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Key Points: 16 

• Intracrustal deformation that includes detached upper crust and ductile lower crust was 17 

imaged across the Zhongsha Trough, a rift valley. 18 

• Prominent magmatism in the OCT lead to a rapid onset of the embryonic oceanic crust 19 

mixed with the highly fractured continental crust. 20 

• Partially serpentinized upper mantle beneath the OCT indicates short-term fault activity 21 

before the oceanic spreading.   22 
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Abstract 23 

The continental margins of the South China Sea (SCS) have undergone episodic rifting since the 24 

Cenozoic, and there are great divergences in processes of the crustal deformation and seafloor 25 

opening. In this work, we present a P-wave velocity model starting from north of Xisha Trough 26 

to Zhongshanan Basin in the northwestern SCS margin by modeling the ocean bottom 27 

seismometers data of a wide-angle seismic profile OBS2013-1. The results show that the crust 28 

thins symmetrically across the western Xisha Trough, from more than ~20 km at the flanks to 29 

~10 km in the central valley where the sedimentary layers thicken to over 6 km. In the Zhongsha 30 

Trough closer to the deep basin, the upper crust is detached in a ~20 km wide region and the 31 

lower crust is intruded by volcanism and has seismic velocities increased by more than ~0.3 32 

km/s. The volcanic intrusion was blocked by a shearing boundary between the brittle and ductile 33 

crust. A ~50 km wide ocean-continent transition region beneath the Zhongshanan Basin is 34 

underlain by ~6 km thick continental crust and shows high magnetic anomalies related to early 35 

stage magmatism and magnetized upper mantle. These observations, together with plate 36 

reconstructions based on gravity and magnetic analysis, suggest that the continental margin was 37 

deformed by crustal detachment and prominent magmatism that was followed by a rapid 38 

accretion of the oceanic crust.  39 

1  Introduction 40 

The South China Sea (SCS) has been widely recognized as a Cenozoic marginal basin 41 

developed from atypical magma-poor passive rifting (Taylor and Hayes, 1983). Depending on 42 

lithologic composition, rheology and thermal structure of the continental lithosphere, passive 43 

margins can undergo progressive extension in variable styles of crustal deformation (Huismans 44 

and Beaumont, 2014). Over the years, geophysical surveys have revealed an asymmetrical 45 
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conjugate pattern and the depth-related lithospheric extension of the margins in the SCS (Franke 46 

et al., 2014; Huismans and Beaumont, 2014; Huang et al., 2019). However, the rupture mode of 47 

the continental crust and the growing processes of the oceanic crust are still highly controversial. 48 

In 2017, the 367/368 IODP drillings have been conducted in deep water  (> 3000 m; Fig. 1) at 49 

the edge of the northern margin of the SCS to reveal the nature of the transitional structures from 50 

continent to ocean (Jian et al. 2018; Sun et al. 2018). The coring data suggest that the SCS has 51 

experienced fast lithospheric extension without mantle exhumation (Larsen et al., 2018), very 52 

different from the well-established findings along the Atlantic Ocean margins (Dean et al., 2000). 53 

In addition, early-stage magmatism prior to steady-state seafloor accretion was detected 54 

overlying hyper-thinned continental crust (~8 km thick) and showing an east to west propagation 55 

based on interpretation of reflection seismic profiles (Larsen et al., 2018). Accordingly, 56 

interlayer decoupling in the lithosphere could have been facilitated when the pre-rupture 57 

magmatism heating up and reducing the crustal viscosity (Franke et al., 2014). 58 

The lithology measurements of the sampled rocks should be implemented combining 59 

closely with deep structure detection such as the geophysical exploration. The obtained seismic 60 

structures will provide an explanation for the rheological behavior of the continental crust (e.g., 61 

the weak zones and interlayer decoupling) that finally determines the transition pattern from 62 

rifting to rupturing (Huismans and Beaumont, 2014). Moreover, original architecture and thermal 63 

structure of the crust usually evolved during poly-phased extension (Brune et al., 2014), and it 64 

requires a comparison of the deforming expressions in time and space. In this work, we present a 65 

P-wave velocity model from a wide-angle seismic survey starting from the slope area in the 66 

northwestern margin of the SCS to the south of the Zhongsha Bank (Macclesfield Bank; Fig. 1b). 67 

Seismic travel times were modeled to image the rift-related structures e.g. brittle/ductile behavior 68 
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of the continental crust, and thus to provide further insights into the crustal deformation during 69 

rifting. The crusts show a regional deformation pattern in the failed rifts, and hyper-thinned 70 

continental crust in the ocean-continent transition zone (OCT) is overprinted by early-stage 71 

magmatism, which is in good agreement with the shallow lithology measurements from IODP 72 

drilling. 73 

 74 

Fig. 1 Location map showing the study region in the South China Sea. (a) High magnetic 75 

anomalies close to the slopes and in the northeastern (NE) margin are both represented by green 76 

masked polygons. Distribution of the high velocity layer (HVL) is enclosed by dashed yellow 77 

line. The dashed white line is the continent-ocean boundary (COB) referring to Li and Song 78 

(2012). SCMA – South China Magnetic Anomalies along the NE margin of the SCS; RB - Reed 79 

Bank. The inset shows the tectonic setting of the SCS, in which, Eu is the Eurasia Plate, In is the 80 

India Plate, Au is the Australian Plate, Pf is the Philippine Plate and Sc is the South China block. 81 

(b) Map showing the seismic profiles and the IODP drilling sites. In which, OBS2013-1 is 82 

marked by a red line and the circles along the line represent OBS locations. Other profiles are 83 



manuscript submitted to Tectonics 

 

labeled and shown as black lines, OBS2011-1 (Huang et al., 2019); OBS-2014 (Pichot et al., 84 

2013); OBS1996-4 (Qiu et al., 2001); OBS2006-1 (Wu et al., 2011); OBS2006-2 (Ao et al., 85 

2012); and OBS-Zhang (Zhang et al., 2016). The dashed red line is the aborted spreading ridge. 86 

QDN - Qiongdongnan Basin; PRB - Pearl River Mouth Basin; XST - Xisha Trough; ZB – 87 

Zhongsha Bank; ZST - Zhongsha Trough; ZSNB – Zhongshanan Bain; ZNF - the Zhongnan 88 

Fracture Zone. 89 

2 Geological Setting 90 

 The SCS margins developed along a NE-strike divergent setting due to rollback of the 91 

subducted Paleo-Pacific plate in the Late Mesozoic (Taylor and Hayes, 1983). Long-lasting 92 

continental rifting of the margins started in the latest Cretaceous to Early Paleocene (~65 Ma) 93 

and ceased prior to the progressive seafloor opening from ~32 Ma to ~15 Ma (Briais et al., 1993; 94 

Larsen et al., 2018). As a result, the SCS evolved into segmented sub-basins (Taylor and Hayes, 95 

1983), and the margins also show along-strike deforming patterns of the continental crust 96 

(Franke et al., 2014; Hayes and Nissen, 2005). For the northern margin, the eastern segment is 97 

characterized by the presence of a high velocity layer (HVL; the location is shown in Fig. 1a) 98 

underlying either hyper-thinned continental crust or separated upper crust (McIntosh et al., 2014). 99 

A remarkable high magnetic anomaly belt in the northern margin (SCMA) has long been 100 

discussed and considered as a remnant of Mesozoic subduction arc (Wan et al., 2017). In 101 

comparison, the western section exhibits a normally extended continental crust (Hayes and 102 

Nissen, 2005), alternating with aborted rifts and rigid blocks in broad region. However, volcanic 103 

relics associated with the Mesozoic subduction have also been recognized along the northwestern 104 

and its conjugate margins, characterized by sporadically distributed high-amplitude positive 105 

magnetic anomalies (Li et al., 2018). Whether or not the HVL exists in these areas is debated, as 106 
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several wide-angle seismic surveys reported its absence (Wu et al., 2011; Qiu et al., 2001), 107 

whereas a few reflection seismic surveys and gravity modeling revealed scattered HVLs (Pichot 108 

et al., 2013; Qiu et al., 2013). Besides, performance of the ductile crustal layers also shows a 109 

high discrepancy between different investigations, in terms of the amount of stretching within the 110 

crust (Zhu et al., 2016). 111 

 The NW margin of the SCS, bordered by the Red River Fault Zone to the west (Fig. 1a), 112 

preserves lithospheric deformation features from episodes of the rifting processes. Basin analysis 113 

has revealed a zonal distribution of the tectonic stresses (Ren and Lei, 2011), including the 114 

collision-induced extrusion of the Indochina block in the west that has formed pull-apart basins 115 

like the Yingehai basin, Zhongjiannan basin and east of the Qiongdongnan Basin (Fig.1b). For 116 

the eastern part where the Xisha Islands (Paracel Islands) and the Zhongsha Trough are located, 117 

grabens and horsts were mainly shaped by normal and low-angle faults in extension and 118 

characterized by ductile shearing of the continental crust (Ren et al., 2014). Wide-angle seismic 119 

surveys have imaged highly extended continental crust with a thickness of less than 8 km along 120 

these troughs and basins, e.g., the Xisha Trough, which represents an aborted rift valley (Qiu et 121 

al., 2001). Seismic surveys using seafloor cables have identified strong post-spreading volcanism 122 

and hydrothermal activity along the rift faults, while the syn-rift igneous rocks are rarely visible 123 

above the crust (Gao et al., 2016).  124 

Tectonic subsidence is considerably delayed for more than 10 Myrs due to ongoing rifting or 125 

rising asthenospheric material along the NW margin (Franke et al., 2014), and the uplifted 126 

basement thus provided a good place for growth of the reefs around the Xisha Islands (Ma et al., 127 

2011). Controversy still exists mainly concerning the basement nature and age beneath the 128 

islands. Several boreholes have been drilled on the islands for dating and classifying the 129 
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basement rocks (e.g. XY1 and XK1 in Fig. 1b). Precambrian granitic rocks have been drilled and 130 

dated at the borehole XY1 (Zhang 1991). Nevertheless, results from the latest coring data from 131 

the borehole XK1 indicate that the basement rocks are constituted by Late Mesozoic igneous 132 

rocks, possibly representing the widespread volcanic intrusions over the SCS due to the Paleo-133 

Pacific subduction (Zhu et al., 2017). Volcanic rocks dredged near the Zhongsha Bank in the east 134 

of the Xisha Islands were also dated with a Late Mesozoic age (Jin 1989). Geophysical surveys 135 

show that the Zhongsha Bank consists of extended continental crust with a thickness of more 136 

than ~20 km (Wu et al. 2011). Localized crustal deformation and magmatism was prevailing at 137 

the edge of these continental banks, as indicated by reflection seismic surveys and analog 138 

modeling on stretching machansim of the rigid blocks (Ding and Li 2016). 139 

3 Data and Methods 140 

3.1 Data acquisition and seismic phases 141 

 In April and May 2013, the ‘Shiptime Sharing Project of NSFC’ conducted a geophysical 142 

cruise across the Xisha Islands using the R/V ‘Shiyan 2’. During the cruise, a ~500 km long 143 

wide-angle seismic profile (OBS2013-1; Fig. 1b) striking NW-SE was acquired starting from 144 

west of the Xisha Trough and reaching the south of the Zhongsha Bank and coinciding with a 145 

multi-channel reflection seismic profile of four streamers. Thirty ocean bottom seismometers 146 

(OBS) spaced at ~15 km were deployed, among which 25 OBSs were successfully recovered and 147 

provided useful data. Four air guns with a total volume of ~98 L were deployed ~30 m behind 148 

the vessel and shot every 120 s, leading to ~300 m shot spacing at a ship speed of ~5.0 Kn.  149 
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 150 

Fig. 2 Seismic modeling of the OBS data. (a) A segment of the reflection seismic data section. 151 

The white circles mark locations of the OBSs. The solid line and the dashed lines respectively 152 

represent the seafloor and the sedimentary interfaces from the forward modeling. (b) Seismic 153 

section of OBS19, overlain by the calculated travel times in different colors. The reduced 154 

velocity is 8.0 km/s. Location of OBS19 is shown in Fig.1b. (c) A segment of the forward 155 

velocity model. Seismic ray paths are shown in colored lines. 156 
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 157 

Fig. 3 Seismic modeling of the data from OBS03. The reduced velocity is 8.0 km/s. Location of 158 

OBS03 is shown in Fig.1b. Seismic ray paths are shown in colored lines. 159 

 The raw seismic data were corrected for the clock-drift, and instrument positions were 160 

relocated by fitting the direct water-wave traveltimes using the least-square method (West et al., 161 

2001). A spectrum-whitening deconvolution was used to remove the bubble reverberations and 162 

highlight the primary arrivals. Automatic gain of the seismic amplitudes and zero-phase band-163 

pass filter (3-15Hz) were also applied to further enhance the seismic signals. The reflection 164 

seismic data were processed following basic steps, including trace sorting, filtering and 165 

automatic gain. The OBS sections show clear refracted phases traveling though the sediments 166 

(Ps), the crust (Pg) and the upper mantle (Pn). Sedimentary reflections (PsP1, PsP2) as well as 167 

reflections from top basement (PsP3), mid-crustal interface (PcP) and the Moho (PmP) were also 168 
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identified (Fig. 2 - 4). A total of 10346 arrivals including 5856 refractions and 3992 reflections 169 

were finally picked.  170 

3.2 Velocity modeling 171 

 The P-wave velocity structures were constraint jointly by forward modeling (Zelt and Smith, 172 

1992) and tomographic inversion (Korenaga et al., 2000) of the seismic data. A combination of 173 

both approaches allows drawing a user-independent velocity model including as much available 174 

information as possible (Huang et al., 2019). The forward modeling was proceeded using the 175 

layer-stripped method to decrease the misfits between the picked and calculated traveltimes (see 176 

Fig.3-4 and the supplementary material). Firstly, a 3-layer sedimentary model with variable 177 

velocities in a range of 1.7-4.5 km/s below the seafloor was constructed by forward modeling of 178 

the Ps and PsP phases. Velocities whin the sediments decide the seismic phase morphologies, 179 

which is more easily identified when the sedimentary layer is less fluctuated, as shown in the left 180 

branch of Fig.3. Velocity boundaries between the sedimentary layers as well as the basement 181 

were converted from depth to two-way traveltime and match the reflection seismic data (Fig. 2a). 182 

Secondly, tomographic inversion of the crustal structures was implemented using Pg and PmP 183 

phases, taking the sediments as input information. Finally, the inversion model was further 184 

revised by forward modeling to prevent over interpretation of the data. Velocity boundaries 185 

within the crust were continuously traced by the PcP phases (Fig. 4), thus providing information 186 

for imaging internal structures of the crust (Fig. 2). The identification and modeling of the inter-187 

crustal interface were verified by calculating the synthetic waveforms based on zero-order 188 

asymptotic ray theory (Zelt and Ellis, 1988). Basically, the theoretical PcP phases with relative 189 

higher amplitudes correspond to the real phases that are easy to pick (Fig. 4). The velocities of 190 

the upper mantle were modeled based on the Pn phases once the crust was well constraint.  191 
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 192 

Fig. 4 The PcP phases recorded in OBS19, OBS20 and OBS21. Red dotted lines denote the 193 

picked PcP phases. For each OBS, the upper panel shows the real seismic profile, while the 194 
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lower panel shows the synthetic one based on the velocity model and the calculated traveltimes. 195 

The reduced velocity is 8.0 km/s. 196 

4 Results 197 

 Modeling of the OBS2013-1 data resulted in a velocity model showing sedimentary and 198 

crustal structures along the complete NW margin to a depth of 30 km (Fig. 5b). The sedimentary 199 

and crustal structures will be discussed together with the interpretation of the reflection seismic 200 

data. This helps to better understand the deforming pattern of the continental crust as well as the 201 

magmatic activity along the margin. The modeling errors are discussed below, and main features 202 

of the velocity model are described according to the major tectonic units. 203 

4.1 Error calculations of the velocity model 204 

 The tomographic model was parameterized in a grid mesh with node spacing of 0.5 km in 205 

the horizontal dimension and 0.05-0.25 km in the vertical dimension increasing downward. The 206 

Moho and the inter-crustal boundary were both defined with uniform 1 km spacing. Smoothing 207 

weighting factors for the velocity and depth were set to 200 and 20 after conducting a set of trials 208 

to avoid artifacts in the velocity models. Checkerboard tests of the model resolution were applied 209 

to the final tomographic model (Fig. 6a-c) (Korenaga et al., 2000). A rectangular perturbation 210 

pattern of 8% of the velocities, with a horizontal cell-size of 25 km and vertical cell-size 6 km 211 

can be successfully recovered (Fig. 6b and Fig. 6c). More details can be revealed in the inversion 212 

model (Fig.6d) than the forward one (Fig.5c) mainly for the upper crust, and the velocity 213 

perturbation and sizes in both models are within the identifiable range as indicated by the 214 

checkerboard tests. The uncertainty of the layered structures in the final forward model was 215 

assessed using a Monte Carlo approach (VMONTECARLO; Loureiro et al., 2016). 500,000 216 

random models were constructed and evaluated to produce a global uncertainty map of the 217 
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velocity and depth nodes (Fig. 7). Generally, the velocity uncertainty varies between ±0.3 km/s 218 

while the Moho-depth uncertainty ranges between ±1 km. Large velocity uncertainty values were 219 

located near the Moho and the inter-crustal interface, indicating either a poor ray coverage or a 220 

strong trade-off between the depth and velocity at the velocity boundary (Loureiro et al., 2016).  221 

4.2 Structures beneath the Xisha Trough and its flanks 222 

 A 3- to 6-km-thick Cenozoic sedimentary sequence was imaged along the west Xisha 223 

Trough, composed of three layers with velocities of 1.7-4.5 km/s and velocity discontinuities 224 

between 0.1-0.5 km/s across the interfaces. The top of the basement is characterized by a long-225 

wavelength morphology variation across the section, showing a progressive deepening toward 226 

the shelf foot. This results in a thickened sedimentary layer and formation of a ~70 km wide half-227 

graben. A basement high is located at the trough center and overlain by a seamount with average 228 

seismic velocity of ~3.5 km/s. For comparison, the sedimentary cover of the Xisha Islands is 229 

much thinner (~2.5 km) and overlies a relative shallow basement at ~3 km depth. 230 

 The Moho is located deeper than 22 km below the shelf at the Xisha Islands, and rises 231 

progressively toward the Xisha Trough to ~17.5 km. The P-wave velocity increases from 5.0 232 

km/s at the basement’s top to ~6.8 km/s at the bottom of the crust. A velocity boundary near the 233 

isovelocity contour of 6.4 km/s was sampled by the PcP phases in a 30-km wide area, and the 234 

velocity contrast across this boundary is ~0.1 km/s. 235 

4.3 Zhongsha Trough and Zhongshanan Basin 236 

 A series of horsts and grabens developed across the Zhongsha Trough, with basement highs 237 

and intermediately thick sedimentary deposits (~3 km). Velocities at the basement top vary 238 

between 5.0 and 5.6 km/s. The Moho becomes shallower rapidly from ~23 km in the Xisha 239 



manuscript submitted to Tectonics 

 

Islands to ~15 km and ~11 km respectively in the Zhongsha Trough and the Zhongshanan Basin, 240 

over a distance of ~100 km. The crustal thickness is ~6 km in the Zhongshanan Basin, where a 241 

lens-shaped layer less than 2 km thick was modeled by seismic velocities of ~3.8 km/s on top of 242 

the basement. It was also identified in the reflection seismic section and corresponds to a high 243 

positive magnetic anomaly (~170 nT; Fig. 5a and Fig. 9c). 244 

 The crustal velocities also show a complex variation across the Zhongsha Trough. The 245 

upper crust, taking the 6.4 km/s isovelocity line as the lower boundary, is stretched to be less 246 

than 5 km thick and accompanied by uplifted lower crust. Accordingly, velocity in the lower 247 

crust increases by ~0.3 km/s forming a sharp velocity contrast across the boundary (Fig.5c-d), 248 

which can be continuously traced in a range of ~90 km by the PcP phases (Fig. 4). A similar 249 

inter-crustal velocity boundary is located beneath the Zhongshanan Basin, where the velocity 250 

contrast is slightly reduced to 0.1-0.2 km/s (Fig.5c-d). The uppermost mantle beneath the basin 251 

shows a lower average velocity at ~7.7 km/s than the adjacent areas, in a horizontal range of ~50 252 

km and vertical depth of more than 3 km from the Moho. 253 
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 254 

Fig. 5 Final seismic model and velocity perturbation of the OBS2013-1. (a) Gravity anomaly 255 

(black line) and magnetic anomaly (red line). (b) Reflection seismic data section. (c) P-wave 256 

velocity model. CC - continental crust; RC - rift valley crust; DC - detached crust; HC - hyper-257 

thinned crust. (d) Velocity perturbation in the crust shown in positive (blue) and negative (red) 258 

values. The thick red lines show the faults cutting the basement. The green lines outline the 259 

ductile layer between the normal upper crust and the lower crust. The black dashed line shows 260 

the Moho, while the thin red solid lines show the constraint inter-crustal interface. 261 
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 262 

Fig. 6 Results of the checkerboard tests for the velocity model. The amplitude of the velocity 263 

perturbation is 8%. (a) Original perturbed forward model, with anomaly size in 25 km × 6 km. (b) 264 

Recovered anomalies in 25 km × 6 km. (c) Recovered anomalies in 15 km × 6 km. (d) The 265 

tomographic inversion model. In which, the purple dashed lines are the inverted velocity 266 

interfaces. 267 
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 268 

Fig. 7 Monte Carlo uncertainty tests of the forward model. The hatched areas at the intra-crustal 269 

boundary (IB) and the Moho denoted the depth uncertainties for the both boundaries. Dashed 270 

yellow and green lines, respectively, indicate the best random model’s and the forward model’s 271 

IB and Moho. (a) Positive velocity uncertainties of the forward model. (b) Negative velocity 272 

uncertainties. 273 

5 Discussion 274 

5.1  Intracrustal deformation and identification of a ductile layer 275 

 The velocity model provides direct evidence for the intracrustal deformation, as the inter-276 

crustal boundary (Fig. 7a) and the Moho have been precisely mapped. The model can be divided 277 

into four distinct sections according to these crustal structures (Fig. 5c). The Xisha Islands and 278 

the shelf area are identified as continental blocks that have experienced weak and uniform 279 

stretching. The crustal thickness (~22 km) is in good agreement with the values derived from the 280 
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receiver functions on the islands (Huang et al., 2011). Along the western Xisha Trough, the crust 281 

has been stretched to be as thin as ~10 km beneath the half graben that is named the Songnan 282 

Sag of the Qiongdongnan Basin (Ren et al., 2014). Between OBS01 and OBS02, the top 283 

basement shows an increased velocity by ~0.5 km/s compared to both sides (Fig. 5d), which is 284 

also proposed by Qiu et al. (2013). In earlier work, it was proposed to represent a detachment 285 

fault that shaped the half graben within the basin (Ren et al. 2014). This fault may not only 286 

contribute to the gravity anomaly identified along our model (Fig. 5a), but also the associated 287 

variation of the seismic velocity (Fig. 5d). A similar complex basement shape was also presented 288 

by Qiu et al. (2001), and the basement high in the center can be interpreted as a rotated 289 

continental block related to a rollover anticline (Ren et al., 2014). Using an initial crustal 290 

thickness of 30 km, it corresponds to a stretching factor β of 3.0 that is less than the value 291 

calculated from the Xisha Trough (β=~3.8; Qiu et al., 2001), probably due to the westwards 292 

propagated continental rifting. 293 
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 294 

Fig. 8 Enlarged topography of the Zhongsha Trough (top), where the white circles are OBSs and 295 

the two arrows show the volcanic ridges. (Bottom): reflection image of the volcanic 296 

ridges/intrusion. 297 

 In the southern part of the profile, a prominent rise of the Moho and a relatively shallower 298 

basement than the north are modeled, reflecting the delayed subsidence of the NW margin of the 299 

SCS (Franke et al., 2014). Instead of a wide rift valley like the Xisha Trough, a series of half 300 

grabens distributed along this region bordered by seaward dipping faults and corresponding 301 

basement highs were imaged. These faults extend down to depths of approximately 7 km where 302 
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the velocity shows high perturbations and distinctive gradients (Fig. 5c and Fig. 5d). Strikingly, 303 

the crust with velocity lower than 6.0 km/s is dismantled along a small window about 20 km 304 

wide in the Zhongsha Trough (near OBS23), with rotated basement on both flanks that might 305 

also represent rollover structures. Magnetic profiles show anomalies of ~50 nT along the 306 

Zhongsha Trough (Fig. 5a), following closely these faults and rollover structures. In contrary to 307 

the SCMA, this weak-to-intermediate anomaly might correspond to metamorphic basements or 308 

fault-controlled volcanic ridges as shown in the topography (Fig. 8).  309 

 The top boundary of the lower crust can be imaged in an extended range, buried at a depth 310 

of ~13 km across the Zhongsha Trough (Fig. 5c). Previous long-cable seismic surveys also 311 

imaged reflectors at around ~15 km depth in the northern and western SCS margins, where the 312 

listric faults sole out and which may represent the brittle-ductile transition zone (Lester et al., 313 

2014). By considering the brittlely deformed upper crust along the detachment fault, we propose 314 

that a ~5 km thick ductile layer exists beneath the upper crust, separated from the lower crust by 315 

a shearing surface (Fig. 5c-d). Reflected phases from the top boundary of this ductile layer were 316 

not detected, possible due to a small seismic impedance contrast or a low resolution of the OBS 317 

data. Franke et al. (2014) suggested that the ductile layer might be the shallower portion of the 318 

lower crust, which is important for compensating the upper crustal extension. Shi et al. (2002) 319 

have also presented a similar rheological stratification across the Xisha Trough based on the 320 

thermal modeling, in which the lower crust shows high rheological weakness. Thickness of the 321 

lower crust beneath the shearing surface appears to be 2-3 km more under the Zhongsha Trough 322 

than the blocks on both sides (Fig. 5c). The bottom of the lower crust shows slightly increased 323 

velocities of up to 7.1 km/s (Fig. 5c-d). Similar to the Kenya and Baikal rifts, this may indicate 324 

magmatic additions during rifting (Thybo and Nielsen, 2009). From our model, the highly 325 
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reflective top of the lower crust indicates a prominent velocity/density contrast, which could 326 

have been enhanced by a front of intruded sills blocked at the ductile boundary (Fig. 5d and Fig. 327 

10c, d). Nevertheless, the average velocity of the lower crust of ~6.8 km/s is much lower than the 328 

HVL (possibly corresponding to volcanic underplating) in the NE margin (Wan et al., 2017), 329 

reflecting different extents or sources of the volcanic activities. 330 

5.2 Hyper-thinned continental crust in the OCT 331 

 A stretching factor of ~5 can be calculated in the Zhongshanan Basin off Zhongsha Bank, 332 

representing a possible location for breakup of the continental crust (White and McKenzie, 1989). 333 

In order to determine the nature of the crust, averaged velocity-depth profiles were extracted 334 

from the velocity model (Fig. 9b). It shows that the crustal velocities and thickness are in good 335 

agreement with those from typical Atlantic oceanic crust (White et al., 1992). A two-layer 336 

structure, separated by a clear velocity step, represents the oceanic layer 2 and layer 3. However, 337 

the magnetic anomaly in this area does not show the pattern with clear stripes as found in the 338 

deep basin representing the steadily formed oceanic crust (Fig. 9a). Such long-wavelength 339 

magnetic anomalies can also be recognized alongside other slope regions of the SCS (Fig. 9a). 340 

Here, the buried layer (velocity of 3.8 km/s) overlying the basement may represent volcanic 341 

extrusions and contribute partly to the magnetic anomaly. In addition, the horizontally overlying 342 

strata indicate that these magmatic activities occurred earlier (Fig. 9c). A similar magnetic 343 

anomaly has been observed along the OCT of the Central and North Atlantic margins, 344 

representing pre-spreading magmatic intrusions or underplating (Nirrengarten et al., 2017). 345 

However, normal crustal velocities (5.0-7.0 km/s) and a reflective Moho in our model exclude 346 

both underplated melting and exhumed mantle as an explanation for these anomalies. More 347 
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likely, the faults at the rim of blocks, as well as the igneous intrusion suggest a hyper-thinned 348 

continental crust in this region.  349 

 We also compiled the crustal structures along the slope regions with high magnetic 350 

anomaly in the NW margin and the oceanic basins from published velocity models (Fig. 9b) 351 

(Huang et al., 2011; Wu et al., 2011; Zhang et al., 2016; Zhao et al., 2018). The structures share 352 

common characteristics including a narrow high velocity band and a high velocity gradient of the 353 

upper crust similar to the global characteristics of the OCT (Christensen and Mooney, 1995). 354 

Variation of the crustal thicknesses (6-9 km) can be explained by extents of magmatic additions 355 

or influences from pre-rifting structures. In contrast, the normal oceanic crust is relatively thin, 356 

about 5 to 8 km. The seismic velocity and gradient of layer 2 in the spreading ridge (C5e-C5c) 357 

decreased rapidly compared to that near the OCT region (C12-C11) (Fig.9b), reflecting a greater 358 

degree of fracturing and less compaction of the cracks (White et al., 1992). At the same time, 359 

there are similar velocity differences between the OCT and the NW Sub-basin with the oldest 360 

oceanic crust  (Fig. 9a, b). The narrow OCT (~50 km), as well as the volcanic intrusions and 361 

extrusions suggest a prominent magmatism at late-stage rifting, which may lead to a rapid onset 362 

of the embryonic oceanic crust mixed with the highly fractured continental crust (Fig. 10c-d). 363 

The results are consistent with the IODP drilling that revealed a narrow and fast rift-to-drift 364 

transition with abundant MORB-type melts along the margin of the NW Sub-basin (Larsen et al., 365 

2018).  366 
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 367 

Fig. 9 (a) Magnetic anomaly map of the SCS. Dashed yellow lines denote OBS profiles along the 368 

NW margin, while solid blue lines denote the ones at the spreading ridge. The solid purple line 369 

denotes a segment of the OBS2006-1 in the NW Sub-basin. Green lines enclose high magnetic 370 

anomalies near the slopes. Yellow stars are IODP drillings during the 367/368 cruises. NW - 371 

Northwestern Sub-basin; East - Eastern Sub-basin; SW - Southwestern Sub-basin; RB - Reed 372 

Bank; XST – Xisha Trough; ZB – Zhongsha Bank; ZST – Zhongsha Trough; ZH - Zhenghe 373 

Massif; ZSNB – Zhongshanan Basin. (b) Compilation of the velocity structures in the SCS. The 374 

dashed line represents the averaged velocity-depth profile in the Zhongshanan basin. OC – 375 

Oceanic crust. (c) A segment of the reflection seismic profile along the OBS2013-1, which is 376 

denoted by the bold solid yellow line in Fig.9a. The yellow dotted lines denote the sedimentary 377 

boundaries, and the transparent shaded area denotes the buried volcanic extrusions. 378 

5.3 Origin of the low-velocity upper mantle and the high magnetic anomaly 379 
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 The obvious low-velocity structure (~7.7 km/s; Fig. 5b-c) extending more than 3 km below 380 

the Moho in the Zhongjiannan Basin can be interpreted as an indicator of serpentinization in the 381 

upper mantle (Miller and Christensen, 1997) or the presence of partial melting (Henry et al., 382 

1990). The ~3 km thick molten material with velocity of ~7.7 km/s would require a Moho 383 

temperature greater than 1000 °C (White and Mckenzie, 1989). However, the heat flow value 384 

measured here is about 60 mW/m2 (Shi et al., 2002), which roughly means that the temperature 385 

below the crust is less than  500 °C, not high enough to cause present-day melting. Since the 386 

crust is only ~6 km thick, serpentinization could be originating from penetration of water into the 387 

upper mantle along the normal faults bordering the blocks (Fig. 10c) (Dean et al., 2000). In this 388 

scenario, seismic velocity of ~7.7 km/s corresponds to about 13% of the partial serpentinization 389 

of the upper mantle (Mechie et al., 1994). A similar serpentinized mantle has been proposed to 390 

exist (7.6 km/s in velocity and ~3 km in thickness) beneath the fossil spreading ridge in the 391 

Southwest Sub-basin (OBS-Zhang; Fig. 1b) (Zhang et al., 2016). There, an extremely low heat 392 

flow < 50 mW/m2 was measured (He et al., 2001) and was considered to be related to the 393 

Zhongnan Fracture Zone (the ZNF in Fig. 1b). In any case, the limited extend of serpentinized 394 

mantle may indicate a short-term fault activity (Bayrakci et al., 2016) or oblique extension 395 

(White et al., 1992). This agrees again with the narrow OCT in the study region due to the rapid 396 

onset of the oceanic crust accretion. 397 

 Spectral analysis on the magnetic field in the SCS indicates that deep magnetic layers at the 398 

lower crust or upper mantle contribute to both the SCMA and anomalies near the OCT (Li and 399 

Song, 2012). The mantle serpentinization of ~13% beneath the Zhongshanan Basin, if it exists, 400 

should not be the dominant source of the high magnetic anomaly in this area, as very partially 401 

serpentinized upper mantle contributes only little to the magnetic anomaly (Fujii et al., 2016). 402 
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The long-wavelength magnetic anomalies were frequently observed over cratons and forearcs 403 

and were considered to be caused by magnetic uppermost mantle (Ferre et al., 2014). Forward 404 

modeling of the magnetic anomalies from xenoliths show that high magnetization of the upper 405 

mantle usually corresponds to low geothermal settings (Friedman et al., 2014). Normally, rift 406 

valleys such as the Zhongsha Trough might be too hot to form strong mantle magnetism, which 407 

is verified by the magnetic data in the northwestern margin (Fig.9a). However, the heat flow 408 

values are commonly low along the Zhongjiannan Basin, which may be related to the highly 409 

fractured crust. The deep mantle magma accompanying the formation of the embryonic oceanic 410 

crust could have provided material source for the mantle magnetite. 411 

 412 

Fig. 10 Maps of the magnetic (a) and gravity anomaly (b) of the SCS reconstructed at 22.5 Ma 413 

using rotation poles from the Gplates software (Boyden et al., 2011). Yellow areas mask the high 414 

magnetic anomaly representing the OCT along the slopes. Green lines are identified magnetic 415 
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anomalies, representing mature oceanic crust. The blue and white arrows represent the early and 416 

late stages of the seafloor spreading (Briais et al., 1993), respectively. Thin dashed lines 417 

represent the possible transform faults identified based on the gravity and magnetic anomalies. 418 

Bold dashed lines denote the reconstructed COB. (c, d): Schematic models for the evolution of 419 

the continental margin before (c) and after (d) the seafloor spreading between the Zhongsha 420 

Bank (ZB) and the Reed Bank (RB). The location is shown by the blue lines in Fig. 10a and Fig. 421 

10b. UC - upper crust; LC - lower crust; OC - Oceanic crust. 422 

6  Conclusions 423 

Precisely reflection and wide-angle seismic modeling revealed the crustal structures in the 424 

NW margin of the SCS. The conclusions are as following: 1) Crustal deformation was controlled 425 

by detachment faults that sole out into a ductile layer at depths of ~7 km below the basement. A 426 

sharp velocity boundary exists between this ductile layer and the lower crust in the Zhongsha 427 

Trough. 2) The brittle upper crust has been detached along a ~20 km wide zone in the Zhongsha 428 

Trough, accompanied by thickened lower crust due to magmatic additions. 3) A highly thinned 429 

continental crust (~6 km thick) in the Zhongshanan Basin represents the OCT where high 430 

magnetic anomaly is related to magmatic addition and upper mantle magnetism. Below the crust, 431 

the upper mantle was likely to be partially serpentinized due to short-term fault activity shortly 432 

before the oceanic spreading. 4) Prominent magmatism at late-stage rifting penetrated the OCT 433 

and may lead to a rapid onset of the embryonic oceanic crust. 434 
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