

  jmse-10-00434




jmse-10-00434







J. Mar. Sci. Eng. 2022, 10(3), 434; doi:10.3390/jmse10030434




Article



New Insight on the Stratigraphic-Diffusive Gas Hydrate System since the Pleistocene in the Dongsha Area of the Northeastern South China Sea



Jinan Guan 1,2,*[image: Orcid], Yian Liang 1,2,3, Shujia Wang 1,2, Lihua Wan 1,2, Shuanshi Fan 4, Pibo Su 5, Wei Zhang 5,* and Deqing Liang 1,2





1



Key Laboratory of Gas Hydrate, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640, China






2



Guangdong Provincial Key Laboratory of New and Renewable Energy Research and Development, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640, China






3



University of Chinese Academy of Sciences, Beijing 100049, China






4



Key Laboratory of Heat Transfer Enhancement and Energy Conservation of Education Ministry, School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510640, China






5



MNR Key Laboratory of Marine Mineral Resources, Guangzhou Marine Geological Survey, Ministry of Natural Resources, Guangzhou 510760, China









*



Correspondence: guanja@ms.giec.ac.cn (J.G.); zwgmgs@foxmail.com (W.Z.); Tel.: +86-189-2220-7387 (J.G.); +86-134-2218-5987 (W.Z.)







Academic Editor: Timothy S. Collett



Received: 15 February 2022 / Accepted: 11 March 2022 / Published: 16 March 2022



Abstract

:

The stratigraphic-diffusive type of gas hydrate system is formed by microbial methane produced in a shallow slope space when flowing laterally into hydrate stable zones and is worth studying for both energy supply and academic understanding. A deposition production model matching the vertical and lateral seabed morphological characteristics was constructed to show the accumulation process, layer timing sequence, and reservoir quality of the stratigraphic-diffusive hydrate system in the Dongsha slope sediments since the Pleistocene. Six representative key system factors at three selected moments (1.5 Ma, 700 ka B.P., and at present) have been exhibited during debris is continuously accumulating. The coexistence of the hydrate decomposition in the lower part and the formation in the upper part, and the uneven distribution of hydrates within the slope sediment surface are explained clearly. By comparing four geological cases with diverse environments, it is shown that the diffusive hydrate system is likely to develop into moderate geological conditions. The most powerful carbon fixation ability in this system was quantified within the time range of 100−50 ka B.P. Finally, it was verified that residual methane would converge near the seafloor interface and then eventually overflow out of the seabed into the seawater.
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1. Introduction


The successful second round of production tests on gas hydrates (GHs) in the Shenhu deep-water slope area of the northern South China Sea (SCS) in March 2020 is a hot topic in the field of natural GH research [1,2]. It has, once again, made natural GH, a new source of energy on Earth, the focus of social development, and also brought it into the awareness of ordinary people. GHs are widely present in active and passive continental marginal seafloors worldwide [3,4,5]. First of all, they can be used as an auxiliary energy supply. It is optimistically predicted that as much as 104 TCF of methane is trapped in resource-grade marine deposits [6]. From the perspective of energy resource development, Pang et al. (2021) estimated that the amount of technically recoverable industrial GH resources that could be made available by 2050 is up to 41.46 × 1012 m3 [7]. Secondly, there is a coupling and interactive mutual feedback process between the huge amount of natural GHs and global climate change [8,9,10,11]. Finally, the evolution of GH sediments also affects regional ecosystems and geological environments [12,13,14,15]. It can be seen that GHs are an important unknown element and a new research field, both for the oil and gas industry for human society and in terms of scientific discovery.



Passive continental margin slope areas have more stable crustal movement geological environments, thicker fine-grained sedimentary debris, and widely developed full-sized strata fluid pathways, such as faults, fracture zones, and intercommunicating pores [16,17]. Whether organic carbon produces thermogenic or microbial gas, gas-bearing fluids migrate vertically and laterally into shallow sedimentary beds of the continental slope surface, driven by pressure, temperature, and salinity gradients, forming hydrate-bearing layers with different occurrences and contents in the gas hydrate stability zone (HSZ) [18,19,20,21]. Based on the geological background of the Shenhu region and graphical characteristics of GH logging-while-drilling borehole images, Yang et al. (2017) summarized and proposed structural-seepage type GHs, which are firmly associated with thermogenic methane that has migrated vertically from deep strata through faults, and stratigraphic-diffusive type GHs formed by shallow microbial methane, which are often low-content and mostly appear thin-bedded and disseminated [22].



Compared to those structural-seepage GH reservoirs, these stratigraphic-diffusive GHs are more affected by depositional activities, lithological conditions, and the local microbial gas source supply in shallow layers in the deep-water continental slope area (Figure 1). Since the Pliocene, the continental slope area of the northeastern SCS has gradually become a deep-sea semi-topographic landform with a high deposition rate [23,24]. A large amount of organic debris accumulated on the seabed within this period. They were quickly buried in the slope surface, where they were well preserved because they were not subjected to a complex oxidation process. They were ultimately transformed into abundant microbial gases by long-term bacteria activity and stored in the soft fine or coarse argillaceous and silty seafloor muds [25,26,27]. The higher the organic carbon content, the more conducive it is to efficiently produce in situ microbial gas. Meanwhile, a high deposition rate is likely to cause coarse grain and skeleton cementation circumstances under pressure. This creates relatively large spaces in local shallow sediments for gas storage. In addition, the shallow sediment is easily connected with lower faults and other structures to form favorable fluid transport systems. Sedimentary environments, such as turbidite fans, slope fans, canyon mudslides, and gravity flows in the slope canyon, lead to the characteristics of thick sedimentary layers, coarser lithology, and good reservoir properties. All this contributes to the emergence and accumulation of stratigraphic-diffusive type GHs.



The Dongsha area and adjacent Shenhu area both belong to the northern plate structure of the SCS, and thus, their geological background is nearly the same. The seabed of this area is widely developed and has complex topography, including steep slopes, canyons, and troughs. It is estimated that the submarine plateau area on both sides of the slope troughs is very favorable for GH accumulation [28,29,30]. Analysis of the data detected by geophysical methods showed that a large number of faults formed in the extensional environment of the Late Cretaceous–Paleogene penetrate downward into the bedrocks, and the territorial new tectonic movement has been active since the Pliocene. As a result, faults with different strikes cut through newer deep-water undercurrents and turbidity currents to form an S-shaped precursor geological structure that extends to the shallow seafloor. Although structural-seepage GH layers exist that generally operate under the influence of thermally generated cracked gas in the deep crust, this area largely breeds stratigraphic-diffusive GH reservoirs formed by microbial gas, which can be traced back to the Pliocene–Pleistocene and migrates along with fluid within the mud diapirs [31,32,33]. During the China Geological Survey in 2013–2014, Fugro and Geotek carried out the GMGS2 expedition in this sea region. A total of 13 sites were drilled using the M/V REM Etive ship, and eight of them showed abnormal signs of GH existence in the pilot logging curves. Furthermore, large amounts of layered, massive, laminated, nodular, nugget, and disseminated natural GH morphologies were obtained and observed in samples from five sites. Methane gas of microbial origin was verified in this expedition by the multi-means mutual authentication method, for example, the molecular composition of gas samples [34,35,36].



Understanding and pursuing the internal dynamic transformation mechanism and the evolution process of this stratigraphic-diffusive GH system—which widely occurs in the oceanic shallow slope surface—from the perspective of a large spatial scale and long-term geological timescale can help us better estimate its potential for future resource development, test and confirm eustatic sea level changes, and trace the distribution trajectory of its own authigenic carbonate rocks in geobiochemical circulation. It is of great significance in promoting the exploration of the energy industry and enhancing the understanding of the natural environment of GH geological systems. Based on the two important geological features of the deep fault structure and buried shallow sedimentation in the Dongsha area, we constructed a new deposition flow reaction multi-field coupling model. Unlike in our previous work, the aspect of microbial gas production was added to show the accumulation process, layer timing sequence, and reservoir quality of the stratigraphic-diffusive GH system in this region since the Pleistocene [37]. The simulation results ultimately revealed the vertical differentiation sequence and a horizontal spatial extension of the hydrate-enriched area, the non-visible area, and the free gas conversion under the actual geological, geothermal, and geostress field environment.




2. Regional Geological Setting and Slope Stratigraphic Model


2.1. Geologic Background


The Dongsha area in the northeastern SCS is a deep-water passive continental margin located in the lower part of the Taixinan basin. It is close to the eastern part of the Dongsha Islands and its west side is connected to the Pearl River Mouth Basin. The water depth in this area is 200−3600 m below sea level (mbsl), and it gets deeper in the southeast. The boundary line between its upper and lower slopes lies at around the 2100−2500 mbsl water-depth line. The upland slope area develops a north-northwest direction canyon/gully group, and the downland slope area is relatively wide and flat (Figure 2). The basin has undergone large-scale subsidence activities since the Middle Miocene–Pliocene, and thus, has very thick marine deposits. As a transport channel, the 110 km-long canyon developed in this area is very suitable for the transport of large amounts of sedimentary material. With the activity of the deep-water bottom current carrier, a high deposition rate brings plenty of accumulated debris to this area. Active turbidity currents and undercurrents give this study area a very high sedimentation rate in the SCS. The Taixinan basin has grown two different group faults in the NW-NWW and NNE, and NEE directions, respectively, and mud diapirs are widely distributed. It has been found to contain four (Mesozoic, Paleocene–Eocene, Pliocene–Miocene, and Pliocene) sets of gas source rocks, so the organic maturity is rather high. As mostly humic kerogen is produced here, the methane gas source conditions are fairly good. Regional geological, geophysical, and geochemical surveys have confirmed that GH reservoirs are mainly stored in the Upper Miocene–Holocene stratigraphic sequences [38,39,40,41,42].



The sedimentary circumstances in the Dongsha area are similar to other passive continental margins where hydrate-bearing cores have been drilled out and also preserved, such as the Indian continental margin and the Gulf of Mexico. The sedimentation rate since the Late Miocene has been much higher than that in the Shenhu drilling area and other areas in the SCS. The regional turbidity current system grows vigorously, and the grain size of the sedimentary layer is relatively coarse. The organic carbon content in the sediments is similar to that of the Shenhu area and the average value in both of these areas is 0.7%. The drilling results of GMGS2 showed that the drilled GH samples in the Dongsha deep-water zone are generally dispersed in clayey silt and calcareous silt containing calcareous organisms within 220 m below seafloor (mbsf) to the seafloor. The occurrence and states of the GHs are different. Some hydrate-bearing layers, mainly formed by microbial gas through diffusion conduction are usually low in content. They are invisible and hard to distinguish from the cores with the naked eye because there is no obvious difference between the core of the hydrate and the normal core. However, bubbles or air columns will be generated when they are put into water, and the corresponding sediments will become a porridge-like mixture if the hydrates are decomposed. Several samples that may generate from thermogenic-bearing gas appear to be massive, nodular, and thin-layered, and could have a rather high hydrate content (>45%) [43,44,45].




2.2. Simplified Deposition Model


Until now, analysis of the vast seismic reflection data of the Dongsha continental slope area has demonstrated that the main diffusive-type hydrate layer in this region is located above the lower boundary of the Late Miocene. In the GMGS2 scientific expedition, the maximum drilling depth was about 214 mbsf. Combining the obtained lithological test results together with the research findings of calcareous ultra-microfossils and foraminifer biostratigraphy in this area, it is inferred that the oldest strata at this depth are from the Middle Pleistocene at about 0.44 Ma. The oldest sequence is tens of meters below it, reaching about 0.78 Ma at the bottom of the Middle Pleistocene. The survey wells in GMGS2 were mainly located in a high-speed accumulation area of the upper continental slope with a water depth of 650–1150 msbl. In the southeastern part of Dongsha Island, a lower slope area with a water depth of over 2000 mbsl has developed the highest sedimentary rate accumulation debris known so far in the SCS [36,45,46]. BSR evidence through exploration in these areas has been found to indicate the existence of GHs, and it also hints that the evolution history of GHs here may be deeper and earlier. With these inferences, we established a corresponding hydrate-related geological historical evolution model (Figure 3). According to the maximum time since the Pleistocene (1.8 Ma), the regional sediment accumulation thickness is 504 m. In order to better fit the local seabed topography, a first steep section with a seafloor height difference of 900 m and a second gentle section with a seafloor height difference of 800 m were designed using a middle slope seafloor positioned at 1400 mbsl.





3. Gauging Geological Process


3.1. Total Deposition and Microbial Production


The deposition rate reflects the amount of sediment and the turbulence or calmness of the seabed environment. It is one of the main controlling factors affecting the occurrence of stratigraphic-diffusive GHs. The average deposition rate in the Dongsha area since 440 ka has reached 47.4 cm/ka. Since 0.12 Ma, this rate has been between 46.9 and 73.3 cm/ka, with the peak being 97 cm/ka (Figure 4a). The rapid deposition process causes terrigenous materials mixed with gravel-level authigenic carbonates, bivalves, and other biological derbies to be buried and stored along the slope surface seabed [47]. The bacterial oxidation process produces large amounts of methane gas within the local seabed. The maximum organic carbon concentration (TOC) in the 973 surveys reached 2.5%, and the organic carbon content in GMGS2 was between 0.5% and 1.49% [33]. Their average value was 0.81%, which provided an available source of microbial gas (Figure 4b). In addition, the formation of a geological environment with high sedimentary accumulation in a shallow surface layer of the continental slope is very conducive to the occurrence of stratigraphic-diffusive hydrates. In this simulation, we only considered pure methane in the gas composition, so we discuss methane hydrate (MH) in the following text.




3.2. Sedimentary Properties


Based on the overall concept of the evolution time t (ka) and accumulation thickness Ls (m) of a sedimentary layer in the simplified multi-scale geological deposition model, in this lateral and vertical two-dimensional slope model, we did not need to take into account some loosely connected factors, for example, the local tectonic subsidence and sedimentary lateral slipping. We ignored other sorts of sedimentation styles and focused on the dominant particle suspended-load model occurring along the slope surface [42,48]. Under this assumption, a referential deposition rate vsr (cm/ka) can be roughly metrological expressed as follows:


   v  sr     2  =   4 (  ρ s  −  ρ w  )  d s  g   3  C d   ρ w     



(1)




where g is 9.8 N/kg.



As shown in Figure 1, one of the effects of continuous sinking deposition displaces the initial seawater or pore water out of its living space. We considered Ls as a simplified relationship between the practical deposition rate vs (cm/ka) and the t. The Ls and pore water drainage, qw (kg·m−2·ka−1), at the upward-moving seafloor interface and compelled by compaction activity, can be approximately reckoned as follows (Figure 5):


   L s  =  v s  × t  



(2)




and


   q w  = ( 1 −    ϕ 0   ¯  )  ρ w   v s   



(3)







For the non-diagenetic slope seabed layers, we adopted the following exponential fitting Formula (4) as well as Formula (5) to connect the vertical porosity with and without MH in the sediments, respectively:


   ϕ   0 , z    =  ϕ  0 , ∞   + (  ϕ   0 , 0    −  ϕ  0 , ∞   ) exp ( − β z )  



(4)




and


   ϕ   h , z    =  ϕ   0 , z    ( 1 −  S   h , z    )  



(5)







The connection in the soil mechanics of the pore volume content θi and saturation Si was applied in our simulation, as follows:


   θ i  =  ϕ 0   S i   



(6)




and


  ∑  θ i  =  ϕ 0   



(7)




where subscript i represents the phase states.



The consolidation stress σc (MPa) shows a power–law relationship with the current porosity accompanying the compaction effect by the precipitation on the slope surface. In this work, σc can be seen as triaxial effective compaction stress and gauged by vertical pressure P (MPa) [49,50,51], calculated as follows:


     σ c     σ   c 0      = κ   (  ϕ   ϕ 0    )   1 / ω    



(8)






   σ c  =   1 + 2  η p   3  P  



(9)






  P =  ρ w  g  L w  + [  ϕ 0   ρ w  g + ( 1 −  ϕ 0  )  ρ s  g ]  v s  t  



(10)




and


  ln (    r s   ¯  ) = 15.4215 − 21.9773  x c  + 11.5670  x c    2  + 0.2 exp ( − 0.0278  σ c  )  



(11)




where ηp is 0.8.



The Kozeny–Carman method was used to measure the conduction capacity of the porous seabeds [52,53]. The intrinsic hydraulic conductivity can be expressed as follows:


   k   s 0    =  γ μ   1   C   K-C       1   S  sp     2       e 3    1 + e    



(12)






   k   s 0 , x    = χ  k   s 0 , z     



(13)




and


   k  sh   =  k   s 0      ( 1 −  S h  )  2   



(14)




where CK-C is 5.2, γ/μ is 105 cm−1·s−1, and χ is 0.1.




3.3. Flow Properties


The soil and water characteristic curve (SWCC) is eligible to describe the general flow qualities of soft muds and fractured rocks in the slope surface. The relating water content Θ and relative hydraulic conductivity kri are expressed as follows [54,55]:


  Θ =    θ w  −  θ  wr   −  θ  ar      θ  ws   −  θ  wr   −  θ  ar     =   [  1  1 +   ( α  u  sc   )  ϖ    ]  m   



(15)






   u  sc   =  u a  −  u w  =  1 α    (  1   Θ  1 / m     − 1 )   1 / ϖ    



(16)






   k  rw   =  k   s 0     Θ  1 / 2     [ 1 −   ( 1 −  Θ  1 / m   )  m  ]  2   



(17)




and


   k  ra   =  k   s 0      ( 1 − Θ )   1 / 2     ( 1 −  Θ  1 / m   )   2 m    



(18)








3.4. Geothermal Field


According to the actual geological conditions, we did not give much consideration to the influence of geothermal flow on the existence of MHs, but simply adopted the seafloor temperature Tsb (°C) and geothermal gradient Td (°C/m) to show the local geothermal field Tse (°C), as follows:


   T  sb   = exp { [ 2.0339 − ln (  L w  / 1000 ) ] / 1.3361 }  



(19)




and


   T  se   =  T  sb   +  L  se   ×  T d   



(20)








3.5. Microbial Gas Generation


Sedimentary microbial methane is generally produced by a small fraction of local particulate organic carbon. The sulfate-reducing zone (SRZ), where organic matter is oxidized by pore water sulfate ions, is believed to be involved in this complex process, and anaerobic methane is produced rapidly just below the bottom of the SRZ. The metering idea put forward by Malinverno, 2010 [56] consists of the deposition influence, seabed grains, lithology conditions, kinetics of microbial methanogenesis, and the layer sequence, which can be expressed as follows:


   q  ao   =  2 3   ρ s  ( 1 −  ϕ 0  ) λ  α  BSRZ   exp [ −  λ   v s    ( z −  z  BSRZ   ) ]  



(21)




where qao (kg·m−3·ka−1) is the in situ microbial methane generation rate; λ (s−1) is the reaction rate constant of the microbial methanogenesis; αBSRZ (dry weight%) is the metabolizable organic carbon at the base of the SRZ; and zBSRZ (m) is the depth to the base of the SRZ.



The microbial methane production capacity in different geological environments varies greatly. We designed four different geological scenarios, which are presented in Table 1, in order to exhibit these differences. The first example, Case 0, represents the current average combination of various factors in the Dongsha continental slope area, which can roughly show the differentiated capacity since the Late Miocene. Case 1 represents the geological environment where the deposition rate and gas production reaction are the fastest, the content of organic carbon particles is high, and the SRZ is the shallowest. Case 2 indicates a fast deposition rate and gas production reaction, high content of organic carbon particles, and the SRZ is a bit deep. Case 3 represents a slower deposition rate, the slowest gas production reaction, very low content of organic carbon particles, and the deepest occurrence of the SRZ. We first used Case 0 to show the evolution relationship between microbial methane production and the sedimentary layer thickness in three different geological periods (Figure 6a). It can be seen that the maximum methane production under this environment is basically the same. Then, after comparing the distribution over depth of these four different gas production scenarios, it was found that the gas production and deposition rate are positively correlated (Figure 6b).




3.6. Pore Salinity


The pore salinity,    X w s   , is limited by the pore water content, and its precipitation events were ignored in this study. It can be expressed as follows:


   X w s  =    X   w 0   s    1 −  S h     



(22)








3.7. MH Reaction


MH formation ordinarily has the restrictive condition that the local gas content in the pores reaches solubility first. This means that free gas may appear in certain periods, and methane in both the liquid and gas phases can participate in the MH reaction. In line with the definition of stratigraphic-diffusive MHs, the free gas will eventually disappear due to insufficient supply as the reaction continues. Referring to some previous related research work [57,58,59,60,61,62], the expressions of kinetic reaction are as follows:


   r a  =  ς 0  exp [ −   Δ  E a   R  (  1   T  se     −  1   T  eq     ) ]  ϕ 0  ( f −  f  eq   )  



(23)






   r h  =  r a   



(24)




and


   r w  = 5.86 ×  r a   



(25)




where ΔEa/R is 9752.73 K.




3.8. Physical Stoichiometric Model


The classic Richards’ equation is widely applicable for dealing with the aspects of unsaturated flow in unconsolidated or semi-consolidated porous sediments [63,64,65,66,67]. In this work, we assumed that Richards’ equation was also appropriate to describe the phenomena of drainage and imbibition events in the non-diagenetic loose shallow sediments in the seabed. Thus, the equations are as follows:


   ρ h    ∂  θ h    ∂ t   =  r h   



(26)






      ∂  θ w    ∂ t     =    ∂  ∂ x   [  D w  ( Θ )   ∂  θ w    ∂ x   −  k  rwx   ( Θ ) ] +  ∂  ∂ z   [  D w  ( Θ )   ∂  θ w    ∂ z   −  k  rwz   ( Θ ) ]       −  1   ρ w    ( ∇  q w  +  M w   r w  )    



(27)




and


      ∂  θ a    ∂ t     =    ∂  ∂ x   [  D a  ( Θ )   ∂  θ a    ∂ x   −  k  rax   ( Θ ) ] +  ∂  ∂ z   [  D a  ( ( Θ )   ∂  θ a    ∂ z   −  k  raz   ( Θ ) ]       +  1   ρ a    ( ∇  q a  + ∇  q  ao   −  M a   r a  − ∇  q w a  )    



(28)







We used the item, qwa (kg·m−2·ka−1) to count the dissolved methane, and its expression is as follows:


   q w a  = −  θ w   ρ a   D a  ( Θ ) ∇  C w a   



(29)







Here, the initial θa is nearly 0 [68].





4. Results


The two-dimensional occurrence and distribution evolution process of stratigraphic-diffusive MH-bearing sediments in the slope surface seabed of the Dongsha area have been demonstrated theoretically in this work. Little thermogenic gas is produced in deep immature or low-mature gas rock sources and it just enters the hydrocarbon generation threshold and migrates upward into the bottom of the HSZ via fault conduits. The dominant microbial gas migrates laterally within the favorable slope of the HSZ, forming discontinuous visible or invisible thin-bedded MH layers. Only in the regions where some active and periodic thermogenic gas flows into the bottom of the HSZ can massive, thick-layered MH reservoirs be produced with morphological plaque characteristics.



The details of different types of gas sources and supply origins from the local shallow or deep marine carbonate sequence were ignored in this study, and we only investigated the production of in situ microbial gas within the research target strata in the basic geologic Case 0. Therefore, although the gas phase may have appeared at a certain stage during the evolution process, it will eventually die out due to dissolution or reaction. Furthermore, molecular diffusion is the main process for forming MHs. Table 2 shows all the specific shape and size of this research zone, and according parameter values when simulating the basic geologic scenario in our model.



4.1. MH Performance during Deposition


The dynamic evolution process of the stratigraphic-diffusive MH system was revealed through three selected representative times, 1.5 Ma B.P. (or 300 ka from the beginning), 700 ka B.P. (or 1.1 Ma), and at present (or 1.8 Ma).



First, we wanted to clarify the change history of the shallow sedimentary layers along the slope surface that hosts MHs. The underlying control parameters that most characterize this change are the porosity and temperature. According to the model settings, the slope surface seabed was filled by the deposition of suspended particles. With the continuous accumulation of various shapes of particulate matter, the seawater above the determined baseline of the originally studied slope area was gradually pushed aside and replaced with fossil-rich clayey silt and/or silty clay mud containing fine sand layers. Figure 7 shows how this process evolved over time from the Pleistocene (1.8 Ma). When the timescale reached 300 ka, the accumulation thickness was only about 84 m. At this time, the porosity (Figure 7a) and temperature (Figure 7b) of the seabed were partly altered following the formation of the layer. When the geological time passed 1.1 Ma (or 1.5 Ma ago) and reached the early Middle Pleistocene (0.7 Ma), this deep-water continental slope area received huge amounts of deposits. The debris depth reached 308 m, which means that more than half of the studied layers turned into sedimentary seabed. The part that still maintained the state of the seawater remained in its initial condition, but the deposition porosity (Figure 7c) and temperature (Figure 7d) changed according to the model settings. Finally, when it evolved to the present, the thickness of the target layer was 504 m. The porosity (Figure 7e) and temperature (Figure 7f) changed to coincide with the current surroundings.



After learning the relevant information of the local porosity and temperature, we were able to further acquire the changes of two other indicators in this type of geological system—the sedimentary pressure and gas solubility, which followed the changes of the two aforementioned factors. Within the process of particle deposition, the original seawater pressure in the superficial slope transformed into various stress environments in the strata, including hydrostatic, pore, and overburden pressures. Aspects such as the mud content in the strata, particle size, grain contact style, geological structure, and the difference between the gas concentration and salinity made the surface layers exhibit a variety of anisotropic characteristics, which in turn, led to the irregular distribution of sedimentary effective stress, and the local appearance of overburden pressure in some strata fragments. In this model, for stratigraphic-diffusive MH systems that show more isotropic inclinations, we did not consider this diversity for the time being. Instead, pore pressure was used to characterize the formation of MH in this work. Based on our experience, we set the pore pressure coefficient to be 0.101 MPa/m. It can be seen that the maximum pore pressure at the slope baseline changed from the initial 27.3 MPa to the current 29.2 Ma, with an increase of about 7% (Figure 8a,c,e). According to our settings, only when the gas content reached its solubility could hydrates be generated from the reaction by gas and/or dissolved phases. The gas solubility was affected by the local temperature, pressure, and salinity. From the results, the corresponding solubility in the volume content at the same baseline position changed from the original 0.63% to 0.35% now (Figure 8b,d,f). It was reduced by approximately half, which also indicates that the reaction of MH in sediments is faster than that in pure seawater.



Finally, we were able to investigate the conversion of this diffusive MH reservoir and the chloridion or salinity in the pore water—which are generally adopted as indicators of this system—along the slope surface seabed during the deposition process. In Figure 9a, when the sedimentation activity passed 300 ka since the beginning of the Pleistocene, MHs are produced in fresh thin sediments across the hypothetical baseline. At this moment, the slope foot had a maximum MH of about 0.022, where the salinity was about 0.0366 (Figure 9b). When this process continued to evolve to 700 ka B.P., the MH peak reached 0.09 (Figure 9c), where the salinity was 0.048 (Figure 9d). In contrast with these two scenarios, when the time reached the present, the distribution of the MHs was closer to the current seafloor (Figure 9e). It is very clear that the previous MH-bearing layers disappeared, while a group of MH-bearing layers appeared close to the foot area of the slope. The maximum MH concentration within these sediments was about 0.097, with its location being 310 mbsf. The increasing salinity at this position reached its maximum, about 0.051 (Figure 9f). In this investigation, the accumulation conditions of the MH reservoir looked better than before, as the MH became more and more abundant, concentrated, and was more widely distributed.



Note that although we did not take into account in the model settings the huge diversity of the seabed lithology, slope sedimentary structure, fluid migration, and many other aspects of actual complex conditions, our simulation results still show the irregular distribution of MHs, which is the cause of some influencing factors, such as the slope topography and local thermodynamic constraints. Different from the two-dimensional smooth surface in Figure 9, when the results were converted into a three-dimensional frame, the appearance of MH content in the sediments of different slope positions shows obvious terraced unevenness. The MH content peak has especially obvious discontinuities and deep potholes within the local slope of the HSZ (Figure 10). This peculiar discovery has strong guiding significance for the exploration and identification of resource sweet spots of the stratigraphic-diffusive MH and the consequential layout of production wells.




4.2. Simultaneous Decomposition and Formation


As shown in Figure 9c,e, due to the continuous uplift of the bottom boundary of the HSZ caused by the accumulation of suspended substances, the old MHs adjacent to the slope baseline will gradually decompose and disappear, compared to the new MH-bearing layer formation in the middle-depth part of the continental slope sediment. This interesting situation, in which the lower MH decomposes simultaneously with the upper MH generation, preserves the local carbon source, in a sense, and prevents most of the carbon gas from overflowing out of the seabed. We used the reaction driving force term, rh/ζ0 (1/MPa), to analyze the hidden intrinsic mechanism. The vertical changes in the rh/ζ0 from a middle slope location with a current seafloor depth of 1560 mbsl at the same time points are shown in Figure 11. From 1.5 to 0.7 Ma B.P., the increased rh/ζ0 agrees with the MH accumulation (Figure 11a,b). The peak of the rh/ζ0 within this stage is a little variable and steadily close to about 0.6 1/MPa. However, the rh/ζ0 obviously turns from 0 to a negative value in Figure 11c, which verifies the MH dissociation event.



Compared to the above vertical variation case, six different locations within the slope surface seabed were used to demonstrate the change in the MH distribution from a lateral perspective so that we could better understand this coexistence phenomenon. Figure 12 shows the value change of the rh/ζ0 in the current location coordinates—a (664 mbsl + 470 mbsf), b (878 mbsl + 394 mbsf), c (1130 mbsl + 314 mbsf), d (1400 mbsl + 224 mbsf), e (1720 mbsl + 134 mbsf), and f (2040 mbsl + 54 mbsf) (Figure 12a−f). The first distance of these coordinates is the seafloor depth along the continental slope, and the latter represents the depth of this location in the layer. This combination should be able to characterize the entire deposition from shallow to deep. The observed MH reaction changes in these six locations and the spatiotemporal evolutionary morphology of the slope stratigraphic-diffusive system since the Pleistocene are quantitatively displayed and are qualitatively helpful for understanding its basic principles.




4.3. Comparison of Different Geological Cases


According to GMGS2, the MH-bearing layer in the Dongsha slope surface is mostly unconsolidated or weakly consolidated muddy silty clay. According to C1/C2 ratio analysis, the MH is mainly generated by local microbial gas, and occasionally by deep thermogenic gas. In analyzing the hydrate-bearing logging profile data and combining the information of the stratigraphic sequence, structure distribution, microbial fossil identification, and biological events, we can speculate that the gas will diffuse upward within pore fluids along coarse-grained open fault structures and undergo a short-range migration into the overlying fine-grained seabed with argillaceous particles, thus forming diffusive MHs. We established four different combinations of the six principal system indicators, including the sedimentation rate, gas generation rate, organic carbon content, SRZ thickness, MH reaction kinetic coefficient, and the geothermal gradient, to quantitatively represent the complex strata in the actual wide continental slope area (Table 1). The conditions and reaction capabilities of these geologic cases show the differences in the evolution of MH reservoirs.



Case 0 shows a general hydrocarbon-generating geological environment obtained from the current field investigation of the shallow surface layer of the continental slope in the Dongsha area, which was used in the aforementioned MH reservoir evolution analysis. Case 1 presents a stratum environment with a high deposition rate and rapid hydrocarbon generation, including a rich TOC concentration, shallow SRZ, rapid MH reaction, and a high geothermal field. Case 2 includes a high deposition rate and hydrocarbon generation rate, slow MH reaction, very high TOC concentration, deep SRZ, and a low geothermal field. Case 3 corresponds to Case 1, showing a low deposition rate, slower hydrocarbon generation rate, moderate MH reaction, low TOC concentration, very shallow SRZ, and an appropriate geothermal field. We still used the location of 1560 mbsl on the continental slope as an example. According to the results in Figure 13 below, the vertical distribution of MHs is the most widely distributed in Case 0, which is also the most consistent with the current survey reported by GMGS2. The MHs in Cases 1 and 3 are more likely to be stored in deeper sedimentary layers, while the MH content of Case 2 is too low. This shows that the diffusive MHs in the Dongsha area may have been raised within moderate geological conditions.



The previous preliminary assessment showed that the MH resource in this area is about 1250 × 108 m3 (under conditions of 50% probability), so it can be considered another promising exploration target area. In this study, we applied the method of the nominal resource,      Q h   −    (mol/m), to compare the estimation difference, and the equation is as follows:


     Q h   −  =    ρ h     M h     S  area    ∑     θ   h , z     −     



(30)




where Sarea (m2) represents the area of the study slope area, and    ∑     θ   h , z     −      is average hydrate content weighted by sediments. We used it to run the four geological cases above. Due to the differences in the deposition rate, we stopped the calculation when either the sedimentary layer thickness was 504 m or the length of time was 1.8 Ma. In Case 2, the timescale was only calculated until 1.26 Ma, and in Case 3, the thickness was only 180 m. As shown in Figure 14, the largest nominal resource amount in Case 0 can reach 23.78 × 108 mol/m which is 11.6 times that of the smallest amount of 2.044 × 108 mol/m in Case 2. This confirms that this area is a potential MH resource.





5. Discussion


Unlike the study of structural-seepage MHs, where it is necessary to account for more complicated influencing factors, such as gas invasion, fault trend, and others, stratigraphic-diffusive MH reservoirs still follow the basic laws of the formation of the traditional petroleum system, which generally converts hydrocarbon from the source to trap and accumulation. That is, it also includes a corresponding source, sink, and aggregation process, and connects intervenient migration and storage conduction modes. Thus, there are still several key issues in the aforementioned results on the temporal and spatial evolution of MH in the Dongsha continental slope area that need further clarification.



5.1. Different Accumulation Geological Timescale


As mentioned above, the deepest part of the hydrate-bearing layer is found within the Middle Pleistocene sequence from site GMGS2-16. Based on this fact, it is inferred that the MH formation age at this position may have begun 0.44 Ma ago. All of the MH that exists in the Dongsha shallow slope surface seabed is completely located in the deposition debris caused by a high sedimentation rate. This indicates that the evolution history of these layers in this area is probably younger than the time since the Late Pleistocene that we discussed earlier. We set another five different starting reaction times from the long-term to the short-term, including 1 Ma, 500 ka, 100 ka, 50 ka, 20 ka B.P., to compare the MH evolution status of different geological cycles (Figure 15a−e). According to the results, there are two obvious differences. The first is the difference in the MH content. As the reaction geological cycle became shorter and shorter, MH content decreased gradually, and the peak value dropped from 8% of 1 Ma to 0.2% of 20 ka (Figure 15a,e). The second is that the older the geological age, the more the MH accumulation area tended to be in the middle and lower parts of the slope layers, and the younger the geological age, the closer the MH was to the shallow layers in the seabed. For example, when the starting time was 1 Ma, the HSZ bottom boundary was very close to the designed baseline of this study area, where the HSZ upper boundary nearly coincides with the slope seafloor interface at 20 ka.



We used the ratio of the nominal MH resource to the total production of microbial gas to reflect the carbon sequestration capacity of the sedimentary layer in this region. This ratio was calculated using the five different geological timescales and the previous timescale of 1.8 Ma. A comparison of these results indicates that the longer the time runs, the worse the carbon sequestration capacity is. When the starting time is 1.8 Ma B.P., the minimum value among them is 0.8485 × 10−5. The adaptable timescale that shows the optimal carbon sequestration capacity is at 100−50 ka. At the time of 100 ka, the ratio is 1.3755 × 10−5, approximately 1.62 times that of the former (Figure 15f).




5.2. Seawater Depth Restriction


Considering the current investigation progress, the scope of the seawater depth in the Dongsha area where hydrate-bearing sediments have been detected can be divided into two discontinuous sections. One part is a shallow water depth range of 650−1150 mbsl, and the other part is a deep water area with a range of 1600−1900 mbsl. We substituted this seawater depth limit into the previously mentioned two-dimensional slope dynamic model, and obtained a very interesting occurrence of the corresponding discontinuous MH distribution, as shown in Figure 16 below. Compared to the continuous extension of MH occurrence in Figure 9, under the limits of the water depth, the maximum MH content in the lower accumulation part is slightly reduced, reaching 8%, and the corresponding pore salinity is about 4.7% at the maximum.




5.3. Gas Source Influence


In the above simulation, we discussed the MH reservoir evolution process from microbial gas sources. With increases in the field survey materials, there is an increasingly comprehensive understanding of GH and the relevant petroleum system in this area. It is now generally recognized that gas of thermogenic origin under deep crust probably migrates upward to the slope shallow surface via channels such as faults, and participates in the enrichment of local MH layers. To better explain this geological phenomenon and compare the corresponding processes of the dynamic formation of MH by thermogenic and microbial gas sources, respectively, we set up five different thermogenic methane fluxes along the deigned baseline from large to small, including 100, 50, 5, 0.5, and 0 kg·m−2·ka−1, where 0 means there is no contribution from thermogenic gas. In this investigation, we still used the slope seafloor position of 1560 mbsl as an example to demonstrate the related change process.



We superimposed different methane fluxes of thermogenic origins to obtain the vertical distribution of the free gas state and MH content at this slope site (Figure 17). When there was no bottom gas flux (=0), there was no free gas accumulation at the bottom of the study area. As this flux increased, the methane content in the bottom pores increased as well. When it was 100 kg·m−2·ka−1, the maximum value of gas content reached 2.13%. These thermogenic gases moving upward continuously accumulate in a range of about 100 m above and below HSZ bottom. At the lower part of the bottom, the methane content increased gradually with a decreasing depth, and the maximum flux triggered the maximum methane content of about 4.11%. Above this bottom boundary is the MH occurrence area, and the gas content decreased gradually as depth decreased. It can be seen that the methane content became nearly 0 from about 1812 mbsl to near the seafloor. From the perspective of MH distribution, the hydrate content reached the highest value of 6.4% at about 1842 mbsf. This thermogenic flux has little effect on MH content change. The reason for this might be that we did not distinguish the MH kinetic reaction constant between the two-phase and three-phase states. It is worth noting that at point A on the seafloor, the methane content already reached 7.69%, which indicates that the unreacted methane in the middle section of the local HSZ was transported to the seabed interface with fluid flow. Obviously, it overflows to the seafloor straight away.





6. Conclusions


The thermal evolution degree of the Dongsha submarine source rock in the Yuehai Formation, Wanshan Formation, and Quaternary strata is relatively low. The organic matter is roughly at the immature or low-mature stage and has not entered the hydrocarbon generation threshold. A large amount of microbial methane produced here flows upward to favorable parts of the shallow slope surface with fluid through open-type faults that extend towards the seafloor and other channels. Under suitable thermodynamic and strata conditions, they will react to construct laminated stratigraphic-diffusive MH reservoirs with widespread distribution. In this dynamic evolution process, weakly consolidated sedimentary muds in the surface seabed are provided by sedimentation, gas generation is catalyzed by organic carbon particles, and gas transportation is determined by fluid migration. We can combine other geohistorical events and tectonic activities to display and verify the evolutionary experience of this diffusive MH system along the shallow surface sediments since the Pleistocene that corresponds with a spatiotemporal perspective.



Through analysis of the simulation results and subsequent discussions, we reproduced the coexisting geological activity of the decomposition of hydrates in the lower part of seabed sediments and the formation of hydrates in the upper part. It was revealed that diffusive MH reservoirs in this area are likely to be produced in comprehensive environments where related factors, including the deposition rate, microbial methane production, TOC content, and SRZ, are all relatively moderate. We further state that the most powerful carbon fixation ability of this diffusion hydrate system is the time range of 100−50 ka B.P. In addition, residual methane is produced that cannot be depleted in the reaction in the middle of the HSZ. It will converge near the seafloor interface and eventually overflow out of the seabed and escape into the seawater. Admittedly, our geological model has some limitations. Although our results show an uneven distribution of MHs within the slope sediments, we did not touch on the typical geomorphic features, for example, slope fans, steep ridges, sediment waves, and landslides on the slope seabed surface. The heterogeneity of the pores and frameworks of the seabed sedimentary layer has not yet been discussed in depth. These shortcomings make it impossible for us to present specific occurrence states and aggregation forms of hydrate-bearing layers, such as the diversity of layered, veined, blocky, or invisible morphologies. This is future work that needs to done in the next stage.
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List of Notations




	Cd
	integrated drag coefficient



	CK-C
	factor



	Cwa
	methane concentration



	Da(Θ)
	methane diffusion coefficient, m2/s



	Dw(Θ)
	water diffusivity in sediment, m2/s



	ds
	particle diameter, m



	e
	void ratio = φ/(1 − φ)



	fi
	local fugacity, subscript i = eq (equilibrium state), MPa



	g
	gravity = 9.8 N/kg



	kri
	relative hydraulic conductivity, subscript i = w (water), and a (gas), and has lateral (x), and vertical (z) two directions



	ks0,i
	intrinsic hydraulic conductivity, subscript i = x (lateral), and z (vertical), m/s; when no i, it represents whole conductivity



	ksh
	intrinsic hydraulic conductivity with hydrate existence, m/s



	Ls
	accumulation thickness, m



	Lse
	layer depth, m



	Lw
	seawater depth, m



	Mi
	molar mass, subscript i = a (methane), and w (water), kg/mol



	m
	parameter related to SWCC curve = 1 − 1/ϖ



	P
	vertical pressure, MPa



	      Q h   −    
	nominal resource, mol/m



	qa
	total other methane input source, kg·m−2·ka−1



	qao
	in situ microbial methane generation rate, kg·m−3·ka−1



	qw
	pore water drainage, kg·m−2·ka−1



	qwa
	dissolved methane, kg·m−2·ka−1



	ri
	reaction rate, subscript i = a (methane), h (hydrate) and w (water), mol·m−3·ka−1



	      r s   ¯    
	pore size of porous media (in angstroms)



	Si
	phase saturation, subscript i = a (gas), h (hydrate), and w (water)



	Sarea
	area of study slope, m2



	Ssp
	specific surface = 6/ds = 3/rs, m−1



	Td
	geothermal gradient, °C/m



	Teq
	equilibrium temperature, °C



	Tsi
	temperature, subscript i = b (seafloor), and e (sediment), °C



	t
	time, ka



	ui
	pressure, subscript i = a (gas), and w (water), kPa



	usc
	matric potential, kPa



	vs
	practical deposition rate, cm/ka



	vsr
	referential deposition rate, cm/ka



	Xwis
	pore salinity, subscript i = 0 (initial state)



	xc
	fraction of clay particle volume



	z
	vertical position, m



	zBSRZ
	depth to base of SRZ, m



	α
	parameter related to gas inlet pressure, kPa−1



	αBSRZ
	metabolizable organic carbon at SRZ base, dry weight%



	β
	attenuation coefficient



	ζ0
	kinetic coefficient, mol·m−3·MPa−1·ka−1



	ηp
	coefficient = 0.8



	Θ
	relating water content



	θi
	real-time volume content, subscript i = h (hydrate), a (air), and w (water)



	θir
	residual content, subscript i = a (air), and w (water)



	θws
	saturated water content



	ƙ
	particle compressibility modulus



	λ
	reaction rate constant of microbial methanogenesis, s−1



	ϖ
	parameter related to pore size distribution of sediment



	ρi
	density, subscript i = w (water), h (hydrate), and s (grain), kg/m3



	σc
	static consolidation stress, MPa



	σc0
	static preconsolidation stress associated with a reference porosity, MPa



	      ϕ 0   ¯    
	average porosity without presence of hydrates



	ϕ0,i
	porosity, subscript i = 0 (seafloor), z (depth) and ∞ (infinite); when no i, it represents initial state



	ϕh,z
	porosity at depth z in presence of hydrates



	ω
	sedimentary factor
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Figure 1. Schematic illustration showing how stratigraphic-diffusive GHs are generated during the deposition process within the slope surface seabed. At the start, the research area above the designated slope baseline is fully occupied by seawater, and there are no sediments, which means the initial porosity ϕ0w is 100%. In this work, ϕ0w was specifically set as 0 in order to create a strong contrast effect with the status when the sediments were accumulating (a). With constant deposition, sinking debris piles up to form seafloor sediments. It is composed of sediment grains (1 − ϕ), and pore space (ϕ), which ordinarily contains different saturated pore waters (Sw, including dissolved gas), GH (Sh) produced by organic carbons, and free gas (Sa) (b). In the end, the initial seawater is replaced by sediments. Gas in the pores is depleted and GH accumulates to create reservoirs (c). 






Figure 1. Schematic illustration showing how stratigraphic-diffusive GHs are generated during the deposition process within the slope surface seabed. At the start, the research area above the designated slope baseline is fully occupied by seawater, and there are no sediments, which means the initial porosity ϕ0w is 100%. In this work, ϕ0w was specifically set as 0 in order to create a strong contrast effect with the status when the sediments were accumulating (a). With constant deposition, sinking debris piles up to form seafloor sediments. It is composed of sediment grains (1 − ϕ), and pore space (ϕ), which ordinarily contains different saturated pore waters (Sw, including dissolved gas), GH (Sh) produced by organic carbons, and free gas (Sa) (b). In the end, the initial seawater is replaced by sediments. Gas in the pores is depleted and GH accumulates to create reservoirs (c).
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Figure 2. Seabed topography and landforms of research area towards abyss in this work. (a) The location of Dongsha area in northeastern SCS where GMGS2 and 973 field investigations have been carried out; (b) local bathymetric contour. 
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Figure 3. Comprehensive geological information in our model. (a) Composite columnar of the Dongsha area, including the tectonic sequence classification scheme since the Late Miocene. (b) Three latest sequences corresponding to the above chart (a). Red arrow line in Figure 2a within part of shallow slope surface identified through seismic profile, which generally produces GH layers, is shown on left side; right side is calculated slope angle variation. 
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Figure 4. The geological environment in Dongsha area for MH existence. (a) Deposition rate in corresponding geological time, and (b,c) tested TOC concentrations in this area. 
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Figure 5. The slope crest and foot position over time since 1.8 Ma (a), and corresponding drainage flux (b). 
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Figure 6. Local microbial methane generation. (a) Microbial methane production accompanying deposition in Case 0. (b) The final vertical distribution of microbial methane production rate in four designed geological scenarios. 
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Figure 7. Changes in local porosity in the three typical scenarios of 1.5 Ma B.P. (a), 700 ka B.P. (c), and present (e), and corresponding temperature changes (b,d,f). 






Figure 7. Changes in local porosity in the three typical scenarios of 1.5 Ma B.P. (a), 700 ka B.P. (c), and present (e), and corresponding temperature changes (b,d,f).



[image: Jmse 10 00434 g007a][image: Jmse 10 00434 g007b]







[image: Jmse 10 00434 g008a 550][image: Jmse 10 00434 g008b 550] 





Figure 8. Changes in local pore pressure in the three selected scenarios of 1.5 Ma B.P. (a), 700 ka B.P. (c), and present (e), and corresponding gas solubility changes (b,d,f). 
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Figure 9. Evolution of MH reservoir in the three typical scenarios of 1.5 Ma B.P. (a), 700 ka B.P. (c), and present (e), and corresponding pore salinity changes (b,d,f). 
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Figure 10. Peak irregularity of MH content distribution along Dongsha continental slope area. 
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Figure 11. MH reaction term, rh/ζ0, appears at current slope location 1560 mbsl at the time points 1.5 Ma (a), 700 ka B.P. (b), and present (c), separately. 
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Figure 12. The reaction term, rh/ζ0, evolves over time at six selected slope locations. 
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Figure 13. MH existence in four representative geological scenarios. 
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Figure 14. Nominal MH resource comparison among the four geological cases. 
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Figure 15. Current occurrence of MH sediments along Dongsha slope surface from different starting times, including 1 Ma (a), 500 (b), 100 (c), 50 (d), 20 (e) and ka B.P. (f), and corresponding carbon ratios (f). 
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Figure 16. Appearance of MH (a) and salinity (b) from simulations by seafloor depth limits. 
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Figure 17. Vertical distribution of the gas and MH content caused by five different thermogenic gas fluxes. 
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Table 1. Four designed geological scenarios for microbial methane generation that may occur in Dongsha area.
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	Slope Geological Case
	Sedimentary Rate (cm/ka)
	Rate Constant of Microbial Gas (1/s)
	Concentration of Total Labile Organic Carbon (Dry Weight %)
	Depth of SRZ Bottom

(mbsf)
	Coefficient of MH Reaction

(mol·m−3·MPa−1·ka−1)
	Geothermal Gradient

(°C/km)





	Case 0
	28
	10−13
	0.6
	10
	1
	55



	Case 1
	80
	10−12
	1.1
	6
	1
	70



	Case 2
	40
	0.5 × 10−12
	1.8
	12
	0.1
	40



	Case 3
	10
	0.2 × 10−12
	0.2
	30
	0.5
	50
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Table 2. Parameters used for deducing the basic scenario of stratigraphic-diffusive MH in Dongsha slope area.
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	Parameters
	Values





	Slope horizontal distance: total, first, second
	25, 10, 15 (km)



	Slope seafloor position: crest, middle, foot
	500, 1400, 2200 (mbsl)



	Slope deposition thickness
	504 (m)



	Total evolution time
	1.8 (Ma)



	Density (kg/m3): ρs, ρw, ρa0, ρh,
	2650, 1025, 0.7 (STP), 912



	Porosity: ϕ0,0, ϕ0,∞
	0.68, 0.31



	Attenuation coefficient: β
	0.12



	Fraction of clay particle volume: xc
	0.3



	Volumetric content: θws, θwr, θar
	1, 0.08, 0



	SWCC coefficients: α, ϖ
	1/6.11 (1/MPa), 1.332



	Molar mass: Mw, Mm, Mh
	18, 16, 124 (g/mol)



	Initial salinity:    X w s   
	0.035



	Diffusivity: Dw(Θ), Da(Θ)
	3.3 × 10−7, 2.2 × 10−9 (m2/s)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
T (a8

®)

T 0a87)

@





media/file39.jpg
Oopth (ko)

“Distance towards abyss k)

istance owards abyes (s

@

®)

Depn k)

Dot k)

O ——

“otstanco towards abyss ()

©

@






media/file27.png
0.5

1.5MaB.P.

0.5

1.5MaB.P.

5 10 15 20 25
Distance towards abyss (km)

MH (100%) Salinity (100%)
0.022 0.0366
1 0.02 1 0.0364
0.018 0.0362
| 0.016 0.036
- | 0.014 — 0.0358
] 0.012 )] 0.0356
L r 0.01 2 0.0354
E 15 0.008 E 1.5 0.0352
S - 0.006 S
£ I 0.004 £
o - 0.002 o
Q Q
(] i (]
2 - 2
25 25
- | | | I | | | I
0 5 ) 10 15 20 25 5 ] 10 15 20 25
Distance towards abyss (km) Distance towards abyss (km)
(a) (b)
0.5 700 kaB.P. 0.5 700 ka B.P.
MH (100%) Salinity (100%)
0.09 0.048
1 0.08 1 0.046
0.07 0.044
i 0.06 0.042
— | 0.05 — 0.04
7)) 0.04 7)) 0.0238
2 T 0.03 Q2 0.036
E 1.5 | 002 E 1.5
~ - 0.01 S
= L. =
el ki
o | o
) )
(]} B (]}
2F 2
25 2.5
| | | I | | |

5 10 15 20 25
Distance towards abyss (km)

()

(d)






media/file21.jpg
BREEEEEEE

Distonc towsrds Suyes i

"Distance towards abyss (km)

@

®)

Ditancs towards soyss b

Comncoowaras sbyss )

ey

@






media/file44.png
0.5

Depth (kmbsl)

O year B.P.

Distance

0 25

10 15 2
towards abyss (km)

0.5

Depth (kmbsl)

2.5

0 year B.P.

Salinity (100%)

0.047
0.046
0.045
0.044
0.043
0.042
0.041
0.04

0.039
0.038
0.037
0.036

10 15 2
Distance towards abyss (km)

0

(a)

(b)






media/file7.jpg
Timescale | Reflection CPaREeol sealevel “Lithol- Litholog
ol R s | o st | Totone T ol e
AR oot feclor” | o Viagine Dongon movements | evoluion SECL At
HES py S s
E 1 A i glacia sage Clayeysitt
- it
Ll i o ooty
=X
n
o
sl T2 A » movemest Deresion
z TSBE denopmen
8| »
2 e by
Bl
I
3 Toin
n.
< B Doopta ™"
e e L s
@)
(km)
0
2
4
&






media/file28.png
0.5

Depth (kmbsl)

2.5

0 year B.P.

MH (100%)

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

I |
5 10 15 20 25
Distance towards abyss (km)

0.5

Depth (kmbsl)

2.5

0 year B.P.

Salinity (100%)

0.05

0.048
0.046
0.044
0.042
0.04

0.038
0.036

1 |
5 10 15 20 25
Distance towards abyss (km)

(e)

(f)






media/file5.png





media/file19.png
0.5

1.5MaB.P.

Porosity (100%)

0.65
0.6
0.55
0.5

0.5

1.5MaB.P.

Temperature (°C)
9

| |
10 15 20
Distance towards abyss (km)

25

— 0.45 =
N 04 N
- 0.35 -
4.5 03 £:4.5
L4 . -
e 0.25 e
% 0.2 %
5 015 5
= 0.05 =
2 : 2
2.5 __ 2.5
. L _'
10 15 20 25 0 10 15 20 25
Distance towards abyss (km) Distance towards abyss (km)
(a) (b)
0.5 700 ka B.P. 0.5 700 ka B.P.
Porosity (100%) Temperature (°C)
0.65 22
1 0.6 1
0.55
3 i
o o
€15 €15
it ot
- -
vt st
o o
Q Q
(] ]
2 2
2.5 2.5

| |
10 15 20 25
Distance towards abyss (km)

(c)

(d)






media/file6.png
117°
rr B

22"

21.5°

ras

20.5°

117.5°

118°

118.5°

119"

117°

7.5

119°

120°

119.5°

22.5°
i

22°

d1.5"

i-205°

HEEN

||

-200

-400

-600

-800

-1000
-1200
-1400
-1600
-1800
-2000
-2200
-2400
-2600
-2800
-3000
-3200
-3400
-3600
-3800





media/file36.png
MH content (100%)

0.08

Case 0
00749 |= — Case 1
g o Case 2 .
—--=-Case 3 /
Y
0.05 - ;)
0.04 - ;,
o\ i
0.03 - /
Present =4 ¥
/ |
0.024 seafloor P !
position P
0.01 ‘
v . ST B
0.00 e e e emeea =t s\
-0.01 ' | ' J ' | ' | ' | '
1500 1600 1700 1800 1900 2000 2100

Depth (mbsl)





media/file15.jpg
Deptn (nost)

[p— Miobil mthans producion g/na)

- ®)






nav.xhtml


  jmse-10-00434


  
    		
      jmse-10-00434
    


  




  





media/file11.png
Deposition rate (cm/ka)

70
60 —
o0 —
40 -

30 H

T
0.3 0.4
Geological time (Ma B.P.)

(a)

T |
0.0 0.1 0.2

0.5

250

200

150

100

50

Thickness (mbsf)





media/file41.png
0.5

From 1 Ma ago

0.5

From 500 ka ago

Distance towards abyss (km)

MH (100%) MH (100%)
0.08 0.045
1 0.07 1 0.04
0.06 0.035
0.05 | 0.03
. 0.04 — il 0.025
8 0.03 g I 0.02
0.02 0.015
E 1.5 0.01 E 1.5 0.01
-~ ~ - 0.005
= = |
e =
o o |
) Q
(] (] -
2 2
2.5 25
| | | I | | | I | | I | [ | | | | I | | I | | | I |
] 10 15 20 25 0 ] 10 15 20 25
Distance towards abyss (km) Distance towards abyss (km)
(a) (b)
0.5 0.5
From 100 ka ago From 50 ka ago
MH (100%) MH (100%)
0.01 0.005
1 0.009 1 0.0045
0.008 0.004
0.007 i 0.0035
— 0.006 — | 0.003
N 0.005 D 0.0025
2 0.004 2 i 0.002
E 1.5 0.003 E 1.5 0.0015
=~ 0.002 ~ - 0.001
— 0.001 £ 5 0.0005
o o |
Q Q
(] (] -
2 2
25 25
| | | I | | | I | | I | i | | | | I | | I | | | I |
5 10 15 20 25 0 5 10 15 20 25

Distance towards abyss (km)

(©)

(d)






media/file2.png
. Reaction stage At present
Initial state

- f T Sedfloor
Seawater '
Pow ‘Sh GH
Sediment

Seafloor ;
grains

: '
Sh I GH
- Seawater ;

'S\\'
_ e Sediment
S Porewater ;
L grains
Seafloor
Y
X (1) l'(./) 0 1- )
> | > ' .
> I« o

(a) (b) (0





media/file10.jpg
30

g 3
1P, >> :
8 8 ] ] [N
(1sqwo) deq
(1sqwo) uideq
3 g g g 8 #
AN PP o
£E.<¢ .A.>.&t< il M\P 4\% 2
< e 3
3 3
ﬂ <

15

ToC (%)

(c)

TOC (%)

(b)





media/file40.jpg
P—

olstanca towards iyss ()

©

H
H
i

Stating i fom (87

®





media/file24.png
0.5

Depth {(kmbsl)

2.5

0 year B.P.

Pressure (MPa)

28
26
24
22
20
18

10
Distance towards

| |
15 20
abyss (km)

0.5

Depth (kmbsl)

2.5

0 year B.P.

Solubility (100%)

0.00%5
0.005
0.0045
0.004
0.0035
0.003
0.0025
0.002

10
Distance towards

|
15 20 25
abyss (km)

(e)

(f)






media/file29.jpg
Seamentay copt ()

Ditance towards ays k)






media/file1.jpg
@ ®) ©





media/file12.png
- 300

- 600

900

- 1200

I L | ! | !
1.2 0.9 0.6 0.3
TOC (%)

(b)

1500
0.0

o

Depth (cmbsf

300 -
< 600
o

O

=

Z ]
=

'

@

0O 900

T, 8 R

1500 =

0.0 0.6 | HE . {3
TOC (%)

(c)

!
2.4

3.0





media/file9.jpg
250

200

(3squ) ssauxoiyl

150
100

70

50

(ex/wo) ajes uonyisodaq

04 02 03 04 05
Geological time (Ma B.P.)

00

(a)





media/file42.png
0.5

Depth (kmbsl)
o

pN]

2.5

From 20 ka ago

MH (100%)

0.002

0.0018
0.0016
0.0014
0.0012
0.001

0.0008
0.0006
0.0004
0.0002

10
Distance towards

15 20 25
abyss (km)

(e)

MH/biomethane production ratio (10°)

2.0

0.5

0.0 -

11.8 Ma

1 Ma

500 ka

100 ka

50 ka

Starting time from (B.P.)

(f)

20 ka






media/file22.jpg
oot b

e s e

©






media/file38.png
25

| |
o o
— —

(w/jow 01)
AlojusAul HIA |[BUILLON

=

Case 2 Case 3

Case 1

Case 0





media/file17.jpg
Deptn k)

Dot k)

“omuncolowards sbyss ). R — §or
) ®)

Oept ke

Oept e

“stanco owards abyss )

“owanco owaras abyss k)

©

@






media/file30.png
MH content (100%)

0.08

0.06

0.04

T

Ty

]

f

S ‘
\' Nl \.
" .g‘v*\‘t “\‘nl

Sedimentaty depth (mbsf)

-¢
a":"\‘

«?"wg" e’ \\‘:}

0 year B.P.

D e §
: «;w "’

\‘ \
n“ A \ \\\
’\‘ \ Q\\ \\\\\\;\\ \\\\\

‘\‘ \ VWAL
}\‘, /v, Wv ol 3-‘2\4\.1}.\ j’y il
&) \\\\\\y\\\\\\\‘\\ ) \\'\ \ \‘q.f. i\

g""& “ ﬂ {

\\
\‘\

\\ N
.

(i

W
W

\

Distance towards abyss (km)

25

0.09

0.08

0.07

0.06

0.05

0.04






media/file26.jpg
Pay—

orstance towaras abyss ()

©






media/file35.jpg
MH content (100%)

0.08

0074
0.064
0.054
0.044
0.034
0.024
0014

0.004

0.01

Present
seafloor
position

!

1500

1600

1700

1800
Depth (mbsl)

1900

2000

2100





media/file3.jpg





media/file18.jpg
Dot (e

Do

otstanca towaras abyss ()

)






media/file23.png
0.5

1.5MaB.P.

Pressure (MPa)

0.5

1.5MaB.P.

Solubility (100%)

5 10 15
Distance towards abyss (km)

0.006
1 1 0.0055
0.005
= 0.0045
—;w- %'* B 0.004
2 g | 000
E 1.5 E 1.5 0.0025
s ~ T 0.002
< c |
vt =]
o e |
QO QO
(] (] i
2 2 -
2.5 25 F
[ | | I |
0 5 10 15 20 25 0 5 10 15 20 25
Distance towards abyss (km) Distance towards abyss (km)
(a) (b)
0.5 700 ka B.P. 0.5 700 ka B.P.
Pressure (MPa) Solubility (100%)
28 0.0055
1 26 1 0.005
24 0.0045
u 22 i 0.004
= | 20 = | 0.0035
I 18 I 0.003
.215_ 16 -215_ 0.0025
< | 1‘2‘ =z 0.002
S T 10 < |
o B 8 o s
Q i QO
(] I (] i
2= 2
25F 25
[ | I | | | [ | | | I
0 20 25 0 20 25

5 10 15
Distance towards abyss (km)

(c)

(d)






media/file33.jpg
w a
7

-

R Sy






media/file32.png
Depth (mbsl)

1900

1600

1700

1800

1900

2000 -

2100

1.5MaB.P.

Seafloor

-0.2

1 I L
00 02 04 08 08

The driving force term (1/MPa)

(a)

1.0

700 ka B.P.

Seafloor

The driving force term (1/MPa)

(b)

0 year B.P.

-18

-15 12 -9 -6 -3 0

The driving force term (1/MPa)

()






media/file14.png
Depth (mbsl)

500

1000 H

1500

2000 +

2500

3000

Slope crest
— = Slope foot

1800

1260
Time (ka B.P.)

(a)

Drainage seawater flux (kgxm?xka™)

150

100

50

1800

1260 | 600
Time (ka B.P.)

(b)






media/file37.jpg
25

o o ° ©
B e e

(wjjow (01)
AIojuaAul HIA [BUILLON

[

Case 2 Case 3

Case 1

Case 0





media/file46.png
Depth (mbsl)

MH content (100%)

0.02 0.00 0.02 0.04 0.06 0.08
1500 L] L] L] L] L] L] 1 1 L] L] . . L L 1500
Present seafloor
1600 - Flux: (kg/mzlka) 1600
0
- =05
1700 - pasa iR L 1700
- - =50
1900
- .. =100
1800 — \ 1950 14| - 1800
| \.\ Aﬂ—
KR~ .
1900 - NS = HF - 1900
\ \..\ -0.005 U(ODIUU]UEIOC]HUIOCI'5IUCILZDI0625I0630I0635I06¢0IDD45 ____‘u--"'_'__-‘-“
; i
2000 - ,,; "\ = L 2000
g -
oy o - -
2100 T T I I T T I I T : ! ! 2100
001 000 001 002 003 004 005 006 007 008 0.09 0.10

Pore methane content (100%)

Depth (mbsl)





media/file45.jpg
Depth (mbst)

.

150

0.

210

Pore methane content (100%)






media/file16.png
Microbial methane production (kg/m®ka)

— 1.5 Ma B.P.
0.008 . : . , : —— — 700 ka b.p.
— - =0 year B.P.
* ey,
— - e 0’ % —
0.006 q 5 ~ 5 \
” l /- l
! » . i
o | ’/ i
0.004 - ’ 1.7 L
¥ 4 ',di' l
s o '
- ’." \ |
0.002 R g _,.-‘ ‘ A
it |
_ - | -
- - l |
0.000
-0.002 . . | . : . , .
0 100 200 300 400 500

Thickness of sediments (m)

(a)

Depth {mbsf)

100 -

200

300 +

400 -

500

— - = Case 0
—_— Case 1
- = (Case 2

- - Case 3

Microbial methane production (kg/m°/ka)

(b)

0.5





media/file20.png
0.5

1.5

Depth (kmbsl)

2.5

0 year B.P.

Porosity (100%)

0.65
0.6
0.55
0.5
0.45
0.4
0.35

(& =

10 15
Distance towards abyss (km

20

)

0.5

Depth (kmbsl)

2.5

0 year B.P.

Temperature (°C)

30
25
20
15
10
5

on b=

10 15
Distance towards abyss (km

20

)

(e)

(f)






media/file31.jpg
b il

AT Y

T aring forc tarm (1M4Pa)
(@

15Ma8e.

0187,

The dring forc trm (1NPa)
(b)

Theciing e tom (1P

©





media/file25.jpg
R T “omancotowrds sbyss ).
@ ®)
I H

“Distance towards abyss (km)

Distance s soyss )

©

@)






media/file0.png





media/file4.jpg
s

(b)

1y

rers

215

a

208"

20
20





media/file8.png
%! (km
0

: : i ‘Relative sealevel
Tiuaesis Reflection Changeof | Relative sea | . : :
Age | o .. linterface A globalsea | levelchange changeof Tectonic t Esg:z?ilgn ogical |character-
¢ | Period/Epoch level(m) of Yinggiong Dongsha By Sl profile [ization
5 —— | ~Wurm glacial stage -
5 I —Riss glacial stage — Clayey silt
. Rapid
h 81— é Pleistocene T o . thell)'mal
_8_ / subsidence Calcareous
B [ clayey
Pilocene I silt
Penglai
5. 33— K T2 mawn A __ movement  Depression
Z 10-5MaB.P.” development
1
o S
@) \ Calcareous
[ | Late \ silt
| Z | Miocene I mixed
Fault with
& depression clayey
inversion silt
— < period
7 Dongsha
_ movement
[1.6 i T3 AN Tand sea land = \_10'5 Ma BTP.\'J
2241 2081 1921 1761 1601 1441 121

10°

(b)






media/file43.jpg
Pa—

—

@






media/file34.png
The driving force term (1/MPa) The driving force term (1/MPa)

The driving force term (1/MPa)

=10

=20 -

1

Location AI 1

T
1500

v T
500
Time (kaB.P.)

T
1200

0.5

0.0

-0.5 +

-1.0 4

-1.5 -

-2.04

-2.5

1800

I
1500

I I
800 600

Time (ka B.P.)

(c)

|
1200

0.8

0.6 1

0.4 -

024

0.0

Location EI .

=

0.2 4

B

1800

I
1500

T |
1200 800 600

Time (ka B.P.)

(e)

1
300

The driving force term (1/MPa) The driving force term (1/MPa)

The driving force term {1/MPa)

Location B. q

-12
1800

0.8

T
1500

T

1200

gcl}o
Time (ka B.P.)

(b)

0.6

04—

0.2

0.0

-0.2

| Location DI j

1800

I
1500

T
1200

T
800

Time (ka B.P.)

(d)

|
600

1
300 0

0.8

0.6 -

0.4 +

0.2 -

Location FI |

0.0

-0.2

1800

T
1500

T
1200

' 960
Time (ka B.P.)

(f)

T
600

T
300 0






