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Abstract

:

The formation of marine gas hydrates is controlled by gas migration and accumulation from lower sediments and by the conditions of the hydrate stability zone. Permeability and porosity are important factors to evaluate the gas migration capacity and reservoir sealing capacity, and to determine the distribution of hydrates in the stable region. Based on currently available geological data from field measurements in the Shenhu area of Baiyun Sag in the northern South China Sea, numerical simulations were conducted to estimate the influence of heterogeneities in porosity and permeability on the processes of hydrate formation and accumulation. The simulation results show that: (1) The heterogeneity of the hydrate stability zone will affect the methane migration within it and influence the formation and accumulation of hydrates. This is one of the reasons for the formation of heterogeneous hydrates. (2) When the reservoir is layered heterogeneously, stratified differences in gas lateral migration and hydrate formation will occur in the sediment, and the horizontal distribution range of the hydrate in a high porosity and permeability reservoir is wider. (3) To determine the dominant enrichment area of hydrate in a reservoir, we should consider both vertical and lateral conditions of the sedimentary layer, and the spatial coupling configuration relationships among the hydrate stability region, reservoir space and gas migration and drainage conditions should be considered comprehensively. The results are helpful to further understand the rules of hydrate accumulation in the Shenhu area on the northern slope of the South China Sea, and provide some references for future hydrate exploration and the estimation of reserves.
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1. Introduction


Natural gas hydrate is an ice-like crystalline mineral, in which hydrocarbon and non-hydrocarbon gases are held within rigid cages of water molecules [1]. Since their discovery in marine sediments by the International Deep Sea Drilling Programme (DSDP) in 1979, natural gas hydrates are receiving increasing attention around the word [2]. Since 1999, natural gas hydrate surveys on the northern slope of the South China Sea (SCS) have been carried out in China. Geological evidence (such as pock marks, mud volcanos and cold seeps), geophysical evidence (such as bottom simulating reflectors, BSRs) and geochemical evidence (such as abnormal chlorine concentrations and changes of oxygen isotope) for the existence of natural gas hy drate have been found in the marine sediments (usually at the depth of 300–3000 m) of the Xisha Trough Basin, Qiongdongnan Basin, Pearl River Mouth Basin and Tainan Basin [3,4,5]. The processes of the formation and accumulation of marine gas hydrates are very complex, and there are four important key factors: stable conditions of temperature and pressure, gas source supply, migration conduction system and a reservoir for gas hydrate formation and accumulation [6].



At present, scholars have carried out a lot of research on the formation conditions of hydrates in sea areas, some of which focuses on the analysis of the controlling factors of hydrate formation at the micro-scale [7,8,9,10], and other research on the macroscopic geological conditions, such as the influence of tectonic activities, sedimentary environment, reservoir temperature and pressure conditions on the saturation, burial depth and distribution of hydrate reservoirs [11,12]. In some studies, geological and geophysical data have been used to analyze reservoir-forming models and study the evolution of reservoir-forming processes [13,14]. Drilling results show that the gas hydrate reservoirs in the Shenhu area are dominated by fine grained clayey silt sediments, and the reservoirs have higher porosity and permeability in local parts [4]. At the same time, there are great differences in the saturation, burial depth and reservoir thickness of hydrates in both lateral and vertical directions, which shows obviously heterogeneous characteristics [15,16]. Some studies found that the formation and accumulation of gas hydrates in the Shenhu area may be controlled by the sediment grain [17,18]. The heterogeneous characteristics of sediments may be one of the factors affecting the different occurrences of hydrates. However, there are few simulation studies on hydrate formation in heterogeneous sediments. Malinverno [19] studied natural gas hydrate systems and incorporated heterogeneity into a 1-D model by including thin, horizontal sand layers bound by lower permeability clay layers. Chatterjee et al. [20] extended the 1-D model into two dimensions and quantitatively studied how focused fluid flow through high permeability zones affects local hydrate accumulation and saturation. Nole et al. [21] studied methane migration in different coarse-grained hydrate reservoirs using 2-D basin-scale simulations.



In this paper, with the aim to evaluate the effects of heterogeneities in permeability and porosity on gas hydrate formation and accumulation, and to fully address gas hydrate distribution in heterogeneous sediments, three-dimensional numerical simulations are conducted based on data from the Shenhu sea area in the northern South China Sea. Compared with the previous two-dimensional model, the three-dimensional model can better reflect the actual stratigraphic situation and better analyze the influence of lateral heterogeneity of strata at the same depth on hydrate formation. Three scenarios (homogeneity, layered heterogeneity and spatial heterogeneity) are considered in this study. After comparison of different modeling results, conclusions are drawn accordingly.




2. Geologic Setting


The Shenhu area belongs to the Baiyun Sag of the Zhuer Depression in the Pearl River Mouth Basin, located in the middle of the continental slope, northern South China Sea. The current seabed topography in the Shenhu area is relatively flat (with an average slope gradient of about 3 degrees), and the general trend is higher in the north and lower in the south. The water depth is 1000–1700 m, and the Cenozoic sediment thickness is up to 1000–7000 m [22,23]. The Shenhu area is between the Xisha Trough and Dongsha Islands, and has been in the process of tectonic subsidence since the middle Miocene. In the north of the Shenhu area, where the Quaternary sedimentation rate is high, many slump sediments and debris flows have developed and there is a depression basement topography; in the southeast of the Shenhu area, the Quaternary sedimentation rate is relatively low and an uplift basement topography exists [24].



The seafloor temperatures of the Shenhu area are about 3.3–3.7 °C with the geothermal gradient in the range of 45–67.7 °C/km, and the heat flow values are available and range from 60 mW/m2 to 100 mW/m2. According to the hydrostatic pressure gradient and water depth, the seafloor water pressure in the area is more than 10 MPa, which meets the favorable temperature and pressure conditions for hydrate reservoir formation [25]. There are abundant gas sources in Baiyun Sag. The Paleogene Eocene Wenchang Formation and Oligocene Enping Formation have developed mature and mature-high source rocks, producing abundant thermogenic gas. The organic matter maturity of the Zhujiang Formation and Hanjiang Formation is relatively low, so they can serve as biogenic gas source rocks. Combined with biogenic gas in situ in shallow sediments, there are abundant gas sources in the study area for hydrate formation [26]. The Cenozoic multi-stage tectonic movement resulted in the development of faults, gas chimneys, slumping and diapir structures in the Shenhu area, which serve as migration pathways for gas and gas-bearing fluids. The typical hydrate reservoir types in the Shenhu area are deep-water turbidite fan, canyon channel and slump deposits. In fine sediments dominated by silt or clayey silt, calcareous microfossils and foraminifers are abundant, which increase the secondary porosities of clayey silt sediments and provide space for gas hydrate formation and accumulation [27,28]. From the above, we can find that the Shenhu area is a good prospective area for hydrate reservoirs, and it is also a key area for gas hydrate exploration in China’s sea area.



In 2007 and 2015, the Guangzhou Marine Geological Survey organized two voyages of hydrate drilling (GMGS1 and GMGS3) in this area, and obtained hydrate samples. Drilling results show that both the depth of the drilling area and the conditions of pressure and temperature are suitable for hydrate formation, and remain basically the same. However, there are differences in the sources of hydrate gas, reservoir sediments and hydrate types revealed by the two drilling results, and the saturation and thickness of hydrate show obvious heterogeneity in space [14,29]. Yang et al. [16] produced statistics on the effective thickness and average saturation of hydrates in existing wells in the Shenhu area. It was found that the thickness, saturation, and distribution depth of gas hydrate reservoirs in the Shenhu area are different in different depths of a single borehole or different wells, i.e., the gas hydrate has distinct heterogeneity [30].




3. Numerical Modeling


3.1. Numerical Simulator


In this study, the TOUGH + HYDRATE simulator was used to investigate the migration of methane gas and methane-containing fluids and the formation and accumulation of methane hydrates. The code was developed by Lawrence Berkeley National Laboratory to simulate natural gas hydrate based on the TOUGH framework. By solving the coupled equations of mass and heat balance, TOUGH + HYDRATE can model the non-isothermal gas release, phase behavior and flow of fluids and heat under conditions typical of common natural CH4-hydrate deposits in complex geological media in which Darcy’s law is valid. The model can simulate the transport of four components (water, CH4, hydrate, and water-soluble inhibitors such as salts or alcohols) between four phases (gas phase, liquid phase, ice phase and hydrate phase). The dissolution and release of methane in water, due to the variation of pressure and temperature, are calibrated on the basis of the fugacity model. This code can model the nonisothermal hydration reaction, multiphase behavior, and flow of fluids and heat under conditions in geological media containing gas hydrates [31,32] patial discretization is implemented by an integral finite different approach, and the time discretization is implicit. The numerical model is solved by Newton-Raphson iteration. Time steps are automatically adjusted depending on the convergence rate [33].




3.2. Model Set-Up


3.2.1. Concept Model and Boundary Conditions


To explore the process of gas hydrate formation and accumulation under different porosity and permeability conditions, a basic model of known reservoir-cap stratification was established first. In this paper, site W19 in the GMGS3 drilling area is selected as the background study area, and the basic model is established according to the known geological and geophysical data of site W19. The water depth of the W19 station is 1273.9 m, and logging interpretation indicated that there is a hydrate layer with an effective thickness of about 35 m below 138 mbsf (meters below the seafloor), there is free gas beneath the hydrate layer, and the thickness of the whole resistivity anomaly is about 53.5 m [29,34]. Based on the data, a 3D conceptual model is established, as shown in Figure 1. The model extends 1000 m horizontally in X and Y directions to avoid the boundary effects. The total thickness of the entire model is 500 m, with the thickness of the hydrate reservoir being 53.5 m, and the thickness of the overburden and underburden layers being 138 m and 308.5 m, respectively. According to the trial modeling, the maximum lateral distance of CH4 will not exceed 450 m in the simulation years, and it is less than the range of simulation. Therefore, for the studied formation, the lateral boundary was set to a Dirichlet boundary (constant pressure and temperature). The top boundary of the model is set as the seawater layer with constant temperature and pressure, and the bottom is a pure methane layer with constant pressure of 16.0 MPa as the gas source layer, which simplifies the complex gas source at the bottom. In the model, the gas leaks upward through a passage of 100 m × 100 m in the middle of the bottom layer, similar to the gas chimney structure formed by the leakage of overpressure gas. The methane flux used in this study was an average value (2.7 × 10−6 kg∙m−2 s−1) calculated by constant pressure injection simulations. The process we simulated is similar to a short-range, overpressure-driven methane migration from a certain submarine gas reservoir, where a short-duration methane leakage happened due to a certain geological event.



The model is divided into 20 grids in the X and Y directions, respectively. The overburden and underburden layers in the Z direction are divided evenly, and the hydrate reservoir is simulated in high resolution. Consequently, the model is divided into 68 layers in the Z direction, and the number of total grids is 20 × 20 × 68 = 27200.




3.2.2. Parameter Setting


The hydrate is assumed to be only composed of methane migrated from the bottom. Logging data of site W19 show that the pressure and temperature at the bottom of the sea are 12.86 MPa and 3.75 °C, respectively, and the average geothermal gradient is 0.045 °C/m [35]. The porosity of the hydrate reservoir is 0.483, the permeability is 5.5 mD, the average porosity of other deposits is 0.424, and the average permeability is 1.16 mD [34]. The permeability of overburden acting as a caprock of gas in the model is lower than the average value by two orders of magnitude. The porosity and permeability of other formations are set to the measured average values of the formations without hydrates.



The relative permeabilities of liquid and gas vary with the liquid and gas saturation, respectively, which can be inferred from [36]:


   K  r A   =    (   S A *   )     n A    ,       S A *  =  (   S A  −  S  i r A    )  /  (  1 −  S  i r A    )   



(1)






   K  r G   =    (   S G *   )     n G    ,       S G *  =  (   S G  −  S  i r G    )  /  (  1 −  S  i r G    )   



(2)




where    K  r A     and    K  r G     are the relative permeabilities of the aqueous phase and gas phase, respectively,    S A    is the aqueous saturation,    S  i r A     is irreducible aqueous saturation,    n A    is the index for the aqueous phase,    S  i r G     is irreducible gas saturation, and    n G    is the index for the gas phase.



The capillary pressure in the model is a function of saturation, which can be inferred from [37]:


   P  c a p   = −  P 0     (     [   S A *   ]    − 1 / m   − 1  )    1 − m    



(3)




where    P  c a p     is the capillary pressure, m is the index for the pore structure, and    P 0    is the entry capillary pressure.



The composite thermal conductivity in the model is a function of saturation, which can be inferred from [38]:


  λ =  λ D  +  (   S A  1 / 2   +  S H  1 / 2    )   (   λ W  −  λ D   )   



(4)




where  λ  is composite thermal conductivity in the hydrate bearing system, and    λ D    and    λ W    are the dry and Wet thermal conductivity, respectively.



The permeability in this study will reduce due to the presence of hydrate, which can be inferred by [39]:


   k  e f f   /  k 0  =    (   ϕ 0   (  1 −  S H   )  −  ϕ c  /  ϕ 0  −  ϕ c   )   n   



(5)




where    k  e f f     is the effective permeability,    k 0    is the intrinsic permeability without hydrate,    ϕ 0    is porosity without hydrate,    ϕ c    is the critical mobile phase saturation (i.e., gas and water) corresponding to    k  e f f     of zero, n is the permeability reduction exponent for solid hydrate, and    S H    is the hydrate saturation.



The values of related parameters used in the model are summarized in Table 1.




3.2.3. Simulation Scenarios


The results of drilling in the Shenhu sea area showed that there are certain heterogeneities in the occurrence of hydrates, which is inferred to be related to the heterogeneity in the reservoir. The heterogeneity of sediment is reflected in many parameters, and the two parameters that directly affect fluid migration and heat transfer are permeability and porosity [42]. In this study, we used Hetero-3d to assign random heterogeneous values to the selected areas in the basic model. The principle is to assume that the reservoir permeability follows a lognormal distribution while the porosity varies with permeability [43]. The spatial distribution pattern of permeability is controlled by a variation function, and then the specific permeability and porosity in each grid are controlled by a probability density function [44].



In order to explore the influence of the heterogeneity of porosity and permeability on the accumulation of hydrates, three scenarios are designed, as shown in Table 2. A homogeneous basic model (Base-case) is designed to clarify the evolution law of hydrate burial depth and saturation in ideal homogeneous sediments. The layered heterogeneity of sediments (case 1) is to explore the influence of reservoir conditions with layered differential distribution on hydrate formation, and the reservoirs are designed as alternating interbedding structures of low permeability and high permeability layers. The design of the spatial heterogeneity of sediments (case 2) is to explore the influence of reservoir conditions with spatially differential distribution on hydrate formation and accumulation.






4. Simulation Results


4.1. Homogeneous Base Model


In ideal homogeneous sediments, gas migrates upward without high-speed channels or barriers. In the process of constant pressure injection, gas migrates upward to the hydrate stable zone, and gradually forms hydrate in the stable zone. Figure 2 shows the distribution of methane gas (free gas) and hydrate at different simulation times. It can be found that methane gas migrates upward from the bottom gas source. In the initial stage, the free gas mainly migrates vertically with less lateral diffusion, and reaches the hydrate stability zone at about 300 years, forming a vertically distributed gas chimney on the path of gas, and low saturation (<0.1) hydrate is formed at the bottom of the hydrate stability zone. At the simulation time of 600 years, due to the plugging effect of overlying low permeability sediments and hydrate formation, the vertical flow velocity slows down, the lateral gas migration increases, and a horizontal hydrate layer is formed. The formation of hydrate in the pore reduces the effective permeability of the medium, which improves the gas storage capacity of overlying low permeability sediments and makes gas vertical migration more and more difficult with the continuous supply of methane from the bottom. Methane gas migrates mainly in the lateral direction when it moves near the stable zone. The distribution of hydrate is consistent with the direction of gas migration, the horizontal extension range is expanded, and the thickness of the hydrate layer increases accordingly.




4.2. Layered Heterogeneity of the Reservoir


Due to the absence of sufficient substantial geological structure and field test data, most previous numerical studies assumed the hydrate reservoirs to be homogeneous with a single layer. In fact, the drilling of marine gas hydrates in the Eastern Nankai Trough of Japan and in the Shenhu area in the South China Sea has revealed the layered differential distribution of hydrate deposits, which are composed of sand and clay alternating layers with different permeability and porosity [17,45]. There are few specific data on porosity and permeability conditions of shallow sediments in the South China Sea. In case 1, the hydrate reservoir was assumed to have layered heterogeneity. In the vertical direction, the sediments were set as alternating beds of sand and clay with different permeabilities, and in the horizontal direction, the conditions are consistent (Figure 3). Then, a relatively ideal layered reservoir model was established to preliminarily discuss the formation of hydrate in the layered formation.



The distribution of gas and hydrate in the layered heterogeneous model at different simulation times is shown in Figure 4. It can be found that reservoirs with interbedding structures also form horizontally distributed hydrate layers like homogeneous models. However, the blocking effect of high and low permeability alternating layers on gas is larger than that of the homogeneous model, and the hydrate saturation is lower than the value of the homogeneous model at the same simulation time. Meanwhile, due to the blocked vertical gas supply, the thickness of the hydrate reservoir in this kind of sediment is smaller than that of homogeneous sediments. In the vertical passage of gas and sediments close to the passage, the gas migration is mainly convective and the flow velocity is relatively high, and the distribution difference of gas and hydrate between alternating layers is relatively small. At the front of gas migration, the lateral velocity of gas tends to zero, and the gas mainly migrates through diffusion. The gas migration in the high permeability layers is more significant than that in the low permeability layers, and the gas saturation is relatively higher. At the same time, the lateral gas migration in the high permeability layers is faster and further, which increases the lateral distribution range of hydrate. Thus, the hydrate deposits in the layered heterogeneous sediments present an obvious stratification phenomenon.




4.3. Spatial Heterogeneity of the Reservoir


Figure 5 shows the permeability distribution of a hydrate reservoir area with 137.95–191.5 m depth after random heterogeneity using Hetero-3d software. Relative areas of high and low permeability are also depicted separately to roughly show the internal permeability distribution. It can be found that the permeability has different distributions and combinations in both the horizontal x-direction and y-direction and the vertical z-direction. Therefore, the spatial heterogeneity model can be used to analyze the influence of spatial heterogeneity of porosity and permeability on hydrate formation and accumulation.



Figure 6 shows the gas and hydrate distribution characteristics of spatially heterogeneous reservoirs with a simulation time of 1000 years. Figure 6a,c show the gas and hydrate saturation on the section of x, y = 500 m, respectively. Figure 6b,d show the spatial distribution of gas and hydrate in reservoirs. The simulation results show that the direction of gas migration changes when the leakage gas enters the hydrate stability zone with heterogeneous porous space. Because of the gravity and methane buoyancy, there must be a difference between the contributions of lateral and vertical heterogeneity. Some of the gas is affected by the plugging effect of the low permeability sediments, and the migration velocity decreases and gradually accumulates in the lower part of the low permeability region. In the model, due to the random setting of heterogeneity, the spatial combinations of permeability are also diverse. These combinations can form some special structures, including some covers formed by low permeability grids and some channels formed by high permeability grids. Some gases continue to migrate along relatively high permeability channels, and the direction of migration is related to the distribution of high permeability channels. In this model, the gas migrates obliquely upward along the X direction (with an angle of about 30 degrees in the horizontal direction). The gas migrates obliquely upward in the reservoir until it encounters the overlying low permeability caprock, and then transfers horizontally. The gas saturation presents a non-uniform distribution in the reservoir as a whole. The formation of hydrate is closely related to the distribution of gas migration. The gases blocked by low permeability reservoirs migrate outward, mainly by diffusion, to form low saturation and deep buried hydrates. Some gas migrating upward along the high permeability channel forms inclined hydrates when it moves in the channel, and the other part of the gas forms hydrates in the process of lateral migration after encountering the overlying layer, which mainly distributes horizontally. The thickness of the hydrate layer is related to its distance from the vertical channel: the thicker the hydrate layer extends outwards, the smaller the thickness of the hydrate layer. In spatially heterogeneous reservoirs, hydrate saturation, burial depth and the thickness of the hydrate layer are not only controlled by the temperature and pressure conditions of the sedimentary layer, but also related to the distribution of reservoir porosity and permeability. The heterogeneity of the reservoir space directly affects the gas migration in the stable zone, and at the same time, it may form a local gas trap structure, controlling the formation and enrichment position of hydrate, which has a great influence on the formation and accumulation of marine hydrate.



In order to further explore the influence of spatial heterogeneity on gas migration and hydrate formation, based on the original model, the scheme of gas injection was changed from the middle pathway to the whole bottom surface. Figure 7 shows the simulated gas, hydrate and salinity distribution. The results of the surface injection model can more clearly show the important influence of heterogeneous marine formation on the migration and accumulation of lower leaking gas. Sediments with different permeabilities in their formation were combined vertically and horizontally in a variety of arrangements, which formed an advantageous channel or barrier for gas migration. Hydrate distribution also shows horizontal and vertical differential distribution under this condition.





5. Discussion


In marine sediments, the formation of hydrate is mainly affected by stable temperature and pressure conditions, the gas source, gas migration system and hydrate storage conditions. Reservoir heterogeneity has little influence on the gas source and stable hydrate conditions. In this study, we mainly discuss the influence of heterogeneous sediments on the formation and accumulation of gas hydrates from two aspects: hydrate storage conditions and gas migration conditions.



5.1. Effect of Heterogeneous Sediments on Hydrate Storage Conditions


In unconsolidated, fine-grained sediments since the late Miocene, gas hydrates are generally dispersed, lenticular, nodular, granular or sheet-like, while in coarse-grained sediments, gas hydrates are mostly porous or cemented. Generally, the higher the porosity of a porous medium, the smaller the capillary pressure corresponding to the pore, and the easier the gas intrudes into the pore water. This promotes the formation of hydrate in porous media, so that hydrate can migrate and accumulate in a higher saturation. In heterogeneous reservoirs, different porosity regions correspond to different reservoir space conditions. The higher the porosity, the more ideal the reservoir conditions are.



In the simulator employed in this paper, the salinity is used to calculate the equilibrium pressure and temperature of hydrate in each time step of simulation, and the corresponding change in salinity due to hydrate formation is also calculated at each time step. The distribution and saturation of the hydrate in the simulation results show the salinity effect to some extent. The regions with higher hydrate saturation (Figure 7b) correspondingly showed higher salinity (Figure 7c), and due to the inhibition of high salinity, the peak hydrate saturation no longer increased despite the sufficient supply of methane gas (Figure 7a). The formation process of hydrate is actually a process of three-phase equilibrium of hydrate-water solution-gas. The phase equilibrium curve of hydrate is correlated with the salinity of the water solution. Water salinity can inhibit hydrate formation; the higher the salinity, the more difficult hydrate formation is, and the lower the temperature and higher pressure required (Figure 8). The formation of hydrate consumes some of the water. Salinization increases the salinity of pore water near the area where hydrate is formed and changes the phase equilibrium curve. In heterogeneous reservoirs, if there is a high permeability channel in the hydrate formation area, the convection and diffusion rate of high concentration ions outward is faster, the salinity increase is not obvious, and the inhibition effect of salinity on hydrate formation is relatively weak. If the sediments near the hydrate deposits are composed of low permeability and weak circulation sediments, the effect of salinity increase is slower to alleviate, and a high salinity area easily appears locally. The hydrate further aggregates and eventually forms in a spatially inhomogeneous distribution of hydrate. This effect is more significant when the flux of the bottom seepage fluid is larger and the gas proportion in the fluid is higher.




5.2. Effect of Heterogeneous Sediments on Gas Migration


Methane migrates in seabed sediments mainly in three ways: (1) diffusion; (2) fluid flux with methane dissolved in water, diffusion or convection in the liquid phase; and (3) gas phase migration under buoyancy [30]. The rate of gas migration by diffusion is very slow, and if there is a high flux gas leakage, the amount of gas diffusion and the low hydrate saturation formed by it can be neglected. When the gas flux moving upward in the underlying layer is large, the total methane content below the bottom of the hydrate stability zone exceeds the methane solubility, and a free gas layer will be formed below the bottom of the stable zone, which then migrates to the hydrate stability zone. The bottom boundary and thickness of the hydrate stability zone can be calculated theoretically. In principle, hydrate can be formed at all depths of the stable zone, but in fact, hydrate deposits in the hydrate stability zone are not continuous. Despite the possible depletion of methane by sulfate reduction in the upper part of shallow sediments, the discontinuity in the middle and lower part of the deposit is mainly controlled by the gas migration conditions, which is closely related to the permeability distribution of the sediments.



In the hydrate stability zone, hydrate formation occurs only when the total methane content is higher than the methane solubility. Figure 9 shows the hydrate formation mechanism under three typical gas migration conditions: (1) There is no low permeability plugging layer in the vertical homogeneous formation, and the high flux of lower gas corresponds to the high saturation and thick hydrate layer (Figure 9a); (2) If there is a low permeability plugging layer in the middle and upper part of the stable zone, when methane migrates to the low permeability layer, vertical migration weakens and lateral migration strengthens. The hydrate formed in this area is mainly located at the lower part of the stable zone, and the horizontal extension range is larger but the thickness is relatively smaller. This phenomenon also occurs when the hydrate layer has an obvious self-sealing effect (Figure 9b); (3) If there is a low permeability plugging layer at the lower part of the stable zone, only a small amount of methane enters the stable zone from the free zone, whereas when there is a lateral hypertonic gas transport channel, then a lateral gas supply will occur. When it exceeds the methane solubility, a hydrate layer will be formed in the channel or at the outlet of the channel. The location and depth of the hydrate are related to the channel (Figure 9c). In sediments with heterogeneous porosity and permeability, the gas migration processes are complex and diverse, and the hydrate formation mechanism is mostly the combination of the above three processes.




5.3. Comparison with Field Observations


All the simulations carried out in this study are on large time scales, and the results usually cannot be verified with experiment data. Some field observations in terms of gas migration and hydrate formation in heterogeneous sediments are available in the previous literature. Comparisons between field observations and modeled results are detailed below.



According to the studies of [29,30], the distribution of gas hydrate found in both voyages GMGS1 and GMGS3 showed strong lateral and vertical heterogeneity in the Shenhu area in the northern South China Sea. By summarizing and drawing comparisons, Wang et al. [30] found that high gas hydrate saturations correspond to high-density porosities at sites SH2, SH3, SH4, and SH7. Yang et al. [29] used a logging while drilling (LWD) borehole image log to study marine gas hydrates and found that the occurrence state and saturation of gas hydrates in the Shenhu area show an obvious stratification phenomenon. The hydrates with higher saturation and greater thickness are usually located at the top of the gas hydrate reservoir, whereas the gas hydrates with lower saturation are at the bottom. Marine gas hydrate explorations in the Eastern Nankai Trough of Japan also revealed a variable distribution of hydrate deposits with various conditions of permeability, porosity and hydrate saturation [45].



It is generally accepted that the occurrence of gas hydrate with high saturation is mostly controlled by the presence of coarse-grained sediments [46,47,48]. However, based on the comprehensive interpretation of cores, logging and 2D/3D seismic data of the Shenhu area, the gas hydrate in the Shenhu area was found mostly in fine-grained, clay-rich silts and silty sediments [49]. According to the studies of Chen et al. [50] and Wang et al. [30], the occurrence of calcareous fossils and foraminifers can increase the size and roundness of pores and provide more space for the nucleation and growth of gas hydrates in fine-grained sediments. It was also found that hydrates tend to occur in areas where the grain size of sediments is larger than that of the upper and lower boundaries [29] In this paper, we have not explored the reasons for the heterogeneity of porosity and permeability conditions, but these previous field studies showed consistent features (such as an obvious stratification phenomenon, high saturation located at the top of the reservoir, and hydrates tending to occur in areas with high permeability) with our simulation results.





6. Conclusions


Through numerical simulations, the effects of heterogeneous porosity and permeability of sediments on the process of hydrate formation and accumulation in the stable region are studied and analyzed. The following conclusions are drawn:



(1) The heterogeneities in the porosity and permeability of the sedimentary layer in the hydrate stability region affect the local reservoir space conditions and the gas migration in the stable region, and consequently control the formation and accumulation position of hydrate.



(2) When the sediments in the hydrate reservoir show differences layer by layer, the gas that has migrated from the lower part of the reservoir is affected by the permeability of different layers, and layered differential gas migration characteristics appear, which makes the formation of hydrate saturation appear with a more obvious stratification phenomenon. At the same time, in the highly porous and permeable layers, the lateral gas supply range increases, which increases the horizontal distribution of hydrate deposits.



(3) The results of the spatial heterogeneity model show that when same methane leakage exists at the bottom, the hydrate saturation is different at different positions at the same depth, and some positions even have no hydrate formation. It was confirmed that the leakage of high flux methane or the existence of free gas layers (or BSRs) does not necessarily correspond to the occurrence of hydrates. There are also differences in the burial depth, saturation and distribution of hydrates under the same seepage conditions. When determining the formation/dominant area of hydrate in reservoirs, the spatial coupling relationship among conditions for hydrate stability, reservoir space and gas migration conditions should be comprehensively analyzed.
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Figure 1. The geometry of the simulation domain. 
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Figure 2. Gas and hydrate distribution at different simulated times (Base-case). 
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Figure 3. Permeability distribution of the layered heterogeneity model. 
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Figure 4. Gas and hydrate distribution at different simulated times (Case 1). 
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Figure 5. Permeability distribution of a hydrate reservoir with spatial heterogeneity. 
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Figure 6. Gas and hydrate distribution at a simulated time of 1000 years (Case 2). 
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Figure 7. Gas, hydrate and salinity distribution at a simulated time of 1000 years (gas injection from the whole bottom surface). 
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Figure 8. Effect of salinity on the phase equilibrium of hydrate. (a): change of equilibrium curve with higher salinity; (b): potential influence of local increase of salinity). 
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Figure 9. Hydrate formation mechanism under different gas migration conditions (with a high methane flux from the bottom). 
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Table 1. Main model parameters of site W19 in the Shenhu area of the SCS.
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	Parameter
	Value
	Source





	Upper boundary temperature
	3.75 °C
	[35]



	Upper boundary pressure
	12.86 MPa
	[35]



	Temperature gradient
	0.045 °C/m
	[35]



	Rock grain density
	2600 kg/m3
	[40]



	Rock grain specific heat
	1.0 KJ/(kg·K)
	[33]



	Water salinity
	3.05%
	[34]



	Hydrate density
	920.0 kg/m3
	[33]



	Hydrate specific heat
	2.1 KJ/(kg·K)
	[33]



	Pore compressibility
	1.0 × 10−9 Pa−1
	[40]



	Dry thermal conductivity (   λ D   )
	1.00 W/(m·K)
	[41]



	Wet thermal conductivity (   λ w   )
	3.10 W/(m·K)
	[41]



	Intrinsic permeability (   k 0   )
	1.16 mD (1 mD = 1.0 × 10−15 m2)
	[34]



	Porosity (   ϕ 0   )
	0.424
	[34]



	Irreducible aqueous saturation (   S  i r A    )
	0.30
	[40]



	Index for the aqueous phase (   n A   )
	5.0
	[40]



	Irreducible gas saturation (   S  i r G    )
	0.03
	[40]



	Index for the gas phase (   n G   )
	3.5
	[40]



	The entry capillary pressure (   P 0   )
	1.0 × 105 Pa
	[40]



	Index for the pore structure (m)
	0.45
	[40]



	Critical mobile phase saturation (   ϕ c   )
	0.05
	[33]



	Permeability reduction exponent (n)
	3.0
	[33]
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Table 2. The designed simulation scenarios.






Table 2. The designed simulation scenarios.





	Case Name
	Conditions of the Hydrate Reservoir
	Intrinsic Permeability/m2





	Base-case
	homogeneity
	1.16 × 10−15



	Case 1
	layered heterogeneity
	high permeability layer: 1.16 × 10−14

low permeability layer: 1.16 × 10−16



	Case 2
	spatial heterogeneity
	1.16 × 10−13–1.16 × 10−17











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
300 years

o | B
1004 | |
Z (m) . |
2007
-300--‘;:?:_!’7_ =

T —
—r-r_V“r—.- -_; r
100 200 T r

300 gl
Y (m)

ﬁ-"r—,—

(a) Gas saturation

015

0.05

300 years

1004
Z (m)
-200 7

T L i
r‘r—i——'_h’_‘_ - S
100 ,oq T

R —r‘r‘]'

- r"'"_T

2

00 X (m)

(b) Hydrate saturation

- o — T
) & 5 ' . %

0.04
0.03
002
0.01





media/file8.jpg
(a) Gas saturation

(©) Gas saturation () Hydrate saturation

(¢) Gas saturation





media/file13.png
(c) hydrate saturation (x, y = 500 m section) (d) Spatial hydrate distribution





media/file12.jpg
(@) Gas saturation (x, y = 500 m section) (b) Spatial gas distribution

(<) hydrate saturation (x, y = 500 m section) (d) Spatial hydrate distribution





media/file3.jpg
®0years N

: e

(<) Gas saturation (d) Hydrate saturation
1000 yeos 1000 yoors

() Gas saturation () Hydrate saturation





media/file18.jpg
Water dopth|

Sevvarermporare a

Hydrato phase squilibrium curve

Sevwaeremperatns b

aquiibrium curvel

Seatioor

[Emem— 3

Equilibrium curve
(with nigher satinity)

[cround tomperaturs

Locatinereaso of salnity

Temperature

Tomperatur






media/file9.png
300 years z

100 T | o
Z (m) | [ ' '
-200 +

0.15

-300 e

400 gng50q 400

0
X {(m)

(a) Gas saturation
600 years z

100 | 9
Z (m) i g |
00 L—1—

-300

400 so0500 400 (m)
(c) Gas saturation

1000 years z

100 |
Z (m)
2001 |

0.15

-300

(e) Gas saturation

300 years

el . . s
D= : | —_
00+ | I
-200 1 | L
300 L e e e e ]
—I—T_'-T_"'I—&-.._ et ; P l_;_,"__'-_-]—-l—f"_r‘]— 0

200
X {(m})

i e TR
400 gy0s0p 400

(b) Hydrate saturation
600 years

100
Z(m) B
-200 ) P

-300 -
T L 200

300
X (m)

_r_'_-r_'_ e
r—l' b e o S, o

400 gha500 400

(d) Hydrate saturation
1000 years

100 |
Z(m)
-200 4 - -1

-300 = } el
i o o S 200
400 go0500 400 "X (m)

-I—'-"_r -
Y (m)

(f) Hydrate saturation

100

100 ©

Z
K,,.JJ:L‘ﬁY

S-hydrate

01
0.08
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0





media/file14.jpg
. 'y

(a) gas saturation

(b) hydrate distribution





media/file20.jpg
i 7 9

Methane flux

—

methane solubility

Total methane

gas hydrate






media/file5.png
600 years

4001 |

Z (m)
-200

-300 =,

1000 years

T
s MR | T J l
0T 1 5 | : X Y

_—-v——'__d__:'d_ — T T __h—__'—*ﬂ—b - ,‘L\
o | | | L)X Y

1001+
Z(m) | |
_200_... : ‘ i *
ey o e
10 il R T T 200 100
300 400 ksl 400 300
Y (m) 500500 X (m)

(e) Gas saturation

025

015
0.1
0.05

600 years

0T

00t

Z (m)
-200

-300 =

1000 years

0

00+ |

Z(m)
2001 |

-300 T

)T e e .
0200 o 400 T 400
Y (m) 500500

oy wq._r_ .
T'T—v—T—..
100 2

00 5pg
Y (m)

T L Taph

(d) Hydrate saturation

= | | T ,Jl\
5 5 " Y

S-hydrate
0.65
055
045
0.35
0.25
0.15
0.05

—if e 2
— T
e

~ T 200 100

T _'__r_r—,
400

U 300
400 500500 X (m)

(f) Hydrate saturation





media/file19.png
Water depth

Seawater temperature a Seawater temperature b
s ~
‘5
\‘ Hydrate phase equilibrium curve Hydrate phase equilibrium curve
.. /
~
-
-~
-
-~
*. Seafloor Seafloor
‘\
.
A
A S
A
.
Ground temperature . Ground temperature

Equilibrium curve
(with higher salinity) '

Local increase of salinity

Temperature

Temperature






media/file15.jpg
400
600 o
v 890 10001000 89 " (my

(c) salinity distribution






media/file2.jpg
300 yoars 0 yeers
J S =
T s 0 T o

(a) Gas saturation (b) Hydrate saturation





nav.xhtml


  jmse-07-00348


  
    		
      jmse-07-00348
    


  




  





media/file11.png
-16.6 -16.2 -15.8 -154 -15 -146 -14.2 -13.8 -13.4






media/file6.jpg
-200 5616
1E46

-300

Permeability
0 1E44
SE15
100 |
| 1E45
0

200 g 200 i
600 400 1847

Y (m) 800 0 X (m)

10001000 &





media/file1.png
y Sea floor

138m overburden

308.5m underburden

1000 m

Gas source

(a) 3D view

5 1000m R
o §
y
L x
100m
I<_>I

1000m 100mI:.

Pathway of gas leakage

(b) x-y view (bottom layer)






media/file16.png
-100 . . .
Z(m) )
- . -200 -

-300 = .

0

e .
01000 800

(a) gas saturation (b) hydrate distribution





media/file10.jpg
166 -16.2 158 -154 -15 146 -142 -138 -134






media/file7.png
-100 11
zZ(m) |
m), o

{2

-300 +

Permeability

1E-14
5E-15
1E-15
5E-16

| 1E-16
1 5E-17
| 1E-17





media/file17.png
100~
Z(m)
-200

-300 -

1——._1
200
400 —
600 600 -
ym 590 10001000 890 Ty (m) e

(c) salinity distribution





media/file0.jpg
Gas

()3D view

1000m

1000m

¥
Lok
oo
0o
woonT I
\

Pathway of gas leakage

(b) x-y view (bottom layer)





media/file21.png
a

T

Methane flux

b

C

-

_—~" | methane solubility el

Total methane X

gas hydrate






