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Tectono-stratigraphy of the
Eocene Zhu-1 Sub-basin in the
Pearl River Mouth basin, China:
controls on hydrocarbon source
rock variability and implications
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Wanlin Xiong1,2, Penglin Song1,2 and Guanyun Wu1,2

1Shenzhen Branch of CNOOC, Shenzhen, Guangdong, China, 2Deepwater Development Ltd.,
CNOOC, Shenzhen, Guangdong, China

In rift basins, the vertical development and distribution of hydrocarbon source
rocks show a makeable variability tightly linking to the tectono-stratigraphic
interaction and evolution. This is also highly focused for petroleum industry,
which is posing challenges for systematic hydrocarbon accumulation patterns.
In the Zhu-1 Sub-basin of the Pearl River Mouth basin, the Eocene rift-
related strata are important intervals for potential hydrocarbon exploration.
This study analyzes the temporal and spatial attributes caused by tectonic
transitions using 3D-seismic, drilling and logging well, and geochemical data,
uncovering the impact of tectonic transition on the formation and development
of hydrocarbon source rocks in the Eocene rift-related strata in the Zhu-
1 Sub-basin. The results indicate that tectonic transitions caused by the HZ
movement (∼43 Ma) have affected the migration of the centers of depocenter
and subsidence and drove the formation of two main hydrocarbon source
rocks in the upper and lower sections of the Wenchang Formation. The
migration of rifting activity has influenced the lateral distribution of high-
abundance dark high-quality hydrocarbon source rocks, and expand the range
of high-quality hydrocarbon source rocks. The half-graden styles in the different
sag change associated with tectonic transitions, and basement uplift and
magmatic bottoming reshape the internal stratigraphic structure of the half-
graden, leading to the variability of hydrocarbon accumulations. The proposed
three hydrocarbon distribution modes, gentle slope dominant, steep-slope
dominant and double-slope dominant, were developed in different sags. These
models provide important geological theoretical support for the search of
potential large-scale hydrocarbon reservoirs in the Pearl River Mouth basin,
South China Sea.
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tectonic transitions, hydrocarbon-rich sags, hydrocarbon source, petroleum and gas
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1 Introduction

Rift transition refers to the movement and geological effects of
the crust within a specific region and stage of tectonic development,
involving a regular displacement in a particular direction (Corti,
2009). This phenomenon is sometimes known as rift transitions or
tectonic migration (Shi et al., 2009; Shi et al., 2017; 2020; Chen,
2003; Reemst and Cloetingh, 2000). It represents an important
indicator of distinctive rift phases and the dynamic changes in
the basin’s geological setting (Xie et al., 1996; Corti, 2009; Reemst
and Cloetingh, 2000; Ge et al., 2023; Ye et al., 2017; Wu et al.,
2014; Henstra et al., 2017). Different tectonic settings exhibit
distinct transitional characteristics, such as notable variations
in rifting structure, fault geometry, and kinematics, as well as
sedimentary and subsidence centers and kineticmechanisms (Chen,
2003; Corti, 2009; Reemst and Cloetingh, 2000; Ye et al., 2017).
These changes have extensive implications for hydrocarbon rocks,
reservoir seals, traps, and the formation and distribution of oil
and gas in sedimentary basins (Wu et al., 2014; Xia et al., 2007;
Zhang et al., 2016; Liu et al., 2018).

The Zhu-1 Sub-basin in the Pearl River Mouth basin (PRMB)
underwent complex tectonic movements during the Cenozoic era.
It is composed of the Zhuqiong and Nanhai movements in the
rift stage, as well as the Baiyun and Dongsha movements during
the post-rift stage (Shi et al., 2009; Shi et al., 2017; Shi et al.,
2020; Hao et al., 2021). In recent years, it has been discovered that
there was a significant tectonic transitions in the Zhu-1 Sub-basin
during the Eocene (Wang et al., 2024). The significant transition
took place before and after 43 Ma (Shi et al., 2020). This transition
mainly involved the north-south conversion of the rifting action,
migration along the fault striking, basal uplift, magma movement,
and stratigraphic erosion. This period is also namely as the HZ
movement (Shi et al., 2009; Shi et at., 2017).

This paper systematically investigates the control mechanisms
of rift transition on the formation and development of source rocks
in the Zhu-1 Sub-basin from a tectono-stratigraphic perspective.
Rift migration causes regular shifts in sedimentary centers, forming
cyclical stratigraphic stacking patterns, with lacustrine mudstone
segments developed during rift transition periods having the
best hydrocarbon-generating potential. By integrating seismic
techniques with geochemical data, this study aims to enhance our
understanding of how tectonic activities influence the formation and
preservation of hydrocarbon source rocks. Furthermore, deepening
the study of the spatiotemporal coupling relationship between
tectonostratigraphic evolution and source rock development can
provide new geological evidence for the evaluation of hydrocarbon
resource potential.

2 Geological background

The PRMB is a Cenozoic rifting basin located in the northern
part of the South China Sea, with an area of about 17, 500 km2

(Shi et al., 2008; Wang et al., 2024). It is situated at the intersection
of the Indian plate, Pacific plate, and Eurasian plate (Shi et al., 2008;
Ge et al., 2017; Wang et al., 2024). It consists of five major tectonic
units, which from north to south are the northern fault zone,
the northern depression zone (Zhu-1 and Zhu-3 Sub-basins), the

central uplift zone, the southern depression zone (Zhu-2 Sub-basin),
and the southern uplift zone (Figure 1; Shi et al., 2009; Shi et al.,
2017; Shi et al., 2020; Chen, 2003). The evolution of the PRMB
mainly includes three stages, which are the Eocene-early Oligocene
rift, the late Oligocene rift transition, and the early Miocene
to Quaternary post-rift stages. Seven significant movements are
observed, including the Zhuqiong-1, Huizhou, Zhuqiong-2, Nanhai,
the Baiyun, and the Dongsha movement (Chen, 2003; Zhu et al.,
2009; Zhong et al., 2014; Shi et al., 2009; Shi et al., 2017; Shi et al.,
2020). During the rifting period, the Zhuqiong movements played
a significant role in the tectonic transition (Chen, 2003; Shi et al.,
2009; Shi et at., 2017; Shi et al., 2020).

The area of this study, the Zhu-1 Sub-basin, is situated in the
northern part of the PRMB. It extends in the NE direction and
runs roughly parallel to the coastline (Chen, 2003; Zhu et al., 2009;
Shi et al., 2009). It is bordered by the northern uplift zone in the
northwest, controlled by the Dongsha Uplift and the Panyu Low
Uplift in the southeast. Additionally, it is bordered by the Zhu-3 Sub-
basin to the southwest. The area can be further divided into several
secondary tectonic units such as the Enping, Xijiang, Huizhou, and
Lufeng Sag, arranged from west to east (Figure 1; Shi et al., 2009;
Shi et al., 2017; Shi et al., 2020; Chen, 2003).

The stratigraphy in the PRMB includes the Wenchang, Enping,
Zhuhai, Zhujiang, Hanjiang, Yuehai, and Wanshan Formation
from bottom to top (Figure 2; Shi et al., 2009; Shi et al., 2017;
Shi et al., 2020; Chen, 2003). Two distinct rift phases, namely
rift phase 1 (RP1; early Eocene) and rift 2 (RP2; Late Eocene).
Furthermore, the RP1 in the Zhu-1 Sub-basin can be divided into
two sub-episodic stages, namely episodic RP1a (49–43 Ma) and
RP1b (43–39 Ma), respectively (Figure 2; Chen, 2003; Shi et al., 2009;
Shi et al., 2017; Shi et al., 2020). The basin is generally deepened in
RP1a in response to the increase of fault activity intensity, while the
lake expanded and been shallow as the decrease of fault activity.

Our target strata are the Wenchang and Enping Formation,
specifically, the Wenchang Formation is further divided into two
section, the lower Wenchang (WCSQ1, WCSQ2, WCSQ3) and
upper Wenchang Formation (WCSQ4, WCSQ5, WCSQ6) from
bottom to the top. Enping Formation is composed of four third-
order sequences (EPSQ1, EPSQ2, EPSQ3, EPSQ4) (Shi et al., 2009;
Shi et al., 2017).TheWenchang Formation features fan delta systems
controlled by steep slope zones and small-scale braided river delta
systems controlled by gentle slope zones (Zhao, 2016; Liu et al., 2019;
Guo et al., 2022; Pang et al., 2022).

3 Data and methodology

3.1 Seismic data

This study employed pre-stack time-domain 3D seismic data
and geochemical analysis to explore the intricate relationship
between tectonic transitions and the distribution of hydrocarbon
source rocks. The 3D seismic data utilized in this study spans a
vast area of 19, 250 km2, providing a comprehensive view of the
subsurface geological structures. For the Wenchang Formation, the
dominant seismic frequency ranges from approximately 20–30 Hz,
which is crucial for identifying and characterizing geological
features at different depths. This frequency range corresponds to a
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FIGURE 1
The geological location (a) and structural units (b) of the Zhu-1 Sub-basin, Pearl River Mouth Basin, China (summarized from Zhuo et al., 2015;
Lin et al., 2018; Ge et al., 2017; Ge et al., 2023). Note that a total of 23 sags are developed in the Zhu-1 Sub-basin (including Enping, Xijing, Huizhou and
Lufeng Depressions), seismic profiles AA′ to EE′ (b) are presented in Figures 5, 7.

vertical resolution of about 40–50 m, enabling detailed imaging of
the stratigraphic layers and potential hydrocarbon reservoirs.

In the Zhu-1 Sub-basin, seismic profiles play a crucial
role in identifying the fault combination fashions and sequence
stratigraphic patterns (Guo et al., 2024; Yin et al., 2024). By
interpreting the seismic data, we can delineate the boundaries
of different geological structures (Guo et al., 2024; Yin et al.,
2024). Based on these seismic interpretation boundaries, the fault
displacement across various seismic boundaries is meticulously
counted. This detailed analysis reveals the activity rules of faults,
providing valuable insights into the tectonic evolution of the region.

3.2 Geochemistry data

Geochemical data samples from the LF13, PY4, and HZ26 Sags
cover a range of key parameters that are of significant importance to
geological research, more than 400 geographies in total. Specifically,
the samples include Total Organic Carbon (TOC), an indicator that
reflects the content of organic matter in rocks. Additionally, the
total hydrocarbon potential (S1+S2) of the current rock samples was
measured (Behar et al., 2001; Fu et al., 1991; Peters et al., 2005).This
parameter integrates S1 and S2 and is used to assess the hydrocarbon
generation potential of rocks. Moreover, the Hydrogen Index (HI)
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FIGURE 2
Eocene-Oligocene tectono-stratigraphic framework of the Zhu-1 Sub-basin, Pearl River Mouth Basin, China. Note that Zhuqiong-1 and Zhuqiong-2
movements are occurred at 49 Ma and 39 Ma, respectively. The Huizhou (HZ) movement was demonstrated to take place at 43 Ma, correlative to the
transition of the distinctive plate activity (Ma et al., 2018; Shi et al., 2020; Ge et al., 2017; Hao et al., 2021; Ge et al., 2023). RP1 = Rift Phase 1 (49–39 Ma);
RP2 = Rift Phase 2 (39–33.9 Ma); PR1a and PR1b is correlative to the early (49–43 Ma) and late (43–39 Ma) periods of PR1. Form. = Formation.

was recorded in the samples, which can be used to measure the
type and maturity of organic matter (Fu et al., 1991; Peters et al.,
2005). The temperature (Tmax) reflects the highest temperature
reached by the rocks during pyrolysis and is closely related to the
thermal maturity of organic matter (Cao et al., 2017; Ding et al.,
2019). The vitrinite reflectance (Ro), an important indicator for
assessing the maturity of organic matter, is also reflected in the
sample data (Behar et al., 2001). Finally, the properties of kerogen
were investigated in the samples. As the main organic component in
rocks, the characteristics of kerogen play a key role in understanding
geological history and the hydrocarbon generation process.

In addition to structural analysis, geochemical data are also
essential for evaluating the hydrocarbon potential of the area. The
quantity of free hydrocarbons is represented by the S1 peak, while
the generative hydrocarbon potential is indicated by the S2 peak.The
Tmax value corresponds to the pyrolysis temperature at which the
maximum S2 yield is achieved (Cao et al., 2017; Ding et al., 2019).
The sum of S1 and S2 values provides a comprehensive measure of
the total hydrocarbon potential of the present rock samples. These
geochemical parameters are critical in estimating the quality of the
hydrocarbon source rocks, thereby aiding in the assessment of the
hydrocarbon exploration potential.

3.3 The analysis of the fault activity

In our study, we selected 21 seismic profiles to investigate
the fault activity. The displacement of the hanging wall and

footwall of the fault was carefully measured and analyzed, as these
displacements are key indicators of the fault activity. By examining
the differences in displacement between the hanging wall and
footwall, we can infer the nature and extent of the fault movement.
This method allows us to quantify the fault activity and better
understand the tectonic processes in these regions.

4 Results

4.1 Tectono-stratigraphy of Eocene Zhu-1
sub-basin

4.1.1 The characteristics and patterns of tectonic
activity

The HZ Movement (∼43 Ma) is associated with a series
of tectonic activities, such as the north-southward shift
of the rift center, displacement migration along the major
fault, basement uplift, magmatic activity, and stratigraphic
denudation (Shi et al., 2020).

In 49–39 Ma, the main tectonic changes occurred in the
Huizhou, Lufeng, and Xijiang Sags (Figure 3). Notably, the most
significant transformations took place in the southwestern part of
the Huizhou Sag and the transition zone of the Huizhou-lufeng
Low Uplift.The tectonic activities during this period were primarily
focused on the basement uplifts of the Huixi Low Uplift and Huilu
Low Uplift (Figure 4). This tectonic transition mainly led to the
basement uplift of the western low uplift of the Huizhou Sag and
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FIGURE 3
The calculated displacement (km) along the boundary faults in the selected sub-sags in the Zhu-1 Sub-basin of the Pearl River Mouth Basin. Note that
the north-south transition and east-west migration along the orientation of the boundary faults. RP1a = Lower part of Wenchang Formation
(49–43 Ma); RP1b = Upper part of Wenchang Formation (43–39 Ma).

the Huizhou-Lufeng Low Uplift, as well as widespread stratigraphic
denudation. Local magmatic intrusions reshaped the stratigraphic
structure (Figures 4, 5), accompanying the northward shift of rifting
and the migration of faults along the strike.

The north-south migration of tectonic activity showed the
following three aspects (Figures 4, 5a): 1) the intensity of fault
activity was strong in the south but weak in the north during
49–43 Ma, while it changed to be strong in the north but weak in
the south during 43–39 Ma; 2) the combination pattern of faults
shifted from a half-graben with a steep southern slope and a gentle
northern slope, to another type of basin geometry correlating to a
half-graben with a gentle southern slope associated a steep northern
slope (Figure 5); 3) both the location of the subsidence center and
the sedimentation rate of the sag center are characterized by a shift
from south to north, such as the migration of fault centers from the
southwest to the northeast (Figure 4).

4.1.2 The distribution patterns of depocentres
The migration of fault activity along the strike mainly shows

the differential activity of controlling sag fault segmentation, which
controls the orderly change of sedimentary center along the strike
(Shi et al., 2020). For example, in the Xijiang Sag, the strata migrated
regularly fromeast towest from theRP1a to theRP1b (Figures 4, 5b).

During 49–43 Ma, the sedimentary and thickness centers were
relatively evenly distributed in the Zhu-1 Sub-basin, with the
maximum thickness reaching up to 3,400 m (Figure 4a). During
43–39 Ma, the sedimentary and thickness centers were located
in the northwest direction of the Zhu-1 Sub-basin, with the
maximum thickness reaching up to 2,200 m (Figure 4b). Overall,
the sedimentary and thickness centers migrated towards the

northwest of the basin. The patterns of depocenter distribution are
similar to Shi et al. (2020).

4.2 Hydrocarbon rock distribution

4.2.1 Lateral migration of hydrocarbon rocks
During the Eocene, tectonic transitions triggered the migration

of subsidence and depositional centers, which in turn influenced
the movement of third-order sequences. The development of
hydrocarbon source rock types and quality within these sequences
exhibited significant spatial variability, driven by factors such as
rift intensity, climate, and sedimentary filling (Zhu et al., 2016;
Wang et al., 2015). The deep-lake facies correlative to source rocks
are represented by of paralleled and medium- or high-amplitude
seismic reflections, as evidenced by previous observations (Wu et al.,
2014; Zhao, 2016; Zhu et al., 2016; Ge et al., 2023).

The migration of north-southward rifting locations show that
the southern sub-sag belt had strong fault activity during 49–43 Ma,
with subsidence and sedimentation centered in the south. In
WCSQ3, fault activity peaked and formed a major hydrocarbon
generation center (Figures 3, 4). In contrast, the northern sub-sags
exhibited stronger fault activity, driving subsidence and deposition
northward. This trend continued with a decreased fault activity in
the early WCSQ4 stage and shifting the hydrocarbon generation
center northward (Figures 3, 4).

From an east-west perspective, the eastern section showed
an intense fault activity during 49–43 Ma, controlling subsidence
and deposition on the east side. Fault activity peaked by
WCSQ3, establishing a robust hydrocarbon generation center.
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FIGURE 4
The tectonic transitions and the distribution of hydrocarbon source rock centres of the Wenchang Formation in the Zhu-1 Sub-basin, PRMB, China. (a)
Lower part of Wenchang Formation (49–43 Ma); (b) Upper part of Wenchang Formation (43–39 Ma).

During 43–39 Ma, increased fault activity in the western section
drove subsidence and deposition westward, with a waned
activity and thus, the hydrocarbon generation center shifted
westward (Figures 3, 4).

In conclusion, these north-south and east-west migrations of
the hydrocarbon generation center governed the development of
two distinct sets of high-quality, deep-lake facies source rocks with
high organic abundance: one in the Lower part of the Wenchang
Formation and the other in the Upper part of the Wenchang
Formation.

4.2.2 Vertical development of hydrocarbon
source rock

According to the geochemical characteristics of the
hydrocarbon-rich sags, the two sets of main source rocks of the
Wenchang Formation are high-quality dark mudstones with high
organic matter abundance, large hydrocarbon generation potential
and good kerogen type (Shi et al., 2020).

The organic matter abundance of WCSQ3 of the PY4 Sag is
up to 11.23%, the maximum hydrocarbon generation potential is
87.35 mg/g, themaximumhydrogen index is 746 mg hydrocarbon/g
TOC, and the kerogen type is II1-I type (Table 1; Figure 6). The

organic matter abundance in the WCSQ4 reaches up to 10.54%, the
maximum hydrocarbon potential is 76.08 mg/g, and the maximum
hydrogen index is 808 mg hydrocarbon/g TOC, and the type of
kerogen is Ⅱ1-I (Table 1; Figure 6).

The organic matter abundance of WCSQ3 of the LF13 Sag
reaches up to 7.75%, the maximum hydrocarbon potential is
28.82 mg/g, themaximumhydrogen index is 606 mg hydrocarbon/g
TOC, and the type of kerogen is II1-II2 (Table 1; Figure 6). The
organic matter abundance in the Upper Wenchang Formation
reaches up to 5.12%, the maximum hydrocarbon potential is
23.23 mg/g, and the type of kerogen is II1-II2 (Table 1; Figure 6).

The hydrocarbon source rocks of the Lower Wenchang
Formation are also observed in the HZ26 Sag. The organic
matter abundance of the WCSQ3 is up to 8.14%, the maximum
hydrocarbon potential is 44.22 mg/g, the maximum hydrogen
index is 602 mg hydrocarbon/g TOC, and a kerogen type is II1
(Table 1; Figure 6). In addition to the main hydrocarbon source
rock intervals, hydrocarbon source rocks are also distributed in
several other third-order sequences of the Wenchang Formation,
but their organic matter content is obviously reduced and their
quality deteriorates. Obviously, the tectonic transition has changed
the distribution of high-abundance dark mudstone succession and
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FIGURE 5
The stratigraphic typical geological phenomena of the tectonic transition during the Wenchang Formation in the Zhu-1 Sub-basin of
the PRBM (see Figure 1 for the locations of the seismic profiles). The PY4-n and PY4-s Sub-sag is the north and south of the PY4 Sag, respectively. (a)
The north-south transition profile of the HZ26 Sag - XJ24 Sag, (b) The PY 4-n Sub-Sag - PY 4-s Sub-Sag profile along the fault striking, (c) The profile
of the magma weddge phenomenon in the southern gentle slope of the LF13 Sag.

controlled the vertical development of high-quality hydrocarbon
source rocks.

4.2.3 Distribution of hydrocarbon-rich
depressions

The hydrocarbon source rock fundamentally affects the
distribution and enrichment of hydrocarbons (Hu and Huang,
1991). The transition and migration of the main hydrocarbon
source rocks make the oil and gas supply no longer limited to a local
area in the hydrocarbon-bearing basins, and form a wide range of
hydrocarbon centers on the planar surface (Figure 4) which greatly

widens the range of hydrocarbon-rich depressions and promotes
the accumulation of the oil and gas in groups.

During the transition of hydrocarbon source rocks across faults,
the main hydrocarbon source rocks of the lower part of the
Wenchang Formation were developed during 49–43 Ma (Figure 5;
WCSQ3). The hydrocarbon source rocks distributed mainly in the
southeastern part of the depressions, which was promoting the
formation of hydrocarbon-rich sub-sag, such as the LF15, LF13 and
HZ26 Sags, and so on (Figure 4). The main hydrocarbon source
rocks of the Upper part of theWenchang Formation were developed
WCSQ4. It was mainly distributed in the northwestern part of the
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TABLE 1 The geochemical characteristics of hydrocarbon source rocks in the Wenchang Formation in the Zhu-1 Sub-basin of the Pearl River Mouth
basin. WC Form. = Wenchang Formation.

Sag Strata Depth TOC S1+S2 HI Tmax Ro Kerogen
type

Source
rock

quality(m) (%) (mg/g) (mg/g) (°C) (%)

PY 4

Upper WC
Form.

WCSQ5-6 3562 2.79 9.73 341.9 442 / Ⅱ Medium

WCSQ4 3273∼3747.5 0.5∼10.54 1.13∼76.08 136.3∼711.6 427∼452 0.63∼0.66 Ⅱ1 Good

Lower WC
Form.

WCSQ3 3422∼3919.6 0.76∼11.43 0.09∼87.35 156.5∼745.8 433∼449 0.60∼0.95 Ⅱ1 Good

WCSQ1-2 4000∼4120 2.18∼4.84 5.31∼16.67 196.8∼342.9 441∼452 0.94∼1.08 Ⅱ Medium

LF 13

Upper WC
Form.

WCSQ5-6 3438∼4092 0.97∼2.13 3.64∼9.14 260∼377 402∼459 0.55∼0.70 Ⅱ2 Medium-
Good

WCSQ4 3594∼3624 1.82∼5.12 8.09∼23.24 283∼359 420∼440 0.56∼0.57 Ⅱ2 Good

Lower WC
Form.

WCSQ3 3651∼3882 1.75∼3.70 2.96∼11.61 306∼569 431∼471 0.59∼0.77 Ⅰ-Ⅱ2 Good

WCSQ1-2 3915∼4062 0.84∼2.43 0.29∼12.30 361∼402 425∼471 0.74∼0.88 Ⅱ1-Ⅱ2 Medium-
Good

FIGURE 6
The characteristics of hydrocarbon potential of typical sag in the Zhu-1 Sub-baisn of the PRMB. (a) The organic carbon of the LF13 Sag; (b) The organic
style of the LF13 Sag; (c) The organic carbon of the PY4 Sg; (d) The organic style of the PY4 Sg; (e) The organic carbon of the HZ26 Sag; (f) The organic
style of the HZ26 Sag.
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sag, which makes the sag have the strong capacity of hydrocarbon-
generation, such as the XJ24 and the HZ10 Sags (Figure 4).

During the migration of the hydrocarbon source rocks along
the fault striking or dipping, the Upper and Lower parts of the
Wenchang Formation show a lateral stacking pattern in the EP17
and the PY4 Sags. The two sets of main hydrocarbon sources of
the WCSQ3 and WCSQ4 are laterally stacked and have a relatively
largescale, which ensures a strong hydrocarbon (Figure 4).Themain
hydrocarbon source rocks of theWenchang Formation in the Zhu-1
Sub-basin have been migrated along faults so that the hydrocarbon-
rich depressions are distributed from south to north and from east
to west, which has broadened the range of oil supply.

5 Discussions

5.1 Controls of rift transition on
hydrocarbon rocks distribution variability

The northern margin of the South China Sea lies at the
intersection of the Indian-Australian, Eurasian, and Pacific
plates, influenced by the Tethys and Pacific tectonic domains
(Northrup et al., 1995; Lee and Lawver, 1995; Guo et al., 2001;
Suo et al., 2012). The PRMB reflects these regional tectonics
(Figure 2).The Indian-Eurasian plate collision began around 43 Ma,
reducing convergence rates and causing extrusion of the Indian-
Chinese and South China landmasses. Concurrently, the Pacific
Plate subduction direction shifted from NNW to NWW, coinciding
with the HZ Movement (Shi et al., 2020). Detrital zircons in the
Wenchang Formation of the Zhu-1 Sub-sag, with a peak age of
48–43 Ma, likely record magmatism during this period, aligning
with the age inferred from lake basin sedimentation rates and
regional tectonic events (Wang et al., 2017). The tectonic transition
within the episode controlled the temporal and spatial evolution
characteristics of the rifting activities, sedimentation centers, and
sedimentary sequences (Zhu, 2007; Wang et al., 2017). This, in
turn, affected the formation and development of hydrocarbon
source rocks. These factors play an important role in controlling
the distribution of high-quality hydrocarbon source rocks, the
formation of hydrocarbon-rich depressions, and the gathering of
hydrocarbon (Zhu, 2007; Wang et al., 2017).

Tectonic transitions led to the migration of sedimentary
centers of different third-order sequences and the development of
hydrocarbon source rocks in lateral stacking patterns (Figure 7),
which is conducive to the formation of widely distributed
hydrocarbon centers and greatly broadens the scope of hydrocarbon
rich depressions (Shi et al., 2020). This motif is completely different
from the development mode of hydrocarbon source rocks in the
independent hydrocarbon centers of the inherited depressions, and
the huge thickness of the sedimentary mudstones (Figure 5).

The tectonic transitions lead to obvious temporal and spatial
migration characteristics of hydrocarbon source rocks (Zhu et al.,
2016; Wang et al., 2015). The migration pattern of different
sags shows a variability, including the three ways of north-south
conversion across faults, migration along the fault strike, and self-
migration along the fault tendency. The north-south transition is
driven by rifting movements, particularly evident in the Huizhou
and Lufeng Depressions. During RP1a (Figure 7), strong southern

fault activity was localized subsidence and deposition in the south,
with main hydrocarbon source rocks in the Lower part of the
Wenchang Formation (e.g., HZ26, LF15, LF13 Sags). In RP1b,
increased displacement of the northern fault after the rift transition
(43 Ma) shifted the subsidence and deposition centers northward.
The main hydrocarbon source rocks then shifted to the Upper part
of theWenchang Formation (e.g., XJ24,HZ10, LF7 Sags).This rifting
transition caused the migration and dislocation of hydrocarbon
source rocks from south to north (Figure 7a).

Heterogeneous migration in the Xijiang Depression is driven
by sequence stratigraphic shifts along fault strikes (Figure 7).
Influenced by tectonic transitions, the boundary faults are highly
active, causing significant migration of depocenters along the fault
strike from the early to the late of Eocene. As shown in Figure 7b, a
“see-saw”-style thickness variation is observed from RP1a to RP1b.
Early fault activity was stronger in the east, while late activity
was stronger in the west. This differential fault activity led to the
migration of depositional centers and hydrocarbon source rocks
along the faults (Figure 7).

In contrast, self-migration in the EP Sag is characterized by
the development of rift effects along the boundary fault striking
direction. Controlled by tectonic transitions, the sedimentary
centers migrate along the fault dip from the RP1a to RP1b, resulting
in lateral superposition of hydrocarbon source rocks along the
fault dip (Figure 7c).

Tectonic transitions lead to changes in the fault structure,
changes in the styles of sequences stratigraphy, stratum uplift, and
uptilting direction is often a low-potential area of hydrocarbons.
Hydrocarbons are more likely to be transported to the direction
of the stratigraphic warping, thus affecting the dominance of the
accumulation of hydrocarbons (Zhu et al., 2015; Jiang et al., 2015;
Jiang et al., 2019; Zhang et al., 2017; Liu et al., 2013; Shi, 2013).

5.2 Controls of rift transition on
hydrocarbon accumulation pattern
variability

5.2.1 Controls of the rifting transitions on
stratigraphy dipping pattern

The half-graben structure is the basic unit of rift basin,
including simple half-graben and complex half-graben, and
other types (Rosendahl, 1986; Steckler, 1985; Ru, 1990;
Martínez Candela et al., 2024; Tian et al., 2024).

Commonly, under the condition that sedimentary filling and
extensional deformation are in equilibrium and the evolution
mechanism of the boundary fault remains unchanged.The sequence
on the steep slope side of the half-graben faults will be offlapping,
forming a progradational sequence architecture, and the gentle slope
away from the faults will be overlapping, which is correspondingly
called the retrogradational sequence pattern (Naseer, 2025). This
causes the basin to show “lateral accretion” on the macroscopic
level, with the sequence overlapping the gentle slope step by step,
and stripping at the edge (Qi et al., 1997). The tectonic evolution
and sedimentary infilling pattern of the half-graben determined that
the gentle slope is the dominant direction of the strata pinch out
(Figure 7). Under this background, the hydrocarbon source rock
strata are uplapping to the gentle slope, which makes the gentle
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FIGURE 7
The migration pattern of hydrocarbon source rocks in the Wenchang Formation in the Zhu-1 Sub-basin of the PRMB. The locations of (a–c)
profiles see Figure 1. (a) The Huizhou Depression: north-south transition model across the faults; (b) The Xijiang Depression: heteromigration model
along the fault striking; (c) The Enping Depression: self-migration model along the fault dipping.

slope become the dominant direction of hydrocarbon drainage and
convergence (Zhu et al., 2015; Jiang et al., 2015; Jiang et al., 2019;
Qi et al., 1997; Liu et al., 2015; Allen and Allen, 2005).

During rifting basin formation, the half-graben structure
evolves with varying tectonic influences, altering its internal
sequence architecture (Allen and Allen, 2005; Naseer, 2025).
In the Zhu-1 Sub-sag, tectonic transitions modified the half-
graben structure and sedimentary patterns. The north-south rifting
shift caused the half-graben style to transition from having a
steep southern slope and gentle northern slope to the opposite
configuration. For instance, the fault system in the Huizhou
Depression and the up-dip contact of sedimentary sequences
and hydrocarbon source rocks migrated northward after 43 Ma
(Figure 4). The basement uplift and magmatic basement breakup
caused the stratigraphy to be deformed at a later stage, which
changed the stratigraphic occurrence (Allen and Allen, 2005;
Schirripa et al., 2024). The gentle slope in the LF13 Sag was
further rotationally uplifted by the effect of magma diapir, making
stratigraphy sequence and hydrocarbon source rock warp towards
the gentle slopes (Figure 5).

5.2.2 Controls of the rifting transitions on
petroleum accumulation patterns

According to the evolution rule of the half-graben structure and
hydrocarbon source rocks occurrence, three dominant convergence
styles were summarized in the Zhu-1 Sub-basin, which are the gentle
slope dominant, steep slope dominant, and double slope balanced
types (Figures 8, 9).

The gentle slope type is mainly distributed in the LF13 and XJ33
Sags (Figure 9). The consistent active boundary faulting promoted
the continuing subsidence around the steep slopes in the both
northwestern and northwestern parts, and thus, the high-quality
hydrocarbon source rocks overlapped and thinned to the gentle
slope in LF13 Sag. In Eocene, the magmatic diapir made the
bedrock block of the gentle slope uplift in a southwesterly direction
and the hydrocarbon source rock further dip to the gentle slope
(Mi et al., 2018). This area became the low-potential area of the oil
and gas accumulations, and provided a good background for the
accumulation of hydrocarbons to the southwest. The discovery of
the oil and gas in this kind of depression is mainly concentrated in
the direction of convergence of the gentle slope (Mi et al., 2018).
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FIGURE 8
The reservoir types and distribution of the hydrocarbon source rocks in the Wenchang Formation, the Zhu-1 Sun-basin, the PRMB.

FIGURE 9
The distribution patterns of the hydrocarbon source rocks in the Wangchang Formation of the Zhu-1 Sub-basin, PRMB. See locations of the (a–e)
profiles in the Figure 8.
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The steep slope dominant type is primarily found in HZ26,
XJ24, and XJ30 Sags (Figure 9). As shown in Figure 8, the
persistent activity of the southwest fault during 49–43 Ma
facilitated the development of dark mudstone in the HZ26 Sag.
During 43–39 Ma, rapid uplift of the southwest area reversed the
hydrocarbon source rock strata toward the steep slope, favoring
southwestward hydrocarbon accumulation (Shi et al., 2020;Mi et al.,
2018). Exploration confirms that in this direction, Paleogene
and Neogene oil and gas reservoirs are distributed in
clusters and belts.

The double slope balanced type is mainly developed in
the PY4 and EP17 Sags. In the EP17 Sag, tectonic transitions
caused migrations of sedimentary and subsidence centers along
fault trends from RP1a to RP1b (Figures 4, 9). High-quality
hydrocarbon source rocks migrated and superimposed along the
fault dip, resulting in the lower part of the Wenchang Formation
dipping gently southwest and the upper part of the Wenchang
Formation dipping steeply northeast. These two sets of source
rocks converge toward the flanks in different sags, with commercial
oilfield clusters now formed in both the northern and southern
sides (Figure 9).

5.3 Implications for hydrocarbon source
rocks in rift basins

The distribution of source rocks in rift basins is influenced
by both climate and tectono-sedimentary interactions, exhibiting
a significant complexity (Zeng et al., 2025; Tajmir et al., 2021;
Schirripa et al., 2024; Naseer, 2025). Differences in tectonic
activity episodes lead to variations in basin subsidence rates
and sedimentary environments, which in turn affect the
development and distribution of source rocks (Zeng et al.,
2025). For example, the intense rifting in the Beibu Gulf
Basin during the early Eocene led to rapid subsidence of
the lake basin, forming semi-deep lake to deep lake facies
mudstone and shale, which provided favorable conditions for
the development of high-quality source rocks (Zhou et al.,
2024). Meanwhile, climatic conditions affect the provenance
supply and sedimentation rates of sediments, further influencing
the thickness and organic matter content of source rocks
(Shi et al., 2024). This complex geological background makes
the hydrocarbon accumulation process subject to multiple
constraints, increasing the complexity of hydrocarbon accumulation
(Tajmir et al., 2021; Schirripa et al., 2024).

To improve the accuracy of hydrocarbon exploration,
rift basins must be subdivided into different tectonic activity
episodes and structural zones for study (Zhou et al., 2024). The
distribution patterns and hydrocarbon generation potential of
source rocks vary under the different tectonic activity episodes
(Naseer, 2025), while the division of structural zones helps clarify
the pathways and accumulation sites of hydrocarbons (Chen
et al., 2021). By conducting research based on different
tectonic activity episodes and structural zones, it is possible
to confidently predict favorable hydrocarbon accumulation
zones, thereby providing a scientific basis for hydrocarbon
exploration.

6 Conclusion

The tectonic shift within the rift phase in Zhu-1 Sub-
basin is mainly manifested as rifting migration, basement uplift,
and magmatic underplating, which affects the formation and
development of hydrocarbon source rocks. The key conclusions are
summarized as follows:

(1) The tectonic shift caused the hydrocarbon center to shift
from north to south and migrate from east to west, forming
two sets of main hydrocarbon source rocks in the upper
and lower sections of the Wenchang Formation, changing
the distribution of high-abundance dark mudstone layers,
and controlling the vertical development of high-quality
hydrocarbon source rocks.

(2) The tectonic transformation caused the main hydrocarbon
source rocks to show obvious migration in space
and time, with three motifs: north-south conversion
across faults, heterogeneous migration along faults,
and self-migration along faults, which made the high-
quality hydrocarbon source rocks laterally stacked
and greatly broadened the range of hydrocarbon-rich
depressions.

(3) The structure of the half-graben changed with the tectonic
transformation, and the basement uplift and magmatic
underplating remodeled the internal stratigraphic structure of
the half-graben, restricting the stratigraphy of the hydrocarbon
source rocks and forming three hydrocarbon convergence
modes of the gentle slope dominant, steep slope dominant,
and double slope balanced types in different depressions
and sags.

(4) The study reveals that the quality of source rocks in the Eocene
Wenchang Formation of the Zhu-1 Sub-basin is significantly
correlated with the intensity of syn-depositional faulting, with
the structural flexure zone formed during the rift phase
1 (49–39 Ma) controlling the belt-like distribution of high-
quality source rocks.
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