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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.
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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

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
(Lüdmann 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 (5.02 Ma), T2
(10.5 Ma), T3 (16.5 Ma), T4 (23.3 Ma), T5 (28.0 Ma), T6
(35.4), and Tg (56.5 Ma), 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 andW2 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 25m 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 km2 (Lu et al., 2017; Li et al., 2022). To study the properties of gas
hydrate accumulation and distribution, 100 km2 3D seismic data

FIGURE 1 | (A) The location of Zhongjiannan basin is to the south of Qiongdongnan basin, the northern slope of South China Sea. (B) The water depth of seafloor
interpreted from 3D seismic data showing the pockmarks and different types of BSRs. The white break line represents the pockmarks identified along with horizon T1.
The black rectangle marks the location of the reprocessed 3D seismic data boundary. (C) The variance slice along the seabed showing the pockmarks. The red break line
represents the pockmarks identified along with the horizon seabed.
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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 T0, 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 50ms 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-frequencymodel
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

FIGURE 2 | Schematic stratigraphic sequences in the Zhongjiannan basin and the main seismic horizons (modifed after Xie et al., 2006; Lu et al., 2017).
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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

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).
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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 100 m to 2 km. 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

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
the estimated gas hydrate saturation using amodel with 100% calcite, showing the distribution 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.
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from T1 to T4, and the maximum displacement values range
from several meters to over 100 m seen from the coherence
attribute. The polygonal faults are found in the middle of the
platform and southeast parts of the study area and rarely
developed in the west part, showing the irregular polygonal

map geometry (Figures 5, 6). A high density of polygonal
faults is encountered in the platform and slope region. The
polygonal faults are orthogonally linked to the adjacent
tectonic faults (Figure 5). The seismic section represents
discontinuous and sinuous seismic events in the polygonal

FIGURE 5 | (A)–(D) The time slices of the coherence attribute along horizons T0, 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.
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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

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.
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TABLE 1 | Summary of morphometrics of the studied pockmarks.

Pockmark number Long axis
diameter (km)

Short axis
diameter (km)

Ratio of
long and
short axis

Water depth
range (m)

Maximum depth
of pit
(m)

Shape

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 4.1 3.9 1.05 1400–1620 202 Circle
PM 7 6.3 5.7 1.11 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

FIGURE 7 | (A)Detailedmap 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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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 T1
layer, which have continuity with the seafloor pockmarks.

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 dotsmark the opened tips of the faults, the degree of maturity refers to the number of ‘open’ versus ‘closed’ or restricted lateral tips.
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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

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
BSRs and high amplitude anomalies (HAAs) have been identified.
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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;

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-c′, and d-d′, respectively, and the seismic characteristics of BSR, faults, and volcanoes have been
indicated at each section.
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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
et al., 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

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 fromT2
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 fluidmigration 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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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
bymagmatic 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.

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
map of horizon Tg showing the lower uplift.
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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 20 m 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.

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
associated free gas.
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