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ARTICLE INFO ABSTRACT
Keywords: Features of sediment temperature on the shelf and continental slope areas of the Russian Arctic seas and its
Arctic shelf physical properties are important for understanding the current state of subsea permafrost and the gas hydrates
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stability zone. New data are reported for the Kara Sea region where the bottom sediment temperatures are
influenced by warming effects from great Siberian rivers and the Atlantic currents. The data collected during
Subsea permafrost marine expeditions in 2019-2022 are combined with results of earlier marine studies, drilling operations, and
Continental slope geophysical surveys in the Laptev and East Siberian seas, in order to identify major trends of in situ temperature
Kara sea and properties distribution of bottom sediments in the Russian Arctic region.

Plumes of great siberian rivers Most (85%) of bottom sediments in the Kara Sea shelf, as well as in the Laptev and East Siberian shelves,
consist of water-saturated silty clay and silt with rather uniform particle size distribution. The obtained thermal
conductivity and heat capacity values for the Kara Sea sediments agree with the values of 1.0 W/(m-K) and 2900
kJ/m®, respectively, obtained previously from other Arctic seas. Thermal conductivity becomes up to 40% higher
depthward from 0 to 2 m subbottom depth, possibly, because of lower moisture content and porosity in more
lithified sediments.

The bottom sediment temperatures in the Arctic seas are distributed unevenly, especially in the Kara Sea shelf
(from +5.0 °C in the west to —1.4 °C in the east), where the high sediment temperatures in the western and
central parts of the Kara Sea being due to the effect of warm water inputs. The distribution of bottom sediment
temperatures correlates well with distribution of relic subsea permafrost. Ice-bearing permafrost in the Siberian
Arctic shelf extends from the shoreline till sea depths of 80-100 m, within the respective offshore distances of
~800-1000 km in some areas, but permafrost remnants may exist locally at sea depths within 120 m. Buried
100-600 m thick continuous subsea permafrost may occur in the Kara, Laptev, and East Siberian shelves under
unfrozen (cryotic) saline shallow sediments. However, subsea permafrost is discontinuous and sporadic at sea
depths ~70 m and more. Thus, the bottom sediment temperature features in the Arctic seas can be used as a
proxy of subsea permafrost extent contenting intrapermafrost and subpermafrost gas and gas hydrate

accumulations.
1. Introduction 2021) and transportation possibilities via the transshipment hub along
the Northern Sea Route (Hermann et al., 2022; Makarov et al., 2022).
The Russian Arctic shelf is a rapidly developing region with good Meanwhile, although being of great social and economic value, the
economic prospects due to rich oil and gas resources (Kontorovich et al., Arctic shelf territory, especially its eastern part, remains poorly and
2010; Gulas et al., 2017; Dziublo and Storozheva, 2021; Egorov et al., unevenly investigated. Setting up comprehensive studies is problematic
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because of vast ice spaces, harsh weather conditions, short shipping
seasons, and thus time-consuming and logistically challenging field
observations. More problems are caused by the presence of subsea
permafrost, which is hard to study because drilling and other surveys are
risky and expensive (Kozlov, 2006; Shakhova et al., 2010a; Loktev et al.,
2012, 2017; Sergienko et al., 2012; Winkler, 2018). The thickness of
ice-rich subsea permafrost and the depth to its table have been con-
strained by a modest amount of drilling and geophysical surveys in the
nearshore zone (Shakhova et al., 2014, 2017; Overduin et al., 2015,
2016; Koshurnikov et al., 2016) and numerical simulation. However,
numerical models m ostly stem from unreliable input parameters (pa-
leoclimatic scenarios, seafloor temperature variations, heat flux density,
thermal parameters of sediments, etc.), depend on the resolution and
quality of reference geological models, and thus provide only approxi-
mate results. The data on the thermal state, composition and properties
of bottom sediments in the Russian Arctic shelf, especially its eastern
sector, are limited to few publications (Grigoriev, 1966; Fartyshev,
1993; Grigoriev et al., 1996; Cheverev et al., 2007; Shakhova and
Semiletov, 2007; Chuvilin et al., 2013, 2021; Giinther et al., 2013), as
well as the estimates of in situ bottom sediment temperatures (Shakhova
and Semiletov, 2007; Loktev et al., 2012; Chuvilin et al., 2021a; Sha-
khova et al., 2017). On the other hand, the temperatures of near-bottom
water have been recorded in various databases (e.g., NOAA World
Ocean Database) and maps (Vasiliev et al., 2013; Bogoyavlensky et al.,
2018, 2021; Shirokov and Vasiliev, 2019). One of the complete hydro-
logical databases, including bottom water temperatures, has been
created at the Laboratory for Arctic Research of the V.I. II’ichev Pacific
Oceanographic Institute (POI FEBRAS) as a result of about fifty ocean-
ographic cruises over the East Siberian Arctic seas (1999-2020). Some of
the results obtained in those studies were published previously (Luchin
et al., 2002; Luchin and Semiletov, 2005; Semiletov et al., 2005, 2016;
Shakhova et al., 2014). The bottom water temperature data are often
used to infer the in situ bottom sediment temperature in the absence of
measured evidence (Bogoyavlensky et al., 2018; Matveeva et al., 2020),
but this extrapolation is poorly applicable to the Arctic seas. The reason
is that the temperature of near-bottom water is more sensitive to such
effects as seasonal air temperature variations, sea depth, offshore dis-
tance, inflow of riverine water, sea currents, etc. than the more stable
temperature of sediments. The bottom sediment temperatures have
important implications for the state of subsea permafrost in the Arctic
shelf.

Currently the greatest portion of drilling evidence for the existence of
subsea permafrost comes from the Kara Sea which, along with numerical
models, made basis for several maps of ice-bearing and unfrozen cryotic
(t < 0°C) sediments (Melnikov and Spesivtsev, 1995; Rokos et al., 2009;
Rekant and Vasiliev, 2011; Vasiliev et al., 2011). The most detailed in-
formation was reported by Gavrilov et al. (2020a) who distinguished
continuous, discontinuous, and sporadic relic permafrost offshore. The
permafrost thickness varies from O to 100 m in the southwestern,
northeastern, central, and estuary zones to 100-200 m in the north-
western part (east of 75°E) of the Kara Sea. Discontinuous permafrost in
the West Yamal shelf may reach sea depths of 115 m (Portnov et al.,
2013; Serov et al., 2015, 2017) while continuous permafrost is restricted
to the shoreline within 20 m deep water. However, these estimates are
based on a limited data sets and require updating.

Although the field data on the presence of permafrost and cryotic
sediments in the East Siberian Arctic Shelf (ESAS), including the Laptev
Sea and the East Siberian Sea, are far insufficient, the distribution of
subsea permafrost in the Laptev and East Siberian seas have been
simulated in several models based on theoretical ideas of the Arctic
permafrost evolution and on analogy with other Arctic territories
(Romanovskii et al., 1999, 2003). The simulation results for the state of
subsea permafrost were fitted to drilling data from the Dmitry Laptev
Strait (Nicolsky and Shakhova, 2010). Later Nicolsky et al. (2012) pro-
vided an overview of geothermal studies in the ESAS performed over the
20th century which was used to compile a map of submarine permafrost
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with reference to the 1-D Transient Heat Flux (SuPerMAP) model
(Overduin et al., 2019), taking into account the effect of salt diffusion on
degradation of permafrost (Angelopoulos et al., 2019, 2020). Note, that
the SuPerMAP model doesn’t give the depth of the subsea permafrost
table which is a critically important parameter for basic understanding
and numerous applications. It has been accepted that reliable modeling
of the current permafrost state requires true values of input parameters
(seafloor temperature, thermal parameters and freezing point of sedi-
ments) specific to certain areas of the Arctic shelf. In general, subsea
permafrost at the East Siberian Arctic seas (ESAS) shelf was considered
to extend till sea depths of ~80 m and to reach a thickness of 400-500 m
(Romanovskii and Tumskoy, 2011; Gavrilov et al., 2020b; Matveeva
et al., 2020). Additionally, there is implicit evidence that local zones of
relic marine permafrost may exist in the Laptev shelf within 120 m sea
depth (Chuvilin et al., 2022). The actual representative data on the state
of subsea permafrost are based on drilling and logging data with elec-
tromagnetic surveys calibrated against well logs (Koshurnikov et al.,
2016; Shakhova et al., 2017). The obtained field data show that the
current offshore permafrost is up to 10 °C warmer than that onshore
(Shakhova et al., 2014; Yusupov et al., 2022). According to electro-
magnetic surveys significant part of ESAS permafrost is discontinuous
and contains gas and gas hydrate accumulations. In general, marine
permafrost extends over large areas in the central and eastern parts of
the Kara, East-Siberian, Laptev seas shelf up to 50-100 m isobath, has a
thickness of several hundred meters, which degrades at a rate of about
14-18 cm per year (Koshurnikov, 2023).

Warming of the ESAS began >12 thousand years (kyr) ago in the
earliest Holocene after the area had been submerged as a result of sea
level rise. The temperature of terrestrial permafrost in the Holocene
Arctic changed as the mean annual air temperature has become 6-7 °C
warmer since the last glacial maximum (Frenzel et al., 1992). Subsea
permafrost has been subjected to additional warming induced by sea
water which has much warmer mean annual temperatures than air in the
ESAS area: —1 °C against —10 °C, respectively. Consequently, the subsea
permafrost has grown up to 17 °C warmer for the last 12 kyrs (Roma-
novskii and Hubberten, 2001). The evolution of subsea permafrost may
have multiple controls: the time when it was submerged relative to the
time of emergence; thermal state and thickness of permafrost before
inundation; coastal morphology and hydro- and lithodynamics; shore-
line configuration and retreat rate; pre-existing thermokarst (particular
landforms produced by thawing of ice-rich permafrost or melting of
ground ice) and thaw lakes; temperature and salinity of bottom water;
composition of sediments, including ice content, etc. (Soloviev et al.,
1987; Romanovskii et al., 2004, 2005).

Zones of large-scale methane venting discovered in the ESAS (Sha-
khova et al., 2010a, 2010b, 2014, 2019), as well as those reported from
the Barents and Kara seas (Serov et al., 2015, 2017; Andreassen et al.,
2017; Semenov et al., 2020), are of special interest in the context of
possible climatic consequences of permafrost degradation in the shelf
areas. Note that the methane seeps in the Kara Sea found earlier (Serov
et al., 2015, 2017) were found inactive in 2021-2022 (our unpublished
data). Monitoring of the largest vents of bubbling methane (mega-seeps)
during years-long projects of comprehensive studies revealed a promi-
nent expansion trend and the ensuing greater emission of methane, a
major greenhouse gas, into the atmosphere (Shakhova et al., 2015;
Chernykh et al., 2020). The massive methane release from the ESAS
discovered in the early 2000s (Shakhova et al., 2010a, 2010b) contra-
dicts the idea of stable subsea permafrost (Romanovskii et al., 2005;
Pachauri and Meyer, 2014). Until recently, the thermal state and sta-
bility of the ESAS subsea permafrost-hydrate system were estimated
mainly by means of modeling, which allowed for two basic degradation
mechanisms of subsea permafrost. Fist mechanism is associated with
warming effect from permafrost bottom to above by heat coming from
deep fault zones (Soloviev et al., 1987; Romanovskii et al., 2005; Sha-
khova and Semiletov, 2009; Baranov et al., 2019; Bogoyavlensky et al.,
2022). The other mechanism from permafrost table degradation is result
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of seawater transgression, loss of sea ice and increasing inputs of warm
river flow waters (Semiletov et al., 2005, 2016; Shakhova and Semi-
letov, 2007; Shakhova et al., 2014, 2019). So, the methane emission is
controlled by the current thermal state of the subsea permafrost along
with environmental factors that affect the stability of both permafrost
and gas hydrates (Shakhova and Semiletov, 2009; Shakhova and Semi-
letov, 2009; Lobkovskiy, 2020). This inference is consistent with the
results of physical modeling showing high sensitivity of gas hydrates in
shallow subsea permafrost to external effects (especially, temperature
changes). Therefore, they can dissociate already at temperatures 1-2 °C
below the freezing point of pore ice (Chuvilin et al., 2019), while the
frozen and intrapermafrost hydrate-bearing sediments become more
permeable and can no longer seal the methane released by the hydrate
dissociation, despite the presence of pore ice (Chuvilin et al., 2021b).
This fact undermines the idea of a solid permafrost lid over the subsea
gas reservoirs. With the amount of CHy4 preserved in the ESAS shallow
sediments and the thawing rates of subsea permafrost (Shakhova et al.,
2017), CH4 emission can increase in several times.

Today there is another point of view about the current state of subsea
permafrost in the Arctic seas, which is based on the analysis and inter-
pretation of marine seismic data by JSC MAGE (Marine Arctic Geolog-
ical Expedition, Russia) obtained in the period 2007-2016
(Bogoyavlensky et al., 2023). According to the presented results, the
distribution of subsea permafrost on the shelf of the Laptev and East
Siberian seas is significantly less than other scientists suggest, due to its
more significant degradation (approx. 60%). Thus, the presence of
subsea permafrost approximately corresponds to the 60 m isobath and
characterizes ~81% of the Laptev Sea shelf territory, and ~38% of the
East Siberian Sea shelf (only its western part). The results of Bogoyav-
lensky et al. (2023) do not exclude the presence of local sporadic relict
permafrost up to 100-120 m isobaths in the Laptev and East Siberian
seas. Additionally, it was hypothesized that, as a result of significant
degradation of subsea permafrost (about 60% has been already
degraded) and its high negative temperature, it should not be expected a
large amount of residual permafrost hydrates, and even more so, their
significant contribution to the global climate during further degradation
of the Arctic shelf permafrost. But in this case, the potential thickness of
frozen sediments and the depth of ice-bearing subsea permafrost table
are not considered as well as evolution of the hydrate stability zone.

It is currently assumed that the methane emitted by the Arctic seas of
Russia is a mix of biogenic and thermogenic origin (Sapart et al., 2017),
but more recent evidence from methane seeps in the Laptev shelf sug-
gests prevalence of the deep gas source (Steinbach et al., 2021). Addi-
tional data from the northern Laptev Sea shelf confirm that the methane
seeps are located within zones of warmer bottom sediment temperatures
possibly associated with high heat flux from deformed crust along
basement faults (Chuvilin et al., 2022). Unlike the Laptev Sea area, the
zones of methane seepage in the East Siberian Sea are free from tem-
perature sediment anomalies, though the gas emitted from the two areas
is compositionally similar (613C from —59.6 to —56.7%0 VPDB) may be
of the same origin (Chuvilin et al., 2022). The absence of warmer sed-
iments in the methane venting zones of the East Siberian Sea shelf can be
explained by a greater thickness of subsea permafrost (according to
Romanovskii and Tumskoy (2011)) and younger ages of the seeps. The
activity of the East Siberian Sea younger seeps may have been too short
to melt out permeable gas chimneys of sufficient sizes and numbers,
whereas the older seeps in the Laptev Sea have already produced large
permeable zones. This vision is additionally confirmed by the fairly rich
methane-oxidizing benthic fauna (Pogonophore) on the Laptev Sea shelf
seep areas (analogically to methane seep areas in the Kara Sea presented
by Malakhov et al., 2023), and the almost complete absence of meth-
anotrophic organisms in the East Siberian younger seeps (our unpub-
lished data).

In this respect, further studies with focus on the lateral patterns of
sediment temperatures and properties in the shelf and continental slope
areas of the Russian Arctic seas are essential for understanding the
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current state of subsea permafrost and the stability of gas hydrates.
These studies are especially important for the Kara Sea which is exposed
to the warming effect of both great Siberian rivers (Ob and Yenisei) and
the Atlantic waters flowing through the Kara Gate strait from the Barents
Sea to the southwestern Kara Sea (southern current). Note that the
northern Barents Sea current into the Kara Sea from the area north of the
Northern cape of Severnaya Zemlya carries low-temperature water
(<0 °C), which may prevent the subsea permafrost from degradation in
the central Kara shelf. On the other hand, the warm Fram branch of the
Atlantic current affects considerably the temperature patterns of bottom
sediments in the St. Anna Trench and along the Eurasia and North
America continental slopes. The new data show that the three currents
influence the extent and thickness of permafrost in the Kara shelf and
complicate the understanding of its evolution and state. The obtained
data on bottom sediment temperatures in the Kara Sea indicate on
earlier uncounted warming effect from three Atlantic currents reported
before (Lien and Trofimov, 2013; Dmitrenko et al., 2014; Osadchiev
et al., 2022).

2. Study area and methods

The reported study was part of marine surveys in the Kara Sea during
the 86th and 90th cruises of the R/V Akademik Mstislav Keldysh (Russia)
(Fig. 1a), with a focus on sediments at sea depths from 18 m to 640 m.
Additionally, sampling and measurements were performed in the zones
of the Kara Sea where seabed methane seeps and methane emission were
observed during previous during drilling operations (Loktev et al., 2012,
2017; Portnov et al., 2013) and at the junction of the Fram Strait and
Barents Sea branches of Atlantic waters in the St. Anna Trench (Osad-
chiev et al., 2022) (Fig. 1b). Bottom sediments were sampled at 52 sites,
with a box corer, a multicorer, and a gravity corer. Note that the data
collected during the AMK-86 cruise of 2021 did not confirm the presence
of the seepage area in the Baidaratskaya Bay of the Kara Sea (site 7211 in
Fig. 1) reported by Portnov et al. (2013).

During the AMK-86 and AMK-90 cruises, the temperatures of the
recovered sediments were measured at ~0.3 m below the seafloor for
box corer and multicorer, and at every 10 cm up to 2.9 m for gravity
corer. The sediment temperature was measured by needle probes (100
mm in length, 3.5 mm in diameter; sensor precision 0.1 °C). The tem-
perature measurements were taken immediately upon sample recovered
on the ship deck. The temperatures measured at 10 cm from the core
outer wall were assumed to represent in situ bottom sediment temper-
atures, based on the size of the cores, their thermal inertia, and rapid
(5-7 min) recovery onboard (Chuvilin et al., 2021a). At most of the sites,
the sea depths of sampling were >20 m, or below the thermocline
(~15-18 m), where the water temperature was constant and controlled
that of the sediments. Thus, the measured sediment temperatures are
presumably constant all the year round.

The thermal parameters of the Arctic shelf sediments were measured
using the KD-2 Pro thermal property analyzer immediately after core
recovery. KD-2 Pro is equipped with a double needle probe and mea-
sures both thermal conductivity (A, W/(m-K) and heat capacity (C, kJ/
(m®K). The double probe (model SH-1) consists of two needles, 4.5 cm
long and 1.2 mm in diameter, spaced at 1 cm. Each measurement lasts
~2.5 min. The thermal parameters are automatically calculated based
on the results of two heating-cooling cycles. The accuracy of KD-2 Pro
thermal conductivity and volumetric heat capacity measurements was
estimated at 10% and was checked against data for a standard sample
supplied with the device. For more details see Chuvilin et al. (2021a).

Some sediment cores were collected for particle size distribution,
mineralogy, gravimetric moisture contents (W, %), natural density (p, g/
em®), dry density (pg, g/cm®), salinity (Dgy, %; salt-to-dry sediment
weight ratio), and freezing point (Tpg, °C). All these data are presented in
the Appendix A (Supplementary data). The gravimetric moisture content
W is the mass of water (M,,) per mass of dry soil (My), in percent:
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The freezing point of the sediments was determined by the water
potential method implying measurements of pore water potential (ac-
tivity) and subsequent thermodynamic calculations. The results agreed
with direct freezing point measurements to +0.05 °C for different types
of soil including Arctic bottom sediments. The particle size distribution
of the sampled bottom sediments was analyzed by combined sieving and
integral suspension pressure methods (ASTM D422-63, 2007; Durner
et al., 2017) by using PARIO from the METER Group. The sediments
were documented as recommended in FAO Guidelines for Soil
Description (2006).

The data collected during the 86th and 90th cruises of the R/V
Akademik Mstislav Keldysh were processed jointly with previous data
from the 78th and 82nd cruises of 2019 and 2020 on the same R/V
(Chuvilin et al., 2021a, 2022), as well as with the data of the
SWERUS-C3 2014 Expedition of the I/B Oden (Sweden) (Cruise Report
SWERUS-C3, 2016 ab) and drilling and geophysical surveys in the
Laptev shelf from 2011 through 2014 (Sergienko et al., 2012; Chuvilin
et al., 2013; Koshurnikov et al., 2016; Shakhova et al., 2017), in order to
reveal general trends in temperature patterns and properties of bottom
sediments in the Russian Arctic seas. Additional reference was made to
earlier unpublished estimates of in situ bottom sediment temperatures
from the Laptev and East Siberian shelves obtained by the POI FEBRAS
cruises of 2003 and 2005 (Appendix).

3. Results
3.1. In situ bottom sediment temperature

The current state of subsea permafrost in the Kara shelf has been
poorly understood as it may include sporadic, discontinuous, or
continuous permafrost zones. The available data of marine surveys show
strong temperature variations in the bottom sediments depending on
geographic location and sea depth (Table 1; Figs. 2 and 3).

Table 1
Average bottom sediment temperatures in the Kara Sea.
Area Sea depth Number of Temperature” Freezing
(m) stations (°Q) point (°C)
Kara Sea shelf, 21-33 4 —0.9 + 0.4° -1.7 £ 0.2
eastern part
Kara Sea shelf, 37-121 5 +2.7 £ 2.1
western part
Kara Sea shelf, 27-130 10 —-0.5+0.5
central part
Continental slope  340-640 6 —-0.2+0.2
Ob and Yenisei 14-29 6 +0.8 £0.8
estuaries
Pyasina estuary 14-32 3 +0.1
Kara Gates Strait 30-45 17 +4.8 £0.1

# Average temperatures for upper 0-0.5 m of sediments.
b Confidence interval is calculated using standard normal distribution at 0.95
confidence level.

The bottom sediment temperatures were the warmest (+3.0 to
+5.0°C) in the southwestern part of the Kara Sea, near the western coast
of the Yamal Peninsula, being affected by warm waters that flow from
the Barents Sea through the Kara Gates strait and contribute consider-
ably to the near-bottom water temperature pattern in the area. In this
respect, relic permafrost in the Yamal western coast is expected to be
only sporadic and no thicker than 100 m (Gavrilov et al., 2020a), this
being consistent with core data (Rokos et al., 2009). Positive sediment
temperatures (0 to +2.0°C) were also obtained for the estuaries of the
great Siberian rivers of Ob, Yenisei, and Pyasina, which drain an enor-
mous territory extending far south of the Kara Sea and reach water
temperatures of 10-12°C in summer. The inputs of warm river water
produce a large 10-15 m thick freshened zone in the central part of the
Kara Sea (Osadchiev et al., 2021a, 2021b) and thus cause more warming
to near-bottom water in the shallow shelf along the Taimyr Peninsula.

The bottom sediments of the central and eastern Kara Sea have
negative temperatures but remain unfrozen and free from pore ice
(cryotic) as their freezing point is below the in situ temperature. The
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temperatures decrease laterally from —0.5°C in the central part to
—1.4°C in the eastern part of the Kara Sea, away from the warming ef-
fects of the Atlantic waters coming from the Barents Sea and the surface
fresh waters carried by the rivers. Correspondingly, the extent of
continuous relict subsea permafrost must be restricted to the eastern
Kara shelf. The sediments of the northern Kara Sea within the St. Anna
Trench (up to 600 m sea depth) exposed to the warming effect of the
Fram Strait and Barents Sea branches of Atlantic currents are from —0.4
to +0.1°C (Fig. 3). The methane hydrate stability zone (pure methane
and sea water in bulk conditions) for the deepwater Kara Sea (Sloan,
1998), assuming an in situ bottom sediment temperature of ~0.0°C,
begins at 300 m and deeper on the continental slope (Fig. 3). These
estimates based on bottom sediment temperature and water depth data
agree generally with the previous results of Bogoyavlensky et al. (2018)
and Matveeva et al. (2020), i.e., the hydrate stability zone has a large
extent and the depth to its top in the Kara Sea corresponds to the sea

depth of deep basins and continental slope. Previously, a similar analysis
has already been done by Riedel et al. (2018) for Svalbard Continental
Margin. On the base of measured in situ sediment temperatures (which
was in the range from +3.4 to +4.4°C) methane hydrates stability zone
in bottom sediments was predicted at seawater depth 390 m and more.
However, despite favorable gas hydrate stability conditions and high gas
saturation of bottom sediments (numerous gas vents at a water depth of
400 m) coring did not encounter any gas hydrates (Riedel et al., 2018).
Apparently, this situation is associated with a number of uncertainties
during assessing the gas hydrate stability zone (the effect of the porous
media, actual pore water mineralization and gas composition were not
taken into account). So, the gas hydrate stability table may be located at
more water depths. It should be noted that within the framework of the
current studies on the Kara Sea continental slope from hydrate stability
zone (water depth >320 m) no gas hydrates we sampled too, as a result
of no methane venting in the investigated sites. In this regard, the
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correct assessment of hydrate stability conditions in Arctic marine sed-
iments is still an important problem, which solution is only possible on
the basis of analysis in situ thermobaric conditions of bottom sediments
and soil parameters.

The depth profiles of bottom sediment temperatures obtained from
field measurements at several Kara Sea sites show some trends (Fig. 4).
The temperature field of the deep-water zone (>200 m) shows low
positive gradient, and the temperatures increase only slightly (Fig. 4b),
while shelf sediments (<200 m) become cooler with depth, especially in
the areas where they are relatively warm (Fig. 4a).

The cooling trend may be implicit proof for the occurrence of buried
subsea permafrost, given that some prerequisites of its existence were
revealed previously (Melnikov and Spesivtsev, 1995; Rokos et al., 2009).
Judging by warm sediment temperatures in the western part of the shelf
(station 7251 in Fig. 4a), subsea permafrost there should be sporadic,
unlike the —1.0 to +1.0°C shallow sediments in the central (station
7220) and eastern (station 7251) shelf parts, where subsea permafrost
may exist deeper beneath the bottom. The trends of depthward cooling
at these sites are similar and may have the same cause. Furthermore,
bottom sediments have rather low temperatures even at a sea depth of

~130 m, which makes thinking of permafrost extent beyond the
currently presumed 80 m limit. Similar temperature anomalies were
reported earlier from water depths of ~100-120 m in the Laptev Sea
shelf (Chuvilin et al., 2022) and were interpreted as an implicit indicator

of relic subsea permafrost.

3.2. Sediments and their physical properties

The sampled bottom sediments from the shelf and deep-water areas
of the Kara Sea generally consist of water-saturated silty clay and silt
with roughly similar particle size distribution (Fig. 5a; Appendix), which
agrees with summarized data from other Arctic seas (Fig. 5b) and well
corelates with other geochemical studies (Cruise Report SWERUS-C3,
2016a; Martens et al., 2021; Ulyantsev et al., 2021, 2022; Rusakov
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Fig. 4. Depth profile of bottom sediment temperatures in the Kara Sea. Nu-

merals show station code and sea depth in m.

Fig. 5. Particle size distribution of sampled sediments from the Kara Sea (a)
and all Arctic Seas (b). Symbols mark different sea depths: <30 m (triangles),
30-200 m (squares), and >200 m (diamonds). Red line encircles 85%

of samples.

and Borisov, 2023). The percentages of clay particles (<0.005 mm) are
in the range 20-40% while silt particles (0.062-0.005 mm) reach
50-70%. The sediments have a solid density of ~2.74 g/cm?, a salinity
of ~2.5-3.7%, and contents of total organic carbon (TOC) ~6-7%.

The values of thermal parameters are almost invariable and average

around 1.0 £+ 0.1 W/(m-K) for thermal conductivity and 2890 + 62 kJ/
m® for bulk heat capacity. These estimates are similar to the respective
values for the Laptev and East Siberian seas reported in our previous
publications: 1.0 W/(m-K) and 2900 kJ/m? (Chuvilin et al., 2013, 2021,
2022). Furthermore, the Kara Sea samples show similar increasing
thermal conductivity decreasing heat capacity trends at decreasing
water and clay contents while lithification increases (Appendix).
Namely, thermal conductivity increases from 0.96 on the surface to 1.35
W/(m-K) at the 2 m subbottom depth while heat capacity decreases from
3000 to 2500 kJ/(m>K), with 40% and 17% changes, respectively. Such
trends are typical for low lithified bottom sediments (Pribnow et al.,
2000; Cruise Report SWERUS-C3, 2016b; Stranne and O’Regan, 2016;
Riedel et al., 2018; Zhang et al., 2022) and cause by lower moisture
content and porosity in more lithified and deeper sediments.

4. Discussion

The temperatures of bottom sediments in the Kara Sea collected in
the course of R/V cruises are unevenly distributed: positive (up to
+5.0°C) in the western part and negative (to —1.4 °C) in the east. The
warm temperatures in the western Kara Sea result from the effect of
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warm Atlantic currents coming from the Barents Sea through the Kara
Gates Strait to the southwestern part of the Kara Sea and also from the
northwestern part of the Barents Sea and the continental slope to the St.
Anna Trench (Fig. 1b). Additional warming effect is due to inputs of
relatively warm fresh water from the great Siberian rivers (Ob, Yenisei,
and Pyasina) into the central sea part. In this respect, subsea permafrost
can be continuous at water depths within 80 m in the central and eastern
Kara Sea but is apparently discontinuous to sporadic in the western part.

The patterns of in situ sediment temperatures (Fig. 6) generally
correlate with the map of ice-bearing marine permafrost in the Kara
shelf (see Gavrilov et al. (2020a) for the complete version).

The shelf sediments under water depths of 80-100 m or shallower,
where the permafrost is presumably continuous, are as cold as —0.6°C or
colder and are located mainly in the central and eastern parts of the Kara
Sea. Although having in situ temperatures below zero, the seafloor sed-
iments remain unfrozen and free from pore ice (cryotic) because these
temperatures are above the freezing point, which provides proofs for the
presence of subsea permafrost in the area buried at relatively large
subbottom depths. As for the zone of temperatures above —0.6°C, pri-
marily, the western Kara Sea shelf, it correlates with the extent of
discontinuous (including sporadic) subsea permafrost. It has warm
negative temperatures, no gradient in the thermal field, and is in a pre-
thaw state.

In general, the cruise data from the Kara Sea indicate the absence of
subsea permafrost at water depths below 100 m, which is consistent
with the present views of the Arctic shelf permafrost (Rokos et al., 2009;
Rekant and Vasiliev, 2011; Loktev et al., 2012; Matveeva et al., 2020;
Overduin et al., 2019). The negative in situ sediment temperatures in the
Arctic shelf (within 100 m sea depths) can be thus considered as implicit
tracers of buried continuous subsea permafrost, while low positive
temperatures may be evidence that subsea permafrost is either absent or
discontinuous to sporadic.

The correlation between the patterns of in situ sediment temperatures
and permafrost extent can be extrapolated to other areas of the Arctic
shelf, especially ESAS (Fig. 7). The Arctic shelf zone with sediment
temperatures < -0.6°C is restricted to sea depths within 80-100 m (120
m in the northern Laptev shelf), which agrees with the potential distri-
bution of continuous subsea permafrost. The bottom sediment temper-
atures on the continental slope (>200 m sea depths) vary from —0.6 °C

Latitude, N

60° 80°

Longitude, E
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to +0.9°C and are mainly controlled by the warming effect of the
Atlantic intermediate water mass traceable along the whole continental
slope of Eurasia and North America. The anomalously low in situ sedi-
ment temperatures (about —1.5 °C) observed in some continental slope
areas at sea depths 200-350 m, including the areas of methane seepage
in the Laptev Sea, may be due to cold dense water cascading from the
shelf or to dissociation of gas hydrates (Chuvilin et al., 2022). The latter
hypothesis is supported by the P-T conditions of the sediments corre-
sponding to the methane hydrate stability. The data collected in the
cruises of 2019-2022 (Chuvilin et al., 2021a, 2022), as well as the data
of drilling campaigns in 2011-2014 (Shakhova et al., 2017; Chuvilin
et al., 2013), together with published evidence (Romanovskii and
Hubberten, 2001; Romanovskii et al., 2004, 2005; Romanovskii and
Tumskoy, 2011; Matveeva et al., 2020; Bogoyavlensky et al., 2022;
Gavrilov et al., 2020a, 2020b), were used to compile a simplified map of
permafrost distribution in the Russian Arctic seas (Fig. 8).

It shows that ice-bearing permafrost occurs on the Arctic shelf from
the shoreline to the sea depths 80-100 m which correspond to offshore
distances of ~800-1000 km in some areas. Permafrost is absent deeper
offshore in shelf and continental slope areas tough may exist locally at
sea depths within 120 m in the northern Laptev shelf (Chuvilin et al.,
2022). In general, 100-600 m thick continuous subsea permafrost oc-
curs at relatively large subbottom depths over a greater part of the Arctic
shelf, especially in its eastern segment, beneath unfrozen (cryotic) saline
shallow sediments. The subsea permafrost is sporadic and discontinuous
along the northern limit of its extent at sea depths ~60 m and shallower,
as well as in areas of high heat flux associated with basement faults
(Krylov et al., 2020). Discontinuous and sporadic relic permafrost may
also exist in the offshore areas exposed to the warming effect of the great
Siberian rivers (Ob, Yenisei, and Lena).

There was a hypothesis that discontinuous relic marine permafrost
might occupy ~120,000 km?, including a greater part of the Laptev and
East Siberian shelf, in the influence zone of the Lena River plume
traceable as far as 700-800 km away from the delta. On the other hand,
prominent water stratification and negative or subzero bottom water
temperatures persisting all year round in the Laptev shelf north of the
Lena delta (Semiletov et al., 2000) indicate conditions sufficient for
maintaining continuous permafrost, except for areas of thermokarst
paleolakes that existed prior to the latest transgression (Shakhova et al.,
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2010b), and areas of high seismic, tectonic, and geothermal activity
(Shakhova et al., 2019; Chuvilin et al., 2022). The warming effect of the
Lena River was shown (Semiletov et al., 2005; Shakhova and Semiletov,
2007) to be of key importance in shallow shelf zones east and southeast
of the Lena delta because of increasing wind-driven water mixing till the
sea bottom. The increasing riverine inputs of the Lena warm up the
bottom and surface sediments in summer to +2-3 °C in the vicinity of
the Dmitry Laptev Strait and in the shallow southwestern part of the
adjacent East Siberian Sea. However, the drilling and modeling data
show that in general this warming effect is limited by deepening of the
continuous subsea permafrost table and in some areas correlated with
existence of seepage areas (Nicolsky and Shakhova, 2010; Fartyshev,
1993). However, existence of numerous seepage areas indicates on ex-
istence of gas pathways/through taliks, for example the Buor Khaya
Gulf, where the Lena discharge has caused summer water warming up to
+1°C in in the first decade of the 20th century (Shakhova et al., 2014).
We consider formation of through taliks in such areas as a consequence
of top-down integrative warming induced by the geological scale
water-sediment thermal equilibration and recent enhanced river heating
effect. In addition, several seepage areas were found in both
seismo-tectonic active zones such as the Laptev Sea Rift, as well in the
East Siberian Sea (Fig. 8), which is still considered as the passive

continental margin and needs special marine studies.
5. Conclusions

The reported data confirm that the bottom sediment temperatures in
the Arctic seas are distributed unevenly, especially in the Kara Sea shelf
(from +5.0 °C in the west to —1.4 °C in the east). The high sediment
temperatures in the western and central parts of the Kara Sea are due to
the effect of warm water inputs: Atlantic currents coming from the
Barents Sea through the Kara Gates strait; relatively warm fresh water
from the large Siberian rivers (Ob, Yenisei, Pyasina, and Lena); Fram and
Barents Sea branches of the Atlantic water currents in the northern and
northwestern parts of the area. The distribution of bottom sediment
temperatures correlates well with the presumed complex pattern of relic
subsea permafrost, as it was shown for the case of the Kara Sea. In this
respect, the bottom sediment temperature features in the Arctic seas can
be used as a proxy of subsea permafrost distribution at relatively large
subbottom depths.

The available field data and geological reports show that ice-bearing
permafrost in the Siberian Arctic shelf extends from the shoreline till sea
depths of 80-100 m, within the respective offshore distances of
~800-1000 km in some areas. Deeper offshore shelf and continental
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slope areas are free from permafrost, though its remnants may exist
locally at sea depths within 120 m. In general, 100-600 m thick
continuous subsea permafrost may occur in the Kara, Laptev, and East
Siberian shelves, where the saline shallow sediments are unfrozen
(cryotic). The subsea permafrost is sporadic and discontinuous along the
northern limit of its extent at sea depths >70 m, as well as in zones of
high heat flux associated with basement faults and in areas exposed to
the warming effect of the Ob’, Yenisei, and Lena riverine inputs. Future
degradation of subsea permafrost may potentially lead to an increase
methane releasing that has been long stored in permafrost environ-
mental (in free gas or gas hydrate forms) and formation of new methane
seep areas. Such seepage areas will be caused by top-down and/or up-
ward heat fluxes associated spatially with submerged lake (or rivers)
taliks and geothermal anomalies in the rift zones, correspondingly.

Additionally, 85% of all bottom sediments over the vast area of the
Kara, Laptev, and East Siberian shelves were found out to consist of
water-saturated silty clay and silt with rather uniform particle size dis-
tribution. The new thermal conductivity and heat capacity estimates for
the Kara Sea agree with the values of 1.0 W/(m-K) and 2900 kJ/m?,
respectively, obtained previously from other Arctic seas. Another
important result is that thermal conductivity becomes up to 40% higher
depthward from 0 to 2 m subbottom depth, possibly, because of lower
moisture content and porosity in lithified sediments.
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