

  jmse-12-00696




jmse-12-00696







J. Mar. Sci. Eng. 2024, 12(5), 696; doi:10.3390/jmse12050696




Article



Controls on Deep and Shallow Gas Hydrate Reservoirs in the Dongsha Area, South China Sea: Evidence from Sediment Properties



Chenyang Bai 1,2,3,*, Hongbin Wang 2,4,*, Qing Li 2,4, Yu Zhang 3 and Xiaolei Xu 3





1



Key Laboratory of Polar Geology and Marine Mineral Resources, Ministry of Education, China University of Geosciences (Beijing), Beijing 100083, China






2



Laboratory for Marine Mineral Resources, Laoshan Laboratory, Qingdao 266237, China






3



School of Ocean Sciences, China University of Geosciences (Beijing), Beijing 100083, China






4



Qingdao Institute of Marine Geology, China Geological Survey, Qingdao 266237, China









*



Correspondence: baicy@cugb.edu.cn (C.B.); oceanwang7106@163.com (H.W.)







Citation: Bai, C.; Wang, H.; Li, Q.; Zhang, Y.; Xu, X. Controls on Deep and Shallow Gas Hydrate Reservoirs in the Dongsha Area, South China Sea: Evidence from Sediment Properties. J. Mar. Sci. Eng. 2024, 12, 696. https://doi.org/10.3390/jmse12050696



Academic Editor: Dimitris Sakellariou



Received: 28 March 2024 / Revised: 15 April 2024 / Accepted: 20 April 2024 / Published: 23 April 2024



Abstract

:

The Dongsha area, a key region in the northern South China Sea (SCS), features both diffusive deep and seepage shallow gas hydrate reservoirs. Utilizing sediment samples from gas hydrate reservoirs and adjacent layers at sites W08 and W16 in the Dongsha area, this study aims to uncover the sediment property differences between deep and shallow gas hydrate reservoirs and their impact on gas hydrate accumulation through grain size, X-ray diffraction, and specific surface area (SSA) analyses. The findings classify the study intervals into four distinct layers: shallow non-gas hydrate layer (shallow-NGHL), shallow gas hydrate reservoir (shallow-GHR), deep non-gas hydrate layer (deep-NGHL), and deep gas hydrate reservoir (deep-GHR). In the clayey silt sediment reservoirs, grain size has a minor influence on gas hydrate reservoirs. Both shallow and deep NGHLs, characterized by high smectite content and SSA, possess a complex structure that impedes gas and fluid migration and offers limited potential reservoir space. Consequently, both shallow and deep NGHLs function as sealing beds. The deep GHR, having low smectite content and SSA, exhibits a strong capacity for gas and fluid migration and greater potential reservoir space. As a result, sediment properties significantly influence the deep GHR. Seepage primarily controls the shallow GHR.
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1. Introduction


Gas hydrates are increasingly recognized as a promising clean energy alternative to traditional fossil fuels, due to their abundant reserves and high thermal efficiency [1,2,3]. Meanwhile, the environmental impacts and geohazards resulting from gas hydrate decomposition are increasingly the focus of research [4,5,6,7]. Gas hydrate reservoirs are located globally in permafrost and marine sediments, including the Malik in Canada [8], the Qilian Mountains in western China [9], the Alaminos Canyon [10], the Cascadia subduction zone [11], the Hikurangi Margin of New Zealand [12], the northern South China Sea (SCS) [13], the Nankai Trough [14], the Ulleung Basin [15], and the Krishna–Godavari Basin [16]. Most gas hydrates globally are found in seafloor sediments. However, the northern SCS’s gas hydrates are found in clayey silt, a sediment significantly finer than the well-studied sandy gas hydrate reservoirs [13,17,18]. Most of offshore gas hydrates are located in fine-grained sediments [10,19]. Successful trial productions in the northern SCS during 2017 and 2020 demonstrated the feasibility of recovering and utilizing gas hydrate resources in fine-grained sediments [13,20,21]. Nevertheless, further research is required on the theory of gas hydrate accumulation in fine-grained sediment reservoirs.



The Dongsha area is a critical zone for gas hydrate exploration in the northern SCS. Geophysical techniques, including seismic and logging data analysis, have characterized gas hydrate reservoirs in the Dongsha area [22,23,24,25]. Several studies have synthesized diverse gas hydrate accumulation models on a macroscale [25,26,27,28]. In the Dongsha area, there are two types of gas hydrate reservoirs: deep (below approximately 60 m below the seafloor [mbsf]) and shallow (within approximately 25 mbsf). High-flux methane seepage predominantly influences shallow reservoirs, while low-flux methane diffusion primarily governs deep reservoirs [26]. At the macroscale, methane flux and migration pathways, including fractures and gas chimneys, dictate gas hydrate accumulation. However, the determinants and mechanisms behind gas hydrate accumulation at the microscale, especially in fine-grained reservoirs, are still not well understood. Prior research has demonstrated that sediment properties influence gas hydrate accumulation. Generally, an increase in coarse-grained components within sediments positively impacts gas hydrate accumulation [3,14,29,30,31]. However, research in the Shenhu area of the northern SCS revealed that sediment properties’ influence on gas hydrates in fine-grained sediment reservoirs differs from their impact in sandy gas hydrate reservoirs. The controlling effect of grain size on gas hydrate accumulation is weaker than that of sedimentary processes or mineral composition [32,33]. The Dongsha area, proximate to the Shenhu region, exhibits a more complex gas hydrate occurrence compared with Shenhu [28]. Numerous studies have focused on the gas resources [34], distribution of gas hydrate reservoirs [17,24,35], and morphology of gas hydrates in the Dongsha area [17]. In the Dongsha area, the canyon sedimentary system and sediment waves play a crucial role in controlling gas hydrate accumulation on a macro scale [23,36]. Analysis of geophysical and geochemical data reveals that the process of gas hydrate accumulation in the Dongsha area is complex, involving multiple stages of formation and decomposition [25,37]. Consequently, sediment properties potentially exert significant influence on gas hydrate accumulation. However, detailed studies on the impact of sediment properties on gas hydrate control in the Dongsha area are scarce, and the variations in sediment properties between deep and shallow gas hydrate reservoirs have not been documented. Identifying potential differences in sediment properties between deep and shallow gas hydrate reservoirs, along with understanding the control mechanisms of sediment properties on gas hydrate accumulation, could be crucial for refining the microscale gas hydrate accumulation model.



In 2013, the Guangzhou Marine Geological Survey’s second gas hydrate expedition (GMGS-2) began in the Dongsha area, leading to the discovery of high-quality gas hydrate layers at multiple locations [17,33,35]. During GMGS-2, cores were collected from the gas hydrate reservoir and adjacent sediment layers across multiple sites. The collected cores spanned both deep and shallow gas hydrate reservoirs in the Dongsha area [17]. Analyzing sediment properties differences, such as grain size, mineral composition, and biological content, between deep and shallow gas hydrate reservoirs, we identified key factors influencing gas hydrate enrichment and clarified the unique accumulation patterns of deep and shallow gas hydrates at the microscale.




2. Geological Setting


The SCS is one of the largest marginal seas in the western Pacific Ocean. Located in a transitional zone, the northern slope of the SCS connects quasi-passive and active continental margins [2]. This region features a complex geological structure, containing several large and medium-sized Cenozoic sedimentary basins with deposition thicknesses over 10,000 m [23]. In the northern SCS, sedimentation rates for late Pleistocene and Holocene strata range from 17.9 to 19.6 cm/ka and 9.6 to 14.6 cm/ka, respectively, at water depths of 200 to 3400 m and temperatures of 2 to 5 °C [23]. The rapid deposition rates, combined with favorable temperature and pressure conditions, promote the formation of gas hydrates [35].



The Dongsha area is in the eastern part of the Pearl River Mouth Basin, mainly located near the central uplift area of the Taixinan Basin, where the water depth gradually increases from 600 m to more than 2100 m (Figure 1a). The seabed topography of the GMGS2 in the Dongsha area is complex, with extensive occurrences of submarine ridges, canyons, and landslides. Faults and diapirs in the Dongsha area are highly active and can be divided into three types: inherent faults, minor normal faults that appear in the upper part of large gas chimneys, and strike–slip faults in deep water [35]. Gas chimneys have been widely observed in the Dongsha area, particularly on submarine ridges [17,23,24,35]. Faults and gas chimneys are important channels for upward fluid migration in the Dongsha area [17,23,25].



Logging data were obtained from 13 GMGS2 sites, with 8 indicating gas hydrate presence. Gas hydrate samples were collected through coring at sites W05, W07, W08, W09, and W16 (Figure 1b) [24,35]. In the Dongsha area, gas hydrates predominantly appear in massive, layered, vein-like, tubercular, and dispersed forms [17,23]. Gas hydrates in the study area were found in both deep (below ~60 mbsf) and shallow (within ~25 mbsf) reservoirs. The study area exhibited both dispersed and leaked gas hydrates. The gas hydrate-bearing layer reaches a maximum thickness of 32 m, with saturation levels exceeding 50% [17,35]. Sites W08 and W16 featured both deep and shallow gas hydrate reservoirs, in contrast with other sites in the study area, which had only one reservoir type [17]. Consequently, this study focused on sites W08 and W16 as key sites (Figure 1b).




3. Materials and Methods


3.1. Sites and Samples


The water depths at sites W08 and W16 were 801 m and 871 m, respectively. At site W08, shallow gas hydrates appeared 8–24 mbsf, mainly exhibiting massive, layered, vein-like, and tubercular forms. Deep gas hydrates appeared at 61–95 mbsf and were mainly massive (Figure 2a). Furthermore, some authigenic carbonate minerals have been found near the seabed and in the ~60 mbsf sediment layers [17]. At site W16, shallow gas hydrates appeared at 10–24 mbsf and mainly exhibited a tubercular form. Deep gas hydrates appeared at 182–206 mbsf and mainly exhibited dispersed and vein-like forms (Figure 2b) [17,38].



To delineate the differences more accurately between gas hydrate reservoirs and non-gas hydrate layers, this study extensively sampled sediments from both the hydrate-bearing layers and the adjacent non-hydrate layers. In the present study, 10 and 27 samples were collected from sites W08 and W16, respectively (Table 1 and Figure 2). A total of 37 samples were used for grain-size measurements, X-ray diffraction (XRD), and specific surface area (SSA) tests.




3.2. Grain-Size Measurements


Grain-size measurement methods followed the protocols outlined by [33,39]. A total of 37 samples were evenly divided into two groups for grain-size analysis. Each group underwent a distinct preprocessing method: either A-type or B-type. In the A-type preprocessing method, approximately 1 g of sediment was weighed and exposed to 10 mL of 15% hydrogen peroxide (H2O2) for 24 h to eliminate organic matter. Subsequently, 10 mL of 20% hydrochloric acid (HCl) was added for another 24 h to remove inorganic carbon. The sample was then treated with 10 mL of 2-M sodium carbonate (Na2CO3) in a hot bath at 85 °C for 5 h to dissolve biological opal. Afterward, the sample was rinsed thrice with distilled water to eliminate residual Na2CO3. Following the removal of the supernatant, 10 mL of 5.1% sodium hexametaphosphate (Na4P2O7 10H2O) was introduced as a dispersing agent before conducting the grain-size analysis. Conversely, the B-type preprocessing method retains all components within the sample. Therefore, it involves only the final step of the A-type method, which is the addition of 10 mL of 5.1% Na4P2O7 10H2O. Grain-size data derived from various preprocessing methods possess distinct geological implications [33]. The A-type preprocessing method, which removes organic matter, inorganic carbon, and biological opal, allows the grain-size data to reflect the hydrodynamic conditions more accurately during deposition. This is because biological components and organic matter primarily originate from the sedimentation and transformation of organisms’ post-mortem, rather than from hydrodynamic transport [18,33,40]. However, the B-type preprocessing method, which preserves all components within the sample, enables the grain-size data to represent the conditions conducive more effectively to gas hydrate formation.



After preprocessing, grain sizes were measured using a Marvin Mastersizer 3000 laser diffraction particle size analyzer. The calculation of sorting, kurtosis, and skewness was performed using the McManus method [41]. The analysis was conducted at the Beijing International Center for Gas Hydrates, Peking University, and the Key Laboratory of Polar Geology and Marine Mineral Resources, Ministry of Education, China University of Geosciences (Beijing).




3.3. X-ray Diffraction


XRD data for both whole rock and clay fractions were obtained using a D8 Advance instrument (Bruker Corp., Karlsruhe, Germany). The XRD analysis was performed in accordance with the methodologies below.



Sediment samples, with a dry weight exceeding 5 g, were dried at 45 °C for 24 h in a drying cabinet prior to analysis. For clay-size fraction XRD analysis, samples were ground to 200 mesh and both organic and calcareous components were removed. Fractions smaller than 2 μm were separated using centrifugation, in accordance with Stock’s Law. Subsequently, the clay component was combined with pure water to prepare aliquots for air-drying and ethylene glycol treatment prior to measurement [42,43]. The diffractometer, operating with a Cu K-alpha radiation source (λ = 0.154 nm) at 40 kV and 30 mA, was utilized. Scanning was conducted at a rate of 2° per minute over a range of 3° to 65°. Quantification of the results was achieved using Rockquan 2016 and ClayQuan 2016 software. The XRD analysis was carried out at the Micro Structure Analytical Laboratory, Peking University.




3.4. Specific Surface Area


SSA measurements were conducted with Quadrasorb EVO and Quantachrome Nova Station. The SSA was determined according to the method described by [33], utilizing the Brunauer–Emmet–Teller (BET) equation [44] for calculation. The SSA analysis was performed at the Institute of Analysis and Testing, Beijing Academy of Science and Technology.





4. Results


4.1. Lithology


The lithologies of sites W08 and W16 are the same, dominated by clayey silt (Figure 2). The grain-size data showed that the sand fraction in the 10 sediment samples from site W08 ranged from 0.11 to 9.60%, with an average of 2.30%. The silt fraction ranged from 63.75 to 73.18%, averaging 68.80%. The clay fraction ranged from 24.81 to 32.77%, averaging 28.90%. The grain-size data showed that the sand fraction in the 27 sediment samples from site W16 ranged from 0 to 2.71%, with an average of 0.95%. The silt fraction ranged from 65.36 to 73.79%, averaging 69.26%. The clay fraction ranged from 35.30 to 34.22%, averaging 29.80%.




4.2. Vertical Distribution of Gas Hydrate


According to previous research and cruise reports, the gas hydrate saturation of shallow and deep reservoirs at site W08 is estimated to be 10–14% and up to 33%, respectively, by the degassing of the pressure core (Figure 2a) [17]. Logging-while-drilling (LWD) data showed that the gas hydrate saturations of shallow and deep reservoirs at site W16 are ~42% and up to 50%, respectively (Figure 2b) [17,45].




4.3. Grain-Size Parameters


4.3.1. A-Type Preprocessing Method


Grain-size analysis using the A-type preprocessing method revealed that the median particle size of the 10 sediment samples from site W08 varied between 6.55 and 7.19 Φ (10.67 and 6.85 μm), averaging 6.84 Φ (8.73 μm). Sediment sorting values ranged from 1.22 to 1.48, with a mean of 1.37. Kurtosis values for the sediments spanned from 0.03 to 0.17, averaging 0.06. Sediment skewness varied from 0.92 to 1.17, with an average value of 1.02 (Figure 3a).



Analysis using the A-type preprocessing method indicated that the median particle size of the 27 sediment samples from site W16 ranged from 6.45 to 7.37 Φ (11.44 and 6.05 μm), with an average of 6.97 Φ (7.98 μm). Sorting values for the sediments ranged from 1.30 to 1.59, with a mean of 1.43. Kurtosis of the sediments was between −0.04 and 0.18, averaging 0.06. Skewness for the sediments was in the range of 0.93 to 1.13, with an average value of 1.02 (Figure 3b).




4.3.2. B-Type Preprocessing Method


Grain-size analysis, utilizing the B-type preprocessing method, revealed that the median particle size of the 10 sediment samples from site W08 varied between 6.57 and 7.25 Φ (10.53 and 6.57 μm), averaging 6.99 Φ (7.87 μm). Sediment sorting values ranged from 1.47 to 1.99, with a mean of 1.63. Kurtosis values for the sediments spanned from −0.05 to 0.15, averaging 0.05. Sediment skewness varied between 0.94 and 1.09, with an average value of 1.02 (Figure 3a).



Analysis of grain size, conducted with the B-type preprocessing method, indicated that the median particle size for the 27 sediment samples from site W16 was between 6.87 and 7.37 Φ (8.55 and 6.05 μm), with an average of 7.09 Φ (7.34 μm). Sorting values for the sediments were between 1.40 and 1.70, with a mean of 1.56. Kurtosis for the sediments ranged from −0.01 to 0.11, averaging 0.07. Skewness of the sediments varied from 0.97 to 1.09, with an average value of 1.02 (Figure 3b).





4.4. Mineral Components


Whole-rock XRD analysis of the 37 samples from sites W08 and W16 revealed a predominance of quartz, feldspar, carbonates, and clay minerals, complemented by minor amounts of pyrite and gypsum (Figure 4). Quartz content in the 10 samples from site W08 varied between 23% and 41%, averaging 36.6%. Feldspar content ranged from 12% to 20%, with an average of 15.8%. Carbonate content ranged from 6% to 40%, averaging 11.5%. Clay mineral content varied from 20% to 36%, with an average of 31.7% (Figure 4a). In the 27 samples from site W16, quartz content ranged from 3% to 42%, averaging 37.8%. Feldspar content in these samples ranged from 15% to 22%, with an average of 16.8%. Carbonate content in these samples varied from 9% to 13%, averaging 10.5%. Clay mineral content in these samples ranged from 28% to 38%, with an average of 32.7% (Figure 4b).



XRD analysis of the clay fraction revealed that the 37 samples from sites W08 and W16 predominantly contained smectite, illite, kaolinite, and chlorite (Figure 5). In the 10 samples from site W08, smectite content varied between 29% and 42%, averaging 36.5%. Illite content ranged from 48% to 54%, with a mean of 50.7%. Kaolinite content was between 4% and 6%, with an average of 5.1%. Kaolinite content was between 4% and 6%, with an average of 5.1%. For the 27 samples from site W16, smectite content ranged between 32% and 46%, with an average of 39.5%. Illite content in these samples ranged from 47% to 54%, with an average of 48.9%. Kaolinite content varied between 3% and 7%, averaging 4.8%. Chlorite content was found to be between 4% and 11%, with an average of 6.8% (Figure 5b).




4.5. Specific Surface Area


Clay mineral content in these samples ranged from 28% to 38%, with an average of 32.7% (Figure 4b). The SSA of the 10 samples collected from site W08 varied between 6.94 and 18.82 m2/g, averaging 15.23 m2/g. The SSA of the 27 samples from site W16 ranged from 14.89 to 20.44 m2/g, with a mean value of 17.61 m2/g.





5. Discussion


5.1. Characteristics of Deep and Shallow Gas Hydrate Reservoirs


Gas hydrate enrichment levels are commonly assessed through resistivity logs, Cl- anomalies in pore water, and pressure core degassing [33,46,47,48]. Resistivity logs serve as the most straightforward and reliable indicators for identifying gas hydrate-rich layers, which typically exhibit high resistivity values [46,48,49]. At site W08, the intervals between 0–8 and 24–61 mbsf displayed low resistivity values, indicating an absence of gas hydrates during drilling [17]. Significant increases in resistivity were observed at 8–24 and 61–95 mbsf at site W08, accompanied by Cl− anomalies in pore water and degassing in pressure core samples, suggesting gas hydrate presence in these intervals (Figure 2a) [35]. The distribution patterns of gas hydrates at site W16 mirror those observed at site W08. At site W16, intervals of 0–10 mbsf and 24–182 mbsf exhibited low resistivity without any gas hydrate detection. Significant increases in resistivity at 10–24 and 182–206 mbsf at site W16 were noted, with gas hydrates identified during drilling operations (Figure 2b) [17,35].



Previous studies have found that gas hydrates in shallow layers mostly fill fractures in [17]. Generally, the seepage of high-flux methane controls the gas hydrate in shallow layers, and the fluid migration channel is mainly a fault or gas chimney. The gas sources are the decomposition of gas hydrates in deep layers and the direct upward seepage of deep biological and thermal gases [28]. The gas hydrates in the deep layers were mainly dispersed and in some massive forms. Dispersed gas hydrates are formed under the control of low-flux methane diffusion [17]. Research in the Shenhu area in the northern SCS indicates that massive gas hydrates in the deep layer may also be formed by low-flux methane diffusion [33,50]. Therefore, the research intervals of sites W08 and W16 can be categorized into four units: shallow and deep non-gas hydrate layers (shallow-NGHL and deep-NGHL) and shallow and deep gas hydrate reservoirs (shallow-GHR and deep-GHR) (Table 2 and Figure 2). The shallow and deep GHRs were controlled by seepage and diffusion, respectively, and the gas hydrate saturation of the deep GHRs was higher than that of the shallow GHRs (Figure 2).




5.2. Influence of the Lithology and Sedimentary Process


The grain-size data obtained through the B-type preprocessing method reflect the sediments’ original geometric parameters during gas hydrate accumulation [33]. These data facilitate the lithological analysis of the study intervals at sites W08 and W16.



In the study interval, the sediments mainly consisted of clayey silt. There were no differences in lithology between the different units (Figure 6). The silt fraction was dominant, followed by the clay fraction. The sand fraction was rare (Figure 7). The differences in sand, silt, and clay fractions among the different units in the study intervals were not significant (Figure 7). The average sand fraction in the deep GHR was slightly higher, which was caused by the abnormally high sandy components in some samples. According to [17,51], there were many bioclasts at ~90 mbsf at site W08 and the grain size of these bioclasts is generally large, causing an increase in the sandy fraction.



The absence of lithological differentiation suggests that the sedimentary processes within the study intervals were likely straightforward and stable. Grain-size data, obtained through the A-type preprocessing method, are utilized to characterize sedimentary processes. The A-type preprocessing method eliminates organic matter, inorganic carbon, and biogenic opal. Minerals in the sediments, post-preprocessing and excluding some authigenic minerals, are transported and deposited through sedimentary processes. The grain size of these minerals aids in reconstructing the sedimentary processes [18,39,52].



There was a significant positive correlation between the median grain size and silt fraction, which indicated that the silt fraction was the primary particle size of the sediments transported during the sedimentary process (Figure 8a). The median grain size did not correlate with the sorting, skewness, or kurtosis (Figure 8b–d). There were no differences between the units in the study intervals, suggesting that the differences in sedimentary processes between the different units were very weak (Figure 8b–d).



As depicted in Figure 9, sediment data distribution within the study intervals aligns with the C-M baseline, suggesting gravity-driven processes dominated the study area. Research indicates that fine-grained turbidite layers result from sediment sliding along paleochannels [18,53,54,55]. Numerous studies demonstrate that fine-grained turbidite layers facilitate gas hydrate accumulation, a finding consistent across the Dongsha area [18,33,55,56]. However, the sedimentary processes of both deep and shallow GHRs, as well as between GHRs and NGHLs, showed no significant differences, suggesting the presence of microscale factors influencing gas hydrate enrichment in the study area.




5.3. Influence of Grain Size


Grain-size data obtained through B-type preprocessing are instrumental in analyzing gas hydrate accumulation. Statistical analysis of grain-size parameters revealed no significant differences in median particle size, skewness, and kurtosis across the study intervals (Figure 10a,c,d). The deep GHR exhibited a slightly coarser median particle size (Figure 10a) and poorer sorting (Figure 10b) compared with other units, aligning with its higher sand fraction. The most notable difference between group A and B samples’ grain-size parameters was in sorting, especially within the deep-GHR (Figure 3 and Figure 11a). The key distinction in preprocessing between group A and B samples lies in the preservation of organic matter, inorganic carbon, and biogenic opal. A clear positive correlation was observed between sorting differences and carbonate mineral content. The abundance of foraminiferal fossils in the Dongsha area suggests that foraminifera are the primary contributors to the poor sorting observed in the deep GHR. Prior research has shown that foraminifera, characterized by their chambered structure, are typically classified within the sandy fraction. Consequently, the high abundance of foraminifera is positively correlated with gas hydrate accumulation [17,33,40], potentially elucidating the enrichment of gas hydrates in the deep GHR.



In general, the difference in grain-size parameters between the GHRs and NGHLs is not significant, especially because the significance of grain-size parameters for shallow GHRs is weak. The sorting of the deep GHR is poor, reflecting the effect of foraminifera on the gas hydrate reservoir.




5.4. Influence of Mineral Components


Mineral components are another potential factor affecting gas hydrate accumulation. The quartz and feldspar contents were similar in different units of the study interval (Figure 12a,b). The carbonate mineral content was similar in the shallow-NGHL, shallow-GHR, and deep-NGHL and was relatively high in the deep-GHR (Figure 12c). This is because some samples in the deep-GHR have high foraminiferal abundance, which is consistent with the results of SEM, grain-size measurement, and lithology analysis. The clay mineral contents in the shallow-NGHL, shallow-GHR, and deep-NGHL were significantly higher than those in the deep-GHR (Figure 12d).



To further reveal the influence of clay minerals on gas hydrate accumulation, XRD analysis of the clay fraction was performed. During the study period, smectite and illite were the dominant types of clay minerals, accounting for more than 80% of all clay minerals. Thus, changes in the smectite and illite contents were the focus of this study. The smectite content in the shallow- and deep-GHRs was significantly lower than that in the shallow- and deep-NGHLs (Figure 12e), whereas the opposite was true for the illite content (Figure 12f). In the GHR, the smectite in the deep-GHR is lower than that in the shallow-GHR (Figure 12e), and the content of illite showed the opposite trend (Figure 12f). The kaolinite and chlorite contents were lower and similar in the different units of the study interval (Figure 12g,h). The difference in mineral components indicates that clay minerals, especially smectite, control the gas hydrate enrichment. Previous studies have indicated that the complex structure of smectite reduces its permeability and restricts fluid migration. The strong adsorption of free gas restricts gas migration [57,58,59]. To characterize the complexity of the sediment structure, we analyzed the SSA data of the samples. The results showed that the SSA of the deep-GHR was significantly lower than that of the shallow-NGHL, shallow-GHR, and deep-NGHL (Figure 12i). The SSA of the shallow-GHR is like that of the shallow- and deep-NGHLs (Figure 12i) because, although the shallow-GHR has less smectite content, the overall clay mineral content is not low (Figure 5). Further analysis of the correlation between SSA and mineral content showed that the correlation between the felsic mineral content (quartz and feldspar) and SSA was not significant (Figure 13a). In contrast, the content of all clay minerals and the content of smectite in the clay minerals were positively correlated with the SSA (Figure 13b,c). The smectite content in the whole rock was significantly and positively correlated with the SSA (Figure 13d). The correlation analysis indicated that clay minerals, especially smectite, controlled the SSA.



SSA serves as a robust indicator for assessing the deep-GHR, reflecting changes in sediment mineral composition. Specifically, smectite and other clay minerals hinder gas hydrate accumulation. A reduced smectite content in deep GHRs promotes gas hydrate accumulation. Clay minerals in shallow GHRs exert less influence on gas hydrate accumulation compared with those in deep GHRs. However, the abundant clay minerals and smectite in NGHLs above both deep and shallow GHRs could serve as a seal, aiding in the preservation of underlying gas hydrates.



Additionally, some studies suggest that the stronger binding of water in the smectite decreases the formation efficiency of gas hydrates [60,61], contributing to the poor accumulation in smectite-rich layers. Furthermore, the complex microstructure of the I/S, as indicated by the mineral composition and SSA of sediments, influences the enrichment of gas hydrates. The complex microstructure of the smectite strongly adsorbs gas and fluids, and the vertical overlap between smectite-rich and low smectite content layers likely plays a crucial role in the distribution of high-quality gas hydrate reservoirs.




5.5. Constraints of Sediment Properties on Deep and Shallow Gas Hydrate Reservoirs


The sediment property data in the study interval indicate that mineral components may be key factors controlling gas hydrate accumulation in fine-grained sediments. In the Dongsha area, gas and fluid migrate along the gas chimney and fault to the gas hydrate stabilization zone (Figure 14a). In the deep-GHR, the smectite content was low, and the foraminiferal abundance was high. The sediment layer of the deep GHR had high permeability and a larger intergranular pore space, which improved the reservoir space and migration of gas and fluid conditions (Figure 14d). The deep NGHL had high smectite content. The sediment layer of the deep NGHL has a complex structure, poor permeability, and strong adsorption of gas, which makes it difficult for gas and fluid to migrate (Figure 14c). Thus, the vertical superposition of the deep-GHR and NGHL forms a “lithological trap” conducive to gas hydrate accumulation. When environmental changes lead to an increased methane flux from gas hydrate decomposition or gas chimneys and faults exist, gas and fluid can break through the sealing of the deep NGHL and continue to migrate upward [17,38,62]. With the release of pressure, the gas and fluid were blocked again when they migrated to the shallow NGHL and formed a shallow GHR (Figure 14b) [17,35]. Breakthroughs in deep-NGHL sealing require a pathway or overpressure release to impale the overlying layer. Thus, the shallow GHR is more clearly controlled by tectonism, in which gas hydrates are mostly found in fractures with vein-like and tubercular forms (Figure 14b). The control of the sediment properties in the shallow GHR was weaker than that in the deep GHR.





6. Conclusions


Gas hydrate reservoirs in the Dongsha region are classified into deep and shallow types. The deep reservoirs are primarily influenced by diffusion, whereas the shallow ones are affected by seepage. Both types are located within fine-grained sediments.



Grain-size parameters exert a minor influence on gas hydrate accumulation, whereas mineral composition, especially an increase in clay minerals like smectite, significantly impacts gas hydrate accumulation in fine-grained sediments, generally hindering it. The specific surface area of sediments, primarily determined by the content of clay minerals such as smectite, plays a crucial role in gas hydrate accumulation in deep diffusion reservoirs; a lower specific surface area is indicative of more favorable conditions.



Sediment properties exert limited control on gas hydrate accumulation in shallow seepage reservoirs. Tectonism primarily controls gas hydrate accumulation in shallow seepage reservoirs. However, the overlying reservoir with high smectite content acts as a seal, enhancing gas hydrate accumulation in shallow seepages. The deep diffusion gas hydrate reservoir, characterized by low smectite and high foraminiferal content, offers migration pathways and reservoir space. The overlying layer of the deep diffusion reservoir, rich in smectite, effectively impedes gas and fluid migration. The reservoir, with a high-smectite upper layer and a low-smectite lower layer, forms an optimal environment for gas hydrate accumulation.



Elucidating the influence of mineral composition, grain size, and sedimentary processes on gas hydrate accumulation aids in understanding the distribution patterns of gas hydrate reservoirs and supports further exploration and development efforts. Additionally, this analysis provides valuable insights into the laws governing gas hydrate accumulation in fine-grained sediments.
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Figure 1. Geological map of the study area: (a) depicts the geological and water depth of the northern slope of the SCS (modified by [38]); (b) shows an enlarged view of the black box in (a), highlighting the GMGS2 drilling area (modified by [17]). 
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Figure 2. Column of sites W08 (a) and W16 (b). Due to the data limitations, gas hydrate saturation between 22 and 186 mbsf in site W16 are not obtained in this study. The left column displays the LWD resistivity values, represented by black curves. The middle columns represent lithology, plotted according to the fractions of sand, silt, and clay in the sediments. The right columns show GH (gas hydrate) saturation levels calculated using chlorinity (light purple triangles), pressure core (pink squares), and LWD resistivity values (red curves). The ‘Interval & Sample’ column indicates the study units and their respective sampling depths, marked by black arrows. 






Figure 2. Column of sites W08 (a) and W16 (b). Due to the data limitations, gas hydrate saturation between 22 and 186 mbsf in site W16 are not obtained in this study. The left column displays the LWD resistivity values, represented by black curves. The middle columns represent lithology, plotted according to the fractions of sand, silt, and clay in the sediments. The right columns show GH (gas hydrate) saturation levels calculated using chlorinity (light purple triangles), pressure core (pink squares), and LWD resistivity values (red curves). The ‘Interval & Sample’ column indicates the study units and their respective sampling depths, marked by black arrows.



[image: Jmse 12 00696 g002]







[image: Jmse 12 00696 g003] 





Figure 3. Column of grain-size parameters (median grain size, sorting, kurtosis, and skewness) of sites W08 (a) and W16 (b). Red triangles and dashed lines represent grain-size parameters from A-type preprocessing method samples and their vertical trends. Blue “X” marks and dashed lines indicate grain-size parameters from B-type preprocessing method samples and their vertical trends. 
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Figure 4. Column of whole rock minerals components and SSA from sites W08 (a) and W16 (b). Black lines show the proportions of minerals (quartz, feldspar, carbonate, or clay) in the whole rock, alongside SSA values. 
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Figure 5. Column of clay minerals components from sites W08 (a) and W16 (b). Black lines denote the percentages of clay minerals (smectite, illite, kaolinite, chlorite) in the total clay mineral content. Sme, It, Kao, and Chl are short for smectite, illite, kaolinite, and chlorite, respectively. 
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Figure 6. Ternary diagram showing lithological classification of sediments from sites W08 and W16. 
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Figure 7. Box plot of the sand, silt, and clay fraction of different unit categories. (a–c) show the statistical data of sand, silt, and clay fractions, respectively. 






Figure 7. Box plot of the sand, silt, and clay fraction of different unit categories. (a–c) show the statistical data of sand, silt, and clay fractions, respectively.



[image: Jmse 12 00696 g007]







[image: Jmse 12 00696 g008] 





Figure 8. Dispersion diagrams showing the relationship between median grain size and parameters. (a) shows the relationship between silt fraction and median grain size; (b–d) show the relationship between sorting, skewness, and kurtosis and median grain size, respectively. 
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Figure 9. C-M diagram of sediments from sites W08 and W16. 
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Figure 10. Box plot of the grain-size parameters of different unit categories. (a–d) show the statistical data of mean grain size, sorting, kurtosis, and skewness, respectively. 
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Figure 11. Box plot of difference in sorting (between A- and B-type preprocessing methods) (a) and the relationship between the carbonate minerals component and difference in sorting (b). 
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Figure 12. Box plot of the mineral components and SSA of different unit categories. (a–d) show the statistical data of quartz, felspar, carbonate minerals, and clay minerals contents in the whole rock, respectively; (e–h) show the statistical data of smectite, illite, kaolinite, and chlorite contents in the clay minerals, respectively; (i) shows the statistical data of SSA. 
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Figure 13. Dispersion diagrams showing the relationship between minerals components and SSA. (a) is the correlation between the total content of quartz and feldspar and SSA; (b) is the correlation between the content of clay minerals and SSA; (c) is the correlation between the content of smectite in clay minerals and SSA; (d) is the correlation between the content of smectite in whole rock and SSA. 
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Figure 14. Gas hydrate enrichment patterns in the deep and shallow layer. The geomorphic of the Dongsha area is drawn according to [35], and the vertical scale of the deposition layers is enlarged. (a) gas hydrate enrichment patterns in macroscale; (b) gas and fluid migration in the NGHL; (c) gas hydrate enrichment in the shallow GHR; (d) gas hydrate enrichment in the deep GHR. 
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Table 1. The sample list of sites W08 and W16.
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No.

	
Site

	
Sample

	
Depth (mbsf)

	
No.

	
Site

	
Sample

	
Depth (mbsf)






	
1

	
W08

	
W08-1

	
4.4

	
20

	
W16

	
W16-10

	
46.35




	
2

	
W08-2

	
4.5

	
21

	
W16-11

	
60.7




	
3

	
W08-3

	
5

	
22

	
W16-12

	
78.3




	
4

	
W08-4

	
8

	
23

	
W16-13

	
86.1




	
5

	
W08-5

	
18.2

	
24

	
W16-14

	
95.5




	
6

	
W08-6

	
20.5

	
25

	
W16-15

	
99




	
7

	
W08-7

	
23.4

	
26

	
W16-16

	
109.3




	
8

	
W08-8

	
61.6

	
27

	
W16-17

	
133.7




	
9

	
W08-9

	
85.7

	
28

	
W16-18

	
146.35




	
10

	
W08-10

	
93.7

	
29

	
W16-19

	
148




	
11

	
W16

	
W16-1

	
7.75

	
30

	
W16-20

	
155.3




	
12

	
W16-2

	
9.35

	
31

	
W16-21

	
160.5




	
13

	
W16-3

	
11.8

	
32

	
W16-22

	
165.35




	
14

	
W16-4

	
12.85

	
33

	
W16-23

	
179.5




	
15

	
W16-5

	
16

	
34

	
W16-24

	
181.65




	
16

	
W16-6

	
17.35

	
35

	
W16-25

	
193.35




	
17

	
W16-7

	
25

	
36

	
W16-26

	
193.41




	
18

	
W16-8

	
27

	
37

	
W16-27

	
205.3




	
19

	
W16-9

	
42.3

	

	

	

	











 





Table 2. Classification of the study intervals at sites W08 and W16.






Table 2. Classification of the study intervals at sites W08 and W16.





	
Intervals

	
Site

	
Depth Range (mbsf)

	
Maximum Gas Hydrate Saturation (%) *






	
Shallow non-gas hydrate layers (NGHL)

	
W08

	
0~8

	
-




	
W16

	
0~10




	
Shallow gas hydrate reservoirs (GHR)

	
W08

	
8~24

	
14%




	
W16

	
10~24

	
42%




	
Deep non-gas hydrate layers (NGHL)

	
W08

	
24~61

	
-




	
W16

	
24~182




	
Deep gas hydrate reservoirs (GHR)

	
W08

	
61~95

	
33%




	
W16

	
182~206

	
50%








* The data of gas hydrate saturation were obtained from [17,35].
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