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ABSTRACT

The changes in the characteristics of submarine permafrost within the ocean shelf have been analyzed using a
mathematical model describing the thermal state of the soil and supplemented with the salt diffusion equation. The
model is complemented with reconstructions of climate changes at the Arctic shelf over the past 400 thousand years with
two combinations of air temperature and sea level reconstructions. The estimates of the subsea permafrost sensitivity to
the uncertainty of paleoclimatic reconstructions of air temperature and ocean level have been obtained. The time scales
of the Arctic shelf submarine permafrost response to climate change in the glacial cycles have been estimated. The
temporal scale of the propagation of the thermal signal in the permafrost layer of the shelf sediment amounted to 4-12
thousand years.
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1. INTRODUCTION

Based on the instrumental data there have been increases in the global near-surface atmospheric temperature over the
past 150 years. A linear trend of atmospheric surface temperature under global averaging over the 20th century is
estimated as 0.6-0.8 K/century [1]. It is commonly accepted that such warming is caused by the anthropogenic impact,
primarily, by greenhouse gas emissions into the atmosphere. It is of crucial importance to place the current changes in
the climate and in the biogeochemical cycles characteristics into the context of the climatic changes known for the past.

One of the potentially important biogeochemical processes is the methane release out of permafrost and gas hydrates of
the Arctic shelf under climate warming [2]. The estimates of the response periods of submarine permafrost and gas
hydrate stability zone amount to at least several thousand years [3, 4]. This time scale significantly exceeds the time
scale associated with current climate warming (decades and centuries) and suggests that this methane flux us due to
adjustment of the Earth system to the termination of the last glaciation. It should be pointed out that such time scales
combined with limited knowledge of the thermophysical condition of bottom sediments in the Pleistocene require
numerical calculations to be conducted within long time periods. In particular, at least one complete glacial cycle (120
thousand years) is necessary to study the submarine permafrost and methane hydrates evolution [3, 4].

In order to analyze the evolution of submarine permafrost of the Arctic shelf and to evaluate its current state, the
paleogeographic reconstructions of climatic conditions development in the region are to be set up [3-8]. There are
significant quantitative differences between the available temperature reconstructions for the Pleistocene glacial cycles.
According to the MARGO project [9], the range of decrease in the average annual ocean surface temperature for the Last
Glacial Maximum relative to the pre-industrial period amounts to 1.9 + 1.8 K.
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Within some regions such uncertainty is significantly higher compared with global estimates. For example, as far as the
shelf of Eastern Eurasia is concerned, the uncertainty for the Last Glacial Maximum (LGM) temperature change ranges
from 4 to 8 K based on the simulations [10]. Considering the aforementioned uncertainty with regard to the past climate
changes, it is important to understand sensitivity of the subsea permafrost response to the temperature and sea level
changes being used [11-16].

Salt transport processes significantly influence the condition of marine cryolithozone [17]. Most studies of the submarine
permafrost condition disregard explicit salt transport. The simulation is performed with prescribed negative freezing
temperature, which is selected for certain salts concentration and the assumption of constant salinity in the context of
bottom sediments. So, in the papers [3, 4], when exploring permafrost layer evolution, the freezing temperature was set
to -1 or -2 ° C with no change at different depth.

The changes in the characteristics of submarine permafrost within the ocean shelf have been analyzed using a physical
and mathematical model describing the thermal state of the soil [4, 5] and supplemented with the salt diffusion equation
[18]. The model is complemented with reconstructions of climate changes on the Arctic shelf over the past 400 thousand
years with two combinations of air and sea level temperature reconstructions [19-21]. The time scales of the Arctic shelf
submarine permafrost response to climate change in the glacial cycles have been estimated.

2. MATERIALS AND METHODS

We have applied a soil heat transfer model with due account for phase transitions to calculate thermal field in a
sedimentary layer and to determine the lower and upper boundaries of the cryolithozone. The one dimension
mathematical model is based on the formulation of the Stefan’s problem with mixed boundary conditions. Our modeling
framework includes the heat conduction equations for thawed and frozen layers of a geological cross section (under the
condition of their contacts junction) [4]. The model is supplemented with the salt diffusion equation [18]. Salinity impact
on the freezing temperature entails a relation between the heat transfer and salt transfer equations for a frozen layer,
meanwhile heat and salt transfer in unfrozen soil is independent relative to each other [18]. It is assumed that bottom
sediments are moisture-saturated. The salt diffusion coefficient was taken equal to 10° m%s in accordance with the
estimates based on the drilling data from the Laptev Sea [22, 23]. The thermophysical properties in the model (thermal
conductivity in thawed and frozen state, volumetric heat capacity of thawed and frozen rocks, volumetric latent heat of
fusion, and unfrozen water) are set depending on rock composition in accordance with [22].

The lower boundary of the model domain was defined at a depth of 1.5 km. According to preliminary theoretical
assessment, such region dimensions ensure the lower boundary of the equilibration region not to influence dynamics of
the permafrost base [24]. At the lower boundary of the equilibration region we set a geothermal flow as 60 mW / m? that
is average for a given region, [25, 26].

To set the upper boundary conditions we used the paleogeographic scenarios of the rock surface temperature variation,
with difference in the shelf depth. In the calculations the surface temperature Tg = T (2o, t) is given in the form Tg = Ty
during ocean transgressions periods. Ty, the average temperature of the bottom water on the Laptev Sea shelf, which
depends on the water layer thickness during shelf flooding, was set based on the average climatic data for the Laptev Sea
region [27, 28], see Table 1. Within the regression period, when the shelf is under the atmospheric influence, this
temperature is calculated as Tg = Ts + Tay. In this case, Ts = -12°C is the present-day average annual surface air
temperature in the coastal zone of the Laptev Sea, and Tay is the time-varying anomaly derived from temperature
reconstructions for the Pleistocene (the lower index k indicates such various reconstructions). Thus obtained surface
temperature variations depend on changes in the average annual temperature of the water layer, changes in sea level,
changes in sediment surface temperatures in subaerial areas, Figure 1. Latitudinal and sectoral changes in climatic
characteristics are disregarded.

Taking into account the uncertainty about past climatic changes, we have studied the permafrost layer response
sensitivity to the used paleoclimatic reconstructions over the past 400 thousand years, particularly, to the changes in
atmosphere, water temperature, sea level. Two numerical experiments were conducted using the different data from the
paleotemperature reconstructions and sea level changes. The description of the numerical experiments is as follows:
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e ANTAR - continuous recording for air temperature from the Antarctica
ice cores (400 thousand years) [19]. In the scenario-related calculation we
have used the sea level change reconstruction based on the data on
foraminifera [20].

e CLB - the simulated data for air temperature and sea level obtained in the
course of the calculations through CLIMBER-2 [21] were used.

We would like to note that the applied temperature and sea level reconstructions are
closely related to each other. For example, the coefficient of correlation between two
time series of the sea level [20, 21] amounts to 0.93 for the past 123 thousand years
and 0.87 for the past 250 thousand years. The temperature reconstructions also
correlate with each other, however, their values for certain time intervals may differ

from each other by 8 °C, especially, when the glacial maxima were reached (Figure
1).

To perform quantitative assessment of the permafrost thickness (hy) uncertainty to
selection of a paleoclimatic changes data set, we have introduced the uncertainty
coefficient ratio R:

R =2:|np1 ~ 2| /(Np1 + N2 )-100%.

Table 1. Temperature ( Ty )
and salinity (Sy ) used as the
upper boundary condition during
transgression periods [27, 28].

Hw, m Tw, °C | Sw, %o

Hy <5 05 | 25
5<Hy<10 | -12 | 25
10<Hy<20 | -13 | 27
20<Hy<30 | -14 | 28
30<Hy<50 | -15 | 33

50<Hw<70 | -1.7 | 335
70<Hy<100 | -18 | 34
100 < Hy 19 | 34

We also estimated the apparent response timescale t for the permafrost thickness. This variable was estimated as a lag at
which the modulus of the cross-correlation function between hpand Tg is at the maximum [4, 29].
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Figure 1. Variation of mean annual ground temperature on shelf during transgression and regression periods employed in

the present paper: a) 10 m, b) 50 m, c) 100 m.
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3. RESULTS

All numerical experiments were performed for three values of the current shelf isobaths (Hy): 10 m, 50 m and 100 m. In
accordance with the considered depth, we apply the names for the shelf areas: at Hy, = 10 m - shallow shelf, Hy, =50 m -
medium and at Hy = 100 m - deep shelf.

Some time periods are characterized by high permafrost thickness sensitivity to the used temperature and level-related
dataset. For instance, within the time span of 50-80 thousand years ago for the medium shelf, Figure 2, the difference in
permafrost layer thickness reaches 100-200 m and is primarily determined by the data used for the sea level. The
simulation results are highly dependent on the time period and the uncertainty coefficient R sometimes exceeds 50% for
the deep and medium shelf. For Hy, = 10 m the uncertainty coefficient is R <18% during last 250 thousand years.

During the LGM, permafrost thickness in shallow shelf could have ranged between 750 m and 830 m according to model
results ANTAR and CLB. The modeled LGM permafrost thickness corresponds well with the 700-800 m estimate in the
northern (arctic) region [24]. Over the last 15 thousand years, permafrost thawed on 100-110 m to leave an estimated 650
to 720 m in the present epoch.
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Figure 2. Evolution of offshore permafrost thickness during 400,000 years with recent seawater depth Hy, = 50 m: a) for
ANTAR; b)for CLB

It is shown that in the upper bottom sediment layers the permafrost degrade under subzero temperatures. The permafrost
thickness reduction following the degradation on the top depends on shelf depth that is determined by the period of the
sea postglacial transgression and the water layer temperature (Figure 2).

The main interest lies in the quantitative estimates for the current submarine permafrost thickness obtained at the end of
the calculation, Figure 3. The permafrost base depth for the shallow shelf is considered as the largest and amounts to h, =
650 - 720 m (R = 10%), for the medium shelf h, = 526 - 528 m (R <1%) and for the deep shelf h, = 68 - 82 m (R = 18%),
Figure 3b. For the permafrost base depth the impact turns to be slight and leads to results uncertainty not exceeding 18%.
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Figure 3. Depth of the current permafrost upper boundary (a) and base (b) below the seafloor in the simulations ANTAR and
CLB.

The present-day permafrost upper boundary is located at a depth of 7-23 m below the seabed depending on the sea depth
on the shelf, due to bottom sediments salinization, Figure 3a. For the depth of the permafrost upper boundary, the impact
turns to be more significant and leads to results uncertainty of 1-34%, increasing for the medium and deep shelf. This is
defined by the influence of sea level changes that indicates its importance for the permafrost thickness and degradation
rate to be determined [15].
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Figure 4. Apparent response time scales of the subsea permafrost base depth to surface sediment temperature changes in
simulations ANTAR and CLB. Calculations are done for the last 400 kyr and for the last 123 kyr.

Figure 4 shows the response time t calculated for the submarine permafrost base depth within two time periods. It lies in
the range from 8 to 8.8 thousand years for the shallow shelf (Hy = 10 m), from 7 to 12 thousand years for the medium
shelf (Hy = 50 m) and from 4 to 6 thousand years for the deep shelf (Hy = 100 m). We have obtained the result that the
calculated response time for the shallow shelf is slightly sensitive to the paleogeographic scenarios used. With that,
higher values of t for the shallow shelf were obtained in a numerical experiment CLB with the largest changes in
temperature during regression periods. The lower values of the permafrost base response to surface changes were
obtained in the numerical experiment CLB for the medium and deep shelf.
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4. CONCLUSION

The changes in the characteristics of submarine permafrost within the ocean shelf have been analyzed using a
mathematical model describing the thermal state of the soil and supplemented with the salt diffusion equation. The
model is supplemented by climate change scenarios on the Arctic shelf over the past 400 thousand years, using various
combinations of reconstructions of air temperature and sea level. To reconstruct air and sediment paleotemperatures the
continuous ice core records from Antarctica [19], as well as the simulated data [21] have been used. We have used the
data on the sea level changes [20] as well.

The existing paleotemperature data reconstructions, empirical and model ones are characterized by the significant
uncertainty determined by spatial and temporal variability. Despite perceptible difference in the temperature and sea
level data, we have obtained the limitation in the response of the submarine Arctic shelf permafrost condition. For the
permafrost base depth the impact turns to be slight and leads to results uncertainty not exceeding 18% for the deep shelf
and 10% for the shallow shelf.

The time scale of thermal signal propagation in the shelf permafrost layer amounts to 4-12 thousand years. We have not
discovered any systematic dependence of the results on temperature variability recording on a millennial scale. Despite
the noticeable differences between the data sets used, the submarine permafrost response uncertainty coefficient does not
exceed 15% for the shallow shelf.
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