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Abstract

:

Shallow gas reservoirs play a crucial role in the gas hydrate system. However, the factors influencing their distribution and their relationship with the gas hydrate system remain poorly understood. In this study, we utilize three-dimensional seismic data to show the fluid pathways and shallow gas reservoirs within the gas hydrate system in the Qiongdongnan Basin. From the deep to the shallow sections, four types of fluid pathways, including tectonic faults, polygonal faults, gas chimneys, and gas conduits, are accurately identified, indicating the strong spatial interconnection among them. The gas pipes are consistently found above the gas chimneys, which act as concentrated pathways for thermogenic gases from the deep sections to the shallow sections. Importantly, the distribution of the gas chimneys closely corresponds to the distribution of the Bottom Simulating Reflector (BSR) in the gas hydrate system. The distribution of the shallow gas reservoirs is significantly influenced by these fluid pathways, with four reservoirs located above tectonic faults and polygonal faults, while one reservoir is situated above a gas chimney. Furthermore, all four shallow gas reservoirs are situated below the BSR, and their distribution range exhibits minimal to no overlap with the distribution of the BSR. Our findings contribute to a better understanding of shallow gas reservoirs and the gas hydrate system, providing valuable insights for their future commercial development.
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1. Introduction


Since its discovery in the last century, gas hydrate has been widely recognized as a new type of energy resource, attracting significant attention from governments worldwide [1,2]. In recent years, research has unveiled the crucial role of hydrates in global environmental changes. Methane, as the primary component of hydrates, plays a vital role in the carbon cycle. The dissociation of hydrates can lead to the release of methane into seawater and the atmosphere, potentially causing submarine landslides, ocean acidification, and global temperature rises [3,4].



The Qiongdongnan Basin (QDNB) is one of the most productive oil and gas resource areas in the northern South China Sea [5,6]. In recent years, two hydrate drilling expeditions have confirmed the presence of significant amounts of gas hydrates in the QDNB, revealing its potential [2,7,8,9]. Fracture-filling hydrates in fined-grained sediments are the main type of hydrate found in the QDNB. Previous studies have shown the presence of many focused fluid flow structures in the submarine shallow layers of the QDNB, such as gas chimneys, pipes, and pockmarks, which could control the spatial distribution of the gas hydrates [8,10,11,12]. However, these previous studies have mainly focused on the accumulation mechanism of gas hydrates and their origin, largely neglecting shallow gas reservoirs despite their importance [10,13,14].



Shallow gas, found less than 1000 m deep below the surface, differs from gas hydrate-associated gas below the hydrate layer [15,16]. It serves as both a conventional natural gas resource and a potential cause of marine geohazards [17]. Researchers are investigating the interrelationship between shallow gas and gas hydrates, as shallow gas reservoirs can provide the necessary gas supply for hydrate accumulation [18]. Experimental studies have shown that coarser sediment grain sizes contribute to higher gas hydrate saturation [19]. While shallow gas exploitation has advanced commercially in marine environments, the production testing stage for marine gas hydrates is ongoing [1,3,20]. The comprehensive exploitation of hydrates and shallow gas is crucial for the industrialization of gas hydrates [21]. This integrated system involves the accumulation of thermogenic gas from deep source rocks to form gas hydrates and shallow gas reservoirs, with sediments serving as reservoirs in the upper and lower parts, respectively [22]. In this study, we investigated the fluid pathways, shallow gas reservoirs, and gas hydrate systems in the Songnan Low Uplift and the adjacent Lingshui Sag and Beijiao Sag in the Qiongdongnan Basin using three-dimensional seismic data and well data. Based on their different features, their three-dimensional spatial distribution was characterized using different methods. Our results demonstrate a strong coupling relationship in their three-dimensional spatial distribution, revealing that fluid pathways have different control effects on the distribution of shallow gas reservoirs and the distribution of the Bottom Simulating Reflector. This finding may provide new insights and assistance for the study of hydrate systems in other regions.




2. Geological Setting


The QDNB is a Cenozoic rift basin situated on a Mesozoic basement within the northern South China Sea (Figure 1), which is the largest marginal sea in the Western Pacific [23,24]. This basin underwent two distinct stages of structural evolution [25]: Eocene–Oligocene rifting and Neogene–Quaternary post-rifting (Figure 2). Due to this evolutionary process, the prevailing sedimentary environment within the QDNB transitioned from lacustrine during the early stage to shallow marine facies (embayment), and ultimately, to open marine and hemipelagic facies during the later stage [26]. Covering an approximate area of 65,000 km2, more than 60% of the basin is characterized by water depths exceeding 300 m [27]. The basin can be subdivided into five sub-level tectonic units: the Songnan-Baodao, Lingshui, and Beijiao sags, as well as the Songnan uplift and the Lingnan low uplifts [7]. The seafloor water temperature in the basin averages around 2–3 °C, while the average geothermal gradient measures approximately 40 °C/km, with localized variations due to heat flow activity [10,28].



In 2018 and 2019, the Guangzhou Marine Geological Survey conducted two drilling expeditions for gas hydrates. The results suggested that the QDNB has great potential as a source of gas hydrates [9,12]. The main hydrate sources in the QDNB are mixed gas sources composed of thermogenic and biogenic gases [8]. In recent years, studies have suggested that the thermogenic gas is mainly provided by the majority Paleogene source rocks in the mature–overmature stage, while the low-mature source rocks since the Late Miocene are the main source of the biogenic gas [5,10].



The study area is located roughly in the middle of the Songnan low uplift, with a water depth of 1200–1600 m. Gas chimneys and slender pipes are the most notable features of this area, and the vertical migration channels they form provide good conditions for the formation and accumulation of natural gas hydrates. The overpressure caused by the rapid filling of Cenozoic sediments in the QDNB is considered to be responsible for their generation [11,29,30].




3. Data and Methods


3.1. Data


In this study, three-dimensional (3D) seismic data covering an area of approximately 400 km2 were utilized. The data underwent post-stack time migration and were processed to achieve the zero-phase, with a spacing of 12.5 m and 25 m in the crossline and inline directions, respectively. The sampling interval of the 3D seismic data was 2 ms, and the dominant frequency was approximately 18 Hz, which increased to around 40 Hz within the zone of interest (2200–3500 ms), encompassing a total frequency band of about 2–100 Hz. GeoFrame and Petrel 2019 (Schlumberger, Houston, TX, USA) software were employed for the identification of gas chimneys, pipes, Bottom Simulating Reflectors (BSRs), and seismic reflections related to gas hydrates in the 3D seismic data, which offered superior horizontal and vertical resolution compared to 2D data. The presence of black–red–black or blue–red–blue seismic reflections indicated significant increases in acoustic impedance. The vertical resolution of the data varied with the depth but averaged around 8 m within the zone of interest (Figure 3).



For this study, data from three representative sites, namely W8, W10, and W9, located within three gas chimneys, were collected and analyzed [10,11]. The logging-while-drilling (LWD) data from the three wells primarily consisted of the gamma ray (GR), resistivity curve (RES), density curve (DEN), acoustic curve (AC), and P-wave velocity curve (P-velocity). These data proved to be valuable in identifying the occurrence of gas hydrates.




3.2. Methods


Based on the analysis of the seismic response characteristics, well logs, and prior research conducted in the area, interpretations were conducted for stratigraphy, fluid pathways, the Bottom Simulating Reflector (BSR), and shallow gas reservoirs. The interpretation schemes for stratigraphy and the regional stratigraphic framework were based on previous works [4,26]. The interpretations of different fluid pathways relied primarily on their distinct seismic response characteristics, supplemented by auxiliary analysis of their seismic attributes. The BSR identification and interpretation were carried out by integrating the simulation results of the base of the gas hydrate stability zone (BGHSZ) with the seismic reflection features. Shallow gas reservoirs were identified and interpreted based on the time-depth relationships and high-amplitude, negative-polarity seismic reflection features.



To determine the depth of the BSR, simulations of the BGHSZ were performed using the CSMHYD software [31], based on the seafloor temperature and geothermal gradient parameters at stations W8 and W9. Previous investigations in the area indicated a seafloor temperature of 3 °C, with geothermal gradients of 102 °C/km and 113 °C/km at W8 and W9, respectively [2,10]. The BSR, which serves as the interface between hydrates and underlying free gas, exhibited high-amplitude and negative-polarity seismic reflections. As the depth of the BGHSZ varied with different gas compositions, we assumed pure methane and a salinity of 3.5% during modeling to obtain the minimum depth of the BGHSZ in the area.



Seismic attribute maps and variance volume slices were utilized to identify the extent of the fluid pathways at different time depths. The boundaries of the structural faults, polygonal faults, and mass-transport deposits (MTDs) were clearly delineated on variance volume slices (Figure 4, Figure 5 and Figure 6). The low-amplitude and low-frequency characteristics of the gas chimneys on the seismic profiles were employed to characterize their extent using arc length attribute maps calculated within a 5 ms window above and below the T20 horizon. Moreover, the chaotic reflection features within the gas chimneys made their extent discernible on the variance volume slices as well.





4. Results


4.1. Seismic Stratigraphy and Gas Hydrates


We identified eight reflections within the study area (Figure 3), with seven representing the top or bottom surfaces of regional formations and one representing the base of the MTD at the T10 horizon (Figure 2 and Figure 7). The hydrate reservoir in the study area is situated in the shallow Leidong Formation (from the seafloor to the T20 horizon), while the source rock is found in the deeper Yacheng Formation (from the T70 to the T100) (Figure 1 and Figure 2). Above the T20 horizon, there are three sets of MTDs that serve as reservoirs, with gas hydrates filling the fractures within them.



Analysis of the core samples, X-ray images, and thermal imaging photos in Figure 1 revealed that the hydrate type in the study area is fracture-filling hydrate. The hydrate reservoir primarily consists of fine-grained muddy sandstones, characterized by higher gamma values in the well log curves. The distribution of hydrates within the study area displays significant heterogeneity, as evident from the well log response curves at the three stations (Figure 8). At site W9, three intervals of hydrate-bearing formations with a total thickness of approximately 60 m (the total length of the well log data is about 98 m) are observed. Similarly, site W8 also exhibits three intervals of hydrate-bearing formations with a total thickness of approximately 150 m (the total length of the well log data is larger than 200 m). In contrast, site W7 has only one interval of hydrate-bearing formation, approximately 20 m thick (the total length of the well log data is about 84 m). Furthermore, it is worth noting that the maximum resistivity values at both the W9 and W8 sites exceed 100 Ω·m, whereas the maximum resistivity value at site W7 is below 10 Ω·m (Figure 8). This discrepancy in the resistivity values suggests that the W7 station exhibits the lowest hydrate saturation among the three sites [8].




4.2. Fluid Pathways


Based on the acquired 3D seismic data, well data, and previous research conducted in the area, a comprehensive analysis has revealed the identification of fluid pathways within the study area, spanning from the deep basement to the shallow seafloor. The fluid pathways can primarily be categorized into five types: tectonic faults, polygonal faults, gas chimneys, gas pipes, and fractures within mass transportation deposits (Figure 3, Figure 4, Figure 5, Figure 6, Figure 9 and Figure 10).



The tectonic faults predominantly comprise normal faults of varying scales (Figure 3 and Figure 4). Within the Songnan low uplift, listric faults demarcate the boundaries of the uplift [4]. In the deeper section (>4000 ms), the prevalence of tectonic faults is primarily attributed to large-scale normal faults, albeit their quantity is relatively lower compared to the mid-deep region (Figure 4a,b). Within the mid-deep region (3400–4000 ms), the normal faults within the Beijiao Sag are extensively developed, diminishing in scale as they approach shallower depths. However, due to the seismic section intersecting the central canyon of the Lingshui Sag, the normal faults within the Lingshui Sag are scarcely discernible on the seismic slice (Figure 4c,d). Furthermore, there exists a disparity in the distribution density of the normal faults on both sides of the Songnan low uplift, with a significantly higher density observed in the Beijiao Sag on the eastern side, as opposed to the Lingshui Sag on the western side. This discrepancy may suggest a greater intensity of fluid activity within the Beijiao Sag relative to the Lingshui Sag.
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Figure 4. Different time slices of the variance volume illustrating the characteristics of the fluid pathways in the study area from deep to central, including the 4200 ms slice (a), 4000 ms slice (b), 3600 ms slice (c), and 3450 ms slice (d). The extent of the Songnan low uplift is delineated by the black dashed circle, while the areas with polygonal faults and tectonic faults are delineated by the blue dashed circle and red dashed circle, respectively. 
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Figure 5. Different time slices of the variance volume revealing the features of the fluid pathways in the study area from central to shallow, including the 2800 ms slice (a), 2750 ms slice (b), 2400 ms slice (c), and 2350 ms slice (d). The range of chimneys is indicated by the red dashed line, and the erosional features of the MTD are also marked in this figure. 
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Figure 6. Sectional and planar characteristics of the polygonal faults. The seismic profile in (a) displays the seismic features of the polygonal faults in the Meishan Formation stratigraphy, with the location of time slices at 3436 ms (b) and 3500 ms (c) identified by green and blue dashed lines, respectively. 
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Figure 7. (a) Uninterpreted seismic profile. (b) Reflection interpretation of the BSR (Bottom Simulating Reflection). (c) Results of the gas hydrate stability zone modeling at sites W8 and W9. The location of this profile is shown in Figure 9. 
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Figure 8. Logging characteristics of the gas hydrate-bearing layers in the three wells. The depth of the BSR (Bottom Simulating Reflection) exceeds the depth of the logging curves obtained at sites W9 and W7. The location of the BSR is marked by the solid yellow line in site W8. 
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Figure 9. Arc-length attribute map along the T20 horizon illustrating the gas chimneys characterized by low values. The extent of the BSR, identified based on the modeling results of the base of the gas hydrate stability zone and seismic reflection features, is also displayed on this attribute map. 
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The polygonal faults are predominantly distributed within the Meishan Formation (T40–T50) in the Beijiao Sag (Figure 3 and Figure 6). Their seismic reflection characteristics manifest as small-scale normal faults intersecting the formations in various directions. On the coherence slices, their distribution appears as polygons, such as quadrilaterals (Figure 6c) and pentagons (Figure 6b). Polygonal faults exhibit a widespread distribution in submarine formations globally and are widely acknowledged as preferential pathways for fluid migration [32,33,34,35,36], which is consistent with the conclusions of previous studies in the region [10,11]. The time-depth range of the polygonal faults is estimated to be 3300–3600 ms, with their left portion connecting to the gas chimneys and their upper part linking to the low-amplitude formations (Figure 11c).



Gas chimneys represent the primary vertical pathways for fluid concentration and migration in the area. Their seismic reflection characteristics exhibit low amplitude reflections from truncated formations, with pull-down reflections observed along their boundaries on the seismic profiles (Figure 10b). The distribution of the four gas chimneys varies with the time-depth, with the largest one occurring near T20. The area at T20 is used to show the extent of the gas chimneys (Figure 9).
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Figure 10. (a) Uninterpreted seismic profiles depicting the seismic features of the gas chimneys, BSRs, and shallow gas reservoirs. (b) Enlargement showcasing the typical seismic features of the gas chimneys under site W9. (c) Enlargement highlighting the shallow gas reservoirs characterized by high-amplitude reflections with negative polarity. It is noteworthy that the shallow gas reservoirs are all located beneath the BSR. BSR, Bottom Simulating Reflection; HAR, high-amplitude reflection; MTD, mass transportation deposit. 
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Pipes are primarily situated above the gas chimneys, connecting the seafloor pockmarks. They serve as the main pathways for fluid escape to the seafloor and are also accountable for the formation of pockmarks [10]. In the shallow portion of the study area, three sets of MTDs are present, and their erosional features can be identified on the variance volume slices (Figure 5c,d). Previous studies have indicated that fractures within MTDs are the primary spaces for the formation of gas hydrates [10].




4.3. BSR and Shallow Gas Reservoirs


In the study area, identifying the BSR based solely on its seismic reflection characteristics presents a challenge due to the morphology of the BSR, which is nearly parallel to the stratigraphy rather than obliquely crossing it. Therefore, modeling of the BGHSZ was conducted to assist in determining the BSR. The simulation results indicate that at the W8 station, with a seafloor temperature of 3 °C and a geothermal gradient of 102 °C/km [2], the estimated depth of the BGHSZ is 158.7 mbsf. At the W9 station, with a seafloor temperature of 3 °C and a geothermal gradient of 113 °C/km [10], the estimated depth of the BGHSZ is 140.2 mbsf. Based on these findings, the interpretation of the BSR was completed, and its time-depth range was determined to be 2688–2759 ms (Figure 12). The spatial distribution of the BSR exhibits a strong coupling with the planar extent of the gas chimneys (Figure 9), suggesting a potential controlling effect of the gas chimneys on the formation of the BSR.
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Figure 11. Planar coupling relationship between the shallow gas reservoirs, BSR, and fluid pathways. The planar distribution characteristics of the shallow gas reservoirs and fluid channels at different time depths, including 3600 ms (a) and 3450 ms (b). Interpreted seismic profiles through four shallow gas reservoirs are shown in (c). BSR, Bottom Simulating Reflector; HAR, high-amplitude reflection; LAR, low-amplitude reflection; MTD, mass transport deposit. 
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Four shallow gas reservoirs are identified in the study area, named from west to east as shallow gas reservoir (SGR) 1, SGR2, SGR3, and SGR4 (Figure 11). These shallow gas reservoirs are characterized by low-amplitude reflections and negative polarity (Figure 10). Three of them are situated in the Beijiao Sag, while the remaining one is located above the Songnan low uplift, indicating the relatively higher maturity of the source rocks in the Beijiao Sag. The distribution of the three shallow gas reservoirs in the Beijiao Sag is predominantly located above areas of tectonic faults and polygonal faults, and the distribution of the shallow gas reservoir above the Songnan low uplift is primarily located above gas chimney 4 (Figure 11), suggesting a controlling effect of fluid pathways on the formation of shallow gas reservoirs. Furthermore, based on the spatial distribution of the shallow gas reservoirs and the BSR, all four shallow gas reservoirs are positioned below the BSR. SGR1 and SGR2 are located 133 ms below the BSR, while SGR3 and SGR4 are positioned 255 ms and 195 ms below the BSR, respectively (Figure 12).





5. Discussion


5.1. The Relationship between the BSR, Gas Hydrates and Gas Chimney


The close relationship between the Bottom Simulating Reflector and hydrates is difficult to deny. In many studies, the BSR in seismic profiles is often used as an indicator of hydrate presence, and the identified distribution range of the BSR is generally considered to represent the approximate range of hydrates [37,38,39]. However, based on the statistical analysis of 788 well data and the BSR, it was pointed out that the presence of the BSR does not necessarily indicate the presence of hydrates [40]. Nevertheless, the likelihood of encountering hydrates is significantly higher in areas where the BSR is present, and the thickness and saturation of the hydrate reservoirs in those areas are also greater. Previous studies have demonstrated that in this region, the BSR effectively indicates the presence of hydrates, primarily distributed within the fractures of the three sets of MTDs above the BSR [2,4,8,10,11].



As depicted in Figure 9, the distribution ranges of the BSR and gas chimneys exhibit a high degree of coincidence. Furthermore, previous researchers have revealed, through forward modeling and inversion results, that hydrates primarily accumulate in the pipes above the gas chimneys and in their vicinity [8,41]. These findings indicate that gas chimneys, serving as concentrated vertical pathways for deep fluids, exert a significant influence on the distribution of hydrates. It is worth noting that not all four gas chimneys are associated with a BSR. For instance, gas chimney 4 lacks a BSR above it but instead features SGR4 (Figure 12). Its top is approximately 195 ms in time depth below the other BSRs (Figure 7), which may be the reason why a BSR cannot be formed.




5.2. The Distribution Differences of the Shallow Gas Reservoirs and Fluid Pathways


Shallow gas reservoirs exert a significant impact on the accumulation of gas hydrates. In seismic reflection data, they are typically characterized by shallow reflections with reverse polarity and anomalous amplitudes [14,21,42]. Based on the seismic characteristics of shallow gas reservoirs (Figure 10), we have identified four such reservoirs in the study area and illustrated their distribution in Figure 11. The results indicate a controlled distribution pattern. Three out of the four shallow gas reservoirs (SGR1, SGR2, SGR3) are located above the northern reef depression, while the remaining reservoir (SGR4) is situated above the Songnan low uplift. Notably, no shallow gas reservoirs are present above the Lingshui Sag (Figure 11). To better understand the significant differences in the distribution of the shallow gas reservoirs within these two Sags, we conducted a study on the spatial coupling between the shallow gas reservoirs and fluid pathways. The results reveal that the three shallow gas reservoirs (SGR1–3) in the Beijiao Sag are precisely positioned above areas characterized by tectonic fault and polygonal fault development. and SGR4 is located above gas chimney 4 (Figure 11), indicating a close relationship between the distribution of the shallow gas reservoirs and these fluid pathways in this area.



There is a significant difference in the development of tectonic faults between the Lingshui Sag and the Beijiao Sag. The density of tectonic faults in the Beijiao Sag is much higher than in the Lingshui Sag (Figure 4a,b). Polygonal faults are considered important fluid pathways that strongly influence fluid migration and differential accumulation [10,13,14]. Additionally, tectonic faults have a significant impact on the growth of polygonal faults [13]. All the polygonal faults in the study area are located within the Beijiao Sag (Figure 11a,b). Globally, polygonal faults are primarily formed in shallow, fine-grained sediments and often facilitate vertical fluid migration [36,43,44] while preventing the lateral fluid migration [45,46,47]. This factor could potentially account for the substantial variations in the planar distribution of the shallow gas reservoirs observed between the two sags. Furthermore, the consistency between the position of SGR4 and gas chimney 4 also suggests a controlling effect of the gas chimney on the formation of SGR4 (Figure 11a,b).




5.3. Fluid Pathways with Gas Hydrates and Shallow Gas Reservoirs


Based on various data and analyses, previous studies conducted in the Qiongdongnan Basin have established different models for hydrate accumulation [10,11,38]. These models share three common understandings regarding hydrate accumulation in the region: (1) shallow biogenic gas and deep thermogenic gas jointly contribute to the gas source for hydrates, (2) gas chimneys influence the distribution of hydrates, and (3) hydrate reservoirs consist of fine-grained sediments. Notably, these established models exhibit similarities with the hydrate accumulation models in mud sediments summarized by [48,49,50]. However, these models overlook the influence of the shallow gas reservoirs on the hydrate system, which is an important aspect of gas hydrate systems for both exploration and development [13,14,39].



In the study area, a total of four shallow gas reservoirs are present (Figure 11). Although chemical analysis tests of the shallow gas reservoirs are lacking, their spatial distribution in relation to the fluid pathways exhibits a high level of consistency. This suggests that the gas source for the shallow gas reservoirs may primarily originate from the deep Yacheng Formation. All four shallow gas reservoirs (SGR1–4) are located below the BSR. SGR1 and SGR2 are positioned 133 ms below the BSR, while SGR3 and SGR4 are situated 255 ms and 195 ms below the BSR, respectively (Figure 12). These four shallow gas reservoirs are all found in areas characterized by well-developed fluid pathways, indicating an adequate gas supply. However, they are unable to form the BSR, which serves as a reflection of the hydrate bottom boundary. This may be due to the limited upward extension of these fluid pathways, making it challenging for the gas to reach the minimum depth required for hydrate formation. Instead, the gas accumulates in the sediment beneath the BSR, forming shallow gas reservoirs. In summary, the spatial coupling between the fluid pathways, shallow gas reservoirs, and the BSR suggests that in the study area, the fluid pathways exert control over the distribution of the shallow gas reservoirs, and the distribution of hydrates or the BSR is not solely dependent on the density of the fluid pathways but also on the distance between the top of the fluid pathways and the base of the gas hydrate stability zone (Figure 12).





6. Conclusions


1. Gas chimneys exert a significant influence on the distribution of hydrates, although all four gas chimneys are not associated with the BSR.



2. The spatial distribution relationship between the shallow gas reservoirs and fluid pathways indicates that the gas source for the shallow gas reservoirs may primarily originate from the deep Yacheng Formation.



3. Fluid pathways control the distribution of shallow gas reservoirs, and their distribution range and density result in significant differences in the distribution of the shallow gas reservoirs in the Beijiao Sag and Lingshui Sag.



4. The interplay among the fluid pathways, shallow gas reservoirs, and the BSR indicates that the fluid pathways play a significant role in determining the distribution of the shallow gas reservoirs. Additionally, the distribution of hydrates and the BSR is influenced not only by the density of fluid pathways but also by the vertical distance between the top of the fluid pathways and the base of the gas hydrate stability zone.



Based on the three-dimensional seismic data from the Qiongdongnan Basin, we have identified the spatial distribution of the fluid pathways, shallow gas reservoirs, and the BSR within the region. Furthermore, we have elucidated the coupling relationship between them. This finding may contribute to the exploration and development of gas hydrates and shallow gas reservoirs.
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Figure 1. (a) The locations of sedimentary basins in the northern South China Sea, highlighting the Qiongdongnan basin (QDNB) with red lines [24]. (b) Schematic structure of the western part of the QDNB, based on [26,27], illustrating the study area and the locations of gas hydrate drilling wells. The location of Figure 3 is shown in Figure 1b. 
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Figure 2. Comprehensive stratigraphic column of the Qiongdongnan Basin, incorporating the tectonic evolution, major stratigraphic units, and horizons [4,29]. The image also includes a seismic section near site W9, pictures of pockmarks at station W9, and pictures of various cores of hydrates in site W9, as documented by [8,10]. 
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Figure 3. Typical seismic profile crossing well W9, demonstrating the stratigraphic framework and primary fluid pathways from deep to shallow in the study area. The uninterpreted profile is shown in (a), while the interpreted profile is shown in (b). 
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Figure 12. Spatial distribution of the shallow gas reservoirs, BSRs, and fluid pathways in a 3D view. 
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