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Abstract

:

The southern continental margin-slope area of the South China Sea is a complex passive continental margin with diverse tectonic structures and movements. This area is rich in gas hydrate resources and is also an area with a high incidence of potential geological hazards. Identifying and understanding the potential submarine geological hazards in this area is very important for disaster prevention and management during the future exploration and development of marine resources. In this paper, five types of potentially hazardous geological bodies are identified in the research area through high-precision two-dimensional seismic processing and interpretation, including submarine mounds, pockmarks, mass transport deposits, submarine collapses and faults. At the same time, the seismic reflection characteristics and the changes in its morphology and surrounding strata are described. In addition to the causes of geological hazards in this region and their influence on exploration and development, the research prospects of geological hazards in this region are also suggested. Special tectonic and sedimentary conditions, fluid activities and hydrate decomposition may be the conditions for geological hazards in this region, which pose a significant threat to the exploration and development of seabed resources and marine engineering construction in this region. Not only does our conclusion provide useful data for the development and utilization of gas hydrate, but it also presents theoretical suggestions for reducing geological hazards in the development process.
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1. Introduction


Gas hydrates in the shallow layers of the deep sea may cause harm to the oceanic environment and climate environment to a certain extent, whether by artificial exploitation or by natural decomposition. More than 70% of all wells shown in the cases of global hydrocarbon exploration and development are subject to the geologic-hazard risks caused by water flow and/or gas hydrate, such as the explosion of the BP (British Petroleum) Deepwater Horizon platform in 2010 caused by gas hydrate decomposition that resulted in serious environmental pollution and economic losses [1]. Some studies have been conducted on submarine geologic hazards in the northern continental-slope area of the South China Sea, which is rich in gas hydrate resources and where exploitation and trial production activities have become more and more frequent [2,3,4]. The types, characteristics and spatial distribution of more than 20 geologic-hazard factors were studied at the Shenhu continental slope in the northern South China Sea that provide a strong reference for the safety of deep-sea engineering in the future [5]. Various types of geologic hazards, such as pockmarks, mounds, submarine landslides, faults and fluid pipes, were identified and analyzed with 3D seismic data at the Lingshui continental slope in the northern South China Sea and three dominant control factors were indicated and proved to be important for the site selection of drilling and pipeline construction [6]. The continental margin area of the southern South China Sea is also rich in gas hydrate resources, which are developed in a complex tectonic setting and an important geological background for hazard prevention [7,8]. However, the research on submarine geologic hazards in this area is relatively weak.



In general, submarine landslides are typically caused by earthquakes, volcanic eruptions, storm waves, rapid accumulation of sediment and other events or excessive slope inclinations [9]. However, recent studies have shown that the decomposition of seabed gas hydrate that decreases slope stability is also an important cause of submarine landslides. Thick overpressure formation is also frequently developing in the continental shelf margin and slope area of the South China Sea [10,11,12]. After the release of fluid in the overpressure formation, a large number of fluid leakage structures can be generated, such as gas chimneys, mounds and pockmarks [13,14,15]. These fluid activities reduce the shear strength of shallow strata and easily lead to geological hazards.



The decomposition of gas hydrates can also cause shallow formation slumps and massive fluid release [16,17]. Hornbach et al. studied the genesis of submarine landslides along the Coast of Cape Fear in the United States and the results showed that large-scale gas hydrate decomposition may be the main factor triggering the occurrence of landslides [17]. Taylor used seismic data to conduct a detailed analysis of hydrate-related methane trapping and leakage in the Black Sea Platform diapir area and found that gas was trapped above the diapir and below the stable region and that gas migrated upward through faults [18]. Gas hydrate decomposition can cause vast disasters, such as large-scale submarine landslides, destruction of optical cables and offshore engineering facilities and tsunamis. At the same time, the large amount of methane released will lead to drastic climate change, ocean hypoxia [19], global warming and other catastrophic consequences.



At present, the hazardous geological effect caused by hydrate decomposition is still insufficient and may lead to many catastrophic accidents in the process of exploration and exploitation in the future. Studying the hazardous geological effects that may occur in hydrate development areas is the premise of safe development areas in the future and provides a geological basis for formulating a safety guarantee scheme for deep-water hydrocarbon or gas-hydrate development projects.




2. Geological Background


The South China Sea is located at the conjuncture of the Eurasian, Pacific and Indo-Australian plates and has undergone the transformation of tectonic movement such as extensional, strike-slip and compressional shear, successively, with an area of approximately 3.5 × 106 km2, an average water depth of 1212 m and a relatively complex tectonic evolution [20,21,22]. Since the Mesozoic period, it has experienced large-scale block assembly, extrusion and strike-slip extension on the East Asian margin, as well as the rupture of the South China continental lithosphere in the Cenozoic period, the expansion of the South China Sea basin and the subduction and collision of the Pacific plate and the Indo-Australian plate. There are four different margins in the South China Sea, of which the southern part of the South China Sea is an extrusion continental margin [23]. The southern continental-shelf slope of the South China Sea has undergone complex tectonic evolution since the Cenozoic period, with a series of basins developed, including the Zengmu, Beikang, Nanweixi and Wan’an Basins, and the formation and evolution of these basins are quite different [24,25].



The Tinjar-West Baram line is the boundary between the Zengmu Basin and the Beikang Basin and is a NW-trending strike-slip fault, which causes the displacement and rotation of the blocks on both sides [26,27]. During the Miocene period, the study area of the Zengmu and Beikang basins experienced significant changes in the sedimentary environment. The early Miocene littoral–neritic environment changed to the late Miocene semi-deep deep-sea environment. During this period, the Rajang Delta developed and expanded. A large amount of terrigenous debris was injected into the northern Zengmu Basin and the southwestern Beikang Basin, forming a very thick stratum (Figure 1) [28]. Since the Quaternary period, the northern Zengmu Basin and the whole Beikang Basin have developed a semi-abyssal sedimentary environment with a small amount of delta front deposition. Large-scale mass transport deposits have developed in more than 50% of this area, with the main extension direction of SSE-NNW and the longest extension distance up to 130 km [4]. The water depth of the southern-continental margin of the South China Sea varies greatly, ranging from 100 to 2000 m, and the current water-depth pattern was mainly established in the Miocene period. When the water depth is greater than 500 m in this area, the water temperature is less than 4–10 °C and varies little with season and the submarine hydrostatic pressure is greater than 5–10 MPa, which meets the conditions for the formation of gas hydrate [29,30].




3. Data and Methods


The data include approximately 20,000 km of seismic profiles covering almost the entire research area, obtained from several two-dimensional seismic surveys by Guangzhou Marine Geological Survey (GMGS) in the 1990s and in 2019. The spacing of most seismic profiles is 4 × 8 km, with a certain spacing of 1 × 2 km in some local areas. The data used in the present research were mainly acquired by the Marine Geology 12 using a generator/injector (GI) gun with a capacity of 2250 scf and working pressure of 2000 PSI as the seismic source, collected at 0 ms to 9.0 s, with a cable length of 3200 m and an average line spacing of 26 m to 50 m. The Marine Geology 12 is one of two two-dimensional multichannel seismic survey ships from the GMGS with 87 m long and 3574 tons of full-load displacement, equipped with an international advanced comprehensive navigation and positioning system, long-array multi-channel seismic data acquisition, single-beam echo sounder and other geophysical exploration equipment to gather the data.



High-fidelity noise attenuation technology, amplitude-compensation technology and multiple-wave suppression technology were used to improve the seismic signal-to-noise ratio and resolution by the GMGS using Focus 4.2 software between 2016 and 2020 before interpretation. The high-resolution seismic dataset was loaded into a Geoframe 4.5 (from Schlumberger, Houston, TX, USA) workstation for interactive interpretation as poststack time-migrated data (postSTM) with a zero-phase signal and frequency range from 6 to 200 Hz. Potential geological hazards caused by fluid flow, mass transport deposits and faults were identified and described on the seismic profiles. Based on the analysis of seismic reflection characteristics such as the continuity and amplitude of the reflection axis and the contact relationship with the surrounding strata, various geological hazards bodies are identified and characterized. The fluid activities associated with geological hazards, such as mud diapirs, gas chimneys and other fluid flows under geological disasters, are also described and discussed by seismic reflection characteristics. The structural characteristics of each geological hazard were determined and analyzed as part of the seismic interpretation. Geological models were established that were related to the developmental characteristics of the geological hazards.




4. Results


4.1. Submarine Mound


Submarine mounds that show as negative topographic structures formed on the seafloor by mud diapirs or mud volcanoes were found at the continental margin in the Zengmu Basin of the southern South China Sea [8,11,32] (Figure 2), with a height of 5–30 m and a diameter of 100–1.2 km. These mounds are developed independently or in patches and are more abundant in tectonically active and relatively weak shelf-slope break zones (Figure 3). Submarine mounds are a common microtopography in hydrate development areas and are often associated with seafloor seepage. The lower part of the mound is often accompanied by fluid passages [8]. Mud diapirs/mud volcanoes are found below mounds in the southern South China Sea. Both are caused by the plastic flow of large, thick and compacted mud/fluid into the overlying strata due to differential gravity action caused by density inversion under high temperature and high pressure. Thus, there is a special forward geological structure of curved uplift or piercing strata [11,32,33]. The top of the submarine mound exhibits strong reflection characteristics, the below of which is columnar reflection. The reflection characteristics are internal chaotic reflections or blank reflections and passive folds of the formation, and strong amplitude anomalous reflections that could be the shallow gas reservoir are common around and/or at the top of the channel. The occurrence of the bottom simulating reflector (BSR) between the submarine mound and the mud diapirs/volcano indicates the existence of potential gas hydrate in this area (Figure 2).




4.2. Pockmark


Pockmarks are negative topographic structures formed by the leakage of shallow formation fluids to the seabed [6,11,13]. They are generally circular or oval, 50–200 m in diameter and extend vertically from a few meters to nearly a thousand meters, mainly in the shape of a “V” or a “U” (Figure 4). Pockmarks tend to form in unconsolidated fine-grained sediments and are usually formed by CH4 gas from deep fluids or upward leakages of hydrate decomposition. In the occurrence area of gas hydrate, pockmarks and pockmark aggregates of different shapes, sizes and scales can be formed on the seabed surface due to the continuous overflow of the underlying active fluid. The seismic profile shows that the pockmark terrain has obvious height difference variations and the bottom of the pockmark terrain is often connected with the fluid flow passage, which shows as columnar or faults; the seismic reflection intensity is weak and the in-phase axis shows a “drop down” shape (Figure 4). The pockmark topography can accurately indicate the fluid flow activity in past and present seafloor sediments.



Pockmarks are often developed at the margin of the continental shelf, which is the accumulation area of abnormal submarine pressure. The formation strength in this area is relatively weak and it is easy to induce the release of overpressure fluid, which is an unfavorable engineering geological condition that must be avoided in submarine engineering construction. There are many kinds of geological hazards caused by pockmarks formed by the overflow of active fluid, which are mainly reflected in the destruction of the stability of the strata, the intensification of the greenhouse effect and the triggering of marine disasters.




4.3. Mass Transport Deposits


Mass transport deposits (MTDs), also known as submarine landslides, are hazardous geological bodies caused by gravity, usually requiring a certain terrain slope, with thick unstable loose sediments on the slope, and earthquakes or fault activities that trigger or accelerate development. Gas hydrate decomposition is also an important cause of formation landslides in gas hydrate developed areas [3]. According to the development stage, it can be divided into slump, slip or debris flow. There are two types of landslides that can be recognized in the continental margin of the southern South China Sea: slumps and slips at the edge of the continental shelf and upper continental slope (Figure 5) and block transport deposits in the middle and lower parts of the continental slope (Figure 4, Figure 6 and Figure 7). The topography of the shelf edge and upper continental slope is steep and the MTD forms are mainly slumps and slips. The slump often rotates and slips along the shear plane of the fault or the fault plane, the internal formation is twisted and deformed and the seismic section often appears as a cluttered blank reflection (Figure 5). The slip appears to move along the surface, showing small deformation of the inner strata and continuous reflection on the seismic profile (Figure 6). The landslides leave rugged trenches and cliffs on the shelf slope break and the upper continental slope (Figure 5). The MTD seismic section developed in the middle and lower parts of the continental slope shows a slip plane with high amplitude and a continuous in-phase axis, with chaotic seismic reflections inside; irregular folds or thrust-compression structures can be identified in the lower part of the sedimentary body (Figure 6 and Figure 7).




4.4. Submarine Collapse


Submarine collapse is typically caused by changes in the mechanical properties of the stratum due to fluid activity or hydrate decomposition at the bottom, resulting in the uneven bearing capacity of the surrounding stratum, which easily causes local subsidence deformation of the stratum (Figure 7). When fluid diapirs or migrates upward along faults, the density of overlying and under-pressed field layers is inverted, resulting in a gravity differential effect. At the same time, tensile stress is generated at the top and dense normal faults are formed, which eventually results in the subsidence of the strata in this area.



Submarine collapse usually develops in active tectonic areas, where there are many tectonic activities (such as diapirs or faults). The decomposition of gas hydrates causes formations to collapse and the collapse may further damage the temperature and pressure environment in the gas hydrate stable zone. The further instability and collapse of the overlying sediments will not only destroy the accumulation of gas hydrates, but also cause uneven bearing capacity of the stratum, resulting in accidents such as subsidence of seabed foundations and catastrophic geological collapse, which seriously threaten the safety of marine engineering.




4.5. Fault


Fault activity will cause the sliding of blocks on both sides, triggering landslides. Meanwhile, faults, as important fluid passages, will result in collapses of the seafloor, which could cause serious damage to seafloor facilities (Figure 4, Figure 5 and Figure 7). Faults as an important fluid flow passage are one of the factors that cause the above four kinds of geologic hazards. There are many faults in the continental shelf margin of the southern South China Sea and it is common for fluids to migrate through faults. In the seismic profile, along both sides of the fault, there are often “flag-like” anomalies with strong amplitude; there are also weak amplitude disorderly reflection areas caused by migration. The southern continental margin of the South China Sea is located near the Tinjar-West Baram tectonic line, which is the boundary between the Loconia Block (“Zengmu Block“) and the Nansha Block [28,34]. The Tinjar-West Baram tectonic line presents multistage movement, which makes the region structurally active and produces a large number of faults and fluid activities. The submarine landslide caused by the fault activity will break the temperature and pressure conditions of the gas hydrate reservoir and cause the hydrate decomposition. The active fluid flow generated by the decomposition will lead to the submarine collapse, landslide and a series of chain geologic hazards. In engineering construction, if the fault activity causes a large displacement distance between the upper and lower disks, then the exploration drill pipe or laid pipeline will be twisted or broken and the nearby structures will be damaged, resulting in significant economic losses.





5. Discussion


5.1. Formation Conditions


5.1.1. Tectonic and Sedimentary


The special tectonic and sedimentary environment is one of the main factors that lead to the formation of geologic hazards in this area. The formation and evolution of the Beikang Basin and Zengmu Basin, in which the study area is located, are both influenced by the seafloor spreading of the South China Sea and the Tinjar-West Baram tectonic line [28,35,36]. After the middle Miocene period, the expansion of the South China Sea stopped and both basins entered a period of thermal subsidence. The subsidence and deposition centers were both in the study area and the maximum subsidence rate reached 300–460 m/Ma [28,37]. At the same time, due to the continuous development of the Rajang delta and the provision of continental margin debris during this period, the study area deposited the thickest strata in the entire South China Sea, with a thickness of more than 16,000 m [10,12,36]. From the late Miocene period to the Quaternary period, large-scale volcanic activity occurred in the southern basin of the South China Sea and the Tingjia fault became active again, from dextral to left-handed with heat flow as high as >80 mW/m2 nearby, all of which resulted in active faults and underground fluids in the continental margin of the southern South China Sea [34,35,38]. During this period, the Beikang Basin was further stretched and the differential subsidence occurred, which was significantly thickened from northeast to southwest, making the study area become the center of subsidence and deposition [28,36]. These reasons may lead to the formation of overpressure fluids in the study area, resulting in the formation of submarine mounds, pockmarks, mass transport deposits, submarine collapses and other hazardous geological bodies.




5.1.2. Fluid Flow Activity


The primary condition for the formation of pockmarks and submarine mounds is the existence of active fluid flow, which is connected with fluid flow passages and derived from the release of overpressure fluid flow. Active fluid is a potential signal of seabed instability. Different properties of active fluid flow (i.e., different velocities and flows of fluid) may produce different overflow forms, resulting in the formation of different geological phenomena such as submarine mounds and pockmarks [39,40]. The overpressure fluid flow formed by the overlying thick stratum is released and migrates vertically to form a fluid pipeline. When the overpressure fluid is supplied adequately, the seabed surface will liquefy and collapse and the mass transport deposits and submarine collapse are subsequently formed. A variety of fluid flow activities, such as mud diapirs/volcanoes and gas chimneys and pipes, have been found in the southern continental margin of the South China Sea. At the same time, a large number of faults have developed in this area to connect deep and shallow strata, which can be used as passages for fluid flow. Plastic fluid or gas migrates vertically along the confined hyper-permeability zone, causing geologic hazards [8,36].




5.1.3. Gas Hydrate Decomposition


A lot of research for the submarine geologic hazards related to gas hydrate has been conducted and shows that gas hydrate decomposition is one of the important causes that trigger geologic hazards at many continental margins around the world [4,16,17,41]. The formation of gas hydrate is strictly controlled by temperature and pressure. A special structure and a very thick sedimentary layer are favorable conditions for its accumulation. When methane escapes from gas hydrate consolidated in seafloor sediments, it will change the physical and chemical properties of sediments (increase porosity, sediment liquefaction, and so on), greatly reduce the mechanical strength of seafloor sediments, and soften the seafloor, thus leading to large-scale geological hazards such as seafloor landslides [42,43,44]. Submarine mounds formed in the gas hydrate development area on the southern margin of the South China Sea, where a string of bubbles and porridge-like sediments in the core from site CL37A presented, probably due to the decomposition of gas hydrate [8]. At the same time, the occurrence of geological disasters breaks the temperature and pressure conditions of gas hydrate reservoirs and further causes gas hydrate decomposition [45,46,47].



The geophysical and geothermal properties of gas hydrate-bearing sediment systems are probably controlled by the thermal state, saturation and pore-scale distribution of the co-existing phases that may be susceptible to external natural and/or anthropogenic factors, resulting in the instability and decomposition of gas hydrate [48]. The natural factors may include geological hazards, fluid activities, volcanic activities and earthquakes and the anthropogenic factors mainly include undersea engineering construction, hydrocarbon drilling and gas hydrate recovery testing conducted by humans [1,4,5]. The active fluid generated by decomposition will lead to a series of chain geological hazards such as stratum collapses and landslides, which are also characterized by universality, complexity and disaster causation. Ultimately it could cause harm to engineering facilities such as submarine pipelines and drilling platform pile drivers, which may also lead to major blowout accidents and seriously threaten the safety of construction workers.





5.2. Geological Model


Based on the above geological hazard identification through seismic interpretation and formation-condition analysis, a geological hazard model is established in the southern continental margin of the South China Sea. There are five major geological hazard bodies in the study area, including submarine mounds, pockmarks, mass transport deposits, submarine collapses and faults (Figure 8).



These geological hazards are mainly developed near the shelf-slope break belt and are genetically related to the activities of fluid flow and faults in this area. Columnar fluid flow activities, such as mud diapirs, mud volcanoes and gas chimneys are found below the submarine mound and pockmark, which may be formed by deep fluid or CH4 gas generated by an upward leakage of hydrate decomposition (Figure 8a).



Mass transport deposits (MTDs) are mainly formed due to gravity, accompanied by faults, primarily slumps and slips. Slumps mostly occur in the continental shelf edge and upper-continental slope area; slips mainly occur in the middle and lower parts of the continental slope with relatively flat terrain (Figure 8b,c). There are obvious slip planes in the lower part and the stratum has certain deformation and compression characteristics. Submarine collapse is accompanied by normal fault development and is also associated with underlying fluid activity. In general, in the southern-continental margin of the South China Sea, fluid activity and the decomposition of gas hydrates have caused changes in the mechanical strength of the seabed strata, resulting in uplift, collapse or slump developing in various types of geological hazards.




5.3. Impact on Exploration and Development


The stability of submarine hazard geological bodies also has a significant influence on the safety of marine engineering, especially for submarine pipelines such as optical cables and oil and gas pipelines on the seabed surface [1,5,6]. Submarine mounds and pockmarks represent highly plastic geological bodies and high-stress action areas [10,11]. Due to the difference with surrounding rock, an uneven bearing capacity is prone to accidents, especially when it is affected by an external force or earthquake, which will cause damage to offshore drilling operations, therefore it should be avoided as much as possible. The characteristics and distribution rules of submarine geologic hazards are very important to the site selection of submarine engineering construction and help to avoid or reduce the damage degree.




5.4. Suggestions for Further Study


The relationship between the causes of submarine geological hazards and gas hydrates is complicated [6,49]. Many factors often act together and restrict each other, and the formation and decomposition of gas hydrates show a dynamic equilibrium relationship, which may be one of the important directions of future research. On one hand, submarine geological disasters may play a constructive role in hydrate formation and various special disaster-prone geological bodies may provide certain favorable conditions for the source generation, migration and accumulation of gas hydrate. On the other hand, when the development and evolution of geological hazards destroy the temperature and pressure conditions in the gas hydrate stable region, it will lead to gas hydrate decomposition. For example, the slump is a favorable reservoir or cap layer of hydrate and the collapse may destroy the temperature and pressure environment of the gas hydrate stability zone and lead to gas hydrate decomposition. After hydrate decomposition, the sediments in the upper strata will be further unstable and collapse, thus damaging the hydrate accumulation [45,46,47]. Typical geologic hazards at Zengmu and Beikang continental-slope areas in the southern South China Sea and Shenhu and Linshui continental-slope areas in the northern South China Sea could be further investigated and dissected by the method presented in this paper. The geologic hazards at these fields will provide a lot of opportunities to study the dynamic equilibrium relationship between the geological hazards and hydrate decomposition. The multi-regional comparative studies are necessary to be conducted.



The development of deep faults and fluid channels provides channels for vertical gas migration [5,8]. When gas migrates to the temperature-pressure zone of gas hydrate formation, it is beneficial to gas hydrate accumulation; however, at the same time, some geological hazards lead to the decomposition and leakage of gas hydrate. The method in this paper is limited by the quantity and quality of seismic data and it is difficult to further analyze the mechanism under dynamic conditions. Therefore, further study of the temperature and pressure transition and the trigger linkage mechanism of submarine geological hazards related to gas hydrate by field-scale simulations is suggested. It is also important to model the effect of simulated hydration decomposition on seafloor changes under different temperature and pressure conditions. How to improve the prediction of seabed stability and to provide more reliable and accurate scientific models for submarine engineering construction is also an important direction of future research by carefully studying the formation process and generation mechanism caused by gas hydrate decomposition. The impact of hydrate decomposition caused by geological hazards on global climate change and marine biological environments needs more work in the future.





6. Conclusions


Five types of hazardous geobodies were identified in the southern margin of the South China Sea, including submarine mounds, pockmarks, mass transport deposits, submarine collapses and faults, which not only destabilize the formation but are also associated with fluid flow activities and gas hydrate decomposition and show strong amplitude anomalous reflections at the top.



These different submarine geologic hazards developed independently or in patches near shelf-slope break zones, where tectonic activity is more frequent and the strata are relatively weak, often accompanied by mud diapirs and/or mud volcanoes, gas chimneys or other columnar fluid flows below. Submarine mounds and pockmarks formed on the seafloor in positive and negative topographic structures, respectively, with generally circular or oval boundaries. The mass transport deposits and submarine collapses relatively developed on a bigger scope and scale, with more normal faults.



The large amounts of sediment supply and active fault activity are the special tectonic and sedimentary conditions in this area, as well as fluid activity and gas hydrate decomposition, which are the important reasons for the formation of geological hazards in the research area. The occurrence of geological hazards will affect the stable temperature and pressure conditions of gas hydrate accumulation, resulting in the further decomposition of gas hydrate, which causes a series of chain geological hazards with a more complex formation mechanism, posing a serious threat to the development and exploration of gas hydrate or marine engineering construction.
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Figure 1. Location of the study area and seismic profile of the southern margin of the South China Sea. The location of A–F in Figure 1 correspond to the position of Figures 2–7 in order. Carbonate platforms mapped in the Zengmu Basin are from Eduard et al., [12]. The Tinjar-West Baram Line marked by the dark blue line is from the fault patterns of Clift et al., [26], Cullen [27] and Zhao et al., [31]. The Rajang Delta mapped with the gray arrows is from Hutchison [28]. The position of multibeam survey as B is from Huang et al., [8]. The red lines are the locations of seismic sections showing different potential geological hazards. 
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Figure 2. Seismic profile (a) and geological interpretation (b) showing the submarine mound with several mud diapirs in the northern part of the Zengmu Basin at the continental margin of the southern South China Sea. A certain scale of gas and/or fluids with potential gas hydrates near BSRs marked by the deep blue lines below the submarine mound. The location of Figure 2 correspond to the red line A in Figure 1. 
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Figure 3. Submarine mounds shown by multibeam image at the continental-shelf edge to the shelf slope of the southern South China Sea from Huang et al., [8]. The red circles indicate where the submarine mounds are located and the area of Figure 3 is shown in Figure 1 as the location of B with a blue-dotted frame. 
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Figure 4. Seismic profile (a) and geological interpretation (b) showing the pockmark and mass transport deposits with gas chimneys and fluid flow passages in the southern part of the Beikang Basin at the continental margin of the southern South China Sea. A distinct interface of landslide floor marked by the purple line appears at the bottom of the mass transport deposits. A large number of faults have been developed to connect the deep and shallow strata as fluid flow passages. The location of Figure 4 correspond to the red line C in Figure 1. 
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Figure 5. Seismic profile (a) and geological interpretation (b) showing the mass transport deposits with fluid flow activity at a steep slope break zone of the southern South China Sea. A large number of stepped faults developed in this area. Potential shallow gas accumulates with strong amplitude anomalous reflections at the top of the fluid flow passage. The location of Figure 5 correspond to the red line D in Figure 1. 
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Figure 6. Seismic profile (a) and geological interpretation (b) showing the mass transport deposits with gas chimneys on the middle- and lower-continental shelf slopes of the southern South China Sea. Faults rarely develop in this area and the strata spread more gently. Potential shallow gas accumulates at the top of the gas chimney. The location of Figure 6 correspond to the red line E in Figure 1. 
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Figure 7. Seismic profile (a) and geological interpretation (b) showing the submarine collapse with fluid flow passage below and mass transport deposits at the middle- and lower-continental shelf slope. Dense normal faults developed in this area. Large-scale fluid flow passage appears beneath the submarine collapse. The location of Figure 7 correspond to the red line F in Figure 1. 
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Figure 8. The model of potential geological hazards in the southern margin of the South China Sea as follows: (a) Submarine mounds, pockmarks, and small submarine collapses with columnar fluid flow passage and/or faults; (b) Large-scale mass transport deposits with potential gas hydrate, shallow gas and fluid flow passage below; (c) Large-scale submarine collapse with fluid flow passage below and small mass transport deposits. 
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