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At present, attenuation characteristics of hydrate applicable to the seismic frequency band
are still controversial. In this study, the dispersion and attenuation characteristics of hydrate
in different occurrence modes were defined from the mesoscale perspective, and the
saturation of hydrate in the study area is estimated. Based on effective medium theory and
cementation theory, the skeleton elastic modulus of the sedimentary layer was obtained in
the present study. The variation of P-wave attenuation with hydrate saturation was
obtained by the patchy-saturation theory. P-wave attenuation increased with saturation
when hydrate occurred in the suspension mode. P-wave attenuation decreased with
saturation when hydrate occurred in the particle-contact or cementation mode. The
particle-contact mode and cementation mode hydrate made the P-wave attenuation
peak shift to the right. The influence of the cementation mode on attenuation was greater
than that of the particle-contact mode. The conclusions of this study are applicable to the
frequency range of seismic exploration, thus solving the problems of hydrate saturation
prediction and resource quantity calculation assessment in the study area.

Keywords: patchy-saturation model, hydrate saturation, dispersion, attenuation, mesoscale

INTRODUCTION

Gas hydrate, also known as “combustible ice,” is a kind of ice-like crystalline substance formed by
natural gas and water under high pressure and low temperature, distributed in deep-sea sediments or
permafrost soil. Gas hydrate has attracted much attention because of its great importance regarding
energy, climate, environment, and disasters. The effect of gas hydrate on the velocity of seismic waves
has been well understood. Various theoretical or experimental models have been proposed to
estimate hydrate saturation by linking hydrate saturation with velocity (Wyllie et al., 1956; Wood
etal,, 1994; Lee et al., 1996; Helgerud et al., 1999). The common conclusion is that P-wave and S-wave
velocities increase with hydrate saturation. Available theoretical formulae have different conditions
of applicability. In areas without well data, it is not possible to calibrate theoretical formulae to
guarantee the accuracy of hydrate saturation estimates. Therefore, alternative methods for hydrate
saturation estimation are required.

Studies have shown that hydrate saturation is related to seismic wave attenuation. This study,
therefore, aims to estimate hydrate saturation using attenuation. The dispersion and attenuation of
the hydrate sediment layer have been studied with observational data, simulation experiments, and
theoretical derivations. The conclusions obtained by these studies differ significantly. Some studies
have concluded that attenuation decreases with hydrate saturation (Wood et al., 2000; Rossi et al.,
2007; Jaiswal et al., 2012; Dewangan et al., 2014). Other studies have shown that attenuation increases
with hydrate saturation (Sakai 1999; Guerin and Goldberg 2002; Dvorkin and Uden, 2004; Pratt et al.,
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2005; Gerner et al., 2007; Zhang et al., 2016). However, it has also
been argued that the relationship between attenuation and
hydrate saturation is more complex than single positive or
negative correlations (Priest et al., 2006; Lee and Waite 2007;
Sun et al., 2014; Li 2015; Sahoo et al., 2018; Sahoo et al., 2019; Guo
et al., 2021; Wang et al,, 2021).

This study used existing attenuation theories to obtain the
relationship between hydrate saturation and seismic wave
attenuation. Dispersion and attenuation theories are mainly
based on the mesoscale, microscopic, and macroscale
perspective. Among them, only the mesoscale is applicable to
the frequency domain range of seismic surveys (Pride and
Berryman, 2003; Carcione José and Picotti, 2006; Rubino and
Holliger, 2012). To date, the relationship between dispersion and
attenuation and hydrate saturation on the mesoscale has rarely
been studied. In this study, three hydrate models were developed
for the first time based on the patchy saturation theory applicable
to the mesoscale. The relationships between hydrate saturation
and dispersion and attenuation were obtained for the suspension
mode, particle-contact mode, and cementation mode. In
addition, the dispersion and attenuation patterns of each mode
were clarified (White, 1975).

The study area was conducted in a deep-water area on the
continental slope of a sea, representing a new field of hydrate
research. The geological characteristics, temperature and pressure
conditions, gas source conditions, tectonic conditions, and
sedimentation conditions met the requirements for gas hydrate
formation and preservation. Accordingly, the area had good
prospects for gas hydrate resources. However, the study area
only had seismic data, and well data were absent, making the
calculation of hydrate saturation and resources an urgent
problem. In this study, hydrate saturation and resource
calculations in the study area were realized, providing a
theoretical basis for hydrate resource assessment.

PATCHY-SATURATION THEORY AND
HYDRATE MODEL

White first used the patchy-saturation model to simulate
velocity dispersion and attenuation caused by mesoscale
heterogeneity (White, 1975). The patchy-saturation model
assumes that a partially saturated water rock consists of
several units, each consisting of a pair of concentric spheres.
The concentric sphere is filled with a gas sphere of radius r;, and
a water-saturated sphere of radius r,,.. There is no interaction
between the different units. Gas saturation is expressed as
follows:

3
T
Sy = . (1)
rour

The patchy-saturation model assumes that the inner sphere
(denoted by subscript 1) has the same properties as the outer
sphere shell (denoted by subscript 2). The complex moduli K ()
and G (w) of partially saturated pore rocks are corrected (Dutta
and Seriff 1979) as follows:
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Kyrr
K =— 2
@ = WK )
W = 3r1 (R, —'Rz) (-Q: + Qz), 3)
Towiw (Z1 + Z5)
Ksutl - Kdry 3K5ut2 + 4Gdry

R1: >
1- Kdry/Kg Ksat2(3Ksat1 + 4Gdry) + 4Gdry (Ksatl - KsatZ)Sg

(4)

Ksatz - Kdry 3Ksat1 + 4Gdry
Rzz y
1- Kdry/Kg Ksat2(3Ksat1 + 4Gdry) + 4Gdry (Ksatl - KsutZ)Sg
(5)
mr 1— e 2
Z, = —— , 6
Tk (0= 1)+ (yyrin + 1) ©)

NyTin ()/zrom + 1)+ (erout —l)ez}’z (Fout=tin)
62 0aron 1) ()= (1o 1) (e e o7
™)

¥, = \fion, [€,Kg, , n=1 or 2, (8)

PR 3 T
(PKsutn(l - Kfn/Kg)
n=1 or 2, 9)

ZZZ

1- Ky,
K= [2+ 20Ky
Ku K, K}

(1 - Kdry/Kg)KAn

-1
> ,n=1o0r2 (10

Qn:T,nzlorZ, (11)

KHFL _ Ksut2(3Ksutl + 4Gdry) + 4Gdry (Ksatl - KsatZ)Sg (12)
(3Ksarl + 4Gdry) -3 (Ksatl - KsatZ)Sg

G(w) = Gdry) (13)

where Kppy is the bulk modulus in the high-frequency limit; Ky,
and Gy, are the bulk and shear moduli of the dry rock,
respectively; Ky is the bulk modulus of the pore fluid; #, is
the viscosity of the pore fluid; «, is the permeability of the rock;
and ¢ is the porosity. The saturated bulk modulus of region n
Ksn (n = 1 or 2) is obtained by the Gassmann equation
Gassmann (1951).

1Ky

fe= (14)

7'[]’]21"(2”4[

If the interaction force between the air pockets is not
considered using the White model, it must be ensured that the
air saturation S, cannot exceed 0.52. If the value is higher, the
units will interact and cause the gas plaques to collapse. When the
gas saturation exceeds 0.52, the water-in-air mode should be
adopted, that is, the inside of the concentric sphere is water, and
the outside is air.

The patchy-saturation model discusses the attenuation caused
by uneven fluid distribution in the pores. The suspension mode
natural gas hydrate in the sediment also has uneven distribution.
The gas can replace the gas hydrate in the patchy-saturation
theory for attenuation calculation (see Figure 1). For the three
models A, B, and C, the suspension mode hydrates exist in the
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grains

inside
diameter

outside
diameter

FIGURE 1 | Schematic diagram of hydrate occurrence modes. In (A-C), suspension mode hydrate is part of fluid and distributed in the inner diameter. In (B),
particle-contact mode hydrate becomes part of solid frame. In (C), cemented mode hydrate cements the grains evenly.

particle—support model

gas hydrate of
suspension model

gas hydrate of
cementation model

gas hydrate of

inner sphere. Model B represents the coexistence of the
suspension and particle-support modes. The particle-support
mode hydrate and skeleton grains form a new skeleton
particle. Model C represents the coexistence of the suspension
and cementation modes, and the cementation mode hydrate and
skeleton grains form the new skeleton grains.

Model A

Based on Hertz-Mindlin theory Mindlin (1949), Dvorkin
Helgerud et al. (1999) proposed a velocity model for non-
cemented, high-porosity, hydrate-bearing deposits, and the
equations are as follows:

(/9 1-¢/9, | 4
K (KHM+§GHM+KO+§GHM) _gGHM’¢<¢0
Dry = 7
(1-9)/(1-¢)) . (#-¢,)/(1-¢))] " 4
KHM"'%GHM ’ %GHM ] _gGHM’(/)Z%’
(15)
((_0/6  1-9/8)"
G (GHM+Z+ G0+Z> _Z’¢<¢O
Dry = 1 1
(1-¢)/(0-¢) (6-6¢)/(1-¢,)]
[ G +Z Z ] ~%92¢
(16)
GHM 9KHM+8GHM
Z= 6 ( KHM + ZGHM )’ (17)
. z[nzo—%fczpr
N T T i I 1
C5-4v [32(1-¢,) G T
GHM_S(Z—v) 212 (1 - v)? P]’ (18)

where ¢, is the critical porosity (¢, = 0.36-0.40); Kgpr and Gy
are the effective bulk modulus and shear modulus of dry rock
when the rock porosity is at critical porosity, respectively; Ko, Go,

and v are the bulk modulus, shear modulus, and Poisson’s ratio
of the skeleton grains, respectively; n is the average number of
particles in contact per unit volume, generally 8 or 9 (Dvorkin
and Nur, 1996); and P is the effective pressure, which is generally
calculated according to the following formula:

P=(1-¢)(p, —p;)gh,

where p, and p; are the density of skeleton grains and fluid,
respectively; g is the acceleration due to gravity; and h is the depth
below the seabed. Kp,, = Kun; Gpry = Guy. When ¢ = ¢, the
bulk modulus and shear modulus of the dry rock were calculated
by Eq. 18, that is, KDry = Kuwum, GDry =Gym. ¢ * (/50, KDry: and
Gprywere calculated by Eq. 15 to Eq. 17.

The bulk modulus of the fluid in the inner sphere is as follows:

1-Sw) Sul™
Kfl _ ( hl) + ﬂ )
K, K,

K, and K}, represent the bulk modulus of formation water and
hydrate, respectively; and Sy; is the saturation of the hydrate in
the suspension mode in the inner sphere.

The fluid viscosity in the internal region was calculated using
Balakin’s experimental data fitting (Balakin et al., 2010):

(19)

(20)

N =1y (1= Su) ™%, 1)

where 7, is the viscosity of formation water.

Model B

Compared with the suspension mode, the hydrate was considered
part of the rock skeleton in the particle-contact mode, which had
two effects: one was to change the bulk modulus and shear
modulus of the skeleton, and the other was to reduce the
formation’s porosity. The skeleton’s bulk modulus and shear
modulus were calculated using the method mentioned in the
study by Liu et al. (2019). The particle-contact mode hydrate
saturation is Sy;.
The remaining porosity is as follows:

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 831405


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liu et al.

TABLE 1 | Parameters.

Parameter Symbol Value
Bulk modulus of skeleton particles/GPa Ko 22.91
Shear modulus of skeleton particles/GPa Go 20.78
Density of skeleton particles/kg/m?® Po 2650
Bulk modulus of hydrate/GPa Kh 6.41
Shear modulus of hydrate/GPa Gp 2.55
Density of hydrate/kg/m® Ph 900
Bulk modulus of formation water/GPa Ky 2.25
Shear modulus of formation water/GPa Gy 0
Density of formation water/kg/m® Pur 1,000
Critical porosity/f N 0.36
Porosity/f ¢ 0.4
Acceleration of gravity/m/s? g 9.8
Depth below the sea floor/m h 300
Average number of particles in contact per unit volume n 9
Particle diameter/ um d 20
Viscosity of formation water/cp M 1
Permeability/mD K 500
Quter diameter/m Fout 0.05
Inside diameter/m I 0.03
¢, = ¢ (1= Spa). (22)

The hydrate saturation in the suspension mode in the
remaining pores is Syjo

The bulk modulus of the fluid in the inner sphere is expressed
by Eq. 20. The fluid’s viscosity in the inner sphere is expressed by
Eq. 21.

Model C

When the coexistence of suspension and cementation modes
of the hydrate occurs, the skeleton’s bulk modulus and shear
modulus were calculated using the method mentioned in the
study by Liu et al. (2019). The hydrate saturation of the
cementation mode is Sy,. The calculation method of residual
porosity ¢,, fluid bulk modulus K, and fluid viscosity 7, in
the inner sphere is the same as that of model B.

Attenuation Characteristics of Gas Hydrate

RESULTS

The Relationship Between Hydrate

Saturation and Attenuation

At high hydrate concentrations (hydrate saturation exceeding
0.4), the hydrate greatly strengthens the skeleton of the
sediments, bonds to adjacent porous medium particles, and
causes sediments to solidify. Thus, the suspension mode
hydrate changes into particle-contact mode or cemented
mode hydrate (Yun et al., 2005; Yun et al., 2007; Xue 2016).
Therefore, the upper limit of hydrate saturation for the
suspension mode used in this study was 0.4. Attenuation is
not only related to fluid distribution heterogeneity but also
fabric heterogeneity (Ba et al., 2017; Zhang et al., 2021). In this
study, uniform spherical particles were used as skeleton
particles for simplicity. The parameters in Table 1 are used
to calculate the relationship between hydrate saturation and
attenuation for the three models.

Figure 2 shows the variation in P-wave velocity and
attenuation with frequency in model A. For different
hydrate saturation, the P-wave velocity increased
nonlinearly with frequency, and the P-wave velocity shifted
upward overall with hydrate saturation. The P-wave velocity
increased rapidly to a certain value near the characteristic
frequency, and the increase was positively correlated with
hydrate saturation (Figure 2A). Figure 2B shows the
variation of the P-wave attenuation coefficient with
frequency. The attenuation tended to increase and then
decrease with hydrate saturation, reaching a peak at the
characteristic frequency. The peak value of the attenuation
versus the frequency curve gradually increased with saturation.

Figure 3 shows the variation of P-wave velocity and
attenuation with frequency in model B. The P-wave velocity
increased with saturation in both the suspension and particle-
contact modes, assuming hydrate saturations of 0.1, 0.2, and
0.3 in the particle-contact mode and 0, 0.1, 0.2, 0.3, and 0.4 in
the suspension mode. When the hydrate saturation in the

A 2 : : : : :
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FIGURE 2 | P-wave velocity (A) and P-wave attenuation (B) vs. frequency curves at different hydrate contents in model A.
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FIGURE 3 | P-wave velocity (A-C) and P-wave attenuation (D) vs. frequency curves at different hydrate contents in mode B.

suspension mode was 0, the P-wave velocity was constant, that
is, it did not vary with frequency (Figures 3A-C). As shown in
Figure 3D, attenuation increased with hydrate saturation in
the suspension mode and decreased with hydrate saturation in
the particle-contact mode. The peak of P-wave attenuation
shifted to the right as hydrate saturation increased in the
particle-contact mode.

Figure 4 shows the variation of P-wave velocity and
attenuation with frequency in model C. The effects on
velocity and dispersion were roughly the same for
cemented and particle-contact hydrates. However, the
effect of the cementation mode hydrate on P-wave velocity
and P-wave attenuation was greater. When hydrate
saturation was the same, the increase in velocity was
greater for the cemented mode hydrates than for particle-
contact mode hydrates. The decrease in attenuation was
greater for cemented mode hydrates than for particle-
contact mode hydrates.

Estimation of Hydrate Resources
The simulation experiment of the hydrate aggregation and

dispersion process showed that the hydrate formed by free
methane mainly occurred in sediment particles in the cemented
mode. The hydrate particles formed by dissolved methane were
relatively small and mainly occurred among the sediment particles
in the suspension mode. The study area was located in the deep-
water area of the continental slope. The analysis of seismic data and
metallogenic conditions in the study area showed that the hydrate
ore bodies in the study area were derived from dissolved methane.

The suspension mode hydrate model was also used to study
saturation. Mode A was suitable for the study area. Figure 5A
shows the seismic profile of the research area. The wave
impedance between the peak (black axis) and trough (red axis)
with strong energy in the black dotted line box should be high,
which was the target layer of the research area. The attenuation
data were calculated by the inversion technique (Figure 5B). The
attenuation of the target layer showed a high value, which further
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FIGURE 4 | P-wave velocity (A-C) and P-wave attenuation (D) vs. frequency curves at different hydrate contents in mode C.

showed that the target layer developed hydrate. The dominant
frequency of the target layer in the study area was 35 Hz. The
hydrate saturation data volume was calculated using the
relationship between hydrate attenuation and saturation in
Mode A (Figure 5C). The maximum value of the hydrate was
38%, and the average value was 28%. The area and the effective
thickness of the hydrate in the target layer were determined. The
formula for calculating hydrate resources is as follows:

Q=¢-S-f-A-T,

where ¢ is the porosity, Sy is the hydrate saturation, f is the
volume coefficient, A is the area, and T is the thickness.

According to the adjacent area data, the porosity of the target
layer was 0.4. The target layer area was 1.96*107 m” square meters.
The average thickness of the target layer was 14 m. The volume
factor was 164; that is, one volume of hydrate released 164 volumes
of methane gas. Based on this estimation, the hydrate resources in
the study area were 5.05*10° m’.

(23)

DISCUSSION

In this study, three hydrate models were developed based on the
patchy-saturation theory applicable at the mesoscale (White,
1975), and the relationships between hydrate saturation and
dispersion and attenuation were obtained for different models.
Furthermore, hydrate saturation and resource calculation in the
study area were completed using attenuation inversion data.
Three hydrate models were developed to assess the hydrate
dispersion and attenuation characteristics under the patchy-
saturation theory. Finally, hydrate saturation and resource
estimates for the study area were presented.

The patchy-saturation model discusses attenuation due to the
inhomogenous distribution of fluids within the pore space.
Suspension mode hydrates in the sediment layer are in a
flowing state and have a nonuniform distribution. For this
reason, suspension mode hydrates are used instead of fluids in
the patchy-saturation model. The three hydrate models developed
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for the first time in this study represent 1) the suspension mode, 2)
coexistence of the suspension mode and particle-contact mode, and
3) coexistence of the suspension mode and cementation mode. The
suspension-mode hydrate was distributed in the inner sphere, while
the particle-contact and cementation-mode hydrates were uniformly
distributed as part of the skeleton in both the inner sphere and the
outer spherical shell. The skeleton properties were similar in both
regions. The purpose of the three models was to clarify the effects on
dispersion and attenuation caused by the suspension mode hydrate
as a fluid and the particle-contact and cemented mode hydrates as a
skeleton, respectively.

The results of our study support the view that the relationship
between attenuation and hydrate saturation is more complex than
single positive or negative correlations. Hydrate attenuation
characteristics in the sediment layer depended on the hydrate
reservoir state. P-wave attenuation increased with saturation
when the hydrate reservoir was in the suspension mode because
as hydrate saturation increased in the suspension mode, the
nonequilibrium pore pressure between different fluid zones
increased, causing an increase in pore fluid flow velocity, which
in turn led to an increase in seismic attenuation. Conversely, P-wave
attenuation decreased with saturation when the hydrate reservoir
state in the sediment layer was in both particle-contact and cemented
modes because the particle-contact and cemented-mode hydrates
increased the cementation of the sediment layer, leading to an
increase in its strength, which in turn led to a decrease in seismic
attenuation. The cementation mode had a greater effect on
attenuation than the particle-contact mode because increases in
skeleton bulk modulus, shear modulus, and strength were greater for
the cemented mode than for the particle-contact mode hydrates
when hydrate saturation is the same.

Hydrates formed from dissolved methane are small and mainly
suspended between the sediment particles. The analysis of seismic
data and metallogenic conditions in the study area indicated that
the hydrate in the study area originated from dissolved methane.
Therefore, the suspension mode hydrate model (Model A) was
used for the saturation study. An inversion of the study area was
carried out to obtain attenuation data, and the model A
relationship was used to calculate the hydrate saturation data
body in the study area, which in turn led to the calculation of
study area resources. The attenuation theory was chosen to predict
hydrate saturation because it had the following advantages. First,
attenuation data equivalent to seismic attributes were derived from
seismic data, and the process of obtaining them was uninterrupted
and reliable. Second, the method was less dependent on well data
than the velocity method and did not require well data to be
calibrated to obtain hydrate saturation. Third, the patchy-
saturation theory used in this study was applicable to the
exploration frequency domain and could solve practical
problems in the study area. Finally, the method utilized was an
effective solution for the currently available data in the study area
and may provide insights into hydrate quantification in other
similar areas.

This study used only seismic data and metallogenic
conditions, combined with data from neighboring areas, to
determine the hydrate reservoir model as a suspension model.
There was no logging data in the study area to determine the

Attenuation Characteristics of Gas Hydrate

specific hydrate storage state. It is also unlikely that there is a
single model for the hydrate reservoir in the sediment layer.
Therefore, there is insufficient evidence for the suspension model,
and further drilling is required to confirm it. When the hydrate
reservoir state in a sedimentary formation follows Model B or
Model C, or when all three reservoir modes coexist, it is not
possible to accurately calculate the hydrate saturation profile
from the attenuation profile using the relational equation. This
is because the suspension model hydrate increases the
attenuation, and particle-contact and cementation mode
hydrate saturation decreases the attenuation, making it
impossible to calculate hydrate directly from the attenuation
profile when the respective content is unknown.

The next step in this line of research is calculating hydrate
saturation when the hydrate state follows either model B or model
C. The core of this is to determine the respective contents of
hydrate in the sediment layer for the suspension, particle-contact,
and cementation models.

CONCLUSION

In this study, the theoretical relationships between the dispersion
and attenuation of the three models and the hydrate saturation were
derived from a mesoscale perspective for the first time. Moreover, the
influence of hydrates with different occurrence modes on dispersion
and attenuation was clarified. When the hydrate occurrence in the
sedimentary layer was in the suspension mode, the P-wave
attenuation increased with saturation. When the hydrate
occurrence in the sedimentary layer was particle-contact and
cementation mode, the P-wave attenuation decreased with
saturation. The particle-contact mode and the cementation mode
hydrate moved the attenuation peak of the P-wave to the right. The
degree of influence of the cementation mode on attenuation was
greater than that of the particle-contact mode. The conclusions
obtained in this study are applicable to the frequency range of
seismic exploration, thus solving the problems of hydrate saturation
prediction and resource estimation in the study area. When the
hydrate occurrence in the formation follows model B or C, or the
three occurrence modes coexist, it is still impossible to accurately
calculate hydrate saturation based on attenuation, and further
research is needed.
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The Shenhu area of the South China Sea (SCS) is one of the most promising fields for
natural gas hydrate (NGH) exploitation. However, previous studies conclude that using
only depressurization is inefficient for this challenging hydrate deposits surrounded by
permeable water zones, which requires assistance by thermal stimulation to promote
hydrate decomposition and methane recovery. However, traditional thermal stimulation
methods with hot water or steam injection induce massive heat loss along the wellbore. In
addition, in situ electrical heating only results in a limited high temperature region due to low
thermal conductivity of hydrate deposits. Therefore, we numerically investigate the
performance of combined brine flooding with electrical heating—assisted
depressurization in horizontal wells for exploitation of natural gas hydrate in the SCS,
which simultaneously possesses the merits of low heat loss and enhanced heat transfer by
convection. Our simulation results show that thermal stimulation by combined brine
flooding with electrical heating can significantly enhance hydrate dissociation and
methane recovery. After 20 years of production, the cumulative methane production of
combined brine flooding with electrical heating—assisted depressurization is 1.41 times of
that conducted by the only depressurization method. Moreover, the energy efficiency can
be improved by reducing electrical heating time, and terminating electrical heating with
70% hydrate dissociation achieves the highest net energy gain. In addition, methane
recovery and net energy gain increases with electrical heating power and brine injection
pressure but with a decreasing rate. Therefore, the selection of electrical heating power
and brine injection pressure should be performed carefully and comprehensively
considering both the efficiency of gas production and risks of geological hazard. It is
hoped that our research results will provide reference and guidance for the development of
a similar NGH reservoir in order to promote the industrial development process of NGH.

Keywords: natural gas hydrate, numerical simulations, brine injection, electrical heating, depressurization, Shenhu
area
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INTRODUCTION

Natural gas hydrates are crystalline substances comprising water
molecules and gas molecules, in which a solid water lattice
accommodates gas molecules in a cage-like structure (Sloan,
2003; Wang et al, 2017; Wu et al,, 2020). The most typical
hydrate-forming gas is methane, and NGH mainly occurs in
terrestrial permafrost and offshore sediments where low
temperature and high-pressure conditions needed by hydrate
stabilization are met (Collett, 2002; Koh, 2002; Chong et al,
2016). As a potential new unconventional energy, NGHs are
currently attracting significant attention owing to their extensive
distribution, great resource potential, high energy density, and
low environmental pollution (Koh et al., 2012; Yang et al., 2018).
Current estimations of the hydrate-containing hydrocarbon gas
available at standard conditions ranges from 10" to 10'® m?,
which is twice as much as the conventional fossil energy (Moridis
et al., 2009a). If NGH can be exploited in a safe and efficient way
to produce natural gas and replace traditional fossil fuels, the
problem of global energy shortage and environmental pollution
can be greatly alleviated (Liang et al., 2020; Yin et al., 2020).
The Shenhu area on the northern continental slope of the
South China Sea (SCS) is one of the most promising fields for gas
hydrate exploitation. In 2007, 2015, and 2016, three gas hydrate
drilling expeditions (GMGSI, 3, and 4) were conducted in this
area by the Guangzhou Marine Geological Survey (Wu and
Wang, 2018). During the GMGSI, five sites were selected for
deep drilling and sampling in the Shenhu area (Figure 1), among
which three sites (SH2, SH3, and SH7) were verified with the
existence of methane gas hydrates by depressurization
experiments (Wu et al, 2011). Since then, many numerical

109°00° 111°00°

Mainland China

[ ] 30 seismic survey area
EI Drilling sites with hydrate
E’ Drilling sites with no hydrate
Hydrate distribution area

FIGURE 1 | Location of study area, drilling sites, and the confirmed gas
hydrate distribution in the Shenhu area. Insert: General location of study area
in the northern slope of the South China Sea (Wu et al., 2011).
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simulations were carried out on hydrate production in the
Shenhu area, including the SH2 site (Su et al,, 2011; Su et al,
2012b; Su et al., 2013; Jin et al., 2016), SH3 site (Su et al., 2012a),
and SH7 site (Lietal.,2010; Lietal.,, 2011; Liet al., 2013; Sun et al.,
2015). These simulations include different production methods,
such as depressurization and thermal stimulation, the use of
vertical and horizontal wells, the effects of the underlying and
overburden layer permeability, and other aspects related to
hydrate production (Sun et al, 2019). Based on
aforementioned numerical studies and many other laboratory
experiments on the NGH in the SCS, the China Geological Survey
successfully conducted the first and second production tests in the
Shenhu area of the SCS in 2017 and 2020, respectively, using a
vertical well and a horizontal well. The first production test lasted
for 60 days with a cumulative gas production of 3.09 x 10> m® (Li
etal., 2018b), and the second production test achieved 30 days of
continuous gas production, with a cumulative gas production of
8.614 x 10°> m’, whose average daily gas production is 5.57 times
as much as that obtained in the first production test (Ye et al,
2020). The two successful production tests proved the technical
feasibility of gas production from the clayey silt NGH reservoir,
which accounts for 90% of the total hydrate reservoirs but tend to
be the most difficult to exploit owing to low permeability and high
content of clay (Boswell and Collett, 2011).

To exploit the NGH, the equilibrium state of the reservoirs
should be broken by certain mechanisms, leading to in situ
dissociation of the NGH into gas and water; then the
gas—water mixture can be extracted and gas-liquid separation
can be conducted successively (Konno et al., 2016). According to
the phase equilibrium curve of the NGH, those certain
mechanisms include the following: depressurization (Moridis
et al., 2007; Moridis et al., 2009b; Sun et al., 2015; Yang et al,,
2019); thermal stimulation (Moridis et al., 2004; Wang et al.,
2018; Liu et al., 2020); use of inhibitors (Sung et al., 2002); and gas
molecule exchange (White et al., 2011; Koh et al,, 2016; Zhang
et al., 2017). Currently, depressurization is considered to be the
most economical and efficient method for NGH exploitation
(Oyama et al., 2012; Chong et al., 2017), which was used in the
first and second production tests in the Shenhu area of the SCS.
However, there are also problems attached to this method, such as
small influence range and rapid drop of the gas production rate.
Hydrate decomposition is an endothermic reaction, but the only
heat sources of NGH exploitation by depressurization are the
sensible heat of the hydrate deposit, the heat transferred from the
surroundings, and the latent heat released by the phase transition
from water to ice (Zhao et al., 2014). Due to insufficient heat
supply, the reservoir temperature will significantly reduce which
may lead to the formation of ice and secondary hydrate,
hindering the recovery of methane (Wang et al, 2020).
Therefore, thermal stimulation methods are usually used in
company with depressurization to provide additional heat for
the hydrate deposit and accelerate NGH dissociation (Wan et al.,
2018).

Traditional thermal stimulation methods utilize hot water and
steam injection, which can be implemented in the form of the huff
and puff method, hot water/steam flooding, and hot water/steam-
assisted gravity drainage (SAGD). Actually, these methods have
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widely been used in the field of thermal enhanced oil recovery and
provide a significant amount of oil in the overall global oil outlook
(Mokheimer et al, 2019). Many authors also evaluated the
potential of these methods in promoting methane production
from the NGH by laboratory experiments and numerical
simulations. Li et al. (2011) and Su et al. (2012b) numerically
investigated the gas production performance by the huff and puff
method in the Shenhu area, and the results showed that the gas
production rate was very low and the secondary hydrate
formation occurs during the injection stage. In addition, Feng
et al. (2013) and Feng et al. (2014) compared the gas production
potential of depressurization combined with warm brine
injection by different dual horizontal well configurations,
respectively, corresponding to the flooding method (dual
horizontal wells in the same horizontal plane) and the SAGD
method (dual horizontal wells in the same vertical plane). They
concluded that the average gas production rate of the flooding
method exceeds the commercially viable production rate in the
Gulf of Mexico, which is more favorable than the SAGD method.
In addition, Jin et al. (2016) also proved that gas recovery can be
improved significantly by hot water flooding for the hydrate
deposits in the Shenhu area, and the well spacing affects the
methane production significantly when thermal stimulation
starts. However, when hot water or steam is injected, the heat
loss along the wellbore is considerable even with insulated tubing,
after hundreds or even thousands of meter transportation from
the surface or ocean to the hydrate-bearing layers (hereafter,
referred to as HBL) (Li et al., 2018a).

To overcome the shortcoming of traditional hot water/steam
flooding method, novel thermal stimulation methods of electrical or
electromagnetic heating and methane in situ combustion have been
proposed, which generate heat directly in the formation to avoid
wellbore heat loss. In this study, we focus on electrical heating, and
many laboratory experiments have been conducted to clarify the
effects of electrical heating—assisted depressurization on hydrate
dissociation and methane recovery (Falser et al., 2012; Li et al,
2018a; Liang et al,, 2018; Minagawa et al., 2018; Wan et al., 2020a;
Wan et al,, 2020b; He et al,, 2021). For example, Li et al. (2018b)
found that the production efficiency of depressurization can be
greatly enhanced by using the electrical heating simultaneously for
the methane hydrate in a cuboid pressure vessel. In their experiment,
a resistance heating wire is distributed uniformly in the inner surface
of the well, and the whole well can be heated evenly when direct
current is supplied to the wire. On the other hand, electrical heating
was performed through the application of alternating current using
two end caps as a pair of electrodes in the experiments by Minagawa
et al. (2018), which suppressed the decrease in the temperature of
NGH sediment core and enabled higher gas production when
combined with depressurization. In addition, Wan et al. (2020b)
proposed a novel tripartite strategy of electrical resistance heating,
room temperature water flooding, and depressurization which
combines the advantages of simultaneously reducing heat loss
and enhanced heat transfer by convection and results in the best
energy recovery efficiency among different thermal stimulation
modes in a high-pressure reactor using two vertical wells. In
addition to laboratory experiments, several numerical simulations
were also conducted on the gas production of hydrate dissociation by
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electrical heating combined with depressurization (Wan et al., 2020a;
Li et al, 2020; Zhao et al, 2021; Liu et al, 2022), but mainly
performed in the laboratory scale. Wan et al. (2020a) conducted
simulations of wellbore heating with depressurization for gas
production from hydrate sediments in a rectangular cylinder
model. Their results showed that a combination of
depressurization and wellbore heating is more favorable for the
enhancement of heat transfer and faster energy recovery. Similarly,
in a laboratory-scale axisymmetric model, Liu et al. (2022)
conducted simulations on the gas production behavior from the
depressurization-induced dissociation of methane hydrate by
electrical heating and on the optimization of the electrical heating
scheme to achieve high-efficient utilization of electrical energy.
However, the numerical simulations in the reservoir scale are
rare, and recently Zhao et al. (2021) numerically evaluated the
production performance of the low-frequency electrical
heating-assisted ~ depressurization (LF-EHAD) method for
methane recovery from hydrate deposits in the Shenhu area of
the SCS. In addition, the LF-EHAD method significantly enhances
hydrate dissociation and gas production over the depressurization
method and outperforms hot water flooding in higher energy
utilization efficiency. Due to the large gap between laboratory
and reservoir conditions, it is necessary to further numerically
investigate the methane production from the NGH by electrical
heating-assisted depressurization in field scale.

Therefore, the goal of this study is to numerically evaluate the
performance of the combined brine flooding with electrical
heating-assisted depressurization for hydrate exploitation in
the Shenhu area of the SCS. The tripartite exploitation strategy
with brine injection given by Wan et al. (2020b) is utilized
because the simulation results of hydrate exploitation in field
scale by in situ electrical heating show limitation of the high-
temperature region and existing mainly near the heating wellbore
due to the low thermal conductivity of hydrate deposits (Li et al.,
2020). In consideration of the obvious advantages of horizontal
wells over vertical wells, such as increasing single-well controlled
reserves and gas production and reducing the risks of generating
secondary hydrates and freezing (Feng et al., 2015; Ye et al., 2020),
we adopt the same well configuration as done by Feng et al.
(2014), that is, horizontal wells in the same horizontal plane. In
addition, the pure depressurization method is also conducted as a
comparison. In order to optimize the novel tripartite strategy,
numerical results of methane recovery, water production and
energy efficiency from different electrical heating times and
power, and brine injection pressure are provided in detail and
comprehensively analyzed. It is hoped that our numerical results
in this study will provide reference and guidance for the
development of similar low-permeability marine clayey-silt
NGH with permeable surrounding water zones.

MATERIALS AND METHODS
Geological Setting of Study Area

The Shenhu area is near southeast of Shenhu Underwater Sandy
Bench in the middle of the north slope of the SCS, between Xisha
Trough and Dongsha Islands. Tectonically, the research area is

Frontiers in Earth Science | www.frontiersin.org

17

March 2022 | Volume 10 | Article 843521


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang and Wang

located in the Zhu II Depression, Pearl River Mouth Basin
(Figure 1), which has been in the process of tectonic
subsidence since the middle Miocene along with a high
sedimentation rate, providing abundant organic matter
(producing methane by pyrolysis or biological action) for the
NGH (Wu et al., 2010). Large-scale mud diapirs, vertical fissure
systems, and highly angled fractures were formed by tectonic
movements, which can provide conduits for gas migration (Sun
et al., 2019). The bottom temperature of the Shenhu area is
3.3-3.7°C with a geothermal gradient of 45-67°C/km, and the
bottom pressure is more than 10 MPa (Yang et al., 2010; Sun
et al,, 2015), which meets the favorable temperature and pressure
conditions for the formation of the hydrate reservoir. Therefore,
this area becomes one of the most promising fields for gas hydrate
exploitation.

In this study, we focused on the hydrate deposits that occur at
the site SH2 drilled in GMGS1 because of high hydrate saturation
and substantial amount of available data. The water depth at SH2
is 1,235m. The HBL is 40 m thick overlain by a permeable
overburden of 188 m thick and underlain by a permeable zone
of mobile water. Based on the drilling and sampling data, the
hydrate saturation ranges from 25 to 48%, and the porosity ranges
from 0.33 to 0.48, which implies that a huge amount of natural gas
is stored in the hydrate deposits. The hydrate disseminates in the
sediments that mainly comprise silty clay and clay silt. In
addition, it is detected that the gases contained in the hydrate
in SH2 mainly consist of methane (96.10-99.91%) with minor
quantities of ethane and propane (Wu et al., 2010).

Model Setup and Well Configuration

Based on the geological setting of SH2 of the Shenhu area in the
SCS, the established conceptual model for numerical simulation
and well configuration is shown in Figure 2A. The conceptual
model consists of three horizontal layers including the 40-m-
thick HBL and 30-m-thick permeable overburden and
underburden water-bearing stratums (100 m in total), which
are thought to be sufficient to accurately calculate the heat
transfer to the HBL during the 20years of production
(Moridis and Reagan, 2011). The hydrate in the HBL is
assumed to only comprise methane with a saturation of 0.4,
and the remaining pore space is occupied by water with a
saturation of 0.6. The porosity and intrinsic permeability of
the HBL are, respectively, 0.38 and 10 millidarcy (mD). Due to
lack of relevant information, the lithology of the surrounding
water-bearing stratums is assumed to be same as the HBL but
lacking hydrate. The values of simulation parameters used in our
numerical model are summarized in Table 1.

As shown in Figure 2A, three horizontal wells are adopted in
our study considering their obvious advantages over vertical
wells, such as increasing single-well controlled reserves and
gas production and reducing the risks of generating secondary
hydrates and freezing (Feng et al., 2015; Ye et al., 2020). In order
to avoid water and gas leakage, the vertical part of wells is sealed
and the opened horizontal part with a length of 1,000 m is located
at the middle of the HBL. Same as the study by Moridis et al.
(2013), the interior of the wells is defined as pseudo porous media
approximately, which has a high porosity of 1.0, a high
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FIGURE 2 | Schematic diagrams of (A) the conceptual model and the

well configuration and (B) domain discretization mesh used in our numerical
simulations. The outside of the middle well is surrounded by the electric
resistance wire which can release heat when current flows by.

permeability of 1.0 x 10°°m®> and a low capillary pressure of
0. Two side wells are conducted at a constant pressure to produce
methane for the whole exploitation period (20 years). However,
the middle well is first used to depressurize for 5 years in order to
dissociate the hydrate and increase the permeability around the
well. Then, thermal simulation starts by the flowing electric
current through the resistance wire around the middle well. At
the same time, a brine of 20°C (directly from sea) is also injected
into hydrate formation at a constant pressure by the middle well,
which can carry the electrical heat deep into the HBL.
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TABLE 1 | Reference hydrate deposit properties and parameters in simulations.

Parameter

The thickness of water-bearing stratums (m)

The thickness of the HBL (m)

Initial water and hydrate saturation of the HBL (Sa, Sh)
Gas composition

Porosity of all layers

Permeability of all layers (mD)

The depth of the base of the HBL (m)

The average density of sea water (kg/m®)

Initial pressure of the base of the HBL (MPa)

Initial temperature of the base of the HBL (°C)
Geothermal gradient ("C/m)

Pore water salinity (mass fraction)

Grain density of all layers (kg/m®)

Compression coefficient of all layers (Pa™")

Wet formation thermal conductivity of all layers (W/m/°C)
Dry formation thermal conductivity of all layers (W/m/°C)
Rock grain specific heat of all layers (J/kg/°C)

Relative permeability model of liquid and gas phases (K4, K.g) Moridis (2014)
n (index for aqueous phase)

ng (index for gas phase)

Sira (irreducible aqueous saturation)

Siig (irreducible gas saturation)

Capillary pressure model (Pqp) Vangenuchten (1980)
Smxa (Maximal aqueous saturation)

A (index for pore structure)

Po (Pa) (the entry capillary pressure)

A unit width (1m) in y direction is used without
considering the pressure and temperature drop in the
wellbore of the horizontal wells. In addition, a mild well
spacing of 75m is adopted, considering that small well
spacing controls less reserves and big well spacing may go
beyond the influence radius of the injected electrical heat (Jin
et al., 2016). In addition, due to symmetric well configuration,
only half of the hydrate deposits need to be simulated.
Therefore, the size of the 2D numerical model is 75 m X
100 m in x and z directions, which is discretized into 101 x
114 = 11,514 grid blocks (Figure 2B). Because the vicinity of
the wellbore had been shown to be critically important to
production (Moridis et al., 2009b), a very fine discretization of
0.25 m was used around the horizontal wells. In addition, the
spacing intervals increase with the distance to wells, which
reaches a size of 2 m at the middle between the wells and at the
top and bottom of the model.

The numerical simulator used for the simulation of the
behavior of hydrate-bearing geologic systems in this study is
TOUGH + HYDRATE, which was developed by the Lawrence
Berkeley National Laboratory (Moridis, 2014). The initial
distributions of pressure and temperature are, respectively,
obtained by hydrostatic pressure distribution and a geothermal
gradient of 0.047°C/m (Moridis et al., 2007; Su et al., 2012b). In
addition, the base of the HBL initially lies in the hydrate
equilibrium condition. As for boundary conditions, constant
temperature and pressure boundary are applied to the top and
the bottom of the model, and non-flow boundary is applied at x =
0 and x = 75 m during the whole exploitation period (Su et al,
2012a, 2012b; Li et al., 2013).

New Exploitation Method of Hydrate

Value

30
40
Sp=0.6,Sy=04
100% CH,
0.38
10
1,463
1,035
14.96
14.88
0.047
0.03
2,600
1.0 x 1078
3.1
1.0
1,000
Kia = [(Sa = Sia) (1 = Sia)]",Kig = [(Se - Sic)/ (1 - Sia)]™
5
3.5
0.30
0.03
Pcap = *PO[(S*)AML - 1]171)3* = (SA *Ser)/(SmxA *S/rA)
1
0.45
1.0 x 10°

Simulation Scenarios
The factors that are related to gas production performance of a

hydrate deposit can be divided into two classes: formation
conditions and artificial operations. The most related
formation condition is the permeability of the HBL, which can
be improved by hydraulic fracturing, but not involved in our
research. Therefore, we mainly consider optimizing artificial
operations to promote the exploitation of the NGH, including
electrical heating time and power and brine injection pressure,
whose effects to gas production are investigated by different
exploitation scenarios listed in Table 2. As the base case, A0
adopts a brine injection pressure of 17 MPa, which corresponds
to the maximum of the wellbore pressure to avoid the
overpressure of the HBL (Li et al., 2011). In addition, 2,000 W
of electrical heating is applied to the same 2D-simulated hydrate
deposit of 75 m x 100 m. In addition, the only depressurization
method D1 is also included to verify the feasibility of the new
exploitation method of combined brine flooding with electrical
heating-assisted depressurization. The production pressures of
all scenarios are set to be 8 MPa, which is larger than the pressure
at the quadruple point to eliminate the possibility of ice
formation.

The following criteria are used to compare the gas production
performance of different exploitation scenarios: volumetric rate
of total produced methane from wells (Qp) and volumetric rate of
produced methane in gas phase (Qpg), volumetric rate of released
methane by hydrate dissociation (Qg), and volumetric rate of
produced water (Qw); cumulative volume of methane and water
produced from wells (Vp and Vyy, respectively), gas-to-water
ratio (Rgw); energy efficiency ratio (7) and net energy gain (E, ).
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TABLE 2 | Summary of simulation scenarios and part of the simulation results.

Run Description Poro Pinj
(MPa) (MPa)
AO Base case 8 17
Al Sensitivity of electrical heating time 8 17
A2 8 17
B1 Sensitivity of electrical heating power 8 17
B2 8 17
C1 Sensitivity of brine injection pressure 8 15
c2 8 19
D1 Only depressurization 8 -

New Exploitation Method of Hydrate

Peie Sr Rew n Ve Enet
w) (10%m?) (10'%9)
2,000 1 6.32 2.33 1.37 2.93
2,000 0.5 4.98 5.25 1.09 3.32
2,000 0.7 6.05 3.86 1.30 3.62
1,000 0.7 5.21 4.64 1.14 3.37
3,000 0.7 6.38 3.31 1.37 3.61
2,000 0.7 4.54 2.40 1.03 2.25
2,000 0.7 6.43 4.27 1.35 3.90
— — 2.20 5.65 0.97 3.00

Note: P, is production pressure, Py is brine injection pressure, P is electrical heating power, Sg s the rate of the dissociated hydrate to the initial hydrate when electrical heating stops,
and Sr = 1 means electrical heating lasts until the end of simulation. All values in bold denote the investigated parameters needed to be optimized. Part of the simulation results are also
given in order to make a comparison of different scenarios, including the gas-to-water ratio (Raw), energy efficiency ratio (), the cumulative volume of produced methane (Vg), and the net

energy gain (Epe.

Among these criteria, four of them are particularly important,
which can also be classified as relative criterion (Rgw and #) and
absolute criterion (Vp and E,.), which are also listed in Table 2.
Rgw is defined as the ratio of Vp and Vyy, while # is the ratio of the
recovered energy to the total consumed energy, which can be
defined as

n=n-AH.[(W+Q), (1)

where AH, is the combustion enthalpy of methane (1 atm, 25°C,
889.6 kJ/mol); n is the amount of substance of the produced
methane (mol); W is the energy used for pumping the produced
fluids to the ground (kJ); and Q is the total electrical energy
injected into the reservoir (kJ). High Rgw and #, respectively,
indicate satisfying production efficiency and economic
performance. Other than the relative criterion, the potential of
a specific exploitation scenario can also be validated by a large Vp
and E, in the sense of absolute criteria. E,; is the difference of
the recovered energy with consumed energy calculated as follows:

E.o=n-AH.- (1-1/n). 2)

In order to simulate actual exploitation conditions, all of these
criteria are scaled according to the length of the horizontal wells
(1,000 m).

RESULTS AND DISCUSSION

Effects of Combined Brine Flooding With

Electrical Heating

The exploitation scenario of pure depressurization is first
simulated and evaluated, whose methane volumetric rate and
water production are shown in Figure 3. As shown in Figure 3A,
the hydrate is rapidly dissociated by depressurization in the initial
stage due to the largest pressure difference between production
wells and formation, known as pressure driving force. Therefore,
Qr and Qp, respectively, reach a maximum of 260,000 m3/day
and 43,000 m*/day in a short time. In addition, Qg is larger than
Qp in the first 580 days, indicating that the released methane
cannot be produced in time due to the low permeability of the
HBL. With the reduction of pressure driving force and exhaustion

of the hydrate around production wells, Qg rapidly drops below
Qp, and the remaining methane is discharged from production
wells. Then, Qp and Qg almost keep stable before a sudden
decrease happening at 5 years. The reason is that the hydrate
between the HBL and surrounding permeable water-bearing
stratums is completely dissociated, resulting in rapid water
invasion, proven by the sudden increase of the water-produced
rate (Qw) at 5years in Figure 3B. Massive water production
slows down the propagation of low pressure. Therefore, Qp and
Qg keep decreasing with a similar trend and reach a value of
6,500 m*/day at the end of simulation, which is much lower than
the commercially viable production rate.

However, Qw keeps increasing in the whole simulation
process due to increase of formation permeability after hydrate
dissociation and the influence of permeable water-bearing
stratums. The different variations of Qp and Qyy indicate that
gas production is controlled by methane from hydrate
dissociation rather than original methane dissolved in in situ
water. In addition, the released methane can be produced in free
gas or in dissolution. Initially, due to rapid release of methane
from hydrate dissociation, free gas takes a large proportion of the
total produced methane. However, Qg gradually decreases with
reduction of Qg and becomes zero at 2,650 days, indicating that
methane is produced completely in dissolution after then. The
relative criterion (Rgw and #) and absolute criterion (Vp and E,,)
to judge gas production performance are given in Figure 4. At the
end of the simulation, the cumulative volume of the produced
methane for only depressurization is 9.7 x 10" m?, corresponding
to an average production rate of 13,275 m>/day. With the increase
of the produced water rate and the decrease of produced methane
rate, Rgw and 7 of only depressurization keeps descending,
respectively, with a final value of 2.20 and 5.65.

From the previous analysis, only depressurization is inefficient
for the challenging hydrate deposit with permeable overlying and
underlying layers. The hydrate dissociation rate and methane
production rate will rapidly decrease when the water from the
surrounding permeable layers invades into the HBL. Therefore,
thermal stimulation by combined brine flooding with electrical
heating is conducted after 5years of only depressurization in
order to promote hydrate dissociation. For the base case, brine
injection (20°C) at a constant pressure of 17 MPa and electrical
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heating with a power of 2,000 W are simultaneously applied to
the left well, while the other well is still used for depressurization
at a constant pressure of 8 MPa. For comparison with only
depressurization, methane production, water production, and
energy gain of the base case are also given in Figures 3, 4. In
addition, Figures 5-8, respectively, show the evolution of
temperature (T), hydrate saturation (Sg), gas saturation (Sg)
and salinity (Xj,,) of the base case in order to figure out the
variation of the system state over time under thermal stimulation.

When thermal stimulation starts at 5 years, Qg of the base case
rapidly increases and reaches a peak of 45,000 m*/day, proving
that hydrate dissociation is accelerated by the electrical heat,
which is carried by the brine into the deep of the HBL. On the
other hand, the vacated pore space after hydrate dissociation
increases the permeability of formation, which is beneficial to the
flow of the heated brine. As a result, hydrate complete
dissociation area and high-temperature region around the
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heating-assisted depressurization method (the base-case).

injection well move rapidly toward the production well
(Figures 5, 6). Contrary to the immediate increase of Qg, Qp
and Qpg first drop by half after thermal stimulation due to the
halving of production wells and then keep decreasing until
3,280 days. During this stage, the released methane is detained
in the HBL due to the distance between the wells, which leads to
the increase of gas saturation (Figures 7A,B). Therefore, further
dissociation of the hydrate is suppressed, and Qg gradually
decreases.

When the released methane reaches the production well at
3,280 days (Figure 7C), Qp and Qg start rapidly increasing,
which is 1,455 days later than the increase of Qgr. Then, Qp
exceeds Qg at 4,420 days and reaches a peak of 6,140 m*/day
at around 6,000 days, indicating that the detained methane is
gradually produced. After 6,000 days, a quick drop of Qg (as well
as Qp and Qpg) appears due to the exhaustion of the hydrate,
validated by the small green part in Figures 6E,F. In addition, the
similar variation between Qp and Qpg indicates that gaseous
methane makes the main contribution of the increase of Qp after
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combined brine flooding with electrical heating—assisted depressurization method (the base-case).
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for the combined brine flooding with electrical heating-assisted depressurization method (the base-case).
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combined brine flooding with electrical heating—assisted depressurization method (the base-case).
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thermal stimulation. As shown in Figure 8, a high salinity
abnormal forms at the behind of the dissociation interfaces
around the injection well. This is a sign of secondary hydrate
formation because that salt is excluded from the lattice of the
hydrate, which originates from the pressure increment by brine
injection and should be responsible for the fluctuations of Qr
after thermal stimulation. With the exhaustion of the hydrate, the
high salinity abnormal gradually disappears.

Different from the continuous increase of the water
production rate of only depressurization, water production
of the base case is suppressed when the released methane
reaches the production well, because the relative permeability
of water is inversely proportional to gas saturation. With the
discharge of methane and increase of absolute permeability of
formation, Q. increases again after 5,500 days but is still
much lower than that of only depressurization. From
Figure 4A, thermal stimulation by combined brine flooding
with electrical heating can greatly increase methane recovery,
with a higher Vp (except the period before methane reaches
production well) and Rgw over only depressurization. At the
end of the simulation, the cumulative volume of the produced
methane is increased by 41% with thermal stimulation.
However, the net energy gain of the base case shows no
improvement over only depressurization because the
additional methane recovery is offset by massive injected
electrical heat, and a rather low energy efficiency ratio of
2.33 is obtained by thermal stimulation. Therefore, the
energy efficiency of the combined brine flooding with
electrical heating-assisted depressurization needs to be
improved before field application.

Sensitivity Analysis of Electrical Heating
Time

In order to save energy and gain a higher energy efficiency,
electrical heating should be terminated at the later stage of the
base case because there is only little hydrate left (Figures
6E,F). Therefore, another two runs of Al and A2 are
conducted to determine the effects of the electrical heating
time, which, respectively, terminate electrical heating when the
rate of the dissociated hydrate to the initial hydrate (Sg)
reaches 0.5 (at 3,156 days) and 0.7 (at 4,579 days). The base
case corresponds to an Sy of 1.0, which means that electrical
heating lasts until the end of the simulation. Though electrical
heating stops at an earlier time for A1 and A2, brine of 20°C is
still injected into the HBL with an injection pressure of 17 MPa
to assist the drainage of methane. As shown in Figure 9A,
longer electrical heating time leads to a higher Qp due to more
hydrate dissociation. In addition, the termination of electrical
heating results in the increase of Qw on account of the
alleviation of water production restriction by the reduction
of gas saturation around the production well (Figure 9B).
However, Qyy increases with increasing of Sy at the end of the
simulation because more vacated pore space for a longer
electrical heating time leads to higher formation
permeability. In addition, the final Vy is almost equal for
different electrical heating times.
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The optimization of electrical heating time can be achieved by
the criteria shown in Figures 9C,D. Compared with the base case,
Vp only decreases by 5.1%, but the injected heat is reduced by
49.7% for terminating electrical heating when 70% hydrate has
already been dissociated (SR = 0.7). Therefore, the energy

Frontiers in Earth Science | www.frontiersin.org

24

March 2022 | Volume 10 | Article 843521


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang and Wang

efficiency and net energy gain can be greatly improved by
decreasing electrical heating time. However, further advancing
the termination of electrical heating with an Sg of 0.5 decreases Vp
by 16.1%, and the net energy gain is lower than that of
terminating electrical heating with an Sy of 0.7, indicating that
stopping electrical heating prematurely is disadvantageous to
methane production due to insufficient hydrate dissociation,
even though a higher energy efficiency ratio is obtained.
Therefore, a medium electrical heating time is preferred for
gas production from hydrate deposit in order to accelerate
hydrate dissociation and gain satisfactory energy efficiency.
Thus, the subsequent simulations all terminate electrical
heating when 70% of hydrate is dissociated in order to avoid
massive energy waste.

Sensitivity Analysis of Electrical Heating

Power

Apparently, the gas production performance of the combined
brine flooding with electrical heating-assisted
depressurization is closely related to electrical heating
power. Therefore, another two simulations with a power of
1,000 W (B1) and 3,000 W (B2) are conducted to explore the
effects of electrical heating power. The two additional
simulations adopt same parameters as A2 except the
electrical heating power, which also terminate electrical
heating when 70% hydrate has already been dissociated in
order to save energy. As shown in Figure 10A, Qp initially
increases with electrical heating power because of the
accelerated hydrate dissociation. Moreover, a larger power
not only induces earlier increase of Qp due to advanced
breakthrough of released methane from the injection well to
the production well but also induces earlier drop of Qp due to
the advanced termination of electrical heating. In addition,
faster exhaustion of the hydrate induces that Qp decreases with
increasing of the electrical heating power at the end of the
simulation. Contrary to Qp, a larger power leads to a lower Qw
at an early time and a higher Qv at a later time (Figure 10B).
The different variation of methane production and water
production is reasonable considering that the relative
permeability of gas phase and aqueous phase change
oppositely at all times. In addition, the final Vyy is basically
unchanged with electrical heating power.

The relative criteria and absolute criteria are also given in
Figures 10C,D in order to optimize the electrical heating power.
From Figure 10C, Vp and Rgw increase with the electrical
heating power though with a decreasing rate. Compared with
the electrical heating power of 2,000 W, Vp increases by 5.9% for
the electrical heating power of 3,000 W, while Vp decreases by
12.0% for the electrical heating power of 1,000 W. Thus, a low
electrical heating power of 1,000 W is inefficient for gas
production from the hydrate deposit though with a high
energy efficiency ratio (Figure 10D). In addition, the net
energy gain of 2,000 and 3,000 W is basically the same,
indicating that the additional recovered methane just catches
up with the enlarged electrical heat injection. At the same time,
increasing electrical heating power also enlarges the risks of
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wellbore failure due to thermal stress variation. Therefore, a
mild electrical heating power is preferred for increasing
methane recovery and reducing geological risks.
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production rate (Qw) and water production volume (Viy), (C) methane
production volume (Vp) and gas-to-water ratio (Rgw), and (D) energy efficiency
ratio () and net energy gain (Ener) under different brine injection pressures.

Sensitivity Analysis of Brine Injection
Pressure

Other than electrical heating power, brine injection pressure is also a
key parameter related to gas production performance, whose effects
are determined by another two procedures with injection pressure of

New Exploitation Method of Hydrate

15 MPa (C1) and 19 MPa (C2). Except brine injection pressure, other
parameters of C1 and C2 are the same as A2. From the simulation
results of methane and water production shown in Figures 11A,B,
Qp initially increases with injection pressure because of faster brine
injection, leading to a larger heat diffusion rate. Driven by larger
pressure gradient between wells, faster breakthrough of released
methane is also realized by higher injection pressure. At the same
time, the advanced termination of electrical heating after 70% of
hydrate dissociation for higher injection pressure induces an earlier
drop and a lower final value of Qp. As clarified before, Qyy still varies
oppositely with Qp. However, a confusing phenomenon of water
production is that larger injection pressure, instead, possesses a lower
final Vyy. This can be explained as more methane accumulation
around the production well by higher injection pressure results in a
stronger suppression of water production in the early stage of the
thermal stimulation.

The superiority of higher brine injection pressure is adequately
verified by higher methane recovery and gas-to-water ratio
(Figure 11C), as well as the higher energy efficiency ratio and
net energy gain (Figure 11D). Raising brine injection pressure
from 15 to 17 MPa increases E,., by 60.4%, while further raising
injection pressure to 19 MPa only increases E,.; by 8.0%. On the
other hand, higher injection pressure also enlarges the risks of
geological hazards, such as reservoir instability and submarine
landslide. Therefore, the selection of brine injection pressure
should be carefully and comprehensively considered regarding
the factors of gas production and geological risks.

CONCLUSION

This study numerically verifies the feasibility of combined brine
flooding with electrical heating-assisted depressurization in
horizontal wells to improve gas production from the natural
gas hydrate in the Shenhu area of the South China Sea. By
analyzing the simulation results of methane recovery, water
production, and energy gain, the optimizations of electrical
heating time and power and brine injection pressure are
achieved, and the following conclusions can be drawn:

Thermal stimulation by combined brine flooding with
electrical heating can greatly improve methane recovery. After
20 years of production, the cumulative methane production of
combined brine injection with electrical heating-assisted
depressurization is 1.41 times of that conducted by the only
depressurization method. However, the rather low energy
efficiency ratio of the thermal stimulation method results in a
similar net energy gain with the only depressurization method.

In order to improve energy efficiency, the advanced termination
of electrical heating is proposed and numerically evaluated. The
simulation results of three different termination times indicate that
stopping electrical heating prematurely is disadvantageous to
methane production due to insufficient hydrate dissociation. At
the same time, keeping on electrical heating after 70% of hydrate
dissociation results in massive energy wastes. Therefore, a medium
electrical heating time is preferred for gas production from the
hydrate deposit, whose superiority is proven by the largest net energy
gain and a satisfactory energy efficiency ratio.
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Increasing electrical heating power and brine injection
pressure leads to better exploitation performance with higher
methane recovery and net energy gain. However, the degree of
improvement is gradually weakened after a certain threshold; in
the meantime, the risks of wellbore and reservoir failures increase
with these factors. Therefore, the selection of electrical heating
power and injection pressure should be performed carefully and
comprehensively, considering both the efficiency of the gas
recovery and the risks of geological hazard.

This study only optimized the artificial operations of the tripartite
exploitation strategy, however, the effect of reservoir physical
property, hydrate saturation, and fluid component on the gas
recovery has not yet been well-revealed and will be our next stage
of investigation. In addition, comprehensive comparison with other
electrical heating methods, for example, low-frequency electrical
heating and electromagnetic heating, remains to be conducted.
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Free gas saturation is one of the key factors that affect the overall production behaviors of
hydrate reservoirs. For example, different free gas contents could alter the thermal
response of hydrate reservoirs to the artificial stimulation and hence change the gas
production performance. To investigate whether and how much the hydrate reservoir
contains free gas, we proposed a thermodynamic method to calculate the total heat
consumption of hydrate dissociation throughout gas production and assess the free gas
proportion. Based on the monitoring data of the first offshore hydrate production in Japan,
we calculated the total heat consumption and analyzed the contributions of heat
convection, heat conduction, and sensible heat during the entire test. The calculation
results showed that there is likely to be a certain amount of free gas in the hydrate reservoir
in the Eastern Nankai Trough. In addition, the analysis of different heat sources revealed the
critical thermodynamic phenomenon in which the reservoir sensible heat was the main
source for enthalpy of hydrate dissociation, which consistently contributed more than 95%
of the total heat supply during the 6-day production test. The results of this work may help
upgrade the production strategy for natural gas hydrates.

Keywords: natural gas hydrate, free gas proportion, thermodynamic analysis, heat transfer, hydrate production

1 INTRODUCTION

Natural gas hydrates (NGHs), found in permafrost regions and marine continental margin
sediments, are crystalline compounds formed by water and natural gas molecules (mainly
methane) (Kvenvolden 1988; Sloan 2003; Boswell and Collett 2011). In an ideally saturated
methane hydrate, the molar ratio of methane to water is nearly 1:6, that is, equal to a volumetric
ratio of about 164 (Kvenvolden 1988). The methane concentration in hydrates is comparable to
that of a highly compressed gas (Sloan 2003). Therefore, hydrates need to form in the condition
in which hydrate-forming gas is sufficient and both pressure and temperature are conducive to
hydrate stability. Otherwise, the hydrate crystal may break down and release methane into the
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surrounding water. Whether the gas resource is sufficient or
not directly affects the formation of NGH and the volume
percentage of gas hydrate in hydrate-bearing sediments
(HBSs). The presence of methane within the
pressure-temperature stability field for methane gas hydrate
is not sufficient to ensure the occurrence of gas hydrate, which
tends to form when the mass fraction of methane dissolved in
liquid exceeds methane solubility in seawater (Xu and Ruppel
1999) and there is free methane gas in the fluid system (Ben
Clennell et al., 1999; Waite et al., 2009; Lu et al., 2019).
Accordingly, fluid containing methane must rise to the
depth at which the local solubility limit is less than the
methane content in order for hydrate to precipitate (Waite
et al., 2009).

NGH reservoirs can be divided into three main classes on
the basis of geological features and initial conditions (Moridis
etal., 2009), in which NGH indeed generally coexists with free
gas (Makogon and Omelchenko 2013; Miyakawa et al., 2014; Li
et al,, 2016; Ye et al., 2020). Free gas saturation is a key factor
that affects the overall production behaviors of marine hydrate
deposit, for example, influencing the thermal response of
hydrate reservoir to the artificial stimulation and hence
altering the gas production performance (Moridis et al,
2007). Generally, when the gas content is lower than the
local solubility, the gas dissolves in the pore water and
migrates with it. If the gas exceeds the solubility and the
amount is small, a small number of bubbles will migrate
with the pore fluid in a discrete form. Accordingly, there
are two main sources of free gas in the hydrate reservoir. In
one case, methane is transported to the hydrate stability zone
by dissolving in pore water. In the rising process, due to the
gradual decrease of methane solubility, methane precipitates
from water. In another case, methane is directly provided by
the fluid containing saturated methane and free gas (Lu et al,,
2019). These imply that there is supposed to be a certain
proportion of free gas in the hydrate reservoir. Understanding
the free gas content of a reservoir will help to establish a
hydrate accumulation model and formulate the corresponding
production strategy, such as heat-supply strategy and
depressurization strategy. However, the evidence of whether
and how much the hydrate reservoir contains free gas is scarce,
and the method to assess the overall free gas content in a
hydrate reservoir is deficient and needs to be developed.

In this article, we proposed a thermodynamic method using
real-world production data to calculate the heat consumption of
hydrate dissociation in gas production and ultimately evaluate the
free gas content in a hydrate reservoir. Taking the first offshore
hydrate production of Japan as an example, we conducted the
estimation and analyses of free gas proportion in the test reservoir
using the on-site monitoring data. Based on this work, we also
analyzed the thermal responses of the reservoir and revealed the
contributions of different thermal processes. This work will not
only conduce to understanding the phase composition of
methane gas in hydrate reservoirs but also help us better
comprehend the effect of different heat sources in hydrate
reservoirs to hydrate dissociation, all of which will better guide
future hydrate production.

Free Gas in Hydrate Reservoirs

2 PRINCIPLE AND METHOD

The dissociation of methane hydrate is an endothermic process
and can significantly change the temperature field in the reservoir
(Song et al,, 2015; Yamamoto et al., 2017). In contrast, the
thermodynamic effect of the release of free gas originally
existing in the hydrate reservoir can be ignored. Based on this,
we can estimate the heat consumption during gas production
according to the thermal response of the formation and then
obtain the amount of hydrate-released gas by converting the heat
consumption into gas volume. Furthermore, we can calculate the
proportion of free gas in the total gas yield.

In the process of gas production, artificial stimulation, such as
depressurization, triggers the dissociation, and immediately the
hydrate dissociation will absorb heat from the surrounding
environment. As the dissociation goes on, a disturbed zone,
which can be defined as the zone in which the temperature
diverges from the initial state, will expand over time.
Consequently, convective water driven by the pressure
gradient will be cooled due to heat transfer to the disturbed
zone, heat conduction due to the temperature gradient will occur,
and sensible heat of the disturbed zone will be released due to
formation cooling. In the aforementioned processes, the heat
consumption of hydrate dissociation Qy, the heat loss of extracted
formation water Q,, the heat conduction through surrounding
formation Q,, and the sensible heat released by the disturbed zone
Q, are the main thermal factors influencing the temperature field
(Figure 1). According to the conservation of energy, we can
conclude the following relationship (Eq. 1) between these heat
items: the heat needed or consumed by hydrate dissociation (Qy)
is ultimately derived from and compensated by heat released by
formation water (Q,), heat conduction through the disturbed
zone (Q.), and sensible heat released by the disturbed zone (Q,).
The method of energy balance enables us to ignore the
intermediate processes and focus on the change of the thermal
field in which the thermal effects of many aspects, such as ice
formation and hydrate reformation, will submerge and be
reflected in the ultimate temperature states.

Qh :Qw+Qc+Qr- (1)

From this point of view, to estimate the free gas content, the
first step is to calculate the right-hand members in Eq. 1 and then
convert the results into an equivalent volume of hydrate-released
gas according to the enthalpy of hydrate dissociation.

In this work, the heat contributed by formation water
convection (Q,) in each temporal interval was regarded and
calculated as the sensible heat associated with water cooling using
Eq. 2:

2

where ¢, and p,, are the specific heat capacity and density of the
water, respectively, V, is the water production in an interval, and
Aty is the temperature difference between the real-time
temperature and the initial formation temperature.

The heat conduction through the disturbed zone (Q.) is
divided into two parts, ie., the lateral heat conduction from

Qu = prwVwAth
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FIGURE 1 | Schematic diagram of the thermodynamic processes during hydrate production.
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the undisturbed zone and the vertical heat conduction from the
overburden and underlying layers. In this work, the lateral heat
conduction was considered a one-dimension steady heat
conduction problem in each temporal interval. As a
conventional simplifying method (Li G. et al, 2012; Chen
et al., 2018; Yu et al., 2019; Xu et al., 2021), we assumed that
the expansion of the disturbed zone approximated to an
axisymmetric process in a short-term production, and thus we
calculated the corresponding heat using Fourier’s law of heat
conduction in cylindrical coordinates:
RV
In(ry/r1)
where @ is the heat transfer rate, A is the thermal conductivity of
formation, [ is the height of the cylindrical disturbed zone, r; and
r, are the inner and outer radii of the cylinder, respectively, and t,
and t, are the corresponding boundary temperature. In the
geological model, r; and r, are the radius of wellbore and the
radius of the disturbed zone, respectively. By ignoring the effect of
the geothermal gradient, the vertical heat conduction was directly
calculated using Fourier’s law of heat conduction in Cartesian
coordinates:

3)

@ = —2A\Vt, (4)

where A is the area of the upper or lower surface of the
disturbed zone, and V¢ is the temperature gradient in
formation.

The sensible heat released by the disturbed zone (Q,) can be
estimated using the volume of the disturbed zone, the heat
capacity of the reservoir, and the temperature difference

between the initial and final states according to Eq. 5:
Q: = ¢,p,V, At,, )

where ¢, and p, are the specific heat capacity and density of
formation, respectively, V, is the volume of the disturbed zone,

and At, is the temperature change of formation. The equation and
calculation will be further detailed later.

With heat consumption calculated, we can estimate the
hydrate-released gas by attributing all the heat consumption to
the hydrate dissociation. The enthalpy of methane hydrate
dissociation AH can be set at 54 k] mol™ (Handa 1986; Sloan
and Koh 2008); therefore, the dissociation equation of methane
hydrate can be formulated as

1mol CH, - 5.75H,0 + 54 k] — 1mol CH, + 5.75 mol H,O.
(6)

The estimated hydrate-released gas according to Eqs 1,6 is
supposed to be less than the gross gas production because of the
free gas in the reservoir. Comparing the hydrate-released gas with
the gross gas production, we can determine the free gas content in
the hydrate deposit. The values and calculations of physical
parameters, especially the thermophysical properties will be
detailed in the following section.

3 CALCULATION AND DISCUSSION

3.1 Data Acquisition and Processing

In March 2013, the world’s first field trial of gas production from
marine hydrate deposits was conducted in the Daini Atsumi
Knoll area of the Eastern Nankai Trough off the Pacific coast of
Japan (Yamamoto et al., 2014). One production well AT1-P with
two monitoring boreholes, AT1-MC and AT1-MT1, was drilled
in the test site. During the entire 6-day flow test, the gas
production rate was stable at about 2.0 x 10*m®d™", with the
highest rate of 2.5 x 10* m®> d™". The water production rate was
about 200 m>d™". The cumulative gas production was 11.9 x
10* m?, and water production was 1,250 m®> (Konno et al., 2017
Yamamoto et al.,, 2017). Along with the flow test, the intensive
data acquisition program was implemented. DTS and RTD
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FIGURE 2| Data used for calculation. (A) Processed downhole temperature data of production well AT1-P and monitoring well AT1-MT1 from the sensor installed
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10 m below the top of the methane hydrate-concentrated zone. (B) Processed water production data from production well AT1-P.
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temperature sensors installed along the production and two
observation boreholes detected temperature variations caused
by the endothermic dissociation process and heat transfer
around the boreholes during gas production.

As the first offshore hydrate production test of Japan provided
an integral dataset that recorded the production behavior and
reservoir response during the entire depressurization production,
in this work, we attempted to take this pilot production as an
example and assess the free gas content in the test reservoir. To
conduct the calculation in a unified geometry of the model, we
simplified the temperature profile in the reservoir via average
temperature in our calculations, which should be acceptable given
the linear relationship between the heat items and temperature
varjation and the thermal independence of other parameters.
According to the temperature monitoring data, we chose the data
gathered by the sensor installed 10 m below the top of the
methane hydrate-concentrated zone, which could typify the
temperature variation of different formation intervals, as the
average temperature to conduct the calculation. According to
the timeline of the major events (Yamamoto et al., 2017), the
calculated span was set at 138 h, i.e., from 5 to 143 h after the start
of depressurization, when the downhole P-T state reached the
phase equilibrium curve of methane hydrate and the
depressurization operation terminated, respectively.

The fundamental calculation data, namely, temperature
variation and water production, were gathered from the
literature of Yamamoto et al. (2017) and processed by overall
smoothing and hourly homogenizing, as shown in Figure 2.

3.2 Heat Consumption Calculation

3.2.1 Heat From Formation Water

In the process of hydrate production, hydrate dissociation will
absorb heat from the surrounding environment. Therefore, the
temperature of the final produced water, that is, the downhole
monitoring temperature of the production well was lower than
the initial formation temperature. According to energy
conservation, the heat loss of produced water constituted a
part of heat sources for hydrate dissociation. The produced
water was composed of decomposed hydrate water, in situ
formation water, and inflow formation water. We assume that

15 200 1 12
= —— Water production rate .
;,C Temperature variation = 8
512 —— Cumulative heat loss 160 9
o) ——Heat loss rate = 7]
2 = He]
= 9 120 -
= i) ©
S c 462
<] o ©
a g =i3s
% 3 40 2 §
=

0 0 40
5 28 51 74 97 120 143
Time (h)

FIGURE 3 | Calculation results of the heat loss from produced formation
water contributing to hydrate dissociation.

the extracted hydrate water and in situ water will be replaced by
the inflow water, so it can be equivalently considered that they are
stationary, and the produced water is equivalent to the inflow
water. The heat convection calculation of this part only considers
the heat loss of produced water, while the heat loss of hydrate
water and in situ water is classified into the following sensible heat
calculation.

Based on the real-time temperature difference (Figure 2A)
and Eq. 2, the heat contributed by formation water can be
calculated. The specific heat capacity of seawater was taken as
41k kg™ K (Sharqawy et al., 2012; Haynes 2016). Figure 3
gives the temperature variation quantity At, and water
production rate, whereby we calculated the item of Q,,, that is,
the heat released by formation water on the hourly basis and
obtained a total heat loss of about 10.08 GJ.

Given the discrepancy between the water flux through the
boundary of the disturbed zone and the water production rate, for
example, the production rate would be bigger than the influx at
the beginning in order to decrease the downhole pressure, we
carried out the following examination to determine the influence
of this issue. Our calculation interval spanned from 5 to 143 h
after the start of depressurization, in which the downhole
pressure basically hovered between 4.5-5MPa. The biggest
pressure drop of about 6 MPa occurred in the period of
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FIGURE 4 | Downhole temperature of the production well and
corresponding extrapolated position of the lateral heat conduction boundary.

5-12 h. Taking the well diameter as 21.5 cm (8-1/2" drill bit)
(Yamamoto et al., 2014), the total introduced error of water
volume is about 22 m>. Given the temperature drop during this
period was less than 1K, the total corresponding energy error is
believed to be about 0.1 GJ, which is 1% of the current calculation
results. This shows that the error introduced by the altering of
downhole pressure is minor and negligible.

3.2.2 Heat From Formation Conduction

The dissociation of hydrates can change the temperature field around
the production well, and thus the heat conduction in formation will
occur. In this work, the heat conduction through the disturbed zone
was simply divided into two parts, that is, the heat from lateral
conduction and vertical conduction. The lateral heat conduction was
considered a one-dimension steady heat conduction problem in each
hourly interval. According to numerical simulations of the short-term
hydrate production employing the vertical production well
(Yamamoto et al,, 2017; Boswell et al., 2019; Feng et al,, 2019; Yu
et al, 2019), we assumed a cylindrical disturbed zone during the
production to calculate the corresponding heat (Q.) using Fourier’s
law of heat conduction in cylindrical coordinates (Eq. 3). By ignoring
the effect of the geothermal gradient, the vertical heat conduction was
directly calculated using Fourier’s law of heat conduction in Cartesian
coordinates (Eq. 4).

Although the calculation model has been simplified, the direct
application of Fourier’s law is still not feasible because the
temperature and position of the internal and external heat
conduction boundaries are needed. In the calculation, the
temperature at the inner and outer boundaries is known. The
former is the temperature data from the production well, and the
latter is the initial formation temperature of 13.5°C. The location
of the inner boundary, that is, the wellbore radius, is also known,
which is 0.1 m (Yamamoto et al., 2017). The biggest obstacle to
the calculation lies in the real-time position of the outer
conduction boundary. In this hydrate production trial, no
instrument could keep track of the boundary of the disturbed
zone, that is, 7, in Eq. 3 was unknown. We tackled this problem in

Free Gas in Hydrate Reservoirs

light of the information provided by the monitoring well AT1-
MTI1. We noted that the temperature in the AT1-MT1 well,
which was 22m away from the production well, started to
manifest a divergence from the initial formation temperature
about 30h after pumping operation. In the meantime, the
temperature in the production well was recorded as 11.2°C.
Based on the temperature difference and distance between
production and monitoring wells, we presumed a linear
temperature gradient of 0.1°Cm™" in the formation in order to
extrapolate the lateral position of the heat conduction boundary,
as well as the disturbed zone boundary, using the downhole
temperature of the production well. The calculation result is
shown in Figure 4.

Having the position of the heat conduction boundary in each
temporal interval, we can conduct the calculations of lateral
conduction and vertical conduction. In Eq. 3, the height I of
the cylindrical disturbed zone was taken as 30 m according to the
spatial range of temperature change in the monitoring well during
the production test (Yamamoto et al., 2017). The temperature
gradient of formation V¢ in Eq. 4 also used the value of 0.1°C m ™.
The thermal conductivity of formation A was estimated as
1.76 Wm™" K ' using the reservoir parameters (Fujii et al,
2015; Konno et al., 2017; Yamamoto et al., 2017) and the
distribution model (Muraoka et al., 2014):

A= Aih‘p/‘s(l_w)’{i;l_sm({)’ (7)

where Ay, A, and A, are the thermal conductivities of methane
hydrate, sediment grain, and seawater, respectively, and S, and ¢
are the hydrate saturation and porosity of HBS, respectively. This
thermal conductivity of formation A was considered constant
irrespective of the temporal and spatial difference caused by the
variation of the hydrate saturation in sediments because of the
small extent of this difference (Cortes et al., 2009; Waite et al.,
2009; Yang et al., 2015; Yang et al., 2016). Figure 5 shows the
results of the heat transfer rate in each interval and the cumulative
heat contributed by conduction. The heat derived from lateral
and vertical heat conduction through formation adds up to about
72.55 and 314.96 MJ, respectively, with a total value of 387.51 MJ.

It should be noted that the calculations of this part were
simplified. For instance, the actual temperature profile in the
reservoir is bound to be different from the one adopted in the
calculation, and the actual geometry of the boundary must not be
a simple cylinder. These deficiencies should be overcome in the
further study via numerical calculation. But fortunately, the
magnitude of the result indicates that the role of heat
conduction in the hydrate production is astonishingly
insignificant, as the equivalent gas volume of this amount of
heat is merely 161 m® according to Eq. 6.

3.2.3 Sensible Heat Released by the Disturbed Zone
As defined previously and illustrated in Figure 1, the disturbed zone
in this work refers to a cylindrical zone in which the temperature
diverges from the initial state due to hydrate dissociation and related
thermal effect. Figure 4 shows the boundary position of the
disturbed zone and the downhole temperature of the production
well, whereby the sensible heat associated with the temperature
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FIGURE 5 | Heat transfer rate and cumulative heat of lateral heat conduction (A) and vertical heat conduction (B).
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decrease of formation can be calculated based on Eq. 5. As in Eq. 3,
the height I of the cylindrical disturbed zone was taken as 30 m
according to the spatial range of temperature variation in the
monitoring well throughout the test (Yamamoto et al, 2017).
The volume specific heat p,c, of formation is calculated using
the arithmetic mean formula:

®)

where p,, p;,, p,> and p,, are the densities of HBS, methane hydrate,
sediment grain, and seawater, respectively, and c,, cy, ¢, and ¢,
are the specific heat capacities of the same components. For this
calculation, ¢ = 40% (Fujii et al., 2015), p, = 0.92 gcm™> (Waite
et al., 2007; Muraoka et al., 2014), ¢, = 2.01 kJ kg’1 K (Waite
etal,, 2009; Konno et al., 2010), p, = 2.65 gcm ™, ¢, = 0.73 k] kg '
K' (Muraoka et al, 2014), p,_ 1.00gcm™, and ¢, =
4.11kJ kg’1 K (3.5% salinity) (Sharqawy et al, 2012) were
considered. The variable is the hydrate saturation Sj,. With the
expansion of the dissociation zone, hydrate dissociation may
significantly raise the specific heat of HBS, as the specific heat
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FIGURE 7 | Comparison of the total gas production (black solid line) and
the calculated hydrate-released gas production (dashed-dotted lines) and the
real-time ratio of hydrate-released gas to gas production (red solid line).

of methane hydrate is less than that of half of seawater. However,
a dynamic calculation with a specific heat varying with time and
position is complicated and impracticable. As a compromise in
the calculation, the volume-specific heat p,c, adopted the mean
value of its maximum case 2.80 MJ m ™ K™, where S, = 0, and its
minimum case 2.25MJm > K}, where S, = 60%, the initial
hydrate saturation in the reservoir (Fujii et al., 2015), and the
mean value turned out to be 2.53MJm™ K', which was
regarded as temporally and spatially constant. To calculate the
value of Q,, Eq. 5 was specified as Eq. 9

Q- |

based on which the cumulative sensible heats by the end of each
temporal interval were calculated. Figure 6 shows the upper
bound, average, and lower bound of the sensible heat released by
the disturbed zone. The ultimate sensible heat was 226.64 GJ on
average, and the upper and lower bounds were 251.25 and
201.75 GJ, respectively.

r

p,¢, 2mrdrl (At, — Vi), 9)

r

Frontiers in Earth Science | www.frontiersin.org

35

March 2022 | Volume 10 | Article 859111


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Li et al.

100 [ﬁ\h —
= 80 -!
s J
c
o
£ 60f ——— Sensible heat
.-g —— Heat convection
k= Heat conduction
2 40
©
»
T 20 L

O [ L 1 L L L
5 28 51 74 o7 120 143
Time (h)
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convection to hydrate dissociation.

3.3 Free Gas Proportion and Implication
Figure 7 summarizes the calculation results, based on which we

can estimate the free gas proportion in the test reservoir using
Eqs 1,6. The heat from formation water in total is 10.08 GJ. The
heat derived from lateral and vertical heat conduction through
the formation adds up to 72.55 and 314.96 MJ, respectively, with a
total value of 387.51 MJ. The ultimate sensible heat released by
the disturbed zone was 226.64 GJ. Corresponding to these heat
items, the equivalent gas volumes are 4,181 m>, 161 m>, and
94014 m’, respectively. These results mean that in 138-h gas
production interval, 98356 m> of methane gas was generated due
to hydrate dissociation. As the total extracted gas was 119000 m”,
the proportion of free gas in the gross gas yield, or in the test
reservoir, was estimated as 17.35%. Considering the variation
range of cumulative sensible heat, the maximum and minimum
volumes of the total hydrate-released gas would be 108565 m>
and 88031 m’, respectively. The corresponding free gas
proportion will be 8.77% and 26.02%, respectively. According
to the results, there is likely to be a certain amount of free gas in
the NGH deposit in the Eastern Nankai Trough.

In Figure 7 the hydrate gas proportion, namely, the ratio of
hydrate-released gas to actual extracted gas, indicates that free gas
was first extracted in the beginning of few hours, and then the
hydrate dissociation sprang up as the hydrate gas proportion
surged in the following hours. The proportion exceeding 100%
indicates a delay of gas extraction caused by the sluggish gas
migration in low-permeability formation. However, after the
delay period, the hydrate gas production represents a declining
trend, which may imply a pause of hydrate dissociation and even
a reformation phenomenon of hydrates. As the gas extraction
went on, the hydrate gas proportion decreased continuously until
it converged to a basically stable value of 82.65%.

Free Gas in Hydrate Reservoirs

As an endothermic process, hydrate dissociation will absorb heat
from various sources. Our calculation demonstrated that hydrate gas
generation was mainly contributed by sensible heat associated with
the temperature decrease of formation. As shown in Figure 7, the gas
production related to sensible heat accounts for 95.6% of the total
hydrate-released gas. Figure 8 shows the contributions of the three
heat items to hydrate dissociation. In the first few hours, both the
sensible heat and heat convection constituted the main heat source
to hydrate dissociation, but then they evolved toward opposite
directions. In the rest of the production time, the sensible heat
consistently contributed more than 95% of the total heat
supplement, while that proportion of heat convection was less
than 5%. Meanwhile, the contribution of heat conduction was
negligible because the proportion was not more than 0.2% in the
entire production test. After a 24-h gas production, a noteworthy
change occurred, and the heat proportion of sensible heat began to
decline, while the heat convection and heat conduction exhibited an
upward trend. As the hydrate dissociation absorbs heat immediately
from the HBS, a moderate hydrate dissociation will bring about a
moderate release of sensible heat. So, the change might result from
the continuous temperature decline, which made hydrates
dissociated less intensively (Kim et al, 1987; Song et al, 2015).
This explanation is in agreement with the temperature records,
which presented a rapid temperature decrease before 24 h and then
had a relatively temperate descending trend.

To sum up, hydrate dissociation will mainly count on sensible
heat of formation in a relatively long term; therefore, a hydrate
reservoir with a high initial temperature is preferable for production.
But with the formation temperature gradually declining to the
equilibrium temperature, the spontaneous hydrate dissociation
and corresponding heat absorption from HBS will become feeble.
In this stage, heat convection may play an increasingly important
role. As for the production strategy, these perceptions suggest that
the formation temperature is the primary factor in terms of
thermodynamics. It is reasonable to choose a reservoir with a
higher temperature, even to artificially supply heat into the
reservoir to facilitate and maintain hydrate dissociation. In
addition, it is also a measure worthy of consideration to enhance
heat convection in a certain stage to boost the hydrate dissociation
and compensate for the degradation of formation heat release. There
has been plenty of research investigating the techniques or schemes
by implementing heat injection and hydraulic fracturing in the
hydrate reservoir (Li X.-S. et al,, 2012; Chen et al., 2014; Konno
etal., 2016; Chen et al., 2017; Sun et al., 2021), by which we can carry
out the enhanced recovery of hydrates. It is foreseeable that novel
comprehensive and sophisticated production strategies or methods
will emerge and come into play in the upcoming hydrate production.

4 CONCLUSION

In this study, we proposed a thermodynamic method for the
estimation of free gas proportion in a hydrate reservoir using the
field production and monitoring data. Based on this, we managed
to approximately estimate the free gas content in the first test
reservoir in the Nankai Trough. Considering the main
contributing thermal processes for hydrate dissociation,
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namely, heat convection of formation water, heat conduction in
formation, and sensible heat releasing of the thermal disturbed
zone, we calculated the total heat consumption due to hydrate
dissociation during the entire production period. We converted
this heat consumption into equivalent hydrate-released gas
according to the enthalpy of hydrate dissociation and obtained
the estimated gas volume of 98356 m>, which means the
proportion of free gas in total produced gas, or in total
reservoir-trapped gas, may be 17.35%, as the actual total gas
production was 119000 m>. Given the variation range of sensible
heat, the lower and upper free gas proportions were estimated as
8.77% and 26.02%, respectively.

Based on the calculation results, the hydrate gas proportion
varying with time indicates that free gas accounted for a major
part of gas generation in the first few hours, and then the hydrate
dissociation sprang up. The proportion exceeding 100% implies a
delay of gas extraction due to sluggish gas migration in low-
permeability formation. The subsequent decline of hydrate gas
proportion and generation may imply a pause of hydrate
dissociation and even reformation of hydrates.

The heat analyses demonstrated that hydrate dissociation was
mainly contributed by the sensible heat of the disturbed zone at
least in this 6-day production. Gas production related to sensible
heat accounted for 95% or so of the total hydrate-released gas,
while that of heat convection was less than 5% and not more than
0.2% for heat conduction.

Through thermodynamic analysis and calculation, we revealed
the gas composition in a hydrate reservoir, which is essential for
understanding and predicting the gas production behavior of the
hydrate reservoir. The analysis of thermal response unraveled the
energy contribution of different heat sources to hydrate
dissociation, which will guide the development of the
production strategy in the future.
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The Qiongdongnan Basin is an important gas hydrate exploration area in the South China
Sea, but the gas hydrate accumulation process is poorly understood. By selecting an
Lingshui (LS) target area and using first-hand geochemical data, three-dimensional seismic
data, and an independent thermal insulation and pressure maintaining shipborne core
analysis system, in this study, comprehensive geological evaluation was carefully
conducted around the gas source and reservoir of the gas chimney hydrates, and the
accumulation process was investigated. Geochemical data for a total of 47 sets of gas
samples revealed that the gas source of the hydrates in the study area was mainly
thermogenic gas supplemented by mixed gas. It was predicted that the contribution of the
thermogenic gas to the hydrate accumulation was up to 70%. Using the independent
shipborne core analysis system, the characteristics of the low-temperature combustible
gas hydrates were determined, and the reservoir in the study area was characterized as
non-diagenetic to weakly diagenetic, rich in clay and silt (D50 = 15.1-34.1 um), weakly self-
sustaining, and strongly heterogeneous. Based on the differentiated seismic response of
the hydrate layer-gas bearing hydrate layer-shallow gas layer at the top of the gas chimney,
the accumulation process in the target area was determined to be as follows: remote
thermogenic gas transportation, local microbial genetic gas accumulation, episodic
dynamic gas chimney reservoir formation, and source-reservoir control. In addition, the
exploration ideas of an effective supply from a gas source and a shallow large-scale sand
body are emphasized. The results of this study provide an important reference for the trial
production of natural gas hydrates in the South China Sea.

Keywords: Qiongdongnan Basin, gas hydrates, gas chimney, gas source, reservoir, accumulation process

1 INTRODUCTION

Natural Gas Hydrates (NGHs) are a type of ice-like cage structure formed by water and natural gas
molecules under low temperature and high pressure conditions. They mainly occur in dispersed,
nucleated, vein-like, and massive forms in the seabed and at depths of >300 m in terrestrial permafrost
regions in passive continental margins. Countries continue to pay attention to and invest in the
research and development of natural gas hydrates, which are a strategic clean energy source. Gas
hydrates have been found in 240 locations around the world. Hydrate pilot production has been
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completed in Mackenzie in Canada, the north slope of Alaska, the
Nankai trough in Japan, and the South China Sea (Paganoni et al.,
2019; Wei et al,, 2019; Deng et al., 2021; Lai et al,, 2021).

Chinese gas hydrate surveying began in 1999. After long-term
exploration and sea trials, NGHs have been identified as the 173rd
new mineral. The Qiongdongnan Basin and the Pearl River Basin are
delineated as two pilot test areas for natural gas hydrate exploration
and production (Zhu et al., 2009; Zhang et al.,, 2019a). The research
on exploration technology, reservoir formation mechanisms, and
basic physical properties has reached or approaches the international
advanced level, but the overall exploration degree is low. At present,
the most important work is to establish reliable natural gas hydrate
resource evaluation and exploration techniques. Since 2017, China
has completed several rounds of offshore gas hydrate drilling, logging
while drilling, and coring operations in the deep water area of the
Qiongdongnan Sea area using the drilling and logging system on the
independent offshore oil 708 deep water engineering survey ship and
independently developed coring technology. Comprehensive
domestic technologies and a complete operation process of the
ship exploration drilling, logging, and coring evaluation sea test
have been developed, making China the third country in the
world to independently master this type of technology. After three
rounds of voyage, Qiongdongnan Sea Area containing the hydrate
formation of “strong BSR seismic reflection, high resistivity and low
acoustic time” features, can be divided into “type gas chimney that are
rich in thermogenic gas hydrate, polygons that are rich in
thermogenic gas fracture—silt composite hydrate and the causes
of thermogenic gas and mixed gas hydrate sliding body at the bottom
of the” three kinds of hydrates. But the study on the geological process
of accumulation is not enough.

The Qiongdongnan Basin is an important oil- and gas-
producing area and hydrate-rich region in the South China
Sea. The X17-2, X25-1, and X18-1 gas fields and the Haima
active cold seep have been discovered successively along the
channel of the central canyon of the basin, indicating that the
deep gas source supply is sufficient and there are good transport
channels and a favorable reservoir formation environment (Xu
et al,, 2016; Wang et al., 2018; Yang et al,, 2018; Zhang et al,,
2019b; Wan et al.,, 2020; Wei et al., 2020; Zhang et al., 2021; Chen
et al., 2022). In particular, leaky gas hydrates, represented by gas
chimney hydrates, have become one of the research objects in
trial production projects (Zhang et al., 2016; Paganoni et al., 2019;
Wei et al,, 2019; Zhang et al., 2020a; Zhang et al., 2020b; Deng
et al,, 2021; Lai et al, 2021; Wan et al, 2021). However, gas
chimney hydrates are characterized by multi-stage dynamic
accumulation, multi-solution of logging seismic responses,
strong reservoir heterogeneity, and low saturation of the ore
body, which restrict our geological understanding and
exploration techniques (Zhu et al., 2009; Wang et al, 2015;
Wan et al,, 2017; Wang et al,, 2018; Wan et al., 2022).

In this study, the gas source, reservoir, and accumulation
process of gas hydrates in the selected gas chimney hydrate
enrichment area in the Lingshui(LS) sea area in the
Qiongdongnan Basin were systematically and carefully
investigated using first-hand geochemical and geophysical data.
In terms of gas source, this is the first time that China’s
independent coring technology is used to collect and analyze

Gas Hydrates, South China Sea

the gas data of hydrate formation in hydrate well and
conventional gas layer in gas well, which is of practical
significance to the co-production of hydrate and conventional
gas and the correlation analysis of hydrate and conventional
gas. In terms of reservoir, the infrared imaging characteristics,
scanning electron microscopy and remolding characteristics of
hydrate reservoir in previous studies are supplemented, and the
fine grain characteristics and physical properties of hydrate
reservoir are reported. A quantitative understanding of the gas
source (70% thermogenic gas and 30% mixed gas) was obtained;
two main reservoir types (rich silt shale (clay) reservoir and
microfracture reservoir), were identified; and the “remote
thermogenic gas filling gas chimney, local microbial origin
supplementation, episodic dynamic accumulation, and source-
reservoir control” accumulation mechanism was identified. The
exploration idea of a gas source and sand body was determined to
have a great potential. The results of this study provide an
important scientific reference for the trial production of natural
gas hydrates in the South China Sea.

2 GEOLOGIC BACKGROUND

The Qiongdongnan Basin is located at the west end of the
continental shelf of the South China Sea, north of Hainan
Island, south of the Yongle uplift of the Paracel Islands, west
of the Yinggehai Basin, and adjacent to the Shenhu uplift and the
Zhu III and Zhu II depressions. It is a NE-trending extensional
rift sedimentary basin with a basin area of 8.3 x 10*km? It
consists of five secondary structural units: the Hainan uplift,
northern depression, central uplift, central depression, and
southern uplift. Because the Mesozoic, the Qiongdongnan
Basin has experienced the Shenhu movement, the South China
Sea movement, and the Dongsha movement successively, the
sedimentary strata are characterized by three stages of
differentiation: the Late Cretaceous-Late Oligocene multi-
episode rifting period, the Early Miocene-Middle Miocene
thermal subsidence period, and the Neotectonic period since
the Late Miocene (Liang et al., 2019; Paganoni et al, 2019
Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al,, 2021).

At present, the Qiongdongnan deep water area has become a
key area for conventional oil and gas exploration and hydrate trial
production, with a deep water area of about 5.3 x 10* km? and a
maximum water depth of 3,000m, including the central
depression, the Songnan low uplift, and the Lingnan low
uplift. The faults in the deep water area of the Qiongdongnan
Basin are mainly developed in Paleogene strata, and the faults
mainly trend NE-SW, E-W, and NW-SE. Among them, the large-
scale NE-SW faults run through the central depression, with a
length of about 300 km in the deep water area; and they divide the
central Canyon waterway into the Ledong section, Lingshui
section, Songnan section, and Baodao section. The deep water
area of the basin exhibits a structural pattern characterized by
north-south zoning and east-west partitioning (Figure 1) (Huang
et al,, 2016; Huang et al,, 2017).

The study area is located in the Songnan low uplift area and is
surrounded by the Lingshui Sag and the Beijiao Sag, with water
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FIGURE 1 | Regional tectonic position and stratigraphic histogram of Qiongdongnan Basin.

depths of 1,650 m-1800 m. The focus of the exploration is the
gas chimney group in the Songnan low uplift. The 3D seismic
data and general survey reveal that this area has geological
characteristics indicative of gas hydrate accumulation. 1) High
production gas flow has been obtained from an exploration
well adjacent to the X17-2 gas field in the submarine fan
sandstone reservoir of the Neogene Yinggehai Formation,
with a daily gas output of 110 x 10*m’, which is the first
large deep water gas field covering over 100 billion cubic
meters discovered by CNOOC. 2) Multiple gas chimneys
are distributed in the Ne-trending belt; a typical blank zone
reflection and BSR distribution can be seen in the structure.
The geothermal gradient of the gas chimneys is high (113°C/
km), the transport system is well developed, and the fluid
circulation is active. 3) The hydrates are mainly developed in
the submarine fan silt-sand reservoir in the Quaternary
Ledong Formation, the provenance of which includes the
Kunsong Block, Red River in India, and Hainan Island. 4)
Remotely Operated Vehicle (ROV) observations revealed that
the terrain of the seafloor is flat, with a small number of pock
marks and deep-sea organisms. Crustacean fragments were
observed around the pocks.

3 METHODS

In this study, 47 representative samples were systematically
collected from hydrate wells and conventional exploration
wells in the study area, and they were subjected to gas source
analysis, including data on the gas components and carbon
isotope compositions of the methane in the deep, medium,
and shallow strata in the gas chimney development areas, such
as areas X18-H5 and X17-2. The gas composition was
analyzed by gas chromatography mass spectrometer. The
carbon isotope was analyzed by stable isotope mass

spectrometer. The water depth of the sampling well is
1720 m, and the hydrate occurrence depth is 24-172 mbsf.
The well is located above the core of the gas chimney. Based on
the identification chart for hydrocarbon gas genetic types in
marine sediments, the genetic discrimination was conducted
using the samples’ gas humidity values, k = C1/(C2+C3), the
carbon isotope compositions of the methane and ethane in the
gas samples.

The reservoir in the Qiongdongnan Sea Area has been
carefully analyzed using an independent ship-borne thermal
insulation and pressure preserving core analysis and testing
system developed in China. To confirm the low temperature
and flammability of the methane hydrates, a portable infrared
thermal imager was used to core the hydrate enrichment
intervals from 127 to 153 mbsf. The sediment particle sizes of
15 samples from different depths (0-173 mbsf) were analyzed
using a shipboard laser particle size analyzer (BT-9300ST,
Dandong Bettersize Instruments Co., Ltd., Dandong, China).
According to the national standard (GB/T19077.1-2008),
sediment samples weighing 0.5 g were added to 1,000 ml of
deionized water, and then 0.5 M sodium hexametaphosphate
was added as the dispersant. After that, the samples were
stirred for at least 1 min to evenly disperse the particles.
Finally, the samples were dried and tested. The rock and
mineral analysis of the sediment samples from 151.7 mbsf
was conducted using a shipboard X-ray diffractometer. In
addition, the samples were observed using a scanning
electron microscope (SEM) (Nova NanoSEM 450, FEI Co.,,
United States of America). Ten grams of the sample was
weighed and dried, and then, a small spoonful of dry sample
was smeared on tape for field emission SEM measurements.
In situ X-ray Computed Tomography (CT) scans (SMX-
225CTX-SV, Shimadzu Co.,, Japan) were performed on
samples from depths of 120 and 123.5 mbsf under pressure
with a resolution of 40 um.
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4 RESULTS

4.1 Characteristics of the Gas Source of the

Natural Gas Hydrates

4.1.1 Gas Composition and Isotopic Characteristics
It can be seen from the test results of the samples from the deep,
medium, and shallow strata that the main components of the gas
include hydrocarbon gases, such as methane, ethane, and
propane, and non-hydrocarbon gases, such as carbon dioxide,
sulfur dioxide, and nitrogen. The methane content is the highest
(97.7%, average of 89.21%, excluding four shallow samples from

Gas Hydrates, South China Sea

area X25-1), and the ethane content is also high(17.01%, average
of 7.88%, excluding four shallow samples from area X25-1). The
average carbon dioxide content was 1% (Table 1) (Huang et al.,
2016; Huang et al,, 2017; Cong et al.,, 2018; Liang et al., 2019;
Paganoni et al., 2019; Wei et al., 2019; Ye et al,, 2019; Deng et al.,
2021; Lai et al., 2021). Therefore, the gas composition shows that
Type I and II methane hydrates are developed and occur in the
study area (Figure 2). The carbon isotope values of the methane
are —59.5%o to —35.4%o, with an average of —46.26%o. The carbon
isotope values of the ethane are —20.67%o to —27.6%o, with an
average of —25.22%o. The humidity values of the samples are

TABLE 1 | Gas composition and isotope data of gas chimney type hydrate in Qiongdongnan Basin (Huang et al., 2016; Huang et al., 2017; Cong et al., 2018; Liang et al.,

2019; Paganoni et al., 2019; Wei et al., 2019; Ye et al., 2019; Deng et al., 2021; Lai et al., 2021)
No. Sample Sample Deepth/mbsf C1/% Co/% CO./% 8C1/%0 8C2%0 C,4/(C2+C3) Maker Source
type
1 X18-H5-1 Hydrate gas 27.2 83.08 13.54 3.38 -58.7 -23.07 6 CNOOC  This study
2 X18-H5-2 Hydrate gas 67.2 95.83 417 0 -58.47 -22.95 23 CNOOC  This study
3 X18-H5-3 Hydrate gas 129.7 86.64 1.5 1.86 / / 8 CNOOC  This study
4 X18-H5-4 Hydrate gas 147.2 92.93 6.3 0.77 / / 15 CNOOC  This study
5 X18-H5-5 Hydrate gas 161.7 81.85 15.8 2.35 / / 5 CNOOC  This study
6 X18-H5-6 Hydrate gas 172 86.17 13.51 0.32 -48.08 -20.67 6 CNOOC  This study
7 X25-1-1 Deposits 37 10.22 0.46 0.02 -46.2 -27.6 22 CNOOC  This study
8 X25-1-2 Deposits 37.2 3.55 0.18 0.04 -45.9 -24.3 20 CNOOC  This study
9 X25-1-3 Deposits 37.4 8.12 0.16 0.05 -46.5 -25.5 51 CNOOC  This study
10 X25-1-4 Deposits 37.6 2.64 0.12 0.06 -46.7 -26.9 22 CNOOC  This study
11 X25-1 Natural gas Huangliu 83.66 7.2 5.98 -38.3 -24.8 13 CNOOC  Ganetal, 2018
12 X25-2 Natural gas Huangliu 77.81 6.84 4.29 -35.4 -25.2 14 CNOOC  Gan et al., 2018
13 X25-5 Natural gas Huangliu 79.93 8.23 2.6 -41.6 -26.1 15 CNOOC Gan et al., 2018
14 X17-2-1 Natural gas 3,306 92.51 6.14 0.45 -36.8 -23.5 15 CNOOC  Huang et al. (2016)
15 X17-2-2 Natural gas 3,329 91.68 59 0.7 -38.2 -23.7 16 CNOOC Huang et al. (2016)
16 X17-2-3 Natural gas 3,407 89.45 7.21 0.53 -38.0 -25.3 12 CNOOC  Huang et al. (2016)
17 X17-2-4 Natural gas 3,251 90.97 7.68 0.2 -39 -25.4 12 CNOOC Huang et al. (2016)
18 X18A-1 Natural gas Huangliu 88.01 6.89 0.06 -40.1 -26.4 16 CNOOC  Gan et al., 2018
19 X18A-2 Natural gas Huangliu 89.30 5.95 0.05 -40.4 -25.2 17 CNOOC  Ganetal, 2018
20 X18B-1 Natural gas Huangliu 94.15 3.67 0.05 -40.4 -25.2 18 CNOOC  Ganetal, 2018
21 X22-1-1 Natural gas 3,339 91.16 7.48 0.31 -39.2 -26.2 19 CNOOC  Liang et al., 2016
22 X22-1-2 Natural gas 3,352 91.37 7.28 0.32 -38.8 -26 20 CNOOC  Liang et al., 2016
23 X22-1-3 Natural gas 3,391 91.53 7.20 0.32 -39.2 -26 21 CNOOC  Liang et al., 2015
24 W08-2018-1 Hydrate gas 8 97.69 2.05 / -59.5 -26.0 46 CGS Lai et al. (2021)
25 W08-2018-2 Hydrate gas 62.93 81.21 12.88 / -56.3 -26.9 5 CGS Lai et al. (2021)
26 W08-2018-3 Hydrate gas 148.4 79.16 14.4 / -50.4 -26.5 4 CGS Lai et al. (2021)
27 W08-2018-4 PCS 32.88 94.94 4.23 / -54.4 -25.5 19.7 CGS Lai et al. (2021)
28 W08-2018-5 PCS 79 95.75 3.69 / -58.6 -25.1 23.5 CGS Lai et al. (2021)
29 W08-2018-6 PCS 80.9 95.73 3.68 / -48.8 -22.4 23.7 CGS Lai et al. (2021)
30 W08-2018-7 PCS 112.3 96.46 2.99 / -53.8 -23.3 29.1 CGS Lai et al. (2021)
31 W08-2018-8 PCS 145.65 83.49 11.61 / -49.3 -27.5 5.4 CGS Lai et al. (2021)
32 W08-2018-9 PCS 158 84.17 10.99 / -50.4 -26.9 5.7 CGS Lai et al. (2021)
33 W08-2018-10  PCS 187.1 92.82 4.56 / -50.4 -26.7 14 CGS Lai et al. (2021)
34 W9B-2018-1 Void gas 18.55 95.2 4.22 / / / 22 CGS Liang et al. (2019)
35 W9B-2018-2 Void gas 42 88.3 9.71 / / / 8 CGS Liang et al. (2019)
36 W9B-2018-3 Void gas 43.98 90.4 7.98 2978 ppm / / 10 CGS Liang et al. (2019)
37 W9B-2018-4 Void gas 59.12 98.3 1.33 1687 ppm / / 68 CGS Liang et al. (2019)
38 W9B-2018-5 Void gas 59.9 98.3 1.31 1776 ppm / / 70 CGS Liang et al. (2019)
39 W9B-2018-6 Void gas 73.18 95.1 4.50 / / / 20 CGS Liang et al. (2019)
40 W9C-2018-1 Void gas 106 97.3 2.40 / / / 40 CGS Liang et al. (2019)
4 W9C-2018-2 Void gas 107 97.7 2.07 1088 ppm / / 46 CGS Liang et al. (2019)
42 W9C-2018-3 Void gas 131.81 81.6 15.04 700 ppm / / 5 CGS Liang et al. (2019)
43 W9C-2018-4 Void gas 133.61 86.9 11.31 / / / 7 CGS Liang et al. (2019)
44 W9C-2018-5 Void gas 152.29 791 16.56 2339 ppm / / 4 CGS Liang et al. (2019)
45 W9C-2018-6 Void gas 152.69 78.5 17.01 2216 ppm / / 4 CGS Liang et al. (2019)
46 W9C-2018-7 Void gas 155.14 84.5 11.38 2142 ppm / / 6 CGS Liang et al. (2019)
47 W9C-2018-8 Void gas 156.21 85.6 10.51 1880 ppm / / 6 CGS Liang et al. (2019)
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FIGURE 2 | Identification plate of gas source types of gas chimney hydrate in Qiongdongnan Basin.

4-51, with an average of 17.8. From the relationship between the
gas composition and depth, it can be seen that the methane
contents of the shallow samples are higher than those of the deep
samples, and the ethane contents of the deep samples are higher
than those of the shallow samples. The contributions of the deep
thermogenic gas and shallow microbial gas to the gas components
are shown in Figure 3.

4.1.2 Gas Source Types and Contributions

The isotopic error analysis revealed that the original signal is clearly
retained in the isotopic data for the collected samples. The first gas
origin chart (Milkov and Etiop, 2018) divides the gas into primary
microbial origin, low microbial origin, thermal origin, and abiotic
origin. The majority of the gas samples plot in the oil-type thermal
origin gas and early maturation thermal origin gas fields (Figure 2).
On the second gas origin chart (Huang et al., 2016; Huang et al.,
2017; Conget al., 2018; Liang et al., 2019; Paganoni et al., 2019; Wei
etal, 2019; Ye et al,, 2019; Deng et al., 2021; Lai et al., 2021; Zhang
etal,, 2020), the majority of the gas samples plot in the coal-derived
thermogenic methane and ethane fields, and only four samples plot
in the microbiological methane and thermogenic ethane fields
(mixed gas) (Figure 2). Both of these results confirm a thermogenic
gas origin, but there are limitations to the coal type pyrolysis gas
and oil type pyrolysis gas (i.e., they are significantly different in
terms of the chemical composition and structure of the gas forming
parent material). Combined with the sample properties and
identification results, it is concluded that the hydrate gas in the
study area is mainly thermogenic gas, supplemented by mixed
genetic gas, and the contribution of the thermogenic gas is 70%.

4.1.3 Gas Resource Potential
The comparison of the gas source revealed that the source rocks
of the biogenic gas in the study area are the marine siltstone and

argillaceous siltstone of the local Yinggehai Formation-
Quaternary system. The carbon isotope compositions of the
methane range from —87%o to —62%o, and the organic carbon
contents of the source rocks of the gas range from 0.28 to 0.49%.
The thermogenic gas in the study area is derived from the source
rocks of the Yacheng Formation to Sanya Formation in the
Lingshui Sag and Beijiao Sag. The organic matter is Type II
and III kerogen and is in the mature to highly mature (Ro =
1.6-3.5%) gas-generation stage. It is concluded that the gas source
in this area is sufficient and can serve as the basis for
mineralization.

4.2 Characteristics of Gas Hydrate

Reservoir

The reservoir in the study area is composed of the clayey silty and
silty clay deposits of the Quaternary Ledong Formation
(~1.9 Ma), which is a non-diagenetic fine-grained reservoir in
the abyssal plain facies. The natural gamma ray values of the
hydrate formation are 30-50 API higher than those of the
adjacent formation. The content of silty sand is high, but it is
still in the clay-silty sand grade for weak diagenetic-non-
diagenetic and quartz-rich feldspar. It was found that the
hydrate reservoir is weakly diagenetic to non-diagenetic, is
rich in clay and silt, is weakly self-sustaining, and is strongly
heterogeneous.

4.2.1 Thermal Imaging Characteristics of Hydrate
Cores

At room temperature (about 27°C), the temperature range of the
core samples is —3.1 to 30°C, and the temperatures of the
columnar thermal insulation and pressure retaining reservoir
samples are 23-25°C. The block hydrate samples have

Frontiers in Earth Science | www.frontiersin.org

43

April 2022 | Volume 10 | Article 880471


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Fan et al.

Gas Hydrates, South China Sea

u Methane (%)

20

40

60 3

80 ®
100
120
140 =
160 «
180
200

Depth (mbsf)

®

® X18-H5 © W08-2018 » W9-2018

Ethane (%)

20
40
60 .
80 °

100

Depth (mbsf)

140 ‘
160 o
180
200
o XI8-H5 © W08-2018 © W09-2018

E CV/ (C2+C3)

]

20
40 .. Se °
60 o
80

100

Depth (mbsf)

140
160 €
180
200
® X18-H5 e W08-2018 ° W09-2018 e X25-1

E Methane (%)

75 80 85 90 95 100

E Ethane (%)

0 5 10 15 20

E C1/(C2+C3)

0 20 40 60 80

FIGURE 3 | Gas content at different depths at different sites (A,B) Methane; (C,D) Ethane; (E,F) C1/(C2+C3))

88 89 90 91 92 93 94
3240
(]
3260
3280

3300

Depth (mbsf)
n

. X17-2 m X22-1

5 6 7 8 9 10
3240

3260
3280
3300
3320
3340 "

Depth (mbsf)
-

3360
3380

m X17-2 m X22-1

10 12 14 16 18 20 22
3240

3260
3280
3300
3320
3340

Depth (mbsf)
-

3360
3380
3400
3420

m X17-2 m X22-1

significant low temperature characteristics (-3.1-0°C), and they
were compared with the flame temperature of the hydrate after
ignition (89°C), which proves that the hydrates are characterized
by low-temperature flammability. The overall shape of the

reservoir is cylindrical (purple, about 25-26°C), and the
hydrate ore body has a low temperature (black, about 1.6°C)
and is distributed in patches and masses, indicating that the
coring harvest was basically complete (Figure 4).
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measurement).

FIGURE 4 | Core thermal imaging characteristics (A) hydrate measurement; (B) flame measurement; (C) Columnar core measurement; (D) ore body

During the process of transferring the sample from the
temperature and pressure environment, 1) in the initial stage
of core removal, the reservoir exhibited a good cylindrical
shape, but the cylindrical samples gradually collapsed during
the subsequent testing process, with scattered and porridge-
like characteristics. This indicates that the reservoir is
non-diagenetic to weakly diagenetic and is poorly self-
sustaining. The hydrates play an important role in
supporting the stable consolidation of the reservoir’s
framework. 2) Several independent and dispersed hydrate
ore bodies were observed in the obtained multi-section rock
core, indicating the poor connectivity and strong
heterogeneity of the hydrate reservoir. 3) During the core
placement, the temperature of the reservoir continued to
increase, which is speculated to have been caused by the
decomposition and heat absorption of the dispersed hydrates
in the reservoir’s pores.

4.2.2 Particle Size Analysis

The particle size analysis results are presented in Table 2.
The results show that 1) the median grain size of the
sediments ranges from 15.1 to 34.1 pm, and the median
grain size is concentrated in the range of 21.3-28.9 um (9/
15), indicating that the reservoirs are composed of silty
sediments. 2) At sampling depths of 0.8 mbsf and 123 mbsf,
the median grain size of the reservoir is 30-34 pm.

Combined with the Cone Penetration Test (CPT) stress
characteristics at the corresponding depth, the analysis
results indicate that the is composed of
carbonate crust or a small amount of silty deposits,
reflecting ancient cold seep activity. 3) The grain size of
the sediments varies little with depth, indicating that the
sedimentary environment is Quaternary deep-sea
suspended sediments, and large-scale silty and sandy
deposits are not present.

reservoir

4.2.3 Mineral Composition and Electron Microscopic
Characteristics
The main mineral composition of the samples included
quartz (23%), plagioclase (17%), sericite (15%), albite
(14%), calcium carbonate (10%), illite (10%), potassium
microcline (3%), pyrite (1%), and amphibole (1%). The
corresponding major element compositions of the samples
included silicon dioxide (54%), aluminum oxide (15%),
calcium oxide (5%), ferric oxide (5%), potassium oxide
(4%), magnesium oxide (3%), sodium oxide (2%), sulfur
oxide (2%), and titanium dioxide (1%). The above results
show that the main minerals in the samples were quartz,
chlorite, mica, and feldspar, indicating that the reservoir is a
clay-rich silty deposit.

A large number of lamellar clay minerals were observed
under the electron microscope, but the mineralization and
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TABLE 2 | Sample depth and median grain size of gas chimney type gas hydrate reservoir in Qiongdongnan Sea Area.

Depth(m) median grain size(um)
0.1 24.856
0.5 27.641
0.8 34.112
0.95 24.600
1.2 24.760
12.3 21.312
27.2 16.065
87.2 16.710
100.7 17.946
123.7 30.642
127.2 27.784
129.7 28.944
137.2 21.804
151.7 16.962
172 25.555

diagenetic characteristics of the minerals were weak,
indicating that the reservoir is weakly diagenetic to non-
diagenetic (Figure 5).

4.2.4 Pore Structure and CT Scans

In situ X-ray CT analysis yielded two typical reservoir
structural features that were consistent with the predicted
major reservoir types (Figure 6). Figure 6A shows the clay-
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rich silty reservoir lacking fractures, and it is fine grained and
homogeneous overall (gray). The inferred hydrate ore body
(black) is massive and porphyritic and is independently
dispersed within the core, lacking a continuous veined core.
Figure 6B shows the clay-rich silty reservoir with well-
developed fractures. Overall, the fractures (dark brown) are
well developed and have inconsistent strikes. A small amount of
granular hydrate (black) can be seen in the core fractures, but
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FIGURE 5 | Electron microscopic characteristics (A) reservoir samplel; (B) reservoir samplell).
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FIGURE 6 | 3D simulated images of two types of reservoirs by X-ray CT scanning (A) reservoir samplel; (B) reservoir samplell).
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FIGURE 7 | Seismic reflection of gas chimney structure in H area of Qiongdongnan Basin.
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FIGURE 8 | Gas hydrate accumulation model in H area, Qiongdongnan Basin.

the amount of nucleation is limited. It was found that the
microfracture reservoir is the main reservoir type in the gas
chimney, and the fractures improve the hydrate storage space,
which suggests that research on fractured reservoirs in fine-
grained sediments should be strengthened.

5 DISCUSSION
5.1 Gas Chimney Conductor

Gas chimney-type hydrates are the main occurrence structure of
the gas hydrates in the Qiongdongnan Sea Area. Gas chimneys
are often formed by overpressure of the gas reservoir, low
structural stress, and mud shale isolation. In fact, they are
microfracture groups formed by abnormal formation pressure
that appear as oval or upright chimneys on the seismic profile.
They are characterized by abnormal velocities, in-phase axis pull
down, and chaotic blank reflections due to the gas they contain
(Figure 7) (He et al., 2015; Zhang et al, 2019). Theory and
exploration have revealed that the evolution of mud diapirs, gas
chimneys, and pocks is continuous, and these structural groups
have a high fluid transport efficiency. The characteristics of gas
chimneys can reflect the tectonic evolution stage of the gas
chimneys, the fluid flux, and the migration path.

The gas chimneys in the LS region are concentrated in the
ridges of the Songnan low uplift. The diameters of the individual
gas chimneys are 3-7 km, and four consecutive gas chimneys
form a group along the NEE direction. The tops of the gas
chimneys are wide and low and are covered by Quaternary
argillaceous deposits and silt-rich slump bodies. The bottom
simulating reflector (BSR) phenomenon is obvious in the

submarine fan of 3rd Ledong Formation and the 4th Ledong
Formation. The acoustic Blank Zone (BZ) in the core of the gas
chimney is long and elliptic and exhibits a wave impedance
difference with the surrounding rock. The core is often
connected with the sand body, and the root narrows, and it is
in unconformable contact with the underlying strata (Figure 8).

Based on the geological and geophysical analysis, the gas
chimneys are considered to be the most efficient known
transport channels in this area. The study area has a high
geothermal gradient (65°C/km in the wing and 113°C/km in
the core). A large number of craters and biological remains of
shellfish were observed on the seafloor, and carbonate crusts and
bioclasts were repeatedly returned with the rock debris, indicating
that fluid channels developed in the tops of the gas chimneys and
there is upwelling and paleo-cold seep activity. In addition, a large
number of fractures were observed in the remolded cores,
indicating that abnormal fluid pressure played an important
role in the formation of the large-scale fractured reservoirs.

In particular, combined with the logging data, the seismic
profile can be divided into a hydrate layer (top), a hydrate and
shallow gas mixed layer (middle), and a shallow gas layer
(bottom). The gas hydrates in the upper member of the
Ledong Formation at the top of the gas chimneys exhibit a
scattered, patchy, strong amplitude and in-phase axial
thickening, and the BSR is more obvious. The gas-water
transition zone in the middle part of the Ledong Formation is
characterized by multiple sets of external wedge-shaped filling
deposits and a strong internal amplitude. Based on the core of the
lower member of the Ledong Formation, the larger the free gas
content is, the more obvious the pull-down amplitude of the
isophase axis is. This three-section characteristic and the logging
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interpretation indicate that deep and local gas accumulated at the
top after convergence and spilled down after saturation. The gas
boundary is controlled by the temperature and pressure
conditions, indicating that the scope of the gas charging and
the reservoir configuration affect the scale of the hydrate
occurrence.

5.2 Accumulation and Main Controlling

Factors

Based on the above understanding, the geological process and a
model of the gas hydrate accumulation in the study area were
determined: remote thermogenic gas transportation, local
microbial genetic gas accumulation, episodic dynamic gas
chimney reservoir formation, and source-reservoir control.
The analysis of the source of the gas revealed that multiple gas
sources are the material basis of the gas chimneys. The gas source
of the NGHs in the Songnan low uplift is mainly thermogenic gas
from the remote Lingshui Sag, Lingshui Subsag, and Beijiao Sag.
Based on the geothermal gradient and basin model, the Yacheng,
Lingshui, and Sanya formations are in the oil-generation window
(3,150-5,000 m, RO = 0.5-1.3%), and they have a thermogenic
gas generation and hydrocarbon expulsion capacity (Zhang et al.,
2019). Allochthonous thermogenic gas can be transported into
the mud diapir through the sand channels, sheet sands,
unconformity interface, and faults around the gas chimney,
and the gas continuously accumulates in the weak zone of the
mud diapir. The deep-sea argillaceous gas source rocks of the
Meishan Formation, Huangliu Formation, Yinggehai Formation,
and Quaternary Formation have entered the stage of microbial
gas generation and also have hydrocarbon generation and
expulsion capabilities.

Because the hydrocarbon expulsion time of the deep
geothermal gas is much earlier than that of the shallow
microbial gas (Zuo et al., 2016; Li et al, 2017; Song et al,
2021), the two types of gas and their mixture migrate, charge,
and converge in stages. First, the thermogenic gas in the remote
Yacheng Formation migrated over a long distance into the mud
diapirs-gas chimneys along the sand body, unconformity
interface, and faults under the action of overpressure, and the
continuous charging of a large amount of thermogenic gas led to
the development of microcracks in the mud diapirs-gas
chimneys. Then, the local microbial gas preferentially migrated
from the high fluid potential area to the low fluid potential area
along the existing fracture groups and sand bodies in the
hydrocarbon expulsion stage, and the gas chimneys continued
to evolve under the sufficient gas supply conditions. Finally, the
gas accumulated at the top of the gas chimney and was charged
down and on the weak side, forming different types of hydrates
under the favorable temperature and pressure conditions in
the trap.

Episodic and dynamic reservoir formation is a new
understanding of gas chimney gas hydrate exploration, which
is mainly manifested as dynamic reservoir formation and the
strong heterogeneity of the hydrates. In the longitudinal
direction, the thermogenic gas and microbial gas experience
episodic hydrocarbon expulsion migration and accumulation

Gas Hydrates, South China Sea

processes. The gas can break through the surface and form an
active cold seep (such as the Haima Cold Seep) during the peak of
the hydrocarbon expulsion stage, and a migration channel is
opened, which is conducive to the continuous development and
enrichment of gas hydrates. In the low valley of the hydrocarbon
expulsion stage, the migration channel is closed, and the cold seep
can evolve into an ancient cold seep (a pock relic), resulting in the
continuous decomposition and local diffusion of the hydrates.
Such episodic reservoir formation is always in dynamic evolution
and has been verified by multiple types of well data. The episodic
and dynamic accumulation characteristics strengthen the
contribution to the reservoir heterogeneity, which is beneficial
to understanding the accumulation process.

In summary, the geological process of hydrate accumulation in
the study area involves remote thermogenic gas transportation,
local microbial genetic gas accumulation, gas chimney episodic
dynamic reservoir formation, and source-reservoir control.
Among them, the gas source determines the material basis of
the hydrate accumulation, and the continuous charging and
effective supply range of the gas are conducive to the stable
development and accumulation of hydrates. The favorable
reservoir determines the filling effect of the hydrate
accumulation and the size and state of the ore body. Sand-rich
reservoirs and fracture-rich reservoirs are favorable to the
formation of a concentrated, high saturation ore body. The
influences of the cap layer, conduction system, and
temperature and pressure conditions are limited. Based on the
above research results, we believe that the next step should be to
strengthen research on the multi-source effective gas supply and
deep-sea shallow sand body distribution to improve our
geological understanding and exploration ideas.

6 CONCLUSION

1) Based on newly obtained geochemical data for 47 oil and gas
wells and hydrate wells, it was found that the gas source of the
gas chimney-type natural gas hydrates in the Qiongdongnan
Basin is mainly thermogenic gas supplemented by mixed gas.
Based on the samples, it was estimated that the contribution of
the thermogenic gas to the hydrate accumulation was 70%.

The reservoirs in Qiongdongnan Basin were determined to be
non-diagenetic to weakly diagenetic, rich in clay and silt
(median grain size of 15.1-34.1 um), weakly self-sustaining,
and strongly heterogeneous. There are two main types of
reservoirs: silty and argillaceous (clay) reservoirs and
microfracture reservoirs.

Based on the seismic characteristics of the top of the gas
chimney, ie., a hydrate layer, gas hydrate-containing layer,
and shallow gas layer, it was determined that the geological
processes were as follows: remote thermogenic gas
transportation, local microbial genetic gas accumulation,
episodic dynamic gas chimney reservoir formation, and
source-reservoir control. This suggests that the geological
understanding and exploration ideas of an effective supply
from a gas source and the distribution of deep-sea shallow
sand bodies should be strengthened.

2)

3)
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To delineate the spatial distribution of high saturation gas hydrate reservoirs in the low-
angle subduction areas of the Makran Accretionary Prism, we conducted seismic data
interpretation and impedance inversion of gas hydrates in the Makran Accretionary Prism
and comprehensively analyzed the characteristics of the high saturation gas hydrate
reservoirs in the Nankai Trough in Japan and the Shenhu Area in the South China Sea. The
results show that the Makran Accretionary Prism features thick sediments, developed
transport systems of “two-way gas supply” (i.e., thrust fault and normal fault, thrust fault
and high permeable strata), and clear and continuous bottom simulating reflector (BSR).
Meanwhile, strong-amplitude reflectors and strong-impedance anomalies coexist in the
anticline wing above the BSR. Combined with the proven characteristics of high saturation
gas hydrate reservoir, the high saturation gas hydrate reservoirs in the Makran
Accretionary Prism are probably mainly distributed in the anticline wings immediately
above the BSR. These results provide useful information for the exploration and
development of gas hydrate in the low-angle subduction area of the Makran
Accretionary Prism.

Keywords: high saturation hydrate deposit, reservoir characteristic comparison, impedance anomalies, low-angle
subduction area, Makran Accretionary Prism

1 GEOLOGICAL SETTING

At present, the accumulation mechanism of gas hydrate in the high-angle subduction area of the
active continental margin is relatively clear (Hyndman and Spence, 1992; Baba and Yamada, 2004;
Zhang et al., 2006; Riedel et al., 2010; Hu et al., 2020), however the accumulation mechanism of gas
hydrate in the low-angle subduction area is rarely reported (Gong et al, 2018a). Makran
Accretionary Prism is located in the active continental margin with the lowest subduction angle
worldwide, in which has complex thrust structure and widely distributed BSRs in the slope area,
indicating that gas hydrate has a great potential in this area. Therefore, Makran Accretionary Prism
can be viewed as a natural laboratory to study hydrate accumulation mechanisms in the low-angle
subduction margins.
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FIGURE 3 | Schematic diagram of the amplitude-enhanced reflectors above and below the BSRs and the highly permeable strata for fluid transport in the Makran

Accretionary Prism (the section position shown in Figure 1).

The Makran Accretionary Prism in the northwest Indian
Ocean was formed by the low-angle subduction of the Arabian
Plate beneath the Eurasian Plate (Figure 1) Owing to the low
subduction angle (less than 3°) and abundant sediments from
the Eurasian Plate, the sediments of the Makran Accretionary
Prism are over 7,000 m thick (Kopp et al., 2000; Grando and
McCla, 2007). These sediments serve as the source rock for the
formation of gas hydrates in the area. According to drilling
and seismic data, the Makran Accretionary Prism is mainly
composed of Cenozoic strata (Hussain et al., 2015; Gong et al.,
2018b). Our findings suggest that Paleogene abyssal-facies
mudstones and Miocene bathyal-facies mudstones are
primary source rocks of gas hydrates in this area.
According to the calculations using temperature and
pressure fields under which gas hydrates remain stable, the
gas hydrates in the Makran Accretionary Prism have
developed in areas with a water depth of over 800 m, and
distributed in sediments 300-700 m below the seafloor. The
sediments are Pliocene-Quaternary strata and primarily
consist of pelagic and hemipelagic mudstones interbedded
with turbidites.

During surveys of several cruises in 1997, 1998 and 2007 (SO-
122, SO-123, SO-124, SO-130 and (M74/3), gas seepage and a
number of microbial mats were found (Von Rad et al., 2000).
Previous studies have identified the distribution of BSR from 2D
seismic data offshore Makran (Von Rad et al., 2000; Grevemeyer
et al,, 2000; Smith, 2013; Liao et al., 2019). Full wave-form
inversion suggests that gas hydrate concentrations above the

BSR as low as 10%, and most free-gas below BSR (Sain et al,
2000). Hydrate samples are porous and tubular, cold springs and
plumes highly rise (Bohrmann and Ohling, 2008). Meanwhile,
burnable methane is spewed out of near-shore mud volcanoes
(Von Rad et al., 2000; Delisle et al., 2002, Delisle, 2004; Zhang
et al,, 2020). Therefore, the Makran Accretionary Prism has
sufficient gas sources and favorable accumulation conditions
for gas hydrates. Compared with other active continental
margins, Makran Accretionary Prism has thicker free gas
under the BSR (Sain et al, 2000; Smith, 2013). According to
seismic data interpretation, fluids are mainly transported by deep
thrust faults and highly permeable strata, followed by superficial
small normal faults, and gas hydrates are mainly distributed in
seafloor surface anticlinal ridges and strata immediately above the
BSR (Figure 2) (Gong et al., 2016; Gong et al., 2018b).

2 DATA AND METHODOLOGY
2.1 Data Acquisition

The seismic data acquired in late 2019. Due to the increase of
the record time and length of seismic cable (Supplementary
Table S1), the resolution of seismic data has been greatly
improved. This study incorporates the seismic and logging
data from gas hydrate drilling holes in the Nankai Trough,
Japan and the Shenhu Area, South China Sea to compare the
characteristics of high saturation gas hydrate reservoirs by
impedance inversion.
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FIGURE 4 | Gravity core GC-11 from the Makran Accretionary Prism
shows sporadically distributed hydrates in silty clay (Modified after Bohrmann
and Ohling, 2008; Gong et al., 2017, site position shown in Figure 1).

2.2 Methodology
2.2.1 Seismic Interpretation and Impedance Inversion

Synthetic seismic records of gas hydrate-bearing layers were
obtained using the reflection characteristics of seismic wave
groups (ie., external geometrical morphology, internal
reflection structure, continuity, amplitude, frequency, and layer
velocity), as well as regional geological data. Gas hydrate-bearing
strata generally show strong amplitude anomalies in the synthetic
seismic records (Riedel et al., 2010). Seismic impedance can well
reflect the characteristics of gas hydrates (such as BSRs), and the
applications of wave impedance in the identification of gas
hydrate and the study of the concentration assessments have
achieved good results (Riedel and Shankar, 2012; Wan et al., 2016;
Xue et al., 2016; Li et al., 2019). In this study on the characteristics
of hydrate-bearing reservoirs, we performed well-free acoustic
impedance inversion using seismic data because there is no
logging data in the study area. The low-frequency impedance
model was obtained by seismic velocity data.

Most of the strata at the target location have large dip angle,
which imposes higher requirements for the low-frequency model. It
is necessary to improve the accuracy of seismic interpretation in the
early stage to ensure the accuracy of horizon information. In order to
ensure the rationality of the low-frequency impedance model, we
extracted wavelets at multiple locations and obtained the optimal
wavelet. Then, we used the inversion results to correct the initial

Makran Accretionary Prism Gas Hydrate

model iteratively and finally obtained the final impedance inversion
results. The high saturation hydrate reservoirs on the impedance
inversion profile can be characterized by high impedance anomalies.

2.2.2 Hydrate Reservoir Correlation

A comparative analysis was conducted on the characteristics (e.g.
lithology, thickness, and sedimentary facies) of high saturation
hydrate layers using the seismic and logging data of high
saturation hydrate concentrated areas confirmed by drilling in
Nankai Trough and Shenhu area in South China Sea. In this way,
the characteristics of the seismic reflections and inversed impedance
anomalies of high saturation hydrate concentrated areas were
determined. Based on this information, the authors can predict
high saturation hydrate concentrated zones in the Makran
Accretionary Prism.

3 RESULTS AND DISCUSSION

3.1 Seismic Interpretation and Impedance

Inversion of the Makran Accretionary Prism
3.1.1 Amplitude-Enhanced Reflectors

According to the interpretation of newly acquired high-
resolution seismic data, the BSR in the study area shows
noticeable reflection characteristics and is continuously
distributed, and fluids are transported by massive highly
permeable strata (indicated with blue arrows in Figure 3) as
well as deep thrust faults and shallow normal faults. Most of the
highly permeable strata are located in the piggyback basin under
the BSR. They correspond to the negative topography of the
seafloor and are present as inclined amplitude-enhanced
reflectors in the seismic profile (Figure 3). As revealed by
previous studies, the amplitude-enhanced reflectors above the
BSR are generally the high saturation hydrate concentrated zones
(Guo et al,, 2017), whereas those below the BSR are usually free
gas concentrated zones (Riedel et al., 2010). Analysis shows that
the free gas layers under the BSR in the Makran Accretionary
Prism are 200-300 m thick (Grevemeyer et al., 2000; Sain et al.,
2000; Ojha and Sain, 2008), indicating that the Makran
Accretionary Prism has abundant gas sources. However, there
are no apparent amplitude-enhanced reflectors in the shallow
depth strata near seafloor of the Makran Accretionary Prism. This
may be related to the small particle size of surface sediments
(mainly including silty clay) and the low saturation hydrates with
sporadic distribution (Figure 4) (Bohrmann and Ohling, 2008;
Gong et al., 2017).

3.1.2 Impedance Inversion

Seismic data interpretation has revealed that the gas hydrates
in the Makran Accretionary Prism are mainly concentrated in
the anticlinal ridge and have a two-story structure (Gong
et al., 2016; Gong et al., 2018a). To date, surface hydrate
samples have been obtained from gravity cores (Figure 4), but
the deep hydrate layers close to the BSR have not been drilled.
Shallow hydrate-bearing sediments show weak amplitude or
blank reflections in the seismic profile (Figure 3). By contrast,
the unconfirmed deep hydrate layers above the BSR are
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FIGURE 5 | Seismic profile (time domain) and detailed views of impedance inversion resuits (time domain). (A) Seismic profile; (B) impedance inversion results of the

present as amplitude-enhanced reflectors in the seismic
profile (Figures 3, 5) and show high impedance anomalies
in the impedance inversion profile (Figure 5). Seismic data
interpretation and the analysis of sedimentary conditions
indicate that deep hydrate reservoirs may consist of coarse-
grained turbidites. Comprehensive analysis suggests that the
strong amplitude and high impedance above the BSR in the
study area probably indicate high saturation hydrate
concentrated zones as well as coarse-grained sediments
(Guo et al., 2017). By contrast, the strong amplitude and
low impedance under the BSR reflect free gas concentrated
zones (Figure 5). It should be noted that the piggyback basin
under the BSR show the interbeds of slightly higher and low
impedance, reflecting both the low impedance of free gas and
the slightly higher impedance of turbidite sands.

3.2 Comparison of Characteristics of High
Saturation Hydrate Reservoirs

3.2.1 Characteristics of Hydrate Reservoirs in the
Nankai Trough, Japan

Two hydrate production tests have been conducted in 2012 in the
Nankai Trough offshore Japan, which is a typical example of the

exploration and production tests of gas hydrates in active continental
margins. According to Zhao, 2019, the high saturation hydrate
reservoirs in the Nankai Trough were identified mainly based on
the clear and continuous BSR, the existence of amplitude-enhanced
reflectors above the BSR, high P-wave velocity, and sand-rich
turbidites. The logging interpretation results show that the
hydrates discovered in the first well (AT1-C) for coring and
hydrate production tests in Japan are mainly concentrated in the
wing of anticlinal ridges and show two layers of strong reflections
above the BSR on the seismic profile (Figure 6) (Fujii et al., 2015).
The upper layer of strong reflections is mainly composed of sheeted
turbidite sands with high lateral continuity. By contrast, the lower
layer of strong reflections consists of thick channel sands with poor
lateral continuity, both sand layers have almost the same hydrate
saturation of 50-80%. In addition, Komatsu et al. (2015) divided the
60 m thick hydrate concentrated zone of well AT1-C into four
sedimentary facies zones based on logging curves (Figure 6).
Analysis of sedimentary facies associations shows that the hydrate
concentrated zone can be divided vertically into three portions,
namely bottom turbidity channels, middle sheeted turbidity sands,
and top basin-bottom sediments. Among them, the bottom and
middle portions have the gas hydrates at the highest concentrated
level (Ito et al., 2015).
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FIGURE 7 | Geophysical response of hydrate reservoirs in the Shenhu Area in the South China Sea (Modified after Li et al., 2018; Ning et al., 2020).

Therefore, the relatively continuous strong-amplitude
reflections above the BSR indicate high-saturation hydrate
deposits and highly permeable turbidites are high-saturation
hydrate concentrated zones in the Nankai Trough.

3.2.2 Characteristics of Hydrate Reservoirs in the
Shenhu Area, South China Sea

Three hydrate production tests have been conducted in the
Shenhu Area in the South China Sea. Therefore, the Shenhu
Area is also a model for the exploration and production tests

of gas hydrates of passive continental margins. According to
comprehensive analyses (Zhang et al., 2014; Li et al., 2018; Su
et al, 2020; Ning et al, 2020), the conditions for the
concentration of high saturation hydrate deposits in the
Shenhu Area are similar to those in the Nankai Trough,
Japan (Figure 7), despite they are in different tectonic
backgrounds. The logging curves show that the average
P-wave velocity of hydrate concentrated zones in the
Shenhu Area is about 2.03 km/s, while that of non-hydrate
layers under the BSR is only 1.1-1.7 km/s (Ye et al., 2020).
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In 2015, logging-while-drilling was conducted at 23 sites in the
Shenhu Area carried out by the Guangzhou Marine Geological
Survey. The logging data obtained during this expedition showed a
hydrate saturation of up to 64%. Several sets of hydrate layers are
vertically developed along Well W11, with a total thickness of over
70 m and a maximum hydrate saturation of up to 53%. By analyzing
the seismic profile and synthetic seismic records of this well, Guo
et al. (2017) found that the hydrate horizons are present as three
strong reflections in the seismic profile and show strong impedance
in the profile of synthetic seismic records. Li et al. (2019) obtained a
detailed description of hydrate deposits passing through Well W11
using the well-free broadband seismic inversion technology
(Figure 8). The inversion results clearly showed the top
boundary, bottom boundary, and internal characteristics of the
hydrate deposits in the Shenhu Area. Hydrate deposits in the
Shenhu Area are located above the BSR and are manifested as
three strong reflection axes (left, Figure 8), while the free gas under
the BSR show weak impedance anomalies.

According to the above comparison, although there are
different tectonic geological backgrounds, the corresponding
relationship between strong reflection and gas hydrate is the
same. We believe that the strong amplitude reflectors above BSR
represents the existence of high saturation hydrate in both active
and passive continental margins.

3.2.3 Analysis of Gas Hydrate Saturation by
Comparison With ODP204

relatively small, and the amount of resources is relatively small; 2.
The weak reflections between seafloor and BSR, which is thicker
than the cold seeps zones, and the saturation is generally 2-8%
(Figure 9A), but its distribution area is relatively large and its
thickness is also large, so the amount of hydrate resources should
be relatively large; 3. Strong reflection above BSR, with saturation of
about 15-20% (Figure 9C), distribution zone between 1 and 2,
thickness of about 100m, and contains large hydrate resources. In
addition, it is strongly reflected under the BSR, which can be
determined as free gas can be considered as a part of the gas
hydrate system, with a thickness of up to 1000m, which contains
a great amount of resources (Figure 9C).

3.3 Discussion of Characteristics of High

Saturation Hydrate Reservoirs

1) Drilling results from the gas hydrate reservoirs in the Nankai
Trough, Japan confirmed that the amplitude-enhanced reflectors
above the BSR are high saturation hydrate concentrated zones
and that aquifers lacking amplitude-enhanced reflectors exist
under the BSR. According to the logging curves of the gas hydrate
reservoirs in the Nankai Trough, the sedimentary strata under
the BSR show low resistivity and high gamma ray intensity
(Figure 6). This indicates that the content of argillaceous
materials increases and that the storage space decreases under
the BSR accordingly. These conditions are unfavorable for the
accumulation of free gas.

The seismic reflection characteristics of Makran Accretionary Prism  2) Drilling and impedance inversion results from the gas hydrate
are similar to those of Nankai Trough, and also can be compared reservoirs in the Shenhu Area show that amplitude-enhanced
with ODP204 drilling results (Tréhu et al., 2004). The drilling results reflectors coexisting with high impedance anomalies above the
of ODP204 show that gas hydrate is mainly distributed in three BSR are also high saturation hydrate concentrated zones. By
zones (Figure 9): 1. It is a high saturation accumulation area related contrast, the amplitude-enhanced reflectors below the BSR
to cold seeps, and its saturation can usually reach 30-40% show low resistivity, high gamma ray intensity, and low
(Figure 9B). The cold seep organisms found in the anticline impedance (Figures 7, 8). Therefore, it can be inferred that
ridge of Makran and the clear vertical channel on the seismic the free gas under the BSR has low saturation.

profile indicate that this type of hydrate distribution exists in the ~ 3) The results of seismic interpretation and wave impedance
Makran area, However, its distribution range and thickness are inversion from the hydrate reservoirs in the Makran
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FIGURE 9 | Compared with ODP204 drilling results to speculate the gas hydrate saturation of Makran Accretionary Prism (modified after Tréhu et al., 2004). (A)
seismic profile across the site 1245, 1246, 1244 and 1252 of ODP204. (B) seismic profile across the site 1250, 1249 of ODP204. (C) seismic profile across the site 1251
of ODP204. The transparent color areas of profile A, B, C represent different gas hydrate saturation calculated from the ODP204 drilling results. (D) seismic profile and

Accretionary Prism indicate that amplitude-enhanced
reflectors exist in the anticline wing above the BSR and
the syncline area of the piggyback basin under the BSR.
Given these results and the comparative analysis of
characteristics of hydrate reservoirs in the Nankai
Trough and the Shenhu Area, it can be inferred that the
amplitude-enhanced reflectors above the BSR that coexist
with high impedance anomalies are possibly high
saturation hydrate concentrated zones.

4) The amplitude-enhanced reflectors below the BSR in the
hydrate reservoirs in the Makran Accretionary Prism may
be free gas concentrated zones. The slightly higher

impedance anomalies coexisting with the amplitude- 4
enhanced reflectors are related to the distribution state
of the free gas in the strata or the coexistence of free gas 1)

and hydrates. In fact, the free gas below the BSR in the study
area primarily occurs in coarse-grained turbidite sand

layers and constitutes oblique interlayers together with
mud layers. Such inclined layered distribution of free gas
will change the velocity of gas-bearing sediments (Ojha and
Sain, 2008). In addition, transition zones consisting of
hydrates, free gas, and water exist below the hydrate
deposits in the areas of production tests in the Shenhu
Area (Qin et al,, 2020). The degree of mixing of the
substances of different phases in the transition zones
changes the velocity of gas-bearing sediments, for which
the specific reasons require further investigation.

CONCLUSION

According to the comprehensive analyses, the conditions for
the formation of high saturation hydrate reservoirs should be
characterized by a clear and continuous BSR, the coexistence
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of amplitude-enhanced reflectors and high impedance
anomalies above the BSR, high P-wave velocity, and
relatively coarse-grained sediments.

The Makran Accretionary Prism has thick sediments,
developed transport systems of “two-way gas supply”
(i.e., thrust fault and normal fault, thrust fault and high
permeable strata), and a clear and continuous BSR.
Meanwhile, apparent amplitude-enhanced reflectors exist
above and below the BSR. According to the impedance
inversion results, the anticline wings above the BSR and
the syncline area of the piggyback basin below the BSR
show strong and a little strong impedance anomalies,
respectively.

As inferred from the drilling results of high saturation
hydrate reservoirs in the world, high saturation hydrate
reservoirs in the Makran Accretionary Prism are mainly
probably distributed in the anticline wings immediately
above the BSR. Moreover, these reservoirs are characterized
by coarse-grained sediments and the coexistence of
amplitude-enhanced reflectors and high impedance
anomalies.

The saturation of gas hydrate near cold seeps can reach
30-40%. However, its distribution range and thickness are
relatively small, and the resources is relatively small. The
saturation of gas hydrate of weak reflections between
seafloor and BSR is generally 2-8%, the amount of hydrate
resources should be relatively large. Strong reflection above
BSR, with saturation of about 15-20% contains large hydrate
resources. The free gas under the BSR with a thickness of up to
1000 m contains a great amount of gas.

2)

3)

4)
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The current study examines the methane gas hydrate stability zone (GHSZ) in the Shenhu
area in the northern South China Sea (SCS) as an example to calculate the thickness of the
GHSZ and reconstruct its evolution since 8.2 Ma. Two mechanisms for typical double
BSRs in the Shenhu area are shown, and the relationship between the evolving thickness
of the GHSZ and the dynamic accumulation of NGHs at typical stations in the Shenhu area
is clarified. The results show that the thickness of the GHSZ varies over time with overall
thickening in the Shenhu area. The current thickness of the GHSZ is between 160.98 and
267.94 m. Two mechanisms of double BSRs in the Shenhu area are summarized: the
double BSRs pattern based on changes in formation temperature, pressure and other
conditions and the double BSRs pattern based on differences in gas source and
composition. The formation process and occurrence characteristics of double BSRs
and hydrate at site SH-WO07-2016 in the Shenhu area are also closely related to the
changes in thickness of the GHSZ. In addition, the age when gas source first enters the
GHSZ has a considerable influence on the dynamic accumulation process of hydrate.
Since the formation of hydrate above the BSR at site SH-W07-2016, the GHSZ has
experienced up to two periods of thickening and two periods of thinning at this site. With
the changes in the thickness of the GHSZ, up to two stages of hydrate formation and at
most two stages of hydrate decomposition have occurred. This paper is of great value for
understanding the formation of multiple bottom-simulating reflectors (BSRs) as well as the
migration, accumulation and dissipation of natural gas hydrate (NGH) during the dynamic
accumulation process.

Keywords: gas hydrate, gas hydrate stability zone, double BSRs, dynamic accumulation process, the Shenhu area

1 INTRODUCTION

The gas hydrate stability zone (GHSZ) is the zone of thermodynamic equilibrium of three-
phase compounds composed of natural gas hydrate (NGH), water, and gas (Rempel and
Buffett, 1997). The thickness of the GHSZ not only determines the maximum possible range of
hydrates but is also an important index for NGH exploration and resource evaluation, and it
has received extensive attention in recent decades (Kvenvolden, 1993; Sloan and Koh, 2008;
Collett, 2009).

Frontiers in Earth Science | www.frontiersin.org 62

April 2022 | Volume 10 | Article 880933


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.880933&domain=pdf&date_stamp=2022-04-28
https://www.frontiersin.org/articles/10.3389/feart.2022.880933/full
https://www.frontiersin.org/articles/10.3389/feart.2022.880933/full
https://www.frontiersin.org/articles/10.3389/feart.2022.880933/full
https://www.frontiersin.org/articles/10.3389/feart.2022.880933/full
http://creativecommons.org/licenses/by/4.0/
mailto:leiyh@mail.iggcas.ac.cn
https://doi.org/10.3389/feart.2022.880933
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.880933

Song et al.

The spatial-temporal variability of GSHZ is important for
understanding the dynamic accumulation process of hydrate The
thickness and spatial distribution characteristics of the GHSZ are
very sensitive to temperature and pressure and are also affected by
gas composition and pore water salinity (Holder et al., 1987;
Collett, 2009). Factors such as geothermal gradient, bottom water
temperature (BWT), and climate cause changes in temperature
and pressure conditions (Foucher et al., 2000; Zander et al., 2017;
Lei et al., 2021); tectonic uplift and folding cause changes in
seawater depth (Bangs et al., 2005; Haacke et al., 2007); and
differences in hydrate gas source components (Posewang and
Mienert, 1999; Andreassen et al., 2000; Lei et al., 2021) may lead
to changes in the thickness and spatial distribution of the GHSZ.
These changes will lead to a change in GHSZ, which affects the
decomposition, migration, and accumulation or dissipation of
hydrate, that is the dynamic accumulation process of hydrate
(Foucher et al., 2000; Auguy et al, 2017; Pecher et al., 2017;
Zander et al., 2017).

Bottom-simulating reflectors (BSRs) are strong impedance
contrasts in seismic sections caused by upper hydrate-bearing
sediments and lower water- or gas-bearing sediments (Ecker
et al., 2000). BSRs are often used as a marker of the lowest
formation of hydrate to search for marine gas hydrate (Ruppel
et al., 2008; Mosher, 2011; Boswell et al., 2012; Phrampus and
Hornbach, 2012). The dynamic accumulation process of hydrate
will cause double/multiple BSRs. Clarifying the relationship
between multiple BSRs and hydrate is of great significance
for improving the success rate of marine hydrate exploration
based on BSRs. However, there is not a one-to-one
correspondence between the BSR and NGHs (Majumdar
et al,, 2016; Liu et al,, 2017). NGHs were encountered in only
12 out of 35 sites with significant BSRs from 788 sites in the Gulf
of Mexico (Majumdar et al., 2016). Moreover, BSR still lacks
accuracy in identifying high-saturation hydrates (Majumdar
et al., 2016; Liu et al., 2017); NGHs were discovered in 104
(14%) of 753 sites in the Gulf of Mexico without a BSR
(Majumdar et al.,, 2016). The phenomenon of double BSRs or
multiple BSRs is found in many hydrate occurrence areas. These
include the Storegga Slide area west of Norway (Posewang and
Mienert, 1999), the Nankai trough of Japan (Foucher et al., 2000;
Baba and Yamada, 2004), the accretionary wedge of the Manila
subduction zone (Wu et al., 2005), the southern Hydrate ridge
offshore of Oregon (Bangs et al., 2005), the Danube deep-sea fan
of the Black Sea (Popescu et al., 2006; Zander et al., 2017), the
Kutei Basin offshore of Indonesia (Zhang and Wright, 2017), the
Shenhu area on the northern slope of the South China Sea (SCS)
(Liang et al., 2017; Wei et al.,, 2018) and the Dongsha area of the
SCS (Li et al., 2015; Jin et al., 2020b). In these previous studies,
double/multiple BSRs can be caused by differences in gas
components (Posewang and Mienert, 1999; Andreassen et al.,
2000; Liang et al., 2017), changes in stratigraphic lithology or
mineral composition (Foucher et al., 2000; Martin et al., 2004;
Musgrave et al., 2006), or an increased BWT, the pressure drop
when the sea level drops, tectonic uplift, seafloor erosion and
other factors leading to the change in the GHSZ (Foucher et al.,
2000; Bangs et al., 2005; Haacke et al., 2007; Pecher et al., 2017;
Zander et al., 2017; Jin et al., 2020b).

GHSZ Spatial-Temporal Evolution in Shenhu
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FIGURE 1 | The geographical location and well location characteristics

of the Shenhu area: (A) Tectonic unit of the Pearl River Mouth Basin; (B) The
location and profile of the coring well in this study (the data came from Liang
et al., 2014; Zhang et al., 2017).

The South China Sea (SCS) is rich in NGH resources (Wu
et al,, 2010; Liang et al., 2014; Zhang et al., 2017). Geophysical
exploration and drilling results reveal that double BSRs are
common in the SCS, such as at sites SH7, SH-W07-2016 and
W17 in the Shenhu area of the Pearl River Mouth Basin (Liang
etal., 2017; Qian et al., 2018; Sun et al., 2018; Zhang et al., 2020b).
The phenomenon of double BSRs may be related to the dynamic
accumulation of hydrate, but is essentially caused by changes in
the GHSZ. However, the existing studies on the spatial-temporal
evolution of the GHSZ and its relationships with the formation of
double BSRs and the dynamic migration, accumulation and
dissipation of hydrate are not comprehensive.

The spatial-temporal evolution of the GHSZ can be used to
better understand the dynamic decomposition, migration,
accumulation and dissipation of gas hydrates and to analyse
the formation mechanism of double and multiple BSRs. In view of
this, this paper selected the Shenhu area on the northern
continental slope of the SCS as the research object, where
geophysical and logging while drilling (LWD) data are
abundant. In this paper, the evolution and spatial distribution
characteristics of the GHSZ in the Shenhu area are simulated, and
the relationships between the evolution of the GHSZ and the
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formation of double BSRs and the dynamic accumulation of
hydrates in the Shenhu area are discussed. This work can provide
a reference and insights for understanding the distribution of gas
hydrate accumulation and clarifying the relationship between
BSRs and NGHs in the Shenhu area.

2 GEOLOGICAL BACKGROUND

The Shenhu area is located in the middle of the Baiyun Sag of the
Pearl] River Mouth Basin in the northern SCS, which is located in
a passive continental margin zone (Figure 1). The Pearl River
Mouth Basin has experienced two tectonic evolution stages:
Eocene-Oligocene rifting and Neogene-Quaternary postrift
depression (He et al., 2017). Cenozoic marine and continental
transitional sediments dominated by clay and silt have been
deposited from bottom to top (Pang et al., 2007; Zhang et al,,
2014). The present depth of the Shenhu area is approximately
800-1700 m (Liang et al., 2014; Zhang et al., 2017, Zhang et al.,
2020a; ETOPOI1 data), the seabed pressure ranges from
approximately 11-14 MPa, the heat flow value ranges from
74 mW/m” to 78 mW/m’, the geothermal gradient is 45°C/km
to 67°C/km, and the temperature of the seawater at the seabed is
between 2 and 6°C; thus, these temperature and pressure
conditions are suitable for the generation of gas hydrates
(Zhang et al., 2017).

Three sets of source rocks are developed in the Shenhu
area. The Eocene-Oligocene Wenchang and Enping
Formations are the main source rocks of thermogenic gas
in the Baiyun Sag (Li et al., 2015). The total organic carbon
(TOC) of the Wenchang Formation ranges from 0.53% to
6.10%, with an average of 2.63%, and the TOC of the Enping
Formation ranges from 0.46% to 1.57%, with an average of
0.89% (Niu et al., 2019). The source rocks of the Wenchang
Formation and Enping Formation are in the mature to high-
maturity stage, the Ro of the Wenchang Formation ranges
from 0.52% to 0.69%, and the Ro of the Enping Formation
ranges from 0.55% to 0.88% (Niu et al., 2019). Pliocene and
Quaternary marine sedimentary strata are the main source
rocks of biogenic gas in the Baiyun sag. Although the
abundance of organic matter in Pliocene and Quaternary
marine sediments is low, with a TOC ranging from 0.51%
to 1.83%, at the immature to low-maturity stage, the organic
matter in these strata can also generate a large amount of
biogenic gas (He et al., 2013), which provides a sufficient gas
source for hydrate formation in the Shenhu area. Faults, fluid
diapirs and microfractures are well developed in the Shenhu
area. Some faults and diapir structures connect the deep
source rocks of the Wenchang and Enping Formations,
and a large number of small faults and diapir structures
are also developed in the shallow strata (He et al., 2013).
These faults, diapirs and fractures are important channels
allowing thermal gas from deep strata and biogenic gas from
shallow source rocks to move to the GHSZ and provide
enough natural gas for the formation of gas hydrate (Su
et al., 2017; Zhang et al., 2018). The sufficient gas sources,
widely distributed gas migration channels and suitable
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temperature and pressure conditions all indicate that the
Shenhu area is a favourable exploration area for NGHs
(Wu et al., 2010; Liang et al., 2014; Su et al., 2016; Zhang
et al,, 2017).

Starting in the 21st century, China has carried out a series of
scientific research and exploration activities for gas hydrates in
the SCS and obtained a series of drilling data, including data
from a large number of 2D and 3D seismic explorations (Yang
et al,, 2015, Yang et al., 2017 J.; Zhang et al., 2017; Qian et al,,
2018; Sun et al., 2018; Zhang et al., 2020a; Zhang et al., 2020b),
hydrate LWD data (Li et al., 2018; Ye et al., 2018, 2020) and data
from massive pore-filling gas hydrate-bearing cores (Wang
et al,, 2014; Su et al,, 2016; Yang S. X. et al, 2017; Zhang
et al,, 2017; Su et al,, 2018; Wei et al., 2018; Zhang et al., 2019;
Zhang et al., 2020a; Zhang et al., 2020b). From 2007 to 2016, a
total of 31 hydrate sites were drilled in the Shenhu area, of which
12 operations encountered hydrate layers. The thickness of the
hydrate layer was between 10 and 47 m (Zhang et al., 2007; Wu
et al,, 2011; Wang et al., 2014; Zhang et al., 2020a; Zhang et al,,
2020b), and the porosity of the sediments was between 55% and
65%. Hydrate saturation was approximately 220%-80% (Wang
et al,, 2014; Yang et al., 2015; Su et al., 2016; Yang J. et al., 2017;
Yang S. X. et al.,, 2017; Zhang et al., 2017; Zhang et al., 2020a;
Zhang et al., 2020b). In 2017 and 2020, the Guangzhou Marine
Geological Survey (GMGS) carried out hydrate mining
experiments in the Shenhu area twice and achieved great
success in the 60-day production test (Li et al, 2018; Ye
et al., 2018; Ye et al,, 2020). The geological and geophysical
data and drilling and gas hydrate exploration results all show
that the Shenhu area has great gas hydrate exploration and
development prospects (Zhang et al., 2007; Wang et al., 2014;
Yang et al., 2015; Su et al., 2016; Zhang et al., 2017; Su et al,,
2018; Zhang et al., 2019; Zhang et al., 2020a; Zhang et al,
2020b).

3 METHODOLOGY AND DATA

3.1 Method

The GHSZ is the interval in which the three phases of NGH, water
and gas reach thermodynamic equilibrium under certain
temperature and pressure conditions. NGH in this range is
thermodynamically stable (Kvenvolden, 1993; Rempel and
Buffett, 1997). The intersection point of the geothermal
gradient and the temperature-pressure phase equilibrium
boundary below the sea bottom is the bottom boundary of the
GHSZ, the seafloor is the top boundary of the GHSZ, and the
vertical distance between the top boundary and the bottom
boundary is the thickness of the GHSZ. Therefore, the
thickness of the GHSZ can be calculated by using the
temperature and pressure phase equilibrium equation of gas
hydrate combined with the geothermal gradient curve
(Dickens and Quinby-Hunt, 1994; Miles, 1995; Brown et al.,
1996; Bishnoi and Dholabhai, 1999; Peltzer and Brewer, 2003;
Sloan, 2008). The upper BSR usually represents the bottom
boundary of the methane GHSZ. To verify the rationality of
the simulation results, methane GHSZ was selected for
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calculation in this research. The calculation method of the
theoretical model is as follows:

The methane hydrate phase diagram shows the methane
GHSZ as a function of pressure and temperature. By
measuring the temperature (T) and pressure (P) of the
stability field of methane hydrate in seawater in the laboratory,
Miles’s (1995) fourth-order polynomial phase equilibrium
equation of temperature (T) and pressure (P) Eq. 1 is more
suitable for the calculation of GHSZ thickness in continental
margin areas:

P=C+m, (T-273.15)+m, (T=273.15)* +m; (T —=273.15)°

+my (T-273.15)* (1)

where P is the pressure, MPa; T is temperature, K; C is the
constant term of the fitting relation, with a value of 2.8074023. m;,
m,, ms and my denote fitting coefficients of polynomials under
different conditions, with values of m, = 1.559474 x 10™}, m, =
4.8275 x 1072, m; = —2.78083 x 107>, and m, = 1.5922 x 107%.

In the calculation, the range of the GHSZ is calculated by
assuming that the gas consists entirely of methane. The
transformation relationship between pressure (P) and depth
(h + D) is shown in the equation:

P:Parm+pg(h+D) (2)

where P, is atmospheric pressure, with a value of
0.101325 MPa; p is seawater density, with a value of 1035 kg/
m?; g is gravity, with a value of 9.81 m/s% h is the vertical distance
of the GHSZ bottom to seabed, km; and D is the present seawater
depth, km.

The calculation equation of the geothermal gradient (G) is as
follows:

_ (T'-273.15) - (T; - 273.15)

G h—h

3)

where T; is the sediment temperature at point I, K; 4; is the
vertical distance to the seabed at point i, km; and G is the
geothermal gradient, "C/km.

When temperature is taken as the varied parameter, the
functional relations (4) and (5) with temperature as the
independent variable and h as the dependent variable can be
obtained by using Eqs 1-3.

e [C+my (T = 273.15) + my (T = 273.15)> + m (T = 273.15)° + m, (T = 273.15)" = Pyy] x 10° S
rg

(4)

®)

T —273.15) - (T; - 273.15
b )~ )i

When Eqs 4, 5 are equal, the value of h is the thickness of
the GHSZ.

3.2 Data

3.2.1 Seawater Depth Data

The present seawater depth (D) is an important parameter in
calculating the thickness of the present GHSZ. The present
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seawater depth in the Shenhu area varies from 730 m in the
northwest to 1,650 m in the southeast (Figure 1).

The paleo-seawater depth is the main parameter involved in
calculating the paleo-GHSZ, and the paleo-seawater depth (D) is
a function Eq. 6 of the present seawater depth (D), the history of
relative sea level fluctuation (AH;), the history of sea floor
subsidence (AH,), and the history of depositional
thickness (AH3):

DP:D+AH1+AH2—AH3 (6)

where D, is the paleo-seawater depth, km; AH, is the history of
relative sea level fluctuation, km; AH, is the history of seafloor
subsidence, km; and AHj; is the history of depositional
thickness, km.

Pang et al. (2007) studied the deep-water fan system of the
Pearl River Mouth Basin in the SCS. The history of relative sea
level change in the Pearl River Mouth Basin was established by
analysing the coupled relationship between the large continental
shelf delta and the Pear] River Mouth Basin deep-water fan
system on the slope. The relative sea level change data over
time in this study (AH,) refer to the research results of Pang et al.
(2007) (Figure 2A).

The seafloor subsidence history (AH,) and the history of
depositional thickness (AH3) in the Shenhu area are based on
the burial history in the Shenhu area (Figure 2B), and the data of
this burial history come from Su et al. (2018). The erosional
events, timing of erosion, and eroded thickness in the Shenhu
area are based on the studies of Li (2010), Zhang (2011), Zhao
(2012), and He et al. (2019).

3.2.2 BWT

Zhu, 2007 established a fitting calculation equation for the
present bottom water temperature (BWT) (T) and seawater
depth (D) based on BWT and seawater depth data from the
continental margin basins of the northern SCS. The results show
that there is a certain deviation between the calculated BWT data
and the measured BWT data. However, it can be seen from the
World Ocean Atlas 2013 that the annual variability in the BWT in
the Shenhu area is approximately +2°C, so this error is within the
normal range of +2°C. According to Formula 3, the increase in
BWT is accompanied by a decrease in GHSZ. The corrected value
in Formula 7 is larger than the average value, and the thickness of
the GHSZ is correspondingly thinner. Although the BWT
changes naturally within a year, it does not affect the change
within the minimum range of the GHSZ. The change in BWT had
little influence on subsequent analysis.

The measured temperature data of 10 wells, such as SH1 in the
Shenhu area, were used as the benchmark to calibrate the
equation, and the temperature-depth equation after correction
is shown in Eq. 7. After numerical correction, the relative error
between the measured and corrected BWT is between +0.38%
and 13.35% (Table 1), which is within the error range. Therefore,
the equation of Zhu, 2007 was adopted in this study to calculate
the present seabed temperature in the Shenhu area by correcting
the measured BWT (Figure 2C).
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FIGURE 2 | (A) Changes in relative sea level and BWT at ODP 806 in the Pearl River Mouth Basin in the northern SCS (modified from Pang et al., 2007 and Lear
et al., 2015); (B) Burial history of a single well in the Shenhu area, northern SCS; (C) The BWT characteristics in the Shenhu area, northern SCS; (D) The geothermal
gradient characteristics in the Shenhu area, northern South China Sea (the data come from Su et al., 2016; Zhang et al., 2020a; Jin et al., 2020D).
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TABLE 1 | Calculation parameters of the BWT (Zhu et al., 2013; Zhang et al.,
2020a; Zhang et al., 2020b).

Site Measured BWT ('C) Calculated BWT ('C)  Relative error (%)
SH1 5.20 5.18 -0.38
SH2 4.84 5.25 8.47
SH3 5.53 5.22 -5.61
SH7 6.44 5.58 -13.35
W11 4.84 5.07 4.75
W17 4.74 5.19 9.49
W18 4.63 512 10.58
W19 5.64 5.16 -8.51
SC-01 494 512 3.64
SC-02 4.95 5.13 3.64

T, = —-8.7946 In(D x 1000) + 337.4369
In(T, - 274.4789) = —0.7485 x (In D — 2.0339)
T, = 276.6789

0.1km < D < 0.8km
0.8km < D <2.8km
D >2.8km

{ ™
where T is the present BWT, K.

Lear etal. (2015) used 8'®0 and Mg/Ca records of the infaunal
benthic foraminifer O. umbonatus from Ocean Drilling Program
(ODP) Site 806 (equatorial Pacific; ~2,500 m) since 17 Ma in an
adjacent research area (Figure 2A).

According to the present BWT and the research results of Lear
et al. (2015), paleo-BWT (Tp) is a function of the present BWT
(T,) and the relative change in BWT (AT) by Eq. 8:

T, =T, +AT ®)

where T, is the paleo-BWT, K, and AT is the relative change in
BWT, K.

In addition, when the temperature changes, heat transfer
occurs inside the model. The model should follow the basic
theory of heat transfer and consider the calculation process of
heat transfer. However, the process of temperature conduction
and the change in hydrate phase state usually does not exceed
several decades, which is far less than the time unit studied in this
model (millions of years, Ma) (Zander et al, 2017). It is
considered that temperature changes in the model will be
rapidly converted to GHSZ changes. The possible changes
caused by the thermal conductivity process are ignored.

3.2.3 Pressure

The measured drilling pressure in the Shenhu area shows that the
present shallow formation pressure is at a normal pressure.
Therefore, the formation pressure used to calculate the GHSZ
in the Shenhu area is hydrostatic pressure, which can be obtained
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TABLE 2 | Calculation parameters and results of the GHSZ (BWT data are from Zhu et al., 2013; Zhang et al., 2020a, Zhang et al., 2020b. Geothermal gradient data are from
Suetal., 2016; Zhang et al., 2020a, Zhang et al., 2020b; Jin et al., 2020a. Seawater depth data are from Wang et al., 2014; Zhang et al., 2019; WOA13 V2. Seawater
density data are from Wang et al., 2013. BSR data are from Wu et al., 2011; Wang et al., 2014; Su et al., 2016; Liang et al., 2017; Jin et al., 2020a).

Site BWT (°C) Geothermal gradient Seawater depth (m) Calculated thickness (m) BSR (mbsf) Relative error (%)
(°C/km)
SH1 5.20 47.53 1,262.00 210.60 219.00 -3.84
SH2 4.84 46.95 1,230.00 218.10 221.00 -1.31
SH3 5.53 49.34 1,245.00 192.34 204.00 -5.72
SH7 6.44 43.65 1,1056.00 175.95 181.00 -2.79
W11 4.84 54.60 1,309.75 192.67 200.00 -3.67
W17 4.74 44.30 1,259.00 239.28 237.00 0.96
w18 4.84 61.70 1,288.00 166.45 172.00 -3.28
W19 4.95 62.30 1,272.00 161.32 171.00 -5.66
SC-01 4.94 64.90 1,288.00 155.78 175.00 -10.98
SC-02 4.95 61.20 1,285.00 165.69 172.00 -3.67
SH-W07-2016 4.04 58.70 914.00 145.66 154.00 5.42
by Eq. 2. Sea level rise and fall directly cause changes in hydrostatic
pressure, which affects the thickness of the GHSZ. As sea level rises, _§g§ 250
hydrostatic pressure increases. As sea level falls, hydrostatic SH7
pressure decreases. The paleo-seawater depth in different _m; 200
periods can be obtained by Eq. 7, and the paleo-formation —WI8 _]
pressure can be calculated by Eq. 8. The seawater density (p) of —;Vcl.?)l 150«‘:
the Shenhu area is approximately 1.035 g/m> (Wang et al., 2013). —SC-02 3
The atmospheric pressure value (P,,) was set to 0.101325 mPa, - SH-WoT=2016 100%
and the gravitational acceleration (g) was 9.81 m/s’. “
3.2.4 Geothermal Gradient \ , d
According to the measured geothermal gradients of 11 wells in 8 7 6 5 2 1 0

the Shenhu area (Su et al,, 2016; Jin et al., 2020a; Zhang et al.,
2020a; Zhang et al., 2020b) and the geothermal gradient trend of
the Pearl River Mouth Basin at a shallow depth of 3,000 m
observed by Hu et al. (2019), the present distribution of
geothermal gradient values in the Shenhu area is drawn in
Figure 2D. The geothermal gradient in the Shenhu area varies
between 39.44°C/km and 70.20°C/km and is generally low in the
northwest and high in the southeast (Figure 2D).

Liu et al. (2018) studied the geothermal gradient evolution
history of the Baiyun Sag, and the relationship between the
geothermal gradient (G) and time (t) in this study was based
on the research results of Liu et al. (2018) Eq. 9:

(t<10 Ma) R? =0.9996
9)

G = 0.0359¢ + 0.567¢ + 0.0155

where t is time, Ma.

4 RESULTS

Using the above methods and parameters, the evolution process
of the GHSZ since 8.2 Ma in the Shenhu area was simulated.

4.1 The Calibration Results

Using the method described above, the present GHSZ thickness
in 10 wells, such as SH1, was calculated and compared with the
actual drilled GHSZ thickness (Table 2). The relative errors for all

4 3
Age (Ma)

FIGURE 3 | The thickness change in the GHSZ at different single sites
since 8.2 Ma.

wells ranged from *0.96% to 10.98%, indicating that the
calculated results were generally reliable.

4.2 Evolution of the GHSZ

The evolution characteristics of the GHSZ thickness in nine wells
since 8.2 Ma show that the GHSZ in these nine wells was very thin
before 5.33 Ma, generally less than 40 m. From 4.62 Ma to 0 Ma,
overall, the GHSZ thickness gradually increased. However, due to
the influence of sea level rise and fall, temperature change and
other factors, the GHSZ underwent several cycles of thickening
and thinning during this period. The overall variation trend of the
thickness of the GHSZ in each well is similar, but the amplitudes
of thickening and thinning of the GHSZ differ (Figure 3).

The evolution characteristics of the thickness of the GHSZ in
Section 1 spanning five wells (i.e., SH7, W07, W05, W02, and
W04) in the Shenhu area (section location is shown in Figure 1)
show that the evolution trend of the section is consistent with that
of individual wells (Figure 4). At 5.33 Ma, the overall thickness of
the GHSZ was less than 30 m or did not exist. The thickness of the
GHSZ at 3.93 Ma was significantly thicker than that at 5.33 Ma,
ranging from 80 to 140 m. The thickness of the GHSZ in wells
SH7 and W07 was approximately 140 m. At 3.53 Ma, the GHSZ
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FIGURE 4 | Thickness variation in the GHSZ in Section 1 since 5.33 Ma.

thinned to approximately 40-100 m, and the thickest GHSZ was
approximately 100 m. The thickness of the GHSZ at 1.51 Ma was
also reduced and was approximately 60-140 m thick. By 0 Ma,
the thickness of the GHSZ had increased to 140-220 m.

The thickness evolution characteristics of the GHSZ in the
Shenhu area show (Figure 5) that the overall trend of the study area
is in line with the evolution trend of the profile and individual wells.
At 5.33 Ma, the thickness of the GHSZ in the Shenhu area was
relatively thin, ranging from 0.31 to 45.52 m, and the thickness
gradually increased from NW to SE. The thickness of the GHSZ at
3.93Ma was significantly different from that at 533 Ma. The
thickness of the GHSZ increased significantly, and the thickness
varied between 24.94 and 184.24 m. At 3.53 Ma, the thickness
distribution of the GHSZ was similar to that at 3.93 Ma, but the
thickness was generally thinner, ranging from 0.44 to 149.65 m. At
2.48 Ma, the GHSZ became thicker as a whole, with a thickness
between 79.03 and 229.22m. The thickness of the GHSZ at
1.51 Ma was generally thinner, ranging from 0.46 to 187.50 m.
At present, the thickness of the GHSZ in the Shenhu area is
significantly greater. The thickness of the GHSZ is between 106.98
and 267.94 m, with thicknesses being generally higher in the east
and west (generally greater than 200 m) and lower in the south and
north (generally less than 180 m).

5 DISCUSSION

5.1 The Relationship Between GHSZ

Evolution and Double BSRs
Seismic facies and LWD results indicate that the GHSZ in the
Shenhu area has obvious double BSRs, such as those found at sites

SH7, W07 and W17 (Liang et al., 2017; Qian et al., 2018; Zhang
et al,, 2020a; Zhang et al., 2020b). Previous studies have analysed
the origin of double/multiple BSRs and proposed changes in
temperature and pressure conditions (Posewang and Mienert,
1999; Zander et al., 2017), tectonic uplift and subsidence (Bangs
etal,, 2005), multiple gas sources (Liang et al., 2017), and changes
in formation lithology or mineral composition (Kuramoto et al.,
1991; Langseth and Tamaki, 1992). In this study, the formation
mechanism of double BSRs is discussed based on LWD results,
hydrate types, gas sources of hydrate, and the thickness and
evolutionary characteristics of the GHSZ in the Shenhu area.
Site SH7 has a notable double BSRs (Figure 6A). The upper BSR
(BSR-1) is displayed at 181 mbsf (Sun et al, 2018). A hydrate
approximately 25 m thick is drilled at 152 mbsf to 177 mbsf above
BSR-1. The hydrate saturation ranges from 15% to 43.8%, with an
average saturation of 23.1% (Wang et al., 2011). The underlying
BSR (BSR-2) developed at 238 mbsf and was not drilled at the site
but was clearly indicated in the seismic profile (Sun et al., 2018)
(Figure 6A). The methane content of the BSR-1 hydrate at site SH7
is between 99.21% and 99.89%, and the ethane content is between
0.10% and 0.76%. Propane, butane and nitrogen are rare (Wu et al,
2011). The carbon isotope content of methane in this hydrate gas is
—65.1%o, and C,/(C,+C;) is 160. Pure biogenic gases consist mainly
of a large amount of methane and trace amounts of ethane (<1%)
(Schoell, 1980; Dudley et al., 1981; Schoell, 1983), and their isotopic
characteristics include a low 8"°C (813C < -55%o), low 8D (8D <
—200%o), and C;/C,+<1000 (Whiticar and Faber., 1986; Cicerone,
1988; Kirschke et al,, 2013). The gas composition and isotopic
characteristics of site SH7 indicate that the gas in the hydrates at
this site is within the error range of biogenic gas (Liu et al.,, 2012).
The analysis of gas composition and isotope characteristics of sites
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FIGURE 5 | Thickness variation in the GHSZ in the Shenhu area since 5.33 Ma.

SH2, SH3 and SH5 near SH7 also indicates that the gas in hydrates
in these sites is biogenic gas (Wu et al,, 2011; Liu et al,, 2012; Zhu
etal., 2013; Liu et al., 2015). The maximum thickness of the GHSZ
at site SH7 is calculated by using the actual gas composition. The
calculation results show that the maximum thickness of the GHSZ

is 192.04 m when the gas composition is 99.21% CH4+0.76%
C,He+0.03% Cs;Hg. The GHSZ is much thinner here than in
the location where BSR-2 occurs, indicating that the double
BSRs composition at site SH7 is not caused by differences in
gas composition.
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According to the evolution of the thickness of the GHSZ since
8.2 Ma at site SH7 (Figure 6B), the thickness of the GHSZ varies
over time. Since 10.5 Ma, the maximum deposition rate is 94 m/
Ma, and the maximum deposition thickness is 985 m in the
Baiyun Sag (Zhou et al., 2009). At one point, the thickness of the
GHSZ is Ty, and a BSR display (BSR-2) is formed on the bottom
(Figure 6C). After a period of deposition, the thickness of the new
sedimentary strata is T\, and the thickness of the GHSZ is T,
The BSR display (BSR-1) is formed on the bottom (Figure 6D).
When the thickness of T plus T, is greater than the thickness
of T,, the depth of the stratigraphic deposit burial increases is
much greater than the thickness of the GHSZ. This finding
indicates that the gas hydrates formed earlier may have been
removed from the GHSZ during the process of formation
deposition and burial. The gas hydrate outside the GHSZ is
decomposed. The saturation of gas from decomposing hydrate
is low enough to inhibit buoyancy-driven upwards migration, but
enough to cause an impedance contrast in seismic data. It is the
same principle as multiple BSRs in the Danube deep-sea fan,
Black Sea (Zander et al., 2017).

Based on the above understanding, this paper speculated that
the BSR-2 of site SH7 is an ancient BSR formed by hydrate
decomposition due to the thinning of the GHSZ caused by a
temperature rise and pressure decrease or by deposition and

burial. The formation process of double BSRs at site SH7 in the
Shenhu area is divided into two stages. In the first stage, biogenic
gas migrated into GHSZ-1 along faults and diapirs and formed
hydrates (Figure 6C). In the second stage, the hydrates formed
earlier migrated out of the GHSZ (GHSZ-1) due to thinning of
the GHSZ or with formation deposition. The early residual
hydrates and free gas settled to form BSR-2 at 238 mbsf
(Figure 6D). The late biogenic gas moved to GHSZ-2 to form
new hydrates and formed BSR-1 together with free gas. BSR-1
together with residual paleo-BSR-2 formed double BSRs at
site SH7.

Site W17 also has a double BSRs in seismic characteristics
(Figure 7A). The upper BSR (BSR-1) is 237 mbsf, and the lower
BSR (BSR-2) is 330 mbsf (Liang et al., 2017; Qian et al., 2018).
Above BSR-1, hydrate approximately 16 m thick is developed at
207 mbsf-223 mbsf. Three thin hydrate layers are developed from
below BSR-1 to above BSR-2, at 250 m, 253 and 261 m. Hydrate
saturation at site W17 is 0%-76%, with an average of 33% (Zhang
et al., 2020a). Based on the gas composition and isotope data of
core samples, Liang et al. (2017) and Zhang et al. (2019), Zhang
et al. (2020a) concluded that the gas hydrate of 207 mbsf to 223
mbsf in the upper part of BSR-1 is type I, and the gas of this
hydrate is biogenic gas. The hydrate at 250 mbsf, 253 mbsf and
261 mbsf below BSR-1 is type II, and the gas is a mixture of
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biogenic and thermogenic gas, suggesting that the hydrate at site
W17 has a deep thermogenic origin (Liang et al., 2017; Zhang
et al., 2020a). The gas in the lower part of BSR-1 is at 250 mbsf.
Hydrates at 253 mbsf and 261 mbsf are type II, and the gas is a
mixture of biogenic and thermogenic gas, suggesting that the
hydrate at site W17 is derived from deep thermogenic gas (Liang

et al,, 2017; Zhang et al., 2020a) (Figure 7B). By analysing the
seismic reflection characteristics and geochemical characteristics
of analytical gas in the core, Qian et al. (2018) concluded that type
IT hydrate is developed above the BSR (BSR-2) in the lower 330
mbsf. As shown in Figure 8, when the gas composition above
BSR-2 is 98% CH4+0.5% C,Hg+1.5% C3Hg, 85% CH4+15% C,He,
or 98% CH4+2% Cs;Hg, or when the isobutane content is in the
range of 1%-2% and the rest is CH4, the pore water salinity is
32.36%o, and the thickness of the GHSZ is approximately 330 m.

Therefore, the double BSRs at site W17 may have been caused
by the difference in natural gas components from different
sources or different periods. The formation process of the
double BSRs at site W17 in the Shenhu Sea area is divided
into two stages. In the first stage, the biogenic gas with high
methane content migrated into GHSZ-1 along migration
channels such as faults and diapirs and formed hydrates.
GHSZ-1 was approximately 237 mbsf, and the hydrate and its
free gas beneath formed BSR-1 (Figure 7C). In the second stage,
the deep thermogenic gas migrated to the shallow area along
migration channels such as faults and diapirs, and along with the
shallow biogenic gas, it entered GHSZ-2 and formed hydrate
(Figure 7D). GHSZ-2 was approximately 330 m thick, and the
hydrate and the free gas beneath it formed BSR-2.

Frontiers in Earth Science | www.frontiersin.org

71

April 2022 | Volume 10 | Article 880933


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Song et al.

GHSZ Spatial-Temporal Evolution in Shenhu

SH-WO07-2016
GR(API)|RT(Q *m) Depth | DEN(g/em’) [Velocity(m/s Age M
20 1400 15 ™sDl3 214502450 2 4 g &
80 80
904
1004
1104
1204 120
130 hy|drate
140 —
1 =
1504 o
— e N o
160{BSR- 1602
1704 %\
180 ] 2
1904
2004 4200
210+
220
2304
240+ 41240
] hydrate
e || _220_.[3_s1<_-2 ________ b ——SH-W07-2016
Age (Ma)
0 1 2 3
. ” 80
G :
@ O
<>c—>
: : —
g
Y N B NS N e N e el M ] 120 &
)
&
. , 1 £
T E [Zl Effective accumulation of hydrate
S’ BN TS 53m T [\ /l1nvalid accumulation of hydrate 7] 160
FIGURE 9 | (A) The LWD response characteristics of site SH-W07-2016 between 70 mbsf and 260 mbsf (data source: Zhang et al., 2020b). (B) The thickness
evolution of the GHSZ at site SH-W07-2016 since 8.2 Ma. (C) The thickness evolution of the GHSZ at site SH-W07-2016 since 4 Ma (blue/pink parts in the figure
correspond to the possible formation/decomposition times of decomposed hydrate at 132-137 m and 146-151 m).

5.2 Relationship Between the Evolution of
the GHSZ and the Dynamic Decomposition,
Migration, Accumulation and Dissipation of
Gas Hydrate

Due to the changes in sea level, BWT, geothermal gradient,
formation pressure and other factors in the Shenhu area, the
thickness of the GHSZ has varied since 5.33 Ma, with a trend of
overall thickening. In the evolution of the GHSZ, due to factors
such as formation subsidence and a thin GHSZ, hydrates formed
in the early stage, which developed at the bottom of the paleo-
GHSZ and moved out of the GHSZ with the new formation
deposition, which would lead to the decomposition of hydrate.
The decomposed natural gas and/or the later migrated natural gas
migrated upward to the GHSZ to form new hydrates or escaped.

Site SH-W07-2016 has two obvious BSRs in the seismic profile
(Zhang et al., 2020b), and the upper BSR (BSR-1) is displayed at 154

mbsf. The lower BSR (BSR-2) develops at 259 mbsf (Zhang et al.,
2020b) (Figure 9A). The 122 mbsf-153 mbsf well above BSR-1
encountered 31 m thick gas hydrates with hydrate saturations
ranging from 39% to 62% (Zhang et al, 2020b). Core
observations show that inflation cracks have been formed at
132 mbsf-137 mbsf (see Figure 9 in Zhang et al, 2020b). A
porridge structure has been found in cores at 146 mbsf-151 mbsf
(see Figure 6 in Zhang et al., 2020b). This is brief evidence for the
existence of hydrate at 122 mbsf-153 mbsf. Based on Zhang et al.
(2020b), we believe that BSR-2 was the paleo-BSR which formed
from the decomposition of gas hydrates. BSR-2 was formed a long
time ago and moved out of the GHSZ after formation deposition (see
the double BSRs pattern based on changes in formation temperature,
pressure and other conditions in 5.1). The hydrate at 122 mbsf -153
mbsf formed at relatively recent ages. As shown in Figure 9B,C, the
hydrate began to form after 0.55 Ma (Figure 9B,C, point C). The
hydrate starts to form in 0.55Ma to 0.15 Ma (Figure 9C, @), in
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which the GHSZ thinned after hydrate formation, and 0.15 Ma to
0 Ma (Figure 9C, @), in which the hydrate is always in a suitable
temperature and pressure condition after formation. The process of
hydrate accumulation in these two cases is completely different. The
possible accumulation process of hydrates that start to form in
0.55 Ma to 0.15 Ma are shown in Figure 10 with at most two stages
of hydrate formation and at most two stages of hydrate
decomposition.

1) Before 0.95 Ma (before point B in Figures 9B,C), the hydrate
at 259 mbsf at site SH-W07-2016 was formed in the GHSZ
(Figure 10A).

2) During the period from hydrate formation at 259 mbsf to

0.75Ma (before point C in Figures 9B,C), the bottom

boundary of the GHSZ formed in the early stage changed to

259 mbsf due to changes in formation temperature, pressure

and other conditions or formation subsidence. The gas from

decomposed hydrate formed BSR-2 (Figure 10B).

From 0.95 Ma to 0.75 Ma, the bottom boundary of the GHSZ

was deeper than 122 mbsf, and the free gas below entered the

GHSZ and formed hydrates below 122 mbsf (Figure 10B).

From 0.75Ma to 0.55Ma (Figures 9B,C, point B-C), the

GHSZ was thinned, the bottom boundary of the GHSZ moved

to within 122 m, and the hydrates formed below 122 mbsf

decomposed (Figure 10C).

3)

4)

5) From 0.55Ma to 0.15Ma (Figures 9B,C, point C-D), the
GHSZ thickened and thinned from 122 mbsf to 134 mbsf, and
the bottom boundary of the GHSZ migrated from 122 mbsf to
134 mbsf. If the hydrate is formed deeper than 134 mbsf, the
hydrate will decompose (Figure 10D).

From 0.15Ma to 0.11 Ma (Figures 9B,C, point D-E), the
GHSZ thickened, and the bottom boundary of the GHSZ
migrated from 134 mbsf to deeper than 154 mbsf. The hydrate
formed within the bottom boundary of the GHSZ but was
deeper than 154 mbsf (Figure 10E).

From 0.11 Ma to 0 Ma (Figures 9B,C, point E-F), the GHSZ
thinned, and the bottom boundary of the GHSZ migrated to
154 mbsf. The hydrate below 154 mbsf decomposes into gas
(Figure 10F). The hydrates at 122 mbsf-151 mbsf with free gas
below in the upper layer formed BSR-1, and the residual
hydrates at 259 mbsf with free gas formed BSR-2.

6

=

7

~

In another case, the hydrate above 154 mbsf may also form
during 0.15 Ma to 0 Ma. The situation is shown in Figures 10A,
B, E, F with at most one stage of hydrate formation and at most
one stage of hydrate decomposition.

1) Before 0.15 Ma (before point B in Figures 9B,C), the hydrate
at 259 mbsf at site SH-W07-2016 was formed in the GHSZ
(Figure 10A).
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2) During the period from hydrate formation at 259 mbsf to
0.15Ma (before point C in Figures 9B,C), the bottom
boundary of the GHSZ formed in the early stage changed
to 259 mbsf due to changes in formation temperature,
pressure and other conditions or formation subsidence.
The gas from decomposed hydrate formed BSR-2
(Figure 10B).

From 0.15 Ma to 0.11 Ma (Figures 9B,C, point D-F), and the
bottom boundary of the GHSZ is deeper than 154 mbsf
(Figures 10B,C). The hydrate formed within the bottom
boundary of the GHSZ but was deeper than 154 mbsf
(Figure 10E).

From 0.11 Ma to 0 Ma (Figures 9B,C, point E-F), the GHSZ
thinned, and the bottom boundary of the GHSZ migrated to
154 mbsf. The hydrate below 154 mbsf decomposes into gas
(Figure 10F). The hydrates at 122 mbsf-151 mbsf with free gas
below in the upper layer formed BSR-1, and the residual
hydrates at 259 mbsf with free gas formed BSR-2.

3

=

4

~

From the above analysis, in the case of hydrate starting to
formed at 0.55 Ma-0.15Ma, at most two stages of hydrate
formation and at most two stages of hydrate decomposition
have occurred. In the case of hydrate starting from in 0.55
Ma-0.15 Ma, at most one stage of hydrate formation and at
most one stage of hydrate decomposition have occurred. Of
course, hydrate may also form before 0.55Ma. As the GHSZ
thinned, the hydrate decomposed into gas. When entering the
GHSZ again, new hydrates will be formed.

According to the above analysis, the process of hydrate
dynamic accumulation can be inferred by determining the
spatial-temporal evolution of the GHSZ. The changes in the
GHSZ and the changes in the dynamic accumulation process
of hydrate. The formation mechanism of double/multiple BSRs
and the dynamic accumulation process of hydrate can be better
understood by clarifying the evolution of the GHSZ combined
with the geological age and gas source. More details of the
dynamic accumulation process require more geological,
geochemical and seismic data for support.

6 CONCLUSION

Based on the variation in seawater depth, BWT, geothermal
gradient and other parameters, the evolution of the thickness
of the GHSZ in the Shenhu area of the SCS is calculated. Two
formation modes of double BSRs in the Shenhu area are
summarized, and the evolution of the thickness of the GHSZ
and the dynamic accumulation of hydrates are discussed. The
main conclusions are as follows:

There are two formation mechanisms of double BSRs in the
Shenhu area. The first type is the double BSRs pattern based on
changes in formation temperature, pressure and other conditions.
In this pattern, the lower BSR is the residual BSR after the
decomposition of the early hydrate that migrated out of the
GHSZ, and the upper BSR is the BSR formed by hydrate re-
enrichment in the new GHSZ in the late period, represented by
sites SH7 and SH-W07-2016. The other is the double BSRs

GHSZ Spatial-Temporal Evolution in Shenhu

pattern based on differences in gas source and composition.
The upper BSR is type I hydrate, and the lower BSR is type II
hydrate, represented by site W17.

The relationship between the evolution of the thickness of the
GHSZ and the dynamic evolution of gas hydrate migration,
accumulation and dispersion at site SH-W07-2016 in the Shenhu
area is preliminarily recognized. According to the different ages of
hydrate formation, hydrates have undergone different dynamic
accumulation processes. Since the formation of hydrates above
the BSR at site SH-W07-2016, the GHSZ at this site has
undergone at most two thickening and two thinning periods.
With the change in thickness of the GHSZ at site SH-W07-2016,
hydrate formation occurred at up two stages from0.55Ma to
0.15 Ma and occurred at up to one stage from 0.15 Ma to 0 Ma.

SYMBOL ANNOTATIONS

T—temperature,K.

P—pressure, mPa.

C—the constant term of the fitting relation, with a value of
2.8074023.

my, m,, ms and my—fitting coefficients of polynomials under
different conditions, with values of m; = 1.559474 x 10", m, =
4.8275 x 1072, m3 = —2.78083 x 107>, and my, = 1.5922 x 10~%.
P,n—atmospheric pressure, with a value of 0.101325 mPa.
p—seawater density, with a value of 1.035 g/m’.

g—gravity, with a value of 9.81 m/s>.

h—the vertical distance to seabed, km.

D—the present seawater depth, km.

T;—sediment temperature at point i, K.

h;—the vertical distance to the seabed at point i, km.
G—geothermal gradient, “C/km.

D,— paleo-seawater depth, km.

AH,— the history of relative sea level fluctuation, km.

AH, — the history of sea floor subsidence, km.

AH3; — the history of depositional thickness, km.

T,—the present BWT, K.

T ,—the paleo-BWT, K.

AT—the relative change in BWT, K.

t—time, Ma.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YS: Writing—review and editing., Visualization. YL: Make
important revisions to the paper, Investigation, Supervision.
LZ: Investigation, Supervision. MC: Conceptualization,
Visualization, Investigation. CL: Methodology, Investigation.
NL: Formal analysis, Resources.

Frontiers in Earth Science | www.frontiersin.org

74

April 2022 | Volume 10 | Article 880933


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Song et al.

FUNDING

This work was supported by the Key Research Program of the
Institute of Geology and Geophysics, CAS (IGGCAS-201903),

REFERENCES

Andreassen, K., Mienert, J., Bryn, P., and Singh, S. C. (2000). A Double Gas-
Hydrate Related Bottom Simulating Reflector at the Norwegian continental
Margin. Ann. N. Y. Acad. Sci. 912, 126-135. doi:10.1111/j.1749-6632.2000.
tb06766.x

Auguy, C,, Calves, G., Calderon, Y., and Brusset, S. (2017). Seismic Evidence of Gas
Hydrates, Multiple BSRs and Fluid Flow Offshore Tumbes Basin, Peru. Mar.
Geophys. Res. 38, 409-423. doi:10.1007/s11001-017-9319-2

Baba, K., and Yamada, Y. (2004). BSRs and Associated Reflections as an Indicator
of Gas Hydrate and Free Gas Accumulation: an Example of Accretionary Prism
and Forearc basin System along the Nankai Trough, off Central Japan. Resource
Geology. 54 (1), 11-24. doi:10.1111/j.1751-3928.2004.tb00183.x

Bangs, N. L. B., Musgrave, R. J., and Tréhu, A. M. (2005). Upward Shifts in the
Southern Hydrate ridge Gas Hydrate Stability Zone Following Postglacial
Warming, Offshore Oregon. J. Geophys. Res. 110 (3), 1-13. doi:10.1029/
2004JB003293

Bishnoi, P. R., and Dholabhai, P. D. (1999). Equilibrium Conditions for Hydrate
Formation for a Ternary Mixture of Methane, Propane and Carbon Dioxide,
and a Natural Gas Mixture in the Presence of Electrolytes and Methanol. Fluid
phase equilibria 158-160 (5), 821-827. doi:10.1016/S0378-3812(99)00103-X

Boswell, R., Collett, T. S., Frye, M., Shedd, W., McConnell, D. R., and Shelander, D.
(2012). Subsurface Gas Hydrates in the Northern Gulf of Mexico. Mar. Pet.
Geology. 34 (1), 4-30. doi:10.1016/j.marpetge0.2011.10.003

Brown, K. M., Bangs, N. L., Froelich, P. N., and Kvenvolden, K. A. (1996). The
Nature, Distribution, and Origin of Gas Hydrate in the Chile Triple Junction
Region. Earth Planet. Sci. Lett. 139 (3-4), 471-483. doi:10.1016/0012-821X(95)
00243-6

Cicerone, R. J. (1988). Methane Linked to Warming. Nature 334 (6179), 198.
doi:10.1038/334198a0

Collett, T. S. (2009). Unconventional Energy Resources: Making the Unconventional
Conventional: 29th Annual GCSSEPM Proceedings. Houston, Texas: Gulf Coast
Section of the Society of Economic Paleontologists and Mineralogists
Foundation, 6-30. doi:10.5724/gcs.09.29.0006Gas Hydrate Petroleum
Systems in marine and Arctic Permafrost Environments

Dickens, G. R, and Quinby-Hunt, M. S. (1994). Methane Hydrate Stability in
Seawater. Geophys. Res. Lett. 21 (19), 2115-2118. doi:10.1029/94GL01858

Dudley, D. R., George, E., Claypool, D. D., and Claypool, G. E. (1981). Generation,
Accumulation, and Resource Potential of Biogenic Gas. Bulletin 65, 5-25.
doi:10.1306/2F919765-16CE-11D7-8645000102C1865D

Ecker, C., Dvorkin, J., and Nur, A. M. (2000). Estimating the Amount of Gas
Hydrate and Free Gas from marine Seismic Data. Geophysics 65, 565-573.
doi:10.1190/1.1444752

Foucher, J. P., Nouzé, H., and Henry, P. (2000). Observation and Tentative
Interpretation of a Double BSR on the Nankai Slope. Mar. Geology. 187,
161-175. doi:10.1016/S0025-3227(02)00264-5

Haacke, R. R., Westbrook, G. K., and Hyndman, R. D. (2007). Gas Hydrate, Fluid
Flow and Free Gas: Formation of the Bottom-Simulating Reflector. Earth
Planet. Sci. Lett. 261, 407-420. doi:10.1016/j.epsl.2007.07.008

He, J. X,, Yan, W,, Zhu, Y. H., Zhang, W., Gong, F. X,, Liu, S. L,, et al. (2013). Bio-
genetic and Sub-biogenetic Gas Resource Potential and Genetic Types of
Natural Gas Hydrates in the Northern Marginal Basins of south China Sea.
Nat. Gas industry 33 (6), 121-134. doi:10.3787/j.issn.1000-0976.2013.06.023

He, M., Zhong, G,, Liu, X,, Liu, L., Shen, X., Wu, Z, et al. (2017). Rapid post-rift
Tectonic Subsidence Events in the Pearl River Mouth Basin, Northern south
China Sea Margin. J. Asian Earth Sci. 147, 271-283. d0i:10.1016/j.jseaes.2017.
07.024

He, M., Zhu, W. L., Wu, Z, Zhong, G. F,, Ren, J. Y., Liu, L. H,, et al. (2019).
Neotectonic Movement Characteristics and Hydrocarbon Accumulation of the
Pearl River Mouth basin. China offshore oil and gas 31 (5), 9-20.

GHSZ Spatial-Temporal Evolution in Shenhu

Strategic priority Research Program of the Chinese Academy of
Sciences (XDA14010202), National Natural Science Foundation
of China (42030808), National major science and technology
projects of China (2017ZX05008-004).

Holder, G. D., Malone, R. D., and Lawson, W. F. (1987). Effects of Gas
Composition and Geothermal Properties on the Thickness and Depth of
Natural-Gas-Hydrate Zones. J. Pet. Techn. 39, 1147-1152. doi:10.2118/
13595-PA

Hu, S. B, Long, Z. L., Zhu, J. Z., Hu, D., Huang, Y. P, Shi, Y. L., et al. (2019).
Characteristics of Geothermal Field and the Tectonic-thermal Evolution in
Pearl River Mouth Basin. Acta Petrol. Sin 40 (S1), 178-187. doi:10.7623/
syxb2019S1015

Jin, J., Wang, X, Guo, Y., Li, ], Li, Y., Zhang, X., et al. (2020a). Geological Controls
on the Occurrence of Recently Formed Highly Concentrated Gas Hydrate
Accumulations in the Shenhu Area, South China Sea. Mar. Pet. Geology. 116,
104294. doi:10.1016/j.marpetgeo.2020.104294

Jin, J., Wang, X., He, M, Li, ], Yan, C,, Li, Y., et al. (2020b). Downward Shift of Gas
Hydrate Stability Zone Due to Seafloor Erosion in the Eastern Dongsha Island,
South China Sea. J. Ocean. Limnol. 38 (4), 1188-1200. doi:10.1007/s00343-020-
0064-z

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G., Dlugokencky, E. J.,
et al. (2013). Three Decades of Global Methane Sources and Sinks. Nat. Geosci 6
(10), 813-823. doi:10.1038/NGEO1955

Kuramoto, S., Tamaki, K., Langseth, M. G., Nobes, D. C., Tokuyama, H., Pisciotto,
K. A, et al. (1991). Can Opal-A/opal-CT BSR Be an Indicator of the thermal
Structure of the Yamato Basin, Japan Sea? Proc. ODP Sci. Results. 127,
1145-1156. doi:10.2973/0dp.proc.sr.127128-2.235.1992

Kvenvolden, K. A. (1993). Gas Hydrates-Geological Perspective and Global
Change. Rev. Geophys. 31 (2), 173-187. doi:10.1029/93RG00268

Langseth, M. G., and Tamaki, K. (1992). Geothermal Measurements: Thermal
Evolution of the Japan Sea Basins and Sediments. Proc. Ocean Drilling Program
Scientific Results 127/128, 2. doi:10.2973/odp.proc.sr.127128-2.227.1992

Lear, C. H., Coxall, H. K,, Foster, G. L., Lunt, D. J., Mawbey, E. M., Rosenthal, Y.,
et al. (2015). Neogene Ice Volume and Ocean Temperatures: Insights from
Infaunal Foraminiferal Mg/Ca Paleothermometry. Paleoceanography 30,
1437-1454. doi:10.1002/2015PA002833

Lei, Y. H., Song, Y. R,, Zhang, L. K., Miao, L. C., Cheng, M., and Liu, N. G. (2021).
Research Progress and Development Direction of Reservoir-Forming System of
marine Gas Hydrates. Acta Petrolei Sinica 42 (06), 801-820. doi:10.7623/
syxb202106009

Li, H. B. (2010). The Features of Construct and Structure and the Discussion of
Relationship between Evolution with Hydrocarbon Reservoiring in Huizhou
Depression and Dongsha Massif of Pearl River Mouth basin. Wuhan P.R.China:
China University of Geosciences.

Li, J.-f, Ye, J. L., Ye, J.-1, Qin, X.-w., Qiu, H.-j., Wu, N.-y,, et al. (2018). The First
Offshore Natural Gas Hydrate Production Test in South China Sea. China Geol.
1 (1), 5-16. doi:10.31035/cg2018003

Li, L., Liu, H., Zhang, X., Lei, X., and Sha, Z. (2015). BSRs, Estimated Heat Flow,
Hydrate-Related Gas Volume and Their Implications for Methane Seepage and
Gas Hydrate in the Dongsha Region, Northern South China Sea. Mar. Pet.
Geology. 67, 785-794. doi:10.1016/j.marpetgeo.2015.07.008

Liang, J. Q., Wang, H. B,, Su, X, Fu, S. Y., Wang, L. F,, Guo, Y. Q,, et al. (2014).
Natural Gas Hydrate Formation Conditions and the Associated Controlling
Factors in the Northern Slope of the South China Sea. Nat. Gas Industry 34 (7),
128-135. doi:10.3787/j.issn.1000-0976.2014.07.022

Liang, J., Zhang, Z., Su, P., Sha, Z., and Yang, S. (2017). Evaluation of Gas Hydrate-
Bearing Sediments below the Conventional Bottom-Simulating Reflection on
the Northern Slope of the South China Sea. Interpretation 5 (3), SM61-SM74.
doi:10.1190/int-2016-0219.1

Liu, C. L, Ye, Y. G, Meng, Q. G,, He, X. L,, Lu, H. L,, Zhang, J., et al. (2012). The
Characteristics of Gas Hydrates Recovered from Shenhu Area in the South
China Sea. Mar. Geology. 22-27, 307-310. doi:10.1016/j.marge0.2012.03.004

Liu, C., Meng, Q., He, X, Li, C,, Ye, Y., Zhang, G,, et al. (2015). Characterization of
Natural Gas Hydrate Recovered from Pearl River Mouth basin in South China
Sea. Mar. Pet. Geology. 61, 14-21. doi:10.1016/j.margeo.2012.03.004

Frontiers in Earth Science | www.frontiersin.org

75

April 2022 | Volume 10 | Article 880933


https://doi.org/10.1111/j.1749-6632.2000.tb06766.x
https://doi.org/10.1111/j.1749-6632.2000.tb06766.x
https://doi.org/10.1007/s11001-017-9319-2
https://doi.org/10.1111/j.1751-3928.2004.tb00183.x
https://doi.org/10.1029/2004JB003293
https://doi.org/10.1029/2004JB003293
https://doi.org/10.1016/S0378-3812(99)00103-X
https://doi.org/10.1016/j.marpetgeo.2011.10.003
https://doi.org/10.1016/0012-821X(95)00243-6
https://doi.org/10.1016/0012-821X(95)00243-6
https://doi.org/10.1038/334198a0
https://doi.org/10.5724/gcs.09.29.0006
https://doi.org/10.1029/94GL01858
https://doi.org/10.1306/2F919765-16CE-11D7-8645000102C1865D
https://doi.org/10.1190/1.1444752
https://doi.org/10.1016/S0025-3227(02)00264-5
https://doi.org/10.1016/j.epsl.2007.07.008
https://doi.org/10.3787/j.issn.1000-0976.2013.06.023
https://doi.org/10.1016/j.jseaes.2017.07.024
https://doi.org/10.1016/j.jseaes.2017.07.024
https://doi.org/10.2118/13595-PA
https://doi.org/10.2118/13595-PA
https://doi.org/10.7623/syxb2019S1015
https://doi.org/10.7623/syxb2019S1015
https://doi.org/10.1016/j.marpetgeo.2020.104294
https://doi.org/10.1007/s00343-020-0064-z
https://doi.org/10.1007/s00343-020-0064-z
https://doi.org/10.1038/NGEO1955
https://doi.org/10.2973/odp.proc.sr.127128-2.235.1992
https://doi.org/10.1029/93RG00268
https://doi.org/10.2973/odp.proc.sr.127128-2.227.1992
https://doi.org/10.1002/2015PA002833
https://doi.org/10.7623/syxb202106009
https://doi.org/10.7623/syxb202106009
https://doi.org/10.31035/cg2018003
https://doi.org/10.1016/j.marpetgeo.2015.07.008
https://doi.org/10.3787/j.issn.1000-0976.2014.07.022
https://doi.org/10.1190/int-2016-0219.1
https://doi.org/10.1016/j.margeo.2012.03.004
https://doi.org/10.1016/j.margeo.2012.03.004
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Song et al.

Liu, J., Zhang, J., Ma, F., Wang, M., and Sun, Y. (2017). Estimation of Seismic
Velocities and Gas Hydrate Concentrations: A Case Study from the Shenhu
Area, Northern South China Sea. Mar. Pet. Geology. 88, 225-234. doi:10.1016/j.
marpetgeo.2017.08.014

Liu, P, Zhang, X. T,, Du, J. Y., Cheng, W., Tao, W. F., and Tao, Y. (2018). Tectonic-
Thermal Evolution Process and the Petroleum Geological Significance of Relatively
Low Geothermal Gradient in a Rift Basin: An Example from Xijiang Main Sag in
pearl River Mouth Basin. Geol. Sci. Techn. Inf. 37 (2), 146-156.

Majumdar, U., Cook, A. E., Shedd, W., and Frye, M. (2016). The Connection
between Natural Gas Hydrate and Bottom-simulating Reflectors. Geophys. Res.
Lett. 43 (13), 7044-7051. doi:10.1002/2016GL069443

Martin Schoell, M. (1983). Genetic Characterization of Natural Gases. Bulletin 67,
2225-2238. doi:10.1306/AD46094A-16F7-11D7-8645000102C1865D

Martin, V., Henry, P., Nouzé, H., Noble, M., Ashi, J., and Pascal, G. (2004). Erosion
and Sedimentation as Processes Controlling the BSR-Derived Heat Flow on the
Eastern Nankai Margin. Earth Planet. Sci. Lett. 222 (1), 131-144. doi:10.1016/j.
epsl.2004.02.020

Miles, P. R. (1995). Potential Distribution of Methane Hydrate beneath the
European continental Margins. Geophys. Res. Lett. 22 (23), 3179-3182.
doi:10.1029/95GL03013

Mosher, D. C. (2011). A Margin-wide BSR Gas Hydrate Assessment: Canada’s
Atlantic Margin. Mar. Pet. Geology. 28 (8), 1540-1553. do0i:10.1029/
95GL0301310.1016/j.marpetgeo.2011.06.007

Musgrave, R. J., Bangs, N. L., Larrasoana, J. C., Gracia, E., Hollamby, J. A., and
Vega, M. E. (2006). Rise of the Base of the Gas Hydrate Zone since the Last
Glacial Recorded by Rock Magnetism. Geol 34 (2), 117-120. doi:10.1130/
G22008.1

Niu, Z, Liu, G., Ge, J., Zhang, X,, Cao, Z., Lei, Y., et al. (2019). Geochemical
Characteristics and Depositional Environment of Paleogene Lacustrine Source
Rocks in the Lufeng Sag, Pear] River Mouth basin, South China Sea. J. Asian
Earth Sci. 171, 60-77. doi:10.1016/j.jseaes.2018.01.004

Pang, X., Chen, C, Peng, D., Zhu, M., Shu, Y., He, M,, et al. (2007). Sequence
Stratigraphy of Deep-Water Fan System of Pearl River, South China Sea. Earth
Sci. Front. 14 (1), 220-229. doi:10.1016/S1872-5791(07)60010-4

Pecher, I. A, Villinger, H., Kaul, N,, Crutchley, G. J., Mountjoy, J. ]., Huhn, K., et al.
(2017). A Fluid Pulse on the Hikurangi Subduction Margin: Evidence from a
Heat Flux Transect across the Upper Limit of Gas Hydrate Stability. Geophys.
Res. Lett. 44 (12), 385-395. doi:10.1002/2017GL076368

Peltzer, E. T., and Brewer, P. G. (2003). Practical Physical Chemistry and Empirical
Predictions of Methane Hydrate Stability. Nat. Gas Hydrate Ocean Permafrost
Environments 5, 17-28. doi:10.1007/978-94-011-4387-5_3

Phrampus, B. J., and Hornbach, M. J. (2012). Recent Changes to the Gulf Stream
Causing Widespread Gas Hydrate Destabilization. Nature 490, 527-530. doi:10.
1038/nature11528

Popescu, I, De Batist, M., Lericolais, G., Nouzé, H., Poort, J., Panin, N., et al. (2006).
Multiple Bottom-Simulating Reflections in the Black Sea: Potential Proxies of
Past Climate Conditions. Mar. Geology. 227 (3/4), 163-176. doi:10.1016/j.
margeo.2005.12.006

Posewang, J., and Mienert, J. (1999). The enigma of Double BSRs: Indicators for
Changes in the Hydrate Stability Field? Geo-Marine Lett. 19, 157-163. doi:10.
1007/s003670050103

Qian, J., Wang, X, Collett, T. S., Guo, Y., Kang, D., and Jin, J. (2018). Downhole Log
Evidence for the Coexistence of Structure II Gas Hydrate and Free Gas below
the Bottom Simulating Reflector in the South China Sea. Mar. Pet. Geology. 98,
662-674. doi:10.1016/j.marpetgeo.2018.09.024

Rempel, A. W., and Buffett, B. A. (1997). Formation and Accumulation of Gas
Hydrate in Porous media. J. Geophys. Res. 102, 10151-10164. doi:10.1029/
97]B00392

Ruppel, C., Boswell, R., and Jones, E. (2008). Scientific Results from Gulf of Mexico
Gas Hydrates Joint Industry Project Leg 1 Drilling: Introduction and Overview.
Mar. Pet. Geology. 25, 819-829. doi:10.1016/j.marpetgeo.2008.02.007

Schoell, M. (1980). The Hydrogen and Carbon Isotopic Composition of Methane
from Natural Gases of Various Origins. Geochimica et Cosmochimica Acta 44,
649-661. doi:10.1016/0016-7037(80)90155-6

Sloan, E. D., and Koh, C. A. (2008). Clathrate Hydrates of the Natural Gases. 3rd ed.
Boca Raton, FL: CRC Press.

Su, M., Sha, Z, Zhang, C., Wang, H., Wu, N,, Yang, R, et al. (2017). Types,
Characteristics and Significances of Migrating Pathways of Gas-Bearing Fluids

GHSZ Spatial-Temporal Evolution in Shenhu

in the Shenhu Area, Northern Continental Slope of the South China Sea. Acta
Geologica Sinica - English Edition 91 (1), 219-231. doi:10.1111/1755-6724.
13073

Su, M, Yang, R, Wang, H. B, Sha, Z. B, Liang, J. Q., Wu, N. Y., et al. (2016). Gas
Hydrates Distribution in the Shenhu Area, Northern South China Sea:
Comparisons between the Eight Drilling Sites with Gas Hydrate Petroleum
System. Geol. Acta 14 (2), 79-100. doi:10.1344/GeologicaActa2016.14.2.1

Su, P, Liang, J., Peng, J., Zhang, W, and Xu, J. (2018). Petroleum Systems Modeling
on Gas Hydrate of the First Experimental Exploitation Region in the Shenhu
Area, Northern South China Sea. J. Asian Earth Sci. 168 (DEC), 57-76. doi:10.
1016/j.jseaes.2018.08.001

Sun, Y., Zhang, X., Wu, S, Wang, L., and Yang, S. (2018). Relation of Submarine
Landslide to Hydrate Occurrences in Baiyun Depression, South China Sea.
J. Ocean Univ. China 17 (1), 129-138. doi:10.1007/s11802-018-3458-1

Wang, C, Lu, J. H, Zhu, R, and Yu, W. T. (2013). Validation on the
Applicability of TEOS-10 Equation in the SCS Based on
WOAO09 Thermohaline Data. Water Conservancy Sci. Techn. Economy 19
(11), 1-6. d0i:10.3969/j.issn.1006-7175.2013.11.001

Wang, X., Lee, M., Collett, T., Yang, S., Guo, Y., and Wu, S. (2014). Gas Hydrate
Identified in Sand-Rich Inferred Sedimentary Section Using Downhole Logging
and Seismic Data in Shenhu Area, South China Sea. Mar. Pet. Geology. 51,
298-306. doi:10.1016/j.marpetgeo.2014.01.002

Wang, X., Wu, S., Lee, M., Guo, Y., Yang, S., and Liang, J. (2011). Gas Hydrate
Saturation from Acoustic Impedance and Resistivity Logs in the Shenhu Area,
South China Sea. Mar. Pet. Geology. 28, 1625-1633. doi:10.1016/j.marpetgeo.
2011.07.002

Wei, J., Fang, Y., Lu, H, Lu, H,, Lu, J., Liang, ], et al. (2018). Distribution and
Characteristics of Natural Gas Hydrates in the Shenhu Sea Area, South China
Sea. Mar. Pet. Geology. 98, 622-628. doi:10.1016/j.marpetgeo.2018.07.028

Whiticar, M. J., and Faber, E. (1986). Methane Oxidation in Sediment and Water
Column Environments-Isotope Evidence. Org. Geochem. 10 (4-6), 759-768.
doi:10.1016/S0146-6380(86)80013-4

Wu, N, Yang, S., Zhang, H., Liang, J., Wang, H., and Lu, J. a. (2010). Gas Hydrate
System of Shenhu Area, Northern South China Sea:Wire-Line Logging,
Geochemical Results and Preliminary Resources Estimates. Proc. Annu.
Offshore Techn. Conf. 1 (1). doi:10.4043/20485-MS

Wu, N, Zhang, H,, Yang, S., Zhang, G., Liang, J., Lu, J. a,, et al. (2011). Gas Hydrate
System of Shenhu Area, Northern South China Sea: Geochemical Results.
J. Geol. Res. 2011, 1-10. doi:10.1155/2011/370298

Wu, S., Zhang, G., Huang, Y., Liang, J., and Wong, H. K. (2005). Gas Hydrate
Occurrence on the continental Slope of the Northern South China Sea. Mar.
Pet. Geology. 22, 403-412. doi:10.1016/j.marpetgeo.2004.11.006

Yang, J., Wang, X,, Jin, ], Li, Y., Li, ], Qian, J., et al. (2017a). The Role of Fluid
Migration in the Occurrence of Shallow Gas and Gas Hydrates in the South of
the Pearl River Mouth Basin, South China Sea. Interpretation 5 (3), SM1-SM11.
doi:10.1190/INT-2016-0197.1

Yang, S. X, Lei, Y., Liang, J. Q., Holland, M., Schultheiss, P., Lu, J. A, et al. (2017b).
“Concentrated Gas Hydrate in the Shenhu Area, south China Sea: Results from
Drilling Expeditions GMGS3 & GMGS4,” in Proceedings of 9th International
Conference on Gas Hydrates, Denver, June, 25-30.

Yang, S. X,, Zhang, M, Liang, J. Q., Lu, J. A., Zhang, Z. ], Melanie, H,, et al. (2015).
Preliminary Results of China’s Third Gas Hydrate Drilling Expedition: a
Critical Step from Discovery to Development in the south China Sea. Fire
and Ice 15 (2), 1-5.

Ye, J. L, Qin, X. W., Xie, W. W,, Lu, H. L., Ma, B. ], Qiu, H. J,, et al. (2020). The
Second Natural Gas Hydrate Production Test in the South China Sea. China
Geol. 3 (2), 197-209. doi:10.31035/cg2020043

Ye, J., Qin, X, Qiu, H., Xie, W., Lu, H., Lu, C,, et al. (2018). Data Report: Molecular
and Isotopic Compositions of the Extracted Gas from China’s First Offshore
Natural Gas Hydrate Production Test in South China Sea. Energies 11 (10),
2793. doi:10.3390/en11102793

Zander, T., Haeckel, M., Berndt, C., Chi, W.-C,, Klaucke, 1., Bialas, J., et al. (2017).
On the Origin of Multiple BSRs in the Danube Deep-Sea Fan, Black Sea. Earth
Planet. Sci. Lett. 462, 15-25. doi:10.1016/j.epsl.2017.01.006

Zhang, G. C,, Yang, H. Z,, Chen, Y., Ji, M., Wang, K., Yang, D. S, et al. (2014). The
Baiyun Sag: A Giant Rich Gas-Generation Sag in the deepwater Area of the
Pearl River Mouth Basin. Nat. Gas Industry 34 (11), 11-25. doi:10.3787/j.issn.
1000-0976.2014.11.002

Frontiers in Earth Science | www.frontiersin.org

76

April 2022 | Volume 10 | Article 880933


https://doi.org/10.1016/j.marpetgeo.2017.08.014
https://doi.org/10.1016/j.marpetgeo.2017.08.014
https://doi.org/10.1002/2016GL069443
https://doi.org/10.1306/AD46094A-16F7-11D7-8645000102C1865D
https://doi.org/10.1016/j.epsl.2004.02.020
https://doi.org/10.1016/j.epsl.2004.02.020
https://doi.org/10.1029/95GL03013
https://doi.org/10.1029/95GL0301310.1016/j.marpetgeo.2011.06.007
https://doi.org/10.1029/95GL0301310.1016/j.marpetgeo.2011.06.007
https://doi.org/10.1130/G22008.1
https://doi.org/10.1130/G22008.1
https://doi.org/10.1016/j.jseaes.2018.01.004
https://doi.org/10.1016/S1872-5791(07)60010-4
https://doi.org/10.1002/2017GL076368
https://doi.org/10.1007/978-94-011-4387-5_3
https://doi.org/10.1038/nature11528
https://doi.org/10.1038/nature11528
https://doi.org/10.1016/j.margeo.2005.12.006
https://doi.org/10.1016/j.margeo.2005.12.006
https://doi.org/10.1007/s003670050103
https://doi.org/10.1007/s003670050103
https://doi.org/10.1016/j.marpetgeo.2018.09.024
https://doi.org/10.1029/97JB00392
https://doi.org/10.1029/97JB00392
https://doi.org/10.1016/j.marpetgeo.2008.02.007
https://doi.org/10.1016/0016-7037(80)90155-6
https://doi.org/10.1111/1755-6724.13073
https://doi.org/10.1111/1755-6724.13073
https://doi.org/10.1344/GeologicaActa2016.14.2.1
https://doi.org/10.1016/j.jseaes.2018.08.001
https://doi.org/10.1016/j.jseaes.2018.08.001
https://doi.org/10.1007/s11802-018-3458-1
https://doi.org/10.3969/j.issn.1006-7175.2013.11.001
https://doi.org/10.1016/j.marpetgeo.2014.01.002
https://doi.org/10.1016/j.marpetgeo.2011.07.002
https://doi.org/10.1016/j.marpetgeo.2011.07.002
https://doi.org/10.1016/j.marpetgeo.2018.07.028
https://doi.org/10.1016/S0146-6380(86)80013-4
https://doi.org/10.4043/20485-MS
https://doi.org/10.1155/2011/370298
https://doi.org/10.1016/j.marpetgeo.2004.11.006
https://doi.org/10.1190/INT-2016-0197.1
https://doi.org/10.31035/cg2020043
https://doi.org/10.3390/en11102793
https://doi.org/10.1016/j.epsl.2017.01.006
https://doi.org/10.3787/j.issn.1000-0976.2014.11.002
https://doi.org/10.3787/j.issn.1000-0976.2014.11.002
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Song et al.

Zhang, H. Q,, Yang, S. X, and Wu, N. Y. (2007). GMGS-1 Science Team: China’s
First Gas Hydrate Expedition Successful (No.1). Fire in the Ice: Methane
Hydrate Newsletter 7 (2), 4-8.

Zhang, R-w., Lu, J. A, Lu, J.-a, Wen, P.-f, Kuang, Z.-g,, Zhang, B.-j,, et al. (2018).
Distribution of Gas Hydrate Reservoir in the First Production Test Region of the
Shenhu Area, South China Sea. China Geology. 1, 493-504. doi:10.31035/cg2018049

Zhang, W, Liang, J., Lu, J. a., Wei, ], Su, P, Fang, Y., et al. (2017). Accumulation
Features and Mechanisms of High Saturation Natural Gas Hydrate in Shenhu
Area, Northern South China Sea. Pet. Exploration Develop. 44 (5), 708-719.
doi:10.1016/s1876-3804(17)30082-4

Zhang, W., Liang, J., Wan, Z, Su, P., Huang, W., Wang, L., et al. (2020b2020b).
Dynamic Accumulation of Gas Hydrates Associated with the Channel-Levee
System in the Shenhu Area, Northern South China Sea. Mar. Pet. Geology. 117,
104354. doi:10.1016/j.marpetgeo.2020.104354

Zhang, W, Liang, J., Wei, ], Lu, J. a,, Su, P,, Lin, L., et al. (2020a). Geological and
Geophysical Features of and Controls on Occurrence and Accumulation of Gas
Hydrates in the First Offshore Gas-Hydrate Production Test Region in the
Shenhu Area, Northern South China Sea. Mar. Pet. Geology. 114, 104191.
doi:10.1016/j.marpetgeo.2019.104191

Zhang, W, Liang, J., Wei, ], Su, P., Lin, L., and Huang, W. (2019). Origin of Natural
Gases and Associated Gas Hydrates in the Shenhu Area, Northern South China
Sea: Results from the China Gas Hydrate Drilling Expeditions. J. Asian Earth Sci.
183 (1), 103953. doi:10.1016/j.jseaes.2019.103953

Zhang, Y. (2011). Characteristics and Main Controlling Factors of Hydrocarbon
Accumulation in the Eogene of Huizhou Depression. Wuhan P.R.China:
Master’s degree of China University of Geosciences.

Zhang, Z., and Wright, C. S. (2017). Quantitative Interpretations and
Assessments of a Fractured Gas Hydrate Reservoir Using Three-
Dimensional Seismic and LWD Data in Kutei basin, East Kalimantan,
Offshore Indonesia. Mar. Pet. Geology. 84, 257-273. doi:10.1016/j.
marpetgeo.2017.03.019

GHSZ Spatial-Temporal Evolution in Shenhu

Zhao, S. . (2012). Structures of the Dongsha Movement at the Northern Margin
of the south China Sea: Implications for the Evolution of the Passive
continental Margins. Qindao P.R.China: Master’s degree of Institute of
oceanology.

Zhou, D,, Sun, Z., Liao, J., Zhao, Z., He, M., Wu, X,, et al. (2009). Filling History and
post-Breakup Acceleration of Sedimentation in Baiyun Sag, Deepwater
Northern South China Sea. J. Earth Sci. 20 (1), 160-171. doi:10.1007/
$12583-009-0015-2

Zhu, W. L. (2007). Natural Gas Geology in the continental Margin basin of the
Northern South China Sea. Beijing: Petroleum Industry Press, 3-22.

Zhu, Y. H.,, Huang, X, Fu, S. Y., and Su, P. B. (2013). Gas Sources of Natural Gas
Hydrates in the Shenhu Drilling Area, South China Sea. Geochemical Evid. Geol.
Anal. 87 (3), 767-776.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Song, Lei, Zhang, Cheng, Li and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Earth Science | www.frontiersin.org

77

April 2022 | Volume 10 | Article 880933


https://doi.org/10.31035/cg2018049
https://doi.org/10.1016/s1876-3804(17)30082-4
https://doi.org/10.1016/j.marpetgeo.2020.104354
https://doi.org/10.1016/j.marpetgeo.2019.104191
https://doi.org/10.1016/j.jseaes.2019.103953
https://doi.org/10.1016/j.marpetgeo.2017.03.019
https://doi.org/10.1016/j.marpetgeo.2017.03.019
https://doi.org/10.1007/s12583-009-0015-2
https://doi.org/10.1007/s12583-009-0015-2
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

:' frontiers ‘ Frontiers in Earth Science

METHODS
published: 29 April 2022
doi: 10.3389/feart.2022.870582

OPEN ACCESS

Edited by:

Jinan Guan,

Guangzhou Institute of Energy
Conversion (CAS), China

Reviewed by:

Ye Chen,

China University of Petroleum,
Huadong, China

Yilong Yuan,

Jilin University, China
Guangrong Jin,

Guangzhou Institute of Energy
Conversion (CAS), China

*Correspondence:
Tinghui Wan
825848651@qq.com
Haijjun Qiu
849238423@qgq.com

Specialty section:

This article was submitted to
Economic Geology,

a section of the journal
Frontiers in Earth Science

Received: 07 February 2022
Accepted: 21 March 2022
Published: 29 April 2022

Citation:

LiZz, Wan T, Yu Y, Liang Q, Lu H,
Wang J, Tian L, He H, Li K and Qiu H
(2022) Enhancement of Gas
Production From Clayey Silt Hydrate
Reservoirs Based on Near Wellbore
Atrtificial Fractures Constructed Using
High-Pressure Rotating Water

Jets Technology.

Front. Earth Sci. 10:870582.

doi: 10.3389/feart.2022.870582

®

Check for
updates

Enhancement of Gas Production From
Clayey Silt Hydrate Reservoirs Based
on Near Wellbore Artificial Fractures
Constructed Using High-Pressure
Rotating Water Jets Technology

Zhanzhao Li", Tinghui Wan*, Yanjiang Yu 2, Qianyong Liang "2, Hongfeng Lu™?,
Jingli Wang', Lieyu Tian’, Huice He', Keliang Li"? and Haijun Qiu"2*

"Guangzhou Marine Geological Survey, Guangzhou, China, 2Southern Marine Science and Engineering Guangdong Laboratory,
Guangzhou, China

Over 90% of the global hydrate resources are stored in very-low-permeability clayey silt
reservoirs. The low permeability significantly restricts the efficiency of gas and water
flow into the production well. To enhance gas production efficiency in low-permeability
hydrate reservoirs, the high-pressure rotating water jets (HPRWJ) technology is
proposed to construct near wellbore artificial fractures (NWAFs) in hydrate
reservoirs. The HPRWJ avoid the risks of hydraulic fracturing as well as large-scale
reservoir damage, which makes it more suitable for constructing fractures in hydrate-
bearing sediments (HBS). In this article, the site SH7 in the South China Sea is studied
to evaluate the feasibility of this technology for enhancing gas production of low-
permeability hydrate reservoirs by numerical simulation. The results show that the gas
productivity is increased by approximately three times by using the HPRWJ technology
to construct NWAFs with a depth of 3 m. It is suggested that the proposed technology
is a promising method for improving gas production from the low-permeability hydrate
reservoirs. Furthermore, the gas production performance is closely related to NWAF
depth, NWAF permeability, and NWAF spacing. For the site SH7 in the South China
Sea, the NWAF depth, permeability, and spacing are recommended as 3m, 3D, and
3 m, respectively.

Keywords: natural gas hydrate, high-pressure rotating water jets, near wellbore artificial fractures, low-permeability
reservoirs, production enhancement

INTRODUCTION

The energy demand is growing continually with the development of a global economy (Aydin
et al,, 2016). According to the International Energy Outlook et al., 2011 of the U.S. Energy
Information Administration, the global energy demand will increase by 50% by 2050 and the
most energy demand must be satisfied by renewable energy and natural gas (The U.S. Energy
Information Administration, 2019). Natural gas hydrates (NGHs) are white, cage-shaped,
crystalline solids composed of water and gas molecules, mainly methane, that widely occur
in the permafrost and deep oceanic sediments at high pressure and low temperature (Sloan et al.,
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2008; Su et al., 2011; Sun et al., 2012; Qorbani et al., 2017). The
global survey has proved that there is a large quantity of
hydrate-bound natural gas that is mainly stored in marine
sediments (Moridis and Sloan, 2007c¢). As a kind of clean and
high-energy density resources, the NGHs are considered as a
potential resource to meet the rapidly escalating global energy
demand.

To harvest natural gas, NGHs have to be converted in situ to
free gas. Several production methods have been proposed, such as
depressurization (Yuan et al., 2017; Myshakin et al., 2018; Lei
etal,, 2022), thermal injection (Chong et al., 2016; Yu et al., 2019),
gas replacement (Koh et al., 2016; Rossi et al., 2018), and inhibitor
injection (Sun Y. et al., 2019; Mu and von solms, 2020). All these
methods have been successfully conducted in field trial tests. For
example, inhibitor injection was tried in the development of the
Messoyakha gas hydrate field (Makogon and Omelchenko, 2013).
The test results showed that depressurization is the most
economical and effective method for exploiting gas from NGH
reservoirs (Hancock et al, 2005; Yamamoto and Dallimore,
2008a; The Ignik Sikumi Gas Hydrate Exchange Trial Project
Team, 2012). Therefore, four offshore gas production tests have
been conducted using the depressurization method in the Eastern
Nankai Trough and the South China Sea. However, the highest
daily gas production was only 2.87 x 10* m>. (Li et al., 2018; Ye
et al,, 2020). Therefore, the improvement of gas production
efficiency is still a challenge for NGH exploitation because of
the current low efficiency.

The key factors affecting gas production efficiency have
been widely investigated. Wang et al. (2013) and Konno et al.
(2014) analyzed the effect of production pressure on gas

production and concluded that a larger volume of gas could
be produced at a lower well pressure. Moridis et al. (2007b)
investigated formation property factors affecting gas
production and revealed that reservoir permeability was a
very important factor controlling hydrate dissociation and
gas production and that a lower reservoir permeability was
associated with a lower gas production efficiency. However,
oceanic NGH in clayey silt sediments with a potential
development value have low porosity and poor original
effective permeability because the pores are filled with solid
hydrates (Fujii et al., 2015; Huang et al., 2015; Yoneda et al.,
2017). Although the initial permeability of sediments at site
SHY7 of the Shenhu area in the South China Sea is 7.5-10""* m?,
the effective permeability is only approximately 1.0 x 107 m?
when the NGH pore fill is 40%, according to the relationship
between porosity and permeability (Moridis et al., 2008). This
will greatly restrict the transfer of pressure and heat between
the production wells and the strata, which decreases the
production efficiency of the decomposed gas and the
dissociation continuity of NGH. Unfortunately, more than
90% of the global NGH is located in the clayey silt
sediments with very low permeability (Boswell and Collett,
2011). Therefore, it is important to improve the gas production
efficiency from low-permeability clayey silt sediments.

To promote the hydrate production performance, various
methods have been investigated through numerical simulation,
including well heating and hot water injection combined with
depressurization, but the enhancement of gas production is
limited (Su et al, 2012; Su et al,, 2013). For example, using
the well heating method, via heating a production well can only
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affect the dissociation reaction in the vicinity of the production
well. In addition, the hot water injection method cannot transfer
injected hot water very far from the well due to the low
permeability of reservoirs (Feng et al, 2019b). Although, the
horizontal well can dramatically increase the gas production
rates, the high operating costs and technical difficulty restrict
its large-scale application (Feng et al., 2019a; Yuan et al., 2021b).

In recent years, the enhancement of gas production based on
large-scale fractures constructed by hydraulic fracturing
technology has been investigated through numerical
simulations. For example, Chen et al. carried out the study on
depressurization efficiency of a hydraulic fractured NGH
reservoir, in which the fracture depth was 40 m (Chen et al,
2017). Feng et al. evaluated the efficacy of the combination of
hydraulic fractures and depressurization and constructed an
elliptic hydraulic fractured zone in an NGH reservoir, and the
corresponding semi-major axis and semi-mini axis were 50 and
20 m respectively (Feng et al., 2019b). The simulation results
indicated that the large-scale hydraulic fractures can greatly
improve the CH,; gas production rates during the
depressurization process in the hydrate reservoir.

However, there are some challenges for the practical
application of hydraulic fracturing technology in marine
NGH reservoirs. The main challenges are as follows: (1)
Marine NGH reservoirs are normally buried in the shallow
seabed and the unconsolidated hydrate-bearing sediments
exhibiting limited shear strength, especially after the
hydrates have dissociated. (2) The NGH reservoirs are
significantly thin. (3) There are distinct differences in the
breakdown pressure between hydrate-bearing sediments and
non-hydrate-bearing sediments, which are more than 10 MPa
and less than 1 MPa, respectively (Too J. L. et al., 2018; Too
J. L. et al., 2018). (4) The directivity, depth, and height of the
fractures constructed by hydraulic fracturing are hard to
control in unconsolidated sediments. As a result, high-
pressure fracturing fluids (10 MPa) are liable to move
through the non-hydrate-bearing overburden once the fluids
break through hydrate-bearing sediments during hydraulic
fracturing. Therefore, fractures that cut-through hydrate-
bearing sediments and the seafloor are liable to form,
causing  environmental  unfriendly gas  seepages,
uncontrolled dissociations, or blowouts (Koh et al., 2016).
Moreover, the large-scale deep (tens, even hundreds of
meters) fractures constructed by hydraulic fracturing
technology destroy the structural stability of hydrate-
bearing sediments (HBS), which is adverse to the long-term
economic and feasible gas production from marine NGH
reservoirs (Goto et al., 2016; Kim et al., 2016).

To solve the aforementioned challenges when exploiting gas
from low-permeability clayey silt NGH reservoirs, the authors
proposed the strategy of adopting the HPRW] technology to
construct NWAFs in order to improve the permeability of near
wellbore reservoirs. The HPRWJ technology is widely used in
conventional oil and gas reservoirs to enhance production. When
constructing fractures using this method, high-pressure water (or
water with added sand, expansion inhibitor, or clay stabilizers) is
injected through a rotating nozzle to generate jets to penetrate

Enhancement of Gas Production

into reservoirs, ultimately forming cylindrical jet artificial
fractures around the wellbore (Li et al., 2002). As a result,
NWAFs, whose depth is an order lower than that of the large-
scale deep hydraulic fracturing fractures, are formed and the
permeability of near wellbore reservoirs is distinctly improved.
While constructing fractures, the jet pressure, rotary speed,
processing interval, and processing time can be selected and
controlled according to geological conditions, which means the
fracture position, depth, and spacing are easy to control. While
avoiding the risks of hydraulic fracturing, the NWAFs
constructed by the HPRW] technology have the following
advantages: (1) The fracture position, spacing, and depth are
easy to control. (2) The fractures are not likely to create large-
scale reservoir damage. (3) Compared with hydraulic fractures,
NWAFs can extremely maintain the stability of the hydrate
reservoir. These advantages are beneficial to the long-term
stable and economic exploitation of marine NGH reservoirs.
Creating NWAFs using the HPRW] technology is more
feasible than the hydraulic fracturing fractures in marine NGH
reservoirs. Moreover, the formation of hydrates in a sediment-
hosted pore space increases the mechanical strength of the host
sediments, making some of its physical and mechanical
properties close to those of semi-consolidated marine
sediments and increasing the feasibility of creating artificial
fractures in NGH reservoirs. The feasibility has been reported
by Konno et al. (2016) who found that the permeability of NGH-
bearing sand was increased by fracturing and was maintained
even after re-confining and closing the fractures. In addition, Too
J. L. et al. (2018) and Too J. L. et al. (2018) examined the
susceptibility of HBS with high saturation to fracture, and
constructed artificial fractures. Therefore, creating NWAFs
using the HPRW] technology before gas production by
depressurization is feasible and this work provides an
alternative approach to produce gas more effectively from low-
permeability clayey silt NGH reservoirs.

Based on low-permeability clayey silt NGH reservoirs in the
South China Sea, the authors constructed a series of reservoir
models with NWAFs to investigate the feasibility of the proposed
strategy. Specifically, a depressurization vertical well was used to
conduct our study, because it is the most practical and
economical method for large-scale and long-term exploitation
of marine NGH reservoirs. Furthermore, the effects of the factors
of NWAFs such as depth, permeability, and spacing on the gas
production performance were also tested in detail. This work may
suggest an advantage reference for improving gas production
efficiency from low-permeability clayey silt NGH reservoirs in the
future.

MATERIALS AND EQUIPMENT

Completion of NWAFs in HBS

As shown in Figure 1, the HPRW] tool consists of filters, a
one-way valve, centralizer, rotation controller, and self-
oscillation nozzles. While constructing NWAFs using the
HPRW] technology, the tool is lowered into the borehole at
the perforation intervals using the connecting tubing. Then,
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high-pressure clean water (or water with added sands,
expansion inhibitor, or clay stabilizers) is pumped through
the tubing, filters, one-way valve, and nozzles to generate jets.
Simultaneously, the nozzles are rotated by the rotation
controller and the rotary speed is adjusted by the
dampener. The impurities in the perforations become loose
and will be removed with the back flow under repeated jet
impacts. Then axisymmetric cylindrical artificial fractures are
obtained near the wellbore in the selected position. The tool is

able to move up and down to the next position by the draw
work of the tubing. Therefore, a series of axisymmetric
cylindrical artificial fractures are obtained very easily.
Furthermore, fracture shapes can be kept by adding sand to
the jet water or replacing the jet water with coagulable and
permeable grouting mixtures (Yuan et al, 2021a; Li et al,
2021). This article focuses on the impacts of NWAFs on the
hydrate production performance, the geomechanical effect on
fractures’ permeability, and the geomechanical response
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associated with the fractures that are not considered during gas
production. However, the geomechanical effect and response
will be further investigated.

METHODS

Background

The Shenhu Area is the first NGH reservoir exploited in China.
It is located in the middle part of the northern slope between
the Xisha Trough and the Dongsha Islands in the South China
Sea (Figure 2) (Wu et al., 2011). During GMGS-1 in 2007,
three of the five sites (sites: SH2, SH3, and SH7) cored in this
area were detected of having high concentrations of NGH. The
thickness of the hydrate-bearing sediments (HBS) is 10-43 m
and the bottom of the HBS is situated directly above the base of
the gas hydrate stability zone, which is suitable for exploitation
(Wanget al., 2011). Core sampling and well logging analysis of
the SH7 site indicated that the NGH exist at depths of
155-177 m below the seabed, with a water depth of 1,108 m.
The sediment porosity and NGH saturation are 33-48% and
20-44%, respectively (Li et al., 2011a). The overburden and
underburden layers are similar to HBS but lack of hydrates
sedimentary. In situ measurements show that the bottom
temperature is approximately 3.7°C with a geothermal
gradient of 43.3°C-km™'. The main component of the gas is
methane (96.10%-99.91%), with other gases mainly consisting
of C;Hg and C;Hg. In addition, the sediments are mainly
composed of silty clay and clay silt with a millidarcy-range
intrinsic permeability.

Numerical Simulation Code

In this study, the TOUGH + HYDRATE V1.5 software was used
to investigate the effects of NWAFs on the gas production of
NGH reservoirs (Moridis, 2014). The accuracy of this software
has been tested by massive studies at different hydrate sites
around the world. The following assumptions were made
when using this simulator (Moridis, 2014): (1) Darcy’s law is
valid in the model domain, (2) the mechanical dispersion of
dissolved gases and inhibitors is ignored, (3) the movement of the
geologic medium is not described, (4) the aqueous phase is not
allowed to disappear when salts are present, (5) the dissolved
inhibitors do not affect the thermophysical properties of the
aqueous phase, and (6) the inhibitor is a non-volatile
component. The governing equations for its multiphase flow
and heat convection and conduction processes are given as
follows.

1) Components and phases:

Four phases, namely, solid-hydrate (H), aqueous (A), gaseous
(G), and ice (I) phases are continuously distributed in the pore of
HBS. The four components, including water (w), methane (m),
hydrate (h), and salt (i), are partitioned among four possible
phases. For simplicity, the x and 8 indicators are used in the
subsequent equations to define these components and phases,
respectively.

Enhancement of Gas Production

According to the thermodynamic state of HBS, the quantity of
formed hydrate or the quantity of released methane gas is
determined by the following reaction:

CH4+NHH20:CH4'NHH20, (1)

2) Mass balance:

The governing equation for the flow of multicomponent fluid
mixtures determined based on the mass balance is as follows:

d

7 2)

J MEQV = J F* - ndl +J qav,
v, r, v,

where M*, F, and g" are the mass accumulation, flux, and source/
sink ratio of component «, respectively.
The mass accumulation term M" is determined by

M= Zﬁ:A,G,H,I PSpppXp

The mass flux term F° includes the contribution from the
aqueous and gaseous phases and the equation is as follows:

F= 2 s (B Tp):

For the aqueous phase, F/, is calculated by multiphase Darcy’s
law using the following equations:

3)

(4)

K,
Y = X"F,F, = —k—2P4

Ha

(VP4 = p,8) (5)

For the gaseous phase, Ff; is affected by the Klinkenberg
function and is determined by

b\ k
1+_>LPG
Pg Hg

The diffusive mass flux of component « (k = m,i) is calculated
using Fick’s law. It is defined as

(6)

F{ = XtFq, Fg = —k( (VP - pgg),

]E = —goS,;T,;DEpﬁVXE, (7)

3) Energy balance:

The governing equation for the heat flow determined based on
the energy balance is as follows:

d

dt ®

j M’av = j F. ndF+J q°av,
Vi I Vi
where 6 denotes the heat component and M?, F’, and ¢° are the
heat accumulation, flux, and source/sink ratio, respectively.

The heat accumulation term includes contributions from the
rock matrix and all the phases, and the equation is as follows:

M° = (1-@)p CrT + Zﬂ:A,G,H,I #SpppUg + Qus )

The heat flux term includes conduction and advection, and the

equation is as follows:
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Reaction heat Qq of hydrate dissociation is calculated by

o-|

Model Construction

This study investigated the stimulated production performance
with special emphasis placed on NWAFs and compared these
results with the production potential determined using a
conventional vertical well. To this end, two different cases
were defined as follows:

A(@pSuAUR) for equilibrium dissociation

R 11
AQy - Uy for kinetic dissociation an

1) Case 1: gas production using conventional vertical well design,
as shown in Figure 3B.

2) Case 2: gas extraction using a vertical well with NWAFs, as
shown in Figure 3C.

According to Li et al. (2002), when using the HPRW]J
technology to construct NWAFs, the impact pressure, which is
the pressure that the jet impacts at the sediment surface, will
increase linearly with the increase of pump pressure, and the
impact pressure is about 80-90% of pump pressure. Under the
pump pressure of 20 MPa, the fracture’s depth and height in the
consolidated sediment can be up to 1 m, 500 mm respectively and
the impact pressures still reach 3.0 MPa when the radial distance
increases up to 1 m. Moreover, the maximum pump pressure can
reach 50 MPa, which means the jet impacting distance can
reaches far more than 1 m. Otherwise, according to the study
conducted by Burland (1990) and Wei et al. (2021), the shear
strength of hydrate-bearing sediments and consolidated

-1240

i
fiit
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FIGURE 4 | Schematic of model discretization.

sediments is 0.5 MPa and more than 5 MPa, respectively. The
bulk modulus and mechanical strength of HBS are both much
lower than those of the consolidated sediment. Therefore, it is
easier to create NWAFs in HBS. In this article, the fracture depth,
height, and spacing in HBS is assumed to be 3 m, 500 mm, and
3 m, respectively, as shown in Figure 3C.

Figure 3A shows the schematic of the NGH reservoir model
used in this study, which was established based on the SH7 site in
the Shenhu area. According to the previous research results from

Frontiers in Earth Science | www.frontiersin.org

83

April 2022 | Volume 10 | Article 870582


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal

TABLE 1 | Main properties and parameters used in the hydrate reservoir model.

Parameter type Parameter

Overburden thickness
Underburden thickness
Thickness of hydrate reservoir
Initial pressure, Pg

Initial temperature, Tg

Initial saturation

Gas composition

Water salinity

Reservoir

Permeability of the hydrate reservoir, k

Grain density, pr
Porosity, ¢

Thermal conductivity of dry rocks, keap
Thermal conductivity of moist rocks, kegu

Multiphase flow
Capillary pressure model

Relative permeability model

Fractures Permeability

Porosity

Li Gang et al. at this site, an axisymmetric cylinder with a radius of
500.1 m and a thickness of 82 m was employed to denote the
model domain, which consisted of one HBS area, one permeable
top layer (the overburden), and one permeable bottom layer (the
underburden), whose thickness was 22, 30 and 30 m along the
vertical direction, respectively (Li et al., 2011b). According to
previous studies of Moridis and Kowalsky (2007a) and Moridis
et al. (2007b), the overburden and underburden layers with a
thickness of 30 m each were sufficient to simulate the heat and
pressure transfer during gas production.

Additionally, the inner and outer boundaries are also very
important for gas production prediction (Sun X. et al., 2019).
The production well with a radius of r,, = 0.1 m was located in
the center of the cylinder. The perforated interval was 12 m
long and located in the middle part of the HBS which can
prevent free water in the overburden and underburden layers
from entering into the wellbore at the beginning of the
simulation (Su et al., 2010). The bottomhole pressure was
set to 4.5 MPa which is similar to the field test condition in the
Nankai Trough (Yamamoto and Dallimore, 2008b; Fujii et al.,
2013). The top and bottom boundaries were set to boundaries
with constant temperature and pressure. Meanwhile, the
outside of the model (r,,x = 500.01 m, the thinkness of
0.0l m improves the boundary definition accurate) was
treated as a boundary where no exchange of heat and flow
occurred. The wellbore porosity, permeability, and capillary
pressure are assumed to be 1.0, 5.0 x 10°m”® and 0
respectively, treated as a pseudo-medium (Moridis and

Composite thermal conductivity model
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Reagan, 2011). Meanwhile, fractures were all assigned the
same values except for the permeability. Based on the
experiments performed by Liu et al. (2012) to analyze the
effects of the width, generation method, and filled material of
an artificial fracture on its permeability, the authors obtained
the permeability of the fractures (=3.0 x 107'°m®). While
constructing NWAF using the HPRW] technology, the tool
is able to move up and down very slowly at a constant speed
with a unaltered nozzle rotate speed at a fixed pump pressure,
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and thus, the fracture is assumed to be a thin rectangular-shape
as show in Figure 3C.

Domain Discretization

Figure 4 shows the schematic of the meshes used to predict the
gas production from the HBS under two different conditions
(i.e., cases 1 and 2). The model domain was discretized using a
cylindrical coordinate system, producing 99 (in r direction) x 102
(in z-direction) = 10098 grids, including 9,876 active elements
and 222 boundary elements located on the top, bottom, and inner
portion of the model. In the r direction, the first grid (Ar =
0.10 m) represents the wellbore; a fine discretization (Ar
0.25m) was applied from the second to sixth grid; the grid
size increases exponentially from the 7th to 98th grid; and the
99th grid acts as the outermost boundary. Since hydrate
exploitation is a complicated process with heat and mass
transfer, the grid blocks near the wellbore are relatively dense
in order to accurately describe the change in the physical
properties of the hydrates (Moridis and Sloan, 2007c). In the z
direction, two thin layers (Az = 0.01 m) are used to define the
uppermost and lowermost boundaries; a sparse discretization (Az
= 1m) was applied to the overburden and the underburden to
improve the computational efficiency owing to the lack of
hydrates in these layers; a fine discretization (Az = 0.5 m) was
applied in the HBS in order to accurately describe the physical
properties of the hydrates during exploitation. Since four
equations were calculated for each grid block, 39,504 (=
9876 x 4) equations were calculated in the whole simulation
system in total.

Initial Conditions

The main parameters of the model were set based on the core
samples’ analyses and well logs in this region (Li et al., 2013; Liang
et al., 2014). The sediment porosity and permeability were set to
0.4 and 7.5 x 107"* m’ respectively. The overburden and the
underburden were fully saturated with water and the hydrate
saturation of the HBS was set to 0.44. The capillary pressure

Enhancement of Gas Production

model (e.g., the van Genuchten function) and the three-phase
relative permeability model (e.g., the modified version of Stone’s
function) were employed. They are commonly used in numerical
simulations and have been validated by field hydrate production
tests (Anderson et al, 2011; Moridis and Reagan, 2011). The
corresponding parameters of these multiphase flow models were
determined using the accessible data in the literature. The lateral-
to-vertical permeability ratio (kg/k;) of HBS and the overburden
and underburden layers were set to 4.0 according to the latest
pressure core flood test (Yoneda et al, 2019). The system
parameters and physical properties of the simulation are given
in Table 1. It should be noted that the initial conditions in the
whole reservoir would remain stable unless there was a
disturbance from outside, such as depressurization or thermal
injection.

RESULTS

Gas and Water Production Behaviors

The production performance of the two cases, including gas
production rate (Qp), cumulative gas production (Vyp),
cumulative water production (Vyy), and gas-water ratio (Rgw),
in 1 year are shown in Figures 5, 6, respectively.

In case 2, the gas production rate and cumulative gas
production (Qr and V) were consistently over 6000 ST m>/d
and up to 230 x 10* ST m” respectively. In case 1, they were 2000
ST m>/d and 75 x 10* ST m?, respectively. These findings indicate
that the hydrate reservoir productivity increased by about three
times when NWAFs were constructed by the HPRW] technology.
Therefore, this technology is a promising method for improving
the gas production of low-permeability hydrate reservoirs.

There are three main reasons that the HPRW] technology
promotes hydrate productivity. Firstly, high-conductivity
fractures with certain morphologies can be created near the
production well, thus increasing reservoir permeability and
dramatically decreasing flow resistance around the production
well. As a result, the efficiency of gas and water flow towards the
production well can be improved. Secondly, the effective surface
area for the discharge of water and gas can be increased. The
effective surface area only includes the surface area of the wellbore
in case 1, while it includes the surface area of the wellbore and the
artificial fractures and thus increased by several times in case 2; as
a result, in case 2, there was more flux at the same production
pressure. Thirdly, NWAFs can enlarge the transfer distance of
pressure drops, as shown in Figure 7A, and can correspondingly
accelerate hydrate dissociation, as shown in Figure 7B, thus
increasing the gas production rate of hydrate reservoirs.

During the simulated 1-year production period, the
cumulative water production (Vi) and the gas—water ratio
(Rgw) in case 2 were 55 x 10*m> and 3.7 respectively, and
those in case 1 were 17.5 x 10* m’ and 3.7 respectively. These
numbers indicate that, in case 2, not only gas production, but also
water production increased, whereas the gas-water ratio was
hardly affected. Therefore, it is necessary to optimize the
perforated interval before NWAFs are constructed in order to
achieve the optimal gas-water ratio.
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TABLE 2 | Fracture depth and corresponding calculation case.

Case Fracture depth (m)
D1 1
D2 2
D3 3
D4 4
D5 5
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FIGURE 8 | Time-varying curve of gas production rate (Qrp) and
cumulative gas production (V1p) in case of different fracture depths.

7x10°
6x10° |
5x10° -
4x10° i
3x10° —i

2x10° 4

Cumulative water volume (m’)

1x10°

Gas-to-water ratio (ST m’ of CH,/m3 of H,0 )

T T T T T
150 200 250 300 350

T
100

Time (days)

FIGURE 9 | Time-varying curve of cumulative water production (Vi)
and gas-water ratio (Rgup) in case of different fracture depths.

case 1 and 2 after 10, 60, and 365 days are shown in Figures 7A-D,
respectively.

As shown in Figures 7A,C, in case 2, the transfer distance of
the pressure drop during the whole exploitation was about
30 m, which was two-fold larger than that in case 1. The
hydrate dissociation range was also distinctly larger in case
2, which is the major reason why the gas production rate in
case 2 was three times that of case 1 as shown in Figure 5.
However, in both cases, there was no significant changes in the
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TABLE 3 | Fracture permeability and corresponding calculation case.

Case Fracture permeability
P1 1D
p2 2D
P3 3D
P4 4D
P5 5D

transfer range of the pressure drop in the early (60th day) and
later stages (365th day) of gas production. This consistency
was mainly due to the fact that both the overburden and the
underburden layers were composed of permeable sediments,
and the water in these sediments can flow into the production
well after a certain period of time. As a result, the pressure drop
failed to be transferred into the deep reservoir, which restricted
the hydrate dissociation to some extent. Therefore, to improve
the recovery of the entire hydrate reservoir, well spacing
should be properly controlled when vertical wells are
employed to exploit hydrate deposits with permeable
boundaries.

As an endothermic reaction, hydrate dissociation consumes
the heat of the surrounding areas while producing gas and water,
thus affecting the temperature distribution of the hydrate
reservoir. Figure 7B clearly shows that there was an obvious
low-temperature area near the production well at the start stage of
NGH exploitation (10 days) and that the low-temperature area in
case 2 was significantly greater than that in case 1. These findings
are consistent with the hydrate dissociation ranges shown in
Figure 7C. Figure 7B also demonstrates that, in both cases, the
low-temperature area gradually shrunk at the early and later
stages of NGH exploitation (the 60th and 365th day, respectively).
This occurred mainly because the water from the overburden and
the underburden flowed into the production well, changing the
temperature distribution of the hydrate reservoir around the well.
In particular, the hot water in the underburden significantly
heated the hydrate reservoir and promoted hydrate
dissociation. This phenomenon is consistent with the
morphology of the hydrate dissociation front illustrated in
Figure 7C.

The gas released from the hydrate dissociation was either
extracted from the hydrate reservoir or remained in it as free
hydrocarbon gas. Figure 7D shows that the gas-bearing area in
case 2 was significantly larger than that in case 1, which indirectly
proves that NWAFs can effectively promote the dissociation of
hydrates into gas and water.

DISCUSSION

Effects of Fracture Parameters on the Gas

Productivity of the Hydrate Reservoir

This article aims to apply the HPRW] technology to vertical wells.
The parameters used in this technology (e.g., jet pressure, rotary
speed, processing time, and the moving distance of the tubing)
determine the key fracture parameters, such as fracture depth,
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FIGURE 10 | Time-varying curve of gas production rate (Q7p) and
cumulative gas production (V7p) in case of different fracture permeabilities.
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FIGURE 11 | Time-varying curve of cumulative water production (Viyp)

and gas-water ratio (Rewp) in case of different fracture permeabilities.

permeability, and spacing. Therefore, the effects of the key
parameters of NWAFs on gas productivity were discussed,
which is very important for parameter selection when using
the HPRW] technology for constructing NWAFs. The
relationships between HPRW] parameters and NWAF
parameters will be further investigated through a laboratory
and numerical study.

Effects of Fracture Depth on Gas
Productivity

Fractures’ depth is mainly controlled by jet pressure, rotary
speed, and processing time. To compare the effects of different
NWAF depths on the gas productivity of hydrate deposits,
NWAF depths were set to 1, 2, 3, 4, and 5m, as shown in
Table 2. The authors assumed that fracture permeability,
fracture spacing, fracture height, and the length of the
completion interval were 3 D, 3, 0.5, and 12 m, respectively.

Enhancement of Gas Production

TABLE 4 | Fracture spacing and corresponding calculation case.

Case Fracture spacing (m) Fractures number
S1 1 13
S2 2 7
S3 3 5
S4 4 4
S5 5 2
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FIGURE 12| Time-varying gas production rate (Qrs) and cumulative gas
production (Vrs) in case of different fracture spacings.
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FIGURE 13 | Time-varying cumulative water production (Viys) and
gas—water ratio (Rgws) in case of different fracture spacings.

Figures 8, 9 present the gas production rate (Qrp),
cumulative gas production (Vyp), cumulative water
production (Vyp), and gas-water ratio (Rgwp) at different
NWAF depths. When the fracture depth increased from 1 to 2,
3, 4, and 5m, the Vyp increased from 1.54x10° ST m? to
1.91x10° ST m?® 2.30x10° ST m’, 2.49x10° ST m’, and
2.73x10° ST m® respectively, increasing by 24.0, 49.3, 61.7,
and 77.3%. The results indicate that the gas production rate
increases with an increase in the NWAF depth. However, Vp
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increased by 8.3% when the fracture depth increased from 3 to
4 m, and by 20.4% when the fracture depth increased from 2 to
3m. This indicates that the increase in fracture depth
corresponds with the decrease in the magnitude of gas
production efficiency. Therefore, a fracture depth of 3 m is
recommended for the low-permeability hydrate reservoirs at
site SH7. Moreover, it has been observed that cumulative water
production increases as the NWAF depth increases, and that
fracture depth has no effect on the gas—water ratio.

Effects of Fracture Permeability on Gas
Productivity

According to laboratory test results, fracture permeability is
closely related to the materials added to jet water and can
reach 7.45x10° D during NWAF construction (Xu et al,
2016). To compare the effects of different NWAF permeability
values on the productivity of hydrate deposits, NWAF
permeability was set to 1 D, 2 D, 3 D, 4 D, and 5 D, as shown
in Table 3. The authors assumed that fracture depth, fracture
spacing, fracture height, and the length of the completion interval
were 3, 3, 0.5, and 12 m, respectively.

Figures 10, 11 present the gas production rate (Qrp),
cumulative gas production (Vyp), cumulative water
production (Vyp), and gas-water ratio (Rgwp) in cases of
different NWAF permeability values. When fracture
permeability increased from 1 D to 2 D, 3 D, 4 D, and 5 D,
Vrp increased from 1.57x10° ST m?® to 2.03x10° ST m?,
2.30x10° ST m’, 2.49x10° ST m’, and 2.62x10° ST m’,
respectively, increasing by 29.3, 46.5, 58.6, and 66.9%,
respectively. The results indicate that the gas production
rate increases with an increase in the NWAF permeability.
However, Vyp increased by 8.3% when fracture permeability
increased from 3 D to 4 D, and by 13.3% when the fracture
permeability increased from 2 D to 3 D. This illustrates that the
increase in fracture permeability corresponds with the
decrease in the magnitude of gas production efficiency.
Therefore, fracture permeability of 3 D is recommended for
the low-permeability hydrate reservoirs at site SH7. Moreover,
cumulative water production increases as the NWAF
permeability increases, and fracture permeability has no
effect on the gas-water ratio.

Effects of Fracture Spacing on Gas
Productivity

Fracture spacing can be controlled by lifting or lowering the
tubing. To compare the effects of different NWAF spacing values
on the productivity of hydrate deposits, the NWAF spacing was
set to 1, 2, 3, 4, and 5m, as shown in Table 4. The authors
assumed that fracture depth, fracture permeability, fracture
height, and the length of the completion interval were 3 m, 3
D, 0.5, and 12 m respectively.

Figures 12, 13 show the gas production rate (Qrg),
cumulative gas production (Vrs), cumulative water
production (Vys), and gas—water ratio (Rgws) at different
NWATF spacing values. Figure 12 clearly demonstrates that
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NWAF spacing has significant effects on gas production rate
(Qrs). The stable gas production rate was 8,100 ST ms/day
when the fracture spacing was 1 m, whereas it was only 4,300
ST m’/day when the NWAF spacing increased to 5 m. These
findings show that the gas production rate increases with a
decrease in the NWAF spacing. However, Vg increased by
53.3% when fracture spacing decreased from 4 to 3 m, and by
16.1% when fracture spacing decreased from 3 to 2 m. This
means that the decrease in fracture spacing corresponds with
the decrease in the magnitude of gas production efficiency.
Therefore, a fracture spacing of 3 m is recommended for the
low-permeability hydrate reservoirs at site SH7. NWAF
spacing has no effect on the gas—water ratio.

Discussion of the Effects of Key Parameters
of NWAF on Gas Productivity

This study’s investigation of the effects of the key parameters of
NWAFs, such as depth, permeability, and spacing on gas
productivity during 1year of simulated mining led to
important findings. As the fracture depth increases from 1 to
5m, cumulative gas production can increase from 154 x 10* to
273 x 10* ST m>. As the fracture permeability increases from 1 D
to 5 D, the cumulative gas production can increase from 157 x 10*
to 262 x 10* ST m”. As fracture spacing increases from 1 to 5 m,
cumulative gas production can decrease from 318 x 10* to 126 x
10* ST m’. Gas production efficiency can be significantly
increased by increasing fracture depth and permeability or by
reducing fracture spacing. As mentioned previously, however,
marine NGH deposits often involve unconsolidated sediments
that exhibit limited shear strength, especially when the hydrates
are dissociated. Under these conditions, the fractures can reduce
the structural stability of NGH sediments. Therefore, when using
NWAFs to increase gas production, the shear strength and
structural stability of NGH sediments need to be considered in
the determination of fracture depth and spacing, which will be
researched by the authors in the future. After fracture depth and
spacing are determined, fracture permeability, which hardly
affects the structural stability of HBS, should be increased as
much as possible. By comparing growth gaps between gradients
under variable control, the recommended NWAF depth,
permeability, and spacing are 3m, 3 D, and 3 m, respectively
for the clayey silt reservoirs at site SH7, and more detailed
discussions will be investigated in a later study.

CONCLUSION

Low permeability significantly restricts the efficiency of gas
and water flow into production wells. To enhance the gas
production efficiency from low-permeability hydrate
reservoirs, the high-pressure rotating water jets (HPRW])
technology is proposed to construct near wellbore artificial
fractures (NWAFs) in hydrate reservoirs. The HPRW] can
avoid the risks of hydraulic fracturing as well as large-scale
reservoir damage. It is more suitable for constructing fractures
in hydrate-bearing sediments (HBS). Taking site SH7 in the
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South China Sea as a case study, this work used numerical
simulations to evaluate the feasibility of this technology for
enhancing gas production of low-permeability hydrate
reservoirs. The following conclusions were obtained.

(1) NWAFs constructed by the HPRWJ technology can
effectively increase the gas and water production efficiency
of low-permeability hydrate reservoirs. The gas productivity
can be increased by about three times by constructing
fractures with a depth, spacing, and height of 3 m, 3, and
0.5m respectively based on low-permeability hydrate
reservoirs at site SH7. This is mainly because high-
conductivity fractures are formed near the production
well, which provide rapid flow channels for gas and water,
thus contributing to pressure propagation.

The water in permeable boundaries can flow into production
wells after a certain period of production, thereby restricting
the pressure drop from being transferred into deep reservoirs
and limiting hydrate dissociation to some extent. Therefore,
well spacing should be properly controlled when vertical
wells are employed to exploit hydrate deposits at site SH7 in
the South China Sea to improve the recovery of the entire
hydrate reservoir.

Fracture depth, fracture permeability, and fracture spacing
have significant effects on the gas productivity of hydrate
reservoirs. Production efficiency increases as fracture depth,
and permeability increase, and as fracture spacing decreases.
However, these fracture parameters can hardly affect the
gas—water ratio.

2

3)

The proposed HPRW] technology may be an efficient
stimulation method for gas recovery from low-permeability
hydrate reservoirs in the foreseeable future. Therefore, there is
an urgent need for conducting laboratory and numerical studies
related to the high-pressure rotating water jet technology and the
geomechanical responses associated with fractures in the future.
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NOMENCLATURE

M* Mass accumulation of component «, kg/m’
F* Mass flux of component «, kg/(m>s)

qk Sink/source of component , kg/(m3~s)
M? Energy accumulation, J/m’

Y Energy flux, J/(m’-s)

qf) Sink/source of heat, J/(m3-s)

V' Volume, m’

T Surface area, m*

t Time, s

¢ Porosity

Sﬁ Saturation of phase 8

Ps Density of phase {8, kg/m3

XE Mass fraction of component « in phase f3
k Permeability, m?

krﬁ Relative permeability of phase f3

Hyp Viscosity of phase f3, Pa-s

Ppg Pressure of phase 8, Pa

s . 2
g Gravitational acceleration vector, m/s

Enhancement of Gas Production

b Klinkenberg factor, Pa

T Medium tortuosity of phase 8

DE Molecular diffusion coefficient of component « in phase B, m*/s
Pr Density of rock grain, kg/m’

CR Specific heat of rock grain, J/(kg-"C)

T Temperature, °C

Up Internal energy of phase B, J/kg

A\ Average thermal conductivity, W/(m-K)

hﬁ Specific enthalpy of phase §, J/kg

IE Mass diffusion of component « in phase 3, kg/(m°-s)
Py Hydrate density, kg/m’

Sy Hydrate saturation

VUp Specific enthalpy of hydrate dissociation/formation, j/kg

Qp Mass change of hydrate component under kinetic dissociation, kg
Ny Hydration number

V Gradient operator

P Phase, f = A,GHI is aqueous, gas, hydrate, and ice, respectively

K Component, k = w,m,i,h is water, methane, salt, and hydrate, respectively
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Exploration and pilot production have confirmed that gas hydrates in the Shenhu area on
the northern continental slope of the South China Sea have enormous resource potential.
However, a meticulous depiction of gas hydrate reservoirs based on sediments is limited.
The distributed low-flux gas hydrates are mainly deposited in the Shenhu area, and the gas
hydrate saturation exhibits extreme vertical heterogeneity. In this study, we focused on the
sediment microstructure of gas hydrate reservoirs. Based on the variation in gas hydrate
saturation, the study interval was divided into non-gas hydrate (hon-GH) as well as |-, II-,
and lll-gas hydrate reservoir layers. We analyzed the relationship between sediment
microstructure and gas hydrate reservoirs based on computed tomography scans,
specific surface area analysis, and scanning electron microscopy observations. The
results showed that the sediment in gas hydrate reservoirs had three types of pores:
1) intergranular pores between coarse grains (CG-intergranular pores), 2) intergranular
pores between fine grains (FG-intergranular pores), and 3) biologic grain pores (BG-pores).
The CG- and FG-intergranular pores were mainly formed by the framework, which
consisted of coarse minerals (such as quartz and feldspar) and clay minerals,
respectively. The BG-pores were mainly formed by the coelomes of foraminifera. CG-
intergranular pores and BG-pores can provide effective reservoir space and increase the
permeability of sediment, which is conducive to gas hydrate accumulation. The FG-
intergranular pores reduce permeability and are not conducive to gas hydrate
accumulation. Clay minerals and calcareous ultramicrofossils with small grain sizes and
complex microstructures fill the effective reservoir space and reduce the permeability of
sediment; additionally, they improve the adsorption capacity of sediment to free gas or
pore water, which is not conducive to gas hydrate formation and accumulation. The results
of our study explicitly suggest that the microstructure of sediment is an important
controlling factor for gas hydrate accumulation and reveals its underlying mechanism.
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INTRODUCTION

Gas hydrates constitute a potential strategic energy resource for the
future owing to their high-density energy and clean-burning
features (Boswell and Collett, 2006; Tréhu et al., 2006; Boswell
et al,, 2012; Koh et al., 2012; Malagar et al., 2019). Globally, most
gas hydrates occur in submarine sediments. In recent years, a series
of scientific research, exploration, and gas hydrate production tests
have been conducted in the Gulf of Mexico, Cascadia subduction
zone, Nankai Trough in Japan, Ulleung Basin in Korea, Krishna-
Godavari Basin in India, and the northern South China Sea
(Pohlman et al.,, 2009; Boswell et al., 2012; Collett et al., 2012;
Ryu et al., 2013; Ito et al,, 2015; Zhang et al., 2015; Su et al., 2016;
Boswell et al., 2019). Based on a large number of relevant previous
studies, gas hydrate accumulation is significantly controlled by the
gas hydrate stability zone, gas source, and gas migration channels
(Collett, 2002; Lu and McMechan, 2002; Tréhu et al., 2006; Wu
et al,, 2007; Wang et al., 2014). However, as exemplified by many
cases of gas hydrate drilling, the gas hydrate forms and saturation
are significantly different among different sea areas, different sites
in the same sea area, and even different layers at the same site
(Colwell et al.,, 2004; Tréhu et al.,, 2006; Ryu et al., 2013; Boswell
et al, 2019; Liang et al, 2019; Ye et al, 2019). Gas hydrate
formation and saturation exhibit strong horizontal and vertical
heterogeneity in the gas hydrate stability zone (Yang S. et al., 2017;
Kang et al., 2020). The heterogeneity of gas hydrate accumulation is
difficult to explain solely based on controlling factors, such as gas
hydrate stability zone, gas source, or gas migration channels.
Differences in gas hydrate reservoir properties may also play a
key role in restricting gas hydrate accumulation.

For decades, research on gas hydrate reservoirs has mainly
relied on geophysical methods. Many researchers have used
seismic and logging while drilling (LWD) data to describe and
characterize gas hydrate reservoirs (Chand et al., 2004; Collett
et al., 2012; Wang et al.,, 2014; Liang et al., 2016; Haines et al,,
2017; Yang J. et al., 2017). LWD data can be used to calculate the
gas hydrate saturation and identify potential gas hydrate
reservoirs (Chand et al., 2004; Collett et al., 2012; Liang et al.,
2016; Yang J. et al., 2017). Seismic profiles can help describe and
study the characteristics of gas hydrate-bearing deposits; by
combining these with logging data, we can reveal the plane
distribution of gas hydrate reservoirs (Popescu et al., 2006;
Wang et al., 2014; Li et al., 2016; Su et al,, 2017; Bai et al,
2019; Zhang et al., 2020). Most gas hydrate reservoir studies that
rely on geophysical methods have been conducted on a large
scale. Higher-resolution reservoir studies require more detailed
and accurate information from sediment data. There has also
been research on the properties of gas hydrate reservoir sediment.
Some researchers have studied the effects of grain size parameters
and biological components of sediments on gas hydrate
reservoirs. They found that coarse grain size (Lu and
McMechan, 2002; Colwell et al., 2004; Tréhu et al., 2006; Ito
etal., 2015; Li et al., 2019), poor sorting (Waite et al., 2019; Yang

etal., 2020), and some types of microfossils (e.g., foraminifera and
diatoms) (Chen et al., 2013; Ryu et al., 2013; Zhang et al., 2015;
Boswell et al, 2019) have potentially positive effects on gas
hydrate accumulation. However, as gas hydrate exploration
has increased, these rules cannot be applied to all research
cases (Zhang et al.,, 2015; Yi et al., 2018; Boswell et al., 2019;
Li et al,, 2019; Su et al, 2021), indicating that the influence of
sediment properties on gas hydrate accumulation is very
complex.

Recent research has shown that sediment microstructure is
also a controlling factor for gas hydrate accumulation (Jones et al.,
2007; Ghosh and Ojha, 2021). Some researchers have used
laboratory simulation methods to explore the formation
process of gas hydrates in sediment and the variation in
porosity and permeability properties and established the
relationship between porosity and permeability parameters and
gas hydrate saturation (Wang et al., 2020; Wu et al., 2020; Li et al.,
2021). These laboratory simulations provide a reasonable basis
for exploring the effect of the sediment microstructure on gas
hydrate accumulation. However, the actual conditions for gas
hydrate accumulation are complex. Thus, some researchers have
used actual gas hydrate-bearing sediments for microstructural
research. They considered that the mineral type and grain size
determine the pore space and influence gas hydrate accumulation
(Lee et al.,, 2013; Bian et al., 2020; Cai et al., 2020). Undoubtedly,
the reservoir space is one of the key factors affecting gas hydrate
accumulation. However, it is difficult to explain the gas hydrate
accumulation rule in many research cases simply by emphasizing
the control effect of sediment grain size and pore space, especially
in gas hydrate reservoirs dominated by fine-grained sediments in
the northern South China Sea (Zhang et al., 2015; Su et al., 2016;
Lietal., 2019). Thus, the effect of sediment microstructure on gas
hydrate accumulation requires further research.

Gas hydrates in the Shenhu area of the northern South China
Sea (SCS) are typically dominated by diffused gas hydrates (Liang
etal,, 2016). Sediments in the Shenhu area have a more significant
controlling effect on gas hydrate accumulation (Zhang et al,
2015; Lietal., 2019; Su et al., 2021). Therefore, the selection of gas
hydrate-bearing sediment samples from the Shenhu area is more
conducive to discussing the influence of the sediment
microstructure on gas hydrate accumulation. In this study,
scanning electron microscopy (SEM) and computed
tomography (CT) were used to characterize the microstructure
of gas hydrate-bearing sediments. Then, we combined the
microstructural features of the sediment, specific surface area,
and biological data to reveal the controlling effect of sediment
microstructure on gas hydrate accumulation.

GEOLOGICAL SETTING

The SCS is 1,212 m deep on average, with a maximum depth of
5,377 m (Wu et al., 2007). The northeastern slope of the SCS is
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FIGURE 1 | The geological map of study area. (A) the geological map of northern slope of SCS, modified from Li et al. (2019); (B) enlarge the red box in figure (A),
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located in the transitional zone between quasi-passive and active
continental margins. The northeastern slope of the SCS has a
complex geological structure and covers a total area of
approximately 2.3 x 10° km? with a length of 900 km and a
width of 143-342 km (Shao et al., 2007; Wu et al., 2007; Bai et al.,
2019; Li et al., 2019; Zhang W. et al., 2019). The western part of
the northeastern slope of the SCS is the Pearl River Mouth Basin,
which has an extensional setting (Figure 1A). During the
Paleocene, the northeastern slope of the SCS was a rift basin,
and numerous faults of different scales were formed (Shao et al.,
2007; Bai et al., 2019; Li et al., 2019). After the Middle Miocene,
the northeastern continental margin of the SCS entered a tectonic
subsidence stage. During this stage, the regional sedimentary
layer was dominated by marine sediments, with a very high
deposition rate of approximately 520 m/Ma (Shao et al., 2007).

According to a series of exploratory drilling expeditions and two
gas hydrate production tests conducted by the Guangzhou Marine
Geological Survey (GMGS) in the past few years, the SCS is known
worldwide as an attractive and potentially resource-rich area that
contains gas hydrates (Liu et al,, 2012; Li et al., 2018; Qin et al., 2020;
Su et al, 2021). In the third gas hydrate exploratory drilling
expeditions by GMGS (GMGS3), gas hydrates were obtained at
sites W11, W17, W18, and W19 (Figure 1B). The sediment core,
geophysical data, and geological background data of sites W11, W17,
W18, and W19 were also obtained during the GMGS3 expedition.
Site W19 is located on the western ridge of the GMGS3 drilling area
and contains a favorable gas hydrate reservoir. The gas hydrates at
site W19 occurred between 134 and 171 m below the seafloor
(mbsf), at gas hydrate saturations as high as approximately 71%
(Zhang et al., 2020). Site W19 was selected as the key site owing to its
high hydrate saturation and thick reservoir.

MATERIALS AND METHODS

Core Samples, SEM Observations, and CT

Scans

This study focused on the gas hydrate reservoir and adjacent
layers of site W19 (114.4-171 mbsf) and 39 samples were
obtained for SEM observations, CT scans, and specific
surface area (SSA) analyses (Table 1; Figure 3). The gas
hydrate in the core samples decomposed under changes in
temperature and pressure conditions (Figure 2A). However,
gas hydrate decomposition has a limited influence on the
mineral and biological components and SSA in sediments
(Zhang et al,, 2016; Li et al, 2019; Waite et al., 2019). The
microstructure of the core samples is not in the in-situ state with
gas hydrates. However, the samples can represent the
microstructural features of the sediment before gas hydrate
formation, which is significant for gas hydrate accumulation
analysis. The samples used for SEM observation and CT scans in
this study were obtained using plastic square cubes (2 x 2 x
2cm), which helped preserve the original microstructural
features as much as possible (Figure 2B). The samples were
stored on dry ice until the tests were conducted in the
laboratory.

As the square cubes were made of plastic, which has no effect
on the CT scan, the samples and square cubes were tested directly
to obtain CT scan images and data. A total 12 samples were used
for CT scan. The CT scan was performed by Nanjing
Hongchuang Geological Exploration Technology Service
Co., Ltd.

The samples used for the SEM observation were prepared as
follows:
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TABLE 1 | The sample list of Site W19.

Sample Depth (mbsf) Sample
W19-1 120.70 W19-14
W19-2 122.50 W19-15
W19-3 122.70 W19-16
W19-4 122.90 W19-17
W19-5 124.50 W19-18
W19-6 126.60 W19-19
W19-7 126.80 W19-20
W19-8 127.80 W19-21
W19-9 128.10 W19-22
W19-10 130.15 W19-23
W19-11 135.60 W19-24
W19-12 135.90 W19-25
W19-13 136.10 W19-26

Microstructure of Gas Hydrate Reservoir

Depth (mbsf) Sample Depth (mbsf)
136.35 W19-27 156.20
137.60 W19-28 156.55
138.60 W19-29 157.90
140.20 W19-30 158.30
141.40 W19-31 158.50
145.20 W19-32 161.20
146.20 W19-33 162.80
146.35 W19-34 163.20
146.50 W19-35 163.70
147.20 W19-36 164.20
148.70 W19-37 166.00
149.00 W19-38 166.50
154.90 W19-39 167.10

cores; (C) and (D) the images of sample preparation process.

FIGURE 2 | The sampling method images. (A) the sediment cores of Site W19; (B) the sample cubes for microstructure analysis which sampling from sediment

(1) First, the epoxy resin and curing agent proportions were
adjusted. We used more epoxy resin and less curing agent,
which prolongs the curing time of epoxy resin and facilitates
infiltration.

Then, the samples were placed in a mold and wrapped with a
mixture of epoxy resin and a curing agent (Figure 2C). The
samples were then left at 25°C for curing (Figure 2D).
Next, the samples were cut.

The cut surface was reinfused with a mixture of epoxy resin
and curing agent to ensure that the samples were
completely cured.

The cut surface of the samples was ground and the samples
were placed on the slide and cut to 1-2 mm thickness.
The samples were polished with 800- and 1200-mesh emery
cloths to complete the preparation.

)

(©)
(4)

(©)
(6)

The samples for SEM observation were prepared at the Institute
of Geology and Geophysics, Chinese Academy of Sciences.

Gas Hydrate Saturation

The analysis of gas hydrate saturation of site W19 was mainly
based on the voyage report of GMGS3. In this study, resistivity log
data, ClI" anomalies of the pore water in sediment, and
quantitative degassing of the pressure core were used to
analyze the gas hydrate variation trend (Dvorkin et al., 1999;
Qian et al., 2018; Ye et al., 2019).

Biological Statistics

Biological data were obtained from the voyage report of GMGS3
and were tested at the Test Center of the Guangzhou Marine
Geological Survey.

Specific Surface Area

SSA analysis was conducted using Quantachrome Autosorb-1
and Quantachrome Nova Station A instruments at the Institute of
Analysis and Testing, Beijing Academy of Science and
Technology. Before the analysis, the samples were degassed at
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FIGURE 3 | The comprehensive column of Site W19. The lithology data are cited from voyage report of the GMGS3. Foram. and Calca. are short for foraminifera
and calcareous ultra-microfossils, respectively. The purple, red, bule and orange shaded area indicate non-GH, I-, II-, and [lI-GHR layers, respectively. * The Porosity (in-

situ) is calculated by LWD data.

approximately 383.15 K under vacuum for approximately 12 h to
remove adsorbed moisture and residual volatiles. The N, sorption
isotherms were determined at 77.35 K within a relative pressure
(P/Po = absolute/saturation pressure) range of 0.009-0.995. The
specific surface area was calculated using the Brunauer-Emmet-
Teller equation (Brunauer et al., 1938).

RESULTS

Lithology

The lithological data of site W19 were collected from the voyage
report of the GMGS3. In the study interval at site W19, the
sediments were dominated by clayey silt and silt. The sand
content of the sediments ranged from 0.12 to 10.85%, with an
average of 3.34%. The silt content of the sediments ranged from
55.64 to 80.07%, with an average of 70.00%. The clay content of
the sediments ranged from 17.21 to 44.19%, with an average of
26.66%. In the upper part of the study interval (114.4-145 mbsf),
the sediments were dominated by clayey silt with only a few silt
layers in the bottom part (Figure 3). In the lower part of the study
interval (145-171 mbsf), the sediments were dominated by silt

with several interbedded clayey silt layers (Figure 3). In Site W19,
the sediments mainly consist of quartz, feldspar, calcite, and clay
minerals, and a few dolomite, siderite, and anhydrite appear in
some layers. The clay minerals were dominated by illite/smectite,
illite, kaolinite, and chlorite.

Microstructural Features of Gas
Hydrate-Bearing Sediment

Based on the SEM observations, the sediments at site W19 mainly
consisted of quartz, feldspar, carbonates, and clay minerals
(Figure 4A). The quartz mainly exhibited a granular shape
with a diameter of 8-30 um. The edge of the quartz was
smooth and exhibited some abrasion (Figure 4B). The
feldspar in the sediment could be classified into two
categories, K-feldspar and plagioclase, which both have similar
morphology. The diameter of the feldspar ranged from 10 to
30 um, while its edge was smooth but indicated some traces of
corrosion (Figures 4A, C). The carbonates in the sediment were
mostly calcite, which appeared as fossils. Some fossils were
calcareous ultramicrofossils with diameters of less than 2 um
(Figure 4D). Other fossils were foraminiferal shells, which
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FIGURE 4 | The microstructure features of gas hydrate-bearing sediments. (A) Site W19, 126.60 mbsf, sediments consist of quartz, K-feldspar and clay minerals;

(B) Site W19, 135.60 mbsf, the quartz in sediments; (C) Site W19, Site W19, 135.60 mbsf, the plagioclase in sediments; (D) Site W19, 127.80 mbsf, the calcareous ultra-
microfossils in sediments; (E) Site W19, 135.90 mbsf, the foraminifera shell composed of calcite; (F) Site W19, 130.20 mbsf, the I/S in sediments; (G) Site W19, 136.1
mbsf, the filamentous ilite in sediments; (H) Site W19, 136.1 mbsf, the flaky ilite in sediments; (I) Site W19, 166.6 mbsf, the sheet-like kaolinite and flaky chlorite. Q,

kf, Pl, calca, cc, I/S, It, Kao, and Chl are short for quartz, K-feldspar, plagioclase, calcareous ultramicrofossils, calcite, illite/semectite, illite, kaolinite and chlorite,

respectively.

consisted of calcite. The calcite particles in the foraminiferal shells
were fibrous with unclear edges. The diameter of the
foraminiferal shells was >20um (Figure 4E). Many clay
minerals in the sediment included filamentous or flaky illite/
smectite (I/S) (Figure 4F), illite (Figures 4G, H), sheet-like
kaolinite, and flaky chlorite (Figure 4I). The diameter of the
clay mineral particles was less than 1 pm.

Gas Hydrate Saturation Data

In this study, gas hydrate saturation refers to resistivity log data,
ClI" anomalies of the pore water in the sediment, and
quantitative degassing of the pressure core. The gas hydrate
saturation ranged from 10 to 54% based on the resistivity log
data (Figure 3). Based on the Cl™ anomalies of the pore water in
the sediments, the gas hydrate saturation ranged from 0.21 to
70.90% (Figure 3). According to the voyage of GMGS3, only
three pressure cores (12, 13, and 21A) were successfully

obtained, from which we collected 234 L, 228L, and 190L,
respectively, of methane gas. The gas hydrate saturation
values calculated for the three pressure cores were 60, 58,
and 49%, respectively (Figure 3).

Biological Statistics

The biological component mainly consisted of foraminifera and
calcareous ultramicrofossils based on SEM observations. The
abundance of the foraminifera in the study interval ranged
from 238.8 ind/g to 39,014.4 ind/g, with an average of 3,214.5
ind/g. The abundance of calcareous ultramicrofossils ranged from
758 ind/g to 2,895 ind/g, with an average of 1,872.1 ind/g.

Specific Surface Area Data

The SSA data are presented in Table 2; Figure 3. The SSA of the
sediments in the study interval ranged from 11.49 m%/g to
24.86 m*/g, with an average of 15.6 m’/g.
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TABLE 2 | The result of Specific surface area.

Sample Depth SSA (m2/g) Sample Depth

(mbsf) (mbsf)
W19-1 120.70 24.85 W19-14 136.35
W19-2 122.50 17.56 W19-15 137.60
W19-3 122.70 14.83 W19-16 138.60
W19-4 122.90 13.01 W19-17 140.20
W19-5 124.50 13.44 W19-18 141.40
W19-6 126.60 19.64 W19-19 145.20
W19-7 126.80 19.28 W19-20 146.20
W19-8 127.80 14.10 W19-21 146.35
W19-9 128.10 18.96 W19-22 146.50
W19-10 130.15 19.75 W19-23 147.20
W19-11 135.60 16.25 W19-24 148.70
W19-12 135.90 14.46 W19-25 149.00
W19-13 136.10 13.03 W19-26 154.90

Microstructure of Gas Hydrate Reservoir

SSA (m?%/g) Sample Depth SSA (m?%/g)
(mbsf)
12.53 W19-27 156.20 13.96
13.89 W19-28 156.55 15.32
14.39 W19-29 157.90 15.63
22.59 W19-30 158.30 16.23
14.90 W19-31 158.50 14.68
12.27 W19-32 161.20 13.92
15.53 W19-33 162.80 12.11
14.75 W19-34 163.20 12.69
14.63 W19-35 163.70 13.22
17.22 W19-36 164.20 14.89
15.89 W19-37 166.00 15.99
18.08 W19-38 166.50 11.49
19.30 W19-39 167.10 14.08

TABLE 3 | The statistics data of gas hydrate saturation data.

Intervals Depth Range (mbsf) Gas Hydrate Saturation (sh%)*
Average Max Min
Non-GH layer 114.4-130.39 2.53 4.89 0.97
I-GHR layer 134-140 64.84 70.90 58.48
II-GHR layer 140-157.5 33.95 49.27 17.27
III-GHR layer 157.5-169.5 1.88 6.44 0.21

*The saturation of gas hydrates is calculated from CI~ anomalies in the pore water of gas
hydrates-bearing sediments, and it cited from voyage report of GMGSS3.

DISCUSSION

Gas Hydrate Saturation Variation Rule

The quantitative degassing of the pressure core provides the
most accurate gas hydrate saturation. However, owing to the
high cost of obtaining a pressure core, data on gas hydrate
saturation with quantitative degassing of the pressure core are
scarce. It is difficult to indicate the variation in gas hydrate
saturation. The gas hydrate saturation estimated by the
resistivity logs was continuous and independent of the
sediment samples. However, resistivity logs have multiple
solutions (Chand et al., 2004; Collett et al., 2012; Wang et al.,
2014). The gas hydrate saturation estimated by the CI”
anomalies of pore water in sediment is relatively accurate
and relatively continuous (Lu and McMechan, 2002; Su et al,,
2021). Meanwhile, the study of microstructures depends on the
sediment sample, and it can be well matched with the gas
hydrate saturation estimated by the Cl” anomalies of the
pore water in the sediment.

The gas hydrate saturation was very low in the upper part of
the study interval, highest in the middle part, decreased with
fluctuation, and was lower in the bottom part (Figure 3).
Combined with the methane gas migration direction, the
study interval was divided into upper and lower sections with
134 mbsf as the boundary. The upper section was the non-gas
hydrate layer (114.4-130.39 mbsf). Furthermore, the lower
section was the gas hydrate reservoir layer, which was

subdivided into three layers according to the gas hydrate
saturation: 1) I-gas hydrate reservoir (I-GHR) layer, where the
gas hydrate saturation ranged from 58.48 to 70.90%, with an
average of 64.84% (Table 3); 2) II-gas hydrate reservoir (II-GHR)
layer, where the gas hydrate saturation ranged from 17.27 to
49.27%, with an average of 33.95% (Table 3); 3) III- gas hydrate
reservoir (III-GHR) layer, where the gas hydrate saturation
ranged from 0.21 to 6.44%, with an average of 1.88% (Table 3).

Microstructure in Different Gas Hydrate

Reservoir Layers

The study of the sediment microstructure relied on SEM
observations and CT scans. CT scans can directly display the
microstructural features of sediment, particularly the size and
distribution of pores (Jones et al., 2007; Bian et al., 2020; Wu et al.,
2020). SEM observations can reveal more details of
microstructural features, such as more accurate size,
morphology, and sediment composition of pores (Bohrmann
etal., 2007; Klapp et al., 2010; Oshima et al., 2019; Cai et al., 2020).

The SEM observation and CT scan results indicate that there
are 1) intergranular pores between coarse grains (CG-
intergranular pores), 2) intergranular pores between fine grains
(FG-intergranular pores), and 3) biologic grain pores (BG-pores)
in the study interval sediments (Figure 5A).

CG-intergranular pores occur between coarse grains such as
quartz, feldspar, or foraminiferal fossils and have irregular pore
shapes. They have pore sizes between 10 and 100 pum (Figure 5B).
FG-intergranular pores occur between coarse grains, such as clay
minerals. Their pore shape varies with the morphology of the clay
mineral, while their pore size is typically less than 1pm
(Figure 5C). BG-pores consist of coeloms of foraminifera.
Their pore shape is either spherical or ellipsoidal, while the
pore size is commonly greater than 50 um (Figure 5D).

The microstructural features of the sediments among the non-
GH, I-, II-, and ITI-GHR layers were significantly different. In the
non-GH layer, the CT scan showed that the sediment had massive
structures with many FG-intergranular pores and a few CG-
intergranular pores (Figures 6A-C). The BG-pores in the non-
GH layer were specific, and many FG-intergranular pore
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FIGURE 5 | Pores structure characteristics in gas hydrate reservoir. (A) Site W19, 136.10 mbsf, SEM image; (B), (C), and (D) enlarge the yellow box in figure (A). Q,
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aggregates showed spherical BG-pore shapes visible in CT scan
images (Figures 6A-C). The SEM observations confirmed that
the BG-pores were filled with other components (Figure 6D).

In the I-GHR layer, the sediment microstructure was loose
compared to the non-GH layer and had many CG-intergranular
pores, BG-pores, and some FG-intergranular pores (Figures 7A,
B). The SEM observations showed features similar to those
observed in the CT scan (Figures 7C, D).

In the III-GHR layer, CG-intergranular pores and BG-pores
were rare, while there were few FG-intergranular pores (Figures
8A-C). However, the clay fraction content in the III-GHR layer
was not significantly different from those in the non-GH and
I-GHR layers (Figure 3). This indicates that the structure of the
clay minerals in the III-GHR layer was different from that in the
non-GH and I-GHR layers.

In the II-GHR layer, some samples exhibited similar features
to samples of the I-GHR layer (Figures 9A, C), while others
exhibited similar features to those of the III-GHR layer (Figures
9B, D). Thus, the II-GHR layer acted as a transitional layer
between the I-GHR and III-GHR layers, which is consistent with
the wide range of gas hydrate saturation in the II-GHR layer
(Figure 3).

Controlling Effects of Microstructure on

Gas Hydrate Accumulation
The effect of the microstructure on gas hydrate accumulation is
generally reflected in porosity and permeability (Jones et al., 2007;

Klapp et al., 2010; Cai et al., 2020; Wang et al., 2020; Li et al,,
2021). Previous studies have shown that large pores formed by
coarser sediments are conducive to gas hydrate accumulation
(Colwell et al., 2004; Boswell et al., 2009; Ito et al., 2015; Heeschen
etal, 2016; Bian et al., 2020). The grain size of sediments does not
affect the total porosity but may significantly affect the effective
reservoir space and permeability (Wang et al., 2020). It may be
difficult for extremely small pore spaces to form and accumulate
gas hydrates owing to the migration ability of gas or pore water
and capillary pressure (Brown and Ransom, 1996; Gamage et al.,
2011; Lietal,, 2021). Meanwhile, at the same porosity, more small
pores lead to a significant decrease in sediment permeability
(Brown and Ransom, 1996; Gamage et al., 2011; Oshima et al,,
2019; Wu et al.,, 2020). Thus, a sediment layer with more CG-
intergranular pores has more effective reservoir spaces and high
permeability, which is beneficial for gas hydrate accumulation.
Many previous studies have shown that BG-pores consisting
of foraminiferal coeloms can improve the quality of gas hydrate
reservoirs, as foraminiferal coeloms are large and can thus
provide additional effective reservoir space (Wang et al., 2011;
Chen et al,, 2013; Wang et al,, 2014; Zhang et al,, 2015; Li et al,,
2019). In the I-, II-, and III-GHR layers, BG-pores gradually
decreased, which is consistent with previous research results.
However, according to Figure 3, the abundance of foraminifera
was the highest in the non-GH layer, in contrast with previous
research results. Meanwhile, BG-pore filling was verified both by
SEM observations and CT scans (Figure 6 and Figure 10). The
filling components were clay minerals and many calcareous
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FIGURE 6 | Microstructure of sediments in the non-GH layer. (A) Site W19, 126.60 mbsf, CT scan image; (B) Site W19, 127.80 mbsf, CT scan image; (C) Site W19,
130.15 mbsf, CT scan image; (D) Site W19, 126.60 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate empty BG-pores (g), orange
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FIGURE 7 | Microstructure of sediments in the I-GHR layer. (A) Site W19, 137.60 mbsf, CT scan image; (B) Site W19, 138.60 mbsf, CT scan image; (C) Site W19,
130.70 mbsf, SEM image; (D) Site W19, 138.60 mbsf, SEM image; red arrows indicate CG-intergranular pores, yellow arrows indicate BG-pores.
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FIGURE 9 | (A) Site W19, 162.80 mbsf, CT scan image; (B) Site W19, 167.10 mbsf, CT scan image; (C) Site W19, 162.80 mbsf, SEM image; red arrows indicate

Date 16 Mar 2021
Mag= 349X

ultramicrofossils (Figure 10). Calcareous ultramicrofossils have
very small grain sizes (typically less than 2 um) and clay fraction
content. Thus, calcareous ultramicrofossils will reduce the
effective reservoir space of the BG-pores and reduce the
permeability of the sediment together with clay minerals.

The adsorption of methane by quartz and carbonates is
significantly lower than that of clay minerals. The strong
adsorption of methane by clay minerals is usually related to
the complex structure and large SAA of clay minerals (Venaruzzo
et al,, 2002; Volzone et al., 2002; Ji et al., 2012). The SEM
observations confirmed that the FG-intergranular pores were
mainly clay minerals (Figure 5C). The microstructure of clay
minerals controls the FG-intergranular pores. SSA is an effective
parameter to characterize the microstructure of clay minerals

(Dogan et al.,, 2006; Macht et al., 2011; Zhang Y. et al., 2019).
Some studies have reported that the SSA is negatively correlated
with gas hydrate saturation (Zhang et al, 2016; Zhang et al.,
2017). The negative correlation between SSA and gas hydrate
saturation may be determined by the clay mineral content and
microstructure. The more complex microstructure of clay
minerals leads to the formation of more FG-intergranular
pores, affecting the permeability of sediment and the
adsorption of free gas and pore water on sediments (Dogan
et al, 2006; Gamage et al, 2011; Macht et al, 2011). The
adsorption of free gas and pore water on sediments has
potential significance for controlling gas hydrate formation.
The weak adsorption capacity of sediments may make it
difficult for free gas or pore water to remain in sediment and
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form gas hydrates. Conversely, the strong adsorption capacity of
sediment may make it difficult for free gas or pore water to flow,
thereby potentially acting as a sealing bed.

The in-situ porosity (calculated by LWD data) from the voyage
report showed a sharp porosity drop in the I-GHR layer
(Figure 3). The decreased porosity in the I-GHR layer is
probably caused by gas hydrate enrichment. The porosity of
the non-GH layer is not significantly higher than that of the
underlying I-GHR layer. However, the abundance of the
foraminifera in the non-GH layer is significantly higher than
in the others. The high abundance of the foraminifera did not
result in increased porosity. The saturation of gas hydrate in the
non-GH layer is low (Figure 3) due to the BG-pores filling with
calcareous ultramicrofossils and clay minerals. In the II- and III-
GHR layers, the trend of porosity is consistent with that of gas
hydrate saturation (Figure 3).

The CG-intergranular, FG-intergranular, and BG-pores were
smaller in the III-GHR layer. The sediment in the III-GHR layer
had low SSA. The reservoir space and adsorption capacity of the
sediment were low and weak, respectively. After gas and water
form and migrate to the III-GHR layer, it may be difficult to stay
and no sufficient effective space to form the gas hydrate. The CT
scan of samples shows FG-intergranular pores dominate the
microstructure of the III-GHR layers (Table 4). The gas hydrate

saturation of the CT scan samples in this layer is also very low
(0.63-1.08%), indicating that the gas hydrate is not enriched.
Hence, this layer may act as a gas migration channel (Figure 11).
In the I-GHR layer, the sediments had many CG-intergranular
pores and BG-pores (Table 4), indicating a more effective
reservoir space and higher permeability (Figure 11). The CT
scan samples” gas hydrate saturation in this layer is very high
(58.48-62.89%). Thus, the gas hydrate had sufficient space and
conditions to form and accumulate in the I-GHR layer. The II-
GHR layer is a transition layer between the III- and I-GHR
layers. The gas hydrate saturation of the CT scan samples in this
layer (18.35-42.47%) is lower than in the I-GHR layer (Figure 3
and Table 4). Sediments with microstructural features similar to
the I-GHR layer are favorable for gas hydrate accumulation, and
those similar to the III-GHR layer are unfavorable for gas
hydrate accumulation (Figure 11). Although many BG-pores
in the non-GH layer were filled, CG-intergranular pores were
rare, making it difficult to form an effective reservoir space
(Figures 6, 10). Based on CT scan samples, the microstructure
of sediments in the III-GHR layer is dominated by filled BG- and
FG-intergranular pores (Table 4). The gas hydrate saturation of
the CT scan samples in this layer is very low (1.45-3.41%).
Meanwhile, the sediments in the non-GH layer had high SSA,
which indicates that there were many FG-intergranular pores in
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TABLE 4 | The microstructure types and gas hydrate saturation of samples.

Sample Depth (mbsf) Intervals Dominated microstructure Gas Hydrate Saturation (%)
W19-6 126.60 Non-GH layer filed BG- and FG-intergranular pores 1.8
W19-8 127.80 filed BG- and FG-intergranular pores 1.45
W19-10 130.15 FG-intergranular pores 3.41
W19-14 136.35 I-GHR layer CG-intergranular and BG-pores 62.89
W19-15 137.60 CG-intergranular and BG-pores 65.04
W19-16 138.60 CG-intergranular and BG-pores 58.48
W19-17 140.20 1I-GHR layer FG-intergranular pores 18.35
W19-21 146.35 FG- and CG-intergranular pores 34.4
W19-25 149.00 FG- and CG-intergranular pores 42.47
W19-28 156.35 FG- and CG-intergranular pores 33.45
W19-33 162.80 11I-GHR layer FG-intergranular pores 1.08
W19-39 167.10 FG-intergranular pores 0.63
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FIGURE 11 | Model of gas hydrate accumulation.
the sediment, thereby leading to low permeability and strong ~ were rare in the III-GHR layer; while the II-GHR

adsorption of the sediments and making free gas or pore water
migration difficult (Figure 11). The sediment in the I- and III-
GHR layers had the same low SSA, indicating a weak adsorption
capacity for free gas or pore water. However, the non-GH layer
overlying the I-GHR layer had strong adsorption capacity and
lacked an effective reservoir space. Thus, free gas and pore water
may accumulate in the I-GHR layer and form gas hydrates
(Figure 11).

CONCLUSION

Based on the variation in gas hydrate saturation, the study
interval was divided into non-GH, I-, II-, and III-GHR layers.
Based on the SEM observations and CT scans, the study interval
had three types of pores: CG-intergranular pores, FG-
intergranular pores, and BG-pores.

The microstructure of the non-GH layer was dominated
by FG-intergranular pores and had many filled BG-pores. The
CG-intergranular and BG-pores dominated the microstructure
of the I-GHR layer. All types of pores in the study interval

layer represented a transition between the I-GHR and III-
GHR layers.

The CG-intergranular and BG-pores can provide effective
reservoir space and increase the permeability of sediment,
which is conducive to gas hydrate accumulation. The FG-
intergranular pores reduce permeability and are not
conducive to gas hydrate accumulation. Clay minerals and
calcareous ultramicrofossils with small grain sizes and
complex microstructures fill the effective reservoir
space and reduce the permeability of sediment. Clay
minerals and calcareous ultramicrofossils improve the
adsorption capacity of sediment to free gas or pore water,
which is not conducive to gas hydrate formation and
accumulation.

The non-GH layer sediment has strong absorption capacity
and few effective pores, which inhibit the upward migration
of free gas or pore water. The underlying I-GHR layer has
high permeability and a more effective reservoir space. The
superposition of the non-GH and I-GHR layers
was conducive to the formation and accumulation of gas
hydrates.
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Analysis of the Thermogenic Gas
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Changmao Feng*, Guangjian Zhong *, Ming Sun, Zhenyu Lei, Hai Yi and Zhongquan Zhao

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

Gas hydrates were newly discovered in the Dongsha Waters of the South China Sea by
drilling in 2013 and 2019. The drilling results show that the hydrates consist of microbial
gas and thermogenic gas, but the source layers of the thermogenic gas are not clear. The
Chaoshan depression is the largest relict Mesozoic basin under the Dongsha Waters
where thick Tz —K strata, up to 5000 m, have developed under thin Cenozoic sediments.
The Ts—J4 and J; bear the two main layers of hydrocarbon source rocks rich in llo-1ll type
organic matter, mainly in the western sag, the middle low bulge, and the eastern sag. The
Ts—J4 developed bathyal - neritic mud rocks, generally greater than 400 m in thickness.
The J3 mainly developed closed and semi-closed bay type mud, also ll»-Ill type. Nowadays
these two layers are in their mature - over mature stages, thus potentially high-producing.
There have developed deep faults cutting through the Mesozoic strata and distributing
fractures within the Cenozoic sediments. Analysis of geochemical and geological samples
dredged from the seabed indicates a significant oil and gas leakage activity well correlated
spatially with the Mesozoic-associated faults. The association of fault-fractures can act as
good channels for the thermogenic gas to move upward and diffuse into the temperature
pressure stabilization zone of the hydrate. Thus, sufficient gas from the Mesozoic
production layers is deemed the main source of thermogenic gas. The area where the
Mesozoic faults are activated is the main leakage area of thermogenic gas, thus the main
target for future hydrate exploration.

Keywords: chaoshan depression, the dongsha waters in the northern south china sea, mesozoic erathem, source of
gas hydrate, gas channel by fault-fracture association

INTRODUCTION

The northern part of the South China Sea has undergone more than 20 years of regional
geological surveys. Rich hydrates have been discovered in the Shenhu and Dongsha survey areas,
wholly in the Cenozoic Basins, in the northern South China Sea (Han et al., 2013; Su et al., 2014;
Liang et al., 2016; Su et al., 2017; Zhang et al., 2017; Sha et al., 2019; He et al., 2020; Teng et al.,
2020). Recently, hydrates (Zhong et al., 2020) have also been found in the Chaoshan depression,
in a relict Mesozoic Basin in the Dongsha Waters, where the Cenozoic sequences are very thin
while the Mesozoic strata is thick (Shao et al., 2007; Yang et al., 2008; Hao et al., 2009; Zhong
et al., 2020). Although the hydrates found in the Dongsha Waters are similar in mixed biogenic
and thermogenic compositions to the hydrates found elsewhere in the South China Sea, the
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Gas Source Analysis of Natural Gas Hydrates in the Dongsha Sea
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FIGURE 1 | Survey line location and tectonic division map of the Dongsha Waters in the northern South China Sea.

thermogenic gas in the lower part may not come from the
Cenozoic layers as they are too thin (less than 1000 m) to
produce enough thermogenic gas. With seismic and
geochemical data, it is shown that the Mesozoic marine
sedimentary layers are a potential source of the thermogenic
gas. Hydrates and a high geochemical anomaly index indicate
that gas seepage correlates well with the deep Mesozoic faults.
Association of the deep fault in Mesozoic and shallow fracture
in Cenozoic act as good transport passages. More hydrates can
be expected from the Mesozoic source.

GEOLOGICAL OVERVIEW SETTING OF THE
CHAOSHAN DEPRESSION

The Chaoshan depression is a Mesozoic Basin which lies in the
Dongsha Waters in the northeast of the South China Sea, with
an area of more than 37,000 km®. The residual maximal
thickness of Mesozoic sedimentary sequences is more than
5000 m (Zhong et al., 2020). It can be subdivided into six
subordinate units, i.e., the eastern sag, the western sag, the
middle low bulge, the northern slope, the middle slope, and the
western slope (Figure 1). In September 2003, an exploration
well (MZ-1-1) was drilled north of Dongsha Island. Although
no hydrocarbon was shown, it confirmed the existence of thick
Mesozoic sequences, including marine hydrocarbon source

rocks and effective reservoir-cap combinations (Shao et al,
2007; Hao et al., 2009). The Chaoshan depression developed in
the upper Triassic - lower Jurassic (T5-J;), middle Jurassic (J,),
upper Jurassic (J3), and Cretaceous (K) (Qiang et al., 2018; Sun
et al., 2018; Zhong et al., 2020). The T3-J; is a set of neritic -
bathyal depositions (Chen et al., 2005), the thickness is
generally greater than 500 m, locally up to 3000 m. The J, is
a set of neritic depositions, with thickness generally greater
than 400 m, locally up to 1200m. The J; is a set of
neritic—bathyal depositions (Shao et al., 2007; Wu et al,
2007; Hao et al, 2009), 200-2500 m thick. The lower
Cretaceous is a set of transitional facies depositions. The
upper Cretaceous deposition has river-alluvial plain facies,
lake facies to the north, and transitional facies to the south
(Shao et al., 2007; Hao et al., 2009).

In 2013, the Guangzhou Marine Geological Survey
(GMGS) conducted the first hydrate drilling exploration in
the northeastern Chaoshan depression and obtained evidence
of hydrates at 8 sites of the 13 drilling sites. The hydrates occur
in various forms such as massive, lamellar, veined, and
nodular and scattered (Zhang et al, 2015). In 2019,
another well, HD 2019-1 (Figure 1), was successful again
in drilling gas hydrates from 60 m below the seabed in the
same area. The new sampled hydrates comprise rich
thermogenic gas (Zhong et al., 2020). However, the details
of the hydrates and the geology have been less reported. Given
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FIGURE 2 | (A,A’) Seismic section typical of the mud hydrocarbon source layers developed in the Chaoshan depression (see line position in Figure 1).

the thin Cenozoic sediments, the underlying thick Mesozoic is
inferred as the potential gas source for the hydrates (Zhong
et al, 2020). More than 20years of geophysical and
geochemical surveys enable analysis of the source.

DATA AND METHODS

GMGS has conducted extensive 2D multi-channel seismic and
seafloor site sampling surveys over the Dongsha Waters. Up to
now, the seismic grid density of the central and western parts of
the Chaoshan depression has reached 16 km x 32 km, locally
2 km x 4 km, being coarser in the northeast boundary. The most-
used 2D seismic streamer has 480 channels in 12.5 m spacing.
The shooting spacing is 37.5 m using a source capacity of 5080
cubic inches. The coverage is up to 80 fold. The seismic profiles
displayed later have been processed with routine industry
procedures and pre-stacked time migration.

The seismic data were interpreted with the GeoFrame 2012
software platform. The formation is interpreted primarily
based on correlation with the geologic exploration of the
MZ-1-1 well (Figure 2) and seismic stratigraphic analysis.
On this basis, combined with the reflection characteristics of
productive mudstone on the seismic profile, data were traced
by section, and time-depth-thickness was converted and
mapped.

With the drill-seismic correlation, a basin simulation was
carried out using IES Petromod software, and the distribution
plan of the source rock Ro was mapped.

Site geochemical samples were collected in the central and
southwestern Chaoshan depression with a grid of 8 km x 16 km.

About 200 samples were selected for testing with items ranging
from top air, top air heavy hydrocarbons, acid hydrolyzed
hydrocarbons, acid hydrolyzed hydrocarbons, heavy
hydrocarbons, fluorescence spectrum, altered carbonates,
methane oxidizing bacteria, and butane oxidizing bacteria.
The tests were carried out in Hefei Training and Testing
Center of Sinopec Asset Management Co., Ltd. The
indicators of the top air, top air heavy hydrocarbons, acid
hydrolyzed hydrocarbons, altered carbonates, and methane
oxidizing bacteria were selected and comprehensively
analyzed. After normalization of these indicators, the Kriging
and moving average methods were respectively used to map the
comprehensive  anomaly  distribution of geochemical
exploration.

RESULTS

Two Sets of Hydrocarbon Source Layers

and Their Distributions

It was confirmed from the MZ-1-1 well that the Chaoshan
depression had developed two sets of mainly hydrocarbon
source rocks in the T;-J; and bathyal—neritic and neritic
facies in the J;. The organic carbon content of the
1800-2000 m section of late Jurassic was 0.18-1.15%, the
average was 0.67%, belonging to poor hydrocarbon source
rock. The thickness of hydrocarbon source rock in the
2100 m-2400 m section of in the T3-J; was 46.16 m, and
the organic carbon content was 1.00-1.48%, with an
average of 1.32%, belonging to medium hydrocarbon
source rock. These two sets of hydrocarbon source rocks
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were of organic matter type IL,-III (Yang et al., 2008; Hao
et al., 2009).

In the seismic section next to the MZ-1-1 well (Figure 2),
the muddy rock layer featured medium-weak amplitude, weak
continuous, and low—frequency or blank reflections. From
interpretation of the seismic grid, both sets of source rocks
thickened outward in various directions from the drilled high
Mesozoic (Figure 3). The T3-J; mudstone layer becomes much
thick, larger than 1000 m to the northeast region of the eastern
sag over where the HD2019-1 well was drilled. The J;
mudstone layer also thickens, to generally 400-800 m,
toward the middle low bulge and the western sag, prevailing
in the NE-SW direction.

The mud hydrocarbon source rock of the J; mainly develops in
the lower layer, its seismic facies characteristics are weak

amplitude, medium-high frequency, medium-weak continuous,
locally blank reflection, or chaotic reflection configuration
(Figure 2), belonging to the bathyal-neritic deposition. This
set of mud rock is distributed in the western sag, the middle
low bulge, and the southern part of eastern sag, elongating in the
NE-SW direction with stable thickness at about 400-800 m
(Figure 3).

Maturity of Hydrocarbon Source Rock

Organic matter maturity is forwardly modeled based on
seismic tying with the MZ-1-1 well where the hydrocarbon
source rocks lie mostly below 1700 m. The maturity value, Ro,
generally tends to increase sub-linearly with the formation
depth from top to bottom (Figure 4), greater than 2.0% below
1700 m, and up to 3.0% at the bottom of the medium-upper
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Jurassic (about 2400 m). The hydrocarbon source rock has On the plan view, the thickness of the T;-J; hydrocarbon
entered the late phase of over mature (Yang et al., 2008). The = source rock increased with the formation deposition. Nowadays,
middle-upper Jurassic source rock reached low maturity to the  except for the northern part of the northern slope and the eastern
end of the late Jurassic period. The lower cretaceous reached  part of the eastern sag which are still in the immature-low mature
the late hydrocarbon-generating stage in the middle of the late  stage (R0<0.7%), the rest of the regions have entered the mature
Cretaceous period (Figure 4). hydrocarbon-generating stage. Most of the western sag, the
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FIGURE 7 | (C,C') profile hydrate accumulation pattern analysis graph (see line position in Figure 1).

southern part of the western slope, the southern-central part of
the eastern sag, and the middle low bulge central regions are all
entering the over mature stage (Ro>2.0%) (Figure 5).

Except in the western slope, J; hydrocarbon source rocks are
in their immature stage in the middle slope, the northern slope,
and the southern part of the middle low bulge; the low
maturity-maturity stage is present in the other region. The
central and southern part of the eastern sag and the southern
part of the western sag enter into the gas generating stage (1.3%
< Ro < 2.0%), locally into the over mature stage (Figure 5).
Therefore, the Chaoshan depression mainly developed two sets
of hydrocarbon source rocks distributed in the NE-SW
direction on the plane in Ts-J; and J;. Most of the
hydrocarbon source rocks are in their mature to over-
mature stage nowadays. The potential for Mesozoic
thermogenic gas generation is great.

Fault-Fracture Passage

The Mesozoic in the Chaoshan depression faulted mainly in three
strikes: NE, near SN, and near EW (Figure 6). The faults can be
recognized as two generations, one during the Mesozoic and
another during the Cenozoic Era (Figure 7). The earlier one has
offset the Mesozoic sequences, generally with small throws,
resulting in fragmented, weak, and chaotic reflections of the
Mesozoic sequences. While the young one has more
distributed fractures with lasting activity from the Pliocene to

the Quaternary, which leads to instability and blank reflections of
the young sediments.

Widespread bottom simulating reflectors (BSRs) present the
seismic profiles over the northeastern most corner of the
Chaoshan depression, named as the NO. I BSR anomaly area,
where the 2013 and 2019 drilling surveys were conducted with
discoveries of hydrates. As an example, seismic profile C-C
(Figure 7) reveals that BSRs coincidently appeared above the
fault-fracture zones, e.g., F;, F,, F;, F;, Fs and others. The
association of the fault deep into the Mesozoic and fractures
within the shallow covering sediments form good channels for the
thermogenic gas to migrate vertically upward and diffuse as a
hydrate ore body as an expression of the BSRs.

Hydrocarbon Leakage

Submarine leakage of hydrocarbon leads to a geochemical
anomaly on the seafloor. A quantified geochemical anomaly is
calculated as described previously by normalization of five tested
items over the sampled region. Its relative variation reflects the
varying extent of hydrocarbon leakage.

Figure 6 shows that there are three obvious geochemical
anomaly areas in the Chaoshan depression, i.e., in the western
slope, the southern part of the western sag, and the junction area
of the middle low bulge and the southern part of the eastern sag.
They are potential areas of hydrocarbon leakage. Coincidently,
these areas are distributed with numerous submarine mud
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volcanoes (Figure 8) which also usually indicates extensive
leakage of oil and gas (Yan et al., 2017).

DISCUSSION

Accumulation Model of Hydrates Over the
Dongsha Waters

The overlap map of the geochemical anomalous area and the
Mesozoic fault distribution shows a clear correlation between
them (Figure 6). The geochemical anomaly is often high over the
fault zones.

Most of the mapped faults cut through the two sets of source
rocks in the Mesozoic, and break to the Cenozoic. The Cenozoic in
this area is thin, generally, less than 1000 m, and does not have the
gas source foundation for the formation of thermogenic gas.
Therefore, it can be concluded that the hydrate thermogenic gas
in this area mainly comes from the Mesozoic.

The thermogenic gas in the lower part of the Chaoshan
depression hydrate ore body in Dongsha Waters comes from
the Mesozoic (Figure 9). The deep region’s fault-fractures
communicate the temperature and pressure stability region of
the hydrate and the Mesozoic hydrocarbon source rock, and the
deep thermogenic gas is migrated along the transport system to the
overlying formation and mixed with the microbial gas, eventually

forming hydrate. The fault plays a key role in the process of hydrate
accumulation in the region. The Mesozoic fault development area
is the main leakage area of thermogenic gas, and the gas source of
thermogenic gas in this area is sufficient.

Prediction of Hydrate Development Area in
the Dongsha Waters

Apart from the northeastern most corner of the Chaoshan
depression, the junction area of the middle low bulge and the
southern most part of the eastern sag (Figure 6) is also found with
a large span of clearly visible BSRs (Figure 10) over where high
organic carbon is seen from results of the geochemical survey
(Figure 6). Here the Mesozoic sequences develop more completely,
with the Ts- J;, J5 hydrocarbon source rock entering into a
mature—over mature period. Similar fault-fractures, such as Fg,
Fg, and Fo, cut deep to Mesozoic, and branch upward as F, F;o and
more fractures (Figure 10) connecting with them, forming well
passages for the thermogenic gas to migrate upward to the
Cenozoic. Moreover, abundant authigenic carbonate nodules
and deep-water fauna, e.g., shells, coral, and sponges, are found
from dredged samples over some of the mud volcanoes by the
area, which implies vigorous leakage of hydrocarbon (Zhong et al,
2020; Yan et al, 2021). Given the gas leakage condition and
appearance of BSRs, the junction area of the middle low bulge
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and the southern most part of the eastern sag can be utilized as a
future drilling target.

Implication of the Gas Source From

Mesozoic

The oil and gas that leaked from the Mesozoic becomes the main
source of thermogenic gas of the natural gas hydrate over the
Dongsha Waters. The remaining hydrocarbon still can be traced
through future exploration considering their wide distribution.

CONCLUSION

1) By regional correlation with previous drilling results of MZ-1-
1, the Mesozoic source rocks are widely distributed over the
Dongsha Waters, including the northeastern corner of the
Chaoshan depression where hydrates were drilled. They
source rocks are well matured to produce sufficient
thermogenic gas contributing to hydrates.

2) Geochemical anomalies hinting at the micro-leakage of
oil and gas from the deep are well correlated with zones of
the Mesozoic fault-fractures which act as good transport
channels for the thermogenic gas to leak and diffuse.
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3) Enrichment of the Mesozoic thermogenic gas source in the gas
hydrate is of great significance for hydrate and Mesozoic
petroleum exploration.
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Natural gas hydrates as sustainable energy resources are inherently affected by mineral
surfaces and confined spaces in reservoirs. However, the habits of hydrates in geological
sediments are still an open question. In this work, we systemically studied the process of
hydrate formation and dissociation in sediments from the Shenhu area of the South China
Sea to examine the evolution of hydrate saturation and permeability in sediments and their
relationship. Characterization of samples indicates that sediments of the Shenhu area are
mainly composed of clay and fine sand grains and provide a large number of nanopores for
hydrate accumulation. For in situ observations enabled by low-field nuclear magnetic
resonance methods, the formation of hydrates shows a different kinetic behavior with an
induction time compared to hydrate dissociation. Estimated by variations of hydrate
saturation (%) over time, the rate of hydrate formation is around 12%/min, while the
dissociation rate increases to 3%/min with the higher temperature. With the presence of
hydrates, pore space and thus permeability of sediments decreased obviously by one and
three orders of magnitude when the hydrate saturation is 20 and 45%, respectively.
Compared to models with the assumption of grain-coating and pore-filling hydrates, the
tendency of permeability evolution from NMR measurements is between fitted lines from
models. It highlights that the existing models considering a single pattern of hydrate growth
cannot precisely describe the relationship between permeability and hydrate saturation.
Hybrid hydrate habits coexist in sediments resulting from heterogeneous pore structures
and thus complex gas—water distributions.

Keywords: gas hydrate, sediment, formation and dissociation, nuclear magnetic resonance, pore habit

INTRODUCTION

Gas hydrates are ice-like compounds composed of hydrogen-bound water molecules and low
molecular weight gases that are stable at high pressure and low temperature. Natural gas hydrates
(NGHs) are primarily distributed in permafrost and sediments and have attracted widespread
attention as promising clean and sustainable energy resources (Sloan, 2003; Letcher, 2020). In
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particular, the Shenhu area, located in the center of the northern
continental slope of the South China Sea (SCS), has become a key
target area for marine gas hydrate production with abundant
NGH resources (Li et al., 2019).

The Shenhu area in the Pear]l River Mouth Basin has sea knolls,
submarine canyons, and erosion toughs, and obviously, seabed
topography fluctuates with a water depth of 1000~1700 m (Wang
et al., 2021). Previous studies indicate that the sea bottom of the
Shenhu area has favorable conditions for hydrate formation with
a temperature of 2~4°C, a pressure larger than 10 MPa, and the
abundant thermogenic gas or biogenic gas for hydrate growth (Su
et al,, 2016; Liang et al., 2017; Li et al., 2019; Zhang et al., 2019).
Moreover, geological bodies including slope fans, slumping
blocks, and contour current sedimentation systems are
conducive to the accumulation of hydrates. However, a
comprehensive understanding of the reservoir characteristics
and their impact on hydrate habits in this area is still an open
question.

It is increasingly evident that properties of porous media play a
critical role in the formation, dissociation, and occurrence of gas
hydrates under natural conditions. Compared with homogeneous
nucleation processes, hydrate formation can be promoted by the
addition of porous media with regard to the lower activation
energy, more nucleation sites, and the reduced potential barrier of
nucleation (Prasad, 2015; Ghaedi et al., 2016; Andres-Garcia
et al, 2019). Previous studies have paid attention to the
particle size, distribution, composition of porous media, and
their impacts on hydrate habits. In particular, the particle size
is a key factor affecting mass transfer performance, hydrate phase
equilibrium conditions, and thus the induction time of hydrate
formation in geomaterials (Qin et al., 2021). Some scholars
believed that the enhancement of heat and mass transfer in
porous media with a large particle size facilitates the system to
achieve supersaturation and nucleation, which results in a shorter
induction time of hydrate (Kumar Saw et al., 2015; Liu et al,
2015). However, others believed that the reduction of induction
time can be observed in systems with a smaller particle size
because of the larger nucleation area, the greater variation in
capillary pressure, and the stronger nucleation (Liu et al., 2015;
Siangsai et al., 2015; Heeschen et al., 2016). To date, there is no
uniform boundary between small and large particle size, and no
consistent conclusion on the effect of the particle size on hydrate
nucleation and growth (Qin et al,, 2021). In marine sediments,
different particle sizes and their ratio result in complex pore
structures, which may complicate the processes of hydrate
formation and dissociation. Therefore, further experimental
investigation in terms of coupled factors regarding pore
structural properties on hydrate habits is highly needed.

With the hydrate formation or dissociation, permeability in
hydrate-bearing sediments varies subjected to pore structure
evolution and has a profound impact on heat and mass
transfer and the subsequent dynamics of hydrates (Wang,
2019; Li et al,, 2020; Song et al., 2020). Previous studies have
demonstrated that the evolution of permeability is highly
controlled by sediment features and the saturation and pore
habits of hydrate crystals (Ren et al., 2020; Wang et al., 2021;
Lu et al,, 2021a; 2021b). There are a lot of experimental results
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FIGURE 1 | Geological map of the Shenhu area and location of sites
drilled. (Modified after Li et al., 2019; Wang et al, 2021).

about hydrate-saturation-dependent permeability in sediments,
but the obvious discrepancy is observed as a result of differences
in sample types, measurement methods, and experimental
conditions (Kuang et al., 2020; Shen et al., 2020; Sun et al,
2021; Wen et al,, 2021). Because of the absence of comparable
experimental data, theoretical permeability models are developed
to estimate the hydrate saturation and permeability relationship
in sediments (Kleinberg, 2003; Mahabadi et al., 2016; Kossel et al.,
2018). Most of the models are derived using simplified pore space,
i.e,, straight or tortuous capillary tubes, with the assumption of
pore-filling or grain-coating hydrates in pores (Wang et al., 2021;
Lei et al,, 2022a). Apart from classic models, the hybrid model,
modified Corey model, and cubic model are developed to address
the hydrate-saturation-dependent permeability (Delli and
Grozic, 2014; Lei et al, 2022a). Theoretical models usually
include one or multiple uncertain parameters, which can be
fitted by a variety of experimental results under different
gas-water conditions. Various gas-water supply patterns
complicate hydrate pore habits and limit the application of
models for permeability prediction (Yin et al, 2018). In
particular, gas hydrates mainly cement grain contacts under
excess gas conditions, while tend to be as sediment frame
components under excess water conditions (Delli and Grozic,
2014). Permeability usually decreases with increasing hydrate
saturation; however, the permeability can vary several orders of
magnitude regarding different sediment types and conditions
even with identical hydrate saturation (Liang et al., 2011; Kang
et al,, 2016). A mechanistic understanding of permeability in
hydrate-bearing sediments with regard to complex pore structure,
gas—water conditions, and thus dynamic hydrate pore habits is
still lacking.
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In this work, we focus on the dynamic properties of hydrates
during the process of formation and dissociation in sediments of
the Shenhu area to examine the hydrate pore habits in the complex
porous system. The mineral composition, particle size, and pore
size distribution of sediment samples were analyzed to reveal pore
structure features. The in situ observations of hydrate dynamics
were enabled by the low-field nuclear magnetic resonance (LF-
NMR) method, which provides a fast and nondestructive way of
detecting hydrogen-bearing fluids and has been widely used to
measure the water saturation and permeability in hydrate-bearing
sediments (Ji et al., 2019; Kuang et al.,, 2020; Wen et al,, 2021). A
comparison of permeability results from experiments and
theoretical models was performed to examine the dynamic
evolution of hydrate saturation and pore morphology in
sediments of the Shenhu area. Further insights on favorable
conditions for hydrate formation and model applicability are
expected to provide.

MATERIALS AND METHODS

Samples

In this work, five representative sediment samples (i.e., W04-1 to
W04-5) were acquired from the gas hydrate-bearing sediments in
the Shenhu area (Figure 1). These samples were depressurized
and stored after physical property measurements. For
experiments on hydrate formation and dissociation, samples
were initially evacuated and then saturated with distilled water
at 12 MPa for 48 h.

Pore Structure Analysis of Samples
The characterization of mineral composition, particle size, and
pore size was performed in this work. Mineralogical data were

analyzed using the X-ray diffraction (XRD) method. The grain
size analysis of sediment samples for the nano- or micrograins
was performed using the Zetasizer Nano ZS90 particle size
analyzer and HELOS-OASIS particle size analyzer,
respectively. The ASAP 2460 instrument was used for N,
adsorption measurements to determine pore size distributions
of sediments.

In Situ Measurements of Gas Hydrates
Figure 2 shows a schematic of the LF-NMR monitoring apparatus,
which was used to perform the in situ hydrate formation and
dissociation experiments. The experimental apparatus system
mainly comprises an LF-NMR analysis system, a core holder, a
gas booster, a confining pressure tracking pump, a refrigeration cycle
system, and the gas-liquid separator. The LF-NMR system is a Mini
MR60 spectrometer with a magnetic field strength of 0.5 T and
resonance frequency of 23 MHz. The confining pressure tracking
pump is used to maintain certain confining pressure for CO,
injection. The refrigeration cycle system contains a circulation
pump for cooling the fluorocarbon oil to control the
experimental temperature.

In experiments, all the sediment samples were enclosed with
heat-shrink tubing as a core with a length of 3.9cm and a
diameter of 2.5 cm. They were saturated with distilled water in
the core holder, and then the CO, was injected into the core
holder with a constant flux until the water was displaced to
specific content. The outlet valve of the core holder was then
closed, and the CO, supplement was enabled by a high-pressure
pump to maintain the pore pressure at 4 MPa. During the
process, some gases dissolved in water across gas—water
interfaces. In situ NMR measurements started with decreasing
temperature. Temperature controlled by the refrigeration cycle
system decreased at a speed of 0.01°C/min from room
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temperature to 4°C and then kept stable until the end of hydrate
formation. Then, the temperature increased at a speed of 0.02°C/
min to 15°C for the hydrate dissociation. Gas permeability of the
core was measured before and after the experiment. NMR
measurements were performed using the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence during
the experiment. Parameters of the CPMG pulse sequence
included the echo number of 18,000, echo spacing of 0.15 ms,
and waiting time of 1,000 ms.

Calculation of Hydrate Saturation and
Permeability

The cumulative value of NMR signal intensity can quantify the
water content and volume fraction in porous media, and the
transverse relaxation time (T,) of water, proportional to the
surface-to-volume ratio (S/V), can be used to evaluate the
pore structure (Ji et al, 2019). For CO, hydrate
(CO,-5.75 H,0) formation and dissociation, the volume of
CO; hydrate (V},) can be calculated by water reduction as follows:

v, = M _ Taam (44118 % 5.75)
h=—=

Pn Pn

> (1)

where my, is the mass of CO, hydrate, 1,4 is the mass reduction
of water, and p,, is the density of CO, hydrate. CO, hydrate
saturation is the ratio of hydrate volume and pore volume.

The evolution of permeability subject to hydrate saturation is
estimated by experimental data and theoretical models. The SDR
method is usually used to calculate permeability from NMR data.
It is based on the measured T, distribution being a pseudo-pore
size distribution during hydrate formation or dissociation. Eqn. 2
is described as follows:

KSDR = C®4T§gm’ (2)

where K is the permeability, @ is the porosity (%), and T, is the
logarithmic mean of T, distribution (mD). The parameter C in
the model is estimated by NMR measurements with known
porosity and permeability of samples.

Theoretical permeability models differ from each other by
using various assumptions of hydrate pore habits. The parallel
capillary model, Kozeny grain model, and Masuda model are used
in this paper.

1) Parallel capillary model (Kleinberg, 2003).

This model describing porous media as a bundle of straight,
parallel cylindrical capillaries was developed by Kleinberg (2003).
In this model, hydrate forms in the center of cylindrical pores,
uniformly coating the walls of capillary. With the increase in
hydrate saturation, an annular flow path is left for fluid. For the
hydrate coating capillary walls model, the permeability can be
calculated using Eqn. 3:

K(Sh) = Ko (1 - Sp)%, 3)

where Kj is the permeability before hydrate formation and S, is
the hydrate saturation. If hydrate occurs in the center of the
capillary model, Eqn. 4 is used:
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(4)

2
K(Sp) = K0<1 -S+ M)

In(Sy)

2) Kozeny grain model (Spangenberg, 2001).

Spangberg (2001) assumed porous media as Kozeny grain
models and hydrate distribution patterns of both coating the
grains and occupying pore centers can be calculated. For the
former pattern, the permeability is evaluated as shown in
Eqn. 5:

K(Sp) =Ky (1 - Sp)™, (5)

where the saturation exponent n is 1.5 for 0 < S < 0.8. When Sy, >
0.8, the saturation exponent diverges. Eqn. 6 is used to calculate
the permeability when hydrate occupies the center of the
pore, n = 0.7S, + 0.3:

( 1= Sh)n+2

K(Sy) = Km—m——=—.
T sy

(6)

3) Masuda model.

Masuda model (Masuda et al., 1997) is commonly applied to
interpret the relationship between permeability and hydrate
saturation as Eqn. 7:

K(S) = Ko (1 -Sp)", (7)

where N with regard to pore structure is the permeability
decreasing index and changes from 2 to 15 (Kumar et al., 2010).

PORE STRUCTURE CHARACTERISTICS OF
SEDIMENTS

Mineral Composition Analysis

The XRD analysis of sediment samples shows that the
predominant minerals are quartz (30.9%~37.0wt. %),
carbonate  minerals  (22.8%~30.8wt. %), and mica
(13.6~31.6 wt. %) and are followed by clay minerals. The
lower contents of clay minerals were determined in this work
compared to previous studies (Li et al., 2019; Wang et al., 2021),
which reported the weight percent of clay minerals high to 40%
for samples from the SCS.

Grain Size Analysis

The results of the grain size analysis show similar properties of
particle size distributions for five sediment samples. The
frequency curves of all the samples are unimodal (Figure 3)
and negatively skewed, with peak values varying over a broad
range of 20~40 um (Figure 3B). In particular, the median grain
size of W04-1, W04-2, W04-3, W04-4, and W04-5 is 5.47, 18.57,
17.09, 11.84, and 17.48 um, respectively. It indicates that the
sediments from the SCS mainly comprise clay (< 4 um) and fine
sand grains (4~64 um). Particle size distributions of nanosized
grains also highlight the grains of samples are very fine. The
frequency curves are also unimodal with a range of
396~1,106 nm, and peak values of curves vary from 600 to
800 nm (Figure 3A).
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Pore Size Analysis
The N, adsorption-desorption isotherms of five samples display

similar patterns (Figure 4A). The adsorption isotherms increase
slightly at a relative pressure (p/p,) <0.45, followed by a sharp
increase when p/pg is close to 1.0. The hysteresis loops of
adsorption—desorption isotherms are indistinctive, which
indicates the pore system of sediment samples is composed of
cylindrical, wedge-shaped, or slit pores.

Figure 4B shows pore size distributions of W04-1 to W04-5.
For W04-1, W04-3, and WO04-4, results of pore size with the
bimodal distribution mainly range from 1.3 to 80 nm. In particular,
the first peak value is 1.27, 1.59, and 1.48 nm, and the second peak
value is 54.42, 68.50, and 79.87 nm for W04-1, W04-3, and W04-4,

respectively. The pore size curves are unimodal with a peak value of
93.13 nm for W04-2 and W04-5. Based on pore size analysis, a
large number of nanopores in these sediments can provide
considerable space for hydrate accumulation.

HYDRATE DYNAMICS ANALYSIS AND
PERMEABILITY EVOLUTION

Results of NMR Measurements

Figure 5 shows the procedure of the experiments with an increase
and then a decrease in the temperature. The whole process can be
divided into several periods in terms of the variation of hydrate
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saturation. For the period A-B, an induction time for hydrate
formation is observed with the limited variation of hydrate.
During period B-C, the pressure and temperature conditions
are favorable for hydrate formation, and hydrate saturation
increased rapidly up to 50%. The rate of hydrate formation is
around 12%/min, estimated by variations of hydrate saturation
(%) over time. The hydrate saturation is almost consistent within
the period C-D resulting from the consumption of water and the
limited contact between water and gas. After the D point, the
temperature increases gradually and results in the dissociation of
hydrates. During period D-E, the rate of dissociation gradually
increases to 3%/min with the higher temperature. It is because the
experimental condition is far away from the phase equilibrium

condition, leading to a larger driving force for hydrate
dissociation. At the end of the experiments, all the CO,
hydrates dissociate, and the hydrate saturation decreases to 0.

Evolution of Pore Structure With Hydrate

Dynamics

T, distribution spectra of NMR provide insights into the pore size
distribution of sediments and the change of pore space subjected to
the hydrate formation or dissociation. As shown in Figure 6A, there
are two distinct parts for the initial signal of sediment samples,
ie, Part 1 (0.2~2ms) and Part 2 (10~300 ms), representing the
complex pore structure with mixed grains. At the early stage of
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hydrate formation, there is an obvious decrease in Part 2, whereas
there is a slight increase in the peak of Part 1. It indicates that the
pore space of Part 2 is occupied by the formation of hydrate and
leads to a faster relaxation time of the NMR signal. The peak area of
Part 2 decreases 40% from 275 to 350 min with a preferential
formation of hydrate in larger pores. Some scholars believed that
the enhanced performance of heat and mass transfer makes it easier
for large pore spaces to achieve nucleation (Qin et al,, 2021). With
the continuous increase of hydrate saturation, Part 2 became
vanished, while Part 1 was still with a low peak at the end of
hydrate formation. The phenomenon shows the movement of fluid
is quite limited with the presence of hydrates, and thus the local
hydrate formation is restrained due to the lack of water or gas.

An opposite tendency of NMR signal variation can be observed in
the process of hydrate dissociation (Figure 7). The value and width
of peaks increase with the hydrate dissociation. Compared to the
process of formation, the increase of Part 2 is slightly later than that
of Part 1. The rate of hydrate dissociation gradually increases in both
Part 1 and Part 2 over time confirmed by the cumulative intensity of
the NMR signal. A noticeable difference is shown between the T,
distribution spectra of the initial situation and the end of
dissociation. Similar behaviors have been observed by Lei et al.
(2022b). They analyzed microscopic pore characteristics and
flowability of five samples from the Shenhu area, showing better
connectivity in hydrate-bearing sediment samples after hydrate
dissociation compared to samples from the underlying layer. It
demonstrates that pore structure may be altered after the hydrate
dynamics in both pore size and pore quantity.

Evolution of Permeability With Hydrate

Dynamics
Hydrate saturation and permeability in the porous medium
were determined by NMR measurements, and the tendency of

permeability evolution subjected to the hydrate formation or
dissociation is shown in Figure 8. With the increase of hydrate
saturation, a remarkable decrease in permeability can be
observed. It indicates that the permeability of porous media
obviously decreases with occupying gas hydrates in pore
spaces, and the evolution of permeability differs in terms of
the hydrate quantity and distribution. In particular, an order
of magnitude lower is in permeability with the hydrate
saturation of 32%, while three orders of magnitude are
lower with the hydrate saturation of 50% compared to the
initial permeability.

By comparing permeability results obtained from
experimental data and theory models, different tendencies of
permeability evolution are shown in Figure 8. Generally, a
sharper change of permeability is determined by experimental
data at the early stage, while a gentler change at the middle stage is
compared to other models. In particular, NMR results show a
good agreement with the parallel capillary model (pore-filling)
when the hydrate saturation is smaller than 0.1, indicating
hydrates prefer to form in the pore central space. Compared
to other patterns of hydrate distribution, e.g., a thin film of
hydrate coating grain walls, the changes in the permeability
are expected to be larger if hydrates occupy flow paths. When
the hydrate saturation is larger than 0.3, permeability evolution
can be especially captured by the Masuda model (n = 12). Some
studies demonstrated that grain-coating hydrates appear to be
more common than pore-filling ones with a low porosity and
permeability (Lei et al., 2022a). Moreover, a drastic reduction in
permeability may occur if formed hydrates plug the pore throats
in addition to pore bodies, especially when a high hydrate
saturation is in porous media. It is clear that the tendency of
permeability evolution is differentiated induced by various
patterns of hydrate growth in pores and is more complicated
when hybrid patterns exist. In this work, most experimental
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permeability data points fall between fitted lines from different
theoretical permeability models, i.e., the pore wall coating and
pore center occupying models. It highlights that hybrid pore
habits of hydrates affect the evolution of permeability in hydrate-
bearing sediments of the Shenhu area, and a preponderant
pattern of hydrate growth changes spatially and temporally.

During the process of hydrate formation and dissociation,
pore structure characteristics of sediments influence the
hydrate saturation and distribution, as well as gas-water
conditions. Previous studies pointed out that various
gas—water flow patterns result in excess-gas, excess-water, or
dissolved-gas conditions for hydrate formation in sediments
and have a profound impact on hydrate growth (Wang et al,,
2021). In the excess-gas condition, a limited amount of water
mainly cements hydrophilic grain surfaces or contacts, which
results in grain-coating hydrates with gas diffusing into water
layers. But when the ratio of gas to water is low, the formation
of hydrate starts close to trapped gas bubbles or dissolved-gas
regions, and gradually exhibits a pore-filling morphology. In
this experiment, excess-gas, excess-water, and dissolved-gas
conditions coexist in sediments, and gas-water ratios and
distributions vary with hydrate dynamics (illustrated in
Figure 8). Hydrates formed at gas-water interfaces can
continuously grow to coat grains or occupy pore central
spaces subjected to the specific gas-water condition. In this
regard, a theoretical model assuming a single pattern of
hydrate growth is expected to fail to predict the
hydrate-saturation-dependent permeability in a geosystem
in terms of heterogeneous pore structures and gas-water
conditions.

CONCLUSIONS

Properties of porous media play a critical role in the formation,
dissociation, and occurrence of gas hydrates under natural
conditions. In a complex geological media, heterogeneous pore
structure will largely complicate the scientific nature of hydrate
dynamics during the process of formation and dissociation. This
work performed in situ observations of pore structure evolution
with regard to the changes in hydrate saturation by using LF-
NMR measurements. The sediments from the Shenhu area of the
SCS with the main components of quartz, calcite, and mica
minerals, are composed of clay and fine grains. Nanopores
with a range from several to tens of nanometers contribute to
the pore space for hydrate growth and accumulation.

In such porous media, gas hydrates gradually form after an
induction time; however, they immediately dissociate with an
increasing temperature. Estimated by variations of hydrate
saturation (%) over time, the rate of hydrate formation is
around 12%/min, while the highest rate of dissociation is 3%/
min. Because of the occupation of pore space with the hydrate
growth, the permeability of sediments decreases obviously with
an increase in hydrate saturation. However, the relationship
between permeability and saturation is quite complex and
cannot be described by theoretical models with a simple
assumption of hydrate pore habits. When the saturation is
from 20 to 45%, one to three orders of magnitude lower in
permeability is determined by experiments, respectively. The
tendency of permeability evolution compared to predicted
outcomes from permeability models indicates coexistence of
both pore-filling and grain-coating hydrate pore morphology
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in sediments of the Shenhu area. Moreover, heterogeneous pore
structure complicates gas-water conditions in sediments, which
leads to spatial and temporal variations in hydrate pore habits.
For the improved understanding and predictive capability of
hydrate-saturation-dependent permeability, coupled effects of
porous media properties and evolution conditions have to be
addressed in hydrate-bearing sediments.
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Although submarine slope failures and occurrence of gas hydrates are well known in the
Dongsha area of the South China Sea the potential relationship between the
aforementioned phenomena has not been clearly understood yet. Herein, we present
carbon and oxygen isotope compositions of benthic foraminifera and sulfur isotopic
composition of chromium reducible sulfur (CRS; 8%*Scgrs) from two cores from the
Dongsha slope, aiming at identifying gas hydrate dissociation events in geological
history. The geochemical data indicated that a large amount of gas hydrate
dissociated at the beginning of the Last Glacial Maximum (LGM). Meanwhile,
disturbances in the sedimentary strata revealed that a submarine landslide occurred at
the end of the Last Glacial Maximum. Moreover, the associated abrupt increase of benthic
foraminifera abundance implies that the submarine landslide was probably caused by an
intense methane releasing from gas hydrate dissociation. A smaller scale submarine
landslide related to gas hydrate dissociation was also recorded in core 973-5, retrieved
from the flat area at the base of the slope.

Keywords: gas hydrate, submarine landslide, benthic foraminifera, Dongsha area, South China Sea

INTRODUCTION

It is known that methane-rich fluids due to subsurface gas hydrate dissociation leak to the seafloor at
specific sites on continental slopes the world over (Boetius and Wenzhoefer, 2013). In these systems,
usually most of the methane and higher hydrocarbons are consumed by anaerobic oxidation of
methane (AOM) coupled with sulfate reduction in the uppermost sedimentary layers (Boetius et al.,
2000; Boetius and Wenzhoefer, 2013). This process leads to geochemical anomalies in the shallow
surface sediment and porewater, favoring the precipitation of authigenic carbonates in the sulfate-
methane transition zone (SMTZ) (Boetius and Wenzhoefer, 2013). Thus, AOM signals can be
recorded by geochemical anomalies in authigenic carbonates, such as extremely negative §'°C values
(Roberts and Aharon, 1994; Peckmann and Thiel, 2004; Pierre et al., 2016). Authigenic carbonates
are good archives to study methane seepage, but because of it is not continuous when precipating and
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TABLE 1 | The location and length of the sample cores.

Core name Longitude (E) Latitude(N) Water depth(m) Length(m)
973-4 118°49.0818"  21°54.3247' 1,666 13.75
973-5 119°11.0066'  21°18.5586' 2,998 9.25

sometimes difficult to get proper samples, it is hard to reveal the
evolution of the whole process of methane seepage. In contrast,
sediment cores can serve as a potential archive to reconstruct the
evolution of past methane seepage, especially when combined
with age data (Bayon et al., 2015; Li et al,, 2018). Specifically,
8%*Scrs of sediments and 8'°C of foraminifera are the most
commonly used research object in sediment cores. The 8**Scrs
in the sediments is confirmed to be heavier in the SMTZ where
the sulfate concentrations in the pore water has a rapid decrease,
and consequently this value can be used to recognize paleo-
SMTZs in the geological record (Peketi et al., 2012; Borowski
etal, 2013; Gong et al., 2018). Benthic foraminifera near cold seep
areas generally occur in large quantities, with wide areal
distributions, short life cycles and stable shell preservation in
the sediments after death. Thus, they are excellent for recording
the effects of gas hydrate dissociation (Rathburn et al., 2000;
Portilho-Ramos et al.,, 2018). Benthic foraminifera associations
(Panieri, 2005) and the stable isotope composition of specific
benthic foraminifera can therefore be used to record methane
seepage activity in the geological record (Wefer et al., 1994; Stott
etal,, 2002; Herguera et al., 2014; Schneider et al., 2018). Although
the fact that epigenetic carbonate precipitation plays a dominant
role in the distinctly negative §'°C record of benthic foraminifera
is still controversial (Consolaro et al., 2015; Panieri et al., 2017), it
is opportune to mention that the microstructure and geochemical
characteristics of foraminifera influenced by post diagenesis can
also trace the methane emissions in a geological period
(Schneider et al, 2017). So AOM signals in cold seep
environments are recorded in the foraminifera shells. It is well
known that hydrate dissociation are likely to trigger intensive
methane seepage (Chen et al., 2016), resulting in an abnormally
high pore pressure and a reduction in the effective stress of
continental slope sediments. When the amount of gas emission is
massive enough or the continental slope with gas hydrate is steep,
the fluidized decomposition zone will form a downward sliding
surface. In this situation, any small perturbation of the stress, such
as an earthquake, or the self-gravity of the sediments, may lead to
slope failure (Kayen and Lee, 1991). Many submarine landslides
are proved to be related to gas hydrate dissociation in the world,
including the Storegga slide, off the coast of Norway, and Cape
Fear, on the Atlantic continental slope (Leynaud et al., 2004;
Solheim et al., 2005; Chaytor et al., 2009; Horozal et al., 2017). In
the geological history, there are also some numerical simulation
and sedimentary records that demonstrate the rapid changes of
sedimentation affect the gas seepage activity, which also indicates
the spatial and temporal charateristics of methane seepage
(Karstens et al., 2018; Screaton et al., 2019). However, other
researches argue that the destabilization of a hydrate system is a
slow process and could be largely delayed by overpressure
accumulation (Colin et al, 2020). Recently, climate-driven

Gas Hydrate Submarine Landslides Foraminifera

FIGURE 1 | Sampling stations in the Dongsha area of the northern SCS.
Red stars represent the two sampling cores 973-4 and 973-5, and the yellow
star represents the core 973-3 (Chen et al., 2014).

increase in temperature, especially during last deglacial
(MIS5e), is proved to be a trigger factor of gas hydrate
dissociation in SCS (Chen et al, 2019). Thus, the questions
concerning the main cause of gas hydrate dissociation are still
under debate, the subsequently methane seepage and its potential
link to the submarine landslides are poorly documented. Many
studies have identified the occurrence of fluidized decomposition
zone by geophysical methods, such as seisetic reflection data
(Eiger et al., 2017; Handwerger et al., 2017), little attention has
been paid to the geochemical characteristics of gas hydrate and
landslide deposits. The Dongsha area, which is located on the
continental slope of the northeastern South China Sea (SCS), is an
excellent area for such a study. The extensive development of gas
chimneys, submarine landslides, mud diapirs, carbonate mounds
and active cold seeps in this area (Chen et al., 2005; Yan et al,
2006; Yu et al., 2013; Feng and Chen, 2015; Wu et al., 2018),
strongly suggests the occurrence of gas hydrate reservoirs (Chen
et al,, 2005; Li et al., 2011; Su et al., 2012). Here, by using the
carbon-sulfate-benthic foraminifera system, two sediment cores
in Dongsha slope are used to identify gas hydrate dissociation
events and discuss the causal relationship between gas emissions
and submarine landslides.

MATERIALS AND METHODS

Sediment cores 973-4 and 973-5 were collected from the middle
of the slope and the flat area at the base of the Dongsha area, in the
northern SCS, respectively, using a piston corer during the 973
cruise by the ship “R/V OceanVI” in 2011 (Table 1; Figure 1).

The core 973-4 is mostly made of grey and grey-green clay,
with coarser-grain-size silt at the depth of 450-600 cm, in which
foraminifera is abundant. Below 600 cm, there are black hydrogen
sulfide disseminated plaque deposits with a distinct smell of
rotten eggs. For the core 973-5, it is also mostly made of grey
to grey-dark clay, the obvious foraminifera enriched silt layer
occurred at around 250 ~300cm there is an angular

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 876913


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Huang et al.

Gas Hydrate Submarine Landslides Foraminifera

Bulimina(Number/g)

5'C(%o,V-PDB) %S cps (%0, V-CDT)

2 15 1 05 0 05 60 -40 -20 0 20 40

_45.5%a

ke 79ka

_18743ka
_l440.35ka

Tla19.85ka

l424.69ka

IIIIIIIIlIIIlIII

Uvigerina(Number/g)

horizons influenced by submarine landslides.

———————————— MIS1/2
-------- 2. MIS2/3
y.
z;
A
T T 1 ) T T
2 4 6
"0 (%0,V-PDB)
Gray silt with irregular plaque
foraminiferas deposits

- Gray-green silty clay -Grag(;;g;;irrllifsei:;:/ith Gray silty clay

FIGURE 2 | Sediment particle size and geochemical records of core 973-4, lithostratigraphic picture (left) (A) Medium size, (B) quantity of Uvigerina spp., (C)
quantity of Bulimina spp., (D) oxygen isotopes of Uvigerina spp., (E) carbon isotopes of Uvigerina spp., (F) CRS, (G) sulfur isotopic compositions. The triangles indicate
the AMS'*C dating results (Zhang et al., 2018); the dashed lines indicate the demarcation lines of MIS1/MIS2 and MIS2/MIS3; and the shadowed horizon indicates

unconformity at around 460cm. Sediment samples were
collected every 2cm from 15cm bsf (below the seafloor) to
the core bottom, except in the top 15cm of each core, where
only one sample was collected. Grain size measurements were
carried out at the South China Sea Institution of Oceanology,
Chinese Academic of Sciences, using a Mastersizer2000 Laser
Particle Size Analyzer. The particle classification was 1® [® =
—log,d; d means particle diameter (mm)]. The detection limit was
between 0.5 and 2000 um, and the relative error was less than 3%.
The benthic foraminifera Uvigerina spp. and Bulimina spp. were
picked from the >200pum-size fractions to calculate the
assemblage density (number of individuals per gram of dry
sediment) and perform the isotopic analysis (Uvigerina spp.).
The §"°C and 8'®0 isotopes of foraminifera tests were measured
on aMAT253 Stable Isotope Gas Mass Spectrometer in the South
China Sea Institution of Oceanology, Chinese Academic of
Sciences and calibrated to the VPDB standard. Analytical
precision was estimated to be better than 0.03%o for §'°C and
0.08%o for 8'*0. CRS (chromium reducible sulfur, mainly FeS,
FeS,) in the bulk sediments were extracted following the method
of Canfield (Canfield et al., 1986). two to five gcarbonate powder
was digested in 6 mol/L HCl at 50°C for 6 h to release acid volatile
sulfur under a continuous flow of N2 (g) and the residue (remain
mainly as FeS and FeS,) was analyzed for bulk carbonate CRS.
CRS was extracted using 6 N HCl and 1M CrCl, for 3 h in 100%
N2 atmosphere. The H2S evolved was driven via N2 carrier into
0.1 N AgNO; and trapped as Ag,S for gravimetric and then

isotopic measurements (Gong et al., 2018). The sulfur isotope
analysis was performed at the Louisiana State University, using an
Elemental Analyzer (EA) at 980°C, and subsequently with a
Thermo-Electron Delta V Plus Advantage mass spectrometer.
The standard deviation associated with §**S analysis was +0.3%o,
and reported relative to the VCDT (Vienna Canyon Diablo
Troilite) standard.

RESULTS

Median Particle Size

Median particle size is commonly used to represent the average
particle size of sediments (Hu et al., 2017; Li et al., 2018). The
sediments in core 973-4 were fine-grained in most layers, but the
grain size in the 4.3-6.0m layer was significantly coarser
(Figure 2). Core 973-5 contained fine-grained sediment in
most layers, without any significant differences in the particle
size being observed throughout the core; only a minor increase in
coarser content was found in several layers (e.g., 1.3-2.7 m,
3.9-4.0 m, 5.9-6.0 m, 8.2-8.4 m, Figure 3).

Foraminifera Content

The foraminifera-rich layer (4.3-6.0m) in core 973-4 is
consistent with the high content of the sediment coarse
fraction (Figures 2B,C). The numbers of the two species were
almost always less than five per gram below 6 m bsf. This number
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influenced by submarine landslides.

increases abruptly to more than 10 per gram at about 6 m bsf and
then gradually decreases upward until 4.3 mbsf. Low values are
observed in the uppermost 4.3 m bsf of the core (Figures 2B,C).
In core 973-5, the numbers of benthic foraminifera were far less
than core in 973-4 and few foraminifera were seen in the whole
core, except in a few layers (e.g., at depths of about 2.5 m, 4.0-5.5,
and 6 m; Figures 3B,C).

Carbon and Oxygen Isotope Compositions

of Uvigerina

The §'®0 composition of Uvigerina spp. in the core 973-4 varied
from 2.57 to 5.26%o, with lighter 8'%0 values in the upper part of
the core (Figure 2D). The 8180 depletion fits well with the
Deglaciation transition layer at about 4.3 m bsf and shows stable
values in the uppermost core. In core 973-5, §'%0 values show a
broad range of variation below 5.5 m bsf (Figure 3D), and values
between 2.93 and 4.49%o at the 3.3-3.6 m bsf layer, corresponding
to the deglaciation transition. The 8'*C values for Uvigerina spp.
in core 973-4 ranged from —1.97 to 0.25%o with an average value
of —1.15%o (Figure 2E). The §"°C values below 4.3 m bsf are
obviously negative, with only small fluctuations; above this depth
they become heavier until the surface. In core 973-5, the §13C
values were consistently negative below the depth of 3.3 m bsfand
showed heavier trend from -2.9 to 0.18%o in the upper part of the
core (Figure 3E).

CRS and §°**SCRS Values

In core 973-4, the CRS contents vary between 0.01 wt%o and 0.95
wt%o. A high CRS content was observed in the interval 6.8-9.0 m
(Figure 2G). The 8’*SCRS values show a wide variation, ranging
from -43.8 to 32.6%o. The sulfate isotope compositions show
extremely positive values at the CRS enrichment depth
(6.8-9.0 m), and then are lower elsewhere, with a minimum
value of —43.8%o in the interval 2.8-5.6 m (Figure 2F). In core
973-5, high CRS contents and positive 8%*Scrs values are
observed below 4 m bsf (Figure 3G), and the 8**Scrs values
above this depth become lighter, ranging from -46%o to -15.7%o
(Figure 3F).

DISCUSSION

Radiocarbon- and §'®0-derived age models (Zhang et al., 2018)
suggested that two studied cores, 973-4 and 973-5, recorded
sediment deposition since MIS3. Combined with the oxygen
isotope change curve and previous research (Liu et al.,, 2018),
we found that the 4.0-9.0 m bsf layer in core 973-4 records the
sediment of MIS2, and the layer above 4.0 m corresponds to the
sediment deposited since the Holocene. Interestingly, there was
an age inversion around 5.8 m (40.35ka). The strata of MIS3 may
be disturbed and MIS3 sediments have been reversed to MIS2.
The age inversion intervals coincide with the foraminifera-rich
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and sand content-rich layers (4.4-6.0 m), and possibly resulted
from landslides or physical disturbance by intense seepage (Lin
et al.,, 2016). In core 973-5, the demarcation lines of MIS1/2 and
MIS2/3 are at the depths of 2.2 and 4.8 m bsf respectively; the age
absence in 4.8 m bsf may also have been caused by a landslide.

Geochemical Records of Gas Hydrate

Dissociation Events

In the typically anoxic subseafloor marine sediments, the
consumption of porewater sulfate is controlled by two
microbially mediated processes: 1) organo clastic sulfate reduction
(OSR) (Berner, 1982); and 2) anaerobic oxidation of methane
(AOM) (Boetius et al, 2000). The two net reactions are
expressed stoichiometrically as follows: 2CH,O + N
—2HCO;™ + H,S 1) CH,+SO,>—HCO;™ + HS™ + H,0 2)
However, these two different processes always result in different
average S/C ratio in sediments. In oxic and suboxic marine
sediments (OSR dominate), the reduced sulfur and total organic
carbon (TOC) contents typically show a positive correlation with an
average S/C ratio of 0.36 (Berner, 1982). In our studied cores, the
TOC content was typically low (Zhang et al,, 2018), and the S/C
ratios at 6.0-9.0 m bsf (973-4) and below 4.0 m bsf (973-5) were
higher than 0.36 (Figure 4). These situations were referred to an
organically-limited and methane-rich environment, in which AOM

was the dominant process, contributed to a significant fraction of
sulfides (Kaneko et al., 2010; Lim et al., 2011; Sato et al., 2012) and
may have significantly increased the S/C ratios of sediments. This
AOM origin for sulfides explains why there was no correlations
between the CRS and TOC contents in the sediments of both cores
(Figure 5).

Positive §**S (up to 32.6%o) values of sulfide minerals could
represent a present- or paleo-SMTZ (sulfate-methane transition
zone) where AOM process occurred strongly (Aharon and Fu,
2003; Jorgensen et al.,, 2004; Borowski et al., 2013; Zhu et al,
2013). In the studied cores, the §>*Scgs values below 6.0 m bsf in
core 973-4 and below 4.0 m bsf in the core 973-5 are positive.
Especially in the 6.0-9.0 m bsf layer of core 973-4, a wide SMTZ
with positive sulfur isotope compositions up to 20%o represents a
sustained and stable methane flux. As shown in the Figure 2G, at
the end of the LGM period (4.0-6.0 m) with a low sea-level stage,
the 8**Scrs became highly negative (—43.8%o to —39.4%o). The
low 8°*S values in seep-impacted sediments may be attributed to
iron limitation caused by low sedimentation rates (Formolo and
Lyons, 2013) or disproportionation of microbial sulfur occurring
close to the sediment-water interface (Canfield and Thamdrup,
1994; Borowski et al., 2013). Because the sedimentation rate of
our study area is typically high at low sea level stands (Zhang
etal,, 2018), disproportionation of microbial sulfur instead of iron
limitation might be the reason for the low 8%*Scrs values.
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Generally, disproportionation of microbial sulfur happen in an
open system, which can be caused by intense methane flux (Li
et al,, 2018). Herein, we suppose the low §°*S values might be also
caused by this phenomenon in this period.

Response of Specific Benthic Foraminifera

to Gas Hydrate Dissociation Events

According to previous research, the 8'°C values of Uvigerina spp.
in normal seawater range from —0.1 to 1.0%o (Rathburn et al., 2003;
Schmiedl et al., 2004; Fontanier et al., 2006). However, in our
studied cores, the 8'°C values of benthic foraminifera below 3.9 m
bsfin core 973-4 and 2.5 m bsf in core 973-5 (corresponding to the
end of the Last Glacial period) were almost all lower than -1.0%,
showing an obvious negative carbon bias. Although some
researchers considered that the §'°C values in the Glacial period
were more negative than that in Deglacial period (Wei et al., 2006),
the 8'°C values of benthic foraminifera in the northern SCS always
vary from about -0.6 to 0.2%o (range variation of approximately
0.8%o in the past 90 ka) under the influence of climate change (Wei
et al,, 2006). These indicate that such wide range of the carbon
negative bias (e.g.,1.9%o in core 973-4) in our study area was not
caused by climate change and seem to be caused by AOM reaction.
In addition, when recording methane seepage activity, a wide range
of 8"*C values of benthic foraminifera are more appropriate than
absolute negative values (Rathburn et al., 2003). Thus, the carbon
negative bias can be attributed to methane seepage in the studied
cores. Because '*0 is higher in cold seep fluids, and the heavier
8'%0 values were thought to be another evident of gas hydrate
dissociation or cold seep activity (Uchida et al., 2004). In core 973-4
and 973-5, the §'®0 values were obviously heavier during the
Glacial period in both cores, which is consistent with the §'°C
results. Thus we can tentatively deduce the methane seepage

activities in the core 973-4 by analyzing the §'°C and §'°0
values change. Figure 2E shows negative carbon isotope
compositions in MIS2 (4.0-9.0m), indicating a sustained
methane seepage during this period. Furthermore, other reports
have suggested that cold seeps were particularly active at low sea-
level stands due to a hydrostatic pressure reduction in the SCS
(Tong et al., 2013; Han et al., 2014), hence it supports our
hypothesis that an intense methane seepage happened during
LGM (4.0-6.0 m). Since the end of the LGM (above 4.0 m), the
8C values in core 973-4 were quite stable and comparable to
normal sea-water values typical of non-seep environments. This
implies that the gas hydrate dissociation events gradually weakened
in this core since the Holocene. As the temperature rose gradually
in the Deglaciation periods, the changes in global ice volume and
bottom water temperature were not the dominant factors for
hydrate decomposition. Instead, as the sea level and the
hydrostatic pressure on the sediment have gradually increased
since the Last Glacial, the gas hydrate stability zone has thickened,
thus causing a weakening of gas hydrate dissociation and methane
seepage. Uvigerina spp. and Bulimina spp. are considered as
specific endophytic benthic foraminifera that can adapt to the
modern cold seep environments with high TOC and low oxygen
content (Abu-Zied et al,, 2008), and they were the two dominant
species of benthic foraminifera in cores 973-4 and 973-5.
Moreover, as shown in Figures 2B,C, their numbers increased
to different extents during the Last Glacial period (4.0-9.0 m of
core 973-4), which may be under the influence of the methane flux
related to the gas hydrate dissociation during that time (Chen et al.,
2007). However, previous research indicated that normal cold seep
activity cannot significantly change the total abundance of benthic
foraminifera (Panieri et al., 2009). Therefore, the large increases in
the number of benthic foraminifera at the end of the LGM period
(4.0-6.0 m of core 973-4), especially the abrupt increase in the layer
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at about 6 m bsf in core 973-4, is more likely associated with
geological events rather than to large quantities of methane fluid.
Sustained methane seepage can provide a rich food source for
benthic foraminifera (Schonfeld, 2001), and Bulimina spp. can
adapt well to a low oxygen and high sulfide cold seep environment,
even in shallow waters (Panieri, 2006). The high density of this
species related to methane seepage lead to another increase above
the layer in which gas hydrate dissociated.

Triggering Mechanism for the Submarine

Landslides in the Dongsha Area
Gravity flows such as submarine landslides and turbidity currents are
ubiquitous in Dongsha area (Li et al., 2020). And these gravity flows
are proved to be able to drive erosion and deposition in Taiwan
submarine canyons. As shown on the bathymetric and seismic profiles
close to the research areas. Recurrent MTDs are identified in the slope,
which indicate Dongsha slope might be eroded by slope failures. And
Li et al. (2020) concluded that a combined action of recurrent slope
instability and turbidity currents drive the erosion and deposition of
submarine asymmetry in our studying area. But from the C-M plot
(Figure 6) (Passega, 1964), a common method to identify the force of
deposition using the sediment size. The grain size distribution in the
4.4-6.0 m bsf layer in core 973-4 is not parallel to the RQ line in the,
which indicated that sedimentation was not impacted by turbidity
currents. Thus we contribute the gravity flows recorded in our
sediment cores to submarine landslides.

The sediment particle size results in the three cores, 973-3 (Chen
et al,, 2014), 973-4 and 973-5, which were located at the top, middle
and bottom of the Dongsha area continental slope, were

comprehensively investigated. The submarine landslides in this
study area mainly developed at the top of the continental slope,
with lower intensity in the middle slope, and only landslide deposits
were present at the bottom of the slope. Furthermore, the age
reversal interval (Figure 2) coincided with the high foraminifera
and sand content in layer 4.4-6.0 m bsf in core 973-4, which is
consistent with frequent submarine landslides influencing this area
(Zhong et al,, 2015; Lin et al.,, 2016; Wu et al,, 2018).

Based on a comprehensive analysis of geochemical and sediment
records, gas hydrate dissociation events and submarine landslides were
recognized in two cores. We take 973-4 for analyzing (Figure 7). There
was sustained and stable methane seepage during the beginning of
MIS2 (6.0-9.0 m, Figure 7A) and the methane flux was relatively low.
Therefore, iron sulfides with high 8*Scrs and benthic foraminifera
with negative §"°C were found in the sediment layer (Figure 7A). At
the end of MIS2, responding to the LGM period (4.0-6.0 m), the
methane flux was very high and the SMTZ was near the seafloor
(Figure 7B). In this case, the enrichment of TOC might be due to the
lower rates of AOM and higher methane flux into the water column
(Consolaro et al,, 2015). More importantly, the massive decomposition
of gas hydrate during the low-stand sea level period reduced slope
stability (Sultan et al., 2010; Kwon et al., 2011), and herein led to the
formation of the submarine landslides and sediment transportation
from the top to the flat area of the slope (Figure 7B). The abrupt
increase in benthic foraminifera quantity also verify this geological
activity. Because methane diffused into the atmosphere before it had
completely reacted, the §**Scgg values of iron sulfides were low but the
8"C values of benthic foraminifera showed negative anomalies
(Figure 7B). Since the Last Glacial period (above 4.0 m), rising sea
level has prevented the decomposition of gas hydrates and gradually
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weakened cold seep activity. Thus, the geochemical and benthic
foraminifera records showed no further anomalies (Figure 7C).

CONCLUSION

Two sediment cores from the Dongsha slope in the SCS were used
to identify gas hydrate dissociation events and subsequently the
potential trigger of submarine landslides. The distinctly negative
8"C values and positive §'*0 values along with extremely positive
8%*Scgrs values in both cores at the end of the LGM period
suggested that there were persistent gas hydrate dissociation
events in the Dongsha area during this period. In core 973-4,
obvious submarine landslide deposits only occurred at the
44-6.0 m interval (end of LGM), and the numbers of Uvigerina
spp. and Bulimina spp. sharply increased in this horizon. These
results implied that the submarine landslides were probably caused
by intense methane release events during this period. More

importantly, as shown here, a novel strategy with geochemical
methods were used to investigate the relationship between
submarine landslides and gas hydrate dissociation events.
Further studies of numerical methods are needed to
quantitatively illustrate the casual relationship between them.
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Hydrocarbon charging stages and natural gas hydrate accumulation models were
established in the Songnan Low Uplift, Qiongdongnan Basin (QDNB), China. Detailed
geochemical analysis, paleotemperature and paleopressure analyses, seismic
interpretation, and hydrocarbon charging characterization were conducted to
investigate the controlling factors of natural gas hydrate accumulation. The Yacheng
and Lingshui formations in the Lingshui Sag were identified as effective source rocks. The
8'3C; values of the gas hydrates vary from —35.97 %o to —59.50%., following a direction
from the Sag Center to the Low Uplift, indicating that §'C+ values became relatively lighter
during gas migration. Seismic data evidence revealed that large-scale faults, laterally
distributed sandstones, and gas chimneys were comprehensive, however efficient
hydrocarbon migration pathways. Systematic overpressure was developed in the
Yacheng and Huangliu formations, which offer sufficient hydrocarbon migration
impetus. Hydrocarbon-bearing aqueous inclusions and their coexisting aqueous
inclusions were observed in the Huangliu Formation in the Lingshui Sag, indicating four
stages of hydrocarbon charging in the QDNB. Based on the comprehensive analysis in this
research, two gas hydrate accumulation models were proposed in the Songnan Low
Uplift, QDNB, as follows: 1) a mixture of gas migrated by large-scale faults and a
thermogenic-biogenic mixed gas model and 2) gas hydrates from laterally distributed
sandstones sealed by MTDs.

Keywords: migration pathway, paleopressure characteristics, hydrocarbon charging stages, gas hydrate
accumulation, the Songnan Low Upilift

INTRODUCTION

The Qiongdongnan Basin (QDNB) is located in the northwestern continental margin of the South
China Sea, which is a petroliferous Cenozoic basin with strong overpressure being widely developed
(Huang et al.,, 2003; Hao et al., 2007; Zhu et al., 2009; Huang et al., 2012; Huang et al., 2016). A series
of large gas fields, including LS25-1, LS17-2, LS18-1, and YL8 gas fields, were discovered in the
Neogene Huangliu and Yinggehai formations in the west of the QDNB in the last few decades, with
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FIGURE 1 | (A) Location of the Qiongdongnan Basin (QDNB) with purple color in the northwestern South China Sea. (B) Structural sketch of the western QDNB
(modified after He et al., 2021) with gas fields and driling wells being labeled. WD, water depth.

the main source rocks of the Paleogene Yacheng and Lingshui
formations being deposited in a coastal plain or littoral to a neritic
environment (Huang et al., 2012; Zhang et al., 2014; Huang et al.,
2016; Su et al., 2017; Zhu et al., 2018; Xie et al., 2019; Zhang et al.,
2019a, Zhang et al., 2019b, Zhang et al., 2019¢; Su et al., 2021).
The Yacheng and Lingshui formations of the LS25-1 and LS17-2
gas fields in the Lingshui Sag were overpressured, while the main
gas-bearing layers, the Mesozoic granite Yacheng reservoirs of the
YL8-1 and YL8-3 gas fields in the Songnan Low Uplift, were
normal pressured (Wang et al., 2016; Gan et al., 2019; Shi et al.,
2019; Yang et al., 2021).

A clean and efficient energy resource natural gas hydrate has
been widely discovered in the QDNB (Zhang et al., 2018; Fang
et al,, 2019; Liang et al., 2019; Wei et al,, 2019; Ye et al., 2019),
showing significant exploration potentials in this area. In
addition, a number of typical and representative gas hydrates
were discovered and are being sampled at sites GMGS5, W07,
W08, and W09 by the Guangzhou Marine Geological Survey
(GMGS) in 2018, which were identified as typical gas hydrate sites
in the Songnan Low Uplift. Stable carbon isotope analysis of the
hydrated gas indicated a mixed microbial and thermogenic origin
for their formation (Liang et al., 2019; Wei et al., 2019; Ye et al,,
2019; Zhang et al.,, 2020; Lai et al., 2021).

Numerous research studies on the geological, geochemical,
and geophysical characteristics of the gas hydrate system have
been conducted in the QDNB (Zhang et al., 2018; Liang et al.,
2019; Weietal, 2019; Ye et al., 2019; Deng et al., 2021); however,
natural gas hydrate accumulation mechanisms, reservoir
characterization, and production trials need further research,
especially on the influences of hydrocarbon charge on natural
gas hydrate accumulation. The Yacheng and Lingshui
formations are the most important source rocks in the
Lingshui Sag, which have entered the dry gas window. The
overpressured source rock intervals and preferential migration
pathways offer continuous gas sources into the hydrate-bearing

reservoirs. As a result, source rock maturations, migration

pathways, overpressure, and hydrate-bearing reservoir
characteristics  co-contribute to natural gas hydrate
accumulation.

Aims of this research are to

(1) investigate the migration pathways and overpressure
characteristics of natural gas hydrates in the QDNB;

(2) clarify the influence of hydrocarbon charge on gas hydrate
accumulation;

(3) understand origins of gas forming the gas hydrates; and

(4) establish natural gas hydrate accumulation models.

GEOLOGICAL SETTING

The Lingshui Sag is located in the west of the deep-water area of
the QDNB (Figure 1). The LS25 gas field is located in the west of
the Lingshui Sag, adjacent to the Ledong Sag, and the LS17-2
and LS18 gas fields are located in the eastern slope of the
Lingshui Sag (Figure 1B, Yao et al,, 2015; Zhang et al., 2016;
Huang et al,, 2017; Li et al., 2017; Zhang et al., 2019c). Tectonic
evolution of the QDNB comprises two stages: rifting from
Eocene to Oligocene and a depression stage from Miocene to
Quaternary (Hu et al., 2013). The QDNB experienced multi-
stage tectonic movements, including Shenhu, Zhujiang, Nanhai,
and Dongsha tectonic movements (Wang et al., 2021). Tectonic
evolution of the Lingshui Sag is consistent with that of the
QDNB, leading to the deposition of 6,000-12,000 m Cenozoic
strata (Figure 2), which are divided into eight formations,
including the Oligocene Yacheng and Lingshui formations
(36~30 Ma and 30~21 Ma), the Miocene Sanya, Meishan, and
Huangliu formations (21~15.5Ma, 15.5~10.5Ma, and
10.5~5.5Ma), and the Pliocene Yinggehai Formation
(5.5~1.9 Ma) (Figure 2) (Su et al., 2018).
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The Songnan Low Uplift—which is bounded by the Lingshui
Sag, the Songnan-Baodao sags, the Changchang Sag, and the
Beijiao Sag (Figure 1B)—comprises the main targeted areas for
natural gas hydrate exploration. Discoveries of the YL8 and YL1
gas flelds indicated that the Songnan Low Uplift is an area of
natural gas accumulation (Shi et al,, 2019; Zhang et al., 2019¢;
Yang et al, 2021), which is also subject to gas hydrate
accumulation. Gas-bearing formations of the YL8-1/3, LS25/
17-2, and LS18-1 gas fields are mainly the Huangliu,
Yinggehai, and Yacheng formations, and the hydrate-bearing
formation in the GMGS5-W07/W08/W09 sites are mainly in
the Quaternary formation (Figure 2).

RESULTS AND DISCUSSION

Gas Source
TOC contents and Rock-Eval parameters were effective to
characterize hydrocarbon generation potentials of source rocks

(He et al., 2018; He et al., 2022). TOC contents of the analyzed
mudstones, carbonaceous mudstones, and coal samples in the
Yacheng and Lingshui formations range from 0.13 wt.% to
96.51 wt.% (Figure 3A). Rock-Eval data reveal hydrocarbon
generation potentials of free hydrocarbon (S;) and generative
hydrocarbon potential (S,) of the analyzed samples ranging
from 0.02mg HC/g TOC to 154.05mg HC/g TOC
(Figure 3A), which are identified as the main source rocks
forming the discovered gas fields. Most of the analyzed samples
were characterized as fair to very good source rocks, with
carbonaceous mudstones and coal samples being identified as
excellent source rocks, indicating great hydrocarbon
generation potential for the source rock formations
(Figure 3A).

Maximum temperature (T,,,,) and hydrogen index (Iy;) values
show close-set distribution, with T, values ranging from 408 to
482°C and Iy values ranging from 11 mg HC/g TOC to 462 mg
HC/g TOC, respectively (Figure 3B). The average Ty, reaches
444°C, and the average Iy; value is 101 mg HC/g TOC, indicating
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FIGURE 3 | (A) Hydrocarbon generation potential evaluation and (B) organic matter types of the Yacheng and Lingshui formations in the QDNB.

TABLE 1 | Thermal maturity of source rocks, namely, Meishan, Lingshui, and Yacheng formations, in the Sag Center and Low Uplift in the QDNB.

Area Well Formation

Sag Center L25-2 Yacheng
L25-1 Meishan

Low Uplift LS33-1 Lingshui
YL19 Lingshui
LS33 Lingshui
YL19 Yacheng
YL8 Yacheng

that source rocks of the Yacheng and Lingshui formations are
sufficiently mature to generate dry gas. In the T,,,, versus Iy
plots (Figure 3B), most of the analyzed samples were
considered to be Type II, and III kerogens, with a smaller
number of analyzed samples being characterized as Type II,
kerogen (Figure 3B).

Vitrinite reflectance (R,%) was measured to assess thermal
maturities of the source rocks in this research. R,% values of the
samples in the Yacheng Formation are >2.0% in the Lingshui
Sag, a higher value than that of the samples in the Low
Uplift (Table 1). The results indicate that the Yacheng and
Lingshui formations in the QDNB are highly matured to over-
matured.

Natural gas compositions in the LS25, LS17-2, LS18-1, YL8-
1, and YL8-3 gas fields and the GMGS5-W08 hydrate site are
dominated by hydrocarbon gas, accounting for 76.38~99.79% of
the total gas volumes (Table 2). Methane (CH,) contents of the
gas fields and the GMGS5-W08 gas hydrate site range from

Tmax (oC) Ro (%) Data source
/ >2.0 Zhang et al. (2019¢)
/ 0.80
/ 0.79 Wang et al. (2018)
422 0.51
424 0.49 He, (2020)
474 1.14
/ 1.52~1.70 Li et al. (2020)

75.48 to 96.14% and 79.16 to 97.69%, respectively (Table 2).
Wet gas (C,+) contents vary from 0.85 to 8.44% for the gas fields
and from 2.10 to 19.55% for the gas hydrate samples (Table 2).
Dryness coefficients (C;/C;_s by volume) were in the range of
0.91-0.95 (Table 2). The §'°C,, §'C,, and 8'>C; values of all
gas fields and W08 range from —59.5 to 35.97%o, —28.40 to
22.40%o, and —27.80%o to —20.20%o, respectively. The §C
values of the CO, samples vary from —20.70%o to —2.70%o in
the gas fields (Table 2).

Previous studies suggested that §'°C, and 8'°C, threshold
values to distinguish thermogenic and microbial origins of CH,4
and C,Hg are —55%o0 and —42%o, respectively, (Milkov, 2005).
Thermogenic gas can be subdivided into coal-type and oil-type
gas by 8'°C, and 8"°C; threshold values of —28%o and —25%o,
respectively (Xu and Shen, 1996; Huang et al., 2016; Liu Q. et al,,
2019; Lai et al., 2021). A plot of the 8'3C, values versus the §'°C,
values of the analyzed gas samples shows that methane (CH,) in
both the gas hydrates and gas fields was composed of thermo-
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TABLE 2 | Gas composition and isotopic composition of the LS25, LS17-2, LS18-1, YL8-1, and YL8-3 large gas fields and hydrate-related gas at site GMGS-WO08 in the
QDNB. (Data were collected from Liang et al., 2015; Zhang et al., 2019a; Zhang et al., 2019b; Li et al., 2020; Lai et al., 2021; Yang et al., 2021; Zhu et al., 2021).

Well Depth (m) Formation Gas compositions (%) C1/(C1~C5) 813C (%o)
C1 C2+ C0o2 N2 Cc1 Cc2 C3 c0o2
LS25 gas field
LS25-1 3,760.8 Huangliu 87.31 7.83 3.08 1.79 0.92 -39.37 -2539 -23.30 -897
3,920.0~890.0 85.17 7.77 6.08 0.97 0.92 -38.30 -25.15 -23.71 -3.68
LS25-2 4,094.0 81.38 8.07 8.89 1.33 0.91 -35.97 -2557 -23.13 -4.53
LS17-2 gas field
LS17-1 3,306.0 Huangliu 90.04 5.94 0.9 2.97 0.94 -36.93 -23.63 -22.09 -16.42
3,366.4 91.05 5.75 0.68 2.37 0.94 -37.30 -23.62 -21.89 -16.39
LS17-2 3,331.3 91.55 5.93 0.07 217 0.94 -37.55 -2409 -2296 -18.03
LS22-1-1 3,339.0 91.16 7.98 0.31 0.55 0.92 -39.20 -26.20 -23.80 /
3,352.5 91.37 7.75 0.32 0.57 0.93 -38.80 -26.00 -23.70 /
3,391.0 91.53 7.59 0.32 055 0.93 -39.20 -26.00 -24.10 /
LS17-2-1 3,306.0 92.51 6.38 045 0.68 0.94 -36.81 -23.51 -21.97 /
3,324.0 9325 593 021 062 0.94 -36.78 -23.62 -22.17 /
3,366.4 92.69 6.21 0.46 0.63 0.94 -37.25 2377 -21.87 /
3,468.5 92.56 6.31 0.52 0.61 0.94 -36.83 -24.09 -21.58 /
LS1728N1 3,305.2 / / / / / -40.15 -25.94 / /
LS1728N2 3,406.5 / / / / / -38.89 -25.95 / /
LS1727N3 3,477.0 / / / / / -46.46 -26.12 / /
LS1724N4 3,251.0 / / / / / -39.07 -25.37 / /
LS1724N6 3,355.0 / / / / / -39.15 -23.61 / /
LS1724N7 3,445.0 / / / / / -38.36 -24.57 / /
L17-B 3,228.5 91.68 5.90 0.70 1.66 0.94 -3820 -23.80 -21.80 -20.70
L17-A 3,321.0~3,351.0 93.00 5.97 062 0.26 0.94 -37.30 -24.10 -2220 -9.20
L17-G 3,477.0 83.38 8.44 0.30 5.87 0.91 -46.50 -26.10 -24.00 -15.70
LS18-1 gas field
LS18-1 2,819.9-2,846.7 Yinggehai 9317 627 005 0.51 0.94 -40.46 -25.17 -23.82 /
LS18-A 2,819.9~2,846.7 92.89 6.24 0.04 0.64 0.94 -40.20 -25.30 -24.00 /
YL8-1 gas field
YL8-1 / Yacheng / / / / 0.97 -4520 -28.40 -27.80 /
/ Pre-tertiary / / / / 0.97 -4490 -27.40 -27.70 /
YL8-1 / Sanya / / / / 0.98 -4550 -27.50 -27.60 /
/ Yacheng / / / / 0.98 -44.00 -27.10 -27.80 /
/ Pre-tertiary / / / / 0.99 -42.70 -26.90 / /
YL8-1-A 2,956.7 Mesozoic 94.50 2.97 0.60 1.80 0.98 -45.00 -27.50 -27.60 -16.00
YL8-1-A 2,988.2 9460 3.05 0.50 1.70 0.98 -4420 -27.20 -27.40 -17.20
YL8-1-B 3,070.0 84.02 0.85 14.08 1.03 0.99 -43.80 -26.90 / -8.90
YL8-1-B 3,354.0 75.48 0.90 19.07 455 0.99 -42.40 -26.80 / -8.90
YL8-3 gas field
YL8-3 / Pre-tertiary / / / / 0.97 -43.20 -26.80 -26.50 /
YL8-3 / Yacheng / / / / 0.97 -43.30 -26.70 -26.50 /
/ Pre-tertiary / / / / 0.97 -43.40 -26.70 -26.40 /
YL8-3-A 2,828.8~2,936.0 Mesozoic 95.67 3.22 0.83 0.19 0.97 -42.70 -26.60 -26.60 -2.70
YL8-3-B 2,894.0 Yacheng 95.68 3.08 0.37 0.85 0.97 -43.30 -27.00 -26.80 -16.40
YL8-3-B 2,905.0 Yacheng 90.36 2.94 0.32 6.39 0.97 -43.70 -26.30 -26.70 -17.60
YL8-3-B 2,911.0 Yacheng 96.14 319 022 044 0.97 4330 -27.00 -26.50 -17.60
GMGS5-WO08 gas hydrate drilling site
GH-1 8.0 Quaternary  97.69 2.10 / / / -59.50 -26.00 -22.40 /
PCS-1 32.9 9494 481 / / / -54.40 -25.50 -22.90 /
GH-2 62.9 81.21 17.46 / / / -56.30 -26.90 -22.70 /
PCS-2 79.0 95.75  4.08 / / / -58.60 -25.10 -21.60 /
PCS-3 80.9 95.73 4.04 / / / -48.80 -22.40 -20.20 /
PCS-4 112.3 96.46  3.32 / / / -53.80 -23.30 -20.70 /
PCS-5 145.7 83.49 1554 / / / -49.30 -27.50 -23.00 /
GH-3 148.4 79.16  19.55 / / / -50.40 -26.50 -22.80 /
PCS-6 158.0 84.17 14.89 / / / -50.40 -26.90 -22.20 /
PCS-7 187.1 92.82 6.63 / / / -50.40 -26.70 -23.20 /
microbial methane (CH,) and thermogenic methane (CHy,). A notable phenomenon is that the 83C, values decreased
Ethanes (C,Hs) were derived solely from coal-type from —35.97%o to —59.5%o along gas migration pathways (from
thermogenic gas with §'°C, values > —28%o (Figure 4A). LS25 to W08 or from the Sag Center to the Low Uplift),
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FIGURE 4 (A) Genetic diagram of 8'°C, versus §'%C, showing a thermogenic and microbial mixed gas of the natural gas hydrate (modified from Milkov, 2005). (B)
Genetic diagram of 8'°C,, versus '°C5 (Modified from Liu S. Y. et al., 2019) showing a coal-type gas of the natural gas hydrate. All data were collected from the LS25,
LS17-2, LS18-1, YL18, and GMGS5-W08 gas fields (Table 2).
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FIGURE 5 | (A) Representative seismic profiles of the Songnan Low Uplift. (B,C) Partial enlarged details for the geological characteristics of the Songnan Low Uplift.

indicating lighter §8'°C; values due to fraction effects  derived from the deeply buried coal-type source rocks, and
of secondary migration and increased contents of biogenic =~ methane (CH,) often has a mixed thermogenic and microbial
gas. The C,y+ hydrocarbon gas in the hydrate was mainly  origin.
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FIGURE 6 | Seismic reflection features of the bottom simulating reflector (BSR), diapirs, gas chimneys, and faults in the QDNB, showing the accumulation process

Migration Pathways

Natural gas hydrate accumulation, which is similar to the
conventional oil and gas reservoirs, is often associated with
faults, gas chimneys, and diapirism. Faults that fail to reach the
gas hydrate stability zone (GHSZ) directly are not efficient
pathways for hydrate accumulation that some large-scale
faults, however, are often connected with gas chimneys to
form efficient fluid migration pathway systems. Normal faults
are identified in the study area, which extend from the source
rocks to the Quaternary strata or connected with gas chimneys
at shallower burial depths (Figure 5A), a characteristic
indicating intense fluid migration from deep areas to the
seafloor or shallow traps through the fault-chimney
pathways. In parallel, enhanced reflections (ERs) were widely
developed on the top of or at the flanks of the gas chimneys,
faults, and central channel (Figures 5B,C), indicating significant
fluid flow in the study area (Cartwright et al., 2007; Horozal
et al., 2009; Petersen et al., 2010; Karstens & Berndt, 2015; Kang
et al., 2016).

Gas chimneys were developed mainly in the Low Uplift,
exhibiting vertical columnar or finger shapes (Figure 5B and
Figure 6). The GMGS5 W07, W08, and W09 gas hydrate sites are
located directly on the top of three large gas chimneys (Figure 6).
Diameters of the gas chimneys vary from 3 to 5 km, and the top of
the chimneys terminates at the T1 interface, ~150 m from the
seafloor (Figure 6). Gas chimneys are characterized by
mushroom-shaped acoustic blanking zones, with weak internal
push-down reflections being interpreted (Figure 6). The high-
amplitude reflections at the edge or within the gas chimneys were
identified as high-velocity gas hydrate in the soft sediments
(Figure 6). Normal faults were interpreted within the gas
chimneys, with invisible faults and/or fractures beyond seismic
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FIGURE 7 | Pressure distribution of LS25 gas fields in the Lingshui Sag
(Li et al., 2021).

resolution being widely developed in the interior of the gas
chimneys. With widely distributed enhanced reflections (ERs)
on the top of or at the flanks of the gas chimneys (Figure 6), fluid
charging should occur constantly in the study area.

Overpressures
Pressure and temperature, especially overpressure, are important
driving forces for sub-surface fluid flow, and understanding their
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TABLE 3 | Homogenization temperatures (Ths) of coexisting aqueous inclusions and hydrocarbon charging time (HCT) of the large gas fields in the Lingshui Sag.

Location Formation Inclusion type
Well W-6 (LS17) Huangliu Hydrocarbon-bearing
LS17 gas field Huangliu Agqueous

LS25 gas field

X17 gas field (LS17) Huangliu Hydrocarbon-bearing

origins and evolution is the key aspect to understand oil and gas
migration and accumulation mechanisms.

In the LS25 gas field of the QDNB, two separate overpressure
systems were identified (Figure 7, Gan et al., 2019). The lower
overpressure system is mainly formed by hydrocarbon
generation, with a maximum pressure coefficient (Pc) > 1.8,
which extends up to the bottom of the Huangliu Formation.
The upper overpressure system is in the second member of the
Yinggehai Formation, which was subject to rapid subsidence and
disequilibrium compaction of the shallow marine mudstones,
with a pressure coefficient (Pc) of c. 1.4. Gas accumulation in the
Huangliu Formation (from 1.8 Ma to the present) is relatively
later than that in the second member of the Yinggehai
overpressured interval, indicating that gas accumulation in the
late Huangliu channel system occurred between the formation of
the two high-pressure systems since 1.8 Ma, a timing with large-
scale hydrocarbon generation and migration. Two thick gas layers
in the early and late phases of channel depositions have pressure
coefficients of 1.5 and 1.0, respectively. Sandstone intervals
deposited early in the channel have a pressure coefficient (Pc)
up to 1.8, a characteristic indicating poor gas preservation
conditions of upper units of the channel due to the
development of intense fractures.

Gas generated source rocks were accumulated in the distinct
reservoirs of the channel system by overpressure and buoyancy,
with continuous upward migration into the second member of
the Yinggehai Formation being hindered by the existence of the
upper overpressure system. However, the fluid can be migrated
laterally along the porous sandstones in the channels which were
proved by the discovery of the LS18 gas field, east of the Central
Canyon.

Hydrocarbon-Charging Stages

Fluid inclusion can be applied to confirm phases of oil and gas
accumulation, which record important information on fluid
properties, trapping temperatures, and pressures under in situ
conditions. Hydrocarbon-bearing aqueous inclusions and
aqueous inclusions were widely developed in the Huangliu
Formation in the LS25 and LS17-2 gas fields in the Lingshui
Sag (Xu et al,, 2014; Gan et al., 2018; He, 2020). Homogenization
temperatures (Ths) of the hydrocarbon-bearing aqueous
inclusions are >120°C, ranging from 130 to 160°C. The Ths of
the aqueous inclusions range from 78 to 90.2°C and from 99.7 to
101.2°C in wells LS17-2-7 and LS25-3-1, respectively, which is
significantly lower than that of the hydrocarbon-bearing aqueous
inclusions (He, 2020).

Th (°C) HCT (Ma) Reference
100~240 peak value 160~180 0.4~0.6 Xu et al. (2014)
Stage I: 78~90.2 2~0 He, (2020)
Stage Il: 99.7~101.2 2~0
Stage I: 87.2 0.3 Gan et al. (2019)
Stage Il: 110~120 0.2
Stage Ill: 140~160 0.0

At least three hydrocarbon charging stages were identified in the
study area according to the Ths of the hydrocarbon-bearing aqueous
inclusions in the Huangliu Formation of the LS17 gas field,
corresponding to Ths of 87.2°C, 110~120°C, and 140~160°C,
respectively (Gan et al,, 2019; Table 3). Timing for hydrocarbon
charging is estimated to be c. 0.3 Ma at a temperature of 87.2°C.
Some of the Ths of the hydrocarbon-bearing aqueous inclusions are
relatively higher than the current strata temperature (approximately
100°C), indicating the influence of deep thermal fluids/gas in the
Central Canyon gas fields in the Lingshui Sag, which were driven by
the deep high-pressure/temperature fluid systems.

In addition, hydrocarbon-bearing aqueous inclusions and the
coexisting aqueous inclusions were commonly developed in the
target formation, indicating multi-stages of fluid migration in the
QDNB. The Ths of the coexisting aqueous inclusions range from
78 t0 90.2°C and from 99.7 to 101.2°C in wells LS17 and LS25 in
the Lingshui Sag, matching a trapping time of 2~0 Ma (Table 3).

The previous study indicates four stages of hydrocarbon and
fluid migration stages in the QDNB, with charging times from 17.5
to 13 Ma (Stage I), 10 to 5.5 Ma (Stage II), 4 to 2 Ma (Stage IIT), and
2 to 0 Ma (Stage VI), respectively (Figure 8) (Liu and Chen, 2011;
Huang et al,, 2012; Xu et al., 2014; Su et al., 2016a, 2016b; Xu et al.,
2017; Gan et al., 2018; Zhong et al., 2019; He, 2020).

Natural Gas Hydrate Accumulation

Mechanism

Based on the geochemical analysis, paleotemperature/pressure
and hydrocarbon charging analyses, and the structural
characteristics of the QDNB, preliminary accumulation models
for natural gas hydrates were proposed in the Songnan Low Uplift
(Figure 9).

Prior to the accumulation processes forming gas hydrates,
favorable hydrocarbon generation conditions, efficient migration
pathways, and sufficient driving forces are key aspects to form gas
hydrates. TOC contents and Rock-Eval results indicate good
hydrocarbon generation potential of the Yacheng and Lingshui
source rock formations, which are highly matured or over-
matured. Effective hydrocarbon migration systems in the study
area mainly comprise faults, laterally distributed extended
channel sandstones, and gas chimneys. Faults that extend from
the source rock intervals up to the Quaternary strata or gas chimneys
provide efficient hydrocarbon migration pathways. In the LS25 gas
field, late deposition in the channel of the Huangliu Formation has a
Pc value of 1.0, and the early deposited intervals in the channel have
Pc values of 1.5~1.8, which are significantly higher. Some of the Pc
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FIGURE 9 | Hydrocarbon-charging and gas hydrate accumulation model of the Songnan Low Uplift in the QDNB.

values in the Yacheng Formation can even reach 2.1 (Zhang et al.,
2016), indicating that strong overpressure at depth can provide
sufficient impetus for hydrocarbon migration.

With our analysis, high-overmatured thermogenic gas was
postulated to be derived from mudstone or coal-bearing strata of
the Oligocene Yacheng and Lingshui formations. Gases in the
Lingshui Sag could migrate upward through faults. Meanwhile,
natural gas was also migrated through laterally distributed sandstone
due to the sealing effect of the MTDs (Figure 9). Furthermore,
migration of gas was mixed with shallow biogenic gas, thus forming
the gas hydrate, such as the cases of the W09 and W08 gas hydrates
(Figure 9). Biogenic gas derived from immature or low mature source

rocks of the shallow Sanya and Meishan formations can also migrate
through faults to form gas hydrates in the study area, such as the W07
gas hydrates (Figure 9). A mixture of biogenic gas in the study area can
also be the result of diffusion through interbedded microcracks and
pore networks in the shallower strata.

CONCLUSION
Detailed  geochemical analysis, paleotemperature and
paleopressure  analyses,  seismic  interpretation,  and

hydrocarbon charging characterization were conducted to
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investigate the controlling factors of natural gas hydrate
accumulation. Our research reaches the following conclusions.

(1) The Yacheng and Lingshui formations with high-
overmatured source rocks are effective to generate
thermogenic gas, and the Meishan and Sanya formations
with immature to low matured source rocks can provide
abundant biogenic gas.

(2) Large-displacement faults, laterally distributed sandstones, and
overpressure are the main driving force and migration pathways
for the formation of gas hydrates at shallow burial depths.

(3) Four stages of fluid migration occurred in the QDNB, with
stage IV (2~0 Ma) hydrocarbon migration as the main stage
of gas hydrate formation.

(4) The natural gas hydrate accumulation model was subscribed
into two types: large-scale fault migration and lateral
migration of thermogenetic gases to form the hydrate in
shallow sediments.
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The study of deepwater channels is important for the understanding of the sedimentary
evolution mechanism and the sedimentary process of the marginal sea. In 2019, thick
pore-filling gas hydrate with high saturation was firstly discovered in the Quaternary sands
of the Qiongdongnan Basin (QDNB), which expanded the reservoir types of gas hydrates in
the South China Sea. However, the distribution of sand-related channels is not well
characterized, which limits the ability to predict sand reservoirs with gas hydrate. Using
integrated 2D/3D seismic, multi-beam, well logging, and coring data, the current study
documents the distribution characteristics of channel systems in the Quaternary strata and
discusses their controlling factors. The integrated analysis shows that the channel-related
sedimentary facies include channel-filing facies, levee facies, crevasse splay facies, and
lobes facies. A total of six periods of channel systems is identified in the Quaternary strata.
There are obvious distribution differences between the Channel 1 and Channel 3 systems
when comparing the western, middle, and eastern sections: the channels in the western
and eastern sections are mainly dominated by near straight V-shaped channels, while the
middle section mainly consists of large braided channels, where channel-levee
sedimentary facies developed. Compared with the distribution of the Central Canyon
that developed in the Miocene, the Channel 1 and Channel 3 systems in the western
section show southward migration since the Miocene. The distribution and evolution of
Quaternary channels were likely collectively controlled by seafloor morphology, tectonic
movement, sea-level fluctuations, and provenance supply. Tectonic movement controls
seafloor morphology, which directly controls the flow of channels and their distribution
characteristics; provenance supply determines the scale and sedimentary characteristics
of each channel. The periodic changes in sea-level determine the evolution of multi-stage
channel systems. This study has implications for the prediction of gas hydrate-bearing
sands in the Quaternary QDNB and deepens our understanding of the Quaternary tectonic
and sedimentary evolution in the QDNB.

Keywords: channel system, Quaternary, sedimentary characteristic, Qiongdongnan Basin, gas hydrates
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1 INTRODUCTION

Gas hydrates are crystalline compounds of water and gas
molecules, mainly methane, which form under stable high-
pressure and low-temperature conditions (Sloan, 2003), and
are regarded as a promising new clean energy resource
(Moridis et al., 2013; Collett, 2014; Chong et al., 2016). Being
able to find highly saturated gas hydrate ore is a crucial link in the
gas hydrate exploration and development process. Of the total
quantity of gas hydrate resources available globally, 97% is mainly
distributed in the deep-water sedimentary system, such as mass
transport deposits, deep-water turbidity fans, and channel-levee
facies (Yu and Zhang, 2005; Behseresht and Bryant, 2012; Liang
etal., 2018; Santra et al., 2020). Theoretically, the high deposition
rate of coarse grain deposits not only provides a good fluid
transport pathway for the formation of gas hydrates, but also
acts as the perfect reservoir for its accumulation (Sha et al., 2009;
Egawa et al,, 2015). For gas hydrate production, coarse grain
reservoirs have good porosity, high permeability, and high
stability. This reservoir type is the priority target for mining,
as was the case with the great breakthroughs in sandstone gas
hydrate exploration in the Mallik delta and Alaska continental
slope. Many countries, such as Japan, the United States, Canada,
South Korea, and India, are targeting coarse grain reservoirs for
gas hydrate test production. Reservoirs of gas hydrate drilling
areas with high investigation and research levels, such as the
Nankai Trough and the Gulf of Mexico basin (Alaminos Canyon
area, Walker Ridge area, and Green Canyon area) are located in
the channel-levee facies or turbidity deposits (Uchida and Tsuji,
2004; Boswell et al., 2009; 2012; Scholz et al., 2012; Waite et al.,
2019). Therefore, one of the important tasks for gas hydrate
exploration is to find dominant sedimentary facies that might
provide favorable reservoirs.

High saturation diffusion gas hydrates in the Quaternary
sandy sediments were found for the first time during the gas
hydrate drilling expedition of the Qiongdongnan Basin
(hereinafter referred to as QDNB) in 2019. This tremendous
breakthrough enriched the reservoir types of gas hydrate
exploration in China. Finding potential high-quality sandy
reservoirs requires the ability to better predict the distribution
characteristics of sand bodies. Through the interpretation of
high-resolution 3D seismic data of the drilling area in QDNB
in 2019, it has been concluded that sand bodies with highly
saturated gas hydrate belong to channel-levee facies deposition
(Mengetal., 2021). At present, the study of Quaternary sediments
in the QDNB is limited to the submarine shallow surface, because
of its high scientific value in the study of monsoon evolution and
events causing abrupt climate change (Xu et al., 2010; Wang et al.,
2014; Huang et al., 2013; Hu et al., 2014; Liu et al., 2010; Wang
etal, 2014; Yan et al,, 2016). With the discovery of hydrate in the
QDNB, the distribution, development, and formation mechanism
of mass transported deposits (hereinafter referred to as MTDs)
and their relationship with gas hydrate have also been studied
(Meng et al,, 2021; Cheng et al,, 2021). The deepwater channel
system is the main mode of sand transport, and controls the
distribution of sand bodies. Unfortunately, the identification,
controlling factors of sinuous channel in the Pleistocene strata

Distribution of Quaternary Channel Systems

of the limited 3D area in the southwest margin slope area of the
QDNB has rarely been studied (Yuan et al., 2009; Yuan et al.,
2010a, b; Wang et al., 2015), there has been no research on the
distribution and evolutionary mechanism of channels in the
Quaternary strata of the QDNB.

In addition, deep-sea sediments are the most precious carrier
of information regarding the evolution of the Earth system. The
QDNB in the northern part of the South China Sea (SCS) is a
typical marginal sea basin, and its sediments record the dynamic
processes of climate change, tectonic uplift, and sea-level change,
as well as the sedimentary archives of the dynamic processes of
the deep continental margin lithosphere (Covault et al., 2010; Lin,
etal., 2015; Gong et al., 2016; Romans et al., 2016). Therefore, the
study of Quaternary channel systems in the QDNB will not only
provide guidance for the prediction of sand distribution, which is
important for the prediction of highly saturated gas hydrate
occurrences, but also deepen our current understanding of the
sedimentary processes and evolution mechanism of the marginal
sea (e.g., Matenco et al.,, 2013; Gong et al., 2016, Gong et al., 2018;
Walsh et al., 2016).

Channel systems can develop on the slope, at the base of slope,
and on the basin floor. channels tend to be shallower and exhibit a
sinuous and distributary pattern on the basin floor (Weimer et al.,
2006). Side-scan sonar image, bathymetry map, and 3D seismic
data are often used to study the morphologies of channel systems
on the seabed surface (Kenyon and Millington, 1995; Mitchum
and Wach, 2002; Fildani and Normark, 2004). Amplitude
extraction map and coherence map from 3D seismic are used
to identify the channel shape and size (Saller et al., 2004). Most of
previous work pay more attention to the channel morphologies,
internal sedimentary characteristic, depositional model,
sedimentary processes within sinuous channels, however, few
work was done on the channel system evolution on basin level.
This is one of the purposes of our study, hoping to bring some
inspiration to similar basins or areas globally.

Therefore, the objectives of this study are to 1) identify the
characteristics of Quaternary channels, 2) clarify the lateral
distribution characteristics and evolution of channel systems in
different periods, and 3) discuss the factors controlling the
distribution of channel systems.

2 GEOLOGICAL SETTING

The QDNB is located in the northwestern slope of the SCS
(Figure 1A). This basin is adjacent to the Yinggehai Basin to
the northwest, the slope of Hainan Island to the north, the Pearl
River Mouth Basin to the northeast, and the Yongle Uplift to the
south (Figure 1B). The QDNB mainly consists of five first-order
tectonic units: the Northern Depression, the Northern Uplift, the
Central Depression, the Southern Low Uplift, and the Southern
Depression. The Quaternary channel systems in our study are
mainly located in the Central Depression.

The QDNB is a Cenozoic passive continental marginal basin,
with a water depth ranging from 300 to 2,600 m and an area of
about 8.3 x 10* km®. The QDNB mainly underwent two stages of
tectonic evolution, the Eocene-Oligocene rifting stage and the
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FIGURE 1 | (A) The location of the QDNB. (B) The tectonic units of the QDNB. The gray lines denote 2D seismic lines, and the red rectangles denote 3D seismic

Early Miocene-Quaternary thermal subsidence stage (Zhao et al.,
2015). The filling sequences in the basin are mainly composed of
Paleocene, Neogene, and Quaternary strata. From bottom to top,
the Paleocene mainly contains Eocene and Oligocene strata (the
Yacheng and Lingshui formations); the Neogene strata include
Miocene (the Sanya, Meishan, and Huangliu formations) and
Pliocene (the Yinggehai Formation) strata; and the Quaternary
strata include the Ledong Formation (Figure 2). The Early
Oligocene Yacheng Formation consists of marsh to coastal
plain facies; the lower Lingshui Formation consists of fan delta
facies; the upper Lingshui-Meishan formations consist of littoral
to neritic facies; and the Huangliu-Ledong formations mainly
consist of bathyal to abyssal facies.

Since the Middle Miocene, this basin as a whole entered the
rapid subsidence stage, and the continental slope system began to
form in the northern margin of the basin under the action of the
depression. In the Late Miocene, the northern margin of the basin
showed obvious shelf-slope break and entered the stage of rapid
subsidence. The northwestern provenance was sufficient, and the
continental slope moved forward rapidly due to the influence of
high-speed sediments. The channel that developed along the shelf
margin reflects the enhancement of sediment transport capacity
to the sea during this period.

From the Pleistocene to the present, the QDNB has been in a
period of highstand systems tract since the sea-level began to
decline gradually. In addition to the large-scale delta depositional
system that developed in the northwest shelf-slope break, the
whole area is in a semi-bathyal sedimentary environment, which

is mainly composed of fine-grained argillaceous rocks. The last
stage of the prograding reflector pushed seaward more than the
previous stages, indicating that the range of sea-level decline was
small and frequent during the late Pleistocene to the late
Holocene, and the range of sea-level decline was large at the
end of the Holocene.

3 DATA AND METHODS

2D/3D seismic, coring, well logging, and multi-beam data were
comprehensively used to study the Quaternary channel
systems in the QDNB. A total of 34,000 km” of 2D seismic
data and 1,900 km? of 3D seismic data were acquired by the
Guangzhou Marine Geological Survey from 2005 to 2021
(Figure 1). 3D seismic data in areas A, B, and C offer a
range of visualization and attribute analysis that can
provide specific information on the development of channel
systems. 2D seismic data that cover the whole basin were used
to track the distribution of the channel system in the QDNB.
Two drilling expeditions in 2019 and 2021 acquired a large
quantity of well logging and coring data, which provide a lot of
geological information that is closely related to gas hydrates.
One typical drilling well (W03) and its coring samples were
used to study the vertical channel evolution.

A total of 57,300 km? of multi-beam data that nearly cover the
entire QDNB were used to identify the seabed channels and the
variation in seabed morphology.
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Well-seismic correlation was carried out to establish the
corresponding relationship between the lithology of Well W03
and the plane characteristics of seismic attributes. Core
calibration and seismic attribute analysis were used to identify
channels and to study channel-related sedimentary facies. Multi-
layer high-resolution seismic sedimentology research was used to
establish the evolution history of channel systems.

4 RESULTS

4.1 Evidence of Quaternary Channel

Systems

Gas hydrate-bearing sands were found for the first time during
gas hydrate drilling in area B of the QDNB. Three sets of sand
layers were drilled, and the lithology of the sand layer is mainly
silt. The sedimentary facies is characterized by the interactive
deposition of channel-levee facies and MTDs. Three-stage

cycles show the repetition of sedimentary facies association
(MTD and channel-levee facies). MTD represents the
beginning of an event deposition, while channel -levee facies
represents the relative termination of the event deposition. The
three-stage channels and MTDs were clearly identified in the
seismic profile that crosses Well W03 and these have a good
corresponding relationship with the three sets of sand layers and
MTDs that were encountered in the drilling cores (Figure 4).
Therefore, the comprehensive calibration of seismic drilling and
the cores not only confirms the existence of the Quaternary
channels, but also well identifies the channel stages near the
seabed. At least in area B, the three channel stages exhibit
southeast migration (Figure 4). Because the drilling did not
extend through the Quaternary strata, the 2D/3D seismic data
are the only data that can be used to identify channels deep
beneath the seabed. Through the interpretation of a large quantity
of seismic data in the QDNB, a total of six channel stages were
identified, which are described in detail later.

Several discontinuity seabed channels were observed clearly
from the multi-beam data in the deep-sea area of the central
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FIGURE 4 | 2D seismic profile that crosses Well W03 in area B. Three
channels are shown in seismic profiles and three sand layers are verified from
Well WO3. Note: The location of seismic profile in Figure 1B.

QDNB. Combined with the change in topography, the main
direction of channel flow is concluded to be from SE to NE.
Theoretically, the channel should be continuous, however, most
of the area is flat with deep-sea mud, and only a few parts of
remnant channels can be seen from the multi-beam data
(Figure 5). Therefore, the channels are in the extinction stage,
which is the latest period of the channel system in the QDNB.

4.2 Channel-Related Seismic Facies and

Sedimentary Facies Identification

4.2.1 Channel-Related Seismic Facies

The most intuitive seismic facies in the Quaternary QDNB is the
channel-filling seismic facies, which is flat at the top and has a
bulge at the bottom, and its bottom boundary is generally
U-shaped or V-shaped, and the adjacent underlying strata are
usually truncated to varying degrees. A V-shaped bottom
boundary represents high turbidity current scour and rapid
deposition of the channel, while a U-shaped bottom boundary
represents low turbidity current scour and slow deposition of the
channel. The channel-filling seismic facies is mainly characterized
by strong amplitude and low frequency, with parallel or
subparallel internal structures, and with both sides or one side
having in-phase axis overlap above the boundary of the
underlying concave filling boundary.

Based on the internal stacking patterns within the channel,
four filling seismic facies were identified. These facies types were
used to assist in interpreting the extent of the channel facies and
its lateral, upper, and lower boundaries.

1) Parallel filling facies: The internal reflection of the in-phase
axis generally has a parallel or subparallel structure (Figure 6).
This is a typical case of a local erosive channel, usually
indicating submarine canyon or turbidite channel-filling.
Progradation filling facies: The internal reflection is parallel to
the underlying denudation reflection, and there is obvious
onlap to the upward-dip direction and truncation to the
downward-dip direction (Figure 6). The internal reflection
wave is inclined with weak accretion, which is similar to the
underwater delta fan.

2)

FIGURE 5 | (A) The seabed channels identified from multi-beam data and
seismic data in the QDNB. Note: The red lines show the location of seismic
profile in (B), and the grey arrow lines shows the distribution of remnant seabed
channels; (B) The seismic profiles present the channel-filing process.

Note: The gray arrows show the direction of seabed channels, the yellow dashed
lines show the sequence interface during the formation of the latest channel, the
green dashed lines show the sequence interface of seabed.

3) Onlap filling facies: The external shape is similar to that of the
parallel filling facies, and the internal reflection is uniform,
parallel to the gently divergent structure, with high continuity
and variable amplitude at both ends, and slightly higher than
that of the underlying strata (Figure 6). This represents the
late development stage of the channel.

Multistage filling facies: The seismic profile is characterized by
multiple filling facies in the same period and vertical
superposition or migration in different periods (Figure 6),
indicating the development of multiple channels and multi-
stage channels.

4)
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4.2.2 Sedimentary Facies ldentification

Based on the division of seismic facies, through the
comprehensive interpretation of geological setting, sea-level
changes, drilling data, and seismic attributes, the
hydrodynamic condition, sedimentary environment, and its
specific sedimentation were analyzed, and then the
corresponding sedimentary facies were determined.

Channels with scales greater than the seismic resolution are
easier to identify; for example, the Central Canyon developed
in the Miocene of the QDNB. However, in addition to some
regions or periods where the channel scale is relatively large
and be identified from seismic profiles, many channels are
small in scale that cannot be identified easily from seismic
profiles, and their transverse distribution characteristics are
more difficult to determine. Combined with the identification
of sand layers from drilling, interpretation of seismic data, and
3D seismic horizon attribute analysis, the distribution
characteristics of channels where the sand layer is located
can be well explained. Through the tracing of channels by 2D/
3D data, the sedimentary facies, distribution characteristics,
and scale of Channel 3 system were identified in areas A, B, and
C, respectively (Figure 7).

A mostly channel-levee sedimentary system (Figure 7)
developed in the Quaternary QDNB, which is composed of
channel-filling facies, levee facies, crevasse splay facies, and
channel terminal lobes facies. Channels usually maintain
turbidity current deposition, which represents long-term and
long-distance sediment transport. The levee is formed by
gravity flow out of channel edge and extends laterally, due to
the rapid decrease in gravity flow velocity, the levee near the
channel is very thick, and thin far away from the channel
Crevasse splay and channel terminal lobes were found in
Channel 3 system of area C (Figure 7).

Distribution of Quaternary Channel Systems

4.3 The Distribution of Multi-Stage Channels

Through the analysis and comparison of the seismic phase axis
contact relationship and seismic attribute characteristics of areas A,
B, and C, it was determined that the Quaternary strata can be divided
into seven sub-sequences (S;-S;) (Figure 8). The seismic
interpretation and attribute analysis found that the distribution of
channels is clearly shown in S;-Ss (Figure 9). The corresponding
channel system for each sequence is named Channel 1 system,
Channel 2 system, and so on. Considering that gas hydrate-bearing
sands are mainly developed in the Channel 3 system, and multi-
beam data can provide sufficient information for the study of near
seabed channels (Channel 1 system), the Channel 3 system and
Channel 1 system were used to study the distribution characteristics
of channel systems in the Quaternary QDNB.

Combined with 2D seismic data, the distribution of channels
in the QDNB was tracked, and the distribution characteristics of
the Channel 3 and Channel 1 systems in the whole QDNB were
obtained. It can be seen that the channel-levee sedimentary
system is widely developed (Figures 7, 8), especially in the
middle of the central depression zone of the QDNB.

There are obvious distribution differences on the Channel 3
and Channel 1 systems between the western, middle, and eastern
sections (Figure 10).

4.3.1 Distribution Characteristics of the Channel 3
System

One nearly straight channel, showing a V-shape in the seismic profile,
is developed in the western section of the central depression of the
QDNB. The channel is located at the lower part of the continental
slope. Therefore, the channel in this area mainly erodes the
continental shelf. The superposition mode is mainly in the lateral
order superposition, reflecting the obvious lateral accumulation due to
the directional action of the bottom current. The downcutting effect of
the channel is slightly weakened eastward, and the restraining effect of
the channel is gradually weakened. Therefore, the channel formed
several branches in the southeast direction (Figure 10).

The channel system in the central section has many branches
and meanders to the east, showing the characteristics of a large
braided channel system. Far extending levees were developed on
both sides of the channel, and the north side was mainly
developed in large areas. The channels in the middle section
are located in the submarine plain, and the erosion of
downcutting is weakened. The single channel identified from
the seismic profile is mainly of a wide U-type, with obvious levees
developed on its flanks. The channel-levee system is mainly
superimposed by vertical disordered superposition. As the
restriction of the channel is further reduced, channels in this
area show vertical disordered superposition erosion or accretion.

Several branch channels in the eastern section converge into one.
There are still deposits of levees, lobes, and crevasses in area C.
Drilling confirms that the thickness of levees is 6-8 m. As the eastern
part of the central depression zone of the QDNB is close to the
northwest sub-basin, the seafloor terrain becomes steeper. It inherits
the topographic characteristics of the Central Canyon development
period; therefore, multiple channels converge into one channel. The
channel here presents a V-shaped straight channel.
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FIGURE 7 | Attributes and sedimentary facies of the Channel 3 system in areas A, B, and C of the QDNB. (A) Minimum amplitude attribute map of the Channel 3
systemin area A; (A’) Sedimentary facies map of Channel 3 systemin area A; (B) RMS amplitude attribute map of the Channel 3 system in area B; (B’) Sedimentary facies
map of Channel 3 system in area B; (C) RMS amplitude attribute map of the Channel 3 system in area C; (C’) Sedimentary facies map of Channel 3 system in area C.
Note: The red arrows show the flow direction of channels, and the gray arrows shows the direction of MTDs.
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FIGURE 8 | Sequence stratigraphy and 6 periods of channel systems of the Quaternary strata in area A. Note: The blue arrows show the locations of channels. The

location of this seismic profile is in Figure 1B.

4.3.2 Distribution Characteristics of the Channel 1
System
Similar to the Channel 3 system, three near straight channels are
also apparent in the western section of the Channel 1 system, and
a large braided channel system in the middle section that
converges into a straight channel again in the western section.
The Channel 1 system differs from the Channel 3 system in the
following ways: 1) In the western section, Channel 1 system has
three near straight channels and locates more to the south; 2) In
the middle section, there are fewer branch channels, with two
main channels in the north and south, and a large submarine fan
in area B; 3) In the eastern section, the channel system is similar to
Channel 3, but almost devoid of sandy deposits.

5 DISCUSSION

5.1 What are the Controlling Factors on the
Distribution of Quaternary Channel
Systems?

The direct factors affecting the morphology, evolution, and
sedimentary characteristics of deep-water channels include
submarine topographic slope, sedimentary hydrodynamic
conditions, and sediment grain size. Indirect factors include
tectonic movement, sea-level change, and provenance supply.
The possible controlling factors on channel distributions in the
Quaternary QDNB are discussed below in detail.

5.1.1 Seafloor Morphology

Topography is a prerequisite for the formation of channels, which
determines and influences the location and morphology of
channel development (Armitage, 2009). A profile (Line 1) of

multi-beam data was extracted where the latest period channels
(Channel 1 system) of the QDNB is located (Figure 11A), and the
variations in seabed elevation and slope were obtained. It was
found that the seabed elevation gradually decreases from SW to
NE, with an elevation difference of 1,411 m (Figure 11B). There
are significant slope differences between the western, middle, and
eastern sections. The slope of the western section varies greatly,
ranging from 0.6° to 0.3%; the slope of the middle section is
generally about 0.2°, which is relatively flat; while in the
eastern section, the slope becomes steeper again (Figure 11C).

Combined with the above distribution characteristics of the
Channel 1 system, it was found that there is a good correlation
between slope variation and the development of the channel
system.

In the western section, the slope is steep and the channels are
near straight. With the descending of the slope, the channels form
branches, but are still dominated by near straight form, and the
erosion is mainly below the channel. The sediments are mostly
passing deposits, and the levee-overflow deposits are not
developed, and the channel is completely filled by argillaceous
deposits in the later period (Figure 5).

In the middle section, the slope is relatively gentle, and with
weakened downcutting and strengthened flooding of the
deepwater channel, the curved channel develops, and a large
lobe deposit is developed near the east.

In the eastern section, the slope becomes steeper again, and the two
channels converge into one, and the channel morphology inherits the
characteristics of the Central Canyon; with insufficient provenance supply,
the channel is mainly covered by thin layers of pelagic sediment.

5.1.2 Tectonic Movement
The Central Canyon runs across the QDNB from east to west,
which is about 570 km long and 9-39 km wide. The main body of
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FIGURE 9 | Sequence boundary structure maps of the Quaternary strata in area A (A) Structure map of Ty_; sequence boundary; (B) Structure map of Ty,
sequence boundary; (C) Structure map of Ty_3 sequence boundary; (D) Structure map of T4_4 sequence boundary; (E) Structure map of T4.s sequence boundary; (F)
Structure map of T4_¢ sequence boundary. Note: The grey dash lines show the channel systems, and the arrows indicate the channel flow directions.
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boundary of the QDNB.

FIGURE 10 | The distribution of the Channel 1 and 3 systems and the Central channel in the QDNB. Note: The purple solid line shows the distribution of Channel 3
system traced from quaternary hydrate-bearing sands in C area; the read solid line shows the distribution Channel 1 system near seabed, which is the latest period of the
Quaternary channel systems; the blue solid line shows the distribution of the Central channel that developed at the Pliocene strata; the black dashed line shows the

3D seismic

% | Basin Boundary

the canyon began to develop in the Late Miocene (10 Ma) and
ended in the Pliocene. It is not only an important pathway for
transporting sediments from shallow water to deep water, but also
a site for the deposition of detrital materials. The Central Canyon
plays a pivotal role in the tectonic sedimentary evolution of the
QDNB, and is closely related to hydrocarbon accumulation
(Wang, 2012), so the degree of research on its architecture,
sedimentation process, provenance sources, and controlling
factors is relatively high (Gong et al, 2011; Su et al, 2014;
Wang et al,, 2016).

The distribution of the Central Canyon in the Miocene is also
depicted in the distribution map of the Quaternary channel
system in the QDNB (Figure 10). The Quaternary channels in
the eastern section are almost superposed with the Central
Canyon, which can be clearly seen in the seismic profile.
However, in the western section, the development of the
Quaternary channel systems show southward migration, and
the migration amplitude increases westward, up to more than
100 km. This indicates the southward migration of the
provenance system from the Central Canyon and Quaternary
channel system. The question is why was there such a great
migration distance since 10.5 Ma? The immediate factor is most
likely the relative topographic decline to the south, and the

southward migration of the subsidence center. The main
factor that can change the regional subsidence center could be
tectonic movement.

The large faults in the west of the QDNB mainly include the
Red River fault and No. 2 fault. A great deal of research has been
conducted on the tectonic activity of the Red River fault and its
control on the tectonic and sedimentary evolution of the
Yinggehai Basin and QDNB (Xie et al., 2006; Lei et al., 2021;
Xie et al., 2021), with one of the big discoveries being the late
Miocene strike-slip reversal (Sun et al., 2003; Wang et al., 2016;
Zhu et al., 2009). The Red River fault in the western QDNB
shifted from sinistral strike-slip to dextral movement at about
5.5 Ma (Figure 1). The dextral strike-slip movement may have
continued into the Quaternary period, which resulted in the faster
subsidence in the southwest of the QDNB compared with the
northwest, and the subsidence center moved southward. At the
same time, the slope-subparallel basement faults (No.4 fault)
shifted to dextral slip (Graham, 2016). In addition, the No. 2 fault
may have also been active, and all of these slight tectonic activity
contributions have changed the morphology since the Miocene,
as exemplified by the greater subsidence in the south compared to
the north, and the greater subsidence in the east compared to the
west. Finally, these contributed to the southward migration of the
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FIGURE 11| (A) The distribution characteristics of the Channel 1 system
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NE; (C) The slope variation of line 1 from SW to NW.

channel provenance in the QDNB from the Miocene to the
present (Figure 8). The southward migration of channels
represents the southward migration of the subsidence center,
while the southward migration of the subsidence center is the
joint geological response of the dextral rotation of the Red River
strike-slip fault, No. 4 fault, and No. 2 fault (Figure 1). Due to the
southward migration of subsidence center, as well as the
rapid southward migration of passive continental margin
(Gong et al, 2019; Chen et al, 2020), the northwest
provenance continued to prograde from north to south, and
result to the southward migration of low terrain and channel
systems. Therefore, the southward migration of channel systems
can be considered as the result of the combined action of tectonic
and sedimentation.

5.1.3 Sea-level Fluctuations
Frequent sea-level changes can affect provenance supply and
lead to the development of multi-stage channels. The six

Distribution of Quaternary Channel Systems

stages of Quaternary channels in the QDNB are often
inter-deposited with MTDs (Figure 3), which may have a
good relationship with sea-level changes. The periodic sea-
level change in the QDNB is controlled by the combined
effect of global sea-level change and regional crustal
subsidence (especially thermal subsidence), therefore, the
sea-level change in the QDNB is different from the global
sea-level rise and fall cycle (Haq et al., 1987; Hao et al., 2000).
At present, there is a lack of information regarding the
continuous period and amplitude of Quaternary sea-
level change in the QDNB (Bintanja et al., 2005; Yu and
Chen, 2009), but the basic consensus is that there are
multiple periods of sea-level change and the overall sea-
level is declining (Chen et al., 2020). However, the multi-
stage channel development can also provide some
enlightenment for the study of Quaternary sea-level change
in the QDNB.

5.1.4 Provenance Supply

The flow direction of channels in the Quaternary QDNB is from
west to east, which is basically consistent with that of the Central
Canyon. Therefore, the provenance of Quaternary channels can
be compared with that of the Central Canyon. Most scholars
believe that the provenance of the Central Canyon mainly
came from the Red River system (Lin et al, 2001; Su et al,
2019; Lyu et al,, 2021) and the Red River submarine fan in the
Yinggehai Basin, which is considered to be the direct source
supplying the Central Canyon (Wang et al., 2011; Xie, 2020; Xu
et al., 2020). However, some researchers believe that it originated
from central and northern Vietnam (Zhang et al., 2017; Su et al,,
2019) and the provenance of Hainan Island (Lin et al., 2001; Cao
et al., 2013).

It should be noted that the western part of the Quaternary
channel system migrated about 100 km southward compared
with the Central Canyon (Figure 8), so the provenance of the
Quaternary may be less contributed by the Red River system and
more influenced by the Vietnamese river system. In addition,
although the channel length of the Quaternary is similar to that of
the Central Canyon, the channel width is significantly
narrower than that of the Central Canyon (Figure 8), which
also indicates a significant decrease in sediment transport, and
could indirectly reflect a significant decrease in sediment
supply in the provenance area. The decrease of provenance
supply is the result of the interaction of Himalayan
movement, sea-level and climate changes. As for how these
factors affect the provenance supply, it is a complex and
synergistic mechanism that has not been solved yet, but it
reflects the disappearance of the channel systems to some
extent. That, in turn, could shed light on tectonic movement,
sea-level and climate changes.

The development of the Quaternary channel system in the
QDNB is the result of multi-factor synthesis: the tectonic
movement controls seafloor morphology, which directly controls
the flow of channels and their distribution characteristics, and the
provenance supply determines the scale of each channel and the
sedimentary characteristics. The periodic changes in sea-level
determine the evolution of the multi-stage channel systems.
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5.2 The Prediction of Gas Hydrate-Bearing

Sand Reservoirs

Deepwater channel system is an important transport pathway for
sand sediments. Sand bodies can be deposited by channel-filling
deposits, levee deposits, crevasse splay and lobes, which are often
regarded as favorable oil and gas reservoirs (Morris, and Busby-
Spera, 1990; Babonneau et al., 2002; Wynn et al., 2002; Abreu et al.,
2003; Beaubouef, 2004).

Under the limit of low temperature and high pressure, the gas
hydrate can only occur in shallow sediments under the seabed.
Taken the QDNB as a case, the lower limit of gas hydrate
occurrence depth confirmed by drilling is about 200 mbsf.
Therefore, it is necessary to study the characteristics of
shallow channel systems. Based on our study, the Quaternary
channels in the QDNB are branching from southwest and
gradually converging toward east. In the western section, few
coarse grain sands may exist in channel-filling facies; in the
middle section, the sea floor morphology is flat and the
braided channel becomes dense. It is speculated that there are
both channel-filling, levees and crevasse splay deposits, with the
possibility of multi-stage superposition of sand bodies. Therefore,
the favorable shallow sand bodies (mainly belonging to channel-
filling deposits, levees, crevasse splay deposits and lobes deposits) in
the QDNB may be developed in the middle section where channel
developed. This study can provide sedimentological basis for the
prediction of gas hydrate-bearing sand reservoirs in the QDNB,
and more 3D seismic, drilling and logging data are necessary to
better predict sand reservoirs in the future. In addition, the
identification and prediction of high saturated gas hydrates in
sand reservoirs also needs comprehensive analysis of gas hydrate
stability zone, sufficient gas source and favorable structure
pathway.

6 CONCLUSION

Using the integrated 2D/3D seismic, multi-beam, well logging,
and coring data, the current study documents the distribution
characteristics of the channel system and its controlling factors in
the Quaternary strata of the QDNB. The integrated analysis
shows the following observation that:

1) The channel-related sedimentary facies include the
channel-filling facies, levee facies, crevasse splay facies,
and lobes facies; six periods of channel systems are
identified in the Quaternary strata.

2) There are obvious distribution differences in the Channel 1
and Channel 3 systems between the western, middle, and
eastern sections: the channels in the western and eastern
sections are mainly dominated by near straight V-shaped
channels, while the middle section mainly consists of large
braided channels, where a channel-levee sedimentary system
developed.

Distribution of Quaternary Channel Systems

3) Compared with the distribution of the Central Canyon, the
channels in the western section show southward migration since
the Miocene.

4) The distribution and evolution of the Quaternary channels
were likely collectively controlled by the seafloor morphology,
tectonic movement, sea-level fluctuations, and provenance
supply. Tectonic movement controls seafloor morphology,
which directly controls the flow of channels and their
distribution characteristics, and the provenance supply
determines the scale of each channel and their sedimentary
characteristics. The periodic changes in sea-level determine
the evolution of multi-stage channel systems.

5) It is predicted that the favorable shallow sand bodies (mainly
belonging to channel-filling deposits, levees, crevasse splay
deposits and lobes deposits) in the QDNB may be developed
in the middle section where channel developed.
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The amplitude and coherence attributes of three-dimensional (3D) seismic data are used to
confirm gas hydrate occurrence and to delineate its distribution in the Zhongjiannan basin,
South China Sea. High amplitude anomalies (HAAs) are distributed above or below the
regional base of gas hydrate stability zone (BGHSZ), which intersect with the bottom
simulating reflectors (BSRs) or are interrupted by different types of pockmarks. The
maximum amplitude attribute extracted along T1 (5.5 Ma) horizon is controlled by the
widely distributed faults. The layer-bound polygonal faults (PFs) show networks of small
normal faults, and the dominant orientations of PFs are similar or orthogonal to the regional
tectonic faults, which provide the fluid migration pathways for gas and fluids to form HAAs.
BSR shows the strong amplitude and continuous reflection where the faults or PFs can
reach the BGHSZ without the influence of the pockmarks. Most of the pockmarks are
related to the reactivation of faults and magmation, and some pockmarks are caused by
the dissociation of gas hydrate. Around the matured pockmark, the BSR is discontinuous,
and HAAs locally appear within the pockmarks. The inverted acoustic impedance profile
shows obviously high values of HAAs except in pockmark zones. Partial HAAs occur
above BGHSZ, and the continuity is interrupted by the pockmarks with only high values
around the pockmarks. We propose that BSR, HAAs, pockmarks, and different types of
faults are closely related to the occurrence and distribution of gas hydrates in the study
area. This work allows us to understand the relationship between gas hydrate occurrence
and accumulation with pockmarks, faults, and magmatic activities.

Keywords: gas hydrate, high amplitude anomalies, polygonal fault, pockmarks, Zhongjiannan basin

INTRODUCTION

The occurrences of gas hydrates with different morphologies have been confirmed in the northern
slope of South China Sea by Guangzhou Marine Geological Survey (GMGS) drilling expeditions
since 2007 (e.g., Zhang et al., 2007; Zhang et al., 2014; Yang et al., 2015; Zhang et al., 2015; Yang et al.,
2017; Jiangong Wei et al., 2019; Liang et al., 2019; Ye et al., 2019; Zhang et al.,, 2019; Zhang et al.,
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2020a; Zhang et al, 2020b). Pore-filling gas hydrates with
different thicknesses and saturation were found just above the
base of the gas hydrate stability zone in the Pearl River Mouth
Basin (PRMB) (Yang et al., 2017; Wang et al., 2011; Wang et al,,
2014a; Wang et al., 2022; Zhang et al., 2020a; Zhang et al., 2020b).
The gas hydrate-bearing layer shows high amplitude anomalies
(HAAs) with the same polarity to the seafloor reflection above
BSR showing on the seismic profile (Wang et al., 2016; Zhang
et al.,, 2020a; Wang et al., 2022). The reservoir of gas hydrates in
PRMB is mainly clay silt with abundant foraminifera and
calcareous debris (Chen et al., 2013; Kang et al., 2018; Li et al,,
2018). Moreover, the gas hydrate production test was also
conducted in this area where the gas hydrate target is a three-
layer structure of a hydrate layer, a mixed layer of hydrate and free
gas, and a free gas layer (Li et al., 2018; Qian et al., 2018; Qin et al,,
2020). Recently, gas hydrate drilling expeditions in the
Qiongdongnan Basin (QDNB) have found that the
morphologies of gas hydrates and the seismic anomalies for
gas hydrate-bearing layers are quite different from those found
in the PRMB. The gas source in the QDNB is mainly thermogenic
gas, while that of PRMB is a mixed source or mainly biogenic gas
(Wu et al,, 2009; Wu et al., 2010; Wang et al., 2014a; Liang et al.,
2019; Ye et al., 2019; Zhang et al., 2020b; Lai et al., 2021). Gas
hydrates with veins, nodules, massive, and fracture-filled were
found from the pressure core samples, and the three dimensional
(3D) seismic profiles show chimney-like structures extended to
different layers with pull-up reflections and weak amplitude,
while it shows the seismic anomalies as acoustic blanking
reflection in the two-dimensional seismic profile (e.g., Liang
et al., 2019; Ye et al, 2019; Zhang et al,, 2019; Wang et al,,
2021; Wang et al., 2022). The BSR is approximately parallel to the
seafloor, with a discontinuous distribution, obviously different
from that observed in the QDNB that is influenced by the widely
distributed mass transport depositions. Many studies have shown
that the accumulation of gas hydrates is closely related to gas
chimneys and faults, which provide upward migration pathways
of deep thermogenic gas (Wu et al., 2009; Liang et al., 2019; Ye
et al,, 2019; Zhang et al., 2020a; Su et al., 2020).

Fluid migration and reservoir are important factors for gas
hydrate accumulation in fine-grained sediments. Biogenic gas
and thermogenic gas can form gas hydrates. The fluid can
migrate upward through diffusion, convection, and gas phase
to form gas hydrates within the gas hydrate stability zone
(Collett et al., 2009). The biogenesis gases generated in the
fine-grained sediments can migrate to the coarse-grained
sediments in a short distance by diffusion to form gas
hydrates, and they may transport for a long distance along
coarse-grained or permeable strata by convection in a gas phase
or dissolved gas together with water, which can accumulate in
the favorable reservoir to form gas hydrates (Li et al., 2019).
Pockmarks with bowl-shaped negative topography on the
seabed are formed at the seafloor or buried below the
seafloor caused by fluid seepage (e.g., Berndt et al., 2003;
Svensen et al., 2004; Hovland et al., 2005; Gay et al., 2006;
Cartwright et al., 2007; Prunelé et al., 2016). Faults can serve as
migration conduits for hydrocarbon gas and fluids, thereby
which can affect the formation and distribution of gas

Accumlation of Gas Hydrate

hydrates (Berndt et al, 2003; Cartwrighty et al, 2003;
Hustoft et al., 2007; Sun et al.,, 2010; Laurent et al., 2012;
Ostanin et al., 2012). Widely distributed BSRs have been
found in the Zhongjiannan Basin (ZJNB), which are related
to pockmarks and polygonal faults (Lu et al., 2017; Liu et al,,
2019; Lu et al., 2021). The previous study showed that BSRs are
not parallel to the seafloor and have variable depths from the
seafloor ranging from 184 to 263 m (Lu et al,, 2017). However,
the controlling factors of gas hydrate distribution, saturation,
and thickness are not well known. In this study, we reprocessed
the 3D seismic data together with broadband inversion and
attribute analysis to reveal the occurrence and controlling
factors for gas hydrate. We summarized the relationship
between gas hydrate, polygonal faults, normal faults, and
pockmarks and their controlling on gas hydrate occurrence
and accumulation in the study area.

GEOLOGICAL SETTING

The South China Sea (SCS) is one of the largest continental
margin basins in the Western Pacific. The Zhongjiannan basin is
located at the Western margin of the SCS, and it is near the
Qiongdongnan basin, Xisha Island, and Zhongsha Island
(Figure 1). The tectonic evolution of the Zhongjiannan basin
can be divided into two stages: rift extension and post-rift thermal
subsidence by the boundary of 23.3 Ma (Xie et al., 2006). During
the rifting period, tectonic activities were relatively active, and
multiple groups of the northeast and near east-west oriented
faults were developed (Xie et al, 2008). During the post-rift
period, the tectonic activity was relatively weak in the Early-
Middle Miocene (Zhou et al., 1995), while the neotectonics
movement has been active since the late Miocene due to the
collision between Taiwan and the Chinese mainland continent
(Lidmann and KinWong, 1999). Widespread magmatic
activities, uplifts, and fluid flow systems occurred due to the
left-lateral transgression and the right-lateral wrenching along the
East Vietnam boundary fault zone since 5.5 Ma (Morley, 2002; Li
et al., 2013; Chen et al., 2015). Abundant polygonal faults were
developed during the stage of stable thermal subsidence in the
post-rift period. Faults and volcanoes were reactivated due to
tectonic activity, which can serve as vertical pathways for deep
thermogenic gas migration and are beneficial to gas hydrate
accumulation (Sun et al, 2011; Sun et al., 2013; Chen et al,
2015; Lu et al., 2017; Chen et al.,, 2018; Yang et al., 2020).

The stratigraphic sequences in the shallow sediments are
quite different since 10.5 Ma (T2) due to lack of well data. We
interpreted eight seismic horizons to study the tectonic
activity, and its influence on fluid flow and gas hydrate
formation, namely, the Seafloor, T1 (5.02Ma), T2
(10.5Ma), T3 (16.5Ma), T4 (23.3 Ma), T5 (28.0 Ma), T6
(35.4), and Tg (56.5Ma), bounded the intervals named
Yinggehai, Huangliu, Meishan, Sanya, Lingshui, Yacheng,
and Lingtou Formation, respectively. Based on the sequence
stratigraphy analysis and seismic interpretation from core
samples, the reflector T1 is the boundary of the Miocene
and Pliocene. The thickness of this layer ranges from 300 to
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750 ms two-way travel time showing high amplitude
reflections in the study area (Figure 2). The water depths
range from 800 to 1400m, and two sites were drilled in 2014
in the study area. The geothermal gradient measured at Sites
W1 and W2 are about 54.1°C/km and 5.02°C/km, respectively,
and the seafloor surface temperature is about 5°C (Li et al.,
2022). The calculated methane hydrate stability zone is about
160-240 m using the phase equilibrium curve (Sloan and
Koh, 2007). The Miocene and upper strata have low
organic matter maturity (Ro<0.5%) and are in the
immature stage (Liu et al., 2019), which is the primary
strata of biogenic gas.

DATA AND METHOD

Seismic Data

High-resolution 3D seismic data were acquired by WesternGeco
Geophysics using eight parallel cables and 960-channel streamers in
2011. The trace interval is 3.25 m, and the time sampling is 2 ms,
with a bin spacing of 12.5 and 25 m of the inline and crossline,
respectively. Conventional processed 3D seismic data are used to
identify deeper structures in the middle and deep strata. BSR was
identified from the seismic data in this basin with an area of about
350 km* (Lu et al, 2017; Li et al., 2022). To study the properties of gas
hydrate accumulation and distribution, 100 km” 3D seismic data
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FIGURE 2 | Schematic stratigraphic sequences in the Zhongjiannan basin and the

main seismic horizons (modifed after Xie et al., 2006; Lu et al., 2017).

were reprocessed to improve the signal-to-noise ratio, protect low
frequencies, and broaden the frequency bandwidth by suppressing
ghost waves. For high-resolution interpretation, horizons T1, T2, T3,
T4, T5, and T6 were picked every 20 lines and traces. In some areas
of pockmarks and volcanoes, in lines and traces were picked every
two to five lines. To understand how polygonal faults and faults have
interacted with HAAs and fluid flow in this area, the following
attributes of 3D seismic data were extracted: 1) the maximum
amplitude along horizon T1 and BGHSZ with different time
windows and 2) the coherence slice along TO, T1, T2, and T5
using Petrel E&P are used to describe the lateral amplitude
discontinuities and to enhance the faults and fractures. Manual
interpretation of fault strikes was carried out from coherence slices.
Extracted fault strikes from individual fault segments are then
plotted on bidirectional rose diagrams for further structural
analysis with the Grapher software. 3) The root mean square
(RMS) amplitude attribute along T1 with a 50 ms time window
above along the picked horizon are generated to show the
sedimentary environment.

Broadband Inversion of Acoustic

Impedance

The constrained sparse spike inversion (CSSI) of broadband full-
stack seismic data was carried out to obtain the acoustic
impedance profile. The input data include the time-migrated
seismic data, the average seismic wavelet, horizons, and the low-
frequency impedance model. The wavelets are estimated by
creating pseudo-wells at different positions. Since the target

layer is buried in a shallow depth, the wavelets estimated by
different pseudo-wells are relatively stable. Therefore, a zero-
phase average wavelet is used to invert acoustic impedance. The
low-frequency model is established by combining the compaction
trend with the stack velocity due to the lack of gas hydrate logging
data in the study area. The frequency range of the compaction
trend is about 0-1 Hz, and the frequency range of the velocity
field is 0-2 Hz. The compaction trend of the low-frequency model
is used to correct the trend of the velocity field model. Gas hydrate
saturations have been estimated from the P-wave well log data,
inverted seismic velocity or impedance data and rock physics
modeling to provide spatial distribution of gas hydrate
occurrences (e.g., Helgerud et al., 1999; Lee and Collett, 2009;
Lee and Waite, 2008; Lu and Mcmechan, 2002, Lu and
McMechan, 2004; Shelander et al., 2012; Riedel and Shankar,
2012; Wang et al,, 2011; Wang et al., 2014a, Wang et al,, 2016;
Wang et al., 2021). Lithology and porosity are essential factors for
affecting the estimated gas hydrate saturation.

Till now, no gas hydrate drilling well has been conducted in
the area. We used the well logs at the adjacent area with similar
sedimentary environments and two oil exploration wells in this
basin to get the porosity profile (Li et al., 2022). We used the same
method to invert the porosity data in this basin. The inverted
acoustic impedance data were used to calculate gas hydrate
saturation using the sand/clay or carbonate/clay rock physics
models in the Shenhu area (Wang et al., 2016). The main
mineralogical compositions are assumed of 40% clay+60%
sand and 100% carbonate, respectively. The RMS and
maximum value of gas hydrate saturations are extracted along
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FIGURE 3 | (A)-(E) The seismic characteristics of BSR and high amplitude anomalies at different locations and their relationship with faults, pockmarks, and the
base of the gas hydrate stability zone calculated from 55°C/km (location shown in Figure 1B).

BGHSZ to show the distribution of gas hydrate in the reprocessed
seismic data. We can compare gas hydrate identified from
reprocessed data to seismic attributes from conventional
seismic data in the study area to show the distribution.

RESULTS

Characteristics of BSR and High Amplitude

Anomaly Features

BSRs are delineated using the high-resolution and reprocessed 3D
seismic data to show the spatial distribution (Figure 3). The BSRs
show a weak amplitude in the conventional processed 3D seismic
data (Figure 3A-C), while the reprocessed seismic data show
continuous BSR and high amplitude reflection indicating the
occurrence of gas hydrate (Figure 3E,F, Figure 4D). The seismic
response of the gas hydrate layer has a strong amplitude reflection
with the revered polarity of the seafloor (Lu et al., 2017; Li et al.,
2022). The BSRs show the variations of amplitude, continuity,
and spatial distribution at the platform, platform margin, and
abyssal plain, including three different geological environments
(Figure 3): 1) fault-controlled BSRs and HAAs. Most BSRs and
HAAs are related to faults, especially where BSR and HAAs are
separated by a low saturation gas hydrate-bearing layer
(Figure 3A, C-E); 2) pockmark-influenced BSR. BSR is
occurred within or at the edge of pockmarks, which shows the
discontinuous, weak-medium amplitude and shallower depth
(Figure 3B); and 3) BSR and HAA overlap BGHSZ. BSR is
located at the BGHSZ with HAA, and BSR and BGHSZ are
consistent (Figure 3D,E).

The BSR shows relatively weak amplitude compared to HAAs
seen from the reprocessed seismic profile (Figure 4D). The BSR
and HAA are easy to distinguish when gas hydrate-bearing
sediments are thicker. However, when the BSR, HAA, and
BGHSZ match each other, the seismic amplitude is strong.
The inverted acoustic impedance shows high acoustic
impedance value for the HAA layer, which is continuous and
slightly changes. The depths to the seafloor of HAA vary laterally
due to the influence of the sedimentary environment.

Characteristics of Acoustic Impedance and

Gas Hydrate Saturations
Gas hydrate saturations are estimated using an effective medium
model and the inverted acoustic impedance (Li et al., 2022). The
estimated gas hydrate saturation using the clay/sand model (with
40% clay and 60% sand) is about 10-50% of the pore space. Due
to the lack of drilling data, we are not sure about the lithology of
the HAA layer, and we consider the lithology influence on the
inverted acoustic impedance. In the fine-grained sediments with
high gas hydrate-bearing sediments, calcite content is up to 60%
at Site GMGS3-W18 (Kang et al., 2018). We assume that the gas
hydrate-bearing sediment with a content of 100% calcite under
this extreme condition, and the calculated gas hydrate saturation
is significantly reduced, but the average saturation of the HAA
layer can reach 20%, and the partial region with gas hydrate
saturation is up to 40% (Figure 4E). The thickness of the gas
hydrate-bearing layer ranges from 10 to 57 m (Li et al.,, 2022).
The maximum values of the inverted acoustic impedance are
extracted along BGHSZ with time windows of 50 ms to show the
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FIGURE 4 | (A) Maximum value extracted from the acoustic impedance along BGHSZ with 50 ms spanning windows, showing the distribution of the acoustic
impedance. (B) Maximum value of the estimated gas hydrate saturations using the clay/sand model along BGHSZ with a 50 ms search window. (C) Maximum value of

stribution of gas hydrate saturation. (D) The reprocessed broadband seismic profile

shows BSR and high amplitude anomalies (HAAs). (E) The inverted acoustic impedance profile shows high acoustic impedance of the HAA layer (F)-(G) Gas
hydrate saturation profiles estimated from iterative inversion using the lithologies of 40% clay and 60% sand, and carbonate, respectively.

distribution of gas hydrate (Figure 4A). The inverted acoustic
impedance show similar changes except at the edge of pockmarks.
However, the maximum attributes of estimated gas hydrate
saturations extracted along BGHSZ with a time window of
50 ms show obviously different features (Figure 4B). Gas
hydrate saturations estimated using the clay/sand model are
higher than that estimated from the calcite model
(Figure 4F,G). There are no gas hydrates around the pockmarks.

Characteristics of Polygonal Faults

Small and “non-tectonic” extensional faults affect about 1000 m
of sediments and show the polygonal pattern in plain view, which
show small offsets ranging from 10 to 50 ms two-way travel time
and a spacing ranging from 100m to 2km. The coherency
attribute slices are used to show the detailed lateral
distribution of polygonal fault discontinuities (Figure 5B-D).
The polygonal faults are confined to the stratigraphic intervals
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FIGURE 5 | (A)-(D) The time slices of the coherence attribute along horizons TO, T1, T2, and T5, respectively. The maps show the variations of polygonal faults and

fault systems in the study area. The inset rose diagrams of horizons T2 and T5 showing the strikes of faults, respectively. (E) Maximum amplitude attribute map extracted
along T1 with a time window 60 ms above this layer, which overlays on the fault probability volume obtained from variance slice along horizon T1, showing the
relationship between HAAs, faults, and pockmarks. (F) Maximum amplitude attribute map extracted along BGHSZ with a time window of 60 ms above and the
pockmarks found in the horizon T1 showing the relationship between the distribution of the HAAs and the pockmarks.

from T1 to T4, and the maximum displacement values range  map geometry (Figures 5, 6). A high density of polygonal
from several meters to over 100 m seen from the coherence  faults is encountered in the platform and slope region. The
attribute. The polygonal faults are found in the middle of the  polygonal faults are orthogonally linked to the adjacent
platform and southeast parts of the study area and rarely  tectonic faults (Figure 5). The seismic section represents
developed in the west part, showing the irregular polygonal  discontinuous and sinuous seismic events in the polygonal
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FIGURE 6 | Three-dimensionality of polygonal fault geometry. (A) Three coherence slices extracted from horizons T1, T2, and T4, respectively, show polygonal
faults’ variations at different depths. (B) Seismic profile showing the position of three coherence slices showing complex tier, with few master faults transecting the full
thickness reaching the BSR and HAA and with many other smaller faults (C). The reprocessed seismic profile showing the relationship between BSR, HAAs, and faults.

fault’s interval. Partial polygonal faults can cut through BSRs and
HAA layer (Figures 3, 6).

A representative area for the polygonal fault network block
was analyzed to compare the relation between the fault strike and
polygonal strike. Faults found from the T5 horizon are mainly
tectonic faults with the strike of NE-SW (Figure 5D). In contrast,
the coherence attribute slice of the T2 horizon shows that
polygonal faults and tectonic faults are widely distributed, and
the strikes are N-S and NE-SW (Figure 5C), respectively. By
comparing the strikes identified from T2 and T5 horizons, we
find that some polygonal faults have similar strikes to tectonic
faults and some polygonal faults have quite different strikes. In
general, the idealized polygonal planform is a classical hexagonal
pattern in which the faults intersect at angles of 60° or so, and
faults are almost equal in strike length. This classical pattern is
found in the regional area (Figure 5C). At different layers,
distinct fault planform patterns are found from three horizons
of T1, T2, and T4, showing the significant variations in the fault
pattern and connectivity at different depths (Figure 6). The
seismic profile shows the positions of the three coherence
slices, which is a complex tier. There are few “master” faults

that can penetrate through the overlying strata to the BSR and
HAA. Many other smaller faults are generated in the local strata
and fill in the space between the larger faults intersecting with
them at different levels within the tier. The distribution of these
faults is very important for the upward migration of fluid flow,
which can transport plenty of fluids from deeper sediments to the
BGHSZ to form gas hydrate.

Morphological Characteristics of

Pockmarks

Pockmarks generally indicate upward migration of gas and fluid
with a subsurface deformation feature. Different types of
pockmarks have been described using the seismic data and
multibeam bathymetry map in the study area (Sun et al.,, 2011;
Sun et al., 2013; Chen et al,, 2015; Lu et al., 2017), which are
associated with various fluid flow features and structures. The
seismic reflection data and the coherence attributes along the
seafloor suggest that more than 19 pockmarks are developed with
different geometric shapes, including the circular, elliptical,
crescents, elongated, or composite types with different
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TABLE 1 | Summary of morphometrics of the studied pockmarks.

Accumlation of Gas Hydrate

Pockmark number Long axis Short axis Ratio of Water depth Maximum depth Shape
diameter (km) diameter (km) long and range (m) of pit
short axis (m)

PM 1 6.24 4.48 1.39 1350-1500 180 Ellipse
PM 2 4.79 4.25 1.13 1320-1550 236 Circle
PM 3 6.45 6.07 1.06 1330-1620 289 Circle
PM 4 3.8 3.2 1.19 1400-1520 90 Circle
PM 5 4.2 3.7 1.14 1400-1560 140 Circle
PM 6 41 3.9 1.05 1400-1620 202 Circle
PM 7 6.3 5.7 1.1 1350-1620 252 Circle
PM 8 3.58 3.32 1.10 1420-1700 226 Circle
PM 9 5.46 2.91 1.88 1470-1650 180 Ellipse
PM 10 6.63 6.61 1.01 1500-1720 180 Circle
PM 11 6.61 2.72 2.43 1380-1620 175 Ellipse
PM 12 5.81 2.18 2.67 1450-1620 168 Crescent
PM 13 9.12 3.19 2.86 1350-1540 216 Crescent
PM 14 4.62 2.07 2.23 1530-1660 130 Crescent
PM 15 5.52 2.58 2.24 1490-1640 110 Crescent
PM 16 7.10 2.39 2.97 1470-1620 100 Crescent
PM 17 10.08 2.31 4.36 1480-1680 96 Crescent
PM 18 6.94 0.88 7.89 1650-1700 38 Crescent
PM 19 4.75 1.56 3.05 1420-1460 40 Crescent
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FIGURE 7 | (A) Detailed map of the represented pockmarks. (B)-(C) The seismic sections and conceptual view of the four types of pockmarks in the 3D study area,
showing the relationship between the pockmarks, faults, and gas hydrate.
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FIGURE 8| (A)-(C) The coherence slices along horizons T2, fault interpretation and connectivity, rose diagram of the fault strikes for areas A, B, and C, respectively.
The locations are shown in Figure 5C. The coherence slices showing the fault system. In the fault interpretation and connectivity map: The pink solid dots mark the
closed tips of the faults, the blue solid dots mark the opened tips of the faults, the degree of maturity refers to the number of ‘open’ versus ‘closed’ or restricted lateral tips.

diameters and depths (Figures 1, 5A; Table 1). Most of the
pockmarks are asymmetrical in plain view. The long axis
diameters of the pockmarks range from 3.5 to 10 km, and the
short axis diameters range from 0.9 to 6.6 km, with a maximum
diameter in excess of 10 km and a depth up to 289 m, lying on the
seafloor with V- and U-shaped structures on the seismic profiles.
The ratio of long and short axis ranges from 1 to 7.8, pockmarks
with large ratio located around the slope belt. In addition, the
average water depth of the pockmark-developed area is around
1400 m.

The coherence slices along horizons can illustrate the
pockmarks better than coherence slices with a specific time.
The coherence slices along the seafloor and horizon T1 are
extracted, respectively (Figures 5, 6), which indicate that the
modern seafloor pockmarks can be traced back to the T1 layer,
and most of the pockmarks have an obvious inheritance. Based
on the morphological characteristics and the relationship with
BSR and faults, which can be classified into four categories
(Figure 7): Type 1 is the paleo-pockmarks developed on the T'1
layer, which have continuity with the seafloor pockmarks.
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BSRs and high amplitude anomalies (HAAs) have been identified.

FIGURE 9 | 3D perspective view of the coherence slice map of the T5 horizon shows the normal fault formed by tectonics combined with the cross-sections. The

High amplitude reflections can be observed within the
pockmarks, indicating the gas release along pockmarks. The
HAAs show the pull-down reflection, and the faults are
developed. BSRs are continuous and have a strong
amplitude. There is no BSR under the pockmarks, but there
are apparent HAAs and BSR reflections at the adjacent strata
around the pockmarks; Type 2 is the buried pockmarks formed
at horizon T1, and it is difficult to identify the pockmark at the
seafloor. The pull-down reflections are very clear due to fluids
migrated along the polygonal faults and faults developed in the
deep sediments. The pockmark may be caused by the fluids due
to the formation of polygonal faults and cause the dissociation
of gas hydrate; Type 3 is that the seismic sections suggest that
the pockmarks occur at the seafloor and are not formed along
with horizon T1. It is the boundary of the crescent pockmark.
The scale of the pockmark is significantly larger than the paleo-
pockmarks generated at horizon T1, and the seismic section
cannot cover the overall perspective of the pockmark, which is
consistent with Type 1; Type 4 is matured larger pockmarks
associated with BSRs and HAAs developed at the flank of the
pockmark. The formation of pockmarks may be related to the
activity of faults and volcanoes. HAAs can be seen inside the
pockmark, and partial collapse and deformation are also
observed due to subsidence.

Interplay of Gas Hydrate, Pockmarks,

Volcanoes, and Faults

Widely developed polygonal faults have been found from the
coherence slices of 3D seismic data that were mainly formed in
Miocene and Pliocene strata (Figure 5). Several tectonic faults
can affect the layer containing polygonal faults, but the polygonal
faults of the entire region show the variable strikes and different
maturity of the fault networks (Figure 8). The planform geometry
of polygonal faults may be influenced by the local stress
anisotropy, local structures, or changes in lithology
(Cartwright, 2011).

We choose three representative areas to show the differences
of the strikes, maturity, and the role on fluid flow (Figure 8). The
strikes of zone 1 are complex and have several directions, and
those of zone 3 focus on two main directions. The maturity of
zone 1 is 0.16, which is lower than that of zone 3 with a value of
0.33 due to the differences in lithology, temperature, compaction,
and consolidation processes during burial, which indicates that
the polygonal faults have plenty of space to grow. The strikes and
geometry in zone 2 changed significantly due to the pockmark
formation indicating that the orthogonality is reduced. The
formations of pockmarks changed the slope gradient, which
can influence the directionality of polygonal faults. The strikes
of polygonal faults are changed into a ring or radial planform
array surrounding the pockmarks. The HAAs show continuous
reflection in lateral except at the pockmarks with weak and pull-
down reflections. Moreover, HAAs show a high value where some
faults are terminated below the HAAs (Figure 9). The pockmarks
show irregular and distorted shapes due to the dissociation of gas
hydrate formed in T1 horizon, especially at the small-scale
pockmarks or buried pockmarks.

Volcanoes have been identified from the seismic sections,
coherence, and amplitude slice attributes of the seismic data in
the study area (Figures 5, 10). The pockmarks show a low
coherence value and chaotic, low, or medium amplitude
anomalies, with cone or subcone shape in seismic sections.
The features of the volcano intensely reconstruct and
penetrate the overlying sediments, and partial volcanoes are
located beneath the pockmarks (Figure 10B). The diameter of
the volcanoes could reach more than 1 km, and their roots could
be reached to very deep intervals, and some pockmarks are rooted
on them (Figure 10).

The spatial distributions of HAAs, pockmarks, polygonal
faults, tectonic faults associated with uplift, and volcanism
show the spatial relationship between them (Figure 10A,B).
Some faults are formed above the volcano, which can arrive at
HAAs (Figure 10C). Several volcanoes or pipes are found around
or the edge of pockmarks in the study area, which are important
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FIGURE 10 | (A) Maximum amplitude attribute maps extracted from horizon T1 with a time window of 50 ms showing variations of amplitude. (B) The overlay map
of maximum amplitude attribute extracted along horizon T1 within a time window of 50 ms and coherence slice along horizon T5, showing the distribution of the HAAs
and deeper faults. (C-F) Showing seismic profiles of a-a’, b-b’, c-¢’, and d-d’, respectively, and the seismic characteristics of BSR, faults, and volcanoes have been

focused fluid flow pathways for the expulsion of liquid, gas, and
sediment to the shallow deposition. The obvious pull-up and
chaotic, weak reflections are found in the deeper layers and high
amplitude at the shallow layer (Figure 10D). At large-scale or
circle pockmarks, the HAAs are observed around or internal the
pockmarks seen from the maximum amplitude attribute along
with T1 (Figure 10D-F). Therefore, polygonal faults, tectonic
faults, volcanoes, and pipes originating from deeper layers
provide fluid pathways for deep gas upward migration into the
upper sedimentary layer to form gas hydrate.

DISCUSSION

Variations of BSR and High Amplitude

Anomalies

Gas hydrates related to BSRs are widely distributed in the
Zhongjiannan basin (Lu et al.,, 2017; Li et al., 2022). The BSR
shows the continuous, moderate, and extensive distribution on
the platform and patches and high amplitude interrupted by
pockmarks at the edge of the platform (Figure 10). High
amplitude reflection just above the BGHSZ is an indicator of

the elevated gas hydrate-bearing layer, which is similar to that
found in the Shenhu area, South China Sea (Wang et al., 2016;
Wang et al., 2021). However, the characteristics of the gas
hydrate-bearing layer in the Zhongjiannan basin is quite
different from that found in the Pearl River Mouth Basin. The
gas hydrate layer in the study area is more continuous and larger,
showing that lithology controls HAAs except for the pockmark
area. The gas hydrate layer can extend tens of kilometers without
being interrupted (Figures 3, 4). Moreover, the gas hydrate layer
varies from the seafloor depth, and the shallow water area has a
greater depth, which indicates that the occurrence of gas hydrate
is not only controlled by the temperature—pressure condition. Gas
hydrate distribution found in other basins, and SCS has poor
spatial continuity and appears to be patched due to the influence
of reservoir, fluid flow, and other factors. The gas hydrate-related
BSR is usually characterized by strong amplitude, negative
polarity, roughly parallel to the seafloor, and a cross-cutting
seismic reflector. However, the diagenesis-related BSRs result
from the positive acoustic impedance contrast between silicate
rich sediments of different diagenetic stages opal A, opal CT, and
quartz conversions, and the temperature is about 35-50°C (Hein
et al,, 1978; Hein et al., 2010) or 45-50°C (Kastner et al., 1977;
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Keller and Isaacs, 1985) triggered by different factors (e.g.,
Cartwright, 2011; Davies and Ireland, 2011), which have been
widely found in the mid-Norwegian margin (Berndt et al., 2005),
southern South Korea Plateau, East Sea (Lee et al., 2003), and
South China Sea (Wang et al., 2010; Han et al,, 2016; Lu et al,,
2017). The geothermal gradient in this area is about 55°C/km; the
BSR depth is about 220 m by assuming an average P-wave
velocity of 1700 m/s, and the temperature is about 17°C, which
indicates that the temperature at the interpreted BSR is difficult to
cause the transition between opal A/opal CT. Therefore, the
depth range of the BSR is within the temperature—pressure
condition and supports gas hydrate-related BSR.

The inverted acoustic impedance profile also shows high
values in the HAA area, and the maximum values occur at
different intervals (Figure 4). Some appear just above the BSR
and some at a distance above the BSR, which is interrupted by the
occurrence of pockmarks. We found that most of pockmarks are
related to HAA and HAA are related to lithology change.
However, sand-rich coarse-grained reservoirs developed in the
deepwater marine depositional system also showed HAAs, which
are easily to form gas hydrates, such as in the Gulf of Mexico
(Boswell et al., 2012; Collett and Boswell, 2012), Nankai Trough
(Fujii et al., 2015; Suzuki et al., 2015; Yamamoto, 2015), Ulleung
basin (Bahk et al., 2011; Kim et al., 2011), Krishna-Godavari basin
(Kumar et al., 2016), and South China Sea (e.g., Wang et al.,
2014b; Zhong et al., 2017; Kang et al., 2018; Li et al., 2019). Even if
the lithology of carbonates is assumed, the calculated gas hydrate
saturation still comes to 20-40% of the pore space. The fine-
grained sediments more than a kilometer thick below BGHSZ are
the biogenic gas zone. The widely distributed polygonal faults
identified from coherence slices are just located below the BGHSZ
with different offsets and maturity, which act as the fluid
migration pathways from deeper sediments. Therefore, the gas
hydrate-bearing layer is controlled by faults and lithology,
indicating the contribution of gas migrated from deeper
sediments below BGHSZ.

The maximum amplitude and RMS amplitude attributes
extracted from horizon T1 and BGHSZ within a 50 ms time
window show the distributions of HAAs associated with gas
hydrate (Figure 10). The distribution of high amplitude values
identified from BGHSZ is smaller than that extracted from the T1
horizon (Figure 10). Many reasons can cause this phenomenon,
such as structure II gas hydrate (Sloan and Koh, 2007; Kida et al.,
2006; Lu et al., 2007; Bourry et al., 2009; Kida et al., 2009; Klapp
et al., 2010), rapid sedimentation (Hornbach et al., 2008; Zander
etal,2018; Han et al,, 2021), and hot fluid. At the same geological
condition, the base of the structure II hydrate stability zone will be
deeper than that of BGHSZ (Sloan and Koh, 2007). The seismic
profile shows that HAA is deeper on the platform, where water
depth is slightly shallower than that of the edge of the platform.
The tectonic faults extend to the HAA layer, which can transport
thermogenic gas from deeper sediment to BGHSZ (Figure 10B).
Rapid sedimentation will cause the thicker BGHSZ, which has
been found in the Black Sea (Zander et al, 2018), Hikurangi
margin (Pecher et al, 2017; Han et al,, 2021), and Blake Ridge
(Hornbach et al., 2008). The sedimentation at the platform is
thicker than that of the edge of the platform, where many

Accumlation of Gas Hydrate

pockmarks are formed. The formation of pockmarks also
indicates the variation of fluid activity, which can cause
slightly shallower BGHSZ. Therefore, the variations of HAAs
are caused by the occurrence of gas hydrate showing the
difference of gas hydrate saturation and the changes of the
geological environment. In the future, gas hydrate drilling
expedition should be conducted to confirm the distribution
and the controlling factors.

Gas Hydrate Accumulation Influenced by

Fluid Migration and Pockmarks

Evidence about geological controls on gas hydrate accumulation
was summarized through a combination of the fluid migration
pathways from coherence slice, the reservoir from RMS amplitude
attributes, and pressure-temperature. Figure 11 is a 3D display
showing the occurrence of gas hydrate, the faults identified from T2
and T5 horizons, and the basement structural form interpreted
from 3D seismic data. Previous studies have shown that the
polygonal faults, normal faults, and volcanic activity contribute
to the formation of gas hydrate, which provides the fluid migration
pathways (Xia et al., 2022). Our study supports this founding about
fluid migration. However, we also found that the coupling of
lithology and timing of hydrocarbon gas release is very
important for the widely distributed gas hydrate in the study
area. The tectonic faults rooted from basement uplift provide
the pathways for thermogenic gas, while the polygonal faults
developed in the strata between T5 and T1 not only increase
the permeability of fine-grained sediments but also act as
hydrocarbon gas pathways for the vertical migration. Cases of
polygonal faults transporting fluids have been applied in the Lower
Congo Basin (Gay et al, 2006), Norway continental margin
(Berndt et al., 2003; Hustoft et al., 2007), and Scotian slope of
the eastern Canada continental margin (Cullen et al., 2008). The
RMS and maximum amplitude attributes clearly show the
relationship between the BSRs, pockmarks, and different types
of faults developed in this area (Figures 9, 10). The development
density of faults is directly related to the BSR amplitude strength.
From the gas hydrate saturation profile (Figure 4), the relative
enrichment gas hydrate-bearing layer is controlled by faults. Even if
the gas hydrate layer is above the BGHSZ, the gas hydrate
saturation is still higher due to the influence of faults. It can
play a crucial role in migrating upward fluids from the deep strata
to the shallow favorable gas hydrate-bearing layer. The detailed
seismic data interpretation shows that the fluid migration pathways
mainly include normal faults, polygonal faults, regional
unconformity, and pockmarks (Figures 10, 11).

Based on the comprehensive analysis of coherence, amplitude,
and acoustic impedance attributes, we propose a schematic model to
explain the accumulations and occurrence of gas hydrates and their
relationship with pockmarks and different faults (Figure 12).
Different types of pockmarks have been found by previous
studies, which indicate the fluids” seep in the Zhongjiannan basin
(Sun et al,, 2011; Sun et al,, 2013; Lu et al.,, 2017; Chen et al., 2018).
There are various mechanisms triggered by fluid advection, salt-
tectonic faulting, and gas hydrate dynamics. Even though pockmarks
have different patterns, we found that almost all of the pockmarks
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FIGURE 11 | (A) RMS amplitude map extracted from horizon T1 with a time window of 50 ms. (B) Coherence slice extracted along horizon T1 showing the
distribution of faults and pockmarks. (C) Coherence slice along the horizon T5 showing the distribution of normal faults originated from the basement (D) The isochronal
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originate from just below the T1 horizon or below the BSR. The
widely distributed BSRs are interrupted by the presence of
pockmarks. There are two types of pockmarks triggered by
different reasons. Type 1 pockmarks such as Pockmark number
six are relatively mature, larger circle pockmarks that are related to
the magmatic intrusion or the fault reactivation due to tectonic
activity (Figure 10). The extensional role due to the pull-up caused
by magmatic activities can produce faults and slumps. The fluids can
migrate to seafloor along pathways of faults and volcanoes and form
pockmarks. When volcanic activity stops, the strata cool and the
crater area collapses downward, which will make the formation of
pockmarks. Partial HAAs are found around or within the
pockmarks. Type 2 pockmarks are triggered due to the
dissociation of gas hydrate caused by tectonic activity. Gas
hydrates with elevated saturation are formed at the T1 horizon
due to plenty of gas migrated along polygonal faults and tectonic
faults and new sedimentation. However, the equilibrium conditions,

such as temperature and pressure, for gas hydrate formation may be
destroyed due to hot fluids migrated along faults, which will cause
the dissociation of gas hydrate, with seafloor subsidence in matured
Type 4 pockmarks. BGHSZ shifts upward and becomes shallower
under new temperature and pressure balance conditions. The gas
generated from deep thermogenic gas and gas hydrate
dissociation continues to migrate. Hydrate-related BSRs and
HAAs will gradually develop and intersect with the normal
sedimentary formation. The BSR will be discontinuous due to
gas hydrate dissociation, and the dissociated gas will release to
the seafloor along the pockmarks (Figure 12). Therefore, we
suggest that thermogenic gas generated in the deeper sediments
can migrate to the shallower sediments along faults, volcanoes,
and pipes. The biogenic gas generated in Miocene and Pliocene
strata can migrate to shallower sediments along these pathways
and polygonal faults. The mixed gas sources contribute to the
accumulation of gas hydrate at the favorable reservoir.
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FIGURE 12 | (A)-(C) Conceptual model of development of pockmarks controlled by magmatic activity and gas hydrate dissociation below gas hydrate stability
throughout heat flux or fault reactivation from the deep. The scenario is composed of three phases (A,B,C). (D)Schematic model map in the study area of the
Zhongjiannan basin showing the relationship among gas reservoir, polygonal faults, shallow gas accumulations, BSR, pockmarks, volcano, gas hydrates, and

CONCLUSION

We use the reprocessed, high-resolution 3D seismic data and
seismic attributes to reveal the widely distributed BSRs, HAAs,
and pockmarks in the Zhongjiannan basin. The wide and
continuous distributions of HAAs are caused by the elevated
gas hydrate saturation occurred above the BGHSZ. Since the
Miocene, the sediments in the Zhongjiannan basin have been
dominated by the fine-grained deposits. Abundance polygonal
faults are triggered thermally due to magmatic activity and
sedimentation, which can serve as the fluid migration
pathways and change the reservoir properties. Fluids with
hydrocarbon gas can migrate upward along faults, polygonal

faults, and volcanoes to BGHSZ. The HAAs with high acoustic
impedance varies from the seafloor depth, and the BSR
controlled by faults and sedimentary layer shows gas hydrate
occurrence. The HAAs are widely distributed and laterally
continuous near the base of gas hydrate stability with a
thickness ranging from 20m to more than 50 m. Faults
control the thicker gas hydrate layer, and the continuity is
interrupted by the occurrence of pockmarks. Moreover, some
pockmarks may be triggered by the dissociation of gas hydrate
dissociation. Gas hydrate accumulation is related to magmatic
activities, faults, and structural uplift. In the future, gas hydrate
drilling expedition should be conducted to confirm the widely,
continuous distributed gas hydrate.
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[t is found that natural gas hydrate is not only a pore-filling material but also exists in the
reservoir in the form of rock skeleton particles. Therefore, the traditional petrophysical
simulation method cannot well describe the physical properties of natural gas hydrate
reservoir. At the same time, the physical properties of the hydrate layer and its associated
free gas layer are quite different, so it is difficult to fit the physical properties of the two
media using traditional modeling methods. The two-phase modeling technology used in
this paper is the equivalent medium modeling technology based on BK solid substitution
theory and Gassmann fluid substitution theory, which simulates hydrate particles in rock
skeleton and hydrate filling in pores, respectively. The forward simulation results show that
the two-phase simulation technology of natural gas hydrate can well fit the P-wave and
S-wave velocity information of the medium. At the same time, the equivalent medium
model of the free gas reservoir is established by using only Gassmann fluid substitution
theory. The practical application shows that the subsection modeling method can well
solve the problem of the too large difference between the two sets of reservoir physical
properties and make the calibration results of forward modeling synthetic records more
accurate.

Keywords: gas hydrate, two-phase petrophysical modeling, segmented modeling method, Shenhu area, Gassmann
fluid substitution

1 INTRODUCTION

Natural gas hydrate is a new type of clean energy that has been paid attention to since the 20th
century. It is widely distributed in the continental shelf, deep-water basin, and permafrost area and
has the characteristics of extremely rich resources. In the 1990s (Paull and Matsumoto, 2000; Wood
and Ruppel, 2000; Boswell R et al., 2012; Yamamoto K, 2014), China gradually carried out the
investigation of natural gas hydrate and completed the leap from exploration to experimental
exploitation in more than 20 years (Zhang H Q et al,, 2007; Wang X J et al., 2014; Yang et al., 2015;
Yang et al., 2017a). Especially in the South China Sea, a large number of natural gas hydrate
investigations and two rounds of experimental exploitation have been carried out (Li et al., 2018; Sha
et al., 2019; Zhang et al., 2017; Zhang et al., 2018; Zhang et al., 2020a; Zhang et al., 2020b; Su et al.,
2020; Yang et al.,, 2017b; Yang et al., 2020). At present, the investigation method of natural gas
hydrate is still dominated by the seismic method, but the seismic exploration method can only
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describe the possible range and spatial distribution of ore body
and cannot quantitatively characterize the distribution
characteristics of hydrate saturation in the ore body. It is
necessary to establish the mathematical expression relationship
between P-wave, S-wave velocity, density, and other physical
parameters obtained by seismic data inversion and saturation
through the method of petrophysical modeling. In this way, the 1-
dimensional gas hydrate physical parameters obtained from
logging data are extended to 2-dimensional and 3-dimensional
space to complete the prediction of gas hydrate saturation
(Worthington, 2008; Huang et al., 2012; Pan et al,, 2019; Dong
et al., 2020; Liu et al., 2020; Betlem et al,, 2021; Yang et al., 2021).

With the development of natural gas hydrate, many
petrophysical models suitable for natural gas hydrate have
been developed.

Natural gas hydrate in sediments shows the properties of both
fluid and solid skeleton, which have been found in laboratory
research (Buffett and Zatsepina, 2000). With the efforts of many
scholars, a variety of petrophysical theories suitable for simulating
hydrate deposition have been proposed, including the weighted
empirical formula (Lee et al., 1996), equivalent medium theory
(Zhang and Toksoz, 2012), three-phase Biot type theory (Lee
2008), modified Biot Gassmann theory (Lee 2002), etc. The three-
phase Biot type equation proposed by Carcione and Tinivella
(2000) assumes that the formation is composed of three phases of
sediment, hydrate, and pore fluid to calculate the elastic wave
velocity in the hydrate stability zone. Lee (2008) introduces
parameters to describe pore filling and contact behavior on
the basis of the three-phase Biot type; The equivalent medium
theory and modified Biot Gassmann theory are essentially pore-
filling models for the simulation of natural gas hydrate bearing
sediments. Zhang Yuwen et al. (2004) based on Biot’s two-phase
medium theory and aiming at the three hydrate deposition
models proposed by Ecker, studied the variation law of the
velocity and attenuation of fast P-wave, slow P-wave, and
S-wave with frequency in hydrate bearing strata with and
without dissipation. According to the research results of Dai
et al. (2008); Zhang et al. (2011) summarized the hydrate
petrophysical models based on equivalent media into five
categories, and quantitatively analyzed the relationship
between reservoir wave velocity and Poisson’s ratio with
hydrate saturation. Gao et al. (2012) used the improved Biot
Gassmann (bgtl) model proposed by Lee to estimate the
saturation of gas hydrate in well A by using P-wave velocity
for the unconsolidated deep-water sedimentary strata with high
porosity and silty clay in Shenhu sea area of the South China Sea.
Pan et al. (2014) compared the saturation predicted by the
effective medium model, the improved boit Gassmann model,
and the simplified three-phase equation under the same
occurrence state. It is found that the hydrate saturation
predicted by the effective medium model and the improved
Biot Gassmann model is more reasonable than that predicted
by the simple three-phase equation (stpe).

Based on BK solid replacement theory and Gassmann fluid
replacement theory, this paper establishes the equivalent medium
two-phase modeling technology to characterize the two phase states
of fluid filling and rock skeleton of natural gas hydrate respectively.

None

This technology is applied to the natural gas hydrate work area in the
Shenhu sea area of the South China Sea. At the same time, the
subsection modeling method is used to fit the natural gas hydrate
layer and free gas layer. The test shows that this method and
technology has good applicability to the petrophysical modeling of
natural gas hydrate in the Shenhu sea area, can well characterize the
physical properties of natural gas hydrate and free gas reservoir in this
work area, and can provide strong support for the quantitative study
of natural gas hydrate saturation.

2 TRADITIONAL ROCK PHYSICAL
MODELING METHODS

There are many types of hydrate petrophysical models. According
to the previous research results and the actual situation of the
study area, this study attempts to implement the existing model
and analyzes the applicability of the existing model according to
the actual data.

2.1 Empirical Formula Class (Three-Phase

Weight Equation)

Pearson et al. (1983)applied the three-phase time-average
equation (Eq. 1) to hydrate bearing rocks and qualitatively
explained the acoustic properties of hydrate bearing strata in
the consolidation medium:

1_¢0-9) ¢S (1-¢)
VP_ Vw Vh Vm .

1)

In Formula 1, V,, is the P-wave velocity of hydrate bearing
formation. Vy, is the P-wave velocity of pure hydrate. V,, is the
P-wave velocity of the fluid; V, is the P-wave velocity of the
matrix. @ is porosity; S is the saturation of the hydrate.

Similar to the three-phase time-average equation given by
Pearson (1983), the three-phase equation Wood and Stoffa Pand
Shipley (1994) of hydrate bearing sediments can be defined as

1 _¢0-=8 ¢5 (1-9¢)

i . 2
VT aVE Vi pVa @

In Formula 2, p, is the density of pure hydrate, p,, is the
density of the fluid, p,, is the density of the matrix, and the
volume density of the formation

p=(1-¢)p, + (1-S)¢p, +S¢p;. 3)

In 1996, M.W. Lee et al. used the weight method of the three-
phase time-average equation and the three-phase Wood equation
used by Nobes et al. (1986)to estimate the velocity of deep-sea
hydrate bearing sediments, and the three-phase weight equation
was written as

1 _We(-8)" 1-Wg(-9)

v, % % ®)
P 2 p2

In Formula 3,V ;,; is the P-wave velocity calculated by Wood’s
equation; Vp, is the P-wave velocity calculated by the time-
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FIGURE 1 | Relationship between formation velocity and porosity without hydrate.
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FIGURE 2 | Relation between the velocity obtained from the three-phase weight equation and hydrate saturation.
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average equation. W is the weighting factor; n is the constant that

simulates the variation of diagenesis with hydrate saturation.
The higher rock velocities estimated by time-average

equations require the artificially lower matrix velocities. Based

on the matrix velocity of 4.37 km/s and the assumption that
hydrate is not present, the relationship between formation
velocity and porosity is obtained by using the three-phase
time-average equation, three-phase Wood equation, and three-
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FIGURE 3 | Selection of formation consolidation factor W for three-phase weighting equation.

phase weight equation respectively, as shown in Figure 1. The
curve obtained by the weighted equation is located between the
time-average equation and the Wood equation.

When the hydrate saturation is 0, when W > 1, the weighting
equation is inclined to Wood’s equation, and when W < 1, the
weighting equation is inclined to the time-average equation. Since
(1-s)<1, the weighting equation rapidly approaches the time-
average equation as n increases (as shown in Figure 2). Therefore,
when applying the three-phase weighting equation, a flexible
method is provided by using the weighting factor and the
exponential term, which is more suitable for consolidation
(the time-average equation is more suitable) or suspension
conditions (Wood’s equation is more suitable). The blue dots
in Figure 3 are the actual data of a well in the study area. By
changing the size of N, different data in different depth sections
can be fitted.

The consolidation factor W, which controls the degree of
consolidation, is determined by using the formation data without

hydrate and fitting with the forward curve. By comparing the data
from Well A, it can be seen that the fitting effect is best when
W =1.5.

Finally, using the W and N obtained by analysis, the
P-wave velocity in the study area can be forward modeled,
as shown in Figure 4. Among them, the blue curve is the
measured curve, and the red curve is the forecast curve. The
overall trend is generally consistent, but the prediction error
of the free gas layer is large, so further stratified modeling may
be needed.

2.2 Equivalent Medium Model (Five
Classical Hydrate Models)

As shown above, the most popular hydrate rock physical
models are based on the six models proposed by Zhang
(2012) (Figure 5). The six models refer to the contact
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FIGURE 4 | P-wave velocity prediction results of well A.

cementation model, particle-enfolded model, skeleton
particle support model, pore filling model, nodules
fracture filling model, and fracture filling model

None

respectively. In the contact cementation model, rock
grains are regarded as freely accumulated spheres, and the
hydrates bond the spheres together in contact. In the model
of particle-enfolded, the rock particles are regarded as freely
accumulated spheres, and the hydrate grows around the
particles, acting as cement. In the skeleton particle
support model, the hydrate is regarded as the bearing
particles on the framework. In the pore filling model,
hydrates are treated as particles or fluids to fill pores. In
the nodular fissure filling mode, hydrate is deposited or filled
in the fissure as nodules, which belongs to uneven
distribution. The doping mode is to treat the hydrate as
evenly distributed in the rock matrix, similar to the ice
layer of the tundra. The filling mode of nodule fracture is
to deposit hydrate as a nodule or fill it in the fracture, which
belongs to a kind of heterogeneous distribution. However,
the fracture filling model is not common in this work area, so
the follow-up content has not carried out research on
this model.

According to the analysis of mineral composition and porosity
data of several Wells in the study area, the mineral composition in
the study area is relatively single, mainly concentrated in clay
(illite), quartz, and calcite. As shown in the multi-well histogram
analysis (Figure 6), the porosity ranges from 30% to 55%, illite
from 10% to 45%, quartz from 10% to 40%, and calcite from 0%
to 15%.

Based on the mineral analysis results, we constructed
measurement plates of five classical rock physical models and
compared them with the actual data (Figure 7).

According to the rock physics template analysis, the hydrate
enrichment form in this study area is the most consistent with the
trend of the third type (skeleton particle support type) and the
fourth type (pore filling type), which confirms the hydrate
enrichment form in this area from the side. However, the
measured values of longitudinal and S-wave velocity in the

1 hydrate 2 hydrate
particle | particle particle = particle
contact cementation type particle-enfolded type
3 o 4 i X /hydrate
particle particle particle 2" particle
particle
skeleton particle support type pore filling type
5 particle 6 hydrate
—/‘_\A/-é_!/'—
A4
> -
<
uniform type fracture filling type
FIGURE 5 | Enrichment diagram of five classical hydrate models.
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study area are slightly lower than the template curve, which may
be caused by the incorrect elastic parameters of mineral
components.

3 TWO-PHASE MODELING TECHNOLOGY
AND SEGMENTED MODELING METHOD

3.1 Petrophysical Modeling of Dual-Phase
Hydrate

According to the previous study, most of the existing
petrophysical models can be divided into two categories: one
category regards hydrate as pore fluid, and the other category
regards hydrate as skeleton mineral. Neither of the two models
can well simulate the hydrate enrichment in the study area.
Through inductive analysis, we think that the two kinds of
modeling ideas have some disadvantages. When hydrate is
completely used as pore fluid, the modeling process uses

Gassmann’s theory for fluid replacement, which results in the
S-wave velocity of such models not changing with the hydrate
content (as shown in Model 4). However, through statistical
analysis, the shear modulus of hydrate is 2.57 MPa. It is precise
because the shear modulus of hydrate is non-zero that its content
must affect the S-wave velocity of the mixture. For the other types of
models (for example, Model 3 and Model 5), which treat hydrate as
skeleton minerals, the relationship between hydrate and pore fluid is
ignored, resulting in an equal proportion of S-wave velocity with the
increase of hydrate content. According to the template analysis, the
correlation between hydrate saturation and velocity in this study area
is between the above two categories. The S-wave velocity increases
with the increase of hydrate content, but the increase rate is lower
than that of the template of Model three and Model 4. Therefore, the
existing hydrate models cannot meet the needs of hydrate modeling
in this study area, and how to choose an appropriate equivalent
medium theory to simulate hydrate is the core and key of modeling in
this study area.
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FIGURE 7 | Rock physics template for five classic hydrate models.
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As shown in Figure 8, the two-phase modeling idea constructed
in this study is between the existing pore-filled model and the
skeleton supported model, which means that part of hydrate exists
in the skeleton form, while the other part is enriched in the form of
pore fluid. Based on the above ideas, the two-phase rock physical
model we constructed is shown in Figure 9. As shown in the virtual
frame in the figure, we divided the hydrate into two parts: the
skeleton that plays a supporting role and the fluid in the pore. The
hydrate, which acts as the skeleton, is combined with calcite,
quartz, and illite to form the skeleton of the model, and they
are fused by VRH averaging theory to obtain the dry rock skeleton.
The hydrates enriched in the pores, together with water and gas, are
added to the dry rock skeleton as pore fluid. Based on the above
analysis, since the shear modulus of hydrate is non-zero, we use the
BK solid substitution theory to simulate hydrate in pores. BK
theory has been widely used in the simulation of rock physical
model of unconventional shale in recent years, which is used to
simulate the kerogen with non-zero shear modulus. In this study,

we apply this idea to hydrate simulation. Gas and water are
replaced by conventional Gassmann’s theory, and the equivalent
hydrate mixture is finally obtained.

Based on the rock physical model of the two-phase hydrate
constructed above, we carried out S-wave velocity prediction on
Well E in the study area to test the feasibility of the model. The results
are shown in Figure 10. The curve in the figure on the left is the
S-wave velocity, the curve on the right is the P-wave velocity, the red
curve represents the measured curve, and the blue curve represents
the predicted curve. The error between the predicted velocity curve
and the measured velocity curve is small, which proves that the rock
physical model of double phase hydrate is available.

The main petrophysical model formulas used in this model are
as follows:

3.1.1 Voigt-Reuss-Hill Boundary
Voigt-Reuss-Hill boundary is composed of Voigt upper bound,
Reuss lower bound, and hill average. Voigt boundary is the upper
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FIGURE 8 | Two-phase hydrate modeling diagram.

limit of the VRH boundary, also known as equal strain average.
Its results describe the average stress-strain relationship when
each phase of the mixture is assumed to have equal strain. The
specific formula is as follows:

N
MV = Z(p,M, (5)

In the formula, My and M; are the elastic modulus of the
mixture and phase i, respectively, ¢, is the volume fraction of
phase i.

Reuss average is the lower bound of the VRH average, also
known as the equal stress average, which assumes that each phase
has the same stress. The specific formula is as follows:

L _v¢
v ZM ©)

The meaning of each parameter in the formula is the same as
that of the Voigt formula.

Hill pointed out that the arithmetic weighting of Voigt and
Reuss can be used to predict the equivalent modulus of rock. The
specific formula is as follows:

Mv+MR

: )

Myry =
It can be seen that the Voigt upper limit is the arithmetic
weight of the elastic parameters of each phase, and the Reuss
average is the arithmetic average of the reciprocal of the elastic
parameters of each phase. Hill average is to average the equivalent
results of the two. This averaging is based on the assumption of
stress averaging or strain averaging. Therefore, when applying
Voigt-Reuss-Hill upper and lower limits, it is necessary to
assume that each component of the mixture is identical and
the rock is linear and elastic.
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3.1.2 Gassmann Equation

Gassmann’s theory describes the propagation of seismic waves in
porous media with saturated fluid, which belongs to the low-
frequency model. The equation constructs the relationship between
seismic wave velocity, pore fluid, and mineral skeleton. Gassmann
formula is widely used to calculate the change of elastic modulus
caused by the change of fluid in pores (i.e. fluid substitution).

0 02 04 06 08 1

Shear wave velocity(Km/s)

FIGURE 10 | Prediction results of S-wave velocity based on dual phase hydrate model.

YRH svstage The relationship between the elastic modulus of rock
» skeleton and the elastic modulus between porosity and
& matrix is as follows:
Dry
1 1
Rock : - i - 8)
‘ Gasmn fuild substitution | Kary Kn Ky
Gas in Pore In the formula, K4y, Kyn, K¢ They are the equivalent elastic
) modulus of dry rock skeleton, matrix, and rock with pore space. ¢
' & Water in Pore is the porosity. Under low-frequency conditions, the relationship
E;:;:lve 66 between the rock equivalent elastic modulus of fully saturated
N fluid and porosity is as follows:
1 1 ¢
FIGURE 9 | Flow chart of two-phase hydrate modeling. =t (9)
Ksat Km K¢
1400 . y 1400 .
Vs Predetd : Vp Predetd
s\ s Measured 'Vp Measured
1420 |- b 1420
440 Feeeridianiiienn gl . ... 440
460 460
E E
N N
= =
R N
% 430 feveveedroeeeecforsronshonns % 480
A A
500 frrmmrir e e 500
1520 f-oeeoe --------------- —— 1520
1540 I W —

1540
1

1.5 2 2.5

P-wave velocity(Km/s)

Frontiers in Earth Science | www.frontiersin.org

193

June 2022 | Volume 10 | Article 884375


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liu et al.

In the formula, K is the equivalent elastic modulus of rock in
saturated fluid, K can be expressed as

, K.Kp
¢:K¢+WT~K¢+K]”[. (10)

m fl

K

In the formula, Ky is the elastic modulus of the fluid.
Simultaneously from the abovementioned formula, eliminating
K can yield

Kot _ Kdry K fl

KoK Ko-Kay g(Kn-K,) OV

which is the basic form of the Gassmann equation. Based on the
basic equation, Xu and White (1995) changed the
abovementioned formula to

(1K 1)

6 L9 Kay o
Kp ' Kn K2,

Ko = Kdry + (12)

Gassmann equation assumes that the change of pore fluid does
not affect the equivalent shear modulus of rock (y,) , that is, the
equivalent shear modulus of saturated fluid rock is equal to the shear
modulus of rock skeleton (y,, y), as shown in the following formula:

1 1

—=— (13)
Hsat ludry

Using the abovementioned formula, the equivalent elastic
modulus of saturated fluid rock can be calculated, and when
combined with the density equation, the P-wave velocity and the
S-wave velocity of rock can be obtained.

)P, +¢Pf (14)

K+
\/ \[ (15)

The assumptions that Gassmann’s theory needs to meet are as
follows:

1) The rock skeleton is homogeneous and isotropic

2) All pores in the rock are interconnected, and there is no
chemical reaction between pore fluid and skeleton; that is,
fluid and skeleton are two independent systems

3) The model needs to meet the low-frequency assumption; that
is, the pore fluid (without viscosity) can flow fully at the half
wavelength of seismic wave, and the pore pressure is always in
equilibrium

4) The fluid is completely saturated

3.1.3 Brown-Korringa Replacement Model
Gassmann’s equation is based on an isotropic assumption, which
can not meet the needs of anisotropic shale petrophysical
modeling. Brown and Korringa derived the Gassmann
equation in anisotropic form. The Brown-Korringa formula
can be used to describe the theoretical relationship of the
equivalent modulus of an anisotropic rock skeleton when it is
saturated with fluid. The specific formula is as follows:

None
dry 0 dry _ Q0
S;,{]rk;; _ Sfﬁl _ (ii]}'/zm Sz]oux)(skloca Sklaa) (16)
(Sechs = Stag) + (B = Bo)9

where Sdrkl is the equivalent elastic flexibility tensor of rock
skeleton, S”,El is the equivalent elastic flexibility tensor of
saturated ﬂuld rock, Slﬂw is the equivalent elastic flexibility
tensor of constituent minerals, B, and f§, compressibility of
pore fluid and mineral, ¢ is the porosity.

Based on the constructed model, we have carried out shear
wave velocity prediction for well E in the work area, as shown in
Figure 10. The left side is the shear wave velocity, the right side is
the longitudinal wave velocity, the red curve is the measured
curve, and the blue curve is the predicted curve. The error
between the predicted results and the measured results is
small, which proves the feasibility of the model.

3.2 Segmented Modeling Method

Then we applied the previously proposed two-phase hydrate
petrophysical model to other Wells in the study area, as
shown in Figure 11. The predicted S-wave velocities are
shown in the figure on the left, with the red curve
representing the measured S-wave velocities and the blue
curve representing the predicted S-wave velocities. The results
show that the fitting effect of the model is good when the target
well contains only a hydrate layer. However, when the target well
contains not only the hydrate layer but also the free gas layer, the
fitting effect of the model is still good for the hydrate layer, but
poor for the free gas layer.

According to the analysis, the petrophysical model of double
phase hydrate mainly focuses on the modeling of hydrate and
does not consider the enrichment form of free gas too much. As
shown in Figure 12, the longitudinal and S-wave velocity
relationship between the hydrate layer and free gas layer was
calculated. Red represents the hydrate layer and blue represents
the free gas layer. As can be seen from the figure, the S-wave
velocities at different depths in the hydrate layer are different,
while the S-wave velocities at different depths in the free gas layer
have almost no difference. It is verified from the side that hydrate
saturation has a direct effect on the S-wave velocity due to its non-
zero shear modulus, while free gas saturation has little effect on
the S-wave velocity. Therefore, for the free gas layer, we need to
build a targeted rock physical model of the free gas layer to
improve the prediction accuracy of S-wave velocity.

Since the physical properties of the free gas layer and hydrate
layer are quite different, it is difficult to simulate the
characteristics of both by using the same petrophysical model.
Therefore, we construct the idea of a segmented modeling
method of hydrate + free gas. For the hydrate layer, we also
use the rock physical model of double phase hydrate proposed
above, while for the free gas layer, we build a new modeling idea.
Since the free gas layer does not contain hydrate, we do not need
to consider hydrate simulation. The specific idea is as follows:
first, the main skeleton minerals such as calcite, quartz, and illite
were fused with the VRH average theory to obtain a solid mixture.
Then, the empty pores are added to the solid mixture background
based on DEM theory. Finally, the Gassmann fluid substitution
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theory is used to add water and free gas to the dry rock skeleton to
obtain the final equivalent medium Figure 13.

Based on the idea of piecewise modeling, we used different
petrophysical models to predict the S-wave velocity for
hydrate and free gas respectively, and then combined the
prediction results of different intervals. The prediction
results are shown in Figure 14. In the figure, the predicted
S-wave curve based on the rock physical model of two-phase
hydrate is shown on the left side, and the predicted S-wave
curve based on the modeling method for free gas is shown in
the middle. The red represents the measured curve, and the
blue represents the predicted curve. It can be found that the
prediction result of the free gas layer S-wave has been
significantly improved by using the segmented modeling

method, and the predicted curve is basically consistent with
the measured curve.

4 OPTIMIZATION OF CALIBRATING
DOWNHOLE SEISMIC BASED ON
MODELING

Through analysis, it is found that the P-wave velocity of some
Wells in the study area is discontinuous. In order to solve this
problem, conventional commercial software is used to complete
the missing velocity value through the interpolation method, but
the prediction accuracy of velocity value based on the
interpolation method cannot be guaranteed. Therefore, we
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tried to use the constructed rock physical model to improve the
accuracy of velocity prediction and finally improve the effect of
calibrating downhole seismic.

As shown in Figure 15, the logging curve in the left figure
shows the absence of P-wave velocity at the boundary between the
hydrate and free gas layers. The missing velocity is simply
interpolated by commercial software, and the forward trace is
calculated based on the interpolation velocity. However, there are
some differences between the forward trace and seismic data,
which may be caused by inaccurate velocity prediction. On the
right of Figure 16 are the P-wave velocities calculated based on
the model proposed in this study. Blue represents the predicted
velocity and red represents the measured velocity. The synthetic
records are obtained by using the velocities calculated by the rock
physical model. It can be seen from the figure that in the P-wave
velocity missing section, the forward modeling record has been
significantly improved, and the reflection interface between the
hydrate layer and the free gas layer has been clearly displayed. On
the whole, the S-wave velocity prediction based on the rock
physical model can improve the incomplete forward logging
profile caused by the lack of velocity curve to some extent,
and finally improve the precision of calibrating downhole seismic.

5 CONCLUSION

Through the application of actual data, two conclusions can be
drawn:

1) The two-phase modeling technology based on BK solid
substitution theory and Gassmann fluid substitution theory
can take into account both the existing forms of hydrate as
rock skeleton particle and pore-filling material. The equivalent
medium model obtained by this technology can be used to fit
more accurate longitudinal and S-wave velocities.

2) The physical properties of the gas hydrate layer and its
associated free gas layer are very different, so the same
modeling idea cannot be used. The segmenting modeling
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Geochemical profiles in pore water of marine sediments have been considered as,
important indicators of gas hydrate occurrence. In the gas hydrate area around the
world, the decrease of sulfate, calcium, and magnesium concentrations with depth
mainly results directly or indirectly from the anaerobic oxidation of methane (AOM).
The ubiquitous abnormally high concentration gradients of iodide in the research area
reflect the large methane-generating potential of the area. Thus, we explore the
feasibility of using gradients of sulfate, iodide, and authigenic carbonate precipitation
as indicators for gas hydrate in the regional exploration of gas hydrate formation. We
test the criterion in the gas hydrate zone in the South China Sea (SCS) for the
recognition of gas hydrate by using the gradients of sulfate, calcium plus magnesium,
and iodide. Contour maps of pore-water gradients from expeditions in the study area
are used to correlate the key gradients to underlying gas hydrate occurrence. The
results show that the largest potential gas hydrate indicated by the contour maps of
the indicators are well consistent with the discovery of GMGS1 and GMGS3
expedition. It implies the possible applicability of this geochemical method in gas
hydrate exploration. Also, we identify a promising area in the South China Sea for
future gas hydrate investigations. It is the first collective application of the gradients of
sulfate, calcium plus magnesium, and iodide to a gas hydrate terrane, especially to a
large area of the SCS. We believe that the result of this research will benefit the
future exploration of gas hydrate and will arouse a lot of interest from other
researchers.

Keywords: Pore water, gas hydrate, geochemistry, South China Sea, sulfate, calcium, magnesium, iodide

HIGHLIGHTS

1. We link sulfate, calcium, magnesium, and iodide pore-water gradients to the occurrence of
underlying gas hydrates.

2. We support this hypothesis using data from recognized gas hydrate occurrences globally.

3. We identify a promising area in the South China Sea for future gas hydrate investigations.
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1 INTRODUCTION

The gas hydrate is an ice-like substance consisting of water and
gas (most is CH,) that forms under conditions of low
temperature, high pressure, and adequate gas concentration
(Sloan, 1990). An accepted estimation of gas hydrate
resources is about 3,000 trillion cubic meters (TCM), which
is enormous when compared with the conventional gas
resources (~404 TCM) and shale gas (204-456 TCM) (Chong
et al, 2016). Due to its considerable reserves and clean
combustion products, gas hydrate may become a promising
energy resource (Collett, 2002; Hesse, 2003; Makogon et al.,
2007; Boswell and Collett, 2011; Chong et al., 2016). The
methane contained within gas hydrates is a kind of potential
greenhouse gas, 20 times more effective as a greenhouse gas than
carbon dioxide (CO,) (Mitchell, 1989; Ruppel, 2011). Therefore,
any release of methane from gas hydrate decomposing due to
temperature or pressure changes can cause a positive feedback
cycle for atmospheric warming, thus impacting climate change
(Borowski et al., 1996; Haq, 2000; Wallmann et al., 2014; Brown
et al,, 2016; Reay et al., 2018). Accordingly, the abundance,
nature, and distribution of gas hydrate are of great importance
and have been arousing a lot of research interests of many
researchers.

Geophysical methods are widely applied to the study of gas
hydrate distribution and abundance. Bottom-simulating
reflectors (BSRs) are often coincident with gas hydrate
occurrences at depth because dissociating gas hydrate
produces in situ gaseous methane that causes an acoustic
impedance contrast that generates its strong seismic reflector
(Miller et al., 1991; Hornbach et al., 2012). However, a BSR is not
necessarily associated with, or completely consistent with, the
presence of gas hydrate (Kvenvolden et al., 1993; Le et al., 2015;
Dumke et al., 2016). Thus, we try to improve the setup of
regional gas hydrate exploration by employing some
geochemical indicators. Geochemical methods have already

Shenhu Gas-Hydratebearing Zones: Geochemistry Study

been tried to confirm potential gas hydrate-bearing areas
through the geochemical studies of pore water in sediment
(Borowski et al.,, 1996; Dickens, 2001; Bhatnagar et al., 2008;
Wu et al, 2013; Pogodaeva et al., 2020). One of the most
commonly used geochemical tools for hydrate recognition in
drill cores is the presence of freshening chloride anomalies
coupled with §'%0 increase in pore water (Hesse, 2003; Luo
et al., 2014). Nevertheless, the cores need to penetrate through
the hydrate occurrence zone (often hundreds of meters below
the seafloor) for the recognition of these anomalies, which is an
economic disadvantage for large-scale exploration projects.
Alternatively, the profiles of other pore water species (e.g.,
SO,*, T') that record early diagenetic reactions in shallow
sediments can serve as a powerful tool in gas hydrate
exploration (Schulz, 2006). Some reactions associated with
methane could be employed to indicate the existence of gas
hydrate because a large amount of methane may occur in the gas
hydrate occurrence zone. Within the sulfate reduction zone,
normally, sulfate is consumed by organoclastic sulfate reduction
(OSR) (Berner, 1980; Gieskes et al., 1981):

2CH,0 + SO} — H,S + 2HCO; (1)

However, in the sulfate-methane transition zone (SMTZ, or
SMI for sulfate-methane interface) where methane upwells from
deep sediments, sulfate supplied from seawater will be exhausted
by the anaerobic oxidation of methane (AOM) reaction (Barnes
and Goldberg, 1976),

SO;” + CH, — HS™ + 2HCO; + H,0 (2)

Substantial depletion of sulfate through AOM causes the
SMTZ to become shallower (Blair and Aller, 1995; Borowski
et al, 1996; Dickens, 2001). Some researchers accordingly
proposed that the linearity of sulfate gradients and the
shallow depth of SMTZ could be used to indicate the
existence of gas hydrate-bearing areas (Borowski et al., 1999;
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FIGURE 2 | Contour maps of sulfate gradient in units of mM/meter (A) and corresponding r2 values (B) in the research area. Note the location of cores identified by
green-filed circles and BSR outlines (white, from GMGS reports). The stars represent the drill sites, in which gas hydrates were recovered (blue stars represent GMGST,
yellow stars represent GMGS3). The squares represent the drill sites which has no gas hydrates recovered. In 6A, the lighter color indicates a larger gradient, which
indicates a higher possibility of gas hydrate existence. In 6B, warmer colors (red) indicate a sulfate gradient that is closer to linearity, usually representing a larger
portion of sulfate depletion due to AOM. Based on the gradient and r2, the most promising area is inferred which are marked by red circles in 6A.
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Kim et al., 2020). What’s more, the calcium concentration of
pore water is also sensitive to the AOM process (Rodriguez et al.,
2000). It declines with depth due to the enhanced authigenic
carbonate precipitation. At the SMTZ where intense AOM
reactions occur, the sharp increase in pore water alkalinity
may cause the rapid decrease in calcium concentration
(Raiswell, 1988; Boetius et al., 2000; Rodriguez et al., 2000).
Besides, concentrated iodine anomaly is also commonly
observed in gas hydrate-bearing areas (Fehn et al, 2003;
Fehn et al, 2006; Muramatsu et al., 2007). The abnormally
high concentration of iodide in pore water is related to the
decomposition of massive sedimentary organic matter, which
represents a large potential gas source. As a result, the
concentrated iodide concentration of pore water could also
reflect the possible occurrence of gas hydrate. Based on
previous research we mentioned above, we try to explore the
feasibility of using gradients of sulfate, iodide, and authigenic
carbonate precipitation as indicators for gas hydrate in the
regional exploration of gas hydrate formation.

Many gas hydrate-bearing areas around the world have been
identified and investigated including the Blake Ridge (Paull et al.,
1996; Paull and Matsumoto, 2000), Hydrate Ridge (Milkov et al.,

2003; Torres et al., 2004), Gulf of Mexico (Boswell et al., 2009),
Nankai Trough (Kastner et al., 1993) and Ulleung Basin (Park
et al., 2008). In China, several geophysical and geochemical
explorations of gas hydrate have been carried out on the
northern slope of the South China Sea (SCS) since the 1990s
(Zhang et al., 2002; Wu et al., 2004; Jiang et al., 2008; Wu et al.,
2011; Zhang et al., 2012; Zhang et al., 2015; Jin et al., 2020; Wang
etal., 2021). Numerous data from piston cores and drill sites have
been accumulated, which allows us to make a regional
comparison of hydrate distribution. The existence of gas
hydrate in the northern SCS has been confirmed by geological,
geophysical, and geochemical evidence including the occurrence
of well-developed BSRs, methane-derived carbonate and shallow
SMTZ depth (Liu et al., 2006; Song et al., 2007; Wang et al., 2011;
Wu et al., 2011; Li et al,, 2012; Li et al., 2015; Zhang et al., 2015;
Chen et al, 2016; Jin et al., 2020). During the Sino-German
Cooperative Project in early 2004, methane seepages in the SCS
were verified for the first time by the discovery of Jiulong Methane
Reef (Han et al, 2008). Three years later, natural gas hydrate
samples were first recovered in a gas hydrate drilling expedition
(GMGS1) which was initiated by Guangzhou Marine Geological
Survey in the Shenhu area, northern SCS (Zhang et al., 2007; Wu
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et al., 2011). In 2013, GMGS2 was conducted in the east of Pearl
River Mouth Basin of SCS, and massive gas hydrates were
successfully recovered (Zhang et al., 2015). Recently, several
visible gas hydrates were recovered in the Shenhu area again
during the expedition GMGS3, which further constrain the gas
hydrate reserves of the SCS (Yang et al., 2015). In 2016, GMGS4
was conducted in Shenhu area, and the new gas hydrates were
found (Yang et al,, 2017). In 2018, GMGS5 was conducted in
QiongDongNan area of SCS, and massive gas hydrates were
sampled (Ye et al,, 2019).

Based on previous gas hydrate research, we correlate
comprehensive geochemical indicators, the gradients of sulfate,
calcium plus magnesium, and iodide, to the occurrence of
underlying gas hydrate in marine sediments. The approach is
based on the influence of the occurrence of gas hydrate on the
geochemical characteristics of shallow pore water and was tested
by correlating the collective gradients to known areas of gas
hydrate. This result is compared with the hydrate detection
results of GMGS1 and GMGS3. Based on this geochemical
criterion, we also predict another promising area for future gas
hydrate exploration in the northern SCS through the geographic
information system. We believe that this research will benefit the

future exploration of gas hydrate and will arouse a lot of interest
from other researchers.

2 GEOLOGICAL SETTING AND METHODS

The South China Sea, tectonically controlled by interactions of
Eurasian Plate, Pacific Plate, and Indo-Australian Plate, is one
of the largest marginal basins in the western Pacific Ocean (Li,
et al.,, 2012; Wang et al., 2013). A series of sedimentary basins
(e.g., the Taixinan Basin, the Pear] River Mouth Basin, and the
Qiongdongnan Basin) in the northern SCS are filled with
Mesozoic and Cenozoic sediments, whose largest thickness
is over 10 km. The thick sediments provide ideal methane
sources for gas hydrate formation (Lidmann and Wong,
1999). Moreover, the northern slope of the SCS has a water
depth of 200~3400 m and a bottom water temperature of 2~5
°C, these temperature and pressure conditions are suitable for
gas hydrate formation (Yao, 2001).

The study region, the Shenhu area, is situated in the middle
of the northern slope of SCS (between the Xisha Trough and
the Dongsha Islands) (Figure 1). In this area, quantities of
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deepwater sedimentary fan have developed since Neogene,
with average sedimentation rates of 110, 38, 27 m Ma™' for
Pleistocene, Pliocene, Miocene respectively (Wuetal., 2011). A
series of high-angle faults and vertical fracture systems cut the
sedimentary section since Pliocene. A series of central diapiric
areas such as gas chimneys are well developed in the Shenhu
area, providing favorable geological environments and
structures for gas hydrate formation (Liidmann et al., 2001;
Wu et al., 2004). High-resolution seismic investigations show
that most of BSRs are 150-350 m below the seafloor (Wu et al.,
2013). In order to detect the occurrences and determine the
distribution of gas hydrates, some surveys have been
carried out by Guangzhou Marine Geological Survey since
the 1990s. Hundreds of piston cores were recovered by
research vessels of the Guangzhou Marine Geological Survey
in recent years.

All the geochemical data were measured at the state key
laboratory for mineral deposits research, Nanjing University.
The anions and cations of pore water except iodide were
measured by an ion chromatography (Metrohm 790-1,
Metrosep A Supp 4-250/Metrosep C 2-150). Anions were
eluted by 1.8 mM Na,CO; + 1.7 mM NaHCOs;. For cation

system, ions were eluted by 4 mM dihydroxysuccinic acid +
0.75 mM pyridinedicarboxylic acid. In both systems, the flow rate
of eluent was set at 1.0 mL/min, and the relative standard
deviation of the measurement results was less than 3%. Iodide
was measured using an inductive couple plasma mass
spectrometry (ICP-MS) (Element II, ThermoFisher), and the
analytical precisions were estimated to be <2%. Samples for
iodide measurement was prepared by diluting in 1% aqua
ammonia with 10 ppb of Rh as an internal standard.

The gradients of indicators are calculated by least-squares
fitting, generating a correlation coefficient (r*) used to access
the linearity of geochemical profiles. Detailed data of core
sites are shown in Table 1. The r’ value ranges from 0-1,
which represents a strong correlation at value 1, a decoupling
correlation at value 0. Both the gradient and corresponding r*
values are mapped over the study area using Surfer® software.

3 RESULTS

We analyzed 246 pore water samples from 23 piston cores in
Shenhu area (Figure 1). Due to the space limitation and since the
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FIGURE 5 | Profiles of sulfate (A) and calcium (B) with depth in gas hydrate-bearing areas worldwide. Data are selected from Hydrate Ridge (HR) (Milkov et al.,
2008; Torres et al., 2004), Blake Ridge (BR) (Borowski et al., 1996; Rodriguez et al., 2000; Dickens, 2001), Nankai Trough (NT) (Kastner et al., 1993; Newberry et al.,
2004), Peru Margin (PM) (Kastner et al., 1990; Kvenvolden and Kastner, 1990), North Cascadia (NC) (Lu et al., 2008), Gulf of Mexico (GOM) (Aharon and Fu, 2000), Costa
Rica (CR) (Teichert et al., 2009), South China Sea (SCS) (Wu et al., 2011; Ye et al., 2016) and Ulleung Basin (UB) (Kim et al., 2007; Kim et al., 2011).

gradient redox is what we mainly discuss, in this paper we only
show the gradient and r* calculated from sulfate, iodide and
calcium plus magnesium concentration profiles (Table 1).

The downward concentration gradients of sulfate, calcium
plus magnesium ions and iodide vary from -0.2 to -3.72, from
0.94 to -3.15 and from 0.13 to 11.3, respectively.

HS428PC has the steepest decreasing gradient of sulfate and
the steepest increasing gradient of iodide. HS251PC has the
lowest sulfate decreasing gradient and HS60PC has the lowest
iodide increasing gradient. For calcium plus magnesium, the
downward gradient values exhibit both negative and positive.
The highest downward increasing gradient of calcium plus
magnesium occurs in HS08-6PC and the highest downward
decreasing gradient is in HS296PC. Almost all the sites with
relatively high absolute gradient values have the r* values
close to 1.

The absolute values of sulfate and iodide downward gradient
have a positive relationship, which means that when sulfate
decreasing trend is steeper, the iodide has a steeper increasing
trend. The calcium plus magnesium concentration gradient is
more complicated, but in general, the absolute values exhibit a
positive relationship with sulfate and iodide.

The sites with highest absolute gradient values of sulfate,
iodide or authigenic carbonate intensity [i.e., the depletion of
(Ca®) + (Mg®")] are invariably distributed in the northeast
region of the study area (in red circles from Figure 2A,
Figure 3A and Figure 4A) where the r* values are also high.
The absolute gradient values gradually decrease from the
northeast corner to the rest of the study area, with most of
study area showing low absolute values except the northeast
region. In addition, it has to be noticed that high r* values
also exist in other regions except for the northeast area.
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4 DISCUSSION

4.1 Geochemical Anomalies Associated

With Gas Hydrate

4.1.1 AOM Process

In the gas hydrate-bearing areas, AOM is usually strong due to the
enrichment of methane. Methane flux from below causes a
significant portion of the interstitial sulfate pool to be consumed
through AOM and deplete sulfate more rapidly than OSR alone
(Borowski et al., 1996; Borowski et al., 2000). Under the correct
condition, intense AOM can result in the linear depletion of sulfate,
while OSR leads to a convex curve of the sulfate gradient. (Borowski
et al., 1996; Niewohner et al., 1998; Dickens, 2001; Joye et al., 2004).
Thus, under the condition where AOM is intense due to the upward
methane flux from below in the methane seepage area of the gas
hydrate zone, the curve of sulfate gradient is impacted mainly by
AOM rather than OSR. As shown in Figure 5A, the rapid
consumption of sulfate with depth is common in gas hydrate-
bearing sites all over the world. Despite the general downtrend,
there are some differences in sulfate gradients among different
regions due to the various tectonic and sedimentary
environments. For the same region, larger methane flux usually
leads to steeper sulfate gradients, as clearly shown in Figure 5A. For
example, in Black Ridge, the methane flux of Site 995 is larger than
Site 991, and the sulfate gradient of Site 995 is steeper. A similar
situation occurs in Hydrate Ridge where the sulfate gradient of Site
1,251 is steeper than that of Site 1,244 perhaps due to the larger
methane flux of Site 1,251.

Shenhu Gas-Hydratebearing Zones: Geochemistry Study

Increased consumption of sulfate through AOM also can result
in increases in alkalinity near the SMTZ, producing a diagenetic
environment beneficial to the precipitation of dissolved calcium
and magnesium to form authigenic carbonate cement:

For dolomite : Ca** + Mg** + 4HCO; — CaMg(COs3), + 2CO; + 2H,0.
(3-1)

For calcite : Ca*" + 2HCO; — CaCO; + CO, + H,0. (3-2)

Concentrations of calcium and magnesium ions usually
decrease with depth (Raiswell, 1988; Blair and Aller, 1995;
Rodriguez et al, 2000; Tong et al, 2013). As the result of
authigenic carbonate precipitation, Ca®* exhibits a similar
downward trend to that of sulfate in these gas hydrate-bearing
sites (Figure 5B). The concentrations of calcium and magnesium
ions decrease as the alkalinity rises with depth. The alkalinity
often reaches its maximum in the SMTZ, as exemplified in both
Blake Ridge and Hydrate Ridge (Figure 5B). It shows that AOM
has a great effect on calcium and magnesium ions. Consequently,
strong authigenic carbonate precipitation could occur in the gas
hydrate-bearing areas.

4.1.2 Decomposition of Organic Matter

The gas source that is necessary for hydrate formation,
thermogenic or biogenic, ultimately originates from the
decomposition of organic matter (Kvenvolden and
McMenamin, 1980; Kvenvolden, 1998; Clennell et al., 1999;
Wallmann et al., 2006). Biophilic elements such as iodine are

TABLE 1 | The detailed data of core sites, which are used to draw contour maps.

Core BSR Water Sulfate P Ca+ ? lodide ?
site present? Depth gradient value Mg value gradient value

(mM/m) gradient (HM/m)

(mM/m)

HS23PC Yes 1301 -2.79 0.92 -0.49 0.78 6.98 0.98
HS57PC Yes 2930 -0.31 0.91 -0.20 0.35 0.18 0.81
60PC Yes 2314 -0.92 0.8 0.30 0.73 0.13 0.38
HS217PC Yes 1204 -1.85 0.75 -0.18 0.71 10.08 0.89
HS219PC Yes 1266 -1.62 0.82 -2.68 0.54 5.17 0.99
HS243PC Yes 2072 -0.69 0.65 -0.85 0.36 1.75 0.13
HS247PC Yes 2505 -0.66 0.49 -0.69 0.24 1.07 0.96
HS251PC Yes 2282 -0.2 0.37 -0.18 0.52 0.54 0.12
HS253PC Yes 2453 -0.53 0.69 -1.81 0.06 0.78 0.94
HS260PC Yes 2794 -0.22 0.55 -1.25 0.29 0.31 0.25
HS296PC Yes 1094 -1.77 0.72 -3.15 0.04 8.29 0.99
HS359PC Yes 940 -2.56 0.77 -1.88 0.67 10.35 0.93
HS08-5PC Yes 2140 -0.58 0.99 0.71 0.06 0.84 0.95
HS08-6PC Yes 2385 -0.53 0.9 0.94 0.46 0.5 0.88
HS08-7PC Yes 2660 -0.65 0.98 -1.48 0.01 0.93 0.99
HS08- Yes 3320 -0.39 0.83 0.54 0.01 0.43 0.88
14PC
HS389PC No 1380 -1.48 0.83 -1.64 0.01 3.17 0.62
HS396PC No 1210 -2.76 0.94 -1.62 0.78 10.75 0.93
HS412PC No 740 -2.65 0.91 -2.85 0.67 8.23 0.94
HS428PC No 766 -3.72 0.98 -2.12 0.27 11.3 0.99
HS446PC No 710 -2.47 0.75 -1.11 0.4 3.04 0.19
HS08-8PC No 1960 -0.36 0.87 -1.76 0.34 0.38 0.79
HS08- No 2178 -0.63 0.98 -1.02 0.16 0.8 0.99
11PC
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FIGURE 6 | Profile of iodide concentration with depth in pore water worldwide. Data are selected from Nankai Trough (NK) (Fehn et al., 2003; Muramatsu et al.,
2007), Hydrate Ridge (HR) (Torres et al., 2004; Fehn et al., 2005; Lu et al., 2008), Blake Ridge (BR) (Egeberg and Dickens, 1999), South China Sea (SCS) (Yang et al.,
2010) and Peru Margin (PM) (Martin et al., 1993).

also released in the process of organic matter decomposition,
contributing dissolved iodide (I') to pore waters:

2CH,O0(I"), — CO, + CH, + 2kI". (4)

Where k represents the molar fraction of iodide in organic matter.
Within sulfate reduction zone, the organic matters are reduced
by sulfate, and also release the iodide:

2CH,0(I"), + SO;” — H,S + 2HCO; + 2kI". (5)

Where « also represents the molar fraction of iodide in organic
matter. High iodide gradient implies a high organic matter
decomposition rate, no matter in gas source region below
SMTZ or sulfate reduction zone, which will cause a high
reaction rate of both methanogenesis and OSR. Therefore,
high methane flux can still be indicated by high iodide

gradient although the OSR rate can be high. In addition, the
iodide migrates from gas source can elevate the iodide gradient to
several magnitude high (e.g., HS428PC relative to 60PC), which is
much more significant than the iodide released from OSR.

As a result, iodide exhibits abnormally high concentration in
gas hydrate-bearing areas (Kastner et al., 1993; Martin et al., 1993;
Egeberg and Dickens, 1999; Fehn et al., 2003; Fehn et al., 2006;
Yang et al,, 2010). As shown in Figure 6 in gas hydrate-bearing
areas, the iodide concentration of pore water ([I']porewater)
increases to several hundred times that of the seawater value
([T']seawater)- There is also a regional variation in iodide gradient
because the types and activity of organic matter that have a
regional difference could affect the process of decomposition. The
organic matter of large activity is liable to decomposition.It is
noteworthy that the abnormally high concentration of iodide is
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FIGURE 7 | The definition of the gradients of sulfate, Mgz*+Ca2*, and iodide. For all these indicators, the gradient of line A is larger than that of line B.
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FIGURE 8| Alteration of depth to the sulfate-methane transition zone (SMTZ) by various processes such as irrigation, bioturbation, and submarine sediment slides.
Note that the SMTZ depth of A is shallower than that of B and possesses a different gradient.

not only supplied by the decomposition of local organic matter
but may also be influenced by other sources (Fehn et al., 2006; Lu
etal., 2008). Fehn et al. (2006) proposed that a large fraction of the
iodine is derived from another source that was located to the east
(40 km) of Hydrate Ridge through the iodine isotopic dating of
pore water. Because of the similar diffusion coefficients between
iodide and methane, external fluids from organic matter
decomposition simultaneously transport iodine and methane
to this site, which promotes the gas hydrate formation by
offering a major fraction of methane in the Oregon Hydrate
Ridge. To conclude, the high concentration of iodide would
reflect massive organic matter decomposition, no matter from
internal or external sources, which is helpful to the formation of
gas hydrate.

4.2 Definition of Anomaly Indicators

In gas hydrate-bearing areas, the upward methane flux usually
exists due to the more likely methane seepage, which may lead to
steep sulfate gradients and carbonate precipitation. What’s more,
the enrichment of iodide may also indicate the existence of the
regional methane source because the iodine and methane may be
derived from the same source. Accordingly, we use three pore-
water geochemical indicators — sulfate gradients, calcium plus
magnesium gradients (a proxy for authigenic carbonate
formation), and iodide gradient to recognize potential gas
hydrate occurrence in underlying sediments. In each case, the
higher the gradient, the greater the possibility of gas hydrate
formation (Figure 7).

As mentioned above, magnesium and calcium are sensitive to
the flux of methane, and iodine reflects the potentiality of the gas
source. The indicator proposed here has several advantages over
the SMTZ depth proxy. One major shortcoming of using the
SMTZ depth as the indicator for hydrate recognition is that the
SMTZ depth is liable to be altered by environmental factors such

as irrigation, bioturbation, and submarine slide displacement
(Fossing et al, 2000; Zabel and Schulz, 2001; Croguennec
et al., 2016). As shown in Figure 8, the SMTZ of Site A is
shallower than that of Site B, which nevertheless contains an
interfered part. In this case, using the SMTZ depth as the
indicator for hydrate recognition may result in erroneous
results. However, by using the gradient of sulfate as the
indicator, the correct conclusion can be obtained.

4.3 The Contour Maps of three Indicators
and Corresponding r? Value in the Shenhu
Area

We have accumulated sizeable piston-coring data in the study
area during the past decade, which provides us with an ideal
chance to test the robustness of this new criterion. The gradients
of the three indicators (i.e., sulfate, Mg**+Ca**, and iodine) of all
the core sites in the research area are presented in the form of
contour maps. For each indicator, the r* values are also given in
the corresponding contour map to characterize the shape and
linearity of the concentration profile and further assess its
relationship to AOM and underlying gas hydrate. The
distribution of BSRs on contour maps is acquired from
Guangzhou Marine Geological Survey reports.

4.3.1 Sulfate Gradient

Mapping results of sulfate gradients are shown in Figure 2A.
In Figure 2A, the lighter the color is, the larger the sulfate
gradient is (see Figure 7 for the definition), which
corresponds to a larger possibility of hydrate existence.
The lightest colors can be found mainly in the northeast of
the study area and are roughly divided into two parts. Both
two parts (red circles) are the most promising areas for gas
hydrate occurrence. The yellow stars and blue stars in
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Figure 2 are drill sites where gas hydrate samples have been
collected in GMGS1 and GMGS3 expedition (yellow
represents GMGS1, blue represents GMGS3), including the
first gas hydrate sample of China, recovered during the
GMGS1 expedition, 2007 (Wu et al, 2013). The yellow
squares and blue squares in Figure 2 represent drill sites
that have no gas hydrate samples recovered. It is shown in
Figure 2A that the stars locate mostly in one of the red circles,
while squares locate mainly out of the red circles. It indicates
that the gradient of the sulfate is related to the occurrence of
gas hydrate to some extent. Corresponding r values of stars
are also high (close to 1) in the contour map of r* (Figure 2B).
The other red circle is the promising area predicted by this
criterion for gas hydrate occurrence and it needs to be tested
by future exploration.

4.3.2 Authigenic Carbonate Precipitation Intensity

The contour map of the intensity of authigenic carbonate
precipitation exhibits a similar result to that of sulfate gradients
(Figure 3A). It also suggests that the northeastern part of the study
area, which however could be roughly divided into three small
parts, is the most promising area of gas hydrate occurrence. The
stars are located in the middle red circle, which is coherent with the
mapping result of the criterion. Also, the other two red circles are

promising areas for gas hydrate occurrence. In Figure 3B, the
corresponding r* values in the red circles are high (close to 1),
which ensures the reliability of the gradient estimation.

4.3.3 lodide Gradient

As for iodide, in the contour map (Figure 4), the lighter (white
area) the color is, the larger the gradient is. In Figure 4A, two
promising areas (red circles) for gas hydrate occurrence are
identified. For the third time, the stars are located in one of
the red circles, which is again coherent with the mapping result of
the criterion. The other circle is a promising area for the existence
of gas hydrate. The r* values in the red circles are also close to 1,
which again supports the reliability of the gradient values.

4.4 The Correlation of Anomaly Indicators

Through the correlation diagrams of authigenic carbonate
precipitation intensity, sulfate, and iodine gradients of the study
area, there is some correlation among them (Figure 9). It suggests
that all of them are controlled by similar factors, ie., the
decomposition of organic matter and methane production. On
the one hand, the organic matter fermentation and disintegration
(both biological and thermal decomposition) could release
methane and iodide, so the increase in methane and iodide are
coupled to some degree. On the other hand, an increased flux of
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methane would strengthen the AOM process, which fuels the
sulfate reduction and the precipitation of calcium and magnesium.
Thus, we propose that these three indicators could be used together
as powerful tools in the exploration of gas hydrates.

5 CONCLUSION

We investigated the concentration profiles of sulfate, calcium,
magnesium and jodide in pore water from worldwide main gas
hydrate-bearing sites. Each kind of ion has a similar trend in
different sites, but shows different downward gradients.

The gradients of sulfate concentration, calcium plus
magnesium  concentration and  authigenic  carbonate
precipitation intensity can indicate the rate of AOM, which is
mainly influenced by the flux of methane. Iodide concentration is
strongly affected by the decomposition of organic matter from gas
source, and can indicate the methane flux from below or other
sources. Thus, the higher the values of these indicators are, the
more likely gas hydrate exists in the deep. Also, in some cases
where irrigation, bioturbation or submarine slide displacement
occurs, the depth of SMTZ is not accurate to indicate the flux of
methane, and the sulfate gradient can be a more accurate one.

According to the response of pore water composition in
shallow sediment to the high flux of methane in gas hydrate-
bearing areas, we proposed that the gradients of sulfate,
authigenic carbonate precipitation, and iodide together could
be comprehensively employed as the indicators in the
exploration of gas hydrate. These indicators were applied to
the Shenhu area, SCS, and the results were presented in the
form of contour maps. Satisfactory, the most promising area for
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