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Abstract Recent studies have suggested that the marine contribution of methane from shallow regions
and melting marine-terminating glaciers may have been underestimated. Here we report on methane sour-
ces and potential sinks associated with methane seeps in Cumberland Bay, South Georgia’s largest fjord sys-
tem. The average organic carbon content in the upper 8 m of the sediment is around 0.65 wt %; this
observation combined with Parasound data suggest that the methane gas accumulations probably origi-
nate from peat-bearing sediments currently located several tens of meters below the seafloor. Only one of
our cores indicates upward advection; instead most of the methane is transported via diffusion. Sulfate and
methane flux estimates indicate that a large fraction of methane is consumed by anaerobic oxidation of
methane (AOM). Carbon cycling at the sulfate-methane transition (SMT) results in a marked fractionation of
the d13C-CH4 from an estimated source value of 265& to a value as low as 296& just below the SMT.
Methane concentrations in sediments are high, especially close to the seepage sites (�40 mM); however,
concentrations in the water column are relatively low (max. 58 nM) and can be observed only close to the
seafloor. Methane is trapped in the lowermost water mass; however, measured microbial oxidation rates
reveal very low activity with an average turnover of 3.1 years. We therefore infer that methane must be
transported out of the bay in the bottom water layer. A mean sea-air flux of only 0.005 nM/m2 s confirms
that almost no methane reaches the atmosphere.

1. Introduction

Methane is an important greenhouse gas, whose atmospheric concentration has increased by a factor of 2.5
since preindustrial times [IPCC, 2013]. Because its radiative forcing relative to CO2 is �21 times higher,
atmospheric methane levels play an important role in climate models [Badr et al., 1991], which estimate a
global warming potential of methane to be 86 times that of CO2 in the next 20 years [IPCC, 2013]. Even
though the oceanic methane source is thought to be small, there is evidence suggesting that the marine
contribution from shallow regions may have been underestimated [Hovland et al., 1993; McGinnis et al.,
2006; Mau et al., 2015]. This is particularly true at high latitudes where the effects of climate change are
amplified [Walter et al., 2006; Archer et al., 2009; Carlson, 2013]. Methane release from permafrost [Christen-
sen, 2004; Schuur and Bockheim, 2008], gas hydrate dissociation [Jung and Vogt, 2004; Mienert et al., 2005],
and sea ice melting [Walter et al., 2006; Damm et al., 2015] have all been put forward as possible factors that
might accelerate methane release to the atmosphere. Most of these high-latitude studies have been con-
ducted in the Arctic, and so far only little is known about methane dynamics in the Southern Ocean [Hee-
schen et al., 2004; R€omer et al., 2014a].

R€omer et al. [2014a] report on the first observation of widespread seepage around South Georgia, via hydroa-
coustic mapping of methane release on the northern shelf of this island. The hydroacoustically imaged gas
plumes are referred to as flares. Although mapping was limited, 133 instances of flares were detected, all of
which seem to be restricted to the fjords and glacial troughs along the shelf [R€omer et al., 2014a]. The authors
also suggest that natural seepage in the Southern Ocean might be more common than previously expected
due to high organic matter input to shelf areas around Antarctica that are also influenced by glaciers [Schlitzer,
2002; Wadham et al., 2012; Murphy et al., 2013].
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This study follows on the work of R€omer et al. [2014a] with a detailed look into the carbon source and its
sinks associated with the reported flare activity in the Cumberland Bay, South Georgia’s largest fjord system.
For this purpose, we discuss biogeochemical methane-related processes in the sediments, the fractionation
of the stable carbon isotopes of methane during its rise from the source to the seafloor, the fate of methane
in the water column, and possible escape into the atmosphere. We focus on the two major flare sites within
Cumberland Bay, described and named by R€omer et al. [2014a]: the Cumberland Bay Flare and the Grytviken
Flare.

2. Study Site

The Island of South Georgia is an isolated microcontinental block in the NE of the North Scotia Ridge [Cun-
ningham et al., 1998], which lies 350 km south of the Antarctic Polar Frontal Zone (Figure 1 inset) [Orsi et al.,
1995; Murphy et al., 2004]. The South Georgia Mountains are heavily glaciated with series of ice fields feed-
ing glaciers that most commonly terminate in the ocean via steep sided bays and U-shaped fjords (Figure
1). The bays and fjords dissect the coastline to the north and south of the island and extend into major gla-
cial cross-shelf troughs [Graham et al., 2008], with a consistent pattern of glacial features such as moraines
and inner sediment basins [Hodgson et al., 2014].

Cumberland Bay, situated centrally on the northern shoreline of South Georgia, is the largest of the bays on
the island and is divided into a western and eastern section. Cumberland Bay East is approximately 15 km
long, 3–5 km wide, and up to 270 m deep. Two moraines are present in the east segment of the bay: the
inner basin moraine corresponds to the last glacial advance during the last glacial maximum (>18.6 ka),
and the outer basin moraine is correlated to marine isotope stage 6 (MIS6) [Hodgson et al., 2014]. The outer
basin moraine is more pronounced than the inner moraine, with a sill depth of �100 m that limits circula-
tion with the surrounding ocean waters.

The general ocean circulation around South Georgia is dominated by the eastward flow of the Antarctic Cir-
cumpolar Current (ACC) (Figure 1). The Subantarctic Front (SAF) and the Polar Front are located to the north

Figure 1. Study area in Cumberland Bay East on South Georgia. All six stations are marked by a red circle. The transect is shown from sta-
tion 1 to station 5, which sampled two major flare sites: Grytviken Flare and Cumberland Bay Flare. Inset shows schematic locations of the
ACC fronts across the Scotia Sea, adapted from Orsi et al. [1995] and Murphy et al. [2004]. Fronts are (north to south) the Subantarctic Front
(SAF), the Polar Front, the Southern ACC Front (SACCF), and the Southern Boundary of the ACC (SB).
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of the island, and the Southern Antarctic Circumpolar Front (SACC) lies immediately south [Ward et al.,
2002; Meredith, 2003a; Murphy et al., 2004]. A prominent water mass around South Georgia is the Antarctic
Surface Water (AASW), which extends from Antarctica to the Polar Front [Orsi et al., 1995]. Flowing beneath
the AASW, the Circumpolar Deep Water (CDW) is commonly divided into the Upper CDW (UCDW) and the
Lower CDW (LCDW) [Orsi et al., 1995; Meredith, 2003b].

Oceanographic conditions around South Georgia result in a rich ecosphere and large phytoplankton plumes
[Whitehouse et al., 1996; Korb et al., 2004] that are particularly intense on the northern shelf area of South
Georgia and in the Georgia Basin [Borrione and Schlitzer, 2013]. Enhanced supply of iron from the island and
rapid recycling of nitrogen provide a good base, which in the presence of a shallow stable stratification cre-
ated by seasonal warming and local inshore conditions, result in large phytoplankton blooms [Atkinson
et al., 2001].

Cores recovered during the RV POLARSTERN cruise ANT-XXIX/4 in March/April 2013 from the Cumberland
Bay fjord consist of muds to sandy muds. Sediment color varies between black or dark green to grey and
some have evidence of bioturbation. In general, the sediments display a homogenous lithology [Bohrmann,
2013].

3. Material and Methods

To characterize the methane system fed by seeps in Cumberland Bay, we analyzed sediment and water
samples collected from six stations during RV POLARSTERN cruise ANT-XXIX/4 in March/April 2013 (Figure 1)
[Bohrmann, 2013].

3.1. Methane and Organic Carbon in Sediment Samples
Sediment cores were collected using a 10 m long gravity corer. Three sediment cores were taken within the
Cumberland Bay starting with a core close to the glacier (GC 258-1) and two cores close to the main seep-
age sites (Grytviken Flare GC 284-1, Cumberland Bay Flare GC 281-2). Another core was taken at station 6
(GC 280-1) located approximately 45 km southeast of the bay area on the northern South Georgia shelf (Fig-
ure 1).

Immediately after recovery, the cores were cut in 1 m sections. Sediment samples (3 mL) for methane analy-
ses were obtained at every freshly cut surface using cutoff syringes and transferred into 20 mL glass vials
prefilled with 5 mL of 1 M NaOH [Kvenvolden and McDonald, 1986]. The headspace gas was analyzed with a
two-channel 6890N gas chromatograph equipped with a capillary column and a Flame Ionization Detector
(GC-FID) as described in Pape et al. [2010]. Precision was better than 2.4%.

Headspace samples were also analyzed for the stable carbon isotope ratio (13C/12C) of CH4. The majority of
the samples (with methane concentrations of >0.6 mM) were analyzed using a GC-isotope ratio mass spec-
trometer (GC-IRMS) at the MARUM in Bremen, with a precision better than 60.4%. The stable carbon iso-
topic composition of the upper four CH4 samples collected at station 4 with GC 281-2 were analyzed by
GEO-data (Environmental-Laboratory in 30827 Garbsen, Germany), because the methane concentrations of
these samples were too low for the GC-IRMS at MARUM. The samples collected from 38 and 138 cmbsf
could be only analyzed once due to their low carbon content. The other sample in 238 cmbsf was analyzed
twice and the results agree within 0.5&. Comparisons of the isotopic composition of those samples
reported by both laboratories agree within 0.3&. In all cases, stable carbon isotopic ratios are reported in d
notation in parts permil relative to the Vienna PeeDee Belemnite (V-PDB).

Total organic carbon (TOC) contents were determined on freeze-dried and homogenized bulk sediment
samples, using the carbon-sulfur analyzer ELTRA CS-2000, after removal of the total inorganic carbon (TIC,
carbonates) with HCl.

3.2. Pore Water Sampling and Analyses
Pore water from gravity cores was extracted using rhizons (Rhizosphere Research Products) with an average
pore size of 0.15 mm according to the procedure described by Seeberg-Elverfeldt et al. [2005]. Subsamples
taken for the analysis of the stable isotopic composition (d13C) of dissolved inorganic carbon (DIC) were pois-
oned with HgCl2. These analyses were conducted at Oregon State University using a Gas-Bench II automated
sampler interfaced to a gas source stable isotope mass spectrometer as described in Torres et al. [2005].
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The precision of the d13C measurements based on replicate analyses of a NaHCO3 stock solution and is better
than 60.1&. Unfortunately, the alkalinity titrator did not work properly during the cruise; therefore, we report
estimates of DIC concentrations based on the voltage peak obtained during d13C measurements, also cali-
brated against analyses of a NaHCO3 stock solution. Precision of the DIC concentrations determined by this
technique is �4%.

Pore water sulfate concentrations were analyzed at the Alfred Wegener Institute (AWI) in Bremerhaven
using a Metrohm Ion-Chromatograph Compact IC 761.

We use Fick’s first law [Berner, 1980] to estimate diffusive fluxes of SO22
4 , DIC, and CH4 toward the sulfate-

methane transition (SMT), also known as sulfate-methane interface (SMI), a reaction zone where these two
metabolites get depleted [Niew€ohner et al., 1998; Borowski et al., 1999; Paull et al., 2000], as:

J 5 –u 3 Ds 3 dC=dz (1)

where J is the diffusive flux (mmol/m2 a), u is the assumed sediment porosity of 0.7, and Ds is the sediment
diffusion coefficient for each parameter. Ds was calculated after Boudreau [1997], where Ds 5 D0/h, with a
porosity-deviated tortuosity (h) of 1.71. We used the seawater diffusion coefficients (D0), which are 4.64E-
10 m2/s for SO22

4 , 4.81E-10 m2/s for DIC/HCO2
3 , and 7.29E-10 m2/s for CH4 [Schulz, 2000]. The concentration

gradient is given by the pore water concentration (dC) in mmol and the sediment depth (dz) in cmbsf.

3.3. Water Column
Hydrocasts were carried out using the ship’s Sea-Bird Electronics, Inc. SBE911plus (Sea-Bird Electronics) CTD,
which records salinity, temperature, pressure, and dissolved oxygen. The unit was mounted on a carousel
with 24 3 12 L water sampling bottles. Water samples were subsampled for dissolved methane, methane
oxidation rates, and d18O analysis of seawater. From total four hydrocast stations in this study, three were
located within the Cumberland Bay and one (CTD 286-1) immediately outside the bay. Within the Cumber-
land Bay, station 1 was situated closest to the Nordenskj€olk Glacier with CTD 282-1 and the other two CTDs
were located close to the main seepage sites (Grytviken Flare: CTD 284-3, Cumberland Bay Flare: CTD 281-1)
(Figure 1).

Methane concentrations were obtained using a modification of the Vacuum Extraction method of Lammers
and Suess [1994]. Briefly, we collected 700–750 mL of seawater directly from Niskin bottles into preevac-
uated 1 L gas-tight glass containers. The dissolved gas in the preevacuated bottles was separated from the
water by high-grade vacuum extraction [Rehder et al., 1999; Keir et al., 2009]. The released gas was collected
and analyzed onboard using a two-channel gas chromatograph 6890N from Agilent Technologies using a
Flame Ionization Detector. Precision of this analysis ranges between 5 and 10%. The stable carbon isotopic
composition of two water samples was analyzed after Damm et al. [2005], modified after Popp et al. [1995]
and Faber et al. [1998].

Methane oxidation (MOx) rates were determined from ex situ incubations of water samples in 100 mL
serum vials. Sampling and incubations were performed as described in Mau et al. [2013]. MOx rates were
then calculated assuming first-order kinetics [Reeburgh et al., 1991; Valentine et al., 2001]:

MOx 5 k0 3 ½CH4� (2)

where k’ is the effective first-order rate constant calculated as the fraction of labeled methane oxidized per
unit time, and [CH4] is the in situ methane concentration.

Control samples were frequently taken and poisoned by 10 M NaOH immediately after the addition of the
tracer, as described by Valentine et al. [2001] and Mau et al. [2013]. The mean (x) and SD (s) of all controls
sampled during the cruise were calculated and the limit of detection (LOD) was set as:

LOD 5 x 1 3s (3)

LOD was 0.0006 day21. The MOx values were also corrected for differences between in situ and incubation
temperatures. Replicates differ on average by 17%.

The subsamples for d18O were stored without a headspace in 5 mL glass vials outfitted with Polyseal cone
lined caps and sealed with PARAFILM. Samples were analyzed within 3 months by dual inlet mass spectrom-
etry using a DeltaPlusXL isotope ratio mass spectrometer at Oregon State University [after Epstein and
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Mayeda, 1953]. Data are presented in the typical delta notation (d18O) versus VSMOW (Vienna Standard
Mean Ocean Water). Standard deviation is better than 60.5&.

4. Results

4.1. Sediment
The results of the pore water analyses are ordered along the transect stations of three cores (GC 258-1, GC
284-1, and GC 281-2), starting with the core closest to the glacier within the bay and finishing with the core
taken outside the bay at station 6 (GC 280-1). The data are stored in PANGAEA. The pore water profiles illus-
trated in Figure 2 show the concentration profiles of CH4, SO22

4 , and DIC in the left plot of each station and
the isotopic composition of CH4 and DIC on the right plot. The SMT is marked in the plots where both, sul-
fate and methane are depleted.

Core GC 258-1, retrieved from station 2 close to the marine-terminating Nordenskj€olk Glacier (Figure 1),
shows methane concentrations that range from 0.003 to 0.004 mM. Sulfate is present over the whole length
of the core and decreases from 26 mM in the shallowest sample to 6 mM at 663 cmbsf. DIC concentrations
slightly decrease downcore from 27 to 9 mM. Low methane concentrations in this core precluded analyses

Figure 2. Sediment profiles showing (left) concentrations of SO22
4 , DIC, and CH4 for each station and (right) d13C values of CH4 and DIC. Numbers and arrows denote fluxes toward the

sulfate-methane transition (SMT) for methane (grey) and sulfate (black) in mmol/cm2 yr. (See Figure 1 for sample location and Table 1 for flux data.)
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of its isotopic composition. d13C-DIC range
from 211.6& in the upper sediment section to
214.6& in the lower part of the core.

Methane concentrations in core GC 284-1
retrieved from station 3, close to the position
of the Grytviken Flare, are below 0.02 mM in
the top 238 cm and show an approximately lin-
ear downward increase up to 14.1 mM from

338 cm to the bottom of the core at 830 cmbsf. Sulfate concentrations decrease steadily from 24 mM at the
top of the core down to 280 cmbsf, where the SMT is located. DIC concentrations fluctuate between 18 and
42 mM; we observe an increase in the upper 400 cm, below which, DIC concentrations decrease. The most
negative values for d13C-CH4 can be observed below the SMT, where we obtained a value of 296.7& at
338 cmbsf; followed by a downcore increase to 282.4&. Even if the samples collected from 38 and 138
cmbsf could be only analyzed once by GEO-data due to very low methane concentrations, the sample in
238 cmbsf yields a similar 13C-CH4 enriched value of 275.8&, which confirms the strong offset in the d13C-
CH4 above the SMT. The isotopic composition of dissolved inorganic carbon (d13C-DIC) below the SMT fol-
lows the same trend as the stable carbon isotopic composition of CH4, with an increase from 215.5& at
320 cmbsf to 22.1& at 730 cmbsf. Above the SMT, where the offset of the isotopic composition of CH4 is
�23&, there is no discernable offset in the d13C of the dissolved inorganic carbon.

Core GC281-2, taken at station 4 and located close to the Cumberland Bay Flare, has a low methane concen-
tration of 0.3 mM in the uppermost sediments. Methane concentrations are highest between 164 and 364
cmbsf reaching a maximum of 14.6 mM at 264 cmbsf. In the deeper part of the core, methane values fluctu-
ate between 2.8 and 4.7 mM. Sulfate is depleted compared to bottom water concentrations in the upper
meter of the core and then remains below 0.6 mM down to the bottom of the core. The SMT is located at a
depth of �80 cmbsf, which is relatively shallow compared to the other sites. The DIC concentrations steeply
increase with depth in the upper meters from 8 to 29 mM and then decrease to 21 at 820 cmbsf. Below
360 cm, d13C values are relatively constant and fluctuate around 265& for CH4 and around 19& for DIC.
This is the only core that shows positive d13C-DIC values. In the shallow sediment, a shift to lighter d13C val-
ues toward the SMT is observable for both, CH4 and DIC.

Methane analyses for core 280-1, taken at station 6 outside the bay area, reveal low concentrations from
the seafloor down to 400 cmbsf. Below this depth, methane concentrations increase to a maximum of
10.8 mM. Sulfate decreases linearly from the uppermost sample to 500 cmbsf (27–1 mM); sulfate concentra-
tions below that depth remain lower than 1.5 mM. DIC concentrations decrease steadily from 5.6 to
40.3 mM. The SMT is located around 503 cmbsf. A decrease in d13C-DIC values from 214.4& to 225.5& is
observed in the upper 400 cm of the core; below 500 cmbsf, the d13C-DIC values increase to 21.1&. The
same trend can be seen in d13C-CH4 where the values increase below the SMT from 284.4 to 275.8&.

The estimated diffusive fluxes of SO22
4 , DIC, and CH4 toward the SMT are listed in Table 1. All three parame-

ters reveal the highest fluxes at stations 4 and 3, which correspond to the Cumberland Bay and Grytviken
Flare sites presented by R€omer et al. [2014a] (Figure 1). The lowest fluxes were determined at station 1,
where SO22

4 is present over the whole length of the core. The SMT was not reached with this core; therefore,
fluxes into the SMT could not be calculated for this station.

Total organic carbon contents measured in sediments from the Grytviken Flare station fluctuate around
0.65 wt %.

4.2. Water Samples
Water was collected throughout the water column along a four station transect (station 1, 3, 4, and 5).
Results from our hydrocast stations are illustrated in Figure 3, starting with the stations closest to the glacier
within the bay and moving over the flare sites out of the bay. The depth profiles indicate three different
water layers. A layer was designated at the depth where most of the parameters show a clear change. The
uppermost layer extends from the sea surface to approximately 25 m, the middle layer extends from 25 m
to either 150 or 200 m, and the bottom layer extends from that depth to the seafloor. The data are stored in
PANGAEA.

Table 1. Sulfate (SO22
4 ), Dissolved Inorganic Carbon (DIC), and Meth-

ane (CH4) Fluxes of Each Sediment Core Toward the Sulfate-
Methane Interface SMT in mmol/cm2 yr

Station/GC SO22
4 DIC CH4

3/284-1 20.135 0.116 20.061
4/281-2 20.539 0.291 20.361
6/280-1 20.086 0.095 20.089
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Figure 3. Water column profiles of salinity, temperature, and oxygen data for our CTD casts (CTD number mentioned below the station). Oxygen isotopes of water (d18O), methane con-
centrations, and methane turnover rates (k’) were obtained from water samples collected during the casts. The derived variables ,T and methane oxidation (MOx) rates are plotted in the
right plot of each station. Light blue marked areas show freshwater lens produced by glacier melts and the grey areas indicate high methane concentrations associated with a decrease
in oxygen and temperature, and a slight increase in density.
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Station 1, located closest to the Nordenskj€olk Glacier is our shallowest station with 101 m water depth. Two
distinct layers can be observed. The upper 25 m of the water column indicate slightly cooler temperature
(2.358C) and lower salinity (33.3) compared to the deeper water. Below 25 m, salinity (�33.8) remains stable
and temperature increases to 2.698C at 62 mbsl and decreases to 2.5 toward the seafloor. The other parame-
ters remain relatively constant throughout the water column. Oxygen decreases only slightly from 7 to
6.7 mL/L toward the seafloor. No d18O data are available from this station. Methane concentrations are rela-
tively low, and range from 3.8 to 8.5 nM. The rate constant (k’), which provides an indication of the relative
activity of methane-oxidizing microorganisms in the water sample, fluctuates between 0.0007 and 0.0019
per day at this station.

At station 3 (Grytviken Flare), three different layers can be observed in the water column. The uppermost
layer is solely defined by a salinity minimum of 32.9. Temperature and oxygen decrease slowly from the sur-
face to 160 mbsl—the middle layer, below which there is a faster decline in both parameters (2.3–1.68C and
6.7–5.4 mL/L) toward the seafloor. Methane concentrations also show a change at 160 mbsl; the concentra-
tions increase from below 5 nM in the middle layer to 57.7 nM at the seafloor—in the bottom water. The rel-
ative activity (k’) shows a slight indication of lower values in the bottom water (0.0006 day21) in contrast to
the water above (0.0012 day21). However, this change occurs not at 160 m, but somewhere between 180
and 235 m. Oxygen isotopes show a linear increase from the sea surface down to the seafloor (20.4 to
20.21&).

At station 4 (Cumberland Bay Flare) also three layers can be identified, the uppermost layer differs again by
its lower salinity. Salinity increases in the uppermost 20 m from 33.3 to 33.7. The temperature is 2.88C; it
decreases steadily to 2.08C toward 190 mbsl and in the deepest 50 m temperature decreases with a steeper
gradient, reaching 1.68C at 252 mbsl. The oxygen profile follows the same trend as the temperature curve, a
small decrease in the first 190 m (7.2–6.4 mL/L)—the middle layer—and then a faster decline down to
5.1 mL/L in the bottom layer. Oxygen isotopes decrease from 20.45 to 20.2& toward the seafloor. Meth-
ane concentrations are below 5.5 nM for most of the water column, only close to the seafloor values
increase to concentrations of 25.4 nM. The relative methanotrophic activity has higher values in the central
layer and decreases in the bottom water toward the seafloor.

Station 5 lies immediately outside the Cumberland Bay; it is the deepest station with a water depth of
272 m. A separation into different layers was not done because the transitions appear to be smoother and/
or were not observable in most parameters as it was the case at the other sites. There is no salinity mini-
mum in the surface water, salinity slightly increases with water depth from 32.9 to 34.1. Both, temperature
and oxygen decrease with depth, however, the stronger decline in oxygen at 215 mbsl is not observed in
the temperature profile, as it was the case for CTD 281-1 and 284-4. Oxygen isotopes have the lowest values
in the surface water, decline downward and show the lightest d18O values of 21.7 to 22.0& close to the
seafloor. Methane concentrations are low and fluctuate between 2.9 and 5.2 nM, only one value reaches a
concentration of 9.5 nM at 210 mbsf. Highest methanotrophic activity (k’) was found in the intermediate
layer and lower values again in the bottom layer (0.0004 day21).

5. Discussion

5.1. Methane Source
Our stable carbon isotopic data indicate a biogenic origin of the methane sampled at the four study sites,
with values of d13C-CH4 ranging from 265& to 2100& [Whiticar, 1999]. These results support the conclu-
sion of R€omer et al. [2014a], based on a smaller methane isotope data set. The question remains as to the
organic carbon source that may be sustaining methanogenesis in the area. Seepage of biogenic methane at
high latitudes has been attributed to a variety of processes including melting of glaciers and sea-ice, gas
hydrate destabilization, climatically driven enhanced biological productivity, and other anthropogenic forc-
ing [e.g., Christensen, 2004; Jung and Vogt, 2004; Walter et al., 2006; Archer et al., 2009; Carlson, 2013; Damm
et al., 2015].

The data collected in Cumberland Bay clearly indicate that the methane source for the observed seepage
lies within the sediments and does not originate from glacier ice since sediment and water column samples
retrieved close to the marine-terminating Nordenskj€olk Glacier did not reveal elevated methane
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concentrations. Therefore, there is no evidence that water flow at the glacier base or thawing of permafrost
are currently contributing to the methane budget in Cumberland Bay.

Another possible carbon source to the upper centimeters within this bay was proposed by Platt [1979], who
suggested that there was a significant input of organic carbon to the bay in the form of remnants of hun-
dreds of whales, which were discarded each year close to the shore during the period where the whaling
station at Grytviken was active, together with oil and fuel residuals from vessels and tanks. But this would
affect only the upper centimeters of the core. And even though high primary production can be observed
north of South Georgia [Atkinson et al., 2001], our sediment sites inside the bay indicate only relatively low
sedimentary organic carbon contents of 0.65 wt %.

Kvenvolden and Claypool [1988] stated that 2 wt % of organic carbon should be available in the sediments
to support significant methanogenesis, which is higher than the values measured in the exchange around
by approximately 9 m cores retrieved from the Cumberland Bay.

We postulate a scenario, where the observed methane seepage is fed by methanogenesis in organic-rich
sediments which are below the cored depth. These organic-rich layers could originate from high OC accu-
mulation during deglaciation. Peat formation or peat layers on South Georgia in the Cumberland Bay are
reported by Van Der Putten and Verbruggen [2005], and can quickly develop onshore after deglaciation
[Smith, 1981; Bj€orck et al., 1991]. These peats can be eroded and transported by glacio-fluvial processes and
deposited offshore during deglaciation. This is a relatively fast process and allows the organic material to be
buried without being completely decomposed. Therefore, these organic carbon-rich layers are likely to be
buried beneath tens of meters of sediment within the Cumberland Bay and along the South Georgia mar-
gin. Unfortunately, no core is available reaching the depth and age of this/these layer(s). Nevertheless, this
assumption is consistent with the report of authigenic carbonates by Meisel et al. [2014] in a 8 m core
retrieved in the vicinity of station 6. These authors attribute the formation of these carbonates also to a
widespread occurrence of biogenic methane on the shelf. The anaerobic oxidation of methane by sulfate
produces bicarbonate and induces the formation of authigenic minerals [Bohrmann et al., 1998; N€othen and
Kasten, 2011; R€omer et al., 2014b]. Parasound data collected during the ANT-XXIX/4 expedition reveal dis-
tinct acoustic blanking features indicative of gas migration from depth [R€omer et al., 2014a]. The subbottom
echo sounder data corresponding to the profile that crosses our stations 1–3 are illustrated in Figure 4, and
document acoustic blanking most probably caused by elevated gas content in sediments that extends to
20–50 m below the sediment surface. It is therefore likely that microbial degradation of postglacial organic

Figure 4. Parasound profile of Cumberland Bay East crossing stations 1–3 (red circles indicated by station number). Within this bay, an
inner basin moraine and parts of the outer basin moraine are observable [Hodgson et al., 2014]. Arrows show the location of strong (bubble
streams) and weak (arrow) flare locations, the Grytviken Flare is projected from a profile line several meters parallel to the shown profile
line, therefore, acoustic blanking, indicated by red area in sediment does not reach the surface.
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carbon deposits supplies enough methane to support gas migration from depth, which is reflected in the
subbottom, sediment, and water column methane data reported here.

5.2. Carbon Transformations During Transport to the Seafloor
When methane accumulates in the sediment at concentrations that exceed its solubility, the overpressures
generated by the development of a gas phase force upward migration of the methane-rich fluids toward
the seafloor [Paull et al., 1995; Nunn and Meulbroek, 2002]. If diffusing methane ions or upward migration of
these fluids reaches pore fluids that contain sulfate, anaerobic oxidation of methane (AOM) by sulfate acts
as a microbial filter suppressing the release of methane to the bottom water [Alperin et al., 1988; Hinrichs
et al., 1999; Boetius et al., 2000; Valentine and Reeburgh, 2000]. This reaction, which is typically mediated by a
metabolic consortium of methane-oxidizing archaea and sulfate-reducing bacteria [Hoehler et al., 1994; Hin-
richs et al., 1999; Boetius et al., 2000] can be summarized as:

SO22
4 1 CH4 ) HCO2

3 1 HS2 1H2O (4)

This reaction consumes sulfate and methane, leading to the development of the SMT, where these two dis-
solved compounds get depleted [Niew€ohner et al., 1998; Borowski et al., 1999; Paull et al., 2000]. Additional
to that, SO22

4 is also consumed by organoclastic sulfate reduction (SR) during organic matter degradation
[Berner, 1980]. We recognize the complexity of reactions that cycle carbon near the SMT, which have been
documented and quantified by a variety of approaches [Snyder et al., 2007; Torres and Kastner, 2009; Hong
et al., 2013, 2014; Pohlman et al., 2013; Yoshinaga et al., 2014]. In the simplest approach, we compare the
fluxes of sulfate and methane into the SMT, where downward diffusing sulfate and upward migrating CH4

are consumed at an equimolar basis during AOM (equation (4)). If methane and sulfate reflect in situ values
(i.e., no methane is lost during core retrieval or if the gradient into the SMT is determined close to the SMT
where methane concentrations are significantly below saturation), their fluxes to the SMT should balance
[Reeburgh, 1976; Borowski et al., 1997; Niew€ohner et al., 1998; Malinverno and Pohlman, 2011].

Dissolved inorganic carbon (DIC) is a product of both AOM and the degradation of organic matter; however,
here we do not include DIC in our analyses since alkalinity was not measured and we have only a rough
estimate of the DIC removal by authigenic carbonate formation [Sivan et al., 2007]. Authigenic carbonate
formation does not affect methane concentrations or the isotopic composition of the methane-carbon [Tei-
chert et al., 2005], so we limit our analyses at comparing methane and sulfate fluxes.

The quasi-linear concentration profiles obtained at most sites (except for station 4) indicate that diffusion is
presently the dominant transport mechanism of methane toward the SMT. Data from station 6 show linear
profile shapes and equal consumption of CH4 and SO22

4 at the SMT, where both are consumed in an almost
1:1 ratio (0.97: 1), and thus indicate that AOM is the main reduction process of SO22

4 [Malinverno and Pohl-
man, 2011]. In contrast, inside the bay at station 3 (GC 284-1), the sulfate flux (20.135 mmol/m2 yr) toward
the SMT is over 2 times larger than the corresponding methane flux (20.061 mmol/m2 a); which could point
to an additional removal of SO22

4 by organoclastic SR.

A comparison of diffusive SO22
4 and CH4 fluxes toward the SMT was not possible at stations 2 and 4. Core

GC 258-1 (station 2) reveals only very low methane concentrations and no SMT could be determined and
GC 281-2 at the Cumberland Bay Flare (station 4) has such a strong flux of methane into the SMT that the
resolution of the data points with a distance of one meter was too low to construct a realistic methane con-
centration gradient. Furthermore at station 4, the downcore profiles indicate an advective component to
the flux, making any inferences based solely on diffusive flux estimates unreliable.

Video images taken on ANT-XXIX/4 show that the bacterial mats at the seepage sites are only centimeters
to decimeters in size [R€omer et al., 2014a], this could indicate that these sites are relatively young and that
seepage was not very strong in the past, furthermore, it makes it difficult to get a core directly from the
seepage location when no visual guidance for coring placement is available. However, the data obtained
from our cores reveal a significant removal of methane by AOM, even at the stations close to the seepage
sites.

Methane concentrations at station 4 could also indicate methanogenesis with a methane peak in 150–350
cmbsf, however, the relatively low carbon content in these sediments and the vicinity to a bubble emission
site makes it more likely that methane is originating from below. A possible explanation for the lower
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methane concentrations in the deeper part of the core could be supersaturation. These samples may reflect
a faster loss of methane during sampling; assuming very high concentrations (>40 mM methane), which
would accelerate degassing since solubility of methane is only around 2 mM under atmospheric pressure
[Yamamoto et al., 1976] and thus, would result in methane concentrations lower than they actually are. Fur-
thermore, the location of the SMT is shallowest at station 4 (Figure 2), which indicates a methane flux from
below that is stronger than at the other locations [Borowski et al., 1999]. A faster transport of methane
toward the seafloor, supported by fluid advection, will also prevent significant isotopic fractionation of
methane carbon [Zhang and Krooss, 2001; de Visscher et al., 2004]. The heaviest methane-carbon signatures
(d13C-CH4 5 265&) are observed in core 281-2 (station 4) at the Cumberland Bay Flare and are quite con-
stant from the SMT depth to the bottom of the core. The value of 265& most likely represents the stable
carbon isotopic signature of the source material, whereas most of the other cores show d13C values that
reflect a degree of isotopic fractionation. Two methane samples collected in the water column close to both
seepage sites (CTD 284-3, 252mbsf; CTD 281-1, 249 mbsf) were also analyzed for their d13C value. The sam-
ple close to the Grytviken Flare (CTD 284-3) has a value of 255.8& and the one close to the Cumberland
Bay Flare (CTD 281-1) reveals a d13C-CH4 of 255.2&. Assuming that the upward advecting methane gas has
an isotopic signature of 265&, the methane carbon in the water column has to be fractionated by meth-
ane oxidation or mixed with background water to reach d13C values around 255&.

As microbial activity preferentially targets the lighter carbon isotope 12C, the DIC (HCO2
3 ) produced by

organic matter degradation and by AOM should have more negative d13C values than the source substrate.
Indeed, the most negative values of d13C-DIC in each core were found around the SMT, where DIC is pro-
duced from anaerobic oxidation of a 12C-enriched methane source (Figure 2). This same fractionation
induced by AOM yields methane enriched in 13C [Hinrichs et al., 1999]. However, several recent studies have
shown a decrease in d13C-CH4 values in the zone where methane concentrations are reduced [Pohlman
et al., 2008; Hong et al., 2013; Treude et al., 2014; Yoshinaga et al., 2014]. Our data from GC 284-1 (station 3)
also show a marked decrease in d13C-CH4 toward the SMT, where it reaches values as low as 296.4&.
Although less pronounced, the isotopic data of methane in core 280-1 also show decreasing values toward
the SMT. Two different processes have been postulated to explain the observed d13C depletion of methane
at the SMT, which we consider here in the context of our Cumberland Bay observations.

1. Secondary methanogenesis within the SMT, supported by recycling of 13C-depleted DIC produced by
AOM [Borowski et al., 1997; Paull et al., 2000; Hong et al., 2013, 2014]. No organic matter is involved in this
process, rather methanogenesis from DIC proceeds according to the reaction:

4H2 1 HCO2
3 1 H1 ) CH4 1 3H2O (5)

This secondary methanogenesis produces methane with a d13C value that is depleted in 13C by 55–65&

relative to the DIC source [Claypool and Threlkeld, 1983; Whiticar, 1999] but does not significantly increase
methane concentrations. The observed minimum in d13C-CH4 values measured at the SMT in this study
(296.4&) requires a DIC source for methanogenesis that is at least partially derived from AOM, thus indi-
cating that methanogenesis and AOM are coupled and active within and below the SMT.

2. AOM back flux, where d13C depletion of methane is attributed to AOM-mediated carbon isotope equili-
bration caused by SO22

4 limitation below the SMT [Yoshinaga et al., 2014]. Under sulfate limitation, AOM
leaves distinctly 13C-depleted residual methane which is visible in the upper 3 m of core 281-1. Because
here we observe strong fractionation toward 13C-depleted methane, the AOM back flux has to be larger
than the regular forward reaction, otherwise the fractionation effect within the SMT would not be as
prominent as we observe here.

It is also important to note that the methane carbon isotopic composition above the SMT in core 284-1
shows a strong change from 296 to 273& in just 100 cm, and that the heavier values remain relatively
constant above the SMT. Methane concentrations of these sediments are very low (�17 mM), but the repro-
ducibility of duplicate analyses of one sample just above the SMT gives credence to these values. A possible
mechanism that may explain this observation would be that the isotopic fractionation process by AOM
above the SMT enriches the d13C values from 296& to 274&. The isotopic values imply that in this region,
no significant secondary methanogenesis occurs and there is no sulfate limitation to support fractionation
by AOM back flux. Our data indicate that whatever process is responsible for the observed isotopic distribu-
tion, it must be limited to a distinct depth because the change in isotope values is sharp and no diffusion
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can be observed between the different methane pools below/within the SMT and above the SMT (see Fig-
ure 2, station 3).

With the amount of data available, it is hard to establish which process is responsible for the observed d13C
values for methane. It is very likely that all the reactions are intimately coupled and the data reflect the col-
lective result of carbon cycling pathways in the vicinity of the SMT.

5.3. Fate of Methane in the Water Column
5.3.1. Local Hydrography
A temperature-salinity (TS) plot using data from Cumberland Bay East has been used to identify the water
masses in this area (Figure 5). This approach shows the presence of a local meltwater lens, produced by
melting of glacier ice and floating icebergs from the Nordenskj€olk Glacier. This meltwater lens extend from
the sea surface to �25 m, and it is characterized with ,T values lower than 26.75 and salinities below 33.6.
The thickness of this layer decreases with increasing distance from the glacier and it is not apparent in sta-
tion 5, outside the bay.

The water mass below the meltwater lens plots in the temperature and salinity field characteristic of the
AASW (Figure 5). AASW is characterized by typical summer temperature values of 2–38C and salinities of
33.6–33.8 over the South Georgia shelf, and in the Cumberland Bay was clearly identified in samples col-
lected from 30 to 150 m water depth. Oxygen concentrations in AASW of the Cumberland Bay range
between 7.18 and 6.57 mg/L. These values correspond with data reported by Meredith et al. [2003b] along a
transect from the northern shelf of South Georgia into the Georgia Basin that was sampled during austral
summer in 2000. The deepest waters of the bay and the adjacent shelf plot toward the UCDW in the TS

Table 2. Microbial Turnover Rates of Methane and Sea-Air Flux in the Cumberland Bay Compared to Other Seepage Sites

Area Min Max Average Reference

Microbial Turnover Rates of Methane
Storfjorden/Spitsbergen 2.15 year 0.06 year 0.28 year Mau et al. [2013]
Santa Monica Basin 3.5 year 0.04 year 0.34 year Heintz et al. [2012]
Santa Barbara Basin 1.80 year 0.02 year 0.35 year Mau et al. [2012]
Cumberland Bay 6.44 year 0.85 year 3.12 year

Sea-Air Flux in nmol/m2s
Baltic Sea 0.008 1.145 G€ulzow et al. [2013]
Santa Barbara Basin 0.02 18.35 0.47 Mau et al. [2007]
Cumberland Bay 2.12E-05 0.02 0.005

Figure 5. (left) Temperature-Salinity plot illustrates the presence of a fresh meltwater layer in the upper 25 m of the water column; Antarctic Surface Water (AASW) is found immediately
beneath the freshwater lens, and the bottom of the bay is filled with a mixture of AASW and Upper Circumpolar Deep Water (UCDW) [Meredith, 2003b]. Consistently, (right) d18O data
plotted against salinity also indicate a mixture of AASW with Circumpolar Deep water (CDW) [Archambeau and Pierre, 1998].
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curves. However, the maximum salinity
value of 34.2, sampled close to the sea-
floor is still too low to belong to this
deep water mass, which is character-
ized by a salinity of 34.70 [Meredith,
2003b]. Orsi et al. [1995] described an
isopycnal horizon at ,T 5 27.6, charac-
teristic for the UCDW. The maximum
density of station 6 reaches only a
value of 27.4. Collectively, our data
indicate that the water sampled in this
study beneath the Antarctic Surface
Water is most probably a mixture
between the AASW and the underlying
UCDW. Water masses illustrated in Fig-
ure 5 using the isotopic composition
of the water samples confirm this clas-
sification. Even though the amount of
water isotope data limits this compari-
son, data from Southern Ocean waters
between South Africa and Antarctica
[Archambeau and Pierre, 1998] support
our inference that the water column

immediately below the freshwater melt represents AASW with an isotopic signature of 20.25 to 20.5&.
Data taken in the lower water column tend toward higher salinities and lower d18O values, as reported for
the CDW [Archambeau and Pierre, 1998].
5.3.2. Sink of Methane
Within the context of this hydrographic regime, we note the input of methane to the bottom water docu-
mented by the presence of hydroacoustic flares and elevated methane concentrations in the bottom water
(Figures 3 and 4, and 7). The two major identified flares (Grytviken Flare and Cumberland Bay Flare) reach a
height of �100 m below the sea surface, additional minor flares were also imaged in Cumberland Bay but
with a much lower intensity. Rising bubbles at the two major seep sites emanate as single bubbles from the
seafloor and no continuous stream was visually observed during the cruise [R€omer et al., 2014a].

It is well documented that methane diffuses out of bubbles [Guinasso and Schink, 1973; McGinnis et al.,
2006; Greinert and McGinnis, 2009], so that most of the methane released as gas dissolves soon in the

Figure 6. Relative methanotrophic activity (k0) per day plotted over CH4 concen-
trations in water samples collected at all CTD stations. Highest turnover rates
were observed where methane concentrations are low.

Figure 7. Sigma theta plotted over depth along transect from station 1 to station 5 (red circles), illustrating the extent of the freshwater
lens, and deep waters in the Bay. As well as location of the CTDs. DIVA grid was processed with CTD data and station depth. Depth profile
obtained from parasound bathymetry was overlaid on the Ocean Data View (ODV) plot (bold black line).
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surrounding water column.
Indeed we observed ele-
vated methane concentra-
tions in the bottom water
close to the bubble streams.

Once dissolved, methane in
the water column can be
consumed by aerobic micro-
bial oxidation or it can be
transported and diluted. The
measured methane oxida-
tion rates (MOx rates) com-
pared to the list of data
presented in Mau et al.
[2013], that include seepage
sites offshore Svalbard and
in the Santa Barbara Basin,
indicate very low rates of
methane oxidation (Table 2).
As the oxidation rate is the
product of the rate constant
(relative methanotrophic
activity) and the methane

concentration, either lower activity or lower methane concentrations might explain the low MOx rates.
Comparing the dissolved methane concentrations measured off Svalbard and in the Santa Barbara Basin in
the down-current plume of the Coal Oil Point seepage field, we found that methane concentrations were
lower in the Cumberland Bay (Table 2). However, the differences between these sites are on the order of
magnitudes in the case of turnover time, which is the reciprocal of the relative activity (k’). Hence, both, low
methane concentrations and the low potential of methanotrophic activity, results in the low MOx rates in
the Cumberland Bay (Table 2). Ongoing research tries to identify the restriction.

Highest MOx rates were observed where methane concentrations are highest close to the seafloor,
although the relative methanotrophic activity is low. Higher relative activities appear where methane con-
centrations are reduced (Figure 6), right above the methane plume (see also Figure 3). Thus, the dissolved
methane that is transported vertically by turbulent eddy diffusion of the water appears to be oxidized faster
than in the bottom water. Possibly the AASW has a higher potential for methane oxidation than the mixture
of AASW and UCDW. The UCDW with its low oxygen concentrations indicates that most organic matter in
the water mass is consumed and thus microbial activities and abundances (including methanotrophs)
might be limited.

To constrain the vertical transport and possible release to the atmosphere, we compare the methane con-
centration in the upper meters of the water column with the atmospheric equilibrium value at our site. For
a temperature of 2.78C and a salinity of 33.6, the atmospheric equilibrium of methane is around 3.3 nM
[Wiesenburg and Guinasso, 1979]. Methane concentrations in surface waters range from 3 to 5 nM and are
therefore only slightly enriched compared to the atmosphere. Sea-air flux was calculated using parameter-
ization developed by Wanninkhof et al. [2009]. This exercise resulted in a mean value of 0.005 nM/m2 s, with
a maximum of 0.02 nM/m2 s. Required methane data from surface waters were rather taken in the surface
meltwater layer than in the surface mixed layer. A comparison with two other seepage sites in Table 2
shows that even the highest flux is very low compared to a maximum sea-air flux of other regions where
methane seepage occurs at shallow depths [Mau et al., 2007; G€ulzow et al., 2011]. These results are not sur-
prising since the water column within the bay is stratified. The local meltwater lens, with a ,T� 26.8, clearly
separates the underlying waters, where ,T ranges from 26.9 to 27.1. This strong pycnocline prevents any
methane dissolved in the deeper layers from escaping to the atmosphere (Figure 7).

Since methane appears slowly consumed by microbes and if at all only a small fraction reaches the upper
part of the water column, it seems to be dispersed horizontally and vertically in the water column. The

Figure 8. Schematic view of the transport mechanisms and isotopic fractionation of d13C in
methane below and above the SMT. The actual seepage site was not sampled, but we infer
that at this location, methane escapes the microbial filter and is discharged in the gas phase at
the seafloor. At station 4 (near the Cumberland Bay Flare), there is evidence for advecting sup-
ply of methane, which is consumed and fractionated toward lighter methane carbon at the
SMT. The value of 265& is assumed to be that of the source gas. A strongest fractionation is
observed at station 3 (Grytviken Flare), where methane carbon has values as low as 296&.
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larger fraction appears to prevail in the lowermost water mass to be transported and diluted by methane-
free UCDW. At station 5, a small peak in 210 mbsl was observed (9.5 nM). This indicates that either methane
is diluted very fast that no elevated values can be detected outside the bay or that we just sampled in the
inflow waters and missed the water masses leaving the bay.

6. Conclusions

We suggest that the methane gas accumulations in Cumberland Bay sediments probably originate from
peat-bearing sediments similar to those found on land, which correspond to high OC accumulation rates
after the last glaciation. Advective gas transport within sediments is limited to very small areas, as imaged
by distinct blanking zones in the subbottom data, discrete flares and very small patches of bacterial mats
on the seafloor. Most of the methane appears to be transported in the sediment via diffusion. Because this
transport mechanism is slow and involves dissolved methane, a large fraction of the methane is consumed
by AOM. Anaerobic consumption and production of methane in the SMT region leads to extreme isotopic
fractionation, with d13C-CH4 values being further depleted from 265& at the possible source gas to 296&

measured just below the SMT at station 3 (Figure 8). Further aerobic methane degradations in the overlying
water column might result in d13C-CH4 values around 255&.

Sulfate and methane flux estimates indicate that within the bay, a large fraction of methane is consumed
by AOM. This inference also supports our postulate that the methane is generated in deeper horizons with
higher organic carbon contents.

The discharge of methane gas rapidly dissolves in the bottom water leading to methane concentrations of
up to 57.7 nM. This methane is probably trapped in the lowermost water mass beneath surface water and a
meltwater lens.

Notwithstanding the strong stratification, and resulting lack of methane exchange with the atmosphere,
measured microbial turnover rates are extremely slow, suggesting that the main mechanism for methane
dispersal is by horizontal advection and dilution. Unfortunately, there is not enough coverage of methane
profiles to quantify the loss term by horizontal transport out of the Cumberland Bay.
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Erratum
In the originally published version of this article, there was an error in Table 1. This error has since been corrected, and this version may be

considered the authoritative version of record.
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