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The enrichment and accumulation of natural gas hydrates depend on sufficient gas supply and effective
migration pathways. The upward migration of deep thermogenic gases through fault systems is critical for
seepage-type hydrate formation. This study aims to elucidate the developmental characteristics of
Cenozoic fault systems in the eastern offshore area of Dongsha Island and their influence on natural gas
hydrate formation. Utilizing high-resolution 3D seismic data, this study conducted a detailed structural
interpretation and seismic attribute analysis to systematically investigate the spatial distribution,
developmental stages, and dynamic mechanisms of the Cenozoic fault systems in this region. In addition,
this study explored the role of these fault systems in facilitating the migration of deep thermogenic gases
to the shallow strata. The study area is dominated by extensional and transtensional normal faults
characterized by inherited development and relatively small fault displacements. The Cenozoic strata
exhibit a tectonic framework of block-faulted uplift and subsidence with alternating highs and lows. Faults
on either side of the central uplift dip in opposite directions and commonly exhibit parallel, step-like
patterns. Differences in fault system attitudes were observed between the southern and northern parts of
the study area. In the south, fault strikes remained consistent from deep to shallow levels, predominantly
trending NE and NEE. In the north, fault strikes varied significantly with depth, transitioning from
predominantly NEE in deeper strata to EW and NWW in shallower strata. The study identifies two distinct
phases of Cenozoic fault activity: (1) 66—10 Ma, a regional extensional tectonic regime controlled fault
development, resulting in the formation of NEE-trending normal faults; (2) 10-2.6 Ma, the Dongsha
Movement influenced fault activity, during which EW- and NW—W-trending transtensional faults with
dextral strike-slip characteristics developed in the Miocene strata of the northern region. The Cenozoic
fault system played a significant positive role in facilitating the migration of deep thermogenic gas to
shallow levels, thereby enabling the formation of natural gas hydrates.

©2026 China Geology Editorial Office.

1. Introduction

accumulation generally follows three models: Diffusion,
seepage, and composite (Collett TS et al., 2009; Bangs NLB

Natural gas hydrates are a significant potential energy etal.,, 2011; You KH et al., 2015). Among these, seepage-type
resource that typically occur in disseminated, massive, and hydrates, which are characterized by their substantial

vein-like forms in
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sediments.  Hydrate thickness and concentrated distribution, have become critical
targets for energy exploration. The gas sources for seepage-
type hydrates are primarily deep thermogenic gas, which
migrates upward through geological conduits such as gas
chimneys, diapirs, mud volcanoes, and fault systems,
ultimately reaching the gas hydrate stability zone (Liang JQ et
al., 2019; Wei JG et al., 2019; Ye JL et al., 2019; Zhang W et
al., 2019; He YL et al., 2022; Xie ZY et al., 2022; Ren JF et
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al., 2024). Among these conduits, fault systems play a pivotal
role in connecting deep hydrocarbon source rocks to shallow
reservoirs (Liu JL et al., 2015; Wei JG et al., 2019). Previous
studies have highlighted the importance of sufficient gas
supply and fluid migration for gas hydrate accumulation (Wu
GX et al., 2007; Shao L et al., 2007; Zhong GIJ et al., 2020,
2022). However, the roles of fault systems in controlling gas
migration and hydrate accumulation remain unclear. Faults
provide migration pathways for deep hydrocarbons and
influence the spatial distribution and stability of gas hydrates
(Hustoft S et al., 2007; Sun QL et al., 2010; Laurent D et al.,
2012; Ostanin I et al., 2012).

The northern slope of the South China Sea, characterized
by thick sedimentary sequences, abundant organic matter, and
complex tectonic evolution, has emerged as a hotspot for gas
hydrate exploration (Shao L et al., 2007; Zhong GJ et al.,
2022). Its complex tectonic history has produced a well-
developed fault system that significantly influences hydrate
accumulation and reservoir formation. Since the Cenozoic, the
northern slope of the South China Sea has been dominated by
NEE- and EW-trending extensional fault systems that cut
through the Mesozoic and Cenozoic strata, providing effective
conduits for deep thermogenic gas migration (Lin CS et al.,
2007). Previous studies have shown that NEE-trending
extensional faults dominate in the Pearl River Mouth Basin,
whereas NW- and NWW-trending faults were primarily
formed during the Dongsha Movement, exhibiting
transtensional characteristics (Li PL, 1994; Ding WW et al.,
2010). Notably, some of these faults remain active today,
continually influencing deep-gas migration (Briais A et al.,
1993; Chen J et al., 2002). In the Jieyang Sag, located to the
east of the Dongsha Uplift, right-lateral NE-SW-trending
strike-slip faults and left-lateral EW-trending en echelon
faults have developed. These differ significantly from the
nearly EW- and NWW-trending right-lateral strike-slip fault
systems that developed on the western and northern sides of
the Dongsha Uplift (Du XD et al., 2021). These structural
characteristics have major implications for hydrocarbon
migration and hydrate accumulation. Moreover, the extensive
distribution of bottom-simulating reflectors (BSRs) identified
in the Zhongjianan Basin suggests a close relationship
between fault activity, fluid migration, and hydrate
accumulation. These BSRs are closely associated with
polygonal faults and pockmarks, and reflect active deep-fluid
migration (Lu YT et al., 2017, 2021; Liu J et al., 2019). The
eastern waters of Dongsha Island, situated at the junction of
the Pearl River Mouth Basin and the Chaoshan Depression,
have developed multiple stages of extensional and
transtensional faults since the Cenozoic. These faults provide
favorable conditions for deep fluid migration (Liang JQ et al.,
2019; Ye JL et al., 2019).

Although numerous studies have investigated the nature,
attitude, controlling factors, and formation mechanisms of
fault development on the northern slope of the South China

Sea, data quality and resolution limitations persist (Wang XX
et al., 2021). Research gaps remain regarding spatiotemporal
variations in fault systems across stratigraphic units and their
control on deep gas migration and hydrate accumulation.

This study employed newly acquired high-resolution
three-dimensional (3D) seismic data complemented by
detailed sequence stratigraphy and structural interpretation,
combined with seismic attribute analysis, aiming to delineate
the spatial distribution and developmental characteristics of
the Cenozoic fault system in the eastern waters of Dongsha
Island, explore the kinematic mechanisms of faulting, and
reveal the role of fault systems in controlling natural gas
migration and hydrate accumulation. This study provides
valuable scientific insights into the exploration and evaluation
of gas hydrates in the northern South China Sea.

2. Regional geological background

The South China Sea is situated in the convergence zone
of the Tethys and Pacific tectonic domains, and its formation
and evolution have been profoundly influenced by the
collision between the Indian and Eurasian plates as well as the
northwestward subduction of the Pacific Plate beneath the
Eurasian Plate (Li PL, 1993), exhibiting a unique tectonic
stress environment and a complex tectonic evolution history
(Li SZ et al., 2019; Wang PC et al., 2020; Du XD et al.,
2021). Previous studies have revealed that the tectonic
evolution of the South China Sea can be divided into three
major stages (Wu GX et al., 2007; Wei XD et al., 2011; Xie
XN et al., 2019; Wang XX et al., 2021): (1) Rifting stage
(65-33 Ma; Late Cretaceous—Early Oligocene), characterized
by extensional tectonics, resulting in the formation of rift
basins along the continental margin due to crustal stretching
and thinning; (2) seafloor spreading stage (33.0-15.5 Ma;
Late Oligocene—Early Miocene), during which seafloor
spreading was initiated, leading to the generation of oceanic
crust and the development of several sedimentary basins; and
(3) post-spreading subsidence stage (from 15.5 Ma; Late
Miocene to Present), during which tectonic activity gradually
stabilized, and the region entered a phase of thermal
subsidence. The regional tectonic framework was primarily
established with the area transitioning into a thermal
subsidence phase accompanied by sedimentary infilling (Zhou
D et al., 1995; Huang CY et al., 2001; Zhao SJ et al., 2012).

Cenozoic sedimentary basins along the northern margin of
the South China Sea have undergone significant changes in
their depositional environments and structural characteristics
owing to tectonic evolution. For example, the sedimentary
environment of the Southwest Taiwan Basin has transitioned
from terrestrial and transitional deposits to semi-deep and
deep marine deposits since the Paleocene (Ding WW et al.,
2004; Wang XX et al., 2021). The Pearl River Mouth Basin
(PRMB) —a key Cenozoic extensional hydrocarbon-bearing
basin in the northern South China Sea —has undergone
complex tectonic evolution, characterized by unconformities,
stratigraphic hiatuses, fault activity, and magmatism, which


https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120
https://doi.org/10.31035/cg2025120

Dong et al. / China Geology 9 (2026) 489—501 491

can be further classified into five major tectonic events (Li
PL, 1993).

The Dongsha Uplift is a prominent structural unit in the
eastern part of the central uplift zone of the PRMB.
Geographically, it is bordered by the Taixi and Southwest
Taiwan basins to the east, the Chaoshan Depression to the
south, the Zhu II Depression to the southwest, the Panyu
Low Uplift to the west, and the Zhu [ Depression to the
north. The tectonic evolution of the Dongsha Uplift can be
divided into five principal stages: (1) Cretaceous compression
stage: Intense compressional deformation occurred due to
regional tectonic stresses; (2) Paleocene—Early Oligocene
extensional rift stage: A transition from compression to
extension led to the formation of large-scale extensional
faulted basins controlled primarily by normal faulting; (3)
Late early Oligocene uplift and erosion stage: Regional uplift
resulted in erosion and denudation, which caused stratigraphic
hiatuses and unconformities; (4) Late Oligocene—Miocene
rapid post-rift subsidence stage: Continuous basin subsidence
occurred, accompanied by enhanced deep-water environments
and accelerated sedimentary infilling; and (5) Late Miocene
block uplift and subsidence stage: The tectonic regime
gradually stabilized, although localized differential uplift and
subsidence persisted due to continuous fault activity.

The five tectonic evolutionary stages of the Dongsha
Uplift represent a manifestation of the three major regional
tectonic evolutionary stages of the South China Sea within a
local structural unit. This evolutionary process inherited the
regional tectonic characteristics of the northern continental
margin of the South China Sea and exhibited significant local
uniqueness. The five-stage division scheme corresponded well
to the major regional unconformities revealed by the seismic
data (e.g., Ty, T79, Tep, and Tjg). These interfaces can be
traced and correlated continuously across the Dongsha Uplift,
indicating that the five-stage evolutionary model exhibits
regional tectonic consistency. For example, the Ty,
unconformity (corresponding to the South China Sea
Movement) marks the entry of the northern continental
margin basins of the South China Sea, including the Pearl
River Mouth Basin, into the developmental stage of sag
formation; while the Tj;, interface (related to the Dongsha
Movement) records tectonic evidence of local uplift during
the block uplift and subsidence stage. Within this tectonic
evolutionary framework, the differences between the Dongsha
Uplift and adjacent secondary structural units can be
reasonably explained. Taking the block uplift and subsidence
stages as an example, the elevated parts of the Dongsha Uplift
experienced erosion owing to tectonic uplift, whereas the
peripheral slope zones and adjacent sags continued to subside,
thicker sedimentary deposits. This spatial
differentiation in tectonic-sedimentary responses highlights
the local tectonic uniqueness of the Dongsha Uplift, shaped
by a regional dynamic background.

Sufficient gas sources and effective fluid migration
pathways are critical factors in controlling the formation of

receiving

natural gas hydrate accumulations. The northern slope of the
South China Sea hosts several large and medium-sized Meso-
Cenozoic sedimentary basins, such as the Pearl River Mouth
Basin and the Qiongdongnan Basin. These basins are
characterized by high sedimentation rates and sedimentary
thicknesses of up to 11 km, providing favorable geological
conditions for hydrocarbon and hydrate accumulation.
Petroleum geological studies indicate that the Meso—Cenozoic
sedimentary basins on the northern slope of the South China
Sea feature well-developed mudstone sequences with a high
organic matter abundance, containing multiple sets of source
rocks and an ample supply of deep pyrolytic gas (Zhong GJ et
al., 2020, 2022). Drilling data further confirm the presence of
marine Mesozoic strata in the northeastern South China Sea.
As an important tectonic unit in this region, the Chaoshan
Depression underwent multiple phases of tectonic evolution
during the Mesozoic, with depositional environments
including marine systems (shallow marine, bathyal, and
abyssal facies) and continental systems (fluvial and lacustrine
facies). Among these, the Upper Triassic—Jurassic sequences
comprise thick mudstones. These source rocks are relatively
proximal to the sediment sources and exhibit high organic-
matter abundance, representing the principal intervals for
Mesozoic source-rock development in the offshore area. They
possess substantial hydrocarbon-generation potential and
show promise for oil and gas exploration. Drilling results
from Well LF35-1-1 reveal that the Middle-Upper Jurassic in
the Chaoshan Depression contains organic-rich marine strata,
further corroborating the development characteristics of
source rocks in this area (Shao L et al., 2007; Wu GX et al.,
2007). The spatial coexistence of shallow natural gas hydrates
and deep petroleum-bearing systems on the northern slope of
the South China Sea forms a structural model characterized by
“hydrates above, hydrocarbons below”. This configuration
has significant implications for the coordinated exploration
and comprehensive development of natural gas hydrates and
conventional oil and gas resources (Liu JL et al., 2015; Zhong
GJ et al., 2018).

The study area is located in the northeastern part of the
Chaoshan Depression within the PRMB, near the Southwest
Taiwan Basin and Dongsha Uplift, with structural trends
generally oriented NE-SW (Fig. 1). The Chaoshan
Depression is a typical Mesozoic residual depression situated
along the northern margin of the South China Sea (Li CF et
al., 2008; Long GS et al., 2011; Zhong GJ et al., 2022). It
covers an area exceeding 37000 km?® with water depths
ranging from 300 m to 2000 m. Studies have shown that this
region is predominantly characterized by extensional faults,
which penetrate both Cenozoic and Mesozoic strata,
providing essential pathways for the migration of deep
hydrocarbons and fluids (Wei XD et al., 2011).

3. Materials and methods

In this study, high-resolution 3D seismic data were
acquired by the Research Vessel (R/V) Haiyang Dizhi Jiuhao.
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Fig. 1. Structural zoning of the Pearl River Mouth Basin and location of the study area. L1, L2, L3 and L4 are the locations of the profiles in Fig. 3.

Additionally, two-dimensional (2D) seismic data, well logs
from the China National Offshore Oil Corporation (CNOOC),
and borehole data from the Ocean Drilling Program (ODP)
were used to validate the seismic sequence stratigraphy.

The 3D seismic data were acquired using two parallel
240-channel seismic streamers, with a channel spacing of 12.5
m and a temporal sampling interval of 1 ms. An air gun array
was used as the seismic source, with a shot interval of 25 m
and a recording length of 8 s, ensuring effective coverage of
both deep and shallow stratigraphic reflections. Conventional
seismic data processing procedures include the following
steps: (1) Noise suppression; (2) multiple attenuations; (3)
high-precision velocity analysis; and (4) pre-stack time
migration imaging. To meet the specific requirements of gas
hydrate research, high-fidelity processing techniques have
been employed to enhance the signal-to-noise ratio of shallow
seismic reflections through pre-stack preprocessing and high-
precision velocity modeling.

Based on processed 3D seismic data, fault and sequence
interpretations were conducted in Petrel, identifying major
seismic sequence boundaries (T;, T,, T3, T4 T4, Ty). To
analyze the spatial distribution of faults, variance-based
attribute extraction was applied to delineate fault planes, and
bidirectional rose diagrams were generated to illustrate fault
orientations. The tectonic mechanisms responsible for fault

development were determined through an integrated analysis
of regional tectonic evolution and stress-field patterns.

4. Seismic data interpretation
4.1. Seismic sequences

Previous studies have extensively investigated the seismic
sequences of the Pearl River Mouth Basin using seismic and
drilling data acquired by the CNOOC and borehole data from
the ODP (sites 1146 and 1148). Several key seismic reflection
interfaces have been identified based on their seismic
reflection characteristics, and their correlations with major
tectonic events in the northern South China Sea have been
discussed (Liidmann T et al., 2001). This study builds upon
the established seismic sequence interpretation framework (Li
PL, 1993; Cai ZR et al., 2010; Zhao SJ et al., 2012; Xie ZY et
al., 2017; Gao YD et al., 2021; Wang XX et al., 2021; Gao
YD et al., 2024) and integrates the seismic reflection
characteristics and sequence boundary markers identified
from both 2D and 3D seismic data within the study area. A
Cenozoic seismic sequence stratigraphic framework was
established for the study area (Fig. 2). Six major seismic
sequence boundaries were identified in the seismic profiles
(T, Ty, T3, Ty, Tg, and T,). Based on these boundaries, six
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Fig. 2. Seismic sequence division of the study area.
principal seismic sequences were delineated and named from a transitional process from marine regression to continental
top to bottom: Ss, Sy 4, S4 3, S45, S4_1, and S;. sedimentation. During this period, large-scale regression

The S; sequence corresponds to the Paleogene and records provided an abundant sediment supply, promoting the
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development of widely distributed fluvial deltaic and fan delta
systems. The S, ; sequence corresponds to the Lower
Miocene and reflects a major marine transgression. It is
characterized by high-frequency, low-amplitude, overlapping
depositional sequences predominantly distributed along shelf-
edge slope breaks and deep-sea basins, with local occurrences
of overlapping patterns. Above the slope break, thin
transgressive deposits dominated by mudstone were observed,
whereas slope fan systems developed below the slope break.
The depositional cycles were primarily controlled by sea-level
rise. The S, , sequence corresponds to the Middle Miocene
and is dominated by highstand deposits, with highstand
progradation evident on some seismic profiles. It is predicted
that this sequence mainly comprises mud-dominated deposits
within the study area. The S, ; sequence corresponds to the
Upper Miocene, and its lower part comprises high-frequency,
medium- to high-amplitude, continuous depositional
sequences that partially fill the topography formed by the
preceding highstand sequence. Terrestrial sediments
prograded significantly towards the marine basin. From the
late transgressive to the early regressive stage, highstand
progradation deposits developed along the slope break, with
local incised channels. Studies indicate that the Dongsha
Submarine Canyon underwent its most pronounced
development during the Late Miocene (Wang XX et al.,
2021). The S, 4 sequence corresponds to the Pliocene and
exhibits a distinct angular unconformity and seaward-
migrating depositional architecture, reflecting a relative sea-
level fall. During this stage, the shelf-edge slope break
became prominent with steeply inclined strata along the
continental slope. Large-scale incised channels are formed
under specific triggering conditions. Slope fans and turbidite
fan deposits developed along the slope toe and basin floor,
respectively. The Ss sequence corresponds to the Quaternary
and is characterized by high-angle shelf-edge slope foresets,
with its basal boundary represented by a prominent erosional
surface or low-angle unconformity overlain by infillings of
mud-rich incised valleys.

4.2. Fault characteristics

4.2.1. Fault development pattern in vertical profiles

Based on a detailed interpretation of high-resolution 3D
seismic data, the faults in the study area predominantly
exhibit extensional structural characteristics. Normal faults
and transtensional normal faults controlled by regional
extensional and transtensional stress fields have mainly
developed since the Cenozoic, whereas thrust faults have not
been observed. Faults with significant horizontal extent
generally exhibit inherited characteristics, with activity
spanning the entire Cenozoic era. Overall, most faults
exhibited small fault throws (vertical displacements usually
less than 20 m), resulting in limited deformation of the
stratigraphic units.

The Cenozoic strata within the study area were influenced
by regional extensional processes, resulting in a structural
pattern characterized by block faulting, uplift, and alternating

depressions (Fig. 3). Seismic profiles revealed that the study
area is primarily located within a faulted uplift zone, with
higher elevations in the central part and lower elevations on
both sides controlled by extensional normal faults (Fig. 3).
The faults on both sides of the central uplift exhibited
opposing dip directions and were inclined towards the centers
of the adjacent depressions. These two sets of oppositely
dipping faults intersect and mutually truncate at the central
uplift, forming a characteristic X-shaped conjugate fault
pattern, a typical structural feature in extensional regimes
(Bao X et al., 2010). On the seaward side (southeastward), a
major fault (Fault F in Fig. 3) developed along the inclined
margin of the uplift, extending through both the shallow and
deep strata. This fault displays extensive vertical and
horizontal continuity, likely evolving through continuous
development along the earlier fault slip planes. Faults on the
seismic profiles were predominantly arranged in parallel or
step-like patterns, with local occurrences of negative flower
structures (Line L1 in Fig. 3), indicating the influence of
transtensional stress fields. The faults exhibit pronounced
inheritance in their vertical extension (Fault F in Fig. 3),
suggesting that later-stage faults continue to develop along
pathways established by earlier faults.

4.2.2. Horizontal distribution characteristics of faults

Based on the fault distribution map in the horizontal
plane, significant differences in fault geometries are evident
across various parts and strata of the study area. By using the
central line of the study area as a boundary (indicated by the
blue dashed line in Fig. 4), the region can be divided into
northern and southern sections. The northern fault system is
predominantly composed of normal faults dipping northward,
NNE, and NNW. The fault strike exhibits considerable
variation with depth. At deeper stratigraphic levels, such as T,
(Paleogene basal boundary) and Ty, (Paleogene top
boundary), fault strikes are primarily oriented NEE. However,
at shallower levels, such as T4, (Middle Miocene basal
boundary) and T3, (Middle Miocene top boundary), fault
strikes shift to EW and NWW. In contrast, the southern fault
system is mainly characterized by normal faults dipping to the
SSE (Fig. 4). The fault strikes in this region show minimal
variation with depth, generally maintaining NE and NEE
trends.

The variations in fault strikes are closely related to the
evolution of the regional stress field during different
geological periods. The southern region experienced a
relatively stable extensional stress regime from the Paleogene
to the Miocene, resulting in consistent fault strikes.
Conversely, the northern region was primarily influenced by
an extensional stress regime during the Paleogene, forming
NE-E-trending normal faults. However, during the Miocene,
the shallow strata were influenced by a transition from
extensional to transtensional stress regimes. This shift in
stress characteristics and direction significantly impacted the
spatial development of faults. This stress regime shift is
manifested as strike-slip characteristics on the horizontal
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Fig. 3. Seismic profile interpretation results (see Fig.1 for profile location). The colored solid lines indicate the interpreted seismic horizons.
T1o> Tag> T30, Tao and Ty correspond to the basal boundaries of the Quaternary, Pliocene, Upper Miocene, Middle Miocene, and Lower
Miocene, respectively, whereas T, and T; correspond to the basal boundaries of the Paleogene and Jurassic. The red solid lines indicate faults.

reflecting distinct differences in tectonic evolution between

plane (Fig. 5). In seismic profiles, negative flower structures
the northern and southern parts of the study area.

related to strike-slip motion are observed (Line L1 in Fig. 3),
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Fig. 4. Fault occurrence and spatial distribution characteristics shown in the ichnography of faults on seismic horizons T (a), T4q (b), Tg (c),
and T, (d), respectively. The corresponding rose diagrams show the statistical characteristics of fault strikes on each horizon. “n” represents the
number of faults. The blue dashed line marks the north—south boundary of the study area.

5. Discussion
5.1. Dynamics of fault development

From the spatial distribution of faults, it is evident that the
study area was continuously subjected to regional extensional
and transtensional tectonic stresses during the Cenozoic,
resulting predominantly in normal and transtensional normal
faults, with no significant development of reverse faults.
These extensional faults remained active throughout the
Cenozoic, with some cutting through both the Cenozoic and
Mesozoic strata. Although the overall tectonic regime of the

study area is extensional, the orientation and sources of the
stress fields have evolved over geological time, leading to
spatial and stratigraphic variations in the fault development
characteristics. Based on the fault development patterns and
their correspondence with regional tectonic events, the
Cenozoic fault activity in the study area was divided into two
main stages: 66—10 Ma (Paleogene to Late Middle Miocene)
and 10-2.6 Ma (Late Middle Miocene to Late Pliocene).

5.1.1. Stage One (66—10 Ma): Fault development under a
regional extensional tectonic regime
The first stage of Cenozoic fault activity (66—-10 Ma)
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Fig. 5. Time slice (TWT=1463 ms) of variance attributes near the Miocene top boundary (T,,) and fault combination characteristics.

includes the rifting phase from the Late Cretaceous to Early
Oligocene (65-33 Ma) and the seafloor spreading phase from
the Late Oligocene to Early Miocene (33.0-15.5 Ma), both of
which occurred within a regional extensional tectonic setting
(Zhou D et al., 1995; Huang CY et al., 2001; Zhao SJ et al.,
2012). This stage witnessed several major tectonic events,
including the Shenhu Movement, the Zhugiong Movements
I and II, the South China Sea Movement, and the Baiyun
Movement. The Shenhu Movement (Late Cretaceous to Early
Paleocene) marked the onset of passive continental margin
development in the northern South China Sea (Cai ZR et al.,
2010). During this time, major basins such as the Pearl River
Mouth  Basin  developed NNE-NE-trending faulted
depressions accompanied by NW-trending conjugate faults,
establishing a tectonic framework characterized by
north—south zoning and east-west blocking (Li PL, 1993).
The Zhugiong Movements [ (Early to Middle Eocene, ca. 48
Ma) and II (Middle to Late Eocene, ca. 38 Ma) triggered the
second and third rifting episodes, accompanied by faulting
and localized magmatic activity. However, no significant
magmatic features were observed in the study area, indicating
a limited impact from the dominant NE- and EW-trending
faults. The South China Sea Movement (the latest Eocene to
Early Oligocene) marked the initiation of seafloor spreading,
during which the study area entered a phase of depression
development, accompanied by regional uplift and erosion, and
dominated by NEE-EW-trending faults (Lin CS et al., 2007).
The Baiyun Movement was most pronounced in the Baiyun
Sag of the Pearl River Mouth Basin, but was relatively weak
in the vicinity of the study area (Du XD et al., 2021). During
this stage, the fault activity in the study area was highly
consistent with regional tectonic patterns, with both the
northern and southern sectors dominated by NE- and NEE-
trending normal faults. These fault characteristics are
primarily controlled by the extensional stress regime formed
jointly by the subduction and rollback of the Pacific Plate

along the South China margin and collision between the
Indian and Eurasian plates (Ren JS et al., 1990; Li PL 1993;
Xia B et al., 2004; Lin CS et al., 2007; Cai ZR et al., 2010).

5.1.2. Stage Two (10-2.6 Ma): Localized transtensional
evolution driven by the Dongsha Movement

The second stage of Cenozoic fault activity (10-2.6 Ma)
occurred during the post-spread thermal subsidence phase of
the South China Sea (15.5 Ma to present). The dominant
tectonic event of this stage was the Dongsha Movement
(approximately 10—5 Ma), a localized tectonic episode that
primarily affected the Dongsha Uplift and Chaoshan
Depression (Lin CS et al., 2007). The Dongsha Movement is
characterized by block faulting, fault development, and
frequent magmatic activity (Zhao SJ et al., 2012; Fan CY et
al., 2017; Xie ZY et al., 2017; Sun QL et al., 2020), resulting
in the erosion of strata in uplifted areas and the absence of
Miocene and parts of Pliocene sequences. During this period,
numerous EW- and NWW-trending transtensional faults with
minor right-lateral strike-slip components developed in the
study area (Fig. 5). The driving force behind the Dongsha
Movement was the subduction of the South China Sea Plate
beneath the Philippine Plate along the Manila Trench (Wang
XX et al., 2021). Subduction and thermal subsidence of the
oceanic crust placed the northern margin of the South China
Sea in an extensional setting. Magmatic underplating forms a
high-velocity layer in the lower crust, disrupting crustal
isostasy and inducing the uplift of the upper crust (Zhao SJ et
al.,, 2012). The impact of the Dongsha Movement was
particularly significant in the northern part of the study area,
where numerous transtensional faults developed within the
Miocene strata. In contrast, such faults are less developed in
the southernregion, indicating distinct spatial variations (Fig. 4).

5.1.3. Basis for the division of fault activity stages
The use of 10 Ma as the boundary between the two fault
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activity stages is primarily based on the initiation of the
Dongsha Movement and its significant role in reshaping the
tectonic framework of the study area. Seismic interpretation
results (Figs. 3, 4) show that after the late Middle Miocene
(ca. 10 Ma), fault strikes in the northern area shifted from
NEE-trending to EW- and NWW-trending, accompanied by
enhanced transtensional features. This timing aligns with the
Dongsha Movement (10-5 Ma) (Lin CS et al., 2007; Zhao SJ
et al., 2012). In contrast, the five-stage tectonic division of the
Dongsha Uplift focuses more on the macroscopic processes of
sedimentary subsidence and uplift, while the two-stage
division of fault activity emphasizes changes in the stress field
and their direct influence on fault development. The
difference between these staging schemes reflects the
variation in research scales and objectives and does not imply
a direct correspondence. Future studies incorporating more
seismic and drilling data are needed to further validate the
precision of the 10 Ma boundary and its correlation with
regional tectonic events.

5.2. Tectonic control of fault systems on gas hydrate
formation

The formation of natural gas hydrates relies on the
migration of methane and other gases into the gas hydrate
stability zone (GHSZ), where they combine with water under
suitable pressure and temperature conditions. An abundant
gas supply is a prerequisite for hydrate accumulation. In
sedimentary strata, gas sources primarily include biogenic
methane generated from shallow degradation of organic
matter and thermogenic gas derived from the thermal cracking
of deeper hydrocarbon source rocks (Zhong GJ et al., 2020).
Thermogenic gas from deeper layers migrates upward through
fluid migration conduits, such as faults and gas chimneys,
eventually forming hydrates within the GHSZ. Fault zones are
typically associated with elevated gas fluxes and are regarded
as key regions for hydrate accumulation. On the northern
continental slope of the South China Sea, the study area is
underlain by thick Cenozoic mudstone sequences rich in
organic matter, forming multiple sets of high-quality source
rocks and providing a robust supply of thermogenic gas
(Zhong GJ et al., 2022). Previous studies have indicated that
both continental and transitional facies deposits in the early
evolution of the Pearl River Mouth Basin reached the
threshold for hydrocarbon generation (Xie XN et al., 2011). In
the deep-water domains of the basin, elevated geothermal
gradients have enabled marine source rocks of the Miocene
age to reach thermal maturity (Tang XY et al., 2014). Against
this geological backdrop, fault systems play a fundamental
role in controlling gas migration and hydrate accumulation
processes.

5.2.1. Role of faults in forming fluid migration pathways

The Cenozoic fault system in the study area developed
under the influence of regional extensional and transtensional
stress regimes, resulting in dense networks of normal and
strike-slip normal faults. These faults are arranged in parallel

and en echelon configurations in cross-section. At the central
uplift zones, intersecting fault sets with opposing dips form
X-shaped conjugate fault patterns, greatly enhancing the
structural connectivity of the fault network (Fig. 3). Some
faults penetrate both Cenozoic and Mesozoic strata, directly
linking deep source rocks with shallower reservoirs and
forming efficient vertical migration pathways. Most of these
faults are steeply dipping, favoring rapid vertical migration of
gas along the fault planes. Seismic data reveal a high fault
density in the area, particularly along the flanks of the central
uplift, where fault clustering improves the spatial efficiency of
gas flux (Fig. 4). The variation in fault attitude from deep to
shallow strata in the northern study area enhances the
extension and interconnection of faults from different strata
and tectonic phases. This likely significantly improves the
connectivity of fluid migration pathways, creating dominant
conduits for the upward migration of deep fluids. This process
provides critical conditions for channeling deep thermogenic
gases into the shallow gas hydrate stability zone and
subsequently facilitates the accumulation of seepage-type
hydrates. Drilling data, such as from Well LF35-1-1, confirm
the presence of organic-rich Jurassic marine mudstones
(Middle—Upper Jurassic) within the Chaoshan Depression,
with thicknesses of up to 500—535 m (Shao L et al., 2007; Wu
GX et al, 2007), providing a substantial source for
thermogenic gas. These lines of evidence demonstrate that the
fault system has constructed an effective migration network
that facilitates upward gas transport into shallower strata (Fig. 6).

5.2.2.  Fault-induced
accumulation conditions

Fault systems control gas migration and modify the
reservoir—seal configuration in shallow strata, thereby
enhancing conditions for hydrate accumulation. The tectonic
activity has shaped a block-faulted structural framework
characterized by alternating uplifts and depressions (Fig. 3).
The depressions adjacent to the central uplifts serve as
accommodation spaces for sediment infill, promoting the
deposition of porous media suitable for hydrate storage.
Seismic sequence stratigraphic analysis revealed the
development of slope and turbidite fans in the Upper Pliocene
(S44) and Quaternary (Ss) sequences (Fig. 2), where coarse-
grained sediments with high porosity provided excellent
reservoir conditions. Concurrently, fault-related uplift and
erosional truncation facilitated the deposition of overlying
fine-grained mudstones, which served as effective seals,
trapping migrating gas and preventing its release. Previous
studies have shown that the Dongsha submarine canyon
system experienced intense development during the Late
Miocene (Wang XX et al., 2021), with associated turbidity
currents contributing to favorable reservoir-seal assemblages
within the hydrate stability zone. Seismic data also indicate
the presence of gas chimneys and diapiric structures related to
faults in the shallow subsurface (Zhang W et al., 2019),
highlighting the role of faulting in promoting gas
concentrations within the GHSZ. Moreover, zones of high gas

optimization — of gas  hydrate
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Fig. 6. Gas migration and hydrate accumulation model of the study area.

flux near faults are commonly associated with massive gas
hydrate deposits, suggesting that fault systems contribute
significantly to leakage-type hydrate accumulation.

6. Conclusions

(1) Since the Cenozoic era, the Dongsha Island area has
been subjected to a combination of regional extensional and
transtensional tectonic stress fields, resulting in the dominant
development of extensional and transtensional normal faults
with no evidence of reverse faulting. Large-scale faults with
significant lateral continuity exhibited pronounced structural
inheritance characteristics, with fault activity persisting
throughout the Cenozoic. Most faults are characterized by
small vertical displacements (typically less than 20 m),
indicating limited structural reworking of the strata. The
overall Cenozoic structural configuration is dominated by
block faulting and alternating uplift-depression patterns. On
both flanks of the central uplift, the faults dip in opposite
directions and intersect within the uplift zones, forming
classic X-shaped conjugate fault systems. In this profile,
faults are commonly arranged in parallel or step-like
configurations and locally display negative flower structures
indicative of transtensional stress regimes.

(i) There are distinct differences in fault geometry
between the northern and southern parts of the Dongsha
Island. The northern fault system is dominated by normal
faults dipping northward, NNE and NNW, whereas the
southern part is mainly controlled by SSE-dipping normal
faults. In the south, fault strikes consistently range from NE to
NEE, from the deep to shallow levels. In contrast, fault strikes

in the north vary significantly with depth. Deeper structural
horizons, such as T, (base of the Paleogene) and T (top of
the Paleogene), are mainly oriented NEE. However, at
shallower horizons (T,—base of the Middle Miocene and
Ts,—top of the Middle Miocene), fault strikes shift to EW and
W-NW. These differences reflect variations in the evolution
of regional stress fields: The southern region has been
continuously influenced by extensional stress from the
Paleogene to the Miocene, whereas the northern region
experienced primarily extensional stress during the Paleogene,
transitioning to transtensional regimes in the Miocene,
particularly in shallow stratigraphy.

(iii) Cenozoic faulting of the study area can be divided
into two main phases: 66—10 Ma (Paleogene to Late Middle
Miocene) and 10-2.6 Ma (Late Middle Miocene to Late
Pliocene). The first phase occurred under a regional
extensional tectonic setting, with fault development consistent
with the broader tectonic framework of the South China Sea.
During this phase, both northern and southern regions were
dominated by NE- and NEE-trending normal faults. The
second phase was influenced by the Dongsha Movement,
during which the Miocene strata developed numerous EW-
and W-NW-trending transtensional faults with right-lateral
strike-slip components. The impact of this tectonic phase is
more pronounced in the northern area, where such faults are
common, whereas they are rarely observed in the south. The
fault system serves as an effective conduit connecting deep
hydrocarbon sources with the shallow gas hydrate stability
zone, and plays a critical role in the migration, accumulation,
and entrapment of natural gas hydrates.
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