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The author was the first to compile two geocryological Chronicles: simplified for the Late Cenozoic) (the 
last 3.5 Ма) апd more detailed for the Neopleistocene (Brunhes epoch) (the last 800 kur). These Chroпicles 
comprise the geocryological interpretatioп of Baikal climatic chroпicle, compiled Ьу а large team of scientists, 
and based оп the ideпtified relation of diatom valves апd Ьiogeпic silica perceпtage in bottom sediments of the 
Baikal lake оп the severity of natural settiпg. 

LATE CENOZOIC GEOCRYOLOGICAL CHRONICLE 
(3.1-0.0 Ма) 

The Late Cenozoic chronicle is а geocryological 
interpretation of the Baikal diatomic record 1 [ Kara
banov et al., 2000]. The Late Cenozoic chronicle 
(Fig. 1) clearly presents time spans within the late 
Pliocene-Holocene cryogenic period comprized Ьу 
three cold epochs separated Ьу longterm warm cli
matic epochs [Fotiev, 2005]. The beginning of the 
Pliocene-Holocene cryogenic period in Siberia coin
cided with the onset of а staЫe climate cooling in the 
Pacific [ Shackleton et al., 1990; Fotiev, 2005]. 

First Pliocene cryogenic epoch (3.10- 3.08 Ма) 
was the shortest (only 20 kyr) and the least cold. 
] udging Ьу the diatom percentage (less than 20 %)2 it 
was during that time that the climatic setting provi
ded perennial freezing and formation of permafrost3. 

The mean annual air temperature (Та) was 3-5 °С 
lower than that at present. High-temperature (О to 
- 3 °С), thin (0- 100 m), and discontinuous or spo
radic permafrost was formed in southern Siberia. At 
the same time, in northern Siberia, both climate and 
geocryologic setting were probaЬly severer and per
mafrost continuous4 . 

Between 3.08 and 2.82 Ма ВР, when the diatom 
percentage increased to 48-60 % (with а peak at 
2.9 Ма), the climate was relatively warm (Fig. 1). 
During the 250 kyr time span, permafrost degraded 
fully or partly in southern Siberia, while no thawing 
from the surface occurred in the colder northern areas 

of Siberia. The mean annual ground temperature (Tg) 
varied consideraЬly though within negative interval. 

Second Pliocene cryogenic epoch (2.82-
2.47 Ма) was marked Ьу the coldest climate and se
verest geothermal settingof the entire cryogenic pe
riod (Fig. 1) [Fotiev, 2009]. There are reasons to hy
pothesize that the climate became colder as the 
orogenesis in Eurasia (the Sayan, Altai, Himalaya, 
Pamir, and Tien Shan mountain systems) irnpeded 
the transport of warm and wet air from the Indian 
ocean. Many scientists аgгее that the Late Pliocene 
cooling correlates with the oldest glaciations in the 
mountains of Transbaikalia, Altai, and Sayan and 
with the earliest glacial clay deposition marked Ьу 
iceberg rafting signature in the Baikal lake sediments. 
Yet, no traces of these old glaciations have been dis
covered [ Karabanov et al., 2001; Kuz'min et al., 2001 а; 
Williams et al., 2001]. 

The second cryogenic epoch, in turn, consisted 
of nine chrons: five cryochrons and four thermo
chrons (Fig. 1 ). The climate of cryochrons was cold 
or very cold, according to diatom data (0-2 %), with 
а peak at 2.60-2.63 Ма, and was even colder than 
during the Sartan time. The mean annual air temper
ature was 10- 15 °С colder than it is now. Permafrost 
was low-temperature, thick, and continuous, even in 
southern Siberia, in northern Siberia, continuous per
rnafrost was as cold as -30 °С and thick (>300 m). 

1 The Baikal coпtinuous climate chronicle of the past 5 Myr has Ьееn obtaiпed in the course of exhaustive studies of the lake 
sediments Ьу а large team iпvolved iп the Baikal Drilling Project (BDP) [Bezrukova et а!., 1999; Karabanov et а!., 2000, 2001; 
Williams et а!., 2001; Kuz'min et а/., 2001а, Ь; Khurseuich et а!., 2001; Prokopenko et а!., 2001]. 

2 For more details of geocryological interpretation of the Baikal climate chronicle see [ Fotiev, 2005, 2009]. 
3 Permafrost is the rock strata with temperature Ьelow О °С, and comprises frozen, cryotic and dry frozeп deposits. 
4 The latitude zoning of climate parameters held а11 O\'er the cryogenic period. 

Copyright © 2011 S.M. Fotiev, А11 rights reserved. 
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LATE CENOZOIC GEOCRYOLOGICAL CHRONICLE OF RUSSIA (3.1-0.0 Ма) [Fotiev, 2009] 
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Fиg.1. Late Cenozoic geocryological chronicle of Russia (3.1-0.0 Ма). 

Diatom abundances averaged over five data points [Karabanov et а!" 2000]. 

Тhе thickness of pennafrost exceeded the thickness of 
fRsh\\'Зter zone in artesian basins and hydrogeologi
cal massifs (aquifers). Two layers of frozen and cry
otic rocks with cryopegs formed in artesian basins, 
and layers of frozen rocks and dry permafrost were 
formed in hydrogeological massifs [Fotiev, 1978]. This 
permafrost structure in the subsurface of the Siberian 
Platfonn has persisted tШ present. Relatively low 
diatom percentage (19-25 %) indicate quite а cold 
climate during thermochrons. The permafrost formed 
during cryochrons never degraded even in southern 
SiЬeria \\·here it persisted continuously over 350 kyr 
(Fag. 1). 

In the northern part of permafrost zone5 Tg 
though increased significantly during thermochrons 
yet remained negative, and t he permafrost never 
thawed from the surfa{;e. Permafrost degradation 
from below was negligiЬly small because of low heat 

flux and abundant cryopegs within the layer of cry
otic rocks. Permafrost in West Siberia apparently de
graded from below more rapidly as the heat flux was 
higher [Kurchikov, Stavitsky, 1987; Balobaev, 1991]. 

The interval of 2.47- 1.92 Ма (the end of Late 
Pliocene) in southern Siberia was an over 500 kyr 
spell of moderately warm to warm climate, as indi
cated Ьу а relatively high (25- 65 %) production of 
diatoms (Fig. 1). The permafrost that formed during 
the second Pliocene cryogenic epoch fully or almost 
fully degraded. However, the rather strong and long 
climate warming did not cause degradation of per
mafrost from above in the northern areas, though 
the negative Tg increased markedly. 

Third Pliocene- Holocene cryogenic epoch 
( 1.92- 0.0 Ма) started 1.92 Ма ago when the diatom 
percentage in the Baikal lake sediments decreased to 
10- 12 %, and is ongoing (Fig. 1) [Fotiev, 2005, 2009]. 

s Peп11afrost zone - area extent of the rock strata with temperature below О 0С. 
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In the beginning of this cryogenic epoch, there were 
two short and relatively warm cryochrons during 
which permafrost formed in southern Siberia. 

The interval between 1.75 and 1.40 Ма ВР (the 
first half of Eopleistocene, according to the Russian 
stratigraphic code) was an epoch of а very cold cli
mate as follows from the Baikal diatomic chronology 
(Fig. 1 )6. The epoch is subdivided into seven chrons: 
four cryochrons and three thermochrons (Fig. 1). 
During the cryochrons, Та was 10-15 °С lower than 
the present one. Low-temperature (up to -10 °С) 
thick continuous permafrost formed even in the 
southernmost regions of Siberia. During the extreme
ly cold cryochrons southern limit of permafrost area 
extended as far as Mongolia and China. Therefore, no 
zones of discontinuous or sporadic permafrost existed 
in the southern part of the Siberian Platform. In 
northern Siberia, Tg decreased to -30 °С or lower, and 
permafrost thickness likely exceeded 500-700 m. 
Permafrost degradation during the thermochrons was 
incomplete even in southernmost Siberia as the cli
mate remained relatively cold ( diatoms percentage as 
low as 12 to 25 %). Therefore, during the first half of 
Eopleistocene permafrost persisted continuously for 
at least 350 kyr even in southern Siberia. 

The second half of the Eopleistocene and in 
Neopleistocene was а period of rather variaЬle cli
mate in southern Siberiajudging Ьу dramatic and es
sential variations in diatom percentages between О to 
80 % (Fig. 1 ). The climatic and geocryological setting 
during cryochrons were almost as cold as those in the 
first half of Eopleistocene, while climate of thermo
chrons wes much warmer. During extremely warm 
thermochrons when the diatom production increased 
to 80 % (peak at 1.01 Ма ВР), Та was 3-4 °С warmer 
than now, and permafrost in southern areas degraded 
rapidly from both above and below (Fig. 1). In the 
northern Siberia with its severe climate Tg re
mained very low during both cryochrons and thermo
chrons varying within the negative interval and ag
grading from below. 

NEOPLEISTOCENE (BRUNHES ЕРОСН) 
GEOCRYOLOGICAL CHRONICLE (0.8-0.0 Ма) 

The geocryological chronicle is based on the in
terpretation of the Baikal Ьiogenic silica (Si02 Ъiо ) 

record (Fig. 2) [ Prokopenko et al., 2001; Fotiev, 200~, 
2009]. The Neopleistocene geocryological chronicle 
thirty nine well pronounced chrons are subdivided: 
20 cryochrons and 19 thermochrons (Fig. 2). The 
cryochrons (with negligiЬly low Si02 Ыоg) look like 

U-shaped troughs in the Si02 Ъiog chronicle, with 
flat or inclined floors, while the thermochrons (more 
than 80 % Si02 Ъiо ) appear as prominent sharp peaks 
[ Karabanov et al., ~001; Prokopenko et al., 2001]. This 
pattern is а clear evidence of а steadiness of severe 
climate in cryochrons and abrupt dramatic warming 
during thermochrons. 

Compiling the geocryological chronicle required 
the use of three chronologies. The 39 chrons distin
guished Ьу the author in the Neopleistocene of Sibe
ria (20 cryochrons and 19 thermochrons) correlate 
with 19 marine isotope stages (MIS) with 10 cold and 
9 warm stages of the oxygen isotope (8180) stratigra
phy (Fig. 2) [ Shackleton et al., 1990]. The time limits 
of some chrons perfectly match the MIS boundaries, 
but some isotope stages comprise several (up to six) 
distinct cryochrons and thermochrons7, which the 
8180 stratigraphy actually misses. The generally ac
cepted Standard Regional Stratigraphic Scale of the 
Quaternary of the West Siberian Plain [2000] in
cludes 14 horizons (epochs), i.e. less than the number 
of MIS. In order to cancel this disparity, some MIS of 
different ages were in some models brought together 
[Fotiev, 2009], which distorted the age bounds of 
some intervals. 

The model suggested Ьу the author [Fotiev, 2005, 
2009], is based on the correlation of the northern 
West Siberian glacials and interglacials with the 8180 
scale after [Karabanov et al., 2001]; the gaps in the 
latter chronology (MIS 9, 10, 12, 13, 19) are labeled 
with conventional names. Cryochrons and thermo
chrons are distinguished [ Fotiev, 2005, 2009] within 
the age limits of each MIS [Shackleton et al., 1990], 
and correlated with the respective intervals of the re
gional stratigraphy (Fig. 2). 

The time between 800 and 426 kyr ВР (Early 
Neopleistocene) in Siberia included 17 chrons (9 cryo
chrons and 8 thermochrons) corresponding to eight 
(four cold and four warm) marine isotope stages. The 
Middle Neopleistocene interval 426-127 kyr ВР 
comprise 18 chrons (9 cryochrons and 9 thermo
chrons) correlated with six (3 cold and 3 warm) stages 
of the marine 8180 stratigraphy. The Late Neopleisto
cene from 127 to 11 kyr ВР is divided into four chrons 
(2 cryochrons and 2 thermochrons) that correspond 
to four (two cold and two warm) MIS. The West Sibe
rian Karginian warm cycle (MIS-3) does not show up 
in the Baikal Ьiogenic silica record8 (Fig. 2), and that 
was the reason why MIS-4, MIS-3, and MIS-2 were 
joined into а single Zyryanka-Sartan cryochron. 

Low Si02 Ъiog contents in the Baikal lake sedi
ments indicate several coldest and longest cryochons 

6 Extrernely low diatorn percentages of 0-3 % (the lowest at 1.63 Ма) indicate а clirnate and geotherrnal setting colder than 
during the Sartan tirne. 

7 These clirnate oscillations are rnost often attributed to orЬital forcing [ Kuz'min et а/., 2001 Ь ]. 
8 According to sorne rnodels [Baulin et al., 1981], the zone of perrnafrost degradation frorn the surface extended in southern 

West SiЬeria as far as 65-66° N during the optimurn of the Кarginian \\"arrn stage. 
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NEOPLEISТOCENE (BRUNHES ЕРОСН) GEOCRYOLOGICAL CHRONICLE OF RUSSIA (0.8-0.О Ма) [Fotiev, 2009] 
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Fig. 2. Neopleistocene (Brunhes epoch) geocryological chronicle of Russia (0.8-0.0 Ма). 
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in Neopleistocene, namely (Fig. 2), Asov (MIS-16) 
and pre-Tobol (MIS-12) in the early Neopleistocene, 
post-Tobol (MIS-10a), Samara (MIS-8c), and Taz 
(MIS-6) in the Middle Neopleistocene, and the Zyry
anka-Sartan (MIS-4, MIS-3, MIS-2) in the Late Neo
pleistocene. The climatic and geocryological setting 
during the extremely cold Neopleistocene cryochrons 
were as follows [Fotiev, 2009]: (1) Та throughout the 
permafrost area was 8-15 °С lower than that at pres
ent; (2) long-lasting, low-temperature (-3 to -25". 
-30 °С), thick (from 300 to 700-1500 m) and con
tinuous permafrost formed over the entire permafrost 
area; (3) zones of high-temperature (О to -3 °С), thin 
(О to 150 m) and discontinuous (including sporadic) 
permafrost were outside the region in West Siberia 
and were absent from East Siberia as the southern 
permafrost extent reached the territory of Mongolia 
and China; ( 4) the subaerial permafrost area was of 
the largest extent due to perennial frozen ground in 
the emerged shelf and southern margins of permafrost 
area. It extended from 47 to 78° N (over 3300 km) 
along the 70° Е meridian, and from 52 to 79.5° N or 
over 3000 km along 105° Е (excluding the southern 
mountains and the northern islands ). 

According to relatively high contents of Si02 Ьiog 
in the sediments of Lake Baikal, the warmest and lon
gest were (Fig. 2) the Talagaika (MIS-17) and post
Nizyam (MIS-13) thermochrons in the Early Neo
pleistocene, the Tobol (MIS-11) and Shirta (MIS-7) 
thermochrons in the Middle Neopleistocene, and the 
Kazan (MIS-5e) in the Late Neopleistocene (127-
114 kyr ВР). The extremely warm thermochrons of 
Neopleistocene were characterized Ьу the following 
climate and permafrost-related features [ Fotiev, 2009]: 
(1) Та was 2-4 °С higher than now and dramatically 
(10-15 °С) higher than during the previous cryo
chrons; (2) permafrost degraded completely in the 
southern and partly in the central part of permafrost 
area; (3) permafrost did not degrade from the surface 
in the northern permafrost area where the climate 
was still cold, though Tg increased consideraЬly re
maining however below zero; (4) permafrost degrad
ed partly from the surface only in submerged limnic 
environments; (5) the N-S extent of permafrost de
creased as а result of marine transgression and com
plete permafrost degradation in the southern regions. 

The Holocene comprises two chrons (Fig. 2) 
subdivided according to the specific features of cryo
genic metamorphism. та during the thermochron 
from 11.0 kyr ВР to the end of t he thermal optimum9 

rose 10-15 °С higher than in the minimum of the Sar
tan thermal minimum almost all over the permafrost 
area. Nevertheless, active permafrost degradation 
(full or partial), both from above and from below, was 
limited to the plains of southern Siberia. In the nor
thern part of permafrost area, Tg was rising essential
ly but remained negative, partial degradation of per-

mafrost was restricted to areas underneath numerous 
thermokarst lakes. During the cryochron from the 
end of the thermal maximum to present, Tg became 
3-5 °С lower than in the thermal optimum on all over 
the permafrost area; high-temperature, thin, and dis
continuous or sporadic permafrost formed in central 
and southern regions of Siberia. 

The boundary between the Northern and South
ern geocryological zones is quite prominent at pres
ent and coincides with the link up of permafrost lay
ers of Holocene and Pleistocene ages. The permafrost 
is low-temperature (-2 to -13 °С or lower), thick 
(300 to 1500 m), continuous, predominantly of Pleis
tocene age north of this boundary, sinking down 
southward of this boundary, replaced in the surface 
layer Ьу mainly high-temperature (О to -2 °С), thin 
(О to 150 m), discontinuous, permafrost of Holocene 
age. In the northern part of the Southern geocryo
logical zone, within the artesian basins the Holocene 
permafrost is separated from the deep-seated Pleisto
cene permafrost Ьу а layf;r of positive temperatures. 
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PERMAFROST RESPONSE ТО CLIMATE WARMING 
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The response of permafrost to global Late Pleistocene-Holocene warming has been investigated in the ice 
complex ofYakutia. Thermokarst erosion of the complex was found out to depend on the properties oflandscape 
and its components that change as а consequence of warming. In addition to the degradation tendency, aggrada
tionaJ staЬilization in ice complex remnants may occur in certain conditions as formation of а protective layer. 

Any extemal effect оп permafrost, iпcluding cli-
is never direct, uпlike оп а glacier surface, but is 

ather mediated Ьу the overlying vegetation, soil, ас
~ layer, i.e., Ьу various landscape components. The 
RSU.lting positive and negative feedbacks control the 

rmafrost responses which differ in intensity and 
show unexpected trends. 
Chaoges in surface conditions attendant with 

anning or cooling тау change the evolution trend 
· permafrost and cause its aggradation or degrada

Тhey may act either together with or against the 
!Jmate trend and, correspondingly, amplify or damp 

dimate effect [Koreisha et al" 1997]. 
~ illustrative example in this respect may соте 
dynamics of the ice complex over the latest 
oceoe-Holocene interval. An ice complex (IC) 

01Dplex of syngenetically frozen sediments, tens 
meters thick, which are thermally uпstaЫe. Such 

0В1plexes were deposited in harsh Late Pleistocene 
iuoates Ьetween 50-40 and 12-11 kyr ВР. 

that time, the mean annual temperature of 
naafrost \\'as as low as -25".-28 ·с or locally 
·с in northern Yakutia and no warmer than 
·с in central Yakutia, while the air temperature 
oaturally still lower [Konischev, 1997]. The map 

ш Fig. 1 shows the extent of the Yakutian ice complex 
except shelf where it was destroyed Ьу the Holocene 
traosgression of the Arctic seas. 

The dramatic climate change at the Last Gla
cial-Holocene boundary caused permafrost warming 

Copyright С 201 t V.N. Konishchev, All rights reserved. 

and gave rise to thermokarst erosion of the ice com
plex, which has been the main evolution process in its 
terrain-forming deposi ts through the past 13-12 kyr. 

The basic landforms in the present North and 
Central Yakutian coastal lowland include, besides 
river valleys, the so-called yedomas (IC remnants) 
and alas depressions (result of subsidence of thawed 
permafrost) that reach surface areas of tens of square 
kilometers. Alases occupy up to 75 % of the northern 
Yakutian coastal plains [Lomachenkov et al" 1965; 
Bosikov, 1978] and up to 50 % in central Yakutia [Iva
nov, 1981]. 

Although being approximate, these estimates 
indicate that the ground surface composed of IC de
posits is more strongly affected Ьу thermokarst pro
cesses in northern Yakutia than in its central part. 
The reason is that alases in both northern and central 
areas of Yakutia result from water ingression ( show
ing up as the number and sizes of lakes) rather than 
from climate warming per se or from other tempera
ture agents. 

The glacial deposition completed in the епd of 
the last cryochron (Last Glacial), and the top surfaces 
of its remnants (yedomas) generally have experienced 
no denudation since then. This inference follows from 
many radiocarbon dates showing latest Pleistocene 
ages of the youngest IC deposits [Ivanov, 1981; Kap
lina, 1981]. Therefore, through the Holocene the IC 
deposits have been subject to different alteration 
trends [ Shur, 1988]. 
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