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A B S T R A C T   

Rheological differences may lead to discrepant thinning order of the crust and lithospheric mantle when the 
continent is passively stretched. The crust breaks up earlier than the lithospheric mantle under a low stretching 
rate when the lower crust is strong; otherwise, the lithospheric mantle may break up earlier than the crust. Here 
we report a new high-resolution wide-angle seismic velocity model from ocean bottom seismometers (OBS) 
across the northern continental margin of the South China Sea (SCS). Significant crustal structure and defor
mation style discrepancies are observed from the proximal to distal margin of the northern SCS. High-velocity 
lower crust (HVLC) up to 10 km in thickness was observed below the Yunli uplift and the oceanward margin, 
indicating magmatic underplating, while nearly no HVLC was found below the highly extended landward sags. 
Seismic data showed a low ratio of upper/lower crustal thickness below the underplating area, presumably 
caused by magmatic accretion and lower crustal flow. Largely seaward-dipping faults with small vertical offsets 
were observed on the seaward side of the HVLC. The OBS and multichannel seismic data favor a model with the 
lithospheric mantle breaking up prior to the crust at the SCS. Based on the observed stratigraphic relationship 
and volcanic rocks dating results, we conclude that erosion of the sedimentary strata is synchronous to the 
magmatic underplating, which indicates that lithospheric mantle breakup occurred at ~43–38 Ma. The northern 
central SCS breakup occurred in two steps, in which the lithospheric mantle broke up ~10 Myr earlier than the 
crust (at ~31–29 Ma).   

1. Introduction 

Rifting and eventual breakup of a continental lithosphere are 
essential tectonic processes to create new oceans and transport the 
magma and heat from the mantle to Earth’s surface. Therefore, under
standing how the rifted margins of various types are formed can yield 
important insights into the evolution of the Earth. According to differ
ences in crustal structure and magmatic activity, rifted continental 
margins are typically divided into magma-rich and magma-poor end- 
members. Magma-rich margins are usually characterized by seaward- 

dipping reflected sequences (SDRs) and are associated with active 
mantle upwelling caused by hotspots or a very fast spreading rate 
(Roberts et al., 1984; Geoffroy et al., 2015). In contrast, magma-poor 
margins are mainly associated with passive mantle upwelling and 
limited magmatism (Boillot et al., 1980; Sawyer et al., 2007; Clerc et al., 
2018). In the absence of mantle plumes, rheological differences may 
lead to discrepant mechanical behavior of the crust and lithospheric 
mantle after the continental lithosphere is hyper-stretched. Previous 
studies suggested that the strength of the lower crust and the coupling 
degree between crust and mantle play an essential role in the breakup 
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order of the crust and lithospheric mantle (Huismans and Beaumont, 
2011; Ros et al., 2017). Generally, a strong lower crust leads to a crustal 
breakup before the mantle, resulting in the exhumed and serpentinized 
mantle at the continental-oceanic transition. In contrast, a weak lower 
crust favors the breakup in the lithospheric mantle rather than in the 
crust and usually generates magmatic underplating. 

No SDR or serpentinized mantle exhumation were found in the 
northern SCS margin implying that the north of SCS belongs to neither a 
magma-rich nor magma-poor margin (Ren et al., 2015; Sun et al., 2018; 
Childress and the Expedition 368X Scientists, 2020). Multichannel 
seismic data shows that the northern SCS has ultra-wide rifted margins 
(Pang et al., 2018; Sun et al., 2019; Li et al., 2019), the huge thickness of 
shallow marine syn-rift sediments (Sun et al., 2019), and thick (Cao 
et al., 2014) and weak (Clift et al., 2002; Sun et al., 2009; Zhang et al., 
2020) lower crust. The IODP expeditions proved a rapid transition from 
the continental breakup to the formation of an igneous oceanic crust 
(Larsen et al., 2018), suggesting that the mechanism of SCS breakup 
along the Eurasian plate edge (Cao et al., 2014) differs significantly from 
that of an ocean, such as the Atlantic. Some studies, therefore, classified 
SCS into magma-intermediate or even magma-robust margin (Sun et al., 
2019; Ding et al., 2020). What drives the rapid transition from rift to 
drift, and what role does magma play in the thinning process? These 
questions require further constraints for the crustal structure to reveal 
the relationship between deep magmatic emplacement and the shallow 
rifting-breakup deformation and sedimentation. 

In this study, we report a new high-resolution OBS profile along the 
main transect of the central south Pearl River Mouth Basin (PMRB), 

along which most IODP drill sites are located or surrounded (Fig. 1). 
Combined with the interpretation of the multichannel seismic data 
(Profile MCS1555) and analysis of crust thickness, a new model was 
proposed to illustrate the breakup process of the SCS. 

2. Tectonic setting 

The South China Sea (SCS) is one of the largest marginal seas in the 
western Pacific, which has experienced the Mesozoic subduction and the 
Cenozoic extension. According to the widespread distribution of the 
subduction-related magmatism on-land and off-land, it has been sug
gested that that the Paleo-Pacific plate had subducted northwestward 
beneath the Eurasian plate from the mid-Jurassic to Late Cretaceous (Li 
and Li, 2007; Li et al., 2018). After the Late Cretaceous, the southeast 
Eurasian transformed from active subduction to passive extension 
(Taylor and Hayes, 1983; Cullen, 2014). Numerical modeling suggests 
that the passive eastern margin was formed by fore-arc splitting, while 
the western margin was developed by arc separation (Li et al., 2020). 
Spatial variations in inherited basement structures before the Cenozoic 
extension may lead to a great variety of rifting structures and breakup 
patterns across the SCS margin, as well as the significant difference from 
the margins of the Atlantic. At the northeastern SCS margin (L20 in 
Fig. 1a), the crust thins from ~25 km beneath the continental shelf to 
~12–15 km beneath the distal margin, with ~4 km of crust thickness 
beneath the continental slope (Lester et al., 2014). The ~3–5 km thick 
high-velocity lower crust (HVLC) was mainly distributed beneath the 
distal margin, suggesting either magmatic underplating or pervasive 

Fig. 1. Regional tectonic map of the study area. (a) Bathymetry map and tectonic features of the northern SCS with the location of OBS2017-BY profile (black bold 
line), MCS1555 (white thin line along the OBS2017-BY profile) and ODP/IODP sites (Sun et al., 2018; Peate, 1997). Wide-angle seismic profiles are shown as black 
dashed lines and labeled, OBS1993 (Yan et al., 2001), OBS2001 (Wang et al., 2006), OBS2006–1 (Ding et al., 2012), OBS2006–3 (Wei et al., 2011), OBS2010–1 (Cao 
et al., 2014) and L20 (Lester et al., 2014). The pink parts of lines are areas with HVLCs. SCS: South China Sea; PRMB: Pearl River Mouth Basin; DR: Dongsha Rise; 
TXNB: Taixinan Basin; QDNB: Qiongdongnan Basin; ZJNB: Zhongjiannan Basin. MT: Malina Trench; PH: Philippines, TW: Taiwan; Orange dashed boxes correspond 
to Fig. 7 (b) Zoom-in bathymetry map of study area. Black dots represent the OBS locations. The magenta line is the location of the 3D-MCS profile showed in Fig. 3a. 
The blue and orange dot lines represent the areas of Baiyun Sag (BY) and Liwan Sag (LW), respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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lower crustal intrusions (Lester et al., 2014). At the central northern SCS 
margin, the crust thickness decreases from ~22 km in the continental 
shelf (the Dongsha Rise in Fig. 1) to ~8–10 km in the deep sea, with 3–5 
km thick HVLC distributed in the base of the lower crust over the shelf 
and slope (OBS1993 in Fig. 1) (Yan et al., 2001). At northwestern SCS, 
the crustal thickness is 16–23 km at the continental slope and decreases 
to ~6 km at the northwest sub-basin (OBS2006–1 in Fig. 1) (Ding et al., 
2012). No HVLC was found at the northwestern margin of the SCS (Ding 
et al., 2012), showing that the crustal structure varies significantly along 
the northern SCS margin. 

The Pearl River Mouth Basin (PMRB) is one of the largest Cenozoic 
extensional basins located in the central area of the northern SCS 
margin. Massive thick sediments and faulting structure of the PMRB 
recorded the rifting process of the SCS margin. The central PRMB 
developed a margin with a width of ~450 km before breakup occurred 
at ~30–31 Ma (corresponding to seismic boundary T70) (Zhou et al., 
1995; Li et al., 2014; Pang et al., 2007). Its conjugate margin in the south 
is much narrower, with a width of ~200 km, showing an asymmetric 
margin (Sun et al., 2009; Franke et al., 2011; Sun et al., 2011). Low- 
angle detachment faults control >250 km of the central PRMB, and 
most syn-rift faults stop or significantly reduce offset after T83 (~43 Ma) 
(Zhou et al., 2018; Liu et al., 2019; Zhao et al., 2021). Faults bounding 
uplifts kept active till around T60 (~24–28 Ma) or even later. Most of 
the marginal areas were kept in shallow water before T70 but subsided 
rapidly into deep water after T60 (Jian et al., 2019). Sequence stratig
raphy analysis showed that the continental shelf break was located 
seaward of the Yunli Uplift before the early Miocene and migrated 
landward to the Baiyun Sag at ~23.8 Ma (Liu et al., 2019). Since the 
early Miocene, the continental shelf break has been stably situated 
landward of the Baiyun Sag for a long duration. The Baiyun Sag has been 
in the same deep-water environment as today (Pang et al., 2018; Zhao 
et al., 2011). 

3. Data and methods 

3.1. Data acquisition and seismic phases 

The wide-angle seismic refraction profile (OBS2017-BY) (Fig. 1) was 
collected with 30 ocean bottom seismometers (OBSs), among which 29 
were successfully recovered by the R/V Shiyan 2 in 2017. The OBS array 
spanned 360 km long with 12–15 km spacing at the Baiyun and Liwan 
sags and 5–6 km from the COT to the ocean (Fig. 1). The source array 
consisted of four bolt air guns with a total volume of ~6000 in3 
deployed at 10-m water depth. The shooting was conducted at ~250-m 
intervals to minimize noise contamination from the previous shots. A 
total of 1567 shots were recorded along the profile. Before seismic phase 
identification, the OBS data were processed by data transformation (raw 
data to standard SAC data), time drift and shot point correction, OBS 
relocation, and band-pass filtering (5–12 Hz), etc. (Liu et al., 2018). 
Abundant seismic phases were identified and picked according to their 
kinematic and dynamic characteristics, including Ps, Pg, Pn phases (re
fractions of the sediment, crust, and upper mantle, respectively), PsP, 
PcP, PmP phases (reflections of from the sediment bottom, Conrad and 
crust-mantle boundary, respectively). Following the work of Zelt and 
Forsyth (1994), the pick uncertainties ranged from 50 to 80 ms (Fig. 2 
and Fig. S1 in the supporting information). All OBS phases are shown in 
Figs. S1–1 to S1–30. 

3.2. P-wave velocity modeling 

The P-wave velocity structures were constrained by both the forward 
modeling (Zelt and Smith, 1992) and the tomographic inversion 
(Korenaga et al., 2000) of the seismic traveltimes. The forward modeling 
was performed using the interactive man-machine method to decrease 
the misfits between the picked and calculated traveltimes. The model 
used a combination of multi-beam bathymetry data (Fig. 1b), industrial 
and IODP drilling results, and the MCS reflection profile (MCS1555) 

Fig. 2. Interpretations of OBS05 and OBS10. (a) - (c) Original, interpretation of data from OBS05 and seismic ray paths of OBS05. (d) - (e) Original, interpretation of 
data from OBS05 and seismic ray paths of OBS10. 
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(Fig. 1) to derive an initial model consisting of a water layer, three 
sedimentary layers, and crust and mantle layers. Here the MCS data is 
used to help to constrain the sedimentary structure, including the vari
ation of the basement. Our model contains six layers, including 
seawater, two sediment layers, the upper crust, the lower crust, and the 
upper mantle. For the inversion strategy, we constructed an inversion 
model by the joint refraction and reflection travel-time inversion code 
Tomo2D (Korenaga et al., 2000). In inversion modeling, the geometry of 
the basement and the sediment velocity were used to help us constrain 
the initial model, as they are roughly controlled by the PsP and Ps 
phases. In the initial model, the crust velocity is set to 5.2 km s− 1 with a 
vertical added gradient, and the upper mantle velocity is set to 7.5–8.0 
km s− 1 at a depth of 25 km. 

4. Results 

4.1. Modeling result and the uncertainty 

We manually selected 15,708 first reflections and refraction arrives, 
and 14,802 phases were used for travel-time fitting (Fig. 3). The final 
velocity variation ranges of six layers are 1.5 km s− 1, 1.8–3.0 km s− 1, 
3.5–5.4 km s− 1, 5.4–6.4 km s− 1, 6.4–7.8 km s− 1, and 8.0–8.2 km s− 1, 
respectively. The total root means square (RMS) between the picked and 
calculated traveltimes is 77 ms and the normalized χ2 is 1.861 for the 
final model (All RMS and χ2 were displayed in Table S1 in the supporting 
information). The initial RMS and normalized χ2 were 128 ms and 
329.40, respectively, while reduced to 76 ms and 1.77 after seven iter
ations (Fig. 4d). 

For the resolution of the final Tomo2d model, the checkboard test is 
used to determine the size of the geological structure that can be 

Fig. 3. Forward model and seismic ray 
paths. (a) Final forward ray-tracing 
model. The contour is 0.5 km s− 1 at 
the region where velocity is below 7.0 
km s− 1 and is 0.2 km s− 1 at the region 
where velocity exceeds 7.3 km s− 1. (b) 
Ray coverage density on a 0.4 km × 0.2 
km grid corresponding to the above ve
locity model. (c) All picked (colors) and 
calculated (black dots) travel-times of 
the same phases for all of the receivers 
in the model. (d) Final checkerboard test 
result with two cell sizes, 15 × 6 km for 
the landward part and 12 × 4 km for the 
seaward part.   
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Fig. 4. Interpreted MCS profile, OBS velocity model, and interpreted crustal architecture. (a) Time migration image of the MCS1555 (see location in Fig. 1). OMH: 
Outer Margin High. COT: Continental Ocean Transition. OC: Oceanic Crust. U1505, U1500, and U1503 are IODP sites drilled directly on the transect, while U1501p, 
U1499p, and U1502p represent the IODP sites projected to the transect (Sun et al., 2018; Peate, 1997). PY33–1-1p and Lw3–1-1 are industrial drill sites of CNOOC 
projected to the line (Pang et al., 2018). (b) Interpretation of the MCS1555. (c) The forward P-wave velocity model. The bold red lines represent the areas where 
Moho and ULB interfaces were constrained by seismic reflection phases, respectively. (d) The inverted P-wave velocity model. The contour interval is 0.5 km s− 1 at 
the region where velocity is <7.0 km s− 1, and 0.2 km s− 1 at the region where velocity > 7.3 km s− 1. The Forward-6.4 represents the forward interface between upper 
and lower crust and the Inv-6.4 represents the inverted interface between upper and lower crust. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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distinguished. In the testing, we first set a velocity perturbation of ±5% 
for grid nodes to build an input model. The synthetic arrival times 
calculated with the same source-receiver geometry were then used for 
the inversion of the output model. The model’s resolution can finally be 
determined by comparing the input and output models. 

In our work, different sizes of perturbed cells have been tested, 
including 20 × 10 km, 15 × 6 km, and 12 × 4 km for horizontal and 
vertical, respectively (Figs. S2a, b, and c in the supporting information). 
Because the spaces between OBS stations in the seaward region differ 
from that in the landward region, we finally chose two cells for our 
model, 15 × 6 km for the landward part and 12 × 4 km for the seaward 
part (Fig. 3d and S2c). We conducted a restoring synthetic test to 
determine the reliability of the high velocity lower crust (HVCL) below 
the Yunli Uplift (Xia et al., 2018). It shows that the pattern and ampli
tudes of the input velocity anomalies are recovered well (Figs. S3a and 
b). 

In order to study the detail of the HVCL below the COT, we per
formed a velocity fluctuation test (Fig. S4). The velocity perturbation is 
±1%, and the results show that the velocity of the lower crust below 
OBS17–27 is higher than in other areas. The velocity of the upper crust 
below OBS25 and 26 also shows a positive anomaly (high values). 

4.2. Crustal structures of the northern margin of the SCS 

Both crustal structure and the style of deformation change signifi
cantly after passing the major detachment fault F1 and Yunli Uplift. 
Landward of the Yunli Uplift, rifting is controlled mainly by landward- 
dipping faults with large vertical offset (Pang et al., 2018; Zhou et al., 
2018; Zhao et al., 2018), whereas oceanward of the Yunli Uplift, most 
syn-rift faults dip oceanward and show small vertical offsets (Pang et al., 
2018; Zhang et al., 2019). The Moho reflection can be traced below the 
Liwan Sag to the COT (Figs. 4a and b). The P-wave velocity structure 
(Figs. 4c, d) indicates that the crust thins intermittently from ~20 to ~6 
km (Fig. 4) from the shelf to the oceanic basin. The observed PcP follows 
the velocity contour of 6.4 km s− 1, usually interpreted as the boundary 
between the upper and lower crust (ULB). The ULB corresponds well 
with the semi-continuous wavy reflection discerned on the MCS1555 
profile between the basement (Tg) and Moho from the Liwan Sag to the 
Outer Margin High (OMH) (Fig. 4a). 

4.3. HVLC 

Two blocks of HVLC with velocity > 7.0 km s− 1 are observed 
southward of F1 (Figs. 4c, d). Below the Yunli Uplift, a thick HVLC (~10 

Fig. 5. 1-D velocity-depth profiles (OBS01 - OBS16) extracted from final forward velocity models. Blue lines with uncertainties represent extended continental crust 
(Christensen and Mooney, 1995). The dark grey area shows the typical velocities for the Atlantic oceanic crust (0–127 Ma) (White et al., 1992), and the light grey 
area shows the range of velocities for the thinned continental crust at northern margin of the SCS (Nissen et al., 1995; Qiu et al., 2001; Yan et al., 2001; Wang et al., 
2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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km maximum) is observed below the thickest crust (the present thick
ness is >25 km) (in the model distance of ~70–210 km in Figs. 4c, d). 
The bulge shape of the HVLC below the Liwan Sag is consistent with 
dome structures (in the model distance of ~100–210 km in Figs. 4). The 
other HVLC with a thickness of ~2–3 km distributes continuously from 
the southern OMH to the oceanic crust (OC). Three hyper-extended 
centers are observed below the Baiyun Sag, Liwan Sag, and COT, 
whereas the thinnest continental crust (~7–8 km) below Baiyun Sag is 
not accompanied by HVLC (Fig. 4). 

5. Discussions 

5.1. Variation of the crustal structure 

We compared our 1-D velocity-depth results with previous works 
about the crustal velocity, including velocities of the 0–127 Ma Atlantic 
oceanic crust (White et al., 1992), the area of SCS thinned continental 
crust (Nissen et al., 1995; Qiu et al., 2001; Yan et al., 2001; Wang et al., 
2006) and the extended continental crust (Christensen and Mooney, 
1995) (Figs. 5 and 6; Figs. S5 and S6). The noticeable increase in the 
velocity gradient from north to south implied a variation from conti
nental to oceanic crust. 1-D velocity profiles from OBS01 to OBS08 were 
located between the extended and the thinned continental crust 

(Fig. 5a). From OBS09 to OBS16, the 1-D velocity profiles were almost 
entirely located in the thinned continental crust area (Fig. 5b). At the 
seaward side of the OBS16, the margin changes from the thinned con
tinental crust to the oceanic crust gradually (Fig. 6a and b). The inver
sion velocity results show the similar tendency (Fig. S5 and S6 in the 
Supporting Information). 

It is noteworthy that separated by the OBS 19, velocity on the 
northern side shows thinned continent crust features with lower 1-D 
velocity gradient (Fig. 5), while the southern side shows oceanic crust 
features with high 1-D velocity gradient (Fig. 6). However, matrix- 
supported breccia and gravels below Tg were recovered by the IODP 
site U1499P, and the U1502P site recovered altered basalt below Tg. It 
implies that Ridge A (Fig. 4) records the interaction between late-stage 
continental extension and breakup-related magmatism (Larsen et al., 
2018). Considering the continuation of the continental Moho below 
Ridge OBS19, we prefer that the1-D velocity profiles from OBS19 to 
OBS24 reflect the velocity structure of the COT instead of the oceanic 
crust. 

5.2. Geological interpretation of the HVLC 

Several wide-angle seismic profiles have been reported along the 
northern SCS margin (Yan et al., 2001; Wang et al., 2006; Wei et al., 

Fig. 6. 1-D velocity-depth profiles (OBS17 - OBS30) extracted from final forward velocity models. The meanings of the colour lines and areas are same as that 
in Fig. 5. 
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2011; Ding et al., 2012; Cao et al., 2014; Lester et al., 2014) (Fig. 1), and 
widespread HVLC is observed in different profiles. Compared with 
previous results in which the HVLC was regarded as a continuous thick 
layer (Yan et al., 2001; Wei et al., 2011), the variation of HVLC thickness 
in this study has higher precision and greater accuracy owing to the 
smaller station spacing. 

The oceanic layer 3 (gabbro) generally has a velocity of 7.0–7.2 km 
s− 1, similar to the HVLC caused by magmatic underplating and intrusion 
(Yan et al., 2001; Wang et al., 2006; Wei et al., 2011; Ding et al., 2012; 
Cao et al., 2014; Lester et al., 2014). Therefore, the continent and ocean 

boundary cannot be discerned from the velocity structure. Both MCS 
interpretations and gravity inversions (Sun et al., 2019) suggested that 
ridge C is the starting segment of the steady state OC. In contrast, ridges 
A and B are transitional crusts that might be composed of thinned 
continental crust sandwiched by underplated gabbro and erupted basalt 
(Fig. 4a). The HVLC (velocity > 7.0 km s− 1) below the area from the 
southern OMH to the OC suggests that the lower crust of the COT and 
some distance landward have become the oceanic crust. HVLC (velocity 
> 7.3 km s− 1) distributes mainly below ridges A and B (Figs. 4b and c), 
which is consistent with the hypothesis that ridges A and B are 

Fig. 7. Details of crustal structure. (a) 3-D MCS profile crossing the Baiyun and Liwan Sags. The location of the profile is showed in Fig. 1b and 4a. (b) - (c) 
Interpretation of the MCS profile. (d) The corresponding OBS result. (e) 3-D MCS profile crossing the COT. The location of the profile is showed in Fig. 4a. (f) - (g) 
Interpretation of the MCS profile. (h) The corresponding OBS result. 
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transitional crusts where underplating magma has time to be 
geochemically differentiated. 

High-amplitude linear features and pull-up reflections are often 
observed above HVLC in the MCS profile (Figs. 4a, 7), which suggests 
that the HVLC may be formed by magmatic underplating and intrusion 
due to that magma has a higher velocity compared with the surrounding 
crust (Thomson, 2007). For the COT, magmatic underplating should also 
be the critical mechanism for the HVLC, considering the above-lying 
diking reflections (Fig. 7e-h) in the crust (Sun et al., 2019) and the 

basalt encountered at sites U1502, U1500, and U1503 (Jian et al., 2018; 
Childress and the Expedition 368X Scientists, 2020). Some scientists 
(Yan et al., 2001; Wang et al., 2006; Wei et al., 2011) suggested that the 
HVLC might be related to the Plio/Pleistocene magmatism after the 
cessation of seafloor spreading of the SCS. However Lester et al. (2014) 
preferred to late stage syn-rift or post-rift magmatism. They suggested 
that the magmatic underplating or intrusion into extended continental 
crust may be caused by the convective removal of lithospheric mantle 
and the resulting contact between crust and warm asthenosphere. Sun 

Fig. 8. The crustal structure. (a), thickness (b) and the thickness ratio of upper over lower crust (c) in the northern SCS margin. U1501p, U1499p, U1502p, and 
U1500 are the IODP sites (Sun et al., 2018). In the panel a, UCT represents the upper crust thickness; LT1 represents the lower crust thickness between the velocity 
contour of 6.4 km s− 1 and the Moho; LT2 represents the lower crust thickness between the velocity contours of 6.4 km s− 1 and 7.0 km s− 1; LT3 represents the lower 
crust thickness between the velocity contours of 6.4 km s− 1 and 7.3 km s− 1. The red solid line in the panel b stands for the present crust thickness, corresponding to 
the thickness between the basement and the Moho (shown as red-line) in the panel a. The green solid line and the blue solid lines represent the crust thickness after 
removing the thickness of HVLC, corresponding to the thickness between the basement and the 7.0 km s− 1 and 7.3 km s− 1 velocity contours, respectively. The grey 
region represents the ratio of upper/lower crust thickness along the profile OBS2010–1 (Cao et al., 2014), which has no HVLC. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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et al. (2019) further pointed out that the magmatic process occurred 
from late rifting to early spreading stages and achieved peak before 
~24–28 Ma. The syn-rift magmatism has been also confirmed by well 
drilling (Pang et al., 2021b). In our study, considering the thick HVLC 
and the crustal folding deformation, we believe that the HVLC may be 
related to the syn-rift magmatic underplating. 

5.3. Potential causes of thick lower crust 

According to previous OBS works in the SCS, the region with a P- 
wave velocity above 6.4 km s− 1 is considered lower crust. A striking 
feature of this region is that the lower crust is considerably thicker 
(Fig. 8a), and the thickness ratio of the upper over lower crust (RULC) is 
substantially smaller than many other margins (Fig. 8c). Compared with 
the shelf and inland South China, where the RULC is ~1.2 (Cao et al., 
2014), the thick lower crust south of the F1 fault in the distal margin 
until the COT should be close to this value. However, presuming that the 
HVLC represents magmatic underplating, the original crustal thickness 
before magmatic underplating, especially the lower crust thickness is 
much smaller (Figs. 4 and 8). Especially at the Yunli Uplift, the crustal 
thickness is reduced to <15–17 km (Fig. 8b). The important mechanism 
for thick lower crust might thus be magmatic underplating, significantly 
below the Yunli Uplift and throughout the COT according to the HVLC 
distribution (Fig. 8b). The other mechanism may be the combined effect 
of depth-dependent extension and a slight mantle temperature anomaly. 
Lu and Huismans (2021) suggested that this combined effect can 
generate melt with thickness over 10 km, which is very close to our 
observation. 

Moreover, Fig. 4 shows that the crustal thinning center is located 
below the Baiyun Sag, whereas the underplating occurred beneath the 
area oceanward of the sag center. Suppose underplating correlates with 
the strongly attenuated mantle lithosphere, as mathematical modeling 
suggests (Ros et al., 2017). In that case, the mismatch of thinning of the 
crust and the lithospheric mantle suggests that the ductile lower crust 
should have served as a decoupling layer between the brittle upper crust 
and lithospheric mantle. 

5.4. Magmatism in the continental margin 

In order to study the magmatism in the northern continental margin 
of the South China Sea (SCS), we compared our observation to melt 
production in the1-D mantle melting model from the study of Bown and 
White (1995). Their model estimated melt production under uniformly 
stretching and lithosphere thinning by assuming stretching factors, 
rifting durations, and asthenospheric mantle potential temperatures 
(Bown and White, 1995). Assuming an initial crustal thickness of 35 km 
(Li et al., 2006), we calculated the stretching factor (McKenzie, 1978) β 
based on our profile’s variation of crustal thickness. Our results showed 
that β at the Baiyun Sag, Yunli Uplift, and Liwan Sag are 3.9 (green dot in 
Fig. 9), 3.0 (red dot in Fig. 9) and 4.9 (purple dot in Fig. 9), respectively 
after excluding the high velocity lower crust (HVLC). The average β of 
the whole profile is 4.7 (blue dot in Fig. 9). 

The rifting started at 45–50 Ma and stopped at ~30 Ma when the SCS 
began to break up. Therefore, we assume a single rifting episode last 
15–20 Myr for simplicity. For these rift durations, the predicted melt 
thickness changes from 0 to >3 km at different areas for an astheno
spheric mantle potential temperature of 1400 ◦C (Fig. 9). However, 
when the mantle potential temperature is 1300 ◦C, none produces any 
melt (Fig. 9). If the mantle breaks up at ~43–38 Ma in this area and the 
crust here did not experience noticeable thinning during the late rifting 
period, the rifting duration is only 2–7 Ma. The predicted melt thickness 
is <1 km for a potential mantle temperature of 1300 ◦C. In contrast, it 
would produce ~2 - ~7 km thickness of melt when the potential mantle 
temperature of 1400 ◦C (Fig. 9). We assume that the 2–10 km thick 
HVLC is an approximate melt thickness. It seems to support a 2–7 Myr 
rifting duration and a hot (1400 ◦C according to Bown and White, 1995) 

asthenospheric or a fertile mantle as Ros et al. (2017), Yu et al. (2018) 
and Sun et al. (2019) implied but not discussed in the text. Therefore, the 
lithosphere below Yunli Uplift has to be stretched 6–10 times in a short 
period to generate up to 10 km thick melt. Considering the remnant 
crustal thickness is still 10–15 km, the mantle below Yunli Uplift has to 
be strongly attenuated or even broken up in <5 Myr to generate such 
thick underplating. 

5.5. Rifting model of the SCS 

The HVLCs are distributed mainly in the east margin of the northern 
SCS, while less in the west. It is speculated that the eastern margin had 
been located in the forearc area in the Mesozoic (Li et al., 2018), and 
therefore the mantle might be more fertile to generate more syn-rift 
magmatism (Sun et al., 2019). However, it is still difficult to explain why 
huge magma appears below the thick crust (Yunli Uplift) instead of 
highly extended sags. These observations favor a model with the litho
spheric mantle breaking up prior to crust in Baiyun sag at the SCS, 
considering the decoupling behavior of the crust and the mantle. This 
model is supported by the industrial drilling at H29, where uplift 
occurred locally on Yunli Uplift and was accompanied by a volcanic 
eruption (Pang et al., 2021a). U–Pb dating of the volcanic Zircon in
dicates ~43 ± 0.5 Ma and 38 ± 0.7 Ma, suggesting that strong 
magmatic underplating occurred at ~43–38 Ma. According to the 
crustal structure and corresponding deformation (such as the uplift and 
rifting of the Yunli Uplift and folds in the Liwan Sag) of the northern SCS 
margin, we propose that the northern central SCS has experienced two 
stages of a breakup. The first stage involved mantle breaking up at 
~43–38 Ma (T83–T80) (Fig. 10a). Considering the low correlation be
tween the distribution of interpreted magmatism (HVLCs) and the 
crustal thinning, we infer that the mantle breaking up occurred below 
the Yunli Uplift. We believe that this stage has little magmatism and the 
crustal extension is characterized by large detachment faults (such as F1 

Fig. 9. Predicted melt generation based on the 1-D thermal model of Bown and 
White (1995). Blue lines is melt production (in km) with a mantle potential 
temperature 1400 ◦C, and black lines show melt produced with a 1300 ◦C 
asthenospheric mantle. Red, green and purple dots represent the melt pro
ductions calculated from crustal stretching factor (β) of the Yunli Uplift, Baiyun 
Sag and Liwan Sag, respectively. The turquoise dots indicate the melt produc
tion calculated from the average crustal stretching factor (β) of the whole 
profile. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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fault in Fig. 4a and b). Meanwhile, passive upwelling of the fertile 
mantle caused by Mesozoic subduction (Sun et al., 2019) might cause a 
weak lower crust and resulted in breaking up of lithospheric mantle. The 
second stage involved crustal breaking up at ~31–29 Ma (T70) (Sun 
et al., 2019) (Pang et al., 2021b) (Fig. 10b). The crustal breaking up at 
northeastern margin may occur earlier. Burton-Johnson and Cullen 
(2022) suggested the breakup back to 41.9 Ma according to the extent of 
SCS crust subducted at the Manila trench. At this stage, removal of 
lithospheric mantle placed the margin crust in contact with warm 
asthenosphere and magmatic processes achieved peak. We speculate 
that the fertile upwelling may be responsible for the rapid transition 
from rifting to break up (Larsen et al., 2018). 

In summary, owing to the earlier lithospheric mantle breakup, large 
amounts of magmatic intrusions and underplating could participate in 
the thinning process oceanward of the lithospheric mantle breakup 
point, which altered the rifting style, delayed the continental crust 
breakup by making it ductile and flowable, and decentralized the 
deformation by generating a new mafic crust below the thinning center. 

6. Conclusion 

The new seismic velocity model for OBS2017-BY, MCS profile and 
IODP sites provide constraints on the crustal structure of the central 
northern margin of the SCS. Our data reveal that the continental margin 
crust is ~6–20 km thick and detachment faults that sole into the upper 
crust controlling the distribution of deposit. The thickness of sediments 
changes from 3 to nearly 10 km, reaching maximum at the Pearl River 
Mouth Basin. 

Two discontinuous HVLCs are found below the distal margin (~10 

km) and COT (3–4 km), which may be indicative of magmatic under
plating, similar to some of the major structural features observed in the 
northeastern SCS. Through the analysis of the crust structure, combined 
with previous age-dating data of drillings, we finally propose a mode 
with two breakup stages of the SCS in which the first stage is mantle 
breakup and the second stage is crustal breakup. Lithospheric mantle 
breakup may occur at ~43–38 Ma below the Yunli Uplift and crustal 
breakup occurred at ~31–29 Ma below the COT. 
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