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Exploration and pilot production have confirmed that gas hydrates in the Shenhu area on the northern continental slope of the South China Sea have enormous resource potential. However, a meticulous depiction of gas hydrate reservoirs based on sediments is limited. The distributed low-flux gas hydrates are mainly deposited in the Shenhu area, and the gas hydrate saturation exhibits extreme vertical heterogeneity. In this study, we focused on the sediment microstructure of gas hydrate reservoirs. Based on the variation in gas hydrate saturation, the study interval was divided into non-gas hydrate (non-GH) as well as I-, II-, and III-gas hydrate reservoir layers. We analyzed the relationship between sediment microstructure and gas hydrate reservoirs based on computed tomography scans, specific surface area analysis, and scanning electron microscopy observations. The results showed that the sediment in gas hydrate reservoirs had three types of pores: 1) intergranular pores between coarse grains (CG-intergranular pores), 2) intergranular pores between fine grains (FG-intergranular pores), and 3) biologic grain pores (BG-pores). The CG- and FG-intergranular pores were mainly formed by the framework, which consisted of coarse minerals (such as quartz and feldspar) and clay minerals, respectively. The BG-pores were mainly formed by the coelomes of foraminifera. CG-intergranular pores and BG-pores can provide effective reservoir space and increase the permeability of sediment, which is conducive to gas hydrate accumulation. The FG-intergranular pores reduce permeability and are not conducive to gas hydrate accumulation. Clay minerals and calcareous ultramicrofossils with small grain sizes and complex microstructures fill the effective reservoir space and reduce the permeability of sediment; additionally, they improve the adsorption capacity of sediment to free gas or pore water, which is not conducive to gas hydrate formation and accumulation. The results of our study explicitly suggest that the microstructure of sediment is an important controlling factor for gas hydrate accumulation and reveals its underlying mechanism.
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INTRODUCTION
Gas hydrates constitute a potential strategic energy resource for the future owing to their high-density energy and clean-burning features (Boswell and Collett, 2006; Tréhu et al., 2006; Boswell et al., 2012; Koh et al., 2012; Malagar et al., 2019). Globally, most gas hydrates occur in submarine sediments. In recent years, a series of scientific research, exploration, and gas hydrate production tests have been conducted in the Gulf of Mexico, Cascadia subduction zone, Nankai Trough in Japan, Ulleung Basin in Korea, Krishna-Godavari Basin in India, and the northern South China Sea (Pohlman et al., 2009; Boswell et al., 2012; Collett et al., 2012; Ryu et al., 2013; Ito et al., 2015; Zhang et al., 2015; Su et al., 2016; Boswell et al., 2019). Based on a large number of relevant previous studies, gas hydrate accumulation is significantly controlled by the gas hydrate stability zone, gas source, and gas migration channels (Collett, 2002; Lu and McMechan, 2002; Tréhu et al., 2006; Wu et al., 2007; Wang et al., 2014). However, as exemplified by many cases of gas hydrate drilling, the gas hydrate forms and saturation are significantly different among different sea areas, different sites in the same sea area, and even different layers at the same site (Colwell et al., 2004; Tréhu et al., 2006; Ryu et al., 2013; Boswell et al., 2019; Liang et al., 2019; Ye et al., 2019). Gas hydrate formation and saturation exhibit strong horizontal and vertical heterogeneity in the gas hydrate stability zone (Yang S. et al., 2017; Kang et al., 2020). The heterogeneity of gas hydrate accumulation is difficult to explain solely based on controlling factors, such as gas hydrate stability zone, gas source, or gas migration channels. Differences in gas hydrate reservoir properties may also play a key role in restricting gas hydrate accumulation.
For decades, research on gas hydrate reservoirs has mainly relied on geophysical methods. Many researchers have used seismic and logging while drilling (LWD) data to describe and characterize gas hydrate reservoirs (Chand et al., 2004; Collett et al., 2012; Wang et al., 2014; Liang et al., 2016; Haines et al., 2017; Yang J. et al., 2017). LWD data can be used to calculate the gas hydrate saturation and identify potential gas hydrate reservoirs (Chand et al., 2004; Collett et al., 2012; Liang et al., 2016; Yang J. et al., 2017). Seismic profiles can help describe and study the characteristics of gas hydrate-bearing deposits; by combining these with logging data, we can reveal the plane distribution of gas hydrate reservoirs (Popescu et al., 2006; Wang et al., 2014; Li et al., 2016; Su et al., 2017; Bai et al., 2019; Zhang et al., 2020). Most gas hydrate reservoir studies that rely on geophysical methods have been conducted on a large scale. Higher-resolution reservoir studies require more detailed and accurate information from sediment data. There has also been research on the properties of gas hydrate reservoir sediment. Some researchers have studied the effects of grain size parameters and biological components of sediments on gas hydrate reservoirs. They found that coarse grain size (Lu and McMechan, 2002; Colwell et al., 2004; Tréhu et al., 2006; Ito et al., 2015; Li et al., 2019), poor sorting (Waite et al., 2019; Yang et al., 2020), and some types of microfossils (e.g., foraminifera and diatoms) (Chen et al., 2013; Ryu et al., 2013; Zhang et al., 2015; Boswell et al., 2019) have potentially positive effects on gas hydrate accumulation. However, as gas hydrate exploration has increased, these rules cannot be applied to all research cases (Zhang et al., 2015; Yi et al., 2018; Boswell et al., 2019; Li et al., 2019; Su et al., 2021), indicating that the influence of sediment properties on gas hydrate accumulation is very complex.
Recent research has shown that sediment microstructure is also a controlling factor for gas hydrate accumulation (Jones et al., 2007; Ghosh and Ojha, 2021). Some researchers have used laboratory simulation methods to explore the formation process of gas hydrates in sediment and the variation in porosity and permeability properties and established the relationship between porosity and permeability parameters and gas hydrate saturation (Wang et al., 2020; Wu et al., 2020; Li et al., 2021). These laboratory simulations provide a reasonable basis for exploring the effect of the sediment microstructure on gas hydrate accumulation. However, the actual conditions for gas hydrate accumulation are complex. Thus, some researchers have used actual gas hydrate-bearing sediments for microstructural research. They considered that the mineral type and grain size determine the pore space and influence gas hydrate accumulation (Lee et al., 2013; Bian et al., 2020; Cai et al., 2020). Undoubtedly, the reservoir space is one of the key factors affecting gas hydrate accumulation. However, it is difficult to explain the gas hydrate accumulation rule in many research cases simply by emphasizing the control effect of sediment grain size and pore space, especially in gas hydrate reservoirs dominated by fine-grained sediments in the northern South China Sea (Zhang et al., 2015; Su et al., 2016; Li et al., 2019). Thus, the effect of sediment microstructure on gas hydrate accumulation requires further research.
Gas hydrates in the Shenhu area of the northern South China Sea (SCS) are typically dominated by diffused gas hydrates (Liang et al., 2016). Sediments in the Shenhu area have a more significant controlling effect on gas hydrate accumulation (Zhang et al., 2015; Li et al., 2019; Su et al., 2021). Therefore, the selection of gas hydrate-bearing sediment samples from the Shenhu area is more conducive to discussing the influence of the sediment microstructure on gas hydrate accumulation. In this study, scanning electron microscopy (SEM) and computed tomography (CT) were used to characterize the microstructure of gas hydrate-bearing sediments. Then, we combined the microstructural features of the sediment, specific surface area, and biological data to reveal the controlling effect of sediment microstructure on gas hydrate accumulation.
GEOLOGICAL SETTING
The SCS is 1,212 m deep on average, with a maximum depth of 5,377 m (Wu et al., 2007). The northeastern slope of the SCS is located in the transitional zone between quasi-passive and active continental margins. The northeastern slope of the SCS has a complex geological structure and covers a total area of approximately 2.3 × 105 km2, with a length of 900 km and a width of 143–342 km (Shao et al., 2007; Wu et al., 2007; Bai et al., 2019; Li et al., 2019; Zhang W. et al., 2019). The western part of the northeastern slope of the SCS is the Pearl River Mouth Basin, which has an extensional setting (Figure 1A). During the Paleocene, the northeastern slope of the SCS was a rift basin, and numerous faults of different scales were formed (Shao et al., 2007; Bai et al., 2019; Li et al., 2019). After the Middle Miocene, the northeastern continental margin of the SCS entered a tectonic subsidence stage. During this stage, the regional sedimentary layer was dominated by marine sediments, with a very high deposition rate of approximately 520 m/Ma (Shao et al., 2007).
[image: Figure 1]FIGURE 1 | The geological map of study area. (A) the geological map of northern slope of SCS, modified from Li et al. (2019); (B) enlarge the red box in figure (A), the drilling area of GMGS3&4, modified from Zhang W. et al. (2019).
According to a series of exploratory drilling expeditions and two gas hydrate production tests conducted by the Guangzhou Marine Geological Survey (GMGS) in the past few years, the SCS is known worldwide as an attractive and potentially resource-rich area that contains gas hydrates (Liu et al., 2012; Li et al., 2018; Qin et al., 2020; Su et al., 2021). In the third gas hydrate exploratory drilling expeditions by GMGS (GMGS3), gas hydrates were obtained at sites W11, W17, W18, and W19 (Figure 1B). The sediment core, geophysical data, and geological background data of sites W11, W17, W18, and W19 were also obtained during the GMGS3 expedition. Site W19 is located on the western ridge of the GMGS3 drilling area and contains a favorable gas hydrate reservoir. The gas hydrates at site W19 occurred between 134 and 171 m below the seafloor (mbsf), at gas hydrate saturations as high as approximately 71% (Zhang et al., 2020). Site W19 was selected as the key site owing to its high hydrate saturation and thick reservoir.
MATERIALS AND METHODS
Core Samples, SEM Observations, and CT Scans
This study focused on the gas hydrate reservoir and adjacent layers of site W19 (114.4–171 mbsf) and 39 samples were obtained for SEM observations, CT scans, and specific surface area (SSA) analyses (Table 1; Figure 3). The gas hydrate in the core samples decomposed under changes in temperature and pressure conditions (Figure 2A). However, gas hydrate decomposition has a limited influence on the mineral and biological components and SSA in sediments (Zhang et al., 2016; Li et al., 2019; Waite et al., 2019). The microstructure of the core samples is not in the in-situ state with gas hydrates. However, the samples can represent the microstructural features of the sediment before gas hydrate formation, which is significant for gas hydrate accumulation analysis. The samples used for SEM observation and CT scans in this study were obtained using plastic square cubes (2 × 2 × 2 cm), which helped preserve the original microstructural features as much as possible (Figure 2B). The samples were stored on dry ice until the tests were conducted in the laboratory.
TABLE 1 | The sample list of Site W19.
[image: Table 1][image: Figure 2]FIGURE 2 | The sampling method images. (A) the sediment cores of Site W19; (B) the sample cubes for microstructure analysis which sampling from sediment cores; (C) and (D) the images of sample preparation process.
As the square cubes were made of plastic, which has no effect on the CT scan, the samples and square cubes were tested directly to obtain CT scan images and data. A total 12 samples were used for CT scan. The CT scan was performed by Nanjing Hongchuang Geological Exploration Technology Service Co., Ltd.
The samples used for the SEM observation were prepared as follows:
(1) First, the epoxy resin and curing agent proportions were adjusted. We used more epoxy resin and less curing agent, which prolongs the curing time of epoxy resin and facilitates infiltration.
(2) Then, the samples were placed in a mold and wrapped with a mixture of epoxy resin and a curing agent (Figure 2C). The samples were then left at 25°C for curing (Figure 2D).
(3) Next, the samples were cut.
(4) The cut surface was reinfused with a mixture of epoxy resin and curing agent to ensure that the samples were completely cured.
(5) The cut surface of the samples was ground and the samples were placed on the slide and cut to 1–2 mm thickness.
(6) The samples were polished with 800- and 1200-mesh emery cloths to complete the preparation.
The samples for SEM observation were prepared at the Institute of Geology and Geophysics, Chinese Academy of Sciences.
Gas Hydrate Saturation
The analysis of gas hydrate saturation of site W19 was mainly based on the voyage report of GMGS3. In this study, resistivity log data, Cl− anomalies of the pore water in sediment, and quantitative degassing of the pressure core were used to analyze the gas hydrate variation trend (Dvorkin et al., 1999; Qian et al., 2018; Ye et al., 2019).
Biological Statistics
Biological data were obtained from the voyage report of GMGS3 and were tested at the Test Center of the Guangzhou Marine Geological Survey.
Specific Surface Area
SSA analysis was conducted using Quantachrome Autosorb-1 and Quantachrome Nova Station A instruments at the Institute of Analysis and Testing, Beijing Academy of Science and Technology. Before the analysis, the samples were degassed at approximately 383.15 K under vacuum for approximately 12 h to remove adsorbed moisture and residual volatiles. The N2 sorption isotherms were determined at 77.35 K within a relative pressure (P/Po = absolute/saturation pressure) range of 0.009–0.995. The specific surface area was calculated using the Brunauer-Emmet-Teller equation (Brunauer et al., 1938).
RESULTS
Lithology
The lithological data of site W19 were collected from the voyage report of the GMGS3. In the study interval at site W19, the sediments were dominated by clayey silt and silt. The sand content of the sediments ranged from 0.12 to 10.85%, with an average of 3.34%. The silt content of the sediments ranged from 55.64 to 80.07%, with an average of 70.00%. The clay content of the sediments ranged from 17.21 to 44.19%, with an average of 26.66%. In the upper part of the study interval (114.4–145 mbsf), the sediments were dominated by clayey silt with only a few silt layers in the bottom part (Figure 3). In the lower part of the study interval (145–171 mbsf), the sediments were dominated by silt with several interbedded clayey silt layers (Figure 3). In Site W19, the sediments mainly consist of quartz, feldspar, calcite, and clay minerals, and a few dolomite, siderite, and anhydrite appear in some layers. The clay minerals were dominated by illite/smectite, illite, kaolinite, and chlorite.
[image: Figure 3]FIGURE 3 | The comprehensive column of Site W19. The lithology data are cited from voyage report of the GMGS3. Foram. and Calca. are short for foraminifera and calcareous ultra-microfossils, respectively. The purple, red, bule and orange shaded area indicate non-GH, Ⅰ-, Ⅱ-, and Ⅲ-GHR layers, respectively. * The Porosity (in-situ) is calculated by LWD data.
Microstructural Features of Gas Hydrate-Bearing Sediment
Based on the SEM observations, the sediments at site W19 mainly consisted of quartz, feldspar, carbonates, and clay minerals (Figure 4A). The quartz mainly exhibited a granular shape with a diameter of 8–30 μm. The edge of the quartz was smooth and exhibited some abrasion (Figure 4B). The feldspar in the sediment could be classified into two categories, K-feldspar and plagioclase, which both have similar morphology. The diameter of the feldspar ranged from 10 to 30 μm, while its edge was smooth but indicated some traces of corrosion (Figures 4A, C). The carbonates in the sediment were mostly calcite, which appeared as fossils. Some fossils were calcareous ultramicrofossils with diameters of less than 2 μm (Figure 4D). Other fossils were foraminiferal shells, which consisted of calcite. The calcite particles in the foraminiferal shells were fibrous with unclear edges. The diameter of the foraminiferal shells was >20 μm (Figure 4E). Many clay minerals in the sediment included filamentous or flaky illite/smectite (I/S) (Figure 4F), illite (Figures 4G, H), sheet-like kaolinite, and flaky chlorite (Figure 4I). The diameter of the clay mineral particles was less than 1 μm.
[image: Figure 4]FIGURE 4 | The microstructure features of gas hydrate-bearing sediments. (A) Site W19, 126.60 mbsf, sediments consist of quartz, K-feldspar and clay minerals; (B) Site W19, 135.60 mbsf, the quartz in sediments; (C) Site W19, Site W19, 135.60 mbsf, the plagioclase in sediments; (D) Site W19, 127.80 mbsf, the calcareous ultra-microfossils in sediments; (E) Site W19, 135.90 mbsf, the foraminifera shell composed of calcite; (F) Site W19, 130.20 mbsf, the I/S in sediments; (G) Site W19, 136.1 mbsf, the filamentous ilite in sediments; (H) Site W19, 136.1 mbsf, the flaky ilite in sediments; (I) Site W19, 166.6 mbsf, the sheet-like kaolinite and flaky chlorite. Q, kf, Pl, calca, cc, I/S, It, Kao, and Chl are short for quartz, K-feldspar, plagioclase, calcareous ultramicrofossils, calcite, illite/semectite, illite, kaolinite and chlorite, respectively.
Gas Hydrate Saturation Data
In this study, gas hydrate saturation refers to resistivity log data, Cl− anomalies of the pore water in the sediment, and quantitative degassing of the pressure core. The gas hydrate saturation ranged from 10 to 54% based on the resistivity log data (Figure 3). Based on the Cl− anomalies of the pore water in the sediments, the gas hydrate saturation ranged from 0.21 to 70.90% (Figure 3). According to the voyage of GMGS3, only three pressure cores (12, 13, and 21A) were successfully obtained, from which we collected 234 L, 228 L, and 190 L, respectively, of methane gas. The gas hydrate saturation values calculated for the three pressure cores were 60, 58, and 49%, respectively (Figure 3).
Biological Statistics
The biological component mainly consisted of foraminifera and calcareous ultramicrofossils based on SEM observations. The abundance of the foraminifera in the study interval ranged from 238.8 ind/g to 39,014.4 ind/g, with an average of 3,214.5 ind/g. The abundance of calcareous ultramicrofossils ranged from 758 ind/g to 2,895 ind/g, with an average of 1,872.1 ind/g.
Specific Surface Area Data
The SSA data are presented in Table 2; Figure 3. The SSA of the sediments in the study interval ranged from 11.49 m2/g to 24.86 m2/g, with an average of 15.6 m2/g.
TABLE 2 | The result of Specific surface area.
[image: Table 2]DISCUSSION
Gas Hydrate Saturation Variation Rule
The quantitative degassing of the pressure core provides the most accurate gas hydrate saturation. However, owing to the high cost of obtaining a pressure core, data on gas hydrate saturation with quantitative degassing of the pressure core are scarce. It is difficult to indicate the variation in gas hydrate saturation. The gas hydrate saturation estimated by the resistivity logs was continuous and independent of the sediment samples. However, resistivity logs have multiple solutions (Chand et al., 2004; Collett et al., 2012; Wang et al., 2014). The gas hydrate saturation estimated by the Cl− anomalies of pore water in sediment is relatively accurate and relatively continuous (Lu and McMechan, 2002; Su et al., 2021). Meanwhile, the study of microstructures depends on the sediment sample, and it can be well matched with the gas hydrate saturation estimated by the Cl− anomalies of the pore water in the sediment.
The gas hydrate saturation was very low in the upper part of the study interval, highest in the middle part, decreased with fluctuation, and was lower in the bottom part (Figure 3). Combined with the methane gas migration direction, the study interval was divided into upper and lower sections with 134 mbsf as the boundary. The upper section was the non-gas hydrate layer (114.4–130.39 mbsf). Furthermore, the lower section was the gas hydrate reservoir layer, which was subdivided into three layers according to the gas hydrate saturation: 1) I-gas hydrate reservoir (I-GHR) layer, where the gas hydrate saturation ranged from 58.48 to 70.90%, with an average of 64.84% (Table 3); 2) II-gas hydrate reservoir (II-GHR) layer, where the gas hydrate saturation ranged from 17.27 to 49.27%, with an average of 33.95% (Table 3); 3) III- gas hydrate reservoir (III-GHR) layer, where the gas hydrate saturation ranged from 0.21 to 6.44%, with an average of 1.88% (Table 3).
TABLE 3 | The statistics data of gas hydrate saturation data.
[image: Table 3]Microstructure in Different Gas Hydrate Reservoir Layers
The study of the sediment microstructure relied on SEM observations and CT scans. CT scans can directly display the microstructural features of sediment, particularly the size and distribution of pores (Jones et al., 2007; Bian et al., 2020; Wu et al., 2020). SEM observations can reveal more details of microstructural features, such as more accurate size, morphology, and sediment composition of pores (Bohrmann et al., 2007; Klapp et al., 2010; Oshima et al., 2019; Cai et al., 2020).
The SEM observation and CT scan results indicate that there are 1) intergranular pores between coarse grains (CG-intergranular pores), 2) intergranular pores between fine grains (FG-intergranular pores), and 3) biologic grain pores (BG-pores) in the study interval sediments (Figure 5A).
[image: Figure 5]FIGURE 5 | Pores structure characteristics in gas hydrate reservoir. (A) Site W19, 136.10 mbsf, SEM image; (B), (C), and (D) enlarge the yellow box in figure (A). Q, kf, cc, clay, and I/S are short for quartz, K-feldspar, calcite, clay minerals, and illite/semectite, respectively.
CG-intergranular pores occur between coarse grains such as quartz, feldspar, or foraminiferal fossils and have irregular pore shapes. They have pore sizes between 10 and 100 μm (Figure 5B). FG-intergranular pores occur between coarse grains, such as clay minerals. Their pore shape varies with the morphology of the clay mineral, while their pore size is typically less than 1 μm (Figure 5C). BG-pores consist of coeloms of foraminifera. Their pore shape is either spherical or ellipsoidal, while the pore size is commonly greater than 50 μm (Figure 5D).
The microstructural features of the sediments among the non-GH, I-, II-, and III-GHR layers were significantly different. In the non-GH layer, the CT scan showed that the sediment had massive structures with many FG-intergranular pores and a few CG-intergranular pores (Figures 6A–C). The BG-pores in the non-GH layer were specific, and many FG-intergranular pore aggregates showed spherical BG-pore shapes visible in CT scan images (Figures 6A–C). The SEM observations confirmed that the BG-pores were filled with other components (Figure 6D).
[image: Figure 6]FIGURE 6 | Microstructure of sediments in the non-GH layer. (A) Site W19, 126.60 mbsf, CT scan image; (B) Site W19, 127.80 mbsf, CT scan image; (C) Site W19, 130.15 mbsf, CT scan image; (D) Site W19, 126.60 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate empty BG-pores (e), orange arrows indicate FG-intergranular pores; yellow dotted circle indicate filled BG-pores (f).
In the I-GHR layer, the sediment microstructure was loose compared to the non-GH layer and had many CG-intergranular pores, BG-pores, and some FG-intergranular pores (Figures 7A, B). The SEM observations showed features similar to those observed in the CT scan (Figures 7C, D).
[image: Figure 7]FIGURE 7 | Microstructure of sediments in the Ⅰ-GHR layer. (A) Site W19, 137.60 mbsf, CT scan image; (B) Site W19, 138.60 mbsf, CT scan image; (C) Site W19, 130.70 mbsf, SEM image; (D) Site W19, 138.60 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate BG-pores.
In the III-GHR layer, CG-intergranular pores and BG-pores were rare, while there were few FG-intergranular pores (Figures 8A–C). However, the clay fraction content in the III-GHR layer was not significantly different from those in the non-GH and I-GHR layers (Figure 3). This indicates that the structure of the clay minerals in the III-GHR layer was different from that in the non-GH and I-GHR layers.
[image: Figure 8]FIGURE 8 | (A) Site W19, 146.35 mbsf, CT scan image; (B) Site W19, 156.55 mbsf, CT scan image; (C) Site W19, 146.35 mbsf, SEM image; (D) Site W19, 156.55 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate BG-pores.
In the II-GHR layer, some samples exhibited similar features to samples of the I-GHR layer (Figures 9A, C), while others exhibited similar features to those of the III-GHR layer (Figures 9B, D). Thus, the II-GHR layer acted as a transitional layer between the I-GHR and III-GHR layers, which is consistent with the wide range of gas hydrate saturation in the II-GHR layer (Figure 3).
[image: Figure 9]FIGURE 9 | (A) Site W19, 162.80 mbsf, CT scan image; (B) Site W19, 167.10 mbsf, CT scan image; (C) Site W19, 162.80 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate BG-pores.
Controlling Effects of Microstructure on Gas Hydrate Accumulation
The effect of the microstructure on gas hydrate accumulation is generally reflected in porosity and permeability (Jones et al., 2007; Klapp et al., 2010; Cai et al., 2020; Wang et al., 2020; Li et al., 2021). Previous studies have shown that large pores formed by coarser sediments are conducive to gas hydrate accumulation (Colwell et al., 2004; Boswell et al., 2009; Ito et al., 2015; Heeschen et al., 2016; Bian et al., 2020). The grain size of sediments does not affect the total porosity but may significantly affect the effective reservoir space and permeability (Wang et al., 2020). It may be difficult for extremely small pore spaces to form and accumulate gas hydrates owing to the migration ability of gas or pore water and capillary pressure (Brown and Ransom, 1996; Gamage et al., 2011; Li et al., 2021). Meanwhile, at the same porosity, more small pores lead to a significant decrease in sediment permeability (Brown and Ransom, 1996; Gamage et al., 2011; Oshima et al., 2019; Wu et al., 2020). Thus, a sediment layer with more CG-intergranular pores has more effective reservoir spaces and high permeability, which is beneficial for gas hydrate accumulation.
Many previous studies have shown that BG-pores consisting of foraminiferal coeloms can improve the quality of gas hydrate reservoirs, as foraminiferal coeloms are large and can thus provide additional effective reservoir space (Wang et al., 2011; Chen et al., 2013; Wang et al., 2014; Zhang et al., 2015; Li et al., 2019). In the I-, II-, and III-GHR layers, BG-pores gradually decreased, which is consistent with previous research results. However, according to Figure 3, the abundance of foraminifera was the highest in the non-GH layer, in contrast with previous research results. Meanwhile, BG-pore filling was verified both by SEM observations and CT scans (Figure 6 and Figure 10). The filling components were clay minerals and many calcareous ultramicrofossils (Figure 10). Calcareous ultramicrofossils have very small grain sizes (typically less than 2 μm) and clay fraction content. Thus, calcareous ultramicrofossils will reduce the effective reservoir space of the BG-pores and reduce the permeability of the sediment together with clay minerals.
[image: Figure 10]FIGURE 10 | Calcareous ultra-microfossils and clay minerals fill foraminifera coeloms. (A) Site W19, 126.60 mbsf, SEM image; (B) enlarge the yellow box in figure (A); (C) enlarge the yellow box in figure (B); cc and calca. are short for calcite and calcareous ultra-microfossils, respectively.
The adsorption of methane by quartz and carbonates is significantly lower than that of clay minerals. The strong adsorption of methane by clay minerals is usually related to the complex structure and large SAA of clay minerals (Venaruzzo et al., 2002; Volzone et al., 2002; Ji et al., 2012). The SEM observations confirmed that the FG-intergranular pores were mainly clay minerals (Figure 5C). The microstructure of clay minerals controls the FG-intergranular pores. SSA is an effective parameter to characterize the microstructure of clay minerals (Dogan et al., 2006; Macht et al., 2011; Zhang Y. et al., 2019). Some studies have reported that the SSA is negatively correlated with gas hydrate saturation (Zhang et al., 2016; Zhang et al., 2017). The negative correlation between SSA and gas hydrate saturation may be determined by the clay mineral content and microstructure. The more complex microstructure of clay minerals leads to the formation of more FG-intergranular pores, affecting the permeability of sediment and the adsorption of free gas and pore water on sediments (Dogan et al., 2006; Gamage et al., 2011; Macht et al., 2011). The adsorption of free gas and pore water on sediments has potential significance for controlling gas hydrate formation. The weak adsorption capacity of sediments may make it difficult for free gas or pore water to remain in sediment and form gas hydrates. Conversely, the strong adsorption capacity of sediment may make it difficult for free gas or pore water to flow, thereby potentially acting as a sealing bed.
The in-situ porosity (calculated by LWD data) from the voyage report showed a sharp porosity drop in the I-GHR layer (Figure 3). The decreased porosity in the I-GHR layer is probably caused by gas hydrate enrichment. The porosity of the non-GH layer is not significantly higher than that of the underlying I-GHR layer. However, the abundance of the foraminifera in the non-GH layer is significantly higher than in the others. The high abundance of the foraminifera did not result in increased porosity. The saturation of gas hydrate in the non-GH layer is low (Figure 3) due to the BG-pores filling with calcareous ultramicrofossils and clay minerals. In the II- and III-GHR layers, the trend of porosity is consistent with that of gas hydrate saturation (Figure 3).
The CG-intergranular, FG-intergranular, and BG-pores were smaller in the III-GHR layer. The sediment in the III-GHR layer had low SSA. The reservoir space and adsorption capacity of the sediment were low and weak, respectively. After gas and water form and migrate to the III-GHR layer, it may be difficult to stay and no sufficient effective space to form the gas hydrate. The CT scan of samples shows FG-intergranular pores dominate the microstructure of the III-GHR layers (Table 4). The gas hydrate saturation of the CT scan samples in this layer is also very low (0.63–1.08%), indicating that the gas hydrate is not enriched. Hence, this layer may act as a gas migration channel (Figure 11). In the I-GHR layer, the sediments had many CG-intergranular pores and BG-pores (Table 4), indicating a more effective reservoir space and higher permeability (Figure 11). The CT scan samples’’ gas hydrate saturation in this layer is very high (58.48–62.89%). Thus, the gas hydrate had sufficient space and conditions to form and accumulate in the I-GHR layer. The II-GHR layer is a transition layer between the III- and I-GHR layers. The gas hydrate saturation of the CT scan samples in this layer (18.35–42.47%) is lower than in the I-GHR layer (Figure 3 and Table 4). Sediments with microstructural features similar to the I-GHR layer are favorable for gas hydrate accumulation, and those similar to the III-GHR layer are unfavorable for gas hydrate accumulation (Figure 11). Although many BG-pores in the non-GH layer were filled, CG-intergranular pores were rare, making it difficult to form an effective reservoir space (Figures 6, 10). Based on CT scan samples, the microstructure of sediments in the III-GHR layer is dominated by filled BG- and FG-intergranular pores (Table 4). The gas hydrate saturation of the CT scan samples in this layer is very low (1.45–3.41%). Meanwhile, the sediments in the non-GH layer had high SSA, which indicates that there were many FG-intergranular pores in the sediment, thereby leading to low permeability and strong adsorption of the sediments and making free gas or pore water migration difficult (Figure 11). The sediment in the I- and III-GHR layers had the same low SSA, indicating a weak adsorption capacity for free gas or pore water. However, the non-GH layer overlying the I-GHR layer had strong adsorption capacity and lacked an effective reservoir space. Thus, free gas and pore water may accumulate in the I–GHR layer and form gas hydrates (Figure 11).
TABLE 4 | The microstructure types and gas hydrate saturation of samples.
[image: Table 4][image: Figure 11]FIGURE 11 | Model of gas hydrate accumulation.
CONCLUSION
Based on the variation in gas hydrate saturation, the study interval was divided into non-GH, I-, II-, and III-GHR layers. Based on the SEM observations and CT scans, the study interval had three types of pores: CG-intergranular pores, FG-intergranular pores, and BG-pores.
The microstructure of the non-GH layer was dominated by FG-intergranular pores and had many filled BG-pores. The CG-intergranular and BG-pores dominated the microstructure of the I-GHR layer. All types of pores in the study interval were rare in the III-GHR layer; while the II-GHR layer represented a transition between the I-GHR and III-GHR layers.
The CG-intergranular and BG-pores can provide effective reservoir space and increase the permeability of sediment, which is conducive to gas hydrate accumulation. The FG-intergranular pores reduce permeability and are not conducive to gas hydrate accumulation. Clay minerals and calcareous ultramicrofossils with small grain sizes and complex microstructures fill the effective reservoir space and reduce the permeability of sediment. Clay minerals and calcareous ultramicrofossils improve the adsorption capacity of sediment to free gas or pore water, which is not conducive to gas hydrate formation and accumulation.
The non-GH layer sediment has strong absorption capacity and few effective pores, which inhibit the upward migration of free gas or pore water. The underlying I-GHR layer has high permeability and a more effective reservoir space. The superposition of the non-GH and I-GHR layers was conducive to the formation and accumulation of gas hydrates.
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