
1  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

 
Tectonophysics 
September 2018, Volumes 742-743, Pages 101-119  
http://dx.doi.org/10.1016/j.tecto.2018.06.002 
http://archimer.ifremer.fr/doc/00443/55458/ 
© 2018 Published by Elsevier B.V.   

Archimer 
http://archimer.ifremer.fr 

Geophysical constraints on the lithospheric structure in the 
northeastern South China Sea and its implications for the 

South China Sea geodynamics 

Liu Siqing 
1, 6

, Zhao Minghui 
1, *

, Sibuet Jean-Claude 
1, 2

, Qiu Xuelin 
1, 6

, Wu Jonny 
3
, Zhang Jiazheng 

1
, 

Chen Chuanxu 
4
, Xu Ya 

5
, Sun Longtao 

1
 

 
1
 Key Laboratory of Ocean and Marginal Sea Geology, South China Sea Institute of Oceanology, 

Chinese Academy of Sciences, Guangzhou 510301, China  
2
 Ifremer Centre de Brest, 29280 Plouzané, France and 44 rue du Cloitre, 29280 Plouzané, France  

3
 University of Houston, Department of Earth and Atmospheric Sciences, Science & Research Building 

1, 3507 Cullen Boulevard, Houston, TX 77204, USA  
4
 Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences, Sanya 572000, China  

5
 Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China  

6
 University of Chinese Academy of Sciences, Beijing 100049, China 

* Corresponding author: Minghui Zhao, email address : mhzhao@scsio.ac.cn  
 

Abstract : 
 
An E-W oriented OBS2015-2 wide-angle refraction profile was shot in the northeastern South China 
Sea (SCS) between refraction profiles T1 and T2 in order to better understand the variability of the 
crustal composition and the role of specific tectonic features. P-wave velocity models established from 
forward and inversion modeling imaged a 12 to 15 km-thick thinned continental crust and a high velocity 
layer (HVL) in the lower crust which is interpreted as magmatic underplating. Profile OBS2015-2 cut 
across the Taiwan transfer zone (TTZ), which separates two consecutive rifted segments of different 
orientations in the northeastern SCS. The TTZ is a well-defined upper crustal feature characterized by a 
HVL with different thickness on both sides. We have defined the southward limit of the thinned 
continental domain with the typical oceanic domain as a continent-ocean boundary (COB). The COB 
between the drilling area of IODP legs 367–368 to the Manila trench is characterized by a sharp 
contrast between the low amplitude, irregular shape magnetic anomalies and the high amplitude, 
elongated shape magnetic anomalies, which are associated with the thinned continental domain and the 
oceanic domain, respectively. We further extend the COB into the 400 to 500 km wide unfolded Manila 
slab located east of the Manila trench by using mid-slab dVp tomographic velocities to define the 
boundary between subducted oceanic and thinned continental crust. The location of the reconstructed 
northeast SCS COB appears to step northwards toward Taiwan across a 400 km N-S segment, 
providing new constraints on SCS geodynamics at the end of spreading and its later tectonic evolution. 
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Highlights 

► Thinned continental crust intruded by post-rifting volcanics in northeastern SCS ► The TTZ transfer 
zone separates two consecutive rifted continental segments. ► COB can be distinguished from dVp 
variations within the unfolded Manila slab. ► Two plates kinematic arrangement at the end of SCS 
seafloor spreading 

 
 
Keywords : Northeastern South China Sea, Continent-ocean boundary (COB), Wide-angle 
reflection/refraction data, Thinned continental crust intruded by post-rifting volcanism, Taiwan transfer 
zone (TTZ) 
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well-defined upper crustal feature characterized by a HVL with different thickness on both sides. We 

have defined the southward limit of the thinned continental domain with the typical oceanic domain 

as a continent-ocean boundary (COB). The COB between the drilling area of IODP legs 367-368 to 

the Manila trench is characterized by a sharp contrast between the low amplitude, irregular shape 

magnetic anomalies and the high amplitude, elongated shape magnetic anomalies, which are 

associated with the thinned continental domain and the oceanic domain, respectively. We further 

extend the COB into the 400 to 500 km wide unfolded Manila slab located east of the Manila trench 

by using mid-slab dVp tomographic velocities to define the boundary between subducted oceanic and 

thinned continental crust. The location of the reconstructed northeast SCS COB appears to step 

northwards towards Taiwan across a 400 km N-S segment, providing new constraints on SCS 

geodynamics at the end of spreading and its later tectonic evolution.  

 

Keywords: Northeastern South China Sea; continent-ocean boundary (COB); wide-angle 

reflection/refraction data; thinned continental crust intruded by post-rifting volcanism; Taiwan 

transfer zone (TTZ) 

 

1. Introduction 

The South China Sea (SCS), one of largest marginal seas in the Western Pacific, has 

experienced a near-complete Wilson cycle with continental rifting, breakup, and seafloor spreading, 

followed by partial subduction along the Manila trench. In the last decade, geophysical surveys have 

been focused on the deep lithospheric structure of the northeastern SCS near the Manila subduction 

zone. In particular, the continent-ocean transitional zone and relevant geodynamic processes has 
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been an important scientific topic. In this work, the SCS continent-ocean boundary (COB) is defined 

as the landward limit of the typical oceanic crust, and the domain between the COB and the typical 

thinned continental crust is referred to as the continent-ocean transition (COT). The COT might 

consist of exhumed mantle as for the Galicia margin (Davy et al., 2016), exhumed lower crust as for 

the Angola margin (Sibuet and Tucholke, 2012), rafts of continental crust over abnormally thick 

oceanic crust, or crust of unknown nature. The interpretation of multi-channel seismic (MCS) 

profiles in the area of IODP Legs 367-368 shows that the COT is very narrow (maximum 10-20 km 

wide) (Jian et al., 2018; Sun et al., 2018) or extremely narrow (a few km wide) (Cameselle et al., 

2015), or even not existent (Taylor, 2017). The crustal nature of the COT is also controversial (Sun et 

al., 2016). Unfortunately, the controversies on width and crust nature of the COT were not resolved 

by drilling (e. g., Sun et al., 2018; Jian et al., 2018; Zhao et al., 2017; 2018a). Present-day ongoing 

discussions suggest that a COT might not actually exist within the northern SCS, as MCS profiles in 

the northeastern SCS do not show the presence of a COT. Therefore, we will use the notion of COB 

rather than COT, although it is possible that a COT with highly reduced width may exist. In the past, 

different COB locations were proposed (Fig. 1): 1) COB1 was based on the identification of 

magnetic lineations associated with typical oceanic crust (Taylor and Hayes, 1983; Briais et al., 1993; 

Barckhausen et al., 2014; Li et al., 2014). 2) COB2 was defined by Hsu et al. (2004), who mapped 

new E-W trending magnetic lineations in the northeasternmost SCS and interpreted them as seafloor 

spreading magnetic anomalies C15 to C17 dated 35 and 37.8 Ma, respectively. COB2 extends 

northwards of C17, up to 21.5°N and was later updated by Yeh et al. (2010) (Fig. 1). 3) McIntosh et 

al. (2014) updated COB1 with new constraints from refraction and MCS profiles, and considered the 

limits of the hyper-extended continental margin to be COB3 (Fig. 1). 4) COB4, defined in this study, 
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leaves C10 to C12 magnetic lineations in the typical oceanic domain and all the NE-SW elongated 

volcanic ridges in the thinned continental domain. The western prolongation of COB4, located 

between IODP Site 1500 and IODP Site U1435 (Li et al., 2014; Jian et al., 2018; Sun et al., 2018), is 

established by using the magnetic anomaly map of Figure 2. The diversity of proposed SCS COBs 

leads to an important question that will be addressed in this study: Where is the most reasonable 

COB location within the northeastern SCS? 

    The crust located west of the Manila trench and north of the COB is thinned continental crust 

intruded by volcanics, rather than oceanic crust. Evidences are from the wide-angle seismic 

refraction lines (profiles MGL0905_20 (Lester et al., 2014), T1 and T2 (Eakin et al., 2014), 

MGL0905_20 (Lester et al., 2014), OBS2001 (Wang et al., 2006)) and MCS lines (Lester et al., 2013, 

2014; Eakin et al., 2014; McIntosh et al., 2013, 2014; Yeh et al., 2010, 2012; Sibuet et al., 2016a). 

South of the continental shelf, the crust is hyper-extended and the thickness is down to 6 km below 

the continental slope, in direction of the failed rift axis (McIntosh et al., 2014) (Fig. 1). The crust 

becomes gradually thicker further southward over a distance of 80 km, with tilted faulted blocks 

bound by normal faults. These structures are typical in highly thinned continental crust rather than 

oceanic crust as proposed by Hsu et al. (2004). In addition, fanning sediments on top of tilted blocks, 

the presence of a high amplitude reflection at the top of synrift sediments, the lack of a crustal 

velocity contrast as observed between oceanic crust layers 2 and 3, and possibly the existence of a 

HVL, are arguments in favor of highly thinned continental crust (Lester et al., 2014) rather than 

oceanic crust. A linear feature previously identified from swath-bathymetric, magnetic and gravity 

anomaly maps, and MCS profiles was interpreted as a fossil transform plate boundary, refereed to as 

the Luzon-Ryukyu Transform Plate Boundary (LRTPB) (Fig. 1, Sibuet et al. 2002). The new 
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refraction results indicate that the LRTPB may not exist within an oceanic domain, but rather within 

a thinned continental crust domain. These observations lead to new questions: What are the 

differences in crustal nature and crustal thickness on the two sides of the LRTPB? What is the 

tectonic significance of this feature? Could it be considered as a transfer zone between two 

consecutive segments of continental margins? To answer these questions, we carried out a 

high-precision, crustal-scale, wide-angle seismic profile in 2015 (Profile OBS2015-2 in Fig.1), 

located at mid-distance between the E-W trending T1 and T2 profiles. We then explore the 

geodynamic implications of our new results by incorporating our NE SCS COB constraints into 

Manila slab reconstructions from seismic tomography (Wu et al., 2016) to shed light on SCS 

geodynamics at the end of spreading and its later tectonic evolution. 

 

2. Seismic data acquisition and processing 

The wide-angle deep seismic profile OBS2015-2 was carried out at 21°N from July to August 

in 2015, with the R/V Shiyan 2 by the South China Sea Institute of Oceanology (Fig. 1) and the 

Institute of Geology and Geophysics, Chinese Academy of Sciences. The profile is located in the 

west of Manila trench, and has been extended further eastwards of the Manila trench in 2016. The 

profile shot in 2016 is not located in Figure 1 and is still under processing.  

The seismic source consists of three equal-sized air-guns with a total volume of 73.74 liters 

(4500 in
3
) towed at a depth of 10 m below sea surface. This kind of seismic source is large enough to 

carry sufficient energy, with a high firing repeatability and a high signal/noise ratio (Zhao et al., 

2008), which is suitable for studying continental and oceanic crustal structures. The shooting interval 

time was 70-80 s with a ship speed of 5 knots during the survey. 1058 shots were fired along 
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Profile OBS2015-2 from west to east (Fig. 1). A single channel seismic reflection profile was 

simultaneously acquired. Due to its low quality, we used a single-channel record extracted from a 

MCS profile shot along Profile OBS2015-2 in 2016 instead (Fig. 3b). The air-gun signal was 

recorded by eight OBSs deployed every 15 km along the 190-km long seismic line (Figs. 1 and 3b). 

OBS2 did not record useful data and the broadband OBS located between OBS 6 and 7 was lost.  

The pre-processing of OBS data included raw data transformation, correction of clock drift, shot 

point correction and OBS location correction, which were described in detail in Liu et al. (2017). 

Navigation was based on the Differential Global Positioning System. Firstly, the raw OBS data were 

converted into the standard SAC (seismic analysis code) format and then to the international standard 

format SEG-Y. Secondly, the shot point corrections were carried out including time and location 

corrections (Ao et al., 2010). Thirdly, the direct water-wave travel times (Pw) were picked from all 

seismic record sections and OBS instruments were relocated by inverting these travel times by using 

the Monte Carlo method (Ao et al., 2010; Zhang et al., 2013). The final processing included 

band-pass filtering with ramps at 3-5 and 12-14 Hz. The seismic record sections for the eight OBS 

stations are displayed (Figs. 4a, 5a, 6a, and S1 to S5) with a reduced crustal velocity of 6.0 km/s.  

Strong energy and clear P-wave seismic phases are identified according to their kinematic and 

dynamic characteristics. PsP, Pg, PhP, Ph, PmP and Pn phases are picked to obtain the distribution of 

crustal velocity and interfaces (Figs. 4 to 6, and S1 to S5). Seismic phases Pw (in red) are used for 

relocation of the 8 OBSs. PsP, including Ps1P and Ps2P in blue and orange, are seismic phases 

reflected from upper and lower interfaces of the sediment layers. Seismic phases Pg (in green) are 

refracted from the crust. PhP and Ph (in cyan and yellow) are reflected and refracted phases from a 

high-velocity layer in the lower crust (HVL), respectively. The hyperbolic seismic phases PmP (in 
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pink) and Pn phases (in purple red) are reflected and refracted from the Moho interface, respectively. 

 

3. Methodology 

3.1. Forward ray-tracing modeling method 

The shallow geometry of the initial model is based on the interpretation of a single channel 

MCS profile (Fig. 2b) and regional geological and geophysical data (Zhao et al., 2010; Eakin et al., 

2014; McIntosh et al., 2014). The model includes 6 layers: the sea-water layer, two sediment layers, 

the upper crust, the lower crust, and the upper mantle, corresponding to velocities of 1.5 km/s, 

1.8-2.5 km/s and 3.0-3.5 km/s, 5.0-6.4 km/s, 6.4-6.9 km/s, and 8.0-8.2 km/s, respectively (Fig. 3c).  

P-wave velocity modeling was first done by forward ray tracing using the RayInvr software 

(Zelt and Smith, 1992). Abundant travel times of PsP, Pg, PhP, Ph, PmP and Pn phases are used to 

obtain the distribution of crustal velocities and interfaces. Data fitting is also quantified using χ
2
 

values, and the root mean square (RMS) normalized by the picking uncertainty. Typical uncertainties 

for best arrivals are 50 ms. Depending on the quality of travel-times, uncertainties of 80 ms are 

assigned to Moho arrivals (Table 1). 

OBS01 is located in the westernmost part of the profile at a depth of 2626 m (Figs. 1 and 3). In 

the ray-tracing records (Fig. 4), Pg seismic phases can be traced as far as 70 km. An obvious change 

in time of Pg phases on the two sides of OBS01 corresponds to a significant change of basement 

depth shown on the associated seismic reflection profile (Fig. 4b). The PhP and Ph phases can be 

traced within the 60-80 km and 80-100 km offset ranges, respectively. The PmP phases are clearly 

seen within the -20 to -10 km and 10 to 60 km offset ranges on both sides of OBS01. The Pn phase is 

observed at the offset of 55-100 km. OBS04 is located at a depth of 2704 m (Figs. 1 and 3). In the 
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ray-tracing records (Fig. 5), Pw, Ps1P, Ps2P, Pg, PmP seismic phases are very clear. The Pg phases 

are within the -60 to -10 and 5 to 60 km offset ranges. The presence of PmP phases is the necessary 

condition for a good control of the Moho interface. The PmP phases are observed on both sides 

within the -40 to -60 km and 20 to 70 km offset ranges of OBS04. OBS08, at a depth of 3399 m, is 

located 10 km west of the Manila trench (Figs. 1 and 3). Pg phases are within the -60 to 8 km and 5 

to 36 km offset ranges (Fig. 6). Pg phases bend down in the right side, which may be related to the 

bending of the subducting plate. PhP phases are clearly identified within the -95 to -60 km offset 

range (Fig. 6). The PmP phases appear within the -40 to -20 km and 20 to 40 km offset ranges on 

both sides of OBS08. The ray tracing and travel-times simulations for the other OBSs (OBS03, 04, 

06, 07, and 09) are presented in the supplement (Figs. S1 to S5). 

The forward modeling parameters are summarized in Table 1. The total RMS is 80 ms, and 

normalized χ
2
 is 1.379 for the final velocity model, which is close to the optimal value of 1. In 

general, the ray paths coverage exceeds 10 hits, reaching 50-60 hits between OBSs and over 80 hits 

in the upper crust (Fig. 7b), which indicates a high reliability for the final forward modeling. 

 

3.2. Inverted tomography modeling method 

For inversion modeling, the Tomo2D joint refraction and reflection travel-time inversion code 

(Korenaga et al., 2000) provides a smooth velocity model (Fig. 8). Compared to the Zelt and Smith 

(1992) approach, this technique requires much less a priori information and minimizes data 

over-interpretation. Refracted phases (Pn) and reflections at the base of the crust (PmP) are inverted 

simultaneously to provide a one-layer, continuously varying velocity model and a floating reflector 

representing the base of the crust. Note that the reflector at the base of the crust is not correlated with 
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any velocity jump and is not the Moho interface sensu stricto. A starting velocity model is required 

by the tomographic approach: the sedimentary layers are built using the geometry and velocities 

inferred from the seismic reflection profile (Fig. 3b); for the crust, the velocity is uniformly set up at 

4.5 km/s with a vertical added gradient and 8.0 km/s for the upper mantle. The starting floating 

Moho reflector is introduced at a constant depth of 11 km. For the Tomo2d model (Fig. 8a), the grid 

size is 0.5 × 0.5 km from the seafloor to a depth of 25 km. The horizontal and vertical correlation 

lengths were set from 2 to 5 km and 1 to 3 km, respectively (Table 1). The correlation length of the 

Moho reflector is 2 km. For the initial velocity model, the RMS travel-time misfit is 367ms with χ
2
 

of 8.03. After 6 iterations, the RMS of the final crustal model is converging to 84 ms and the final χ
2 

value is reduced to 1.502. 

 

3.3 Comparison of final velocity models 

The final RayInvr and Tomo2d velocity models (Figs. 7a and 8a) are consistent, except at the 

edge of the profile where the ray coverage is sparse. The forward model (Fig. 7a) is composed of 

seven layers (seawater, sediment 1, sediment 2, upper crust, lower crust, high-velocity layer in a 

lower crust (HVL) and upper mantle, corresponding to velocities of 1.5 km/s, 1.8-2.5 km/s, 3.0-3.5 

km/s, 5.0-6.4 km/s, 6.4-6.7 km/s, 7.1-7.4 km/s, 8.0-8.2 km/s, respectively. The inversion model (Fig. 

8a) yields the velocity structure with remarkable lateral velocity variations. In the two forward and 

inversion models (Figs. 7a and 8a), the depth of Moho is ~17-20 km and the thickness of the crust is 

~12-15 km with a ~3-4 km thick HVL layer (7.1-7.4 km/s) at the base of the crust.  

 

3.4 Model uncertainties and resolution tests 
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The ray coverage of the inversion model can be quantified with the derivative weight sum 

(DWS) (Fig. 8b). The ray coverage is very good in the shallow crust between OBS stations but 

shows significant variations with depth due to variable data quality. The uncertainties of velocities 

calculated by Monte Carlo analysis (Korenaga et al., 2000) are mostly less than 0.1 km/s and the 

uncertainty of the Moho depth is about 0.3-0.4 km at the edge of the profile (Fig. 8c).  

The checkerboard test is usually applied to evaluate the size of geological features. It is 

commonly used for model assessment and resolution analysis by using synthetic data. The recovery 

of the model is related to the distance between OBS stations. In general, the best recovery is obtained 

when half of the wavelength is close to the interval between adjacent OBSs. Three examples of 

resolved checkerboard patterns are shown for Profile OBS2015-2. The perturbed cells are 30 × 13 

km, 20 km × 13 km, 20 km × 8 km horizontally and vertically, respectively (Fig. 9). In the tests, we 

first added a velocity perturbation of ±5% to the grid nodes in order to construct a model that served 

as the input model. Synthetic arrival times are then calculated with the same source-receiver 

geometry. Finally the synthetic arrival times are inverted for the output model starting with the initial 

model, without any perturbation. By comparing the input and output models, the resolution in the 

model space can be determined. The recovery degree is poor in the third test (Fig. 9c). Cells with a 

size of 20 km horizontally and 13 km vertically are the threshold for OBS2015-2 Profile (Fig. 9b). 

To test the validity of the RayInvr model, we converted the forward modeling velocities into 

densities (Fig. 10). In contrast with the velocity model, the density model better reflects the lateral 

heterogeneity in the crystalline crust and uppermost mantle (Kashubin et al., 2017). The sea-water 

density is 1.03 g/cm
3
, and the density of the homogenous mantle is assumed to be 3.28 g/cm

3
. The 

densities of the sedimentary layer are chosen after Hamilton (1978). For the crust, the densities are 
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calculated by using an empirical law (Christensen and Mooney, 1995). In addition, the number of 

blocks should be reduced as much as possible to ensure the objectivity and strengthen the reliability 

of the model. As shown in Fig. 10, the crustal layers are split into 15 polygons with densities ranging 

from 2.62 g/cm
3
 to 3.13 g/cm

3
. The boundary effect is removed by extending the model domain 

outward by 50 km on each side of the profile (Dean et al., 2000). Observed gravity data are extracted 

from the global gravity data at 1 min × 1 min resolution (Sandwell et al., 2013) and the Free-air 

gravity anomaly along the section is calculated with the MASK system (Yao et al., 2003). The 

density model deduced from the velocity model shows that observed and calculated values are well 

correlated (RMS = 1.56 mGal), suggesting that the forward modeling is correct. The resulting 

velocity and density models bring into light the regional features of the deep structure along Profile 

OBS2015-2. Crustal densities below OBS01 and OBS09 located close to the Manila trench are lower 

than for the rest of the profile (Fig. 10). Amongst the numerous explanations, the lower densities may 

be associated with the thinned continental crust characterized by tilted fault blocks, and the higher 

densities with the presence of volcanic intrusions located at different crustal levels inside the thinned 

continental crust.  

 

4. Interpretation of refraction profiles 

4.1 Nature of the crust along Profile 0BS2015-2 

Figures 3b and 3c show that the sedimentary section is 2-4 km thick. Fanning stratal dips 

indicate synrift fill between 10 and 25 km (Fig. 3b) and suggest the presence of two tilted fault 

blocks of continental crust, and these tilted blocks are better imaged along a N-S oriented profile in a 

~N-S extension system (Taylor and Hayes, 1983; Franke et al., 2013; Zhao et al., 2016). Another 
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possible tilted fault block is imaged between 85 and 100 km. The continental origin of the tilted 

faults blocks is independently attested by the sedimentary nature of the upper part of the tilted blocks 

(e. g., Yeh et al., 2012; Lester at al., 2014). A regional unconformity characterized by a 

high-amplitude reflection can be followed within the post-rift sediments (Fig. 3a). Some volcanic 

intrusions occur where both breakup and regional unconformities are absent, for instance, the 

basement uplift region between 70 and 85 km, and those at the east of 120 km. These two possible 

volcanic intrusion areas are also consistent with high magnetic anomalies (Fig. 3). 

The seismic velocity model of Profile OBS2015-2 provides a strong constraint on the 

composition of the crust. 1-D velocity-depth profiles extracted from the final RayInvr and Tomo2d 

velocity models below all OBSs show that velocities along the Profile OBS2015-2 structure are 

lower than those of the normal or atypically thick oceanic crust (Fig. 11). From 2.5 km below the 

basement to the base of the crust, which varies from 11 to 14 km, all the OBSs curves are outside the 

bounds of the oceanic crust (White et al., 1992) for both RayInvr and Tomo2d models. In addition, 

the velocity discontinuity between layers 2 and 3 is not present in the forward velocity model. The 

crustal velocities are also faster than those of the extended continental crust (Christensen and 

Mooney, 1995). This may be due to mafic intrusions as seen in the seismic profile (Figs. 3, 7, and 8), 

which increase the bulk velocity.  

At the base of the crust, the HVL is present along the whole profile (Figs. 7a and 8a). Similar 

lower-crustal velocity anomalies are also observed at the other portion along northern SCS margin 

(e.g., Nissen et al., 1995). The HVL (P-wave velocity of 7.0-7.5 km/s) could be either an inherited 

pre-rift crustal feature (Nissen et al., 1995) or a post-rift feature, which would link the HVL to 

magmatic underplating (e.g., Wang et al., 2006; Zhao et al., 2010; Franke, 2013). Another possible 
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explanation is that the HVL may imply the sills embedding within the thinned continental lower 

crust resulting from volcanic intrusion during rifting (White et al., 2008). In either case, the possible 

explanation of the HVL and our inverted images both support that the crust below Profile 

OBS2015-2 is thinned continental crust intruded by igneous material, rather than typical or thick 

oceanic crust. 

 

4.2 Comparison with previously acquired refraction profiles in the northeastern SCS 

The crustal velocity model along Profile OBS2001 (Fig. 1) was the first available refraction 

profile in the region and was interpreted by Wang et al. (2006). The crustal thickness thins from the 

continental shelf (OBS11) towards the continental slope (OBS10 to OBS08). A domain named distal 

margin was interpreted between OBS08 and OBS02 that consisted of a 7 to 10 km thick 

upper/middle crust intruded by igneous bodies above a 4 km thick HVL (Wang et al., 2006; Zhao et 

al., 2010). Oceanic crust was interpreted south of OBS02. Note that the profile showed no evidence 

of a COT. 

MCS Profile MGL0905_10 (Fig. 1) cut across Profile OBS2001 between OBS06 and OBS07 

and also cut across elongated volcanic ridges identified as oceanic chrons C15 and C16 (Hsu et al., 

2004), dated 35 and 36.3 Ma, respectively. However, McIntosh et al. (2014) demonstrated that the 

crust along Profile MGL0905_10 was thinned continental crust intruded by volcanics, with the 

presence of a 3 to 5 km thick HVL located at the base of the crust. In addition, the crust is intruded at 

chron C15 crossing by a volcanic ridge emplaced well after rifting ceased, between 24 and 17 Ma 

(Sibuet et al., 2016a) as shown by uplifted sediments along the northeastern flank of the intrusion 

(Sibuet et al., 2016b). Thus, chron C15 identified by Hsu et al. (2004) is indicative of a post-rifting 
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volcanic ridge, and not representative of oceanic crust. A clear extensional event existed between 24 

and 17 Ma, with the occurrence of volcanic ridges on the northeastern SCS margin (e.g., Zhao et al., 

2016) and at the location of the white star (located 20 km away from Profile MGL0905_10 in Fig. 1), 

where basaltic rocks were dredged and dated 22 Ma by 
40

Ar/
39

Ar method (Wang et al., 2012). 

The velocity models of refraction profiles T1 and T2 are similar and have been interpreted as 

thinned continental crust intruded by volcanics (McIntosh et al., 2013; 2014; Lester et al., 2014; 

Eakin et al., 2014). We can first compare velocity profiles in a ~60 km wide strip located west of the 

Manila trench, between OBS26 and OBS30 for Profile T2 and between OBS09 and OBS06 for 

Profile OBS2015-2 (Fig. 1). The velocity profiles are exactly the same down to the depth of 16 km, 

which corresponds to the 7.0 km/s iso-velocity curve (Fig. 12). The Moho interface is located near 

the 7.5 km/s iso-velocity curve in the above two profiles, and is 2-3 km deeper than in Profile T1. 

The nature of the crust is consequently the same for the three profiles, which is thinned continental 

crust intruded by volcanics, even if the thickness of the crust might be a little bit larger along Profile 

T1 (Fig. 12). 

However, Profile T1 differs from the two other northern parallel profiles OBS2015-2 and T2, 

which show different velocity distributions for the lower middle crust, lower crust and upper mantle 

(Fig. 12). An upper mantle intrusion between OBS03 and OBS06 seems to affect the lower crust and 

the lower middle crust up to the 6.4 km/s iso-velocity curve (Fig. 12). A NE-SW elongated ridge 

associated with a significant linear positive Free-air anomaly (Fig. 1) cuts across Profile 

MGL0905_20 very close to the northern end of this ridge and extends to the location between 

OBS04 and OBS05 on Profile T1. This N045° elongated ridge has been interpreted as a volcanic 

ridge (Yeh et al., 2012; Sibuet et al., 2016b) not associated with a clear magnetic anomaly at this 
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crossing. However, at its intersection with Profile OBS2001 (between OBS2 and OBS3) this NE-SW 

elongated ridge is outcropping and interpreted as a volcanic feature by Wang et al. (2006). Therefore, 

we interpret the T1 deep velocity structure between OBS03 and OBS06 as a volcanic ridge intruded 

at mid-crustal level (Fig. 12), similar to the basement high imaged on MCS Profile MGL0905_10, at 

a distance of 250-300 km in Figure 3 of McIntosh et al. (2014).  

OBS Profile MGL0905_27 (Lester et al., 2013), located just south of Profile OBS2015-2 only 

displays only 3 OBSs to the west of the Manila trench (Fig. 1). The Moho depth is at 16 km below 

the southwesternmost OBS with a 2-3 km thick HVL at the base of the crust. Although the plate 

bends toward the trench, the thickness of the crust remains constant (Lester et al., 2013). 

Observations from Profiles T2, OBS2015-2 and MGL0905_27 all indicate similar crustal natures and 

thicknesses to the northeast of the LRTPB.  

Figure 13 shows refraction Profile MGL0905_20 and its coincident MCS profile. They cut 

across refraction profiles T2, OBS2015-2, T1 and MGL0905_27 in the distal part of the margin. The 

crust is thinned to 4 km within the failed rift, as previously identified by McIntosh et al. (2014) 

between OBS11 and 12 at a distance of 150-160 km (Fig. 13). The Moho is identified along the 

whole MCS profile but not in the refraction data since only upper mantle and crustal first arrivals 

were used by Lester et al. (2014). The distal margin is imaged southwards to 360 km near the 

southern end of MCS Profile MGL905_20 (Fig. 13b), where it is unclear whether the southern 

extremity of the profile belongs to typical oceanic crust or COT. In contrast to the highly thinned 

basin, less tilted blocks are imaged in the distal portion of the MCS profile and several crustal 

volcanic zones with rough basement disrupt the breakup unconformity as between 270 and 300 km 

(Lester et al., 2014). The velocity structure is similar to the highly thinned, magmatically intruded 
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continental crust in profiles T2, OBS2015-2, T1 and MGL0905_27. The 7.0-7.5 km/s HVL occurs 

in the distal margin (Lester et al., 2014) between OBS11 and 21 along Profile MGL0905_20, 

pinching out against the Moho beneath the highly thinned failed rift basin.  

 

4.3 Location of the COB in the northern SCS 

Several locations of the COB were proposed in the northern SCS. The location of COB1 was 

based on the magnetic lineations identified in the typical oceanic crust (Taylor and Hayes, 1983; 

Briais et al., 1993). The location of COB2 should not be adopted since the interpreted magnetic 

lineations (chrons C15 to C17) are actually associated with volcanic ridges emplaced through the 

thinned continental crust between 24 and 17 Ma. The location of COB3 was updated from COB1 by 

taking into account the interpreted refraction and MCS profiles extending southwards to the limit of 

the hyper-extended margin (e.g., McIntosh et al., 2014) (Fig. 1). We therefore locate an update COB 

(as COB4) by using both the newly acquired MCS and refraction data to better define the southern 

boundary of the thinned continental crust, and also by re-identifying the oldest SCS magnetic 

lineations, which have not been globally updated since the work of Briais et al. (1993). For this 

purpose, magnetic lineations were drawn on the Doo et al. (2015) magnetic anomaly map (Fig. 2). 

We have also simultaneously used information from several other published magnetic anomaly maps 

(Ishihara and Kisimoto, 1996; Hsu et al., 2004; Yu et al., 2017) and unpublished local magnetic 

anomaly maps. The first observation is that the COB corresponds to a sharp boundary between low 

amplitude, irregular shape magnetic anomalies associated with the thinned continental domain and 

high amplitude, elongated shape magnetic anomalies associated with the oceanic domain, possibly 

including post-rifting elongated volcanic ridges. In a first approximation, this observation suggests 
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that it is most appropriate to interpret the northern SCS margin within the context of a COB rather 

than COT, even if locally, a narrow COT may exist. A second series of observations shows that: (1) 

the oldest northernmost oceanic magnetic lineations are EW trending close to the trench and NNE 

trending further west; (2) Two oceanic FZs trending NS (FZ1) and NNW-SSE (FZ2, already 

delineated in the basement map of Sun et al. (2016)) are identified. They cannot be active 

simultaneously because they trend differently. If the FZ2 would therefore be related to the first 

episode of SCS opening (from chrons C11 to C10 identified by Briais et al. (1993), the FZ1 is related 

to the second episode of SCS opening. Therefore, chrons C12? to C10? located west of the Manila 

trench in Fig. 2 are probably younger (possibly C9 and younger chron in Fig. 2). This implies a ridge 

jump transferred the older magnetic lineations on the SCS conjugate side presently located within the 

Manila slab (Sibuet et al., 2016). This preliminary work shows the need for a new kinematic scheme 

for the earlier SCS opening. The location of the COB can be checked and confirmed near IODP holes 

U1432 and U1500 (Fig. 2). MCS, magnetic and drilling data show that the COB is located between 

IODP U1435 and U1432 (Fig. 7 in Li et al., 2015) and near IODP U1500 (Ding et al., 2018; Sun et 

al., 2018; Zhao et al., 2018b).  

 

5. Geodynamic interpretation 

5.1. Does the Luzon-Ryukyu Transform Plate Boundary (LRTPB) exist in the 

northeastern SCS? 

The LRTPB was defined by Sibuet et al. (2002). This feature extends from the continental shelf 

edge at the intersection between two consecutive segments of margins trending ~N075° and ~N025°, 

and follows the Taiwan canyon and intersects the Manila trench at 20°N latitude where a change in 
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trend of the Manila trench occurs (Fig. 1). The northwestern portion of this feature is marked by a 

negative Free-air anomaly southeastward to 21.5°N latitude. Further south, this feature was defined 

from eight MCS profiles specifically collected for this purpose. The basement depth map (Sibuet et 

al., 2002) shows that the basement is consistently 0.8 km deeper in the northeast compared to 

southwest of this feature, despite local basement depth variations along individual profiles that are 

much larger than 0.8 km. Profile OBS2015-2, for example, shows that the mean depth on both sides 

of the LRTPB differs by ~1 second two-way travel time (Fig. 3), but it is almost impossible to 

independently identify its precise location. As previously established, this feature is entirely located 

within the thinned continental domain. Therefore, the LRTPB can no longer be interpreted as a 

feature located in the oceanic crust that was active during the SCS opening.  

Between this feature and COB4, the nature of crust is thinned continental crust intruded by 

~N045° oriented volcanic ridges separated by elongated depressions (McIntosh et al., 2014). None of 

these structural trends extended in the northeast of the feature (Fig. 1). South of COB4, the nature of 

the crust is oceanic with ~N085° trending seafloor spreading magnetic lineations (Fig. 1). North of 

the LRTPB, three N110° oriented trends established from seismic reflection and magnetic data were 

previously interpreted as fracture zones (Sibuet et al., 2002) (Fig. 1). As FZs are only located in 

oceanic domains, a more reasonable interpretation is that these N110° trends are volcanic ridges 

intruded through deeply penetrating normal faults resulting from the continental crust thinning. Note 

that the failed rift defined by McIntosh et al. (2014) is approximately parallel to Profile 

MGL0905_10 and is located ~10 km north of this profile (Fig. 1). The failed rift extends from the 

LRTPB to the deformation front (DF in Fig. 1) of the accretionary prism at northernmost Manila 

trench, and even extends slightly into the Manila slab. Therefore, all structural features located on 
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either side of the LRTPB show independent trends and do not cut across the LRTPB. This 

strengthens the notion that the tectonic significance of the LRTPB is different from that originally 

proposed by Sibuet et al. (2002), and should be updated. We suggest that this feature is a transfer 

zone that separates two consecutive segments of continental margins with different orientations, 

instead of a transform plate boundary within the oceanic crust. The presence of this transfer zone is 

restricted to the thinned continental domain and does not continue into the oceanic domain. As 

stretching factors may be different on each side of a transfer zone, the horizontal offset of a transfer 

zone may vary along the transfer zone, in contrast to a shear plate boundary where the horizontal 

offset remains constant along its trend.  

In the northeastern SCS, we now call this transfer zone the Taiwan transfer zone (hereinafter 

referred to as TTZ) instead of the LRTPB (Figs. 1 and 2). The TTZ separates two consecutive 

segments of continental margins oriented ~N075° northeast and ~N025° southwest of the TTZ. It 

extends from the shelf edge to the Manila trench, at the intersection point between the COB4 and the 

TTZ (Fig. 1). Three wide-angle deep seismic profiles (OBS2015-2, T1 and MGL0905_20) cut the 

TTZ (Figs. 12 and 13) near OBS 6, 5 and 19 respectively. Unfortunately refraction profile T1 and its 

coincident MCS profile do not properly image the lower crust and Moho because of an intruded 

volcanic body. Both refraction profiles OBS2015-2 and MGL0905_20 (Figs. 12b and 13a) show the 

presence of a smooth Moho at depth of ~19 km on both sides of the TTZ, though a mean ~15 km 

spacing between OBSs might cause the lack of lateral resolution. In contrast, along OBS2015-2 

Profile, the HVL on the eastern side of the TTZ is two times as thick as that on the western side (Fig. 

12b). As the basement depth is 0.8 km deeper on the eastern side compared with the western side of the 

TTZ (Fig. 3b), the resulting amount of extension, and thus underplating (Bown and White, 1995; Le 
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Pichon and Sibuet, 1981), is larger on the eastern side of the TTZ. To the south, along Profile 

MGL0905_20, the HVL thickness increases on the western side of the TTZ (Fig. 13b) in the distal 

part of the margin, which is another geodynamic province where tilted fault bocks are rare. 

The new images and findings from densely-conducted refraction and reflection surveys during 

the last decade allow us to re-interpret previously-acquired datasets and extend insights from a 

crucial portion of the SCS into a larger geodynamic context. The presence of post-rifting volcanic 

ridges and transfer zones might also be observed elsewhere along the northern SCS margin. 

 

5.2. Does the wide thinned continental domain of the northeastern SCS extend into the 

Manila slab?  

We further integrate our analysis of the northeastern SCS lithospheric structure with 

tomographic constraints on the subducted, missing portion of the SCS (i.e. Manila slab) from Wu et 

al. (2016). The nature and distribution of lithospheric boundaries within the subducted SCS is an 

unsolved puzzle for both SCS geodynamics and reconstructions of the Taiwan orogen and the 

Philippine Sea plate (e.g., Suppe, 1984; Sibuet et al., 2002; Byrne and Liu, 2002; Huang et al., 2006; 

Lee et al., 2015; Wu et al., 2016). Classic geological models of southern Taiwan typically show an 

ENE-striking COB within the restored Manila slab (e.g., Suppe, 1984; Byrne and Liu, 2002; Huang 

et al., 2006). These models imply an oblique, southward-propagating collision occurred at ~8 Ma 

between the Eurasian-SCS COB and incoming Luzon arc (e.g., Suppe, 1984; Byrne and Liu, 2002; 

Huang et al., 2006). The southward-propagating Taiwan collision model has been highly influential 

in studies of exhumation processes, erosion rates, foreland basin evolution, and the development of a 

steady-state orogeny (e.g., Willett et al., 2003; Huang et al., 2006). In contrast, a recent model 
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suggests the northeast Eurasian-SCS COB did not continue ENE-ward but stepped northwards just 

east of the present Manila trench to form a ~300 km-long, N-S oriented segment (Lee et al., 2015). 

This model implied that Taiwan was formed by a near-parallel, simultaneous collision between a N-S 

Eurasian-SCS COB and the Luzon arc (Lee et al., 2015). Evidence for this ‘simultaneous collision’ 

model included 62 new, completely reset zircon fission-track ages and the onset of rapid tectonic 

subsidence in both northern and southern parts of the foreland basin that were dated at ~5-6 Ma (Lee 

et al., 2015).   

Wu et al. (2016) described a “flexural unfolding” methodology to estimate the pre-subduction 

geometry of a slab by structurally restoring a mapped slab to the Earth surface. The method allowed 

tomographic P-wave perturbation (dVp) variations within the mapped slab to be extracted and 

preserved during slab unfolding (Wu et al., 2016). Tomographic analysis of the Manila slab from 

MITP08 P-wave global seismic tomography (Li et al., 2008) showed the Manila mid-slab anomaly 

extended past the Benioff zone to a maximum depth of 450 km (Fig. S6). The Manila slab was 

mapped ~100 km north of Taiwan (e.g., Fig. S6b and c) based on interpreted subduction and 

delamination of the Eurasian continental lithosphere under Taiwan from tomographic images (Suppe 

et al., 2011).  Serial tomographic sections showed faster dVp velocities within the mapped Manila 

slab (between 0.8% to -0.5% dVp) relative to the surrounding mantle, with noticeable velocity 

variations within the slab anomaly (Figs. S6a to S6d). These velocity variations were displayed along 

the unfolded Manila slab from MITP08 by Wu et al. (2016) (Figs. 14a and 15). For comparison, we 

show newly extracted velocities along the unfolded Manila slab from three other published P- and 

S-wave tomographic models (Amaru, 2007; Koulakov, 2011) (Fig. 14). Small differences in the 

unfolded Manila slab boundaries between Figures 14 and 15 may be attributed to different unfold 
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parameters. The figure 14 is obtained by unfolding the Manila slab to an orthogonal Earth surface, 

while the Figure 15 is obtained by unfolding the slab to a more sophisticated spherical Earth model. 

It should be noted that spatial resolution of the tomographic images quoted in our section 5.2 are 

dependent on the specific tomography model but generally have a 100 km resolution. This resolution 

is significantly coarser than the results shown earlier from Section 4. Furthermore, the tomographic 

velocity variations within the uppermost 75 to 100 km of the Manila slab (i.e., the grey strip near the 

Manila trench in Figs. 14 and 15) are generally unreliable due to crustal corrections. Therefore, our 

integration of the Manila slab unfolding with the easternmost SCS COB location from Section 4 has 

obvious limitations but is still informative given the scale of uncertainty in current SCS geodynamics 

and Taiwan plate collision reconstructions models, as outlined above.  

The unfolded Manila slab from Wu et al. (2016) is reconstructed to the SCS along the Manila 

trench and extends 400-500 km east of the Manila trench (Fig. 15). The SCS oceanic domain, 

characterized by N055°, N075° and N085° seafloor spreading directions has been delimited by pink, 

yellow and light blue areas (Sibuet et al., 2016b), respectively. Outside the continental shelves and 

the oceanic domain, the remaining parts of the SCS are thinned continental domains. The newly 

established COB4 (Fig. 1) appears as a red line in Fig. 15. The white and purple strip that is just east 

of the trench and <100 km wide (Fig. 15) does not contain reliable tomographic data due to the crust 

correction within the global tomography and should be ignored. East of this strip, positive dVp values 

generally correspond to oceanic domains, while slightly negative values (-0.1% dVp) correspond to 

thinned continental domains at the SCS northern and southern conjugate margins. The continuous 

portion of red line located beneath the present-day southwestern Ryukyu arc defines the location of the 

COB in this area (Fig. 15).  
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The slower velocities near the northern COB (Fig. 15) appear to be a particularly robust feature 

within the tomography and also appear within the other tomographic models (Figs. 14a and d). The 

~N-S dashed red line joins to the south the eastern prolongation of COB below the Manila trench (Fig. 

15). The location of this boundary is less well-defined due to its location near the upper 100-km artifact 

zone but is consistent with subduction of thinned continental crust beneath the northern Manila 

subduction zone (McIntosh et al., 2013; 2014; Lester et al., 2014; Eakin et al., 2014). Thus, the red 

line located in the eastern prolongation of COB separates two domains: 1) to the north, below the 

western Ryukyu subduction zone, larger negative dVp values correspond to continental and thinned 

continental crusts; 2) to the south, the wide area characterized by positive dVp values corresponds to a 

robust oceanic domain (Fig. 15). One exception is the ~120-km long E-W narrow feature at ~21°N 

latitude (Fig. 15). Here the slightly slower -0.1% dVp velocities show similarities to tomographic 

velocities near the northern COB and could potentially indicate a tomographic artifact or a rifted 

fragment (Fig. 15). However, this local slow feature was not well-reproduced across the other 

tomographic models (Figs. 14b and c) and therefore this interpretation is tentative, at best. Overall, our 

results suggest the COB within the Manila slab is not located in the E-W prolongation of COB but is 

~400 km offset toward the north (Fig. 15). Our new identification of a ~N-S border of the Eurasian 

continent southeast of Taiwan, outboard of the thicker Eurasian continental crust, supports the recent 

simultaneous Taiwan collision model of Lee et al. (2015) and challenges the classic Taiwan collision 

model (Suppe, 1984; Byrne and Liu, 2002; Huang et al., 2006). 

To the south, our preferred extinct SCS spreading axis extends east of the existing SCS ridge 

shown by He et al. (2016) and Zhao et al. (2018b), following the red thick dashed line located north of 

the 18°N area with dVp values close to 0.3% (Fig. 15). The 18°N slow velocity domain also appeared 
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in the other tomography (Fig. 14) and could also be otherwise interpreted as a slab window or hot 

zone within the Manila slab due to subduction during or shortly after spreading.  

These findings partly contradict the kinematic reconstructions of Sibuet et al. (2002), not because 

the eastern extension of the SCS at the end of the SCS opening is located in the northern prolongation 

of the Philippine trench as proposed in Wu et al. (2016) reconstructions, but because the detailed plate 

kinematic arrangements were wrong. The domain located between the TTZ and the Manila trench was 

previously considered as a portion of the oceanic proto-SCS rather than thinned continental crust. East 

of the Manila trench, the northern and southern Taiwan plates proposed by Sibuet et al. (2002) are no 

longer required as the SCS extinct spreading axis extended along the whole SCS to 124°E longitude, 

separating the SCS into two main plates during the SCS opening. 

We have demonstrated that only two plates were involved during the SCS opening. Therefore, the 

kinematic arrangement of plates during and at the end of the SCS opening is much simpler than 

previously proposed, mostly because recent wide-angle seismic reflection/refraction data allow us to 

clearly establish the thinned continental nature of the crust in the northeastern SCS.  

 

6. Conclusions 

The E-W oriented OBS2015-2 wide-angle seismic reflection and refraction profile was shot at 

equal distance between refraction profiles T1 and T2. Velocity models obtained by using RayInvr 

forward and Tomo2d inversion methods, show that the crust along this profile is ~12-15 km thick and 

is thinned continental crust intruded by post-rifting volcanics. The crust is not oceanic crust based on 

the presence of sedimentary continental tilted fault blocks. Where both breakup and regional 

unconformities are absent, volcanic intrusions are present and associated with magnetic anomalies of 
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different amplitude. At the base of the crust, the HVL is interpreted as underplating. 

 Newly acquired MCS and refraction data and a re-identification of the oldest SCS magnetic 

lineations based on published magnetic anomaly maps were used together to better define the 

southern boundary of the thinned continental crust. The main boundary between low amplitude, 

irregular shape magnetic anomalies associated with thinned continental domain and high amplitude, 

elongated shape magnetic anomalies associated with the oceanic domain, possibly including 

post-rifting elongated volcanic ridges suggests the presence of a continent-ocean boundary (COB) 

rather than a continent-ocean transition zone (COT) within the region. The location of the COB was 

confirmed near IODP holes U1432 and U1500 and was continuously drawn from this location to the 

Manila trench.  

The Taiwan transfer zone (TTZ) separates two consecutive segments of continental margins 

with different orientations (~N075° and ~N025°) and is not an oceanic plate boundary as previously 

proposed. The TTZ is a linear feature following the Taiwan Canyon, with a large associated negative 

Free-air anomaly in its northern portion and further south corresponds to a 0.8 km vertical offset 

between its two sides, as observed on the shallow part of Profile OBS2015-2. At depth, the thickness 

of the high-velocity layer (HVL) is double on the eastern side of the TTZ compared with the western 

side, suggesting a relationship between the mean depth of basement, the amount of extension and the 

HVL thickness. Between the TTZ and the COB, none of the structural trends (volcanic ridges and 

elongated depressions) extend in the northeast of the TTZ. Between the TTZ and the Manila trench, 

similar structural trends with different orientations do not cross-cut the TTZ, strengthening the 

existence of the TTZ as a transfer zone, which separates two consecutive segments of continental 

margins from the shelf edge to its intersection with the COB and the Manila trench. Thus, the TTZ 
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does not continue into the oceanic domain and its presence is restricted to the thinned continental 

domain. 

The unfolded Manila slab is attached to the SCS along the Manila trench and extends 400-500 

km east of the Manila trench. Mid-slab positive dVp values generally correspond to oceanic domains 

while negative values correspond to thinned continental domains. The eastern prolongation of the 

COB separates a thinned continental crust characterized by negative dVp values below the western 

Ryukyu subduction zone to the north from a wide area with positive dVp values corresponding to 

typical oceanic crust to the south (Fig. 15). Thus, the boundary between subducted oceanic and thinned 

continental crusts extends from the Manila trench to east of the present-day Taiwan across a ~400 

km-long NS trending segment, suggesting that the eastern border of the Eurasian continent was 

parallel to the Luzon arc before collision. The parallelism of these two features supports the notion that 

the Taiwan collision was near-simultaneous along strike rather than southward propagating as 

previously hypothesized.   

Based on recently acquired MCS and refraction profiles, we propose a reconstructed SCS 

geometry at the end of seafloor spreading with a newly established COB from the legs 367-368 

IODP area to east of the present-day Taiwan. These new findings allow us to reconsider the 

interpretation of previously acquired datasets in the northeastern SCS and to provide new constraints 

for both the SCS geodynamics at the end of spreading and its later tectonic evolution. The insights for 

the northeastern SCS shown in this study suggests that post-rift volcanic ridges and transfer zones 

might be also observed elsewhere along the northern SCS margin. 
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Table 1 Forward and inversion model parameters. 

Number of 

OBSs 

 
Number of picks 

 

Uncertainty on Picks (ms) 

 

RMS (ms) 

 

χ2 

Refraction Reflection 

Forward model parameters 

8  11399 9516  50-80  80  1.379 

Number of 

Iterations 

 Smoothing (%) 
 

Dampling (%) 
 

Correlation Length (km) 
 RMS (ms)  χ2 

 Velocity Depth Velocity. Depth Horizontal Vertical 

Inversion model parameters 

6  900 15  15 15  2-5 1-3  84  1.502 
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Fig. 1 Locations of wide-angle seismic reflection profiles on a Free-air gravity map (based on Sibuet 

al., 2016a) of the northeastern South China Sea (SCS) with major tectonic features. Inset depicts the 

location of the study area. PSP, Philippine Sea plate. Profile OBS2015-2 is shown by a red line with 

OBS locations in white circles and red numbers. The circle with a cross inside (OBS02) means 

non-useful data. T1 and T2 wide-angle seismic profiles are from Eakin et al. (2014), MGL0905_20 

from Lester et al. (2014), MGL0905_27 from Lester et al. (2013), MGL0905_10 from Yeh et al. 

(2012), and OBS2001 from Wang et al. (2006) and Zhao et al. (2010). Continent-ocean boundaries, 

COB1, COB2, COB3 (dark blue dashed lines) and COB4 (red dashed line) are extracted from Briais 

et al. (1993), Hsu et al. (2004), McIntosh et al. (2014) and modified from this study, respectively. DF, 

Deformation front; LRTPB, Luzon-Ryukyu transform plate boundary renamed TTZ, Taiwan transfer 

zone in this paper (see text for explanations). Magnetic lineations (grey solid lines) are from Briais et 

al. (1993) (chrons 10 to 12) and from Hsu et al. (2004) (chrons 15 to 17). Black crosses and dashed 

black lines, structural highs (post-rifting intruded volcanic ridges) and elongated depressions are 

from Sibuet et al. (2016a). Failed rift (black and white diamonds) is from McIntosh et al. (2014). 

Manila trench, black line with triangles. 

Fig. 2 Location of the continent-ocean boundary COB4 on the magnetic anomaly map of Doo et al. 

(2015). Inset depicts the location of Fig. 2. PSP, Philippine Sea plate. COB1, COB2, COB3 (dark 

blue dashed lines) and COB4 (red dashed line) are extracted from Briais et al. (1993), Hsu et al. 

(2004), McIntosh et al. (2014) and defined by this study, respectively. Magnetic lineations (black and 

closely-spaced dashed lines for negative and positive anomalies, respectively) established by using 

informations from all published magnetic anomaly maps (Ishihara and Kisimoto 1996; Hsu et al., 

2004; Doo et al., 2015; Yu et al., 2017) and unpublished local magnetic anomaly maps. FZ1 and FZ2 

are oceanic fracture zones. Other legends as in Fig.1. 

Fig. 3 Initial velocity model for RayInvr based on the seismic reflection profile. (a) Observed 

Free-air gravity and magnetic anomalies along Profile OBS2015-2. (b) Single channel profile 

extracted from MCS Profile OBS2015-2. TWT, two-way travel time. (c) Initial depth converted 

model for RayInvr code. The model consists of six layers: seawater, sediment 1, sediment 2, upper 

crust, lower crust and upper mantle with velocities of 1.5 km/s, 1.8-2.5 km/s, 3.0-3.5 km/s, 5.0-6.4 

km/s, 6.4-6.9 km/s, 8.0-8.2 km/s, respectively. Arrows indicate the locations of LRTPB (Sibuet et al., 

2002), the intersection with MGL0905_20 (Lester et al., 2014), and the Manila trench along Profile 

OBS2015-2. 

Fig. 4 Ray-tracing and travel-times simulations for OBS01 along Profile OBS2015-2. (a) Vertical 

component of the seismic record section with a 6.0 km/s reduced velocity. (b) Observed travel-time 

(color lines) and calculated travel-time curves (black lines) from the final model. (c) Ray-tracing 

simulation. The different colored ray paths correspond to the different colored travel times in (b). 
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Fig. 5 Ray-tracing and travel-times simulations for OBS04 along profile OBS2015-2. Other legends 

as in Fig. 4. 

Fig. 6 Ray-tracing and travel-times simulations for OBS08 along profile OBS2015-2. Other legends 

as in Fig. 4. 

Fig. 7 Final forward P-wave velocity structure. Yellow circles are OBS locations. (a) Final forward 

velocity model by using RayInvr software. The thick pink segments indicate where the Moho 

interface is constrained by PmP arrivals. The blue layer is the HVL. The black arrow is the 

intersection with Profile MGL0905_20. (b) Ray coverage density on a 0.5 km × 0.25 km grid 

corresponding to the above velocity model. (c) Velocity perturbation model. (d) Picked (colored) and 

calculated (black) travel times of seismic phases for all OBS receivers in the model. 

Fig. 8 Final inverted P-wave velocity model. (a) Final inversion velocity model by using Tomo2d 

code with a floating Moho interface. The dashed red line shows the Moho interface from the RayInvr 

model in Fig. 7a. Black arrows is the intersection with Profile MGL0905_20. (b) Derivative weight 

sum (DWS) of Profile OBS2015-2 shows ray coverage throughout the model. (c) Standard 

deviations of P-wave velocities, derived by inverting perturbed starting models. 

Fig. 9 Recovered velocity perturbations from checkerboard tests for Profile OBS2015-2. 

Checkerboard tests after inversion with velocity perturbation anomalies of ±5% (positive in green and 

negative in red). (a), (b) and (c) are three panels showing resolved checkerboard patterns with 

different sizes of cells: 30 × 13 km, 20 km × 13 km, and 20 km × 8 km. The threshold checkerboard 

cells is 20 km × 13 km in (b). 

Fig. 10 Free-air gravity modeling along Profile OBS2015-2. (a) Observed (green) and calculated (red) 

Free-air gravity anomalies. Water depth (blue) extracted from the single-channel seismic profile 

along Profile OBS2015-2. (b) Best fitting 2-D gravity model of Profile OB2015-2 with densities in 

g/cm
3
. 

Fig. 11 1-D velocity-depth profiles extracted from final RayInvr and Tomo2d velocity models below 

all OBSs, along Profile OBS2015-2. The dark grey area shows the range of typical velocities for the 

Atlantic oceanic crust (0-127 Ma) (White et al., 1992). The light grey area shows the area of SCS 

thinned continental crust based on many people’s work (Nissen et al., 1995; Qiu et al., 2001; Yan et 

al., 2001; Wang et al., 2006). Blue lines with uncertainties indicate extended continental crust from 

Christensen and Mooney’s work (1995). 

Fig. 12 Comparison of inverted velocity models for Profiles T2, OBS2015-2 and T1. The upper 

boundary of slabs is deduced from the distribution of earthquakes. Models of Profiles T2 (a) and T1 
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(c) are from Eakin et al. (2014). 

Fig. 13 Tomography velocity structure and MCS image along Profile MGL0905_20 (Lester et al., 

2014) located in Fig. 1. (a) Tomography velocity structure. Black arrows are intersections between 

Profiles T2, OBS2015-2, MGL0905_27 and T1 with Profile MGL0905_20. Red circles are OBSs 

locations, and grey mask indicates areas of poor ray coverage. (b) Interpretation of MCS reflection 

Profile MGL0905_20 (Lester et al., 2014). Distances (in km) correspond to distances on seismic 

refraction profile in (a). The green horizon indicates basement. Three regional unconformities (brown, 

yellow, and purple) may be mapped throughout the region, as well as the possible breakup 

unconformity (light blue). A weakly reflective lower crustal layer (dashed red horizon) is imaged 

below the distal margin, though residual multiples contaminate much of the deep crustal section 

(Lester et al., 2014). 

Fig. 14 Comparison of unfolded Manila mid-slab tomographic velocities extracted from diverse P- 

and S-wave tomography models. (a) MITP08 global P-wave tomography (Li et al., 2008), (b) 

UUP07 global P-wave tomography (Amaru, 2007), (c) regional P-wave tomography (Koulakov, 

2011), and (d) regional S-wave tomography (Koulakov, 2011). Black contours show the present 

Manila mid-slab depths in km. The grey polygon masks tomographic velocities from the upper 75 to 

100 km, which are less reliable due to imposed crust correction within the tomography. As with all 

regional tomography models, (c) and (d) may contain velocity smearing artifacts at depth, meaning 

that velocities along the eastern most unfolded slab in (c) and (d) will be less reliable. Five velocity 

domains A to E generally occur within all four tomography models. We interpret slower areas A and 

E to be continental crust at the SCS conjugate margins, whereas fast areas B and D are the subducted 

SCS oceanic domains. Slow area C occurs outboard of the extinct SCS ridge and could be an SCS 

slab window (i.e., slab gap) or thermal anomaly from subducted young and warm SCS lithosphere. 

Slower velocity Feature F* is located downdip of the thinned continental crust at the northeastern 

SCS shown in this study. ‘F*’ was not well-imaged across all tomography models and could possibly 

indicate a tomographic artifact or a rifted fragment within the Manila slab. 

Fig. 15 Unfolded Eurasian-SCS (Manila) slab colored by its intraslab tomographic velocity dVp (Wu 

et al., 2016). The unfolded Manila slab is attached to the SCS along the Manila trench and extends 

400-500 km east of the Manila trench. The N-S grey shadow mask (<100 km width) corresponds to 

imposed crust correction artifacts and was not interpreted. The SCS oceanic domain, characterized by 

N055°, N075° and N085° seafloor spreading directions has been delimited by pink, yellow and light 

blue areas (Sibuet et al., 2016b), respectively. Major tectonic features are underlined. The extinct 

spreading ridge (ESR) in the East basin is from He et al. (2016) and Zhao et al. (2018b). The green 

line is the boundary of the typical oceanic domain (Sibuet et al., 2016b). Outside the continental 

shelves and the oceanic domain, the remaining parts of the SCS are thinned continental domain. The 

newly established COB4 (Fig. 1) appears as a red line called COB and has been extended in the 

unfolded Manila slab. The eastern extension of the ESR appears as a red thick dashed line. Locations 

of wide-angle seismic profiles T1, T2 and OBS2015-2 in black. Manila trench, black line with 

triangles; DF, Deformation front; TTZ, Taiwan transfer zone.  
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Highlights: 

1) Thinned continental crust intruded by post-rifting volcanics in northeastern SCS  

2) The TTZ transfer zone separates two consecutive rifted continental segments 

3) COB can be distinguished from dVp variations within the unfolded Manila slab 

4) Two plates kinematic arrangement at the end of SCS seafloor spreading 

ACCEPTED MANUSCRIPT



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8



Figure 9



Figure 10



Figure 11



Figure 12



Figure 13



Figure 14



Figure 15




