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Extensive Methane Venting to the
Atmosphere from Sediments of the
East Siberian Arctic Shelf

Natalia Shakhova,**t Igor Semiletov,** Anatoly Salyuk,? Vladimir Yusupov,?

Denis Kosmach,” Orjan Gustafsson?

Remobilization to the atmosphere of only a small fraction of the methane held in East Siberian
Arctic Shelf (ESAS) sediments could trigger abrupt climate warming, yet it is believed that
sub-sea permafrost acts as a lid to keep this shallow methane reservoir in place. Here, we show that
more than 5000 at-sea observations of dissolved methane demonstrates that greater than 80% of
ESAS bottom waters and greater than 50% of surface waters are supersaturated with methane
regarding to the atmosphere. The current atmespheric venting flux, which is composed of a
diffusive component and a gradual ebullition component, is on par with previous estimates of
methane venting from the entire World Ocean. Leakage of methane through shallow ESAS waters
needs to be considered in interactions between the biogeosphere and a warming Arctic climate.

of the Arctic contain a megapool of carbon
in shallow reservoirs {/-3), most of which
is presently sequestered in permafrost (4, 5).

The terrestrial and continental shelf regions

Sustained release of methane (CH,) to the atmo-
sphere from thawing Arctic permafrost is a likely
positive feedback to climate warming (3, 6). Arc-
tic CH, releases are implied in both past climate

shifts (7, 8) and the renewed growth of contem-
porary atmospheric CHy (9, 7). Observed Arctic
warming in early 21st century is stronger than
predicted by several degrees (fig. SIA) (//-14),
which may accelerate the thaw-release of CH, in
a positive feedback. Investigations of Arctic CHy
releases have focused on thawing permafrost
structures on land (2, 4-6, 15, 16) with a scarcity
of observations of CH, in the extensive but
inaccessible East Siberian Arctic Seas (ESAS),
where warming is particularly pronounced (fig.
S1A) (I1).

The ESAS (encompassing the Laptev, East
Siberian, and Russian part of the Chuckchi seas)
occupies an area of 2.1 x 10° km?, three times as
great as that of terrestrial Siberian wetlands. It is a
shallow seaward extension of the Siberian tundra
that was flooded during the Holocene transgres-
sion 7 to 15 thousand years ago (17, 18). The ESAS
sub-sea permafrost (fig. SIB), which is frozen
sediments interlayered with the flooded peatland
(18), not only contains comparable amounts of
carbon as still land-fast permafrost in the Stberian
tundra but also hosts permafrost-related seabed
deposits of CH, (/9). Moreover, ESAS sub-sea
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permafrost is potentially more vulnerable to
thawing than terrestrial permafrost. In contrast
to on-land permafiost, sub-sea permafrost has ex-
perienced a drastic change in its thermal regime
because of the seawater inundation. The annual
average temperature of ESAS bottom seawater
(~1.8° to 1°C) is 12° to 17°C warmer than the
annual average surface temperature over on-
land permafrost (18, 19). A physical implication
of combined bottom-up geothermal and top-
down seawater heat fluxes is the partial thawing
and failure of sub-sea permafrost and thus an
increased permeability for gases. We conse-
quently hypothesized that CHy is released from
seabed deposits to vent extensively to the Arctic
atmosphere.

To test our hypothesis, we have undertaken
annual field campaigns (August to September,
2003 10 2008; six cruises in total), one helicopter
survey (September 2006), and one over-ice
winter expedition (April 2007) (20, 21). On the
basis of a more limited coverage, we previously
demonstrated that CH, is released from ESAS
sediments to the overlying water column (22, 23).
The objective of the present study is an integrated
assessment of multiple years of observations for
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the whole of the ESAS in order to provide an
estimate of the venting flux of CHj to the atmo-
sphere over the entire ESAS. [t is this estimate of
CH, flux to the atmosphere that has been missing
and has prohibited a quantitative evaluation of
the putative climate impact of ESAS CH,. The
CH, flux estimates are based on 5100 scawater
samples from 1080 stations—a larger database
than for any previous ocean CHy study (24)—
geographically distributed over the ESAS (Fig.
1A). The “landscape™ of coastal waters is for-
tunately less heterogeneous than the terrestrial
tundra counterpart. Hence, this assessment of
coastal CH, fluxes may be contrasted with up-
scaling challenges facing estimates of greenhouse
gas emissions from the tundra, which nonetheless
are usually limited to measurements at a few sites
(4-6, 15, 16).

The dissolved CH, concentrations in ESAS
during summers of 2003 to 2008 demonstrate a
ubiquitous supersaturation oves large spatial scales.
Although there are some spatial and vertical gra-
dients, the emerging picture is that most of the
ESAS is supersaturated with CH, in the near-
bottom waters (Fig. 1B), with >50% of the ESAS
surface waters being supersaturated (Fig. 1C).
The median summertime supersaturation was
880% in background areas and 8300% in hotspot
areas [supporting online material (SOM) text]
(2]). Besides the vertical profiles with maxi-
mums near the seafloor, which is common to the
oceanic water column (25), the dissolved CHy
distribution in the ESAS varied to maximum near
the surface and had uniform distribution through-
out the water column.

170E

Both the bottom- and surface-water-dissolved
CHj concentrations in winter (~3° to 7°C colder
than in summer), which were measured in the
studied area beneath the sea ice (Fig. 2A), were 5
to 10 times higher than in summer yct had the
same distribution within the water column (Fig.
2B). Such vertical profiles point to a rapid trans-
port mechanism such as ebullition, which is con-
sidered to be a predominant mechanism of CHy4
transport in shallow waters and particularly when
CH, releases from seabed deposits (26). Large
bubbles of gas entrapped within the fast (annual)
sea ice werc observed i winter (Fig. 2C), with
CH, concentrations of up to 11,400 parts per mil-
lion by volume (ppmv). Manifestations of ebul-
lition were furthermore registered acoustically as
bubble clouds, which rose from the seabed through-
out the entire water column or, at deeper locations,
to subsurface layers (fig. S2). Taken together, the
observations demonstrate that the ESAS—the
world’s largest continental shelf sea—is peren-
nially laden with CH, all the way up to the sea
surface.

The horizontal and vertical CH, distributions
indicate a sedimentary source, yet other sources
were considered. Riverborne export of CH4 was
excluded on the basis of measurements in, for
example, the Bykovskaya Channel, which is the
main outflow of the Lena River (fig. S3). Dis-
solved CH, concentrations decreased downstream
through the delta channel and then increased again
in coastal waters, suggesting scparate Ssources.
Production of CH, in the water column was also
deemed unlikely to account for the high ESAS
concentrations. Mixed-layer maxima of CHy4 in
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Fig. 1. Summertime observations of dissolved CH, in the ESAS (21). (A) Positions of oceanographic stations in the eastern Laptev Sea and East Siberian Sea;
bathymetry tines for 10, 20, and 50 m depth are shown in blue. (B) Dissolved CH, in bottom water. (C) Dissolved CH, in surface water. (D) Fluxes of CH, venting

to the atmosphere over the ESAS.
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the open ocean in the 4-to 10-nM range have been
suggested to be associated with either high rates of
primary production, methanogenesis inside anaer-
obic microenvironments of sinking particles
(23, 27), or through decomposition of methyl-
phosponates in the tropical ocean (28). ESAS
primary production is suppressed by factors of
100 to 1000 as compared with that of the open
ocean because of lack of sunlight and highly turbid
waters, whereas CH, levels are 10-fold larger (Fig.
1, B and C). The acoustic-geophysical record
combined with the vertical CH, profiles suggest
that the water column inventory in the ESAS stems
from sedimentary release. Because the ESAS av-
erage depth is only 45 m, the water column pro-
vides a short conduit for bottom-released CH,4 to
be vented to the overlying atmosphere (Fig. 1D).
This distinguishes CH, venting in the ESAS
from sedimentary releases in deeper waters, in
which the bulk of CH, would be oxidized before
reaching the sea surface (25, 29).

Fig. 2. Wintertime ob-
servations of dissolved
CH, in the ESAS 21). (A)
Dissolved CH,; measured
beneath the sea ice. (B)
Vertical distribution of
dissolved CH; along the
transect, shown as a blue
dotted line in (A). (C) Bub-
bles of gas entrapped
within the sea ice were
ubiquitously observed
[the diameter of the bore-
hole is ~37 cm (72.59°N,
130.11°E), April 2007].
The black-arrow raster
line shows the route of
the helicopter-based air
CH, survey in September
2006.

>
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Mixing ratios of CHy in the atmospheric
boundary layer provide direct evidence for CH,
escape. For instance, high-frequency surveying
along the >4000-km Northeast Passage demon-
strates a consistently clevated mixing ratio of
CH,, relative to the latitude-specific monthly
mean (LSMM) (30), and with extreme variability
(Fig. 3A), as is expected near sources. From
values averaging 2.10 £ 0.02 parts per million
(ppm) (1 SD) through the Kara Sea, the CH,
mixing ratio increased markedly after passage
through the Vilkitskyi Strait and entering the
ESAS, averaging 2.97 + 0.15 ppm in the Laptev
Sea and 2.66 + 0.09 ppm in the East Siberian Sea,
with spikes in the 64 to 82 ppm range. A
helicopter-mounted survey over the Laptev Sea
during September 2006 demonstrated that the
CH, mixing ratio in the atmosphere was elevated
by 5 to 10% up to 1800 m in height (Fig. 3B).

To estimate the total annual CHy flux (F))
from the ESAS, six separate components of the

East -Siberian Sea CO,, ppm
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total flux budget were considered to account for
differences in ice coverage [summer (Fi) versus
winter (Fy,)] and mechanism of water column
transfer [diffusive-dissolved (Fiy) versus ebullition-
bubbles (F.)] integrated over the areal extent of
the two regions with different source strengths
[background (Fy,) versus hotspots (F,)] (31).

Mean diffusive fluxes were estimated by means
of the surface-film model for each population
(32). The summertime ebullition component was
taken as the difference between the total flux as
measured directly with eddy covariance techniques
(33-35), and this calculated the diffusive flux.
Hence, the averaged CH, flux, based on mean
daily actual wind speed for the 90 percentile of the
data set, yielded a mean flux of 3.67 mg m?2d!,
which was prorated to the background area of
1.9 % 10° km?. A mean flux of 11.8 mgm *d™' was
prorated to the area of the hotspots (0.2 % 10° km?).
Summertime diffusive contribution of the back-
ground area was thus composed of 0.69 Tg C-CHs,,
and hotspots added 0.24 Tg C-CH,4 to the total
summertime diffusive flux of 0.93 Tg C-CH,4
(Fgs = Fagp + Fyen) (Table 1). The total summer
flux in background areas (Fy,) was 1.56 Tg C-CH,,
which thus constrains the ebullition component
(Fesb) to 0.87 Tg C-CH, (Fmb =Fagp + chb)~ The
total summertime CH, flux in hotspot areas (Fiq)
was 0.63 Tg C-CH,, with 0.39 Tg C-CH, as the
ebullition component (Fiep) (Fn = Fash T Fen)-
Total CH, flux for the period of open water thus
reaches 2.19 Tg C-CHy (Fis = Fup T Fisn)-

For the winter period, dissolved CH, concen-
trations beneath the sea ice were 5 to 10 times
higher than in the summer (Figs. 1 and 2). Hence,
we assume that CH, concentrations, accumulat-
ing beneath the sea ice, represent the sum of the
diffusive (potentially accumulated) winter flux
component (Fyg,,) and ebullition winter flux com-
ponent (F.,; potentially accumulated as increased
CH, from dissolution of most bubbles during
storage under the ice) (Table 1). Given a constant
rate of CH, release from the seabed throughout
the year, the 265-days-long ice-covered period in
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Fig. 3. Survey of CH, mixing ratio in the atmospheric boundary layer along
the northern Eurasian seaboard (21). (A) Mixing ratio of CH, in the air above

the water surface measured along the ship route
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in September 2005 {(red

dotted line shows the LSSM of 1.85 ppmv established for the Barrow, Alaska,

USA, monitoring station at 71° 19° N, 156° 35’ W (www.cmdl.noaa.gov/ccgg/
insitu.html). The position of the transects are shown as color dotted lines in
fig. S1B. Red, the Kara Sea; black, the Laptev Sea; orange, the East Siberian
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Sea. (B) Vertical mixing ratio of CH, in the atmosphere above southeast
Laptev Sea (72.49°N, 130.51°E) as measured during a helicopter survey in
September 2006 (the helicopter route is shown as black-arrows in Fig. 2A).
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Table 1. Components of the annual CH, flux in the ESAS. In af, a is the
mean, b is the 95% upper confidence limit of the flux, and ¢ is the 95%
lower confidence limit of flux. Fyg, diffusive summer flux in background
areas; Fqqn, diffusive summer flux in hotspots; Fy;, total diffusive summer
flux (Fgs = Fusp + Fuasn); Fesp, ebullition summer flux component in
background areas; F.qp, ebutlition summer flux component in hotspots; Fe,
total ebullition summer flux component (Fes = Fesp + Fest); Fawty diffusive winter
flux in background areas; Fyup, diffusive winter flux in hotspots; Fa,, total
diffusive winter flux (Faw = Fawb + Fawn); Fewn €bullition winter flux component
in background areas; Fe,p, ebultition winter flux component in hotspots; Fey,

REPORT:

total ebullition winter flux companent (o, = Foup + Fewn); Fisb, total summer flux
in background areas (Fup, = Fug, + Fesp); Fisn, total summer flux in hotspots (Fu, =
Fash + Fesn); Fis, total summer flux (Fs = Fisp + Fan); Frwn, total winter flux in
background areas (Fup, = Fawb + Fewt); Foute total winter flux in hotspots (Fyp =
Fauh + Feun); Fu, total winter flux (Fy, = Fuup + Foumd; Fis total flux in background
areas (Fy, = Fip + Foap); Fine total flux in hotspots {Fy, = Fisp, + Frun); Fr, total
annual flux (F, = Fy, + Fy). The methods to calculate the fluxes and to derive the
statistical population parameters for each flux companent are presented in (21)
and the SOM text, and the parameters used for calculations are described in
table S2.

Component name Background Hotspots Total
p 9
Area (km?) 1.9 x 10° 0.2 x 10° 2.1 x 10°
Diffusive summer flux 0.71 031 1.01
0.69; 0.24 0.93
(Tg C-CHa), Fuss, Foon, Fos o o o
Ebullition summer flux 1.26 0.41 167
0.87 0.39 126
(Tg C'CHA): Festr Feshr Fes 065 0.38 1.03
Total summer CH, flux 1.97 0.71 2.68
1.56 0.63 2.19
(Tg C-CHy), Fust, Fiste Fis 1 055 1n
Diffusive winter (accumulative potential) flux 1.84 0.78 2.62
1.8y 0.62 2.42
(Tg C-CHy), Fawbs Fawns Faw 32 044 116
Ebullition winter flux, 3.2 123 4.43
2.2 1.17¢ 3.37
(Tg C'CH4): Fewbl Fewh; Few 169 114 2.83
Total winter (accumulative potential) flux 5.04 2.01 7.05
4.0 1.79 5.79
(Tg (-CH4), wa, th’ Fw 3.01 1.58 4.59
Total annual flux 7.01 2.72 9.73
5.56 2.42 7.98
(Tg C-CHy), Fup, Fin Fe 4.18 2.13 6.31

the ESAS (Fawp) could thus accumulate 1.8 Tg of
C-CH4 from the background areas and an addi-
tional 0.62 Tg C-CH, from the hotspots (Fawh) to
yield a total diffusive wintertime flux of 2.42 Tg
of C-CHy (Fay = Faun + Fawn), With a portion
vented to the atmosphere through wintertime
polynyas and the rest at ice break-up. Because the
ice-covered period is only 2.5 times longer than
the ice-free period, whereas concentrations of
dissolved CH, are 5 to 10 times higher, we sug-
gest that contribution of ebullition to annual CH,4
emissions from the ESAS could be significant.

The ebullition component of the flux for the
ice-covered period was estimated by applying
scaling coefficients according to the relative size
of diffusive and ebullition components in the
summer. Wintertime ebullition fluxes were thus
2.2 Tg C-CHy (Fews) and 1.17 Tg C-CHy (Fewn),
which gives 4.0 Tg C-CH, in total for the back-
ground areas (Fup = Fawb + Fews) and 1.79 Tg
C-CH, for the hotspot areas (Fuwn = Fawnt Fown)-
Together with the total summer flux of 2.19 Tg
C-CH,, this cotresponds to a total annual venting
flux of CH, to the ESAS atmosphere of 7.983 7
Tg C-CH, (Table 1), which does not include
nongradual ebullition. Although such releases of
strong CH,4 pulses occur (Fig. 3A and fig. S2, the
“spikes™), this component is not included in the
total flux estimate, which thus is conservative
because the spatial and temporal pattern of such
nongradual “catastrophic event” ebullition is
uncertain.

The diffusive flux component was about 40%
of the total annual CHy flux, with the remainder
being vented through gradual ebullition (Table 1).
The winter component (including ice break-up)

was 2.5 times larger than the summer flux and
about one third of the total flux emanated from the
hotspot areas covering ~10% of the ESAS area.
The annual outgassing from the shallow ESAS of
7.982;% Tg C-CH, is of the same magnitude as
existing estimates of total CH, emissions from the
entire world ocean (7, 25). Although the oceanic
CH, flux should be revised, the current estimate is
not alarmingly altering the contemporary global
CH, budget. These findings do change our view
of the vulnerability of the large sub-sea permafrost
carbon reservoir on the ESAS; the permafrost
“lid” is clearly perforated, and sedimentary CHy is
escaping to the atmosphere.

There remains substantial uncertainty regard-
ing several aspects of the CH, release from the
ESAS. To make predictions of future develop-
ment of these CH, releases, there needs to be
progress in the comprehension of the forms and
locations of the sedimentary CH, sources as well
as how each may respond to Arctic change. Multi-
dimensional isotopic analysis of the released CHy
is one method to apportion the CH,, sources and
to constrain the flux attenuation that is attribut-
able to microbial CH, oxidation. The relative
importance of the various flux components may
also be independently approached by means of
detailed observations of atmospheric mixing ratios
throughout the year because enhanced venting
may be expected during fall breakdown of water
column stratification (September to October) and
ice breakup (May to July). To discern whether
this extensive CHy venting over the ESAS is a
steadily ongoing phenomenon or signals the start
of a more massive CH, release period, there is an
urgent need for expanded multifaceted investiga-

tions into these inaccessible but climate-sensitive
shelf seas north of Siberia.

References and Notes
. Intergovernmental Panel on Climate Change (IPCC), The
Scientific Basis (Cambridge Univ. Press, New York, 2007).
2. C. Tarnocai et al., Global Biogeochem. Cycles 23,
GB2023 (2009).
3. 1. S. Gramberg, Yu. N. Kulakov, Yu. . Pogrebitsky,
D. S. Sorokov, Proc. World Pet. Congr. 11, 93 (1983).
4. S. A. Zimov, E. A. G. Schuur, F. S. Chapin lil, Science 312,
1612 (2006).
5. E. A. G. Schuur et al., Nature 459, 556 (2009).
6. K. M. Walter, S. A, Zimov, ]. P. Chanton, D. Verbyla,
F. S. Chapin i, Nature 443, 71 (2006).
7. E. G. Nisbet, ]. Chappellaz, Science 324, 477 (2009).
8. V. V. Petrenko et al., Science 28, 506 (2009).
9. W. C. Oechel et al., Nature 361, 520 (1993).

10. M. Rigby et al., Geophys. Res. Lett. 35, 122805 (2008).

11. www.eoearth.org/articte/State_of _the_Arctic_Report

12. F. W. Zwiers, Nature 416, 690 (2002).

13. V. M. Kattsov et of., Arctic Climate Impact Assessment
(ACIA) Scientific Report 2004, chap. 4, Future Climate
Change: Modeling and Scenarios {Cambridge Univ. Press,
New York, 2005), pp. $9-150.

14. R. W. Lindsay, J. Zhang, A. ). Schweiger, M. A. Steele,
H. Stern, J. Ctim. 22, 165 (2009).

15. 1. P. Semiletov, }. Atmos. Sci. 56, 286 (1999).

16. M. Mastepanov et al., Nature 456, 628 (2008).

17. V. A. Soloviev, Sixth International Conference on Gas in
Marine Sediments, St. Petersburg, Russia, 5 to 9
September 2000, abstr, pp. 123-125.

18. N. N. Romanovskii, H.-W. Hubberten, A. V. Gavriloy,

A. A. Eliseeva, G. S. Tipenko, Geo-Mar. Lett. 25, 167 {2005).

19. V. A. Soloviev, G. D. Ginzburg, E. V. Telepnev,

Yu. N. Mikhaluk, Cryothermia of Gas Hydrates in the
Arctic Ocean (VNiiOkeangeologia, St. Petersburg, 1987).

20. We deployed our field laboratories on ice-strengthened
smatl- and mid-sized ships that were suitable for
aperation in shallow ESAS waters. Seawater samples were
immediately drawn from conductivity-temperature-depth
(CTD)-Niskin bottles and analyzed onboard with gas
chromatography (21).

-

www.sciencemag.org SCIENCE VOL 327 5 MARCH 2010

Page 4 of 5

1249



Science 5

ORTS

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.

Materials and methods are available as supperting
material on Science Online.

N. Shakhova, |. Semiletov, G. Panteleev, Geophys. Res. Lelt.
32, 109601 (2005).

N. Shakhova, . Semiletov, | Mar. Syst. 66, 227

(2007).

All the seawater-dissolved CH, concentration data are
publicly and freely available at http://research.iarc.uaf.
edu/$555/. A description of this large database as
compared with previous ocean CH, studies is presented in
table 53.

W. S. Reeburgh, Chem. Rev. 107, 486 {2007).

|. Leifer, B. Luyendyk, ]. Boles, }. Clark, Global
Biogeochem. Cycles 20, GB3003 (2006).

N.}. P. Owens, C. S. Law, R. F. C. Mantoura, P. H. Burkill,
C. A. Lleweliyn, Nature 354, 293 (1991).

D. M. Karl et al., Nat. Geosci. 1, 473 (2008).

G. K. Westbraok et al., Geophys. Res. Lett. 36, L15608
(2009).

LSMM closest to the study area is established for the
Barrow, Alaska, USA, monitoring station at 71° 19’ N,

3L

32.
33.
34

156° 35’ W (www.cmdl.noaa.gov/ccgg/insitu.html); it is
equal to 1.85 ppmv.

The division into two subpopulations for background and
hotspot areas within the ESAS was based on a statistical
approach detailed in SOM text 52.1 and displayed
graphically in fig. S4. These two resolved populations
were then first subjected to an empirical distribution
function (EDF) test {SOM text $1.1). The results of the
EDF test (table $1) yielded that a lognormal distribution
function best fit the data. This function was hence used
when applying the maximum likelihood (ML) method to
calculate the statistical population parameters mean and
variance [expressed as upper and lower 95% confidence
limits (equations are provided in SOM text S1.1)]. The
derived population parameters, displayed in table 52,
were then used to estimate the overall ESAS CH, fluxes as
summarized in Table 1.

R. Wanninkhof, J. Geophys. Res. 97 (C5), 7373 (1992).
D. D. Baldocchi, Glob. Change Biol. 9, 479 (2003).

). B. Edson, A. A. Hinton, K. E. Prada, ]. E. Hare,

C. W. Fairall, . Atmos. Ocean. Technol. 15, 547 (1998).

35. T. Fujitani, Pap. Meteorol. Geophys. 36, 157 (1985).

36. We thank V. Sergienko, G. Golitsyn, 5. Akasotu,
L. Hinzman, and V. Akulichev for their support of our
work in the Siberian Arctic. This research was supported
by the International Arctic Research Centre through a
National Oceanic and Atmospheric Administration
Cooperative Agreement, the Far Eastern Branch of the
Russian Academy of Sciences, the Russian Foundation for
Basic Research, NSF, the Swedish Research Cound, and
the Knut and Alice Wallenberg Foundation.

Supporting Online Material
www.sciencemag.orglcgilcontent/fullBZ7/5970/1246/0(1
Materials and Methods

SOM Text

Figs. 51 to 54

Tables 51 to $3

References

21 September 2009; accepted 21 January 2010
10.1126/science.1182221

~

Page 5 of 5

/



