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Abstract: There are numerous controversies surrounding the tectonic properties and evolution of the Proto-South China
Sea (PSCS). By combining data from previously published works with our geological and paleontological observations of
the South China Sea (SCS), we propose that the PSCS should be analyzed within two separate contexts: its paleogeographic
location and the history of its oceanic crust. With respect to its paleogeographic location, the tectonic properties of the
PSCS vary widely from the Triassic to the mid-Late Cretaceous. In the Triassic, the Paleo-Tethys and the Paleo-Pacific
Oceans were the major causes of tectonic changes in the SCS, while the PCSC may have been a remnant sea residing upon
Tethys or Paleo-Pacific oceanic crust. In the Jurassic, the Meso-Tethys and the Paleo-Pacific oceans joined, creating a
PSCS back-arc basin consisting of Meso-Tethys and/or Paleo-Pacific oceanic crust. From the Early Cretaceous to the midLate Cretaceous, the Paleo-Pacific Ocean was the main tectonic body affecting the SCS; the PSCS may have been a
marginal sea or a back-arc basin with Paleo-Pacific oceanic crust. With respect to its oceanic crust, due to the subduction
and retreat of the Paleo-Pacific plate in Southeast Asia at the end of the Late Cretaceous, the SCS probably produced new
oceanic crust, which allowed the PSCS to formally emerge. At this time, the PSCS was most likely a combination of a new
marginal sea and a remnant sea; its oceanic crust, which eventually subducted and became extinct, consisted of both new
oceanic crust and remnant oceanic crust from the Paleo-Pacific Ocean. In the present day, the remnant PSCS oceanic crust
is located in the southwestern Nansha Trough.
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1 Introduction
To researchers outside China, the Proto-South China
Sea (PCSC) is also known as the Paleo-South China Sea
(Paleo-SCS). Gatinsky and Hutchison (1986) suggested
that the Paleo-SCS could be found in the oceanic crust of
the western Paleo-Pacific Ocean in northern Borneo at the
Jurassic-Cretaceous boundary interval (150–120 Ma), and
that this oceanic crust subducted beneath Borneo in the
Paleogene (60–40 Ma). Taylor and Hayes (1983) argued
that the Paleo-SCS consisted of Mesozoic crust that
subducted beneath Borneo in the Cenozoic, ~20 Ma later
than the subduction timing suggested by Hutchison. Hinz
et al. (1991) were the first to apply the term Proto-South
China Sea to the Late Cretaceous oceanic crust in
Indochina, southern South China, and northern Borneo,
where the present-day SCS is located. Here, the
subduction of the PSCS beneath Borneo in the middle
Miocene led to the formation of the SCS. Clift et al.
(2008) suggested that the PSCS subducted beneath Borneo
from the Eocene to Early Miocene.
* Corresponding author. E-mail: tanghfhc@jlu.edu.cn

There have been many contradictory studies related to
the existence of the PSCS, the timing and tectonic
properties of the PSCS (Xia and Huang, 2000; Wu, 2004;
Zhou et al., 2005a; Hall, 2012; Morley, 2012; Zahirovic et
al., 2014), the existence of the PSCS oceanic crust (Taylor
and Hayes, 1983; Replumaz and Tapponnier, 2003;
Gibbons et al., 2015), the relationship between the PSCS
and the Tethys and Paleo-Pacific tectonic domains (Lu et
al., 2014; Zheng et al., 2019), the timing and extent of the
subduction/extinction of the PSCS, and whether the
opening of the SCS was related to the subduction and
extinction of the PSCS. In our study, we review these
previously published works and combine that information
with observations of the PSCS oceanic and continental
stratigraphy, paleomagnetism, and paleontology. By gaining
insight into the tectonic properties and evolution of the
PSCS, we can create a geological framework for the tectonic
evolution of Southeast Asia during the Meso-Cenozoic.
2 Tectonic Attributes and Characteristics of the PSCS
Since the Late Paleozoic, the SCS has been heavily
influenced by the Tethys and Pacific tectonic domains and
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the Eurasian, Pacific, Indian, Australian, and Philippine
plates, resulting in a complex and unique geotectonic
environment (Fig. 1). Did the PSCS exist prior to the
formation of the SCS? There are a series of ophiolite and
ophiolitic mélange rocks that span northern Borneo and
the western Philippines. The Upper Cretaceous Lupar
Formation and Lubok Antu Mélange in the southern part
of Sarawak are mainly deep-sea mélange, which gradually
transition into the marine/marine-continental transitional
Rajang Group strata further north. Massive ophiolite
outcrops in Sabah and other stratigraphic assemblages in
that region exhibit characteristics similar to those typical
of oceanic crust. For example, the Cretaceous–Early
Tertiary is dominated by serpentinized peridotites,
gabbros, and diabases, which are commonly found in
middle and lower oceanic crustal material. The lithology
of the Cretaceous–Eocene Chert-Spilite Formation is
mainly basalts, volcanic breccias, radiolarian siliceous

rocks, spilites, sandstones, and shales; this lithology is
commonly found in upper and middle oceanic crustal
material. The lithology of the Upper Cretaceous–Eocene
Sapulut Formation is dominated by mudstones and
sandstones that are a close match for the lithology of the
uppermost oceanic crustal material. Jasin and Tongkul
(2013) maintained that the ophiolite in the Baliojong
Valley of northern Sabah represented the uppermost
oceanic crust. The Crocker, Temburong, Kulapis, and
Labang formations in Sabah are characterized by a
subduction zone forearc accretionary wedge that exhibits
interbedding with Paleocene–Early Neogene volcanic
sequences and thrust ophiolite fragments (Xu, 2019).
South Palawan is dominated by an ophiolitic mélange
composed of Cretaceous–Eocene basalts, gabbros, and
metamorphic complexes (Suggate et al., 2014). Some
Eocene-Early Oligocene subduction-related calc-alkaline
igneous rocks are distributed along the Lupar Line (Wang

Fig. 1. Tectonic setting of South China Sea (Zheng et al., 2019).
1, Song Ma suture zone; 2, Chiang Mai-Inthanon suture zone; 3, Mawgyi suture zone; 4, Bentong-Raub suture zone; 5, Woyla suture zone;
6, Luk Ulo suture zone; 7, Meratus suture zone.
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et al, 2016); at this time, the subduction of the PaleoPacific Ocean beneath the Sunda Block had ceased long
ago, indicating that a different section of oceanic crust was
subducting beneath Borneo. Fan et al. (2017) and Wu and
Suppe (2017) used seismic tomography to find anomalies
beneath Sabah and the westernmost region of the
Philippines. Once identified, they suggested that these
anomalies were remnant slabs of the PSCS. Therefore,
prior to the formation of the NSCS, the PSCS is the sea
that existed between Borneo and the Nansha block.
The exact time frame and tectonic properties of the
PSCS are still heavily debated. Previously published
theories about the tectonic properties of the PSCS include
the PSCS as a marginal sea that developed at the transition
between the Tethys Ocean and the Paleo-Pacific Ocean
(Zhou et al., 2005a; Wang, 2015), a bay in the PaleoPacific Ocean (Taylor and Hayes, 1983), a part of the
Meso-Tethys Ocean (Xia and Huang, 2000), or a back-arc
basin formed by the subduction and spreading of the Paleo

79

-Pacific Ocean plate (Wu et al., 2004; Morley, 2012;
Zahirovic et al., 2014; Sun et al., 2018).
After reviewing previously published ophiolite,
ophiolitic mélange, subduction accretion zone, and
paleontology data from the southern SCS, Lu et al. (2014)
concluded that the PSCS was an Early–Middle Triassic
Paleo-Tethys remnant sea. The major tectonic drivers that
causes changes to the PSCS evolved over time; in the Late
Triassic, the PSCS was heavily influenced by the PaleoPacific Ocean, while the Jurassic–Early Cretaceous was
dominated by superposition of the Meso-Tethys and Paleo
-Pacific Oceans, and the subduction extinction of the
PSCS occurred during the Late Cretaceous–Eocene.
Analyzing the radiolarians in the Paleo-Pacific Ocean, the
Tethys Ocean, and the SCS, Zheng et al. (2019) concluded
that the Triassic paleobiogeography of the PSCS was
jointly constrained by the Paleo-Tethys Ocean and the
Paleo-Pacific Ocean plates (Fig. 2a). The Early–Middle
Jurassic paleobiogeography of the PSCS was influenced

Fig. 2. Evolution model of the Proto-South China Sea.
(a) Residual sea of Paleo-Tethy or Paleo-Pacific Oceans (Zheng et al., 2019); (b) a backarc basin formed by subduction salb roll back (Morley, 2012); (c) a backarc
basin formed at about 65Ma (Zahirovic et al., 2014); (d) the Proto-South China Sea about 45Ma began to subducting and die (Hall, 2012). MP,Mala Peninsula;
IC,Indochina; IZA, Izanagi Plate; PAC, Pacific Ocean; PSP, Philippine Sea; PSCS, Proto-South China Sea; SIB, Sibumasu; SUM, Sumatra; WB, West Burma.
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by the Paleo-Pacific Ocean plate, and the Late Jurassic–
Cretaceous paleobiogeography of the PSCS was allowed
to evolve semi-independently, without experiencing the
influence of other tectonic units. Wang (2015) argued that
the PSCS was a marginal sea that developed in northern
Kalimantan during the Late Jurassic-Early Cretaceous. In
this model, the PSCS likely formed during the subduction
and retreat of the Tethys Ocean–Paleo-Pacific Ocean
beneath the South China–Indochina continent, where its
evolution was influenced by the superposition of the
Tethys and Pacific tectonic domains. Based on magnetic
anomalies, paleomagnetism, and paleontological data,
Taylor and Hayes (1983) suggested that the PSCS was a
bay in the Paleo-Pacific Ocean that first formed in the
Middle Triassic and became extinct in the Late Cretaceous
-Early Tertiary. Based on biological features, Xia and
Huang (2000) proposed that the PSCS represented the
eastward extension of the Meso-Tethys Ocean. Using
marine Mesozoic stratigraphic and fossil characteristics
from Reed and Andu–Nanwei in the southern SCS, Wu et
al. (2004) argued that the PSCS might have been a backarc basin that formed during the subduction of the PaleoPacific plate during the Triassic. However, this study did
not mention whether the PSCS oceanic crust existed in the
Triassic. According to data from deep-sea radiolarians in
the ophiolite suite of the Natuna-Northern KalimantanPalawan line, Hutchison (1989) proposed that the PSCS
existed in the Late Jurassic-Early Cretaceous. Zhou et al.
(2005a) suggested that the Early Mesozoic PSCS might
have been a marginal basin that developed at the transition
between the Meso-Tethys Ocean and the Paleo-Pacific
Ocean plates; in the Early Cretaceous, the PSCS may have
been a back-arc basin created by the subduction of the
Paleo-Pacific Ocean plate. Metcalfe (2011) studied the
tectonic framework of the Phanerozoic Sundaland block
and argued that the PSCS formed during the opening of
the East Asian continental margin in the Cretaceous.
Morley (2012) maintained that the PSCS was a back-arc
basin formed by the subduction and retreat of the Izanagi
plate beneath the Paleo-Pacific Ocean plate (Fig. 2b). Sun
et al. (2018) proposed that the formation of the PSCS was
unrelated to the Paleo-Pacific plate; instead, they argued
that the PSCS was a back-arc basin created during the
closure of the Neo-Tethys Ocean. Zahirovic et al. (2014)
considered the PSCS to be a back-arc basin formed in
Southeast Asia at ~65 Ma (Fig. 2c). Hall and Breitfeld
(2017) argued that the PSCS was a unit of Mesozoic
oceanic crust that once occupied the SCS and subducted
beneath Borneo and Cagayan in the Eocene (~45 Ma)
(Fig. 2d). According to Earthbyte’s plate reconstruction
model, the PSCS existed between 70 and 10 Ma (Gibbons
et al., 2015; Zahirovic et al., 2016a, 2016b; Müller et al.,
2018; Merdith et al., 2019; Young et al., 2019).
There is also very little agreement about the
composition of the PSCS basin. Some theories related to
the PSCS basin composition include that the basin is
comprised of remnant ocean basins with paleo-oceanic
crust (such as the remnants of the Izanagi plate in the
Paleo-Pacific Ocean or the remnants of the Meso-Tethys
Ocean plate) (Hall, 2012; Taylor and Hayes, 1983), the
basin is a composite of the remnant paleo-oceanic crust

and the new oceanic crust (Gibbons et al., 2015; Zahirovic
et al., 2016a, 2016b; Müller et al., 2018), and that the
PSCS crust never existed at all (Replumaz and
Tapponnier, 2003).
Because the PSCS has already subducted and become
extinct, it is very difficult to determine the lateral extent of
this tectonic unit. Previous works have proposed that the
PSCS was a large-scale tectonic feature (Zhou et al.,
2002), a small-scale tectonic feature (Hall and
Sevastjanova, 2012), and that, again, the PSCS never
existed in the first place (Shu et al., 2009). The estimated
width of the PSCS varies from 300 km to 1400 km
(Holloway, 1982; Rangin et al., 1999; Clift et al., 2008;
Hall, 2002, 2012; Tang and Zheng, 2012). Wu and Suppe
(2017) and Fan et al. (2017) found high-velocity
anomalies beneath the western Philippines that may
represent remnant slabs of the PSCS. If so, the width of
the PSCS could be as large as 1400 km. Hall and Spakman
(2015) used seismic tomography to identify a SW–NEtrending high-velocity anomaly ~700 km below
northwestern Borneo that extends to the central
Philippines. With the West Baram Line as a southern
subduction zone boundary, the presence of this anomaly is
consistent with model that proposes that the PSCS that
subducted and became extinct from 45 Ma to 20 Ma.
Evidence from some subduction accretion zones,
ophiolites, magmatic rocks, and other strata in western
Borneo suggests that subduction of the southern PSCS
should have followed the Lupar Line, and that the absence
of high-velocity anomalies ~700 km below the southwest
side of the West Baram Line may be indicative of the
early extinction of the subducted plate. Most researchers
believe that the PSCS subducted and became extinct
during the Eocene. If that is the case, the Eocene PSCS
was located south of South China, east of Indochina, north
of the Lupar Line, and west of the Philippine Sea plate,
with a north–south width of 1400 km.
3 Evolution of the PSCS
Previous studies of the PSCS have largely focused on
the establishment of the tectonic evolution of the PSCS
from its marine and continental strata, paleontology, and
extinct relics (i.e. ophiolite and accretion zones). A review
of these works found that the tectonic models of the PSCS
in the Triassic–Early Cretaceous were mostly based on
paleogeographical data. At this time, tectonic events in the
SCS were largely driven by the Tethys and Paleo-Pacific
tectonic domains. Therefore, the PSCS could be a remnant
sea, a marginal sea, or a back-arc basin; the oceanic crust
of the PSCS was possibly the remnant oceanic crust of the
Tethys Ocean or the Paleo-Pacific Ocean plates. In the
Late Cretaceous–Miocene, the subduction and retreat of
the Paleo-Pacific plate may have created new oceanic
crust in the SCS. Some researchers believe that the PSCS
formally emerged with the creation of that new oceanic
crust. As two of the major controversies surrounding the
PSCS, it is logical to discuss the evolution of the PSCS in
terms of its paleogeographic location and the existence of
its oceanic crust.
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3.1 Northward drift and consolidation of Gondwana
fragments
In the Early–Middle Triassic, the North China, South
China, Indochina, and Tarim blocks and the Cimmerian
continent (comprised of the Sibumasu, Qiangtang, and
East Malay blocks) all drifted northward after the break-up
of Gondwana (Late Devonian-Early Carboniferous
rifting). After organizing and analyzing the paleomagnetic
data from the blocks in the SCS and the adjacent areas (Fig.
3), we can provide constraints on the tectonic evolution of
these blocks. The movement of the SCS blocks since the
Triassic can be summarized as one of three types of tectonic
activities: northward drift (e.g. the South Palawan, Sabah,
East Kalimantan, and Luzon blocks), southward drift (e.g.
the Sibu accretionary wedge and the North Palawan and
Semitau blocks), and no drift (e.g. the South China, Kuching
Belt, and West Kalimantan blocks).
3.1.1 Stage of co-influence of the Paleo-Tethys and
Paleo-Pacific Oceans (T)
In the Early Triassic, the South China, Indochina, and
Sibumasu blocks were separated by the Paleo-Tethys
Ocean (Fig. 4a) (Metcalfe, 2013; Hall, 2012; Shu et al.,
2020). In the Late Triassic, the Paleo-Tethys Ocean was
almost entirely closed and the South Qiangtang and
Sibumasu blocks gradually approached the North
Qiangtang and Indochinese blocks and formed the
Longmucuo–Shuanghu,
Lancangjiang,
ChangningMenglian, and Wendong suture zones (Fig. 4b) (Li et al.,

Fig. 3. The paleolatitude changes of South China Sea and
surrounding block (Chen et al., 1987; Fuller et al., 1999;
Almasco et al., 2000; Li et al., 2004; Huang, 2008; Otofuji et
al., 2017; Advokaat et al., 2018).

2007; Liu et al., 2015; Wang et al., 2019; He et al., 2020).
Zahirovic et al. (2014) argued that the Nansha block could
have accreted onto the South China continent in the
Triassic, while Morley (2012) believed that the Nansha
block accreted onto the margin of the South China
continent in the Early-Middle Jurassic. Upper Triassic
shallow marine strata and Lower Jurassic deep marine

Fig. 4. (a) Early Triassic and (b) Late Triassic paleogeographic reconstructions of the South China Sea area (Hall, 2012; Metcalfe, 2013; Hennig et al., 2017; Zheng et al., 2019).
PSCS, Proto-South China Sea; WB, West Borneo; WS,West Sumatra.
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turbidites developed in the Nansha area; evidence of
deltaic siltstones and sandstones rich in Late Triassic–
Early Jurassic ferns (Clathropteris and Padozamites) and
Late Triassic marine dark gray claystones were obtained
by trawl SO23-23 (Lu et al., 2014). Zhou et al. (2005)
analyzed the paleogeography of the Mesozoic SCS and
concluded that the Early-Middle Triassic SCS coincided
with the eastern extension of the Paleo-Tethys Ocean. The
subduction of the Paleo-Pacific Ocean may have occurred
along the eastern margins of the South China and
Indochina blocks and the margin of the Sunda block (He,
2019). As a result, subduction-related volcanic island arc
magmatic rocks were generated along South China,
Hainan Island, Vietnam, East Malaysia, the Kuching Belt
of West Borneo, and Sabah (Nguyen et al., 2004; Yan et
al., 2014; Breitfeld et al., 2017; Hennig et al., 2017;
Burton-Johnson et al., 2020). The ophiolites and the
crystalline basement rocks in the southeast Sabah may
provide some insight into the evolution of the PSCS.
Previous estimates of the age of the Sabah ophiolite range
from 179 Ma to 87 Ma. The geochemistry of these basic
rocks is very similar to that of the rocks found at midocean ridges (Rangin et al., 1990; Graves et al., 2000).
High-pressure, low-temperature metamorphic rocks that
exhibit signs of subduction metamorphism, such as
glaucophane-bearing rocks and eclogites, have been
discovered in the Dent Peninsula in Sabah. These rocks
are often located in the core of orogenic belts and are
usually attributed to the exhumation of lower crustal rocks
after plate subduction (Parkinson et al., 1998). Recently,
felsic rocks that intruded into ophiolites in the Segama
Valley in southeastern Sabah have been dated to 241.1 ±
2.0 Ma and 250.7 ± 1.9 Ma. It is hypothesized that these
felsic rocks are magmatic arc products formed during the
subduction of the Paleo-Pacific Ocean plate in the Early
Mesozoic. Burton-Johnson et al. (2020) proposed that the
Sabah ophiolite existed as early as the Early Triassic and
that its emplacement continued into the Cretaceous; this
ophiolite formed at the margin of the Sunda block in a
tectonic environment characterized by both spreading and
subduction and later rifted away from the margin of the
Sunda block. Therefore, Sabah could have been located in
an orogenic belt in the Early–Middle Triassic. Graves et
al. (2000) noted that the basement rocks of the Sabah
ophiolite could be material from the western Pacific Ocean
plate. According to the plate reconstruction model
(Matthews et al., 2016; Young et al., 2019), the formation
of the Sabah ophiolite was likely related to the subduction
of the Paleo-Tethys and Panthalassa Oceans. In terms of
its paleogeographic location, the Triassic SCS was located
at the transition zone between the Paleo-Tethys Ocean and
the Paleo-Pacific Ocean, with the Paleo-Tethys Ocean
subducting to the northeast and the Paleo-Pacific Ocean
subducting to the west. As further evidence that the SCS
was heavily influenced by these two oceans, the
radiolarian data showed that in the Triassic, the
radiolarians in the SCS had a high affinity with
radiolarians from both the Tethys Ocean and the PaleoPacific Ocean (Zheng et al., 2019). As such, the PSCS
could be a remnant sea with oceanic crust from the Tethys
Ocean or the Paleo-Pacific Ocean.

3.1.2 Stage of superposed influence of the Meso-Tethys
and Paleo-Pacific oceans (J)
In the Early–Middle Jurassic, when the PSCS was in
close proximity to the Paleo-Pacific Ocean, the combined
landmasses of the South China, Indochina, East Malaysia,
West Myanmar, Sibumasu, and West Sumatra blocks
separated the PSCS from the Meso-Tethys Ocean (Fig.
5a). In the Early Jurassic, marine carbonate–clastic rock
formations and alternating layers of marine and
continental coal-bearing clastic rock were deposited in
Guangdong and Fujian; these layers may also have
extended as far as Jiangxi and Hunan. In the eastern South
China, the ammonites and bivalve fossils found in the
Early Jurassic Jinji Formation are similar to both PaleoPacific organisms and Tethys biota (Chen, 1998). The
Early Jurassic Toarcian ammonites in West Borneo, as
part of the southern SCS, are also similar to Tethys fauna
(Zhou et al., 2005b). Radiolarian data shows that the Early
–Middle Jurassic PSCS radiolarians have a stronger
affinity with those of the Paleo-Pacific Ocean than they do
with those of the Tethys Ocean (Zheng et al., 2019),
indicating that the SCS was more heavily influenced by
the Paleo-Pacific Ocean at this time. In the Middle
Jurassic, the Paleo-Pacific Ocean subducted beneath the
Sundaland block, and felsic rocks associated with volcanic
island arcs were continuously produced in southeastern
Sabah, suggesting that Paleo-Pacific subduction may have
had a long-term impact on Sabah at the Sundaland margin
(Burton-Johnson et al., 2020). In the Late Jurassic, a small
-scale transgression consisting of shallow marine and
alternating marine and continental strata developed in the
northern SCS. In the Reed Basin and in the North Palawan
Basin of the Nansha block in the southern SCS, drilling
and trawling surveys revealed that the marine sedimentary
environment in the Middle–Late Jurassic gradually
transitioned into a shallower water body in the Cretaceous.
Because the Late Jurassic–Early Cretaceous paleontology
of Palawan and West Borneo in the southern SCS is a
match for typical Tethys fauna (e.g. benthic organisms
such as ammonites, corals, and gastropods), we infer
that the Meso-Tethys Ocean played a significant role in
the development of the southern SCS at this time. In the
Late Jurassic, the Neo-Tethys Ocean began to develop,
the Meso-Tethys Ocean gradually became extinct, and
the landmasses of Southwest Borneo, East Java-West
Sulawesi, and Northwest Sulawesi drifted northward
(Hall, 2012) (Fig. 5b). The igneous rocks produced by
the Jurassic subduction of the Paleo-Pacific Ocean
beneath the Eurasian continent are distributed along the
Asia southeast coastline; these igneous rocks consist of
calc-alkaline I-type granites, A-type granites, alkaline
granites, syenites, diorites, basalts, and rhyolites. This
Paleo-Pacific Ocean subduction zone may have spanned
Russia, Northeastern China, Southwestern Japan, South
China, the Malay Peninsula, and West Borneo.
Throughout the Jurassic, both the Meso-Tethys and the
Paleo-Pacific Oceans played a significant role in the
tectonic evolution of the SCS. As such, the PSCS was
likely a back-arc basin residing atop Meso-Tethys or
Paleo-Pacific oceanic crust.
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Fig. 5. (a) Middle Jurassic and (b) Late Jurassic paleogeographic reconstructions of the South China Sea area (Hall, 2012; Metcalfe, 2013; Hennig et al., 2017; Zheng et al., 2019).
EJ-WS,East Java-West Sulawesi; NWS, Northwest Sulawesi; PSCS, Proto-South China Sea; WB, West Borneo; WS, West Sumatra.

3.1.3 Stage of influence of Paleo-Pacific Ocean (K1–K2)
In the Late Jurassic, Southwest Borneo, East Java-West
Sulawesi, and Northwest Sulawesi began to drift away
from the Australian plate and drift northward (Hall, 2012;
Metcalfe, 2013). In the Early Cretaceous, the Meso-Tethys
Ocean began to close and the Neo-Tethys Ocean began to
expand (Fig. 6a). Southwest Borneo drifted to its present
position in the Early Cretaceous. Hall (2012) believed that
at 125–100 Ma, Southwest Borneo and West Borneo
accreted onto the Sundaland margin. Later, the Woyla arc
and the West Sumatra block collided, and the accretion of
the East Java–West Sulawesi blocks onto the Sundaland
margin formed the Meratus and Luk Ulo sutures. Due to
the closure of the eastern Meso-Tethys Ocean and the
convergence of Southwest Borneo and Northwest
Sulawesi blocks, the PSCS became a semi-enclosed
environment that was bounded by the Nansha block to the
north, the Sundaland and Indochina blocks to the west,
Southwest Borneo and the Northwest Sulawesi block to
the south, and the Paleo-Pacific Ocean to the east (Fig.
6b). Radiolarian data indicates that the influence of the
Cretaceous Paleo-Pacific Ocean and the Tethys Ocean on
the paleobiogeography of the PSCS gradually diminished.
In the Early Cretaceous-mid Late Cretaceous, the PSCS
was part of a westward Andean subduction zone.
Cretaceous magmatism associated with Paleo-Pacific
Ocean plate subduction was widespread in South China,
Hainan Island, Taiwan, Southeastern Vietnam, West
Borneo, and Southwestern Borneo. The Jurassic-

Cretaceous Serabang, Sejingkat, and Sebangan Formations
in
western
Sarawak
exhibit
strong
regional
metamorphism. With the discovery that that muscovite in
the Triassic Tuang Formation dated to the Early
Cretaceous, Breitfeld et al. (2017) argued that the
metamorphism of the Serabang, Sejingkat, and Sebangan
Formations was similar to that of the Tuang Formation,
and that these formations developed because of the
subduction of the Paleo-Pacific Ocean plate beneath the
Sundaland block. Cretaceous magmatic rocks associated
with the subduction of the Paleo-Pacific Ocean also
developed in the Zhongsha, Xisha, and Nansha blocks of
the SCS, as well as in the Pearl River Estuary, Wan’an,
and Mekong Basins. To summarize, in the Early
Cretaceous and mid-Late Cretaceous, the SCS was heavily
influenced by the subduction of the Paleo-Pacific Ocean
and the PSCS was either a back-arc basin or a remnant sea
plate with Paleo-Pacific oceanic crust.
3.2 Stage of new oceanic crust formation, subduction,
and extinction (K2–N1)
Since the Late Cretaceous, the SCS has experienced
major tectonic upheaval. Due to the rifting of the
Australian plate away from Antarctica at 90 Ma, the rapid
northward movement of the Indian plate, and the sudden
retreat of the West Pacific subduction zone (Zhou et al.,
2005c), the SCS transitioned from a compressional
tectonic environment to an extensional tectonic
environment, resulting in the development of multiple NE-
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oriented faults (Shu et al., 2009; Xiong et al., 2012;
Zahirovic et al., 2014; Xie et al., 2015; Feng et al., 2017;
Wang et al., 2017). Zahirovic et al. (2014) proposed that
the PSCS became a back-arc basin at 65 Ma, while
Semitua, a micro-block in the Kuching belt of Borneo,
rifted off of the South China continental margin at 59 Ma
and collided with Northern Borneo at ~45 Ma. The
subduction and retreat of the Western Pacific Ocean and
the rifting of Semitua suggest that new oceanic crust may
have been produced at the Nansha block margin at this
time. With the production of new oceanic crust, the PSCS
formally emerged in Southeast Asia as a marginal sea.
Prior to the subduction and retreat of the Western Pacific
Ocean plate, the oceanic crust in the SCS likely consisted
of remnant oceanic crust from the Paleo-Pacific Izanagi
plate (Hall, 2012; Taylor and Hayes, 1983). After the
subduction and retreat of the Western Pacific Ocean plate,
the oceanic crust of the PSCS likely consisted of both new
oceanic crust generated at the Nansha block margin and
remnant oceanic crust from the Paleo-Pacific Izanagi plate
(Zahirovic et al., 2014) (Fig. 7a). The general consensus is
that opening of the NSCS began at ~32 Ma (when the
Nansha block rifted away from the South China
continental margin) and that the subduction and extinction
of the PSCS began in the Late Cretaceous or the Eocene.
The continued southward subduction of the southern
PSCS also generated new oceanic crust in the northern
PSCS. At the end of the Late Cretaceous, the PSCS may
have been a combination of a marginal sea and a remnant
sea, with oceanic crust that was composed of both new
oceanic crust and remnant Paleo-Pacific oceanic crust.
The exact timing, extent, and nature of the subduction
of the PSCS are topics that are still heavily debated. While
some have proposed that the PSCS subducted southward
beneath Borneo between the Late Cretaceous or the
Eocene and the Middle Miocene. More recent theories
suggest that the PSCS subducted in both the southern and
northern directions. Using seismic tomography, Wu and
Suppe (2017) found remnant pre-Oligocene PSCS slabs
subducting beneath Borneo at depths of 800 to 900 km
and Oligocene–Miocene PSCS slabs subducting
northward beneath the westernmost Philippine Sea plate at
depths of 450 to 700 km. Also using seismic tomography,
Hall and Breitfeld (2017) inferred that the lack of remnant
PSCS oceanic crust in the Sarawak on the western side of
the West Baram Line indicated that the PSCS subducted
beneath the east side of the West Baram Line (Sabah and
Cagayan) between the Eocene and the Early Miocene. Fan
et al. (2017) used P-wave tomography to identify remnant
PSCS slabs at depths of 260 to 600 km beneath northern
Palawan and the southern Philippines. Yumul et al. (2020)
maintained that the Mesozoic ophiolite suite exposed in
the western Philippines represents remnant subducted and
extinct PSCS material. While the existence of remnant
slabs and exposed ophiolites beneath the western
Philippines support the theory that the subduction and
extinction of the PSCS was a bidirectional process, the
actual mechanisms of the subduction and extinction of the
PSCS are not well constrained. Some possible tectonic
drivers for the PSCS subduction and extinction include the
collision between the Indian and Eurasian plates, the

counterclockwise rotation of Borneo due to the motion of
the Indo-Australian and Pacific plates, and the northward
drift of the Philippine Sea plate in the Cenozoic.
The PSCS subducted and became extinct earlier in the
west and later in the east. This process is ultimately
responsible for the creation of multiple subduction
accretion zones (Sibu and Miri zones) and suture zones
(Lupar Line) in the southern SCS. The magmatism in
West Borneo in the Late Cretaceous may have resulted
from the subduction of the Paleo-Pacific Ocean plate
beneath Borneo, while the calc-alkaline magmatic rocks
located along the southern Lupar Line are typically
attributed to the subduction of the PSCS. According to our
plate reconstruction model, if the PSCS subducted beneath
Borneo and became extinct in the Paleogene, then the
remnant Izanagi plate oceanic crust on the PSCS would be
the first material to become extinct (Zahirovic et al.,
2014). The Lupar Line, also known as the Lupar Fault,
refers to the ophiolite and ophiolitic mélange exposed on
the northern line of Natuna and Kalimantan islands; the
Lupar line is considered to be a subduction remnant of the
extinct PSCS. There is some controversy as to whether the
Lupar Line represents a subduction collision zone or a
strike-slip zone, and whether it is a lithospheric fault or a
basement fault (Hall and Sevastjanova, 2012; Xiong et al.,
2012; Zahirovic et al., 2014; Wang, 2015). In the Late
Cretaceous, West and East Borneo were relatively stable
blocks located at the Sundaland margin. Because Borneo
experienced both subduction (of the PSCS) and significant
tectonic rotation (due to the tectonic forces exerted by the
Indo-Australian and the Pacific plates) in a relatively short
time span, the Lupar Line may exhibit both accretionary
and strike-slip deformation characteristics.
A number of tectonic events occurred during the
Eocene, including the accelerated subduction of the PSCS
to the south, the extinction of the remnant Izanagi plate
ocean crust in the Paleo-Pacific Ocean due to the accretion
of the Semitua micro-blocks in West Borneo, and the
subduction and extinction of new oceanic crust at the
South China continental margin. In the Late Eocene, the
collision of the Zengmu block with the Sarawak block
triggered the Sarawak Orogeny, which resulted in the
Rajang Group
experiencing significant
folding
deformation activity. In the Oligocene, the Nansha block
rifted away from the South China continental margin and
the NSCS began to open (~32–16 Ma). There are currently
nine major genetic models for the opening and spreading
of the SCS, including back-arc spreading, PSCS
subduction pull, collision–extrusion–escape, mantle
upwelling, continental margin spreading, Atlantic seafloor
spreading, unidirectional extension, dextral rifting of the
East Asian continental margin, and the simultaneous
subduction of the PSCS and the extrusion of the Indochina
Peninsula (Zhang et al., 2015). Of these models, the
collision–extrusion–escape model and the PSCS
subduction pull have garnered the most support. The
collision-extrusion-escape model proposes that the
spreading of the SCS was related to the collision of the
Indo-Eurasian plate and the southeastward extrusion of the
Indochina Peninsula. The PSCS subduction pull model
maintains that the pulling force generated by the
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Fig. 6. (a) Early Cretaceous and (b) early Late Cretaceous paleogeographic reconstructions of the South China Sea area (Hall,
2012; Metcalfe, 2013; Hennig et al., 2017; Zheng et al., 2019).
EJ-WS, East Java-West Sulawesi; NWS, Northwest Sulawesi; PSCS, Proto-South China Sea; WB, West Borneo; WS, West Sumatra.

Fig. 7. (a) late Late Cretaceous and (b) Oligocene paleogeographic reconstruction of the South China Sea area (Hall, 2012;
Metcalfe, 2013; Zahirovic et al., 2014; Hennig et al., 2017).
NWS, Northwest Sulawesi; PSCS, Proto-South China Sea; SCS, South China Sea.

85

86

Tian et al. / Tectonic Evolution of the Proto-South China Sea

southeastward subduction of the PSCS led to the extension
of the South China continental margin, the rifting of the
Nansha block, and the opening of the NSCS. In terms of
regional tectonic events, the direction of the Pacific plate
motion changed from NNW to NWW at 45 Ma, and the
collision of the Indian and Eurasian plates began at 43 Ma.
At the time, the Red River Fault transformed into a dextral
strike-slip fault in order to accommodate both the
subduction and extinction of the PSCS and the extrusion
of the Indochina Peninsula. These two major tectonic
events also caused the crust of the northern SCS to begin
thinning, which contributed to the opening of the NSCS.
The counterclockwise rotation of Borneo in the
Oligocene and Miocene accelerated the collision between
the Nansha block and Borneo (Fig. 7b), and this second
collision with Sabah in the Miocene (~16 Ma) triggered
the Sabah Orogeny. This collision resulted in widespread
metamorphism of the Crocker Formation in Sabah, the
formation of an imbricate obduction nappe on top of the
Nansha block, and the end of the SCS spreading (Zhang et
al., 2015). The northeast section of the Nansha Trough
was the first to become extinct; the southwest section of
the Nansha Trough, which may be remnant PSCS oceanic
crust, gradually became extinct and eventually collided
with Palawan block to form the thrust-nappe Palawan fault
fold belt. Based on the sediments, paleontology, and
stratigraphic characteristics of the Palawan and Mindoro
blocks, some researchers have speculated that the
subduction of the PSCS finished prior to 10 Ma in
Mindoro in the Philippines (Zhao et al., 2019).
4 The Nansha Trough as Remnant PSCS Oceanic
Crust
The Nansha Trough, also known as the Northwest
Borneo Trough, is an NE-trending trough located at the
southeastern margin of the Nansha Islands. It is
approximately 675 km long and gradually narrows from
southwest to northeast, with depths ranging from 1.6 to
3.4 km (Zhang et al., 2017). The Nansha Trough is
bounded by the fault zones located at its northern and
southern margins. The northern fault zone is composed of
a series of NE-striking stepped normal faults that dip to
the northwest; magma intrusions indicate that the fault is a
basement fault that experienced magmatic activity from
the Paleocene to the Early Miocene (Xiong et al., 2012).
The southern fault zone consists of imbricate NE-striking
thrust faults that dip to the southeast. The lack of concrete
information about the tectonic properties, deep crustmantle structure, and evolution mechanisms of the Nansha
Trough has led to numerous models for this region. These
various tectonic models define the Nansha Trough as a
continental margin consisting of remnant PSCS oceanic
crust (Hall et al., 1996; Taylor and Hayes, 1980), a nappe
front from the Palawan obduction wedge overlying
continental crust (Hinz and Schlüter, 1989; Hutchison,
2010; Hall and Breitfeld, 2017), the sunken, thinned-out
part of the Nansha block overlying remnant oceanic crust
(Yao, 1996; Su et al., 1996), and a combination of
continental crust in the northeast and remnant PSCS
oceanic crust in the southwestern Nansha Trough (Lu et

al., 2014).
Our analyses provide evidentiary support for the last
model, where the northeastern Nansha Trough consists of
the continental crust in the northeast part of the Nansha
Trough and remnant PSCS oceanic crust in the
southwestern part of the Nansha Trough. First, the
basement of the southwestern end of the Nansha Trough,
which is characterized by mound-like and arc-shaped
reflections is likely comprised of oceanic crustal basalts
(Fig. 8a, b). Second, the average heat flow of the Nansha
Trough is approximately 50 mW/m2, while the maximum
heat flow of the nearby Zengmu Basin reaches values of
more than 150 mW/m2. The lower heat flow values of the
Nansha Trough may be related to the subduction of the
PSCS (Su et al., 1996). Third, a negative NE–SW-striking
gravity anomaly forms a clear gravity gradient zone on
both sides of the trough. A NE-trending high magnetic
anomaly zone is consistent with the morphology of the
trough (Fig. 8c), where the magnetic field values at the
southwestern end of the magnetic anomaly zone are higher
than those of the northeastern end of the anomaly (Lu et
al., 2014). Fourth, the SO27-007 multi-channel seismic
profile shows that a set of Early Miocene carbonate
platforms extend from the northern Nansha Trough to the
Palawan slope, indicating that the underlying crust of the
northeastern Nansha Trough is continental crust, rather
than oceanic crust (Hinz and Schlüter, 1989; Yao, 1996).
Fifth, the crustal thickness in the northeastern part of the
Nansha Trough (24–26 km) is larger than that of the
southwestern part of the Nansha Trough (8–9 km) (Su et
al., 1996). The Nansha Trough has an overall depth of 1.6
–3.4 km, and oceanic crust in the Makassar Strait is
located at depths of 2100 m and 2360 m in the southern
and northern parts of the Makassar Strait, respectively.
Because the depth of the Nansha Trough is comparable to
that of the Makassar Strait, we infer that remnant
thickened oceanic crust exists in shallow waters. Finally,
while Vijayan et al. (2013) attributed the high magnetic
anomalies in the Nansha Trough to highly magnetic
geological bodies located in the middle and lower crust,
they failed to consider the Curie interface depth in the
Nansha Trough. Because some of the geological bodies
are located below the Curie interface, they have very little
effect on magnetic anomalies recorded at the surface. The
magnetic susceptibilities of these anomalous magnetic
bodies are similar to those of the basic igneous rocks/
ophiolite sleeves in northern Borneo, which provides
additional support for the theory that there may be
remnant oceanic crust in the Nansha Trough. Based on all
of these arguments, we conclude that the only traces of the
remnant PSCS oceanic crust reside in the southwestern
Nansha Trough.
5 Conclusions
By reviewing previous studies and data related to ProtoSouth China Sea and the South China Sea, we devised a
tectonic framework that views the PSCS and the SCS
through the dual lenses of their paleogeographic locations
and their generation of new oceanic crust. In terms of their
paleogeography, throughout the Triassic, the Paleo-Tethys
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Fig. 8. Geophysical characteristics of the Nansha Trough.
(a) Seismic profile S94N05-1 (see Fig. 1 for location information); (b) chaotic reflections in the basement layers at the southwestern end of the Nansha
Trough; (c) reduction to the pole map of magnetic anomalies.

and the Paleo-Pacific Oceans were the major tectonic units
that affected the SCS while the PSCS was a remnant sea
overriding Tethys or Paleo-Pacific oceanic crust. In the
Jurassic, the superposition of the Meso-Tethys and PaleoPacific Oceans heavily influenced the SCS and the PSCS
was a back-arc basin with Meso-Tethys or Paleo-Pacific
oceanic crust. From the Early Cretaceous to the end of the
Late Cretaceous, the tectonic activity of the Paleo-Pacific
Ocean plate played a significant role in the evolution of
the SCS and the PSCS was a back-arc basin or a remnant
sea formed by the subduction of the Paleo-Pacific Ocean
plate.
Over the course of its existence, from its Late
Cretaceous formation to its subduction extinction in the
Miocene, the oceanic crust of the PSCS was likely
composed of both new oceanic crust and remnant oceanic
crust from the Paleo-Pacific Ocean plate. The subduction
and extinction of the PSCS resulted in a series of
subduction accretion zones and ophiolite zones in the
southern SCS; these subduction zones in turn facilitated
the collision between the Nansha block and Borneo, which

triggered the Sarawak Orogeny, the Sabah Orogeny, and
the opening of the NSCS. Therefore, the remnant PSCS
oceanic crust is located in the southwestern part of the
Nansha Trough.
Acknowledgements
Thanks to Prof. Li Tonglin and Zheng Han for their
comments and suggestions. This study was supported by
the National Major Science and Technology Project of the
Ministry of Science and Technology of China
(2016ZX05026-004-001), the Major Program of the
National Natural Science Foundation of China
(41790453), the Natural Science Foundation of Jilin
Province (20170101001JC), and the Supported by
Graduate Innovation Fund of Jilin University
(101832020CX200). We would like to thank all the people
who provided us with invaluable help.
Manuscript received May 22, 2020
accepted Nov. 7, 2020

88

Tian et al. / Tectonic Evolution of the Proto-South China Sea

associate EIC: ZHANG Gongcheng
edited by FEI Hongcai
References

Advokaat, E.L., Marshall, N.T., Li. S., Spakman, W., Krijgsman,
W., and van Hinsbergen, D.J.J., 2018. Cenozoic rotation
history of Borneo and Sundaland, SE Asia revealed by
paleomagnetism, seismic tomography, and kinematic
reconstruction. Tectonics, 37: 2486–2512.
Almasco, J.N., Rodolfo, K., Fuller, M., and Frost, G., 2000.
Paleomagnetism of Palawan, Philippines. Journal of Asian
Earth Sciences, 18(3): 369–389.
Breitfeld, H.T., Hall, R., Galin, T., Forster, M.A., and
BouDagher-Fadel, M.K., 2017. A Triassic to Cretaceous
Sundaland-Pacific subduction marigin in West Sarawak,
Borneo. Tectonophysics, 694: 35–56.
Burton-Johnson, A., Macpherson, C.G., Millar, I.L., Whitehouse,
M.J., Ottley, C.J., and Nowell, G.M., 2020. A Triassic to
Jurassic in north Borneo: Geochronology, geochemistry, and
genesis of the Segama Valley Felsic Intrusions and the Sabah
ophiolite. Gondwana Research, 84: 229–244.
Chen, J.H., Xu, K.D., and Xu, R.Y., 1998. On some problems of
Triassic and Jurassic biogeography in South China. Acta
Palaeontologica Sinica, 37: 97–107 (in Chinese with English
abstract).
Chen, Z., Liu, Z.S., Chen, S.Q., Yang, S.K., and Yuan, Y.R.,
1987. Meso-Cenozoic paleomagnetic characteristics of South
China Sea environs and the tectonic evolution of south China
basin. Tropic Oceanology, 6(3): 21–29 (in Chinese with
English abstract).
Clift, P., Lee, G.H., Anh Duc, N., Barckhausen, U., Van Long,
H., and Zhen, S., 2008. Seismic reflection evidence for a
Dangerous Grounds miniplate: No extrusion origin for the
South China Sea. Tectonics, 27: 1–16.
Fan, J., Zhao, D., Dong, D., and Zhang, G., 2017. P-wave
tomography of subduction zones around the central
Philippines and its geodynamic implications. Journal of Asian
Earth Sciences, 146: 76–89.
Feng, Y.W., Qu, H.J., Zhang, G.C., and Pu, R.H., 2017. Seismic
interpretation and exploration direction of Miocene Meishan
formation reef in Southern Qiongdongnan Basin, Northern
South China Sea. Journal of Palaeogeography, 6(3): 206–218.
Fuller, M., Ali, J.R., Moss, S.T., Frost, G.M., Richter, B., and
Mahfi, A., 1999. Paleomagnetism of Borneo. Journal of Asian
Earth Sciences, 17: 3–24.
Gatinsky, Y.G., and Hutchison, C.S., 1986. Cathaysia,
Gondwanaland and the Paleotethys in the evolution of
continental Southeast Asia. Bulletin of the Geological Society
of Malaysia, 20: 179–199.
Gibbons, A.D., Zahirovic, S., Müller, R.D., Whittaker, J.M., and
Yatheesh, V., 2015. A tectonic model reconciling evidence for
the collisions between India, Eurasia and intra-oceanic arcs of
the central-eastern Tethys. Gondwana Research, 28: 451–492.
Graves, J.E., Hutchison, C.S., Bergman, S.C., and Swauger,
D.A., 2000. Age and MORB geochemistry of the Sabah
ophiolite basement. Bulletin of the Geological Society of
Malaysia, 44: 151–158.
Hall, R., Bray, R.J., Duddy, L.R., and Green, P.F., 1996.
Reconstructing Cenozoic SE Asia. Geological Society,
London, Special Publications, 106: 152–184.
Hall, R., 2002. Cenozoic geological and plate tectonic evolution
of SE Asia and the SW Pacific: Computer-based
reconstructions, model and animations. Journal of Asian Earth
Sciences, 20: 353–431.
Hall, R., 2012. Late Jurassic-Cenozoic reconstructions of the
Indonesian region and the Indian Ocean. Tectonophysics, 570
–571: 1–41.
Hall, R., and Breitfeld, H.T., 2017. Nature and demise of the
Proto-South China Sea. Bulletin of the Geological Society of
Malaysia, 63: 61–76.
Hall, R., and Sevastjanova, I., 2012. Australian crust in
Indonesia. Journal of Geological Society of Australia, 59(6):
827–844.
Hall, R., and Spakman, W., 2015. Mantle structure and tectonic

history of SE Asia. Tectonophysics, 658: 14–45.
He, J., Wang, B.D., and Wang, Q.Y., 2020. Subduction and
collision of the Jinsha River Paleo-Tethys: Constraints from
zircon U-Pb dating and geochemistry of the Ludian Batholith
in the Jiangda-Depen-Weixi continental margin arc. Acta
Geologica Sinica (English Edition), 94(4): 972–987.
He, K. L., 2019. Tectonic evolution of the Pre-Cenozoic
basement of the Southern South China Sea basin (Master’s
thesis). Jilin University, 1–117.
Hennig, J., Breitfeld, H.T., Hall, R., and Nugraha, A.M.S., 2017.
The Mesozoic tectono-magmatic evolution at the PaleoPacific subduction zone in West Borneo. Gondwana Research,
48: 292–310.
Hinz, K., Block, M., Kudrass, H.R., and Meyer, H., 1991.
Structural elements of the Sulu Sea, Phillipines. Geologisches
Jahrbuch Reihe A, 127: 483–506.
Hinz, K., and Schlüter, H.U., 1989. Geology of the Dangerous
Grounds, South China Sea, and the continental margin off
southwest Palawan: Results of SONNE cruises SO-23 and SO
-27. Energy, 10: 297–315.
Holloway, N.H., 1982. North Palawan block, Philippines–its
relation to Asian mainland and role in evolution of South
China Sea. American Association of Petroleum Geologists
Bulletin, 66: 1355–1383.
Huang, B.C., Zhou, Y.X., and Zhu, R.X., 2008. Discussions on
Phanerozoic evolution and formation of continental China,
based on Paleomagnetic studies. Earth Science Frontiers, 15
(3): 348–359 (in Chinese with English abstract).
Hutchison, C.S., 1978. Ophiolite metamorphism in Northeast
Borneo. Lithos, 11(3): 195–208.
Hutchison, C.S., 1989. Geological Evolution of Southeast Asia.
Clarendon Press: Oxford, 1–368.
Hutchison, C.S., 1996. The ‘Rajang Accretionary Prism’ and
‘Lupar Line’ problem of Borneo. Geological Society, London,
Special Publication, 106(1): 247–261.
Hutchison, C.S., 2010. Oroclines and paleomagnetism in Borneo
and South-East Asia. Tectonophysics, 496: 53–67.
Jasin, B., and Tongkul, F., 2013. Cretaceous radiolarians from
Baliojong Ophiolite sequence, Sabah, Malaysia. Journal of
Asian Earth Sciences, 76: 258–265.
Leong, K.M., 1977. New ages from radiolarian cherts of the
Chert-Spilite Formation, Sabah. Bulletin of the Geological
Society of Malaysia, 8: 109–111.
Li, C., Zhai, Q.G., Dong, Y.S., Zeng, Q.G., and Huang, X.P.,
2007. Lungmu Co-Shuanghu plate suture in the Qinghai-Tibet
Plateau and records of the evolution of the Paleo-Tethys
Ocean in the Qiangtang area, Tibet, China. Geological
Bulletin of China, 26(1): 13–21 (in Chinese with English
abstract).
Li, P.W., Gao, R., Cui, J.W., and Ye, G., 2004. Paleomagnetic
analysis of eastern Tibet: implication for the collisional and
amalgamation history of the Three Rivers Region, SW China.
Journal of Asian Earth Sciences, 24(3): 291–310.
Liu, H.L., Xie, G.F., Yan, P., Liu, Y.C., and Zheng, H.B., 2007.
Tectonic implication of Mesozoic marine deposits in the
Nansha islands of the South China Sea. Oceanologia et
Limnologia Sinica, 38(3): 272–278 (in Chinese with English
abstract).
Liu, H., Wang, B.D., Chen, L., Li, X.B., and Wang, L.Q., 2015.
Early Carboniferous subduction of Lungmu Co-Shuanghu
Paleo-Tethys Ocean: evidence from island arc volcanic rocks
in Riwanchaka, Central Qiangtang. Geological Bulletin of
China, 34(2–3): 274–282 (in Chinese with English abstract).
Lu, B.L., Wang, P.J., Liang, J.S., Sun, X.M., and Wang, W.Y.,
2014. Structural properties of Paleo-South China Sea and their
relationship with the Tethys and the Paleo-Pacific tectonic
domain. Journal of Jilin University: Earth Science Edition, 44
(5): 1441–1450 (in Chinese with English abstract).
Matthews, K.J., Maloney, K.T., Zahirovic, S., Williams, S.E.,
Seton, M., and Müller, R.D., 2016. Global plate boundary
evolution and kinematics since the late Paleozoic. Global and
Planetary Change, 146: 226–250.
Merdith, A.S., Williams, S.E., Brune, S., Collins, A.S., and
Müller, R.D., 2019. Rift and plate boundary evolution across
two supercontinent cycles. Global and Planetary Change, 173:

Acta Geologica Sinica (English Edition), 2021, 95(1): 77–90
1–14.
Metcalfe, I., 2011. Tectonic framework and Phanerozoic
evolution of Sundaland. Gondwana Research, 19: 3–21
Metcalfe, I., 2013. Gondwana dispersion and Asian accretion:
tectonic and palaeogeographic evolution of eastern Tethys.
Journal of Asian Earth Sciences, 66: 1–33.
Morley, C.K., 2012. Late Cretaceous–Early Palaeogene tectonic
development of SE Asia. Earth-Science Reviews, 115: 37–75.
Müller, R.D., Cannon, J., Qin, X., Watson, R.J., Gurnis. M.,
Williams, S., Pfaffelmoser, T., Seton, M., Russell, S.H.J., and
Zahirovic, S., 2018. GPlates: building a virtual earth through
deep time. Geochemistry Geophysics Geosystems, 19: 2243–
2261.
Nguyen, N.T.B., Satir, M., Siebel, W., Vennemann, T., and
Long, T.V., 2004. Geochemical andisotopic constraints on the
petrogenesis of granitoids from the Dalat zone, southern
Vietnam. Journal of Asian Earth Sciences, 23: 467–482.
Otofuji, Y., Moriyama, Y.T., Arita, M.P., Miyazaki, M.,
Tsumura, K., Yoshimura, Y., Shuib, M.K., Sone, M., Miki,
M., Uno, K., Wada, Y., and Zaman, H., 2017. Tectonic
evolution of the Malay Peninsula inferred from Jurassic to
Cretaceous paleomagnetic results. Journal of Asian Sciences,
134: 130–149.
Parkinson, C.D., Miyazaki, K., Wakita, K., Barber, A.J., and
Carswell, D.A., 1998. An overview and tectonic synthesis of
the pre-Tertiary very-high-pressure metamorphic and
associated rocks of Sulawesi, Java and Kalimantan, Indonesia.
Island Arc, 7(1–2): 184–200.
Rangin, C., Bellon, H., Bernard, F., Letouzey, J., Müller, C., and
Sanudin, T., 1990. Neogene arc-continent collision in Sabah,
Northern Borneo (Malaysia). Tectonophysics, 183: 305–319.
Rangin, C., Spakman, W., Pubellier, M., and Bijwaard, H., 1999.
Tomographic and geological constraints on subduction along
the eastern Sundaland continental margin (South-East Asia).
Bulletin de la SociétéGéologique de France, 170: 775–788.
Replumaz, A., and Tapponnier, P., 2003. Reconstruction of the
deformed collision zone Between India and Asia by backward
motion of lithospheric blocks. Journal of Geophysical
Research: Solid Earth, 108 (B6).
Shu, L.S., Chen, X.Y., and Lou, F.S., 2020. Pre-Jurassic
tectonics of the South China. Acta Geologica Sinica, 94(2):
333–360 (in Chinese with English abstract).
Shu, L.S., Zhou, X.M., Deng, P., Wang, B., Jiang, S.Y., Yu, J.H.,
and Zhao, X.X., 2009. Mesozoic tectonic evolution of the
Southeast China Block: New insights from basin analysis.
Journal of Asian Earth Sciences, 34(3): 376–391.
Su, D.Q., Huang, C.L., and Xia, K.Y., 1996. The crust in the
Nansha trough. Scientia Geological Sinica, 31(4): 409–415.
Suggate, S.M., Cottam, M.A., Hall, R., Sevastjanova, I., Forster,
M.A., White, L.T., Armstrong, R.A., Carter, A., and Mojares,
E., 2014. South China continental margin signature for
sandstones and granites from Palawan, Philippines. Gondwana
Research, 26: 699–718.
Sun, W.D., Lin, Q.T., Zhang, L.P., Liao, R.Q., and Li, C.Y.,
2018. The formation of the South China Sea resulted from the
closure of the Neo-Tethys: A perspective from regional
geology. Acta Petrlolgica Sinica, 34(12): 3467–3478 (in
Chinese with English abstract).
Tang, Q., and Zheng, C., 2012. Crust and upper mantle structure
and its tectonic implications in the South China Sea and
adjacent regions. Journal of Asian Earth Sciences, 62: 510–
525.
Taylor, B., and Hayes, D.E., 1983. Origin and history of the
South China Sea Basin. In: Hayes D E (ed). The Tectonics
and Geological Evolution of Southeast Asia Seas and Islands.
Geophysical Monographs Series, 23–56.
Taylor, B., and Hayes, D.E., 1980. The tectonic evolution of the
South China Sea. In: Hayes D E (ed). The tectonics and
geological evolution of Southeast Asia seas and islands.
Washington: American Geophysical Union Monograph, 89–
104.
Vijayan, V.R., Foss, C., and Stagg, H., 2013. Crustal character
and thickness over the Dangerous Grounds and beneath the
Northwest Borneo Trough. Journal of Asian Earth Sciences,
76: 389–398.

89

Wang, H.N., Liu, F.L., Ji, L., Tian, Z.H., Xu, W., and Liu, L.S.,
2019. Petrology, geochemistry and metamorphic evolution of
Lancang Group in the Changning-Menglian complex belt and
its implications on the tectonic evolution of the Paleo-Tethys.
Acta Petrologica Sinica, 35(6): 1773–1799 (in Chinese with
English abstract).
Wang, P.C., Li, S.Z., Guo, L.L., Jiang, S.H., Somerville, I.D.,
Zhao, S.J., Zhu, B.D., Chen, J., Dai, L.M., Suo, Y.H., and
Han, B., 2016. Mesozoic and Cenozoic accretionary orogenic
processes in Borneo and their mechanisms. Geological
Journal, 51: 464–489.
Wang, P.C., Li, S.Z., Guo, L.L., Zhao, S.J., Li, X.Y., Wang,
Y.M., Hui, G.G., and Wang, Q., 2017. Opening of the South
China Sea (SCS): a joint effect of dextral strike-slip pull-apart
and proto-SCS slab pull. Earth Science Frontiers, 24(4): 294–
319 (in Chinese with English abstract).
Wang, X.B., 2015. The relationship of tectonic evolution
between the Proto-South China Sea and the South China Sea
Basin (Master’s thesis). Ocean University of China, 1–81.
Wu, J., and Suppe, J., 2017. Proto-South China Sea plate
tectonics using subducted slab constraints from tomography.
Journal of Earth Science, 29: 1304–1318.
Wu, S.M., Zhou, D., and Liu, H.L., 2004. Tectonic framework
and evolutionary characteristics of Nansha block, South China
Sea. Geotectonica et Metallogenia, 28(1): 23–28 (in Chinese
with English abstract).
Xia, K.Y., and Huang, C.L., 2000. The discovery of MesoTethys sedimentary basins in the South China Sea and their oil
and gas perspective. Earth Science Frontiers, 7(3): 227–238
(in Chinese with English abstract).
Xie, X.N., Ren, J.Y., Wang, Z.F., Li, X.S., and Lei, C., 2015.
Difference of tectonic evolution of continental marginal
basins of South China Sea and relationship with SCS
spreading. Earth Science Frontiers, 22(1): 77–87 (in Chinese
with English abstract).
Xiong, L.J., Li, S.Z., Suo, Y.H., Liu, X., Yu, S., Cheng, S.X.,
Xue, Y.C., An, H.T., Dai, L.M., Ma, Y., and Wang, X.F.,
2012. Cenozoic basin-controlling faults and their bearing on
basin groups formation in the southern South China Sea.
Marine Geology & Quaternary Geology, 32(6): 113–127 (in
Chinese with English abstract).
Xu, J.J., 2019. The tectono-stratigraphic framework and
geodynamics of the Zengmu Basin, southern South China Sea
(Ph.D. thesis). China University of Geosciences, 1–150.
Yan, Q.S., Shi, X.F., and Castillo, P.R., 2014. The late Mesozoic
-Cenozoic tectonic evolution of the South China Sea: A
petrologic perspective. Journal of Asian Earth Sciences, 85:
178–201.
Yao, B.C., 1996. Tectonic characterictics and evolution of the
Nansha trough. Geological Research of South China Sea, 8: 1
–13 (in Chinese with English abstract).
Young, A., Flament, N., Maloney, K., Williams, S., Matthews,
K., Zahirovic, S., and Müller, R.D., 2019. Global kinematics
of tectonic plates and subduction zones since the late
Paleozoic Era. Geoscience Frontiers, 10: 989–1013.
Yumul, G.P., Dimalanta, C.B., Gabo-Ratio, J.A., Queaño, K.L.,
Armada, L.T., Padrones, J.T., Faustino-Eslava, D.V., Payot,
B.D., and Marquez, E.J., 2020. Mesozoic rock suites along
western Philippines: Exposed proto-South China Sea
fragments. Journal of Asian Earth Sciences: X, 100031.
Zahirovic, S., Flament, N., Müller, R.D., Seton, M., and Gurnis,
M., 2016a. Large fluctuations of shallow seas in low-lying
Southeast Asia driven by mantle flow. Geochemistry
Geophysics Geosystems, 17: 3589–3607.
Zahirovic, S., Matthews, K.J., Flament, N., Müller, R.D., Hill,
K.C., Seton, M., and Gurnis, M., 2016b. Tectonic evolution
and deep mantle structure of the eastern Tethys since the latest
Jurassic. Earth-Science Reviews, 162: 293–337.
Zahirovic, S., Seton, M., and Müller, R.D., 2014. The Cretaceous
and Cenozoic tectonic evolution of Southeast Asia. Solid
Earth, 5: 227–273.
Zhang, G.C., Wang, P.J., Wu, J.F., Liu, S.X., and Xie, X.J.,
2015. Tectonic cycle of marginal oceanic basin: A new
evolution model of the South China Sea. Earth Science
Frontiers, 22(3): 27–37 (in Chinese with English abstract).

90

Tian et al. / Tectonic Evolution of the Proto-South China Sea

Zhang, J., Dong, M., Wu, S.G., and Gao, L.J., 2017. Lithosphere
thermal-rheological structure and geodynamic evolution
model of the Nansha trough basin, South China Sea. Earth
Science Frontiers, 24(3): 27–40 (in Chinese with English
abstract).
Zhao, S., Li, X.J., Yao, Y.J., Xie, X.N., Xiao, S.Y., He, X.,
Deng, Y.T., Shi, M.L., and Zhou, M., 2019. Orogenic events
in Southern South China Sea and their relationship with the
subduction of the Proto South China Sea, 39(5): 147–162 (in
Chinese with English abstract).
Zheng, H., Sun, X.M., Wang, P.J., Chen, W., and Yue, J.P.,
2019. Mesozoic tectonic evolution of the Proto-South China
Sea: A perspective from radiolarian paleobiogeography.
Journal of Asian Earth Sciences, 179: 37–55.
Zhou, D., Chen, H.Z., Wu, S.M., and Yu, H.X., 2002. Opening
of the South China Sea by dextral splitting of the East Asian
continental margin. Acta Geologica Sinica, 76(2): 180–190 (in
Chinese with English abstract).
Zhou, D., Chen, H.Z., Sun, Z., and Xu, H.H., 2005a. Three
Mesozoic sea basins in eastern and southern South China Sea
and their relation to Tethys and Paleo-Pacific domains.
Journal of Tropical Oceanography, 24(2): 16–25 (in Chinese
with English abstract).
Zhou, D., Liu, H.L., and Chen, H.Z., 2005b. Mesozoic-Cenozoic
magmatism in southern South China Sea and its surrounding
areas and its implications to tectonics. Geotectonica et
Metallogenia, 29(3): 354–363 (in Chinese with English
abstract).
Zhou, D., Wu, S.M., and Chen. H.Z., 2005c. Some remarks on
the tectonic evolution of Nansha and its adjacent regions in

southern South China Sea. Geotectonica et Metallogenia, 28
(1): 339–345 (in Chinese with English abstract).
Zhou, D., Yan, J.X., Qiu, Y.X., Chen, H.Z., and Sun, Z., 2003.
Route for the eastern extension of Meso-tethys in the western
environs of the South China Sea. Earth Science Frontiers, 10
(4): 469–477 (in Chinese with English abstract).

About the first author

TIAN Zhiwen, male, born in 1995 in Jining
City, Shandong Province; master of
College of Earth Sciences, Jilin University;
His
current
research
focus
on
volcanostratigraphy
and
volcanic
reservoirs. Email: 1490588305@qq.com;
phone: +86-17808073635.

About the corresponding author

TANG Huafeng, male; professor of Jilin
University. His researches focus on
volcanostratigraphy
and
volcanic
reservoirs. Email: tanghfhc@jlu.edu.cn;
phone: +86-431-88502620.

