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This t r a n s l a t i o n  i s  the  second arranged by the  Permafrost 
Subcommittee of the  Associate Committee on S o i l  and Snow Mechanics 
of the National Research Council of the  Russian pernlaf ros  t publica- 
t i o n  "Pr inc ip les  of Geocryology". The first t r a n s l a t i o n  i n  t h i s  
group was of Chapter V I  e n t i t l e d  "Heat and Moisture Transfer  I n  
Freezing and Thawing Soils1'  by G. A .  Martynov (TT-1065). 

This t r a n s l a t i o n  of Chapter IV by P.F. Shvetsov reviews the  
various ideas of the o r ig in  and nature of permafrost which have been 
developed s ince  the nineteenth century. Following t h i s  review, the 
current  concept of permafrost a s  a condit ion a r i s i n g  from a negat ive 
heat  balance i n  the  ground i s  discussed. The ex ten t  of permafrost 
and i ts  temperature regime a r e ,  a r e f  l e c t l o n  of heat  exchange between 
it and the surrounding l i thosphere  and atmosphere. Because perma- 
f r o s t  i s  very s e n s i t i v e  t o  thermal changes, even small f l u c t u a t i o n s  
i n  the  heat  exchange between i t  and i ts  environment can r e s u l t  i n  
not iceable changes i n  i t s  occurrence and charac ter .  

The Division of Building Research is g r a t e f u l  t o  M r .  G. Belkov 
of the  National Research Counci l l s  Trans la t ions  Sect ion f o r  t r ans -  
l a t i n g  t h i s  chapter  i n  response t o  the  request  of the  Permafrost 
Subcommittee . 
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The most important problem I n  the  s tudy of per~l la f ros t  1s t h e  e l u c i d a t i o n  

and comprehension of t he  mcchanisms i i~volved  I n  the f r e e z i n g  and thawing of  

t he  e a r t h ' s  c r u s t ,  and the  formation of f rozen  l a y e r s  and s t r a t a  of t h e  l i t h o -  

sphere.  A t  the  b a s i s  of p a r t i c u l a r  laws app l i cab le  t o  t h e  s tudy of pernlafrost  

i s  t h e  law o f  t h e  c o ~ ~ s c r v a t l o l ~  and t ransforclat lon of mat te r  and energy. Along 

with t h e  genera l  and p a r t i c u l a r  laws ~ o v c r n l n g  t h e  develop~nent of  na tu re  t h e r e  

a r e  a l s o  e n ~ p l r i c a l  and thco re t f  ca l l y  established mcchanisms of v a r l a t l o n s  i n  

dcpth of f r e e z i n ~ ,  t he  con~posi t lon,  s t r u c t u r e ,  tenipcrature and th i ckness  of  

t h c  frozen s t r a t a  of t he  e a r t h ' s  su r f ace .  

The i n t e r r e l a t i o n s h i p  and t r a n s f e r  of h e a t  and mechanical forms of motion 

becorrle ev ident  i n  the  process of f reez ing ,  f o r  examnple, an a c t i v e  l a y e r  of 

c l ay  s o i l  underlain by a f rozen su'U3011: the  s o i l  cover is deformed - It 
heaves and cracks.  The  same i s  observed i n  Lhe for r ,~a t ion  of i c e  and pea t  

mounds. The thawing of s o l l  t h a t  has a high I c e  conten t  is accompanied by 

s e t t l c n e n t  of t h e  s o i l  s t r a t a  and depressions i n  the  su r face  of t he  ground. 

Before s e t t i n g  out  present-day not ions  of the  condl t lons  and mechanisms 

of the  growth and development of  permacrost it vrould be wel l  t o  make a  b r i e f  

re'sur.16 of the  conclusions derived by our  predecessors  on t h i s  s u b j e c t .  A 

val id  eva lua t ion  of  the  r o l e  played by these  s c i e n t i s t s  i n  so lv ing  t h i s  ques- 

t i o n  can only be made i n  a h i s t o r i c a l  pc r spec t lve .  

 he concentrat ion of  f rozen s o i l  Is obviously i n s i d e  the  Arc t i c  C l r c l e  

s i n c e  t h e  pcrnlafrost here  i s  only an expression of constancy and f o r c e  with 

which t'ne cold of t h e  atmosphere, r ega rd le s s  of the  r e s i s t a n c e  of t he  i n t e r n a l  

hea t  of t h e  e a r t h ,  has pene t ra ted  the  s o i l " ,  - t h i s  i s  t h c  way the  o r l g l n  and 

tlie condi t ions  f o r  t hc  ex is tence  of peiSrnefrost was explained by A.F. Middendorf 

(1852, page k67).  There i s  nothing s u r p r i s i n g  i n  this i f  one talces i n t o  

account t h e  f a c t  t h a t  a t  t h i s  tirnc the  p h l o ~ i s t o n  theory  was I n  vocue by a~h ich  

rrlany thermal phenornena wc1.e explained i n c o r r e c t l y  but  silri2ly and g raph ica l ly ,  

Molecular-thermal not ion  and t h e  ther~nodynar.llc c h a r a c t e r i 3 t i c s  of t he  s t a t e  of  

pl?:rsical systems i n  genera l  and t h e  e a r t h l s  c r u s t  i n  p a r t i c u l a r  were n o t  

gene ra l ly  accepted, although F1.V. Lo~~lonooov nol-e than 100 years  prcv lous ly  I n  

17Ll4 r;lalntalned t h a t  t he  hea t  of  bodies  c o n s i s t s  i n  in t e r r l a l  ~not lon .  Ln 1753 

he vro tc  t h a t  " the  e a p t h l s  su r face  heated by t h c  3un and t h e  ray s  r e f l e c t e d  

from it a c t  Irlore on the  lower s t r a t a  of t h e  atrj~oophcre than on the  middle o r  

upper s t r a t a " ;  " the  ea r t l z l s  su r f ace  heving been heated by t h c  ho t  suxn!cr sun 



warnis up the  a i r  l y ing  on it which then expands and d i sp laces  the cold middle 

s t r a t a  of the  atmosphere above the  cl.oudsn (1952, Vol. 3 ,  pages 39 and 145). 

The approach of G.  V i l ' d  t o  determining the  southern boundary of perma- 

f r o s t  i n  Russia was a l s o  based on the  concept of a r e l a t i o n s h i p  between con- 

s t a n t  (mean annual) temperature of the  a i r  a lone.  The extremely cold cl imate 

and the  below-freezing mean annual a i r  temperatures were advanced a s  the  s o l e  

reasons f o r  the  o r i g i n  and exis tence  of permafrost i n  the  e a r t h ' s  c r u s t .  Not 

only was the  e a r t h ' s  c r u s t  below the  l a y e r  of va r i ab le  annual temperatures but  

even the  upper l aye r  of s o i l  i n  i t s  r e l a t i o n s h i p  t o  the  atmosphere remained a s  

i f  i n e r t ,  passive hea t  and cold r ece ive r s  during the development of permafrost 

and during the  ages of i t s  exis tence .  This approach t o  the  s tudy and de te r -  

mination of the  d i s t r i b u t i o n  of permafrost o r  f rozen  s t r a t a  of the  e a r t h ' s  

c r u s t ,  i n  the  l i g h t  of new data  and a  s c i e n t i f i c  approach, turned ou t  t o  be 

incons i s t en t ;  however, p a r t s  of t h i s  approach can be found i n  the  work of 

permafrost s c i e n t i s t s  even up t o  the  present  time. 

S c i e n t i s t s  came much l a t e r  and gradual ly t o  the  establ ishment  of an 

i n t e r r e l a t i o n s h i p  between the  temperatures of the  a i r ,  s o i l  and s u b s o i l  and 

a l s o  t o  the important r o l e  of the  s o i l  i n  forming the  thermal regime of the  

atmosphere ad jacent  t o  the  s o i l  and t h a t  of the  l i t hosphere  i n  expla in ing  t h e  

o r i g i n  of permafrost.  The f i r s t  s t e p s  i n  t h i s  d i r e c t i o n  were taken by A . I .  

Voeikov and L.A. Yachevskii. 

The importance of the  inves t iga t ion  of the  g r e a t  Russian geophys ic is t  and 

geographer A . I .  Voeikov, the  founder of genet ic  climatology, i n  the  s tudy of 

permafrost zones i s  not  l imited only t o  the establ ishment  of the r o l e  of snow 

cover and winter  invers ion  i n  the  d i s t r i b u t i o n  of a i r  temperature o r  hea t  

exchange between the  e a r t h ' s  c r u s t  and the  atmosphere and o u t e r  space. One 

can say without exaggeration t h a t  A .  I. Voeikov worked ou t  the  f i r s t  p r i n c i p l e s  

of the  concept of hea t  exchange i n  the  system lithosphere-soil-atn~osphere 

which corresponded f u l l y  with t h e  l e v e l  of the  development of physics  a t  t h e  

end of the  19th century. 

On f i n i s h i n g  u n i v e r s i t y  A . I .  Voeikov i n  1865 defended a  t h e s i s  of the  

t i t l e :   he d i r e c t  i n so la t ion  i n  var ious reg ions  of the  e a r t h ' s  sur face" .  

Soon a f t e r  he posed a  very important geophysical problem " ~ e e p i n ~  an input-  

output  l o g  of s o l a r  hea t  received by the  e a r t h  and i t s  atmospheric and aqueous 

s h e l l s "  ( ~ o e i k o v ,  1884); t h i s  was done a t  a  time when s c i e n t i f i c  act inometry 

did not  y e t  e x i s t  ( ~ u d y k o ,  1956). 

In  1886 A . I .  Voeikov, basing h i s  work on what was s t i l l  a small  q u a n t i t y  

of geothermal da ta ,  formulated the  p r i n c i p l e  of equi l ibr ium t h e r ~ n a l  s t a t e  of 



the  e a r t h ' s  c rus t ;  i f  the quant i ty  of heat  received by the  s o i l  from the  sun 

remains constant over a  prolonged period of tlme o r  changes very negl ig ib ly ,  

the heat loss  from the l aye r  of e a r t h  wlth var iable  te~nperatures throughout 

the  year  reaches an equ i l ib r iun~  with the  heat  a r r i v i n g  from the  sun and from 

deeper layers  of the l i thosphere.  The Index of equilibrium i n  the  thermo- 

dynamic i n t e r r a c t i o n  of the s o i l  with the  l i thosphere ,  atmosphere and o u t e r  

space Is the  mean annual temperature of the e a r t h ' s  c r u s t .  

' ~ ~ ~ u l l l b r l u m " ,  wrote A . I .  Voellcov, "should have been es tabl i shed every- 

where on the  e a r t h ' s  surface but of course because of the d i f fe rence  i n  the  

amount of s o l a r  heat received, and because of o the r  condit ions when the  mean 

temperature of the surface is high i n  the  warmer countr ies  of the  e a r t h ,  

equilibrium s e t  I n  a t  approximately +30°C whereas i n  the co ldes t  coun t r i e s  i t  

was approxinlately -20°C " ( ~ o e l k o v ,  1952, page 378).  

Independent of M.V. Lomonosov who taught i n  1753 t h a t   h he e a r t h ' s  

sur face  covered by a deep l aye r  of snow t r a n s f e r s  l e s s  heat  t o  the  adjacent  

atmosphere", A . I .  Voeikov establ ished t h a t :  

" ( 1 )  Snow a s  a  poor conductor of heat  p r o t e c t s  the  s o i l  from cooling a l l  

the while the temperature of the a i r  and surface  of the  snow i s  below o°C; 

( 2 )  t h l s  e f f e c t  i s  the  g r e a t e r  the l e s ~  the  dens i ty  of the  snow; the  e f f e c t  is 

the  l e a s t  when the snow i s  sa tura ted  v l t h  water o r  i s  packed and has an i c y  

s t ruc tu re ;  ( 3 )  when the temperature i s  above o O C  the  e f f e c t  of snow on t h e  

temperature of the s o i l  i s  Inverse; ( 4 )  snow decreases v a r i a t i o n  i n  the  tem- 

pera ture  of the s o i l  absolu te ly  and r e l a t i v e l y ;  (5)  the snow cover he lps  t o  

r e t a i n  the  heat  i n  the  e a r t h ' s  sur face  p ro tec t ing  it from r a d i a t i o n .  Without 

anow t h e  temperature of the land would be much lower than i t  i s  now" 

(Voeikov, 1889, page 186).  

Thus both A . I .  Voeikov and M.V. Lomonosov considered the  e a r t h  i n  the  

ther~nodynainic sense a s  belng a s e l f  -developing syn tern which a c t i v e l y  p a r t i c i -  

pa tes  i n  the heat  exchange with the  atmosphere. According t o  P . I .  Koloskov, 

A.I. Voeikov not only discoverled and showed the  extensive e f f e c t  of snow cover 

on the  temperature of the e a r t h  but  a l s o  lnd lca tes  t h a t  the  snow cover helps 

t o  r e t a l n  heat i n  the s o l l  and thus f a c i l i t a t e s  cooling of the  atmosphere 

ly ing  above the snow ( ~ o l o s k o v ,  1952). In c r l t l c l z i n g  the  opinion of V i l t d  

who considered t h a t  the southern boundary of permafrost coincided with the  

mean annual isotherm of the a i r  a t  -2OC, A.I. Voeikov suggested t h a t  i n  some 

regions of S ibe r i a  where there  Is deep snow I n  the  winter  the subso i l  would 

not  be frozen even i f  the  mean annual temperature of the a i r  were -5OC. 

L.A. Yachevskli, a contemporary of Voeikov, a l s o  elucidated the  r o l e  of 

snow cover i n  the heat exchange between the  s o l l  and the  atmosphere. Using 

the region of Turukhansk a s  an example he showed t h a t  it was inlpossible t o  



have deep penet ra t ion  of f r o s t  i n t o  the  ground when the re  is deep loose snow 

on the  ground even when the  mean annual temperature of the  a i r  i s  -To 

(Yachevskii, 1889). 

I n  the  opinion of Yachevskii the  o r ig in ,  dura t ion  and the  p a r t i c u l a r  

f e a t u r e s  of perrr~afrost  zones - i ts  temperature, depth and ex ten t  of d i scon t ln -  

u i t y  - a r e  determined not  only by c1':nlatic but  a l s o  geologica l  condi t ions .  

The geological ,  geomorphological and hydrological  condi t ions of the  hea t  

exchange between the  s o i l  and the  atmosphere and l i thosphere  were c a l l e d  l o c a l  

condi t ions by Yachevskii a s  c o n t r a s t  t o  c l ima t i c  condi t ions .  

A paper published by Voeikov i n  190Ll  h he thermal cyc le  i n  the  o u t e r  

s h e l l  of the  e a r t h ' s  c rus t "  was and continues t o  be of g r e a t  Importance i n  

expla in ing  the  rnechanism of the formation and development of permafrost.  It 

can be considered a c l a s s i c a l  s c i e n t i f i c  work on the  quest ion of hea t  exchange 

between t h e  e a r t h ' s  c r u s t  and the  atmosphere and o u t e r  space. 

I n  t h i s  paper* A . I .  Voeikov develope the  p r i n c i p l e ,  advanced by him i n  

1886, of the  equi l ibr ium of the  thermal s t a t e  of the  e a r t h ' s  c r u s t  which was 

ca l l ed  the  law of equi l ibr ium i n  temperature d i s t r i b u t i o n  i n  the  s o i l  and 

l i thosphere .  I n  s p i t e  of the  d i f f e rences  between temperature d i s t r i b u t i o n  I n  

the e a r t h ' s  c r u s t  and i n  f r e s h  water bodies, they both conform t o  the  law of 

equi l ibr ium of the  thermal s t a t e s  of var ious s t r a t a  corresponding t o  t h e  

minimuin energy t r a n s f e r  between them a s  well  a s  the atniosphere and o u t e r  space. 

Here the  author  r e f e r s  t o  the  r a d i a t i o n  law of S tefan .  For land a r e a s  the  

thermal equi l ibr ium law f o r  the s o i l  and l i thoophere i s  expressed, i n  t h e  

opinion of Voeikov, by the  p r i n c i p l e  t h a t  t he  co lder  the  su r face  of the  e a r t h ' s  

c r u s t  the  l e s s  hea t  i t  rad ia ten  o r  t r a n s f e r s  by convection t o  t h e  atmosphere. 

The constancy of the  tenlperature i n  the  formations underneath the  P a r i s  

Observatory throughout a  period of 120 years  demonstrates the  uniformity i n  

s o l a r  r a d i a t i o n  and phys ica l  p r o p e r t i e s  of the  atmosphere throughout t h i s  

period of time. 

I f  subsequently the  sun t r a n s n ~ i t s  more o r  l e s s  hea t  than a t  the  p resen t  

time, the  temperature of the  e a r t h ' s  c r u s t  w i l l  begin t o  increase  o r  decrease 

u n t i l  a  new equilibrlurn i s  e s t ab l i shed  a t  a  h igher  o r  lower mean annual tem- 

pe ra tu re  of the  s o i l  and l i t hosphere .  

* This paper was published i n  a  book con~pr is ing  a  c o l l e c t i o n  of papers on 
physics and i t  i s  poss ib le  t h a t  f o r  t h i s  reason i t  i s  not  wel l  known t o  
germafrost s c i e n t i s t s .  I n  both e d i t i o n s  of the  monograph by M . I .  Sumgin 

Permafrost wi th in  the  boundaries of the  USSR" (1927 and 1937), I n  " ~ e n e r a l  
perrrlaf r o s t  s tud ies"  ( 1940) and i n  the  monograph by N .V. Tols t i k h i n  "Ground 
waters i n  perrnafrost zones" (1941), no mention is made of t h i s  paper by 
A .  I. Voeikov. 



In f r e sh  water lakes  of medium and high l a t i t u d e s  t h e  equi l ibr ium law is 

expressed by the  p r i n c i p l e  t h a t  temperature changes of t he  e n t i r e  water body 

proceeds more r a p i d l y  i n  the  d i r e c t i o n  approaching 4OC. A s  a r e s u l t  of t h i s  

t h e  hea t  l o s s  from f r e s h  water lakes ,  p a r t i c u l a r l y  a f t e r  an  i c e  cover has  

formed, which i s  poss ib l e  only a f t e r  a temperature Invers ion  (1 . e .  a reduct ion  

i n  temperature going from t h e  bottom upwards), i s  very small  throughout t h e  

f a l l  and winter .  

The upper s t ra tum of the  e a r t h ' s  c r u s t ,  which rece ives  h e a t  from the  sun 

and a i r  and t ransmi ts  it t o  t h e  a i r  by r a d i a t i o n  i n t o  space o r  t o  clouds,  was 

ca l l ed  " the  o u t e r  a c t i v e  layer"  by Voeikov. "The temperature of  t h e  o u t e r  

su r f ace  of t h e  e a r t h  has  a g r e a t  e f f e c t  on the  temperature of t h e  lower 

s t ra tum of a i r ;  t h e  l a t t e r  depends mainly on t h e  temperature of t h e  ground o r  

water  su r face  ... Because of t h i s  t he  determinat ion of t h e  temperature of t h e  

temperature of t he  o u t e r  a c t i v e  su r face  is  of g r e a t  importance" ( ~ o e l k o v ,  

1952, page 187 ) . 
I n  h i s  time A.  I. Voeikov noted t h a t  t h e  c a l c u l a t i o n  of  t h e  temperature of  

var ious  s t r a t a  of the  e a r t h ' s  su r f ace  with t h e  use of F o u r i e r ' s  h e a t  t r a n s f e r  

equat ions can give p r e c i s e  r e s u l t s  only f o r  those p l aces  where t h e  s o i l  and 

underlying s t r a t a  a r e  uniform, nionolithic and without macropores, f o r  example 

a rock mass. Water p l ays  an important r o l e  i n  hea t  t r a n s f e r .  It i s  an 

Important component pal% of s o i l  and is unevenly d i s t r i b u t e d  throughout t h e  

e a r t h ' s  c r u s t  and a t  t h e  same time has  a high h e a t  capac i ty .  Evaporation of  

water and i c e  i n  t h e  s o i l ,  condensation of water  vapour i n  t h e  s o i l ,  mel t ing  

and f reez ing ,  and f i n a l l y  t h e  movement of water  i n  t h e  s o i l  where t h e  water  

t r a n s f e r s  hea t  d i r e c t l y ,  a l l  have an  important i n f luence  on t h e  d i s t r i b u t i o n  

of  temperature i n  t h e  e a r t h ' s  c r u s t .  

The I n i t i a l  p o i n t  f o r  c a l c u l a t i n g  t h e  temperature of t h e  e a r t h ' s  c r u s t  

should be taken no t  a t  t h e  sur face  where v a r i a t i o n  i n  temperature is  r ap id  and 

uneven but  a t  some depth, f o r  example 1 m, where t h e r e  a r e  no rap id  changes i n  

temperature.  

It Is a l s o  important t o  note  t h a t  A . I .  Voeikov, t h e  founder of gene t i c  

climatology, d i d  not  once mention t h a t  t h e  temperature regime of t h e  e a r t h ' s  

c r u s t  is  a "product of  c l imate t t .  

From t h e  pronouncements of A . I .  Voeikov In 1886, 1889, 1904 and those  of 

L.A. Yachevskii I n  1889 and 1905 i t  fol lows t h a t  it i s  j u s t  a s  normal f o r  t h e  

temperature a t  a depth of 25 m i n  Yakutsk t o  be -3 t o  -6OC a s  it is f o r  t h e  

temperature under Moscow t o  be 5 t o  6OC o r  t h a t  under T b i l i s i  t o  be 14.5OC a t  

the  same depth.  

In 1910 B.B. Polynov e s t ab l i shed  from h i s  research  da ta  t h a t  I n  some 

reg ions  of t he  Amur o b l a s t  under t h e  same cl i rnat lc  condi t ions  only pea t -  



covered a r e a s  contained permafrost ,  whereas i n  o t h e r  more nor thern  reg ions  

peal;, c lay ,  c l a y  loam and sand loan1 were pe renn ia l ly  f rozen .  Thus the  reason 

f o r  t he  deep pene t r a t ion  of f r o s t  i n  the  southern p a r t s  of t he  o b l a s t  was t h e  

presence of bogs with the  growth i n  depth of t he  moss cover, whereas on neigh- 

b o w i n g  a reas  t o  t h e  no r th  t h e  same condi t ions  preva i led  a s  wel l  a s  an addi- 

t iorla1 pure ly  geological  condi t ion,  t h a t  of a  c l a y  depos i t  on t h e  su r face  of 

t h e  e a r t h .  Subsequently i n  1913 N . I .  Prokhorov wrote of the  r a t h e r  ex tens ive  

f r e e z i n g  of t he  e a r t h ' s  c r u s t  i n  swamp a r e a s  and the  absence of  permafrost  i n  

neighbouring coniparatively dry  a r e a s .  Up t o  t h e  p re sen t  time a f t e r  t h e  perma- 

f r o s t  i n v e s t i g a t i o n s  i n  Bureya and i n  the  middle c ros s - sec t ion  of t h e  Selemdzha 

Rlver v a l l e y  t h e  opinion of B.B. Polynov t h a t  t h e  "petrographic  condi t ions"  

a r e  of prime Importance i n  t h e  formation of "suruner f r o s t "  on the  southern 

boundary of t h e  permafrost  zones turned ou t  t o  be ind i spu tab le .  

The engineering, geologica l  and hydrogeological survey along t h e  t r a c k  of 

t h e  Amur r a i l r o a d  and i n v e s t i g a t i o n s  of t h e  Tunka depression i n  t h e  bas in  of 

t h e  I r k u t  River  (1907 - 1916) was d is t inguished  by t h e  product ion of t h e  

hypothesis  concerning t h e  fornlation of s t r a t a  of permafrost  du r ing  sedimenta- 

t i o n  i n  depressions owing t o  f r e e z i n g  from below r a t h e r  than  from above, 1 . e .  

f rozen s t r a t a  were subsequent ly  covered by sediment which i n  t u r n  f roze .  The 

au thors  of  t h e  new hypothesis  of a  s t ra tum of permafrost  growing of i t s  own 

accord were A. Arsentev (1908) an  engineer ,  V. Nekipelov ( 1 9 0 8 ) ~  A.V. Lfvov 

and 0. Kropachev (1909) and A.V. Ltvov (1916), geo log i s t s .  

Sometime l a t e r  S . G .  Parkllomenko (1937) i s o l a t e d  f r e e z i n g  from below as 

one of t h e  c h a r a c t e r i s t i c  f a c t o r s  i n  t h e  s u b a r c t i c  type of  growth o f  permafroet 

s t r a t a .  

The s u b s o i l  a long the  t r a c k  of t h e  Amur rai lway according t o  t h e  d a t a  of 

V. Nekipelov was pe renn ia l ly  f rozen only  i n  r i v e r  va l l eys  and on t h e  p l a i n s ,  

From t h i s  he concluded t h a t  t h e  f rozen  s t ra tum i n  such p l aces  developed 

gradual ly  upwards by a  process  of systematic  accunula t ion  of sediment. How- 

ever ,  on reg ions  sub jec t  t o  e ros ion  a s  f o r  example s t e e p  s lopes  "permafrost  

could not  form" ( ~ l v o v ,  1916).  The Tunka depress ion  i n  the  opin ion  of 

A.V. L1vov and G. Kropachev i s  slowly b u t  cont inuously s e t t l i n g  and t h e  l a y e r s  

t h a t  f r eeze  through t h e  win ter  do no t  have time t o  thaw dur ing  t h e  surnmer and 

each year  a t h i n  unthawed l a y e r  remains which accumulates and forms t h e  e n t i r e  

s t r a twn  of permafrost .  A t  t h e  f o o t  of mountains, i n  ahaded a r e a s  and i n  

narrow va l l eys  t h e r e  Is no permafrost  (L1vov, Kropachev, 1909).  If  A.V. Lfvov 

had been a b l e  t o  t i e  i n  the  hypothesis  of A. Arsentev and V. Nekipelov and h i s  

"Tunka hypothesis" with t h e  f r e e z i n g  of t h e  a c t i v e  l a y e r  fro171 below ( t h e  

f r e e z i n g  s t a r t i n g  fror!l below before i t  s t a r t s  f r e e z i n g  from above du r ing  t h e  

win te r )  a s  e s t ab l i shed  i n  lglO by D.V. Domrachev, then  t h c  theory  of t he  



formation of syngenetic s t r a t a  of permafrost i n  low-lying regions and 

depressions of nor th  and e a s t  Russia and a l s o  Alaska would have been formu- 

l a t ed  40 years  ago. 

In addi t ion  t o  the  above-mentioned reason t h i s  hypothesis was under- 

estimated f o r  a long time because i t  pretended t o  be un ive r sa l  and because of 

the  sharp c r i t i c i s m  di rec ted  by M.I. Swngin. The authors  of the hypothesis 

suggested applying i t  t o  explaining the  o r i g i n  of permafrost not  only in t he  

Baikal  region and i n  the  A m u r  o b l a s t ,  bu t  a l s o  f o r  a l l  o the r  p a r t s  of the  

world. 

A l l  the  new concepts introduced i n t o  the s tudy of permafrost by A . I .  

Voeikov, L.A. Yachevskii, B.B. Polynov, A.V. L'vov and o the r s  contradicted the  

conclusions derived by A.F. Middendorf and 0 .  V i l l d  on the  o r i g i n  of perma- 

f r o s t .  These new concepts made it poss ib le  t o  formulate the hypothesis con- 

cerning the  unavoidable generat ion and prolonged exis tence  of permafrost on 

extensive a reas  and ind iv idua l  l o c a l i t i e s  on the  e a r t h ' s  su r face  because of 

changes I n  the  physical-geographical and geological  condit ions of hea t  exchange 

between the  s o i l  and l i thosphere  on the  one hand, and atmosphere and o u t e r  

space on t h e  o ther .  However many of the  achievements of these  authors  were 

not  subsequently analyzed thoroughly and evaluated and some of them d i d  not  

withstand s t r i c t  c r i t i c i s m  and were long fo rgo t t en  by perniafrost s c i e n t i s t s .  

In the  first e d i t i o n  (1927) of the  monograph by M.I.Sumgin the  ques t ion  

of the  o r i g i n  of permafrost was reduced t o  the  time of the  o r i g i n  of perma- 

f r o s t .  In a p e e i n g  with E.V. T o l l 1  and K.A. Vollosovich t h a t  the  t h i c k e s t  and 

most extensive depos i t s  of ground i c e  i n  Northern S ibe r i a  a r e  the  remains of 

the i c e  age, M . I .  Sumgin considered permafrost a s  a s u r v i v a l  from a d i s t a n t  

cold epoch which brought about the  i c e  age*. 

The at tempts  by V.B. Shostakovich, A.V. L'vov and o the r s  t o  expla in  the  

presence of permafrost by present-day c l ima t i c  condit ions and geologica l  

processes were met with sharp c r i t i c i s m .  Even the  f a c t  t h a t  the upper l a y e r  

t h a t  thaws seasonal ly  could f r eeze  from below a s  es tabl i shed  by D.V. Domrachev 

who pointed out  the  p o s s i b i l i t y  of permafrost forming of i t s  own accord i n  t h e  

p resen t  epoch, was l a r g e l y  disregarded by Swngin although he discovered t h i s  

e f f e c t  hlmself a s  a r e s u l t  of h i s  observat ions i n  Bomnak (Sumgin, 1927, 

page 173-175). The f r eez ing  of s o i l  from below seemed t o  him only t h e o r e t i -  

c a l l y  poss ib le .  M.I. Sumgin f igured  t h a t  permafrost was a t  the  present  time 

in a s t age  of degradation. 

* A s i m i l a r  po in t  of view f o r  the  o r i g i n  of permafrost was advance i n  1881 by 
A .  Denk and h o t l y  defended by E. T o l l ' .  



I n  the  second e d i t i o n  of h i s  monograph published i n  1937 Sungin admits 

t h a t  a t  the  p re sen t  time i t  i s  poss ib l e  t o  have tile fo~~rna t ion  of perrnafrost 

i n  those regions of nor thern  Eurasia  where i t  did  not  e x i s t  bcfore .  H i s  

a t t e n t i o n  was d r a m  t o  t h i s  by the  ncli da ta  of deep f r o s t  pene t r a t ion  of a  

r e c e n t l y  formed i s l and  i n  t h e  d e l t a  of t h e  Pechora River and on t h e  n o t a t i o n  

by Grigor 'ev on the  i n a d m i s s i b i l i t y  of mixing the  ques t ion  of t h e  o r i g i n  of 

pc rn~af ros t  wi th  the  ques t ion  of t h e  condi t ions  under which it can be formed 

and e x i s t  to-day. It might be mentioned here  t h a t  the  polemic of Sumgin with 

Shostakovich vrho consldcred permafrost  t o  be t h e  product of  present-day 

c l ima t i c  condi t ions  a rose  because they  mixed these  two ques t ions .  

In analyzing the  hypothesis  of Arsenev, Nekipelov, L'vov and Kropachev, 

Sumgin no longer c r i t i c i z e s  them a s  seve re ly  a s  he d id  i n  1927. He w r i t e s  

" F i r s t  of a l l  l t  should be remembered t h a t  t he  fundamental reason f o r  t h e  

formation of f rozen  s t r a t a  i n  the  ground Is a de f i c i ency  i n  t h e  h e a t  balance 

t h a t  keeps the  temperature b e 1 0 ~ ~  f r e e z i n g  i n  t h e  given s t r a t a  of ground; t h i s  

a p p l i e s  equa l ly  t o  seasonal  f r o s t  as wel l  a s  t o  permafrost ,  t h e  d i f f e r e n c e  is 

only  i n  t ime. And f o r  a  given de f i c i ency  i n  the  h e e t  balance t h e r e  w i l l  be a 

given def ic iency  i n  the  hea t  balance t h e r e  w i l l  be a given th i ckness  i n  t h e  

s t ra tum of f rozen  s o i l .  In t h e  hea t  balance of a given stratuuz of  s o i l  t h e  

I n t e r n a l  hea t  of  the  c a r t h  p a r t i c i p a t e s  a s  a p o s i t i v e  component" (Sumgin, 

1937, pare  243 ) . 
The temperature regime of permafrost ,  t he  mechanism of the  change i n  

temperature a long  the  v e r t i c a l  c ross -sec t ion  of  t he  e a r t h ' s  c r u s t  and p a r t i c u -  

l a r l y  degradat ion of permafrost ,  b i . 1 .  Sumgin as bcfore  considered t o  be i n  

d i r e c t  r e l a t i o n s h i p  with v a r i a t i o n s  i n  c l i lna t ic  condi t ions ,  t o  t h e  moderation 

of t he  cl imatc  dur ing  the  l a t t e r  epoch of the  anthropogenic pe r iod .  H e  con- 

s ldered  t h a t  i n  r ee ions  where t h e r e  is degradat ion of p e r n a f r o s t  present-day 

c l i m a t i c  condi t ions  "are  i n  dishariilony wi th  the  d i s t r i b u t i o n  of temperatures 

i n  t h e  s o i l  with depth" (Sungin, 1937, page 251). The zone of f rozen  s u b s o i l  

was considered a s  bcfore  the  product of a  cold c l imate  i n  t h e  d i s t a n t  i c e  age 

and the  chief  i n d i c a t i o n  of changes i n  i t s  reglrrle 1s t he  degradat ion of perma- 

f r o s t  under the  eff'cct of a warx!cr c l imate .  

The thorough i n v e s t i g a t i o n s  of  V.A. Kudryavtscv of t h e  higlhly d iscont inu-  

ous pe rna f ros t  zone i n  the  middle reaches of the  Sc1cn:dzha River  i n  which 

g e o l o ~ ; i c a l ,  geonior;3holo~ical, hydrogeological,  h y d r o l o ~ i c a l  and geobotanical  

condi t ions  were talcen i n t o  account i n  cons ider ing  t h e  ex i s t ence  and mechanism 

of the  propagation of s t r a t a  and nasscs of f rozcn  s u b s o i l s ,  led %o the  conclu- 

s i o n  of undoubted s i g n s  of " i n t e n s i f i c a t i o n  of pc rna f ros t l '  a long  with i ts  

degradat ion i n  the  same gene ra l  l o c a l i t y .  This  l o c a l i t y  i s  i n  t h e  southern 

boundary of t h e  perrnafrost zone where the  c l i a ~ a t i c  covlditions a r e  uniform; 



even tempcrature invers ions  i n  the  s t r a t a  of a i r  ad j acen t  t o  the  e a r t h  i n  

shallow depressions with gen t l e  s lopes  cannot be a t t r i b u t e d  t o  any p a r t i c u l a r  

s ign l f lcance  I n  the  fomiation of t h e  d i f f e r e n c e  i n  temperature regime of t h e  

subso i l  of negat ive and p o s i t i v e  folms of r e l i e f  (Kudryavtsev, 1939).  

Having repeated much of what was s a l d  e a r l i e r  by Voeikov (1886, 1859, 

1904), Yachevskii (1899), Obruchcv (1891), Kozlmin (1892),  Polynov (1910) and 

o t h e r s  concerning the  r o l e  of l o c a l  physico-geographical and ~ l ;eo logica l  condi- 

t i o n s  i n  t h e  forn~at ion  of t h e  temperature regime of t he  e a r t h ' s  c r u s t  and, i n  

p a r t i c u l a r ,  i n  t he  develop~nent of permafrost ,  Kudryavtsev concluded t h a t  t h e r e  

was "dynamics i n  permafrost" i n  connection with changes i n  geobotanlc, hydro- 

l o g i c a l ,  geologica l  and h y d r o g e o l o ~ i c a l  condi t ions .  The c o n s i s t e n t  and 

simultaneous mani fes ta t ion  of . . . I  'two complctcly con t r ad ic to ry  processes  

(formation and degradat ion of p e r n ~ a f r o s t .  - P .  Shunl3lcii) do no t  i n  any way 

con t r ad ic t  each o the r  but  a r e  completely cons i s t en t  and a r e  explained by hydro- 

geologica l  and hydromorphological condi t ions  of t h e  region r e s u l t i n g  I n  sharp  

dev la t lons  from general  degradat ion of permafrost" (Kudryavtscv, 1939, 

page 116) .  

Although t h e  concepts of "conteinporary process"  and "contemporary 

dynamicst' a r e  incons i s t en t  with the  concept of "permafrost" a s  an Inhe r i t ance  

from the  Ice  age, many permafrost  s c i e n t i s t s  d id  not  seem t o  n o t l c e  i t  a t  t h a t  

t lme. In genera l  such a phenomenon has been observed many times i n  t h e  

h i s t o r y  of sc ience .  C .  Lyle f o r  many years  did not  no t i ce  t h e  Incons is tency  

of h i s  theory with t h e  assumption of constancy of organic  spec ie s .  According 

t o  h i s  o r l g i n a l  hypothesis t h e  e a r t h  d id  no t  develop gradual ly  i n  a s p e c i f i c  

d l r e c t l o n ,  It d i d  not  cool  bu t  simply changed i n  a random rnaiiner. 

A year  a f t e r  Kudryavtsev published h i s  paper,  V. G. Turnel', i n  cons ider ing  

t h e  r e l a t l o n s h l p  between permafrost  and the  cold c l imate  of t he  i c e  age and 

present-day c l i m a t i c  condi t ions ,  formulated a very important hypothesis .  It 

can be reduced t o  the  s ta tement  t h a t  " the  problem of permafrost  cannot be 

solved only from cons idera t ions  of pa laeoc l imat lc  i nves t iga t ions"  (sumgin and 

o the r s ,  1940, page 224). I n  cons ider ing  t h e  mechanisms of t h e  change i n  

tcrnperature reglme of t h e  s o i l  "one should s tudy  f i r s t  of a l l  t he  s o i l  I t s e l f .  

One can f o r  example malntain t h a t  depos i t s  from p o s t - g l a c i a l  l akes  o r  sea  

t ~ a n s p y e s s i o n ,  i f  they a r c  frozen, f roze  a f t e r  t h e  i c e  age and even a f t e r  

water had departed from the  ziven a r e a .  . ." ( l b i d  . ) .  

In subsequent s e c t i o n s  of t h i s  chap te r  vie w i l l  a t tempt  t o  adhere t o  t h i s  

hypothcals of V.F. Turnelf bu t  V J ~  w i l l  begin wi th  t h e  cons ide ra t ion  of the  

temperature regime of the  s o i l ,  I. e . t he  outerrnost l a y e r  of t h e  e a r t h ' s  c r u s t  

which covers everything e l s e ,  " f o r  It Is a l s o  p a r t  of t h e  lower s t r a t a  and by 

being ad jacent  t o  then1 rece lves  from then  and g ives  u? t o  them r e c i p r o c a l l y . .  . " 
(I;or~~onosov, 131~9, page 16). 



The Origin of Perniafrost i n  the  Process of Heat Exchanze 

Between the So i l ,  Atmosphere and Lithosphere* 

In  t h e  opinion of Prof.  L.A. Yachcvskii t h e  ex is tence  of "permafrost" is 

decis ive  proof of the  predominance of r a d i a t i o n  over in so la t ion ,  t h e  predomi- 

nance of the  l o s s  of hea t  over the  hea t  received.  "Permafrost w i l l  continue 

t o  e x i s t  i n  the  l a t i t u d e s  where i t  is now found a t  t he  present  time a s  long a s  

the  condit ions of r o t a t i o n  of the  e a r t h ,  i t s  p o s i t i o n  w i t h  r e spec t  t o  the  sun 

and a s  long a s  t h e  sun cor'ltinues t o  l i v e  t h e  l i f e  i t  is l i v i n g  a t  t h e  present  

time a r e  retained",  i s  the  way Yachevskii (1905, page 226) defined the  general  

ob jec t l v e  mechanisms of the  ex is tence  of p e r ~ ~ a f r o s t  . 
A l t h o u a  i n  i t s e l f  t h i s  idea of Yachevskii is not  p rec i se  s i n c e  the re  i s  

no well-defined connection between the  ex is tence  of frozen subso i l  and t h e  

predominance of  r ad ia t ion ,  never the less  the  ex tens ive  a s  tro-geophysical 

approach of t h i s  inves t i g a t o r  t o  the  e luc ida t ion  of ob j ec t ive  l av~s  governing 

the  o r i g i n  and exis tence  of perniafrost deserves c lose  a t t e n t i o n .  In f a c t  it 

would be Impossible t o  understand c o r r e c t l y  the  hea t  exchange i n  the  system 

li thosphere-soil-atmosphere without looking upon the  e a r t h  a s  a cosmic body. 

Looking upon the e a r t h  I n  t h i s  manner we see t h a t  the  sur face  i s  i r r a d i a t e d  by 

t h e  sun and o t h e r  s t a r s .  Because of the  sphe r i ca l  shape of our  p l ane t ,  Its 

continuous r o t a t i o n  and Its motion about the  sun a s  wel l  a s  t h e  i n c l i n a t i o n  of 

i t s  a x i s  of r o t a t i o n  t o  the  plane of t h e  e c l i p t i c  ( a t  t he  p resen t  time i t  i s  

a t  t he  angle  of 66O331), t h e  angle of incidence of s o l a r  r ays  on t h e  e a r t h ' s  

sur face  va r i e s  continuously i n  space and time. On land t h i s  angle depends 

a l s o  on t h e  angle  and o r i e n t a t i o n  of t h e  s lope of the  su r face .  

A given por t ion  of t h e  sur face  of the  land o r  ocean 13 i r r a d i a t e d  by t h e  

sun f o r  only  a s p e c i f i c  period of time, divided by periods of var ious dura t ion  

during which the re  Is no advent of s o l a r  r a d i a t i o n .  Radiat ion from the e a r t h ' s  

c r u s t  i n t o  the  atnosphere and t o  o u t e r  space takes  place a t  a l l  times bu t  t h e  

dens i ty  of t h e  r a d i a t i o n  f l u x  from t h e  ea r th ,  a s  wel l  a s  the  I n t e n s i t y  of 

i n s o l a t i u n  of the  s o i l ,  v a r i e s  pe r iod ica l ly .  Outer space i n  r e l a t i o n s h i p  t o  

the  e a r t h ' s  c r u s t  i s  a hea t  r e c e i v e r  of i n f i n i t e  capac i ty .  

The d e n s i t y  of t h e  r a d i a t i o n  f l u x  and the  t o t a l  amount of r a d i a t i o n  energy 

from the  sun t o  a u n i t  of sur face  area i n  var ious p a r t s  of t h e  land and ocean 

i s  a funct ion  of the  geographic l a t i t u d e ,  conposi t ion and phys ica l  p r o p e r t i e s  

of the  atmosphere. This  i s  what produces d i f f e rences  i n  cl imate by 

* Heat exchange i n  the  system li thosphere-soil-atmosphere is t he  name we give 
t o  the sum t o t a l  of a l l  phys ica l  processes  of t h e  conversion of one form of 
energy t o  another  and energy exchange between t h e  l i thosphere ,  s o i l ,  
atmosphere and ou te r  space. 



la t i tude*,  s o i l ,  vegetation and a l s o  the  condit ions of heat  exchange i n  the 

system l i thosphere-soi l-a  tn~osphere . 
The periodic nature of inso la t ion  and the  na tu ra l  r ad ia t ion  of the  s o i l  

r e s u l t s  i n  periodic - d a i l y  and yearly - variat iot ls  or ,  a s  it is sa id ,  

o s c i l l a t i o n s  i n  the temperature of the  soil**. These temperature va r i a t ions  

of the surface s t r a t a  of s o i l  a re  transmitted t o  deeper s o i l  s t r a t a  and t o  the  

subsoi l .  For a  quan t i t a t ive  n~athe~nat lca l  desc r ip t ion  of t h i s  process Russian 

geophysicists even i n  the l a s t  quar ter  of the  19th century used the  method of 

harmonic analys is  of " the  temperature wave" I n  the  s o i l  and subsoi l .  

The temperature of the surface of the  s o i l  during its per iodic  v a r i a t i o n  

is a harmonic funct ion of time, 1 .e .  

t = " s i n  (UT + v) ,  (4.1)""" 

where A. i s  the  o s c i l l a t i o n  amplitude of temperature on the  surface;  

W = -  27, i s  the  angular  frequency of o s c i l l a t i o n ;  
1; 

z i s  time f o r  which the temperature i s  determined; 

p i s  the  i n i t i a l  phase of the  o s c i l l a t i o n .  

Assuming t h a t  the  c o e f f i c i e n t  of thermal conductivi ty of the so11 and 

subsoi l  a  i s  constant with depth, the  amplitude of temperature o s c i l l a t i o n  A 

a t  a  given depth z is 

where T is the  period of the  temperature wave. 

This r e l a t ionsh ip  i s  obtained from the  previous fornlula (4.1) by solv ing 

the  thermoconductivity equation 

Prom equation (4 .2)  it follows t h a t :  

* Climate is defined a s  the  weather regime talten over many years  and char- 
a c t e r i s t i c  of a  given l o c a l i t y  by v i r t u e  of i t s  geographic loca t ion .  By 
regime is meant the  t o t a l  and successive v a r i a t i o n  of weather condit ions 
( S . P .  Khromov and L.I. Marnontov. Meteorologicheskii s l o v a r l .  
Gldrome teoizdat  . Leningrad, 1955). 

** Dally v a r i a i t i o n s  i n  the temperature of the  s o i l  a r e  sca rce ly  not iceable  
i n  the  polar  regions i n  winter  and In  summer when f o r  a  period of severa l  
months there  i s  continuous n ight  o r  continuous day. 

*** In numbering the  formulae the f i r s t  c ipher  denotes the  number of the  
chapter and the  second the  number of the  formula. 



( 1 )  the time l a g  f o r  the  maximurn o r  minin~um temperature a t  the  depth z 

by comparison with the time of t h e i r  occurrence on the surface  of 

the  s o i l ,  T = i . e .  the l a g  increases with depth; 
27c 

( 2 )  the o s c i l l a t i o n  period of s o i l  temperature T = -;j- does not  change 

with depth; 

( 3 )  the arnplitudc of temperature o a c i l l a t i o n  decreases with depth accord- 

ing  t o  the exponential  law: i f  the depth increases I n  a r i thmet ic  

p r o p e s s l o n ,  the decrease i n  arcplitude Is i n  geometric progression; 

( 4 )  depth a t  vrhich v ib ra t ions  of various p e r i o d i c i t y  decrease by the  same 

f a c t o r  a r e  r e l a ted  a s  square roo t s  of the  periods,  i . e .  

I f  T, i s  equal t o  a  year and T ,  i s  equal  t o  a  day then 

Fie ld  observations show t h a t  the  d a i l y  va r i a t ion  i n  temperature of the  

s o i l  i s  a l n o s t  at tenuated a t  a  depth t h a t  r a r e l y  exceeds 1.5 m whereas the  

annual depth i s  30 m. 

The d a l l y  and annual temperature va r i a t ions  of the l aye r  of atmosphere 

adjacent  t o  the e a r t h  r e f l e c t  temperature va r i a t ions  of the  e a r t h ' s  sur face  

f o r  the corresponding period of time. The va r i a t ions  i n  a i r  temperature 

throughout the year a r e  fixed throughout the  troposphere. 

The f i r s t  thorough observations of Sumgin on va r i a t ions  i n  temperature of 

the s o i l  and subso i l  i n  the southern boundary of the permafrost i n  Bomnak 

(1916 - 1919) showed t h a t  annual va r i a t ions  a r e  almost completely at tenuated 

a t  a  depth of 6 - 8 m. The r a t h e r  small thlclmess of t h i s  stratum of  annual 

temperature va r i a t lon  was e x ~ l a i n e d  by the  e f f e c t  of a "zero cur ta in"  - of the  

isothcrlnal processes of thawing during the surmer of the  s o i l s  and subso i l s  

containing i c e  and f reez ing of the supersaturated s tratum ( t h a t  thaws 

seasonal ly)  during the  f a l l  and e a r l y  winter.  Prom t h i s  he showed how f a r  

rer.loved from r e a l i t y  were the predic t ions  of the tcnlperature regime of the  

e a r t h ' s  c r u s t  made by G. V l l f d  on the b a s i s  of c a l c u l a t i n g  the dependence of 

the temperature regime on a i r  temperature and by analogy with the geothermal 

data obtained from the shores of the BaltLc Sea. 

Tne method of analyzing the  temperature wave although it  has g rea t  

t h e o r e t i c a l  and p r a c t i c a l  irxportance, does not  nevertheless  of i t s e l f  e l u c i -  

da te  the  mechanism of changes I n  the  temperature reglme of the s o i l  and 

l i thosphere  f o r  a  perlod of time g rea te r  than a day o r  year,  respect ive ly .  



In  order  t o  e luc ida te  such mechanisms one should r e c a l l  an assu-a2tion made i n  

dc r iv inz  the  re la t ionsh ip  (4.1)  and one p r a c t i c a l  r e s u l t  following from 

equation (11.2).  The p o l n t  i s  t h a t  the  variat ioi is  i n  temperature of the  s o i l  

and the subsoi l  a re  r a r e l y  c o ~ , ~ l e ' ~ e l y  harmonic o r  purely s inuso ida l  a s  noted 

by Voei!cov (1891.) and a s  s ta ted  by A.P. Cl~udnovslcii (1948). During prolonged 

sec t ions  of an annual period the pos i t ive  and negative devia t ions  of tcmpera- 

t u r e  Tram those f  lxed ir; the preceding day of its equil ibr ium value, I. e .  "the 

physical  ariiplitudes" of the  teniperature o s c i l l a t i o n s  a r e  not equal, o r  i n  

o the r  :rol-ds they a r e  not equal t o  ha l f  the  lne teoro log ic~ l  amplitude ($). As 

the r e s u l t  of t n i s  there  is a displacenent ,  with solne devia t ion  but genera l ly  

i n  one d i rec t ion ,  of t;he "axis  of d a i l y  o s c i l l a t i o n s  i n  temperature" o r  a  

varia'iion i n  thc  rtean d a i l y  texpcrature of the  s o i l  t l~roughout  the  annual ha l f  

periods.  

It i s  custonmry t o  sag t h a t  the  d a i l y  and annual va r i a t ions  i n  tempera- 

tu re  of the  eartl i  's c r u s t  "are p r a c t i c a l l y  at tenuated" a t  appropr ia te  depths, 

f o r  example 1.5 and 28.5 In. In f a c t  the  d a i l y  va r i a t ions  i n  t e ~ p e r a t u r e  

t h e ~ r e ~ l c a l l y  and practically a r e  not  at tenuated a t  the  depth of 1.5 m. One 

of the  curves of extreme values of the  teniperature of the  s o i l ,  depending on 

t h e  time of the year and v a r i a t i o n  I n  weather condit ions,  on approaching 

asymptot ical ly the o s c i l l a t i o n  a x i s  f o r  the prcvious day a t  the  depth of 1.2 m 

usual ly  does not coincide with it not only a t  the  depth of 1.5 m but even a t  a 

xuch g r e a t e r  depth on the  surface .  Ho~lever, the curve of opposi te  values does 

i n t e r s e c t  i t s  ax i s .  Thus during the  course of the  year the a x i s  of d a i l y  

variations i n  teniperature of the  s o i l  s h i f t s ,  s toppinz  only f o r  pcriods of 

t i n e ,  which r e s u l t s  I n  a var ia t ion  i n  temperature a t  a depth of 1.5 m through- 

out the year by 5 - lo°C and i n  p laces  even Inore. Engineers know hou important 

t h i s  phenomenon i s .  

The sane can be sa id  concerning the  annual v a r i a t i o n  i n  tenpera ture  of 

the  ea? th l s  c r u s t  deeper than 25 - 30 m f o r  the  temperature r ec ine  of the  

l i thosphere  over a long period o f  time. The absence of necessary devices f o r  

d e t e r ! n i n i n ~  tile year-to-year changes i n  teri~pera'iure of the s ~ b s o i l  a t  depths 

of 25 - 30  ::i and i n  so1:ie l o c a l i t i e s  a t  10 - 15 m malces it d i f f i c u l t  but  does 

r .ot  exclude taking In to  account the continuous s h i f t  i n  the  a x i s  of the  annual 

varia'iLon i n  temperature. This process i s  connected with v a r i a t i o n s  i n  the  

ex'icmal cond l t io l?~  of' hea t  exchange be tween the  lithosphere and the  s o i l  

which fu?danental ly changcs the  geothenzal condit ions f o r  a  h is tor ic-geologica l  

por t ion  of tir::c. In a n a l y z l n ~  the  da ta  of geothermal o'oservations i n  d r i l l  

holes L . ~ L .  Yachevslcii i n  1305 c a m  t o  the cor rec t  conclusion t h a t  such a 

s'cratmi o f  the e a r t h ' s  c r u s t  i n  which va r i a t ions  i n  surface  teniperature a r e  

not r e f l ec ted  has  no^ yet been found. 



In addi t ion  t o  the  cosmic and general  p l ane ta ry  geophysical processes  i n  

the  atmosphere and hydrosphere and a l s o  physico-geographical condi t ions  one 

must a l s o  cons ider  t h e  continuous supply of hea t  coming from t h e  e a r t h ' s  

i n t e r i o r  and i t s  e f f e c t  on t h e  hea t  exchange between t h e  s o i l ,  atmosphere and 

the  l i thosphere .*  

The con t inu i ty  i n  hea t  exchange between t h e  s o i l  and atmosphere and the  

l i thosphere  i n d i c a t e s  a continuous d i f fe rence  i n  temperature between the  sur -  

face  of the  e a r t h  and the  adJacent  s t ra tum of a i r  on t h e  one hand** and on the  

o t h e r  hand a t  considerable  d i s t ances  a long t h e  v e r t i c a l  I n  the  e a r t h ' s  c r u s t .  

In t he  l i t hosphe re  below t h e  upper s t ra tum with i ts  var i ab le  annual temperature 

t h e r e  is a r e l a t i v e l y  cons tan t  geothermal g rad ien t  brought' about by t h e  flow 

of h e a t  from t h e  c e n t r e  of t h e  e a r t h  a long t h e  v e r t i c a l  a x i s  t o  the  su r face .  

The temperature grad ien t  ( v e c t o r )  d i r ec t ed  downwards towards t h e  c e n t r e  of t h e  

e a r t h  and ind lca t fng  an upward thermal f l ux  we w i l l  c a l l ,  by convention, 

negat ive,  and t h e  temperature g rad ien t  i n  t h e  oppos i te  d i r e c t i o n  i n d i c a t i n g  a 

downward f l u x  we w i l l  c a l l  a p o s i t i v e  temperature g rad ien t .  

A t  a depth of 6000 m a s  ind ica ted  by geothermal observa t ions  i n  a ho le  

d r i l l e d  40 km from t h e  town of Farson i n  the  S t a t e  of Wyoming ( I n  t h e  Rocky 

Mountains a t  a l a t i t u d e  of 42O06'N and a longi tude of 10g025'W wi th  an 

absolu te  a l t i t u d e  of about 2000 m), t h e  temperature of t h e  rock i s  14g°C. 

However t h e  temperature g rad ien t  i s  negat ive  no t  on ly  within t h e  range 

of t he  l i thosphere ;  i t  is a l s o  negat ive i n  t h e  lower s t ra tum of t h e  atmosphere 

from 7 - 12 km i n  he ight  i n  moderate l a t i t u d e s .  In t he  troposphere,  a s  is 

known, t h e  mean annual temperature of  t h e  a i r  decreases  with a l t i t u d e .  

Knowing t h e  temperature of t h e  a i r  i n  t h e  tropopause ( ~ o n d r a t ' e v ,  1952), 

t h e  su r face  of t h e  e a r t h  (mean annual temperature)  and t h a t  of rock a t  a depth 

of 6000 m, we can cons t ruc t  a curve determining t h e  d i r e c t i o n  and magnitude of 

the  v e r t i c a l  temperature g rad ien t  ( s ee  F ig .  2, where t h e  temperature a x i s  

corresponds with t h e  su r face  of t he  s o i l ) .  A s  t h i s  curve shows, t h e  tempera- 

t u r e  g rad ien t  i n  a l l  s t r a t a  of t h e  e a r t h ' s  c r u s t  and i n  t h e  t roposphere is 

negat ive and the  absolu te  value i n  the  e a r t h ' s  c r u s t  is g r e a t e r  than i n  t h e  

troposphere.  

* Here and below only the  land su r face  is considered which is connected with 
the  ocean i n  hea t  exchange by advect ive t r a n s f e r  of hea t  and moisture .  

** In t h e  opinion of A . I .  Voeikov (1904) t h e  mean annual temperature of t he  
s o i l  i s  higher  than t h e  mean annual, temperature of t he  a i r  over  t h e  con t i -  
nents  i n  t h e  medium and high l a t i t u d e s  by Q O ,  i n  t r o p i c a l  mountain reg ions  
by 2 O  and along Llle coas t s  i n  medlum and high l a t i t u d e s  by l e s s  than lo. 
In genera 1 t h i s  o rde r  i s  confirmed . 



Similar  curves a r e  obtained a l s o  f o r  o t h e r  regions of the  land mass. 

Thus the  upper s t r a t a  of the e a r t h ' s  c r u s t  a c t  a s  the heat  donors i n  the  pro- 

cess  of heat  exchange with the  troposphere. 

In addi t ion  t o  the v e r t i c a l  o r  geothermal temperature gradients  the re  a re  

i n  the  e a r t h ' s  c r u s t  hor izonta l  temperature gradients  and not only along 

meridians. The existence of hor izonta l  temperature gradients  along the  merid- 

i an  a r e  caused by the va r i a t ion  i n  the  amount of s o l a r  r ad ia t ion  reaching the 

s o i l  with l a t i t u d e  and a l s o  non-zonal d i f ferences  i n  the physico-geographical 

condit ions of hea t  exchange between the s o i l  and the atmosphere. P a r t i c u l a r l y  

la rge  hor izonta l  temperature gradients  occur i n  the  subso i l  between one type 

of r e l i e f  and another which has a  d i f f e r e n t  o r i e n t a t i o n  and a g r e a t e r  o r  l e s se r  

s lope o r  moisture content .  The same th ing  occurs when one goes from land t o  

the sea o r  lakes and a l s o  towards l a rge  r i v e r s .  

The presence of la rge  hor izonta l  and incl ined temperature gradients  i n  

the subso i l  where the re  i s  a runoff of sur face  and ground water and the  

adjacent  s lopes of the  ravines of the  Selemdzha r i v e r  bas in  was es tabl i shed by 

V.A. Kudryavtsev (1939). Here the  hor izonta l  and inc l ined flows of heat  a r e  

d i rec ted  from the  s lopes towards the  runoff zone. Later  D.V. Redozubov estab-  

l i shed the  existence of even g r e a t e r  hor izonta l  and inc l ined temperature 

gradients  i n  the  subso i l  i n  the region of Vorkuta where the thermal f l u x  is 

direc ted  i n  a  d i f f e r e n t  manner, from the runoff zone t o  the elevated regions 

(~edozubov, 1946). In these  small regions of the  land mass the temperature 

curves i n  the subso i l  measured i n  v e r t i c a l  excavations a r e  very d i f f e r e n t ;  

some of them a r e  " i n  harmony with present-day cl imateR,  o the r s  have no gradient  

whereas s t i l l  others  represent  degradation of "permafrost". 

P a r t i c u l a r l y  la rge  hor izonta l  and inc l ined temperature gradients  and 

corresponding heat  f l u x  i n  the  subso i l  a r e  observed near  deep lakes and r i v e r s  

of the  north.  This i s  shown by the  diagram of the  d i s t r i b u t i o n  of  temperatures 

i n  the  subso i l  near  Lake Glubokoe In  the Ustl-Yana ra ion  (Fig.  3 )  which was 

constructed by the authors  of the  repor t  descr ib ing  the  Yano-Indigirka expedi- 

t i o n  of the V.A. Obruchev Permafrost I n s t i t u t e  ( N . F .  Grigortev and o thers ,  

1956). The e f f e c t  of t h i s  lake on the  thermal s t a t e  of the shores i s  f e l t  a t  

a  d i s t ance  of more than 100 m from the  lake. Such is the e f f e c t  of deep lakes  

o r  r i v e r s  on the temperature regime of the  shores.  This explains the  consid- 

erable  decrease i n  the  thickness of the  permafrost s t ratum a s  one approaches 

the bed of the  Mackenzie River a t  Norman Wells : from 81 m a t  106 m from the  

shore t o  41 m a t  60 m and 18 m a t  30 m from it ( ~ e n n e s s ,  1949). 

In the  small a l l u v i a l  deposi t s  between lakes i n  the  northern p la ins ,  the  

hor izonta l  and incl ined heat  f l u x  from lakes  and the  unfrozen deposi t s  under 

the lakes play an important r o l e  i n  forming the  thermal f i e l d  and heat  exchange 



between the e a r t h ' s  c r u s t  and atmosphere. In these regions the lalces i n  the  

winter time a c t  as  hcat  donors t o  the atinosphere and a l l  year round they give 

up heat  t o  the surround in^ pcrli:af130st. 

The hor izonta l  t c~ i~pcra tu re  gradient  i n  the  s o i l  r e s u l t s  mainly from 

various geological  and physico-geographical, including geomorphological, and 

c l imat ic  conditions of heat  exchange i n  the systems subsoil-soil-atmosphere 

and the  e a r t h ' s  c rus t - l iquid  cover-atmosphere. The presence of hor izonta l  

temperature gradients  i n  the s o i l  and I n  the l i thosphere  shows t h a t  I n  the  

s o l i d  s h e l l  of the ear th ,  a s  well a s  i n  the  l iqu id  and gaseous envelopes, there 

a r e  hor izonta l  thermal f luxes .  Of course i n  the  s o l i d  s h e l l  t h i s  process Is 

immeasurably slower than i n  the  l iqu id  o r  gaseous envelopes, s lnce  the coef- 

f i c i e n t  of convective heat t r a n s f e r  (mixing c o e f f i c i e n t  of water and a i r )  

reaches very high values even with r e l a t i v e l y  srnall d i f ferences  i n  temperatures 

of these envelopes i n  various p a r t s  of the p lanet .  Z q ~ ? l l i b r a t l o n  of tempera- 

t u r e  I n  the  gaseous and l iquid  envelopes is reached ratki t r  quickly by means of 

a i r  and sea currents .  The r o l e  of sea currents  i s  p a r t i c u l a r l y  important I n  

e q u i l i b r a t i n g  the temperatures between low and high l a t i t u d e s .  

I f  there  were no atmospheric and oceanic advection the  temperature 

gradients  hor izonta l  t o  the  l a t i t u d e s  i n  the  s o i l  and l i thosphere  would be 

much g r e a t e r  than they a r e .  They would, l i k e  the values of temperature I n  the  

s o i l  and subsoi l ,  correspond t o  " s o l a r  clir;latel'. Local hor izonta l  temperature 

gradients  a r e  p a r t i c u l a r l y  la rge  near  the boundary between a  r i v e r  and a  perma- 

f r o s t  zone and between frozen and water-bearing s t r a t a .  Large hor izonta l  and 

v e r t i c a l  temperature gradlents  a r e  found i n  the frozen and unfrozen s u b s t r a t a  

near  geochemically a c t i v e  ore  bodies, which by exothermic reac t ions  evolve 

la rge  q u a n t i t i e s  of heat .  Present-day considerat ions concerning the  bas ic  

mechanisnis of the development and propagation of p e r ~ l a f r o s t  over l a rge  a reas  

of the  e a r t h ' s  surface follow from the work of M.V. Lomonosov and A . I .  Voelkov 

and a r e  expressed a s  follorrs.  

1. Permafrost o r ig lna tes ,  develops and disappears  a s  a  r e s u l t  of hea t  

exchange between the e a r t h  and t h e  sun, the e a r t h  and in te rp lane ta ry  space, 

the e a r t h ' s  c r u s t  and the  at~iosphere,  the  l aye r  of a i r  adjacent  t o  the  e a r t h ' s  

surface,  the  s o i l  and deeper s t r a t a  of the  e a r t h ' s  c r u s t .  The hcat  exchange 

between the l i thosphere  and the  atciosphere, the  l i thosphere,  hydrosphere and 

atmosphere a r e  processes t h a t  a r e  p roper t i e s  of the  physico-~eographical  

envelope of the  e a r t h  whose q u a l i t a t i v e  and quan t i t a t ive  aspects  a r e  determined 

by t h e  law of conservation and conversion of ener,gy. 

The bas ic  source of heat  t h a t  the s o i l  rece ives  and then gives up t o  the 

atmosphere and ou te r  space is rad ia t ion  cner8gy f ron  the  sm. The hea t  flow 

from the  inner  reaches of the e a r t h  i s  a  thousand times l e s s  than the flow of 



rad ia t ion  energy from the sun .  

2. Permafrost i s  a regional  phenomenon connected with the existence of 

p a r t i c u l a r  l a t i t u d i n a l  geographical zones and longi tudinal  b e l t s  such a s  f o r  

example climate, soil .  and vegetation of the tundra. Non-zonal permafrost i n  

the subsoi l  e x i s t s  only i n  a  feu l o c a l i t i e s  and is caused by p a r t i c u l a r  geo- 

graphical conditions I n  the  heat  exchange of the  system e a r t h 1 8  c rus t - so i l -  

atmosphere a s  well a s  geochemical e f f e c t s .  

Seasonal and perennial  f reezing of the e a r t h ' s  c ru s t  a r e  determined not 

only by the  reserves and f l ux  of external  heat  sources and ex te rna l  heat  

losses  observed above the "underlying surfacetr  o r  on the "underlying surface1' 

i t s e l f  but a l s o  by reserves and flux of the i n t e r i o r  heat  of the earth*. 

The question a r i s e s :  Wnat a r e  the p a r t i c u l a r  f ea tu res  of heat  exchange 

i n  the  system lithosphere-soil-atmosphere which produce extensive f reez ing  of 

the e a r t h ' s  c rus t  where the subso i l  remains frozen f o r  Long periods of time i n  

s p e c i f i c  l a t i t u d es  and longitudlnal  be l t s ,  and why these phenomena a r e  absent 

( a s  zonal phenomena) f o r  example i n  the medium l a t i t ude s  of the  European p a r t  

of the  USSR? 

For the time being t h i s  question can only be answered i n  general terms: 

The pa r t i cu l a r  feature8 of heat  exchange i n  the  system l i thosphere-soi l -  

atmosphere, which r e s u l t  i n  deep f reez ing  of the e a r t h ' s  c r u s t  and perennial  

existence of frozen subsoi l ,  a r e  t h a t  the heat  cycle i n  the  s o i l  and subsoi l  

begins t o  have a below-freezing mean annual temperature o r  below-freezing 

geothermal l ev e l  which then continues f o r  a prolonged period of time. 

A s  f a r  back a s  1904 A . I .  Voeilcov wrote t h a t  permafrost should occur where 

the mean annual temperature of the s o i l  i s  below o0 and a t  a  depth where the  

amplitude of temperature va r ia t ion  i s  &eater  than the  absolute value of the 

mean annual below-freezing temperature by the f a c to r  of two (Voeikov, 1952). 

The geothermal l eve l  i n  heat exchange o r  of annual thermal cycles i n  the 

e a r t h ' s  c r u s t  is a ch a r ac t e r i s t i c  of the  mobile equilibrium i n  the thermo- 

dynamics of the  in te rac t ion  between the 3011, the  atmosphere and the  subsoi l ,  

expressed by the temperature of the subsoi l  a t  the  i n t e r f a c e  with the  s tratum 

having an annual va r ia t ion  i n  terflperature. Thy geothermal l eve l  does not  

coincide a s  a  r u l e  with the mean annual temperature of the s o i l ;  the Tat ter  is 

usual ly  lower than the teniperature of the  subso i l  a t  a  depth of 25 - 30 m. A s  

shown by the data  of geothermal measurements In  Igarka, Yakutsk and i n  Zagorsk 

i n  the  v i c i n i t y  of riloscow the mean annual tempel-ature of the  s o i l  and subsoi l  

* The c o n c ~ p t  of " i n t e r i o r  heat  of the ea r th"  i s  more extenslve than the con- 
cept  of subterranean heat  of the ear th" :  here we a r e  deal ing  with reserves 
of heat  and heat  f l u x  I n  the s t r a t a  underlying the  frozen l ayer .  



under ord inary  condl t lons increases  with depth s t a r t i n g  from the  very su r face  

of t h e  s o i l .  

In  any case a  mean annual temperature of the  s o i l  a t  a  depth of 0.1 - 
1.5 m d e f i n i t e l y  determines whether o r  no t  t he re  ~1111 be permafrost .  Thus the  

loca t ion  of the  geothermal l e v e l  of hea t  exchange betvleen the  s o i l  and atmos- 

phere a t  var ious depths a r e  expressed approximately by t h e  curve formed by t h e  

a x l s  of temperature v a r i a t i o n s  of t he  s o i l  and the  underlying s u b s o i l  during 

the  per iod of a  year .  A s  mentioned above, t he  a x l s  o f  temperature v a r i a t i o n s  

on the  graph of annual changes i n  temperature of the  e a r t h ' s  c r u s t  u sua l ly  

dev ia t e s  from the  v e r t i c a l  t o  the  l e f t  a1thoup;n i t  is c lose  t o  the  v e r t i c a l :  

the  s lope  i n d i c a t e s  the  ex i s t ence  of  a  geothermal g rad ien t  and i s  propor t iona l  

t o  it. 

The b a s i c  d i f f e r e n t  geothermal l e v e l s  of hea t  exchange between the  s o i l  

and atniosphere and r e s u l t a n t  f r e e z i n g  of t he  s o i l  i s  shown i n  F ig .  4. 

The s igns  and numerical values  of  t h e  zonal  geothermic l e v e l s  of h e a t  

exchange a r e  determined b a s i c a l l y  by the  q u a n t i t y  of hea t  e n t e r i n g  the  s o i l  

from above, from the  sun and from the  atmosphere, bu t  depend t o  some e x t e n t  

a l s o  on the  q u a n t i t y  of hea t  f l u x  coming from the  i n t e r i o r  of the e a r t h  o r  

from the  geochefiiical e f f e c t s  i n  t h e  s o i l  and l i t hosphe re .  

A s  regards  the  non-zonal geothermal l e v e l s  of h e a t  exchange between t h e  

e a r t h ' s  c r u s t  and the  atmosphere, t h e i r  s igns  and numerical va lues  depend on 

the  p a r t i c u l a r  f e a t u r e s  of l o c a l  physical-geographical  and geo log ica l  condi- 

t i o n s ,  inc luding  the  pe rco la t ion  and c i r c u l a t i o n  of ground water, geochemical 

processes  i n  the  l i thosphere ,  f o r  example oxida t ion  of sulphides ,  and o t h e r  

exothermic and endother~nic  r e a c t i o n s .  P a r t i c u l a r l y  ev ident  non-zonal f e a t u r e s  

can be observed f o r  example i n  t h e  geothermal l e v e l s  of t he  X l t g i  depress ion  

i n  the  Kolyma r l v e r  bas in  and t h e  Plarkovo deprcssion i n  the  Anadyrl r i v e r  

bas in .  

Since t h e  thermodynamic equi l ibr ium i n  the  system atmosphere-soil-  

l i t hosphe re  i s  mobile and shor t - l i ved ,  the  geothermal l e v e l s  of h e a t  exchange 

between t h e  s o i l  and l i t hosphe re  vary i n  magnitude and d i r e c t i o n .  They c a ~ o t  

be cons tan t  i f  each year  the  amount of h e a t  e n t e r i n g  the  s o i l  and l eav ing  it 

v a r i e s .  

The d i r e c t i o n  and I n t e n s i t y  i n  t h e  change of t h e  geothermal l e v e l  of h e a t  

exchange over a  number of years  depends on the  s i g n  and absolu te  value of t h e  

t o t a l  i npu t  and output  components of t he  thermal balance of t h e  s o i l  or ,  more 

p rec i se ly ,  the  bottom of  t h e  s t ra tum i n  which t h e  annual temperature v a r i e s .  

Twenty years  ago M.I. Swrlgln wrote of t h i s  i n  d i scuss ing  t h e  reasons f o r  the  

formation of  s t r a t a  of f rozen s o i l ,  I n  the  second e d i t i o n  of  h i s  monograph 

(Sungin, 1337, page 243 j . 



One should take i n t o  account the  rec iprocal  inf luence of geothermal 

l eve l s  r e s u l t i n g  from p a r t i c u l a r  ~ e o l o g i c a l ,  h g d r o ~ e o l o ~ i c a l ,  hydrological and 

geochenlical conditions, on the heat exchange between the  s o i l  and the atmos- 

phere a t  a given l a t i t u d i n a l  region and longi tudinal  b e l t .  This can help t o  

explain the p a r t i c u l a r  f ea tu res  of the  temperature regime of the a i r  adjacent  

t o  the ea r th  of some limited sec t ions  of land which is not connected w i t h  the  

general c i r c u l a t i o n  of the atmosphere o r  the meso-relief . 
The continuous c h a n ~ e s  i n  the temperature of the s o i l  and s c b s o i l s  have 

an e f f e c t  on the  da i ly ,  annual and more prolonged changes i n  the quan t i ty  of 

heat  en te r ing  the s o i l  and leaving i t ,  the  continuous s h i f t  i n  the  l a t i t u d i n a l  

and longi tudinal  c l imat ic  zones, the development of landscapes, a s  well  a s  the  

progress of complex b io logica l ,  biochemical, geochen:ical and t ec ton ic  phenomena 

i n  the e a r t h f  s c r u s t .  

The existence of perx-afrost a t  a given por t ion  of land Is the  r e s u l t  of 

r e l a t l v e l y  s t a b l e  below-freezing geothernal l e v e l  of heat  exchange i n  the  

sys  tern atmosphere-soil-uppcr skratuni of the e a r t h  s c r u s t  over a per'iod of 

many annual cycles .  

The Process and Conditions of Heat Exchange Between the S o i l  

and the Atmosphere and the Lithosphere and the S o i l  

Speaking of the  geothermal l eve l s  of heat  cxchange between the  s o i l  and 

the atmosphere and between the s o l l  and underlying s t r a t a  of the e a r t h ' s  c r u s t  

and of the o r i g i n  of seasonal and pe renn ia l ly  frozen zones, one should not 

confuse geophysical processes of heat  exchange, heat  cycle i n  the  s o i l  and 

l i thosphere  with geographical and geological  f a c t o r s  o r  conditions. Physlco- 

geographical and geological  condit ions def ine  only the  course and r e s u l t s  of 

geophysical processes of heat  exchange between the s o l l  and atrriosphere over 

some s p e c i f i c  period of time. This was well  understood by A . 1 ,  Voelkov and 

p a r t i c u l a r l y  convincingly demonstrated by S.P. Khrornov (1951, 1952). 

The .fundamental n a t u m l  geophysical processes and heat  exchange i n  the  

system lithosphere-soil-atixosphere vrhich determine the  temperature regime of 

the s o i l  and subsoi ls  a r e  the fo l lov~ing:  

( 1 )  the  incidence of d i r e c t  and sca t t e red  short-wave r a d i a t i o n  on the  

surface  of the s o i l ,  the r e f l e c t i o n  and absorpt ion of s o l a r  rays by the s o i l  

and the  long-wave rad ia t ion  by the s o i l  i t s e l f ,  which c o n s t i t u t e  a s lng le  

process of " rad ia t ion  hcat  exchange" of the  e a r t h ' s  c r u s t  with t h e  atmosphere 

and ou te r  space; 

( 2 )  convective ( t u r b u l e n t )  hea t  exchange i n  the  system soi l -s t ra tum of 

a i r  adjacent  t o  the s o i l ,  caused by the  d i f ference  i n  tez9erature between the 

upper t h i n  l aye r  of s o i l  and the s tratum of a i r  adjaccrit Go the s o i l  which a r e  



i n  t u r n  caused by s o l a r  r a d i a t i o n ,  r a d i a t i o n  coming from t h e  e a r t h ' s  c r u s t  

and atmospheric advect ion and a l s o  by t h e  c i r c u l a t i o n  of a i r  masses i n  cracks 

and o t h e r  openings in t he  upper s t r a t a  of t h e  e a r t h ' s  c r u s t ;  

( 3 )  hea t  exchange between t h e  s o i l  and t h e  atmosphere and l i t hosphe re  

and between the  component p a r t s  of t he  e a r t h ' s  c r u s t  ( s t r a t a ,  mass i f s ) ,  

connected with moisture exchange i n  these  systems; 

( 4 )  h e a t  exchange between t h e  s o i l  and l i t hosphe re  and between t h e  

con~ponent p a r t s  of the  e a r t h ' s  c r u s t  ( s t r a t a ,  mass i f s )  connected with changes 

i n  t h e  s t a t e  of t h e  water  above the  s o i l ,  i n  t h e  s o i l  and i n  t h e  subso i l ;  

( 5 )  r i s i n g  and ho r i zon ta l  flow of h e a t  i n  t h e  e a r t h ' s  c r u s t  caused by 

geothermal and h o r i z o n t a l  temperature g rad ien t s  and connected with t h e  flow o f  

water i n  the  l i t hosphe re .  

These geophysical processes  of h e a t  exchange i n  t h e  system atmosphere- 

s o i l - l i t h o s p h e r e  i n t e r a c t  c l o s e l y  and develop r e c i p r o c a l l y .  Included is  a 

very Important cosmic process  of  i r r a d i a t i o n  of t h e  e a r t h ' s  su r f ace  by s o l a r  

r a d i a t i o n .  This  phenomenon provides  a thermal connection between t h e  sun and 

t h e  e a r t h  because of which a l l  t h e  fundamental geophysical,  b i o l o g i c a l ,  

geochemical processes  i n  t h e  atmosphere, hydrosphere, s o i l  and i n  t h e  eroded 

c r u s t  of t he  l i t hosphe re  have taken p l ace  and cont inue t o  t ake  p l ace .  

The i n t e n s i t y  i n  development and t h e  r e s u l t s  of  h e a t  exchange i n  t h e  

system l i thosphere-soi l -a tmosphere depend, understandably,  on t h e  h e a t  and 

molsture exchange i n  t h e  system ocean-atmosphere and a l s o  between lakes  and 

r i v e r s  and the  l a y e r  of a i r  ad j acen t  t o  t h e  e a r t h .  The h o r i z o n t a l  c i r c u l a t i o n  

of t h e  atmosphere caused by t h e  g r e a t  d i f f e r e n c e  I n  t h e  h e a t  cyc le  i n  t h e  

upper s t r a t a  of  t h e  land and sea  s u r f a c e s  (by t h e  f a c t o r  of  3 - 4; s e e  Krylov, 

1952, pp.18 and 19)  and f o r  o t h e r  reasons  b r ings  about a r e d i s t r i b u t i o n  of 

h e a t  and moisture between con t inen t s  and oceans and between s e a s  and ind iv id -  

u a l  land po r t ions .  A l l  of t h i s  Is taken i n t o  account i n  l i s t i n g  t h e  physico- 

geographical condi t ions  of h e a t  exchange between the  s o i l  and t h e  atmosphere. 

Of t h e  phys ico -~eograph ica l  and geologica l  condi t ions  f o r  t h e  development 

of permafrost  which determine i ts  composltion, s t r u c t u r e ,  space d i s t r i b u t i o n ,  

temperature and th ickness  one can l i s t :  

(1) the  geographical l a t i t u d e ;  

( 2 )  t he  he igh t s  above sea  l e v e l  (and r e l a t i v e  h e i g h t s ) ;  

( 3 )  t he  o r i g i n ,  composition, s t r u c t u r e ,  p r o p e r t i e s  and process  o f  

c i r c u l a t i o n  of a i r  and water  masses ( t h e  a rea  occupied by land and t h e  d l s t r i -  

bu t ion  of land po r t ions  with r e s p e c t  t o  t h e  sea ,  t h e  e f f e c t  o f  s ea  breezes  on 

t h e  temperature and t h e  moisture conten t  of t he  a i r ) ;  

( 4 )  t h e  r e l i e f  (and t h e  p o s i t i o n  of t h e  given p o r t i o n  of land with 

r e spec t  t o  bas i c  elements such a s  macro- and meso-rel ief ,  s lope  and o r i e n t a t i o n  

of t he  s lope  of i t s  su r f ace ,  e t c . ) ;  



( 5 )  v e ~ ; e t a t l o n  cover.; 

( 6 )  snow cover (depth and d e n s i t y  o f  the  snow cover,  the  tirile of t he  

year  when snow cover appears and vrhen It d i sappea r s ) ;  

( 7 )  cloud cover; 

( 6 )  su r face  waters  - r l v e r s ,  laltes and sumnips ( t h e  in f luence  of lake  and 

r i v e r  water c.~asr,es on the  temperature of t h e  a i r  and t h a t  of flood:; on t h e  

t e r i ~ p e ~ a t u r e  of the s u b s o i l  of t e n ~ p o r a r l l y  flooded reg ions  and b e l t s  a long  

r l v e r  va l l eys  ) ; 

( 9 )  the  conposi t ion and s t r u c t u r e ,  i n  p a r t i c u l a r  t he  water  p e n e t r a b i l i t y  

and a i r  p e n e t r a b i l i t y  of s o i l  and subso i l s ;  

(10 )  t he  ~no l s tu re  content  of  the  su r face  and I.ov~er s t r a t a  o f  s o i l  and 

subs011s; 

( 11) ground waters ( t h e i r  hydraul ic ,  temperature a n d  chemical regimes) .  

?'he s p e c i f i c  conditriorls of hea t  exchange between the  e a r t h ' s  c r u s t  and 

the  atriiosphere occurr ing  i n  reg ions  of t he  land sur face  covered by l a r g e  i c e  

f i e l d s ,  v a l l e y  g l a c i e r s  and g i an t  ta ryns  (temporary I ce  f i e l d s ) .  Under t h e  

Ice  cover temperature f i e l d s  a r e  forrned i n  the  e a r t h ' s  c r u s t  which a r e  d i f f e r -  

e n t  from t h a t  of t he  l i t hosphe re  i n  nclghbouring reg ions  ad jacent  t o  the  i c e  

f i e l d s .  

A s  we see the  condi t ions  f o r  hea t  exchange betwecn the  e a r t h ' s  c r u s t  and 

the  atrcosphere,and o u t e r  space i s  mult l fo ld  and cornplex. The changes i n  these  

condi t ions  of  hea t  ei:change between the  e a r t h ' s  c r u s t  and t h e  atrr~osphere with 

latitude, longitude and v e r t i c a l l y  a r e  as a  r u l e  d i f f e r e n t  i n  the  d i r e c t i o n  

and i n t e n s i t y  of t h e i r  in f luence  on the  t e n ~ p e ~ a t u r e  reglrne of t h e  s o i l  and 

l i t hosphe re  brought about by the  iiiechanisms of  unequal o r i g i n .  

There a r e  p a r t i c u l a r l y  sharp  changes no t  connected with changes I n  geo- 

graphica l  coord ina tes  I n  t h e  a rea  of  geologica l ,  orographlcal ,  hydrographical  

and hydrogeological condi t ions  of t he  forrnatlon o f  per . inaf~ost .  O f  course t h e  

s l g n l f l c a n c e  of l o c a l  geomorphological mechan1sl:is I n  changes i n  the  depth and 

d e n s l t y  of snow cover, r a d i a t i o n  d e n s l t y  reaching  t h e  e a r t h ' s  su r f ace  froni t h e  

sun and o t h e r  i r ~ ~ p o r t a n t  condi t ions  i n  the  forrnation o f  t he  temperature f i e l d  

of the l i t hosphe re  a r e  known. The above l i s t e d  physlco-geographical and geo- 

l o g i c a l  condi t ions  of hea t  exchange a r e  changing a t  an inc reas ing  r a t e  under 

the  inf luence  of i n d u s t r i a l  product ion.  During i n d u s t r i a l  p roduct ion  people 

consciously o r  unconsciously change the  d i r e c t i o n  o f  deve1op:nent an6 t h e  geo- 

therr i~al  l e v e l  of  hea t  exchance between the s o i l  and atmosphere and a s  a r e s u l t  

change the l o c a l  clii:.iate. 

It Is 1cnov:n t h a t  such important Ind ices  of c l l n ~ a t l c  c o n d i t l o i ~ s  a s  temper- 

a t u r e  and ~ n o l s t u r e  conten t  of  the  s t r a t u l ~  of a i r  ad j acen t  t o  t h e  ground a r e  

determined pr1r::arily by the tenlpcrature and ~i io is ture  contcn'c of t h e  upper 



s t ra tum of s o i l .  In t h i s  connection one cannot consider  c o r r e c t  t h e  expres- 

s i o n  "permafrost  is a  product of c l imate t ' .  It i s  i n c o r r e c t  from the  p o i n t  of 

view of perlnafrost s c i e n t i s l ; ~  a s  we l l  a s  from the  po in t  of  view of nieteorolo- 

g i s t s  and c l ima to log i s t s  ( ~ o e i k o v ,  1 8 U G ,  1889,, 1904; Khromov, 1951, 1952 ) . 
Climate is t he  weather regime over a  period of years  c h a r a c t e r i s t i c  of a  given 

place by v i r t u e  of i t s  geographic p o s i t i o n  and brought about by s o l a r  r ad ia -  

t i o n ,  by the  na ture  of thc  underlying sur face ,  v a r i a t i o n s  i n  i t s  phys ica l  

p rope r t i e s  and r e s u l t i n g  c i r c u l a t i o n  of the  atlnoophere ( ~ l i s o v  e t  a l .  1952; 

Khromov and Plalnontova, 1955 ) . 
O f  course clirt!ate, i n  r e f l e c t i n g  the  progress  and r e s u l t s  of hea t  exchange 

and moisture exchange of t he  s o i l ,  r i v e r s  and stream, lakes ,  s e a s  and oceans 

with the atmosphere and o u t e r  space,  has a  d i r e c t  in f luence  on the  development 

and r e s u l t s  of hea t  exchange between the  above-lncntioned systenis. Cloud cover, 

wind ve loc i ty ,  t he  absolu te  values and d i f f e rences  I n  the  temperature of t h e  

s o i l  and the  atmospheric l a y e r  ad jacent  t o  i t  and o t h e r  cLimatic condi t ions ,  

t o  a  considerable  ex ten t ,  determine the  s i g n  and abso lu te  value of t he  geo- 

theriilal l e v e l  of hea t  exchange between t h e  e a r t h ' s  c r u s t  and the  atmosphere. 

But ncver the less  t he  c l ima t i c  condl t lons  a s  wel l  a s  the  time of t h e  year  t he  

snow cover appears,  Its depth and d e n s l t y  and du ra t ion  do no t  r e f l e c t  t he  

mechan i s~s  of such pheno~ilenon, a s  f o r  example t h e  deep pene t r a t ion  of f r o s t  

l n t o  the  e a r t h ' s  c r u s t  and the  ex i s t ence  of perraafrost  a t  t he  bottom of  the  

Sredne-Burein o r  t he  Selelndzha depressions.  The supe r sa tu ra t ion  of t h e  c l a y  

s u b s o i l  and s o i l ,  t he  bog formation over t hese  low, almost f l a t ,  po r t ions  of 

land because of t he  unfavourable condi t ions  of runoff  and f i l t r a t i o n  of t h e  

su r face  water predetermined t h e  unavoidable f o r n ~ a t i o n  of permafrost;  i n  neigh- 

b o ~ u i n g  reg ions  under e s s e n t i a l l y  the  same c l i m a t i c  condi t ions  but  d i f  f  e r e n t  

geonlorphological and geologica l  condi t ions  t h e r e  i 3  no permafrust  . 
By changing the  su r face  and s o i l  s t r a t a  one can wi th in  a r e l a t i v e l y  

l imi ted  scope change t h e  temperature l e v e l  of hea t  exchange between t h e  ear th ' s  

c r u s t  and the  atmosphere and i n  t h i s  way change the  l o c a l  c l imate .  Here one 

should take i n t o  account t he  oppos i te  e f f e c t  of snow cover  on t h e  temperature 

o f  t he  a i r  and s o i l  dur ing  the  winter  which fol lows from t h e  above-mentioned 

arguments of b1.V. Lonionoaov and a l s o  t h a t  of A. I. Voelkov (1889,). P.A. 

Shui-nslcii and P . I .  Kolosl;ov, fol lowing A.I. Voeikov, noted t h a t  snow, i n  

decreasing the  i n t e n s i t y  of hea t  exchange i n  t h e  system so i l -a tnosphere  adja-  

cen t  t o  t he  e a r t h  and having the  p rope r ty  of r e f l e c t i n g  t h e  s u n ' s  rays  ( a  

l a rge  a lbedo) ,  r e s u l t s  i n  cool ing  of t he  s t ra tum of a i r  ad jacent  t o  the  snow 

(Koloskov, 1952; Sh~uilskii,  1955).  

The f a c t o r s  noted by the  above-mentioned i l?vcst i r ;a tors  i n d i c a t e  t h a t  t he  

s o i l  i s  simultaneously a covcr  over  t he  e a r t h ' s  c r u s t  which i s  thermo- 



dynamically d i r e c t l y  connected with the  l i thosphere  and an intermediary i n  the  

hea t  exchange between t h e  subso i l  and t h e  atniosphere and o u t e r  space. 

J u s t  a s  the  atmosphere ad jacent  t o  the e a r t h  i s  not  i n d i f f e r e n t  t o  t h e  

thermal s t a t e  of the  s o i l  s o  the  s o i l  r e a c t s  t o  changes i n  the  temperature of  

the a i r  ad jacent  t o  It. 

An understanding of the  fundamental geophysical processes  and condi t ions  

of hea t  exchange i n  the  system li thosphere-soil-atmosphere can he lp  i n  a 

c o r r e c t  understanding of a q u a n t i t a t i v e  expression and estinia t i o n  of the  value 

of cool ing-freezing ancl heating-thawing of the  s o i l  and subso i l .  Iii t h i s  way 

geophys ic is t s  a r r ived  a t  an equat ion f o r  the  hea t  balance of the  "underlying 

surface" of t h e  s o i l  with vegeta t ion  cover v~hich i s  a p a r t i c u l a r  and somewhat 

conventional a n a l y t i c a l  expression of the  law of conservat ion and transforma- 

t i o n  of energy. 

Up t o  the p resen t  time act inometry has achieved g r e a t  success .  It has 

helped t o  solve very inpor t an t  c l ima to log ica l  problems and has given r i s e  t o  

climatology of hea t  balance - a new Branch of geographico-geophysics'. The 

main c r e d i t  f o r  e s t a b l i s h i n g  the climatology of hea t  balance should go t o  t h e  

head of the  A . I .  Voelkov Geophysical Obscrvatory. 

Kriowledge of the  thermoba lance of the  "underlying s u r f  ace" makes It 

possib1.e f o r  c l ima to log i s t s  and physlco-geographers i n  genera l  t o  expla in  the  

mechanism of t h e  temperature regime and c i r c u l a t i o n  of thc  atmosphere a s  wel l  

a s  the  development of the  phys ico -~eograph ica l  envelope ( A . A .  Grigor 'ev,  1951, 

1954 and 1956,; Budylco, 1956).  Permafrost s c i e n t i s t s  a r c  i n t e r e s t e d  mainly i n  

the hea t  balance of t h e  s o i l  which r e f l e c t s  the  progress  and r e s u l t s  of  a l l  

processes  of hea t  and mat te r  t r a n s f e r  i n  the  atmosphere. 

In def in ing  the  concept of " r a d i a t i o n  balance" and "heat  balance of the  

underlying surface1' ,  a s  wel l  a s  t h e i r  a n a l y t l c a l  expressions,  t he re  i s  a s  y e t  

no p rec i se  agreec~ent  among meteorologis ts ,  c l i m a t o l o ~ i s t s  and s p e c i a l i s t s  i n  

t h e  physics  of hea t  exchange i n  the  s o i l .  Representat ives  of the  Main Geophys- 

i c a l  Observatory, the  au thors  of the  most exhaust ive surveys of these  problems 

(r4.I.  Bu.dylco, T.G. Berlyand, L . I .  Zubenok, K.Ya. Kondrattev, S.A. sapozhnlikova 

and o t h e r s ) ,  def ine  the  r a d i a t i o n  balance of the  underlying su r face  R a s  t h e  

d i f f e rence  between the  t o t a l  absorp t ion  of s o l a r  r a d i a t i o n  by t h e  upper s t ratum 

of 3011 and vegetat ion and the n e t  r a d i a t l o n  of t h i s  "ac t ive  layer":  

where Q is the t o t a l  f l u x  of d i r e c t  r ad ia t lon ;  q is the t o t a l  f l u x  of sca t t e red  

r ad ia t ion ;  a is t he  albedo; I i s  the  n e t  r a d i a t l o n  ( t h e  d i f f e r e n c e  between the  

t o t a l  f l u x  of r a d i a t l o n  from the  "ac t ive  layer1' and t h e  counter  r a d i a t i o n  from 

the atmosphere). 



In  o t h e r  words, t he  value of R is the  sum of t h e  hea t  r a d i a t i o n  f l u x  a t  

t h e  l e v e l  of t he  e a r t h ' s  sur face  ( ~ u d y k o ,  1956, page 9) .  It i s  equated t o  

the  sur11 of terms of t h e  h e a t  balance of t h e  underlying sur face  

where LiE i s  t h e  t o t a l  consumption of  hea t  on t h e  evaporat ion of  water o r  t h e  

d i f fe rence  i n  t h e  t o t a l  consuniption of h e a t  on the  evaporat ion from 

t h e  sur face  of t he  s o i l  and vegeta t ion  and t h e  a d d i t i o n  of h e a t  from 

the  condensation of vapour on the  su r face  ( L  i s  the  l a t e n t  h e a t  of 

evaporat ion o r  condensation and I3 i s  evaporat ion o r  t he  d i f f e r e n c e  

between evaporat ion and condensation);  

P i s  t he  t o t a l  convective ( t u r b u l e n t )  f l u x  of h e a t  between the  s o l l  

and t h e  atmosphere; 

A i s  t h e  t o t a l  f l u x  of hea t  between t h e  underlying su r face  and s t r a t a  

of s o i l  and subso i l s .  

Assuming t h a t  A = 0 f o r  t h e  mean annual period averaged over  many years ,  

t h e  equation f o r  h e a t  balance of t h e  underlying su r face  

can be reduced t o  the  expression 

Thus I n  the  opinion of  M. I. Budyko t h e  r a d i a t i o n  balance i s  equal  t o  t h e  

hea t  balance 

On t h e  b a s i s  of t he  phys ica l  meaning of equat ion ( 4 . 6 )  one can conclude 

t h a t  t h e  evaporat ion of moisture from the  s o i l  and from i t s  su r face  and t h e  

convective h e a t  t r a n s f e r  t o  t h e  atmosphere exhausts  a l l  phys ica l  phenomenon of 

h e a t  exchange between the  e a r t h ' s  c r u s t  and the  atmosphere. 

This  schematic r ep resen ta t ion  of  hea t  exchange between the  s o l l  and t h e  

atmosphere and o u t e r  space may be admissible  i n  c l imatology b u t  does no t  

s a t i s f y  permafrost  s c i e n t i s t s .  F i r s t  of a l l  i t  does n o t  give a d e t a i l e d  

desc r ip t ion  of thermodynamic processes  i n  t h e  e a r t h f s  c r u s t  i t s e l f .  The most 

important of these,  i n  add i t ion  t o  t h e  evaporat ion of water from the  s o i l  and 

from i t s  surface,  i s  t he  movement and f r e e z i n g  of water i n  the  s o i l  and sub- 

s o i l ,  the  melt ing of i c e  i n  the  s o i l  and subso i l ,  t h e  movement and condensation 

of water vapour i n  t h e  c a v i t i e s  of t h e  s o i l  and subso i l ,  e t c .  This  was 

mentioned by A . I .  Voeikov (1904).  These isotherniic processes ,  i r r e v e r s i b l e  



over a long ex ten t  of time, p l ay  an important r o l e  i n  t h e  development of t he  

tcnlperature f i e l d  of the  e a r t h ' s  c r u s t  and lead t o  fundamental changes i n  

condi t ions  of hea t  exchange bctvreen the  l i t hosphe re ,  s o i l  ancl atmosphere. 

Although climatologists do cons ider  t h a t  t h e  hea t  exchange between t h e  

"underlying sur face"  and the  var ious s t r a t a  of t h e  s o i l  and s u b s o i l  expressed 

by t h e  term A i n  the  hea t  balance equat ion (4 .4 )  is equal  t o  zero  f o r  t h e  mean 

annual per iod averaged over s eve ra l  years ,  it i s  however known t h a t  i n  f a c t  

t he  changes i n  t h i s  value of  A express  the  cool ing  o r  hea t ing ,  i . e .  f r e e z i n g  

o r  thawing of t he  e a r t h ' s  c r u s t .  

I n  orde r  t o  e s t a b l i s h  the dependence of t h c  ternperature regime of  t h e  

s o i l  and subso i l  on the  hea t  balance of t h e  underlying su r face  and t ake  i n t o  

account t he  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  very ev ident  annual l o s s  o r  

add i t ion  of h e a t  by the  s o i l  and gene ra l ly  t h e  e n t i r e  h e a t  exchange i n  t h e  

e a r t h ' s  c r u s t  connected with the  t ransformat ions  of var ious forms of energy, 

one must I n v e s t i g a t e  t h e  h e a t  cyc le  of t he  l a y e r  with v a r i a b l e  annual tempera- 

t u r e .  The f i r s t  t o  become i n t e r e s t e d  I n  t h i s  was A . I .  Voeikov us ing  the  d a t a  

of F. Khomen and o t h e r s .  H e  es t ab l i shed  a  r e l a t i o n s h i p  between t h e  d a i l y  and 

annual temperature v a r i a t i o n  of t h e  atmosphere with t h e  d a i l y  and annual h e a t  

cyc le  i n  t h e  s o i l  and In water bodies  and ind ica ted  t h e i r  r o l e  i n  t h e  forma- 

t i o n  of c l lmate  (Voeikov, 1904).  

The ideas  of A.I. Voeikov concerning the  h e a t  cyc le  I n  the  s o i l  and i n  

water  bodies  and t h e  s i w i f i c a n c e  of t h e  hea t  cyc le  i n  t h e  formation of  l o c a l  

c l imate  were developed by EI.EI. Krylov. The annual h e a t  cyc le  of t h e  s o i l  and 

t h e  underlying s u b s o i l  o r  of t h e  upper s t r a tum of water bodies  he c a l l e d  t h e  

half-sun1 of h e a t  e n t e r i n g  t h e  s o i l  and s u b s o i l  from above and t ransmi t ted  by 

t h e  s o i l  upwards, i n  o t h e r  words t h e  annual hea t  cyc le  is the hea t  e n t e r i n g  

the  s o i l  and leaving  the  s o i l  over  a  year  considered s e p a r a t e l y  ( ~ r y l o v ,  1952).  

The f l u x  of hea t  from t h e  i n t e r i o r  of the  e a r t h  and t h e  e f f e c t  of biochemical 

processes  a r e  not  taken i n t o  account. 

The not ion  of the hea t  cyc le  i n  t h e  e a r t h ' s  c r u a t  and i n  water  bodies  as 

it i s  considered by I4.M. Iirylov can be expressed by t h e  equat ion 

wherexq  i s  t h e  t o t a l  hea t  cycle;  

c  i s  t h e  s p c c i f i c  hea t  capaci ty;  

y i s  t h e  u n i t  weight; 

t, - t ,  i s  t h e  d i f f e rence  between extreme ternperztures f o r  a  year;  

1 i s  t he  hea t  of f r e e z i n g  o r  melting; 

S is t h e  conten t  of ~ v a t c r  o r  i c e  i n  a  u n i t  of volume; 



L i s  thc hcat  of evaporation o r  condensation; 

e  is the evaporation from the surface of the  s o i l  o r  water surface  

(condensation); 

h  is the  thickness of the  s t ra twn of s o i l ,  subso i l  o r  water under 

considera t ion;  

w i s  the area of the  cross-sect ion of a c o l w n  (prism) of the  e a r t h ' s  

c r u s t  o r  water. 

The t o t a l  annual heat  cycle i n  a  column of land with a  cross-sect ion of 

1 m 2  i s  expressed a s  350 - 1400,000 kcal ;  a  column of lake water of the  same 

cross-sect ion more than 10 m i n  he ight  has a cycle of about 700 - 1,000 kcal .  

Such heat  cycles  a r e  observed i n  the  e a r t h ' s  c r u s t  and i n  f r e s h  water i n  the 

moderate l a t i t u d e s .  

The heat  cycles  i n  the e a r t h ' s  c r u s t  and i n  water represent ing  the  con- 

sumption 03 hcat  can be ca l led  negative whereas the in f luxes  of heat  from the  

outside,  i . e .  from the  sun and atmosphere, a r e  p o s i t i v e .  Being interconnected 

they a r e  only in r a r e  cases, more lllcely iinaginary cases,  equal t o  each o ther .  

Under n a t u r a l  condit ions when a r e l a t l v e  steady s t a t e  has been achieved i n  the  

heat  exchange regime over a number of years  between the  l i thosphere - so i l -  

atmosphere and between the watcr-at~nospl~ere, the negat lve heat  cycles  of the  

s o i l  and f r e s h  water i n  moderate and high l a t i t u d e s  i s  g r e a t e r  than the  

pos i t ive .  This i s  general ly known and has been mentioned above i n  d iscuss ions  

of the continuous t r a n s f e r  of hcat  from the e a r t h  t o  o u t e r  space. 

The annual negative heat  cycle of s o i l  and subso i l  o r  water bodies of 

medium and high l a t i t u d e s  can t h e o r e t i c a l l y  be q u i t e  l a rge .  In f a c t  they a r e  

l imited a s  a  r u l e  by p o s i t i v e  heat  cycles ,  1 .e .  Sy the q u a n t i t i e s  of hea t  

ener-gy accumulated by the  s o i l  and subso i l s  o r  sur face  s t r a t a  of water through- 

out  the year; these q u a n t i t i e s  of heat  energy z r e  themselves determined by the  

i n f l u x  of r ad ia t ion  enerGq, convcction hcat  and the  t r a n s f e r  of heat  from the  

decper recesses  of the  e a r t h ' s  c r u s t  t o  the  surface,  t h e  albedo of t h i s  sur -  

face, tho densi ty,  r ad ia t ion  pene t rab i l i ty ,  the heat  capaci ty,  hea t  conductiv- 

i t y  and o the r  physical  p roper t i e s  of the s o i l ,  subso i l  and water.  

It is known t h a t  t o  increase the  negat ive hca t  cycles  of the  s o i l  In  

order  t o  reduce i t s  ten~perature and decrease the  evaporation of moisture from 

the s o i l  during the  vegetat ion period,  M.M. Krylov suzgested increas ing  the  

e f f e c t i v e  heat  capaci ty  of the  "ac t ive  layer" of a r i d  regions by winter  

i r r i g a t i o n .  

Thus the  mean thermal s t a t e  of the s o i l  and subso i l  o r  water i n  the  upper 

s t r a t w ~ l  of a  lake o r  r i v e r ,  cxpressed by t h e i r  lnean annua3 temperature, i s  

determined b a s i c a l l y  by p o s i t i v e  hcat  cycles .  



Natural  o r  a r t i f i c i a l  v a r i a t i o n s  i n  t he  r a t i o  of nega t ive  and p o s i t i v e  

h e a t  cyc les  r e s u l t  i n  changes i n  t h e  h e a t  s t a t e  of t he  s u b s o i l  a t  t h e  bottom 

of t he  l aye r  with va r i ab l e  annual temperatures and below t h i s  p o i n t .  They a r e  

expressed p a r t i c u l a r l y  by changes i n  enthalpy,  a c h a r a c t e r i s t i c  func t ion  of  

s t a t e  known t o  p h y s i c i s t s  and phys i ca l  chemists .  

Taking i n t o  account the conlplexity of t h e  concept of t h i s  f u n c t i o n  of 

s t a t e  and t h e  Imposs ib i l i t y  of determining i t s  abso lu t e  value,  N.S. Ivanov 

introduced a  d i f f e r e n t  index of  a  pu re ly  thermal s t a t e  of t he  s o i l  and sub- 

s o l 1  - "hea t  l eve l " .  The h e a t  l e v e l  was def ined by N . S .  Ivanov a s  the  pos i -  

t i v e  o r  nega t lve  a c c r e t i o n  of i n t e r n a l  energy of t he  prism o r  s t r a tum of s o i l  

o r  s u b s o i l  sub t r ac t ed  from t h e  convent ional  value of  t h e i r  en tha lpy  t h a t  

corresponds t o  t he  temperature of 0 ° C .  The half-sum of t he  extreme value of  

t h e  s u b s o i l  hea t  l e v e l  i n  t he  s t ra tum having an annual v a r i a b l e  temperature i s  

c a l l e d  t h e  mean h e a t  l e v e l .  Neglect ing the  h e a t  e f f e c t  of mechanical, chemi- 

c a l ,  b i o l o g i c a l  and e l e c t r * i c a l  processes  and cons ide r ing  unchanged t h e  gener- 

a l l z e d  fo rce  and coord ina te  ( i n  p a r t i c u l a r  t h e  p re s su re  snd volume), N . S .  

Ivanov adlnits t h e  ex i s t ence  of a  well-defined dependence between t h e  inc rease  

o r  decrease of t he  h e a t  l e v e l  of t he  s u b s o i l  and i t s  teniperaturne (Ivanov, 

1956) .  

On t h i s  b a s i s  he e s t ab l i shed  a  connect ion between t h e  mean h e a t  l e v e l  Urn 

and the  geothermal l e v e l  of t he  h e a t  exchange of a  u n i t  of volume of s u b s o i l  

taken from t h e  lower p a r t  of t h e  s t r a tum with v a r i a b l e  annual temperatures  

(where t h e r e  i s  no phase t r a n s i t i o n  of H,O): 

where c  i s  the  "volumetric d i f f e r e n t i a l  e f f e c t i v e  h e a t  c a p a c i t y  of  t h e  
X s u b s o i l  . 

It Is no t  d i f f i c u l t  t o  s e e  t h a t  
'ma x  + 

is t h e  h e a t  cyc l e  of  a  glven 
2 

elementary volurne of s u b s o i l  i n  t h e  concept of M . M .  Krylov. Thus t h e  g r e a t e r  

t he  h e a t  cyc le  i n  t h e  l a y e r  with  a  v a r i a b l e  annual temperature t he  h ighe r  t h e  

geothermal l e v e l  of h e a t  exchange. I n  t h e  A r c t i c  tundra and t h e  t r a n s - p o l a r  

t a i g a  of  t he  Asian p a r t  of t he  USSR t h e  h i g h e s t  geothermal l e v e l  of h e a t  

exchange i s  observed i n  t h e  bottom d e p o s i t s  of f r e s h  water  l akes  deeper  than 

5 rn. 

In t he  equa t ions  of t h e  h e a t  balance of elementary volumes of s o i l  and 

s u b s o i l  t h e  h e a t  l e v e l  i s  expressed by t h e  so -ca l l ed  "accumulative term" which 

denotes the  p o s i t i v e  o r  nega t ive  a c c r e t i o n  of h e a t  i n  s e p a r a t e  elements of t h e  

e a r t h ' s  c r u s t  du r ing  a  day, year  o r  a  longer  per iod  of time (Chudnovskii,  1948; 

Kolesnikov, 1952) .  Thus i f  t he  annual supply of h e a t  t r ansmi t t ed  t o  an element 



of a  l a y e r  o f  s o i l  froni above i s  denoted by Q t h a t  from t h e  s i d e s  a d j a c e n t  
PV' 

t o  t h e  l a t e r a l  f a c e  of t h e  s o l l  mass by Q t h a t  froril below from t h e  under- 
Pb ' 

l y i n g  straturn o r  froni above by 9 t h e  l o s s  of h e a t  upwards o r  downwards by 
pnY 

Qrv and t h e  l o s s  t o  t h e  ad j acen t  l a t e r a l  f a c e s  of t h e  s o i l  by arb, t h e  equa- 

t i o n  f o r  t h e  h e a t  balance of t h e  s e l e c t e d  vo1un;e of t h e  e a r t h t s  c r u s t  can be 

w r i t t e n  a s  fo l lows :  

where Qak i s  t h e  changes i n  t h e  h e a t  con t en t  i n  t h e  given volume of s o i l .  

With a  s i r ~ ~ i l a r  equa t i on  one can express  t h e  h e a t  balance of  a  prlsrn t aken  

from any uniforn! s e c t i o n  of  land c o n s i s t i n g  of s o i l  and l i t h o s p h e r e ;  t h e  he igh t  

of i t  may vary depending on which s t r a t a  of t h e  l i t h o s p h e r e  a r e  be ing  

cons idered .  

Of t h e  g r e a t  v a r i e t y  of speclrnen colurnns o r  prisins t aken  from t h e  " o u t e r  

a c t i v e  l ayer1 '  of t h e  e a r t h ' s  c r u s t  t h e  lowest  h e a t  c y c l e s  and lowest  tenrpera- 

t u r e s  a r e  found i n  peat-moss and clay-peat-rmoss s o i l s .  Because p e a t  and c l a y  

s o i l s  ( i n c l u d i n g  f i n e  s i l t  s o i l s )  a r e  r e l a t i v e l y  impervious t o  water  and 

because of t h e  s u p e r s a t u r a t i o n  of  t h e  upper p a r t s  o f  such prisms, s i n c e  t h e y  

u s u a l l y  occur  i n  depressions of t h e  r e l i e f ,  t h e  annual  p o s i t i v e  h e a t  c y c l e  

occurs  i n  t h e  uppermost stratulir of t h e  e a r t h ' s  c r u s t .  Most of t h e  s u n ' s  h e a t  

i s  consumed on evapora t ion  from t h e  s o i l  and v e g e t a t i o n  and o f  t h e  h e a t  t h a t  

i s  accumulated i n  t h e  s o i l  du r ing  t h e  warin pe r lod  of t h e  y e a r  n ~ o s t  of  it 

r a d i a t e s  and i s  t r a n s f e r r e d  by convect ion i n t o  t h e  atmosphere d u r i n g  t h e  f i r s t  

two o r  t h r e e  months of t h e  f a l l  and w in t e r .  

This  p a r t i c u l a r  f e a t u r e  of h e a t  exchange between pea t -c layey  s o i l s  and 

t h e  a t rhosphere  and i t s  e f f e c t  on t h e  t empera ture  regime of t h e  s o l l  and 

p a r t i c u l a r l y  t h e  fo rmat ion  of perrnafrost  was noted a s  e a r l y  a s  1910 by B.B. 

Po lynov. 

According t o  t h e  va lue  of t h e  annual  h e a t  cyc l e  one can c o n s t r u c t  t h e  

f 'ol lowing s e r i e s  frorn t h e  v a r i e t y  of l i t h o l o g i c a l  pr isms (go ing  from t h e  low- 

e s t  t o  t h e  h i g h e s t  va lues  of t h i s  geothermal i n d e x ) :  peat-moss, c lay-pea t -  

moss, c l a y  loam-peat-moss, c l ay ,  c  l.ay loam, sand loam, sand,  sand-gravel ,  

g r ave l ,  gravel-pebble ,  pebble ,  r ubb l e  s t one ,  bou lder ,  r ubb l e  s t o n e - s o l i d  rock  

and rock .  In  t h e  f u t u r e  a d e t a i l e d  c l a e s i f i c a t i o n  w i l l  have t o  be tlorlted o u t  

f o r  t h e  var ious  c ro s s - s ec t i ons  o f  t h e  e a r t h ' s  c r u s t .  

The value and s i g n  of t h e  accurr;ulatlve teri:i of t h e  h e a t  ba lance  i n  t h e  

e a r t h ' s  c r u s t  r c f l e c t  t h e  i n f l uence  oi' a l l  p h y s i c a l  p roces se s  i n v a l v i n ~  con- 

t i nuous  h e a t  exchange between t h e  e a r t h  and t h e  atmosphere, geo log i ca l ,  



bfogeochemical and o t h e r  phenomena. For us the  most important of t hese  

phys ica l  processes  i s  the  deep f r eez ing  and thawing of the  lithosphere. 

Freezing of t he  l i t hosphe re  t o  depths  of 100, 200, 300 rn and rnore occura a s  

t he  r e s u l t  of cons iderable  l o s s e s  of hea t  o r  t h e  predominarlce of t he  nega t ive  

value of & i n  the hea t  balance equat ion (4 .9 )  f o r  a  prolonged, undoubtedly 

h i s t o r i c a l - g e o l o g i c a l  per iod of time, measured i n  thousands of years .  These 

nega t ive  values ofGak a r e  the  r e s u l t  of varying annual. nega t ive  hea t  cyc les .  

A negat ive hea t  cyc le  extending over  many years  r e s u l t s  i n  very l a rge  

i r r e v e r s i b l e  l o s s e s  of hea t  energy from t h e  f rozen  s t r a t a  and a l s o  l a r g e  

q u a n t i t i e s  of hea t  from g r e a t  depths ,  p a r t i c u l a r l y  when t h e r e  i s  p rogress ive  

f r e e z i n g  of t he  e a r t h ' s  c r u s t  dur ing  t h e  per iod  when the  hea t  exchange between 

the  e a r t h  and the  atmosphere had not  reached a  s t eady  s t a t e .  In t he  geological  

sense low a reas  t h a t  were r e c e n t l y  covered by water and some h igh  a r e a s  of 

ex tens ive  e ros ion  a r e  l i v i n g  through such a  pe r iod .  51; i s  p o s s i b l e  t h a t  f o r  

t h i s  reason the  geothermal s t ages  of t he  upper reaches of r i v e r s  f l o ; ~ i n g  from 

mountain r idges  i n  t h e  no r theas t  p a r t  of the  USSR a r e  but  comparatively small .  

Permafrost  s c i e n t i s t s  would l i k e  t o  e l u c i d a t e  t h e  mechanism of develop- 

ment and appearance and disappearance of s easona l ly  f rozen  s o i l  o r  p e r n ~ a f r o s t  

a s  geophysical phenomena not  i s o l a t l n g  them from t h e  e x t e r n e l  o r  i n t e r n a l  h e a t  

e f f e c t s .  The extremes i n  e s t ima t ing  the  value of h e a t  from s o l a r  r a d i a t i o n  

and from the  i n t e r n a l  hea t  of t h e  e a r t h  a r e  t h e  r e s u l t  of , the  narrow s p e c i a l i -  

z a t i o n  of geophys ic i s t s .  In  s p i t e  of t h e  very small  quar, t i ty of h e a t  corning 

from t h e  Inner  reaches of t h e  e a r t h ,  i t  neve r the l e s s  r e s u l t s  i n  t h e  ex i s t ence  

of a lower bo~mdal-y t o  the  f rozen  s t r a t a .  This  i s  a  level. of moblle e q u l l i b -  

rim between the  l i q u i d  and s o l i d  phases of ground water  which s h i f t s  i n  one 

d l ~ ~ e c t l o n  o r  the o t h e r  because of changes i n  h e a t  l o s s  of the  s o i l  and e a r t h ' s  

c r u s t  . 
Permafrost s c i e n t i s t s  cannot ignore such an important index of the  

d e v e l ~ p ~ e n t  of p e x a f r o a t  and h e a t  exchange between the  upper s t r a t a  of t he  

e a r t h ' s  c r u s t  and t h e  atmosphere a s  t h e  r e c i p r o c a l  t r a n s i t i o n  of  t h e  phys ica l  

s t a t e  of ground water  acconpanying funamental changes i n  t h e  physico-chemical 

system. The s i m p l i f i c a t i o n  of complex phenomena of hea t  exchange f o r  t h e  sake 

of ease  i n  mathenlatical formulat ion would n e c e s s i t a t e  t h e  exc lus ion  of a l l  

thernodynamic e f f e c t s  i n  t h e  s o i l  connected with t r a n s i t i o n s  i n  t h e  phys ica l  

s t a t e  of' nloisture i n  t h e  s o i l  a s  wel l  a s  endothermic and exother ,~i lc  r e a c t i o n s .  

The ~echanis lns  of t h e  deve1op:nent of hea t  exchange i n  the  system s o i l -  

s t tbso i l ,  f r eez ing  and thawing of s o i l  and s u b s o i l ,  and cond i t ions  of o:ligin 

and ex is tence  of permafrost  can be understood b e t t e r  i f  one regards  the  s o i l  

and s u b s o i l  a s  h ighly  coniplex physico-chemical systems and not  a ~ ~ l s o t r o p l c  and 

homage:-~eous s o l i d  bodies .  



The cornplexity of these  physico-chemical systems comes from t h e i r  being 

made up of many components and e x i s t i n g  i n  t h r e e  phases .  The b a s i c  components 

of these  systems a r e :  s o l i d  mineral  p a r t i c l e s ,  t r u e  and c o l l o i d a l  aqueous 

s o l u t i o n s  and gas Inc lus ions .  They a r e  of themselves no t  homogeneous. More- 

over, t h e  aqueous s o l u t i o n s  of var ious components and a l s o  the  gases  f i l l i n g  

the  pores  and c a v i t i e s  i n  t h i s  s o l l  ( f o r  example f r o s t  cracks,  drying, physi-  

c a l  e ros ion  and leeching)  a r e  made up of many components and a r e  cont inuously 

moving i n  connection with d i f f u s i o n ,  convective and tu rbu len t  hea t  exchange 

i n  t h e  systems. 

A.F. Lebedev i n  cons ider ing  t h e  migrat ion of  water  vapour i n  the  pores  of  

the  s o i l  and s u b s o i l  noted the  e f f e c t  of t h i s  phenomenon on hea t  exchange 

between the  var ious  s t r a t a  of t he  e a r t h ' s  c r u s t .  "The movement of water  vapour 

i n  the  s o l l  and s u b s o i l  is a  func t ion  of  t h e  temperature of t he  upper s t r a t a  

of  t h e  e a r t h ' s  c r u s t ,  and is undoubtedly one of t h e  most powerful f a c t o r s  i n  

the  hea t  exchange of t h e  s o i l .  The continuous flow of water vapour from the  

lower reaches of t h e  e a r t h ' s  c r u s t  t o  t he  su r face  and t h e i r  condensa'tion a t  

t h e  su r face  inc reases  t h e  temperature a c c e l e r a t i n g  t h e  energy of hea t  exchange 

between the  deeper p a r t s  and t h e  su r face  s t r a t a  of the  ea r th"  ( ~ e b e d e v ,  1936, 

page 271) .  

The migrat ion of l i q u i d  water a long t h e  pores  and cracks  of t h e  s o i l  and 

s u b s o i l  and not  only t h a t  of water vapour, a s  noted by Lebedev, i s  of  g r e a t  

importance i n  the  hea t  exchange of t h e  var ious s t r a t a  of t h e  e a r t h ' s  c r u s t .  

In a l l  non-steady s t a t e  processes  of f r eez ing  and cool ing  of t h e  s o i l  and sub- 

s o i l  from the  su r face ,  p a r t i c u l a r l y  when they a r e  seasonal ,  f i l m  and c a p i l l a r y  

water  a r e  a c t i v e  t r a n s p o r t e r s  of hea t .  The movement of f i l m  and c a p i l l a r y  

water  a long pores  I n  s o i l  and s u b s o i l  when t h e r e  i s  a  temperature d i f f e r e n c e  

I n  them towards horizons of i n t ens ive  cool ing  and i c e  formation r e s u l t s  i n  a  

decrease i n  the  grad ien t  i n s i d e  the  water - t ransmi t t ing  and hea t - t r ansmi t t i ng  

s t r a t a .  

I n  nature ,  f i l m  and c a p i l l a r y  water  moves a long  t h e  pores  through s t r a t a  

of s o i l  and s u b s o i l  i n  two d i r e c t i o n s :  ( a )  towards t h e  bottom of the  s t r a t a  

:ii+,h annual temperature v a r i a t i o n  a s  we l l  a s  a l s o  towards horizons of lower 

tenpera ture  i n  the  e a r t h ' s  c r u s t ,  and ( b )  towards the su r face  of t he  s o i l ,  

s lnce  t h e  d i r e c t i o n  of t h e  temperature g rad ien t s  above and below these  horizons 

a r e  i n  oppos i te  d l rbec t ions .  I n  t h i s ,  a s  i n  o t h e r  n a t u r a l  phenomenon, t h e r e  is 

a  con t r ad ic t ion :  The movement of t h e  f i l m  and c a p i l l a r y  water  caused by 

t enpe ra tu re  d i f f e r e n c e  tends t o  des t roy  t h i s  reason by decreas ing  t h e  tempera- 

t u r e  d l f  f erence and the  geotherrnal g rad ien t  ( the  LeChate l i e r  p r i n c i p l e  ). 

I n  water-saturated sand o r  broken s tone  d e p o s i t s  s a t u r a t e d  with water  

t h e r e  vrould seen1 t o  be some convective hea t  exchange al though it is more 



evident In  rock formations where crack8 open up i n t o  stagnant water bodies. 

Up t o  1950 the study of heat  t r a n s f e r  was enriched by the  work of Prof. 

A.V. Lykov on heat-moisture t r a n s f e r  observed In  n~o i s t  porous mater ia ls ,  

tlheat-moisture conductivlty introduces a correc t ion  i n t o  the heat  conductivl ty 

law of Fourier  s lnce a s p ec i f i c  por t ion  of the heat  is t ransfer red  by the flow 

of moisture" ( ~ y k o v ,  1.950). 

The Fourier  heat  conductivi ty law ( the  densi ty  of heat  f l u x  is i n  d i r e c t  

proportion t o  the temperature gradient )  expressed by the  equation 

is a l t e r e d  and takes on the form 

where q i s  the densi ty  of heat  f l u x  In  kcal/m2 h r ,  

h Is the heat  conductivi ty c oe f f i c i e n t  i n  kcal/m h r  degree, 

k  i s  the moisture t r a n s f e r  c oe f f i c i e n t  i n  m2/hr, 

yo Is the moisture densi ty,  
1 

6 Is the heat-moisture t r a n s f e r  c oe f f i c i e n t  In degree , 
Y is the heat  content of the moisture t ransfer red  ins ide  the mater ia l  

In  kcal/kg, 

v t  i s  the temperature gradient ,  

rm is the moisture gradient .  

The r e s u l t  of the movement of any form of water upwards o r  downwards i n  

the  subsoi l  e i t h e r  because of a  temperature d i f ference  o r  the  fo rce  of g rav i ty  

Is an equ l l ib ra t lon  of temperature i n  the frozen stratum or ,  I n  o the r  words, a 

decrease i n  the temperature gradient .  

This cannot be ignored e i t h e r  i n  ca lcu la t ing  the thickness of a seasonal  

frozen stratum when one i s  deterrninlng the upward f l u x  of ex te rna l  heat  only 

by the temperature d i f ference  a t  t he  foo t  of t h i s  l ayer  o r  I n  considering 

the so-called "normal geothermal gradl.entt' (S.A. Kraskovskii, 1948), s lnce  the 

temperature f i e l d  i n  the  upper s t r a t a  of the  e a r t h ' s  c r u s t  cannot be considered 

t o  be i n  an unconditionally s teady s t a t e .  A t  the  present  time one cannot 

explain the d i f ference  i n  r a t e s  and depth of thawing i n  c lay  loam and sand 

s o i l s  only by the d i f ference  I n  the  heat  conductivi ty c oe f f i c i e n t  a s  was done 

by previous inves t iga to r s  ( A . F .  Middendorf and o the r s ) .  

Solid,  l iquid  and gaseous bodies conlprislng the v e r t i c a l  cross-sect ion of 

the l i thosphere a r e  subjec t  t o  the thermal, g r a v i t a t i ona l  and o the r  physical  

f i e l d s  of the  ea r th .  



Taking i n t o  account a l l  the  e f f e c t s  of these  f i e l d s  on t h e  s o l i d ,  l i q u i d  

and gaseous components of t he  upper s t ra tum of  the  e a r t h ' s  c r u s t ,  i . e .  t he  

c o r r e l a t i o n  of k i n e t i c ,  p o t e n t i a l  and " s u r f a c e - p a r t i a l "  ene rg ie s  under a c t u a l  

condi t ions  and knowledge of t he  poss ib l e  therinal n~ot ions  malces it poss ib l e  t o  

g e t  a  good understanding of  l i q u i d  and gas t r a n s f e r  and h e a t  exchange i n  t h e  

s o i l  and subso i l .  

Heat exchange i n  the  sys t en~s  atinosphere-lithosphere, su r face  of  t he  s o l l -  

upper s t r a t a  of t he  e a r t h ' s  c r u s t ,  s t ra tum of water-bottom o f a  water  body t ake  

p l ace  by means of t h e  following: 

(1) r a d i a t i o n ;  

( 2 )  absorp t ion  of r a d i a t i o n  energy; 

( 3 )  h e a t  conduct ivi ty;  

( 4 )  convection; 

( 5 )  t u rbu len t  mixing of  l i q u i d s  and gases;  

( 6 )  d i f f u s i o n  of water vapours and motion of f i l m  and c a p i l l a r y  water;  

( 7 )  the  r e c i p r o c a l  t r a n s l t i o n  of  t he  t h r e e  phys ica l  s t a t e s  of H i O .  

In t he  v e r t i c a l  c ros s - sec t ions  of t he  systems, s t ra tum of a i r  adJacent  t o  

the  ground-surface of t h e  so i l -upper  l a y e r  of l i t hosphe re  o r  atmosphere-bottom 

of  a  water body the  above-mentioned types  of h e a t  exchange co inc ide  and a r e  

superimposed one on the  o t h e r  o r  one is replaced by t h e  o t h e r .  

The var ious conjugat ions and s u b s t i t u t i o n s  i n  forms of hea t  exchange 

expla in  the  d i f f e r e n c e  I n  a c t i v i t y  and r e s u l t s  of h e a t  exchange i n  these  

systems on ne ighbowing s e c t i o n s  of land with equal  hea t  supply a t  t h e  s u r f a c e  

of  t he  s o i l  but with vary ing  composition and s t r u c t u r e  of t h e  s o i l  and s u b s o i l .  

For  example, azonal  permafrost  mass i f s  of l lmestone with l a r g e  k a r s t  

c a v i t i e s  ( i n  the  v a l l e y  of t h e  Ufa River  i n  t h e  r eg ion  of  the  Kungur caves, i n  

t h e  Razvalka Mountain and o t h e r  p l a c e s )  a r e  due t o  t h e  a c t l v i t y  of t u r b u l e n t  

and convective rnixlng of  cold and t h e r e f o r e  heavy a i r  with warmer and there-  

f o r e  not  so  heavy a i r  i n  t h e  k a r s t  c a v i t i e s  du r ing  t h e  win te r  and the  absence 

of t h i s  type of  a c t i v e  mlxing dur ing  t h e  summer. 

The c i r c u l a t i o n  of  cold a i r  i n  k a r s t  c a v i t i e s  du r ing  t h e  win ter  due t o  

the  f o r c e  of g r a v i t y  i s  a  f~mdanlental  condi t ion  f o r  t h e  genera t ion  and 

ex i s t ence  of permafrost  masses o r  l e n s e s  I n  ka r s t - con ta in ing  l imestone.  Xn 

such p laces  one does no t  f i n d  t h e  usua l  r a t i o  between t h e  mean annual  temper- 

a t u r e  of  t he  a i r  and the  temperature of t h e  rock a t  t h e  bottom of the  s t r a tum 

with annual v a r i a t i o n  I n  temperature,  t h e  fornler i s  h ighe r  than the  l a t t e r .  

This expla ins  t h e  f a c t  t h a t  t h e  tcnlperature of f r e s h  water  of t he  Razvalkin 

s p r i n g  i s  4.Q°C below the  mean annual t enpe ra tu re  of t h e  a i r  i n  Zheleznovodsk. 

The geologica l  cond i t ion  - t he  presence of l a r g e  c a v i t i e s  (caves and f i s s u r e s  

opening t o  the  a i r )  - i s  completely s u f f i c i e n t  f o r  deep p e n e t r a t i o n  of f r o s t  



i n t o  the  subso i l  convertrln~; i t  i n t o  a  pcrrnafrost stratutn even though t h e  

c l i m a t i c  condl t lona may be unfavourablc f o r  pcrnlafrost .  

The e f f e c t  of a d i a b a t i c  expansion of underpound gases,  f o r  example carbon 

dioxide j e t s  arising from below a long  k a r s t  c a v i t i e s  and cracks of o t h e r  

o r i g i n ,  can a l s o  b r i n g  about l o c a l  permafrost  i n  the  s u b s o i l  I n  r e l a t i v e l y  low 

l a t l t u d c s .  But t h i s  e f f e c t  occurs r a r e l y .  

The o r i g i n  and present-day ex i s t ence  of p e r ~ ~ i a f r o s t  s t r a t a  i n  the  bottoni 

sedimentary depos i t s  of  t h e  shallov! water s h c l f  of t he  Arc t ic  Ocean, a s  v ~ l l  

a s  the  f r eez ing  of t hc  ' o o t t o ~ , ~  of s a l t  l akes  (A.I. Dzens-Litovckii, 1938), i s  

explained a s  follovis. A s  t h e  th ickness  of i c e  cover inc reases  the  concentra- 

t i o n  of s ea  water ad jacent  t o  the  lowcr su r face  of t h e  i c e  inc reases ,  and 

the re fo re  the  water a t  the  i n t e r f a c e  ~ ~ i t h  the  i c e  beconles heavier  and co lde r  

than the  deeper water and desce~ids  t o  t h e  'ootton:. The cold water Is replaced 

a t  t he  boundary between the  s o l u t i o n  and i c e  by warm bottom water which be ing  

l i g h t e r  r i s e s  t o  t h e  undersurface of t he  i c e .  In t h i s  way t h e r e  i s  t r a n s f e r  

of mat te r  and ener-7 i n  a  medium t h a t  i s  under t h e  inf luence  of graVi ta t iona1  

and temperature f i e l d s  . 
A s  a r e s u l t ,  t h e  concent ra t ion  of s a l t  i n  t h e  water ad jacent  t o  t h e  bottom 

inc reases  and t h e  teniperature decreases ,  whereas t h e  concent ra t ion  of s a l t  I n  

t h e  water t h a t  has p rev lous ly  pene t ra ted  i n t o  t h e  bottori: rrluck a t  some depth 

from the  su r face  of t h c  bottom remains a s  before .  

The temperature d i f f e r e n c e  a t  t he  boundary between the  l a y e r  of sea  water  

descending from t h e  I c e  su r face  above and t h e  bottom muck r e s u l t s  I n  hea t  l o s s  

and a  decrease I n  t h e  temperature of t he  rr.uck, and i n  some cases  f r e e z i n g  of  

the  muck. Returning t o  the  ques t ion  of hea t  balance i n  t h e  s o i l ,  It should be 

noted t h a t  a l l  coo l ing  and f r e e z i n g  of t h e  e a r t h ' s  c r u s t  occu r r ing  over  a  

space of time is connected with a decrease In  enthalpy ( h e a t  c o n t e n t )  of t h e  

l i thosphere ,  whereas h e a t i n g  and thawing of penuaf ros t  r e s u l t s  i n  an inc rease  

i n  the  h e a t  conten t  of t'ne l i t hosphe re .  

Regardless of how l a r g e  Is t he  annual i n f l u x  of hea t  t o  t h e  s o i l  it Is 

under ord inary  n a t u r a l  condi t ions  l e s s  tlian t h e  e x t e r n a l  h e a t  l o s s  of t h e  s o i l  

dur ing  an annual cycle .  A r t i f i c i a l  o r  n a t u r a l  changes i n  t h e  cond i t ions  of 

hea t  exchange between the  s o i l  and the  atmosphere can made t h e  d i f f e r e n c e  i n  

inf  l u x  and l o s s  of hea t  f o r  a  s p e c i f l c  per iod of time a  p o s i t i v e  value.  Then 

t h e  temperature of t he  e a r t h ' s  c r u s t  w i l l  i l lcrease and pernlafrost  w i l l  thaw. 

Only t h e  Increase  i n  t h e  q u a n t i t y  of h e a t  reaching  t h e  s o i l  from above and 

belovr r e s u l t s  i n  t h e  increase  i n  t he  geothermal l e v e l  of h e a t  exchange between 

the  s o i l  and t h e  atn~osphere.  It 1s f o r  t h i s  reason t h a t  one observes an 

inc rease  i n  t h e  r ean  annual terr.perature of t h e  s o i l  moving from t h e  no r th  t o  

the  south,  and not  because i n  t h e  south  tlie h e a t  balance of t he  s o i l  i s  



p o s i t i v e  whereas i n  the no r th  it i s  negat ive.  Generally speaking, the  terms 

"pos i t ive"  and "negat iveM placed i n  f r o n t  of t he  terms "hcat  balance of t he  

s o i l "  c o n t r a d i c t s  the  d e f i n i t i o n  "heat  balance i s  t h e  e q u i l i b r i w ~ i  between 

i n f l u x  and 103s of hea t" .  

Permafrost s c i e n t i s t s ,  l i k e  o t h e r  i n v e s t i g a t o r s  of t he  therbnla3 regime of 

the  s o i l ,  must of course talcc i n t o  account t h e  f a c t  t h a t  they  60  not  i n  a l l  

cases  know the  t i i f fcrence bctwcen t h e  i n f l u x  and l o s s  of hca t ,  s i n c e  they  have 

a t  t h e i r  d i sposa l  the tenpera ture  a s  an index of changes i n  h e a t  r e se rves  i n  

the  s o i l .  

Nevertheless one cannot f u l l y  scree with the  idea t h a t  knowledge of  t he  

temperature of t he  s o i l  and the  d i r e c t i o n  i n  which it is changing g ives  a l l  

t he  necessary inforniatlon f o r  p r e d l c t l n g  t h e  energy processes  i n  the  s o i l  and 

c o n t r o l l i n g  then. 

From t h e i r  experience i n  i n v e s t i g a t i o n  and i n  so lv ing  rnany p r a c t i c a l  

problems, permafrost  s c i e n t i s t s  have been convinced of che n e c e s s i t y  of con- 

s t r u c t i n g  even very approxirr,ate a lgeb ra i c  suas of t h e  i n f l u x  of h e a t  t o  t h e  

s o i l  and t h e  l o s s  of hea t  energy by it ,  and an  a n a l y s i s  of t h e  cor.iponents of 

the  hca t  balance f o r  working ou t  r a t i o n a l  rnethods of c o n t r o l l i n g  f r e e z i n g  and 

thawing of s o i l  and s u b s o i l .  The c o n t r o l  of  processes  of f r e e z i n g  and thawing 

of s o i l  and s u b s o i l  i s ,  i n  f a c t ,  the  r~!ain taslc of permafrost  s c i e n t i s t s .  The 

success  i n  so lv ing  t h i s  problem depends on t h e  success  i n  i n v c s t l g a t i n g  t h e  

fundamental rnechanisrn of hea t  exchange i n  t h e  s y s t e m  soil-atmosphere,  s o i l -  

l i t hosphc rc  i n  c lose  connection with experience i n  the  u t i l i z a t i o n  of t e r r i -  

t o r i e s  conta in ing  frozcn s u b s o i l .  The i n v e s t i g a t i o n s  of P . I .  Koloskov (1930, 

1932 ,) and V. P. Balcalcin ( 19552 ) proved t h l s  convincingly.  

One f r equen t ly  d e a l s  with h e a t  exchange i n  the  system so i l -uppe r  s t ra tum 

of t h e  e a r t h ' s  c r u s t  and with the  hea t  balance of t h e  s o i l ,  bu t  no t  wi th  the  

hea t  exchange I n  the  system atmosphere-uppcr s t r a tum of the  l i t hosphe re ,  and 

no t  with t h e  h e a t  balance of t h e  l a y e r  of atmosphere ad jacen t  t o  t h e  e a r t h .  

In f a c t ,  the s o i l  i s  heated d f r e c t l y  by s o l a r  r a d i a t i o n  and cooled by Its own 

r a d i a t i o n  r e s u l t i n g  from the  t ransformation of h e a t  from var ious  sources  l n t o  

r a d i a t i o n  energy and i s  cooled o r  heated by a  convective hea t  exchange with 

t h e  a i r ,  evaporat ion fror,l i t s  su r face  and condensatlon of  n o i s t u r e  i n  t h e  s o i l .  

Knowing the  hea t  balance and the  temperature of t he  s o i l  makes i t  p o s s i b l e  t o  

de te rn lne  p r e c i s e l y  t h e  geothermal l e v e l  of h e a t  exchange between the  s o i l  and 

upper s t r a t a  of  t h e  e a r t h ' s  c r u s t ,  the mobile l e v e l s  of thernlod~ynamic equ i l fb -  

rim a t  which t h e  annual h e a t  cyc le  i n  the  s o i l  and l i t hosphe re  take  p lace .  

The equat ions f o r  t h e  hea t  balance of the uppermost s t r a tu r l  of s o i l ,  10 cm 

i n  th ickness  f o r  exarnple, i f  one t a k e s  l n t o  account only t h e  fundanlcntal 

azpec ts  o f  i t s  hea t  cycle ,  can be represented by t h e  f o l l o v ~ l n g  expression:  



where $r i s  the heat  of d i r e c t  s o l a r  r ad ia t ion ,  

Qrr is the heat  frorn diffused rad ia t ion  of the  sky o r  sca t t e red  

rad ia t ion ,  

Qm 
i s  the  heat  brouolt  o r  removed by atmospheric p rec ip i t a t ion ,  

Qv 
is the heat  of inc ident  r ad ia t ion  from the sky, 

Qo 
is the heat  of r ad ia t ion  re f l ec ted  by the s o i l ,  

Qi 
is the heat  radiated by the  s o i l  surface,  

Qik is the  heat  of evaporation of moisture (condensation of vapour), 

Qk 
is heat  t ransfer red  o r  heat  received a s  a r e s u l t  of convective 

(turbulent;)  hea t  exchange between the s o i l  and the  atr:iosphere, 

Qak is the heat  accumulated o r  l o s t  by a  s tratum of s o i l ,  

Qvn 
is the heat  r i s i n g  t o  the  surface  of the s o i l  from deeper s t r a t a  of 

the  e a r t h ' s  c r u s t ,  

Qt 
i s  the heat  supplied by water moving towards the  cooling plane 

connected with migration of ground water. 

This a n a l y t i c a l  expression f o r  the  hea t  balance of the  s o i l  does not  take 

i n t o  account heat  received o r  given off  by the  surface  of the  s o i l  by advectlon 

during heat  exchange with a i r  moving above it (during winds). But a s  

es tabl i shed by M.I. Budyko (1956) t h i s  i s  not  required.  

In the  above r a t h e r  expanded equation f o r  the  heat  balallce of the  upper- 

most s t ratum of s o i l  the  conlponerlt Qak contains a l l  the  accumulated o r  l o s t  

hea t  of the  s o i l ,  including the heat  of freezing and melting of water. 

A s  we can see, t h i s  equation i s  very complex. The numerical values of 

many of the  terms expressing the  annual t o t a l  l o s s  o r  advent of  heat  a r e  

unknov~n t o  permafrost s c i e n t i s t s  o r  geophysicis ts .  To the  present  time inves- 

t i g a t o r s  do not  know thc  r a d i a t i o n  constant  of the  atmosphere, they have not  

learned t o  determine p rec i se ly  the  r a d i a t i o n  constant  of the  s o i l .  D i f f l cu l -  

t i e s  have been experienced i n  obta in ing a prec i se  de te rx ina t ion  of the  index 

of evaporatlon from the surface  of the s o i l  and condensation on i t  and i n  the 

s o i l  i t s e l f .  

But the  notion i t s e l f  of an annual heat  balance of the  ou te r  s t ratum of 

the s o i l  a s  a  p a r t i c u l a r  exprnession of the law of conservation and transforrna- 

t i o n  of encrgy i s  a powcrrul weapon i n  the  hands of pernlafrost s c i e n t i s t s  when 

they a re  developing rtiethods of using n a t u r a l  sources o f  heat  and cold f o r  

con t ro l l ing  thaning and f reez ing of the  upper s t r a t a  of the  e a r t h ' s  c r u s t .  

The most cursory ana lys i s  of the s t r u c t u r e  of the  heat  balance of the  

upper stratum of s o i l  10 cn i n  thickness shows which components can be changed 

by man by the means ava i l ab le  t o  him. It is c l e a r  t h a t  it is not within the  



power of man t o  change the  q u a n t i t y  of  r a d i a t i o n  energy from the  sun ( d i r e c t  

s o l a r  r a d i a t i o n  Q 2nd s c a t t e r e d  radiation & ) Hov!ever, i t  13 v i t h i n  h i s  
P r  1-r 

power t o  change the  q u a n t i t y  of s o l a r  r a d i a t i o n  r e f l e c t e d  f ror ,~  t h c  s o i l  Qo by 

changing the  albcdo o f  t h e  e a r t h ' s  su r f acc ;  he can decrease the  l o s s  of h e a t  

of evaporation of sur facc  water and s o i l  water Qilc by d ry ing  the  s o i l ,  

decrease the  q u a n t i t y  of hea t  r ad ia t ed  and t r a n s f e r r e d  by t he  s o i l  t o  t h e  a i r  

by i nc reas ing  the  dcpth and f r i a b i l i t y  of the  snow cover,  and thus  change t h e  

q u a n t i t y  of hea t  accunulated i n  the  s o i l .  

A s  t he  r e s u l t  of  a l l  of  these  changes, t he  geothermal l e v e l  of h e a t  

exchange i n  the  s o l 1  Increases  o r  decreases ,  and i n  l o c a l  a r e a s  of  p a r t i c u l a r  

i n t e r e s t  t o  permafrost  s c i e n t i s t s  the  s o i l  nay be changed from the  f rozen  t o  

the  non-frozen s t a t e  o r  v i ce  versa .  In t h i s  connection it would be f i t t i n g  

t o  r e c a l l  again the  convic t ion  of  A . A .  Grigor lev  t h a t  one should not  confuse 

the  ques t ion  of t h e  age of  permafrost  with t h e  ques t ion  of t h e  cond l t lons  

under which it can e x i s t  a t  the  p re sen t  tlme. I n  h i s  opinion " i f  p e r n a f r o s t  

a rose  du r ing  a  preceding geologica l  epoch i t  i s  r e t a ined  a t  the  p r e s e n t  time 

only i n  those reg ions  where it could nov1 develop, otherwise i t  trould have 

disappeared long ago" (Gr igor l  ev, 1930,,  page 47). 

The f r e e z i n g  and thawing of t he  s o i l  and s u b s o i l  i s  very complex. The 

accompanying physico-chemical and physico-mechanical processes  vary i n  conten t ,  

form, s i g n i f i c a n c e  i n  t h e  t ransformat ion  of t h e  con~posi t ion,  s t r u c t u r e  and 

t e x t u r e  of t he  s o i l  and underlying mineral  niat ter  depending on t h e i r  p e c u l i a r  

f e a t u r e s :  e x t e n t  of d i spe r s ion  and t h e  e x t e n t  t o  which t h e  c a v i t i e s  and pores  

a r e  f i l l e d  with water and a i r .  

S o i l  and ground water  as s o l u t i o n s  o r  so lven t s  have a continuous p h y s i c a l  

o r  chenlical a c t i o n  on t h e  s o i l  and ~ n i n e r a l  mat te r .  

Thus i n  cons ider ing  t h e  processes  of' coo l ing  and f r eez ing ,  t h e  h e a t i n g  

and thawing of the  s o i l  and upper s t r a t a  of t he  s o i l ,  we should cont inuously 

keep I n  mind t h a t  they con'iain aqueous s o l u t i o n s  of var ious concent ra t ions  and 

c o ~ p o s i t i o n s  vrhich n;ove at; vary ine  r a t e s  depending on thc  s t r e n g t h  of  g rav i t a -  

t i o n a l ,  thermal and o t h c r  phys i ca l  f i c l d s ,  i n t e r a c t  cherr.ically and p h y s i c a l l y  

with the  s o l i d  c i ine ra l  acgrega te  under the  inf luence  of  f o r c e s  of  s u r f a c e  

tens ion .  

Freezing and thawing of  dispersed and f i n e l y  d ispersed  s o i l s  and mineral  

rnatter i s  a p a r t i c u l a r l y  coi:qlcx process .  

In 1866 I.A. Lopatin turned h i s  a t t e n t i o n  t o  the  " s e l f  s t r a t i f i c a t i o n "  of 

c l a y  s u b s o i l s  i n  the  v a l l e y  of  t h e  S n i s e i  t o  the  n o r t h  of Dudinka which had 

cracked and were cornposcd of succeeding l a y e r s  of f rozen  c l a y  loam and I c e .  

In w r i t i n g  of t h i s  i n  1873 lze c a m  t o  the  idca t h a t  t h i s  " f a l s e  s t r a t i f i c a t i a n "  

is t he  r e s u l t  of the  f r e e z i n g  px.occas of  thcse  d e p o s i t s .  A t  t h e  p re sen t  time 



perriiafrost s c l e n t i s  ts a r c  i n t e n s i v e l y  s t udy ing  t h e  cryogenic t e x t u r e ,  t h e  

shrinltagc and craciiln,.; of f i n e  s i l t c d  c l a y s ,  c l a y  loarn and sand loan1 a t  

t c z p e r a t u r c s  of -2 t o  - 3OC,  t h c  s e t t l e m e n t  on thawing  of t h e s e  " s t r a t i f i e d "  

i c e - con t a in ing  s o i l s  f o r  u s i n g  them a s  a basc  f o r  b u i l d l n ~  c o n s t r u c t i o n .  

In any d i spe r sed  f rozen  s o i l  a t  any low t e ~ ; ~ p e r a t u r e  t h e r e  i s  always some 

q u a n t i t y ,  a l though it be very smal l ,  o f  unfrozen wate r .  

The r e ~ i o n  of i n t e n s i v e  phase t r a n s i t i o n  of  wate r  f o r  c l ayey  s o i l s  i s  i n  

t h e  temperature  ronge of 0  t o  - 2 6 C ,  f o r  sandy s o i l s  it is from 0 t o  -O.'j°C. 

Only when t h e  temperatul-e o f  sand,  sand loarll and c l a y  loam s o i l s  i s  below -7 

and -10°C can one f o r  p r a c t i c a l  purpozes n e g l e c t  ghase  t r a n s i t i o n  of  t h e  

mois ture  contained t h e r c i n .  

The phase t r a n s i t i o n s  of wate r  i n  t h e  s o i l  and t h e  q u a n t i t a t i v e  r e l a t i o n s  

between t h e  dlr"r^erent phases  o f  ?:ate?? have a very  i n p o r t a n t  e f f e c t  on t h e  

p h y s i c a l  2nd !nechanical p r o p e r t i e s  o f  f rozen  3011. 

General ly  i n  p roces se s  of coo l ing  and freezing, h e a t i n g  and thawing of 

moist  s o l 1  and water-Sear ing s u b s o i l  one f i n d s  a l l  t h e  nicchanisms o f  changes 

In a mul t iphase  systeni p rov ing  t h e  v a l i d i t y  of t h e  equa t i ons  f o r  t h e  s t a t e  o f  

such systems. The l e v e l  of :nobile equil ibriurrl  of  phases  i n  t h e  system l c e -  

water  i n  t h e  s u b s o i l  s h i f t s  i n  one o r  t h e  o t h e r  d i r e c t i o n  i~ rn l~ed i a t e ly  t h e r e  Is 

a change of any one of t h r e e  v a r i a b l e  inagnitudes - temperature ,  p r e s s u r e  o r  

concen t r a t i on  of  t h e  s o l u t i o n .  t1ov:ever it i s  known t h a t  t h e  t empera ture  of 

t h e  s o i l  and s u b s o i l ,  l i k e  t h e  p r e s s u r e  co~rlponents, changes con t inuous ly  and 

t h e r e f o r e  t h e r e  is a cont inuous s h i f t  i n  t h e  equ i l l b r i un l  l e v e l  i n  t h e  systems 

ice-water ,  f rozen-unfrozen s o i l .  

The e x t c r n a l  cond i t i ons  and geophys ica l  p roces se s  such a s  s o l a r  r a d i a t i o n  

and t h e  r a d i a t i o n  of t h e  e a r t h  i t s e l f ,  h e a t  exchange between t h e  s u r f a c e  of 

t h e  s o i l  and t h e  atmosphere, n ~ o i s t u r e  cyc l e ,  cannot be c o n s t a n t  and t h e r e f o r e  

any e q u i l i b r i w , ~  betvecn t h e  l i q u i d  and s o l i d  phases  of ground wate r  1~111 be 

sooner  o r  la 'i .er u 2 s e t .  

Physlco-chemical i n t e r a c t i o n s  between unfrozen wate r  and minera l  p a r t i c l e s  

occu r  even z t  belov: f r een ing  tcniperatures ,  naniely, e x c h a n ~ e  r e a c t i o n s ,  

coa,gulatIon, d i s s o l v i n g  and c r y s t a l l i z a t i o n ,  e t c .  

One cannot therefol-c  say t h a t  perrrlnfrost i s  a zone of c h e n i c a l  r e s t ,  

a l though  i t  Is p e r f e c t l y  c l e a r  t h a t  a t  t h e  f r e e z i n g  temperature  o f  t h e  bu lk  of 

ground water  ( g r a v i t a t i o n a l  an6 f i l m )  t h e r e  i s  a s t e p - l i k e  change i n  t h e  

r eac t con  r a t e  i n  t h e  s o i l .  

The :nitration e f  wa t e r  an6 o t h e r  physico-nlechanical and physico-chcniic2:l 

e f f e c t s  occu r  a t  a r ap id  r a t e  ( a t  t h e  te2:iperaturc of phase  t r a n s i t i o n s )  i n  

f i n e l y  dZspersed s o i l s  and c u b s o i l s  nia!cing- up t h e  s t r z tum wi th  an annua l  change 

of t e n i ~ e r a t u r e .  T h i s  i s  expla lncd  by tile ve ry  l a r g c  tc!:!perature g r a d i e n t  



caused by seasonal  cool ing  and hea t ing  of t he  upper s t r a t a  of t h e  s o i l  and 

s u b s o i l .  

The unsteady temperature f i e l d  and t h e  l a rge  temperature g rad ien t s  I n  t h e  

straturn of s o i l  with an annual temperature va r l a t lon ,  which i s  p a r t i c u l a r l y  

l a rge  i n  i t s  upper horizons,  a r e  t i e d  I n  wi th  the  major i ty  of t h e  so-cal led 

pernlafrost e f f e c t s :  heaving, therrnal k a r s t s ,  c racking  of  t h e  s o i l ,  p e a t  

mounds, medallion spots ,  i c e  formations,  e t c .  The increase  I n  i c e  conten t  of 

clayey and f l n e  s i l t e d  depos i t s  a r e  connected and colnclde with these  p a r t i c u -  

l a r  f e a t u r e s  of  the  temperature f i e l d  of a given s t ra tum of the  l i t hosphe re .  

Below t h e  bottom of t h e  s t ra tum with annual tenlperature v a r i a t i o n s ,  where 

the re  i s  a r e l a t i v e l y  s t eady  s t a t e  (throughout t h e  course of a  y e a r )  I n  t h e  

temperature f i e l d ,  t h e r e  a r e  no such l a rge  g rad ien t s .  

The fundamental hypotheses i n  permafrost  s t u d i e s  mentioned i n  t h i s  paper 

concerning t h e  nlechanlsms of t h e  f r e e z i n g  and thawing, composition, s t r u c t u r e  

and p r o p e r t i e s  of f rozen s o i l s  have been obtained a s  t h e  r e s u l t  of  i nves t iga -  

t i o n s  of  A . I .  Voeikov, L.A. Yachevskii, V . A .  ~ b r u c h e v ,  M.I. Swngin, A . V .  L1vov, 

A . A .  Grigor 'ev,  P . I .  Koloskov, N . A .  Tsytovich, N . I .  Tols t lkh in  and many 

members of an i nc reas ing  nwnber of Sovie t  permafrost  s c i e n t i s t s .  
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Fig. 4 

Variat ions I n  the geothermal l e v e l  of hea t  exchange 
between the s o i l  and atmosphere 

I - medium l a t i t u d e s  where the  subso i l  under the  seasonal ly  frozen s o i l  i s  
unfrozen; I1 - zones of continuously frozen subs011 and seasonal ly  thawed s o i l ;  
I11 - southern o r  lower boundary of the  zone of continuously frozen s u b s o i l  
where the  thickness of the  seasonal ly  frozen s tratum i s  equal  t o  t h e  th ickness  

of the  seasonal ly  thawed stratum of the  e a r t h ' s  c r u s t ;  . 
N - high l a t i t u d e  po la r  zones; V - t r o p i c  zones 


