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and methane-derived authigenic
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to changes in the methane flux
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We investigated the geochemistry of gas, pore fluid, and methane-derived

authigenic carbonate (MDAC) from four sites in the southern Ulleung Basin,

South Korea. In contrast to Sites 16GH-P1 and 16GH-P5, Sites 16GH-P3, and

16GH-P4 are characterized by acoustic chimney structures associated with gas

flux. The composition of gas and isotopic signatures of methane (CH4) (C1/C2+ >

300, d13CCH4 < -60‰, dDCH4 ≤ -190‰) indicate microbial source CH4 at all sites.

The upward migration of CH4 can affect the chemical and isotopic properties of

pore fluid and gas-related byproducts (e.g., gas hydrate (GH) and MDAC) within

the shallow sediments including the current sulfate-methane transition (SMT) (<

5 meters below seafloor). Although no GH was found, elevated Cl-

concentrations (maximum = 609 mM) with low dD and d18O values in Site

16GH-P4 pore fluids delineate the influence of massive GH formation in

deeper sediment. In contrast, relatively constant Cl-, dD, and d18O values in

fluids from Sites 16GH-P1, 16GH-P3, and 16GH-P5 indicate a predominant origin

from seawater. Pore fluids also exhibit higher concentrations of H4SiO4, B, Mg2+,

and K+, along with increasing alkalinity compared to seawater. These

observations suggest that marine silicate weathering alters fluid chemistry

within the sediment, affecting element and carbon cycles. High alkalinity (up to

60 mM) and Mg2+/Ca2+ ratios (> 6) alongside decreasing Ca2+ and Sr2+

concentrations imply carbonate precipitation. MDACs with diverse

morphologies, mainly composed of aragonite and magnesian calcite, and

characterized by low carbon isotopic values (d13CMDAC < -31.3‰), were found

at Sites 16GH-P3 and 16GH-P4. Interestingly, d13CMDAC values at Site 16GH-P3

are clearly differentiated above and below the current SMT. High d13CMDAC values
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above the SMT (> -34.3‰) suggest the combined influence of seawater and CH4

migrating upward on MDAC precipitation, whereas low d13CMDAC values below it

(< -41.6‰) indicate a predominant impact of CH4 on MDAC formation.

Additionally, the vertical variation of d18OMDAC values at Site 16GH-P4,

compared to the theoretical values, reflects an association with GH

dissociation and formation. Our findings improve the understanding of fluid,

gas, andMDAC geochemistry in continental margin cold seeps, providing insights

into global carbon and element cycles.
KEYWORDS

microbial CO2 reduction, marine silicate weathering, chimney structure, MDACs, gas

hydrate, Ulleung Basin
1 Introduction

Cold seep systems that are characterized by the seepage of fluids

enriched in methane (CH4)-dominated hydrocarbons from deep-

seated sediments to the seafloor under low temperatures, widely

occur in many regions along the continental margin (e.g., Campbell,

2006; Judd and Hovland, 2007; Suess, 2014; Himmler et al., 2015;

Mazzini et al., 2016). These systems play an important role in global

climate change, element cycles, ocean chemistry, and biology

(Dillon et al., 2001; Römer et al., 2014; Koch et al., 2015; Ruppel

and Kessler, 2017). They also cause various changes in seafloor

morphologies, for example, carbonate pavements, mounds,

pockmarks, and mud volcanoes (Bahr et al., 2007; Buerk et al.,

2010; Himmler et al., 2011; Römer et al., 2014; Koch et al., 2015).

Geophysical investigations, for example, sub-bottom profiles, side

scan sonar, and high-resolution seismic data, have been used to

identify cold seep systems on the seafloor (e.g., Colbo et al., 2014;

Stott et al., 2019; Böttner et al., 2020).

More than 80% of the CH4 migrating upward below sulfate-

methane transition (SMT) in sediments can be consumed via

anaerobic oxidation of methane (AOM; Equation 1) mainly

coupled with particulate organic carbon sulfate reduction

(POCSR; Equation 2) in the SMT (Boetius et al., 2000; Peckmann

and Thiel, 2004; Torres et al., 2020).

AOM : CH4þ SO42– → HCO3–þ HS–þ H2O (1)

POCSR :  2(CH2O)x(NH3)y(H3PO4)zþ xSO42–

→ xH2S þ 2xHCO3–þ2yNH3þ 2zH3PO4 (2)

where x, y, and z are derived from C:N:P ratios (Redfield ratios)

of the organic matter.

These biogeochemical reactions provide energy for diverse

chemosynthetic communities that colonize in the near-surface

sediments of cold seeps (Sibuet and Olu, 1998). In addition, high

HCO3
- in pore fluid produced by the reactions provides favorable
02
conditions for the precipitation of methane-derived authigenic

carbonates (MDACs; Equation 3) in the sediment and/or water

column, which is characterized by the low carbon isotopic value

inherited from CH4 (Peckmann et al., 2001; Luff et al., 2004; Torres

et al., 2020). Gas hydrates (GHs) have also been found at cold seeps

located in the Arctic regions, Cascadia Margin, and South China Sea

(e.g., Han et al., 2008; Malinverno et al., 2008; Wang et al., 2014;

Hong et al., 2017; Kim et al., 2020; Kim et al., 2022).

MDAC :  2HCO3–þxCa2þþ (1� x)Mg2þ

→ ðCax;  Mgð1�xÞÞCO3þ CO2þ H2O (3)

where x  ¼  Ca2þ=ðCa2þþ Mg2þÞ.
Multichannel seismic investigations have been performed to

find GHs in the Ulleung Basin, South Korea, since 2000. The

prominent “chimney structures” (e.g., Figures 1B, D) frequently

occur in this basin, which are characterized by seismic amplitude

reduction resulting from velocity pull-up. These structures are

associated with numerous fractures resembling hydrofractures

and/or faults, terminating at different stratigraphic levels and, in

some cases, extending to the seafloor (e.g., Lee et al., 2005; Haacke

et al., 2009; Horozal et al., 2009; Ryu et al., 2009; Kim et al., 2012).

Indeed, massive GHs have been found near the seafloor in the

Ulleung Basin (e.g., Ryu et al., 2009; Kim et al., 2012; Choi et al.,

2013; Kim et al., 2013), where a significant amount of free gas

migrates upward from the deep-seated sediment via chimney

structures forming GHs. Hence, these seismic structures

potentially serve as pathways for the free gas migration feeding

massive GH accumulations near the seafloor, which are unique

seismic characteristics compared to other regions (e.g., Haacke

et al., 2009; Horozal et al., 2009; Ryu et al., 2009; Kim et al., 2012;

Choi et al., 2013; Kim et al., 2013; Hong et al., 2014). Many datasets

(e.g., seismic survey, pore fluid chemistry, gas chemistry, and

sedimentology) have been documented in the Ulleung Basin

(e.g., Park et al., 2006; Park et al., 2007; Haacke et al., 2009; Kim

et al., 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013), but
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studies for understanding the chemical interactions among gases,

pore fluids, and sediments (including MDAC) are still rare in

this basin.

In the present article, we investigated 1) how the upward

migration of CH4 from deep-seated sediments via chimney

structures impacts the chemical properties of gases and fluids,

as well as the characteristics of the shallow sedimentary deposits

within the southern Ulleung Basin, and 2) how the petrological

and morphological features of MDACs vary within the sediment

column. To achieve our goals, we collected and conducted

geochemical analysis for gases, pore fluids, and MDAC

samples from two MDAC-bearing sites (16GH-P3 and 16GH-

P4) and two non-MDAC-bearing sites (16GH-P1 and

16GH-P5).
2 Regional setting

The East Sea is the marginal sea in the northwestern Pacific

Ocean and consists of three main basins (East Sea, Yamato, and

Ulleung) and four straits (Korea, Tsugaru, Soya, and Tartar). The

Ulleung Basin is bounded by the continental slope of the Korean

Peninsula to the west and the Korea Plateau to the north and has a

relatively steep gradient (up to 10°), while it is bordered by a rather

gentle slope (1° ~ 2°) and a broad shelf (30 m ~ 50 km wide) of the

Japanese Arc and the Oki Bank (Figure 1). This basin was formed
Frontiers in Marine Science 03
during the late Oligocene to early Miocene by crustal extension

(Tamaki et al., 1992; Jolivet et al., 1995).

The uppermost sedimentary sequence (30 m ~ 70 m thick) in

the Ulleung Basin mainly consists of various mass-flow deposits

along the entire margin of the basin overlain by Holocene

hemipelagic mud (1 m ~ 2 m thick) (Chough et al., 2000; Lee

et al., 2005). The average sedimentation rates of late Quaternary

sediments in the basin range from 9 cm/ka to 20 cm/ka (Park et al.,

2006; Park et al., 2007; Kim et al., 2011).

Sediment cores were collected at four sites on the slope of the

southwestern part of the Ulleung Basin, ranging in water depth

from 902 m to 1,187 m (Figure 1; Table 1). This region is

characterized by prominent seafloor gullies due to numerous

erosional slump events. The sedimentary deposits within the top

150 meters below seafloor (mbsf) consist mainly of turbidite and

hemipelagic sequences that are parallel to the seafloor. Deeper

layers are predominantly composed of mass transport deposits,

with only a few coherent seismic reflection events discernible

(Figures 1B–D). Among the sites, both Sites 16GH-P3 and 16GH-

P4 display chimney structures with widths of approximately 600 m

and 800 m, respectively, which show structural deformations within

the sedimentary layers. However, a conspicuous bottom simulating

reflector is not observed at the seismic section of these sites. In

contrast, Sites 16GH-P1 and 16GH-P5 show non-chimney

structures, which are well represented by the successive acoustic

surfaces below the seafloor (Figure 1; Table 1) (KIGAM, 2016).
A

B DC

FIGURE 1

(A) Major physiographic features and locations of the study area (contour lines show the bathymetry in meters). KP, Korea Plateau; UIG, Ulleung
Interplain Gap; HB, Hupo Bank, and OB, Oki Bank. Seismic profiles of (B) Site 16GH-P3 (chimney structure), (C) Site 16GH-P1 (non-chimney
structure), and (D) Sites 16GH-P4 (chimney structure) and 16GH-P5 (non-chimney structure). The core depth at each site has no scale. MTD, mass-
transport deposits and THS, turbidite-hemipelagic sediments.
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3 Materials and methods

3.1 Fluid sampling and analyses

Piston cores (PCs) were collected from four sites during the R/V

Tamhae II cruise of the Korea Institute of Geoscience and Mineral

Resources (KIGAM) in 2016. Two parallel PCs were sampled at

each site for geochemical and sedimentological studies. These cores

were designated as “W” and “A”, corresponding to 16GH-P1W and

16GH-P1A, respectively (Table 1). Pore fluid was extracted by

Rhizons throughout the whole round core of PC for geochemical

analyses at approximately 40 cm ~ 85 cm intervals under 4°C.

Extracted fluid was collected in an acid-prewashed syringe equipped

with an in-line 0.20 mm disposable polytetrafluoroethylene filter.

Fluid aliquots for cations and 87Sr/86Sr ratios were transferred into

acid-prewashed high-density polyethylene (HDPE) bottles (~2 ml -

4 ml) and acidified with 20 ml ultrapure-grade HNO3. Fluid

subsamples for shipboard and anions analyses were collected in

acid-prewashed HDPE bottles without acidification. Subsamples for

stable isotopic compositions of water (dD and d18O) and dissolved

inorganic carbon (d13CDIC) were collected in 2 ml septum screw-lid

glass vials. Fluid samples for d13CDIC analysis were preserved with

30 ml HgCl2. All fluid samples were stored at ~4°C in the

refrigerator until the analyses.

Chlorinity (Cl-) and alkalinity were analyzed onboard by

titration with 0.1 M AgNO3 and with 0.02 M HCl, respectively.

The reproducibility of Cl- and alkalinity was determined to be < 2%

and < 0.5%, respectively, by repeated analysis of the International

Association of Physical Sciences of the Oceans (IAPSO) standard

seawater. Sulfate (SO4
2-) was determined by Dionex ion

chromatography (ICS-1100, Thermo Scientific) at the Korea Basic

Science Institute (KBSI). IAPSO standard seawater was repeatedly
Frontiers in Marine Science 04
measured to verify the analytical quality of the instruments, and

analytical reproducibility was better than ±3%.

Major and minor cations (Na+, K+, Mg2+, Ca2+, Ba2+, B, Sr2+,

and Si) were analyzed by PerkinElmer inductively coupled plasma-

optical emission spectroscopy (Optima 8300 ICP-OES) at the KBSI.

The reproducibility estimated from repeated analyses of reference

materials (SLRS-5 and NASS-5) was < 5%.

Stable isotopic compositions of water (dD and d18O) were

analyzed by a VG Prism stable isotope ratio mass spectrometer

(SIRMS) at the KBSI. The analytical reproducibility was ±1‰ for

dD and ±0.1‰ for d18O. d13CDIC was determined with a Finnigan

DELTA-Plus stable isotope ratio mass spectrometer using a Gas-

Bench II automated sampler at the Oregon State University. The

reproducibility was better than 0.07‰, based on the multiple

standard measurements. Isotopic values are reported in the

conventional d-notation relative to Vienna Standard Mean Ocean

Water (V-SMOW) for hydrogen and oxygen and Vienna Peedee

Belemnite (V-PDB) for carbon.

Strontium (Sr) in the fluid was separated for 87Sr/86Sr analysis

using Sr-Spec columns (Eichrom-Sr resin). The 87Sr/86Sr ratio was

measured using a Neptune multi-collector inductively coupled

plasma mass spectrometer (MC-ICP-MS, Thermo Finnigan) at

the KBSI. The measured 87Sr/86Sr ratios were normalized to
86Sr/88Sr = 0.1194, and repeated NBS 987 measurements yielded a

value of 0.71025 ± 0.00002 (2smean, n = 24).
3.2 Headspace gas sampling and analyses

Bulk sediments (3 ml) were sampled from the core to analyze the

chemical compositions and isotopic ratios of headspace gas at

approximately 40 cm ~ 82 cm intervals using a 5 ml cutoff plastic
TABLE 1 Summaries of site information from the 2016 Expedition.

Site Core
Latitude

(°N)
Longitude

(°E)
Water

Depth (m)
Total Core
Length (m)

SMT
Depth (mbsf)

Seismic
Characteristic

Remark

16GH-
P3

16GH-
P3*W

35.7681 130.0339 1,054 7.67 1.9

Chimney 　

***MDAC
found16GH-

P3*A
35.7683 130.0339 1,050 7.70 **―

16GH-
P4

16GH-
P4W

35.6908 130.3433 916 6.95 2.5
MDAC

not found

16GH-
P4A

35.6909 130.3403 902 7.70 ―
MDAC
found

16GH-
P1

16GH-
P1W

35.7992 130.2361 1,187 7.75 4.3

Non-chimney
MDAC

not found

16GH-
P1A

35.7993 130.2361 1,187 7.48 ―

16GH-
P5

16GH-
P5W

35.6915 130.3503 926 7.10 2.7

16GH-
P5A

35.6909 130.3498 925 7.47 ―
f

*W: core for geochemical study, A: core for sedimentological study.
**―: no data.
*** MDAC: methane-derived authigenic carbonate.
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syringe. The sediments were extruded into 20 ml serum glass vials,

and 2 ml of saturated NaCl solution was added to them. The vials

were immediately capped with rubber septa and sealed with

aluminum crimp caps. Headspace gas was extracted by heating the

sediment samples at 60°C for 30 minutes at the KIGAM, following

the procedure described by Pimmel and Claypool (2001). Aliquot of

the headspace gas sample was injected into an Agilent Technologies

7890A gas chromatography with both a flame ionization detector and

a thermal conductivity detector to determine the hydrocarbon

composition (C1-C6) and CO2. The reproducibility was less than

3% based on repeated standard analyses.

The carbon and hydrogen stable isotopic compositions

(d13CCH4, d13CCO2, and dDCH4) in headspace gas samples were

analyzed by a compound-specific isotope ratio-monitoring gas

chromatography/mass spectrometer at Isotech Laboratories Inc.

(Champaign, IL, USA). The carbon and hydrogen isotopic values

are reported in the conventional d-notation in permil (‰) relative

to V-PDB and V-SMOW, respectively. The reproducibility of the

analyses was ±0.1‰ for carbon and ±2‰ for hydrogen.
3.3 MDAC sampling and analyses

The cores for the sedimentological study were cut in the

laboratory at KIGAM. One half of each core was preserved as an
Frontiers in Marine Science 05
archived core and the other half was further processed as a working

core. MDACs were hand-picked from the split cores of Sites16GH-

P3 and 16GH-P4 at the KIGAM (Figure 2; Table 1). These samples

were stored at approximately 4°C in the refrigerator until the

analyses (< 3 months). Before analysis, the MDAC was washed

repeatedly with Milli-Q water (resistivity of 18.2 MW·cm), and

sonicated for a few minutes to eliminate adhered materials. It was

washed again with Milli-Q water and dried at 60°C in an oven for

12 hours.

The thin sections of selected MDACs were observed using a

polarization microscope (Nikon LV100N POL) at Yonsei

University. The microstructure of the MDACs was examined on

freshly fractured surfaces using a scanning electron microscope

(SEM; JEOL JSM-5410) at Yonsei University.

For the analyses of bulk mineralogy and isotopic compositions

(d13C and d18O) of MDACs, the selected MDAC samples (> 20 g)

were finely ground using a mortar and pestle and then thoroughly

mixed for homogenization, following the method by Tong et al.

(2019). In addition, the surface of the MDAC cutting prepared for

the thin section shows little variation in texture and structure within

each sample. As a result, the measured mineralogy and isotopic

compositions represent the average of each MDAC sample. The

bulk mineralogy and the relative abundance of carbonate minerals

were determined through X-ray diffraction (XRD) using a Miniflex

II XRD (RIGAKU) at Yonsei University. The ground MDAC
A B

FIGURE 2

(A) Lithology of core sediment from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5 in the southwestern part of the Ulleung Basin (mbsf: meters
below seafloor). (B) Photographs of methane-derived authigenic carbonates (MDACs) from (a) 0.90 mbsf at Site 16GH-P3 (massive-porous type), (b)
7.69 mbsf at Site 16GH-P3 (semi-/un-consolidated type), (c) 5.70 mbsf at Site 16GH-P4 (massive-porous type), and (d) 6.90 mbsf at Site 16GH-P4
(massive-laminated type). The black closed arrows at Site 16GH-P3 and Site 16GH-P4 are core depths and ages of MDACs determined by U-Th
dating, and the red closed arrow indicates the current SMT depth. The lithology description was used in the cores for sedimentological study at Sites
16GH-P1A, 16GH-P3A, 16GH-P4A, and 16GH-P5A. The M, S, and G in the X-axis of (A) are mud, sand, and gravel, respectively.
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sample was thoroughly mixed homogeneously with corundum

(Al2O3) powder in a 1:1 weight ratio. The XRD analysis was

conducted on the powder samples under Cu-Ka radiation,

utilizing a step-scan mode with 0.02° step, 1 sec/step scanning

time, and 2° – 55° 2q range. The analysis was performed using a 6-

sample holder. Semi-quantitative analysis of mineral composition

was conducted with the Reference Intensity Ratio (RIR) method

(Hubbard et al., 1976; Hubbard and Snyder, 1988; Park et al., 2018).

The ratio of peak intensities between corundum and major minerals

was determined from the results of X-ray diffraction analysis. The

quantitative values were then calculated based on the theoretical

RIR values.

An aliquot of the bulk MDAC sample (~5 mg) from 0.90 mbsf

to 7.69 mbsf at Site 16GH-P3 and from 5.70 mbsf to 7.33 mbsf at

Site 16GH-P4 was reacted with 100% H3PO4 at 90°C for 5 minutes,

and the evolved CO2 gas was automatically injected into a VG

Prism SIRMS in the KBSI for d13C and d18O analyses. The analytical

reproducibility for d13C and d18O was < ± 0.1‰. Isotopic values are

reported in the conventional d-notation relative to V-PDB for

carbon and oxygen.

Uranium (U)-thorium (Th) dating was performed at the NERC

Isotope Geosciences Laboratory, British Geological Survey. Sample

powders (1.6 mg ~ 8.9 mg) were drilled from 3MDACs, which were

from 3.30 mbsf at Site 16GH-P3, and 6.90 mbsf and 7.33 mbsf at

Site 16GH-P4, using a hand-held microdrill. U and Th were

separated, concentrated, and measured as described in Crémiere

et al. (2016). These samples were dissolved in 8 M HNO3 and then

centrifuged to separate the soluble carbonate fraction from the

insoluble detritus. The detritus was digested using a mixture of

HClO4:HF:HNO3 (1:2:8 vol.), dried, and redissolved in 1 M HCl. U

and Th were preconcentrated via iron co-precipitation and

separated via column ion chromatography (Edwards et al., 1987).

Isotope ratios were measured with an MC-ICP-MS (Thermo

Finnigan). U-Th age calculations were carried out by the

approach of Cheng et al. (2013), and a detrital correction was

applied based on average measured 232Th/238U, 230Th/238U, and
234U/238U activity ratios of carbonate-free detritus samples from the

Ulleung Basin.
4 Results

4.1 Sedimentary facies

Sediments in the cores are classified into eight sedimentary

facies, mainly based on grain size, sedimentary structures, and

distribution pattern of MDACs (Figure 2A). Among them,

muddy sediments can be divided into six types: bioturbated mud

(BM), bioturbated mud with slightly laminated mud (BM with

SLM), homogeneous mud with small and irregular cracks (HMwith

cracks), bioturbated sandy mud (BSM), slightly laminated mud

(SLM), and laminated mud (LM). Laminae are mostly less than a

few mm thick and usually consist of coarser and finer (silt-clay)

couplets in the LM interval, whereas they are not sharp and

distinctly differentiated into coarse-fine couplets in the SLM

interval. The BM facies is the most common mud facies in the
Frontiers in Marine Science 06
upper part of the core from Sites 16GH-P1 and 16GH-P5 (non-

chimney sites) and is characterized by various burrow structures,

such as circular, oval, tubular, or irregular shapes. In contrast, the

sediment from Sites 16GH-P3 and 16GH-P4 (chimney sites) is

characterized by abundant MDACs in the mud facies (Figure 2A).

These sedimentary facies with MDACs can be divided largely into

two types: authigenic carbonate-bearing mud (ACM: mud with

randomly scattered authigenic carbonate nodules) and authigenic

carbonate layers or nodules (ACL) (Figure 2A).
4.2 Geochemical properties of pore fluids

The chemical properties of the pore fluids are shown in Figure 3

and Supplementary Table 1. The Cl- concentration at all sites can be

divided into two groups. The first group, found at Sites 16GH-P3

and 16GHP-P4 (chimney sites), shows a constant Cl- concentration

from the seafloor to 1.50 mbsf (~533 mM) and 0.78 mbsf (~552

mM), respectively. Below 1.50 mbsf at Site 16GH-P3, Cl-

concentration significantly increases and remains constant (~552

mM). Similarly, at Site 16GH-P4, Cl- concentration gradually

increases and maintains a constant value (~571 mM) from 1.28

mbsf to 4.55 mbsf. It reaches a maximum value (609 mM) at

approximately 5.58 mbsf ~ 6.05 mbsf at Site 16GH-P4 (Figure 3A;

Supplementary Table 1). In contrast, the second group, observed at

Sites 16GH-P1 and 16GH-P5 (non-chimney sites), exhibits a

constant Cl- concentration (~533 mM) without significant

variation with depth. The downcore profile of Na+ concentrations

at each site generally follows a trend similar to that of

Cl- (Figure 3A).

The SO4
2- concentration at all sites decreases from the seawater

value (~30 mM; UBGH2 Scientists, 2010) to ~0 mM (Figure 3A;

Supplementary Table 1). The current SMT (hereafter SMT) depth is

determined by extrapolating the depth where the SO4
2-

concentration reaches 0 mM. The estimated SMT depth of Sites

16GH-P3 and 16GH-P4 (chimney sites) is located at 1.9 mbsf and

2.5 mbsf, respectively, whereas it reaches 4.3 mbsf and 2.7 mbsf at

Sites 16GH-P1 and 16GH-P5 (non-chimney sites), respectively.

(Table 1). The maximum Ba2+ concentration in each site is observed

around the SMT and Site 16GH-P3 has the lowest maximum Ba2+

concentration among the study sites (Figure 3A).

The alkalinity ranging from 8.9 mM to 60.8 mM increases

from the seafloor to the SMT and then shows relatively constant

concentration at Site 16GH-P3 or a slightly increasing trend at

Sites 16GH-P1, 16GH-P4, and 16GH-P5 (Figure 3A;

Supplementary Table 1). In contrast, the downcore profiles of

Ca2+ and Sr2+ concentrations have decreasing trends at all sites.

The Mg2+ concentration is constant at Sites 16GH-P1 and 16GH-

P3 but shows an increasing trend with depth at Sites 16GH-P4 and

16GH-P5. At all sites, the K+, H4SiO4, and B concentrations are

general ly higher than those in seawater (Figure 3A;

Supplementary Table 1). The dD and d18O values in pore fluids

at all sites vary in narrow ranges from -2.8‰ to 0.2‰ and from

-0.2‰ to 0.3‰, respectively. The downcore profile of d18O at Site

16GH-P4 shows a slightly decreasing trend compared to other

sites. The d13CDIC value in pore fluid varies from -28.2‰ to 5.3‰.
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The minimum d13CDIC value in each site is observed around the

SMT, ~3.18 mbsf (-14.7‰) at Site 16GH-P1, ~1.50 mbsf (-28.2‰)

at Site 16GH-P3, ~2.18 mbsf (-14.9‰) at Site 16GH-P4, and ~1.53

mbsf (-11.5‰) at Site 16GH-P5 (Figure 3B; Supplementary

Table 1). The maximum d13CDIC value is observed at 7.03 mbsf
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of Site 16GH-P5 (5.3‰). The 87Sr/86Sr ratios are relatively

constant (0.70917 ± 0.00001, n = 19) (Figure 3B; Supplementary

Table 1), which is similar to that of the open seawater (~0.70917;

Paytan et al., 1993) and seawater from the Ulleung Basin

(~0.70917; Kim et al., 2013).
A

B

FIGURE 3

Downcore profiles of (A) Cl-, SO4
2-, alkalinity, Na+, Mg2+, K+, Ca2+, Mg2+/Ca2+, B, H4SiO4, Sr

2+, and Ba2+, and (B) dDH2O, d18OH2O, d13CDIC, and
87Sr/86Sr in pore fluids from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5. The horizontal black, red, blue, and green lines in the downcore
profile of alkalinity represent the current SMT depth at Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5, respectively. The vertical black dashed
lines represent the chemical concentration and isotopic ratios of seawater from the Ulleung Basin (UBGH2 Scientists, 2010; Kim et al., 2013).
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4.3 Geochemical properties of
headspace gas

The CH4 is the primary hydrocarbon component in headspace

gas samples at all sites, while C2+ is the trace composition. The CH4

concentration is the lowest near the seafloor (< 300 ppm vol.) and

increases sharply below the SMT (> 2,900 ppm vol.) (Figure 4A;

Supplementary Table 2), irrespective of the seismic structures. The

C1/C2+ ratios at Sites 16GH-P3, 16GH-P4, and 16GH-P5 generally

exceed 300, whereas they cannot be calculated at Site 16GH-P1

because the concentration of C2+ is below the detection limit. The

CO2 concentration does not show a distinct trend with depth, but

its concentration varies from 1.0% vol. to 4.0% vol. at all sites

(Figure 4A; Supplementary Table 2). As the measured CO2

concentrations in headspace gas samples are at least 25 times

higher than that in the atmosphere (~420 ppm vol., https://

www.climate.gov/news-features/understanding-climate/climate-

change-atmospheric-carbon-dioxide), the influence of atmospheric

CO2 in headspace gas is negligible.

The values of d13CCH4, dDCH4, and d13CCO2 range from -85.9‰

to -67.2‰, from -204‰ to -190‰, and from -24.8‰ to -16.1‰,

respectively. The minimum values for d13CCH4 and d13CCO2

generally occur near the SMT and increase with depth below the

SMT (Figure 4B; Supplementary Table 2).
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4.4 Petrography, mineralogy, isotopic
compositions, and age of MDACs

MDACs can be roughly subdivided into three types based on

their morphology: 1) massive-porous type, 2) massive-laminated

type, and 3) semi-/un-consolidated type (Figure 2B). Massive-

porous MDACs (a and c in Figure 2B) are mainly composed of

microcrystalline magnesian calcite (Mg-calcite), fibrous aragonite,

bioclasts, and detrital fragments (Figures 5B–D). Bioclasts,

planktonic foraminifers, diatoms, and radiolarians are the

dominant biogenic components of this type; framboidal pyrite is

often found within the inner walls of shells. Massive-laminated

MDACs (d in Figure 2B) have a massive and slightly wavy-

laminated structure with a small number of bioclasts. The average

thickness of the lamination varies from 1 mm to 2 mm, and

planktonic foraminifers are randomly dispersed in the matrix

(Figure 5A). Detrital fragments are also found as a form of

anhedral and/or subhedral crystals (Figure 5E). Semi-/un-

consolidated MDACs (b in Figure 2B) mainly consist of a

microcrystalline matrix with many irregular-shaped pores. In the

matrix, diatomaceous fragments with many shapes and sizes are

found (Figure 5F).

The content of carbonate minerals in MDACs ranges from 25.6

wt.% of bulk MDAC to 87.8 wt.% of bulk MDAC (Supplementary
A

B

FIGURE 4

Downcore profiles of (A) CH4, C2H6, CO2, and C1/C2+, and (B) d13CCH4, dDCH4, and d13CCO2 of headspace gas samples from Sites 16GH-P1, 16GH-
P3, 16GH-P4, and 16GH-P5. The dashed line represents the current SMT in each site (black: Site 16GH-P1, red: Site 16GH-P3, blue:16GH-P4, green:
Site 16GH-P5).
frontiersin.org

https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://doi.org/10.3389/fmars.2023.1156918
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Kim et al. 10.3389/fmars.2023.1156918
Table 3). Calcite, aragonite, and Mg-calcite are the dominant

carbonate minerals of MDACs, and dolomite is minor (< 1 wt.%

of bulk MDAC). MDACs from 7.69 mbsf at Site 16GH-P3 and from

6.63 mbsf, 6.90 mbsf, and 7.33 mbsf at Site 16GH-P4 have a high

aragonite content (> 49.5 wt.% of bulk MDAC), whereas MDACs

from 3.30 mbsf at Site 16GH-P3 and 5.70 mbsf at Site 16GH-P4

contain abundant Mg-calcite (> 50 wt.% of bulk MDAC). The non-

carbonate minerals in MDACs mainly consist of silicates

(plagioclase, K-feldspar, quartz, illite, and chlorite) as detrital

components (Figure 6A; Supplementary Table 3).

The d13CMDAC and d18OMDAC values vary from -43.0‰ to -31.3‰

and from 3.9‰ to 5.8‰ at Site 16GH-P3, and from -44.9‰ to -41.7‰

and from 4.1‰ to 5.7‰ at Site 16GH-P4, respectively. MDACs above

a depth of 1.50 mbsf at Site 16GH-P3 exhibit higher d13C (> -34.3‰)

and lower d18O (< 4.1‰) values compared to those found below this

depth (d13C = -43.1‰ ~ -41.6‰; d18O = 5.5‰ ~ 5.8‰) (Figure 6B;

Supplementary Table 3). Except for these two MDACs, the d13CMDAC

values are constant (-44.9‰ ~ -41.6‰) at Sites 16GH-P3 and 16GH-

P4, irrespective of the morphology. In contrast, the d18OMDAC value is
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the lowest (4.1‰) in the massive-laminated MDAC from Site 16GH-

P4 (Supplementary Table 3).

U-Th ages of MDACs are presented in Figure 2A and

Supplementary Table 3, although they have large errors. The

corrected U-Th ages of the MDAC at 1.48 mbsf of Site 16GH-P3

range from 29.3 ± 15.7 ka BP to 38.5 ± 12.4 ka BP (n = 3). The age at

6.90mbsf and 7.33mbsf of Site 16GH-P4 varies from 20.3 ± 8.0 ka BP to

23.5 ± 12.2 ka BP (n = 3) and from 23.4 ± 4.3 ka BP to 24.1± 4.7 ka BP

(n = 2), respectively (Figure 2A; Supplementary Table 3). The MDAC

from Site 16GH-P3 has an older age than those from Site 16GH-P4.
5 Discussion

5.1 Sedimentary facies distribution and
depositional environment

The BM facies was mainly observed from the seafloor to 5.90

mbsf and 6.39 mbsf at Sites 16GH-P1 and 16GH-P5 (non-chimney
FIGURE 5

Photomicrographs and scanning electron micrographs of MDACs. (A) Authigenic carbonate of the massive-laminate type from 6.90 mbsf at Site
16GH-P4. White spots indicate planktonic foraminiferal shells. (B) Bioclasts are abundant, and aragonite is present as acicular cement and
microcrystalline matrix from 1.48 mbsf at Site 16GH-P3. (C-D) Bioclasts and detrital fragments are cemented by fibrous aragonite crystals from 1.48
mbsf of Site 16GH-P3. (E) Matrix of microcrystalline magnesian calcite with anhedral and/or subhedral crystals with a few mm in size at 6.90 mbsf of
Site 16GH-P4. (F) Diatomaceous fragments are found in many shapes and sizes at 7.69 mbsf of Site 16GH-P3.
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sites), respectively, while the relatively thin SLM, BSM, and HM

appeared below these depths (Figure 2A). The BM interval

represents hemipelagic sediment deposition under well-

oxygenated conditions (Tada et al., 1999; Gorbarenko and

Southon, 2000) during the high sea-level period of marine isotope

stage (MIS) 1 (Park et al., 2006; KIGAM, 2016). In the lower part of

16GH-P1, the BM facies changes into BSM facies (Figure 2A). This

facies was formed by the increase in coarser sediments, such as

sandy particles, which were probably derived from the neighboring

continental shelf during the sea invasion period after the Last

Glacial Maximum (KIGAM, 2016). The period of sedimentary

deposition at Sites 16GH-P1 and 16GH-P5 was estimated to

cover the early post-glacial of Late Pleistocene to Holocene high

sea-level period.

Sites 16GH-P3 and 16GH-P4 (chimney sites) contain abundant

MDACs as randomly scattered nodules or layers form (ACM and

ACL facies in Figure 2A). In particular, this distribution pattern of

MDACs is well developed in the sediments throughout the core at

Site 16GH-P3. At Site 16GH-P4, the LM and SLM facies are thick at

the top of the core (0.1 mbsf to ~5.4 mbsf). According to the

previous studies (e.g., KIGAM, 2016), it was interpreted that the GH

chimney mound underwent a sequential process involving

formation, uplift to the sea floor, and erosion. Subsequently, LM

and SLM facies at Site 16GHP-P4 were formed during the deglacial

phase at the top of the core. The U-Th dating of MDACs also
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indicates that the top interval of ~5.4 mbsf at Site 16GH-P4 was

deposited during a younger period than that of Site 16GH-

P3 (Figure 2A).

The matrix of porous MDACs primarily comprises

microcrystalline Mg-calcite, and their cavities are mostly filled

with aragonite in the form of acicular needles or sometimes

botryoidal cement. Fibrous cements and micritic laminated

fabrics are also observed in this type of MDAC (Figure 5;

Supplementary Table 3). These observations provide evidence for

the mixing of methane-rich fluids with seawater and/or the

presence of methane and sulfide (e.g., Peckmann et al., 2001;

Magalhães et al., 2012).
5.2 Source of pore fluid and CH4 gas

Cl- concentrations and isotopic values of water (dD and d18O)
in pore fluids at Sites 16GH-P1 and 16GH-P5 vary in narrow ranges

throughout the entire cores (Cl- = 533 mM ~ 543 mM, dD = -1.7‰

~ 0.2‰, d18O = 0.0‰ ~ 0.2‰) (Figures 3, 7; Supplementary

Table 1), and are close to the values of the present-day bottom

seawater (Cl- = 544 mM, d18O = 0.2‰, dD = 0.4‰) from the

Ulleung Basin (UBGH2 Scientists, 2010; Kim et al., 2013). Hence,

the source of pore fluids at these sites mainly originates from

ambient seawater. At Site 16GH-P4, Cl- concentrations are higher
A

B

FIGURE 6

Downcore profiles of (A) calcite, aragonite, and magnesian calcite content, and total carbonate/total detrital minerals by XRD analysis, and (B) d13C
and d18O in MDACs from Sites 16GH-P3 and 16GH-P4. The horizontal red and blue dashed lines represent the current SMT depth at Sites 16GH-P3
and 16GH-P4, respectively.
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than that of seawater and vary from 591 mM to 609 mM below 5.08

mbsf (Figure 3A; Supplementary Table 1). However, the water

stable isotopes (dD and d18O) at this site generally have lower values
(dD = -2.5‰ ~ -1.1‰, d18O = -0.2‰ ~ 0.3‰) than those at the

other studied sites (dD = -1.8‰ ~ 0.2‰, d18O = 0.0‰ ~ 0.2‰), and

there is a linear correlation between them (r2 = 0.85) (Figure 7A;

Supplementary Table 1). Furthermore, d18O and Cl- exhibit a

negative correlation (r2 = 0.72) (Figure 7B). During the MIS 2 in

the Ulleung Basin, seawater had a low d18O value by the freshening

of surface water associated with the isolation from the Pacific Ocean

(Kim et al., 2000; Lee, 2007; Wu et al., 2020), which is a plausible

source for the low d18O values of pore fluids. However, this fluid

cannot account for the observed high Cl- concentration in pore fluid

at this site. Such characteristics have usually been reported in the

bottom water and/or pore fluid in Arctic regions (Alexeev and

Alexeeva, 2003; Charkin et al., 2017; Kim et al., 2022) as a result of

the formation of submarine ice and/or permafrost within the

sediments. Since the water and sediment columns in the southern

Ulleung Basin have not been frozen annually, these mechanisms are

not attributed to high Cl- concentration with low dD and d18O
values in pore fluid observed at Site 16GH-P4. Instead, this can be

attributed to the formation of massive GH near the seafloor within

fine-grained sediment layers, such as mud, characterized by low

permeability (Torres et al., 2004; Riedel et al., 2006; Tomaru et al.,

2006; Collett et al., 2008; Hong et al., 2017). In general, when
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massive GHs form near the seafloor sediment in this layer

associated with high upward gas flux, pore fluids exhibit higher

Cl- concentrations and lower dD and d18O values in comparison to

fluids from the non-GH bearing intervals. Conversely, heavy water

isotopes (dD and d18O) tend to be preferentially incorporated into

the clathrate structure. These occur because the fluid released

during GH formation does not equilibrate with the pore fluid in

the surrounding sediment layers due to low permeability. In

contrast, during the formation of the disseminated GH in the

sand layer, the pore fluids in the GH-bearing intervals equilibrate

with the surrounding sediment fluids due to their high permeability.

Consequently, this leads to similar Cl- concentrations as well as dD
and d18O values in pore fluids from both GH-bearing and non-GH

bearing intervals. Although massive and/or disseminated GHs were

not found in the cores investigated, Site 16GH-P4 is located ~0.1 km

from Site UBGH2-3, where high Cl- concentrations (maximum Cl-

= ~1440 mM) and low dD and d18O values (minimum dD =

~-14.7‰; minimum d18O = ~-1.6‰) have been reported in fluids

collected from massive GHs-bearing intervals below 6 mbsf during

the UBGH2 Expedition (Kim et al., 2013; Hong et al., 2014). Hence,

it is postulated that the similar trends in Cl- concentrations and dD
and d18O values in pore fluids at Site 16GH-P4 are impacted by

massive GH formation occurring below the depth of retrieved core.

The Cl- concentrations below 1.95 mbsf (~552 mM) at Site

16GH-P3 are slightly higher than those above this depth (~533
A B

C

FIGURE 7

Scatter plots of (A) dDH2O versus d18OH2O, (B) d18OH2O versus Cl-, and (C) 87Sr/86Sr versus 1/Sr2+ in bottom seawater from Site UBGH2-3 and pore
fluids from Sites 16GH-P1, 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3 (UBGH2 Scientists, 2010; Kim et al., 2013). The dD and d18O data of
seawater and pore fluid from Site UBGH2-3 are from Kim et al. (2013). The GMWL is the global meteoric water line (Craig, 1961) and the LMWL is the
local meteoric water line (Lee et al., 1999). The trend of massive gas hydrate formation in Figure 7B is modified from Tomaru et al. (2006) and the
trends of carbonate formation and MSiW in Figure 7C are adapted from Kim et al. (2016). MSiW is marine silicate weathering.
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mM), and there is no significant change in dD and d18O values

throughout the entire sampling depth (Figures 3, 7; Supplementary

Table 1). The pore fluid would be potentially influenced by the

water-rock interactions or the fluids migrated from the deep

sediment; however, the exact mechanism cannot be identified

given the dataset.

High C1/C2+ ratios (commonly > 300) in headspace gas samples

from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5

(Figures 4A, 8; Supplementary Table 2) indicate that CH4

predominantly originates from microbial source rather than

thermogenic source (Bernard et al., 1978; Whiticar, 1999; Pape

et al., 2010; Kim et al., 2011; Kim et al., 2012; Choi et al., 2013;

Milkov and Etiope, 2018). The d13CCH4, dDCH4, and d13CCO2 values

consistently support this interpretation. All headspace gas samples

plotted in the region of microbial CH4 origin via the CO2 reduction

in the diagram, displaying the relationship between d13CCH4 and

C1/C2+ (Figure 8A; Supplementary Table 2). Furthermore, the

diagrams depicting the relationships of d13CCH4 versus dDCH4

and d13CCH4 versus d13CCO2 provide additional evidence for the

microbial CH4 origin via the CO2 reduction pathway (Figures 8B,

C). This observation aligns with the outcomes of numerous prior

investigations conducted in the Ulleung Basin (Kim et al., 2011;

Kim et al., 2012; Choi et al., 2013; Kim et al., 2013).
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5.3 Occurrence of ongoing marine silicate
weathering (MSiW)

Alkalinity in pore fluids above and within the SMT is usually

produced by organic matter degradation via POCSR and AOM that

consumes SO4
2- as the main electron acceptor. Assuming SO4

2- is

mainly derived from the overlying seawater for these reactions (~30

mM; UBGH2 Scientists, 2010), alkalinity can be maximized up to

~60 mM by POCSR and ~30 mM by AOM with the complete

consumption of SO4
2-. Hong et al. (2014) have revealed that AOM

is a dominant reaction for both carbon and sulfur cycles around the

SMT, accounting for at least 85% of these cycles within the chimney

structures of the Ulleung Basin in comparison with POCSR. As Sites

16GH-P3 and 16GH-P4 show chimney structures in the subsurface

(Figure 1; see Section 2 “Regional Setting”), we can estimate the

maximum alkalinity around the SMT of these sites as < ~35 mM by

the simple mixing model of two end-members given that the

POCSR:AOM is 0.15:0.85. The alkalinity should be lower than

this value because of the ongoing carbonate precipitation within the

sediment column at both sites as inferred from the decreasing

downcore profile of Ca2+ and Sr2+ concentrations in pore fluids and

the existence of MDACs (Figures 2, 3A). However, the measured

alkalinity concentrations in the pore fluid around the SMT of Sites
A B

C

FIGURE 8

(A) Genetic diagram of C1/C2+ versus d13CCH4 (after Milkov and Etiope, 2018) of headspace gas samples from Sites 16GH-P3, 16GH-P4, 16GH-P5,
and UBGH2-3. (B) d13CCH4 versus dDCH4 diagram of headspace gas samples from Sites 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3 (after Milkov
and Etiope, 2018). (C) Genetic diagram of d13CCH4 versus d13CC02 (after Milkov and Etiope, 2018) of headspace gas samples from Sites 16GH-P1,
16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3. The gas compositions and isotopic values of headspace gas samples are from Site UBGH2-3 (KIGAM,
2011). CR, CO2 reduction; F, methyl-type fermentation; SM, secondary microbial; EMT, early mature thermogenic gas; OA, oil-associated
thermogenic gas; LMT, late mature thermogenic gas.
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16GH-P3 and 16GH-P4 are ~38 mM and ~45 mM (Figure 3A;

Supplementary Table 1), respectively, which (slightly) exceed the

estimated concentration. In addition, the downcore alkalinity

profile has an increasing trend below the SMT at Sites 16GH-P1,

16GH-P4, and 16GH-P5 (Figure 3A; Supplementary Table 1).

These trends are not common and suggest that additional

reactions should occur to account for the excess alkalinity in the

fluid. The dissolved K+, B, and H4SiO4 in most pore fluid samples

from all sites show higher concentrations than those of bottom

seawater (K+ = 10.3 mM, B = 404 μM, H4SiO4 = 0.4 mM) (UBGH2

Scientists, 2010; Kim et al., 2013) as alkalinity increases.

Additionally, the Mg2+ concentration of fluids from Sites 16GH-

P4 and 16GH-P5, which mostly range from 54 mM to 64 mM,

displays higher concentration than the bottom seawater (~51 mM;

UBGH2 Scientists, 2010; Kim et al., 2013), with an increasing

downcore profile (Figure 3A; Supplementary Table 1). Kim et al.

(2016) have shown a similar result from the pore fluid at Site

UBGH2-1_1 (Figure 1A) collected during the UBGH2 Expedition

and this result was attributed to marine silicate weathering (MSiW)

that converts CO2 into alkalinity and releases dissolved cations in an

anoxic marine system. Our fluid data also point to the occurrence of

MSiW in the Ulleung Basin, which significantly impacts the

geochemical properties of the pore fluids.
5.4 Influence of CH4 and seawater on
MDAC precipitation

The decreasing downcore profi le of Ca2+ and Sr2+

concentrations at all cores investigated in this study generally

shows a similar trend to that of SO4
2- (Figure 3A). These results

indicate that continuous carbonate precipitation takes place within

the sediments, leading to the consumption of Ca2+ and Sr2+ in pore

fluids (see Equation 3). The relationship between 87Sr/86Sr and 1/

Sr2+ (Figure 7C) also supports this interpretation (Kim et al., 2016).

Indeed, massive authigenic carbonates were found at Sites 16GH-P3

and 16GH-P4 (Figure 2). The measured d13CMDAC values (-44.9‰

to -31.3‰) (Figure 6B; Supplementary Table 3) are lower than

those of the organic matter reported in the Ulleung Basin (-24‰ to

-21‰) (Choi et al., 2013; Kim et al., 2014) and the measured

minimum d13CDIC (-28.3‰ and -14.7‰ at Sites 16GH-P3 and

16GH-P4, respectively) in pore fluids (Figure 3; Supplementary

Table 1). Hence, the d13CMDAC value indicates the presence of an

additional DIC source with a lower carbon isotopic value compared

to that of pore fluids and organic matter within this basin when

MDAC forms. We postulate that the migrating upward fluid, which

contains 13C-depleted CH4 from the deep-seated sediment, is a

reasonable source, as this fluid is involved in AOM around the

SMT. This process leads to an increase in alkalinity via the

production of bicarbonate (HCO3
-) and subsequent MDAC

precipitation (Paull et al., 1992; Aloisi et al., 2000; Peckmann

et al., 2001; Aloisi et al., 2002; Naehr et al., 2007; Pierre et al.,

2014; Crémière et al., 2016). Consequently, the carbon isotopic

property of CH4 migrating upward significantly inherits that of

MDACs produced around the SMT. In general, the d13CMDAC

values associated with thermogenic CH4 typically range from
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~-40‰ to -20‰, while the values are less than -40‰ via AOM

using microbial CH4 (Naehr et al., 2007; Crémière et al., 2016;

Crémière et al., 2018). d13CMDAC values of all MDACs from Site

16GH-P4 that show massive-porous and -laminated morphologies

are < -41.7‰ (Figure 6B; Supplementary Table 3), thus, AOM that

mainly uses microbial CH4 is incorporated to form MDACs. This

finding is consistent with the CH4 source in headspace gas samples

near and below the SMT at this site (-88.0‰ < d13CCH4 < -81.5‰)

(Figure 4; Supplementary Table 2). On the other hand, the wide

range of d13CMDAC values at Site 16GH-P3 implies that gas sources

involved in the MDAC formation rely on the sampling depth

(Figure 6B; Supplementary Table 3); 1) massive-porous MDACs

above the SMT are related to thermogenic CH4 (d13CMDAC >

-35.0‰), and 2) MDACs with semi-consolidated and massive-

porous and -laminated morphologies below the SMT are

associated with microbial CH4 (d13CMDAC = ~-42‰). d13CCH4

values (< -67.2‰) in all headspace gas samples below the SMT

from Site 16GH-P3 (Figure 4; Supplementary Table 2) indicate that

CH4 has a predominantly microbial origin. In addition, to date,

studies have revealed that the CH4 from the seafloor to 250 mbsf in

the Ulleung Basin is microbial origin via CO2 reduction (Figure 8)

based on geochemical features of headspace gas samples from the

UBGH2 Expedition as well as other expeditions (Kim et al., 2012;

Choi et al., 2013). Hence, thermogenic CH4 does not involve AOM

reaction and MDAC formation in the Ulleung Basin. Rather, the
13C-enriched MDACs are likely affected by HCO3

- from ambient

seawater at this site because these MDACs have often been found in

the sediment above the SMT (Peckmann and Thiel, 2004; Crémière

et al., 2016; Pierre et al., 2017). The XRD results of MDACs, which

display that aragonite and Mg-calcite are the predominant mineral

compositions (Figure 6A; Supplementary Table 3), also support our

interpretation. Theoretically, aragonite precipitation is kinetically

favored in seawater-ventilated environments with high SO4
2-

concentration and it has generally low Mg2+/Ca2+ ratios

compared to high-Mg calcite (Burton, 1993; Mazzini et al., 2006).

Indeed, MDACs are found at shallow sediment depth (< 8 mbsf)

(Figure 2; Supplementary Table 3) where ambient seawater can

influence sediments, and the Mg2+/Ca2+ (5.9 to 12.8) in all pore

fluids from Sites 16GH-P3 and 16GH-P4 have higher ratios

compared to that of seawater (5.5) (Figure 3A; Supplementary

Table 1). Thus, these results imply that sufficient conditions for

the precipitation of aragonite and low-Mg calcite are provided at

both Sites 16GH-P3 and 16GH-P4 rather than high-Mg calcite.

Although MDAC morphology is not well matched with d13CMDAC,

microscopic observations have revealed that massive-porous

MDACs above the SMT contain abundant bioclasts, planktonic

foraminifers, diatoms, radiolarians, and detrital fragments, as

compared to MDACs below the SMT at Site 16GH-P3

(Figure 5B). The cavities in this type of MDAC (a and c in

Figure 2B) can also act as conduit for CH4-rich fluid and/or

seawater migration due to their high porosity and permeability.

Overall, the chemical properties of microbial CH4 migrating

upward are significantly inherited by MDACs at both Sites

16GH-P3 and 16GH-P4 whereas the properties of seawater

prominently imprint MDACs found above the SMT at Site

16GH-P3.
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5.5 Fluid source of MDAC

Carbonate minerals in MDACs from Sites 16GH-P3 and 16GH-

P4 primarily consist of calcite, aragonite, and Mg-calcite, with

minor amounts of dolomite. The proportions of calcite, aragonite,

and Mg-calcite in the total carbonate minerals (sum of calcite,

aragonite, dolomite, and Mg-calcite contents) at both sites range

from 0% to 32%, from 3% to 100%, and from 0% to 94%,

respectively (Supplementary Table 3). In general, the d18OMDAC

values are useful to reveal the fluid source during carbonate

precipitation (e.g., Greinert et al., 2001; Naehr et al., 2007). Given

that the d18O values of aragonite and calcite precipitated at isotopic

equilibrium with temperature and d18O value of the bottom

seawater in the Ulleung Basin, the theoretical d18Oaragonite and

d18Ocalcite values can be calculated using Equations 4 and 5,

respectively (Kim and O’Neil, 1997; Kim et al., 2007).

1000lnaaragonite−seawater =  17:88 � 103

T
(Kelvin) −  31:14 (4)

1000lnacalcite−seawater   =  18:03 � 103

T
(Kelvin) −  32:42 (5)

Assuming that the temperature and d18O value of the bottom

seawater fromUlleung Basin at the present time are 0.5°C and 0.2‰

(V-SMOW) (UBGH2 Scientists, 2010; Kim et al., 2013),

respectively, the theoretical d18O values of aragonite and calcite

calculated by Equations 4 and 5 would be ~4.0‰ (V-PDB) and

~3.3‰ (V-PDB), respectively. The measured d18OMDAC values

above the SMT at Site 16GH-P3 are similar to the calculated

d18OMDAC value of aragonite (Supplementary Table 3), suggesting

that pore fluid with a similar d18O value to that of present-day

bottom seawater was involved during MDAC precipitation. For Site

16GH‐P3, it is likely that the enrichment in 13C for MDACs from

above the SMT (> ‐34.3‰) compared to those from below the SMT

(< ‐40%) is caused by incorporation of 13C‐rich HCO3
‐ (~0‰) from

seawater during carbonate precipitation (see Section 5.4). In

contrast, the d18OMDAC values (> ~5.5‰) below the SMT at Site

16GH-P3 and at 5.70 mbsf of Site 16GH-P4 are significantly higher

than the calculated theoretical d18O values of both aragonite and

calcite, implying that MDAC precipitation occurs in association

with pore fluid characterized by higher d18O value and/or in marine

environments with lower temperatures compared to the present

seawater conditions. In order to align with the analyzed d18OMDAC

value (> ~5.5‰) calculated using Equation 5, the temperature has

to be lower than -6°C. However, such temperatures are not

reasonable, as they would result in the freezing of seawater and

sediment. Therefore, we exclude the possibility of lower

temperatures for the high d18OMDAC values observed in the

MDACs. A plausible explanation for these observed d18OMDAC

values is a fluid source with a high d18Ovalue. The typical

characteristics of clay dehydration and opal diagenesis, such as

relatively high d18O values with low Cl- concentrations and

relatively low 87Sr/86Sr values in pore fluid (Kastner et al., 1991;

Kim et al., 2013; Kim et al., 2021; Kim et al., 2022), are not exhibited

in fluids from Site 16GH-P3 (Figures 3, 7; Supplementary Table 1).
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Therefore, we rule out both reactions as sources for the fluid with a

high d18O value that forms MDACs. Instead, it is reasonable that

the fluid source for the formation of 18O-rich MDACs shown below

the SMT at Site 16GH-P3 and at 5.70 mbsf of Site 16GH-P4 is

derived from GH dissociation. This interpretation is supported by

the presence of numerous shallow GHs found in the Ulleung Basin

(Kim et al., 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013).

MDACs were collected from 5.70 mbsf to 7.33 mbsf at Site

16GH-P4 (Figure 2; Supplementary Table 3) thus, we anticipated

that d18O values of MDACs are similar at all sampling intervals

within this site. However, these values below 6.63 mbsf are

significantly lower than that of 5.70 mbsf at Site 16GH-P4 (up to

~1.5‰), but slightly higher than those above 1.48 mbsf at Site

16GH-P3 (Figure 6B; Supplementary Table 3). The findings suggest

that the fluid source contributing to MDACs precipitation

underwent significant changes within a 2 m interval of the

sediment column (Figure 6B, Supplementary Table 3). The

MDAC from 5.70 mbsf appears to inherit its properties from the

fluid with a higher d18O value, while the other MDACs have

primarily originated from fluid with d18O values similar to that of

the present ambient seawater. However, this interpretation of the

rapid change in the fluid source for MDACs is not reasonable in the

natural marine system. Thus, this observation remains unexplained.

Kim et al. (2013) revealed that pore fluids with high Cl-

concentration at Site UBGH2-3 have relatively low d18O values (<

-0.5‰) due to the formation of massive GHs (Figure 7B). In

addition, pore fluid from Site 16GH-P4 is characterized by

increasing Cl- concentration and decreasing d18O value as fluid

sampling depth increases, in comparison to other sites (Figure 3B).

It is postulated that massive GHs were probably present below the

sampling depth of the retrieved core at Site 16GH-P4 and may have

influenced the isotopic composition of the pore fluid, as indicated

by the observed low d18O value (-0.5‰) at this site. This fluid may

contribute to the precipitation of MDACs under the same

temperature conditions as the bottom seawater. Under these

circumstances, the theoretical d18O values of aragonite and calcite

calculated by Equations 4 and 5 are ~3.3‰ (V-PDB) and ~2.6‰

(V-PDB), respectively. These values are lower than the measured

d18OMDAC below 6.63 mbsf at Site 16GH-P4 (Figure 6;

Supplementary Table 3). In comparison to the d18OMDAC value

above 6.63 mbsf at Site 16GH-P4, we postulated that the lower
18OMDAC values in this interval can be attributed to residual fluid

derived from the massive GH formation.
5.6 Significance of MSiW and
MDAC precipitation

Both MSiW and carbonate precipitation play an important role

in carbon sinks in the global carbon cycle. Large amounts of

dissolved cations and alkalinity released into fluids by MSiW are

involved in authigenic carbonate formation (Wallmann et al., 2008;

Scholz et al., 2013; Solomon et al., 2014; Torres et al., 2020).

Recently, the rate of carbon fixation by carbonate precipitation

associated with MSiW has been estimated to be on the order of 1012
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mole C yr-1 (Torres et al., 2020). It has also been revealed that the

maximum alkalinity of pore fluid on the Krishna-Godavari Basin,

Indian Margin, in association with ongoing MSiW is less than 45

mM (Solomon et al., 2014) because authigenic carbonate formation

consumes the excess alkalinity released by this reaction. Indeed,

many MDACs have been documented at this margin (e.g., Teichert

et al., 2014). Therefore, both MSiW andMDAC significantly impact

on pore fluid geochemistry in the Krishna-Godavari Basin and the

Ulleung Basin.

Many MDACs were found at Sites 16GH-P3 and 16GH-P4

(Figure 2; Supplementary Table 3). Compared to the Krishna-

Godavari Basin, the maximum alkalinity in pore fluids sampled

from the MDAC-bearing interval has a similar concentration at Site

16GH-P3 (< 40 mM), whereas it has a higher concentration at Site

16GH-P4 (up to 54 mM). Additionally, this concentration at Site

16GH-P4 is similar to or slightly lower than those at non-MDAC-

bearing sites (Sites 16GH-P1 and 16GH-P5) in this study and many

previous investigations in the basin (e.g., UBGH2-1_1; Kim et al.,

2013; Kim et al., 2016). Considering that the ACM and ACL facies

were observed throughout the retrieved core length of Site 16GH-P3

whereas they were exclusively found below 5.4 mbsf at Site 16GH-

P4. MDAC precipitation is likely to be more pronounced at the

former site. Pore fluid chemistry in the southern Ulleung Basin

from this study also clearly points out the occurrence of MSiW.

Since Kim et al. (2016) have documented that the MSiW occurs

without MDAC observations in the Ulleung Basin, MDAC and pore

chemistry results from this study provide the first evidence for the

ongoing occurrence of both reactions in the basin. Moreover, the

higher alkalinity (> 45 mM) at Site 16GH-P4 implies that

the alkalinity produced by MSiW is much greater in the Ulleung

Basin than in the Indian Margin, although it is masked by

authigenic carbonate precipitation as a carbon sink. The high

alkalinity in pore fluid from the Ulleung Basin is a unique

characteristic and plays an important role in the linkage with the

carbon cycle in this basin. The cations released by MSiW, such as

dissolved Ca2+, Mg2+, B, and H4SiO4, also play a pivotal role in

impacting the diagenesis and element cycles in this basin, as well as

globally. Future geochemical modeling studies are necessary to

elucidate the significance of MSiW and MDAC precipitation in

the regional and global marine systems.
6 Summary and implications

All four study sites in the southern Ulleung Basin show a

shallow SMT depth (< 5 mbsf) and a microbial CH4 source,

regardless of seismic characteristics (chimney structures at Sites

16GH-P3 and 16GH-P4; non-chimney structures at Sites 16GH-P1

and 16GH-P5), which is consistent with many previous

investigations in this basin (e.g., Kim et al, 2011; Kim et al., 2012;

Choi et al., 2013; Kim et al., 2013). However, pore fluid and

sediment characteristics, including MDACs, have similar and/or

different aspects at each study site. The highest Cl- concentration in

pore fluids is observed at Site 16GH-P4, which is greater than that of

seawater. In addition, dD and d18O values are slightly lower at this

site compared to the other sites and have a negative correlation with
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Cl-. Such characteristics are typical when the fluid related to massive

GH formation in the fine sediment layer impacts the fluid

chemistry. In contrast, the fluids at other sites predominantly

originate from seawater in the Ulleung Basin. We observe 1) high

alkalinity around the SMT (> 35 mM), 2) continuous increase in

alkalinity with depth, and 3) higher concentrations of K+, B, Mg2+,

and H4SiO4 in pore fluids compared to seawater, which is evidence

for the ongoing occurrence of MSiW under anoxic conditions at

all sites.

The decreasing downcore profile of Ca2+ and Sr2+ concentrations

with relatively high Mg2+/Ca2+ ratios (> 6) as alkalinity increases in

pore fluids indicates carbonate precipitation within the sediment

column at all sites. However, massive MDACs, mainly composed of

aragonite and Mg-calcite, have been found at Sites 16GH-P3 and

16GH-P4 (chimney sites) with diverse morphologies and very low

d13CMDAC values (< -31.3‰). The ongoing occurrence of MSiW and

MDAC precipitation in the Ulleung Basin is first documented in this

study. Interestingly, d13CMDAC values are clearly separated into two

groups based on the SMT at Site 16GH-P3; they are lower than

-41.6‰ below the SMT while they are higher than -35.0‰ above the

SMT. These results mean that HCO3
- of seawater with a high d13C

value (~0‰) impacts MDAC precipitation above the SMT, although

the chemical properties of microbial CH4 are critically inherited into

MDACs found at both sites. The measured d18OMDAC values above

the SMT are close to the present-day theoretical equilibrium value of

aragonite (~4‰ V-PDB) in this basin, which also supports the

influence of seawater on d13CMDAC during the MDAC

precipitation. However, compared to the calculated theoretical d18O
value of aragonite, the observed variation of d18OMDAC values at Site

16GH-P4 measured below the SMT implies the involvement of other

sources. We postulated that the higher d18OMDAC value (~5.7‰)

above 6.63 mbsf at this site is related to the fluid derived from GH

dissociation, whereas the similar d18OMDAC value below 6.63 mbsf is

associated with fluid from massive GH formation based on our and

previous results of pore fluid chemistry in this basin. Future work will

need to generalize the correlation between GH behaviors

and d18OMDAC.

The ACM and ACL facies with an abundance of MDACs have

been observed at the chimney sites. The LM, BM, and SLM facies,

which are the predominant sediment facies of the non-chimney

sites, have also been deposited thickly above the ACM and ACL

facies at Site 16GH-P4. The U-Th age dating of MDACs reported

first in the Ulleung Basin indicates that the upper facies at Site

16GH-P4 was deposited during a younger period (< 20 ka BP) than

the facies at Site 16GH-P3 after mound structure formation by the

high upward gas flux. Hence, the depositional environment of the

ACM and ACL facies probably contains dynamic conditions

associated with sediment erosion or collapse in response to gas

flux. The chemical properties of pore fluids and MDACs (i.e., higher

concentrations of alkalinity, K+, Mg2+, B, and H4SiO4, and lower

d13CMDAC values than those of seawater) in the southern Ulleung

Basin have very unique characteristics compared to other cold seep

regions in the continental margin. These properties reflect the

complex chemical interactions between fluids and MDACs in

response to gas fluxes and the related elements and carbon cycles.

Our study provides some important perspectives for the chemical
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reactions and elemental cycles in association with the gas flux of this

type of cold seep system. Nevertheless, future investigations into

both chimney and non-chimney sites within this basin are

necessary to better decipher the chemical properties of pore

fluids, gases, and MDACs as well as interactions among them and

elemental cycles on regional and global scales in response to climate

changes throughout geological history.
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