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The Qiongdongnan Basin is an important gas hydrate exploration area in the South China Sea, but the gas hydrate accumulation process is poorly understood. By selecting an Lingshui (LS) target area and using first-hand geochemical data, three-dimensional seismic data, and an independent thermal insulation and pressure maintaining shipborne core analysis system, in this study, comprehensive geological evaluation was carefully conducted around the gas source and reservoir of the gas chimney hydrates, and the accumulation process was investigated. Geochemical data for a total of 47 sets of gas samples revealed that the gas source of the hydrates in the study area was mainly thermogenic gas supplemented by mixed gas. It was predicted that the contribution of the thermogenic gas to the hydrate accumulation was up to 70%. Using the independent shipborne core analysis system, the characteristics of the low-temperature combustible gas hydrates were determined, and the reservoir in the study area was characterized as non-diagenetic to weakly diagenetic, rich in clay and silt (D50 = 15.1–34.1 μm), weakly self-sustaining, and strongly heterogeneous. Based on the differentiated seismic response of the hydrate layer-gas bearing hydrate layer-shallow gas layer at the top of the gas chimney, the accumulation process in the target area was determined to be as follows: remote thermogenic gas transportation, local microbial genetic gas accumulation, episodic dynamic gas chimney reservoir formation, and source-reservoir control. In addition, the exploration ideas of an effective supply from a gas source and a shallow large-scale sand body are emphasized. The results of this study provide an important reference for the trial production of natural gas hydrates in the South China Sea.
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1 INTRODUCTION
Natural Gas Hydrates (NGHs) are a type of ice-like cage structure formed by water and natural gas molecules under low temperature and high pressure conditions. They mainly occur in dispersed, nucleated, vein-like, and massive forms in the seabed and at depths of >300 m in terrestrial permafrost regions in passive continental margins. Countries continue to pay attention to and invest in the research and development of natural gas hydrates, which are a strategic clean energy source. Gas hydrates have been found in 240 locations around the world. Hydrate pilot production has been completed in Mackenzie in Canada, the north slope of Alaska, the Nankai trough in Japan, and the South China Sea (Paganoni et al., 2019; Wei et al., 2019; Deng et al., 2021; Lai et al., 2021).
Chinese gas hydrate surveying began in 1999. After long-term exploration and sea trials, NGHs have been identified as the 173rd new mineral. The Qiongdongnan Basin and the Pearl River Basin are delineated as two pilot test areas for natural gas hydrate exploration and production (Zhu et al., 2009; Zhang et al., 2019a). The research on exploration technology, reservoir formation mechanisms, and basic physical properties has reached or approaches the international advanced level, but the overall exploration degree is low. At present, the most important work is to establish reliable natural gas hydrate resource evaluation and exploration techniques. Since 2017, China has completed several rounds of offshore gas hydrate drilling, logging while drilling, and coring operations in the deep water area of the Qiongdongnan Sea area using the drilling and logging system on the independent offshore oil 708 deep water engineering survey ship and independently developed coring technology. Comprehensive domestic technologies and a complete operation process of the ship exploration drilling, logging, and coring evaluation sea test have been developed, making China the third country in the world to independently master this type of technology. After three rounds of voyage, Qiongdongnan Sea Area containing the hydrate formation of “strong BSR seismic reflection, high resistivity and low acoustic time” features, can be divided into “type gas chimney that are rich in thermogenic gas hydrate, polygons that are rich in thermogenic gas fracture—silt composite hydrate and the causes of thermogenic gas and mixed gas hydrate sliding body at the bottom of the” three kinds of hydrates. But the study on the geological process of accumulation is not enough.
The Qiongdongnan Basin is an important oil- and gas-producing area and hydrate-rich region in the South China Sea. The X17-2, X25-1, and X18-1 gas fields and the Haima active cold seep have been discovered successively along the channel of the central canyon of the basin, indicating that the deep gas source supply is sufficient and there are good transport channels and a favorable reservoir formation environment (Xu et al., 2016; Wang et al., 2018; Yang et al., 2018; Zhang et al., 2019b; Wan et al., 2020; Wei et al., 2020; Zhang et al., 2021; Chen et al., 2022). In particular, leaky gas hydrates, represented by gas chimney hydrates, have become one of the research objects in trial production projects (Zhang et al., 2016; Paganoni et al., 2019; Wei et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b; Deng et al., 2021; Lai et al., 2021; Wan et al., 2021). However, gas chimney hydrates are characterized by multi-stage dynamic accumulation, multi-solution of logging seismic responses, strong reservoir heterogeneity, and low saturation of the ore body, which restrict our geological understanding and exploration techniques (Zhu et al., 2009; Wang et al., 2015; Wan et al., 2017; Wang et al., 2018; Wan et al., 2022).
In this study, the gas source, reservoir, and accumulation process of gas hydrates in the selected gas chimney hydrate enrichment area in the Lingshui(LS) sea area in the Qiongdongnan Basin were systematically and carefully investigated using first-hand geochemical and geophysical data. In terms of gas source, this is the first time that China’s independent coring technology is used to collect and analyze the gas data of hydrate formation in hydrate well and conventional gas layer in gas well, which is of practical significance to the co-production of hydrate and conventional gas and the correlation analysis of hydrate and conventional gas. In terms of reservoir, the infrared imaging characteristics, scanning electron microscopy and remolding characteristics of hydrate reservoir in previous studies are supplemented, and the fine grain characteristics and physical properties of hydrate reservoir are reported. A quantitative understanding of the gas source (70% thermogenic gas and 30% mixed gas) was obtained; two main reservoir types (rich silt shale (clay) reservoir and microfracture reservoir), were identified; and the “remote thermogenic gas filling gas chimney, local microbial origin supplementation, episodic dynamic accumulation, and source-reservoir control” accumulation mechanism was identified. The exploration idea of a gas source and sand body was determined to have a great potential. The results of this study provide an important scientific reference for the trial production of natural gas hydrates in the South China Sea.
2 GEOLOGIC BACKGROUND
The Qiongdongnan Basin is located at the west end of the continental shelf of the South China Sea, north of Hainan Island, south of the Yongle uplift of the Paracel Islands, west of the Yinggehai Basin, and adjacent to the Shenhu uplift and the Zhu III and Zhu II depressions. It is a NE-trending extensional rift sedimentary basin with a basin area of 8.3 × 104 km2. It consists of five secondary structural units: the Hainan uplift, northern depression, central uplift, central depression, and southern uplift. Because the Mesozoic, the Qiongdongnan Basin has experienced the Shenhu movement, the South China Sea movement, and the Dongsha movement successively, the sedimentary strata are characterized by three stages of differentiation: the Late Cretaceous-Late Oligocene multi-episode rifting period, the Early Miocene-Middle Miocene thermal subsidence period, and the Neotectonic period since the Late Miocene (Liang et al., 2019; Paganoni et al., 2019; Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al., 2021).
At present, the Qiongdongnan deep water area has become a key area for conventional oil and gas exploration and hydrate trial production, with a deep water area of about 5.3 × 104 km2 and a maximum water depth of 3,000 m, including the central depression, the Songnan low uplift, and the Lingnan low uplift. The faults in the deep water area of the Qiongdongnan Basin are mainly developed in Paleogene strata, and the faults mainly trend NE-SW, E-W, and NW-SE. Among them, the large-scale NE-SW faults run through the central depression, with a length of about 300 km in the deep water area; and they divide the central Canyon waterway into the Ledong section, Lingshui section, Songnan section, and Baodao section. The deep water area of the basin exhibits a structural pattern characterized by north-south zoning and east-west partitioning (Figure 1) (Huang et al., 2016; Huang et al., 2017).
[image: Figure 1]FIGURE 1 | Regional tectonic position and stratigraphic histogram of Qiongdongnan Basin.
The study area is located in the Songnan low uplift area and is surrounded by the Lingshui Sag and the Beijiao Sag, with water depths of 1,650 m–1800 m. The focus of the exploration is the gas chimney group in the Songnan low uplift. The 3D seismic data and general survey reveal that this area has geological characteristics indicative of gas hydrate accumulation. 1) High production gas flow has been obtained from an exploration well adjacent to the X17-2 gas field in the submarine fan sandstone reservoir of the Neogene Yinggehai Formation, with a daily gas output of 110 × 104 m3, which is the first large deep water gas field covering over 100 billion cubic meters discovered by CNOOC. 2) Multiple gas chimneys are distributed in the Ne-trending belt; a typical blank zone reflection and BSR distribution can be seen in the structure. The geothermal gradient of the gas chimneys is high (113°C/km), the transport system is well developed, and the fluid circulation is active. 3) The hydrates are mainly developed in the submarine fan silt-sand reservoir in the Quaternary Ledong Formation, the provenance of which includes the Kunsong Block, Red River in India, and Hainan Island. 4) Remotely Operated Vehicle (ROV) observations revealed that the terrain of the seafloor is flat, with a small number of pock marks and deep-sea organisms. Crustacean fragments were observed around the pocks.
3 METHODS
In this study, 47 representative samples were systematically collected from hydrate wells and conventional exploration wells in the study area, and they were subjected to gas source analysis, including data on the gas components and carbon isotope compositions of the methane in the deep, medium, and shallow strata in the gas chimney development areas, such as areas X18-H5 and X17-2. The gas composition was analyzed by gas chromatography mass spectrometer. The carbon isotope was analyzed by stable isotope mass spectrometer. The water depth of the sampling well is 1720 m, and the hydrate occurrence depth is 24–172 mbsf. The well is located above the core of the gas chimney. Based on the identification chart for hydrocarbon gas genetic types in marine sediments, the genetic discrimination was conducted using the samples’ gas humidity values, k = C1/(C2+C3), the carbon isotope compositions of the methane and ethane in the gas samples.
The reservoir in the Qiongdongnan Sea Area has been carefully analyzed using an independent ship-borne thermal insulation and pressure preserving core analysis and testing system developed in China. To confirm the low temperature and flammability of the methane hydrates, a portable infrared thermal imager was used to core the hydrate enrichment intervals from 127 to 153 mbsf. The sediment particle sizes of 15 samples from different depths (0–173 mbsf) were analyzed using a shipboard laser particle size analyzer (BT-9300ST, Dandong Bettersize Instruments Co., Ltd., Dandong, China). According to the national standard (GB/T19077.1-2008), sediment samples weighing 0.5 g were added to 1,000 ml of deionized water, and then 0.5 M sodium hexametaphosphate was added as the dispersant. After that, the samples were stirred for at least 1 min to evenly disperse the particles. Finally, the samples were dried and tested. The rock and mineral analysis of the sediment samples from 151.7 mbsf was conducted using a shipboard X-ray diffractometer. In addition, the samples were observed using a scanning electron microscope (SEM) (Nova NanoSEM 450, FEI Co.,, United States of America). Ten grams of the sample was weighed and dried, and then, a small spoonful of dry sample was smeared on tape for field emission SEM measurements. In situ X-ray Computed Tomography (CT) scans (SMX-225CTX-SV, Shimadzu Co.,, Japan) were performed on samples from depths of 120 and 123.5 mbsf under pressure with a resolution of 40 μm.
4 RESULTS
4.1 Characteristics of the Gas Source of the Natural Gas Hydrates
4.1.1 Gas Composition and Isotopic Characteristics
It can be seen from the test results of the samples from the deep, medium, and shallow strata that the main components of the gas include hydrocarbon gases, such as methane, ethane, and propane, and non-hydrocarbon gases, such as carbon dioxide, sulfur dioxide, and nitrogen. The methane content is the highest (97.7%, average of 89.21%, excluding four shallow samples from area X25-1), and the ethane content is also high(17.01%, average of 7.88%, excluding four shallow samples from area X25-1). The average carbon dioxide content was 1% (Table 1) (Huang et al., 2016; Huang et al., 2017; Cong et al., 2018; Liang et al., 2019; Paganoni et al., 2019; Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al., 2021). Therefore, the gas composition shows that Type I and II methane hydrates are developed and occur in the study area (Figure 2). The carbon isotope values of the methane are −59.5‰ to −35.4‰, with an average of −46.26‰. The carbon isotope values of the ethane are −20.67‰ to −27.6‰, with an average of −25.22‰. The humidity values of the samples are 4–51, with an average of 17.8. From the relationship between the gas composition and depth, it can be seen that the methane contents of the shallow samples are higher than those of the deep samples, and the ethane contents of the deep samples are higher than those of the shallow samples. The contributions of the deep thermogenic gas and shallow microbial gas to the gas components are shown in Figure 3.
TABLE 1 | Gas composition and isotope data of gas chimney type hydrate in Qiongdongnan Basin (Huang et al., 2016; Huang et al., 2017; Cong et al., 2018; Liang et al., 2019; Paganoni et al., 2019; Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al., 2021)
[image: Table 1][image: Figure 2]FIGURE 2 | Identification plate of gas source types of gas chimney hydrate in Qiongdongnan Basin.
[image: Figure 3]FIGURE 3 | Gas content at different depths at different sites (A,B) Methane; (C,D) Ethane; (E,F) C1/(C2+C3))
4.1.2 Gas Source Types and Contributions
The isotopic error analysis revealed that the original signal is clearly retained in the isotopic data for the collected samples. The first gas origin chart (Milkov and Etiop, 2018) divides the gas into primary microbial origin, low microbial origin, thermal origin, and abiotic origin. The majority of the gas samples plot in the oil-type thermal origin gas and early maturation thermal origin gas fields (Figure 2). On the second gas origin chart (Huang et al., 2016; Huang et al., 2017; Cong et al., 2018; Liang et al., 2019; Paganoni et al., 2019; Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al., 2021; Zhang et al., 2020), the majority of the gas samples plot in the coal-derived thermogenic methane and ethane fields, and only four samples plot in the microbiological methane and thermogenic ethane fields (mixed gas) (Figure 2). Both of these results confirm a thermogenic gas origin, but there are limitations to the coal type pyrolysis gas and oil type pyrolysis gas (i.e., they are significantly different in terms of the chemical composition and structure of the gas forming parent material). Combined with the sample properties and identification results, it is concluded that the hydrate gas in the study area is mainly thermogenic gas, supplemented by mixed genetic gas, and the contribution of the thermogenic gas is 70%.
4.1.3 Gas Resource Potential
The comparison of the gas source revealed that the source rocks of the biogenic gas in the study area are the marine siltstone and argillaceous siltstone of the local Yinggehai Formation-Quaternary system. The carbon isotope compositions of the methane range from −87‰ to −62‰, and the organic carbon contents of the source rocks of the gas range from 0.28 to 0.49%. The thermogenic gas in the study area is derived from the source rocks of the Yacheng Formation to Sanya Formation in the Lingshui Sag and Beijiao Sag. The organic matter is Type II and III kerogen and is in the mature to highly mature (Ro = 1.6–3.5%) gas-generation stage. It is concluded that the gas source in this area is sufficient and can serve as the basis for mineralization.
4.2 Characteristics of Gas Hydrate Reservoir
The reservoir in the study area is composed of the clayey silty and silty clay deposits of the Quaternary Ledong Formation (∼1.9 Ma), which is a non-diagenetic fine-grained reservoir in the abyssal plain facies. The natural gamma ray values of the hydrate formation are 30–50 API higher than those of the adjacent formation. The content of silty sand is high, but it is still in the clay-silty sand grade for weak diagenetic-non-diagenetic and quartz-rich feldspar. It was found that the hydrate reservoir is weakly diagenetic to non-diagenetic, is rich in clay and silt, is weakly self-sustaining, and is strongly heterogeneous.
4.2.1 Thermal Imaging Characteristics of Hydrate Cores
At room temperature (about 27°C), the temperature range of the core samples is −3.1 to 30°C, and the temperatures of the columnar thermal insulation and pressure retaining reservoir samples are 23–25°C. The block hydrate samples have significant low temperature characteristics (−3.1–0°C), and they were compared with the flame temperature of the hydrate after ignition (89°C), which proves that the hydrates are characterized by low-temperature flammability. The overall shape of the reservoir is cylindrical (purple, about 25–26°C), and the hydrate ore body has a low temperature (black, about 1.6°C) and is distributed in patches and masses, indicating that the coring harvest was basically complete (Figure 4).
[image: Figure 4]FIGURE 4 | Core thermal imaging characteristics (A) hydrate measurement; (B) flame measurement; (C) Columnar core measurement; (D) ore body measurement).
During the process of transferring the sample from the temperature and pressure environment, 1) in the initial stage of core removal, the reservoir exhibited a good cylindrical shape, but the cylindrical samples gradually collapsed during the subsequent testing process, with scattered and porridge-like characteristics. This indicates that the reservoir is non–diagenetic to weakly diagenetic and is poorly self-sustaining. The hydrates play an important role in supporting the stable consolidation of the reservoir’s framework. 2) Several independent and dispersed hydrate ore bodies were observed in the obtained multi-section rock core, indicating the poor connectivity and strong heterogeneity of the hydrate reservoir. 3) During the core placement, the temperature of the reservoir continued to increase, which is speculated to have been caused by the decomposition and heat absorption of the dispersed hydrates in the reservoir’s pores.
4.2.2 Particle Size Analysis
The particle size analysis results are presented in Table 2. The results show that 1) the median grain size of the sediments ranges from 15.1 to 34.1 μm, and the median grain size is concentrated in the range of 21.3–28.9 μm (9/15), indicating that the reservoirs are composed of silty sediments. 2) At sampling depths of 0.8 mbsf and 123 mbsf, the median grain size of the reservoir is 30–34 μm. Combined with the Cone Penetration Test (CPT) stress characteristics at the corresponding depth, the analysis results indicate that the reservoir is composed of carbonate crust or a small amount of silty deposits, reflecting ancient cold seep activity. 3) The grain size of the sediments varies little with depth, indicating that the sedimentary environment is Quaternary deep-sea suspended sediments, and large-scale silty and sandy deposits are not present.
TABLE 2 | Sample depth and median grain size of gas chimney type gas hydrate reservoir in Qiongdongnan Sea Area.
[image: Table 2]4.2.3 Mineral Composition and Electron Microscopic Characteristics
The main mineral composition of the samples included quartz (23%), plagioclase (17%), sericite (15%), albite (14%), calcium carbonate (10%), illite (10%), potassium microcline (3%), pyrite (1%), and amphibole (1%). The corresponding major element compositions of the samples included silicon dioxide (54%), aluminum oxide (15%), calcium oxide (5%), ferric oxide (5%), potassium oxide (4%), magnesium oxide (3%), sodium oxide (2%), sulfur oxide (2%), and titanium dioxide (1%). The above results show that the main minerals in the samples were quartz, chlorite, mica, and feldspar, indicating that the reservoir is a clay-rich silty deposit.
A large number of lamellar clay minerals were observed under the electron microscope, but the mineralization and diagenetic characteristics of the minerals were weak, indicating that the reservoir is weakly diagenetic to non-diagenetic (Figure 5).
[image: Figure 5]FIGURE 5 | Electron microscopic characteristics (A) reservoir sampleⅠ; (B) reservoir sampleⅡ).
4.2.4 Pore Structure and CT Scans
In situ X-ray CT analysis yielded two typical reservoir structural features that were consistent with the predicted major reservoir types (Figure 6). Figure 6A shows the clay-rich silty reservoir lacking fractures, and it is fine grained and homogeneous overall (gray). The inferred hydrate ore body (black) is massive and porphyritic and is independently dispersed within the core, lacking a continuous veined core. Figure 6B shows the clay-rich silty reservoir with well-developed fractures. Overall, the fractures (dark brown) are well developed and have inconsistent strikes. A small amount of granular hydrate (black) can be seen in the core fractures, but the amount of nucleation is limited. It was found that the microfracture reservoir is the main reservoir type in the gas chimney, and the fractures improve the hydrate storage space, which suggests that research on fractured reservoirs in fine-grained sediments should be strengthened.
[image: Figure 6]FIGURE 6 | 3D simulated images of two types of reservoirs by X-ray CT scanning (A) reservoir sampleⅠ; (B) reservoir sampleⅡ).
5 DISCUSSION
5.1 Gas Chimney Conductor
Gas chimney-type hydrates are the main occurrence structure of the gas hydrates in the Qiongdongnan Sea Area. Gas chimneys are often formed by overpressure of the gas reservoir, low structural stress, and mud shale isolation. In fact, they are microfracture groups formed by abnormal formation pressure that appear as oval or upright chimneys on the seismic profile. They are characterized by abnormal velocities, in-phase axis pull down, and chaotic blank reflections due to the gas they contain (Figure 7) (He et al., 2015; Zhang et al., 2019). Theory and exploration have revealed that the evolution of mud diapirs, gas chimneys, and pocks is continuous, and these structural groups have a high fluid transport efficiency. The characteristics of gas chimneys can reflect the tectonic evolution stage of the gas chimneys, the fluid flux, and the migration path.
[image: Figure 7]FIGURE 7 | Seismic reflection of gas chimney structure in H area of Qiongdongnan Basin.
The gas chimneys in the LS region are concentrated in the ridges of the Songnan low uplift. The diameters of the individual gas chimneys are 3–7 km, and four consecutive gas chimneys form a group along the NEE direction. The tops of the gas chimneys are wide and low and are covered by Quaternary argillaceous deposits and silt-rich slump bodies. The bottom simulating reflector (BSR) phenomenon is obvious in the submarine fan of 3rd Ledong Formation and the 4th Ledong Formation. The acoustic Blank Zone (BZ) in the core of the gas chimney is long and elliptic and exhibits a wave impedance difference with the surrounding rock. The core is often connected with the sand body, and the root narrows, and it is in unconformable contact with the underlying strata (Figure 8).
[image: Figure 8]FIGURE 8 | Gas hydrate accumulation model in H area, Qiongdongnan Basin.
Based on the geological and geophysical analysis, the gas chimneys are considered to be the most efficient known transport channels in this area. The study area has a high geothermal gradient (65°C/km in the wing and 113°C/km in the core). A large number of craters and biological remains of shellfish were observed on the seafloor, and carbonate crusts and bioclasts were repeatedly returned with the rock debris, indicating that fluid channels developed in the tops of the gas chimneys and there is upwelling and paleo-cold seep activity. In addition, a large number of fractures were observed in the remolded cores, indicating that abnormal fluid pressure played an important role in the formation of the large-scale fractured reservoirs.
In particular, combined with the logging data, the seismic profile can be divided into a hydrate layer (top), a hydrate and shallow gas mixed layer (middle), and a shallow gas layer (bottom). The gas hydrates in the upper member of the Ledong Formation at the top of the gas chimneys exhibit a scattered, patchy, strong amplitude and in-phase axial thickening, and the BSR is more obvious. The gas-water transition zone in the middle part of the Ledong Formation is characterized by multiple sets of external wedge-shaped filling deposits and a strong internal amplitude. Based on the core of the lower member of the Ledong Formation, the larger the free gas content is, the more obvious the pull-down amplitude of the isophase axis is. This three-section characteristic and the logging interpretation indicate that deep and local gas accumulated at the top after convergence and spilled down after saturation. The gas boundary is controlled by the temperature and pressure conditions, indicating that the scope of the gas charging and the reservoir configuration affect the scale of the hydrate occurrence.
5.2 Accumulation and Main Controlling Factors
Based on the above understanding, the geological process and a model of the gas hydrate accumulation in the study area were determined: remote thermogenic gas transportation, local microbial genetic gas accumulation, episodic dynamic gas chimney reservoir formation, and source-reservoir control. The analysis of the source of the gas revealed that multiple gas sources are the material basis of the gas chimneys. The gas source of the NGHs in the Songnan low uplift is mainly thermogenic gas from the remote Lingshui Sag, Lingshui Subsag, and Beijiao Sag. Based on the geothermal gradient and basin model, the Yacheng, Lingshui, and Sanya formations are in the oil-generation window (3,150–5,000 m, RO = 0.5–1.3%), and they have a thermogenic gas generation and hydrocarbon expulsion capacity (Zhang et al., 2019). Allochthonous thermogenic gas can be transported into the mud diapir through the sand channels, sheet sands, unconformity interface, and faults around the gas chimney, and the gas continuously accumulates in the weak zone of the mud diapir. The deep-sea argillaceous gas source rocks of the Meishan Formation, Huangliu Formation, Yinggehai Formation, and Quaternary Formation have entered the stage of microbial gas generation and also have hydrocarbon generation and expulsion capabilities.
Because the hydrocarbon expulsion time of the deep geothermal gas is much earlier than that of the shallow microbial gas (Zuo et al., 2016; Li et al., 2017; Song et al., 2021), the two types of gas and their mixture migrate, charge, and converge in stages. First, the thermogenic gas in the remote Yacheng Formation migrated over a long distance into the mud diapirs-gas chimneys along the sand body, unconformity interface, and faults under the action of overpressure, and the continuous charging of a large amount of thermogenic gas led to the development of microcracks in the mud diapirs-gas chimneys. Then, the local microbial gas preferentially migrated from the high fluid potential area to the low fluid potential area along the existing fracture groups and sand bodies in the hydrocarbon expulsion stage, and the gas chimneys continued to evolve under the sufficient gas supply conditions. Finally, the gas accumulated at the top of the gas chimney and was charged down and on the weak side, forming different types of hydrates under the favorable temperature and pressure conditions in the trap.
Episodic and dynamic reservoir formation is a new understanding of gas chimney gas hydrate exploration, which is mainly manifested as dynamic reservoir formation and the strong heterogeneity of the hydrates. In the longitudinal direction, the thermogenic gas and microbial gas experience episodic hydrocarbon expulsion migration and accumulation processes. The gas can break through the surface and form an active cold seep (such as the Haima Cold Seep) during the peak of the hydrocarbon expulsion stage, and a migration channel is opened, which is conducive to the continuous development and enrichment of gas hydrates. In the low valley of the hydrocarbon expulsion stage, the migration channel is closed, and the cold seep can evolve into an ancient cold seep (a pock relic), resulting in the continuous decomposition and local diffusion of the hydrates. Such episodic reservoir formation is always in dynamic evolution and has been verified by multiple types of well data. The episodic and dynamic accumulation characteristics strengthen the contribution to the reservoir heterogeneity, which is beneficial to understanding the accumulation process.
In summary, the geological process of hydrate accumulation in the study area involves remote thermogenic gas transportation, local microbial genetic gas accumulation, gas chimney episodic dynamic reservoir formation, and source-reservoir control. Among them, the gas source determines the material basis of the hydrate accumulation, and the continuous charging and effective supply range of the gas are conducive to the stable development and accumulation of hydrates. The favorable reservoir determines the filling effect of the hydrate accumulation and the size and state of the ore body. Sand-rich reservoirs and fracture-rich reservoirs are favorable to the formation of a concentrated, high saturation ore body. The influences of the cap layer, conduction system, and temperature and pressure conditions are limited. Based on the above research results, we believe that the next step should be to strengthen research on the multi-source effective gas supply and deep-sea shallow sand body distribution to improve our geological understanding and exploration ideas.
6 CONCLUSION

1) Based on newly obtained geochemical data for 47 oil and gas wells and hydrate wells, it was found that the gas source of the gas chimney-type natural gas hydrates in the Qiongdongnan Basin is mainly thermogenic gas supplemented by mixed gas. Based on the samples, it was estimated that the contribution of the thermogenic gas to the hydrate accumulation was 70%.
2) The reservoirs in Qiongdongnan Basin were determined to be non-diagenetic to weakly diagenetic, rich in clay and silt (median grain size of 15.1–34.1 μm), weakly self-sustaining, and strongly heterogeneous. There are two main types of reservoirs: silty and argillaceous (clay) reservoirs and microfracture reservoirs.
3) Based on the seismic characteristics of the top of the gas chimney, i.e., a hydrate layer, gas hydrate-containing layer, and shallow gas layer, it was determined that the geological processes were as follows: remote thermogenic gas transportation, local microbial genetic gas accumulation, episodic dynamic gas chimney reservoir formation, and source-reservoir control. This suggests that the geological understanding and exploration ideas of an effective supply from a gas source and the distribution of deep-sea shallow sand bodies should be strengthened.
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