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ABSTRACT

The methane (CH4) emission from the Arctic Ocean is crucial to understand global carbon cycle. Here, we
investigated sulfate (SO37) in pore water and compositional and isotopic gas signatures at ARAON Mounds
(hydrate/nonhydrate-bearing sites) and background site in the Chukchi Sea. Sulfate-methane transition (SMT)
did not reach at the background site but occurred at shallow depths (<3.3 m below the seafloor) at all ARAON
Mounds sites. The SOF~ profiles at ARAON Mounds also clearly indicate the unsteady state due to upward gas
migration by high flux at the hydrate-bearing sites compared to the nonhydrate-bearing sites. The isotopic
signatures of gas samples at the hydrate-bearing sites and below the SMT at the nonhydrate-bearing sites reflect
thermogenic source transported across at least 1 km through faults/fractures in the Chukchi Sea. The headspace
(HS) gas samples above/near the SMT at the nonhydrate-bearing sites are affected by the biogenic CH4 with
enriched '2C; they indicate biogenic or thermogenic/biogenic mixed sources. The thermogenic gases below the
SMT at ARAON Mounds have high C;/Cy; ratios (>300), much higher than those of normal thermogenic gases in
offshore shallow sediments (<100), due to postgenetic processes during migration.

The carbon isotopic fractionation (e = 8'3Ccog - 6'3Ccg) in HS samples of the background site and ARAON
Mounds above the SMT are consistent with the biogenic gas range generated via microbial COy reduction.
However, ¢, below the SMT is anomalously low (13-42%o) and is higher at the hydrate-bearing sites than at the
nonhydrate-bearing sites. We postulate that this low ¢ is explained by the two-phase fluid transport model of
Kim et al. (2012) and that gas hydrates highly influence this value. We suggest that & can be used as a powerful
geochemical proxy for the upward gas migration and gas hydrate occurrence in shallow marine sediment
systems.

1. Introduction

organic carbon transported and buried in the Arctic Ocean through
geological time can be used as a substrate to generate methane (CHy) by

A recent assessment of the stored carbon in the Arctic region indi- microbial degradation through methanogenesis typically below ~80 °C
cated a mass of 1,000-2,000 Pg (10'° g) (McGuire et al., 2009). The or by thermal cracking at higher temperatures (Wilhelms et al., 2001;
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Stolper et al., 2014). Recently, in the Eastern Siberian Arctic shelf and
offshore Svalbard, many CH,4 emissions from the seafloor to the water
and/or atmosphere have been observed during geophysical surveys,
which resulted in anomalously high CH4 contents relative to that of the
global mean ocean (Shakhova et al., 2005, 2010; Westbrook et al., 2009;
Hong et al., 2017). This CHy4 release in the Arctic Ocean is principally
derived from submarine permafrost degradation containing perennially
frozen CH4 produced via microbial or thermogenic pathways and gas
hydrates, ice-like form of CH4 (e.g., Dlugokencky et al., 2009; Kerr,
2010), which are stable under high-pressure and low-temperature con-
ditions. CH4 is usually a powerful greenhouse gas on Earth, whose
warming effect is 28 times higher than that of CO2 (IPCC, 2013; Mau
et al., 2017). The CHy4 released from the seafloor to the water and/or
atmosphere in the Arctic Ocean will continuously enhance global
warming in the future. It will also trigger an increase in submarine
permafrost thawing and gas hydrate dissociation in this region. Indeed,
Hong et al. (2017) have suggested a high potential of Arctic gas hydrate
dissociation if the seawater temperature will increase two degrees due to
global warming during the next century.

The presence of gas hydrate has been reported in the Arctic Ocean,
including mud volcanoes in the Beaufort Sea, Barents Sea, and offshore
Svalbard, where access is not easily attained without ice-breaking ves-
sels (Pape et al.,, 2011; Paull et al.,, 2015; Hong et al., 2017). The
properties of pore water and gas are very sensitive to the gas flux and gas
hydrate formation and dissociation. Therefore, the geochemistry of pore
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water and gas has been valuable to understand the characteristics of gas
hydrate as well as gas seepage in the marine environment of the Arctic
Ocean. In contrast, a few gas and pore water chemistry studies have
focused on their origin and diagenesis in connection with gas seepage
and gas hydrate in the Arctic Ocean (Coffin et al., 2013; Paull et al.,
2015; Hong et al., 2017, 2018; Pape et al., 2011). It appears that the
presence of gas hydrate and the related gas and pore water geochemistry
in the central regions of the Arctic Ocean with thick sea ice have not yet
been reported.

During the ARAO7C Expedition in 2016 onboard Ice-breaking
Research Vessel (IBRV) ARAON, gas hydrates were first discovered in
a gravity core (GC) (<3 m in length) from the mound site (Site ARAO7C-
St 13; Fig. 1; Table 1) located at a water depth exceeding 600 m in the
Chukchi Sea under heavy sea ice conditions. Here, we first report the
compositional and isotopic properties of gas hydrates and dissolved
gases (the headspace (HS) and void gases) as well as pore water prop-
erties in the core sediments from the Chukchi Sea acquired during both
the ARAO7C and ARAQ09C Expeditions. To date, there have been no
studies on the gas sources and postgenetic processes that affect many gas
properties during upward gas migration in the study area. In addition,
the influence of the gas hydrate observed during upward gas migration
on the gas chemistry of shallow sediments remains unclear. Therefore,
the main aim of this study is to clarify the gas origin and postgenetic
diagenesis at the hydrate- and nonhydrate-bearing sites in the Chukchi
Sea and to investigate the influence of gas hydrate formation related to
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Fig. 1. A) Major physiographic feature, general physical oceanographic circulation, and multibeam result of the study area during the ARA07C and ARA09C Ex-
peditions. Anadyr Waters (AW) shown in dark green arrow, Bering Shelf Waters (BSW) in light green arrow, and Alaska Coastal Waters (ACS) in red arrow. B) Sub-
bottom profiles images of the ARAON Mounds (AM) surveyed during the ARA09C Expedition.
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Table 1
Summaries of location, water depth, total core length, and depth of the SMT in each site from the ARA07C and ARA09C Expeditions.
Site Latitude (N) Longitude (W) ARAON Mound Water depth (m) Total core length (m) Depth of the SMT (mbsf) Remarks
number
ARAO09C-St 08 75° 44.385' 169° 51.268' 815 5.28 — Background
ARA07C-St 13 75° 40.799 169° 44.192 AMO6 610 2.35 1.3 Mound structure/Gas
ARAO09C-St 06 75° 40.840 169° 44.195' 609 2.60 <0.2 hydrate and authigenic
carbonate found
ARAO09C-St 04 75° 40.793' 169° 44.210' 605 2.21 1.2 Mound structure/
Authigenic carbonate
found
ARAO07C-St 14 75° 42.201' 169° 45.552' AMO4 653 1.61 0.9 Mound structure/Gas
ARA09C-St 16 75° 42.204' 169° 45.649' 662 2.50 <0.1 hydrate and authigenic
carbonate found
ARAOQ9C-St 07 75° 42.717' 169° 47.684' AMO1 699 4.51 3.3 Mound structure/
Authigenic carbonate
ARAO09C-St 12 75° 39.822' 169° 44.458' AMO7 588 2.64 2.1

found

* —: not reach.

upward gas migration. To achieve this aim, we combined and inter-
preted gas compositional and isotopic data with pore water and Rock-
Eval pyrolysis data. The findings will improve our understanding of
CH4 behavior during migration from deep-seated sediments to the sea-
floor and the carbon cycles in the Arctic area. In addition, this study
provides complementary gas and pore water data for the Arctic Ocean to
predict future global warming on a global scale.

2. Study area

The Chukchi Sea, one of the largest marginal seas in the Arctic
Ocean, extends from 66°N in the south to the edge of the Arctic Basin in
the north, covering an area of 620,000 km? (Jakobsson, 2002). In this
sea, the Chukchi Shelf encompasses the shallow continental margin
north of Chukotka and Alaska is less than 50 m depth in the south to
450-750 m depth at the shelf break near the northward extension
known as the Chukchi Rise. The Chukchi Borderland is an adjacent
fragment of continental crust extending north into the Canada Basin of
the Arctic Ocean (Grantz et al., 1998), which incorporates the North-
wind Ridge and the Chukchi Plateau (Fig. 1).

Water masses flow across the Chukchi Sea along three main path-
ways: 1) the saline (>32.5%0) and nutrient-rich Anadyr Waters (NO3 >
20 pM), 2) the relatively warm, fresher (<31.8%o) and nutrient-poor
Alaska Coastal Waters, and 3) the Bering Shelf Waters in the central
channel with moderate nutrient and salinity values (31.8-32.5%o)
(Grebmeier et al., 1988; Woodgate and Aagaard, 2005; Weingartner
et al., 2005; Hunt et al., 2013).

Ice sheets are critical factors for interpreting the paleoclimate and
paleoceanography in the Chukchi Sea through geological time. The
glaciogenic submarine landforms in the Chukchi Borderland have been
primarily related to ice arriving from the Laurentide ice sheets possibly
with local small ice caps on the Chukchi Plateau, and there has been a
lack of terrestrial evidence for large-scale ice grounding on Wrangel
Island, at least in the Late Pleistocene (Brigham-Grette et al., 2001;
Gualtieri et al., 2005; Jakobsson et al., 2005, 2010; Polyak et al., 2007),
indicating that the Chukchi Sea coast was free of large ice sheets.
However, widespread scouring by a large ~1 km thick Arctic ice shelf
during recent glacial periods has recently been reported (Polyak et al.,
2001; Niessen et al., 2013), suggesting that Arctic ice sheets had still
been influenced along the Arctic continental margins during the Last
Glacial Maximum (LGM).

The study area in the Chukchi Sea has a relatively gentle slope
(approximately 2°) with a >3 km wide terrace based on multibeam data,
and eight mound structures have been observed along the edge of the
terrace at a water depth between 568 m and 704 m in sub-bottom
profiler (SBP) images (Fig. 1; Jin and Shipboard Scientific Party,

2019). These mounds are named ARAON Mound 01 to 08 (AMO1 to
AMO8) from northwest to southeast and are approximately 10 m higher
than the surrounding seafloor and 200-700 m wide. In addition, SBP
images reveal that the acoustic facies, stratigraphy, and structure of the
subsurface are different at each ARAON Mound because of the different
sequences of notably thick facies interbedded in the stratified facies (Jin
and Shipboard Scientific Party, 2019). In terms of acoustic characteris-
tics and tectonics, the ARAON Mounds seem to have formed in associ-
ation with basin bounding faults through the prolonged seepage active
at this stage (Jin and Shipboard Scientific Party, 2019).

3. Materials and methods
3.1. Materials

During the ARAO7C Expedition in 2016, two GCs were collected at
Sites ARAO7C-St 13 and ARA07C-St 14, located at AM06 and AMO04,
respectively (Fig. 1; Table 1). We revisited the ARAON Mounds in 2018
and obtained five GCs from AMO1 (Site ARA0O9C-St 07), AM04 (Site
ARAO09C-St 16), AMO06 (Sites ARA09C-St 06 and ARAQ9C-St 04), and
AMO7 (Site ARA09C-St 12). In addition, one GC was collected at Site
ARAO09C-St 08 as a background site, where a mound structure had not
been observed in SBP images. The length of all GCs is shorter than 6 m
(Fig. 1; Table 1).

During both the ARA07C and ARA09C Expeditions, void gas (VG)
was sampled from the cores by piercing the liner with a 60 ml syringe
immediately after core retrieval. This sample was transferred to a 60 ml
serum vial filled with a saturated NaCl solution. For HS gas analysis,
during the ARAQ7C Expedition, a 3 ml sediment sample was collected
with a cut-off 5 ml plastic syringe from the freshly exposed end of each
core section and extruded into a 2 ml glass serum vial. Two milliliters of
saturated NaCl was added to each vial, which was then sealed with a 20
mm thick septum and a metal crimp cap. In contrast, during the ARA09C
Expedition, 10 ml of sediment was collected for HS gas analysis from
each split GC sample at certain intervals from 20 to 150 cm using a cut-
off 5 ml plastic syringe. The sediment was placed in a 25 ml glass vial,
after which a mixed solution consisting of 9.7 ml saturated saline water
and 0.3 ml 50% benzalkonium chloride aqueous solution was added.
Each vial was capped with a rubber septum and sealed with an
aluminum cap, and then the HS, which consisted of air, was replaced
with helium. Hydrate-bound gas (BG) samples were collected at three
hydrate-bearing sites (ARA07C-St 13, ARA09C-St 06, and ARA09C-St
16). Several gas hydrate pieces in each sampling depth were carefully
removed the adhering sediments in surface to minimize contamination
and dissociated within a 60 ml syringe. The BG samples were collected
using the same method as was used for VG sampling.
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Pore water was extracted with a Rhizon sampler from whole or split
cores at ~10-60 cm intervals at room temperature on IBRV ARAON. The
extracted pore water was collected in 25 ml acid-prewashed syringes
and filtered through an in-line 0.20 pm disposable polytetrafluoro-
ethylene filter. Pore water aliquots for cation analysis were transferred
into acid-prewashed high-density polyethylene (HDPE) bottles (~2-4
ml) and acidified with 20 ul ultrapure HNOs. These samples were stored
at approximately 4 °C in a refrigerator until further analysis.

At Sites ARAQ7C-St 13 and ARAO7C-St 14, bulk sediment samples
were continuously collected, and the samples were freeze-dried for 24 h.
The dried samples were ground and homogenized in an agate mortar.
Aliquots of the powdered samples were used for Rock-Eval analysis.

3.2. Gas analysis

HS gas was extracted during the ARAO7C Expedition by heating the
sediment samples at 60 °C for 30 min at the Korea Institute of Geo-
sciences and Mineral Recourses, following the procedure described by
Pimmel and Claypool (2001). In the experiments, the HS, VG, and BG
samples were injected into an Agilent Technologies 7890A gas chro-
matograph with both a flame ionization detector (FID) and a thermal
conductivity detector (TCD) to analyze the hydrocarbon composition
(C1-Cg) and COj. The reproducibility was less than 5% based on
repeated standard analyses. The stable carbon (8"3Ccua, 8'3Ceone, and
5!%Ccog) and hydrogen (8Dcp4) isotopic ratios in the gas samples
collected during the ARAO7C Expedition were obtained using an
isotope-ratio gas chromatograph-mass spectrometer at Isotech, Cham-
paign, IL. The stable carbon and hydrogen isotope values are reported in
the conventional & notation in per mil (%) relative to Vienna-Pee Dee
Belemnite (V-PDB) and Vienna Standard Mean Ocean Water (V-SMOW),
respectively. The reproducibility was +0.1%o for carbon and +2.0%o for
hydrogen.

The gas compositions of the HS, VG, and BG samples from the
ARAO09C Expedition were determined at the Kitami Institute of Tech-
nology using a Shimadzu GC-2014 with a packed column (Shimadzu
Sunpak-S; 2 m length and 3 mm ID), a TCD for detecting CO; and high
(>0.1%) C; concentrations, and an FID for detecting low (<0.1%) hy-
drocarbon (C;-Cs) concentrations. The reproducibility of repeated
standard analyses was less than 1.2% for each gas component. The
613CCH4, 613CC2H6’ 613CC02, and SDCH4 values in the HS, VG, and BG
samples from this expedition were measured using a continuous-flow
isotope-ratio mass spectrometer (CF-IRMS, DELTA V, Thermo Fisher
Scientific, Waltham, MA, USA) coupled with a gas chromatograph
(Trace GC Ultra, Thermo Fisher Scientific). The gas chromatograph was
equipped with a Carboxen-1006 PLOT capillary column (with a 30 m
length, 0.32 mm ID, and 15 pm film thickness; Sigma-Aldrich, St. Louis,
MO, USA). For samples with low C; concentrations, a Sigma-Aldrich
Carboxen-1010 PLOT capillary column (with a 30 m length, 0.3 mm
ID, and 15 pm film thickness) was also used to distinguish air and C;
components. The stable carbon and hydrogen isotope values are re-
ported in the conventional & notation in per mil (%o) relative to V-PDB
and V-SMOW, respectively. The reproducibility was +0.3%. for 8'3C and
2.0%o for 8D.

3.3. Pore water analysis

The sulfate (SO ") in the pore water from the ARA07C and ARA09C
Expeditions was analyzed by ion chromatography (IC) at the Korea Basic
Science Institute (Dionex ICS-1100, Thermo Scientific) and the Kitami
Institute of Technology (2707 plus Autosampler, 1525 Binary HPLC
Pump, and 432 Conductivity Detector, Nihon Waters K.K., Japan),
respectively. IAPSO standard seawater was repeatedly analyzed to verify
the analytical quality of the instruments, and the analytical reproduc-
ibility was less than +3%.
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3.4. Rock-Eval analysis

Rock-Eval pyrolysis was performed at the Korea Institute of Geo-
science and Mineral Resources using a Rock-Eval Turbo 6 (Vinci Tech-
nologies, France) to determine the hydrocarbon source-rock potential of
the organic matter in sediments. The free and adsorbed hydrocarbons
released from a sample during programmed heating were recorded as
the first peak in a pyrogram (S;) at a low temperature (300 °C). The
second peak (Sz) in the pyrogram represents the hydrocarbons released
during kerogen cracking when the sample was heated from 300 to 550
°C. The temperature when the maximum S, peak is attained is defined as
Tmax- CO2, which is shown as the third peak (S3) in the program, was also
generated due to kerogen degradation. When these components are
normalized to the organic carbon content, the Sy peak becomes the
hydrogen index (HIL; Sy x 100/TOC), and the S3 peak becomes the ox-
ygen index (OI;, S3 x 100/TOC). The total organic carbon (TOC) is
measured by summing the pyrolyzed carbon (PC) and residual carbon
(RQC) fractions (Arthur et al., 1998; Lafargue et al., 1998).

4. Results
4.1. Dissolved SOZ~ profile

The dissolved SOF~ profiles in pore water are largely classified into
three trends (Fig. 2; Supplementary Table 1). The first trend observed at
Site ARAO9C-St 08 (the background site) is a near-linear decrease from
the seawater value (~30 mM) near the seafloor to ~24 mM at 5 m below
the seafloor (mbsf). This suggests that the penetration depth at Site
ARAO09C-St 08 does not reach the sulfate-methane transition (SMT)
depth. The second trend exhibits a relatively constant value or a grad-
ually decreasing trend with the depth at shallow depths and then sharply
decreases with the depth, and the SMT depth is reached. Below the SMT
depth, the dissolved SO3~ concentration is a relatively constant value or
a gradually decreasing value (>27 mM) with the depth. This trend has
been observed at Sites ARAQO7C-St 13, ARA07C-St 14, ARAQ9C-St 04,
ARAO09C-St 07, and ARAQ9C-St 12. Gas hydrates were first encountered
at the bottom of Site ARAO7C-St 13 during the ARAO7C Expedition,
whereas they were not observed at the other sites (Jin and Shipboard
Scientific Party, 2017, 2019). The last trend exhibits a very low SO‘Z(
concentration along the entire core length (<2.0 mM) without any
distinct trend, as observed at Sites ARAO9C-St 06 and ARAO9C-St 16. In
contrast, many gas hydrates were discovered at shallow depths (<0.5
mbsf) at both sites during the ARA09C Expedition (Jin and Shipboard
Scientific Party, 2019), suggesting that the SMT depth is probably very
shallow at these two sites (<0.5 mbsf). Therefore, the dissolved SO%’
trends at Sites ARAQ9C-St 06 and ARAQ9C-St 16 are likely to be caused
by ambient seawater contamination during coring, because seawater
can enter GC sediments due to gas hydrate dissociation.

4.2. Gas composition properties

The gas composition properties of the HS, VG, and BG samples are
presented in Fig. 2 and Supplementary Table 2. The CH4 concentration
in the HS samples from Sites ARAO9C-St 04, ARAO09C-St 07, and
ARAO09C-St 12 was the lowest (<120 ppm vol.) near the seafloor and
increased sharply below the SMT depth (>10,000 ppm vol.). In contrast,
the CH4 concentration in the HS samples from the background site
(ARAOQ9C-St 08) was generally lower, ranging from 13 to 3,300 ppm vol.
The ethane (C3Hg) concentration also increased below the SMT depth at
Sites ARAQ9C-St 04, ARAQ9C-St 07, and ARA09C-St 12 (>30 ppm vol.).
At Sites ARAQ9C-St 06 and ARAQ9C-St 16, all CH,4 concentrations in the
HS samples were high (>19,000 ppm vol.), which is caused by gas hy-
drate dissociation. The C;/Cy, ratios in the HS samples below the SMT
depth at the ARAON Mounds generally exceeded 300 because CHy is a
predominant hydrocarbon gas and Cy, is a tracer (Supplementary
Table 2). The C;/Cg ratio at Site ARAQ9C-St 08 ranged from 20 to 880,
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Fig. 2. Downcore profiles of dissolved sulfate (SO?{) in pore water, CHg, CoHg, COo, 613CCH4, 8DcHa, 613CC2H6, and 613CCO2 of headspace (HS) gases, void gases (VG),

and hydrate-bound gases (BG) at A) Sites ARA09C-St 08 (background site; open

triangles) ARA09C-St 07 (AMO1; open stars), and ARA09C-St 12 (AMO7; open

crosses), B) Sites ARAO7C-St 13 (closed circles), ARAO9C-St 06 (closed squares), and ARAO9C-St 04 (open circles) from the AMO06, and C) Sites ARAO9C-St 16 (closed
diamonds) and ARA07C-St 14 (open diamonds) from the AMO04. HS shown in black open symbols at the nonhydrate-bearing sites whereas HS in black closed symbols,
VG in blue closed symbols, and BG in red closed symbols at the hydrate-bearing sites.
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Fig. 2. (continued).

and was a lower value observed at shallow depths (<2.7 mbsf) (Sup-
plementary Table 2). The hydrocarbon gases in all VG and BG samples
from the ARAON Mounds were mainly composed of CHy4 with little Co,,
while C4; was not detected. As a result, the C;/Cy.. ratio in all VG and
BG samples is also higher than 300 (Supplementary Table 2). The CO4
profiles in the HS samples were similar between the ARAON Mounds and
background sites. Interestingly, the CO3 concentration in the HS and VG
samples was higher than that in the BG samples from the ARAON
Mounds (Fig. 2: Supplementary Table 2).

4.3. Gas isotopic properties

The carbon and hydrogen isotopic signatures of the hydrocarbon
gases (6'3Ccpa4, 8'3Ceone, and 8Dcuyg) and carbon dioxide (6'3Cgog) in
the HS, VG, and BG samples are shown in Fig. 2 and Supplementary
Table 2. The minimum 8'3Ccyy value in the HS samples generally
occurred near the SMT depth at Sites ARAO9C-St 04, ARAQ9C-St 07, and
ARAQ9C-St 12. The 613CC2H6 value at these sites ranged from —42.1%. to
—18.1%, which generally decreases with depth. The minimum 8*3C¢os
value in the HS samples also occurred near the SMT at these sites. The
5'3Cans and 8'3Ccoy values in the HS samples from Sites ARAO9C-St 06
and ARA0O9C-St 16 were significantly enriched (6'3Cgys > —51%o0 and
613Cc02 > —27%o) across the entire coring depth compared to those in
the HS samples from the nonhydrate-bearing sites. Both the §'3C¢y4 and
613cco2 values at Site ARAO9C-St 08 decreased with the depth. The

8Dcp4 value in the HS samples from all sites had a relatively constant
range from —200%o to —180%o and did not show a distinct trend.

The 8'3Cca, 5'°Ccane, 613CCOZ, and 8Dcp4 values were not notably
different between the VG and BG samples from Sites ARAO7C-St 13,
ARAO09C-St 06, and ARA09C-St 16. In addition, these values were nearly
the same as those in the HS samples collected at similar sampling depths
(Fig. 2: Supplementary Table 2).

4.4. Rock-Eval analysis

Most TOC contents at Sites ARA07C-St 13 and ARAO7C-St 14 were
higher than 0.5 wt%, varying between 0.44 wt% and 1.76 wt% (n = 29;
average = 0.85 + 0.39 wt%) and between 0.58 wt% and 1.18 wt% (n =
14; average = 0.81 + 0.29 wt%), respectively (Supplementary Table 3).
All measured HI and Ty« values of the sedimentary organic matter at
Sites ARAO7C-St 13 and ARAO7C-St 14 were lower than 100 mgHC/
gTOC and 435 °C, respectively, and these values were located along the
Type III evolution path, indicating that the organic matter was thermally
immature (Fig. 3: Supplementary Table 3). These results suggest that the
organic matter at Sites ARAO7C-St 13 and ARA07C-St 14 originates from
terrigenous organic matter and cannot generate hydrocarbons in situ
(Tissot and Welte, 1984; Nali et al., 2000).
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5. Discussion
5.1. Sulfate-methane transition (SMT)

The organic matter in a marine system is generally decomposed by
particulate organic matter sulfate reduction (POCSR; 2CH,0 + SO?{ —
2HCO3 + HjS) above the SMT and by methanogenesis (ME) via acetate
fermentation or CO5 reduction below the SMT. Near the SMT, organic
matter is also degraded by the anaerobic oxidation of methane (AOM;
CH4 + SO%’ — HCO3 + HS™ + H0) (Borowski et al., 1996). Because
SMT is not reached at Site ARA09C-St 08 (Fig. 2; Supplementary
Table 1), POCSR is the main organic matter degradation reaction. In
contrast, SMT is occurred at the other sites near the ARAON Mounds
(Fig. 2; Supplementary Table 1); thus, POCSR, AOM, and ME via CO2
reduction sequentially degrade the organic matter in the sediment col-
umn with increasing depth from the seafloor. These results are clearly
supported by the along-core profile of the CH4 concentration at each site
(Fig. 2: Supplementary Table 1).

A concave-up dissolved SO~ profile was observed in the pore water
from Sites ARAQ7C-St 13, ARAO7C-St 14, ARAQ9C-St 04, ARAO9C-St 07,
and ARAQ9C-St 12, similar to the second dissolved SO7~ trend at a
shallow SMT depth (<3.3 mbsf) (Fig. 2). Similar SO?{ profiles have been
reported in other regions, such as the Northern Congo Fan, the Argentine
Basin, the Arabian Sea, and the Gulf of Mexico (Zabel and Schulz, 2001;
Hensen et al., 2003; Ussler and Paull, 2008; Nothen and Kasten, 2011;
Kasten et al., 2012; Fischer et al., 2013; Wilson et al., 2014). Ussler and
Paull (2008) revealed that this SO?{ profile indicates a diffusive un-
steady state and SMT migration toward the seawater-sediment interface
due to an increasing gas flux. Hence, our observed SOF profile at the
ARAON Mounds is another example of this interpretation. We postulate
that the gas flux at each site of the ARAON Mounds is a critical factor
influencing the composition and isotopic properties of the pore water
and gas.

5.2. Gas source and migration process

Hydrocarbon sources are commonly identified by the composition
and isotopic characteristics of gases (Bernard et al., 1976; Whiticar et al.,
1986; Schoell, 1988; Whiticar, 1999; Pape et al., 2010; Kim et al., 2012,
2013). The hydrocarbon gas generated by microbial COy reduction
mainly consists of methane (C;) and traces of ethane (Cy) and propane
(Cg), resulting in relatively high C;/Cy ratios (commonly > 1,000). In
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Fig. 3. Scatter plot of Tmayx versus HI in organic matters of sediments from Sites
ARAOQ7C-St 13 (closed circles) and ARA07C-St 14 (open diamonds).
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contrast, thermogenic gases are commonly enriched in Cy, and thus
exhibit low C1/Cy. ratios (<100) (Whiticar et al., 1986; Whiticar, 1999;
Milkov et al., 2005; Pape et al., 2010; Kim et al., 2011, 2012, 2013). In
all HS, VG, and BG samples from the ARAON Mounds, CH4 dominates
the composition with C;/Cy; > 300 (Supplementary Table 2), which
likely suggests that CHy is predominantly of microbial origin. On the
other hand, the Bernard diagram displaying the relationship between
613CCH4 and the C;/Cy. ratio deviates from this finding. In this diagram,
most HS and all VG and BG samples from the ARAON Mounds are
located outside both the microbial and thermogenic regions, implying
that the CHy4 from the ARAON Mounds does not simply come from a
microbial or thermogenic source (Fig. 4A).

As shown in Fig. 4B, the diagram of 5'3Ccn4 and 8Dcpy is plotted to
clarify the CH4 source at the ARAON Mounds since the 613CCH4 and
8Dcu4 values have indicated remarkably different gas origins; 51%Ccna
and dDcn4 typically range from —110%o to —50%o and from —400%o to
—100%o., respectively, indicating a microbial CHy4 source, whereas they
vary from —50%o to —20%o and from —275%o to —50%o, respectively,
indicating a thermogenic CHy4 source (Whiticar, 1999). All 5'3Cans and
8Dcu4 values in the VG and BG samples from the ARAON Mounds sug-
gest a thermogenic CH4 origin, implying that CH, is mainly derived from
an allochthonous thermogenic source (deep-seated sediments; see Sec-
tion 5.3). BG gases with a thermogenic CHy4 source at shallow depths
(<6 mbsf) have also been reported in the Gulf of Mexico, offshore
Vancouver, and offshore Svalbard, where a high gas flux is identified at
the seafloor (Milkov, 2005; Plaza-Faverola et al., 2017). In contrast, the
HS samples from the ARAON Mounds are largely classified into three
regions with the depth: 1) a biogenic CH4 source at Site ARAO7C-St 12
(~1.6 mbsf), 2) a mixture of biogenic and thermogenic CH4 above/near
the SMT at Sites ARAO9C-St 04 (~1.3 mbsf) and ARA09C-St 07, and 3) a
thermogenic CH4 origin below the SMT at Sites ARAQ7C-St 13,
ARAO07C-St 14, ARA09C-St 04 (>1.7 mbsf), ARAO9C-St 06, ARAQ9C-St
12 (>2.1 mbsf), and ARAQ9C-St 16. Interestingly, most CHy in the HS
samples from the hydrate-bearing sites (ARA07C-St 13, ARA09C-St 06,
and ARAO09C-St 16) only indicates a thermogenic source, while the
source of the CHy4 collected at the nonhydrate-bearing sites ranges from a
mixture of biogenic and thermogenic sources to a thermogenic source
(ARA09C-St 04 and ARAO9C-St 12) or from a biogenic to a thermogenic
source (ARA09C-St 07) within a 1 m interval near the SMT. This suggests
that the CHy4 source, which dominates the gas composition, rapidly
changed vertically and horizontally at the ARAON Mounds, first re-
ported in the Chukchi Sea. The ARAON Mounds have a very shallow
SMT (<3.3 mbsf), and gas hydrates have been discovered near the
seafloor, which are consistent with the unique characteristics of the
areas with high upward gas fluxes observed in the Ulleung Basin,
offshore Oregon, Gulf of Mexico, offshore Vancouver, and offshore
Svalbard (Milkov, 2005; Kim et al., 2011, 2012; Plaza-Faverola et al.,
2017). We determined a thermogenic CHy4 origin in the HS samples,
including the BG and VG samples collected below the SMT at all ARAON
Mounds sites, whereas the gas composition and isotopic properties of the
HS samples from the background site indicate biogenic CHy4. Therefore,
the thermogenic CHy4 signatures observed at the ARAON Mounds are
attributed to gas migration from deep-seated sediments (Fig. 5). Since
the SMT depth is shallower at the hydrate-bearing sites than that at the
nonhydrate-bearing sites of the ARAON Mounds, the upward gas flux to
the seafloor at the former is higher than that at the latter (Borowski
et al., 1996), which leads to a thermogenic CH,4 source close to the
seafloor (Fig. 5). In addition, the HS samples from the hydrate-bearing
sites are potentially affected by gas hydrate dissociation during coring
because they occur at a very shallow depth (<0.5 mbsf) with similar
5'3Ccu4 values to those of deep-sourced thermogenic CH4. Overall, the
CH4 in all HS samples from the hydrate-bearing sites at the ARAON
Mounds is thermogenic.

Although the 8Dcpy4 data from the HS samples are limited above the
SMT at the ARAON Mounds, the 8'3Ccyy4 value in the HS samples from
Sites ARA09C-St 04, ARA09C-St 07, and ARAQ9C-St 12 reflected a
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Fig. 4. A) Bernard diagram (after Bernard et al., 1978),
which combines molecular and isotopic information to group
gases into microbial and thermogenic fields. B) 5'%Ccua
versus 8Dcp4 diagram indicating a microbial origin via CO,
reduction, mixture origin between biogenic and thermogenic,
and thermogenic origin for the methane in all gas samples
from the study area (adapted from Whiticar, 1999). C)
8'3Ccane versus 813Capy of all gases samples from the ARAON
Mounds (adapted from Milkov et al., 2005), showing the
thermogenic 8'3Ccuq and both biogenic and thermogenic
5'%Ccusa. HS shown in black open symbols at the
nonhydrate-bearing sites whereas HS in black closed sym-
bols, VG in blue closed symbols, and BG in red closed sym-
bols at the hydrate-bearing sites.
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biogenic source (<—60%o), which is evident for the generation of
autochthonous biogenic CH4 above the SMT. The various pore water and
gas chemistry results clearly support the occurrence of the AOM reaction
near the SMT at these sites. As a result, deep-sourced thermogenic CH4
cannot be encountered above the SMT and in the water column because
most of the migrated CHy is efficiently removed by the AOM reaction
(Figs. 2 and 5). In addition, many methane-derived authigenic

carbonates are observed within the core sediments from the nonhydrate
and hydrate-bearing sites, and gas hydrates occur at the hydrate-bearing
sites of the ARAON Mounds (Jin and Shipboard Scientific Party, 2017,
2019), which are likely to partly act as cap rock to prevent gas transport
from the sediment column to the water column and/or the atmosphere.
The biogenic CH4 produced above the SMT can diffuse and mix with the
thermogenic CH4 near the SMT; thus, a mixed CH4 source signal of
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Fig. 5. Schematic diagram illustrating upward gas migration from the deep-seated sediments column at the A) nonhydrate-bearing and B) hydrate-bearing sites of
the ARAON Mounds. The color change is the relative degree of the mixture between thermogenic and biogenic gas (red < dark pink < light pink) and the size of
arrow is shown the relatively gas flux. Gas hydrate (GH) and methane-derived authigenic carbonate (MDAC) are displayed as blue circles and gray circles,

respectively.

biogenic and thermogenic origins is detected above/near the SMT
(Fig. 5). Furthermore, the dissolved SO in the pore water and CH4 do
not have enough time to reach the steady state near the SMT due to the
high gas flux. Therefore, the CH4 source sharply changes at the
nonhydrate-bearing sites of the ARAON Mounds with the depth; a
biogenic source via CO, reduction above the SMT, a mixture of biogenic
and thermogenic sources near the SMT, and mostly a thermogenic
source below the SMT are observed in descending order. The diagram of
the relationship between 5'3Ccus and §'3Ccone also supports this
interpretation.

All 613Cc2H6 values in the HS, VG, and BG samples from the ARAON
Mounds are higher than —42%. (Fig. 4C), indicating that the ethane
predominantly originates from a thermogenic source (Milkov, 2005;
Hachikubo et al., 2010). The maximum 613CC2H6 value is observed
above the SMT, which will be discussed in Section 5.3. However, the
5'3Caus values indicated both biogenic and thermogenic sources. All
BISCCH4 values in the HS, VG, and BG samples from Sites ARAQ7C-St 13,
ARAQ7C-St 14, ARA09C-St 06, and ARAQ9C-St 16 predominantly indi-
cate a thermogenic CH,4 source, while most HS samples from Sites
ARAQ9C-St 04, ARA09C-St 07, and ARAO9C-St 12 above/near the SMT
and some HS samples collected at these sites below the SMT indicate a
biogenic CH4 source (Fig. 4C). These results also clearly imply that CH4
is predominantly biogenic from the seafloor to the SMT, and then the gas
source is quickly altered to a thermogenic source below the SMT at the
nonhydrate-bearing sites of the ARAON Mounds.

5.3. Postgenetic process

The Tpax values of the organic matter in the sediments at Sites
ARAO07C-St 13 and ARAQ7C-St 14 are located in the immature stage
(<435 °C; Fig. 3 and Supplementary Table 3), which means that mostly
microbial CHy is generated within the retrieved cores at these sites. In
contrast, the measured isotopic signatures of CH4 and CoHg below the
SMT at the ARAON Mounds clearly suggest a thermogenic source
(Fig. 4). Overall, the hydrocarbon gas at the ARAON Mounds is not
generated from autochthonous thermogenic sources but has migrated
from the deeper sediment column to the seafloor through conduits.

Since the background geothermal gradient in the study area is 57 °C/
km, which has been measured during the ARAO9C Expedition (Jin and
Shipboard Scientific Party, 2019), thermogenic hydrocarbon gas can be
produced below at least > 1.0 km if thermal CH4 generation begins with
catagenesis defined in the temperature window from ~60 to 150 °C
(Tissot and Welte, 1984; Sajgo, 2000). In the Chukchi Sea, many faults
and fractures have been observed in deep seismic data (Hegewald and
Jokat, 2013; Dove et al., 2014; [lhan and Coakley, 2018), which function
as conduits for gas migration from deeper sediment columns to the

seafloor. Additionally, the prominent morphological characteristic of
the study area includes mound structure formed by upward fluid flow
and commonly found mass amounts of gas hydrates near the seafloor (e.
g., Sassen et al., 1999; Suess et al., 1999; Paull et al., 2008; Waage et al.,
2019). We postulate that, at the ARAON Mounds, deep-sourced ther-
mogenic gas is upwardly transported through faults and/or fractures as
conduits to the shallow sediment column, which can provide enough
CHy4 to form mound structures and gas hydrates at the seafloor. This is
consistent with the results from acoustic and tectonic approaches to
analyze the ARAON Mounds (Jin and Shipboard Scientific Party, 2019).

Biogenic and thermogenic CH4 can be mixed by diffusion and
advective mixing. CH4 undergoes transport-induced isotopic fraction-
ation in a diffusion-dominated system, which leads to the preferential
removal of the enriched 2CHy4. Consequently, the remaining CHy ex-
periences 13CH, enrichment with a relatively lower molecular fraction
(Cy/Cy; high C1/Cy) (Pernaton et al., 1996; Prinzhofer and Pernaton,
1997; Whiticar, 1999). In contrast, when advective mixing of thermo-
genic and biogenic CH4 progressively occurs, 5'%Ccys and Co/Cy
demonstrate a notable linearity (Fig. 6; Prinzhofer and Pernaton, 1997).
Applying this approach to our data, the HS gases from Sites ARAQ9C-St
04, ARA09C-St 07, and ARAO9C-St 12 at the ARAON Mounds do not
display typical diffusion or a mixing line, whereas they generally follow
the reversed mixing line, that is, the 613CCH4 values decrease with
increasing Co/C; (Fig. 6A and B). This trend has also been observed in
Delaware Basin gases collected from 1,700 to 5,700 m below the surface,
which accounts for the thermogenic trend based on the degree of ther-
mal maturity (Stahl and Carey, 1975; Prinzhofer and Pernaton, 1997).
The HS samples from Sites ARA09C-St 04, ARA09C-St 07, and
ARAOQ9C-St 12 at the ARAON Mounds also exhibit a good correlation
between (8'3Ccps - 8'°Ceane) and In(Cy/Cy), which clearly indicates a
thermogenic trend (Fig. 6C; Prinzhofer and Huc, 1995). The maturity of
the organic matter and of the gas migrating upward from a deep-seated
source toward the seafloor do not notably vary within the 6 m coring
depth interval at the ARAON Mounds; however, this interpretation is
overemphasized due to a lower Cy/C; (higher C;/Cy). Overall, neither
geochemical indicator can directly discriminate the upward gas migra-
tion mechanism at the ARAON Mounds. Since the dissolved SO3~ in the
pore water does not reach the steady state near the SMT due to the high
upward gas flux, advective mixing may be the preferential migration
process for diffusion at the ARAON Mounds.

Thermogenic gas under catagenesis usually has a low C;/Cy; ratio
(<100) due to Cpy gas enrichment. Indeed, the BG gases at shallow
depths in the Gulf of Mexico and offshore Vancouver, mainly derived
from an allochthonous thermogenic source, have low C;/Cy; ratios
(mostly < 10). In contrast, the C;/Cy; ratios in all gases from the
ARAON Mounds are high (>300), which do not agree with the gas
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Fig. 6. Scatter plots of A) C5/C; versus 8'Cgyy of all gases from Sites ARAO9C-St 06, ARAO9C-St 16, ARAO9IC-St 04, ARAO9C-St 07, and ARAO9C-St 12, and B) C,/C;
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panel A) (adapted from Prinzhofer and Pernaton, 1997). C) Scattering plot (613CCH4 - 613Cc2H6) versus In(C,/C,) of all gases from Sites ARAO9C-St 06, ARAO9C-St 16,
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isotopic signatures of CH4 and CyHg implying a thermogenic source.
Although the data set is limited, similar results to our observations have
been reported for BG and HS samples from offshore Svalbard (Plaza--
Faverola et al., 2017). One possibility for the high C;/Cy ratios at the
ARAON Mounds is thermal cracking of Co, gas. At a high thermal
maturity (>150 °C; metagenesis), CHy is generated by thermal cracking
of Cy, gas (Tissot and Welte, 1984; Sajgo, 2000), which leads to high
C1/Cy. ratios. However, the 613CCH4 values at the ARAON Mounds are
much lower than those of the thermogenic gas produced by this reaction
(>—30%o; Milkov and Etiope, 2018), and we exclude CH4 generation via
thermal cracking. There is another critical factor impacting the high
C1/Cy, ratios at the ARAON Mounds.

The composition and isotopic signatures of hydrocarbon gas can be
affected by postgenetic processes, including physical (adsorption/
desorption and diffusion in the gas or water phase) or chemical (bac-
terial and thermal alteration) processes (James and Burns, 1984;
Prinzhofer and Pernaton, 1997). During hydrocarbon gas migration
from deep-seated sediments toward the seafloor, longer-chain hydro-
carbon gases are left behind (Schoell, 1984a,Schoell, 1984b; Price and
Schoell, 1995), and microbial alteration continuously progresses. In this
alteration, Cy; to C; in hydrocarbon gas are usually preferentially
removed, and 13¢ becomes enriched in the residual components (Fig. 5)

10

(James and Burns, 1984). At the ARAON Mounds, 613CCH4 below the
SMT has a relatively constant value ranging from —60%o to —44%o and
becomes significantly depleted near the SMT by the mixing of the
enriched '2C with a microbial CHy4 source (Figs. 2 and 5), which is not
consistent with '3C enrichment in the residual CHy. In contrast, the
813CC2H6 value in the HS samples, not significantly affected by the AOM
reaction, indicates notable '3C enrichment close to the SMT at the
deeper sampling depths and reaches a maximum value at shallow depths
above the SMT at the nonhydrate-bearing sites (ARAO09C-St 04,
ARAO09C-St 07, and ARA09C-St 12). However, the HS samples from the
hydrate-bearing sites have a relatively constant 5'3Ccong value, which is
similar to those in the VG and BG samples due to the influence of gas
hydrate dissociation (Figs. 2 and 5; Supplementary Table 2). The
observed §'%Ccone  enrichment in the HS samples from the
nonhydrate-bearing sites is evidence for the occurrence of microbial
alteration of the hydrocarbon gases in an anoxic environment. Overall,
the hydrocarbon gases at the ARAON Mounds significantly influence the
microbial alteration during gas migration through geological time,
which results in a high C;/C, ratio with 613CC2H6 enrichment (Fig. 5).
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5.4. Carbon isotopic fraction ratio

The carbon isotopic ratio differences of CO2 and CHy (g, = 513Ccoz -
613CCH4) are powerful geochemical indicators for revealing the micro-
bial pathways of biogenic CH4 (Whiticar and Faber, 1986; Whiticar,
1999; Pohlman et al., 2009; Kim et al., 2012). In general, the ¢, value of
CO;, reduction in marine sediments ranges from 49%o to over 100%o,
mostly approximately 65%0—75%o. Oppositely, it is notably lower, typi-
cally ranging between 40%o and 55%o, resulting from the fermentation of
methylated substrates in freshwater environments (Whiticar et al., 1986;
Whiticar, 1999; Whiticar and Elvert, 2001; Pohlman et al., 2009). We
estimated the ¢, values of the HS, VG, and BG gases since the CHy4 at the
ARAON Mounds and background sites is influenced by a biogenic
source.

The estimated e, values of the HS gases at Site ARA09C-St 08 range
from 61%o to 65%o, which are consistent with methanogenesis driven
predominantly by microbial CO5 reduction. On the other hand, the ¢,
values of the HS gases at Sites ARA07-St 13, ARA07-St 14, ARA09C-St
04, ARA09C-St 06, ARA09C-St 07, and ARAQ9C-St 12 vary from 17%o
to 50%o, which are remarkably lower than those from CO; reduction
(Fig. 7). In addition, these values decrease below the SMT (<25%o)
compared to those above the SMT (>30%.) at Sites ARAQ09C-St 04,
ARAO09C-St 07, and ARAO9C-St 12 (Supplementary Table 2). Hence, the
estimated e, value suggests that the CH4 at the ARAON Mounds origi-
nates from either methyl fermentation in freshwater or is affected by
AOM. However, the dissolved SO3~ profile in the pore water and the gas
isotopic data (613CCH4, 613CC2H6, and 8Dcp4) deviate from this finding.
All sites at the ARAON Mounds exhibit the SMT; thus, the effect of AOM
is not exerted along the entire coring depth but to limited intervals near
the SMT. In addition, CH4 is generated by methanogenesis via COy
reduction over methyl fermentation above the SMT, and it predomi-
nantly originates from a thermogenic source below the SMT at the
ARAON Mounds. Kim et al. (2012) reported abnormally low ¢, values at
chimney sites in the Ulleung Basin with a biogenic CHy4 source, which is
accounted for by the two-phase transportation model. Since the solu-
bility of CHy is very low relative to that of CO5 at the same pressures and
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temperatures (Duan et al., 2006; Sun and Duan, 2007) and CH4 does not
exhibit any significant carbon fractionation at the gas/water interface,
there is a decoupling of CH4 from the CO, pool during gas migration,
resulting in abnormally low €. values. Similarly, as shown in Fig. 7, the
enriched '3CH, generated from a thermogenic source in deep-seated
sediments is transported toward the seafloor, which is higher than
that of the Ulleung Basin (—75%o to —65%.), and the CH4 produced by
CO4 reduction above/near the SMT is mixed with the thermogenic CH4
near the SMT at the nonhydrate-bearing sites (ARAQ9C-St 04,
ARAQ9C-St 07, and ARA09C-St 12) of the ARAON Mounds. In contrast,
enriched '2CO, is generated by microbial activity within the retrieved
core, which has not shown a significant difference between the sections
above and below the SMT, and the measured 8'3Cco; value at those sites
has a similar range as that in the Ulleung Basin (—51%o to —15%; Fig. 7).
Consequently, the g, values below the SMT at those sites are much lower
than those below the SMT in the Ulleung Basin (30%c—46%o) and fall in
the AOM region because the deep-sourced CH4 is thermogenic at the
ARAON Mounds with enriched 13CH, values that are at least 10%o higher
than those in the Ulleung Basin. On the other hand, the ¢, values in the
HS samples from Sites ARAO9C-St 06 and ARA09C-St 16, where gas
hydrates were encountered, are clearly distinct from those in the HS
samples from the nonhydrate-bearing sites at the ARAON Mounds
(Fig. 7). Additionally, the €. values usually show an enriched trend with
the depth because 5'3Cqo2 increases, while §'3Ccuy remains relatively
constant with the depth at the hydrate-bearing sites of the ARAON
Mounds (Fig. 7; Supplementary Table 2). Most likely, the influence of
the biogenic CO, with enriched 2C transport at the hydrate-bearing
sites is smaller than that at the nonhydrate-bearing sites of the
ARAON Mounds due to the high gas migration flux from the deep-seated
sediments. Hence, the g, values at the hydrate-bearing sites of the
ARAON Mounds in the study area are deviated from both methyl
fermentation and methane oxidation and are clearly distinct from those
at the nonhydrate-bearing sites (Fig. 7). In combination with the e
values at the ARAON Mounds and in the Ulleung Basin, we postulate
that the anomalously low e, values definitely indicate upward gas
migration irrespective of the gas source, and the nonhydrate- and
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Fig. 7. Estimated ¢, (613CCO2 - 613CCH4) with isotopic fractionation lines (adapted Kim et al., 2012). HS gases from Site ARA09C-St 08 (background site) are fall in the
CO,, reduction region, while HS gases from the nonhydrate-bearing sites (ARA09C-St 04 and ARAQ9C-St 07) deviate significantly from the CO, reduction region and
plot along the black line, which is significantly different trend compared to the HS samples (violet stars) from the chimney sites in the Ulleung Basin (UB) followed
the violet line (data from Kim et al., 2012). HS gases from the hydrate-bearing sites (ARA09C-St 06 and ARA09C-St 16) remarkably discriminate with that from the
nonhydrate-bearing sites. The estimated e. of HS gases from hydrate-bearing sites shows the increasing trend with sampling depth (e.g., blue line from Site
ARAOQ9C-St 16). HS shown in black open symbols at the nonhydrate-bearing sites whereas HS in black closed symbols, VG in blue closed symbols, and BG in red

closed symbols at the hydrate-bearing sites.
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hydrate-bearing sites in both areas are distinctly different. Thus, these

values can be useful geochemical indicators to infer gas hydrate exis-

tence and methane migration generated by both thermogenic and
biogenic sources.

6. Conclusions

1. The isotopic signatures of the void and hydrate-bound gases at the
ARAON Mounds indicate that methane and ethane originated from
thermogenic sources have migrated from deep-seated sediments (>1
km) toward the seafloor through faults/fractures.

2. The isotopic signatures of HS gases from the nonhydrate-bearing
sites suggest three CH4 sources increase with depth (a biogenic
source above the SMT, a mixed source above/near the SMT, and a
thermogenic source below the SMT), while CH4 predominately
originates from a thermogenic source at the hydrate-bearing sites.
Hence, the CH,4 source promptly changes vertically and horizontally
at the ARAON Mounds depending on the occurrence of gas hydrate
seafloor. These results are associated with the amount of upwardly
deep-sourced thermogenic gas because the migrated gas can supply
enough CH4 to form gas hydrate in the shallow sediments at the
hydrate-bearing sites. On the other hand, the biogenic CH4 and CO»
produced above/near the SMT affect the isotopic signatures at the
nonhydrate-bearing sites.

3. The HS, void, and hydrate-bound gases have high C;/Cy; ratios
(>300) at the ARAON Mounds, indicating that they are altered by
postgenetic processes during the migration of deep-sourced ther-
mogenic gases rather than by thermal cracking of C,..

4. The estimated ¢, values at the ARAON Mounds are anomalously low,
which is also significantly lower than those at chimney sites formed
by biogenic hydrocarbon sources. Additionally, the estimated e,
value is clearly different between the hydrate- and nonhydrate-
bearing sites at these mounds because of the gas flux difference be-
tween these sites. Consequently, we postulate that the ¢, value can be
useful as a geochemical proxy to identify high gas fluxes and the
occurrence of gas hydrates in shallow sediments irrespective of the
gas source.
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