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Abstract

A three-dimensional (3D) P-wave seismic velocity (Vp) model of the crust at the northern South China Sea margin drilled by

IODP Expeditions 367/368/368X has been obtained with first-arrival travel-time tomography using wide-angle seismic data

from a network of 49 OBSs and 11 air-gun shot lines. The 3D Vp distribution constrains the extent, structure and nature of the

continental, continent to ocean transition (COT), and oceanic domains. Continental crust laterally ranges in thickness from ˜8

to 20 km, a ˜20 km-width COT contains no evidence of exhumed mantle, and crust with clear oceanic seismic structure ranges in

thickness from ˜4.5 to 9 km. A high-velocity (7.0-7.5 km/s) lower crust (HVLC) ranges in thickness from ˜1 to 9 km across the

continental and COT domains, which is interpreted as a proxy of syn-rift and syn-breakup magma associated to underplating

and/or intrusions. Continental crust thinning style is abrupter in the NE segment and gradual in the SW segment. Abrupter

continental thinning exhibits thicker HVLC at stretching factor (β) <˜3, whereas gentler thinning associates to thinner HVLC

at β>˜4. Opening of the NE segment thus occurred by comparatively increased magmatism, whereas tectonic extension was

more important in the SW segment. The Vp distribution shows the changes in deformation and magmatism are abrupt along

the strike of the margin, with the segments possibly bounded by a transfer fault system. No conventional model explains the

structure and segmentation of tectonic and magmatic processes. Local inherited lithospheric heterogeneities during rifting may

have modulated the contrasting opening styles.
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Key Points: 17 

• Crustal structure at the northern South China Sea drilled by IODP Expeditions 18 

367/368/368X is unraveled by 3D controlled-source tomography  19 

• Abrupt along-strike change in deformation and magmatism from the NE tectono-20 

magmatic segment to the SW tectonic-dominated segment is found 21 

• Local inherited lithospheric heterogeneities may have caused the along-strike 22 

segmentation and the resultant contrasting opening styles   23 
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Abstract 24 

A three-dimensional (3D) P-wave seismic velocity (Vp) model of the crust at the northern 25 

South China Sea margin drilled by IODP Expeditions 367/368/368X has been obtained with 26 

first-arrival travel-time tomography using wide-angle seismic data from a network of 49 OBSs 27 

and 11 air-gun shot lines. The 3D Vp distribution constrains the extent, structure and nature of 28 

the continental, continent to ocean transition (COT), and oceanic domains. Continental crust 29 

laterally ranges in thickness from ~8 to 20 km, a ~20 km-width COT contains no evidence of 30 

exhumed mantle, and crust with clear oceanic seismic structure ranges in thickness from ~4.5 to 31 

9 km. A high-velocity (7.0-7.5 km/s) lower crust (HVLC) ranges in thickness from ~1 to 9 km 32 

across the continental and COT domains, which is interpreted as a proxy of syn-rift and syn-33 

breakup magma associated to underplating and/or intrusions. Continental crust thinning style is 34 

abrupter in the NE segment and gradual in the SW segment. Abrupter continental thinning 35 

exhibits thicker HVLC at stretching factor (β) <~3, whereas gentler thinning associates to thinner 36 

HVLC at β>~4. Opening of the NE segment thus occurred by comparatively increased 37 

magmatism, whereas tectonic extension was more important in the SW segment. The Vp 38 

distribution shows the changes in deformation and magmatism are abrupt along the strike of the 39 

margin, with the segments possibly bounded by a transfer fault system. No conventional model 40 

explains the structure and segmentation of tectonic and magmatic processes. Local inherited 41 

lithospheric heterogeneities during rifting may have modulated the contrasting opening styles. 42 

Plain Language Summary 43 

Unravelling the deep structure at the northern South China Sea (SCS) margin drilled by IODP 44 

Expedition 367/368/368X can further help understand its rift-to-drift process. A 3D Vp model is 45 

therefore constructed with first-arrival travel-time tomography using wide-angle seismic data 46 

from a network of 49 OBSs and 11 air-gun shot lines. Based the 3D Vp model, we have 47 

identified different kinds of basement domains, including the continental, COT, and oceanic 48 

domains. Meanwhile, the HVLC ranging from ~1 to 9 km in thickness across the continental and 49 

COT domains is interpreted as a proxy of syn-rift and syn-breakup magmatic underplating and/or 50 

intrusions. We find that the continental crust thinning style and magma generation by 51 

decompression melting inferred from the HVLC vary along the strike of the margin, 52 

demonstrating as NE abrupter thinning with thicker HVLC at stretching factor (β) <~3, whereas 53 
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SW gentler thinning with thinner HVLC at β>~4. Hence, our data indicate that a transfer fault 54 

system has possibly separated the NE tectono-magmatic segment from the SW tectonic-55 

dominated segment. The segmentation in tectonic and magmatic domains inferred from the 3D 56 

Vp model supports that local inherited lithospheric heterogeneities may have led to the different 57 

opening styles during rift-to-drift process.  58 

1 Introduction 59 

The continent to ocean transition (COT) is a relevant tectonic unit that develops on the passive 60 

continental margin. It is located between the thinned continental crust and the unequivocal 61 

oceanic crust, and contains key information about break-up mechanism of continental crust and 62 

lithosphere and types of rifted margins (Gao et al., 2015; Peron-Pinvidic et al., 2013; Reston, 63 

2009; Tucholke et al., 2007). Based on the syn-rift and syn-breakup magmatic degree at the 64 

COT, the passive continental margins are usually classified into two end members, namely 65 

magma-rich and magma-poor margins. The studies of structure and evolution of these margins 66 

have attracted a large number of investigations, which have provided a new view on the genesis 67 

of the Seaward Dipping Reflector sequences (SDRs) and the high-velocity lower crust (HVLC) 68 

on the magma-rich margins (Paton et al., 2017; Holbrook and Kelemen, 1993; White et al., 69 

1987), and on the formation of hyperextended continental crust and/or exhumed serpentinized 70 

mantle on the magma-poor margins (Brune et al., 2014; Huismans and Beaumont, 2011; Ranero 71 

& Pérez-Gussinyé, 2010; Whitmarsh et al., 2001). 72 

The South China Sea (SCS) is one of the largest marginal seas in the western Pacific (Figure 73 

1). Scientific issues such as its margin nature, evolution process, breakup mechanism are current 74 

research topics. Based on previous research results from studies of the COT with ocean bottom 75 

seismometer (OBS) and multi-channel seismic (MCS) surveys, the northern SCS was defined 76 

either as a magma-poor margin (Wan et al., 2020; Ding et al., 2012; Wang et al., 2006; Yan et 77 

al., 2001) or an intermediate rifted margin (Cameselle et al., 2017; Gao et al., 2015; Clift et al., 78 

2001). The International Ocean Discovery Program (IODP) Expeditions 367/368/368X drilled 79 

seven sites at the COT of the northern SCS. The rock samples support that the margin 80 

experienced a rapid transition from continent to ocean without evidence for mantle exhumations 81 

(Childress et al., 2020; Larsen et al., 2018a; Jian et al., 2018; Stock et al., 2018; Sun et al., 2018). 82 

This differs from classic magma-poor margins where the continent is juxtaposed with exhumed 83 
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serpentinized mantle rocks (Whitmarsh et al., 2001). Therefore, the SCS has been suggested as 84 

the "Plate-edge/Pacific" extensional basin, which is different from the Atlantic-type rifted 85 

margins (Sun et al., 2019; Wang et al., 2019). 86 

IODP Expeditions 367/368/368X results reveal the presence of a narrow COT (~20 km-width) 87 

at the northern SCS (Larsen et al., 2018b), but the processes leading to continental breakup are 88 

still debated. Some authors argue that continental breakup was mainly related to a seaward-89 

dipping low-angle extensional fault during latest stage of rifting (Nirrengarten et al., 2020). 90 

Similar conclusion is obtained through lateral comparison of the transitional domain structures 91 

which show that the continental rupture was mainly controlled by a combination of one or two 92 

major listric normal fault(s) rooting near the Moho and a short-duration magmatic event (Ding et 93 

al., 2020). However, others propose that the continental breakup is accomplished by core-94 

complex type structures related to a detachment system with flipped polarities (Zhang et al., 95 

2021). Considering the scant information of how structures of rifted continental margins vary 96 

along-strike, there are speculations that they could even change within a few tens of kilometers 97 

(Peron-Pinvidic et al., 2015; Franke et al., 2014; 2011). However, the new available drilling sites 98 

reaching basement and the limited two-dimensional MCS profiles do not provide accurate 99 

information on the lateral continuity of the structures and nature of the rocks, and thus there is 100 

incomplete understanding on how the thinning of continental crust transitions into oceanic crust 101 

formation. 102 

Here, we present and interpret a three-dimensional (3D) P-wave seismic velocity (Vp) model 103 

at the northern SCS margin. The model is firstly obtained using controlled-source data acquired 104 

at a 3D OBS network that encompasses the seven drilling sites of IODP Expeditions 105 

367/368/368X. Then, we combine the Vp model with the available MCS profiles, free-air gravity 106 

anomalies, magnetic lineations and IODP drilling data to interpret the structure, nature and 107 

spatial arrangement of the different geological domains. Finally, the structural characteristics and 108 

attributes of each domain and their along-strike variations are jointly interpreted to propose a 109 

possible geological model for the study area at the northern SCS. 110 
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 111 

Figure 1. Combined topographic and bathymetric maps of the northern South China Sea (see 112 

location map in inset at the right-top corner) showing the distribution of major faults (orange 113 

dashed lines) and paleo-Pacific subduction zone (red dashed lines with red triangles) inferred 114 

from gravity data (Zhou et al., 2006). The location of the Mesozoic volcanic arc and the 115 

Mesozoic forearc basin identified in previous work (Zhao et al., 2019; Li et al., 2018) are shown 116 

in gray and yellow shadows, respectively. Seismic lines of OBS1993 (Yan et al., 2001), 117 

OBS2006-1 (Ding et al., 2012), OBS2006-3 (Wei et al., 2011) and OBS2010-1 (Cao et al., 2014) 118 

are shown in gray. White lines correspond to the magnetic lineations identified by Briais et al. 119 

(1993). Drill sites of ODP Leg 184, IODP Expeditions 349, 367/368/368X are indicated by 120 

green, yellow and red circles, respectively. Black box shows the location of the study area in 121 

Figure 2. SCS: South China Sea; ESB: Eastern Sub-Basin; NWSB: Northwestern Sub-Basin; 122 

ZB: Zhongsha Block; DS: Dongsha Island.   123 
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2 Geological Setting  124 

The rhomb-shaped boundary of the nowadays SCS was formed under the interaction of the 125 

Indo-Australian, Eurasian and Philippine Sea plates. It is widely accepted that, during the 126 

Mesozoic, this region where the SCS subsequently developed was a convergent margin with 127 

Andean-type volcanic arc and forearc basin, which was affected by different magmatic episodes 128 

and was deformed by compressional structures associated with northwestward subduction of the 129 

paleo-Pacific plate (Ye et al., 2018; Pubellier & Meresse, 2013; Zhou et al., 2006; Taylor & 130 

Hayes, 1983; Holloway, 1981; Figure 1). From the Late Cretaceous to the Early Oligocene, the 131 

rollback of the subducted paleo-Pacific plate transformed the paleo-stress field from compression 132 

to extension, resulting in multi-stage rifting events, accompanied with local erosion and tectonic 133 

uplift (Savva et al., 2014; Li & Li, 2007; Taylor & Hayes, 1983). 134 

In the northern SCS margin, some characteristics of magma-rich and magma-poor margins 135 

have been found in previous seismic surveys. For example, HVLC has been observed confined in 136 

the northeastern SCS margin (Wang et al., 2006; Yan et al., 2001; Nissen et al., 1995a), although 137 

its formation mechanism and age are debated due to the different periods of magmatism on the 138 

continental slope (Cheng et al., 2021; Fan et al., 2017; Yan et al., 2006). The hyper-extended 139 

continental crust controlled by detachment faults have also been documented in the Pearl River 140 

Mouth Basin (Deng et al., 2020; Zhang et al., 2020; Lei et al., 2019; Yang et al., 2018). 141 

However, the other important characteristics such as SDRs marked as magma-rich margin and 142 

exhumed serpentinized mantle related to magma-poor margin have yet been reported, which 143 

make it controversial about the nature of the SCS margin and subsequently confused about its 144 

formation mechanism. 145 

Our study area locates at the northern SCS distal margin, where northwestern and northeastern 146 

corners seem to connect with the inferred Mesozoic volcanic arc and Mesozoic forearc basin, 147 

respectively (Zhao et al., 2019; Li et al., 2018; Figure 1). According to the multibeam 148 

bathymetry (Figure 2), the landward part of our study area is separated by a NW-SE extending 149 

Pearl River Mouth Canyon which seems to be the surface expression of a Mesozoic major fault 150 

(Figure 1) previously inferred by the gravity data (Zhou et al., 2006) and recently confirmed by 151 

the MCS profiles (Zhao et al., 2019). A series of basement highs (Figure 2), e.g., outer margin 152 

high (OMH) and ridges A/B/C, have been drilled here by the IODP Expeditions 367/368/368X, 153 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

7 of 43 

but only rocks of continental or oceanic affinities have been found (Childress et al., 2020; Larsen 154 

et al., 2018a; Jian et al., 2018; Stock et al., 2018; Sun et al., 2018). Hence, Larsen et al. (2018b) 155 

suggest that a rapid transition from continental breakup to igneous oceanic crust occurs in a 156 

narrow area of ~20 km-width, which has also been confirmed by subsequent researches (Zhang 157 

et al., 2021; Ding et al., 2020). 158 

3 Seismic Experiment and Data Processing 159 

During the Chinese Natural Science Foundation Open Research Cruise of No. NORC2018-08 160 

from May to July 2018, a 3D wide-angle seismic survey was carried out by the R/V Shiyan2 of 161 

South China Sea Institute of Oceanology, Chinese Academy of Sciences (CAS) in the northern 162 

SCS margin (Figure 2). The seismic source array with a total volume of 6000 in3 (98.32 L) was 163 

composed by four Bolt air-guns towed at a depth of ~10 m. The shooting interval was 90 s at a 164 

speed of ~4.5 knots, providing a seismic trace spacing of ~200 m. A total of 8,751 shots were 165 

fired along 11 shot lines with a total length of ~1750 km. Fifty-two 4-component short-period 166 

(4.5-100 Hz) OBSs made by the Institute of Geology and Geophysics, CAS were deployed with 167 

instrument spacing varying from 7 to 10 km, covering a surface of ~30000 km2. The sampling 168 

rates were 4 ms and 10 ms for different instruments. Forty-nine OBSs were finally recovered 169 

with effective recording data. 170 

The OBS internal clock drifts were corrected using the time-errors recorded in the logfiles 171 

assuming a linear drift during the data collection period. The shot positions were corrected for 172 

the offset between the Differential Global Positioning System (DGPS) antenna onboard and the 173 

air-guns array. OBSs were relocated by inverting direct water-wave travel-times using a 174 

combination of Monte Carlo method and least square method (Yang et al., 2020). The raw data 175 

continuously recorded by the OBSs were converted and cut into seismic traces in Society of 176 

Exploration Geophysicist (SEGY) format according to the shooting time. The corresponding 177 

seismic sections were displayed as reduced time versus offset sections using 3-15 Hz bandpass 178 

filtering in order to increase the signal-to-noise ratio (SNR, Figure 3). 179 

This study focuses exclusively on P-wave first arrivals, which are best observed on record 180 

sections of the geophone vertical component (Figure 3). The travel time picking steps show as 181 

follows: 1) the in-line seismic profile showing the clearest arrivals is picked firstly; 2) the off-182 

line crossing the previous profile is then picked; 3) the rest of seismic sections for each OBS are 183 
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finally picked in order. Arrival travel-times were manually picked without differentiating 184 

between crustal (e.g., Pg) and mantle phases (e.g., Pn) using the Upicker software (Wilcock, 185 

2011). In total, we finally picked 152,801 first arrival travel-times. The uncertainties for the 186 

picked travel-times were calculated based on their SNR within a 200 ms-long window centered 187 

by the picked travel-time (e.g., Zelt & Forsyth, 1994).  188 

 189 

Figure 2. The 3D OBS seismic survey and the multibeam bathymetry map whose original 190 

Geographical Coordinate has been transformed into Cartesian Coordinate using shifted Universal 191 

Transverse Mercator projection (origin of the local coordinate system corresponds to 116.21992° 192 

E, 18.30451° S at OBS52 and site U1500). Red numbered circles display OBSs positions, and 193 

black lines with yellow lettered boxes correspond to air-gun shooting tracks. Grey numbered 194 
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circles indicate lost OBSs. Yellow dashed-dotted, solid and dashed lines represent magnetic 195 

lineations from Briais et al. (1993). Pink stars show drilling sites of IODP Expeditions 196 

367/368/368X. The orange and cyan solid lines show positive and negative parts of the vertical 197 

slices of the 3D Vp model shown in Figure 5. The orange box shows the area covered by the 198 

horizontal slices shown in Figure 6. The black shaded areas show the basement highs modified 199 

from (Larsen et al., 2018b). OMH: outer margin high; rA/rB/rC: basement ridges A/B/C; SS: 200 

Shishen Seamount; DM: Daimao Seamount. 201 

 202 

Figure 3. Uninterpreted seismic record sections (upper panel), interpreted seismic sections with 203 

blue vertical bars of length equal to the assigned travel-time uncertainty corresponding to 204 

observed picks and red lines to the modelled picks (middle panel) and vertical slices of 3D Vp 205 
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model with ray-paths (lower panel) along (a) profile L5 for instrument OBS04; (b) profile H2 for 206 

OBS46; (c) profile H4 for OBS38; and (d) profile L2 for OBS35. The red circles indicate the 207 

locations of OBS. The red arrows show the locations of triple junction of Pg, PmP and Pn. 208 

4 Modeling Method and Results 209 

4.1 Tomography Method 210 

The first arrival seismic tomography code FAST (Zelt & Barton, 1998) is used to build a 211 

smooth, isotropic 3D Vp model. FAST solves iteratively a regularized inverse problem to 212 

construct a model with the minimum required structure that appropriately fits the observed 213 

travel-times. At each iteration, it includes one step of forward modeling (ray tracing) and a 214 

second step of travel-time inversion. Forward modeling computes synthetic first arrival travel-215 

times by solving the Eikonal equation based on a finite difference algorithm (Hole & Zelt, 1995; 216 

Vidale, 1990). The velocity perturbation is then obtained by minimizing an objective function 217 

including norms for the travel-time misfits and model roughness (Shaw & Orcutt, 1985). The 218 

velocity perturbation is then added to the initial model and the resulting model is used as a new 219 

starting model in the subsequent iterations. This scheme is repeated until the observed travel-220 

times are fit to the level of pick uncertainties (χ2 close to 1 ideally). 221 

The choice of the starting Vp model is an important step in the setup of any linearized 222 

inversion procedure such as the one employed in FAST. In our case, the starting model is 223 

composed of three layers such as water, sediment and basement. The layer boundaries 224 

corresponding to the seafloor and top of the basement (TOB) are inferred from multibeam 225 

bathymetry and from MCS data (Larsen et al., 2018b), respectively. Vp in the water layer is 226 

fixed at 1.5 km/s. Vp at the top and bottom of the sedimentary layer are set to 1.5 km/s and 4.0 227 

km/s, varying linearly within this layer. As the study area includes segments of both thinned 228 

continental crust and oceanic lithosphere, a one-dimensional (1D) Vp-depth profile roughly 229 

falling between the 1D Vp envelop of the thinned continental crust in the northern SCS (Liu et 230 

al., 2018) and the 1D Vp of the typical oceanic crust in the Atlantic aged 0-127 Ma (White et al., 231 

1992) is chosen and draped from the TOB to construct the starting 3D Vp model. During 232 

iteration, only the velocity structure below the bathymetry is recalculated according to the travel-233 

time misfits. 234 
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The regularization parameters of FAST include forward and inverse grid spacing as well as 235 

lambda (λ), alpha (α) and iteration times. The λ is a trade-off parameter that controls the relative 236 

weighting of fitting the travel time data versus solution constraints. The α controls the relative 237 

importance of smoothness/flatness versus smallest perturbation within the regularization part. 238 

Based on the 3D modelling experience of the Southwest Indian Ridge (Zhao et al., 2013) and 239 

ESB of the SCS (Wang et al., 2016), we conduct a series of tests on the above parameters for a 240 

model with dimensions of 198 km×178 km×30 km in X, Y, and Z directions. The spacing of the 241 

forward grid is 0.5 km×0.5 km×0.5 km for a total of 8,645,469 nodes, whereas for the inversion 242 

grid it is 2 km×2 km×2 km for a total of 132,165 nodes. We have tested different combinations 243 

of λ between 0 and 10 and α between 0 and 4. The best fit after five iterations corresponds to a 244 

combination of λ=3, and α=0.8. These regularization parameters will also be used in the 245 

following tests of uncertainty and resolution of the tomographic Vp models constrained by the 246 

same travel-time dataset. 247 

4.2 Uncertainty and Resolution of the Tomographic Model 248 

The solution of any inverse problem depends on the starting model chosen to some extent, and 249 

a complete solution must include the measurement of its uncertainty. In order to further assess 250 

the influence of the starting model on our final Vp model, a Monte Carlo approach was used to 251 

obtain an estimate of the uncertainty (Zhao et al., 2013; Korenaga et al., 2000). One-hundred 252 

random 3D starting models were firstly constructed in the same process as described by Section 253 

4.1, in which the 1D Vp-depth profiles were randomly generated in or near the 1D Vp envelops 254 

of the thinned continental crust and the typical oceanic crust as mentioned above. Then one-255 

hundred different inversions were executed using the same regularization parameters indicated in 256 

Section 4.1.  257 

The average of the RMS misfits from one-hundred inversions is ~107 ms and the 258 

corresponding normalized misfit ꭓ2= ~1.185 (Figure 4). Assuming that the starting models are 259 

independent of each other and all solutions are valid (Korenaga et al., 2000), the mean and the 260 

standard deviation of the one-hundred solutions will be our final tomographic model (Figures 261 

5&6) and its uncertainty (Figures S1&S2), respectively. The standard deviation has quantified 262 

the range of variation (namely uncertainty) in our final Vp models attributed to the different 263 

starting models. These values show that the model presents standard deviations <±0.1 km/s in 264 
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most of the model, indicating a satisfactory control of seismic velocities. As expected, higher 265 

values (>±0.2 km/s) are observed in regions with limited ray coverage (Figures S3&S4), like at 266 

the edge or the deeper part of the Vp model (Figures 5&6). 267 

We have also evaluated the resolution of the tomographic model by performing a set of 268 

checkerboard tests (Zelt & Barton, 1998). In this way, a total of 55 checkerboard-type models 269 

with eleven different squared cell sizes (4, 6, 8, 10, 12, 14, 16, 18, 20, 25 and 50 km), and with a 270 

maximum velocity perturbation of 5% have been tested (Figures S5-S8). For each cell size, five 271 

different patterns were created with positive and negative polarity without and with spatial shift 272 

of 1/4, 2/4, 3/4 and 4/4 of the cell size contemporary at X, Y and Z directions. Each 273 

checkerboard pattern was added to the final tomographic model to create each target model and 274 

compute the synthetic travel-times. Before inverting each synthetic travel-times dataset, we 275 

added a random Gaussian noise, with a standard deviation corresponding to the average picking 276 

uncertainty of ~15 ms, to each synthetic travel-time. 277 

After inverting each dataset using the final tomographic model as starting model, we compute 278 

the semblance (Figures S9&S10) between the retrieved pattern (Figures S7&S8) and the 279 

corresponding target pattern (Figures S5&S6). As in Zelt and Barton (1998), we consider the 280 

pattern to be well retrieved for a semblance >0.7. We then compute the average semblance for 281 

each cell size and combine them all in a resolution map that depicts the maximum lateral and 282 

vertical resolutions of each cell size (Figures S11&S12). All these maps (Figures S11&S12) 283 

show that the best resolution areas are located in the central and shallow part of the tomographic 284 

model where the minimum cell size that can be retrieved is 4 km. However, the resolution is 285 

poor (minimum cell size > 20 km) on the edges and deep part of our model. In these regions the 286 

absence of instruments causes a lack of angular coverage because rays cross velocity cells with a 287 

common direction, whereas in the deepest part of our model where rays have only horizontal 288 

orientation thus decreasing the model resolution. 289 
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 290 

Figure 4. Travel-time residuals distribution for 100 Monte Carlo final solutions. (a) and (b) RMS 291 

and ꭓ2 of travel-time residuals for first (grey dots) and final (red dots) iteration of each Monte 292 

Carlo realization, respectively. (c) and (d) Histograms of travel-time residuals for the initial 293 

model and the final model, respectively. (e) and (f) Colour-coded travel-time residuals as a 294 

function of source-receiver offset (horizontal axis) and OBS number (vertical axis) for the initial 295 

model and the final model, respectively.  296 
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 297 

Figure 5. Vertical slices crosscutting the final 3D Vp model and free-air gravity anomaly. (a) 298 

Free-air gravity anomalies along shot lines L2, L3, L4 and L5. (b)~(e) Four vertical slices along 299 

the extension direction (L2, L3, L4 and L5). (f) Free-air gravity along shot lines H1, H2, H3 and 300 

H4. (g)~(j) Four vertical slices along-strike of the margin (H1, H2, H3 and L4). The locations of 301 

vertical slices are shown in Figure 2. Masked (white) regions correspond to lack of ray coverage. 302 

Velocity contour intervals are 1 km/s in the upper crust and 0.2 km/s in the lower crust, 303 

respectively. The 6.4 and 7.5 km/s velocity contours with white vertical bars indicating their 304 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

15 of 43 

uncertainties are shown as bold contours. Red circles and grey circles are the positions of OBSs 305 

used in inversion and lost OBS, respectively. The intersection of two vertical slices are shown by 306 

black arrows with letter. The drill sites are shown in blue lines. Pink dashed and dashed-dotted 307 

lines mark the seaward and landward boundaries of COT domain, respectively. The yellow, pink 308 

and blue horizontal bars represent continental, COT and oceanic domains, respectively.  309 

 310 

Figure 5 (Continuous).   311 
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 312 

Figure 6. Horizontal slices of the final 3D Vp model at different depths below TOB (bbm). 313 

Masked (white) regions correspond to lack of ray coverage. The scope is shown in Figure 2. The 314 

6.4 and 7.5 km/s velocity contours are shown as bold contours. Black solid and dotted lines mark 315 
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the seaward and landward boundaries of COT domain, respectively. The other symbols are same 316 

as the Figure 2. 317 

5 Results 318 

5.1 3D Vp Tomographic Model 319 

The final 3D Vp model is our primary result obtained from tomographic inversion (Figures 320 

5&6). Vertical slices in this 3D model (Figure 5) correspond to selected dip lines (L2, L3, L4 and 321 

L5) and strike lines (H1, H2, H3 and H4) shown in Figure 2. Depth slices are also shown at 2-14 322 

km depth below the TOB (bbm), focusing on the central, best resolved part of the model (Figure 323 

6). In addition to the Vp model (Figures 5&6), we also show the velocity gradient (Figures 324 

S13&S14) and the velocity perturbation models (Figures S15&S16) obtained on each of the 325 

slices. The velocity gradient here referred as to vertical velocity variation versus depth is useful 326 

to distinguish seismic layers (Zhao et al., 2013; Tong et al., 2003). The velocity perturbation is 327 

obtained by subtracting the starting average 1D ensemble from the final model for each node of 328 

the 3D Vp model.  329 

The velocity, velocity gradient and velocity perturbation models are used to infer the internal 330 

layering of the model, although there is no direct inversion of the interfaces in FAST. The 6.4 331 

km/s velocity contour, which displays the sharpest variation in the Vp gradient, is inferred to 332 

correspond to the boundary between the upper and lower crusts (Figure S13). Two-dimensional 333 

(2D) Vp models with reflective interface (Moho) along L2 (Figure S17a&S17b, from Yuan et 334 

al., 2022, in submission to Tectonophysics) are obtained using the Rayinvr (Zelt et al., 1992) and 335 

TOMO2D (Korenaga et al., 2000), by comparing with which the 7.5 km/s velocity contour in our 336 

3D Vp model is taken as the Moho (Figure S17c). As the velocity at the bottom of continental 337 

crust is usually less than 7.0 km/s (Christensen & Mooney, 1995), the part of the model above 338 

the inferred Moho showing Vp between 7.0 km/s and 7.5 km/s velocity contours is identified as 339 

HVLC. The layer between 6.0 and 6.4 km/s velocity contours is tentatively identified as the 340 

middle crust which is a potentially key marker for distinguishing the continental and oceanic 341 

crusts (Tatsumi, 2008).  342 

The vertical slices along L2, L3, L4 and L5 display the 3D Vp model parallel to the extension 343 

direction. In general, they have consistent variations in the velocity structures presenting the 344 
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seaward uplift of the 7.5 km/s velocity contour (inferred to be a good proxy of the Moho by 345 

comparison with the 2D profile) and the resultant tapering of the crustal thickness (Figure 5b-346 

5e). The Moho shallows up from average depths of ~15 km (beneath L2) and ~20 km (beneath 347 

L3, L4 and L5) on the landward side to ~11 km on the seaward side, accompanying with 348 

reduction of average crustal thickness from ~11-16 km to ~6 km. The seaward variations in 349 

crustal structures are also reflected in the free-air gravity anomalies showing gradual transition 350 

from negative value to positive value (Figure 5a). Lateral Vp variations indicate similar crustal 351 

structure on the seaward side of the 3D model, but great lateral differences on its landward side. 352 

In addition to changes in Moho depth, the geometry of 6.4 km/s velocity contour changes from 353 

sub-horizontal along L2 to undulating along L3, L4 and L5.  354 

The vertical slices along H1, H2, H3 and H4 run parallel to the margin strike and illustrate that 355 

the character of Moho depth and crustal thickness along H1 and H2 changes generally more than 356 

those along H3 and H4. Further, there is a greater lateral variation in velocity structure along H1 357 

and H2 than along H3 and H4 (Figure 5g-5j), which is also expressed in change of the free-air 358 

gravity anomaly (Figure 5f). Moho depth along H1 diminishes gradually southwestward, from 359 

~20 km (beneath L5) to ~15 km (beneath L2), causing crustal thinning (Figure 5g). Along H2, 360 

there is a prominent low velocity anomaly located between L3 and L5, and the nearby site 361 

U1502 drilled altered Mid-Ocean Ridge Basalt (MORB) (Figures 5h&S16). The crustal structure 362 

along H3 and H4 is similar, with upper and lower crusts ~3 km thick, respectively, although the 363 

lower crust is comparatively slightly thicker on the eastern part of H4. 364 

Depth slices further show the Vp lateral variations (Figure 6). The 6.4 km/s velocity occurs as 365 

shallow as 2 km bbm in the ocean part, where the Vp and Vp gradient are highest (Figure S14). 366 

At 4 km and 6 km bbm, the 6.4 km/s velocity occurs on the entire landward regions, but at 8 km 367 

bbm slice it occurs only on the northeastern region. The 7.5 km/s velocity occurs first at 6 km 368 

bbm only on the oceanic region, but extends across the entire landward region at 14 km bbm 369 

(Figure 6). The variations with depth in distribution of the 6.4 km/s and 7.5 km/s velocities 370 

reflect the changes of the upper and lower crust boundary and the Moho resulting from the 371 

thinning process (Figure 7a&7b). At 14 km bbm the 7.5 km/s velocity contour near site U1502 372 

seems to form a separated circular structure from the surrounding region displaying a lower 373 

velocity anomaly (Figures 6&S16).   374 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

19 of 43 

The distribution of middle crust (6.0-6.4 km/s) is uneven, occurring mainly on the northeastern 375 

region with thickness of ~4-6 km, but it is largely absent on the seaward side (thickness < 1 km) 376 

(Figure 7c). The HVLC occurs widely, ranging from ~1 to 9 km in thickness (Figure 7d). 377 

Although measuring the thickness of HVLC is limited by the difference between the Moho (7.5 378 

km/s) in our 3D model and the Moho constrained by PmP (Figure S17), the relative thickness 379 

variation is well expressed in the 3D volume. The HVLC on the landward region is generally 380 

thicker than that on the seaward region, except near site U1502. Further, the HVLC on the 381 

northeastern region is thicker than the southwestern region when comparing along-strike 382 

variations (Figure 7d).  383 

5.2 Identification of Different Basement Domains 384 

The lateral variation in the transition from continental to oceanic crust in 3D defines different 385 

basement domains (Figure 8). Previous works with MCS, free-air gravity anomaly (Figure 8), 386 

magnetic lineations and recent IODP drilling, proposed basement domains in the study area, 387 

including thin continental basement, the COT, and oceanic crust (Zhang et al., 2021; Ding et al., 388 

2020). Based on the variations in whole-crust and middle-crust thickness, as well as 1D Vp-389 

depth profiles from our 3D Vp model, we further investigate the extent, structure and nature of 390 

the region. We define the lateral geometry of the COT based on seismic velocity distribution 391 

with the seaward boundary to be roughly coincident with the zero value of free-air gravity 392 

anomaly corresponding to a ~5-6 km crustal thickness (Figures 7&8), while its landward 393 

boundary roughly corresponds to the location where continental crust abruptly thins and the 394 

largest crustal thickness variation gradient happens (Figures 5, 7, S17). The landward boundary 395 

is also roughly consistent with the maximum negative free-air gravity anomaly, except the parts 396 

to the west of L2 and to the east of L5 (Figures 5a, 6&10). Moreover, the landward boundary 397 

near drill site U1502 is interpreted landward of a circular-shape crustal thickness anomaly 398 

(Figure 7a), because the crustal structure has been modified by magmatism during breakup 399 

sampled as altered MORB at site U1502 (Larsen et al., 2018b).  400 

The oceanic domain extends across the deep-water region at water depth >~3 km. This domain 401 

contains distinct magnetic anomalies, interpreted as seafloor spreading lineations (Li et al., 2014; 402 

Briais et al., 1993), positive free-air gravity anomaly (Sandwell et al., 2014), and high-amplitude 403 

reflections from TOB displaying a flat to slightly hummocky geometry cut by small-offset faults 404 
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and continuous oceanic Moho reflections in seismic images (Zhang et al., 2021; Ding et al., 405 

2020; Ding et al., 2018). Drilling of fresh MORB at sites U1500 and U1503 supports the oceanic 406 

nature of this domain (Childress et al., 2020; Larsen et al., 2018a). Our 3D Vp model shows that 407 

the average crustal thickness of this region is ~6 km, although it locally ranges from 4.5 to 9 km 408 

(Figure 7a). The seismic velocity structure of the basement displays two characteristic layers 409 

with a higher velocity gradient in the upper crust and a gentler velocity gradient in the lower 410 

crust (Figure 9a) resembling classical oceanic structure (White et al., 1992).  411 

In contrast to the oceanic domain, mainly negative free-air anomalies and no distinct magnetic 412 

lineations occur across the continental domain (Li et al., 2014). Syn-rift sediment associated to 413 

large-offset faults support a continental rifting style of the basement deformation (Zhang et al., 414 

2021; Ding et al., 2020), confirmed by basement drilling at sites U1501, U1504 and U1505 415 

(Larsen et al., 2018b). Our 3D Vp model displays comparatively thicker basement (~8-20 km) in 416 

the continental domain (Figure 7a), whose seismic velocity vertical gradient and perturbation are 417 

distinct from those of the oceanic domain (Figures S13-S16). A middle crust layer characterised 418 

by 6.0-6.4 km/s velocity and >1 km thick seems to only occur here (Figure 7c). The whole-crust 419 

thickness, including upper and middle crust and the HVLC, is thicker in the east sector than in 420 

the western sector in this domain. The boundary between these two sectors seems to be 421 

consistent with the Pearl River Mouth Canyon shown in the bathymetry (Figure 2). Hence, the 422 

continental domain is divided into two segments (Figure 8), which will be discussed in detail in 423 

next section. The boundary between the two segments appears to project seaward to a NW-SE 424 

elongated area of comparatively thinner basement delineated by the 6 km thickness contour 425 

(Figure 7a) across the COT and the oceanic domain, which may be coincident with the Zhongnan 426 

fracture zone bounding seafloor spreading segments (Cameselle et al., 2017). 427 

A ~20 km-width COT occurs between the continental and oceanic domains (Figure 8), as the 428 

free-air gravity anomaly increases oceanward from negative to positive (Figure 8), which is 429 

coincident with the crustal thinning from ~8-14 km on the landside to ~4.5-9 km on the seaside 430 

(Figure 7a). The COT basement has been sampled at site U1502 (e.g., altered MORB), 431 

supporting the hybrid type of crust based on the sample at comparative site U1499 (e.g., gravels) 432 

and the MCS images, where tapering continental crust may have been overprinted by extrusive 433 

and underplated/intrusive magmatic material (Zhang et al., 2021; Ding et al., 2020). Gravity 434 

modelling using MCS images for structural constraints has interpreted thin continental basement 435 
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passing to igneous crust (Nirrengarten et al., 2020). The 1D Vp-depth profiles from the COT 436 

domain fall in between typical thin continental and oceanic domains (Figures 9b), which 437 

supports hybrid type of crust for the COT basement.  438 

 439 

Figure 7. Thickness maps for different layers. (a) Whole crust (between TOB and 7.5 km/s 440 

velocity contour). (b) Upper crust (between TOB and 6.4 km/s velocity contour). (c) Middle 441 

crust (between 6.0 km/s and 6.4 km/s velocity contours). (d) HVLC (between 7.0 km/s and 7.5 442 

km/s velocity contours). It’s worth noting that the layer between 7.0 km/s and 7.5 km/s contours 443 

in the oceanic domain is masked as it is usually not referred as to HVLC. The thick black solid 444 
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and dotted lines mark the seaward and landward boundaries of COT domain, respectively. The 445 

other symbols are same as Figure 2. 446 

 447 

Figure 8. Free-air gravity anomaly map of the study area and identification of different basement 448 

domains. The free-air gravity data is from Sandwell et al. (2014). The thick black solid and 449 

dotted lines mark the seaward and landward boundaries of COT domain, respectively. The 450 

continental and oceanic domains are therefore located on the landward side and on the seaward 451 

side, respectively. It is worth noting that a possible transfer fault zone (TFZ) located in the 452 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

23 of 43 

continental domain has further separated the NE tectono-magmatic segment from SW tectonic-453 

dominated segment. The other symbols are same as Figure 2. 454 

 455 

Figure 9. The 1D Vp-depth profiles extracted from the 3D Vp model beneath the OBS stations 456 

in (a) the oceanic domain, (b) the COT domain, (c) the continental domain. The dark envelope 457 

shows the range of typical velocities for the Atlantic oceanic crust (0-127 Ma) (White et al., 458 

1992). The pink lines with uncertainties indicate extended continental crust (Christensen and 459 

Mooney, 1995). The grey envelope indicates the thinned continental crust in the SCS (Liu et al., 460 

2018). The pink envelope and green envelope represent the velocity range of thin oceanic crust 461 

overlying serpentinized mantle (Davy et al., 2016; Whitmarsh et al., 1996) and exhumed mantle 462 

in the west Iberia margin (Dean et al., 2000). 463 

6 Discussion 464 

6.1 Along-strike crustal changes during end rifting 465 

A major outcome of the 3D Vp model is the along-strike variations in the crustal structure of 466 

the continental domain (Figures 5&6). Lateral variations include significant changes in the crust 467 

and HVLC thickness (Figure 7). The model shows that there are two styes of thinning along-468 

opening direction from the northeastern (NE) segment to the southwestern (SW) segment, 469 

separated by a transfer (fault?) zone marked by an abrupt change in crustal thickness and Vp 470 

distribution (Figures 6&7). In the SW segment, continental crust thickness thins towards the 471 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

24 of 43 

COT from ~13 km to ~8 km in ~70 km range displaying a comparatively gradual thinning, 472 

whereas seaward crustal thinning in the NE segment occurs abrupter from ~20 km to ~8 km in 473 

~30 km range (Figure 7a). Both segments transition to oceanic crust across a narrow COT 474 

(Figure 8). The two styles of crustal structure are separated by a ~25 km-width NW-SE trending 475 

zone (Figure 8). This narrow segment boundary separating two different kinds of tectonic and 476 

magmatic styles possibly represents a transfer fault, perhaps relating to the Baiyun-Liwan Fault 477 

Zone defined further landward (Zhao et al., 2019).  478 

Contrasting styles of thinning and extension have been described to occur in conjugate 479 

margins giving rise to the now classical observation of an asymmetric crustal and tectonic 480 

structure (Ranero & Perez-Gussinye, 2010; Hopper et al., 2004). The observed crustal and 481 

tectonic asymmetry of conjugate margins led to the term upper-plate margin, in the hanging wall 482 

to the inferred lithospheric detachment, and a conjugate lower-plate margin, in the footwall to the 483 

detachment (Wernicke, 1995; Lister et al., 1991). Conceptually, upper-plate margin segments 484 

might laterally abut a lower-plate margin segment across a transfer fault, causing significant 485 

along-strike variation in the crustal structure (Lister, 1986). Along-strike variability from an 486 

upper-plate structure to a lower-plate structure have been reported in the SCS (Zhang et al., 487 

2021; Franke et al., 2014; 2011) and for the South Atlantic Angola–Gabon rifted margin (Peron-488 

Pindivic et al., 2015). However, in our study area, there is no MCS images show confident 489 

along-strike flip of the detachment polarities (Gao et al., 2015), although it is worth noting that 490 

the small-offset faults on the TOB in the NE segment (e.g., Figure 4 in Zhang et al., 2021) are 491 

very different from the larger-offset faults (e.g., Figure 13 in Yang et al., 2018) on the TOB in 492 

the SW segment, indicating distinct difference in the tectonic deformation between the two 493 

segments.  494 

Drilling the northern SCS basement found evidence of syn-rift and syn-breakup magmatism 495 

(Sun et al., 2019; Larsen et al., 2018b), and the anomalously high Vp 7.0-7.5 km/s of the HVLC 496 

can be interpreted as a proxy of syn-rift and syn-breakup mafic magmatic underplating and lower 497 

crustal intrusions. HVLC are often attributed to decompression melting of upwelling hot or 498 

chemically anomalous asthenosphere (Sallares et al., 2003; Korenaga et al., 2002). Assuming 499 

that most of the HVLC is formed by underplating, it implies crustal stretching factor (β) of ~2-9 500 

when removing the HVLC thickness (Figure S18a&18b) assuming 32 km as initial thickness (Li 501 

et al., 2006). It is however somewhat counterintuitive that the HVLC in the NE segment with 502 
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smaller β (<~3) is overall thicker than the HVLC in the SW segment with larger β (>~4) (Figures 503 

7d&S18b). Significant differences of the initial lithospheric thickness or mantle potential 504 

temperature (Bown & White, 1995; White & McKenzie, 1989) in the relatively small study area 505 

appear unlikely (Figure S18c & S18d) and thus the origin of the differences during rifting must 506 

come from local chemical or structural heterogeneities.  507 

Potential local lithospheric heterogeneities include inherited lateral changes in mantle 508 

composition, which could have modulated the processes that led to the contrasting styles of 509 

thinning and magmatism during rifting. Significant changes in magmatism have been reported 510 

related to a comparatively strong tectonic segmentation by transform faults in the Gulf of 511 

California (Lizarralde et al., 2007). The inheritance of a heterogenous mantle could lead to 512 

abrupt along-strike changes in the interplay between deformation and magmatism during end 513 

rifting processes. Locally constrained changes in melt production would also influence the 514 

lithospheric thermal structure and the crustal and upper mantle rheology so that the opening in 515 

the NE segment was controlled by a balance between tectonic and magmatic additions, whereas 516 

opening in the SW segment is comparatively dominated by extensional tectonism. This 517 

previously unreported relative small-scale segmentation requires a lithospheric scale transfer 518 

fault system that separates two different opening styles and two melt generation systems 519 

indicated by the distinct HVLC distribution (Figure 10). 520 

6.2 Origin of syn-rift and syn-breakup magmatism 521 

The HVLC in the 3D Vp model may represent sills heavily intruding the lower crust, which 522 

may relate to the internal reflection packages in the lower crust above the Moho in MCS images 523 

(Ding et al., 2020). The age of the altered MORB drilled at site U1502 (Larsen et al., 2018b) 524 

supports the existence of significant syn-rift and syn-breakup magmatism. However, the 525 

magmatic budget is inferred moderate compared to magma-rich margins because no SDRs are 526 

imaged. The main parameters controlling the onset of magmatic activity and magmatic budget 527 

include mantle temperature, opening rate, initial lithospheric thickness (Bown and White, 1995; 528 

White and McKenzie, 1989), mantle composition (Sun et al., 2019; Korenaga, 2004) and rifting 529 

styles (Lu et al., 2021). Mantle temperature is usually suggested as the main factor to control the 530 

formation of the two end-member classes of magma-poor and magma-rich rifted margins (Lu et 531 

al., 2021; Minshull et al., 2001; White et al., 1987). Previous investigations speculate on the 532 
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presence of a significant positive mantle thermal anomaly during breakup of the northern SCS 533 

(Clift et al., 2015; Nissen et al.,1995b), but clearly any existing thermal anomaly was too small 534 

to produce structures typical of magma-rich margins.  535 

The Mesozoic paleo-Pacific subduction may have carried abundant fluids into lithosphere 536 

prior to the SCS formation (Sun et al., 2019), making its mantle probably different from the 537 

north Atlantic rifted margins. An extended phase of rifting occurred in the SCS margins 538 

(Cameselle et al., 2020; Franke et al., 2014), and although the main rift event stared in Eocene 539 

time and the magmatic event constrained with site U1502 results lasted less than 10 Ma have 540 

during which upwelling of asthenosphere generated enhanced magmatism (Ding et al., 2020; 541 

Larsen et al., 2018a). However, tectonic extension triggered different magma generation by 542 

decompression melting, inferred from the differences in HVLC distribution in the two margin 543 

segments (Figure 7d). A possible scenario is that opening rates were significantly different in the 544 

two segments and that faster opening of the eastern segment produced larger volume of melt. 545 

Alternatively, divergence rates may have been similar along the entire margin sector, but mantle 546 

composition differed, and a comparatively more fertile mantle in the eastern segment produced 547 

enhanced melt. Although we cannot exclude the first scenario, the second scenario appears more 548 

realistic as the NE segment and SW segment may have been located at different tecontic setting 549 

in Mesozoic subduction system (Figure 1). 550 

6.3 No mantle exhumation at the COT 551 

Prior to IODP Expeditions 367/368/368X, magma-poor rifting models of the type of the west 552 

Iberia margin were often used to interpret the formation of SCS. As a result, the presence of 553 

exhumed and serpentinized mantle was interpreted to occur across the COT of the northern SCS, 554 

based on interpretations of MCS profiles (Franke et al., 2014). Alternative interpretations of the 555 

northern SCS present seismic images displaying continuous Moho reflections from clear 556 

continental domains to oceanic domains, and propose a narrow COT containing an abrupt 557 

contact between extended continental crust and oceanic igneous crust (Cameselle et al., 2017). A 558 

narrow COT between the continental and oceanic domain is supported by drilling results of 559 

IODP Expeditions 367/368/368X (Larsen et al., 2018b), that seem to preclude the existence of 560 

exhumed mantle in the northern SCS.  561 
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The drilling results are interpreted to indicate a COT basement made of extended continental 562 

crust heavily modified by igneous additions (Zhang et al., 2021; Ding et al., 2020; Nirrengarten 563 

et al., 2020). However, the limited number of IODP drilling sites sampling basement at structural 564 

highs do not preclude the presence of mantle exhumed by faulting in the drilling area of IODP 565 

Expeditions 367/368/368X. For example, because no basement was reached at site U1499, Yang 566 

et al (2018) interpret MCS images supporting mantle exhumation. Wan et al (2021) speculate 567 

that although fresh MORBs have been drilled at sites U1500 and U1503, a thin igneous carapace 568 

may overlie serpentinized exhumed mantle just as interpreted in the west Iberia rifted margin 569 

(Davy et al., 2016), or igneous additions occur after exhumation and serpentinization of the 570 

mantle as drilled in the Vavilov and Marsili sub-basins of the Tyrrhenian Sea basin (Prada et al., 571 

2020; 2016; 2015).  572 

To evaluate the presence of exhumed and serpentinized mantle we compare 1D Vp-depth 573 

profiles beneath OBS station across the COT and oceanic domains with those from other basins 574 

where exhumed and serpentinized mantle has been confirmed by drilling (Figure 9). The 1D Vp-575 

depth profiles from the oceanic domain fall into the range of velocities for the Atlantic oceanic 576 

crust usually referred as normal oceanic crust (White et al., 1992), and do not overlap with the 577 

range of velocities of thin magmatic crust overlying serpentinized mantle (Davy et al., 2016; 578 

Whitmarsh et al., 1996) (Figure 9a). Furthermore, the 1D Vp-depth profiles from the COT 579 

domain fall outside of the range of velocities for the exhumed mantle (Dean et al., 2000), and 580 

they fall between the ranges of velocities for thinned continental crust (Liu et al., 2018) and 581 

normal oceanic crust (White et al., 1992) (Figure 9b).  582 

In addition, distinct and continuous seismic reflection Moho are well displayed in the MCS 583 

profiles in or near the study area (Zhang et al., 2021; Ding et al., 2020; Nirrengarten et al., 2020; 584 

Cameselle et al., 2017). Furthermore, wide-angle PmP Moho reflections are observed in seismic 585 

records at the triple junction of Pg, PmP and Pn (Figure 3). The origin of PmP reflections has 586 

been further verified with 2D forward and inverse modeling including the Moho interface 587 

(Figure S17). Hence, all available seismic data including the 3D Vp model indicate that mantle 588 

exhumation and serpentinization did not occur during the COT formation of the study area. 589 
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6.4 Rift-to-drift model 590 

Different studies (e.g., Cameselle et al., 2020; Deng et al., 2020) propose that the formation 591 

and large-scale evolution of the SCS is similar to the "wide rift mode" of extension (Hopper & 592 

Buck, 1996; Buck, 1991). A ~1000 km-wide region of continental crust formed by “basin and 593 

ranges” with a crustal architecture characterized by a succession of thin-basement (<~10 km) 594 

sub-basins (e.g., the Xisha failed rift and Baiyun-Liwan Sags) separated by basement highs 595 

(Cameselle et al., 2020; Clerc et al., 2018; Franke et al., 2014; Savva et al., 2014). These sub-596 

basins possibly evolved as discrete subsystems during early rifting, with final breakup and the 597 

transition to seafloor spreading only occurred in one of them (Cameselle et al., 2020). The 3D 598 

Vp model provides unprecedented resolution of the lateral crustal variability to study the end 599 

phase of rifting and how the deformation localized in 3D (Figure 10).  600 

Early stretching deformation is decoupled between the ductile lower crust and the brittle upper 601 

crust, with a series of discrete small-scale normal faults cutting TOB (Franke et al., 2014). These 602 

comparatively small faults are observed onshore (Nanni et al., 2017) and extend offshore. When 603 

the crust is thinned to <~15 km, differences in rheology and the result of the interplay between 604 

magmatism and faulting become more evident. In area with a ductile lower crust and limited 605 

magmatism, basin-bounding faults develop as detachment surfaces giving rise to fault-controlled 606 

thinning like in the Liwan sag with long detachment fault (>100 km) that extends towards the 607 

COT characterized by numerous tilted blocks (e.g., along L2, Yang et al., 2018). Thinning 608 

towards the COT in the SW segment is gradual as the motion between upper and lower 609 

crust/upper mantle is accommodated along the detachment surfaces (Figure 10). 610 

In contrast, tectonic deformation is comparatively less intense in the NE segment, 611 

accompanied by thicker middle crust and the magmatic production associated to the HVLC 612 

(Figure 7c&7d). Local lithospheric heterogeneities may have caused more magma in the NE 613 

segment than that in the SW segment and the accommodation space created during the basin 614 

opening is filled by a comparatively larger proportion of magmatic intrusions and relatively 615 

smaller-offset normal faulting restricted to the upper crust (Figure 10). 616 

Deeply penetrating faults are usually inferred to promote the exhumation and eventual 617 

exposure at the seafloor of originally deep-seated material, either lower crust or mantle (Reston, 618 

2009; Manatschal et al., 2001). However, neither mantle or lower crust exhumation are a 619 
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requisite in the SCS rifting. The northern SCS magmatism may not only have contributed to 620 

form the HVLC, but also potentially used fault systems of the COT to percolate through highly-621 

thinned continental crust, forming the hybrid COT domain of thin continental crust and igneous 622 

additions (Figure 10). Final breakup likely occurred rapidly associated to the weakening 623 

produced by magmatic diking as lithospheric thinning progressed. 624 

The north Atlantic rifted margins have been the most widely studied. Scientists have carried 625 

out extensive geological and geophysical surveys to reveal the crustal structure (Minshull et al., 626 

2009), as well as numerous numerical and physical modelling to study what parameters have 627 

influenced the rifting styles. A large number of geodynamic and conceptual models have been 628 

proposed (Brune et al., 2014; Huisman & Beaumont, 2011; Ranero & Perez-Guissinye, 2010; 629 

Whitmarsh et al., 2001), and have been widely applied to other rifted margins. However, the new 630 

3D Vp data provides information on the rift-to-drift transition process for the northern SCS that 631 

is different from the classic magma-poor and magma-rich rifted margins. In the future, the 3D 632 

physical and numerical modelling are proposed to verify and reveal what kinds of parameters 633 

mainly control the rifting style which may be very different from that in the Atlantic rifted 634 

margins. 635 

 636 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

30 of 43 

Figure 10. Schematic diagram showing possible geological model with possible tectonics and 637 

magmatism during rift-to-drift process in the study area. An abrupt along-strike change in 638 

deformation and magmatism occurred from the NE segment to SW segment. Magmatism in the 639 

NE segment was abundant and took a significant proportion of the opening leading to a 640 

comparatively smaller scale faulting of the upper crust. Whereas the SW segment was dominated 641 

by tectonic extension and magmatism played a comparatively minor role during opening. The 642 

two contrasting segments were bounded possibly by a transfer fault system that provided the 643 

differential slip during opening of the two different crustal thinning styles and the magmatism 644 

leading to the different HVLC distribution. The crustal structure along L2 and L5 in cyan lines 645 

are shown in Figure 5. UCC: Upper continental crust; LCC: Lower continental crust; OC: 646 

Oceanic crust; MA: Magmatic addition; CM: Continental mantle; OM: Oceanic mantle; TFZ: 647 

Transfer fault zone.  648 

7 Conclusions 649 

In order to further reveal the rift-to-drift process in the northern SCS distal margin, a 3D OBS 650 

Vp model is obtained using the first-arrival travel-time tomography method. In combination with 651 

the geological and geophysical data, we have some new insights as following. 652 

1) The 3D Vp distribution determines the extent of the continental, COT and oceanic 653 

domains. The continental domain displays significant lateral variations in thickness from the 654 

maximum of ~20 km at the NE segment to the minimum of ~8 km at the SW segment. The 655 

oceanic domain shows crustal thickness of ~4.5-9 km with an average of ~6 km, with clear 656 

oceanic type seismic structure. A narrow COT domain with width of ~20 km occurs between the 657 

continental and oceanic domains. 658 

2) The NE abrupt thinning and SW gradual thinning of crustal thickness are observed along-659 

strike margin. Meanwhile, the HVLC interpreted as a proxy of syn-rift and syn-breakup magma 660 

shows thicker at the NE region of continental domain with smaller β (<~3) than that at the SW 661 

region with larger β (>~4). We suggest that this indicates the juxtaposition of NE tectono-662 

magmatic segment and SW tectonic-dominated segment, which is bounded possibly by a transfer 663 

fault system.  664 
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3) The rapid extension during late Eocene may be responsible for the rapid upwelling of the 665 

asthenosphere and moderate magma produced by decompression melting. However, the local 666 

lithospheric heterogeneities due to Mesozoic paleo-Pacific subduction have caused different 667 

magmatic production along the strike of the margin. This magmatic event not only forms the 668 

HVLC, but also alters the highly-thin continental crust to form a narrow COT domain with 669 

hybrid crust.  670 

4) The segmentation in rifting style observed at the northern SCS is unprecedented and can 671 

not easily be explained by current models of rifting. The contrast in extension styles and inferred 672 

magmatism, separated by distinct transfer zone may imply that inherited mantle heterogeneities 673 

played a major role during rifting. High resolution seismic Vp models are needed to test the 674 

significant of segmentation in other rift systems. 675 
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Figures S1 to S18.  

Introduction  

The supplementary figures (Figures S1-S4) display the 3D models of velocity uncertainty and 

raytracing count, which are used to show the confidence of final 3D Vp model. The supplementary 

figures (Figures S5-S12) display a set of checkerboard tests mainly showing three different squared 

cell sizes (4, 10, 20 km), which are used to evaluate the resolution of the tomographic Vp model. 

The supplementary figures (Figures S13-S16) display the 3D models of velocity gradient and 

velocity perturbation, which are used to help analyze the final 3D Vp model. The supplementary 

Figure S17 displays the comparison between 2D and 3D Vp models along L2, which is used to 

indicate that it is reasonable to take 7.5 km/s velocity contour in our 3D Vp model as the Moho. 

Figure S18 displays the relationship among HVLC thickness, melt thickness, crustal stretching 

factor, rifting duration, potential temperature of asthenosphere as well as initial continental 

lithospheric thickness. 
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Figure S1. Vertical slices crosscutting the 3D Vp uncertainty model and free-air gravity anomaly. 

The other symbols are same as Figure 5. 
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Figure S1 (Continuous). 
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Figure S2. Horizontal slices of the 3D Vp uncertainty model at different depths below TOB (bbm). 

The other symbols are same as Figure 6. 
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Figure S3. Vertical slices crosscutting the 3D raytracing count model and free-air gravity anomaly. 

The other symbols are same as Figure 5. 
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Figure S3 (Continuous). 
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Figure S4. Horizontal slices of the 3D raytracing count model at different depths below TOB (bbm). 

The other symbols are same as Figure 6. 
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Figure S5. Vertical slices crosscutting the 3D models with true checkerboard pattern of the 4x4 

km (a-e), 10x10 km (a’-e’) and 20x20 km (a’’-e’’) anomaly size. The other symbols are same as 

Figure 5. 
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Figure S5 (Continuous). 
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Figure S5 (Continuous). 
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Figure S5 (Continuous). 
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Figure S5 (Continuous). 
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Figure S5 (Continuous). 
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Figure S6. Horizontal slices of the 3D models with true checkerboard pattern of the 4x4 km, 10x10 

km and 20x20 km anomaly size at different depths below sea level (bsl). The other symbols are 

same as Figure 6. 
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Figure S6 (Continuous). 
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Figure S6 (Continuous). 
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Figure S7. Vertical slices crosscutting the 3D models with retrieved checkerboard pattern of the 

4x4 km (a-e), 10x10 km (a’-e’) and 20x20 km (a’’-e’’) anomaly size. The other symbols are same 

as Figure 5. 
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Figure S7 (Continuous). 
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Figure S7 (Continuous). 
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Figure S7 (Continuous). 
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Figure S7 (Continuous). 
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Figure S7 (Continuous). 
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Figure S8. Horizontal slices of the 3D models with retrieved checkerboard pattern of the 4x4 km, 

10x10 km and 20x20 km anomaly size at different depths below sea level (bsl). The other symbols 

are same as Figure 6. 
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Figure S8 (Continuous). 
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Figure S8 (Continuous). 
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Figure S9. Vertical slices crosscutting the 3D resolvability models with retrieved checkerboard 

pattern of the 4x4 km (a-e), 10x10 km (a’-e’) and 20x20 km (a’’-e’’) anomaly size. The other 

symbols are same as Figure 5. 
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Figure S9 (Continuous). 
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Figure S9 (Continuous). 
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Figure S9 (Continuous). 
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Figure S9 (Continuous). 
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Figure S9 (Continuous). 
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Figure S10. Horizontal slices of the 3D resolvability models with retrieved checkerboard pattern 

of the 4x4 km, 10x10 km and 20x20 km anomaly size at different depths below sea level (bsl). The 

other symbols are same as Figure 6. 
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Figure S10 (Continuous). 
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Figure S10 (Continuous). 

  



 

 

35 

 

 

 

 

Figure S11. Vertical resolution maps showing the region at which we are able to retrieve 

each size of the checkerboard pattern. The other markers are same as Figure 5.  
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Figure S11 (Continuous). 
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Figure S12. Horizontal resolution maps showing the region at which we are able to retrieve 

each size of the checkerboard pattern at different depths below TOB (bbm). The other markers 

are same as Figure 6. 
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Figure S13. Vertical slices crosscutting the 3D velocity gradient model and free-air gravity 

anomaly. The other symbols are same as Figure 5. 

 



 

 

39 

 

 

Figure S13 (Continuous). 
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Figure S14. Horizontal slices of the 3D velocity gradient model at different depths below TOB 

(bbm). The other symbols are same as Figure 6. 
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Figure S14. Vertical slices crosscutting the 3D velocity perturbation model and free-air gravity 

anomaly. The other symbols are same as Figure 5. 
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Figure S15 (Continuous). 
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Figure S16. Horizontal slices of the 3D velocity perturbation model at different depths below TOB 

(bbm). The other symbols are same as Figure 6. 
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Figure S17. Comparison among (a) Forward Vp model by using RayInvr with the yellow 

line indicating the inverted Moho; (b) Inversion Vp model by using Tomo2D with the red 

line showing the inverted Moho; (c) Vertical slice from 3D Vp model along profile L2 with 

the yellow and red lines from (a) and (b) which correspond well with the 7.5 km/s velocity 

contour. The white bars show the depth uncertainties for 6.4 km/s and 7.5 km/s contours. 

The other symbols are same as Figure 5. 
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Figure S18. Analysis for the formation genesis of HVLC assuming that it is formed by syn-rift 

decompression melting of upwelling asthenosphere. (a) The whole crust thickness map removing 

the HVLC. (b) The whole crustal stretching factor (β) map assuming 32 km as the initial thickness 

(Li et al., 2006). (c) The relationship among melt thickness, β, rift duration and potential 

temperature of asthenosphere assuming 125 km as the initial continental lithospheric thickness 

(modified from Bown et al., 1995). The green and blue rectangles correspond to the SW and NE 

segments of continental domain, respectively, which are contrary to the observed HVLC thickness 

in Figure 7d. (d) The relationship among melt thickness, β, potential temperature of asthenosphere 

and initial continental lithospheric thickness assuming instantaneous breakup (modified from 

White & McKenzie, 1989). The green and blue thick lines correspond to the melt thickness inferred 

from HVLC in the SW and NE segments of continental domain, respectively. It can be seen that if 

the potential temperature of the asthenosphere is uniform of 1400 ℃, the initial lithospheric 

thickness in NE segment should be smaller than 70 km assuming its β as 2, whereas the initial 

lithospheric thickness in SW segment should be larger than 260 km assuming its β as 5.  


