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Mathematical modeling of the submarine
permafrost long-term dynamics and gas hydrate
stability zone in the Siberian Arctic shelf*

V.V. Malakhova

Abstract. Results of the mathematical modeling of the dynamics of the submarine
permafrost and the methane hydrate stability zone in the sediment of the East
Siberian Arctic shelf are presented. The thickness of permafrost on the shelf is
175-320 m for the geothermal heat flux 60 mW/m? according to the results of
experiments. The permafrost modeling indicates to the fact that after the seafloor
warming from 1948 to 2012 the permafrost upper boundary deepens for only about
1-20 m. The thawing permafrost dynamics is more sensitive to the magnitude of
the heat flux than to the bottom water temperature changes. A possible existence
of close and open taliks in the permafrost in the Laptev Sea is shown.

Keywords: subsea permafrost, submarine permafrost, the East Siberian Arctic
shelf, methane hydrate stability zone

Introduction

The Arctic is especially affected by climate warming, and therefore is of the
keen scientific interest. The arctic regions show the highest rates of warming
in recent years and continue to be a hot spot of climate changes [1]. A recent
decrease of the perennial sea ice during the summer season over the Arctic
shelves was a bright indicator of this process [2]. Also, the observed data
reveal climatic changes occurring in the atmosphere, on land and in the
ocean. Most of such impacts have already been detected and are likely to
be found in the future [3,4]. This paper explains how the effects of changing
climate may have influence on the submarine permafrost. Climatic changes
are likely to cause warming of the bottom sea water and deeper seasonal
thawing of permafrost.

The extensive Arctic Shelf can play an important role in the methane
cycling because of a huge storage of organic matter buried in permafrost,
which can be involved in the modern biogeochemical cycles subject to warm-
ing. The East Siberian Arctic Shelf (ESAS), consisting of the Laptev and
the East Siberian seas, represents the shallowest and broadest shelf region
of the entire World Ocean. The ESAS is underlain by the relic off-shore
submarine permafrost in an environment that is favorable for the stability

*Supported by Integration Project No. 109 of SB RAS.



42 V. V. Malakhova

of gas hydrates [5,6]. During the last glacial maximum, the global sea levels
fell by over a hundred meters, with a result that the shallow seas of the
shelves became a dry land, which allowed the permafrost to develop there.
Both models and geophysical data support the existence of the subsea per-
mafrost in large areas of the Arctic shelves down to a water depth of about
100 m.

Availability of the sub-sea permafrost on the Arctic shelf is till now
one of the discussed questions, as the geological studies in this region are
very limited. Only a few drilling transects within the Arctic Seas have
been studied. A review of the sub-sea permafrost measurements for the
Siberian shelf can be found in [7]. In the Laptev coastal zone, the subsea
permafrost was found within many sites: Khatanga Bay, Mammoth Tusk
Cape, around the Lena and Yana Deltas, Bykovsky Peninsula, Buor-Khaya
Bay and around the Big and Small Lyakhovski Islands [7].

The research into the state and dynamics of the submarine permafrost
is of a great interest due to a potential industrial development of the off-
shore gas fields and, also, has important climatic significance. The sub-sea
relict permafrost is thought to contain large volumes of CHy in the form
of gas hydrates at depths of up to several hundred meters. In [8] estimate
3.75 x 102 Gt C in methane hydrates just on the East Siberian Arctic Shelf
(ESAS). Degradation of gas hydrates resulting from climate changes could
increase a flux of CHy to the atmosphere. The stability of the sub-sea
permafrost with a changing climate depends directly on the magnitude of
changes in water temperature and salinity, air temperature, sea-ice thick-
ness, and seabed stability. The state of permafrost in the Arctic is a potential
key to understanding whether methane, stored in the permafrost-related gas
hydrate, can release to the atmosphere. Methane, a very radiative active
trace gas and therefore affecting the global warming, is produced in the
thawing permafrost and released into the atmosphere.

The dissolved methane concentrations in the ESAS water during the
summers of 2003 to 2013 show a widespread supersaturation over large spa-
tial scales [8]. The horizontal and vertical methane distributions in the
observational data indicate to a sedimentary source which is likely to be as-
sociated with thawing of the underwater permafrost and release of gas from
the shallow Arctic gas hydrate. It has been hypothesized that enhancing
the methane transport to the atmosphere realeased from methane hydrates
offshore is due to the formation of open taliks, caused by the current warm-
ing.

To study the correct distribution of the permafrost thickness on the
ESAS, the mathematical modeling is widely used. Numerous studies by sci-
entists [5-7,9-11] have documented the existence of the subsea permafrost
in the near-shore areas of the Arctic Ocean. The created models signifi-
cantly differ in the underlying assumptions, giving different results regarding
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the age, thickness and temperature of the submarine permafrost. The key
question to be answered is the presence of open taliks through which gases
can reach to the bottom water and of thawing areas in which the methane
production is enhanced. Two basic mechanisms of the sub-sea permafrost
degradation are present in models: the geothermal heat flux and the sur-
face warming. The bottom water temperature plays a significant role in
the current state of submarine permafrost, because it specifies the frozen
soil thawing depth. The submarine permafrost can thaw fully or partially
if the temperature of the bottom water is positive. In [12], it is shown that
an extended summer-ice free period in the Laptev Sea shelf has led to an
increase of the bottom water temperature since the mid-1980s.

This paper attempts to answer this question with the help of numerical
calculations of the ESAS permafrost stability and the permafrost-related
gas hydrate stability zone (GHSZ), using bottom layer temperature data
from 1948 to 2012, based on the regional model “the Arctic Ocean-North
Atlantic”. In this paper, we also examine the role of the soil conditions, in
particular, of a geothermal heat flux, on the simulated submarine permafrost
thickness. The main objectives of our research are to evaluate a potential
effect of the recent climatic warming on the subsea permafrost degradation
and to determine possible sources of methane in the high-latitude subsea
permafrost regions.

1. Material and methods

1.1. Description of permafrost model. The study area includes the
shelves of the Laptev and the East Siberian seas with depths up to 100 m.
Whenever the sea levels dropped worldwide during cold stages, [6] the ESAS
areas with a water depth up to 10-100 m were obtained. The marine trans-
gression brings about a change from sub-aerial to submarine boundary con-
ditions for permafrost. When the sea level is low, permafrost is formed in
the exposed shelves under cold sub-aerial conditions. When the sea level
is high, permafrost becomes degraded in the submerged shelves under rela-
tively warm boundary conditions.

The mathematical modeling was applied in order to study the distri-
bution and thickness of the offshore permafrost. The simulation of the
offshore permafrost thickness evolution used in this study is based on the
one-dimensional solution of Stephan’s problem with mixed boundary con-
ditions [6,13]. The model takes into account the latent heat at the phase
change boundary through the adjustment of the volumetric heat capacity
when the sediment temperature approaches 0°C. At each shelf point, we
simulate the temperature field of the space containing the permafrost zone
by a 1D heat equation with a phase change:
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We exploit the Dirichlet and the Neumann boundary conditions at the
ground surface and at the depth:

oT.
z=Hy: Tg=Tp,  z=H;+1000m: )\Ta—;:QT. (3)

In these equations, t is the time; Tg is the sediment temperature (°C); L is
the volumetric latent heat (J/m3); W is the liquid pore water fraction in the
sediments (m®/m3); Ay and \j; are the thermal conductivity of sediments
(W/mK) for unfrozen and frozen ground materials, respectively; Cr and
Cy are the volumetric heat capacity of sediments (J/m?® K) for unfrozen

. . T T
and frozen ground materials, respectively; 6851 and % are temperature

gradient out and into of the element containing the phase change boundary;

X . . . .
887 is the rate of movement of the phase change boundary; P is soil porosity;

H;j is the sea water depth (m) in the point (4, j); Tg is the surface ground
temperature; and Q7 is the geothermal heat flux (mW/m?).

Equation (2) describes the rate by which the latent heat is lost or gained
by each element containing the phase change boundary, [6]. The geother-
mal heat flux at the low boundary of sediments was set as 45-100 mW /m?
[6,9]. The physical constants in the heat diffusion equation are speci-
fied following [6]. A uniform thermal conductivity Az = 2.0 W/mK and
Ay = 2.1 W/mK is assumed for the unfrozen and frozen subsurface mate-
rials, according to [14]. A uniform water content of 20 % in the sediments
is assumed to participate in the phase change. We assumed the simulated
permafrost to be a homogeneous ground material. We follow the commonly
assumed point of view [6] and suppose that the ground does not contain
salt. Mathematical implementation and the code are borrowed from [13].
The time-dependent change of the temperature is calculated by an explicit
finite difference scheme. The model was run with the day time step and grid
spacing was 0.5 m in the vertical direction.

1.2. The paleogeographic scenario. Transgressions and regressions of
the ocean, which occurred in the past, have affected the development of per-
mafrost on the Arctic shelf. The duration of the transgression/regression
cycle, air temperature, the ocean bottom water temperature, the geother-
mal heat flux are some of the most important factors affecting the sub-sea
permafrost distribution, [15,16]. The boundary conditions were selected in
accordance with the paleoscenario for the ESAS, which corresponds to the
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last glacioeustatic cycle [16]. The modeling of the dynamics of the tempera-
ture fields within the shelf was performed for one climatic glacial cycle (i.e.,
for the last 120,000 years), [9]. According to [9], the paleoscenario for the
modeling was derived from the recent ice-core data obtained at the Vostok
station in Antarctica [17].

The initial conditions (120 kyr ago) were set proceeding from the as-
sumption of the absence of permafrost on the sea shelf and the stationary
temperature distribution with depth [18]:

AzQr
A

TS(Zn,O) = TS(zn—lv 0) +

where Tg(zp,0) is the temperature of the soil of the nth layer, Az is the
thickness of the grid element, Q7 is the geothermal flow and A, is the heat
conductivity of the nth layer.

We define the surface ground temperature T as the temperature at the
bottom water layer or as the air temperature, depending on the simulated
period:

Tw in the case of a transgression period,
B Ta + Ty in the case of a regression period,

where T is the present day mean annual ground temperature and Tg =
—12°C at the coast of the Dmitry Laptev Straite, [9,16], Ty is the air
temperature anomaly reconstructed from the Vostok ice core data for the
last 120 kyr [17], Tw is the temperature at the bottom water layer. When
the shelf is inundated, we assume that the ground surface temperature is
determined by the ocean bottom water temperature Ty .

One of the difficulties in the sub-sea permafrost modeling is to find the
time when the shelf point was flooded during the transgression. According to
[15,18], the ocean transgression began, approximately, 15,000-13,000 years
ago. The time for the establishment of the modern sea-level in the Arctic
Siberia was about 5,000 years ago. To establish a chronology of the Holocene
transgression in the Arctic, a total of 14 sediment cores from the Laptev
Sea continental slope and shelf were studied in [18]. On this basis it was
estimated that the flooding of the 50, 43, 31, and 0 m isobaths was completed
by, approximately, 11.1, 9.8, 8.9, and 5 kyr ago. According to the vertical
resolution of the ocean model [20] and the estimates [18], we take that the
flooding of the 75, 50, 30, and 0 m isobaths was completed 13, 10, 9, and
5 kyr ago.

1.3. The water masses state. We consider two different periods for the
post-transgression bottom water temperature. From the beginning of the
ocean transgression 13-5 kyr ago up to 1947, we assume that an average
bottom temperature Ty = —1.5°C in the whole shelf zone. For analyzing
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the sensitivity of the subsea permafrost to the recent warming, we consider
the monthly average bottom water temperature. From 1948 up to 2012,
we have simulated the sediment temperature based on the bottom water
temperature with the Arctic Ocean regional model.

The oceanic processes are described using the ocean dynamics numerical
model of the world ocean circulation in the region of the Arctic Ocean and
Northern Atlantic (AO-NA), [20-22]. The problem is solved with respect
to time by a hybrid explicit—implicit scheme with the method of splitting
to physical processes and spatial coordinates. The horizontal spacing in the
polar grid varies from 50 to 34 km.

Based on the AO-NA regional model, the variability of the Arctic Ocean
water masses state was simulated for the period from 1948 to 2012. The anal-
ysis of the simulated ESAS sea temperatures variability has shown a positive
trend in the bottom temperature, which is in agreement with the observa-
tional data [23]. The results obtained demonstrate a warming temperature
in the areas affected by the Lena river outflow.

1.4. Simulation of the Gas hydrate stability zone. Gas hydrate is
an ice-like solid that is formed in sediments and remains stable at certain
pressure-temperature conditions. Gas hydrates in nature contain mostly
methane as the trapped gas. It is assumed that methane hydrate concen-
trates CHy by ~ 164 times on a volumetric basis as compared to gas at
standard pressure and temperature conditions. Warming a small volume of
a gas hydrate could thus release large volumes of gas.

We have also simulated the dynamics of the methane hydrate stabil-
ity zone. The thickness of GHSZ was calculated applying the pressure-
temperature equilibrium of the methane hydrate system, the model of heat
transport in soil, bottom-water temperature, and a geothermal gradient.
The modeling of GHSZ was based on the use of a general regression expres-
sion derived in [24] based on the data from [25]. Limited smoothing in the
vicinity of the quadruple point was implemented to allow continuity of the
derivatives and smooth phase changes [26].

2. Simulation results

2.1. Subsea permafrost modeling. The results of our simulation show
existence of the that offshore permafrost within the vast Arctic shelf in
the East Siberia. Figure 1 shows the temporal evolution of the vertical
temperature profiles across 600 m below the seafloor, starting from 13 kyr
ago until 2012. Calculations of the evolutionary dynamics of the permafrost
thickness were made for the geothermal heat flux as 60 mW/m?. The lower
permafrost boundary varied from 530 to 320 m for the whole simulation
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Figure 1. The mean tem-
perature field as a function
of depth: (1) for 13 kyr ago,
(2) for 9 kyr ago, (3) for 4 kyr
ago, (4) for 1948, (5) for 2012
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period before 1948 for the shelf with depths less than 30 m (see Figure 1).
An increase in the bottom water temperature during the period from 1948
to 2012 resulted in an insignificant (1-3 m) raising of the lower boundary
permafrost.

In a previous study [27], we attempted to simulate the subsea permafrost
of the ESAS since the Holocene transgression, i.e., since 8,000 years ago.
It was assumed that the latest ocean transgression occurs simultaneously for
the whole shelf and thus temporal changes of the transgression depending
on the topography are not taken into consideration. The lower permafrost
boundary for 1948 was 204 m on the whole shelf for the geothermal heat
flux value of 60 mW/m2. In this experiment, the thickness of the frozen
soil depends on the depth of the sea and makes up 170-320 m (Figure 2a).
The recent distribution of the subsea permafrost thickness is characterized
by the latitudinal zoning. The simulation results show that the greatest
permafrost thickness should currently exist in the shallow shelf zone with a
depth less than 30 m.

a b

Figure 2. Simulated present-day permafrost (in m) for the heat flux of 60 mW /m?:
(a) permafrost thickness in the ESAS, (b) locations of closed taliks in the ESAS
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The mean annual temperatures of the bottom deposits are negative and
make up 1.5°C. According to our computations, these conditions contribute
to the thawing and formation of the closed submarine taliks (Figure 2b).
The thawing at the upper boundary of the subsea permafrost in response
to the bottom water temperature warming trend results in deepening the
upper permafrost boundary. The results obtained show that by 2012 the
upper boundary of the frozen sediment has deepened by 20-30 m in the shelf
where the bottom water temperature becomes positive (see Figure 2b). The
thawing from the sea floor is to occur in the offshore zone of the Laptev
Sea eastward the Lena river delta, under the Dmitry Laptev Straite. The
submarine permafrost degradation from above occurs most rapidly in the
near-shore coastal zone of the shelf and in the areas affected by the Lena river
outflow. Methane emissions may increase in the areas where the permafrost
thawing results in significantly wetter soils. The microbial generating of
methane in the permafrost sediments is so far an underestimated factor for
the future climate development [28].

2.2. Response to a geothermal heat flux. According to [29], the
geothermal heat flux within the Arctic shelf typically varies from 45 to
60 mW/m? and can reach 100 mW/m? in the areas of active zone. In
this paper, we use the values of 45, 60, and 100 mW/m? to simulate the
subsea permafrost dynamics within the ESAS.

The numerical results of the conducted experiments have demonstrated
that the state of permafrost depends on the geothermal heat flux and the
temperature profile is determined by heat flux. The simulation of the per-
mafrost dynamics for different ()7 values shows that a maximum permafrost
thickness is generally inversely proportional to the geothermal heat flux (Fig-
ure 3). The average permafrost thickness makes up around 330-490 m for
a given heat flow of 45 mW/m?, around 170-320 m for a given heat flow of
60 mW /m? and around 0-95 m for a given heat flow of 100 mW/m? onto
the ESAS. The rate of permafrost thawing is proportional to the Qr value
(see Figure 3b). It was established that the subsea permafrost thawing dy-
namics are more sensitive to the influence of the geothermal heat flux than
to the top changes in bottom water temperature (Figure 4).

It is found that the open taliks should exist in the rift zones with high
values of thermal flows (from 100 mW /m? and higher). These taliks have
a local character and also depend on the bottom water temperature that
is in agreement with the result [9]. Possible locations of open taliks on the
Shelf, based on the 100 mW /m ? flux obtained in the northwestern part of
the Laptev Sea ~ 119-123° E, 76° N. The continental slope is characterized
by high values of the geothermal heat flux, and thus may tend to the de-
velopment of open taliks. The open taliks may serve for the emission of the
methane from the layers under the permafrost [8].
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Figure 3. Simulated permafrost degradation after 1948 for a regional heat flux
of 45, 60, and 100 mW/m?: (a) permafrost thickness, (b) the upper boundary of
frozen sediments
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2.3. Gas hydrate stability zone: modeling results. Paper [4] de-
clares CH, supersaturation in shallow ESAS coastal waters above sediments
containing degrading subsea permafrost and presumably dissociating gas
hydrates. In oceanic deposits, the depth at which hydrates remain stable
depends on the pressure and the temperature. An increase in water temper-
ature at the seafloor changes the extent of the GHSZ, and such a shift could
induce hydrate dissociation and lead to methane release. The challenge lies
in proving that at least some of the elevated methane concentrations de-
tected in these settings are attributable to dissociating gas hydrates rather
than to other processes associated with methane generation.

We explored the thickness of the Arctic seafloor GHSZ. The GHSZ is
defined as the part of a sediment column where hydrostatic pressures are
higher than the temperature dependent dissociation pressure of gas hydrates.
The GHSZ appears on the shelf simultaneously with the development of
subsea permafrost at cool climatic stages and then exists permanently in
the transgression periods. The simulated thickness of the gas hydrate zone
varied between 480 m to 670 m at the present time (Figure 5a). Temporal
changes in the depth of the lower boundary of the hydrate stability zone
occur in the same way as temporal variations in the depth of the lower
boundary of the subsea permafrost. In the period of the sea transgression,
the GHSZ is controlled not only by an increase in temperature, but also by
changes in the excess pressure due to changes in the sea level.

The results of calculations illustrate that the upper boundary of the
GHSZ over the East Siberian shelf regions lies within the permafrost at a
of depth 140-220 m below the seafloor (Figure 5b), which agrees with [5,6].
By increasing the bottom temperature, the GHSZ upper boundary descends
and a possible hydrate decomposition occurs in the layer between its initial
and current levels. The permafrost depth modeling shows a deepening down

650 220
210
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180
00 170
160
450 150
140
0 0
a b

Figure 5. Simulated gas hydrate stability zone (in m) for 2012 for the heat flux
of 60 mW/m?: (a) hydrate stability zone thickness in the ESAS, (b) locations of
the upper boundary of the hydrate stability zone in the ESAS
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to 30 m below the seafloor. This depth of the unfrozen permafrost is still less
than that of the GHSZ upper boundary. The marine permafrost thawing
in the rift zones with high values of thermal flows (from 100 mW/m? and
higher) may be accompanied by the disappearance of the GHSZ, which may
lead to increasing the methane emission into the sea water.

3. Conclusions

We numerically simulate the subsea permafrost evolution in the Arctic shelf
in the Eastern Siberia for the last glacial cycle. The time of the transgression
and regression cycles, the air temperature, the ocean bottom water temper-
ature, the geothermal heat flux are some of the most important factors
affecting the subsea permafrost dynamics. The numerical results obtained
show that the offshore permafrost exists within the vast ESAS. This per-
mafrost has a continuous character and its thickness varies across the Arctic
shelf. The permafrost thickness within most of the East Siberian Arctic
shelf is estimated as 170-320 m for a given a heat flow of 60 mW /m?.

The permafrost thawing dynamics is most sensitive to the geothermal
heat flux magnitude. The maximum permafrost thickness was generally
inversely proportional to the geothermal heat flux. Open taliks can develop
for a given geothermal heat flow exceeding 100 mW /m?2.

The permafrost thawing from the top depends on the seawater temper-
atures near the sea floor. The permafrost modeling shows that a significant
change in the permafrost depth occurs with the seafloor warming in the
Arctic Sea. The submarine permafrost degradation from above occurs most
rapidly in the near-shore coastal zone of the shelf and in the areas affected
by the Lena river outflow. Due to the warming of the oceans, an increasing
release of methane can be expected to be a result of the permafrost melting.
Methane emissions may increase in the areas where permafrost thaw results
in significantly wetter soils [4,8, 30, 31]

Currently, the calculated thickness of the gas hydrate stability zone
makes up ~ 600 m. The submarine permafrost plays the role of an imper-
meable lid and stops the motion of methane from destroyed gas hydrates,
while it remains stable.
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