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Introduction: Tracing methane originating from deep-sea environments is
essential for understanding the global methane budget. However, knowledge
regarding the mechanisms governing methane transfer from deep-sea
sediments to the water column in cold seep environments remains limited.
This study aims to quantitatively investigate the distribution of methane and
identify its controlling factors within the Haima cold seep areas.

Methods: A comprehensive analysis was conducted to investigate the
distribution characteristics of methane and its potential drivers in both the
water column and sediment porewaters within the Haima cold seep areas.
Results: The key findings are: (1) Haima cold seeps serve as a methane source to
the atmosphere, with pronounced spatial heterogeneity in emission strength
across the monitored regions. (2) The vertical distribution of methane is
influenced by multiple environmental factors. Key factors in sediment
porewaters include sediment depth, porosity, inorganic carbon (IC), chloride
(C17), and sulfate (SO427), whereas silicate (SiO27) and dissolved oxygen (DO) are
primary regulators in the water column. (3) Sediments represent a significant
methane source for bottom seawater, with methane consumption being more
pronounced in seepage areas than in non-seepage areas.

Discussion: This study demonstrates that methane dynamics in the Haima cold
seep are complex and driven by a combination of physical, chemical, and
biological processes across the sediment—water interface. The identified key
drivers underscore the importance of porewater geochemistry and water
column biogeochemistry in controlling methane release. These findings
significantly advance our understanding of methane transport in deep-sea
seep systems and provide crucial insights for refining global methane
flux estimates.
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1 Introduction

Methane (CH,) is the second most significant contributor to
anthropogenic greenhouse gas radiative forcing. Its global warming
potential is 20-40 times greater than that of carbon dioxide on
average over a scale of 100 years (IPCC, 2013; Skeie et al., 2023),
underscoring its substantial impact on global warming. Natural
CH, seepage from the seafloor is a widespread phenomenon
occurring across diverse geological settings, with new seeps
continually being discovered worldwide. Among these, cold seeps
are key areas of submarine CH, emission (Feng et al., 2018; Oppo
et al., 2020; Razaz et al., 2020). CH, can enter the atmosphere via
both diffusive transport and ebullition across the sediment-water-
air interface (Weber et al., 2019). Current estimates indicate that
marine seepage releases approximately 20 Tg CH, per year into the
atmosphere, accounting for nearly half of the total geological
emissions reaching the sediment-seawater interface (40-60 Tg
CH,) (Judd, 2004; Etiope, 2009; Di et al., 2020). These findings
underscore the critical role of seafloor CH, seepage as a major
source of CH, in marine environments.

Extensive research has examined the CH, distribution in cold
seep environments through in-situ sampling surveys. However,
most studies have focused primarily on surface seawater and
shallow sediments, often treating seawater and sediment as
separate systems (Smith and Coffin, 2014; Egger et al,, 2018;
Zhang et al., 2020; Miao et al.,, 2022; Xu et al.,, 2023; Zhang H.
et al, 2023). In addition, the migration of CH, from deep-sea
seabeds to the atmosphere is a complex process influenced by
multiple environmental factors. For example, biogeochemical

processes such as sulfate-driven anaerobic oxidation of CH, (SD-
AOM, Equation 1) play a key role in cold seeps, significantly
shaping the CH, distribution in sediments (Conrad, 2009; Feng
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et al,, 2019). Nearly 90% of CH, in sediments is estimated to be
consumed by AOM, with only a minor fraction escaping into the
water column (Reeburgh, 2007). Furthermore, HS™ and HCO;~
produced during AOM often react with iron (Fe) and alkaline earth
metals (e.g., Ca, Mg, and Sr) in porewaters, forming authigenic
minerals like iron sulfides (e.g., pyrite) and carbonates. These
mineral precipitates can reduce sediment porosity, thereby
influencing CH, transport within sediment porewaters (Miao
et al,, 2022; Zhang H. et al,, 2023). Other environmental factors,
including nutrient salts and total organic carbon (TOC), also play
crucial roles in CH, migration in both the water column and
sediment porewaters (Wang et al., 2018; Dan et al,, 2023; Huang
etal, 2023; Li N. et al,, 2023). The interplay of these factors creates
substantial uncertainties in understanding CH, distribution
patterns and environmental controls in cold seeps—especially
along the full pathway from sediment emission to seawater
transport and eventual atmospheric release. Accurately
quantifying the generation, dissolution, migration, and emission
of CH, from seafloor cold seeps is essential for assessing its
contribution to the global CH, budget and climate change.

CH, +SO2~ — HS™ + HCO; + H,0 (1)

The South China Sea, one of the world’s largest marginal seas, is a
promising region for gas hydrate resources. Numerous geological
indicators associated with CH, seepage—such as pockmarks, mud
volcanoes, carbonate crusts, and cold-seep ecosystems—have been
documented here (Feng et al,, 2018; Li Y-X. et al, 2023). Among its
active seeps, the Haima cold seeps stand out as a large and representative
site, covering about 350 km? at water depths between 1350 and 1430 m
(Liang et al., 2017; Feng et al., 2018). Investigating CH, distribution and
identifying its environmental controls in Haima cold seeps is therefore
crucial for understanding global marine CH, emissions.
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FIGURE 1

Information about the sampling stations: (A) locations of the sampling stations; and (B) the habitats at the sampling stations.

In this study, seawater and porewater samples were collected from
five stations within Haima cold seeps to investigate the distribution
characteristics of CH, and identify key environmental drivers. By
comprehensively analyzing sea-to-air CH, flux, diffusive flux, and
relationships between dissolved CH, concentrations and
environmental factors in both the water column and sediment
porewaters, we aimed to: (1) characterize the spatial heterogeneity of
CH, concentrations, sea-to-air fluxes, and diffusive fluxes across the
sampling stations; (2) identify the key environmental factors influencing
the distribution of dissolved CH,; and (3) elucidate the vertical CH,
distribution patterns from sediment to seawater to the atmosphere in
Haima cold seeps. These results can enhance our understanding of CH,
cycling in deep-sea cold seep environments and provide valuable in-situ
data for improving global CH, budget estimates.

2 Materials and methods

2.1 Overview of the study area and sample
collection

This multidisciplinary study was conducted in Haima cold seep
areas in May 2021 aboard the scientific research vessel “Haiyang Dizhi
Liuhao”. Seawater samples were collected from the water column using
Niskin bottles attached to a conductivity-temperature-depth (CTD)
sampler. The sampling depths were set at 25, 50, 85, 150, 200, 400, 600,
800, 1000, and 1350 meters. Sediment samples were acquired using
large gravity piston corers at water depths of 1441, 1483, 1366, 1394,
and 1372 m, yielding core lengths of 7.25, 6.75, 7.75, 8.25, and 6.75 m,
respectively. Sediment sub-sampling was performed at vertical intervals
of 10 cmy detailed procedures for porewater extraction are provided in
Supplementary Text S1.

The submersible remotely operated vehicle (ROV) Haima was
deployed to systematically map geological features and characterize
benthic habitats. Based on habitat characteristics (described in
Supplementary Text S2), the five sampling stations were
categorized into two distinct types: (1) seepage areas (Seepl,
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Seep2, and Seep3), where cold seep development periods followed
the order Seep2 > Seepl > Seep3; and (2) non-seepage areas (Non-
seepl and Non-seep2). The locations of the sampling stations are
illustrated in Figure 1.

2.2 Analyses of methane and
environmental factors

Dissolved CH, concentrations in the water column were
monitored in situ via a CH, sensor (METS IR 2930, Franatech)
integrated with the CTD system. The concentrations of the dissolved
CH, in the sediment porewater were measured via gas
chromatography (Trace 1300, Thermo Fisher), with the detailed
analytical procedures provided in Text S3. The temperature,
dissolved oxygen (DO), salinity, and pH in the water column were
recorded in real time with CTD sensors. Major elements (Na, K, Ca,
and Mg) were quantified using inductively coupled plasma optical
emission spectrometry (iCAP 7000 SERIES, Thermo Fisher). Trace
elements (Mn, Fe, and Ba) were determined via inductively coupled
plasma mass spectrometry (iCAP RQ, Thermo Fisher). Chloride
(CI") and sulfate (SO,>7) ions were analyzed by an ion
chromatograph (AQ-1200, Thermo Fisher). Total organic carbon
(TOC) and inorganic carbon (IC) were measured with a total organic
carbon analyzer (TOC-L, Shimadzu). Nutrient concentrations,
including silicate (Si05%), phosphate (PO,*), nitrite (NO,"),
nitrate (NO;"), and ammonium (NH,"), were analyzed following
standardized procedures specified in the Chinese National Standards
GB/T12763.4-2007 (Specifications for oceanographic survey—Part 4:
Survey of chemical parameters in sea water, 2008).

2.3 Calculations of the methane fluxes
2.3.1 Saturation and sea-to-air flux calculations

CH, saturation (R, %) and sea-to-air flux (F, tmol/(m? d)) were
estimated by Equations 2 and 3.
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TABLE 1 Methane concentration, saturation, sea-to-air flux, and diffusive flux in the Haima cold seeps.

Water column

Sediment porewater

Station
Cobs (nmol/L) R (%) F (umol/(m? d))  Csyrrace (MMoOl/L)  Jcpa (mmol/(m?-a))  Jsosz- (mMmol/(m?-a))
Seepl 0.50 26 535 0.12 17.19 0.79
Seep2 2.20 114 1.02 0.07 0.03 1.09
Seep3 130 68 233 0.07 0.32 2.83
Non-seepl 5.32 277 1277 0.06 0.14 7.74
Non-seep2 3.70 193 6.71 0.06 0.03 6.90

Cops represents the observed concentration of dissolved CH, in the surface seawater; R represents the CHy saturation; F represents the sea-to-air flux; Cyuyuce represents the dissolved CH,

concentration in the surface sediment; Jcpy4 and Jso4,- represent the molecular diffusive fluxes of CH, and SO, in the sediment porewater, and the value represents only the magnitude of the

flux, not the direction.

C

R =% % 100% 2)
eq
F= Kw X (Cobs - Ceq) (3)
S -0.5
C

K, =0251 x U? x | — 4
L= 0251 X U x (660) @)

where C,p,, represents the observed concentration of dissolved
CHy. Ceq denotes the air-equilibrated seawater CH, concentration,
which is calculated on the basis of in situ temperatures and salinities
using established solubility parameters from previous research
(Wiesenburg and Guinasso, 1979). The atmospheric CH, mixing
ratio of 1.89 ppm for 2021 was obtained from the National Oceanic
and Atmospheric Administration/Earth System Research
Laboratory (NOAA/ESRL) of the global monitoring division in
situ program. The gas transfer velocity (K, (cm/h)) was determined
as a function of the wind speed and the Schmidt number (Sc),
employing the updated parameterization shown in Equation 4
(Wanninkhof, 2014). The average squared wind speed was 5.4 m/
s according to the National Centers for Environmental Prediction
(NCEP) reanalysis data from the NOAA ESRL.

2.3.2 Diffusive fluxes of methane and sulfate

The molecular diffusive fluxes of CH, and SO,*” in the sediment
porewater were calculated using FicK’s first law (Egger et al., 2018;
Zhu et al., 2020), and are expressed by Equations 5 and 6.

oC
J=-¢Di— (5)
X
D=1 ¢ (©)

where J represents the diffusive flux of CH4 or SO,*~ (mmol/
(m*a)), Jous was calculated from the sediment bottom to the
surface, and Jso4,— was calculated from the sediment surface to
the bottom. @ is the porosity of the sediment, which was estimated
to be 65% (Zhang H. et al, 2023). D; is the sediment diffusion
coefficient (m?/s). C represents the concentration of CH, or N
(mmol/L). x represents the depth of the sediment (m). D, is the

diffusion coefficient of CH, or SO,*” when the seawater
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temperature is 4°C. In addition, the diffusion coefficient was set to
0.87 x 10™° cm?/s for CH, and 0.56 x 10~ cm?/s for SO,>~ (Iversen
and Jorgensen, 1993).

2.4 Data analysis

Principal component analysis (PCA), multiple linear regression
analysis, the Mann-Whitney U test, and the Kruskal-Wallis test
were performed using the IBM SPSS Statistics 26 software. The
ggplot2 package was used to perform the regression analysis in R
4.3.2. The other data visualizations were implemented using
OriginLab 2022.

3 Results

3.1 Spatial distribution of methane in
Haima cold seeps

3.1.1 Spatial distribution of methane in the
shallow sediment porewater

The CH, concentration in the shallow sediment porewater (05 cm)
ranged from 0.06 to 0.12 mmol/L, with an average concentration of
0.07 +0.02 mmol/L (Table 1). The diffusive flux of CH, in the sediment
porewater varied across stations, exhibiting the following order: Seepl >
Seep3 > Non-seepl > Non-seep2 > Seep2, with values ranging from 0.03
to 0.32 mmol/(m? a) and an average of 0.13 + 0.12 mmol/ (m? a).
Notably, the strong seepage area of Seep1 exhibited a significantly greater
maximum flux of 17.19 mmol/(m? a), which was 573 times greater than
the minimum flux.

3.1.2 Spatial distribution of methane in the water
column

The surface dissolved CH, concentrations, saturation levels,
and sea-to-air fluxes in the Haima cold seeps are also summarized
in Table 1. The surface dissolved CH, concentrations ranged from
0.50 to 5.32 nmol/L, with an average concentration of 2.60 *
1.72 nmol/L. The CH, saturation levels varied between 26% and
277%, averaging 136 + 90%. The sea-to-air CH, flux ranged from
-5.35 to 12.77 umol/(m* d), with a mean flux of 2.56 + 6.49 umol/
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(m? d). The fluxes across stations followed the order of Non-seepl >
Non-seep2 > Seep2 > Seep3 > Seepl.

3.2 Vertical distribution of methane in the
Haima cold seeps

3.2.1 Vertical distribution of methane in the
sediment porewater

The vertical profile of dissolved CH, concentration in the
sediment porewater exhibited significant variations with sediment
depth, with two apparent inflection points identified at
approximately 100 cm and 400 cm (Figure 2A). Based on these
observable changes in the CH, concentration gradient, the sediment
core was divided into three depth intervals in this study to facilitate
the analysis of vertical trends, including the upper layer (0-100 cm),
the middle layer (100-400 cm), and the lower layer (> 400 cm).
These inflections likely represent transitions between zones
dominated by different processes.

In the lower layer, the CH,4 concentration decreased sharply with
decreasing sediment depth. This trend was especially pronounced at
Seepl, where the difference between the maximum and minimum
concentrations reached approximately 50-fold. The middle layer
displayed a gradual, fluctuating decline in CH, concentrations with
decreasing depth, with a consistent decrease rate of 0.006 across all
five stations (R*> = 0.34). In contrast, the upper layer maintained
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relatively stable CH, concentrations at levels below mmol/L.
Notably, despite the lower concentrations in the upper layer, the
average CH, concentration at the sediment surface reached 74,560
nmol/L, significantly exceeding the dissolved CH, concentration in
the overlying bottom seawater. This substantial concentration
gradient indicates that sediment porewater acts as an important
source of CH, to the bottom seawater.

3.2.2 Vertical distribution of methane in the
water column

The CH, concentration displayed distinct vertical distribution
patterns across the water column (Figure 3A). In the bathypelagic
zone (> 1000 m), the dissolved CH, concentration decreased
with decreasing depth at all stations. Within the mesopelagic zone
(200-1000 m), distribution patterns varied notably among the stations.
At Seepl, CH, concentrations decreased until approximately 700 m
and then increased toward shallower depths. In contrast, Seep2 and
Seep3 exhibited continuous decreasing trends with decreasing depth,
with Seep2 showing a more pronounced decline than Seep3. However,
Non-seepl and Non-seep2 displayed increasing CH, concentrations
throughout this zone. In the epipelagic zone (0-200 m), all stations
presented a consistent decrease in dissolved CH, concentrations with
decreasing depth. Furthermore, the equilibrium CH, concentration
(Ceq) gradually decreased throughout the water column, varying within
a narrow range of 2 nmol/L (Figure 3A).
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3.3 Relationships between methane and
influencing environmental factors

3.3.1 Relationships between methane and
environmental factors in sediment porewaters
PCA analysis identified three principal components influencing
the environmental variables: PC1 (22.9%), PC2 (16.1%), and PC3
(13.7%), collectively explaining 52.7% of the total variance
(Figure 4A). Among these, PC2, characterized by high loadings of
Mg (0.51), Na (0.47), K (0.46), and Mn (0.37), exhibited a
significant correlation with the dissolved CH,4 concentration in
the sediment porewater (R2 = 0.128, P < 0.001; Figure 4C).
Correlation analyses between the dissolved CH, concentration
and individual environmental factors (Figure 5A and
Supplementary Figure S2) further revealed statistically significant
but weak relationships with sediment depth (R* = 0.08, P < 0.001),
K (R* = 0.06, P = 0.005), Na (R* = 0.08, P < 0.001), Mg (R* = 0.05,
P =0.009), Mn (R* = 0.02, P = 0.007), CI” (R* = 0.02, P = 0.049), and
SO,* (R*=0.10, P = 0.02). These weak correlations suggest that the
CH, concentration in sediment porewaters is not governed by a
single dominant variable but emerges from complex, potentially

nonlinear interactions among multiple physical, chemical, and
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biological processes. Factors not quantified in this study, such as
the structure and activity of microbial communities, lateral fluid
flow, and non-steady-state dynamics, likely account for a
substantial portion of the unexplained variance. When stations
were classified into seepage and non-seepage areas (Supplementary
Figure S3), stronger correlations between CH, concentrations and
environmental factors were observed in non-seepage areas than in

seepage areas. This difference is likely attributable to the
pronounced disturbance caused by active CH, seepage, which

may obscure or modify inherent environmental relationships in
seepage zones.

3.3.2 Relationships between methane and
environmental factors in the water column
PCA analysis of the influencing environmental factors in the water

column yielded a total variance explanation of 63.9%, with PCl,
PC2, and PC3 accounting for 38.9%, 15.6%, and 9.4%, respectively
(Figure 4B). Linear regression analysis (Figure 4D) revealed that
the PC3, which was characterized by high loadings of NH," (0.58),
TOC (0.48), NO;~ (0.45), and PO, (0.30), was significantly correlated
with the dissolved CH, concentration (R*> = 0.191, P = 0.001).
Correlation analysis (Figure 5B and Supplementary Figure S4)
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FIGURE 4

Results of PCA analysis of the influencing environmental factors and the correlation between the methane concentration and PCA results: (A) PCA
analysis for the sediment porewater; (B) PCA analysis for the seawater; (C) correlation between the methane concentration and PCA results for the
sediment porewater; and (D) correlation between the methane concentration and PCA results for the seawater.

further revealed weak but significant relationships between the
dissolved CH, concentration and several environmental factors,
including seawater depth (R2 = 0.10, P = 0.02), CI” (R2 = 0.07,
P = 0.04), and NO;~ (R*> = 0.10, P = 0.02). When the stations
were categorized into seepage and non-seepage areas (Supplementary
Figure S5), distinct correlation patterns emerged. In the seepage area,
the dissolved CH, concentration correlated significantly with seawater
depth (R* = 024, P = 0.007), CI” (R* = 0.25, P = 0.006), SO,*
(R*=0.24, P = 0.008), and NO5~ (R* = 0.14, P = 0.048), suggesting that
biological metabolic processes driven by NO;~ and SO,*" play
important roles in regulating the CH, cycling within seawater
environments affected by seepage. In contrast, in the non-seepage
area, only SiO3>~ was significantly correlated with CH, concentrations
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(R* = 0.23, P = 0.039), indicating its role as the primary environmental
factor influencing CH, distribution in the non-seepage area.

4 Discussion

4.1 High spatial heterogeneity of methane
distribution in Haima cold seeps

The spatial distribution of CH, in the Haima cold seeps
exhibited pronounced heterogeneity, particularly between seepage
and non-seepage areas (Mann-Whitney U test, P< 0.01). This
heterogeneity is distinctly manifested in two key CH, flux
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FIGURE 5

Regression analysis between the methane concentration and environmental influencing factors: (A) sediment porewater, and (B) seawater.

pathways: sediment-water diffusion and sea-air exchange. The
average CH, diffusive flux from the bottom sediment to the
surface in the seepage areas (5.85 mmol/(m? a)) was markedly
higher than that in the non-seepage areas (0.09 mmol/ (m? a)), with
extreme values spanning three orders of magnitude. Notably, the
maximum flux at Seepl reached 17.19 mmol/(m*a), which is
comparable to the global continental slope flux (18.62 + 17.52
mmol/(m*a)) and vastly exceeds the background level of the
continental shelf, highlighting the significant contribution of seeps
(Egger et al., 2018). In contrast, the average diffusive flux of SO4*~ in
the non-seepage area (7.32 mmol/(m” a) was greater than that in the
seepage area (1.57 mmol/ (m?a)), reflecting the physical disturbance
induced by vigorous CH, seepage, which enhances porewater
mixing and homogenizes the SO,*" distribution.

The fate of CH, in the water column, expressed as sea-to-air flux,
revealed a more complex pattern. Our estimated sea-to-air CHy
fluxes in non-seepage areas (averaging 9.74 umol/(m*> d)) are
consistent with previous observations across the South China Sea,
such as in the Dongsha area and the northern South China Sea (Zhou
et al., 2009; Tseng et al.,, 2017; Xu et al., 2023). Moreover, a Kruskal-
Wallis test revealed no significant differences in the dissolved CH,4
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concentrations among the South China Sea, Bohai Sea, and East
China Sea (P> 0.05; Supplementary Table S1), suggesting a regionally
uniform baseline against which the unique seep-related dynamics at
Haima can be clearly discerned. Globally, the net atmospheric uptake
in Haima’s most active seep areas contrasts with many previous seep-
dominated margins. For example, sea-to-air CH, fluxes in the
northern Chukchi Sea are 0.1-3.3 pmol/(m* d) (Lapham et al,
2017), and seep fields such as those in the Gulf of Mexico and
Baltic Sea generally act as strong atmospheric sources (Ni et al., 2025).
The sink behavior at Haima suggests exceptionally efficient CH,4
removal in the water column, potentially due to a combination of
physical dispersion and robust microbial oxidation processes specific
to the South China Sea. This highlights that similar seabed emissions
can lead to markedly different atmospheric impacts depending
on regional oceanography. Despite this localized sink, the overall
area-integrated sea-to-air CH, flux (2.56 umol/(m2 d)) confirms that
the Haima cold seep region functions as a net source of atmospheric
CH,. In addition, given that this study is based on a single survey,
future multi-seasonal investigations are essential to account for
temporal variability and to improve the accuracy of the CH,

budget assessment.
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4.2 CH,4 behavior and controls in sediment
porewater

The distribution of dissolved CH, in sediment porewater is
governed by a complex interplay of biogeochemical processes and
physical transport, which are strongly modulated by the local CH,
seepage intensity. Our results demonstrate a clear anti-correlation
between SO,>~ and CH, concentrations (Figure 2A), underscoring
the fundamental role of SD-AOM in consuming CH,4 and shaping
its vertical profile. Based on the inflection points observed in the
CH,4 profile at approximately 100 cm and 400 cm, the sediment core
was divided into three layers for analysis, revealing a distinct
zonation of CH, behavior.

Statistical analyses further support the multi-factorial nature of
these controls. The weak correlation between dissolved CH, and a
single principal component (PC2, Figure 4C), coupled with distinctly
different vertical distribution patterns and factor relationships in
seepage versus non-seepage areas (Figure 2 and Supplementary
Figure S3), indicates that CH, dynamics are not dominated by any
single variable but are strongly modulated by local CH, seepage
intensity. This modulation by seepage intensity is clearly reflected in
the SO,*~ dynamics. In vigorous seepage areas (e.g., Seepl), fluid
advection and bubble transport enhance the mixing and
replenishment of SO,>~ within the porewater, counteracting its
consumption by SD-AOM and resulting in relatively higher SO,
concentrations at depth than in non-seepage areas (Figure 2A). In
contrast, the SO,>~ distribution in non-seepage areas is dominated by
molecular diffusion from the overlying seawater, producing a steeper,
consumption-dominated gradient. This physical forcing also explains
the observed inverse relationship between the diffusive fluxes of SO,*~
and CH, across seepage and non-seepage areas (Table 1).

Beyond the sulfate-methane coupling, the depth profiles of TOC
and IC closely mirrored those of CH, (Figure 2B), suggesting that
organic matter degradation acts as a key source and that AOM-
derived bicarbonate contributes to IC. The multi-factorial nature of
CH, control was further confirmed by principal component and
multiple linear regression analyses. The regression model (overall R*
= 0.477; full equation provided in Supplementary Text S4) identified
sediment depth, porosity, IC, Cl~, and 5042_ as statistically significant
predictors (P < 0.05). The prominence of factors such as porosity and
IC highlights the importance of geochemical feedbacks, wherein
AOM byproducts (e.g., HCO;") can promote authigenic carbonate
precipitation, altering the sediment fabric and transport pathways
(Deng et al., 2021; Zhang G. et al., 2023; Zhang H. et al., 2023).

In summary, the CH, distribution in Haima sediments is not
governed by a single factor but by the synergistic effects of microbial
metabolism (SD-AOM), the availability of organic substrate (TOC),
and sediment physical properties, all of which are dynamically
shaped by the intensity of CH, seepage. This multi-factorial control
underscores the necessity of integrated models that couple
biogeochemical reactions with physical transport to accurately
predict methane release from cold seeps.
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4.3 CH,4 distribution and processes in the
water column

The distribution of dissolved CH, in the water column of
Haima cold seep areas results from the interplay of physical
transport and in-situ biogeochemical processes. The water mass
structure, comprising South China Sea tropical water (SCSTW),
intermediate water (SCSIW), and deep water (SCSDW)
(Supplementary Figure S1) (Xu et al., 2023), establishes a
fundamental physical framework. The interconnected three-
dimensional circulation of these water masses plays a pivotal
role in dispersing and redistributing methane, largely
explaining the observed concentration patterns in the
mesopelagic and bathypelagic zones (Liu and Gan, 2017; Wu
et al., 2021).

Statistical analysis underscores the multi-factorial nature of
these controls. A significant correlation was found between
dissolved CH, and principal component PC3, which is heavily
loaded with nutrients (NH,*, NO;~, and PO,*>") and TOC
(Figure 4D). A multiple linear regression model (overall R? =
0.711; full equation in Supplementary Text S4) further quantified
these relationships, identifying DO and SiO;*” as the most
significant predictors (P < 0.01). The strong influence of $iO5>~
points to an important indirect pathway. As a key nutrient
regulating diatom growth and primary productivity, SiO;>~
availability influences the export of organic carbon (Al-Mur,
20205 Peng et al., 2024). The subsequent remineralization of this
organic matter can consume oxygen, potentially creating suboxic
microenvironments that favor aerobic CH, production (the
“methane paradox”) (Repeta et al., 2016; Ordonez et al., 2023;
Mao et al, 2024). Concurrently, DO exerts a direct control by
governing the aerobic oxidation of CH4 (Zhang et al., 2005; Mao
et al, 2022), with lower oxygen concentrations generally
suppressing this sink and allowing CH, to accumulate.

These processes are most active in the epipelagic zone, a
biogeochemical hotspot. Here, the decomposition of organic
matter from surface productivity can lead to a CH, maximum
(Ernst et al., 2022). The vertical profiles of temperature and DO
further shape the CH, distribution in this layer (Figure 3B),
whereas additional minor sources may include photochemical
degradation of colored dissolved organic matter (Li et al., 2020).
Physical processes such as upwelling and vertical mixing
intermittently modify this structure by transporting nutrient-
rich, CH,-containing deep waters into the upper ocean, thereby
linking deep seep inputs with surface biogeochemistry. In
conclusion, the fate of CH, in the water column is co-
determined by physical circulation and a network of biologically
mediated processes. The identification of $i0;* and DO as key
drivers highlights crucial coupling between the silicon and carbon
cycles, suggesting that changes in surface ocean productivity and
deoxygenation may significantly influence the ultimate fate of
seep-derived CH,.
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4.4 Vertical distribution patterns of
methane from sediment to the water

column to the atmosphere in Haima cold
seeps

A conceptual diagram was developed to illustrate the vertical
distribution patterns of CH, from sediment porewater through the
water column to the atmosphere in Haima cold seeps on the base of
the findings of this study (Figure 6). CH, in sediments originates from
both thermogenic and biogenic processes (Stolper et al., 2014; Stolper
etal, 2015; Ernst et al,, 2022), and its concentration generally decreases
with decreasing sediment depth in both seepage and non-seepage areas
(Figures 6B, C). This decreasing trend gradually attenuates at shallower
depths and is more pronounced in seepage areas than in non-seepage
areas. Specifically, the change in CH, concentration reached
approximately 3.44 mM at sediment depths greater than 400 cm in
seepage areas, compared to only 0.04 mM in non-seepage areas. As the
depth decreased to 0-100 cm, this change diminished to 0.02 mM in
seepage areas and fell below the mM level in non-seepage areas,
indicating more intense CH, consumption in seepage-area sediments.
The average CH,4 concentration at the sediment surface was as
high as 74,560 nmol/L, significantly exceeding that of the overlying
bottom seawater. This, along with direct observations of substantial
CH, bubble emissions at the Seep1 station via the ROV, indicates that
ebullition serves as a major CH, source for bottom water. Moreover,
the average CH, concentration at the sediment surface was as high as
74,560 nmol/L, significantly exceeding that of the overlying bottom
seawater. This, along with direct observations of substantial CH,4
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bubble emissions at the Seepl station by the ROV, indicates that
ebullition serves as a major CH, source for bottom water.

As CH, bubbles rise from sediments into the deep seawater, they
gradually dissolve and disperse, forming dissolved CH, in the water
column. This process is accompanied by a progressive decline in
concentration due to dilution and microbial oxidation. From the
bathypelagic to the mesopelagic and epipelagic zones, the average
CH, concentration clearly decreased in the seepage areas, but slightly
increased in the non-seepage areas (Figure 6A). In the bathypelagic
zone, the change in CH, concentration was 2.33 nM in seepage areas
and 0.42 nM in non-seepage areas. Within the mesopelagic zone, the
change increased to 14.70 nM in seepage areas, indicating substantial
dilution of dissolved CH,, while non-seepage areas showed a decrease
of —-1.44 nM, suggesting that the epipelagic zone acts as a source of
CH, for the mesopelagic zone in these areas. In the epipelagic zone,
the changes in the dissolved CH, concentration were 8.63 nM in
seepage areas and 2.08 nM in non-seepage areas, reflecting greater
CH, consumption in seepage areas. These results further indicate that
CH, produced within the epipelagic zone is an important source of
dissolved CH, in surface seawater. Notably, this study reveals that
seawater in seepage areas acts as a sink for atmospheric CHy,
absorbing CH, from the atmosphere, while that in non-seepage

areas serves as a source, releasing CH, into the atmosphere. The
phenomenon of seawater absorbing atmospheric CH, has also been
reported in previous studies (Tseng et al., 2016; Zhong et al., 2023).
However, the average sea-to-air CH, flux was 2.56 pmol/(m” d),
indicating that the Haima cold seep areas overall function as a net
source of atmospheric CH,. These findings underscore the

frontiersin.org


https://doi.org/10.3389/fmars.2025.1714180
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Tang et al.

importance of cold seep environments as significant contributors to
atmospheric CH, emissions.

While this study provides a systematic snapshot of CH, dynamics
in Haima cold seeps, it also highlights critical avenues for future work.
The inferences regarding thermogenic versus biogenic sources call for
validation via isotopic analysis (e.g., 8'3C-CH,). Moreover, the
microbial drivers of CH4 consumption—such as the abundance of
anaerobic methanotrophic archaea and methanotrophic bacteria—
need quantification via molecular techniques (e.g., sequencing of 16S
rRNA and functional genes such as mcrA and pmoA). Finally, given
the strong monsoon forcing in the South China Sea, future multi-
seasonal surveys are essential to resolve temporal variability and
constrain the annual CH, budget. Therefore, future studies
incorporating isotopic tracing, microbiological assays, and multi-
seasonal sampling are essential to precisely constrain CH, sources,
elucidate the underlying microbial mechanisms, and resolve the
annual CH, budget from this dynamic system.

5 Conclusions

This study systematically investigated the distribution
characteristics and key environmental drivers of methane in the
water column and sediment porewater of Haima cold seeps in the
South China Sea, with a focus on sea-to-air fluxes and sedimentary
diffusive fluxes. The main findings are as follows:

1. Haima cold seeps are characterized by strong spatial
heterogeneity in CH,4 emissions. The sea-to-air CH, flux
ranged from —5.35 to 12.77 umol/ (m?d), with an average of
2.56 wmol/(m* d), identifying the region as a net source of
atmospheric CH,. The diffusive flux of CH, from sediments
exhibited even greater variability, ranging from 0.03 to
17.19 mmol/(m? a).

. CH,4 distribution in the marine environment is influenced
by multiple environmental factors. In sediment porewater,
key factors include sediment depth, porosity, IC, Cl, and
SO,*". In the water column, SiO5>~ and DO were identified
as the dominant factors controlling the CH, distribution
among the variables examined.

. A clear vertical connectivity exists from the sediment to the
water column. The significant concentration gradient at the
sediment-water interface confirms that sediments are a
major CHy4 source for bottom water. Furthermore, CH,
consumption was markedly greater in active seepage areas
than in non-seepage areas, highlighting the intense
biogeochemical filtering effect within seep ecosystems.
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