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Abstract: The process of Cenozoic sea-land changes in the northern South China Sea (SCS) controlled the sedimentary
filling pattern and played an important role in the petroleum geological characteristics of the northern marginal sedimentary
basins. Under the control of the opening process of the SCS, the northern SCS Cenozoic transgression generally showed the
characteristics of early in the east and late in the west, and early in the south and late in the north. The initial transgression
occurred in the Eocene in the Taixinan Basin (TXNB) of the eastern SCS, while the transgression occurred until the
Pliocene in the Yinggehai Basin (YGHB) of the western SCS. International Ocean Discovery Program (IODP) expeditions
(Expeditions 367/368) revealed that the initial transgression of the SCS basin occurred at approximately 34 Ma, which was
the initial opening time of the SCS. The period of drastic changes in the sedimentary environment caused by large-scale
transgression corresponded to the opening time of the southwestern subbasin (approximately 23 Ma), which also
represented the peak of the spreading of the SCS. The sea-land transition process controls the distribution of alternating
continent-marine facies, marine facies source rocks and reservoirs in the basins. The marine facies source rocks of the
basins in the northern SCS have a trend of gradually becoming younger from east to west, which is consistent with the
regional process of gradual transgression from east to west. Regional sea-level changes were comprehensively influenced
by SCS opening and global sea-level changes. These processes led to the early development in the east and south and late
development in the west and north for the carbonate platform in the SCS. Carbonate platforms form another type of “selfgenerating and self-accumulating” oil-gas reservoir in the northern SCS. The sea-land transition controlled the depositional
filling patterns of different basins and laid the foundation of marine deposits for oil and gas resources. The source-reservoircap assemblage in the northern SCS was controlled horizontally by provenance supply and sedimentary environmental
changes caused by sea-land transition and vertically by the tectonic evolution of the SCS and regional sea-level changes.
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1 Introduction
Cenozoic sedimentary basins in offshore China that are
rich in oil and gas resources include the Pearl River Mouth
Basin (PRMB), Beibuwan Basin (BBWB), Yinggehai
Basin (YGHB) and Qiongdongnan Basin (QDNB), which
are all located in the northern South China Sea (SCS).
After more than half a century of exploration, a number of
large- and medium-sized oil and gas fields have been
discovered in the shallow water area of the shelf in the
northern SCS (Fig. 1; Zhu, 2007). However, although the
deep-water area of the vast continental slope presents
excellent prospects for oil and gas resources, the
exploration and research level is relatively low; thus, this
area can represent the focus and direction of future oil and
gas exploration and development (Zhang et al., 2007,
2015). In terms of the oil and gas resources discovered in
the northern SCS, the main source rock types can be
divided into continental facies and marine facies, and the
main reservoirs show alternating continent-marine facies
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deposition, littoral-neritic sandstones, reef limestones, etc.
Regardless of whether the source rock-reservoir
assemblage is “continental source rock-marine reservoirs”
or “marine source rock-marine reservoir”, it is closely
related to the formation of marine facies and alternating
continent-marine facies deposits. Therefore, we must
devote more attention to the control effect of Cenozoic sea
-land changes on oil and gas resources in the northern
SCS.
Transgression and regression have obvious control
effects on the development of sedimentary facies and the
generation and accumulation of oil and gas (Zhang et al.
2019b). The sea-level changes in the northern SCS
generally showed a gradually rising trend in the Cenozoic.
Although the general trend is not completely consistent
with global sea-level changes, good correspondence is
observed between the two in terms of periods and cycles.
The northern SCS mainly experienced the sedimentary
evolution process of continental to alternating continentmarine facies to marine facies in the Cenozoic (Zhu et al.,
2008; Zhang et al., 2015; Feng et al., 2017). Due to the
differences in tectonic location and characteristics of each
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basin, the time and scale of transgression among basins are
not consistent (Zhang et al., 2020). The sedimentary filling
characteristics of different basins are controlled by both
tectonic movement and regional sea-level changes, thus
laying the foundation for different oil and gas resources in
the basins (Mi et al., 2018; Pang et al., 2018).
In addition to the impact of global sea-level changes,
the sea-land transition in the northern SCS is largely
related to the Cenozoic opening process of the SCS.
Oceanic drillings in the SCS have discovered new data
about the rifting process and sea-land environment
changes, thereby providing strong evidence for
reexamining the coupling relationship between sea-land
changes and hydrocarbon accumulation in the northern
SCS. In this study, the latest research results of the
International Ocean Discovery Program (IODP) combined
with the rifting evolution of the SCS are used to study the
formation process of marine deposits in the northern SCS
and analyze and discuss the oil and gas geological
significance. The results should provide a reference for
future oil and gas resource exploration and development.
2 Geological Settings
The special tectonic location and characteristics of the
northern margin of the SCS produced the regional
differences and tectonic evolution stages and formed
special sedimentary filling characteristics (Hall, 2002;
Hurchison, 2004). The SCS has experienced plate-edge
rifting since the Paleogene and developed successively
from continental rifting to marine depression. With the
sedimentary environment transformation from continental
to marine, the basic pattern of different types of basins in
the current passive continental marginal sea was formed

(Li S Z et al., 2012; Feng et al., 2017; Zhang, 2018). The
continental margin basins in the northern SCS generally
have a double layer geologic structure of rift depression,
and two areas can be divided according to the different
structural systems (Zhu et al., 2008): the western area,
which includes the strike-slip basin YGHB and shows a
NW trend; and the eastern area, which contains, the
continental rifting basin BBWB and the continental
margin rifting basins QDNB and PRMB. The basins of the
eastern area are NE-NEE trending (Fig. 1). Cenozoic
deposits in the basins all have environmental transition
characteristics of early continental facies and late marine
facies. Replacement of the depositional system formed
multiple sets of different reservoir-cap assemblages. The
late neotectonic movements, hydrocarbon source supply
systems, and spatiotemporal coupling of hydrocarbon
traps ultimately affected the characteristics of the basin
petroleum system and its hydrocarbon migration and
accumulation (Tang et al., 2014; Shao et al., 2016).
3 Cenozoic Plate-edge Rifting of the SCS and Sea-land
Changes in the Northern SCS
3.1 Brief description of the SCS plate-edge rifting
process
The formation mechanism and dynamic sources of the
SCS have long been hot research issues. The mainstream
views include the “extrusion model”, in which SCS
opening was caused by the extrusion of the Indochina
Peninsula (Tapponnier et al., 1986), and the “slab
subduction model”, in which the Proto-SCS subduction
towards Borneo caused the SCS opening (Hall and
Breitfeld, 2017). IODP Expeditions 367/368 revealed that
the SCS is not a nonvolcanic passive continental margin

Fig. 1. Schematic diagram of the distribution of Cenozoic sedimentary basins and main oil and gas fields in the northern South China Sea (according to Gong et al., 2017; Zhang et al., 2019a).
BBWB: Beibuwan Basin; PRMB: Pearl River Mouth Basin; QDNB: Qiongdongnan Basin; TXB: Taixi Basin; TXNB: Taixinan Basin;
YGHB: Yinggehai Basin.
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similar to the Atlantic Ocean but rather is related to rifting
along the plate-edge strike-slip faults under the oblique
subduction of the Pacific Plate to the Eurasian Plate
(Huang et al., 2019). Rifting occurs along the edge of the
South China Plate (Zhu et al., 2021), and the main driving
force is the interaction of the eastern plates (Wang et al.,
2019). Based on oceanic crust basalt dating, the initial
opening time of the eastern subbasin was 34 Ma and the
initial opening time of the southwestern subbasin was 23
Ma (Larsen et al., 2018). These data are basically
consistent with submarine magnetic anomaly analysis
results showing that the expansion of the SCS seafloor
began in the early Late Oligocene (approximately 32 Ma)
while the seafloor ridge jump event and southwest
subbasin opening occurred in the late Oligocene (Briais et
al., 1993; Li et al., 2015). The results of oceanic crust
dating confirm that the SCS underwent multiple stages of
expansion and subsidence in the Cenozoic that formed the
present tectonic and sedimentary pattern.
In the early Cenozoic, the SCS experienced a transition
from an active continental margin to a passive continental
margin (Li S Z et al., 2012; Li Z X et al., 2012; Shao et al.,
2019a). Before the transition of the tectonic system, the
SCS was situated on the edge of the convergent plate.
Affected by the Pacific Plate NW subduction trend to the
Eurasian Plate, in the late Late Cretaceous, the regional
geodynamic environment was still compressed (Zhu et al.,
2021). At 60~50 Ma, large-scale igneous activities and
surface uplift occurred in the northern SCS due to the
subduction of the expansive ridge (Seton et al., 2015).
Microcontinental blocks, such as the Nansha-Palawan,
accumulated on the southeastern margin of Eurasia in the
early Cenozoic, and most of the northern SCS presented
an uplift denudation environment (Shao et al., 2019a;
Zhang et al., 2019b). In the Eocene, due to speed and
direction of the deflection of the relative movement
between the Pacific Plate and the Eurasian Plate, the
regional geodynamic environment changed from
compression to extension, which represented the dynamic
source of SCS plate-edge rifting. This change to extension
induced continental margin tensioning of the SCS at the
southern margin of the South China Plate. Based on the
time when volcanic activity stopped (~50 Ma) and the age
of the hyperplasia wedge at the northern margin of Borneo
(approximately 45 Ma), proto-SCS subduction started,
which drove the continental source tensioning of the
northern SCS via dragging (Madon et al., 2013; Li et al.,
2018; Sun et al., 2020). The Borneo relict sediment was
Paleocene-Eocene passive continental margin marine
deposits associated with the proto-SCS environment. The
Borneo strata became gradually younger from the north to
the south, and stratigraphic sedimentary records showed
proto-SCS initial cracking at the end of the Early Cretaceous
and then subducting to the south after the Oligocene until it
disappeared under Borneo (Haile, 1970; William et al.,
1988; Zhang et al., 2015). In the Middle Miocene, the
expansion and cracking process of the SCS stagnated
because of blocking by the Australian plate northward
drifting; thus, the regional geodynamic environment
transformed into compression once again and the current
basic structural pattern roughly formed (Fig. 2).
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3.2 Cenozoic sea-land transition and sedimentary
environment evolution in the northern SCS
The overall trend of the Cenozoic sea-land transition in
the northern SCS was initially continental and then marine
and initially lake basins and then sea basins (Yu et al.,
2016). Due to the different relative positions of each basin
to the SCS basin, there are obvious differences in the time
of sea-land changes and sedimentary environment
transitions. The transgression appears early in the east and
south and late in the west and north.
Drilling DP21-1 in TXNB revealed a shallow shelf
environment in the late Early Eocene. The IODP site
U1501 on the west side of DP21-1 showed that marine
microfossils did not occur under the late Eocene strata
(below 460 meters). Shallow benthonic foraminifera
represented by Planularia sp., Gaudryinasp., and
Quinqueloculina sp. appeared in the Late Eocene strata
(Fig. 3). The species characteristics were similar to those
of Eocene synrift sediments in Taiwan (Huang et al.,
2018; Jian et al., 2019), and the sedimentary environment
was a shallow shelf environment that exhibited the
expansion process of the marine environment from east to
west. The IODP site U1435A also revealed that the Upper
Eocene was a 280 m thick littoral-delta deposit (Shao et
al., 2017c), indicating that marine deposits occurred in the
Late Eocene in the eastern deep-water area of the northern
SCS.
The sea-land transition of the SCS was closely related
to the opening process of the SCS basin (Zhang et al.,
2020). Source-to-sink comparison studies revealed that the
sediments in the northern SCS in the Eocene/Oligocene
(approximately 33 Ma) and Oligocene/Miocene
(approximately 23 Ma) were significantly changed in
terms of provenance supply and depositional environment
(Shao et al., 2009; 2019a), respectively, and corresponded
to the initial opening of the SCS basin and the opening of
the southwest subbasin.
The Cenozoic sea-land transition and sedimentary
paleogeographic evolution of the SCS consisted of three
stages. Stage Ⅰ (Paleocene): most areas of the SCS were
uplift and denudation zones. Sporadic intermountain
basins of the Shenhu Formation dominated by pyroclastic
accumulations were only developed in the BBWB and
Zhu Ⅲ Depression (Fig. 4a); Stage Ⅱ (Eocene to Middle
Miocene): continental rift basins developed, the tectonic
style of the SCS began to form, and the most obvious
stage of sedimentary evolution occurred. Transgression
occurred obviously on the south side of the eastern part of
the SCS, and the environment gradually changed from
land to sea. In the Middle Eocene, the TXNB accepted
marine deposits (Fig. 4b). In the Late Eocene, the SCS
basin began to open and the transgression gradually
expanded from east to west. The distribution of the marine
environment was relatively limited and only occurred in
the deep-water area on the south side of the PRMB. In
addition to the uplift areas around the basin, terrigenous
clastics were mainly transported from west to east through
the east-west trending “Kontum-Ying-Qiong” ancient
river (Shao et al., 2019a; Fig. 4c). In the Oligocene, the
scale of transgression further expanded and reached the
QDNB and YGHB in the late Early Oligocene, the
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Fig. 2. Tectonic evolution model diagram of the South China Sea (modified according to Zhang et al., 2015; Hall and Breitfeld,
2017; Shao et al., 2017c; Zhang et al., 2020).

“Kontum-Ying-Qiong” ancient river was submerged by
transgression, terrigenous debris could still be transported
to the Baiyun deep-water area through submarine
watercourses, and transgression occurred in the Zhu Ⅰ
Depression (Fig. 4d). In the Early Miocene, the BBWB
gradually transformed into a marine environment (Fig.
4e), the PRMB developed a shelf margin delta-deep water
fan system, and the Zhongsha-Xisha area began to develop
a carbonate platform (Wu et al. al., 2014; Shao et al.,
2017b). In the Middle Miocene, the range of transgression
was further expanded, the terrestrial input pattern basically
inherited the characteristics in the Early Miocene, the
carbonate platform developed on a large scale (Fig. 4f),
and the sedimentary environment of the SCS rapidly
changed. The seawater gradually advanced from east to
west and from south to north, thus causing the rupture
unconformity to gradually rise from east to west. Stage III
(since the Late Miocene): the expansion of the SCS basin
stagnated and shrank. The SCS basin shrank to a certain
extent based on constriction caused by the Philippine Sea
Plate, and part of the oceanic crust disappeared eastward
under the Philippine Sea Plate (Wu et al., 2016). At this
stage, the sedimentary environment of the SCS was

basically stable and obvious iterative changes did not
occur between the land and sea environments. Due to the
rapid rise of sea level, a large number of carbonate
platforms were submerged and disappeared (Wu et al.,
2014).
4 Distribution of Marine Strata and Petroleum
Geologic Significance
The marine deposits in the northern SCS mainly
included marine clastic rock deposits and carbonate reef
deposits. The different transgression times of each basin
caused the different types of source rocks and reservoirs in
the northern SCS. In addition, the development and
distribution of carbonate platforms were regional and
controlled by sea-land transition and regional sea-level
changes.
4.1 Distribution of marine clastic rocks and petroleum
geologic significance
Affected by tectonic movement and sea-level changes,
the main source rocks in the continental margin basins of
the northern SCS are different (Fig. 5a). Lacustrine source
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Fig. 3. Comprehensive histogram of the IODP U1501 drilling and sedimentary environment evolution characteristics
(according to Jian et al., 2019).

rocks are mainly distributed in the BBWB and the Eocene
series in the PRMB; alternating continent-marine source
rocks are mainly distributed in the QDNB and the
Oligocene series in the deep-water area of the PRMB; and
marine source rocks are mainly distributed in the YGHB,
Shuangfeng Basin, and the Miocene series in the deepwater area of the PRMB. Judging from the characteristics
of the main source rock assemblages in each basin, both
the PRMB and QDNB are composed primarily of
lacustrine source rocks, followed by alternating continentmarine and marine source rocks. The main source rocks
are marine in the YGHB, and continental and alternating
continent-marine source rocks are relatively less abundant.
Lacustrine source rocks are the main source rock of the
BBWB, and alternating continent-marine and marine
source rocks are underdeveloped (Liang et al., 2013;
Zhang et al., 2015; Mi et al., 2018).

The clastic rock reservoirs in the northern SCS present
huge continental alluvial fans and river or lake delta
coarse clastic deposits as well as neritic deltas and abyssal
submarine fan sandstones (Zhu, 2007; Pang et al., 2018;
Cui et al., 2019). Among them, the delta-deep-water fan
system at the edge of the continental shelf is the most
important sedimentary system of oil and gas resources in
the northern SCS, and it is characterized by a large
thickness, wide distribution and good accumulation and
currently represents a hot spot for oil and gas exploration
and development (Zhu et al., 2017). Different types of
reservoirs have different development time and
sedimentary system characteristics. The main reservoirs of
the northern SCS developed in the Oligocene. The neritic
delta sandstone reservoirs of the Zhuhai Formation in the
PRMB and fan delta sandstone reservoirs of the Lingshui
Formation in the QDNB are representative of the
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Fig. 4. Cenozoic sea-land transition and sedimentary environment evolution in the northern South China Sea (modified according
to Zhang et al., 2020).
BBWB: Beibuwan Basin; LYB: Liyue Basin; NPB: North Palawan Basin; PRMB: Pearl River Mouth Basin; QDNB: Qiongdongnan Basin; SPB: South
Palawan Basin; TXB: Taixi Basin; TXNB: Taixinan Basin; WAB: Wan’an Basin; YGHB: Yinggehai Basin.

reservoirs in this era. These reservoirs include a tractive
current sedimentary system and shallow water delta
reservoir in the continental shelf area, and they represent
the main oil and gas production strata in the basins. The
proven oil and gas fields and structures in the northern
SCS are basically related to such reservoirs (Xu et al.,
2010; Xie et al., 2011; He et al., 2020). In the Late
Oligocene and Early Miocene, a large amount of
provenance provided material conditions for the
development of large-scale shelf margin deltas and sandrich slope turbidite fan deposition (Xu et al., 2010; Pang et
al., 2018). The Lower Miocene reservoirs formed under
this background mainly developed in the deep-water
continental slope area of the PRMB and the northern uplift
belt and central rift zone of the QDNB, and they represent

continental slope deep-water gravity flow genesis
reservoirs. Different types of deep-water fan reservoirs in
the LW3-1 deep-water gas field group in the Baiyun Sag
in the southern PRMB (Pang et al., 2014) and the LS17-2
deep-water gas field group in the central valley of the
QDNB (Xu et al., 2014; Yang et al., 2014) are
representative. The remnant central gorge of the KontumYing-Qiong River in the QDNB during the Late Miocene
constituted an important reservoir in the deep-water area
on the west side of the SCS (Yuan et al., 2009; Xie et al.,
2011; Ma et al., 2017; Cui et al. al., 2019). All of the
above will be important directions and targets for oil and
gas exploration and development in the northern deepwater area of the SCS in the future (He et al., 2020).
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Fig. 5. (a) Schematic diagram of the distribution of main source rocks in the northern South China Sea (according to Xie et al.,
2011; Liang et al., 2013); and (b) distribution of carbonate platforms and reefs in the northern South China Sea.

4.2 Petroleum geologic significance of carbonate rocks
Organic reef oil-gas reservoirs occupy an important
position among world oil-gas reserves (Wu et al., 2009).
Carbonate rocks and reefs in the SCS are mainly
developed on stable blocks or paleo-uplifts. Their
formation usually requires the following conditions: the
structure is relatively stable, the sea level is relatively
stable and rises slowly, and the supply of terrigenous
debris is scarce or lacking (Zhang et al., 2003). The
carbonate rocks and reefs in the northern SCS show
regional distribution characteristics and primarily occur in
the Dongsha uplift and Shenhu uplift in the PRMB,
Songtao uplift and Yabei uplift in the QDNB, and the

Xisha-Zhongsha area (Wu et al., 2014) (Fig. 5b). The
Lower Miocene of the PRMB has extensively developed
various types of bioreef limestones. Among them, the
carbonate platform or bioreef on the Dongsha uplift,
Qionghai hump and Shenhu uplift are large in scale, show
good reservoir properties and are important oil-gas
reservoirs (Xie et al., 2011). The Miocene Sanya
Formation develops a littoral-neritic carbonate platform,
and the Meishan Formation in the southern uplift area
develops reef-shoal facies in the QDNB. The YGHB is
deep and narrow and influenced by the sedimentation
filling of the Red River delta, which is not conducive to
the formation and development of reefs (Zhao et al.,
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2015).
The chief bioherm reservoirs are the growth of the reef
structure on block highlands in the northern SCS. The
LH11-1, LH4-1 and LF15-1 bioreef oil-gas fields have
been developed in the PRMB by far. The LH11-1 oil field
is a large bioherm reservoir developed in the OligoceneMiocene, its thickness and reserves are very substantial,
and biological reef limestone is the main reservoir (Mi et
al., 2018; Wu et al., 2019). Compared with the Liyue
Basin and Zengmu Basin in the southern SCS, in terms of
developing time and scale, the carbonate rocks in the
northern SCS are inferior to those in the southern SCS, the
relative research and development level is much lower,
and its oil-gas resource potential needs further
development. Recent studies on carbonate have provided
new possibilities for the exploration and development of
carbonate oil and gas resources in the northern SCS. The
discovery of high-porosity and high-quality reservoirs of
Oligocene coccidian bioclastic limestone in the deep-water
area of the northern SCS may provide new ideas for the
exploration of carbonate rock oil and gas resources (Wu et
al., 2013). Carbonate rock oil-gas resources in deep-water
areas are a new field for future oil-gas exploration and
development. In addition to organic reef oil and gas
reservoirs, clastic-carbonate mixed sediments have great
exploration potential for lithologic oil and gas reservoirs
based on exploration and development. Exploration in the
eastern PRMB has proven that most of the oil and gas
reservoirs are in the mixed siliciclastic-carbonate
depositional area (Du et al., 2014; Chen et al., 2015; Ding
et al., 2017). Clastic rock reservoirs and mudstonepeperite-carbonate caprock form a good reservoir-cap
structure in the mixed zone, and sedimentation with a low
percentage of sand is conducive to the formation of lateral
and vertical sealing. The southern Huizhou depression,
southern Lufeng depression and eastern Baiyun depression
are favorable distribution areas of mixed sedimentary
lithology reservoirs and have great potential for
exploration and development in the future (Liang and Li,
2020).
5 Impact of Regional Sea-level Changes on Oil and Gas
Resources
5.1 Control of regional sea-level changes on sourcereservoir-cap assemblage
Predecessors have separately studied regional sea-level
changes in each basin of the northern SCS through
paleontological data (Hao et al., 2000; Qin, 2002) and
summarized the overall sea-level change rules of the
northern SCS on this basis (Yu et al., 2016). A
comparative study with global sea-level change cycles
shows that although differences occur in the evolutionary
trends and change characteristics, the periods and cycles
are obviously restricted by global sea-level changes (Shao
et al., 2017b). There are certain differences in regional sea
-level changes in each basin that reflect the superimposed
effect of basin tectonics and sediment supply on regional
sea-level changes.
Large-scale sea-level changes in the northern SCS can
be divided into four periods (Fig. 6). Period Ⅰ occurred

before the Late Eocene (~38 Ma); in this period, the
transgression in the northern SCS had not generally begun
and the sedimentary environment was mainly continental.
Period Ⅱ occurred in the Late Eocene-Oligocene (38–23
Ma); during this period, sedimentary basins in the northern
SCS began to undergo transgression, reached the
maximum sea depth of this period in the middle Late
Oligocene and then regressed and the water depth
gradually decreased. Period Ⅲ was the Early–Middle
Miocene (23–10.5 Ma); in this period, after significant
retreat in the Late Oligocene, a new round of transgression
began in the Early Miocene, gradually reached the
maximum in the Early Miocene with the deepest water
body, and then gradually retreated at the end of the Middle
Miocene. Period IV of large-scale sea-level changes was
from the Late Miocene to the Pliocene (10.5–2.6 Ma); in
this period, this transgression flooded the entire northern
SCS and most of the northern SCS became a neritic
environment at this time. The largest flooding event in this
cycle developed in the middle Pliocene, the entire
continental shelf reached the maximum water depth, and
the seawater gradually receded in the late period. During
the Quaternary, the overall trend of sea-level changes was
stable and the third-level cycles developed, which was
mainly related to global climate cycle events during the
glacial/interglacial period.
Sea-level changes controlled the filling pattern of the
sedimentary basins in the northern SCS, thereby further
controlling the distribution and development of source
rocks, reservoirs and caprock systems (Yu et al., 2016).
Source rocks were mainly developed during the period of
strong rifting and showed a trend of gradually becoming
younger from east to the west in development time. The
abundance of organic matter and the maturity of source
rocks also showed similar characteristics (Fig. 6) because
of the deposition and filling process of each basin. Xie et
al. (2011) believed that the prerifting continental deposits
and the rifting period alternating continent-marine deposits
in PRMB and QDNB have reached the hydrocarbon
generation threshold depth and indicated that both
continental deposits and alternating continent-marine
deposits represent source rocks that participated in
hydrocarbon generation. Moreover, they indicated that
YGHB accepted huge postrifting deposits in addition to
the abovementioned deposits and suggested that the
marine deposits accepted in the early stage can also
participate in hydrocarbon generation. In addition, because
of the rapid rate and large scale of marine deposits, the
scale and maturity of marine source rocks in YGHB were
far superior to those in other sedimentary basins in the
northern SCS. The deep-water area of PRMB also reached
hydrocarbon generation threshold due to the high
geothermal gradient (Tang et al., 2014). The BBWB
converted to a marine environment rather late, sediment
accumulation in the postrifting period was limited, only
the early continental sediments reached the hydrocarbon
generation threshold, and the source rocks were dominated
by terrestrial source rocks. The alternating continentmarine and marine source rocks were relatively
underdeveloped.
The regional caprock has been composed of
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Fig. 6. Regional sea-level changes and source-reservoir-cap assemblage characteristics of Cenozoic sedimentary basins in the northern South China Sea (according to Xie et al., 2011, 2015; Yu et al., 2016).

sedimentary strata since the Late Miocene in the northern
SCS, and these strata have good uniformity in different
basins. Since the Late Miocene, the sedimentary
environment has been stable, and the distribution range of
sea-land has been relatively fixed. The local caprocks
developed in each basin differed mainly because of the
process of sea-land conversion and regional sea-level
changes. The condensed mudstone formed during the
maximum flooding period under the transgression events,
which may play a beneficial role in sealing. In addition,
the mudstone developed under the transgressive system
had a certain blocking effect on the underlying sandstone
reservoirs.
In general, the vertical stratigraphic iteration caused by
sea-land changes is the basis for the development of the oil
-gas source-reservoir-cap system in the northern SCS.

This vertical iteration was mainly controlled by regional
sea-level changes and basin tectonic evolution, while the
horizontal distribution differences were mainly controlled
by regional sea-land changes and provenance supply.
5.2 Regional sea-level changes and sedimentary system
response in the PRMB
The PRMB presents the highest degree of exploration
and development of oil-gas resources in the northern SCS,
and it is mainly composed of five structural units: the
northern faulted belt, the northern rift zone, the central
uplift zone, the southern rift zone and the southern uplift
zone (Fig. 7a). Existing exploration results have shown
that the oil-gas distribution in the PRMB has the
characteristics of “north Oil and south Gas”; thus, the
northern shelf area is an oil-rich area and the southern
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Fig. 7. Sedimentary response profile of sea-level changes in the Pearl River Mouth Basin.

deep-water area is a natural gas-rich area (Zhang, 2010;
Mi et al., 2018). Affected by sea-level changes, the
progradation and retrogradation of the delta sedimentary
system in the Pearl River shelf area as well as the
development of the deep-water fan sedimentary system in
the continental slope area have undergone regular phase
changes. Under a stable tectonic environment, the
continuous input of the large Pearl River has led to a good
coupling relationship between the delta-deep-water fan
sedimentary system of the PRMB and the regional sealevel changes and coastal onlap events. The deep-water
area of the basin is a deep-water continental slope area
with a large high delta front as the background, and it is
the most favorable area for the development of sandy deep
-water fans (Pang et al., 2005, 2007). The “jump” of the
shelf break and sea-level changes gave rise to vertical
superposition of the delta and deep-water fan deposits,
consisting of the special “source-sink” correspondence
between the delta system and deep-water fan (Wu et al.,
2010).
Both the onlap and truncation of seismic reflections
indicate relative changes in sea level (Vail et al., 1977).
The identification and analysis of typical seismic profiles
can reproduce the characteristics and laws of relative sealevel changes. Interpretation of seismic data in the PRMB
shows that the sedimentary system and environmental
evolution have a regular correspondence with regional sea

-level changes (Fig. 7b, c). Before 32 Ma, the overall
sedimentary environment was dominated by continents,
multiple rifting basins were developed and characterized
by multiple depocenters, and mainly near-source deposits
were formed under the condition of local uplift
provenance. The “Kontum-Ying-Qiong” ancient river
delta developed on the west side of the depression (Shao et
al., 2019b). During the deposition period of the Zhuhai
Formation (32 Ma–23 Ma), the Baiyun and Liwan areas
developed multistage sandstone prograding structures,
with delta deposits formed by large river sources and
transitional-neritic facies deposition developed in the
southern part of the basin, and this period also represented
the initial transgression time of the PRMB. During the
deposition period of the Zhujiang Formation (23 Ma–16
Ma), the sea level rose rapidly and the shelf break rapidly
migrated from the south side of the Baiyun depression to
the north side, thus forming the largest regional flooding
surface in the interior and a condensed layer in the shelf
area, with obvious seismic reflection characteristics. The
Dongsha uplift area was submerged, and the basin as a
whole entered the marine environment. During the
deposition period of the Hanjiang Formation (16 Ma–10
Ma), sea-level changes were frequent, deltas and deepwater fan systems developed one after another, with the
continental shelf and deep-water continental slope
environment as the main deposition sites, respectively, and
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the S-type prograding features on the seismic profile were
obvious. In the Baiyun depression, the Hanjiang
Formation sediments were multistage deep-water fan
superimposed and the shelf area was also accompanied by
the advance and retreat of the Pearl River Delta
sedimentary system.
Cenozoic sediments in the PRMB had a development
process of continental facies first and then marine facies,
gradually advancing from the south to the north. The
Eocene transgression was only in the rupture zone of
oceanic crust on the south side of the Baiyun depression.
The main body of the depression developed continental
deposits, and the western side developed large delta
deposits. In the Late Eocene, affected by the opening of
the SCS, the Liwan depression began to undergo
transgression and developed littoral-neritic sediment. This
is the initial transgression time of the PRMB. Since the
Oligocene, the transgression has strengthened and the
“Kontum-Ying-Qiong” ancient river on the west side of
the Baiyun depression has entered a prosperous period,
and coupled with the ancient Pearl River source supply, a
large-scale shallow shelf delta system developed in the
depression. After the “Baiyun” movement, the PRMB
quickly transformed into a marine environment and the
shelf break quickly moved northward. The Baiyun
depression entered a deep-water sedimentary environment.
At this stage, the regional sea level rose rapidly and the
ancient highlands, such as the Dongsha Uplift, were
submerged, thus forming a large-scale neritic
environment. Subsequently, the existing sedimentary
pattern was basically maintained.
Due to the harsh growth and development conditions of
the carbonate platform, the platform sensitively reflects
the stages and cycles of sea-level changes (Yan et al.,
2020; Janjuhah and Alansari, 2020). The development
time of reefs on the northern shelf of the SCS is early in
the south and late in the north, which is the result of
transgression advancement from south to north. Shao et al.
(2017a, 2017b) reconstructed the relationship between
carbonate platform development and sea-level changes
since the Miocene based on a comprehensive analysis and
research on the XK-1 Well of the Xisha carbonate
platform. The evolution of the Xisha Reef platform shows
obvious stage characteristics: in the Early Miocene, the
increase in sea water depth promoted the growth of coral
reefs and formed a lagoon atoll; in the Late Miocene, the
sea level dropped significantly, the reef structure was
exposed to the atmosphere, which was severely eroded,
and the sea-level rise led to the reformation of the Xisha
biological reef platform and the formation of lagoon
facies throughout the Pliocene; and during the
Pleistocene, the sea-level oscillation frequency was
high, the amplitude was large, and the reef structure was
frequently exposed to strong leaching and erosion
circumstances. This process continued until the sea level
rose in the early Holocene. The development of
carbonate platforms in the Xisha area was affected by
regional sea-level changes, indicating that sea-level
changes in the northern SCS were not only affected by
global sea-level changes but also controlled by regional
tectonic subsidence in the SCS (Wu et al., 2014).
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6 Conclusions
Cenozoic sedimentary basins in the northern continental
margin of the SCS contain rich oil and gas resources.
Basin tectonic evolution, sea-land transition and regional
sea-level changes played important roles in controlling the
distribution of oil and gas:
(1) The sea-land transition process of the SCS is closely
related to the expansion of the SCS basin. The initial
transgression in the northern SCS occurred in the Eocene
and had the characteristics of early in the east and south
and late in the west and north, and it corresponded well to
the initial expansion and the expansion pattern of the SCS,
which gradually expanded from east to west. The initial
transgression occurred in the Late Eocene in the Liwan
depression, in the Early Oligocene in the Baiyun
depression, and in the late Early Oligocene in the QDNB.
From the opening of the southwestern subbasin and the
accelerated expansion of the SCS (23 Ma), the northern
SCS as a whole entered the marine environment, which
was the period of major changes in the sea-land pattern
and sedimentary environment.
(2) The Cenozoic regional sea level showed an overall
upward trend in the northern SCS and can be divided into
four stages. Sea-level changes in different basins had
certain differences, although the stages and cycle
characteristics were basically consistent. The regional sealevel changes were superposition affected by global sealevel changes and tectonic movement of the SCS.
(3) The sea-land changes and regional sea-level changes
controlled the sedimentation filling mode of the basins in
the northern SCS, thereby determining the development of
the source-reservoir-cap petroleum system. Marine and
alternating continent-marine facies source rocks and
reservoirs mainly developed in shallow water continental
shelf and deep-water continental slope areas. Carbonate
petroleum systems mainly developed in local uplift areas.
Delta-deep-water fan superimposition in the shelf break
area and the evolution process of the carbonate platform
were all positively correlated with regional sea-level
changes.
(4) The prospects for marine oil-gas resources in the
northern SCS are broad and the distribution of source
rocks is closely related to the sea-land transition process.
The reservoir-cap rock assemblage is controlled by sealevel changes and basin tectonic movement, and the
overall performance is horizontally controlled by the
provenance supply and sedimentary environment
evolution and vertically controlled by regional sea-level
changes. The continental shelf break zone delta–deepwater fan deposition system, large underwater channel and
early littoral sandstone should be the key areas of marine
oil-gas exploration in the future. Carbonate oil-gas
resources also represent a direction for future exploration.
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