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Modern hydrogeological and geocryological 
conditions in almost all regions of Russia are the re-
sult of a complex and ambiguous interaction of per-
mafrost and groundwater within the geological struc-
tures during the Quaternary period. The author 
came to this conclusion when working on the mono-
graph [Fotiev, 1965]. It summarized the results of the 
 author’s research in south Yakutia in 1953–1961. 
This conclusion revealed the need to jointly study the 
formation of groundwater and permafrost throughout 
Russia. Large research groups of geocryologists have 
worked and are currently working on theoretical and 
regional issues of the history of cryogenesis and the 
formation of hydrogeocryological conditions. There-
fore, it is not surprising that several controversial is-
sues have emerged, which can be divided into theo-
retical and regional ones. Theoretical problems are re-
lated to the development of cryogenesis throughout 
the permafrost zone (PZ), and regional problems re-

late to the development of cryogenesis under the in-
fl uence of local (regional) factors. The infl uence of 
local factors in some regions is so signifi cant that they 
determine the specifi cs of the cryogenic processes.

THEORETICAL PROBLEM

Geocryological chronicle of Siberia
The numerous pieces of evidence accumulated to 

date indicates a signifi cant restructuring of the natu-
ral environment in diff erent epochs of the Quaternary 
period. It also indicates changes in the areas of active 
development of cryogenic metamorphism of rocks 
and groundwater. Traces of long-term freezing of 
rocks are observed almost throughout the entire ter-
ritory of Russia and in neighboring countries. A small 
amount of well-dated cryoindicators did not allow to 
reconstruct the permafrost environment of the Plio-
cene, Eopleistocene, as well as early and middle Neo-
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The author has studied the most debatable theoretical and regional issues of geocryology since 1954 dur-
ing his entire research work. This article presents the results of this work. The chronicle of changes in geocryo-
logical conditions for the last 3.1 million years was compiled for the fi rst time to improve upon theoretical 
fundamentals of geocryology. The problem of the cryogenic metamorphism of deposits and ground waters 
within the geological structures was fi rst considered from the position of thermal interaction between natural 
waters and permafrost section. Regional studies of the author in southern Yakutia allowed explaining several 
phenomena. Those are ground temperature formation (from +2 °C in the interfl uves to –4 °C in the valley bot-
toms), signifi cant (on average up to 50 %) permafrost discontinuity along with relatively small (from 0 to 150 m) 
permafrost thickness. The author also interpreted the abundance of large groundwater springs with an output 
up to 2–10 m3/s. The main controls for that phenomena are an air temperature inversion and infi ltration of 
rainwater simultaneously with active tectonic movements. For the North of West Siberia, the author proved 
syncryogenic nature of the Holocene peatlands and revealed the reasons for formation of thick (up to 7 m) 
peatlands in Arctic regions. It is also demonstrated that forest’s boundary did not advance essentially (for 
400–500 m) onto the territory of the contemporary tundra in the early Holocene. The author explains this by 
the fact that at that time birchwood of high productivity grew only at the lake depression slopes.
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pleistocene. Cryoindicators of cryochrons and ther-
mochrons of Neoleistocene and Holocene are suffi  -
ciently well preserved and thus are most thoroughly 
studied. For this reason, geocryologists considered 
the history of cryogenesis in the Quaternary period 
only in the most general terms. The situation has now 
changed. A large group of scientists [Bezrukova et al., 
1999; Karabanov et al., 2000, 2001; Williams et al., 
2001], who carefully and comprehensively studied the 
bottom sediments of Lake Baikal, compiled a continu-
ous palaeo-climatic record of the last 5 million years. 
Based on the content of diatoms and biogenic silica 
(SiO2biog) in bottom sediments in the Baikal records, 
warm and cold climatic epochs can be distinguished.

Detailed information about climate change over 
the past 5 million years has required a revision of ex-
isting ideas about the number and severity of geoc-
ryological epochs. The author used the peaks of dia-
toms and SiO2biog content in the bottom sediments of 
the Sartanskaya and Kazantsevskaya epochs of Neo-
pleistocene as standards. This helped the author to 
distinguish the time intervals of extremely cold cryo-
chrons and extremely warm thermochrons in the cli-

mate chronicle. Because of the geocryological inter-
pretation of the climate chronicle, the author com-
piled two geocryological Chronicles, shown in Figs. 1 
and 2.

The geocryological chronicle of the late Ceno-
zoic (Fig. 1) is based on the geocryological interpre-
tation of the record of changes in the number of dia-
toms in the bottom sediments of the lake Baikal 
[Karabanov et al., 2000]. The chronicle highlights the 
time intervals of the Pliocene–Holocene cryogenic 
period. It consists of three cold epochs, which are 
separated by long-lasting warm climatic epochs. The 
fi rst Pliocene cryogenic epoch (3.10–3.08 million years 
ago) was short (only 20 thousand years) and the least 
cold. The second Pliocene cryogenic epoch (2.82–2.47 
million years ago) was characterized by a very cold 
climate and the most severe geocryological condi-
tions during the entire cryogenic period. The third 
Pleistocene-Holocene cryogenic epoch began 1.92 mil-
lion years ago and continues to the present [Fotiev, 
2009a].

Geocryological record of Neopleistocene (Fig. 2) 
was compiled based on geocryological interpretation 

Fig. 1. Geocryological chronicle of the late Cenozoic (3.1–0 million years ago).
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of the content of biogenic silica in the bottom sedi-
ments of Lake Baikal. The chronicle can clearly dis-
tinguish 39 time intervals: 20 cryochrons and 19 ther-
mochrons. Cryochrons (SiO2biog content is 2–5 %) on 
the diagram have the form of trough-like depressions 
with a flat or inclined bottom, and thermochrons 
have the form of pronounced pointed peaks. During 
thermochrons, the content of SiO2biog exceeds 40 %. 
During the extremely cold cryochrons (marine iso-
tope stages (MIS) 16, 12, 10a, 8c, 6, and 2), the aver-
age annual air temperature (Тair) fell below the pres-
ent by 8–15 °C). The continuous permafrost section 
(PS), the layer of rocks with negative temperature, 
formed and existed for a long time over a huge area as 
a low-temperature (from –3 to –25...–30 °C) and 

thick (300–1500 m). The length along the meridians 
of the subaerial PZ during these periods was maxi-
mum (up to 3300 km on the West Siberian Plate and 
up to 3000 km on the Siberian Platform). In extreme-
ly warm thermochrons (MIS 17, 13, 11, 7, and 5e) Тair 
was higher than the current one by 2–4 °C, while 
compared to previous cryochrons, it increased sharp-
ly by 10–19 °C. In the southern regions of the PZ, the 
PS has degraded almost completely, and in the Cen-
tral regions – partially. In the Northern regions, se-
vere climatic and geocryological conditions persisted, 
and the average annual ground temperature (Тr) in-
creased. Sometimes it increased significantly but 
within the range of negative values. The extent of the 
subaerial PZ in the Arctic regions reduced due to the 

Fig. 2. Geocryological chronicle of the Neopleistocene (0.8–0 million years ago).
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fl ooding of the shelf by sea waters [Romanovsky, 1993; 
Fotiev, 2005, 2009a].

Within modern PZ, it is quite possible to draw 
the border between the northern and southern geoc-
ryological zones. This boundary coincides geographi-
cally with the boundary where Holocene and middle 
and Neopleistocene permafrost merge. Low-tempera-
ture (from –2 to –13 °C), thick (from 300 to 1500 m), 
continuous PS mainly of Neopleistocene age occurred 
north of the border, in the Northern geocryological 
zone. High-temperature (0 to –2  °C), thin (0 to 
150 m), discontinuous and isolated PS of Holocene 
age is located south of the border, in the southern 
geocryological zone. In the northern part of the 
southern geocryological zone, the PS of Holocene age 
is separated from the PS of Neopleistocene age in the 
vertical section by a layer of rocks with positive tem-
perature.

Cryogenic metamorphism of rocks
Various types of hydrogeological structures in 

Russian and adjacent territories and waters formed 
already in the Pliocene. The development of artesian 
basins and hydrogeological massifs continued in the 
Neopleistocene and Holocene, but it occurred under 
diff erent climatic and geothermal conditions. Due to 
the sharp cooling of the climate and its increasing se-
verity in the huge circumpolar area in the Pliocene 
(3.1 million years ago), long-term freezing of rocks 
and the formation of PS began. Negative temperature 
is the most important condition for the development 
of cryogenic metamorphism of rocks. For tens and 
hundreds of thousand years, under the infl uence of 
cryogenic metamorphism, there was a significant 
cryogenic transformation of the rock sequence.

Natural waters (atmospheric, surface, and gro-
und) during the cryogenic period (from 3.1 to 0 mil-
lion years) prevented the process of freezing of rocks. 
Many Hydrogeologists-geocryologists [Baranov, 
1940; Tolstikhin N., 1941; Tolstikhin O., 1974; Shvetsov, 
1951; Kalabin, 1960; Ponomarev, 1960; Chizhov, 1966; 
Velmina, 1970; Neizvestnov et al., 1971; Romanovsky, 
Chizhov, 1972] had studied the infl uence of natural 
waters on the conditions of rock freezing in more or 
less detail. However, the author was the fi rst to assess 
the leading role of natural waters in the formation of 
the multilayer structure of PS and the degree of its 
discontinuity [Fotiev, 1971, 1978, 2009b].

Hydro-geocryological structure of the permafrost 
section. The author proposed to distinguish three 
types of cryogenic metamorphism of rocks depend-
ing on the presence of water in the pores and cracks, 
its chemical composition, and m ineralization. The fi rst 
type is cryogenic metamorphism of rocks in which 
cracks and pores are fi lled with freshwater; the second 
type is cryogenic metamorphism of rocks in which 
cracks and pores are fi lled with saline water or brines; 
the third type is cryogenic metamorphism of monoli-
thic, as well as porous or fractured, but air-dry rocks.

Various PS tiers formed under specifi c hydro-
geocryologi cal conditions. They were represented by 
frozen, cryotic saline and dry rocks. The author eva-
l uated various variants of the cryogenic transforma-
tion of rock sequence with diff erent hydrochemical 
zoning of groundwater. The author identified and 
characterized specifi c combinations of hydrogeologi-
cal and geocryological conditions that are necessary 
for the formation of 9 types of PS (Table 1). PS sub-
types were identifi ed depending on the alternation of 
cryochrons and thermochrons that provide aggrada-
tion or degradation of PS. The principle of selection 
of PS subtypes presumes that they can form and exist 
only in the southern geocryological zone.

Discontinuity and distribution of permafrost sec-
tion. M.I. Sumgin [1927] for the fi rst time identifi ed 
and explained zonal changes in Тr and distribution of 
permafrost in the territory of the USSR. He also pro-
posed to distinguish three zones: continuous, dis-
continuous, and isolated distribution of permafrost. 
Decades have passed, and the number of zones and 
criteria for their allocation has changed. Some geocry-
ologists defi ned zones by the temperature of perma-
frost; others did it by the thickness of the permafrost 
section. However, there is still no single criterion to 
set the signs of a particular zone [Fotiev, 1978, 2009b]. 
According to the author, the only criterion that objec-
tively indicates PS distribution in the area of any size 
and on maps of any scale can only be the ratio of areas 
occupied by permafrost and the areas with open taliks. 

Based on this criterion the author proposed to 
distinguish three types of PS, which determine zones 
of its distribution in the PZ. He also proposed to 
identify six subtypes of PS, which determine the in-
trazonal ratio of permafrost distribution areas and the 
area with taliks. The permafrost section of each sub-
type, depending on the area of open taliks, is addi-
tionally estimated by the degree of discontinuity 
(Table 2). Understanding specifi c features of diff erent 
zones identifi ed based on PS discontinuity, can only 
be achieved through study the mechanism of forma-
tion and distribution of open taliks of all genetic 
classes. What taliks determine the level of disconti-
nuity of PS? Due to what thermal energy, open taliks, 
permeating the PS from the top to the bottom, had 
appeared and continued to ex ist tens and hundreds of 
thousands of years even in the north of PZ in the lay-
er of low-temperature permafrost?

To date, many classifi cations of taliks have been 
proposed (M.I. Sumgin, V.F. Tumel, Y.A. Bilibina, 
I.Y. Baranov, N.A. Velmina, I.A. Nekrasov, N.N. Ro-
manovsky, S.E. Sukhodolsky, S.M. Fotiev, A.B. Chi-
zhov, etc.). Their main idea is described in the mono-
graphs of S.M. Fotiev [1978, 2009b]. These classifi ca-
tions are based on the main sources of heat (solar 
energy, heat fl ow from the earth’s interior, and exo-
thermic reactions) that ens ure the formation of geo-
thermal anomalies (taliks) in the PZ.
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All the authors subdivide taliks formed by sur-
face- or groundwater but they did not focus on the 
leading role of these waters. When studying the hy-
drogeocryological conditions of southern Yakutia, the 
author revealed the important role of the atmospher-
ic, surface-, and groundwater in the formation of geo-
thermal anomalies, and therefore in the formation of 
discontinuity of PS. That is why in the new classifi ca-
tion of taliks, along with taliks of radiogenic, chemo-
genic, and volcanogenic classes, taliks of the hydro-
genic class were included for the fi rst time [Fotiev, 
1968]. The author has shown that the leading role in 
the formation of hydrogenic taliks belongs to convec-
tive heat exchange. This is the main and very impor-
tant diff erence between the hydrogenic class of taliks 
and other classes.

Conditions for the fo rmation of hydrogenic taliks 
are diverse due to a variety of factors that determine 
the direction and nature of the movement, mode, 
speed, and fl ow rate, as well as water temperature. The 
basis for the classifi cation of taliks of the hydrogenic 
class is the thermal interaction of natural waters and 
permafrost. This allowed us to identify hydrothermal 
taliks, where rocks and waters have a positive tem-
perature, and hydrochemical taliks, where rocks and 
waters (in the liquid phase) have a negative tempera-
ture [Fotiev, 1968, 1978]. The author has developed a 
special, quite detailed classifi cation of hydrothermal 
taliks (Table 3), taking into account their leading role 
in the level of PS discontinuity within PZ.

The leading role in the formation of PS disconti-
nuity belongs to atmospheric-infi ltration taliks. This 

Ta b l e  1. Hydrogeocryological conditions for the formation of various types of the permafrost section
 [Fotiev, 2009b]

Code of 
permafrost 

section
Hydrocryogeological conditions for the formation of the permafrost section

The structure 
of PS and its 

index*
Title of the permafrost 

section

PS-1 The thickness of the freshwater zone exceeds the thickness of the permafrost 
section

I Section of frozen rocks

PS-2 The thickness of the freshwater zone is less than the thickness of the per-
mafrost section: lower lies bedrock in which cracks and pores are fi lled with 
saline water and brines

I–II Section of frozen and 
cryotic-saline rocks

PS-3 The thickness of the freshwater zone is less than the thickness of the perma-
frost section: lower lies air-dry or monolithic bedrock

I–III Section of the frozen 
and cryotic-dry rocks

PS-4 There is no freshwater zone: the thickness of the saline water and brine zone 
exceeds the thickness of the permafrost section

II Section of the cryotic-
saline rocks

PS-5 The thickness of the zone of saline waters and brines is less than the thickness 
of the permafrost section: lower lies bedrock in which cracks and pores are 
fi lled with fresh or subsaline water

II–I Section of cryotic-
saline and frozen rocks

PS-6 The thickness of the zone of saline water and brines is less than the thickness 
of the permafrost section: lower lies air-dry or monolithic bedrock

II–III Section of cryotic-dry 
and frozen rocks

PS-7 The thickness of air-dry rocks exceeds the thickness of the permafrost section III Section of cryotic-dry 
rocks

PS-8 The thickness of air-dry rocks is less than the thickness of the permafrost 
section:  lower lies bedrock in which cracks and pores are fi lled with fresh or 
subsaline water

III–I Section of cryotic-dry 
and frozen rocks

PS9 The thickness of air-dry rocks is less than the thickness of the permafrost sec-
tion: lower lies bedrock in which cracks and pores are fi lled with saline water 
and brines

III–II Section of cryotic-
saline and criotic-dry 
rocks

* I, a horizon of frozen rocks in which cracks and pores are fi lled with ice; II, a horizon of cryotic rocks in which cracks and 
pores are fi lled with saline water and brines; III, a horizon of dry-cryotic rocks in which cracks and pores contain neither water 
nor ice.

Ta b l e  2. Classifi cation of permafrost section by distribution [Fotiev, 2009b]

Code Type PS Area of per-
mafrost, %

Sub-
code Subtype PS Area of per-

mafrost, %
The area of open 

taliks, % Degree of discontinuity

I Continuous 95–100 1 Continuous 95–100 0–5 Negligible
II Discontinuous 50–95 2 Slightly discontinuous 75–95 5–25 Highly insignifi cant

3 Strongly discontinuous 50–75 25–50 Insignifi cant
III Sporadic Less than 50 4 Massive 25–50 50–75 Signifi cant

5 Isolated 5–25 75–95 Highly signifi cant
6 Isolated patches 0–5 95–100 Highly signifi cant
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is because the heat content of rainwater, although 
small in absolute value, is equal for large areas and, 
most importantly, decreases from South to North. 
The areas of such taliks in the southern regions of PZ 
are comparable to or exceed (sometimes signifi cant-
ly) the area of isolated permafrost patches. That is 
why zonal and regional conditions of the atmospher-
ic-infi ltration taliks formation are the basis for zoning 
PZ by the distribution or discontinuity of PS. Condi-
tions of the formation of open taliks of radiogenic, 
chemogenic, and volcanogenic classes, as well as four 
out of the fi ve types of taliks of the hydrogenic class, 
are azonal. Their areas are extremely small compared 
to permafrost massifs, and their infl uence on the level 
of discontinuity of PS is insignifi cant.

The author’s classifi cation of PS by distribution 
and discontinuity can be used for both PS character-
ization, and geocryological mapping at any scale. The 
introduction of the gradations proposed by the au-
thor into the geocryological research will eliminate 
unnecessary existing confusion [Fotiev, 2009b].

Cryogenic metamorphism of groundwater
Currently, there is a new trend in hydrogeolo-

gy – cryohydrochemistry. Cryohydrochemistry stud-
ies the results of the signifi cant and deep cryogenic 
transformation of the chemical composition and min-
eralization of natural waters and their host rocks. 
Seasonal or long-term cryo-metamorphism, which oc-
curs at a negative temperature, has the greatest im-
pact on this transformation.

At the end of the Pliocene subaerial and sub-
aqual artesian basins (AB) and hydrogeological mas-
sifs (HM) in Russia within plates, platforms, moun-

tain structures, and adjacent waters already formed. 
Spatial heterogeneity of hydrogeological conditions 
in the subsurface of hydrogeological structures was 
determined by diff erent changes and diff erent dura-
tion of genetic cycles of groundwater formation. Ge-
netic cycles included: continental (infi ltration), ma-
rine (sedimentary), and metamorphic (or igneous).

Continental (infi ltration) cycle – the time of the 
territory uplift and (or) marine regression. This is the 
time of act ive infi ltration of rainwater into the geo-
logical section and the formation of freshwater layers. 
Marine cycle is the time when the territory is sub-
merged and (or) marine transgression. This is the ti-
me of sub-marine sedimentation and the formation of 
saline sedimentation waters in the rocks.

Metamorphic and magmatic cycles – the time of 
formation of diff erent types of released water in the 
zones of intrusions and volcanism, under conditions 
of high temperature and pressure.

A long continental cycle of groundwater forma-
tion before the beginning of the cryogenic period (up 
to 3.1 million years ago) was dominant in the vast ter-
ritory of Eurasia. That is why in the upper horizons of 
almost all AB and HM a thick zone of freshwater had 
formed. 

During the cryogenic period, the development of 
hydrogeological structures continued, but it took 
place under diff erent geothermal conditions. The Тr 
fell below 0 °C on a vast territory and to  a consider-
able depth. Long-term freezing of rocks and the for-
mation of PS began. Pores and cracks in rocks in 
aquifers were cemented with ice. The rocks were 
transformed into thick (up t o 600 m) and continuous 
in terms of distribution cryogenic aquiclude. The 

Ta b l e  3. Classifi cation and characteristics of water-thermal taliks of hydrogenic class

Classifi cation of taliks Characteristics of taliks

Class Type Subtype The main factor of 
existence Name

Evaluation from 
the hydrogeolo-
gical perspective

The area of oc-
currence

The role 
in permafrost 
discontinuity

Hydrogenic Water-
thermal

Water-
absorbing

Infi ltration of rain 
water

Atmospheric 
infi ltration

Sources of 
groundwater 

recharge

Only in the 
Southern geoc-
ryological zone

Signifi cant, occu-
pies large areas

Infi ltration of river 
water

River infi ltration Throughout the 
permafrost area

Insignifi cant, 
have the shape 

of a pipe or a slitInfi ltration of lake 
water

Lake infi ltration

Water-
removing

Confi ned fi ltra-
tion of ascending 
groundwater fl ow

Sources of 
groundwater 

discharge

The same The same

Unconfi ned fi ltra-
tion of descending 
groundwater fl ow

Unconfi ned 
fi ltration

Water-
conducting

River water and 
alluvial water 

fi ltration

Under a riverbed Groundwater 
transit area

» »

Water-
containing

Lake waters
(free convection)

Under a lake Groundwater 
reservoirs

» »



9

DEBATABLE PROBLEMS OF GEOCRYOLOGY: REVIEW OF ACHIEVEMENTS

ground temperature in the upper horizons was up to 
– 20...–25 °C. This is the most signifi cant result of the 
cryogenic transformation of water exchange condi-
tions in the subsurface structures. In some regions, 
hydrogeocryological structures were formed in the 
way that groundwater was completely frozen in the 
subsurface. Nevertheless, repeated freezing and thaw-
ing of rocks during the cryogenic period, formed a 
zone up to 200 m thick with increased cryogenic frac-
turing leading to improved water exchange condi-
tions.

The author proposed to mark the cryogenic pe-
riod (3.1–0 million years ago) as a special cryometa-
morphic cycle of groundwater formation in the sub-
surface structures [Fotiev, 2002]. This is due to the 
noticeable infl uence of cryogenic metamorphism of 
rocks and groundwater on the conditions of forma-
tion, distribution, and chemical composition of 
groundwater.

The cryometamorphic cycle is the time of for-
mation of cryogenic aquiclude that had radically 
changed the conditions of recharge, movement, and 
discharge of groundwater, the chemical composition, 
an d mineralization of water, the hydrochemical zon-
ing and water capacity of structures.

The results of the cryogenic transformation of 
water exchange conditions were mostly determined 
by the hydrogeological situation formed in the sub-
surface structures before the beginning of the cryo-
genic period. They were also determined by the se-
verity of geocryological conditions during the cryo-
genic period. Cryogenic metamorphism of rocks 
occurred in diff erent temperature ranges in full accor-
dance with the laws of cryogenic metamorphism of 
fresh or marine waters. The cracks and pores of these 
rocks were fi lled with fresh or seawater.

Cryogenic metamorphism of freshwater is found 
almost everywhere. It has been running and contin-
ues now in a narrow (0...–0.2 °С) temperature range 
that coincides with the interval of intensive phase 
transformations of freshwater. The conditions and re-
sults of the cryogenic transformation of the chemical 
composition and mineralization of freshwater have 
been studied in detail [Fotiev, 1978; Anisimova, 1981; 
Ivanov, 1998]. When structures with fresh groundwa-
ter freeze, the volume of the liquid phase decreases. 
Because of cryogenic concentrating, the mineraliza-
tion of water increases, and as a result of precipitation 
of СаСО3 and MgCO3 hydro carbonates, its chemical 
composition changes. Precipitation of carbonates 
when freshwater freezes is a widespread process. Cal-
cination horizons had preserved in the subsurface 
structures of the northern geocryological zone for 
tens and hundreds of thousands of years. The most 
obvious loss of calcite when freshwater freezes occurs 
annually during the formation of icings. With repeat-
ed freezing and thawing of freshwaters, their mineral-
ization decreases by 5–10 times. At this point, the 

chemical composition is cryogenically desalinated. 
This process seems to have played a signifi cant role in 
the formation of the freshwater zone in the subsurface 
of the AB and HM in the permafrost zone. We reason-
ably tend to believe that horizons of “concentration”, 
“desalination” and “calcination” can be found in many 
hydrogeological structures of modern PZ and even 
beyond, but their existence is simply ignored.

Cryogenic metamorphism of saline water. A less 
common process is cryogenic metamorphism of rocks 
that have cracks and pores fi lled with saline water. It 
has been running and continues now in a wide (from 
–1.8 to –35 °C) temperature range. Cryogenic meta-
morphism of rocks and water began immediately after 
marine regression on Arctic Islands, shelves, and 
coastal plains, which were repeatedly fl ooded by the 
sea during the cryogenic period. Sometimes cryogen-
ic metamorphism of rocks and water started already 
subaquatic environment. Deep in the AB of Siberian 
platform, cryogenic metamorphism of saline water 
began only when the thickness of the PS exceeded 
the thickness of the freshwater zone.

To fi nd out the results of the cryogenic transfor-
mation of the chemical composition of seawater dur-
ing its freezing, the author used laboratory research 
by K.E. Gitterman [1937]. The unique results of suc-
cessive changes in the chemical composition of sea-
water during its freezing out in the temperature range 
from –1 to –35 °C were presented by K.E. Gitterman 
in the form of a diagram of changes in the concentra-
tion of sulfate and chloride salts in the liquid phase. 
This form of expression of the analysis results for 
60 years running did not allow comparing the chemi-
cal composition of cryometamorphised seawater ob-
tained by K.E. Gitterman in the laboratory with the 
chemical composition of cryopegs, which has long 
been studied either in ion-salt form or in the form of 
the Kurlov formula. It became necessary to recalcu-
late the salt composition of the liquid phase and pres-
ent the chemical composition of cryometamorphised 
seawater in ion-salt form (Fig. 3) [Fotiev, 1996]. In 
this case, a strict sequence of changes in the salinity 
and ion-salt composition of seawater is observed un-
der the lowering of the negative temperature. De-
pending on the cooling temperature, the author pro-
posed to defi ne three stages of cryogenic metamor-
phism of seawater: stage  I – cooling (from 0 to 
–1.8  °C); stage  II – concentrating (from –1.8 to 
–7.4 °C); stage III – de-sulfurization (from –7.4 to 
–25.0 °C). Regularities of the cryogenic transforma-
tion of the ion-salt composition of seawater, identifi ed 
by the author at different stages of its cryogenic 
metamorphism, allowed us to solve two problems 
[Fotiev, 2009b]. 

According to the chemical composition of water, 
presented in the form of the Kurlov formula, it is pos-
sible to obtain information concerning the cooling 
temperature of water-bearing rocks during the forma-
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tion of the ion-salt composition and mineralization of 
a cryopeg. It is also possible to identify the cause and 
degree of desalination of cryometamorphised seawa-
ter and to evaluate the amount of salts deposited in 
the p rocess of its cryogenic metamorphism. Besides, 
the concentration of sea salt or chlorides in the salt 
composition of the cryopeg can provide information 
about the cooling temperature of water-bearing rocks 
and reveal the degree of desalination of cryometamor-
phised seawater.

The author analyzed the ion-salt composition, 
mineralization, and temperature of 150 cryopegs sam-
pled by a large group of scientists [Fotiev, 1999]. The 
analysis showed that the true composition of cryo-
metamorphised seawater, occurring in confi ned lenses 
at  diff erent depths from the surface is still unknown. 
All samples of cryopegs are more or less diluted with 
either drilling mud, active layer water,  or seawater. 
The main feature of desalinated cryopegs is the pres-
ence of 3HCO−  ion in the chemical composition, and 
bicarbonates in the salt composition. A strict se-

quence of cryogenic transformation of the chemical 
composition and mineralization of seawater during its 
successive freezing is the basis for the hydrochemical 
method proposed by the author for determining the 
paleotemperature of rocks [Fotiev, 1997].

The cryogenic transformation of water exchange 
conditions in PZ structures is determined by two fac-
tors. Firstly, water exchange is closely related to heat 
exchange; secondly, merging of rain, river, and lake 
waters with groundwater happen exclusively through 
taliks of hydrogenic class. Water exchange conditions 
in a specifi c geocryological environment are deter-
mined by several factors. They include the ratio of the 
heat consumed by rock mass with a descending or as-
cending water flow, and the heat expended by the 
fl ow to warm up the surrounding frozen rocks. To un-
derstand the specifi cs of water exchange in the sub-
surface of PZ, it is necessary to study the conditions 
of heat and water transfer along the entire path of 
groundwater movement from the recharge area to the 
discharge area. According to the author, the areas of 

Fig. 3. Change in the chemical composition and mineralization of seawater at diff erent stages of its cryo-
genic metamorphization.
A – change in the content of liquid and solid water phases; B – stages of cryogenic metamorphization; C – change in the mineraliza-
tion and ionic composition of cryometamorphised seawater (calculated by S.M. Fotiev according to [Gitterman, 1937]). Stages: 
I – cooling (0...–1.8 °C); II – concentrating (–1.8...–7.4 °C); III – desulfurization (–7.4...–25.0 °C). 
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recharge and discharge of groundwater in the interior 
of PZ should not be studied as separate objects, but 
rather as a set of water-absorbing, water conducting, 
water removing, and water containing taliks that form 
a single water exchange system (WES) with a common 
process of heat and water transfer. The degree of ther-
mal stability of water-absorbing and water-draining 
taliks in any geocryological zone is determined by the 
specifi c fl ow capacity, its heat content and the condi-
tions of heat exchange of rocks with the atmosphere, 
which determine the temperature and thickness of PS 
in any area of the PZ. That is why subaquatic areas of 
recharge and dischar ge of layer-karst-, fracture-karst- 
and fracture-vein groundwater within both southern 
and northern geocryological zones are highly or ex-
tremely thermally stable.

The author proposed to distinguish between 
open, closed, and cryogenic WES based on the results 
of the cryogenic transformation of heat exchange 
conditions [Fotiev, 2009b]. Open WES form and exist 
where the areas of recharge and discharge of ground-
water are hydraulically connected through water-
absorbing and water-draining taliks (Fig. 4). 

Closed WES form and exist where the recharge 
areas are completely frozen. The connection of deep-
lying aquifers with surface waters is weak or com-
pletely absent. Cryogenic open WES are related ex-
clusively to zones of cryogenic disintegration of rocks 
formed below the bottom of the cryogenic aquiclude. 
In closed cryogenic WES, rocks in the areas of re-
charge and discharge are frozen.

REGIONAL PROBLEMS

Southern Yakutia
In 1949, deposits of coal and iron ores were ex-

plored in the territory of southern Yakutia. In 1953, 
the Academy of Sciences of the USSR commissioned 
the V.A. Obruchev’s Permafrost Institute to create 
the Aldan research permafrost station (ALNIMS) in 
the Chulman settlement. From 1953 to 1958, the 
chief of ALNIMS was Doctor of geological-minera-
logical sciences V.M. Ponomarev, and from 1958 to 
1961 candidate of geological-mineralogical sciences 
S.M.  Fotiev. The author first visited ALNIMS in 
1954. By that time, geologists had already compiled a 
geological map that showed three separated tectonic 
structures: the Aldan shield (southern margin), the 
Stanovoy piedmont depres sion (Chulman artesian 
basin (CHAB)) and the Stanovoy ridge. N.A. Velmi-
na, A.I. Efi mov, S.E. Sukhodolsky, and other hydroge-
ologists outlined regional hydrogeological and geo-
cryological conditions. The author, based on the re-
sults of steady-state and fi eld route studies, focuse d 
on the three most controversial issues: 1) origin and 
results of sub-surface air temperature inversion; 
2) infi ltration of rainwater; 3) the origin of abundant 
springs of artesian water [Fotiev, 1965].

Inversion of air temperature. Southern Yakutia is 
located within the Asian baric maximum (anticy-
clone). Its formation begins in September, and its 
 de struction begins in March–April. That is why for 
7–7.5  months in southern Yakutia, winter pre-
vails  with clear, windless weather and very low 
(–45...–50 °C) air temperature. Due to the deep dis-
section of the terrain and high repeatability of calms 
(up to 46.7 %), orographic inversion of Тair is ob-
served in southern Yakutia: in winter, Тair in river val-
leys is signifi cantly lower than on the watersheds. To 

Fig. 4. The most probable open water exchange 
systems in the subsurface structures of the perma-
frost zone:
a–e – exogenous WES; f–j – exogenous-endogenous WES; 
1 – karstifi cated carbonate rocks; 2 – shales; 3 – sandstones; 
4 – crystalline rocks; 5 – pebbles; 6 – sands; 7 – frozen rocks 
(cryogenic aquiclude); 8 – tectonic fault; 9 – rainwater; 10 – 
descending (a) and ascending (b) movements of groundwater; 
11 – springs; 12 – level of groundwater; 13 – boundary of cryo-
genic aquiclude.
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study inversion in detail and its influence on Тr, 
 special studies were organized at ALNIMS in 1959. 
A self-recording thermocouple unit with an automa-
tic recording of the Тair was installed at the foot of the 
slope and a height of 120 m for continuous inversion 
recording. This made it possible to monitor the daily 
course of Тair inversion and determine its average va-
lue. Based on the results of the study of Тair inversion, 
the following conclusions were made: 1) the greatest 
(up to 14.5 °C) Тair diff erence is observed in January 
when the wind speed is less than 1 m/s; 2) the great-
est Тair diff erence during the day is observed at night 
time; 3) there is no Тair inversion during the day time; 
4) on the watershed Тair on average was higher by 
3.2–3.9 °C than at the valley bottom. Based on round-
the-clock observations, it was found that the air tem-
perature increases by an average of 2 °C on the slopes 
of river valleys every 100 m of elevation in winter. 
The inversion layer of Тair in the conditions of south-
ern Yakutia can be traced only to the absolute height 
of 950–1000 m, above this elevation normal Тair de-
crease with height is noted [Fotiev, 1965]. 

Infi ltration of rainwater. The issue of subsurface 
water supply in CHAB has long been discussed. 
A.I. Efi mov, V.M. Ponomarev, and S.E. Sukhodolsky 
considered that the role of infi ltration of rainwater in 
the replenishment of artesian water reserves is very 
signifi cant.  According to N.A. Velmina [1970] the re-
serves of artesian water is mainly replenished through 
river-valley taliks. However, hydrogeologists limited 
themselves to general theory due to a lack of evidence 
of one or another statement.

The author performed the analysis of long-term 
regime observations of the level dynamics, changes in 
the chemical composition and temperature of ground-
water, organized and conducted by ALNIMS in the 
period 1953–1961. On this base, he was able to con-
vincingly prove the leading role of infiltration of 
heavy summer precipitation (240–400 mm) in re-
plenishing the dynamic reserves of unconfi ned and 
artesian waters. At the same tim e, it turned out that 
there was either no or signifi cantly less infl uence of 
river waters deep in the CHAB under the riverbeds 
compared to the one N.A. Velmina presumed [Fotiev, 
1965].

Groundwater springs. The abundance of springs 
with high discharge is a unique feature of  CHAB. It is 
not typical for the Central regions of the PZ with 
such severe climatic conditions (Тair, according to the 
weather station Chulman, is –9.7 °C). In the water-
critical period of the year, in March, the total debit of 
springs  is approximately 17–18 m3/s [Fotiev, 1965]. 
This fact raised the question of what natural factors 
contributed to the formation of such signifi cant dy-
namic reserves of artesian waters. Analysis of geolo-
gical-tectonic, climatic, and geocryological condi-
tions has shown that such a rare feature of CHAB is 
due to a specifi c combination of several regional fac-

tors. In the regions of southern Yakutia, high atmo-
spheric precipitation (up to 640 mm/year) is recor-
ded, moreover, up to 400 mm as rain. The inversion of 
the air temperature made it possible to form an 
aboveground inversion layer of air with a temperatu-
re of –4...–6 °C on the hilltops providing formation of 
open taliks due to the warming eff ect of infi  ltrating 
rainwater, and replenishment of ground and artesian 
water reserves. Active block tectonics provided an 
erosional dissection up to 200 m deep, maintaini ng 
plateau-like hilltops, an d caused the formation of 
large tectonic faults with   signifi cant fracturing. This 
contributed to the for mation of linear inundation 
zones. The intersection of inundated tectonic zones 
with riv er valleys is where the largest artesian s prings 
are located. The origin of unique Timpton and Yukh-
ta springs was considered the most debatable, as their 
debits were visually estimated at 10 and 2 m3/s, re-
spectively.

Timpton springs are located on the left bank of 
the Timpton river below the mouth of the Barelas 
creek. The origin of such a huge groundwater dis-
charge zone was discussed everywhere and always, 
but there was no answer found. In August 1954, 
V.M. Ponomarev instructed the author as a hydrogeo-
logist assisted by A.M. Raskidaev to resolve this is-
sue. The valley of the Timpton river (right tributary 
of the Aldan river) extends northward. Lower the 
mouth of the Holbokon river, the Timpton turns 
sharply to the east and, having made a deep meander 
on the right bank, flows north again. In its upper 
course, Timpton i s an ordinary lowland-type river 
with a slow calm current. After the Holbokon river 
mouth, along the meander, the river valley narrows 
sharply, the valley slopes descend steeply into the ri-
ver bed, and the river turns into a rapid stream. It 
rushes with high speed along a stony riverbed with 
numerous blocks sticking out among fountains of 
spray and foam. After the meander, the river calms 
down and again fl ows calmly north through a wide 
valley. We were able to defi ne that the rock massif 
around which the river turns forming the meander is 
a typical horst composed of Archaean crys talline 
rocks. On the left bank of the Timpton river valley, 
horst sinks beneath a layer of Jurassic sandstones and 
crosses the CHAB. Tectonic contact of Archaean and 
Jurassic rocks was found in the mouth of the Barelas 
creek due to multiple outputs of artesian springs. 
Karst dolomites and dolomitized limestones along 
the northern edge of the CHAB provide favorable 
conditions for groundwater recharge. The monoclo-
nal occurrence of strata determined the movement of 
groundwater fl ow in the southern direction and the 
replenishment of dynamic resources, mainly deep 
aquifers. Horst, crossing Chub, turned the southern 
direction of the fl ow of artesian water to the East, to 
the valley of Timpton, and West to the valley of 
Yukhta. In this way, it formed unique discharge zones 
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of the lower horizons of artesian waters in these deep-
cut valleys. Later, in 1958, the origin of Timpton 
springs was confi rmed by the identity of the chemical 
composition of groundwater in the area of recharge 
(dolomites and dolomitized limestones) and the area 
of discharge (Timpton and Yukhta springs). These 
waters are characterized by a particularly sharp pre-
dominance of bicarbonates (80–95 %) and a high 
concentration of the Mg2+ ion [Fotiev, 1965].

Nakhot springs were discovered near the south-
ern limits of CHAB in the valley of the Maly Nakhot 
river. As a result of detailed hydrogeological studies 
conducted by the author in 1957–1958, showed that 
the total debit of the springs is 70 L/s, their sulfate 
sodium-calcium composition, mineralization up to 
2.8 g/L and water temperature up to 17 °C. The spe-
cifi c composition, signifi cant mineralization, and high 
water temperature allowed the author to assume the 
balneological properties of the springs. The healing 
properties of water in the Nakhot springs were tested 
in the Institute of balneology of the Academy of Sci-
ences of the USSR. According to the conclusion of 
experts, thermal-mineral water springs can be used as 
a spa, and as therapeutic drinking water for diseases 
of the gastrointestinal tract [Fotiev, 1963].

West Siberia
West Siberia is the most well-understood perma-

frost region with detailed studies for over 50 years. 
However, there are still several debatable issues, re-
garding which geocryologists cannot come to the 
consensus. One of these issues is the problem of re-
constructing the climatic and geocryological setting 
of peatland formation in the Northern regions of West 
Siberia. This problem has long been of interest to sci-
entists. The particular interest was the discovery of 
peat plateaus up to 7 m thick, reinforced ин large ice 
wedges with a vertical size of up to 7 m and a width of 
up to 3 m in the Arctic regions of Yamal and Gydan. 
We found it mysterious that the abundance of wood 
and even birch trunks with a diameter of 20–30 cm 
remained in the bottom layers of these peatlands. 

So far, the three most debatable questions re-
main [Fotiev, 2017]. The fi rst of them is when the ice 
wedges were formed: simultaneously with the peat 
(syngenetically) or after the formation of the peat 
plateau? Geocryologists have proved that alluvial, 
slope, and organic deposits of Holocene age in the 
north of West Siberia were freezing syngene tically 
[Baulin et al., 1967]. Only some researchers state ca-
te gorically that “syngenetic formation of peat depos-
its and ice wedges is impossible in principle” [Kritsuk, 
2010, p. 289]. According to the author, the syngenetic 
formation of peat and ice wedges in the Yamal-Gydan 
province is quite natural. In 1967, V.V. Baulin and 
colleagues proved that under the same climatic con-
ditions, thermal contraction cracks in peatlands are 
formed at a temperature of –2 °C, and in syngeneti-

ca lly frozen loams and sandy loams at –6 °C [Baulin 
et al., 1967]. In 1977, N.N. Romanovsky found that 
cracking occurs most intensively in peatlands [Ro-
manovsky, 1977]. Therefore, it is not surprising that 
the long-term freezing of newly formed layers of peat 
and their thermal contraction cracking began already 
in the fi rst phase of peat accumulation and repeated 
many times throughout the entire period of peat ac-
cumulation. The same thickness of the peat plateau 
and the height of the ice wedges also indicate the syn-
chronicity of their formation [Fotiev, 2017].

The second question is: what factors determined 
the possibility of forming such thick peatlands in the 
harsh climatic and geocryological conditions of the 
tundra zone in the Arctic? The analysis of radiocar-
bon dates in separate layers of various peatlands al-
lowed the author to approximate the rate of peat ac-
cumulation in diff erent periods of the Holocene [Fo-
tiev, 2017]. It turned out that the rate of accumulation 
of individual layers of peatlands in the Holocene var-
ied from 4.4 to 0.1 mm/year. The thickness of Arctic 
peatlands increased most actively (2.3–4.4 mm/year) 
during the Boreal climate optimum and in the fi rst 
half of the Atlantic period. Starting from the second 
half  of the Atlantic period and up to present, i.e. over 
the last 6 thousand years, the growth rate of all peat-
lands of the Yamal-Gydan province has sharply de-
creased to 0.1–0.5  mm/year [Fotiev, 2017]. High 
growth rates of peatlands in the tundra zone known 
for its sparse vegetation encouraged us to look for the 
reasons for such an unusual phenomenon, which is 
not typical even for the southernmost regions of West 
Siberia. There were three such reasons: the fi rst is a 
signifi cant volume of ice in peatlands, which is com-
parable to or exceeds the volume of biogenic material; 
the second reason is the abundance of wood residues. 
Their content in the bottom layers of woody peat 
with a thickness of up to 1.5  m reaches 40  % 
[Vasil’chuk, Vasil’chuk, 2016].  The third reason is the 
heaving of peat by excess ice under the freezing of 
water-saturated layers.

The third question is whether in the early Holo-
cene the forest expanded into the Yamal-Gydan tun-
dra zone? Based on certain information about climate 
warming in the Holocene and the presence of tree 
remains in peatlands, many scientists of the last cen-
tury (V.N. Sukachev, B.I. Gorodkov, M.I. Neistadt, 
N.Y. Kats, etc.) concluded that during the warm pe-
riod of the Holocene, the forest moved north almost 
to the Arctic coast. Currently, Yu.K. Vasil’chuk and 
A.K. Vasil’chuk also state that during the Holocene 
optimum, sparse woodlands and copses with high tree 
productivity advanced north to the latitude of 71°10′ 
[Vasil’chuk, Vasil’chuk, 2016]. Nevertheless, rad  iocar-
bon dating of birch trunks in the range 7000 to 
8760 years ago indicates that the period of optimal 
growth conditions for birch is short. The time of the 
Boreal climate optimum and the fi rst half of the At-
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lantic period can be called the Holocene vegetation 
peak. In all peatlands less than 7,000 years old, no 
tree trunks, stumps, or roots have yet been found. 
The abundance of wood only in peatlands and only in 
their marginal parts testifi es to the leading role of lo-
cal, rather than zonal, factors that provide optimal 
conditions for the growth of high productivity trees 
in the harsh Yamal-Gydan tundra. High productivity 
Birchwood existed locally only on the leeward sides 
of depressions. Such areas should be considered as 
“temperature oases” with increased ground temp era-
ture compared to the general background of harsh 
conditions typical for fl at treeless terrace surfaces. 
Such oases with trees appeared and existed locally, 
only within closed insulation-radiogenic taliks, the 
depth of which rarely exceeded 1–3 m.

CONCLUSIONS

The main scientific results obtained by the 
 author during his work in geocryology are the fol-
lowing.

Two geocryological chronicles were compiled. 
The first was the chronicle of the late Cenozoic, 
which highlighted the cryogenic period and three 
geocryological epochs. The second chronicle of Neo-
pleistocene, with 20 cryochrons and 19 thermochrons 
identifi ed.

The author proposed a new classifi cation of per-
mafrost section by hydrogeocryological structure and 
revealed the conditions for the formation of 9 types 
and 2 subtypes of the permafrost section.

A new genetic classifi cation of taliks of the hyd-
rogenic class was proposed by the author. He develo-
ped a new classifi cation of permafrost section by dis-
continuity and showed the leading role of atmospher-
ic-infiltration taliks of the hydrogenic class in the 
formation of discontinuity of permafrost distribution.

The author proved the need to distinguish the 
cryometamorphic cycle of groundwater formation, 
during which cryogenic water aquiclude formed in 
the subsurface structures of the permafrost zone. 
They have signifi cantly changed the chemical compo-
sition, mineralization of groundwater, and water ex-
change conditions.

The conditions and results of cryogenic meta-
morphism of fresh and saline waters were considered. 
This allowed us to determine the temperature of the 
surrounding rocks during formation using the chemi-
cal composition of cryopegs.

The author proved that inversion of the surface 
air temperature and infi ltration of rainwater in com-
bination with active tectonics determined the specifi c 
geocryological conditions of southern Yakutia and 
the abundance of large-scale sources of artesian  water.

The possibility of simultaneous formation of peat 
and thick ice wedges in the peatlands of Holocene age 
is shown. The author identifi ed the causes and time of 

the formation of Arctic peatlands enclosing large ice 
wedges.

The author proved that there was no signifi cant 
advance of the forest boundary into the territory of 
the Yamal-Gydan tundra in the early Holocene. Birch 
copses grew in isolation, only within the boundaries 
of insulation-radiogenic taliks.

The author compiled maps of geocryological 
zoning of the Baikal-Amur mainline and Transconti-
nental railway America–Eurasia (scale 1:2 500 000) 
and more than 20 maps of geocryological content for 
the entire territory of the Russian permafrost zone.
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