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Cold seep, characterized by active material circulation and methane seepage, is of great importance to reconstruct the paleo-marine environment and trace the origin of life and the occurrence of minerals. Southern South China Sea (SCS) with ample oil and gas resources is an ideal platform for cold seep study, but information and researches on cold seeps here are rather deficient. We studied the geochemical characteristics of sediment cores and pore water combined with seismic profile information in the Beikang Basin, aiming to further understand the nature of cold seeps in this area. Results show the extremely low δ 13CDIC of pore water in each core and we also found sulfate content decreases with depth, the high content of inorganic carbon (DIC) and the corresponding minimumδ 13CDIC in pore water, the kink-type depth profiles of Sr, Ba and Ni enrichment factors and Sr/Mg in the sediments of BH-CL37, the reducing sedimentary environment constrained by the features of Mo, U and REE. The extremely negative δ 13CDIC in the pore water of the sediment cores indicates strong AOM effect in cold seeps and the main biogenic origin of methane. The SO42- depth variation trends of pore water, the high DIC content and the lowest value of δ 13CDIC can define the approximate SMTZ depth of each sediment core effectively. We thought that fluid fluxes and tectonic settings greatly influence the sedimentary environment and geochemistry, leading to the manifest regional differences in the properties and activities of cold seeps. This study of cold seep in southern SCS proves the variation of cold seep in time and space, stressing the necessity of further region-specific analysis towards different cold seeps; and the complex conditions of SCS do function well in offering multiple types of cold seeps.
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1 Introduction

Cold seep commonly occurs along the continental margin, which is generated by the concentrated upward migration of dissolved hydrocarbons and/or gaseous hydrocarbons (mainly methane) (e.g. Suess, 2014; Wan et al., 2020), and functions effectively in the element circulation (Tribovillard et al., 2013; Feng D. et al., 2018; Smrzka et al., 2020). Additionally, cold seep often nurtures a unique ecosystem with a series of typical biochemical reactions (Levin, 2005; Levin and Sibuet, 2012). Cold seep is closely related to natural gas hydrate (Ingram et al., 2016; Hu et al., 2018).

Anaerobic oxidation of methane (AOM) is an important biochemical reaction in cold seep (Reeburgh, 2007; Boetius and Wenzhöfer, 2013), mainly occurring in the sulfate methane transition zone (SMTZ), carried out by a combination of anaerobic methane-oxidizing archaea and sulfate-reducing bacteria (Boetius et al., 2000; Orphan et al., 2001). AOM can generate carbonate and hydrogen sulfide and then increase the alkalinity in the surroundings, which further promotes the precipitation of some authigenic minerals, such as authigenic carbonates and pyrites etc. (Suess, 2014; Lin Q. et al., 2016; Feng D. et al., 2018). Studies on biochemistry of sediments, pore water and authigenic minerals in cold seeps can reveal the nature and history of cold seep. Sediment pore waters can offer information of modern cold seep on a short timescale of days to months (Hu et al., 2015; Feng J. et al., 2018), while sediment cores can be used as a continuous record to reconstruct the evolution of cold seep on much longer timescales (Bayon et al., 2007; Peketi et al., 2015; Li et al., 2018). In addition, authigenic minerals precipitated in cold seep sediments at a specific depth (usually SMTZ) effectively archive the formation conditions and even the dynamics of gas hydrate reservoirs (Tong et al., 2013; Bayon et al., 2015; Wang et al., 2015; Crémière et al., 2016; Liang et al., 2017).

Researches on cold seep in South China Sea (SCS) have gained increasing concern in decades and many samples such as authigenic carbonate, mussels, sediments and pore water, from more than 40 seepage in SCS have been studied so far (Feng D. et al., 2018). However, those studies mostly focused on northern SCS, which has greatly furthered the understanding of the cold seep system of northern SCS, including the fluid source and evolution etc. of cold seeps (Feng and Chen, 2015; Liang et al., 2017; Feng D. et al., 2018). In contrast, few studies have been carried out on the activities of cold seeps in southern SCS. The trough areas such as Zengmu, Wan’ an, Nanwei, Nansha and Beikang in southern SCS are reported to store rich hydrocarbon gas and gas hydrate resources, and southern SCS has tectonic environment conducive to the migration of hydrocarbon-rich fluids and extensive methane outlets (Zhu et al., 2001; Wang et al., 2006; Yao, 2007; Zhang et al., 2010; Liu et al., 2011; Trung, 2012; Wei et al., 2012). In the Beikang Basin, some evidences that may indicate existence of cold seeps have been found, including some geophysical features (such as BSR) and authigenic minerals (such as authigenic pyrite) (Figure 1) (Wang et al., 2003; Su et al., 2005; Chen et al., 2009; Chen Z. et al., 2010; Liu et al., 2011). Nonetheless, till now there are only two studies focusing on the activities of cold seeps in the Beikang Basin (Yao, 2007; Li et al., 2018; Feng J. et al., 2018), their studies showed that the sulfate-methane transition zones (SMTZ) of the four sites are between 5.3 and 8.8 mbsf and the dissolved   was predominantly consumed by the anaerobic oxidation of methane (AOM) at rates between 27 and 44 mmol m−2yr−1 only by geochemical characteristics and model of porewater near our study area in the Beikang Basin(Feng J. et al., 2018). The cold seep system and its impact on the surroundings in the Beikang Basin remain vague.




Figure 1 | Map of the regional tectonic and sampling site locations in the Beikang basin.



In this paper, to further understand the cold seep system of southern SCS, combining the data of sediment and pore water, we studied the geochemical characteristics of pore water (concentration of Ca2+, Mg2+, Cl- and  , dissolved inorganic carbon (DIC) and δ13CDIC) and core sediments (mineralogy, total organic carbon (TOC), δ13CTOC, δ13CTIC, δ18OTIC and element contents). Moreover, the S isotope values of tubular pyrites in the sediments were analyzed to reveal the effects of cold seep activity on pyrite precipitation to a certain extent.




2 Geological settings

Located at the intersection of the Eurasian, the Pacific and the Indo-Australian plate, the South China Sea (SCS) is in complex tectonic conditions controlled by the interaction among different plates (Morley, 2012), with an average water depth of 1212 m and a total area of 350×104 km2. The SCS is topographically tilted from the periphery to the center, broad in the north and south, narrow in the west and east. Diverse landscapes such as platforms, plateaus, troughs, valleys and reefs have well been developed in southern SCS. The sedimentary thickness of greater than 500 m with the maximum over 10000 m, is favorable for the accumulation of sediments and the preservation of organic matter. Additionally, abundant resources of oil, gas and natural gas hydrate have been discovered in southern SCS (Fu, 2007). Gas hydrate stability zone thinned during the Last Glacial Maximum (LGM) can exhale plenty of methane, possibly promoting the formation and development of cold seeps in southern SCS (Wang et al., 2005; Yan et al., 2018).

The Beikang Basin is a Cenozoic flexural - extensional passive marginal basin in the middle of Nansha area, southern SCS (Xie et al., 2011). Its sedimentary evolution can be divided into three periods: Paleocene-Middle Eocene rift stage, Late Eocene-Middle Miocene depression stage and Late Miocene-Quaternary regional subsidence stage (Feng J. et al., 2018). Since the Palaeocene, the sedimentary environment of the Beikang Basin has gradually changed from lacustrine and littoral-neritic to a bathyal and abyssal environment (Feng J. et al., 2018). Abundant oil and gas resources have been found in the Beikang Basin. The high sedimentation rate, the deposition thickness up to 13 km and geologic structures like a large number of well-developed faults, mud diapirs and folds favoured for fluid migration, provide environment and conditions conductive to the production of oil and gas, the formation of natural gas hydrate and the migration and release of hydrocarbon (Li et al., 2018; Feng J. et al., 2018). The average value of heat flow in the Beikang Basin is 76. 8 ± 21.7 mW/m2, which is generally higher than that of the northern SCS (Chen et al., 2017). In addition, the discovery of BSR further indicates a good potential of gas hydrate occurrences in this area.

Figures 2A, B are seismic profiles of the study area. BH-CL37 and BH-CL37A show obvious diapirs as the source of cold seep fluids, both of which are located on the same side of the fluid source, and the latter is closer to the source. There is an apparent convex phenomenon in the deep seismic profile of BH-CL37A, indicating rich fluid sources. Moreover, evident fractures, faults and other favorable fluid migration channels under the sedimentary column are present.




Figure 2 | Seismic profiles of sampling sites in this study. (A) Seismic profile of BH-CL37, weak continuity of BSR, fault, enhanced reflection and seafloor dome; (B) Seismic profile of BH-CL32A, discontinuous BSR, fault, enhanced reflection and gas leakage on the seafloor.






3 Materials and methods

The samples studied in this paper are sediment cores (BH-CL37, BH-CL37A, BH-CL32A and BH-CL46A) collected by Guangzhou Marine Geological Survey in the Beikang Basin, southern SCS, through Haiyang IV in 2019 (Figure 1 and Table 1). Ten cm of cores were sampled at every fifty cm, and corresponding pore water was extracted from each interval. The sediments were freezed-dried, and portions were ground to powder with an agate mortar for subsequent geochemical analysis.


Table 1 | Details of the study sites.





3.1 Pore water

Anions (Cl-,  ) and cations (Ca2+, Mg2+) of pore water were measured after dilutions of 500 times with ultra-pure water by DIONEX ICS-5000 and DIONEX ICS-900 ion chromatographs respectively, with RSDs less than 3% completed at the Sun Yat-sen University Instrumental Analysis and Research Center.

In order to calculate the diffused sulfate flux, we assumed a steady-state condition and use Fick’s first law (Eq. (1),(2)) for calculation:

 

 

Where J represents the diffusion flux of sulfate (mol m-2 yr -1) and φ represents porosity (here we assume that the porosity of sediments is 75%, Feng J. et al., 2018), D0 is the diffusion coefficient of seawater (m2 s-1) (Boudreau, 1997), DS is the diffusion coefficient of sediment (m2 s-1), C is the concentration of sulfate (mmol L-1), X is the depth of sediment (m).

The contents of DIC and stable carbon isotopes in pore water were measured by a MAT253-Gasbench mass spectrometer in Beijing Createch Testing Technology Co., Ltd. 0.2 mL pore water was treated with pure H3PO4 in a glass vial of 25 °C, and the resulting CO2 was transported by He to the mass spectrometer. The results were given in the standard δ-notation in per mil (‰) relative to the Vienna Peedee Belemnite Standard (V-PDB). δ13C analysis precision is better than 0.1‰ V-PDB; The accuracy of DIC concentration analysis is better than 2%.




3.2 Sediments

The X-ray Diffraction (XRD) test of the samples was carried out at the Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering, using a DMAX Rapid II Diffraction system (Mo Kα radiation) manufactured by Rigaku, Japan, with a working voltage of 50 kV and a current size of 30 mA. The diameter of the collimator (incident line spot) is 0.1 mm and the exposure time of each test is 10 minutes. Diffraction data were documented as two-dimensional images and then transformed into 2θ-intensity patterns by Rigaku’s 2DP software.

The analyses of major and trace elements in sediments were carried out in the laboratory of Wuhan SampleSolution Analytical Technology Co., Ltd, Wuhan, China. The major elements were tested by Primus, Rigaku, Japan X-ray Fluorescence (XRF) and the Agilent 7700e ICP-MS was used for testing the trace elements. Detailed sample digestion process was described in Yang et al. (2019). The measurement precision of major elements of whole rocks is 2% and accuracy is 5%.The precision of trace element tests is 5% and the accuracy is 10%.

The total organic carbon (TOC) and δ13CTOC measurements were performed on an elemental analyzer manufactured by Thermoelectric Corporation of America combined with a MAT 253 plus in the laboratory of Beijing Createch Testing Technology Co., Ltd. Before TOC test, the samples were decalcified with 20% HCl for 12 h, washed with deionized water 5 times, and dried at 60 °C for 12 h. The carbon isotope analytical accuracy of the standard samples could reach 0.2 ‰ V-PDB.

Carbon and oxygen stable isotopic measurements of total inorganic carbon (TIC) in sediments were performed in the laboratory of Beijing Createch Testing Technology Co., Ltd., using the MAT253-Gas Bench Mass Spectrometer of American Thermoelectric Corporation. After the reaction of the sample and phosphoric acid, the generated CO2 was passed through a 70 °C fused silicon capillary column for impurity separation, and finally entered into a stable gas isotope mass spectrometer for measurements. The results of carbon and oxygen isotopes are all calibrated on VPDB standard, and the analytical accuracy of both δ13C and δ18O is better than 0.1‰ V-PDB.

The sediment samples were sifted and dried after washing by water, and tubular pyrites were sorted out under a stereomicroscope. 200 μg pyrite was weighed with a precision balance and put into a tin cup with 3 times of the combustion-supporting agent V2O5. The samples were put into the automatic sampler and combustioned rapidly and fully at 1020 °C to produce SO2 gas, which were then fed into the mass spectrometer by the He carrier gas through the splitter interface. The tests were carried out by MAT253 Plus stable isotope mass spectrometer combined with elemental analyzer (EA-IRMS). The international standard used was IAEA-S1 (Ag2S, δ34S=-0.30‰ V-CDT), and the analytical deviation is better than ±0.3‰. The sulfur isotopes were normalized to δ34S by Vienna Canyon Diablo Troilite (V-CDT): δ34S (‰, V-CDT) = [(34S/32S)sample/(34S/32S)V-CDT -1]*1000.





4 Results

BH-CL37, BH-CL37A and BH-CL32A display obvious methane leakage phenomenon, while BH-CL46A does not present significant methane leakage, which is used as the reference cores for the study of pore water in this paper.

BH-CL37, BH-CL37A and BH-CL32A core sediments are mainly gray-green silty clay, fine-grained. With the increasing depth, sediments show deeper color and stronger rotten egg smell interpreted as the apparent hydrogen sulfide contents; and deep asphalt gray organic interlayers are observed at the bottom of these cores.



4.1 Pore water



4.1.1 Main cations and anions of pore water

Cl- and Mg2+ in the pore water of BH-CL37, BH-CL37A, BH-CL32A and BH-CL46A generally fluctuate between 400-900 mmol/L and 28-65 mmol/L. Ca2+ and   in each sediment core show a decreasing trend with depth. These ions in BH-CL37 present high concentrations at the depth of 50-60 cmbsf (102.7 mmol/L Mg2+, 19.3 mmol/L Ca2+, 1143.3 mmol/L Cl-, 57.6 mmol/L  ) (Table 2).


Table 2 | Concentration of main ions, DIC and δ13CDIC in pore water.



In particular, Mg2+/Ca2+ ratios of BH-CL46A, BH-CL37A and BH-CL32A vary greatly and similarly (Figure 3), while Mg2+/Ca2+ ratios increase slowly with depth in a minor range in BH-CL37.




Figure 3 | Depth profiles of Mg2+/Cl-, Ca2+/Cl-,  /Cl- and Mg2+/Ca2+ ratios.



In BH-CL37, BH-CL37A and BH-CL32A cores, a quasi-linear decline of sulfate concentration can be observed among the depths of 350-600 cmbsf, 170-360 cmbsf and 350-540 cmbsf. Calculated sulfate fluxes of BH-CL37A and BH-CL32A are 110 mol m-2 yr -1, 135 mol m-2 yr -1 and 119 mol m-2 yr -1, respectively (Figure 4).




Figure 4 | Estimated SMTZ depth and methane diffusion flux for BH-CL37, BH-CL37A and BH-CL32A cores.






4.1.2 DIC and δ13CDIC of pore water

The δ13CDIC values of pore water in BH-CL46A show a slight decrease trend with the increase of depth, and the variation ranges are -40.73 - -16.70‰ V-PDB, -11.8 - -55.66‰ V-PDB and -40.57 - -21.24‰ V-PDB, respectively. The δ13CDIC values of BH-CL37, BH-CL37A and BH-CL32A are rather stable at the top section, and then decrease to the minimum values at 530-540 cmbsf, 290- 300 cmbsf and 470-480 cmbsf, respectively. There is a good correlation between the depth profiles of DIC and δ13CDIC (Figure 5). DIC concentrations of the pore water in BH-CL46A show a trend of slow increase with depth (1168-3356 μg/mL), while DIC concentration profiles of BH-CL37, BH-CL37A and BH-CL32A show more complicated trend (Figure 5).




Figure 5 | Depth profiles of DIC and δ13CDIC in pore water of each sediment core.







4.2 Sediments



4.2.1 XRD results of the sediments

The sediments of BH-CL37, BH-CL37A and BH-CL32A are mainly composed of quartz and clay minerals (such as illite and chlorite, etc). Some sediments at shallow intervals contain relatively abundant calcite (Figure 6).




Figure 6 | XRD results of the studied sediment cores. Shallow sediments show higher contents of calcite in each sediment core.






4.2.2 Major and trace elements in the sediments

The contents of some major elements in the sediments are shown in Table 3. Al contents of BH-CL37, BH-CL37A and BH-CL32A are in the range of 7.69-10.06% (9.00% on average), 7.90-9.61% (8.80% on average), 7.85-9.95% (9.26% on average) respectively. Al is used to standardize the major elements considering the variation of carbonate contents (Tribovillard et al., 2006; Tribovillard et al., 2013). Both Ca/Al and Mg/Al in each sediment core show a trend of first decreasing and finally stabilizing, and Mn/Al ratios shallower than 400 cmbsf obviously are lower in each sediment core. Ti/Al and Si/Al ratios fluctuate in a small range of 0.043-0.053 and 2.48-3.15 respectively, showing relatively constant values. Fe/Al ratios have no obvious trend with depth, ranging from 0.44 to 0.52 (Figure 7).


Table 3 | Concentration of some major elements in sediments.






Figure 7 | Images of the ratios of major elements to Al changing with depth.



The enrichment factor (EF) of the trace element in sediments was calculated by  , where X and Al refer to the element and Al content in the sample of the upper crust (McLennan, 2001), respectively. Enrichment factor can effectively evaluate the authigenic enrichment degree of trace elements (Tribovillard et al., 2006). In general, the enrichment factor greater than 1 indicates enrichment relative to the standard (the upper crust); EF greater than 3 indicates detectable enrichment; and EF greater than 10 indicates moderate to strong enrichment (Algeo and Tribovillard, 2009).


Table 4 | Concentration of some trace elements in sediments.



Trace elements (Table 4) such as Mo, U, Ni, V, Co, Zn are known as redox sensitive elements and Ba content can record the activity of paleo cold seep (Dickens, 2001; Castellini et al., 2006; Riedinger et al., 2006; Joseph et al., 2013). As shown in Figure 8, except for Mo, their enrichment factors basically decrease with depth at first and then tend to be stable, and their values in the shallow depths are bigger than 1. U first enriches in shallow depth, then decreases and finally tends to the equilibrium of 1 with depth in each sediment core. However, the variations of Mo enrichment factor are significantly different in the sediments: At BH-CL37, MoEF is generally less than 1, while the value as high as 12.4 suddenly appears between 350 cmbsf and 400 cmbsf; at BH-CL37A, MoEF decreases rapidly from a high value of 42.5 to a low value of about 1.4 with depth; At BH-CL32A, MoEF increases first and then decreases with depth, ranging from 0.8 to 44.8, and reaches the highest value at the depth of 410-420 cmbsf (Figure 8).




Figure 8 | Depth profiles of trace element enrichment factors. The shadow area denotes a kink-type feature.



The total rare earth element (REE) contents of BH-CL37, BH-CL37A and BH-CL32A sediments range from 153.91 μg/g to 190.11 μg/g, from 151.50 μg/g to 183.24 μg/g and from 153.91 μg/g to 196.63 μg/g, respectively, generally increasing with depth (Table 5).


Table 5 | Concentration of rare earth element in sediments.



The studied sediments show no Eu anomaly, while most samples show no Ce anomaly, and minor show negative Ce anomaly caused by La anomaly (Figures 9 and 10).




Figure 9 | REE+Y distribution curves of BH-CL37, BH-CL37A and BH-CL32A at different depths. They are characterized as enrichment of middle rare earth element (MREE) and Y without Ce and Eu anomalies.






Figure 10 | Ce/Ce* vs Pr/Pr* (Bau and Dulski, 1996; Shields and Webb, 2004) in the sediments. Zone I: no Ce and La anomaly; Zone II a: positive La anomaly, no Ce anomaly.






4.2.3 TOC and δ13CTOC in sediments

TOC of BH-CL37 varies from 0.66% to 1.30% with an average value of 0.89%. TOC of BH-CL37A varies from 0.75% to 1.02% with an average value of 0.84%. TOC of BH-CL32A ranges from 0.69% to 1.15% with an average value of about 0.86% (Table 6).


Table 6 | Data of TOC, δ13CTOC, δ13CTIC and δ18OTIC in sediments.



δ13CTOC values of BH-CL37 greatly fluctuate at the depth of 50-420 cmbsf with a range of -23.80‰ - -21.29‰ V-PDB, and then decrease slowly to a relatively stable value of -25.14‰ - -24.98‰ V-PDB from 530 cmbsf to 660 cmbsf with an overall mean of -23.62‰ V-PDB. δ13CTOC values of BH-CL37A decrease from -22.91‰ to -25.50‰ V-PDB in the depth range of 50-180 cmbsf, and then increase to -23.92‰ V-PDB with depth, finally tend to be stable gradually, with an overall mean value of -23.94‰ V-PDB. δ13CTOC of BH-CL32A is basically stable in the range of -22.41–21.70‰ V-PDB at the depth of 50-300cmbsf, then drops sharply to -25.88‰ V-PDB at the depth of 350-360cmbsf, and later remains relatively stable (-25.88–24.78‰ V-PDB) with an overall mean of -24.15‰ (Figure 11).




Figure 11 | Depth profiles of TOC and δ13CTOC in the sediments.






4.2.4 Carbon and oxygen isotope compositions of TIC in sediments

δ13CTIC values in BH-CL37, BH-CL37A and BH-CL32A are -14.15 - 0.98‰ V-PDB, -31.89 - -4.91‰ V-PDB and -29.11 - 1.26‰ V-PDB, respectively, and have minimum values at 590-600 cmbsf, 230-240 cmbsf and 410-420 cmbsf. δ18OTIC values of BH-CL37, BH-CL37A and BH-CL32A are -2.02 - 0.15‰, -0.33 - 1.94‰ and -2.51 - 0.68‰, respectively, which are similar to the results of Li et al. (2018) (Figure 12 and Table 6).




Figure 12 | Depth profiles of the δ18OTIC and δ13CTIC in the sediments. Oxygen isotopes are shown in blue and carbon isotopes in black.






4.2.5 Sulfur isotopes of tubular pyrites in sediments

The sulfur isotope values of pyrites in BH-CL37 sediments vary widely, ranging from -45.04‰ to 8.69‰ V-CDT. δ34S fluctuates slightly at shallow depth, reaching a relatively low value at 230-240 cmbsf and 350-360 cmbsf, and a maximum value at 470-480 cmbsf. The sulfur isotopes of pyrites in BH-CL37A range from -30.58‰ to -7.81‰ V-CDT. The sulfur isotopes of pyrites in BH-CL32A vary from -27.38‰ to -15.38‰ V-CDT (Figure 13 and Table 7).




Figure 13 | Depth profiles of sulfur isotopes of tubular pyrite in the sediment cores.




Table 7 | Results of sulfur isotopes of tubular pyrites in sediments.








5 Discussion



5.1 AOM signals in cold seeps.

Generally, DIC in pore water in marine sediments is mainly derived from (1) DIC from overlying seawater diffusing into sediments or DIC retained during burial (usually δ13CDIC=0 V-PDB); (2) DIC generated by degradation of organic matter; (3) DIC generated by AOM; (4) The residual DIC after methane formation (Feng D. et al., 2018; Feng J. et al., 2018). In cold seeps with active methane leakage, DIC generated by AOM often has extremely negative δ13C values (usually lower than -30‰ V-PDB, Borowski et al., 2000; Claypool et al., 2006). Strong negative δ13CDIC values in pore water are present at the bottom of BH-CL37, BH-CL37A and BH-CL32A cores (as low as -55–35‰ V-PDB, Figure 3). In addition, considering the low content of organic matter in the sediments and the δ13CTOC values that vary between -25.94‰ V-PDB and -21.29‰ V-PDB (Figure 5), we infer that methane is the main source of DIC through AOM.

There are two main sources of methane in marine sediments: biogenic methane and thermogenic methane, which have different δ13C characteristics. The δ13C values of biogenic methane generally range from -110‰ to -50‰ V-PDB (Whiticar, 1999), while the δ13C values of thermogenic methane are generally between -50‰ and -30‰ V-PDB (Sackett, 1978). Therefore, stable carbon isotopes are often used in the studies to trace the methane source in cold seeps (Feng D. et al., 2018). 13C isotopes of DIC in sediment pore water can well define the source of methane (Chen Y. et al., 2010; Wang et al., 2018). Previous studies have found that the carbon fractionation between methane and DIC generated by AOM is insignificant. However, due to various mixing of different DIC sources such as seawater and organic degradation, the δ13C of methane is about 10-20‰ V-PDB lighter than the δ13CDIC of pore water (Chen Y. et al., 2010; Feng J. et al., 2018), so the minimum value is usually used to constrain the main source of methane (Feng D. et al., 2018). The lowest δ13CDIC values of BH-CL37, BH-CL37A and BH-CL32A are lower than -44‰ V-PDB, indicating the microbial origin of methane in the shallow sediments of the study area. This result is consistent with that of biogenic methane obtained by Feng J. et al. (2018). Moreover, as shown in the seismic profiles of BH-CL37, BH-CL37A and BH-CL32A (Figure 2), there are obvious fluid migration channels below the sampling sites, indicating that the migration of deep fluid and thermogenic methane may play a crucial role in the sediment cores.

The sediment cores BH-CL46A show extremely negative δ13CDIC values as well, suggesting the abundant methane diffusion and biogenic methane. Additionally, their DIC contents increasing with depth are interpreted as the contribution of active biological reactions and methane derived from bottom (including thermogenic methane).

Based on the images of  /Cl- (Figure 3), we infer that the approximate SMTZ depths of BH-CL37, BH-CL37A and BH-CL32A are 590-600 cmbsf, 355 cmbsf and 535-595 cmbsf, respectively (Figure 3). Due to the intense AOM, DIC concentrations and carbon isotopic compositions of sediment pore water vary greatly in the SMTZ. The maximum DIC concentration with the corresponding minimum δ13CDIC value is an indicative parameter for the depth of SMTZ in cold seeps (Malinverno and Pohlman, 2011). Compared with the slow changing δ13CDIC values of BH-CL46A, the δ13CDIC depth profiles of BH-CL37, BH-CL37A and BH-CL32A all show sudden decreasing trend at a certain depth, which confirm the existence of active AOM process (Figure 5). From minimum δ13CDIC depth corresponding to the maximum DIC content of pore water, we infer that the SMTZ depth in each sediment core is 530-540 cmbsf for BH-CL37, 290-300 cmbsf for BH-CL37A, and 470-480 cmbsf for BH-CL32A. But for BH-CL32A site, there is a gap of 100cm between the depth of the maximum DIC concentration and the minimum δ13CDIC value. We think because the distance between our adjacent samples was 50cm, the accuracy was not high enough. So some key information may not be reconstructed. respectively, The depth of SMTZ is slightly shallower than the SMTZ illustrated by the minimum value of   in the depth profiles. Kim et al. (2011) explained that this deviation was related to methanogenesis reaction and other biochemical reactions in the shallow sediments. The steep reduction of Ca2+ and Mg2+ at these depths also denotes the saturation of DIC and probable precipitation of authigenic carbonates (Figure 3), confirming the strong AOM. Based on the extremely low δ13CDIC and positive S isotope values of the carbonates in the sediment cores, Li et al. (2018) defined the possible paleo SMTZ depths of 5.5-6.2 mbsf and 6.8-7.2 mbsf in the Beikang Basin; Feng J. et al. (2018) determined that the approximate SMTZ depth was between 5.3 mbsf and 8.8 mbsf by studying the chemical characteristics of pore water in the sediment cores in the Beikang Basin. These SMTZ depths are slightly deeper than the estimated SMTZ depths in our study area, indicating that the cold seeps studied here may have experienced more intense methane seepage activity.

In addition, considering the influence of active cold seep activity (deep fluid migration), the increase of Mg2+/Ca2+ in the deep sediments of BH-CL37A and BH-CL32A indicates strong carbonate precipitation (Figure 3). BH-CL37, which is relatively close to BH-CL37A, doesn’t show any similar trend, which may result from too small methane flux to induce manifest carbonate precipitation (Luff and Wallmann, 2003; Karaca et al., 2010). BH-CL46A shows high value of Mg2+/Ca2+ at the bottom, which may be affected by deep fluid environment or horizontal fluid intrusion.

Previous studies have shown steep linear sulfate gradients under high methane fluxes and strong AOM effects (Borowski et al., 1996; Borowski et al., 1999). Here, the theoretical SMTZ calculated based on the linear extension of   is approximately 589.4 cmbsf, 371.4 cmbsf and 564.4 cmbsf (Figure 4). These are very close to the depth our observed, indicating certain reliability of our calculation. Besides, considering that concentration of   at SMTZ is often not zero in reality, the gap between our theoretical and observed SMTZ is reasonable. Based on the 1:1 reaction relationship between   and CH4 in the AOM reaction and the low organic matter content in the sediments of the study area, we use the change of   to roughly define the methane diffusion flux in the SMTZ of the study area, 110 mol m-2 yr -1, 135 mol m-2 yr -1 and 119 mol m-2 yr -1, respectively (Figure 4), higher than that calculated in Feng J. et al. (2018), which indicates the active CH4 leakage in the study and good gas storage potential in the Beikang Basin.

In contrast to pore water, sediment cores are formed in cumulative processes that record both current and past biochemical processes in geochemical features. In this study, δ13CTIC values of the sediments represent the mixture of biogenic carbonates (benthic and planktic foraminiferal shells) (δ13CTIC of about 1.1 ‰ V-PDB) and authigenic carbonates (δ13CTIC smaller than -30 ‰ V-PDB) (Figure 12) (Li et al., 2018; Wang et al., 2018). Our results show the lowest δ13CTIC value of the sediments near the SMTZ, which indicates that the authigenic carbonates were generated by strong AOM at SMTZ.




5.2 Response of environmental geochemical characteristics to cold seep activity



5.2.1 Sulfur isotope characteristics of tubular pyrites under the influence of AOM

Previous studies have shown that the AOM process can affect both the abundance of solid sulfide phase and its sulfur isotopic compositions in sediments (Canfield and Thamdrup, 1994; Borowski et al., 2013; Lin Z. et al., 2016). Sulfate reduction in anoxic marine sediments mainly includes organoclastic sulfate reduction (OSR; Berner, 1980), and anaerobic oxidation of methane (AOM). The δ34S value of dissolved sulfate in seawater is about 21‰ V-CDT (Rees et al., 1978), while the isotope fractionation can be as high as 60‰ V-CDT due to microbial sulfate reduction (Jørgensen et al., 2004). OSR is the main sulfate reduction process in methane-free sediments, usually leading to the production of poor 34S sulfide, while 34S of pyrite in methane-free sediments is often close to -50‰ to -40‰ V-CDT (Feng D. et al., 2018). In cold seeps, AOM strongly consumes sulfate under closed or semi-closed conditions, which may lead to the generation of sulfur compounds enriched in 34S (Jørgensen et al., 2004; Lin et al., 2017; Feng D. et al., 2018). Although both OSR and AOM will lead to positive δ34S (Feng D. et al., 2018), we think that changes of δ34S at different depths at the same site can reflect the AOM process to small extent. The 34S of tubular pyrites in BH-CL37, BH-CL37A and BH-CL32A have a large variation range,and present low and stable values in the shallow part, where the sulfate reduction rate is low and the fractionation is relatively thorough (Figure 13). Deeper than 350 cmbsf, all three sediment cores show high sulfur isotope values, and the values of BH-CL37A and BH-CL32A are generally bigger than -25‰ V-CDT. Both OSR and AOM will lead to positive δ34S, we think different ranges in sites between BH-CL37 and BH-CL32A are most likely due to the large differences in OSR rates among different sites. The values of δ34S of pyrites at the bottom of BH-CL37 are even greater than 0 V-CDT, indicating that the reduction rate of sulfate is increasing. These prove the important influence of AOM on the S cycle in cold seeps, and the higher methane flux in the deeper formation also supports the AOM process. According to our results, the 34S variations with depth and previous studies (Lin Z. et al., 2016; Feng D. et al., 2018), we speculate that pyrites formed near the SMTZ in the sediment core are likely to have higher 34S isotope values. In addition, BH-CL37 and BH-CL37A are located at similar locations but affected by different intensities of cold seep activities, while the S isotopes of BH-CL37A are heavier in the same depth range, which may indicate a quicker sulfate consumption rate here and a stronger effect of cold seep.




5.2.2 Geochemical evidence of methane seepage variation

Cold seeps rich in methane usually have high biological abundance (Gibson et al., 2005; Campbell, 2006; Levin and Sibuet, 2012). The shallow parts of the sediment cores are abundant in the biological shells e.g. foraminifera and show a high content of Ca (Figure 7). The XRD results show that shallow sediments contain a high content of carbonates (Figure 6), mainly low magnesium calcite, which is associated with calcareous biological shells and deep fluids with low salinity.

Sr/Ca and Mg/Ca ratios in sediments have recently been used to reconstruct cold seep activities in the past in methane seepage (Yang et al., 2014; Gong et al., 2018). The images of Sr/Ca vs Mg/Ca (Figure 14) show the major calcite content with minor aragonite, which is consistent with our XRD results (Figure 6). As the depth increases, the data points get closer to the reference detrital value, and there is a good correlation between Sr/Ca and Mg/Ca in the sediment cores, indicating that the influence of debris gradually increases with the increase of depth. Meanwhile, from the δ13CTIC and XRD results of shallow sediments, we conclude that the contents of carbonates in the sediment cores are not high enough and the carbonates in shallow sediments are mainly calcareous biological shells, which may conceal the information of authigenic carbonates. Therefore, it is difficult for Mg/Ca and Sr/Ca to directly and effectively reflect the types and formation of authigenic carbonates.




Figure 14 | Sr/Ca vs Mg/Ca in the sediments. The values of aragonite, biological calcite, calcite and detrital fraction are derived from Yang et al.(2014).



Specially, Sr, Ca/Al, Ca/Sr, Sr/Mg and Ca/Mg in the BH-CL37 sediments show a kick-type feature at depths of 290-300 cmbsf. The image of Ca2+/Cl- concentration in BH-CL37 pore water shows no addition of fluid from horizontal or other directions is found in this layer, and a relatively consistent Ca deposit rate is found in the corresponding depth range (Figure 3). As mentioned above, the information of elements of authigenic carbonates is easily covered by the biological shell information in the sediments, so the kick-type feature here reflects the precipitation of the authigenic carbonates with higher Ca/Sr, Sr/Mg and Ca/Mg ratios. Similar feature is also present in the depth profiles of Ba and Ni enrichment factors. SrEF, Ca concentration, Ca/Sr and Sr/Mg have a good correlation with the enrichment factors of trace elements Ba, Ni, Cu and Zn (as shown in Figure 15, Ca concentration, Ca/Sr and Sr/Mg etc. have similar relationship with these trace elements). Many studies have shown that the authigenic minerals in cold seeps may have recorded the changes of paleo cold seeps, while the Ba peak and authigenic carbonates are often considered as the indicator of paleo SMTZ (Torres et al., 1996; Dickens, 2001; Snyder et al., 2007; Vanneste et al., 2013; Gong et al., 2018; Feng D. et al., 2018). The correlations between Ni, Cu, Zn and Sr, Ca, Mg indicate that cold seep authigenic carbonates have strong enrichment and retention potential of trace elements (Smrzka et al., 2019; Smrzka et al., 2020). The good correlation between Ni and Sr is also present in our carbonate samples from southern SCS. Thus, this kick-type feature in BH-CL37 probably reflects a periodic strengthened AOM reaction, indicating the depth of the paleo SMTZ. δ34S of pyrite in BH-CL37 also appears a relatively high value near the depth of 300 cmbsf, which provides evidence for the existence of paleo SMTZ.




Figure 15 | Correlations between SrEF and enrichment factors of trace elements (Ba, Ni, Cu, Zn).



SMTZ depth is reported to be affected by different methane fluxes (Michaelis et al., 2002; Luff et al., 2004). Generally, while the cold seep is more active, the methane flux is greater, and its SMTZ depth is shallower, and vice versa. The paleo SMTZ depth of BH-CL37 is obviously shallower than the present SMTZ depth, indicating that the methane flux of BH-CL37 was reduced and reflecting the existence of stronger methane leakage in a certain period in the past; this may be caused by the weakening of cold seep activity or the periodic decomposition of natural gas hydrate in the past, resulting in the local increase of methane. Similar feature in BH-CL37A is absent though these two cores are located closely. The reason may be that the larger and more concentrated deep fluid flow in BH-CL37A leading to a shallower SMTZ and more open condition, preventing the accumulation and preservation of authigenic carbonates and barite. Additionally, due to the limited permeability and fluid migration conditions, the locally increased methane leakage at BH-CL37 may not affect BH-CL37A.




5.2.3 cold seep influenced trace elements

The trace elements transported and ultimately enriched in seafloor sediments come from the sinking organic and inorganic particulate matter, as well as the seawater itself (Smrzka et al., 2019). Redox conditions often promote the accumulation of trace elements in sediments due to their redox sensitivity, which leads to the wide application of trace element contents as a proxy of paleo environmental conditions (Tribovillard et al., 2006).

Redox sensitive elements such as U, Mo and other trace elements are often used to trace the redox condition during the formation of cold seep carbonates (Merinero Palomares et al., 2012; Sato et al., 2012; Tribovillard et al., 2012; Hu et al., 2015). In oxidizing seawater, U and Mo are stable and persist for a long time (residence time of U and Mo is 450 kyr and 780 kyr, respectively), but U and Mo behave differently between the anoxic and euxinic environment (Algeo and Tribovillard, 2009). U exists stably in the soluble form of   in oxidizing seawater; but in the iron reduction zone, the reduction of iron produces hydrogen sulfide, and U begins to form UO2 precipitates or be absorbed by organometallic ligands and preserved in sediments (Tribovillard et al., 2006; Smrzka et al., 2019). As a result, U enrichment is stronger than Mo, resulting in the smaller (Mo/U)EF ratio in carbonates than the corresponding ratio in seawater (Algeo and Tribovillard, 2009). Mo mainly exists in the form of  in oxidizing seawater, while in the euxinic environment caused by hydrogen sulfide supersaturation, Mo will transform and combine with metal ions to form a series of Molybdate thiomolybate ( ) which is easily captured by iron sulfide or sulfur-rich organic compounds and stored in carbonates, finally resulting in the larger (Mo/U)EF ratio (Algeo and Tribovillard, 2009; Li et al., 2016; Smrzka et al., 2020). Therefore, the different authigenic enrichment degree of U and Mo, and (Mo/U)EF can help to distinguish euxinic condition from anoxic condition effectively.

U tends to enrich in the Fe-Mn reduction zone, while Mo is enriched in sulfate reduction zone (Smrzka et al., 2019; Smrzka et al., 2020). As shown in Figure 8, U is enriched in the shallow part of the sediments, and the enrichment depth of U varies among different sediment cores. The deeper SMTZ corresponds to the deeper Fe-Mn reduction zone. The Fe-Mn reduction zone of BH-CL37A appears narrower and shallower than that of BH-CL37 due to the stronger methane seepage found in BH-CL37A. Furthermore, the enrichment factors of U in the shallow depths of BH-CL37A are much higher than those of BH-CL37. Studies have shown that the behaviour of U varies greatly with oxygen content and it can be re-mobilized in case of post-deposition reoxygenation (Smrzka et al., 2019; Smrzka et al., 2020). BH-CL37A gains a greater cold seep effect due to the closer distance to the diapir than BH-CL37. The actively upward migration of anoxic fluid prevents the oxic seawater from diffusing into the sediments, so BH-CL37A could better preserve the enrichment of U, while seawater could diffuse downward to deeper formation in BH-CL37, harmful for the preservation of U enrichment. Moreover, considering the obvious change of methane flux in BH-CL37 in the past (discussed in section 5.2.2), the previously formed U precipitate was reactivated and dissolved in pore water due to the reoxygenation, weakening the indicator function of U enrichment. In contrast to BH-CL37, BH-CL37A has enough methane flux to maintain U enrichment even if the methane flux decreases, and the decrease of methane flux would also result in a more focused fluid seepage, protecting the original condition from fast change to some extent. Compared with the enrichment of U, the difference of V enrichment between BH-CL37 and BH-CL37A is not manifest (Figure 8), which further stresses that the decrease of cold seep fluid flow or the decrease after the sudden increase of methane flux does affect the enrichment degree of U by changing the redox conditions of sediments.

In anoxic marine sediments, Mo tends to be incorporated into pyrite by adsorbing molybdate and thiomolybdate to form stable complexes, which can be retained irreversibly (Bostick et al., 2003). Based on our Mo results, we believe that the euxinic environment in the study area is limited to pore water and does not include overlying seawater. Previous studies have shown that in areas where sulfide and thiomolybdate are present but confined to in pore water, Mo content in sediments averages 10 mg/kg and rarely exceeds 25 mg/kg, while Mo content under euxinic condition with free H2S exceeds 60 mg/kg and can even reach 100 mg/kg in sediments (Scott and Lyons, 2012; Chen et al., 2016). Mo in our study area is significantly enriched at some depths, exceeding 30 μg/g (BH-CL37A: 50-120 cmbsf; BH-CL32A: 230-420 cmbsf) with low Mn contents, indicating euxinic environment in the pore water. OSR and AOM are two main important biochemical reactions related to the sulfate reduction that influence greatly on Mo. However, the low content of organic matter in sediments in the study area and the insignificant enrichment of redox sensitive elements such as Co, Cu, Ni, Zn and V (their enrichment factor are mostly under 3) indicate that OSR is not the main reason for the enrichment of Mo. In fact, rapid AOM reaction will create a suitable euxinic environment for Mo enrichment as a dominant process in cold seeps. It can be concluded from Figure 16 that Mo enrichment factor is greater than U enrichment factor at 350-360 cmbsf of BH-CL37, 50-120 cmbsf of BH-CL37A and 230-420 cmbsf of BH-CL32A, indicating the intense sulfate reduction. Though having the close locations and similar fluid sources, the depth profiles of MoEF vary greatly: Mo enrichment occurs only at 410-420 cmbsf in BH-CL37, while Mo is enriched significantly in shallow sediments in a wide depth range in BH-CL37A. From the difference of the methane seepage, we deduce that Mo enrichment is more likely to occur in shallow sediments with high methane flux. In methane fluid flow events or high methane flux, methane is transported to the water-sediment interface, and compresses the SMTZ into a narrow area of the topmost sediment cores where sulfate flux and hydrogen sulfide produced by rapid AOM are relatively high. However, deeper SMTZ usually appears with limited Mo availability in BH-CL37 (Figure 17). Comparing the depth profiles of UEF and MoEF, high methane flux and active cold seep activity tend to compress the Fe-Mn reduction zone and sulfate reduction zone into a narrow area, so Mo and U are enriched within the same depth range (for example, in BH-CL37A, Figure 8). However, under the influence of low methane flux, the sediment core presents a wider sulfate reduction zone and a deeper SMTZ, accompanied by a lower Mo precipitation effect, such as BH-CL37.




Figure 16 | MoEF vs UEF. (Mo/U)EF =3.1 of seawater (Algeo and Tribovillard, 2009).






Figure 17 | Response of different cold seep activities in BH-CL37 and BH-CL37A to geochemistry.



BH-CL32A has a deep SMTZ similar as BH-CL37A and the overlap degree of Fe-Mn redox zone and sulfate reduction zone is lower than that of BH-CL37A (the area with high methane flux and high AOM reaction rate). In contrast to BH-CL37, evident Mo enrichment is present in several depth intervals of the shallow sediments here indicating the high AOM reaction rate and the relatively closed structural conditions at certain depths, indicating the high AOM reaction rate and the condition in favor of Mo diffusion.

Previous studies have shown that Mo-Fe-S can co-precipitate from pore water with the threshold of 0.1 μm H2S, while Mo can co-precipitate with S or precipitate in granular form when H2S is greater than 100 μm (Zheng et al., 2000; Chen et al., 2016). In other words, Mo can precipitate under the condition of 0.1 μm H2S content in pore water with sufficient Fe, so the enrichment depth of Mo precipitation in pore water may not be consistent with the depth of H2S maximum or SMTZ, which contributes to the inconsistent depth of the Mo enrichment and SMTZ in this study.

Other redox sensitive elements, such as Co, Cr, Cu, Zn, V, etc., generally show a relatively consistent trend of enrichment factors, decreasing first and then stabilizing with the increase of depth (Figure 8). According to the Mn/Al image (Figure 7), the higher contents of trace elements in the shallow layer may be mainly from the reductive dissolution of manganese oxides or hydroxides (Tribovillard et al., 2006). Although these trace elements do not show significant enrichment factors, their changes to some extent reflect the changes of redox conditions in the sedimentary environment, and the speed of trace element removals often corresponds to the transition and transformation of iron reduction zone and sulfate reduction zone. As shown in Figure 8, compared with trace elements of BH-CL37, BH-CL37A has a shallower turning depth and a larger gradient of descent, indicating that the intense cold seep activity and large methane flux make the Fe-Mn reduction zone and sulfate reduction zone much closer, narrower and shallower. The enrichment of these trace elements in the shallow sediments reflects the relatively reductive pore water environment under the influence of cold seeps effectively.

The REE+Y distribution curves standardized by PAAS for each sediments cores show similar MREE-enriched pattern (Figure 9). MREE enrichment generally occurs in iron reduction zone and is related to anoxic pore water, indicating the anoxic sedimentary environment. The enrichment of Y shows the obvious influence of seawater. In this study, the samples generally show no Eu anomaly, and most of the samples show no Ce anomaly, while minor shows negative Ce anomaly caused by La anomaly (Figure 10), confirming the reductive condition.





5.3 Evolution and regional specificity of cold seep activity under the influence of different methane fluxes

BH-CL37 and BH-CL37A are two sites impacted by cold seeps located on the same side of the same fluid source with different distances (Figure 2). BH-CL37A closer to the fluid source, is affected by stronger cold seep activity than BH-CL37, and has a larger methane fluid flux. Its intense AOM reaction and the relatively open environment of the shallow SMTZ may make the sulfur isotopes of pyrites in the shallow sediments larger than that of BH-CL37A at the corresponding depth, but less than that of BH-CL37 at deeper down to the bottom. Near the present SMTZ of BH-CL37, the more closed sedimentation environment is conductive to the deposits of authigenic pyrite with higher S isotopic values (>0), but impeding the Mo enrichment (Figure 17).

The seismic profile of BH-CL37 and BH-CL37A shows weak continuity of BSR and the seafloor dome (Figure 2). The low-frequency fuzzy reflection of the underlying layer on one side of the updip of the BSR may indicate the phenomenon of acoustic turbidity caused by gas in the formation and the rich source of methane in the study area, leading to the low background value of δ13CDIC. The obvious geochemical differences between BH-CL37 and BH-CL37A in similar locations may denote the poor seepage conditions, such as low porosity or blocking effect on migration channels due to the formation of gas hydrate. Previous studies have measured that the geothermal gradient in this area is 69.8 °C/km, lower than the average geothermal gradient value of 84.5 °C/km in the Beikang Basin. Strong fluid activity is supposed to cause the change of the thermal field (Milkov, 2000; Feseker et al., 2009; Yang et al., 2018). The lower geothermal gradient indicates the more dispersed fluid diffusion, which corresponds to the wide and deep SMTZ in BH-CL37 and the smaller δ13CTIC fluctuation gradient (Figure 18). Meanwhile, the abnormally high ion concentrations (Cl-, Mg2+,Ca2+,  ) in the 50-60 cmbsf of BH-CL37 are interpreted as the abnormal fluid input with high salinity, which may reflect the influence of high-salt fluid caused by the formation of natural gas hydrate, combined with previous studies and its regionally geological structures (Feng J. et al., 2018; Huang et al., 2022).




Figure 18 | Comparison of δ13CDIC with depth in different sediment cores.



BH-CL32A has discontinuous BSR and significant submarine gas leakage (Figure 2). Figure 2B shows that BH-CL32A has a relatively isolated fluid migration channel that communicates with the deep strata and extends directly to the seafloor. Combined with its geothermal gradient as high as 102 °C/km, BH-CL32A shows obvious concentrated cold seep fluid upwelling, which is consistent with its high gradient of δ13CDIC with the narrow area of strong negative values(Figures 5, 18). The compositions of headspace gas in the study area further demonstrate a typical bio-methane source for BH-CL37 and mixed methane source with a significant contribution of the thermogenic gas for BH-CL32A (Huang et al., 2022), which is corresponding to our analysis of the geochemistry of pore water. BH-CL37 and BH-CL32A have similar SMTZ depths, but BH-CL37 has wider depth range of δ13C strongly deficient (compared with the stable values at the top and bottom of the sediment cores). In general, the background δ13CDIC values (the average δ13CDIC of the top and bottom sediments that show stable values of δ13CDIC) of BH-CL32A is slightly higher than that of the other sediment cores. The lower δ13CDIC values in BH-CL37 and BH-CL37A result from the abundant biogenic methane sources, and the higher values in BH-CL32A confirm the great influence of the thermogenous methane sources. Furthermore, the variation range of δ13CDIC in SMTZ is comparable to that of BH-CL37A, indicating the intense AOM in SMTZ in BH-CL32A. In BH-CL37, the lower reaction rate of AOM and the lower δ13CDIC here lead to a wider sulfate reduction zone, so the slope of δ13CDIC change is less obvious. Besides, BH-CL37 shows a shallower Fe and Mn reduction zone restricted by U enrichment and the lower AOM rate had a limited effect on Mo accumulation. By contrast, the intense and concentrated upwelling of cold seep fluid shown in BH-CL32A activates the exchange of elements between the overlying water and sediments, which is conducive to Mo enrichment.





6 Conclusion

In this paper, we combined geochemical analyses of various samples (pore water, sediments and authigenic pyrites) and the local geological structure to systematically study the cold seep phenomenon in southern SCS on the basis of previous studies. We conclude that SMTZ depth is relatively shallow compared with Feng’s study.

The extremely negative δ13CDIC in the pore water of the sediment cores indicates strong AOM effect in cold seeps and the main biogenic origin of methane. The   depth variation trends of pore water, the high DIC content and the lowest value of δ13CDIC can define the approximate SMTZ depth of each sediment core effectively. In addition, paleo SMTZ depth of about 290-300 cmbsf in BH-CL37 indicates the decrease of methane flux or the sudden release of methane flux in the past.

The strong AOM in cold seep leads to the formation of authigenic minerals (authigenic carbonates and authigenic pyrites), and affects the enrichment of trace elements, especially the redox sensitive elements.

BH-CL32A is different from BH-CL37 and BH-CL37A in fluid sources and regional geological structures. The δ13CDIC value of the background methane in BH-CL32A is higher, which may indicate a greater contribution of thermogenic gas. Furthermore, due to its high AOM rate, BH-CL32A shows a large and steep variation of δ13CDIC value in pore water, which indicates that the geochemistry in cold seep is closely related to fluid flux, methane sources and local geologic structures.

In conclusion, geologic tectonic conditions such as fluid migration channels in the study area can effectively constrain the generation and evolution of cold seeps, emphasizing the obvious regional specificity of cold seep.

Though many studies on columns and drill cores have been carried out in SCS, the complexity of geological features in the SCS aggravates differences of cold seeps. More quantities of researches on cold seeps in the SCS are inevitably requested for better understanding of cold seeps. With the Sunda continental shelf, one of the most extensive continental shelves in the world, southern SCS has great sensitivity to environmental changes and uniqueness different from northern SCS, pointing to the necessity of researches on cold seep here. Thus, we hope that this study can lay a foundation for the construction of a larger cold seep database in southern SCS and better knowledge of the cold seep system in the future.
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350-360 58.09 10.39 697.85 3220 939.39 2524
410-420 51.71 8.58 675.93 22.00 1452.52 -37.90
470-480 45.06 7.11 625.00 13.86 1653.93 -42.58
530-540 39.73 5.84 605.52 6.07 2367.02 -46.37
590-600 36.74 4.87 581.06 122 2569.10 -44.96
650-660 i 28.84 3.65 461.85 088 1955.68 3225
BH-CL37A
50-60 ) 47.02 I 8.48 [ 544.95 28.32 I 426.15 | -1118
110-120 47.78 8.73 54426 27.97 475.10 -11.98
170-180 | 53.04 9.76 609.27 30.96 543.01 -12.75
230-240 45.95 7.05 537.60 23.40 929.46 -35.17
290-300 47.83 5.09 619.79 10.57 2597.94 -55.66
350-360 37.86 272 531.31 351 2667.72 -40.62
BH-CL32A
50-60 50.10 9.46 562.54 29.12 2337.34 -6.76
110-120 5791 10.62 649.99 3299 491.78 -6.74
170-180 46.55 8.43 538.89 27.53 49630 652
230-240 49.75 9.11 568.16 29.20 416.12 767
290-300 51.76 9.49 598.62 30.93 493.08 -9.61
350-360 43.94 8.01 505.35 25.53 576.11 -16.12
410-420 48.15 7.48 579.81 24.07 511.63 -39.72
470-480 47.70 5.81 624.04 1537 1190.63 5145
530-540 3230 245 479.55 279 261166 -41.98
590-600 46.98 3.50 693.74 381 2419.39 -27.23
650-660 36.54 2.59 531.86 280 323028 -17.50
710-720 3343 237 485.34 223 2274.52 -14.72
BH-CL46A
50-60 74.51 13.06 | 892.71 39.54 1168.34 -21.24
110-120 5775 9.28 711.98 30.45 1301.05 -24.06
170-180 56.50 9.46 69192 29.06 134111 2545
230-240 58.39 9.11 729.58 28.52 1682.77 -27.30
290-300 48.04 7.07 595.56 2114 1555.77 -29.95
350-360 42.60 6.01 541.50 17.05 1636.88 -32.54
410-420 43.30 5.46 563.68 14.69 1886.05 -34.05
470-480 46.38 517 628.69 1252 238349 -36.65
530-540 44.02 3.88 617.88 7.38 2776.17 -38.97
590-600 38.54 2.76 565.04 331 3007.67 -40.57
650-660 3832 2.94 565.44 157 3097.25 -38.06

710-720 36.73 2.59 546.47 0.64 335597 -33.39
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BH-CL37

50-60 0.48 4.13 572 99.2 15.1 110 516 70.3 265 442
110-120 0.70 5.06 639 109 17.1 118 548 768 295 419
170-180 1.55 4.71 58.3 114 16.6 114 467 78.0 285 326
230-240 1.20 5.81 513 114 15.6 108 478 76.8 304 290
290-300 L11 5.81 518 116 157 109 475 774 303 290
350-360 11.1 4.28 426 124 16.5 104 343 80.0 211 142
410-420 127 3.01 41.6 129 17.6 106 325 819 19.6 108
470-480 0.74 3.01 363 118 16.0 95.2 291 772 174 94.6
530-540 0.71 3.03 363 119 16.7 96.4 282 752 159 849
590-600 0.68 3.09 36.5 117 16.7 96.8 283 772 159 86.9
650-660 0.67 3.21 35.1 117 163 96.5 275 784 157 89.5

BH-CL37A
i 50-60 314 [ 12.2 [ 553 107 14.9 | 110 492 72.0 283 398
110-120 29.7 13.6 56.2 117 157 111 397 775 288 366
170-180 221 9.69 42.1 107 142 923 320 729 243 202
230-240 234 7.67 44.0 130 17.0 103 304 80.7 217 160
290-300 1.63 3.52 40.6 122 16.5 ‘ 101 301 77.7 216 149
350-360 1.22 3.28 40.8 126 16.7 ‘ 102 309 804 205 133

BH-CL32A
50-60 243 6.44 61.2 109 156 124 566 744 315 483
110-120 7.40 8.64 61.1 114 16.3 121 555 772 322 434
170-180 15.3 8.69 56.5 120 16.2 118 517 80.0 334 370
230-240 329 9.34 532 136 17.4 116 427 849 319 204
290-300 26.0 8.94 49.9 142 17.0 116 403 88.1 29.6 151
350-360 39.8 7.51 44.7 130 183 107 311 826 219 99.4
410-420 39.4 6.32 429 125 17.9 100 297 815 20.1 112
470-480 4.75 4.37 386 122 17.7 99.9 301 788 183 96.9
530-540 1.53 339 383 118 17.2 98.0 296 767 18.0 122
590-600 1.21 3.02 385 121 175 99.2 297 772 17.7 90.2
650-660 0.71 3.02 38.6 126 17.5 102 294 77.9 183 94.8

710-720 0.84 3.07 379 123 17.0 97.2 282 76.7 17.5 957
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50-60 7.69 035 7.98 152 006 3.66 2004
110-120 7.92 037 727 151 0.06 403 20.78
170-180 837 038 494 152 007 411 2161
230-240 888 039 417 146 005 433 2272
290-300 891 039 409 144 005 423 22.36
350-360 956 045 148 138 005 475 25.02
410-420 10.06 0.46 073 144 0.09 199 25.04
470-480 9.28 047 0.56 131 008 457 2691
530-540 947 0.50 034 1.20 0.10 439 27.35
590-600 9.45 0.50 032 L19 0.09 453 27.36
650-660 9.42 0.50 033 L19 0.09 461 27.51
BH-CL37A
50-60 7.90 036 7.01 153 005 3.88 20.38
110-120 807 037 644 158 005 392 21.19
170-180 811 0.40 298 126 004 392 25.51
230-240 953 043 230 144 005 453 24.25
290-300 958 043 202 147 0.05 4.54 24.15
350-360 961 045 L15 145 005 481 25.03
BH-CL32A
| 50-60 7.86 035 857 146 004 363 19.50
110-120 796 036 7.63 148 004 381 19.98
170-180 837 038 639 142 003 395 20.98
230-240 937 042 275 140 004 431 23.33
290-300 981 045 167 142 004 439 24.77
350-360 976 047 058 1.30 005 478 25.78
410-420 941 0.46 145 132 007 475 25.73
470-480 9.60 0.48 051 1.30 0.09 476 26.41
530-540 958 047 120 139 0.09 478 2592
590-600 995 0.48 042 140 0.09 4.77 25.64
650-660 993 0.49 043 144 0.09 478 26.04
710-720 956 0.48 044 137 009 495 26.36
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BH-CL32A
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BH-CL37
50-60 32 638 736 275 519 109 174 073 a2 085 235 034 223 033 252 15392
110-120 351 684 7.69 289 560 L19 489 077 452 0.87 250 036 242 0.37 259 163.56
170-180 364 707 8.07 299 561 L19 5.12 0.76 457 0.87 249 036 237 0.36 259 168.79
230-240 373 734 829 304 578 120 515 079 152 090 265 036 239 038 258 17360
290-300 366 723 839 307 567 117 5.15 079 436 0.87 244 036 237 035 251 171.60
350-360 379 733 851 316 6.13 130 556 082 482 0.98 278 042 261 0.40 27.7 177.12
410-420 394 775 893 337 651 141 595 091 518 1.00 294 042 2.80 043 290 187.06
470-480 37.7 744 855 319 627 136 549 086 501 0.98 292 040 268 042 27.6 178.88
530-540 394 790 9.20 341 653 141 5.85 093 552 108 319 045 298 047 302 190.10
590-600 100 765 897 343 665 143 619 091 555 109 319 044 302 049 313 18878
650-660 393 772 8.86 338 6.56 1.40 585 095 537 L10 319 043 294 045 308 187.45
BH-CL37A
50-60 327 636 7.19 267 518 1.05 463 0.70 397 0.80 230 031 207 032 236 151.51
110-120 352 69.8 7.76 286 552 1.08 4.80 075 411 0.84 235 033 225 0.36 240 163.71
170-180 355 684 7.87 29.1 566 L14 499 081 446 0.90 266 038 258 0.40 256 164.86
230-240 382 729 843 313 6.07 123 555 083 479 0.96 266 035 249 0.40 265 17613
290-300 379 735 837 315 6.11 123 542 082 483 0.96 27 037 254 041 263 17671
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50-60 342 645 743 272 540 105 507 074 421 0.85 245 032 231 0.36 26.1 156.12
110-120 345 672 758 283 550 L2 501 077 437 036 253 034 226 037 260 16075
170-180 363 715 799 296 588 L16 5.14 0.76 455 0.87 255 034 236 0.37 256 169.34
230-240 88 772 880 326 631 126 552 038 488 098 283 037 261 042 271 183.47
290-300 399 802 9.05 334 6.86 132 574 088 518 0.98 292 040 273 045 280 190.10
350-360 405 802 9.19 342 6.94 141 6.13 099 559 1.06 3.09 040 297 048 30.0 193.22
410-420 392 77 891 38 672 137 593 099 553 108 323 0 303 047 307 18838
470-480 404 824 9.15 348 7.02 137 6.14 103 589 L14 326 043 3.16 048 322 196.63
530-540 388 772 890 333 671 125 5.84 092 538 105 3.02 041 291 0.44 292 186.19
590-600 386 78.1 883 336 6.86 1.38 5.87 099 557 1.06 3.07 043 2.86 0.46 296 187.63
650-660 409 810 9.28 347 702 144 627 099 576 1.08 3.09 043 295 045 300 19538
710-720 396 778 9.02 339 697 137 578 094 563 1.07 3.05 043 3.02 0.46 309 188.99
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