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Abstract: Authigenic gypsum has been observed in marine methane hydrate-bearing sediments
throughout the last decade. However, changes in mineral composition and gypsum precipitation in
methane emission environments have not yet been reported in the Arctic. Expeditions aboard R/V
ARAON revealed several mound structures described as active seeps, which were given the name
ARAON Mounds (AMs). Core sediments from the AMs provide an excellent opportunity to research
authigenic mineral production in the Arctic methane environment. We identified sedimentary units
and investigated the mineral composition of gravity cores from the AMs and a background site. The
background core ARAQ9C-5t13, obtained between the mound structures, contains five sedimentary
units that extend from the Chukchi Rise to Chukchi Basin, and core sediments from the AMs contain
three sedimentary units in the same order. The fundamental difference between AMs and the
background site is the lack of dolomite and abundance of gypsum in AMs. This gypsum precipitated
authigenically in situ based on its morphological features. Precipitation was more closely associated
with the absence of dolomite than the location of the sulfate-methane transition according to the
vertical distribution of gypsum in the sediment. Chemical weathering and gypsum overgrowth were
confirmed on dolomite surfaces recovered from the AMs, suggesting that dolomite dissolution is
the primary source of Ca for gypsum precipitation. Dissolution of biological carbonates and ion
exclusion may provide Ca for gypsum precipitation, but this mechanism appears to be secondary, as
gypsum is present only in sedimentary units containing dolomite. The main sources of sulfate were
inferred to be oxidation of H,S and disproportionation of sulfide, as no sulfide other than gypsum
was observed. Our findings reveal that gypsum precipitation linked to methane emission in the
Arctic Ocean occurs mainly in dolomite-rich sediments, suggesting that gypsum is a suitable proxy
for identifying methane hydrate zones in the Arctic Ocean.

Keywords: ARAON Mound; methane seepage; authigenic gypsum; dolomite; Arctic Ocean

1. Introduction

Methane (CHj) seepage is a widely observed phenomenon worldwide and an impor-
tant issue associated with global warming. Gas hydrates, an ice-like form of methane, are
stable under high-pressure and low-temperature conditions, and the volume of carbon
contained in methane hydrates worldwide is estimated to be twice the amount contained
in all fossil fuels on Earth, including coal [1]. The Arctic Ocean is the smallest of the
world’s oceans, but a recent assessment of carbon stored in the Arctic indicated a mass of
10002000 Pg (Pg = 10'? kg) [2]. Methane release in the Arctic Ocean occurs principally
due to the degradation of submarine permafrost containing perennially frozen methane
produced through microbial or thermogenic pathways [3-5]. Methane-related phenomena,
such as bottom-simulating reflections, gas seepage, high concentrations of methane in
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sediments, seawater, and at the sea surface; and the presence of gas hydrates or methane-
derived authigenic carbonate (MDAC), have been reported in marginal Arctic seas [5-8].
However, information on the central Arctic Ocean remains fragmentary because harsh sea
ice conditions impede data collection.

Gypsum (CaSO4-2H;0) is commonly found in sedimentary and evaporitic environ-
ments as an evaporite mineral and is also an authigenic mineral in marine sediment
associated with methane seepage. Although the relationship between methane seepage and
mineral composition remains unclear, recent studies have shown that gypsum is present in
marine methane hydrate environments, such as the South China Sea, the Bay of Bengal,
the southwest African Margin, and the eastern North Pacific Ocean [9-17]. Such gypsum
deposits have been hypothesized to form authigenically. The most common formation
mechanisms for authigenic gypsum include the oxidation of sulfides, action of sulfuric
acid solutions on calcium-bearing rocks, and hydration of anhydrite [18]. Some studies
have reported the occurrence of pyrite and authigenic gypsum in gas hydrate-bearing
sediments and proposed that authigenic gypsum precipitated near the sulfate—-methane
transition (SMT) where porewater sulfate arises from the mixing of residual seawater
sulfate with sulfate derived from pyrite oxidation [11,14,16,17]. However, the mechanism
of gypsum precipitation and its relationship with methane emission remain unclear. More-
over, methane emissions, mineral composition, and the formation of authigenic gypsum
have not been documented, despite great interest in methane emissions in the Arctic Ocean.

The ARAQ7C expedition aboard the R/V ARAON in 2016 discovered a mound struc-
ture at a depth of approximately 600 m on the inner slope of the Chukchi Rise, as well as
gas hydrates at the bottom of the sediment core (Figure 1) [19]. Subsequently, the ARA09C
expedition in 2018 observed additional mound structures at water depths between 568
and 704 m in sub-bottom profiler (SBP) images [20]. These mounds were named ARAON
Mounds (AMs) 01-08 (AM01-AMO0S, respectively, from northwest to southeast); they are
approximately 10 m higher than the surrounding seafloor and 200-700 m wide and are
characterized by an acoustic blanking zone (as evident in the SBP image) that provides
indirect evidence of gas hydrate and methane seepage [5,21,22].

In this study, we report the first discovery of authigenic gypsum associated with
methane seepage from the AMs. Core sediments acquired from the AMs provided an excel-
lent opportunity to study the formation of authigenic minerals in Arctic Ocean methane
seepage systems. We classified the sedimentary units of the AMs through comparison with
a background site; the analysis of mineral composition indicated changes related to the
methane emission environment. We discuss gypsum precipitation based on observations
of mineral particles with consideration of the surrounding environment. The findings
clarify the precipitation of authigenic gypsum in association with methane emissions in the
Arctic Ocean.
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Figure 1. (A) Schematic map showing the location of ARAON mounds (red square) in the present
study and sediment core ARA09C-5t03 [23] used for comparison. The circulation paths (arrow) are
modified from Darby and Bischof [24] and Kobayashi et al. [25]. BG: Beaufort Gyre. ESCC: East
Siberian Coastal Current. (B) Sub-bottom profiling image for the ARAON Mounds (AMs) and the
pictures for the gas hydrate samples acquired by gravity coring for the sea mound structures modified
from Jin and Onboard ship scientific party [20].

2. Materials and Methods

Two gravity cores were collected from the AMs during the Arctic Expedition (ARA09C,
2018) using R/V ARAON. Core ARAQ9C-5t07 was acquired at site AMO1 and core
ARAQ09C-5t04 was acquired at AMO06 (Figure 1). In addition, one gravity core was col-
lected at site ARAQ9C-5t13 between the AM06 and AMO07; this was designated as the
background site, wherein no mound structure was observed in SBP images (Figure 1). The
length of all gravity cores was less than 6 m (Table 1). The recovered cores were sealed
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to keep out air and stored at approximately 4°C in the shipboard and onshore laborato-
ries until subsampling for further analysis. The subsamples were analyzed as soon as
possible to prevent sulfate production in an oxidizing environment. The SBP survey on
the R/V ARAON used a hull-mounted transmitter/receiver operating as an integrated
system (SBP120). The SBP120 used a frequency of 2.5-7 kHz and a beam angle of 12°.
The observation results are recorded in a conventional electronic format that can be post-
processed for better images. Further details can be found in the work by Kim et al. [21] and
Kang et al. [22].

Table 1. Summaries of location, water depth, total core length, and depth of the SMT [5] in each site
from the ARAQ9C Expedition.

. . Water Core Depth of
Site Latltude L01C1)g1tude Depth Length SMT (m) Remark
(°N) W)
(m) (cm) [5]
A 75716 1697931 699 434 ~33  Summit of AMOI
Aléf?o(fc' 756797  169.7388 605 21 ~1.2 Summit of AM06
Background site
AI;‘?IO;C' 756731 169.7391 615 434 - (between AMO06
and AMO07)

For bulk mineralogy, subsamples were dried and crushed using a ball mill, and a
4-g aliquot was then taken from the homogenized material. An X-ray diffraction (XRD)
analysis was performed using the D8 Advanced A25/Bruker instrument at the Department
of Geology of Gyeongsang National University, and the analysis conditions were set to
40 kV /40 mA, with a step size of 0.02°20 in the range of 4-70°26 and a counting time of
0.4 s per step. Quantitative analysis of bulk minerals was performed using TOPAS software.
The weighted profile R-factor (Rwp) was limited to <20, and the goodness of fit (GOF)
to <3, to ensure adequate reliability. Clay mineral compositions were obtained via a semi-
quantitative analysis of oriented samples separated into <2-pm particles. Organic matter
was removed from the bulk sediment using a 6% hydrogen peroxide (H,O,) solution. After
sieving through a 63-um mesh, the clay particles were extracted using a settling technique
based on Stokes’ Law. To optimize the orientation of the specimens for XRD analyses, lumps
of clay were smeared onto glass slides to minimize the grain size effect. To identify each clay
mineral, oriented samples were taken from both air-dried and ethylene glycol (EG)-treated
samples. The relative abundances of four major clay minerals—illite, smectite, kaolinite,
and chlorite—were estimated using a semi-quantitative analysis method [23,26,27], which
involved weighting of the integrated peak areas of characteristic basal reflections in the
glycolated state using Eva 3.0 software with an empirical factor.

The sand proportion of each sample (>64 um) was calculated as a weight ratio using
the weight of particles separated through sieving from 4 g of dried subsamples. Ice-
rafted debris (IRD) particles (>250 pm) were counted after separation using a 250-pm
mesh sieve. Gypsum and dolomite grains were analyzed in terms of morphology and
chemical composition using a field-emission electron probe micro-analyzer (FE-EPMA; JXA-
8530F PLUS; JEOL) at the Gyeongsang National University Center of Research Facilities.
Energy-dispersive spectroscopy (EDS) patterns and backscatter electron (BSE) images were
obtained under the conditions of 15 keV and 10 nA, with a beam diameter of 5-10 um.
Dissolved sulfide (HS) was determined according to the methylene blue method [28].
Standard curves were calibrated using sulfide standards (0, 5, 10, 15, 20, 25, 30, and 35 uM).
The analytical precision was less than £0.4% and the detection limit was 3 pM.
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3. Results
Sedimentary Units at the Background Site and ARAON Mounds

The background core ARA09C-5t13 was composed of sandy to fine-grained mud with
a cyclic depositional pattern characterized by alternating brown to grayish sediment units
(Figure 2). Two dark brown layers (B1 and B2) were identified at the core top and the
360-367 cm interval. Sand (maximum proportion = 16.3%) was abundant in the brownish
and dark gray layers (Figure 2). The mineral assemblage was mainly composed of quartz,
plagioclase, alkali feldspar, mica, dolomite, and clay minerals, along with minor minerals,
such as pyroxene, amphibole, and Fe-oxide minerals (hematite, magnetite, and maghemite)
(Tables 2 and 3). Quartz, the most abundant mineral in the sediment, had an average
content of 25.6% (range: 19.2%—46.0%) (Figure 3). Plagioclase and alkali feldspar had
average contents of 12.6% (5.7%-17.5%) and 4.2% (2.6%—7.8%), respectively. Dolomite had
a content of up to 10.0% and was particularly abundant in the pink-white layer. The four
major clay minerals were dominated by illite (65.4%), chlorite (18.2%), kaolinite (13.6%),
and smectite (2.9%).

ARAQ9C-St13 ARA09C-St07 ARA09C-St04
Reference site ARAON Mound 01 ARAON Mound 06
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Figure 2. Vertical lithology profiles of the sediment cores in the background site and ARAON Mounds,
marked with color cycles, ice-rafted debris (IRD) and/or sand contents, quartz/feldspar (Q/F), and
kaolinite/chlorite (K/C) ratios. The correlation of core ARA09C-5t03 in the inner slope of Chukchi
Rise [23] is based upon color cycles, sand content, and mineral ratios.

Table 2. Average bulk mineral compositions (%) and Q/F ratio in the studied cores and their potential
provenances [29]. Raw data provided in Table S1 in Supplementary Materials. Afs: alkali feldspar,
Dol: dolomite, Gp: gypsum, Pl: plagioclase, Qz: quartz, Q/F: quartz/feldspar.

. Clay

Samples n Qz Afs Pl Dol Mica Gp Minerals Q/F

Unit 1 8 28.5 51 12.1 0.6 133 2.4 35.7 1.7

ARA09C-5t07 Unit 2 18 27.0 4.9 11.3 0.8 124 1.8 39.6 1.8
Unit 3 9 21.1 3.4 13.7 0.5 129 0.4 454 1.2

Unit 1 11 23.8 3.5 13.0 0.2 14.1 1.1 42.0 15

ARA09C-5t04 Unit 2 24 31.0 5.0 9.8 13 13.4 2.4 35.2 2.2
Unit 3 2 23.5 4.3 16.6 0.2 11.0 0.2 42.8 1.1
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Table 2. Cont.

. Clay
Samples n Qz Afs P1 Dol Mica Gp Minerals Q/F
Unit 1 5 21.0 3.8 12.6 1.0 13.0 - 454 1.3
Unit 2 14 31.9 3.9 9.9 2.5 12.5 - 36.8 24
ARA09C-St13 Unit 3 11 23.2 4.3 14.9 0.5 115 - 43.2 1.2
Unit 4 10 22.7 45 13.3 1.6 11.7 - 441 1.3
Unit 5 3 21.8 42 13.9 0.3 13.3 - 43.2 1.2
Laptev Sea 1 23.6 16.3 21.1 0.1 7.3 - 28.8 0.6
East Siberian Sea 5 27.1 9.2 17.3 0.1 14.9 - 31.1 1.0
Chukchi Sea 4 28.5 5.5 15.1 1.1 17.3 - 31.1 14
Canada Archipelago 7 21.8 3.7 6.4 16.9 14.2 - 31.4 2.2
Beaufort Sea 3 39.3 3.7 5.1 8.0 10.2 - 254 4.5

Table 3. Average clay mineral and sand compositions (%) and K/C ratio in the studied cores and
their potential provenances [29-32]. Raw data provided in Table S2 in Supplementary Materials.
K/C: kaolinite/ chlorite.

Samples n Illite Chlorite Kaolinite Smectite K/C Sand

Unit 1 8 63.1 20.1 13.8 3.1 0.7 42

ARA09C-5t07 Unit 2 18 62.1 19.9 154 2.7 0.8 2.5

Unit 3 10 67.0 20.2 10.2 2.6 0.5 0.6

Unit 1 7 64.6 21.4 12.5 1.5 0.6 1.1

ARAQ9C-5t04 Unit 2 20 61.1 18.6 17.0 3.3 0.9 3.3

Unit 3 1 65.8 20.1 10.4 3.7 0.5 0.1

Unit 1 5 68.4 17.3 10.8 3.4 0.6 1.9

Unit 2 14 59.1 18.8 19.8 2.3 1.1 44

ARA09C-5t13 Unit 3 11 67.6 19.2 10.1 3.2 0.5 0.5

Unit 4 10 69.3 16.6 11.1 3.0 0.7 3.8

Unit 5 3 68.2 18.4 10.1 3.3 0.6 0.0
Laptev Sea 243 404 22.3 13.0 243 0.58 -
East Siberian Sea 104 66.3 19.9 8.3 59 0.42 -
Chukchi Sea 25 58.1 23.7 9.4 8.7 0.40 -
Canada Archipelago 17 57.8 10.0 14.4 17.7 1.44 -
Beaufort Sea 59 63.1 16.7 12.0 8.1 0.72 -

The two mound cores are composed of brown, olive, and gray colored sediments
(Figure 2). They are darker overall than the background core, but one conspicuous brown
layer (B1) was identified at the top of both cores. The sand content varies between 2.3%
and 10.8% in AMO01, and 2.5% and 18.6% in AMO06 (Figure 2). The mineral assemblages
in the mound cores consist mainly of quartz, plagioclase, alkali feldspar, mica, dolomite,
gypsum, and clay minerals, along with minor minerals (Tables 2 and 3). The proportions of
the major minerals in AMO1 are as follows: quartz, 19.4%—44.1%; plagioclase, 6.0%-16.3%;
alkali feldspar, 2.7%-12.3%; dolomite, 0.1%-5.7%; and gypsum, 0.2%—6.3% (Figure 3). The
levels of each major mineral in AMO6 are as follows: quartz, 20.4%—44.2%; plagioclase,
5.1%-16.9%; alkali feldspar, 2.6%—7.3%; dolomite, 0.1%-10.4%; and gypsum, 0.2%-5.5%.
The major difference in the mineral composition between the AMs and background site lies
in the contents of dolomite and gypsum.
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Figure 3. Down-core variations in major mineral and H;S data in sediment cores. CH4 and S0,42-
data from Kim et al. [5]. The dotted lines represent the boundaries of the separated units.

The morphology of the gypsum crystals was observed using microscopy and field-
emission scanning electron microscopy (FE-SEM) and confirmed through EDS analysis
(Figure 4 and Table 4). Gypsum is transparent and has a variety of crystal forms, including
rhombic, tabular, acicular, fibrous, and cluster (Figure 4). The Gypsum has a clear crystal
surface, edges, regular intergrowths, and perfect cleavage, indicating that it formed au-
thigenically without transportation from adjacent continental areas. The two main crystal
forms present are rhombic and fiber rosette clusters. The lengths of the two main types
of gypsum crystals collected from AMO06 were measured using SEM images (Table 4). In
the rthombic gypsum, the average length of the major axis is 912 pm (range: 36-2596 um)
and that of the minor axis is 477 pm (20-1428 pm). The ratio of the major axis to the
minor axis ranges from 1.5 to 2.5, with an average of 1.9. In the fiber rosette gypsum, the
average length of the major axis is 138 um (32-360 um) and that of the minor axis is 10 pum
(1-46 um). The ratio of the major axis to the minor axis ranges from 3.4 to 202, with an
average of 17.2. The morphological properties of the gypsum are generally constant with
sediment depth. The chemical compositions of the two main types of gypsum are presented
in Table 4. In the rhombic form, the average content of CaO is 39.8% (range: 35.4%—45.8%)
and that of SOj3 is 59.8% (54.2%—61.6%). The calculated Ca/S ratio ranged from 0.89 to
1.20, with an average of 0.95. In the fiber rosette gypsum, the average CaO content is 40.9%
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(range: 32.0%—49.7%) and that of SOj3 is 59.0% (50.3%—61.9%). The Ca/S ratio ranged from
0.76 to 1.41, with an average of 0.99. While the fiber rosette has a slightly higher Ca/S ratio
than the rhombic form, the chemical composition is not correlated with sediment depth.
These results confirm that the minerals present are typical gypsums with domain chemical
compositions of Ca and S at an atomic ratio near unity.

Figure 4. (A) Photograph of separated grains (> 250 pm) from the ARAON Mound. Rhombic and
fibrous grains are gypsum, and most of the others are quartz and feldspar. (B-D) SEM images of
gypsum crystals from ARAON Mound. (B) Rhombic form, (C) tabular form, (D) fiber rosette form,
(E) plate by the growth of fibers.

Table 4. Morphology and chemistry of gypsum from the ARAON Mounds.

Gypsum Forms Rhombic Fiber Rosette
n 30 226
Major axis (um) 912 (36-2596) 138 (32-360)
Morphology Minor axis (m) 477 (20-1428) 10 (1-46)
Major axis/minor axis 1.9 (1.5-2.5) 17.2 (3.4-202.0)
n 109 209
Chemistr CaO (wt.%) 39.8 (35.4-45.8) 40.9 (32.0-49.7)
y SO3 (wt.%) 59.8 (54.2-61.6) 59.0 (50.3-61.9)
Ca/S 0.95 (0.89-1.20) 0.99 (0.76-1.41)

4. Discussion
4.1. Sedimentary Units and Sediment Provenances at the Background Site and ARAON Mounds

Marine sediments in the Arctic Ocean have been studied for the reconstruction of
sedimentary environments using lithological, geochemical, and mineralogical techniques,
which show the correlation between the chronology of core sediments and sediment prop-
erties [23,29-36]. Core sediments in the Arctic Ocean exhibit repeated cycles of brown
and gray units with interbedded IRD-rich layers [36-39]. Brown units are generally con-
sidered to reflect interglacial /interstadial periods with high primary productivity, while
grayish units reflect the substantial reduction of biomass associated with glacial/stadial
environments [37,39]. In addition, IRD-rich layers are considered features of the deglacial
period, as they are driven by freely circulating sea ice and icebergs [29,36]. The background
core ARAQ9C-5t13 was collected on the slope between the Chukchi Rise and Chukchi
Basin, and the sedimentary unit is classified through lithological correlation with core
ARAQ9C-5t03 [23] (Figures 1 and 2). Based on lithological factors, such as sediment color
and IRD (or sand) content, core ARA09C-5t13 was divided into five sedimentary units
within two brown-gray color cycles (Figure 2). The separated sedimentary units have



Minerals 2022, 12, 983

9o0f 16

the same order and characteristics as those of core ARA09C-5t03. Unit 1 (top to 43 cm) is
brownish sediment, including a surficial dark brown layer (B1) that contains a moderate
amount of sand and shows signs of bioturbation. Unit 2 (43-180 cm) is dark gray with
significant sand content, and Unit 3 (180-330 cm) is gray to yellowish-gray fine-grained
mud. Unit 4 (330-392 cm) contains the B2 and PW layers and is characterized by brownish
sediment and relatively high sand content. Unit 5 (392 cm to bottom) is olive to gray
fine-grained mud (Figure 2).

As the landmasses surrounding the Arctic Ocean are composed of different geological
terrains, their mineralogical signals are distinct [29,37]. The major potential sediment
provenances in the study area are the North American (e.g., Canadian Archipelago, Beaufort
Sea, and North American continent) and Eurasian regions (e.g., Chukchi Sea, East Siberian
Sea, Laptev Sea, and Eurasian continent) [23,29,36,37,40]. Sediments originating from the
North American region are characterized based on the combination of dolomite content
and Q/F (quartz/feldspar) and K/C (kaolinite/chlorite) ratios, whereas sediments from
the Eurasian region are rich in illite (Tables 2 and 3). The high illite content observed
throughout the core sediment indicates that the sediment was mainly sourced from the
adjacent Eurasian region (Table 3). In particular, the gray mud layers (units 3 and 5) are
rich in illite without dolomite, indicating that these sediments are sourced entirely from
the Eurasian region (Figure 3). However, positive signals for dolomite and appropriate
Q/F and K/C ratios were identified in unit 2, indicating a significant supply of detrital
sediments from the North American region (Figure 3). In addition, some dolomite content
of brown layers (units 1 and 4) likely indicates the input of sediments from the North
American region. Abundant IRD in these units suggests supply through sea ice or icebergs
transported from the North American region (Figure 2) [36,41]. Sediment provenance at the
background site is consistent with the results of core ARA09C-5t03 and reflects a sediment
environment undisturbed by methane seepage [23].

Mound cores were compared with the background core, and the results represent
the changes in sedimentary properties caused by methane emission. The mound cores
were divided into three units corresponding to the sedimentary units of the background
site, despite the acoustic blanking observed in the SBP image (Figures 1 and 2). Unit
1 (top to 60 cm in AMO1; top to 53 cm in AMO06) contains brown and dark gray layers
(Figure 2). This unit exhibits dramatic color changes relative to the background site but
can be distinguished based on the sand content and mineral ratios. Unit 2 (60240 cm in
AMO1; 53-200 cm in AMO06) consists mainly of IRD-rich olive to greenish-gray sediments
and represents a massive structure. Unit 3 (240 cm to bottom in AMO1; 200 cm to bottom
in AMO6) is a gray layer distributed below the IRD-rich layer that consists of the finest
sediments. Each unit in the AMs is somewhat thicker than at the background site, likely
due to vertical expansion [21]. The vertical variations of the Q/F and K/C ratios are the
same as those at the background site, indicating a common sediment provenance. However,
dolomite is present at very low levels, or is completely absent throughout the AM cores,
indicating the dissolution of dolomite (Figure 3).

The formations of these MDACs at cold seeps are common processes; depending
on the specific geochemical formation conditions, different authigenic carbonates (calcite,
Mg-calcite, aragonite, proto-dolomite, and dolomite) are precipitated [42,43]. The presence
of MDAC at the AMs has been reported [5,21]. These MDACsSs consist of grayish-white
fragments smaller than 10 cm, but their detailed compositions have not yet been reported.
However, our results suggest the possibility that these carbonates may not be MDACs,
but rather residual detrital carbonates sourced from the North American region. Such
large fragments are often found as IRD carried by icebergs [29,37,41]. In the methane
environment where IRD from the North American Region can be supplied, carbonates
require further analysis to determine whether they are authigenic or detrital.
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4.2. Methane Hydrate Evolution and Authigenic Gypsum

Mound structures, also known as pingos, are frequently identified in geophysical
investigations of gas hydrate regions, and vertical acoustic blanking below mounds is often
identified in seismic and SBP data and interpreted as gas chimneys [21,44-46]. Acoustic
blanking below the AMs indicates gas-filled sediments and gas hydrates at the bottom of
the sediment core, thus providing strong evidence for the presence of a methane-rich fluid
below [21,22].

The location of the SMT could provide a favorable environment for gypsum precip-
itation. Previous studies reported that authigenic gypsum precipitates with pyrite near
the SMT [11,14,16,17]. Methane collected from the AMs was classified as thermogenic in
origin, and the high upward gas fluxes in this area result in a very shallow SMT (AMO01,
approximately 3.3 m; AMO06, approximately 1.2 m) (Figure 3 and Table 1) [5]. However,
the SMT in the background area might be much deeper than the depth of the gravity
core [5]. Organic matter in marine systems is generally decomposed through particulate
organic matter sulfate reduction (POCSR; 2CH,0 + SO4>~ — 2HCO;~ + H,S) above the
SMT, and through methanogenesis via acetate fermentation or CO, reduction below the
SMT [47]. Near the SMT, organic matter may be degraded through anaerobic oxidation
of methane (AOM; CHy + SO4%2~ — HCO;~ + HS™ + H,0) [47]. These processes lead to
high H,S concentrations in the AMs and can be used to verify the location of the SMT
(Figure 3 and Table S3).

The major mineralogical differences in the AMs compared to the background site
are the presence of gypsum and the absence of dolomite (Figure 3). The morphological
characteristics of gypsum crystals in the AMs are consistent with an authigenic origin
(Figure 4). In the SEM images, all gypsum crystals in the study core are euhedral with large
diameters (i.e., hundreds of microns) and smooth surfaces that show no signs of cleavage
or abrasion, suggesting in situ formation in a burial setting [48]. The morphological
characteristics and chemical compositions of the gypsum were generally constant with
sediment depth, suggesting that all gypsums may have been formed through the same
mechanism. Differences in crystal morphology, such as rhombic and fibrous gypsum forms
(Figure 4), may be related to differences in the precipitation rate [14,49,50]. Plate-form
gypsum is thought to form in an intermediate step between the fibrous and rhombic
morphologies during the growth process.

Gypsum is present from the core top to approximately 240 cm in AMO,1 and from
approximately 30 to 180 cm in AMO6 (Figure 3). These intervals correspond to sedimentary
units 1 and 2, and lack dolomite. In contrast, the gypsum content in unit 3 is very low,
indicating that the distribution of gypsum is associated with the sedimentary units. This
result is unexpected because the production of authigenic gypsum generally occurs near
the upper part of the SMT [11,14,16,17]. Figure 5 shows the correlation between the Q/F
ratio, indicating inflow intensity from the North American region, and gypsum content.
The Q/F ratio on the horizontal axis distinguishes the provenance of detrital sediments. A
high Q/F ratio (>1.4) represents the North American origin [29] and could also indicate the
extent of dolomite import from the North American region. A positive correlation between
the Q/F ratio and gypsum content indicates that dolomite influences the formation of
gypsum in sediments originating from the North American region (Figure 5). Therefore,
the gypsum distribution in the study area is likely associated with dolomite-rich units
rather than the location of the SMT.

The surface texture of mineral particles provides information about the formation and
transport thereof. The surface textures of dolomite obtained from the AMs and background
site clearly differ (Figure 6). Dolomite at the background site has sharp edges characteristic
of detrital grains (Figure 6a). On the other hand, dolomite in the AMs has blunt edges
and many small holes, which suggests chemical weathering (Figure 6b). We also identified
gypsum overgrowth on the surface of dolomite (Figure 6c), which provides strong evidence
that dolomite is associated with gypsum formation in the AM.
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Figure 5. Correlation plot of the quartz/feldspar (Q/F) ratio with gypsum for the ARAON Mound
cores. The boundary of sediment provenance is established based on the mineral data in the work by
Darby et al. [29].

Figure 6. SEM images of dolomite crystals from (A) the background site and (B) ARAON Mound.
(C) Enlarged SEM image of the marked C and white square in (B). Note the gypsum overgrowth on
the surface of the dolomite. Dol: dolomite, Gp: gypsum.

4.3. Possible Sources of Sulfate and Calcium for Gypsum Precipitation

Several sources may supply SO42~ and Ca®* ions for gypsum precipitation in modern
marine environments. As seawater is undersaturated with gypsum, a mechanism for
increasing the saturation of sediment porewater is required [10,14]. Oxidation of sedimentary
sulfide minerals (FeS, + H,O + 3.50, — Fe?* + 250,%~ + 2H*, [51]) and anaerobic re-
oxidation of authigenic sulfides (FeS, + 7.5MnO, + 11H* — Fe(OH)3 + 250,42~ + 7.5Mn?* +
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4H,0, [52]) are possible sources of elevated SO42~ concentrations in interstitial waters.
Many studies have explained the precipitation of gypsum through anaerobic reoxidation
of pyrite [14,17]. In the South China Sea, some gypsum grows on pyrite, indicating that
gypsum precipitation occurs after pyrite formation [16]. However, pyrite was not detected in
cores from the AMs and background site in this study. The oxidation of sedimentary sulfide
minerals is difficult to assess, as sulfide minerals have not been found at the background
site. Similarly, the absence of sulfide minerals in the AMs complicates the assessment of
anaerobic reoxidation.

Another possible source of SO4%~ is disproportionation reactions of sulfide oxidation
intermediates (4Sy + 4H,O — 3H,S + SO42~ + 2H*, [53]). This process can contribute
significantly to porewater S0,42~ concentrations in anoxic environments [54-57]. Some
sulfate within authigenic gypsum at active methane seeps of the southwest African Mar-
gin, for example, was generated via the oxidation of sulfide, as demonstrated through
isotopic investigation [15]. Although we were unable to verify this result due to insuffi-
cient samples for isotopic analysis, the disproportionation of sulfide and oxidation of H,S
(H5S + 20, — SO4% + 2HY) generated through POCSR and AOM is likely the main source
of sulfate for gypsum precipitation in the AMs (Figure 7). This process requires verification
through additional sample acquisition and isotopic analysis.

= POCSR (particulate organic matter sulfate reduction)
2CH,0 + SO, — H,S + 2HCO;~
= AOM (anaerobic oxidation of methane)

CH, + SO,# — HCO,;~ + HS~ + H,0O

anward ' Dissolution of dolomite from
the North American region
Authigenic
PoSr%w?_ter * 9 <— | l0N exclusion related to formation
& Gypsum of methane hydrate
Aisproporti A <— | Dissolution of biogenic carbonate

= Oxidation of hydrogen sulfide
H,S + 20, — SO,% + 2H*
HS- +20, —» SO,2 + H*

Figure 7. Schematic figure of the sulfur cycle and Ca sources for precipitation of authigenic gypsum;
modified, Lin et al. [14].

Increased porewater Ca concentrations enhance authigenic gypsum crystal precip-
itation. The dissolution of detrital dolomite is the most obvious Ca source in the study
area (Figure 6¢). Oxidation of H;S can strongly enhance the production of H*, leading
to porewater acidification and the dissolution of carbonate. The dissolution of biological
carbonates may also provide Ca through a similar process [58]. Although the accumulation
of biological carbonates in the Arctic Ocean is a gradual process, it may serve as a Ca source
for gypsum precipitation [10,11,14,56]. Another possible Ca source is ion exclusion. This
process, in which ions such as chloride and calcium are excluded from the gas hydrate
structure, can affect gypsum precipitation by increasing porewater salinity in sediments
containing large amounts of interstitial gas hydrates [59]. This mechanism has been re-
ported in Hydrate Ridge (Oregon Margin) and the northern South China Sea [13,14]. As gas
hydrates are present in the AMs, this mechanism could provide a favorable environment
for gypsum precipitation. However, these processes may be secondary, as gypsum was
found only in sedimentary units containing dolomite in this study (Figure 7).

Authigenic gypsum has been proposed as a proxy for SMT and methane hydrate
zones in modern and ancient marine methane hydrate systems [14]. This study represents
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the first report of gypsum precipitation in the Arctic Ocean and demonstrates the potential
of gypsum as a proxy in the Arctic methane hydrate environment. Our results show that
this mechanism occurs only in dolomite-rich sediments in the Arctic Ocean. However, as
extensive dolomite-rich layers are present in the western Arctic Ocean, our findings suggest
that gypsum could be a useful proxy for SMT and methane hydrate zones in this region.

5. Conclusions

In this study, we identified the sedimentary units and analyzed the mineral composi-
tion of gravity cores from the AMs and a background site in the East Siberian Sea. Assessing
the distribution and morphology of gypsum and dolomite in light of the surrounding fluid
environment facilitated the description of the formation mechanism of authigenic gyp-
sum and its relationship with the methane emission system. The main conclusions are
as follows:

(1) Background core ARA09C-5t13, located between the mound structures, consists of
five sedimentary units that extend from the Chukchi Rise to the Chukchi Basin.
Core sediments in the AMs are darker than the background core, although three
sedimentary units in the same order are present. The main differences among sites
are the absence of dolomite and the presence of gypsum in the AMs.

(2) Gypsum was authigenically precipitated in situ based on its morphological charac-
teristics. The vertical distribution of gypsum in sediment cores revealed that precip-
itation was more closely related to the absence of dolomite than the location of the
SMT. Chemical weathering and gypsum overgrowth were observed on the surface
of dolomite recovered from the AMs, demonstrating that dolomite dissolution is the
primary source of Ca for gypsum precipitation.

(3) Ionexclusion and dissolution of biological carbonates may also provide Ca for gypsum
precipitation, but these processes might be secondary, as gypsum was found only in
sedimentary units containing dolomite in this study.

(4) The main source of sulfate was the disproportionation of sulfide and oxidation of H»S
generated through POCSR and AOM, as no sulfides other than gypsum were present
in the AM or background cores. For verification of this process, the isotopic analysis
will be required.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12080983/s1, Table S1: Bulk mineral composition (%) in the
studied cores; Table S2: Clay mineral composition (%) in the studied cores; Table S3: Dissolved sulfide
(H;S) concentration of pore water in mound sites.
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