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PREFACE 

To determine t h e  ~ ~ h y s i c a l  p ropcr t i c s  of t h e  media requircd t o  

s imulate the  moon i n  model experiments, it is necessary t o  obta in  

a  f u l l  understanding of t h e  na ture  of the  media with which one i s  

deal ing  i n  the  moon. Permafrost has been assumed as one p o t e n t i a l  

ingredient  of t h e  lunar  environment. What is permafrost? The 

following a r t i c l e  provides a  d e f i n i t i o n  of permafrost ,  a  discussion 

of i t s  physical  p r o p e r t i e s ,  and inferences concerning the  manner i n  

which it may be modeled. 

October 1970 



SUMMARY 

Some d e f i n i t e  c r i t e r i a  f o r  t h e  occurrence of permafrost  a r e  e s t a b l i s h e d .  

I t  i s  shown t h a t  s l i g h t  changes i n  temperature w i l l  upse t  t h e  thermal  

balance t h a t  c o n t r o l s  t h e  occurrence of  permafros t ,  t hus  caus ing  changes 

i n  i t s  th i ckness  and e x t e n t .  

~nhomogene i t i c s ,  such a s  i c e  and b r i n e  i n c l u s i o n s  and " t a l i k s , "  

which can produce changes i n  e l e c t r i c a l  conduc t iv i ty  of an a r e a ,  a r e  

d iscussed .  

It is  i n f e r r e d  t h a t ,  i f  permafrost  does e x i s t  l o c a l l y  o r  ub iqu i tous ly  

i n  t h e  luna r  c r u s t ,  it could very  well  e x h i b i t  t h e  wide ranges  of conduc t iv i ty  

and d i e l e c t r i c  cons t an t  a s  found on Ear th .  Therefore,  t h e  model s t u d i e s  

of t h e  moon should be  c o n s i s t e n t  wi th  t h e s e  range v a r i a t i o n s .  



PERMAFROST 

Jose Se ixas  Lourenco and Stan l ey  H. Ward 

Permafrost, o r  permanently frozen ground, i s  a widespread phenomenon 

i n  the  northern p a r t s  of North America and Eurasia,  and i n  Antarct ica.  

Between 40  and 50 per  cent  of Canada's t o t a l  land surface  of 3.8 mi l l ion  

square miles is underlain by permafrost.  The t o t a l  land a r e a  of the  USRR 

exceeds 8 mi l l ion  square miles of which 47 per  cen t  i s  underlain by perma- 

f r o s t .  Altogether ,  about one- f i f th  of a l l  t h e  land a rea  of the  world is 

underlain by permanently frozen ground. 

Although the  exis tence  of permanently frozen ground has been known 

f o r  a  long time, r e l a t i v e l y  l i t t l e  comprehensive and systematic work had 

been done i n  t h i s  f i e l d  u n t i l  about th ree  decades ago when scores of Russian 

s c i e n t i s t s  began an in tens ive  research  e f f o r t ,  which a l ready has brought 

extensive r e s u l t s .  W e  know t h a t  the re  i s  a  marked decrease i n  rock conduc- 

t i v i t y  a t  temperatures below O°C and t h a t  the  e l e c t r i c a l  conductivi ty of 

permafrost can be a s  high a s  1 x mho/m. On t h e  o the r  hand, it i s  

important t h a t  t h e  ex ten t ,  th ickness ,  and e l e c t r i c a l  p r o p e r t i e s  of perma- 

f r o s t  be determined more in tens ive ly  and extens ively  than here tofore .  

The purpose of t h i s  r epor t  is  t o  d iscuss  the  physica l ,  mechanical, 

and e l e c t r i c a l  p roper t i e s  of  frozen ground. The f i r s t  sec t ions  cons i s t  of 

genera l  desc r ip t ions  of permafrost:  th ickness ,  formation and growth, c l ima t i c  

e f f e c t s ,  and thermal regimes. 

DEFINITION OF PERMAFROST 

Permanently frozen ground, o r  permafrost,  i s  defined a s  s o i l  o r  o the r  

s u p e r f i c i a l  depos i t ,  o r  of bedrock, a t  a  va r i ab le  depth beneath the  surface 

of the  e a r t h  i n  which a  temperature below f reezing has exis ted  cont inual ly  

f o r  a  long time (from two t o  t e n s  of thousands of y e a r s ) .  Permanently 

frozen ground is defined exclusively on the bas i s  of temperature, i r respec-  

t i v e  of t e x t u r e ,  degree of indura t ion ,  water content ,  or  l i t h o l o g i c  charac ter .  

Since s t  4s defined on the hasi s of temperature, it may conqi  st of dnv 

type of na tu ra l  or  ar t i f i c i d l  ma te r i a l ,  whether c o n s o l ~ d a t c ?  h.7 rc7c or not 

Ice is  recognized a s  one of the  most important components, and it i s  conven- 

i e n t  t o  r e f e r  t o  the  water content  (genera l ly ,  hut not always, a s  " i c e ,  " )  
I 



i n  t e r m s  of t he  available pore space. T h u s ,  the 11-1atcriaL is '"saturated" i f  

it cor~ ta ins  a s  ,nu.ci.l i.ec as  pore space; i . t  i s  "si~persatilra.tecI" it contains 

more i c e  than pore space; and it i s  '"ndersaturated" i f  it conta ins  l e s s  i c e  

than pore space. For p r a c t i c a l  purposes i n  the  f i e l d ,  when exact  moisture 

r e l a t ionsh ips  a r e  not ava i l ab le ,  it is  r e l a t i v e l y  easy t o  d i s t i n g u i s h  these  

main types of mater ia ls  with the  a i d  of a hand lens (Black, 1954). Super- 

sa tu ra ted  mater ia l  invar iably  contains v i s i b l e  i c e  i n  cement, granules,  

v e i n l e t s ,  and o ther  forms t h a t  separa te  individual  p a r t i c l e s  of rock o r  

s o i l .  Saturated rock has a l l  pores f i l l e d  with i c e ,  and sa tu ra ted  sediment 

i s  f i rmly  cemented with i c e  but  lacks v i s i b l e  granules and v e i n l e t s  of i c e  

separa t ing  individual  g ra ins  of the  hos t  mater ia l .  Undersaturated mate r i a l  

conta ins  pores v i s i b l y  lacking i n  i c e  and commonly i s  f r i a b l e .  

The phenomenon of permanently frozen ground is  a l s o  known a s  "perma- 

nent ly  frozen s o i l "  o r  even "frozen s o i l " ;  but  it is believed t h a t  the  

expression "permanently frozen ground" is the  most appropr ia te ,  p a r t i c u l a r l y  

a s  the  permanently frozen condit ion commonly extends well  below the  l e v e l  

of s o i l  and i n  many cases a f f e c t s  even a more o r  l e s s  so l id  bedrock. The 

expression permanently frozen ground, however, is usual ly  replaced by the  

cont rac t ion  "permafrost,  " 

Ground with a temperature below O°C bu t  containing no i c e  a s  cementing 

substance is ca l l ed  "dry frozen cjround." I f  it i s  permanent it is  c a l l e d  

"dry permanently frozen ground" o r  "dry permafrost.  I' A l i s t  of terms 

pe r t a in ing  t o  the  frozen ground phenomena appears a t  the  end of t h i s  r epor t  

(from Muller, 1947) , 

PERMAFROST DISTRIBUTION AND A I R  TEMPEmTUF33 

Many inves t iga to r s  have made est imates of what mean annual a i r  temper- 

a t u r e  is required t o  produce and maintain a permanently frozen condit ion i n  

the  ground, but  there  i s  much disagreement on t h i s  matter ,  One inves t iga to r  

reported t h a t  the  southern l i m i t  of permafrost coincides very roughly with 

the 0°C  mean anriual isotherm (Terzag'ni 1952)- I n  CanaGa t h i s  c e r t a i n t y  does 

n o t  hold t r u e ,  bcacause this I sotherl-n l ice ;i ~wnsriclerable distance sou 'ch of 

krlmr, are 4s fit C' iC 2 ) r aL i  ncc)i1? i>c;il,r\oiiosi Li.i~ t h c ; ~  ~ n v t ; t L q a ~ o r  repor Led t h a t  

rhe mean arrnua?. 211" tempercat~~re rcc lu rvc~c i  t o  produce permafrost vdeies nrany 

dcyrees because of local  eond i t l ons  and suqqested t h a t  i t  is  q e ~ e r a l l y  



between 2bg0F and 30°P (B 1 ack, 195f3) . In a climatic hypothes is  of t h e  o r i g i n  

of permafrost, tt w a s  suggested t h i , t  thc southern boundary co inc ides  approx- 

imate ly  wi th  t h e  -2OC isotherm ( N i k i f o r o f f ,  1928) ,  West of Hudson's Bay 

t h e r e  is  some s i m i l a r i t y  between t h e  p o s i t i o n  of t he  25OF m a n  annual 

isotherm and t h e  southern l i m i t  of permafrost .  I n  t h e  Yukon T e r r i t o r y ,  

however, t h e  30°F isotherm l i e s  much nearer  t h e  approximate southern l i m i t .  

I n  Manitoba t h e  known l i m i t  of permafrost  c u t s  d iagonal ly  from the  25OF t o  

t h e  30°F isotherm, I n  Ungava t h e  permafrost  l i m i t  l i e s  f a r  no r th  of t he  

25OP isotherm, b u t  i n  Labrador t h e r e  appears  t o  be some coincidence between 

t h i s  isotherm and t h e  permafrost  l i m i t .  

I t  is  i n t e r e s t i n g  t h a t  t h e  isotherm f o r  t h e  mean annual  temperature of 

-2OC l i e s  south  of t h e  permafrost  boundary i n  most of  Canada, whereas i n  

t he  USSR it l i e s  cons iderably  south  of t h e  permafrost  boundary, b u t  on ly  

i n  western S i b e r i a .  Thus, a l a r g e  p a r t  of southern S i b e r i a ,  nor thern  Outer 

Mongolia, and Manchuria l i e s  south  of t h e  -2OC isotherm and no r th  of t h e  

permafrost  boundary. The permafrost  i n  t h i s  a r e a  is patchy and l i e s  so 

deep t h a t  it i s  no t  i n  equi l ibr ium wi th  t h e  p re sen t  c l ima te  and must be 

a r e l i c t  of a co lde r  c l imate .  The same s i t u a t i o n  may have ex i s t ed  i n  Canada. 

Severa l  f a c t o r s  may cause t h e  permafrost  t o  extend so f a r  south i n  

e a s t e r n  Asia.  The land mass of e a s t e r n  Asia i s  much l a r g e r  than  t h a t  of 

North America, r e s u l t i n g  i.n a more c o n t i n e n t a l  c l imate .  I n  July the  mean 

monthly a i r  temperatures  a r e  about  t h e  same a s  those  of no r the rn  Canada, 

b u t  i n  January they  a r e  20 t o  30°F lower. This  means both r eg ions  have s i m -  

i l a r  thawing i n d i c e s ,  b u t  wi th  much higher  f r eez ing  i n d i c e s  and more f avo rab le  

cond i t i ons  f o r  permafrost  t o  form and p e r s i s t  i n  Asia than  i n  nor thern  Canada. 

Attempts have been made i n  Canada t o  r e l a t e  permafrost  d i s t r i b u t i o n  

and f r eez ing  i n d i c e s .  The f r e e z i n g  index f o r  any l o c a l i t y  i s  t h e  y e a r l y  

sum of t h e  d i f f e r e n c e s  between 32'F and t h e  d a i l y  mean temperature of t h e  

days wi th  means below 32OF (F ig .  I ,  from Morgan and Maxwell, 1965).  

A s t a t i o n  with a high f r eez ing  index should have permafrost  i f  i t s  

thawing index is  :low, If its thawing index i s  h igh ,  as  i n  t h e  interr ior  

of t h e  con t inen t  where the  cLirna.te i s  extreme, then summer heating with  

counteracti .ng win te r  coo%i.ng and t h e  formation of permafrost  i s  i n h i b i t e d  



(see  Fig ,  2, from Morgan and. MaxweLI, 1965) , Simil.arLy, a s t a t i o n  with a 

Low f reez ing index can have permafrost i f -  i t s  thawing index i s  a l s o  low, 

a s  i n  maritime l o c a l i t i e s .  

I t  i s  evident  t h a t  the re  i s  not a c lose  r e l a t ionsh ip  between permafrost 

d i s t r i b u t i o n  and a i r  temperature, Because so many factors-  c l i m a t i c ,  su r face ,  

and geothermal- a f f e c t  the  occurrence oE permafrost,  predic t ion  of i t s  d i s -  

t r i b u t i o n  cannot be based so le ly  on t h i s  one c l imat ic  f a c t o r .  Nevertheless,  

examination of the  southern l i m i t  of permafrost a s  known a t  p resen t  and of 

a i r  temperature p a t t e r n s  r evea l s  the  exis tence  of a very broad r e l a t i o n s h i p  

(Figs.  3 and 4 ,  from Morgan and Maxwell, 1965). 

FORMATION AND GROWTH OF PERMAFROST 

Permafrost can e x i s t ,  and therefore  could have o r ig ina ted ,  only where 

the  mean annual temperature i s  below O°C. There a r e  s t i l l  some d i f fe rences  

of opinion a s  t o  the  exact  minimum temperature required,  bu t  it i s  now 

genera l ly  agreed by most authors t h a t  permafrost f i r s t  appeared during 

t h e  r e f r i g e r a t i o n  of the  Ear th ' s  surface  a t  the  beginning of the  Ple is tocene  

o r  Ice  Age, perhaps a mi l l ion  years  ago. I t  i s  a l s o  general ly bel ieved 

t h a t ,  during the  subsequent periods of c l ima t i c  f luc tua t ions ,  corresponding 

changes must have taken place i n  the  thickness and a r e a l  ex ten t  of permafrost.  

Although the  r e l i c t  nature of permafrost appears t o  be es t ab l i shed ,  it 

is equally c e r t a i n  t h a t ,  a t  l e a s t  i n  some a reas ,  permafrost is forming during 

the  present  c l imate ,  

Several  f a c t o r s  determine whether a s o i l  w i l l  f reeze  permanently. Tem- 

pe ra tu re  of the  a i r ,  p r e c i p i t a t i o n ,  cloudiness,  and d i rec t ion  of p reva i l ing  

winds obviously a f f e c t  surface  layers ;  but  covering, t ex tu re ,  wa-ter con ten t ,  

and degree and d i r e c t i o n  of exposure a l s o  play a p a r t .  A l l  t hese  f a c t o r s  

inf luence  the  depth t o  which a wet s o i l  f r eezes  and the  r a t e  a t  which it 

freezes .  

Apart from cl imate,  the  most important f a c t o r  i n  promoting and preserving 

p e r m f r o s t  i s  ?he Phevnml  c o n d u c t ~ v r t y  ak t h e  s o i l ,  Dif ferent  s o i l s  and 

rocks v a ~ y  WJLCJPI v 7 fi the; r t11orrnlT conduct ;I-i ty, brlt Spc-ause I cc 1s it muck 

be t t e r  eonducror than w a t e r ,  t h e  freezrnq of any krnd of so11 invariably 

sncreases i t s  condut t iv i ty .  I t  fol lows,  the re fo rc ,  t h a t  t h e  amount of hcat  



t r ans fe r red  from a krozen s o i l  t o  the  a i r  during a winter  day w i l l  be g rea te r  

than the  amount t r a n s l e r r e d  from the  a i r  throuyh ihe  unfrozen s o i l  durinq a 

summer day, when thc  temperature r a t i o  between ground and a i r  i s  exact ly  

reversed.  Thc thermal conductivi ty of the  qround cannot a l t e r  t h e  temperature 

a t  which t h c  ground begins t o  f r eeze ,  but  it can q r e a t l y  a f f e c t  the  r a t e  of 

f rccz inq,  , ~ n d  the  depth to which thc  f r o s t  pene t ra te s .  I t  would seem t o  have 

been the  dec i s ive  f a c t o r  i n  determininq how f a r  down i n  the  ground the  perma- 

f r o s t  could extend before f u r t h e r  accumulation became impossible-other than 

by a change of c l imate .  

Let us  t r y  t o  explain the  g r e a t  thickness of permafrost i n  many places ;  

i . e . ,  i t s  ex ten t  i n  depth t o  hundreds of f e e t  below the  l e v e l  of present-day 

zero annual amplitude. We know t h a t  a t  various per iods  i n  the  p a s t  the  

cl imate over a g r e a t  p a r t  of the  northern hemisphere has been very much 

colder  than it i s  today. During any one of these  cold ages the  l e v e l  of 

zero annual amplitude, which f l u c t u a t e s  s l i g h t l y  even during short-period 

c l ima t i c  cyc les ,  must have extended t o  a much g rea te r  depth than i s  poss ib le  

under present  condit ions.  One may reasonably conclude, the re fo re ,  t h a t  

permafrost could become embedded t o  a very considerable depth during one o r  

more of the  harsher ages,  y e t  not  disappear e n t i r e l y  i n  the  succeeding milder 

periods.  During the  milder per iods ,  s o i l  could accumulate over t h e  perma- 

f r o s t  and bury it s t i l l  deeper, bu t  t h i s  s o i l  i n  t u r n  would become permanently 

frozen when t h e  al imate de te r io ra ted  again (Fig. 5, from Jenness,  1969) . I n  

t h i s  way the  permafrost could become th icke r  and th icke r  under successive 

cold and warm per iods  u n t i l ,  i n  t h e  end, it reached a s t a t e  of equil ibrium, 

when any increase  a t  the  surface  would be counterbalanced by a thawing a t  

t h e  base brought about by a r i s e  of temperature with pressure .  The depth a t  

which t h i s  s t a t e  of equil ibrium would be reached depends on c l imate ,  s o i l ,  

and o ther  f a c t o r s ,  and would the re fo re  vary from one region t o  another. 

This theory of permafrost growth read i ly  explains the  occasional  presence 

of a b e l t  of unfrozcn qround ( a  t a l i k )  , not on top of thc  prescnt  r ) c r m f r o s t ,  
-- 

b u t  dc.c.p w i t l l  i n 7 t , F c l r  ~ ) P I  OW th<: l f - v ~ l  or  z(>rO annual ampl ~ t u d ~ .  1 l i .; hdrtii  y 

conce ivab l  t h a t  und(:rqround w a t c ~ r  can force i "c way throuqh dlrc-aciy Frozt%n 

soil and cause it t o  thaw o u t ,  This unfrozen belt, then, must represent c l t h e r  

the lower p a r t  of an ancient  a c t i v e  l aye r ,  which, i n  the  course of a long mild 



period became so th ick  t h a t  a  recurr ing  cold  age f a i l e d  t o  f r eeze  it t o  t h e  

bottom, o r  e l s e  it was an aqu i fe r  within t h a t  ancient  layer  t h a t  f a i l e d  t o  

f r e e z e  because of high minera l iza t ion  o r  hydros ta t i c  pressure.  

MECHANICAL PROPERTIES OF PERMAFROST 

Physical  p roper t i e s  of frozen ground depend on t h e  composition, t e x t u r e ,  

content  of i c e ,  and temperature of t h e  frozen ground, but  the re  i s ,  a s  y e t ,  

no c l a s s i f i c a t i o n  i n  which a l l  these  f a c t o r s  a r e  taken i n t o  account. Further-  

more, i n  enginecrinq p r a c t i c e  it is equally important t o  consider the  p roper t i e s  

of unfrozen o r  thawed ground. 

Thawed ground is s l i g h t l y  d i f f e r e n t  i n  i t s  physical  p roper t i e s  from 

ground t h a t  has not  been subjected t o  f r eez ing ,  even though they may be a l i k e  

i n  composition, t e x t u r e ,  and moisture content .  This d i f f e rence  i s ,  apparent ly ,  

due t o  the  f a c t  t h a t  some time e lapses  before thawed ground " s e t t l e s "  o r  

a t t a i n s  its normal s t r u c t u r e ,  on which depends i t s  a b i l i t y  t o  support  a  load. 

It is  an es tabl i shed f a c t  t h a t  the  compressive s t r eng th  of ground frozen 

f o r  the  second time is considerable l e s s  than t h a t  of ground t h a t  has been 

frozen only once. Solid bedrock is  comparatively l i t t l e  a f fec ted  by f reez ing  

and is the re fo re ,  f o r  the  most p a r t ,  l e f t  ou t  of the  considerat ion.  The 

following discuss ion is  devoted almost e n t i r e l y  t o  normally unconsolidated 

mate r i a l s  ( a s  l i s t e d  i n  Table 1, from Muller, 1947). 

I ce  f i l l s  some o r  a l l  of the  i n t e r s t i t i a l  space between the  mineral 

gra ins  i n  frozen ground and a c t s  a s  a  cement. Mechanical proper t ies  of 

frozen ground, the re fo re ,  tend t o  approach those of i c e .  The r e l a t i v e  s t r eng th  

of i c e  under d i f f e r e n t  s t r e s s e s  depends on i t s  s t r u c t u r e ,  a s  well  a s  t h e  

temperature and t h e  nature of surrounding condit ions.  Compressive s t r eng th  

of i c e  a l s o  depends on t h e  r a t e  of increase  of pressure and on the  d i r e c t i o n  

of forces  with reference  t o  the  axes of i c e  c r y s t a l s .  I ce  w i l l  withstand 

a much g rea te r  pressure  i f  the  force  is  d i rec ted  p a r a l l e l  t o  r a t h e r  than 

perpendicular t o  the  long a x i s  of a  c r y s t a l .  I n  i c e  formed over a body of 

water ,  the  long axes of c r y s t a l s  a r e  normal t o  the  water surface ,  

T h e  strength of i c e  varies over a large range,  depending on a t s  q t r o c t u r e  

River ice  with well-developed s t r u c t u r e  has a compressive screnqth a t  -1.6 'C 

of 127 ~ ~ / c m ~  when a force  is  applied p a r a l l e l  t o  t h e  c r y s t a l  a x i s  and only 



74 ~ ~ / c r n '  when a forcc I S  dppl i e d  at r-1 qht angles to this ~1x1s. Anothcr 

property of i c e ,  important i n  some enqineering problems, i s  the bend inq  

s t r eng th  of i c e .  Experimental da ta  on thxs property is shown i n  Table 2 

(from Tsytovich and Sumgin, 1937). 

The bending s t r eng th  of i c e  depends more d i r e c t l y  on the  o r i e n t a t i o n  

of c r y s t a l s  than i s  the  case with o the r  types of s t r e s s e s .  In genera l ,  

t he  amount of deformation i n  i c e  is  d i r e c t l y  propor t ional  t o  the  load and 

inverse ly  propor t ional  t o  t h e  c o e f f i c i e n t  of v i s c o s i t y .  I t  i s  shown i n  

Figure 6 (from Tsytovich and Sumgin, 1937) t h a t  the  c o e f f i c i e n t  of v i s c o s i t y  

of i c e  va r i e s  markedly with temperature. 

Frozen qround with pores completely f i l l e d  with i c e  is  suscept ib le  t o  

deformation, the  amount of which v a r i e s  with temperature and pressure .  With 

the  r i s e  of temperature, the  deformation of i c e  becomes more in tense  and i t s  

p l a s t i c i t y  and flowage become more pronounced. When the  i c e  begins t o  mel t ,  

t h e  charac ter  of the  ground underneath t h e  i c e  is completely changed and i t s  

deformation is  g r e a t l y  i n t e n s i f i e d  even without t h e  app l i ca t ion  of add i t iona l  

load. 

The compressive s t r eng th  of frozen ground increases  with the  lowering 

of temperature. Compressibi l i ty of sand v a r i e s  with the  amount of moisture 

( i c e )  and reaches a maximum when the  pores a r e  completely f i l l e d  with i c e .  

The compressive s t r eng th  of c lays  decreases with the  increase  of moisture 

content .  The behavior of d i f f e r e n t  frozen grounds under compression is 

i l l u s t r a t e d  i n  Table 3 and Figure 7 (from Tsytovich and Sumgin, 1937) and 

i n  Figure 8 (from Muller , 1947) . 

The shearing s t r eng th  of frozen grounds depends pr imar i ly  on tempera- 

t u r e  and, t o  a much l e s s  e x t e n t ,  on the  content  of moisture ( i c e )  and the  

t ex tu re  of t h e  ground. The increase of moisture ( i c e )  content  tends t o  

increase  the  shearing s t r eng th  of the  ground; bu t  a f t e r  a c e r t a i n  maximum 

addi t ion  of water ( i c e ) ,  tends t o  reduce the  shearing s t r eng th  of t h e  ma te r i a l ,  

See Tables 4, 5 (from Tsytovich and Sumgin, E937), and Figure 9 (from Muller, 

1947) . 

Therma.1 conductivity of ice is several times greater than that of water, 

Frozen ground, therefore, has a much higher thermal conductivity than the 

same ground i n  an unfrozen s t a t e .  The c o e f f i c i e n t  thermal conductivi ty of 



ground i s  the  quan t i ty  of heat  i n  kilogram c a l o r i e s  t h a t  pass throuqh a 

surface  of 1-square-meter of mater ia l  during 1 hour t o  another surface  

of the  same mater ia l  1 meter away, with 1 degree d i f fe rence  i n  temperature 

between the  two surfaces .  

The ehermal conduct iv i ty  of a  given ground a t  d i f f e r e n t  temperatures 

is  va r i ab le .  A t  temperatures below zero, the  thermal conductivi ty i n  t h e  

frozen ground gradually r i s e s ,  but  a t  zero degrees centigrade the re  i s  a 

sharp drop; and with rhe  f u r t h e r  r i s e  of temperature, the  thermal conduct iv i ty  

again &adually increases .  A s imi la r  r e l a t i o n s h i p  is  a l s o  observed i n  water.  

The r e s u l t s  of inves t iga t ions  on the thermal conduct iv i ty  of the  most 

c h a r a c t e r i s t i c  grounds, c l ay ,  sand, and of water a r e  shown i n  Figure 10 (from 

Muller, 1947).  From these  graphs it can be seen t h a t  the  thermal conduct iv i ty  

a t  the  f reez ing po in t  inc reases ,  on t h e  average, 3.7 times f o r  water ,  3 times 

f o r  sand, and 1.5 t i m e s  f o r  c lay .  I t  w i l l  be a l s o  observed t h a t  the  thermal 

conductivi ty of sand i s  approximately ha l f  t h a t  of c lay .  Very l i t t l e  in fo r -  

mation is ava i l ab le  on the  thermal conductivi ty of p e a t ,  which i s  widespread 

i n  the  Arc t i c  regions.  However, it i s  known t h a t  pea t  'can absorb water up 

t o  300% of i t s  volume. I t  i s  therefore  permissible t o  assume t h a t  t h e  thermal 

conductivi ty of sa tu ra ted  p e a t  w i l l  be c lose  t o  t h a t  of water,  which, i n  the  

range of temperatures from O0 t o  20°C w i l l  be about 0.5 k ~ a l . m / h / m ~ / ~ ~ ,  b u t  

i n  a  frozen s t a t e  it w i l l  be about 2.0 k ~ a l . m / h / m ~ / ~ ~ .  Dry pea t ,  which is  

commonly used a s  an i n s u l a t i n g  mate r i a l ,  has the  thermal conductivi ty coef- 

f i c i e n t  of 0.06 k ~ a l . m / h / r n ~ / ~ ~  u n i t s .  I t  w i l l  be thus  seen t h a t  t h e  thermal 

conduct iv i ty  of peat  w i l l  vary between wide l i m i t s  depending upon the  amount 

of moisture, compacting, and whether o r  not the  mater ia l  i s  frozen.  I t  can 

be thus  concluded t h a t  during summer a g rea te r  amount of heat  is  t r ans fe r red  

through water-saturated p e a t  i n t o  the  underlying l aye r s  of s o i l  than through 

d ry  peat .  I n  winter ,  when water-saturated peat  i s  f rozen,  the  heat  i s  t rans-  

f e r red  i n  the  opposi te  d i r e c t i o n  from the  s o i l  i n t o  the  a i r  and the  amount 

of heat  passed i n t o  the  a i r  w i l l  thus  be four times a s  g rea t  a s  the  heat  

passed i n t o  the  ground during the  summer. When d r i e d ,  t h i s  negative factor  

of loss of h e a t  may be considerably decreased, From t-he above i t  c a n  he 

e a s i l y  seen t h a t  such an exchange of heat  through peat  w i l l  have a marked 

e f f e c t  on the  formation of permafrost.  



The thermal conductivi ty of ground a l s o  depends o n  i t s  s t r u c t u r e ,  I n  

grounds of s imi la r  t e x t u r e ,  with a decrease of s p e c i f i c  g r a v i t y ,  t h e r e  r s  a 

decrease of thermal conductivi ty.  

l'hermal conductivi ty of d i f f e r e n t  ma te r i a l s  i s  given i n  T&le 6 

(from Bykov and Kaptcrcv, 1940). 

A METHOD FOR THE: COMPILATION OF MAPS OF THE ELECTRIC CONDUCTIVITY OF ROCKS 

The d r a f t i n g  of a d e t a i l e d  map of the  e l e c t r i c  conduct iv i ty  of frozen 

rocks from i n  s i t u  observations would requi re  a tremendous number of obser- 

va t ions .  I n  p r a c t i c e ,  t h i s  type of mapping is  not f e a s i b l e .  

Yakupov (1969) suggested a method f o r  the  compilation of maps of the  

e l e c t r i c  conductivi ty and o the r  physica l  p roper t i e s  of rocks;  h i s  method 

makes it poss ib le  t o  r e s t r i c t  t h e  observations t o  r e l a t i v e l y  small ,  but  

c a r e f u l l y  se lec ted  o b j e c t s ,  a s  described below. According t o  Yakupov's 

method, a l i t h o l o g i c a l  map is the  b a s i s  f o r  t h e  compilation of a map. 

F i e l d  observat ions ,  a s  well  a s  o t h e r  observations,  a r e  made i n  order  t o  

obta in  comprehensive da ta  on the  rock p roper t i e s  and t h e i r  dependence on 

l i t h o l o g i c a l  d e t a i l s .  

This method was used t o  draw a map of the  dc e l e c t r i c  conductivi ty 

of frozen rocks i n  t h e  Northeastern p a r t  of the  USSR (Fig. 11, from Yakupov, 

1969).  The map charac te r i zes  the  contemporary erosion p r o f i l e  and i n d i c a t e s  

t h e  e l e c t r i c  conduct iv i ty  of the  subjacent  rocks i n  the  region i n  which 

epigenet ic  multiple-veined i c e  formation has developed. 

The bas i s  f o r  the  map includes l i t h o l o g i c a l  a s  well  a s  cryogenic s t ruc -  

t u r a l  f ea tu res  of t h e  frozen layers .  The composition of t h e  sediment l aye r  

was determined from a p a r t i c u l a r  rock v a r i e t y  which dominates i n  the p r o f i l e .  

Facies  changes within l aye r s  of the  same age were es t ab l i shed .  Among the  

i n t r u s i v e  rocks,  the  most widely found g ran i t e s  and gronodior i tes  were s ingled  

o u t ,  along with u l t r a b a s i c ,  b a s i c ,  neu t ra l ,  and a lka l ine  rocks.  The porous 

sediments can be subdivided i n t o  four c ryo l i tho log ica l  groups: I )  syngen- 

e t i c a l l y  frozen a l l u v i a l  sediments of r i v e r  va l leys  in the  mountain zones; 

2 )  alluvial and l a c u s t r i n e  - a l  luvi al sedr~rnents of the foo"i11ilL l o ~ l a i l d s ,  

which were syngenet ica l ly  frozen; 3 )  epigenet rca l ly  frozen a l l u v i a l  and 

l a c u s t r i n e -  a l l u v i a l  sediments of the  marsh lowlands; 4 )  ep igene t i ca l ly  

frozen sediments of t h e  g l a c i a l  group ( g l a c i a l  till, g l a c i a l  sands, varved 

c lays )  . 



Data from measurements of the  s p e c i f i c  e l e c t r i c  r e s i s t a n c e  of frozen 

rock from the  parameter curves obtained by e l e c t r i c  sounding with d i r e c t  

cu r ren t  were used f o r  compiling the  maps. Data on excavated rocks and on 

f i n e l y  disperscd porous depos i t s  with a  la rge  cryotexture had been obtained 

from the  corresponding asymptotic sec t ions  of the  e l e c t r i c  sounding curves 

and were used f o r  p l o t t i n g  the  maps. Data on frozen porous depos i t s  had been 

obtained from e l e c t r i c  sounding curves recorded along sec t ions  i n  which the  

thickness of these  deposi t s  and t h e i r  l i t h o l o g i c a l  composition were known 

from prospecting work; these  da ta  were a l s o  used f o r  the  maps. 

Each s e t  of measurements of the  s p e c i f i c  e l e c t r i c  conduct iv i ty  of 

rocks of a  p a r t i c u l a r  type was considered a s  a  s e t  of values of a  s t a t i s t i c a l  

quant i ty .  Whenever a  s u f f i c i e n t l y  l a rge  number of measurements of the  

s p e c i f i c  e l e c t r i c  r e s i s t i v i t y  was ava i l ab le ,  empirical  d i s t r i b u t i o n  funct ions  

were ca lcu la ted  f o r  a l l  l i t h o l o g i c a l  v a r i e t i e s  of compact and porous rocks 

i n  both the  thawed and frozen s t a t e s ;  models of these  d i s t r i b u t i o n s  were 

determined. 

The s p e c i f i c  e l e c t r i c  r e s i s t i v i t y  of a  p a r t i c u l a r  rock group was 

indica ted  on t h e  map. To do t h i s ,  t h e  corresponding d i s t r i b u t i o n  function 

was used, t ak ing  i n t o  account t h e  minera l iza t ion  of t h e  subterranean 

waters ,  metamorphism c ryos t ruc tu re ,  and o the r  q u a n t i t i e s .  This es t imate  

was then re f ined  and checked aga ins t  ava i l ab le  da ta  on t h e  s p e c i f i c  

r e s i s t i v i t y  of rocks a t  p a r t i c u l a r  locat ions .  Natural ly,  the  i s o l i n e s  

usual ly  coincided with t h e  geological  boundaries. 

Due t o  sharp d i f fe rences  i n  the  e l e c t r i c  conductivi ty of frozen,  porous 

sediments and s o l i d  rocks, t h e  e l e c t r i c  conductivi ty i n  s i t u  i s  very i r r e g u l a r .  

With the  s c a l e  used f o r  t h e  map (1:2,500,000), t h e  d i s t r i b u t i o n  of t h e  

e l e c t r i c  conduct iv i ty  of rocks is smoothed o u t ,  and only regional  d i f f e rences  

v i s i b l e  i n  the  schematic representa t ion  used i n  the  f i g u r e  a r e  observed. 

There a r e  two groups of regions:  one with a  r e l a t i v e l y  high r e s i s t i v i t y ,  

of the  ordcr  of a few thousand ohm-rn and the  other with the  r e s i s t i v i t y  

of the  order  of 10:100,000, The f i r s t  group of regions i s  main ly  comprised 

of solid rocks; and the second,  f r ozen  porous sediments (p r imar i ly  &thin 

t h e  s u b a r t i c  lowlands).  The second group of regions i s  not  uniform i n  

e l e c t r i c a l  conduct iv i ty ,  



The d i s t r i b u t i o n  of t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  i s  mosaic- l ike,  

due t o  t h e  Large number of l akes  wi th  t a l i k s  underneath. The r a t i o  of 

s p e c i f i c  r e s i s t i v i t i e s  of porous sediments i n  t h e  t a l i k s  underneath t h e  

l a k e s  and i n  f rozen  sediments v a r i e s  from 1 : l O O  t o  1:1000. 

THE ELECTRICAL PROPERTIES OF PERMAFROST AND FROZEN ROCKS 

Typical  ve r t i ca l .  d i s t r i b u t i o n s  and th icknesses  of permafrost  a r e  pre- 

sen ted  i n  F igures  12 and 13  (from Morgan and Maxwell, 1965) .  Departures 

from t h e  t y p i c a l  models of F igures  12 and 13,  such as i c e  and b r i n e  inc lu-  

s i o n s  and t a l i k s ,  produce marked changes i n  e l e c t r i c a l  conduct iv i ty  of an 

a r e a .  I c e  and b r i n e  inc lus ions  and t a l i k s  a r e  t hus  two inhomogeneities.  

T a l i k s  can be expected beneath l a k e s  t h a t  do not  f r e e z e  t o  t he  

bottom dur ing  win ter .  For t h e  North American Arc t i c ,  l a k e s  deeper 

t han  7 f e e t  a r e  i n  t h i s  category.  Unfrozen l a y e r s  w i l l  appear between t h e  

a c t i v e  l a y e r  and t h e  permafrost .  

I c e  can occur i n  permafrost  a s  coa t ing  on p a r t i c l e s ,  o r  a s  l a y e r s  

o r  lenses .  The amount of included i c e  v a r i e s  with t h e  ma te r i a l .  Some 

e s t i m a t e s  f o r  va r ious  e a r t h  m a t e r i a l s  a r e  t abu la t ed  below: 

Mater ia l  So l id  Gravel 

Amount of I much 

much much much l i t t l e  l i t t l e  
included i c e  . 

Inc lus ions  of b r ine  i n  permafrost  a r e  very common. Ear th  ma te r i a l  

i s  never completely f rozen ,  s i n c e  pockets of b r ine  a r e  nea r ly  always 

found i n  permafrost .  

The electrical properties of raclcs and so j .1~;  i , e , ,  t h e  electrical 

r e s i s t i v i t y  and d i e l e l e c t r i c  cons tan t  a r e  g r e a t l y  a f f e c t e d  by t h e  amount of 



water in the pores and the concentration of ions in solution, When the 

water freezes in the pores of a rock, large variations in the electrical 

properties may also be expected. A knowledge of these electrical properties 

of frozen rocks is necessary if geoelectrical methods are to be applied 

efficiently in areas of permafrost. 

The freezing process in a rock and the effects of freezing on the 

electrical properties are complex phenomenon. Because of the many variables 

involved and some unknown factors, a qualitative rather than a quantitative 

approach should be used to evaluate experimental results. 

Freezing in rocks begins at slightly below 0 OC and continues at almost 

constant temperature until two factors become important in lowering the 

freezing point of the remaining liquid: 1) increase in pressure exerted 

on the.unfrozen liquid, and 2) increase in salinity of the unfrozen solution. 

Pressure on the unfrozen solution may be partially caused by adsorption 

at the solid-liquid interface. These forces, mainly electrical, are partic- 

ularly pronounced in clay-water systems because of the exchangeable cations 

lining the surface of the clay particles. The thickness of the adsorbed 

water layers and the magnitude of the adsorption forces depend on the nature 

of the solid and of the solution. The pressure is assumed to be the greatest 

at the interface and to decrease logarithmically with increasing distance 

from the solid. A complicating factor involved in these considerations is 

that water adsorbed on a clay particle has different characteristics from 

liquid water, and consequently, the effect of the adsorption pressure on 

the freezing point is not too clear. 

An added pressure on the unfrozen solution is caused by the volume 

increase of the portion of the solution which has become frozen. Pressure 

caused by this volume change will be greater for infilling water of high 

purity. 

The ions in solution also play an important role in the freezing- 

point depression of water. Figure 14 (from Hall and Sherrill, 1928) 

shows the freezlng point of a sodi-urn chloride solution as a function of 

concentration, at a pressure of 1 atmosphere, 



L , i t t l t :  l 'nformation has been published on the  e l e c t r i c a l  propcrkies 

of rocks below 0 OC. Smith-Rosc (1934) measured the  d i e l e c t r i c  cons tant  

and e l e c t r i c a l  r e s i s t i v i t y  of a s o i l  sample a t  a frequency of 1,200 k ~ z ,  

varying t h e  temperature from +30 t o  -30 OC. Ananyan (1958) measured t h e  

e l e c t r i c a l  r e s i s t i v i t y  of fine-grained rocks,  f o r  var ious  moisture con ten t s ,  

i n  the  range from +20 t o  -40 OC. I n  most cases ,  the  r e s i s t i v i t y  was found 

t o  increase  s l i g h t l y  with decreasing temperature down t o  0 O C .  A t  t h i s  

po in t ,  t h e  r e s i s t i v i t y  increased by a f a c t o r  of 10 t o  100 i n  a range of 

only a few degrees,  a f t e r  which it continued t o  increase  s t e a d i l y  wi th  

f u r t h e r  decrease i n  temperature. 

Measurements made by Dumas (1962) show t h a t  the  e l e c t r i c a l  r e s i s t i v i t y  

of sandstone cores  follow t h e  same t rend with decreasing temperature. The 

r e s i s t i v i t y  f i r s t  increases  uniformly u n t i l  t h e  water i n  t h e  pores s t a r t s  

t o  f reeze .  A t  t h i s  po in t ,  a sharp increase  i n  r e s i s t i v i t y  occurs i n  a range 

of a few degrees,  a f t e r  which it continues t o  increase  uniformly b u t  a t  a 

much g rea te r  r a t e  than it d id  above t h e  f r eez ing  point  ( see  Fig.  15,  from 

Dumas, 1962) . 
Because of  the  sodium ch lo r ide  i n  so lu t ion ,  t h e  water i n  t h e  pores  

of the  rock s t a r t s  t o  f r eeze  s l i g h t l y  below 0 OC. The amount of inc rease  

i n  r e s i s t i v i t y  between 0 OC and -10 OC appears t o  depend on t h e  poros i ty  

of the  rock a s  w e l l  a s  on t h e  s a l i n i t y  of t h e  so lu t ion .  E l e c t r o l y t e s  with 

a higher s a l i n i t y  tend t o  diminish the  amount of increase  and f l a t t e n  ou t  

t h e  curve. A comparison of curves 3 ,  4 ,  5,  and 6 of Figure  15  i l l u s t r a t e s  

t h i s  point .  

Dumas (1962) a l s o  measured t h e  change i n  r e s i s t i v i t y  with frequency 

(see  Fig.  1 6 ) .  In  most cases ,  t h e  r e s i s t i v i t y  decreases with an increase  

i n  frequency. This frequency-dependence of t h e  r e s i s t i v i t y ,  more pronounced 

a t  lower temperatures, i s  p r a c t i c a l l y  nonexistent  above -5 OC. I t  is  a l s o  

more pronounced i n  rocks sa tu ra ted  with a so lu t ion  of low s a l i n i t y  and 

i n  rocks having a low poros i ty ,  

I n f o r m t i o n  on the  e l e c t r i c a l  conductivi ty of rocks has a l s o  been 

published by Dostovalov (1947). Table "7 presents  data showing the  decrease 

i n  conductivi ty by a f a c t o r  of l O  t o  50 from i-14 t o  -5 OC. Some values 

of r e s i s t i v i t y  a r e  l i s t e d  a lonq  with moisturc content  information i n  Table 8 ,  

(from Dostovalov, 1947).  



Using the data presented on Table 8 on resistivity of rock and remaininq 

moisture after freezing, Morgan and Maxwell (1965) have suggested the 

following cmpiral relationship to calculate the conductivity of a frozen rock: 

where 

a = conductivity of frozen rock 
R 

W = remaining moisture after freezing 

a = conductivity of the ice in the rock. 
I 

The remaining moisture, as well as the conductivity of the ice, is not 

easily determined for a natural state rock in a permafrost region. From 

the above relationship, it is apparent that the remaining moisture is of 

particular importance and, for a frozen earth material, is dependent 

upon three factors: 1) the degree of saturation of the rock, 2) the 

salinity of the water and, 3) the character of the material (e-g., grain 

size, interconnections). The value of the dielectric constant, E / E ~ ,  for 

frozen rocks is of considerable importance if electromagnetic methods are 

to be applied efficiently in areas of permafrost, because of the approxi- 

mation involving the UE product. 

For example, to calculate the effective conductivity for an electrically 

layered earth, Morgan and Maxwell (1965) assumed that a/10 > w~ for each 

electrical layer in the earth. Calculations, conveniently simplified if 

WE < a/10, are valid for all angles of incidence of electromagnetic energy. 

In laboratory cxpcriments, Dumas (1962) measured the effect of tempcr- 

ature variations on the dielectric constant of rocks in the range from +22 

to -40 OC, for six sandstone cores of three different porosities and different 

concentrations of sodium chloride solutions. 

One of the most significant features appears to be the rapid decrease 

of the dielectric constant with an increase in frequency, as shown in 

Figures 17, 18, and 19 (from Dumas, 19621, But, unlike the resistivity, 

this decrease in dielectric constant is most pronounced at room temperature, 

and becomes smaller at lower temperatures. 



Variation:; with tempcrdturc. drc also indicated on thc. s c t ~ n ~  curvc7s, 

the d i c ~ l e c t r i c  constant decreases approximitely linearly with a decrease 

in temperature, except in thc range from +3 to -5 OC, where there is 

a pronounced discontinuity. For any temperature, the dielectric constant 

increases with an increase in the salinity of tile solution and with an 

increase in the porosity of these particular samples. Other samples might 

exhibit a different behavior. 

Using the measurements in conductivity and dielectric constant in 

sandstone samples, Morgan and Maxwell (1965) plotted the minimum values 

of conductivity as a function of E/E such that wc < ~ / 1 0  at 10 k ~ z  (see 
0 

Fig. 20). The behavior of E/E with frequency and temperature support 
0 

indications that the approximation UE < o/10 may be valid in permafrost 

regions in North America, at VLF. But, with temperature and frequency, 

the behavior of the dielectric constant and of the conductivity indicates 

that at frequencies below a few Hz, this approximation may not be valid 

in permafrost. 
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GLOSS AKY 

'I'erms Pe r t a in ing  t o  tllc Frozen Ground I-'henomena 

(rl'erms i n  lower case  a r c  p r o v i s i o n a l l y  regarded a s  unnecessary synonyms) 

ACICULAR ICE (Fibrous i c e ,  s a t i n  i c e )  - formed a t  t h e  bottom of i c e  

(near  t h e  con tac t  w i th  w a t e r ) ;  c o n s i s t s  of numerous long c r y s t a l s  

and hollow tubes of v a r i a b l e  form having l aye red  arrangement and 

con ta in ing  bubbles of a i r  

ACTIVE LAYER (Annually thawed l a y e r )  - l a y e r  of  ground above t h e  perma- 

f r o s t  which thaws i n  t h e  summer and f r eezes  aga in  i n  t h e  win ter  

(Equivalent  t o  s easona l ly  frozen ground) 

ACTIVE METHOD (of cons t ruc t ion )  - method of cons t ruc t ion  i n  which per-  

manently f rozen  ground i s  thawed and kept  unfrozen a t  and near  t h e  

s t r u c t u r e  

ACTIVE PERMAFROST (Active permanently frozen ground) - permafrost  which, 

a f t e r  having been thawed due t o  n a t u r a l  o r  a r t i f i c i a l  causes ,  is  

a b l e  t o  r e t u r n  t o  permafrost  under t h e  p r e s e n t  c l ima te  

ADFREEZING - t h e  process  by which two o b j e c t s  adhere t o  one another  

owing t o  t h e  binding a c t i o n  of i c e  a s  r e s u l t  o f  f r e e z i n g  of water 

ADFREEZING STRENGTH - r e s i s t a n c e  t o  t h e  fo rce  t h a t  i s  r equ i r ed  t o  p u l l  

a p a r t  two o b j e c t s  which adhere t o  one another  a s  a r e s u l t  of t h e  

binding a c t i o n  of f r e e z i n g  ( I n  Russian r e p o r t s  t h i s  term is 

f r equen t ly  used t o  mean TANGENTIAL ADFREEZING STRENGTH.) 

a g d l i s s a r t o q  - Eskimo name f o r  a frost-mound, lit., " t h e  one t h a t  i s  

growing," P ingorssara juk  

AGGRADATION of PERMAFROST - growth of permafrost  under t h e  p re sen t  

c l ima te  due t o  n a t u r a l  o r  a r t i f i c i a l  causes ;  oppos i t e  t o  deqra- 

dation 

ANCHOR ICE (Bottom ice) - i ce  formed on t h e  bottoms of r i v e r s  and lakes 

annual ly thawed l a y e r  (Act ive Layer) - a l aye r  i n  t h e  ground above t h e  

permanently frozen ground which i s  a l t e r n a t e l y  f rozen  and thawed 

each year .  I I 



Glossary -- Continued 

APPARENT SPECIFIC GARAVITY - volumetric weight 

AQUIFER - a geoloqic formation or structure that transmits water in 
sufficient quantity to supply pumpiny wells or springs 

aufeis - German tcrm for I C  IN(; - (~"lood-ice, "Glaciers, " "Glaciering"'?) 

14iCfUvl - a bench or a horizontal ledqe partway up a slope 

bodeneis - German for ground-ice 

boolgoonyakh - frost mount (pingo, "hydrolaccolith") - a mound, usually 
of a considerable size and of many years duration - not a seasonal 
frost mound 

BOTTOM ICE (Anchor ice) - ice formed during the winter on the bottom 
of rivers and lakes 

CAPILLARITY - the property of tubes with hairlike openings, when 
immersed in a fluid, to raise (or depress) the fluid in the tubes 

above (or below) the surface of the fluid in which they are immersed 

CAPILLARY FRINGE - the zone immediately above the water table in which 
water is held above the ground-water level by capillarity 

CAPILLARY INTERSTICES - openings small enough to produce appreciable 
capillary rise 

CAPILLARY WATER - water that is retained in the capillary interstices 

of the ground and is capable of movement through capillary action; 

it may remain unfrozen at temperatures between -4' to -78O C 

CAVE-IN LAKE (~ettle lake, kettle-hole lake) - a lake formed in a 
caved in depression produced by the thawing of ground-ice (ice 

lens or ice pipe). 

CLOSED SYSTEM - a condition of freezing of the ground when no additional 
supply of ground-water is available. 

COMBINED WATER - water of solid solution and water of hydxation which 

does riot freeze everi at the temperature of -78'~~ 

(:OI"IiPTIC CC'4tYC;TALL,INE: ICE - icc.: f o ~ m e c l  by quiet frcezi.ncj o f  w a t c i r  i r l  

1-arqc basins. 



CoNk 'LNCL)  GROUND WR'I'CK - ,I body o f  yrouri t l -water  o v e r l a l r i  by m , i t  c . r x d 1  

s u f f l c l e n t l y  lmpervlous t o  h y d r a u l i c  c o n n e c t i o n  w i t h  o v e r l y i n q  

ground-water e x c e p t  a t  t h e  i n t a k e ,  Confined wate r  moves i n  

c o n d u i t s  under  t h e  p r e s s u r e  due  t o  d i f f e r e n c e  i n  head between 

i n t a k e  and d i s c h a r g e  a r e a s  of  t h e  c o n f i n e d  w a t e r  body 

c o n g e l a t i n g  s t r e s s  - a d f r e e z i n g  s t r e n g t h  

c o n s t a n t  s o i l  c o n g e l a t i o n  - p e r m a f r o s t  

c o n s t a n t l y  f r o z e n  ground - p e r m a f r o s t  

C'KIrL'ICAL, MOISTURE CONTEN'I' - maximum amount o f  i n t e r s t i t i a l  wa te r  which,  

when c o n v e r t e d  i n t o  i c c ,  w i l l  f i l l  a l l  t h e  a v a i l a b l e  p o r e  s p a c e  

o f  t h e  ground 

c r y s t o c r e n e  ( I c i n g )  - s u r f a c e  masses o f  i c e  formed each w i n t e r  by t h e  

over f low of  s p r i n g s  

c r y s t o s p h e n e  (Ground-ice) - m a s s  o r  s h e e t  o f  i c e  developed by a wedging 

growth between beds  o f  o t h e r  m a t e r i a l  

DEEP-SEATED SWELLING - s w e l l i n g  o f  ground c a s e d  by t h e  f r e e z i n g  o f  f r e e l y  

p e r c o l a t i n g  ground w a t e r  

DEGRADATION OF PERMAFROST - d i s a p p e a r a n c e  o f  t h e  p e r m a f r o s t  due t o  

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

d e p o s i t e d  i c e  - bot tom-ice  

d e p t h  o f  seasor ia l  change - l e v e l  o f  z e r o  annua l  ampl i tude  

DII ,ATION,  WATEli OF - water  i n  e x c e s s  of wa te r  o f  s a t u r a t i o n  h e l d  by 

t h e  ground i n  an  i n f l a t e d  s t a t e  (water  o f  s u p e r s a t u r a t i o n )  

DITCH WATER - i s  wate r  o f  a i r  t empera tu re  from s t r e a m s  o r  r e s e r v o i r s  

used i n  t h e  go ld  mining i n  Alaska t o  thaw t h e  f r o z e n  ground d u r i n g  

t h e  warm s e a s o n  o f  t h e  y e a r  

DRY FROZEN GROUND - ground w i t h  t empera tu re  below O'C b u t  c o n t a i n i n g  

no i c e  

DRY PERMAFROST (Dry permanently f r o z e n  ground) - permanent ly  f r o z e n  

ground with t empera tu re  below O O C  b u t  c o n t a i n i n g  no ice  



D1JFF - the  vegetable matter which covers the  g round  l r l  t h e  forest, as 

Leaves, twlgs,  dead l ogs ,  e t c .  

earth-mound - frost-mound 

eisboden - German f o r  frozen ground 

e i s  a l s  f e l s a r t  - German f o r  ground-ice 

e i s  i m  boden - German f o r  ground-ice 

erupt ion  of s o i l  - frost-mound ? 

e t e r n a l  f r ig idness  - permafrost 

e t e r n a l l y  frozen ground - permafrost 

ever frozen s o i l ,  subso i l ,  o r  ground - permafrost 

FIBROUS ICE - a c i c u l a r  i c e  

FINE AGGREGATE ICE - i c e  formed by f reez ing  of s t i r r e d  water 

FIRN ICE - formed by f reez ing of snow i n t o  separa te  spher i ca l  granules 

of d u l l  appearance 

FISSURE-POLYGONS (Mud-polygon) - gent ly  convex polygonal a reas  of ground 

separated from each o ther  by grooves o r  f i s s u r e s ;  includes TUNDRA 

POLYGONS and MUD-FLAT POLYGONS 

FIXED GROUND WATER - water held i n  sa tu ra ted  mater ia l  with i n t e r s t i c e s  

so  small t h a t  it i s  permanently a t tached t o  the  pore wa l l s ,  o r  

moves so  slowly t h a t  it i s  usual ly  not  ava i l ab le  as a soLrce of 

water f o r  pumping 

FIXED MOISTURE - moisture held i n  t h e  s o i l  below the  hygroscopic l i m i t  

f lood i c e  - i c i n g  

f o s s i l  i c e  - ground-ice 

FRAZIL ICE - i c e  formed by f reez ing of tu rbu len t  water;  it i s  a mush 

of i c e  sp icu les  and water resembling s lush  

FREE WATER - i n t e r s t i t i a l  gravi ty  water which w i l l  f reeze  a t  normal 

temperature ( O O C  ) ;  according t o  Bouyoucos it freezes for the 

f i r s t  t i m e  a t  t h e  supercooling of -1.5O~. 

FRESH-WATER ICE - i c e  formed by t h e  f reez ing of f resh  water i n  Lakes, 

s treams,  o r  i n  ground , 



Glossary - Continued 

F'R0C;'I'-BELT - a ditch t h a t  cauyes an e a r l y  and r ap rd  f r c e z l n g  ot su r -  

f rcsi a1 cjround formirlq an o b s t r u c t i o n  t o  p e r c o l a t i n q  shal low cjrourid- 

w,iter 

FROST-BLISTER ( S o i l  b l i s t e r ,  yravcl-mound) - a mound o r  an upwarp of  

super f i . c ia1  yround caused c h i e f l y  by t h e  h y d r o s t a t i c  p r e s s u r e  of  

ground-water 

FROST-BOIL - accumulation of  excess  of water  a t  a p l a c e  o f  a c c e l e r a t e d  

s p r i n g  thawing o f  ground-ice; i t . u s u a l l y  weakens t h e  s u r f a c e  and 

may break through caus ing  a quagmire 

FROST-DAM - a r t i f i c i a l l y  induced f r e e z i n g  o f  ground t o  i n t e r c e p t  sub- 

s u r f a c e  seepages which cause  i c i n g s ;  equ iva l en t  t o  f r o s t - b e l t  

FROST-HEAVING - an upward f o r c e  u s u a l l y  manifested by a more o r  l e s s  

marked upwarp due t o  t h e  swe l l i ng  o f  f rozen  ground 

FROST-MOUND Ground-ice-mound, ice-mound, earth-mound, gravel-mound 

( i n  p a r t ) ;  p a l s ,  pingo ( i n  p a r t ) ;  peat-mound, su f fos ion  conves 

o r  s u f f o s i o n  complex, o r  s u f f o s i o n  knob, hyd ro l acco l i t h  ( i n  p a r t ) ;  

, a seasona l  upwarp o f  l and  s u r f a c e  caused by t h e  combined a c t i o n  o f  

1) expansion due t o  t h e  f r e e z i n g  of wa te r ,  2 )  h y d r o s t a t i c  p r e s s u r e  

of  ground-water, and 3)  f o r c e  of c r y s t a l l i z a t i o n  of i c e  

FROST TABLE - a more o r  l e s s  i r r e g u l a r  s u r f a c e  t h a t  r e p r e s e n t s  t h e  

p e n e t r a t i o n  of s p r i n g  and summer thawing of  t h e  seasona l  f rozen  

ground ( a c t i v e  l a y e r ) ;  (Not t o  be  confused wi th  permafrost  t a b l e )  

FROZEN GROUND - ground t h a t  has  a temperature  O O C  o r  lower and g e n e r a l l y  

con ta in s  a v a r i a b l e  amount o f  water i n  t h e  form of  i c e  

f rozen  zone - permafros t  

g e f r o n i s  - permafrost  

GLACIER - a body of  i c e  descending along a mountain v a l l e y ,  commonly 

commencing as a conqealed ( r e c r y s t a l l i z e d )  mass of snow ( f i r n )  

g l a c l e r  - this terrn un fo r tuna t e ly  r s  wldely used r n  Alaska t o  denote  

ground-rce or sheets o f  su r f ace  Ice formed by successrve f r e e z i n q  

of ground o r  r s v e r  seepages whlch I n  t h s s  r e p o r t  a r e  designated a s  

i c i n g s  



GLRC1I:K ICE: (Ice o f  cglaelal o r l q i n )  - may be uscd t o r  ~ c e  found ultdoi 

o l d  moraines o r  cutwash d e p o s ~ t s  

gravel-mound ( F r o s t  b l i s t e r )  - a low mound o f  e a r t h  o r  sand and grave l  

formed by h y d r o s t a t i c  p r e s su re  and occu r r ing  i n  a r e a s  o f  f rozen  

ground 

GRAVITY WATER (Vadose water)  - water  i n  excess  of  p e l l i c u l a r  water '  and 

which can,  t h e r e f o r e ,  be  drawn away by t h e  fo rce  of  g r a v i t y  

GROUND-ICE (Subsoi l - ice ,  underground-ice,  f o s s i l - i c e ,  sub t e r r anean - i ce ,  

s t one - i ce ,  bodene is ,  u r e i s ,  jo rdbunds is ;  term " g l a c i e r "  used by 

miners i n  Alaska) - bodies  of  more o r  l e s s  c l e a r  i c e  i n  f rozen  

ground; exc ludes  i c e  of  g l a c i a l  o r i g i n  

GROUND-ICE WEDGE - i c e  wedge 

HYDROLACCOLITH - u s u a l l y  a l a r g e  frost-mound o r  an  upwarp o f  ground 

produced by t h e  f r e e z i n g  of water  i n t o  a l a r g e  l e n t i c u l a r  body 

o f  i c e ;  i n  a gene ra l  way resembling a l a c c o l i t h  (Pingo) 

h y d r a u l i c s  - t h a t  p a r t  of  hydrodynamics which t r e a t s  of f l u i d s  i n  motion 

hydrodynamic - p e r t a i n i n g  t o  f l u i d s  i n  motion 

h y d r o s t a t i c  - p e r t a i n i n g  t o  f l u i d s  a t  r e s t  

HYGROSCOPIC MOISTURE - t h e  t h i n  f i l m  of water  on t h e  s u r f a c e  o f  t h e  

ground p a r t i c l e s  which i s  not  capable  of movement through grav i -  

t a t i o n a l  o r  c a p i l l a r y  fo rces  

i c e - f i e l d  - i c i n g  

ice-heap - icing-mound 

i c e - h i l l o c k  - icing-mound 

ice-mound - frost-mound 

ICE-PIPE - i c e  wedge of c y l i n d r i c a l  shape 

ICE-WEDGE - a narrow crack o r  f i s s u r e  of t h e  ground f i l l e d  wi th  i c e  

which may extend below t h e  permafrost  t a b l e  

c ~ ~ ~ v e  iCLRiG - a mdss of s u r f a c e  Lce formed dur i i ig  t h e  w ~ n t e r  by succ- 

f r e e z l n g  o f  s h e e t s  of water t h a t  may seep  from t h e  ground, from a 

r i v e r ,  o r  from a sp r lng .  When t h e  r ce  1s t h l c k  and l o c a l l z e d  I.C 

r s  ca ' l led i crllq-mound, and whcln i t  su rv ives  t h e  summer ~t 1s c a l l e d  

" t a r y n " .  



Glossary - C o n t i  n u c d  

I ( ' IN~ .~ -MOIINU - l o c a l r z e d  l c rnc j  of ~ u b s t a r l t r ~ r l  t h l c k n c l s s  but of m o r e  or 

l e s s  llmlted <1r~cll e x t e n t .  May also form e n t l r e l y  or 1 1 1  p,~r t  by 

thc UpWnYp of  a 1ayc.r of rcc ( a s  l n  d r r v e r )  by t h e  hydl o s t , l t r c  

p r e s su re  of water  

INTKAPERMAFROST WATER - ground-water i n  unfrozen l a y e r s ,  l e n s e s ,  o r  

ve in s  w i t h i n  t h e  permafros t  

ISLAND OF TALIK - unfrozen ground beneath t h e  s ea sona l ly  f rozen  ground 

( a c t i v e  l a y e r )  surrounded on t h e  s i d e s  by t h e  permafrost  and ex tending  

v e r t i c a l l y  t o  t h e  bottom of  t h e  permafrost  

I S O P I E S T I C  L I N E  - a contour  of t h e  p re s su re  s u r f a c e  of  an a q u i f e r  

JUVENILE WATER - w a t e r  which i s  de r ived  from t h e  i n t e r i o r  of t h e  e a r t h  

and which has  not  p r ev ious ly  e x i s t e d  a s  a tmospheric  o r  s u r f a c e  water  

KARST - uneven topography wi th  s h o r t  r a v i n e s ,  s i nk -ho le s ,  and cave rns ,  

which a r e  produced i n  a l imestone t e r r a i n  by t h e  s o l v e n t  a c t i o n  of 

water  

l ame l l a r  eve r  f rozen  ground - l aye red  permafrost  

LAYERED PERMAFROST (Layered perfilanently f rozen  ground) - ground con- 

s i s t i n g  of  permanently f rozen  l a y e r s  a l t e r n a t i n g  wi th  unfrozen 

l a y e r s  o r  t a l i k s  

LAYERED PERMANENTLY FROZEN GROUND - l ayered  permafros t  

LEVEL OF ZERO AMPLITUDE - abbrev ia t i on  o f  " l e v e l  o f  ze ro  annual  ampli- 

tude" 

LEVEL OF ZERO ANNUAL AMPLITUDE - t h e  l e v e l  t o  which seasona l  change of  

temperature  extends i n t o  permafros t ;  below t h i s  l e v e l  t h e  tempera- 

t u r e  g r a d i e n t  o f  permafrost  i s  more o r  l e s s  s t a b l e  t h e  year  around 

METEORIC WATER - water de r ived  from t h e  atmosphere 

MUCK - mixture of decayed vege t ab l e  mat te r  and s i l t - l i k e  m a t e r i a l  forming 

t h e  s u r f a c e  l a y e r  of t h e  ground i n  a r e a s  of permafros t :  Loca l ly ,  

i n  r i v e r  v a l l e y s ,  muck may be as much as 100 f e e t  t h i c k  

MUD-POLYGON - polygonal  s o i l ,  f i s s u r e  polygon, mud-flat polygon 

NEVE - snow i c e  



Glossary - C o n t i  nucd 

rlicjcqcrhc?ad tundra - local ndmc for hummocky tundra in northern Alaska 

OPEN SYSTEM - a condition of freezinq of qround when additional supply 

of water is available either through free percolation or through 

capillary movement 

PALS - Finnish term for frost-mound or peat-mound (German plural "Palsen"; 

Swedish plural "Palsar") 

PASSIVE METHOD (of construction) - method of construction in which the 
regime of the frozen ground at and near the structure is not dis- 

turbed or altered 

PASSIVE PERMAFROST (Passive permanently frozen ground) - permafrost 
that was formed during earlier colder climates; once destroyed 

does not appear again 

PEAT-MOUND - frost-mound 

PELLICULAR WATER - water adhering as films to the rock surfaces or to 

the surfaces of grains that compose the rock; pellicular water 

is stored water above the capillary fringe 

PERCOLATION - a type of laminar flow of water in interconnected openings 

of saturated granular material under hydraulic gradient 

PERELETOK - a frozen layer at the base of active layer which remains 
unthawed for one or two summers (Russian term meaning "survives 

over the summer"); pereletok may easily be mistaken for permafrost 

perennially frozen ground - permafrost 

PERMAFROST (Permanently frozen ground) - a thickness of soil or other 
surficial deposit or even of bedrock, at a variable depth beneath 

the surface of the earth in which a temperature below freezing 

has existed continuously for a long time (from two to tens of 

thousands of years) 

PERMAFROST TABLE (Permanently frozen ground table) - a more or less 
irregular surface which represents the upper Limit of permafrost 

PERMANENT TALIK - a layer of unfrozen ground between the active layer 
(seasonal frozen ground) and the permafrost (permanently frozen 

ground) or within the permafrost whose unfrozen state is of many 

years' duration I 



Glossary - Continueti 

PEW'IEABILITY - t h e  c a p a c i t y  of  water-bear ing m a t e r i a l  t o  t r ansmi t  w a t e r ,  

(measured by t h e  q u a n t i t y  of water  pass ing  through a  u n i t  c r o s s  

s e c t i o n  i n  a  u n i t  t ime under 100 per  c e n t  hyd rau l i c  g r a d i e n t )  

PERMEABILITY COEFFICIENT - a s  de f ined  by Meinzer, t h e  r a t e  of flow i n  

ga l lons  a  day through a  square  f o o t  o f  t h e  c r o s s  s e c t i o n  of  m a t e r i a l ,  

under 100 per  c e n t  hyd rau l i c  g r a d i e n t ,  a t  a  temperature  of 6 0 O ~  : 

i n  f i e l d  terms it i s  expressed a s  t h e  number of  g a l l o n s  of  water  

per  day a t  6 0 O ~  t h a t  is conducted l a t e r a l l y  through each m i l e  of  

t h e  water-bear ing bed under i n v e s t i g a t i o n  (measured a t  r i g h t  a n g l e s  

t o  t h e  d i r e c t i o n  o f  p e r c o l a t i o n )  f o r  each f o o t  of  t h i cknes s  o f  t h e  

bed and f o r  each f o o t  per  mi le  of  hyd rau l i c  g r a d i e n t  

p e r p e t u a l l y  f rozen  s o i l ,  s u b s o i l ,  o r  ground - permafros t  

PING0 - Eskimo name f o r  " con ica l  h i l l " ;  has  been used i n  t h e  p a s t  as a  

l o c a l  name f o r  a  frost-mound; it is suggested t h a t  t h e  name pingo 

should be  r e s t r i c t e d  t o  frost-mounds t h a t  a r e  o f  longer  than  seasona l  

d u r a t i o n  and t h a t  a r e ,  a s  a  r u l e ,  of r e l a t i v e l y  l a r g e  dimensions 

p ingo r s sa ra juk  - Eskimo name f o r  a  frost-mound " t h e  one t h a t  i s  growing" 

pluvoon - ( s l u d ,  p a s t e )  Russian term 

POLYGONAL MARKINGS [Stone-polygons, soi l -polygons,  mud-polygons, mud-flat- 

polygons, f issure-polygons (primary and secondary), tundra-polygons, 

drought-polygons, rudemarks (" ru tmarken") ,  Strukturboden,  Polygonboden, 

Zellenboden, S t e i n r i n g e ,  Karreboden, S t e i n n e t z ,  Spa l t enne t z ,  Schut- 

t i n s e l n l  - gene ra l  t e r m  f o r  polygonal s u r f a c e  markings of t h e  

ground found i n  t h e  a r e a s  t h a t  a r e  a f f e c t e d  by f r o s t  a c t i o n  

POLYGONAL SOIL - polygonal  p a t t e r n  o f  t h e  s u r f a c e  o f  t h e  ground pro- 

duced by a  more o r  less marked seg rega t ion  o f  t e x t u r a l  c o n s t i t u e n t s  

o f  t h e  ground and a l s o  i nd i ca t ed  by a  s l i g h t  r e l i e f  

POLN'YA (Russian term) - a n  unfrozen p o r t i o n  o r  a  window i n  t h e  r i v e r  

i c e  which remains unf rozen  du r ing  a l l  o r  a p a r t  of t h e  win te r  owiny 

t o  a  l o c a l  inf low of warm water e i t h e r  from a subaqueous s p r i n g  

o r  from a t r i b u t a r y  



GI-ossary - Continued 

POROSITY - t h e  p rope r ty  of a rock o r  s o i l  determined by t h e  presence 

of i n t e r s t i c e s  of any s i z e  o r  shape, and of any manner of i n t e r -  

connection o r  arrangement of openings. I t  i s  expressed a s  per- 

centage of t o t a l  volume occupied by i n t e r s t i c e s  

PRESSURE SUFUPACE - t h e  s u r f a c e  t o  which confined water w i l l  r i s e  i n  

non-pumpinq we l l s  t h a t  p i e r c e  a  common a q u i f e r  whose water l e v e l s  

a r e  not a f f e c t e d  by a  pumping we l l  ( I t  is a graphic  r e p r e s e n t a t i o n  

of t h e  p re s su re  exer ted  by confined water on t h e  condui t  w a l l s )  

PRESSURE-SURFACE MAP - a map showing t h e  contours  ( i s o p i e s t i c  l i n e s )  

of t h e  p re s su re  su r f ace  of a  confined-water system 

PSEUDOISLAND O F  T A L I K  - unfrozen ground beneath t h e  seasona l ly  f rozen  

ground ( a c t i v e  l a y e r )  surrounded and unde r l a in  by continuous perma- 

f r o s t  

RESIDUAL SWELLING - t h e  d i f f e r e n c e  between t h e  o r i g i n a l  pre- f reez ing  

l e v e l  of t h e  ground and t h e  l e v e l  reached by t h e  s e t t l i n g  a f t e r  

t h e  ground i s  completely thawed 

S A L T  WATER I C E  - i c e  formed by t h e  f r e e z i n g  of s a l t  water 

S A T I N  I C E  - a c i c u l a r  i c e  

SATURATION,  WATER O F  - t h e  t o t a l  water t h a t  can be absorbed by water- 

bear ing  m a t e r i a l s  without  d i l a t i o n  of t h e  sediments 

SEASONALLY FROZEN GROUND - ground f rozen  by low seasonal  temperatures  

and remaining f rozen  only  through t h e  win ter  

SEEPAGE - t h e  p e r c o l a t i o n  of water through t h e  su r f ace  of t h e  e a r t h  

o r  through t h e  wa l l s  of l a r g e  openings i n  it, such as caves o r  

a r t i f i c i a l  excavat ions;  may be i n f l u e n t  seepage (seepage i n t o  t h e  

ground) and e f f l u e n t  seepage (seepage out  of t h e  ground) 

SLtJD - (Provi.ncia1 English word f o r  s o f t ,  wet mud. o r  mire)  ground t h a t  

behaves a s  a  more o r  l e s s  v i scous  f l u i d :  it may occur  a s  a  sur -  

f i c i a l  d e p o s i t  o r  as a  l aye r  o r  l e n s  beneath t h e  su r f ace  and may 

a t  t imes be under a cons iderable  h y d r o s t a t i c  p re s su re ,  It i s  

" S o l i f l u c t i o n a l  ground" bu t  it i s  not r e s t r i c t e d  t o  t h e  s u r f i c i a l  

or  s o i l  m a t e r i a l  and i t s  movement is  not l imi t ed  t o  g r a v i t a t i o n a l  

flow. 
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S O I L  - t h e  Layer o r  mantle of mixed mineral  and o rgan ic  m a t e r i a l  pene- 

t r a t e d  by r o o t s :  i t  l nc ludes  t h e  s u r f a c e  s o i l  (hor izon  A ) ,  the 

s u b s o i l  (horizon B ) ,  and t h e  substratum (horizon C )  which i s  t h e  

b a s a l  horizon and i s  l i m i t e d  i n  depth  by r o o t  p e n e t r a t i o n .  I n  

enqineer ing  p r a c t i c e ,  a r e  included under t h e  t e r m  s o i l  p r a c t i c a l l y  

every type  of s u r f i c i a l  e a r then  ma te r i a l  i nc lud ing  a r t i f i c a l  f i l l ,  

s o f t  s h a l e s ,  and p a r t l y  cemented sandstones 

s o i l  b l i s t e r  - f r o s t  b l i s t e r  

SOLTF1,UCTION - a process  of  s u b a e r i a l  denudation c o n s i s t i n g  of t h e  

slow g r a v i t a t i o n a l  f lowing of masses of  s u p e r f i c i a l  m a t e r i a l s  

s a t u r a t e d  wi th  water 

SPORADIC PERMAFROST - permanently f rozen  ground occu r r ing  a s  s c a t t e r e d  

i s l a n d s  i n  t h e  a r e a  o f  dominantly unfrozen ground 

s t a b l e  f rozen  ground - permafrost  

STAMP - a device  f o r  de te rmin ing  t h e  s t r e n g t h  ( o r  a b i l i t y )  of  t h e  ground 

t o  suppor t  o r  t o  wi ths tand  a  load  

s t e i n e i s  - German f o r  ground-ice 

s t o n e  i c e  - ground-ice 

STONE POLYGON - polygonal a r e a s  of f i n e - t e x t u r e  ground de l imi t ed  by 

borders  of l a r g e  s t o n e s  

SUBPERMAFROST WATER (subwater) - ground-water i n  t h e  unfrozen ground 

beneath t h e  permafrost  

s u b s o i l  i c e  - ground-ice 

subter ranean  i c e  - ground-ice 

subwater - subpermafrost water 

s u f f o s i o n  complex - frost-mound 

su f fos ion  convex - frost-mound 

s u f f o s i o n  knobs - frost-mounds 

superwater (suprapermafrost  water) - water in t h e  ground above t h e  

permafrost  



Glossary - Continued 

SUPRAPERMAFROST LAYER - thickness of ground above permafrost cons i s t ing  

of a c t i v e  l a y e r ,  t a l i k  and a l s o  t h e  pere le tok ,  wherever p resen t  

SUPRAPERMAFROST WATER - ground-water above t h e  impervious permafrost 

t a b l e  

suprazone - th ickness  of ground above permafrost cons i s t ing  of a c t i v e  

l a y e r ,  t a l i k  and a l s o  t h e  pere le tok ,  wherever present  

S U R F I C I A L  SWELLING - swell ing of ground, usual ly  of small magnitude 

( 5  t o  10 cm ) ,  caused by t h e  f reez ing of meteoric waters which 

pene t ra te  t o  a small depth below t h e  su r face  

SWELLING O F  GROUND - increase  i n  volume of s u r f i c i a l  depos i t s  due t o  

f r o s t  a c t i o n  

symboitic method (of cons t ruct ion)  - pass ive  method of cons t ruct ion  

t a e l e  ( ~ j a l e )  - Swedish term f o r  frozen ground 

T A L I K  - a Russian term f o r  a l aye r  of unfrozen ground between t h e  sea- 

sonal  frozen ground ( a c t i v e  l aye r )  and t h e  permafrost;  a l s o  app l i e s  

t o  an unfrozen l aye r  wi th in  t h e  permafrost a s  well a s  t o  t h e  un- 

frozen ground beneath t h e  p e r w f r o s t  

TANGENTIAL ADFREEZING STRENGTH - r e s i s t a n c e  t o  t h e  fo rce  t h a t  is  re-  

qui red  t o  shear  o f f  an ob jec t  which is  frozen t o  t h e  ground and 

t o  overcome t h e  f r i c t i o n  along t h e  plane of contac t  between the  

ground and the  ob jec t  

TARYN - a Siber ian  term f o r  i c i n g s  o r  " ice- f ie lds"  which do not  melt 

(thaw) completely during t h e  summer 

TEMPORARY T A L I K  - a l a y e r  of unfrozen ground between t h e  a c t i v e  l aye r  

(seasonal ly  frozen ground) and permafrost,  whose unfrozen s t a t e  

is  due t o  an occasional  warm winter  o r  unusually e a r l y  snowfall;  

it usual ly  d isappears  wi th  t h e  r e t u r n  of t h e  normal winter  regime 

T H E W K A R S T  - k a r s t - l i k e  topographic f e a t u r e s  produced by t h e  melting 

of ground-ice and t h e  subsequent s e t t l i n g  o r  caving of  ground 

tor fheugel  - p e a t  mound 

TRANSITORY FROZEN GROUND - ground frozen by a sudden drop of tempera- 

t u r e  and remaining frozen but  a s h o r t  t ime,  usual ly  a matter  of 

hours o r  days 
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UNDERFLOW - movement of ground-water i n  a n  underflow condui t  

UNDEWEOW CONDUIT  - permeable d e p o s i t  t h a t  u.nderlies a s u r f a c e  stream- 

way and con ta ins  ground-water t h a t  p e r c o l a t e s  gene ra l ly  downstream 

underground-ice - ground-ice 

underwater i c e  - bottom-ice 

u r e i s  - German f o r  ground-ice 

VADOSE WATER - gravi ty-water  

VOLUME WEIGHT ( o r  VOLUMETRIC WEIGHT) - t h e  r a t i o  of t h e  weight  of a 

u n i t  volume of d ry  ground t o  t h a t  of a n  equal  volume of  water under 

s tandard  cond i t i ons  

WATER TABLE - I n  perv ious  granular  m a t e r i a l  t h e  water - tab le  is  t h e  

upper su r f ace  of t h e  body of f r e e  water which completely f i l l s  

a l l  bpenings i n  m a t e r i a l  s u f f i c i e n t l y  pervious t o  permi t  p e r c o l a t i o n .  

I n  f r a c t u r e d  impervious rocks and i n  s o l u t i o n  openings it is  t h e  

s u r f a c e  a t  t h e  c o n t a c t  between t h e  water body i n  t h e  openings and 

t h e  over ly ing  ground a i r .  



Table 1. C l a s s i f i c a t i o n  o f  c l a s s i c  aggregates 

(Granulometr ic  c l a s s i f i c a t i o n  o f  grounds) 
(based on Russian sources) 

Name 

"Fat'klay 

Clay 

Sllty clay 

S~lty-sandy c lay  

Sandy clay 

SlLt 

Clayey sand 

sslty-clayey sand 

Sllty sand 

Sand 

% of grain-sizes* I Remarks 

Less than half  of 
remaining 40-7C 

More than each of 
t h e  other  two s i z e s  

.%re than half  of 
remaining 70-90 

Less than half  of 
r a i n i n g  70-90 

More than ha l f  of Physical p roper t i es  wholly 0- T J C I O U  
dependent on amount of i c e  

-d - m 3  4 
remaining 40-70 r t w x u  0-3 

Less than half  of 
remaining 70-90 

More than half  of 
remaining 70-90 

I When sa tura ted  o r  oversaturated 
with water tu rns  t o  s lud (=sludge) 

I Permeable; s e t t l e s  quickly, time 
element not important 

More than half  of Less than half  of I When sa tura ted  o r  oversaturated 
remaining 90-97 remaining 90-97 with water tu rns  t o  slud(=sludge) 

I , When sa tura ted  o r  oversaturated 
with water tu rns  t o  s lud (=sludge) 

(20 - Permeable; s e t t l e s  very l i t t l e  i f  
a t  a l l  

Grounds containing 10 o r  more percent  of gravel  a r e  designated asl$ravelly!' 



Table  2. 

-- 

Limi ts  of  bending s t r e n g t h  o f  i c e  i n  kg/crn2 

Temp. o f  i c e  i n  C O  -9 t o  -11 

Load under which ben t  
i c e  breaks  i n  kg/cm2 

Table 3. Mean values of compressive s t r e n g t h  

o f  wa te r -sa tu ra ted  f r ozen  grounds. 

- - 

Ultimate  compressive s t r e n g t h  i n  kg/cm2 

n o t  lower than 

Sands 

Clayey sands  

Sandy c l a y s  



Table 4. Shearing s t r e n g t h  o f  i c e - s a t u r a t e d  f rozen grounds 

(From Tsy tov i ch  and Sumgin) 

Clay (grains<O. 005 mm=45%) 
Clay (grains<O .005 mm=41%) 
Clay (grains>l mm=6%;<0.005 mm=31%) 
Sandy clay (grains<0.005 mm=27%) 
Sandy-silty clay (grainsC0.05 mm=25%) 
Sand clay (grains<0.005 mm=22%) 
Sandy clay (grains<0.005 mm=17%; 

>1 mm=13%) 
Sandy clay (grains<0.005 mm=17%; 

>1 mm=16%) 
Sandy clay (grains<0.005 mm=15%) 
Sandy clay (grainsc0.005 mm=15%) 
Sandy-silty clay (grains<0.005 mm=15%) 
Sandy-silty clay (grains<0.005 mm=15%) 
Sandy clay (grainst0.005 mm=14%) 
Sandy-silty clay (grains<0.005 mm=14%) 
Sandy clay/slud/ (grains<0.005 mm 

=14%; >1 mm=12%) 
Sandy clay with rubble (grains>l mm 

=25%;<0.005 mm=13%) 
Sandy clay (grains<0.005 mm=ll%) 
Sandy clay (grains<0.005 mm=lO%) 
Silty-clayey sand (grains<0.005 mm=4%) 
Rubble (weathere3 granite) (grains>l m 

=44 % ) 

Silt (grains 0.01-0.005 mm=68%; 
<O. 005 mm=14%) 

Sandy clay (grains>0.25 mm=13.68; 
<O. 005 mm=12%) 

Sandy clay with rubble (grains>0.25 mm 
=33%; <O .005 mm=9%j 

Sand (grains>0, 25 m r n = 5 1 % )  
Sand (grains>0,25 rnm=34%;<0.005 mm=3%) 



Table 5 .  E f f e c t  o f  temperature on t h e  shear ing  s t r e n g t h  o f  f r ozen  grounds 

(From Tsy tov i ch  and Sumgin) 

Name of ground and i t s  Temperature 

Clay ( g r a i n s  0.01-0.005 mm=50%; 

(0.005 mm=36%) 

<O. 005=8%) 

Clean a r t i f i c a l  i c e  



Table 6. Thermal conductivity of materials (from Bykov and Kapterev) . 

Mean tem- 

Concrete (Portland cement, sand, 
and gravel  (1:2:2) 

Concrete 
Concrete (1:5 mixture) 
Concrete 
Concrete (mixture 1: 12) 
Concrete tamped (cement, sand, 
s tone aggr.) 
Concrete with br ick aggregates 
Lrghtweight concrete (1 p a r t  
cement t o  9 p a r t s  porous s l a g  
Reinforced concrete 
Brick wall (1 brick t h i c k ) ,  p las te r ing  
28 cm on each s i d e ,  r i g h t  a f t e r  
construct ion 
Same a f t e r  4.5 months drying i n  a i r  
Same a f t e r  6.5 months drying i n  a i r  
same a f t e r  9 months drying i n  a i r  
Same after12.5 months drying i n  a i r  
Brlck wall ,  new 
Brick wall, dry 
O l d  br ick masonry 
Stone masonry 
Masonry with stones of sp. qr. 1.6+ 
Masonry of l i g h t  stones 
Masonry of g ran i te ,  b a s a l t ,  marble 
Masonry of limestone, sandstone, e t c .  
Masonry of l i g h t  rocks 
Masonry of l i g h t  rocks 
Water 
Water 
Water 
Ice 
Ice 
Ice 
Ice 
Ice 

A L r  
A i r  

F e l t  (dark grey wool) 

1 Dry (dried 
1 %-2 years 
, Dry 

8.6 
10.2 
Dried 2 weeks 

Normal 
Normal 

- 
Normal 

Coef f . of 
heat  cond. 
(cal/m/h/'~) 



Tab le  6 ,  Contd. Thermal conduc t iv i t y  of materials (from Bykov and K a p t e r e ~ )  . 

F e l t  (common) 
F e l t  soaked I n  a s p h a l t  
F e l t  t r e a t e d  wrth  a s p h a l t  
Gran l t e  
Gran r t e  
Hard g r a p h l t e  
Hard g r a p h l t e  
Gravel ,  washed, pebb le s  3-8 cm 0.29-3.32 
F lne  c l ayey  want 
Flne  r l v e r  sand 0.26-0.28 
Fine  r l v e r  sand 
Flne  q u a r t z  sand 
So l1  (sand,  sandy c l a y ,  g r a v e l )  i n  
t h e  open a l r  
Same, beneath  b u l l d l n g  
F a l l  of d r y  sand 
Dry d l r t  
Molst d l r t  
D l . r t  w l th  coa r se  g r a v e l  
Sandstone ,  no t  case-hardened 
Same a f t e r  d r y l n g  f o r  6 months 1.08-1.14 
Limestone 1.08-1.14 
Limestone 
Llmestone, f l ne -g ra lned  
Llmestone, coarse-gra lned 
Quartz,  p a r a l l e l  t o  l ong  a x r s  
Q u a r t z ,  a t  r l g h t  a n g l e s  t o  long a x l s  
Quar tz ,  fused 
Oak boards ,  a t  r l g h t  a n g l e  t o  l a y e r s  0.17-0.18 
Oak boards ,  p a r a l l e l  w l th  l a y e r s  
Oak, a l r - d r l e d  
Oak, green 0.18-0.31 
P lne  boa rds ,  a t  r l g h t  ang le  t o  l a y e r s  
Prne b o a r d s ,  p a r a l l e l  t o  l a y e r s  0.30-0.32 
P lne ,  a l r  d r l e d  0.14-0.31 
Pzne, green 0.14-0.31 
Sawdust 0.22-0.25 0.06-0.08 
Wood ashes  
S l a g ,  from b o r l e r s ,  c o a l  0.12-0.14 
S l a g  from open h e a r t h  fu rnaces  

" O t h e r  m a t e r i a l s  w i th  a ve ry  low c o e f f i c i e n t  o f  h e a t  conduct ion  a r e :  Dia tomite ,  pumice, pumiceous t u f f ,  and 
sco r i aceous  and v e s i c u l a r  l a v a  



Tab le  7. Changes i n  s o i l  c o n d u c t i v i t y  w i t h  F reez ing .  

Clay, gray, with layers of ice 

Clay, gray, gravelly 

Clay, heavy, dark gray 

cm in diameter 

of ice 

Clay, light, with fine gravel 

Limestone, fine grain with 
admixture of quartz and slate 
particles 

Clayey fine grain sand with 
admixture of quartz particles 
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AITSOJOd 1 1 o o W m o ~ d N d , , , r l r l v r ; a J r l o r l o ; p : N ' r ; A \ d d : : r ;  
r l r ld  F I N N  N  4 



F i g .  I . Some freeling i nd ice3  f o r  Canada (Fahrenheit degree days ) .  



F ig ,  2, Some thawing i nd i ces  for Canada (Fahrenheit  degree days) .  



F i q .  3 .  Mean annual  a i r  tcniperature f o r  Canada. 



o f  Continuous Permafrost 

-Approximate Southern Limit 
of Dlscontinuous P 

F i g .  4, D i s t r i b u t i o n  of  pe rmaf ros t  i n  Canada ,  June 1962 DRB/NRC. 



Shallo 

Zero amplitude at, or b e l o w A  
bass level of permafrost 

EPOCH OF 
EXTREME COLD 

WARM RECURRENT 
EPOCH MODERATE COLD 

F i g .  5 ,  Diagrammatic i 11 u s t r a t i o n  o f  the o r i g i n  and  subsequent 
growth o f  very deep permafrost. 
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F i g .  6 .  Coef f i c i en t  of v i s c o s i t y  of i c e  i n  r e l a t i o n  t o  temperature 
(From T s y t o v i c h  and Sumgin), 



% Moisture (by weight) 

F i g .  7 .  Compressive s t r e n g t h  o f  f r ozen  grounds i n  r e l a t i o n  t o  amount 
o f  mo i s tu re  ( A f t e r  Tsy tov i ch  and Sumgin). 



Temperature ("6) 

F i g ,  8, US t imate compressive s t r e n g t h  o f  frozen grounds i n  r e l d t i o n  
t o  temperature. 



Tempers ture P C  ) 

F i g .  9 .  Shear ing s t r e n g t h  i n  r e l a t i o n  t o  temperature ,  



Sand 

-400 -300 -20° --- loO o0 100 20" 30" 40° 

Temperature (@ C ) 

F i g ,  10 ,  Thermal c o n d u c t i v i t y  o f  c l a y ,  s a n d ,  and water a t  different 
temperatures. 



1 )  f rozen  rocks with an e l e c t r i c  conduc t iv i ty  g r e a t e r  

than 1 .67 - lo - "  mho/m; 2)  f rozen  rocks with an e l e c t r i c  

conduc t iv i ty  ranging from 1.67.10-" t o  4 . 1 0 - ~  mholm ; 
3 )  f rozen  rocks w i t h  an e l e c t r i c  conduc t iv i ty  ranging 

from 4 - l o m 5  t o  l o m 5  mho/m; 4 )  f rozen rocks with an e l e c t r i c  

conduc t iv i ty  ranging from 1  0-5 t o  2.5.1 o - ~  mho/m; 

5 )  f rozen  rocks with an e l e c t r i c  conduc t iv i ty  of l e s s  
than 2 . 5 . 1 0 - ~  mho/m. 

F i g .  I Sche~nati c map of the e iectric c o n d u c t i v i t y  o f  the  frozen 
rocks  i n  the n o r t h e a s t e r n  USSR. 





Resolute ( 74N ) 
Active Layer 1 
-- 
. . A _ 

Scattered patches 
of permafrost a 
few meters thick 

Continuous permafrost zone Discontinuous permafrost zone 

Fig. 13. Typical profiles in permafrost region. 



Temperature ( O C )  

F i g ,  14.  F r e e z i n g  p o i n t  of a sodium c h l o r i d e  s o l u t i o n  (Mall and  
Sherrill, 19281, 



EIec trical resistivity (ohm - meters) 

F i g .  15. E lec t r i ca l  r e s i s t i v i t y  a s  a funct ion  of temperature a t  a  
frequency of 50,000 Hz. 



103 I 04 

Frequency (Hz 1 

F i g .  16. E l e c t r i c a l  r e s i s t i v i t y  as a  f u n c t i o n  o f  f requency a t  -30" C ' .  



10" lo4 
Frequency (Hz) 

Fig .  17. D i e l e c t r i c  constant as a func t ion  o f  frequency ,a t  -40°C'. 



I o3 toB 
Frequency (Hz) 

Fig. 18. Dielect r ic  constant  o f  sample 1 as  a function of 
temperature and frequency. 



Fig. 14. Die lec t r i c  constant of sample 3 as  a function of temperature 
and frequency. 



Fig .  20. Minirnum values o f  c o n d u c t i v i t y  as a f u n c t i o n  o f  t/t, 
f o r  w~ < o/10 a t  10 kHz. 




