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Abstract: Natural gas hydrates, as a novel clean energy resource, have attracted widespread
attention because of their highly complex reservoir properties, fluid distribution, and phase
transitions. In particular, the fluid-solid interactions among hydrates, natural gas, water,
and other multiphase components, along with phase state transitions influenced by temper-
ature and pressure and the dynamic reservoir responses induced by hydrate decomposition
and synthesis, make their study unique. Consequently, accurately predicting the structure
and reservoir properties of natural gas hydrates remains a scientific challenge. In this study,
high-resolution 3D seismic data, well logging, and core samples from the Shenhu test area
in the South China Sea were utilized for stratigraphic correlation and classification. The
hydrate, three-phase mixed, and free gas layers were identified as distinct geological bodies,
and detailed stratigraphic subdivisions were performed based on hydrate distribution and
physical properties. By integrating stochastic and deterministic modeling approaches, a
comprehensive hydrate reservoir model, along with temperature and pressure field models,
was established. For the first time, a three-dimensional heterogeneous geological model of
the hydrate reservoir was developed for the test exploitation area. This model provides a
robust geological foundation for hydrate reservoir studies, numerical simulations, and the
formulation of efficient exploitation strategies, contributing to the advancement of natural
gas hydrate exploration and production.

Keywords: gas hydrate; non-homogeneous; 3D geological modeling; stratigraphic correla-
tion; reserve estimation

1. Introduction

Natural gas hydrate is a solid compound of natural gas and water under low tempera-
ture and high pressure, mainly found in the ocean and permafrost. More than 90% of these
hydrates occur in clay siltstone or medium silty seafloor sediments [1-3]. Global hydrate
resources account for more than twice the global conventional oil and gas resources [4].
China’s gas hydrate exploration assessment and drilling have confirmed over 100 billion
square meters of gas hydrate reserves in the Shenhu Sea area [5].

As a promising new type of clean energy, the efficient exploitation of natural gas
hydrate has attracted great attention worldwide [6-8]. At present, more than 30 countries
and regions have launched geological exploration and research on gas hydrates, including
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on-site test production work in Markley in Canada, the Alaskan tundra in the United States,
the Nanhai Trough in Japan, and the Shenhu Sea in the South China Sea [9-14]. In 2020,
China carried out a second test in the Shenhu Sea area of the South China Sea and applied
horizontal well production for the first time in the world. This changed the situation in
which all countries use single vertical well production in the early stage, yielding little gas
and a substantial amount of sand, which was not easy for normal production. Natural gas
hydrate is gradually entering a new stage, moving from exploratory testing to experimental
testing [15].

Geological modeling is the research basis for regional geological surveys, resource
exploration, development, etc. At present, there is no mature method for the geological
modeling of hydrates. As a solid in the subsurface, natural gas hydrate is usually associated
with gas and water, and its seismic and logging response characteristics are exceptional,
which poses great challenges to formation classification and correlation and geological mod-
eling. Because of limited geological and test well data, current hydrate geological models
are relatively simple, mostly single-well homogeneous or only longitudinal heterogeneous.
There is little research on 3D heterogeneous geological models of actual multi-wells [16-20].
Ye Hongyu et al. (2022) established a longitudinal heterogeneity model of a single well
with a single hydrate layer based on production well testing data at the Nankai Trough in
Japan [21].

The gas hydrate in the Shenhu area of the South China Sea is a clayey siltstone
reservoir, which is shallow in depth, loose in texture, and weakly cemented or uncemented,
with high clay mineral content, fine pore throat size, and obvious ultra-low permeability
characteristics; the area also develops a gas hydrate layer, a three-phase mixed layer, and a
gas—water two-phase layer; i.e., multiple layers and phases coexist [22]. Although extensive
geological studies have been conducted on natural gas hydrates in the South China Sea, the
established geological models do not fully reflect the non-uniformity and peculiarity of the
reservoir and the three-phase mixed layer [23]. In this study, based on the actual data from
the two test production wells in the Shenhu area of the South China Sea, the gas hydrate
layer, the three-phase mixed layer, and the free gas layer are divided into three geological
bodies, and the layers are reclassified. The porosity, permeability, saturation, pressure, and
temperature models of the four wells in the test area were constructed using Petrel software,
and the resource volume in the test area was estimated in a three-dimensional non-uniform
geological model, providing a geological basis for natural gas hydrate exploitation research.

2. Geological Setting

The Baiyun Depression in the north of the South China Sea is the largest depression
in the Pearl River Estuary Basin. The Shenhu area of the South China Sea is structurally
part of the Zhuer Depression of the Pearl River Estuary Basin. The seafloor topography
is complex, and the general trend is higher in the north and lower in the south. During
the Cenozoic, many regional tectonic activities occurred, such as the Shenhu movement,
Zhugiong movement, Nanhai movement, and Dongsha movement, which resulted in
a high sedimentation rate of formations and rich oil and gas resources [24]. The water
depth of hydrates in the Shenhu Sea is 500-2000 m, the seafloor temperature is 2—4 °C,
and the geothermal gradient is 44-67 °C/km [25]. The Eocene Wenchang Formation and
the Oligocene Enping Formation are the main source rocks with high maturity, generating
pyrolysis gas at depth in the formation. The Upper Ocene Zhujiang Formation, Hanjiang
Formation, Yuehai Formation, and Wanshan Formation have low organic matter maturity
and produce a large amount of shallow biogenic gas. Deep pyrolysis gas and shallow
biogenic gas provide sufficient gas sources for hydrate formation [26-28]. Faults, mud
diapirs, and gas chimneys in the region form gas migration channels, and most of them
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directly communicate with the Bottom Simulating Reflector (BSR) [29]. Sufficient gas supply,
high pressure, low temperature, and well-established gas migration pathways create ideal
conditions for hydrate formation. The Shenhu Sea area has become an important target
area for marine gas hydrate exploration and development in China [30].

Since 2003, the China Geological Survey has been conducting a survey and evaluating
natural gas hydrate resources in the Shenhu area. The first actual sample of natural gas
hydrate was obtained in 2007. Gas hydrate exploration in 2015 and 2016 resulted in the
discovery of eight gas hydrate deposits. In 2017, the W11-W17 deposit was selected as the
best target for production testing [14] (Figure 1).
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Figure 1. Locations of wells for test production in 2017 and 2020. Point A denotes the target entry
point of the horizontal well designated SHSC2-6, and AB represents the horizontal well section.
(updated from Ye JL, 2020 [15]).

Both of China’s two test operations in the Shenhu area of the South China Sea were
conducted in the W11-W17 orebody. The distance from W11 to W17 is approximately 2 km.
The two test holes are located near W17, and four holes are currently being drilled. W17
was an early well, now known as GMGS5-SH17.

The first test well was the vertical well SHSC-4, the second was the horizontal well
SHSC2-6, and the well GMGS6-SH02 was the pilot hole drilled for the optimal trajectory of
the second test well in 2019. The distance between well GMGS6-SH02 and well A is approx-
imately 70 m [15], the distance between well GMGS5-SH17 and well A is approximately
230 m [23], and the distance between well SHSC-4 and well A is 189 m. Test well SHSC-4 is
90 m away from test well SHSC2-6 and 155 m from well GMGS5-SH17 (Figure 1).

3. Methodology

Geological modeling methods include deterministic modeling and stochastic model-
ing. Building a three-dimensional geological model requires a large amount of base data,
including seismic, well logging, and drilling data. With good quality seismic data and full
utilization of well data, a good deterministic model can be obtained. However, in most
cases, the conditions for deterministic modeling are difficult to guarantee, so the modeling
method development has focused on stochastic reservoir modeling based on geostatistics.
Stochastic modeling recognizes that, under current conditions, people can gain a clear
understanding of underground reservoirs with minimal information and that it is, there-
fore, necessary to fully consider the various possible outcomes caused by this uncertainty
when building geological models, which can be analyzed or selected by geologists. As
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there is limited information on natural gas hydrates, this paper refers to well locations
and seismic and well logging data, performs geological correlation, and uses stochastic
modeling to build a well, layer, and attribute model. It uses deterministic modeling to
establish temperature, and pressure models and finally constructs a three-dimensional
heterogeneous geological model and calculates the resource volume of natural gas hydrates

(Figure 2).
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Figure 2. Flowchart for modeling a gas hydrate reservoir.

The main method used in this paper to construct geological models is the corner
point grid method. By selecting the corner point grid model as the basis for geological
modeling, the technical approach to geological modeling can be determined. First, a
column set is generated, and then, layers are inserted into the column set to generate
topological hexahedral elements to reflect layer termination through changes in z-value
and to express geological phenomena such as layer termination through the effectiveness
of local subdivision mesh bodies.

The modeling steps based on the corner point grid model are as follows:

1.  Construct a layer model based on drilling, logging, and seismic data and handle the
contact relationships between layers.

2. Construct a three-dimensional framework based on the stratigraphic model to estab-
lish the structural model, ensuring each grid is normal.

3. Coarsen the well-point grid property parameter set in the generated structural model
and determine the appropriate modeling parameters through data analysis.

4. Complete the construction of the porosity and permeability attribute model using
kriging and other interpolation methods.

5. Construct the water, gas, and hydrate saturation models using porosity as a co-
Kriging variable.

6. Calculate the temperature and pressure models based on the temperature and pres-
sure gradients.

7. Calculate the hydrate reserves.

4. Results

Based on the data of two hydrate test wells in the Shenhu area of the South China
Sea, the hydrate, mixed, and free gas layers are divided into three geological bodies. Based
on the well data of the three wells and the regional seismic data, the fault model and
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the three-dimensional skeleton were constructed successively, and then, the layer model
was constructed. By combining the established model data with the dataset of physical
property parameters, the attribute model was established, and the porosity, permeability,
saturation, pressure, and temperature models of the three wells in the test production area
were determined. The estimated resource in the test production area provides a geological
basis for the study of gas hydrate exploitation.

4.1. Data Input

The test production area is covered by three-dimensional seismic data, which shows
typical high amplitude reflection features similar to those observed in submarine reflection
(BSR). As seen from the seismic section of the SC-4 well, the first test production well
in the area, the faults are clearly delineated. Three reservoir sets—a, b, and c—have
developed in the vicinity of the Bottom Simulating Reflector (BSR) in the seismic profile.
The original interpretation of the seismic section identified only four faults. However,
detailed analysis of the seismic reflection data combined with fault characteristics identified
a new synthetic normal fault between fault F1 and fault F2 in section W11-W17. This fault
is causing displacement of part of the hydrate-bearing strata in reservoir A in well SHSC-4.
In addition, the previously interpreted antithetic normal fault may not exist based on the
displacement of the seismic reflection axes (Figure 3).

CDP2213 2300 2400 2500 2600 2700 2800 2900 3000 3036 CDP
e 9 . . 0 e 77 : . 0 3s6cI

12501 o — 1250

Depth/m

1700+ ==.1700

Figure 3. Seismic characteristics of sections intersecting the SHSC-4 production test well (modified
from Li JF et al. (2018) [14]). Red lines represent the originally interpreted faults; purple lines indicate
newly interpreted faults. (a) hydrate layer, (b) three-phase mixed layer, and (c) free gas layer.

The logging response characteristics of the three vertical wells, SHSC-4, GMGS6-SH02,
and GMGS5-SH17, indicate that three sets of muddy siltstone reservoirs were drilled from
top to bottom of the two wells. These include a hydrate layer, a mixed gas/hydrate layer,
and a free gas layer. The geological and physical parameters of each layer are shown in
Table 1 [14,15,31].
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Table 1. Geological parameters of wells SH02, SHSC-4, and SH17.

Well Number GMGS6-SHO02 SHSC-4 GMGS5-SH17
Reservoir Hydrate Mixed Free gas Hydrate  Mixed  Freegas Hydrate Mixed Free gas
layer layer layer layer layer layer layer layer layer
Depth (mbsf) 207.8-253.4  253.4-278 278-297 201-236  236-251 251-278  205-252  252-272  272-286.4
Thickness (m) 45.6 24.6 19 35 15 27 47 20 144
Porosity (%) 37.3 34.6 34.7 35 33 32 46 48 0.22
Permeability (mD) 2.38 6.63 6.8 29 1.5 74 4.3 5.6 0.22
Samgi‘it;rl ) 69 75.1 92.7 66 52.6 922 66 712 90.4
Gas saturation (%) 0 13.2 7.3 0 16.4 7.8 0 14 9.6
Hydrate 31 17 0 34 31 0 36.6 14.8 0

saturation (%)

The logging curves of the three vertical wells in the test production area primarily
comprise gamma (GR), resistivity (P40H or RES_BD), neutron porosity (TNPH), volume
density (RHOB), and other data. The physical properties of the rock are porosity (POR),
permeability (PERM), and saturation of hydrate, gas, and water (Sgh, Sg, and Sw, respec-
tively). Based on the response characteristics of seismic and logging and core analysis, the
unified marker layer is initially identified. After that, the isochronous correlation method of
sequence stratigraphy is employed for the correlation division of strata. The vertical layers
can be classified into five categories: two hydrate layers, two mixed layers, and one free gas
layer. Based on the core analysis results, drilling, seismic data, and logging interpretation, a
tectonic map and a geological profile of the hydrate test production area were constructed
(Figures 4 and 5, respectively).
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Figure 4. Tectonic map of reservoir hydrate in Shenhu area. A and B represent the starting and end
target points of the horizontal well, respectively.
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Figure 5. Well logging results and hydrate distribution at sites SH02, SH12, and SHSC4, Shenhu Area,
South China Sea.

4.2. Structural Modeling
4.2.1. Meshing

According to the research objectives and requirements, the operational efficiency of
the dynamic model is improved. At the same time, the reservoir heterogeneity is reflected
to some extent, and whether the model domain, grid direction, step size, grid height, and
total number of grids are satisfied is comprehensively considered. There are many grid
types in geological modeling, such as corner grid, orthogonal grid, unstructured grid, and
so on, each of which has its advantages and scope of application. This model uses a corner
grid. The model boundary and grid settings are shown in Figure 6. The grid I/]/K number
is 40 x 40 x 50, the grid length in the X and Y directions is 30 x 30, the angle is 23.4°, and
the longitudinal grid thickness is nearly 3 m.
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Figure 6. Model boundaries and meshing settings. A and B represent the starting and end target
points of the horizontal well, respectively.

4.2.2. Stratigraphic Divisions

Based on the response characteristics of the logging curves, in particular, the gamma
ray, resistivity, neutron, and density logs, and in combination with the 3D exploration
seismic section, the formation correlation and fine stratigraphic subdivision of the three
wells SH02-SC4-SH17 were carried out. The comparison results show that the top Zone 0
(Horizon 0-Horizon 1) is a stable cap layer in this region with low gamma ray variation
amplitude, medium porosity and permeability, but low gas saturation. The distribution
of zones 1-4 (Horizons 1-5) is relatively stable, and the three wells have been essentially
drilled. However, according to seismic data and well log information, the Horizon 1 layer
of the SC4 well has been lost. In addition, Zones 1-3 has relatively high resistivity but
low gas saturation. Zone 4 has relatively high resistivity and high gas saturation (above
0.28), which is the main target horizon in this area. The log response characteristics of each
layer and the split and comparison results of the small layers are shown in Figure 7. The
thickness distribution of each interval is shown in Figure 8.
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Figure 7. Well profile and logging data for SH02, SC4, and SH17.

200 1000 1200 1400 400 600 800 1000 1200 1400 1600 1800
[ThicknesstmI|-

1000 1200 1400 1800

4500
4000
3500
3000

1200
1200
1200
e

2500
2000
1500
10,00
500

000

1000
1000
1000
a00s

800
800

500
800
600

a0
00
400

200
20
20

200
200
200

0 100 200 300 400 500m 9 100 200 300 490 500m 0 100 200 300 400 500m
O ——

110723 110723 Ti072s

00 500 800 000 1200 1400 1800 1800 400 500 800 1000 1200 1400 1600 1800 oy o~ poH o0 oo P To00 o0 g

(a) Zone 1 (b) Zone 2 (c) Zone 3

800 1000 1200 1400 800 1000 1200

1200
1200

00 600 00 1000
20 00 600 a0 1000

200

200
200

0 100 200 300 400 500m 0 100 200 300 400 s00m
e — — O — —

1:10723 110723

e 500 300 000 200 Ta00 800 800 g T 00 500 00 1000 200 1400 600 800 =

(d) Zone 4 (e) Zone 5
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4.2.3. Layer Model

The isochronous stratigraphic framework is generally established under the guidance
of sequence stratigraphy to provide basic constraints for establishing tectonic planes. At the
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same time, it provides information on contact relationships, such as integration, overlap,
and denudation, for establishing the stratigraphic model. According to the sequence
stratigraphy knowledge, the reservoir peaks in Horizon 1 at the position of well SC4, and
the stratigraphic model is shown in Figure 9.
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Figure 9. Layer grid profile for wells SH02, SC4, and SH17.

4.3. Property Modeling

Attribute models include porosity, permeability, and saturation models. The porosity
and permeability models directly reflect the heterogeneity within the reservoir, especially
the permeability model, which has a large influence on pressure and temperature and
directly affects production. The saturation model reflects the spatial variation of flow,
indicating that the moving position of the hydrate decomposition front is an important
indicator of gas and water production. The porosity model, permeability model, and
saturation model were calculated using the sequential Gaussian simulation method, and
the variation function parameters were also adopted. The source direction was set to
northeast, and the parameters of the main variable range, secondary variable range, and
vertical variable range were selected according to the data analysis.

Gaussian random fields are the most classical stochastic functions. Sequential Gaussian
simulation is a stochastic simulation method that applies Gaussian probability theory and
sequential simulation algorithm to generate spatial distribution of continuous variables.
The algorithmic simulation process is as follows: first, data transformation is performed on
the data to ensure that the input data conform to the standard normal distribution; random
paths are determined to ensure that each grid node is accessed once per visit; the variational
function model and the kriging method are used to determine the cumulative probability
distribution function (ccdf) of the stochastic function Y(u) at the grid to be simulated; then,
a quantile is randomly extracted from the ccdf, i.e., a random quantile is then extracted
from the ccdf to obtain the simulated value of the grid, which is added to the known data
set; the simulation is then performed at the following grid node along the random path
until each node is simulated; and finally, the random simulation realization is subjected to
a back transformation to obtain a simulation realization [32].
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The porosity, permeability, and saturation models were developed through three
processes: curve coarsening, data analysis, and property simulation. The attribute profiles
are shown in Figures 10-13, and the plan view is shown in Figures 14-17. The attribute
statistics for each layer are shown in Table 2.
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Figure 10. Well log profile of porosity in the gas hydrate reservoir.
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Figure 11. Well log profile of permeability in the gas hydrate reservoir.
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Figure 12. Well log profile of gas saturation (Sgas) profile in the gas hydrate reservoir.
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Figure 13. Well log profile of hydrate saturation (Sgh) profile in the gas hydrate reservoir.
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Figure 14. Vertical distributions of porosity in the Shenhu area reservoir (Zones 1-5).



J. Mar. Sci. Eng. 2025, 13, 705 13 of 21

400 800 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800 400 600 800 ‘1000 1200 1400 1600 1800

Permeabilty (mD]} Permeabilty (mD]} Permeabilty (DI}

47000 47000 0
g 40000 3 E 4.0000 B g
< 33000 g = 33000 8 o

23000 23000

24000 24000

20000 20000
- 17000 = - 17000 o s
E 1.4000 g 8 14000 8 g
£ 12000 S = 12000 ind

10000

\ o~
100 200 30 40 soom /) - o 10 200 30 40 soom 100 200 300 400 soom
gl O — —
110723 . 1:10723 . . 1:10723
¥ 400 600 800 1000 1200 1400 1600 1800 = ¥ 400 600 800 1000 1200 1400 1600 1800 4 ¥ 400 600 800 1000 1200 1400 1600 1800
400 600 00 1000 1200 1400 1600 1800 400 500 800 1000 1200 1400 1600 1800
Permeability (mD]l

47000
g 40000 & 8
< 33000 8 s
' 100 200 300 400 500m 0 100 200 300 400 500m

1110723 1110723

T 400 600 800 1000 1200 1400 1600 1800 = T a0 600 800 1000 1200 1400 1600 1800 7

(d) Zone 4 (e) Zone 5

Figure 15. Vertical distributions of permeability in the Shenhu area reservoir (Zones 1-5).
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Figure 17. Vertical distributions of hydrate saturation in the Shenhu area reservoir (Zones 1-5).
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Table 2. Attribute table of each layer.

Zone Porosity Permeability (mD) Sgas Sgh
Min Max Mean Min Max Mean Min Max Mean Min Max Mean
Zonel 0178 0502 0431 3109 4951 3.951 0 0.098  0.056 0 0.28 0.05
Zone2 0335 0492 0408 1.738 4825 3591 0.069 0.112 0.094 0.08 0.43 0.27
Zone3 0326 0453 0388 1.837 4167 3329 0.083 0.191 0.112 0.06 0.39 0.22
Zone4 0305 0523 0406 1871  6.048 391 0.06 0.3 0.206  0.07 0.34 0.22
Zone 5 0.31 0445 0387 3367 5728 4.62 0.04 0.149  0.088 0 0.15 0.05
Total 0.178 0523 0404 1738 6.048 3.88 0 0.3 0.111 0 0.43 0.162

4.4. Pressure and Temperature Field Modeling

The temperature and pressure field models effectively reflect the spatial variations of
temperature and pressure in their original state in three-dimensional space. Formation pres-
sure and formation temperature are key parameters that vary with depth. The temperature
and pressure field models are established using a deterministic modeling approach.

The actual temperature of the seabed formation is calculated as follows:

T=Ty+AT xH

where Tj is the seabed temperature (°C), AT is the geothermal gradient (°C/m), and H is
the formation burial depth (m).

According to regional geological studies, the seafloor temperature in the Shenhu
area ranges from 3.3 to 3.7 °C, with a geothermal gradient of 4.5 to 6.7 °C per
100 m [26]. The geothermal gradient varies from 29.4 to 52.2 °C/km, with an average
of 39.1 + 0.74 °C/km [33]. In the model, the initial temperature field distribution is deter-
mined using a seafloor surface temperature of 3.3—4.82 °C and a geothermal gradient of
0.039 °C/m. Quantitative analysis of the computational results indicates that the initial
temperature at the bottom of the hydrate reservoir is approximately 14-15 °C. The pressure
field is determined by fitting the measured pressure data to depth, resulting in the following
formula for seabed formation pressure:

P = —0.0089 x Z +12.406

where Z represents elevation depth (m).

Based on the temperature—pressure gradient curve, the initial pressure at the bottom of
the hydrate reservoir is calculated to be 15 MPa. According to the hydrate P-T equilibrium
curve, the bottom of the hydrate reservoir in the model corresponds to the lower boundary
of the hydrate stability zone, indicating that the entire hydrate layer remains in a stable
phase prior to production disturbances.

Based on these geological findings, corrected temperature and pressure values are
used for wells with available temperature and pressure data. For wells without such
data, temperature and pressure curves are calculated using the geothermal and pressure
gradients. The Kriging interpolation method is used to create temperature and pressure
field models. Figures 18 and 19 show the spatial distribution of the initial pressure and
temperature fields in the model.
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Figure 18. Pressure distribution model for the Shenhu area gas hydrate reservoir.
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Figure 19. Temperature distribution model for the Shenhu area gas hydrate reservoir.

4.5. Hydrocarbon In-Place Modeling

The South China Sea is rich in natural gas hydrate resources, and accurate resource
estimation is the basis for hydrate development and utilization. The 3D geological model
can fully consider the spatial distribution of the reservoir sand body, porosity, permeability
and saturation, and provide an accurate calculation method for calculating resources in the
test production area.

According to the three-dimensional geological model of hydrate established above,
because the reservoir belongs to the high porosity and low permeability reservoir, the lower
limit of the effective reservoir is not applied to divide the effective reservoir. According
to the model, the resource amount of hydrate in each layer in the test production area is
5.33 x 10° m3 (Figure 20, Table 3).
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Figure 20. Distribution of natural gas hydrate in Shenhu area (Zones 1-5).

Table 3. Parameters for the estimation of the resources of gas hydrates in the Shenhu area.

Bulk Volume Net Volume Pore Volume HCPV Gas
Zones

[x10° m3] [x10° m3] [x10° m3] [x10° m3]
Zone 1 23 23 10 0.71
Zone 2 27 27 11 1.05
Zone 3 11 11 4 0.44
Zone 4 28 28 11 2.19
Zone 5 26 26 10 0.94
Total 115 115 46 5.33

5. Discussion
5.1. 3D Geological Modeling

The SH02-SC4-SH17 well is located in the core area of the model. The formation
framework model, the attribute model, and the temperature and pressure models are
established based on the well data from the three wells and the regional seismic data.
According to the geological model simulation analysis, the reservoir as a whole has high
porosity and extremely low permeability, and the reservoir is highly heterogeneous, which
is mainly reflected in the planar and longitudinal variations (Figure 21).
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Figure 21. (a—d) illustrate the characteristics of porosity, permeability, hydrate saturation, and gas
saturation in the Shenhu Area gas hydrate reservoir.

3D porosity model. Toward drill hole SH02-5C4-SH17, the porosity model goes from
high to low and then to high, and a high hole interval appears in Zone 4 near drill hole SH17.

Permeability model 3D model. The whole reservoir has very low permeability. Perme-
ability improves from top to bottom, and Zone 5 exhibits high permeability.

3D model. The gas-bearing interval is mainly Zone 1 to Zone 5, and Zone 4 has high
gas saturation. In the three-dimensional hydrate saturation model, strong heterogeneity is
observed. Zone 2 exhibits the highest hydrate saturation, characterized by a distribution
pattern where saturation levels are higher on both sides and lower in the center.

Opverall, except for the correlation between porosity and saturation, the distribution of
resource quantity and thickness is closer. The thickness of Zone 1 is missing, the thickness
of Zone 3 is thin, and the resource quantity is relatively small, while the thicknesses of Zone
2, Zone 4, and Zone 5 are large, and the resource quantity is also large.

5.2. Uncertainty Analysis

This geological modeling exercise created a prototype model based on seismic, well
logging, and other data for several wells, and reserves were calculated. Because of the
small amount of data, certain uncertainties exist. The main uncertainties are as follows.

Structural model uncertainty arises mainly from seismic interpretation, velocity model,
stratigraphic correlation, and well depth correction.
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The attribute model uncertainty is mainly reflected in the uncertainty of logging
interpretation. Porosity model uncertainty analysis mainly includes uncertainty in porosity
interpretation, porosity variation function uncertainty, and seed number uncertainty. There
are also uncertainties in saturation interpretation and permeability interpretation.

Uncertainty in resource calculation is mainly caused by calculation parameters in
addition to porosity and saturation. The volume coefficient is not fully analyzed according
to PVT test, which also causes uncertainty in resource quantity.

6. Conclusions

There are three vertical wells and one horizontal well in the Shenhu hydrate test
production area in the South China Sea. At present, publicly available data cover only
part of the three vertical wells. Wells SH02, SC4, and SH17 are located in the core area
of the model. Based on well data from these three wells and regional seismic data, a
stratigraphic framework model, a property model, and temperature and pressure models
were constructed. Utilizing the three-dimensional heterogeneous geological model, the
resource volume of the test production area was estimated, providing a solid geological
foundation for natural gas hydrate production research.

(1) According to the simulation analysis of the geological model, the reservoir is char-
acterized by high porosity and ultra-low permeability. Along the direction of wells
SHO02, SC4, and SH17, the porosity model varies from high to low and then back to
high, with a high porosity section appearing near well SH17 in Zone 4. Permeability
improves from top to bottom, with Zone 5 showing relatively higher permeability.

(2) The hydrate saturation model demonstrates strong heterogeneity. Zone 2 has the
highest hydrate saturation, showing a trend of high saturation on both sides and
lower saturation in the middle.

(3) The test production area has well developed faults. The first test production well,
SHSC4, located in the central part, experiences a fault break in the upper hydrate layer,
Horizon 1. Zones 1 to 3 have relatively high resistivity but low gas saturation, while
Zone 4 has relatively high resistivity and high gas saturation (above 0.28), making it
the primary target in the area.

(4) According to the model calculations, the total hydrate resource volume in the test
production area is estimated at 5.33 x 10° rm3. The resource volume is closely related
to porosity and saturation, but is more strongly influenced by thickness. The thickness
of Zone 1 is partially missing, and Zone 3 is relatively thin, resulting in a lower
resource volume. In contrast, Zones 2, 4, and 5 are thicker, leading to relatively larger
resource volumes.
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