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Figure 2. Hydro-acoustical images of detected seep fields including flares observed in P1 (September–October 2011).
(a)Medium seepfields includingflares (MF); (b) Large seepfields associatedwith large flares (LF). (c) Small seepfield associated
with small flares (SF).

During the observed period, bubble release from single vents varied from 1.5 to 5.7 bubbles s−1;
for approximately 50% of the time fluxes remained steady, but then they ceased or increased;
in a few seeps, fluxes stopped for approximately 30% of the observed time but then started up
again. For our estimates, we assumed steady flux maintained approximately 50% of the time by
3.6 bubbles s−1 of 4 mm in radius, giving a mean flux of 0.044 mmol-CH4 s−1, corresponding to
3.4 mol-CH4 d−1 or 54.4 g d−1 from one vent. This implies that areal flux would vary depending
on the number of vents within the seepage area, which might change from tens to hundreds in
one seep field.

(c) Methane fluxes by absolute calibration
To approach area-weighted fluxes, we estimated the density of the seep fields in the study area.
First, we established a relationship between seep field occurrence along the ship’s path and the
area covered by a sonar beam in a single survey. To minimize uncertainty while establishing a
correlation between backscatter value and seep occurrence, we performed in-depth investigation
of a few seep fields in order to achieve the densest area coverage possible in particular field
conditions (electronic supplementary material, figure S4). For example, in the 5.76 km2 F5 seep
field, 2.3 km2 was actually insonified, which represents 40% of the total seep field area; in the
9.8 km2 F93 seep field, we achieved 13% coverage of the entire seep field area. The size of
the examined area was estimated by multiplying the total length of the vessel’s path over the
sections of the examined area by the width of the zone sounded by sonar. Density was then
estimated by dividing the size of the examined area by the number of observed seep fields of
a certain size. We calculated mean CH4 fluxes from SF, MF and LF seep fields to be 30.8, 88 and
176 g CH4 m−2 d−1, respectively. Using estimated density, integrated minimum CH4 flux to the
water column in the P1 was estimated to be 1.94 × 1010 g CH4 d−1 (electronic supplementary
material, table S2).

These results suggest that estimates based on calibration curves are more conservative than
those performed based on direct observations of bubbles, because the radii of the observed
bubbles were larger than were those used in calibration. Another reason could be that when
bubbles are released as large streams, they might interact with each other creating acoustical
coupling; this could potentially decrease the sonar return signal (backscatter) [32]. A number of
uncertainties exist in the quantitative assessment of bubble-transported CH4 fluxes, because the
gas exchange between bubbles and water depends on bubble size, shape, bubble rise velocity as
well as on varying properties of seawater [33]. One such uncertainty springs from the fact that the
ability of single-beam sonar to capture seeps outside the area covered by the beam is limited. To
minimize this uncertainty, coverage of 13–40% was achieved during in-depth studies of chosen
seep fields (electronic supplementary material, figure S4). Another uncertainty is related to the
sporadic nature of seeps and flares, which causes high temporal variability of CH4 fluxes [23,24].
When acoustic targets are highly concentrated (like bubbles in plumes), a shadowing effect might
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Figure 3. Results of CH4 flux observations in the Ivashkina Lagoon (October 2013). (a) The former thermokarst lake (mean depth
less than 2 m) is transforming into a sea lagoon; (b) bubble releases in the lagoon occur from the steep narrow depressions
observed in the north part of the lagoon; (c) CH4 releases occur from shallow depths and reach the atmosphere. Estimated rates
of these releases are from 5.5 to 24 g m−2 d−1.

occur [22]. To eliminate or minimize the shadowing effect, some authors [32,33] have suggested
using frequencies higher than 50 kHz and calibrating the sonar system using gas emitted at
known flux rates that was implemented in our study.

In October 2013, we performed observations in the southernmost part of P2 (figure 1),
in Ivashkina Lagoon, which has been progressively inundated during the last approximately
100–200 years, replacing a former thermokarst lake (figure 3). The importance of this investigation
is in that according to an existing assumption (which is one of the most important in permafrost
modelling), submerged thermokarst lakes, which widely developed over the ESAS in the
beginning of the Holocene, become frozen after submergence; therefore, no gas release should
have occurred from that lagoon [14,17]. Despite that assumption, we observed vigorous bubble
release from narrow and steep depressions aligned parallel to the lagoon’s northern edge.
Backscattering cross-sections of the bubbles emitted from 17 seeps observed in the Ivashkina
Lagoon were recorded for 36 h using portable single-beam sonar, which was calibrated in situ
during the same campaign. In the Ivashkina Lagoon, CH4 fluxes observed in October 2013 ranged
from 5 to 24 g m−2 d−1 (averaged over the total area of 3000 m2). Our observations demonstrate
that understanding of the process of permafrost degradation and associated permeability of
permafrost for gases after submergence needs to be improved.

(d) Fraction of methane reaching the sea surface
To assess what fraction of CH4 bubbles reaches the sea surface, we performed experimental work
from the fast ice in April 2013 in the southern part of P2. We drilled a hole in the sea ice and
created an artificial seep at approximately 6 m water depth as described above. A gas tank was
installed on the fast ice. By tuning the valve (changing the pressure) installed on the gas tank
head, bubble flow controlled by a flowmeter was changed from 0.2 to 2.0 l min−1 by creating
a flow of approximately 5 mm diameter bubbles. We captured these bubbles escaping from the
water surface using a chamber installed over the hole in the sea ice. After 1 h of exposure, we
examined the composition of gas collected in the chamber and measured actual CH4 flux from
the water surface. Our data show that at a shallow water depth, approximately 67–72% of CH4
remains in the bubbles when the bubbles reach the sea surface (electronic supplementary material,
table S3). This assessment is only applicable to shallow water depths; to assess the fraction of CH4
that reaches the surface from deeper water, there is a need to perform additional investigations of
bubble plume dynamics in the water column.
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Figure 4. Reconstructed velocity fields and trajectories of the passive tracer particles (dissolved CH4 molecules) launched in
the ESAS. (a) Results of a 2 year run (700 days CH4 pool turnover time). (b) Results of a 3 year run (1000 days CH4 pool turnover
time). Current velocities are shown as blue arrows; CH4 trajectories in the first year are shown as red arrows, in the second year
as green arrows, and in the third year as black arrows.

(e) Fate of methane released to the water column
How much of the CH4 carried by bubbles will reach the sea surface and be released to the
atmosphere largely depends on the CH4 flux rate, water depth and in situ release conditions
that control transfer processes [32,33]. Most of the CH4 dissolves in the water column, building
up an aqueous CH4 inventory. The fate of dissolved CH4 largely depends on the interaction
between a few factors: the turnover time of dissolved CH4 in the water column, the stability
of the water column against vertical mixing and the rates of turbulent diffusion and lateral
advection. Dissolved CH4 in the outer ESAS requires 300–1000 days to be oxidized in the
water column because CH4 oxidation rates are very low (mean ± 1 s.d.: 0.0988 ± 0.1343 nM d−1,
p = 0.95, n = 328). During this time, some of the aqueous CH4 inventory is likely to be released to
the atmosphere during storms [10]. The remaining dissolved CH4, captured beneath the sea ice
in winter, can spread further from the ESAS via currents (figure 4), and some can escape to the
atmosphere through leads and breaks in the ice [34].

4. Discussion and conclusion

(a) Role of the sea ice
Sea ice serves as a natural physical barrier that restricts CH4 emissions from the ESAS during the
ice-covered period. Because the temperature in the Arctic has increased at twice the rate as in the
rest of the globe, and the region is expected to increase an additional 8◦C (14◦F) in the twenty-first
century [3], longer periods of open water and shorter ice-covered periods [35,36] are occurring.
Increasing periods of open water implies an increasing number of storm events, when wind speed
increases to 15 m s−1 or more and the boundary between sea surface and air increases many times
due to deep water mixing. Such events have the potential to rapidly ventilate bubble-transported
and dissolved CH4 from the water column, producing high emission rates to the atmosphere.
Because more than 75% of the total ESAS area is less than 50 m in depth, the water column
provides bubbles with a very short conduit to the atmosphere. Storms enable more CH4 release
because they destroy shallow water stratification and increase the boundary between sea surface
and air, thus increasing gas exchange across phase boundaries. As a result, bubble-mediated,
storm-induced CH4 ‘pulses’ force a greater fraction of CH4 to bypass aqueous microbial filters
and reach the atmosphere [10].

In addition, about 10% of the ESAS remains open water in winter due to formation of flaw
polynyas. It was shown that flaw polynyas provide pathways for CH4 escape to the atmosphere
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during the arctic winter [37]. Areas of flaw polynyas in the ESAS increased dramatically (by up
to five times) during the last decades, and now exceed the total area of the Siberian wetlands
(electronic supplementary material, figure S5). This implies that the ESAS remains an active
source of CH4 to the atmosphere year-round. Increasing storminess [38–40] and rapid sea-ice
retreat [36] causing increased CH4 fluxes from the ESAS are possible new climate-change-driven
processes. Continuing warming of the AO will strengthen these processes, and the role of the
ESAS as a year-round contributor to global CH4 emissions will grow over time.

(b) Implications for future emissions
These new data together with those obtained previously show very high variability of CH4 fluxes
in the ESAS. On the one hand, this points to a lack of established methods that can be used
for quantitative assessment of fluxes, both diffusive and bubble-transported. Indeed, because the
major driving parameter in calculations of diffusive fluxes is wind speed, adjustment of climatic
winds to actual winds changed the estimated CH4 fluxes by two orders of magnitude [41,42].
Quantitative derivation of bubble fluxes remains difficult because seep fields could include flares
and a number of factors affect the seabed, water column and sea–air fluxes [24,32,33]. In the ESAS,
the water column is very shallow and provides a very short path for bubble-transported CH4 to
the atmosphere. Because the ESAS is the largest shelf in the World Ocean, the development of
methods applicable for estimating bubbling flux from large areas over a relatively short time
(the period of open water in the Arctic) is very important. Among the methods used to date, the
hydro-acoustical method described in [23] and modified in this study seems to be most suitable
for flux estimates over large areas rather than for localized in situ observations, which could be
more area-specific. In situ calibration of an operational system allows the measured echo level
of a known acoustically insonified bubble volume to be directly related to the bubble flux rate,
reducing the number of system parameters that must be known.

On the other hand, these data support the hypothesis that variability of CH4 fluxes is
determined by the current state of subsea permafrost, which is undergoing destabilization caused
by the long-lasting warming effect of inundation by seawater that started at the beginning of
the Holocene. Indeed, in the ESAS, organic carbon (Corg) contents of sediments vary by only
a factor of approximately 4, while CH4 fluxes vary by orders of magnitude (figure 5). Such
flux variability could be determined by many factors, including the deep geological structures;
however, test results showed that when ice saturation is more than 80%, CH4 gas can be
completely sealed within the permafrost [43]. This means that when subsea permafrost is ice-
bonded and continuous, it is virtually impermeable for mass transfer from geological sources
beneath the permafrost [44,45]. Therefore, the state of subsea permafrost is becoming a key factor
controlling CH4 fluxes from the seabed to the water column in the ESAS.

The range of modern CH4 emissions from the seafloor in the ESAS serves as a baseline for
monitoring future dynamics in CH4 fluxes from the ESAS. We suggest that within the entire
range of observed fluxes, the lowest fluxes are associated with an initial degree of subsea
permafrost thawing observed in the shallow shelf outside the areas affected by faults, rivers and
pre-existing thermokarst. These fluxes are fuelled by modern methanogenesis occurring within
sediment accumulations of the Holocene age, which have never been frozen, and/or within
partially thawed older sediments beneath them. The highest rates observed over the outer shelf
area are likely to represent the maximum emissions, which combine recently produced CH4
and long-accumulated pre-formed CH4 escaping from seabed deposits through gas migration
pathways that are growing in capacity. Shallow hot spots, currently releasing CH4 at high rates,
are representative of local subsea permafrost disintegration that takes place in areas subjected
to development of deep/open taliks due to increased fault-related geothermal flux and/or river
heat-induced flux and/or thermokarst progression after submergence.

The observed range in CH4 emissions associated with different degrees of subsea permafrost
disintegration implies substantial and potent emission enhancement in the ESAS as the process
of subsea permafrost thawing progresses with time. While it is still unclear how quickly CH4 flux

 on February 24, 2016http://rsta.royalsocietypublishing.org/Downloaded from 

http://rsta.royalsocietypublishing.org/


11

rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A373:20140451

.........................................................

130° E

70° N

72° N

74° N

76° N

78° N

74°

76°

78°

72°

(a) (b)

135° E 140° E 145° E 150° E 155° E 160° E
110° 120° 130° 140°

<0.5

>2.0

organic carbon (%)

1 – 0.5
1 – 1.5
1.5 – 2

165° E

Figure 5. Distribution of total Corg in the surface sediments versus current state of subsea permafrost and methane (CH4)
fluxes from the sea floor/sea surface in the ESAS. As seen from panel (a), the percentage of Corg in the surface sediments
varies by a factor of 4 (from less than 0.5% to more than 2%) over the ESAS; Corg content distribution is based on analysis of
samples from more than 700 sites visited in the ESAS during 2003–2009. Polygon 1 (P1) is representative of ESAS areas where
the Corg percentage varies from low to moderate levels (less than 0.5–1.5%); polygon 2 (P2) is representative of ESAS areas
where the highest Corg percentage (more than 1.5%) is observed. P1 and P2 are marked with black rectangles. (b) Rates of
CH4 fluxes observed in the ESAS versus results of permafrost modelling. Areas marked in coral represent areas where subsea
permafrost is predicted to be exhibiting the most advanced stages of degradation due to duration of inundation; CH4 fluxes to
the bottom water vary from 30 to 170 g m2 d−1. Areas marked in yellow represent areas of modelled taliks developing due to
geological factors (faults) and warming effect of river discharge; estimated fluxes to the bottomwater in these areas vary from
5 to 24 g m2 d−1; fluxes to the atmosphere in one such area was estimated from 100 to 630 mg m2 d−1 [10]. Areas marked in
blue represent the areas where subsea permafrost presumably remains the least disintegrated; CH4 fluxes from these areas vary
from 3 mg m2 d−1 (in background areas) to 30 mg m2 d−1 (in the hot spots) [9]. Green colour shows the land; orange linesmark
the coastline.

rates will change, the current process of Arctic warming and associated sea ice loss [35,36] will
accelerate this process. The potential for the release of substantial amounts of CH4 from the ESAS
region has important implications not only for atmospheric CH4 concentrations but also, given
CH4’s potency as a greenhouse gas, for the global climate. Because the ESAS contains the largest
and arguably most vulnerable stores of subsea CH4 [2,10,46,47], inclusion of the ESAS source in
global climate models should be considered a high priority.
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