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Abstract: Gas hydrates have been considered as a new energy that could replace conventional
fossil resources in the future because of their high energy density, environmental friendliness, and
enormous reserves. To further analyze the potential distribution of gas hydrate stability zones
(GHSZ) and the formation of a gas hydrate system in the Shenhu area of the South China Sea
(5CS), a 3D petroleum simulation model (PSM) was built from 3D seismic interpretations and all
available geological data. Based on the thermal calibration of the 3D model, the evolution of the
GHSZ, hydrocarbon generation and migration, and the formation and accumulation of gas hydrates
were simulated for the first time in the area. Thermal simulation shows that the methane source
of gas hydrate originated from shallow biogenic gas and deep thermogenic gas. Most areas are
dominated by shallow biogenic gas, while, only about 3% of the deep thermogenic gas derived from
Enping Formation source rock and contributed to the gas hydrate formation within a few areas in
the southeast. The thermogenic gas migrated vertically into the GHSZ through connecting faults,
mud diapir, and/or gas chimney to form gas hydrate. The source rocks of the Wenchang Formation,
a deep thermogenic gas source, began to enter the main hydrocarbon generation window at 28.4 Ma.
The Enping source rock began to generate oil from 25 Ma on and gas from 16 Ma on. Since 5.3 Ma,
most areas of the source rocks have generated a gas window, and only the shallower parts in the
east still in the oil window, which had lasted until now. The shallow biogenic gas source rocks from
the Hanjiang, Yuehai, and Wanshan formations generated gas in different periods, respectively. The
Qionghai Formation began to generate hydrocarbon from 0.3 Ma and until now. Other results show
that the GHSZ developed mainly during the Quaternary and Neogene (Wanshan Formation) and the
GHSZ is thicker in the southern area and thinner in the northern part with a positive correlation with
water depth. Starting at 11.6 Ma, the GHSZ developed in the Hanjiang Formation in the south of the
Shenhu area and gradually expanded to the north to cover most of the study area at 5.3 Ma during
the Yuehai Formation. From 1.8 Ma on, the GHSZ covered the entire study area. At the same time,
the GHSZ in the Hanjiang Formation disappeared because of the change in temperature and pressure.
At present, the GHSZ in the Yuehai Formation has disappeared, while the Quaternary and Wanshan
are the two main formations for GHSZ development. The formation and distribution of gas hydrates
are fundamentally controlled by the space-time coupling between the hydrocarbon generation and
expulsion time and distribution of the GHSZ. The simulation results of gas hydrate accumulation and
distribution were verified by drilling results and the matching rate is 84%. This is the first time that
3D simulation was successfully conducted with PSM technology in the Shenhu area and it provides
important guidance for gas hydrate study in other areas of the SCS.
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1. Introduction

Natural gas hydrates, commonly known as “fire ice”, will be a new hope for replac-
ing fossil energy in the future [1-3]. The organic carbon in gas hydrates is twice that
of all known fossil-fuel hydrocarbons, and it could be consumed by humans for more
than 1000 years. Different from conventional petroleum accumulations, the “trap” for gas
hydrates is a gas hydrate stability zone (GHSZ), which is controlled by temperature and
pressure. Traditional investigations of the gas hydrate system are based on geophysical
methods, such as bottom-simulating reflector (BSR) tracking and inversion, petrophysical
interpretation, drilling, logging, and core analysis [4-14], which focus on the present static
descriptions and are difficult for characterizing the evolution of temperature and pressure
and the dynamic hydrocarbon generation, migration and associated accumulation of gas hy-
drates. Then it is impossible to accurately predict the potential distribution of gas hydrates
and evaluate resources in submarine basins based on the traditional approaches only.

Traditional studies mostly focus on static characterizations of gas hydrate systems and
only provide qualitative descriptions, while petroleum system modeling (PSM) considers
all the geologic elements, processes of burial history and thermal evolution, hydrocarbon
generation, migration, and gas hydrate accumulation. Therefore, PSM has an advantage
of enabling the study of dynamic GHSZ evolution and the main controls of the dynamic
evolution through geological history. A petroleum system consists of an active source
rock and the hydrocarbons derived from it as established by geochemical correlation. The
concept embodies all the geologic elements and processes needed for oil and gas accumula-
tion [15,16]. PSM is widely applied in both conventional hydrocarbon exploration [17] and
unconventional hydrocarbon research such as into shale oil/gas [18,19], tight oil/gas [20],
and gas hydrates [21]. In recent years, studies have mainly focused on the numerical
simulation of gas hydrates using PSM and have achieved considerable progress in the
GHSZ and gas hydrate system characterization [22-28].

Three-dimensional (3D) basin modeling has been widely used in the study of conven-
tional petroleum and gas hydrates [22,23,26,29-34]. By reproducing the paleo and modern
heat flow and temperature field, the maturity of source rocks and hydrocarbon generation
with time can be simulated. Oil and gas migration is treated as a three-dimensional process
to simulate the process of oil and gas trapping and leakage. Schenk et al. (2012) established
a three-dimensional oil system model for northern Alaska, based on seismic data and a
database of more than 400 wells, and reconstructed the complex dynamic interaction of
sedimentation and erosion history; the authors also evaluated the change of migration
behavior and predicted present day oil distribution [32]. They proposed that 3D petroleum
system modeling research provided a unique geological framework, which helped to
reduce exploration risks and evaluate potential oil and gas resources. Emmanuel et al.
(2013) conducted a 3D basin modeling of the Hammerfest Basin (southwest of Barents
Sea) to solve the problems of oil generation, accumulation, and dissipation during basin
evolution [33]. They quantified the amount and time of liquid and gaseous hydrocarbon
generation in the basin, reconstructed possible migration paths and quantified the retention
volume in the reservoir, and evaluated the possible oil and gas leakage in the reservoir in a
geological period. They argued that although there were uncertainties in the simulation
method, this method might help to improve the understanding of the impact of thermal
fluid leakage dynamics in reservoirs within petroliferous basins.

Within the German gas hydrate initiative SUGAR, a new 2D /3D module has been
developed to simulate the formation of biogenic methane from organic matter and gas
hydrate accumulation. Through the implementation of algorithms describing the physical,
thermodynamic, and dynamic characteristics of a gas hydrate system, the accumulations of
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gas hydrates in marine and permafrost environments have been simulated. In addition,
microbial mediated low-temperature degradation kinetics of particulate organic carbon
in sediments could be coupled in the simulator [22]. In terms of applications, many
scholars, combined with the geological background and hydrocarbon generation and
storage conditions of different basins, constructed oil and gas system models with regional
characteristics and simulated and discussed the laws of oil and gas generation, migration,
accumulation, and storage in different regions. Kroeger etal. (2013 and 2017) conducted two
PetroMod simulations on the Taranaki Basin, New Zealand [24,35]. In the first simulation,
they obtained the evidence of the existence of methane hydrate in the basin and believed
that the occurrence of gas hydrate might be sporadic, which might be controlled by the
centralized leakage of thermogenic gas, and the gas hydrate in the slope sediments of the
basin might affect the stability of the edge of the Tarana base shelf. In the second simulation,
the 3D crustal scale heat flow of the active edge of the Taranaki Basin was simulated, and
the surface heat flow and the evolution process of the basin was obtained. Fujii et al. (2016)
conducted oil and gas system simulation for a gas hydrate study in the Pleistocene turbidite
sedimentary sequence in the Daini Atsumi area in the east of Nankai Trough, Japan [27].
Based on the biomarker analysis of core samples, a new biogenic methane generation
model was established. It was considered that the distribution of sandy sediments and the
direction of formation dip are important controlling factors of gas hydrate accumulation.
They mainly focused on basin-scale oil and gas system modeling to evaluate the gas hydrate
accumulation mechanism on a geological time scale.

From April to June 2007, the Guangzhou Marine Geological Survey (GMGS) carried
out a gas hydrate drilling (GMGS1) expedition in the Shenhu area on the northern slope of
the South China Sea (SCS) for the first time, and gas hydrate samples with high methane
concentrations were successively drilled and cored at three sites [36]. In 2013, the GMGS2
gas hydrate drilling expedition was deployed again, and massive amounts of gas hydrate
with high saturation was drilled for the first time in the Dongsha area in the east of the
Pearl River Mouth Basin (PRMB). Gas hydrates with various occurrences including layered,
massive, tuberculous, and veins were identified by the naked eyes [37]. The distribution
of gas hydrate reservoirs in this area reach to ~55 km?, with an about a 100-150 billion
m?3 reserve (converted into natural gas) [38], which is equivalent to a reserve of the large
offshore high-abundance conventional natural gas fields. From June to September 2015, the
GMGS3 expedition was carried out and 19 sites were drilled successively in the Shenhu
area, and high-saturation gas hydrate was recovered by pressure cores, with a drilling
success rate of 100% [39]. In 2017 and 2020, two trial production of gas hydrates have been
successfully implemented in the Shenhu area, both making great breakthroughs in terms of
testing time span, production per day, and total production amount compared with other
testing productions in the world [40-42].

Due to limitations in seismic data, previous study in the Shenhu area focused on the
1D (well-based) and 2D modeling using well data and 2D seismic interpretations [21],
which are not sufficient for characterizing the spatial distribution of gas hydrate and the
hydrocarbon migration and accumulation of gas hydrates in the area. Sun et al. (2020)
used 2D PetroMod software to simulate the formation temperature field, organic matter
maturity, hydrocarbon (biogenic and thermogenic gases) generation of source rocks, as
well as the proportion of these gases in each well, fluid migration pathways, and gas
hydrate saturation and explored the distribution of gas hydrate in the Shenhu area [43].
Compared with the gas hydrate saturation calculated by logging, the simulation method
cannot only calculate different gas source percentages but also numerically simulate hydrate
hydrocarbon generation, and the hydrate saturation, and its distributions. However, the
simulation results have not been accurately verified by drilling and cores. Although a large
amount of gas hydrate has been discovered in the Shenhu area, and many drillings and
trial exploitations have been carried out, only some of the characteristics of gas hydrate
have been revealed so far, and the overall distribution, formation process, and controlling
mechanism of gas hydrate in the area have not been revealed. In addition, the source
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of methane is a long-term controversial issue [19,36,44,45]. Which formation does the
methane gas come from below the GHSZ? By which way? They are all problems that need
to be addressed.

The 3D seismic survey acquired in the Shenhu area in 2018 makes it possible to
build a 3D PSM model to simulate temperature and pressure evolution and then study
the dynamic variation of the GHSZ, hydrocarbon generation and migration, and gas
hydrate accumulation through geological history in three dimensions. On the one hand, it
provides a low-cost evaluation methodology; on the other hand, it is helpful to understand
the mechanism of fluid flow and heat transfer, which makes it possible to study the
occurrence of gas hydrates through semi-quantitative calculation [46,47]. The research
on the geomechanical characteristics of the gas hydrate reservoir in the Shenhu area is
also a scientific topic and the adaptability of various mining methods should be evaluated.
In addition, the first successful 3D GHSZ and gas hydrate accumulation simulation with
PSM technology in the Shenhu area by our study will provide important guidance for gas
hydrate studies in other areas of the SCS.

2. Geological Background

The Shenhu area is located within the Baiyun Sag in the Zhu II depression of the
PRMB, which is developed in the middle of the northern continental slope of the SCS
(Figure 1a) [48]. The structural history of the PRMB in the Pliocene is composed of two
stages, including the rift Paleogene and thermal subsidence Neogene. Tectonic movement
events including Zhugqiong I, Zhugiong II, and Baiyun have occurred since the Paleogene.
The basin underwent continental, continental-marine transitional, and marine sedimen-
tary settings. More than 10 km of sediments were deposited in the center of the sag
(Figure 2a) [49].
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Figure 1. (a) Location map of the study area, which is located within the Shenhua area in the Baiyun
Sag of the Pearl River Mouth Basin, northern South China Sea. (b) Geomorphology of the study area
and the location of the drilling wells within the 3D seismic survey. A series of submarine channels
and ridges are developed in the study area.

In the early Cretaceous, the Pacific plate subducted to the NW direction and the SCS
extended for the first time to form the primitive SCS. During the rifting period, under
the background of complex tectonic stress fields that was due to Indian plate movement
and Pacific plate subduction, the basin experienced three episodes of riftings, forming a
series of near EW, NNE-NE, and NW faults. At about 47.8 Ma, the area experienced the
Zhugiong movement and deposited lacustrine sediments and deltaic fan sediments of the
Eocene Wenchang Formation, which were divided into upper and lower segments at 41 Ma.
Under the influence of the second episode of Zhugiong movement, the Enping Formation
of Lower Oligocene was formed as the Cenozoic main source rocks of the PRMB at 38 Ma.
From 33.9 Ma on, affected by the Indian plate collision and the South China Sea movement,
the basin changed from the rift phase to the post-rift thermal subsidence stage and entered
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the sedimentary period of the Zhuhai Formation, and continental sedimentation gradually
changed to marine sedimentation. The subsidence rate decreased, and the tectonic activity
weakened. Since the Baiyun movement (23 Ma), the area has developed extremely thick
Cenozoic strata (about 10 km), and locally developed residual Mesozoic strata [50].
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Figure 2. (a) Stratigraphic column of the Baiyun Sag in the Pearl River Mouth Basin (PRMB). (b) 3D
model framework for the study area. Different colors represent formations interpreted from 3D
seismic data. The vertical scale indicates depth converted from time domain.

The basin has the characteristics of rapid subsidence and rapid sedimentary filling.
During the sedimentary period of the Zhujiang Formation (23.03-15.97 Ma), the sea level
rose rapidly, and the shelf slope migrated rapidly from the south to the north of the basin.
The basin generally entered the marine environment, dominated by platform carbonate
depositions and other shallow sea depositions. During the sedimentary period of the
Hanjiang Formation (15.97-10.0 Ma), the sea level changed frequently, and the continental
shelf and deep-water slope environment dominated. The sediments are the superposition
of multi-stage deep-water fans. The continental shelf is also accompanied by the advance
and retreat of the multi-stage Pearl River Delta sedimentary system. Subsequently, affected
by the Dongsha movement, the basin was characterized by rapid subsidence and rapid
sedimentary filling. It enters the sedimentary period of the Yuehai Formation at 10.0 Ma,
the Wanshan Formation at 5.33 Ma, and the Quaternary at 2.6 Ma. The sedimentary facies
are mainly neritic and semi-neritic sediments [51].

The basin mainly develops three sets of hydrocarbon source rocks with good hydro-
carbon generation potential: the Zhuhai Formation of the Upper Oligocene, the Enping
Formation of the Lower Oligocene, and the Wenchang Formation of the Eocene [52]. The
hydrocarbon gas source is mainly from the mixed lacustrine source rocks of the Wenchang
Formation and coal and lacustrine source rocks of the Enping Formation. The marine
source rocks of the Zhuhai Formation also make certain contributions [53]. Deep lacustrine
shale in the Wenchang Formation of the Eocene is the main source rock in the region [54].
The main characteristics of the source rocks are that they are rich in low biomarker Czp4-
methylsterane, with less input from higher terrestrial plants, indicating type I-II organic
matter. The average value of TOC is 2.94%, and the average value of chloroform asphalt
A'is 0.225%. The Lower Oligocene Enping Formation source rocks have been drilled. Ac-
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cording to the geochemical information obtained [55-57], the Enping Formation source
rocks have the characteristics of coals, rich in terrigenous higher plants—resin compounds
(W, T double dussonne) and coal, and the content of low biomarker C3p4-methylsterane is
very small, with an average TOC of 2.19%. The average value of chloroform asphalt A is
0.1976%, and the atomic ratio of kerogen H/C is mostly between 1.2 and 0.7, indicating that
the type of organic matter is mainly type II-III. The source rocks of the Enping Formation
have high maturity. They mainly contribute gas for the area. The marine source rock of
the Zhuhai Formation of the Upper Oligocene has been drilled in well LW3-1-1 in the
deep-water area in the southeast of the Baiyun Sag. Geochemical analysis shows that its
organic matter abundance is relatively high, the TOC value is between 1.0-1.5%, and most
of them belong to organic material type II. The thermal evolution degree of the source
rocks is low (Ro = 0.43-0.53%), which has certain hydrocarbon generation potential [57].
In addition, the source rocks developed in the sediments overlying the Zhuhai Formation
are in the stage of low maturity to immaturity, which could be biogenic gas source rocks
and generating large amounts of biogenic gas in the Baiyun Sag at present. Drilling and
coring have confirmed that biogenic gas derived from the source rocks of the Late Miocene
have proved hydrocarbon sources for the formation and accumulation of gas hydrates in
the Shenhu area [19,21].

In the study area, neotectonic movement has been frequent since the Late Miocene,
forming some faults and/or fissures or diapirs and gas chimneys, which could be vertical
oil and gas migration pathways, for the oil and gas generated from the deep Paleogene
source rocks and overlying Miocene, Pliocene, and even Quaternary shallow source rocks.
According to the drilling results, the gas hydrate in the Shenhu area is mainly enriched in
the shallow marine sediments interval since the Late Miocene, which are mostly distributed
in the depth range of 100-230 m below sea level (900-1600 m), and the sedimentary envi-
ronment is continental slope deep-water facies [58]. Through the analysis of paleontology
in the cores from drillings, the drilled gas hydrate is mainly distributed in the upper part of
the Miocene and the lower part of the Pliocene. The gas hydrate reservoir, which is located
around ~200 mbsf (meters below the seafloor), is mainly developed in the channel-levee
system. Overall, the thickness of gas-hydrate-bearing sediments is uneven, showing a
lenticular shape, and the average thickness can reach 50-60 m. It is mainly concentrated in
the middle northwest of the study area, developed along the submarine ridge.

3. Data and Methods

The 3D seismic surveys cover most of the Shenhu area and 25 shallow wells drilled for
gas hydrates, of which 19 were drilled in 2015 and 2016 (Figure 1b). The gas hydrate PSM
model had been built using the PetroMod from the present structural framework (horizons
in depth domain) interpreted from 3D seismic volume. The PetroMod is a petroleum
system simulation software originated by the German IES Company. The software provides
users with a classic Darcy’s law simulator (fluid potential driving) and streamline method
simulator (buoyancy driving). It also innovatively develops a combined simulator with
the advantages of Darcy’s law and the streamline method, which improves the simulation
accuracy and calculation speed of oil and gas migration [16]. It can obtain more accurate
prediction results of oil production, hydrocarbon expulsion, and the time and location of
migration processes [34]. The simulation results can be visualized by the superposition of
multiple elements, including oil saturation and the in situ quality of each component. It
can also establish the geological model required for the simulation of a three-dimensional
gas hydrate system through more flexible visualization functions.

The populated properties such as lithology and source rock parameters, including total
organic carbon (TOC), hydrogen index (HI), and kinetics of the source rock, are from the
available geological study base on the available data from seismic and drilling data. Then,
geological ages were assigned for each formation. Last, boundary conditions, including
heat flow (HF), paleo water depth (PWD), and sedimentary water interface temperature
(SWIT), were set up according to previous study results from public papers [21,59-61]. In
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terms of model results calibration, the maturity of the deep source rock (Ro data) is used for
thermal calibration and depth boundary between free gas and gas-hydrate-bearing zone
and is used for the GHSZ verification.

The 3D fluid flow simulation in the PetroMod considers a three-phase flow (oil, gas,
and water) with mass balance as the formulation base (Hantschel and Kauerauf, 2010).

PpP 9Sp
1—o of

PpSpCa(u; — uyw)
1-9o ot =

= Vepppp-Vuy — 1
where subscript p represents fluid phases (water, oil, and gas) and p = fluid density,
¢ = rock porosity, S = fluid saturation, p = fluid mobility, u = fluid pressure potential,
C = rock compressibility, u; = lithostatic pressure, and g, describes the generation or loss of
phase p.

3.1. Structure Model

Horizons from seismic interpretations were used for structure framework modeling.
Nine horizons from seabed (T) to basement (Tg) were interpreted based on the newly
processed 3D seismic data. Lithology, free gas, and gas hydrate saturations are obtained
from petrophysical interpretation for all wells. The structural model was initially built in
time with the surface grid resolution of 50 x 50 m and then converted into depth through
depth conversion process with the following time-depth conversion equation [21]:

Z =2651 1% +346.03 £ + 690.86 t 2)

where Z is the depth (m) and ¢ is the seismic two-way travel time (s).

The age for each horizon is assigned according to the stratigraphic column (Figure 2a),
and four types of lithology, including sandstone (yellow), shale (gray for deep or blue for
shallow), limestone (green), and granite (basement, purple), had been used in the model.
The final model is showing in Figure 2b.

3.2. Vertical Gas Migration Pathway

Based on the interpretation results of the 3D seismic data, this study focuses on the 3D
hydrocarbon migration pathways, perhaps via faults and mud diapirs. To model the 3D
hydrocarbon migration process, the PSM model needs to set up the active period of fault
and mud diapir, and then it will be coupled with the simulator with possible migration
of deep thermogenic gas (Figure 3). Fault and mud diapir are the main pathways for
vertical migration of oil and gas, and their opening has important influences on oil and
gas migration. In this study, the main tectonic movements of the PRMB are referred to for
building the PSM model; the Baiyun Movement (23 Ma) activated the fault and made it
open for fluids, which became the main vertical migration pathway for thermogenic gas
from the deep buried formations. Therefore, the fault opening period is set to be from 23 Ma
to present. For the mud diapir, the investigation shows that the Dongsha Movement had a
great influence on its development, so the vertical permeability of the mud diapir increased
at 11.6 Ma and became one of the vertical migration pathways for deep hydrocarbons.

3.3. Lithology and Lithofacies Setting

Lithologic properties are very important parameters, which not only affect gas migra-
tion but also affect the amount of gas accumulation. Gas hydrates in the study area are
mainly developed in siltstone-dominated shallow buried strata with minor differences in
lithologies and associated properties. According to the difference of clay content derived
from logging interpretation, three lithologies can be defined as following: (1) siltstone (clay
content <15%), (2) shaly siltstone (clay content: 15-30%), and (3) clayey silt (clay content
>30%). Based on the lithology definition, the measured well data and lithologies from
seismic data, the lithofacies maps of the upper and lower layers of the Quaternary and the
Wanshan Formation are respectively established (Figure 4). For the non-hydrate-bearing
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strata (below the Yuehai Formation), lithology was set according to the stratigraphic column
of the PRMB shown in Figure. 2.

0
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000

10,000
11,000
12,000 Wenchang
13,000
14,000

Mud Diapir

Depth(m)

Shenhu .

315,000

295,000 2,220,000 2,210,000 2,200,000 2,190,000

Figure 3. Structure 3D model composed of the nine main formations, main faults, and mud diapirs.
Borehole information is also imbedded in the model.

- Q_source

Figure 4. Distribution map of lithology of different gas-hydrate-bearing layers: the upper (a), the
Lower Quaternary, (b) and the Wanshan Formation (c).

3.4. Source Rock Setting

The parameters of the source rocks are mainly based on previous research results [21,59,61].
Core data from Shenhu area show that the shallow depositions in this area have high organic
matter abundance and could be effective biogenic gas source rocks. The results showed that
the mean values of total organic carbon in the SH1B, SH2B, SH5C, and SH7B boreholes showed
little difference, ranging from 0.64 to 0.97%, with a maximum of 1.73% and a minimum of
0.29% [59]. According to the research results of Fu et al. (2007), the average TOC and HI of the
Enping Formation are 2.19% and 157.4 mg/g, respectively [60]. TOC and HI in the Wenchang
Formation are 2.94% and 483.4 mg/g, respectively [61].

For the hydrocarbon generation model, the deep thermal hydrocarbon generation
model was selected from the software, which shows similar organic features to the source
rock parameters of the Wenchang and Enping formations in the PRMB. The Wenchang
Formation was selected as the Type II kerogen model, and the Enping Formation as the
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Type III kerogen model. For the shallow biogenic gas hydrocarbon generation model, it
is related to temperature. According to the analysis data of our research, the main peak
temperature of hydrocarbon generation is 34 °C [21].

3.5. Boundary Conditions

PSM boundary conditions are parameters assigned to the model for the top and bottom
of the model. The boundary condition for the bottom is base heat flow, the transient rate of
heat from mantle to surface through the sedimentary layers. The top boundary condition
includes sediment-water interface temperature (SWIT) and paleo-water depth (PWD).
Boundary condition parameters are mainly from previous studies about thermal evolution
and sedimentary environments. The literature on the thermal evolution of the Baiyun Sag
show HF curves from 50 Ma to the present from 17 wells [62], which show the same trend,
e.g., HF higher at 25 Ma and lower at 50 Ma and present. Among all data, three curves from
wells PY33, LY91, and LY13 representing high, intermediate, and low trends were chosen
as input HF options for gas hydrate PSM modeling (Table 1). Water depth not only controls
the pressure of gas hydrate layers but also has an impact on SWIT. So, it has influence on
both temperature and pressure in the model, which are two key factors for the formation of
the GHSZ. Paleo-water depth can be inferred through sedimentary facies. Previous studies
showed that water depth was shallow (0-100 m) from the Shenhu to Zhujiang period and
became deeper from the Hanjiang to the present (more than 1000 m, Table 2) [63]. SWIT
can be calculated from globe mean temperature at sea level (based on Wygrala, 1989) [64]
and paleo-water depth of each geological time step. Choosing northern, eastern Asia and
latitude 19 for the Shenhu area and temperature at sea level can be generated automatically
based on the Wygrala model, which indicates temperature changed from 25 to 22 °C from
50 Ma to present (Figure 5). After correction with paleo-water depth from Table 2, final
SWIT (temperature at seabed) will be calculated as below (Table 3).

Table 1. Three heat flow (HF) evolution curves used in the PSM model (after Zhang et al., 2014).

HF (mW/m?)
Age (Ma)
High-PY33 Middle-LY91 Low-LY13
50 71 55 45
25 78 58 47
0 73 56 46

Table 2. Paleo-water depth of the Baiyun Sag in the Pearl River Mouth Basin (after Wu et al., 2013).

Formation

Shenhu Wenchang Enping

Zhuhai-

Zhujiang Hanjiang Yuehai-Q

Water depth (m)

0-20 10-100 10-50 0-50 20-200 200-1300

3.6. Simulation and Calibration

After structural model building, properties population, and boundary condition set-
ting up, the first step is to run thermal simulations with three different HF evolution
curves. Due to the missing data of Ro from deep source rock layers such as the Wen-
chang and Enping formations, maturity results from public papers are used as calibration
standard [63].

As mentioned above, three HF trends (Table 1) were used to simulate thermal evolution
for the same model and simulated maturity results of the Wenchang and Enping source
rocks for different HF trends were displayed in Figure 6. Previous studies on source
maturity showed that vitrinite reflectance of the source rock developed in the Wenchang
Formation is above 2.0% in the over-matured and dry gas stage, and that of the Enping
Formation is above 1.0% in the mature stage [63]. Calibration on simulation results of
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three HF trends showed that the model with a low HF trend matches with the publication
data better. As can be seen from Figure 6, by using low HEF, the vast majority of modeled
Easy%Ro of source rocks of the Enping Formation and Wenchang Formation is higher than
1.0% and 2.0%, respectively, which is in line with the geochemical testing results conducted
in the Baiyun Sag [64]. In addition, those source rock calibration results also demonstrated
the validation of our PSM model.

| Paleogene ] Neogene ]
Eocene Oligocene Miocene Plio.

50

Latitude [degree]
=)

Temperature [[1]
30.0

Figure 5. Globe mean temperature at sea level in the Baiyun sag (after Wygrala, 1989).

Table 3. Variation of sedimentary water interface temperature (SWIT) in the Shenhu area.

Age (Ma) 0.0 2.6 53 10.0 16.0 23.0 34.0 39.0 56.5
S;?gr 5.00 5.00 8.53 19.26 20.67 22.31 23.58 23.00 26.02

The next step is to simulate GHSZ and to calibrate the model with well data after ther-
mal calibration. GHSZ 3D distribution is obtained from the GHSZ simulation. 3D modeling
results can be compared with petrophysical interpretation. The boundary between free gas
and the gas-hydrate-bearing zone is considered as the base of the GHSZ (BGHSZ). After
calibration with 25-well data, 3D modeling results only match 12 wells, a matching rate of
48% (modeled BGHSZ compared with the BGHSZ confirmed by drillings). The reason for
the low matching rate is probably because a single HF value for each geological age is used
for the 3D model, and the horizontal variation of HF had not been taken into account. To
solve this problem, HF maps for critical ages are generated to make HF relatively higher in
the north and lower in the south. The average value of the map for each age is about the
same as the previous setting (Figure 7). After adjusting HF maps and the new simulation
results, the match rate reaches 84%.
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300000 305000

295,000 300,000 305,000

300,000 305,000

Sweeney&Burnham
(1990)Easy%Ro|%oRo|
5.00

295,000_300,000 305,000 325,000 330,000 14,001

Enping Wenchang 0

Figure 6. Maturity maps of source rock developing in the Enping Formation (a) and Wenchang
Formation (b) simulated with different HF trends (top: high HF; middle: intermediate HF; bottom:
low HF).

46.00 4800 50.00
Heat Flow [mW/m']

Figure 7. Heat flow distribution and variation maps for different ages. (a): 0 Ma; (b): 25 Ma; (c):
50 Ma.

4. Results
4.1. GHSZ Distribution and Evolution

Calibrations of simulation results at well locations make it possible to predict the GHSZ
lateral distribution and evolution during geological time. At present, the GHSZ covers
the entire Shenhu area and was mainly developed at the Qionghai Formation, Quaternary,
and partially at the Wanshan Formation vertically. The thickness of the GHSZ does not
vary much from west to east, in the range of 150-200 m, and becomes thinner from the
south toward the north, from 200 to 100 m. PSM not only simulates the GHSZ distribution
at present but also restores its evolution through geological history. Simulation results
showed that the GHSZ was formed first in the south of the Shenhu area in a relatively
deep-water depth in the Hanjiang Formation at age 14.2 Ma (Figure 8a), and a tiny part of
the GHSZ developed below the seabed with thin thickness in the Hanjiang Formation to
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the south with deep water (Figure 9a). At the age of 5.3 Ma (Figure 8c), the GHSZ in the
Hanjiang Formation disappeared and a new GHSZ was formed in the overlaying Yuehai
Formation instead, which expanded to the north and reached the center of the study area
(Figure 8c) and become thicker than those developed in the Hanjiang Formation (Figure 9c).
Up to 1.8 Ma, the GHSZ covered the whole Shenhu area and developed mainly in the
Wanshan Formation (Figure 8d), and it became thinner from the south to north; meanwhile,
the GHSZ in the Yuehai Formation disappeared (Figure 9d).

(b) 295,000 300,000 305,000 310,000 315,000 320,000 325,000 330,000

(a) (295:000 300,000 305,000 310,000 315.000 320,000 325,000 330,000

2,220,000
2,215,000
2,210,000

2,210,000
2,205,000

2,205,000
2,200,000 2,200,000}
2,195,000
2,195,000
2,190,000
2,190,000

2,185,000

2,185,000

315,000 320,000 325,000 330,000

(d) (295:000 300,000 305,000 310.000_315.000 320.000 325000 330.000

300,000 305,000 310,000
(C) (225000

2,215,000

2,210,000

2,210,000
2,205,000 2,205,000
2,200,000 2,200,000
2,195,000 2,195,000
2,190,000 2,190,000
2,185,000 2,185,000

Figure 8. 3D view of gas hydrate stability zone (GHSZ, red area) evolution. (a): 14.2 Ma; (b):11.6 Ma;
(c):5.3 Ma; (d): 1.8 Ma.
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Figure 9. Gas hydrate stability zone (GHSZ) evolution section along south—north 2D profile. (a):
14.3 Ma; (b): 11.6 Ma; (c):5.3 Ma; (d): 1.8 Ma.

4.2. Hydrocarbon Generating History

At present, the gas source for gas hydrate discovered in nature is mainly of organic
origin, including deep thermogenic gas and shallow biogenic gas. In this study, the
evolution history of deep thermogenic source rocks of the Wenchang Formation and Enping
Formation and shallow biological source rocks are simulated, including the maturity,
transformation rate, and hydrocarbon generation amount of the source rocks.

4.2.1. Maturity Evolution of Source Rocks

Most of the source rocks of the Wenchang Formation entered the oil generation window
during the deposition period of the Zhuhai Formation at 23 Ma; the deepest part to the
west is in the early gas generation window, while the eastern part is in the immature stage
(Figure 10a). The eastern part of the Enping Formation is in the immature stage and partly
enters the early stage of the oil generation window (Figure 10b).

Around 18.5 Ma, in the early stage of the Zhujiang Formation sedimentation, the
deeper area in the northwest of the Wenchang Formation entered the main gas genera-
tion window, and the eastern and southern areas entered the late oil generation window
(Figure 10c). The deep area in the west, the Enping Formation, entered the gas generation
window, most areas in the center were in the oil generation window, and only some areas
in the eastern structure high were in the immature stage (Figure 10d).

Around 16 Ma, in the late stage of the Zhujiang Formation sedimentation, most of
the Wenchang Formation entered the gas generation window, and only the southeastern
area was still in the oil generation window (Figure 10e). The western area of the Enping
Formation entered the gas generation window, and the eastern and northern areas were
still in the o0il generation window (Figure 10f).
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Figure 10. Evolution of maturity of deep source rocks. (a): Wenchang Formation; (b): Enping
Formation, 23 Ma. (c): Wenchang Formation; (d): Enping Formation, 18.5 Ma. (e): Wenchang
Formation; (f): Enping Formation, 16 Ma. (g): Wenchang Formation; (h): Enping Formation, 5.3 Ma.
(i): Wenchang Formation; (j): Enping Formation, 0 Ma.
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Around 5.3 Ma, during the deposition period of the Yuehai Formation, most areas
of the Wenchang Formation were in the gas generation window, some areas in the west
entered the over mature stage, and only some areas in the east were still in the late oil
generation stage (Figure 10g). From east to west, the Enping Formation was in the main oil
generation window;, late oil generation window, and wet gas window, respectively. Most
areas were in the dry gas stage and some areas in the west were in the over-mature stage
(Figure 10h).

At present, the western region of the Wenchang Formation is in the over-mature stage,
most of the central region is in the dry gas stage, and a small part of the eastern region is in
the wet gas stage (Figure 10i). From east to west, the Enping Formation is in the main oil
generation window, late oil generation window, and wet gas window, respectively. Most
parts of the central and western regions are in the dry gas window, and the deeper parts of
the western region are in the over-mature stage (Figure 10j).

4.2.2. Evolution of Transformation Rate of Source Rocks

The transformation rate is defined as the converted mass fraction of the initial kerogen
(after Hantschel and Kauerauf, 2010). The simulation results show that the transformation
rate of source rocks in the Wenchang Formation is close to 100%, indicating that most
organic matter has been transformed into oil and gas (Figure 11a). The transformation
rate of the Enping formation is more than 90% in most areas, and the transformation
rate in the eastern area is relatively low, 60-70%, indicating this set of source rocks still
has hydrocarbon generation potential and is still in the stage of hydrocarbon generation
(Figure 11b). Coupled with the evolution simulation of deep source rocks, the source
rocks of shallow biogenic gas are simulated, including the Hanjiang Formation, Yuehai
Formation, Wanshan Formation, and Qionghai Formation. The transformation rate of
the Qionghai Formation at the top is relatively low, and only the deep-water area in the
southeast is reaching about 10% (Figure 12a). The transformation rate of source rocks in
the lower Wanshan Formation increases. The transformation rate is inversely proportional
to the structure, and the zone with a high transformation rate is 30-50% (Figure 12b).
The transformation rate of source rocks of the Hanjiang Formation and Yuehai Formation
is relatively high, reaching more than 90%, indicating most of organic matters has been
transformed into biogenic gas (Figure 12¢,d).

295,000 305,000 315,000 325.000 b 29 305,000
(a) (b)
4,000 4,000
8,000 8,000
12,000 12,000
Shenhu 3D
model 2019
2,220,000 2,220,000 update 20
191106 2,
Shenhu 3D
2,215,000 2,215,000 model2019
Ghsimulati
ontest 2019
2,210,000 2,210,000 20821, 0Ma
TR(alD)[%]
2,205,000 2,205,000 s
2,200,000 2,200,000
2,195,000 2,195,000 o
2,190,000 2,190,000
0%
2,185,000 2,185,000

Figure 11. Transformation rate of deep thermogenic gas source rocks. (a): Wenchang Formation;
(b): Enping Formation.
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Figure 12. Transformation rate of shallow biogenic gas source rocks. (a): Qionghai Formation;
(b): Wanshan Formation; (c): Hanjiang Formation, and (d): Yuehai Formation.

In the 2D section (Figure 13), the evolution characteristics of deep and shallow source
rocks both can be displayed. From the north—south section in the east, the Zhujiang
Formation is in the early stage, the source rocks of the deep Wenchang Formation enter
the oil generation window, and the overall transformation rate is more than 90%. The
transformation rate in the deep part in the north of the Enping Formation was relatively
high, and gradually decreases with the structure variation in the south (Figure 13).

Around 11.6 Ma, the sedimentary period of the Hanjiang Formation, the transforma-
tion rate of source rocks of the deep Wenchang Formation is close to 100%. In addition to
the high parts in the south, the transformation rate of the Enping Formation is also more
than 90%. The transformation rate of shallow biogenic gas source rock in the lower part of
Hanjiang Formation is higher than 90%. The transformation rate of overlying source rock
is gradually lower, 30 and 20%, respectively, and the transformation rate in the south is
gradually lower (Figure 14).
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Figure 13. 2D evolution profile of hydrocarbon source rock transformation rate at 16 Ma.
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Figure 14. 2D evolution profile of transformation rate of source rock at 11.6 Ma.

Around 5.3 Ma, during the sedimentary period of the Yuehai Formation, the transfor-
mation rate in the south of the Enping Formation continues to increase with time, and the
transformation rate in most areas is nearly 100%. The transformation rate of the shallow
biogenic gas source rock Hanjiang Formation is 100%, and that of the Yuehai Formation is
about 30% (Figure 15).

Around 1.8 Ma, during the sedimentary period of the Wanshan Formation, the trans-
formation rate of the Enping Formation is 100%. The transformation rates of shallow
biogenic gas source rocks of the Hanjiang and Yuehai formations are both 100%, and that
of the Wanshan Formation is about 50% (Figure 16). At present, the transformation rate of
source rocks in the deep Wenchang Formation and Enping Formation is 100% in most of the
area, and only the local structure high in the south is about 65%. The transformation rates
of shallow biogenic gas source rocks of the Hanjiang, Yuehai, and Wanshan formations
reached 100%, and the transformation rate of the Qionghai Formation decreased from base
to top, ranging from 60 to 10% (Figure 17).
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Figure 15. 2D evolution profile of transformation rate of source rock at 5.3 Ma.
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Figure 16. 2D evolution profile of transformation rate of source rock at 1.8 Ma.

4.2.3. Hydrocarbon Generation

The gas source for hydrate gas in the Shenhu area includes deep thermogenic gas
and shallower biogenic gas. The source rocks of deep thermogenic gas include the Enping
Formation and Wenchang Formation. The thermal simulation shows (Figure 18) that the
Enping source rocks began to generate oil at 25 Ma. 23 Ma and 11.6 Ma were the peaks of
hydrocarbon generation and it began to generate gas at 16 Ma. Since 5.3 Ma, most of the
areas have started to generate gas, and only the structures high in the east have been in the
oil window until now. The source rock of the Wenchang Formation started hydrocarbon
generation at 34 Ma and entered the main hydrocarbon generation period at 28.4 Ma, lasting
to 18.5 Ma. After that, the amount of hydrocarbon generation decreased. Shallow biogenic
gas source rocks include the Hanjiang, Yuehai, Wanshan, and Qionghai formations. The
gas generation of the Hanjiang Formation began around 16 Ma and peaked in 11.6-5.3 Ma.
The gas generation of the Yuehai Formation began at 11.6 Ma and peaked at 5.3-1.8 Ma.
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The Wanshan Formation and Yuehai Formation began to generate hydrocarbons at 5.3 Ma,
and the Qionghai Formation contributed very limited hydrocarbons in the system.
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Figure 18. Hydrocarbon generation evolution curve of source rocks in the Shenhu area. (a): deep
thermogenic gas source layer; (b): shallow biogenic gas source layer.

4.3. History of Oil and Gas Migration and Accumulation

Based on the study of source rocks, the migration and accumulation of oil and gas
are simulated. This simulation results show the main gas migration pathway and main
formation period of gas hydrate in the study area.
With the overlap of transformation rates, the arrow of oil and gas migration are
displayed (Figure 19). At 25 Ma, during the deposition of the Zhuhai Formation, the deep
source rocks were dominated by oil generation, and the generated oil and gas migrated
upward and accumulated in the upper Zhuhai Formation reservoir.
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Figure 19. Three-dimensional evolution diagram of oil and gas migration at 25 Ma. The direction of
the arrow represents the direction of oil and gas migration and accumulation; green represents oil,
red represents gas, and the patch represents oil and gas accumulations.

Around 16 Ma, during the deposition of the Zhujiang Formation, the source rocks
in the deepest part of the west began to generate gas. However, in this period of time,
oil generation was still dominant. In addition to vertical migration, there was also lateral
migration from west to east (Figure 20). Around 11.6 Ma, the sedimentary period of the
Hanjiang Formation, except for the structure highs in the southeast, the deep source rocks
were in the gas window, mainly migrating vertically, and were accumulated in overlying
reservoir layers. In the southeast, the deep thermogenic gas was transported to the shallow
layer through mud diapir. The shallow biogenic gas source rock entered the hydrocarbon
generation stage (Figure 21), and biogenic gas was generated (small red arrow in the upper
part). Around 5.3 Ma, during the sedimentary period of the Yuehai Formation, with the
increase in burial depth of shallow source rocks, they were generating more and more gas
(Figure 22). Around 1.8 Ma, in the sedimentary period of the Wanshan Formation, the
deep source rocks were in the gas window completely, but the amount of generated gas
decreased. However, the gas generation of the shallow source rock continued to increase
(Figure 23). At present, the amount of gas generated from deep source rocks continuously
decreases; the gas source is mainly from shallow biogenic gas source rocks (Figure 24).

4.4. Gas Hydrate Formation and Distribution

After the simulations of temperature and pressure, variation of the GHSZ, hydrocarbon
generation, migration, and accumulation (conventional oil and gas and gas hydrate) are
carried out simultaneously, and the simulation results shed light on the evolution history
of gas hydrate accumulation.

Around 11.6 Ma, during the sedimentary period of the Hanjiang Formation, gas
hydrate began to form in the central region (Figure 25a). Around 5.3 Ma, during the
deposition period of the Yuehai Formation, the gas hydrate range in the central region
became smaller and migrated to the north, and sporadic gas hydrates were formed in the
southern region (Figure 25b). At 1.8 Ma, during the deposition of the Wanshan Formation,
gas hydrate was formed in the three structural ridges in the north, and two gas hydrate
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development areas were formed in the north and southeast of the study area (Figure 25c).
In general, the gas hydrate distributions are roughly in line with the distribution of the

submarine ridges (Figure 25d).
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Figure 20. Three-dimensional evolution diagram of oil and gas migration at 16 Ma. The directions of
the arrows represent the directions of oil and gas migration and accumulation; green represents oil,
red represents gas, and patch represents oil and gas accumulation.
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Figure 21. Three-dimensional evolution of oil and gas migration at 11.6 Ma. The directions of the
arrows represent the directions of oil and gas migration and accumulation; green represents oil, red

represents gas, and patch represents oil and gas accumulation.
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Figure 22. Three-dimensional evolution of oil and gas migration at 5.3 Ma. The directions of the

arrows represent the directions of oil and gas migration and accumulation; green represents oil, red

represents gas, and patch represents oil and gas accumulation.
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Figure 23. Three-dimensional evolution of oil and gas migration at 1.8 Ma. The directions of the

arrows represent the directions of oil and gas migration and accumulation; green represents oil, red

represents gas, and patch represents oil and gas accumulation.
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Figure 24. Three-dimensional evolution of oil and gas migration at 0 Ma. The directions of the
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5. Discussion
5.1. Hydrate Gas Source Analysis

In the PSM model, the shallow biogenic gas source and deep thermogenic gas source
are defined respectively, and the methane generated by the Enping Formation source rock
(Methane_EP) and Wenchang Formation source rock (Methane_WC) can be identified
numerically. From the gas generation history of deep source rocks in Figure 18, it can be
seen that the deep thermogenic gas source in the Wenchang Formation started to generate
gas at 38.4 Ma. The main peak period of gas generation was between 23 to 11.6 Ma, and
then the gas generation decreased to 5.3 Ma. Enping source rock began to generate gas
at 23 Ma, and the gas peak was 23-5.3 Ma. After that, the gas volume decreased until
1.8 Ma. At present, the two sets of source rocks were in the late stage of hydrocarbon
generation. Shallow biogenic gas source rocks include four sets of the Hanjiang, Yuehai,
Wanshan and Qionghai formations. The Hanjiang—Yuehai formations began to generate
gas at 16 Ma, peaked at 11.6-1.8 Ma, and is still in the late stage of gas generation. The
Wanshan Formation began to generate hydrocarbon at 5.3 Ma and is now at the peak of
gas generation. The Qionghai Formation began to generate gas from 5.3 Ma, but the total
amount of gas is relatively small and is currently in the gas generation stage (Figure 18).

Based on the analysis of gas generation, the Wenchang Formation source rock is the
largest gas contributor in the system, which is nine times that of Enping’s. The second
gas contributor is the Hanjiang—Yuehai Formation, whose gas generation is twice of the
Enping source rock. The gas generation of the Enping Formation and Wanshan Formation
is relatively smaller, and that of the Qionghai Formation is the smallest. On the other
hand, the gas generated by the source rock needs to be transported to the shallow GHSZ
through the migration pathways to form gas hydrate. Therefore, the matching relationship
between the hydrocarbon generation period, the active period of migration system, and
the development period of the GHSZ determines gas hydrate formation and distributions.

5.2. Control of Migration Pathways on Gas Hydrate Formation

Based on the modeling results, methane in the gas hydrate mainly comes from biogenic
sources, and there is no deep thermogenic gas (Figure 26). The main reason is that effective
pathways connecting deep source rocks and shallow GHSZ controlled the formation and
accumulation of gas hydrates in the study area. This phenomenon can be clearly seen from
the 2D profile.

Component: Mass (tons) Mass (%)
Methane_EP 0 0
Methane WC 0 0
BioMethane 3.78 100.00

Figure 26. Analysis of methane gas source in gas hydrate.

Around 11.6 Ma (Figure 27), the sedimentary period of the Hanjiang Formation, the
source rocks from the deep Wenchang and Enping formations were mainly generating
oil, which was migrating to the Zhujiang Formation and accumulating in the reservoir
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layers. The source rocks of the shallower Hanjiang Formation were generating biogenic
gas. The most gas hydrates were sourced by shallow biogenic gas, and only some of them
in the southeast was sourced by about 3% of the deep thermogenic gas. The thermogenic
gas could migrate upward vertically into the GHSZ through faults, mud diapirs, and gas
chimneys to form gas hydrates. In the central region, where faults and mud diapirs are
developed, deep thermogenic gas can also migrate to shallow layers, but the migration
timing was earlier and makes limited contribution to present day gas hydrate formation.
This is also the reason why biogenic gas is the dominant gas source in the Shenhu area.

® SH-W16-2015 @ SH-W08-16 @ SH-W01-2015 11.6 Ma
0 0 5,000 10,000 15,000 20,000 25,000 (m)
1,000 }
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&5,000 uhai
o] —
6.000 Enping
7,000 Wenchang
8’0003 Shenhu
9,000
0 0l 136 196 256 316 376 436 496 556
2800 1330 — & 380 meter

Figure 27. 2D section crossing W16, W08 and W01 shows the oil and gas migration and accumulation
at 11.6 Ma. The green arrows represent the migration and accumulation of oil, and the red arrows
indicate the migration and accumulation of gas.

Around 5.3 Ma (Figure 28), during the deposition of the Yuehai Formation, the source
rocks of the deep Wenchang Formation began to generate gas, which migrated upward to
the shallower sandstone and accumulated in the reservoir layers. The source rocks of the
Enping Formation were oil prone at that time. The gas generation from the source rocks of
the Hanjiang Formation were reducing.

Around 1.8 Ma (Figure 29), the sedimentary period of the Wanshan Formation, the
source rocks of the deep Wenchang Formation were mainly generating gas, while the source
rocks of the Enping Formation were mainly generating oil, and only a small amount of gas
was generated by then.

At present (Figure 30), the source rocks of the deep Wenchang Formation and Enping
Formation have entered the gas window. The shallow layers are charged by the gas
generated from Qionghai source rock. This section in Figure 30 is a typical migration and
accumulation profile in the study area. From the migration history, it can be concluded
that the deep thermogenic gas is mainly accumulated in the deeper intervals if there is no
effective pathway linking to the shallower GHSZ.
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Figure 28. 2D section crossing W16, W08 and W01 shows the oil and gas migration and accumulation
at 5.3 Ma. The green arrows represent the migration and accumulation of oil, and the red arrows
indicate the migration and accumulation of gas.
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Figure 29. 2D section crossing W16, W08, and W01 shows the oil and gas migration and accumulation
at 1.8 Ma. The green arrows represent the migration and accumulation of oil, and the red arrows
indicate the migration and accumulation of gas.
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Figure 30. 2D section crossing W16, W08, and W01 shows the oil and gas migration and accumulation
at 0 Ma. The green arrows represent the migration and accumulation of o0il, and the red arrows
indicate the migration and accumulation of gas.

Combined with the simulated evolution of gas hydrate distribution at each time period
in the Shenhu area, it can be found that there is a coupling relationship between the gas
hydrate distribution and the structural ridges in the north (Figure 25). It is speculated
that the structural ridge may be used as a structural weak zone to reduce the formation
pressure and favorable migration pathways, which is conducive to the gas from the deeper
source rocks [28]. In other words, the widespread depressurization is perhaps the reason
for the migration of deep hydrate gas to shallow GHSZ and gas hydrate accumulation [65].
However, some studies have pointed out that the neotectonic movements in the study area
have been active since the late Miocene, and faults, fractures, diapirs, and gas chimneys
developed in the area could be the vertical gas migration pathways, which were capable of
transporting a large amount of oil and gas generated by deep Paleogene source rocks to
the overlying Miocene, Pliocene, and even Quaternary hydrate reservoirs. Hydrocarbon
migration simulation results show that the gas generated by the Wenchang Formation
migrated upward to the seafloor along the fault during the deposition period of the lower
Zhujiang Formation at 18.5 Ma (Figure 31a). At 11.6 Ma, during the sedimentary period of
the Hanjiang Formation, the gas continued to migrate upward along the fault to the lower
Zhujiang Formation (Figure 31b). The main active period of mud diapir is 11.6 Ma to the
present. At 11.6 Ma, during the deposition of the Hanjiang Formation, gas began to migrate
upward along the mud diapir to the Lower Zhujiang Formation (Figure 31c). By 1.8 Ma,
gas continued to migrate upward along the mud diapir to the Upper Zhujiang Formation
during the deposition of the Wanshan Formation (Figure 31d).

The migration pathways in the study area are developed and connected the deep
source rocks and shallow reservoirs. The pathway is not the only factor affecting the
gas hydrate distribution in the study area, and the coupling relationship between gas
generation, migration timing, and fault activation timing still needs to be considered. If
the gas has already escaped before the pathway availability, it is not favorable to the
accumulation of the deep thermogenic gas [66-68].

Based on simulation results, the development of gas hydrate is mainly controlled by
water depth and lithofacies. Water depth mainly affects the depth of the GHSZ because of
the temperature and pressure profile, while lithofacies controls the accumulation location of
gas hydrates. The formation and distribution of gas hydrates are fundamentally controlled
by the space-time matching between the hydrocarbon generation and expulsion time of oil
and gas and the formation and distribution of the GHSZ.
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Figure 31. Interpreted main faults (vertical extension blue patches) embedded in the 3D model and
modeled vertical hydrocarbon migration of deep thermogenic gas through these faults in 18.5 Ma
(a) and 11.6 Ma (b). Interpreted main mud diapirs and gas chimneys (vertical extension blue panels)
embedded in the 3D model and modeled vertical hydrocarbon migration of deep thermogenic gas
through them at 11.6 Ma (c) and 1.8 Ma (d). Red arrows and green arrows represent gas migration
and oil migration, respectively.

5.3. Contribution of Gas Source to Hydrocarbon Generation and Gas Hydrate Accumulation

The simulation results show that the methane in the Wanshan Formation is 94.93%
from shallow biogenic gas, 4.23% from the Enping Formation, and only 0.84% from the
Wenchang Formation. The composition of methane from the Qionghai Formation is 92.15%
from shallow biogenic gas, 6.90% from the Enping Formation, and 0.95% from the Wen-
chang Formation. It can be seen from Figure 32 that most of the methane in gas hydrate
comes from a shallow biological gas source, and only a small part (~3%) of methane in gas
hydrate in the southeast comes mainly from deep thermogenic gas. The thermogenic gas is
mainly from the Enping Formation and Wenchang Formation.

The analysis of hydrate gas sources in the trial production well in the Shenhu area
needs to be combined with the simulation results. From the evolution of the GHSZ
(Figure 9), it can be seen that the GHSZ was formed after 14 Ma and migrated from
the south to the central region at 5.3 Ma. The hydrocarbon generation of the Wenchang
Formation, a deep thermogenic source rock, basically ended around 5.3 Ma, and the source
rock of the Enping Formation basically ended around 1.8 Ma. The main migration and
accumulation time period of deep thermogenic gas did not match the formation time of
shallow GHSZ, which is one of the main reasons why the main source of methane of gas
hydrate in the area originated from the shallow biogenic gas. Although there are faults and
mud diapir structures as vertical gas migration pathways, most of the migrated gas either
accumulated in conventional gas reservoirs in the shallow layers or migrates to the seabed
and leaked off. The deep source rock of the Enping Formation dip downward to the east.
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The gas generated in the late stage migrates laterally to the east, then migrates vertically
to the shallow layers along the mud diapir in the southeast, and then migrates laterally
from south to north along the stratum to form gas hydrate with the shallow biogenic gas
(Figure 33). The hydrocarbon generation peak of shallow biogenic gas matches well with
the formation time of the GHSZ and becomes the major gas source for gas hydrate in the
study area.
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Figure 32. Analysis of methane gas source in gas hydrate accumulations based on simulation results.
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Figure 33. 2D cross-section of W11 and W17 shows the hydrocarbon migration and gas hydrate
accumulation through the vertical migration pathway of mud diapir. The green arrows represent
the migration and accumulation of o0il, and the red arrows indicate the migration and accumulation
of gas.

In terms of the gas hydrate saturation, the simulation results were calibrated with
petrophysical interpretations of drilled wells. A 1D model is extracted from the 3D simula-
tion results of typical well A, which displayed gas hydrate in around 50 m thickness with a
saturation of about 19%, which was consistent with the petrophysical interpretation results
from logging while drilling (Figure 34). In this way, it is proved that our simulation results
are reliable and predictive to a certain extent.



Energies 2023, 16, 99

30 of 35

0 vv 1
Gas Hydrate Sauraton of WelA e o | —
Fraction [%)
50 M0 150 20 . | e
RO¥S 88
in 16 =
s L sl
- GRMA RES BS TNe g SUwL Qeww
129 3 . Ry 1Ly 0O
T

1475,

Depth [m]

Figure 34. Comparing the simulation results with the petrophysical interpretations from the logging
while drilling data.
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5.4. Limitations of This Model

Although this study was conducted based on seismic interpretations for structural
framework modeling and carries out petrophysical interpretation of all logs to obtain
the results of lithology, the PSM model may still be different with the actual geological
situations. Moreover, the impacts of special geological events, local lithologic variation
caused by special sedimentary events, are not considered. If the variation occurs in the gas-
hydrate-bearing layer, it is most likely to have a profound impact on the simulation results.
During the coring process, the change of the chemical, thermal, and physical surroundings
of the core will also affect the measured parameters. The accuracy of lithology distribution
needs to be taken into account, as it ultimately controls the gas hydrate accumulation
location [69,70]. The basic input parameters and boundary conditions are speculated on
based on the study of the overall physical properties of the basin, rather than measured
directly, which also increases the uncertainty of the simulation. Because not all the field
test results are available, the simulation results could not reflect the actual situation of
the reservoir in situ, and most of the established mechanical models may not reflect the
complex stress state of the reservoir.

Based on seismic analysis, drilling data, and simulations, there are abundant gas
hydrate resources in the Shenhu area, but their distribution and exact quantity are still
uncertain. This requires further study with all available data, otherwise it is difficult to accu-
rately predict the resources scale and locations. Due to the lack of accuracy of reservoir data
and the limitations of the evaluation methods, the uncertainty of resource quantification,
gas hydrate layer characteristic description, and gas hydrate accumulation locations are
inevitable. Gas hydrate phase behaviors under various P-T conditions, especially saturation
of gas hydrate and the associated relative permeability of gas and water during the gas
hydrate production process and/or geological burial history, is unclear by far. Therefore,
the simulation still cannot provide reliable gas hydrate resources evaluations. The model-
ing works could be improved when more production testing data and reservoir data are
available. In other gas hydrate prospects around the world (Nankai Trough offshore of
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Japan and the K.G. basin offshore India), it is found that there is a significant deviation
between the prediction of the gas hydrate model and the actual response. Therefore, the
gas hydrate model needs to be further improved to correct these uncertainties with further
production trial testing and more data available [69-71].

6. Conclusions and Way Forward

A 3D gas hydrate PSM model of the Shenhu area was built and calibrated for thermal
evolution and GHSZ distribution with source rock maturity and petrophysical interpre-
tation from available wells of the Baiyun Sag, GHSZ evolution, hydrocarbon generation,
and migration, and the gas hydrate formation and accumulation in 3D were modeled and
discussed. The following conclusions can be made.

(1) Both shallow biogenic gas and deep thermogenic gas contribute to gas hydrate
formation. Most areas are dominated by shallow biogenic gas, and only some areas in the
southeast, about 3% of deep thermogenic gas, mainly from the source rocks of the Enping
Formation, contributed to the gas hydrate based on the simulation results.

(2) Source rock of the Wenchang Formation, a deep thermogenic gas source, began
hydrocarbon generation at 34 Ma, entered the main hydrocarbon generation period at
28.4 Ma, and continued to 18.5 Ma. Enping source rock began to generate oil at 25 Ma,
peaked between 23 Ma-11.6 Ma, and began to generate gas at 16 Ma. Since 5.3 Ma, most of
the source rock has entered the gas window, and only the structure highs in the east still in
the oil window, which has lasted until now. The shallow biogenic gas source rock Hanjiang
Formation began to generate gas at 16 Ma and reached its peak between 11.6-5.3 Ma. The
gas generation of the Yuehai Formation began at 11.6 Ma and peaked during 5.3-1.8 Ma.
The Wanshan Formation began hydrocarbon generation at 5.3 Ma, and the gas generation
peaked during 5.3-1.8 Ma. The Qionghai Formation started hydrocarbon generation from
0.3 Ma and is still in the hydrocarbon generation stage.

(3) GHSZ covered the entire Shenhu area and mainly developed at the Qionghai
Formation and partially at the Wanshan formation at present. The GHSZ was formed in
the Hanjiang Formation at 14.2 Ma first. With water depth becoming deeper, GHSZ moved
upward. Laterally, GHSZ developed in the south at the beginning and expanded to the
north gradually and covered the whole Shenhu area in the Wanshan Formation at 1.8 Ma.
At 1.8 Ma, during the deposition period of the Wanshan Formation, the GHSZ covered all
over the region and kept unchanged until to present day. The thickness of the GHSZ from
east to west was basically stable with a range of 150-200 m, while the thickness in the south
is about 200 m and thinned to 100 m to the north.

(4) At 11.6 Ma, gas hydrate began to form in the central area during the sedimentary
period of the Hanjiang Formation. At 5.3 Ma, during the deposition period of the Yuehai
Formation, the gas hydrate distribution in the central area became smaller, and sporadic
gas hydrates were formed in the southern area. Around 1.8 Ma, during the deposition
period of the Wanshan Formation, gas hydrate was formed in the three structural ridges
in the north, and two gas hydrate development areas were formed in the southwest and
southeast to the south. At present, gas hydrate is distributed in most areas matching with
the structural ridges, which is consistent with the drilling data.

(5) The development of gas hydrate is mainly controlled by water depth and lithofacies.
Furthermore, water depth mainly controls the depth of the GHSZ, while shallow lithofacies
control the accumulation locations of gas hydrates. The formation and distribution of gas
hydrates are fundamentally controlled by the space-time matching between the hydro-
carbon generation and expulsion time and the formation and distribution of the GHSZ.
Thermogenic gas can migrate vertically through faults, mud diapir, and gas chimney into
the GHSZ to form gas hydrates. In the area, faults and mud diapirs are developed in the
central region, which conduct the deep thermogenic gas to the shallow layers. However,
due to the early migration period of gas and the mismatch with the time of fault formation,
deep thermogenic gas makes very limited contribution to gas hydrate formation.
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