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Pyrite is an important indicator of methane seepage. The effects of organic sulfate reduction (OSR) and sulfate-driven anaerobic oxidation of methane (SD-AOM) on the trace metals in pyrite have aroused interest; however, further studies about how these two pathways control the trace element patterns are still required. Therefore, we studied the geochemical and mineralogical characteristics of sediment samples from the northern South China Sea, aiming to investigate the enrichment mechanisms of trace elements into pyrites in methane seep systems. We applied laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) to analyze the trace element patterns of pyrites in core Z22–3. We used Sr/Ca-Mg/Ca, (Mo/U) EF values, chromium reducible sulfur (CRS) content, total organic carbon (TOC), δ34S, and δ13C values of bulk sediments to determine the position of sulfate–methane transition zones (SMTZs). Progressively more positive δ34S values (up to −36.54‰) of the CRS and an increase in Mg/Ca indicate the enhancement of SD-AOM, suggesting that the position of SMTZs is located at depths of 181 to 481 and 1,101 to 1,401 cmbsf. Within SMTZs, pyrites exhibit obvious enrichments in Co, Ni, Mo, and Pb and depletion in Mn, Zn, Cu, and V. We discuss the process of methane seepage affecting trace elements in pyrites: the reductive dissolution of iron/manganese oxyhydroxide aggregates fueled by the enhancement of AOM and substitution for ferrous in pyrites contribute to the enrichments of Mo, Co and Ni in pyrites. Elements with faster water exchange kinetics rates than Fe, such as Cu, Pb and Zn, rather precipitate as independent metal sulfides than incorporating into pyrite, thus resulting in the depletion of these trace elements in pyrites. This study provides novel insight into the deep-sea trace element cycle between sediments and authigenic pyrites, establishing geochemical indicators of AOM based on trace element patterns in pyrites.





Keywords: methane seep, South China Sea, pyrite, trace metals, biogeochemical cycle








1 Introduction


Methane-rich fluid seepage caused by the dissociation of gas hydrates under the influence of decreases in pressure or increases in temperature is widespread on continental margins worldwide (Ruppel and Kessler, 2017; Chuvilin et al., 2018). In methane seepage areas, upward-diffusing methane is primarily consumed by sulfates through a consortium of sulfate-reducing bacteria and anaerobic methanotrophic archaea in shallow surface sediments (Boetius et al., 2000). The biogeochemical process is known as sulfate-driven anaerobic oxidation of methane (SD-AOM), through which methane is oxidized into bicarbonate and HS− is released (Equation 1; Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001; McGlynn et al., 2015; Wegener et al., 2015). HS− subsequently reacts with active iron to form stable authigenic pyrites. Therefore, pyrites serve as an important indicator of the presence of sulfate–methane transition zones (SMTZs) where intense SD-AOM activities occur. However, the formation of pyrite may also be the result of organic sulfate reduction (OSR) that occurs during early sedimentation diagenesis, which uses organic matter and seawater sulfate as substrates and also produces hydrogen sulfide (H2S) (Equation 2; Berner, 1981; Gieskes, 1981; Jørgensen, 1982; Canfield, 1991; Mazumdar et al., 2012).
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Many indicators have been used to investigate the location of SMTZs, and the characteristic sulfur isotope of pyrite in marine sediments may be a critical proxy (Peckmann and Thiel, 2004; Borowski et al., 2013). Borowski et al. (2013) gathered geochemical data from modern and Cenozoic sediments to support that the localized enrichment of 34S within sulfide minerals is closely associated with the function of SD-AOM. Previous studies have focused on the distinctively positive δ34S value of pyrites to distinguish the location of SMTZs and assess the influence of SD-AOM on the formation of authigenic pyrites (e.g., Lin et al., 2016; Liu et al., 2022; Wang et al., 2022; Spruzen et al., 2024). During the formation of pyrite, 32S is preferentially consumed instead of 34S, causing the subsequently formed pyrites to be 34S-depleted and leaving the residual sulfide pool rich in 34S (Rickard, 1975). Thus, pyrites derived from OSR, which dominates early pyritization, are 34S-depleted, whereas SD-AOM-derived pyrites are relatively 34S-enriched (Jørgensen, 1982; Jørgensen et al., 2004). However, OSR can cause sulfur isotopic fractionation up to 70‰ (Canfield et al., 2010; Sim et al., 2011); meanwhile, in stable SMTZs or near the surface of the seafloor, the rapid recharge of downward-diffusing seawater sulfate prevents the exhaustion of porewater sulfate in the sediment (Gong et al., 2018). Both conditions can lead to extremely negative δ34S values, making it challenging to differentiate between OSR and SD-AOM based solely on the characteristic sulfur isotope in pyrites.


In recent years, researchers have begun investigating pyrite in situ trace metal enrichment in modern marine sediments (Lin et al., 2022; Chen et al., 2023). Significant advancements have been made in understanding pyrite-associated trace metal distributions, particularly regarding the influence of methane seepage on their geochemical behavior. A prevailing hypothesis suggests that trace metals from seawater, such as Mo, may be scavenged by iron and manganese oxyhydroxides and then transferred to the surface sediments (Tribovillard et al., 2013). Subsequently, during early diagenesis, dissolved trace metals can be trapped by formed pyrite (Huerta-Diaz and Morse, 1992; Burdige, 2007). Lin et al. (2022) suggested that SD-AOM at SMTZs can enhance the sulfidic dissolution of iron and manganese oxyhydroxides and the release of Mn and associated trace metals into the pore water; thus, the incorporation of these trace metals into pyrite is also enhanced. Also, under highly sulfidic conditions, Ni could more easily replace ferrous in pyrite than Co (Smrzka et al., 2019b, 2020), which may indicate the influence of SD-AOM on the process of pyrite adsorbing trace metals. Pyrite formation in marine sediments is controlled by different geochemical processes (predominantly OSR and SD-AOM), so pyrite formed under these two effects may also lead to distinct trace element compositions.


We conducted a comprehensive analysis of sediment samples collected from the South China Sea (SCS) to investigate pyrite trace element enrichment patterns together with sulfur isotopic compositions. Our findings reveal how sulfate reduction processes affect the trace element distribution and sulfur isotopic signatures in pyrite and how these geochemical characteristics indicate methane seepage, which provides potential implications for the future use of pyrite sulfur isotopes and pyrite trace element characteristics as co-indicators of methane seepage.






2 Geological setting


The SCS is one of the largest marginal seas of the western Pacific Ocean, characterized by a special tectono-sedimentary framework under the influence of the Eurasian, western Pacific, and Indo-Australian Plates (Morley, 2012). Tectonic processes like the collision of crustal blocks and rapid uplift of plateaus or highlands have controlled the sediment provenance of the SCS; meanwhile, the East Asian monsoon has controlled erosion rates (Yan et al., 2024). The thick sediment sequences ranging from 1,000 to 7,000 m with rich organic matter and numerous fault-controlled terraces and basins make the SCS a favorable site for gas hydrate formation and accumulation (Wang et al., 2003; Wu et al., 2013). Several gas hydrate-bearing basins have been identified and investigated through many drilling expeditions in the northern SCS, including the southwest Taiwan Basin, the Pearl River Mouth Basin, and the Qiongdongnan Basin.


The research area is located in the Shenhu area of the Pearl River Mouth Basin. Eocene lacustrine mudstones were considered to be the primary petroleum source rocks in this area, while widespread diapirs and small-scale faults serve as migration pathways for gas/fluids (Su et al., 2016). Moreover, the observed well-distributed bottom-simulating reflectors (BSRs) and the discovered abundant seepage carbonates in this region were also compelling evidence of the existence of gas hydrates (Han et al., 2008; Zhang et al., 2015). The first offshore natural gas hydrate production test was successfully conducted in the Shenhu area in 2017 (Li et al., 2018), and the second production test was conducted from October 2019 to April 2020 (Ye et al., 2020). The success of two production tests and the massive gas hydrate recovered during the drilling expedition confirmed that the Shenhu area has potentially rich gas resources.






3 Materials and methods


The samples were retrieved from the seafloor core Z22-3 in the Shenhu area of northern South China Sea by Qingdao Institute of Marine Geology in 2022 (
Figure 1
). The water depth was 1,650 m, and the core length was 14.3 m. After collecting the samples, the pore water was squeezed from the core, and then the concentration of pore water ions was measured. Subsequently, the samples were sliced into sections at intervals of 2 cm, freeze-dried, and refrigerated at −4 °C for further processes. The samples were ground into powder before bulk sediment analysis and mineral picking.


[image: Map of the South China Sea showing the Pearl River Mouth Basin and Southwest Taiwan Basin. Various locations are marked, including study sites and seep sites like Z22-3 and Q6. The map features bathymetric data with depths varying from 500 meters to 3,000 meters as indicated in the legend. Boundaries of the basins are outlined with dashed lines. An inset map shows the broader geographical context of the area.]
Figure 1 | 
Bathymetric map of core Z22–3 made using GeoMapApp. The basin boundaries were modified according to Zhang B. et al. (2018). Seepage sites were Q6 (Miao et al., 2021a), W19-15 (Gong et al., 2022), Site 2A (Li et al., 2016), GMGS2-08 (Chen et al., 2016), 973-4 (Liu et al., 2020), and DH-5 (Li et al., 2016).




The major elements of sediments were analyzed using X-ray fluorescence spectroscopy (XRF; Thermo ARL ADVANT’X IntelliPower™ 2000, Waltham, MA, USA) at the Analytical and Testing Center, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences. The spectral data were converted into elemental and oxide contents using the UniQuant semi-quantitative analysis software. For trace element measurement of whole-rock sediments, an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7700e, Santa Clara, CA, USA) was used to analyze the content at Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China. The total organic carbon (TOC) and total inorganic carbon (TIC) contents of sediments, together with their corresponding carbon isotopes, were analyzed at Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China.


Minerals like pyrite, together with their oxidation products, were handpicked from the sediment samples, similar to the chromium reducible sulfur (CRS) procedure. Then, cold field emission scanning electron microscopy (SEM) was used to observe mineral morphology and clarify the species. Minerals were first fixed at the sample stage by conductive glue and then gilded. Further, the sample stage was put into the sample holder and then carefully observed under SEM. The experiment mentioned above was conducted at the Analytical and Testing Center, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences.


The in situ trace element analysis of pyrites was conducted by laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) at the Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China. The COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 200 mJ) with an Agilent 7900 ICP-MS was used. In this study, the laser energy was 80 mJ, the spot size was 32 µm, and the frequency of the laser was 5 Hz. Laser sampling was performed with helium as carrier gas and argon as make-up gas to adjust the sensitivity. Before entering the ICP, these two gases were mixed together through a T-connector. Data acquisition time for each spot was 50 s and 20–30 s for gas blank analysis. Trace element calibration was conducted under the reference of standard samples including NIST 610, BHVO-2G, BIR-1G, BCR-2G, and GSE-1G. The standard samples are all international standard substances, and the recommended values are replicated from GeoRem (http://georem.mpch-mainz.gwdg.de/). An Excel-based software, ICPMSDataCal, was used to perform off-line selection and integration of background and analyzed signals, time-drift correction, and quantitative calibration for trace element analysis (Liu et al., 2008). Epoxy discs of pyrites were made for the analysis of LA-ICP-MS. Backscattered electron image of pyrites fixed in the epoxy discs is shown in 
Figure 2
. In the backscattered electron (BSE) image, the light-color spherical aggregates are framboids, and the grey substance surrounding them is cementing material. Light-color points without cracks and with a radius larger than the laser beam spot were selected for LA-ICP-MS analysis.


[image: Microscopic image showing several clusters of particles with labels and markings highlighting specific points. Different shapes and colors such as circles and arrows in red and yellow indicate areas of interest. The scale is marked as two hundred micrometers. Acquisition settings include BEC 20.0 kV, WD 20 mm, magnification of 80 times, and date December 12, 2022.]
Figure 2 | 
Backscattered electron (BSE) image of pyrite. The yellow ellipses indicate samples analyzed by laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS).








4 Results





4.1 Bulk CS contents and MoEF–UEF



The TOC content of bulk sediments ranged from 0.63% to 1.35%, with the highest value from 181 to 481 cmbsf and an average of 1.2%. TIC exhibited a totally contrary trend, which increased from 181 to 1,101 cmbsf and then gradually decreased below 1,101. The δ13C of TOC exhibited detectably high values of 181 to 481 when the δ13C of TIC ranged from −0.1 to 1.0, and most of the values were positive. δ13CTIC decreased from the top sediment before reaching a peak at 201 cmbsf, and within 181 to 481 and 1,101 to 1,401 cmbsf, the inorganic carbon isotopes exhibited an obviously low value.


CRS showed an abnormally high value within 181 to 481 and 1,101 to 1,401 cmbsf, which indicates large amounts of pyrite formation. The δ34S value of CRS was negative throughout the core, indicating a strongly depleted sulfur isotopic composition. Corresponding to the CRS content, the δ34SCRS values were discernibly negative but exhibited a slightly increasing trend from 181 to 481 cmbsf. The S/C ratio was calculated based on the ratio of CRS/TOC. The S/C ratio showed a familiar trend as CRS, and it remained at a high value in the depths of potential SMTZs. MoEF and UEF were relatively high in 181 to 481 and decreased within 1,101 to 1,401 cmbsf.






4.2 
In situ trace element patterns of pyrite


The distribution of trace elements in various types of pyrite was analyzed using LA-ICP-MS. To minimize the potential mixture of different paragenetic phases during LA-ICP-MS analysis, only large pyrite aggregates (>20 μm) were selected for in situ analysis. However, it should be noted that the influence of later-stage phases adhering to framboidal pyrite could not be excluded to some extent. The contents of different trace elements in sediments varied greatly, even by an order of magnitude. The trace element contents of pyrite from core Z22–3 exhibited no consistent trends within individual pyrite aggregates. In comparison with trace element concentrations in sediments, the variations in trace element content within pyrite were significantly more pronounced, displaying distinct enrichment or depletion. Based on this observation, trace elements can be divided into two groups (Group 1: Mn, Zn, Cu, and V; Group 2: Pb, Co, Ni, and Mo).


The contents of the group 1 elements Mn, Zn, Cu, and V in pyrite exhibited obvious depletion compared with sediments (
Figure 3
). At the Z22–3 study sites, the measured concentrations of Mn (10.56 to 421.36 ppm for pyrite; 441.13 to 1405.56 ppm for sediments), Zn (8.25 to 69.76 ppm for pyrite; 92.1 to 112 ppm for sediments), Cu (0.62 to 58.75 ppm for pyrite; 34.37 to 43.39 ppm for sediments), and V (4.87 to 136.49 ppm for pyrite; 94.72 to 129.08 ppm for sediments) in pyrite were markedly lower than those in corresponding sediments. Notably, Mn displayed the most pronounced depletion, with an average concentration of 53.9 ppm in pyrite, representing only 8.8% of its average sediment concentration (615.67 ppm).


[image: Graph showing depth profiles of elements in pyrite and sediments, with depth in centimeters on the vertical axis. Elements include Mn, Zn, Cu, V, Co, Ni, Pb, and Mo with concentrations in parts per million on the horizontal axis. Blue circles represent sediments and brown triangles represent pyrite. Data spans depths from 0 to 1500 cm.]
Figure 3 | 
Contents of trace elements (Mn, Zn, Cu, V, Co, Ni, Pb, and Mo) in selected pyrite and bulk sediments. The shaded zone indicates the position of potential SMTZs. SMTZs, sulfate–methane transition zones.




On the contrary, the contents of the group 2 elements Co, Ni, Pb, and Mo in pyrite demonstrated significant enrichments relative to sediment concentrations (
Figure 3
). The contents of Co (13.87 to 114.51 ppm for pyrite; 12.5 to 17.9 ppm for sediments), Ni (19.05 to 445.5 ppm for pyrite; 41.9 to 55.7 ppm for sediments), Pb (1.38 to 193.68 ppm for pyrite; 16.7 to 25.4 ppm for sediments), and Mo (1.94 to 113.72 ppm for pyrite; 0.26 to 1.3 ppm for sediments) in sediment were significantly higher than those in sediments. Evidently, Ni, Pb, and Mo were significantly enriched in pyrites at the depth of the SD-AOM-affected zone, from which Mo was enriched by approximately 33 times.







4.3 Mg/Ca-Sr/Ca


The geochemical profiles of CaO, Sr, MgO, Mg/Ca, and Sr/Ca ratios are presented in 
Figure 4
. The content ranges of CaO, Sr, and MgO were 5.0% to 14.0% (9.0% on average), 242 to 602 ppm (397 ppm on average), and 1.4% to 1.9% (1.5% on average), respectively. CaO exhibited decreasing tendencies above 181 cmbsf (11.4% on average) and below 1,101 cmbsf (8.1% on average), and it exhibited an increasing trend but remained at a low value at 181–1,101 cm (8.8% on average). The Mg/Ca and Sr/Ca ratios exhibited broadly similar trends. Above 181 cmbsf and from 1,101 cmbsf to the core bottom, these ratios displayed distinct increases, with two pronounced peaks observed within the lower SMTZs.


[image: Line graphs display geochemical data against depth in sediment: left to right, CaO percentage, MgO percentage, and Mg/Ca ratio with Sr/Ca ratio. Each plot shows data fluctuations with depth up to 1500 meters.]
Figure 4 | 
Profile of indicators of carbonate minerals.








4.4 Enrichment factor of selected trace elements


The enrichment factor of each trace element was calculated to determine whether the element was enriched in sediments compared to the detrital background (authigenic enrichment). Enrichment factors (EFs) were calculated according to the formula XEF = [(X/Al)sample/(X/Al)PAAS], where X and Al represent the weight% concentrations of element X and aluminum in the sample and the standard, respectively. EFs are highly sensitive to the selection of the reference element, so Al was used here due to its conservative behavior and little variability (Smrzka et al., 2020). Samples were normalized using the Post-Archean Australian Shale (PAAS) composition summarized by McLennan (2001).


It was defined that if the value of EF is greater than 1, then the element is considered to be enriched in the sample in comparison with the standard. Algeo and Tribovillard (2009) expounded the definition that EF greater than 3 is detectable enrichment and greater than 10 is substantial enrichment. Most of the trace metals discussed here showed enrichment (2.4 to 3.3 for ZnEF; 1.6 to 2.2 for CuEF; 1.5 to 1.8 for VEF; 1.2 to 1.6 for CoEF; 1.7 to 2.3 for NiEF; 2.0 to 2.6 for PbEF; 0.6 to 3.0 for MoEF; 1.6 to 3.3 for UEF); among them, Pb, Zn, and U showed nearly detectable enrichment (2.3 on average for PbEF; 2.7 on average for ZnEF; 2.9 on average for UEF). On the contrary, the EFs of Mn ranged from 0.7 to 1.4, with most of the values less than 1, which showed no enrichment. MnEF, ZnEF, CuEF, VEF, CoEF, and NiEF all showed decreasing trends at the upper 181 cm, while MnEF, ZnEF, and CuEF remained almost stable below 181 cm; the values of VEF, CoEF, and NiEF gradually increased downcore. Furthermore, the values of PbEF and MoEF first decreased and then increased at the upper 181 cm, while UEF showed an increasing trend.






4.5 The morphologies of pyrites


The various morphologies of pyrite that were handpicked throughout this core are displayed in 
Figure 5
. At Z22-3, both the shapes and particle sizes of the pyrite varied greatly (
Figures 5A–C
). Similar to other methane seepage study sites in the northern South China Sea (Xie et al., 2012; Chang et al., 2022), throughout the core, the octahedral form is the dominant type of pyrite (
Figure 5E
). Framboids formed by the intermediate between an optimized truncated cubic shape and an octahedron are also found in several depths (
Figures 5D, G
). 
Figures 5F, G
 show the transitions of pyrites from an octahedron to a cubic shape. Furthermore, in some specific depths, subhedral elemental sulfur with a smooth surface under the SEM was observed (
Figures 5H, I
).


[image: Nine microscopic images showing various mineral samples and textures from different depths, labeled with scales for size reference. Images a, b, and c are wider views of samples at depths 161, 421, and 741 cm below the sea floor. Images d to i feature close-ups, revealing granular textures and crystal formations at depths ranging from 161 to 1341 cm below the sea floor, with scales indicating micrometer measurements.]
Figure 5 | 
Image of pyrites under the stereoscope and cold field emission scanning electron microscope (SEM). (A–C) Handpicked pyrites under the stereoscope. (D) Framboidal pyrites. (E) Octahedral pyrites. (F, G) Octahedral-cubic pyrites. (H, I) Subhedral elemental sulfur.









5 Discussion





5.1 Geochemical evidence for the position of SMTZs





5.1.1 CRS and sulfur isotope of authigenic pyrites


CRS has been widely used as an indicator of authigenic pyrite content since the method was introduced and continuously advanced (Canfield et al., 1986). In this study, from 181 to 481 cmbsf and below 1,101 cmbsf, the contents of CRS were significantly higher throughout the core, and the δ34S values of the CRS showed a slightly increasing trend (
Figure 6
). The content of CRS at Z22–3 varied greatly but ranged from 0.2 to 0.5 wt% within SMTZs, which displayed an abnormally high value. The CRS contents in SMTZs of other nearby seepage sites were 1.01–2.60 wt% (Site 2A; Lin et al., 2016), 1.04–1.65 wt% (W19-15; Gong et al., 2022), and 0.38–1.57 wt% (973-4; Liu et al., 2020). The CRS content of our study site was slightly lower than the contents of the aforementioned sites, but still within a reasonable range. Consequently, we suggest that SD-AOM was the main factor causing the increase in CRS and the sulfur isotopic composition of pyrite (
Figure 6
). However, we also found from our study that the value of δ34SCRS in SMTZs only showed inconspicuous positive bias with an existing extremely negative value ranging from −47.69‰ to −41.0‰. Such a negative value of δ34SCRS can also be found in other gas hydrate-bearing areas like the Gulf of Mexico, Southwestern Taiwan Basin, Qiongdongnan Basin, East Coast of India, and Pearl River Basin (Peketi et al., 2012; Formolo and Lyons, 2013; Li et al., 2016; Lin et al., 2016; Zhang M. et al., 2018; Miao et al., 2021b), which indicates that when using the sulfur isotope of authigenic pyrites as an indicator of SMTZs, more specific constraints are needed.


[image: Graph showing depth profiles with six separate panels displaying data: Total Organic Carbon (TOC), Total Inorganic Carbon (TIC), carbon isotopic composition (δ¹³C), Chromium Reducing Sugar (CRS), sulfur-to-carbon ratio (S/C), and uranium enrichment factor (U_EF). Each panel presents depth (in centimeters) versus percentage or isotopic value, with blue circles and orange diamonds representing data points connected by lines. Scales vary per panel.]
Figure 6 | 
Depth profiles of bulk sedimentary TOC, TIC with corresponding carbon isotopes (δ13C), chromium reducible sulfur (CRS) contents with corresponding sulfur isotopes (δ34S), MoEF, and UEF. The shaded zone represents potential SMTZs. The data of TOC, δ13CTOC, CRS, δ34SCRS, CRS, and S/C were derived from Zhang et al. (2025). TOC, total organic carbon; TIC, total inorganic carbon; SMTZs, sulfate–methane transition zones.




According to previous studies, due to strong SD-AOM, the values of δ34SCRS can gradually converge to the seawater values or even higher values. However, the extremely negative value of δ34S can be attributed to environmental and depositional situations. 1) “Open” condition: Under the “open” sedimentary condition, the exchange between pore fluids and seawater sulfate is more frequent, so the 32S consumed can be sufficiently supplemented, and the residual 34S-enriched sulfate pool is not effectively utilized (Fike et al., 2015; Peketi et al., 2015). Low sedimentary rate can contribute to the “open” condition by promoting the communication between pore water and underlying seawater, thus enlarging the sulfur isotopic fractionation (Liu et al., 2019, 2021). 2) Limited iron supply: Reactive iron supply is also important to control the sulfur isotope of pyrites. If iron is available at depths in sediments, it can react with the 34S-enriched sulfide and form high δ34S in pyrite (Spruzen et al., 2024). However, if the reactive iron is limited, it can only react with sulfide near the surface, which is not yet rich in 34S, thus forming negative δ34Spy (Formolo and Lyons, 2013). 3) Disproportionation of sulfur intermediates: According to mass balance studies (Markovic et al., 2016; Yao et al., 2020), much of the sulfide produced by microbial sulfate reduction is re-oxidized, resulting in the disproportionation of sulfur intermediates. Canfield and Thamdrup (1994) suggested that the repeated sulfur reduction and disproportionation can increase the sulfur isotopic fractionation between dissolved sulfate and sulfide. The value of sulfur isotope above 181 cmbsf in Z22–3 ranged from −47.7‰ to −18.9‰, much lower than the value of seawater sulfate (≈21‰; Rees et al., 1978). Here, we consider that the open environment and the disproportionation of sulfur intermediates contribute most to the low value of sulfur isotopes in pyrites.






5.1.2 Carbonate minerals indicate methane seepage


The existence of authigenic carbonate minerals is an important piece of evidence for methane seepage (Bayon et al., 2011; Feng et al., 2014; Bayon et al., 2015). The enhanced AOM can increase the alkalinity in pore water to facilitate the precipitation of authigenic carbonate minerals such as calcite, dolomite, and aragonite (Baker and Burns, 1985; Raiswell, 1988). They exist in the form of carbonate rocks on the sea floor or dispersed carbonate minerals in the sediment column (Han et al., 2014; Yang et al., 2014); however, it is hard to detect massive carbonate rocks because they only exist when the seepage intensity is moderate. Bayon et al. (2007) showed that Sr/Ca and Mg/Ca ratios can be used for identifying Sr-rich (aragonite) and Mg-rich (high-Mg calcite and dolomite) carbonate layers in cold seepage sediments. From 181 to 481 cmbsf and from 1,101 cmbsf to the bottom of the core, the marked increase in Sr/Ca and Mg/Ca may indicate the formation of authigenic carbonate minerals like aragonite and calcite. The simple mixing model of four end-members (aragonite, high-Mg calcite, biogenic calcite, and detrital fraction) can be used to identify the proportion of carbonate mineral components. The four-component end-member model was used to calculate the carbonate mineral composition of Z22–3 in this paper, and the samples were plotted in the model using the content of Sr/Ca-Mg/Ca. It was found to fall within the range defined by the model and was distributed on both sides of the high-Mg calcite–aragonite mixing curve. This indicated that the authigenic carbonate minerals in the sediments mainly consisted of aragonite and high-Mg calcite, which was very similar to gas hydrate-bearing sites such as the northern South China Sea (Chen et al., 2016) and Qiongdongnan Basin (Miao et al., 2021a) (
Figure 7
). Therefore, it was believed that the abnormal Mg/Ca-Sr/Ca in the 181–481-cm and 1,101–1,401-cm layers was related to the carbonate minerals produced by methane seepage. However, different from the value of Mg/Ca-Sr/Ca, the CaO value within the two identified layers showed a lower value in the sediment core. This may be attributed to the low level of authigenic carbonate minerals because of the alteration caused by extra H2S. The hypothesis still needs sufficient mineralogical evidence to be validated.


[image: Scatter plot charting Sr/Ca against Mg/Ca ratios with four regions: aragonite, detrital, biogenic calcite, and high-Mg calcite, indicated by dashed lines. Red diamonds (this study), gray triangles (Qiongdongnan basin), and blue triangles (Dongsha) represent data points clustered mainly within the high-Mg calcite region. A legend identifies the symbol colors and shapes for each study, and axis scales are logarithmic.]
Figure 7 | 
Sr/Ca ratios vs. Ma/Ca ratios for the sediment samples. Published data from Dongsha (Chen et al., 2016) and Qiongdongnan Basin (Miao et al., 2021a) were included for comparison. The end-member ratios of aragonite, high-Mg calcite, biogenic calcite, and the detrital fraction from Bayon et al. (2007) and Yang et al. (2014) were used.








5.1.3 Mo–U covariation reveals redox conditions


AOM caused by gas hydrate dissociation can alter the redox conditions of sediments and underlying seawater, leading to the enrichment of elements like Mo, Cu, and U (Tribovillard et al., 2006; Scott and Lyons, 2012; Smrzka et al., 2019a). These redox-sensitive elements, especially Mo and U, are commonly used to record the paleo-sedimentary environment and seawater chemistry, owing to their stability under oxidizing conditions and their susceptibility to being reduced and transferred to sediments in anoxic water. In oxic seawater, Mo and U primarily exist as MoO4
2− and U6+ adsorbed onto Mn oxyhydroxides. In anoxic water, MoO4
2− and U6+ are converted into thiomolybdates (MoS(4−x)Ox
2−) and U4+, respectively, when the concentration of H2S reaches a critical level of approximately 10–100 μM (Morford and Emerson, 1999; Tribovillard et al., 2006). At this point, Mo and U are quickly sequestered into organic fraction or precipitated with Fe–Mo sulfide minerals and transferred to sediments (Helz et al., 1996; Tribovillard et al., 2006). As a result, Mo enrichment in marine sediments can occur in two distinct ways: 1) a transient enrichment associated with the recycling of Mn oxyhydroxides at or near the sediment–water interface and 2) a permanent enrichment in the sulfidic zone, where MoS(4−x)Ox
2− forms and is sequestered (Scott and Lyons, 2012). Mo was apparently enriched in the 181–481-cmbsf and 1,101–1,401-cmbsf layers to a certain extent (
Figure 6
). (Mo/U)EF mostly fell on the diagonal line at 0.3 times the present-day seawater, which indicated a suboxic–sulfidic sedimentary environment (
Figure 8
). Chen et al. (2016) proposed that OSR provided the release of dissolved sulfide and that AOM activated the Mo enrichment in sediments during seepage events. High methane flux induced sulfidic conditions, which allowed the capture of Mo into pyrites through the partition shuttle process (Sato et al., 2012; Bazzaro et al., 2020). These could properly illustrate the enrichment of Mo as well as the depletion of elements like Cu within the 181–481-cmbsf and 1,101–1,401-cmbsf layers (
Figures 3
, 
9
).


[image: Scatter plot showing MO_EF versus U_EF with data points from four studies: Dongsha (GMGS2-08), Qiongdongnan (Q6), Dongsha (DH5), and the current study (Z22-3). Data are color-coded: purple triangles, gray triangles, blue diamonds, and red circles, respectively. Dashed lines indicate SW concentration levels. Regions marked as suboxic and sulfidic. Logarithmic scales on both axes.]
Figure 8 | 
MoEF vs. UEF of the sediment samples. Published data from Dongsha (GMGS2–08) (Chen et al., 2016), Qiongdongnan (Q6) (Miao et al., 2021a), and Dongsha (DH-5) (Li et al., 2016) were included for comparison. The diagonal lines that represent multiples of the Mo/U weight ratio of present-day seawater were taken from Algeo and Tribovillard (2009).




[image: Graphs displaying enrichment factors of multiple elements (Manganese, Copper, Cobalt, Lead, Uranium, Zinc, Vanadium, Nickel, Molybdenum) against depth in centimeters below sea floor. Depth ranges from 0 to 1500 cm below sea floor, with each element showing different variability patterns across the depth.]
Figure 9 | 
Enrichment factors (EFs) of trace elements (Mn, Zn, Cu, V, Co, Ni, Pb, Mo, and U) in bulk sediments from core Z22-3. The shaded zone indicates the position of potential SMTZs. SMTZs, sulfate–methane transition zones.









5.2 Controls on trace element patterns of authigenic pyrites





5.2.1 Enhancement of Co, Ni, and Mo in pyrite compared to sediments


Trace element distribution of authigenic pyrites reflects the geochemical conditions during the growth of mineral crystals (cf. Rickard, 2012). Compared to their concentrations in seawater, most trace elements in pyrite analyzed herein showed various degrees of enrichment (
Figure 3
; 
Table 1
). Co, Ni, and Mo exhibited similar patterns for core Z22-3, with higher contents and greater variation of these trace elements in pyrite and lower contents in sediments (
Figure 3
). Although Co, Ni, and Mo showed great enrichments in pyrites in SMTZs, the enrichment factors of bulk sediments of these elements are not elevated in the same depths. Thus, the element patterns of pyrites may be attributed to early diagenesis rather than the primary trace element contents of the host sediments (Lin et al., 2022).



Table 1 | 
Enrichment factors for trace elements in pyrite from core Z22–3 compared to seawater values.





	Element

	Pyrite (ppm)

	Seawater* (ppt)

	Enrichment factor






	Mn
	10.6–421.4
	16
	2.2 * 10−4–2.0



	Zn
	8.3–69.8
	392
	7.0 * 10−4–6.6



	Cu
	0.6–58.8
	191
	1.1 * 10−3–5.9



	V
	4.9–136.5
	2,000
	5.5 * 10−4–4.2



	Co
	13.9–114.5
	2
	4.2 * 10−3–31.4



	Ni
	19.0–445.5
	470
	3.7 * 10−3–26.6



	Pb
	1.4–193.7
	2
	1.7 * 10−3–28.5



	Mo
	1.9–113.7
	9,978
	1.1 * 10−2–135.9







*The concentrations of trace elements in modern seawater are the best estimates from Bruland et al. (2014).




Concerning the mechanism of Mo and the enrichment of other trace metals, two hypotheses have been brought forward: 1) the trace metals were carried to the surface sediments by ascending seepage fluids, resulting in trace metal enrichment in shallow pore fluid and sediments (Nath et al., 2008; Cangemi et al., 2010); 2) the trace metals were predominantly derived from seawater, scavenged by iron and manganese oxyhydroxides in the water column, and then transferred to the surface sediments (Tribovillard et al., 2013). In this study, the latter hypothesis was more consistent with the characteristics of trace metals in sediments at Z22-3, as other trace metals carried by chloride-rich ascending brine (such as Cu, Ni, and Zn) showed greater enrichment than Mo (
Figure 3
). Tribovillard et al. (2013) proposed that trace elements like Mo, As, and Sb were thought to be actively transferred to sediments through the particle shuttle process by Fe and Mn phases. Then, Mo could be trapped by pyrite formed during early diagenesis, and Mo was reported to have the highest degree of trace metal pyritization (DTMP; Huerta-Diaz and Morse, 1992; Burdige, 2007) among other trace metals, which means that Mo was highly prone to incorporation into pyrite during early diagenesis. In the OSR-affected zone (0 to 181 cmbsf), the contents of Mn in the sediments significantly decreased with increasing depth, while the contents of Mo increased; in the 481–1,101-cmbsf layers, the Mn contents of the sediments at the study site were low and constant, and Mo revealed much higher and more variable contents. In the SD-AOM-affected zone, the enrichment factors of Mo in sediments slightly decreased as the Mo contents in pyrite apparently increased. With the higher H2S concentrations occurring in seawater (H2S ≥ 0.011 mM), the chemical reaction of Mo thiolation is given as follows (Equation 3) (Erickson and Helz, 2000):
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Therefore, by combining these results with those of previous studies, we suggest that Mo was most probably adsorbed and carried by iron and manganese oxyhydroxides. Then, in the OSR-affected zone, Mo was dissolved and turned into MoS4
2−, entering pyrite during early diagenesis under the effect of SD-AOM.


Trace elements such as Ni, Co, As, and Se are commonly lattice-bound within pyrite (Vaughan and Rosso, 2006). Co and Ni commonly substitute for ferrous in pyrite due to their similar ionic radii and charge (Huerta-Diaz et al., 1998; Tribovillard et al., 2006). The ratio between Co and Ni (Co/Ni) in pyrite has been effectively used to investigate the evolution of geochemical conditions during pyrite formation (e.g., Dill and Kemper, 1990; Maslennikov et al., 2009). The Co and Ni contents of the two discussed zones in our study area are plotted in 
Figure 10
, and the slope of the linear trends represents the ratio between Co and Ni (Co/Ni). The OSR-derived pyrite (with a slope of up to 0.44) revealed a higher Co/Ni ratio than the SD-AOM-derived pyrite (small slope of 0.17), but both were higher than the ratio of seawater (ca. 0.004; Bruland et al., 2014). The elevated Co/Ni ratio of pyrite from the OSR-affected zone of the study site indicated stronger enrichment of Co compared to Ni in pyrite at this depth. Ni could be more easily incorporated into pyrite than Co under highly sulfidic conditions (Smrzka et al., 2019a, 2020), in accord with enhanced SD-AOM as a cause for the decreased Co/Ni ratio for the AOM-affected zone. With respect to the Ni and Co contents, both revealed detectable enrichment in SD-AOM-derived pyrites compared with OSR-derived pyrites. A convincing hypothesis indicates that Ni and Co are dispensable metals of enzymes required in the reverse methanogenesis pathway (Hallam et al., 2003; Scheller et al., 2010; Glass and Orphan, 2012); thus, Ni and Co may be taken up through reverse methanogenesis and then accumulate in pyrites.


[image: Scatter plot comparing cobalt (Co) and nickel (Ni) concentrations in parts per million (ppm). Red and blue trendlines represent different data sets: SD-AOM-driven and OSR-driven, with slopes of 0.08 and 0.5, respectively. Red and light blue circles indicate data points for each category.]
Figure 10 | 
Ni and Co contents in authigenic pyrites. The diagonal lines represent Ni vs. Co.








5.2.2 Decrease of Mn, Zn, Cu, and V and enhancement of Pb in pyrite


In oxic marine environments, Mn typically coexists with metastable Fe–Mn oxyhydroxides (Bayon et al., 2004; Smrzka et al., 2019a, 2020). Due to the strong sorption capacity, Fe–Mn oxyhydroxides can adsorb most ions in the water column or the pore water, such as Mn, Pb, Zn, Cu, and V (Bayon et al., 2004; Lin et al., 2022; Miao et al., 2022). However, the adsorbed trace elements are released into pore water when iron and manganese oxyhydroxides are reductively dissolved by hydrogen sulfide in the sediment (Equations 4, 5) (Berner, 1981; Burdige and Nealson, 1986; Aller and Rude, 1988; Canfield and Thamdrup, 2009):
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In this study, we used CRS and sulfur isotopic composition to constrain the depths of SMTZs, and we used (Mo/U)EF to indicate the sulfide conditions, which favor the reductive dissolution of iron and manganese oxyhydroxides and the release of trace elements. No enrichment of elements Mn, Pb, Zn, Cu, and V was observed for bulk sediments (
Figure 9
), and reduced contents of Mn, Zn, Cu, and V in pyrite from both the OSR- and SD-AOM-affected zones were identified (
Figure 3
). Some studies have suggested that the water exchange reaction kinetics of metals influence mineral precipitation (Huerta-Diaz and Morse, 1992; Morse and Luther, 1999). Trace elements, such as Cu, Pb, and Zn, which have faster water exchange kinetics rates than Fe, tend to precipitate as independent sulfide rather than incorporate into pyrite. It is likely that at Z22-3, Mn, Cu, and Zn were released and accumulated when SD-AOM rates were high and then precipitated as independent metal sulfides. It is suggested that the weakening of the OSR can limit the release of Zn and Cu in the methane seepage environment, which also contributes to the depletion of pyrites (Yu et al., 2025). However, the enhancement of Pb content in pyrite may indicate that the metal sulfide of Pb has further incorporated into pyrite. V is usually not present in sulfide minerals such as pyrite, and dissolved V in pore water is reduced and precipitates in the insoluble V phase in the presence of hydrogen sulfide (Emerson and Huested, 1991; Wanty and Goldhaber, 1992). In the OSR-affected zone (481 to 1,101 cmbsf), the contents of Mn, Zn, Cu, and V in the pyrites were also very depleted (
Figure 3
). This is because OSR also leads to a substantial solution of iron and manganese oxyhydroxides, making it difficult to use these depleted elements as proxies to identify SD-AOM and OSR.








6 Conclusion


We analyzed bulk sediment major and trace elements, CRS contents and the associated sulfur isotopes, TOC with the associated carbon isotopes, and in situ trace elements of pyrites to investigate the sediment samples at core Z22–3 from the northern SCS. The positions of SMTZs were defined from 181 to 481 and from 1,101 to 1,401 cmbsf using comprehensive geochemical and mineralogical characteristics. The trace elements exhibited varying degrees of enrichment and depletion in pyrite, as their distribution patterns differed significantly between SD-AOM and OSR. Compared with the trace metal contents in sediment, the trace elements in pyrite at Z22–3 are divided into two groups: 1) Co, Ni, Mo, and Pb contents were enhanced in pyrite; and 2) Mn, Zn, Cu, and V contents were depleted in pyrite. Our results show how methane seepages modulate the process of adsorption of trace elements by pyrite in a suboxic–sulfide environment (
Figure 11
): first, water column from deep layers carried the trace metals (Co, Mo, Ni, etc.) to the sediment–water interface (SWI), and then these trace metals were adsorbed by aggregates of iron and manganese oxyhydroxides. Subsequently, iron and manganese oxyhydroxides were reduced in suboxic sediments and released Co, Mo, Ni, Mn, etc., which they carried. With the high methane fluxes, the combination of Ni, Mo, Co, and pyrite was enhanced. Mn, Zn, Cu, and V can precipitate as independent metal sulfides due to high water exchange reaction kinetics rates in both the SD-AOM- and OSR-affected zones.


[image: Diagram illustrating three panels (A, B, C) of sedimentary processes. Each panel shows layers labeled SWI, Iron reduction zone, OSR, and SMTZ or paleo-SMTZ. Methane fluxes and chemical reactions involving compounds like CH₄, Fe²⁺, and MnO₂ are depicted. Symbols represent independent metal sulfides, Fe-Mn oxyhydroxides, particulate with adsorbed trace metals, and pyrite. Arrows indicate movement of particles and reactions.]
Figure 11 | 
Schematic diagram illustrating trace metals that entered pyrite under methane seepage (based on Hu et al., 2014). (A) Trace elements were carried by water column to sediment–water interface (SWI) and adsorbed by aggregates of iron and manganese oxyhydroxides. In SMTZs, anaerobic oxidation of methane occurred, and manganese oxyhydroxides were reductively dissolved; meanwhile, trace elements were released. Ni, Mo, and Co entered pyrites; Mn, Zn, Cu, and V entered independent metal sulfides. In OSR-affected zone, reductive dissolution of iron and manganese oxyhydroxides also occurred, and pyrites were generated. (B) SD-AOM was no longer active, but pyrites and independent metal sulfides were preserved in SMTZs. In paleo-OSR-affected zone, pyrites were oxidized into oxyhydroxides. At the shallower layers, the current phase of OSR was active. (C) New phase of SD-AOM was active. WERK, water exchange reaction kinetics. SMTZs, sulfate–methane transition zones; SD-AOM, sulfate-driven anaerobic oxidation of methane; OSR, organic sulfate reduction.
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The concentrations of trace elements in modern seawater are the best estimates from Bruland
et al. (2014).





