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Abstract Owing to numerous scientific cruises in the past two decades, pore water 
data from more than 250 sites within gas hydrate and cold seep areas of the South 
China Sea have been reported. These investigated sites are mainly distributed in the 
Dongsha–Taixinan, Shenhu, and Qiongdongnan areas of the northern South China 
Sea, together with a few sites from the Beikang Basin of the southern South China Sea. 
Pore water geochemical profiles at these sites have been used to indicate fluid sources 
that are linked to gas hydrates and methane seepage, to distinguish the anaerobic 
oxidation of methane (AOM) from organoclastic sulfate reduction, to reveal fluid flow 
patterns, and to quantify the rates of AOM. As the pore water data accumulate over a 
broad area of the SCS, recent attempts have been made to quantify regional sulfate and 
methane cycling in the subseafloor of the northern South China Sea. This quantitative 
assessment on a regional scale highlights the importance of deep-sourced methane 
in governing subseafloor carbon and sulfur cycling along continental margins. 

8.1 Introduction 

Early diagenesis occurs once sediment particles are buried below the seafloor. Early 
diagenesis is mainly driven by the degradation of organic matter and oxidation of 
hydrocarbons. Discrimination between the primary signals from the water column 
and the products of early diagenetic reactions is critical when using marine sediments 
for paleoenvironmental reconstructions. The solid-phase and pore water analysis of 
marine sediments are two fundamental approaches for investigating early diagenesis 
(Schulz 2006). Solid-phase analysis has advantages in sample collection and storage 
and analytical procedures are generally easier to perform, thus producing more reli-
able results. However, this approach in most cases cannot distinguish whether diage-
netic reactions are on-going or occurred in the past and provides no information 
about the rates and kinetics of the diagenetic reactions (Schulz 2006). This large gap
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can be filled by pore water analysis, which provides a more immediate biogeochem-
ical archive during early diagenesis. For instance, pore water analysis can be used 
to quantify the rates of methane-consuming and -producing reactions during early 
diagenesis. The methane-consuming reaction in marine sediments mainly refers to 
the anaerobic oxidation of methane (AOM) coupled with sulfate reduction, which 
is mediated by anaerobic methanotrophic archaea and associated sulfate-reducing 
bacteria (e.g., Boetius et al. 2000). AOM consumes more than 90% of ascending 
methane in marine sediments, thereby serving as an efficient filter that prevents 
the release of methane, a powerful greenhouse gas, into the ocean and atmosphere 
(Reeburgh 2007). 

During the past two decades, extensive efforts on pore water analysis have been 
made to detect gas hydrates and methane seeps in the South China Sea (SCS). Conse-
quently, a vast number of sediment cores with pore water data were collected from the 
SCS during numerous research cruises. Due to the significance of pore water sulfate 
data for tracing methane seepages and AOM, more than 250 sites with available pore 
water sulfate data on the continental slope and rise of the SCS have been investigated 
during the past two decades (Fig. 8.1; see references in Table 8.1). These investigated 
sites mainly focused on the areas where indications for cold seeps and gas hydrates 
were found, including the Dongsha–Taixinan, Shenhu, and Qiongdongnan areas in 
the northern SCS and the Beikang Basin in the southern SCS (Fig. 8.1; Table 8.1).

Early pore water geochemical work was mainly dedicated to tracing the sources 
of pore fluid linked to gas hydrates and methane seepages in the northern SCS (e.g., 
Jiang et al. 2005; Suess, 2005; Chuang et al. 2006, 2010; Deng et al. 2006; Lin  
et al. 2006; Yang et al. 2006, 2008a; Wu et al.  2007, 2010, 2011, 2013a, b; Huang 
et al. 2008). Later work with more analyzed pore water parameters allowed the 
identification of AOM from organoclastic sulfate reduction in the SCS (e.g., Luo 
et al. 2013; Hu et al.  2015, 2018, 2020; Liu et al. 2020; Gong et al. 2021). With 
the increase in the kinds of measured pore water parameters, numerical simulations, 
mainly reaction–transport models, have been used to quantify the rates of AOM in 
the SCS (e.g., Chuang et al. 2013; Ye et al.  2016; Feng et al. 2018b, 2019, 2020; 
Hu et al. 2018, 2019; Zhang et al. 2019; Liu et al. 2020; Zha et al. 2022). Reaction– 
transport models have also been applied to reveal fluid flow patterns by reproducing 
the complex shapes of pore water sulfate profiles (Chuang et al. 2013; Hu et al.  2019; 
Feng et al. 2021). Compared with the numerous investigated sites from the northern 
SCS, recent pore water studies have extended to the Beikang Basin of the southern 
SCS (Fig. 8.1; Feng et al. 2018b, 2021; Huang et al. 2022). With the accumulation 
of pore water data from a vast number of sites (Fig. 8.1), recent work has attempted 
to quantify regional sulfate and methane cycling in the subseafloor of the northern 
SCS (Zhang et al. 2019; Hu et al.  2022). This chapter provides an overview of the 
progress of pore water geochemistry from the continental slope and rise of the SCS 
that is used for the indication of fluid sources, for the identification of AOM and fluid 
flow patterns, and for quantifying AOM rates and regional methane cycling.
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Fig. 8.1 Compilation of sites with available pore water data from the South China Sea. The red 
dot marks the position of the Haima cold seeps. Data sources were taken from the references listed 
in Table 8.1. The map was created using GeoMapApp software 

Table 8.1 Published pore water data with positional information of gravity, piston, and push cores 
from the South China Sea. The sites of these cores are presented in Fig. 8.1 

Areas Site number Core types References 

Dongsha–Taixinan 111 Gravity/piston [1–14] 

Shenhu 85 Gravity/piston/drilling [15] 

Qiongdongnan 46 Gravity/piston/drilling/push [16–31] 

Beikang Basin 11 Piston [32–34] 

Notes [1] Huang et al. 2008; [2] Wu et al. 2013a; [3] Suess, 2005; [4]Ye et al. 2016; [5] Hu et al. 
2015; [6]  Zhang et al.  2019; [7] Deng et al. 2006; [8]  Zhang et al.  2014; [9] Hu et al. 2018; [10] 
Cao and Lei 2012; [11] Chen et al. 2017; [12] Chuang et al. 2013; [13] Hu et al. 2017; [14] Chuang 
et al. 2010; [15] Hu et al. 2022; [16] Feng et al. 2019; [17] Feng et al. 2020; [18]  Wei et al.  2019; 
[19] Liu et al. 2020; [20] Yang et al. 2013; [21] Wu et al. 2010; [22] Feng et al. 2018a; [23] Wu 
et al. 2007; [24] Yang et al. 2006; [25] Jiang et al. 2005; [26] Luo et al. 2013; [27] Hu et al. 2019; 
[28] Hu et al. 2020; [29] Wang et al. 2018; [30] Hu et al. 2021; [31] Jin et al. 2022; [32] Feng et al. 
2018b; [33] Feng et al. 2021; [34] Huang et al. 2022
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8.2 Indication of Fluid Sources 

Pore water geochemistry is a useful tool to indicate pore fluid sources in submarine 
cold seep environments. Because methane is the key component of the pore fluid, 
tracing methane sources and their linkage to gas hydrates thus becomes common 
issues of concern in areas influenced by methane seepages. Recent years have 
witnessed the discovery of gas hydrates by sampling and pore water geochemistry in 
the Dongsha, Shenhu, and Qiongdongnan areas (Yang et al. 2008b, 2015; Luo et al. 
2014; Sha et al. 2015; Zhang et al. 2015; Liang et al. 2017; Hu et al.  2019; Wei et al. 
2019; Ye et al.  2019). For instance, macroscopic gas hydrates have been found in 
shallow and deep marine sediments via piston and drill cores from the Qiongdongnan 
area (Fig. 8.2). Negative anomalies of pore water chloride concentrations relative to 
seawater value result from the dissociation of gas hydrates during sampling (Hu et al. 
2019). In contrast, positive anomalies of pore water chloride concentrations reflect 
ongoing gas hydrate formation (Fig. 8.2; Wei et al. 2019). Once gas hydrates form in 
the sediment pore space from ambient water and dissolved methane, dissolved ions, 
such as pore water chloride, would be excluded as water molecules are incorporated 
into gas hydrates. This process increases the concentrations of pore water chloride, 
which in turn indicates the in situ formation of gas hydrates in the sediment pore 
space.

In shallow marine sediments, methane and other short-chain hydrocarbons mainly 
exist in the dissolved form in pore waters. These dissolved hydrocarbons can be 
collected using headspace vials for measuring their compositions. The carbon stable 
isotope (δ13C) values of methane are quite low, varying from −93‰ to −35‰ in 
marine sediments from the SCS (Fig. 8.3). The molecular ratios between methane 
and other short-chain hydrocarbons (C1/(C1 + C2)) span four orders of magnitude 
(Fig. 8.3). The diagram of C1/(C1 + C2) ratios versus  δ13C values of methane is 
commonly used to distinguish biogenic methane that is bacterially generated in 
the methanogenic zone from thermogenic methane ascending from greater depths 
(Fig. 8.3). Methane in marine sediments of the southern SCS mainly originates from 
biogenic gas, while methane sources of the northern SCS are complex, with contri-
butions from both biogenic and thermogenic methane (Fig. 8.3; Zhang et al. 2021; 
Huang et al. 2022). The ascending methane in marine sediments is largely consumed 
at the sulfate–methane transition zone (SMTZ), producing peak concentrations and 
δ13C values of dissolved inorganic carbon (DIC) by AOM (Fig. 8.4; Hu et al.  2019). 
Based on the linear regression of δ13C × DIC versus DIC in cores QDN-14A and 
R1 of the Haima cold seeps, the estimated δ13C values of DIC added to the pore 
water are −65‰ and −62‰, respectively (Fig. 8.5). These δ13C values are consis-
tent with the δ13C values of methane at the Haima cold seeps (Figs. 8.3 and 8.5). 
This observation suggests that DIC at the SMTZ is almost completely derived from 
highly 13C-depleted methane by AOM at the Haima cold seeps.
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Fig. 8.2 Pore-water sulfate (SO4 
2−) and chloride (Cl−) concentration profiles of (a) piston cores 

and (b) drill cores from the South China Sea. Piston cores R1 and QDN-14A were collected from 
the Haima cold seep, and drill cores W08 and W01 were recovered from the northeastern part 
of the Qiongdongnan Basin. The pore water data of the piston cores and drill cores were taken 
from Hu et al. (2019) and Wei et al.  (2019), respectively. Photographs showing the presence of gas 
hydrates in the piston cores and drill cores were taken from Wei et al. (2019) and  Liang et al.  (2017), 
respectively. mbsf: meters below the seafloor

8.3 Identification of AOM 

The extremely negative δ13C values of DIC at the SMTZ could be used to identify the 
on-going AOM process (Fig. 8.4). However, this signature may be obscured by other 
DIC sources from organoclastic sulfate reduction and/or methanogenesis. Numerical 
models constrained by pore water sulfate, calcium, DIC, and nutrition concentrations 
and other parameters can be used to identify AOM and quantify the rates of AOM 
(e.g., Hu et al. 2018). Sulfur and oxygen isotopic patterns (δ34SSO4 versus δ18OSO4) of  
pore water sulfate have also been used to distinguish AOM from organoclastic sulfate 
reduction (e.g., Antler et al. 2015; Hu et al.  2020; Gong et al. 2021). However, the
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Fig. 8.3 Hydrocarbon compositions of sediment core samples compiled from numerous sites in 
the South China Sea. Molecular ratios between methane (CH4) and other short-chain hydrocarbons 
(C1/(C1 + C2)) and δ13C data of CH4 were taken from Zhang et al. (2021) and  Huang et al.  (2022) 
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Fig. 8.4 Dissolved inorganic carbon (DIC) concentrations and carbon isotopic compositions of 
DIC (δ13CDIC) in depth profiles of piston cores collected from the Haima cold seeps from the 
Qiongdongnan area (data from Hu et al. 2019). Sulfate–methane transition zone (SMTZ). mbsf: 
meters below the seafloor
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Fig. 8.5 Linear regression between dissolved inorganic carbon (DIC) and the δ13C × DIC of cores 
R1 and QDN-14A from the Haima cold seeps

numerical model approach requires numerous kinds of parameters, and the δ34SSO4 
versus δ18OSO4 approach requires advanced analytical technology. The diagram of 
the produced DIC versus consumed sulfate ratios (RC:S) after correcting for carbonate 
precipitation is widely used to identify AOM (Fig. 8.6; e.g., Luo et al. 2013; Hu et al.  
2015, 2018, 2020 and references therein). This RC:S approach requires concentrations 
of only pore water sulfate, calcium, magnesium, and DIC. 

Fig. 8.6 Main biogeochemical processes in marine sediment and their control on the ratios (RC:S) 
between produced dissolved inorganic carbon (DIC) corrected for carbonate precipitation and 
consumed sulfate (SO4 

2−). a Main biogeochemical processes responsible for RC:S, including organ-
oclastic sulfate reduction (OSR), anaerobic oxidation of methane coupled with sulfate reduction 
(AOM), and methanogenesis (MG). b Produced DIC corrected for carbonate precipitation (\(DIC 
+ Ca2+ + Mg2+)) versus consumed SO4 

2− (\SO4 
2−) relative to typical seawater values (2.1 mM 

for DIC, 10.3 mM for Ca2+, 53.2 mM for Mg2+, and 28.9 mM for SO4 
2−). Pore water data of R1 

and QDN-14A were taken from Hu et al. (2019)
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The RC:S approach is based on the reaction equations of organoclastic sulfate 
reduction and AOM that produce RC:S ratios equal to 2:1 and 1:1, respectively 
(Fig. 8.6a). However, this approach might be compromised by upward diffusive 
DIC from the methanogenic zone because methanogenesis below the SMTZ during 
preceding fermentation increases the DIC content of pore waters (Fig. 8.6a; e.g., 
Chatterjee et al. 2011; Kim et al. 2011; Hong et al. 2013; Hu et al.  2018). In addition 
to the addition of DIC from local methanogenesis to the SMTZ, methane produced 
by local methanogenesis is consumed by AOM when this methane diffuses into the 
SMTZ (Fig. 8.6a). The combined effect of these methane production and consump-
tion processes around the SMTZ generates an RC:S of 2:1, which equals the RC:S 

of organoclastic sulfate reduction (Fig. 8.6a; Komada et al. 2016; Hu et al.  2018). 
Decoupled from local methanogenesis, methane without DIC at great depth (namely, 
external/deep-sourced methane) can migrate toward the SMTZ (c.f. Burdige and 
Komada 2013; Komada et al. 2016; Hu et al.  2018, 2022). This external/deep-
sourced methane would be consumed by AOM when migrating into the SMTZ, 
thus generating an RC:S of 1:1 (Fig. 8.6a). Despite the potential interference from 
local methanogenesis, the RC:S approach is still useful to judiciously discriminate 
AOM from organoclastic sulfate reduction and/or methanogenesis (Fig. 8.6). If local 
methanogenesis occurs, the RC:S approach would result in an underestimation of 
AOM, thus representing a conservative approach to identify the presence of AOM 
and the deep-sourced methane (Fig. 8.6; Hu et al.  2018). Discrimination using the 
RC:S approach has been conducted in the areas of Dongsha–Taixinan (Hu et al. 2015, 
2018), Shenhu (Hu et al. 2018, 2020), and Qiongdongnan (Luo et al. 2013; Liu et al. 
2020; this study is shown in Fig. 8.6b). The results from these areas show much lower 
RC:S ratios of less than 2:1 or RC:S ratios approaching 1:1, revealing the occurrence 
of AOM (Luo et al. 2013; Hu et al.  2015, 2018, 2020). For instance, piston cores 
from the Haima cold seeps of the Qiongdongnan area exhibit RC:S ratios approaching 
1:1, suggesting the dominance of AOM at the SMTZ (Fig. 8.6b). This inference is 
in accordance with the observation of extremely 13C-depleted DIC at the SMTZ that 
almost completely results from AOM. 

8.4 Implication for Fluid Flow Patterns 

The changes in methane flux, physical mixing due to bioirrigation or bubble irri-
gation, and mass-wasting events create non-steady state depositional and/or envi-
ronmental conditions (e.g., Fossing et al. 2000; Zabel and Schulz 2001; Hensen 
et al. 2003; Kasten et al. 2003; Hu et al.  2019 and references therein). This methane 
seepage variability and fluid flow patterns can be imprinted in pore water composi-
tions in depth profiles (Hu et al. 2019). In particular, pore water sulfate profiles can 
exhibit changeable gradients ranging from kink to concave-up to s-types (e.g., Zabel 
and Schulz 2001; Hensen et al. 2003; Haeckel et al. 2007). Therefore, insights into 
the geochemical trends of pore water profiles can in turn reveal fluid flow patterns 
and possible sedimentary events (e.g., Hensen et al. 2003; Hu et al.  2019). Sulfate
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and iodide concentrations remain nearly unchanged relative to seawater values in 
the upper 1–3 m of sediment cores at many sites from the Dongsha–Taixinan area 
of the SCS (Chuang et al. 2013). This irrigation-like feature could be attributed to 
meter-scale bioirrigation of macrofauna or seawater intrusion during methane ebulli-
tion (Fossing et al. 2000). However, this possibility is eliminated since bioirrigation 
usually occurs only on a decimeter scale in surface sediments (c.f. Haeckel et al. 
2007; Hu et al.  2019). The irrigation-like feature is simulated by numerical modeling, 
assuming methane gas bubble irrigation with seawater, as proposed by Haeckel et al. 
(2007). The irrigation-like feature of pore water from the Dongsha–Taixinan areas 
is thus interpreted to reflect the irrigation of seawater by methane gas bubbles that 
rise through soft surface sediments (Chuang et al. 2013). 

Similar irrigation-like features have also been observed in the upper 2 m of pore 
water profiles at the Haima cold seeps from the Qiongdongnan area (Fig. 8.7; Hu  
et al. 2019). The numerical model of methane bubble irrigation reproduced measured 
parameters in pore water profiles (Hu et al. 2019). The core near the seepage center 
(R1) with a higher methane flux is more susceptible to gas ebullition than cores 
that are relatively far away from the seepage center (QDN-14A and QDN-14B). 
It is paradoxical that the core near the seepage center has less indication of gas 
bubble irrigation (Fig. 8.7), making bubble irrigation unlikely to be the cause of the 
irrigation-like feature. Instead, the irrigation-like feature is attributed to enhanced 
methane fluxes from a combination of the lateral and upward migration of methane-
rich fluids (Fig. 8.7). This situation is also reproduced by a non-steady-state numerical 
model (Fig. 8.7a). The presence of gas hydrates in core R1 can serve as a barrier 
for the upward movement of methane-rich fluids toward the seafloor and can later-
ally redirect the fluid flow (Fig. 8.7b). This lateral fluid flow is also promoted by 
the occurrence of coarser sediments in intervals directly below the SMTZ in cores 
QDN-14B and QDN-14A (Fig. 8.7b; Hu et al. 2019). In other words, the sealing of 
gas hydrate layers in core R1 redirected the pathway of upward-migrated methane-
rich fluids from below the hydrate layers. The lateral migration of methane along 
with upward-migrated methane suddenly increased methane fluxes in nearby cores, 
resulting in the observed irrigation-like feature (Fig. 8.7b; Hu et al. 2019).

8.5 Quantifying AOM Rates and Regional Methane Cycling 

The anaerobic oxidation of methane (AOM) consumes sulfate, with a stoichiometry 
of 1:1, thereby competing with organoclastic sulfate reduction above the SMTZ 
(Fig. 8.6a). Therefore, the values of AOM rates are usually lower than those of total 
sulfate reduction or sulfate diffusive flux. Methane concentration gradients below the 
SMTZ can be used to estimate AOM rates. Studies of only some sites from limited 
areas of the SCS have reported methane concentration data (e.g., Wu et al. 2011, 
2013b; Chuang et al. 2013; Chen et al. 2017; Hu et al.  2020; Huang et al. 2022). 
On the other hand, the risk of underestimating AOM rates exists by using methane 
concentration gradients due to the rapid decrease in pressure and thereby possible
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Fig. 8.7 Impact of flow fluid patterns on the shape of pore water sulfate (SO4 
2−) profiles (Modified 

from Hu et al. 2019). a Evolution of SO4 
2−, calcium (Ca2+), and dissolved inorganic carbon 

(DIC) profiles over time from non-steady-state simulations of core QDN-14A that assume enhanced 
methane (CH4) fluxes resulting from vertical and lateral fluid migration. b Schematic diagram 
showing flow fluid patterns as revealed by the shape of pore water SO4 

2− profiles. mbsf: meters 
below the seafloor. Reprinted from Marine and Petroleum Geology, 103, Hu et al. (2019) Pore  
fluid compositions and inferred fluid flow patterns at the Haima cold seeps of the South China Sea, 
29–40, Copyright (2019), with permission from Elsevier

loss of methane during core recovery. Consequently, the attempt to use methane 
concentration gradients to constrain AOM rates is not common in the SCS (e.g., 
Chen et al. 2017; Hu et al.  2020). The rates of AOM can be more directly determined 
by a radiotracer approach using 14C-labeled methane; however, this approach is rarely 
used in the SCS (Zhuang et al. 2019). In contrast, the reaction–transport model has 
been commonly used to quantify the AOM rates at sites in the Dongsha–Taixinan,
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Shenhu, Qiongdongnan, and Beikang Basins by fitting numerous kinds of pore water 
parameters (e.g., Chuang et al. 2013; Ye et al.  2016; Feng et al. 2018b, 2019, 2020; 
Hu et al. 2018, 2019; Zhang et al. 2019; Liu et al. 2020; Zha et al. 2022). Of all 
the reported AOM rates, depth-integrated AOM rates at the Haima cold seeps are 
the highest (Hu et al. 2019; Liu et al. 2020). Due to shallow SMTZs at the Haima 
cold seeps from ~0.2 to 1 m below the seafloor (mbsf), the AOM rates exceed one 
thousand mmol m−2 a−1 (Hu et al. 2019; Liu et al. 2020). 

Despite more precision for quantifying AOM rates using reaction–transport 
models, very few sites from the SCS have been investigated (Zhang et al. 2019). 
253 sites with available pore water data have been compiled from the SCS (Fig. 8.1; 
Table 8.1); however, most of these sites have only sulfate data, which limits the 
application of the reaction–transport model. These 253 sites all show a clear depth 
trend in sulfate concentration profiles, thereby allowing for the calculation of the 
SMTZ depth and reliable diffusive sulfate fluxes. Because sulfate fluxes generally 
represent the upper limit of AOM rates, the distribution of sulfate fluxes is helpful to 
constrain the regional AOM rates and methane cycling in the SCS. Sulfate profiles 
at 85 sites from the Shenhu area reveal that the depths of the SMTZ range from 6.6 
to 88.5 mbsf (Hu et al. 2022). By using Fick’s first law, estimated sulfate fluxes vary 
from 2.4 to 30.7 mmol m−2 a−1, with an average of 14.3 mmol m−2 a−1 (Fig. 8.8a; 
Hu et al. 2022). Based on sulfate profiles of 111 sites from the Dongsha–Taixinan 
area (Fig. 8.1), the depths of the SMTZ range from ~0.4 to 43.0 mbsf, and estimated 
sulfate fluxes average 34.8 mmol m−2 a−1, varying from 2.9 to 170.7 mmol m−2 a−1 

(Hu et al. 2023). From sulfate profiles at 46 sites in the Qiongdongnan area (Fig. 8.1), 
the depths of the SMTZ range from 0.2 to 111.2 mbsf, and estimated sulfate fluxes 
vary from 1.6 to 1203.4 mmol m−2 a−1, with an average of 136.4 mmol m−2 a−1 (Hu 
et al. 2023). The depths of the SMTZ at 11 sites from the Beikang Basin range from 
3.3 to 8.8  mbsf  (Fig.  8.1; Feng et al. 2018b, 2021; Huang et al. 2022). By spatial 
interpolation, the regional sulfate flux estimated from sulfate profiles in the Shenhu 
area is 0.54 × 10–3 Tmol a−1 (Hu et al. 2022). In contrast, regional sulfate fluxes 
estimated from sulfate profiles at 111 sites from the Dongsha–Taixinan area and 46 
sites from Qiongdongnan area are much higher, reaching 1.07 × 10–3 and 2.65 × 
10–3 Tmol a−1, respectively (Hu et al. 2023; Figs.  8.9, 8.10 and 8.11).

Deep-sourced methane can be identified by the RC:S approach, as shown in the 
diagram in Fig. 8.6. The amount of such deep-sourced methane on a regional scale has 
been recently quantified by the difference between the regional sulfate flux estimated 
from sedimentation rates and that from sulfate profiles (Hu et al. 2022). Sedimentation 
rates can be used to estimate sulfate fluxes based on the common good global corre-
lation between diffusive sulfate fluxes and sedimentation rates, generating a global 
map for the distribution of sulfate diffusive flux (Egger et al. 2018). Sedimentation 
rates reflect the control of organic matter and sediment ages on the diffusive sulfate 
flux to the SMTZ, which is determined by the continuous decrease in the reactivity 
of organic matter with sediment depth (Egger et al. 2018 and references therein). 
Sulfate fluxes estimated from sedimentation rates thus represent sulfate consump-
tion during organic matter degradation (Hu et al. 2022). This sulfate consumption 
includes (1) sulfate consumed by organoclastic sulfate reduction above the SMTZ
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Fig. 8.8 Maps showing the distribution and magnitude of the regional sulfate flux of the Shenhu 
area based on measured sulfate profiles at 85 sites (a) and sedimentation rates (b), respectively 
(Modified from Hu et al. 2022). Reprinted from Science Bulletin, 67, Hu et al. (2022) Enhanced 
sulfate consumption fueled by deep-sourced methane in a hydrate-bearing area, 122–124, Copyright 
(2022), with permission from Elsevier
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Fig. 8.9 Maps showing the distribution and magnitude of the regional sulfate flux of the Dongsha– 
Taixinan area based on measured sulfate profiles at 111 sites (a) and sedimentation rates (b), 
respectively (Modified from Hu et al. 2023)
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and (2) sulfate consumed by AOM at the SMTZ that oxidizes methane fueled by local 
archaeal methanogenesis through organic matter fermentation below the SMTZ (Hu 
et al. 2022; Fig.  8.6a). Accordingly, the difference between the regional sulfate fluxes 
derived from sulfate profiles and those derived from sedimentation rates represents 
the amount of deep-sourced methane that mainly originated from deep gas hydrate 
reservoirs and/or deep strata kilometers below the seafloor (Hu et al. 2022). 

Regional maps of sulfate flux distribution based on sedimentation rates in the 
northern SCS were extracted from an established, global map of sulfate flux distri-
bution or generated from locally measured sedimentation rates (Egger et al. 2018; 
Hu et al. 2022, 2023; Figs.  8.8b, 8.9b and 8.10b). Accordingly, regional sulfate 
fluxes derived from sedimentation rate in the Dongsha–Taixinan, Shenhu, and Qiong-
dongnan areas are 0.54 × 10–3, 0.30  × 10–3, and 0.39 × 10–3 Tmol a−1, respectively 
(Hu et al. 2022, 2023; Figs.  8.8–8.11). Based on the discrepancy between regional 
sulfate flux estimated from sulfate profiles and that estimated from sedimentation 
rates, estimated fluxes of deep-sourced methane in the Dongsha–Taixinan, Shenhu, 
and Qiongdongnan areas reach 0.53 × 10–3, 0.24  × 10–3, and 2.26 × 10–3 Tmol 
a−1 (Hu et al. 2022, 2023; Fig.  8.11). Summing up these areas, 4.26 × 10–3 Tmol 
of sulfate and 3.03 × 10–3 Tmol of deep-sourced methane are annually consumed 
in the subseafloor sediments of the northern SCS for an area of 1.23 × 105 km2 (Hu 
et al. 2023; Fig.  8.11).

Ratios between regional flux of deep-sourced methane and regional flux of 
sulfate based on sulfate profiles represent the contribution of sulfate consumption 
by ascending deep-sourced methane to total sulfate consumption (Fig. 8.11). These 
ratios can be used to evaluate the overall impact of ascending deep-sourced methane 
on the sulfate budget in subseafloor sediments on a regional scale. The ratios reach 
50%, 44%, and 85% in the Dongsha–Taixinan, Shenhu, and Qiongdongnan areas, 
respectively, with the overall ratio for the three study areas accounting for 71% 
(Hu et al. 2023; Fig.  8.11). These ratios indicate that the contribution of ascending 
deep-sourced methane to sulfate consumption is similar to or even higher than the 
contribution of organoclastic sulfate reduction on regional scales in the subseafloor 
sediments of the northern SCS (Hu et al. 2023). By extrapolating the results of 
the northern SCS to global slope and rise sediments, 2.18 to 2.65 Tmol of deep-
sourced methane is oxidized with sulfate by AOM annually in marine sediments (Hu 
et al. 2023). Despite a rough extrapolation, it becomes obvious that deep-sourced 
methane plays a crucial role in subseafloor carbon and sulfur cycling, supporting 
chemosynthesis-based ecosystems along the continental slope and rise sediments 
worldwide (Hu et al. 2023). 

8.6 Summary and Perspectives 

Pore water profiles from more than 250 sites within gas hydrate and cold seep areas of 
the SCS in the past two decades were investigated to indicate fluid sources, to identify 
the AOM and fluid flow patterns, and to quantify AOM rates and regional methane
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Fig. 8.10 Maps showing the distribution and magnitude of the regional sulfate flux of the Qiong-
dongnan area based on measured sulfate profiles at 46 sites (a) and sedimentation rates (b), 
respectively (Modified from Hu et al. 2023)
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Fig. 8.11 A summary of regional sulfate (SO4 
2−) and methane budgets and the role of deep-sourced 

methane in the subseafloor sediments of the northern South China Sea (Modified from Hu et al. 
2023). SMTZ: sulfate-methane transition zone. AOM: anaerobic oxidation of methane. DS-TXN: 
Dongsha-Taixinan. QDN: Qiongdongnan

cycling. Regional sulfate budgets suggest that deep-sourced methane plays a crucial 
role in governing subseafloor carbon and sulfur cycling along continental margins. 
A unique feature of the SCS is indicated by the development of a transition from an 
active to a passive continental margin. Does this tectonic feature in the Dongsha– 
Taixinan area influence the distribution and fluxes of sulfate and methane across 
the tectonic transition? Addressing this issue would provide a great opportunity 
to understand upward diffusion and/or seepages of methane on regional scales in 
response to tectonic activity. Although the amount of deep-sourced methane in the 
northern SCS has been quantified, the impact of such an amount of deep-sourced 
methane on subseafloor carbon cycling has not been quantitatively assessed. More 
work is required to quantitatively evaluate the amounts of authigenic carbonate that 
is produced and the dissolved inorganic carbon that enters the ocean after the deep-
sourced methane is oxidized with sulfate by AOM. 
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