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The compositions and morphological characteristics of minerals and the cycle of trace elements in sedimentary environments are considered to be powerful indicators for the occurrence and evolution of gas hydrates. In this article, total organic carbon (TOC) content, particle size distribution, mineral composition, element distribution, and iron speciation of sediments from sites GMGS5-W07 and GMGS5-W09 of the South China Sea are studied. The high content of TOC and the occurrence of authigenic mineral assemblages suggest the accumulation potential of gas hydrate at the two sites. In the methane-rich layers, redox-sensitive trace elements, such as Co, Ni, Cu, Zn, As, Sb, Fe, and Mn, are enriched while reducing conditions lead to the accumulation of Fe and the increase of Fe(II) species proportion in sediments. Enrichment factors and Pearson correlation analysis of trace elements show that the circulation of trace elements at site W07 is more strongly affected by methane-rich fluids than at site W09. Fe-oxyhydroxides play a critical role in the development of As and Sb enrichments, and in particular, seep fluids may be a pivotal extra input of Mo, As, and Sb at site W07. Therefore, more intense methane seepage might have happened at site W07, and this conjecture has been further confirmed by higher Sr/Ca in sediments. Based on these results, the change in seepage intensity is not associated with the occurrence of gas hydrate.
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1 INTRODUCTION
The geochemical conditions of gas hydrate-bearing sediments have been recognized, which have also been known to affect the formation of authigenic mineral and the behaviors of elements. In recent years, a scientific geochemical method of identifying gas hydrate-bearing environments has been established through a series of proxies, including but not limited to organic carbon content, authigenic minerals, and element composition (Chen et al., 2016; Feng and Chen, 2015; Himmler et al., 2013; Li N et al., 2016; Liu et al., 2020; Smrzka et al., 2020; Tong et al., 2013; Wang et al., 2018).
Sediment granularity is an important factor influencing gas hydrate saturation, and the suitable reservoir is in favor of gas hydrate storage (Ginsburg et al., 2000; Lu et al., 2011). It is generally stored in coarse-grained sediments, such as sand deposits with high porosity and methane seepage (Collett et al., 1988; Uchida and Tsuji, 2004; Boswell, 2007). However, numerous submarine gas hydrate may be stored in the clay (<4 μm) and silt (4–63 μm) of fine-grained sediments, and gas hydrate has the characteristics of small thickness and low saturation with disseminated structure (Shaohua et al., 2015). Some studies showed that there may be a good corresponding relationship between the microbiological shell and a relatively large layer of fine-grained sediments with gas hydrate, such as Blake Ridge in the western Atlantic Ocean (Kraemer et al., 2000) and the South China Sea (Zhang et al., 2007; Li C et al., 2016).
A special mineral assemblage has been confirmed in the gas hydrate- or seepage-impact environment. In general, minerals commonly found in gas hydrate-bearing environments include authigenic carbonate minerals (e.g., calcite, dolomite, aragonite, and high-Mg calcite), sulfate minerals (e.g., gypsum and barite), and pyrite (Ritger et al., 1987; Peckmann et al., 2001; Luff and Wallmann, 2003; Egawa et al., 2015; Feng and Chen, 2015; Zhou et al., 2020). These minerals are thought to be the products of sulfate-dependent anaerobic oxidation of methane (AOM, Eq. 1, Boetius et al., 2000; Devol and Ahmed, 1981; Murray et al., 1978), and this process increases the alkalinity of the environment and provides anions for the formation of authigenic minerals. AOM is the most typical reaction that occurs at the sulfate-methane transition zone (SMTZ) (Knittel and Boetius, 2009) or might proceed in the gas hydrate zone (Cui et al., 2019) and is also strongly affected by the seepage strength (Joye et al., 2004; Boetius and Wenzhöfer, 2013). For the abovementioned reasons, authigenic minerals are critical geochemical proxies closely related to the hydrate deposition environments and can indicate the presence of gas hydrate and methane upwelling to a certain extent (Feng and Chen, 2015; Zhang et al., 2018; Zhou et al., 2020).
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Deposition area where gas hydrates exist and methane seepage have occurred will affect the circulation of elements in sediments, especially redox-sensitive trace elements (Tribovillard et al., 2006; Tribovillard et al., 2013; Hu et al., 2015b; Chen et al., 2016; Smrzka et al., 2020). Past research has shown that redox-sensitive elements such as Mo, U, and V are strongly enriched under anoxic conditions, and to a lesser extent, certain other trace metals like Cr and Co are also classified to judge the oxidation and reduction environments (Tribovillard et al., 2006; Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Ni, Cu, Zn, and Cd are mainly associated with organic matter, and may be reserved to the sediment in association with pyrite after the reduction processes decompose organic matter (Tribovillard et al., 2006). Under normal circumstances, Ba and P in the ocean environment can evaluate the level of paleoproductivity, while sedimentary environments with gas hydrate are often accompanied by high organic matter fluxes (Dymond et al., 1992; Tribovillard et al., 2006).
Otherwise, the geochemical cycling of Fe is redox-active in near-surface marine sediments and methane-rich layers (Froelich et al., 1979; Raiswell and Canfield, 2012; Riedinger et al., 2014; Hu et al., 2015a; Nevin and Lovley, 2002). Under normal reducing conditions, Fe exists mainly in divalent cationic form and forms sulfide or sometimes siderite. Under oxidizing conditions, Fe2+ will be oxidized to Fe3+ and mainly deposited as hydroxides or oxides, such as hematite and goethite, respectively (Nevin and Lovley, 2002; Hedrich et al., 2011). In sediments affected by sulfidic conditions, the precipitation of Fe sulfides is favorable, which leads to authigenic Fe accumulation (Scholz et al., 2014a, b), namely, Fe-oxyhydroxides and ferrous Fe, which will experience the circulation of reprecipitation and redissolution and release into the pore water among oxic zone, suboxic zone, and sulfidic zone. Methane seepages could represent a source of dissolved Fe to the deep ocean with the amount of Fe released into seawater from methane fluids (Lemaitre et al., 2014). In such environments, the release of hydrogen sulfide and bicarbonate through AOM leads to the reduction of Fe-oxyhydroxides and the precipitation of Fe sulfides (Hensen et al., 2003; März et al., 2008; Yang et al., 2018). Based on this, Fe speciation could be regarded as a tool to assess variable redox conditions during seepage history (Hu et al., 2015a). In addition, Fe speciation also contributes to the interpretation of fluctuations of redox-sensitive elements in the seepage-impact environment under various redox conditions. The mobilization of Fe (oxyhydr)oxide-bound P has been reported around the SMTZ (März et al., 2008), and the enrichment of some redox-sensitive elements, such as, Sb, and Mo, has a link with the adsorption of Fe-oxyhydroxides (Dymond et al., 1992; Tribovillard et al., 2013; Hu et al., 2014).
Geochemical methods such as elemental content, mineral composition, and TOC content in seafloor sediments have long been a critical scientific tool for revealing gas hydrate accumulation and methane seepage in the study area. In this article, we compared the sediment’s total organic carbon contents, particle size compositions, authigenic minerals, and trace elements contents of two adjacent sites with different hydrate accumulation circumstances (gas hydrate content and seepage activity) on the north slope of the South China Sea during the fifth “China Gas Hydrate Drilling Expedition” (GMGS5) in 2018. Different from previous research, our work provides an opportunity to distinguish the geochemical conditions under different scenarios of gas hydrate occurrence and seepage evolution.
2 GEOLOGICAL SETTING AND GAS HYDRATE OCCURRENCE IN THE QIONGDONGNAN BASIN
2.1 Geological setting
Benefitting from the widely distributed sedimentary basins, various faults or diapir structures and adequate organic matter supply, the northern continental slope of the South China Sea (SCS) is not only rich in oil and gas but also a hotspot for the exploration and exploitation of gas hydrates (Zhang et al., 2002; Wu et al., 2005; Wang et al., 2006). From now on, China has considerable reserves of gas hydrate in the SCS, including Xisha Sea Area (XSA), Shenhu Sea Area (SSA), Dongsha Sea Area (DSA), Pearl River Mouth Basin (PRMB), and Qiongdongnan Basin (QDNB) (Zhang et al., 2002; Jiang et al., 2008; Wu et al., 2008; Li et al., 2013; Liu et al., 2014; Zhang et al., 2015; Xu et al., 2016; Fang et al., 2019; Wei et al., 2019).
The Qiongdongnan Basin (QDNB), which is located at the northeast continental shelf of the SCS, covers an area of approximately 65,000 km2. The water depth varies considerably, and the sedimentation rate is high (Ye et al., 1985; Zhao et al., 1999). The pre-Cenozoic basement of the QDNB is composed of Paleozoic metamorphic rocks, dolomites, cretaceous intermediate-acid granites, diorites, and volcanic clastic rocks (Huang et al., 2016). The sedimentary sequences include Paleogene, Neogene, and Quaternary strata (Zhu et al., 2009). Through petroleum explorations, benefitting from the extensive surface sea deposits and continental shelf slope deposits, the QDNB has good gas hydrate generation and storage capacity, especially the Eocene and Oligocene Yacheng formations are the main source rocks (Zhu et al., 2009; Su et al., 2012; Huang et al., 2016).
2.2 Gas hydrate expedition in the Qiongdongnan Basin
Since 2007, the Guangzhou Marine Geological Survey (GMGS) has carried out five gas-hydrate drilling expeditions in the SCS, the survey area includes eastern PRMB, XSA, SSA, and QDNB (Sha et al., 2015; Zhang et al., 2015; Wei et al., 2018; Wei et al., 2019). Through comprehensive survey methods of geology, geophysics, geochemistry, and biological characteristics, multilevel and multi-information abnormal signs related to gas hydrate were discovered. Research of the bottom simulating reflection (BSR) (Liang et al., 2019), the abnormal chemical composition of pore water (Sun et al., 2007), active cold seeps (Liang et al., 2017; Fang et al., 2019), authigenic carbonate minerals (Chen et al., 2016; Liang et al., 2017), and mud diapirs and gas chimneys (Zhang et al., 2019) have confirmed that the QDNB is rich in gas hydrate resources. In addition, sediments in which gas hydrates-recovered in the QDNB were dominated by clay and fine silt (Liang et al., 2019; Wei et al., 2019; Ye et al., 2019), and mainly exist in various fractures (Wei et al., 2021).
In 2018, the fifth gas hydrate drilling expedition (GMGS5) in the northwestern continental slope of the SCS was conducted by GMGS (Figure 1A). Four sites (W01, W07, W08, and W09) were selected to drill six boreholes (W01B, W07B, W08B, W08C, W09B, and W09C) in this investigation. In particular, vast quantities of gas hydrates were discovered and collected at site W08, which was the most typical and representative gas hydrate site drilled during this investigation (Wei et al., 2019; Lai et al., 2021). The samples in this article come from site W07 and W09 (Table 1), all of which are at the depth of 1,600–1,800 m in the deep water of the eastern part of the QDNB (Figure 1B). The seabed terrain is relatively flat (1.3–2.8 of W-E slope), which is conducive to the accumulation of gas hydrates (Wei et al., 2019). The seismic profile shows that, influenced by the position of the Songnan Low Uplift, site W07 and W09 were both drilled through the seepage pathways on the two chimneys (Liang et al., 2019; Wei et al., 2021).
[image: Figure 1]FIGURE 1 | Gap of sampling locations and gas hydrate saturation of research sites in this study. (A) Geological settings and location of GMGS5 drilling area (red dotted frame). QDNB: Qiongdongnan Basin, YGHB: Yinggehai Basin, PRMB: Pearl River Mouth Basin. (B) Submarine topography of study area and locations of sites during GMGS5 (pointed stars, after Liang et al., 2019). (C) Gas hydrate saturation calculated based on chloride concentration of site W07 and W09 from Wei et al. (2019). (D) Chloride concentration and sulfate profiles of site W07 and W09 from Wei et al. (2019), and the depth of experimental samples in this study.
TABLE 1 | Information of samples from site GMGS5-W07 and GMGS5-W09.
[image: Table 1]Near site W09, active clams and a mound-like structure were observed, while life activity was limited (Wei et al., 2021). Confirmed by the coring and sampling results and pilot hole logging while drilling (LWD) anomalies, gas hydrates existed at the depth of 7–158 mbsf (Liang et al., 2019). The gas hydrate content increased with depth and showed a bump in the middle layer (from 60 mbsf to 100 mbsf, Figure 1C), multiple layers exhibited very high gas hydrate content (up to >80%) (Wei et al., 2019), which were dominated by fracture-filling hydrate (Wei et al., 2021).
There were many pockmarks near site W07, but no obvious traces of life activity were found (Wei et al., 2021). The core data from site W07 showed that gas hydrate was present at 6–8% of pore volume at depths with elevated LWD resistivities (Wei et al., 2021). Low saturation hydrates were present at site W07 and gas hydrate saturation increased with depth from the seafloor to the end of the hole (Wei et al., 2019; Wei et al., 2021) (Figure 1C).
Estimated gas hydrate contents at site W09 were higher than W07, whether it was based on the chloride concentration or degassing (Wei et al., 2019). Both site W07 and W09 have kick-type sulfate profiles, positive chloride anomalies in the shallow sediment (Figure 1D), and authigenic carbonates at multiple layers, which may indicate that dynamic changes in fluid flux and multistage gas hydrate evolution occurred on a time scale from months to thousands of years (Borowski et al., 1996; Torres et al., 1996; Fischer et al., 2013; Wei et al., 2019). Due to the increased fluid flux, gas hydrates were expected to be formed in the shallow sediment at site W07 and W09 (Wei et al., 2019). Methane seepage at the two sites accumulated the release of H2S, causing the SMTZ to be shallow and the sedimentary environment to be reducible (Wei et al., 2019). Moreover, the seepage in site W07 was younger than W09, indicating that there may exist more free gas in W07 (Wei et al., 2021).
3 METHODOLOGY
3.1 Particle size analysis
The particle size distribution was determined via dynamic image analysis (CAMSIZER X2, Retsch Technology GmbH, 42,781 Haan, Retsch-Allee 1-5, Germany) at the School of Ocean Sciences, China University of Geosciences (Beijing) (CUGB). The sample preparation process sequence is as follows: 0.2000 ± 0.0010 g of the sample was accurately weighed into a 50 ml beaker, and a small amount of ultrapure water was added to immerse the sample. 10 ml of 30% H2O2 was added to each beaker and soaked for about 24 h to remove organic carbon. To remove the remaining H2O2, the sample was heated and boiled for 5min; 2 ml of 30% HCl was added to remove CaCO3 after cooling. After standing for 24 h, 2 g of NaOH was added to remove biogenic opal. The sediment composition and mean particle size were obtained, and the classification and naming of the sediments adopt the Folk classification method (Folk et al., 1970).
3.2 Total organic carbon analysis
The total organic carbon (TOC) content of each sediment sample was determined using Elementar Vario TOC (Germany) at the School of Ocean Sciences, CUGB, following the procedure described by: 0.0200 ± 0.0005 g powdered sample was weighed into the tin foil cup, excess of 10% HCl was added to the tin foil cup to remove CaCO3, was allowed to stand for 24 h; the cup was washed with distilled water and placed it in an oven for drying; and the tin foil cup was folded into a small square and text by the total organic carbon analyzer. Parallel samples, blank samples, and standard samples (GBW07312) were also analyzed for quality control, with the relative errors of all samples being within 2%.
3.3 Mineral analysis
X-ray diffraction (XRD) analysis of the samples was carried out using an X-ray diffractometer (Bruker D2 phaser, Germany) at the School of Ocean Sciences, CUGB. The scanning parameters: Cu-Kα radiation (λ = 0.154 nm), 2θ scan range 5°–70°, accelerating voltage 30 kV, current 10 mA, scan speed 2°/min, sampling step 0.02°.
The morphological properties of sediment samples were observed by field emission scanning electron microscope (FESEM) analysis using a Hitachi SU8220 FESEM at State Key Laboratory of Tribology, Tsinghua University. The images were taken using a 10 kV accelerating voltage with ∼180 K × magnification.
3.4 Major and trace element analysis
Major and trace elements in sediments were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, IRIS Intrepid II, Thermo Scientific) at the School of Earth and Space Sciences, Peking University. Accuracy of the major and trace elements results within 5%–10%. Among them, the different chemical species of Fe in sediments were extracted in the sequential extraction method as described by Poulton and Canfield (2005) and Yang et al. (2018), each step is shown in Table 2. To ensure the reliability of the experimental results, the results were acceptable when the yield was between 80 and 120% (Poulton and Canfield, 2005; Larner et al., 2006; Claff et al., 2010).
TABLE 2 | Sequential extraction processes for studying the speciation of Fe in sediments.
[image: Table 2]4 RESULTS
4.1 Particle size distribution
The average size of site W07 particles was measured to be 16.75–181.63 μm, with a wide range of particle size distribution. The silt was the dominant particle size overall, with an average between 48.67% and 86.93%, while sand was the second component, with a content of 2.75%–47.63%. The particle size distribution of site W09 was in the range of 14.27–28.85 μm, with a narrow range distribution. The first component was dominated by silt, with content of 83.90–90.00%, while the second component was dominated by clay, with content of 7.95–13.73%.
Overall, the sediment particles at site W07 were coarser than at W09, and the range of particle size distribution with depth changed more widely (Figures 2A,B). The surface sediments at site W07 were the most special among all layers, with the highest sand content (47.63%), maximum particle size (181.63 μm), widest particle size distribution, and highly non-uniformity (Figure 2A). Below the surface, sediments were dominated by silt, and the clay particle content increased and remained at about 10–13%. The phenomenon of coarse particles appeared again at 70.95 mbsf, different from the surface sediments, the particle size was more uniform. The particle size of the sediments at site W09 was relatively uniform, and the deep layers were better than that of the shallow (Figure 2B). The silt content of site W09 was higher than 80%, and the sand content was always lower than that of silt and higher than that of clay at all sampling layers, but the sand content was significantly lower than that at site W07.
[image: Figure 2]FIGURE 2 | Sediment particle size analysis results of site W07 and W09. (A,B) show the particle size distribution, density distribution based on volume, and particle diameter calculated by the particle projection. (C) shows the textural classification of the samples based on Folk et al. (1970).
For ease of interpretation, the particle size of the sediments is generally separated into three fractions (Udden, 1914; He et al., 2009): clay (<4 μm), silt (4–63 μm), and sand (>63 μm), representing fine sediments, medium-sized sediments, and coarse sediments, respectively. Here, the sediment particle size triangle map projection was obtained using the method of Folk (Folk et al., 1970). As shown in Figure 2C, the particle size of site W07 was concentrated in silt and sandy silt, and the cast points were relatively dispersed and roughly distributed in a linear shape. While sediment samples from site W09 had finer particles, all of which were silt, with concentrated cast points and better sorting.
4.2 Total organic carbon content
Sediment total organic carbon (TOC) contents of site W07 varied between 0.54% and 0.74%, with an average of 0.60%. The surface sediments on the seafloor had the highest TOC content of 0.74%, while the TOC contents of the remaining layers were less than 0.60%. Sediment TOC contents of site W09 varied between 0.50% and 0.58%, with an average of 0.54%. The peak of TOC appeared at 5.50 mbsf and 75.75 mbsf, respectively. On the whole, TOC contents of the sediments at the two sites were similar and varied little with depth.
4.3 Mineral composition and microscopic characteristics
The XRD patterns were quite similar at the two sites (Figure 3). There was a special assemblage of minerals at the two sites, which was characterized by clay minerals (illite and kaolinite), clastic rock minerals (quartz and albite), carbonate minerals (calcite and siderite), sulfate minerals (gypsum and anhydrite), and pyrite (Figures 3E,F). The characteristic peaks of quartz and calcite were strong in all layers, representing the main mineral phase in the sediments. The difference was that the clastic minerals of site W07 were higher, while site W09 had more clay minerals. To facilitate any comparisons in characteristic mineral content, we chose calcite as a representative of carbonate and pyrite as a representative of sulfide, and the characteristic peaks of calcite (2θ = 29.30° ± 0.10°) and pyrite (2θ = 33.00° ± 0.10°) were zoomed in Figure 3. Zoomed-up insets showed the difference, and there was a clear peak of calcite in surface sediments and not varied significantly with depth at site W07, but the signal suddenly increased below 58.00 mbsf at site W09 (Figures 3A,C). Especially, an obvious characteristic peak can be observed at 2θ of 29.72° in the layer of 5.50 mbsf at site W09, which was identified as high-Mg calcite (Figure 3C). Looking back to pyrite, it seems to be more obvious in the surface layer than the deep, more obvious in site W09 than W07, with even no obvious characteristic peaks appearing in individual layers of site W07 (Figures 3B,D).
[image: Figure 3]FIGURE 3 | X-ray diffraction results at site W07 (E) and W09 (F). (A,C) and (B,D) were zoomed by 29.0°<2θ < 30.0° and 22.5°<2θ < 33.5°, respectively. Ill: Illite; Kln: Kaolinite; Mnt: Montmorillonite; Q: Quartz; Ab: Albite; Cc: Calcite; Sd: siderite; HMC: high-Mg calcite; Adr: Anhydrite; Gp: Gypsum; and Hl: Halite.
Under the scanning electron microscope, mineral crystals such as faces, corners, and edges were well-preserved (Figure 4), representing that those minerals were precipitated spontaneously and had not experienced transportation and abrasion. Among the observed authigenic carbonate minerals, calcite showed a relatively high content with mostly granulate, and aragonite had a needle-like shape (Figure 4). Moreover, some microalgae shells were also observed under the FESEM, like coccolithophores (Figure 4).
[image: Figure 4]FIGURE 4 | Typical samples under FESEM. (A) granular calcite; (B) flaky clay mineral; (C) columnar aragonite; (D) acicular aragonite; and (E) shell of coccolithophore.
4.4 Iron content and its chemical species
Through step-by-step extraction, the total amount of Fe (FeT) in the samples of the two sites and the proportions of Fe species were obtained. After calculating the recovery rate (the ratio of FeT proportions of different Fe species to the FeT), the results were all between 80 and 120%, which were judged to be the valid data (Poulton and Canfield, 2005; Larner et al., 2006; Claff et al., 2010).
4.4.1 Total iron content
FeT of the sediment samples at site W07 varied between 2.8 and 4.1 wt%, with the surface content being the lowest and showing an increasing trend with depth. There was a peak at 44.23 mbsf, and then the second peak appears at 118.00 mbsf (Figure 5). The FeT of sediment samples from site W09 varied more complicatedly with depth, fluctuating between 3.8 and 4.5 wt%, with a relatively higher content occurring in 5.50, 16.70, and 60.75 mbsf (Figure 5). Overall, the FeT at site W09 was characterized by a high overall content and concentrated distribution compared to site W07.
[image: Figure 5]FIGURE 5 | Mass accumulation of Fe species in sediments of site W07 (A) and W09 (B).
4.4.2 Chemical species of iron
As can be seen from Figure 5, the concentrations of different forms of iron at site W07 were 1,009–2,651 mg/kg (equivalent to 3.1%–7.2% of total iron content) in the carbonate-associated fraction (siderite and ankerite), 1,085–2,870 mg/kg (3.0%–7.8%) in the easily reducible fraction (amorphous oxides: ferrihydrite and lepidocrocite), 1,553–3,353 mg/kg (4.3%–12.2%) in the reducible fraction (crystalline oxides: goethite, hematite, and akageneite), 2,378–3,649 mg/kg (6.6%–9.5%) in the recalcitrant oxide fraction (magnetite), and 19,970–39,206 mg/kg (72.6%–94.6%) in the residual fraction (mainly silicates).
The concentrations of different forms of iron at site W09 were 1,046–4,123 mg/kg (2.7%–9.2%) in the carbonate-associated fraction (siderite and ankerite), 798–5,284 mg/kg (2.0%–11.8%) in the easily reducible fraction (amorphous oxides: ferrihydrite and lepidocrocite), 1,044–2,871 mg/kg (2.8%–6.6%) in the reducible fraction (crystalline oxides: goethite, hematite, and akageneite), 1,902–3,482 mg/kg (4%–7.8%) in the recalcitrant oxide fraction (magnetite), and 32,658–41,684 mg/kg (72.9%–99.0%) in the residual fraction (mainly silicates).
Among the deposit forms of iron in the sediments at the two sites, there was no obvious advantage in the proportion of iron in different forms (except residual fraction). Specifically, the proportions of reducible fraction and recalcitrant oxide at site W07 were higher, while iron in site W09 was dominated by a carbonate-associated fraction and easily reducible fraction (Figure 5).
5 DISCUSSION
5.1 Geochemical conditions for gas hydrate accumulation
5.1.1 Reservoir sediment matrix
Sediment particle size is a vital controlling factor for gas hydrates to store in reservoirs. It is undeniable that particle size generally decreases with the pore size, and the sediment permeability decreases with decreasing pore size (Vargas-Cordero et al., 2020). Consequently, the enrichment of gas hydrates in previous studies often showed the relationship corresponding to the layers with coarse-grained sediments and high sand content (Lu et al., 2011; Jinhua et al., 2018).
Different from the previous understanding, the results in this article show that gas hydrates are stored in fine-grained sediments, mainly silts, at site W07 and W09 (Figure 2C), indicating that the deposition environment is low-energy and relatively stable. The phenomenon of high-content gas hydrate exists in primarily fine-grained sediments also present in the SCS, specifically, sand content of the sediment hydrate accumulated in SSA is less than 10%, while the hydrate saturation is as high as 10–45% (Wang et al., 2010). In addition, recent studies have pointed out that agglomerates consisting of clay and silt particle may increase the apparent particle size and pore throat size of the sediments, preventing the relative permeability drop, and ultimately promoting gas hydrate growth in silt-rich sediments (Vargas-Cordero et al., 2020). The fine-grained particle restricts the pore spaces for gas hydrate growth, and at the same time, under the connection of structural fractures, massive gas hydrates with a vein-like or the disseminated structure have been formed in the boreholes in the study area (Liang et al., 2019). In addition, relatively coarse-grained particles are contained in the sediments at site W07 (Figures 2A,C), which may be the result of gas escape.
It is noteworthy that many coccolithophore shells can be observed under FESEM in the sediments (Figure 4) of the study sites. Layers with gas hydrate exhibit a positive feedback relationship with foraminifera and coccolithophore shells are common in SCS, such as the GMGS3 drilling area (Zhang et al., 2017) and site SH7B in SSA (Chen et al., 2013). In our study area, the appearance of coccolithophore shells increases the content of coarse-grained particles and the porosity of the sediments, which will provide more space for the formation and occurrence of gas hydrates.
5.1.2 Mineral compositions of reservoir sediments
The main mineral composition is expectedly similar in two different settings, and the change of mineral facies is not obvious with depth (Figures 3E,F). Influenced by gas hydrate environment, these minerals are largely authigenic with intact crystal forms (Figure 4).
As the direct product of AOM, authigenic carbonates deposit since a high concentration of HCO3− (Moore et al., 2004; Feng and Chen, 2015). Gas hydrate concentration at site W09 continued to increase with depth (Figure 1C), alkalinity driven by strong AOM promoted the process of combining Ca2+ and CO32- to generate authigenic carbonate. Consequently, the content of calcite increased in the bottom layers (Figure 3C). Site W07 has a low and stable gas hydrate concentration, so it does not cause a significant variation of carbonate content in depth (Figure 3A). Yet, there is no obvious reason for a strong calcite signal in surface sediments at site W07, so it is speculated that calcite may not be self-generating. Otherwise, needle-like aragonites are often found in gas hydrate environments (Tong et al., 2013), which provides vital evidence for microbial activities associated with gas hydrates in the study area.
Pyrite is produced by combining with hydrogen sulfide generated in the geochemical process of gas hydrates environment (Schulz and Zabel, 2006). Compared with siderite, pyrite is a product of sulfate reduction, and consequently, related to a more reducing and acidic environment to some extent (Yang et al., 2018). The XRD analysis shows that the response of pyrite in all sediment samples is very weak, but the emergence of more pyrite under XRD in site W09 may correspond to its richer gas hydrate and more reducing sedimentary environment (Figures 3B,D). Apart from that, the presence of sulfate minerals, such as gypsum, in the study area indicates depositional environments with high sulfate contents.
5.1.3 Redox conditions of reservoir sediments
Natural gas hydrates that exist under seafloor are most commonly formed from microbial methane, so methanogenesis from sedimentary organic carbon plays a critical role in gas hydrate formation (Kvenvolden, 1993; Kvenvolden, 1995). Studies have shown that gas is generated if the average sediment organic carbon content is greater than 0.5% (Waseda, 1998), and probably 75% of the gas hydrates accumulate within the area with sediments containing >0.5% TOC content (Harvey and Huang, 1995). In contrast, sediments at site W07 have higher TOC contents (TOCW07 = 0.60%, TOCW09 = 0.54%), suggesting better gas production capacity and may lead to more free gas in sediments.
5.2 Geochemical behaviors of elements
5.2.1 Migration and transformation of iron
Dissolution, precipitation, and transformation of Fe-minerals are dynamic in response to alternating redox conditions in marine sediments, which is one of the key active elements in the ocean (Froelich et al., 1979; Klinkhammer et al., 1982; Nevin and Lovley, 2002; Lyons and Severmann, 2006). Dynamic changes in methane fluid and multistage gas hydrate evolution change the geochemistry conditions, thereby causing the migration and transformation of Fe in the study area. Sequential extraction experiments show important differences in FeT and different forms of Fe-minerals among the methane-rich layer and its adjacent layer, indicating that significant Fe migration and transformation have occurred (Figure 6).
[image: Figure 6]FIGURE 6 | Gas hydrate accumulation at site W09 and W07 under X-CT image and drilling results (after Liang et al., 2019; Wei et al., 2019; Wei et al., 2021), different species of Fe from sequential extraction experiments results, and migration mechanism of Fe.
For better explanation, here, we think that Fe (II)-containing minerals are concentrated in the first step extracts, and Fe in other extractions is defined as Fe (III)-containing minerals. It is noteworthy that an obvious increase in Fe (II)-containing minerals have occurred in 11.90, 16.70, and 60.75 mbsf at site W09, where enormous gas hydrates (nodular, vein-like, and fracture-filling hydrate) or hydrate dismission appeared (Figure 6). In addition, in site W07, the phenomenon of the Fe (II)-containing minerals increased at 44.23 and 70.95 mbsf, where vein-like hydrate and enormous hydrate occurred (Figure 6). Interestingly, enrichment of Fe occurred in these methane-rich layers, which is similar to the proportion of Fe (II). In sum, the abovementioned results can be summarized as two important phenomena: 1) The FeT in methane-rich layers increased, conversely, decreased in the adjacent layers; 2) Suddenly an increase of Fe(II)-containing minerals appeared in methane-rich layers. The explanation of these two phenomena can be divided into two parts: dissolution and precipitation during Fe migration, which is discussed, respectively, in the following two paragraphs.
The residual fraction (mainly silicates) did not seem to be the main source of dissolved Fe, although it occupies the main ingredient of Fe in all sediment samples. There is a phenomenon that the FeT of the methane-rich layer is higher, but the residual fraction content is lower than that of the adjacent layers, such as 16.70 mbsf at site W09. In addition, the dissolved amount is not enough to provide so much Fe to participate in migration, like 60.75 mbsf at site W09. In this way, the remaining species should be the main contributor to migration, and while the dissolved components may not be specific, but all does contribute.
The concentrated precipitation of Fe-minerals in the gas hydrate-bearing environment is related to the oxidation of methane that promotes environmental reducibility. The presence of methane, carbon dioxide, and hydrogen sulfide are characteristics of the gas hydrate-bearing environment, especially when seepage have occurred (Dando et al., 1999; Pape et al., 2008). Geochemical conditions near the methane-rich layers are biased toward reducing along with the process of AOM, causing the Fe-minerals to dissolve into the pore water and gradually migrate to the methane-rich layer (e.g., Hensen et al., 2003; März et al., 2008; Yang et al., 2018). In the methane-rich layer, Fe3+ is reduced and the surrounding Fe2+ (original and reduced from Fe3+) is “attracted” and “captured” at the same time (Figure 6). Ultimately, the migration and transformation process will be initiated with these aggregated Fe ions precipitating in the form of minerals. Although Fe (III)-containing minerals are more stable, the reducibility of the environment and the increase of Fe2+ promote the increase of Fe(II)-containing minerals precipitation. Therefore, the increase of Fe(II)-containing minerals, rather than Fe (III)-containing minerals, are more evident in all deposited Fe-minerals.
5.2.2 Enrichment of redox-sensitive trace elements
The proportion of trace elements in marine sediments may be affected by various factors, and untreated content-change of trace elements would obscure important geological information (Tribovillard et al., 2006). Compared with other elements, Al in sediments has stable and conservative physical and chemical properties, which is always used as a normalization element (Brumsack, 1989; Morford and Emerson, 1999). Usually, after Al standardization, the influence of terrestrial inputs and biogenic diluents (calcium carbonate and opal) in marine sediments could be eliminated. Moreover, to better interpret the standardization results, it is customary to use enrichment factors (EF): EFelement X = X/Alsample/X/Alaverage (Tribovillard et al., 2006). Element X is enriched relative to the average upper curst when EFX > 1, and it is depleted when EFX < 1. If EFX > 10, it represents very rich X (Tribovillard et al., 2006; Algeo and Tribovillard, 2009). The Earth’s upper crust compositions (McLennan, 2001) were used to calculate X/Alaverage in this article, and the enrichment factor analysis of the elements in the sediment samples of site W07 and W09 were presented in Table 3.
TABLE 3 | Enrichment factors for trace elements and TOC% of sediments.
[image: Table 3]To correlate intercorrelations between trace elements and TOC, Pearson correlation analysis was performed. Correlation coefficients with absolute values greater than 0.6 were considered strongly correlated, which were highlighted in bold fonts in Table 4 and Table 5.
TABLE 4 | Results of Pearson correlation analysis of site GMGS5-W07.
[image: Table 4]TABLE 5 | Results of Pearson correlation analysis of site GMGS5-W09.
[image: Table 5]The results demonstrate that EFs of Co, Ni, Cu, Zn, Fe, Mn, and Ba are slightly higher than the Earth’s upper crust, which suggests null to minor enrichment (Figure 7). In previous studies, no obvious enrichment of these trace elements in gas hydrate-bearing sediments of SCS were also found (Deng et al., 2017; Lin et al., 2022). Redox-sensitive elements like Co, Ni, Cu, and Zn are sensitive to hypoxic environment and organic matter (Morford and Emerson, 1999; Tribovillard et al., 2006), and these elements show that the degree of enrichment slightly increases in methane-rich layers of the two sites (Figure 7). The results of Pearson correlation analysis show that Co, Ni, Cu, and Zn are not proportional to TOC, but have a strong and significant correlation with Fe and Mn (Table 4, 5). This result illustrates that Fe- and Mn-dependent oxidation (of methane) may dominate the enrichment of trace elements in these two sites. BaEF in marine sediments can be used as an effective indicator for marine paleoproductivity (Dymond et al., 1992). Since the positive correlation between Ba and TOC content is not very strong (Table 4, 5), it is still possible that a part of Ba is carried by the upwelling of methane fluxes from gas hydrate decomposition. The relationship between Fe, Mn, and TOC contents shows a weak–moderate negative correlation (Table 4, 5), which means that organic matter is not a source of Fe and Mn. The difference is that the correlations of Fe and Mn with Ba of the two sites are diametrically opposite. Therefore, the positive correlations of Fe and Mn with Ba at site W07 is the result of the influence of methane seepage to a large extent. Conversely, the negative correlations of Fe and Mn with Ba at site W09 suggests that elements are likely to be from other sources, such as the direct precipitation of seawater.
[image: Figure 7]FIGURE 7 | TOC% and enrichment factors of Mo (MoEF), Co (CoEF), Ni (NiEF), Cu (CuEF), Zn (ZnEF), As (AsEF), Sb (SbEF), Fe (FeEF), Mn (MnEF), and Ba (BaEF) in the sediment profile at site W07 and site W09. The enrichment factor (EF) was calculated as XEF = [(X/Al)sample/(X/Al)average], and the samples were normalized using Earth’s upper crust compositions (McLennan, 2001).
Mo shows a minor to moderate enrichment in sediments (Figure 7). The anomalously enriched Mo in many studies is interpreted as H2S generated by the AOM during the seepage, which accumulates on the top of the sediment profile, and even seeps out into the seawater (Hu et al., 2014; Chen et al., 2016; Li C. et al., 2016; Liu et al., 2020). Since Mo is easily migrated and enriched in the deposition environment containing hydrogen sulfide, which often occurs in environments with intense methane seepage and strong AOM near SMTZ (Peketi et al., 2012; Hu et al., 2015b; Deng et al., 2017), this may have interfered with the relationship between Mo and other trace elements in the study area (Table 4, 5). Recently, mild to extreme enrichment of Mo were recognized in gas hydrate- or seepage-impact anoxic sediments of the SCS (Chen et al., 2016; Deng et al., 2017; Lin et al., 2022). In our study, it can be seen that MoEF is only moderately enriched in sample W09B-2 (MoEF = 19.51), indicating the SMI below it (Figure 7). It is also understandable that the enrichment of Mo is not evident in deep sediments, where the AOM process is not as strong as near SMTZ. A convincing mechanism to explain the distribution of Mo, As, and Sb is the so-called particulate shuttle process, which illustrates that these elements will be scavenged by Fe- and Mn-oxyhydroxides in the water column (Tribovillard et al., 2006; Scott and Lyons, 2012; Tribovillard et al., 2013). Except derived from the seawater, seep fluid is a plausible additional source of Fe, Mo, As, and Sb (Nath et al., 2008; Cangemi et al., 2010). It seems that the particulate shuttle process is unfeasible because there is no favorable relationship between MoEF and Fe/Al (Figure 8), but additional input of seep fluids may play a critical role.
[image: Figure 8]FIGURE 8 | Trace elements patterns. (A) CoEF vs. Fe/Al, (B) MoEF vs. Fe/Al, (C) AsEF vs. Fe/Al, and (D) SbEF vs. Fe/Al ratios for sediment samples. The enrichment factor (EF) was calculated as XEF = [(X/Al)sample/(X/Al)average], and the samples were normalized using Earth’s upper crust compositions (McLennan, 2001).
As and Sb are of special interest as they are extremely enriched in sediments (Figure 7). In fact, the phenomenon of anomalous enrichment of As and Sb in gas hydrate accumulation area is relatively recent, and the most likely reason may be affected by authigenic Fe fraction (Nath et al., 2008; Hu et al., 2014). The enrichment factor of As exceeds 60, while the content of Sb is even higher in our study, which is around 200-fold higher than the average value. Significant enrichments of As and Sb also appeared in the hydrocarbon seeps of the Niger Delta margin, but moderate enrichments were more common in the seep areas of the SCS (Hu et al., 2014; Lin et al., 2022). As mentioned in chapter 5.2.1, Fe(III)–Fe(II) transition undergoes in the gas hydrate-bearing layers under hypoxic conditions. This process will release trace elements (e.g., As and Sb) and eventually lead to an increase in the EFs. In particular, positively and highly correlations between As, Sb, and Fe/Al are found in site W09 (Figure 8), confirming that the cycle of Fe-oxyhydroxides should be involved in the adsorption and release of As and Sb. Also, high contents of As and Sb in study sediments suggest the availability of abundant dissolved As and Sb during Fe-oxyhydroxides formation. However, the relationship between As, Sb, and Fe/Al in site W07 is not obvious (Figure 8), which is presumed to have received additional ascending fluids input.
5.2.3 Evidence of seepages from Sr/Ca and Mg/Ca
The formation of gas hydrates may lead to a higher concentration of Mg2+ in the surrounding pore water, thereby inhibiting the crystallization of calcite and promoting the formation of aragonite (Berner, 1975). As a result, the formation of aragonite and high-Mg calcite can reflect methane seepage to a certain extent. Aragonite is formed in the period of high seepage or high methane flux, while high-Mg calcite is formed in the period of methane diffusion with low or no seepage (Bayon et al., 2007). In addition, the ratios of Sr/Ca and Mg/Ca can be used to identify aragonite (Sr-rich) and high-Mg calcite (Mg-rich) in methane seepage sediments (Bayon et al., 2007; Yang et al., 2014; Chen et al., 2016).
Figure 9 shows that the ratios of Sr/Ca and Mg/Ca in all sediments are more inclined to distribute along the direction of precipitation of the high-Mg calcite, suggesting that Sr/Ca and Mg/Ca in the sediments may mainly in the form of high-Mg calcite. Overall, it can be considered that methane seepage in site W07 and W09, at least at the shallow layers, are relatively weak (Figure 9). But it is worth noting that sediments at site W07 have higher Sr/Ca ratios, which may represent more active gas activity during the multistage gas hydrate evolution. Meanwhile, the characteristic peak of high-Mg calcite is only found in the sediments of site W09 (Figure 3C), which further confirms the seepage of site W09 is much weaker than site W07. But there is an exception in the layer of 58.00 mbsf at site W09, where seepage happened related to the present nearby high-concentration gas hydrates decomposition and lead to the Sr/Ca and Mg/Ca values of sediments being more inclined to aragonite (Figure 9).
[image: Figure 9]FIGURE 9 | Sr/Ca ratios vs. Ma/Ca ratios of the sediment samples. The end-member ratios of aragonite, high-Mg calcite, biogenic calcite, and the detrital fraction from Yang et al. (2014) were used.
6 CONCLUSION
In this study, the geochemical characteristics of sediments from sites GMGS5-W07 and GMGS5-W09 are investigated, and the following conclusions can be reached:
(1) Based on the physical and chemical characteristics of sediments, fine-grained sediments dominated by silt suggest a low-energy and relatively stable sedimentary environment, and the appearance of coccolithophore shells can provide more pore space for gas hydrate to form. TOC contents of sediments in both the sites are greater than 0.5%, suggesting sufficient gas availability for gas hydrate formation. Moreover, the appearances of authigenic carbonate minerals, sulfate minerals, and pyrite might be associated with the occurrence of gas hydrates in the sediments of the two sites.
(2) The reducing condition of gas hydrate-bearing sediments might be a significant factor of chemical species of Fe. The migration and chemical state transformation of Fe in sediments might be associated with gas hydrate occurrence. The methane-rich layer can convert Fe3+ to Fe2+ and capture authigenic iron carbonates in association with methane oxidation in an anoxic environment.
(3) Redox-sensitive elements in the sediments are mainly hosted by Fe- and Mn-oxyhydroxides, and the enrichment of Co, Ni, Cu, Zn, As, and Sb might be associated with the occurrence of massive gas hydrate. Mo, As, and Sb in the sediments of site W07 are likely to be additionally affected by deep methane fluids, while they are not observed at site W09. This finding suggests that geochemical behaviors of redox-sensitive elements are more affective to seep fluids than gas hydrate saturation in sediments.
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Step Extraction

1 1 mol L™ Na-acetate brought to pH 4.5 with acetic acid for 24 h

2 1 mol L™ hydroxylamine-HCI for 48 h

3 Na-dithionite buffer brought to pH 4.8 with 0.30 mol L™ acetic acid and
0.2 mol L' sodium citrate for 2 h

4 0.2 mol L™ ammonium oxalate and 0.17 mol L™ oxalic acid solution for 6 h

5 HNO;, HCI, HF, and HCIO,

axtined by Doulion and Canhield (005% Tang et al. (2018

Fe species

Siderite (FeCO5) and ankerite (Ca(Mg, Fe) (CO5),)

Serrihydrite (FesHOy-4H,0) and lepidocrocite (y-
FeOOH)

Goethite (a-FeOOH), hematite (a-Fe,0;), and
akageneite (B-FeOOH)

Magnetite (Fe;0,)

Mainly silicates

Fraction

Carbonate-associated

Easily reducible
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Reducible (crystalline)
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*As reported by Wei et al, (2019). TGHOZ, the top of the gas hydrate occurrence zone; AGHS, the average gas hydrate saturation, estimated using chloride concentration and degassing,

respectively.

®As reported by Wei et al. (2021).
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