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The ultimate enrichment level and quantity of gas hydrate resources are influenced by the dynamic process of accumulation and preservation. High-resolution 3-D seismic data, logging while drilling (LWD), pressured coring, and in situ testing were used to characterize the dynamic accumulation and preservation of the trial production high-grade gas hydrate reservoir (HGGHR) in the Shenhu area. Through seismic variance analysis and ant-tracking, we found that newly identified mud diapir-associated faults with three development stages controlled the migration and accumulation of gas hydrate and shifted the base of the gas hydrate stability zone (BGHSZ), resulting in dynamic accumulation and dissociation of gas hydrates. The recognized double bottom simulating reflectors (BSRs) were concluded to have been formed due to the shift of the BGHSZ caused by the variational equilibrium conditions. The interval between the double BSRs was inferred to be a disequilibrium zone where gas recycling occurred, contributing to the coexistence of gas hydrates and free gas and the dynamic formation of the HGGHR. Multiple gliding faults formed within the GHSZ in the late period have altered the HGGHR and control the present thickness and distribution of the gas hydrates and free gas in the hanging wall and footwall. Under the influence of geothermal fluids and the fault system associated with the mud diapir, the HGGHR experienced dynamic accumulation with three stages, including early accumulation, medium-term adjustment, and late alteration and preservation. We conclude that four factors affected the formation, distribution, and occurrence of the HGGHR: the geothermal fluids accompanying the deep mud diapir below the reservoir, the dual supply of thermogenic gas and biogenic gas, the recycling of hydrate gas beneath the BGHSZ, and the post-gas hydrate faults developed within the GHSZ. A geological model illustrating the dynamic formation of the trial production HGGHR was proposed, providing a reference for future exploration of HGGHRs with a great production potential in deepwater settings.
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1 Introduction

Natural gas hydrates (hereinafter gas hydrates), characterized by a wide distribution, abundant resources, and high energy density, play a vital role in global energy resources and are considered a potential alternative energy source to supplement or replace conventional fossil energies in the future (Collett, 2000; Boswell and Collett, 2006; Makogon et al., 2007). Therefore, the formation and accumulation mechanisms of gas hydrates and their exploration and development are a major scientific issue of concern to scientists and engineers around the world (Collett et al., 2009; Dallimore and Collett, 2005; Collett et al., 2011; Fujii et al., 2015; Kim et al., 2015; Jang et al., 2019; Liang et al., 2019). Gas hydrates have been discovered at more than 230 sites through drilling and sampling in onshore and offshore areas, as well as in permafrost regions, and gas hydrate reservoirs with good exploitation potential have been confirmed in several places, including North America, the Nankai Trough, the Indian offshore area, and the South China Sea (SCS) (Collett et al., 2009; Li et al., 2018; Collett et al., 2019; Shukla et al., 2019; Yamamoto et al., 2019; Ye et al., 2020). Gas hydrates production trials have been implemented in several regions, including the Mackenzie Permafrost, Canada (Bybee, 2004; Collett, 2005; Dallimore and Collett, 2005), the Nankai Trough, Japan (Fujii et al., 2015; Konno et al., 2017; Yamamoto et al., 2019), and the Shenhu area in the northern SCS (Li et al., 2018; Ye et al., 2020; Liu and Li, 2021). These gas hydrate production tests have made significant progress and have proven that gas hydrates can be exploited safely and controllably to a certain extent under the present technological conditions. With the fast-growing global demand for energy, it is of great significance to master the accumulation theory and technology of commercial exploration and development of gas hydrates in order to alleviate the energy crisis and to promote environmentally friendly and sustainable development around the world. However, the exploration of gas hydrate accumulations suitable for long-term trail production or commercial development remains a challenging task. Therefore, it is necessary to explore and understand the formation and accumulation mechanisms of hydrate reservoirs that are preferred for trial production or commercial exploitation. The majority of studies on gas hydrate accumulation have focused on the static characterization of a gas hydrate system, including the gas hydrate stability zone (GHSZ), reservoir, gas source, and migration pathways (Collett, 2009); however, the complete formation process of a gas hydrate system, especially the geological effects of the internal structural features of the gas hydrate reservoir and underlying the base of the gas hydrate stability zone (BGHSZ) on the gas hydrate accumulations, lack sufficient study. In recent years, scientists have begun to pay close attention to the dynamic accumulation of gas hydrate systems. Multiple bottom simulating reflectors (BSRs), transient response of the GHSZ, and the apparent disequilibrium of gas hydrate accumulations has reported in Gulf of Mexico (Portnov et al., 2023), offshore areas in the Tumbes Basin, Peru (Auguy et al., 2017), in the Danube Fan, Black Sea (Hillman et al., 2018a; Riedel et al., 2021), and in the northern Hikurangi margin (Han et al., 2021). Submarine gas plumes, cold seeps, and carbonate rocks related to gas hydrate decomposition also indicate that a gas hydrate system may have a dynamic accumulation, decomposition, and re-accumulation processes (Bohrmann et al., 1998), which directly determine the hydrate reserves and the economic evaluation of the exploitation of the system in the future. Gas hydrate accumulation depends on the temperature, pressure, and other conditions, and a change in the GHSZ will cause the dynamic accumulation and dissociation of gas hydrates. Theoretically, sea-level variations, climate change, tectonic deformation, deposition and erosion, and gas source changes will alter the GHSZ, causing a shift in the BGHSZ and leading to the decomposition of gas hydrates and the escape of the released gas (Bünz et al., 2003; Auguy et al., 2017; Zander et al., 2017). When equilibrium conditions are reached again, the hydrates can reprecipitation and may exhibit a multilayer distribution (Zander et al., 2017; Zhang and Wright, 2017; Kunath et al., 2020; Zhang et al., 2020a). However, the process and controlling factors of the dynamic multistage accumulation of gas hydrates have not been fully revealed. In addition, a variety of geological processes have a destructive effect on hydrate accumulation, resulting in hydrate decomposition and a decrease in reserves. Apart from differences in the gas supply, migration pathways, and reservoir quality, differences in the preservation conditions are likely to cause the heterogeneous accumulation of gas hydrates (Boswell et al., 2019). The differences in hydrate saturation and thickness under the same tectonic and sedimentary background may also be caused by differences in the late preservation (Hillman et al., 2018b). Therefore, preservation conditions may be the key to the occurrence and distribution of high-grade gas hydrate reservoirs characterized by high saturation, massive thickness and extensive coverage.

China is a country rich in gas hydrate resources, which are accumulated in the northwestern permafrost region and the area offshore of southern China (Wu et al., 2010; Lu et al., 2013; Wang et al., 2018). During more than two decades of investigation and exploration, China has carried out eight gas hydrate scientific drilling expeditions (GMGS1–GMGS8) in the SCS; recovered high saturation gas hydrate samples with multiple occurrences in the Shenhu sea, the Dongsha area, and the Qiongdongnan area; and confirmed the existence of gas hydrate reservoirs containing more than 200 billion cubic meters of natural gas resources (Wang et al., 2014; Zhang et al., 2015; Yang et al., 2017; Yang et al., 2017; Liang et al., 2019; Zhang et al., 2020b). In recent years, the China Geological Survey has successfully carried out two gas hydrate trial productions in the deep-water Shenhu area (Figure 1) and has made great breakthroughs in offshore gas hydrate exploration and development (Li et al., 2018; Ye et al., 2020).




Figure 1 | (A) Geographical location of the study area, which is structurely located in the Baiyun Sag of the Pearl River Mouth Basin (PRMB), northern South China Sea. (B) Submarine geomorphology and the location of boreholes drilled in the trail production gas hydarte reservoir in the Shenhu area. (C) Comprehensive stratigraphic histogram of the Pearl River Mouth Basin (based on data from Pang et al., 2008). QDNB: Qiongdongnan Basin.



The trial production target in the Shenhu area is a high-grade gas hydrate reservoir (HGGHR) characterized by a high saturation (~50%), large thickness (>10 m single layer thickness) and great hydrate reserve potential (Zhang et al., 2017; Qin et al., 2020). Although two successful gas hydrate mining tests have been implemented, the characteristics and controlling factors of the accumulation of this HGGHR are not yet fully understood. Why this HGGHR could form and accumulate in the clay-dominated sediments remains unclear. Previous studies have indicated that the dynamic accumulation of a gas hydrate system may have occurred in the Shenhu area, as evidenced by migrated submarine channel-levee systems where gas hydrates differentially precipitated (Zhang et al., 2020a), venting hydrate systems identified from seismic profiles (Liang et al., 2021), paleo-cold seeps indicated by authigenic carbonates and pore water anomalies (Lin et al., 2016; Deng et al., 2020; Hu et al., 2020; Zhang et al., 2022), and the coexistence of gas hydrates and free gas (Qian et al., 2018; Qin et al., 2020; Zhang et al., 2020b). The deep mud diapirs and gas chimneys in the Shenshu area are closely related to the gas hydrate accumulation (Chen et al., 2016; Su et al., 2016, 2017; Cheng et al., 2020), but how the diapirs/gas chimneys have shifted the BGHSZ, especially the influence of the associated diapiric faults on the gas migration and gas hydrate accumulation, remains unclear. The coexistence of gas hydrates and free gas has indeed been discussed by previous researchers based on logging data (Qian et al., 2018; Qin et al., 2020), but the mechanism of their coexistence has not been reasonably explained. Finally and most importantly, the transformation process and dynamic evolution after the formation of the gas hydrate system in the Shenhu area, especially the preservation conditions and controlling factors, which may determine the finial accumulation and distribution of the HGGHR, have not been fully disentangled. Based on high-resolution seismic data, drilling, logging, coring, sampling, and in situ testing, here we focused on the dynamic accumulation and preservation of the trial production of the HGGHR in the Shenhu area. The objectives and intentions of the research are (1) to characterize the HGGHR accumulated in the clayey silt-dominated sediments, (2) to investigate the deep structure controlling mechanism of the formation of the shallow HGGHR, and (3) to reveal the dynamic evolution process and preservation condition of the HGGHR. Finally, a geological model of the dynamic formation of the HGGHR was developed, providing a geological reference for future HGGHR drilling, exploration, and development target optimization in submarine settings.




2 Geologic setting

The Shenhu gas hydrate trial production site is located in the middle of the northern continental slope of the northern SCS (Figure 1A). It has a water depth of 900–1400 m and is located 285 km from Hong Kong and 412 km from Guangzhou. The seabed topography of the trial production area is distinctly rugged, with multiple crisscrossing submarine canyons and ridges, which controls the distribution of the gas hydrates. Drilling and coring have revealed that the vast majority of the gas hydrates are concentrated in the shallow unconsolidated sediments associated with the submarine channel-levee systems (Figure 1B) (Zhang et al., 2020a).

The gas hydrate trial production site in the Shenhu area is structurally located in the Baiyun Sag in the southern deepwater area of the Pearl River Mouth Basin (PRMB). In the Cenozoic, it mainly underwent two tectonic evolution stages, Paleogene rifting and Neogene depression, and it experienced several regional tectonic events, forming a double-layer structure containing a lower rift and upper depression (Zhang et al., 2021) (Figure 1C). The lower structural units (Eocene-Lower Oligocene) were strongly faulted, and a series of grabens and half grabens formed. The upper structural units (Upper Oligocene-Quaternary) were dominated by regional thermal subsidence, the tectonic activity gradually weakened, and the depression was sequentially filled with terrigenous clastic sediments transported from the northern Paleo-Pearl River (Pang et al., 2008; Shao et al., 2008; Xie et al., 2013).

Since the Paleogene, lacustrian facies, marine-continental transitional facies, and bathyal-neritic facies strata have been deposited in the Baiyun Sag in succession, with a sedimentary thickness of up to 10 km. This provided the material basis for hydrocarbon generation. Drilling has proven that the Baiyu Sag is a large hydrocarbon-rich sag (Zhang et al., 2014). The lacustrine facies of the Eocene Wenchang Formation and the coal measure in the Oligocene Enping Formation are the main source rocks that have entered the mature to over-mature stage, generating a large amount of oil and gas and providing the hydrocarbon source of the conventional petroleum reservoirs, such as LW3–1, PY 30–1, and PY35–1. At present, the Miocene strata and its overlying strata, which contain abundant organic matter, are in the immature to low maturity stage and are entering the biogenic gas generation stage (Su et al., 2018, 2023). Gas hydrate drilling and coring have shown that both deep thermogenic gas and shallow biogenic gas could provide gas sources for the gas hydrate system (Zhang et al., 2019; Liang et al., 2022). Mud diapirs caused by the upward migration of deeply buried unconsolidated mudstone sediments under high pressure and gas chimneys resulting from intensive gas-bearing fluid activity are widely developed in the Baiyun Sag, providing efficient pathways for a large amount of thermogenic gas derived from a depth of thousands of meters and relatively shallow biogenic gas to be transported into the GHSZ (Chen et al., 2016; Su et al., 2016; Cheng et al., 2020). The gas hydrate reservoirs in the Shenhu area were mainly deposited within the Upper Miocene–Quaternary sediments, which are dominated by unconsolidated fine-grained clayey silt or silty clay and are generally characterized by a low cementation, high porosity, and low permeability (Wang et al., 2014; Su et al., 2016; Li et al., 2019). In addition, the gas hydrate reservoirs are rich in foraminifera fossils, which provide favorable reservoir space for pore-filling gas hydrates with a high saturation (Chen et al., 2011).




3 Data and methods

A 3-D seismic survey covering ~800 km2 of the main Shenhu area was acquired by the Guangzhou Marine Geological Survey (GMGS) in 2018. The details of the seismic acquisition and processing of the raw seismic data have been introduced by Cheng et al. (2020). Based on the processed 3-D seismic data that were systematically interpreted using the Petrel software, in this study, from shallow to deep, the internal structure of the gas hydrate reservoir, and the distribution of the gas hydrates and free gas in the HGGHR were depicted in detail. In addition, the deep gas chimney and mud diapir and the associated diapiric faults under the HGGHR and the gliding faults in the GHSZ were also precisely identified and interpreted based on seismic variance analysis and the ant-tracking method.

The drilled boreholes used in this study included drilling and coring wells (SH-W11, SH-W17, and SH-W03) implemented to characterize the reservoir (Zhang et al., 2020b) before the implementation of the gas hydrate trial production and pilot drilling and logging wells (SH-W02 and SH-W04) constructed during the second trial production project (Qin et al., 2020). Logging while drilling (LWD) was implemented to obtain the natural gamma, calliper, acoustic time difference, neutron porosity, density porosity, nuclear magnetic resonance (NMR), and imaging logs, which provided a data basis for analyzing the occurrence of gas hydrates and free gas and for characterizing the lithology and physical properties of the reservoir (Qin et al., 2020; Ye et al., 2020). The Herron Equation was used to calculate the reservoir permeability (Herron, 1987). The saturations of the gas hydrates and associated free gas were calculated based on the NMR and density logs, and the details of the method have been described by Collett (2013) and Akihisa et al. (2002). In addition, the nuclear magnetic permeabilities were calculated using the Timur formula (Timur, 1969), so the nuclear magnetic permeability of the gas hydrate layer was taken as the initial permeability when the gas hydrates were not decomposed. In the gas layer, the input of the nuclear magnetic permeability (free fluid porosity and total porosity) was affected by the gas, resulting in a lower nuclear magnetic permeability than the actual permeability.

Based on microscopic interpretation of the high definition (HD) resistivity imaging data and seismic interpretation and attribute analysis, we identified and characterized the possible faults in the GHSZ to explore the relationship between the faults and the distribution of the gas hydrate-bearing layers and free gas-bearing layers. A well-tie profile was constructed to show the vertical and lateral variations in the gas hydrate-bearing sediments. In addition, inversion of the acoustic impedance and velocity was conducted using the Jason software, and the inversion results provided a direct basis for the identification and analysis of the potential gas hydrates and free gas within the HGGHR.

Geochemical analysis of the hydrate-bound gas collected from well SH-W04 was conducted offshore using an INFICON MicroGC Fusion gas chromatograph with a molecular sieve, PLOT Q column, and thermal conductivity detector (Wei et al., 2018). The gas compositions were quantitatively analyzed to determine all of the C1–C5 components. The details of the experimental method have been described by Zhang et al. (2019). Due to the equipment limitations on board, the hydrogen and carbon isotopes of these gases were not analyzed. Based on the gas compositions and geothermal detection data acquired from well SH-W04, the gas hydrate phase equilibriums with different gas compositions were modeled by using the CSMHYD software (Sloan, 1998). In addition, the bases of the GHSZs were calculated by crossing the different phase equilibrium curves and the geothermal gradient confirmed via in situ testing and they were compared with the BSR interpreted from the seismic profile to discuss the possible different structures of the gas hydrates (structure I, SI and structure II, SII).




4 Results



4.1 Seismic interpretation

The trial production of the HGGHR was conducted on the pitching end of a submarine ridge (Figure 1B). The high-resolution 3-D seismic profile shows that a large mud diapir is developed beneath the gas hydrate reservoir. The root of the diapir originates in the Wenchang Formation (below T7). The mud diapir has a width of >4 km and a vertical depth of ~2.7 km, and the diameter of the main body is ~3 km. Acoustic chaotic reflections were observed in the interior of the mud diapir, and pulled–up events caused by the upward arch traction of the mud source material were also distinctly observed on both flanks of the mud diapir. In the vicinity of the deep section of the mud diapir (T6), a high amplitude reflection (bright spot) with a continuous length of more than 4 km was identified (Figure 2A). Faults of different scales were observed on the top and flanks of the mud diapir. The fault assemblage formed a positive flower-like structure and extended upward into the GHSZ. Bright spots were observed above the top of the flower-like fault system. In addition, acoustic blanking with internal pulled-down features occurred in the upper sections of the mud diapir (Figures 2–4). By extracting the variance attribute, the shape and location of the fault were accurately identified (Figure 3A). In the instantaneous frequency attribute profile, low instantaneous frequency stratigraphic reflections were observed in the interior of the mud diapir and the diapir-associated fault development area, and the signal was obviously lower than that of the surrounding rocks (Figure 3B).




Figure 2 | (A) Seismic reflection profile and (B) geological interpretation of the trial production gas hydrate reservoir in the Shenhu area. The location of the seismic profile is shown in Figure 1B.






Figure 3 | (A) Variance attribute shows the deep fault structure in the gas hydrate accumulation; (B) Instantaneous frequency profile shows possible hydrocarbon migration in the trail production gas hydrate reservoir.






Figure 4 | (A) Enlarged image shows the detailed features of the gas hydarte accumulaton and fault development in the trial production gas hydrate reservoir in the Shenhu area. (B) Variance attribute shows the possible faults in the gas hydrate accumulation. (C) Ant tracking profile shows the potential faults and cracks in the gas hydrate accumulation.



Double bottom simulating reflectors (double BSRs) were identified in the HGGHR (Figure 4). The upper BSR1 (~230 mbsf at site SH-W04, meters below the seafloor) with a transverse extension of ~3 km exhibits an anticline feature that is roughly parallel to the seafloor and clearly crosscuts the ambient strata, with a negative reflection polarity compared to that of the seafloor. Above BSR1, there is a patch with a high amplitude reflection, which is thick on the left side and relatively thin on the right side (Figure 4A). Drilling confirmed that these high amplitude reflections are gas hydrate bearing sediments (Li et al., 2018). The region underlying BSR2 (~320 mbsf), with an extension of approximately 1-km and 90-m intervals from BSR1, also mimics the seafloor with a negative reflection polarity. In addition, distinct inclined high amplitude reflections were observed between the double BSRs and beneath BSR2.

Based on the high-resolution 3-D seismic data, a series of faults were identified in the HGGHR in vertical and plane views (Figures 2–5). These faults can be divided into three groups. The first group (FIa, FIb, FIc, FId, FIe, and FIf) contains the diapir-associated faults that cut through the T5 interface but do not cut the GHSZ (Figures 2, 3). The second group contains the overlying diapir-associated faults (FIIa, FIIb, FIIc, FIId, and FIIe) derived from the strata over the T5 interface and extend through the GHSZ (Figure 4). The third group (FIIIa, FIIIb, FIIIc, FIIId, and FIIIe) contains the NE-striking gliding faults identified in the gas hydrate reservoir. Several FIII faults extend nearly to the seabed, controlling the boundary of the gas hydrate reservoir’s distribution. Fault FIIIa cuts the gas hydrate bearing layer and BSR2 and continues to extend downward. Fault FIIIb cuts BSR1 and extends downward, and fault FIIIc terminates at BSR1. Faults FIIId and FIIIe control the outer boundary of the gas hydrate reservoir. The fault displacements are small, but there is some difference in the thickness of the gas hydrate bearing layer and free gas, which is indicated by the high amplitude on both sides of the fault. In general, the thicknesses of the gas hydrate-bearing and gas-bearing layers are larger in the footwall (~80–~20 m) of the fault than in the hanging wall (0–~30 m) of the fault (Figure 4).




Figure 5 | Plane view of variance attribute showing the distribution of faults in the high-grade gas hydrate reservoir (HGGHR). (A) Variance attribute of -100 ms below BSR1; (B) Variance attribute of BSR1; (C) Variance attribute of +100 ms above BSR1.






4.2 Inversion results

The inversions of the acoustic impedance and velocity also clearly revealed the internal structural characteristics of the HGGHR (Figure 6). Generally, the strata above BSR1 exhibited a high impedance contrast and high stratigraphic velocity, while the strata between the double BSRs and beneath BSR2 exhibited a relatively lower impedance contrast and relatively lower stratigraphic velocity. In addition, the gas hydrate-bearing layer, free gas-bearing layer, and double BSRs could be inferred from the inversion profiles, and their vertical and lateral extensions were also identified, providing information for accurately interpreting the gas hydrates and free gas, with the seismic and LWD interpretation taken into account.




Figure 6 | Characteristics of (A) impedance inversion and (B) velocity inversion of the trail production gas hydrate reservoir in the Shenhu area.



The reflection amplitude of BSR1 in the HGGHR was too strong, posing a certain shielding effect on the reflection of the underlying strata. An accurate well-to-seismic calibration could not be conducted, which inevitably led to some errors in the inversion and logging results. In addition, the gas hydrates beneath BSR1 coexisted with the gas-bearing layer, which weakened and attenuation of the seismic wave signal, and the seismic wave did not effectively preserve the information about the gas hydrates below BSR1. Therefore, the inversion results cannot show the high wave velocity formation indicating gas hydrates beneath BSR1, and the overall reflection is characterized by a low wave velocity. However, this inversion result cannot be used to rule out the occurrence of gas hydrates beneath BSR1.




4.3 Logging responses

Multiple exploration wells and parameter boreholes were drilled in different locations of the HGGHR to further reveal the distribution characteristics of the gas hydrates and associated free gas (Figures 2, 4, and 7).




Figure 7 | Well-tie shows the logging response characteristics and comprehensive interpretation of gas hydarte and free gas in the trail production gas hydrate reservoir in the Shenhu area.



Generally, the gas hydrate-bearing layer shows low gamma values, which are related to the abundance of foraminifera in the reservoir sediments. Because the reservoir is filled with gas hydrates, both the density log and the neutron porosity values are lower than hydrate-free layers. The Formation MicroScanner image (FMI) logging curve corresponding to the abnormal high resistivity and low acoustic time difference contains distinct bright features, indicating the occurrence of gas hydrates. It can be seen from the well tie profile that the thickness of the interval with logging anomalies above BSR1 gradually thins from NW to SE (Figure 7). From well SH-W17 to well SH-W02, the thickness of the interval containing the gas hydrate-bearing layers decreases from ~68 m to 0 m. From well SH-W02 to well SH-W03 located in the right termination of BSR1, the logging results show that the logging curve is almost flat and there is no gas hydrate response (Figure 7), indicating that the right terminus of BSR1 is the right boundary of the gas hydrate reservoir. To characterize the structural features of the strata within the GHSZ, geoVISION logs were analyzed. The geoVISION profile of well SH-W11 shows that minor SE and NNE trending faults (blue T-shaped tadpole) are developed at ~1442 m and 1474 m, respectively (Figure 8A). A minor NW-trending fault is developed at ~1543.5 m in well SH-W17, with a broad fault surface, and corrosion marks can be seen on the surface. In addition, deformed beddings were observed overlying this minor fault (Figure 8B). A minor NNW-trending fault was identified at 1467.6 m in well SH-W02. This microfault has a small width and high resistivity at the fault interface. The occurrence of the deformed bedding above and below the fault is different, and the deformed beddings above the fault mainly trends NW, while the deformed beddings below the fault trends SW (Figure 8C). No minor fault was observed in well SH-W03; however, deformed beddings were commonly identified on the geoVISION profile (Figure 8D).




Figure 8 | (A) Minor SE and NNE trending faults are identified at ~1442 m and 1474 m in well SH-W11; (B) NW-trending fault and deformed beddings are observed overlying this minor fault in well SH-W17; (C) Minor NNW-trending fault and deformed beddings are identified in well SH-W02; (D) Deformed beddings are commonly observed in well SH-W03.






4.4 Accumulation characteristics of gas hydrate reservoir

The drilling and coring results show that the distribution characteristics of the gas hydrates in the reservoir are in good agreement with the results of the seismic interpretation and LWD analysis. The gas hydrate-bearing layer is mainly located within the section with high amplitude reflections above BSR1, and it corresponds to the high resistivity, low acoustic time difference, and high brightness layer in the imaging logging on the LWD profile. The top of the gas hydrate-bearing layer is mainly located at 207.5–230 mbsf; and the base of the gas hydrate-bearing strata identified by logging is located at 230–270 mbsf. The thickness of the gas hydrate-bearing zone is 0–62.5 m. It can also be observed from the well tie profile (Figure 7) that there are still abnormal resistivity and acoustic time difference areas beneath BSR1, indicating that gas hydrates still exist beneath BSR1. The drilling results for well SH-W17 confirm the occurrence of SII gas hydrates below BSR1 (Zhang et al., 2020b). In addition, the drilling results for well SH-SC4 from the first gas hydrate trial production in the Shenhu area also confirm the coexistence of gas hydrates and free gas beneath BSR1 (Li et al., 2018).

The logging curves (Figure 9) for well SH-W02 (water depth: 1240 m), which is located in the central part of the gas hydrate reservoir, show that in the 1450–1498 m interval, the resistivity increases, the p-wave time difference decreases, and the neutron density does not change significantly, indicating the presence of a gas hydrate-bearing layer. According to the log interpretation and calculation results, the thickness of the gas hydrate-bearing layer is 48 m, the average effective porosity is 37.3%, the average gas hydrate saturation is 31.5%, and the average permeability is 0.24 mD. In the 1498–1545.5 m interval, the resistivity and the p-wave time difference increase, and the neutron and density log cross backward, which is the response of the gas-bearing layer. However, in this interval, the imaging log still contains a bright layer, and the resistivity log exhibits fluctuations with elevated values. According to the log interpretation results for adjacent well SH-SC4 (Li et al., 2018), this interval is interpreted as mixed layers in which gas and gas hydrates coexist. Based on the gas saturation, the gas-bearing layer was divided into a high saturation gas-bearing layer and a low saturation gas-bearing layer (Figure 10). The high-saturation gas-bearing layer is located at 1498–1520 m and is 22 m thick. It has an average effective porosity of 34.6%, an average gas saturation of 32.1%, and an average permeability of 1.26 mD. The low saturation gas-bearing layer is located at 1520–1545.5 m and is 25.5 m thick. It has an average effective porosity of 34.4%, an average gas saturation of 7.0%, and an average permeability of 1.08 mD. Overall, the distribution characteristics of the gas hydrates and associated free gas and the reservoir’s porosity and permeability revealed by several wells drilled in the gas hydrate reservoir are basically similar (Table 1), and the gas hydrate reservoir is characterized by a high porosity and low permeability.




Figure 9 | Logging while drilling profile of well SH-W02 shows the features of gas hydrate-bearing zone.






Figure 10 | Logging while drilling profile of well SH-W02 shows the features of free gas-bearing zone below the gas hydrate-bearing zone.




Table 1 | Distribution and physical properties of hydrate-bearing layer and free gas-bearing layer in the trial production gas hydrate reservoir in the Shenhu area.






4.5 Characteristics of gas hydrate core sediments

Pressure coring in the gas hydrate reservoir confirmed that the lithology is characterized by interbedded grey-green clay, grey-green silty clay, and grey-green clayey silt (Figure 11A), and the silt content increases with depth. In addition, the infrared scan of the core shows that the sediments exhibit significant low temperature anomalies, indicating the presence of gas hydrates (Figure 11B). In the case of well SH-W04 (water depth of 1270 m), foraminifera were found in the shallow core sediment at 225 mbsf, and all of the cores had a strong oil smell. At 230 mbsf, the core was dense and the water content was low. The X-ray scan of the core shows that the gas hydrate-bearing layer is a dark layer, and there is no indication of fracture-filling gas hydrates, which are characterized by bright layers or blocks. The gamma density of the corresponding layer is relatively low, while the velocity analysis shows that the P-wave velocity ranges from 1750 m/s to ~2000 m/s, which is higher than that of the non-hydrate bearing layer. In addition, no gas hydrates visible to the naked eye were observed in the recovered pressured cores, so it is plausible to conclude that the high-speed section shown by the P-wave velocity of the pressure core corresponds to the interval containing pore-filling gas hydrates (Figure 11C). This is similar to boreholes SH-W11 and SH-W17, which were previously drilled in the trial production gas hydrate reservoir (Zhang et al., 2020b).




Figure 11 | Characteristics of pore-filling gas hydrate core recovered from well SH-W04 in the trial production gas hydrate reservoir. (A) Grey-green silty clay core sediment, 209 mbsf. (B) Infrared scan of the gas hydrate-bearing layer of pressure core shows low temperature anomalies. (C) X-ray scanning and P-wave velocity analysis of gas hydrate core, 207.5 mbsf.






4.6 Gas hydrate saturation

According to the quantitative degassing mass balance calculation of the gas hydrates from the pressure core, the gas hydrate saturation (proportion of pore space volume) above the base of the methane gas hydrate stability zone (BGHSC1) in well SH-W04 is 21–41% (Figure 12A), and the average gas hydrate saturation calculated from the pressure core (207.5 mbsf) degassing is 29–34% (Figure 12A). Below BGHSC1, the free gas saturation (proportion of pore space volume) reaches 30%. Because the gas hydrates in the pressure cores are mainly stored in liquid nitrogen or a pressured tank for subsequent analysis, they cannot completely reflect the preservation state of the gas hydrates under in situ temperature and pressure conditions, and the actual gas hydrate saturation should be greater than the measured value. The geochemical analysis of the pore water showed that the chloride in the vicinity of BGHSC1 exhibited a distinct desalination anomaly (chloride baseline = 520 mM), indicating the occurrence of gas hydrates. The maximum gas hydrate saturation calculated via the porewater freshening was >60%. In addition, the gas hydrate saturation calculated using the pressure core quantitative degassing mass balance is in good agreement with the variation trend of the gas hydrate saturation with depth calculated via the pore water freshening, and the gas hydrate saturation is generally 20–50% (Figure 12A).




Figure 12 | (A) Gas hydrate saturation variation with depth in well SH-W04. All points, regardless of depth, are calculated as gas hydrate, both from porewater freshening analysis and pressure core quantitative degassing methane mass balance. Green and pink points are alternate sets of methane concentrations for pressure Core SH-W04–21A; (B) Hydrate phase equilibrium simulation curve under different gas components in well SH-W04 (estimated geothermal gradient of 46°C/km and pore water salinity of 3.5% by temperature and pressure dispersal test). BGHSC1: Base of gas hydrate stability zone of 100% CH4.






4.7 Geochemical characteristics of hydrate-bound gas

Logging, pressure coring and conventional (non-pressure) coring operations, as well as core fluid and gas geochemical analysis (Table 2), were performed for well SH-W04 in the HGGHR. The test results show that methane was the predominant component of the hydrocarbons collected from the cores. Most of the gas samples contained more than 99% methane, and the ethane contents were 1966–8430 ppm. In addition, the propane content was >1% concentration, and small amounts of butane, isobutane, pentane, and isopentane were also detected. The C1/C2 ratios of all of the gas samples were less than 1000. Due to the limitations of the testing equipment, the isotopes of the methane and C2+ hydrocarbons from this well were not analyzed.


Table 2 | Component characteristics of gas released from pressure retaining core of well SH-W04 of hydrate reservoir in the Shenhu area.







5 Discussion



5.1 Factors controlling formation and accumulation of the HGGHR



5.1.1 Mud diapir controls hydrocarbon migration and shifts the GHSZ

The high-resolution seismic profile shows that a large mud diapir derived from the Wenchang Formation and diapir-associated faults of different scales are developed beneath the BGHSZ of the HGGHR (Figure 2). Generally, these vertical structures are favorable pathways for hydrocarbon migration and can promote the transportation of deep thermogenic gas and shallow biogenic gas into the GHSZ (Figures 3, 4), as has been discovered in many other mud diapir development areas (Lüdmann and Wong, 2003; Ning et al., 2009; Hsu et al., 2017). This indicates that the occurrence of thermogenic gas in the hydrate-bound gas recovered from the HGGHR is the result of vertical transportation via the mud diapir. In addition, faults with different patterns, especially the flower structure fault assemblage extending upward into the GHSZ, are developed in the vicinity of the mud diapir, facilitating the migration of deep hydrocarbons (Figures 2–4). Moreover, the development and evolution of the mud diapir may have affected the P-T conditions of the GHSZ, as the activity of mud diapirs can lead to localized thermal anomalies (Chow et al., 2000). Elevated temperatures induced by the mud diapir may inhibit gas hydrate precipitation, alter the BGHSZ, and even lead to the dissociation of gas hydrate and gas seepage (Lüdmann and Wong, 2003; Feseker et al., 2009; Crutchley et al., 2014; Smith et al., 2014). In the early to middle stage of the formation of the mud diapir, the accompanying thermal fluid activity was limited, and the associated structures such as the diapiric-associated faults in the top of the diapir were not well developed, so they may have had little influence on the GHSZ. In the late stage of diapir development, the scale of the diapir and the associated faults developed further, the thermal fluid activity was enhanced, and the P-T conditions in the shallow strata were altered, resulting in variation of the GHSZ and possible gas hydrate dissociation. This process has been demonstrated in nearby drilling site SH5 where a mud diapir with geothermal anomaly has resulted in complete dissociation of gas hydrate (Wan et al., 2017). We propose that due to the increase in the temperature of the strata caused by the ascending thermal fluids, some of the gas hydrates decomposed and free gas was released. Part of the BSR remained to form the paleo BSR2, and the BGHSZ was shifted upward accordingly. BSR2 observed in the seismic profile may be the paleo BSR formed under the P-T conditions before the diapir affected the GHSZ. As the mud diapir is inactive at present (Cheng et al., 2020), the current thermal state of the gas hydrate system is in equilibrium, which is suitable for hydrate formation and accumulation. As a consequence, some of the released free gas and the additional gas that has migrated upward through the mud diapir reprecipitated as gas hydrates, causing the appearance of the present BSR1 in the seismic profile. Finally, double BSRs and the coexistence of gas hydrates and free gas were identified in the HGGHR. Other factors, such as sea level rise and seabed temperature variation caused by global warming since the Last Glacial Maximun may also have resulted in the shift of the BGHSZ and the dynamic hydrate system, but present data is beyond the scope of our discussion.




5.1.2 Sufficient dual supply of biogenic gas and thermogenic gas

Geochemical analysis of the gas hydrates obtained during the GMGS3 and GMGS4 drilling expeditions in the gas hydrate trial production zone in the Shenhu area revealed that (Zhang et al., 2019) the main gas composition of the hydrate-bound gas is CH4 (>99%). In addition, heavier hydrocarbons (C3+) were detected in the pressure core and non-pressure core hydrate-bound gas, the maximum propane concentration is greater than 1%, and trace amounts of butane, isobutane, and pentane were also detected in the hydrate gas samples. Geochemical testing of production hydrate gas recovered from the first trial production reservoir in 2017 revealed that the gas composition is overwhelmingly dominated by methane (Ye et al., 2018). However, the carbon and hydrogen isotope analysis results for the hydrocarbons obtained during expeditions GMGS3 and GMGS4 and the two trial production tests revealed that (Ye et al., 2019; Zhang et al., 2019; Liang et al., 2022) the hydrate-bound gas is a mixture of biogenic gas and thermogenic gas, with a bias towards biogenic gas. The above geochemical analysis of the hydrate-bound gas obtained through coring in well SH-W04 in the HGGHR in 2019 also provided evidence of biogenic gas and thermogenic gas supplies for the formation of gas hydrates with a high saturation (Ye et al., 2019). Based on comparison of the isotopic compositions of the methane and other hydrocarbons in the hydrate-bound gas and natural gas obtained from conventional reservoirs in the Baiyun Sag, it was found that the shallow gas hydrate reservoir and deep conventional reservoirs are superimposed, and they have a homologous symbiotic relationship (Zhang et al., 2019; Liang et al., 2022). In addition, the trial production of the HGGHR was conducted close to gas field LW3–1 in the Baiyun Sag (Figure 1A), so the hydrocarbon supply should be sufficient, as demonstrated by the above deep mud diapir induced gas chimney and the bright spot on the seismic profile (Figures 2–4). According to the hydrocarbon generation and expulsion history of the Baiyun Sag, the geological background of the gas hydrate accumulation, and the characteristics of the hydrate-bound gas in the Shenhu gas hydrate trial production area (Wang et al., 2014; Zhang et al., 2014; Su et al., 2018; Zhang et al., 2019), it was found that sufficient supplies of biogenic gas and thermogenic gas provided the basis for the formation and accumulation of the HGGHR in the Shenhu area.




5.1.3 Recycling of free gas and dynamic formation of gas hydrates

Based on the above results of the seismic interpretation, acoustic impedance and velocity inversion, logging, and coring tests, the coexistence of gas hydrates and free gas was confirmed in the HGGHR in the study area, which has been reported by previous researchers (Qian et al., 2018; Qin et al., 2020). The pressure coring confirmed that high saturation gas hydrates are distributed above BSR1 in well SH-W04. Beneath BSR1 (BGHSC1), chloride freshening has been identified (Figure 12A). Therefore, it is plausible to speculate the presence of in situ SII gas hydrates beneath BSR1 in well SH-W04, similar to other provinces confirmed by coring and/or logging (Paganoni et al., 2016; Liang et al., 2017). The strata above BSR1 in well SH-W02 contains in situ gas hydrates, and all of the core samples from below BSR1 contain in situ free gas. In adjacent well SH-SC3, SII gas hydrates were also detected beneath BSR1 via laser Raman spectroscopy (Wei et al., 2018). The drilling and production testing in well SH-SC4 also confirmed the stratified coexistence of high saturation gas hydrates and water above BSR1; low saturation gas hydrate +free gas + water and free gas + water beneath BSR1 (Li et al., 2018; Qin et al., 2020). According to the gas hydrate phase equilibrium simulation (Figure 12B), the BGHSZ of the SI gas hydrates (BGHSI) was calculated using 100% methane and the in situ measured geothermal gradient in well SH-W04 at 229 mbsf, which is consistent with the depth of the seismically observed BSR1 (230 mbsf). The BGHSZ of the SII gas hydrate (BGHSII) was calculated using a gas composition of 99%C1 + 1%C2 at 240 mbsf, and the BGHSII was calculated using a gas composition of 98%C1 + 2%C2 at 310 mbsf. Both simulation results are inconsistent with the depth of BSR2 (320 mbsf) identified on the seismic profile. In addition, according to the gas composition of the hydrate-bound gas in this borehole (Table 1), a minor amount of ethane (1966–8430 ppm) was detected in the recovered hydrate-bound gas, which cannot form SII gas hydrate; therefore, the interpreted BSR2 may not be caused by the accumulation of SII gas hydrates formed by C2+ gas. Based on the above discussion, the coexistence of gas hydrates and free gas in the HGGHR reflects a dynamic gas hydrate system that may be the result of the active mud diapir and accompanying geothermal fluids, which destabilized the GHSZ and partially disassociated the gas hydrates to release free gas. The recycling of free gas between the double BSRs may have occurred in the HGGHR, which likely increased the gas hydrate saturation in the vicinity of BSR1 (Haacke et al., 2007; Yang and Davies, 2013; Nole et al., 2018; You et al., 2019). Over time, the free gas was continuously recycled into the GHSZ, increasing the thickness of the enriched gas hydrate-bearing layer. The above equilibrium calculations and the drilling and logging results for the HGGHR indicate that the double BSRs were formed due to a shift of the BGHSZ, which was likely caused by the ascent of geothermal fluids. In addition, the interval between the double BSRs may be the disequilibrium zone of the coexistence of gas hydrates and free gas, and dynamic recycling of gas hydrates and methane gas may have occurred, which contributed to the formation of the HGGHR in the study area.





5.2 Late transformation and preservation of the HGGHR



5.2.1 Faults in the GHSZ control the distribution of the gas hydrates and free gas

Multiple co-directional gliding faults were identified in the GHSZ of the trial production HGGHR from high-resolution 3-D seismic data and geoVISION logging data (Figures 4, 8). As the seismic profile and extracted attribute profile show (Figures 2-5), the faults generally cut the DBSRs in the gas hydrate-bearing layer and free gas-bearing layer. BSR1 and BSR2 are misaligned at the fault, showing a discontinuity. If the gas hydrates accumulated after the faults formed, then the BSR would be continuous. From the perspective of the time sequence, the gliding faults in the GHSZ are post-gas hydrate faults. In addition, the thickness of the gas hydrate-bearing layer is different in the hanging wall and footwall of the fault. If the fault existed before the formation of the gas hydrates, the thickness of the gas hydrate-bearing layer would be roughly the same in both walls of the fault. Therefore, the faults formed after the accumulation of the gas hydrate-bearing layers. Although the fault displacement is generally small, it could also shift the BGHSZ and may have had a significant influence on the later transformation of the gas hydrate reservoirs, resulting in the variations in the thickness and distribution of the gas hydrate-bearing layer and free gas-bearing layer in both walls of the fault (Yang and Davies, 2013). The seismic interpretation, LWD, and coring results have confirmed that the thickness of the gas hydrate-bearing layer is significantly thinner in the hanging wall of the fault than in the footwall of the fault (Figures 4, 7). Therefore, these post-gas hydrate faults developed in the GHSZ had a significant influence on the formation, accumulation, and distribution of the gas hydrates and associated free gas within the trail production HGGHR. In addition, a number of relatively larger gliding faults were identified on both sides of the gas hydrate reservoir, extending vertically upwards almost to the seafloor. The dissociated methane gas may have achieved submarine escape through these faults. Obviously, the distribution of the faults developed in the vicinity of the GHSZ ultimately controlled the outer boundary of the trail production HGGHR.




5.2.2 Preservation of the trial production HGGHR

Once most of the group-III gliding faults had cut the BSRs and deformed the sediments within the GHSZ, the sediments slide downward along the faults, which caused the variation in the phase equilibrium of the gas hydrates precipitated in the hanging wall and led to decomposition of the gas hydrates and the release of free gas. Since BSR1 overlies unconsolidated silty clay and clayey silt sediments that are characterized by a high porosity and thus lack an effective sealing ability, part of the free gas migrated upward along the fault and dissipation led to a decrease in the gas concentration. This resulted in a decrease in the thickness of the gas hydrate-bearing layer in the hanging wall of the gliding fault and a decrease in the gas hydrate saturation, while the phase equilibrium of the gas hydrates precipitated in the footwall may not have changed. When the fault activity stopped and the new phase equilibrium was reached, the thickness and saturation of the accumulated gas hydrates in the footwall of the current fault were relatively larger than those of gas hydrates in the hanging wall. After the new equilibrium was achieved and reaccumulation of the gas hydrates occurred, most of the recycled free gas was trapped and accumulated beneath BSR1 due to the self-sealing effect of the overlying gas hydrate-bearing sediments, resulting in a large range of acoustic chaotic reflections beneath BSR1 (Figure 4). The gas hydrate-bearing sediments in the Shenhu area are dominated by clayey silt or silty clay with a very fine grain size. A decrease in the grain size of a porous medium will reduce the sediment’s permeability. In addition, the permeability of the gas hydrate-bearing deposits decreases exponentially with increasing gas hydrate saturation. The occurrence of late gliding faults will have a negative effect on the trail production gas hydrate accumulation and will lead to decomposition of the gas hydrates and possibly escape of the released free gas (Yang and Davies, 2013), in which situation, the low permeability strata will play a key role as a capping layer preventing the further migration of the released free gas. The low permeability sediment is conducive to the sealing and preservation of hydrocarbons entering the GHSZ and the recycling of the free gas released during gas hydrate dissociation, thus increasing the gas hydrate saturation in the HGGHR (Nole et al., 2018). Hence, the gliding faults developed in the GHSZ have an important influence on the distribution of the gas hydrates and free gas in the HGGHR. Based on the above discussion, we concluded that the group-III faults control the final distribution, scale, and reserves of the trial production gas hydrate reservoir. Although none active cold seep has been found in the Shenhu area at present, paleo-cold seeps as evidenced by geophysical, pore-water and authigenic sediment geochemistry have been reported by previous researchers (Lin et al., 2016; Deng et al., 2020; Hu et al., 2020; Liang et al., 2021; Zhang et al., 2022), indicating the post dissociation of gas hydrate and hydrocarbon seepage in the Shenhu area. Therefore, the preservation conditions of dynamic gas hydrate systems may act as determinants of the formation and distribution of the HGGHR.





5.3 Dynamic formation and accumulation model of the HGGHR

Based on the above discussion and taking the tectonic and sedimentary evolution and focused fluid flow history in the Shenhu area into consideration (Chen et al., 2013; Cheng et al., 2020; Zhang et al., 2021), we found that the formation and accumulation of the HGGHR in the Shenhu area has gone through a dynamic process under the influence of a deep mud diapir and an associated fault system, which can be summarized into three stages as follows (Figure 13). (1) Stage I was the initial stage of formation of the HGGHR. In the latest Miocene, the Dongsha Movement (~10 Ma) induced the release of overpressured fluid and the formation of the mud diapir and gas chimney in the Shenhu area (Chen et al., 2013). Under the hydrocarbon-rich generation background in the Baiyun Sag, the development of the mud diapir and associated group-I faults controlled the dual supply of deep thermogenic gas derived from the Paleogene source rocks and biogenic gas generated from the Miocene and overlying strata (Figures 2–4), creating a convex anticline-like feature and promoting the formation of a high saturation gas hydrate reservoir containing SI and SII gas hydrates and free gas (Figure 13A). (2) Stage II was the adjustment and recycling stage of the HGGHR. During the Miocene and Quaternary periods (~10 Ma–~2 Ma), due to the geothermal fluid activity of the diapir and possible increase of seabed temperature caused by the global warming, the temperature and pressure conditions of the originally formed gas hydrate reservoir changed and the BGHSZ shifted upward, resulting in decomposition of the gas hydrates and the release of free gas. In addition, with the development of the mud diapir the growing group-II faults extended into the GHSZ and continuously transported the released free gas upward. When the new equilibrium conditions were reached, the recycled free gas formed gas hydrates and accumulated again. The new BSR1 formed between the newly formed gas hydrate-bearing layer and the underlying gas hydrates and free gas. Part of BSR2 formed under the residual paleo-temperature and pressure conditions, and the superposed occurrence of gas hydrates, gas hydrates + free gas, and the free gas layer began to appear (Figure 13B). (3) Stage III was the transformation and preservation stage of the HGGHR. Since Quaternary (~2 Ma–Present), under the influence of the intensive thermal fluid activity of the diapir and the accompanying group-III faults and the erosion and filling of submarine channels in the shallow strata, the gas hydrates partially dissociated, leading to instability of the strata. When the gas hydrate-bearing sedimentary layer in the hanging wall of the fault slide downward, the gas hydrate phase equilibrium conditions changed and the gas hydrates continued to decompose. Due to the lack of an effective cap rock in the overlying layer, most of the free gas escaped and methane flow at seeps might have happened during this stage. The gas hydrate-bearing strata in the footwall were not affected, which eventually led to the thickness of the gas hydrate-bearing layer and free gas-bearing layer in the HGGHR being different in the hanging and footwalls (Figure 13C). In summary, under the conditions of a sufficient gas supply and the effective transportation via the mud diapir and diapir-associated fault system, the HGGHR was primarily altered by geothermal fluids and the gliding faults developed in the late stage, which finally controlled the accumulation of the gas hydrates above BSR1 and underlying coexistence of gas hydrate and free gas in the current HGGHR.




Figure 13 | Dynamic migration and accumulation model of the trial production gas hydrate reservoir in the Shenhu area. (A) Stage I: Gas hydrate formation stage, (B) Stage II: gas hydrate adjustment stage, (C) Stage III: gas hydrate transformation and preservation stage. GHSZ: Gas hydrate stability zone. BGHSC1: Base of gas hydrate stability zone of 100% CH4. GHBZ: Gas hydrate bearing zone.







6 Implications

Major breakthroughs have been made in gas hydrate production in areas with HGGHRs (Li et al., 2018; Yamamoto et al., 2019; Ye et al., 2020), which are the most ideal exploration target at present. Under the trend of global integration of gas hydrate exploration and development, the discovery of HGGHRs is the most urgent requirement for sustainable trial production and future efficient development. However, the study of the differential accumulation mechanism of HGGHRs is a key prerequisite for exploration and optimization of trial production and development targets. Two gas hydrate trial production breakthroughs in the SCS have further proven that a clayey silt-dominated gas hydrate reservoir can be efficiently mined despite its low permeability. Under the condition of the coexistence of recycled free gas and gas hydrates in a gas hydrate system, the effective step-down mining method is scientific and reasonable (Li et al., 2018; Ye et al., 2020). However, the coexistence of SI and SII gas hydrates poses a challenge in future gas hydrate production from below BSR1, because SII gas hydrates are more stable than SI gas hydrates. Therefore, the production conditions for controlling depressurization mining and secondary gas hydrate formation in a gas hydrate reservoir similar to the HGGHR in the Shenhu area should be addressed. In addition, the coupling relationship between the deep petroleum system and shallow gas hydrate system as well as evaluation of the contribution of gas-bearing fluid activity and free gas migration into gas hydrate reservoirs needs to be emphasized (Grauls, 2001). Structural characterization of the GHSZ and study of the temporal relationship between the formation and later reformation of gas hydrate reservoirs and tectonic and sedimentary events such as faults, gas chimneys, diapirs, and landslides are also important for understanding the accumulation mechanism of HGGHRs, as has been demonstrated by previous researches in the Qiongdongnan Basin near Shenhu area (Kuang et al., 2023), the Gulf of Mexico (Portnov et al., 2020), the Krishna-Godavari Basin offshore India (Riedel et al., 2010), the Opouawe Bank, New Zealand (Riedel et al., 2018), and the Danube Fan, Black Sea (Hillman et al., 2018b). Most importantly, the dynamic accumulation, late transformation, and preservation conditions of a gas hydrate system are also key points in exploring HGGHRs and optimizing the target of future trial production and the commercial development of gas hydrates.




7 Conclusions

The HGGHR is an ideal target for gas hydrate production. Based on high-resolution 3-D seismic data, LWD, coring, and testing, our understanding of the dynamic accumulation and late preservation of the trial production HGGHR in the Shenhu area were improved. The dual supply of biogenic gas and thermogenic gas was the basis for the precipitation and maintenance of the trial production HGGHR. Three types of newly identified multiple-stage faults associated with the development of the mud diapir beneath the HGGHR not only facilitated the migration of deep hydrate gas but also shifted the BGHSZ due to its associated geothermal fluids, resulting in the dissociation of the gas hydrates and the release of free gas, as well as alteration of the double BSRs that were originally formed under different equilibrium conditions. The interval between the double BSRs should be a disequilibrium zone, and a gas recycling process occurs, which contributed to the coexistence of gas hydrates and free gas and the dynamic formation of the HGGHR. The HGGHR was reconstructed by the late gliding faults developed in the GHSZ, which also resulted in a shift in the BGHSZ and dynamic accumulation and adjustment of the gas hydrate-bearing layers and free gas-bearing layers within the HGGHR. The late transformation and preservation conditions of the gas hydrate system are important to the dynamic formation and accumulation of the HGGHR, which should be given serious consideration in future exploration and exploitation activities.
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SH-W17 1460-1510 Hydrate 332 0.2 33 Zhang et al., 2020b
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1498-1545.5 Hydrate + Free gas  34.4-34.6 1.08-1.26

‘ SH-SC4 1495-1530 Hydrate 35 29 34 Liet al, 2018
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1545-1572 Free gas 32 74
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