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Gas hydrates have captivated extensive concentration from scholars all over the world as potential alternative
energy sources. In 2017, the Guangzhou Marine Geological Survey (GMGS) carried out a successful gas hydrate
production test in the Shenhu area, which was of considerable significance to the study of gas hydrates in China.
Several studies describing gas chimneys as the primary vertical gas migration pathways in the Shenhu area were
mainly based on two-dimensional (2D) seismic data. In this research, on the basis of high-resolution three-
dimensional (3D) seismic data newly acquired in 2018, combined with well logging data acquired during the
2007 and 2015 expeditions, the contribution of gas chimneys to gas hydrate accumulation was determined. As a
result, four types of gas chimneys with various top shapes were identified, and their internal seismic reflection
characteristics were predominantly chaotic, acoustic blanking, and high-amplitude reflection from bottom to top.
Moreover, thick hydrate layers were discovered above some of the gas chimneys. Further analyses on the hy-
drocarbon generation and tectono-sedimentary evolution in the Baiyun Sag indicated the evolution of gas
chimneys could be divided into five stages. Furthermore, as the primary vertical gas migration pathways in the
Shenhu area, gas chimneys could be sourced from the Wenchang formation and Enping formation and could
pierce into the Quaternary gas hydrate reservoirs. This resulted in deep thermogenic gas directly migrating
upward into the gas hydrate stability zone (GHSZ) and accumulating into thick hydrate layers on or above the
top of gas chimneys.

1. Introduction

Gas hydrates are ice-like solid compounds compounded by the
combination of water and gas, such as methane and ethane, at high-
pressure and low temperatures conditions. They usually exist in
offshore and onshore permafrost environments, marine sediments, and
subglacial settings (Collett, 1993, 2002; Kvenvolden, 1993; Portnov
et al., 2016; Ruppel and Kessler, 2017; Sloan Jr and Koh, 2008). These
hydrates may contain the vast majority of methane in the world and
account for nearly one-third of the globe’s mobile organic carbon con-
tent (Beaudoin et al., 2014). The estimation of the entire volume of gas
hydrates resources is nearly 3000 trillion cubic meters (TCM) (Boswell
and Collett, 2011; Milkov, 2004). As a result, gas hydrates have attracted

the concentration of numerous countries and regions as a new type of
high potential energy (Chong et al., 2016; Merey, 2016).

Over the past decades, production tests of gas hydrates have been
carried out in Messoyakha (Makogon et al., 2007), Mackenzie Delta
(Kurihara et al., 2005, 2010; Majorowicz et al., 2012; Majorowicz and
Osadetz, 2001), Alaska North Slope (Anderson et al., 2011; Collett et al.,
2008; Hunter et al., 2011), Nankai Trough (Hamamoto et al., 2011; Jia
et al., 2017; Miyakawa et al., 2014; Sun et al., 2016), and Shenhu area
(Li et al., 2016, 2018; Wu and Wang, 2018). Through these in-
vestigations, it was found that gas hydrate accumulation is controlled by
various factors, such as gas hydrate stability conditions, gas source,
water, gas migration, reservoirs, and timing (Collett et al., 2009).
Among these factors, gas migration pathways are critical links in
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Fig. 1. Location of the study area (red rectangle) in the PRMB (black dashed lines), northern SCS (insert). PRMB: Pearl River Mouth Basin. SCS: South China Sea.

characterizing the fluid flow and gas hydrate accumulation and should
be extensively studied. Methane required for gas hydrate accumulation
can be originated from thermogenic and microbial origins and trans-
ported into the GHSZ (Collett et al., 2009; Milkov et al., 2005; Pohlman
et al.,, 2009; Riedel et al., 2010). Many laboratory and field studies
showed gas migration pathways were associated with fluid diapirs (Lei
etal., 2011; Wang et al., 2004; Xie et al., 1999b), mud diapirs (Behrens,
1984; Hsu et al., 2017; Van Rensbergen et al., 1999; Wang and Huang,
2008), magma diapirs and igneous bodies (Cartwright et al., 2007;
Schofield and Jolley, 2013; Sun et al., 2014), salt diapirs (Haines et al.,
2017; Trusheim, 1960), fault systems (Inks et al., 2009) and gas chim-
neys (Chen et al., 2013; Choi et al., 2013; Hutchinson et al., 2009; Su
et al., 2014, 2016, 2017; Sun et al., 2012, 2017; Wang et al., 2011).
Among those analyses, gas chimneys as vertical gas migration pathways
performed a critical role in gas hydrate accumulation in the marine
environments.

The Baiyun Sag in the Pearl River Mouth Basin (PRMB) has become a
principal hotspot for deep-water oil and gas exploration in the northern
South China Sea (SCS) in recent years. Furthermore, the Shenhu area,
located in the Baiyun Sag, has become the frontier of the studies on
marine gas hydrate in China (Pang et al., 2009; Tian et al., 2019; Wang
et al., 2014a). The GMGS has conducted several gas hydrate expeditions
in the northern SCS in recent years, including 8 sites drilled in 2007
(GMGS1), 19 sites drilled in 2015 (GMGS3), and 11 sites drilled in 2016
(GMGS4) in the Shenhu area (Yang et al., 2017b, 2017c¢, 2017d). During
these expeditions, GMGS has acquired a large number of cores, well
logging data, and 2D and 3D seismic datasets. Also, gas hydrate

production tests have been conducting in this regard from May to July in
2017, which have attracted the research interests of many scholars (Li
etal., 2018; Liang et al., 2017; Wu and Wang, 2018). Many studies have
also been carried out to determine the gas hydrate accumulation
mechanism in the Shenhu area in recent years (Su et al., 2017; Wan
etal., 2017; Zhang et al., 2018). Among them, the gas samples collected
from hydrate-bearing zones during GMGS1 were interpreted to be of
microbial origin. The carbon isotope of methane (613C1) was between
—60.9%o and —56.7%o, and the hydrogen isotope of methane (8D) ranged
from —199%o to —191%o. This indicated that the methane was created
from the microbial reduction of CO2 (Zhu et al., 2013). Subsequently,
samples of gas hydrate dissociation obtained from site W19 during
GMGS3 suggested that gas was of mixed thermogenic and microbial
origins. The 5!3C; and 8D values of pressure cores taken from site SC-01
in the Shenhu area during GMGS4 were between —50.9%0 and —46.46%o
and —177.69%o0 to —148.9%o, respectively. This showed that methane
from the gas hydrate was dominated by thermogenic origins (Wei et al.,
2018; Zhang et al., 2017). Increasing pieces of evidence showed that
thermogenic gas was a significant source of methane for gas hydrates in
the Shenhu area.

On the basis of seismic data, Chen et al. (2013) identified gas
chimneys, mud diapirs, and active faults as the three primary types of
fluid flow systems in the Shenhu area. Among them, gas chimneys were
significant fluid migration pathways for gas hydrate accumulation.
Their genesis might have been related to the overpressured fluid release
triggered by the Dongsha Event, which was largely influenced by the
subduction and collision of the SCS towards the Philippine Sea plate (Xie
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Fig. 2. Simplified chronological, stratigraphic, and tectonic columns in the PRMB (modified from Shi et al., 2014; Xie et al., 2013; Zhao et al., 2018). The sea-level
curve was obtained from Pang et al. (2008) and Kong et al. (2018). Moreover, the ages of the sequence boundary were derived from He et al. (2017).

et al., 2017; Zhao et al., 2012). Through the analysis of the seismic data,
Yang et al. (2015) and Su et al. (2016) reported that there were many
small faults between the base of the gas hydrate stability zone (BGHSZ)
and the head of gas chimneys, which could transport fluids upward into
the GHSZ. Su et al. (2017) recognized vertical and lateral gas migration
pathways. The vertical one included gas chimneys, mud diapirs, and
large-scale faults, while the lateral one included detachment faults,
normal faults, and permeable sediments. These studies suggested that
gas from deeper sediments might have been transported upward by
vertical pathways, then migrated laterally through normal faults.
However, the detachment faults were most likely to act as gas escape
pathways. Gas chimneys, normal faults, and polygonal faults were
observed based on 3D seismic data. The release of overpressured fluids
might have formed gas chimneys (Yang et al., 2017a). By comparing the

fluid migration pathways between the GMGS1 and GMGS3 drilling
areas, Zhang et al. (2018) reported that large-scale faults and mud di-
apirs might have transported the thermogenic gas upward into the
GHSZ. These studies have shown that vertical gas migration pathways
have performed a vital role in gas hydrate accumulation in the Shenhu
area. They are also essential conduits for deep thermogenic and shallow
microbial gas to transport into the GHSZ. However, the types of vertical
gas migration pathways, genetic mechanisms, and specific effects on gas
hydrate accumulation are required to be further studied.

In our work, high-resolution 3D seismic data newly obtained in 2018
and well logging data from GMGS1 and GMGS3 were utilized to char-
acterize the gas chimneys and their implications on gas hydrate accu-
mulation in the Shenhu area. The characterization of various types of gas
chimneys was summarized, and their genetic mechanisms to
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Fig. 3. Multi-beam map of the seafloor and the locations of gas hydrate drilling sites in the study area (modified from Jin et al., 2020; Wei et al., 2018; Yang et al.,
2017b; Yang et al., 2017¢; Yang et al., 2017d; Zhang et al., 2018; Zhang et al., 2020; Zhang et al., 2017). The distribution of BSR, gas chimneys, and diapiric
structures were illustrated in the map. The map also shows the locations of gas chimneys C1 to C9. BSR: Bottom-Simulating Reflector.

subsequently determine the influence of different types of gas chimneys
on gas hydrate accumulation were investigated. Finally, a geological
model of gas hydrate accumulation was proposed.

2. Geological setting

The PRMB is the largest Cenozoic petroliferous basin in the northern
SCS (Fig. 1), covering an area of about 19.38 x 10* kmz, which is located
in the continental shelf to slope areas (He et al., 2017). The basin has
undergone several tectonic events since the Cenozoic and has developed

a series of fault systems and diapiric structures (Sun et al., 2008; Wang
et al., 2006). Moreover, the basin has experienced 3 stages of the
geological evolution: pre-rifting stage (pre-Cenozoic), syn-rifting stage
(Eocene), and post-rifting stage (Oligocene to present) (Fig. 2) (He et al.,
2017; Li et al., 2014). The Wenchang formation and Enping formation,
the primary hydrocarbon sources in the PRMB, are mostly
coarse-grained braided deltaic and lacustrine facies developed through
the syn-rifting stage. The post-rifting stage consists of the Zhuhai, Zhu-
jiang, Hanjiang, Yuehai, Wanshan formations, and Quaternary strata
from bottom to top. Among them, the Hanjiang formation and Yuehai
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Fig. 4. Characteristics of gas chimneys C1 and C2. (A) Gas chimneys C1 and C2 on the seismic profile. (B and C) Internal reflection characteristics of gas chimney C1.
(D and E) Internal reflection characteristics of gas chimney C2. See Fig. 3 for the location of Fig. 4A. The black dashed rectangles show the positions of Fig. 4B, C, D
and E. The red dashed rectangles show the positions of Figs. 7C and 12A and B. HRZ: High-amplitude reflection zone.
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Fig. 5. Characteristics of gas chimneys C3, C4 and C5. (A and C) Gas chimneys C3, C4 and C5 on the seismic profiles, respectively. (B and D) Gas chimneys C3, C4
and C5 on the instantaneous frequency attribute profiles, respectively. The red dashed rectangles show the positions of Fig. 7B, D, F and 9. The low-frequency zone

represents the gas chimney. See Fig. 3 for the locations of Fig. 5A and C.

formation are shelf, bathyal, and abyssal facies, which can be sources of
microbial gas (He et al., 2017).

This study area was in the Shenhu area and geologically belonged to
the Baiyun Sag, PRMB. Several submarine canyons existed in this area
with an observable change in the seafloor topography (Figs. 1 and 3).
The water depth ranged from 500 to 1700 m in this region, and the
bottom temperature of the seabed was between 3.3 and 3.7 °C (Zhang
et al., 2017). Based on the data acquired during GMGS1, the heat flow
and geothermal gradient values were roughly from 62 to 98 mW,/m? and
44-68 °C/km, respectively. The GHSZ drilled intervals were between 80
and 224 m indicating the geological conditions in this area were
favorable for gas hydrate accumulation (Liang et al., 2014).

3. Data and method

In this research, the newly acquired high-resolution 3D seismic data
in 2018 reached an area of ~800 km? (Fig. 3), while the primary fre-
quency was about 60 Hz. These high-resolution 3D seismic data were
obtained with a bin size of 12.5 m (inline direction) x 6.25 m (crossline
direction) and a sampling interval of 2 ms. The 3D seismic data were
processed for trace editing, bandpass filtering, amplitude preservation,
and pre-stacking depth migration (Zhang et al., 2020). Then, Geoframe®
was employed to interpret seismic data and extract seismic attributes,

including instantaneous frequency and coherence slices. Whereas
instantaneous frequency attributes can be used to identify fluids,
coherence slices are commonly applied to study the spatial distribution
characteristics of lithological anomalies and geological structures.

Numerous wells had been drilled by the GMGS in the Shenhu area,
providing the basic borehole dataset to study gas hydrates. In this study,
natural gamma-ray (GR) logging and resistivity (RES) logging data,
acquired by the logging while drilling (LWD) operation during GMGS1
and GMGS3, were used for four sites to characterize the gas chimneys
and their implications on gas hydrates.

10 horizons were traced based on the well-to-seismic ties to build the
sequence stratigraphic framework in this study (He et al., 2017; Huang
etal., 2018; Shi et al., 2014). Gas chimneys with various top shapes were
then identified and characterized on the seismic profiles (i.e., instanta-
neous frequency attribute profiles) (Coren et al., 2001). Moreover,
coherence slices of several horizons were also applied to analyze the gas
chimneys (Yang et al., 2017a), and their genesis mechanism was
determined. Finally, the impacts of the various types of gas chimneys on
gas hydrates accumulation were analyzed, and an accumulation model
for gas hydrates was proposed.
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Fig. 6. Characteristics of gas chimneys C6 and C7. (A and B) Coherence slices of horizon T30 and T32, respectively. (C) Gas chimneys C6 and C7 on the seismic
profile, respectively. See Fig. 3 for the location of Fig. 6C. BSRs: Bottom-Simulating Reflectors.

4. Results
4.1. Geophysical recognition of gas chimneys based on seismic data

4.1.1. Seismic interpretation

On the basis of 2D and lower resolution 3D seismic data, gas
migration pathways in the Shenhu area have been characterized previ-
ously (Chen et al., 2013; Su et al., 2014, 2016, 2017; Yang et al., 2015,
2017a). Numerous vertical blanking zones were recognized on the
seismic profiles, which were considered as gas chimneys (Petersen et al.,
2010; Zithlsdorff and Spief3, 2004). In the study area, high-resolution 3D
seismic data were employed to characterize gas chimneys. Gas chimneys

C1 and C2 were readily identified from the seismic profile (Fig. 4). C1
and C2 are long columnar-shaped with acoustic blanking zones and
high-amplitude reflection zones (HRZ) (Fig. 4A and B). The HRZ at the
top of the gas chimney might have been formed by free gas accumulation
(Chen et al., 2013; Qian et al., 2018; Wang et al., 2014a; Yang et al.,
2015). Also, there were Bottom-Simulating Reflectors (BSRs) above the
HRZ, which was a high-amplitude reflection interface caused by the
difference in velocity when seismic waves propagate through the
hydrate-bearing layer and the low-speed gas-bearing or water-bearing
layer existing below it (Boswell et al., 2016; Portnov et al., 2020). In
this research, the BSRs showed good correspondences with gas chimney.
In the upper part of gas chimneys C1 and C2, “pull-down” seismic
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Primary parameters of gas chimneys C1 to C9. See Fig. 3 for the locations of gas chimneys. HRZ: High-amplitude reflection zone.

Gas Seismic reflection characteristics Top shapes Origin strata Top terminal
chimney Internal reflection (from bottom to top) Continuity Other strata
anomalies
Cl Chaotic reflection zone, acoustic blanking zone, and ~ Rather Slight Capsule-shaped Zhuhai formation Quaternary strata
HRZ continuous “pull-down”
Cc2 Rather “pull-down” Dome-shaped Zhujiang formation Wanshan
continuous formation
Cc3 Large chaotic reflection zone, acoustic blanking Poorly / Corolla-shaped Wenchang-Enping Wanshan
zone, and HRZ continuous formations formation
C4 Large acoustic blanking zone, and HRZ Poorly / Dome-shaped Zhujiang formation Yuehai formation
continuous
C5 Chaotic reflection zone, acoustic blanking zone and  Rather Slight Mushroom- Wenchang-Enping Quaternary strata
HRZ continuous “pull-down” shaped formations
Cc6 Chaotic reflection zone and HRZ Rather / Dome-shaped Hanjiang formation Wanshan
continuous formation
c7 Chaotic reflection zone, large acoustic blanking Poorly “pull-down™ Mushroom- Wenchang-Enping Quaternary strata
zone, and HRZ continuous shaped formations
Cc8 Acoustic blanking zone, and HRZ Rather “pull-down” Dome-shaped Hanjiang formation Quaternary strata
continuous
Cc9 Chaotic reflection zone, large acoustic blanking Poorly “pull-down” Capsule-shaped Wenchang-Enping Quaternary strata
zone, and HRZ continuous formations

anomalies were clearly observed (Fig. 4C and D). Moreover, a chaotic
reflection zone was identified at the bottom of C2 (Fig. 4E). These
low-amplitude reflectors were useful for identifying gas chimneys.

4.1.2. Instantaneous frequency attribute analysis
The instantaneous frequency attributes show an abnormal lower
frequency zone on the seismic profile if there are focused fluids such as

Amplitude Fault

Fault Horizon Horizon Amplitude

Fig. 7. Gas chimneys with various top shapes and terminal strata. (A) Two stages of activities of gas chimney C3. (B) Gas chimney C4 terminated in the Yuehai
formation. (C) Dome-shaped gas chimney. (D) Corolla-shaped gas chimney. (E) Capsule-shaped gas chimney. (F) Mushroom-shaped gas chimney. Detailed char-
acteristics of different gas chimneys are presented in Table 1. See Figs. 3-5 and 8 for the locations of Fig. 7A-F, respectively.
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Fig. 8. Characteristics of gas chimneys C8 and C9. (A and B) Gas chimneys C8 and C9 on the seismic profiles, respectively. The red dashed rectangles show the

positions of Figs. 7E and 12C and D. See the location of Fig. 8A and B in Fig. 3.

free gas in the sediments, which were used for the identification of gas
chimneys C3 and C5 (Fig. 5). In general, when the sediments contain
free gas and oil, they have a strong attenuation impact on the high-
frequency seismic energy. This will lead to a decrease in the instanta-
neous frequency (Coren et al., 2001; Yang et al., 2015). Gas chimneys in
the study area indicated by the low-frequency zones would present the
instantaneous frequency attribute profiles (Fig. 5B and D). It can be seen
from Fig. 5B and D that the low-frequency zones have a clear consistency

with respect to the locations of the gas chimneys (Fig. 5A and C). This
provided another way to identify the gas chimneys in the study area.

4.1.3. Coherence slices of horizons analysis

A coherence slice is a seismic attribute that describes the lateral
heterogeneity of the strata and lithology by using the variation in the
coherence values of the seismic signals. Free gas inside the body of gas
chimneys causes the seismic signals and sediment properties to be quite
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different from the surrounding sediments and forms the acoustic
blanking zones (Fig. 6). This lays the foundation for identifying the gas
chimneys by coherence slices (Bahorich et al., 1995; Chopra, 2002). The
acoustic blanking zone inside the body of gas chimney C7 in Fig. 6C
could cause an abnormal higher acoustic amplitude zone, enabling it to
be clearly identified on the coherence slices of horizons T30 and T32
(Fig. 6A and B).

4.2. Characteristics of gas chimneys

In the study area, gas chimneys were widely distributed on the ridges
of submarine canyons, mostly NNW-trending, and appeared to be
correlated with the distribution of the BSRs (Fig. 3). To analyze the gas
chimneys and their implication on the accumulation of gas hydrates, the
top shapes, original strata, top terminal strata of gas chimneys, and
seismic reflection characteristics were applied to characterize the gas
chimneys C1 to C9 (Table 1) (Hsu et al., 2017; Rapoport et al., 1986;
Yang et al., 2015, 2017a).

4.2.1. Top shapes of gas chimneys

Based on their internal reflection characteristics and top shapes, four
types of gas chimneys with various top shapes were identified in the
study area, including dome-shaped, corolla-shaped, capsule-shaped, and
mushroom-shaped (Fig. 7). Gas chimney C2 was dome-shaped, with a
chaotic reflection zone, an acoustic blanking zone, “pull-down” seismic
events, and an HRZ (Figs. 4A and 7C). Also, the dome-shaped top was
likely to be formed by free gas accumulation. The internal reflection was
chaotic in the corolla-shaped gas chimney C3, and enhanced reflectors
could be seen at the top (Figs. 5A and 7D). They are possibly caused by
the lateral migration of free gas. They were also the most apparent
feature of the corolla-shaped gas chimneys. The internal reflection
characteristics of the capsule-shaped gas chimney C9 and dome-shaped
gas chimney C2 were similar, both of them were long columnar and
contained an HRZ at the top (Figs. 7E and 8B).

Mushroom-shaped gas chimneys had widely developed in this area
and were the most numerous type of gas chimneys. Gas chimney C5 was
a typical mushroom-shaped gas chimney, which was long column-
shaped (Figs. 5C and 7F). The internal seismic reflection was charac-
terized by a chaotic reflection zone, an acoustic blanking zone, and a
mushroom-shaped HRZ from bottom to top. A slight “pull-down”
anomaly could also be seen. The seismic events inside gas chimney C5
were rather continuous, and the enhanced reflectors at the top were
caused by the decrease in acoustic velocity because of gas hydrates and
free gas (Li et al., 2018; Qian et al., 2018) (Fig. 7F).

4.2.2. Timing of gas chimneys

The original strata at the root and the terminal strata at the top of the
gas chimneys should be considered. Through these studies, it could be
determined where gas sources and sinks are located. On seismic profiles,
the internal reflection characteristics of gas chimneys were generally
chaotic reflection zones. Combined with instantaneous frequency attri-
butes and coherence slices of several horizons, gas chimneys in the study
area were divided into two categories on the basis of their original
strata: gas chimneys originated from the Paleogene and gas chimneys
originated from the Neogene (Figs. 3 and 8). Among them, most of the
gas chimneys were originated from the Paleogene Wenchang and Enping
formations, in which substantial sets of lacustrine mudstones were
deposited, rich in organic matters and gas. The gas chimneys originated
in the Neogene were within the Zhujiang formation and Hanjiang for-
mation, which have developed marine mudstones. Gas chimney C8 was
dome-shaped and originated from the Hanjiang formation, indicating
that the gas had accumulated at the top was principally from a microbial
origin (Fig. 8A). At the same time, C9 was of thermogenic origin
(Fig. 8B) (Zhu et al., 2013).

The top of gas chimneys in the study area all terminated in the strata
above the Middle Miocene, including the Yuehai formation, Wanshan
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Fig. 9. Synthetic well-to-seismic ties of Site W17 (modified from Liang et al.,
2017; Zhang et al., 2020). The BSR at the top of C5 can be seen in Fig. 9A. See
the location of Fig. 9 in Fig. 5C. GR: Gamma-ray. RES: Resistivity.

formation, and Quaternary strata (Table 1). Most gas chimneys, such as
C1, C5, C7, C8, and C9, had pierced into horizon T20 and terminated in
the Quaternary strata. Based on drilling results, it was determined that
the gas hydrate reservoirs were primarily within the Quaternary strata
with fine-grained sediments, and suitable temperature and pressure in
the Shenhu area (Li et al., 2019; Liang et al., 2017; Liu et al., 2017; Wang
etal., 2014b). Through the seismic profiles, the top terminal strata of gas
chimneys could be more clearly distinguished (Fig. 7), and as noted in
Fig. 7A, gas chimney C3 showed signs of reactivation. The top of C3 was
in the Wanshan formation during the Pliocene at the first stage, and the
second stage developed in the Quaternary, indicating the timing of fluid
activities in this area.

In this work, through studying the origin and top terminal strata of
gas chimneys C1 to C9, it was revealed that the deeper the origin of the
gas chimneys, the shallower the top terminal strata; and the shallower
the root, the deeper the top strata. For example, gas chimney C5 was
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Fig. 10. Summary of well log curves from sites SH2 to W25, respectively. The GR and RES curves of SH2 and W17 were modified from Wang et al. (2014a), Su et al.
(2016), Liang et al. (2017), and Yang et al. (2017d). The pink dashed line shows the BSRs identified from seismic data, and the cyan rectangles show the gas hydrates
identified from seismic and logging data. See Fig. 3 for the locations of SH2 to W25, respectively.

originated from the Wenchang and Enping formations and terminated in
the Quaternary strata, and C4 was originated from the Zhujiang for-
mation and terminated in the Yuehai formation.

4.3. Characteristics and distribution of gas hydrates

4.3.1. Seismic characteristics of gas hydrates

In this research, we used BSRs to infer gas hydrates from seismic
profiles. The appearances of BSRs usually indicate that a large quantity
of free gas has accumulated under the hydrate-bearing layer, and they
are generally considered to be the BGHSZ (Boswell et al., 2016; Portnov
et al,, 2020). The spatial distribution of the BSR follows seafloor
topography, but the reflection polarity is just the opposite. Furthermore,
in regions with oblique layering, it can intersect sedimentary strata. In
the study area, the BSRs exhibited a wide range of distributions, mostly
along the ridges of canyons. They showed a high degree of coincidence
with gas chimneys’ distribution. The coincidence was due in no small
amount of free gas at the top of gas chimneys, indicating that the gas
hydrates had a sufficient gas source (Figs. 4-6 and 9).

On the seismic profile, it could be clearly observed that the BSR had
high-amplitude reflections opposite to the polarity of the seafloor. Given
these data, there was a high probability that gas hydrates formed above
the BSR (Fig. 9A). Wells were drilled and cores were collected above the
gas chimney C5, and both the LWD data and cores confirmed the exis-
tence of gas hydrates (Liang et al., 2017). As shown in Fig. 9B, site W17
had been drilled at gas chimney C5 and the gamma-ray (GR) logs
changed slightly, which suggested that the lithology changed a little.
However, the abnormal resistivity increase in logs was obviously
affected by the hydrate layer.

4.3.2. Log characteristics of gas hydrates

Gas hydrates are solid compounds and not easily-conductive, and
display high P-wave velocity and high resistivity anomalies in the log-
ging data (Fang et al., 2017; Peng et al., 2018). Therefore, acoustic and
resistivity logging are the most effective methods to identify gas hydrate.
In this study, four wells with GR and RES logging data were employed as
the basis for recognizing gas hydrates (Fig. 10). Sites W17, W24A, and
W25 were drilled during GMGS3 while site SH2 was drilled during
GMGS1 (Jin et al., 2020; Yang et al., 2017b, 2017c, 2017d; Zhang et al.,
2020). Among them, the water depth of SH2 and W17 was approxi-
mately 1200 m, and the GR curve did not change substantially. How-
ever, the RES curve showed a considerable abnormal resistivity increase
in about 200 m below the seafloor (mbsf). The resistivity in W17
increased from 1.4 to 6.3 Q-m, showing the existence of thick hydrate
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layers. Site W24A drilled at the water depth of 1535 m, and the GR curve
was bell-shaped from 80 to 130 mbsf, which indicated that the grain size
of sediments was fining-upward. The RES curve had several peaks,
indicating that thin gas hydrate layers (less than 5 m) might be present
below 180 mbsf, but no thick hydrate layer was found. Moreover, site
W25 had a water depth of 1522 m, and the GR curve also showed
bell-shaped at around 200 mbsf, similar to W24A. The RES curve was
basically unchanged, and no layered hydrates were formed. Further-
more, studies have shown that gas hydrates mostly occurred in
fine-grained sediments in the Shenhu area, such as silty clay and clayey
silt, and the sedimentary facies were dominated by natural levee (Li
et al., 2019; Zhong et al., 2017).

5. Discussion
5.1. Evolution of gas chimneys in the shenhu area

The structural evolutions of gas migration pathways such as diapirs
in the Yinggehai Basin, Baram delta, and other areas have been previ-
ously constructed (Lei et al., 2011; Van Rensbergen et al., 1999; Xie
etal., 1999a, 1999b). In this research, five stages were given to illustrate
the evolution of gas chimneys based on the characteristics of the gas
chimneys and tectono-sedimentary evolution (Fig. 11).

5.1.1. Stage 1- hydrocarbon accumulation (oligocene to Middle Miocene)

The Shenhu area lies in the Baiyun Sag (Fig. 3), which is the crucial
area for deep-water hydrocarbon exploration in the PRMB, and many
large gas fields have been discovered in that location (He et al., 2017).
The total area of Baiyun Sag is approximately 2 x 10* km?, with the
sedimentary thickness is larger than 10 km (Zeng et al., 2019). The
lacustrine strata of the Wenchang and Enping formations, with high
hydrocarbon generation potential and rich organic matter, are the pri-
mary source rocks with a maximum thickness of 7 km (Fig. 11A) (Mi
et al.,, 2018; Shi et al., 2014). The Wenchang formation, which was
deposited in the Eocene, had a major hydrocarbon generation window
from 33.9 to 16.0 Ma. Moreover, the Enping formation, which was the
main contributor to gas in the PRMB, was from 23.0 to 10.0 Ma.
Consequently, a large number of hydrocarbon fluids accumulated in the
sag up to the Middle Miocene (Mi et al., 2018; Pang et al., 2018).

5.1.2. Stage 2- overpressure formation (oligocene to Late Miocene)

The hydrocarbon generation by transforming kerogen to oil and gas
and also the compaction disequilibrium are essential for overpressure
generation in the sedimentary basins (Kong et al., 2018; Swarbrick et al.,
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Stage 1- hydrocarbon accumulation (Oligocene to Middle Miocene)
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Stage 3- overpressure release and gas chimney formation
(Late Miocene to Pliocene)
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Stage 4- reactivation of gas chimney (Pleistocene)
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Fig. 11. Gas chimney’s evolutionary model in the Shenhu area. (A) Stage 1, a large number of hydrocarbons accumulated in the lacustrine strata of the Wenchang
formation and Enping formation from the Oligocene to Middle Miocene. (B) Stage 2, compaction disequilibrium caused by high sedimentation rates, and combined
with the hydrocarbons accumulated during stage 1 in the Baiyun Sag will form overpressure. (C) Stage 3, the gas chimney formed when the release of overpressure
triggered by the Dongsha event in the Late Miocene. (D) Stage 4, hydrocarbons accumulated in the deep formations via the release of overpressure caused the
continued active gas chimney. (E) Stage 5, the energy of gas chimneys and overpressure gradually weakened and ceased to be active.

2001). Studies have shown that overpressure has formed in the Baiyun
Sag, which has chiefly distributed within the Wenchang and Enping
formations in the main sub-sag (Guo et al., 2016; Kong et al., 2018; Shi
et al., 2007). Xie et al. (2013) identified three rapid and three slow
deposition stages through the analysis of the sedimentary evolution in
the central Baiyun Sag. The three rapid deposition stages were pre-
dominantly in Eocene, Oligocene, and Early-Middle Miocene. During the
first rapid sedimentation stage, the Wenchang and Enping formations
had deposited a significant thickness of lacustrine fine-grained mud
sediments with the highest sedimentation rate of 600 m/Ma. Such a high
sedimentation rate likely resulted in the compaction disequilibrium and
increased the formation pressure (Audet and McConnell, 1992). Addi-
tionally, source rocks such as the Wenchang and Enping formations
began to enter the hydrocarbon generation threshold, and the accu-
mulation of hydrocarbon fluids began to increase the formation pres-
sure. Under the combined action of compaction disequilibrium and
hydrocarbon generation, overpressure had formed (Fig. 11B).
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5.1.3. Stage 3- overpressure release and gas chimney formation (Late
Miocene to pliocene)

Episodic overpressured activities are believed to have developed in
the study area, and the release of overpressure triggered by the Dongsha
event in the Late Miocene has been recognized by many scholars (Guo
etal., 2016; Kong et al., 2018; Mi et al., 2018; Ping et al., 2019; Shi et al.,
2007). The release of overpressure is generally related to fluid migration
(Judd and Hovland, 2009). When the overpressure was released due to
the hydrocarbon expulsion of the source rocks, a large number of fluids
within the strata migrated vertically through the weak zones and faults
into shallow strata by piercing into the overlying strata. This caused the
formation of a gas chimney (Lei et al., 2011; Van Rensbergen et al.,
1999; Xie et al., 1999b). Since the Late Miocene, the release of over-
pressure was closer to the hydrocarbon charging stage (5.5-0 Ma). It
coincided with the timing of the gas chimneys’ activities in the study
area, which further illustrated that the gas chimneys were associated
with overpressured fluid activities (Fig. 11C) (Kong et al., 2018; Mi
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Fig. 12. Synthetic well-to-seismic ties of sites W24A and W25. (A and B) The results showed that there was no thick hydrate layer above gas chimney C2, but thin
hydrate layers might be present. (C and D) No gas chimney formed, no apparent resistivity anomalies (Fig. 10), and no layered hydrate was found at W25. See Figs. 4

and 8 for the locations of Fig. 12A-D, respectively.
et al., 2018).

5.1.4. Stage 4- reactivation of gas chimney (pleistocene)

Guo et al. (2016) proposed that there have been episodic over-
pressure releases since the Late Miocene, and the last one ranged from
2.0 to 0 Ma, which comparatively coincided with the second stage ac-
tivity of gas chimney in the study area (Figs. 7A and 11D). Hydrocarbon
fluids accumulating in the deep formations via the release of over-
pressure caused the reactivation of gas chimney, and transportation of a
large amount of gas upward into the GHSZ, which performed a vital role
in gas hydrates accumulation.

5.1.5. Stage 5- energy release of gas chimney (pleistocene to holocene)

During this stage, the energy of gas chimneys and overpressure
gradually weakened and ultimately ceased to be active. Inside the gas
chimney, the pull-down seismic anomalies formed because of gas
(Fig. 11D and E), and the gas accumulated at the top formed enhanced
reflectors (Fig. 7), which ended the gas chimney’s activity.

5.2. Impacts of gas chimneys on gas hydrates

The use of wells to analyze the characteristics of gas hydrates
occurrence has been described previously (Fig. 10). Using W17, W24A,
and W25, the influences of gas chimneys on gas hydrates are discussed
below.

Site W17 was drilled at gas chimney C5 during GMGS3 (Fig. 5C), and
a thick hydrate layer was confirmed to exist on and above the top of C5
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(Figs. 9 and 10). Unlike the gas chimney C2, C5 was defined to be
mushroom-shaped, originated from the Wenchang and Enping forma-
tions, and terminated in the Quaternary strata (Table 1). The Wenchang
and Enping formations are source rocks, generating a large number of
hydrocarbon gas (Mi et al., 2018; Pang et al., 2018). Moreover, Qua-
ternary strata are the primary reservoirs for gas hydrates (Wei et al.,
2018; Yang et al., 2017d). Gas chimney C5, which had directly con-
nected the deep hydrocarbon source rocks and shallow gas hydrate
reservoirs, was a pathway for gas migration. The sufficient gas and
efficient transporting pathways were the keys to the presence of thick
hydrate layer.

Site W24A was drilled at gas chimney C2 during GMGS3 (Fig. 4A),
and thin hydrate layers may have been present as indicated by the
logging data (Figs. 10 and 12A and B). Gas chimney C2, as a vertical
migration pathway, transported gas upward into the GHSZ for gas hy-
drates accumulation. As summarized in Table 1, C2 was dome-shaped,
originated from the Neogene Zhujiang formation, and terminated in
the Neogene Wanshan formation. The Zhujiang formation developed
sedimentary systems such as a shelf-margin delta and a channelized
submarine fan, with coarse-grained sediments (Tian et al., 2019), which
was the vast reservoir in the PRMB, but not the source rocks (Mi et al.,
2018). Thus, the insufficiency of the hydrocarbon fluids made the gas
chimney energy incapable of piercing into the Quaternary strata, and
the shortage of the gas supply led to the occurrence of thin hydrate
layers.

Site W25 was drilled into no chimney during GMGS3 (Fig. 8A), and
no gas hydrate was found at this site (Fig. 10). While high-amplitude
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Table 2
Characteristics of drilling sites, gas chimneys, and gas hydrate. See Fig. 3 for the locations of sites W17, W24A, and W25.
Site Gas Origin strata of gas Top terminal strata of Reflection characteristics BSR Logging Gas hydrate
chimney chimney gas chimney of the target layer
w17 Cc5 Wenchang-Enping Quaternary strata Enhanced reflectors Obvious and directly Resistivity Thick
formations (Paleogene) (Quarternary) connected to the top of gas anomalies hydrate
chimney layer
W24A  C2 Zhujiang formation Wanshan formation Enhanced reflectors Obvious and directly Slight resistivity Thin hydrate
(Neogene) (Neogene) connected to the top of gas anomalies layer
chimney
W25 None Enhanced reflectors Obvious Inconspicuous None

Depth (m) . ' . b, 5 . * - '\&

w Gas hydrates

| Free gas

\7 Fault
Horizon

Fig. 13. Gas hydrate accumulation model in the Shenhu area. The deep thermogenic gas could be vertically transported into the shallow gas hydrate reservoirs
through gas chimneys and faults. Furthermore, in situ microbial gas could also be transported into the GHSZ through the gas chimneys. Additionally, microbial gas in
the Yuehai and Wanshan formations may have directly migrated into the GHSZ and formed gas hydrates. Horizons can be seen in Fig. 2. BGHSZ: Base of the gas
hydrate stability zone.

reflections can be seen in Fig. 12C and D, resistivity logging showed no This was confirmed by the absence of apparent gas migration pathways
obvious anomalies, and no distinct gas migration pathways had been and resistivity anomalies for W25.

developed at W25 in the seismic data. Gas hydrates of thermogenic or- By analyzing the relationship between the drillings, gas hydrate
igins may not accumulate without apparent gas migration pathways. occurrence, and gas chimneys (Table 2), it was determined that a gas
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chimney was the most critical factor for gas hydrate accumulation. Gas
chimney originated in deep Paleogene source rocks and terminated in
shallow Quaternary strata performed a vital role in the formation of
thick hydrate layers. Gas chimneys originated in deep formations, which
not only effectively connected abundant hydrocarbon gas in source
rocks, but also enabled them to pierce into the Quaternary strata (gas
hydrate reservoir). They could directly transport the deep hydrocarbon
gas upward into the GHSZ because of the overpressure formed by the
large number of hydrocarbon fluids that had accumulated within the
very thick source rocks.

While gas chimneys originated from shallow formations were diffi-
cult to form thick hydrate layers due to the insufficient gas supply, it was
less likely for gas hydrates to be formed without gas chimneys as
migration pathways.

5.3. Gas hydrate accumulation in the shenhu area

On the basis of the analyses of logging and seismic data, the accu-
mulation model of gas hydrate in the Shenhu area was proposed
(Fig. 13). The accumulation of hydrocarbons in source rocks resulted in
overpressure, and then the Dongsha event might trigger the release of
overpressure since the Late Miocene. The gas chimneys formed by the
release of overpressure fluids were the primary transporting pathways in
the study area. Deep thermogenic gas could have been vertically
transported into the shallow gas hydrate reservoirs through faults and
gas chimneys. Also, in situ microbial gas could have been transported
into the GHSZ through the gas chimneys. Then, at the top of the gas
chimneys, free gas had accumulated and showed HRZs on the seismic
profiles with the gas hydrates located above.

Although most previous studies showed that the gas source in the
Shenhu area was partly of microbial dominance (Liu et al., 2015; Zhu
et al., 2013), recent studies have revealed that thermogenic gas was an
essential and indispensable gas source and needed to be further studied
(Li et al., 2019; Qian et al., 2018; Wei et al., 2018; Zhang et al., 2017).

6. Conclusion

Integration between seismic and logging data analyses indicated that
the gas chimneys were the key gas migration pathways in the Shenhu
area. They were strictly related to the gas hydrate accumulation. Among
them, four types of gas chimneys with various top shapes were identi-
fied. Furthermore, comprehensive analyses of regional geology, hydro-
carbon generation, and tectono-sedimentary evolution in the Baiyun Sag
showed that the evolution of gas chimneys could be divided into five
stages in terms of the principal factors of overpressure. Based on the
integrated well-to-seismic interpretation, gas chimneys were suggested
to have been the key gas migration pathways. Also, the deeper the origin
of the gas chimney, the shallower the terminal strata at the top, and the
more likelihood for the formation of a thick hydrate layer on or above its
top. Moreover, the gas hydrate accumulation model in the Shenhu area
was mainly derived from the deep thermogenic gas. Then, it was
transported upward into the GHSZ through gas chimneys to form gas
hydrates.
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