:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 28 April 2022
doi: 10.3389/feart.2022.880933

OPEN ACCESS

Edited by:

Wei Zhang,

Guangzhou Marine Geological Survey,
China

Reviewed by:

Jiapeng Jin,

Qingdao National Laboratory for
Marine Science and Technology,
China

Michael Riedel,

Helmholtz Association of German
Research Centres (HZ), Germany
Jinxiu Yang,

China University of Petroleum, China
Chao Fu,

China National Offshore Oil
Corporation, China

*Correspondence:
Yuhong Lei
leiyh@mail.iggcas.ac.cn

Specialty section:

This article was submitted to
Marine Geoscience,

a section of the journal
Frontiers in Earth Science

Received: 22 February 2022
Accepted: 06 April 2022
Published: 28 April 2022

Citation:

Song Y, Lei Y, Zhang L, Cheng M, Li C
and Liu N (2022) Spatial-Temporal
Evolution of the Gas Hydrate Stability
Zone and Accumulation Patterns of
Double BSRs Formation in the
Shenhu Area.

Front. Earth Sci. 10:880933.

doi: 10.3389/feart.2022.880933

®

Check for
updates

Spatial-Temporal Evolution of the Gas
Hydrate Stability Zone and
Accumulation Patterns of Double
BSRs Formation in the Shenhu Area

Yingrui Song %%, Yuhong Lei"?*, Likuan Zhang "2, Ming Cheng "%, Chao Li"? and Naigui Liu "2

"Key Laboratory of Petroleum Resources Research, Institute of Geology and Geophysics, Chinese Academy of Sciences, Bejing,
China, Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijiing, China, *University of Chinese Academy of
Sciences, Beijjing, China

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).
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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; ETOPO1 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

GHSZ Spatial-Temporal Evolution in Shenhu

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., 2020Db),
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)" = Py ] x 10° S
rg

(4)

®)

T —273.15) - (T; - 273.15
L )~ 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

GHSZ Spatial-Temporal Evolution in Shenhu

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 Pearl 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).

Frontiers in Earth Science | www.frontiersin.org

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

A B |
[®) 12 B 7 200 Paleocene| ‘;Z‘::n:m [ oligocene | MEZ';Z“ Inmlﬁ\u: . .
~ ~ qionghai
8 10 100 o =="wanshan
= & || yuehai
= L = | hahi
Z 8 0z 22 s
o 6 F [¢] v zhuhai
g W-1008 = —
ﬁ 4 F : s a 4F | | enping
5 -2002 o
- 2 e a
< Q
B -300 S, 6r wenchang
e0r 5
Sa2F . -400’5 u
= ——— Changesin BWT = 8r shenhu
@-4 | ------ Changesinrelative sealevel|-500 -
25 20 15 10 S 0 0
c Age(Ma) D
A
054.6 /

[O]site

Bottom water temperature data('C)

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., 2020Db).
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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

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

In(T, - 274.4789) = —0.7485 x (In D — 2.0339)
T, = 276.6789

T, = ~8.7946 In(D x 1000) + 337.4369
{ ™
where T is the present BWT, K.

Lear et al. (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 (Tjp) 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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temperature, pressure and other conditions (taking site SH7 as an example).

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 T}, 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% CH,4+0.5% C,Hg+1.5% C3Hsg, 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%0, 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.
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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 0.55 Ma 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—agravity, 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.
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