
1 INTRODUCTION

The study area includes the 1000-km wide shelf of the
Laptev Sea and the western part of the East Siberian
Sea and aggradational coastal plains bounded by
mountains from the south (Fig.1).

This territory has never been extensively glaciated
(Sher, 2000). Sea-level fluctuations in the Late Ceno-
zoic period were therefore mainly of a glacio-eustatic
nature. Neotectonic movements were dominated by
subsidence accompanied by sediment accumulation.
The geological structure of this territory is extremely
complex; with tectonic structures of different ages,
including several rift zones (Tectonic Map, 1998;
Drachev et al., 1995). Based on data extrapolated
from shelf rifts within the continent, the offshore rift

zones are characterized by high variations in the geo-
thermal heat flux (qgt) values. In the Mom and Baikal
rift zones (Balobaev, 1991; Lysak, 1988) therefore, qgt
values vary from 40 to 70 mW/m2 in relatively undis-
turbed blocks, and exceed 100 mW/m2 in fault zones.

The coastal plains and islands are characterised 
by the presence of continuous permafrost with a
thickness of 300–400 m in the south to 500–600 m in 
the north (Geocryology of the USSR, 1988). The archi-
pelago of the New Siberian Islands separates the Laptev
and East Siberian seas. The zonality of permafrost mean
annual ground temperature (tma) is quite distinct within
the coastal lowlands and islands. The gradient tma
reaches 1.5°C per 1° latitude.

The mean annual bottom temperature of seawater
and surficial sediments (tsf) in these seas varies
from �0.5 to �2.0°C (Dmtrienko et al., 2001). This
creates relatively uniform temperature conditions at
the shelf surface and favours the preservation of relic
offshore permafrost.

Up to the mid-1990s, data on the relic offshore per-
mafrost and subsea taliks was rather fragmentary. This
data were summarised by Gavrilov et al. (2001). In
recent years, wide-scale investigations of offshore
permafrost have been performed within the frame-
work of joint Russian–German projects “Laptev 
Sea System” and “System Laptev Sea 2000.” Modern
concepts of permafrost conditions in the studied
region are outlined in the paper by Hubberten and
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Figure 1. Scheme of the study area location.



Romanovskii published in this volume (Hubberten &
Romanovskii, 2003).

The aim of this paper is to discuss the problem of
permafrost evolution under the impact of climate
changes and glacial-eustatic regressive–transgressive
cycles on the Arctic sea shelf of the eastern part of
Siberia.

2 FORMULATION OF THE PROBLEM

The appearance of terrestrial permafrost in the north-
east of Eurasia dates back to the end of the Pliocene.
Since that time, terrestrial permafrost has been sub-
jected to several cycles of thawing from the surface,
probably causing a decrease in its thickness. The off-
shore permafrost within the shelf is thought to have
developed after the Karginskaya transgression, as a
result of shelf exposure and freezing in the Sartan
cryochron, i.e., about 24–18 ka BP. Afterwards, it par-
tially degraded during the latest transgression (see for
example Solov’ev, 1981; Fartyshev, 1993; Danilov,
2000). For this study, the primary objectives were to
characterise the evolution of the ice-bonded perma-
frost on the shelf, assess its probable thickness in 
the modern epoch and to study permafrost evolution
affected by climate change and changes in relative sea
level. These objectives were met by developing a per-
mafrost evolution model and a set of climate scenarios,
which were used to provide boundary conditions to the
model. Initially, while simulating the development of
offshore permafrost, the authors assumed that it had
appeared after the Kazantsevskay transgression, after
100 ka BP (Romanovskii et al., 1998). Later, we devel-
oped a palaeo-geographic scenario of permafrost evo-
lution in the region within the last 400 ky, i.e., within
four climatic and glacio-eustatic cycles (Kholodov 
et al., 2000).

3 BOUNDARY CONDITIONS AND
ASSUMPTIONS ACCEPTED IN THE
MODELS OF PERMAFROST EVOLUTION

In order to develop an appropriate palaeo-geographic
scenario of permafrost evolution during four climatic
and glacio-eustatic cycles, we used the climatic
(palaeo-temperature) curve derived from the Vostok
ice core in Antarctica (Petit et al., 1999) and the
results of palaeo-reconstructions obtained by different
methods for the Quaternary sediments of coastal low-
lands and Arctic islands. These results were sum-
marised by the authors (Gavrilov & Tumskoy, 2000;
Romanovskii & Hubberten, 2001). The general trend
of temperature change and their periodicity were

taken from the Antarctic palaeo-temperature curve
(Gavrilov et al., 2000). Regional palaeo-reconstructions
for dated extreme climatic events were used to assess
the amplitude of changes (relative to the modern state)
in permafrost conditions at certain latitudes. Various
indicators of palaeo-cryogenic conditions were used.
For instance, the presence of features of long-term
thawing of the deposits indicated the rise of mean
annual ground temperatures – tma above 0°C during
warm climatic phases (Kholodov et al., 2000). Cold
climatic events were judged from the presence of
polygonal ice wedges in different kinds of sediments,
which made it possible to assess the ranges of tma
lowering (Garilov & Tumskoy, 2000).

It was assumed that the terrestrial permafrost tma
zonality in the past corresponded to the modern 
permafrost temperature zonality. The shelf surface
topography in the past was also assumed to be the
same as in the modern epoch. A near-bottom seawater
temperature equal to the mean annual temperature 
of bottom sediments tsf (Zigarev, 1997) was taken
equal to �1.8°C for the periods of transgression, and
the freezing temperature of bottom sediments and
continental deposits was taken equal to �2.0°C. A set
of palaeo-temperature curves (for both tma and tsf)
were developed for a range of latitudes from 70 to 78°
north and for different sea depths. The sea level fluc-
tuations were assumed to be of a glacio-eustatic
nature. They were adapted for modelling from glacial-
eustatic curves developed by various authors for dif-
ferent time periods. The glacio-eustatic curve for a
period from 400 to 120 ky BP was taken from Petit 
et al. (1999), the curve for the period from 120 to
20 ky BP, from Chappel et al. (1996), and the curve for
the period from 20 ka BP to the recent time, from
Fairbanks (1989). The latter curve was verified for the
Laptev Sea region by comparison with sea level history
based on sedimentary deposits (Bauch et al., 2002). The
scenario adapted for the modelling assumed that, start-
ing from the shelf submergence, the mean annual tem-
perature tma changes to the temperature of near-bottom
seawater tsf equal to �1.8°C at any part of the sub-
merged shelf excluding locations near river mouths,
which are influenced by river water plumes. Upon the
regression, tsf changes immediately to tma values typical
of terrestrial conditions in a given time for a given 
latitude. It should be noted that reconstructed palaeo-
temperature curves are more reliable for the Late
Pleistocene and Holocene than for the earlier epochs.
The absence of ice-bonded offshore permafrost within
the shelf before 400 ka BP was taken as an initial condi-
tion. The vertical temperature gradient was calculated
for a given type of geological section; this gradient was
calculated for four different values of the geothermal
heat flux qgt (from 40 to 70 mW/m2) characteristic of
the undisturbed rock blocks in the rift zones.
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4 GAS HYDRATE STABILITY ZONE
SIMULATION

Along with simulation of permafrost evolution, the
authors also simulated the dynamics of the gas
hydrate stability zone (GHSZ) based on a model
developed by G. Tipenko et al. (2001). According to
this model, the groundwater pressure (P) is equal 
to the hydrostatic pressure at any depth. Sea trans-
gression leads to the appearance of additional pressure
(�P), equal to the pressure of the seawater column on
the bottom. During transgressions, the groundwater
pressure varied with the sea-level dynamics, whereas
during regressions periods, it remained constant. The
equality of groundwater pressure to the hydrostatic
pressure was ensured by the presence of open subsea
taliks along active tectonic faults and under the beds
of palaeo-river valleys.

The modelling of GHSZ was based on the use of
P/T diagrams developed by E. Chuvilin and E. Perlova
(personal communication) for porous media and
methane. The effect of groundwater salinity on the
GHSZ was not taken into account because of the ten-
tative character of the calculations. Calculations of the
evolutionary dynamics of permafrost thickness and
GHSZ were made for the geothermal heat flux value
of 50 mW/m2, which is typical of the shelf zone of
both Laptev and East Siberian seas. The results of calcu-
lations were plotted on diagrams illustrating changes in
the temperature field, the thickness of ice-bonded per-
mafrost and boundaries of GHSZ typical of differ-
ent depths of the sea and different latitudes (Fig. 2).
Schematic maps of the thickness of ice-bonded offshore

permafrost and the location of the lower boundary of
the GHSZ were then compiled.

The modelling of permafrost evolution for rift zones
was made for four climatic and glacio-eucstatic cycles
and the range of qgt values from 40 to 70 mW/m2.

5 DISCUSSION OF MODELLING RESULTS

The results of modelling the thickness of ice-bonded
offshore permafrost and the location of lower GHSZ
boundary (for qgt of 50 mW/m2) are generalised on
schematic maps. The simulation results show that the
greatest thickness of ice-bonded offshore permafrost
at the present time should exist in the area of New
Siberian (Novosibirskie) Islands. There are vast shal-
lows around these islands, where the duration of shelf
exposure and permafrost aggradation were the longest,
whereas the duration of submergence (during the last
transgression) is relatively short.

The evolution of permafrost thickness under the
impact of climate change within coastal lowlands and
under the impact of transgressions and regressions
within the shelf zone is characterised by a time lag
(��t). The maximum thickness of ice-bonded per-
mafrost is therefore reached with a time lag of several
hundred to several thousand years, compared with the
time of climatic minimums with the lowest tma values.
In the phases of climate warming and sea transgres-
sions, the maximum thawing (from the bottom) and
minimum thickness of ice-bonded permafrost are
attained later than the warming extreme (Fig. 2).

Simulation of the dynamics of permafrost thickness
performed for different qgt values (and mean annual
temperatures tma and temperatures of bottom sediments
tsf below the thawing point) show that the maximum
thickness of ice-bonded permafrost at the end of per-
mafrost aggradation stages was generally inversely
proportional to qgt values. The rate of increase in per-
mafrost thickness decreased by the end of permafrost
aggradation stages. On the contrary, during the peri-
ods of climate warming (for coastal lowlands) and sea
transgressions (for the shelf) accompanied by the rise
in tma and tsf, the rates of permafrost thawing from the
bottom first increased and then remained stable.
Higher thawing rates corresponded to higher values 
of geothermal flux. As a result, the thickness of ice-
bonded permafrost decreased in the periods of climatic
warming and sea transgressions. This decrease was
accompanied by spatial differentiation of permafrost
thickness dictated by the difference of qgt values within
different lithospheric blocks. Taking into account the
lag in time, this differentiation achieved its maximum
during the initial phases of subsequent cooling on
coastal lowlands and in the final phases of sea trans-
gressions for the offshore permafrost (Fig. 3)
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Figure 2. Example of dynamic of mean annual ground
temperature (upper panel) and of permafrost lower bound-
ary and isotherm 0°C (lower panel) during the last 400 kyr
due to different values of geothermal flux. Yakutian coastal
lowlands, latitude 71°N.



Two stages of changes in the temperature regime of
offshore permafrost in the periods of transgression
can be distinguished. At the first stage, after the sub-
mergence of the shelf and a sharp rise in temperature
of the shelf surface (from tma to tsf � �2.0°C), a
gradual levelling of temperatures within the whole
thickness (from the top to the bottom) of ice-bonded
permafrost takes place, so that the temperature gradi-
ent within the vertical profile of permafrost becomes
equal to zero. This is accompanied by a gradual
increase in the rate of thawing of ice-bonded perma-
frost. In the second stage, the thawing of ice-bonded
permafrost from the bottom proceeds at a stable rate
dictated by the geothermal flux value in a given area,
the thermo-physical properties of the rocks, and the
ice-content in them.

The zone of stability of methane hydrates appears 
on coastal lowlands simultaneously with the develop-
ment of ice-bonded permafrost with a thickness of
300–400 m and then exists permanently during both
cooling and warming climatic stages. The lower bound-
ary of GHSZ is found 300 m below the lower boundary
of the ice-bonded permafrost. Temporal variations in
the depth of the lower boundary of GHSZ generally
follows the same pattern as temporal variations in the
depth of the lower boundary of ice-bonded permafrost
(with a short lag period). These variations are con-
trolled only by changes in the rock temperature,
because hydrostatic pressure is assumed to be stable.
The upper boundary of GHSZ lies within the thickness
of ice-bonded permafrost. Its position (based on the
modeling) is uncertain however, because the hydro-
static pressure of groundwater is not transferred within
the thickness of ice-bonded permafrost.

The evolution of GHSZ within the shelf is different
from that within coastal lowlands. During the stages
of shelf drying, the thickness of ice-bonded permafrost
and the position of its lower boundary are similar to
those within coastal lowlands. However, during sea
transgressions, the GHSZ position is controlled not
only by the rise in temperature and lowering of the
ice-bonded permafrost thickness but also by changes
in the excess pressure �P induced by fluctuations of
sea level. In the inner shelf zone (with water depths
less than 60 m) the GHSZ and ice-bonded permafrost
do not disappear during transgression phases (Fig. 4).
In the outer zone of shelf, both ice-bonded permafrost
and GHSZ disappear completely by the end of trans-
gressive phases. At the same time, at the beginning of
transgressions, when the thickness of ice-bonded per-
mafrost starts to decrease (owing to thawing from the
bottom), the thickness of GHSZ remains stable or
even increases owing to an increase in �P during the
transgression (Fig. 3). Figure 3 displays the results of
modelling for the end of the Middle Pleistocene and
beginning of the Late Pleistocene made for the iso-
baths of 20 and 100 m. Additional modelling (results
not shown) suggests that, for a sea depth of 100 m and
the geothermal flux value of 50 mW/m2, the modern
period is characterised by the end of thawing of ice-
bonded permafrost and, at the same time, by a gradual
increase in the thickness of the GHSZ (under the
impact of excess hydrostatic pressure).

In the rift zones with qgt of 50–60 mW/m2 and the
sea depths of less than 45–50 m, ice-bonded per-
mafrost does not thaw completely during the stages of
transgression. Ice-bonded permafrost is preserved and
forms an impermeable (for groundwater and gases)
layer. The disappearance of this layer is possible in 
the areas of deeper (
50 m) sea and/or higher qgt
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Figure 3. Delays of the maximal permafrost thickness rela-
tive to the climatic extremes (�t). Upper panel – oscillation
of the mean annual ground/bottom sediment temperature,
lower panel – dynamics of the geothermal field. Laptev Sea
Shelf, sea water depth �80 m, latitude 75°N, geothermal
flux 50 mW/m2.

Figure 4. Dynamics of the upper boundary condition (tem-
perature: tma/tsf and excess pressure-�P) and of gas hydrate
stability zone (GHSZ) and geothermal field during the
Kazantcevoan transgression on the Laptev Sea shelf. 
Left panel – sea depth �20 m, latitude 72°N, right panel –
sea depth �100 m, latitude 77°N, geothermal heat flux
50 mW/m2.



values. The thawing of ice-bonded offshore perma-
frost may be accompanied by the disappearance of the
GHSZ, which may lead to increasing emission of
gases in the end of transgressive stages.
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