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A detailed understanding of the distribution and potential of natural gas hydrate (NGHs) resources is
crucial to fostering the industrialization of those resources in the South China Sea, where NGHs are
abundant. In this study, this study analyzed the applicability of resource evaluation methods, including the
volumetric, genesis, and analogy methods, and estimated NGHs resource potential in the South China Sea
by using scientific resource evaluation methods based on the factors controlling the geological
accumulation and the reservoir characteristics of NGHs. Furthermore, this study compared the evaluation
results of NGHs resource evaluations in representative worldwise sea areas via rational analysis. The
results of this study are as follows: (1) The gas hydrate accumulation in the South China Sea is
characterized by multiple sources of gas supply, multi-channel migration, and extensive accumulation,
which are significantly different from those of oil and gas and other unconventional resources. (2) The
evaluation of gas hydrate resources in the South China Sea is a highly targeted, stratified, and
multidisciplinary evaluation of geological resources under the framework of a multi-type gas hydrate
resource evaluation system and focuses on the comprehensive utilization of multi-source heterogeneous
data. (3) Global NGHs resources is nx10'® m?, while the NGHs resources in the South China Sea are
estimated to be 10'> m3, which is comparable to the abundance of typical marine NGHs deposits in other
parts of the world. In the South China Sea, the NGHs resources have a broad prospect and provide a
substantial resource base for production tests and industrialization of NGHs.

©2024 China Geology Editorial Office.

1. Introduction

with resource properties have been identified as being
prevalent in permafrost regions of the Arctic and deep-water

Natural gas hydrate (NGHs) is a collective term for a
group of NGHs and associated gases that are generated and
exist in natural strata under natural conditions and can be
exploited by humans through various means and methods.
These deposits possess distinctive characteristics, including a
shallow burial depth, extensive distribution, large scale, and
potential for clean and efficient utilization. NGHs deposits
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regions in the majority of continental margins around the
globe (Fig. 1). The thickness of gas hydrate deposits varies
considerably, from a few centimeters to hundreds of meters,
and their distribution area extends from thousands of square
meters to hundreds of thousands of square kilometers. The gas
resources in a single sea area can reach several trillion to a
hundred trillion cubic meters. Although the geological
background of gas hydrate accumulation is complex, reservoir
identification is challenging, and there are numerous uncertain
factors in resource potential recognition, it has been well
accepted that the natural gas resources host in gas hydrate
resources far exceed the known natural gas reserves (Boswell
R and Collett TS, 2011; Collett TS, 2002). A third test on the
exploitation of gas hydrates in the South China Sea is

Copyright © 2024 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Global overview of the distribution of natural gas hydrates (modified from Waite WF et al., 2020).

imminent. Due to the development and auccess of technology
that has been developed, the potential of the gas hydrate
resources in the South China Sea has become a significant
interest in all sectors of society. In this study, we developed a
reasonable and feasible approach for the evaluation of gas
hydrate resources based on a geological assessment of the
factors that control the accumulation of gas hydrates and the
characteristics of the mineral reservoirs. This study aimed to
estimate the amount of geological resources of gas hydrate in
the South China Sea and to engage in a rational analysis and
discussion of the findings.

2. Geological factors controlling gas hydrate accumulation

Clarifying the geological factors controlling gas hydrate
accumulation is an important step in improving the accuracy
of predicting gas hydrate resources. Compared with
conventional oil and gas resources, gas hydrate accumulation
has a diversity of sources and migration pathways, a broader
reservoir area, and a greater resource potential. From the
perspective of the formation, migration, and accumulation of
marine NGHs, the NGHs reservoirs in the South China Sea
are characterized by multi-source supply, multi-channel
transport, and extensive accumulation.

2.1. Gas sources

The accumulation of gas hydrates is dependent on the
presence of gas, which is derived from hydrocarbons sourced
from a variety of geological origins. The exploration of oil
and gas in the South China Sea has revealed that conventional
oil and gas in this region are primarily derived from
thermogenic gas generated in deep rocks. Theoretically, under
low-temperature and high-pressure conditions required for the
formation of NGHs, any gas can be used as a gas source for
the formation of NGHs deposits. Currently, hundreds of oil

and gas fields have been discovered in the Cenozoic strata in
the South China Sea, and the majority of these fields are gas
fields. These include both shallow and medium/deep oil and
gas fields, which are connected to biogenic gas developed in
the shallow region and thermalgenic one developed in the
medium/deep region of the South China Sea, providing a
plentiful supply of gas for the accumulation of gas hydrates
(Kang YZ, 2021). Exploration of NGHs deposits discovered
around the world has also demonstrated that the gas involved
in the formation of NGHs originates from biogenic gas and
pyrolytic gas, and the thermogenic gas includes both oil-type
gas and coal-bed gas (Fig. 2; Dai JX et al., 2017).

Microbial natural gas is formed via the decomposition of
organic matter by microorganisms, and there are two primary
sources: carbon dioxide reduction and fermentation. In carbon
dioxide reduction, the natural gas generated via this process is
the primary source of microbial gas. The carbon dioxide
involved in the reduction process to produce natural gas is
primarily derived from in situ oxidation and decarboxylation
of organic matter. Therefore, the presence of a substantial
quantity of organic matter is crucial for the formation of
microorganisms.

Thermogenic methane is a product of the thermal
evolution of organic matter. During the initial stages of
maturation, thermogenic methane is generated in conjunction
with other hydrocarbon and non-hydrocarbon gases,
frequently in conjunction with crude oil. At the highest degree
of thermal evolution, the C-C bonds in kerogen, bitumen, and
crude oil are broken, resulting in the production of methane.
The degree of maturity increases with increasing temperature,
and each type of hydrocarbon has a specific thermal window
that is most conducive to its formation. Methane is primarily
generated at a temperature of 150°C (Tissot BP and Welte
DH, 2013; Wiese K and Kvenvolden K, 1993).

The exploration practice in the South China Sea indicates
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Fig. 2. Gas sources of discovered gas hydrates in the world (modified from Dai JX et al., 2014).

that the gas source of gas hydrate formation in the Shenhu
area is primarily biogas, and that in the local area has a
thermal origin. A significant proportion of gas hydrate
formation in the Qiongdongnan Basin is attributed to
thermogenic gas, whereas in the Dongsha area, it is
characterized by both biogas and thermogenic gas.

2.2. Gas migration

The migration of natural gas is a necessary condition for
the accumulation of NGHs. The microbial gas generated in
the shallow subsurface is insufficient to support the formation
of high-abundance gas hydrate deposits. Furthermore, the gas
hydrate stability zone is not buried deep enough to form
thermogenic natural gas. The formation of an NGHs reservoir
necessitates the establishment of an effective communication
pathway between the gas source and reservoir through gas
migration (Liidmann T and Wong HK, 2003).

Two principal modes of gas hydrate migration have been
identified in the South China Sea. (1) The first is free gas
phase diffusion and water-soluble gas phase migration, which
occurs in a water medium. Migration via diffusion is an

inherently slow process. For instance, a considerable number
of diffused hydrates developed in Shenhu area have migrated
and formed reservoirs in this manner. (2) The second is
independent migration of gas phase migration. The migration
of natural gas through water-soluble gas or independent gas-
phase convection must be achieved through effective
migration channels, and the main gas hydrate gas migration
channels in the South China Sea mainly include faults, gas
chimneys, highly permeable layers, and other similar
structures (He LJ et al., 2011; Wu SG et al., 2010). Among
these channels, faults are the primary pathway for the vertical
migration of hydrocarbon gases to the hydrate stability zone
(Zhong GIJ et al., 2022). Cracks and fissures, such as gas
chimneys, extend the flow range of hydrocarbon gases (Sun
YB et al., 2012). The tilt and fracturing of the lateral and top
sedimentary layers caused by the formation of mud diapirs
can accelerate the upward migration of deep gas. The high
permeability layer also serves as a conduit for high-flux fluid
migration. For instance, the seepage hydrates that are
developed locally in the Qiongdongnan area migrated locally
to form highly saturated hydrates through faults and mud
diapirs. In the Dongsha area, gas hydrates have formed at the
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bottom of the stable region through diffusion, faults, and a
high permeability layer, while seepage hydrates have formed
in the upper part of the stable region (Song HB et al., 2001;
Su PB et al., 2017b). Consequently, the South China Sea
contains a multitude of migration and transport channels for
gas hydrate accumulation, including fractures, diapirs, gas
chimneys, and high permeability layers. These channels
spatially combined into a composite migration system (Fig. 3).

2.3. Natural gas hydrate reservoir formation

The reservoir is the space where gas hydrates accumulate.
The formation of NGHs is primarily influenced by the
temperature and pressure conditions. These deposits can be
found in any range of the temperature-pressure stability
region (Fig. 4) under adequate gas sources. In contrast,
conventional oil and gas are strictly controlled by traps and
have a relatively limited distribution. In the pressure range of
NGHs stability, the types of gas hydrate reservoirs include
sand, silt, and silty sand, and the reservoir spaces include
pores, fractures, and caves. The production modes are diverse.

The three most common forms of gas hydrates in marine

areas are pore-filling, fracture-filling, and compound gas
hydrates (Holland ME et al., 2008; Liang JQ et al., 2016).
Specifically, pore-filling gas hydrates are mostly prevalent in
the pores of coarse sand sediments with high permeability,
which are the result of the diffusion of gas or dissolved gas
fluid from the bottom to the upper sediments, such as the
diffused hydrates formed in the Shenhu area. fracture-filling
gas hydrates are more prevalent in silty sand sediments with
small granular pores. This type of hydrate is formed in the
form of a mass, nodules, lens, or veins within cracks in the
sedimentary layer. The seepage gas hydrates found in the
Qiongdongnan basin are predominantly of this type.
Compound hydrates are a combination of the two
aforementioned types, and the majority of the hydrates formed
in the Dongsha area belong to this category (Liu CL and Sun
YB, 2021).

3. Characteristics
reservoirs

of natural gas hydrate deposit

A comprehensive understanding of the characteristics of
gas hydrate reservoirs is essential for the accurate evaluation
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Fig. 4. Gas hydrate storage and production modes in different reservoir types within the stability zone.

of their resources (Liu CL and Sun YB, 2021). Factors such
as the sediment type, reservoir space availability, and
heterogeneity of gas hydrate reservoirs influence the growth
and spatial distribution of gas hydrates to a certain extent.
Different types of gas hydrate reservoirs often exhibit distinct
hydrate occurrences and even exert control over the
distribution and enrichment characteristics of gas hydrates.
Ultimately, fundamental physical properties such as the
acoustic  properties, electrical properties, mechanical
properties, and permeability of the reservoir are affected
(Zhong GF et al., 2021).

3.1. Classification of gas hydrate reservoirs

3.1.1. Pore-filled hydrate reservoir

A pore-filling hydrate reservoir refers to the gas hydrate
enrichment layer in the sediment pores in the form of
suspension, contact, and coalescence. These reservoirs are
formed via in situ migration of biogenic methane or deep
thermogenic methane gas into the pore space of the shallow
surface sediments on the seabed through diffusion, and they
are mainly distributed in deep-water sediments such as
submarine fans, waterways, natural levees, and turbidity
deposits. Most of these reservoirs are located within the gas
hydrate stability zone, such as the turbiditic rocks and channel
systems in the large ancient river system around the Black Sea
(Haeckel M et al., 2015), the Gulf of Mexico (Collett TS et
al., 2012), and the Nankai Trough in Japan (Komatsu Y et al.,
2015). In addition, in some silty sediments that are rich in
foraminifera shells, diatoms, and pyrite, hydrates often exist
in biological shells in the form of pore-filling hydrates due to
their high porosity and permeability and are generally
distributed in diffusion-like manner in continental margins
(Su X et al., 2005), such as the Black Sea (Ginsburg G et al.,

2000), the Shenhu area(Wang XJ et al., 2014b), and the Gulf
of Mexico (Portnov A et al., 2020).

3.1.2. Fracture-filled hydrate reservoir

In silty silt deposits with small granular pores, hydrates
can only occupy fractures of different shapes and sizes and
occur in block-shaped, vein-shaped, and nodular forms. This
is because it is difficult for hydrates to fill the pores of fine-
grained sediments, which results in the formation of hydrate
reservoirs of multiple deposit types. Fracture-filling hydrates
typically utilize a high-flux fluid to facilitate the transport of
deep hydrocarbon gas into fracture channels, including
diapirs, fractures, and fracture zones. This process results in
the formation of relatively dense vein, layer, and/or block gas
hydrates in the shallow surface layer of the seabed (Tréhu A
et al.,, 2006; Winters WJ et al., 2014), such as the hydrate
ridge area in the Cascadia continental margin (Tréhu AM et
al., 2003), the Krishna-Godavali Basin (Gullapalli S et al.,
2019; Kong X et al., 2019), and the Qiongdongnan Basin (Fan
Qetal., 2024; Hu WR et al., 2010).

3.1.3. Compound hydrate

Compound hydrate deposits are a complex reservoir-
forming system composed of pore-filling hydrate layers
developed at the bottom of the stability zone and fracture-
filling hydrates developed in the upper part of the stability
zone. Not only can be enriched in fine sediments pores, but
also fill in the fractures, thus exhibiting characteristics of both
pore- and fracture-filling hydrates, which are indicative of a
reservoir-forming system, such as that in the Dongsha area
(Liang JQ et al., 2016).

3.2. Sediment properties of natural gas hydrate reservoirs

Marine gas hydrates are primarily located in the pores
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and/or fractures in unconsolidated sedimentary layers, such as
Neogene and Quaternary strata, which are composed of
various types of sediments, including sand, silt, clay silt, and
silty clay (Liu CL and Sun YB, 2021). The saturation of
marine gas hydrates is primarily influenced by the
characteristics of the reservoir’s lithology, pores (or
fractures), and methane flux.

3.2.1. Lithology of different hydrate reservoirs

High-saturation NGHs typically accumulate in the layer
characterized by coarse sediment particles and large pore
spaces, such as turbidity sediments and sand layers. These
formations exhibit features of high porosity and high
permeability, which facilitate the migration and accumulation
of hydrocarbon-bearing fluids (Horozal S et al., 2015). The
grain size of the reservoir sediments has a significant effect on
the classification of the sedimentary layers, pore size, and
properties of the pore water. Furthermore, it influences the gas
hydrate phase equilibrium condition, which is an important
parameter for characterizing the degree of hydrate enrichment
(Ito T et al., 2015; Zhang H et al., 2016). Additionally, silty
sediments rich in foraminifera and calcareous fossil particles,
such as bio-carbonate rocks, diatom fossils, and volcanic ash,
can facilitate gas hydrate accumulation due to pore structure
changes (Liu CL and Sun YB, 2021).

Pore-filling hydrate reservoirs, represented by those in the
Shenhu area, are predominantly composed of clay silt and/or

Percentage/%

Depth/m

silty clay that are rich in foraminiferous fossils. The sediment
components are primarily clastic minerals, clay minerals, and
carbonate minerals, among which the contents of quartz and
feldspar are high (Fig. 5). The compound hydrate reservoir in
the Dongsha Sea area is dominated by fine-grained clay silt
containing fractures, and its sediment composition is similar
to that in the Shenhu area. In contrast, the clastic minerals in
the fracture-filling hydrate reservoir sediments in the
Qiongdongnan Basin are relatively simple, comprising
primarily calcrete bioclasts and locally enriched pyrite and
quartz, as observed at station WO1B-18(Fig. 6).

3.2.2. Characteristics of Methane flux in different hydrate
reservoirs

The differences in the occurrence of gas hydrates depend
on the pore space of the reservoir and are closely related to
fluid migration (Tré¢hu A et al., 2006). A low-flux methane
fluid diffuses slowly, and the gas hydrates formed in
relatively coarser sandy sediments or fractures have a higher
saturation degree. For example, the saturation degree of the
hydrates filling thick layer saturation pores found in the
Shenhu area can reach 76% (Ge JW et al., 2023). However, in
areas with a high methane flux (strong leakage area), the
controlling factor of the lithology on hydrate reservoirs is
relatively weak, and even clay with a low permeability can
become highly saturated gas hydrate reservoirs depending on
the gas pressure, such as the fracture-filling hydrates
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Fig. 5. Variation of sediment components at station W17B in Shenhu area.


https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

428 Su et al. / China Geology 7 (2024) 422—-444

discovered in well W08 in the Qiongdongnan basin. Hydrates
mainly fill sediment fractures or relatively coarse-grained fine
siltstone, and the hydrate saturation degree is medium to high
(3%—54%) (Fan Q et al., 2024; He YL et al., 2022).

3.3. Seismic response characteristics of natural gas hydrate
reservoirs

The seismic response of gas hydrate reservoirs are
controlled by the difference in the wave impedance between
the hydrate deposit and the underlying layer, and the
amplitude, continuity, and frequency characteristics are
closely related to the formation porosity, hydrate
concentration, and free gas characteristics. The geophysical
markers of pore-filling hydrates mainly include bottom-
simulating reflection markers, amplitude markers, velocity

markers, and amplitude versus offset markers (Fig. 7; Su PB
et al., 2020; Wang XJ et al., 2014b). Thus, fracture-filling
hydrates should be combined with stability region analysis to
enable fine attribute analysis of the fracture system (Fig. 8;
Rai N et al., 2020).

3.4. Log response characteristics of natural gas hydrate
reservoirs

There are obvious similarities between NGHs and ice
(Gabitto JF and Tsouris C, 2010). The densities of both NGHs
and ice are less than that of water, and the densities of NGHs
and ice layers are less than those of similar water layers.
When the NGHs cage is filled with methane, the density
decreases. Therefore, a sharp decrease in the log density may
reflect the presence of gas hydrates or massive gas hydrates.
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In addition, gas hydrate-bearing reservoirs tend to exhibit a
relatively high acoustic transmission velocity, resistivity,
neutron porosity, and low response values in natural gamma
(GR) well measurement curves (Liang JQ et al., 2017; Ning
FL et al., 2013). This is because the P-wave velocity of pure
NGHs (3.3-3.6 km/s) is much higher than that of water
(approximately 1.6 km/s); similar to ice, NGHs are insulators,
and the resistivity value will increase significantly when the
reservoir contains NGHs. In addition, the formation of gas
hydrates in a reservoir is accompanied by increases in the
amounts of carbon and hydrogen in the pores containing
methane, and there is no radioactive element precipitation in
this process. Thus, the neutron log response data depend on
the number of hydrogen atoms per unit volume and increase
accordingly, and the GR log response has low values.

3.4.1. Pore-filled hydrate reservoirs

Pore-filling hydrate occurrence intervals are generally
characterized by low compaction degree and good porosity
and permeability conditions (Kang DJ et al., 2024). Taking
well SH7B in the Shenhu area as an example, the hydrates are
dispersed and disseminated in underconsolidated sediments
that are rich in foraminifers and calcareous nanofossils. The
average porosity of the hydrate-bearing layers is 44.97%,
which is slightly higher than that of the overlying layers, and
the mudstone content is significantly lower than that of the
overlying layers. High porosity, high permeability, and low
mud content are typical characteristics of favorable gas
hydrate reservoirs, and these properties manifest in logging
curves as high resistivity and high wave velocity values (Fig. 9).

3.4.2. Fracture-filled hydrate reservoirs

Taking the Qiongdongdong Sea area as an example (Fig. 10),
the results of logging during drilling at station W08-2018
showed that fracture-filling hydrates have developed at
7.61-16.61 m, 21.61-52.41 m, and 57.61-178.11 m below the
seafloor and that the high resistivity of the hydrate layer is
abnormal. The maximum resistivity can reach 67.55 Q-m, and

the overall gamma-ray value is low. In addition, relatively
dense mass flow deposits play a certain role in capping a
formation containing fracture-filling hydrate reservoirs.

3.4.3. Compound hydrate reservoirs

Compound hydrate reservoirs are found in the Dongsha
area, and the deep hydrate layer at the bottom of the stability
zone contains uniformly distributed pore-filling hydrates,
which are evenly distributed in silty clay. The hydrates in the
local layer coexist with biodetrites such as carbonate rocks
and shells. Moreover, in the shallow layer, the hydrates occur
as veins and nodules, and there are obvious gas leakage
channels in the seismic section, with typical characteristics of
fracture-filling type hydrates (Liang JQ et al., 2016). Taking
station W16 as an example, the maximum resistivity and
maximum acoustic velocity of the layer are 3.36 ohm.m and
2770 m/s, respectively, in the 193.49-203.19 m depth interval
below the seafloor. In addition, high saturation dispersed
hydrate samples have been obtained from the 200-203.5 m
depth interval via drilling. In a field test, the hydrate
saturation of the pressurized core was as high as 44%—55%.
In contrast, in the shallow layer, the hydrates occur in the
forms of veins and nucleation, and there are obvious gas
leakage channels in the seismic section. The logging
resistivity and acoustic velocity of this section also increase
significantly. The acoustic velocity reaches 1600-2800 m/s,
and the resistivity exceeds 10 ohm.m (Fig. 11).

4. Evaluation methodology of clathrate hydrate resources

According to the basic principle and applicability of
evaluation methods, the current evaluation methods of NGHs
resources mainly include the volumetric, genesis, and
analogical methods.

4.1. Volume method

Because in-situ NGHs occur in the solid state, which is
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Fig. 10. Seismic profile and LWD curve at station W08-2018 in the Qiongdongnan Sea area.

quite different from the state of conventional natural gas in a
reservoir, the volumetric method is more suitable for the
calculation of NGHs resources, and it is also one of the most
widely used methods for the evaluation of NGHs resources.
For the prospective area delineated in the early stage of
exploration, the volumetric method based on the Monte Carlo
algorithm can evaluate the resource potential in a more
scientific and reasonable way. For more mature exploration

areas, it is better to accurately evaluate the resources of gas
hydrate ore bodies using the volumetric method based on 3-D
geological modeling (Fig. 12).

4.1.1. Basic principles

Based on the static characteristics of natural gas clathrate
hydrates, the volumetric method is used to establish the linear
relationships between the number of resources and the
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reservoir parameters and to calculate the number of resources.
The mathematical formula is as follows:

Ov=AXZ, X DXS, XE,

where O, is the NGHs resources (m>); 4, is the effective area
of the reservoir (m?); Z, is the effective thickness of the
reservoir (m); @ is the porosity; Sy, is the hydrate saturation;
and F is the gas production factor.

4.1.2. Main parameters

The following five key parameters are considered in the
calculation of the amount of gas contained in submarine gas
hydrate reservoirs: (1) The distribution area of NGHs; (2) the
thickness of the gas hydrate reservoir; (3) the porosity of the
reservoir sediments; (4) the saturation of the clathrate
hydrates in the reservoir sediments; and (5) the production
factor of the gas hydrates (under the standardized state). The
actual gas hydrate resources are the product of these five
parameters; therefore, the methods for quantitative evaluation
of submarine gas hydrate resources via the volumetric method
(conventional volumetric method based on simple algebraic
operations and the Monte Carlo method based on probabilistic
statistical calculations) essentially involve the estimation of

these five parameters and the calculation of the product of
these five parameters.

Thus, the accuracy of gas hydrate resource evaluation
mainly depends on the means of attainment, accuracy, and
reliability of the above five parameters. According to the
means of obtaining the parameters in the actual exploration
process, the methods of selecting parameters for NGHs
resource evaluation can be categorized into three main types:
similar analogy methods, indirect measurement methods, and
direct measurement methods. Different parameter selection
methods are applicable to different degrees of exploration
stages, and the resource evaluation results obtained have
different accuracies.

(i) Similarity analogy method

In the initial stage of an NGHs survey, the distribution of
the NGHs resources is usually calculated using the range of
the NGHs stability zone due to the lack of actual parameter
measurement data, or it is determined using the ranges of the
distributions of physical and chemical prospecting anomalies.
Based on the assumptions that similar mineralization
backgrounds and metallogenic conditions may result in the
output and distribution of minerals of a similar scale, reservoir
parameters such as the porosity,

saturation, and gas
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Fig. 12. Volume method for the evaluation of resources.

production factor for resource evaluation are selected mainly
through analogy to the actual measured parameter data for
areas with similar ore-forming backgrounds and
mineralization conditions.

(i1) Indirect measurement method

During the general survey of clathrate hydrates, the
relevant evaluation parameters are calculated and selected
using geophysical and geochemical methods. The geophysical
methods mainly use seismic data interpretation to determine
the distribution range of the gas hydrates, reservoir thickness,
reservoir porosity, and gas hydrate saturation. In addition to
seismic data, seafloor electromagnetic data (Edwards RN,
1997) and resistivity logging data (Collett TS, 1999;
Hyndman RD et al., 1999) are also used to estimate the
relevant parameters of the seafloor gas hydrate reservoir. The
geochemical method involves estimating the saturation of the
clathrate hydrates in the pore space of sediments using the
chloride ion (CI") concentration anomaly or oxygen isotope
(4'80) anomaly of the pore water. Geochemical indices such
as the sulfate gradient of the pore water and the chloride ion
concentration anomaly in shallow sediments can also be used
to indicate the existence of clathrate hydrates and to delineate
the range of these clathrate hydrates.

(iii) Direct measurement method

In the detailed investigation stage of NGHs, data from
logging and pressure-holding coring wells are used to directly
calculate the saturation of NGHs and other key parameters.
This is the most direct and effective method for calculating

gas hydrate resources, but it is only applicable in the stage
with a high exploration degree, and it requires that sufficient
logging and pressure-holding coring wells be constructed.
Compared with the analogical and indirect methods, the
resource evaluation results of the direct measurement method
have been greatly improved in terms of accuracy.

4.1.3. Applicability

The volumetric method is applicable to a wide range of
hydrate reservoir types and can be used for different reservoir
types. It is also applicable to all stages of gas hydrate
exploration. In the early stage of prospect evaluation, the
Monte Carlo-based volumetric evaluation method is the most
scientific and reasonable, while in the later stage of ore body
evaluation when the degree of exploration is more mature, the
volumetric method based on geological modeling yields the
most accurate results. It should be noted that for the resource
evaluation of large, uniformly distributed, pore-filling
hydrates, the spatial distribution of hydrate reservoirs in
sediments with different lithologies can be roughly described.
However, for fracture-filling hydrates, it is difficult to define
the key reservoir parameters, such as the hydrate saturation,
due to the strong non-homogeneous nature of the reservoirs
and the lack of obvious geophysical response characteristics.

4.2. Genesis

Because the main gas sources of NGHs formation are
biogenic and thermogenic gas, the current evaluation of the
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genesis method mainly adopts basin numerical simulation
technology to simulate the generation, migration, and
accumulation of biogenic gas and thermogenic gas and
ultimately to determine the NGHs resources in the evaluation
area (Fig. 13).

4.2.1. Fundamentals

Starting from the dynamic aggregation process of NGHs,
the gas production, venting, and aggregation volumes are
predicted based on the hydrocarbon system theory, and the
gas resources cemented by hydrates in the stability zone are
calculated through combination with the phase equilibrium
theory of NGHs.

4.2.2. Evaluation parameters

The genesis method integrates the distribution and
characteristics of the actual geological body into a
mathematical model based on the geological model and
quantifies the basic conditions required for the formation of
the hydrate system into the initial conditions of the geological
model using the boundary model. Then, the genesis method
combines the hydrocarbon generation and discharge model to
simulate the generation process and transport characteristics
of the gas in the hydrate system and calculates the parameters
of the gas source such as gas production, gas discharge, and
aggregation. Finally, the genesis method simulates the amount
of gas resources that are solidified by the gas into the stability
zone after the gas enters the stability zone using the hydrate
aggregation model. The hydrate aggregation model is used to
simulate the amount of gas resources cemented by hydrates
after the gas enters the stability zone. The corresponding
evaluation parameters mainly include the geological model
parameters, boundary condition parameters, gas content
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Fig. 13. Genetic method for the evaluation of resources.

parameters, and phase equilibrium parameters. The geological
model parameters include fault characteristics, stratigraphic
distribution, and lithology, which are used to characterize the
fluid transport conditions and effective storage space and are
obtained using fault body engraving techniques, stratigraphic
interpretation, and core sample determination. The boundary
condition parameters include paleotemperature, paleo-thermal
flow, and paleo-bathymetry data, which characterize the
environmental conditions required for the evolution of the
hydrate system and are predicted using paleotemperature scale
analysis, tectonic-thermal evolution analysis, and equilibrium
profile restoration techniques. The gas content parameters
include the gas components, organic matter content, and
maturity, which reflect the gas source conditions for hydrate
formation and are obtained using the specular reflectivity test,
seepage mechanics analysis, and fluid potential analysis. The
phase equilibrium parameters include the present temperature,
pressure, and salinity, which characterize the conditions for
stable hydrate aggregation and are obtained using gas
component analysis, hydrate generation kinetic experiments,
and calibration of field measurement data.

4.2.3. Applicability

The genesis method has a simple principle, and the
geological significance of the parameters and results is clear,
but the modeling work requires the support of abundant basic
research work. It is suitable for large-scale comprehensive
evaluation without considering the hydrate accumulation
mode. The model describes the vertical non-homogeneity
using single station data and controls the lateral non-
homogeneity using temperature, pressure, and lithology data.
However, it cannot clarify the scale of the pore-filling and
fracture-filling hydrate reservoir, and it is difficult to
formulate a targeted exploitation plan based on the results.
The accuracy and precision of the evaluation results are
limited by the degree of hydrate exploration and research, and
the results has a larger uncertainty.

4.3. Analogies

The analogical evaluation method is mainly based on the
analogy of the geological conditions of NGHs formation, and
it requires the establishment of the scale zone evaluation
process on the basis of a full understanding of the regional
geological conditions.

4.3.1. Fundamentals

Starting from the similarity of the geological conditions
underlying the formation of NGHs reservoirs, the formula for
extrapolating the resources of the evaluation area from the
known resources in the scale area is as follows:

0,=AXaxP,

Total geological evaluation score of the evaluation area

Total geological evaluation score of the scale area

where O, is the NGHs resources in the evaluation area (m®); 4
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is the area of the evaluation area (m?); a is the similarity
coefficient, 0 < a < 1; and P is the abundance of the NGHs
resources in the scale area (m*/m?).

4.3.2. Evaluation parameters

The analogical method is based on the degree of similarity
between the hydrate formation conditions in the scale area and
the evaluation area, and the gas resources in the evaluation
area are calculated from the hydrate resources in the
subsurface space corresponding to the unit area of the scale
area. The main evaluation parameters include evaluation unit
area, similarity coefficient, and resource abundance of the
scale area. The area of the evaluation unit is the same as that
of the volumetric method, and the similarity coefficient is
based on the evaluation indices and assignment standard
established based on the scale area. The score of the
corresponding indices of the evaluation unit is determined by
adopting the subjective/objective weighting method, and the
resource abundance in the scale area is obtained using the
volumetric method to calculate the quantity of the resources
corresponding to the unit area of the well control area. The
scale area should follow the principle of three highs, i.e., a
high exploration degree, a high understanding of the
geological laws, and high resource potential. In addition, the
evaluation indices must be based on evidence and reasonable
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parameters (Sun YB et al., 2020), which must at least include
the gas source conditions, transportation conditions,
aggregation conditions, and formation conditions (Fig. 14).

4.3.3. Applicability

The analogical method is suitable for rapid evaluation in
the pre-exploration stage, the parameters are mostly based on
qualitative or low-precision measurement data, and the basic
geological conditions of the scale area are highly consistent
with the evaluation results of the area. Furthermore, the
analogical method is relatively reliable, with a low degree of
error.

5. Progress in understanding the potential of global
natural gas hydrate resources

The correct evaluation of global NGHs resources is
particularly important for clarifying the status of NGHs in
global resources and the environment. Currently, according to
the degree of exploration and current level of understanding,
different scholars have generally divided the evaluation of
global NGHs resources into two stages (Table 1).

5.1. Prospect area evaluation stage

In the 1970s and 1980s, the investigation of NGHs was
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Fig. 14. Evaluation parameters of scale areas.
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Table 1. Prediction of natural gas hydrate resources in global sea area.

Evaluation phase Evaluation method Terrene (x10'%) Marine (x10"° m®) References
Perspective evaluation phase Volumetric method 3021-3085 Trofimuk AA etal., 1973
Volumetric method 1135 Trofimuk AA et al., 1975
Volumetric method 1573 Cherskii NV and Tsarev VP, 1977
Volumetric method 1550 Nesterov I and Salmanov F, 1977
Volumetric method 110-130 Trofimuk AA, 1979
Volumetric method 0.031 3.1 Meyer RF and Olson JC, 1981
Volumetric method 0.057 5-25 Trofimuk AA et al., 1981
Volumetric method 34 7600 Dobrynin V, 1981
Volumetric method 0.014 3.1 Meyer R, 1981
Volumetric method 15 Trofimuk AA etal., 1983
Volumetric method 40 Kvenvolden KA and Claypool GE, 1988
Volumetric method 20 Kvenvolden KA, 1988
Volumetric method 0.74 20 MacDonald G, 1990
Volumetric method 26.4-139.1 Gornitz V and Fung I, 1994
Volumetric method 22.7-90.7 Harvey LD and Huang Z , 1995
Volumetric method 1 Ginsburg G and Soloviev V , 1995
Resource evaluation Volumetric method 6.8 Holbrook WS et al., 1996
phase Volumetric method 1.5 Makogon YF, 1997
Volumetric method 0.1 10 Makogon YF, 1997
Volumetric method >0.2 Soloviev V, 2002
Volumetric method 3-5 Milkov AV et al., 2003
Volumetric method 1-5 Milkov AV, 2004
Comprehensive evaluation 0.003 0.28 Boswell R and Collett TS, 2011
Causal method 0.0082-2.1 Burwicz EB et al., 2011
Causal method >0.87 Wallmann K et al., 2012
Causal method 1.05 Pifiero E et al., 2012
Causal method 0.95-5.7 Kretschmer K et al., 2015

not extensively carried out, and it was generally assumed that
NGHs were continuously distributed in the stability zone in
the sediment layer. The volume method was mainly used to
estimate the global NGHs resources. For example, Trofimuk
AA et al. (1973), scientists from the former Soviet Union,
assumed that NGHs existed in 93% of the ocean and
accounted for 100% of the sediment pore volume. They
introduced the influences of temperature and pressure on the
thickness of hydrate occurrence into this estimation in 1975.
The distribution area of gas hydrate accumulation was further
reduced, and the gas hydrate resources in the sea areca were
recalculated to be (110-130)x10'® m® (Trofimuk AA, 1979).

In the 1980s and mid-1990s, the establishment of the
Deep Ocean Drilling Program and the Ocean Drilling
Program facilitated a more comprehensive understanding of
the distribution of gas hydrates in the oceans. Importantly,
hydrate drilling provides a direct basis for the key evaluation
parameters of hydrates. In addition to correcting the value
ranges of the evaluation parameters, organic carbon critical
values (greater than 0.5% or greater than 1%) were introduced
to assess the resource potential of NGHs (Kvenvolden KA
and Claypool GE, 1988), and the multi-type NGHs were
estimated (Gornitz V and Fung [, 1994). The volume of gas in
NGHs estimated during this period was approximately 10%
10" m’.

The evaluation stage of the prospect area has undergone a
lengthy evolution, progressing from the initial availability of

survey data to the subjective selection of parameters,
subsequently to objective analogy, single evaluation methods,
diversification, and finally to a transition from initial great
uncertainty to the final trend of the rationality in the
evaluation results. Currently, the evaluation outcomes are
more closely aligned with the actual geological
circumstances. Furthermore, the evaluation results obtained
using disparate evaluation techniques exhibit a high degree of
concordance. It is reasonable to conclude that the global
marine gas hydrate resource volume of nx10'° m?
plausible estimation magnitude.

is a

5.2. Resource evaluation phase

Since the middle and late 1990s, with the collection of
abundant global gas hydrate exploration data, increasing
research degree, and continuous improvement of resource
evaluation technology, the basic theory, research ideas, and
evaluation process of resource evaluation have matured
considerably compared with the first two stages. Additionally,
the value of the evaluation parameters and the rationality of
the evaluation results have also been assessed. The evaluation
methods of NGHs resources have undergone significant
development and have achieved greater accuracy. The
parameter settings of the volumetric method, genetic method,
and analog method are more closely aligned with the actual
geological conditions, and the results of the various evaluation
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methods are highly consistent. The United States, Japan, and
Republic of Korea have all conducted national assessments of
the gas hydrate resource potential. By integrating previous
data and digital simulations, Boswell et al. concluded that the
total amount of methane in marine gas hydrates is
approximately 2.83x10'> m>. This is generally consistent with
the lower bound of the 2009 DOE 105-106TCF estimate
(Boswell R and Collett TS, 2011).

5.2.1. United States

The 1995 National Oil and Gas Assessment was
conducted by the United States Geological Survey (USGS) to
evaluate the potential for undiscovered conventional and
unconventional oil and gas resources in the United States.
This evaluation included the first systematic evaluation of in
situ gas hydrate resources in both terrestrial and marine areas
of the United States (Collett TS, 1995). A total of 11 gas
hydrate zones were identified in four marine and one
terrestrial region. The majority of the marine gas hydrate
mineralization areas are located in the Alaska Sea, the Pacific
Ocean, the Gulf of Mexico, and the Atlantic Ocean. The only
land metallogenic area is located in the North Slope in Alaska.
The USGS considered several factors in its evaluation of the
gas hydrate resources in the United States, including the
content of biogas, thickness of the biogas source layer,
thermogenic gas supply, time, probability of effective
migration, reservoir rock facies, trapping mechanism,
effective porosity, hydrocarbon accumulation index, range of
the hydrate stability zone, reservoir thickness, hydrate
saturation, and hydrate gas content. Based on the above
limited actual parameters, a preliminary evaluation of the gas
hydrate resource zones in the ocean and land in the United
States was conducted, and the approximate probability
distribution of the gas hydrate resources in each zone and the
entire United States was calculated. The calculated gas
hydrate resources were almost equal to the total amount of
methane in the gas hydrates (Collett TS, 1997). The
evaluation consisted of two parts: (1) Risk assessment of the
zone attributes to assess the probability of the existence of gas
hydrates in the zone. (2) the parameters of the hydrate content
were evaluated to determine the probability distribution of the
possible hydrate content in the zone. In general, the
probability values of each parameter were determined based
on the seismic, geological, and geochemical information
(water depth map, sediment thickness distribution map, total
organic carbon content in the sediments, seabed temperature,
geothermal gradient, and hydrate stability temperature and
pressure domain distribution map) and data for similar areas.
The calculation was divided into three steps: (1)
Determination of whether the zone contains hydrates; (2)
determination of the number of hydrates in the zone; and (3)
combination of the results of the above two steps to consider
the statistical resource potential.

The final estimate of methane gas processing in the United
States, as determined by the USGS, is 9067 x10"> m>. Of this
total amount, 52.6% are located in the Alaskan Sea, 19.1% are

located in the Pacific Ocean, 12.0% are located in the Gulf of
Mexico, 16.1% are located in the Atlantic Ocean, and 0.2%
are located in Alaska (Xiao HZ and Zhang Z, 2021). On
September 10th, 2019, the USGS released the Alaska North
Slope Undiscovered Gas Hydrate Resource Assessment
Report, which used newly acquired three-dimensional seismic
data and a more comprehensive understanding of the
characteristics of gas hydrate reservoirs. A more precise
estimation of the potential gas hydrate deposits in the tundra
in the North Slope in Alaska was conducted. The assessment
results indicated that the average technically recoverable
resources of the gas hydrate deposits in the region are 1.5
trillion cubic meters of gas.

5.2.2. Japan

The offshore waters of Japan are rich in gas hydrate
resources. The Japan Petroleum, Natural Gas and Metal
Mineral Resources Agency conducted an investigation that
confirmed the existence of gas hydrate resources in the
Kurishima Ridge and the Nanhai Ditch of the Okujiri
Ridge.The Geological Survey of Japan has calculated the
amount of NGHs resources in these areas since 1992. The
fundamental concept underlying this calculation and the
results of the calculation of the sea area resources are
described below.

The fundamental concept is as follows: The original
resources (Q) expected for the exploration and development
of NGHs fields is theoretically the sum of the total gas (QOy)
generated via the decomposition of NGHs, the total free gas
(Qg), and the total dissolved gas (Q;) contained in the
interlayer water. Thatis, Q= Oy + Og + 0.

The quantity of resources (Qy) of the gas decomposed
from the NGHs is determined by multiplying the amount of
methane (/) in the NGHs and the accumulation rate (R). The
final recoverable resources (Gy) are calculated by multiplying
the decomposed gas resources (Qy) by the recovery rate (B).
That is,

Ou = VXR = AXAZXRXDPXHXE,

Gy = OQuXB.

It is commonly accepted that there is no free gas present in
the gas hydrate stability zone as the quantity of free gas (Qg)
is the amount of free gas in the trap below the gas hydrate
stability zone. It is therefore more appropriate to calculate the
natural gas buried in a conventional gas field.

Currently, the amount of free gas resources under the
NGHs layer is calculated using the following formula:

Qg = AXAZXRGX DX P/ PoXTy/TX(1-W),

G = Q6XBg,

where (g is the initial free gas resources; G is the ultimate
recoverable free gas resources; 4 is the free gas distribution
area; A7 is the mean thickness of the free gas layer; R is the
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concentration rate of the free gas; @ is the mean porosity of
the sediments; P is the formation pressure; P is the standard
state pressure; 7 is the absolute temperature of the sediments;
T, is the absolute temperature in the standard state; W is the
water saturation rate of the sediments; and Bg is the free gas
recovery rate. (Ag X AZg * Rg) is the volume of the free gas
deposits under the gas hydrate layer.

Because dissolved methane is always saturated in the pore
fluid of the hydrate and free gas layers, the amount of
dissolved gas (Q;) contained in the pore water of the hydrate
and free gas layers can be calculated using the following
formula:

O = VXR = AX(AZy + AZ5)XDX(1—H)XS XR,

where A4 is the distribution area of NGHs; 47, and 4Z; are
the thickness of the hydrate reservoir and free gas layer below
the hydrate layer, respectively; @ is the porosity of the
reservoir sediments; H is the saturation of the gas hydrates in
the reservoir sediments; and S is the saturation concentration
of the dissolved gas in the reservoir pore water. The saturation
concentration of the dissolved gas in the pore water in the
hydrate and free gas layers is a function of the in situ
temperature, pressure, and salinity. It is usually quantitatively
calculated using the following common formula (Lu ZQ and
Sultan N, 2008):

S =exp(0.061695 x T—6.7898800 + 0.0005372 x P—
0.0001153 x P*).

The dissolved gas resources are considerably less than the
methane resources contained in the gas hydrate reservoir;
therefore, it can be disregarded when calculating the number
of resources.

According to the aforementioned methods, the amount of
NGHs resources in the waters near Japan was estimated to be
10 x10'> m® by the Japan Institute of Industrial Technology
(Fujii T et al., 2008).

5.2.3. Other countries

Russia (Soviet Union) was one of the first countries to
discover and comprehensively investigate and potential of
NGHs resources. In 1969, the Mesoyaha gas field in Siberia
was successfully exploited, demonstrating the viability of
extracting natural gas from hydrates. Russian scholars have
estimated that the total volume of NGHs resources in the sea
and land areas in Russia is approximately 800—1100 x10'2 m>.
The NGHs resources in the sea area range from 200 x10'? to
7.7 x10'8 m3, while those in the land range from 31 x10'? to
350 x10'° m’.

The majority of the NGHs resources in Canada are
distributed in the Arctic permafrost and numerous continental
shelves. The NGHs reserves in these areas have been
conservatively estimated to be (0.01-1) x10'2 m®, and the
potential methane reserve has been estimated to be (1-100) X
10" m’.

In 1996, India initiated and executed the Indian National
Gas Hydrate Plan through the Natural Gas Company Limited,

which revealed the existence of a considerable amount of
NGHs resources in the continental margin of India. The
volume method was used to predict the resource reserves in
India’s exclusive economic zone, and the result was 1894 x
10" m’.

In 2005, Republic of Korea launched the Korea Gas
Hydrate 10-year Plan with the support of the Ministry of
Knowledge Economy. This plan involved conducting
geophysical and geological surveys in the Ulyong Basin in the
East Sea of Korea, which yielded a substantial quantity of 2-D
and 3-D seismic data, gas hydrate samples, and sediment
samples. Based on the seismic data and logging data for
UBGHI, the NGHs resources in the central region of this
basin were evaluated. The results indicated that the average in
situ gas hydrate resources in the surveyed area are 1.7 trillion
cubic meters and that the average in situ gas hydrate resources
in the sandy reservoir are 0.88 trillion cubic meters.

6. Prediction of gas hydrate resource potential in the
South China Sea

In the 1990s, China began its preliminary research and
prediction of the NGHs in the South China Sea and the
Tibetan Plateau. In 2002, China started to systematically
evaluate the NGHs in the South China Sea, East China Sea,
and tundra zones (Huang YY et al, 2008). Subsequently,
NGHs samples were successively obtained in the Ledong-
Lingshui-Songnan zone in the southern part of the
Qiongdongnan Basin, the Shenhu area in the Baiyun Sag in
the central-southern Zhujiangkou Basin, the eastern part of the
Zhujiangkou Basin, and the southwestern slope of the Nanhai
Terrace (Su PB et al., 2017a, 2017b, 2021; 2020; Yang SX et
al., 2017; Zhang GX et al., 2017). NGHs have been identified
using geophysical, geochemical, and submarine cold seep
markers in the Xisha Trough, Nansha Trough, Brunei-Shaba
Basin, and Wan’an Basin in the China Sea (Chen JW, 2014;
Su PB et al., 2010).

Thirty-six evaluations of the NGHs resources in the South
China Sea have been carried out by the China Geological
Survey, China National Petroleum Corporation, China
National Offshore Oil Corporation, and Chinese Academy of
Sciences, and the results indicated that the prospective
resources are (42—138) x10'? m?, mainly ranging from 630 x
10" to 882 x10' m® (Table 2). According to the evaluation
results for some key sea areas in the South China Sea, the gas
hydrate resources are predicted to be (1.6-5.7) x10'? m® in the
Qiongdongnan Basin (Chen DF et al., 2004; Liu J et al.,
2019), (1.6-13.8) x10'? m? in the southwest Taiwan Basin (Bi
HB et al., 2010), (16-100) x10° m* in the Shenhu area (Wang
XJ et al., 2014a; Wang X1J et al., 2014b; Wu NY et al., 2010),
(100-150) x10° m® in the Dongsha area (Sha ZB et al., 2015),
and 24 x10'> m? in the Okinawa Trough in the East China Sea
(Chen JW, 2014). Compared with the sea area, there is a great
difference in the estimation for land permafrost areas, and the
total amount of NGHs resources in China is predicted to be
(3-75) x10"? m* (Wang X et al., 2018; Zhu YH et al., 2010).
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Table 2. Summary of evaluation methods and results of gas
hydrate resources in the South China Sea.
Method Result/ Reference
1012 3
Volumetric 74.4 Su PB et al., 2022
method 69.2 Huang YY and Zhang GX, 2009
64.968 Liang JQ et al. (2006); Zeng FC et al., 2006
84.5 Zhang GX et al., 2002
67 Yao BC, 2001
138 Trung NN, 2012
63 Ge Q et al., 2006
88.2 Zheng M et al., 2019; Zou CN et al., 2019
69.3 Zhu QG, 2004
Genesis method 166 Huang YY and Zhang GX, 2009
42 Wang JL et al., 2018
Comprehensive 80 Liang JQ, 2017); Wang SL and Sun ZT, 2018
method 67 Yao BC etal., 2008
64 Yang MZ and Zhang GX, 2007
69.3 Yu XH et al., 2019
68 Gao DT, 2017
70 Chen HN et al., 2010; Hu WR et al., 2010;
Zong XX et al., 2017
70.785 FuQetal., 2015
64.97 Wang N et al., 2015; Wang ZM et al., 2010;
Wei W et al., 2009; Zhang JH et al., 2009
64.968 Sun LD etal., 2013
74 Gong XF etal., 2014
65 Chen JD and Meng H, 2013;

Ning N et al., 2009; Zhang HS, 2014

The investigation and evaluation of NGHs resources is a
long-term basic research work. Since 1999, the China
Geological Survey has completed a general survey of the
northern South China Sea, and has completed a census of
favorable areas in key areas such as Shenhu, Qiongdongdong,
and Dongsha, as well as detailed investigation in some of the
key mineralized areas. Three types of NGHs deposits, namely,
diffusion type, seepage type, and composite type, have been
discovered; a theoretical understanding of the systematic and
dynamic formation of NGHs has been gained (Fan SS et al.,
2007); and a graded evaluation system for the NGHs
resources in the South China Sea has been established. The
evaluation of the predicted resources in the prospect area has
been completed; furthermore, the inferred resources in the
favorable zones in the northern South China Sea and the
control resources in the mineralized zones have been
estimated. The volumetric method based on the Monte Carlo
algorithm was adopted for the study of the prospective areas
and favorable areas with a low degree of investigation, while
the volumetric method based on a geological model and the
genesis method based on a basin simulation were adopted for
the mineralized areas with a high degree of investigation.
Based on the current degree of investigation and the types of
special NGHs deposits, the NGHs resource zoning and
grading evaluation system was established according to the
theory of NGHs system genesis, in which the volume method
based on the Monte Carlo algorithm was used for resource
evaluation in the prospective area. The parameters are mainly

based on the following: geological geophysical, geochemical,
and drilling survey data, the distribution area of the
prospective area was obtained. According to the spatial
distribution characteristics of the sedimentary basins and the
types of NGHs deposits, based on the spatial distribution
characteristics of the sedimentary basins and the types of
NGHs deposits, for the northern South China Sea, based on
the actual survey data, including 2-D and 3-D seismic, drilling
logging, coring, and other practical exploration data, the
probability distribution characteristics of the calculated
parameters of the NGHs reservoirs, such as the thickness,
porosity, and saturation, were obtained using the partition for
the southern South China Sea. Additionally, typical areas,
such as Shenhu, Qiongdongdong, and Dongsha areas, were
used as scale areas to obtain resource evaluation parameters
under similar geological background conditions through
analogy.

As the current investigation degree is still limited, most of
the areas can only reach the level of predicted resources, and
local key areas such as the Shenhu Sea production test area,
Qiongdongnan basin production test area, and Dongsha
drilling area are close to the level of controlled resources. The
predicted resources in the South China Sea gas hydrate
prospect area obtained using the volumetric method based on
the Monte Carlo algorithm are approximately 37.6x10'> m®
with a 90% probability, 69.6x10'> m® with a 50% probability,
and 117.7x10'> m* with a 10% probability, with a mean value
of approximately 74.4x10'> m®. The ore body-controlled
resources in the gas hydrate mineralization zone in the Shenhu
area obtained using the volumetric method and based on a
three-dimensional geological model are approximately
100x10° m®, and the number of resources obtained using the
genesis method based on a basin simulation is 210x10° m®.

7. Discussion

The evaluation of the NGHs resource potential has been
an active research topic in scientific and industrial circles. As
the understanding of the physical and chemical properties of
NGHs, the endowment environment, and the conditions of the
formation of hydrate reservoirs have deepened, the accuracy
of predictions of NGHs resources has increased. However,
there are still three aspects that are worth discussing.

7.1. Resource classification system

There is no uniform classification system for NGHs
resources in the world. The classification system for the
NGHs resources in the South China Sea is based on a
comprehensive understanding of the geological characteristics
and economic conditions of NGHs and is an important basis
for the evaluation of marine NGHSs resources. First, in the
general investigation stage, the prospective area is defined,
and the resources are evaluated and predicted. The evaluation
method of assuming the distribution of the NGHs in the
stability zone in the entire evaluation sea area in the early
evaluation stage in the international arena is inappropriate, as
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it does not consider the basic material conditions for the
formation of NGHs. Moreover, the prospective area circled in
the general investigation stage should consider the gas source
conditions, transportation conditions, and distribution range of
the reservoir when investigating the formation of NGHs. The
second step is to circle the favorable area in the census stage
and to evaluate and deduce the amount of resources. The
circled favorable area should have the geophysical,
geological, and geochemical anomalies related to the NGHs
distribution  characteristics and scope. Third, the
mineralization area should be circled in the detailed
investigation stage, and the number of resources should be
evaluated and controlled. In this stage, drilling wells are
constructed for verification, and the hydrate reservoirs are
confirmed through logging and coring. In the circled
mineralized areas, the initially identified types of NGHs
deposits, the characteristics of the ore bodies, and the
production status of the ore bodies should be known. Fourth,
blocks are implemented in the exploration stage to evaluate
the resource reserves and to determine the recoverable
coefficients of the in-situ resources; however, the hydrates are
still in the stage of trial mining, and the conditions for
calculating the recoverable reserves are not yet in place at the
moment.

7.2. Resource evaluation methods

Currently, NGHs resource evaluation methods mainly
include the volumetric, genesis, and analogical methods. The
volumetric method takes the state of NGHs as the research
object to carry out an evaluation, making it a type of static
evaluation method, and it requires a large amount of data from
survey. The causative method involves taking the source of
the gas hydrates as the research object. It is a dynamic
evaluation method, but it requires much basic research
support. The analogical method can rapidly evaluate the
evaluation area through analogy with typical scale areas. It
requires the establishment of different types of hydrate scale
areas. In addition, some scholars in China have used the 29
sets of global gas hydrate resource data published by previous
authors to conduct trend fitting so as to predict the change
trend of gas hydrate resources (Pang XQ et al., 2021).
However, the prediction results are not informative due to the
small data sample, the low and inconsistent level of the
resources, and unrepresentative choices.

In terms of static evaluation, the volumetric method based
on the Monte Carlo algorithm, or the Latin hypercube
algorithm, is the mainstream uncertainty evaluation method.
The scientific estimation of hydrate resources using this
method requires the collection of massive field investigation
data. This method is mainly based on the measured data from
geological, geophysical, geochemical, and drilling surveys
and focuses on the comprehensive geological and geophysical
response characteristics of the middle and shallow subsurface.
Furthermore, this method carries out a hierarchical evaluation
of prospective, favorable, and mineralized areas so as to

effectively avoid the exploration risks caused by a single
value of the area coefficient, the aggregation coefficient, and
the enrichment coefficient. According to the spatial
distribution characteristics of sedimentary basins and the
types of gas hydrate deposits, based on high-resolution
seismic interpretation, logging analysis, and experimental
testing, we can constrain the distribution of the spatial
parameters using the thickness, porosity, saturation, and gas
production factor calculated from actual exploration data.
Additionally, we can construct a geological model using the
gridded method and evaluate the non-homogeneity based on
consideration of the distribution characteristics of hydrates to
avoid mean value prediction and probabilistic statistics to the
maximum extent. Thus, the evaluation errors caused by mean
value prediction and probability statistics are avoided.

In dynamic evaluation, the genesis method based on the
conservation of matter considers the overall process of gas
hydrate formation from source to sink. The NGHs formation
process has stage continuity. The study of hydrocarbon
generation and discharge Thistory involves integrated
evaluation of the regional deep and shallow organic matter
sedimentary evolution, thermal history, and multi-source
hydrocarbon generation process based on the results of deep
oil and gas exploration. This method considers the
international mainstream biogas genesis system and also
includes conventional oil and gas resources. Transport process
analysis integrates multidisciplinary data about the deposition,
tectonics, and fluids in the middle and shallow parts of the
region and focuses on the precise identification and
quantitative characterization of the parameters of the
fractures, fissures, and high-permeability layers in three
dimensions. Furthermore, this analysis considers the influence
of the uneven spatial distribution of the gas source on the
discontinuous  distribution of the hydrate resources.
Simulation of the aggregation and formation dynamics relies
on the developed hydrate biogenic gas and thermogenic gas
production model. Based on the paleo-topographic
reconstruction, reservoir parameter prediction, and hydrate
formation dynamics parameter experiments, the hydrate
saturation parameter prediction in the phase equilibrium
stability domain, combined with regional prediction
parameters, can effectively improve the credibility of the
resource evaluation results.

In terms of comparability analysis, it is essential to define
specific scale areas for analogical evaluation under varying
endowment and geological conditions. NGHs resources are
significantly different from conventional oil and gas resources
in terms of the source-storage relationship, transportation
mode, aggregation mode, and distribution characteristics. For
areas with a low exploration level such as the southern South
China Sea, analogies of the resource abundance will be made
based on the basic geological conditions for reservoir
formation. For areas with a high exploration level such as the
northern South China Sea, analogies of key parameters for the
gas source, transportation, and aggregation for reservoir
formation are emphasized. The analogy method should be
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based on analyzing drilling areas with similar geological
backgrounds and evaluating the evaluation parameters and
indices as a whole. Simply using a typical sea area or drilling
data for a simple parameter analogy or assumption of a series
of coefficient analogies will inevitably lead to distortion of the
results.

7.3. Resource evaluation results

According to the progress of investigation and evaluation
system, the evaluation of hydrate resources in international
waters has not yet involved the link of geological reserves,
and the evaluation of geological resources has mostly been
carried out in water areas.

The results of gas hydrate resource evaluation in
international waters indicated that the global marine gas
hydrate geological resources are n x10'> m’ and that the
predicted resources in the South China Sea gas hydrate
prospect area are approximately 74.4 x10'2 m>. The overall
resource abundance is approximately 230 %108 m3/km?, which
is comparable to the evaluation results of the Nankai Trough
of Japan (approximately 160 x10® m?/km?), the Gulf of
Mexico of the United States (approximately 260 x10°
m’/km?), and the Ulleung Basin of Republic of Korea
(approximately 180 x10° m*/km?). It is also comparable to
that of the South China Sea NGHs resource abundance
estimated by PetroChina, CNOOC, Chinese Academy of
Sciences, and the China University of Geosciences (170-240 x
10° m’/km?). The results of the evaluation are within a
reasonable range.

It should be noted that despite the great prospects for the
NGHs resources in the South China Sea, technical and
environmental challenges should be overcome to reach
economic exploitation (Lu C et al., 2023). Therefore, future
research and development efforts should focus on further
improving the accuracy of resource evaluation, developing

effective  exploitation  technologies, and  ensuring
environmental safety and economic viability in the
exploitation process

8. Conclusions

(i) This study developed a large-scale, hierarchical,
multidisciplinary resource evaluation system framework
based on the understanding of the formation of NGHs
systems. A hierarchical evaluation system for the NGHs
resources was established, and evaluation of the predicted
NGHs resources in the South China Sea was conducted based
on data from many years of exploration using different
evaluation methods.

(ii) Compared with the evaluation results for NGHs
resources in typical seas around the world, the predicted
abundance of the NGHs resources in the South China Sea is
comparable to that in the Gulf of Mexico and is better than
those in the Nankai Trough and the Ulleung Basin, with a
total amount of n x10"> m’. In addition, the distribution of
these resources is relatively centralized, which is potentially

valuable for exploitation.

(i) The reasonable valuation range of global NGHs
resources is n x10'> m?, which is larger than the known
natural gas reserves. However, effective economic
exploitation still faces many challenges, and countries need to
intensify their efforts in exploration and exploitation research
to contribute to the realization of the global dual-carbon goal.

CRediT authorship contribution statement

Pi-bo Su, Wei Wei and Jin-qiang Liang conceived of the
presented idea. Pi-bo Su, Yun-bao Sun and Yao-yao Li
carried out the original manuscript. Huai Chen, Wei-feng Han
and Wei Zhang carried out the editing. All authors discussed
the results and contributed to the final manuscript.

Declaration of competing interest
The authors declare no conflicts of interest.
Acknowledgment

This research was jointly supported by the National
Natural Science Foundation of China (42376222,
U22A20581, and 42076069), Key Research and Development
Program of Hainan Province (ZDYF2024GXJS002), China
Geological Survey (DD20230402).

References

Bi HB, Ma LJ, Huang HJ, Du TQ, Kong M. 2010. Estimation of methane
amount contained in gas hydrate in Taixi'nan Basin based on GIS.
Marine Geology and Quaternary Geology, 30(4), 179-186 (in
Chinese with English abstract). doi: 10.3724/SP.J.1140.2010.04179.

Boswell R, Collett TS. 2011. Current perspectives on gas hydrate
resources. Energy & Environmental Science, 4(4), 1206-1215. doi:
10.1039/COEE00203H.

Burwicz EB, Riipke LH, Wallmann K. 2011. Estimation of the global
amount of submarine gas hydrates formed via microbial methane
formation based on numerical reaction-transport modeling and a
novel parameterization of Holocene sedimentation. Geochimica et
Cosmochimica Acta, 75(16), 4562-4576. doi: 10.1016/j.gca.2011.
05.029.

Chen DF, Li XX, Xia B. 2004. Distribution of gas hydrate stable zones
and resource prediction in the Qiongdongnan Basin of the South
China Sea. Chinese Journal of Geophysics, 47(3), 483489 (in
Chinese with English abstract). doi: 10.3321/1.issn:0001-5733.2004.
03.018.

Chen HN, Zhang WD, Xie LY, Guo M. 2010. Reserves and development
status of global unconventional natural gas. Fault-Block Oil & Gas
Field, 17(4), 439442 (in Chinese with English abstract).

Chen JD, Meng H. 2013. Marine gas hydrate research and development
status of main countries and countermeasures of our country. World
Sci-Tech. R & D, 35 (04), 560-564 (in Chinese with English
abstract). doi:10.1969/].issn.1006-6055.2013.04.032.

Chen JW. 2014. Formation conditions and resources potential of gas
hydrate in the Okinawa Trough of the East China Sea. Acta
Geoscientica Sinica, 35(6), 726-732 (in Chinese with English
abstract). doi: 10.3975/cagsb.2014.06.08.

Cherskii NV, Tsarev VP. 1977. Evaluation of the reserves in the light of
search and prospecting of natural gases from the bottom sediments of


https://doi.org/10.3724/SP.J.1140.2010.04179
https://doi.org/10.1039/C0EE00203H
https://doi.org/10.1016/j.gca.2011.05.029
https://doi.org/10.1016/j.gca.2011.05.029
https://doi.org/10.3321/j.issn:0001-5733.2004.03.018
https://doi.org/10.3321/j.issn:0001-5733.2004.03.018
https://doi.org/10.3321/j.issn:0001-5733.2004.03.018
https://doi.org/10.3321/j.issn:0001-5733.2004.03.018
https://doi.org/10.1969/j.issn.1006-6055.2013.04.032
https://doi.org/10.1969/j.issn.1006-6055.2013.04.032
https://doi.org/10.1969/j.issn.1006-6055.2013.04.032
https://doi.org/10.3975/cagsb.2014.06.08
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

Su et al. / China Geology 7 (2024) 422—444 441

the world’s ocean. Geologiya Geofizika, 5, 21-31.

ollett TS. 1995. Gas hydrate resources of the United States. In: Gautier
DL, Dolton GL, Takahashi KI, and Varnes KL. (eds), 4, 1-99.

Collett TS. 1997. Gas hydrate resources of northern Alaska. Bulletin of
Canadian Petroleum Geology, 45(3), 317-338. doi: org/10.35767/
gscpgbull.45.3.317.

Collett TS. 1999. Detailed evaluation of gas hydrate reservoir properties
using JAPEX/JINOC/GSC Mallik 2L-38 gas hydrate research well
downhole well-log displays. Bulletin of the Geological Survey of
Canada, 544, 295-311.

Collett TS. 2002. Energy resource potential of natural gas hydrates.
AAPG Bulletin, 86(11), 1971-1992. doi: 10.1016/S0031-0182(02)
00486-8.

Collett TS, Lee MW, Zyrianova MV, Mrozewski SA, Guerin G, Cook
AE, Goldberg DS. 2012. Gulf of Mexico Gas Hydrate Joint Industry
Project Leg II logging-while-drilling data acquisition and analysis.
Marine and Petroleum Geology, 34(1), 41-61. doi: 10.1016/j.marpe
tgeo.2011.08.003.

Dai JX, Ni YY, Huang SP, Peng WL, Han WX, Gong DY, Wei W.
2017. Genetic types of gas hydrates in China. Petroleum Exploration
Development, 44(6), 887-898 (in Chinese with English abstract).
doi: 10.11698/PED.2017.06.01.

Dai JX, Zou CN, Liao SM, Dong DZ, Ni YY, Huang JL, Wu W, Gong
DY, Huang SP, Hu GY. 2014. Geochemistry of the extremely high
thermal maturity Longmaxi shale gas, southern Sichuan Basin.
Organic Geochemistry, 74, 3—12. doi: 10.1016/j.orggeochem.2014.
01.018.

Dobrynin V. 1981. Gas hydrates, a possible energy resources. Long-term
energy resources, 1, 727-729.

Edwards RN. 1997. On the resource evaluation of marine gas hydrate
deposits using sea-floor transient electric dipole-dipole methods.
Geophysics, 62(1), 63—74. doi: 10.1190/1.1444146.

Fan Q, Zhu ZY, Pang WX, Li QP, Zhou SW, Li YP. 2024. Reservoir
Characteristics and Exploration Implications of Gas Hydrate
Enrichment Area, Qiongdongnan Basin. Earth Science, 49(4),
1421-1430 (in Chinese with English abstract). doi: 10.3799/dqgkx.
2023.123.

Fan SS, Guan JA, Liang DQ, Ning FL. 2007. A dynamic theory on
natural gas hydrate reservoir formation. Natural Gas Geoscience,
18(6), 819-826 (in Chinese with English abstract). doi: 10.11764/
j.issn.1672-1926.2007.06.819.

Fu Q, Zhou SW, Li QP. 2015. Natural gas hydrate exploration and
production technology research status and development strategy.
Strategic Study of Chinese Academy of Engineering, 17(9), 123-132
(in Chinese with English abstract). doi: 10.3969/j.issn.1009-1742.
2015.09.020.

Fujii T, Saeki T, Kobayashi T, Inamori T, Hayashi M, Takano O,
Takayama T, Kawasaki T, Nagakubo S, Nakamizu M. 2008.
Resource assessment of methane hydrate in the eastern Nankai
Trough, Japan, Offshore Technology Conference, Texas, USA, 5-8
May 2008. doi:10.4043/19310-MS.

Gabitto JF, Tsouris C. 2010. Physical Properties of Gas Hydrates: A
Review. Journal of Thermodynamics, 2010, 271291. doi: 10.1155/
2010/271291.

Gao DT. 2017. The “Combustible Ice”, how far from a large-scaled
mining. Production Technology, 345 (3), 5 (in Chinese with English
abstract). doi: CNKI:SUN:GSHJ.0.2017-03-019.

Ge JW, Zhao XM, Fan Q, Fang XY, Song P, Xiang Z. 2023. Preliminary
study on depositional and reservoir characteristics of high-saturation
gas hydrate worldwide. Marine Geology Frontiers, 39(4), 1-13 (in
Chinese with English abstract). doi: 10.16028/j.1009-2722.2021.273.

Ge Q, Wang JS, Xiang H, Hu GW. 2006. Computation of thickness of
gas hydrate stability zone and potential volume of gas hydrate in
South China Sea. Earth Science, 02, 245-249. (in Chinese with

English abstract). doi: 10.1515/ZNTW.2010.019.

Ginsburg G, Soloviev V. 1995. Submarine gas hydrate estimation:
Theoretical and empirical approaches, Offshore Technology
Conference, Texas, USA, 5-8 May 2008. doi: 10.4043/7693-MS.

Ginsburg G, Soloviev V, Matveeva T, Andreeva 1. 2000. 24. Sediment
grain-size control on gas hydrate presence, sites 994, 995 and 997,
Proceedings of the Ocean Drilling Program, Scientific Results,
College Station, TX. doi: 10.2973/odp.proc.sr.164.236.2000.

Gong XF, He JX, Wu CK, Yang J, Li K, Zhang Y, Li DH, Zhu JC. 2014.
Basic geological and geochemical background of unconventional gas
resources in China. Marine Geology & Quaternary Geology, 34(5),
95-105 (in Chinese with English abstract). doi: CNKI:SUN:HYDZ.0.
2014-05-014.

Gornitz V, Fung 1. 1994. Potential distribution of methane hydrates in
the world’s oceans. Global Biogeochemical Cycles, 8(3), 335-347.
doi: 10.1029/94GB00766.

Gullapalli S, Dewangan P, Kumar A, Dakara G, Mishra CK. 2019.
Seismic evidence of free gas migration through the gas hydrate
stability zone (GHSZ) and active methane seep in Krishna-Godavari
offshore basin. Marine and Petroleum Geology, 110, 695-705. doi:
10.1016/j.marpetgeo.2019.07.052.

Haeckel M, Bialas J, Klaucke I, Wallmann K, Bohrmann G,
Schwalenberg K. 2015. Gas hydrate occurrences in the Black
Sea—new observations from the German SUGAR project. 15 (2),
6-9. doi:10.1007/978-3-030-81186-0_38.

Harvey LD, Huang Z. 1995. Evaluation of the potential impact of
methane clathrate destabilization on future global warming. Journal
of Geophysical Research: Atmospheres, 100(D2), 2905-2926. doi:
10.1029/94JD02829.

He LJ, Lei XL, Zhang Y. 2011. Numerical modeling of gas hydrate
accumulation in the marine sediments of Shenhu Area, Northern
South China Sea. Chinese Journal of Geophysics, 54(3), 299-306.
doi: 10.1002/cjg2.1612.

He YL, Liang JQ, Kuang ZG, Deng W, Ren JF, Lai HF, Meng MM,
Zhang W. 2022. Migration and accumulation characteristics of
natural gas hydrates in the uplifts and their slope zones in the
Qiongdongnan Basin, China. China Geology, 5(2), 234-250. doi:
org/10.31035/cg2022004.

Holbrook WS, Hoskins H, Wood WT, Stephen RA, Lizarralde D. 1996.
Methane hydrate and free gas on the Blake Ridge from vertical
seismic profiling. Science, 273(5283), 1840-1843. doi: 10.1126/
science.273.5283.1840.

Holland ME, Schultheiss P, Roberts J, Druce M. 2008. Observed gas
hydrate morphologies in marine sediments. Energy Reports, 7,
8368-8377. doi: 10.14288/1.0041062.

Horozal S, Kim GY, Bahk JJ, Wilkens RH, Yoo DG, Ryu BJ, Kim SP.
2015. Core and sediment physical property correlation of the second
Ulleung Basin Gas Hydrate Drilling Expedition (UBGH2) results in
the East Sea (Japan Sea). Marine and Petroleum Geology, 59,
535-562. doi: 10.1016/j.marpetgeo.2014.09.019.

Hu WR, Zhai GM, Li JM. 2010. Potential and development of
unconventional hydrocarbon resources in China. Engineering
Sciences, 28(12), 1-3 (in Chinese with English abstract). doi:
10.3969/j.issn.1009-1742.2010.05.004.

Huang YY, Erwin S, Wu NY. 2008. Evidence of Intense Methane
Seepages from Molybdenum Enrichments in Gas Hydrate-Bearing
Sediments of the northern South China Sea. Geological Publishing
House, Beijing (in Chinese).

Huang YY, Zhang GX. 2009. Geological and Geophysical
Characteristics and Prospects of Gas Hydrate in Sea Area of China.
Geological Publishing House, Beijing (in Chinese).

Hyndman RD, Yuan T, Moran K. 1999. The concentration of deep sea
gas hydrates from downhole electrical resistivity logs and laboratory
data. Earth and Planetary Science Letters, 172(1), 167-177. doi:


https://doi.org/org/10.35767/gscpgbull.45.3.317
https://doi.org/org/10.35767/gscpgbull.45.3.317
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/S0031-0182(02)00486-8
https://doi.org/10.1016/j.marpetgeo.2011.08.003
https://doi.org/10.1016/j.marpetgeo.2011.08.003
https://doi.org/10.11698/PED.2017.06.01
https://doi.org/10.1016/j.orggeochem.2014.01.018
https://doi.org/10.1016/j.orggeochem.2014.01.018
https://doi.org/10.1190/1.1444146
https://doi.org/10.3799/dqkx.2023.123
https://doi.org/10.3799/dqkx.2023.123
https://doi.org/10.11764/j.issn.1672-1926.2007.06.819
https://doi.org/10.11764/j.issn.1672-1926.2007.06.819
https://doi.org/10.11764/j.issn.1672-1926.2007.06.819
https://doi.org/10.11764/j.issn.1672-1926.2007.06.819
https://doi.org/10.3969/j.issn.1009-1742.2015.09.020
https://doi.org/10.3969/j.issn.1009-1742.2015.09.020
https://doi.org/10.3969/j.issn.1009-1742.2015.09.020
https://doi.org/10.3969/j.issn.1009-1742.2015.09.020
https://doi.org/10.4043/19310-MS
https://doi.org/10.4043/19310-MS
https://doi.org/10.4043/19310-MS
https://doi.org/10.1155/2010/271291
https://doi.org/10.1155/2010/271291
https://doi.org/CNKI:SUN:GSHJ.0.2017-03-019
https://doi.org/CNKI:SUN:GSHJ.0.2017-03-019
https://doi.org/CNKI:SUN:GSHJ.0.2017-03-019
https://doi.org/CNKI:SUN:GSHJ.0.2017-03-019
https://doi.org/CNKI:SUN:GSHJ.0.2017-03-019
https://doi.org/10.16028/j.1009-2722.2021.273
https://doi.org/10.16028/j.1009-2722.2021.273
https://doi.org/10.16028/j.1009-2722.2021.273
https://doi.org/10.1515/ZNTW.2010.019
https://doi.org/10.4043/7693-MS
https://doi.org/10.4043/7693-MS
https://doi.org/10.4043/7693-MS
https://doi.org/10.2973/odp.proc.sr.164.236.2000
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/CNKI:SUN:HYDZ.0.2014-05-014
https://doi.org/10.1029/94GB00766
https://doi.org/10.1016/j.marpetgeo.2019.07.052
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1007/978-3-030-81186-0_38
https://doi.org/10.1029/94JD02829
https://doi.org/10.1002/cjg2.1612
https://doi.org/org/10.31035/cg2022004
https://doi.org/10.1126/science.273.5283.1840
https://doi.org/10.1126/science.273.5283.1840
https://doi.org/10.14288/1.0041062
https://doi.org/10.1016/j.marpetgeo.2014.09.019
https://doi.org/10.3969/j.issn.1009-1742.2010.05.004
https://doi.org/10.3969/j.issn.1009-1742.2010.05.004
https://doi.org/10.3969/j.issn.1009-1742.2010.05.004
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

442 Su et al. / China Geology 7 (2024) 422—-444

10.1016/S0012-821X(99)00192-2.

Ito T, Komatsu Y, Fujii T, Suzuki K, Egawa K, Nakatsuka Y, Minagawa
H. 2015. Lithological features of hydrate-bearing sediments and their
relationship with gas hydrate saturation in the eastern Nankai
Trough, Japan. Marine and Petroleum Geology, 66, 368-378. doi:
10.1016/j.marpetgeo.2015.02.022.

Kang DJ, Liu JD, Li HY, Qu CX, Lu JA, Xie YF, Ren JF. 2024. A
Quantitative Evaluation Method for the Natural Gas Hydrate
Reservoir Parameters in the Shenhu Area, South China Sea.
Geoscience, 38(02), 385-397 (in Chinese with English abstract). doi:
10.19657/j.geoscience.1000-8527.2023.038.

Kang YZ. 2021. Exploration of accumulation conditions of natural gas
hydrate reservoirs in the South China Sea Block. Petroleum Reservoir
Evaluation and Development, 11(5), 659668 (in Chinese with English
abstract). doi: 10.13809/j.cnki.cn32-1825/te.2021.05.001.

Komatsu Y, Suzuki K, Fujii T. 2015. Sedimentary facies and
paleoenvironments of a gas-hydrate-bearing sediment core in the
eastern Nankai Trough, Japan. Marine and Petroleum Geology, 66,
358-367. doi: 10.1016/j.marpetgeo.2015.02.038.

Kong X, Li Q, Jiang XH, Zhang CY. 2019. Characteristics of gas hydrate
saturations in Krishna-Godavari Basin, India. Journal of Applied
Oceanography, (in Chinese with English abstract). doi: CNKI:SUN:
TWHX.0.2019-03-001.

Kretschmer K, Biastoch A, Riipke L, Burwicz E. 2015. Modeling the fate
of methane hydrates under global warming. Global Biogeochemical
Cycles, 29(5), 610-625. doi: 10.1002/2014GB005011.

Kvenvolden KA. 1988. Methane hydrate—A major reservoir of carbon
in the shallow geosphere? Chemical Geology, 71 (1), 41-51. doi:10.
1016/0009-2541(88)90104-0.

Kvenvolden KA, Claypool GE. 1988. Gas hydrates in oceanic sediment.
US.  Geological  Survey, Open-File  Report,  88-216.
doi:10.3133/OFR88216.

Liang JQ. 2017. Unlocking the mysteries of marine combustible ice.
Scientific and Cutural Popularization of Land and Resources 3,
12-17 (in Chinese with English abstract).

Liang JQ, Fu SY, Chen F, Su PB, Shang JJ, Lu HF, Fang YX. 2017.
Characteristics of methane seepage and gas hydrate reservoir in the
northeastern slope of South China Sea. Natural Gas Geoscience,
28(5), 761-770 (in Chinese with English abstract). doi: 10.11764/j.
issn.1672-1926.2017.02.006.

Liang JQ, Wu NY, Yang MZ, Wang MJ, Sha ZB. 2006. Resource
estimate method of gas hydrates and its application. Geological
Bulletin of China, 25(9-10), 1205-1210 (in Chinese with English
abstract). doi: 10.3969/j.issn.1671-2552.2006.09.038.

Liang JQ, Zhang GX, Lu JA, Su PB, Sha ZB, Gong YH, Su X. 2016.
Accumulation characteristics and genetic models of natural gas
hydrate reservoirs in the NE slope of the South China Sea. Natural
Gas Industry, 36(10), 157-162 (in Chinese with English abstract).
doi: 10.3787/j.issn.1000-0976.2016.10.020.

Liu CL, Sun YB. 2021. Characteristics of marine gas hydrate reservoir
and its resource evaluation methods. Marine Geology & Quaternary
Geology, 41(5), 44-57 (in Chinese with English abstract). doi:
10.16562/j.cnki.0256-1492.2021082401.

Liu J, Yang R, Wu DD, Jin GR, Zhang H. 2019. Factors affecting the
thickness of gas hydrate stability zones in the Huaguang Sag,
Qiongdongnan Basin. Haiyang Xuebao, 41(8), 13-25 (in Chinese
with English abstract). doi: 10.3969/j.issn.0253-4193.2019.08.002.

Lu C, Qin XW, Sun JS, Wang R, Cai JC. 2023. Research progress and
scientific challenges in the depressurization exploitation mechanism
of clayey-silt natural gas hydrates in the northern South China Sea.
Advances in Geo-Energy Research, 10(1), 14-20. doi: 10.46690/
ager.2023.10.03.

Lu ZQ, Sultan N. 2008. Empirical expressions for gas hydrate stability
law, its volume fraction and mass-density at temperatures 273.15 K

to 290.15 K. Geochemical Journal, 42 (2), 163—175. doi: 10.2343/
geochemj.42.163.

Liidmann T, Wong HK. 2003. Characteristics of gas hydrate occurrences
associated with mud diapirism and gas escape structures in the
northwestern Sea of Okhotsk. Marine Geology, 201(4), 269-286.
doi: 10.1016/S0025-3227(03)00224-X.

MacDonald G. 1990. The future of methane as an energy resource.
Annual review of energy, 15(1), 53-83. doi: 10.1146/annurev.eg.15.
110190.000413.

Makogon YF. 1997. Hydrates of hydrocarbons. PennWell Publishing Co,
Tulsa, OK, United States, 24 March, 2011. X, 400.

Meyer R. 1981. Speculation on oil and gas resources in small fields and
unconventional deposits. Energy resources, 49-72.

Meyer RF, Olson JC. 1981. Long-term energy resources. In Proceedings
of the UNITAR International Conference on long-term energy
resources, Montreal, Quebec, Canada, 26 Nov 1979. Pitman
Publishing, Boston, MA, United States, X, 2198.

Milkov AV. 2004. Global estimates of hydrate-bound gas in marine
sediments: How much is really out there? Earth-Science Reviews, 66
(3-4), 183-197. doi:10.1016/j.earscirev.2003.11.002.

Milkov AV, Claypool GE, Lee Y-J, Xu W, Dickens GR, Borowski WS.
2003. In situ methane concentrations at Hydrate Ridge, offshore
Oregon: New constraints on the global gas hydrate inventory from an
active margin. Geology, 31(10), 833-836. doi: 10.1130/G19689.1.

Nesterov I, Salmanov F. 1977. Present and future hydrocarbon resources
of the Earth’s crust. The Future Supply of Nature-Made Petroleum
and Gas. Elsevier, 185-192. doi:10.1016/j.hal.2005.11.003.

Ning FL, Wu NY, Li S, Ke Z, Yu YB, Liu L, Chen GJ. 2013. Estimation
of in-situ mechanical properties of gas hydrate-bearing sediments
from well logging. Petroleum Exploration and Development, 40(4),
542-547 (in Chinese with English abstract). doi: 10.1016/S1876-
3804(13)60071-3.

Ning N, Wang HY, Yong H, Liu HL, Hu XJ, Zhao Q, Liu DX. 2009.
The unconventional natural gas resources and exploitation
technologies in China. Nature Gas Industry, 29(9), 9-12 (in Chinese
with English abstract). doi: 10.3787/j.issn.1000-0976,2009.09.003.

Pang XQ, Chen ZH, Jia CZ, Wang EZ, Shi HS, Wu ZY, Hu T, Liu KY,
Zhao ZF, Pang B. 2021. Evaluation and re-understanding of the
global natural gas hydrate resources. Petroleum Science, 18(2),
323-338. doi: 10.1007/s12182-021-00568-9.

Pifiero E, Marquardt M, Hensen C, Haeckel M, Wallmann K. 2012.
Estimation of the global inventory of methane hydrates in marine
sediments using transfer functions. Biogeosciences Discussions, 9(1),
581-626. doi: 10.5194/bg-10-959-2013.

Portnov A, Santra M, Cook AE, Sawyer DE. 2020. The Jackalope gas
hydrate system in the northeastern Gulf of Mexico. Marine
Petroleum Geology, 111, 261-278. doi: 10.1016/J.MARPETGEO.
2019.08.036.

Rai N, Singha DK, Shukla PK, Sain K. 2020. Delineation of
discontinuity using multi-channel seismic attributes: An implication
for identifying fractures in gas hydrate sediments in offshore
Mahanadi basin. Results in Geophysical Sciences, 1, 100007. doi:
10.1016/j.ringps.2020.100007.

Sha ZB, Liang JQ, Su PB, Zhang GX, Lu JA, Wang JL. 2015. Natural
gas hydrate accumulation elements and drilling results analysis in the
eastern part of the Pearl River Mouth Basin. Earth Science Frontiers,
22(6), 125-135 (in Chinese with English abstract). doi:
10.13745/j.es£.2015.06.009.

Soloviev V. 2002. Global estimation of gas content in submarine gas
hydrate accumulations. Russian Geology and Geophysics, 43(7),
648-661.

Song HB, Geng JH, Wang HK, Zhang WS, Fang YX, Hao TY, Jiang
WW. 2001. A preliminary study of gas hydrates in Dongsha region
north of South China Sea. Chinese Journal of Geophysics, 44(5),


https://doi.org/10.1016/S0012-821X(99)00192-2
https://doi.org/10.1016/S0012-821X(99)00192-2
https://doi.org/10.1016/S0012-821X(99)00192-2
https://doi.org/10.1016/S0012-821X(99)00192-2
https://doi.org/10.1016/S0012-821X(99)00192-2
https://doi.org/10.1016/j.marpetgeo.2015.02.022
https://doi.org/10.19657/j.geoscience.1000-8527.2023.038
https://doi.org/10.19657/j.geoscience.1000-8527.2023.038
https://doi.org/10.19657/j.geoscience.1000-8527.2023.038
https://doi.org/10.13809/j.cnki.cn32-1825/te.2021.05.001
https://doi.org/10.13809/j.cnki.cn32-1825/te.2021.05.001
https://doi.org/10.13809/j.cnki.cn32-1825/te.2021.05.001
https://doi.org/10.1016/j.marpetgeo.2015.02.038
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/CNKI:SUN:TWHX.0.2019-03-001
https://doi.org/10.1002/2014GB005011
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.1016/0009-2541(88)90104-0
https://doi.org/10.3133/OFR88216
https://doi.org/10.11764/j.issn.1672-1926.2017.02.006
https://doi.org/10.11764/j.issn.1672-1926.2017.02.006
https://doi.org/10.11764/j.issn.1672-1926.2017.02.006
https://doi.org/10.11764/j.issn.1672-1926.2017.02.006
https://doi.org/10.3969/j.issn.1671-2552.2006.09.038
https://doi.org/10.3969/j.issn.1671-2552.2006.09.038
https://doi.org/10.3969/j.issn.1671-2552.2006.09.038
https://doi.org/10.3787/j.issn.1000-0976.2016.10.020
https://doi.org/10.3787/j.issn.1000-0976.2016.10.020
https://doi.org/10.3787/j.issn.1000-0976.2016.10.020
https://doi.org/10.16562/j.cnki.0256-1492.2021082401
https://doi.org/10.16562/j.cnki.0256-1492.2021082401
https://doi.org/10.16562/j.cnki.0256-1492.2021082401
https://doi.org/10.3969/j.issn.0253-4193.2019.08.002
https://doi.org/10.3969/j.issn.0253-4193.2019.08.002
https://doi.org/10.3969/j.issn.0253-4193.2019.08.002
https://doi.org/10.46690/ager.2023.10.03
https://doi.org/10.46690/ager.2023.10.03
https://doi.org/10.2343/geochemj.42.163
https://doi.org/10.2343/geochemj.42.163
https://doi.org/10.1016/S0025-3227(03)00224-X
https://doi.org/10.1016/S0025-3227(03)00224-X
https://doi.org/10.1016/S0025-3227(03)00224-X
https://doi.org/10.1016/S0025-3227(03)00224-X
https://doi.org/10.1016/S0025-3227(03)00224-X
https://doi.org/10.1146/annurev.eg.15.110190.000413
https://doi.org/10.1146/annurev.eg.15.110190.000413
https://doi.org/10.1016/j.earscirev.2003.11.002
https://doi.org/10.1130/G19689.1
https://doi.org/10.1016/j.hal.2005.11.003
https://doi.org/10.1016/S1876-3804(13)60071-3
https://doi.org/10.1016/S1876-3804(13)60071-3
https://doi.org/10.1016/S1876-3804(13)60071-3
https://doi.org/10.1016/S1876-3804(13)60071-3
https://doi.org/10.1016/S1876-3804(13)60071-3
https://doi.org/10.3787/j.issn.1000-0976,2009.09.003
https://doi.org/10.3787/j.issn.1000-0976,2009.09.003
https://doi.org/10.3787/j.issn.1000-0976,2009.09.003
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.1007/s12182-021-00568-9
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.5194/bg-10-959-2013
https://doi.org/10.1016/J.MARPETGEO.2019.08.036
https://doi.org/10.1016/J.MARPETGEO.2019.08.036
https://doi.org/10.1016/j.ringps.2020.100007
https://doi.org/10.13745/j.esf.2015.06.009
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

Su et al. / China Geology 7 (2024) 422—444 443

687—-695. doi: 10.1002/cjg2.187.

Su PB, Lei HY, Liang JQ, Sha ZB, Liang J. 2010. Geophysical anomaly
characteristics of gas hydrate zone in Northern South China Sea.
Xinjiang Petroleum Geology, 31(5), 485 (in Chinese with English
abstract). doi: 10.3724/SP.J.1077.2010.01195.

Su PB, He JX, Liang JQ, Zhang W. 2017a. Natural gas hydrate migration
and accumulation system and its controlling factors on northern deep
water slope of the South China Sea. Marine Geology Frontiers,
33(7), 1-10 (in Chinese with English abstract). doi: CNKI:SUN:
HYDT.0.2017-07-001.

Su PB, Liang JQ, Fu SY, Lu WJ, Gong YH. 2017b. Geological
background and accumulation models of gas hydrate reservoir in
northern South China Sea. Geology in China, 44(3), 415-427 (in
Chinese with English abstract). doi: 10.12029/gc20170301.

Su PB, Liang JQ, Zhang W, Liu F, Wang FF, Li TW, Wang XX, Wang
LF. 2020. Natural gas hydrate accumulation system in the Shenhu
sea area of the northern South China Sea. Natural Gas Industry,
40(8), 77-89 (in Chinese with English abstract). doi: CNKI:SUN:
TRQG.0.2020-08-009.

Su PB, Liang JQ, Zhang W, Liu F, Li TW, Wang FF, Wang XX. 2021.
Numerical simulation of gas hydrate migration-accumulation system
and trial mining optimization of orebodies in the Shenhu area.
Geological Bulletin of China, 40(Z1), 267-279 (in Chinese with
English abstract). doi: 1671-2552(2021)02/03-0267-13.

SuPB, Lin L, Lv YY, Liang JQ, Sun YB, Zhang W, He HC, Yan BQ, Ji
ZH, Wang LF. 2022. Potential and distribution of natural gas hydrate
resources in the South China Sea. Journal of Marine Science and
Engineering, 10(10), 1364. doi: 10.3390/jmse10101364.

Su X, Chen F, Yu XH, Huang YY. 2005. A Pilot Study on Miocene
through Holocene Sediments from the Continental Slope of the South
China Sea in Correlation with Possible Distribution of Gas Hydrates.
Geoscience, 19, 1-13. doi: 10.1007/BF02845144.

Sun LD, Sa LM, Dong ST. 2013. New challenges for the future
hydrocarbon in China and geophysical technology strategy. Oil
Geophysical Prospecting, 48(2), 317-324 (in Chinese with English
abstract). doi: CNKI:SUN:SYDQ.0.2013-02-025.

Sun YB, Cai F, Li Q, Yan GJ, Liang J, Dong G, Zhong WIJ. 2020.
Evaluation of natural gas hydrate resources in shallow marine
sediments. Marine Geology Frontiers, 36(9), 87-93. doi: 10.16028/].
1009-2722.2020.061.

Sun YB, Wu SG, Dong DD, Liidmann T, Gong YY. 2012. Gas hydrates
associated with gas chimneys in fine-grained sediments of the
northern South China Sea. Marine Geology, 311, 32—40. doi: 10.1016/
j-margeo.2012.04.003.

Tissot BP, Welte DH. 2013. Petroleum Formation and Occurrence.
Springer Science & Business Media.

Tréhu A, Ruppel C, Holland M. 2006. Gas hydrates in marine sediments:
Lessons from scientific ocean drilling. Oceanography, 19(4),
124-142. doi: 10.5670/oceanog.2006.11.

Tréhu AM, Stakes DS, Bartlett CD, Chevallier J, Duncan RA, Goffredi
SK, Potter SM, Salamy KA. 2003. Seismic and seafloor evidence for
free gas, gas hydrates, and fluid seeps on the transform margin
offshore Cape Mendocino. Journal of Geophysical Research,
108(B5), 1-19. doi: 10.1029/2001JB001679.

Trofimuk AA. 1979. Gas hydrates-new sources of hydrocarbons.
Priroda, 1, 18-27.

Trofimuk AA, Cherskiy NY, Tsarev VP. 1973. Accumulation of natural
gases in zones of hydrate formation in the hydrosphere. Doklady
Akademii Nauk SSSR, 212(4), 931-934.

Trofimuk AA, Cherskiy NY, Tsarev VP. 1975. The biogenic methane
resources in the oceans, Dokl. Acad. Nauk SSSR, 225, 936-943.

Trofimuk AA, Makogon YF, Tolkachev M. 1981. Gas Hydrate deposits:
A new reserve of energy resources. Geol. Nefti Gaza, 10, 15-22. doi:
EDB-83-001590.

Trofimuk AA, Tchersky NV, Makogon UF, Tsariov VP. 1983. Possible
gas reserves in continental and marine deposits, and prospecting and
development methods. In Proceedings of the Fifth IIASA Conference
on Energy Resources, International Institute for Applied Systems
Analysis, Laxenburg, Austria, 20-21 May, 459—468.

Trung NN. 2012. The gas hydrate potential in the South China Sea.
Journal of Petroleum Science Engineering, 88, 41-47. doi: 10.1016/j.
petrol.2012.01.007.

Waite WF, Ruppel CD, Boze L-G, Lorenson TD, Buczkowski BIJ,
McMullen KY, Kvenvolden KA. 2020. Preliminary global database
of known and inferred gas hydrate locations. doi:10.5066/P9LL
FVJM.

Wallmann K, Pinero E, Burwicz E, Haeckel M, Hensen C, Dale A,
Ruepke L. 2012. The global inventory of methane hydrate in marine
sediments: A theoretical approach. Energies, 5(7), 2449-2498. doi:
10.3390/en5072449.

Wang JL, Wu SG, Yao YJ. 2018. Quantifying gas hydrate from
microbial methane in the South China Sea. Journal of Asian Earth
Sciences, 168, 48—56. doi: 10.1016/j.jseaes.2018.01.020.

Wang N, Pei L, Lei DF, Zeng B. 2015. Analysis of unconventional gas
resources distribution and development status in China. Petroleum
Geology Recovery Efficiency, 22(1), 2631 (in Chinese with English
abstract). doi: 10.3969/].issn.1009-9603.2015.01.005.

Wang SL, Sun ZT. 2018. Current status and future trends of exploration
and pilot production of gas hydrate in the world. Marine Geology
Frontiers, 34(7), 24-32 (in Chinese with English abstract). doi:
10.16028/.1009-2722.2018.07004.

Wang X, Pan L, Lau HC, Zhang M, Li L, Zhou Q. 2018. Reservoir volume
of gas hydrate stability zones in permafrost regions of China. Applied
Energy, 225, 486-500. doi: 10.1016/j.apenergy.2018.04.125.

Wang XJ, Collett TS, Lee MW, Yang SX, Guo YQ, Wu SG. 2014a.
Geological controls on the occurrence of gas hydrate from core,
downhole log, and seismic data in the Shenhu area, South China Sea.
Marine Geology, 357, 272-292. doi: 10.1016/j.margeo0.2014.09.040.

Wang XJ, Lee M, Collett T, Yang SX, Guo YQ, Wu SG. 2014b. Gas
hydrate identified in sand-rich inferred sedimentary section using
downhole logging and seismic data in Shenhu area, South China Sea.
Marine Petroleum Geology, 51, 298-306. doi: 10.1016/j.marpetgeo.
2014.01.002.

Wang ZM, Qu HL, Jian ZJ. 2010. Combustible ice’s distribution and
development status in China. Energy Conservation, 29, 4-6 (in
Chinese  with  English  abstract).  doi:10.3969/j.issn.1004-
7948.2010.05.001.

Wei W, Zhang JH, Sun A, Lin W, Wang L, Hu XJ. 2009. Exploratory
identification of and modeling experiments on natural gas hydrate.
Natural Gas Industry, 29(9), 123-125 (in Chinese with English
abstract). doi: 10.3787/1.issn.1000-0976.2009.09.035.

Wiese K, Kvenvolden K. 1993. Introduction to microbial and thermal
methane. United States Geological Survey, Professional Paper;
(United States), 1570.

Winters WJ, Wilcox-Cline R, Long P, Dewri S, Kumar P, Stern L, Kerr
L. 2014. Comparison of the physical and geotechnical properties of
gas-hydrate-bearing sediments from offshore India and other gas-
hydrate-reservoir systems. Marine Petroleum Geology, 58, 139-167.
doi: 10.1016/j.marpetgeo.2014.07.024.

Wu NY, Yang SX, Zhang HQ, Liang JQ, Wang HB, Lu JA. 2010. Gas
hydrate system of Shenhu area, northern South China Sea: wire-line
logging, geochemical results and preliminary resources estimates. In
Proceedings of Offshore Technology Conference. doi: org/10.4043/
20485-MS.

Wu SG, Gong YH, Mi LJ, Wang ZJ, Wang XJ. 2010. Study on
hydrocarbon leakage system and associated gas hydrate reservoirs in
the deepwater basin of Northern South China Sea. Geoscience, 24(3),
433. doi: 10.1007/s13131-010-0063-6.


https://doi.org/10.1002/cjg2.187
https://doi.org/10.3724/SP.J.1077.2010.01195
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/CNKI:SUN:HYDT.0.2017-07-001
https://doi.org/10.12029/gc20170301
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/CNKI:SUN:TRQG.0.2020-08-009
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/1671-2552(2021)02/03-0267-13
https://doi.org/10.3390/jmse10101364
https://doi.org/10.1007/BF02845144
https://doi.org/CNKI:SUN:SYDQ.0.2013-02-025
https://doi.org/CNKI:SUN:SYDQ.0.2013-02-025
https://doi.org/CNKI:SUN:SYDQ.0.2013-02-025
https://doi.org/CNKI:SUN:SYDQ.0.2013-02-025
https://doi.org/CNKI:SUN:SYDQ.0.2013-02-025
https://doi.org/10.16028/j.1009-2722.2020.061
https://doi.org/10.16028/j.1009-2722.2020.061
https://doi.org/10.16028/j.1009-2722.2020.061
https://doi.org/10.16028/j.1009-2722.2020.061
https://doi.org/10.1016/j.margeo.2012.04.003
https://doi.org/10.1016/j.margeo.2012.04.003
https://doi.org/10.5670/oceanog.2006.11
https://doi.org/10.1029/2001JB001679
https://doi.org/EDB-83-001590
https://doi.org/EDB-83-001590
https://doi.org/EDB-83-001590
https://doi.org/EDB-83-001590
https://doi.org/EDB-83-001590
https://doi.org/10.1016/j.petrol.2012.01.007
https://doi.org/10.1016/j.petrol.2012.01.007
https://doi.org/10.5066/P9LLFVJM
https://doi.org/10.5066/P9LLFVJM
https://doi.org/10.3390/en5072449
https://doi.org/10.1016/j.jseaes.2018.01.020
https://doi.org/10.3969/j.issn.1009-9603.2015.01.005
https://doi.org/10.3969/j.issn.1009-9603.2015.01.005
https://doi.org/10.3969/j.issn.1009-9603.2015.01.005
https://doi.org/10.16028/j.1009-2722.2018.07004
https://doi.org/10.16028/j.1009-2722.2018.07004
https://doi.org/10.16028/j.1009-2722.2018.07004
https://doi.org/10.1016/j.apenergy.2018.04.125
https://doi.org/10.1016/j.apenergy.2018.04.125
https://doi.org/10.1016/j.apenergy.2018.04.125
https://doi.org/10.1016/j.margeo.2014.09.040
https://doi.org/10.1016/j.marpetgeo.2014.01.002
https://doi.org/10.1016/j.marpetgeo.2014.01.002
https://doi.org/10.3969/j.issn.1004-7948.2010.05.001
https://doi.org/10.3969/j.issn.1004-7948.2010.05.001
https://doi.org/10.3969/j.issn.1004-7948.2010.05.001
https://doi.org/10.3787/j.issn.1000-0976.2009.09.035
https://doi.org/10.3787/j.issn.1000-0976.2009.09.035
https://doi.org/10.3787/j.issn.1000-0976.2009.09.035
https://doi.org/10.1016/j.marpetgeo.2014.07.024
https://doi.org/org/10.4043/20485-MS
https://doi.org/org/10.4043/20485-MS
https://doi.org/org/10.4043/20485-MS
https://doi.org/org/10.4043/20485-MS
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.1007/s13131-010-0063-6
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

444 Su et al. / China Geology 7 (2024) 422—-444

Xiao HZ, Zhang Z. 2021. A review on gas hydrates research progress of
global main countries. Ocean Development management, 38(1),
36-41 (in Chinese with English abstract).

Yang MZ, Zhang GX. 2007. Marine energy mineral resources potential
in China. Journal of Guangzhou University, (06), 59-62 (in Chinese
with English abstract). doi:10.3969/j.issn.1671-4229.2007.06.014.

Yang SX, Liang JQ, Lu JA, Qu CW, Liu B. 2017. New understandings
on the characteristics and controlling factors of gas hydrate reservoirs
in the Shenhu area on the northern slope of the South China Sea.
Earth Science Frontiers, 24(4), 1-14 (in Chinese with English
abstract). doi: 10.13745/j.esf.yx.2016-12-43.

Yao BC. 2001. The gas hydrate in the south china sea. Tropic
Oceanology, 20(2), 20-28 (in Chinese with English abstract). doi:
10.3969/j.1ssn.1009-5470.2001.02.004.

Yao BC, Yang MZ, Wu SG, Wang HB. 2008. The Gas Hydrate Resources
in the China Seas. Geoscience, 22(03), 333-341 (in Chinese with
English abstract). doi: 10.3969/}.issn.1000-8527.2008.03.001.

Yu XH, Fu C, Hua GL, Sun L. 2019. Future alternative energy:
Challenges and prospects of natural gas hydrate. Journal of
Palacogeography, 21(1), 107-126 (in Chinese with English abstract).
doi: CNKI:SUN:GDLX.0.2019-01-008.

Zeng FC, Wu L, Zhang GX, Liang JQ, Wang HB. 2006. The application
of Monte Carlo (mc) method to the estimation of gas hydrate
resources. Marine Geology & Quaternary Geology, 26(5), 139-144
(in Chinese with English abstract). doi: 10.1016/S1001-8042(06)
60021-3.

Zhang GX, Chen F, Sha ZB, Liang JQ, Su X, Lu HF. 2017. The geological
evolution process of natural gas hydrate reservoirs in the northeastern
South China Sea. Earth Science Frontiers, 24(4), 15-23 (in Chinese
with English abstract). doi: 10.13745/j.esf.yx.2016-12-27.

Zhang GX, Huang YY, Zhu YH, Wu BH. 2002. Prospect of gas hydrate
resources in the South China Sea. Marine Geology & Quaternary
Geology, 22(1), 75-81 (in Chinese with English abstract). doi:
10.16562/j.cnki.0256-1492.2002.01.013.

Zhang H, Lu HL, Liang JQ, Wu NY. 2016. The methane hydrate
accumulation controlled compellingly by sediment grain at Shenhu,
northern South China Sea. Chinese Science Bulletin, 61(3), 388-397
(in Chinese with English abstract). doi:CNKI:SUN:KXTB.0.2016-

03-014. doi: 10.1360/N972014-01395.

Zhang HS. 2014. Research situation and prospects of flammable ice as a
clean energy. Applied Energy Technology, 8, 54-58. doi: 10.3969/
j.issn.1009-3230.2014.08.014.

Zhang JH, Wei W, Wang HY. 2009. Research on gas hydrate and its
development techniques. Natural Gas Technology, 3(02), 67-69 (in
Chinese with English abstract). doi: CNKI:SUN:TRJJ.0.2009-02-029.

Zheng M, Li JZ, Wu XZ, Wang SJ, Guo QL, Chen XM, Yu JD. 2019.
Potential of oil and natural gas resources of main hydrocarbon-
bearing basins and key exploration fields in China. Earth Science,
44(3), 833-847 (in Chinese with English abstract). doi: 10.3799/dgkx.
2019.957.

Zhong GF, Zhang D, Zhao LX. 2021. Current states of well-logging
evaluation of deep-sea gas hydrate-bearing sediments by the
international scientific ocean drilling (DSDP/ODP/IODP) programs.
Natural Gas Industry, 8(2), 128-145. doi: 10.1016/j.ngib.2020.
08.001.

Zhong GJ, Feng CM, Wang YL, Chen SH, Sun M, Yi H, Yu JH, Zhao J,
Zhao ZQ. 2022. Fault-bounded models of oil-Gas and gas—Hydrate
accumulation in the Chaoshan Depression, the South China Sea.
Frontiers in Earth Science, 10, 965898. doi: 10.3389/feart.2022.
965898.

Zhu QG. 2004. Gas hydrate - Potential Energy of the 21 century. Special
Oil and Gas Reservoirs, 11(01), 5-8+102 (in Chinese with English
abstract). doi: 10.3969/j.issn.1006-6535.2004.01.002.

Zhu YH, Zhang YQ, Wen HJ, Lu ZQ, Wang PK. 2010. Gas hydrates in
the Qilian Mountain permafrost and their basic characteristics. Acta
Geoscientica Sinica, 31(1), 7-16 (in Chinese with English abstract).
doi: 10.3969/j.issn.1673-9957.2011.07.157.

Zong XX, Zhang SY, Leng YY, Li YF. 2017. Research progress and
thinking of combustible Ice. Chemistry and Adhesion, 39(1), 51-55
(in Chinese with English abstract). doi: 10.3969/j.issn.1001-
0017.2017.01.015.

Zou CN, Pan SQ, Dang LS. 2019. On the energy revolution and the
mission of science and technology. Journal of Southwest Petroleum
University, 41(3), 1-12 (in Chinese with English abstract). doi:
10.11885/j.issn.1674-5086.2019.04.07.01.


https://doi.org/10.3969/j.issn.1671-4229.2007.06.014
https://doi.org/10.3969/j.issn.1671-4229.2007.06.014
https://doi.org/10.3969/j.issn.1671-4229.2007.06.014
https://doi.org/10.13745/j.esf.yx.2016-12-43
https://doi.org/10.13745/j.esf.yx.2016-12-43
https://doi.org/10.13745/j.esf.yx.2016-12-43
https://doi.org/10.13745/j.esf.yx.2016-12-43
https://doi.org/10.13745/j.esf.yx.2016-12-43
https://doi.org/10.3969/j.issn.1009-5470.2001.02.004
https://doi.org/10.3969/j.issn.1009-5470.2001.02.004
https://doi.org/10.3969/j.issn.1009-5470.2001.02.004
https://doi.org/10.3969/j.issn.1000-8527.2008.03.001
https://doi.org/10.3969/j.issn.1000-8527.2008.03.001
https://doi.org/10.3969/j.issn.1000-8527.2008.03.001
https://doi.org/CNKI:SUN:GDLX.0.2019-01-008
https://doi.org/CNKI:SUN:GDLX.0.2019-01-008
https://doi.org/CNKI:SUN:GDLX.0.2019-01-008
https://doi.org/CNKI:SUN:GDLX.0.2019-01-008
https://doi.org/CNKI:SUN:GDLX.0.2019-01-008
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.1016/S1001-8042(06)60021-3
https://doi.org/10.13745/j.esf.yx.2016-12-27
https://doi.org/10.13745/j.esf.yx.2016-12-27
https://doi.org/10.13745/j.esf.yx.2016-12-27
https://doi.org/10.13745/j.esf.yx.2016-12-27
https://doi.org/10.13745/j.esf.yx.2016-12-27
https://doi.org/10.16562/j.cnki.0256-1492.2002.01.013
https://doi.org/10.16562/j.cnki.0256-1492.2002.01.013
https://doi.org/10.16562/j.cnki.0256-1492.2002.01.013
https://doi.org/10.1360/N972014-01395
https://doi.org/10.1360/N972014-01395
https://doi.org/10.1360/N972014-01395
https://doi.org/10.3969/j.issn.1009-3230.2014.08.014
https://doi.org/10.3969/j.issn.1009-3230.2014.08.014
https://doi.org/10.3969/j.issn.1009-3230.2014.08.014
https://doi.org/10.3969/j.issn.1009-3230.2014.08.014
https://doi.org/CNKI:SUN:TRJJ.0.2009-02-029
https://doi.org/CNKI:SUN:TRJJ.0.2009-02-029
https://doi.org/CNKI:SUN:TRJJ.0.2009-02-029
https://doi.org/CNKI:SUN:TRJJ.0.2009-02-029
https://doi.org/CNKI:SUN:TRJJ.0.2009-02-029
https://doi.org/10.3799/dqkx.2019.957
https://doi.org/10.3799/dqkx.2019.957
https://doi.org/10.1016/j.ngib.2020.08.001
https://doi.org/10.1016/j.ngib.2020.08.001
https://doi.org/10.3389/feart.2022.965898
https://doi.org/10.3389/feart.2022.965898
https://doi.org/10.3969/j.issn.1006-6535.2004.01.002
https://doi.org/10.3969/j.issn.1006-6535.2004.01.002
https://doi.org/10.3969/j.issn.1006-6535.2004.01.002
https://doi.org/10.3969/j.issn.1673-9957.2011.07.157
https://doi.org/10.3969/j.issn.1673-9957.2011.07.157
https://doi.org/10.3969/j.issn.1673-9957.2011.07.157
https://doi.org/10.3969/j.issn.1001-0017.2017.01.015
https://doi.org/10.3969/j.issn.1001-0017.2017.01.015
https://doi.org/10.3969/j.issn.1001-0017.2017.01.015
https://doi.org/10.11885/j.issn.1674-5086.2019.04.07.01
https://doi.org/10.11885/j.issn.1674-5086.2019.04.07.01
https://doi.org/10.11885/j.issn.1674-5086.2019.04.07.01
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069
https://doi.org/10.31035/cg2024069

	Geological reservoir and resource potential (1013 m3) of gas hydrates in the South China Sea
	1. Introduction
	2. Geological factors controlling gas hydrate accumulation
	2.1. Gas sources
	2.2. Gas migration
	2.3. Natural gas hydrate reservoir formation

	3. Characteristics of natural gas hydrate deposit reservoirs
	3.1. Classification of gas hydrate reservoirs
	3.2. Sediment properties of natural gas hydrate reservoirs
	3.3. Seismic response characteristics of natural gas hydrate reservoirs
	3.4. Log response characteristics of natural gas hydrate reservoirs

	4. Evaluation methodology of clathrate hydrate resources
	4.1. Volume method
	4.2. Genesis
	4.3. Analogies

	5. Progress in understanding the potential of global natural gas hydrate resources
	5.1. Prospect area evaluation stage
	5.2. Resource evaluation phase

	6. Prediction of gas hydrate resource potential in the South China Sea
	7. Discussion
	7.1. Resource classification system
	7.2. Resource evaluation methods
	7.3. Resource evaluation results

	8. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	References




