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Abstract: Deepwater oil and gas exploration has become a global hotspot in recent years and the study of the deep waters
of marginal seas is an important frontier research area. The South China Sea (SCS) is a typical marginal sea that includes
Paleo SCS and New SCS tectonic cycles. The latter includes continental marginal rifting, intercontinental oceanic
expansion and oceanic shrinking, which controlled the evolution of basins, and the generation, migration and accumulation
of hydrocarbons in the deepwater basins on the continental margin of the northern SCS. In the Paleogene, the basins rifted
along the margin of the continent and were filled mainly with sediments in marine-continental transitional environments. In
the Neogene–Quaternary, due to thermal subsidence, neritic-abyssal facies sediments from the passive continental margin
of the SCS mainly filled the basins. The source rocks include mainly Oligocene coal-bearing deltaic and marine mudstones,
which were heated by multiple events with high geothermal temperature and terrestrial heat flow, resulting in the generation
of gas and oil. The faults, diapirs and sandstones controlled the migration of hydrocarbons that accumulated principally in a
large canyon channel, a continental deepwater fan, and a shelf-margin delta.
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1 Introduction
The 500-m water depth is generally regarded currently
as the boundary between „shallow water‟ and „deep
water‟. Based on control by plate tectonics, the global
deepwater basins are mainly distributed along the Atlantic
rim, the East African continental margin, the Western
Pacific, the Arctic rim and the Neotethys rim. The three
former are distributed with a nearly N–S trend, and the
latter two are distributed with a nearly E–W trend.
Overall, the distribution pattern of these deepwater basins
around the world is „three longitudinal and two
latitudinal‟ (Zhang et al., 2011, 2013, 2015a, 2017a, 2019;
Qu and Zhang, 2017; Fig. 1). The current area of global
deepwater oil and gas exploration is 820 × 104 km2 (Zhang
et al., 2017a), with 44% of the world‟s offshore oil
resources distributed in the deepwater area. Deepwater oil
and gas resources account for about 10%–15% of the
world‟s total resources. Thus, because of the relatively low
degree of deepwater oil and gas exploration, there is
plenty of room for more.
Deepwater oil and gas exploration has been developed
for more than 50 years since the 1960s. The exploration
* Corresponding author. E-mail: fengcj@nwu.edu.cn

history can be divided into the exploring stage (1966–
1974), the beginning stage (1975–1984), the early stage
(1985–1995), and the rapid development stage (1996–
now) (Zhang et al., 2017a). Deepwater areas have become
the hotspots for global oil and gas exploration, also
providing the most important fields of oil and gas increase
in reserves and production all over the world. Up to now,
about 1500 oil and gas fields have been discovered; they
are mainly distributed in Brazil, West Africa, the Gulf of
Mexico, the west coast of Norway, deepwater basins of
the East African continental margin and the deepwater
basins around the Arctic Pole. In recent years, 70% of the
world‟s major oil and gas discoveries have been found in
the deepwater areas on both sides of the Atlantic Ocean
(Qu and Zhang, 2017; Zhang et al., 2019). From all this,
the deepwater oil and gas accumulation theory of the
classic passive continental margin (DOGAT) has been
formed (Qu and Zhang, 2017). The deepwater basins
around the Western Pacific and former Neotethys are less
explored, and hypotheses of basin formation, hydrocarbon
generation and reservoir formation are not completely
established, and so this is an international frontier research
field.
The DOGAT of the Atlantic Ocean is difficult to utilize
as a guide to exploration of the deepwater basins around
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Fig. 1. Distribution of the main global deepwater basins (modified from Zhang et al., 2015a).

the Western Pacific and Neotethys. This can easily be
tested by the deepwater exploration history of the northern
South China Sea (SCS). Exploration of the latter started in
the late 1970s, when a number of international oil
companies explored and drilled 15 wells in the deepwater
basins of the northern SCS based on the DOGAT of the
Atlantic Ocean, but failed to find any oil and gas resource.
The explorers concluded that the northern SCS deepwater
basins are too small in scale and lack high-quality source
rocks and reservoirs, and concluded that great exploration
risks exist. Since the beginning of the new century, the
China National Offshore Oil Corporation (CNOOC) has
persisted in exploration and achieved a series of
breakthroughs, the first breakthroughs occurring in the
Pearl River Mouth Basin (PRMB) in 2006 and in the
Qiongdongnan Basin (QB) in 2010, respectively (Zhang et
al., 2007; Xie, 2014; Feng et al., 2017).
This preamble shows that the deepwater areas of the
northern SCS are extremely different from the classic
passive continental margins, hence deepwater oil and gas
exploration in the SCS marginal sea is different from that
of the Atlantic rim (Taylor and Hayes, 2013; Li L et al.,
2013; Yan et al., 2014). Innovation of the DOGAT is
necessary. This paper discusses the continental margin
basin formation, sedimentary filling, hydrocarbon
formation, reservoir characteristics, and hydrocarbon
accumulation in the deepwater area of the northern SCS
and considers how the classic ideas should be revised.

2 Material and Methods
This study involved a total of 3691 wells (1836 wells in
QB, 1749 wells in PRMB) in the northern SCS, including
2951 artificial wells in seismic sections, 106 exploratory
wells with layering data and more horizons revealed, and
634 artificial wells newly acquired from 13 sections. The
data used in this study include 81 drilling wells and related
test data, 5.4 × 104 km2 three-dimensional seismic data
and 15 × 104 km two-dimensional seismic data in the
deepwater area of the northern SCS.
Zhang et al. (2018) identified the basement
characteristics of the SCS through the gravity data,
geomagnetic data and seismic data. Based on this, we
analyzed the tectonic evolutionary history of the SCS
through the seismic profiles (Figs. 2, 3). Otherwise, we
used the hydrogen index to evaluate the hydrocarbon
potential of different source rocks (Fig. 5).
Based on the heat-flow data in the study area released
since 2003 (He et al., 2001; Shi et al., 2003; Xing et al.,
2006; Yuan et al., 2007, 2009; Li Y M et al., 2010; Quan
et al., 2017; Li et al., 2019) and the 65 new heat-flow data
obtained in this study, and in view of the current
geothermal heat flow, the geothermal gradient (on average
37.1 ± 6.3 °C/km) and the heat-flow value (on average
72.6 ± 15.6 mW/m2) in the continental margin of the
northern SCS are high, suggesting it as a „hot basin‟.
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Fig. 2. Tectonic evolution cycle of marginal sea in the South China Sea (SCS) (modified from Zhang et al., 2015b).
(a) Tectonic cycle during the Jurassic to Late Cretaceous; (b) tectonic evolution during the Paleocene to Eocene; (c) tectonic evolution in the Early Oligocene; (d) tectonic evolution during the Late Oligocene to Early Miocene; (e) tectonic cycle during the Late Miocene to Quaternary; (f) tectonic cycle plane
map during the Jurassic to Late Cretaceous; (g) tectonic evolution plane map in the Early Oligocene; (h) tectonic evolution plane map during the Late
Oligocene to Early Miocene; (i) tectonic evolution plane map in the Middle Miocene; (j) tectonic cycle plane map during the Late Miocene to Quaternary.
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Fig. 3. Distribution of sags in the Pearl River Mouth Basin and Qiongdongnan Basin in the deepwater area
of the northern SCS.
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3 Results
3.1 Tectonic cycle of the SCS marginal sea
The southern Atlantic Ocean was formed from internal
rifting of the giant Gondwana paleocontinent, which
experienced a long period of intracontinental and
intercontinental rifting and oceanic expansion. In
comparison, through the analysis of the tectonic
framework (Tang and Zheng, 2013; Gao et al., 2015; Yu
et al., 2017; Zhang et al., 2017b; Lin et al., 2018b; Ye et
al., 2018; Li et al., 2019), Jurassic–Cretaceous radiolarian
biostratigraphy (Sibuet et al., 2016; Zheng et al., 2019),
paleomagnetism (Wu et al., 2014, 2017), palaeogeography
(Shao et al., 2017; Zhong et al., 2019) and the age of the
ocean floor gleaned from ocean drilling (Ding et al., 2018;
Song et al., 2019) in the SCS and surrounding areas, we
find that the evolution of the SCS has experienced two
incomplete Wilson cycles, which overlapped in time,
namely a Paleo SCS tectonic cycle and a New SCS
tectonic cycle. The evolution has experienced three stages
(Fig. 2).
3.1.1 Formation and development of paleo SCS
(Jurassic–Early Oligocene)
In the late Mesozoic, the SCS was probably a unified
„Paleo SCS platform‟ composed of multiple blocks (Fig.
2): (1) the South China Plate and some smaller blocks,
such as Taiwan, Palawan, and Nansha, where the preCenozoic bases have similar characteristics of rock
formation; (2) the Indosinian Plate; and (3) the Borneo
block (Zhang et al., 2015b). The subduction of the paleoPacific Plate led to the fragmentation of the Paleo SCS
platform. In the Jurassic–Early Cretaceous, the rift belt
stretched along the ancient weak belt between the Pan–
South China Plate and the Borneo block to form the Paleo
SCS Basin, which became an Atlantic–type ocean basin.
The northern part covers the Pan–South China continent
and its southern passive continental margin, and the
southern part is the Borneo block, which represents the
southern passive continental margin (Figs. 2a–c, f–g).
3.1.2 Obduction of paleo SCS and formation of new
SCS (mid-Tertiary)
Since the Eocene, the Eurasian plate and the Indian
plate have collided into each other completely. Blocked by
the subduction of the Indian plate, the deep asthenosphere
in the Asian plate moved turbulently towards the northeast
under the control of S–N compressive stress, and was then
blocked by the subduction of the Pacific plate in the
southeast direction. Mantle plumes arose and resulted in
the formation of the New SCS.
The New SCS was formed in the weak belt between the
Xisha–Zhongsha–Dongsha block and the Nansha block
(Figs. 2d, h). It was an intra-continent rift initially and
then gradually expanded into an oceanic basin, with
oceanic crust as the basement, with a magnetic band age
of 32–16.5 Ma, and geologic age of Oligocene to Early
Miocene (Taylor and Hayes, 2013). With expansion of the
New SCS, the Nansha block drifted southward for
hundreds of kilometers. The Paleo SCS shrunk in its
southern margin, the crust and lithosphere featuring little
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thickness, high heat flow, and large plasticity due to the
previous extension; the lithospheric plate was strongly
bent downwards due to extrusion, and thus transformed
from a passive continental margin to subduction
continental margin (Figs. 2d, h).
During this period, the SCS presented a new regional
tectonic pattern, the so-called „three continents separated
by two seas‟ (Figs. 2d, h; Zhang et al., 2015b).
3.1.3 Rapid subsidence and shrinkage of SCS (Late
Miocene–Quaternary)
From 16.5 Ma to the present (late Middle Miocene–
Recent), the oceanic floor expansion of the New SCS
along the S–N trend was in a state of stagnation, and the
western and northern margins remained in rapid thermal
subsidence, which decreased from the central oceanic
basin to the continental shelf basin (Figs. 2e, i, j). Very
thick sedimentary systems in the northern SCS (e.g., SW
Taiwan, Pearl River Delta, Red River Delta, distributing
from east to west) were formed at the estuary. Due to the
obduction of the Philippine island arc in the eastern part of
the New SCS, the lithosphere of the New SCS was
passively subducted eastward, forming a subduction
margin (Fig. 2).
3.2 Basin structure and sedimentary infilling
Controlled by the tectonic cycle in the marginal sea of
the SCS, the deepwater area in the continental margin of
the northern SCS experienced three stages: the continental
mass faulted in the continental margin during the Late
Cretaceous–Eocene (Fig. 2b); the semi-closed gulf faulted
depression during the Early Oligocene (Fig. 2c); the semiopen faulted depression during the Late Oligocene (Fig.
2d); and the continental shelf-slope passive continental
margin depression since the Neogene (Fig. 2; Li et al.,
1999; Hao et al., 2000; Zhang et al., 2007, 2009; Shao et
al., 2010; Zhang, 2010; Cai et al., 2013; Lin et al., 2018a).
During the Late Cretaceous–Eocene (Fig. 2b), the
deepwater area of the northern SCS, including the QB, the
central uplift and the southern depression belts of the
PRMB, was located on the northern slope of the Southern
Uplift and dominated by shallow lakeshore sediments. In
the PRMB, the rifting was strong and formed multi-row
fault depression with the basin infilled by fluvial and
lacustrine sediments. In the QB, rifting was weak and only
partial, and the basin was filled by fluvial and lacustrine
sediments (Figs. 3, 4).
In the Early Oligocene (Fig. 2c), the continental margin
of the northern Paleo SCS suffered strong, rapid and
differential stretching and thinning, and particularly the
central uplift belt was seriously delaminated. The area of
the QB–PRMB in the north, due to the severe
delamination, was the core subsidence zone in the
continental margin during this period, with significantly
greater subsidence than PRMB in the north. The strip-like
gulf environment derived a predominance of marinecontinental transitional sediments. In the PRMB, the
rifting was strong and formed a multi-row fault sag; the
northern basin was infilled by fluvial and lacustrine
sediments and the southern basin by fluvial and deltaic
sediments. In the QB, the rifting was strong, forming the
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Fig. 4. The sedimentary facies of source rocks in the deepwater area of the northern SCS.

northern fault depression belt and the central fault
depression belt; the basin was infilled by fluvial and
lacustrine sediments (Figs. 3, 4).
In the Late Oligocene–Middle Miocene (Fig. 2d), the
central uplift belt in the continental margin of the northern
Paleo SCS was completely dismembered. New oceanic
crust formed and expanded. The passive continental
margin of the northern New SCS formed and suffered
from a complete differential subsidence. In the PRMB, the
rifting was relatively weak and formed a depression, with
the basin filled by shallow-coastal to deep-sea sediments
from the north to the south. In the QB, the rifting was
strong; the northern fault depression and central fault
depression belts developed continuously and were infilled
by shallow-littoral to deep-sea sediments (Figs. 3, 4).
Since the Late Miocene (Fig. 2e), the Taiwan–

Philippine Island arc belt to Borneo block experienced
obduction and subduction extrusions in a W–N direction.
The expansion of the New SCS was in stagnation and in a
depleted state from east to west. Especially, the obduction
of the Taiwan Island–Philippine Island arc showed
obvious extrusion to the PRMB. In this period, the south
of the PRMB was rapidly subsiding and the continental
slope was formed. The degree of the depression in the QB
is weak, uniform and infilled with shallow-littoral to deep
facies strata (Figs. 3, 4).
Affected by the superposition of frequent multistage
regional actions and sedimentary fillings, during the
Paleocene–Eocene the present continental slope deepwater
zone resided in the northern foot of the central uplift belt
of the northern Paleo SCS, with only sporadic deposition.
In the Early Oligocene, the delamination of the central
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Fig. 5. The type of source rock in the Qiongdongnan Basin-Pearl River Mouth Basin and its adjacent areas.

uplift belt led to higher heat flow, and plastic stretch
occurred, forming a wide and deep depression, gradually
forming a gulf environment, under which the continental
shelf–slope basin zone was formed (Fig. 3).
3.3 Characteristics of source rocks
3.3.1 Type and distribution
Affected by the tectonic cycle of the SCS marginal sea,
the deepwater areas of the QB and the PRMB are located
in different tectonic-paleogeomorphic environments of the
Cenozoic, and, accordingly, the source rocks have
different properties and scales (Fig. 4; Fu et al., 2010; Li
Y C et al., 2010, 2013; Huang et al., 2012; Zhang et al.,
2016a; Qiu et al., 2019).
In the Eocene, the study area was located in the
northern slope of the central uplift in the continental
margin of the northern Paleo SCS, with sporadic
continental depression, and less-developed mid-deep
lacustrine mudstone source rocks (Figs. 2b, 4a). With the
detachment, thinning, subsidence, rifting, and expansion
of the central uplift, marine-continental transitional coalmeasure source rocks and marine source rocks were
developed in the Early Oligocene (Figs. 2c, 4b). In the
Late Oligocene, a relatively open marine environment was
available (Figs. 2d, 4c), developing marine source rocks
(Fig. 4, Table 1). Among the three sets of source rock, the
earliest Oligocene one is the most important.
In the Early Oligocene, along with the expansion of the
New SCS, the deepwater area of the northern SCS
transformed from Eocene lacustrine sediments to

Oligocene marine-continental transitional and marine
sediments (Figs. 2c, 4b). The delta, fan delta, and coastal
plain sediments and marine-continental transitional coalmeasure source rocks were developed in the margins of
the Baiyun sag in the PRMB and the QB, while marine
sediments and marine source rocks were developed mainly
inside the Baiyun sag and QB (Fig. 4c). The marinecontinental transitional coal-measure source rocks belong
to the Enping Formation and the Yancheng Formation. In
the PRMB, for example, the Enping Formation in Well
PY33–1–1 in the Panyu Low Uplift contains delta plain
sediments and rich coal-measure source rocks; the Enping
Formation in Well LH29–2–1 in the Baiyun Sag contains
littoral neritic sediments and marine source rocks. Coal,
carbonaceous mudstone and coal-bearing mudstone are all
high-quality source rocks (Table 1).
3.3.2 Thermal field
Since the Late Cretaceous, multiple phases of episodic
extensional faulting and thermal subsidence have occurred
in the continental margin of the northern SCS. Both
gravity and deep seismic reconnaissance reveal that the
Moho isotherms are NE-oriented and are raised from a
depth of 30 km in the continental shelf to a depth of 14–15
km at the foot of the continental slope (Yan et al., 2001).
The burial depth of the Moho discontinuity in the oceanic
basin is less than 12 km. Corresponding to the uplift of the
Moho discontinuity, the heat flow value increases from
continental margin and continental slope to the oceanic
basin, and rises gradually with the thinning of the crustal

Table 1 Data of source rocks in the deep water area of the northern South China Sea
Basin name

Age and stratum

Zhu Ⅱ Depression

Lower Oligocene
Enping Formation

Qiongdongnan Basin

Lower Oligocene
Yacheng Formation

Type of source rock
Coal
Carbonaceous mudstone
Coal-measure mudstone
Coal
Carbonaceous mudstone
Coal-measure mudstone

TOC (%)
58.76
19.84
1.81
55.4
18.39
1.24

S1 + S2 (mg/g)
187.34
44.56
3.20
93.47
55.70
2.41
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thickness to the south.
The heat flow trend line generally represents a NE
distribution, representing „band-shaped‟ characteristics,
which is consistent with the basic structural pattern of N–S
zonation in the continental margin of the northern SCS
(Fig. 6).
Controlled by the high heat anomaly in the deep strata,
the mantle heat flow and its proportion in surface heat
flow gradually increases from the continent to the sea. The
continental slope is characterized by high heat flow, which
is higher in the western part than that in the central and
eastern parts. This is in good agreement with the present
geothermal flow profile (Yuan et al., 2007, 2009).
The PRMB and the QB have undergone multiple
heating events that led to increased heat flow, especially at
23.3 Ma. Moreover, the QB experienced late-stage heating
events at 5.3 Ma. In the rifting stage, the thermal system
was characterized by an episodic increase of heat flow. In
the post-rifting stage, the basin was not entirely in the
thermal decay period, but suffered, as shown in the
relationship diagram of measured vitrinite reflectance (Ro)
data versus depth, with the Ro distribution with depth
significantly different between the PRMB and QB. In the
PRMB, Ro is strongly correlated with depth, and its
variation gradient in the deep strata is obviously larger
than that in the shallow strata, indicating that the high
temperature history experienced in the early stage was
recorded, especially by the wells in the uplift area. Above
and below the unconformity between the Zhujiang
Formation and the Zhuhai Formation, an abrupt variation
trend of Ro reflects two heating events. In the QB, the Ro
data gradient in the deep strata is almost similar to that in
the shallow strata, implying that the basin is at the highest
thermal historical stage.
3.3.3 Hydrocarbon generation
The thermal evolutionary history of a source rock, or

the maturity history, reflects the maturity status of a source
rock at different geological periods, which is mainly
determined by the stratigraphic temperature history. The
latter depends on the stratigraphic burial history and the
heat flow history of the basin.
Based on the heat flow history combined with
stratigraphic burial history of a basin, the geothermal
history of different strata can be obtained, that is, the T–t
path or trajectory of the burial process of the strata.
According to the thermal history path of the strata and Ro
dynamic model (Burnham and Sweeney, 1989), the
evolution of the Ro value representing the maturity state of
organic matter in strata over time can be calculated,
providing the maturity history of the organic matter in the
strata.
The thermal evolution of a source rock at different
thermal evolutionary stages corresponds to different
hydrocarbon generation stages. The thermal evolutionary
degree of a source rock increases linearly with heating
time, and the thermal maturity status is closely related to
the generation stage and types of oil and gas. Current
industry standards divide maturity status, hydrocarbon
generation stage and corresponding vitrinite reflectance of
a source rock into five stages (Table 2).
Coal-measures source rock and terrigenous marine
source rock are the main ones from the deepwater area of
the northern SCS. Based on the result of pyrolysis
experiment, it is found that hydrocarbon generation shows
a four-stage model (Fig. 7), the peak of oil generation is
earlier and the peak of gas generation is later. The oil
generation window is narrower and the gas generation
window is wider; Ro >1.3 represents the starting point of
large gas generation.
Based on the thermal history of the basins obtained by
the tectonic-thermal evolution method, the EASY% Ro
kinetic model was used to calculate the organic matter
maturity history of source rocks in the Eocene (Wenchang

Fig. 6. Geothermal gradients for the basins in the continental margin of the northern SCS.
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Formation), the Lower Oligocene (Yacheng and Enping
formations). Then, the calculated results were gridded
using the Kriging interpolation method to plot the maturity
profile of target horizons at specific geological times.
According to the theory of joint control of a source rock
and the geothermal heat on hydrocarbon generation
(Zhang, 2012), the hydrocarbon generation history of the
major Oligocene source rocks in the deepwater area was
analyzed.
At 23.3 Ma (end Oligocene) (Fig. 8a), the source rocks
in the bottom of the Yacheng Formation (QB) started to
generate oil (Ro > 0.7%) in the central parts of the three
hydrocarbon-generating sags, peaking locally (Ro = 1.0%).
In the deepest parts, the source rocks were generating gas
(Ro = 2%). In other parts, the thermal evolutionary level is
very low, and the source rocks not yet mature (Ro < 0.5%).
In the Baiyun Sag, the Enping Formation source rocks
have just entered the oil generation stage (Ro = 0.5%) in
the central part of the sag, but were not mature in other
parts.
At 16 Ma (end Early Miocene) (Fig. 8b), the source
rocks in the bottom of the Yacheng Formation (QB) had a
high evolutionary degree in the central parts of the three
hydrocarbon-generating sags, with Ro > 2%; the source
rocks entered the oil window in the margins of the sags,
with Ro > 0.7% generally. A thermal evolutionary state of
gas generation in the center and oil generation in the
margin of the sag was reflected. In the Baiyun Sag, the
Enping Formation source rocks became mature
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extensively (Ro >0.5%). In the central part of the Baiyun
Sag, the Ro was 1.0%–1.3%, suggesting the oil peak stage.
The Ro in the deepest part of the major sag reached 2.0%,
staying in the over-mature dry gas stage.
At 10.5 Ma (end Middle Miocene) (Fig. 8c), the thermal
evolutionary level of the source rocks in the bottom of the
Yacheng Formation and the Enping Formation was
slightly higher than that at 16 Ma, and the plane
distribution characteristics were basically the same as
those in that early stage. During 16–10.5 Ma, the PRMB
and QB were both in the stage of thermal decay and
cooling. The increase of the stratum temperature and the
thermal evolution of the source rocks depended entirely on
temperature increase with burial depth. However, in this
stage, the subsidence and sedimentation rates of the two
basins were not high and, therefore, the maturation rate of
the source rocks was lower.
Now (0 Ma, Recent) (Fig. 8d), the thermal evolutionary
level of source rocks in the bottom of the Yacheng
Formation is very high, with Ro > 4% , decreasing
gradually from the center to the margin of the sags. The
current maturity of the source rocks in the bottom of the
Enping Formation in the Baiyun Sag is 1.0%–1.6% in the
center of the sag, being at the peak of hydrocarbon
generation; Ro in the deepest part of major sag reaches
2.0%, and Ro in the margin of the sag is 0.5%–0.7%,
suggesting the start of the oil generation stage.
In the deepwater area of the northern SCS, a good
material base and multi-stage heating events contribute to

Fig. 7. The coal-measure source rocks in the deepwater area of the northern SCS with a “four-stage” hydrocarbon generation model.

Table 2 Division table of maturity and hydrocarbon generation stage of source rocks
Maturity state
Hydrocarbon generation stage
Ro (%)

Low mature
Early stage of oil generation
0.5–0.7

Early stage of mature
Peak of oil generation
0.7–1.0

Late stage of mature
Late stage of oil generation
1.0–1.3

High mature
Wet gas stage
1.3–2.0

Overmature
Dry gas stage
>2.0
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Fig. 8. Maturity history of lower Oligocene source rocks in the deepwater area of the Qiongdongnan Basin-Pearl River Mouth Basin.
(a) The maturity profile of the source rocks at 23.3 Ma; (b) the maturity profile of the source rocks at 16 Ma; (c) the maturity profile of the source rocks at 10.5
Ma; (d) the maturity profile of the source rocks at 0 Ma.

the long-term continuous hydrocarbon generation in
source rocks. The late heating event is also beneficial to
the rapid hydrocarbon generation in the late stage. The
deepwater area of the PRMB has both oil and gas, and the
QB is dominated by gas.
3.4 Type and distribution of reservoirs
Unlike the South Atlantic, salt and pre-salt reefs were
not developed in the deepwater area of the Northern SCS,
and the scale of the post-salt deepwater fans was not large
enough. The reservoirs are mainly composed of canyon
channels and small and medium-sized deepwater fans.
Deltas are one of the important reservoirs because of the
marine-continental transitional facies.
Affected by the tectonic cycle of the marginal sea in the
SCS, the basins in the deepwater area of the northern SCS
experienced
three
tectonic
evolutionary
stages
corresponding to four sedimentation phases, i.e.
continental sedimentation in the faulted sag stage
(Eocene); marine-continental transitional sedimentation in

the faulted depression stage (Early Oligocene); neritic
sedimentation in the depression stage (Late Oligocene);
and abyssal sedimentation in the depression stage
(Miocene–Pliocene). Clastic reservoirs with different
genesis were developed, such as the fluvial-(fan) deltaic
sandstone reservoir in the faulted sag stage, the marinecontinental transitional (fan) deltaic sandstone reservoir in
the faulted depression stage, and the littoral neritic-deltaicdeepwater gravity-flow sandstone and abyssal gravityflow sandstone reservoirs in the depression stage (Figs. 9–
11).
3.4.1 Sand body distribution
(1) Continental clastic reservoir in the faulted sag
stage (Eocene)
With the rifting of the Paleo SCS in the Late Eocene,
the continental margin of the northern SCS, as a whole,
entered the extensional faulted sag stage, when a large
continental lake basin and continental clastic reservoirs
were developed.
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(2) Marine-continental transitional clastic reservoir
in the faulted depression stage (Early Oligocene)
In the Early Oligocene, the continental margin of the
northern SCS entered the faulted depression stage, when
the influence of seawater was extending, and the major
basins were in a semi-closed gulf environment, with a
large set of marine-continental transitional sediments
developed. The differential provenance systems led to the

Fig. 9. Sedimentary facies of the Qiongdongnan Basin-Pearl
River Mouth Basin.
(a) Plane map of sand body distribution in the lower Oligocene of northern SCS (Yacheng-3–Enping-3); (b) Plane map of sand body distribution
in the lower Oligocene of northern SCS (Yacheng-2–Enping-2); (c) Plane
map of sand body distribution in the lower Oligocene of northern SCS
(Yacheng-1–Enping-1).
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differentiation of large clastic reservoirs.
In the deepwater area of the Northern SCS during the
Early Oligocene, the Yacheng Formation was deposited in
the QB and the Enping Formation was deposited in the
PRMB. In this study, the Enping Formation and the
Yacheng Formation are divided into three members,
respectively. The sand body distribution law will be
discussed below.
During the sedimentary period of the third members of
the Yacheng and Enping formations, two types of sand
bodies were mainly developed in the deepwater area of the
northern SCS, which were littoral sandstones and fan
deltaic sandstones, respectively. The sand body of the fan
delta is generally small in scale, mainly developed in the
steep slope zone with strong faulting activities in the
Yanan, Yabei, Songxi, Songdong and Beijiao sags of the
QB, and there are two small fan deltas in the north slope
of the Baiyun Sag (PMRB). The littoral sand bodies are
widely distributed mainly in the northern depression zone
and at the edge of the southern uplift area (QB) and the
surrounds of the Baiyun Sag (Fig. 9a).
During the sedimentary period of the second member of
the Yacheng and Enping formations, the type and
distribution of sand bodies developed in the QB are

Fig. 10. Sedimentary facies of the Qiongdongnan Basin–Pearl
River Mouth Basin.
(a) Plane map of sand body distribution in the upper Oligocene of northern SCS (Lingshui-3–Zhuhai-2); (b) Plane map of sand body distribution
in the upper Oligocene of northern SCS (Lingshui-2 and Lingshui-1–
Zhuhai-1).
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Fig. 11. (a) The Neogene sandstone reservoirs in the deep water area of the northern SCS are controlled by two sources; (b) Plane
map of sand body distribution in the lower Miocene of northern SCS (Sanya Formation–Zhujiang Formation); (c) Plane map of
sand body distribution in the middle Miocene of northern SCS (Meishan Formation–Hanjiang Formation); (d) Plane map of sand
body distribution in the upper Miocene of northern SCS (Huangliu Formation–Yuehai Formation); (e) Plane map of sand body
distribution in the Pliocene of northern SCS (Yinggehai Formation–Wanshan Formation).

similar to that of the third member of the Yacheng
Formation, but the distribution of the littoral sandstones
extended to the center of the basin. In the Baiyun Sag, the
early small fan deltaic sand bodies had stopped
developing, but a small deltaic sand body developed in the
Panyu Uplift (Fig. 9b).
During the sedimentary period of the first member of
the Yacheng and Enping formations, the type and
distribution of sand bodies developed in the QB are
similar to that of the second member of Yacheng
Formation. However, the distribution range of the deltaic

sand bodies developed in the second member of the
Enping Formation (Baiyun Sag) expanded rapidly, and a
medium-sized deltaic sedimentary sand body developed
towards the center of the sag. Meanwhile, a small turbidite
fan sand body developed in the center of the Baiyun Sag
(Fig. 9c).
(3) Neritic clastic reservoirs in the depression stage
(Late Oligocene)
In the Late Oligocene, the northern SCS entered the
open neritic deposition stage. The clastic reservoirs in the
deepwater area are mainly concentrated in the Baiyun Sag.
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The reservoirs in the QB were mainly composed of neritic
-abyssal mudstone, with reservoir beds developed locally.
In the deepwater area of the northern SCS, the Lingshui
Formation was deposited in the QB and the Zhuhai
Formation in the PRMB. In this study, the Lingshui
Formation is divided into three members, and Zhuhai
Formation is divided into two members: among these, the
Lingshui Formation third member corresponds to the
Zhuhai Formation second member, and the Lingshui
Formation first and second members correspond to the
Zhuhai Formation first member. The sand body
distribution law is discussed below.
During the sedimentary period of the Lingshui
Formation third member and the Zhuhai Formation second
member, littoral sandstones and deltaic fan sandstones
developed in the QB, and deltaic fan sandstones were
mainly developed in the Yabei, Songxi and Beijiao sags
on a smaller scale. Compared with the late period of the
Yacheng Formation, the distribution range of the littoral
sandstones was significantly reduced, and they are only
distributed in a limited range on the north and south
margins of the QB. Medium-scale deltaic sandstones
developed in the Panyu Uplift and the Baiyun Sag during
the late period of the Yacheng Formation were
transformed into the Pearl River deltaic sand body, while
medium-scale fan deltaic sandstones developed on the
southwest margin of the Baiyun Sag (Fig. 10a).
During the sedimentary period of the Lingshui
Formation first and the second members and the Zhuhai
Formation first member, the type and distribution of sand
bodies in the QB were the same as that in the Lingshui
Formation third member, but the distribution zone of
littoral sand bodies on the southern margin of the basin
was significantly narrower than that in the early period. In
the Baiyun Sag, the Pearl River deltaic sandstones rapidly
moved towards the center, covering the major zone of the
sag. The deltaic fan sandstones on the southwest margin of
the Baiyun Sag were further transported, so that a small
turbidite fan sand body developed in front of it (Fig. 10b).
(4) Abyssal clastic reservoirs in the depression stage
(Miocene–Pliocene)
Since the Miocene, the northern SCS entered the open
sea stage, when the continental shelf–slope system was
developed (Fig. 11a), recording a period of favorable
reservoir development in the deepwater area (Wang, 2012;
Li et al., 2015; Sun et al., 2017). The Pearl River
sedimentary system was mainly developed in the PRMB,
the Red River sedimentary system in the western QB, and
reef in the uplift belt.
In the deepwater area of the northern SCS during the
Early Miocene, the Sanya Formation was deposited in the
QB and the Zhujiang Formation was deposited in the
PRMB. The development of copious deepwater turbidite
sandstones is the most typical feature of the deepwater
area since the beginning of the Miocene. On the northern
margin of the QB, three medium-scale deltaic sand bodies
were developed in the Yabei, Songxi and Songdong sags,
respectively, while four smaller turbidite sand bodies were
developed on the delta front of the Songxi Sag and the
Songdong Sag. In the Baiyun Sag, retrogradation occurred
in the Pearl River delta and medium-scale turbiditic sand
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bodies developed on the delta front (Fig. 11b).
In the deepwater area of the northern SCS during the
Middle Miocene, the Meishan Formation was deposited in
the QB and the Hanjiang Formation was deposited in the
PRMB. Deltaic and turbiditic sand bodies still developed
in the Songxi and Songdong sags, but the scale was not
much changed. The Yabei Sag deltaic sand bodies stopped
developing. Retrogradation developed further in the Pearl
River delta, and deltaic sand bodies stopped developing in
the Baiyun Sag, and only medium-scale turbiditic sand
bodies developed in the center of the sag (Fig. 11c).
During the Late Miocene, the Huangliu Formation was
deposited in the QB and the Yuehai Formation in the
PRMB. The most typical feature of the deepwater area in
the northern SCS during this period was the development
of the Ying-Qiong–Shuangfeng multi-rank deepwater fan
system, in which many sand bodies developed in the
Ledong Submarine Fan, the Central Submarine Canyon
and the Shuangfeng Submarine Fan. The deepwater fan
system formed the largest clastic rock reservoir in the
northwest of the deepwater area. In the early development
stage of the Baiyun Sag, the deepwater fan sand bodies
stopped developing and mainly mud-rich sediments
developed (Fig. 11d).
During the Pliocene, the Yinggehai Formation was
deposited in the QB and the Wanshan Formation was
deposited in the PRMB. The Ying-Qiong–Shuangfeng
multi-rank deepwater fan system, developed in the Late
Miocene in the QB, further enlarged in the sedimentary
period of the Yinggehai Formation, which was mainly
manifested by the depth of the Central Submarine Canyon,
which increased sharply and the sand body of the
Shuangfeng Submarine Fan developed rapidly towards the
Central Basin (Fig. 11e).
3.4.2 Type and characteristics of sand body
(1) Littoral sand body
The littoral sand body is mainly distributed in the
shallow-water area of the northern margin of the QB, and
is mainly beach bar sandstone, which mainly developed in
the Oligocene–Early Miocene and was widely distributed.
In the Late Miocene, with the continuous transgression of
the QB, the sedimentary environment was mainly
transformed into a neritic–bathyal facies and the
development scale of the coastal sand bodies decreased
sharply. The littoral sand bodies only developed in the
sedimentary period of the Enping Formation in the Baiyun
Sag, and mostly in the surrounds of the sag.
(2) Delta sand body
The deltaic sand body includes a distributary channel
sand body, an underwater distributary channel sand body,
a mouth bar sand body and a distal bar sand body. The
distributary channel sand body is mainly composed of
medium-sized and coarse sandstone, in which can be
observed partly fine gravel and fine sandstone. The shape
of the grains is mainly subangular and semicircular, with
medium sorting. The underwater distributary channel sand
body is composed of light gray feldspathic lithic sandstone
with fine-medium grains, good sorting and massive
bedding. The distal bar sand body is composed of gray to
medium-grayish black feldspathic lithic sandstone with
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fine-medium grains and a few coarse grains, the shape of
grains is mainly subangular and semicircular, but partly
angular. The sorting degree is medium and there is a lightmedium calcareous cement. The mouth bar sand body is
composed of a fine- to coarse-grained feldspathic lithic
sandstone, the grain shape is mainly subangular and
semicircular, the sorting degree is poor, with partially
developed calcareous cement. The deltaic sand body is
mainly developed on the northern margin of the Baiyun Sag
in the late sedimentary period of the Enping Formation and
the sedimentary periods of the Zhuhai and Zhujiang
formations. In the QB, the sand body is mainly developed in
the Yabei, Songxi, and Songdong sags in the sedimentary
period of the Sanya Formation on a small scale.
(3) Fan delta sand body
In the QB, fan delta sand bodies developed during the
Early Oligocene–Middle Miocene, among which the
sedimentary periods of the Lingshui and Sanya formations
were the most developed stage. The sand bodies are
mainly distributed on the downthrow side of the sagcontrolling faults in the Yabei, Songxi, and Songdong
sags, which are controlled by boundary faults. The
reservoirs are widely distributed in the deepwater area of
the QB. Although the distribution area of a single fan body
is limited, the multi-stage fan bodies intersect and
superimpose each other, which makes the sand bodies be
distributed widely in a plane with a large vertical
thickness, thus having certain deepwater exploration
potential. In the Baiyun Sag, fan delta sand bodies
developed in the southwest margin during the sedimentary
period of the Enping Formation second member, and it is
inferred that the provenance comes from the Southern
Uplift.
(4) Gravity flow sand body
Deepwater depositional systems are widely developed
in the deepwater area of the northern SCS, among which
the bigger ones are the Central Submarine Canyon, the
Ledong Submarine Fan, the Shuangfeng Submarine Fan
and the Pearl River deepwater fan. During the
development and evolution of the deepwater depositional
systems, the gravity flow, such as the turbidity current, the
debris flow, the slumping and the mass-transport
deposition and so on, deposited and formed conglomeratesandstone,
conglomerate-mudstone,
massive/graded
sandstone, siltstone and so on in the channels, levees and
lobes. Among these, the coarse sediments are located in
the axis of the deepwater channels, the fine sandstone with
excellent sorting on the lobes, the fine sandstone and
siltstone in levees, and the lateral accretion sand body are
all important oil and gas reservoirs in the deepwater
environment, which have been confirmed in the Central
Submarine Canyon and the Pearl River deepwater fan. In
the QB, this type of sand body mainly developed in the
Pliocene, forming a large clastic rock reservoir in the
northwest of the continental margin of the SCS, namely
the Ying–Qiong–Shuangfeng multi-rank deepwater fan
system, whereas in the Baiyun Sag, it mainly developed in
the period of the Zhuhai and the Zhujiang formations,
forming the medium-large Pearl River deepwater fan
sedimentary system.

4 Discussion
Unlike the deepwater oil and gas basins of other
countries in the world, there are no salt rack, salt or
gravitational detachment structures developed in the
deepwater area of the northern SCS, and the tectonic
activity is relatively calm. The main accumulation patterns
in the deepwater area of the Northern SCS include the
accumulation patterns of Central Submarine Canyon
Channel and the paleostructural ridge and the selfgeneration and self-accumulation accumulation pattern of
the delta among others (Shi et al., 2008; Wang et al., 2011;
Huang et al., 2014; Lin and Shi, 2014; Fig. 12).
4.1 Enrichment mechanism and pattern of canyon gas
field in the deepwater area
The Central Submarine Canyon developed in the central
depression of the QB with about 460 km long from east to
west and 6–12 km wide from north to south. The
deepwater sedimentary system of the Late Miocene
Huangliu Formation infilled the canyon. In the Central
Submarine Canyon of the Lingshui Sag, there is a
lithologic trap group of turbiditic channel sandstones
developed in the sedimentary period of the Huangliu
Formation, and an anticline trap developed locally in the
sag. Based on analysis of the unconformity and sand body
tracing, the turbidity channel sand body can be divided
vertically into five sets (I–V sand bodies). Each set of sand
body contains multiple sand bodies, and the area of a
single sand body is 34–42.1 km2 and they overlap each
other. The sand body is screened by mudstone on the top
and lateral sides, which forms a good trap condition (Fig.
13).
The coal-measure delta of the Yacheng Formation
developed in the surrounds of the Lingshui Sag.
Terrigenous marine source rocks and marine source rocks
also developed in the sag, the organic matter type of which
is II2-Ⅲ with high abundance and a high level of thermal
evolution, up to 4%, which belongs to overmature source
rocks.
In the late period of the Lingshui Sag, there were no
obvious faults developed, and the thermal fluid active
zone of a diapir developed, which connected the deep
source rocks and shallow traps vertically.
Overpressure and buoyancy forced oil and gas to move
to the low potential area of shallow strata and enter the
inside of the canyon along the diapir belts (the shortest
and also the weakest path in vertical strata). Buoyancy is
the main driving force for oil and gas to move laterally
into the inside of the canyon, which results in the
accumulation of oil and gas in a high position with better
sealing in the sand body.
The source rocks of the Yacheng Formation entered the
peak period of gas generation and expulsion during the
period of the Yinggehai Formation to now, whereas the
Lingshui 17–2 structure ceased in the early period of the
Yinggehai Formation. The forming time of traps and the
migration time of oil and gas were well allocated. The gas
reservoirs have not been destroyed because of good
preservation conditions in the late stage.
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Fig. 12. Source-reservoir-cap combination in the deepwater area of northern SCS.

4.2 Oil and gas accumulation pattern of the
paleostructural ridge
Based on the study of the favorable hydrocarbon
supplying units (Wenchang and Enping formations) in the
Baiyun Sag, basin simulation results indicate that there are
five favorable long-term ancient uplifts and nose-like
structure belts, which are respectively: a southwest fault
terrace complex nose-like belt; the Panyu 30 complex nose
-like belt; the Liwan 3 nose-like belt; the Liuhua 29 noselike belt; and the Dongsha 25 uplift belt (Fig. 14). The
deltas of the continental shelf margin in the Zhujiang
Formation, the deepwater gravity channel complex of the
continental slope in the deepwater area of the Baiyun Sag,
the slope fans, and the basin floor fans form the reservoirs.
The Baiyun sag, especially the main Baiyun subsag, has
great potential for hydrocarbon generation, and the
Wenchang, Enping and Zhuhai formations are the main
source rock beds (Wang et al., 2005; Zhang et al., 2007).
The paleo-nose uplift zone has three main carrier beds:
fault, fluid diapir and horizontal carrier sandstone bed.
Faults and diapirs are vertical migration channels for
natural gas, which connect the deeply buried source rocks
of the Wenchang Formation and Enping Formation with
the deepwater fan reservoirs, overlappng with each other
in the Baiyun Sag, causing oil and gas to migrate upward
and accumulate in the upper reservoirs. Sandstones are

laterally interconnected regional oil and gas carrier beds
that make oil and gas migrate laterally along the carrier
beds. The carrier bed of sandstone and faults form a
unified carrying bed system.
The process of hydrocarbon generation resulted in
overpressure, and faults and/or diapir belts were formed in
the late period of the Dongsha movement (Zhang et al.,
2015b), which caused pressure relief and controlled the oil
and gas migration and accumulation in the deepwater area
of the Baiyun Sag.
Up to now, all the commercial discoveries in the Baiyun
Sag are centralized in the upper paleonasal uplift zones.
For example, Liuhua 30–1 and Liuhua 34–1 gas fields are
located in the Panyu nose-like uplift zone, Liwan 3–1 and
Liwan 3–2 gas fields are located in the Liwan 3 nose-like
uplift zone, Liuhua 29–1 and Liuhua 29–2 gas fields are
located in the Liuhua 29 nose-like uplift zone. Baiyun 18–
1 and other gas traps were also found in the Southwest
fault nose-like belt.
4.3 Self-generation and self-accumulation of source
rocks
The main source rocks in the deepwater area of the
northern SCS are formed in the lower Oligocene with
delta plain and delta front. The Lower Oligocene Yacheng
and Enping formations have favorable conditions for gas
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Fig. 13. The accumulation pattern of Lingshui 17–2 gas reservoir in the Central Submarine Canyon (modified from Xie, 2014; Zhang
et al., 2016b).

Fig. 14. The accumulation pattern of the paleostructural ridge in the Baiyun Sag, PRMB.

accumulation within source kitchens.
The sedimentary environment during the early and
middle sedimentary period of the Enping Formation was
littoral and neritic facies in the Baiyun Sag. There are
small fan deltas, deltas and beach bars controlled by a

point supply source developed in the surrounds of the sag
and the nearshore position of the littoral and shallow sea,
which shows that the characteristic of multi-point supplies
source simultaneous development. The late sedimentary
period of the Enping Formation was mainly controlled by

Acta Geologica Sinica (English Edition), 2021, 95(1): 1–20

the ancient Pearl River water system, which developed
large continuous area of deltas and showed a progressive
process from south to north. The sedimentary conditions
of the Enping Formation formed a moderate sandstone
ratio, which was beneficial to the development of
lithologic stratigraphic traps.
There are five types of traps developed in the Baiyun
Sag Enping Formation: nearshore subaqueous fan, beach
bar, lowstand fan, foreset wedge sand body of delta front,
and updip pinchout sand body of delta front. Among these,
the lowstand fans often contact directly with the source
rocks, which made it easy to form reservoirs of selfgeneration and self-accumulation and has great
exploration potential. Taking the Baiyun X target in the
main subsag of Baiyun as an example (Fig. 15), this target
developed at the bottom of the second-stage delta of the
upper member of the Enping Formation (Lower
Oligocene), and it is located above the third-order
sequence unconformity interface, belonging to a set of
lowstand fan deposits in the lowstand period of the thirdorder sequence. The target has the typical characteristics
of low frequencies and high amplitudes, it thins out
towards the NW direction below the high-angle
sedimentary slope break and transitionally thins out with
shallow-sea mudstone in the other directions. This
mudstone forms a good lateral sealing condition for the
target, while a mudstone developed in the transgressive
process supplies a good cap-rock condition for the target.
In addition, the Baiyun X target directly contacts with the
neritic mudstone of the Enping Formation (main source
rock in Baiyun Sag) and has favorable accumulation
conditions. In short, the lowstand fan usually has good
reservoir-cap combination, hydrocarbon condition and
migration and accumulation condition, and it is a very
favorable lithological target. Although the reservoirs in the
Enping Formation are buried deeply, the reservoirs in the
middle-deep layers may preserve good porosity because of
factors such as the early accumulation, the burial
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dissolution and the overpressure development.
The target sand bodies of the lithologic traps in the
Enping Formation most contact directly with source rocks
of marine mudstone. They have the superior source rock
conditions of near-source rocks and near-hydrocarbon
generating center, as well as good reservoir-cap matching
conditions of local and regional cap rocks with double
sealing and the convenient conditions of oil and gas shortdistance migration and accumulation, all of which ensure
the high efficiency of oil and gas from hydrocarbon
generation and expulsion to accumulation.
The above characteristics of the northern continent of
the marginal sea in the SCS can be extended to many
basins of the marginal sea in the western Pacific Ocean,
such as the Sakhalin Basin, the Japan sea, the Bay of
Bengal and the Gulf of India, etc., which has particular
significance for the exploration of these basins.
5 Conclusions
Guided by the theory of hydrocarbon accumulation
controlled by tectonic cycles in the marginal sea of the
SCS, this paper analyzes the characteristics of basin
formation, hydrocarbon generation and accumulation in
the deepwater area of the northern SCS, and reveals the
characteristics of oil and gas formation and distribution.
The following conclusions are made:
Controlled by the tectonic cycle of the SCS as a
marginal sea, the deepwater area of the continental margin
of the northern SCS entered an intracontinental rifting
stage dominated by shallow lakeshore sedimentary facies
during the periods of Late Cretaceous to Eocene. In the
Early Oligocene, the northern SCS entered the fault
depression stage as a semi-enclosed continental margin,
which was dominated by marine-continental transition
facies. At the same time, the deepwater area entered a
depression stage as continental shelf and continental slope
of the passive continental margin, which was dominated

Fig. 15. Lithologic traps of the northern slope zone in the Baiyun Sag (modified from Zhang et al., 2015c).
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by coastal to shallow-sea sedimentary facies after the Late
Oligocene.
Multi-stage rift and thermal subsidence have occurred
in the northern continental margin of the SCS since the
Late Cretaceous, with both geothermal gradient and heat
flow value relatively high. The continental slope area has
the characteristics of high heat flow, and that of the
western part is obviously higher than the central and
eastern parts. Starting from the Eocene, increased heating
events of multi-stage heat flow have been experienced.
The main source rocks in the deepwater area of the
northern SCS are coal-measure source rocks and terrestrial
marine source rocks. Hydrocarbon generation shows a
four-stage model: the peak of oil generation is earlier; the
peak of gas generation is later; the oil generation window
is narrower; and the gas generation window is wider.
Compared to the world‟s deepwater basins, the
deepwater area in the northern SCS has no salt rocks, no
salt structures and no gravity slippage. However,
mudstone diapir zone, fault zone and fracture zone are all
well-developed in the northern SCS, which formed the
basis for reservoir models of the central canyon channel
sedimentary system, the paleotectonic ridge and the source
rock self-generation and self-accumulation.
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