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Abstract :   
 
Cold seeps frequently occur at the seafloor along continental margins. The dominant biogeochemical 
processes at cold seeps are the combined anaerobic oxidation of methane and sulfate reduction, which 
can significantly impact the global carbon and sulfur cycles. The circulation of methane-rich fluids at 
margins is highly variable in time and space, and assessing past seepage activity requires the use of 
specific geochemical markers. In this study, we report multiple sedimentary proxy records for three 
piston gravity cores (QDN-14A, QDN-14B, and QDN-31) from the Haima seep of the South China Sea 
(SCS). By combining total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN), total 
sulfur (TS), acid insoluble carbon and sulfur isotope (δ13Corganic carbon and δ34Sacid-insoluble), and 
δ34S values of chromium reducibility sulfur (δ34SCRS), as well as carbon isotopes of TIC (δ13CTIC) in 
sediments, our aim was to provide constraints on methane seepage dynamics in this area. We identified 
three sediment layers at about 260 – 300 cm, 380 – 420 cm and 480 – 520 cm sediment depth, 
characterized by particular anomalies of low δ13CTIC values and high TS content, high TS and CRS 
contents, and high δ34Sacid-insoluble and δ34SCRS values, respectively. On this basis, we propose 
that these sediment horizons correspond to distinct methane release events preserved in the sediment 
record. While the exact mechanisms accounting for the presence (or absence) of these particular 
geochemical signals in the sediment are not known, we propose that they correspond to variations in 
methane flux and their duration through time. Overall, our results suggest that sedimentary carbon and 
sulfur and their isotopes are useful tracers for better understanding of methane seepage dynamics over 
time. 
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Highlights 

► Sediments from Haima cold seeps have variable compositions. ► AOM caused high δ
34

SCRS and low 
δ

13
CTIC values, and high CRS contents. ► AOM indicators of sediments are variable under variable 

methane flux and duration. ► Three methane release events were identified in the seep site. 
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1. Introduction 

In the marine environment, continental margins play an important role in the 

carbon cycle, accounting for more than 80% of organic carbon burial in the sediment 

(Berner, 1989; Tesi et al., 2007). The presence of organic matter, and subsequent 

degradation during diagenesis, leads to widespread seepage of hydrocarbon (mainly 

methane) fluids (Campbell et al., 2002; Campbell, 2006; Suess, 2014). 

In cold seep environments, the anaerobic oxidation of methane (AOM, equation 

1) is mediated by a syntrophic consortium of anaerobic methanotrophic archaea and 

sulfate reducing bacteria. This key biogeochemical process occurs at the 

sulfate-methane transition zone (SMTZ), and plays a major role in the marine 

geochemical cycling of carbon and sulfur (Jørgensen, 1982; Holmer et al., 2001; 

Wijsman et al., 2001; Nauhaus et al., 2005). Previous studies on seepage-related 

processes mainly focused on authigenic minerals (equations 2, 3, 3a, 3b, 4 and etc., 

Hu et al., 2015; Feng et al., 2016; Raven et al., 2016) and sediment pore waters 

(Maciej, 2012; Luo et al., 2013). Upon formation in the sediment, authigenic minerals 

such as calcite, aragonite, barite and pyrite can archive useful information that reflects 

the surrounding geochemical environment, and hence can be used to characterize 

methane seep activity (Dickens, 2001; Han et al., 2004, 2008, 2013; Peckmann and 



  

 

Thiel, 2004; Bayon et al., 2009, 2013, 2015; Mazumdar et al., 2009, 2011; Tong et al., 

2013; Feng et al., 2014, 2015a,b). 

CH4 + SO4
2-

 → HCO3
-
 + HS

- 
+ H2O   (1) 

Ca
2+

 + 2HCO3
- 
→ CaCO3 + CO2 + H2O   (2) 

Fe
2+

 + HS
-
 + HCO3

-
 → [FeS] + H2O + CO2  (rapid)  (3) 

[FeS] + Sn
2-

 → FeS2 + S(n-1)
2-

  (directly)  (3a) 

[FeS] + H2S → FeS2 + H2  (indirectly)  (3b) 

Ba
2+

 + SO4
2-

 → BaSO4   (4) 

While it is well known that physical, chemical, and biological conditions at seeps 

can change significantly with time (Greinert, 2008; Solomon et al., 2008; Schneider 

von Deimling et al., 2011), it still remains difficult to determine changes in past 

seepage activity through time (Feng et al., 2015a). The closing and opening of gas 

migration pathways, sea level and climate changes, and past episodes of dissociation 

and/or formation of gas hydrate (Kvenvolden, 1993; Aharon et al., 1997; Judd et al., 

2002; Teichert et al., 2003) can act as forcing mechanisms controlling cold seep 

activity through time (Tong et al., 2013). Unfortunately, the sediment pore water can 

only record current (or recent) biogeochemical processes. In addition, authigenic 

minerals precipitate under specific conditions in cold seep sediments, and are often 

absent in low and high methane flux environments (Luff and Wallmann, 2003, Luff et 

al., 2004). In fact, a few studies have shown that sediment cores recovered from fluid 

seepage areas can serve as continuous archives that can be used to reconstruct the 

evolution of past seepage activity (Tribovillard et al., 2006, 2012, 2013; Bayon et al., 



  

 

2007; Peketi et al., 2015). 

The circulation of methane-rich fluids can significantly alter the primary sulfur 

isotopic composition of marine sediments (Jørgensen et al., 2004; Li et al., 2016; Lin 

Q. et al., 2016; Gong et al., 2018). In this study, we report an extensive set of data for 

total carbon (TC), total organic carbon (TOC), total nitrogen (TN), and total sulfur 

(TS), acid-insoluble carbon and sulfur isotope, chromium reducibility sulfur (CRS = 

FeS2, S° and remaining part of Fe3S4, Jørgensen et al., 2004) and δ
34

SCRS as well as 

carbon isotopes of TIC, on sediment cores collected from the Haima site, an active 

cold seep site recently discovered in the northeast of South China Sea (SCS; Feng et 

al., 2018). The motivation of this study was to confirm the existence of cold fluid 

seepage in the study area and provide further constraints on the impact of seepage 

activity on the carbon and sulfur cycles in marine sediments. 

 

2. Materials and methods 

Three sediment cores, QDN-14A (845 cm-long), QDN-14B (820 cm-long), and 

QDN-31 (745 cm-long), were recovered using the Haiyang-4 (Apr. 3th, 2015) from a 

water depth of 1400 m at the Haima seeps of the northwest SCS (Fig. 1). Core 

QDN-14A and core QDN-14B were collected from the same location. The 

combination of overpressure and high paleo-geothermal gradient, as well as faulting 

or diapirism, resulted in the generation, migration and accumulation of natural gases 

across the sedimentary column (Zhu et al., 2009). Gas hydrate layers, authigenic 

carbonate deposits, and various cold-seep communities were recovered from the study 



  

 

area (Liang et al., 2017). 

After extraction of pore waters, sediment samples were collected at a 5-cm 

resolution, sealed in sterile bags on board, prior to being freeze-dried and powdered 

manually using an agate mortar in the onshore laboratory for elemental and bulk 

isotope analyses. Because cores QDN-14A and QDN-14B were recovered from the 

same location, some analyses were conducted on either of the two cores: chromium 

reducible sulfur extraction and isotope testing were performed on core QDN-14B only, 

while carbon and oxygen isotopic ratios for total inorganic carbon were conducted on 

core QDN-14A sediments only. See supplementary material for details. 

Sulfate (SO4
2-

), calcium (Ca
2+

) and magnesium (Mg
2+

) concentrations were 

determined on a Dionex ICS-5000
+
 ion chromatograph with an analytical precision of 

<2% at the South China Sea Institute of Oceanology (SCSIO), Chinese Academy of 

Sciences (CAS). The anions (SO4
2-

) and cations (Ca
2+

 and Mg
2+

) were determined by 

500 folds and 100 folds dilution, respectively, using ultra-pure water. 

TC, TOC, TN, TS contents were measured using a Heraeus CHN-O Rapid 

elemental analyzer at Guangzhou Institute of Geochemistry (GIG), CAS. After TC 

measurement, carbonate was removed using 10% v/v HCl. After completion of the 

reaction, deionized water was added and the residue was centrifuged, rinsed (X3) and 

subsequently dried at 60 °C prior to TOC determination. The TIC content of the 

sediment was calculated by substracting TOC from TC. Precision and accuracy of the 

TOC, TIC, TS and TN were better than 3%. 

CRS was extracted for concentration and isotopic measurements according to a 



  

 

modified version of the Cr-reduction method (Canfield et al., 1986). The extraction of 

the CRS from the sediment was done at SCSIO, CAS. Measurement reproducibility of 

the CRS contents was better than 2%. For isotopic measurements at the Louisiana 

State University (LSU), about 2 mg Ag2S and 1 – 2 mg V2O5 (as a catalyst) were 

added to the sediment into a small tin boat, converted to SO2 at 980 °C with an 

Elemental Analyzer (EA), and a continuous flow model was used to carry out the 

sulfur isotope test in the Thermo-Electron Delta V Plus Advantage mass spectrometer. 

The standard deviation of the δ
34

S analysis is ± 0.2‰, and the results are normalized 

to the VCDT standard. 

Grain-size composition was determined at a 5-cm depth resolution along studied 

sediment cores using a MASTERSIZE 2000 Laser Particle Size Analyzer at SCSIO, 

CAS, after removal of organic matter and carbonate with 10% H2O2 and 10% v/v HCl, 

respectively. Prior to analysis, a solution of 0.05 mol/l sodium metaphosphate was 

also added to prevent aggregation of fine particles. The relative error on grain-size 

measurements inferred from duplicate analyses was less than 2%. 

Carbonate-free sediment samples were analyzed for carbon and sulfur isotopic 

analyses at the LSU. Approximately 0.2 g of sediment were treated with 2mol/L HCl 

in an ultrasonic oscillator, and the obtained residues were rinsed with deionized water. 

Measured δ
13

C and δ
34

S compositions are expressed relative to the VPDB and VCDT 

standards, respectively. The analytical accuracy on δ
13

C and δ
34

S measurements were 

better than 0.1‰ and 0.2‰, respectively. 

For carbon and oxygen isotopic measurements of TIC, sediment samples were 



  

 

allowed to react with phosphoric acid. The resulting CO2 was imported into a 

MAT253-Gasbench mass spectrometer for analysis at the LSU. All results are 

expressed relative to the VPDB standard, with an analytical accuracy on both δ
13

C 

and δ
18

O better than 0.1‰. 

 

3. Results 

3.1. Ion concentration of pore water and bulk CNS contents of sediment 

The data are given in Supplementary Tables 1-4. The dissolved SO4
2-

, Ca
2+

, Mg
2+

 

concentrations in the three cores, and DIC concentration and δ
13

CDIC of QDN-14A 

and -14B are shown in Fig. 2A (the data of QDN-14A and QDN-14B are from Hu et 

al., in revision). Sediment core profiles of TOC, TIC, TN and TS contents are plotted 

in Fig. 2B. 

The average TOC contents of the three sediment cores are similar. TOC contents 

for core QDN-14A, QDN-14B and QDN-31 range from 0.51 to 0.88 wt.% (0.70 wt.% 

on average; N=42), 0.18 to 1.40 wt.% (mean 0.85 wt.%; N=67) and 0.47 to 1.20 wt.% 

(mean 0.87 wt.%; N=38), respectively. 

The TIC contents of the three studied cores also display a similar trend downcore, 

starting from relatively high values (~3 wt.%) in sub-surface sediments, followed by a 

drop towards lower values (~1 wt.%) and further increase with sediment depth. TIC 

content for core QDN-14A, QDN-14B and QDN-31 ranges from 0.29 to 3.69 wt.%, 

0.57 to 3.74 wt.% and 0.66 to 3.58 wt.%, respectively. 

The downcore evolution of TN and TS contents in the three cores display 



  

 

different patterns, especially between 250 cm and 430 cm depth, which could relate to 

differences in grain size (see Fig. 4). Compared to core QDN-31, TN values in core 

QDN-14A and core QDN-14B are significantly reduced in this sediment interval 

while TS displays an opposite trend. 

The C/N molar ratios show little variation downcore except for a few samples 

between 405 and 425 cm, but S/C ratios in the three cores markedly differ. The S/C 

ratio of core QDN-14A and core QDN-14B is much higher than in core QDN-31, 

especially between 260 cm and 525 cm. 

 

3.2. Chromium reducible sulfur (CRS) and δ
34

SCRS 

The depth profiles for CRS concentrations in core QDN-14B and core QDN-31 

and associated sulfur isotopic compositions are shown in Fig. 3. CRS concentrations 

vary from 0.07 wt.% to 0.99 wt.% in core QDN-14B (the maximum value being 

encountered in the 390–410 cm depth interval) and from 0.01 wt.% to 0.45 wt.% in 

core QDN-31. The δ
34

SCRS display large variability in core QDN-14B, with values 

ranging from -30.6‰ to 5.4‰ (the highest δ
34

SCRS being observed at 525 cm depth). 

In contrast, the δ
34

SCRS fluctuate between -46.6‰ to -28.6‰ in core QDN-31. 

 

3.3. Median particle diameter 

The depth profiles for the median particle diameter of sediments in core 

QDN-14B and core QDN-31 are shown in Fig. 4. The median particle diameter of 

core QDN-31 remains essentially constant with an average value of 7.6 μm. However, 



  

 

the median particle diameter of sediments in core QDN-14B shows dramatic changes 

between 300 cm and 450 cm with values up to of 82 μm, which clearly indicate the 

presence of coarse-grained particles. 

 

3.4. Acid-insoluble C, S isotope 

The isotopic compositions of the acid-insoluble residual carbon (i.e. the organic 

carbon fraction) and sulfur of sediments from cores QDN-14B and QDN-31 are 

shown in Fig. 5. Core QDN-31 displays relatively constant δ
13

C values, while core 

QDN-14B is characterized by an excursion towards low δ
13

C values between 245 cm 

and 425 cm depth (as low as -25.9‰ at 405 cm). 

The sulfur isotopic composition of acid-insoluble sulfides and CRS both show 

similar trends (Figs. 3B and 5B), indicating that the TS signal in the sediment is 

mainly derived from solid iron sulfide phases. The δ
34

Sacid-insoluble of sediments in core 

QDN-14B display positive values between 485 cm and 525 cm depth, while the 

δ
34

Sacid-insoluble of sediments in core QDN-31 remains low along the entire sediment 

core. 

 

3.7. Inorganic C, O isotopes of core QDN-14A 

The δ
13

CTIC values vary greatly from -10.3‰ to 0.4‰, and the most negative 

value appears at 285 cm (Fig. 6A). The δ
18

OTIC values vary from -3.0‰ to 0.6‰. 

 



  

 

4. Discussion 

4.1. Evidence for present and past methane release events (MREs) 

Based on the geochemical characteristics reported above for the studied sediment 

cores, three particular sediment horizons can be identified, which we presumably 

attribute to present and past sedimentary markers associated with the circulation of 

methane-rich fluids in the sediment. Below, we discuss each of these three distinct 

sediment layers, which we refer to as indicators of methane release events (MREs). 

MRE 1: In the upper part of the sediment, methane reacts with sulfate, at the 

modern SMTZ located at about 300 cm depth. The benthic dissolve methane fluxes 

were 62 mmol m
−2

 yr
−1

 and 4.0 mmol m
−2

 yr
−1

 at sites QDN-14A and QDN-14B, 

respectively (Hu et al., 2018). The position of the SMTZ can be also inferred from 

pore water sulfate and DIC concentrations, as well as with the occurrence of negative 

δ
13

CDIC values (Figs. 2A and 6A). In core QDN-14A, this sedimentary horizon is 

associated with low δ
13

CTIC values (between -10.3‰ to -7.3‰; Fig. 6A), lower than 

that of normal marine carbonates (about 0, Whiticar, 1999). In this study, the 

measurement of carbonate δ
13

CTIC values of bulk sediments suggests that they most 

likely represent a mixture between biogenic carbonate material (composed of benthic 

and planktonic foraminifera shells, -0.2‰ < δ
13

CTIC < 1.7‰. Fig. 6B; Ye et al., 2004; 

Wang et al., 2014) and methane-derived authigenic carbonate phases (δ
13

CTIC < 

-10.3‰). It is worth noting that the oxygen isotopes are correspondingly positive at 

this horizon, probably reflecting the destabilization of gas hydrates, which are 

particularly abundant (Liang et al., 2017). 



  

 

MRE 2: This interval corresponds to the sediment layer between 380 cm and 410 

cm, which we interpret as a paleo-SMTZ horizon. In suboxic marine sediments, 

sulfate reduction related to organic matter remineralization generally releases 

hydrogen sulfide into the pore water (Berner, 1970, 1984). In these settings, reduced 

sulfur and organic carbon contents typically show a positive correlation with an 

average S/C ratio of 0.36 (Berner, 1982). In contrast, in methane-rich environments, 

AOM dominates sulfate reduction and generate excess HS
-
 at the depth of the SMTZ, 

leading to both precipitation of solid sulfide phases such as pyrite (CRS; Fig. 3A) and 

increase of bulk sediment S/C ratios (Fig. 2B). This process has been well studied in 

the Nankai Trough and northern SCS (Lim et al., 2011; Sato et al., 2012; Li et al., 

2016). By analogy, the high S/C ratios encountered in this sediment interval of core 

QDN-14B most likely indicate that they correspond to fossil horizon of a 

methane-rich environment. 

MRE 3: This interval corresponds to the sediment layer between 485 cm and 525 

cm depth, characterized by particularly high δ
34

S values. In the near seafloor 

environment, the sulfur isotopic difference between dissolved sulfate and sulfide 

compounds is generally large (40–65‰; Böttcher et al., 2004; Jørgensen et al., 2004). 

However, the conversion process of hydrogen sulfide in pore water into pyrite only 

produces very small isotope fractionation (~ 1‰; Wilkin and Barnes, 1996). The 

sulfur isotope value of CRS can be taken, to a first approximation, as a reliable 

estimate for the δ
34

S signature of the hydrogen sulfide from which precipitated from 

in the pore water. Compared to the reference core, the δ
34

SCRS values in core 



  

 

QDN-14B are much higher in this particular sediment interval (i.e. up 5.4‰ at 525 cm 

depth, hence about 50‰ heavier than corresponding values in QDN-31; Fig. 3B), 

hence reflecting an isotopically enriched hydrogen sulfide of pore waters at the time 

of formation, most likely through AOM (Borowski et al., 2013). 

 

4.2. The utility of AOM-related indicators in cold seep sediments and implication for 

methane seepage dynamics 

In the above discussion, we showed that the presence of both present and former 

AOM horizons in the sediment, which we refer to as MREs, can be inferred from the 

use of distinct carbon- and sulfur-based proxies. Previous studies have shown that 

methane flux and the duration of fluid seepage were the two most important factors 

affecting bulk sediment geochemical characteristics at cold seeps (Luff and Wallmann, 

2003; Luff et al., 2004; Wankel et al., 2010; Coffin et al., 2014; Hiruta et al., 2016). 

The preservation of the geochemical signals in marine sediment are highly dependent 

on changing physical, chemical and biological conditions in fluid seepage areas 

(Greinert, 2008; Solomon et al., 2008; Schneider von Deimling et al., 2011). 

One striking particularity at cold seep settings is the precipitation of 

methane-derived carbonate phases characterized by extremely negative δ
13

CTIC 

signatures (Han et al., 2008; Feng et al., 2015b). However, authigenic carbonates can 

only precipitate under particular conditions: carbonate precipitation being most 

effective under conditions of sustained intermediate methane flow rates over several 

thousands of years. In contrast, formation of authigenic carbonate phases is strongly 



  

 

inhibited when methane fluxes are too low and too high (Luff and Wallmann, 2003; 

Luff et al., 2004; Karaca et al., 2010). In addition to methane flux, dissolved methane 

concentrations, bioturbation and sedimentation rates are also likely to influence 

carbonate precipitation in cold seep sediments (Luff et al., 2004; Bayon et al., 2007, 

Li et al., 2016). 

The application of sulfur isotopes to sedimentary pyrite in cold seep settings is 

being increasingly used for providing constraints sulfur biogeochemical processes 

(Jørgensen et al., 2004; Li et al., 2016; Lin Z. et al., 2016), but their interpretation 

remains complex due to large fractionation factors (Bottrell et al., 2009; Borowski et 

al., 2013). In seawater, the δ
34

S composition of dissolved sulfate is about 21‰, while 

microbial sulfate reduction can result in an isotopic fractionation of up to 60‰ 

(Jørgensen et al., 2004). Modern marine sediment can be viewed as open systems, but 

this is generally not the case for the deeper sediment column (Jørgensen et al., 2004; 

Peketi et al., 2012). There is a general relationship with the depth of the SMTZ and 

methane fluxes in marine sediments (Borowski et al., 1996). In environments 

characterized by low methane fluxes, the SMTZ is located deeper in the sediment 

column, with more restricted inputs from downward diffusing sulfate. In these 

environments, the sulfate replenishment rate from the above sub-surface sediment 

layers is generally lower than sulfate consumption rate at the SMTZ (Lin Q. et al., 

2016). This effect can result in residual dissolved sulfate and associated hydrogen 

sulfide being characterized by a shift toward heavier sulfur isotopic compositions 

(Borowski et al., 1996; Jørgensen et al., 2004; Jørgensen and Parkes, 2010; Peketi et 



  

 

al., 2012, 2015). In contrast, in areas of high methane fluxes, the SMTZ is generally 

located in the near seafloor environment, where sulfate in pore waters can be 

replenished much more efficiently than in at deeper sediment depths. Under such 

conditions, the Rayleigh fractionation effect decreases and result in pyrite displaying 

relatively more depleted sulfur isotopic signatures (Peketi et al., 2012, 2015; Li et al., 

2016; Lin Z. et al., 2016). 

In addition to the sulfur isotopic composition of pyrite, the abundance of pyrite 

in the sediment can also provide useful information. In sediments, sulfide 

mineralization is an accumulative process (Borowski et al., 1996; Niewohner et al., 

1998; Jørgensen et al., 2004). The content of solid sulfide phases in sediments is 

dependent on a variety of factors, such as the rate of hydrogen sulfide diffusion and 

the supply of reactive iron, as well as sedimentation rates (Borowski et al., 2013). 

Under the particular conditions of slow rates of hydrogen sulfide diffusion and 

efficient supply of reactive iron supply, the sedimentary CRS content can significantly 

increase (Li et al., 2016; Lin Z. et al., 2016). 

Previous studies have suggested that AOM processes could simultaneously 

influence of the abundance of solid sulfide phases in sediments and their sulfur 

isotopic composition (Li et al., 2016). Strikingly, however, our results show that bulk 

sediment sulfide contents can be decoupled from the δ
34

S profile at the studied site, 

with the highest sulfide contents (MRE 2) and the most positive value of δ
34

SCRS 

(MRE 3) being encountered at different sediment depths. In fact, this observation has 

been already reported in previous studies (Jørgensen et al., 2004; Borowski et al., 



  

 

2013). The abundance of sulfide minerals in sediments can be affected by a number of 

factors (Borowski et al., 1996; Niewohner et al., 1998), in particular by changes in 

methane flux (Jørgensen et al., 2004). As shown above based on sulfur isotopes, the 

methane flux associated with the formation of MRE 3 was probably lower than for 

MRE 2. Meanwhile, we propose that the duration of MRE 3 was probably not long 

enough for a stable pyrite pool to form. Compared to MRE 3, the methane flux 

associated with MRE 2 was probably much higher, and presumably took place over a 

longer period of time. This hypothesis would explain the occurrence of high CRS 

contents in the sediment, but without any particular shift in heavier δ
34

SCRS signatures 

during MRE 2. 

Another interesting feature of our results is the carbon isotopic excursion of 

organic carbon towards negative values at about 405 cm (MRE 2), with a minimum 

value of -25.9‰ of sediments from core QDN-14B (Fig. 5). Early diagenetic 

processes and carbon sources are the two main factors controlling the organic δ
13

C 

isotopic composition in marine sediments (Lehmann et al., 2002). From the seafloor 

to the methane diffusion boundary, the δ
13

Corganic carbon values in sediments usually 

display a shift towards more low signatures with increasing sediment depth (Lehmann 

et al., 2002), mostly because of the preferential degradation during early diagenesis of 

organic compounds characterized by heavier isotopic compositions  (proteins and 

carbohydrates), which can result in a 2‰ shift of δ
13

Corganic carbon (Kvenvolden, 1988; 

Borowski et al., 1996; Meyers, 1997; Freudenthal et al., 2001; Jørgensen et al., 2001; 

Lehmann et al., 2002). In normal marine environments (i.e. in areas not affected by 



  

 

methane seepage), organic matter mainly derives from both terrigenous and marine 

sources. The C/N molar ratio of studied sediments suggest that organic matter in the 

study area mainly originates from marine sources. However, MRE 2 is characterized 

by anomalously high bulk sediment C/N values, which, taken with evidence for 

coarser particle size (Figs. 2 and 4), point towards the presence of coarse-grained 

terrigenous organic matter in this particular sediment interval (Fig.4). While δ
13

C 

organic display near constant values over much of core QDN-31, with an average 

value (-21‰) typical of marine organic matter (-22 to -20‰, Meyers, 1994; Ogrinc et 

al., 2005), the δ
13

Corganic carbon values in core QDN-14B strongly fluctuate between 345 

cm and 425 cm (with values as low as -25.9‰ at 405 cm depth). The δ
13

Corganic carbon 

difference between the two cores reaches almost 5‰, and the effect of diagenetic 

processes is unlikely to reach this extent. Compared to the typical δ
13

Corg composition 

of marine sediments, the δ
13

Corg signature of terrigenous organic matter is 

comparatively often low (-27‰, Meyers, 1997). Although further investigation is 

needed, we propose that the excursions towards lighter organic carbon isotopic 

signatures in core QDN-14B reflect localized input of terrigenous sediments. 

Based on results from previous studies and our own findings, we summarize the 

combined effects of methane flux and duration of the three methane release events in 

the study area (Fig. 7). Cold seep activity is associated with changes in both methane 

flux and duration of fluid seepage, and this can significantly affect both carbon and 

sulfur biogeochemical cycling and cause a large range of associated geochemical 

indicators in the sediment. The combination of multiple geochemical indicators for 



  

 

carbon and sulfur cycling at cold seeps is required for a detailed and thorough 

assessment of methane seepage dynamics. 

 

5. Conclusion 

The sediments collected from the Haima methane seep area of the South China Sea 

and corresponding geochemical characteristics, provided information on the 

site-specific evolution of methane seepage dynamics and associated biogeochemical 

processes. According to the lines of evidence described above, three methane release 

events (MREs) were recognized: MRE 1, 260 – 300 cm, which corresponds to the 

longest and most recent period of anaerobic oxidation of methane, associated with 

high TS contents and precipitation of carbonate phases having depleted carbon 

isotopic signatures; MRE 2, 380 – 420 cm, which corresponds to a former SMTZ 

associated with high TS and CRS contents probably indicative of a relatively long 

duration of methane release and high methane flux; and MRE 3, 480 – 520 cm, which 

correspond to another fossil SMTZ horizon, probably related, as inferred from sulfur 

isotopic composition of sulfide phases, to a short period of methane seepage activity 

and relatively low methane flux. Overall, this study reveals that the combined 

application of carbon and sulfur isotopes to cold seep sediments have the potential for 

reconstructing the temporal variation of methane flux and associated biogeochemical 

processes. An integrated use of various geochemical indicators can ensure complete 

recognition of individual events of intense anaerobic oxidation of methane (or 

methane release events) related to cold seep activity. 
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Figure captions 

Figure 1. Map showing the location of the sediment cores collected for this study 

(modified from Liang et al., 2017). 

Figure 2. (A) Depth profiles of pore water SO4
2-

, Mg
2+

, Ca
2+

, DIC concentrations and 

δ
13

CDIC values of the three cores (Data of QDN-14A and QDN-14B are from Hu et 

al., 2018); (B) Depth profiles of sediment total organic carbon (TOC), total 

inorganic carbon (TIC), total nitrogen (TN) and total sulfur (TS) in the three cores. 

The carbon/nitrogen (C/N) molar ratios and carbon/sulfur (C/S) ratios are also 

shown. Shaded horizontal bars indicate events of methane seepage. 

Figure 3. (A) Depth distribution of chromium reducible sulfur (CRS; A) and its sulfur 

isotopic composition (δ
34

SCRS; B). Shaded horizontal bars indicate events of 

methane seepage. 

Figure 4. Depth profiles of the median particle diameter for core QDN-14B and 

QDN-31. 

Figure 5. (A) Depth profiles of sediment acid-insoluble sediments carbon (δ
13

Corganic 

carbon; A) and sulfur (δ
34

Sacid-insoluble; B) isotopic composition of the Core QDN-14B 

and QDN-31. Shaded horizontal bars indicate events of methane seepage. 

Figure 6. (A) The carbon and oxygen isotope compositions of dissolved inorganic 

carbon in the bulk sediment of the core QDN-14A. Shaded horizontal bars 

indicate events of methane seepage. (B) Plot showing the correlation of the carbon 

and oxygen isotope compositions of dissolved inorganic carbon in the bulk 

sediment core QDN-14A. Shaded horizontal bars indicate δ
13

C and δ
18

O data of 



  

 

planktonic foraminifera gained from sediments of northern South China Sea (Ye et 

al., 2004; Wang et al., 2014). 

Figure 7. Conceptual model showing the utility of geochemical indicators of 

sediments with different methane flux and duration, in which the location of 

SMTZ represents the position where AOM action occurred at that time. MRE 1: 

this event of methane seepage is persistent and under intermediate to high 

methane flux. Therefore, the authigenic carbonates precipitated, resulting in low 

δ
13

CTIC value, while Fe combined with hydrogen sulfide that generated through 

AOM and formed pyrite, which causes the TS-rich level; MRE 2: the methane 

flux of this event is high, which cause the SMTZ is very shallow. Meanwhile, 

relative long-term seepage lead to the HS
-
 generated and accordingly the 

accumulation of sulfide; MRE 3: the methane flux of this event is low, thus the 

methane reacts with sulfate in the deep part of the sediment, and the depth of 

SMTZ is accordingly deeper. During this event, methane is continuously 

anaerobic oxidized by sulfate, the residual sulfate after the previous AOM process 

can be re-reduced so that the pyrite inherits the relatively positive isotopic 

characteristic. Arrow sizes are proportional to downward sulfate and upward 

methane fluxes. SWI: sediment-water interface; SMTZ: sulfate-methane transition 

zone. 

 

Table captions 

Table S1. Depth distribution of pore water SO4
2-

, Mg
2+

, Ca
2+

 concentrations of the 



  

 

reference site (QDN-31). 

Table S2. Depth distribution of total organic carbon (TOC), total inorganic carbon 

(TIC), total nitrogen (TN) and total sulfur (TS) expressed in weight percent (wt.%) 

of the core QDN-14A, QDN-14B, and QDN31. Also shown are carbon/nitrogen 

(C/N) molar ratios and carbon/sulfur (C/S) ratios. 

Table S3. Depth distribution of chromium reducible sulfur (CRS) and its sulfur 

isotopic composition (δ
34

SCRS), median particle diameter, δ
13

Corganic carbon and 

δ
34

Sacid-insoluble of sediment after acid soluble of the core QDN-14B and QDN-31. 

Table S4. The carbon and oxygen isotopic compositions of dissolved inorganic 

carbon in the bulk sediment of the core QDN-14A. 

 

 

  



  

 

 

 

 

 

 

  



  

 

 

 

 

 

 

 

 

 



  

 

 

 

 



  

 

 

 

 

 

 

 



  

 

 

 

 

  



  

 

 

 

Highlights 

 Sediments from Haima cold seeps have variable compositions. 

 AOM caused high δ
34

SCRS and low δ
13

CTIC values, and high CRS contents. 

 AOM indicators of sediments are variable under variable methane flux and 

duration. 

 Three methane release events were identified in the seep site. 
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