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The author was the first to compile two geocryological Chronicles: simplified for the Late Cenozoic) (the
last 3.5 Ma) and more detailed for the Neopleistocene (Brunhes epoch) (the last 800 kur). These Chronicles
comprise the geocryological interpretation of Baikal climatic chronicle, compiled by a large team of scientists,
and based on the identified relation of diatom valves and biogenic silica percentage in bottom sediments of the
Baikal lake on the severity of natural setting.

LATE CENOZOIC GEOCRYOLOGICAL CHRONICLE
(3.1–0.0 Ma)

The Late Cenozoic chronicle is a geocryological
interpretation of the Baikal diatomic record1 [Karabanov et al., 2000]. The Late Cenozoic chronicle
(Fig. 1) clearly presents time spans within the late
Pliocene–Holocene cryogenic period comprized by
three cold epochs separated by longterm warm climatic epochs [Fotiev, 2005]. The beginning of the
Pliocene–Holocene cryogenic period in Siberia coincided with the onset of a stable climate cooling in the
Pacific [Shackleton et al., 1990; Fotiev, 2005].
First Pliocene cryogenic epoch (3.10–3.08 Ma)
was the shortest (only 20 kyr) and the least cold.
Judging by the diatom percentage (less than 20 %)2 it
was during that time that the climatic setting provided perennial freezing and formation of permafrost3.
The mean annual air temperature (Ta) was 3–5 °C
lower than that at present. High-temperature (0 to
–3 °C), thin (0–100 m), and discontinuous or sporadic permafrost was formed in southern Siberia. At
the same time, in northern Siberia, both climate and
geocryologic setting were probably severer and permafrost continuous4 .
Between 3.08 and 2.82 Ma BP, when the diatom
percentage increased to 48–60 % (with a peak at
2.9 Ma), 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 considerably though within negative interval.
Second Pliocene cryogenic epoch (2.82–
2.47 Ma) was marked by the coldest climate and severest geothermal settingof the entire cryogenic period (Fig. 1) [Fotiev, 2009]. There are reasons to hypothesize that the climate became colder as the
orogenesis in Eurasia (the Sayan, Altai, Himalaya,
Pamir, and Tien Shan mountain systems) impeded
the transport of warm and wet air from the Indian
ocean. Many scientists agree 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 by
iceberg rafting signature in the Baikal lake sediments.
Yet, no traces of these old glaciations have been discovered [Karabanov et al., 2001; Kuz’min et al., 2001a;
Williams et al., 2001].
The second cryogenic epoch, in turn, consisted
of nine chrons: five cryochrons and four thermochrons (Fig. 1). The climate of cryochrons was cold
or very cold, according to diatom data (0–2 %), with
a peak at 2.60–2.63 Ma, and was even colder than
during the Sartan time. The mean annual air temperature was 10–15 °C colder than it is now. Permafrost
was low-temperature, thick, and continuous, even in
southern Siberia, in northern Siberia, continuous permafrost was as cold as –30 °C and thick (>300 m).

1 The Baikal continuous climate chronicle of the past 5 Myr has been obtained in the course of exhaustive studies of the lake
sediments by a large team involved in the Baikal Drilling Project (BDP) [Bezrukova et al., 1999; Karabanov et al., 2000, 2001;
Williams et al., 2001; Kuz’min et al., 2001a, b; Khursevich et al., 2001; Prokopenko et al., 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 below 0 °C, and comprises frozen, cryotic and dry frozen deposits.
4 The latitude zoning of climate parameters held all over the cryogenic period.
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Fig. 1. Late Cenozoic geocryological chronicle of Russia (3.1–0.0 Ma).
Diatom abundances averaged over five data points [Karabanov et al., 2000].

The thickness of permafrost exceeded the thickness of
freshwater zone in artesian basins and hydrogeological massifs (aquifers). Two layers of frozen and cryotic 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
Platform has persisted till present. Relatively low
diatom percentage (19–25 %) indicate quite a cold
climate during thermochrons. The permafrost formed
during cryochrons never degraded even in southern
Siberia where it persisted continuously over 350 kyr
(Fig. 1).
In the northern part of permafrost zone 5 T g
though increased significantly during thermochrons
yet remained negative, and the permafrost never
thawed from the surface. Permafrost degradation
from below was negligibly small because of low heat
5

flux and abundant cryopegs within the layer of cryotic rocks. Permafrost in West Siberia apparently degraded from below more rapidly as the heat flux was
higher [Kurchikov, Stavitsky, 1987; Balobaev, 1991].
The interval of 2.47–1.92 Ma (the end of Late
Pliocene) in southern Siberia was an over 500 kyr
spell of moderately warm to warm climate, as indicated by a 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 permafrost from above in the northern areas, though
the negative Tg increased markedly.
Third Pliocene–Holocene cryogenic epoch
(1.92–0.0 Ma) started 1.92 Ma ago when the diatom
percentage in the Baikal lake sediments decreased to
10–12 %, and is ongoing (Fig. 1) [Fotiev, 2005, 2009].

Permafrost zone – area extent of the rock strata with temperature below 0 °C.
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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 Ma BP (the
first half of Eopleistocene, according to the Russian
stratigraphic code) was an epoch of a very cold climate 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, Ta was 10–15 °C lower than
the present one. Low-temperature (up to –10 °C)
thick continuous permafrost formed even in the
southernmost regions of Siberia. During the extremely 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 °C or lower, and
permafrost thickness likely exceeded 500–700 m.
Permafrost degradation during the thermochrons was
incomplete even in southernmost Siberia as the climate 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 a period of rather variable climate in southern Siberia judging by dramatic and essential variations in diatom percentages between 0 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 thermochrons wes much warmer. During extremely warm
thermochrons when the diatom production increased
to 80 % (peak at 1.01 Ma BP), Ta was 3–4 °C 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 T g remained very low during both cryochrons and thermochrons varying within the negative interval and aggrading from below.
NEOPLEISTOCENE (BRUNHES EPOCH)
GEOCRYOLOGICAL CHRONICLE (0.8–0.0 Ma)

The geocryological chronicle is based on the interpretation of the Baikal biogenic silica (SiO2 biog)
record (Fig. 2) [Prokopenko et al., 2001; Fotiev, 2005,
2009]. The Neopleistocene geocryological chronicle
thirty nine well pronounced chrons are subdivided:
20 cryochrons and 19 thermochrons (Fig. 2). The
cryochrons (with negligibly low SiO2 biog) look like

U-shaped troughs in the SiO2 biog chronicle, with
flat or inclined floors, while the thermochrons (more
than 80 % SiO2 biog) appear as prominent sharp peaks
[Karabanov et al., 2001; Prokopenko et al., 2001]. This
pattern is a clear evidence of a 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 distinguished by the author in the Neopleistocene of Siberia (20 cryochrons and 19 thermochrons) correlate
with 19 marine isotope stages (MIS) with 10 cold and
9 warm stages of the oxygen isotope (δ18O) stratigraphy (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
δ18O stratigraphy actually misses. The generally accepted Standard Regional Stratigraphic Scale of the
Quaternary of the West Siberian Plain [2000] includes 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 by the author [Fotiev, 2005,
2009], is based on the correlation of the northern
West Siberian glacials and interglacials with the δ18O
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 thermochrons are distinguished [Fotiev, 2005, 2009] within
the age limits of each MIS [Shackleton et al., 1990],
and correlated with the respective intervals of the regional stratigraphy (Fig. 2).
The time between 800 and 426 kyr BP (Early
Neopleistocene) in Siberia included 17 chrons (9 cryochrons and 8 thermochrons) corresponding to eight
(four cold and four warm) marine isotope stages. The
Middle Neopleistocene interval 426–127 kyr BP
comprise 18 chrons (9 cryochrons and 9 thermochrons) correlated with six (3 cold and 3 warm) stages
of the marine δ18O stratigraphy. The Late Neopleistocene from 127 to 11 kyr BP is divided into four chrons
(2 cryochrons and 2 thermochrons) that correspond
to four (two cold and two warm) MIS. The West Siberian Karginian warm cycle (MIS-3) does not show up
in the Baikal biogenic silica record8 (Fig. 2), and that
was the reason why MIS-4, MIS-3, and MIS-2 were
joined into a single Zyryanka–Sartan cryochron.
Low SiO2 biog contents in the Baikal lake sediments indicate several coldest and longest cryochons

6 Extremely low diatom percentages of 0–3 % (the lowest at 1.63 Ma) indicate a climate and geothermal setting colder than
during the Sartan time.
7 These climate oscillations are most often attributed to orbital forcing [Kuz’min et al., 2001b].
8 According to some models [Baulin et al., 1981], the zone of permafrost degradation from the surface extended in southern
West Siberia as far as 65–66° N during the optimum of the Karginian warm stage.
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Fig. 2. Neopleistocene (Brunhes epoch) geocryological chronicle of Russia (0.8–0.0 Ma).
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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 Zyryanka-Sartan (MIS-4, MIS-3, MIS-2) in the Late Neopleistocene. The climatic and geocryological setting
during the extremely cold Neopleistocene cryochrons
were as follows [Fotiev, 2009]: (1) Ta throughout the
permafrost area was 8–15 °C lower than that at present; (2) long-lasting, low-temperature (–3 to –25...
–30 °C), thick (from 300 to 700–1500 m) and continuous permafrost formed over the entire permafrost
area; (3) zones of high-temperature (0 to –3 °C), thin
(0 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° E meridian, and from 52 to 79.5° N or
over 3000 km along 105° E (excluding the southern
mountains and the northern islands).
According to relatively high contents of SiO2 biog
in the sediments of Lake Baikal, the warmest and longest were (Fig. 2) the Talagaika (MIS-17) and postNizyam (MIS-13) thermochrons in the Early Neopleistocene, 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 BP). The extremely warm thermochrons of
Neopleistocene were characterized by the following
climate and permafrost-related features [Fotiev, 2009]:
(1) Ta was 2–4 °C higher than now and dramatically
(10–15 °C) higher than during the previous cryochrons; (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 considerably remaining however below zero; (4) permafrost degraded partly from the surface only in submerged limnic
environments; (5) the N–S extent of permafrost decreased as a result of marine transgression and complete permafrost degradation in the southern regions.
The Holocene comprises two chrons (Fig. 2)
subdivided according to the specific features of cryogenic metamorphism. T a during the thermochron
from 11.0 kyr BP to the end of t he thermal optimum9
rose 10–15 °C higher than in the minimum of the Sartan 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 northern part of permafrost area, Tg was rising essentially but remained negative, partial degradation of per9
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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 °C lower than in the thermal optimum on all over
the permafrost area; high-temperature, thin, and discontinuous or sporadic permafrost formed in central
and southern regions of Siberia.
The boundary between the Northern and Southern geocryological zones is quite prominent at present and coincides with the link up of permafrost layers of Holocene and Pleistocene ages. The permafrost
is low-temperature (–2 to –13 °C or lower), thick
(300 to 1500 m), continuous, predominantly of Pleistocene age north of this boundary, sinking down
southward of this boundary, replaced in the surface
layer by mainly high-temperature (0 to –2 °C), thin
(0 to 150 m), discontinuous, permafrost of Holocene
age. In the northern part of the Southern geocryological zone, within the artesian basins the Holocene
permafrost is separated from the deep-seated Pleistocene permafrost by a layer of positive temperatures.
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