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This study documents the discovery of mound morphol-
ogies containing gas hydrate and methane-derived auth-
igenic carbonate (MDAC) in the southwestern slope of
the Chukchi Plateau, during the IBRV Araon expeditions
in 2016 and 2018. A multibeam bathymetric surveying was
the basis for a new and detailed rendering around the
mounds. Sub-bottom profiles and site-targeted gravity cores
were also collected across these mounds which were located
at water depths between 780 m and 580 m. Mounds are
characterized by a circular plan shape of hundreds of meters
in width and tens of meters in height. Below the mound's,
gas accumulation in the sediment produces acoustic blanking
in seismic data. MDACs are identified along the core col-
lected from the top of a mound structure, indicating past
methane oxidation processes. Gas hydrate has also been
observed at the bottom of the core. Reverse geothermal
gradients of the mound support the idea of active present-
day seepage. We argue that the prolonged seepage activ-
ity of methane-rich fluid, possibly related to the formation
of the rifted North Chukchi Basin, has led to the formation
of the gas hydrate mounds, named hereafter the Araon
Mounds, in the vicinity of the basin margin.

Introduction

There have been numerous reports of the existence of natural gas
hydrates in the continental margins of the world ocean and the ori-
gins and distributions thereof vary across geological settings (Kven-
volden and Lorenson, 2013). Marine gas hydrate has long been
considered as a potential factor controlling climate on geologic time
scales (Sloan et al., 1992; Kennett et al., 2003; Ruppel, 2011), given
its high content of methane and its widespread occurrence along
continental margins worldwide (Kvenvolden, 1988; Kvenvolden et
al., 1993; Klauda and Sandler, 2005). Methane-related phenomena
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such as bottom-simulating reflectors, gas seepage, high concentrations of
methane in sediments, seawater, and at the sea surface, occurrences
of gas hydrates, and methane-derived authigenic carbonate (MDAC)
have also been reported over the marginal Arctic seas (e.g., Andre-
assen et al., 1995; Collett and Dallimore, 2003; Petersen et al., 2010;
Shakhova et al., 2010). However, information on the central Arctic
Ocean remains fragmentary because of harsh sea ice conditions inhibit-
ing data collection.

High-resolution geophysical data from multibeam echo sounding
(MBES) and sub-bottom profiling (SBP) surveys can enhance our
understanding of methane-related phenomena by revealing the char-
acteristic acoustic signatures of gas- or hydrate-bearing sediments
(e.g., Paull et al., 2008; Wilson et al., 2014). Acoustic evidence for
the occurrence of gas-related phenomena includes acoustic flare in
the water column and acoustic blanking below the seafloor (Jin et
al., 2011). Additional data, however, are required to determine the
gas types and their origins, such as data from geochemical analysis
of the gas or porewater, or of the hydrate itself (e.g., Kim et al., 2013a).
Therefore, interdisciplinary marine expeditions are needed to com-
prehend the nature of areas where seafloor methane seepage occurs.

During the ARA07C expedition onboard the “IBRV Araon” in the
summer of 2016, a few mound morphologies were discovered in the
southwestern slope of the Chukchi Plateau using MBES, while sail-
ing south to avoid the sea ice (Fig. 1; Jin and Onboard ship scien-
tific party, 2017). Their mound shape and acoustic blanking below
the crest gave the impression of an extruded structure related to gas.
During our revisit onboard the ARAQ9C expedition in the summer
of 2018, detailed bathymetric mapping over an area of approximately
500 km® was carried out to identify their occurrence and distribution
along the slope (Jin and Shipboard scientific party, 2019). We observed
several mound morphologies with acoustic blanking below the crest at
certain depth intervals. To obtain the geochemical and stratigraphic
information to unravel the origin of the mound morphologies, sedi-
ment cores were retrieved from the chosen mounds. Furthermore,
we measured the heat flow to obtain the current seeping activity of
the mounds.
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Figure 1. Map of study area. (a) Bathymetric map of Arctic Ocean. AO: Arctic Ocean, NS: Norwegian Sea, BaS: Barents Sea, GS: Greenland
Sea, KS: Kara Sea, LS: Laptev Sea, ESS: East Siberian Sea, CS: Chukchi Sea, BeS: Beaufort Sea, and CP: Chukchi Plateau. (b) Simplified
tectonic event map around the study area represented by red box (after Ilhan and Coakley, 2018). Two multichannel seismic lines are shown
(gray: RV Langseth 11° (Dove et al., 2014, 1lhan and Coakley, 2018) and purple: RV Polarstern 08’ (Hegewald and Jokat, 2013)). The blue
dashed line is the inferred tectonic boundary between the North Chukchi Basin (NCB) and the Chukchi Plateau (CP). Star represents the
marine heat flow stations in the Chukchi Abyssal Plain (CAP). Green circle represents location of the deep-sourced methane authigenic car-
bonate (Kolesnik et al., 2014). MR: Markov Ridge, NB: Northwind Basin, CB: Canada Basin, TB: Toll Basin. Bathymetry data is from the
International Bathymetric Chart of the Arctic Ocean Version 3.0 (Jakobsson et al., 2012). (¢c) Expanded view of study area. The sub-bottom
profile survey line of ARA0IC _afis shown as yellow line and stations are marked as stars. Small rectangles named AM01-08 indicate the gas
hydrate mound morphologies we found and their names. Colors in each rectangle, shallower in red and deeper in blue, are adjusted to reveal
topography of the mounds. Bathymetry and contours are plotted based on Araon’s multibeam echosounding survey results obtained during
the ARAO7C and -09C expeditions.
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In this study, we present for the first time recently acquired MBES
and SBP data that characterize the surficial and sub-surficial acoustic
characteristics of the gas hydrate mounds in the southwestern slope
of the Chukchi Plateau in the Arctic Ocean. In addition, we discuss
the formation of gas seepage and its activity using our observational
data and previous studies. Our findings improve the current understand-
ing of methane-related phenomena, particularly regarding the occur-
rence and distribution of gas hydrate mounds in the southwestern
slope of the Chukchi Plateau.

Background

The southwestern slope of the Chukchi Plateau is located in the
Arctic Ocean (International Hydrographic Organization, 1953;
Jakobsson, 2002) and includes the tectonic boundary between the
rifted North Chukchi Basin and continental fragment of the Chuk-
chi Plateau (Grantz et al., 2011; Ilhan and Coakley, 2018; Fig. la
and b).

The tectonic boundary, represented by the blue dashed line in Fig.
1b, can be inferred from the end of high free-air gravity anomalies
and high magnetic anomalies toward the basin margin (Ilhan and
Coakley, 2018). A recent seismic study has revealed unfolded sedi-
mentary successions, approximately 4 km thick, from the Pre-Upper
Jurassic to the present in the west of Chukchi Plateau (Butsenko et
al., 2019). Deep-seated vertical faults reaching sediment succession
below the Lower Cretaceous Unconformity have been previously
identified in the southwestern slope of the Chukchi Plateau, close to
our study area (Hegewald and Jokat, 2013; Ilhan and Coakley,
2018). The water depth deepens from its shallow borders in the
Chukchi Plateau and shelf (approximately 500 m) to > 2500 m in the
Chukchi Abyssal Plain (Fig. 1b).

The MDAC with a low value of carbon isotope (§"°C = —63.6 to
—55.6%0) was found from the dredge site at 200 m water depth
(Kolesnik et al., 2014), marked as a green circle in Figure 1b, close
to the tectonic boundary. This supports the presence of potential oil
and gas in the sedimentary succession (Kolesnik et al., 2014). Fur-
thermore, the North Chukchi Basin is filled with 22 km-thick sedi-
ments from the multiple rapid subsidence associated with rifting in
favor of petroleum potential (Artyushkov, 2010).

Data from MBES and SBP surveys indicate widespread ice sheets
and/or ice shelves extending to the Arctic Ocean during the Last
Glacial Maximum (Jakobsson et al., 2014). Numerous glaciogenic
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features such as moraines, till wedges, and iceberg plough marks
remain on the seafloor at water depths shallower than the shelf break
of ~580 m (Dove et al., 2014).

Materials and Methods

During the IBRV Araon expeditions ARAQ7C and -09C in 2016
and 2018, respectively, MBES and SBP surveys were carried out
continuously and concurrently except during the station work for
coring and heat flow measurement. The station sites were chosen
based on the results of the two geophysical surveys. The MBES and
SBP surveys on the IBRV Araon use a hull-mounted transmitter/
receiver operating as an integrated system (Kongsberg EM122 and
its extension SBP120). The MBES survey uses a frequency of 12
kHz and a wide-beam angle of 90-120°. The SBP120 uses a fre-
quency of 2.5—7 kHz and a beam angle of 12°. The theoretical depth
resolution is 5 to 15 cm at 1500 m/s sound speed. Observation
results are recorded in a conventional electronic format that can be
post-processed for better images. The best resolution of the bathy-
metric map we processed was a square 10 m on a side.

The geothermal gradient in the seafloor sediments was deter-
mined by both the temperature readings at depths below the sea-
floor (Miniaturized Temperature Data Logger Type 1854, Antares
Inc.; attached at several locations along the gravity corer barrel)
and the vertical gradient of the gravity corer when penetrated into
sediments (Data Storage Tag Tilt, Star Oddi Inc.). It is averaged
based on the results of the two trials at each site. To compare the
results, we visited both the abyssal plain (Station A in Fig. 1b as a
control site; Table 1) and one of the mound morphologies (Station
B in Fig. 1c; Table 1). In addition, the water temperature profile
was obtained up to 33 m above the seafloor using conductivity—
temperature—depth (CTD) castings at the same two stations. A
water temperature corresponding to the depths of the geothermal
gradient stations was assigned to their bottom water temperature
(Table 1).

Sediment cores were retrieved using a 6 m-long gravity corer, 2 t
in weight with 1.5 m-long transparent liners inside the core barrel
outfitted with a core catcher. Two sediment cores were retrieved
from the mound morphologies with internal acoustic blanking (Sta-
tions B and C in Fig. 1c; Table 1). A visual inspection was per-
formed onboard after a half split of the retrieved core.

Table 1. Details of gravity coring and heat flow measurements at the mounds containing gas hydrates

Station name in figures/ Latitude Longitude Water depth  Core length Remarks
Full name of the stations ©) (°; — sign denotes west) (m) (cm)
Abyssal plain; same as Site 03M03 (Wang et al.,
A/ARA09COTHFP 76.5463 -171.9219 2283 NA 2013); two trials of heat flow measurements; CTD*
casting lowered up to 2250 m.
B/ARA07CI3GVC2 75.6795 ~169.7379 610 235 AMO6; occurrence of carbonates, gas hydrate,
shells, and odor (See Fig. 4)
_ AMO6; two trials of heat flow measurements;
B/ARA09CO9HFP 75.6807 169.7366 619 NA CTD* lowered up to 600 m.
C/ARA09CI6GVC3 757034 ~169.7608 662 NA AMO3; occurrence of gas hydrate; Core length is not

determined because of significant expansion of void

*Conductivity—temperature—depth
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Figure 2. Multibeam bathymetry images from the perspective and plan views with contours of eight mound morphologies (AM01-08). An
elongated or circular shape is identified with an extent of hundreds of meters in width and tens of meters in height. AM07 and -08 are not eas-
ily identifiable because of their smaller extent compared with surrounding glaciogenic features. See text for detail. All scale bars represent
250 m in length.
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Results

Multibeam Echo Sounder

The survey lines of the MBES were chosen to generate a high-res-
olution bathymetric map around the area where the mound morphol-
ogies occur in the southwestern slope of the Chukchi Plateau (Fig.
1b and c). To increase contrast between the mound morphologies
and the seafloor, each rectangle in Fig. 1c is drawn based on depth
variation within the rectangle area and the topographic high is repre-
sented by the red color. We identified eight mound morphologies
(Araon Mound 01 to 08 in Fig. 1¢) using joint analysis with the SBP
results. The mound morphologies were seen in water depth inter-
vals of 580-780 m, corresponding to the upper slope. Their spatial
distribution is sub-linear in the map view with several hundred
meters interval. Wiggles of bathymetric contours stem from rough
smoothing of water depths acquired by the MBES survey.

A close look at the surface bathymetry of each mound morphol-
ogy provides regular patterns in morphology. They have a generally
circular or elongated shape in the map view, with diameters ranging
from tens of meters to approximately 400 m and a height up to 20 m
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(Fig. 2). Due to low height of the morphology, it is not easily identi-
fied when locating the inclined bathymetry. For instance, AM02, -
07, and -08 are not clearly visible in the MBES survey result. In
such a case, acoustic characteristics below the seafloor of the mor-
phology are used for identification (Fig. 3). Shape of the crest is
generally convex upward containing a single peak at the center of
the morphology except for AM04. A detailed contour of AM04
showed three peaks shallower than 638 m.

At AMO3 and -06, those that have a peak spreading over a moder-
ately larger area are chosen for coring sites (Stations B and C repre-
sented as stars in Fig. 2) because flattened top morphology is often
formed by prolonged fluid-mud efflux in the cases of other gas seep-
age structures (e.g., Bohrmann et al., 2003; Perez-Garcia et al.,
2009; Paull et al., 2015b).

Sub-bottom Profiler

Acoustic characteristics below the seafloor across the mound
morphologies were observed from the SBP data of ARA0IC af
(Figs. 1c and 3). Acoustic blanking, characterized by massive top
and transparent downward (orange areas in Fig. 3b) is observed ver-
tically below the mound morphologies, marked by triangles in Fig. 3a.
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Figure 3. Sub-bottom profile image (a) which runs across the mound morphologies (triangles) and its interpretation (b). Mound morpholo-
gies with acoustic blanking below the seafloor (orange area in b) are distinguished from the normal seafloor with flat-lying layers. They can
be classified into two types based on whether it has a distinct surface manifestation with/without positive topography, represented by black tri-
angles with a name and white triangles, respectively. Acoustic blanking is shown vertically from the mound morphologies with lateral sharp
boundaries in most cases. A rather flattened top occurs in AMO03 and -06 while a concave-upward shape with one peak is present in the other
Araon Mounds. Gas hydrate is retrieved using a gravity corer whose length is plotted as a white rectangle at Stations B (AM06) and C (AM03).
AMO7 and -08 are located in glaciogenic wedge (purple area in b). Slope inclination of the mound morphologies is generally less than 6°.
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In some cases, despite the acoustic blanking below, positive topo-
graphic manifestation is negligible (white triangles). It is notable
that the leftmost white triangle shows surficial flat-lying layer above
acoustic blanking. On the other hand, Araon Mounds (black trian-
gles) have significant positive manifestation. Surfaces of AMO03 and
-06 with rather flattened top are irregular and not as smooth as the
other mounds.

Outside of the mound morphologies, continuous and seafloor-par-
allel flat-lying layers suggesting hemipelagic sedimentation are observed
(e.g., Dove et al., 2014). The lateral boundary of the acoustic blank-
ing with hemipelagic sediments is generally sharp and with cross-
cutting geometries (Fig. 3b). However, faults are not identified in
the margins of the mound morphologies. The boundary continues to
~75 m below the seafloor in the case of AMO07 although its vertical
continuity could not be examined due to penetrating depth limit of
the SBP survey in the study area.

The mound morphologies occasionally occur above the acoustic
feature having transparent and homogeneous characteristics with a
sharp lower boundary (area marked by purple in Fig. 3b) as in the
cases of AMO07 and -08. The purple area is interpreted as till wedge,
one of the common glaciogenic features in the study area, based on
the evidence of its contact with lower layers and its location close to
the shelf edge (Dove et al., 2014). Acoustic blanking continues to
the surface at AMO7 and -08 while flat-lying sediment layers are
identified over the till wedge outside of the mound morphologies.

Gas flares in the water column were not observed in the study
area during the ARAO7C and -09C expeditions by either the SBP or
the single beam echo sounder. These are frequently revealed in vig-
orously active seeping areas such as the Sakhalin continental slope
(Jinetal.,2011; Kim et al., 2013b).

Coring

Sediment cores are retrieved from Stations B and C at AM06 and
-03, respectively (rectangles for location and length of the gravity
corer in Fig. 3a). A 2.3 m-long sediment core containing gas hydrate, in

situ carbonate, and shells was retrieved from Station B at AMO06
(Fig. 4). A vein-shape gas hydrate was collected in the core catcher,
at the bottom of the sediment core (star marks in Fig. 4). In addi-
tion, a massive layer of gas hydrate was also found at Station C at
AMO3 (Fig. 2a and inset of Fig. 4). These are strong evidences that
prove occurrence of gas-rich fluid in the mound morphologies. The
gas composition revealed to consist mainly of methane (Kim et al.,
2017; Kim et al., 2020).

In addition, there are in situ carbonates at several horizons (square
marks in Fig. 4) mostly in the sedimentary section of the gray-domi-
nant layer (G in Fig. 4) alternating with brown-dominant layers (B
in Fig. 4). The occurrence of in situ carbonates and gas hydrate is
observed in the gray-dominant layer. In situ carbonates have vari-
ous shapes and sizes but have similar porous surfaces.

Geothermal Gradient

The temperature at depths below the seafloor was collected from
two different stations, Station A for the abyssal plain and Station B
for the mound morphologies, to reveal the thermal conditions of
each location (Figs. 1b, ¢, and 5; Table 2). Station A is located at a
depth of 2283 m and belongs to the abyssal plain, where continuous
horizontal sedimentary layers without faults or irregular morpholo-
gies occur. In contrast, Station B is located on one of the mound
morphologies, AM06, where acoustic blanking occurs below (Fig.
3). The resemblance of the results of the two trials at each station
strongly indicates a good reliability of the observations (Fig. 5).

In the abyssal plain (Station A), geothermal gradients of 56.5 mK/
m with good linearity are estimated, representing normal seafloor
conditions without any thermal disturbances by either advective flu-
ids in the sediments or annual changes in bottom water temperature
(lighter signs in Fig. 5; Table 2). This station is the same as Station
03MO03 in a recent paleoceanographic study (Wang et al., 2013) that
revealed high sedimentation rates (up to 8 cm/kyr) during MIS 3,
corresponding roughly to the topmost 3 m of the sediment section.
However, the sedimentation effect did not seem to be imprinted in

Table 2. Observed geothermal gradients from the abyssal plain and gas hydrate mound

Station A (abyssal plain; control site) Station B (AM06)
Trial #1 Trial #2 Trial #1 Trial #2

Tilt™ 81 81 76 82

No. Depth™ (m) Temp. (°C) Depth™ (m) Temp. (°C) Depth™ (m) Temp. (°C) Depth™ (m) Temp. (°C)
1 0.000 —-0.240 0.000 —0.238 0.000 NA 0.000 NA
2 0.911 NA 0.913 -0.174 0.083 0.988 0.847 0.979
3 1.570 —0.157 1.575 —0.143 1.784 0.933 1.821 0.897
4 3.512 —0.041 3.521 —0.034 3.011 0.875 3.073 0.873
5 4204 —0.009 4.034 —-0.003 3.298 0.870 3.366 0.866
6 4.540 0.016 4.552 0.021 NA NA NA NA
7 5.061 0.043 5.074 0.053 NA NA NA NA

Est. GG 56.8 (R™=0.9992) 56.2 (R*=0.9987) —48.5 (R*=0.9913) —41.8 (R*=0.8797)
Aver. GG™ 56.5 452

“'Inclined angle with respect to a horizontal plane when the corer is penetrated into the sediments. 90 for vertical.
“Vertical distance from the topmost sensor. It is calculated based on both distance from the thermistors attached along the corer barrel and the tilt.

“Estimated geothermal gradient.
*Averaged geothermal gradient.
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Figure 5. Comparison of heat flow measurement results between
Stations A (the abyssal plain; control site) and B (AM06). The neg-
ative geothermal gradient of the gas hydrate mound is in contrast
with the positive one of the abyssal plain. Bottom water temperatures
(BWT) at the two stations are indicated by vertical dashed lines.

the geothermal gradient. In marked contrast, negative geothermal
gradients of —45.2 mK/m are estimated from AMO06 (Station B; darker
signs in Fig. 5; Table 2), indicating that the thermal conditions were
significantly disturbed.

In addition, all temperature readings with depth from the two sites
were higher than the bottom water temperature at each site (dashed
lines in Fig. 5). The bottom water temperature was acquired by cast-
ing of the CTD profiler at Stations A and B (Table 1). Together with
the geothermal gradient, it is an essential parameter to estimate the
base of the gas hydrate stability zone using the known pressure—
temperature relationship of gas hydrate stability (Sloan Jr. and Koh,
2007).

Discussion

Mound Morphologies Interpreted as Gas Hydrate Mounds

Gas hydrate mounds, also known as pingoes, are a common fea-
ture identified in geophysical surveys in gas hydrate areas (e.g., Sas-
sen et al., 1999; Paull et al., 2008; Freire et al., 2011; Serié et al.,
2012; Somoza et al., 2014; Hong et al., 2017). They generally show
a positive topographic expression extending up to a few hundred
meters in length and a few tens of meters in height. Chemosynthetic
communities and gas vents are frequently found on their surfaces
(e.g., de Beer et al., 2006; Paull et al., 2015b). Instances of vertical
acoustic blanking below the mound, interpreted as a gas chimney,
are often identified from seismic and SBP data (Loncke et al., 2004;
Jinetal.,, 2011).

Geophysical and geological observations provide the origin of the
mound morphologies in the southwestern slope of the Chukchi Pla-
teau. Despite the large diameter and shorter height in the map view,

the cone/dome shape of mound morphologies is a characteristic fea-
ture that distinguishes them from both erosional and depositional
structures on the seafloor. Although the scale varies with location
(Figs. 3a and b), the study herein only discovered convex-upward
topography, implying an extruded or built-up origin. Particularly,
the three peaks at AM04 and rather flattened tops of AMO03 and -06
are explained well in this manner.

Acoustic blanking can be generated by instrumental or opera-
tional errors due to fast ship speeds and steep angles of the slope
compared to given ping rate of the SBP survey, instead of geologi-
cal reasons such as stiff top material above blanking zone or gas-
charged sediments (Sancier, 1971). In the study area, most spots
with acoustic blanking below them (triangles in Fig. 3a) have less
than 6° in surface inclination. Moreover, the blanking is found even
below the flattened tops of AMO3 and -06. Flat-lying layers above
the blanking (the leftmost white triangle) also occur. These findings
indicate that the acoustic blanking we observed has acoustic charac-
teristics based on geological reasons and are not associated with
instrumentation errors.

Hence, we argue that the acoustic blanking zone below the
mound morphology might indicate gas-charged sediments (e.g.,
Hovland and Curzi, 1989; Bouriak and Akhmetjanov, 1998; Rob-
erts, 2001; Paull et al., 2015a). The sharp boundary of the zone to
the outside and the lack of signs of faults suggest a focused flow of
gas, i.e., a gas chimney (Jin et al., 2011), which disrupted the well-
developed horizontal reflector once (e.g., Paull et al., 2015a).
Small amounts of free gas, only 1-2% by volume, can cause this
acoustic signature (McQuillin et al., 1984). The semi-transparent
echo character without visible layers is restricted in the morphol-
ogy and may represent seabed reflector impeding the penetration
of acoustic signals than in the surroundings, particularly in the
smaller mound morphologies represented by white triangles in
Fig. 2a (Garcia-Garcia et al., 2004).

The vein-shape gas hydrate and authigenic carbonates occur at
the bottom of a sediment core retrieved using the gravity corer
(marked as GH in Fig. 4). The gas hydrate is strong evidence for
the presence of methane-rich fluid below. Gas hydrate generally
forms where there is enough gas and water under stable pressure
and temperature conditions, referred as the gas hydrate stability
zone (Sloan Jr. and Koh, 2007). While the sediment core from Sta-
tion B at AMO06 shows lithology of the alternating brown and gray-
ish-dominant layers that seems to be comparable to one from an
abyssal plain (Wang et al., 2012), we do not have the exact correla-
tion information yet.

As of now, evidence for the past or current presence of a chemo-
synthetic community is not clearly found from the cores. Such com-
munities frequently thrive in the active seeping areas in the Arctic
Ocean (e.g., de Beer et al., 2006; Paull et al., 2015b). In fact, intact
or broken bivalves also occur in the upper gray-dominant layer but
detailed taxonomic identification, age dating, and analyses of carbon and
oxygen isotopes, which could provide detailed age, stratigraphic
information, and occurrence of chemosynthetic community (e.g.,
Ambrose Jr. et al., 2015), remain to be carried out.

As described herein, the multiple pieces of evidence indicate that
the discovered mound morphologies have an origin related to an upward
migration of gas-rich fluid flow via a gas chimney. In addition, nei-
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ther mud efflux from the mound top, representative feature of a mud
volcano (Mazzini and Etiope, 2017), nor depressed topography around
the mound like the pingo-like feature (Paull et al., 2007) is not iden-
tified from the dataset. Therefore, at this stage, it is concluded that
the mound morphologies are distinguished as gas hydrate mounds.
Recent studies postulated that such flow might result in both hydrate
growth and precipitation of MDAC at subsurface causing the dome-
shaped topography by either expansion of sediment volume or positive
buoyancy (Serié et al., 2012; Somoza et al., 2014; Waage et al., 2019).
Particularly, this study documenting the Araon Mounds in terms of
geophysical and geological observations, is the first comprehensive
case study to describe the occurrence of gas hydrate mounds in the
Central Arctic Ocean.

Seeping Activity of Gas Hydrate Mounds

The seeping activity of the Araon Mounds was not directly mea-
sured during the two expeditions. Nevertheless, we attempt to deduce it
based on indirect geological and geophysical evidence. The geothermal
gradient observed in the subsurface seafloor can be used as a proxy
for depicting thermal effects caused by environmental conditions
(Davis et al., 1999; Hamamoto et al., 2005). The negative geothermal
gradient from the AMOG6 (Station B in Fig.5) is caused by a transient
thermal effect, due to either an annual change in the bottom water
temperature or the conductive fluid within sediments (Géli et al., 2001).
The water temperature at intermediate depths in the western Arctic
seas is modulated by the Atlantic water input and its distribution
(Dmitrenko et al., 2010). However, a transient effect of bottom water
temperature change, which produces a sinusoidal temperature-depth
curve, is not observed in the result from Station B, even though the
observed bottom water temperature was colder than the sediment
temperature below the seafloor. In that regard, the negative geothermal
gradient stems from fluid convection within sediments (e.g., Feseker et
al., 2009; Machiyama et al., 2009; Chang et al., 2010). The location
of Station B, on the rim of the gas hydrate mound (Fig. 2), also makes
fluid convection within sediments more plausible because flux from
the deep generally decreases with depth as the observation site situ-
ates farther from the conduit axis (e.g., Feseker et al., 2008). Hence,
we argue that the negative geothermal gradient at AMO06 (Station B)
is caused by active present-day seepage.

One could argue that the lack of signs of gas flares in the water
column in this study area indicates present inactivity. However, it is
noteworthy that methane is mainly dispersed as a form of methane-
rich fluid within the sediment, if the methane concentration is low
enough to dissolve (Xu and Ruppel, 1999). The finding that acoustic
gas flares were not detected, even when the gas hydrate mound was
impacted by the gravity corer, also supports the fact that there was
rarely free gas in the mound, at least presently. This is not inconsis-
tent with acoustic blanking in the mound, which was generated by a
small amount of free gas 1-2% in volume (McQuillin et al., 1984).
Besides supply of low concentration of methane from deep, the low
methane concentration at the subsurface depth of the gas hydrate mound
could be accomplished by activity of methane-oxidizing microbes
(Boetius et al., 2000; Boetius and Wenzhéfer, 2013).

In addition, it is known that authigenic carbonate plays a role in
indicating the location of an oxic/anoxic boundary in the past (Peck-
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mann et al., 2001) and was controlled by an upward methane-rich
fluid flux (Feng et al., 2010). In the retrieved core, different hori-
zons of authigenic carbonates were identified, presumably suggest-
ing some periodicity in the methane-rich fluid flux with geologic
time. Timing of methane efflux can be further evaluated by age dat-
ing of authigenic carbonates. In case of the Norwegian and Sval-
bard margin where extensive ice sheets have occurred during glacial
periods like the study area, methane emission is considered to con-
tinue for an order of 10 kyrs starting coincidently with deglaciation
causing pressure release related to the retreat of ice sheet (Crémiére
etal., 2016; Himmler et al., 2019).

It can be summed up that there was prolonged methane-rich fluid
flux at the gas hydrate mounds, at least at AMO06 in the study area
and that presently the fluid still flows through the mound from deep,
indicating an active seepage.

Possible Origin and Distribution of Gas Hydrate Mounds

The geochemical signature of the gas from methane hydrate and
porewater suggests its formation origin (Sloan Jr. and Koh, 2007).
At AMO06, methane collected from pore water, headspace gas, and
dissociated gas hydrate in a sediment core was classified into ther-
mogenic methane based on a carbon and hydrogen isotope plot (Kim et
al., 2017; Kim et al., 2020). Although the study used a small sample
of data, it might indicate that the methane in this gas hydrate mound
originated from deeper areas where thermogenic process prevails
and then migrated into shallower depths. Using the CAGEHYD pro-
gram (Vadakkepuliyambatta, 2019), the base of gas hydrate stability
zone is estimated to be as shallow as 164 m below the seafloor, based
on given bottom water temperature at AM06, geothermal gradient at
Station A, and assumption of pure methane.

Vertical faults play an important role as a pathway for fluid migra-
tion (e.g., Boles et al., 2004). Studies regarding the deep sedimentary
structure in the study area are sparse, however, two expeditions collect-
ing multichannel seismic profiles (shown as purple and gray lines in
Fig. 1b and c) close to the study area were documented by Hegewald
and Jokat (2013), Dove et al. (2014), and Ilhan and Coakley (2018).
Although faults reaching to the seafloor are not identified, their fre-
quent occurrence in the vicinity of the shelf edge is noteworthy. Some
faults reach up to approximately 3 s in two-way travel time below
the seafloor (Hegewald and Jokat, 2013). This provides an implication
for the presence of deep-seated faults as a vertical pathway for
methane-rich fluid from deeper to shallow depths (Serié et al., 2012;
Waage et al., 2019).

The occurrence of the Araon Mounds is restricted to a depth inter-
val of 580—780 m in the southwestern slope of the Chukchi Plateau.
This is partly because of the small coverage of our survey area, and/
or partly due to the fault-controlled pathway of methane-rich fluid.
The study area is located close to an assumed tectonic boundary between
the Chukchi Basin, Chukchi Plateau, and the Northern Chukchi Basin
(blue dashed line in Fig. 1b; Ilhan and Coakley, 2018). According to
a previous study, the northern boundary of the North Chukchi Basin,
which was formed by rifting and is currently occupied by sediments
in the Chukchi Shelf, is postulated to be based on a free-air gravity
anomaly and a magnetic anomaly (Fig. 1b). In general, faults com-
monly develop along the basin margin of the rifted basin (e.g., Rob-
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erts and Yielding, 1991; Fossen and Rotevatn, 2016). We speculate
that the occurrence and distribution of the discovered gas hydrate
mound are related to faults that serve as a migration pathway. More-
over, in the context of the fault-related plumbing systems underly-
ing the gas hydrate mound, there is the possibility that a chain of gas
hydrate mounds is located in the basin along the basin-marginal
fault marked as the blue dashed line in Fig. 1b. If so, the gas hydrate
mounds in the vicinity of the basin margin can serve as a surface
manifestation of the bounding faults. In the same context, a site of
authigenic carbonate indicating an upward migration of methane-
rich fluid from the deep (represented as a green circle in Fig. 1b;
Kolesnik et al., 2014) in the vicinity of the basin-marginal fault also
supports our argument.

The finding that the gas hydrate mounds occur at depths gener-
ally deeper than those affected by glaciogenic events in the western
Arctic raises a question about the timing of the formation of gas hydrate
mounds. While methane emission timing and duration in the other
Arctic margins count on the onset of ice sheet retreat since the Last
Glacial Maximum (Jakobsson et al., 2014), this cannot be tested in
the study area unless proper age data is available. For instance, the
age of glaciogenic till wedge underlain by the AM07 and -08 (Fig. 3) as
well as the stratigraphic information from the retrieved core from
the AM06 would be vital to conclude the timing.

Conclusions

We present initial evidence for the occurrence and the possible
origin of the gas hydrate mound in the southwestern slope of the Chuk-
chi Plateau, Arctic Ocean. Based on high-resolution MBES and
SBP data, we identified eight cone/dome-shaped mound morpholo-
gies, each a few hundred meters in diameter and up to a few tens of
meters in height. The convex-up shapes and gas-prone area found
below the morphologies indicate that the morphologies are related
with focused vertical gas-rich fluid flow from the deep. The gas hydrate
sample from the mounds and previous results about the isotope sig-
nature of the methane obtained from the core, support an upward
migration of methane-rich fluid from the deep. Considering lack of
both mud efflux from the top unlike in mud volcanos and moat around
the mound unlike in pingo-like features, the mound morphologies
we found can be classified as gas hydrate mounds (pingoes) and we
have named them as the Araon Mounds. The negative geothermal
gradient of the mound supports that methane-rich fluid actively
flows through it at present. In addition, past methane-rich fluid flux
is considered to fluctuate on the basis of different horizons of authi-
genic carbonate in the retrieved core form the mound. Given the
identified deep-seated faults in the vicinity of the study area (possi-
bly related to a rifted basin margin of the North Chukchi Basin with
respect to the Chukchi Plateau), the methane-rich fluid flux seems to
migrate vertically along the faults bounding the North Chuckchi Basin. If
so, the gas hydrate mounds discovered to the southeast of the study
area serve as surface manifestations of the bounding faults. However, at
this stage, there are many uncertainties that requires further clarifi-
cation, i.e., timing of mound formation, associated biological pro-
cesses, and quantification of the seeping activity.
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