  &par6  les  secteurs  caract6ri- 
s6s par  une  mince  couverture  de  sable  ou  de  graviers  recouvrant  un  silt,  des  secteurs 
simplement  compos& de silt  graveleux ou de  silt. L e s  caractzres  de  la  fissure,  du 
soulsvement  diff6rentiel  et  des  donnges  thermiques  confirment la conclusion Z laquelle 
nous  sommes  parvenus, b savoir  que  la  fissure  est  due au cisaillement  qui  r6sulte  de 
ce  que  l'isotherme  z6ro  n'occupe  pas  la  m3me  position  dans  des  secteurs  de  sol  adja- 
cents.  Plusieurs  dgpressions  allongges,  probablement  form6es  par  affaissement  du s o l  
pendant  le  dggel,  se  sont  produites  dans l e s  secteurs  recouverts.  Au  cours  d'une  autre 
expGrience, on a obtenu  des  dgformations  de  mgme  ordre,  semblables Z des  "poches",  mais 
seulement  dans  une  zone  intermgdiaire  entre  deux  differents  types  de  sols.  Cette d6- 
formation  rgsulte  probablement  aussi  de  l'affaissement  du s o l  pendant le  dggel,  au 
cours  duquel  les  matgriaux  superficiels  les  plus  louzds  (sables)  s'enfoncent  dans  le 
silt. Les  structures  ainsi  formges  sont  trGs  semblables  aux  involutions,  probablement 
de  nature  pgriglaciaire,  dgsignges  par  le  terme  de  Taschenboden  (''pocket  soil")  dans 
la documentation  allemande. 
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SOIL  DEFORMATION  RESULTING FROM SOME LABORATORY  FREEZE-THAW  EXPERIMENTS 

A .  L. Washburn,  Chester  Burrous,  and  Robert  Rein,  Jr. 

Quaternary  Research  Center,  University  of  Washington 
Seattle,  Washington 98195, U.S.A. 

INTRODUCTION 
The  research to be  discussed  is  part of a  comprehen- 
sive  study  of  frost-action  processes ro resolve  the 
many  uncertainties  that  exist  regarding  active-layer 
processes  by  studying  them, so far as possible, on 
a  natural  scale  in  the  laboratory.  The  program  is 
being  jointly  supported  by  the  Army  Research  Office 
and  the  National  Science  Foundation.  This  work  is 
just  beginning  at  the  recently  constructed  Peri- 
glacial  Research  Laboratory  at  the  University of 
Washington's  Quaternary  Research  Center.  The  main 
facility  for  the  work is a  unique  tilting  slab 
having an  area of about 9 m2 with  side  panels  per- 
mitting up to 1 m of soil to be  placed on the  slab 
(Fig. 1). The  slab  has  arrangements  for  introducing 
water to simulate  a  groundwater  table  and  for a 
basal  refrigeration  system  to  simulate  a  permafrost 
table.  The  following  describes two experiments 
(Experiments 2 and 3)  with  the  slab  in  horizontal 
position. 

EXPERIMENTAL  DESIGN 
Experiment 2 .  This  experiment  consisted of arrang- 
ing 4 different  soil  sectors  (Fig. 2)  in  the  slab 
and  subjecting  them to 10 freeze-thaw  cycles.  Each 
sector  consisted of about 32 cm  of soil, of  which 
the  lower 8 cm  was  a  coarse,  angular  sand  (Del 

"-. . 3 8  m-" I 

810E EL€V.*ION 

Figure 1. Tilting  slab 

Monte  white sand). Above  it  in  each  sector  was 
Athena  silt  loam  (Table 1) from  eastern  Washington. 
It was  nonplastic  and  had  a  liquid  limit  of  about 
33 percent,  Sector  A  consisted of the  silt  over- 
lain by 3 cm of clean  gravel  ("Builders  Gravel," 
ca. 0.6-3.0 cm  diameter),  Sector B of th?  silt 
mixed  with  stones,  Sector C of the  silt  overlain 
by 3 cm of the Del Monte  white  sand,  and  Sector D 
of the  silt  alone.  Thin  dividers  between  Sector B 
and  adjacent  sectors  were  withdrawn  after soil em- 
placement.  Each  sector  was  instrumented  as  indi- ' 

cated  in  Figure 2. The  temperature  probes  con- 
sisted  of  copper-constantan  thermocouples  at  2-cm 
spacings.  The  heave  transducers  measured  changes 
of soil level  during  freezing  and  thawing.  Accuracy 
of  frost-heave  observations,  allowing  for  various 
error  sources,  is  believed  to be * 1 nun o r  better. 
Thermocouple  and  soil  heave  readings  were  z'ecorded 
automatically  every  three  hours.  An  essentially 
vertical  temperature  gradient  during  freezing  was 
assured  by  insulated  side  panels  with  temperature- 
controlling  thermal  tapes t o  inhibit  lateral 
temperature  gradients  at  the  soil-panel  interface. 
Lateral  gradients  during  thawing  tended  to be min- 
imized  by  the  insulation  of  the  panels  and  the 
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Figure 2 .  Arrangement o f  soil  sectors,  Experiments 
2 and 3 .  Dashed  lines  demarcate  sectors.  Instrument 
bars  above  soil  held  heave  transducers  in  place. 
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Table 1. Grain-size  distribution  of  soils, Table  2.  Experiment 2 .  Mean  differences  between 
Experiments  2  and 3 sectors  in  position  of  zero-degree  isotherm  (cm) 

Athena 
A-B  C-D  A-C  B-D 

silt  loam  silt  white  sand  Cycle 6 
Sand 16% 6% 100% 
Silt 72 85 0 
Clay 12 9 0 

rapidity  of  thawing,  which  was  accelerated  by  inf;a- 
red  radiation.  Room  temperatures  were  usually -5 
to -15OC during  freezing  and 5 O  to  15OC  during 
thawing.  The  temperature  at  the  base of the  soil 
was  usually lo to 2OC.  Water  was  made  available  to 
the  sand,  which  served  as  an  aquifer  at  the  base  of 
the  soil  during  freezing so that  freezing  was  under 
open-system  conditions,  and  the  water  level  was 
piezometrically  controlled  to  establish  a  given 
depth  to  water  table  at  the  beginning  of  freezing. 
This  depth  ranged  from  about 4 to 12  cm,  depending 
on  the  cycle,  and  for  any  given  cycle  was  uniform 
in  all 4 sectors.  Sufficient  ice  lensing  occurred 
SO that  upon  completion  of  thawing  there  was  always 
free  water  at  the  surface.  Experiment 2 was 
aborted  after 10 freeze-thaw  cycles  because  of  a 
break  in  the  groundwater  system. 

Experiment 3. This  experiment  was  designed  to  ex- 
tend  Experiment 2. Consequently  the  set-up  was 
identical  in  many  respects  (Fig. 2). Differences 
included:  (a) A steadier  freezing  regime,  with room 
temperature  set  at -2OOC; (b) a  more  rapid  thawing 
regime  by  earlier  use  of  the  infrared  heaters;  (c) 
a  more  consistent  groundwater  regime  with  the  water 
table  usually  at  a  depth  of  3  cm  at  the  beginning 
of  freezing; (d) a 3-cm  sand  instead  of  gravel-cover 
in  Sector C in order  to  have  the  same  cover  type  and 
to  study  the  effect  of  differing  cover  thickness; 
(e) Fairbanks  silt  (Table 1) instead of Athena  silt 
loam  in  order  to  utilize  a  well-known  permafrost 
soil,  inasmuch  as  these  soils  appeared  rather  simi- 
lar  (including  liquid  limit); (f) reference  horizons 
of  horizontally  emplaced,  color-coded  glitter  at 
different  elevations  above  the  base  in  order  to  de- 
tect  subsequent  deformation; (9) color-coded  glass 
objects  instead  of  stones  in  Sector B in  order  to 
study  the  effect  of  differences  in  size,  shape,  and 
attitude  of  the  objects on their  rate  of  upfreezing 
(the  subject  of  another  report),  and  (h)  absence  of 
dividers  during  emplacement  of  Sector  B.  Experi- 
ment 3 was  concluded  after 32 freeze-thaw  cycles. 

RESULTS AND  DISCUSSION 
General 

In Experiments 2 and 3 the  coarse-grained  covers  of 
Sectors  A  and C were  emplaced  with  the  expectation 
that  heaving of the  underlying  silt  might  form 
mounds,  such as those  reported  by  Corte  (1967)  and 
others. In a  layered  system  like  the  one  at  hand 
this  could  lead  to  centers  of  fines  amid  coarse 
material  as  in  forms  of  patterned  ground  known  as 
sorted  circles  and  nets.  The  results in this 
respect  were  negative in both  experiments  but 
there  were  other  and  unexpected  results. 

Offset  of  Freezing  and  Thawing  Fronts 

The  sand  and  gravel  covers  caused  warping of the 
freezing  and  thawing  fronts  along  sector  contacts 
with  dissimilar  soil  conditions  (Table 2 ) .  The 

Freezing -1.5 -0.2 -1.6 -0,3 
Thawing - 2 . 6  -1.9 -0.8 -0.2 

Cycle 8 
Freezing -2 .9  -1.7  -2.1 -0.8 

differences  in  position  of  the  fronts  were  most 
apparent  when  the  fronts  were  calculated  with 
respect  toatheir  elevation  above  the  base  of  the 
soil  rather  than  with  respect  to  the  soil  surface, 
since  the  latter  was  subject  to  heaving  and  set- 
tling. In Experiment 2 ,  for  cycles 6 and 8 (the 
cycles  with  the  best  record),  the  front  in  Sector 
A was  consistently  the  lowest  in  elevation  during 
both  freezing  and  thawing.  The  greatest  mean  dif- 
ference in basal  elevation  of  the  front  for  the 
various  time  intervals  during  freezing  was  between 
Sectors A and B and  Sectors  A  and  C.  During  thaw- 
ing  the  front  in  Sector A was  again  the  lowest  in 
elevation,  and  the  mean  difference in elevation  of 
the  fronts  between  Sectors A and B was  again  prom- 
inent  but  the  difference  between  Sectors  C  and  D 
was  equally  significant.  The  elevation  differ- 
ences  between  the  other  sectors  were  less  than 
half  as  much.  Thus,  except  for  the  A-C  differ- 
ence  during  freezing,  the  greatest  differences 
during  both  freezing  and  thawing  were  between  the 
covered  sectors (A and  C)  and  the  cover-free  sec- 
tors  (B  and  D) on opposite  sides  of  the  AC-BD 
contact. 

Experiment 3 exhibited  the  same  pattern  in  that 
both  Sectors A-B and  C-D  showed  distinct  differ- 
ences  in  elevation  of  the  freezing  and  thawing 
fronts  (Fig. 3 ) .  As  in  Experiment 2 ,  the  greatest 
contrast  was  between  the  covered  and  cover-free 
sectors.  However,  in  this  experiment  the  6-cm 
sand  cover  of  Sector C had  the  predominant  effect. 
There  was  a  similar  but  much  less  pronounced  ef- 
fect  of  the  3-cm  sand  cover  of  Sector  A  as  com- 
pared  with  Sector B. A s  expectable,  Sectors  B 
and  D  had  almost  identical  elevation  of  freezing 
and  thawing  fronts. In Figure 3 the  freezing  and 
thawing  fronts  are  regarded as being  included  in 
a 0' to -0.5OC temperature  band  to  allow  for 
difficulties  in  determining  the  exact  position of 
the  fronts. 

The  offset  of  the  freezing  and  thawing  fronts  in 
both  experiments  is  clearly  due  to  the  presence  of 
the  sand  or  gravel  cover  in  Sector A and of the 
sand  cover in Sector C, as  opposed  to  the  cover- 
free  nature  of  Sectors B and D. Because  the  eleva- 
tions of the  freezing  and  thawing  fronts  were  gen- 
erally  lower  in  the  covered  sectors,  the  sand  or 
gravel  cover  must  have  frozen  through  before  the 
same  thickness  of  silt  froze  in  the  cover-free  sail. 
The  explanation  lies  in  the  greater  thermal  conduc- 
tivity  and  diffusivity of the  sand  compared  with 
the  silt.  This  difference  would  be  intensified  by 
supersaturation of the  silt  through  the  growth o f  
ice  lenses  and  the  consequent  greater  latent  heat 
effect  and  retardation in freezing  and  thawing  of 
the  silt.  After  the  freezing  and  thawing  fronts 
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Figure 3.  Isotherms,  Cycle 7 ,  Experiment 3 ,  Temperature  Probes 5 (Sector  C)  and 6 (Sector  D) 

passed  through  the  coarse   covers   into  the  underly-  
ing  s i l t ,  t h e   o f f s e t   p e r s i s t e d   f o r  some d i s t a n c e  
i n t o   t h e  s i l t  but  was o f t e n  most marked i n   t h e  
upper   l eve ls .  The a t t i t u d e   o f   t h e   f r e e z i n g  and 
thawing   f ronts   in   the   contac t   zone   be tween  Sec tors  
A and C on the   one   s ide  and B and D on t h e   o t h e r  
(AC-ED contact  zone) was probably  most   c lear ly  
def ined  ear ly   in   the  experiments ,   s ince  deformation 
of  t he   con tac t  would d i s t o r t   t h e   i s o t h e r m .  Iso- 
t he rm  a t t i t udes  may be a c r i t i c a l   c a u s e  as well as 
consequence of some deformat ion   s t ruc tures .  

Heaving 

In  both  experiments ,   t ransducer   observat ions  of  
heaving showed that   once  heaving  began  the rates 
were similar i n  a l l  s ec to r s ,   bu t   t ha t   Sec to r s  B 
and 0 heaved  sooner  and t o  a g r e a t e r   e x t e n t   t h a n  
Sec tors  A and C (Fig. 4 ) .  

This  must  have  been  due to   t he   d i f f e rences   caused  
by the  coarse   covers   of   Sectors  A and C a s  opposed 
to   t he   cove r - f r ee   ad jacen t   s ec to r s ,  B and D. For 
one  thing,   the   gravel   cover   and  the  sand  covers  
were too   coa r se   g ra ined   t o   deve lop   i ce   l enses  
whereas i c e   l e n s e s  were w e l l  developed i n   t h e  under- 
l y i n g  si l t .  

V e r t i c a l  Break 

The most i n t r i g u i n g   r e s u l t  of Experiment 2 remained 
h i d d e n   u n t i l   t h e   s o i l  w a s  d i ssec ted .   This  w a s  a 
con t inuous   ve r t i ca l   b reak   d iv id ing   Sec to r s  AC from 
BD, along  which  the s i l t  peeled away during  excava- 
t i o n .  The break was especial ly   apparent   between 
Sec tors  C and D because  of a t h i n  seam  of  sand t h a t  
extended down it from the sand  cover  of 
Sec tor  C (Pig. 5 ) .  The depth  to  which  the  sand 
reached  ranged  from 15 t o  24 cm. The seam was only 
a few sand   gra ins   th ick   near   the   top ,   and  a t  t h e  
bottom was paper   thin  and w a s  continued by a few 
i s o l a t e d   g r a i n s   t h a t   w e r e   d e t e c t e d  by f e e l   r a t h e r  
than  eye. A t  t h e   t a p ,   t h e  s i l t  of   Sector  D had 
bulged  over  toward C and  buried  the seam.  The break 

I I I I I I I I I I I  
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Figure  4 ,  Heaving,  Cycle 6 ,  Experiment 2 
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Figure  5. Diagram of v e r t i c a l   b r e a k  between 
Sec tors  C and D, Experiment 2 
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continued  between  Sectors A and B and was v i s i b l e  
mainly  because  of  the way t h e  s i l t  of  Sector A 
peeled away f rom  the   g rave l ly  s i l t  of B, s ince t h e  
g rave l   l aye r  of Sector  A d id   no t   pene t r a t e  down t o  
form a seam. A bulge similar to   tha t   be tween 
Sec tors  C and D was a l s o   p r e s e n t  and o v e r t u r n e d   i n  
t h e  same d i r e c t i o n .  No comparable  break was seen 
i n  Experiment 3 .  
The ver t ical  break is i n t e r p r e t e d  as a shear  zone 
caused   by   d i f f e ren t i a l  movements between  Sectors 
AC and BD du r ing   f r eez ing  and  thawing. The follow- 
i n g   c o n s i d e r a t i o n s   f a v o r   t h i s   i n t e r p r e t a t i o n ,  

(1)  Nature  of  the  break. The silt i n   S e c t o r s  A ,  C,  
and D was emplaced as a u n i t  i n  a puddled  condition 
so t h a t  no or iginal   boundary  exis ted  between  the 
s e c t o r s .  Thus the  break  between  Sectors  C and D 
must  have  been  generated  during  the  experiment.  
Since  no  open  crack was ever observed a t  the   su r -  
face  along  the  boundary,  and no f r o s t   c r a c k i n g  was 
seen i n  any  of  rhe  sectors,  i t  is improbable  that  
the  sand seam could  have  formed  by  sand s i f t i n g  
i n t o  a f r o s t   c r a c k   i n   t h e  manner of a sand wedge. 
( 2 )  Absence  of  other ver t ical  breaks  between  sec- 
t o r s .   D i s sec t ion  showed only a shallow, 3-cm deep 
ver t ica l   b reak   be tween  Sec tors  A and C ,  which i s  
explained by t h e   g r a i n   s i z e   c o n t r a s t  i n  t h e i r   j u x -  
taposed 3-cm thick  covers .   There was no break a t  
a l l  berween  Sectors B and D ,  which  argues  against  
the   v iew  tha t   the   b reak   be tween A and B might  have 
been   due   t o   t he   d iv ide r s   t ha t  had to  be  temporar- 
i l y   i n se r t ed   a round   Sec to r  B to   permi t  emplacement 
of i t s  g r a v e l l y  s i l t .  Instead  the  evidence is t h a t  
the  puddled  soi ls   f lowed  together  upon  withdrawal 
of the  f rame  without   leaving a d i s c o n t i n u i t y ,  and 
consequently  that   the  break  between  Sectors A and B 
was o f  t h e  same o r i g i n  as i ts  continuation  berween 
C and D. (3 )  P o s i t i o n  of freezing  and  thawing 
f r o n t s .  The o f f s e t   p o s i t i o n ,   w i t h   r e s p e c t   t o   t h e  
s l ab   base ,  of t h e   f r e e z i n g  and  thawing f r o n t s  be- 
tween Sec tors  AC and BD was discussed  under  Offset  
of Freezing  and Thawing Fronts .  The r e s u l t  of t h i s  
o f f s e t  would be  a tendency  toward a v e r t i c a l   s h e a r  
couple   during  f reezing  and  thawing  regardless  of 
any small d i f f e r e n c e s   i n   s u r f a c e   e l e v a t i o n  of t h e  

s e c t o r s .  It is b e l i e v e d   t h i s  stress may have  been 
s u f f i c i e n t   t o   c a u s e   r e p e t i t i v e   s h e a r i n g   d u r i n g   t h e  
freeze-thaw  cycling.  Shearing may have  occurred 
primarily  during  thawing  because: (a) S o i l  
s t r e n g t h  would be  least during  thawing,  and  (b) 
the  contrast   between  the  posi t ion  of   the  thawing 
fronts   between  Sectors  A and B as well as between 
Sec tors  C and D was cons is ten t ly   p rominent   dur ing  
thawing  but less so du r ing   f r eez ing ,   e spec ia l ly  
between  Sectors C and U. Never the less ,   the   poss i -  
b i l i t y  of some shea r ing   du r ing   f r eez ing  and  heav- 
ing  i s  not   exc luded ,   espec ia l ly   once   the   shear  
zone  had  developed.  If   shearing  started a t  t h e  
s u r f a c e  it would  probably  gradually  extend down- 
ward,   possibly  over   several   cycles ,   eventual ly  
r e s u l t i n g   i n   t h e  downward movement of  sand  along 
the   shea r  zone between  Sectors C and D.  

It should  be  emphasized  that a comparable  break 
was not observed i n  Experiment 3 desp i t e   sone  s i m -  
i l a r i t y   i n   c o n d i t i o n s ,  and t h a t  i t s  i n t e r p r e t a t i o n  
as a shear  zone rests on  incomplete  work--in f a c t  
unconfirmed  data  and  an  aborted  experiment. 
C lea r ly   fu r the r   r e sea rch  is requi red .  However, i f  
conf i rmed,   the   f ind ings   could   be   s ign i f icant  in 
natura l   s i tua t ions- - for   ins tance ,   where   there   a re  
jux taposed   d i f f e rences  i n  s a i l   a n d / o r   v e g e t a t i o n ,  
and i n  man-made s i tua t ions- -as   in   poss ib le   shear -  
ing  a long  raad  shoulders  or  edges  of  gravel  pads. 

Pocket   S t ruc tures  

Prominent   surface  depressions  developed  in   Sectors  
A and C o f  Experiment 2.  An i r r egu la r   dep res s ion  
i n   t h e   g r a v e l  of  Sector A was Located 5-10 cm from 
the  border  of B ,  approaching somewhat c l o s e r   i n  
some p l a c e s   t h a n   o t h e r s   b u t   r o u g h l y   p a r a l l e l i n g  
it. A t  t h e   s u r f a c e   t h e   d e p r e s s i o n  was some 50 c m  
long,  10 crn wide,  and 5 cm deep.  Pockets  of 
s tones   ex tended   to  a maxlmum depth  o f  a t  least 
8.5 cm i n   t h e   u n d e r l y i n g  silr. There was consid- 
e r a b l e   v a r i a t i o n   i n   t h e   d e p t h   t o  which  rhe  pockets 
extended,  and  their   bottom w a s  broad   ra ther   than  
s l i t l ike.   Another ,   narrower  depression  occurred 
nearby. A series o f  depressions  developed  in  
Sector  C.  One began a t  the   border   wi th   Sec tor  D 
but  angled away from it r a t h e r   t h a n   l y i n g   n e a r l y  
p a r a l l e l  as i n   S e c t o r  A. The depress ion  was about 

Figure 7. ~ ~ p e r ~ m e n t  3 .  Cross sec t ion  a t  right 
angles t o  C-D contact zone, C is to left, D to 
right of vertical. bar r n ~ ~ ~ i ~ ~  origin~l  yos~t~on 
of contac t .  ~ o o t ~ i y ~ c ~ ~  as in Figure  4 except for 
o u t l i ~ ~ ~ g  ~ o n ~ i ~ ~ u o ~ s  trail of sand grains and 
glitter ~onn~cting wi.th pocket of s i l t y  sand near 
base. Scales are 32 crn long. 
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40 cm  long  and  characterized  by 4 aligned,  funnel- 
like t o  slitlike  pits  in  the  sand  cover,  the  largest 
being  oval  and  some 5 cm  in  diameter. 
In  Experiment 3, similar  elongate  depressions  oc- 
curred  along  the A-C contact  and  immediately  adja- 
cent  to  it  in  Sector C .  Along  the  contact,  the  de- 
pression  was  bounded  by  low  ridges.  Removal of the 
loose  sand  cover  revealed only pocketlike  depres- 
sions and  shallower  linear  cormections,  and  this 
was  confirmed  by  a  series  of  cross  sections  at 
right  angles  to  the  A-C  contact  (Pig. 6 ) .  Despite 
the  original  linearity  and  cracklike  appearance, 
there  was no evidence  of  cracking  other thm very 
fresh  appearing  cracks  similar  to  obvious  drying 
cracks  that  formed in places  following  termination 
of  the  freeze-thaw  cycling. Tn the  vicinity  of  the 
AC-ED  contact  zone  the  depressions  became  more 
pocketlike  and  confused. 

The  surface  appearance  of  the  AC-ED  contact  zone 
was  characterized  by  irregular  linear  depressions 
in  the  sand  between low ridges o f  silt on one  side 
and  sand on the  other.  Cross  sections  at  right 
angles  to  the  contact  zone  revealed  both  simple  and 
complex  structures  (Fig. 7 ) .  Tn  most  cases  the 
originally  vertical  contact  between  sand  and  silt 
had  been  deformed  and  moved  a  few  centimeters  into 
the  sand-covered  sectors  and was overlapped  by  a 
silt  cap,  Adjacent  to  the  pocketlike  depressions, 
the  red  and  gold  glitter  horizons were arched  above 
their  original  level,  and  gold  glitter,  which  was 
originally  near  the  surface,  was  missing  near  the 
crest  of  the  arch  and  was  irregularly  scattered  in 
the  silt  cap  (Fig. 7 ) .  The most  complex  structures 
along  the  AC-BD  contact  zone were  near  the  A-C 
contact. 
The  progressive  character  of  the  surface  changes 
indicates  that  the  deformation  as  a  whole was pro- 
gressive  and  that  subsurface  changes  were  gradual 
rather  than  sudden.  Photographs  do not show  whether 
the  changes  occurred  during  freezing  or  thawing or 
both.  Nevertheless  the  available  evidence  suggests 
that  they  occurred  primarily  during  thawing. 
Tn  accounting  for  the  stress  that  led to the  pocket 
structures  several  hypotheses  need  to  be  considered, 
namely,  general  lateral  stress,  warping  of  the 
freezing  fronts,  and  density  dlfferences. 

General  lateral  stress.  Tt  might be argued  that 
the  Lateral  displacement  of  the  original AC-ED con- 
tact  toward  the  sand-covered  sectors  was  evidence 
of a  general  Lateral  stress,  but  it  seems  clear 
that  such  a  stress  during  freezing  and  thawing  can 
be  eliminated  in  view  of: (a) The uniformity  of 
the silt; (b)  the  fact-that  lateral  freezing  from 
the  edges  of  the  slab  was  inhibited  by  heating 
tapes as described  under  Experimental Design; and 
(c)  the fact,  noted  above,  that  the  general  hori- 
zontality  of  the  glitter  horizons  (except  near  the 
contact  zones  and  isolated  depressions)  argues 
against  such  a  lateral  stress.  Rather,  the  lateral 
displacement  of  the  original  AC-BD  contact  towards 
Sectors A and  C is entirely  consistent  with  predom- 
inantly  vertical  movement.  As  discussed  under 
Offset of Freezing  and  Thawing  Fronts,  the  eleva- 
tion  of  the  thawing  (as  well  as  freezing)  fronts 
in  Sectors A and C was  consistently  lower  than in 
Sectors B and D, with  the  result  that  as  thawing 
progressed  downward  there  would be  a tendency  for 

thawing  soil i n  Sectors B and  D  to  slump  toward 
Sectors A and  C. Thus  the  lateral  shift  would 
be  really  due ro  a  local  lateral  component  of 
gravity. 
Warpinp, of freezing  fronts.  Local  lateral 
stresses  probably  developed  where  the  freezing 
fronts  were  offset  along  the A-C and  AC-Mi  contact 
zones,  h u t  i n i r i a l l y  the  direction  of  such 
stresses  would be most  effective  toward  the  silt- 
covered  areas,  since  the  freezing  isotherm  would 
be advanclng  from  the  sand  side  because of the 
offset.  Consequently,  freezing  would  tend  to 
deform  the  silt  but not the  already  frozen  sand. 
Since  the  pocket  structures  were  formed  of  sand 
(and  silty  sand  where  contaminated),  deformation 
of the  sand  during  thawing  rather  than  freezing 
seems to be indicated.  Although  progressive 
deformation  would  cause  increasingly  complicated 
freezing  and  thawing  fronts,  and  would  thereby 
probably  contribute  to  deformation  as  freeze-thaw 
cycling  proceeded,  it  is  difficult  to  visualize 
how  freezing  could  initiate  the  pockets  except 
in  the  sense  of  providing  the  essential  ice 
lensing  of  the  silt  that  would  lead  to  super- 
saturation  and loss of  strength  upon  thawing. 

Density  differences. The preferred  hypothesis 
is  that  the  pocket  structures  were  primarily  due 
to  vertical  forces  arising  from  density  differ- 
ences  between  the  sand and underlying  silt, 
although  their  linear  trend  in  Experiment 2 is 
perhaps  controlled  by  some  cracklike  process. 
The following  considerations  favor  this  inter- 
pretation. 

(1) Wrinkling  of  the  sand  cover.  This  wrinkling 
in places  adjacent  to  the  AC-BD  contact  zone  ar- 
gues  for  deformation  during  thawing  because  the 
sand  cover  was  cemented  during  freezing  as  deter- 
mined  by:  (a)  Direct  observation;  (b)  checking of  
cores  taken  while  frozen;  and (c) observed  rise of 
capillary  moisture  in  the  sand  sufficiently  high 
to  assure  that  the  entire  thickness of sand  would 
be cemented. I n  places  this  wrinkling  appeared  to 
be caused  by  miniature  step  faults  consistent  with 
collapse. (2) Deformation  in  the  thawed  state  is 
easier  than  in  the  frozen.  The  possibility  that 
still  unfrozen or incompletely  frozen  material 
might  be  deformed  during  freezing,  such  as  can 
occur  in  clay-rich  soils,  is  improbable  because: 
(a) There  would  be  little  difference  in  the  freez- 
ing  point  of  the  sand  and  silt i n  view  of  the  low 
clay  content o f  the  silt; (b)  the  volume  expansion 
of  the  sand  during  freezing  would  be  negligible 
and  therefore so would  any  pressure  effects on ad- 
jacent  silt;  and (c) freezing  did  not  anchor  the 
soil to the  base  of  the  slab so that  confined 
freezing  and  accompanying  pressure  effects  were 
obviated. (3) Pocketlike  nature  of  the  depression 
structures.  The  pocketlike  structures  are  more 
consistent  with  collapse  and  vertical  movement 
than  with  deformation  by  lateral  stress. This is 
shown  by: (a) The association of the  pockets  with 
compensatory  rises  in  the  adjacent  silt  as  demon- 
strated by the  deformation o f  the  red  and  gold 
glitter  horizons,  and (b)  the  horizontality  of 
these  glitter  horizons  except  near  the  pockets 
and  the  contact  zones,  including  the  edge o f  the 
slab.  The  latter  deformation  was an  obvious, 
predominantly  vertical,  edge  effect  due  to  heaving 
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and  settling  and  was  not  transmitted  laterally  be- 
yond  about  15  cm. ( 4 )  Distinct  density  difference 
between  saturated  sand  and  silt  as  measured  at  end 
of experiment  and  then  adjusted  for  water  content 
during  thawing.  The  density  (gm/cm3) of the  sand 
was  1.90 i 0.05, that  of  the  silt  1.65 * 0.05,  a 
difference of 0.25 t 0.1,  This  difference  would  be 
enhanced  by:  (a)  Silt  occupying  the  interstices  of 
the  sand,  as  occurred  in  some of the  pockets  and  as 
would  be  expectable  where  sand  sagged  into  the  silt 
during  thawing; (b) the  superposition  of  the  silt 
cap  over  the  sand;  and  (c)  the  supersaturation  of 
the  silt  upon  thawing of ice  lenses,  depending  on 
how  quickly  the  moisture  could  escape  upward. 

Additional  Considerations 
Density  differences  would  not  explain  the  silt  cap 
and  its  wavelike  contact  along  the  AC-BD  contact 
zone  but  a  probable  explanation  here  is  soil  flow. 
During  freezing  the  silt  sectors  heaved  above  the 
sand-covered  sectors,  creating  a  slope  along  the 
contact  zone.  During  thawing  the  slope  became  the 
site  of  tiny  rills  and  soil  flow  over  the  sand. 
Presumably  the  soil  flow  also  contributed  to  erosion 
of  the  gold  glitter  near  the  contact  zone  (Fig. 7). 

The  reason  for  deformation  being  most  apparent  near 
the A-C and  AC-BD  contact  zones  is  probably  related 
to  offset of the  thawing  isotherms.  The  thawing 
front  emanating  from  the  sand  would  proceed  not  only 
down but also  laterally  where  the  sand  was  in  con- 
tact  with  silt.  This  would  release  additional  thaw 
water  and  would  tend  to  accelerate  thawing  and  loss 
of  strength  in  the  silt  beneath  the  sand in this 
zone.  Additional  factors  would  be  the  tendency  for 
the  silt  cap  to  contribute  to  the  weight  of  the 
soil,  and  for  the  density of the  sand  cover  to  be 
most  effective  where  it  abutted  laterally  against 
the  lower  density  silt.  However,  as  noted,  the 
pocket  structures  were  not  confined  to  the  contact 
zones.  Conceivably  the  infrared  heaters  accelerated 
thawing  in  some  spots  and so contributed to other 
depressions.  Exactly  why  some of these  were  aligned 
as  in  Experiment 2 is  not  known,  but  linear  control 
(perhaps  subsurface  cracking) i s  clearly  indicated. 

A satisfactory  explanation  is  lacking as to  why  the 
vertical  break  appeared  to  be  restricted  to  Experi- 
ment 2. There  was  a  difference  in  soils  in  that  the 
Athena  silt  loam of Experiment 2 and  the  Fairbanks 
silt of Experiment 3 had  somewhat  different  contents 
of  sand  and  silt  (Table 1). Yet  how  this  difference 
could  account  for  the  different  behavior  is  not 
clear.  A  second  difference  between  the  experiments 
was  the  longer  duration of Experiment 3 (32 versus 
10 cycles),  and  it  might  be  argued  that  some of the 
structures  in  the  experiment,  such  as  the  trail  of 
sand  or  glitter  in  Figure 7, originated  by  shearing 
and  were  subsequently  deformed as the  result  of  the 
greater  number  of  freeze-thaw  cycles.  For  instance, 
conceivably  the  cracks  beneath  the  depressions, 
believed  to  be  drying  cracks  because of the  lack of 
sand  or  glitter  in  them,  actually  followed  original 
shears.  If so, the  lack  of  sand  in  them  sets  them 
apart  from  those  of  Experiment 2 .  A third  and 
perhaps  determining  difference  was  the  more  rapid 
thawing  of  Experiment 3. Although  the room 
temperature  was  set  the  same,  the  infrared  heaters 
over  the  soil  in  Experiment 3 were  turned  on  sooner 
than  in  Experiment  2. 

Implication  for  Origin of Involutions 

Periglacial  involutions  comprise  the  "...aimless 
deformation,  distribution,  and  interpenetration 
of beds  produced  by  frost  action"  (Sharp,  1942, 
p .  115). Involutions,  a3  distinct  from  periglacial 
involutions,  can  be  of  diverse  origins  including 
sedimentation  (load-cast  structures).  Exactly  how 
periglacial  involutions  are  formed  is  not  estab- 
lished.  Suggested  processes  include  (cf.  Washburn, 
1973, p. 147): (1) Complicated  variations  in 
freezing  and  thawing  introduced  by  differences  in 
grain  size  and  moisture  content  within  a  soil 
body; (2) squeezing  of  unfrozen  soil  between  a 
downward-freezing  active  layer  and  the  permafrost 
table  as  the  active  layer  becomes  anchored  to  it 
in  some  places  sooner  than  others;  and ( 3 )  density 
differences  during  thawing.  Density  differences 
can  become  effective  and  lead  to  deformation  under 
various  conditions,  but  in  the  periglacial  context, 
thawing  and  reduction  of  intergranular  pressure 
would  provide  the  equilibrium-disturbing,  activat- 
ing  process.  Jahn  and  Czerwidski  (1965)  success- 
fully  developed  very  small-scale  density  displace- 
ments  by  freezing  and  thawing  but  such  experiments 
are  largely  lacking.  Although  some  of  the  depres- 
sion  structures  in  Experiment 2 were  related  to  a 
linear,  perhaps  cracklike  process,  the  pocketlike 
aspect  of  some o f  these  structures  and  of  those  in 
Experiment 3 ,  a5  seen  in  cross  section,  closely 
resembles  involutions,  believed  to  be  periglacial 
and  known  as  Taschenboden  ("pocket  soil")  in  the 
German  literature.  These  are  characterized  by 
pockets  of  coarse-grained  soil  penetrating  down 
into  finer  Soil.  The  results  of  Experiments 2 and 
3,  especially  the  latter,  support  the  view  that 
density  differences  during  thawing  constitute  one 
way  in  which  such  structures  can  originate. 

Summary 
Laboratory  freeze-thaw  experiments  involving  a 
2.5 x 3 . 6  m  area of soil 30 cm  thick  indicate 
that:  (1)  Juxtaposition of unlike  soils  can  lead 
to  deformation  along  their  contact,  probably  due 
to offset  of  freezing  and  thawing  fronts; (2)  the 
deformation  can  include:  (a)  Vertical  breaks, 
perhaps  caused  by  shearing,  and (b) pocket  struc- 
tures,  apparently  caused  by  density  differences; 
and  (3)  the  pocket  structures  are  similar  to 
certain  periglaciai  involutions. 
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PAD FOUNDATION DESIGN AND PERFORMANCE OF SURFACE FACILITIES T N  THE MACKENZTE DELTA 

R . G .  Auld, R . J .  Robbins, L.W. Rosenegger, R .H.B .  Sangs te r ,   Imper ia l  O i l  Limited, 
Calgary,   Alber ta  

In   the   des ign   and   cons t ruc t ion   of   foundat ions   bu i l t   on-grade  on t h e  
i c e - r i c h   p e r m a f r o s t   i n   t h e  Mackenzie  Delta  region o f  t h e  Canadian Arctic, t h e  
major c r i t e r i o n  i s  t o  prevent  thawing of the   i ce- r ich   subgrade ,   o therwise  
s t r u c t u r a l   f a i l u r e  may r e s u l t .   I m p e r i a l  O i l  Limited  has  found a thermal 
s imula to r  model t o  be a use fu l   des ign   t oo l   i n   a s ses s ing   t he   t he rma l   behav iour  
o f   poss ib l e   founda t ion   des igns ,  The accuracy o f  the   thermal   p red ic t ions  i s  
dependent on a knowledge o f   t he  ice content   of   the   permafrost ,   the   ambient  
environmental   condi t ions,   and  the  thermal   propert ies  of  the  foundat ion materials 
and the  subgrade.  The design,  construction,  and  subsequent  thermal  performance 
o f  s e v e r a l   f o u n d a t i o n s   b u i l t  on permafrost  w i l l  be   p resented ,   inc luding   fue l  
tankage f o r  both  ambient   and  heated  f luids ,  and h e a t e d   s t r u c t u r e s ,  where 
temperature  data  has  been  recorded t o  monitor   the  thermal   response.  

CONCEPTION  ET  PERFORMANCE DES FONDATIONS Q U I  DOIVENT SUPPORTER  DES  INSTALLATIONS 
DE SURFACE DANS LE DELTA DU MACKENZIE 

Pour la  concept ion e t  l ' g t a b l i s s e m e n t   d e   f o n d a t i o n s   r e p o s a n t   d i r e c t e m e n t  
s u r  l e  p e r g g l i s o l   r i c h e   e n   g l a c e   d e  l a  rggion  du del ta   du  Mackenzie   dans  1 'Arct ique 
canadien,  il est essent ie l   d ' empgcher  l e  dggel  du s o l   d e   f o n d a t i o n ;   e n   e f f e t   c e l u i - c i  
con t i en t   une   g rande   quan t i tg   de   g l ace ,  ce qui   pourra i t   p rovoquer   l ' e f fondrement  
d e s   s t r u c t u r e s .  La Imper ia l  O i l  Limited a mis au   po in t   un   modzle   de   s imula t ion  
thermique   qu i   devra i t   permet t re   d 'gva luer  l e  comportement  thermique  de  divers 
types  de  fondat ions.   Pour   prGdire  les tempgratures  avec p r g c i s i o n ,  il est  ngcessa i r e  
de  connaTtre  l a  t e n e u r   e n   g l a c e   d u   p e r g g l i s o l ,   l ' g t a t  du mil ieu  ambiant ,  e t  les 
propriGt6s  thermiques  des  matGriaux e t  du sol de   fonda t ion ,  On p rgsen te  i c i  l a  
concept ion,  l a  c o n s t r u c t i o n  e t   l e  comportement  thermique  de  plusieurs  types d e  
fonda t ions  Gtablies sur l e  p e r g g l i s o l ,  y compris des r6se reo i r s   de   ca rburan t   chauf fgs  
ou maintenus 2 l a  tempsrature   ambiante ,  e t  des s t ruc tures   chauffges ;   nos   Gtudes  du 
comportement  thermique  gtaient  bas6es sur les donnges   enregis t rges .  

IIPOEKTMPOBAHME IIOJJyILIErlHbIX OYH,4AMEHTOB M 3KCIIJIYATALl,WOHHHE 
XAPAKTEPWCTBKR  HA3EMHMX  COOPYXEHMR B aEJlbTE PEKkI MAKEH3M 
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PAD FOUNDATION DESIGN AND PERFORMANCE OF SURFACE FACILITIES I N  THE MACKENZIE DELTA 

R.G. Auld, R.J. Robbins, L.W. Rosenegger,  and R.H.B. Sangster 

Product ion  Research  Div is ion,   Imper ia l  Oil L i m i t e d  
Calgary,   A lber ta  T2G 253 

INTRODUCTIOiJ 

The ex i s tence  of permafrost  (Brown, R.J,E. 1970) 
throughout   the  Canadian  Arct ic  has r e q u i r e d   t h a t  
t h o s e   i n v o l v e d   i n   t h e   e x p l o r a t i o n  o f  o i l  and  gas 
p a y   s p e c i a l   a t t e n t i o n   t o   t h e   f o u n d a t i o n   r e q u i r e -  
ments of  v a r i o u s   s t r u c t u r e s .  Many h igh   mo is tu re  
( i c e )   c o n t e n t   s o i l s   t y p i c a l   o f   p e r m a f r o s t   p r o v i d e  
a firm f o u n d a t i o n   o n l y  when f rozen.  If thawed, 
t h e s e   , s o i l s ,   w h i c h   a r e   u s u a l l y   f i n e - g r a i n e d ,   t u r n  
i n t o  a s l u r r y   w i t h   l i t t l e   o r  no s t reng th .  Under 
these  cond i t ions ,   se t t lement  and p o s s i b l y   f a i l u r e  
o f  a s t r u c t u r e  may occur. 

Imper ia l  Oil L i m i t e d ,   a s   p a r t   o f   i t s   e x p l o r a -  
t i o n  program i n   t h e  Mackenzie  Delta,  has b u i l t  
r o a d s ,   s u r f a c e   f a c i l i t i e s ,  and d r i l l i n g   r i g  
foundations.  Gravel  pads  have been used  exten- 
s i v e l y   b o t h   w l ’ t h   a n d   w i t h q u t   b u r i e d   i n s u l a t i o n .  
P i l ed   f ounda t ions  have a l s o  been  used f o r   d r i l l i n g  
r i g s   b u t   a r e   n o t   d i s c u s s e d   f u r t h e r   i n   t h i s   p a p e r .  
Many o f  these  foundations  have been inst rumented 
to   de te rm jne   t he   t he rma l   e f fec t  o f  t h e   s t r u c t u r e  
on the   pe rmaf ros t   and   t o   g i ve  a check  on t h e  
design  assumptions. I n   t h i s  paper ,   the  predic ted 
and  observed  thermal  performances o f  foundat ions 
f o r   f u e l  and product   s torage  tanks  and a heated 
s t ruc tu re   a re   d iscussed.  

FOUNDATION DESIGN CRITERIA 

When design ing a s t r u c t u r e   f o r  a permafrost  
reg ion,  a thorough  knowledge o f   t h e   s i t e   i s  
e s s e n t i a l .  If we l l -d ra ined,   c lean,   g ranu lar  
mater ia ls   are  encountered,   then a foundat ion 
des ign   s im i la r   t o   t empera te  zone p r a c t i c e s  may be 
completely  acceptable.  However, i c e - r i c h   f i n e  
g r a i n e d   s o i l s ,  commonly found i n   t h e  Mackenzie 
De l ta ,   exh ib i t   poor   mechan ica l   p roper t ies  on 
thawing,  causing  excessive  set t lement  and 
p o s s i b l y   f a i l u r e .   I n   t h e   f r o z e n   s t a t e ,   t h e s e  
s o i l s   s u s t a i n   h i g h   l o a d s   f o r   s h o r t   p e r i o d s   o f   t i m e ,  
bu t   c reep may be   de t r imenta l  i n   t h e   l o n g e r  term. 
Pad f o u n d a t i o n s   d i s t r i b u t e   l o a d s  and r e s u l t  
i n  l o w e r   s t r e s s   l e v e l s  on  subgrade s o i l s .   I n  
p r a c t i c e ,   t h e   f o u n d a t i o n   i s   d e s i g n e d  so t h e   i c e -  
r i ch   o r   thaw-uns tab le   subgrade  so i l s   a re   p reserved 
i n   t h e   f r o z e n   s t a t e .  A pad  foundation o f  non- 
f r o s t   s u s c e p t i b l e  fill, w i t h   s u f f i c i e n t   g r a v e l ,  
g rave l   and  insu la t ion ,  or r e f r i g e r a t i o n   i s  used t o  
ensure   tha t   the   i ce- r i ch   mater ia l   remains   f rozen.  
The des ign  procedure  requi res a thermal   ana lys is  
to   de termine   the  amount o f  thaw  penetrat ion 

f o r   d i f f e r e n t  fill c o n f i g u r a t i o n s  and c o n s t r u c t i o n  
t i m i n g   a t   s p e c i f i c   s i t e s .  

THERMAL SIMULATION 

I m p e r i a l  Oil Limi ted  uses a computerized,  two- 
d imensional ,   thermal   s imulator  model  (Wheeler, J.A. 
1973) f o r   p r e d i c t i n g   t h e   t h e r m a l   b e h a v i o u r   o f  
sur face  foundat ion  pads.  The  model,  which i s  
s i m i l a r   t o   t h e  model cons t ruc ted   by  Hwang, Murray 
and  Brooker  (1972) f o r  geothermal  problems,  uses 
a va r ia t i ona l   t echn ique   t o   app rox ima te   t he  
t e m p e r a t u r e   d i s t r i b u t i o n   o v e r  a two-dimensional 
g r i d   a t   s u c c e s s i v e   t i m e   s t e p s .  The h e a t   o f   f u s i o n  
and  the changes i n  thermal  propert ies  between 
f rozen  and  thawed  s ta tes  are  taken  in to   account .  
Heat t r a n s f e r   i s  assumed t o  be by   conduct ion   on ly  
and water i n   t h e  system i s  assumed t o  change 
s t a t e ,   e i t h e r   a t  a s ing le   d i sc re te   t empera tu re   o r  
over  a f reez ing  range,   thus  account ing  for  the  
un f rozen   wa te r   con ten t   i n   F ine -g ra ined  soil .  

Thermal  propert ies  must be s p e c i f i e d   f o r  each 
subgrade s o i l   s t r a t a ,   t h e  fill, and the  
g rave l   and /o r   i nsu la t i on   used   i n   t he   f ounda t ion ,  
The p r o p e r t i e s  o f  i m p o r t a n c e   i n c l u d e   t h e   l a t e n t  
heat  of fus ion,   the  vo lumetr ic   heat   capaci ty ,   and 
the   t he rma l   conduc t i v i t y   o f   bo th   t hawed  and 
f r o z e n   s o i l s .  These p roper t i es   have   e i t he r  
been de termined  exper imenta l l y   f rom  so i l   core  
samples t a k e n   d u r i n g   s i t e   i n v e s t i g a t i o n s ,   o r  
est imated  f rom  publ ished  data  (Kersten, 1949). 

An i n i   t i a l   t e m p e r a t u r e   d i s t r i b u t i o n   i s   r e q u i r e d  
a s  a s t a r t i n g   p o i n t   f o r   t h e   t h e r m a l   s i m u l a t i o n .  
I n   o r d e r   t o   o b t a i n   t h i s   d a t a ,  it i s   o f t e n   a d v i s -  
a b l e   t o   i n s t a l l   t h e r m i s t o r   c a b l e s  i n  boreholes 
d r i l l e d   d u r i n g   t h e   s i t e   i n v e s t i g a t i o n ,   F a i l i n g  
s p e c i f i c   s i t e   d a t a ,  an i n i t i a l  t e m p e r a t u r e   d i s t r i -  
bu t ion   can  be estimated  from  ground  thermal  regime 
s tud ies  (Judge,  1973) i n  nearby  areas. 

Var ious  boundary  condi t ions  can  be  speci f ied.  
An adiabat ic   boundary  condi t ion  can  be  appl ied 
a t  an a x i s  o f  symnetry. A known thermal   g rad ien t  
o r   h e a t   f l u x   c a n  be s p e c i f i e d   a t   t h e   b o t t o m  
boundary t o  represent   the   geothermal   g rad ien t .  A 
specif ic  temperature  boundary  can  be  imposed  any- 
where a temperature i s  known; f o r  example, a t   t h e  
w a l l   o f  a ho t   p ipe .  An external   temperature  and 
a h e a t   t r a n s f e r   c o e f f i c i e n t   c a n   a l s o   b e   s p e c i f i e d .  
I n  a l l  cases,  the  boundary  condit ion  used need 
n o t  be   kep t   cons tan t ,   bu t  may change w i t h  each 
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time  step i n  order  to  represent  seasonal  variations 
o r  imposed heat  loads. 

The specif icat ion  of   the  temperature   a t   the   a i r /  
ground i n t e r f a c e   i s  of pa r t i cu la r  concern s ince  the 
predicted  depth  of thaw wi l l ,  i n  general, be most 
sens i t ive   to  changes  in t h i s  boundary temperature. 
I f  measured soil  surface  temperatures  are  available 
f o r  the  type  of  surface and the  region under study, 
then an estimated  soil  surface  temperature can be 
imposed expl ic i t ly   as  a function  of  time.  Alter- 
natively,  a heat   t ransfer   coeff ic ient  which will  
couple an external  temperature and the  soi l   surface 
temperature can be imposed. The external  temper- 
ature can be either  the  equivalent  air   temperature 
such as suggested by Scott  (1969),  the  observed 
ambient a i r  temperature from meteorological  records, 
o r  some other known temperature. 

I f   a l l  of the components involved  in  the  surface 
heat  transfer were known, t h e n  the  energy exchange 
a t   t h e  ground surface  could be calculated  r igor- 
ously.  This would involve knowing the  heat  gained 
o r   l o s t  by the  net short and long wave radiation, 
the  energy  transferred by fa l l ing   ra in  or snow, 
the  conductivity and la tent   heat  o f  snow, the 
heat  transfer by evaporation and movement o f  melt 
and ground water, and the   e f f ec t s  o f  d i f f e ren t  
plant  types.  Unfortunately,  these  processes  are 
not well understood, and suff ic ient   data  is  not 
generally  available t o  make the  direct   calculat ion 
of  the  surface boundary temperature  possible. 

FIELD EXPERIENCE 

Data Collection 

Over the  past  few years,  Imperial Oi l  Limited 
has been conducting an intensive  study o f  the 
ground surface  temperature and  the ground thermal 
regime in  the Mackenzie Delta area.  A t  one s i te ,  
Taglu, 75 miles  north  of  Inuvik on Richards  Island, 
numerous boreholes were cored  continuously and 
logged  according to  the NRC Permafrost  Classifica- 
t i o n  (Pihlainen and Johnston  1963).  Permafrost 
i n  the  Taglu  area i s  estimated  to be 1800 f e e t  
thick,  and surface  features show extensive low 
centre polygons and i c e  wedging. Selected  frozen 
core was preserved for   la ter   determinat ion of 
moisture  content,  dry b u l k  density,  and bo th  
frozen and thawed thermal  conductivity. 

To monitor  the  temperatures a t  the s i t e ,  them- 
i s to r   s t r i ngs  were in s t a l l ed  t h r o u g h  a gravel 
storage pad and i n  boreholes  to a depth  of 40 f ee t .  
The ground temperatures,  the wind  speed, w i n d  
d i rec t ion ,  and a i r  temperature were automatically 
interrogated  every hour via a Data Telex-radio 
l ink between Calgary and the Taglu s i t e ,  and data 
has now been obtained  for  over  four  years. 

Typical measured surface  temperatures and a i r  
temperatures  are shown in Fig. 1 .  In the spring, 
a s  snow is   mel t ing ,  b o t h  gravel pad  and tundra 
surface  temperatures  are  very  close t o  the  ambient 
a i r  temperature. In ear ly  sumner,  both tundra 
and gravel  temperatures  are  significantly  higher 
than  the a i r  temperature. The ,gravel  surface  can, 
i n  f ac t ,  be ten or more degrees  Fahrenheit warmer 

than the a i r  during  this  period of 24 hour sunlight.  

-IOL - AIR ( 4  
0 TUNDRA  SURFACE 
X GRAVEL  SURFACE 

M A R  A p R   M A Y  1 JUNE I J U L Y  I ~ U G  1 STPI I OCT I N O V  I OEC J4N 1 F t B  

1 9 7 3  I 1974 ?' 

F i g .  1 Taglu a i r  and surface  temperatures. 

In l a t e  summer,  when there i s  normally  considerable 
rain,   the  tundra  surface  temperature  is  very close 
t o  the a i r  temperature. In this   per iod,   the  
gravel  surface i s  a 1 i t t l e  warmer. Once  snow 
s t a r t s   t o   f a l l ,  b o t h  the  gravel  surface and  the 
tundra  surface  temperatures  are warmer than  the 
a i r  temperature. The tundra can  be as much as 
2OoF above t h e   a i r  temperature. The gravel  surface 
i s  not  as warm as  the  tundra  since i t   i s  elevated 
above the  surrounding ground and tends t o  be swept 
c l ea r  of some  snow. 

The so i l  thermal conductivit ies measured in  the 
laboratory and the  heat  of  fusion  calculated from 
the measured soil  moisture  content  are shown in 
Table 1 fo r  the var ious   so i l s   s t ra ta  a t  the Taglu 
s i t e .  When the  observed t u n d r a  surface  temperature 
and these measured thermal propert ies   are  used as 
input  to  the  thermal  simulator, a very good match 
i s  obtained between the  calculated and the  observed 
temperatures ( F i g .  2). The maximum deviation 
between the instantaneous  calculated  value and the  
weekly average  observed  value  occurs  in  early 
December  and i s  about 3OF.  The temperature 
response a t  depth i s  as expected, and c lear ly  
shows the reduced  amplitude and phase s h i f t  from 
the  surface  temperature wave. 

1 

OBSERVED 
CALCULATED 1 F T '  

F i g .  2 Taglu temperature match. 
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TAGLU 

T U N U N U K  
POINT 

NORMAN 
WELLS 

ZONE 
DESCRIPTION 

PEAT 
PEAT A N D  ORGANIC 
SILT 
ORGANIC SILT 
30% ICE 
CLAYEY SILT 
40% ICE 
CLAYEY SILT 
30% ICE 
BROWN SILT 
35% ICE 
SILT 20% ICE 
SILT 5% ICE 
G R A V E L  
POLYURETHANE 
SILT 30% WATER 
SUBSOILS 50% WATER 
VERMICULITE CONCRETI 
G R A V E L  
AIR 
CRUSHED LIMESTONE 
HIGH  ICE SILTS 
LIMESTONE 

TABLE 1 
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HEAT CAPACITY 
( BTU/FT3' F )  

FROZEN THAWED 

23.4  43.4 

26.3  48.8 

26.3  48.8 

29.4  50.5 

28.6  47.5 

26.0 45.1 

27.0 38.9 
28.6 39.4 

26.35 31 -85  
2.0 2.0 

27.2 40.3 
26.4 46.4 

6.3 6.3 
26.35 31 .85 

0.018 0.018 
15.70 15.70 
27.20 40.30 

26.25 26.25 

THERMAL CONDUSTIVITY 
(BTU/HR.  FT F )  

FROZEN THAWED 

1.0 0.5 

1.23 0.61 

1.5 0.8 

1 .o 0.6 

1.47 0.67 

1.46 0.94 
1.52 0.93 
1.51 0.89 

0.455 0.522 
0.015 0.015 
1.17 0.63 
0.875 0.35 
0.067 0.067 
0.455 0.552 

0.015 0.015 
0.60 0.80 

1,170 0.63 

0.75 0.75 

TYPICAL THERMAL PROPERTIES USED IN  SIMULATIONS 

Fuel Tanks 

A t  T u n u n u k  P o i n t ,  on the  southern t i p  o f  
Richards  Island and 50 miles from Inuvik,  Imperial 
Oil Limited bu i l t   a  major  fuel  storage  area  in 
the summer o f  1973. The s i t e ,  on a  height of land 
i n  a  region which has been c l a s s i f i ed  (Rampton 
1972) as   g lac io- f luv ia l ,  was underlain by ten  to 
f i f t een   f ee t  of grey-brown sandy s i l t  overlying 
an equally  thick  layer  of  fine  sand. S i l t  was 
again  encountered  under  the  sand.  There was very 
l i t t l e  excess  ice i n  t he   f i r s t   t en   f ee t  below the 
ground surface. A t  greater  depths  (to 40 f e e t )  
frequent  layers of i c e  and ice-r ich  soi l  were 
encountered.  Ice wedges were also  prevalent.  

The tanks were t o  be located on an old  gravel 
pad which had been placed some years   ear l ie r  w i t h -  
out any attention  being  given t o  compaction. For 
this reason,  as soon as  the  gravel had thawed, 
the  exis t ing pad was sca r i f i ed  and recompacted. 
Extreme care was taken  not t o  cut  through t o  the 
s i l t s  beneath  the  gravel.  Additional  gravel, 
which had been stockpiled a t  the s i t e  during  the 
winter, was then added i n  s i x - i n c h   l i f t s  and was 
compacted t o  a minimum 85 percent re la t ive  densi ty .  

HEAT OF 
FUSION, 
BTU/FT 

5760 

6350 

5000 

6050 

5440 

5485 

3400 
31 25 

1590 
0 

3680 

5760 
0.0 

1590 
0.0 

1000 
3680 

0.0 

The depth of additional  gravel  required  under 
the t anks  and the placement o f  polyurethane  insul- 
ation were decided upon following an analysis with 
the thermal  simulator.  In  the  final  design,  the 
old  gravel  pad, which was approximately 2 1 / 2  f e e t  
th ick ,  was covered  with one foot of  gravel. 
Individual  gravel  tank pads w i t h  shoulders  ten 
f e e t  wide were b u i l t  up two f e e t  above this  level . 
A ring o f  polyurethane  insulation was placed on the 
recompacted existing  gravel pad so as t o  enc i rc le  
the  tank  completely. A second layer o f  polyure- 
thane  insulation was placed six inches below the 
tank base and  extended we1 1 out  into  the  shoulder 
surrounding  the  tank. The ring o f  insulation and 
the wide shoulder were provided  to  ensure  that 
any soi l   fa i lure   occurr ing  a long  a   s l ip   plane  a t  
the  thaw f ront  would n o t  undermine the tank  severe- 
ly .  

Because of the  hi l ls ide  locat ion and the  perme- 
a b l e  nature of the thawed so i l s ,   a  membrane l i n e r  
was instal led  over  the ent i re   tank l o t .  The l i n e r ,  
a 20 mil. Oil PVC, was buried three f e e t  below the 
tank bottom and b rough t  u p  into  the  f i rewal ls  as 
the  f i rewal ls  were  formed. ( F i g .  3) 
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F i g .  3 T u n u n u k  P o i n t  diesel   storage t a n k  founda- 
t ion ,  showing thaw front  location. 

Thermistor  probes  were  located under the   l a rges t  
tank, a 54,000 bbl tank 90 f e e t  i n  diameter by 48 
feet   high,  in  order t o  monitor  the ground thermal 
regime. These probes, one a t  the tank  center and 
one i n  the  gravel  shoulder  seven  feet from the 
tank,  extended  to a depth o f  ten  feet .  

In simulating  the  tank  lot  thermal  regime, i t  
was assumed t h a t  the  temperature  of  the  tank 
contents   (diesel)  would lag   s l igh t ly  and be 
s l igh t ly  warmer than  the  ambient a i r  temperature. 
The gravel  surface  near  the  tank, however, would 
be  much warmer as a r e s u l t  o f  re f lec t ion  from the 
tank, the different   incident   angle  of the sun on 
the  shoulder, and  the  accumulation  of snow.  The 
temperature  of  the  gravel  surface away from the 
tank was assumed t o  be the same as the  surface 
temperature measured a t   t he  Taglu s i t e .  

The resul ts   of   the  thermal  simulation  using  the 
assumed surface  temperatures and the  soi l  thermal 
properties shown i n  Table 1 ,  a r e  shown in F i g .  3. 
Here, for   s implici ty ,   the   predicted thaw f ront  
location i s  shown f o r  only two intermediate  dates 
and the maximum predicted thaw. The observed 
t h a w  f ront  a t  the two thermistor  probes i s  also  
shown for   these  dates .  A t  the  centre of the tank, 
t h e r e   i s   s l i g h t l y  more thaw than  predicted. The 
t h a w  f r o n t   i s   s t i l l ,  however, well up in  the 
gravel and t h e r e   i s  no observed  settlement  under 
the  tank. Beyond the  tank  pad,  the thaw f ront  does 
approach the ice-rich  subsoil.  This i s ,  however, 
an area where there i s  no structural   load  or 
veh icu la r   t r a f f i c  and,  consequently, some minor 
subsidence can be tolerated.  The observed thaw 
front   locat ions under the  gravel  shoulder  indicate 
t h a t  the  design i s  performing qu i t e   s a t i s f ac to r i ly .  

Heated Fluids Tanks 

To the  south o f  the  Mackenzie Delta, a t  Norman 
Wells,  in an area o f  discontinuous permafrost 
(Brown, 1970 1, Imperial Oil Limited  has  constru- 
cted  tankage t o  s tore   ho t   f lu ids  a t  temperatures up 
t o  ZOOOF. Because of  previous problems of subsi- 
dence recent  tankage  has been designed t o  prevent 
thaw into  the  f ine  grained  soils  overlying bedrock. 

Durina the 5 umme !r of 1973. a t a n k  pad was b u i l t  
f o r  a new 10,000 bbl,  40-foot  diameter Bunker C 
storage t a n k  a t  Norman Wells. The pad consisted 
of f i v e   f e e t  o f  crushed  limestone, two f e e t  of 
gravel which contained  one-foot  diameter  venti- 
lating  ducts  placed on 34-inch centers ,  and  topped 
with a two-foot  vermiculite  concrete  cap. The 
temperature of the Bunker C would  be about ZOOOF. 
The ducts would  be closed  in  the  spring  as  the  air 
temperature  started  to  r ise and then be kept c l ea r  
of snow af te r   they  had been reopened i n  t h e   f a l l .  
During construction o f  the  tank  pad, two thermis- 
t o r   s t r i ngs  of  nine  thermistors  each were i n s t a l l -  
ed to  monitor the thermal  performance of the  tank 
pad. One s t r ing  was located  a t   the   center  of the 
pad,  the  second s t r i n g  was located 15 f e e t  from 
the  center towards the s o u t h  edge  of the  pad. 
Both thermistor  str ings were adjacent  to  the same 
vent i la t ing  duct .  The average  duct  temperature 
measured, when compared w i t h  the mean d a i l y   a i r  
temperature  reported by Burns (1973),  indicates 
t h a t   t h e   a i r   c i r c u l a t i o n  through the  ducts must 
have been very low since  the  duct  air   temperature 
i n  winter was  much higher than the  ambient a i r  
temDerature, and the  ducts were not  functioning 

1 

J 

Fig. 4 Norman Wells Bunker C storage  tank  found- 

The observed thaw front  locations  throughout 
t h e   f i r s t   y e a r   a r e  shown in F i g .  4. The e f f e c t  
of the  ducts  is   apparent  in December as  the found- 
a t i o n   s t a r t s   t o   f r e e z e  back a t  the  level of the 
ducts as well  as from t h e  base  of  the pad. A 
very  rapid thaw was observed i n  the  next  spring 
and i t  is   apparent  t h a t  the thaw progressed 
through  the pad in to   the   i ce- r ich   so i l s .  Also 
shown in F i g .  4 i s   t h e   r e s u l t  of a thermal 
simulation  of  the  as-built  foundation. For t h i s  
simulation, a constant  tank  temperature of 220'F 
was assumed based on operational  data,  and the 
observed  duct  temperatures were applied  for  the 
period when the  ducts were open. The thermal 
properties used a re  shown i n  Table 1 .  

a t i on ,  showing thaw front   locat ion.  

The simulation shows a much faster  freezeback 
a t  the  base of the  foundation i n  t h e   f a l l ,  a n d  a 
slower,  shallower thaw i n  the spring. Changes i n  
the thermal properties o f  the  crushed  limestone 
in  the s p r i n g  d u r i n g  snow melt may account fo r  
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some of the discrepancy between the  observed and 
predicted  depth of thaw.  The duct  temperature, 
however, i s  found t o  have the  strongest  influence 
on the  depth  of thaw,  and  thaw penetration  through 
t o  the  ice-rich  subsoil  could be a r res ted  i f  
colder  duct  temperatures  could be assured. 

To obtain  lower a i r  temperatures i n  the  ducts, 
an a l t e rna t ive  method i s   t o  use a forced-air 
circulating  system. With suf f ic ien t   ve loc i ty ,  
the  air   temperature i n  the  ducts  will  approach  the 
ambient a i r  temperature. Such a system has been 
designed f o r  a new tank  presently  under  construc- 
t i o n   a t  Norman Wells which will  be monitored  with 
f ive   thermis tor   s t r ings   for   the   f i r s t   years  of 
operation. The following example shows the  appli- 
cation of a fo rced   a i r  system f o r  a heated s t ruc t -  
ure. 

Ai rcraf t  Hangar 

Imperial Oil Limited's  hangar a t  Inuvik  (120 x 
80 f e e t )  was constructed i n  the summer of  1969, 
on nine  feet  of  gravel and crushed  rock f i l l  
placed on the  original  permafrost. A system of  
ducts  running  the  full  length  of  the  building was 
ins ta l led  i n  the  gravel a t  a d e p t h  of 8 1 / 2  f ee t  
below f loo r  level   to   enable   the  c i rculat ion of 
a i r  during  periods  of low ambient  temperatures. 
The ducts were 18 inches i n  diameter and were 
.located on ten-foot  centers,  terminating i n  a 
24-inch  header a t  b o t h  ends. Two independent 
sets o f  duct work were u t i l i zed ,  each  servicing 
one-half o f  the  hangar in a length-wise  direction. 
Each o f  the f o u r  headers had a 24-inch  standpipe 
r i s ing  abou t  s i x   f e e t  above ground level  outside 
the  hangar  proper. The  two s t a c k s   a t  the  west 
end of the  hangar were fo r   i n t ake   a i r ,  each  having 
a screened  cover and damper. The two e a s t  end 
exhaust  stacks had screened  covers,  dampers, and 
each housed a 3/4 h p ,  4800 cubic  feet  per  minute 
e l e c t r i c  motor and fan. The dampers were, manually 
activated and  had interlocking  switches  to  prevent 
motor turn-on w i t h  a damper closed. 

The concrete   f loor  was poured in  the summer of 
1970. A two-inch layer of  lean  concrete was f i r s t  
poured. Two two-inch layers  of r ig id  Styrofoam 
insulation were then l a id  followed by a f i n a l   s i x  
inches o f  concrete. 

The dampers a re  opened manually  each September 
and are  closed  again  in March. The fans  are   set  
t o  come on automatically whenever t h e   a i r  tempera- 
ture  drops below 20°F and to  shut  off when t h e   a i r  
temperature  reached 25'F. 

The system has operated  successfully  and,  as 
shown i n  Fig. 5 ,  the  foundation  has  actually been 
subcooled  over  the f i r s t   f i v e   y e a r s .  Over most o f  
this  period  the  floor  temperature  has been a 
comfortable 6OoF. Floor  settlement  has been 
minimal with  the  largest  settlement  being  about 
3/4-inch  towards  the  front of the hangar where 
a i r c r a f t  have been moved across  the door area. 
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F i g .  5 Inuvik a i r c r a f t  hanger  foundation, and 
temperature a t   or iginal   grade.  

CONCLUSION 

The work t o  date  has shown t h a t  i t  i s   poss ib le  
t o  design and t o  sa t i s fac tor i ly   bu i ld  pad found- 
a t ions  in   the Canadian Arctic  in a region o f  high 
ground ice.  The thermal  simulation methods have 
been shown to be accurate,  provided  that  the 
ground thermal properties and the ground surface 
temperature  are known o r  can be estimated 
accurately. 

The use o f  insulated pads fo r  on-grade found- 
ations can e i t h e r  be o f  the  passive  type w i t h  no 
mechanical  heat removing systems, o r  o f  the type 
described us ing  forced air circulat ion.   Instru-  
mentation i s  strongly  recomended t o  permit 
VerSfication o f  the  deslgn  assumptions, and check 
thermal properties.  

Imperial Oil Limited are  continuing  to  monitor 
various  structures  in  the Canadian Arctic t o  ensure 
that  the  fragile  ice-rich  subsoil  remains  frozen, 
and the   in tegr i ty  of the  foundation  designs i s  
maintained. 
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PERMAFROST INVESTIGATIONS IN PIPELINE CONSTRUCTION 
V . V .  B a u l i n ,  G . I .  Dubikov, Yu. T.  Uvarkin,   Ind.   and Res. I n s t .   f o r  Eng. Surveys 
i n   Cons t ruc t i on ,   L .S .   Garagu lya ,  V . V .  Sp i r i donov ,   A l l -Un ion  Res. I n s t .   f o r   P i p e l i n e  
Cons t ruc t i on ,  Moscow, U.S.S.R.  

A s tage-by-stage scheme o f   p e r m a f r o s t   i n v e s t i g a t i o n s   i s   s u g g e s t e d   f o r   p i p e -  
l i n e   c o n s t r u c t i o n  and i t  i s  shown that   pre l iminary,   smal l -   and  medium-scale  perma- 
f r o s t   s u r v e y s   a r e   r e q u i r e d  fo r  t h e   s e l e c t i o n   o f  an optimum p i p e l i n e   r o u t e   i n  
1 i t t l e - k n o w n   r e g i o n s .  The main types   o f   work  a t  d i f f e r e n t   s t a g e s  o f  p ipe1   i ne  
des ign   a re   desc r ibed .  The approximate  volume o f  w o r k   r e q u i r e d   f o r  a pe rmaf ros t  
survey  on a s e l e c t e d   p i p e l i n e   r o u t e   a p p l i c a b l e   i n   l o w l y i n g   r e g i o n s   o f   e p i g e n e t i c  
permaf ros t   i s   de termined.  The problems o f   f o r e c a s t i n g  changes i n  t h e   p e r m a f r o s t  and 
g e o l o g i c a l   c o n d i t i o n s   a l o n g   t h e   r o u t e   a t   d i f f e r e n t   s t a g e s  o f  p i p e l i n e   d e s i g n   a r e  
examined  and  possible  methods o f   f o r e c a s t i n g   a r e   g i v e n .  

RECHERCHES G ~ O C R Y O L O G  
V . V .  Baul i n ,  G. I .  Dub 

IQUES SUR LA  CONSTRUCTION DES PIPELINES 
i kov .  Yu. T .  U v a r k i n ,   l n s t i t u t   i n d u s t r i e  1 e t   s c i e n t i f i q u e  

de g k n i e  c i v i l ,  MOSCOU, L.S.  Garagulya, V . V .  S p i r i d o n o v ,   l n s t i t u t   s o v i 6 t i q u e  de 
r e c h e r c h e s   s c i e n t i f i q u e s   e n   c o n s t r u c t i o n  de p i p e l i n e s ,  MOSCOU, URSS. 

P r o j e t  de  recherches  geocryologiques p a r  &tapes  en  vue  de l a  c o n s t r u c t i o n  
de p i p e l i n e s ;  i1 e s t   m o n t r e   q u ' i l   e s t   n k c e s s a i r e   d e   f a i r e  des  leves  g6ocryologiques 
p r e l i m i n a i r e s  3 p e t i t e  et moyenne e c h e l l e s   a f i n   d e   c h o i s i r   l a   v a r i a n t e   o p t i r n a l e  du 
t r a c e  dans les  reg ions  peu  connues.   Les  auteurs  decr ivent   les  aspects   fondamentaux 
des t r a v a u x   e t   l e u r   d e s t i n a t i o n   a u   c o u r s  des d i f f e r e n t e s   e t a p e s  de 1 ' 6 l a b o r a t i o n  
d u   p r o j e t .  Le  volume  de t r a v a i l   a p p r o x i m a t i f   r e q u i s   p o u r  l e  l ev6   gkoc ryo log ique  
du   t race   cho is i   es t   dg ter rn ink   pour   les   rgg ions   basses  oil s e   r e n c o n t r e   u n   p e r g e l i s o l  
&p ig&ng t ique .  

l o g i q u e s   e t   g e o l o g i q u e s   l e  long  du  t race  au  cours de5 d i f f e r e n t e s   & t a p e s  de 
l ' k l a b o r a t i o n  de p r o j e t   e t  i n d i c a t i o n  des  mkthodes de p r e v i s i o n   p o s s i b l e s .  

Examen des  problames  de p r k v i s i o n  des m o d i f i c a t i o n s   d e s   c o n d i t i o n s  g6ocryo- 
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CHARACTERISTICS OF  CONSTRUCTION OF FROZEN DAMS IN WESTERN YAKUTIYA 

G.F. B iyanov,   A l l -Union  P lanning,   Survey ing  and  Research  Inst .  Moscow, V.I.   Makarov, 
Permaf ros t   Ins t . ,   Yakutsk ,  U . S . S . R .  

A c h a r a c t e r i s t i c   t y p e  of  low  head h y d r o e l e c t r i c  complexes  has  been  developed 
f o r   t h e   r e g i o n s  of the   Far   Nor th .  I t  i nc ludes  an onshore  arrangement o f   s p i l l w a y  
s t r u c t u r e s  and a f i x e d   e a r t h  dam, t h e   f r o z e n   c o r e   o f   w h i c h  merges w i t h   p e r m a f r o s t  
i n   t h e   b a s e .  The f reez ing   t empera tu res   i n   t he   co re  and t h e   b a s e   o f   t h e  dams a r e  
achieved, as a r u l e ,   b y  means o f   c o o l i n g   a i r   s y s t e m s ,   E x p e r i e n c e   g a i n e d   i n   t h e  
cons t ruc t ion   and  opera t ion   o f   such  complexes  makes i t  poss ib le   t o   sugges t   improve -  
ments i n   t h e   d e s i g n   a n d   c o n s t r u c t i o n   o f   f r o z e n   h y d r o e l e c t r i c   s t r u c t u r e s .   P r o v i s i o n  
o f  a f r o z e n   b a r r i e r   i n   t h e  base of t h e  dams ahead o f  t ime  and  f reez ing  of t h e   c o r e  
i n   t h e   c o u r s e   o f  dam c o n s t r u c t i o n  make i t  p o s s i b l e   t o   e l i m i n a t e   t h e   r e p l a c e m e n t  o f  
s o i  1 i n   t h e   b a s e  and t o  use uncond i t i oned  f i  1 1  i n   t h e   c o r e .  

C A R A C T ~ R I  ST I QUES DE LA CONSTRUCTION DE BARRAGES  GEL^ EN YAKOUTI E o c c  I DENTALE 

G.F. B i y a n o v ,   l n s t i t u t   s o v i g t i q u e  de r e c h e r c h e s   s c i e n t i f i q u e s   e n   p l a n i  
e t   l e v &   g e o l o g i q u e s ,  MOSCOU, V. I .  Makarov, l n s t i t u t  de   ggocryo log ie ,  

f 
I 

6 

I 

Un mod6le  type des arnenagements hyd rau l i ques  de f a i b l e   p r e s s i o n  a 
pour  les  regions  du  Grand  Nord. Ce modsle  comprend  une  composante c 6 t  
s t r u c t u r e s  de decharge e t  un g r a n d   b a r r a g e   e n   t e r r e   f i x e   d o n t   l e   n o y a u  
conjugue  avec l e   p e r g e l i s o l  de f o n d a t i o n .  En r s g l e   g g n g r a l e ,   l e s  temp 

i c a t i o n  
akutsk,URSS 

& t g  61 abore 
2 r e  de 
ge l6   se  
r a t u r e s  

nggat ives dans l e  noyau e t  l ' i n f r a s t r u c t u r e  des barrages  sont  maintenues 21 l ' a i d e  
de syst6mes r e f r i g e r a n t s   a i  r .  

L 'exper ience   acqu ise  dans l a   c o n s t r u c t i o n   e t   l ' e x p l o i t a t i o n  des  amenagements 
hydraul iques  permet  de proposer  des a m g l i o r a t i o n s  dans l a   c o n s t r u c t i o n   e t   l a  
t echno log ie  des s t ruc tu res   hyd ro techn iques  de t ype   ge le .  La c r e a t i o n   p r g l i m i n a i r e  
d ' u n   & w a n   g e l e  dans l a   f o n d a t i o n  d u   b a r r a g e   e t   l a   c o n g e l a t i o n  du  noyau de c e l u i -  
c i  au  cours de l a   c o n s t r u c t i o n   p e r m e t t e n t   d ' g l i m i n e r   l e  remplacement  du s o l  de 
f o n d a t i o n   e t   d ' u t i l i s e r  dans l e  noyau des S O 1 5  non c o n d i t i o n n e s .  

r.ch EHBHOB,  rwponpoem, Moc~sa ,  CCC.P 
B.M. MaKapoa, MHCTHTYT MepanoToseneHaff, R K ~ T C K ,  CCCP 
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SEASONALLY  OPERATING  COOLING SYSTEMS AND THEIR USE IN NORTHERN CONSTRUCTION 
N.A.  Buchko,   Leningrad  Technol .   Inst .   o f   Refr igerat ion  Indust ry ,   A.L.   Kuznetsov,  
Leningrad  Planning,  Surveying  and Res. I n s t . ,  S . I .  Gapeev, Leningrad  Planning  and 
S u r v e y i n g   I n s t .   f o r   T r a n s p o r t a t i o n   C o n s t r u c t i o n ,  U .S .S .R .  

The au tho rs   d i scuss   t he   use   o f   seasona l l y   ope ra t i ng   coo l i ng   sys tems   i n   t he  
n o r t h e r n   r e g i o n s   o f   t h e  U . S . S . R .  Three  types of  sys tems  a re   g iven :   a i r ,   vapour  
and f l u i d  systems  which  can  be  used i n   i n d u s t r i a l ,   c i v i l  and  hydroengineer ing 
c o n s t r u c t i o n   t o   i n c r e a s e   t h e   b e a r i n g   s t r e n g t h  of p l a s t i c   f r o z e n   s o i l s  and  prevent  
d e g r a d a t i o n   o f   p e r m a f r o s t ,  as w e l l  as t o   f r e e z e   s o i l s   t o   c r e a t e   a n t i s e e p a g e   s c r e e n s  
i n  dams, co f fe rdams  and  o ther   s t ruc tu res .   Resu l ts   a re   g iven  o f  f i e l d   t e s t s  and of  
a n a l y s i s  of thermal  processes,  which makes i t  p o s s i b l e   t o   e s t i m a t e  and  compare t h e  
e f f i c i e n c y  of t he   va r ious   coo l i ng   sys tems .  

L E S  APPARE I LS R ~ F R I  G ~ R A N T S  i ACT 
CONSTRUCT ION DANS LES R ~ G  I ONS DU 

ION SAI S O N N I ~ R E  ET LEUR UTILI SATION DANS LA 
NORD 

N.A. Buchko, l n s t i t u t   t e c h n o l o g i q u e  de Leningrad de l ' i n d u s t r i e  de r g f r i g e r a t i o n ,  
A.L.  Kuznetsov, l n s t i t u t  de r e c h e r c h e s   s c i e n t i f i q u e s   e n   p l a n i f i c a t i o n  e t  l e v &  
gCologiques de Leningrad, S.I. Gapeev, l n s t i t u t   i n d u s t r i e l  des t r a n s p o r t s  a 
Len i ngrad, URSS 

l e s   r e g i o n s   s e p t e n t r i o n a l e s  de 1 ' U n i o n   S o v i g t i q u e .  

q u ' o n   p e u t   u t i l i s e r  dans l a   c o n s t r u c t i o n   i n d u s t r i e l l e ,   c i v i l e   e t   h y d r o t e c h n i q u e  
a f i n   d ' a u g m e n t e r   l a   c a p a c i t e   p o r t a n t e  des g e l i s o l s   p l a s t i q u e s ,  de p r e v e n i r   l a  
d6g rada t ion   du   pe rge l   i s01   e t  de c o n g e l e r   l e s   s o l s  dans l e   b u t  de c r g e r  des r i deaux  
gtanches dans l e s   b a r r a g e s   e t   a u t r e s   c o n s t r u c t i o n s ,  

Resu l ta t s  des & t u d e s   i n   s i   t u   e t  de 1 ' a n a l y s e  des processus  thermiques  qui 
p e r r n e t t e n t   d ' g v a l u e r   q u a n t i   t a t i v e m e n t   e t  de  cornparer l e  rendement  d 'apparei  1s 
ref r i gi5 r a n   t s  de d i f f 6   r e n   t s   t y p e s ,  

Exemples d ' u t i l i s a t i o n  des a p p a r e i l s   r e f r i g g r a n t s  21 a c t i o n   s a i s o n n i g r e  dans 

On examine t r o i s   t y p e s   d ' a p p a r e i l s :   a p p a r e i l s  a a i r ,  a vapeur e t  21 l i q u i d e  

CE30HHOnEaCTBY WUME OXJIAXLlAIoUME YCTPODCTBA M MX 
MCllOJIb30BAHME B CEBEPHOM CTPOMTEJIbCTBE 
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SOME ASPECTS ON THE D E S I G N  OF ROADS WITH BOARDS OF PLASTIC FOAM 

R. Gandahl,  National  Swedish Road and T r a f f i c  Research I n s t i t u t e  

By i n s u l a t i n g  a road   w i th   boa rds  of p l a s t i c  foam t h e   v a r i a t i o n s  o f  temperature 
i n   t h e  subgrade  are  reduced.  Next t o  t h e  foam l a y e r ,   t h e   n o n - f r o s t   s u s c e p t i b l e  
l a y e r   b e n e a t h   t h e   i n s u l a t i o n   l a y e r   g i v e s   t h e   g r e a t e s t   c o n t r i b u t i o n   t o   t h e   f r o s t  
i n s u l a t i o n .  The a b s o r p t i o n  o f  water  o f  t h e   p l a s t i c   b o a r d s   i n  a road will increase 
i n   t h e   c o u r s e  of t ime  and,   consequent ly ,   the   heat   conduct iv i t y  will increase  too.  
The h e a t   c o n d u c t i v i t y  will a l s o   i n c r e a s e   a t  a very  h igh  ra te,   because of widening 
o f  openings  between  the  boards. 

P R O B L ~ M E S  
PLAST I QUE 

R.  Gandah 

QUE POSE LA CONSTRUCTION DE ROUTES  COMPORTANT 
E X P A N S ~  

1,  N a t i o n a l  Swedish Road and T r a f f i c  Research 

D E S  PLAQUES DE 

l n s t  i t u t e  

En i s o l a n t  une r o u t e  2 l ' a i d e  de plaques de p l a s t i q u e  expanse, on r e d u i t   l e s  
var ia t ions  thermiques  du  sous-so l .   Outre  la   couche de p l a s t i q u e  expanse, l a  
couche  non g e l i v e  q u e   r e c o u v r e   l a   c o u c h e   i s o l a n t e   e s t   l ' u n  des f a c t e u r s   p r i n c i p a u x  
d ' i s o l a t i o n   v i s - a - v i s  du   ge l .   L ' abso rp t i on   d 'eau   pa r   l es   p laques  de p l a s t i q u e  
incorporges =1 l a   r o u t e  augmente  avec l e  temps; la conduc t i v i t e   t he rm ique  augmente 
donc auss i ,   e t   t r gs   rap idemen t ,   en   ra i son  de 1 '6 la rg issement  des ouve r tu res   en t re  
les plaques. 

HEKOTOPHE ACIIEKTbl AOPOXHOrO IIPOEKTWPOBAHMR C WCIIOJIb30BAHMEM 
IIEHOIIJIACTOBblX nJlMT 
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SOME ASPECTS  ON THE DESIGN OF ROADS WITH BOARDS OF PLASTIC FOAM 

R. Gandahl 

National  Swedish Road  and Traffic  Research  Institute 

1. HEAT INSULATING LAYERS REDUCE THE VARIA- 
TIONS OF TEMPERATURE IN THE SUBGRADE 

By  applying  a  horizontal  layer o f  heat  in- 
sulating  material  one  retards  the  heat ex- 
change  between  road  surface  and  subgrade. 
In areas  with  seasonal  frost  the  freezing 
o f  the  subgrade  can  in  this  way  be  reduced 
or completely  prevented  and  in  areas o f  
permafrost  the  thawing of the  frozen  sub- 
grade  can be  reduced or prevented.  Typical 
of the  course of temperature  in  the  sub- 
grade is  that  the  variations of temperature 
get smaller  when  the  heat  insulating  layer 
is  put  in,  and  they get smaller and smaller 
the  more  the  thickness of the  insulating 
layer  is  increased.  AS  illustration,  see 
figure I., which  schematically  describes  the 
variations of temperature  in  the  subgrade, 
and  figure 2, which is an example of the 
variations of temperature,  which are mea- 
sured  up at a  test  road  with  heat  insula- 
tion. 

-10 -5 +5 

OC 

-10 -6 -2 2 6 10 14 18 22 26 

Fig. 1. Maximum  temperature  variation as 
a function of depth  beneath  the  road  sur- 
face (P E Frivik /l/). 

+10 +15 +20 +25 
Temperature, OC 

Fig. 2 .  Vertical  variation of temperature at a varying  thickness of the 
heat  insulating layer.  



2.NON-FROST SUSCEPTIBLE LAYER  UNDER  THE 
INSULATION  LAYER  CONTRIBUTE  TO  THE  EFFECT 
OF THE FROST  INSULATION. 

The heat  insulating  layer is, it is true, 
dominating fo r  the  frost  insulating  effect 
of the  base,  but a lso  other  layers  in  the 
base  make a contribution. The  greatest con- 
tribution,  next  to  the  heat  insulating 
layer,  domes  from  the  layer,  which i s  pla- 
ced  immediately  under  the  insulating  layer. 

793 

This bottom  layer gets the  function of a 
freezing  resistance  Layer. In figure 3 the 
frost  insulating  effect  of  a  given  base  is 
shown f o r  certain  supposed  conditions  re- 
garding  the  material  qualities,  where  the 
insulating  layer is placed  on  different 
levels. The insulating  effect  increases, 
consequently,  the  nearer  the  road  surface 
the  insulating  layer  is  placed, or better, 
the  greater  part of the  base  that  is  pla- 
ced  below  the  insulating layer. 

Thickness of insulation 
I h = 0 , 0 3 k ~ o l / ~ C ~ h , m )  

crn 

18 

Insulotlon 

'1 
I 

I 1 
0 10 20 x) uf 50 EO 

Thickness of sandlayer (z) 'O c 2  

Fig. 3 .  Frost insulating  effect of a  base  with a heat 
insulating  layer,  where  this  layer  is  placed on diffe- 
rent levels. 
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3. THE WATER  CONTENT OF PLASTIC FOAM IN THE 
ROAD  BASE  INCREASES AND THE THERMAL  CONDUC- 
TIVITY INCREASES 

An  other  important factor, which  controls 
the  frost  insulating  capability  of  a  base, 
is the  thermal  conductivity of the insula- 
ting  material.  What  can  happen,  in practice, 
to an insulating  material  in the base of a 
road, i s  that  it  absorbs  water  whereupon 
the  thermal  conductivity  increases. As an 
example of the  dependence of the  thermal 
conductivity on the  water  content of the 
insulating  material,  the  results of some 
determinations of thermal  conductivity on 
an  extruded  quality of polystyrene  foam are 
shown,  which  have  been  made  in  laboratory 
on forcibly  damped  samples.  (Density  34,8 
kg/rn3). See figure 4. To this  polystyrene 
foam, the  thermal  conductivity goes up  from 
0,022 kcaL/hm°C  in a  dry  condition  to 0,030 
kcal/hm% at a water  content  of 10 vol  %. 
This type of polystyrene  foam is thus  also 
at this  water  content  specially  insulating. 
The thermal  conductivity  is also dependent 
on whether the material  is  frozen or not. 
In order  to  distinguish  two  materials of 
polystyrene  foam,  as to the quality, deter- 
minations of thermal  conductivity were made 
on samples of two  qualities of polystyrene 
foam, which were dug out from the base of 
a  three year old test  road. The determina- 
tions  were  made  in  frozen and in  thawed 
conditions. The results are shown  in  table 
1. It i s  of  interest to note,  that  the 

thermal  conductivity  in  a  frozen  condition 
is  lower than in  a  non-frozen. The diffe- 
rence  of  thermal  conductivities  between 
the  two  qualities of material is 22-25 %, 
which means, in practice,  that  going  from 
the  material with a lower  thermal  conduc- 
tivity to the one with  the  higher  thermal 
conductivity, one has to increase  the 
thickness of insulation by the  same  per- 
centage for being  able  to keep the  same 
effect of insulation. 

.rl U 

0 ,03  

5 0,02 

k 
0,oo I 

0 5 10 15 20 
Water c o n t e n t ,  v01.-% 

Fig. 4 .  The dependence of the  thermal  con- 
ductivity on the water  content  of an ex- 
truded  polystyrene  foam  (Paljak / 2 / )  * 

Table 1. A comparison  between  the  thermal  conductivities  of  Styrofoam  HI  (extruded)  and 
of  Styrolit  (expanded  in one step) road board on the  basis o f  determinations  made at the 

Approximate  average  Thermal  conductivity (kcal/mh°C)  Rise of the  thermal  con- 
temperature  at h-de-  ductivity of the  Styrolit 
termination  Styrofoam HI Stysolit  above  that of the  Styro- 

foam,  in % 

- (9-10)  

- (7-8)  

+ ( 7 - 8 )  

+10 

0 , 0225 
0,0230 
0,0238 
0,0238 

0 , 0280 
0 , 0280 
0,0293 
0 , 0298 

24 
22 
23 
25 
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If the  water  content  is  big  enough,  the 
thermal  conductivity  of  the  frozen  plastic 
foam will  not  be  lower  than  that of the 
thawed  one.  At  the  University  of  Technology 
in  Norway  determinations  of  thermal  conduc- 
tivity  have  been  made  on  expanded  polysty- 
rene  foam  (bead  board)  and  it  has  been 
found  that  at  about 5-6 vol % the  thermal 
conductivity  is  of  the  same  level  for  fro- 
zen  as  well as  for  non-frozen  materials. As 
to the  extruded  polystyrene foam, there  are 
determinations  of  the  thermal  conductivity 
up  to  the  water  content  of 2 , s  vo l  $.  At 
this  water  content  the  thermal  conductivity 
still is lower for the  frozen  material.  At 
the  University of Technology  in  Norway  con- 
tinued  investigations  have  begun,  where  the 
thermal  conductivity  is  determined on up  to 
about  10 vol  % damped  samples. The results 
of  these  investigations  are  not yet avai- 
lable,  but  it  is  to  anticipate  that  the 
corresponding  turning-point will be  at a 
higher  level,  maybe  it  will  not  reach 10 
vol %. 
Dimensioning a heat  insulated  bare,  for es- 
timating  the  practical  thermal  -onductivi- 
ty, one has  to  know  how  much  water  that  the 
insulating  material in a road  base  absorbs 
in course  of  time. The  material,  which  has 
been  tested  as an insulating  layer  in  roads 

Vol- 

X I  

20 - 

18 

16 - 
1 4  - 

u 
c -  : 1 2  - 
c 
8 1 0 :  
c1- 

2 a -  
= -  

6 -  

4 -  

2 ,  

for  the  longest  period, is an  extruded 
polystyrene  foam. In figure 5, the  results 
of the  change  of  water  content  for  three 
different  types of polystyrene foam,  which 
have  been  built  into  Swedish  test  roads, 
are  shown.  Curve 1 represents  the  increase 
of  the  water  content of a  type  of  polysty- 
rene foam of a low  quality,  expanded  into 
big  blocks  and  then  cut  to  boards,  which 
did  not  fulfil  the  demands  for  strength. 
The boards  were  compressed  by  the  trafic 
load  and  did  thus  absorb  more  water.  Some 
boards  had a water  content of 40 vo l  %. A 
similar,  later  produced,  material - poly- 
styrene  foam  expanded  in  one  step  to  the 
size  of  the  boards - has a more  uniform 
and better  quality,  but  samples  older  than 
4 years  have  not  been  investigated.  Re- 
sults  see  curve 2. Curve 3 shows  the  ab- 
sorption of water,  during  ten  years,  of 
an extruded  polystyrene  foam. The  curve 
has, as shown,  an asymptotic  course. The 
increase of water  contents  during  these 
ten  years is fsom 0 to 3,3 vol %, 
which  will  increase  the  thermal  conauc- 
tivity  from 0,022 to  about 0,024 (compare 
with f i g  4 ) .  

/ styrol i t ,P Styrofoam 

0 1 2 3 4 5 6 7 8 9 1 0 y e a r s  

Fig. 5. The change  of  the  water  content  in  course  of 
time  of  three  different  types of polystyrene foam in 
roads.  Frigolit = expanded  and cut,  Styrolit = expan- 
ded  in one  step,  Styrofoam HI = extruded 
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4 .  THE RESULTING  THERMAL CONDUCTIVITY OF 
AN INSULATING  LAYER IS HIGHER IF  THERE  ARE 
OPENINGS  BETWEEN  THE  BOARDS 

During  the  second  winter,  frost  heavings 
and frost  cracks  occured on a road  with 
plastic foam, which  were  concentrated  to 
one of  the  road  halves. A digging  through 
and a sampling  at a damaged  and at  an  un- 
damaged  section of the  road  showed  that  at 
the  damaged  section  the f r o s t  had  penetra- 
ted  to a level  of 80 cm  in  frost  active 
subgrade.  At  the  undamaged  section  the 
frost  depth  corresponded  to  the  thickness 
of the  base,  the  bottom  layer  of  the  base, 
i  e  the  layer,  on  which  the plastic  foam 
layer  had  been  placed.  Measured  and  calcu- 
lated  frost  depths  corresponded  also  for 
this  undamaged  section.  At  the  calcula- 
tions,  the  value  of  the  thermal  conductivi- 
ty  had to be  raised  by a 10-potency  in or- 
der  to  make the  measured  and  the  calculated 
frost  depths  equal  at  the  damaged  section. 
The  cause  for  the,  in  practice,  raised 
thermal  conductivity was  shown  illustra- 
tively  in  the  made  test  pits. The  road was, 
as a matter of fact,  built  late  in  the 
autumn  through  excavation  in  a  highly  frost 
susceptible  and  moist  subgrade.  After  a 
thin  sand  layer, a plastic  foam  layer  and 
then  a  gravel  layer  had  been  put on, the 
heavy  construction  trafic  had  caused  plas- 
tic movements  in  the  subgrade  and  the 
boards  had  slid  apart. The  road  was  later 
repaired and the  plastic  foam  layer  was  un- 
covered. The photo,  figure 6, shows  clear- 
ly that openings had  arisen  between  the 
boards  in  such  an  extent  that  the  capacity 
to  insulate  was  considerably  reduced.  How 
much  the  effective  thermal  conductivity is 
changed  through  the  openings  between  the 
boards  can i principle  easiest  be  calcula- 
ted  by the  method of proportionality. 
Figure 7 shows,  for  a  system of one  and  two 
layers,  how  the  thermal  conductivity  in- 
creases  when  the  width  of  the  openings is 

increased  at  the  breadth of boards  of 60 
cm. The  thermal  conductivity  has, as 
shown,  been  tenfold  at  a  breadth  of  ope- 
nings of 14 cm at  a  system o f  one  layer. 
If there  is a risk  that  the  boards  would 
slide  apart,  the  surest  thing  to  do  is 
thus to make  the  insulation in  two  layers. 
By  calculating  the  effective  thermal  con- 
ductivity  it  is  presumed,  that  the  ope- 
nings  are  filled  with  sand.  If  they are 
filled  with  air or  with  for  instance  snow, 
the  thermal  conductivity-will  hardly  in- 
crease.  Small  openings (; 0,5 cm)  and  al- 
so wider  openings  in  the  subbase  in a 
system of two  layers  are  usually  filled 
with  air. 

Fig. 6. A photo  of a decovered  damaged 
layer  of  plastic  foam,  where  the  separate 
boards  have  slid  apart, so that  openings 
have  arisen. 

One layer: rmJ 
Two layers: 

One layer 

Two layers 
~ "". 

0 5 10 15 20 25 30 35 40 45 50 55 60 
Width of openings, cm 

Fig. 7. The resulting  thermal  conductivity of layers  of  plas- 
tic  foam  with  openings,  filled  with  sand,  between  the  boards. 
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DEVELOPMENT OF THE DEMPSTER HIGHWAY NORTH OF THE ARCTIC CIRCLE 

h . A .  Huculak, J.W. Twach, R.S. Thomson and R.D. Cook, Pub l i c  Works Canada, Western 
Region, Edmonton, Alberta  

Construction of the Dempster Highway i n  the Yukon and Northwest Terr i tor ies  
was accelerated i n  1 9 7 1  and i s  s la ted f o r  completion i n  1979. The authors  were 
in t imate ly  involved i n  the  des ign  and cons t ruc t ion  of the highway during the ent i re  
p e r i o d  and have endeavoured t o  h i g h l i g h t  t he i r  experience dur ing  t h i s  a c t i v i t y .  

The Design Criteria, Pre-engineering Act iv i t ies ,  Construct ion Techniques and 
Road Performance are treated i n  some d e t a i l  and should b e  of in terest  t o  any agency 
contemplating similar engineering/construction a c t i v i t i e s  i n  comparative Regions of 
Canada North. They have also i d e n t i f i e d  needs f o r  f u r t h e r  research and experimental 
work i n  the interest  of advancing engineering knowledge as related t o  highway 
construct ion i n  extreme Polar  climates. 

CONSTRUCTION D E  LA GRANDE ROUTE DE DEMPSTER AU NORD DU CERCLE ARCTIQUE 

N.A.  Huculak, J.W. Twach, R . S .  Thomson and R . D .  Cook,  Travaux  publ ics,  Region 
Ouest,  Edmonton, A l b e r t a .  

On a acce16r6  en 1971 l a   c o n s t r u c t i o n   d e   l a   g r a n d e   r o u t e  de  Dempster  dans 
l e  Yukon e t  l es   Te r r i t o i res   du   Nord -Oues t ,  e t  c e l l e - c i   d o i t   G t r e  achevee  en 1979. 
Les a u t e u r s  on t  s u i v i  de t r & s   p r s s ,   e t   c o n t i n u e l l e r n e n t ,  l a  concept ion e t  l a  
c o n s t r u c t i o n   d e   l a   r o u t e ,  e t  p a r   l a  m&me occasion,   ont   cherche a f a i r e   v a l o i r   l e u r  
exper ience.  

Les c r i t 2 r e s   r e l a t i f s  2 l a   c o n c e p t i o n ,   l e s   t r a v a u x   p r e l i m i n a i r e s ,   l e s  
t e c h n i q u e s   d e   c o n s t r u c t i o n ,   e t  l e  cornportement  des  routes  sont  gtudies  de  rnaniBre 
asse t   app ro fond ie ,  e t  d e v r a i e n t   i n t g r e s s e r   t o u t   o r g a n i s m e   q u i   e n v i s a g e r a i t   d ' e n t r e -  
prendre des t r a v a u x   d e   c o n s t r u c t i o n  ou des  ouvrages  s imi la i res,   dans  des  reg ions 
cornparables  du Grand  Nord canad ien .   Les   au teu rs   on t   auss i   i ns i s t6   su r   l e   beso in  
de p o u r s u i v r e   l a   r e c h e r c h e   e t   l e s   e x p e r i e n c e s ,   p o u r   o b t e n i r  une  connaissance  p lus 
poussee  des  techniques  de  construct ion  des  grandes  routes  dans les c l i m a t s   p o l a i r e s  
t r g s   r i g o u r e u x .  

CTPOBTEJIbCTBO A3MrICTEPCKOR ABTOAOPOI'W 3A fIOJIRPHblM KPYFOM 
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DEVELOPMENT OF THE DEMPSTER 
HIGHWAY NORTH OF THE ARCTIC CIRCLE 

N .  A .  Huculak, J. W. Twach, R. S .  Thomson and R. D. Cook 

P u b l i c  Works Canada 
Western  Region 

ABSTRACT 

Construct ion  of   the  Dempster  Highway i n   t h e  
Yukon and   Nor thwes t   Te r r i t o r i e s  was a c c e l e r a t e d  
i n   1 9 7 1   a n d  is  s l a t e d   f o r   c o m p l e t i o n   i n  1979.  
The a u t h o r s w e r e   i n t i m a t e l y   i n v o l v e d   i n   t h e   d e s i g n  
and   cons t ruc t ion   o f   t he   h ighway   du r ing   t he   en t i r e  
p e r i o d   a n d   h a v e   e n d e a v o u r e d   t o   h i g h l i g h t   t h e i r  
e x p e r i e n c e   d u r i n g   t h i s   a c t i v i t y .  

The  Design Criteria, Pre-engineer ing  Act iv-  
i t i es ,  Cons t ruc t ion   Techniques   and  Road Pe r fo r -  
mance a r e   t r e a t e d   i n  some d e t a i l  and  should  be 
of interest  to   any   agency   con templa t ing  similar 
engineering/construction a c t i v i t i e s   i n   c o m p a r a t i v e  
Regions of Canada  North.   They  have  a lso  idenri-  
f i e d   n e e d s   f o r   f u r t h e r   r e s e a r c h   a n d   e x p e r i m e n t a l  
work i n   t h e   i n t e r e s t  of advancing   engineer ing  
knowledge as r e l a t e d   t o  h i g h w a y   c o n s t r u c t i o n   i n  
extreme P o l a r   c l i m a t e s .  

INTRODUCTION 

P u b l i c  Works Canada, on behal f   o f   the   Depar t -  
ment of   Indian  Affairs   and  Northern  Development  
h a s   a c t e d  as t h e   e n g i n e e r i n g   c o n s t r u c t i o n   a g e n c y  
in the  development of the  Dempster  Highway; i n  
t h e  Yukon a n d   N o r t h w e s t   T e r r i t o r i e s ,   o v e r  a d i s -  
t ance   o f  458 m i l e s  (740 km), c o n n e c t i n g   t h e  com- 
mun i t i e s   o f   Inuv ik ,  N.W.T. on the   no r the rn   end  3" 
and Dawson, Y.T. on the   " sou th"   and   j o in ing   t he4"  
communit ies   of   Arct ic  Red R ive r   and   Fo r t  McPher-5" 
son   a long   t he  way. 6" 

The i n i t i a l  35 m i l e  (56 km) c o n t r a c t   s o u t h  7" 
of   Inuv ik   A i rpo r t  was awarded i n   1 9 7 1 ,   t h r e e   o r h e r  
c o n t r a c t s   o f  similar l e n g t h  were awarded  s ince 
t h a t   t i m e   c o v e r i n g   t h e   e n t i r e   p o r t i o n  of t h e   r o u t e  
w i t h i n   t h e   N o r t h w e s t   T e r r i t o r i e s   ( 1 6 8   m i l e s )  
(270 km). Compara t ive   concurren t   p rogress  was 8" 
expe r i enced   f rom  the  Dawson end.  The  route i s  
now schedu led   fo r   comple t ion   w i th in   1979 ,   w i th  
i n i t i a l   a c c e s s   i n   1 9 7 8 .  

HIGHWAY STANDARDS 

The  highway i s  b e i n g   c o n s t r u c t e d   t o   a n   " a 1 1 9 "  
wea the r "   unpaved   su r f ace ,   sub jec t   t o   sp r ing   t haw 
and f a l l   f r e e z e - u p   p e r i o d s   d u e   t o  l o s s  o f   t h e   i c e  

a n d   f e r r y   c r o s s i n g s   r e s p e c t i v e l y   o v e r   t h e   P e e l ,  
Mackenzie   and  Arct ic  Red Rivers .   Subgrade  sur-  
face   wid ths   vary   be tween 24 and 28 f e e t  ( 7 . 3  and 
8 m). T r a v e l   s p e e d s  o f  50 t o  60 m.p.h.  (80 t o  
95 km/hr) w i l l  b e   p o s s i b l e ,   e x c e p t  f o r  loaded 70" 
t r u c k s   i n   a r e a s   w h e r e   g r a d i e n t s   e x c e e d   t h e  ob- 
j e c t i v e  maximum of 6%, o c c a s i o n a l l y  by a s  much 
as 4% (10%)  within  mountainous  topography*  Side 
s l o p e s  are g e n e r a l l y  3 t o  1. Maximum c u r v a t u r e  
d e s i r e d   e q u a l s  5'. Maximum curva tu re   a l lowed  i n  
extreme  mountainous  topography  equals  15'. 

DESIGN CRITERTA 

S i n c e   t h i s   p r o j e c t  was t h e   f i r s t   l a r g e   s c a l e  
highway t o   b e   d e v e l o p e d  ar t h i s   l a t i t u d e   i n   N o r t h  
America we h a d   v e r y   l i t t l e   d o c u m e n t e d   e x p e r i e n c e  
o f   a n   e n g i n e e r i n g   n a t u r e   t h a t   c o u l d   b e   a p p l i e d  
d i r e c t l y   t o   t h e  s i re  c o n d i t i o n s   p r e v a l e n t   a l o n g  
t h e   r o u t e   p a r t i c u l a r l y   i n   t h e  low r e l i e f   r e g i o n  
a d j a c e n t  t o  the   Mackenz ie   De l t a   where   g l ac i a l  22"  
a c t i v i t y   l e f t   b e h i n d  a t h i c k   m a n t l e  of  i c e   r i c h  
till w i t h o u t   a n y   d e p o s i t s  of s u i t a b l e  common 
(granular)   borrow.  

Our pr ime  concern was t o   p r e s e r v e   t h e  perma- 
f r o s t   t o  a t o l e r a b l e   d e g r e e  of g r a d e   d i s t o r L i o n .  
In   keep ing   w i th   t h i s   conce rn   ou r   des ign   ob jec -12"  
t i v e s  were t o   p r o v i d e   f o r   u n i n r e r r u p t e d   c r o s s  13" 
dra inage   du r ing   expec ted  embankment s e t t l e m e n t /  
d i s t o r t i o n   c a u s e d  by t h e r m a l   d e g r a d a t i o n ;   t o  
l o c a t e   s u i t a b l e   t h a w   s t a b l e   c o n s t r u c t i o n   m a t e r -  
ia ls  which  would  provide a s t r u c t u r a l l y   c o m p e t e n t  
highway s e c t i o n   r e q u i r i n g   m i n i m a l   s u r f a c i n g  ma- 
terials d u e   t o   t h e i r   s h o r t   s u p p l y .  

EMBANKMENT DEPTH 

The i n i t i a l   d e s i g n   c o n c e p t l o b j e c t i v e  was t o  
e s t a b l i s h   t h e  minimum dep th  of f i l l  which  would 
prevent   advance of t h a w   i n t o   i c e   r i c h   i n o r g a n i c  
s o i l ,  i .e .  t o  L i m i t  t h e   d e p t h   o f   t h a w   t o   t h e  
o r i g i n a l   g r o u n d   s u r f a c e ,  o r  w i t h i n   t h e   a c t i v e  
o r g a n i c   l a y e r .  

Assuming w i n t e r   c o n s t r u c t i o n ,   t h e   s a t u r a t e d  
s u r f a c e   o r g a n i c   l a y e r  when f r o z e n  would a c t  as a 
"heat  sink",   however,   once  thawed  under a f i l l ,  
compress ion   o f   t he   pea t   and   o rgan ic   ma te r i a l  14" 
would o c c u r ,   m i n i m i z i n g   t h e   h e a t   s i n k ,   r e d u c i n g  
t h e   n a t u r a l   i n s u l a t i n g   p r o p e r t i e s ,   a n d   a l l o w i n g  
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t he   t haw  p l ane   t o   mig ra t e   deepe r   i n   succeed ing  
summers . 

The major  problem was cons ide red   t o   be   w i th in  
embankment s i d e   s l o p e   z o n e   w h e r e   f i l l   c o v e r  would 
be   min imal ,   a l lowing   the   thaw  p lane   to   ex tend  14" 
ea r ly   i n to ,   and   t h rough   t he   o rgan ic   and   pea t  
c o v e r ,   r e s u l t i n g   i n   p r o g r e s s i v e   t h a w  and subs i -  
dence.  However, t h i s   " c r i t i c a l "   z o n e  would  be 
a narrow  band  along  each  side  of  the  highway  and 
i t  was cons ide red  i t  would " s e l f - h e a l "   i n   p o s s i b l y  
t h r e e   t o   f o u r   y e a r s   w i t h   o n l y   s l o w   s l u m p i n g   o f   t h e  
3 t o  l s i d e   s l o p e  embankment m a t e r i a l .  Minor l o s s  
of shoulder   suppor t  was  assumed t o l e r a b l e ,   a n d  
could  be  repaired  during  normal   maintenance.  
M a j o r   s u r f a c e   d i s t o r t i o n   a n d   r e p a i r  would  occur 
on ly   i f   t he   t haw  zone   ex tended   i n to   i ce - r i ch  min- 
eral s o i l   o v e r   t h e   e n t i r e   r o a d   w i d t h .  

A review o f  expe r i ence  a t  t h e   I n u v i k   A i r p o r t  
r evea led  maximum thaw  depths  of 80 t o  90" (110 cm) 
i n t o  a grave l   and   quar r ied   rock   embanbent .  

Based only on the rma l   conduc t iv i ty  of mater- 
ia l s  (BTU/HR/Sq.Ft./OF) t h e   v a l u e   f o r   s h a l e   ( o u r  
major embankment s o u r c e ) ,  i s  roughly 60% o f   t h a t  
f o r   q u a r r i e d   r o c k ;   t h u s   s u g g e s t i n g  a des ign  em- 
bankment h e i g h t   u s i n g   s h a l e ,   o f  4 t o  4.5 f e e t  
( 1 . 4  m). 

Thaw advance was eva lua ted  by a mathematical  
model u s ing   t he   f i n i t e   e l emen t   me thod ,   w i th  2 ' ,  
4' and 6' o f   s h a l e   a n d   s i l t y   c l a y   e m b a n b e n t s  15* 
under a s e t  of  thermal  conditions  which  would pro- 
duce  an  average  depth  of  thaw (18") e q u a l   t o   t h e  
ac t ive  l a y e r   f o r   t h e   I n u v i k   a r e a ,   T h i s   a n a l y s i s  
suggested no a p p a r e n t   a d v a n t a g e   i n   f i l l   h e i g h t s  
g r e a t e r   t h a n   f o u r   f e e t  f o r  thermal. p ro t ec t ion   pu r -  
p o s e s .   F u r t h e r   a n a l y s i s   a l s o   i n d i c a t e d   t h e   d e p t h  
of 4 t o  5 f e e t  would l i k e l y   s t a b i l i z e   a f t e r   f i v e  
yea r s .  

Based   upon   t hese   t heo re t i ca l   ca l cu la t ions  
p lus   per formance   observa t ions   o f   the   Inuvik  A i r -  
p o r t  Road (8 miles) which was c o n s t r u c t e d  some 1 5  
y e a r s   e a r l i e r ,   t h e   f i n a l   d e s i g n   c a l l e d   f o r  a min- 
imum f i l l   h e i g h t  of 4.5' (1 .4 m). 

DRAINAGE 

As was subsequent ly   confirmed  during  cons-  
t r u c t i o n ,  i t  was a l s o   f e l t   t h a t   s p e c i a l   a t t e n t i o n  
had t o   b e   g i v e n   t o   t h e   p r o v i s i o n  of r e l i a b l e   c r o s s  
d ra inage  in areas o f   i c e   r i c h   f i n e   g r a i n e d   s o i l ,  
p a r t i c u l a r l y  t o  avo id   runof f   a long   t he   t he rma l ly  
dis turbed  toe  of   the   embankment .zone  which would 
c o n t r i b u t e   t o   r a p i d   d e g r a d a t i o n  of pe rmaf ros t .  

The unusual   condi t ions   which   had   to   be   ac-  
commodated were: 

- The absence of h i s t o r i c a l   h y d r o l o g i c a l  

- P o o r l y   d e f i n e d   d r a i n a g e   b a s i n s  
- A t haw  uns t ab le   subgrade ,   t ha t  would  de- 

d a t a  

g rade  and se t t le  t o  undeterminable  random 
d e g r e e s   a f t e r   c u l v e r t   p l a c e m e n t  

- R a p i d ,   s h o r t   r e m   s p r i n g   r u n o f f   o v e r   t h e  
f r o z e n   s a t u r a t e d   t u n d r a ,  i .e .  no  evapora- 
t i o n  or  i n f i l t r a t i o n  

through a s h a l l o w ,   s h i f t i n g  embankment 16" 

small c u l v e r t s   p r i o r   t o   s p r i n g   r u n o f f .  27* 

- The thermal  anomaly  of a c u l v e r t   ( h o l e )  

- The tendency f o r  c o m p l e t e   i c e   f i l l i n g  of 

I n  r e sponse   t o   t he   above   cond i t ions  it was 
d e c i d e d   t h a t :  

- The minimum c u l v e r t   s i z e  would  be 30 in-  
ches  ( 7 7  cm) i n   d i a m e t e r  

- C u l v e r t s  had t o   b e   c a p a b l e   o f   w i t h s t a n d i n g  
c o n s i d e r a b l e   d i s t o r t i o n ,  i . e .  b e   f l e x i b l e  
- t h e   c o r r u g a t e d   m e t a l   t y p e  18" 

even   s l i gh t ly   above ,   t he   ave rage   en t r ance  
ground  e leva t ions  

- We would  endeavour t o  err o n   t h e   h i g h   s i d e  
i n  rerms o f   s i z e   u n t i l   s u f f i c i e n t   h y d r o -  
l o g i c a l   d a t a  w a s  ob ta ined   and   loca l   runoff  
c h a r a c t e r i s t i c s  were b e t t e r   u n d e r s t o o d  19+ 

- A t  l o c a t i o n s   r e q u i r i n g   p i p e s   g r e a t e r   t h a n  
60 inch  (154 cm) d i ame te r ,  smaller r e l i e f  
p i p e s  would  be i n s t a l l e d   a n d / o r  steam 2OX 
p i p e s   e a s i l y   a c c e s s i b l e   f r o m   t h e   r o a d ,  22" 
wou ld   be   i n s t a l l ed  as a n   i n t e g r a l   p a r t  22* 
o f   t h e   f a c i l i t y  t o  permit  thawing of ice- 
f u l l   c u l v e r t s  as spr ing  approached.  

- C u l v e r ?   i n v e r t s  would b e   l o c a t e d   a t ,   o r  

HIGHWAY LOCATION AND EMBANKMENT MATERIALS 

Due t o   t h e   p r e d o m i n a n c e   o f   i c e   r i c h   f i n e  
g r a i n e d   t h a w   u n s t a b l e   s u r f i c i a l   s o i l s  i n  t h e  
r e g i o n ,   a n   i m p o r t a n t   c r i c e r i a   i n   l o c a r i o n  was 
the   avo idance   o f   a r eas   r equ i r ing   excava t ion ,  i . e .  
c o n t r a r y   t o   c o n s t r u c t i o n   i n  non  permafrost re- 
g ions  low l y i n g   f l a t  ground  was a h i g h l y   d e s i r -  
able   topography  which would f a c i l i t a t e   m e e t i n g  
s t a n d a r d s  of  georne t r ics ,   reducing   quant i t ies ,  
and more e a s i l y  accommodating the   over lay   (end  
dumping)  method of  embankment development as way 
of reducing  environmental   impact  and  permafrost  
deg rada t ion .  23" 

The d e s i g t d l o c a t i o n   f o r   t h e   f i r s t  two con- 
tracts d i d   n o t   p l a c e   s u f f i c i e n t   e m p h a s i s  on t h e  
p reced ing   ob jec t ives .   A l so   due   t o   imp l i ed  ec- 
o n o m i c s   ( i . e .   p r i c e s   f o r  "common" rock  excava- 
t i o n )   s e v e r a l   " d r i e r "   f i n e   g r a i n e d   b o r r o w   s o u r -  
c e s  were s p e c i f i e d .   S h o r t l y   a f t e r   t h e  s ta r t  of 
c o n s t r u c t i o n   w i t h   t h e s e   m a t e r i a l s  i t  was re- 24* 
vea led   t ha t   even   t hese   sou rces  were inadequa te  
and i t  became o b v i o u s   t h a t   t h e   e n t i r e   p r o j e c t , 2 5 "  
p a r t i c u l a r l y   t h a t   s e c t i o n   a d j a c e n t   t o   t h e  Delta 
and  up t o   t h e   p o i n t   w h e r e   t h e  highway i s  well 
wi th in   t he   R icha rdson  Range;  would  have t o   b e  
c o n s t r u c t e d   w i t h   q u a r r i e d   s h a l e   o r   s a n d s t o n e  
rock.  

THAW  UNSTABLE CUT TREATMENT 

S i n c e   t h e   s u r f i c i a l   s o i l   t y p e s   a n d   c o n d i -  
t i o n s   i n   t h i s   r e g i o n  are nor s u i t a b l e   f o r  em- 
bankment cons t ruc t ion ,   the   h ighway  loca t ion   and  
grade l ine   des ign ,   avoided   excavat ion   wherever  27" 
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with   our   bas ic   ob jec t ive  of minimizing  environ- 
menta l   impact   (aes the t ics )   our   genera l   ru le  was 
to   b l anke t  any  thaw  unstable  backslopes  with 
quarr ied  rock.  The area wi th in   any   cu t   requi r ing  
such  treatment was determined by recording  sec- 
t i o n s   o f   i n s t a b i l i t y   d u r i n g   t h e  f i r s t  summer 
season  following  excavation. A s  a case i n   p o i n t ,  
t h e   l a r g e   c u t  a t  Mile 343  required  blanket ing  of  
only 5% of t h e   f a c i a l   a r e a   a t  a c o s t  of approx- 
imately t e n   d o l l a r s   p e r   f a c i a l   s q u a r e   y a r d ,   ( $ 1 2 /  
m2),   where  t reatment   heights   var ied  f rom  15  to  
30 f e e t  ( 4 . 6  t o   9 . 1  m). 

% " 

PRE-ENGINEERING ACTIVITIES 

(a)  Geology 

Between Inuvik  and  Arct ic  Red River   the  sur- ,  
f i c i a l   g e o l o g y  cons is t s  l a r g e l y  of  an  undiffered-o 
t i a t e d  t i l l  p la in   w i th   c r e t aceous   sha l e s  a t  depths  
o f  5' to   probably 100' ( 3   t o  30 m). Near Inuvik 
t h e r e  are outcrops  of  shales  and  dolomites,   and a t  
A r c t i c  Red River ,   outcroppings of s h a l e s  and  sand- 
s tone.  Between A r c t i c  Red and  Fort  McPherson t h e  
t e r r a i n  i s  l a r g e l y  hummocky moraine ( t i l l )   w i t h  
l a r g e  areas o f  Lacus t r ine   and   organic   depos i t s .  
Bedrock  exposures a t  For t  McPherson are s h a l e s  
and some interbedded  sandstone. West of F o r t  3 1 ~  
McPherson t h e   t e r r a i n   g e n e r a l l y   r e f l e c t s   t h e   u n d e r -  
lying  bedrock strata as the  route   ascends  towards * 
the  Richardson  Mountains. The e n t i r e   a r e a   i n   t h i g  
f o o t h i l l s   r e g i o n  i s  o v e r l a i n  by e r r a t i c   unconso l i -  
da ted   sed iments ,   l a rge ly  hummocky moraine. The 
Richardson  Mountains are composed p r i m a r i l y  of 
s h a l e s  and s i l t s t o n e s   w i t h  some r i d g e s  of resis- 
tant   sandstone.  Over t h e   e n t i r e   l e n g t h  of t h e  
Dempster t h e r e  are occas iona l  random g l a c i a l -  
f l u v i a l   d e p o s i t s .  

(b)   Geotechnica l   Inves t iga t ion  

Ai rpho to   i n t e rp re t a t ion  w a s  u t i l i z e d   i n i t i -  
a l l y   t o   e v a l u a t e   t h e   t e r r a i n   a n d   p r e s e l e c t   p o t e n -  
t i a l  borrow sites. In i t ia l ly ,   bedrock   ou tcrops ,33*  
g l a c i o - f l u v i a l   d e p o s i t s ,   p a r t i a l l y   s o r t e d   d e p o s i t s  
such as kames,  and till r i d g e s  were s e l e c t e d   f o r  
test d r i l l i n g  i n  s e a r c h   f o r   s u i t a b l e  embankment 
materials. When a l l  f ine-gra ined   depos i t s  34" 
proved t o   b e   u n s u i t a b l e  a5 embanlonent material. 
because  of  excess ice,  f i e l d   i n v e s t i g a t i o n s  were 
concentrated upon loca t ing   bedrock   wi th in   sha l low 
overburden   or   g ranular   depos i t s .   Glac io- f luv ia l35*  
deposi ts   proved t o  b e   e r r a t i c ,   c o n t a i n i n g   l a r g e  36" 
i c e   b l o c k s   t h a t   l i m i t e d   u s a b l e   q u a n t i t i e s .  Few 
such   depos i t s  were c o n s i d e r e d   s u i t a b l e   f o r  em- 
bankment development  thus  l imiting  borrow  sources 
l a rge ly   t o   bed rock   ou tc rops ,   o r  areas of shal low 
overburden   ( i . e .   s t r ipp ing  o f  less than 8 t o   1 0 '  
( 2 . 5  t o  3 m). Such sources  were l o c a t e d   f o r   t h e  
most p a r t   a t   r e g u l a r   i n t e r v a l s   a l o n g   t h e   a l i g n m e n t .  
Maximum hau l   d i s t ance  was 10 miles (16 km) and  the 
average   for   the  highway was  i n   t h e   o r d e r  of 4 miles  
( 6 . 5  km), 
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A l l  f i e l d   b o r i n g s  were c a r r i e d   o u t   w i t h   h i  h, 
speed   ro t a ry   r i g s   u s ing   ca rb ide  inser t  b i t s  an 87 
compressed air  as a d r i l l i n g  medium. V i r t u a l l y  
a l l  so i l   samples   t aken  were disturbed  "grab" 
samples - i n i t i a l l y  some problems were encoun-  38* 
t e r e d   i n   r e l a t i n g   l a b o r a t o r y  test d a t a  on t h e s e  
h ighly   d i s turbed   samples   to   in -s i te   condi t ions ,  
p a r t i c u l a r l y   a s   t o  ice content .  However, wi th  39" 
experience and increased  sampling  frequency good 
success  was achieved. 40" 

D r i l l i n g  programmes genera l ly   cons is ted  of41* 
5 t o   6 , h o l e s  on c e n t r e l i n e   p e r  mile p l u s   a n  av- 
erage  of  10  holes  per mile (7/km) during  borrow 
search.   Explorat ion programmes were c a r r i e d   o u t  
during  the  winter   to   avoid  environmental  damage 
using  t racked  vehicles ,   mobile  camps and  hel i -  42" 
copter   support .  

CONSTRUCTION TECHNIQUES 

Due t o  the   h igh  water ( i c e ) ,  and s i l t  f r a c -  
t i o n   p r e d o m i n a n t   i n   t h e   s u r f i c i a l   s o i l s ,   t h e  43" 
majori ty   of   the  highway embankment wi th in   t he  44* 
Nor thwes t   Ter r i to r ies  was cons t ruc ted  from s h a l e  
and  sandstone  quarr ied  rock.   These  re la t ively 
weak rock   types  were usual ly   excavated  using 45" 
la rge   t rac tor   r ipp ing   equipment .  Some Contrac- 
t o r s ,   p a r t i c u l a r l y   t h o s e  who s p e c i a l i z e d   i n   r o c k  
ope ra t ions   p re fe r r ed  t o  d r i l l  and b l a s t   p r i o r  t o  
ripping  and  loading  using ammonia n i t r a t e   e x p l o s -  
ives   in   wide ly   spaced   ho le   pa t te rns .  The o t h e r  
prime  movers of embankment materials u s u a l l y  46" 
cons is ted   o f   l a rge   f ront   end   loaders ,  a f l e e t 4 7 *  
of l a r g e   t r u c k s  and a b u l l d o z e r   a t - t h e  dump s i t e  
to   sp read   t he   de l ive red  volumes i n   2 . t o  2% f o o t  
l i f t s .  Grid  compactors were used  only  on  the 48" 
f ina l   g rade .   Adequate   dens i t ies  were obtained 
f o r   t h i s   c l a s s  of road  using  dry  rock  mater ia ls ,  
by the  normal  tracking  of  prime  movers on t h e  49* 
shaped embankment. Use of  compaction  equipment 
on t h e   f i n a l   g r a d e   s u r f a c e  was deployed  not  only 
t o   o b t a i n  a t i gh te r   su r f ace ,   bu t   equa l ly  impor- 
t a n t ,  t o  breakdown t h e   l a r g e   f r a c t i o n s  as de- 
l i v e r e d  from a q u a r r y   o p e r a t i o n   t o   f a c i l i t a t e  50" 
cons t ruc t ion   t ra f f ic   and   subsequent   g rave l   sur -  
f ac ing   ope ra t ions .  51 " 

A l l  Cont rac tors   chose   to  work the  year   round 
except   for   about  a two month break  between De- 
cember 15 and  mid-February. A s  would  be  ex- 52" 
pected,  performance  and  production was lower 
du r ing   t he   w in te r  months  due t o   l o s s  of e f f i -  53" 
ciency  of  labour  and  equipment.  However,  track- 
ing  and  forward  mobility  of  the  prime  movers w a s  
easier over  frozen  ground. 54" 

A s  mentioned  previously,  i n  t h e   i n t e r e s t  of 
least impact   ( tundra  dis turbance)   Contractors  55s 
were obl iged   to   bu i ld   f rom  bor row  source  t o  56" 
borrow  source  during summer months. Under win ter  
condi t ions  the  haul   f rom  borrow was halved,  57" 
s i n c e   t r a c k i n g  of the   excavat ion   and   haul   un i t s  
was pe rmi t t ed   t o  move ove r   t he   f rozen   t undra   t o  
t he   nex t   p i t   a f t e r   r each ing   t he   economica l   hau l  
point  between  sources.  Removal of waste ( s t r i p -  
ping) material was much easier i n   t h e i r   f r o z e n 5 8 *  
s ta te  due t o   t h e   h i g h   i c e   c o n t e n t   a n d   t h e r e f o r e  
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t h a w   u n s t a b l e   c o n d i t i o n s   o f   t h e s e   h o r i z o n s .  In  t h e  
a r e a s  of deep  overburden on b o r r o w   d e p o s i t s ,   t h e  
development of m a t e r i a l   s o u r c e s   t e n d e d   t o   b e  small 
i n  a r e a   b u t   r e l a t i v e l y   d e e p   w i t h   g e n e r a l l y   g r e a t e r  
spac ing  o f  a p p r o x i m a t e l y   s i x  miles be tween  sources .  
Such ope ra t ions   t ended   t o   be  much more s u i t a b l e  59* 
f o r   t r u c k   a n d   l o a d e r   o p e r a t i o n s .  In  the   mounta in  
a reas   where   overburden  w a s  s h a l l o w e r   a n d   d e p o s i t s  
were spaced   c lose r ,   mo to r   s c rape r s   p rov ided   an  60" 
a l t e r n a t e   a p p r o a c h   b u t  were no t   f r equen t ly   chosen  
by C o n t r a c t o r s .   I n s t a l l a t i o n  of d r a i n a g e   f a c i l i -  
t ies were a l s o   f o u n d   t o   b e   e a s i e r   i n   t h e   w i n t e r ,  
s ince   g round  seepage   and   sur face   waters   could   be  
" f rozen  o f f "  f r o m   t h e   i n s t a l l a t i o n   a r e a .   P r u -  
den r   Con t rac to r s   t ook   advan tage  of summer and 
w i n t e r   c o n s t r u c t i o n  by c a r e f u l   s c h e d u l i n g  of t h e i r  
o p e r a t i o n s .   S i n c e   f r e i g h t   a c c e s s   t o   t h e   p r o j e c t  
was o n l y   p o s s i b l e   d u r l n g   t h e   n a v i g a t i o n   s e a s o n   o f  
the   Mackenzie   River   ( June   to   September)   carefu l  62" 
a n a l y s i s  of types   and   numbers   o f   cons t ruc t ion  
equipment   required f o r  e f f i c i e n t   e x e c u t i o n  o f  t h e  
work  had t o   b e  made p r i o r   t o   i n i t i a l   m o b i l i z a t i o n .  

SURFACE TREATMENT 

The n e e d   t o   u s e   q u a r r i e d  materials w i t h i n   t h e  
embankment a n d   t h e   r e s u l t a n t   i n c r e a s e d   c o s t  of Z6* 
t h i s   s u b g r a d e  was s i g n i f i c a n t l y   o f f s e t  by t h e   r e -  
duced   t h i ckness   o f   g ranu la r   base   cour se   and   su r -  
f a c i n g   r e q u i r e m e n t s   ( i . e .  2 t o  3 i n c h e s  vs 1 0   t o  
1 2  i nches )  ( 5  up t o  25 cm) . With  only two g r a v e l  
s o u r c e s   a v a i l a b l e   w i t h i n   t h e  168 mile s t r e t c h   i n  
t h e   N o r t h w e s t   T e r r i t o r i e s ,   t h e   m a j o r i t y   o f   s u r f a c e  
ma te r i a l s   had   t o   be   manufac tu red  by quarry  and 
crushing  of   l imestone,   sandstone  and  dolomite  
l i m e s t o n e   d e p o s i t s .  

I n i t i a l  h i g h w a y   u s a g e   i n d i c a t e s   t h a t   s u r -  62" 
f a c i n g   r e q u i r e m e n t s  on the   p redominan t ly   sha l e  
bedrock material i s  more c r i t i c a l   f o r   t r a c t i o n  
t h a n   f o r   s t r u c t u r a l   r e q u i r e m e n t s .   R e l a t i v e l y  
l i g h t   a p p l i c a t i o n s  ( 2  t o  3 i n c h e s )  of g r a n u l a r  
s u r f a c i n g  was found  to   be   adequate .  

The n e a r  t o t a l  l a c k   o f   g r a n u l a r   d e p o s i r s   i n  
t h e   d e l t a   a r e a   h a s   n e c e s s i t a t e d   t h e   u s e   o f   q u a r -  
r i e d   l i m e s t o n e   f o r   t h e   p r o d u c t i o n   o f   s u r f a c i n g  64* 
m a t e r i a l s .   T h i s ,   t o g e t h e r   w i t h   p o o r l y   g r a d e d  
g r a n u l a r  materials i n  o t h e r s ,   h a s   f r e q u e n t l y  
r e q u i r e d   t h e   a d d i t i o n   o f   f i n e - g r a i n e d   m a t e r i a l s  
as a b i n d e r   i n   t h e   s u r f a c i n g   o p e r a t i o n .   M i x i n g  
of t h e   g r a n u l a r   s u r f a c i n g   w i t h   t h e   w e a t h e r   s u r -  
f a c e   o f   s h a l e   b e d r o c k  embankments has   been  a com- 
mon s o l u t i o n   t o   t h i s   p r o b l e m .  On t h e   a v e r a g e  a 
r a t i o  of t h r e e   p a r t s   " g r a v e l "   t o   o n e   p a r t  decom- 
posed   sha l e   p roduced   t he   bes t   r e su l t s .  65" 

Because o f  d i f f e r e n t i a l   s e t t l e m e n t   a n d  warp- 
ing   o f   mos t   s ec t ions   o f  embankment d u r i n g   t h e  
e a r l y   y e a r s ,   s u r f a c i n g  w a s  delayed by 2 t o  3 y e a r s  
t o   a l l ow  fo r   subs idence   and   warp ing  of t h e  embank- 
ment.:due t o   t h e r m a l   d e g r a d a t i o n .  

ROAD PERFORMANCE 

The d e g r e e  of embankment s e t t l e m e n t   a n d   d i s -  
t o r t i o n   v a r i e d   c o n s i d e r a b l y   o v e r   t h e   p r o j e c t  

l e n g t h   ( 1 0  cm t o  100 cm) .   Na tu ra l ly ,   where   t he  
i c e   c o n t e n t  w a s  h igh   w i th in   t he   t haw  zone ,   s e t -  
t l e m e n t   o f   t h e   f i l l  was g r e a t e s t   d u e   t o   c o n s o l i -  
da t ion   and   d i sp lacement   o f   such   ground  condi t ions .  
S e c t i o n s   b u i l t   d u r i n g   t h e   w i n t e r   d i s t o r t e d  more 
tlhan t h o s e   c o n s t r u c t e d   d u r i n g   t h e  summer s i n c e  
d i s p l a c e m e n t   o f   t h e   s o f t ,   s a t u r a t e d  i n s i t u  ground 
and   tundra  took p l a c e   d u r i n g   s p r e a d l n g  of t h e  
i n i t i a l  embankment l i f t .  

F i g u r e s  1 and l a  i l l u s t r a t e   t h e   d i s t o r t i o n  
v s .   t i m e   r e l a t i o n s h i p   f o r  a s e c t i o n   o f   t h e   h i g h -  
way c o n s t r u c t e d   p r i m a r i l y   d u r i n g   f r e e z i n g  con- 
d i t i o n s ,  The " r e a s o n a b l e   t r a v e l   s p e e d "   v a l u e s  
were  obtained by t r a v e l l i n g   o v e r   t h e  embankment 
w i t h  a p i c k u p   r r u c k   u n i t .   T h e   o c c u r r e n c e   o f  
t h e s e   v a l u e s  were c a l c u l a t e d   a s  a pe rcen tage  of 
t h e   s e c t i o n s   l e n g t h   ( f r e q u e n c y )   a 5  shown on 
F i g u r e  1. The a v e r a g e   t r a v e l   s p e e d  was c a l c u l a -  
ted   and  i s  a l s o  shown o n   t h i s   f i g u r e .  On F i g u r e  
l a  t h e   a v e r a g e   t r a v e l   s p e e d  was r e l a t e d  t o  t h e  
des ign   (ob jec t ive )   speed   and   p lo t t ed   ve r sus  time. 
The  highway  grade was repa i r ed   be tween   r ead ings  
d u r i n g   t h e   f a l l ,   t o   a n   o v e r a l l   a v e r a g e   s p e e d  
equa l   des ign   speed  (60 m.p.h.) .  The r e s u l t a n t  
p l o t  shows t h e   d e g r e e   o f   d i s t o r t i o n   i n   t h e   e a r l y  
l i f e  o f   t he  embankment, s u g g e s t s   t h a t   t h e r m a l  
d e g r a d a t i o n   r e d u c e s   w i t h   t i m e   a n d   t h a t  by y e a r  
f o u r   a f t e r   c o n s t r u c t i o n   t h e   t h e r m a l   r e g i m e   h a s  
r e a c h e d   e q u i l i b r i u m   f o r   p r a c t i c a l   p u r p o s e s .  The 
conditions/relationships p o r t r a y e d  on t h e s e  
f i g u r e s   ( 1   a n d   l a )  are t h o s e   o b t a i n e d  on a 30 
mile s e c t i o n   s o u t h  of t h e   I n u v i k   a i r p o r t ,   T h e  
p e r f o r m a n c e   o f   t h i s : s e c t i o n   i n  terms o f   d i s t o r -  
t i on   magn i tude  was t h e   p o o r e s t   e n c o u n t e r e d   i n  
the   170  miles c o n s t r u c t e d   i n   t h e   N o r t h w e s t  Ter- 
r i t o r i e s .  

The installation/performance o f   c u l v e r t s  
p re sen ted   un ique   p rob lems ,   r equ i r ing   " r eve r se"  
camber a t  times, s u b e x c a v a t i o n   a n d / o r   a r t i f i c i a l  
i n s u l a t i o n   i n  areas of p a r t i c u l a r l y   h i g h   i c e  con- 
tent  ground. 

RESEARCH  STARTED 

S e v e r a l   s e c t i o n s  of  the   h ighway  incorpora ted  
s t y r o f o a m   i n s u l a t i o n   i n  1972/73. Although  the  68* 
t h i c k n e s s  of i n s u l a t i o n   v a r i e d   b e t w e e n  3 and 4% 
inches  a l l  t r e a t e d   s e c t i o n s  were s u c c e s s f u l   f r o m  
a s u r f a c e   o b s e r v a t i o n   s t a n d p o i n t ,  i .e .  t h e  em- 69" 
b a n b e n t   d i d   n o t  se t t le .  T h e s e   s e c t i o n s  were 70" 
instrumented  and  have  been  monitored  cont inuously 
w i t h  a l l  d a t a   s u b m i t t e d  t o  t h e   N a t i o n a l   R e s e a r c h  
Counci l .  A d e t a i l e d   r e p o r t  w i l l  b e   p r e s e n t e d  by 
t h i s   a g e n c y   a t  some f u t u r e   d a t e .  71 * 

One s e c t i o n  was t r e a t e d   w i t h  foamed s u l p h u r  
(5 i n c h e s   t h i c k )   i n   1 9 7 4 .   T h i s   s e c t i o n  was equal-  
l y   s u c c e s s f u l   i n   p r e v e n t i n g   t h a w   b e l o w   t h e  em- 
bankment. 72", 73*, 74* 

2 Due t o  h i g h   c o s t   i m p l i c a t i o n s   ( $ 1 . 2 5 / f t .  ) 7 5 *  
and   cons ide r ing   t he   l ow  ca t egory   (g rave l   su r f ace )  
road  involved w e  have  adopted a p o s t u r e ,   r e g a r d -  
i n g   a r t i f i c i a l   i n s u l a t i o n ,   t h a t   r o a d s  a t  t h i s  
l a t i t u d e  would b e   c o n s t r u c t e d   i n i t i a l l y   w i t h o u t  
i n s u l a t i o n .  The  performance  would  then  be 
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monitored  and  the  highway  maintained  by  conven- 
t i o n a l  means, i .e .  i n s u l a t i o n  would be   used   on ly  
when it  was c l ea r   t ha t   no rma l   ma in tenance  was too  
c o s t l y   o r   i m p r a c t i c a l  f o r  o t h e r   r e a s o n s .  

1. 

2. 

3 .  

4 .  

5 .  

FURTHER  RESEARCH  NEEDS 

Obta in  more a c c u r a t e   c o s t s  of a r t i f i c i a l   i n -  
s u l a t i o n .  76* 

S t u d y   t h e   i m p l i c a t i o n s  and p rob lems   a s soc ia t ed  
wi th   l ong  term s e t t l e m e n t   r e s u l t i n g   f r o m   t h e r -  
mal degrada t ion .  

Determine  more  effective  and  economic  methods 
of c u l v e r t   d e - i c i n g   i n c l u d i n g   p o s s i b l e  means 
of avo id ing   i c ing   o f   cu lve r t s   and   ups t r eam 
g l a c i a t i o n .  

D e t e r m i n e   t h e   m o s t   e f f e c t i v e  means of c o n t r o l -  
l i n g   t h e r m a l   d e g r a d a t i o n   a t   t h e   t o e   o f  embank- 
ment .   For   example,   would  the  construct ion of 
berms  a long   the  roe b e   m o r e   e f f e c t i v e   t h a n   o u r  
p r e s e n t   a p p r o a c h ,   p r o v i d i n g   f l a t   s i d e s l o p e s .  

D e t e r m i n e   w h e t h e r   f l a t   s i d e s l o p e s   ( s a y  3 t o  I) 
o r  1% t o  1 s i d e s l o p e s   w i t h   b e r m s   a t   t h e   t o e   o f  
embankment are more e f f e c t i v e   i n   r e d u c i n g  
t h e r m a l   d e g r a d a t i o n  at t h i s   c r i t i c a l   p o i n t .  

3*, 4*,  5*, 6*, e tc .  denotes photo numbers. 
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EXPLOSIVE ENERGY COUPLING I N  I C E  AND FROZEN SOILS 

D. B. L a r s o n ,   U n i v e r s i t y   o f   C a l i f o r n i a ,  Lawrence  Livermore  Laboratory,  Livermore, 
C a l i f o r n i a  94550 

Smal l  sca le   h igh   exp los ive   exper iments ,   us ing   spher ica l   charges   as   energy  
sources,  have been conducted i n   i c e  and t h r e e   f r o z e n   s o i l s .   D a t a   o b t a i n e d   f r o m  
these  exper iments  have  prov ided  ev idence  for  a shock wave i n d u c e d   m e l t i n g   t r a n s i t i o n  
i n  i c e  and ice   sa tura ted   f rozen  so i l s .   Exp los ive   energy   coup l ing   parameters   have 
been der ived   f rom  these  da ta .   Compar ison  o f   these  coup l ing   parameters   w i th   those 
o f  w a t e r   s u g g e s t   t h a t   c o u p l i n g   i n   i c e   i s   l e s s   b e c a u s e   o f   d i s s i p a t i o n   o f   e n e r g y   i n  
t h e   m e l t i n g   t r a n s i t i o n .  An even larger decrease i n   c o u p l i n g   o b s e r v e d   i n   i c e  
s a t u r a t e d   s o i l s   i s   a t t r i b u t e d   t o   t h e   i n t r o d u c t i o n   o f   s o i l   i n t o   t h e   i c e   m a t r i x .  
T h i s   l e a d s   t o   l o w e r i n g  o f  t h e   t r a n s i t i o n   s t r e s s  due to   t he   p resence  o f  s t r e s s  
c o n c e n t r a t i o n   a t  s o i  1 g ra in   boundar ies .  However, t h e  tremendous  decoupl i n g  
observed for 50% i ce  s a t u r a t e d   s o i l   i s   a t t r i b u t e d   t o   t h e  weak i c e   m a t r i x   u n d e r g o i n g  
y i e l d i n g .   T h i s   p e r m i t s   p o r e   c o l l a p s e   e f f e c t s  t o  d o m i n a t e   o v e r   t r a n s i t i o n   e f f e c t s  
and  a l lows  decoupl ing t o  very  low  s t resses.  

COUPLAGE ~ N E R G ~ T I Q U E  C R E ~  PAR DES EXPLOSIONS, DANS LA GLACE ET LES GEL I SOLS 

On a 6 t u d i e   l e s   e f f e t s   d ' e x p l o s i o n s  de f a i b l e   e n v e r g u r e   s u r  de l a   g l a c e   e t   t r o i s  
g 6 l i s o l s ,   e t   p o u r   c e l a   o n  a u t i l i s 6  des   charges   spher iques   d 'un   exp los i f   pu issant  
comme source   d 'ene rg ie .  Les  donnges fourn ies   par   ces   expgr iences   on t   ind iqug 
l ' e x i s t e n c e  d'un 6 t a t   t r a n s i t i o n n e l  de f u s i o n   i n d u i t   p a r   l ' o n d e  de choc,  dans  la 
g l a c e ,   e t   l e s   g e l i s o l s   s a t u r e s   e n   g l a c e .  De ces  donnees,  on a derivP.  des  paramstres 
du  couplage  energgt ique  engendr6  par   l 'exp los ion.  La comparaison  des  param2tres  de 
couplage en quest ion  avec  ceux de l ' e a u  semble  indiquer  que l e   c o u p l a g e   e s t   p l u s  
f a i b l e  dans l a   g l a c e ,  en r a i s o n   d e   l a   d i s s i p a t i o n   d ' e n e r g i e   p e n d a n t   1 ' 6 t a t   t r a n s i -  
t i o n n e l  de f u s i o n .  Une reduc t ion   encore   p lus   g rande  du   coup lage a 6 t &  observge 
dans l e s   s o l s   s a t u r g s   e n   g l a c e ,  que l ' o n   a t t r i b u e  =1 l ' i n t r o d u c t i o n  de sol dans l a  
m a t r i c e  de g lace .  I1  s e   p r o d u i t  une d i m i n u t i o n   d e   l a   c o n t r a i n t e  de t r a n s i t i o n ,   d u  
f a i t  de l a   c o n c e n t r a t i o n  des c o n t r a i n t e s  aux su r faces  de s e p a r a t i o n   d e s   p a r t i c u l e s  
de s o l .  Cependant, l e  decoup lage  cons iderab le   observ6  dans  un sol sature   en   g lace  
21 50 % e s t  a t t r i b u g  2 l a   d g f o r m a t i o n  que s u b i t   l a   r n a t r i c e   d e   g l a c e   p e u   r g s i s t a n t e ,  
l o r s q u e   l a   l i m i t e   d ' 6 l a s t i c i t g   e s t  depassee.  Ceci   favor ise  le  tassement  des  pores 
aux  d6pens  de5 ph6nomSnes d e   t r a n s i t i o n ,   a i n s i  que l e  dgcouplage 2 des c o n t r a i n t e s  
t rGs basses. 
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EXPLOSIVE ENERGY COUPLING I N  I C E  AND FROZEN SOILS 

D. 6. Larson 

Lawrence  Livermore  Laboratory,   Earth  Sciences  Div is ion 
U n i v e r s i t y   o f   C a l i f o r n i a  

L i ve rmore ,   Ca l i f o rn ia  

INTRODUCTION 
The t h e o r y   o f   c o u p l i n g   o f   e x p l o s i v e   e n e r g y   i n  

f r o z e n   m a t e r i a l s   i s   v e r y  complex  and  involves 
ma jo r   non l i nea r   behav io r   o f   t he  medium, i n c l u d i n g  
mel t ing ,   po lymorph ism,   p las t i c   f low  and  c rush ing  
o f  pores. Some o r   a l l   o f   t h e s e  may be r a t e   s e n s i -  
t i ve   p rocesses .  A s i m p l i f i c a t i o n   o f  any t h e o r e t i -  
ca l   t rea tment   can  be made by d e t e r m i n i n g   t h e  
r e l a t i v e   i m p o r t a n c e   o f   t h e s e   n o n l i n e a r   p r o c e s s e s .  
Experiments, when proper ly   des igned,   can  prov ide 
t h e   d a t a   n e c e s s a r y   t o   e s t a b l i s h   t h i s   r e l a t i o n s h i p .  
The o b j e c t i v e s   o f   t h i s   p a p e r   a r e   t o   p r e s e n t   r e s u l t s  
f rom a se r ies   o f   sma l l   sca le   exper imen ts  on i c e  
and f r o z e n   s o i l s  and t o   r e l a t e   e x p l o s i v e   e n e r g y  
c o u p l i n g   d e r i v e d   f r o m   t h e s e   d a t a   t o   d i f f e r e n c e s   i n  
m a t e r i a l s   p r o p e r t i e s .  

EXPERIMENTAL  PROCEDURES 
The experimental  technique  chosen  employs a 

smal l   spher ical   charge o f   h i g h   e x p l o s i v e  (HE) 
embedded i n  a r e l a t i v e l y   l a r g e  sample o f   f r o z e n  
mater ia l   (see   F igure  1 ) .  Data  were  obtained  from 
gages p l a c e d   r a d i a l l y   f r o m   t h e   e n e r g y   s o u r c e .   I n  
t h i s  geometry ,   the  analys is  i s   s i m p l i f i e d   t o  one 
d imensional   spher ica l  wave propagat ion.  

sa tu ra ted  West Lebanon g l a c i a l  till (WLGT), i c e  
sa tu ra ted  WLGT and i c e   s a t u r a t e d  Ottawa  banding 
sand (OWS). The i c e  was p o l y c r y s t a l l i n e   a n d  was 
obtained  commercial ly.  The f r o z e n   s o i l s  were 
ob ta ined  f rom  the  U.S. A rmy  Cold  Regions  Research 
and Engineer ing  Laboratory  i n  Hanover, New  Hamp- 
sh i re .*   Table I provides  average  measured  bulk 
p roper t ies   fo r   these  four   samples .  
A s c h e m a t i c   r e p r e s e n t a t i o n   o f  a spher i ca l  HE 

experiment i s  shown i n   F i g u r e  1.  The f i n a l  assemb- 
l y  i s  approx imate ly  0.35 m on  each  side. A sphere 
o f  LX04 exp los i ve  embedded i n  two  hemispheres c u t  
f rom  the samples,  produces r a d i a l   d i v e r g e n t   f l o w  
which  causes  loading  and  un loading  o f  gage  elements 
p laced   rad ia l l y   f rom  the   ene rgy   sou rce .   H igh  
e x p l o s i v e   s p h e r e s   o f   t w o   d i f f e r e n t   r a d i i  were  used. 
One had a r a d i u s  o f  1.9 x 10m2m and t h e   o t h e r  a 
r a d i u s   o f  9.5 x lO'3m. 

*The f r o z e n   s o i l  samples  were  prepared  by  close 
p a c k i n g   s o i l   i n  a mold. The d e s i r e d  amount of 
water was then added  and the  samples  were  direc- 
t i o n a l l y   f r a t e n ,   b o t t o n   t o   t o p ,  so t h a t   g r a i n   t o  
g r a i n   c o n t a c t  was maintained. 

Four   f rozen  mater ia ls   were  s tud ied;   ice,  50% i c e  

F igu re  1. Schematic  of an HE experiment 
showing how the   b locks   a re  
assembled. The LX04 HE i s  
i n i t i a t e d   u s i n g  a m i l d  
de tonat ing   fuse  (MDF) w i t h  a 
de tona to r   i ns ide   t he   exp los i ve  
sphere. 

TABLE I .  The f r o z e n   m a t e r i a l s   a n d   t h e i r   d e n s i t y ,  
p o r o s i t y   a n d   l o n g i t u d i n a l  sound speed 

D e n s i t y  
L o n g i t u d i n a l  D r y  T o t a l  B u l k  
Sound  Speed P o r o s i t y   P o r o s i t y  

Frozen M a t e r i a l  

2.50 18 36 1.96 50% Ice Satd. 

3.36 0 0 0.9 Ice 

(Km/s ) ( X )  ( X )  ( l l g / m 3 )  

WLGT 

I c e   S a t d .  WLGT 2.08 36 5 

4.42 0 38 2.03 I c e   S a t d .  OWS 

3.47 

Two t y p e s   o f  gages  were  used t o   r e c o r d   t h e   f l o w .  
The p r i n c i p a l   d i a g n o s t i c  gage was a p a r t i c l e  
v e l o c i t y  gage t h a t   c o n s i s t s   o f  a t h i n  (2.5 x 10-5m) 
b r a s s   f o i l   w h i c h  moves p e r p e n d i c u l a r   t o   t h e  magnet- 
i c   f i e l d  produced  by a la rge   ex te rna l   e lec t romagnet  
(Larson,  1973,  1975). The  gage f o l l o w s   t h e   m o t i o n  
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o f   t h e   f r o z e n   m a t e r i a l  as l o a d i n g  and unloading 
occur. The p a r t i c l e   v e l o c i t y   h i s t o r y ,  U ( t ) ,   i s  
g i ven  by the   express ion  P 

where E ( t )   i s   t h e   r e c o r d e d   m o t i o n a l  emf, B i s   t h e  
magnetic f i e l d   s t r e n g t h  and 1. i s   t h e  gage  element 
length.  The second  gage was a s t r e s s  gage made 
o f   p i e z o r e s i s t i v e   y t t e r b i u m .   T h i s  gage was 
developed a t   S t a n f o r d  Research I n s t i t u t e  (Keough, 
1969, G insberg ,   1974)   and  the   re la t ionsh ip   o f  
p iezo res i s t i ve   response  t o  s t r e s s  was determined 
by Ginsberg  (1974)  and  Spataro  (1972).  The  act ive 
e l e m e n t   f o r   t h i s  gage i s  sandwiched i n  Kapton t o  
p r o t e c t   t h e   c h e m i c a l l y   r e a c t i v e   y t t e r b i u m .  These 
gages a r e   t y p i c a l l y  1,8 x l O V 4 m  t h i c k .  Gages were 
emplaced  by  mounting  them  on c a r e f u l l y  machined 
s u r f a c e s   o f   b l o c k s   o f   t h e   f r o z e n   m a t e r i a l   ( s e e  
Figure  1).  Water  absorbed i n  sheets of paper   o r  
water  a lone was used t o  fill a i r  gaps  and  bond t h e  
b l o c k s   t o g e t h e r   i n t o   t h e   f i n a l  assembly. 

t r a i l e r   m a i n t a i n e d  a t  -10°C. The f i n i s h e d  
assemblies  were  placed i n   p o l y s t y r e n e  boxes w i t h  
f rozen   ho ld ing   b locks   and   t hen   t ranspor ted   t o   t he  
bunker  where  the  experiment was performed. All 
experiments  were  conducted a t   - 9  f 1°C. 

The exper iments  were  fabr icated i n  a r e f r i g e r a t e d  

RESULTS 

Four HE experiments  were  conducted i n   p o l y c r y s -  
t a l l i n e   i c e ,  two i n   i c e   s a t u r a t e d  Ottawa  banding 
sand,  two i n   i c e   s a t u r a t e d  West Lebanon g l a c i a l  
till and  three i n  50% i c e   s a t u r a t e d  West Lebanon 
g l a c i a l  till. 

Wave p r o f i l e s   f o r  two o f  the  exper iments i n  
p o l y c r y s t a l l i n e   i c e   a r e  shown i n   F i g u r e  2. The 
d a t a   i n   t h e   u p p e r   p a r t   o f   t h e   f i g u r e  show t h e  
development o f  a precursor  wave. The average wave 
v e l o c i t y   f o r   t h i s   f i r s t  wave was 3.88 f .1 Km/s 
which i s   w e l l  above t h e  measured l o n g i t u d i n a l  
sound  speed o f  3.36 Km/s, i n d i c a t i n g   t h a t   t h e   p r e -  
c u r s o r   i s   n o t  an e l a s t i c  wave. The a m p l i t u d e   o f  

Precursor 
0.2 

"0 10 20 30 40 50 60 70 80 

t ( u s )  

F igu re  2. P a r t i c l e   v e l o c i t y  wave forms 
f o r  two  experiments i n   p o l y -  
c r y s t a l l i n e   i c e .  

t h e  wave i s  approx imate ly  .05 Km/s which  corres-  
ponds t o  a s t r e s s   o f   a p p r o x i m a t e l y  .18 GPa. These 
obse rva t i ons   and   s im i la r   obse rva t i ons   i n   un iax ia l  
s t ra in   exper imen ts   us ing  a gas  gun  (Larson,  1973) 
have l e d   t o   t h e   c o n c l u s i o n   t h a t   t h e   p r e c u r s o r  
a r i ses   as  a r e s u l t   o f   t h e   I c e  I m e l t i n g   t r a n s f o r -  
mat ion,   F igure 3 i l l u s t r a t e s   t h e   e f f e c t .  The 
h i g h e r   s t r e s s   i n   t h e  dynamic  case i s  probably  
r e l a t e d   t o   t r a n s f o r m a t i o n   k i n e t i c s .  The v a l i d i t y  
o f   i n t e r p r e t i n g   t h e   p r e c u r s o r  wave as a r i s i n g  
f r o m   t h e   m e l t i n g   t r a n s i t i o n   i s   f u r t h e r   r e i n f o r c e d  
by  examination o f   t h e  wave t h a t   f o l l o w s   t h e   p r e -  
cu rso r .   Th i s  wave i s   h i g h l y   d i s p e r s i v e   ( i + e . ,  
the  average wave ve loc i ty   decreases ,   rap id ly   as  
t h e  wave propagates)  suggesting a r e l a x a t i o n   w i t h  
t i m e   t o  a h i g h e r   d e n s i t y   s t a t e   ( s e e   F i g u r e  3 ) .  
Because o f   t h e   s i z e   o f   t h i s   d e n s i t y  change  (a  few 
p e r c e n t ) $   t h e   o n l y   p l a u s i b l e   e x p l a n a t i o n   f o r   t h i s  
behavior  i s   t h e   m e l t i n g  phase t r a n s i t i o n .  

Pressur! 
and 
s t r e s s  

Shock wave load ing   pa th  

\ 
/- (10.C Isotherr  

t e  r 

Mi xed phase 

Densi ty  change 

F igu re  3. A rep resen ta t i on  o f  I c e  I 
mel t ing  under   both  isothermal  
and  shock wave load ing  
cond i t i ons .  Under isothermal  
compression,  melt ing  occurs  at  
0.1 GPa and  -10" C and t h e  
change i n   d e n s i t y   i s   a p p r o x -  
ima te l y  10%. I n  HE and 
gas-gun  experiments  the  onset 
o f   t h e   t r a n s i t i o n   i s   o b s e r v -  
ed a t  0.18 GPa and may r e s u l t  
i n  a mixed  phase f i n a l   s t a t e .  

Wave p r o f i l e s   f o r   i c e   s a t u r a t e d  WLGT and 50% i c e  
sa tu ra ted  WLGT a r e  shown i n   F i g u r e s  4 and 5. 
I n   b o t h   o f   t h e s e   m a t e r i a l s   t h e   f r o n t  o f  t h e  wave 
( i . e . ,   t h e   p r e c u r s o r )   i s   h i g h l y   d i s p e r s i v e .  The 
r a m p l i k e   n a t u r e   o f   t h i s   p r e c u r s o r   s u g g e s t s   t h a t  
t h e   m e l t i n g   t r a n s i t i o n   o c c u r s   a t   v e r y   l o w   a v e r a g e  
s t r e s s   i n   f r o z e n   s o i l s .   T h i s   c o u l d   w e l l  be  caused 
by " h o t   s p o t s "   o r   s t r e s s   c o n c e n t r a t i o n   o c c u r r i n g  
a t   g r a i n   b o u n d a r i e s .   I n   i c e   s a t u r a t e d  WLGT t h e  
a v e r a g e   p r e c u r s o r   v e l o c i t y  4.11 2 .15 Km/s, which 
i s  much f a s t e r   t h a n   t h e   l o n g i t u d i n a l  sound  speed 
o f  3.47 Km/s i n d i c a t e s   t h a t   t h e   p r e c u r s o r   i s   n o t  
an e l a s t i c  wave. I n   i c e   s a t u r a t e d  OWS, which gave 
r e c o r d s   v e r y   s i m i l a r   t o   t h o s e  shown i n   F i g u r e  4, 
the   average  p recursor  wave v e l o c i t y  was 4.29 * 
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.1 Km/s. T h i s   i s   s l i g h t l y   l e s s   t h a n   t h e  measured 
l o n g i t u d i n a l  sound  speed o f  4.42 Km/s. Therefore, 
based  on v e l o c i t i e s ,   t h i s  wave cou ld  be e i t h e r   t h e  
r e s u l t   o f   t h e   m e l t i n g   t r a n s i t i o n   o r   a n   " e l a s t i c "  
wave r e s u l t i n g   f r o m   y i e l d i n g .  However, i t  i s  
p robab ly   assoc ia ted   w i th   me l t i ng   because   o f   t he  
s i m i l a r i t y  o f  t h e   t w o   i c e   s a t u r a t e d   s o i l s .  
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F igu re  4. 
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P a r t i c l e   v e l o c i t y  wave h i s t o r i e s  
as recorded i n  two  experiments 
i n   f r o z e n   w a t e r   s a t u r a t e d  
West Lebanon g l a c i a l  fill. 

40 80 120 160 200 

F igu re  5 .  P a r t l ' c l e   v e l o c i t y  and s t r e s s  
wave forms f o r  50% sa tu ra ted  
f rozen  West Lebanon g l a c i a l  
till. 

Measured precursor  wave v e l o c i t i e s   i n  50% i c e  
sa tu ra ted  WLGT were h i g h l y   v a r i a b l e  because it was 
d i f f i c u l t   t o  determine f i r s t   a r r i v a l s   f r o m   t h e  
records.  However, t h e s e   v e l o c i t i e s   a r e  much c l o s e r  
t o  2.5 Km/s ( l o n g i t u d i n a l  sound  speed)  than t o   t h e  
-4 Km/s o b s e r v e d   f o r   t h e   t r a n s i t i o n   v e l o c i t y   i n   t h e  
o the r   f rozen   ma te r ia l s .   Th i s   obse rva t i on   sugges ts  
t h a t   e i t h e r   t h e   m e l t i n g   t r a n s i t i o n   i s   o c c u r i n g   a t  
l o w   s t r e s s e s   c a u s i n g   c o l l a p s e   o f   t h e   i c e   m a t r i x   o r  
t h a t   c o l l a p s e  o f  t h e   i c e   m a t r i x   i s  caused  by 

dynamic y i e l d i n g .   I n   e i t h e r  case,  pore  col lapse 
i s   t h e  dominant  mechanism i n   t h i s   h i g h l y   p o r o u s  
m a t e r i a l ,  

The p a r t i c l e   v e l o c i t y   t i m e   h i s t o r i e s   f o r   i c e ,  
i c e   s a t u r a t e d  WLGT and 50% i c e   s a t u r a t e d  WLGT a t  a 
r a d i u s   o f   a p p r o x i m a t e l y  135 mm were  converted  to 
rad ia l   d isp lacements ,  0, b y   i n t e g r a t i o n   o f   t h e  
p a r t i c l e   v e l o c i t y  gage records.  The r e s u l t s   a r e  
shown i n   F i g u r e  6 and 7. These da ta   a long   w i th  
peak p a r t i c l e   v e l o c i t y ,  Upm, as a f u n c t i o n  o f  
rad ius ,  as shown in F igu re  8, will be  used t o  
compare exp los i ve   coup l i ng   e f f i c i ency .  

0 20 40 60 80 100 

T (us) 

F igu re  6. Disp lacement   versus  t ime  for  
i c e  and i c e   s a t u r a t e d  WLGT a t  
a r a d i u s   o f   a p p r o x i m a t e l y  
135 mm. 
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F igu re  7. Displacement  versus  t ime  for  
50% i c e   s a t u r a t e d  WLGT. 
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- -  c; T CT’ 

Y ( T )  = rc e U (T’) e  dT’ (6) Jo P 

The results of integration of equation (6) using 
measured particle velocity time histories are 
shown in Figure 9. If these materials were elas- 
tic, their potentials would represent source 
functions for elastic wave propagation. Unfortu- 
nately, these materials are not elastic over the 
range o f  observations; therefore, their potentials 
give only relative behavior at the radius o f  the 
calculations. 

r/rO 

Figure 8. A comparison of peak particle 
velocity decay in frozen 
materials.  r  is  the  radial 
distance to the gage and  ro 
is the radius of the  high 
explosive sphere. 

DISCUSSION 
Relative coupling efficiencies for spherical wave 

propagation may be compared using  a scalar source 
function such as the reduced velocity potential 
$(r,t). This potential  is  a solution to  a scalar 
wave equation (Blake, 1952). 

In an elastic medium c is the sound speed defined 
by c = [ ( h + Z ! ~ ) / p ] ~ ’ ~  where h and u are  the Lam6 
constants and p is the density. 
The aotential in eauation ( 2 )  can  be written as a 

function 

where 

and  a  is 
potentia 
componen 
equation 

1 
t 

T = t -  (r-a) 

V ( T )  can then  be related to the radial 
the radius f o r  elastic behavior. The 

o f  particle velocity by the f o  

-u =LL(y( . r ) )  
P ar ar r 

At  a constant r, equation (4) can be  wri 

+ + y ( r )  = rc u (T) P 
which has the solution 

1 owing 

ten  as 

( 5 )  
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Figure 9. Derived  reduced  velocity 
potentials for the frozen 
materials at a radius o f  
approximately 135 mm. 

A second  method of comparing coupling efficiency 
involves the use of the displacement data given in 
Figures 6 and 7. These data are the basis o f  a 
comparison of the kinetic energy at a fixed  radius. 
This measure of kinetic energy was obtained by 
taking the ratio of displacement and a character- 
istic time for the displacement to occur. Since 
the displacement data shown in Figures 6 and 7 
approach asymptotes as T approaches m, some 
fraction of total displacement must be chosen in 
order t o  define a finite characteristic time, 
Therefore, the Characteristic time, T,,, for each 
material was selected as the time for‘90% of full 
displacement, 0, ? These results for the frozen 
materials are  tahlated in Table 11. Table I1 
also contains results for water which will  be  used 
later in this section in making comparisons. 

A third method of comparing coupling behavior 
makes use of peak particle velocity attenuation 
data shown in Figure 8. A straight line can be 
fit to these data and leads to the relationship 

* Full displacement is the asymptotic value calcu- 
lated from an exponential fit to the unloading 
part o f  a particle velocity time history. Asymp- 
totic values for the frozen materials are given in 
Figures 6 and 7. The value o f  90% i s  not a 
completely arbitrary choice, but was based  upon a 
study of 15 geologic materials o f  which the frozen 
materials are a subset. These results will  be 
published  later. 



TABLE 11. A comparison c If coup1 i n g  parameters 

( r / r o ) - s   ( 7 )  

where Upm i s   t h e  peak p a r t i c l e   v e l o c i t y ,  r i s   t h e  
i n i t i a l   r a d i a l   d i s t a n c e   t o   t h e  gage, r i s   t h e  
r a d i u s  of the   h igh   exp los ive   sphere  an! s i s   t h e  
n e g a t i v e   o f   t h e   s l o p e   o f   t h e   l i n e .   F o r   r e f e r e n c e ,  
a p e r f e c t l y   e l a s t i c   m a t e r i a l   i n   t h e   f a r   f i e l d   ( i . e .  
r >> ro) would  have a v a l u e   o f  s equal t o  1. 
Table I1  g i v e s   v a l u e s   o f  s measured  from  Figure 8 
as we l l   as   t he   va lue   f o r   wa te r .  The usefulness  of  
s as a measure o f   c o u p l i n g   i s  shown i n   F i g u r e  10 
where the  energy  g iven  by [D, /T,]? i s   p l o t t e d  
aga ins t  s .  The l i n e a r i t y  r'n OthTs s e m i l o g   p l o t  
shows t h a t  peak p a r t i c l e   v e l o c i t y  decay r a t e s   a r e  a 
good i n d i c a t i o n   o f   r e l a t i v e   c o u p l i n g   e f f i c i e n c y  
w i th   coup l i ng   dec reas ing  as t h e   a t t e n u a t i o n   r a t e  
or s increases. I f  t h i s   r e l a t i o n s h i p   i s   t r u e   i n  
general,  it would  be  very  useful  because  most 
o b s e r v a t i o n s ,   e s p e c i a l l y   i n   t h e   f i e l d ,   a r e   o f  peak 
values o f   p a r t i c l e   v e l o c i t y   o r   s t r e s s .  

One o f  t h e   s t a t e d   o b j e c t i v e s   o f   t h i s   p a p e r   i s   t o  
r e l a t e   d e r i v e d   e x p l o s i v e   e n e r g y   c o u p l i n g   t o   d i f f e r -  
ences i n   m a t e r i a l   p r o p e r t i e s ,  The ma te r ia l   p roper -  
t i e s   u n i q u e   t o   f r o z e n   m a t e r i a l s   a r e   t h e   I c e  I t o  
wa te r   me l t i ng   t rans fo rma t ion ,   t he   ve ry   l ow  (.005 
GPa) ice  matr ix  strength  (Chamberlain,   1967)  and 
t h e   i n t e r a c t i o n  be tween   i ce ,   so i l   and   d ry   po ros i t y .  
The i n f l u e n c e   o f   t h e   m e l t i n g   t r a n s f o r m a t i o n  upon 
c o u p l i n g   i s   b e s t  examined  by  comparing  the  frozen 
mater ia ls  wi th  water.   Comparisons made i n  Table I1 
a n d   F i g u r e   1 0   c l e a r l y   i n d i c a t e   t h a t   t h e   t r a n s i t i o n  
has a s i zab le   e f fec t .  However, t h e   d i f f e r e n c e  
between  water  and i c e   ( n e a r l y  a f a c t o r  of two i n  
k i n e t i c   e n e r g y )   i s   f a r   l e s s   t h a n   t h e   d i f f e r e n c e  
be tween  water   and  the   o ther   f rozen  mater ia ls .  The 
presence o f   s o i l   i n   i c e   s a t u r a t e d  OW5 and i c e  
sa tu ra ted  WLGT apparent ly  causes a s i g n i f i c a n t  
r e d u c t i o n   i n   t h e   s t r e s s  needed t o   i n i t i a t e  
m e l t i n g  and  apparent ly  causes  enhanced  dissipat ion 
o f  energy  due t o   h y s t e r e s i s   a s s o c i a t e d   w i t h   t h e  
i r r e v e r s i b i l i t y   o f   t h e   m e l t i n g   t r a n s f o r m a t i o n ,  The 
small  amount o f  d r y   p o r o s i t y   p r e s e n t   i n   i c e  
sa tu ra ted  WLGT c l o u d s   t h i s   p i c t u r e   b u t   t h e   l i m i t e d  
data on i c e   s a t u r a t e d  OWS, which has  no dry   poros-  
ity, a g r e e s   w e l l   w i t h   t h e   i c e   s a t u r a t e d  WLGT data. 
Th is   obse rva t i on   t ends   t o   subs tan t i a te   t he   v iew  
t h a t   t h e   t r a n s i t i o n  and n o t   d r y   p o r o s i t y   i s  
dominant i n  these two m a t e r i a l s .  

The b e h a v i o r   o f  50% sa tu ra ted  WLGT, however, i s  
q u i t e   d i f f e r e n t   s u g g e s t i n g   t h a t   p o r o s i t y   r a t h e r  
t h a n   t h e   m e l t i n g   t r a n s i t i o n   i s   t h e   d o m i n a n t   p r o p e r -  
ty  in   de te rm in ing   exp los i ve   ene rgy   coup l i ng .  
Frozen  mater ia ls   a re   apparent ly   very  weak under 
dynamic  loading. Thus, y i e l d i n g   o c c u r s   a t   v e r y   l o w  
s t r e s s  and s ince   the   vo lume  o f   d ry   pores  i s  much 
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A comparison o f  de r i ved   coup l i ng  
parameters  from  Table I 1  for 
water   and  the  f rozen  mater ia ls .  

greater  than  any  volume change a s s o c i a t e d   w i t h   t h e  
t r a n s i t i o n ,   t h i s   a l l o w s   p o r e   c o l l a p s e   t o   d o m i n a t e  
any   e f fec ts   assoc ia ted  with t h e   t r a n s i t i o n ,  The 
wave produced  (see  Figure 5 )  i s   e x t r e m e l y   d i s p e r -  
s i v e  and  leads  to   severe  spreading  o f   the  poten-  
t i a l  as shown i n   F i g u r e  9. T h i s   l e a d s   t o   c o u p l i n g  
which i s  more  than  an  order o f  magnitude  less  than 
observed i n   i c e   s a t u r a t e d  WLGT as  measured  by 
k ine t i c   ene rgy .   Th i s   coup l i ng   behav io r  i s  t h a t  
one  might  expect  f rom a p i l e   o f  sand. 

CONCLUSIONS 

1. A un ique   se t   o f   expe r imen ta l l y   de te rm ined  
p a r t i c l e   v e l o c i t y  and  s t ress- t ime  h is to ry   da ta ,  
us ing  a spher ica l   h igh   exp los ive   charge as an 
energy  source, i s  a v a i l a b l e  for use i n   t e s t i n g  
t h e o r e t i c a l   m o d e l s   o f   f r o z e n   m a t e r i a l s .  

2. Evidence i s   p r o v i d e d   f o r  a shock wave induced 
m e l t i n g   t r a n s i t i o n   i n   i c e  and i c e   s a t u r a t e d  
f r o z e n   s o i l s .  
3. A comparison o f   t h e   e x p l o s i v e   c o u p l i n g   p a r a -  
meters shown i n  Table I 1  and  Figure  10  suggest 
t h a t   t h e   m e l t i n g   t r a n s i t i o n   i n   i c e   d i s s i p a t e s  
k inet ic  energy  and  causes a s i g n i f i c a n t   i n c r e a s e  
i n   t h e   a t t e n u a t i o n   o f  peak p a r t i c l e   v e l o c i t y   w i t h  
d i s t a n c e   r e l a t i v e   t o   w a t e r .  Comparison o f  coup- 
l i n g  parameters i n  Table I 1  and  Figures 9 and  10 
show t h a t   i n t r o d u c t i o n   o f   s o i l   i n t o   t h e   i c e  
m a t r i x  causes a s i g n i f i c a n t   i n c r e a s e   i n   a t t e n u a -  
t i o n   r a t e s  and a d e f i n i t e   b r o a d e n i n g   o f   t h e  
v e l o c i t y   p o t e n t i a l   s p e c t r u m .   T h i s   e f f e c t   i s  
assoc ia ted   w i th  a l o w e r i n g   o f   t h e   t r a n s i t i o n  
pressure due t o   t h e   p r e s e n c e   o f   s t r e s s   c o n c e n t r a -  
t i o n   a t   g r a i n   b o u n d a r i e s ,  The increased  energy 
d i s s i p a t i o n   i s   t h o u g h t   t o  be assoc ia ted   w i th  
h y s t e r e s i s   i n   t h e   t r a n s i t i o n  due to   t he   p resence  
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o f   t h e   s o i l .  The tremendous  decoupl  ing  observed 
for 50% i c e   s a t u r a t e d  WLGT i s  p r o b a b l y   t h e   r e s u l t  
o f  t h e  weak i c e   m a t r i x   u n d e r g o i n g   y i e l d i n g  and 
a l l o w i n g   p o r e   c o l l a p s e   a t   v e r y   l o w   s t r e s s .  
Apparen t l y   t h i s   behav io r   l ed   t o   a lmos t   comp le te  
d o m i n a t i o n   o f   p o r o s i t y   e f f e c t s   o v e r   t r a n s i t i o n  
e f f e c t s .  
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T u n n e l s   a n d   s h a f t s   i n   p e r m a f r o s t   e n c o u n t e r   s p e c i a l   p o r t a l   p r o b l e m s   b e c a u s e   o f  
i n s t a b i l i t y  of s u r f a c e  materials during  thaw,   tendency f o r  i ce  f o r m a t i o n   w i t h i n  
the   tunnel   f rom  annual   thaw  zone   seepage ,   and   necess i ty  f o r  c o n t r o l   o f  a i r  
t e m p e r a t u r e s   w i t h i n   t h e   t u n n e l   d u r i n g  summer. In  c o n s t r u c t i n g  a t u n n e l   i n  
permafros t  a t  F'ox, Alaska, these   p roblems were s u c c e s s f u l l y   s o l v e d .  The 
uns t ab le   g round   s lope  a t  t h e   t u n n e l   e n t r a n c e  was s t a b i l i z e d  by u s e  of a b l a n k e t  
of c l e a n   n a t u r a l   g r a v e l .   R e f r i g e r a n t   p i p e s  imbedded i n   t h e   b a c k f i l l   a b o v e   t h e  
p o r t a l s  were used   w i th  a m e c h a n i c a l   r e f r i g e r a t i o n   s y s t e m   t o   i n s u r e  a f r o z e n  
zone   a round   t he   t unne l   where   s eepage   wou ld   o the rwise   en te r   i n  summer. An 
i n s u l a t e d   b u l k h e a d   c o n t a i n i n g  doors  p e r m i t t e d   e x c l u s i o n   o f  warm summer a i r .  
E n t r a n c e   t o  a v e r t i c a l   s h a f t   c o n n e c t i n g   t o   t h e  rear of t h e   t u n n e l  w a s  k e p t  
s h a d e d   i n   o r d e r   t o   m i n i m i z e   s e e p a g e   e n t r a n c e   i n  summer. 

,EXPERIENCES RELATIVES AUX ENTREES DE TUNNELS CREUSEES DANS LE PERGGLISOT, 
Les e n t r g e s   d e   t u n n e l s  e t  g a l e r i e s   c r e u s g s  dans l e  p e r g g l i s o l   p r z s e n t e n t   d e s  
p r o b l g m e s   p a r t i c u l i e r s ,   p a r c e   q u e  les m a t g r i a u x   d e   s u r f a c e   d e v i e n n e n t   i n s t a b l e s  
pendant l e  dggel, que les  i n f i l t r a t i o n s   d ' e a u   d a n s  l es  t u n n e l s  2 p a r t i r   d e  l a  
zone   de   dgge l   annue l   t enden t  2 former   de  l a  g l a c e ,  e t  q u ' i l  es t  n 6 c e s s a i r e   d e  
c o n t r 6 l e r  l a  temp6ra ture  de l ' a i r  d a n s  l e s  tunne l s   pendan t  1'6tG. On a pu 
r g s o u d r e  ces problsmes l o r s  d e  l a  c o n s t r u c t i o n   d ' u n   t u n n e l   d a n s  l e  p e r g g l i s o l  2 
Fox e n  Alaska. On a s t a b i l i s 6  l a  p e n t e  2 l ' e n t r g e   d u   t u n n e l   e n   u t i l i s a n t   u n e  
c o u v e r t u r e   d e   g r a v i e r s   n a t u r e l s   p r o p r e s .  On a e n f o u i   d e s   c o n d u i t e s   r g f r i g 6 r a n t e s  
dans  l e  r e m b l a i   a u - d e s s u s   d e   l ' e n t r g e ,  e t  u t i l i s 6  un systsme de r g f r i g g r a t i o n  
mgcanique  permettant  de  main ten i r   ge lge   une   zone   en tou ran t  l e  t u n n e l ,  0; d e s  
i n f i l t r a t i o n s   p o u r r a i e n t  se p r o d u i r e   e n  gt.5. Une c l o i s o n   i s o l a n t e   G t a n c h e  
Gqu ipee   de   po r t e s  servai t  2 empgcher l ' e n t r G e   d ' a i r   c h a u d  en 6 t 6 .   D ' a u t r e   p a r t ,  
on a p r o t g g g   d u   s o l e i 1   l ' e n t r g e   d ' u n e   g a l e r i e  verticale c o m u n i q u a n t  avec 
l ' e x t r G m i t 6   d u   t u n n e l ,   a f i n   d e   r g d u i r e  les i n f i l t r a t i o n s   e n  G t G .  

OrIIblT CTPOWTEJIbCTBA TYHHEJIbHbIX BXODOB B MEP3JI6IX FPYBTAX 



814 

SOME EXPERIENCES WITH TUN'NIk ENTRANCES IN PERMRFROST 

K.A. LineI.1' and E.F. Lobacz 2 
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INTRODUCTION 

When a tunnel is driven into perma- 
frost, a number of problems may  be encoun- 
tered in the entrance zone (Fig 1). Not 
all tunnels will encounter all these pro- 
blems. If, for example, the tunnel is 
driven into material such as sound rock 
whlch will retain its stabllity upon 
thawing, it may  be feasible to allow natu- 
ral thermal adjustment to occur with little 
or no special entrance zone construction 
required. However, where natural condi- 
tions are adverse, proper design and  con- 
struction are essential for safe  and effec- 
tive entrances. 

BACKGROUND 

During the period 1955-66, the U.S. 
Army constructed four research tunnels: 
two in ice and one in frozen moraine in the 
marginal area of the Greenland Tee  Cap near 
Thule (Abel 1960, 1961, Rausch 1958, Swin- 
zow 1963), and one in frozen silt at Fox, 
Alaska, near Fairbanks (Sellmann 1967, 
Swinzow 1970). Problems encountered in 
the tunnels in Greenland gave valuable in- 
sight into the k i n d s  of problems which 
might be encountered in the subsequent con- 
struction at Fox. 

The first of the Greenland Ice tunnels 
was drilled into the lower part of an ice 
cliff approxlmately 28 m high with a slope 
slightly under 100% (Abel 1961). In 1956 
melt water from the Ice cap channeled be- 
neath a substantial thickness of snow 
covering the cliff face and discharged at 
the tunnel entrance. Snow slides blocked 
the flow and backed  up water into the 
tunnel, and on one occasion water depth in 
the tunnel reached 1.2 m. Before the 
portal could be cleared, approximately 
0 . 3  m of new ice was formed on the floor 
for a distance of 7 6  m back from the en- 
trance. The snow slides and melt water 
discharge were personnel hazards and  pre- 
sented time-consuming maintenance problems 
(Rausch 1958). 

The second ice tunnel entered the 
glacial ice through a relatively shallow 
cover of coarse cobbly and bouldery moraine 
material which carried substantial seepage 

Depth of Summer Thow 

A Surface disturbances may  initiate  permafrost degradation 

B Uncontrolled drainage down the slope may cause erosion. icing and 
accelerated degradation. 

C Slope creep or creep closure of tunnel may decrease height of tunnel 
and/or damage portal  structure. 

D Falling slope materials may be a hazard to personnel. 
Slides or sloughing may  block  entrance. 

E Thaw-weakened  roof  materials rnay fall unless supported. 

F Air  temperature  in  tunnel may have to be controlled below freezing. 

G Uncontrolled surface drainage may  flow  into  tunnel. 

H Portal structure may cause locally increased depth of thaw. 

I Seepage entering from annual thaw  zone  may  form hanging roof ice 
masses and water rnay collect and freeze on  floor  of tunnel. 

FIG. 1. Potential problems at tunnel en- 
trances in permafrost. 

from melting snow and ice during the 
summer. This seepage entered the tunnel 
through the roof immediately behind the 
portal and caused ice buildup-in the 
tunnel. Because of rapid tunnel closure 
despite the -9*4 to - 4 . 0 ° C  ice tempera- 
tures, the floor of the tunnel just behind 
the portal was lowered to provide adequate 
headroom for vehicles and equipment; 
workers on foot then had to negotlate a 
mixture of water and newly formed ice in 
the resulting trough in summer. 

The Greenland permarrost tunnel was 
excavated in heavy bouldery till which was 
undersaturated with ice below the upper- 
most  part  of the permafrost layer (Swin- 
zow 1963). The tunnel entrance faced 
northward on moderately sloping ground. 
No tunnel closure was observed, and summer 
thaw problems were generally negligible; 
however, some ice accumulation from summer 
seepage did occur in the tunnel immediately 
behind the entrance. 
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FIG. 2. Tunnel section, Fox, Alaska. 

Only  very rudimentary portal facll- 
ities were constructed at these three 
Greenland tunnels, primarily consisting of 
security doors. The very low temperatures 
were a major factor contrlbuting to rela- 
tively stable conditions. 

DESIGN AND CONSTRUCTION OF POX 
TUNNEL ENTRANCES 

General 

The 110-m-long CRREL tunnel at Fox, 
Alaska, was constructed primarily with an 
Alkirk continuous mechanical mining system 
(McCoy 1964, Swinzow 1970). Other methods 
were used on a supplementary basis to ob- 
tain comparatlve data. A vertical venti- 
lation shaft 15.2 m deep and 1.2 m in dia- 
meter was augered down to the back end of 
the tunnel with a Williams auger in Decem- 
ber 1 9 6 5 .  This also provided an emergency 
exit in case the portal exit could not  be 
used for some reason. The augering was 
done when the terrain was frozen and snow- 
covered to avoid OF minimize damage to the 
dense covep of low vegetation. The tunnel 
construction extended over the winters of 
1963-64,  1964-65 and 1965-66. Later the 
Bureau of M h e s  extended a winze down into 
underlying gold-bearing gravels in a re- 
search study of alternative mining techni- 
ques. A simpliried cross section of the 
tunnel proper and ventilation shaft is 
shown in Figure 2. 

The tunnel was excavated into a steep 
silt escarpment formed by placer mining 
operatlons. The geology of the area has 
been described by Sellmann (1967). The 
original escarpment had probably been 
essentially vertical, produced by use of 
hydraulic sluiclng to remove the 12 to 15 m 
of s i l t  before mining the underlying gravel. 
by dredge. However, in the probably more 
than 10 years since mining had ceased, the 
slope had slumped and weathered back to an 
average slope of about 31 1/2O, but with 
local variations. A growth of brush and 

small trees had developed. Reconnaissance 
along the esca.rpment  showed that the slope 
was still unstable, e.g. trees showed the 
bent trunks typical of downslope movement 
during growth, and there were recent slides 
in whlch vegetation and thawed s o i l  had 
moved down bodily. Before any slope pro- 
tection measures were applied, transverse 
tension cracks 0 . 3  to 0.45 m wide and 0.15 
to 0.60 m deep were observed on the slope 
above the tunnel alignment. 

The sllt deposit is generally ML, Vr 
and Vs under the Wnlfied S o l 1  Classifica- 
tion System (Line11 and Kaplar 1963) and 
has a variable but slgnificant organic 
content. Methane pockets may be encoun- 
tered. The soil has a very high ice con- 
tent at all levels except In the annual 
thaw layer. Sellmann (1967) reported that 
the dry unit weight of the silt varied 
from 0.53 to 1.39 Mg/m3, with moisture con- 
tents o f  3 2  to 138% on samples f rom the 
vertical ventilation shaft, but these 
values did not take into account the mas- 
sive ice wedges present. Because of the 
high ice content, consequences of perma- 
frost degradation are potentially very 
serlous. 

Mean annual soil temperature within 
the silt at depths under the natural ter- 
rain is approximately -0.5"C. Thus, only 
a slight change in the surface thermal 
conditions is needed to lnitiate perma- 
frost degradation. Ip fact, one deep 
water-filled thaw pit already existed just 
back from the top edge of the escarpment 
before the tunnel was started and damage 
to the natural vegetated surface by vehicle 
traffic In the vicinity of the tunnel 
alignment quickly produced additional thaw 
pits. These areas were filled with gravel 
and covered with stripped topsoil and  ve- 
getation to restore stability. Thus, 
thermal balance was far more dellcate than 
at the Greenland tunnel sites. 
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FIG. 3. Cross section at tunnel entrance, Fox, Alaska. 

Slope Stabilization 

Because o f  the marginal stability of 
the escarpment face, and because emphasis 
was placed on obtaining a dry, safe tunnel, 
It was decided to stabilize the slope at 
the tunnel alignment by placing a 0.3-m- 
thick filter layer of sand together with 
a 1.2-m layer of bank-run gravel covered 
by 0.6 m of peat as shown in Figure 3. 
Stabilization was effected for about LO m 
on elther side of the portal centerline 
and for a distance of about 15 rn up the 
slope. This 2.1-m-thick blanket was de- 
signed to not  only structurally stabillze 
the existing slope against creep or sliding 
but also to control degradation of perma- 
frost beneath the face. The technique of 
stabllizing slopes with free-draining 
blankets has been described by Lane (1948). 

Portal Construction 

The portal structure was built in two 
sections. A corrugated steel culvert sec- 
tion cut as shown in Figure 3 to be flush 
with the surface of the blanketed slope was 
first installed. Fitted with  doors, the 
culvert sectlon served as the portal struc- 
ture during the summer of 1964. Hydraulic 
sLuicing, steam jets and jack hammers were 
used to excavate the frozen sllt for place- 
ment of the culvert section. Five-centi- 
meter-thick polyurethane insulation was 
applied on the outside, except for the 
lower 1/4. A wooden extension of the p o r t a l  
structure, as indicated in Figure 3, was 

a.dded to complete the portal in the spring 
of 1965. It was painted white to minimize 
absorption of solar heat. Figure 4 shows 
the portal structure and slope. 

An insulated bulkhead withln the cul- 
vert section contained a system of panels 
and d o o r s  to allow large equipment to pass 
through. The bulkhead also provided pass- 
age for a complex of ventilation ducts, 
compressed air lines, electrical cables and 
a telephone line. A heat exchanger located 
as shown in Figure 3 allowed refrigeration 
of the air in the portal zone with a 6.8- 
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FIG. 5.  Top of v e n t i l a t i o n   s h a f t  a t  Tunnel 
s t a t i o n  3+53  (107.6 m ) .  

metr ic- ton  compressor   system. It was a l s o  
u s e d   f o r   c o o l i n g  a i r  i n   t h e   t u n n e l   p r o p e r  
i n  summer. To f o r e s t a l l   t h e   p o s s i b i l i t y  
of   seepage  of   s lope  mel t  water i n t o   t h e  
tunnel,   1.9-em-diametcr s o f t  copper   re -  
f r i g e r a n t   b r i n e   t u b i n g  was i n s t a l l e d   0 . 4 6  m 
on c e n t e r s   a b o u t  10 ern o u t s i d e   t h e   i n s u l a -  
t i o n  on t h e   t o p   a n d   s i d e s   o f  t h e  c u l v e r t  
p i p e   t o   k e e p   t h e   s u r r o u n d i n g   s o i l   f r o z e n .  
A t  t h e  b a c k   e d g e   o f   t h e   c u l v e r t   s e c t i o n ,  
t h e   t u b i n g  was Looped about  2 1 / 2  m up  t h e  
s i l t  f a c e .  A 6 .8-metr ic- ton  compressor  
system was u s e d   f o r   t h i s   c o o l i n g   a l s o .  

The t o p   e n d   o f   t h e   v e n t i l a t i o n   s h a f t  
a t  t h e   r e a r   o f   t h e   t u n n e l  was covered b y  
a wooden s t r u c t u r e  as  shown i n   F i g u r e  5. 
The ground a t  t h i s   p o i n t  had a s l o p e  o f  
about   3%  and  supported a dense  growth of 
gras ses   and   sh rubs .  The d r a i n a g e   b a s i n  up- 
s l o p e  o f  t h e  s i t e  extended  about  1 6 0 0  m t o  
t h e   s o u t h e a s t ;   t h u s  an  ample  supply of 
downslope-moving  moisture was a v a i l a b l e  
du r ing   t he   t haw  season  for p o t e n t i a l  d i s -  
charge  down t h e  s h a f t .  To p reven t   en t ry   o f  
w a t e r ,   t h e   v e n t i l a t i o n  shaft  was provided  
w i t h  a s t e e l   l i n e r   p r o j e c t i n g   a b o u t   0 . 4 5  m 
above   t he   g round   su r f ace   and   f rozen   i n to  
the   permafros t   be low.  A bolt-down  plywood 
c o v e r   s e a l e d   t h e   o p e n i n g   i n  summer and a 
plywood  decking  supported on cribblng shaded 
the  immediate area from  the  sun.  The p ly -  
wood shad ing   pane l s  c o u l d  be   a r r anged   t o  
a l low a i r  t o   f l o w   o u t   o f   t h e  shaf t  f r e e l y  
when d e s i r e d .  A f i l l  of moss and roots was 
i n i t i a l l y   p l a c e d   a r o u n d   t h e   l i n e r   t o   t h e  
top   edge .  T h i s  work was done i n  t h e  l a t e  
w i n t e r   o f  1966-67 .  

With t h e  advent   of  summer weather  some 
s e t t l e m e n t  around t h e   l i n e r   o c c u r r e d .  The 
plywood  shade  decklng  shif ted,   a l lowing 
s u n l i g h t  to s t r i k e   t h e  now exposed  upper 
p a r t  of t h e  l i n e r .  Some w a t e r   t h e n   e n t e r e d  
a r o u n d   t h e   v e n t i l a t i o n  shaf t  l i n e r .   F i e l d  
p e r s o n n e l   a t t r i b u t e d   t h e   l e a k a g e   t o   h e a t l n g  
of  t h e   l i n e r  by t h e   s u n .   A d d i t i o n a l   p l y -  
wood was i m m e d i a t e l y   p l a c e d   t o   c o r r e c t   t h e  
shad ing   de f i c i ency   and  by 1 0  July  1967  thaw 
a r o u n d   t h e   l i n e r  had c e a s e d   a n d   t h e   s e a l  
a r o u n d   t h e   c o l l a r   h a d   r e f r o z e n .   D u r i n g   t h e  
summep a d d i t i o n a l   d e p r e s s i o n  was n o t i c e a b l e  
i n  t h e   g r o u n d   s u r f a c e   a r o u n d   t h e   v e n t i l a t i o n  

s h a f t   o p e n l n g ,   p r o b a b l y   r e f l e c t i n g   p e r m a -  
f r o s t   d e g r a d a t l o n   r e s u l t i n g   f r o m   s u r f a c e  
d i s t u r b a n c e   c a u s e d   d u r i n g   i n s t a l l a t i o n  o f  
t h e  shaf t  l i n e r   s e c t i o n .  

In  August 1967 t h e   F a i r b a n k s   a r e a  ex- 
per i enced  a d i s a s t r o u s  flood, w i t h  very  
heavy r a i n f a l l  and   runof f .  No damage  oc- 
c u r r e d   t o   t h e   t u n n e l   a n d  no w a t e r   e n t e r e d  
t h e   v c n t i l a t l o n   s h a f t ,   a l t h o u g h  the  de- 
p r e s s i o n   a r o u n d   t h e   l i n e r  was f i l l e d   w i t h  
wa te r   fo l lowing   t he   heavy   r a ins .  The de- 
p r e s s i o n  was t h e n   f I l L e d  w i t h  wet s i l t  w i th  
t h e   s u r f a c e   g r a d e d   o u t w a r d   f o r  good d r a i n -  
age  away from t h e   s h a f t ,   a n d  a l aye r   o f  
l o c a l   s u r f a c e   v e g e t a t i o n  was p laced   ove r  
t h e   e n t i r e  new f i l l  f o r   i n s u l a t i o n .  The 
f i n a l   c o n s t r u c t i o n   a r o u n d   t h e   l i n e r  Is  
shown i n   F i g u r e  5 .  

PERFORMANCE 

The p o r t i o n  of t h e   s l o p e  a t  t h e   t u n n e l  
p o r t a l  t h a t  was covered w i t h  t h e  sand,  
g rave l   and  peat b l a n k e t  has remained com- 
p l e t e l y   s t a b l e   s i n c e   t h e  work a t  t h a t  p o i n t  
was comple ted   in   the   win ter   o f   1963-64 .  
The c r a c k s  t h a t  had   been   observed   in   the  
f a c e   o f   t h e   s l o p e   a b o v e   t h e   b l a n k e t   i n   1 9 6 3  
were f i l l e d  w i t h  s o i l  a n d   a d d i t i o n a l  s i l t  
p l a c e d   t o   s m o o t h   t h e   s l o p e .   A f t e r  a s u r -  
f a c e   c o v e r   o f   o r g a n i c   s o i l   a n d   v e g e t a t i v e  
s t r i p p i n g s  was appl ied   and  a l i v e   v e g e t a -  
t i v e   c o v e r   d e v e l o p e d ,   n o   f u r t h e r   p r o b l e m s  
w e r e   e n c o u n t e r e d   i n   t h e   n o n - s t a b i l i z e d  
u p p e r   p a r t   o f   t h e   s l o p e   e x c e p t   f o r   o n e  
s l o u g h   o f   l i m i t e d   s i z e .  

The r e f r i g e r a t i o n   c o i l s   p r o v i d e d  a 
v e r y   e f f e c t i v e  means  of   ensuring a f r o z e n  
c o n d i t i o n   a r o u n d   t h e   t u n n e l   i n   t h e   p o r t a l  
a r e a .  A t  no   t ime  has   any   seepage ,   i ce  
fo rma t ion  or other   p roblem  been   observed  
i n  t h e  t u n n e l  a t  t h i s   c r i t i c a l   l o c a t i o n .  

On 1 8  June  1 9 6 4 ,  a f t e r   t h e   t e m p o r a r y  
p o r t a l  h a d   b e e n   i n s t a l l e d   a n d   t h e   t u n n e l  
had b e e n   c l o s e d   f o r   t h e  summer, w i th  
r e f r i g e r a t i o n   s y s t e m s   o p e r a t i n g ,   f i v e  
v e r t i c a l   c r a c k s  up t o  1 . 2  cm wlde  were  ob- 
s e rved  i n  the   roo f   and  s ides  of t h e  t u n n c l  
ove r  a d i s t a n c e   o f   a b o u t  4 . 6  m, beyond t h e  
back edge o f  t h e  c u l v e r t   s e c t i o n   ( s e e   F i g .  
3 ) .  T h i s  was beyond t h e   r e f r i g e r a t e d   a r e a  
and  approximately  below  the  upper  p a r t  of 
t h e   o v e r l y i n g  s l o p e  and i t s  c r e s t .  T h i s  
p a r t  of  t h e   t u n n e l  had been  open  during a t  
l eas t  6 weeks of   the  winter   season  and  had 
been   exposed   t o   ex t r eme   co ld .   The re  was 
no s h e a r   a l o n g   t h e   c r a c k s .   D u r i n g  t h e  
summer t h e  area o f   c r a c k s   e x t e n d e d   t o  
6 . 4 5  m beyond t h e  c u l v e r t   s e c t i o n .   F i g u r e  
6 shows  onc  of   the  roof   cracks.  On 30  
J u n e   t h e   l a r g e s t   c r a c k   c o u l d   b e   p r o b e d   t o  
about  0.3-m dep th  w i t h  a 0.3-em-diameter 
r o d .  On 2 3  J u l y   p r o b i n g  d e p t h  had i n -  
c r e a s e d   t o  0 . 9  m .  I n  August  crack  growth 
ceased  



FIG. 6. Crack in Fox Tunnel r9or, approxi- 
mately 6. I m beyond end oP culvert sec:ti.on. 
View toward r i g h t  wc?l .13  22 June i964. 

Appearance of these cracks caused some 
concern to the workers In the tunnel. It 
was finally concluded that the cracking was 
a contraction phenomenon reflecting normal 
lag with depth of effects of winter ground 
cooling, perhaps intensified by the added 
coollng effect of the winter low tcmpera- 
tures within the tunnel, and did n o t  repre- 
sent a stability hazard of the portal slope 
area. However, as a precaution yieldable 
steel arches with timber lagging and moist 
sand grout were installed for 8.6 m behind 
the bulkhead, as indicated in Flgure 3. 
For more detail on the arches see Swinzow 
(1970). No progressive changes were ob- 
served in subsequent years. 

On 27 March 1964 the par%ially com- 
pleted tunnel survived the Alaskan Good 
Friday earthquake with no damage (as noted 
by Swinzow In field reports). 

With the portals open in winter, the 
ventilation shaft was extremely effective 
in inducing natural air flow through the 
tunnel. Air flow was greatest when out- 
door air tempesatures were lowest. Air 
flows during cold mornings ranged from 1.3 
to 2.8 m3/s, and soil temperature 2.4 m 
from the face of the tunnel was reduced to 
about - 9 . O " C  after 2 months (mid-December 
1965 to mid-February 1966) of such air 
circulation (as  observed by  McAnerney). 
This massive cooling of the walls of the 
tunnel had the dramatic effect of bring- 
ing to a virtual halt, during the period 
of maxlmum cooling, the tunnel creep 
closure which had been causing the roof to 
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lower as rapidly as about 3.8 em per month 
(see Swinzow 1970). Lack of maintenance 
at the top of the ventilation shaft in the 
past several years has resulted in seepage 
into the shaft and massive icing at the end 
of the tunnel. Thus, the ventilation shaft 
i s  now ineffective for its intended purpose. 
Such maintenance requirements undoubtedly 
could have been minimlzed by better design 
of the shading structure and by paTnting it 
whit e. 

Currently, both refrligeration systems 
are operated during the May-October period 
only. 

DISCUSSION 

It is apparent that problems of tunnel 
entrances in permafrost must be solved on a 
case by case basis, taking into account the 
par+ticular surface, subsurface and climatic 
conditions at the site and the purpose f o r  
which the tunnel will be used. A railroad 
or vehicular tunnel which must remain open 
at the ends at a l l  times wi.3.1 require a 
different engineering approach than one 
such as an underground storage facility or 
the research tunnel at Fox which can be 
closed off during above-freezing weather 
without loss of utility. Even if a tunnel 
is intended to  remaln completely open at 
all times after construction, it may be ex- 
pedient and economical to install a close- 
able portal. for the construction period so 
that the tunnel can be refrigerated during 
the warm months to minimize the problems 
encountered in drilling, handling and trans- 
porting permafrost materials when tempera- 
tures are at or nea.r thawing. 

The experience at Pox has demonstrated 
that both horizontal tunnel. and vertical. 
shaft openings can be constructed and main- 
talned safely in permafrost under marginal 
thermal and soil stability conditions. 
Tunnel performance with these marginal per- 
mafrost temperatures can be enormously en- 
hanced by employing the chimney effect to 
induce circulation of cold air through the 
tunnel in winter. 
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CONSTRUCTION  OF  MULTI-STOREY BUILDINGS ON REFRIGERATED PILES IN THE CITY OF M l R N Y l  
V . I .  Makarov,  Permafrost   Inst , ,   Yakutsk,  A.A.  P l o t n i k o v ,  Moscow Eng. Cons t r .   I ns t .  
and B.F. Chumaevskii,  Yakut Res. a n d   P l a n n i n g   I n s t .   o f  Diamond M i n i n g   I n d u s t r y ,  
U.S.S.R.  

1969. The p i l e s   c o n t a i n  a b u i l t - i n   c o a x i a l   f l u i d   t h e r m o s i p h o n  and a re   w ide l y   used  
i n   c o n s t r u c t i o n   o n  "warm tempera tu re "   pe rmaf ros t .   I n   t he   l as t  few  years  construc- 
t i o n   s i t e s  have  been  extended i n t o   a r e a s   h a v i n g   d e e p - s e a t e d   t a l i k s .  I t  has  been 
lea rned   f rom  exper ience   t ha t  a l ens  o f  f r o z e n   s o i l   w i t h  a tempera ture   o f   about  
-2OC i s  formed i n  unfrozen g r o u n d   a f t e r  one c o o l i n g   c y c l e .   F i e l d   t e s t s   w e r e  
ca r r i ed   ou t   t o   de te rm ine   t he   requ i red   boundary   cond i t i ons   and   t o   pos tu la te   t he  
p r o b l e m   o f   t h e   t e m p e r a t u r e   f i e l d s   i n   t h e   b a s e   o f   b u i l d i n g s   o n   r e f r i g e r a t e d   p i l e s .  
The problem was so lved  by  numerical  methods  using FORTRAN-IV. Comparison o f  
c a l c u l a t e d  and  ac tua l   tempera ture   f ie lds  shows tha t   t he   sugges ted  model can  be  used 
to   s tudy  the  temperature  reg ime o f  s o i l   i n   t h e  base o f  b u i l d i n g s   e r e c t e d  on 
r e f  r i  g e r a t e d   p i  1 es. 

M u l t i - s t o r e y   b u i l d i n g s  on r e f r i g e r a t e d   p i l e s  have  been  erected i n  M i r n y i   s i n c e  

CONSTRUCT I O N  DE BAT1 MENTS EN HAUTEUR SUR 
V . I .  Makarov, l n s t i t u t  de   ggocryo log ie ,  
c i v i l  de MOSCOU, B.F. Chumaevskii, l n s t i  
c a t i o n   d e   l ' i n d u s t r i e   d u   d i a m a n t ,  URSS 

DES P l E U X  FROIDS DANS LA VILLE DE M 
l aku tsk ,  A.A. P l a t n i k o v ,   I n s t i t u t  de 
t u t   i a k u t e  de  recherches  e t  de p l a n i  

I RNY I 
gen i e 

f i -  

Depuis 1969 o n   c o n s t r u i t  3 M i r n y i  des bz t imen ts  en hauteur   sur   des  p ieux 
f r o i d s   q u i   d i f f 5 r e n t  des p i e u x   o r d i n a i r e s  en c e   q u ' i   l ' i n t g r i e u r  de  chacun  d'eux 
se t rouve   i nco rpo re  un ther rnos iphon  coax ia l   l i qu ide .  Les p i e u x   f r o i d s   s o n t  
l a r g e m e n t   u t i l i s 6 s  dans l a   cons t ruc t i on   su r   pe rgg l i so l   de   " t emp6ra tu re   & levee" .  
Ces d e r n i s r e s  annges  on a commencC 8 c o n s t r u i r e   s u r  des t e r r a i n s   c o n t e n a n t  des 
t a l i k s   p r o f o n d s .   L ' e x p 6 r i e n c e  a mon t re   qu 'au   cou rs   d lun   cyc le   de   re f ro id i ssemen t ,  
une l e n t i l l e  de g 6 l i s o l   d ' u n e   t e m p e r a t u r e   d ' e n v i r o n  - 2  OC se  forme  dans les s o l s  non 
ge l  6s .  Les & t u d e s   s u r   l e   t e r r a i n   o n t   p e r m i s   d ' e t a b l i r   l e s   c o n d i t i o n s   l i m i t e s  
n g c e s s a i r e s   e t  de poser l e   p r o b l h e  du  ca lcu l   du champ thermique  dans l a   f o n d a t i o n  
des   bs t i rnents   cons t ru i ts   sur   des   p ieux   f ro ids .   Le   p rob lgme a e t 6   r g s o l u  au moyen 
de  mgthodes  numeriques u t i l i s a n t  l a  c a l c u l a t r i c e   g l e c t r o n i q u e  en langage FORTRAN-IV. 
La compara i son  des champs thermi  ques  calcule e t  r e e l   i n d   i q u e  1 a poss i b i  1 i t 6  
d ' u t i l i s e r   l e  modele  proposg  pour  1 '6tude  du  regime  thermique  des  sols  dans  les 
f o n d a t i o n s   d e   b i t i r n e n t s   c o n s t r u i t s   s u r   p i e u x   f r o i d s .  

CTPOMTEJIbCTBO MHOI'03TAXHbIX  3nAHMa HA XOJIOnHbIX CEAflX B r. MMPHOM 
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CTPOMTEnbCTBO MHOT03TAXHbIX 3flAHMI? H A  XOnOPHbIX CBARX B r, MMPHOM 

MHCTHTYT MepanoToBenenns, RKYTCK; 

RKyTnrranpoManMaa, CCCP 
MOCKOBCKM~~ MHX. -CTPOUT. MHCT~TYT, 

)KBAKOCTHbIfi KOQKCUBIIbHblfi TepMOCH@U, WBpY)lcHblfi DUB- 
Mew Kmoporo npuwuMaeTccr B npenenax m 80 no 100 MM, 

p a a ~ e m e ~  B xeneao6e~omoi% cBae ceqeHueM 0 . 3 ~ 0 ~ 4  M. 
TaKoe peruewe  wan0 B O S M O ~ M M  6naroaapcr K O H C T ~ ~ K T B E -  

HbIM o c o 6 e ~ ~ o c r m   p a a p a 6 o ~ m ~ o r o  T ~ M W U @ H a ,  06ecnew- 
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d H  - = div ( h  grad T) t qxr 
O r  
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a 4 c3, I d  t" 

H"= oy (W, - Wp)  + C * T  
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I 1969 I 1970 

Puc. 5 .  Xapamep UG"H~QUSI  TeMnepaTypbl MIAKOCTB B aa- 
BACKMOCTB OT TeMnepaTypbr aTMocepHoro Bowyxa BO Bpe- 
Menu 

a - p e o y n b ~ a ~ b r  naTypHoro s ~ c n e p u r ~ e n ~ a ;  6 - cxeMa, 
npaHsrran B pacume. 

H k L  - Ho = X A, T, - To Z A, + g,, . .Ar , ( 5 )  k "  k k "  
1 I 
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INSTALLATION OF PILE FOUNDATIONS FOR A MICROWAVE TOWER SYSTEM, GILLAM-CHURCHILL,MAN. 

A.D. f4yska and G.T.S. How, Templeton Engineering Company, Winnipeg, Man., Canada. 

The foundations  for  the towers of a microwave system between Gillam and 
Churchill, Manitoba  were designed and constructed  in  permafrost. Below the  mantle 
o f  peat ,   the   glacial   s i l t  and clay t i l l   s o i l s  contained ground ice. Thermal  com- 
putations  predicted  permafrost  degradation would resu l t  from disturbance of the 
peat. 

Precast  concrete pi l e  foundations and steel pi1 e caps were designed t o  
support  the tower masts and  related  buildings and tanks. The pi les  were speci- 
f ied t o  be driven  into augered holes, b u t  augering  the  extremely hard permafrost 
so i l s  proved very d i f f i c u l t ;  and the  piles could not  be driven  into  holes  smaller 
t h a n  the  piles. The pi les  were driven  into  oversized  holes  partly  filled with a 
soi l  cement slurry o r  grout .  The paper describes  the  installation  in  detail ,  
with emphasis on the  innovations  devised  for  the  design and construction. 

INSTALLATION DE FONDATIONS SUR PIEUX DESTIN€ES AUX TOURS D W N  RESEAU A 
H Y P E R F R ~ Q U E N C E S  ENTRE G I  LLAM ET CHURCH I LL (MAN ITOBA) 
A .D .  Myska e t  G.T.S. How, Templeton  Engineer ing Company, Winnipeg, Man.,  Canada. 

On a consu e t   r e a l i s e   l a   c o n s t r u c t i o n  dans l e   p e r g e l i s o l  de fonda t ions  
des t inees   adx   tours   d 'un   rgseau $ h y p e r f r e q u e n c e s   s i t u 6   e n t r e   G i l l a r n   e t   C h u r c h i l l  
(Manitoba).   Au-dessous  du  manteau  de  tourbe,  les  sols cornpos6s  de t i l  1 o l a c i a i r e  
G s i l t   e t   a r g i l e   c o n t e n a i e n t  de l a   g l a c e   s o u t e r r a i n e .  Le ca l cu l   des   cond i t i ons  
therrniques a per rn is   d 'a f f i r rner  que t o u t e   p e r t u r b a t i o n  de l a   t o u r b e   p r o v o q u e r a i t  
l a   d e g r a d a t i o n  du p e r g e l i s o l .  

p o u r   a s s e o i r   l e s  mSts de l a   t o u r   a i n s i  que l e s   r e s e r v o i r s   e t   l e s   b s t i m e n t s   c o n n e x e s .  
D ' a p r Z s   l e s   s p g c i f i c a t i o n s ,   l e s   p i e u x   d e v a i e n t   E t r e   b a t t u s  dans des t r o u s   f o r e s  2 
l a   t a r i s r e ,   m a i s  i l  a &ti! t r G s   d i f f i c i l e   d ' e f f e c t u e r  un fo rage  dans l e   p e r g 6 l i s o l  
en r a i s o n  de l a  dureti!  extrgrne  de c e l u i - c i ;   e t  on   ne   pouva i t   ba t t re   l e5   p ieux  dans 
des t rous   ayan t  un d i a r n s t r e   i n f e r i e u r   a u   l e u r .  On l e s  a donc b a t t u s  dans  des t r o u s  
p l u s   l a r g e s   p a r t i e l l e m e n t   r e r n p l i s   d ' u n e   p 3 t e   o u   d ' u n   c o u l i s  de  c iment.   Le  present 
a r t i c l e   d 6 c r i t   l ' i n s t a l l a t i o n  e n   d e t a i l ,   e t   s o u l i g n e   l e s   i n n o v a t i o n s   a p p o r t e e s  2 
l a   c o n c e p t i o n  e t  21 l a   c o n s t r u c t i o n .  

On a conqu   des   p ieux   po r teu rs   en   be ton   p re fab r iques   e t   des   l ong r ines   en   ac ie r  
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INSTALLATION OF PILE FOUNDATIONS FOR A 
MICROWAVE TOWER  SYSTEM, GILLAM - CHURCHILL,  MANITOBA 

A.D. Myska and G.T.S. How 

Templeton  Engineering Company, Winnipeg,  Manitoba, Canada 

INTRODUCTION 

The Gil iam-Churchi l l   microwave  system i s   t h e  
most n o r t h e r l y   l i n k   i n   t h e   M a n i t o b a   T e l e p h o n e  Sys- 
tem's  microwave  network. The system commences a t  
G i l l am and f o l l o w s   t h e  Hudson Bay Railway  northward 
250 km t o   C h u r c h i l l  on the   sho res   o f  Hudson  Bay. 
Five  guyed  towers  spaced a t  55- t o  70-km i n t e r v a l s  
a long  the  route  form  the  microwave  l ink .  Two of 
t he   t owers   a re   l oca ted   i n   t he   con t inuous   pe rmaf ros t  
zone  and t h e   o t h e r   t h r e e   a r e   i n   t h e   w i d e s p r e a d  
permafrost zone. 

Grouted  rod  anchors  for   the  tower  guys were 
ins ta l l ed   w i thou t   p re -des ign   subsu r face   i nves t i ga -  
t i o n s  and   t he   subsu r face   i nves t i ga t i ons   f o r   t he  
foundat ions  were  conducted  concurrent ly   us ing  the 
anchor i n s t a l l a t i o n   d r i l l i n g  equipment.  Precast 
c o n c r e t e   p i l e s   w e r e   i n s t a l l e d   i n   a u g e r e d   h o l e s ,  a 
type   o f   foundat ion   cons t ruc t ion   be l ieved t o  be u n i -  
que i n   t h i s  area. To a v o i d   o n - s i t e   c o n c r e t i n g ,  
t h e   p i l e  caps  were  constructed o f   p r e - f a b r i c a t e d  
s t r u c t u r a l   s t e e l .  

This  paper  summarizes  the  foundation  designs 
for the  towers and t h e i r   r e l a t e d   s t r u c t u r e s ,   a n d  
d e t a i l s   t h e   c o n s t r u c t i o n   a t  Amery, Thibaudeau,  Back, 
and  Chesnaye  where s i t e   c o n d i t i o n s   r e q u i r e d   t h e  
development o f   s e v e r a l   i n n o v a t i o n s .  

PHYSICAL  SETTING 

Loca t ion  

The Amery, Thibaudeau,  Back  and  Chesnaye s i t e s  
a re   loca ted   a long  the  Hudson Bay Railway  from 
G i l l a m   t o   C h u r c h i l l   ( F i g .   1 ) .  Each s i t e   i s   w i t h i n  
h a l f  a k i l o m e t r e  of t h e   r a i l w a y   a t  an e x i s t i n g  
passing  and  storage  t rack.  

Region 

The  bedrock i n   t h e  Hudson Bay Lowland i s  
genera l l y   mant led   w i th  3-30 m or more o f   g l a c i a l  , 
f l u v i a l  and l a c u s t r i n e   m a t e r i a l s   l a i d  down d u r i n g  
and f o l l o w i n g   g l a c i a t i o n  and  even w i th   mar ine  
d e p o s i t s   i n  some areas.  Sedimentary  bedrock  under- 
l i e s   t h e   f o u r   s i t e s .  The f l a t ,   l o w - l y i n g   r e g i o n   i s  
genera l l y   cove red   w i th  1 m o r  more of  peat. 

C1 imate 

corded a t   G i l l a m  and Churchi l l   by  the  Atmospher ic  
The means o f  t empera tu re   and   p rec ip i t a t i on   re -  

/ 

0 I00 200KM 

F ig .  1 - Loca t ion  Map 

Environment  Service  (Environment Canada) a re   g i ven  
i n  Table I .  The Gi l lam  data  are  based on t h e  
p e r i o d  o f  reco rd   1952   to  1970  and t h e   C h u r c h i l l  
data  are  based on t h e   p e r i o d  1942 t o  1970. 

Table I - Weather  Data 
Gi 11 am Churchi 11 

Mean Daily  Temperature 
Year -4.8"C -7.3"C 
January -26.3 -27.6 
J u l y  14.9 12.0 

Mean R a i n f a l l  27.9 cm 22.1 cm 
Mean Snowfal l  136.1 183.9 
Mean T o t a l   P r e c i p i t a t i o n  41.7 39.6 

The  Chesnaye s i t e ,   wh ich  was wind  swept, 
r e t a i n e d   l i t t l e  snow c o v e r   b e f o r e   i n s t a l l a t i o n   o f  
the  tower .  The o t h e r   s i t e s  were  covered  wi th 

d r i f t e d  snow. 
spruce  t rees  and had a c c u m u l a t i o n s   o f   f a l l e n  and 
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Ground Temperatures 

Ground temperatures were measured a t   t h e  
Gillam  anchor t e s t   s i t e  by Johnson and Ladanyi 
(1972).  Temperatures a t  depths  of  about  1.5 - 9 m 
were between -0.3'C and - O , l " C ,  Temperatures  in 
the top  1.5 m varied  annually and the  act ive  layer  
ranged from 1 - 1 . 2  m ,  Ground temperatures a t  
Churchill  range from -1.7"C to  -1.9"C a t  depths 
of 7 - 15 m (Brown 1967). The d e p t h  of  permafrost 
ranges from 30-60 m. 

FOUNDA 

Structures and Loads 

,TION DESIGN 

The major s t ruc tu re   i n s t a l l ed   a t  each s i t e  
was a guyed tower supporting the  disked microwave 
antennae. The tower mast design  foundation  load- 
i n g s  a r e  given i n  Table 11. 

Table I1 - Mast Foundation Loads 

Mast Mast Foundation Loads kg 
Location  Height m Vertical  Horizontal 

Amery 122 191,000 3600 
T h i  baudeau 152 e 5 336,000 3600 
Back 152.5 336,000 3600 
Chesnaye 152,5 322,000 3600 
Churchill 91.5 147,000 2300 

Microwave tower guys are  highly  tensioned t o  
reduce  wind-induced v i b r a t i o n s .  The tensioning 
results i n  a h i g h  r a t i o  of sustained  load  to  total  
load amounting to  70% f o r  the towers on this 
system. 

The re la ted   s t ruc tures   a t  each s i t e  were radio 
equipment and diesel  generator b u i l d i n g s  and a 
fuel tank.  The pre-fabricated  trailer  type  build- 
ings and the tanks were mounted on s tee l  frame 
skids. The design loads were: radio  building, 
14,000 kg; diesel building, 9,000 kg;  and fuel 
tank, 34,000 kg. 

Preliminary  Appraisal 

Several  types  of  foundations and anchors have 
been constructed  for Manitoba Telephone System 
microwave towers i n  southern Manitoba. The most 
common type o f  mast foundation i s  a reinforced 
concrete spread footing and pedestal. Where bed- 
rock is  shallow,  footings have been placed on the 
rock. Recently, a s t ee l   g r i l l age  and pedestal was 
i n s t a l l e d   a t  a remote s i te  where concrete was not 
available  economically. Anchors have usually been 
of the concrete deadman type i n  overburden s o i l s  
and o f  the  grouted rod type  in  bedrock.  Steel 
g r i l l ages  have a l so  been used for  anchors  in 
overburden s o i l s  where concrete is  costly.  Such 
foundations  are  designed on the basis   of   soi ls  
i nves t iga t ions   a t  the s i tes .  

Pre-design soils invest igat ions  for  the 
Gil  Tanl-Churchill system were expected to  be very 
costly.  Based on our  experience on the  Nelson 
River  Transmission Line (Reinart  1971), i t  was 

considered  technically  feasible  to  construct 
overburden dril led  anchors  without  pre-design  si te 
information. The anchor  lengths  could be deter-  
mined i n  the f i e l d  based on the design  strengths 
o f  the  soil  ident i f ied  d u r i n g  d r i l l i n g .  (Over- 
burden d r i l l e d  anchors have been tested i n  Perma- 
f r o s t   s i t e s  (Johnson and Ladanyi 1972) and em- 
ployed  extensively  in  northern  Manitoba,) 

I t  was considered  to be technically and 
economically unsound t o  design and construct the 
mast foundations  without  prior knowledge of the  
soil conditions. The thawing of substantial  
quant i t ies  of ground i c e  beneath a footing would 
r e su l t  i n  excessive  settlements and the  discovery 
of ice  during  construction would necessitate 
expensive  modifications. I t  was also  considered 
necessary  to  determine the soil   conditions i n  
order  to  design  pile  foundations. I t  was there- 
fore  decided t o  use the  overburden d r i l l ed  
anchors and  t o  o b t a i n  the  soils  information needed 
to  design  the  foundations w i t h  the  anchor d r i l l -  
i ng equipment . 
Soils 

The  guy anchors were in s t a l l ed  and the 
foundation  locations were sampled between April  13 
and May 3 ,  1974 w i t h  a Becker CSR 250 d r i l l .  The 
boreholes were advanced t o  15 m o r   to  bedrock. 
Overburden so i l  was continuously sampled with a 
standard sp l i t  spoon sampler. 

Laboratory t e s t s  were conducted to  determine 
water  content,  Atterberg 1 imi ts ,  grain  s ize  
d i s t r i b u t i o n ,  in -s i tu  b u l k  and dry  density, and 
soil c l a s s i f i ca t ion .  

The so i l   p rof i les  a t  the  four mast locations 
were s imilar ,   the  main differences  being i n  the 
thicknesses  of the layers,  the  composition  of  the 
g l a c i a l   t i l l ,  and the  ice   content  of the s o i l .  
Limestone bedrock was found a t  a dep th  of 14.8 m 
a t  Back. Permafrost was encountered  throughout 
the depths inves t iga ted   a t  the three  northerly 
s i t e s .  A t  Amery, the  peat was unfrozen between 
the  depths of 0.3 to  2.1 m ,  Hairl ine  ice  lenses 
occurred between 2.1 and 3 m ;  there was no v i s ib l e  
i ce  below 3 m ,  b u t  the so i l  was well bonded  and 
believed t o  be permafrost  affected. 

Ground Thermal Regime 

Since ground temperatures were not measured 
a t   t h e   s p e c i f i c  tower sites,  temperatures were 
interpolated from the  weather and the Gillam and 
Churchill  data. The design ground temperatures 
were -0.3"C a t  Amery and Thibaudeau and -0.6"C a t  
Back and Chesnaye. 

The r a t e  and  extent o f  permafrost  degradation 
tha t  could be expected were determined f o r  two 
assumed surface boundary conditions by means of a 
computerized  heat  conduction model. The computa- 
tions indicated t h a t  t he   f i r s t   su r f ace  boundary 
condition - clearing  without  significant  dis-  
turbance  to  the  peat  layer - would only r e s u l t  i n  
an increase i n  the  depth o f  the   act ive  layer .  
However, a t  Amery, t he   poss ib i l i t y  o f  preserving 
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Fig. 2. Soi ls   log  for  Thibaudeau 

the  permafrost was marginal. The second condition- 
excavation and exposure  of  the  mineral  soil - would 
r e s u l t  i n  a considerable net heat  f low  into  the 
ground and lead t o  degradation  of  the  permafrost a t  
a l l  tower sites.  Further,  replacement o f  a surface 
cover  of  peat would not  prevent  degradation  of  the 
permafrost a t  Amery and Thibaudeau although i t  would 
reduce  the  rate o f  thawing. 

Foundation  Selection and Design 

Footing  foundations were f i r s t  considered  for 
the mast foundations. However, because  of the pre- 
sence of  ice,  permafrost  degradation would lead  to 
soil   consolidation and most probably r e s u l t  i n  d i f f -  
erential   sett lements and t i l t i n g  of  the  foundations. 
T i l t i ng  has  occurred on a number of foundations on 
the Nelson River  transmission  line making i t  necess- 
ary t o  reset some of  the  foundations.  Since  reset- 
t ing the microwave tower  foundations was not con- 
sidered feasible,  spread  footing  foundations were 
abandoned and pile  foundations were selected.  

The pile  foundations were designed  as  friction 
pi les   der iving  their   load  capaci ty  i n  the s i l t  t i l l  
and c l a y   t i l l   s t r a t a .  The ultimate  creep bond 
strengths used were 0.39 k / c d  f o r  Amery and 
Thibaudeau, and 0.54 kg/cm ! f o r  Back and Chesnaye. 
These values, w h i c h  a re   for   sa tura ted  s i l t  w i t h  i ce  
lenses,  were based on the  design ground temperatures 
o f  -0.3'C and -0.6'C (Sanger  1969). For comparison 
the ultimate  long-term  adfreeze  strengths  given by 

Vialov  (1959) were 0.38 kg/cm2 and 0.66 kg/cm2. 
Factors o f  safe ty  were 3 f o r  sustained  loads and 
2 f o r  maximum short duration  loads. 

Steel   pipe  piles and H-piles were f i r s t  con- 
sidered. However, severe  shortages a t   t h e  time  of 
tendering i n  t h e   f a l l  o f  1974 resulted i n  extreme- 
l y  h i g h  cos t s   for   the   s tee l   p i les  and a change was 
made t o  precast   prestressed  concrete  piles.  
Quantities and lengths of  the  hexagonally  shaped, 
40.64-cm p i l e s   a r e  summarized i n  Table 111. A 
s teel   "spl ice   plate"  was cas t  i n t o  the  top of  each 
pi le   onto which the   s t ruc tura l   s tee l  frame p i l e  
caps would be welded. 

Table  I11 - Mast Foundation P i l e  Schedule 

Location No, o f  Pi les   P i le  Length ( m )  

Amery 6 18.29 
T h i  baudeau 8 18.29 
Back 8 15,25 
Chesnaye 6 16.76 

Similar  foundation  piles were designed fo r  the 
buildings and tanks.  Since  the  loads were l i g h t  
and the pile  lengths  required  for  load  carrying 
capacity were very shor t ,  the p i l e s  were a l so  de- 
s i  ned t o  resis t   upl i f t   adfreete   forces  of  1.7 kg/ 
cm 9 due t o  f ros t   ac t ion  i n  the  active  layer.  The 
pi le   lengths  were standardized a t  9.15 m except a t  
T h i  baudeau and Amery where four 10.67-m p i l e s  were 
required to  support  the fuel  tanks. 

FOUNDATION  INSTALLATION 

Logistics and Schedule 
The only means of  access t o  the tower   s i tes   for  

the heavy equipment and materials was via the Hud- 
son Bay Railway. A detailedschedule was therefore 
prepared u t i l i z ing   t he  weekly wayfreight  service 
fo r  moves to  and between the   s i t e s .  

Construction was schedu led to   s t a r t   a t  Chesnaye 
on January  6,  1975, and a move to  Back  was planned 
f o r  January  15.  Thereafter, 2 weeks were allowed 
for  each s i t e  w i t h  completion on February 26,1975. 
Tower erection was scheduled to  follow  immediately. 

Equipment 

t ion  contractor  was a Linkbelt LS108B track-mount- 
ted  crane  ra ted  a t  40,800 kg capacity. The crane 
was f i t t e d  w i t h  a Calweld  150 CH crane-mounted 
auger  attachment which was interchangeable w i t h  
pile-driving  leads and a 1815-kg drop hammer(Figs. 
4 & 5). The auger had a torque  capacity of 
175,000 Nm and was capable  of  applying a downward 
force o f  40,000 kg by means o f  hydraulic  jacks  act- 
i n g  on a yoke on the  5400-kg kelly  bar. Three 
38.1-cm augers and a 45.7-cm auger, 2 chapping bits , 
core  barrels and casings were supplied  for  augering. 
Up to  12  types  of  cutting  edges and teeth were pro- 
vided including tungsten carbide  cutting  edges, 
f i sh ta i l   po in ts  and excavation  bucket  teeth. 
Other equipment incll ded a Caterp i l la r  955K tracked 
loader w i t h  a 1.53 m bucket, a 400-A diesel weld- 
e r ,  a standby  welder, and a 425 m3/s a i r  compres,- 
sor.  Plywood and tarpaul ing  shel ters  were pre- 

The principal equipment suppl-ied by the founda- 

4 



f a b r i c a t e d   i n   p a n e l s   f o r   o n s i t e   w o r k i n g   a r e a s   f o r  
repa i r ing   equ ipment  and  augers. 

Camp f a c i l i t i e s  were a 20-man bunk t r a i l e r ,  a 
k i tchen-washroon  t ra i le r ,   and  serv ices .  When t h e  
equipment, camp and  materials  were  loaded on r a i l w a y  
cars and  assembled, t h e   t r a i n   c o n s i s t e d  of 25 cars.  

A h e l i c o p t e r  was based a t   t h e  camp f o r  emer- 
genc ies   and  to   fe r ry  men and sma l l   supp l i es   t o  
e i t h e r   G i l l a m  or C h u r c h i l l .  

I n s t a l l a t i o n   a t  Chesnaye 

The t r a i n   o f  equipment, camp and  mater ia ls  was 
assembled a t   C h u r c h i l l  and moved t o  Chesnaye on 
January 4, 1975, A u g e r i n g   f o r   t h e   p i l e s  began 
January 8 fo l l ow ing   un load ing  and  setup. 

The s p e c i f i e d   m e t h o d   o f   i n s t a l l a t i o n  was t o  
auger 38.1-cm h o l e s   t o   t h e   f u l l   d e p t h   o f   t h e   p i l e s  
and t o  d r i v e   t h e  40.64-cm hexagonal p i l e s   i n t o   t h e  
augered  holes. 

The p e r m a f r o s t   a t  Chesnaye was e x c e p t i o n a l l y  
hard  and d i f f i c u l t   t o  auger.  Auger  teeth  broke 
under  the  heavy downward p r e s s u r e   b e i n g   a p p l i e d   i n  
an at tempt  to  speed  progress.  The f i r s t   h o l e   r e -  
qu i red   12   hours   to   comple te   to   the   depth   o f   16 .5  m. 
The crane-mounted  auger  and a new t o o t h   f i t t e d   t o  a 
38.1-cm auger  are shown i n  F i g . 4 .   A f t e r   t e s t i n g  
v a r i o u s   t y p e s   o f   t e e t h ,  a s i n g l e  12-cm-wide t o o t h  
w i t h  a hardening  weld bead a long   t he   ou te r  edges 
was found  to   be   most   success fu l .   In   add i t ion ,   the  
downward pressure was r e d u c e d   t o   l i t t l e  more  than 
the   we igh t   o f   the   ke l l y   bar   and  the   auger  was tu rned  
a t  i d l e  speed. The second h o l e  was completed i n  
10  hours  and  the l a s t   f o u r   h o l e s   r e q u i r e d  an  aver- 
age o f  9 hours  each.  Augering was completed on 
January  11  by  working  around  the  c lock.  One welder  
was employed  cont inuous ly   repa i r ing   auger   b i ts  
which  wore  qu ick ly  on t h e   o u t e r  edge. I n   a d d i t i o n  
t h e   o u t e r  edges o f  the  augers  were b u i l t  up  because 
o f  wear  caused  by  abrasion  against   the  s ide  of   the 
hole. 
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Temperatures  dur ing  the  auger ing  of   the  mast 
f ounda t ion   p i l e   ho les   were   genera l l y  -25°C a t   n i g h t  
and -17°C d u r i n g   t h e  day. On January 11, a severe 
snowstorm  stopped a l l  work a t  1800  hours. On 
January  12,  temperatures  plunged t o  overn ight   lows 
o f  -37°C and  high  temperatures  dur ing  the day 
reached  on ly  -30°C.  These temperatures  pers is ted 
t o   t h e  end o f   t h e  second week i n  February. 

Augering was resumed on January  13  and  by 
January   16   t he   ho les   f o r   t he   bu i l d ing  and tank 
foundat ions  were  completed  to  the 8.2-m depth, 
i n c l u d i n g   e n l a r g i n g   o f   a l l   o f   t h e   h o l e s   t o  45.7 cm 
f o r   t h e  upper 3 m. Average d r i l l i n g   t i m e  was 
th ree  and a ha l f   hours   per   ho le .  The  crane-mounted 
auger  attachment was removed  and t h e   p i l e - d r i v i n g  
leads  were  attached i n   p r e p a r a t i o n   f o r   p i l e   d r i v i n g  
(F ig .  5 ) .  

Two o f   t h e  9.15-m p i l e s   f o r   t h e   f u e l   t a n k  were 
d r i v e n   f i r s t   s i n c e  i t  was suspected  the  extremely 
hard  ground  observed  dur ing  auger ing  might   res is t  
pene t ra t i on .  The p i l e s   r e a c h e d   r e f u s a l   a t  7.0 m, 
2.1 m above intended  grade,  under a d r iv ing   energy  
o f  40.7 kNm. D r i v i n g  was d i f f i c u l t  f r o m   t h e   s t a r t  
and progress  decreased  from  1.5 cm p e r   b l o w   a t  3 m 
t o  0.5 cm p e r   b l o w   a t  6 m. 

To r e d u c e   d r i v i n g   r e s i s t a n c e ,  i t  was dec ided   t o  
e n l a r g e   t h e   p i l o t   h o l e s   t o  40.6 cm, the   s i ze   o f  
t he   p i l es   ac ross   t he   f aces .  The hammer and leads 
were  exchanged f o r   t h e  auger  attachment  and 
rereaming  began on the  morn ing  o f   January  18  and 
was comple ted   by   la te   a f te rnoon on  January  19. The 
remainder   o f   the  fue l   tank  p i les,   the  d iesel  
b u i l d i n g   p i l e s  and f o u r   o f   t h e   s i x   r a d i o   b u i l d i n g  
p i l e s  were  dr iven on January 20  and  21. E i g h t   o f  
the   p i les   reached  re fusa l   a t   e leva t ions   o f   0 .6  - 
3 m above  grade us ing  a hammer energy of 40.7 kNm. 
Four p i l e s  were d r i v e n   t o   g r a d e  and  by r a i s i n g   t h e  
energy   to  54.2 kNm, one o f   t h e   p i l e s   t h a t  had  been 
d r i v e n   t o   r e f u s a l  was dr iven   to   g rade  and a second 
was d r i v e n  a fu r the r   0 .6  m t o  lm above  grade. 
Driving  t imes  averaged  an  hour  and a h a l f   p e r   p i l e .  

' (41 'tdi 



F i g ,  5. ~ r ~ ~ ~ n ~  precast  ~ ~ n c r ~ t ~  piles a t  A ~ ~ r ~ .  

I n  view of the   d i f f icu l ty  i n  driving  the 9,15-m 
pi les  i t  was evident  the 16.76-111 tower  foundation 
p i l e s  could  not be driven. The in s t a l l a t ion  pro- 
cedure was altered:  the  auger  holes were fur ther  
enlarged t o  45.72 cm i n  diameter  (the  approximate 
s i ze  of the  piles  across the p o i n t s ) ,  and the   p i les  
were driven  into  a  soil-cement  slurry poured in to  
the  holes. 

Rereaming o f  the  holes  for  the tower foundation 
p i l e s  and the  two remaining  building  piles was 
completed on January 22. A 0.6413 mixer and 50 bags 
o f  cement were a i r l i f t e d  from Churchill by helicop- 
t e r .  Auger cutt ings from the  pilot   holes were mixed 
with  hot  water i n  the mixer t o  melt  the  frozen 
material. Cement  was then added i n  a  roughly  one-to- 
one r a t i o  t o  so i l  and the s lu r ry  was poured into  the 
hole to  a  depth  of 3 m .  The temperature o f  the 
s lu r ry  was about 4°C. 

On January 24, one o f  the two radio  building 
p i l e s  was driven  to  grade. The second p i l e  broke 
d u r i n g  driving; this p i l e  was believed  to be de- 
fec t ive  and a  spare  pile was instal led  adjacent   to  
i t .  Two o f  the tower p i les  were driven t o  grade. 
A t h i r d  reached  refusal  several  inches above grade; 
this was a t t r ibu ted   to   the   res i s tance  of t he   s lu r ry  
to  rising u p  around the  pile.   Before  the  sixth 
tower p i l e  was driven, numerous horizontal  cracks 
were noted i n  t he   p i l e  and a spare 15.24-m p i l e  was 
substi tuted.  This sho r t e r   p i l e  was driven  to  grade 
into  double  the amount o f  soil-cement  slurry. 

Pile  driving  continued  to be very d i f f i c u l t .  
Some of the   p i l e s  measured u p  t o  48 cm across  the 
poin ts  and the   f r i c t ion  along  the  pile was very 
high. Up t o  20 blows per cm and higher were applied 
and the  piles  stopped moving under blows of 54.2 
kNm. In most cases  the  slurry  rose  to  within  3 m 
o f  the ground surface. Average d r i v i n g  time f o r  
the  tower  piles was 3 hours  per p i l e  and the  range 
was from 1 hour t o  7 hours. P i l e   i n s t a l l a t ion  was 
completed on January 27. 

P i les  t h a t  reached  refusal above grade were cut 
off and anchor  bars and  s tee l   p la tes  were grouted 
onto the tops. The s t ee l   p i l e  caps and building 
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and tank s k i d  frames were shimmed and welded t o  the 
s tee l   p la tes  on the  pi les   (Fig.  6 ) .  S i t e  work  was 
completed and  equipment loaded and moved to  Amery 
on February  1 by a  special  order  locomotive. 

Valuable  experience i n  augering and in s t a l l i ng  
the  pi les  was gained a t  the Chesnaye s i te .  Even 
after  optimization of the  augering  technique and 
the  auger  teeth,  progress was slow and t o o t h  wear 
was h i g h .  A s epa ra t e   d r i l l  t o  auger the  holes 
would have  saved  a  great  deal o f  time and e f f o r t .  
Augering could have s tar ted  ear l ier   while   the  crane 
was being used f o r  unloadl’ng and the  piles  could 
have been installed  while  augering was i n  progress. 
Much time would a l so  have been saved  in  changing 
from the crane-mounted auger   to   the  pi le   dr iver  
and visa  versa. The d r i l l  need not have had a  high 
capacity  since  progress was  optimum a t  low  down- 
ward pressure and slow speed.  Driving  the  piles 
into  slightly  under-sized  holes proved t o  be i m -  
possible.  Fortunately an a l t e rna t ive  method was 
feas ib le  and the  pi les  were installed  successfully.  

In s t a l   l a t i on   a t  Amery 

Only 0 .3  m o f  the 2.1 m of peat a t   t h e  Amery 
s i t e  was frozen and timbers had to  be l a id  down t o  
support  the  crane. Augering of 40.6-cm holes  for 
the 14 building and tank  foundations was completed 
between February 4 and February 8 ,  1975. As a t  
Chesnaye, the  permafrost was very  hard as  evidenced 
by the  res is tance t o  augering;  therefore, i t  was 
decided t o  auger 45.72-cm holes   for   the  s ix  tower 
foundation  piles and t o  dr ive  the  pi les   into a 
sand-cement g r o u t  i n  order  to  avoid  the  possibjl i ty 
o f  refusal above grade. Sand and cement materials 
had by t h i s  time been delivered  for  this  eventua- 
l i t y .  

Seepage water was encountered  near  the ground 
surface,  and sleeves were ins ta l led  i n  the  top  2-3 
m of the  holes t o  seal  off  this  flow. As the con- 
t r ac to r  only had seven sleeves on s i t e   i t  became 
necessary t o  change the  crane  over t o  dr ive  pi les  
after  augering was completed on seven  holes and t o  
return t o  augering  after  the  piles had been driven. 
The  sleeves  tended t o  become frozen i n  place, 
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making i t  necessary  to  auger a number of  holes 
around  the  s leeves  before  they  could be  removed. 
I n f l o w s   o f   g r o u n d   w a t e r   w e r e   a l s o   n o t e d   a t   g r e a t e r  
depths,  Sloughing o f   t h e   b o r e h o l e   w a l l s   r e s u l t e d  
i n  a m a t e r i a l   b u i l d - u p   i n   t h e   b o t t o m s   o f   t h e   h o l e s  
t o   d e p t h s   o f  up t o  3 m. Removal o f   t h i s   m a t e r i a l  
w i t h   t h e   a u g e r  was impossible. 

Seepage water,   which  had  col lected i n   t h e   h o l e s  
t o   w i t h i n   1 . 5  m o f   t h e  ground  surface, was  pumped 
out  and  two bags o f  cement  were  placed down each 
ho le   be fore   the  sand-cement g r o u t   m i x  was poured i n  
t o  a depth o f  4 m. I n   c o n t r a s t   t o  Chesnaye, where 
d r i v i n g   i n t o   t h e  40.6-cm holes was d i f f i c u l t ,   t h e  
b u i l d i n g   p i l e s   a t  Amery dropped  4-7 m u n d e r   t h e i r  
own we igh t  and  were a l l   d r i v e n   t o  grade. The tower 
p i l e s  dropped  15 m o r  more b e f o r e   d r i v i n g  began. 
D r i v i n g   r e s i s t a n c e   i n c r e a s e d   r a p i d l y  as t h e   p i l e s  
neared  grade  and a l l   o f   t h e   p i l e s  were d r i v e n   t o  
grade. 

I n s t a l l a t i o n   o f   t h e   b u i l d i n g s ,   f u e l   t a n k  and 
p i l e  cap was completed  by  February  14.  The move 
t o  Thibaudeau was  made on February 16 when a l oco -  
motive  and  crew became a v a i l a b l e .  

I n s t a l l a t i o n   a t  Thibaudeau  and Back 

By the   t ime  these  s i tes   were   s ta r ted ,exper ience 
i n d i c a t e d   t h a t   t h e   p r o c e d u r e   o f   g r o u t i n g   i n   t h e  
p i l e s  was t h e   m o s t   p r a c t i c a l   m e t h o d   o f   i n s t a l l i n g  
t h e   p i l e s   t o   t h e   f i n a l  g r a d e .   S e t t i n g   t h e   p i l e s   t o  
grade was i m p o r t a n t   s i n c e   c u t t i n g   t h e   p i l e s   o f f  and 
g r o u t i n g  on s t e e l  base p l a t e s  was time-consuming. 
It was t h e r e f o r e   d e c i d e d   t o   i n s t a l l   a l l   t h e   r e -  
m a i n i n g   p i l e s   b y   t h i s  method. 

Augering a t  Thibaudeau  began  on  February  18  and 
was completed  by  February 20. D r i v i n g  began  on 
February 21 w i t h  18 p i l e s   d r i v e n   i n  one  day.  The 
move t o  Back was  made February 24  and the   ho les  
were  augered  between  February 27 and  March 1. Lime- 
stone  bedrock was encountered a t  Back a t  13.5 m - 
14.5 rn and   the   t ower   p i l es   were   p re -cu t   t o   t he  
depths o f   t h e  augered  holes. P i l e   d r i v i n g  began  on 
March 2 and was completed  the  fo l lowing  day.  A t  
b o t h   s i t e s   t h e   p i l e s  w e r e   d r i v e n   t o   r e f u s a l   a t   n e a r  
grade.  The  equipment was loaded  by  March 8 and 
shipped  to  Gi l lam,  Manitoba. The c o n s t r u c t i o n  o f  
the   foundat ions  was completed  ten days beh ind   the  
o r i g i n a l  schedule. 

SUMMARY AND CONCLUSIONS 

The  microwave  tower  and  bui lding  and  tank 
foundat ions   were   economica l l y   cons t ruc ted   in   the  
p e r m a f r o s t   a f f e c t e d   s o i l s   a t   t h e   f o u r   s i t e s   a l o n g  
t h e  Hudson Bay Ra i lway .   The  p recas t   concre te   p i les  
w e r e   m a i n l y   i n s t a l l e d   b y   d r i v i n g   t h e   p i l e s   i n t o  
o v e r s i z e d   h o l e s   p a r t i a l l y   f i l l e d   w i t h  cement s l u r r y  
o r   g r o u t .  

The p e r m a f r o s t ,   p a r t i c u l a r l y   a t   t h e   c o l d e r  
g round  tempera tures   p reva i l ing   a t   the  more n o r t h e r -  
l y  s i t e s ,   p r o v e d   t o  be ext remely  hard and r e s i s t   n t  
t o   b o t h   a u g e r i n g  o f  t he   ho les   and   d r i v ing  o f  t h e  
p i l e s .  Many t y p e s   o f   c u t t i n g  edges  and tee th   were  
tested  and a s i n g l e   w i d e   t o o t h   f i t t e d   t o   t h e   o u t e r  

edge o f   t h e  auger  and  hardened  by  adding  weld  metal 
was found t o  be   most   e f fec t i ve .  The  optimum r a t e  
of  progress was obta ined  by  apply ing  low downward 
pressure  and  slow speed  of r o t a t i o n   w h i c h   r e s u l t e d  
i n  reduced  auger  tooth wear  and  breakage. A sepa- 
r a t e  auaer.   aaart   f rom  the  crane-mounted  auaer  at-  
tachment  would  have  great ly speeded the  progress 
e l i m i n a t i n g   t h e   t i m e   r e q u i r e d   f o r   e x c h a n g i n g   t h e  
a t t a c h m e n t   f o r   t h e   p i l e   d r i v e r  and  by enab l i ng  
augering t o  proceed when the  crane was otherwise 
occupied. 

The foundations  along  the  microwave  system 
have  per fo rmed  success fu l l y   to   the   p resent   t ime.  
It has n o t  been necessary  to   t ighten  any  o f   the 
anchors,   which  ind icates  there has n o t  been  any 
y i e l d i n g   o f   e i t h e r   t h e   f o u n d a t i o n s   o r   t h e   a n c h b r s .  

I n  v i e w   o f   t h e   d i f f i c u l t i e s   e n c o u n t e r e d   i n  
d r i l l i n g   t h e   p e r m a f r o s t ,  i t  i s   e v i d e n t   t h a t  a need 
ex is ts   to   develop  equipment   and  techniques  for  
augering  hard,  frozen  ground, 

The resource fu lness   o f   t he   con t rac to r   and  
the   ass is tance and understanding o f  the  Manitoba 
Telephone  System  personnel i n  adopt ing   the  
innovat ions   and  the  changes necess i ta ted   by   the  
c o n d i t i o n s   e n c o u n t e r e d   c o n t r i b u t e d   g r e a t l y   t o   t h e  
success o f   t h e   p r o j e c t .  
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fi 
of 

F i e l d   s u r v e y s   o f   e r o d i n g   s h o r e l i n e s   i n   p e r m a f r o s t   a f f e c t e d  
n e - g r a i n e d   m a t e r i a l s   i n d i c a t e   t h a t   d u r i n g   t h e   i n i t i a l  impoundment 

a l a k e  bas in ,   deep   e ros ion   n iches  are formed a t  and  immediately 
be low  the   wa te r ' s   su r f ace .  Eroded volumes c o r r e l a t e  w e l l  w i th   e ros ive  
wave e n e r g i e s   e x e r t e d   o n   t h e   s h o r e l i n e s   b u t   a p p e a r   t o  be lower  than 
the   vo lumes   an t i c ipa t ed   i n  more s o u t h e r n   r e s e r v o i r s ,   p a r t i c u l a r l y   i n  
the western USSR. The lower e r o s i o n   r a t e s  are p a r t i a l l y   a c c o u n t e d  
for by t h e   i n i t i a l   p h a s e s  of impoundment d i s t r i b u t i n g  wave e n e r g i e s  
over a range of sho re l ine ,   t he   fo rma t ion  of a p r o t e c t i v e   m a t t e  of 
f o r e s t   d e b r i s  on t h e   f o r e s h o r e ,   a n d   t h e   l i m i t i n g  of e r o s i v e  
c a p a b i l i t i e s  by   t he   r a t e   o f   t hawing   o f   f rozen   ma te r i a l s   unde r   h igh  
wave energy   condi t ions .  

~ROSION TNTTTALE DU LTTTORAL DANS UN R~SERVOIR SUBISSANT LES EFFETS DU PERG~LISOL, 
LAC SUD DES ITJDTENS, CANADA 

R.W. Newbury, K G ,  Beaty, G.K. McCullough, Ministhe de  l'Environnement,  Services 
marltimes et des PScheTies, Tnstitut  des  eaux  douces,  Winnipeg,  Manitoba,  Canada. 

L'6tude sur le  terrain de  lignes  de  rivages  6difiGes  dans  des  matgriaux 2 
grains f i n s  soumis 'a l'action  grosive  du  pezgglisol,  indique que pendant  les  premig- 
res  phases  de  retenue d e s  eaux  dans  un  bassin  lacustre, de profondes  niches  d'gro- 
s ion  se constituent 2 la  surface  et  immgdiaternent  au-dessous de la  surface  de l'eau. 
Le  volume  de  matgriaux  arrachgs  par  l'Grosion  correspond  bien 2 l'gnergie  des  vagues 
qui  battent  le  rivage,  mais  il  semble  qu'il soit inf6rieur au volume  habituellement 
mesuz6  dans  les rkervoirs situgs  plus  au sud, en  particulier  dans  l'ouest  de  1'URSS. 
Les vitesses  moindres  d'6rosion  sont  probablement  dues  au fait que  pendant  la  phase 
initiale de retenue  des  eaux,  l'gnerg-ie  des  vagues se rgpartit  sur  une  grande  partie 
clu littoral, qu'il se  forme s u r  l'avant-plage  une  couverture  protectrice  de  dgbris 
vEg6taux arrach6s Z la f o r z t  et  que  le  potentiel  d'Erosion est limit6  par  la  lenteur 
du dggel d e s  matgriaux  gelgs,  mgme  dans  les  lieux oii l'gnergie  des  vagues  est  Elevge. 
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INTRODUCTION 

Impoundments i n   r i v e r   v a l l e y s   f o r   w a t e r  
s to rage  and the  development of hydro- 
e l e c t r i c   e n e r g y   c r e a t e  a cond i t ion   i n  which 
unconsol idated  val ley  mater ia ls   are   exposed 
t o   t h e   e r o s i v e  power of wind generated 
water  waves. Through erosion,   and  deposi t -  
i on  i n  the  near-shore and  backshore  zones, 
s t ab le   sho re l ines   a r e   u l t ima te ly   deve loped  
as the impoundment ages .   Similar   processes  
o c c u r   i n   l a k e   b a s i n s   t h a t   a r e   r a i s e d  o r  
lowered i n  e l e v a t i o n  beyond t h e   n a t u r a l  
range   of   water   l eve l   f luc tua t ion .   I f   the  
va l ley   o r   backshore   mater ia l s   a re   f ine-  
gra ined   (c lays  # s i l t s )  the   e f f ec t s   o f   t he  
e ros ion   du r ing   t he   pe r iod   o f   r e s t ab i l i za t -  
i o n  may be   in tense .  The immediate  shore- 
l i n e  i s  undercut,  slumps,  and  rapidly 
retreats ,   providing  coarse   sediments  which 
d e p o s i t   t o  form o f f shore   shoa l s ,   and   f i ne r  
sediments  which  are  held  in  suspension and 
c i rcu la ted   th roughout   the   water  body. I n  
large l ake   bas ins ,   the   concent ra t ion  of 
suspended  sediments may inc rease  by t en  
times the pre-impoundment value , dramat- 
i ca l ly   l ower ing   l i gh t   pene t r a t ion   and  
transparency  and  affecting  primary  bio- 
log ica l   p roduct ion  and f i s h   s p e c i e s  
composition (Hecky e $  al 1 9 7 4 )  . The r a t e  
of   re lease  of sediments,  and  the time 
r e q u i r e d   f o r   t h e   r e - s t a b i l i z a t i o n  of shore- 
l i nes   a r e   La rge ly  unknown. 

Research  deal ing  with  the  creat ion o f  
s t ab le   sho re l ines   has   been   gene ra l ly  
conf ined   t o   p red ic t ing   t he  loss of s to rage  
p o t e n t i a l  due t o  increased  sedimentation 
(van  Everdingen 1 9 6 9 ,  SNBS 1 9 7 2 ) .  A 
broader   recogni t ion of t h e   f a c t o r s  of 
shoreline  morphology,  overburden  materials 
and wave energy  has  been  proposed  for 
r e s e r v o i r s  i n  Poland  (Cyberski 1 9 7 3 ) .  A 
general ized  terminal  form o f  an eroded 
shore l ine   based  on s e v e r a l   r e s e r v o i r s   i n  
t he  USSR was developed by Kondratjev (1966) .  
The terminal  form proposed by Kondratjev 
c o n s i s t s  of an eroded  backshore  platform 
w i t h  a s t ab le   fo re shore   depos i t i ona l  shoal 
t h a t   d i s s i p a t e s  incoming  erosional wave 
energy.  Although  adequate  surveys  have 
not  been made i n   o l d e r  Canadian  reservoirs ,  
the   shore l ines   in   unf rozen   e rodable  
materials appear   to   agree  with  the 
Kondratjev model (Newbury e *  aZ 1973) .  

I 

A comprehensive  treatment  of  shoreline 
e ros ion   in   reservoi rs   o f   the   Volga ,  Don, 
and   Dnieper   r iver   va l leys   in   the   wes te rn  
USSR was presented by Kachugin ( 1 9 6 6 ) .  
Wave energ ies   and   shore l ine  morphology 
were  correlated  to   produce a "wash o u t  
c o e f f i c i e n t "   f o r   v a r i o u s   s h o r e l i n e  
mater ia l s   (cu .  m eroded  per  ton-metre of 
wave ene rgy) .  The r a t e  of  erosion was 
es tab l i shed   as   decaying   exponent ia l ly  
with time. The e ros ion   r a t e s   p re sen ted  
i n   t h i s   p a p e r   a r e  compared with those 
proposed by Rachugin. 

l a rge   nor thern  impoundments i n   t h e  sub- 
a r c t i c   c l i m a t i c  zone t h a t  i s  s u b j e c t  t o  
widespread  discontinuous  permafrost )" 
condi t ions.  Where permafrost  i s  p r e s e n t  
i n  f looded   shore l ine   mater ia l s ,   the   p ro-  
cesses  of shorel ine  formation  appear   to  
be a combination  of  erosive and  thermal 
phenomena. In   t he  l as t  two decades ,   s ix  
hydro -e l ec t r i c  impoundments  and  one major 
r iver   divers ion  have  been  constructed on 

L i t t l e  or no research  has  been done on 

I I N 

P P  SOUTHERN  INDIAN 

Figure I :  S o u t h e r n  Xndian Lake i n  centraZ 
Canada shoving s h o r e Z i n e   e r o s < o n   m o n i t o r -  
i n g  sites s e Z e c t e d   p r i o r  t o  a 2 m im-. 
poundment i n  1 9 7 6 .  
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the   Churchi l l   and   Nelson   Rivers   in   cen t ra l  
Canada. The t o t a l  impounded water   a rea  
exceeds 5000 sq. km including 1 5 0 0  sq. km 
of newly f l o o d e d   t e r r e s t r i a l   a r e a ,   c r e a t -  
ing   over  6 0 0 0  km of new shore l ine .  The 
d ive r s ion  o f  850 cu. m pe r   s ec .  from the  
Churchill   River  into  the  Nelson River is  a 
major component o f   t he   p ro j ec t .  The 
d ive r s ion  was accomplished by r a i s i n g   t h e  
l e v e l  of Southern  Indian  Lake, a major  lake 
on the  Churchill   River  system,  thereby 
allowing  the  f low  to  cross  the  drainage 
divide  to   the  Nelson  River   basin 300 km 
west of Hudson Bay. Southern  Indian Lake 
(Lat .  570N Long. 99oW, Figure 1) had a 
sur face   a rea   o f  1930 sq. km and f l u c t u a t e d  
in   e leva t ion   be tween 2 5 4 . 5  m and 256 .0  m 
( m s l )  under   na tura l   condi t ions .   In  1 9 7 6  , 
a c o n t r o l  dam a t   t h e  l a k e  o u t l e t  was 
closed and the   l ake  was r a i s e d  2 m t o  
e l e v a t i o n  258.0 m ( m s l ) ,  f looding 6 0 0  sq.  
km of the   ad jacent   shore l ine .  The shore- 
l i n e   a f f e c t e d  was approximately 2 9 0 0  km i n  
length.  The i n i t i a l   s h o r e l i n e   a d j u s t m e n t s  
are r epor t ed   i n   t h i s   pape r .  

SOUTHERN I N D I A N  LAKE BASIN 

The Southern  Indian Lake basin i s  
loca ted   i n   t he   wes t e rn  arm of the  Pre- 
cambrian  Shield. The geology  of  the  area 
i s  dominated by mass ive   i n t rus ive   g ran i t i c  
rocks  in   extensive  areas  of meta-sedimentary 
gneisses   der ived from  greywackes  and a rkos i c  
sequences  (Frohlinger 1 9 7 2 )  . The bedrock 
su r face   has   been   heav i ly   g l ac i a t ed   t o  a 
near   uniform  plain  with a low r e l i e f  (less 
than 50 m )  of rounded h i l l s  and v a l l e y s .  
S u r f i c i a l   d e p o s i t s   o f   g l a c i a l ,   g l a c i o -  
f l u v i a l ,  and g l ac io - l acus t r ine   o r ig in   ove r -  
l i e  the  bedrock  surface  in   thicknesses  
varying from 0 m t o  5 m in   h igh   a reas   and  
up t o  30 m i n  low i n f i l l e d   v a l l e y s .  The 
u p p e r   s u r f i c i a l   d e p o s i t s  of the  south- 
eas te rn   two- th i rds   o f   the   bas in   a re  
dominated by f ine -g ra ined ,   va rved   s i l t y  
clays  varying  from 0 . 5  m t o  5 m i n  thick- 
nes s   depos i t ed   i n  an ex tens ive   g l ac i a l   l ake  
basin  (Agassiz) of t h e   l a t e   P l e i s t o c e n e  
epoch  (Klassen e t  aZ 1 9 7 3 ) .  

The uplands  surrounding  the l a k e  a r e  
general ly   forested  with  dominant   boreal  
spec ie s  ( P i c e a  marianna, PopuZus 
t remuZoides ,  Pinua banks ianal  i n t e r s p e r s e d  
wi th   ex tens ive  muskeg areas .   In   near-shore 
zones ,   the   fores t  complex i s  more d ive r se  
with  the  addi t ion  of   deciduous  species  
(PopuZus   ba l sami f e ra ,   Be tu la  papyrifera, 
AZnus spp., SaZ-ix s p p . ) .  A well developed 
organic   layer   overlying  most   deposi ts  is 
composed of decaying   fea ther  mosses 
(PZeurozium s c h r e b e r i ,  Hylocomium s p l e n d e n s l ,  
l i chen  CCZadonia s p p .  1 and  sphagnum moss 
(Sphagnum s p p .  I .  The o rgan ic   l aye r  
general ly   exceeds 0 . 3  m i n  thickness  and 
may exceed 4 rn i n  low-lying  areas (Beke 
et a2 1973).  

The lake  region l ies  wi th in   t he  wide- 
spread  discontinuous  permafrost  zone with 
a mean' annual  temperature  of -4oC (Brown 
e t  ~ 7 ,  1973) The ice f r ee   s eason   fo r  open 
water  bodies i s  less than 6 months. Perma- 
f ros t   condi t ions   genera l ly   occur   wi th in  
1 rn o f   t h e   s u r f a c e   i n  all f ine-grained 
shoreline  materials  (post-impoundment 
s h o r e l i n e s )  where the  organic   cover  i s  
0 . 3  m o r   g r e a t e r .  The average  depth  to 
permafrost  a t  1 4  s i t es  wide ly   d i s t r ibu ted  
around  the  lake  (mid-September 1975  and 
1 9 7 6 )  was 6 3  cm.  I n  a l l   f i n e   g r a i n e d  
mater ia l s   regular   i ce   banding  a few mm i n  
th ickness   occur red   wi th   occas iona l   i ce  
l enses  up t o  8 cm t h i c k .  The i ce   con ten t  
of a l l   f rozen   samples   fe l l   be tween  4 4  and 
6 8  pe rcen t   (pe rcen t  of gross   weight ) .  

I n  1 9 7 2 ,  a s h o r e l i n e   c l a s s i f i c a t i o n  
system  developed  for  Precambrian  lake 
basins  was appl ied t o  Southern  Indian Lake 
(Newbury e t  a 2  1973) .   Fif teen  major  
shore l ine   ca tegor ies   based  on  morphology , 
s u r f i c i a l   m a t e r i a l s ,  and  vegetation were 
mapped on the  lake.  I n  Table I ,  the 
cateqories  have  been  regrouped  into  four 
general   d ivis ions  depending on t h e i r  
s u s c e p t a b i l i t y   t o   e r o s i o n .  Over two- 
t h i r d s  of the  f looded  shorel ine  length 
cons i s t s   o f   ma te r i a l s   sub jec t   t o  
s o l i f l u c t i o n  on melt ing and subsequent 
erosion by water waves. 

EROSION  STUDIES 

Seventeen  locat ions were s e l e c t e d  on 
Southern  Indian Lake i n  1975 fo r   e ros ion  
monitoring  during  and  following impound- 
ment (Figure 1). The si tes were s e l e c t e d  
from  the  three  major   divis ions of shore- 
l i n e  types  (Table I )  i n  a v a r i e t y  of 
exposures t o  wind generated  waves.  Off- 
shore mean fetch  lengths   ranged from 0 . 2  
km to 12.8 km. The s i tes  were surveyed 
i n  September  1975  and  September 1976  on 
seve ra l   c ros s - sec t iona l   l i nes   runn ing  
pe rpend icu la r   t o   t he   sho re l ine  and 
extending 50 m inland.   Acoust ic   and  l ine 
soundings were taken a t  each s i te  a s  well  
t o  a d i s t ance  of 500 m o f f shore .  The 
volume of  eroded  material  a t  each s i t e  
(cu. m pe r  m)  was obtained  from  the change 
in   the   surveyed   c ross -sec t ions   a t   each  
s i t e  (averaged) .  A typ ica l   c ross -sec t ion  
a t  S i t e  11 i s  shown in   F igu re  2 .  

Wind generated waves for   each  hourly 
wind during  the open water period  between 
successive  surveys were developed  using 
the  forecast ing  technique  of   Sverdrup-  
Munk as   rev ised  by Bretschnieder (U.S .C .E .  
1 9 6 6 ) .  Hourly  wind  velocit ies and d i r e c -  
t i o n s  were recorded a t  two loca t ions  
ad jacen t   t o   t he   l ake   (F igu re  1) and 
co r rec t ed  for onshore and o f f shore   d i r ec -  
tion$ (Richards e t  aZ 1 9 7 0 ) .  The e r o s i v e  
component of wave energy  perpendicular t o  
the   sho re l ine  was combined with  the 
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TABLE I Southern  Indian Lake Shore l ine   Charac t e r i s t i c s  

Shorel ine Type 

S i t e  Number and Depth t o  
Map Location Pe rmaf ros t Total  
(Figure 1) (September)  Length 

I Exposed  Bedrock 
( g r a n i t i c   i n t r u s i v e   r o c k s  , 
meta-sedimentary  gneisses , 
etc .  1 . 
Bedrock 
(0-0 .6  m f o r e s t   p e a t ,  
2-5 m c l a y s )  

111 Boulder-Clay T i l l  
Overlying  Bedrock 
(0 -1 .3  m f o r e s t   p e a t ,  
2-5 m c l ay  till) 

I V  Granular  Glacio-Fluvial  
Deposits 
(0-0.1 m organic ,  up t o  
5 m sand  and  sandy s i l t )  

I1 Varved  Clays  Overlying 1 through 6 

7 through 1 3  

1 4  through 1 7  

- 6 6 0  km 

0 . 6  - 1 . 0  m 350 km 

0 . 5  - 1 . 2  m 1790 km 

gene ra l ly  1 2 0  km 
absent  
near   shore 

TOTAL SHORELINE LENGTH 2920 km 

duration  of  winds  causing  onshore wave 
a c t i o n   t o   o b t a i n   t h e   t o t a l   e r o s i v e  wave 
energy  exer ted on each s i t e  between 
successive  surveys  ( ton-metres per rn) . 
materials   were  obtained  a t   each s i te  for 
g r a i n  s i z e  ana lys i s .   I n   add i t ion ,   o f f -  
shore  water  samples were o b t a i n e d   t o  
determine  suspended  sediment  concentrations. 

During  the  survey,  samples  of  overburden 

I I I I I 
0 IO 20 ao 40 

matras 

F i g u r e  2 :  E r o s i o n   n i c h e   f o r m e d  in perma- 
frost a f f e c t e d   b a n k  materials a t  S i t e  11  
as   impoundment   occurred   be tween   September  
1 9 7 5  and  September 1 9 7 6  v a t e r  ZeveZs  ( W . L . )  

DISCUSSION AND NSULTS 

Shorel ine  erosion  during  the i n i t i a l  
impoundment was h i g h l y   v a r i a b l e   a t   e a c h  
survey s i t e  but gene ra l ly   co r re l a t ed   w i th  
t h e   t o t a l   e r o s i v e  wave energy  exer ted on 
the   shore l ine   (F igure  3 ) .  In   permafrost  
l o c a t i o n s ,   e r o s i o n   t a k e s   p l a c e   i n  a 
combination of thermal and  mechanical 
processes   tha t   cause  a deeply   inc ised  
n i che   t o  form a t  and  immediately  below 
the water 's  edge  (Figures 2 and 4 ) .  As 
the  melting and eroding  niche  proceeds 
in to   the   bank ,   the   over ly ing  mass of 
m a t e r i a l   i n c r e a s e s   u n t i l  a la rge   cuspa te  
slump occurs,   exposing new m a t e r i a l s   t o  
the lake  water.  With fu r the r   me l t ing  
and e ros ion ,  the fo re s t ed   su r f ace   o f  the 
former  backshore set t les  t o  form a semi- 
pro tec t ive   mat te   o f  debris i n   f r o n t   o f  t h e  
s h o r e l i n e   t h a t  is s lowly   sa tura ted  w i t h  
water and s inks   be low  the   sur face   o r  is 
c a r r i e d  away i n t o   t h e  main  body of the  
lake  (Figure 5 )  . 
burden  (general ly  55 - 70% c l a y ,  30 - 
45% s i l t )  con t r ibu ted   l a rge  amounts of 
suspended  sediment  to the  main  body of 
the  lake.   offshore  suspended  sediment 
samples of ten   conta ined  75% of the f i n e r  
g r a i n  sizes being  eroded a t   t h e   s h o r e l i n e .  
Long plumes  of  sediment were observed 
moving from the   e rod ing   sho re l ine   i n to  
the main lake body (Figure 6 ) .  The 
format ion   of   o f fshore   depos i t iona l   shoa ls  
was observed  only a t  s h o r e l i n e  s i tes  
composed of g ranu la r   depos i t s .  

Shorelines  forming  in  f ine-grained  over- 
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I n   t h e   r e l a t i o n s h i p   p l o t t e d   i n   g r a p h i c a l  
form in   F igu re  3 ,  a g r o s s   l i n e a r   c o r r e l a t -  
ion  exis ts   between the volume eroded a t  
each s i t e  and the  wave energy  exer ted on 
the  shorel ine  between  successive  surveys 
( c o e f f i c i e n t  of determinat ion,  R2 = 0 . 8 5 ) .  
Sites cons i s t ing  of t h i c k  depos i t s   o f  
varved  c lays   demonstrate   high  erosion  ra tes  
and gene ra l ly  l i e  above the mean c o r r e l a t i o n  
l i n e  (Sites 2 ,  4 ,  and 6 ) .  Si tes  a t  which 
a combination  of  bouldery  clay till and 
exposed  bedrock  exist  demonstrate  moderate 
e r o s i o n   r a t e s  and l i e  near  t h e  mean co r re l a -  
t i o n   l i n e  (Sites 3, 11, and 13)  S i t e s   i n  
g ranu la r   ma te r i a l s  or where more dominant 
bedrock  features   are   exposed l i e  below the  
mean c o r r e l a t i o n   l i n e   i n d i c a t i n g  a 
r e l a t i v e l y  h igh  r e s i s t a n c e   t o   e r o s i o n .  
Two notable  exceptions  occur: a t   S i t e  1 6  
where a backshore  sand berm was removed by 
wave  act ion  before  a regular  beach form 
was developed,  and a t  S i t e  1 where a 
b a r r i e r   o f   f a l l e n   f o r e s t   d e b r i s   e x i s t e d  
p r i o r   t o  t h e  impoundment  due to   f r equen t ly  
occurr ing bank f a i l u r e s .  The lack  of 
e r o s i o n   a t  low  wave energy s i tes  implies  
t h a t  a threshold   va lue  of wave fo rce  may 
be   r equ i r ed   t o   des t roy   t he   p ro t ec t ive  
fores t   cover  and organic  matte  that   pro- 
tects the newly flooded  foreshore.  

On the   bas i s   o f   s eve ra l   yea r s   o f  
observa t ions   in   the   wes te rn  USSR, Kachugin 
( 1 9 6 6 )  sugges ted   tha t  an e rodab i l i t y   i ndex  
f o r   r e s e r v o i r  bank mater ia ls   could  be 
formulated as a washout   coeff ic ient ,   "ke" , 
expressing t h e  volume of a p a r t i c u l a r  bank 
mater ia l   eroded per ton-metre of wave 
energy  exer ted on the  shorel ine.   Values  
of "ke" range  from  .0065 fo r   ea s i ly   e roded  
fine  sands  and loams t o  - 0 0 0 5  or l e s s   f o r  
r e s i s t a n t  bank mater ia ls   def ined  as   "clayey 
sands tones ,   f rac tured   ga ize   sand   wi th  
pebbles  and  boulders , c l a y s ,  and  dense 
marls " . 

On Southern  Indian L a k e  where s i g n i -  
f i c a n t   e r o s i o n   o c c u r r e d   d u r i n g   t h e   i n i t i a l  
year   of  impoundment, the values o f  the 
washout   coeff ic ient   general ly   ranged 
between .00005 and - 0 0 0 2  (F igu re  3 )  * T h i s  
range  of  values l ies  w e l l  below  Kachugin's 
proposed  boundary  for   s ignif icant ly  
e r o d a b l e   m a t e r i a l s   i n   t h e   h i g h l y   r e s i s t a n t  
bank mater ia ls   category.  

producing low va lues   for   the   e ros ion   index ,  
some of which may become more apparent as 
the  impoundment continues:  (1) i n   t h e  f i r s t  
y e a r  of impoundment, new shore l ine  was 
exposed to   e ros ion   g radua l ly  as the lake 
l e v e l   r o s e  2 m t o  i t s  maximum s t a g e .  Thus 
the wave and  thermal  energies were d i s t r i -  
bu ted  over a wide ve r t i ca l   r ange .  Th i s  
w i l l  no t   occur   in   subsequent   years   as   the  
r e s e r v o i r  w i l l  be maintained a t  the 
impounded level ,   concentrat ing  the  erosion-  
a l  energy   in  a narrower  range; ( 2 )  under- 
c u t t i n g  and  slumping was widespread i n  
f ine-gra ined   f rozen   shore l ine   mater ia l s  
caus ing   la rge  volumes o f  fo re s t   deb r i s   and  

Severa l   fac tors  would c o n t r i b u t e   t o  

organic   mater ia l s   to   form a p r o t e c t i v e  
cover on the new foreshore;  and ( 3 )  i n  
the frozen s ta te ,  the   shore l ine   mater ia l s  
a r e   conso l ida t ed   and   h igh ly   r e s i s t an t   t o  
erosion.  A t  high wave e n e r g y   s i t e s ,  
where t h e   a c t i v e   l a y e r  is  removed and t h e  
bank r e t r e a t  i s  g rea t e r   t han  2 m ,  it was 
observed  that  a frozen  section  of  shore- 
l i n e  was constantly  exposed,  implying 
t h a t  the e r o s i o n   r a t e  may be   l imi ted  by 
the r a t e  of thaw of the   ma te r i a l s .   I n  
subsequent  years , t h i s   f a c t o r  can be  in- 
v e s t i g a t e d  more f u l l y  by comparing h igh  
and low wave energy s i tes  when the  f rozen 
materials  have  been  exposed  to the  l a k e  
wa te r   fo r  Longer per iods of time a t   t h e  
impounded wa te r   l eve l .  

CONCLUSION 
Shore l ine   e ros ion   in   permafros t  mater- 

ia l s   occurs   th rough a combination  of 
thermal and mechanical   processes   that  
causes a deep  niche  to  form a t  and 
immediately  below the water ' s   edge.  A s  
the   niche  enlarges ,   s lumping  occurs  and 
f rozen   mater ia l s   a re   exposed   d i rec t ly  t o  
warm lake  water and wave action.  Fine- 
g ra ined   f rozen   sho re l ine   ma te r i a l s   exh ib i t  
the h i g h e s t   s u s c e p t a h i l i t y   t o   e r o s i o n ,  
ranging up t o  .0002 cu. m p e r  ton-rn of 
e ros ive  wave energy.  Bouldery till and 
bedrock   sho re l ine   ma te r i a l s   exh ib i t  a 
h igh  r e s i s t a n c e   t o   e r o s i o n .  On the  b a s i s  
of t h e   i n i t i a l   y e a r  of impoundment  on 
Southern  Indian  Lake, the e ros ion   r a t e s  
of permafrost   materials  are  lower  than 
those   exper ienced   in   s imi la r   unf rozen  
m a t e r i a l s   i n  the USSR. 

The l i m i t a t i o n  o f  erosion a t  high wave 
e n e r g y   s i t e s  by t h e   r a t e  of thaw of perma- 
f r o s t   m a t e r i a l s  w i l l  prolong t h e  per iod 
of r e - s t a b i l i z a t i o n  of s h o r e l i n e s   i n  
f looded  lake  basins .   Similar ly   the  con- ,  
t r i b u t i o n  of f ine-grained  sediments   in  
suspension t o  t h e  main lake body will be 
prolonged,  extending  the  period of bio- 
log ica l   impact  beyond t h a t  which  would be 
a n t i c i p a t e d   i n  more southern   reservoi rs .  
On Southern  Indian  Lake, f u r t h e r  i nves t -  
i g a t i o n s  of erosion  and  sedimentation w i l l  
be  conducted  annually  to  determine the 
Long-term e f f e c t s  o f  impoundments on 
permafros t   a f fec ted   shore l ines .  
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GEOTHERMAL ASPECTS OF VENTILATED PAD DESIGN 

J. F. Nixon, R. M. Hardy & Assoc ia t e s  L t d . ,  Ca lgary ,   Alber ta .  

Forced a i r  v e n t i l a t i o n  i s  capable  of provid ing  a re l iable  and 
s u f f i c i e n t l y   l a r g e   h e a t   r e m o v a l   c a p a c i t y  t o  provide a stable founda- 
t i o n  for h e a t e d   s t r u c t u r e s   p l a c e d   o n   g r a d e   i n   p e r m a f r o s t  areas. Two 
d e s i g n   a s p e c t s  are of primary  importance,   and are t h e   p a d / i n s u l a t i o n  
t h i c k n e s s   r e q u i r e d  t o  prevent   thaw  dur ing   the  summer season,   and  the 
v e n t i l a t i o n   c a p a c i t y   r e q u i r e d  for t he   w in te r   s eason .   Des ign   cha r t s  
a r e   p r e s e n t e d  to estimate t h e s e   q u a n t i t i e s ,  and demonst ra te   the  
e f f e c t s   o f   v a r y i n g   i n s u l a t i o n   t h i c k n e s s   a n d   s t r u c t u r e   t e m p e r a t u r e .  
Two case h i s t o r i e s  are r ev iewed ,   and   co r re l a t ion  of f i e l d  performance 
and   t heo re t i ca l   des ign   r equ i r emen t s  i s  p resen ted .  

C A R A C T ~ E S  GI~OTHERMIQUES DE FONDATIONS STABILIS~ES PAR UN SYST~ME DE 
REFROIDLSSEMENT FOR& PAR AIR 

Un  systsme de  refroidissement  for&  par  air  permet  d'obtenir  une  capacit6 de 
refroidissement  suffisamment  importante  et  fiable,  pour  assurer  une  fondation 
stable aux structures  chauffges  placses  directement  sur  le  sol  dans les zones  de 
pergGliso1.  Deux  aspects  de ce systsme  ont  une  importance  primordiale;  d'une  part, 
1'Gpaisseur  que  doit  avoir  le  coussin  isolant  pour  empzcher le d6gel  pendant l'iSt6, 
d'autre  part  la  capacitG de ventilation  nGcessaire  pendant  l'hiver.  On  prssente 
ici  des  abaques de calcul  permettant  d'Evaluer ces quantitGs,  et de  d6montrer  les 
effets  que  peuvent  avoir  des  variations de l'gpaisseur  d'isolation  et de la 
tempsrature  des  structures. On donne  l'historique de deux  cas, et on Gtablit  une 
corrglation  entre  la  performance in  situ, et les  exigences  thgoriques  qui  caractg- 
risent  ce  systsme. 

rEOTEPMMrIECICME ACIIEKTH IIPOEICTA BEHTMJIWPYEMOR IIOWLIKH IIOA (PYHWEHT 
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GEOTHERMAL ASPECTS OF VENTILATED PAD DESIGN 

J. F. Nixon 

R. M. Hardy & Associates  Ltd.,  Calgary,  Alberta. 

INTRODUCTION 

Heated  structures  in  permafrost 
areas  are  often  founded  on  pile  founda- 
tions  in  order to  maintain  an  airspace 
between  the  structure  and  the  underlying 
frozen  ground.  Many  structures  such as 
garages,  warehouses  or  storage  tanks 
experience  heavy  floor loads,  however, 
and  it  becomes  more  economical  to  place 
such  structures  directly on  fill  pads. 
Excessive  thicknesses of fill and  insula- 
tion  would  usually  be  required  to  prevent 
eventual  thawing  and  settlement of the 
subgrade, and it  is  common  to  introduce 
some  method  of  ventilation  into  the  pad. 
In  this way, the  fill pad i s  designed  to 
thaw  during  the  summer  period,  and  re- 
freeze  during  the  winter  period  when  the 
ventilation  ducts  are  operative. 

In the  past,  ventilation  methods 
have  included  installing  open-ended 
ducts  in  the pad, oriented  in  the  direc- 
tion of the  prevailing  winds  (Auld  et 
al.,  1974).  Another  method of natural 
ventilation  relies  upon  the  "chimney 
effect" to  induce  air  motion  in  stacks 
connected  to  the  ducts  (Tobiasson, 
1973).  These  natural  convection  methods 
suffer  from  the  disadvantage  of  reliance 
on a  low  and  somewhat  unpredictable  air 
velocity  to  remove  heat  from  the  founda- 
tion. Foundation  problems  have  resulted 
using  both of the  above  methods,  due  to 
the  inadequate  ventilation  and  heat 
removal  capacity. 

An  inexpensive  and  reliable  method 
of overcoming  this  disadvantage  is  to 
introduce  electric  fans  into  the stacks, 
thereby  forcing  air at  a  known  velocity 
through  the  ventilating  ducts.  The  fans 
can be  thermostatically  controlled to 
operate  when  the  ambient  temperature 
falls  below a specified level, and can 
be  designed  to  provide a  known  air 
velocity  throughout  the  winter  season. 
When  the  temperature  exceeds  the  specified 
maximum  operating level, the  fans  cease 
to  operate.  During  the  summer  season, 
the  pad  beneath  the  heated  structure 

must be  designed  to  contain  the  thaw 
line,  as  it progresses  downward. It is 
usually  economical  to  introduce a layer 
of  insulation  beneath  the  structure, to 
reduce  the  thaw  depth, and  hence  the 
gravel  quantities. 

The  geothermal  design of ventilated 
pad foundations  in  permafrost  areas is 
therefore  principally  concerned  with  two 
aspects,  the  pad  design  for  the  summer 
period,  and  the  ventilation  requirements 
for  the  winter  period  when  the  ducts  are 
operative. 

PAD THICKNESS 

It shall be  assumed  that  duct 
ventilation is discontinued  when  the 
ambient  air  temperatures  exceed  the  mean 
air  temperature,  Tav.  The  average 
temperature  in  the  pad  below  the  ducts 
is  somewhat  less  than TaV, and a con- 
servative  assumption  for  the  purposes of 
hand  calculations  is  to  assume  the 
initial  pad  temperature is equal  to T a v .  

The pad  will  gradually  thaw  under 
the  influence of the  structure  tempera- 
ture, T,, imposed at the  pad  surface. 
The  depth of thaw  penetration  into  the 
insulated  pad  with  time, t, is given 
approximately (see, for  example  Nixon 
and  McRoberts, 1 9 7 3 )  by 

where kl is  the  thermal  conductivity 
of insulation. 

H i s  the insulation  thickness. 
k2 is the thermal  conductivity 

of the  pad  material. 

pad  materal. 
and L is  the  latent  heat  of  the 

For relatively  dry  materials  such 
as  gravel fill, the  latent  heat  term i s  
small, and  considerable  error  will  be 



introduced  if  the  heat  capacity of the 
frozen  and  thawed  soil  are not accounted 
for. The following  approach  has  been 
used  by  Brown  and Johnston (1970) , 
Thornton (1976) and  others. The latent 
heat  term  in  equation (1) i s  replaced by 

where  Cf is volumetric  heat  capacity 
of frozen  soil = yd (0 e 2 + 
0.5 w) CW/YW 

w) CW/YW 

C, is volumetric  heat capacity 
of unfrozen  soil = yd (0.2 + 

ITav]  is the  mean  ground  tem- 
perature  in  degrees  below 
freezing 

w and  yd are  the  moisture  content 
and  dry  density of the  fill 
material 

= Lw W Yd 
and I,, is the  fill  latent  heat, 
where LW is  the  Latent  heat  of  water 

and  Cw  is  the  heat  capacity  of  water 
(333 x 103 ~ / k ~ )  

(4.18 x lo6 J/m3'K) 

The  moisture  content of the fill 
pad is extremely  important  in  calculating 
the  latent  heat  term to be  used  in 
equations (1) and  (2). For design 
purposes,  this  should be taken as the 
minimum  moisture  content  that  changes 
phase  during a  freeze-thaw  cycle.  For 
free-draining  sands  and  gravels,  this 
may  represent  most of the  moisture 
remaining  in  the  pad  over  the  life  of 
the  structure,  as  very  little  moisture 
in  such  soils  remains  unfrozen  below 
O°C. This  is  not  the  case  in  fill 
materials  having a significant  per- 
centage of silt  or  clay  sizes,  where  a 
large  percentage o f  the  water  may  remain 
unfrozen  below OOC. 

Assuming  the  ducts  remain  closed 
for  one-half of the  year  (while  the 
ambient  temperature is above  its  mean), 
equation (1) may  be  used  to  predict  the 
required  thickness of  fill  to  prevent 
the  thaw  Line  from  entering  the  under- 
lying  tundra.  Adopting  typical  proper- 
ties  for  gravel  fill  and  synthetic 
insulation, and  assuming  the  pad has 
2.5% moisture  content by dry  weight;  the 
following  parameters  are  established 

Insulation: kl = 0.042  W/m°K 
H = variable 

Gravel F i l l :  k2 = 1.99 W/mo 
yd = 2 0 0 0  kg/m 4 
w = 0.025 
Cu = 1.88 x lo6 J/m30K 
Cf = 1.84 x lo6 J/m3OK 
Ls = 16.6 x lo6  J/m3 
L = 16.6 x I O 6  + 1.84 x 

106 (Tav) + 1.88 X 
lo6 (1/2) Ts 

These  parameters  have  been used 
with  equation 1 to prepare  the  pad 
thickness  criteria  as a function  of 
insulation  thickness,  surface  temperature 
imposed  by  the  structure,  and  mean  air 
temperature as  shown  on  Figure 1. This 
graph  indicates  the  significant  savings 
in  granular  fill  that  can  be  achieved 
using  insulation.  The  influence of the 
surface  temperature  imposed by the 
structure  is  also  apparent.  The  mean 
ground  temperature  exerts a less  pro- 
found  effect on the  total  pad  thickness. 

permafrost 

- kl= 0.042 W/m*K 
kp'  1.99 
t = 180 days 

0 I I I I 1 I 

0 4 8  12 16 20 24 
INSULATION THICKNESS(cm) 

F1g.1 Pad thickness criteria  for smwner period 
(duets closed) 

Predictions  of  the  fill  thickness 
required  to  protect  the  underlying 
permafrost  such as those  given on Figure 
1 are  estimated  based  on a simple 
analytical  technique,  and  should be 
confirmed  using  more  rigorous  numerical 
techniques  presently  available.  The 
predicted pad thickness  on  Figure  1  may 
tend to be somewhat  conservative  for 
the  larger  insulation  thickness. The 
floor  slab  can be accounted  for  by 
replacing  it  with  a  thermally  equivalent 
thickness of gravel  fill. 

VENTILATION REQUIREMENTS 

During  the  winter  period,  when  the 
ventilation  ducts  become  operative,  air 
i s  forced  through  the  ducts  using  elec- 
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tric  fans.  The  air  velocity,  and  there- 
fore  the  heat  removal  capacity,  must be 
Sufficient  to  remove  the  heat  flux 
arriving at the ducts  without  causing  a 
large  temperature  rise  in  the  ducts 
between  the  inlet  and  outlet  ends. 

Sanger  (1969)  provided  a  simplified 
analysis  of  ventilation  requirements 
beneath a heated  structure. The  analysis 
was  an empirical  formula  for  stack 
height  required to induce a  "chimney" 
effect.  Calculated  air  velocities  are 
only  sufficient  to  re-freeze the'pad, 
and not  to  provide  any  further  sub- 
cooling.  Large  temperature  increases 
may  occur  through  the  ducting  system, 
indicating  the  possibility  of  thawing 
near  the  outlet  ena  of  the  ducts  during 
some  periods  of  winter. 

In  the  present  analysis,  it  is 
assumed  that  heat is transferred to the 
ducts  from  two  sources,  namely  the  heat 
gained  from  the  structure  above  the 
ducts, and  from  the  pad below the  ducts. 
The  ambient  air  temperature can usually 
be  considered  to  vary  sinusoidally  with 
a mean  value TaV, and  an  amplitude &, 
that is 

Tair - 
where t is  the  ti 

I Tav -+ A. si 

from  the 

n - - - - - (3) 2nt 
365 

me  in days, measured 
time  the  air  tem- 

peratures  pass  through  their 
mean  (usually  about May 1st). 

The  heat flux from  the  structure 
can be written  as 

k, 
F1 = - (Ts - Tair) - - - - - (4) I 

H1 

where H 1  is the  thickness  of  insulation 
together  with  the  thermally 
equivalent  thickness  of  fill 
between  the  structure  and 
the duct centre-line. 

The  temperature  distribution  in  a 
deep  layer  of  fill  subjected to  a  sine 
wave  temperature  change at its  surface 
can be  obtained  from  Carslaw  and  Jaeger 
(1947). The  heat  flux at the  surface  of 
this pad  (i.e., at the duct centre-line) 
can be  calculated  to  be 

" 

F2 = - k2 A. 365K sin - + 4 [ 365 
2 ~ 5  

cos m] 
2 Trt 

where K is  the  thermal  diffusivity  of 
the  pad  material  in  m2/day 
= k2/cu 

Both  of  the  above  expressions  for 
heat  flux  assume  vertical  one-dimensional 
heat  flow  to  the  ducts.  Both  computer 
and  analytical  studies of heat  flow 
adjacent  to  a  row of cooling  pipes 
placed  below a  heated,  insulated SUP- 
face  have  been  carried  out.  Although 
beyond  the  scope of this  paper,  it  can 
be  shown  that  heat  flows  predominantly 
in  the  vertical  direction  provided  ducts 
are  spaced 3 to 4 diameters  apart.  At 
larger  spacings,  the  efficiency of the 
systems  reduces  somewhat. 

The  total  heat  flux  to  be  removed 
by the  ventilating  ducts  is  therefore 
the  sum  of  the  two  quantities  given  by 
equations ( 4 )  and (5) , i.e. 
F = F  L + F 2 - " " " -  (6) 

It can be shown  mathematically  that 
the  heat  flux  predicted  by  equation ( 6 )  
reaches  a  maximum  value  when  the  time, 
t, is  given by 

+ 1 8 2 . 5  - - - - - ( 7 )  

where  the tan-' expression  must be 
expressed in  radians. 

By  substituting  the  time  given  by 
equation (7) in equations ( 4 )  and (51, 
the  maximum  value  for  the  heat flux, 
Fmax,  can be  determined. A sample 
calculation  for  the  heat  flux  gained  by 
the  ducts  is  given  on  Figure 2, for a 
21°C  structure  supported on 10 crn of 
insulation,  and  an  air  temperature  wave 
having a  mean of -7.7OC, and an  ampli- 
tude  of  23OC.  The  graph  indicates  that 
the  flux  reaches  a  maximum  at  t = 240 
'days  (about  early  January),  and  decreases 
to approximately  zero  by  the  end of the 
winter  period  (t = 365 days).  After  the 
air  temperature  passes  through  its  mean 
value,  it  appears  that  the  ducts  begin 
to introduce  heat  into  the  foundation, 
and  for  this  reason  ventilation  should 
be  discontinued. 

Ventilation  requirements  must  be 
designed  to  accomodate  the  peak  heat 
flux,  without  causing an excessive 
temperature  increase  through  the  ducts. 
Otherwise,  increased  thaw  depths  and  the 
consequent  foundation  problems  would 
develop  toward the outlet end of the 
ventilating  ducts. The required  air 
ventilation rate, Q (in  m3/sec), can be 
written  as 
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Structure  temperature = 21OC 
0.1 m insulatlon 

amplitude Ao= 23OC 
mean air temp. = - 7 O C  

K = 0.091 mVday 

6o fl I 1 

I 

from structure 

winter 
(ducts operating 

- -201 40 0 150 200 2 5 0  300 350 

TIME (days) 

Fig. 2. Sample  calculation of heat flux Win to 
ventllation ducts 

where  Ca  is  the  volumetric  heat  capa- 
city of air (1330 J/m3"K) 

AT is  the  allowable  temperature 
rise  through  the  ducts  in "C 

L is  the  duct  length 
and S is the  duct  spacing 

The  quantity Q/SL is the  ventilation 
rate  per  unit  floor area, and is a 
useful  quantity  to  correlate  with  other 
design  parameters.  The  selection  of  the 
allowable  temperature rise, AT, is  to 
some  extent a matter of judgement.  The 
temperature at the  outlet  end  when 
ventilation i s  discontinued  will  be 
Tav -t AT. The  value of AT should  there- 
fore  be  limited so as to  prevent  thawing 
or  excessive  warming at the  duct  outlet. 
For  many  Arctic  applications,  limiting 
this  temperature  increase to about 3OC 
will  prevent  adverse  thermal  effects  to 
the  foundation.  Substituting  this  value 
in equation 8 ,  and  calculating  the 
maximum  heat flux values  for  different 
pad  configurations  and  surface  tempera- 
,tures,  the  corresponding  ventilation 
requirements  for  pads  may  be  determined 
as shown on Figure 3 .  The  reduction  in 
ventilation  capacity  with  increased 
insulation  thickness is apparent. As an 
example, a structure  maintained at 21OC 
having a LO cm insulating-layer requires 
a value fo r  Q/SL of about 9 x 10-3 

INSULATION  THICKNESS (cm) 

Fig.3 Ventilation requlments for cooling ducts 

m/sec. A structure  having a floor area 
of 800 m2 would  require a total  ven- 
tilation  capacity  of 

Q = 9 x x 800 = 7.2 m /sec 

= 430 m3/min 

3 

This  Ventilation  is  normally  sup- 
plied  through  ducts 0.45 to 0.6 m in 
diameter,  spaced 1.5 to 2.5 m apart. 
The ducts  are  connected  to  manifolds  and 
stacks,  in  which  fans  are  mounted  to 
induce  forced  air  ventilation. 

CASE HISTORIES 

(a)  The  hangars  at  Thule,  Greenland 
were  constructed on varying  thicknesses 
of gravel  fill.  and 10 cm of insulation, 
overlying  ice-rich  permafrost.  Ventila- 
tion  employed  the  "chimney"  effect  to 
induce  natural  convection  in  the  30  cm 
diameter  ducts  passing  through  the 
fill  pad. 

One  hangar  reported  by  Tobiasson 
(1973) was  constructed  on a 7.5 m thick 
pad.  Assuming  the  structure  was  heated 
to..about 2OoC, and  knowing  the  mean  air 
temperature  to  be -11"C, the  required 
thickness of fill  should  be  in  the  order 
of 2.5 m. The pad  thickness  if  there- 
fore  considerably  greater  than  that 
required  theoretically.  The  velocity of 
air  in  the  ducts was reported  by 
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Tobiasson (1973) to be about 0.. 8 m/sec. 
This  would  result  in  a  ventilation  rate 
of Q = 0.056 m3/sec. For L = 90.6 m and 
S = 0.92 m, the  ratio Q/SL can be cal- 
culated  to  be 

Q/SL = 0.68 x m/sec 

The  required  ventilation  rate  predicted 
by Figure 3 for  these  conditions  would 
be 8.5 x LO*3 rn/sec to  maintain  small 
temperature  increases  through  the  ducts. 
The  actual  ventilation  rate is therefore 
greater  than  an  order of magnitude less 
than  that  predicted  by  the  procedure 
given  here. 

Tobiasson  (1973)  reported  that  the 
duct  ventilation was  not  capable of re- 
freezing  the  foundation.  Thawing has 
proceeded  into  the  subgrade  soils  and 
floor  settlements up to 1 m have  taken 
place.  Although  thawing was complicated 
by duct  blockage  and  groundwater  pumping 
operations,  it  appears  that  the  ven- 
tilation  capacity was  considerably  less 
than  that  predicted  earlier to maintain 
the  foundation  in  a  frozen  state.  Based 
on the  observed  ventilation rates at 
this  site,  methods  relying  on  natural 
convection do not  appear  capable of 
maintaining  the  required  velocities  in 
ventilation ducts, and  forced  ventilation 
techniques  using fans  are required. 

(b)  Auld  et  al. (1974) have  presented 
performance  data  for a  large  heated 
hangar  founded  directly on a pad at 
Inuvik, N.W.T. This pad  employs  forced 
air  ventilation to re-freeze  the  pad  in 
winter.  The  ducts  are  spaced 3 m apart, 
and  are 36 m long as shown on  Figure 4. 
The  air flow rate  during  winter is 1.86 
m3/s,  giving a ventilation  capacity  of 
Q/SL = 5.1 x m / s .  

The  structure  is  continuously 
heated  to  about Z O O C ,  and is founded on 
a 2.75 m pad, having 10.1 cm of insula- 
tion  beneath  the  floor  slab. 

From  Figure 3, the  required  ven- 
tilation  rate  for a mean  air  temperature 
of  -lO°C  is 8 . 8  x m/s, which 
although  slightly  greater,  compares 
favourably  with  that  used at  this  struc- 
ture.  The  pad  thickness  required  to 
protect  the  structure  during  the  summer 
period of duct  closure  may  be  estimated 
from  Figure 1 to  be 2.0 m, for the 
conditions  outlined  above.  The  actual 
thickness  employed was 0.75 m  greater 
than  this  value,  and  the  structure  is 
therefore  somewhat  over-designed  in  this 
regard. 

Auld et aL. (1974) have  reported 
that no thawing of the  permafrost  has 

I 
3 6 m  

-0.5rn 

'outlets' 

Fig.4 Floor Ventilation  ducts for Imperial Oil 
Ltd. hangar, Inwik,  NWT(Auld et al, 1974) 

occurred  since  construction.  Figure 5 
shows  the  temperature at the  original 
tundra  level  over  several  years of 
operation, and a  net  cooling  trend  is 
observed.  Personal  observations  of  the 
floor  slab  reveal  that  the  foundation  is 
performing  very well with  no  evidence of 
settlement  of  the  slab. 



846 

These  case  histories  confirm  at 
least  in  principle  the  design  procedures 
offered  here  for  ventilation  require- 
ments  and  pad  thickness. It has  been 
shown  that  relatively  conventional 
techniques can be  used  to  predict  pad 
thickness  and  that  forced  air  ventila- 
tion is probably  necessary to accomodate 
the  required  heat  removal  rates  during 
winter.  Once a  design  ventilation  rate 
has  been  established  using  the  relatively 
straight-forward  procedures  outlined 
here,  a  forced  air  ventilation  scheme 
can be incorporated  in  the  foundation 
design  quite  inexpensively,  and  can  be 
shown  to  be  much  more  effective  and 
reliable than  other  natural  ventilation 
techniques. 
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STRENGTH AND STABILITY OF RAILWAY  EMBANKMENTS IN PERMAFROST REGIONS 

N.A. P e r e t r u k h i n ,   A l l - U n i o n  Res.  I n s t .  of T r a n s p o r t a t i o n   C o n s t r u c t i o n ,  MOSCOW, 
U .S .S .R .  

I t  i s   d i f f i c u l t   t o   e n s u r e   t h e   s t r e n g t h  and s t a b i l i t y   o f   e a r t h  embankments 
because  of  complex  and  variable  environmental  condit ions  and  changes  which  occur  in 
them  as a r e s u l t   o f   c o n s t r u c t i o n   a c t i v i t i e s .   T h e r e   a r e  two  approaches t o  the  
s e l e c t i o n  o f  engineer ing  so lu t ions:   the  des ign  and  d imensions o f  an e a r t h  
embankment are  such as t o   r e t a i n  o r  improve   t he   s ta te   and   p roper t i es  o f  t h e   a c t i v e  
l a y e r  and p e r m a f r o s t ;   t h e   e a r t h  embankment i s   d e s i g n e d   a c c o r d i n g   t o   g e n e r a l  
engineer ing  s tandards  and  requi rements,   whi le   ant ideformat ion  measures  are  des igna-  
ted,  i f  r e q u i r e d ,   w i t h   a l l o w a n c e s   f o r   p o s s i b l e  changes i n   t h e   p e r m a f r o s t  and  hydro- 
g e o l o g i c a l   c o n d i t i o n s .  The adop ted   eng inee r ing   so lu t i ons   ensu re   t he   s t reng th  and 
s t a b i l i t y   o f   t h e   e a r t h  embankment b u t  do n o t   c o m p l e t e l y   e x c l u d e   t h e   p o s s i b i l i t y   o f  
d e f o r m a t i o n s .   T h i s   i s   e x p l a i n e d   b y   i n s u f f i c i e n t   b e a r i n g   s t r e n g t h  of f ounda t ion  
s o i l s ,   t h e   d e f o r m a b i l i t y   o f   p e r m a f r o s t   d u r i n g   e x c a v a t i o n ,  as w e l l  as by   the  
u n c e r t a i n   n a t u r e   o f   e n v i r o n m e n t a l   c o n d i t i o n s  and  above  mentioned  processes. 

R ~ S  I STAYCE M ~ C A N  I QUE ET LA STAB I LI  TE DU TERRASSEMENT FERROVIA I RE DANS LES REG IONS 
DE PERGELISOL 
N.A .  P e r e t r u k h i n ,   l n s t i t u t   s o v i g t i q u e  de r e c h e r c h e s   s c i e n t i f i q u e s   s u r   l a  
c o n s t r u c t i o n  de5 voies de comnunicat ion,  MOSCOU, URSS 

La c o m p l e x i t g ,   l e s   c o n d i t i o n s   n a t u r e l l e s   d i v e r s e s   e t   l e s   m o d i f i c a t i o n s  
de ces c o n d i t i o n s   q u ' e n t r a r n e n t   l e s   t r a v a u x  de c o n s t r u c t i o n   e t   l ' e t a b l i s s e r n e n t  
de s t r u c t u r e s   f e r r o v i a i r e s   r e n d e n t   d i f f i c i   l e   l e   m a i n t i e n  de l a  s o l i d i t 6  e t  de l a  
s t a b i l i t i !  du  terrassement.  I 1  e x i s t e  deux  types de s o l u t i o n s  au  probl6me  pose: 
i l  f a u t   c o n c e v o i r   l a   s t r u c t u r e   e t   l e s   d i m e n s i o n s  du  terrassement de manisre 21 
c o n s e r v e r   o u   a m g l i o r e r   l ' e t a t   e t   l e s   p r o p r i g t g s  du m o l l i s o l  e t  du p e r g g l i s o l ,   t o u t  
en   respec tan t   les  normes e t   les   ex igences   techn iques ,  e t  en  tenant  compte des 
v a r i a t i o n s   p o s s i b l e s  des c o n d i t i o n s   g e o c r y o l o g i q u e s   e t   h y d r o g 6 o l o g i q u e s .  Les 
s o l u t i o n s   t e c h n i q u e s   a d o p t g e s   a s s u r e n t   l a   s o l i d i t 6   e t   l a   s t a b i l i t e  du  terrassement,  
mais e l l e s   n ' e x c l u e n t  pas ent isrement  l a   p o s s i b i l i t e  de  deformat ions.  Cela 
s ' e x p l i q u e   p a r  1 ' i n s u f f i s a n c e  du  pouvoi r p o r t a n t  des s o l s  de  fondat ion,   par   la  
d e f o r m a b i l i t g   d u   p e r g e l i s o l   p e n d a n t   l e s   t r a v a u x   d ' e x c a v a t i o n   e t   a u s s i   p a r   l ' & l & m e n t  
d l i n c e r t i t u d e   q u i   c a r a c t g r i s e  l e  m i l i e u  na tu re1   e t   l es   p rocessus   e tud igs .  

BOITPOCbI OEECrIEYEHMR rIPOqHCCTM M YCTOfiqIMBCCTM XEJIE3HOflOPOXHOI'O 
3EMnRHOrO FIOJIOTHA B PAfiOHAX BEqHOfi MEP3J'IOTbI 
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BClFIPOCbI 06ECFIE%HMR nPOYHOCTM M YCToAqMBoCTM XE.0E3HOAOPOXHOTO 
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H.A. nepeTpyxaH 
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CONSTRUCTION O F  EARTH  EMBANKMENTS FOR HIGHWAYS IN WESTERN S I B E R I A  

B . I .  Popov, N.F. Savko, N.M. Tup i tsyn ,  Yu. K. K leer ,  and A.S.  P l o t s k i i ,   A l l - U n i o n  
Res. I n s t .   o f  Roads and  Highways (Omsk Branch), U . S . S . R .  

The authors  d iscuss  highway  construct ion  and recommend d e s i g n s   f o r   e a r t h  
embankments on weak f o u n d a t i o n   s o i l s  (swamps, i c e - r i c h  so i  Is, e t c . ) .  The  recom- 
menda t ions   a re   based   on   t he   ra t i ona l   u t i l i za t i on  of such s o i l s  and o f   n a t u r e ' s  
p o t e n t i a l .   P r a c t i c a l   e x p e r i e n c e  i s  used to descr ibe  the eng ineer ing  methods  and 
the  economic  e f fect  o f  c o n s t r u c t i n g   e a r t h  embankments on a r t i f i c i a l l y   f r o z e n  
f o u n d a t i o n   s o i l s  and w i t h   a r t i f i c i a l   t h e r m a l   i n s u l a t i o n  (foam p l a s t i c ,  expanded 
p o l y s t y r e n e ,   e t c . ) . ,   S p e c i a l   m e n t i o n   i s  made o f   d e s i g n i n g  and c o n s t r u c t i n g  ernbank- 
rnents on  slopes  and on s e c t i o n s   w i t h  f ros t  mounds. The recommended s o l u t i o n s  make 
i t  poss ib le   to   reduce  the   vo lume  o f   ear thwork  1.5-2  t imes  and  increase  the r a t e  o f  
c o n s t r u c t i o n   o f   h i g h w a y s   i n   t h e   o i l - a n d   g a s - p r o d u c i n g   r e g i o n s  o f  Western  S iber ia  
by a f a c t o r  o f  2 t o  2.5. 

TRAVAUX DE TERRASSEMENT DES AUTOROUTES EN S I  B ~ R I E  o c c  IDENTALE 
B . I .  Popov, N.F. Savko, N.M. Tup i tsyn ,  Yu. K. K leer ,  A.S. P l o t s k i i ,   l n s t i t u t  
s o v i e t i q u e  des vo ies   e t   au to rou tes ,  f i l i a l e  d'Omsk, URSS. 

Les a u t e u r s   6 t u d i e n t   l e s   c o n d i t i o n s  de l a   c o n s t r u c t i o n   r o u t i s r e   e t   p r o p o s e n t  
des  mgthodes nouve l les  de terrassement s u r  t e r r a i n s  peu  s tab les   (mara is ,   so ls  
r i c h e s  en g l a c e ,   e t c . ) ,   d o n t  i l s  recomrnendent d ' u t i l i s e r   l e s   p o s s i b i l i t g s  de faFon 
r a t i o n n e l l e .  Des recherches  prat iques de grande  envergure on t  f o u r n i  des 
rense igne rnen ts   su r   l es   p roc&d&s   techno log iques   e t   l ' e f f i cac i tg  6conornique  du 
terrassernent  sur  des  sols de f o n d a t i o n   g e l g s   a r t i f i c i e l l e r n e n t   a v e c   u t i l i s a t i o n  
d ' i s o l a n t s   t h e r m i q u e s   a r t i f i c i e l s   ( p l a s t i q u e s   e x p a n s g s ,  mousse  de p o l y s t y r s n e ,  
e t c . ) .  Des d i s p o s i t i o n s   p a r t i a l  iG res  sont  3 p r e n d r e   l o r s  de l a  c o n s t r u c t i o n  de 
rembla is   sur  des f l a n c s  de c o t e a u   e t  des te r ra ins   compor tan t  des b u t t e s  i l e n t i l l e  
de g lace.  Les s o l u t i o n s  recommandees permet tent  de r e d u i r e  de 1,s 21 2 f o i s   l e s  
t ravaux  de terrassement e t  d'augmenter de 2 21 2,5 f o i s   l e  rythme de c o n s t r u c t i o n  
des au torou tes  dans l es   rgg ions   p roduc t r i ces  de p & t r o l e   e t  de g a t  de l a   S i b e r i e  
o c c i d e n t a l e .  

YCTPORCTBO 3EMJIRHOrO HOSIOTHA ABTOMOEMJIbHblX AOPOr 
B YCJIOBMRX 3ArIAflHOa CMEMPM 
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YCTPORCTBO  3EMnRHOrO FIOJIOTHA ABTOMOEMJIbHbIX LLOPOr 
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6.H. ~ O ~ I O B ,  H.@. CaaKo, H.M. TynnuLrrI, I0.K. Kneep, A.C. ~ J I O U K H ~  
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CONSTRUCTION BY THE METHOD OF STABILIZING PERENNIALLY FROZEN FOUNDATION SOILS 
G . V .  Porkhaev, R.L. V a l e r s h t e i n ,  V.N. Eroshenko,  A.L.  Mindich, Yu. S. Mirenburg,  
V.D.  Ponomarev  and  L.N. Kh rus ta lev ,   Research   I ns t i t u te  o f  Foundations  and 
Underground  Structures,  MOSCOW, U .S .S .R .  

p e r m a f r o s t   r e g i o n s .   S p e c i a l   a t t e n t i o n   i s   p a i d t o   t h e  most d i f f i c u l t   c a s e  where 
t h e   l a y e r  o f  seasona l   f reez ing  and  thawing does no t   merge  w i th   permaf ros t .  A new 
c o n s t r u c t i o n  method i s   s u g g e s t e d   f o r   s u c h   c a s e s   w h i c h   i n v o l v e s   s t a b i l i z a t i o n   o f  
f o u n d a t i o n   s o i l s .  The method i s   d e s c r i b e d   i n   d e t a i l ,   i n c l u d i n g   t h e   m a i n   e q u a t i o n s  
f o r   t h e   c a l c u l a t i o n   o f   t h e r m a l  and  mechan ica l   in te rac t ions  of b u i l d i n g s  and o t h e r  
s t r u c t u r e s   w i t h   f o u n d a t i o n   s o i l s .   I n   c o n c l u s i o n   t h e   a u t h o r s   p r o v i d e  an example o f  
how t o  use t h i s  method i n   t h e   c o n s t r u c t i o n  o f  a work camp, i nc lud ing   t he   des ign  
c h a r a c t e r i s t i c s  of b u i l d i n g s ,   t y p e s  o f  founda t ions  and  methods of  i n s t a l l i n g  sewer 
p ipes,   water   supply   systems  and  o ther   fac i  1 i t i e s .   T h i s   e x a m p l e   i l l u s t r a t e s   t h e  
main  advantages o f   t h e  new method  over   ex is t ing   p rocedures .  

The au tho rs   g i ve  a b r i e f   r e v i e w  o f  t h e   e x i s t i n g  methods of  c o n s t r u c t i o n   i n  

M ~ T H O D E  DE CONSTRUCT ION P R ~ O Y A N T  LA STAB I L I SAT ION DE SOLS DE FONDAT ION P E R G ~ L  I S O L ~ S  
G . V .  Porkhaev, R.L. V a l e r s h t e i n ,  V . N .  Eroshenko,  A.L.  Mindich, Yu. S. Mirenburg,  
V . D .  Ponomarev,  L.N. K h r u s t a l e v ,   l n s t i t u t  de r e c h e r c h e s   s c i e n t i f i q u e s   s u r   l e s  
f o n d a t i o n s   e t   l e s   s t r u c t u r e s   s o u t e r r a i n e s ,  MOSCOU, URSS.  

p e r g h l i s o l .  

complexe, c e l u i  oC l a  couche 2 a l t e r n a n c e   s a i s o n n i s r e  de g e l   e t  de  degel  ne se fond 
pas  avec l e   p e r g 6 l i s o l .  Un nouveau  p rocede  de   cons t ruc t ion   es t   p ropose,   qu i   cons is te  
=I s t a b i l i s e r   l e s   s o l s  de f o n d a t i o n .   L e   p r o c g d 6   e s t   d e c r i t   e n   d g t a i l ,  y compr is   les  
equa t ions  de  base  perrnettant de c a l c u l e r   l ' i n t e r a c t i o n   t h e r m i q u e   e t  mecanique  entre 
l e s   b a t i r n e n t s   e t   s t r u c t u r e s   e t   l e s   s o l s  de f o n d a t i o n .  

l a   c o n s t r u c t i o n   d ' u n e   c i t e   o u v r i s r e ,   e t   d g c r i v e n t  comment sont  consus les bs t imen ts ,  
que ls   t ypes  de f o n d a t i o n   s o n t   u t i l i s e s   e t  comment s o n t   c o n s t r u i t s   l e s   r e s e a u x  
d 'egou ts ,  de d r a i n a g e ,   d ' a d d u c t i o n   d ' e a u   e t   a u t r e s   i n s t a l l a t i o n s .  Cet  exemple 
montre  les  avantages  fondamentaux  du  nouveau  procede  par  rapport   aux  prockd6s 
e x i s t a n t s .  

Bref   apersu  des  procedes  ex is tants  de c o n s t r u c t i o n  dans l e s   r e g i o n s  de 

Une a t t e n t i o n   p a r t i c u l i s r e  e s t  accordge  au  cas  qu i   est   cons idere comme l e   p l u s  

E n f i n ,   l e s   a u t e u r s   f o u r n i s s e n t  un exemple  de  mise  en  oeuvre  du  procgde  dans 

CTPOMTEnbCTBC no CrIOCCIEY CTAEMflM3AUMM BE9HOWEP3JIblX rPYHTOB OCHOEA.HMR 
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FOAMED SULPHUR INSULATION FOR PERMAFROST  PROTECTION 

M. E. D. Raymont,  Sulphur  Development  Institute of Canada (SUDIC) 
Calgary,  Alberta,  Canada 

Rigid  insulating  foams  based on sulphur are being  developed  in  a  joint  Chevron-SUDIC 
program. With  changes  in  formulation  these  foams  can  be  produced  with a wide  range 
of  mechanical  and  thermal  properties. In contrast  to  commonly  used  board  stock  mat- 
erials,  sulphur  foams  can  be  foamed-in-place  under  any  weather  conditions.  Using 
pilot  plant  equipment,  sulphur  foam  was  installed in August, 1974 at a site  along 
the  Dempster  Highway,  N.W.T.  to  test  its  utility  for  permafrost  protection.  Monitor- 
ing  since  the  installation  has  indicated  that  the  foam  has  fulfilled  expectations. 
Temperature  monitoring  has  detected  some  thaw  beneath  the  insulated  section,  but  this 
is substantially  less  than below the control  section.  Predictive  thermal  analysis 
of the  design  confirms  field  test  data.  Long-term  monitoring of these  foams f o r  
permafrost  protection is being  continued. 

UTIL I  SATION D '  ISOLANTS ii BASE DE SOUFRE EX PANS^, POUR LE  MAINTI EN DU P E R G ~ L  ISOL 

M. E. D. Raymont,  Sulphur  Development I n s t i t u t e  o f  Canada (SUDIC) Ca lga ry ,   A lbe r ta .  

Au c o u r s   d ' u n   p r o j e t  commun e n t r e p r i s   p a r  Chevron e t  S U D I C ,  on a m is   au   po in t  des 
mousses r i g i d e s   e t   i s o l a n t e s ,  2 base  de  soufre.   Avec  quelques  modif icat ions  de 
formule,   on  peut   produi re  des mousses possedant  une gamme etendue  de  propr ie tgs 
mecaniques e t   t he rm iques .   Con t ra i re rnen t   aux   ma te r iaux   hab i tue l l emen t   u t i l i sgs   pou r  
l a   f a b r i c a t i o n  des  panneaux, on peu t   f ab r ique r   su r   p lace  des mousses d base  de 
sou f re   ( sou f re   expanse) ,   que l l es  que so ien t   l es   cond i t i ons   m&t&oro log iques .  A 
l ' a i d e  des   appare i l s   f ou rn i s   pa r  1 ' u s i n e - p i l o t e ,   o n  a place  en  aoQt 1974 du  soufre 
expans6  en  un l i e u   s i t u 6   l e   l o n g  de l a   r o u t e  de  Dempster, T .N .E . ,  p o u r   v g r i f i e r  dans 
q u e l l e  mesure   ce   p rodu i t   a ide  4 p r e s e r v e r   l e   p e r g e l i s o l .  Les obse rva t i ons   e f fec tu&es  
d e p u i s   l e   d g b u t   d e   l ' i n s t a l l a t i o n   o n t   i n d i q u k  que l e   s o u f r e  expanse a 1 ' e f f i c a c i t e  
esp6ree.  Les  re levgs  de  la  temperature  nous  ont  permis de d g c e l e r  un c e r t a i n   d e g r e  
de  dggel  au-dessous de l a   p o r t i o n   i s o l k e ,   m a i s  ce phgnomsne e s t  beaucoup  moins 
prononce  qu'au-dessous  du  t ronFon  de  contrgle.  
L 'ana lyse   thermique de ce  modgle  nous a permis de c o n f i r m e r   l e s  donn6es e x p 6 r i -  
m e n t a l e s   o b t e n u e s   i n   s i t u .  On cont inuera   pendant   un   cer ta in  temps 21 o b s e r v e r   l e  
r61e  du  soufre  expanse  dans l e   m a i n t i e n   d u   p e r g e l i s o l .  



FOAMED SULPHUR INSULATION FOR PERMAFROST  PROTECTION 

M. E. D. Raymont 

Sulphur Development Institute of Canada (SUDIC) 
Calgary, Alberta 

INTRODUCTION 
Growing construction activity in northern areas is demand- 

ing large amounts of insulation material to  ensure that perma- 
frost degradation and  subsequential  damage to the environment 
and commercial facilities do not occur. Natural insulating 
materials  available in arctic regions,  such as gravel, display 
relatively poor insulating properties as well as being in short 
supply. In addition  their availability is often severely limited by 
environmental aspects of their extraction. 

The Sulphur Development Institute of Canada (SUDIC) and 
Chevron  Research Company are jointly sponsoring  an intensive 
R+D program to develop and commercialize sulphur  foam 
insulation for a variety of uses including permafrost protection. 
Sulphur foam appears to present a viable alternative to natural 
and other artificial insulators. Elemental sulphur has excellent 
insulating qualitites, but is  impractical for commercial applica- 
tions because of i t s  high density, i ts  bacterial degradation, and i ts  
susceptibility to thermal shock. Recent developments in tech- 
nology have  enabled the  production of a foamed sulphur which 
possesses low density, excellent insulating properties and  resisr- 

ance to degradation. As well,  sulphur is readily available,  par- 
ticularly in Alberta, where stockpiles of by-product sulphur from 
the natural gas industry are continuing to build. Thus it does not 
pose the same availability and environmental problems associated 
with indigenous  insulators. Current preliminary cost  estimates 
indicate that sulphur  foams  can be very competitive with con- 
ventional insulating materials,  and that i t s  competitiveness im- 
proves with increasing job size, remoteness of location, and 
severity of weather conditions. Thus potentially it is ideally 
suited for use in remote areas to protect permafrost. 

PREPARATION AND PROPERTIES OF SULPHUR FOAM 
Containing between  50%  and 85% sulphur, these  foams 

can be foamed-in-place. A concentrate containing aromatic 
carbocyclic or heterocyclic compounds substituted by -OH 
or -NHR groups,  and  small amounts of surface  agents, foam 
stabilizers and viscosity modifiers is prepared in a plant facility 
and transported to the site with the sulphur and foaming agent. 
At  the site the concentrate is blended with molten sulphur to  

Table  1. Typical properties of sulphur foams of varying densities. The ranges  shown are achievable by changes in formulation. 
(From:  Ankersetd, 1975) 

ASTM 
Method 

D2326 
0696 
Dl621 
Dl621 
0790 
D790 

c355 

D2127 
11 940-62 

K-Factor at  30"C, kW/m"C ( X I O - ~ )  
Coefficient of Linear  Thermal  Expansion ( x I O - ~ )  
Compressive Strength, 1 kPa 
Compressive Modulus, MPa 
Flexural Strength, kPa 
Flexural Modulus, MPa 
Resilient  Modulus, MPa 
Dynamic Loading,  Cycles at  1.0  MPa 
Water-Vapor Permeability, Perm-in 

- Core, Without Skin 
- One Skin Intact 

Water Absorption, vol% 
Closed Cells, % of Cell Content 

-r 

70 

3.5 

140 - 210 

80 - 100 

11 
0.8 
1.5 
3 

Density, kg/m3 

100 

3.6 

210 - 310 

9 
1.5 

C290-67 Freeze Thaw Resistance (1 00 cycles) I No  crack I No crack 

160 

4.0 
3.4 

340 - 620 
13.8 ~ 20.7 
140 - 210 

20.7 - 48.3 
-1 10 

>6.9x103 

10 
<1 
1 - 2  
5 - 85 

No  crack 

320 

4.9 
2.3 

1030 - 1 380 

340 - 480 
-35 

-250 

10 
0.5 
1 - 2  

18 - 84 
No crack 

1.  Measured parallel to foam rise, a t  maximum stress to 10% deformation. 
2. Very rough  estimates. 
3. Compressive  stress/strain  under  repeated  loading conditions (0.1 sec loading a t  20 applications/min). 
4. Compressions of 1.3 sec. duration at  26 applications/min. 
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form a precursor which is then mixed with the foaming agent 
(an isocyanate) in a specially designed  chamber to produce the 
liquid foam  (Woo, 1973). Seconds after the liquid is extruded, 
it begins to foam, rise, and solidify producing a solid sulphur 
foam  surrounded by a protective skin. 

Several characteristic properties make  sulphur  foam partic- 
ularly appropriate for northern insulating purposes. It is a solid 
rigid cellular material possessing low density, high strength, 
excellent insulating properties, and  resistance to chemical and 
bacterial attack. Table 1 gives typical properties of several 
formulations of sulphur foams,  The formulation can  be altered 
to meet  specific  requirements. For example it is possible to vary 
such properties as density,  compressive  strength, flexural 
strength,  closed cell content, and thermal conductivity. Typical- 
ly, as the density is increased, the mechanical properties improve 
but the thermal properties deteriorate. However, it is possible to 
maintain a constant density and vary the closed cell content and 
compressive  and flexural strengths. The thermal conductivities of 
sulphur foams  are very  similar to other common insulating 
materials of comparable  density as shown in Figure 1.  

7.0 I 

100 200 300 400 500 
DENSITY. k0/rn3 

Figure 1. Thermal conductivity as a function  of density for 
sulphur foam and other common insulators. (From: Chevron 
Research  Company, 1976) 

DEMPSTER HIGHWAY, N.W.T. FIELD TEST 

A  field trial at  a northern location was initiated with  two 
objectives: 1. To evaluate the utility  of foamed-in-place sulphur 
foams in conjunction with activities in remote environments 
such as the Arctic, and 2. To assess the performance of the 
material under typical arctic conditions. 

The selected site is  a section of the Dempster  Highway, 
about 64 km south of Inuvik, N.W.T., in terrain that is trans- 
itional between that of subarctic forest and tundra. Average ice 
content for the site was comparatively low, ranging from 10.20% 
(Campbell, 1976); generally it was not visible in the cores drilled 
for soil sampling  except for sparse tiny inclusions or thin lenses. 
Soil analysis  results are  given in Table 2. 

Table 2. Soil analysis  results,  Dempster  Highway test site. 

Water 
Depth, m Content, % 

Peat 0.2 14-23 
Silt 0-3.4 14-23 
Silt Till 3.4-4.9 10-15 
Silt Shale (Bedrock) 4.6  7-10 

For this test, a 10 cm layer of sulphur  foam of 160 kg/m3 
density and 340 kPa  compressive strength was sandwiched 
between a basal  gravel layer (0.5 m) and a topping gravel lift 
(0.9 to 1.5 m). This latter course was compacted to form the 
road  surface (Figure 2). Only one-half the thickness of the top- 
ping l i f t  was required for structural protection of the foam: 

however, the greater  thickness was laid to match the height of 
the adjoining sections of highway. The  thickness of the foam 
layer was arbitrarily determined since thermal history and 
geotechnical  data for the site was not available.  Observations 
made during installation of a Styrofoam insulation test carried 
out by National Research Council a t  a site 20 km south of 
lnuvik provided some indication of the site characteristics that 
could be  expected.  The  degree of insulation used for the test  
was  based on these  observations. 

~ j g u ~ ~  2. ~ n d - d ~ ~ p i n g  the t ~ p ~ i n ~  gravel lif 
across p ~ o d u c ~ d  only ~ i n o ~  scuff nlarlcs an 
while the ~ ~ i g h t  of the ~ u l l d o z e ~  and gravel la  
the f o a ~ .  

ozzie ~ x ~ ~ ~ d i n g  l i ~ ~ i d  ~ o a m  onto ~ h a i ~  r o ~ ~  
The i ~ r ~ ~ u l ~ ~  ~ u ~ a e e  is due to the  zigzag s p r ~ a d i n g  a c t ~ ~ n  of 
the nozzle. 

The equipment required to prepare  and  lay the foam was a 
prototype experimental unit mounted on two trucks. The  pre- 
cursor is prepared in one truck and  transferred to the other 
where it is mixed with the foaming agent  and extruded. 

The  layer of sulphur  placed during August, 1974, measured 
40 x 14 m by 11 cm thick. In spite of the abrupt variations in 
weather conditions (between temperature extremes of -2" C and 
21" C) the foam quality was excellent, exhibiting very fine 
uniform cell structure. The average 176.2 kg/m3 density and 
320 kPa  compressive strength were  close to the design specifica- 
tions. The prototype equipment was fitted  with a very  crude 



spreading system and this caused the wavy  surface of the foam 
(Figure 3). 

Performance monitoring  of the foam is based on data re- 
corded by instruments installed during the tes t  (Ankers et a/ ,  
1975). Temperature is recorded by a total  of 197 therrnisters 
placed in the test  section, a control road  section and in an un- 
disturbed plot away from the road. Of these, 156 measure 
ground  temperatures to  a depth of 6 m, while the remainder 
record  temperatures immediately above  and below the foam. In 
addition, thermopile heat flow gauges  were installed a t  three 
locations on both surfaces of the foam  layer to measure thermal 
conductivity. Settlement feeler  plates  were  also instal!ed directly 
on top  of the foam layer so that profile changes could be 
recorded by annual site surveys. 

FIELD MEASUREMENTS - RESULTSAND DISCUSSION 
Thermisters are  read monthly throughout the year,  and 

settlement was  measured  and  cores  removed during the summers 
of 1975 and 1976. Cores  were tested in the laboratory for 
moisture content and  compressive  strength. 

Moisture Content 

Laboratory testing has indicated that water  vapor perm- 
eability (according to ASTM C355) of sulphur  foam is to a great 
extent dependent on the presence of an intact surface  skin. 
Cracks  developed in the newly poured foam layer a t  the test si te 
about every  0.6 - 1 m. This was a result of the strong bond 
formed to  the road by the foam and the considerable difference 
in contraction of the two materials on cooling. Experimentation 
with polyethylene sheets during the trial indicated that this 
effect can be completely eliminated by use of a lubricating agent 
between the foam and road surface.  However,  because it is in- 
evitable that the foam will eventually crack from ground  rnove- 
ments, it is  important that the foam perform adequately even in 
the presence of cracks. 

No moisture was found during testing of the 1975 cores, 
but 1976 cores indicated an  average accumulation in the foam 

lo r 

layer of 0.5 vol% water.  There was generally  more moisture in 
the  bottom 1.0 crn (1.5 - 3 ~01%) and  near  cracks in the foam. 
However, the gravel immediately above  and below the foam was 
much wetter (5 - 10%  water above, 8 - 11% below). 

An increase in thermal conductivity of 4% would corres- 
pond to  the 0.5 vol% average moisture accumulation in the foam. 
However, the temperature  data cannot and did  not detect that 
small a change, indicating that further data is necessary to estab- 
lish this relationship. A water content  of approximately 15 vel% 
would be required to increase the thermal conductivity by a 
factor of  two (Campbell eta / ,  1976). 

Compressive Strength 

Compressive strength was  measured a t  maximum to 10% 
deformation (parallel to rise)  according to ASTM 01621. Testing 
of  both 1975 and 1976 cores indicated no significant change in 
compressive  strength  over the two-year period. This supports 
previous laboratory tests which indicated that moisture content 
and thermal cycling do not affect mechanical properties of the 
foam  (Chevron Research  Company, 1974). 

Thermal  Analysis 

The substantially higher  temperatures in the insulated 
section as compared to the control during the winter following 
installation (1974/75) are most likely a result of the insula- 
tion preventing rapid cooling of the ground (Figure 4). How- 
ever,  even during the first  full summer after installation (19751, 
the extent of thaw was markedly reduced by the sulphur  foam 
layer. Maximum ground level  temperatures  reached only 2" C 
in contrast to 6" C in the  control section,  and the degree  days of 
thaw were  reduced to less than one-third of those  experienced 
in the control section. During the  next winter (1975/76) the 
insulated  section again remained  warmer than the  control al- 
though the minimum ground level  temperatures  were noticeably 
lower than for the previous winter. During the most  recent 
summer (1976) some thaw still occurred  under the sulphur foam 
layer, but the degree  days of thaw were  reduced by some SO+% 
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as compared to the uninsulated standard construction design. 
Depth of thaw during both summers  was  reduced by about 50%. 

Isotherms  under the insulated and uninsulated road sec- 
tions,  shown in Figures 5 and 6 respectively, clearly indicate the 
different thawing trends  under the two sections.  Recorded in 
early July, 1976, the 0" C isotherm reaches well up into the 
insulated  road  bed whereas it is already about 0.5 m below 
ground level for the uninsulated. The asymmetry of the iso- 
therms with respect to the road is due to unsymmetrical ex- 
posure to the sun.  The noticeable dip in the isotherms a t  the 
road edge indicates a need for careful insulation design a t  the 
road bermhndisturbed ground interface to prevent excessive 
thawing. 

Christison and  Shields (1976) applied  one-dimensional 
heat conduction analysis to several  cases  based on the actual 
conditions at the Dempster  Highway site. Thicknesses of gran- 
ular fill, foam and  subsoil, density of foam,  and time of con- 
struction (Le. summer or winter) were  varied in the eight 
cases analyzed.  Thermal  analysis utilized an "n" layer, explicit 
finite difference model to predict depth of thaw beneath  sev- 
eral trial combinations. The  present 11 cm  thickness of insula- 
tion is predicted to be insufficient to allow complete regenera- 
tion  of the permafrost within three years of installation, for 
either summer or winter construction. However,  since settle- 
ment is  less at a low ice content site than one with higher ice 
content, the amount of thaw permitted by the 11 cm of foam 
may  be tolerable in terms of ground stability. 

To prevent  any thawing even during the first summer 
following construction, it is estimated that 20 cm of foam 
would be required for summer installation, and 15 cm for winter 
construction. A site with a higher ice content (30 - 50% ice) 
would require greater  amounts of heat to achieve the same 
depth of thaw as a site with lower ice content. The Christison- 
Shields  model predicts that 11 cm of foam would suffice a t  a 
higher ice content site, for a winter installation. 
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Figure 5. Isotherms  under  insulated  road, July 4, 1976 (cross- 
section). (From: Campbell eta / ,  1976) 

Ground Settlement 

Survey profiles indicated a 2.5 cm settlement over the entire 
Site in 1975, with slightly greater settling in the  control section; 
no senlement was  observed in 1976. This would tend to support 
the suggestion that the settlement during the first year was due 
to compaction of the soil and  basal  gravel layer. 

exposed to permit evaluation of the effect of the foam on the 
natural vegetation in direct contact with it. Inspection by R.  M. 
Hardy & Associates Ltd. personnel during August, 1976 showed 
there was no observable  evidence that the sulphur foam had af- 
fected the vegetation in any  way. 

Samples  were taken from several locations for testing pH 
and microbial levels.*  These sites included undisturbed areas 
away from the road, sites on the road  where the foam  had  been 

-4 0; I I I I 1 I 
6 12 18 24 30 36 

DISTANCE, rn 

Figure 6. Isotherms  under noninsulated road, for  July 4, 1976 
(cross-section). (From: Campbell et a/,  1976) 

removed from other measurements, the edge of the road,  and the 
exposed foam pad.  Samples of shale  were taken from the road- 
bed to determine if the buffering action of the shale material 
used in the gravel layers was neutralizing the acid formed by 
oxidation of the sulphur. No major changes in soil pH were 
observed, although small  drops  were noted in the surface soil 
directly below the exposed  foam  pad. Because the shale  was 
found to have significant buffering capacity, pH testing is 
inconclusive. 

R. M. Hardy and  Associates (1976) report that preliminary 
greenhouse experiments show  some lowering of pH when finely 
crushed  samples of foam are incubated  under  warm  temperatures 
(20" C) a t  high loadings.  However, the acidification is  signifi- 
cantly less than in experiments  using  elemental  sulphur. Further 
work is in progress to establish  degradation  rates  under condi- 
tions similar to  that found in the field, 

CONCLUSIONS 
In order to assess the practical viability of sulphur  foam, the 

installation of a field test for permafrost protection early in the 
development  program was felt to  be very important. Field testing 
enabled  assessment of equipment and construction techniques 
as well as providing valuable  data on the structural and thermal 
performance of the product. Detailed geotechnical  and climatic 
site information were not available prior to  the field work. Thus, 
certain assumptions  had to be  made in order to choose an in- 
sulation thickness.  Nevertheless, it is clear from  two years of data 
that  the physical, structural, and thermal properties of the foam 
have  been maintained and that it is  feasible to use  these materials 
for permafrost protection. For future installations, insulation 
design will be  based on detailed site characteristics and require- 
ments (e.g.  ice content, climatic conditions, load limits, etc.). 
Preliminary cost estimates indicate that they should be competi- 
tive with other types of insulation, particularly for larger jobs in 
remote locations with adverse weather conditions. This is in 
part due to the fact that sulphur  foams are foamed-in-place, 
thus eliminating the need for very careful base preparation. 
As well, all-weather application is possible. Prototype com- 

Environmental Impact 

During installation of the foam, a small  pad was placed *At time of press, results from microbial testing were not 
directly onto bare earth  adjacent to the roadway. It was left available. 
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mercial equipment capable of producing and laying sulphur CHEVRON RESEARCH  COMPANY (1974). Sulphur Foam 
foam with a smooth uniform surface at very high rates (up to Properties  Pamphlet,  Richmond, California. 
500 kgh in )  under adverse arctic weather conditions has been 
developed  and  tested. Further tests and  some  possible com- CHEVRON RESEARCH  COMPANY (1976). Chevron Furcoat 
mercial operations are planned for 1977-78. Arctic Insulation, Richmond, California. 
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PROTECTION OF PERMAFROST AND ICE RICH SHORES, TUKTOYAKTUK, P.I.W.T., CANADA 
V . K .  Shah, Marine Directorate, Department o f  Public Works of Canada, H . Q . ,  
Ottawa, Ontario, Canada. 

DPW undertook in May 1972, t o  study  the  shore  erosion  occuring a t  
Tuktoyaktuk and to  develop solutions  to  arrest  further  degradation of the  shore. 
The program included l i terature  research; review  of available d a t a ;  
consultations;  field measurements and investigations; a n d ;  research on 
alternative  solutions.  The investigations  revealed  that i n  the  arctics where 
ice  rich  soils and massive ice abound within  the  soil mass, thawing  o f  
permafrost and ice caused by the summer temperatures and the summer sea 
conditions i s  a principal and additional cause of  shore  erosion  to  those  usually 
encountered  in  the  southern  regions. A tes t   solut ion was devised and 
implemented in Augus t  1976 t o  protect  the Tuktoyaktuk shore. The f i r s t  
observations show that  assumptions made i n  preparing  the  solution were 
reasonable , a t  l eas t  qual i t a t ive ly .  The performance of the  tes t  work i s  t o  be 
closely moni tored and i t s  adequacy should be adequately known by the  time o f  the 
conference. 

PROTECTION DU RIVAGE DE P E R G ~ L I S O L  ET A FORTE CONCENTRATION DE GLACE A TUKTOYAKTUK 
( T .  du N , - O , )  CANADA. 
M .  V . K .  Shah ,  Direction  des t ravaux maritimes,  ministere  des Travaux publics, 
Administration  centrale, Ottawa (Ontario), Canada. 

En mai 1972, le  ministere des Travaux publics  entreprenait une etude de 
l 'erosion du rivage a Tuktoyaktuk, af in  de trouver des solutions pour endiguer l a  
d e t e r i o r a t i o n  du rivage. Le  programme comprenait 1 'etude de dossiers, 1 'analyse 
de donnges de ja  disponibles, des consultations, des lev&  et  des  enquetes sur place 
ainsi  que des  recherches  afin de trouver  des  solutions de rechange. Les enquetes 
o n t  demontre que dans l e s  regions polaires,  oir l a  masse t e r r e s t r e   e s t  form6e  de 
pergglisol  et  d'une grande  quanti6 de blocs de glace  solides,   le dggel cause par 
les  temperatures  estivales  et  les  conditions de l a  mer  en e t@ e s t   l a  cause premiPre 
de 1 'erosion du r ivage  et   vient  s 'ajouter aux autres causes que 1 'on rencontre ha- 
bituellement dans les  regions  plus au sud. On a elaborg e t  mis a L'essai une solu- 
t i o n  au probleme d'erosion a Tuktoyaktuk en  aoUt 1976. Selon les  premisres  obser- 
vations,   les hypotheses  formulees lors  de la  phase d'Plaboration  gtaient  acceptables, 
du moins au p o i n t  de  vue qua l i t a t i f .  Le rendement de l'ouvrage -3 l 'essai   sera  
etroitement contr61G e t  son efficacite  devrait   Wre connue de fason  concluante d ' i c i  
1 a conference. 

IIPEaOXPAHEHME OT 3POJkzl-i MHOFOJIETHEMEP3JIblX I'PYHTOB M JlbaMCThlX BEPErOB 
B PAROHE IIOCEJIKA TYKTORKTYK /CEBEPO-3AIIA,JJHblE TEPPBTOPMB,KAHAJJA/ 
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PROTECTION OF PERMAFROST AND ICE R I C H  SHORES, 
TUKTOYAKTUK, N.W .T. , CANADA 

V.K. Shah 

Mar ine  Di rectorate,   Depar tment   o f   Publ ic  Works o f  Canada 
H.Q., Ottawa,  Ontario, Canada 

INTRODUCTION 

Tuktoyaktuk i s   l o c a t e d  on t h e   e a s t e r n   s i d e   o f  
K u g m a l l i t  Bay i n   t h e  Western A r c t i c   a t   n o r t h  
l a t i t u d e   o f  69O 27'  and  west   longi tude  o f  
133' 02'. It i s  approx imate ly  90 m i l e s   n o r t h  
o f   I n u v i  k and  1450  miles  northwest o f  Edmonton 
(see  P la te  1 ) .  The area i s   ma in l y   compr i sed   o f  
a long,  narrow,  boot-shaped  peninsula  oriented 
i n   a p p r o x i m a t e l y   n o r t h - s o u t h   d i r e c t i o n ,  a com- 
plex  lagoon,  which has  been  developed  as a har-  
bour, e a s t   o f   t h e   p e n i n s u l a  and  an i s l a n d   s t r a d -  
d l i n g   t h e  mouth o f   t h e   l a g o o n .   C e r t a i n   d w e l l i n g s  
ex i s t   a t   t he   sou the rn   and   sou theas te r l y   sho res  
of   Tuktoyaktuk  Harbour .  A l a r g e   m a j o r i t y   o f   t h e  
i n h a b i t a n t s   r e s i d e   i n  a set t lement   developed on 
the   pen insu la .   Tuk toyak tuk   i s   used as a t r a n s f e r  
po in t ,   l i nk ing   the   Mackenz ie   R iver   barge   t rans-  
po r t   w i th   coas tw ise   sh ipp ing   se rv ing   t he   wes te rn  
a r c t i c  seaboard  and  in land  set t lements  and 
bases. As a r e s u l t   o f   t h i s   t h e   T u k t o y a k t u k   s e t -  
t l emen t  has  grown t o  b e   t h e   l a r g e s t  o f  the  west-  
e r n   a r c t i c   c o a s t   s e t t l e m e n t s .  

The Tuktoyaktuk  shores  have  been  receding a t  
cons iderable  ra tes,   on an average  approximately 
6 ft. p e r  annum, and  shore  protect ion  works  are 
r e q u i r e d   t o   s a f e g u a r d   t h e   s e t t l e m e n t   l o c a t e d  on 
the   pen insu la .  

CLIMATE 

T u k t o y a k t u k   l i e s   w i t h i n   t h e   s u b - a r c t i c   l o w -  
land. It has 8 months o f  w i n t e r  and 7 months  of 
summer, separated  by  one  month o f  spr ing  and  one 
month o f   f a l l .   I n   t h e  summer t h e r e  i s  d a y l i g h t  
round  the  c lock.  The w i n t e r   t i m e   i s  marked  by 
darkness. The mean w i n t e r   t e m p e r a t u r e   i s   a b o u t  
-20°F and t h a t  of t h e  summer, 40°F. I n   t h e  
extreme  the  temperatures &an d r o p   t o  -5OOF i n  
t h e   w i n t e r  and r i s e   t o  80 F i n   t h e  summer (see 
P l a t e  1 ). The sea f reezes  up i n   w i n t e r .  The 
f reeze-up  occurs  a t   around  the  beginn ing  o f  
October.  The i ce   b reak -up   t akes   p lace   a t   a round  
t h e   t h i r d  week o f  June.  Because o f  the   l ow  
c a p a c i t y   o f   c o l d   a i r   f o r   w a t e r  vapour  the  pre- 
c i p i t a t i o n   a t   T u k t o y a k t u k ,   l i k e  most a r c t i c  
areas, i s  low. The  predomSnant d i r e c t i o n s   o f  
winds a t  Tuktoyaktuk  are  northwest  and  south- 
east, The w i n d   a c t i v i t y   i s   g e n e r a l l y   c a l m   t o  20 
mph winds. The r e t u r n   p e r i o d  of  storm  winds 

(30 mph and  stronger  winds) i s   a p p r o x i m a t e l y  1 
t o  2 y e a r s .   L i k e w i s e   t h e   t h e  wave a c t i v i t y   i s  
genera l l y   smal l   except  when storms  occur  from 
the   nor thwest  when waves as h igh  as 6 t o  8 fee t  
can  impinge  upon  the  Tuktoyaktuk  shores  (see 
P l a t e  1) .  The t i d e s   a t   T u k t o y a k t u k   a r e   o f   t h e  
mixed  semi-diurnal   type. The average t i d a l   f l u c -  
t u a t i o n   i s   s m a l l   r a n g i n g   t o  1 t o  1.5 f e e t .  Simi- 
l a r l y   t h e   c u r r e n t s   a r e   s m a l l   e x c e p t   d u r i n g   s t o r m  
condi ti ons . 

COASTAL  GEOMORPHOLOGY 

General 

The  coast   o f   Tuktoyaktuk  can  be  descr ibed as a 
shal low, embayed and  receding  coast. It i s  gen- 
e r a l l y   f l a t  and  contains  narrow  beaches  and 
s t e e p   c l i f f s .  The area i s  m o s t l y   u n d e r l a i n  by 
f l u v i a l  sands  and s i l t s  and f i n e   g r a i n e d   d e l t a i c  
sands.  These deposi ts  are  capped  by a t h i n  
l a y e r   o f  a m i x t u r e   o f  sands , p e a t ,   l a c u s t r i n e  
deposi ts ,   gravel   and  c layey ti 11 1 i ke  deposi ts .  
The  subsurface  includes  permafrost   and  lenses 
and  sheets o f   mass ive   i ce .  

Subsurface 

The a n a l y s i s   o f   t e s t   b o r e h o l e  samples  and 
t h e r m i s t o r   r e a d i n g s   i n d i c a t e s   t h a t   g e n e r a l l y   t h e  
subsurface can b e   d i v i d e d   i n t o   t w o  zones.  These 
are: ( 1 )  a n   a c t i v e  zone which i s   f r o z e n   i n   t h e  
w i n t e r  and  thaws o u t   i n   t h e  summer and ( 2 )  a 
permanent ly  f rozen  zone  below  the  act ive zone. 
The a c t i v e  zone  cons is ts  o f  sands, s i l t s  and 
g r a v e l ,   i n   p l a c e s   c o v e r e d   b y   p e a t   o r   o r g a n i c  
m a t e r i a l .  I n  areas  where  there i s  a cover  of 
pea t   t he   t h i ckness  o f  t h e   a c t i v e  zone as mea- 
sured was smal l ,   vary ing   f rom l t o  2 f e e t .   I n  
t h e   i n o r g a n i c   s o i l s ,   t h e   t h i c k n e s s e s   o f   t h e  
a c t i v e  zones  measured  were r e l a t i v e l y   l a r g e ,  
vary ing   f rom 4 t o  16 f e e t .  The permanently 
f r o z e n  zone c o n s i s t s   o f   l a y e r s  o f  sands, s i l t s  
a n d   g r a v e l   t o g e t h e r   w i t h   i c e   c r y s t a l s  , lenses of 
i c e  and sheets o f  massive  ice.  The th ickness   o f  
the   permaf ros t  zone was not  determined. It i s ,  
however, known to   ex tend   f rom  above   t o   be low  the  
sea l e v e l   o r   i n   o t h e r  words i t  s t r a d d l e s   t h e  sea 
l e v e l .  
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The o f f sho re   depos i t s   a re   s im i l a r   t o   t hose   o f  
the   land   a rea .  The depth  to   permafrost  and ice,  
however, inc reases   rap id ly   w i th   the   depth   o f  
water. It was n o t   p o s s i b l e   t o   e x t e n d   t h e   t e s t  
b o r i n g   t o   t h e  submerged area. However, i t  would 
be  reasonably   safe  to  assume t h a t   t h e   i c e   l a y e r  
disappears a t   a p p r o x i m a t e l y   t h e  6 f t  sounding 
con tou r   and   t h8 t   t he   pe rmaf ros t   d ips   rap id l y  
p o s s i b l y   a t  45 . The cover   over   the  permafrost  
and i c e   a t   t h e   j u n c t i o n   o f   t h e  beach  and  land, 
and a t   t h e  beach, i s   r e l a t i v e l y   t h i n ,   v a r y i n g  
from 4 t o  7.5 feet .  

Summarized d e t a i l s   a r e  shown on   p la te  2 .  

SHORE EROSION 

General 

Aer ia l   photographs and shore  surveys show 
tha t   t he   Tuk toyak tuk   sho re l i ne  has  been reced- 
i n g   a t   d r a m a t i c   r a t e s .  Between  1950  and  1972, 
the   coas t l i ne   o f   t he   se t t l emen t   pen insu la   receded  
some 130 f e e t .  A r e c e s s i o n   o f   s i m i l a r   m a g n i t u d e  
occu r red   a t   t he   Tuk toyak tuk   I s land .  The ad jacen t  
c o a s t l i n e s  on e i t h e r   s i d e  of  Tuktoyaktuk  receded 
a t   s i m i l a r l y   h i g h   r a t e s   v a r y i n g   f r o m  60 f e e t   t o  
850 f e e t   i n   t h e  same p e r i o d   o f   t i m e .  

There  are  two  major  causes o f   t h e   e r o s i o n  oc- 
c u r r i n g   a t   T u k t o y a k t u k .   I n   t h e  warm reg ions  of 
the   wor ld   the   usua l   cause  o f   e ros ion   i s   the   phys-  
i c a l   f o r c e   o f   t h e  waves. I n   t h e   a r c t i c s ,  where 
i c e   r i c h   s o i l s  and  massive i c e   w i t h i n   t h e   s o i l  
abound, thawing  caused  by  the warmer temperatures 
i n   t h e  summer and warmer  sea water  can be a major  
cause o f  shore  recess ion  and  an  accelerat ing  fac-  
t o r   i n   s h o r e   e r o s i o n .   B o t h   o f   t h e s e  phenomena 
appear to   a f fec t   t he   Tuk toyak tuk   coas t .  

Erosion  by Wave Forces 

The e r o s i o n  of Tuktoyak tuk   shores ,   a t t r ibu t -  
a b l e   t o   t h e   p h y s i c a l   f o r c e s   o f  waves, can be  seen 
t o  be t a k i n g   p l a c e   i n   t w o   d i s t i n c t  ways depending 
upon the  shore  topography. I n  places  where  high 
c l i f f s   e x i s t ,   t h e   c l i f f s   a r e  degraded  by  under- 
m in ing  and  removal o f   s l i c e s   f r o m  them. I n  areas 
where  dunes  occur,  the dunes a re   sh i f t ed   l andward  
in   vary ing   a l ignments   depend ing  upon t h e   d i r e c -  
t i o n   o f  storms. The importance o f  these  two 
sho re   e ros ion   f ac to rs  compared w i t h   t h e   f a c t o r s  
o f   t h e r m a l   e r o s i o n   d i s c u s s e d   i n   t h e   f o l l o w i n g  
sect ion,   cannot  however  be p r e c i s e l y   e s t a b l i s h e d .  

The s h o r e   m a t e r i a l   t r a n s p o r t   r a t e s   c a l c u l a t e d  
us ing  a method known as the  wave e n e r g y   f l u x  
method  (Reference 2) do n o t   r e c o n c i l e   w i t h   t h e  
l a r g e   c o a s t a l   r e c e s s i o n   r a t e s   o f   T u k t o y a k t u k  
g i ven  by the  aer ia l   photographs  and  surveys.  

Thermal  Erosion 

Thermal a c t i o n  i s  cons ide red   t o   be   t he   ma jo r  
c o n t r i b u t o r y   c a u s e   o f   t h e   c o a s t a l   r e c e s s i o n  
occu r r i ng   a t   Tuk toyak tuk .   The re   a re   two  ways i n  
wh ich   the   thermal   ac t ion  i s  a f f e c t i n g   t h e  
fuk toyak tuk   coas t .  These a re :  

( 1 )   t h e   m e l t i n g   o f   t h e   i c e   p r e s e n t   i n   t h e  
coas ta l   l and  by warm water  waves a t   h i g h  
s torm  water   leve ls   and ( 2 )  thawing   o f   the  
permafrost  and i c e   c o n t a i n e d   i n   t h e  beach  and 
underwater   so i ls ,  by the  warm summer 
environment. 

The m a s s i v e   i c e   a n d   i c e   r i c h   s o i l   o f   t h e  
c o a s t a l   l a n d   s t r a d d l e   t h e  sea wa te r   l eve l  
and  have l i t t l e   m a t e r i a l  t o  i n s u l a t e  them 
aga ins t   the   thermal   ac t ion  by waves a t   h i g h  
wa te r   l eve l s .  As the waves impinge  on  the 
c o a s t a l   l a n d   t h e   t h i n   v e n e e r   o f   m a t e r i a l  
t h a t  may be  present i s  removed and  the  ice 
a n d   p e r m a f r o s t   a r e   b r o u g h t   i n   d i r e c t   c o n t a c t  
w i t h   t h e  warm sea w a t e r .   C e r t a i n   m e l t i n g   o f  
the  f rozen  water   occurs and when s u f f i c i e n t  
q u a n t i t y   o f   w a t e r  has  been  removed the 
overburden  loses  the  support  and co l lapses 
t o   f o r m  a new t h i c k   l a y e r   o f   i n s u l a t i o n   i n  
p l a c e   o f   t h e   p r e c e d i n g   l a y e r  removed by wave 
act ion.   Th is   process o f  removal o f  
i n s u l a t i o n  by waves, thermal   ac t ion  on the  
i c e  and  permafrost ,   col lapse o f  t he  
overburden  where  th is   ex is ts   and  the 
r e s u l t i n g  encroachment o f   t h e  sea on the 
land,   a f fec t ing   Tuk toyak tuk ,   i s  a continuous 
process  depending  on  the  frequency,  duration 
and  magnitude o f  storms  and  the warm 
temperatures. 

I n   s o i l s   c o n t a i n i n g  excess  ice, a 
s i g n i f c a n t   s e t t l e m e n t   c a n  be expec ted   to  
take   p lace  upon thaw ing   o f   t he   i ce .   I n   t he  
f rozen   s ta te ,   t he   f rozen   so i l s   con ta in   t he  
s o l i d   s o i l   p a r t i c l e s ,   i c e ,   i n   c e r t a i n  cases 
super   cooled  but   unf rozen  water   and  a i r .  
Upon thawing,   the  ice  would be me1 t e d   t o  
wa te r   wh ich   wou ld   d ra in   ou t   f rom  the   so i l  
mass, The volume o f   t h e   s o i l  mass would be 
reduced  accordingly  and  set t lement  would 
r e s u l t .  

The Tuk toyak tuk   so i l  mass n o t   o n l y  
conta ins   excess   i ce   bu t   a lso   mass ive   i ce ,  
Large  set t lements  can,  therefore,   occur  there 
upon thawing  o f   the  ice.  Thaw set t lements 
were   es t imated   fo r   the   s tudy   us ing   the  
fo l lowing  express ion.  

1 + W G  E, - 1 -  (Ref.   1)  
where 1 + 1.09 Wi G 

Ex = Volume o f  excess i c e   d i v i d e d   b y  

W = R a t i o  of t h e   w e i g h t   o f   m o i s t u r e  

t h e   o r i g i n a l  volume o f   f r o z e n   s o i l  
mass i n c l u d i n g  excess i c e .  

rema in ing   a f te r   t haw ing  and dra inage 
o f  excess  moisture  have  taken  place t o  
t h e   w e i g h t   o f   t h e   d r y   s o l i d s   i n   t h e  
s o i l  mass. 

Wi = Rat io   o f   the   we igh t  o f  t h e   o r i g i n a l  
mass o f   m o i s t u r e   c o n t a i n e d   i n   t h e   s o i l  
as  f rozen  or  unfrozen  water  and  excess 
i c e   t o   t h e   w e i s h t   o f   t h e   d r y   s o l i d s   i n  
t h e   s o i l  mass. 

s o i l  mass u s u a l l y  assumed t o  be 2.7.  
G = S p e c i f i c   g r a v i t y   o f   t h e   s o l i d s   i n   t h e  



a73 

To o b t a i n   t h e   s e t t l e m e n t   o f  a f r o z e n   s o i l  
stratum, E i s   s i m p l y   m u l t i p l i e d  by the  
th ickness 6 f  the   s t ra tum.  

The f o l l o w i n g   f o r m u l a  was used t o   c a l c u l a t e   t h e  
depth o f   p e n e t r a t i o n   o f  thaw a t  Tuktoyaktuk: 

T I  (Ref, 3) 

100 Where, 
X = Thaw depth i n   f e e t  
h = Non d i m e n s i o n a l   c o e f f i c i e n t  (0.75 f o r  

Tuktoyaktuk) 
k = Thermal c o n d u g t i v i t y  o f  m a t e r i a l   i n  

BTU/ft.   hour F 

ld = L a t e n t   h e a t   o f   f u s i o n   o f   w a t e r   i n  

W = Percent   mo is tu re   con ten t  
T I  = Thawing  index or   degree days  above 

Ls 

= Dry d e n s i t y   o f   m a t e r i a l   i n   l b s / c f t  

BTU/ l  b (144  BTU/lb) 

f reez i ng 
Using  average  values  of y = 0.75, k = 1.6, T I  = 

1,500, y = 125, W = 10 and  Ls = 144, t he   dep th   t o  
which  th iw  can be e x p e c t e d   t o   p e n e t r a t e   a t  
Tuktoyaktuk, i n  an  average  year, i s  6 fee t .  

The Tuktoyaktuk beach  areas  have a t h i n n e r  
cove r   l aye r   ove r   t he   pe rmaf ros t   and   i ce   t ab le  
t h a n   r e q u i r e d   f o r   i t s   s t a b j l i t y .  Thawing o f  
permafrost   and  ice  can  therefore  be  expected  to  
occur i n   t h e  beach  areas  and  because o f  excess 
ice   con ten t ,   thaw  se t t lement   can  be expected t o  
take  p lace.  

As the  beach i s  depressed  by  thaw  settlement, 
t he   he igh t   o f   wa te r   ove r  i t  i n  s to rm  cond i t ions  
i s   g r e a t e r .  Because o f   t h e   g r e a t e r   h e i g h t   o f  
water ,   the  premafrost   and  ice  tab le  is   depressed 
fu r ther ,   caus ing   add i t iona l   thaw  se t t lement .  The 
new depth o f  water a t   t h e  beach then  provides 
access t o   l a r g e r  waves and e r o s i o n   o f   t h e   c o a s t  
i s   i n t e n s i f i e d .  

SHORE PROTECTIVE WORKS 

Cons t ruc t i on  

As d i s c u s s e d   e a r l i e r ,   t h e   e r o s i o n   o c c u r r i n g   a t  
Tuk toyak tuk   i s   ma in ly  as a r e s u l t   o f  an 
inadequate  cover  over  the  ice  and  permafrost  
present  i n  the  ground a t   t h e   s i t e .   D i r e c t   s o l a r  
heat  and thermal   act ion  o f  warm water  waves a r e  
the   ma in   agents   tha t   cause  the   e ros ion   a t  
Tuktoyaktuk.   Dur ing  normal  weather  condi t ions 
the   water   leve ls   a re   low  and  the  waves do n o t  
impinge  upon  the  coast. I n   s to rm  wea the r  
s i tuat ions,   h igh  water   leve ls   occur   and  the  beach 
and t h e   c o a s t a l   a r e a s   a r e   r e n d e r e d   l i a b l e   t o  
d i r e c t   t h e r m a l   a c t i o n   o f  warm water  and  thermal 
and p h y s i c a l   a c t i o n   o f  waves. To p r o t e c t   t h e  
beach  and the  coast   f rom  the  thermal   act ion,   an 
i nsu la t i ng   cove r   i s   requ i red   ove r   t he   a rea .  To 
abate  the wave a c t i o n  a b a r r i e r   i s  needed. The 
insu la t i ng   cove r   and   t he   ba r r i e r   mus t   be   o f  
f l e x i b l e   t y p e   t o  accommodate any i n i t i a l  and  long 
term  set t lement.  

The p lan  dev ised as a t e s t   p l a n  and  implemented 
i n  1976 i s  shown i n   t h e  accompanying p l a t e  3. 
The p l a n   e s s e n t i a l l y   c o n s i s t s   o f   t w o   l i n e s   o f  de- 
fence  wal l  s and a system o f   g r o i n s   u s i n g  one 
me te r   d iamete r   syn the t i c   f i b re   t ubes ,  known as 
"Longard"  tubes, f i l l e d   w i t h   l o c a l  sand. The 
areas  enclosed by t h e   w a l l s  and  groins  were 
f i l l e d   w i t h  sand t o   p r o v i d e   t h e   r e q u i r e d   i n s u l a -  
t i n g   l a y e r   o v e r   t h e  beach. The seaward 1 ine   o f  
defence i s   l o c a t e d   a t   t h e   w a t e r l i n e .  The main 
f u n c t i o n   o f   t h i s   l i n e   o f   d e f e n c e   i s   t o   b r e a k   t h e  
s torm waves impinging upon the   coas t   a t   s to rm 
w a t e r   l e v e l s .   T h i s   d e f e n c e   l i n e   a l s o   a c t s  as a 
r e t a i n i n g   w a l l   f o r  fill p l a c e d   i n  between  the 
w a l l s  and g ro ins .  The upshore  defence l i n e   i s  a 
double  tube  wi th  fill beh ind   t he   l i ne .   Th i s  
upshore l i n e   o f  defence i s  l o c a t e d   a t   t h e   c l i f f  
t o e  and p r o v i d e s   p r o t e c t i o n   t o   t h e   c l i f f s .  The 
seaward l i n e   o f  defence  and  the  gro ins  pro ject ing 
i n t o   t h e   w a t e r  will be s u b j e c t   t o   i c e   a c t i o n  and 
should  they  prove  to  be  successful   the  upshore 
defence l i n e  will b e   e l i m i n a t e d   i n   t h e   f i n a l  
design. 

Estimated  Costs 

Longard Tubes, Dura  bags 
f i l t e r   c l o t h  ...................... .$ 65,000 
Sand F i l l . .  ........................ .$ 30,000 
Construct ion. .  ..................... .$ 60,000 
I n d i r e c t  Research  and 
Engineering  Costs..  ................ .$ 50,000 

To ta l  $205,000 

C o s t   p e r   f o o t   o f   s h o r e l i n e  $500 

CONCLUSION 

There  were  no known precedents o f  shore  protec-  
t i o n  works i n   t h e   a r c t i c   e n v i r o n m e n t   t h a t   t h e  
Depar tmen t   cou ld   f o l l ow   resu l t i ng   i n   ex tens i ve  
f i e l d  and  research  work  both i n   l a b o r a t o r y  and  on 
s i t e .  The performance o f   t h e   t e s t  w o r k   i n s   t a l   l e d  
a t  Tuktoyaktuk i s  hoped will provide  adequate 
da ta   fo r   any   fu tu re   shore   p ro tec t ion   works   tha t  
may be requ i red   in   the   permaf ros t   env i ronment .  
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;LED PIPELINE BURIED ll R UNFRDZEN GFOUND 
W.A. Slusarchuk, J.I. Clark and J.F. Nixon, Northern Engineering Services, Calgary* 
N. R. m r g e n s t m ,  University of Alberta, Fdmnton, Alberta 
P.N. Gaskin, Queen's University, Kingston, Ontario 
(* assigned frm R.M. Hardy and Associates Ltd.). 

In  order to  study the behaviour of a chilled,  large-dimeter  gas  pipeline 
Wied in unfrozen frost  susceptible ground, a field test fac i l i ty  was constructed 
in Calgary, Alberta. Four test sections of 1.22 rn diameter gas pipeline were 
Wid in a f rost  susceptible silt, and have been maintained a t  a ta rpra ture  of 
-1OOC for about 3 years. This pper describes the instrumentation installed 
around the pipe sections to mnitor  frost  penetration,  frost heave and pore &ter 
pressure.  Results are presented sbwing the growth of the frost  bulb around the 
pipe  sections, together w i t h  heaving of the pipe and the soil mud the pipe 
The results of these full-scale field tests provide a better understarding of 
frost  heaving a r o d  a chilled  pipeline, and indicate the effects that increased 
overburden pressure has 

R ~ S U L T A T S  D ' E S S A I S  IN s 
NON  GEL^ 
W.A. Slusarchuk, J .  I .  C 

on the raie of f rost  heave. 

ITU, E F F E C T U ~ S  SUR UN GAZODUC R ~ F R  I ~ i ~ i ,  ENFOU I DANS UN SOL 

l a r k  and J.F. N ixon,   Nor thern   Eng ineer ing   Serv ices ,   Ca lgary  
N.R .  Morgens te rn ,   Un ive rs i t y  of A l b e r t a ,  Edmonton, A l b e r t a  - P.N. Gaskin,  Queen's 
U n i v e r s i t y ,   K i n g s t o n ,   O n t a r i o .  

Pour e t u d i e r   l e  comportement  d 'un  gazoduc  refr igere de grand  d iarnst re,   enfoui  
dans  un sol g & l i f  non  gel&,  on a c o n s t r u i t  un d i s p o s i t i f   d ' e s s a i s   i n   s i t u ,  5 Calgary 
en A l b e r t a .  On a e n f o u i  dans un s i l t   g e l i f   q u a t r e   s e c t i o n s  de ce  gazoduc, de  1.22 m 
de d iamst re   chacune,   pour   les   soumet t re   aux   essa is   env isaggs ,   e t   on   le5  a maintenues 

une  temperature de - 1 O O C  pendant   env i ron 3 a n s .   L e   p r e s e n t   a r t i c l e   d e c r i t   l e s  
a p p a r e i l s   i n s t a l l e s   s u r   l e   p o u r t o u r  des sec t i ons   du   gazoduc ,   pou r   en reg is t re r   l a  
p e n e t r a t i o n  du g e l ,   l e   s o u l 5 v e m e n t   d i f f g r e n t i e l  dG a u   g e l   e t   l a   p r e s s i o n   i n t e r s t i -  
t i e l l e .  Dans l e s   r & s u l t a t s  que l ' o n  donne ,   on   i nd ique   l a   c ro i ssance   du   cy l i nd re  de 
g l a c e   a u t o u r  de5 s e c t i o n s  du  gazoduc, a i n s i  que l e  soul2vement  subi  par l e  gazoduc 
e t   l e   s o l   q u i   e n t o u r e   l e  gazoduc.  Les r g s u l t a t s  de c e s   e s s a i s   i n   s i t u ,  =I l ' g c h e l l e  
n a t u r e l l e ,  nous  perrnettent  de  mieux  cornprendre l e  soulGvement dCi au   ge l   qu i   s ' exe rce  
s u r   l e   p o u r t o u r   d ' u n  gazoduc r e f r i g e r e ,   e t  nous   mon t ren t   l ' i nc idence  de .1 ' a c c r o i s s e -  
ment  de l a   p r e s s i o n  de s u r c h a r g e   s u r   l a   v i t e s s e  de soulsvement. 
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INTFODUCI'ION 

In order to transport  natural gas fram Prudhoe 
my and the Mckenzie Delta to markets i n  Canada 
and the United States, Canadian Arctic Gas Study 
Limited is planning to h i l d  a large diameter 
(1 * 22 m) gas pipeline. The pipeline is t o  be kid 
over its entire length, ard is to be chilled to 
below O°C for  mch of its length in permafrost 
areas. In areas where the pipeline passes through 
unfrozen ground the effects of freezing  the g r o d  
arourd the pipe mst be assessed. 

In the continuous permafrost zone, there are only 
minor i s o l a t d  areas of unfrozen ground, but w i t h i n  
the discontinuous -frost zone, significant areas 
of unfrozen ground are present where freezing of the 
qrou.1~3 around the pipe can cccur during  operation. 
k a u s e  of the munt of fine-graind soil in these 
areas ,  the potential  for  frost heaving exists  for 
m y  k i lmt re s  of the pipeline  route. 

A considerable boay  of literature is available on 
the subject of frost  heaving, but information appli- 
cable to the present  situation is ljmikd. Conse- 
quently, a program was undertaken by Northern h g i -  
neering Services Co. Ltd. in Calgary for Canadian 
Arctic &s Study  Limited to study the effects of a 
pipeline buried in  frost  susceptible soil when op- 
erating a t  tmpratures below O O C .  This  study pro- 
gram i n ~ l v e d  a field test facil i ty,  a lahratory 
testing program, and d e l  pipeline  studies. It is 
the p p s e  of this pap to describe the instal- 
lation ard results of the field test facility. The 
objectivies of the field test facil i ty were to mni- 
tor the performme of a chilled  pipeline buried in 
unfrozen soil; to determine the effects of increas- 
jns werhrden pressure in reducing frost heave: to 
examine the  effects of replacing sane of the frost  
susceptible soil beneath Ishe pipe w i t h  gravel; to 
obtain a better appreciation of the role of water 
availability in  the darelopent of frost  heave: and 
finally to assist   in developing a mtkd for pre- 
dicting  frost heave of a chilled  pipeline. 

SITE rnSCRIFTIrn 

The  dcaninant criterion  for the selection of a site 
for  the test facil i ty was that m y  of the mst 
troublesane  corditions likely to be encountered 
along the route shuld be realized a t  the test site. 
These conditions may be listed  as follows: 

(a) The u w  soil strata at the site 
s h l d  be of a frost  susceptible 
nature. 

(b) The presence of a high water table 
was required to ensure a ready 
supply of water to the  freezing 
front. 

(c) A sufficient depth of frost  sus- 
ceptible  soil was necessary to 
ensure that the frost  line would 
stay  witkin that material over the 
lifetime of the test. 

a site was selected in the University of Calgary 
area 'chat  ret the specifications described *e, 
and in addition was close to existing utilities. 
The werhrden a t  the site is ccmposd of thick 
lacustrine sediments depsited in glacial Lake 
Calgary in  late  glacial times. 

During the in i t i a l  investigation a test h l e  
drilled a t  the site provided -1es for the deter- 
mination of moisture  contents ard A t t e r M g  limits. 
The moisture content varied between  18 and 22%. The 
Plastic L M t  of the soil varied between 14 and 18%, 
w i t h  a Liquid Limit  of 24 to 31%. Grain s i z e  dis- 
trilxltions were determined for samples of soil. f r m  
different depths and showed that, in general, the 
overlmrden at  the site contained 13% sand size ,  64% 
silt s ize  ard 23% clay s i z e  particles. Based on 
the grain s ize  and consistency limits, the upper 
8 m of soil a t  the site was classified  as an inor- 
ganic  clayey silt of low to medim plasticity. 

The depth to the free ground water table was 
mnitored i n  open s'cardpipes, ard in August,  1973, 
was found to l ie between 2.3 and 2.6 rn below 
original ground surface. 

In-situ  field  penneability tests m e  carried 
out, and the m c y  coefficient of permeability was 
foud  to lie between 0.6 and 1 x cm/s. Visual 
inspection of undisturbed Shelby tube samples in- 
dicated 'chat a number of fissuxes were present in 
the soil. Such fissures were likely responsible 
for  the high pnneability values  obtained in the 
field tests for a soil of this type. 

DFSCRIPTION OF TEST FACILITY 

A full  scale  frost  effects test facil i ty was con- 
structed in the Research Park  area of the Univer- 



si ty  of Calgary in the winter of 1973-74. 

Four separate  sections of pipe, each 12.2 m long 
were buried under different conditions a t  the test 
facility. These corditions were represented by 
the control, deep W i a l ,  restrained and gravel 
sections. A t  the control  section  the pipe was 
hried 0.75 m klow ncaninal ground surface. This 
represent4 the minimum "noml" burial  situation 
and was taken to be the base condition  with which 
the other test sections were canpared. The pipe 
a t  the deep burial section was buried 1.68 m be- 
low naninal ground surface. The effect of the 
additional overhden pressure on the rate of 
heave was studied a t  this section. A t  the restrain- 
ed section the pipe was buried 0.75 m below n&- 
nal ground surface similar to the control  section. 
The pipe a t  this section m l d  be restrained, l" 
ever, by any desired  constant lmd (it is important 
to note that the  restraint was a  constant loading 
restraint and not a "110 displacanent restraint") . 
A t  the gravel  section the pipe was b u r i d  0.75 rn 
below ncrninal grourd surface. At this section, 
hwever, the trench was dug 1 m deeper and back- 
f i l l ed  w i t h  gravel so that the pipe rested on a 1 m 
layer of gravel. The effect of replacing the 
frost  susceptible soil d i r e t l y  under the pipe  with 
mn  frost  susceptible  soil was shdied a t  this sec- 
tion. Cross-sections of the four test pipeline 
sections are shown on Figure 1. 

The temperature in a l l  sections was maintained a t  
about - 1 O T  by circulating  chilled air through the 
pipes. The air  inside  the pipe was a t  atmspheric 
pressure. The chilled air man to circulate 
through the hcied pipe sections on March 20, 1974. 

Temperatures, vertical displacanents  (heave), ard 
pore water pressures were msured in  the ground 
murid the freezing  pipe to monitor the perfo-e 
of the buried  pipe sections. Tanperatures were also 
mnitored  in the air, and i n  the  local  undisturM 
ground. 

DESCRIPTION OF INSTALLATION AND EQUIPMENT 

Installation of pipe  Sections 

The test facil i ty consisted of four  buried sec- 
tions of 1.22 m diameter steel pipe, having a wall 
thichess of 10 m. The trenches for the buried 
pipeline  sections were excavated using  a ditcher. 
The pipe sections were lowered into trenches  with a 
mbile  crane. Backfilling was carried out by push- 
ing the soil  into the trench  with  a hlldozer. The 
excess spil was munded over the pipe as shawn on 
Figure 1. 

The restrained  section was designed to mnitor the 
p e r f o m e  of a  pipe which is partially  restrained 
from vertical displacgnent. TWJ restraint beams 
were installed a t  distances of 1.5 rn from each end 
of the pipe  section. -ding of the pipe through 
the restraint beam was achieved using two hydraulic 
jacks located on each restraint beam, as shown in 
Figure 1. 

Wipnent 

The refrigeration system installed included a 
standard reciprocating  industrial type m n i a  conr 
presmr,  liquid armronia receiver, a d  a multi-row 
m l i n g   c o i l   ( m n i a )  rrounte3 in the b l o w  unit. 

%-blower had a  capacity to circulate 11,7111 /s 3 

of air through the m l i n g  coils, and therefore 
&ut 2.%3/s was circulated through each buried 
section a t  a velocity of 4 m/s. Galvanized-iron 
rectangular ductwork was used to connect the bur- 
ied  pipe test sections to the air  chilling chamber 
in  the refrigeration  unit so that a  closed loop 
systgn was formea. 

Each pipe section had a 0.7 m diameter pipe  in- 
side  the 1.22 m d k t e r  pipe. The a i r  passed 
through the inner  pipe and returned along the 
annulus between the  pipes. The air "HI re- 
turned to the chilling chamber. 

INSTRUMENTATL(SN 

The m m e n t  of the frost line (O°C isotherm) 
around the buried sections of pipe a t  the test 
facil i ty was monitored by thermistors a t  carefully 
chosen vertical ard horizontal  intervals. 

Fach pipeline  section had five  vertical thermis- 
tor strings installed a t  a cross  section running 
a t  right angles to the axis of the pipe, (See 
Figure 2) It was possible,  therefore, to delin- 
eate the  position of the frost  line with  reasonable 
resolution  for  the  operational  lifetime of the 
facility. I n  addition to the thermistors install- 
ed in  the  vicinity of the buried  pipe sections, two 
additional thermistor strings were placed i n  areas 
adjacent to the control and restrained pipe sec- 
tions. These strings were designed to mnitmr 
the ground thml regime outside of the zones 
which were directly  affected  thermlly by the 
chilled pipe. 

I n  order to investigate  the soil behavim as the 
freezing  front m v d  outwards from the pipe, sever- 
a l  heave  gauges were installed a t  each section of 
the test pipeline (see Fiqure 2). 

Each  gauge consist4 of a hrizontal  plate, 8 
a. in diameter, attached to a vertical steel rod. 
The r d  was encased in a plastic pipe ard the an- 
nular space between the rod and p-ipe was fi l led 
with grease. The manen t  of the plate was mni- 
tored by surveying the top of the vertical r d  
which protruded f r m  the groud surface. Approxi- 
mately 25 of these gauges were installed at  each 
of the four  sections. 

For water to migrate towards (or away f rm)  a 
frost  front, an excess p re  pressure  gradient must 
be set up $0 that  water can flow frcan a region of 
high pore pressure to one  of low pressure. "0 ob- 
tain  quantitative  data on water migration  within 
the unfrozen soil, several  piezmeters were install- 
ed a t  each of the test sections. 



A total of 50 "Terra Tec" (me1 P-1022) pneu- 
m t i c  piemneters were installed a t  different 
depths beneath the pipeline sqmnts .  The piezo- 
meters were quipped with  a  preload, enabling them 
to monitor pore water pressures i n  the range -83 
kPa to 117 kPa (-7.5 m water to t10.5 m of water). 

In  addition, two open standpipes w e r e  installed 
a t  the site to mnitor the position of the free 
9w-d water table. 

In  order to observe the  vertical displacement of 
each pipe section while freezing was taking place, 
vertical steel rods were welded to the pipe. The 
rcds protruded abve  the ground surface and the 
elevations of the imps of the rods could be ob- 
tained by conducthg an elevation survey a t  regular 
intewals. A deep bench mark was locate3 a t  the 
site as a reference  elevation. 

A t  the outset of the test on March 20, 1974, no 
restraining load was app l id  to the restrained pipe 
section. A t  later times during the test period, 
constant loads were applied to the h i e d  pipe by 
means of the hydraulic jacks and reaction  piles 
described enrlier. The additional stress applied 
to the frost  line where heaving was taking  place 
was calculated by dividing the total load on the 
pipe by the plan area of the frost bulb. The loads 
applied to the restrained pipe section are sumnari- 
zed in Table  1. 

A t  any time, the frost bulb around the buried 
pipes could be delineated fran the ground tanpera- 
ture readings to an accuracy of abut 10  centim- 
ters. The mxranent of the frost M b  with time 
md the deep burial sEtion is slmwn on Figure 3 .  
After operation ccmnenced, the natuxally  frozen soil 
in the upper few feet did  not t h a w  ccmpletely until 
early in June. The frost h l b  then chmgd f m  an 
ell iptical  shape to a mre circular configuration 
as time went  on. T"e mvment of the frost line 
below each section of pipe is of interest, and t h i s  
is plot- for each of the test sections on Figure 
4. As shown on this figure, the rate of frost 
penetration was a maxinorm a t  the start of the test, 
with the velocity of the frost  front decreasing 
mntinwsly  thereafter.  By mid-oCtokr 1974, 
abut 200 days after start-up, an average of 1.5 m 
of frost  pe t ra t im had taken place under the test 
sections. By the end of 1976, about 1000 days 
after start-up, the average frost  penetration depth 
was about: 2.8 rn. 

The heave  of the soil in the vicinity of the bur- 
ied pipe  sections is best examined by considering 
the relative nrrVement of a pair  of  gauges. As the 
frost  front mvd past the top gauge it muld start 
to heave. The 1- heave  gauge would ranain rela- 
tively  stationary until the frost  front mved past 
it arrd then it too muld k q i n  to heave. If m 
further heaving in the frozen zone between the 
gauges took place, then bth gauges would m e  up- 
ward a t  the same rate and the difference i n  eleva- 
tions between the two gauges a d  therefore be con- 
stant. The heave rate while the frost  line was 
ming through the soil layer ktween the gauges 

could be calculated, and when both gauges WET@ 
frozen, the total heave could also be detennind. 

Several gauge pairs fran each test section were 
selected  for  analysis. These gauge pairs were 
chosen on the basis of priximity to the pipe, and 
because the frost l i n e  passed through than a t  some 
time during the test period. The heave of  the 
selected gauge pairs for the deep Wial  section 
is shown plotted with time on Figure 5. The 
ps i t i on  of each gauge pair i n  relation to the 
bid pipe is s h  on Figure 2. M y  of the 
gauge pairs displayed a characteristic heave 
pattern. As the €rest L i n e  approached the upper 
gauge, a small munt of settlanent occurred in 
the unfrozen soil beneath the advancing frost 
line. Once the frost line passed the upper gauge, 
the soil  layer between the gauges comnenced to 
heave, and continued to do so until  the frost 
bulb had engulfed bth gauges. The differential 
mvetnent  of the gauges then ceased, as both gauges 
heavd a t  the same rate  thereafter. 

The in i t i a l  height of soil between each gauge 
pair considered is also s h  on Figure 5 so that 
the vertical strain associated  with heaving may be 
computed. 

Porewater pressures were recorded fran  the 50 
piezometers installed a r o d  the 4 buried pipe 
sections. A preljminary examination of the piezo- 
meter results indicated that the pore water pres- 
swes  in the soil arourd the buried  pipe sections 
responded primarily to changes in  'che free water 
table. Small or zero excess pore pressures were 
maintained i n  the soil around the frost bulb. 
me to the relatively high permeability of the 
.soil,  large suctions  (negative excess p r e  
pressures) were not observed as the frost line 
approached a piezcuneter tip. 

Vertical rods were welded directly  to  the pipe to 
monitor the  vertical   menent of the pipe  sections 
themselves. F'rom the  results of the level surveys 
col7ducted on the rod elevations, the vertical pipe 
heave could be calculated. The heave of the mid- 
point of  each test section is slu3wn plotted w i t h  
time on Figure 6. The heave  of the mid-point of 
the section  represents a good average of the heav- 
ing that t m k  place along the length of the pipe 
set ion.  at any the during the tests the effect- 
ive overlmrden pressure on the frost  front MCW 
the pipe could be calculated frwn a knowledge of 
the depth of cover, soil unit weight, and the 
position of the water table. The additional loads 
imposed a t  'che restrained  section could be calcu- 
lated as described earlier, and these  pressures 
m y  be superimposed on the in-situ soil pressures. 
The average pressure calculated  for each frost 
front is Shawn on Figure 6.  

DISCUSSION OF RCWETS 

The frost  bulb around the pipe has formed in  a 
mer that muld be anticipated  for a cylindrical 
cold surface Med in unfrozen soil. Geotherml 
predictions  for the rate of growth of the frost  
bulb have been carried out, and found to be in 
agreement with that observed, provided the water 
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arriving a t  the frost  front has been taken into 
account. 

The heave data for the various gauge pairs em 
bedded i n  the  freezing soil around the pipe indi- 
cate that zero or negligible m u n t s  of heave are 
taking place i n  a lmom height of soil, once the 
frost  line has engulfed the gauge pair.  his Ai- 
cates that, dex field conditions, water migration 
bzhind the frost line does mt a p m  to contribute 
significantly to the overall heave of a chilled 
pipeline. 

The different hewe rates observed for the dif- 
ferent test sections as Shawn on Figure 6 are of 
interest. Changes in clay  content of the soil with 
depth ard location a t  the test site ccmplicate the 
explanation of these heave rates. Small changes 
in 'che clay  fraction appear to cause significant 
differences i n  the observed heave behaviour. In 
general, the soils display an increasirq clay con- 
tent with depth, and therefore an increasing frost 
susceptibility. The soil a t  the "gravel" section 
appears less frost  susceptible than the neigh- 
buring test sections. The reduced  heaving ob- 
served a t  this section is therefore not thmght to 
be a result of the 1 m gravel  layer beneath the 
p i p ,  but rathex of the reduced frost  susceptibility 
of the soil. 

The "deep burial" s s t i o n  displayed less total 
heave than the adjacent  "control  section", and this 
was due to the additional 1 m of soil cover a t  this 
section. 

A t  bth the control and deep bwial sections, the 
addition of 1.5 m berms during the course of the 
test significantly reduced the observed heave rates 
of these pipe  sections, as shown on Figure 6. The 
influence of surcharge pressure i n  reducing frost  
heaving a t  the restrained  section is also evident 
from Figure 6. 

The p re  pressure data mnitmred by the piezo- 
e t e r s  irdicated that the water danard by the frost 
Mlb only resulted in a pore pressure depression of 
less than 10  Ha, below the normal hydrostatic pore 
pressure. Calculations  indicate that the permeabi- 
lit of the soil wtxild have to be i n  the  order of 
1,f cm/s before large  pore pressure  reductions 
mund the frost  bulb muld be realized. The per- 
m i l i t y  of the mil a t  the Calgary site is highex 
than this,  h the range of 10-4 to 10-5 d s ,  and 
consequently large negative pre pressures muld 
rat be expected. These results indicate that under 
many field  situations, an advancing frost line has 
ready access to grousldwater sufficient to supply 
the icelensing  prmess, w i t b u t  causing large 
negative pore pressures ahead of the frost  line. 

The data colleztd during the operation of this 
over a  period of a h s t  3 years, is valuable back- 
p o d  data for understarding the behavim of a 
chilled lxllried pipeline. It is believed that the 
data presented here will also be of interest in 
assessing the behaviour of  any chilled structure 
founded on unfrozen ground. 

The authors wish to acknowledge Canadian Arc- 
tic Gas Study Limitad for sponsoring this study. 
The assistance of m y  of the authors' coLleagues 
within Canadian Arctic k s  study Limited ard 
Northern Engineering services co. La., and the 
m y  useful  discussions with others in  different 
a r e a s  of industry, g w m t  a d  universities, 
is also  gratefully acbowledged. 
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TABLE 1 LQADING BTSTORY OF RESTRAINED SECTION 

1974 
m c h  20 
June 14 
August 2 
Wtober 18 
Novmhr 11 
meT!ber 2 1  

0 
56 
184 
381 
0 

381 

1975 
April 25 
Novats3er 16 
December 29 

7 03 
0 

7 03 
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CONSTRUCTION ON PERMAFROST AT LONGYEARBYEN ON SPITSBERGEN 
W. Tobiasson, U.S. Army  cold Regions Research and Engineering Labora- 
tory,  Hanover, New Hampshire, USA 

FBcilities at Longyearbyen were designeq and are being operated 
with an appreciation for the importance of preserving permafrost. 
P o r t i o n s  of the network of gravel roads and  paved runway were con- 
structed on ice-rich permafrost. Ditches, culverts and bridges have 
been sized to accommodate large peak flows since f l a s h  floods have 
occurred. Some difficulties have been experienced with progressive 
degradation of permafrost by surface and groundwater. Damming a  low 
area and pumping out brackish water has created a year-round water 
supply lake. The p o s t  and pad foundation concept used extensively has 
proved quite successful. The hangar is an impressive use  o f  an 
elevated floor above permafrost. Older buildings have been stabilized 
by adding slag insulation above supporting soils and installing open 
skirting below the first floor. Water lines and other utilities are 
supported on timber bents anchored in permafrost. 

CONSTRUCT[ ON RkALl,StE SUR LE PER&LI s o k t  A LONGmRBYm Au SPITZBERG. 
W .  Tobiasson, U . S .  Army Cold  Regions  Research  and  Engineering  Laboratory, 
Hanover, New Hampshire, USA. 

On a congu e t   u t i l i s e   l e s   i n s t a l l a t i o n s   d e  Longyearbyen,  en  tenant  compte 
de l a   n e c e s s i t k   d e   c o n s e r v e r   l e   p e r g e l i s o l .  On a c o n s t r u i t  des p o r t i o n s  du r6seau 
$e r o u t e s   d e   g r a v i e r   e t   d e   p i s t e s  en   dur   sur   un   perge l i so l  Ei f o r t e   t e n e u r   d e   g l a c e .  
E t a n t  donne  que  des a v a l a i s o n s   o n t   e u   l i e u ,   o n  a determin6  les  d imensions  des f o s s g s ,  
des  ponceaux e t  des  ponts,   de  manisre 3 c e   q u ' i l s   p u i s s e n t   r e s i s t e r  =I d ' i rnpor tantes 
p o i n t e s  de c rues .  On a r e n c o n t r g   q u e l q u e s   d i f f i c u l t e s ,  en r a i s o n   d e  l a  deg rada t ion  
p r o g r e s s i v e   d u   p e r g g l i s o l   p a r   l e s   e a u x   s o u t e r r a i n e s   e t   l e s   e a u x   d e   s u r f a c e .  En 
endiguant  une  zone  basse, e t  en r e t i r a n t   p a r  pornpage l 'eau   saumat re ,   on  a ct-66 un 
l a c   r e s e r v o i r   r e m p l i   t o u t e   l ' a n n e e .  En u t i l i s a n t   l e s   f o n d a t i o n s   p a r   p i e u x  e t  p i l i e r s ,  
on a o b t e n u   d ' e x c e l l e n t s   r g s u l t a t s .  Le hangar  dont i l  e s t   q u e s t i o n  dans l e   t e x t e  
nous  donne  un e x c e l l e n t   e x e m p l e   d ' u n   p l a n c h e r   s u r e l e v 6   p a r   r a p p o r t   a u   p e r g e l i s o l .  
On a s t a b i l i s e  des  b2t iments  p lus  anc iens  en  p lasant   une  couche  iso lante  de  scor ies 
au -dessus   des   so l s   po r tan ts ,   e t   en   i ns ta l   l an t   des   l ambr i  s de  50Cle  ouverts  (espacgs) 
au-dessous  du  rez-de-chaussee. Le5 c a n a l   i s a t i o n s  e t  a u t r e s   i n s t a l l a t i o n s   s o n t   p o r t e e s  
par des pa lees   de   bo i s   anc rkes   dans   l e   pe rge l   i so l .  

CTPOMTEJILWE PAGOThl HA MHOI'OJlETHEMEP3JJblX rPYHTAX B IIOCEJIICE JIOHI'MPEbEH fiA WnM4EEPrE14E 

CTpomenhcTBo u s ~ c n n y a ~ a ~ n a  p a 3 n ~ s ~ t ~ x  c o o p y ~ e ~ ~ f l  B noHrnp6beHe O C y u e C T B n H e T C H  
c YUCl'OM €ICO6XCHIIMOCTM COXp?iH€2HMn M H O T ' O ~ C T I ~ ~ M ~ P 3 J l b l X  r P Y H T O B ,  qac9rh r p Y H T o B h l X  M MOWefi&JX 

A W O r  CTPoMnacb Ha. M e P J n u x  r P Y s T a x ,  conepmauux 6onbhIoe K o m w c T B o  nbna. TpaHLWn, Bono- 
B O W  M MOCThl P a c c 7 ~ ~ T ~ B a J l M C b  TaKMM 0 6 p a 3 0 ~ ,  rl~06hl BMeCTMTb MOUHbIe nnK0Bhle nOTOKM U npen- 
OTBpaTHTb B l l e 3 a I I H h I e   H a B O n H e H M f l .   O n p e n e n e H H b l e   T P Y X H O C T U  npU C T P O H T e J l h C T B e  Bb~nn ~ h 7 3 ~ a ~ ~  
nPorPeccMPYmuea nerpanausen M ~ P ~ S I ~ I X  r P Y H T o B ,   O ~ ~ C J I O B J I ~ H H O ~  HanuwieM nOBePXUOCTHblX u 
rPYHTOBblX Son. n y T e M   3 a n p y X W B a H M E   H H 3 M e H H O r O  Y V a C T K a  H OTKaYKA c o ~ o H o B a T o ~  B O W  ynanocb 
C03AaTb B o f i o x p a H u n u t q e ,  06ecneuuaamqee KpyrnoroxuqHoe CHa6XeHMe BOlfOR. I,UMPOKO Y C n e u H O  
n p n M e H R n n c b   Q y H n a M e H T b t  na cTon6ax n noaymKax. Anrap - oaHa ~3 Han6onee y A a q H t u  @OPM 
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3nanaR o 6 e c n e w B a n a c b  nyTeM HacblnKH tunaxoBoro uJonnpyorqer0 C ~ O R  Ha r p y ~ ~ b t  OCHOBaHHR: 
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n e p e s m x k l e  onopbl, s a ~ p e n n e ~ ~ t a e  B ~ e p s n o ~  r p y H T e .  
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CONSTRWTION ON PERMAYROST  AT LONGYEARBYEN ON SPITSBERCEN 

Wayne Tobiasson 

US Army Cold Regions Research and Engineering Laboratory 
Hanover, New Hampshire, USA 

INTRODUCTION 

The group of Arctic islands north 
of Norway is  known as Svalbard. Spits- 
bergen I s  the largest Island in the 
group. Norwegian actlvity on Svalbard 
i s  centered at Longyearbyen where coal 
mines have been worked interrnittent1.y 
since 1906. About 1000 people live in 
Longyearbyen. 

Svalbard is devoid of trees but 
contains enough llchens and grasses to 
support a sizable reindeer herd. At 
Longyearbyen the mean annual temperature 
is -5°C. The mean July temperature I s  
+ 7 O C  and the coldest temperature recorded 
is - 4 6 O c .  The air rreezlng index aver- 
ages 52900 hour'C and the average air 
thawing index is 11500 hour°C. The 
thickness of the seasonal thaw layer may 
exceed 1 rn in dry coarse-grained soI1s. 
In wet fine-grained soils covered by a 
vegetative mat thaw generally does not 
penetrate deeper than half a meter. 
Permafrost extends to a depth of about 
300 m. Much of the s o l 1  in and around 
Longyearbyen is coarse-gralned ana does 
not contain segregated ice (Flg. 1). 
Frozen flne-grained soils often contaln 
numerous horizontal Ice Lenses. 

ROADS 

Roads are constructed 1.5 m thlck 
uslng coarse-grained materials such as 
those shown in Figure 1. In areas where 
organic material. is present, care IS 
taken to avoid disturbing it during 
construction. Cuttlng into native s o i l s  
is avoided wherever possible to prevent 
thawing of permafrost and to minimize 
drainage problems and snow drifting. 
The inevltable coal dust makes road 
surfaces quite dark .  Some thawing of 
permafrost under the shoulders and  side 
slope sloughing o r  the roadway have been 
reported (Hegermann 1974). Benches of 
flll placed on each side of the roadway, 
together with upslope drainage ditches, 
have solved thawing problems caused by 
standing water on the upslope sides of 
roadways. 

Most culverts are needed  only a few 
weeks each year, usually in July. To 
ensure that the culverts are clear for 
thls Important period, snow and ice that 
collects in them during the winter is 
removed using steam. Culverts are made 
of corrugated metal in diameters up to 
140 cm or of  wood as shown In Figure 2. 
Flash floods create very high peak 
flows. On 11 July 1972, heavy rains (2- 
1/2 times as much as had ever been re- 
corded in one day) melted an existing 
snow cover and caused a major flood 
which washed out large sections of 
roads. Scars were cut into the landscape 
that are still visible. In some areas 
thermal erosion initlated by that flood 
is still continuing. 

PIG.  2. Roads contain large c u l v e r t s  to 
handle ?lash f l o o d s .  



RUNWAYS 

I n   t h e   l o w l a n d s   t h e   s o i l   w a t e r  i s  
s a l i n e .  The f i n e - g r a i n e d   s o i l s   t h e r e   r e -  
ma in   qu i t e   v i scous   even  a t  - 3 ° C .  U n t i l  
1974 a i r c r a f t   c o u l d   l a n d   i n   L o n g y e a r b y e n  
o n l y   d u r i n g   t h e   w i n t e r   m o n t h s   ( g e n e r a l l y  
December  through A p r i l )  on a runway 
l o c a t e d   i n  t h i s  a rea .   Cons t ruc t ion   o f  a 
paved  runway  sui table  f o r  year-round use  
began i n  1973  (Berg 1975), The runway i s  
2 2 0 0  m l ong ,  45 m wide  and  contains  7.5-m- 
wide   shoulders   which   a re  a l s o  s u r r a c e d  
wi th  a s p h a l t i c   c o n c r e t e .  Unpaved shou lde r s  
ex tend   an   add i t iona l .  32 m beyond the  paved 
p o r t i o n s .  Below the  unpaved  shoulders  
t h e r e  I s  a t  l e a s t  3 0  cm of   compacted  gravel  
Paved p o r t i o n s   c o n s i s t  of' a 6-em-thick as- 
pha l t ic   pavement ,  a 20-ern-thick  crushed 
g rave l   base   and  an 84-em-thick  non-frost- 
suscep t ib l e   compac ted   g rave l   subbase .  It 
was f e l t  t h a t  t h i s  t h i c k n e s s  would  be 
enough to   p reven t   t hawing   o f   unde r ly lng  
pe rmaf ros t .  Some se t t lement   p roblems  have  
developed  and i t  now appea r s  t h a t  a th i cke r '  
s e c t i o n  would  have  been  desirable .  

The n a t i v e   s o i l s  a t  t h e  runway  vary 
from coa r se -   t o   f i ne -g ra ined   and   f rom 
r e l a t i v e l y   d r y   t o   i c e - r i c h .   f e a t   b o g s  
up t o  5 0  cm t h i c k  are p r e s e n t   a l o n g   t h e  
cen te r l ine .   A l though   mos t  of t h e  runway 
was p l a c e d   w i t h o u t   d i s t u r b i n g   t h e   e x i s t i n g  
s o i l ,  a p o r t i o n   n e a r   t h e  east  end   r equ i r ed  
c u t t i n g   i n t o   t h e   v e g e t a t i v e  mat and   na t ive  
s o i l   t o  meet   requi red   g rades .   Seasonal  
thaw  zone s o i l s  removed i n   t h a t   a r e a  were 
f ine-gra ined   and   very   wet .   Samples   o f   the  
pe rmaf ros t   be low  r evea led   t ha t  i t  con ta ined  
numerous i c e   l e n s e s  up t o  5 cm th i ck   bu t   no  
mass ive   g round   i ce .  It was e s t a b l l s h e d  
t h a t   t h e  s o i l  was about  7 0 %  i c e  by volume. 

Because  the  runway  forms an obs t ruc -  
t i o n   t o   w a t e r   f l o w i n g   o f f  t h e  nearby  h i l l s ,  
two  120-em-diameter  culverts were p laced  
under  i t  t o  f a c i l i t a t e   d r a i n a g e   ( F i g .  3 ) .  
The  wooden cove r s  shown i n   F i g u r e  3 were 
des igned  t o  keep snow from d r i f t i n g   i n t o  
t h e   c u l v e r t s   d u r i n g   t h e   w i n t e r .  They a l s o  
b l o c k   e n t r y  o f  warm summer a i r .  The door s  
w e r e   f r o z e n   i n   p l a c e   a n d   d l f f ' l c u l t   t o   r e -  
move e a c h   s p r i n g   t o   p e r m i t   p a s s a g e  of su r -  
f a c e   r u n o f f .  They  have  been  replaced  wlth 
p l a s t i c   s h e e t s   w h i c h   a r e   e a s i l y   b r o k e n  
e a c h   s p r i n g   t o   f a c i l i t a t e   d r a i n a g e .  

Water has ponded  on t h e  u p s l o p e   s i d e  
of t h e  runway  and  caused some thawing 
of  permafros t   and   s loughing  o f  t h e  a d j a c e n t  
n a t i v e   s o i l s   ( F i g .  4 ) .  D r a i n a g e   d i t c h e s  
were added t o   c o r r e c t  t h i s  problem. As 
e a r l y  as 1974 ,   po r t ions  of t h e   u p s l o p e  
s h o u l d e r   h a d   s e t t l e d  2 0  em i n   t h e   c u t   a r e a .  
It i s  b e l i e v e d  t h a t  warm su r face   and  
groundwater   f lows   th rough  the   runway  base  
m a t e r i a l s   a n d  warms t h e   s u p p o r t i n g   s o i l s .  
Some d i f f e r e n t i a l   s e t t l e m e n t   h a s   r e s u l t e d ,  
p a r t i c u l a r l y   i n   t h e   c u t   s e c t i o n .   I n  1 9 7 5  
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FIO. 4. Thawing and dcir,ra.ciat,lioil of' 
native soil. u p s l o p e  of Lhe runway.  

a portion of t h e  runway was p a i n t e d   w h i t e  
t o   r e d u c e  thaw p e n e t r a t i o n  as  was done a t  
Thule AB, Greenland  (Fulwider   and  Aitken 
1 9 6 2 ) .  I n  1 9 7 6 ,  b i t u m e n   s t a b i l i z e d  
m a t e r i a l s   w e r e   u s e d   t o   f i l l   s e t t l e m e n t  
d e p r e s s i o n s ,  a 3-cm-thick  bituminous  con- 
c r e t e   c o v e r i n g  was a p p l i e d   t o   t h e  runway 
and a l l  but  3 0 0  m a t  ea.ch  end was p a i n t e d  
w h i t e .   S e t t l e m e n t   p r o b l e m s   a p p e a r   t o   h a v e  
b e e n   s i g n i f i c a n t l y   r e d u c e d .  

FOUNDATTONS 

A l l  f o u n d a t i o n s   a r e   d e s i g n e d   o n   t h e  
p r i n c i p l e  of  m a i n t a i n i n g   t h e   s u p p o r t i n g  
s o i l   i n  I t s  f r o z e n   s t a t e .   S o i l s  on t h e  
h i g h e r   t e r r a c e s   w h e r e   m o s t   b u i l d i n g s  are  
l o c a t e d  are coa r se -g ra ined   (F ig .  1). 
Untll r e c e n t l y  no  equipment was a v a i l a b l e  
t h a t   c o u l d   a u g e r   l a r g e  diameter h o l e s  
t h r o u g h   s u c h   s o i l s   t o   p e r m i t   i n s t a l l a t l o n  
of p i l e   f o u n d a t i o n s .  

Ex i s t ing   pe rmanen t   bu i ld ings  are  
founded  on   spread   foo t ings   p laced   in  
h o l e s   b l a s t e d   i n   p e r m a f r o s t .  A t y p i c a l  
f o o t i n g  i s  shown i n   F i g u r e  5 .  N e w  p o s t s  
and   pads   a r e   o f   ca s t - in -p lace   r e in fo rced  
c o n c r e t e   b u t  t imber  f o o t i n g s   a n d   p o s t s  



have also been installed. Although the 
foundation depth varies according to the 
situation, the bottom of the footing i.s 
generally at least 1 m below the top of 
permafrost. The deslign bcarlng pressure 
is 1.5 to 2.0 kg/cm2 which is about half 
that which the Soviets would use for this 
situation (Christiansen 1974). This design 
val.ue also seems conservative relative to 
North American practice. 

I t o 2 m  

FIG. 5. Typical cast-in-place concrete 
footings supported on permafrost. 

As shown in Figure 5 ,  25-mm-diameter 
steel reinforcing rods are placed in the 
permafrost below each footing for addi- 
tional support. They provide insurance 
against settlement in the event of local 
weakness in the permafrost, or degradation 
and erosion during a flash flood. The 
rods are placed in holes made by a rock 
drlll. The annulus is backfilled with a 
mlxture of sand, cement and water which 
promptly freezes, locking the steel to 
the permafrost. The cement i s  added to 
make the mixture fluid during placement, 
not to give it extra strength. 

Slag  rrom the old coal-fired power 
plant has been used as insulating backflll 
above many footings. As shown in Figure 5 
it I s  expected that the permafrost table 
will rise up above Its original position 
when slag is used. 

The post and pad footings with their 
steel mlni-piles below have performed very 
well but are quite expensive. Less ex- 
pensive alternatives are being consldered 
Including omission of the mini-piles, 

An apartment building built on such 
footings is shown in Figure 6. The air 
space between the heated building and 
the gravel pad is quite small,at the 
near end  but about 2 m high at the far 
end. Because the gravel pad is elevated 
above the surrounding terrain not much 
blowing snow accumulates under the 
building even where the air space I s  
quite narrow. A view under the building 
is shown in Figure 7. The foreground 

887 

post extends about 2 m above grade. 

Pic. 7. View o r  the underside of the 
building shown in F i g u r e  6, 

The gravel pad shown in Figure 6 was 
placed after the post and pad foundation 
was constructed. The native soils at 
that location are coarse-grained and dis- 
turbance of the vegetative mat could be 
toleratcd. Other buildings have been 
constructed by placing the gravel pad 
fir'st to preserve the vegetative mat. 

Tight skirting was added to many of 
the older buildings built with timber 
foundations. The skirting prevented 
winter cooling of' supportlng soil and 
allowed building heat to penetrate under- 
lying permafrost. Settlements resulted. 
A few years ago a program was initiated 
to shore up settled areas o f  such build- 
ings, add 50 cm of slag on top of the 
ground under these buildings, remove the 
tight skirting and replace it with  open 
skirting such as that shown In Figure 8. 
Those changes have improved foundation 
performance signif'lcantly. 

The laundry was built on timber posts 
and  pads  but was subsequently skirted 
wlth concrete. Heat-producing equipment 
installed in the skirted space plus the 
discharge of warm wastewater under the 
building caused rneltlng of the permafrost 
and subsequent building distress. Figure 
9 shows the building in 1974. At that 
time most of the concrete skirting had 



been  removed  and the  r low o f  w a s t e w a t e r  
o n t o  t h e  g r o u n d   t e r m i n a t c d .  The s t r u c t u r e  
was j a c k e d   b a c k   i n t o   p o s i t l o n   a n d  i s  now 
s t a b i l i z e d .  
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f o r c e d   c o n c r e t e   f l o o r   s u p p o r t e d   o n  rqein- 
f o r c e d   c o n c r e t e   p o s t s   a n d  Elads a s  shown 
i n   F i g u r e  5. The f o o t i n g s  arc  2 . 2  m deep 
a n d r d e s i g n e d  to s u s t a i n  a maximum b e a r i n g  
l o a d   o f  2.0 kg/cm2  ( InsLanes   1975) .   Rcin-  
f o r c j n g  r o d s  e x t e n d  2 . 0  m b e l o w   t h e   f o o t -  
ing.   They were p l a c e d   i n   d r i l l e d   h o l e s  
b a c k f i l l e d  wl th  r tne   s and ,   cemen t   and  
w a t e r .  ICnough r o d s  were p r o v i d e d  t o  c a r r y  
t h e  e n t i r e   f o o t i n g  l o a d  a t  a n   a l l o w a b l e  
bond s t r e s s  of  5 kg/cm2. A l l  f o u n d a t i , o n  
work  was  done i n  t h e  l a t e  summer and f a l l  
t o  m i r l i r n l x e  t h e r m a l   d i s t u r b a n c e   o f  t h e  
p e r m a f r o s t .   G r a v e l .   b a c k f i l l  was p l a c e d  
as soon a.s p o s s i b l e  af’ter c u r j n g .  S l a g  
b a c k f i l l  was n o t  u s e d ,  

Below the  h a n g a r   r l o o r   e x p a n d e d  
p o l y s t y r e n e ,  1 0  em t h i c k ,   p r o v i d e s   i n s u l a -  
t i o n ,  The v e n t i l a t e d   s p a c e   b e l o w   t h e  
f ’ l o o r   v a r i e s   i n  he igh t  from 1 . 5  t o  4 . 5  m. 
Two s ides  of t h e  a i r  s p a c e   u n d e r  t h e  
h a n g a r  arc b l o c k e d   b y   e n t r a n c e s   f o r  a i r -  
c r a f t   a n d   v e h i c 1 . e ~ .  The hangar   founda-  
t i o n  has pe r fo rmed  as e x p e c t e d .  A tem- 
pe ra tu re   measu remen t   p rog ram has been  
es tab l i shed  t o  moni tor ,   long- te rm per- 
formance.  

The a d j a c e n l :   6 - s t o r y   o f f i c e - c o n t r o l  
tower, i s  founded  on  an 8 . 2  x 8 . 2  m r e i n -  
f o r c e d   c o n c r e t e  mat. Two hundred s t e e l  
r o d s  were d r i l l e d   i n t o  t h e  p e r m a f r o s t  
below t h c  c o n c r e t e  mat f o r   a d d i - t i o n a l  
b e a r i n g   s u p p o r t .   S u p p o r t i n g   s o i l s  are 
c o a r s e - g r a i n e d   a n d   g e n e r a l l y  thaw s t a b l e .  
They were e x c a v a t c d  w i t h  l i t t l e  d i f -  
f i c u l t y   e v e n   t h o u g h   f r o z e n .   A f t e r   t h e  
rnat was p l a c e d ,  i t  was c o v e r e d  w i t h  3 
m of   backfi .11 e T h e  i n s u l a t e d  f i r s t  
floor of  t h e   t o w e r  i s  1 m above t h e  s u r -  
f a c e   o f  t h e  b a c k f i l l  t o  a l l o w  a i r  c i r -  
c u l a t i o n   u n d e r   t h e   b u i l d i n g .  

An e f f e c t l v e   f o u n d a t i o n  has a l s o  
b e e n   d e v e l o p e d   f o r   u n h e a t e d   w a r e h o u s e s .  
These a r c h e d   s t r u c t u r e s  a re  s u p p o r t e d   o n  
c o n c r e t e  s t r i p  f o o t i n g s  3 0  cm wide  and 1 
m deep .  To i n c r e a s e   b e a r i . n g   r e s i s t a n c e  
and r e s i s t  h e a v e   b y   s e a s o n a l   f r o s t ,  20-  
mm-diameter s t e e l  r o d s  were d r l l l c d   i n t o  
t h c   p e r m a f r o s t   o n  4-m c e n t e r s   a l o n g   e a c h  
s t r i p  f o o t i n g .  The r o d s   e x t e n d  1 . 5  m 
below t h e  f o o t i n g .  To s t a b i l i z e   t h e  
f l o o r ,   a b o u t  5 0  cm of‘ a c t i v e   l a y e r   s o i l s  
w i t h i n  t h c  b u i l d i n g  was  removed  and re-  
p l a c e d  w i t h  3 0  cm o f  slag c o v e r e d  w i t h  
2 0  em of g r a v e l .   T h e   g r a v e l   s u r f a c e  wa.s 
t h e  f i n i s h   f l o o r  of t h e   w a r e h o u s e .  The 
i n s u l a t i n g  slap: layer has p r e v e n t e d  

The h o s p i t n l .  was  buj1.t i n  1955 w i t h  a 
v e n t i l a t e d   c r a w l   s p a c e .  TIowever, t h e  few 
small v e n t s  jn t h c   c o n c r + c t c   f o u n d a t i o n  
were i n a d e q u a t e   t o  coo l  t h e  p e r m a f r o s t .  
Heat f r o m   t h e   b u i l d i n g   p e n e t r a t e d   t h e  
s u p p o r t i n g   s o i l s   a n d   s e t t l e m e n t s  rc-  
s u l t c d .  The   c r awl   space   wa l l s   c r acked  
and t i m b e r  s h o r l n g  was n e e d e d   t o   s u p p o r t  
t h e  s u p e r s t r u c t u r e .  To p r e v e n t   a d d i t i o n a l  
s e t t l e m e n t  , a mechani.cn.1 r e f r i g e r a t i o n  
u n i t  was   in : : ta l l . ed   ou ts ide  t h e  b u i l d i n g  
t o   c o o l  a i r  which i s  e - i r c u l a t e d  j.n t h e  
c r t i w l   s p a c e   a n d   t h e n   e x h a u s t e d   t o   t h e  
o u t s i d e .  The r e f r i g e r a t i o n   u n i t  has 
n e a r l y   s t a b i l i z e d   t h e   t l u i l d l n g  b u t  wedges 
i n  t h e  t i m b e r ’  sho r ing   mus t  b e  p e r i o d i c a l l y  
a d j u s t e d  Lo a c c o u n t   f o r   m i n o r   c o n t i n u i n f ;  
set  t lcmerit . 

The new hanga r  i s  ‘54 m wide and 66 m 
l o n g +  It i s  1.arge  enough t o   h o u s e   o f f i c e s ,  
t e r m i n a l  facilities, s t o r a g e  rooms, s h o p s ,   s e a s o n a l  thawing o?’ p e r m a f r o s t .  
g a r a g e s  f’org runway  maintenance  equipment  
and a Dc-8. Most h e a v i l y   l o a d e d   b u i l d i n g s  
t h i s  s i z e   b u i . l t  on pe rmaf ros t   have   been  

s o i l  c o o l i n g   d u c t s  below,  e.K.  t h e  tlanGars 
b u f l t  as i n s u l a t c d  s labs  on made  w i t h  

a t  Thu le  A B ,  Greenland   (Tobj -asson  1973). 
The hangar. a t  Longyearbyen i s  p a r t i , c u l a r l y  
i m p r e s s i v e   s i n c e  it has a n  e levated r e i n -  

UTILTTIES  

For many y e a r s  a c o a l - f i r e d   p l a n t  
gene ra t ed   power   fo r   t he   communi ty   and  
t h c  m i n i n g   o p e r a t i o n .   I n   1 9 7 5 ,  t h e  
c o a l - f i r e d   p l a n t  was r e p l a c e d  w i t h  a n  
o i l - f i r e d   p l a n t .  The c o a l  mined a t  
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Longyearbyen i s  used as a chemical  
i n g r e d i e n t   i n   t h e   p r o d u c t i o n  o f  s t e e l  and 
i s  c u r r e n t l y   t o o   v a l u a b l e   t o   b e   b u r n e d  on 
s i t e .  However, o l l   p r l c e   r i s e s  and   o ther  
c o n s i d e r a t i o n s  may r e s u l t  I n  c o a l - f i r e d  
p l a n t s   f o r  new developments on Sva lba rd .  
The e x i s t i n g  power p l an t   gene r ' a t e s  stcam 
which i s  d i s t r i b u t e d   t o   b u i l d i n g s   i n  
u t i l i d o r s .   W i t h i n   b u i l d i n g s   f o r c e d   h o t  
w a t e r   h e a t i n g  i s  used .  

Many d i f f e r e n t  water sources   have 
been t r i e d  w i t h  v a r y i n g   s u c c e s s   o v e r   t h e  
y e a r s .   I n   t h e  summer' small r i v e r s   a r e  
dammed, Mel t ed   i ce   has   been   u sed   i n   t he  
w i n t e r .  From 1958-1960 water t h a t  seeped 
i n t o  a mlne was d i v e r t e d   t o  community use .  
However, t h e   r e q u i r e m e n t   f o r   m i n e   v e n t i l a -  
t i o n   i n   t h e   w i n t e r   c a u s e d   n u m e r o u s   f r e e z e -  
u p s  a n d   t h a t   s o u r c e  was abandoned. Evap- 
o r a t i o n  of  b r a c k i s h   w a t e r   u s h g  power 
house   was te   hea t  was t r i e d  Por a t ime 
d u r i n g  t h e  winter   months  but  t h a t  proved 
t o  be   p rob lema t i c .   In  1 9 7 0 ,  t h r e e  small 
brackish  ponds  were pumped dry  and dammed. 
Each   yea r   t he   r e se rvo i r  has grown  and  each 
y e a r   t h e   w a t e r   f r e s h e n s .  The f i r s t   y e a r  
t h e  pond was s o  s h a l l o w   a n d   s a l i n e   t h a t  i t  
could  only be   u sed   fo r  two months.  By 
1974 a year-round  water   supply was a v a i l -  
a b l e  as  t h e  lake was then  4-6 m deep.  
Maximum w i n t e r   i c e   c o v e r  i s  about  2 m 
t h i ck .   A l though  t h i s  sou rce   p rov ides  
pa l a t ab le   wa te r   yea r - round ,  somewhat 
t a s t i e r   w a t e r  i s  made a v a i l a b l e   d u r i n g   t h e  
summer months by  damming s t r eams   w i th in  
t h e  community.  The 1000 p e o p l e  a t  Long- 
yearbyen  use  about  425  m3 of water   each  
day.  

Water i s  d i s t r i b u t e d   i n   a n   i n s u l a t e d  
p ipe .   S ince   f l ow i s  cont inuous ,  t h e  l i n e  
i s  n o t   p r o t e c t e d   w i t h   e l e c t r i c a l   h e a t e r s .  
Old p o r t i o n s   o f   t h e  water supply  system 
were  supported  on  t imber   posts   which sat  
on a t imber  c r o s s   t i e  a t  t h e   b a s e  o r  t h e  
s e a s o n a l  thaw zone .   Such   suppor ts   loca ted  
i n   p e a t   b o g s   h e a v e d   i n  the  wlnter   and  
s e t t l e d   i n   t h e  summer.  The w a t e r   l i n e   b e -  
came q u i t e   i r r e g u l a r  as shown i n   F i g u r e  
1 0 .  The above grade p o r t i o n s  of s u p p o r t s  
f o r  new w a t e r   I l n e s   l o o k  similar t o  t h o s e  
shown i n   F l g u r e  1 0 .  However, t h e  new 
v e r t i c a l   s u p p o r t  members are  a d f r e e z e  
p i l e s  t h a t   e x t e n d  a t  l e a s t  1 m i n t o  perma- 
f r o s t   r a t h e r   t h a n   t i m b e r   c r o s s  t i e s  a t  t h c  
base of t h e  s e a s o n a l  thaw zone .   In   t he  
p rocess  of d r i l l i n g   h o l e s   f o r   t h e s e   p i l e s  
i n   t h e  wet   g round,   the   ho les  f i l l  w i t h  
water. A f e w   h o u r s   a f t e r  a suppor t  i s  s e t  
i n   t h e   g r o u n d ,   w a t e r   i n   t h e   a n n u l u s   f r e e z e s  
a n d   l o c k s   t h e   p i l e   f i r m l y   i n   p l a c e .  

Among t h e   b u i l d i n g s   l a r g e  wooden 
u t i l i d o r s   c a r r y   w a t e r ,   w a s t e w a t e r ,  steam 
a n d   c o n d e n s a t e   r e t u r n   l i n e s   ( F i g .  11). 
E l e c t r i c a l   l i n e s  are n o t   c a r r i e d   i n   s u c h  
u t i l i d o r s .  They are  e i t h e r   e l e v a t e d   o r  
bu r i ed .  The u t i l i d o r s   a r e   s u p p o r t e d  on 

The  mean annua l   t empera tu re  a t  Long- 
yearbyen i s  - 5 ° C .  P e r m a f r o s t   e x t e n d s   t o  
a d e p t h  of   about  300 m a n d   t h e   t h i c k n e s s  
or the   s easona l   t haw  zone  may exceed 1 m 
i n   d r y   c o a r s e - g r a i n e d   s o i l s .   A l t h o u g h  
much o f   t h e   f r o z e n  s o i l  i s  coa r se -g ra ined ,  
i c e - r i c h   f i n e - g r a l n e d  soils ar'e a l s o  en- 
coun te red .  I n  somc a r e a s ,   p e r m a f r o s t  ha.:; 
been   degraded   under   roads   bu j  I t  1 . 5  m 
th ick .   Sur face   and   ground water have  con- 
t r i b u t e d  t o  such  problems wi.t;h f l a s h  
f l o o d s   n e c e s s i t a t i n g  t h e  u s e   o f   l a r g e  
c u l v e r t s .  To mee t   r equ i r ed   g radcs  a por-  
t i o n   o f   t h e  new runway was c u t   i n t o   i c e -  
r i c h   n a t i v e  soll. L o c a l i z e d   s e t t l e m c n t s  
r e s u l t e d  when permafros t  was rneltcd  under 
the   110-em-th ick   sec t ion   of   the   runway.  



P a i n t i n g  most of' t he   runway  w h i t e  s i g n i f ' i -  
cant ; ly   reduced  set t l .emerl t   problems.  

F o u n d a t i o n s  arc d e s i g n e d  i:o m a i n t a i n  
t h e  s u p p o r t i n g  s o i l  i n  i t s  f r o z e n   s t a t e ,  
Most f o u n d a t i o n s   c o n s i s t  o f  c a s t - i n -  
p l a c e   c o n c r e t e   p o s t s  and pads s e t  a t  
l e a s t  1 m below t h e  toy) o r  pe rmaf ' ro s t .  
B e f o r e   s u c h  p a d s  a r e   p o u r e d ,   h o l e s  are  
d r i l l e d .  i n t o   t h e   p e r m a f r o s t   b e l o w   a n d  
s t e e l  r e i n f o r c i n r ;  r o d s  1 . 5  t o  2 m l o n g  ase 
i n s e r t e d .  A s l u r r y  o r  s a n d ,  cerrlerlt; and 
water i s  uscd t o  b a c k f i . 1 1   t h e   a n n u l u s  
a r o u n d   e a c h  rod t o   m o b i l i z e  i t s  a d f r e e z c  
p o t e n t i a l ,   S l a g   a n d / o r   g r a v e l   a r e   p l a c e d  
o v e r  the pad t o   i n s u l a t e  the  p e r m a f r o s t .  
The f l o o r  o r  t h e  new h a n g a r  i s  e l c v r i t e d  
above t h e  s u r f a c e  on   such  a f o u n d a t i o n .  
The a d c i a c e n t   o f f i c e - c o n t r o l   t o w e r  i s  sup- 
p o r t e d   o n  a mat f o u n d a t i o n   p l a c e d   i n  thaw- 
s t a b l e   p e r m a f r o s t .  The f i r s t  f'loor, i s  
e l e v a t e d   t o   p r e v e n t   b u i l d i . n g  heat from 
e n t e r i n g  the  f o u n d a t i o n .  

Heat frorrl o l d e r   b u i l d i n g s  wl.th veni , i -  
l a t e d  crawl s p a c e s   o r  t i g h t  skirting below 
t h e  first; f l o o r   c a u s e d   s u p p o r t i n g  s o i l s  t o  
thaw. Impr'oved ven t , l l a t i on   o f   c r awl .  
s p a c e s ,   a d d i t - i o n  o f  s lag  i n s u l a t l o n   a n d  re-  
p l acemen t   o f  t i g h t  s k i r t i n g  wi th  open 
v e n t i l a t e d   s k i r t l n g   h a v e   s o l v e d   s u c h   p r o -  
blems. Newer b u i l d i n g s   h a v e   a n   o p e n  a i r  
space   hc low t h e  f l r s t  % l o o r .  

A yea r - round  water s u p p l y  wa.s de-  
veloped  by  damming t h r e e  b r a c k i s h   p o n d s .  
However, streams a r e  s t i l l  dammed i n   t h e  
summer t o   p r o v i d e  t a s t i e r  w a t e r .  

Older water l i n e s   s u p p o r t e d   o n  
t i m b e r   s t r u c t u r e s  s e t  on t h e  permaf'rost 
t a b l e  were d i s p l a c e d   o v e r  t h e  y e a r s .  
Newer s u p p o r t s   a r e   a n c h o r e d   i n t o  pcrma- 
f r o s t   a n d   a r e  s t a b l e .  E l e v a t e d   u t i l i d o r s  
a re  used t o  r > o u t e  water, waste water, 
steam a n d   c o n d e n s a t e   r e t u r n   l i n e s  among 
b u i l d i n g s .  
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THE DETAILS BEHIND A TYPICAL A L A S K A N  PILE FOUNDATION 
W. Tobiasson and P. Johnson,'U.S. Army  Cold Regions Research and 
Engineering Laboratory, Hanover, New Hampshire, USA 

When a warehouse at Barter Island burned down,  a replacement was 
urgently needed. The new foundation consists of forty-five steel 
pipe piles, . 2 5  m in diameter, set in 4.6 to 5.8 m deep holes made 
w i t h  a .46 m diameter auger. The annulus was backfilled with a 
sand-water slurry, Slurry freezeback was closely monitored using 
thermocouples. As freezeback was rapid, the contractor was allowed 
to set steel beams on a pile five days after it was installed and 
pour c o n c r e t e  ten  days after the l a s t  pile was set. Groundwater prob- 
lems during July required casing of augered h o l e s  with .51 m diameter 
pipe to a depth of 1 m. Mechanical difficulties and  lack of a crane 
slowed pile installation but contractor resourcefulness got the j o b  
done. Subsequent elevation surveys and thermocouple measurements 
indicate that the f o u n d a t i o n  is solidly frozen and stable. 

D ~ T A I  LS RELATI FS A D E S  FONDAT IONS T Y P  I QUES SUR P I  EUX EN ALASKA 
A p r & s   l ' i n c e n d i e   d ' u n   e n t r e p 6 t  5 l ' T l e   B a r t e r ,  i l  a k t 6   n e c e s s a i r e   d ' e n  

r e c o n s t r u i r e  irnrnediatement un a u t r e .  Les n o u v e l l e s   f o n d a t i o n s   6 t a i e n t  composees 
de 45 p i e u x   t u b u l a i r e s  en a c i e r ,  de 0.25 rn de d iam&tre,  poses dans  des t r o u s  de 
4.6 5.8 de profondeur,  creus&,s 5 l ' a i d e   d ' u n e   t a r i s r e  de 0.46 rn de diamGtre. 
L'anneau a 6 t 6  comb16 par  un c o u l i s   d ' e a u   e t  de sab le .  On a a t ten t ivernent   observe  
l e   r e g e l  du c o u l i s  6 l ' a i d e  de thermocouples, Comme i l  6 t a i t   r a p i d e ,   l ' e n t r e p r e n e u r  
a f a i t   p o s e r  des   pout res   en   ac ie r   sur  un p i e u ,   c i n q   j o u r s   a p r c s   l ' i n s t a l l a t i o n  de 
c e l u i - c i ,   e t   c o u l e r   d u   c i m e n t ,   d i x   j o u r s   a p r & s   l a  pose  du d e r n i e r   p i e u .  Des 
p r o b l h e s  pos6s  par l ' i n f i l t r a t i o n   d ' e a u   s o u t e r r a i n e   a u   m o i s  de j u i l l e t   o n t  impose 
l e  tubage  des  t rous  fores  par un tuyau de 0.51 m de d iam&t re ,   j usqu 'a  une  profondeur 
de 1 m. Cornme des d i f f i c u l t e s  rnecaniques o n t   s u r g i ,  e t  qu 'on   ne   d i sposa i t  pas de 
g r u e ,   l ' i n s t a l l a t i o n  des p i e u x  a B t 6   r a l e n t i e  ma is   l ' en t rep reneur  a f a i t   p r e u v e  
d ' i n g 6 n i o s i t E   p o u r   t e r m i n e r   l e   t r a v a i l .  Des o b s e r v a t i o n s   u l t e r i e u r e s  du  n iveau 
d u   s o l   e t  des  mesures  effectuees 2 l ' a i de   d 'un   t he rmocoup le   i nd iquen t  que l a  
f o n d a t i o n   e s t   s t a b i l i s e e   e t   s o l i d e m e n t  gelee. 
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TIIE DETAILS BEHIND A TYPICAL, A L A S K A N  P I L E  FOUNDATION 

W .  Tob ias son   and  P .  Johnson  

U.S. Army Co ld   Reg ions   Resea rch   and   Eng inee r ing   Labora to ry  
Hanover’, New Hampshire , U S A  

I N T R O D U C T I O N  

D u r i n g   t h e   w i n t e r   o f   1 9 7 3 - 7 4  a ware- 
house   burned  down a t  the A i r  F o r c e   S t a t i o n  
a t  Ba r t e r  I s l a n d ,  Alaska, A u t h o r i z a t i o n  
f’or c o n s t r u c t i o n   o f  a r e p l a c e m e n t   b u i l d i n g  
was r e c e i v e d   i n  l a t e  A p r i l  1.974, l e s s  t,han 
two  months   before  t h e  15 J u n e   d e a d l i n e  for 
l o a d i n g   s u p p l i e s  on t h e  Hay R i v e r   b a r g e   f o r  
d e l i v e r y  t h a t  summer’. A 15.2 x 3 6 . 6  m p r e -  
e n g i n e e r e d  metal b u i l d i n g  was  purchased  and 
a t t e n t i o n   d i r e c t e d   t o  t h e  t a s k , o f   d e s i g n i n g ,  
p r o c u r i n g ,   a n d   a s s e m b l i n g  on the  b a r g e ,  t h e  
components o f  t he   f ‘ounda t ion .  The  founda- 
t i o n   w o u l d   t r a n s m i t   t h e   h e a v y   f l o o r   l l v e  
l o a d   o f  1 2 2 0  kg/m2 i n t o  t h e  i ce - r . i ch  perma- 
f r o s t  known t o  exist i n  t h e  a r e a .  A U.S.  
Air E’orce c i v i l   e n g i n e e r  was d i s p a t c h e d   t o  
CRREL, where members  of t h e  Experinler i ta l  
EngTnee , r ing   Div is ion  ass i s ted  w i t h  t h e  
r a p i d   d e v e l o p m e n t   o f  a f o u n d a t i o n   d c s j g n .  
B o t h   s p r e a d   f o o t l n g   a n d  p i l e  f o u n d a t i o n  
a l t e r n a t i v e s  were cons ide red .   Because  
sp r ’ead   foo t ings   wou ld   have   necess i t a t ed  
b l a s t i n g   o f   p e r m a f r o s t  and would  have re-  
q u i r e d  more t ime a n d   o n - s i t e   l a b o r ,  s t e e l  
p i p e  p i l e s  were c h o s e n   f o r  t h e  f’oundat ion.  
The f o u n d a t i o n  was i n s t a l l e d   d u r i n g   t h e  
1 9 7 5   c o n s t r u c t i o n   s e a s o n .  T h i s  paper  de- 
s c r i b e s  s i t e  c o n d i t i o n s ,   d e s i g n   c o n s i - d e r -  
a t i o n s ,   c o n s t r u c t i o n   a n d   i n s t r w m e n t a . t i o n  
o f  t h i s  f a c i l i t y .  

S I T E  CONDITIONS 

The A i r  F o r c e   S t a t i o r l   a t  Barter Is- 
land   (70°08’N,  1’11°38’W) i s  l o c a t e d   w i t h i n  
a few hundred meters of  t h e  A r c t i c   O c e a n ,  
abou t  1 2  m above sea l e v e l .  The s u r f a c e  
i n   t h e  area is marshy   and   do t t ed  w i t h  num- 
e r o u s  sma1.1 ponds  and lakes .  M O S S ,  t u s -  
s o c k s ,   s e d g e   g r a s s   a n d   l o w  bushes a r e  p r e -  
s e n t .  Soils are  s i l t s ,  sands   and  some 
m a r i n e   c l a y s .  The seasona l .  thaw zone i n  
s u c h  s o i l  i s  g e n e r a 1 . l ~  l e s s  t h a n  0 . 5  rn 
t h i c k .   P e r m a f r o s t ,   w h i c h   e x t e n d s  t o  a 
d e p t h   e x c e e d i n g  2 7 5  In, c o n t a i n s   m a s s i v e  
g r o u n d   i c e .  The mean a n n u a l   t e m p e r a t u r e  
is -12’C, t h e  maximum f r e e z i n g   i n d e x  is 
126000  hours  ‘C (9456  ddP)   and   the  maximum 
t h a w i n g   i n d e x  i s  17800  h o u r s  OC (1332 d d F ) .  
P r e c i p i t a t i o n   a v e r a g e s  18  cm/yr  and t h e  
mean hour ly   w ind   speed  i s  5 . 8  m/s from 
t h e  ea s t .  

DESIGN  CONSIDERATIONS 

S o i l   b o r i n g s  made p r i d r  t o  c o n s t r u c -  
t i o n   o f   o t h e r   b u i l d i n g s   i n   t h e   v i c i n i t y  
showed t h a t  n a t i v e   s o i l s  a re  s i l t y   s a n d s  
and  sandy s i l t s  w i t h  l a r g e   q u a n t i t i e s  of 
s e g r e g a t e d   i c e .  The A l a s k a   D i s t r i c t ,  
Corps   o f   Eng inee r s ,   des igned  marly o f   t h o s e  
b u i l d i n g s   w i t h   f o u n d a t i o n s   o f   a u g e r e d - i n -  
p l a c e  s t e e l  p i p e  p i l e s  w i t h  t h e  a n n u l u s  
b a c k f i l l e d  w i t h  a s a t u r a t e d   s a n d   s l u r r y .  
Such piles have   been   des igned  w i t h  a n  
a l l o w a b l e   a d f r e e z e  s t r e s s  o f  1 . 8  kg/cm2. 
Although t h e  a d d i t i o n   o f  a n o n - f r o s t - s u s -  
c e p t i h l e   g r a v e l   l e v e l i n g  pad o v e r  t h e  
a c t i v c   l a y e r  was e x p e c t e d   t o   c a u s e   t h e  
p e r m a f r o s t  t a b l e  t o  move upward i n t o  t he  
t u n d r a  mat, p41e a d f r e e z e - w a s   a s s u m e d   t o  
a c t   o n l y   I n  t h e  “o3.d” p e r m a f r o s t .  

Excep t  f o r  t h e  p i l e s  s u p p o r t i n g   a n  
a d d i t i o n   t o   t h e   p o w e r   p l a n t  t h i s  t y p e   o f  
f o u n d a t i o n  has worked we l l  a t  Barter  Is- 
l a n d .  The p i l e s  of  t h e  power p l a n t  add i -  
t i o n  were i n a d v e r t e n t l y   c o a t e d  w i t h  red  
1.ead  and a b i t u m i n o u s   e m u l s i o n  bel.ow 
grade. The a d d i t i o n   b e g a n   t o  s e t t l e  i m -  
m e d i a t e l y .  Tes t  p i t s  e x c a v a t e d   a r o u n d  
t h e  p i l e s  showed t h a t  shear f a i l u r e s  had 
o c c u r r e d   w i t h i n  t h e  t h i c k   l a y e r   o f   r e d  
lead a n d   b e t w e e n   t h e   s l u r r y   b a c k f i l l   a n d  
the b i tuminous   emuls i .on .  A 76x76 cm bear- 
i n g  p l a t e  was subsequen t ly   we lded  t o  e a c h  
p i l e  2 . 6  m below t h e  s u r f a c e .  The p la tes  
were s i z e d  s o  tha t  t h e   b e a r i n g   p r e s s u r e  
on t h e  s o i l  was l e s s  than  48900  kg/m2. 

I n  1965 a b a r r a c k s  was b u i l t   w i t h  a 
f o u n d a t i o n   o f  25-ern s t e e l  p i p e  p i l e s  e a c h  
h a v i n g  a h6-cm-d.iam s t e e l  base p l a t e .  The 
s t e e l  member’s were p l a c e d   i n  61-cm-diam 
holcs a u g e r e d   t o  a d e p t h   o f   a b o u t  3 . 7  In. 
The m n u l u s  was f i l l e d  w i t h  a s a n d   s l u r r y  
but   suppor t   by   adf ‘ reeze   bond was not   con-  
s ide red  i n  t h e  d e s i g n .   S u p p o s t  was based  
o n   a n   a l l o w a b l e   e n d   b e a r i n g   o f  65000 kg/m2 
Each p i l e  was e q u i p p e d   w i t h   f l t t i n g s  s o  
t h a t  i n   t h e   e v e n t   s e t t l e m e n t s   o c c u r r e d ,  i t  
c o u l d  be cha rged  w i t h  p r o p a n e   t o   c r e a t e  a 
two-phase thermal s iphon  (Long 1 9 6 3 ) .  The 
o r i g i n a l   f o u n d a t i o n  has b e e n   s t a b l e   a n d  
t h e  thermal s i p h o n   f e a t u r e  has n o t  been  
needed .  

Lacking time t~ conduct   a .dd l t . . iona l  
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b o r i n g s   a t  t h e  s i t e  and w i t h  t h e  informa- 
t i o n  t h a t  t h e   b i g g e s t   a u g e r   a v a i l a b l e   f o r  
t h f s   j o b  Would be 46 em i n  diameter,  t h e  
d e s i g n  Was b a s e d   o n   a d f r e e z e  p i l e s  w i t h  a 
1 . 8 - k g / c m 2   d e s i g n   a d f r e e z e   s t r e n g t h  as  used  
s u c c e s s f u l l y   i n   t h e   p a s t .  

By way of   compar ison ,   the   Depar tment  
of t h e  Army (1977) recommends  use  of   an 
u l t i m a t e   a d f r e e z e   s t r e n g t h   o f  2 . 7  kg/cm2 
f o r  s t e e l  p i l e s  a t  -hoc b a c k f i l l e d   w i t h  a 
s i l t  s l u r r y ,   t h e n   a l l o w s   m u l t i p l i c a t i o n   b y  
1 . 5  t o   a n   u l t i m a t e   a d f r e e z e   s t r e n g t h  of 4 . 0  
kg/cm2 I f  a s a t u r a t e d   s a n d   b a c k f i l l .  i s  u s e d ,  
and  f i n a l l y  recommends t h e   u s e   o f  a f a c t o r  
o f   s a f e t y   o f  2 . 5  f o r   p r e l i - m i n a r y   d e s i g n  
p u r p o s e s .   T h e   r e s u l t i n g   a l l o w a b l e   a d f r e e z e  
s t r e n g t h  i s  1 . 6  kg /cm2.   S ince  t h e  tempera- 
t u r e   o f  t h e  p e r m a f r o s t  a t  B a r t e r   I s l a n d  i s  
l o w e r   t h a n  - 4 ° C  , t h e  use   o f  a 1. 8-kg/cm2 
d e s l g n   a d f r e e z e  seems c o n s l s t e n t  w i t h  t h e  
d e v e l o p m e n t   p r e s e n t e d   i n   t h e   a b o v e  r e f e r -  
e n c e .  That m a n u a l   f u r t h e r   a d v i s e s  t h a t  t h e  
adf reeze   bond  be tween t h e  s l u r r y   a n d  t h e  
n a t i v e  s o i l  i s  n o t   g e n e r a l l y  t h e  weak l i n k  
s l n c e   t h e   s l u r r y / n a t i v e   s o i l   c o n t a c t  area 
i s  c o n s i d e r a b l y   l a r g e r   t h a n   t h e   p i l e / s l u r r y  
c o n t a c t  area.  However i n  w a r m  p l a s t i c  
s i l t s  a n d   c l a y s   t h e   b e h a v i o r   o f  t h i s  i n t e r -  
f a c e   s h o u l d  also be i n v e s t i g a t e d .  

T s y t o v i c h  ( 1 9 7 3 )  q u a n t i f i e s  t h e  re la-  
t i v e  meri ts  o f   v a r i o u s   s l u r r i e s   a n d   i n d i -  
c a t e s  t h a t  t h e  h i g h e s t   a d f r e e z e   s t r e n g t h s  
are  o b t a i n e d  w i t h  s a t u r a t e d   m e d i u m - g r a i n e d  
sands .   Concre t e   and  wood a re  the   mos t  com- 
mon t y p e s   o f  p i l e  f o u n d a t ; i o n   u s e d   i n  t h e  
USSR a n d   t a b u l a t e d   d e s i g n   v a l u e s  a re  based  
on t e s t s  c o n d u c t e d   o n   t h o s e   t y p e s  o f  p i l e s  
w i t h  t h e  q u a l i f i c a t i o n   t h a t  i f  metal su r -  
f a c e s  a r e  i n v o l v e d ,   a d f r e e z e   s t r e n g t h s  
s h o u l d   b e   r e d u c e d   t o  70% of  t h c  t a b u l a t e d  
v a l u e s .   G o s s t r o i   ( 1 9 6 9 )   u s e s  a d e s i g n  ad- 
f r e e z e   s t r e n g t h   ( " s t a n d a r d   s h e a r  r e s i s t -  
,ante") of  3 . 3  kg/cm2 f o r   s a n d y  soils at 
- 4 ° C  and   be low  a long   concre te   and  wood sur- 
f a c e s .  F o r  s t e e l  p i l e s  t h e  d e s i g n   s t r e n g t h  
would be 3 . 3  ( . 7 )  = 2 . 3  kg/cm2. T h i s  i s  
somewhat g rea te r  t h a n  t h e  1 . 8  kg/cm2  used 
f o r  t h i s  founda t ion   based   on   Amer ican  
guidelines a n d   p r a c t i c e s .   G o s s t r o i   ( 1 9 6 9 )  
f u r t h e r   n o t e s   t h a t   t h e s e   v a l u e s   d o   n o t  
a p p l y   t o   s a l t y  s o i l s  and t h a t  i f  s u c h   s o i l s  
a re  e n c o u n t e r e d ,  a d i f f e r c n t   d e s i g n  ap- 
p r o a c h  i s  r e q u l r e d   ( G o s s t r o i  1.975). 

The s o i l   u s e d   i n  t h e  s l u r r y   f o r  t h i s  
j o b  was r e q u i r e d   t o  meet t h e  f o l l o w l n g  
g r a d a t i o n :  

P e r c e n t   P a s s i n g  by Weight 
S i z e  Minimum Maximum 
1 0  mm 1 0 0  
5 93 100 
2 70 100 
0 . 4  15 57 
0.07 0 17 

It was r e q u i r e d  t h a t  the s l u r r y  be 
mach ine   mixed   w<th   f r e sh  water h a v i n g  a 
t e m p e r a t u r e   l o w e r   t h a n  4.5OC. A c o n c r e t e  
v i b r a t o r  was r e q u i r e d   d u r i n g   p l a c e m e n t   t o  
a s s u r e  R dense   homogeneous   back f i l l .  To 
a s s u r e  rapid f r e e z e b a c k  of' t h e  s a n d  sl.urr*y 
t h e  c o n t r a c t   s p e c i f i e d  t h a t  water ' ,  steam 
o r   o t h e r  heat s o u r c e   c o u l d   n o t  be u s e d   t o  
e x p e d i t e  p l . l e  i n s t a l l a t i o n .  

A d i f f i c u l t   q u e s t i o n   i n  t h e  d e s i g n  
p r o c e s s  was e s t i m a t i n g  t h e  d e p t h  t o  which 
a d f r e e z e   s h o u l d   n o t  bc c o n s i d e r e d .  Thc 
c o n s t r u c t i o n  s i t e  was c o v e r e d  w i t h  a non- 
f r o s t - s u s c e p t i b l e   g r a v e l   p a d  up t o  2 . 1  
rn/thick,  Assuming t h e  the rma l ly   conduc-  
t i v e   p a d  was c l e a n ,   d r y   g r a v e l  w i t h  a low 
water c o n t e n t   o f  2.5$, a n d   u s i n g  t h e  modi- 
f i e d  B e r g g r e n   c a l c u l a t i o n   m e t h o d  (Depart- 
ment o f  t h e  Amy  1966) ,  t h e  e x p e c t e d  
dep th  o f  thaw under  t h e  e l e v a t e d   b u i l d i n [ ;  
was c a l c u l a t e d  to b e  1 . 4  m. Although some 
ad f reeze   hond   cou ld   have   been   a l lowed  a t  
dep ths  e x c e e d i n g  1 . 4  m i t  w a s   d e c i d e d   t o  
compensate  f o r  the l a c k  o f  s o i l   b o r i n g s  
a n d   s p e c i f i c   I n f o r m a t i o n   o n  t h e  t h i c k n e s s  
of  t h e  n o n - f r o s t - s u s c e p t i b l e   p a d  b y  n o t  
a l l o w i n g   a d f r e e z e   b o n d   u n t i l   " o l d "   p e r m a -  
f r o s t  was d e f j n i t e l y   e n c o u n t e r e d .   W i t h  
t h e  maximum e x p e c t e d   t h i c k n e s s   o f  t h e  non- 
f r o s t - s u s c e p t i b l e   p a d  a t  2 . 1  m ,  and 0.3 m 
o f   o l d   t u n d r a  mat b e l o w   t h a t ,   f o l l o w e d   b y  
0 . 3  m o f   o r i g i n a l   s e a s o n a l  thaw zone ,  t h e  
c u r r e n t  maxlmum d e p t h  t o  "o ld"  p e r m a f r o s t  
was 2 . 7  m. Only t h e  p o r t i o n   o f   e a c h  p i l e  
dceper  t h a n  2 . 7  m was c o n s i d e r e d   t o   b e  
p r o v i d i n g   a d f r e e z e   b o n d .  

Each p i l e  was Lo cont ,a . in   an  end  bear-  
i n g  p l a t e  b u t   s u p p o r t   f r o m  this p l a t e  
would  not  h e  c o n s i d e r e d   i n  t h e  d e s i g n   c a l -  
c u l a t i o n s .  To f a c i l i t a t e   w e l d i n g ,  t h e  
p l a t e  was made somewhat l a rger  i n   d i a m e t e r  
t h a n  t h e  p i l e .  S e a l i n g  t h e  bot tom  of  t h e  
p i l e  e x c l u d e d   s l u r r y   f r o m   w i t h i n  the  pi.I.e, 
t h e r e b y   s l i g h t l y   d e c r e a s i n g  t h e  fr .eezc- 
back t h e .  

R a p i d   f r e e z e b a c k   o f   t h e   p i l e   f o u n d a -  
t i o n  was d e s i r e d  so  t h a t  c o n s t r u c t l o n   o f  
t h e  s u p e r s t r u c t u r e   c o u l d   p r o c e e d   w i t h o u t  
d e l a y ,   t h e r e b y   p e r m i t t i n g   u s e  o f  t h e  ware- 
h o u s e   b e f o r e   w i n t e r .   U s i n g   t h e   m e t h o d  
developed   by   Crory   (1963)   and   assuming 
t h a t  t h e  s a n d - w a t e r   s l u r r y  has a d r y  
d e n s i t y  of 1.92 Mg/m3 and a water c o n t e n t  
of' l5%, i t  was d e t e r m i n e d  t h a t  t h c  S l u r r g  
a t  t h e  bo t tom  o f   t he  p i l e  where the  temp- 
e r a t u r e  was e x p e c t e d   t o   b e   a b o u t  - 6 ° C  
would f r e e z e   b a c k   i n  a day o r  two.  A t  
t h e  t o p  of  t h e  " o l d 1 1   p e r m a f r o s t ,  where 
t h e  t e m p e r a t u r e  was e x p e c t e d   t o   b e   a b o u t  
- 2 O C ,  t h e  s l u r r y  would f r eeze  i n   a b o u t  4 
d a y s .   I n s t r u m e n t a t i o n   w o u l d  be i n s t a l l . e d  
on t h e  p i l e s  t o  m o n l t o r   f r e e z e b a c k   a n d  
t h e  r e s u l t s   w o u l d  be used t o   d e t e r m i n e  
when t h e  c o n t r a c t o r   c o u l d   p r o c e e d  w i t h  
c o n s t r u c t i o n   o f  t h c  s u p e r s t r u c t u r e .  
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S e v e r a l   d i f f e r e n t  p i l e  f o u n d a t i o n  
a l t e r n a t i v e s  were examined by v a r y i n g  a l -  
l o w a b l e   p i l e   s i z e ,  embedment d e p t h  and 
s p a c i n g .  A maximum e x p e c t e d   a u g e r   d i a m e t e r  
o f  4 6  cm l i m i t e d  the p i l e s   u n d e r   c o n s i d e r -  
a t i o n   t o  a d i a m e t e r  of a b o u t  3 0  cm t o  
a l l o w   f o r   l a t e r J a l   p o s i t i o n l n g   i n  t h e  h o l e .  
The maximum a l l o w a b l e   l o a d  per  p i l e  was 
l i m i t e d  by t h e   e x p e c t e d  maximum a u g e r i n g  
d e p t h  o f  6 .  I m. The most   economica l  p i l e  
f o u n d a t l o n   d e s i g n   c a l l e d   f o r   f i v e   r o w s  o f  
25-em-dia.m s t e e l  p i p e  p i l e s  w i t h  p i l e s  i n  
t h e  t h r e e   i n t e r i o r   r o w s   s p a c e d  3 . 6 6  m apart  
a n d   t h o s e   i n   t h e   t w o   o u t e r   r o w s   s p a c e d   7 . 3 2  
m a p a r t   t o   c o i n c i d e   w i t h   t h e  s t e e l  f rame  of  
t h e  b u i l d i n g .  P i l e s  i n  t h e  two e x t e r i o r  
r o w s   c a r r i e d  R h e a v i e r   l o a d   ( 2 9 3 0 0  kg v s  
19700 kg) a n d   c o n s e q u e n t l y  were r e q u i r e d   t o  
ex tend   somewhat   deeper   than  t h e  i n t e r i o r  
p i l e s .  

To meet a d f r e e z e   r e q u i r e m e n t s ,   i n t e r -  
i o r   a n d   e x t e r i o r  p i l e s  w o u l d   r e q u i r e  embcd- 
ment   depths   o f  4.0 m and  4 .6  m r e s p e c t i v e -  
ly. S t e e l  p i p e  was l o c a t e d   i n  random 
l e n g t h s   f r o m  6.1. t o   6 . 5  m. With a maximum 
a b o v e - s u r f a c e   h e i g h t   o f  0 . 9  m ,  t h e s e  p i l e s  
c o u l d  be embedded  somewhat  deeper  than re- 
q u i r e d   f o r   a d f r e e z e   w i t h o u t  t h e  c o s t l y  re-  
qu i r emen t  of  s p l i c i n g .  Addritiona.1 s a f e t y  
was a c h i e v e d  by r e q u i r i n g  cmbedment d e p t h s  
of 4 .9  m and 5 * 5  m f o r   t h e   i n t e r i o r   a n d  
e x t e r i o r   p i l e s   r e s p e c t i v e l y .  It seemed 
a p p r o p r i a t e   t o   u s e   a s  much of   each   payed-  
for s t e e l  p i l e  a s   p o s s i b l e .  The c o n t r a c t  
e s t ab l i shed  these  minimum  embedment d e p t h s  
a n d   s t a t e d   t h a t   e v e r y   e f f o r t   s h o u l d  be 
made t o   u t i l i z e   e s s e n t i a l l y  t h e  f u l l   l e n g t h  
o f  e a c h   p i e c e  of Government-furnished p i l e .  
It was r e q u i r e d   t h a t  t h e  l o n g e s t   p i l e s  bc  
u s e d   i n  t h e  two o u t e r   r o w s .   B e c a u s e  
t h e r e  was Some q u e s t i o n  as t o  t h e  t h i c k n e s s  
of t h e  n o n - f r o s t - s u s c e p t i b l e  pad i t  was 
a l s o   r e q u i r e d  that, e a c h  p l l e  e x t e n d  a t  
l eas t  2 . 4  m b e l o w   t h e   o r i g i n a l   v e g e t a t i v e  
mat. 

G o s s t r o i   ( 1 9 6 9 )   i n d l c a t e s  t h a t  p i l e s  
s h o u l d   e x t e n d  a t  l e a s t  2 m below t h e  maxi- 
mum d e p t h   o f   s e a s o n a l   t h a w   t o   a l l o w  Cor 
u n f o r e s e e n   l o w e r i n g  o f  t h e  p e r m a f r o s t  t a b l e  
a n d   f o r  p o s s i b l e  i n c r e a s e s   i n   t h e  mean 
a n n u a l   t e m p e r a t u r e  of  t h e  s o i l  below a 
f a c i l i t y .  The d e s l g n   c h o s e n   f o r   B a r t e r ’  Is- 
l a n d  meets t h i s   r e q u i r e m e n t .  

I t  was e s t i m a t e d  t h a t  t h e  46-em-diam 
holes c o u l d  be advanced a t  a r a t e  of 0 . 3  
m/min. Allowing for set-up  and  moving 
time and   normal   p roblems i t  was e x p e c t e d  
tha t  t h e  45 h o l e s   c o u l d  be d r i l l e d ,   t h e  
p i l e s  i n s t a l l e d   a n d   t h e   s l u r r y   p l a c e d  In 
two o r  th ree  weeks   u s ing   one  d r i l l  rig 
and a 5-6 man crew  working 6 0  h o u r s   p e r  
week. 

CONSTRUCTION 

I n s t a l l a t i o n  o f  t h e  p i l e s  was p l a n n e d  

FIG. 1. Forty-six-cm-diam bj I, used to 
a u g e r  holes for’ t h e  pile fountlntion. 

for l a t e   w i n t e r   b u t   b e c a u s e   o f   c o n t ; r > a c t i n g  
d e l a y s   w o r k   c o u l d   n o t  commencc u n t i l   J u l y  
1 9 7 5 .   U n f o r t u n a t e l y ,   r r l a t e r i a . 1   f o r  t h e  
b u i l d i n g  had b e e n   s t o c k p i l e d   o n  t h e  s i t e  
t h e  pYcvi.ous f a l l  a n d   s n o w d r i f t s  as h i g h  
as 3 . 7  m had   fo rmed   t he re .  The snow re-  
duced t h e  amount o f  soi.1 cool ing  a .chi .eved 
t h a t  w i n t e r   a n d  when t h e  snow m e l t e d   i n  
t h e   s p r i n g   a d d i t i o n a l   p o u n d   w a t e r  was 
c r e a t e d .   W a t e r  was c n c o u n t e r e d   a b o u t  0 . 5  
m below t h e  s u r f a c e ,   w h i c h  was thawed t o  
a d e p t h  of a b o u t  1 m. An attempt t o   d r a i n  
t h e  s e a s o n a l  thaw zone i n   t h e  area b y  
pumping  from a sump excava. ted  nearby  was 
u n s u c c e s s f u l .  The ground  water   p roblem 
was f i n a l l y   s o l v e d   b y   i n s t a l l i n g  a 5l-cm- 
d i a m   c a s i n g   i n   t h e   u p p e r   m e t e r   o f   e a c h  
a u g e r   h o l e .  The c a s i n g  was s e a l e d   t o  t h e  
f rozen   g round   be low b y  f o r c i n g  i t  down, 
f’irst w i t h  t he  a u g e r   a n d   t h e n  w j t h  t h c  
b l ade   o f  a TD2O b u l l d o z e r .  

Augering was a r e 1 a l ; i . v e l . y   s t r a i g h t -  
f o r w a r d   o p e r a t i o n   o n c e  wa.ter, was k e p t  
l‘rom e n t e r i n g   t h e   h o l e .  The t y p e   o f  
auge r   u sed  i s  shown i n   F i g u r e  1. F o r  
mos t   ho le s  a 46-cm-diam a u g e r  was u s e d .  
A few holes were p l a c e d   w l t h  a 41-em- 
d i a m   a u g e r   b u t   t h o s e   h o l e s   w e r e   t o o  ma11 
t o  permit e f f e c t i v e   a l i g n m e n t  of  t h e  25- 
e m - d i m   p i l e s   a n d  t h e  46-cm-diam a u g e r  
was reemployed .   Auges ing  t ime f o r  t h e  
4 . 9 -  t o  5.5-m-deep h o l e s   v a r i e d  f rom l e s s  
t h a n  1 h o u r   t o   s e v e r a l   h o u r s .  The ave raEe  
r a t e  of   auger in) ;  was a b o u t  0.6 m/rnin, 
Most s o i l s   e n c o u n t e r e d  were s i l t y   s a n d s  
o r  sandy s i l t s .  However,  some p l a s t i c  
c l a y  was pr’esent   and masses o f   i c e   u p  to 
1 . 8  m t h i c k  wer’e found i.n some holes. As 
no  c rane  was available on s i t e  t o  l i f t  
t h e  p i l e s ,  t hey   were  l i f t e d  wi.th t h e  
wlnch   on   t he  d r i l l  r l g  ( P i g .  2). J u s t  
p r i o r   t o   p l a c l n g  a p i l e  i n  a h o l e  s3.x 
s h o v e l s  of d ry   s and   o f  t h e  t y p e   u s e d   i n  
t h e  slurry were l;hrown down t h e  h o l e   t o  
a c t  as a pad f o r  t h e  30-cm-diam,  1.3-cm- 
t h i c k  steel .  p l a t e  welded t o  t h e  bo t tom  o f  
t h e  p i l e .  The p i l e  was p l a c e d   i n  t h e  h o l e  
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PIG I 3 .  Aliignmenl, w a s  checked bef’oire t h e  
s l u i - r y  b a c k f i l l  was a.dded. 

and   dropped  on t h e  bo t tom a f’cw times t o  
compact t h e  s a n d   a n d   a n y   c u t t j n g s  <,here 
t o   a c h i e v e  r e l i a b l c  e n d   b e a r i n g .  Embedment 
dep ths  var i .ed  f rom 14 .8 t:o 5 . 8  rn w i t h  {,he 
two o u t e r   r o w s  o f  p i l e s  s e t  deepes t .  

Alj ,&nments were c h e c k e d   ( F i g +  3 )  and 
t h e  p i l e  was he ld  i n   p o s i t i o n  by members of  
t h e   c r e w ,   B e f o r e  t h e  s l u r r y  was made t h e  
s a n d   s t o c k p i l e  was s a m p l e d   t o   a s s u r e  t h a t  
i t  met t h e   g r a d a t i o n  limits jn t h c  spcci . f i -  
c a t i o n s .  The s a n d   s l u r r y  was p r e p a r e d   i n  
t h e  mixer shown a t  t h e  l e f t  s i d e  o f   F i g u r e  
2 .  The s l u r r y  leCt t h e  mixe r  t h e  c o n s i s t -  
ency   of  wet concret ,e  (Pig.  4 )  and was 
v i b r a t e d   f o r   a b o u t  5 rrlinuties  once i n  Lhe 
ho le  ( F i g .  5). The s t e e l  t r i p o d   a l i g n m e n t  
sys t em shown i n   F i g u r e  5 was n o t   g e n e r a l l y  
used: one   or   two mer1 h e l d  most pi . les  I r l  
p o s i t i o n   d u r i n g   i n s t a l l a t i o n   o f   t h e   s l u r r y  
b a c k f i l l .   D u r i n g   v i b s a t i o n  of t h e   s l u r r y ,  
the  p l l e  c o u l d   b e  moved s l i g h t l y  i f  check 
measu remen t s   Ind ica t ed  it was ouL o f   a l i g n -  
ment .  A few r n h u t c s  l a t e r  t h e  s l u r r y  was 
q u i t e  s t l f f  and i t  h e l d  t h e  plle f i r m l y   i n  
p l a c e .   C a l c u l a t i o n s  had i n d i c a t e d  t h a t  f o r  

FIT: 5. Once in the a,nnui.us ~ thc s l u r r y  
was v i b r a t e d  f’or n b o u t  5 minutes;, 

t h e   d e e p e s t ’  l lb lgs ,  p i i ’ e s  mikh’t,’ t e n d ’ t o  
f l o a t  i f  those   ho l .es  were c o m p l e t e l y  
f i l l e d  w l t h  s l u r r y .  Two p i l e s  e x h i b i t e d  
t h i s  t endency   and  were h e l d  down by t h e  
a u g e r   f o r  20 m i n u t e s  a f t e r  v i b r a t l o n  o f  
t h e   s l u r r y .  T h i s  p roblem  could   have   been  
Overcome  by n o t  b a c k f i l l l n g   t h e   u p p e r  
1.2 m o f  e a c h   h o l e .   C o a r s e   g r a v e l   b a c k -  
f i l l  s u b s e q u e n t l y   p l a c e d   i n  that a r e a  
would  have  reduced t h e  p o t e n t i a l   f o r   f r o s t  
jacking.   However ,  t h e  pad was c o n s i d e r e d  
n o n - f r o s t - s u s c e p t i b l e   a n d  t h i s  was n o t  re-  
q u i r e d .  

The t o t a l  time r e q u i r e d   t o   a u g e r  a 
h o l e ,   p l a c e  a p i l e ,  I n s t a l l  t h e  s l u r r y  
b a c k f i l l ,   e x t r a c t   t h e  51-cm-diam c a s i n g ,  
and move t o  t h e  nex t   ho le   ave r saged  some- 
what m o r e   t h a n   t h r e e  hours. 

D u r i n g   i n s t a l l a t i o n  o f  t h e  p i l e s  
t h e  d r i l l  r i g  was beset  w i t h   s e v e r a l   p r o -  
blems,  r a n g i n g   f r o m   b r o k e n   w i n c h   s p r o c k e t s  
t o  e n g i n e   f a i l u r e .  Par ts  were borrowed 
from a n   i n o p e r a t i v e   d r i l l  r i g  on s i t e .  
Had t h a t   o l d   r i g  not b e e n   a v a i l a b l e  i t  is 
estimated t h a t  the  work  would  have  been 
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PiG . '/ . The completed warehouse I 

delayad   severa l   weeks .  The l as t  p i l e  was 
p laced  on 2 9  J u l y ,  27 days  a f t e r  t h e  f i r s t  
ho le  was begun. 

The p i l e s  w e r e   c u t   t o   t h e   p r o p e r   e l e -  
va t ion   and   once   so i l   t empera tu re   measu re -  
m e n t s   i n d i c a t e d  t h a t  t h e   s l u r r y   h a d   f r o z e n ,  
t h e   s t e e l   f l o o r  beams and   t he   co r ruga ted  
s t e e l   d e c k   w e r e   p l a c e d   ( F i g .  6 ) .  S h o r t l y  
t h e r e a f t e r  a 15-ern-thick  reinforced  con- 
c r e t e   s l a b  was poured on the   deck ,  1 0  cm 
o f   e x t r u d e d   p o l y s t y r e n e   i n s u l a t i o n  was 
p laced   on   t he   conc re t e   and  a 6-em-thick 
conc re t e   wea r ing   cour se  was poured  on  the 
I n s u l a t i o n .  The s t e e l  frame b u i l d i n g  was 
t h e n   e r e c t e d   ( P i g .  7 ) .  

INSTRUMENTATION 

Copper-constantan  thermocouples   were 
p l a c e d   o n   t h e   e x t e r i o r   s u r f a c e s   o f   e i g h t  
p i l e s   b e f o r e   t h e y   w e r e   i n s t a l l e d .   P l a s t i c  
tape he ld   t he   bo t tom  the rmocoup les   i n  
place.   Other   thermocouples   were  secured 
w i t h  meta l   bands   (F ig .  8 ) .  Typ ica l   f r eeze -  
back  cupves f o r  a p i l e   a r e  shown i n   F i g u r e  
9 .  The s l u r r y  a t  the   bo t tom o r  the  p i l e  
5 . 1  m b e l o w   t h e   g r o u n d   s u r f a c e   r e f r o z e   i n  
about  8 h o u r s .   I n  2 4  hours  i t  had  cooled 
t o   a b o u t  -7'C. A t  depths   of  3 .9  m and 2 . 7  
m b e l o w   t h e   s u r f a c e ,   f r e e z e b a c k   t o o k  2 2  
and 38 h o u r s  r e s p e c t i v e l y .  The o t h e r   s e v e n  
i n s t r u m e n t e d   p i l e s   b e h a v e d   i n  a slmilar 

1 

Tlma (t ir)  

FIG. 9 . .  Freezeback   curves  a t  dep ths  of 
2 . 7 ,  3 .9  and 5 . 1  m .  

manner. A thermocouple   lowered   ins ide  
o t h e r   p i l e s  and   pushed   aga ins t  t h e  Steel.  
walls o f   t h e  p i l e s  v e r i f i e d  tha t  slmllar 
c o n d i t i o n s   e x i s t e d   f o r  a l l  45 p i l e s .  
Ac tua l   f r eezeback  was v e r y   c l o s e   t o  t h a t  
p r e d i c t e d   d u r i n g   d e s i g n .  

The f l a t   p o r t i o n s  o f  t h e   c u r v e s   i n  
F igu re  9 occur  a t  O O C ,  w h i c h   I n d i c a t e s  
t h a t  a l a r g e   p o r t i o n   o f   t h e   s l u r r y  i s  
f r e e z i n g  a t  t h a t   t e m p e r a t u r e .  To d e t e r -  
mine t h e   f r e e z i n g  p o i n t  o f   t h e   n a t i v e  
s o i l ,   c u t t i n g s  were   ob ta ined  a t  a depth  of  
4 .8  m .  The s o i l  r ecove red  was a n   I c e - r i c h  
sa l ine   s andy  s i l t .  A thermocouple  was 
i n s e r t e d   I n t o   t h e   c e n t e r   o f  a thawed 
specimen  which was p l a c e d   i n  a f r e e z e r .  
Most o f   t h e  water i n  t h a t  s o i l   f r o z e  a t  
about  - 0 . 7 O C .  

Since  the  thermocouples   documented 
t h a t  t h e   s l u r r y   f r o z e   r a p i d l y ,   t h e   c o n -  
t r a c t o r  was n o t i f i e d   t h a t  he could  p l a c e  
f l o o r  beams  on a p i l e   f l v e   d a y s  ( 1 2 0  
hour s )  arter i t  was I n s t a l l e d .  Ten  days 
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after a pile was installed he was allowed 
to pour the 15-cm-thick concrete slab. Be- 
cause of normal sequential operation, nei- 
ther of these waiting periods delayed the 
job. 

Once the building was completed but 
prior to loading the warehouse with sup- 
plies, all thermocouples were read to Ver- 
ify that seasonal warming combined with 
the effect of construction had  not adverse- 
ly warmed supporting soils. Since the temp- 
perature at the bottom of the piles was 
-6.1 O C  or lower, the warehouse was allow- 
ed to fill with supplies. 

Shortly after construction of the 
foundation elevation control polnts were 
established on several piles and a bench- 
mark was established on a nearby building 
that  had shown no signs of movement. The 
survey was repeated a year later after a 
few cracks were detected in the concrete 
wearing course of the new buildlng. The 
survey indicated that the foundation was 
stable. Additional investigation revealed 
that the cracks were assoclated with 
shrinkage of the wearing course. 

SUMMARY AND CONCLUSIONS 

Forty-five pipe piles 25  cm in dia- 
meter were chosen to support the new ware- 
house at Barter Island. Support was based 
on a 1.8-kg/cm2 allowable adfreeze stress 
between the pile and the saturated sand 
slurry used to backfill the annulus of each 
augered hole. Holes were augered to depths 
of 4.8 to 5.8 m. The upper 1 m of each 
hole had to be cased to prevent entry of 
ground water. Temperature sensors verified 
that slurry freezeback was rapid. Withln 
two days the bottom 2 m of the slurry back- 
fill was solidly frozen to the pile.  By 
verifying that freezeback was  rapid, it was 
possible to build on the plles without de- 
lay. Elevation surveys revealed that the 
foundation is stable, 

Although the design was done with 
great haste and with limited soil informa- 
tion the methods used to determine the 
maximum depth of seasonal thaw,  to estab- 
lish the zone of reliable adfreeze, t o  pre- 
dict the rate of freezeback, and to estab- 
lish allowable adfreeze strengths appear 
reasonable in light of elevation and tem- 
perature measurements obtalned during and 
after construction. 

ACKNOWLEDGMENTS 

This paper presents the results of re- 
search performed by the Cold Regions Re- 
search and Engineering Laboratory (CRREL) 
under the sponsorship of the U.S. Army 
Corps of Engineers and the U.S. Air Force 
Aerospace Defense Command (ADCOM). Mr. C. 
DfCocco of the U . S .  Air Force developed 

the foundation design with input from the 
authors and F. Crory and F. Saylcs of 
CRREL. C. Collins o f  CRREL assisted with 
the Lnstallatlon of Instrumentation and 
collection of data. W .  Evans of the DEW 
Systems Office, ADCOM, coordinated the 
design and construction efforts. Capt. F. 
Gault, the U.S. Air Force resident en- 
gineer during construction, asslsted in 
collection of freezeback data. Operatlon 
and Maintenance Services Inc. constructed 
the Facility. 

REFERENCES 

CRORY, F. 1963. Pile foundatlons j.n 
permafrost. Permafrost: Proceedings, 
International Conference, Purdue 
University. National Academy of 
Sciences, Washington, D.C.,  pp. 467- 
476. 

DEPARTMENT OF THE ARMY. 1966. Arctic 
and subarctic constructton: Gal- 
culation methods for determination 
o f  depths of freeze and thaw in 
soils. Technical Manual TM 5-852-6. 

DEPARTMENT OF THE ARMY. 19'77. Arctic 
and subarctic construction: Found- 
ations. Technical Manual TM 5-852- 
4. Extensively revised version in 
preparation. PubLlcation expected 
in 1977. 

GOSSTROI. 1969. Handbook for the desi.gn 
of bases and foundations of build- 
ings and other structures on perma- 
frost. National Research Council of 
Canada Technical Translation 1865, 
Ottawa, 1976. 

GOSSTROI. 1975. Instructions for design 
of bases and foundations on pcrrna- 
frost soils having high Ice and 
salt contents. Construction norm 
SN 450-72 (in Russian). 

LONG, E. 1963. The Long Thermocouple. 
Permafrost: Proceedlngs, Interna- 
tional Conference, Purdue IJniversity. 
National Academy of Sciences, Wash- 
ington, D.C.,  pp. 487-491. 

TSYTOVICH, N. 1973. The mechanics of 
frozen ground. English translation 
edited by G. Swinzow, Scripta Book 
co., 1975. 



898 

LONG-TERM  SETTLEMENT O F  FOUNDATIONS O N  PERMAFROST 

S . S .  Vyalov,  Res. Inst .   o f   Foundat ions  and  Underground  St ructures,  MOSCOW, U .S .S .R .  

The a u t h o r   d e s c r i b e s   p e n e t r a t i o n   t e s t s   i n   p e r m a f r o s t   w i t h  a tempera ture   o f  
-0.1OC t o  -0.5'C using  stamps 70 cm i n   d i a m e t e r .  The t e s t s   w e r e   s t a r t e d   i n  1952 
and  were   con t inued  fo r   a lmost  20 years.  The temperature was k e p t   c o n s t a n t   f o r   t h e  
f i r s t  10 years  and was t h e n   p e r m i t t e d   t o   d r o p .  The r e s u l t s   o f   t h e s e   t e s t s  and o f  
l abo ra to ry   exper imen ts   a re   used   t o   de r i ve  a f o r m u l a   r e l a t i n g   t h e   l o a d  t o  t h e  
s e t t l e m e n t   w h i c h   i s   d e v e l o p e d   i n   t i m e .  I t  i s  shown t h a t   p l a s t i c   f r o z e n   s o i l s   a r e  
capable of  deve lop ing   l ong - te rm  c reep   se t t l emen t ,   t he   ex ten t  o f  which may be  con- 
s iderab le .   Th is   must  be  a l l o w e d   f o r  when u s i n g   s u c h   s o i l s  as  bases f o r   s t r u c t u r e s .  
Coo l i ng  of p l a s t i c   f r o z e n   s o i l s   s l o w s  down t h e   i n c r e a s e   i n   t h e   r a t e  of  s e t t l e m e n t  
and may even e l i m i n a t e   s e t t l e m e n t   a l t o g e t h e r .  

LE  TASSEMENT i LONG TERME DES FONDAT IONS SUR LE  P E R G ~ L  I SOL 

S . S .  V y a l o v ,   l n s t i t u t  d e   r e c h e r c h e s   s c i e n t i f i q u e s   s u r   l e s   f o n d a t i o n s   e t   l e s  
s t r u c t u r e s   s o u t e r r a i n e s  , Moscou, URSS 

L ' a u t e u r   d k c r i t  des essais  d 'enfoncement de p ieux  de  fondat ion  (d 'un  d iam6: t re  
de 70 cm) dans l e   p e r g e l  i s 0 1  a des tempera tu res   a l l an t  de -0 , l  a -0,5OC. Commencgs 
en  1952, l es   essa is   se   son t   p ro long&  su r  une p e r i o d e  de p r&s  de v i n g t  ans; au 
cours des d i x   p r e m i g r e s  annkes  on a maintenu 1 a tempgrature  du  sol  3 un n i  veau 
c o n s t a n t   p u i s   o n   l ' a   l a i s s e   d e s c e n d r e .   L ' a r t i c l e   f a i t   p a r t  des r e s u l t a t s  de  ces 
e s s a i s   e t  des essa is   en   l abo ra to i re ,   qu i   pe rmet ten t  de proposer  une  formule 
e t a b l i s s a n t   l e   l i e n   q u i   e x i s t e   e n t r e   l a   c h a r g e   e t   l e   t a s s e m e n t  4 long  terme.  
L 'au teur   mont re  que les  961 i s o l s   p l a s t i q u e s   p e u v e n t   s u b i r  un tassement f i n a l   p a r  
f l u a g e ,   a s s e z   i m p o r t a n t   p o u r   q u ' i l   f a i l l e  en t e n i r  compte  dans l ' u t i l i s a t i o n  de 
ces sols  comme fondements  de c o n s t r u c t i o n .  La r k f r i g g r a t i o n  de ces   so l s   condu i t  
4 une d i m i n u t i o n  de l a  v i t e s s e  de  tassement e t  msme 3 l a   s u p p r e s s i o n  des 
tassements. 

DflMTEJTbHblE o C A n K M  CDYH~AMEHTOB HA BEqHOMEP3JIblX TPYHTAX 

C.C. B ~ o B ,  H" OCHOBaHRt i  H nOa3eMHbIX C O O p y X e H d ,   M o c K B a ,  cccp 

B 1952 r. asTopoM &InR HaYaTbI  MCI'lbITaHMSI n0 BAaBJIMBaHHKJ  OlIblTHfAX WTaMnOB ( n H a M e T -  

POM 7 0  C M )  B B e q H O M e P a n b I e   r p Y H T b I  C T e M I I e p a T y p O a  -0,1-0,5Oc* O n b I T b I   n P o A o J I x m H c b  B TeYec 
H H e   n O q T I l  20 neT, n p ~ q e ~  B T ~ Y ~ I I H ~  nepY3bIX L O  neT T e M n e p a T y p a  w y m a  coxpa~gaacb n*CTORH- 

WOE, a 3 a T e M  &,In0 n o n y r u e H o  ee nonaxewe. B C T a T b e   I I p f i B O n R T c S  p e 3 y n b ~ a ~ b r  a T H X   H C I I ~ I T ~ H H ~ ~ I  a 
T a K x e   n a 6 0 p a T o p H b l x  OnbIToB H Ha MX OCHOBaHPiH npeAnaraeTca @ p M y n a ,   Y c T a H a B n H B a W U a R   C B R 3 b  

M e m y  H a r p y 3 K O a  pa3~~samme8cg BO s p e M e H H   O C a A K O k   n O K a 3 a H 0 ,  qT0 m a C T M Y H O M e P 3 f i b I e  rPYH*bI 

c n o c o 6 ~ h 1  p a 3 s n ~ a ~ b  , q n H T e n t H b l e   O C a n K H   l I O n 3 y Y e C T M ,   M o r y l u H e   A o C T H r a T b   A o C T a T o q H o  6°nbuJRx 3Ha- 
qeHH&, qTO 1 ~ e o 6 x o a ~ ~ o  y Y w r b l R a - r b   n p H  H C I I O ~ ~ ~ O B ~ H A H  BTUX I?PYHTOB B K a q e C T B e   o c H o B a H H 2  COOPY- 

nawe K kix n p e K p a m e H n m .  

X e H H f i ,  O m a m e H M e   T a K H X   r P Y H T O B   I I P H B O n H T  K Y M e H b U r e H I I K ,   H H T e H C H B H O C T H   H a p a c T a H H g  oc%oK 
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HYDRODYNAMIC AND HYDROCHEMICAL ASSESSMENT OF EXPLOSIONS USED IN TESTING LOW-OUTPUT 
WELLS IN PERMAFROST REGIONS 

V.M. Maksimov,   Leningrad  Min ing  Inst i tu te ,  U . S . S . R .  

We l l s   l oca ted  i n  permaf ros t   reg ions  may be   tes ted   by   assess ing   the   hydro-  
dynamic e f f e c t  of exp los ions  under   cond i t ions  of s t a b i l i z e d  f i l t r a t i o n .  The 
methods o f  assess ing   the   hydrodynamic   e f fec t  of explosions  have  been  implemented i n  
the   t es t i ng   p rocedures  f o r  e x p l o r a t i o n  and p r o d u c t i o n   w e l l s  whose output   has 
decreased  for   var ious  reasons.  The same methods may be  used  a lso  under   condi t ions 
o f   n o n - s t a b i l i z e d   f i l t r a t i o n   w h i c h   i s   t h e   c a s e   a t   t h e   s t a r t   o f  pumping. To 
d e t e r m i n e   t h e   w e l l   o u t p u t ,   t h e   p i e z o m e t r i c   l e v e l s   a n d   p e r m e a b i l i t y   o f   e a r t h  
m a t e r i a l s   b e f o r e  and a f t e r   t h e   e x p l o s i o n  must  be known. Hydrochemical   and  bacter ia l  
assessments o f  e x p l o s i o n s   f o r   t e s t i n g   h y d r o g e o l o g i c a l   w e l l s   d r i l l e d   t h r o u g h   s u p r a - ,  
i n t r a -  and  subpermafrost  water  must  always  be done t o g e t h e r   w i t h  a hydrodynamic 
assessment. 

L'gVALUATION HYDRODYNAMIQUE ET HYDROCHlMlQUE DES EXPLOSIONS UTlLlSEES LORS DES 
E S S A I S  DES PUITS ,6 FAlBLE DEBIT  DANS LES REGIONS DE PERGfLtSOL 
V . M .  Maksimov, l n s t i t u t  des  Mines  de  Leningrad, URSS 

4 

E v a l u a t i o n  de l ' e f f e t  hydrodynamique  d'explosions,  dans  des  condit ions  de 
f i l t r a t i o n  s t a b i l i s C e ,   s u r   l e s   p u i t s   s i t u e s  dans l e s   r e g i o n s  de p e r g g l i s o l .  Les 
mgthodes d ' e v a l u a t i o n  de l ' e f f e t  hydrodynamique  des  explos ions  ont   e t6   appl iquges 
2 l ' e s s a i  des p u i t s   d ' e x p l o r a t i o n  e t  d ' e x p l o i t a t i o n   d o n t   l e   d e b i t   e s t   r e d u i t   p o u r  
une raison  quelconque. Ces  mErnes m6thodes o n t   6 t e   a p p l i q u e e s  2 l a  f i l t r a t i o n  non 
s t a b i l i s k e   q u i  a l i e u  au  debut  du pornpage; pour   de terminer  l a  c a p a c i t e  des p u i t s ,  
i l f a u t   c o n n a t t r e   l e 5   c o e f f i c i e n t s  de p i e z o - c o n d u c t i v i t k   e t   d e   c o n d u c t i v i t 6  de 
n i veau  des ma te r iaux  de s o l   a v a n t   e t   a p r S s   l ' e x p l o s i o n .  

L ' e v a l u a t i o n   h y d r o c h i m i q u e   e t   b a c t e r i e n n e  des exp los ions  dans l ' e s s a i  des 
pu i ts   hydrogeo log iques ,   c reusks  a t r a v e r s  l ' e a u  du supra-,  i n t r a -  e t   s u b p e r g e l i s o l  
d o i t   t o u j o u r s   s e  f a i r e  en   con jonc t ion   avec   l ' ana lyse   hydrodynamique.  

rMflPOaMHAMMYECKAR M rMAPOXMMMYECKAR OUEMKA. B3PblBOE3, rIPMMEHAEKbIX 
nPM OnPOEOBAHMM HM3KOaEEMTHbIX CKBAXMH B PARGHAX MHOrOflETHEfi WIEP~JIOT~I 
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I"~PO,!lMHA"YECKAH M IVnPOXMMkiYECKAH OUEHKA B3PblBOB, WIPMMEHREMbIX P M  
OWOFOBAHMM fIM3KO,!lE6MTHMX CKBAWM B PAnOHAX MHOrOJIETHEn MEP3JlOTbI 
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LAND APPLICATION OF WASTEWATER  IN PERMAFROST AREAS 

Robert S. Sletten, U.S. Army  Cold  Regions  Research  and  Engineering  Laboratory, 
Hanover,  New  Hampshire, U . S . A .  

Land  application of  wastewater  can  serve  as  a  high  performance  treatment  system, 
as a final  disposal  step  for  treated  effluents,  and  as  a  polishing  step  for 
partially  treated  effluents.  Experimental  studies  conducted  near  Fairbanks, 
Alaska,  during 1974-76 investigated  both  high (5.5 to 152 meterslyear)  and low 
rate (0.6 to 5.5 m/yr)  systems f o r  the  purpose of polishing  aerated lagoon 
effluent t o  meet  secondary  treatment  criteria.  Results  from  the slow rate 
system  indicate  that  drinking  water  quality can be  achieved.  However,  even 
though  nitrogen  removal  is not  as great, the  high  rate  (rapid  infiltration) 
system  is  considered  to  be  more  feasible f o r  cold  climate  conditions  because  the 
need  for  winter  storage is less, the  system  does  not  rely on vegetative  uptake, 
and  the  free  draining,  coarse  textured soils necessary  for  such  systems  can  be 
found  in  alluvial  valleys  and  coastal  areas  where  many  Arctic  communities  are 
located. For most  wastewater  constituents,  high  rate  systems  are  capable  of 
sustained,  effective  performance  in  extreme  climates. 

D ~ V E R S E M E N T  EN SURFACE D E S  EAUX U S ~ E S ,  DANS LES ZONES DE P E R G ~ L  I SOL 
Robert S .  S l e t t e n ,  U . S .  Army Cold  Regions  Research  and  Engineering  Laboratory, 
Hanover, New Hampshire, U.S.A.  

t r 6 s   e f f i c a c e  de ces  eaux,  ou un moyen de se  d e b a r r a s s e r   d e s   e f f l u e n t s   t r a i t e s ,   o u  
b ien   encore  un moyen de c o m p l e t e r   l ' e p u r a t i o n   d ' e f f l u e n t s   p a r t i e l l e m e n t   t r a i t k s .  
Des e tudes   exper imenta les   e f fec tu6es   p r&s  de Fairbanks en Alaska  pendant  les  annges 
1974-1976 o n t   p o r t e   s u r  des systsmes 21 d e b i t   r a p i d e  (5 .5  3 152 mst res   par   an)   e t  21 
d g b i t   l e n t   ( 0 . 6  21 5.5 m&t res   par   an) ;   e l les   on t   pour   bu t   la   decouver te   d 'une  methode 
d ' e p u r a t i o n  des e f f l u e n t s  de bass ins   d 'oxygena t ion ,   assez   comp ls te   pou r   sa t i s fa i re  
aux c r i t s r e s  du t ra i tement   seconda i re .  Les r e s u l t a t s   o b t e n u s   p o u r   l e   s y s t h e  21 
e c o u l e m e n t   l e n t   i n d i q u e n t   q u e   l ' o n   p e u t   a b o u t i r  a une  eau potable,  Cependant, 
b i e n   q u e   l e   r e t r a i t   d ' a z o t e  ne s o i t  pas auss i   impor tan t ,   l e   sys tsme 21 d e b i t   r a p i d e  
( i n f i l t r a t i o n   r a p i d e )   e s t   c o n s i d e r g  comme mieux   adapt6   aux   cond i t ions   c l imat iques  
f r o i d e s ,   p a r c e   q u ' e n   h i v e r   l e   b e s o i n  d'emmagasinement es t   mo indre ,  que l e   s y s t h e  
ne  dgpend  pas  du t a u x   d ' a b s o r p t i o n   p a r   l a   v g g g t a t i o n ,   e t  que l e s  sols de t e x t u r e  
gross isre,   fac i lement   dra ines,   ind ispensables  pour   des  syst6mes  de  ce  genre,  
e x i s t e n t  dans l e s   v a l l g e s   a l l u v i a l e s   e t   l e s  zones l i t t o r a l e s  oh de  nombreuses 
communautes a r c t i q u e s   s o n t   i n s t a l l 6 e s .  Dans l a   m a j o r i t e  des cas, quels  que 
s o i e n t   l e s   c o n s t i t u a n t s  des  eaux res idua i res ,   les   sys t&mes 2 d 6 b i t   r a p i d e   s o n t  
e f f i c a c e s   l a   p l u p a r t   d u  temps mgme dans l e s   c l i m a t s   l e s   p l u s   r i g o u r e u x .  

Le r e j e t  en  surface  des  eaux  usees  peut  const i tuer un mode de t ra i t e rnen t  

rPYHTOBRR  OT41iCTKA OTPAEOTAHHMX BOA B PAmOHAX MHOrOJlETHER MEP3JIOTbI 
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LAND APPLICATION OF WASTEWATER IN PERMAFROST AREAS 

Robert S. Sletten 

U.S. Army  Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire, USA 

INTRODUCTION 

Land application of wastewater can 
serve as a high performance treatment sys- 
tem, as a flnal disposal step for treated 
effluents, or as a polishing step for par- 
tially treated effluents, Untll. recently, 
land appllcation was considered to be in- 
feasible for northern areas, primarily be- 
cause of prolonged periods of extreme cold 
and the presence of frozen ground, either 
seasonal or permafrost. Recently, however, 
land application o f  wastewater in nopthern 
regions has been seen as a partlal answer 
to meeting stringent new effluent requlre- 
ments with simple, reliable, and effective 
unit processes. This paper discusses both 
experimental work done in the Fairbanks 
area, and existing and proposed land appli- 
cation systems in other areas of Alaska. 

LAND APPLICATION OF WASTEWATER 

Land application of wastewater in- 
cludes both treatment and disposal. Many 
older systems in temperate regions have re- 
lied on the land  only for dlsposal, with 
all quality changes in the wastewater taking 
place prior to application on the land. In 
engineered land treatment systems, the land 
is an integral part of the overall treatment 
system, and wastewater is applied to it to 
achieve an improvement in quality. 

Land treatment is most commonly con- 
sidered to fall into three broad categories: 
slow infiltration, rapid infiltration, and 
overland flow (Reed  et  al.  1972). The 
various techniques differ principally In 
hydraullc loading rate, site adaptability 
(including climatic constraints), and eco- 
system components used In the renovation 
process. 

Slow Rate Infiltratlon (SI) 

Slow rate infiltration implies the use 
of relatively low hydraulic loading rates 
(5-15 cm per week) and vegetation as a sys- 
tem component. Research I n  temperate re- 
gions has shown that slow infiltration can 
provide a high degree of treatment (Iskan- 
dar et  al. 1976, Sopper and Kardos 1974). 
Experiments conducted at Eielson Air Force 
Base, Alaska, found a similar high level of 

renovation; however, it was concluded that 
because of the short growing Season and 
dependence on vegetation, slow infiltration 
would not  be appropriate for extreme cold 
regions (Sletten and Uiga 1977, Rleger et 
al. 1963). 

Overland Flow (OF) 

Overland flow is mainly a biological 
process in which wastewater is applied on 
sloping, grass-covered soil of low permea- 
bility at a rate of 5 to 40 ern per week, 
and recovered in collection ditches or ter- 
races at the toe of the slope for further 
treatment, reuse or discharge. Renovation 
of most wastewater constituents is good 
(Carlson et al. 1974),  but the process is 
not readily applicable in extreme c o l d  re- 
gions for the same reasons cited for slow 
infiltratlon. 

Rapid Infiltration (RI) 

Rapid infiltration utilizes coarse- 
textured soils and application rates rang- 
ing from 10 to 300 ern per week. Wastewater 
is usually appli.ed  by basin flooding, with 
renovation occurring mainly through physi- 
cal and chemical processes. Vegetation is 
not normally a component of RI systems. 
Extensive research work done in temperate 
regions has shown that acceptable quality 
effluent can be produced and that the pro- 
cess is relatively simple to construct, 
maintain and operate (Bouwer 1974, Aulen- 
bach et a l .  1975). For these reasons, 
rapid inflltration systems ase considered 
to be the most feasible land treatment 
systems in permafrost areas. 

RAPID INFILTRATION LAND TREATMENT IN THE 
NORTH 

Rapid infiltration or high rate sys- 
tems are dependent on free draining, 
coarse-textured soils,  In Alaska such ma- 
terials can be found in alluvial valleys 
and in coastal settings. A typical situa- 
tion showing the relationship of soil 
series, underlying material and permafrost 
is shown in Figure 1. Many northern com- 
munities are located on alluvial plains. 
These soils are often sandy or silty water- 
deposited material. Those near the courses 



FIG. 1. Relationship of soil series, under- 
lying material, and permafrost. (After 
Rleger et  al. 1963.) 

of maln streams are generally sand underlain 
by gravel, and permafrost in them is deep 
or absent. If suitable soils are present 
and permafrost is not a consideration, rapid 
infiltratlon systems in the far north should 
behave in a manner similar to existing 
systems in the northern temperate U.S. 
Examples of such systems can be found in 
northern Michigan (Baillod et  al. 1977) and 
New England (Satterwhite et a l .  1976). 
Wastewaters applied range from raw sewage 
to secondary effluent and operational age 
from 30 years to almost 90 years. 

Experimental Work 

In order to define water quality changes 
in a northern rapid infiltration system, a 
test basin was constructed at Eielson AFB 
near Fairbanks, Alaska, in 1976. The soil 
at the test site was determined to be 
Salchaket sandy loam exhlbiting the follow- 
ing drainage characteristics (Rieger et al. 
1963): well drained, deep to shallow, 
sandy s o i l s  over rounded alluvial gravel, 
permeability greater than 15 em  per hour. 
Depth from surface to bedrock or alluvial 
gravel ranges from . 3  to 6 m, permafrost 
table is either absent or greater than 5 m 
below the surface, and seasonal high ground 
water from 3 to 5 m below the soil surface. 
These soil characteristics appear to be 
ideally  suited for rapld infiltration systems 
in northern areas. 

The test basin (Fig. 2 )  was constructea 
by leveling the existing surface and berming 
an area approximately 6.1 m square for a 
total basin area of 37 square meters. Berm 
height was approximately 0.6 m and measuring 
stakes were located within the cell to time 
the rate of percolation. A well point  and 
suction lysimeter were installed to with- 
draw samples for water quality analyses. A 
splash box was installed to prevent scouring 
of the basin during loading. 

A loading rate of 15 cm per week (7.8 
m per year) was chosen as being representa- 
tive of the lower limits of a hlgh rate 
system. Loading took place one day per 
week and was Tollowed by 6 days of drying. 
The loading rate was chosen in order to 
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FIG. 2. Rapid infiltration test basin, 
Eielson Air Force  Base, Alaska. 

allow study of the desired water quality 
parameters under relatively controlled con- 
ditlons. The wet-dry cycle was selected as 
representative o r  existing RI systems. A l l  
of the wastewater (approximately 5663 
liters) was applied during a period  of about 
one hour on the loading day. The  rate of 
infiltration was measured by visual observa- 
tion of the measuring stakes (Fig. 2 ) , .  and 
on the day following loading, samples were 
drawn from the well point and suction lysi- 
meter  for water quality analysis. The well 
point samples were drawn from a depth of 
approximately 2 m, and the suction lysi- 
meters samples approximately 45 em below 
the soil surface. The wastewater applied 
was undisinfected effluent from the second 
cell of a four-cell aerated lagoon treating 
domestic wastewater. The test basin was 
operated for a period of 14 weeks during 
the summer of 1976. 

Results of the 14-week experiment can 
be found in Table 1. As can be seen from 
the table there was an Improvement in all 
water quality parameters tested. In rapid 

TABLE 1. Average water quaFity results, 
rapid infiltration test basln, Eielson 
AFB, Alaska, Summer 1976. 

Organic Total Total Fecal Suspended 
-" C P A c o l i i s m  Solids Chloride 

applied 

Well poin t  20.9 2.1 9.2 2 . 8 ~ 1 0 ~  1L.6 -- 
(percolate) 

15.1 

X Reduc- 39.4 72.7 51.3 95.9 69.8 -- 9.0 
t i o n  

NOTE: All values i n  mgjl except  fecal coliform (lb/100 ml). 
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infiltration systems, the primary renovative is lessened and attention should be focused 
mechanisms arc filtration, chemlcal preclpi- on non-degradation of the existing ground- 
tation and adsorption, and microbial activity. water quality. For large scale systems 

modeling of groundwater movement and qual- 
ity may be desirable. The low temperatures 
normally found in northern regions during 
most of the vear mav actuallv prove to be 

This is reflected in the water quality 
results obtained during this experiment. 
BOD5 and organic carbon were reduced 69.8 
and 39 .4% respectively. It is bellevcd that 
most of the BOD and carbon was in the parti- 
culate rather than the soluble form. Simi- 
larly, fecal coliform which can be considered 
to be particulate matter (retained on a 
2 . 4 - l ~ m  filter) shows almost 96% removal. 
Phosphorus is known  to readily precipitate 
in soils and this i s  shown in the 73% re- 
moval. ChlorJ.de on the other hand I s  
a highly soluble anion which stays in solu- 
tion during passage through the soil, thus 
resulting in the relatively low 9% removal. 

Perhaps of most concern in any land 
treatment system is nitrogen. This is due 
primarily to concern oveP potential ground- 
water contamination with nitrate, particu- 
larly where the aquifer. is to be used as a 
source of drlnking water. The U.S. Public 
Health Service and the World Health Organi- 
zation have set a limit of 10 mg/l N03-N in 
drinking water to protect infants from the 
disease methemoglobinemia. In slow infil- 
tration and overland flow systems, vcgeta- 
tion is used to remove a large percentage 
of the applied nitrogen. In sapid inflltra- 
tion, where vegetation is usually absent, 
the only mechanisms available are volatili- 
zatlon, microbial denitrification, and soll 
adsorption o f  low soluble forms of nitrogen 
such as ammonia. In this experiment, 51% 
of the applied nitrogen was removed during 
passage through the soil column. The nitro- 
gen was applied primarily in the organic 
and ammonia forms. It is suggested that 
soll temperatures stayed relatively cool 
during this experiment (Rieger et  al. 1963) 
thus preventing complete conversion to ni- 
trate and resultlng in adsorption of' much 
of the applied organic and ammonia nitrogen 
within the soil column. If this is true, 
it can readily be seen that had the nitro- 
gen content of the wastewater been much 
greater than 2 0  mg/l, the drinking water 
limlt of 10 mg/l would have been exceeded 
in thls case. 

Several things can be learned from 
this limited experimental work about po- 
tentla1 future applicatlons of rapid in- 
filtration in the north. First, northern 
systems can be expected to behave in a 
manner similar to their counterparts in 
temperate reglons. There is a substantial 
body of data on temperate rapid infiltra- 
tion systems (Bouwer 1974, Satterwhite et 
al. 1976, Balllod et al. 1977, Aulenbach 
et a l .  1975). Of primary concern in most 
land treatment systems is the question of 
nitrate pollution of dsinking water aquifers. 
In this regard, if the groundwater already 
exceeds drinking water. quality criteria, or 
if the potentlal point of use is remote 
from the rapid infiltration system, concern 

advantageous in insuring effective removal 
o r  nitrogen by preventing nitrification of 
applied nitrogen and allowing sorption of 
ammonta (Reed 1976). A thorough analysis 
of soil to determine the ammonia adsorption 
capacity would be necessary to determine 
the length of tlme before breakthrough to 
groundwater. It  should also be kept in 
mind that treatment processes prior to Land 
application can have a profound effect on 
the ni.trate concentration reaching ground- 
water. If', for example, aerated lagoon 
effluent becomes nitrified during the 
warmer summer months, i.t can be expected 
that nearly all of the applied nitrate wlll 
reach groundwater. The only potentla1 re- 
moval devlce for nitrate in a northern 
rapid infiltration system would be microbi- 
al denitrification, which is dependent on 
warmer soils than normally Found in the 
north and on system management to promote 
the anaerobic conditions necessary for deni- 
trification. 

The data obtained during this experi- 
mental work conf'irm that rapld inflltra- 
tlon can be a viable wastewater treatment 
system in northern regions. Wastewater 
renovation appears to be comparable to 
that In existinfS systems in temperate re- 
gions. It appears that normal design pro- 
cedures could be followed, although special 
precautlons would be necessary to protect 
the system durlng the cold months, such as 
buried distribution systems and insulation 
of exposed pipes and values. In particular, 
steps must be taken to insure that water 
can be moved through the soil throughout 
the year. Although beyond the scope of 
this investigation, this aspect will be 
addressed in the next section of this paper. 

EXTSTING AND PROPOSED SYSTEMS IN  THE-NORTH 

Although rapid infiltration is not a 
new concept, the orientation toward treat- 
ment of wastewater as opposed to dlsposal 
is relatively new (Reed et al. 1976). 
Most examples of existing systems were 
designed with the philosophy of disposal 
as opposed to treatment. Systems currently 
under consideratlon are treatment devices 
to improve the quality of the wastewater. 
These generalities hold true for the re- 
latively few existing northern systems and 
for those being planned for use In the north. 

Existing Northern Systems 

A prime example of infiltration basin 
use in the north occurred during the con- 
struction o f  the Alaska Pipeline. Wherever 
suitable soils could be found, infiltration 
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basins were used for effluent discharge 
from the construction camps. As with exist- 
ing temperate systems, however, the primary 
motivation was disposal. of effluent rather 
than treatment. In selecting wastewater 
treatment alternatives for construction 
camps, "the selection process should  con- 
sider treatment schemes which do not require 
discharges to surface waters, as the stand- 
ards for non-surface discharges are often 
less stringent" (Murphy 1977). Effluent 
values for discharge to surface waters were 
required to meet 3 0  mg/l BOD and 30 mg/1 
suspended solids or 85% removal, whichever 
was more restrictive. By dlscharging their 
effluent to infiltration basins (also 
called flow c o n t r o l  management reservoirs 
durlng pipeline construction) most camps 
were only required to meet the 85% removal 
criterion. 

Construction of flow control manage- 
ment reservoirs was standardized in the 
construction camps and was accomplished by 
constructing a bcrmed holding pond over a 
permeable soil, usually alluvial material 
of high porosity. Experience gained during 
operation of these reservoirs seemed to 
indicate that If soil temperatures were 
above freezing when the reservoir was first 
put into operation, then continuous dis- 
charge of warm wastewater from the enclosed 
biological or physical-chemical treatment 
plants allowed the Infiltration capaclty to 
be maintained throughout the winter. At 
some sites, percolation was retarded or 
stopped entirely during winter months, but 
began agaln with spring break-up. At sites 
completely underlain with permafrost, the 
strategy was to build long-term storage la- 
goons within a dike and allow Intermittent 
discharge to surface waters. Release of 
Stored effluents generally coincided with 
the peak flow period  of  the receiving stream 
or river to minimize environmental impacts, 
No effort was made at any of the construc- 
tion camps to measure quality changes of 
the percolate from the infiltration basins, 
since treatment was not a consideratlon in 
their construction. By visual observation 
of the basins during the winter, however, 
it  was learned that infiltration of efflu- 
ents can continue throughout the winter at 
many sites in the north. The controlling 
factors to maintain infiltration capacity 
through the winter seem to be starting the 
system during the warm summer months to 
build a heat reservoir in the soil, and 
allowing frequent discharges of warm efflu- 
ent through the winter months to maintaln 
enough residual heat to prevent freezing of 
the soil. Ice and snow cover whlch accumu- 
lated on the surface of the Infiltration 
beds provided some additlonal thermal insu- 
lat ion. 

proposed Northern Systems 

To meet the new effluent criteria, it 
will apparently be necessary to upgrade the 

level. of wastewater treatment at  many of 
the military facilities in Alaska. In con- 
sldering the feasibility of various treat- 
ment methods, Reed (1976) studied several 
of the installations and concluded that 
rapid infiltra.tion was the most desirable 
alternatlve in several instances. The sig- 
nificance of this I s  that for the first 
time, land application of wastewater was 
being proposed as a treatment system in the 
north rather than simply for disposal.  as 
had bean the case for  the Alaska Pfpeline 
construction camps. Earlier, Sl.etten and 
Uiga (1976) and others had concluded that 
in order to be feasible in the north, up- 
graded existing systems os proposed new 
wastewater treatment systems must be capable 
of doing the job for which they are intended; 
must be reliable; must be easy and economi- 
cal to design and build; and perhaps most 
important of all, must  be easy and economi- 
cal to operate and maintain. The system 
proposed by Reed f o r  King Salmon Airport 
in Southwest Alaska, and currently being 
designed by the Alaska District, Corps of 
Engineers, seems to meet these criteria. 

King Salmon is served by a two-cell 
aerated lagoon of 227-m3/day capacity. 
Eff'luent quality is considered to be  es- 
sentially the same as that shown for the 
Eielson lagoon in Table 1. Prior to con- 
struction o r  the aerated lagoon, the site 
was served by several septic tank leach 
fleld systems, some of which were in thc 
immediate viclnity of the new aerated la- 
goon. In general, the soils in this area 
are silty, gravelly sands. 

A review of engineering drawings re- 
vealed plans for septic tank leaching pits 
constructed in 1951 and in 1957. Dimcn- 
sions for one system indicated a spetic tank 

Effluent 
from Logoon 

1 

Built-up-2rn 
3 1  Slope 

+ _ _ _ - _  
Underdroin Collector 

B.Dlstribution Moin 
A.Distribution Valva 

C .  Applicotion Loterols 
0. Collection  Laterals 

Altarnatlnq  Operation 

FIG. 3. Proposed layout f o r  King Salmon 
high rate infiltration system. 



with a hydraulic capacity of 7571 liters 
served by two leaching pits with a total 
infiltration area of approximately 46.4 
square meters including both sldewalls and 
bottom. The resulting hydraulic loading of 
163 liters per square meter per day would 
be expected for the types of sands existing 
on the site. Considering the soils present 
and the other site conditions, the recom- 
mended alternative for King Salmon was 
alternating rapld Infiltration basins. 

Alternating basins are desirable to 
provide cyclic operation to allow time for 
aerobic restoration of the infiltration 
capacity of the system. Determination of 
the optimum operational cycle will be  pos- 
sLble after the system is built and could 
vary from two weeks to a full year. The 
State of Alaska allows leach field designs 
which follow secondary treatment (aerated 
lagoon) to be half the size  used for sep- 
tic  tanks.  It is therefore proposed that 
the total basin area be sized  at the deter- 
mined rate of 163 l/m2-day,  but then be 
divided into two equal cells. Each cell 
would then operate at the higher allowable 
rate of 326 l/m2-day. In this case, the 
total area required for the 227 m3/day 
measured flow would  be 1394 m2. This would 
then be divided into two equal cells 26.4 m 
x 26.4 m and operated alternately. Distri- 
bution plplng should  be installed using con- 
ventional leach field constructlon practice. 
Figure 3 presents the proposed infiltration 
basin layout. It should  be  noted that the 
proposed system 1 s  buried and underdrained. 
This system has been designed, essentially 
as proposed by Reed (1976). 

CONCLUSIONS 

Rapid infiltration land treatment of 
wastewater is a viable alternative for 
northern applications. Untll now, northern 
rapid inflltratlon systems have been used 
primarily for disposal of treated effluents. 
Research in temperate regions has shown that 
rapid infiltration can provide a high degree 
of treatment to applied wastewater and the 
concept is viewed increasingly as a treat- 
ment mechanism rather than purely for dis- 
posal. Limited experimental work In the 
north has indicated that systems there be- 
have in a manner slmilar to those In temp- 
erate regions, and that in fact cold soil 
temperatures may be advantageous in reducing 
nitrate pollution of groundwater. The con- 
cept of rapid infiltration for treatment 
of wastewater in the north has advanced to 
the point where systems are now under de- 
sign. A primary condideration in northern 
applications is the presence of permeable 
soils and a deslgn and management configu- 
ration which insures operation throughout 
the winter. Rapid infiltration 1s not the 
final solution to wastewater treatment in 
the north, but under some circumstances can 
provlde reliable, effectlve wastewater 
treatment at minimum cost and environmental 
impact. 
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THE STABILITY OF UNDERGROUND WORKINGS I N  PERMAFROST 

E.A.  E l ' c h a n i n o v ,  A . I .  Shor  and M.A. Rozenbaum. M i n i n g   I n s t i t u t e ,  Moscow, U . S . S . R .  

I n   t h e   c o u r s e  of min ing ' ,   t he   t he rma l   f i e ld   o f   t he   su r round ing   f rozen   rocks  
i s   t r a n s f o r m e d ,   f i r s t   d u r i n g  changes i n   t h e i r   s t r e s s e d - d e f o r m e d   s t a t e  and l a t e r   i n  
the  process of heat-   and  mass-exchange  wi th   the  ambient   a i r .  The temperature 
changes in   t he   rocks   p rov ide   i n fo rma t ion   on   t he   de fo rma t ion   p rocesses   t ak ing   p lace  
i n  them. As t h e   r o c k   s t r e s s e s   a r e   r e d i s t r i b u t e d ,  and away from  the  zone o f  i n t e n s e  
movements, the   recovery  o f  the  permafrost   temperature  s t rengthens  the  ice-cement  
bonds  and  hence  improves  the s t a b i l i t y  of mine work ings.  To r e t a i n   t h e   s t a b i l i t y  
of rock  around an underground  work ing when the  temperature a t  t he   work ing   f ace  
r i s e s  above O°C, t he   rock   shou ld   be   p ro tec ted   f rom  the rma l   e f fec ts   by   l oca l   hea t ing  
o f   a i r  and other  methods. 

DE LA S T A B I L I T ~  DES TRAVAUX MINIERS DANS LE  P E R G ~ L I S O L  

E .A .  E l ' c h a n i n o v ,  A . I .  Shor, M.A. Rotenbaum, l n s t i t u t  de g 6 n i e   m i n i e r ,  
Moscou, URSS 

Lors des t r a v a u x   m i n i e r s ,   l e  champ thermiquedes  roches  gel&es  encaissantes 
e s t   m o d i f i g ,  en p r e m i e r   l i e u  au  cours des m o d i f i c a t i o n s  de l e u r   e t a t  de   tens ion  
e t  de de format ion   e t   ensu i te   au   cours  de 1 '&change de c h a l e u r   e t  de masse avec l e  
j e t  d ' a i r .  

Les v a r i a t i o n s  de tempgrature des roches  renseignent   sur   les  processus de 
de format ion   qu i  s ' y  p r o d u i s e n t .  

des c o n t r a i n t e s   e t   l ' g l o i g n e m e n t   p a r   r a p p o r t  d l a  zone  de mouvements i n t e n s i f s  
c o n t r i b u e n t  3 f a v o r i s e r   l a   c i m e n t a t i o n   p a r  l a  g lace   e t ,   par   consequent ,  l a  
s tab  i 1 i t 6  des t ravaux.  

l a   c r e a t i o n   d ' u n  rggime t h e r m i q u e   p o s i t i f ,  i 1 faut  employer  des  proc6de.s  de 
rechauf fement   loca l  de 1 ' a i r   e t   a u t r e s  procedes de p r o t e c t i o n   c o n t r e  1 ' a c t i o n  
t h e r m i q u e   s u r   l e   m a s s i f ,  

Le r k tab l i ssemen t  de l a  tempera tu re   du   gg l i so l   au   cou rs   de   l a   red i s t r i bu t i on  

Pour  que l a   r o c h e   a d j a c e n t e  3 une excavat ion  conserve s a  s t a b i l i t 6   l o r s  de 

OE YCTOnrMBCCTM rOPHblX BbIPAEjOTOK B MHOTOJIETHEMEP3&JX nOPOaAX 
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06 YCTOmMBOCTM  BblPAGOTOK B MHOTOJlETHEMEP3TILIX I'IOPOPAX 

E.A. EYlbYliHBHQB, A.A. XOp,  M.A. Po3ea6ay~ 

MHCTUTYT ropRoro  uena, Mocma, CCCP 
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WATER THAWtNG OF FROZEN GROUND FOR OPEN PIT AND UNDERGROUND M I N I N G  I N  THE 
NORTHEAST OF THE U.S.S.R. 
V . r ,  Emel'yanov and G.Z. Per1 ' sh te in ,   A l l -Un ion  Res. t n s t .  o f  Gold and  Rare 
M e t a l s ,  Magadan, U . S . S . R ,  

w o r k   c a r r i e d   o u t  a t  the   A l l -Un ion  Res. t n s t i t u t e   o f  Gold and Rare  Metals  on  water 
thawing of f r o z e n   p l a c e r s   p r i o r   t o   m i n i n g .  

Computer ized   numer ica l   in tegra t ion   app l ied  t o  a problem o f   h y d r a u l i c   t h a w i n g  
of  f rozen  ground is descr ibed and a mathematical model o f  convect ive  heat  exchange 
i n  a water-permeable  f rozen  soi l  mass i s  g i v e n   f o r   t h e   f i r s t   t i m e .  

r o u n d   e x c a v a t i o n   i n v o l v i n g   a r t i f i c i a l   t h a w i n g ,   d r a i n a g e  and min ing  o f  depos i ts  
wh ich  remain i n  an e a s i l y  w o r k a b l e   s t a t e  i f  re f rozen.  

The au tha rs   d i scuss   t he   resu l t s  o f  exper imen ta l ,   t heo re t i ca l  and p r a c t i c a l  

Tke au tho rs   desc r ibe   t he   p repara t i on  o f  f rozen g r a n u l a r  m a t e r i a l s   f o r   y e a r -  

PREPARATION HYDRO-THERMIQUE DES G ~ L  I SOLS DU NORD-EST DE L ' U R S S  POUR 
L'EXPLO ITATION A C IEL OUVERT ET  SOUTERRAINE 
V.I. Emel'yanov, G.Z. P e r l ' s h t e i n ,   I n s t i t u t   s o v i e t i q u e  de recherches 
s c i e n t i f i q u e s   s u r   l ' o r   e t  l e s  m6taux  precieux, Magadan, URSS 

Prgsenta t ion  des rCisu l ta ts  des t ravaux  exper imentaux,   thgor iques e t  
p r a t i q u e s  men& p a r   l ' l n s t i t u t   s o v i 6 t i q u e  de r e c h e r c h e s   s c i e n t i f i q u e s   s u r   l ' o r   e t  
l e s  rnCtaux p r k i e u x   e t   c o n s a c r e s  =I l a   q u e s t i o n  de l a   p r6para t i on   hyd ro - the rm ique  
des p l a c e r s   g e l & -  du  Nord-Est de 1 ' U R S S  p o u r   l ' e x p l o i t a t i o n .  

problZrne  du  d6gel   hydraul ique  du  gel isol .  Un rnod6le  mathhmatique  de  l'echange 
thermique  par  convexion dans  un ggl iso l   permeable a l ' e a u   e s t   p r e s e n t &   p o u r   l a  
p remic re   f o i s .  

ge l6s  permet tant  5 l ' a n n e e   l o n g u e   l e s   t r a v a u x   d ' e x p l o i t a t i o n   m i n i G r e :   c e   s o n t   l e  
degel a r t i f i c i e l ,  e n s u i t e   l e   d r a i n a g e   d u   s o l  non g e l e ,   p u i s   I ' e x p l o i t a t i o n  des 
dgp8ts   qu i ,  mSme s ' i l s   s o n t  de  nouveau  englacgs, se prg ten t   f ac i l emen t  au mgme 
t r a i t e m e n t .  

D e s c r i p t i o n   d ' u n e  methode i n f o r m a t i s 6 e   d ' i n t e g r a t i o n   n u r n 6 r i q u e   a p p l i q u e e   a u  

Les au teurs   dgcr iven t   les   & tapes  du  condit ionnement de rna ter iaux   g ranu la i res  
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NATURAL GAS HYDRATES IN  NORTHERN CANADA 
D.W.  Davidson,  National  Research  Council; M. K. El-Defrawy  and M . O .  Fuglem, 
Department  of  Indian  and  Northern  Affairs; A . S .  Judge,  Department of Energy,  Mines 
and  Resources,  Ottawa,  Canada 

The  stability  of  the  hydrates  (clathrate  ices)  formed  by  natural gas depends 
on temperature  and  pressure  in  a  manner  that  leads  to  their  natural  occurrence  in 
permafrost  regions  within  a  range of depth  below  the  earth's  surface.  Gas  hy- 
drates  were  reported  first  in  the  Soviet  Union,  later  in  deep  oceanic  sediments, 
and  recently  in  the  Mackenzie  Delta  area of Canada.  Gas  hydrates  possess  ice- 
like  physical  and  electrical  properties  which  make  possible  their  detection  by 
appropriate  logging  methods.  Their  presence  can  create  hazards  in  drilling as a 
result of the gas pressures  generated by decomposition  of  hydrate.  Among  the hy- 
drate  deposits  possible in Canada,  those  in  the  region of the  Mackenzie  Delta 
contain an estimated 88 X lo9 standard m3 of  methane. 

HYDRATES FORMlk PAR LE GAZ NATUREL DANS LE GRAND NORD CANADIEN 

D.W. Davidson,  Conseil  national  de  recherches  du  Canada: M.K. El-Defrawy  et 
M.O. Fuglem,  Ministzre  des  Affaires  Indiennes  et du Nord; A . S .  Judge,  MinistZre 
de  l'Ener.gie, des  Mines  et  des  Ressources,  Ottawa,  Canada. 

Les conditions  de temperature et de  RTession qui rggissent la stabilitg  des 
hydrates  (cristaux  de  glace  existant  sous fame de  clathrates)  dans  le  gaz  naturel 
permettent: 2 ceux-ci  de se former  et  de  subsister  dans les zones  de  pergglisol 2 
une  certaine  profondeur  au-dessous  de  la  surface  du sol. On  a  constat6  la prkence 
d'hydrates  formgs par le  gaz  naturel  en  Union  SoviGtique, p u i s  dans  des  sgdiments 
oc6aniques  profonds,  et &cement dans  la  rggion  du  delta  du  Mackenzie  au  Canada. 
Les  hydrates  que  forme le gaz  possSdent  des  propriGt6s  physiques  et  glectriques  sem- 
blables 2 celles  de la glace,  qui  permettent  de  les  dgceler  par  des  mgthodes  de  dia- 
graphie  appropri6es.  Leur  prcsence  peut  rendre  les  forages  dangereux,  en  raison 
de  la  pression  des  gaz  due 5 la  dgcomposition  des  hydrates.  Parmi  les  dEp8ts  poten- 
tiels  d'hydrates  au  Canada,  ceux de la  r6gion  du  delta  du  Mackenzie  contiennent  un 
volume  de  gaz  estim6 3 88 x 109 m3 de mcthane. 



938 

NATURAL  GAS  HYDRATES IN NORTHERN  CANADA 

D.W. Davidson - National  Research  Council, M.K.  El-Defray and  M.O.  Fuglem - Department  of 
Indian  and  Northern  Affairs,  and A.S. Judge - Department  of  Energy, 

Mines  and  Resources,  Ottawa,  Canada 

INTRODUCTION 

Gas  hydrates  are  inclusion  compounds  in  which 
guest  molecules of natural  gas  fit  into  structural 
voids  in the  lattice  of  the host  molecule,  water. 

Conclusive  evidence  in  the  literature  for  the 
natural  occurrence of gas  hydrates is still fairly 
sparse.  At  present  gas  hydrates  in  a  continental 
environment  are known to exist in the  northern 
portion  of  the  West  Siberian  and  Vilyuy  Basins of 
the U,S.S.R. ,  the  Mackenzie Delta  area of  northern 
Canada  and  Prudhoe  Bay  area o f  Alaska - U . S . A .  
Fairly  extensive  evidence  has  been  documented for 
the  wide-spread  occurrence  of  gas  hydrates in  a 
deep ocean  environment. 

A  combination  of  phase  equilibria  data  and 
subsurface  temperature  information  permits an 
estimate  to be made  of  the  areas  favourable  for 
hydrate  formation  and  their  depth  extent. 
Presently  available  information  suggests  that 
regions of low mean  surface  temperatures  and 
geothermal  gradients  are  the  most  favourable 
environments, 

The  existence of natural  gas  hydrates  presents 
certain  additional  difficulties  in  the  exploration 
and  drilling for hydrocarbons.  The  presence of gas 
hydrates  can  be  detected  from  seismic  data, 
conventional  wire-line l o g s  o r  through gas 
detection  equipment  while  drilling. 

1. NATURE OF GAS HYDRATES 

Under  suitable  conditions of  temperature  and 
elevated  pressure  hydrocarbon  gases,  as  well  as 
other  gases  of  a  variety of chemical  type,  combine 
with  water to form  ice-like  solids  called,  for 
historical  reasons,  gas  hydrates  (Davidson, 1973). 
The  nature of gas  hydrates  was  only  revealed i n  
1952 by  X-ray  structural  analyses.  They  consist 
of  hydrogen-bonded  networks of 4-coordinated  water 
molecules  arranged  in  regular  cubic  lattices  which 
contain  voids  or  cages  large  enough  to  accommodate 
“guest”  molecules o f  gas.  Gas  hydrates are of two 
crystallographic  types.  Structure I i s  formed  by 
small  gas  molecules  like  methane  and  ethane  which 
can  occupy  both  or  one  of its 12-  or  14-hedral 
cages  and  structure 11 by  larger  molecules  like 
propane  and  isobutane  which  occupy  relatively  large 
16-hedral  cages. 

The  lattices  are  held  together  mainly  by  the 
hydrogen  bonds,  whose  energies  are  similar to  those 
in  ordinary  hexagonal  ice.  Interactions  between 
the  guest  and  water  molecules are  unspecific  and do 
not  depend  greatly on the  orientation of the 
encaged  molecule.  As  a  result,  the  encaged 
molecules  undergo  the  rapid  reorientation  recently 
demonstrated  by  nuclear  magnetic  resonance  and 
dielectric  studies of encaged  hydrocarbon  molecules 
(Davidson  et  al.,  1977).  The  heat of dissociation 
of methane  hydrate  (per mole  of  methane)  is  about 
6% o f  the.heat of  combustion  of  methane. 

Figure 1 shows  the  phase  diagram of the  important 
methane-water  system.  Methane hydrate i s  stable 
at  pressures  in  the  area  lying  above  the  heavy 
line.  Its  composition  varies  somewhat with the 
conditions,  being C~4-6.0 Hz0 at O°C and  2500 kPa 
and  somewhat  richer  in CHq at  other  temperatures 
and  higher  pressures. In Figure 1 it is assumed 
that  the  relative  amount  of  water  exceeds  that in 
the  hydrate.  If  methane  is in  excess,  the 
hydrate-ice  and  hydrate-water  areas  become  the 
field  of  coexistence of hydrate  and  gas. 

CH* -HpO SYSTEM 

.,’ I l W  - 

The  conditions of stability of hydrates  formed  by 
natural  gas  depend on the  gas  composition  and are, 
in  general,  complicated  by  the  occurrence  of 
hydrates of both  structures.  The  structure I1 
hydrates  formed by gases  containing  significant 
quantities  of  propane  and &butane are  stable  at 
considerably  lower  pressures  than  structure I. 
These  molecules,  and  with more difficulty, E- 
butane  and  neopentane  (Davidson  et  al., (1977), Ng 
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and  Robinson (1976)), occupy  the  16-hedral 
structure 11 cages,  while  the  12-hedra  are  occupied 
by  methane  and  other  small  molecules  (H2S,  CO2, N2). 
if  present.  To  take an example,  gas  consisting of 
99% methane  and 1% propane  can  form  a  structure I1 
hydrate  at 1090 kPa and - 3 O C ,  a  temperature  where 
structure X is  only  formed  above 2300 Ha. However, 
the  hydrate  formed  at 1090 kPa contains 40% propane 
and  little  structure I1 hydrate  will  form  as  the 
propane  content  of  the  gas  is  depleted. In general, 
appreciable  quantities  of  hydrate  are  only  expected 
as  structure I unless  the  gas  is  relatively  rich  in 
higher  hydrocarbons. 

For  this  reason,  the  hydrate  stability  conditions 
considered  below  are  generally  taken to refer to 
structure I and  to be essentially  those  of  methane 
hydrate  itself.  This is because  structure I hydrate 
stability  conditions  do  not  depend  greatly on the 
composition  of  a  gas  which  is  predominantly  methane, 
unless  it i s  rich  in H2S. 

2. THE  NATURAL  OCCURRENCE OF GAS  HYDRATES 

In the  continental  environment,  conclusive 
evidence  for  gas  hydrate  occurrence  has been 
presented  for  only  the  Messoyakha  field in the 
West  Siberian  Basin  of  the U . S . S . R .  (Makogon  et  al. 
1971)  and  for  the  Mallik-Ivik  area  of  the 
Mackenzie  Delta  in  Canada  (Bily  and  Dick,  1974), 
although  many  fields  within  the  West  Siberian  and 
Vilyuy  Basins  of  the U.S.S.R., the  Mackenzie  Delta 
and  Arctic  Islands  of  Canada,  and  Arctic  Alaska 
are  suspected  to  contain  hydrates. 

According  to  Makogon  (1974),  the  possible  exist- 
ence of  natural  gas  hydrate  deposits  was  first  pro- 
posed in 1946  by  Strizhev  who  suggested  that 
since  temperatures  at  depths of  400 to 600 m  were 
below O°C over  large  areas  of  the  northern U.S * S .B., 
hydrocarbon  gases  might be found  in  the  hydrated 
state.  Studies  to  verify  their  existence  appear 
to  have  been  spurred when the  Markhinskaya  well 
drilled  in  northwestern  Yakutia  in 1963 encountered 
1400 m of permafrost  (Makogon,  1974).  Although 
extensive  laboratory  work on their  physical  and 
thermodynamic  properties  was  commenced,  and  indeed 
verified  their  probable  natural  existence,  gas 
hydrates  were  not  identified  unequivocally  until 
the  Messoyakha  field  in  the  West  Siberian  Basin 
was  discovered  in 1968. Makogon  et  al.,  (1971) 
have  described  in  some  detail  the  occurrence  of 
gas  hydrates  at  a  depth  of 800 m in  the  upper 
section  of  the  76  m  thick  sandstone  reservoir of 
the  Messoyakha  field. 

The  only  published  confirmation of the  presence 
of  gas  hydrates  in  North  America  describes  their 
discovery  in  the  northern  Mackenzie  Delta. Two 
Imperial  Oil  wells  encountered  hydrate-bearing 
sands  of  total  thickness 99 m and  24 m in  the  depth 
intervals 820 to 1103  m  and 978 to 1020 m 
respectively. 

Hitchon  (1974)  has  described  the  detection  of  a 
gas flow  at  a  depth  of 319 to 727 m on Melville 
Island  suggestive of hydrate,  but no conclusive 
evidence  has  been  published. 

Simarily  there  have  been no published  reports 
conforming  the  natural  occurrence of hydrates on 
the  north  slope  of  Alaska. Karz (1971)  has  shown 
that  methane  might  be  present  as  hydrate  at 
Prudhoe  Bay  at  depths  between 600 and  1035 m. 
Hitchon  (1974)  quotes  unconformed  reports  thar  gas 
contents  of  cores  taken  were  abnormally  high  for 
the  reservoir  pressure  and  temperature,  a  possible 
indication o f  hydrate. Low reservoir  pressures  in 
a 1140 to 1245  m  deep  sandstone  in  Arco-West  Sak 
River #I could  be  similarily  interpreted. 

The  first  indication  of  natural  gas  hydrates 
outside  of  the  Soviet  Union  was  in  marine 
sediments.  Stoll  et  al.  (1971)  described  the 
recovery  of  ocean  marine  sediments  which  dis- 
charged  considerable  quantities  of gas,  often 
violently, when exposed  to  surface  conditions. 
The  Glomar  Challenger  encountered  such  gassy 
sediments  to  depths  exceeding 600 m beneath  ocean 
depths of 3600 m.  Such  layers  of  high  gas  content 
correlated  well  with  high  interval  seismic 
velocities.  Trofimuk  (1972)  has  suggested  that 
over most of  the  ocean  floor  (excepting  mid-ocean 
ridges  and  volcanic  belts)  natural  gas  will  be 
found in the  form  of  gas  hydrates  to  a  sediment 
depth  of 500 m. 

3 .  THE GEOTHERMAL  FIELD  AND  HYDRATE STABILITY 

Figure 1 can  be  used to represent  hydrare 
stability in terms  of  depth  below  the  earth's 
surface by  relating  depth  and  pressure. 
Observational  evidence  supports  the  assumption of 
the  hydrostatic  pressure  gradient of fresh  water 
(9.84  kPam-l) as a  reasonable  approximation  in 
most  areas.  In  this  case  the  presence  of  methane 
as  free  gas o r  hydrate in a  gas-bearing  reservoir 
I s  primarily  dependent on the  subsurface  temper- 
atures  encountered.  Superimposition  of  local 
subsurface  temperatures on the  phase  diagram 
indicates  range  of  depth  over  which  stable  gas 
hydrates  may be encountered  in  suitable  reservoir 
rocks.  The  two  broken  lines  in  Figure 1 show 
examples of the  variation  of  temperature  with  depth 
for  mean  surface  temperatures of -10 and OOC, a 
constant  thermal  gradient of 25  mKm-l  being assumed, 
Methane  hydrate  is  stable  at  depths  between  the 
points  of  intersection of the  thermal  gradient 
line  and  the  hydrate  stability  curve.  For  the 
conditions  specified,  the  zone of  hydrate 
stability  extends  between  about 200 m ( - 5 O C )  and 
900 m (12OC) when the  surface  temperature  is  -1OOC; 
when this  is O°C, no hydrate i s  possible. 

A  minimum  temperature  gradient  above  which  no 
methane  hydrate  can  exist  may  be  constructed  for 
any  mean  surface  temperature.  As  the  mean  surface 
temperature  decreases,  a  progressively  higher 
temperature  gradient  is  necessary  for  methane in 
the  presence  of  ice  or  water  to be present  only 
as  free  gas.  At  a  surface  temperature of 4OC 
hydrate can exist  only  for  a  very low geothermal 
gradient  of  below 9 mKm-1. At a  surface  temper- 
ature of -16OC  hydrate  will  exist  unless  a  very 
high  gradient  of 63 mKm-' is  present.  Mean 
surface  temperatures  and  geothermal  gradients  can 
be  related  to  climate,  lithology  and  terrestrial 
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heat  flow  (and  thus  to  tectonic  framework)  in 
various  parts o f  Canada.  The  approach  has  been 
discussed  earlier  by  Judge  (1973) in relation  to 
permafrost  prediction. 

Consider  the  two  examples  cited  above. At a 
surface  temperature  of  4OC, common to  northern 
Ontario  and  the  central  Prairies,  gas  hydrates 
might  be  present  beneath,  or  in, rocks of  high 
thermal  conductivity  in  regions of low  heat  flux, 
as  when  a  porous  dolostone  sequence  overlies  rocks 
of the  Precambrian  Shield. In contrast,  at  a  mean 
surface  temperature of -16OC,  common  to  the  Arctic 
Islands,  gas  hydrates  should  be  common  where  the 
reservoir  is  not  overlain  by  shales  of  low 
conductivity  and  is  not  in  a  region  of  high  heat 
flux * 

Beneath  the  waters  of  the  Arctic  Archipelago, 
mean  temperatures  at  the  sea-bottom,  ranging  from 
-2OC to -0.5OC, are  higher  than  at  the  land  surface 
and  hence  gas  hydrates  are  probably  less  common, 
as even  a  moderate  temperature  gradient  will  ensure 
the  presence of the  free  gas  phase  in  potential 
reservoirs.  Beneach  water  depths  of 200 m or  more 
however  any  gas  present  in  the  material  immediately 
below  the  water-sediment  interface  may  well  be  in 
hydrate  form. 

In  many  areas  only  a  very  rudimentary  knowledge 
exists  of  the  parameters  needed  for  the  prediction 
of hydrate  depth. In such  cases  if  an  approximate 
permafrost  thickness  is  available from surface 
reflection  seismic,  electrical  resistivity or other 
geophysical  tools,  hydrate  thickness  can  be 
approximately  estimated  using  the  permafrost 
thickness  and  a  constant  geothermal  gradient. 

4. EFFECTS OF CAS HYDRATES 

Misinterpretation o f  Seismic  Data 

The  interpretation  of  exploration  seismic 
reflection  records  is  complicated  by  the  presence 
of a  substantial,  but  unknown,  thickness of any  high 
velocity  material  (Boulware  1961).  Stoll  et  al. 
(1971)  have  shown  that  velocities  in  hydrates  may 
be  as  high  as 2 . 7  kms-l  compared  with 2 . 0  kms-1 for 
normal  unconsolidated  sediments.  Misinterpretation 
of  a  deep  StruCture  could  result  from  lateral 
variations  of  hydrate  thickness. A knowledge  of 
the  distribution  and  seismic  properties of hydrates 
will  reduce  the  possibility  of  misinterpretation. 

Hazards  in  Drilling  and  Operation  of  Wells 

Certain  hazards  exist  when  drilling  through 
hydrate-bearing  formations.  Since  decomposition  of 
hydrate  normally  releases  more  gas  than  can  be 
contained  in  the  same  volume  at  the  same  temper- 
ature  and  pressure  (the  volume  ratio  is  about 5.9 
at 250 m  and  1.55  at  900 m), the  heat  generated  by 
drilling  and/or  the  use  of  a  warm  drilling  mud  may 
cause  a  serious  pressure  increase,  mud  gasification, 
and  a  possible  consequent  blowout. Two cases of 
"gas  kicks''  due  to  hydrate  decomposition  are  now 
known,  one  at  Shell  Kumak 5-06 (69.260N, 135.2OW) 
and  the  other  at  Shell  Niglintgak  "19  (69.31°N, 
135.32OW) . 

Bily  and  Dick  (1974)  have  reported  the  safe  pene- 
tration of hydrate  formations  in  two  wells  in  the 
Mackenzie  Delta.  Hydrate  was  initially  detected 
by an  increase  in  the  mud  gas  and  subsequently 
confirmed  by  formation  tests  and  analysis of wire- 
line  logs.  The  most  important  factor  in  con- 
trolling  hydrate  decomposition  during  and  after 
penetration  of  a  hydrate  zone  appears  to  be  the 
input  mud  temperature.  Where  practical,  this 
temperature  should  be  no  higher  than  the  hydrate 
equilibrium  decomposition  temperature  at  the  depth 
where  hydrate  is  suspected.  Too  low  a  mud  temper- 
ature  could,  however,  result  in a hydrate  zone  not 
being  promptly  detected  by  mud  gasification  and 
thus  not  being  adequately  cased  during  deeper 
drilling  when  increased  mud  temperatures  are 
unavoidable.  Increase  in  mud  density  to  compensate 
for  the  pressure  rise  produced  by  some  thermal 
decomposition  of  hydrate  is  also  beneficial  bur 
may  result  in  excessive  loss  of  mud  circulation. 
Consideration  must  be  given  to  the  pressure 
competence of the  formations  penetrated,  including 
the  permafrost  section.  Continuous  monitoring  of 
mud  gas  is  essential  for  the  detection  of  hydrates 
and  for  rapid  initiation  of  control  measures  when 
necessary. 

As yet  there  are  no  wells  in  Canada  producing 
through  a  hydrate-bearing  horizon.  However,  the 
presence  of  oil  and  gas  below  hydrate  zones  has 
been  established  in,  for  example,  the  Mackenzie 
Delta.  Reservoir  temperatures  range  from 7loC to 
82OC and  thus  production  is  likely  to  result  in 
hydrate  decomposition  as  the  hot  hydrocarbons  rise 
through  the  -shallower  hydrate  zone.  The  rate  of 
decomposition  may  be  reduced  by  the  use  of 
insulated  casings  and  casing  annuli,  but  adequate 
protection  of  the  producing  well  might  require  the 
use of high-strength  casing  strings  opposite 
hydrate-bearing  formations. 

The  problems  arising  from  the  possible  formation 
by  moist  gas of hydrate  plugs i n  gas  collecting, 
pumping,  and  transmitting  equipment  are  well  known. 
Cases  in  which  the  flow  of  gas  was  shut  off  by 
hydrate  formation in the  bore-hole  have  occurred 
in  both  the  Soviet  Union  (Ilyinskaya,  1971)  and 
Canada. 

The  Effect  of  Gas  Hydrates  on  Gas  and  Oil  Reserves 

Gas  bound  up  in  hydrate,  though  not  readily 
available,  must  be  considered  to  contribute  to 
Long-term  estimates o f  gas  reserves. No adequate 
estimation  of  the  quantity  of  hydrated  gas  present 
in  Canada is yet  possible,  although  the  very  rough 
evaluation  given  for  the  Mackenzie  Delta  and  the 
adjacent  Beaufort  Sea  in  the  next  section  suggests 
the  quantities  to  be  significant. 

Since  gas  hydrates  can  also  be  formed  in  the 
absence  of  a  free  gas  phase  from  gases  dissolved 
in  hydrocarbon  liquids  when  water  is  present  (Katz,, 
1972),  their  formation  in  oil  reservairs may denude 
the  oil  of  lighter  hydrocarbons.  The  presence  of 
such  hydrates  in  shallow  northern  oil  reservoirs  or 
their  formation  in  the  reservoirs  during  production 
will.  add  to  the  complexities  of  production. 
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5 .  POTENTIAL GAS HYDRATE RESOURCES 

The  possibility of encountering  gas  hydrates  in 
subsurface  formations  can  be  assessed  by  using  the 
phase  stability  relationship  for  methane  hydrate 
and  known  subsurface  temperatures.  Such  an 
approach  as  described  in  Section  3  is  adequate to 
identify  those  areas  where  hydrates  may  be 
encountered  and  thus  for  example  may  present  a 
drilling  hazard  but  is  inadequate  to  determine  the 
gas  hydrate  reserve  in  an  area.  Extensive  sub- 
surface  temperature  observations  throughout 
northern  Canada  (Taylor  and  Judge,  1974,  1975,  1976) 
have  shown  that  the  right  geothermal  conditions  do 
exist  for  shallow  gas  fields, to depths of 1500 m 
or  more,  to  contain  hydrates.  Figure  2  shows  some 
measured  subsurface  temperatures  in  the  Mackenzie 
Delta-Beaufort  Sea  area  superimposed on the  hydrate 
stability  curve. 
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The  depth  ranges  of  methane  hydrate  stability 
determined  by  this  technique  are  shown for several 
selected  areas  in  Table 1. No definite  evidence 
of hydrates  has  been  reported  for  areas  other  than 
the  Mackenzie  Delta. 

TABLE 1 P r e d i c t e d   L i m l t l  of Methane H y d r a t e   S t a b i l i t y  
a t   S e l e c t e d  Wells i n  Nm-them Cnnnda 

RANGE OF TOTAL 

LOCATION LAT. N LONG. W TOP BASE WELLS 
COORUINATES STABILITY (m) N O .  

1 .  Plackeneie   Delta 

~." "" 

(East) 69" 38' 132O 22' 1'10 1R60 I1 
68' 47 '  13b0 8 '  230 590 

69" 25'  135' 51'  None 
(weat)  69'' 19' 135" 20' 340  (730) 4 

2 .  Wrstvrn  Arct ic  76' 40'  116" 41' lb0   1100 5 
I s l a n d s  74" 39' 113' 23 '   140  8bO 

3.  Central Sverdrup 76' 22' 103' 58'  140  1270 11 
B W i "  76' 27' 108' 29' Nolle 

4 .  M s t r m  Arct i c  80' 45 '  83' 5 '   1 8 0  960 3 
I s l a n d s  79' 59' 84O 4 '   1 4 0  690 

5 .  Arctic P la t form 14' 41' 94' 54'   140 (1390) 3 
69O 4' 79O 4' 160 (800) 

6 .  Nackeneie V a l l e y  65O 33' 12h0 36' None b 
and Yukon 66' 11 '  138' 42 '  None 

The most significant  hydrate  occurrence  is  in 
the  Mackenzie  Delta  at  Mallik  where  hydrate 
associated  with  free  gas i s  considered to cap  the 
free  gas  (Figure 3). 

140' 13,5O 1300 
'2 .a 
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A r c t i c  circle 
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H drote Hqr Not Been Noted 
Akova The 5OOm Contour) 

Fig. 3 
Between  the  depths of 820 m  and  1111 rn in  the 

Mallik  L-38  well,  79 rn of hydrate  and  27 m of 
associated  free  gas  are  interpreted  to  be  present. 
The  hydrated  horizons  are  estimated to underlay 
an  area of I800 ha  from  which  a  total  of 
0.65 x 1091~3 potential  volume  is  calculated  using 
an  average  net  thickness  of 36 m.  Since  lm3  of 
hydrate  contains  164m3  of  methane*,  at  a  pressure 
of  1 atmosphere  and  a  temperature of O°C, the 
possible  gas  resource  present  in  the  hydrate is 
21 x lo9  standard m3 for  a  reservoir  porosity  of 
20%. A rough  analysis of the  geological  struc- 
tures  which  could  contain  gas  hydrates  in  the  area 
under  the  900 m contours  indicates  a  possible  in- 
place  reserve  of 88 x 1o9m3.  These  figures  are 
tentative.  The  associated  gas  is  not  considered 
economically  recoverable  at  present, Gas hydrate 
resources  in  the U.S.S.R. have  been  placed  as  high 
as 101b3 (Chersky  and Makogon, 1970). 

6 .  DETECTION OF GAS HYDRATES 

Drilling  Response 

To  date  the  detection of hydrates  has  been 
primarily  through  the  drilling  response,  Mud 
gasification  may  be  extremely  severe  when  a  gas 
hydrate  zone  is  penetrated.  An  enhanced  pro- 
duction o f  natural  gas  is  obtained  through  a 
breakdown of hydrate as a  result of increasing 
temperature.  Subsequent  conventional  drill-stem 
tests  of  the  section  typically  shows a straight- 
line  pressure  build-up  during  the  shut-in  period 
o f  a  type  normally  associated  with  zones of low 
permeabirity . 
*Since  dennity  and  composition  of  methane  hydrate 
do  not  depend  greatly on temperature  and  pressure 
the  quantity  of gas contained  in  unit  volume  of 
hydrate  varies  little  with  depth. 
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Interpretation of Seismic Data Other  Detection  Methods 

The  main  seismic  tools  for  determining  the  depth 
to,  and  thickness  of,  permafrost or hydrates  are 
the  Seismic  Reference  Service (SRS) log, velocity 
analysis  graphs  and  analysis  of  first  arrivals in 
seismic  reflection  profiles.  These  tools  utilize 
the  substantial  velocity  contrast  between  uncon- 
solidated  and  frozen  sediments. 

However,  because of the  similar  sound  velocities 
it  is  difficult  to  distinguish  between  frozen 
ground  and  hydrate  in  the  absence  of  thermal  data. 

Conventional  Wire-Line Logs 

Gas  hydrates  possess  physical  and  electrical. 
properties  similar  to  those of ice as might  be 
expected  from  their  similar  structures.  The 
similarities of acoustic  velocities (Stoll, 1974) 
and  electrical  properties  (Davidson  et  al.,  1977) 
and  density  result in similar  responses  in 
conventional  electrical,  sonic  and  nuclear  logs. 
As Bily  and  Dick (1974) have  shown,  hydrate- 
bearing  sands  exhibit  relatively  high  resistivities 
on the  Dual  Induction  Laterolog  and  high  velocities 
on the  Sonic  Log.  The  latter  also  showed  cycle 
skipping  where  the  hydrate  was  exposed  to  warm 
drilling  mud  for  several  days. In several 
instances  the  Caliper  Log  showed  hole  enlargement 
in-the hydrate  zone,  presumably  the  result  of 
hydrate  disintegration.  Little  deflection  is  seen 
on the SP curve  opposite  hydrate  zones  although 
the  positive  response  does  contrast  with  the 
response  in  water - or free  gas - bearing  zones. 

Figure 4 shows  Caliper,  Spontaneous  Potential, 
Dual  Induction  Laterolog  and  Sonic  Log  responses 
to a  gas  hydrate  zone  (as  marked)  in  a  Mackenzie 
Delta  well. 

The  Dresser-Atlas  Carbon/Oxygen Log may  have 
some  application in the  detection of gas  hydrates, 
In this  method,  the  gamma  emissions  specific  to 
carbon  and  oxygen,  resulting  from  inelastic 
collisions  between 14 Mev  neutrons  and  these  atoms 
are  recorded.  Free  gas  detection  is  very  reliable 
(Lock  and  Hoyer, 1974) but  the  possible 
application to hydrates  has  not  been  explored. 

Two  non-destructive  methods of detecting  and 
partially  analysing  the  composition  of  gas 
hydrates  in  the  laboratory  reported  by  Davidson 
et  al.  (1977)  may  have  application;  these  both 
depend on the  unique  ability  of  the  encaged  guest 
molecule  to  rotate  and on the  differences  of 
rotation  rates of different  hydrocarbon  molecules. 

7 .  CONCLUSIONS 

Although known Canadian  gas-hydrate  resources 
are  small  and  uneconomic  at  present,  they 
represent  a  potential  source o f  future  energy. 
A signifieanr  amount  of  Mackeazie  Delta gas 
may  occur in the  hydrated form. 

The  most  extensive  hydrate  deposits  probably 
occur  as  structure I, but  some  structure I1 
hydrate may occur  even  at  a  relatively low 
content of propane  and  butane.  Although 
conventional  logging  methods  can  detect  hydrates 
under  favourable  conditions,  they  cannot  easily 
detect  structure I1 hydrate  in  horizons  which 
contain  excess  methane-rich  gas  and  which  lie 
either  above  or  below  the  structure I stability 
zone.  Analysis  of  gas  from  such  horizons  is 
expected  to  reflect an increasing  concentration 
of heavier  hydrocarbons  as  hydrate  decomposes. 
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The  existence of gas  hydrates  can  cause  problems 
during  the  drilling  or  production of wells  and  even, 
as  past  experience  has  shown,  result  in  severe  gas 
kicks  which  are  hazardous  to  personnel  and  equip- 
ment.  Such  hazards  may  best  be  avoided  by  use o f  
operating  procedures  which  minimize  the  decompos- 
ition of hydrate. 

Low  mean  surface  temperatures  and  geothermal 
gradients  are  prerequisites  for  natural  occurrence 
of gas  hydrates,  whose  distribution  and  properties 
require  further  study.  There i s  a need  for  more 
extensive  measurement  of  subsurface  temperatures 
(especially  acrose  hydrated  sections)  and of gas 
compositions  and  their  variation  with  time. 
Measurement of the  physical  and  chemical  properties 
of recovered  pressurized  hydrate-containing  cores 
would  provide  much  useful  data.  New  geophysical 
methods  of  detecting  hydrates  are  needed, as are 
in situ  studies of methods  for  producing  natural 
gas  from  gas-hydrate  reservoirs. 
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