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Abstract: The South China Sea is in the convergence zone of the Pacific plate, the Indo-Australian
plate, and the Eurasian plate. Its formation and tectonic evolution were influenced by continental
margin spreading and plate interaction between the three plates and their microcontinents. It has a
complex geodynamic background. To understand how continents break up to form ocean basins, the
South China Sea Basin is taken as an example to study the dynamic mechanism of its formation and
evolution and the driving force of seafloor spreading, so as to understand the relationship between
oceanic—continental lithosphere plates. The South China Sea basin’s opening mechanism and its
principal factors of control remain controversial. To explore the influence of different extension rates,
we summarized the different genesis mechanisms of the South China Sea, and combined with the
tectonic section of the basin, the numerical simulation was obtained based on the finite difference
method. The results obtained from numerical simulations show that the rapid extension rate was
one of the important factors in the asymmetric expansion of the model, with other factors such as
the thickness and rheological properties of the lithosphere held constant. The lithospheric mantle
continued thinning in the stress concentration area, with the crust being pulled apart before the
lithospheric mantle, eventually forming an ocean basin corresponding to the east sub-basin. However,
when the extension rate was low, the model expanded almost symmetrically, and the lithosphere
thinning occurred at a slow rate. The simulation results confirm that, compared with the southwest
sub-basin of the South China Sea, the spreading rate of the east sub-basin was even higher. We believe
that the subduction of the proto-South China Sea played a crucial role in the opening of the South
China Sea, providing a more reasonable mechanism. The opposite movement of the Indo-Australian
plate and Kalimantan may have inhibited the formation of the southwest sub-basin of the South
China Sea, resulting in a later spreading of the southwest sub-basin than the east sub-basin, as well
as a lower rate of spreading than the east sub-basin.

Keywords: geodynamic mechanism; South China Sea; extension rate; finite difference method;
numerical simulation

1. Introduction

The South China Sea (SCS) is a Late Cretaceous to Early Miocene marginal sea, which
mainly experienced rifting, breaking up, and seafloor spreading under a stretching mecha-
nism during its formation [1,2]. Rifting and seafloor spreading, as two continuous phases
of passive continental margin evolution, have recorded different styles of passive margins
tectonics in the SCS [3-5]. The northern margin of the SCS is similar to the general con-
tinental margin. The lithosphere thinned and extruded toward the ocean, and the basin
development and tectonic deformation have also deformed and migrated from the land
to the ocean [6]. In the process of seafloor spreading, the proto-South China Sea (PSCS)
subduction and the collision between the southern margin and Kalimantan Island have
changed the tectonics of the SCS southern margin. This event changed the extension pattern
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of the conjugate margin from symmetric to asymmetric [7,8]. The mechanism and structure
of the conjugated margin of the east sub-basin (ESB) have revealed a rapid conversion from
rift to ocean expansion.

A few models have been developed to explain the formation of the oceanic crust and
basins in the SCS. In early studies, the SCS was considered a back-arc basin formed by the
back-arc action of the Philippine Sea plate [9,10]. Further research contradicts this view
since the back-arc drifting was propelled by the gradual extension of the Philippine Sea
plate, and no subduction system was associated with the SCS [11-13]. Then, the paleo-
Pacific subduction rollback model was proposed. It is believed that the back-arc stretching
was triggered by the Pacific plate subduction [14,15]. The ESB of the SCS was opened in a
near N-S direction, and the spreading direction of the SWSB was a NW-SE trend. However,
the Pacific plate has been subducted in the NWW direction since the Middle Eocene. The
spreading ridge of the SCS is nearly vertical to the Pacific island arc, and the stress patterns
do not match [11,16].

Based on the tectonic evolution history of the SCS basin, there are two main widely
accepted models: the collision-subduction model [12,17,18] and the collision—extrusion
(escape) model [19,20]. The collision—subduction model suggests that the crustal subduction
under North Kalimantan Island and the Pacific Ocean plate resulted in the westward
opening of the PSCS. In the Late Cretaceous—Miocene period, the PSCS subducted under
the Pacific plate and Kalimantan Island and formed an open ocean basin [21,22]. The
collision—-extrusion (escape) concept implies that the Indian plate moved northward since
the Paleocene and collided with the Eurasian plate, which has triggered the strike—slip
shear of the main fault zones to support the extrusion movement [12,23-25].

Based on the collision—-subduction model, a bidirectional subduction model of the
PSCS was established. It suggests that the southern PSCS began to undergo subduction
southward in the Early Eocene, and the northern PSCS subducted northward at 30-20 Ma.
Seismic tomography also revealed two near-horizontal tabular tomography anomalies
under the PSCS and North Kalimantan Island [25,26]. In addition to the above models, the
mantle plume model is also considered a possible tectonic model to promote the rupture of
the SCS [18,27]. The mantle plume model considers that mantle plume upwelling partially
influenced intraplate volcanism in the PSCS spreading and basaltic magmatism at oceanic
ridges in the SCS spreading [12,24].

Despite numerous studies of marginal seas and rift basins in the Cenozoic, many
unanswered questions remain in the SCS, such as the nature of the rift-to-rupture transition
and the extensional patterns of its margins [28,29]. How the South China Sea Basin achieved
the rapid transition from tension fracture-rupture-seafloor spreading remains inconclusive.
Although many models have been proposed for the opening and evolution of the South
China Sea Basin, systematic collation studies have also been conducted [30]. However, it is
still not clear how the plates around the South China Sea influenced the formation of the
South China Sea basin, and its deep lithospheric dynamics are still unclear. The reasons
that led to the extension of the SCS and the change in the direction of the spreading in its
later stages, the multistage southward movement of the spreading ridge, and the closure of
the SCS are still controversial [31,32].

2. Geological Background

The South China Sea is spread in a NE-SW rhomboid shape, located at 5° N-25° N,
105° E-122° E (Figure 1). The SCS was formed at the convergence of the Pacific, the
Indo-Australian, and the Eurasian plates, and it is located in the superposition of the Neo-
Tethys (collision) and the Pacific tectonic domain (subduction). A large amount of oceanic
lithosphere was subducted into the underlying mantle. Therefore, the SCS basin and its
surrounding areas have been subject to intricate tectonic evolution since the Cenozoic,
forming a trench—arc-basin ocean—continent subduction system [28,33-35].

The research area has experienced four major stages: the northwesterly extrusion of the
Pacific plate (Mesozoic), rifting (Late Cretaceous to Eocene), spreading of the seafloor from
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the Oligocene to Middle Miocene, and arc-continental subduction and collision from the
Middle Miocene to the present after spreading stopped [4,36]. The northern SCS developed
atypical NE-ENE trending dominated passive continental margin rifted basins. The south
is mainly a subduction-collision zone with an extrusion basin. The western South China
Sea mainly developed the strike-slip pull-apart basins. The east of the SCS developed a
N-S trending compressional basin zone. The central part of the SCS basin is a seafloor
spreading zone [37,38].
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Figure 1. Tectonic map of the South China Sea and its surrounding areas. NWSB: Northwest Sub-
basin; SWSB: Southwest Sub-basin; ESB: East Sub-basin; 1: Pearl River Mouth Basin; 2: Southwest
Taiwan Basin; 3: Yinggehai Basin; 4: Qiongdongnan Basin; 5: Zhongjiannan Basin; 6: Wan’an Basin;
7: Nanweixi Basin; 8: Beikang Basin; 9: Nansha Trough Basin; 10: Zengmu Basin; 11: Brunei-Sabah
Basin. The base map is based on GMT6 [39], Global Bathymetry and Topography at 15 Arc Second:
SRTM15+ [40], Mercator projection. Magnetic anomaly strip modified from [41-43]. Late Cenozoic
magma modified from [41]. Subduction zones and faults are modified from [44-46]. The two yellow
lines are the trace of the geological cross sections provided in Figure 2.
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The SCS conjugate mainland margins differed in both N-S and E-W directions [47].
The SCS northern passive margin showed thinned continental crust and aborted oceanic
rifting [48], with large co-depositional stratigraphic thicknesses in the northern margin.
The southern margin behaved as a typical undercompensated basin. The southern margin
lithosphere thickness was much thinner compared to the northern margin [49]. Spatially,
the east sub-basin was wider on one side and had strong post-rift magmatism [50], while the
SWSB was relatively narrower and had wider continental margins on both sides (Figure 2).
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Figure 2. (a) South China Block-Sulu Structural profile map; (b) Southwest sub-basin Structural
profile map. Profile (a) Modified according to [51]. Profile (b) Revised according to [49].

The data in Figure 3a are from the Earth magnetic anomaly grid EMAG2 with a
resolution of 2’ x 2’ [52]. The main trend of magnetic anomalies in the South China
Sea Basin is N-E and nearly E-W, the trend of magnetic anomalies in the East Sub-basin
is nearly E-W, and the trend of magnetic anomalies in the Southwest Sub-basin is NE—
SW. The magnetic lineations are approximately parallel to the spreading center of the
mid-ocean ridge, which propagated from east to west during the formation of the South
China Sea Basin. The oldest identified magnetic lineations are about 32 Ma, and the
latest magnetic lineations are about 15.5 Ma [41,42]. The distribution of striped magnetic
anomalies (Figure 3) suggests that the SCS basin was formed by a gradual east-west
expansion and that the eastern part of the basin began to expand before the western
part [53], which began at about 32 Ma and stopped at 15.5 Ma [31]. The former N-S
directional spreading formed the Northwest Sub-basin (NWSB) and the East Sub-basin
(ESB), and the ESB seafloor spreading began at 29.7 Ma [54]. During this stage, a series of
N-S trending pull-apart basins were formed. At ~27-23 Ma, the ESB was characterized
by NNW-SSE directional extension. At about 29 Ma and 25 Ma, two southward ridge-
jumping events occurred. The spread axis shifted southward, and the Southwest Sub-basin
(SWSB) began to expand at 23.6 Ma [55,56]. At approximately 23-15 Ma, the ESB and SWSB
continued to expand, and the seafloor spreading ridge changed to a NW-W trend due to
the influence of the NNW-W extension [57].
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Figure 3. (a) Magnetic anomaly map of the South China Sea basin and its surrounding area [52];
(b) Interpreted magnetic lineations. (b) was modified and supplemented according to references [41,42],
and major magnetic anomalies are marked with numbers.

3. Methods and Model Setup
3.1. Methods

The software used in the experiment was MATLAB R2018a. A thermomechanical
viscous—elastic—plastic numerical model based on the finite difference method was used to
solve the model. The main controlling equations used are [58,59]:

3.1.1. Continuity Equation

In geodynamics, the major rock units (such as the mantle and crust) are considered to
be continuous geologic media. The model assumes these geologic media to be incompress-
ible conditions where the material point density does not vary with time:

D =3 t P =0 (1)

g—’: is the substantive time derivative of density for a moving Lagrangian point, 3—’; is
the time derivative of density for the same location’s immobile Eulerian point, v; is the
velocity components.

The incompressible continuity equation can be used for the cases when temperature
and pressure do not change greatly and the total volume of the medium does not change.
The 2D incompressible continuity equation of mass conservation is:

dox 4 %y _

PR il @)

. . . =
vy, Uy are components parallel to the respective coordinate axes of the velocity vector v.

3.1.2. Momentum Equation

The momentum conservation equation is the equation connecting pressure and deforma-
tion, which describes the momentum conservation of the continuum in a gravitational field.

an] Du;

o) +pgi=p D, 3)
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With Equation (3) and the relation between the total stress (¢;;) and deviatoric stress
(' ij), the Navier-Stokes motion equation describing the conservation of momentum for
viscous fluid in the gravity field can be obtained:

o) _aixi—kpgi =P o (4)

where p is density (kg/m?), P is pressure in units of Pa, g; is the i-th component of the
gravity vector §, % is the substantive time derivative of the velocity vector (v;).

3.1.3. Heat Conservation Equation

Heat transport is often intrinsically coupled with deformation. The heat conservation
equation (temperature equation) must be derived to predict the temperature change due
to heat transfer. This equation (Equation (5)) is nonlinear in T because of the variation
in thermal conductivity. Equation (5) describes the heat balance in a continuum media,
and it relates temperature changes to thermal generation, conduction, and advection. The
Lagrange equation is as follows [60]:

DT
pCrpy = V-(kVT) +pH ®)

where Cp is heat capacity at constant pressure (J/kg/K), H is volumetric heat produc-
tion/consumption (W/ m3), % is the substantive time derivative of temperature, k is
the thermal conductivity (W/m/K), V is the divergence operator, VT is the gradient of
Temperature T.
The thermal conductivity k is based on the following equation [59,61]:
a

k=ko+ 77 ©)

3.1.4. Rock Density and Rheology

The rock density (p) depends on the pressure (P), temperature (T), mineralogical
composition (M), and chemical composition (C). Using therulese’ ~ 1 +aande ™ ~1 —a
(when a<1), the equations can be simplified to the following:

p=pr[l —a(T—T:)] x [+ B(P — P)] )

where p, is the density of a given material at reference pressure P, (P, = 10° Pa in this paper)
and temperature T, (T, = 273 K in this paper), « is the thermal expansion (1/K), and § is
the compressibility (1/Pa).

Rheology is the physical property characterizing the flow and deformation behavior of
materials [62,63]. In nature, rocks are generally viscous—elastic—plastic. The rheological be-
havior is based on the minimum creep viscosity by comparing the ductile and brittle/plastic
deformation fields [64]. Dry olivine flow laws were used for the asthenospheric mantle and
lithospheric mantle, wet quartz flow laws were used for the upper continental crust, and
plagioclase An75 flow laws were used for the lower continental crust. The equation used in
the calculation was as follows (from the compilation by [64]):

érp = Ap(opp)"exp (W) 8)

¢ is the strain rate, Ap is the material constant, o is the deviatoric stress, E, is
activation energy.
The plastic yield strength for a given rock 0, ;.4 is based on [65]:

Oyield = C+ Sin(q))P 9
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3.2. Model Setup

The initial model set up an ideal undeformed continental lithosphere and simulated
its extension under stress. The model did not consider co-deposition and erosion, which
could affect lithospheric extension [66]. The model also did not consider the formation
of a new oceanic crust at the spreading center, and possible peridotite serpentinization
in the oceanic crust region could affect the rheological properties of the rocks [67], which
cannot be reflected in the model. This also suggests that there is still a need for subsequent
development of more complex models to correspond to the reality.

The setting of the simulation model should be based on the actual situation of the study
area. From the Late Cretaceous to the Eocene, the South China Sea was in the continental
rift stage, and many sedimentary basins were formed [42]. In the Paleocene-Early Eocene, a
continental fluvial-lacustrine depositional system developed in the northern margin of the
South China Sea. And littoral and neritic facies clastic rock deposits only occurred in the
West Taiwan Basin and Southwest Taiwan Basin. During the Paleocene-Eocene, the basins
along the southern margin of the South China Sea mainly developed neritic-hemipelagic
facies deposits. During the Late Eocene and Oligocene, the South China Sea began to
spread, and the Nansha block separated from the South China block and drifted southeast.
In the Early Oligocene, the marine transgression began to occur in the northern margin
of the South China Sea, which mainly developed marine—continental interaction facies
sandstone and mudstone deposits, and the marine facies in the southern margin of the
South China Sea gradually expanded [68].

The drilling data show that the pre-Cenozoic basement has been drilled in the Pearl
River Mouth Basin, Qiongdongnan Basin, and Beibuwan Basin at the northern edge of the
South China Sea, and the lithology is dominated by granite and metamorphic rocks. The
basement of the southern basins of the South China Sea mainly consists of pre-Cenozoic
neutral acidic-basic igneous rocks and metamorphic rocks. Among them, the basement
of the northeastern continental margin is mainly Mesozoic sedimentary rocks, the north-
western part is Paleozoic metamorphic rocks, the southeastern part is sedimentary rocks,
the western land margin is Mesozoic sedimentary rocks, and the southern part is Mesozoic
metamorphic rocks [69]. The crustal rocks above the Moho surface are mainly composed
of felsic rocks such as gabbro and granulite, while the mantle below the Moho surface is
mainly composed of peridotite [67].

The crustal density distribution in the South China Sea region calculated by Li et al.
(2022) [70] using the Parker—Oldenburg method is generally distributed in the range of
2700 kg/m?> to 2900 kg/m3, with the density of the South China Sea basins as well as
the north and south continental margins above 2800 kg/m?, with a higher density in the
basin, and the Southwest Taiwan Basin and Palawan Basin showing a lower density below
2760 kg/m3, related to the distribution of low-density Mesozoic blocks in this region [70].
The bottom interface of the sedimentary layer is 2670 kg/m? [71], and the density of the
mantle is about 3300 kg/ m3 [72].

The effective viscosity coefficient of the sedimentary layer in the South China Sea is
10%2-10% Pa-s, the effective viscosity coefficient of the upper crust varies between 10>! and
10%* Pa-s, and from the northern continent to the central basin, the value of 77 gradually
decreases from 102 to 10! Pa-s, the effective viscosity coefficient of the lower crust varies
between 10! and 10?3 Pa-s, and the average viscosity of the upper mantle of the rock layer
is 1029-102! Pa-s [73]. The average viscosity coefficients of the upper and lower mantle are
10" Pa-s and 10%° Pa-s, respectively [74].

The initial model size was 400 km x 250 km (Figure 4) and was divided into six layers.
The top of the model is a sticky layer, it is a weak fluid layer with a low density and low
viscosity (viscosity 77 = 1 x 10'8 Pa-s) [75]. Under the above conditions and with sufficient
thickness, the layer interface operates as an internal free surface [76]. Usually, the density of
the layer corresponds to either water (1000 kg/ m?) or air (1 kg/ md). Considering that in the
Paleocene-Early Eocene, the continental margin of the South China Sea was mostly fluvial-
lacustrine facies and Marine facies, the density of the sticky layer was set at 1000 kg/m?3.
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The initial thickness of the sticky water layer was 10 km. Below the sticky layer, from top to
bottom, are the sediment, upper crust, lower crust, lithospheric mantle, and asthenosphere
mantle. Zheng et al. (2022) [71] calculated the thickness of the crustal lithosphere, and the
normal crust of South China is 30-32 km, the uniform thinning zone of the shelf is about
24-28 km, and the crustal stretching coefficient is less than 1.2 [71], and referring to the cross
section of Figure 2, it is assumed that the thickness of the crust before the stretching is about
38 km. Therefore, the thickness of the sediment layer was 2 km, the upper crust was 18 km,
the lower crust was 20 km, and the lithospheric mantle was 65 km. The rheological flow law
of sedimentary layer was set according to wet quartz [64], the parameters of the rheological
flow law of the upper crust were referred to the reference [77,78], the rheological flow law
parameters of lower crust were set according to plagioclase An75, and the lithospheric
mantle and asthenosphere mantle are dry peridotite [63]. Other parameters of the model
were set according to reference [44,59,75,79] and actual geological conditions (Table 1).

0 Sticky Water

Sedmment

Upper Crust

Lower Crust

50 A

Lithospheric mantle

100+

Depth(km)

150

Asthenosphere mantle

200+

0 100 200 300 400
x(km)

Figure 4. Initial setup of our extension experiments.

Table 1. Basic parameter settings of the South China Sea basin [44,59,75,79].

Sticky Layer Sediment Upper Crust Lower Crust Lithospheric Asthenosphere

Mantle Mantle
o (kg/m3) 1000 2650 2700 2800 3300 3300
n / 2.3 4 32 35 35
Ea (kJ/mol) / 154 223 238 532 532
« (1/K) 2 %1075 2x10°° 2 %1075 2x107° 2 %1075 2x107°
B (1/Pa) 1x 1071 1x 1071 1x10°1 1x 1071 1x10°1 1x 1071
Ap (1/s/MPam) / 32x10°* 1.1 x 10715 5.6 x 10717 24 %1078 1.9 x 10~°
kg (W/m/K) 300 0.64 0.64 1.18 0.73 0.73
a (W/m) 0 807 807 474 1293 1293
Cp (J/kg/K) 3000 1000 1000 1000 1000 1000
H, (W/m?3) 0 2x10°° 1x 107 5x 1077 22 %1078 22 x 1078
V, (em3) / 0 0 0 10 10
Co 0 1 x 107 1 x 10° 1 x 106 1 x 107 1 x 107
C 0 1 x 107 1 x 100 1 x 100 1 x 107 1 x 107

The top boundary of the model had a free-slip condition. Symmetric, horizontally
outward, constant velocity boundary conditions were imposed on both sides of the model.
The lower lithosphere boundary was not specified. It was a spontaneously formed rheo-
logical boundary between the stronger, colder parts of the mantle and the weaker, hotter
region below. We used an evolving non-uniformly spaced numerical grid combined with a
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time-varying model size in response to imposed bulk extension. The model grid resolution
was 161 x 61 nodes with 120,000 randomly distributed markers.

In the simulation, the temperature at the top of the model was 273 K, and the temperature
at the bottom was 1663 K. The adiabatic temperature gradient in the asthenosphere = 0.5 K/km,
with an acceleration of gravity g, = 9.78 m/s?. Thermal perturbation in the base of the
lithosphere is 10 K.

The full spreading rates of the ESB and the SWSB were 20-80 mm/a and 35-50 mm/a,
respectively. The spreading velocity of the ESB was about 70 mm/a during 32-29 Ma. At
29-26 Ma, the spreading rate was about 25 mm/a. The spreading rate remained at about
70 mm/a before the southward transition of 23.6 Ma, and then the spreading rate varied
from 50 mm/a to 35 mm/a from 15.5 Ma, which was similar between the ESB and the
NWSB [31,80]. The SWSB began spreading around 23.6 Ma and stopped spreading around
16 Ma. Briais et al. (1993) [19] suggested an average expansion rate of 40 mm/a [19], while
Barckhausen et al. (2014) [81] proposed a high spreading rate (76-80 mm/a) for the SCS
during the final spreading phase [81]. The anomalously thin crust of the SWSB supported a
slower spreading rate (half-spreading rate 12.6 mm/a) [82]. If the seafloor spreading rate
was close to the extension rate, then the extension rate of the eastern margin may have been
significantly faster than that of the western margin. To qualitatively study the magnitude
of the extension rate, based on the above data, three sets of models with different extension
rates were designed. The constant velocity applied on both sides of the model was half
of the extension velocity. The half-extension rates of models 1, 2, and 3 were 30 mm/a,
20 mm/a, and 12.5 mm/a, respectively.

4. Results

We mainly discussed the operation results of three groups of different extensional rate
models, their evolution process, and the time of rupture. The original simulation results
of the three models (Figures 5-7) were interpreted, and the major faults were marked. In
addition, the bulk strain (Figure 8) and viscosity field (Figure 9) changes in models 1 and 2
were compared.
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Figure 5. Original simulation results (left) and interpretation (right) of Model 1.
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Figure 6. Original simulation results (left) and interpretation (right) of Model 2.
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Figure 8. Bulk strain of the simulation results.

Model 1:

In Model 1, the extension rate was fast enough (half-extension rate = 30 mm/a) that,
during the initial rift, the lithosphere was thinned rapidly and the mantle upwelled rapidly,
heating the lower crust above the Moho temperature and significantly reducing the layer
viscosity. Low viscosity in the lower crust led to the decoupling of the mantle and crust,
deflecting the mantle upwelling, with the highest heat flux deflected to one margin. The
lithospheric mantle continued to thin in the stress concentration area, and the crust was
pulled apart before the lithospheric mantle to form the ocean basin (Figure 5). The model
presented asymmetric expansion, and the expansion center was closer to the left side of the
model, in the area between 200 and 300 km to the left side. Meanwhile, the faults on the
left side of the model were relatively dense and large detachment faults, while only a few
large normal faults occurred on the right side. It only took 4 Ma from rift development to
crustal rupture, which was a short time involving rapid structural development.

In general, the simulation results of Model 1 had a high degree of fitting with profile
AA’ in Figure 2. The AA’ profile exhibits asymmetric spreading, with the size and number of
fractures on the northern margin being greater than on the southern. The crustal thickness
of the northern margin is slightly greater than that of the southern margin, while the
thickness of the lithospheric mantle is smaller in the north than in the south. The results
obtained from the simulation of Model 1 are similar to the actual profile, both in terms
of the distribution of fractures and the morphology of the crust and lithospheric mantle.
Model 1 can initially correspond to the spreading patterns of the NWSB and the ESB.
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Figure 9. Viscosity of the simulation results.

Model 2:

Model 2 (Figure 6) presented approximately symmetrical spreading, with the spread-
ing center in the center of the model, and the lithospheric mantle and crust fracture
occurring almost simultaneously. The resulting faults were mostly concentrated near the
spreading center of the model and are symmetrical normal faults. Compared with Model 1,
Model 2 had a slower thinning rate, a longer time to reach the final rupture, and a more
uniform lithospheric thinning. The faults in Model 2 were smaller in size and did not
develop detachment faults, and the geological structure is relatively simpler.

Model 3:

Model 3 (Figure 7) was set up to test the opinion that the SWSB possessed a very
slow spreading rate. According to the simulation results, it was found that the lithosphere
thinned slowly, and a large number of high-angle normal faults appeared in the model
under the condition of a half-extension rate of 12.5 mm/a and formed a nearly symmetrical
rift basin. After the model was run for 7.44 Ma, the crust and lithospheric mantle still did
not break up, and the thickness of the crust remained large (>10 km), so it was difficult to
rupture and form an ocean basin in a short time.

The BB’ profile (Figure 2b), the spreading of the southwestern sub-basin, shows nearly
symmetrical spreading, with large disruptive faults cutting through the crust and more
intense ruptures, and the upper crust of the northern margin has suffered more damage and
has thicker sediments than the upper crust of the southern margin. Model 2 (half-extension
rate = 20 mm/a) is similar to BB’ in that it ruptures the crust over a shorter period of time
(<8 Ma) and is nearly symmetrically dilated. Model 3 (half-extension rate = 12.5 mm/a)
develops large detachment faults, which are similar to the profile of the SW sub-basin.
However, the model has not yet ruptured the crust to form an oceanic basin at 7.44 Ma,
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suggesting that this rate is not sufficient to rupture the crust to form an oceanic basin in a
short period of time (<8 Ma). Therefore, it is hypothesized that the SW sub-basin expanded
at a slower rate (~25 mm/a) during the early stages of spreading and that the rate should
have increased slightly during the middle and late stages of spreading, with an average
rate of ~40 mm/a. Of course, this may need to be verified by further research by optimizing
the velocity sectioning model.

The bulk strain (Figure 8) and viscosity (Figure 9) results can be mirrored with the
above simulation results. Compared with models 1 and 2, the higher extension rate led to
the rapid mantle flow and earlier rupture time, the strain was more concentrated, and the
rheological structure was more complex. In addition, the decrease in crustal viscosity led
the mantle to flow and form the rift, and the uplift of the rift side was higher. Moreover,
the strain on the right side of Model 1 increased, and the crustal viscosity also decreased,
indicating that the rift had a migration trend. The strain of Model 2 was more symmetrical,
the strain in the central rift area was the largest, and the typical shear strain could be
identified from the middle to the two sides. The rheological structure of Model 2 was
simpler, with less variation in crustal viscosity on both sides of the rift. More lithospheric
mantle was exhumed at lower extension rates in this study, and exhumation was inversely
proportional to the extension rate.

5. Discussion

The South China Sea is a passive continental margin of tensional genesis, which
experienced the process of continental margin stretching, rupture, and seafloor spreading
during the Late Mesozoic to Early Cenozoic. The crustal structures on the east and west
sides of the South China Sea continental margin are significantly different in terms of
upper/lower crustal thickness ratio and deformation characteristics [83]. The differences
of tectonic activities in the southern and northern margins of the South China Sea are
obvious [47]. The genetic mechanism of continental margin extensional basins is closely
related to the lithospheric extensional fracture model [84]. The extensional deformation
of the lithosphere is the pure shear extensional deformation, forming the basin-ridge-type
fault basin system controlled by high-angle normal faults. With the continuous extension,
the strength increases and strain concentration occurs, forming large detachment faults.
Corresponding to different stages of the evolution of continental margin tensional rupture,
the proximal zone, necking zone, distal zone, and ocean—continent transition zone are
formed from the land to the ocean [49]. In the initial stages of the rift, the distal and
proximal edges of the margin behave differently. In the distal zone of the continental
margin, the crust is generally wedge-shaped and brittle, and a large number of extensional
detachment faults are developed [85,86].

The northern margin of the South China Sea is similar to the general continental
margin. In the early stage of tensional rupture, the distal zone of the northern continental
margin generates multiple high-angle normal faults, which control the development of
semi-graben or simple graben. With the continuation of extension, some early high-angle
faults evolved into large detachment faults, and the lower crust began to be exposed [86,87].
In the process of the SCS underwent expansion, its southern margin was subjected to
a southward pulling initiated by the PSCS block subduction, and the collision between
Kalimantan Island and the southern margin changed the crustal tectonics in the southern
margin, while the northern margin did not [88]. Therefore, the southward flow of the
lower crust occurred, which changed the crustal spreading pattern from symmetric to
asymmetric. The modification of the late western collision was also limited, and the
extension pattern after the collision remained asymmetric. The apparent transformation
of the eastern collision shifted the crustal extension pattern from asymmetric to generally
symmetric [7].

The passive continental margins are divided into magma-rich type and magma-poor
type, and magma plays a decisive role in the process of tensile cracking and rupture of the
passive continental margins. Magmatism in the continental margins occurred before the
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thinning of the lithosphere [83], and the addition of high-temperature rock veins will lead to
the weakening of the rheological structure of the lithosphere, which is conducive to greater
deformation of the lithosphere under the same tensile stress. In the process of continental
rifting, basaltic magma appeared rapidly in the South China Sea basins, changed from
the continental margin to the ocean basin in a short time, and the rupture process was
very rapid. The faults at the margins of the South China Sea reflect the close connection
between tectonics and magmatism. Similar to other wide rifts, the northern margin of
the South China Sea has developed core complex tectonics, which were accompanied by
magma intrusion during the extension process. During rifting, the weakening process
changed from mechanical weakening along faults to fault localization by serpentinization
and magmatism. These melts made the lower crust more ductile, which prevented the
strain concentration during the rupture period, resulting in the simultaneous development
of multiple detachment faults [86,87].

Many investigations have indicated that the underlying Hainan mantle plume was one
of the factors contributing to the expansion of the SCS basin [12,24]. Gao et al. (2023) [57]
suggested that some of the magma in the SCS during rifting and initial seafloor spreading
originated from the partial melting of the asthenosphere mantle in the northwestern SCS.
The Hainan mantle plume probably facilitated the ensuing seafloor spreading and the
strong post-spreading magmatism [57]. The ages of trawled basalt samples in the deep
basins of the South China Sea are later than the age of the oceanic crust, and the dating
results indicate that magmatic activity was mainly concentrated in the late rifting period,
especially after the cessation of seafloor spreading [41]. The activity of the mantle plume
in Hainan was mainly after the middle Miocene, indicating that rifting and spreading in
the South China Sea were not related to the mantle plume. Numerical simulations by Qian
et al. (2021) [89] suggested that the Late Cenozoic magmatic activity was not associated
with the deep mantle plume but was more compatible with the extensive mantle upwelling
generated by the stagnation plate [89].

The early spreading of the conjugate margin in the SCS was asymmetric, with the
northern margin having a significantly higher extension rate than the southern margin [90].
The spreading center moved southward in this period until a symmetric oceanic spreading
formed after about 28.7 Ma. The full spreading rates of the ESB and the SWSB were
20-80 mm/a and 35-50 mm/a, respectively [31,91]. Yu et al. (2021) [82] proposed that
highly faulted and thin oceanic crust was typically produced in slow or ultra-low rate
spreading with a spreading rate of less than 40 mm/a [82]. The SWSB of the SCS was similar
to the central part of the ESB in having an extraordinarily thin and highly faulted crust.
The thin, tectonic crust in the ESB and the SWSB suggests that the final spreading phase,
which stopped spreading at 20.5 Ma as proposed by Barckhausen et al. (2014) [81], hardly
had a high spreading rate (half-spreading rate 38—40 mm/a) [81]. However, it supported a
slower spreading rate (half-spreading rate 12.6 mm/a). The oceanic crust associated with
the mantle plume was generally much thicker. However, the thickness of the oceanic crust
observed at the ESB Center was only 3.7-6.0 km, and the original crust should have been
thinner. Therefore, the magmatic contribution of the Hainan mantle plume during the final
extension to the post-extensional phase may have been very limited [82].

The formation and tectonic evolution were influenced by continental margin spreading
and plate interaction between the three plates and their microcontinents [92]. In the western
and southern parts of the South China Sea, the Indo-Australian plate drifts and subducts
northward, while in the east, the Pacific and the Philippine plates drift and subduct north-
westward [93]. Based on the tectonic evolution history of the SCS basin, there are several
models to explain the formation of the South China Sea. (1) Back-arc extension model [30,94]:
The model suggests that the extension and opening of the Southeast Asian back-arc basin
is the result of the oblique subduction of the Paleo-Pacific Ocean and the migration of the
subduction zone to the ocean. (2) The collision—subduction model [12,17,18]: The model
suggests that subduction of the crust under the North Kalimantan and Pacific plates led to
the westward opening of the proto-South China Sea. In the Late Cretaceous-Miocene, the
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PSCS subducted under the Pacific plate and Kalimantan Island [95] and formed an open
ocean basin. (3) The collision-extrusion (escape) model [19,20]: The model implies that the
Indian plate moved northward since the Paleocene and collided with the Eurasian plate,
which has triggered the strike—slip shear of the main fault zones to support the extrusion
movement [12,23-25]. (4) A bidirectional subduction model of the PSCS [25,26]: Seismic
tomography also revealed two near-horizontal plate tomography anomalies under the
South China Sea and North Kalimantan, and it is believed that bi-directional subduction
occurred in the PSCS and that bi-directional subduction of the PSCS contributed to the
opening of the South China Sea. (5) The mantle plume model [18,27]: The mantle plume
model suggests that the volcanism before the spreading of the South China Sea and the
basaltic magmatism in the ocean ridge during the spreading of the South China Sea are
partly influenced by the outpouring of mantle plumes.

According to the measured geophysical data, the extension rate of the SCS’s northern
margin was significantly higher than that of the southern margin, which was one of the
important reasons for the N-S tectonic inconsistency of the SCS basin. The numerical
simulation results in this paper also show that lithospheric extension and thinning could
be produced without the need for a mantle plume, as the results could be obtained by
changing the extension rate alone without the addition of a mantle plume. The simulation
results confirm that, compared with the Southwest Sub-basin of the South China Sea, the
spreading rate of the East Sub-basin was even higher. Model 1 can initially correspond to
the spreading patterns of the NWSB and ESB, and it is believed that the extension rate of the
ESB is about 60 mm/a. According to Model 2 and Model 3, it is hypothesized that the SW
sub-basin expanded at a slower rate (~25 mm/a) during the early stages of spreading and
that the rate should have increased slightly during the middle and late stages of spreading,
with an average rate of ~40 mm/a.

Therefore, we can infer that the eastern part of the South China Sea has a higher driving
force than the western part in the process of opening, and the eastern basin formed earlier
than the western basin. The mutual movement of the plates promoted the subduction of
the proto-South China Sea, played a crucial role in the opening of the South China Sea, and
provided a reasonable mechanism. The collision between the Indo-Australian plate and the
Eurasian plate led to the continuous southward extrusion of the Indochina block, while
Kalimantan drifted northward and rotated counterclockwise by nearly 60°. The opposite
movement of the Indochina block and Kalimantan may have inhibited the formation of
the southwest sub-basin of the South China Sea, resulting in the spreading time of the
southwest sub-basin being later than that of the east sub-basin, and the extension rate
being lower than that of the east sub-basin. The sinistral strike—slip of the Red River fault
zone, which accompanied the collision between the Indo-Australian plate and the Eurasian
plate, also had a certain impact on the opening of the South China Sea, which may have
prompted the change in the basin extension direction.

6. Conclusions

Numerical simulations show that the tectonic asymmetry of the South China Sea basin
was influenced by the extension rate, which can affect the rock rheology, produce different
structures, and control the migration of ocean ridges. The rapid expansion rate was one of
the important factors in the asymmetric expansion of the model, with other factors held
constant. With rapid lithospheric extension thinning and mantle upwelling, the lower crust
was heated above the Moho temperature, and the layer viscosity was significantly reduced.
The lower crust of low viscosity decoupled the mantle and crust, deflecting the mantle
upwelling, resulting in the thinning and the highest heat flux towards one margin. The
lithospheric mantle continued thinning in the stress concentration area, with the crust being
pulled apart before the lithospheric mantle, eventually forming an ocean basin. However,
when the extension rate was low, the model expanded almost symmetrically, and the
lithosphere thinning occurred at a slow rate.
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The simulation results of Model 1 are relatively similar to the actual profile in Figure 2a.
This indicates that the east sub-basin and the northwest sub-basin have higher extension
rates (~60 mm/a). Model 2 showed nearly symmetrical spreading, with the center of
spreading located in the center of the model, and the lithosphere ruptured to form an
oceanic basin, and the resulting faults were mostly concentrated near the center of the
model spreading, and were symmetrical normal faults. In Model 3, the lithosphere thinned
slowly, and a large number of high-angle normal faults appeared in the model, forming
a nearly symmetrical rift basin, and no ocean basin was formed. Model 2 resulted in the
formation of an ocean basin within a short time (<8 Ma) of lithospheric rupture, and Model
3 developed large detachment faults, which were similar to the actual situation of the
SWSB, respectively. Therefore, it is hypothesized that the SWSB expanded at a slower rate
(~25 mm/a) during the early stages of spreading and that the rate should have increased
slightly during the middle and late stages of spreading, with an average rate of ~40 mm/a.
This also proves that the spreading rate of the SCS’s ESB was faster than that of the SWSB.

We believe that the subduction of the proto-South China Sea played a crucial role in
the opening of the South China Sea, providing a more plausible mechanism. The opposite
movement of the Indo-Australian plate and Kalimantan may have inhibited the formation
of the southwest sub-basin of the South China Sea, resulting in a later spreading of the
southwest sub-basin than the east sub-basin, as well as a lower rate of spreading than the
east sub-basin.
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