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GRAPHICAL ABSTRACT

Active seepage: 0.53-3.23 mol m’d "

PUBLIC SUMMARY

= Methane released by cold seep profoundly affects the marine environment and contributes to climate change.
= |n situ observations coupled with steady-state model are employed to quantify methane fluxes from cold seep.
= Horizontal advection is the primary migration mechanism for released methane in the active cold seep.

= The contribution of methane from deep sea cold seeps to the global methane budget have been underestimated.
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Methane eruptions from active cold seeps profoundly impacts the marine
environment and contributes to climate change. However, in situ measure-
ments available to constrain the efflux of methane from active seeps are
scarce. In this study, in situ observations coupled with steady-state model
were initially used to evaluate the flux and fate of methane released into the
hydrosphere at the cold seep site F. Findings from three years of data indi-
cated that horizontal advection is the primary migration and removal
mechanism for released methane, followed by vertical diffusion and micro-
bial oxidation. Methane flux in the active seepage (0.53-3.23 mol m? d”)
estimated by the in-situ approach was several orders of magnitude greater
than that from the sediment-water interface. This would result in 0.70 -
4.22 Gmol yr' methane being released into the South China Sea (SCS)
continental margins. Methane flux estimated based on the in situ observa-
tion here was significantly higher than that in the previously studied seeps.
The regional methane fluxes from cold seeps in the SCS further suggest
that dissolved methane discharge substantially contributes to the oceanic
methane budget. Extrapolating the methane flux to active seeps worldwide
would result in approximately 126 Tg C emitted into the hydrosphere annu-
ally as dissolved methane, indicating that the contribution of methane from
deep-sea cold seeps to the global methane budget might have been under-
estimated. Our study emphasizes the deep-sea cold seeps as a significant
methane source to the ocean and provides valuable insights into the quan-
titative assessment of the oceanic methane budget.

INTRODUCTION

The release of methane-rich fluids from subsurface reservoirs to the
seafloor frequently occurs along both active and passive continental margins,
resulting in the formation of cold seeps.'” Cold seeps are identified as major
sources of methane release into the ocean.”" Therefore, studying the trans-
port and consumption processes is essential for understanding the global
oceanic methane budget. Extensive studies of cold seeps have shown that
they are heterogeneous ecosystems, exhibiting variations in fluid flow inten-
sity and benthic biogeochemical activity.”® Investigating multiple seep
systems and conducting numerous measurement iterations are crucial for
establishing a well-defined methane budget.

Cold seeps, especially active seeps, have become important areas for
studying underwater methane release. Cold seep monitoring primarily relies
on underwater sensors, long-term observation and deep-sea sampling
equipment to monitor environmental parameters such as temperature,
dissolved oxygen (DO) and methane concentration. Monitoring technologies
have continuously developed, particularly in multi-beam acoustics and video
imaging monitoring. Recent advancements in the quantification of gas emis-
sions at cold seeps have been facilitated by ground-truthing observations
from submersibles and remotely operated vehicles (ROVs).”” A key limitation
in understanding the role of methane reservoirs at cold seeps in global
carbon cycles and climate change is the insufficient attempts to extrapolate
individual observations to larger spatial scales. The need for additional in situ
investigations is evident to validate and enhance existing models, enabling a
more comprehensive understanding of the fate of methane released from

cold seeps into the ocean. Emerging techniques such as spectroscopic anal-
ysis, infrared imaging, and multi-beam acoustic technology have been widely
applied in methane measurement. Previous surveys typically employed multi-
beam acoustics to monitor gas bubble plumes released from active cold
seep vents, or used videos and photos to estimate the size and release rate
of bubbles, combined with modeling techniques to calculate the methane
release flux.”'® However, these methods have long faced challenges in
directly and accurately quantifying critical parameters (e.g., bubble size char-
acteristics, acoustic plume distribution, in situ methane concentration), often
yielding only semi-quantitative or biased estimates. To date, methane
discharge flux estimations from deep-water seeps remain scarce, primarily
due to their limited accessibility. As a result, data from in situ observations
have played a pivotal role in emphasizing the importance of cold seeps in the
oceanic methane budget. /n situ observation of the magnitude of methane
migrating through the seabed and being released into the hydrosphere and
atmosphere continues to pose a key challenge. Furthermore, the widespread
occurrence of cold seeps along continental margins highlights the need to
characterize their effects on the overlying water."' In situ exploration of the
environmental conditions of deep-sea cold seeps could advance our under-
standing of the biogeochemical processes occurring in the water column
above seafloor seepage sites.”' '

The northeastern slope of the South China Sea (SCS) hosts the most active
gas seepage at site F, which sustains a highly productive chemosynthetic
ecosystem.'“'* However, the quantification of methane flux from this active
seep into the hydrosphere in this region is currently limited. This restriction
hampers our understanding of its connections with adjacent ecosystems and
affects our evaluation of the cold seep systems' contribution to the oceanic
methane budget. In this study, an in situ multi-sensor system was deployed
to explore the environmental characteristics of the water column above vari-
ous seafloor habitats at site F in 2017, 2018, and 2020. Using the findings
from the in situ observations, a steady-state box model was employed for the
first time in SCS to assess the flux and fate of methane emitted from the
seabed into the hydrosphere at site F. Additionally, a comparison was made
between the methane flux at the sediment-water interface and across differ-
ent cold seep habitats to enhance our understanding of the methane budget.
The primary aim of this research is to estimate methane emission flux from
the deep-sea cold seep using /n situ data and to improve our understanding
of the sources, transport mechanisms, and fate of methane in the marine
environment.

MATERIALS AND METHODS
Geological setting

The Formosa Ridge lies along the northern continental margin of the South
China Sea, offshore of southwestern Taiwan. The cold seep under investiga-
tion, referred to as site F (Figure S1), is located on the slope ridge of
Formosa Ridge (119°17'08.287, 22°06'55.425), which spans approximately
30 km in length and 5 km in width."*'® Its flanks are steep, with a maximum
slope angle exceeding 30 degrees, and two summits, separated by 2 km,
have formed on the Formosa Ridge.'” The eastern part of the ridge marks the
deformation front where the Luzon subduction system intrudes upon the SCS
continental margin.'® The water depth at the southern summit, where the
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active cold seep is located, is approximately 1125 m.'"® As an active gas seep-
age site on the northeastern slope of the SCS, site F exhibits a highly hetero-
geneous seafloor habitat and productive chemosynthetic ecosystems.''**
These traits, which span habitat structural complexity and ecosystem func-
tional output, may reflect universality across global cold seep systems.

The cold seep vent has been explored using the Jiaolong manned deep
submersible and the ROV Faxian during multiple research expeditions.”"””
Detailed mapping, multichannel seismic analysis, and in situ observations of
the cold seep area have been conducted.'**** Site F has acted as a natural
laboratory for studying biogeochemical processes, the evolution of the cold
seep system, and fluid sources.'®*** The seismic profile reveals a distinct,
continuous bottom simulating reflection (BSR) underlying the ridge and a
clear vertical migration pathway from the deeper subsurface to the seafloor.'®
BSR is an acoustic impedance contrast between gas hydrate-bearing sedi-
ments and underlying free gas layers, formed by the vertical migration of
methane and other gases. Gases rising along faults to the hydrate stability
zone form hydrate caps, with the remaining gas accumulating below, creat-
ing a high-amplitude, negative-polarity reflection. Fluctuations in BSR depth
can indicate changes in deep fluid flux. Large and dense benthic chemosyn-
thetic communities primarily consist of dense populations of bathymodiolid
mussels (Gigantidas platifrons) and galatheid crabs (Shinkaia crosnieri)
(Figure 1; captured in situ with a camera on the ROV Faxian). Furthermore,
extensive authigenic carbonates and distinct gas flares have been observed
at this highly active seepage site.

In situ detection of the water column environment around the cold seep

The multi-sensor system used for in situ environmental detection
consisted of several integrated sensors (Figures 1G-I). These components
were assembled and integrated into an articulated frame. The primary
components included the CONTROS HydroC CH, sensor (Kongsberg Grup-
pen, Norway), Seabird SBE 25 Plus conductivity-temperature-depth (CTD)
sensor (SeaBird, USA), and Seabird SBE37 sensor (SeaBird, USA). The detec-
tor of the CONTROS HydroC CH, sensor is a high-precision optical analysing
NDIR (Non-Dispersive Infrared, NDIR) system. Dissolved methane diffuses
from the liquid through a patented thin film composite membrane into an
internal gas circuit. Therein the concentrations are measured by non-disper-
sive infrared spectrometry. The sensors measure in real time and store data
to an internal data logger at different operating water depths (Table S1). Every
HydroC™ CH, sensor used to the underwater exploration has been calibrated
individually and in situ within a special insulated water tank. Due to its small
size and weight (2.6 kg in water) an integration of the instrument into various
static as well as moving platforms can be easily achieved. The composition
of the multi-parameter sensors was presented in the supplementary infor-
mation (Figure S2). This integrated device was deployed on the tool sled in
front of the ROV Faxian and subsequently held by a manipulator arm to
approach various sites for detailed in situ detection. Based on previous
surveys of the seafloor habitats in the study area, the multi-sensor system
was extensively deployed over the cold seep.

This system covered the active vent, associated chemosynthetic commu-
nities, carbonate patches, and surrounding sediments to collect data on the
distribution and variations of environmental parameters in the overlying water
of the cold seep. The environmental conditions of the cold seep were
recorded through in situ detection along the entire ROV tracks. The concen-
trations of dissolved methane and oxygen were obtained with error ranges of
+ 3% and + 0.1%, respectively. During in situ detection, the multi-sensor
system platform was held by the ROV's manipulator arm and positioned at
the seabed surface until the output data from the sensors at the specific site
stabilized. The deviation between two consecutive measurements should not
exceed £3%. The multi-sensor system aboard the ROV Faxian was used to
conduct seafloor in situ observations during three cruises in 2017, 2018, and
2020. These surveys were planned and conducted in a controlled manner to
ensure complete coverage of specific areas in the cold seep and to obtain
sufficient measurement repetition. In addition, a current meter was fixed to
the device on the seafloor near the active cold seep to measure the near-
seabed velocity of the bottom current in this region (Aquadopp 6000 m
Nortek, Norway) with an accuracy of + 1%.

Sample collection

During the Kexue cruises in 2017, 2018, and 2020, the ROV Faxian was
used to perform seafloor observations and sampling in the study area
surrounding the active cold seep. Discrete samples were collected using a
multi-sampler operated by the ROV Faxian. Fluids were collected in 150 mL
gas-tight samplers to recover both liquid and gaseous samples from the cold
seep vent. Additionally, water samples from around the vent were collected
using 5-liter Niskin bottles attached to the rear of the ROV. In this study, we
used a 0.7 um glass fiber filter membrane to filter seawater samples for
dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC)
measurements. The fiber glass membranes have been calcined at 450°C and
then cleaned with deionized water. Push cores were collected from various
sites of the cold seep by the ROV. After retrieval of the push cores on deck,
3 mL of sediment was transferred with a 5 mL cut-off syringe into a 22 mL
serum vial containing 3 mL of 2 mol L™' NaOH. The vial was crimp-sealed
and stored at 4°C for sediment methane analysis. Porewater was extracted at
2 cm depth intervals using Rhizon samplers with a 0.2 um pore size (Rhizo-
sphere, The Netherlands). After recovery of the samplers onboard, the fluids
in the gas-tight bottles were promptly transferred to gas sampling bags for
gas component extraction.

Analyses

Methane concentrations were measured using a gas chromatograph
equipped with a flame ionization detector (Agilent 7830, USA). The carbon
isotope ratios of CH, in the vent fluids and sediments were determined using
continuous-flow isotope ratio mass spectrometry (IRMS) (Trace GC
Ultra/Delta V Advantage, Thermo Scientific, USA), with analytical errors of
approximately 0.5%. The stable carbon isotope ratios were expressed in
the standard notation on the per mil scale relative to Vienna-PDB. Once the
ROV was back on board, the fluid samples were processed. The pH of the
fluids was measured onboard immediately after the ROV was recovered.
Hydrogen sulfide in the fluids was measured using the methylene blue
method, with an error margin of + 3%. Dissolved organic carbon (DOC)
concentrations were measured using a high-temperature catalytic combus-
tion method on a total organic carbon analyzer (TOC-V CPH, Shimadzu,
Japan), with an analytical precision of 3%. 8'°Cpoc Was analyzed using an
Isoprime 100 continuous flow isotope ratio mass spectrometer, with an
analytical precision better than 0.3 %. DIC and 8"Cpc were determined
using a Thermo Finnigan Gas Bench coupled with a MAT 253 IRMS
(Thermo Scientific, USA) with an analytical precision better than 0.2 %.
Nutrients (NOg, NO,, NH,", Si0z*, PO,*) concentrations in the fluids were
determined using a QuAAtro continuous flow analyzer (SEAL Analytical
GmbH, Germany), with an analytical precision of 5%. Sulfate concentrations
were measured using a Dionex lon Chromatograph (Thermo Scientific
Dionex, USA), with an analytical precision better than 2%.

Flux modeling

The modeling approach employed here is based on a geochemical box
model and previous steady-state models of seawater CH, concentration.”®”’
In the model, the concentration of dissolved CH, in the water column was
assumed to be in a steady state. Therefore, the source of CH, entering this
region could be determined based on the amount necessary to balance the
sum of CH, losses. The feasibility of the steady-state assumption in this
region was confirmed by comparing the in situ methane concentrations of
the cold seep measured in 2017, 2018 and 2020. It is reasonable because
there is no significant change in the magnitude or morphology of the water
column CH, distributions above the cold seep. Detailed input parameters of
the box model are presented in Table S2.

The study region in the cold seep is represented in this model as a simpli-
fied box (Figure 2). This model constrains CH, losses from the box via verti-
cal diffusion (Dif), horizontal advection (Adv) including the zonal velocity and
the meridional velocity as shown in Figure 2, and biological oxidation (Ox),
each with units of mol d™' (equation (1)). The input of CH, (mol d") into the
box could be determined as the sum of the loss terms (Dif, Adv, and Ox) for
the box. The methane flux (mol m™ d™") or volume input rate (mol L™ d™') can
be obtained by dividing the input by the area or volume of the box, respec-
tively. The influence of advection on CH, concentrations was also considered
as follows:
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Figure 1. Images of different seafloor habitats and in situ detection of the cold seep during three years (A, C, E) The active seepage area with dense benthic communities
covered in 2017, 2018 and 2020. (B) Background sediments. (D, F) Reduced sediments. (G-I) Multi-sensor system for in situ detection of the cold seep during three years.
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Figure 2. Illustration of the geochemical box model including the sinks of CH,

dCH,
dt

Where, vertical diffusion was modeled following Fick's first law of diffusion
and was constrained at the top of the box (Figure 2):

_ KlAd(Cdown - Cup)
=— 0 @)

Where, K; is the diffusion coefficient (m™ d™"), andAH (m) is the height of
the box. Cyown @nd C,, represent the concentration of dissolved CH,, and
A4(m?) is the cross-sectional area of the top of the box. Values for K; are
chosen based on observations in the surrounding region.” Additionally, a
sensitivity study of the K: values for the input methane fluxes is conducted
below.

Horizontal advective additions and losses of CH, are calculated using:

= Sources — Dif —Adv—0x =0 m

Dif

Adv=_C,(C

east

Cuest)A:ACan (C

south

Cnorth )Am (3)

Where, C,, and C,,, (m™ d™) represent the zonal velocity and meridional
velocity of water currents moving through the region. A, represents the zonal
cross-sectional area, and A, represented the meridional cross-sectional area.
Ceastr Cwestr Csouth @nd G0y are the average concentration of dissolved CH, at
the edges in different directions. The current speed and direction are deter-

mined through in situ observation from the current meter deployed on the
seafloor of the cold seep during our cruise, and current direction is used to
define the region that is upstream.

Methane oxidation is calculated as follows:

Ox = MOxV 4)

Where, MOx is the methane oxidation rate in the box in units of pmol L™'d™".
Vis the volume of the box. The value of MOx is chosen based on values in
previous studies in the vicinity of the study area according to the measured
dissolved CH, concentration in the bottom water.”” Due to the highly variabil-
ity of MOx, a sensitivity study of the values of MOx for the input methane
fluxes is also conducted and discussed below.

Diffusive fluxes (J, umol cm™ yr™) of dissolved methane (C, umol L™®) in the
sediments are calculated using Fick's First Law:

J=¢ x D, x(dC/dz) (5)

Where, zis the depth (cm), D, is the diffusion coefficient of bulk sediment in
cmyr™', which is derived from the porosity (¢) and molecular diffusion coef-
ficients in free solutions of seawater at 4°C (Dyy,.cis = 8.97 x 10 cm?s™),* as
previously explained (D, = Dy, / (1 + 3[1-¢])’" and the dC/dz is the linear
gradient of the concentration profile.
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Table 1. Physicochemical characteristics of the fluids from the active seepage.

Environmental Sample/Parameter

variable (Units) Value range obtained
Temperature (°C) 3.59-3.63 In situ

Salinity 34.55-34.63 In situ

DO (mg/L) 2.91 - 3.21 In situ

CH, (UM) 7-55 In situ

8"°Copia (%) -68.50- -71.20 Gas-tight sampler
pH 7.70-7.87 Gas-tight sampler
H,S (UM) 0-35 Gas-tight sampler
DIC (mM) 1.93-2.30 Gas-tight sampler
8"°Coic (%) -2.43- -3.40 Gas-tight sampler
DOC (uM) 155-211 ROV-¢rp

3" *Cpoc (%) -25.16- -27.30 ROV-crp

S0,* (mM) 28.03-28.29 ROV-¢rp

NO3™ (M) 21.72-22.93 ROV-crp

NH," (1M) 2.16-4.12 ROV-¢rp

NO, (HM) 0.33-0.40 ROV-¢rp

Si0z* (UM) 84-100 ROV-crp

PO,* (UM) 1.80-1.96 ROV-¢rp

RESULTS

Venting fluids from the active seepage

We summarized the environmental variables of seep fluids collected above
the active vent by ROV during cruises at site F from 2017 to 2020 (Table 1).
The in situ measurements of oxygen concentrations ranged from 2.91 to
3.21 mg L™, indicating a hypoxic environment (a DO threshold of 3.20 mg L™)
in the vicinity of the vent.”” The in situ salinity ranged slightly from 34.55 to
34.63, while the temperature varied between 3.59°C and 3.63°C. Methane
concentrations were also measured in situ, ranging from 7 to 55 uM. The pH
of the venting fluids ranged from 7.70 to 7.87. Hydrogen sulfide concentra-
tions in most samples were below the detection limit, with the highest hydro-
gen sulfide concentration in vent fluids being 35 pM. The DIC concentration
ranged from 1.93 to 2.30 mM, showing a slight negative drift (-2.43 —3.40 %)
in "*Cpc relative to open seawater. The DOC concentration ranged from 155
to 211 uM, and 8"Cpoe varied from -25.16 % to -27.30 %. The sulfate
concentration and abundant nutrients in the vent fluids showed no signifi-
cant fluctuation, suggesting a relatively stable geochemical environment
and an adequate nutrient supply.

In situ measurement of the overlying water above the seafloor of the
cold seep

Based on real-time synchronous observation data collected during three
cruises (Figure 3), the fluctuations in DO, temperature, and salinity were
closely linked to variations in methane concentration (Figures S4-S6).
Elevated methane concentrations in the bottom water corresponded to active
seepage sites, characterized by a dramatic drop in DO levels (Figure S7, R? =
0.994, p < 0.05). This correlation was particularly evident in areas rich in
chemosynthetic communities (Figure S3). Simultaneously, the most notice-
able fluctuations in bottom water temperature were also associated with
increased methane concentrations (Figure S5). The elevated temperature
were often accompanied by higher methane concentration (R* = 0.515, p <
0.05), especially in 2017. We also observed that salinity in the bottom water
significantly decreased as methane concentrations increased. Furthermore,
the distribution of DO, temperature, and salinity indicate that impact of
methane emissions on the physicochemical environment of the adjacent
water column (Figure 4).

During the three cruises, the seabed features and in situ environmental
detection results of biological coverage revealed a relatively stable pattern of
methane eruption at the cold seep (Figure 1). Although short-term concen-
tration changes could occur, the methane concentration at the center of the
active seepage remained generally stable over annual timescales. Specifi-
cally, methane concentration showed significant spatial variation across the
cold seep. The highest concentration was recorded at the active seepage site,
where dense chemosynthetic communities thrived (Figure S7). Generally,
methane concentration decreased with increasing distance from the venting
site. The highest methane concentration measured at the active vent during
the three cruises ranged from 6.87 to 55.9 uM. At the outermost area, where
sediments were covered, methane concentration was much lower. In
contrast, DO concentration increased with distance from the venting site, and
the lowest DO levels were observed at the site with the highest methane
concentration. The bottom water temperature at the active seepage site
appeared slightly higher than that of the surrounding seawater, while its
salinity was relatively low.

Methane emission and flux of the active seep

The results of the steady-state box model quantified the input of methane
and its flux in the cold seep, as shown in Table 2. These estimates, based on
in situ detection at the cold seep, were extrapolated to the entire extent of Site
F to provide constraints on the overall emission budget and methane release
rate in this area.

The sensitivity of the model was tested by both increasing and decreasing
horizontal current velocity (C, C,) and vertical diffusion coefficient (K) by a
factor of 2, and the methane oxidation rate (MOx) by factors of 2 and 10 for
recalculating the seep methane emissions over three years. Meanwhile, the
methane oxidation rate was highly variable in both space and time. Therefore,
an additional factor of 10 was included in the sensitivity test of the model. As
shown in Table 2, the predicted range of the seep methane inputs and flux
was obtained by simultaneously increasing or decreasing all the model
parameters by the factors mentioned above. The model predicted a mini-
mum seep methane flux of 0.26 mol m2d™" in 2018 and a maximum of 6.61
mol m™?d™ in 2020. In 2017, the seep methane flux ranged from 0.97 to 4.07
mol m2d™". In summary, the total seep methane emission ranged from 1.96
to 50.2 Mg CH, yr™' based on the sensitivity test results over the three years,
whereas the base estimates were between 4.04 and 24.5 Mg CH, yr™'. These
experiments account for natural variations in measurements, which may be
influenced by changes in the conversion efficiency of methane. When
methane was transformed in the environment, it can be converted into
biomass or dissolved inorganic carbon, which reduced the methane concen-
tration that was measured in the field. In the sensitivity tests, the impact of
methane conversion efficiency was further amplified by adjusting parame-
ters such as horizontal flow velocity, vertical diffusion coefficient, and
methane oxidation rate. Therefore, the conversion efficiency of methane
plays a critical role in both in-situ methane measurements and flux esti-
mates.

Processes of the methane sinking

Since the sensitivity parameters varied based on potential changes that
occurred during natural processes, these exercises with different parameter
combinations could provide insights into the contribution of various seafloor
processes to the methane sink. Across all the cruises, horizontal advection
consistently dominated the methane sinking processes (Figure 5A). The
average proportion of the horizontal advection term reached 84.8%, followed
by vertical diffusion and microbial oxidation of methane. This implied that
about 15.2% of seepage methane would be transformed within local waters
through two pathways, including rapid oxidation occurring in bottom waters,
and upward diffusion through water column with progressive oxidation
across different depth layers. Ultimately, this portion of methane may be
oxidized to CO, or remain in the water column, thereby exerting substantial
impacts on the regional carbon cycling dynamics.

We also evaluated the effect of each model parameter on the predicted
seep methane flux by individually varying the specific parameter while keep-
ing all other parameters constant (Figure 5B). These sensitivity tests showed
that seep methane flux were insensitive to changes in vertical diffusion or
microbial oxidation of methane, but were substantially influenced by variations
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Figure 3. Synchronously acquired environmental parameters through in situ measurements across the cold seep (A-C) /n situ environmental parameters of bottom water

obtained in 2017, 2018 and 2020, respectively.

in horizontal advection. Therefore, the model results for all three years indi-
cated that horizontal advection was the primary migration/removal mecha-
nism for the methane released from the subseafloor into the overlying water.

Methane in sediments of the cold seep

In this study, we classified the sediment samples into two groups: methane-
rich and background, based on methane concentration and seafloor habitats
(Table 3). The sulfate and methane profiles in the pore water of the sedi-
ments varied systematically across different habitats in the study area
(Figure 6). In methane-rich sediments, CH, concentrations increased with
depth, while sulfate concentrations decreased sharply. This suggests that
anaerobic methane oxidation occurred in the methane-rich, reduced sedi-
ments. The maximum CH, concentrations in the four methane-rich sediment
profiles ranged from 4690 to 8620 uM. The 8'°Cq, values in methane-rich
sediments increased with depth. The 8'°C¢, values were highly negative,
ranging from -88.31% to -78.22%, indicating a dominant biogenic origin of
methane in the shallow sediments of the cold seep.*”' In comparison to the
methane-rich sediments, methane in the background sediments was rela-
tively low, while the sulfate concentration (27.8-28.9 mM) in the profiles
remained nearly constant with depth. As a result, the methane flux was 0.51
pmol m™ d™ in the coral zone sediment, far from the active seepage, and
2.32 umol m™ d™" in the relatively closer bare sediment, compared to the
former site (Table 3). The methane flux varied from 890 to 2500 pmol m™2d™
in the methane-rich sediments across the cold seep sites, including the
northern and southern black-reduced sediments around the cold seep.

DISCUSSION
Biogeochemical characteristics of bottom water related to the methane
eruption

Oxygen concentration in bottom water is critical for regulating respiration
rates at cold seeps. It influenced the reactivity of organic matter, microbial
metabolism, and the distribution of fauna.'** According to in situ measure-
ments, DO concentration dropped dramatically in the methane-enriched area
with dense chemosynthetic communities, indicating enhanced oxygen
consumption by methanotrophs, benthic macroorganisms and other oxygen-
consuming microorganisms. As the water depth of site F reached the OMZ of
the tropical western Pacific Ocean, the overlying water was approaching
hypoxic condition.”** Furthermore, the ongoing methane eruption could
exacerbate this hypoxia. Due to intense biological activity in active seepage,
nutrients in overlying water could turnover rapidly. Although nitrate accumu-
lated in the bottom water of the site F, its concentration was relatively low
compared to that in the water column at the same depth in the western
Pacific Ocean.™ The nitrate in the bottom water may have undergone dissim-
ilatory nitrate reduction in the active seepage.” The significant negative 5'°C
signature of the methane recovered from the venting fluids could lead to
products with negative isotopic values. The slight negative drift of 8"*Cp,c and
8"%Cpqc in the venting fluids, compared to open seawater, also indicated the
rapid turnover of methane and its impact on the overlying water (Table 1).
Additionally, an increase in methane concentration was observed to coincide
with elevated temperatures and decreased salinity of the bottom water. We
hypothesize that the heat exchange exist between the released methane and
the surrounding water. Water temperature increase may trigger the dissocia-
tion of shallow submarine gas hydrates, leading to the release of methane.
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Table 2. Sensitivity test results of the methane inputs and flux in the cold seep®.

Methane flux (mol m2d™)

Methane flux (kgL' d™")

Methane inputs (Mg yr™', IM=10°)

Sensitivity range

2017 2018 2020 2017 2018 2020 2017 2018 2020
Low Estimate 0.97 0.26 1.60 1.55 0.41 2.57 7.36 1.96 12.2
Base Estimate 1.96 0.53 3.23 3.13 0.85 5.16 14.9 4.04 24.5
High Estimate 4.07 1.22 6.61 6.52 1.96 10.6 30.9 9.28 50.2

@ The low and high values were estimated by decreasing and increasing horizontal current velocity and K; by factors of 2, with MOx by a factor of 10

simultaneously.

Concurrently, the freshwater liberated during hydrate dissociation could
cause a local decrease in water salinity. Nevertheless, these potential mecha-
nisms need to be validated through long-term in situ observations, such as
deploying seafloor observation networks. These results could provide more
accurate insights into the impact of venting methane on overlying water in
chemosynthetic ecosystems at the active seep.

Spatiotemporal variation of the methane in the hydrosphere of the cold
seep

The complex interactions among biological, geochemical, and geological
processes have shaped highly diverse habitats on the seafloor. The unique
environmental conditions of the hydrosphere in active seep areas provided an
opportunity to explore the interactions between chemosynthetic ecosystems
and the surrounding benthic ecosystems.” Environmental conditions in cold
seeps were unstable over short time scales due to temporal fluctuations in
the reduced compounds released from the subseafloor. These fluctuations
further shaped regional chemical spatial distributions across the seafloor.
The site F exhibited distinct substrate features, with authigenic carbonates

dominating the central region and muddy sediments prevailing in peripheral
areas (Figure 1), likely due to the succession of cold seeps. Most macro-
fauna were located on or near hard substrates, particularly in areas with
evident seepage. These structures, created by authigenic carbonates,
enhanced habitat diversity and may serve as migration pathways for seep-
age. The active seepage vent was located at the central authigenic carbon-
ates, where the dominant species,” Gigantidas platifrons and Shinkaia cros-
nieri, reached their highest densities of 629 and 396 individuals/m? respec-
tively.

According to in situ measurements, methane concentrations varied hori-
zontally across the cold seep, showing a decreasing gradient from the central
benthic communities to the desert-like area at the edge of the cold seep.
Despite the methane eruption causing significant heterogeneity due to the
varied environments on the seafloor, high concentrations of dissolved
methane and the most intense environmental fluctuations were confined to
the center of the active seep site, where dense chemosynthetic communities
thrived. Here, the highest biomass densities were achieved by assemblages
of chemosynthetic bathymodioline mussels and squat lobsters with intracel-
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Table 3. Sampling information and methane fluxes of sediments in the cold seep.

Samples Water depth (m) Methane supply Habitat type Methane flux (umol m2d™") Methane flux (g m2yr™)
PC-C 1235 Background Coral zone sediment 0.51 0.009

PC-B 1165 Background Bare sediment 2.32 0.04

PC-MNT1 1148 Methane-rich Northern reduced sediment 890 15.57

PC-MN2 1154 Methane-rich Northern reduced sediment 1060 18.62

PC-MN3 1154 Methane-rich Northern reduced sediment 1850 32.38

PC-MS1 1131 Methane-rich Southern reduced sediment 2500 43.86

lular or intercellular bacterial symbionts that consumed methane and/or
sulfide.® Throughout the three cruises, no significant changes were
observed in the spatial distribution and variation of methane concentrations
in the cold seep, and the dense chemosynthetic communities remained
stable as well (Figure 1). In situ detection revealed the pattern of cold seep
eruptions remained relatively stable on annual timescales, which could assist
in developing a consistent geochemical model. Thus, we were able to evalu-
ate the methane flux from the seabed into the hydrosphere of the cold seep.

Fate of methane from the active seep

The continental slope of the northern SCS is characterized by canyons and
ridges.”” Site F is located on the southern summit of the Formosa Ridge,
which features steep flanks with a maximum slope angle exceeding 30°.'" As
a result, even minor changes in bottom currents could significantly affect the
estimation of methane inputs. Based on our in situ observations, the bottom
currents exhibited relatively high velocities, likely due to the complex location
and topography of the seepage area. Microbiome metabolism in the water
column and sediments of cold seep was essential for methane sequestration
and biogeochemical cycling. A recent study revealed the heterogeneity in the
composition and function of microorganisms in water column across the Site
F.“' Compared to the upper water layers, the bottom water hosted a unique
chemoautotrophic community that derived energy from reducing compounds
in seeping fluids. This process was primarily carried out by Methylococcales,
which accounted for 9.06% of the total bacterial abundance in seeping
fluids.”" It possessed a complete methane oxidation pathway in their
metagenome-assembled genomes (MAGs). The bottom water of the seep-
age was dominated by chemosynthetic microbes, such as methane-oxidiz-
ing bacteria (MOB) from Methylococcales and sulfur-oxidizing bacteria (SOB)
from Thiotrichales and Campylobacterales. The anaerobic methane-oxidiz-
ing archaea (ANME) and sulfate-reducing bacteria (SRB) oxidized the

methane into bicarbonate (HCOj3) through the anaerobic oxidation of
methane (AOM) within the reduced sediments at the cold seep site F.**
Metagenomic analyses linked to geochemistry showed that the coupling of
multi-element cycles, specifically carbon, nitrogen, and sulfur, enhanced
metabolic complementarity among the dominant microbes in the hydro-
sphere near an active cold seep vent.

In the cold seep, the methane oxidation rate measured in different areas
can vary significantly across both space and time, as microbial activity is
influenced by the presence of aerobic methanotrophs under varying ambient
conditions.”” The spatial heterogeneity of methane oxidation rate (MOy) could
have several impacts on the accuracy of the estimates and the associated
uncertainty. Variations in oxidation rates across different regions can result in
estimation errors, thereby affecting the precision of flux calculations. More-
over, spatial heterogeneity could amplify uncertainty in the estimates. Based
on our in situ methane concentration measurements, we utilized a high
methane oxidation (MOx) value alongside elevated methane concentrations
to calculate the microbial contribution to methane consumption in the
model.”” To quantify the uncertainty related to the spatial heterogeneity of
MOy, we have employed a sensitivity analysis to assess the impact of vary-
ing methane oxidation rates on flux estimation. The variations in methane
flux estimates resulting from changes in MOx were illustrated in Figure 5B.
Large quantities of methane can indeed be removed via aerobic methane
oxidation within the water column at the active cold seeps. However, micro-
bial methane oxidation was not the dominant methane removal mechanism
at these sites, contrary to our initial assumptions. Our model results indi-
cated that aerobic methanotrophs oxidized, on average, less than 10% of the
methane emitted at seep sites (Figure 5A). This suggested that over 90% of
the methane was likely transported and oxidized farther away from the seep-
age sites, ultimately contributing to the background methane levels in the
surrounding seas. In its dissolved form, fluid advection and diffusion across
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Figure 6. Depth concentration profiles of the methane, the carbon isotope of the methane and sulfate in the cold seep sediments (A) Vertical distribution of the methane

concentration. (B) Vertical distribution of the carbon isotope of the methane. (C) Vertical

concentration gradients resulted in the flux of methane toward the bottom
waters over extensive areas of the seafloor. Due to the high velocity of
currents and the low temperature of the bottom waters, venting methane
may be carried to other water layers, where it could stabilize and undergo
complete oxidation. Similarly, the investigation of dissolved methane in the
water column above the Hakon Mosby Mud Volcano (HMMV) indicated that
the decrease in methane concentration in the seawater was more likely due
to dilution rather than consumption.” In conclusion, our model results
demonstrated a mechanism through which most of the seep methane could
be transported away from site F.

Methane flux of the cold seep site F and its environmental control

A schematic diagram illustrating methane flux across different habitats at
cold seep site F was created (Figure 7). Although observed across large areas
around the cold seep, the magnitude of dissolved methane flux from various
sediment sites varied significantly over very small distances of the seafloor
(Table 3). The magnitude of dissolved methane flux from methane-rich sedi-
ments at site F is comparable to that observed in methane-rich sediments
at Cape Lookout Bight, where diffusive methane flux ranged from 1 to
3 mmol m™? d™,* but lower than that reported for sediments covered with
bacterial mats located on Hydrate Ridge (30-100 mmol m™ d™).*** More
importantly, the calculated methane flux from the active seep area, based on
the model, was several orders of magnitude higher than that from the
surrounding sediment area (Figure 7). Therefore, if we rely solely on the
dissolved methane fluxes from the sediments into the overlying water to esti-
mate methane emissions from the active cold seep, the values would be
significantly underestimated.

In our study, the model utilized in situ measurements of methane concen-
tration in the water column, methane oxidation rate, and bottom currents to
estimate a significantly higher methane emission from seepage. All the incor-

distribution of the sulfate concentration.

porated chemical and physical parameters likely contributed to variations in
emission estimates. Additional CH, oxidation that may occur outside of the
studied region would further increase the emission estimate. The result is an
estimate of dissolved methane that excludes the contribution of gas bubbles.
For these reasons, we regard these emission estimates as lower bounds for
the true emissions from the active seep. To facilitate comparison with
published data from other cold seeps at varying water depths (Figure 8, Data
S3), we also converted the methane emissions and flux to an annual basis.
The methane flux in our study area was significantly higher than that in
previously investigated cold seeps. We propose that the discrepancies in
methane flux estimates primarily arise from differences in methodology and
variations in cold seep eruption dynamics. With advancements in deep-sea
observation technologies, we have employed ROV equipped with high-defini-
tion cameras and in situ sensors, enabling more detailed exploration and
investigation within visualized deep-sea environments. Furthermore, our
study focused on the methane release in the active seepage center, where
the bottom seawater contained high concentrations of methane. However,
the methane emissions calculated here were relatively low. This is because
the area of active seepage with dense communities only covered 1,500 m?, as
reported from comprehensive acoustic and visual data of site F.° If we
assume that these methane flux values are representative of SCS continental
margins with high seepage potential, we could extrapolate the methane flux
estimates to the entire 358.1 km? area.”” This would result in approximately
0.70-4.22 Gmol yr' of dissolved methane being released into the overlying
hydrosphere of the SCS continental margins, excluding the methane flux at
the sediment-water interface. Our research should be considered reliable as
the relevant estimates are derived from in situ observations and models,
which significantly reduce the uncertainty in the results. The regional
methane fluxes in the SCS emphasize the importance of quantifying the
dissolved methane flux from individual cold seeps to improve the global
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Figure 7. Methane flux at different habitats of the cold seep site F.

methane budget.

Although a significant amount of methane bypassed microbial oxidation in
the native water above the seafloor where it was released, it would eventually
undergo aerobic consumption in the water column farther away. Since the
end product of aerobic CH, oxidation is CO, and the bottom current in this
region is strong, the aerobic oxidation of CH, from this extensive CH, emis-
sion region could significantly affect the DIC chemistry of the adjacent
seawater in the SCS. In the context of global warming, such phenomena
could influence pH and lead to the release of CO, derived from CH, into the
atmosphere. Therefore, continuous and widespread methane eruptions could
significantly impact the surrounding seawater environment by altering
seawater chemistry or enhancing the reproduction of microorganisms fueled
by dissolved methane transported via advection or diffusion.

Methane budget to the ocean

As the methane flux estimated based on in situ observations in this study
was significantly higher than that observed in previously investigated cold
seeps, we attempted to extrapolate the total methane emission rates from
individual seeps on the SCS continental slope to the broader area of global
continental slopes. We assumed that active cold seep systems worldwide
account for approximately 0.05% of the continental slope area,” and that the
total seafloor area of global continental slopes is 3.01 x 10" km2.* Active
seeps worldwide could yield an estimated average of 126 Tg C annually as
dissolved methane into the hydrosphere. This amount is roughly twice as
high as the methane emissions from cold seeps along the global shallow
continental shelves (8.0-65 Tg C).”” Our estimation was higher than the
methane released from mud volcanoes to ocean water in previous global

estimates (1.1-20.3 Tg C).**""* Given the variability in activity and methane
emission rates of cold seeps, it is important to note that the current extrapo-
lation conclusions are primarily applicable to highly active cold seep systems
with similar geological backgrounds. Despite uncertainties in methane flux
calculations, the results obtained provide valuable insights that could
enhance future methane budget estimates for individual geological struc-
tures and oceans. Future research could involve broader methane flux
measurements across different geographical regions and cold seep sites to
improve the applicability and accuracy of this extrapolation. This estimation
represents a minimum of the total methane emissions, suggesting that the
contribution of methane from deep-sea cold seeps to the global methane
budget may be underestimated.

The dissolved methane emitted from active seepage into the overlying
water fuels the marine ecosystem of the adjacent seawater. However, for
oceanic methane budgets, dissolved methane effluxes were previously not
considered. Given the significance of oceanic methane emissions and their
spatial proximity to regions targeted for gas hydrate exploration, prioritizing
active cold seep systems on the global continental slopes with the highest
biomass for ecosystem monitoring and protection is crucial. Based on the
data obtained during our study, it is evident that dissolved methane discharge
significantly contributes to ocean methane budget and should not be over-
looked.

CONCLUSION

In this study, the spatiotemporal variation of the seafloor environmental
conditions at the cold seep site F was identified through in situ observations.
These observations enhanced our understanding of the biogeochemical
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Figure 8. Comparison of methane emission and flux at site F with those from other cold seeps (A) Methane emission at site F with those from other cold seeps. (B) Methane

flux at site F with those from other cold seeps.

processes occurring in the hydrosphere above site F and their connections to
surrounding ecosystems. Results from a steady-state model over three years
indicated that horizontal advection was likely the primary mechanism for the
migration and removal of methane released into the hydrosphere, followed by
vertical diffusion and microbial oxidation. The calculated methane flux in the
active seep area, based on in situ measurements, was several orders of
magnitude greater than the diffusive fluxes at the sediment-water interface.
Consequently, methane emissions from the active cold seep would be signifi-
cantly underestimated if evaluated solely based on the dissolved methane
fluxes at the sediment-water interface. In situ observations are essential, and
additional measurements of methane flux are needed to improve estimates
of the oceanic methane budget.

Our study indicates that approximately 0.70-4.22 Gmol yr™' of dissolved
methane is released into the hydrosphere of the SCS continental margins.
The regional methane flux in the SCS underscores the importance of
dissolved methane flux from individual cold seeps in refining the global
budget quantification of methane. Extrapolating the methane flux to the
active seeps worldwide could yield approximately 126 Tg C liberated into the
hydrosphere each year as the dissolved form of methane. The findings high-
light deep-water active seeps as a significant source of methane to the
ocean. Therefore, the dissolved methane flux from active seeps along the
continental slope should be taken into account when evaluating oceanic
methane budgets. This approach, combining in situ observations and model-
ing, could provide more precise insights into regional methane budget
assessments and enhance our understanding of the oceanic methane
budget.
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