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Abstract

In this paper we present 2 years of data obtained during the late summer period (September 2003 and September 2004) for the
East Siberian Arctic shelf (ESAS). According to our data, the surface layer of shelf water was supersaturated up to 2500% relative
to the present average atmospheric methane content of 1.85 ppm, pointing to the rivers as a strong source of dissolved methane
which comes from watersheds which are underlain with permafrost. Anomalously high concentrations (up to 154 nM or 4400%
supersaturation) of dissolved methane in the bottom layer of shelf water at a few sites suggest that the bottom layer is somehow
affected by near-bottom sources. The net flux of methane from this area of the East Siberian Arctic shelf can reach up to
13.7×104 g CH4 km

−2 from plume areas during the period of ice free water, and thus is in the upper range of the estimated global
marine methane release. Ongoing environmental change might affect the methane marine cycle since significant changes in the
thermal regime of bottom sediments within a few sites were registered. Correlation between calculated methane storage within the
water column and both integrated salinity values (r=0.61) and integrated values of dissolved inorganic carbon (DIC) (r=0.62)
suggest that higher concentrations of dissolved methane were mostly derived from the marine environment, likely due to in-situ
production or release from decaying submarine gas hydrates deposits. The calculated late summer potential methane emissions tend
to vary from year to year, reflecting most likely the effect of changing hydrological and meteorological conditions (temperature,
wind) on the ESAS rather than riverine export of dissolved methane. We point out additional sources of methane in this region such
as submarine taliks, ice complex retreat, submarine permafrost itself and decaying gas hydrates deposits.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the warm stages the Arctic is considered to be
a source of atmospheric methane (CH4), ensuring the
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existence of the inter-polar CH4 gradient (8–10%); this
gradient decreases to a practically negligible value
during glacial epochs (IPCC, 2001). Northern terrestrial
ecosystems are the first candidate thought to play a key
role in production of atmospheric methane but their
impact is not enough to explain the highest concentration
of CH4 above the Arctic. As is already known, the Arctic
region is considered to contain a huge amount of organic
carbon buried not only inland, but also within Arctic
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Ocean sedimentary basin (called “Arctic carbon hyper
pool”, Gramberg et al., 1983). A significant portion of
organic carbon withdrawal occurs over the Siberian shelf
(Fahl and Stein, 1998; Bauch et al., 2000).

The ESAS represents the broadest and shallowest
shelf in the World Ocean yet it is the least explored.
Under the influence of the riverine discharge of the
Siberian rivers, the ESAS acts as an “estuary” for the
Arctic Ocean (Semiletov et al., 2000). Studies by Rogers
and Morack (1980) on sub-sea permafrost and sea level
history lead to the inference that offshore permafrost may
persist beneath any part of the Arctic shelves inshore
from about the 90 m isobath. It was considered until
recently that, due to slightly negative annual tempera-
tures within the water column and the lid type coverage
of shelf sediments by sub-sea permafrost, old organic
carbon buried on the Siberian Arctic shelf is completely
preserved from being involved in the modern carbon
cycle. Nevertheless, there is the geological model of
degradation of permafrost submerged by seawater,
performed for the ESAS, which allows complete
degradation of sub-sea permafrost under the impact of
geothermal heat flow in fault zones and under the
channels of large rivers (Romanovskii and Hubberten,
2001). Permafrost contains a huge amount of ancient
organic matter that might be involved in current biogeo-
chemical cycling due to thawing of the upper permafrost
Fig. 1. Study area and sampling locations of 2003 and 2004: stations-2003
and restoration of the activity of viable methanogens
(bacteria that produce methane as a metabolic product)
preserved in permafrost (Rivkina et al., 1998). The
mechanism which allows old organic carbon to be
involved in the modern cycle is one of the subjects of this
paper.

The contribution from all marine methane sources is
assumed to range between 5 and 20 Tg CH4 yr

−1 (IPCC,
2001). However, there are a number of published papers
pointing at substantial underestimation of the contribu-
tion of aquatic environments; which is likely to grow as
climate change leads to warming of the planet (Hovland
et al., 1993; Lammers et al., 1995; Judd et al., 2002;
Damm et al., 2005). Indeed, geological methane,
generated by microbial decay and the thermogenic
breakdown of organic matter, migrates towards the
seabed to be released through natural gas seeps. The total
annual contribution of marine geological sources to the
atmosphere is estimated as 16–40 Tg of methane, which
has never been taken into consideration in estimations of
the global methane budget (Judd et al., 2002). It is known
that temperature and pressure conditions in wide areas of
the seafloor allow sub-sea methane accumulation in the
form of methane gas hydrates, which might decay if
disturbed. It was estimated by Kvenvolden and Grantz
that a total amount of 1015 m−3 of methane (540 Gt of
carbon) exists in sediments of the offshore Arctic Basin
are shown in black symbols; stations-2004 are shown in red symbols.



Fig. 2. Spatial distribution of summertime temperature in the surface layer: a) 2003; b) 2004.
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(Kvenvolden, 1988). In addition, previously unknown
species of methane hydrates, located outside oil and gas
producing areas, have been found within the pores of
near-surface continuous permafrost in northeastern
Siberia (Chuvilin et al., 2000; Rivkina et al., 2004).
Upon thawing this interpore methane can also contribute
to the atmospheric methane budget.
Fig. 3. Spatial distribution of summertime salin
Recent environmental changes may result in a major
carbon export to the Arctic Ocean due to the retreat of
coastal ice complexes, permafrost thawing, increasing
river runoff, and an increase of coastal erosion in the
northern regions (Semiletov et al., 2000; Peterson et al.,
2002). A hypothesized climate-change-driven increase
in methane emission from the Arctic Ocean could
ity in the surface layer: a) 2003; b) 2004.
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dramatically alter not only the regional budget, but also
the global cycle.

2. Setting and objectives

2.1. Study area

Our study area (ESAS) included the East-Siberian
Sea (ESS) and the adjacent part of the Laptev Sea (LS)
(Fig. 1). The wide shelf is an important region for
production and processing of organic matter before the
material is transported into the Arctic Ocean. The Arctic
Ocean receives about 10% of the global river discharge
and 25 Tg of terrigeneous dissolved organic carbon each
year (Stein and Macdonald, 2003). A notable charac-
teristic of the ESAS is an extremely large gradient of
hydrological and biogeochemical parameters. The
hydrology and sedimentation is determined mainly by
Arctic river (Lena, Yana, Indigirka, Kolyma) fluvial
sediment discharge, coastal sediment input and sub-sea
permafrost ‘bottom thermo-abrasion’ (Semiletov, 1999;
Romanovskii et al., 2000; Stein and Macdonald, 2003).

According to Antonov (1968) and Nikiforov and
Shpaikher (1980), that agree well with our data, a major
plume of riverine fresh water usually transits the ESAS
eastward within the coastal zone (Figs. 2 and 3). On the
basis of both historical water data and data from our
previous cruises, we know that the ESAS is divided into
two specific areas: the Western area, influenced strongly
by Lena River input, and the Eastern Area, under direct
influence of Pacific-derived water (Semiletov et al.,
2005), (Fig. 3a, b). It was demonstrated that the
freshened local shelf waters (Western hydrological
area) are much warmer than the Pacific source water
(Eastern hydrological area). That means that the
warming effect of the Siberian Rivers is enough to
keep the local shelf waters warmer than the modified
Pacific water.

2.2. Characterization of bottom sediments

The surface bottom sediments of ESAS consist of
lithified Quaternary clays, varying in thickness between
a few meters and a few tens of meters, and covered by a
thin layer of fine-grained Holocene muds with organic
carbon content as high as ∼ 1–2%. General differences
in the geochemical regimes between the Western and
Eastern areas of the ESAS are reflected primarily in the
origin of old carbon material. The most enriched in
organic carbon (up to 1.9%) sedimentary fraction (silt) is
nearly completely terrestrial in origin in the Western
area, but exhibits a mix of marine and terrestrial origin in
the Eastern area (Semiletov et al., 2005). Organic matter
composition revealed a general increase in the relative
abundance of furfurals and a decrease in nitriles from
west to east, suggesting an increase in the organic matter
freshness from west to east (Guo et al., 2004). This
consistent distribution feature was in agreement with the
distribution pattern of permafrost zone wideness and
thickness in the Siberian region.

The purpose of our study was to define the specific
features of the coastal and marine ESAS environment
which could be pointed out as a source of methane to the
atmosphere in this region and evaluate (in a very
preliminary way) ESAS potential for methane release.
Taking into consideration that this region has never been
studied before on this broad spatial scale, the primary
task was to cover the area with a relatively even sampling
network to obtain the background levels of dissolved
methane concentrations within the water column and to
highlight the areas of interest for further investigation.

3. Methods

Our studies were performed in the near shore open
water between the coast and drifting ice of the ESS and
LS between 132°E–179°E and 69°N–74.5°N. In total,
162 oceanographic stations were established and more
than 1000 methane samples were extracted during two
cruises in September 2003 and September 2004 onboard
the mid-size hydrographical vessel Ivan Kireev. Water
samples from up to 4 different horizons (depending on
the depth) were collected during the upcasts at each
conductivity/temperature/depth (CTD) station with
Niskin bottles. For a large part of the study area, depth
was less than 10 m; therefore for most of the sites water
samples were taken from surface and bottom layers only.

For methane measurements water samples were
immediately taken from Niskin bottles and poured into
replicate 500-ml glass bottles, overfilling 1.5–2 times
with the sample. Sub-sampling was done with care to
avoid introducing any air bubbles. Silicon stoppers
sealed with tin lids were used. Part of the water in the
bottle was replaced with helium. Water samples were
placed in a thermostatic water bath shaker and equili-
brated within 30 min. The headspace technique for
equilibrating between the dissolved and gaseous phases
was applied (Semiletov et al., 1996). The replicate
methane samples were kept at ambient laboratory
temperature and analyzed within a few hours. Methane
concentrations were measured with a MicroTech-8160
gas chromatograph (GC) equipped with a flame
ionization detector (FID). The GC oven was operated
isothermally (40 °C) and maximum temperature of the
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FID was held at about 250 °C. The carrier gas used was
helium. For calibration we used certified gas standards of
methane in a balance of air (Air Liquid, USA). The
standard deviation of duplicate analyses (3–5 replicates)
was less than 5%. GC precision had an error of only 1%.

Salinity and temperature data were recorded with a
Seabird 19+ CTD. The actual parameters of steady wind
were measured with a portable Li-Cor 1400 meteosta-
tion (www.licor.com). The computed parameters, such
as density, dissolved inorganic carbon (DIC), and pCO2,
were determined by scientists participating on the
cruises; the methods used are discussed in the references
(Semiletov, 1999; Semiletov et al., 2004; Guo et al.,
2004; Semiletov et al., 2005; Pipko et al., 2005). Bottom
Fig. 4. Spatial distribution of dissolved methane in the study area 2003: a) s
permission of American Geophysical Union*). *Shakhova, N., Semiletov, I.
Arctic shelves: implication for the marine methane cycle. Geophys. Res. L
American Geophysical Union.
sediment temperature was obtained using four thermal
sensors installed 50 cm apart along a 2 m steel rod.

The concentration of dissolved methane in the water
samples was calculated with the Bunsen solubility
coefficient for methane (Wiesenburg and Guinasso,
1979) at the appropriate equilibration temperature.
Methane flux estimates were done following Wannin-
khof (1992). Calculated data were analyzed statistically
and represented graphically using such standard scien-
tific programs as Statistics 6.0, Mathlab 7.0, and
Grapher 6.0. Irregularly spaced data (temperature,
salinity, dissolved methane concentrations) were inter-
polated onto uniform grids, allowing an area weighted
mean to be calculated. Topographic plots of vertical
urface layer; b) section along the coast; c) bottom layer (modified by
, and G. Penteleev, 2005. The distribution of methane on the Siberian
etter, vol.32, L09601, doi:10.1029/2005GL022751. Copyright 2005

http://www.licor.com
http://dx.doi.org/doi:10.1029/2005GL022751
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profiles and horizontal surfaces were generated from
mapping the irregularly spaced station data to a grid
using a minimum curvature algorithm (Surfer 8.0).

4. Results

4.1. Methane distribution with depth

The concentrations of dissolved methane throughout
the water column varied from below saturation level to as
high as 4400% of saturation level; 11.7% of samples
collected in 2003 and 19.2% of samples collected in
2004 were below saturation. Methane concentration in
equilibrium with the atmosphere as a function of
temperature and salinity was computed to range between
3.5 and 4.0 nM. The concentration of dissolved methane
in the surface layer ranged from 2.1 nM to 28.2 nM in
2003 and reached 110 nM in plume areas in 2004. The
area weighted average surface concentrations for 2003
and 2004 were 14.1 nM and 12.4 nM respectively. This
represents supersaturation of the surface layer up to
800% in 2003 and up to 2500% in 2004 relative to the
latitude-specific monthly mean of 1.85 ppm for the
Barrow monitoring station (Alaska, USA, 71° 19′N,
156° 35′W), (http://www.cmdl.noaa.gov/ccgg/insitu.
html). The bottom concentrations of dissolved methane
Fig. 5. Spatial distribution of dissolved methane in the study area 2004: a)
Geophysical Union*). *Shakhova, N., Semiletov, I., and G. Penteleev, 2005.
for the marine methane cycle. Geophys. Res. Letter, vol.32, L09601, doi:10
reached anomalously high values of 87 nM in 2003 and
154 nM in 2004, while area weighted average equaled
28.8 and 17.1 nM respectively. The bottom plume areas
were enriched with dissolved methane up to 2075% in
2003 and up to 4400% in 2004, suggesting that the
deeper part of the methane plume is somehow affected
by near-bottom sources.

4.2. Spatial gradient of dissolved CH4

A steep gradient in the horizontal distribution of
methane and very high levels of methane supersaturation
corresponded not only to areas in close proximity to the
coast or islands but also to the areas adjoining the
boundary of the fast ice, where the strongest vertical
water density gradient is located. Locations of plume
areas correspond to areas of input by the Indigirka and
Kolyma rivers (spots 2, 3, 5, Fig. 4 a, c; spots 2, 4,
Fig. 5a, b). The source of dissolved methane carried by
these rivers is believed to be Kolyma–Indigirka Lowland
permafrost degradation; methane reaches the rivers
through numerous channels from “taliks” beneath lakes
(Semiletov et al., 1996; Zimov et al., 1997).

One of the bottom plumes (spot 3, Fig. 5b) was
recorded in 2004 in the vicinity of the Dmitry Laptev
Strait (140°E and 73°N); another plume recorded in 2003
surface layer b) bottom layer (modified by permission of American
The distribution of methane on the Siberian Arctic shelves: implication
.1029/2005GL022751. Copyright 2005 American Geophysical Union.

http://www.cmdl.noaa.gov/ccgg/insitu.html
http://www.cmdl.noaa.gov/ccgg/insitu.html
http://dx.doi.org/doi:10.1029/2005GL022751


Fig. 6. Estimated methane flux from surface layer: a) 2003; b) 2004.
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was located northwest of Chaunskaya Bay (165°E and
69°N) (spot 4, Fig. 4b or spot 7, Fig. 4c). Intensity of both
methane plumes is comparable to reported magnitudes of
plumes resulting from decay of shallow gas hydrates in
the Barents Sea and the Sea of Okhotsk (Lammers et al.,
1995; Obzhirov, 2002). Because the hydrological and
sedimentary characteristics of the Dmitry Laptev Strait
are very different from the characteristics of Chaunskaya
Bay, it seems unlikely that the two plumes could be
traced to the same biological source.

4.3. Methane flux estimate

The methane equilibrium concentration for the LS
and ESS shelves during stable summer conditions
Table 1
Measured and calculated wind velocity (U, m/s) compare to climatic data (P

Period of time Min
U

Max
U

Max
registered

Mean da
(mean m

2003, September, 1–15 2.7 5.1 – 4.1
2004, September, 10–23 2.7 9.1 – 5.9
Climatic data for summer

(5 stationary meteostations)
– – 80 (6.0)

Climatic data for autumn
(5 stationary meteostations)

– – N80 (6.3)
ranged from 3.0 to 4.5 nM at salinity and temperature
ranging from 30‰ to 0‰ and from −1 °C to 10 °C,
respectively, and an assumed atmospheric methane
partial pressure of 1.85 ppm. Significant supersaturation
of surface layers suggests that this part of the Arctic
Ocean is a net source of atmospheric methane. The rate
of gas exchange between the ocean surface and the
atmosphere (F ) is described by Wanninkhof (1992) as a
function of the difference between CH4 concentration in
the surface water and the concentration of CH4 in the air
(ΔC), specific gas properties (Schmidt number, Sc),
water temperature (t), and short-term records of the wind
velocity (υ): F=0.31 υ2 (Sc / 660)−0.5 ΔC. The value of
the Schmidt number for methane dissolved in seawater
was calculated from diffusivity and kinematic viscosity
roshutinsky et al., 1994) for the study area

ily U
onthly U )

Number of
storms (max)

Number of days with storms
(UN15 m/s)

Mean (range) Maximum (range)

– – –
– – –
1–2 (3) 3.0 (2–5) 10.3 (7–16)

– 5.1 (2–10) 14.0 (6–24)



Fig. 7. Area of comparison for estimated integral methane storage (modified by permission of American Geophysical Union*). *Shakhova, N.,
Semiletov, I., and G. Penteleev, 2005. The distribution of methane on the Siberian Arctic shelves: implication for the marine methane cycle. Geophys.
Res. Letter, vol.32, L09601, doi:10.1029/2005GL022751. Copyright 2005 American Geophysical Union.
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for the actual temperature and salinity (Jahne et al., 1987)
and ranged from 1533 to 1982 in 2003 and from 968 to
1946 in 2004.

Flux was estimated on a daily basis with daily records
of wind speed, temperature, and concentrations of
methane in surface water, and was summarized for the
entire period (Fig. 6a, b). Measured daily wind speeds
were lower than average published (as shown in Table 1).
There were no storm events registered in the study area
during the cruise time, however according to climatic
data, there can be up to 3 storms during the summer time
with an entire duration of up to 16 days. Maximum wind
Fig. 8. Spatial distribution of summertime estim
speed registered at any time in this area was more than
80 m/s (Proshutinsky et al., 1994).

Area weighted mean of flux from the surface water of
the surveyed area was about 4.86×10−10 g CH4 cm

−2

h−1 for 2003 and 3.02×10−10 g CH4 cm
−2 h−1 for 2004.

Taking into account that the period of ice-free water in
the study area lasts not more than 90 days (frommid-July
tomid-October), we evaluated the summertime flux to be
about 1.05×104 g CH4 km

−2 and 0.7×104 g CH4 km
−2

for 2003 and 2004 respectively. For plume areas the
summertime flux can reach values of 6.35×104 g CH4

km−2 to 13.7×104 g CH4 km
−2.
ated methane storage: a) 2003; b) 2004.

http://dx.doi.org/doi:10.1029/2005GL022751


Fig. 9. Mean concentration of dissolved methane plotted as a function
of salinity (a) and DIC (b) for 2003.
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4.4. Area methane storage and potential methane
emission

Potential methane emission is the area-adjusted
maximum of dissolved methane available for release
to the atmosphere. The estimates of methane storage (A)
in 2003 and 2004 for the comparison area (shown in
blue in Fig. 7) were calculated as
R R

S;HðsÞ
Aðs; zÞdzds

where s= (x,y), z are the horizontal and vertical
coordinates, H(s) is the local depth and A(s,z) is the
spatial distribution of the dissolved methane concentra-
tion. A(s,z) was obtained by vertical and horizontal
linear interpolation between available data points. The
final estimate of comparison area storage of dissolved
methane was found to be 5.7×109 g CH4 in 2003 and
1.57×109 g CH4 in 2004. Methane excess or potential
emission (Ep) was calculated as: Ep=A−Ae, where Ae is
methane storage if the area is at equilibrium with the
atmosphere. Ae=0.56×10

9 g CH4 if we proceed on the
assumption that 1.85 ppm is atmospheric CH4 by
volume and 3.5 nM is equilibrated dissolved methane
concentration. Spatial distribution of integrated methane
storage for the 2003 and 2004 study areas is shown in
Fig. 8a, b.

The calculated late summer potential emission
decreased more than five times from 5.12×109 g CH4

in 2003 to 0.99×109 g CH4 in 2004. This decrease may
be associated with changes from year to year in the
hydrological and meteorological parameters affecting
the marine methane cycle.
4.5. Concomitant dynamics of the coastal environment

The integrated methane storage calculated for the area
of comparison (Fig. 7) decreased about three times in
2004 compared to 2003. We have found correlation
between integrated methane storage (IMS) and other
integrated hydrological and geochemical parameters
calculated during our study. Note that we did not find
any correlation when using raw data. This difference
might indicate that the integrated values obtained by
vertical and horizontal linear interpolation between
available data points, draws a more accurate picture of
real distribution of the parameters within the water
column. Significant correlation between IMS and
integrated salinity values (r=0.61) and integrated values
of DIC (r=0.62) – both features that characterize marine
water as compared to the fresh water flowing onto the
shelf from streams and rivers – suggest that riverine
dissolved methane export can be only partly responsible
for the dissolved methane content of shelf water
(Fig. 9a, b). There must be another source of methane
to shelf waters besides riverine export; otherwise IMS of
shelf water would have increased in 2004 compared to
2003 following the significant enhancement of river
runoff in 2004 versus 2003 (29% for the Lena and 34%
for the Indigirka, http://www.arctic.noaa.gov/detect).

5. Discussion

5.1. Ventilation of methane to the atmosphere

Estimated methane flux demonstrated large spatial
and temporal variability (Fig. 6a, b). In 2003 the study
area exhibited greater spatial variability compared to
2004. The highest diffusive methane flux (1950 g CH4

km−2 d−1) was obtained in 2004 for a station in the
vicinity of the Dmitry Laptev Strait (Fig. 6b, spot 5). Two

http://www.arctic.noaa.gov/detect
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of the fluxmaxima in 2003 (Fig. 6a, spots 2, 3) and one in
2004 (Fig. 6b, spot 6) occurred close to the coast while
two, in contrast, occurred about 40–70 miles north of the
coast (Fig. 6a, spots 1, 4). With the exception of the very
north-easternmost part of the area studied in 2004 and the
area east of Novaya Sibir Island of the area studied in
2003, all this shelf area is a source of methane into the
atmosphere.

The area weighted mean flux was calculated to
280 g CH4 km−2 d−1 for 2003 and 116 g CH4 km−2

d−1 for 2004. The magnitudes of sea–air flux estimated
for the study area were generally greater than other
estimates for the open ocean, but some were comparable
to the flux estimates for other shelf regions (Lammers
et al., 1995; Damm et al., 2005). The extrapolated annual
flux for the study area (∼ 1.0×106 km2) was 0.17×1012 g
CH4 yr

−1 (0.17 Tg, Tg=1012 g) in 2003 and 0.05×1012 g
CH4 yr−1 (0.05 Tg) for 2004. For the total area of the
ESAS (equal to about 3.5×106 km2) annual flux equal to
0.5 Tg in 2003 and 0.15 Tg in 2004. This area, rep-
resenting only∼ 13% of the global area of the coastal seas
(27×106 km2), would generate up to 50%of the 1 TgCH4

yr−1 flux given in Cynar and Yayanos (1993) for the total
coastal seas area. Note that this estimate does not include
the maximum flux for plume areas which is orders of
magnitude larger.

We believe that a few additional points concerning
mechanisms of methane ventilation to the atmosphere
should be taken into consideration. First, the estimate
assumes a diffusion mechanism for methane transport to
the sea surface, but the most powerful mechanism for
methane transport in shallow shelf areas is bubbling or
ebullition (Chanton et al., 1989). Ebullition transports
methane directly to the atmosphere, bypassing the
mediating effects of an oxygenated sediment–water
interface and water column. A common misunderstand-
ing is that dissolved methane must exceed the solubility
of the gas in water (roughly 1 mM at 20 °C and
PCH4=1 atm) for bubbles to form. In fact, bubbles can
form at methane concentrations well below saturation
(Chanton et al., 1989). The proportion of methane
bubbles that survives passing through the water column
to reach the atmosphere generally depends on water
depth and bubble size. It was shown by Semiletov et al.
(1996) that from a depth of 10 m, bubbles with radius of
0.1 cm reach the air–water interface in 62 s losing only
15.1% of their methane. As mean depth within the study
area was 123 m in 2003 and 13.1 m in 2004, we can
assume that ignoring ebullition is a major gap in our
estimates.

Second, the Arctic Ocean has a natural trap for the
gas bubbles — sea ice. During the freeze-up period gas
bubbles are accumulated within ice structures in direct
proportion to surface water saturation, and in inverse
proportion to the speed of freeze-up (Zubov, 1938).
Bubbles observed within the fast ice can reach up to
10 cm in diameter, and can completely deform the
bottom of the fast ice. It is documented in the literature
that after ice within Dmitri Laptev Strait was demol-
ished using explosives (for the purpose of improving
navigation) a flame of burning methane was seen
(Zhigarev, 1997). We measured concentrations of
methane beneath the ice (November, 1994) equal to
20,000 nM (Semiletov et al., 2004). When the ice
begins to break up, methane accumulated beneath the
ice may be abruptly released into the atmosphere.

Third, ventilation of methane through the annual ice
is possible because of its brine content. It was shown that
methane was enriched in the air 2 m above the ice up to
4 ppm (Kelley andGosink, 1979). In summer time (June)
during the ice break period they measured concentration
of methane in surface seawater increased up to 107 nM.
A number of recent studies have shown that sea ice is
highly permeable to gases through numerous tiny
channels (Gosink et al., 1976; Semiletov et al., 2004).
In addition, more than 1% of shelf area consists of open
polynyas (Kulakov et al., 2003) providing a pathway for
methane to escape during the winter period.

Fourth, for the shallow ESAS, fall convection is
particularly important in late September to early October
(freeze-up period) when the probability of convection
penetrating down to the seafloor can reach 40–50%
(Kulakov et al., 2003). During the summer period the
surface layer warmed up to 8.5 °C (Fig. 2); subsequent
cooling during ice formation leads to vertical convec-
tion. Therefore, convective mixing may homogenize the
concentration of dissolved methane in a body of water
and increase super-saturation in the surface water
following the significant release of methane into the
atmosphere before ice formation is complete.

Fifth, it was mentioned above that the late summer
period was much windier in 2004 than in 2003. Since
the rate of gas exchange between the ocean surface and
the atmosphere is a function of wind speed, this
perturbation might have affected methane release
substantially. Moreover, the changing of the relatively
stable summer situation on the Arctic shelf to fall storm
conditions appears to be a possible triggering mecha-
nism for increasing the methane flux (Wanninkhof,
1992). In our estimates using long-term mean wind
speed (6 m/s) instead of actual measured wind speed
alters the resulting flux up to +9 times.

We calculated the late summer potential emission to
5.12×109 g CH4 in 2003 and 0.99×109 g CH4 in 2004.
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The study area experienced a flux value of 0.12 mg CH4

m−2 d−1 in 2003 and 0.07 mg CH4 m
−2 d−1 in 2004,

corresponding to a storage potential of 42.6 days in
2003 and 14 days in 2004. Thus, we can assume that a
significant part of the stored methane could be abruptly
released into the atmosphere during the short freeze-up
period. If this assumption is accurate, this pulsed
methane efflux from the Arctic shelf may contribute to
the drastic increase in atmospheric methane content
which is detected annually at the Barrow NOAA
Observatory (www.noaa.gov) in late September–early
October.

5.2. Sources of CH4 in the coastal zone

5.2.1. General view
It was considered until recently that, due to slightly

negative annual temperatures within the water column
Fig. 10. Vertical profiles of temperature (a), salinity
and the lid type coverage of shelf sediments by sub-sea
permafrost, old organic carbon buried on the ESAS is
completely prevented from becoming involved in the
modern carbon cycle. But relatively recently it was
shown that long-term impact of moderately subzero
temperatures should be regarded, not as the extreme and
limiting, but rather as a stabilizing factor supporting the
viability of microorganisms. Arctic organisms are well
adapted to the extreme temperature conditions within
permafrost, which is one of the most stable and balanced
of the natural environments called the cryobiosphere
(Gilichinsky, 2004).

Thus the ESAS, underlain by relict permafrost, is an
extraordinary area which provides the right environment
for in-situ methane production, accepts riverine export
of methane, and has some additional sources of methane
arising from the unique combination of geological,
climatic and hydrological features which characterize
(b), along the transect of study area 2003 (c).

http://www.noaa.gov


Fig. 11. Idealized Siberian Coastal Current (SCC) scheme and the main rivers supplying it (Weingartner et al., 1999).
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this region: methane release from retreating coastal ice
complexes, submerged submarine taliks, sub-bottom
permafrost itself and decaying gas hydrates.

5.2.2. The great Siberian rivers as methane sources
The Siberian shelves are an “estuary” for the Arctic

Ocean with 70% of the riverine input into the Arctic
derived from the discharge of the Lena, Ob, and Yenisey
(Semiletov et al., 2000). It is important to remember that
watersheds of the great Siberian rivers are situated
mainly in the permafrost area and receive water from the
numerous wetlands, streams and lakes that cover a
significant part of the land area. In general, the northern
lakes are thermokarst or thaw by origin (Hopkins and
Kidd, 1988). Thaw lakes are underlain by zones of
thawed permafrost called taliks. The depth of the taliks
increases with the age of thaw lakes and can reach 102 m,
providing a pathway for the organic reservoir immobi-
lized in permafrost to become involved in modern
biogeochemical cycling (Semiletov, 1999). The signif-
icance of thaw lakes for regional methane cycling was
shown by Zimov et al. (1997). Throughout the numerous
channels which form watersheds, dissolved methane is
transported to the rivers and thence to the ocean.

According to our results, the existence of riverine
sources ofmethane correlateswellwith spots 2, 3 (Fig. 4a)
Fig. 12. Spatial distribution of bottom sediment te
and spot 5 (Fig. 4c) where shallow water is totally mixed
(Fig. 10a, b). Vertical gradient of dissolved methane
concentration might be explained by the enhanced speed
of biological oxidation processes occurring within the
better aerated surface layer compared to the poorer aerated
bottom layer (Fig. 10c). Geographical orientation and
extent of these plumes also agree well with the main
direction of lateral advection in this area. The dominant
features of the lateral water dynamic along the coast are
the location and relative intensity of the Siberian Coastal
Current (SCC) in the offshore waters (Fig. 11). The SCC
originates in the western part of the ESS and incorporates
the outflows from the eastern Siberian rivers, of which the
Lena is the largest (Nikiforov and Shpaikher, 1980).
Besides its important role in dissolved methane transport,
the Lena River water entering the shelf plays a principal
role in warming bottom sediments; warming is distinctly
pronounced in the narrow and shallow strait areas (for
instance, Dmitry Laptev Strait). Sub-sea permafrost is
very fragile and sensitive to warming (Romanovskii and
Hubberten, 2001). Thus a changing thermal regime over
the ESS shelf may cause an additional increase inmethane
efflux into the atmosphere (Semiletov et al., 2004).

No thermal sediment studies have been done over the
shallow ESS shelf before. Our first in-situ measurements
of bottom sediment demonstrated positive temperatures
mperatures (results of direct measurements).



Fig. 13. Schematic profile of the onshore and offshore permafrost in the ESAS (adopted from Romanovskii et al., 2000).
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of up to 3 °C in the top 1 m sediment layer of the Dmitry
Laptev Strait, whereas across the ESAS the temperature
of marine sediments ranged from negative values (down
to −1 °C) to positive values (up to 2–3 °C), (Fig. 12).
Using original and historical measurement of seawater
temperature in all seasons (about 2–3 °C in summer and
near −1 °C in winter) we calculated the mean annual sea
floor temperature in the Dmitry Laptev Strait area to
1 °C. The positive temperature of water induces the
thermal abrasion of frozen seafloor deposits; however
seafloor thermal abrasion also takes place under negative
(subzero) temperatures because of the gradual dissolu-
tion of ground ice in salt water (“thermo-chemical”
abrasion). The seafloor abrasion rate, which varies on
average from 0.05 to 0.15–0.2 m yr− 1, depends
significantly on the ice content. The analysis of available
data shows that the depth of seawater within banks and
shoals has increased over time (Gavrilov et al., 2003).

5.2.3. Biogenic production
The major portion of methane in the marine environ-

ment is believed to originate from organic matter that is
decomposed microbially in the uppermost meters of the
sediments. Annually, more than 9 Tg C yr−1 mineralizes
within the Russian part of the Arctic Ocean— an amount
equal to that accumulated within all the rest of the World
Ocean (Vetrov and Romankevich, 2004).

The sediment type demonstrated consistent distribu-
tion features, with percentage contribution of the silt
fraction being almost the same everywhere within the
study area. The silt fraction, with particle size b0.01 mm
and organic content=1.9%, is the most likely compo-
nent of the sediments to host in-situ methane production.
Increase in the relative abundance of furfurals with
respect to nitriles in sedimentary organic carbon from
the western to the eastern Siberian coast indicated an
increase in organic matter freshness and a concomitantly
easier involvement of this organic matter in modern
biogeochemical cycling (Guo et al., 2004). Our data
showed that there is a trend of increasing bottom
methane concentration eastward. On the other hand, we
can see that the pycnocline features become more stable
as one moves eastwards and the river influence
decreases. The vertical water density gradients are the
strongest in the central area of the eastern ESS (between
Lopatka Peninsula and Novaya Sibir Island) and in the
zone influenced by the drifting ice edge (Kulakov et al.,
2003). Within all these areas the high concentrations of
dissolved methane were measured (Fig. 4a, spot 1; Fig.
4c, spot 6; Fig. 5b, all the area adjacent to the fast ice
boundary), suggesting a subsurface methane source.

5.2.4. Coastal ice complexes (ICs) and thermokarst
taliks

We assume the main feature of the ESAS that it might
be considered as a system of submerged thermokarst
lakes, formed thermokarst lagoons and retreated ICs.

During the Late Pleistocene and Holocene, the
transgressing sea first covered the structures that dip
below the general surface and were already occupied by
the thermokarst lakes (Romanovskii et al., 2000). Part of
these lakes may be underlain by taliks, which are
structures consisting of sediments that remain thawed all
year. During several thousands of years, the develop-
ment of taliks beneath a thaw lake can completely
penetrate even permafrost that is hundreds of meters in
thickness (Chekhovskiy and Shamanova, 1976). Thaw
lakes migrated across the North Siberian plains during
the Holocene period (Tomirdiaro, 1980), releasing to the
atmosphere a huge amount of CH4. Half of this released
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CH4 was derived from Pleistocene carbon. We know
this because CH4 collected from thaw lakes in winter
had an average 14C age of 27 kyr (Zimov et al., 1997).
This age indicates that Pleistocene sediments deposited
20 kyr to 40 kyr ago contributed 68% to 100% of the
CH4 flux from these lakes. In contrast, CH4 emitted in
the summer had an average 14C age of 9.2 kyr,
indicating that Pleistocene carbon fueled 23 to 46% of
summer methanogenesis, and thus that more CH4 was
produced in the younger surface sediments, which are
warmer in summer than winter.

During the same time period the shoreline moved
southward in the LS by 300–400 km and in the ESS by
800–900 km. As a result, during the Holocene the Arctic
shelf was covered by numerous thaw lakes, which later
transformed into “thermokarst lagoons” (Fig. 13). This
transformation provided the taliks beneath the lakes with
thermal conditions that, in time, favored complete
penetration of the taliks. Indeed, the shallow bottom
sediment (and underlying permafrost) in the ESAS has
been warmed about 15 °C after flooding before, prior to
and during the Holocene optimum (about 6–8 kyr ago,
Romanovskii and Hubberten, 2001). Because they are
under the water, submarine taliks can produce methane
year-round; this methane tends to accumulate under sea
fast ice. The process of submarine talik penetration is
likely to be reinforced by the impact of bottom thermal
erosion and of geothermal heat flow. Formation of the
open taliks is also dependent on seismic events; that is
why numbers of open taliks are formed along the active
fault zones. We can therefore expect open taliks to exist
anywhere within the 90 m isobath, correlated with area
seismic activity. Taking this fact into account, we can
better understand the sharpness of spatial gradients in
dissolved methane distribution obtained during our
study. Thus, we can assume the origin of bottom plumes
measured in 2004 within Dmitry Laptev Strait to be a
sub-sea bottom talik which might have been penetrated
due to the simultaneous influence of Lena River heat
efflux, the upward geothermal flux typical of active fault
zones, and seismic activity within these zones.

The near-shore system of the ESASwidely consists of
ICs, which are ice-rich syncryogenic deposits with
massive ice wedges. This system has been strongly
affected by global warming and exhibits the highest
range of coastal erosion in the world, compared to other
near-shore systems (Stein and Macdonald, 2003). In this
way, the Bykovskii Peninsula is presently being
transformed into an island (Romanovskii et al., 2000).
In our previous studies we obtained concentrations of
dissolved methane in the thermokarst lakes of the
Bykovskii Peninsula up to 2×107 nM (Semiletov,
1999). Note, that concentrations of dissolved methane
in seawater beneath the sea ice obtained in November
1994 in the vicinity of Bykovskii Island were the same
orders of magnitude (Semiletov et al., 2004). It means
that terrestrial methane source and offshore methane
source have the same origin.

Muostakh Island, which in the recent past was
connected to the Bykovskii Peninsula, is presently at
the point of completely vanishing. The sediment within
an IC might harbor methanogenic microorganisms
which are able not only to preserve their viability in
permafrost at temperatures down to −20 °C, but also to
carry out their metabolic reactions at subzero tempera-
tures (Rivkina et al., 2004).

5.2.5. Sub-sea gas hydrates release
The ESAS is considered to be underlain with gas

hydrates deposits which occupy about 37% (1.25×
106 km2) of the total area and have a volume of about
1.1×1014 m−3 (Soloviev et al., 1987). Following per-
mafrost degradation due to bottom thermo- and chemo-
abrasion and upward heat flux within fault zones, gas
hydrates can become vulnerable and begin to decay,
allowing the release of methane from the gas hydrates.
Using a modeling approach, Semiletov et al. (2004)
demonstrated such a mechanism for Barrow (Alaska)
where gas hydrates appeared to decay. Development of
taliks beneath submerged thaw lakes can also be
considered as a potential mechanism by which deep
methane gas hydrates, which lie beneath the sea bottom
at depths below 100 m (Romanovskii et al., 2000), may
be disturbed.

Considerable gas levels in permafrost were revealed
under the floor of Arctic seas and on land (Are, 2001). A
particularly powerful gas discharge erupted from a well
drilled through the sub-sea permafrost on the Pechora
sea shelf; a gas–water fountain originated from the hole
50 m beneath the sediment surface (at a water depth of
64 m), and at one point the fountain rose 10 m above the
ship. The echo sounding carried out at the drilling site
10 days after this event revealed an underwater fountain
10 m in diameter, with a height 40 m above the sea floor.
We know of one case when the release of gas bubbles
from the sea floor was not only observed visually, but
also measured. As early as the 1960s, M. Ivanov
measured gas bubbles sampled in the foredelta of the
Yana River at the edge of the Lapev Sea (Are, 2001).
Measurements showed a high CH4 content (38.6%) and
significant amounts of helium and argon which were
indicative of the deep origin of this gas.

According to our data; one of the bottom plumes
(spot 1, 3, Fig. 5) is correlated with the location of a
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geological fault zone called the “Bel'kovsko–Svyato-
nosskiy Rift” (Imaev et al., 2000). According to the
results of direct measurements of geothermal heat within
main normal faults of the ESS, the value of the heat flux
ranged from 64 mW m2 to 124 mW m2 (Soloviev et al.,
1987). The magnitude of the geothermal heat flux is a
crucial component of the LS geological model, which
predicts the existence of open taliks under fault zones
with high geothermal heat flux values (100 mW/m2 and
more) (Romanovskii and Hubberten, 2001). Together
with surface sea floor heat flux this energy input would
trigger disturbance of gas hydrates deposits.

Recently, methane hydrates of different origin (relic)
have been found within the pores of near-surface
continuous permafrost in northeastern Siberia (Rivkina
et al., 1998). These relic hydrates were likely formed in
the past and now exist due to a self-preservation
phenomenon at a depth of 20–200 m (Chuvilin et al.,
2000; Dallimore et al., 2001). These relic gas hydrates
may be uniquely associatedwith free gas occurrence in ice
bonded permafrost. Upon thawing this methane is
released abruptly, contributing to the atmospheric meth-
ane budget. Microbial origin of gas within permafrost
suggests the possibility of natural gas presence in all areas
of permafrost, independent of the deep gas hydrates
deposits. The results of the studies confirm a wide
spreading of natural gas within shallow permafrost, which
had been considered earlier as an unfavorable medium for
natural gas accumulation (Chuvilin et al., 2005). The
possible contribution of shallow permafrost natural gas
accumulations to emission into the atmosphere during
global warming is unknown.

6. Conclusions

The ESAS is the broadest and shallowest shelf in the
World Ocean. The observed distribution of dissolved
methane and possible mechanisms of methane release in
connection with observed dynamics of coastal environ-
ments suggest that this area is an important natural
source of methane to the atmosphere; which tends to be
affected by ongoing global change. The extreme
methane anomalies in plume areas indicate the presence
of both surface and bottom methane sources, which
might reflect unique geological, hydrological and
climatic factors. Although it represents only 13% of
the total world coastal seas area, it has been calculated
that ESAS produces up to 50% of total marine methane
emission to the atmosphere; this is likely to be a
significant underestimate due to the fact that there is no
proper approach for estimating ebullition in Arctic shelf
regions, as well as due to a number of other factors
discussed in the paper. Degradation of underlying
permafrost, retreat of coastal and submerged ice
complexes, an increase in the discharge of East Siberian
Rivers, and possible disturbance of gas hydrates
deposits (either deep or relic) are all factors which
together may lead to an unprecedented abrupt increase
in air–sea methane transmission. This work points out
the great need for data from long-term investigations of
this hitherto insufficiently studied region. In comparison
to other global sources of methane the Arctic Ocean is
thought to be a small source to the global atmosphere,
but due to our results we can assume a larger
contribution, which will tend to increase under warming
conditions. Additional methodological studies are
required to obtain reliable transport coefficients that
will enable a better evaluation of methane flux in the
Arctic regions.
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