
1.  Introduction
Rifting and lithosphere thinning eventually lead to continental breakup and oceanic spreading. As many 
continental margins show similar behavior in rifting, simple models were proposed to explain the crus-
tal extension. For example, the “pure-shear” extension model was established to describe symmetric and 
uniform rifting (McKenzie, 1978), while the “simple-shear” model takes asymmetry further into account 
(Wernicke,  1981). Today, additional geophysical data challenge the abovementioned models and indi-
cate a depth-dependent extension which favors strong decoupling between intracrustal layers (Hopper 
& Buck,  1996; Huismans & Beaumont,  2014; Lister et  al.,  1986). Depending on the lithologic composi-
tion, rheology and thermal structure of the continental lithosphere, passive margins can undergo progres-
sive extension indicating variable styles of crustal deformation (e.g., Mohn et al., 2012; Peron-Pinvidic & 
Manatschal, 2019; Thybo & Nielsen, 2009).

The South China Sea (SCS) has been widely recognized as a Cenozoic marginal basin developed from atyp-
ical magma-poor passive rifting (e.g., Taylor & Hayes, 1983). In addition to extensive crustal stretching, the 
SCS margins also feature volcanic intrusion and a lower crustal high velocity layer (HVL) that are interpret-
ed as magmatic underplating (Larsen et al., 2018; Yan et al., 2001). Over the years, geophysical surveys have 
revealed an asymmetrical conjugate pattern and the depth-dependent lithospheric extension of the margins 
in the SCS (Franke et al., 2014; H. B. Huang et al., 2019; Huismans & Beaumont, 2014). However, the rup-
ture mode of the continental crust and the formation mechanism of the oceanic crust are still highly con-
troversial. In 2017, the 367/368 International Ocean Discovery Program (IODP) drill legs were conducted 
in deep water (>3,000 m; Figure 1) at the edge of the northern margin of the SCS to reveal the nature of the 
structure from continent to ocean (Jian et al., 2018; Sun et al., 2018). The coring data suggest that the SCS 
has experienced fast lithospheric extension without mantle exhumation (Larsen et al., 2018), different from 
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the well-established margins along the Atlantic Ocean (Dean et al., 2000; Whitmarsh et al., 1993). In addi-
tion, early stage magmatism prior to steady-state seafloor accretion was detected overlying hyperthinned 
continental crust (∼8 km thick) (Larsen et al., 2018). The seafloor accretion propagates from east to west, as 
revealed by interpretation of reflection seismic profiles (Franke et al., 2014). Accordingly, interlayer decou-
pling in the lithosphere could have been facilitated by the prerupture magmatism heating up and reducing 
the crustal viscosity (Franke et al., 2014).

The lithologic measurements of the sampled rocks should be closely combined with deep structure detec-
tion, such as geophysical exploration. The obtained seismic structures will provide an explanation for the 
rheological behavior of the continental crust (e.g., the weak zones and interlayer decoupling) that finally 
determines the pattern from rifting to breakup (Huismans & Beaumont, 2014). Moreover, original architec-
ture and thermal structure of the crust usually evolved during poly-phased extension (Brune et al., 2014), 
and this requires comparison of deforming expressions in time and space. In this work, we present a P-wave 
velocity model from a wide-angle seismic survey spanning from the slope area in the northwestern margin 
of the SCS to the south of the Zhongsha Bank (Macclesfield Bank; Figure 1b). Seismic travel times were 
modeled to image the rift-related structures and to provide hints on the brittle/ductile behavior of the con-
tinental crust, and thus further insights into crustal deformation during rifting. The crusts show a regional 
deformation pattern in the failed rifts, and hyperthinned continental crust in the ocean-continent transition 
zone (OCT) is overprinted by early stage magmatism, which is in good agreement with the shallow lithology 
measurements from IODP drillings (Jian et al., 2018; Larsen et al., 2018; Sun et al., 2018).
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Figure 1.  Location map showing the study region in the South China Sea. (a) High amplitude magnetic anomalies close to the slopes and in the northeastern 
(NE) margin are both represented by green masked polygons. Distribution of the HVL is enclosed by dashed yellow line. The dashed white line is the continent-
ocean boundary (COB) referring to C. F. Li and Song (2012). The red line indicates the location of OBS2013-1. SCMA, South China Magnetic Anomalies along 
the NE margin of the SCS. RB, Reed Bank. The inset shows the tectonic setting of the SCS, in which, Eu is the Eurasia Plate, In is the India Plate, Au is the 
Australian Plate, Pf is the Philippine Plate, and Sc is the South China block. (b) Map showing the seismic profiles and the IODP drilling sites. OBS2013-1 is 
marked by a red line and the circles along the line represent OBS locations, in which, the white circles are OBSs recovered successfully while the gray ones are 
lost. Other profiles are labeled and shown as black lines, OBS2011-1 (H. B. Huang et al., 2019); OBS-2014 (Liang et al., 2019; Pichot et al., 2014); OBS1996-4 (X. 
L. Qiu et al., 2001); OBS2006-1 (Wu et al., 2011); OBS2006-2 (Ao et al., 2012; Wang et al., 2020); OBS2013-3 (Guo et al., 2016); and OBS-Zhang (J. Zhang et al., 
2016a). The circles with cross are the IODP drillings. The dashed red line is the aborted spreading ridge. The Zhongnan Fracture Zone (ZNF) is outlined by the 
two dashed green lines, referring to C. F. Li and Song (2012). QDN, Qiongdongnan Basin; PRB, Pearl River Mouth Basin; XST, Xisha Trough; ZB, Zhongsha 
Bank; ZST, Zhongsha Trough; LYXT, Liyuexi Trough; ZSNB, Zhongshanan Basin.
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2.  Geological Setting
The SCS margins developed along a NE-strike divergent setting due to the rollback of the subducted 
Paleo-Pacific plate in the Late Mesozoic (Taylor & Hayes,  1983). Long-lasting continental rifting of the 
margins started in the latest Cretaceous to Early Paleocene (∼65 Ma) and ceased prior to the progressive sea-
floor opening from ∼32 to ∼15 Ma (Briais et al., 1993; Larsen et al., 2018). As a result, the SCS evolved into 
segmented subbasins (Taylor & Hayes, 1983), and the margins also show along-strike deforming patterns 
of the continental crust (Franke et al., 2014; Hayes & Nissen, 2005). The eastern segment of the northern 
margin is characterized by the presence of an HVL (the location is shown in Figure 1a) underlying either 
hyperthinned continental crust or separated upper crust (McIntosh et al., 2014). A remarkable high mag-
netic anomaly belt in the northern margin (SCMA) has long been discussed and is considered a remnant 
of a Mesozoic subduction arc (Wan et al., 2017). In comparison, the western section exhibits a normally ex-
tended continental crust (Hayes & Nissen, 2005), alternating with aborted rifts and rigid blocks over a broad 
region. However, volcanic relics associated with the Mesozoic subduction have also been recognized along 
the northwestern and conjugate margins, characterized by sporadically distributed high-amplitude posi-
tive magnetic anomalies (F. C. Li et al., 2018). Whether the HVL exists in these areas is debated, as several 
wide-angle seismic surveys reported its absence (X. L. Qiu et al., 2001; Wu et al., 2011), whereas a few reflec-
tion seismic surveys and gravity modeling revealed scattered HVLs (Pichot et al., 2014; N. Qiu et al., 2013). 
Besides, in terms of the amount of stretching within the crust (J. J. Zhu et al., 2016), the performance of the 
ductile crustal layers also shows strong discrepancy between different investigations.

The NW margin of the SCS bounded by the Red River Fault Zone in the west (Figure 1a) retains lithospher-
ic deformation features from episodic rifting. Basin analysis has revealed a zonal distribution of tectonic 
stresses (Ren & Lei, 2011), including the collision-induced extrusion of the Indochina block in the west that 
has formed pull-apart basins such as the Yingehai Basin, Zhongjiannan Basin, and the eastern Qiongdong-
nan Basin (Figure 1b). For the eastern part, where the Xisha Islands (Paracel Islands) and the Zhongsha 
Trough are located, grabens and horsts were mainly shaped by normal and low-angle faults in extension and 
characterized by ductile shearing of the continental crust (Lei & Ren, 2016). Wide-angle seismic surveys 
have imaged highly extended continental crust with a thickness of less than 8 km along these troughs and 
basins, for example, the Xisha Trough, which represents an aborted rift (X. L. Qiu et al., 2001). Seismic sur-
veys using seafloor cables have identified strong postspreading volcanism and hydrothermal activity along 
the rift faults, while the syn-rift igneous rocks are sporadically distributed (Zhang et al., 2016b).

Tectonic subsidence is considerably delayed for more than 10 Myr due to ongoing rifting or rising asthe-
nospheric material along the NW margin (Franke et al., 2014), and the uplifted basement thus provided 
a prosperous position for the growth of reefs around the Xisha Islands (Ma et al., 2011). Controversy still 
exists mainly around the basement nature and age beneath the islands. Several boreholes have been drilled 
on the islands for dating and classifying the basement rocks (e.g., XY1 and XK1 in Figure 1b). Precambrian 
granitic rocks were drilled and dated at borehole XY1 (M. S. Zhang, 1991). Nevertheless, results from the 
latest coring data from borehole XK1 indicate that the basement rocks are constituted of Late Mesozoic ig-
neous rocks, possibly representing the widespread volcanic intrusions over the SCS due to the Paleo-Pacific 
subduction (W. L. Zhu et al., 2017). Volcanic rocks dredged near Zhongsha Bank in the east of the Xisha 
Islands were also dated to the Late Mesozoic (Jin, 1989). Geophysical surveys show that the Zhongsha Bank 
consists of extended continental crust with a thickness of more than ∼20 km (Wu et al., 2011). Localized 
crustal deformation and magmatism were prevailing at the edge of these continental banks, as indicated 
by reflection seismic surveys and analog modeling on the stretching mechanism of the rigid blocks (Ding 
& Li, 2016).

3.  Data and Methods
3.1.  Data Acquisition and Seismic Phases

In April and May 2013, the “Shiptime Sharing Project of NSFC” conducted a geophysical cruise across 
the Xisha Islands using the R/V “Shiyan 2.” During the cruise, a ∼500 km long wide-angle seismic profile 
(OBS2013-1; Figure  1b) striking NW-SE was acquired spanning from west of the Xisha Trough to the 
south of Zhongsha Bank and coinciding with a multichannel reflection seismic profile of four stream-
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ers. Thirty ocean bottom seismometers (OBS) spaced at ∼15 km were deployed, among which 25 OBS 
were successfully recovered and provided useful data. Four air guns with a total volume of ∼98 L were 
deployed ∼30 m behind the vessel and shot every 120 s, leading to ∼300 m shot spacing at a ship speed 
of ∼5.0 Kn.

The raw seismic data were corrected for the clock-drift, and instrument positions were relocated by fitting 
the direct water-wave traveltimes using the least-square method (West et al., 2001). A spectrum-whitening 
deconvolution was used to remove the bubble reverberations and highlight the primary arrivals. Automatic 
gain of the seismic amplitudes and zero-phase band-pass filter (3–15 Hz) were also applied to further en-
hance the seismic signals. The reflection seismic data were processed following basic steps, including trace 
sorting, filtering, and automatic gain. The OBS sections show clear refracted phases traveling though the 
sediments (Ps), the crust (Pg), and the upper mantle (Pn). Sedimentary reflections (PsP1 and PsP2) as well 
as reflections from top basement (PsP3), mid-crustal interface (PcP) and the Moho (PmP) were also iden-
tified (Figures 2–4). A total of 10,346 arrivals including 5,856 refractions and 3,992 reflections were finally 
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Figure 2.  Seismic modeling of the OBS data. (a) A segment of the reflection seismic data section. The white circles 
mark locations of the recovered OBSs, while the gray ones mark those who are lost. The solid line and the dashed 
lines respectively represent the seafloor and the sedimentary interfaces from the forward modeling. (b) Seismic 
section of OBS19, overlain by the calculated travel times in different colors. The reduction velocity is 8.0 km/s. 
Location of OBS19 is shown in Figure 1b. (c) A segment of the forward velocity model. Seismic ray paths are shown 
by colored lines.
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picked. Picking uncertainties were assigned to the phases ranging in 50–70 ms, based on the signal-to-noise 
ratio.

3.2.  Velocity Modeling

The P-wave velocity structures were jointly constrained by forward modeling (Zelt & Smith, 1992) and to-
mographic inversion (Korenaga et al., 2000) of the seismic traveltimes. A combination of both approaches 
allows to conclude a user-independent velocity model including as much available information as possible 
(H. B. Huang et al., 2019). The forward modeling was performed using the layer-stripping method to de-
crease the misfits between the picked and calculated traveltimes (see Figures 3 and 4 and the supporting in-
formation). First, a three-layer sedimentary model with variable velocities in a range of 1.7–4.5 km/s below 
the seafloor was constructed by forward modeling of the Ps and PsP phases. Velocities within the sediments 
influence the seismic phase morphologies, which is more easily identified when the sedimentary layer is 
less undulating, as imaged in the left branch of Figure 3. Velocity boundaries between the sedimentary 
layers as well as the basement were converted from depth to two-way traveltime and match the reflection 
seismic data well (Figure 2a). Second, tomographic inversion of the crustal structures was implemented us-
ing Pg and PmP phases, taking the sediments as input information. Finally, the inversion model was further 
revised by forward modeling to prevent over interpretation of small-scale anomalies of the velocity and the 
Moho. In addition, the forward modeling allows imaging of intracrustal structures by fitting the second-
ary arrivals (Liang et al., 2019). Velocity boundaries within the crust were continuously traced by the PcP 
phases (Figure 4), thus providing information for imaging the layered structures of the crust (Figure 2). The 
identification and modeling of the intercrustal interface were verified by calculating the synthetic wave-
forms based on zero-order asymptotic ray theory (Zelt & Ellis, 1988). Basically, the theoretical PcP phases 
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Figure 3.  Seismic modeling of the data from OBS03. The reduction velocity is 8.0 km/s. Location of OBS03 is shown in 
Figure 1b. Seismic ray paths are shown by colored lines.
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with relatively higher amplitudes correspond to the real phases that are 
easy to pick (Figure 4). The velocities of the upper mantle were modeled 
based on the Pn phases once the crust was well constrained.

4.  Results
Modeling of the OBS2013-1 data resulted in a velocity model showing 
sedimentary and crustal structures along the complete NW margin to a 
depth of 30 km (Figure 5b). As they show more intracrustal detail con-
strained by the secondary phases, the sedimentary and crustal structures 
of the forward model will be discussed with the interpretation of the re-
flection seismic data. This helps to better understand the deforming pat-
tern of the continental crust as well as the magmatic activity along the 
margin. The modeling errors are discussed below, and main features of 
the velocity model are described according to the major tectonic units.

4.1.  Error Calculations of the Velocity Model

The tomographic model shown in Figure S1a was parameterized in a grid 
mesh with node spacing of 0.5 km in the horizontal dimension and 0.05–
0.25 km in the vertical dimension increasing downward. The Moho and 
the intercrustal boundary were both defined with uniform 1 km spacing. 
Smoothing weighting factors for the velocity and depth were set to 200 
and 20 after conducting a set of trials to avoid artifacts in the velocity 
models. Checkerboard tests of the model resolution were applied to per-
turbed models with the same mesh as the final tomographic model (Fig-
ure S2) (Korenaga et al., 2000). The synthetic traveltimes were calculated 
using the same shot-receiver geometry as the real data. A rectangular 
perturbation pattern of 8% of the velocities, with a horizontal cell-size 
of 25 km and vertical cell-size 6 km can be successfully recovered (Fig-
ures S2b and S2c). There is little difference between the tomographic and 
the forward models in most areas (Figure S1b), except for some small-
scale high amplitudes observed beneath the sharp basement highs. How-
ever, the velocity perturbation and sizes in both models are within the 
identifiable range as indicated by the checkerboard tests.

The RMS error (root-mean-square value) and χ2 (chi-squared value) of 
the misfits, which evaluate robustness of the forward model, are respec-
tively 0.067 and 1.383 using 95.3% of the picked traveltimes. The uncer-
tainty of the layered structures in the final forward model was assessed 
using a Monte Carlo approach (VMONTECARLO; Loureiro et al., 2016). 
To prove the uniqueness of the final model and estimate the uncertainty 
of the varied depth and velocity nodes, this method generates and runs a 
large number of randomly perturbed models in given bounds. A scoring 
function is built from the results of each run based on the χ2 value, and a 
subset of models within user-defined thresholds is used to calculate mod-
el uncertainties. In this study, 500,000 randomly varied models were pro-
duced from the final forward model, and used to produce an uncertainty 
map of all velocity and depth nodes (Figure 6). Generally, the velocity 
uncertainty varies between ±0.3 km/s while the Moho-depth uncertainty 
ranges between ±1 km, so the model is well resolved in nearly all regions. 
The largest velocity uncertainty values are located near the Moho and 
the intercrustal interface. However, this may be due to a strong trade-off 
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Figure 4.  The PcP phases recorded in OBS19, OBS20, and OBS21. Red 
dotted lines denote the picked PcP phases. For each OBS, the upper panel 
shows the real seismic profile, while the lower panel shows the synthetic 
one based on the velocity model and the calculated traveltimes. The 
reduced velocity is 8.0 km/s.
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Figure 5.  Final forward model and velocity perturbation of the OBS2013-1. (a) Gravity anomaly (black line) and magnetic anomaly (red line). (b) Reflection 
seismic data section. The box is shown in Figure 8. (c) P-wave velocity model. CC, continental crust; RC, rift valley crust; DC, detached crust; HC, hyperthinned 
crust. (d) Velocity perturbation in the crust, with respect to the horizontal mean value of the forward model, shown in positive (blue) and negative (red) values. 
The thick red lines show the faults cutting the basement. The green lines outline the ductile layer between the normal upper crust and the lower crust. The 
black dashed line shows the Moho, while the thin red solid lines show the constraint intercrustal interface.
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between depth and velocity at the velocity boundary but does not reflect the model quality (Loureiro et al., 
2016).

4.2.  Velocity Structure Beneath the Xisha Trough and Its Flanks

A 3- to 6-km-thick Cenozoic sedimentary sequence was imaged along the west Xisha Trough, composed of 
three layers with velocities of 1.7–4.5 km/s and velocity discontinuities between 0.1 and 0.5 km/s across the 
interfaces. The top of the basement is characterized by a long-wavelength morphology variation across the 
section, showing a progressive deepening toward the shelf foot. This results in a thickened sedimentary layer 
and the formation of a ∼70 km wide half-graben. A basement high is located at the trough center and overlain 
by a seamount with average seismic velocity of ∼3.5 km/s. For comparison, the sedimentary cover of the Xisha 
Islands is much thinner (∼2.5 km) and overlies a relatively shallow basement at ∼3 km depth (Figure 5c).

The Moho is located deeper than 22 km below the shelf at Xisha Islands, and rises progressively toward the 
Xisha Trough to ∼17.5 km. The P-wave velocity increases from 5.0 km/s at the basement top to ∼6.8 km/s 
at the bottom of the crust. A ∼0.1 km/s velocity contrast boundary near the isovelocity contour of 6.4 km/s 
was sampled by the PcP phases in a 30-km wide area.

4.3.  Zhongsha Trough and Zhongshanan Basin

A series of horsts and grabens developed across the Zhongsha Trough, with basement highs and interme-
diately thick sedimentary deposits (∼3 km). Velocities at the basement top vary between 5.0 and 5.6 km/s. 
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Figure 6.  Monte Carlo uncertainty tests of the forward model. The hatched areas at the intracrustal boundary (IB) and the Moho denoted the depth 
uncertainties for both the boundaries. Dashed yellow and green lines, respectively, indicate the best random model and the forward model’s IB and Moho. (a) 
Maximum and (b) minimum admissible velocity deviations from the forward model.
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The Moho becomes shallower rapidly from ∼23 km in the Xisha Islands to ∼15 and ∼11 km respectively 
in the Zhongsha Trough and the Zhongshanan Basin, over a distance of ∼100 km. The crustal thickness is 
∼6 km in the Zhongshanan Basin, where a lens-shaped layer less than 2 km thick was modeled by seismic 
velocities of ∼3.8 km/s on top of the basement. This was also identified in the reflection seismic section and 
corresponds to a high positive magnetic anomaly (∼170 nT; Figure 5a).

The crustal velocities also show a complex variation across the Zhongsha Trough. The upper crust, 
taking the 6.4 km/s isovelocity line as the lower boundary (Christensen & Mooney, 1995; Rudnick & 
Fountain, 1995), is stretched to become less than 5 km thick and accompanied by uplifted lower crust. 
To provide a more intuitive view of the crustal structures, the velocity variation of the forward model 
is calculated within each crustal layer, with respect to the average value at a constant depth below 
the interface (Figure  5d). Accordingly, velocity in the lower crust increases by ∼0.3  km/s from the 
mean value forming a sharp velocity contrast across the boundary (Figures 5c and 5d), which can be 
continuously traced in a range of ∼90 km by the PcP phases (Figure 4). A similar intercrustal velocity 
boundary is located beneath the Zhongshanan Basin, where the velocity contrast is slightly reduced to 
0.1–0.2 km/s (Figures 5c and 5d). The uppermost mantle beneath the basin shows an average velocity 
of ∼7.7 km/s, lower than in adjacent areas, in a horizontal range of ∼50 km and vertical depth of more 
than 3 km from the Moho, which is constrained by the Pn phases in OBS25 and OBS28 (Figures S24 
and S25).

5.  Discussion
5.1.  Intracrustal Deformation and Identification of a Ductile Layer

The detailed mapping of the intercrustal boundary and the Moho in the velocity model provides direct 
evidence of intracrustal deformation. The model can be divided into four distinct sections according to 
the crustal structures in Figure 5c. The Xisha Islands and the shelf area in the northern Xisha Trough 
are identified as continental blocks that have experienced weak and uniform stretching. The crustal 
thickness (∼22 km) is in good agreement with the values derived from the receiver functions on the 
islands (H. B. Huang et al., 2011). Along the western Xisha Trough, the crust has been stretched to 
be as thin as ∼10 km beneath the half graben called Songnan Sag of the Qiongdongnan Basin (Lei & 
Ren, 2016). Between OBS01 and OBS02, the top basement shows an velocity increased by ∼0.5 km/s 
compared to both sides (Figure 5d), which is also proposed by N. Qiu et al.  (2013). In earlier work, 
it was proposed to represent a detachment fault that shaped the half graben within the basin (Lei 
& Ren, 2016). This fault may not only contribute to the gravity anomaly identified along our model 
(Figure  5a), but also the associated variation of the seismic velocity (Figure  5d). A similar complex 
basement shape was also presented by X. L. Qiu et al. (2001), and the basement high in the center can 
be interpreted as a rotated continental block related to a rollover anticline (Lei & Ren, 2016). Using an 
initial crustal thickness of 30 km, it corresponds to a stretching factor β of 3.0 that is lower than the 
value calculated for the Xisha Trough (β = ∼3.8; X. L. Qiu et al., 2001), due to a higher degree of crustal 
thinning in proximity to the oceanic basin.

Along the southern part of the profile, a prominent rise of the Moho and a relatively shallower basement 
than in the north are modeled, reflecting the delayed subsidence of the NW margin of the SCS (Franke 
et al., 2014). Instead of a wide rift valley like the Xisha Trough, a series of half grabens distributed along 
this region bordered by seaward dipping faults and corresponding basement highs were imaged. These 
faults extend down to depths of ∼7 km where the velocity shows high perturbations and distinctive gra-
dients (Figures 5c and 5d). Strikingly, the crust with velocities lower than 6.0 km/s is dismantled along 
a small window about 20  km wide in the Zhongsha Trough (near OBS23), with rotated basement on 
both flanks that might also represent rollover structures. Such crustal structures show strong similarities 
on several wide-angle seismic profiles (Figure  7), including OBS2011-1 in the southwest extension of 
the Zhongsha Trough (H. B. Huang et al., 2019) and OBS2014s in the Liyuexi Trough (Basin C in Liang 
et al., 2019). In all profiles, the seaward dipping detachment faults are recognized along the basement 
highs, beneath which the crust is stretched to be ∼10 km and the crust above 6.0 km/s is highly stretched 
or dismantled. The large-scale detachment fault, featuring exhumed middle/lower crust and extension-
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al-parallel corrugation, has also been documented in the northern SCS margin (Liwan detachment fault, 
in Deng et al., 2020). The rift parallel structures may also be shown in the enlarged topography map of 
the Zhongsha Trough (Figure 8), where two parallel ridges of ∼30 km in length are separated by ∼12 km. 
If this is supposed as the corrugation structures, the aspect ratio of ∼2.5 is highly consistent with the 
value of the Liwan detachment fault (Deng et al., 2020). However, the nature and origin of these ridges 
still remain unclear, as the seismic profile obliquely crosses the structures and high-resolution seismic 
surveys are lacking for this zone.

The top boundary of the lower crust can be imaged in an extended range, buried at a depth of ∼13 km 
across the Zhongsha Trough (Figure 5c). Previous long streamer seismic surveys also imaged reflectors at 
around ∼15 km depth in the northern and western SCS margins, where listric faults extend and may rep-
resent the brittle-ductile transition zone (Lester et al., 2014). By considering the brittle deformed upper 
crust along the detachment fault, we propose that a ∼5 km thick ductile layer exists beneath the upper 
crust, separated from the lower crust by a shearing surface (Figures 5c and 5d). Reflected phases from the 
top boundary of this ductile layer were not detected, possibly due to a small seismic impedance contrast 
or a low resolution of the OBS data. The lower crustal thickness beneath the shearing surface appears to 
be 2–3 km higher under the Zhongsha Trough than the blocks on both sides (Figure 5c). The bottom of 
the lower crust shows slightly increased velocities of up to 7.1 km/s (Figure 5c and 5d). Nevertheless, the 
average lower crustal velocity of ∼6.8 km/s is much lower than the HVL in the NE margin that character-
izes volcanic underplating (Wan et al., 2017), reflecting different extents or sources of volcanic activity. 
Instead, this may indicate magmatic additions compensating the expected Moho uplift during rifting, 
similar to the Kenya and Baikal rifts (Thybo & Nielsen, 2009). From our model, the highly reflective top 
of the lower crust indicates a prominent velocity/density contrast, which could have been enhanced by 
a front of intruded sills blocked at the ductile boundary (Figures 5d, and 10c, and 10d). Previous studies 
suggest that a weak middle crustal layer is important for compensating the upper crustal extension, while 
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Figure 7.  Comparison of the forward velocity models on the margins of the SW subbasin. (a) The model of OBS2013-1 
in this study. (b) The model of OBS2014s (Liang et al., 2019). (c) The model of OBS2011-1 (H. B. Huang et al., 2019). 
The purple lines mark the identified detachment faults, and the yellow lines mark the Moho interfaces. Location of the 
profiles is shown in Figure 9a.
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the lower crust is likely to be strong in the NW margin of the SCS (Franke et al., 2014; F. C. Li et al., 2019). 
This could be partly supported by the increased velocity due to intrusion and strong thickness variation 
of the lower crust (Franke et al., 2014). However, the ductile/brittle nature of the lower crust can evolve 
through time as thermal conditions change (Mohn et al., 2012; Savva et al., 2014), and the entire lower 
crust can become ductile and flow (e.g., in Liang et al., 2019).
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Figure 8.  Zoom on the topography of the Zhongsha Trough (top), where the white circles are OBSs and the two 
solid arrows show the rift parallel ridges. The white arrows indicate the rifting direction of the Zhongsha Trough. The 
lengths and crest-to-crest wavelength of the ridges are 30 and 12 km, respectively. The red line indicates the place where 
dismantled upper crust is observed. Reflection seismic image of the ridges (bottom).
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5.2.  Hyperthinned Continental Crust in the OCT

A stretching factor of ∼5 can be calculated in the Zhongshanan Basin off Zhongsha Bank, representing 
a possible location for breakup of the continental crust (R. White & McKenzie, 1989). To determine the 
nature of the crust, averaged velocity-depth profiles were extracted from the velocity model (Figure 9b). 
The results show that the crustal velocities and thickness are in good agreement with those from typical 
Atlantic oceanic crust (R. S. White et al., 1992). A two-layer structure, separated by a clear velocity step, 
represents the oceanic Layers 2 and 3. However, the magnetic anomaly in this area does not show the 
pattern with clear stripes as found in the deep basin representing the steadily formed oceanic crust (Fig-
ure 9a). Such long-wavelength magnetic anomalies can also be identified alongside other slope regions of 
the SCS (Figure 9a). Here, the buried layer (velocity of 3.8 km/s) overlying the basement may represent 
volcanic extrusions and contribute partly to the magnetic anomaly. In addition, the horizontally overly-
ing strata indicate that these magmatic activities occurred earlier (Figure 9c). A similar magnetic anoma-
ly has been observed along the Central and North Atlantic margins, representing prespreading magmatic 
intrusions or underplating (Nirrengarten et al., 2017). The anomaly also occurs over a basement with a 
velocity structure characteristic of oceanic crust, but its nature and origin are questioned. Instead, normal 
crustal velocities (5.0–7.0 km/s) and a reflective Moho in our model exclude both underplated material 
from mantle melting and exhumed mantle as an explanation for these anomalies. More likely, the faults 
at the rim of the blocks, as well as the igneous intrusions suggest the presence of a hyperthinned conti-
nental crust in this region.

We also compiled the crustal structures along the slope regions with strong magnetic anomalies in 
the NW margin and the oceanic basins from published velocity models (Figure  9b) (H. B. Huang 
et al., 2019; Wu et al., 2011; Zhang et al., 2016a; Zhao et al., 2018). The structures share common char-
acteristics including a narrow high velocity band and a high velocity gradient of the upper crust similar 
to the global characteristics of the OCT (Christensen & Mooney, 1995). Variation of crustal thicknesses 
(6–9 km) can be explained by extents of magmatic additions or influences from prerifting structures. 
In contrast, the normal oceanic crust is relatively thin, around 5–8 km. The seismic velocity and gra-
dient of Layer 2 in the spreading ridge (C5e-C5c) decreased rapidly compared to near the OCT region 
(C12-C11) (Figure 9b), reflecting a greater degree of fracturing and less compaction of the cracks (R. 
S. White et al., 1992). At the same time, there are similar velocity differences between the OCT and the 
oldest oceanic crust compiled from the NW subbasin (Figures 9a and 9b). The narrow OCT (∼50 km) 
and the prominent magmatism suggest that the early stage oceanic crust may have merged into the 
highly fractured continental crust. The results are consistent with the IODP drilling that revealed a 
narrow and fast rift-to-drift transition with abundant MORB-type melts along the margin of the NW 
subbasin (Larsen et al., 2018).

5.3.  Origin of the Low-Velocity Upper Mantle and the High Magnetic Anomaly

The obvious low-velocity structure (∼7.7 km/s; Figures 5b and 5c) extending more than 3 km below 
the Moho in the Zhongjiannan Basin can be interpreted as an indicator of serpentinization in the up-
per mantle (Miller & Christensen, 1997) or the presence of partial melting (Henry et al., 1990). The 
∼3  km thick molten material with velocity of ∼7.7  km/s would have required a Moho temperature 
higher than 1000°C (White & McKenzie, 1989). However, the heat flow value measured here is about 
60 mW/m2 (Shi et al., 2002), which indicates that the temperature below the crust is less than 500°C, 
not high enough to cause extensive melting. The long-lasting rifting and crustal cooling likely lead to a 
completely brittle crust and faults cutting into the upper mantle (Franke et al., 2014; Perez-Gussinye & 
Reston, 2001). In addition, as the regional extension was accommodated by intrusion, the detachment 
system will be replaced by high angle normal faults as the strain rate decreases (Bosworth, 1994). Since 
the crust is only ∼6 km thick, serpentinization could originate from penetration of water into the upper 
mantle through the normal faults bordering the blocks (Figure 10c) (Dean et al., 2000). In this scenario, 
seismic velocity of ∼7.7 km/s corresponds to about 13% of the partial serpentinization of the upper 
mantle (Mechie et al., 1994). Similar serpentinized upper mantle has been proposed to exist beneath 
the fossil spreading ridge in the SW subbasin, where very thin oceanic crusts and widely distributed 
crustal faults were measured (Yu et al., 2018; Zhang et al., 2016a). Nevertheless, the limited extent and 
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degree of the serpentinized mantle may indicate short-term fault activity (Bayrakci et al., 2016) or high 
temperatures at that time (Perez-Gussinye & Reston, 2001). This again agrees with the narrow OCT in 
the study region due to the rapid onset of oceanic crust accretion.

Spectral analysis of the magnetic field in the SCS indicates that deep magnetic layers at the lower crust or 
upper mantle contribute to both the SCMA and anomalies near the OCT (C. F. Li & Song, 2012). The mantle 
serpentinization of ∼13% beneath the Zhongshanan Basin, if it exists, is likely not be the dominant source 
of the high magnetic anomaly in this area, as very partially serpentinized upper mantle makes a limited 
contribution to the magnetic anomaly (Fujii et al., 2016). The long-wavelength magnetic anomalies were 
frequently observed over cratons and forearcs and were considered to be caused by magnetic uppermost 
mantle (Ferre et al., 2014). Forward modeling of the magnetic anomalies from xenoliths shows that high 
magnetization of the upper mantle usually corresponds to low geothermal settings (Friedman et al., 2014). 
Generally, rift valleys such as the Zhongsha Trough are too hot to form strong mantle magnetism, which is 
verified by the magnetic data in the northwestern margin (Figure 9a). However, the heat flow values are low 
along the Zhongjiannan Basin, which may be related to the highly fractured crust. The deep mantle mag-
ma accompanying the formation of the oceanic crust could have provided material source for the mantle 
magnetite.
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Figure 9.  (a) Magnetic anomaly map of the SCS. Dashed yellow lines denote OBS profiles along the NW margin, while solid blue lines denote the ones 
at the spreading ridge. The solid purple line denotes a segment of the OBS2006-1 in the NW Subbasin. Green lines enclose high magnetic anomalies 
near the slopes. Yellow stars are IODP drillings during the 367/368 cruises. NW, Northwestern Subbasin; East, Eastern Subbasin; SW, Southwestern 
Subbasin; RB, Reed Bank; XST, Xisha Trough; ZB, Zhongsha Bank; ZST, Zhongsha Trough; LYXT: Liyuexi Trough; ZH, Zhenghe Massif; ZNF, Zhongnan 
Fracture Zone; ZSNB, Zhongshanan Basin. (b) Compilation of the velocity structures in the SCS. The dashed line represents the averaged velocity-depth 
profile in the Zhongshanan basin. OC, Oceanic crust. (c) A segment of the reflection seismic profile along the OBS2013-1, which is denoted by the bold 
solid yellow line in Figure 9a. The yellow dotted lines denote the sedimentary boundaries, and the transparent shaded area denotes the buried volcanic 
extrusions.
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5.4.  Discussion of a Possible Continental Breakup Propagation of Rifting in the NW Margin

From 32 to 23 Ma, the ESB opened in a north-south direction (Figures 10a and 10b), while the continental 
breakup propagated at a much lower rate from east to west, as suggested by the angle between magnetic 
anomalies and the rifted margin (Le Pourhiet et al., 2018). Three-dimensional numerical simulations have 
proposed that far-field compression imposed by gravitational potential from the Indochinese Peninsula 
could explain the stalled propagation (Jourdon et al., 2020; Le Pourhiet et al., 2018). The ∼1000-km-wide 
west SCS margin formed during this stagnation period, and some rifted structures striking in the direction 
of the propagation, for example, the Xisha Trough and the ZSNB have been influenced by the stalled E-W 
propagator. From the velocity model and the compilation in Figure 9, the crust with a thickness of 6–9 km 
(stretching factor of 3–5) along the OCT regions has a width of less than 50 km, at the scale of the local-
ized deformation as indicated at the propagator tip (Le Pourhiet et al., 2018). The continental margin can 
also be heavily modified by tectonic structures in front of the propagation, for example, breakup obliquity 
and transcurrent rifting (Jourdon et al., 2020), during which, the transcurrent rifting evolves as a highly 
localized crustal-scale strike-slip deformation accompanied by exhumed weak crust. This simulated result 
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Figure 10.  (a) Maps of the magnetic and (b) gravity anomaly of the SCS reconstructed at 23.1 Ma using rotation poles from the GPlates software (Boyden 
et al., 2011). Yellow areas outlined by dotted lines mask the high magnetic anomaly representing the OCT along the slopes. Green lines are identified magnetic 
anomalies, representing mature oceanic crust. The blue and white arrows indicate the direction of early and late stages of the seafloor spreading (Briais et al., 
1993), respectively. The dashed lines represent the possible strike-slip faults imaged on the Zhongsha Bank (ZB) (X. X. Huang et al., 2020). Dotted lines mark 
the transform faults identified based on the gravity and magnetic anomalies (Larsen et al., 2018; C. F. Li & Song, 2012). Solid lines denote the reconstructed 
COB. (c, d) Schematic models for the evolution of the continental margin (c) before and (d) after the seafloor spreading between the Zhongsha Bank (ZB) and 
the Reed Bank (RB). The location is shown by the blue lines in Figures 10a and 10b. UC, upper crust; LC, lower crust; OC, Oceanic crust.
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coincides with the observation of an exhumed ductile layer across the Zhongsha Trough. Besides, a short 
strike-slip fault trending NW-SE can be identified from the reflection seismic data across the Zhongsha 
Bank (Figure 10; X. X. Huang et al., 2020). We adopt the consideration by Liang et al.  (2019) that both 
detachments along the Zhongsha Trough and the Liyuexi Trough started at the time just before seafloor 
spreading in the SW subbasin (∼23.3 Ma). During the resumed opening of the SWSB, the breakup propagat-
ed in the direction rotated by 15° (Sibuet et al., 2016). This obliquity characterizes the rotated basin rifting 
(Figures 10a and 10b), for example, the E-W direction for ZSNB and Xisha Trough, and NE-SW for the 
Zhongsha Trough and the Liyuexi Trough.

6.  Conclusions
Careful reflection and wide-angle seismic modeling revealed the crustal structures in the NW margin of the 
SCS. The conclusions are as follows: 1) Crustal deformation was controlled by detachment faults that sole 
out into a ductile layer at depths of ∼7 km below the basement. A sharp velocity boundary exists between 
this ductile layer and the lower crust in the Zhongsha Trough. 2) The brittle upper crust has detached along 
a ∼20 km wide zone in the Zhongsha Trough, accompanied by thickened lower crust due to magmatic 
additions. 3) A highly thinned continental crust (∼6 km thick) in the Zhongshanan Basin represents the 
OCT where high magnetic anomaly is related to magmatic addition and upper mantle magnetism. Below 
the crust, the upper mantle was likely to be partially serpentinized due to short-term fault activity shortly 
before oceanic spreading. 4) Prominent magmatism at late-stage rifting penetrated the OCT and may have 
led to a rapid onset of production of proto-oceanic crust.

Data Availability Statement
Data sets for this research are available at the link http://doi.org/10.5281/zenodo.3677587.
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