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[1] Since the Last Glacial Maximum (~19 ka), coastal
inundation from sea-level rise has been thawing thick
subsea permafrost across the Arctic. Although subsea
permafrost has been mapped on several Arctic continental
shelves, permafrost distribution in the South Kara Sea and
the extent to which it is acting as an impermeable seal to
seabed methane escape remains poorly understood. Here
we use >1300 km of high-resolution seismic data to map
hydroacoustic anomalies, interpreted to record seabed gas
release, on the West Yamal shelf. Gas flares are widespread
over an area of at least 7500 km2 in water depths >20m.
We propose that continuous subsea permafrost extends to
water depths of ~20m offshore and creates a seal through
which gas cannot migrate. This Arctic shelf region where
seafloor gas release is widespread suggests that permafrost
has degraded more significantly than previously thought.
Citation: Portnov, A., A. J. Smith, J. Mienert, G. Cherkashov,
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Lett., 40, doi:10.1002/grl.50735.

1. Introduction

[2] During the extreme cold stages of the Late Pleistocene
(marine oxygen isotope stages (MIS) 2 and 4), thick perma-
frost and gas-hydrate deposits developed within coastal sed-
iments across the Arctic [Khimenkov and Brushkov, 2003].
Since the beginning of the last transgression (~19 ka), warm
ocean water flooded these sediments due to sea-level rise
(~120m), raising the annual temperature of the former tundra
surface by as much as 15°C [Taylor, 1991]. As a result, per-
mafrost and gas hydrates have been melting and releasing
massive quantities of methane into the ocean and atmo-
sphere, possibly accelerating global warming [Bohannon,
2008; Shakhova et al., 2010a].
[3] Subsea permafrost degradation and associated methane

release have been mapped on the East Siberian margin
[Shakhova et al., 2010b], the Beaufort Sea continental shelf

[Brothers et al., 2012; Paull et al., 2011], and the Canadian
Beaufort [Hunter et al., 1978]. Rekant and Vasiliev [2011]
use seismic reflection data to map subsea permafrost in the
Kara Sea and suggest that the extent of permafrost is limited
approximately by the 60m isobath (Figure 1). This study,
however, interprets a prominent subseabed reflector and
underlying acoustically transparent layer as permafrost, but
these acoustic features could instead result from the presence
of free gas [Rokos et al., 2001]. Furthermore, offshore drilling
data recovered permafrost in only ~15% of cores in water
depths >20m, suggesting that continuous permafrost does not
extend deeper [GEOS, 1997; Melnikov and Spesivtsev, 1995].
A map of subsea permafrost in the Kara Sea that can reconcile
both seismic and drilling observations has yet to be produced.
[4] Here we map hydroacoustic anomalies, interpreted to

record the release of gas bubbles at the seafloor, on
>1300 km of high-resolution seismic (HRS) data on the
West Yamal shelf in the Kara Sea (Figure 1). These anoma-
lies occur over an area of at least 7500 km2 in water depths
deeper than 20m. Since continuous permafrost creates an im-
permeable seal through which gas cannot migrate [Shakhova
et al., 2010b], we propose that it extends offshore to water
depths of ~20m. The offshore extent of permafrost in the
Kara Sea is strikingly similar to that observed on the U.S.
Beaufort Sea shelf [Brothers et al., 2012], suggesting that
the two regions have experienced similar inundation histories
since the Last Glacial Maximum. These results contribute to-
wards a pan-arctic understanding of permafrost degradation.

2. Geologic Setting

[5] The coastal shelf offshore the West Yamal Peninsula is
between 100–120 km wide from the shoreline to the 100m
isobath in the southern Kara Sea and 70–80 km wide to the
North. Shallow water depths (<20m) extend up to 80 km
offshore in the South but only 20–30 km offshore to the
North (Figure 1). There is not significant seafloor relief
across the shelf, except for minor troughs likely associated
with ice-scouring processes [Sherbakov et al., 2010]. The
upper sedimentary cover is composed of 150–200m thick
marine and alluvial-marine deposits of Pleistocene-Holocene
age [Melnikov and Spesivtsev, 1995]. Approximately 40m
thick clays and silts of pre-Weichselian age are separated from
overlying deposits by an unconformity, dated to be between
100 and 120 ka. Above the unconformity, interbedded clays,
silts, and sands compose a 5–25m thick section of Middle
Weichselian-Holocene age (MIS 4–MIS 1). Holocene clays,
silts, and sands with 1–5m thickness overlie this section.
Regional faults of Late Permian to Jurassic age and shallow
neotectonic faults trend NE-SW and NW-SE across the study
area [Sherbakov et al., 2010].
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[6] According to ice sheet reconstructions, theWest Yamal
shelf was not glaciated during the Late Weichselian [Polyak
et al., 2008]. As a result, the continental shelf was exposed
to continuous subaerial conditions, leading to the develop-
ment of a several hundred meter thick permafrost layer.
Onshore drilling has recorded permafrost layers >300m
thick in coastal areas [Melnikov and Spesivtsev, 1995] and
further inland on the Yamal Peninsula [Skorobogatov et al.,
1998]. Offshore drilling has also recorded relict and modern
permafrost in water depths up to 115m offshore, although the
majority of permafrost was found to be in wells with water
depths <20m [GEOS, 1997].

3. Methods

[7] We acquired ~700 km of HRS lines during a cruise
aboard the R/V Neotrazimiy operated by I.S. Gramberg
VNIIOkeangeologia in August–September 2012 to the
West Yamal shelf. HRS lines were collected in NW-SE and
NE-SW trending lines with a line spacing of 30–40 km

(Figure 1). In addition, we incorporate ~600 km of HRS data,
acquired in 2010 in the same region [Sherbakov et al., 2010].
The surveys spanned an area from the Baydaratskaya Bay in
the South to Kharasavey in the North. The data were acquired
with the sub-bottom chirp profiler EdgeTech 3100 SB-216S
that operates at a range of frequencies (2–16 kHz ). These data
provide at best sub-bottom penetration of 80m in clay and
yield a vertical resolution of 2–20 cm for favorable weather
conditions. However, due to the high sea states during the
cruise, the data provide at best ~0.5–1m vertical resolution.
[8] The HRS data were used to characterize the upper sed-

imentary cover of theWest Yamal shelf. Because of the high-
impedance contrast between water and free gas and the high
frequency of our sound source, the HRS data were also used
to detect gas bubble emissions from the seafloor. These emis-
sions are imaged as “acoustic flares” in the seismic data.
Flares are first-order proof for active gas seepage from the
seafloor [Greinert et al., 2010]. Flares can be produced from
a single bubble stream or from multiple streams rising from
several adjacent seep locations. Therefore, the magnitude of

Figure 1. (a) Distribution of gas flares (yellow lines) in the water column offshore the West Yamal Peninsula at the South
Kara Sea shelf (location shown on inset). Flares were mapped using HRS data from 2010 (brown lines) and 2012 (blue lines).
The flares are limited approximately to water depths >20m (solid blue line). Dotted red line shows the extent of permafrost
mapped by Rekant and Vasiliev [2011]. Solid red line shows the transect displayed in Figure 3a. Dotted black ellipses show
the location of previous drilling studies that recovered permafrost [GEOS, 1997; Melnikov and Spesivtsev, 1995]. (b) Gas
flares were observed as continuous fronts that were >60 km long and that extended 20–25m above the seafloor. Two-way
traveltime was converted to depth assuming an acoustic velocity of 1.5 km s�1 for all seismic reflection profiles. (c) Bright
spots below the seafloor are interpreted to record the presence of gas and/or ice. (d) A focused, intermittent flare was observed
extending ~2m above seafloor in water depths of ~5.5m. (e) Three transparent mounds that pierced through seafloor sedi-
ments were observed in the study area (grey diamonds). These features are similar in appearance to the pingo-like features
(PLF) characterized by Paull et al. [2007] on the Beaufort shelf.
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bubble release to the seabed or atmosphere cannot be quanti-
fied with this technique. HRS data were imported and
interpreted in The Kingdom Suite software.
[9] We used a marine box corer to sample sediments in the

first ~0.4m below seafloor at 190 geological stations. The li-
thology of sediments was described onboard visually. To
confirm that acoustic flares were in fact produced by gas bub-
bles, we also made measurements of methane concentrations
in the water column ~0.5m above the seabed. Water volumes
of ~8 L were recovered at each water sample station. The gas
fraction from the water samples was extracted onboard using
a supersonic ejector technique. The water sample is degassed
in the supersonic ejector set SUOK-DG; the extracted gas
phase is evacuated into a 15mL vial stoppered by butyl rub-
ber stoppers. Methane was measured in an onshore
VNIIOkeangeologia lab using Shimadzu GC 2014 equipped
with a flame ionization detector. A wide-bore capillary col-
umn Restek Aluminia (0.53mm; 50m) was employed to sep-
arate methane from other hydrocarbon gases. The carrier gas
was He that flowed at a rate of 20mL/min. Peaks were cali-
brated against certified standard gas mixtures. Mean methane
concentrations were determined by averaging 193 individual
measurements across our study area.

4. Results

4.1. Gas Flares

[10] Hydroacoustic flares, interpreted as gas bubbles in the
water column, were widespread throughout the study area
(Figures 1a, 1b, and 3a). Flares were observed at a range of
intensities, suggesting that gas flux across the shelf is highly
variable and that some regions experience more intense emis-
sions than others. Flares were often deflected laterally
(Figures 1b and 3a). The direction of this deflection was dif-
ferent across the study area as a result of the complex inter-
play of regional and tidal currents [GEOS, 1997; Sherbakov
et al., 2010]. Flares extended to heights of up to 20–25m
above seafloor (Figures 1b and 3a). Most flares were limited
to water depths >20m across the study area; however, a few
flares were discovered in the Baydaratskaya Bay in shallower
water depths (10–20m ) (Figure 1a). The distribution of
flares in 2012 agrees with their distribution in 2010
[Sherbakov et al., 2010] (Figure 1a), suggesting that gas is
being released continuously over an area of at least
7500 km2. On several HRS lines, a 30–60 km gas front was
observed extending from the 20m isobath to water depths
>40m (Figures 1a and a). In the northern part of the study
area, flares were limited to water depths >30m (Figure 1a).
[11] A single-focused gas flare was found ~1.5 km from the

coastline near Marresalya in ~6m water depth (Figure 1d).
This flare was ~2m high and ~15m wide. Gas expulsion at
this site appears to be intense since the seismic amplitudes
of the flare reflection were similar to those observed below
the seafloor. However, subsequent passes over this location
~1month later failed to detect any flare, indicating that gas
expulsion at the site is intermittent over relatively short
(monthly) timescales.

4.2. Seismic Observations in Upper Sedimentary Cover

[12] Enhanced subseabed reflections or “bright spots”were
ubiquitous across the study area. They were in water depths
6–50m (Figure 1c), and there appeared to be no systematic
pattern in their occurrence. In the Kara Sea, these reflections

have been separately interpreted to record the presence of
gas-saturated sediments [Rokos et al., 2001] and ice-bearing
sediments disturbed from cryogenic deformation [Bondarev
et al., 1999]. Our chirp data were recorded as enveloped am-
plitudes and do not show reflection polarity; therefore, they
cannot be used to distinguish between negative-polarity re-
flections from gas-charged sediments and positive-polarity
reflections from ice-bearing sediments.
[13] Acoustically transparent zones, where seismic energy

is not coherently reflected back to the receiver and where
subseabed reflectors are not clearly imaged within sediments,
were also widespread throughout the study area. One of these
zones is at least 250m wide and extends vertically from the
seafloor to depths greater than we can resolve with our data
(Figure 3a, red inset). This “wipe-out” zone is strikingly sim-
ilar in size and character to gas chimneys, vertically oriented
zones of gas migration which have been observed in conven-
tional seismic data around the world [e.g.,Hovland and Judd,
1988; Wood et al., 2002].
[14] Broad zones of acoustic transparency were also present

at the seafloor and in the subseabed (Figures 1e and 3a). These
zones exist in all water depths, and they occur at the seafloor
and at depths up to ~10m below seafloor. The exact geologic
nature of these zones is ambiguous. They may be produced by
the absorption of acoustic energy due to the presence of gas or
the scattering of energy from the presence of unevenly distrib-
uted accumulations of gas, ice-bearing sediments, calcium
carbonate, or stratal disruptions from intense fluid flux [e.g.,
Wood et al., 2002]. Previous investigations have directly
observed ice-bearing sediments and encountered significant
accumulations of free gas in the subsurface across the West
Yamal shelf [Melnikov and Spesivtsev, 1995]. The widespread
coexistence of these phenomena suggests that a combination
of frozen sediments and free gas may create these broad zones
of acoustic transparency.

4.3. Pingo-Like Features

[15] At three locations in our study area, we observed dis-
tinct ovoid, positive-relief features that were elevated 5–10m
above the surrounding seafloor and were at least 1–5 km in
diameter (Figures 1e and 3a). These features emanate from
within 10–20m deep bathymetric depressions that are filled
with flat-lying sediments of Upper Pleistocene to Holocene
age that fan downwards toward the center of the mounds
(Figure 1e). We observed weak gas flares above two out of
three of the features, indicating that they were not expelling
significant quantities of gas. These features are strikingly
similar in size and appearance to the pingo-like features
(PLFs) described by Paull et al. [2007] in the Beaufort Sea,
to terrestrial pingos that have been observed along coastal
plains [Shearer et al., 1971], and to diapir-like features doc-
umented in the Pechora Sea [Bondarev et al., 2002].
However, in contrast to observations made by Paull et al.
[2011], we did not detect significant gas expulsion from these
transparent domes. This apparent lack of activity, however,
may be due to passes over inactive areas of the mounds or
during periods of inactivity.
[16] The origin of these PLFs remains elusive. Previous

studies have suggested that they formed as a result of base-
level rise over terrestrial pingos [Kopf, 2002], overpressures
generated during gas-hydrate dissociation [Paull et al.,
2007], or free-gas accumulation beneath melting permafrost
[Bondarev et al., 2002]. The acoustic transparency of the
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core of PLFs in the Kara Sea suggests that either gas and/or
ice are present in the subsurface; however, future-focused
drilling needs to be conducted to decipher the processes pres-
ent and to determine whether their origin is the same as those
in the Beaufort and Pechora Seas.

4.4. Methane Concentrations

[17] Throughout the study area, methane concentrations in
water just above the seafloor were higher than “open ocean”
background values in the Arctic (<4 nM) [Damm et al., 2007].

The methane concentrations showed a systematic increase in
values along a 90 km transect extending from the near shore-
line to 75 km offshore (Figure 2). Methane concentrations at
water depths <20m have values that were significantly less
than the mean concentration (~27 nM). However, at the 20m
isobath, there is a sharp increase in methane concentrations
to values that are consistently higher than the mean
(Figure 2). Although we observe an increase in methane con-
centrations with increasing water depths, there is significant
variability in concentrations across the 90 km long transect,
which is similar to the inconsistent flare intensity observed
across the study area (Figures 2 and 3a).

5. Discussion

[18] Previous works have proposed that permafrost in the
Kara Sea and other Arctic marine basins extends to deeper
water depths, i.e., of up to 100m and to offshore distances
as great as the outer shelf edge and that this widely distrib-
uted permafrost layer creates a seal that hydrocarbons cannot
bypass [Paull et al., 2011; Romanovskii and Hubberten,
2001]. In contrast, we show that the West Yamal shelf is
leaking significant quantities of gas at much shallower water
depths (20–50m ) and over an area of at least 7500 km2,
suggesting that a continuous permafrost seal is much less
extensive and does not extend to water depths >20m.
However, a chaotic distribution of acoustically transparent
zones in 20–50m water depth and previous drilling data
suggest that some erratic occurrences of ice-bearing sedi-
ments may exist in deeper water depths. These ice-bearing

Figure 3. (a) HRS profile shows a >30 km gas flare front above the upper sedimentary cover. The location of the profile is
shown in Figure 1a (solid red line). Inset with a blue frame highlights gas flares emanating from seabed. Inset with red frame
shows a ~250m wide transparent zone interpreted as a gas chimney. The event labeled as a “seismic artifact” is a sea-surface
ghost reflection related to the tow depth of the chirp fish. (b) We envision that a continuous subseabed permafrost body limits
the occurrence of gas flares to depths >20m. Discontinuous ice-bearing sediment masses are likely present in deeper water
depths; however, they do not create an effective seal for gas migration. Gas (green arrows) may be produced from thermo-
genic sources at depth, from disassociating gas hydrates, microbial processes in shallow sediments, or microbial action of or-
ganic carbon newly released from thawing permafrost.

Figure 2. Methane concentrations measured (green) in the
bottom-water layer (~0.5m above seafloor) along a ~90 km
transect (red line). Location of transect is shown in
Figure 1a (A–A′). Methane concentrations increase signifi-
cantly in water depths >20m, coincident with the onset of
gas flares. Error (~ ±1.4 nM) is smaller than symbol size at
all measurements.
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sediments likely do not form a continuous body, and there-
fore do not act as an effective and widespread seal for
gas migration.
[19] Although flares similar to those that we observe are

most often attributed to seabed gas release [e.g., Westbrook
et al., 2009], there is still uncertainty that the acoustic flares
we map are indeed caused by gas bubbles. Backscatter sig-
nals in the water column can also be produced by rising
gas-hydrate particles, oil droplets, sediment particles, or zoo-
plankton blooms [Merewether et al., 1985; Robinson and
Goómez-Gutieérrez, 1998]. However, the majority of pro-
ducing reservoirs in the region are gas or gas condensate
fields that produce little to no oil [Stupakova, 2011].
Moreover, given bottom-water temperatures in the region
(�1.7°C to 5°C) [GEOS, 1997; Sherbakov et al., 2010] and
assuming hydrostatic pressure conditions, seawater salinity,
and pure methane gas composition, gas hydrates are not sta-
ble at the seabed and near subseabed [Sloan, 1998].
Furthermore, the continuous and widespread flare activity
that we observe from 2010 to 2012 cannot be reconciled with
the fast and abrupt (hourly) timescale over which zooplank-
ton blooms occur [Robinson and Goómez-Gutieérrez,
1998]. We therefore are confident that the flares observed
are produced by gas bubbles. This interpretation is further
corroborated by the systematic increase in methane concen-
trations in the water column at water depths >20m,
suggesting that methane is being delivered to the water
column at locations where flares are present. Furthermore,
the backscatter pattern and linear features of flares ob-
served in HRS data are similar to those that have been ob-
served at other shallow gas-venting locations [Westbrook
et al., 2009] and during in situ experiments [Polikarpov
et al., 1989].
[20] We suggest that gas release is limited by the 20m

isobath because continuous subsea permafrost extends off-
shore to these depths (Figure 3b). Seafloor gas emissions,
however, can also be controlled by structural (e.g., faults)
and lithological (e.g., permeable sands) phenomena [Tréhu
et al., 2004; Vadakkepuliyambatta et al., 2013]. But, the
presence of gas flares on the West Yamal shelf does not
coincide with the locations of faults, and the basin-wide
distribution of seafloor sands and silts is not correlated to
the location of flares (Figure S1). These observations suggest
that a different geologic phenomenon controls gas expulsion
at the seafloor. Due to the recovery of permafrost in ~85% of
cores in water depths <20m [GEOS, 1997] and to identical
permafrost extents in other Arctic basins [Brothers et al.,
2012], we favor the interpretation that continuous permafrost
is creating a gas seal and controlling the regional distribution
of flares.
[21] In water depths >20m, widespread zones of acoustic

transparency, PLFs, and previous drilling data suggest that
ice-bearing sediments are present. The nonrecovery of per-
mafrost in the majority of cores, however, suggests that ice-
bearing sediments in these depths do not form a continuous
body [GEOS, 1997]. Furthermore, the widespread occur-
rence of seafloor gas emissions in these water depths
indicates that permafrost is not creating a gas trap. We there-
fore envision that continuous permafrost extends to water
depths of ~20m and that discontinuous ice-bearing sedi-
ments extend further offshore (Figure 3b). These discontinu-
ous masses of ice-bearing sediments may be relict permafrost
from the last regression or older regressions [Khimenkov and

Brushkov, 2003]. Conversely, these sediment-ice bodies
may have formed from sediment-ice mobilizations or sea-
sonal-to-decadal temperature changes that have occurred
recently at the seabed [Khimenkov and Brushkov, 2003]. It
is unclear how far offshore these discontinuous bodies of
ice-bearing sediments extend, but based on drilling data, they
likely reach water depths of up to 115m [Melnikov and
Spesivtsev, 1995].
[22] Although flares are limited to water depths >20m on

most of the West Yamal shelf, flares to the North near
Kharasavey are limited to deeper water depths (>30m) and
flares near Baydaratskaya Bay are present in shallower water
depths (10–20m ). These regional variations in flare distribu-
tion suggest that continuous permafrost may extend to deeper
water depths near Kharasavey and to shallower water depths
within the Baydaratskaya Bay. Seafloor temperature mea-
surements from 1980–2010 show that Baydaratskaya Bay
experiences on average higher sea-bottom temperatures than
regions further North [GEOS, 1997; Sherbakov et al., 2010],
which would accelerate permafrost degradation. Cooler bot-
tom-water temperatures near Kharasavey may explain a
larger extent of impermeable permafrost and thus the deeper
limit of gas flares. In addition, the steeper topography of the
shelf near Kharasavey may explain the deeper offshore ex-
tent of permafrost, since shelf steepness affects the rate of in-
undation during sea-level rise and the degree of warming
experienced by underlying permafrost [Brothers et al.,
2012; Khimenkov and Brushkov, 2003].
[23] The implications of our study are two-fold. First,

we show that the extent of continuous permafrost on the
West Yamal shelf likely does not extend to water depths
>20m and that this depth is far shallower than previously
thought [Rekant and Vasiliev, 2011]. This permafrost
extent is strikingly similar to that which was mapped by
Brothers et al. [2012] on the Beaufort shelf, suggesting
that the two basins have experienced similar inundation
histories since the Late Pleistocene. Conversely, we show
that seafloor gas expulsion on the West Yamal shelf is
extensive and occurs over an area of at least 7500 km2.
Studies on the East Siberian shelf have shown that mas-
sive amounts of methane (7.98 Tg C-CH4 yr�1) are being
released over an area of 2.1 × 106 km2 to the atmosphere
from seafloor sediments previously sealed by impermeable
permafrost [Shakhova et al., 2010a; Shakhova et al.,
2010b]. Although we cannot presently constrain oceanic
or atmospheric methane fluxes in our study, the presence
of extensive gas venting and permafrost degradation on
the West Yamal shelf suggests that significant methane
fluxes may also be present in the Kara Sea now and even
more so in a future warming scenario.

6. Conclusions

[24] At the West Yamal shelf seafloor, gas expulsion
occurs over an area of at least 7500 km2, and it is limited
approximately to water depths >20m. Continuous subsea-
bed permafrost extends to water depths of ~20m offshore
and creates a seal through which gas cannot migrate.
Discontinuous permafrost may extend further offshore in
up to 115m water depth. This study provides one of the
key examples of an Arctic marine shelf where seafloor gas
release is widespread and where permafrost degradation is
an ongoing process.
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