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ABSTRACT. It is essential to study methane in the Arctic environment in order to
understand the potential for large-scale greenhouse gas emissions that may result
from melting of relict seafloor permafrost due to ocean warming. Very few data on
the sources of methane in the Chukchi Sea were available prior to initiation of the
Russian-American Long-term Census of the Arctic (RUSALCA) program in 2004. This
article documents for the first time the spatial variation of methane concentrations in
the sediment and water column in a significant region of the Pacific Arctic and the
influence of methane turnover and net transport from organic-rich environments
within the western Chukchi Sea. The study combines historical observations, new data
obtained during the RUSALCA collaborative program, and modeling results to provide
insights into the contemporary methane dynamics of the western Chukchi Sea. We
compare methane evolution at two sites with distinct geological settings, depositional
patterns, and methane sources: (1) the deeper, fault-bounded Herald Canyon
(northern site) where methane flux is controlled by both northward CH, transport
via ocean currents and diffusive influx of thermogenic methane (formed under high-
temperature conditions) from source rocks at depth in the canyons seafloor, and
(2) the shallow Chukchi shelf (southern site), where sulfate reduction and anaerobic
methane oxidation play a significant role in biogenic methane production and its flux
within and from the sediments into the water column. Diffusive methane fluxes at the
sediment-water interface within the southern and northern sites were estimated to be
14.5 umol dm~ day™' and 0.7 nmol dm™ day™!, respectively. In addition, we suggest
that biogenic methane emanating from the organic-rich southern region is transported
northward by the Anadyr Current, leading to a mix of both biogenic and thermogenic
methane in Herald Canyon surface waters. Study results indicate that the South
Chukchi Basin is an important source of atmospheric CH,. Further work is required
to accurately quantify this flux.

INTRODUCTION

Thawing of terrestrial and relict sea-

Methane-related processes in the
shallow Chukchi shelf, east of the East

floor permafrost and the resultant release
of methane into the hydrosphere and
atmosphere has the potential to be one
of the most significant contributions to
increased warming of the Arctic envi-
ronment. Furthermore, biogenic and
thermogenic processes associated with
shallow seafloor fluid flow affect benthic
ecology (Judd, 2003; Judd and Hovland,
2007). To date, the best-studied shallow
seafloor release of methane was docu-
mented in the Laptev, East Siberian, and
South Kara Seas, where large quantities of
this powerful greenhouse gas are reach-
ing the Arctic atmosphere (Shakhova
etal., 2010; Portnov et al., 2013). Whether
this flux results from warming of seafloor
permafrost in these regions or has been a
constant flow since the end of the last ice
age requires additional long-term obser-
vations (Isaksen et al., 2011).

Siberian Sea between Russia and the
United States, are thought to be sensi-
tive to fluctuating conditions in the water
column such as increases in Bering Strait
throughflow, temperature, and bottom-
water hypoxia. Ocean water circulation is
an important sediment transport mech-
anism in this marginal sea. Waters are
channeled through Bering Strait and exit
into the Arctic Ocean through Herald
and Barrow Canyons on the western and
eastern sides of the Chukchi Sea, respec-
tively (Viscosi-Shirley et al., 2003).

Both concentrated and dispersed seep-
ages of hydrocarbon gases from shallow
sedimentary layers are common phenom-
ena, resulting either from in situ formation
of gases (mainly methane) by bacterial
decomposition of organic matter within
rapidly accumulating upper marine sed-
iments, or from an upward migration of
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gases formed at greater depths (Claypool
and Kaplan, 1974; Reeburgh, 1996).

The occurrence of methane in marine
sediments of shallow seas is closely asso-
ciated with organic matter decomposi-
tion and is governed by various biologi-
cal and geochemical processes (Claypool
and Kaplan, 1974; Davis, 1992; Reeburgh,
1996). Bacterial methane production
in sediments is mediated by a complex
microbial community and ultimately
controlled by the flux of reactive organic
matter and by seasonal temperature vari-
ations that strongly influence both the
rate and the pathways of methane pro-
duction (Zeikus and Winfrey, 1976;
Schulz and Conrad, 1996; Schulz et al,
1997). However, anaerobic oxidation of
methane by microbes effectively removes
methane from marine sediments before
it reaches the sediment-water interface
(Hinrichs and Boetius, 2002, and refer-
ences therein). The anaerobic oxidation

of methane occurs simultaneously with
organoclastic sulfate reduction. Figure 1
illustrates the stoichiometry of the over-
all microbially mediated transformation
of carbon in the marine environment,
showing the sulfate-methane transition
zone (SMTZ). This zone acts as a barrier,
preventing methane diffusion to the over-
lying water and then to the atmosphere.
Moreover, the anaerobic oxidation of
methane causes methane undersatura-
tion in the sediment pore water and is
thought to avert free gas formation near
the sediment-water interface. This condi-
tion may even enhance methane dissolu-
tion into the water column above (Dale
et al., 2008; Mogollén et al., 2009, 2011;
Regnier et al., 2011). Thus, the anaerobic
oxidation of methane plays a significant
role in the regulation of the global meth-
ane budget and the emission of methane
into the hydrosphere and atmosphere.
Assessing the causes and amount of

methane production, oxidation, and
transport in the Chukchi Sea requires a
thorough evaluation of sediment geology,
geochemistry, geophysics, and microbiol-
ogy, including determination of methane
turnover rates in sediments using geolog-

ical and geochemical methods.

BACKGROUND

The first data sets on hydrocarbon gases in
the uppermost sediment of the Chukchi
Sea were obtained from 1976 to 1984
during repeated expeditions of NIIGA-
VNIIOkeangeologia Russian research
institution (Yashin et al., 1981, 1985). The
study focused on the discovery of indica-
tors of deep thermogenically formed gas.
These indicators in the sediments were
used to estimate the hydrocarbon poten-
tial in the Russian (western) sector of the
Chukchi Sea. Preliminary results showed
that relatively wide regions of the western
Chukchi seafloor exhibit elevated levels
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FIGURE 1. Sketch representing microbially mediated processes of organic matter transformation in marine sediments. (left) Organic matter (OM, rep-
resented as CH,0) deposited on the seafloor is aerobically degraded to CO, and H,O. In the sulfate zone, OM is anaerobically transformed by fer-
mentation to hydrogen (H,), carbon dioxide (CO,), and smaller organic compounds (represented as acetate, CH;COOH,). (right) Hydrogen produced
during OM fermentation fuels sulfate reduction (SR) in anoxic sediments. Organoclastic SR is the net reaction for sulfate reduction and OM fermen-
tation. (center) Hydrogen produced during OM fermentation fuels methane (CH,) generation (MG). Methane may be anaerobically and/or aerobically
oxidized or emitted to the water column. Anaerobic oxidation of methane (AOM) is mediated by a consortia of microbes that use sulfate as electron
acceptors. These consortia consist of sulfate-reducing bacteria (stained green) and anaerobic methanotrophic (ANME) archaea (stained red). AOM con-
sortia reduce sulfate, oxidize methane, and generate sulfide and bicarbonate. AOM leads to inhibition of the reaction by increased dissolved inorganic
carbon (DIC) and sulfide. The green and blue arrows represent sulfate and methane diffusive fluxes and show typical sigmoidal curves that define the
sulfate-methane transition zone (SMTZ)—the horizon where methane and sulfate are depleted simultaneously. The depth of the SMTZ depends on the
consumption rate of sulfate and the flux of methane from below.
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of hydrocarbon gases (mainly methane)
that could be correlated with high hydro-
carbon productivity in the source rocks
below. Methods used in these historical
studies included determining the molec-
ular composition of hydrocarbon gases
and developing methane concentration
profiles, and then correlating them with
the organic matter content and litholog-
ical characteristics of the gas-containing
sediments. Most elevated concentrations
of gases in sediments were confined to the
South Chukchi Basin and, particularly, to
Hope Deep, where the highest sedimen-
tary methane concentrations were found.
Though this research revealed a few
methane “hotspots” within the Chukchi
Sea (Yashin and Kim, 2007), no investi-
gations of methane turnover in the sedi-
ment and water column were conducted.

The Russian-American Long-term
Census of the Arctic (RUSALCA) was
the first multidisciplinary collaboration
between US and Russian scientists in
more than a decade in the Chukchi Sea.
This bilaterally supported program col-
lected the first data that allowed study
of the relationships among key micro-
bial processes, methane formation, and
turnover in both the water column and
the sediments of the Chukchi Sea (Lein
et al., 2007; Savvichev et al., 2007). In
particular, elevated methane concen-
trations measured in an extension of
Herald Canyon (Savvichev et al., 2004)
were thought to indicate possible meth-
ane seepages through faults. As a result,
methane emission from the water column
into the atmosphere was estimated to
range from 5.4-57.3 pmol CH, m* day ™.
During the RUSALCA 2009 and 2012
missions, the methane investigation
focused on the origin of the gas in sedi-
ments and seawater. These data, coupled
with the historical data set from NIIGA-
VNIIOkeangeologia, form the basis for
the present study.

This paper synthesizes all of the avail-
able methane data collected from the
Chukchi Sea sediment and water column
and determines the role of methane turn-
over and net transport within organic-rich

environments along the shallow Chukchi
shelf. We present for the first time spa-
tial variation in methane concentration in
surficial sediments and the water column,
as well as implications for the origin of the
methane. In this paper, we: (1) evaluate
the anaerobic oxidation of methane, sul-
fate reduction, and methane gas gener-
ation rates by sampling (a) the concen-
tration of methane with depth in the
sediment, and (b) the pore water sulfate
and organic matter content at two distinct
Chukchi Sea sites; (2) determine whether
or not sulfate reduction, which correlates
with degradation of organic matter at the
sediment surface, affects the distribu-
tion of sulfate and methane in the sedi-
ment; (3) estimate methane flux from the
sediment; and (4) provide a retrospec-
tive review of methane distribution in the
surficial sediments of the Chukchi Sea
with respect to its potential transfer to the
hydrosphere and atmosphere.

GEOLOGICAL SETTING OF

THE CHUKCHI SEA

Tectonic events in the Caledonian (490-
390 million years ago) and Late Mesozoic
(66 million years ago) affected the part
of the Chukchi shelf we surveyed. The
shelf zone of the South Chukchi Basin
is underlain by Late Mesozoic folded
basement, with sediment thicknesses of
4-7 km. In contrast, the north-south ori-
ented North Chukchi Basin has sediment
fill up to 20-22 km thick (Vinogradov
et al., 2006; State Geological Map of
Russian Federation, 2006). These two
basins, which differ in age and size, are
divided by the structural Wrangel-Herald
Uplift (also know as the Herald Arc;
Grantz et al., 1975; Thurston and Theiss,
1987; Miller et al., 2002).

Our study area was primarily the west-
ern Chukchi Sea, which is bounded to the
north by the 100 m isobath. The princi-
pal geological/morphological structures
of the area include the South Chukchi
Basin (a northwestern extension of the
Kotzebue and Hope Basins of the United
States [eastern] sector of the sea) and the
northern extension of Herald Canyon

in the North Chukchi Basin, where a
very large hydrocarbon potential is pro-
posed (Figure 2) (Verzhbitsky et al., 2008;
Malyshev et al., 2011). Herald Canyon is
a narrow inward-facing fault-bounded
valley with a maximum depth of about
100 m on the shelf. It is considered to be
a part of the greater Hope Valley-Herald
Canyon drainage system that developed
during the Pleistocene glacial maxima
when sea levels were far lower than today.
The South Chukchi Basin includes the
Longa, North Schmidt, South Schmidt,
Kolyuchinskaya, and Hope en echelon
deeps divided by linear swells (Onman,
Inkigur, and others; Figure 2). The
Onman and Inkigur swells are thought
to create structural sediment traps for
the adjacent Hope, South Schmidt, and
Kolyuchinskaya structures that contain
Cretaceous and Paleogene gas source
rocks (Kim et al., 2007; Malyshev et al,,
2011). Seismic evidence showing changes
in phase or polarity of seismic hori-
zons and listric fault planes in the pre-
rift sequences are associated with areas
of reduced reflectivity, suggesting the
presence of gas in the upper sediments
of the basin (Verzhbitsky et al., 2008).
Fault geometry indicates an extensional/
transtensional setting for the South
Chukchi rift basin, similar to the Hope
Basin in the US part of the Chukchi Sea
(Tolson, 1987).

There is evidence of several marine
regressions and transgressions related
to either tectonic or glacio-eustatic pro-
cesses in Bering Strait and on the Chukchi
shelf (Brigham-Grette and Carter, 1992;
Svitoch and Taldenkova, 1994). In the
final phase of basin development during
the Pliocene and Quaternary (5.3 million
years ago), regional subsidence occurred
in the South Chukchi Basin that was not
accompanied by faulting (Malyshev et al.,
2011). The upper Pliocene-Quaternary
sediment sequence is not faulted exten-
sively, and today there is relatively low
seismicity in the region with the excep-
tion of the most southern part of the
Chukchi Sea and Barrow Canyon to the
north (Composite Earthquake Catalog,
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http://quake.geo.berkeley.edu/cnss). This
quiescence implies an absence of mod-
ern tectonic events that could create gas
migration pathways (faults, weak zones)
for the methane sink within the seafloor.

Glacio-eustatic processes, ice scouring,
and the general pattern of currents enter-
ing from the Bering Sea (Anadyr Water,
Alaskan Coastal Water, Central Bering
Shelf Water) control sedimentation in the
region (Weingartner et al., 2005). North
of Bering Strait, the throughflow exerts
important influences at both regional
and global scales. Because the shelf is
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strongly influenced by the advection of
nutrient-rich waters from the Pacific
Ocean, it sustains some of the high-
est benthic faunal soft-bottom biomass
in the world. As reported by Grebmeier
et al. (2006), high primary production
over the shallow shelf results in the depo-
sition of high levels of organic mate-
rial to the seafloor.

STUDY SITES AND METHODS

The data discussed in this paper were
obtained during the RUSALCA expe-
ditions in 2004 (partly borrowed from
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sampling stations discussed in this article. Main geological/
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morphological structures are indicated by circled and squared

numbers, and North and South Chukchi Basin limits are indicated by dashed lines (compiled from
Kim, 2004; State Geological Map of Russian Federation, 2006; Blackbourn Geoconsulting, 2015).
Yellow dots are historical surficial sediment stations sampled by VNIIGA-VNIIOkeangeologia.
Russian-American Long-term Census of the Arctic (RUSALCA) 2004, 2009, and 2012 coring stations
are indicated by green, blue, and red dots, respectively. Green and red crosses are RUSALCA 2004
and 2009 water sampling stations. (Inset) Enlarged area of the northern site, with location of side-
scan sonar and subbottom profiler survey lines (blue) and RUSALCA sampling stations. Isobaths are
in meters (IBCAO). The RUSALCA station numbers are referenced throughout this paper.
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Savvichev et al., 2007), 2009, and 2012
the Russian R/V  Professor
In addition,

aboard

Khromov. we incorpo-
rate a historical data set on meth-
ane content in surficial sediments from
the 200 sampling stations obtained
by NIIGA-VNIIOkeangeologia during
expeditions in 1976-1984. Two sites
with distinctly different geological set-
tings and depositional patterns were cho-
sen for detailed study. The northern site is
located within the northern extension of
Herald Canyon at a water depth of about
100 m. The southern site is located where
the Kolyuchinskaya and Hope Deeps
join in the South Chukchi Basin at about
50 m depth. Figure 2 shows the sampling
stations and also the main geological/
morphological structures. Survey meth-
during RUSALCA

included sediment and water sampling

ods expeditions
and high-resolution seismic and side-
scan surveys at the northern site.

Near-bottom water and surface hori-
zons were sampled with five-liter bot-
tles mounted on the rosette system pro-
vided by the Woods Hole Oceanographic
Institution. In order to avoid air bubbles,
the water samples were decanted from the
bottles into glass containers, allowing the
water to overflow on deck. The glass con-
tainers were then sealed with gas-tight
stoppers. Methane concentration in the
water samples was determined by using
a Chrom-5 gas chromatograph equipped
with a flame ionization detector.

A Russian-owned 330 c¢m hydrau-
lic corer (GSP-2) was used for sediment
coring. Cores were split immediately
after recovery into one-meter sections
and transferred to the shipboard labo-
ratory for subsampling and processing.
Pore water was squeezed from sediments
samples using a pressure-filtration sys-
tem within half an hour of core retrieval
and then conserved for analysis on land.
All the water and sediment sampling and
subsampling procedures were carried out
within a few hours of collection at a tem-
perature close to in situ, ranging from
-1.0° to +6°C. Appendix A describes the
geochemical analyses techniques used.


http://quake.geo.berkeley.edu/cnss

High-resolution seismic data were
acquired using a VNIIOkeangeologia
SONIC-3M deep-towed system (side-scan
sonar combined with 3.5 kHz subbottom
profiler) along three track lines north
from Herald Canyon (each over 100 km
long) to characterize the upper sedimen-
tary layers within the northern site.

RESULTS AND DISCUSSION
Methane in the Sediment
Methane in marine sediments can either
be dissolved in pore waters or—in a case
where in situ saturation is exceeded—exist
as a free gas (Fleischer et al., 2001). The
saturation level is controlled by pressure,
temperature, and salinity (Yamamoto
et al., 1976). The average methane con-
centration measured in sediment from
the northern site (coring stations HC-4
and HC-8) is 0.0007 mM, three orders of
magnitude less than methane solubility
limit (3.7 mM at a pressure of 1.1 MPa).
Water temperature was —1.85°C (Pickart
et al., 2009) and pore water salinity was
30.4%o. The limit of methane solubil-
ity at station HC-10 in the southern site
(Figure 2) was about 2.3 mM with pres-
sure of 0.65 MPa, water temperature in
the range of -1.8 £ 1.3°C (Lebedev et al.,
2014), and pore water salinity of 29.0%o.
Thus, the maximum methane concentra-
tion measured in core HC-10 (1.67 mM)
is close to the saturation limit. However,
no direct evidence of seep formation was
detected at any of the study sites, suggest-
ing upward methane transport mainly by
diffusion and not by convection.
Statistical
200 coring stations obtained in the
Chukchi Sea during the 1970s and 1980s
shows average background methane con-

analysis of data from

centrations (in the 0-4 m sediment sec-
tion) of 0.0015 mM, with an outlier value
of 0.0338 mM. The highest reported
methane concentration is 0.1082 mM
(Yashin et al., 1981, 1985). The data gen-
erally reflect a diffusely scattering meth-
ane background signal in the sediment
and provide a reference value for com-
parison with the anomalously high values
within our study area.

Figure 3A presents all of the avail-
able depth profiles of methane concen-
trations, Figure 3B plots pore water sul-
fate ion concentrations in the cores, and
Figure 3D shows organic carbon con-
tent. The methane and sulfate concentra-
tion profiles demonstrate that the study
sites are characterized by different sulfate
reduction and methanogenesis processes.
The South Chukchi Basin is the site of the
highest methane concentration, reach-
ing 2 mM at the HC-10 and HC-11 cor-
ing stations in the depth interval of
100-150 cm below the seafloor (cmbsf).

Methane concentration, mM

Because sulfate is an electron acceptor,
the anaerobic oxidation of methane is
limited to the zone where sulfate pene-
trates and overlaps with methane. In dif-
fusive systems, the activity of the anaero-
bic oxidation of methane can be depicted
as a typical concave-up profile of methane
concentration (observed in cores from
stations HC-10 and HC-11). Three other
stations (22, 15, and 106), located at the
margins of the South Chukchi Basin, are
characterized by moderate to low meth-
ane content and insignificant downcore
increasing concentrations trends.

Sulfate concentration, mM
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FIGURE 3. Depth profiles of (A) methane concentration in sediment, (B) pore water sulfate con-
centrations, (C) Bernard value (C;/(C,+C5)), and (D) organic carbon content measured in the South
Chukchi Basin (red symbols) and in the northern extension of Herald Canyon (blue symbols). Data
from stations 15, 22, 85, and 106 are borrowed from Savvichev et al. (2007). Isotope compositions
of methane carbon (6"3Cc,,) measured from HC-10 and HC-11 cores are indicated.
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At the northern site, the highest meth-
ane concentrations were measured in
the HCG-8 and -85 cores, with a maxi-
mum of about 0.02 mM at depths greater
than 50 cm downcore. There is also a
corresponding decrease in organic car-
bon at the same depth interval. This rel-
atively low methane content at the north-
ern site compared to the southern site is
still higher than the background methane
concentration in Chukchi Sea sediment.

Hydrocarbon Gases:

Composition and Origin

Methane of both thermogenic and bio-
genic origin is characterized by a specific
range of 8'°C values as well as by the pro-
portion of co-occurring higher hydrocar-
bons (C,, C;...). Molecular analyses of
sediment gases show distinct differences
between the northern and southern sites.
In cores HC-10 and HC-11 (southern
site), methane is the dominant gas (98%
and 99% of total hydrocarbons, respec-
tively). The predominance of methane
and C,/C,+C; (Bernard ratio) higher
than 10,000 indicates a microbial ori-
gin for the gases studied (Bernard et al,
1978; Figure 3C). It should be noted that
the diminishing C,/(C,+C;) ratios in the

upper sediments can be explained as a
result of (1) diagenesis, wherein amounts
of C, and C; increase with depth, and/or
(2) preferential loss of methane during
outgassing. For example, during core
recovery, methane saturates the pore
fluid and is preferentially lost, while the
other hydrocarbon gases, which are pres-
ent in much lower concentrations, do not
reach saturation and thus are retained in
the pore waters. Partial methane outgas-
sing affects methane concentrations and
the C,/(C, + C;) ratios but not methane
carbon isotopic compositions. The isoto-
pic compositions of §'*C(CH,) measured
in cores HC-10 and HC-11 vary from
-96.7%o to —92.8%, verifying a biogenic
origin of the methane.

The northern site cores show quite a
different picture. The amount of meth-
ane in the HC-8 and HC-4 cores is
83% and 85%, respectively. The heavy
hydrocarbons are represented by eth-
ylene (about 10%), i-butylene (1.7%),
and a combination of ethane, propane,
n-butane, and other hydrocarbons (1%).
Unfortunately, isotopic measurements
of methane *C were not performed at
this site due to the limited volume of
gas samples; however, a considerable

amount of heavy hydrocarbon gases with
a C,/C,+C; ratio less than 500 indicates
mixed thermogenic-biogenic origin of
the gases (see Figure 3C). The reduced
C1/(C2+C3) value in the upper 50 cmbsf
results from methane oxidation in the
upper sediment layer (aerobic zone; see
Figure 1; Hachikubo et al., 2015).

Specific Features of Gas-
Containing Sediments

Northern Site

A geophysical survey at the northern site
revealed a continuous enhanced reflector
in the subseafloor (Figure 4). The depth
of this reflector varies from 2 to 8 meters
below the seafloor (mbsf), and its exact
geologic nature is ambiguous. It may indi-
cate the presence of gas or a sedimento-
logical heterogeneity induced by changes
in sediment deposition rate and changing
in situ temperature regimes. We suggest
that the reflector is relict seafloor perma-
frost that formed when sea level was much
lower juxtaposed on a more modern layer
of non-permafrost marine sediment.
According to seismo-stratigraphic data
reported in Gusev et al. (2009), a similar
seismic reflector was identified south of
Wrangel Island and offshore the Chukotka
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FIGURE 4. (A) Side-scan sonar lines acquired at the northern site. (B) Subbottom profiles and corresponding side-scan sonar lines in the vicinity of north-
ern site coring stations 85, HC-4, and HCG-8; side-scan sonar swath is 1,500 m. Yellow dashed line is suggested pre-Holocene—Holocene boundary.
(C) Lithological description (right) and depth pore water salinity distribution of core CH-4 (left).
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Peninsula. This reflector is interpreted to
be the Pleistocene-Holocene boundary on
the basis of radiocarbon dating and bore-
hole lithostratigraphy.

The SONIC-3M
images reveal a series of gouges, proba-

side-scan  sonar
bly a consequence of iceberg keels plow-
ing through the sedimentary seabed
(see swaths in Figure 4B below the sub-
bottom profiles). Such seafloor features
have been identified in other areas of
the Chukchi shelf where the seabed is as
deep as 60 m, but they are most abundant
at depths of 25-40 m (Phillips and Reiss,
1985; Phillips et al., 1988). In addition,
Dove et al. (2014) reported that Chukchi
shelf ice gouges can be found down to a
depth of 350 m. Similar ice gouges have
also been located on the Chukchi Plateau
at depths in excess of 500 m. The ice
gouges imaged by our side-scan sonar
at water depths of 100 m were proba-
bly made at a time when sea level was
eustatically lower than at present. The
longest core (HC-4, 270 cm) retrieved at
the northern site supports our interpre-
tation (Figure 4C, right). The upper sec-
tion of the core was deposited during the
Holocene and includes an oxic-anoxic
interface at 15 cmbsf and fine-grained
anoxic sediments with hydrotroilite
lenses and minor sand admixture (in
its lower part) in the 15-135 cm depth
interval. At an additional 15 cm down-
core, a sandy silt layer reflects a change
in the deposition regime during the last

glacial regression. The lower section of
the core is structureless, with very wet
sandy silt and numerous pebbles, gravel,
and debris, resembling a post-glacial
environment such as an open coastal
region or delta. During the sea level low-
stand, the shelf was subaerially exposed,
and ice-bonded permafrost may be have
formed in the sediments. Reflooding
of the
ocean waters likely triggered full or par-

frozen sediments with saline

tial permafrost melting (Danilov et al.,
1998). The pore water salinity distribu-
tion in this core (Figure 4C, left) shows
that local freshening is confined to the
lower core section, suggesting possible
influence of freshwaters that could have
saturated the sediments during shelf
denudation at the time of regression.

Southern Site

There is no geophysical indication of
gas-related features in the surficial sed-
iment at the southern site, suggesting
that the rate of methane turnover is pro-
ceeding in an anoxic environment laden
with a high concentration of black iron
sulfides. Reduced sulfur is not incor-
porated into the bacterial cells within
the samples. In particular, cores HC-10
and HC-11 retrieved from the Hope
and Kolyuchinskaya Deeps were char-
acterized by a strong H,S odor, numer-
ous shells, and bioturbation, indicat-
ing very active sulfate reduction near the
sediment-water interface.

TABLE 1. Depth-dependent constitutive equations used in the modeling.

PARAMETER

Porosity with depth

CONSTITUTIVE EQUATION

P(2) = Po- eXp(-@,- 2)

NOTES

Numerical Simulation of

Methane Turnover

A numerical transport-reaction model,
based on microbially mediated reactions,
was used to simulate the degradation of
organic matter in anoxic marine sedi-
ments studied in order to predict rates of
anaerobic oxidation of methane, sulfate
reduction, and methanogenesis (illus-
trated in Figure 1). Sediment cores HC-4
and HC-10 representing the character-
istic features of the northern and south-
ern sites, respectively, were chosen for the
modeling efforts. Figures 2 and 3 show
core locations and species distribution
patterns. Appendix B provides a detailed
description of the model. Tables 1 to 3
provide descriptions of the parameters
and variables used for modeling. The
organic matter content and transforma-
tion conditions as well as sedimentation
rates are considered the most important
parameters affecting the rates of microbi-
ally mediated methane turnover.

Organic Matter in Sediments

Organic carbon content is highly hetero-
geneous throughout the Chukchi Sea,
and likely depends on the hydrodynamics
of the water masses as they move through
the narrow Bering Strait toward the
Arctic Ocean. The average organic car-
bon value in the South Chukchi Basin
is estimated to be 1.9%, with the larg-
est organic carbon concentration (up to
2.57%) occurring south of South Schmidt

P, = porosity at the sediment surface
@, = porosity-depth attenuation coefficient (Athy’s law)

Molecular diffusion
in sediments

Ds =0t D,

T = tortuosity is calculated by the Millington and Quirk (1961) model used

in Comsol Multiphysics
D, = molecular diffusion coefficient is calculated by C.CANDY considering

sediment pressure, temperature, and salinity (http://visumod.freeshell.

org/thermo/difcoef.html)

Rate of fluid advection
through the sediment

u(z) = (Vs @t = Uo - Po)/p(2)

V; = sedimentation rate

@; = porosity at great sediment depth

up = upward rate of fluid flow at the seafloor (Luff and Wallmann, 2003)

Kinetic constant of organic
matter degradation

kowmp = 016 - (ag + z/v;)%%°

ay = the initial age of organic matter degradation
z = depth (Middelburg, 1989)

Factor converting G (wt%)
into C (mol m3)

(1-¢(2) - ds/(¢(2) - Mc)

ds = average density of dry solids
Mc = molecular weight of OM (CH,,,0)
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Deep. The average organic carbon con-
tent in the surficial sediments from the
northern site is estimated to be 1.8%,
with maximum values up to 2.38% in its
southern and northern parts (Kolesnik
and Mar’yash, 2011; Astakhov et al,
2013). Organic matter concentrations are
related to sediment grain size and range
from 0.05% in coarse-grained deposits to
2% in fine-grained sediments (Lysitsin,
1969; Walsh, 1989).

Almost all the cores collected at the

southern site exhibit high levels of organic
carbon, with the exception of station 15
(Figure 3D). The northern HC-4 core
consists mainly of coarse-grained sedi-
ment and large-size ice-rafted debris, sug-
gesting quite a low organic carbon value,
similar to that measured at coring sta-
tion 85 (0.85%; Figure 3D). Descriptions
of organic matter parameters used during
the modeling and the kinetics of organic
matter degradation are given in Table 3
and Appendix C, respectively.

TABLE 2. Rate expressions and Rate laws applied in the differential equations.

SPECIES/RATE RATES/KINETIC RATE LAW

Methane (CH,)

RicHa) = *Rme — Raom

Sulfate (SO,)

Riso4)= —Rsg = Raom

DIC (CO, + HCO; + CO,)

Ripic) = Raom — (1= fs04) - Romp * Romp

Organic matter degradation

Romp = Komp * Cichzo)

Sulfate reduction

Rsr = —Raom — fs04” - Rowp

Methanogenesis

Rue = —Raom + (1 = fso4) - Kin® - Romp

Anaerobic oxidation of methane

Raom = Kaom C(so4) ’ C(CH4)

! fso4 is a factor which controls the partitioning rate of OM degradation between organoclastic SR and MG,
such that fgos = Cs04/Ksos When Cigou) < Ksoy and fso, = 1when Cigou) > Ksou, Ksog is the half-saturation

constant for sulphate (Mogollon et al., 2012).

2 Kip = K /(Cppic) *CichaytKo), Ki, is the factor that inhibits organic matter degradation in anoxic sediments,
K. is the Monod inhibition constant, Cpp,c is the concentration of dissolved inorganic carbon
(CO3 + HCO;3 + CO,), and Cpy, is the methane concentration (Wallman et al., 2006).

TABLE 3. Settings corresponding to the cores modeled in this study.

Sedimentation Rates

Study of sediment cores and seismic stra-
tigraphy provide deposition patterns and
sedimentation rates for the Chukchi Sea
(Gusev et al., 2009, 2014). For the western
part of this sea, Gusev et al. (2009) report
relatively high early Holocene sedimen-
tation rates of several meters per thou-
sand years, which are common for the
early stages of flooding on the Arctic shelf
(e.g., Stein et al, 2004). Subsequently,
deposition was greatly reduced to about
one meter in ~9,000 years. Assuming the
reflector observed in our seismic records
is the pre-Holocene-Holocene bound-
ary, Holocene sediment thickness var-
ies from 2 to 8 m, suggesting sedimenta-
tion rates at the northern site in the range
of 20-80 cm kyr L. In the vicinity of sta-
tion HC-4, the pre-Holocene-Holocene
boundary occurs at 2.5 m, suggest-
ing sedimentation rates of 25 cm kyr!
(see Table 3).

Overall sedimentation rates within
the South Chukchi Basin during the
Holocene were estimated as high as
200 cm kyr! (Viscosi-Shirley, 2000). This
value was used for modeling the rate of
methane turnover in the sediment at sta-
tion HC-10 (see Table 3).

PARAMETER SYMBOL [UNIT] HC-4 HC-10
Bottom water temperature (temperature gradient 0.03°C/m) T[°C] -1.85 -1.8 - +1.3
Porosity at the sediment surface’ (g [dimensionless] 0.6 0.7
Porosity-depth attenuation coefficient @, [dimensionless] 0.001 0.001
Sedimentation rate vt [cm/a] 0.0025 0.2
Sediment density ds [g/cm3] 2.65 2.65
Rate of fluid advection through the sediment (at zero depth) u(z) [cm/a] 0.03 019
Initial age of OM degradation ag [a] 30000 0
The content of OM in surface sediments? (at zero depth) OM [wit%] 17 4.4
Molecular mass of C(H,0) Mc [g/mol] 30 30
Inhibition constant of OM degradation K. [mM] 1 1
Kinetic constant of AOM Kaom [cm3/(mmol-a)] 1 30
Molecular diffusion coefficient for methane® (at zero depth) Dcha [cm?/a] 231 245
Molecular diffusion coefficient for sulfate® (at zero depth) Dgo4 [cm?/a] 135 146
Methane solubility calculated by Henry’s and Sechenov’s laws (top/bottom) Cms [mM] 37143 2.3M14.4

' Below 146 cmbsf adopted 0.8 porosity due to watery sediments (for core HC-4)

2 Organic matter content in sediment was defined by multiplying C

value by constant 2 (GOST 23740-79 Soils)

org

3 Diffusion coefficients for sulfate and methane in the sediment interval 0-25 cmbsf were identified as Heaviside functions with modeling domain upper boundary values:
z =0 cmbsf - 8D, z =25 cmbsf — 1D, taking into account the settling of sulfate from seawater (Jorgensen and Parkes, 2010).
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Contemporary

Geochemical Concentrations

and Turnover Rates

Here, we compare simulated methane
and sulfate concentrations at the sam-
pling stations to corresponding measured
data, where available (Figure 5A,B).
Figure 5C,D plots the rates of total sulfate
reduction, methanogenesis, and anaero-
bic oxidation of methane.

Southern Site

Site HC-10 is characterized by intense
diagenesis of organic material domi-
nated by sulfate reduction. According to
the simulation results, the upper 10 cm
of the sediment column has the high-
est sulfate reduction rate. These results
are in good agreement with visual obser-
vations (absence of an oxidizing layer,
dark sediment color, and strong H,S
odor). It should be noted that within
the upper 50 cm horizon, sulfate reduc-
tion occurs due to organic material deg-
radation (sulfate reduction rates vary

—— o Sulfate concentration, mM

from 153 pmol dm= day™! at the surface
to 0.4 umol dm day! at 50 cmbsf). The
good fit between measured and modeled
sulfate reduction at 25 cmbsf supports
the simulation data. From 50-225 cmbsf,
sulfate reduction is due to both anaero-
bic oxidation of methane and degrada-
tion of organic material. The maximum
rate of anaerobic oxidation of methane is
0.23 umol dm~day!, and it occurs at the
depth of 115 cmbsf.

It should be noted that in the depth
interval of 110-150 cm, the modeled sul-
fate reduction rates are underestimated
when compared to the measured data
(Figure 5C). Indeed, the original down-
ward sulfate flux from the seawater may
be different from the value used by our
simulation model due to sediment het-
erogeneity and/or strong bioturbation.
On the other hand, the occurrence of
microniches with depleted organic mat-
ter is quite possible. The niches may serve
as potential local sulfate repositories
within organic-rich reduced sediments.

—— AOM —— MG, pmol dm'gday'

Thus, the simulation shows that with
increasing sediment depth, sulfate is
completely consumed in the SMTZ until
ambient saturation concentrations are
reached. Methane generation begins at
190 cmbsf, with a maximum production
rate of 0.06 pmol dm~2 day! at a depth of
215 cmbsf. The rate of methane genera-
tion at this depth is much higher than that
measured at stations 15 and 22, which
are located within the same basin struc-
ture (0.0075 and 0.012 pmol dm™3 day~},
respectively; Savvichev et al, 2007).
Methane’s high anaerobic oxidation rate is
a result of both highly diffusive and con-
vective methane flux (about 0.2 cm yr!).

The sulfate  reduction
appears to be the primary process that

observed

prevents significant upward flux of
methane from southern site sediments
to the overlying water column. The sim-
ulation allows us to estimate the diffu-
sive methane flux at the sediment-water
interface within the southern site to be
14.5 umol dm~2 day .

1
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Northern Site

As a whole, core HC-4 is character-
ized by low rates of diagenetic processes.
According to the modeling and measure-
ments in the upper Holocene sequence,
the only sulfate reduction is occurring at
a maximum rate of 0.02 umol m~2 day~'.
Despite the fact that measured sulfate
reduction rates are higher by about two
orders of magnitude than the modeled
rate, both measured and modeled sulfate
reduction rates are low. At the same time,
there is a good fit between measured and
modeled sulfate reduction rates within
the 150-250 cmbsf interval, reflecting a

Currents

mm Beaufort Gyre
msm Atlantic Water (subsurface)
Alaska Coastal Water

shift in the sulfate reduction rates. This
shift is well described by changes of sed-
iment lithology at the pre-Holocene-
Holocene boundary (Figure 4C).

The model predicts a maximum
methane anaerobic oxidation rate of
0.0026 pmol dm™ day!) at a depth
of 12 mbsf, corresponding to the late
Pleistocene, and comparable to rates
measured by Savvichev et al. (2007).
However, the modeled CH, concentration
at the predicted rate of anaerobic oxida-
tion of methane appears to be underesti-
mated. Assuming the origin of CH, at the
northern site is due to vertical migration

CH4(ppm)
in water

0.8
0.7
0.6
05
0.4
0.3
0.2

—10.1

—0

CH4(ppm)
in sediments

1250
1000

750

== Bering Sea Shelf Water
m== Anadyr Water —0
== Siberian Coastal Current

FIGURE 6. Spatial distribution of methane concentrations (a) in surficial sediments, (b) near bot-
tom, and (c) in surface water horizons. The data were compiled from different sources (VNIIGA-
VNIIOkeangeologia historical data; RUSALCA 2004, 2009, and 2012 data), and processed by a
Kriging gridding method (regional bathymetry: IBCAO, Lambert projection). Current flow direction is
from the online schematic Edge of the Arctic Shelf (2002).
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(Figure 3C), we used an upward diffu-
sive methane flux of 14.7 pmol m~2 day™!
at the base of the modeled domain to
reconcile the model with the measured
amount of methane flux. Thus, accord-
ing to the simulation, the northern site is
characterized by a lengthy zone of anaer-
obic oxidation of methane occurring
in the 7.5-17.7 mbsf interval. Bacterial
methane production occurs immediately
below the anaerobic oxidation of meth-
ane zone, reaching its maximum value
of 0.0002 pmol dm™ day™' at 18.5 mbsf.
Thus, the contribution of microbially
mediated organic matter transforma-
tion into methane at the northern site
is negligible. The main source of meth-
ane supplied to the water column is
from deeply buried gas source rocks.
The estimated diffusive methane flux at
the sediment-water interface is as low as
0.7 nmol dm2day!.

Spatial Distribution of Methane

in Sediment and Water and

its Potential Transfer to the
Hydrosphere

All the available data on methane dis-
tribution in the surficial sediments and
those of the near-bottom and surface
water horizons were mapped over the
study area by using the Kriging geostatis-
tical gridding method. It should be noted
that historical data on methane con-
tent in the surficial sediments within the
southwestern Chukchi shelf are in good
to moderate correlation with RUSALCA
measurements. Some discrepancy is obvi-
ously due to irregular distribution of sam-
pling stations. Available data on meth-
ane concentration in surficial sediments
(0-5 cmbsf) on the Chukchi shelf reveals
methane “hotspots” occurring in the
Kolyuchinskaya Deep (concentration of
1,250 ppm) in the South Chukchi Basin,
and in a wide area in the central Chukchi
Sea where methane concentrations reach
250 ppm. The northern site appears to be
characterized by relatively low methane
content in sediment (although it is higher
than background values; see section on
Methane in Sediment; Figure 6a).



in the
water column obtained during the
RUSALCA 2004 and 2012 expeditions
show that throughout the study area,

Measurements of methane

methane concentrations in water just
above the seafloor are higher than open-
ocean background values in the Arctic
(<0.096 ppm) (Damm et al, 2007);
they vary from 0.1 ppm in the western
part of the Chukchi Basin to 0.8 ppm
in the northern extension of Herald
Canyon. Analysis of the spatial distribu-
tion of methane concentrations in the
near-bottom water layer show a system-
atic increase in Anadyr Water, extending
from Bering Strait to the mouth of Herald
Canyon. The same tendency occurs in the
subsurface layer, with decreasing meth-
ane concentrations due to diffusion and
oxidation (Figure 6a,b).

A juxtaposition of methane distribu-
tion maps (Figure 6a-c) shows that the
spatial distribution of methane in surfi-
cial sediment does not correspond with
that of water. It appears that methane
concentrations measured in the water in
Herald Canyon are higher than that of
the South Chukchi Basin. Note that the
season the observations were taken was
not considered. Table 4 summarizes the
minimum, average, and maximum CH,
concentrations at both study sites (sub-
surface, near-bottom water, and sur-
face water). These data show that dis-
solved methane is available for upward
diffusion and oxidation. The calculations
show that the higher the CH, content is
in the subsurface sediments, the less it
diffuses into the water column. This is
related to high methane consumption via

anaerobic oxidation of methane and sul-
fate reduction in the organic-rich sed-
iments. However, at locations with low
methane content in the surficial sed-
iments, up to 60% of the methane bud-
get enters the hydrosphere, indicating
low methane consumption in the sedi-
ment. This is true only for the southern
site—it is not observed at the northern
site. It is remarkable that the thickness
of the water column, which defines the
overall range of CH, oxidation, has no
significant influence on methane flux. In
particular, despite the 50 m difference in
water depth between the two study sites,
the maximum surface water methane
concentrations measured within Herald
Canyon are still higher than they are at
the southern site in the South Chukchi
Basin. The data obtained allow us to esti-
mate possible methane fluxes from the
water to the atmosphere at the two sites
using a diffusive methane flux in water
of 0.13 nmol m™2 day! (Iversen and
Jorgensen, 1985). Figure 7 summarizes
the results of these balance calculations,
which show almost equal CH, concentra-
tions (0.3 and 0.4 ppm) and, consequently,
equal methane flux from the water to the
atmosphere at both sites, despite the dif-
ferences in their environments.

The data suggest an additional source
for methane water enrichment in Herald
Canyon other than surficial sediment.
Yet, methane oxidation rates in the water
column estimated at Herald Canyon are
higher than those in the South Chukchi
Basin. We suggest that the enhanced
methane content within Herald Canyon
results from advection of methane-

TABLE 4. Spatial distribution of methane concentrations within the study sites.

enhanced waters from the southern
site via the Anadyr Current (Figure 6).
Because hydrocarbon gas occurs dis-
solved in seawater, it can be transported
laterally and vertically, in some cases
over long distances (Johnson et al., 1993).
Data on methane oxidation rates and
methane concentrations in the water col-
umn at stations 22, 106, and 85 located
along the Anadyr Current supports our
hypothesis (Table 5). Taking into account
the approximate time required for meth-
ane transport from the southern sta-
tion 22 hotspot in the South Chukchi
Basin to northern station 85 in the mouth
of Herald Canyon using the velocity of
the northward-flowing Anadyr Water,
we calculated methane loss over the flow
transfer. Data on Anadyr Water flow were
taken from Baum (2011) and Pickart et al.
(2009). Results show that the total vol-
ume of methane that could be oxidized
during passage from station 22 to station
106 (distance of about 350 km, Anadyr
Current speed of 30 cm s7!, and trans-
fer time of 14 days) and from station 106
to station 85 (distance of about 250 km,
Anadyr Current speed of 50 cm s™!, and
transfer time of 6 days) is much less than
the input concentrations, supporting our
hypothesis (Table 5).

CONCLUSIONS

Shallow methane and the processes related
to methane turnover were studied at two
distinct sites in the Chukchi Sea. On the
large scale, the differences between these
sites are defined by different geological
settings and sediment deposition regimes
during the Pleistocene to Holocene.

CONCENTRATION, PPM/HORIZON MINIMUM AVERAGE MAXIMUM
STUDY SITE NORTHERN SOUTHERN NORTHERN SOUTHERN NORTHERN  SOUTHERN
Surface water 018 0.04 0.41 0.29 0.41 0.29
(4.89%) (16.00%) (2.95%) (0.27%) (118%) (0.02%)
Near bottom water 0.26 015 0.47 0.31 1.00 0.80
(7.07%) (60.00%) (3.38%) (0.29%) (2.88%) (0.06%)
Surficial sediment 368 0.25 13.90 107.48 3477 1250.00
(100%) (100%) (100%) (100%) (100%) (100%)

(%) = remanded share of dissolved methane after loss during an upward diffusion and oxidation (assuming 100% methane concentration in the surficial sediment at the

beginning of emission to the water column).
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The northern site was subaerially
exposed, possibly affecting the character
of methane emission. Pre-Holocene sed-
iments may have trapped diffusive ther-
mogenic gas during the sea level low-
stand. During basin subsidence and
ocean transgression, the relict seafloor
permafrost thawed, allowing methane to

migrate. This gas originates from deeper
sedimentary strata and mingles with
additional microbial methane from the
Pleistocene sediment sequence. However,
rates of measured microbial methane
generation do not match the predicted
generation at the southern site. The diffu-
sive methane flux at the sediment-water

—0m

CH, = 0.4 ppm (1.18%)

max

diffusive methane flux

2%
Lo 0.13 nmol/(m™d)

Diffusion/Oxidation

&

Diffusion/Oxidation/
Bioturbation

TO THE ATMOSPHERE

seawater level —

water column

CH,= 0.3 ppm (0.02%)

4 .

diffusive methane flux
0.13 nmol/(m*d)

Diffusion/Oxidation/
Bioturbation

FIGURE 7. lllustration comparing methane flux dynamics at the northern Herald Canyon (values in
blue) and southern sampling sites (values in pink). Max CH, reflects maximum of measured meth-
ane concentration, and % values represent methane transfer percentage in the corresponding hori-
zon. Diffusive methane flux is calculated as the gradient of methane concentration from the bottom
to surface waters, multiplied by the methane molecular diffusion coefficient of 8.7-10°m? s~ (Ilversen

and Jorgensen, 1993).

TABLE 5. Methane oxidation (MO) in the water column over flow transfer.

interface here is estimated to be as low
as 0.7 nmol dm™2 day™!. Thus, it should
not be expected that this environment
is a strong source of atmospheric CH,.
However, this study reveals some inter-
esting insights into mechanisms of CH,
fluxes at the northern site, which appear
to be controlled by northward transport
of CH, via ocean currents entering the
Chukchi Sea through Bering Strait.

Evaluation of the rates of anaerobic
oxidation of methane, sulfate reduction,
and methane generation using measured
and modeled data for the methane cycle
transport-reaction provide insight into
Holocene methane dynamics within the
South Chukchi Basin. The southern site
appears to be a consistent source of bio-
genic methane in the surficial sediments
and the water column. The estimated
diffusive methane flux at the sediment-
water interface within the southern
site is as high as 14.5 pmol dm™ day~!.
Despite the fact that as much as 60%
of the net flux was calculated to be lost
through sediment-water gas exchange
due to intensive microbial methane con-
sumption, the South Chukchi Basin
may serve as a supplementary source of
methane emitted into the atmosphere
at Herald Canyon.

It is clear that organic methane reaches
surficial sediments in the Southern
Chukchi Basin and is one of the import-
ant sources of atmospheric methane.
Further work is required to accurately
quantify this flux. New findings of meth-
ane seepage (convection) would lead to
considerable upscaling of the methane
shelf source compared to that based on

diffusive fluxes alone.

Total MO (per m?) Water Average MO Average (max, min) Methane Loss Methane Loss
. Integrated Over Rates in Water Methane Concentration Over Flow Transfer
Station 1 Depth N Over Flow Transfer o q
Water Depth (m) Column in Water Column (mol m-3) (% from min

(umol m—2 day™) (umol m~=3 day™) (umol m~3) M concentration)

22 2.4 57 0.042 9.7 (71,12.9) 12 13.4

106 9.8 72 0136 16.2 (10.8, 20.0)

85 177 103 0172 157 (12.9, 171) 09 76

' Data from Sawvichev et al. (2007)
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APPENDIX A. GEOCHEMICAL

ANALYSIS TECHNIQUES

Geochemical analyses performed on pore waters,
sediment, and water gases include major element,
gas, and isotopic compositions. Major element geo-
chemistry of pore water samples was determined in
VNIIOkeangeologia using a method described by
Reznikov et al. (1970). CI-, Ca%*, and Mg?* were deter-
mined by titration (argento-, acide-, and complexom-
etry, respectively) The SOf‘ species was determined
by weight, and Na* and K* using flame photome-

try. Accuracy of the method is + 0.01 mg L~ for the

K, Na, Mg, Ca, Cl, and SO, ions, and + 01 mg L™

for the HCO; and CO, ions. The sensitivity of the
method depends on the volume of the measured
water sample.

Wet sediments were transferred to gas-tight vials to
determine the methane concentration using a routine
head-space technique. Methane was measured in
an onshore VNIIOkeangeologia lab using Shimadzu
GC 2014 equipped with a flame ionization detec-
tor. A wide-bore capillary column Restek Aluminia
(0.53 mm; 50 m) was employed to separate methane
from other hydrocarbon gases. The carrier gas was
He flowing at a rate of 20 mL min~". Peaks were cali-
brated against certified standard gas mixtures.

The organic carbon content (C,,) (i.e., oxidizable
organic carbon) was determined by using the “wet”
(dichromate) method of carbon combustion using
AN-7529 automatic carbon analyzer. The percent
organic carbon (C, ;) was calculated by the differ-
ence: (C,,4 = total C —inorganic C).

Sulfate reduction rates were measured by trac-
ing isotopically labeled sulfate in incubated sedi-
ments. The sulfate reduction rate was determined
by the formation of 35S-labeled H,S, total pyrite, and
elemental and organic sulfur from Na,3°S0, (0.2 ml,
35 puCi per 5 cm? of the sediment). The samples were
treated according to the procedures described in
Gal’chenko (1994).

The anaerobic oxidation of methane (AOM), sulfate
reduction (SR), and methanogenesis (MG) rates were
determined using measurements of sedimentary CH,
pore water sulfate (SO?{), and organic matter content
(Corg) at two study sites combined with simulations
of the methane cycle transport-reaction processes.
Modeled sulfate reduction rates were compared
and validated by the rates determined by 3°S tracer
experiments carried out in this study. Modeled AOM
and MG rates were compared with measured data on
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closely located RUSALCA coring stations reported in
Sawvichev et al. (2007).

Measurements of isotope compositions of meth-
ane carbon (8"C(CH,)) were carried out at the Centre
of Isotopic Research of VSEGEI (St. Petersburg) using
an isotope-ratio-monitoring mass spectrometric
(IRM—=MS) method by means of a DELTA plus XL mass
spectrometer with a GC/C-lIl device (ThermoFinnigan
production) for the gas measurements. Random error
during the determination of carbon isotopic compo-
sition (10) was in the range of 0.1-0.2%o. The results
of isotopic measurements are represented in per-mil
delta notations (%o) relative to PDB standard.

APPENDIX B. NUMERICAL TRANSPORT-

REACTION MODEL SETUP

The model calculates the concentration-depth pro-

files of two dissolved species—sulfate and methane.

Partial differential equations were set up following the

classical approach used in early diagenesis modeling:
dci(z,t) o

o Aci(z,t)
ot oz oz

d(p(z,t)-u(z)-ci(z,1)
oz

)_
)
+¢(z,1)- ZRd(z,t)

where YRd (mol/cm?3.s) is the sum of rates of all con-
sidered reactions; ci is the concentration of species

i in the liquid (moles per fluid volume, mol m=3). On
the left side of Equation (1) are terms correspond-
ing to accumulation of species mass within the lig-
uid phase. On the right side, the first term introduces
diffusion; the second term describes the convec-
tion due to the directional velocity, and the last term
describes production or consumption of the spe-
cies. The system of differential equations was solved
using Comsol Multiphysics. Conditions approaching
steady state for solute concentrations are attained in
about 15,000 years of simulation time for HC-10 and
100,000 years for HC-4.

Initial and Boundary Conditions. Initial condi-
tions for methane throughout the column were des-
ignated as 0 mM, and for sulfate, the value measured
in the pore water from surficial sediment (Figure 3B).
The lower boundary conditions for methane were
assumed to be based on a no-flux boundary for sta-
tion HC-10, assuming bacterial methane generation
via organic matter degradation. Taking into account
the migration origin of methane according to its
molecular composition, low Bernard ratio, and inter-
pretations of the seismic data, we set the methane
flux and sulfate concentration at the base of the mod-
eled domain in core HC-4 and the upper methane
boundary at zero for both sites. The minimum domain
length is calculated according to Mogollén et al.
(2012). The lower boundary was placed at a depth
greater than the diffusive length scale of Holocene
sediment (L>+/4Dm-T ), where Dm is the molecular
diffusion coefficient for methane, T = 11,700 yr), that
is at L > 34.6 m. Thus, the thickness of the modeled
domain is 35 m in both simulations.

APPENDIX C. KINETICS OF ORGANIC
MATTER DEGRADATION

To estimate the amount of particulate organic carbon
(POC,) that could reach the methanogenesis zone and
be further converted to methane, we need know the
POC burial rates and downcore changes in POC reac-
tivity, which decreases strongly with sediment age
and depth. A synthesis of the Middelburg (1989) clas-
sic organic matter degradation model, as modified

by Wallmann et al. (2006), predicts that organic mat-
ter degradation rates are not affected by pore water
composition but are suppressed by the accumulation
of dissolved metabolites. The improved Wallmann

et al. (2006) model describes the effect of metabo-
lite concentrations on anaerobic POC degradation in
anoxic marine sediments by the equation

KC
)'kOMD' CCHZO 2

Rowp = ————————
e (Coct CamatKe

where Rgyp is the organic matter degradation rate,
Cppic is the concentration of dissolved inorganic car-
bon (CO; +HCO; +CO,), C(chy) is the methane con-
centration, koyp is an age-dependent kinetic con-
stant, Cco0) i the organic matter concentration,
and K¢ is a Monod constant describing the inhibi-
tion of organic matter (OM) degradation by dissolved
inorganic carbon (DIC) and CH,4 The rate law pre-
dicts that the microbial degradation of OM is inhib-
ited by metabolites accumulating in adjacent pore
fluids because the Gibb’s free energy available for
the microbial metabolism is reduced in the presence
of high concentrations of reaction products.

The main uncertainty of the Middleburg model was
associated with the initial age parameter (a,), defined
as the average age of POC buried below the biotur-
bation zone (Wallmann et al., 2006, 2012). According
to Wallmann et al. (2012), the value of this parame-
ter depends on ambient variability in burial veloc-
ity, the deposition of refractory organic matter, and
the possible loss of surface sediments during core
retrieval. With the absence of a complete data set
necessary for the modeling, a, was determined
by the best fit between the data and the model.

The best fit was obtained at zero ag in the sedi-

ment core HC-10, indicating fast decay of the reac-
tive pools. Indeed, the sediment in core HC-10 was
highly reduced downcore and was characterized by
a strong decreasing trend in the organic carbon val-
ues supporting the modeling results. For HC-4 the
best fit to the measured sulfate and methane values
was obtained at ay value of 30,000 years (see Table 1
and Figures 3 and 4).
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