
1. Introduction
At passive continental margins, magmatism and tectonics are two important factors that control the fluid, ther-
mal, and rheological conditions in the lithosphere, from continental rifting to break-up. As a result, different 
extension modes may occur in the continental crust, such as pure shear, simple shear, and depth independent 
stretching (Franke et al., 2011; Lister et al., 1986; McKenzie, 1978; Wernicke, 1981). Different architectures are 
also found in the continent-ocean transition zone (COT), such as wide domains of exhumed continental mantle 
(e.g., Dean et al., 2000; Grevemeyer et al., 2022) versus rapid transition from continental to oceanic crust (e.g., 
Larsen et al., 2018). After break-up, the crustal thickness in oceanic basins may vary widely depending on magma 
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supply and mantle temperature (Christeson et al., 2019; Grevemeyer, Ranero et al., 2018). For example, the thick-
ness of normal oceanic magmatic crust ranges from 5.3 to 7.0 km (Grevemeyer, Ranero et al., 2018). However, 
at ultraslow spreading rates the oceanic crust is much thinner, for example, ∼2–3 km thick near the Gakkel Ridge 
in the Arctic (Jackson et al., 1982); while the oceanic crust is much thicker when it is affected by mantle plumes, 
for example, ∼9–18.3 km thick at the SE Greenland margin (Hopper et al., 2003).

To reveal the role of magmatism and tectonics on rifting, break-up, and the onset of seafloor spreading, seismic tech-
niques are critical, including reflection seismic surveys, active source ocean bottom seismometer (OBS) surveys, 
and lithospheric imaging using earthquakes. Seismic reflection data generally provide detailed information about 
basement relief and the characteristics of the shallow crust, making it useful for the study of tectonic deformation 
(e.g., Dean et al., 2015; Minshull et al., 2014). Active source OBS surveys are useful for defining the nature and 
thickness of the crust and estimating the amount of stretching (e.g., Korenaga et al., 2000). High-quality reflection 
data could also reveal deep crustal reflectors, giving us another way to observe crustal deformation and determine the 
depth of the Moho (e.g., Clerc et al., 2018). To study magmatism, shallow features such as volcanoes, sills, volcanic 
edifices, or intrusions can be detected in seismic reflection data or can be deduced from bathymetry combined with 
gravity data (e.g., Fan et al., 2017). At greater depth in the deep lithosphere, mantle magmatism can be assessed from 
teleseismic imaging (e.g., Huang et al., 2015; Xia et al., 2016). However, to define intrusive magmatic features in the 
crust, the interpretation of reflection seismic data is often nonunique. Except for a magma intrusion/underplating at 
the base of the crust, which can be unscrambled from a high P wave velocity anomaly (Caress et al., 1995; Greve-
meyer et al., 2021; Wang et al., 2006), no proper method can reveal whether or not a magma intrusion exists, or to 
distinguish the composition in the internal crust through traditional P wave seismic tomography.

In contrast, the VP/VS ratio is an efficient tool that is worth applying to unravel the crustal composition from the 
continental to the oceanic domain at passive margins, and hence to obtain a better understanding of magmatism, 
its distribution, and the role it plays in the transition from rifting to seafloor spreading. Laboratory experiments 
(Christensen, 1996; Christensen & Mooney, 1995; Holbrook et al., 1992) and in situ case studies (Grevemeyer, 
Hayman et al., 2018; Grevemeyer, Ranero et al., 2018; Kodaira et al., 1996; Li, Grevemeyer, Huang et al., 2021; 
Prada et al., 2016) provided a reliable relationship between rock composition and VP/VS ratio, and thus the VP/
VS ratio is a sensitive indicator in characterizing crustal compositions. Yet, even for modern seismic surveys, 
improving the resolution of the S wave model is still a challenge (Holbrook et al., 1992). In previous studies, 
forward modeling (Zelt & Smith, 1992) was extensively applied to obtain the VP/VS ratio results (e.g., Digranes 
et al., 1998; Kodaira et al., 1996; Zhao et al., 2010). However, this approach cannot give a depth variation in 
Poisson's ratio within one layer, and it is generally preconditioned by the geometry of the initial P wave model. 
In contrast, the tomographic inversion method allows for P wave and S wave velocity models to be derived inde-
pendently and automatically, and further allows for the application of uncertainty tests, which may provide more 
robust and detailed VP/VS ratio models (Grevemeyer, Hayman et al., 2018; Grevemeyer, Ranero et al., 2018; Li, 
Grevemeyer, Huang et al., 2021).

Li, Huang, Grevemeyer et al. (2021) presented a detailed crustal structure of the Zhongsha Block using P wave 
tomography and reported magmatic sill intrusions in the sedimentary layer and submarine volcanoes observed 
from reflection seismic profiles. However, only crustal thickness information and magmatic intrusion in the 
base of the crust have been revealed by the P wave velocity model, making the migration channel of the magma 
and the potential role of reforming the continental composition unclear. In this study, based on the previous P 
wave velocity model by Li, Huang, Grevemeyer et al. (2021), we use seismic tomography to construct models 
of the S wave velocity and calculate the VP/VS ratio across the Zhongsha block in the South China Sea (SCS). In 
addition, to improve the discrimination of lithological layers, we calculate density values for each crustal domain 
in the model by gravity modeling. We describe the variation of crustal composition from the Zhongsha Block 
to  the Northwest Sub-basin by the combined analysis of VP/VS ratios and density values and use these to interpret 
the  role of magmatism in the rifting to seafloor spreading stages on the Zhongsha Block.

2. Geological Setting
The SCS is a marginal sea encircled today by both active and passive continental margins. An extinct oceanic 
basin is located in the middle of the SCS, separating a pair of conjugate margins on the northern and southern 
sides (Figure 1). The continental margin started rifting in the early Cenozoic. After that, continental break-up 
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occurred at ∼33 Ma and lead to seafloor spreading (Li et al., 2014). Magnetic anomalies suggest that, in the initial 
stage, the East Sub-basin opened together with the Northwest Sub-basin (Briais et al., 1993; Li et al., 2014), form-
ing an oceanic crust with thickness considerably increased to a maximum of ∼8.4 km in the East Sub-basin (Yu 
et al., 2021) and ∼6.0–6.5 km in the Northwest Sub-basin (Li, Huang, Grevemeyer et al., 2021). The Northwest 
Sub-basin was later abandoned due to ridge-jump events (Ding et al., 2018), and thereafter opening and the south-
westward propagation of seafloor spreading occurred in the Southwest Sub-basin. Finally, seafloor spreading 
ceased in the East Sub-basin and Southwest Sub-basin at ∼15 Ma and ∼16 Ma, respectively. In the post-spreading 
period, the Philippine Sea plate moved northward and interacted with the SCS (Zhao et al., 2019). Part of the 
oceanic crust in the East Sub-basin subducted along the Manila trench forms the current assembly of the SCS.

The Zhongsha Block is located in the mid-northern continental margin of the SCS, which is comprised of a 
pre-Cenozoic metamorphic basement (Jin, 1989). The main part of the Zhongsha Block—the Zhongsha Atoll—is 
characterized by a shallow bank, which shows sharp contrasts in gravity and crustal structure compared with the 
adjacent area (Gozzard et al., 2019; Li, Huang, Grevemeyer et al., 2021). Dredge samples of biotite-plagioclase 
gneiss on the Zhongsha Atoll were determined at ages of 117–128 Ma by K-Ar dating (Jin, 1989). The Zhong-
sha Block is encircled by oceanic domains except toward the west, and the crustal structure shows a different 
amount of extension and thinning in the northern and southern parts (Li, Huang, Grevemeyer et al., 2021). At 
the conjugate margin of the Zhongsha Block, metamorphic rocks were also dredged, which were associated with 
volcanic arc-related magmatism, supporting the compressional setting of the South China Sea margins in the late 
Mesozoic. For example, Yan et al. (2008b) reported some granitic samples in the Dangerous Grounds and the 

Figure 1. Bathymetry and topography map of the study area. The thick black line shows the location of the wide-angle seismic transect OBS2017-2, on which the 
previous P wave study was presented in Li, Huang, Grevemeyer et al. (2021). The thin black lines in the regional map of the SCS represent the locations of wide-angle 
seismic transects in the SCS collected in recent years. The purple line shows the location of the continent-ocean boundary (Li et al., 2014). The yellow lines show the 
locations of magnetic lineation, and the orange lines represent the location of the extinct spreading ridges (Briais et al., 1993). The yellow and red stars denote the 
drilling stations of IODP expeditions 349 and 367/368, respectively (Jian et al., 2018; Li et al., 2015; Sun et al., 2018). The black squares mark the positions of the 
basalt samples from Yan et al. (2008a). DG: Dangerous Grounds; ESB: East Sub-basin; NWSB: Northwest Sub-basin; PRMB: Pearl River Mouth Basin; RB: Reed 
Bank; SWSB: Southwest Sub-basin; XB: Xisha Block; ZB: Zhongsha Block; ZM: Zhongjian Massif; ZS: Zhongsha Atoll; ZST: Zhongsha South Trough; ZT: Zhongsha 
Trough.
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Reed Bank of the southern SCS margin and dated ages range from 159 to 127 Ma, while Jurassic-Cretaceous 
metamorphic rocks such as gneiss and garnet-mica schists were also dredged in the southern SCS margin and 
dated between 113 and 146 Ma by Kudrass et al. (1986).

The geological situation in the SCS is complex and still a matter of debate. This area has suffered from subduc-
tion, rifting, and seafloor spreading from the Mesozoic to Cenozoic, and may have even been affected by mantle 
plume activity. For instance, in the continental domain, the northeastern margin is characterized by high-veloc-
ity anomalies (HVAs) at the base of the lower crust and is considered to show post-rift magmatic intrusion or 
underplating (Wang et al., 2006; Yan et al., 2001). However, this was not revealed in the northwestern margin 
(Huang, Qiu, Pichot et al., 2019; Huang et al., 2021; Qiu et al., 2001), which makes the situation of magmatism 
still enigmatic. In the COT, except for one wide-angle seismic study in the northeastern margin which reveals 
possible exhumed mantle (Wan et al., 2019), most of the seismic and drilling data indicate a rapid transition 
(Larsen et al., 2018; Li, Huang, Grevemeyer et al., 2021). In the oceanic basin, the Northwest Sub-basin and 
East Sub-basin mainly show typical oceanic crust, but whether the Southwest Sub-basin shows typical or thinned 
oceanic crust with serpentinized mantle is still a matter of debate (e.g., Li, Huang, Grevemeyer et al., 2021). 
Obviously, to solve these puzzles and determine the extent and origin of magmatism, the P wave velocity field 
alone is not enough as different rock types may have similar or overlapping P wave velocities. The VP/VS ratios 
calculated from additional S wave tomography is therefore crucial to detecting regional and detailed variations 
of lithology, in turn, indicating areas affected by magmatism or rifting. Forward modeling has been applied to 
obtain VP/VS ratios on the northeastern SCS margin (e.g., Hou et al., 2019; Wei et al., 2011; Zhao et al., 2010), 
but a state-of-the-art seismic tomographic inversion can provide a higher resolution model and hence support a 
more robust analysis.

3. Data and Methods
3.1. Data Acquisition and Processing

The wide-angle seismic line OBS2017-2 presented in this study was collected in June of 2017. The line is 
396 km long and contains 36 four-component OBS stations providing data for geophysical analyses, including 
35 short-period (4.5–100 Hz) portable OBSs and one long-period (0.03–50 Hz) station LOBS02 (Figure 1). The 
OBS spacing was set as ∼9.6 km. The four-components include one vertical channel, two horizontal channels, 
and one hydrophone channel, allowing the recording of S wave data. Along the profile, 1,767 shots were fired 
from a seismic source consisting of an array of four BOLT air-guns with a total volume of 6,000 cubic inches. 
The air-guns were towed at ∼10 m depth below sea level and with shots at 80–110 s intervals with the ship speed 
∼4.5 knots. To avoid the air compressor reaching the load limitation, the shooting interval was not always stable. 
The original OBS data were processed following the procedure of correction of clock drifts, raw data format 
conversion, and relocation of OBS stations. Monte-Carlo and least squares inversion were applied to fit the 
traveltime of the direct water wave in the relocation procedure. The results of the P wave study were given by Li, 
Huang, Grevemeyer et al. (2021). To highlight S wave information, the seismic record sections in this paper were 
plotted with a reduced velocity of 4.0 km/s, Butterworth band-pass filtered, and gain processed using balancing 
trace by mean.

3.2. Mode Conversion and Traveltime Picking

In the marine seismic experiment, the air-guns release pressurized air which creates compressional waves, but as 
fluids cannot sustain shear wave propagation, no S waves are directly radiated. The S waves observed in the OBS 
data are attributed to the effect of mode conversion at different subsurface interfaces based on Zoeppritz's Equa-
tions (e.g., Digranes et al., 1998). The angle of incidence, as well as the velocities and densities on both sides of 
the conversion interface, control the energy that is converted from the original P wave to transmitted and reflected 
P wave and S wave. Sharp interfaces with a large contrast of seismic properties facilitate mode conversion, for 
example, the seafloor, sedimentary basement, and basaltic sills or unconformities within the sedimentary layer. 
These interfaces are responsible for the propagation of S waves in the crust and mantle. The calculation of the 
transmission coefficient from P wave to S wave allows for the estimation of the partitioning of energy that would 
occur between different possible conversion interfaces (e.g., Eccles, 2008; Trummer, 2002). The previous P wave 
study of line OBS2017-2 (Li, Huang, Grevemeyer et al., 2021) showed a thin, continuous sedimentary layer with 
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maximum P wave velocities of <2.6 km/s overlying the Zhongsha Block giving the seafloor and sedimentary 
basement as two candidates for mode conversion in this study. However, little conversion would be expected at a 
sedimentary seafloor unless the sediments were well consolidated and hence have high seismic velocities (White 
& Stephen, 1980), which has been proven by the calculation of the transmission coefficient in different cases 
(Figure S1 in Supporting Information S1; Eccles, 2008). The refraction PPS phase, which converts from P wave 
to S wave while upgoing (Figure 2), would be expected to be consistent with the refraction P wave phase if the 
conversion happened at the seafloor. Thus, the obvious traveltime delay between P wave and PPS waves in our 
data set also demonstrates that the sedimentary basement is the dominant conversion interface.

Both converted PSP and PSS waves are generated when the downgoing seismic ray encounters the basement 
interface. The only difference between these converted phases is that the PSP wave converted once more at the 
basement when the ray emerged, but the PSS kept traveling as S wave in the sediments until reaching the instru-
ment (Figure 2). In our data set, converted S waves refracted from the crust were identified in both horizontal and 
hydrophone components. One exception is OBS12, which failed to record meaningful S wave data perhaps due 
to poor coupling, being located on a seamount. Most of the stations deployed on the Zhongsha Atoll documented 
clear PSP phases in the hydrophone (OBS20–25, 27; Figure 3, Figures S19–S22, S24 in Supporting Informa-
tion S1), but the other stations mainly documented clear and extensive PSS phases in the horizontal component 
(Figure 4 and Figures S2–S18, S23, S25–S34 in Supporting Information S1).

To reveal the S wave velocity structure of the crust, our procedure required a “symmetric” seismic wave that is 
always converted at the same interface when traveling both upward and downward. While PSP always travels as P 
wave through the sediments, PSS travels on its downgoing path as a P wave through sediments and on its upward 
path as an S wave and thus has an asymmetric path. Therefore, as a preparation, the traveltime of PSS phases needs 
to be corrected to PSP phases, providing a symmetric path. The PPS wave in the horizontal component was picked 
as an auxiliary for correcting traveltime. Based on the traveltime difference between P wave and S waves in the 
sediments (Figure 4), the relationship between different seismic phases can be expressed as: TPPS-TP = TPSS-TPSP.

In total, including observed PSP and corrected PSP (named PSP′), 15,627 refraction onset times were picked. 
Uncertainties of observed PSP were in the order of 0.12–0.15 s according to the clarity and offset of the phase, 
while the uncertainties of corrected PSP were in the range of 0.16–0.18 s considering the picking error further 
introduced from the picking of P wave and PPS wave during the traveltime correction procedure.

3.3. Seismic Tomography

The seismic tomographic inversion software Tomo2D (Korenaga et al., 2000) was used to obtain the S wave 
velocity structure of OBS2017-2. This method employs a hybrid ray-tracing scheme combining the graph method 

Figure 2. Schematic cartoon illustrating the propagation and conversion of the seismic waves Pg, PPS, PSS, PSP. The conversion interface of the converted S wave 
discussed in this study is the basement, marked by the pink line.
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with further refinements utilizing ray bending with the conjugate gradient method. The inversion procedure 
uses a top-to-bottom layer-stripping approach which is consistent with the previous P wave inversion strategy 
(Li, Huang, Grevemeyer et al., 2021). The velocities in the sedimentary layer of the initial S wave model were 
inherited from the P wave model, while the velocities beneath the basement were set by a laterally uniform 1D 
velocity model divided from the initial 1D P wave velocity model (Li, Huang, Grevemeyer et al., 2021) by 1.8. 
Throughout the inversion, a heavy damping value was set in the sedimentary layer to keep the P wave velocities 
fixed so that the S wave velocity field beneath the basement could be measured accurately by the PSP phases 
(Li, Grevemeyer, Huang et al., 2021). The horizontal and vertical correlation lengths at the top were set to 4 and 
2 km, respectively; while that at the bottom were set to 8 and 5 km, respectively. The velocity smoothing, depth 
smoothing, and depth damping were set to 60, 30, and 30, respectively. After 14 iterations, the RMS misfit of the 
S wave velocity model converged to 0.144 s, and the normalized χ 2 is 1.02, showing excellent traveltime fitting. 
VP/VS ratios were calculated after the S wave tomography model was conducted.

The final S wave velocity field delineated a similar increasing trend with the P wave velocity model from the 
sub-basement to the upper mantle (Figure 5b). However, several high S wave velocity anomaly zones were found 
in the middle of the crust, located at model distances ∼100–130 km, ∼220–240 km, and ∼275–290 km, which 

Figure 3. Seismic record sections (with reduced velocity 4.0 km/s) of (a) the hydrophone component and (b) the horizontal component of OBS24. (c) The seismic 
phase identification and traveltime fitting. The gray error bars represent the observed PSP and its picking error range. The red dots show the calculated traveltimes of 
PSP by using the final S wave velocity model. The extent of P wave phases and related studies can be seen in Li, Huang, Grevemeyer et al. (2021).
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are much higher than the average velocity at the same depth level, resulting in low VP/VS ratio anomalies (LRAs; 
Figure 5c). To avoid the velocity biases introduced by single stations, the velocity model was tested by removing 
the stations OBS14, OBS15, and OBS30 that have the convergence of ray coverage in these anomaly areas. The 

Figure 4. Seismic record sections (with reduced velocity 4.0 km/s) of (a) the vertical component, (b) the horizontal component, and (c) the hydrophone component 
of OBS05. (d) The combination of seismic phase identification and traveltime fitting. The gray error bars represent the PSP′ and its picking error range. The red dots 
show the calculated traveltimes of PSP by using the final S wave velocity model. The extent of P wave phases and related studies can be seen in Li, Huang, Grevemeyer 
et al. (2021).
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Figure 5. (a) P wave velocity model (after Li, Huang, Grevemeyer et al. [2021]), (b) S wave velocity model, and (c) VP/VS ratio model of the Zhongsha Block and the 
adjacent abyssal basins obtained from tomographic inversion. Solid red lines in the models represent the Moho reflectors obtained by P wave inversion. The dashed 
black line indicates the boundary of the upper and lower crust from the forward P wave velocity model (Li, Huang, Grevemeyer et al., 2021). The dark blue lines 
marked by F1, F2, and F3 in (c) depict the potential location of the large normal faults interpreted from our results. LRA: Low VP/VS ratio anomaly zone.
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tested models yielded similar velocity fields matching the original result, verifying the robustness of these high S 
wave velocities (Figure S35 in Supporting Information S1).

3.4. Model Verification

3.4.1. Uncertainty Test

To evaluate the validity of the results, a nonlinear Monte-Carlo error analysis was used to derive model uncer-
tainties (e.g., Korenaga et al., 2000). The travel-time data set has been perturbed with random noise of ±40 ms. 
We set one-hundred 1D randomly perturbed initial models for the S wave velocity model, in which the velocity 
perturbation is ±8% at the top of the crust, changing to ±5% at the bottom of the model (Figure 6e). The corre-
sponding 100 reference models were calculated and used to measure the uncertainties of the model by the mean 
deviation of all solutions (Tarantola, 1987). Figure 6b shows the mean deviation of the S wave velocity model. To 
estimate the uncertainties of the VP/VS ratio model, we randomly combined 100 different S wave reference models 
with 100 different P wave reference models conducted by Li, Huang, Grevemeyer et al. (2021) to obtain 100 VP/
VS ratio models and hence calculated the mean deviation of the VP/VS ratio models.

The P wave velocity is robust above ∼15 km depth in the Zhongsha Block and the uncertainties in most of the 
area are lower than 0.1 km/s (Figure 6a). Larger uncertainties (>0.15 km/s) mainly occur in the lower crust of the 
Zhongsha Atoll, COT, and the abyssal basins. The uncertainty result of the S wave model shows that most areas 
of the model show relatively robust features with uncertainties of <0.05 km/s, indicating a satisfactory control of 
S wave velocities (Figure 6b). Larger S wave uncertainties of 0.05–0.1 km/s are found in the top ∼1 km below the 
basement in the Zhongsha Block, the top ∼3 km below the basement in the oceanic basins, and in some areas of 
the lower crust of the Zhongsha Atoll (model distance 120–220 km). The lower crust of the oceanic basins has 
the largest uncertainties of 0.05–0.2 km/s.

The VP/VS ratio uncertainties are generally low from ∼1.5 to 9 km depth below the basement of the Zhongsha 
Block, mostly with values of <0.025, showing highly robust constraints (Figure 6c). The VP/VS ratio in the crust of 
the COT and Northwest Sub-basin (model distance 320–370 km) shows intermediate uncertainties, with values 
of 0.025–0.05. The comparatively unreliable areas include the top ∼1 km below the basement of the Zhongsha 
Block and the top ∼2 km below the basement of the oceanic basins, with uncertainties of 0.05–0.1. The uncer-
tainties gradually increase from 0.05 to 0.1 in the lower crust beneath the Zhongsha Atoll and oceanic basins. 
Overall, our VP/VS ratio model provides a relatively robust result for the analysis within the crust of the Zhongsha 
Block and Northwest Sub-basin. The uncertainties in the Southwest Sub-basin are larger than the other parts of 
the model, illustrating less reliable results in this area.

3.4.2. Resolution Test

To test the resolution of the S wave velocity model and thereby verify the accuracy of the features in the VP/VS 
ratio model, we applied checkerboard tests using synthetic data in perturbed cells with dimension of 12 × 5 km 
and 10 × 4 km, and velocity perturbation of ±5% (Figures 7a and 7b). The synthetic traveltimes were perturbed 
by random noise of ±40 ms during the forward calculation. The velocity perturbations were recovered adequately 
in both the abyssal basins of our model, while in the Zhongsha Block, a good recovery was only acquired in the 
upper crust (Figures 7d and 7e). The lower crust of the Zhongsha Block was poorly recovered due to the limited 
ray coverage of this area. Similar recovery results with velocity perturbation of ±8% for the P wave velocity 
model have been present by Li, Huang, Grevemeyer et al. (2021). Resolution tests for both P wave and S wave 
velocity models demonstrated that the VP/VS ratio feature from the upper crust of the Zhongsha Block is robust.

To further examine the high S wave velocity anomalies and hence LRAs observed in the middle of the crust 
(Figures 5b and 5c), we applied Gaussian anomalies of ±5% for the resolution test of these areas (Figure 7c). The 
result shows that most of these anomalies can be recovered fairly well, though the recovered anomaly located at 
model distance 105 km close to the bottom of the crust is rather weak (Figure 7f). Further, the anomalies in the 
volcanic edifices beneath LOBS02 and OBS12 can hardly be recovered due to the small scale of these anoma-
lies. Based on the resolution test of these S wave anomalies, we will only discuss the most robust features in the 
subsequent interpretation.
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3.5. Gravity Modeling

Gravity modeling converts the information from the velocity model into densities, allowing for the calcula-
tion of theoretical gravity anomaly values. To obtain additional constraints on lithologies, we conduct gravity 

Figure 6. Uncertainty test results of (a) the crustal inversion of the P wave velocity model (after Li, Huang, Grevemeyer et al. [2021]), (b) the S wave velocity model, 
and (c) the VP/VS ratio model derived from the randomly division of reference 100 P wave and 100 S wave models. (d, e) The perturbed 1D initial depth-velocity setting 
for the P wave crustal inversion and S wave inversion, respectively. The red lines show the depth-velocity profiles, while the dashed black lines show the depth of initial 
Moho reflectors. The green lines and corresponding error bars in (a) show the mean Moho reflectors and their uncertainties inverted from PmP phases. The dashed 
contours in (c) marked the VP/VS deviation value of 0.025. Note. The uncertainty test of the S wave velocity model is only tested for the crustal velocities.
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modeling based on our velocity model. The gravity calculation follows the spectral method from Parker (1972) 
(e.g., Korenaga et al., 2001).

First, we converted velocity from P wave tomographic model (VP) to density (ρ) using the following relationships:

 1.  Nafe-Drake curve (Ludwig et al., 1970) presented by Brocher (2005), which is valid for all rocks excepting 
mafic crustal and calcium-rich rocks in the VP range of 1.5–8.5 km/s

𝜌𝜌 = 1.6612𝑉𝑉𝑃𝑃 − 0.4721𝑉𝑉 2

𝑃𝑃
+ 0.0671𝑉𝑉 3

𝑃𝑃
− 0.0043𝑉𝑉 4

𝑃𝑃
+ 0.000106𝑉𝑉 5

𝑃𝑃 

 2.  Godfrey et al.’s  (1997) VP-ρ equation for basalt, diabase, and gabbro, based on measurements reported by 
Christensen & Mooney (1995) for a depth of 10 km, which is valid for a VP range of 5.9–7.1 km/s

𝜌𝜌 = 2.4372 + 0.0761𝑉𝑉𝑃𝑃 

The Nafe-Drake curve was applied in the continental domain (model distance 100–340 and 370–396  km), 
while the Godfrey et  al.’s  (1997) equation was applied in the oceanic domain. Densities of the seawater and 
homogenous mantle were set to constant values of 1.03 g/cm 3 and 3.3 g/cm 3, respectively. The converted density 
model is shown in Figure 8b. In this case, the calculated gravity anomalies fit well with the observed one in 
the oceanic basins and most areas of the Zhongsha Atoll. However, the calculated values are too low compared 
with the observed values in the model distance 200–340 km, which is the thinner part of the Zhongsha Block 
(Figure 8a). To gain a better fit, we applied another equation proposed by Christensen & Mooney (1995) for VP 
range 6.0–7.5 km/s to increase the density values and hence calculate the gravity anomalies in this area, in density 
is then given by:

𝜌𝜌 = 0.541 + 0.3601𝑉𝑉𝑃𝑃 

Figure 7. Recovered velocity perturbations from checkerboard tests for the S wave velocity model. The input velocity perturbation anomaly is ±5% (positive in blue 
and negative in red), which is shown in (a, b). The recovered checkerboard patterns with 12 × 5 km and 10 × 4 km are shown in (d, e), respectively. (c) The Gaussian 
anomaly of ±5% applied to the high S wave velocity anomaly areas and hence the low VP/VS ratio anomaly zones (LRAs), while (f) shows the recovery model. The red 
lines mark the Moho reflectors from P wave tomographic inversion, while the green lines mark the location of LRAs. The corresponding checkerboard tests for the P 
wave velocity model can be seen in Li, Huang, Grevemeyer et al. (2021).
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Figure 8.
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The density model after modification is shown in Figure 8c. The gravity fit is improved but a poor fit is still 
observed in the model distance 200–280 km (Figure 8a). We consider three submarine volcanoes emplaced on 
this drastically extended area, leading to abundant volcaniclastics, intrusions, and prevailing faults and cracks in 
the upper crust. Thus, the low VP in the uppermost crust may mainly reflect high porosity but not come from the 
rock density itself. Therefore, we propose that a higher density in the extended continental domain is needed to 
fit the gravity anomaly.

Besides, as the mantle was assumed as a homogeneous layer which is not fit with the low uppermost mantle 
velocity anomalies observed in the model distance 200–300 km (Figure 5a), the calculation of gravity anomalies 
may deviate from the realistic one. If we take the low-density values for the uppermost mantle into account, 
the calculated gravity anomalies would be much lower in this area, and hence a higher density setting than the 
solution in Figure 8c for the crust is needed, suggesting a larger density contrast between the Zhongsha Atoll and 
extended continental domain.

Li, Huang, Grevemeyer et al. (2021) conducted gravity modeling using the crustal geometry from the forward 
P wave velocity model based on the polygon subdivision strategy (Figure 8d). The polygon subdivision and the 
density adjustment are relatively arbitrary under this strategy. The best fit was obtained with RMS = 6.23 mGal 
(Figure 8a) when the densities were increased by 0.06–0.25 g/cm 3 in the upper crust and by 0.08–0.4 g/cm 3 in the 
lower crust at model distance 230–340 km with respect to the Zhongsha Atoll (Figure 8d). While the result from 
the polygon subdivision strategy may exaggerate the density contrast between different areas, this test verifies the 
general trend of densities from the gravity modeling above (Figures 8b and 8c).

Although the gravity modeling is nonunique, our tests reveal that the crustal densities increase from the proxi-
mal continental domain to the distal continental domain, providing useful information on density variation, but 
deviating slightly from the commonly used empirical equations. Apart from the VP/VS ratios, density provides 
additional constraints on lithologies.

4. Seismic Tomography Results
In the previous P wave velocity study (Li, Huang, Grevemeyer et al., 2021), the crustal structure of the Zhongsha 
Block was presented and distinct domains are discussed. The Zhongsha Block was delineated as a heterogeneous 
extended continental block in the model range of 100–310 km (Figure 5a). However, due to the lack of Moho PmP 
reflection in the Southwest Sub-basin, the velocity structure of this area was associated with large uncertainties 
when imaging with an imposed Moho along the whole model. Thus, an independent model was constructed for 
the Southwest Sub-basin (Li, Huang, Grevemeyer et al., 2021). Li, Grevemeyer, Huang et al. (2021) introduced 
a strategy for conducting S wave tomography and hence obtained VP/VS ratios, supporting thin oceanic crust 
(∼2.6–4.5 km) at the rim of Southwest Sub-basin rather than exhumation of serpentinized mantle in the COT. In 
this study, we applied the S wave tomography to the entire line OBS2017-2, obtaining the VP/VS ratio structure of 
the Zhongsha Block and revealing detailed compositional information, which can unravel additional magmatic 
and tectonic implications that are not apparent in traditional P wave velocity modeling.

In the S wave velocity model, the velocity beneath the Zhongsha Block increases to ∼3 km/s at roughly ∼1–2 km 
depth below the basement (Figure 5b). At greater depth, the velocity increases more slowly reaching ∼3.6 km/s 
at ∼8–10 km depth at the top of the lower crust defined by the P wave velocity model. In the lower crust, the 
velocity gradient becomes smaller, with velocities in the range of ∼3.6–3.8 km/s. The velocities in the uppermost 
mantle increase from 4.0 to 4.5 km/s. Approaching the COT and Northwest Sub-basin, the velocities increased 
from 2.9 km/s at the top of the crust to ∼3.6 km/s at 8 km depth, and to ∼4.1 km/s in the lower crust. The base of 
the lower crust in the COT has higher velocities that generally exceed 4.2 km/s. However, the velocity structure is 
rather heterogeneous and several high S wave velocity anomaly zones (∼3.8–4.1 km/s) were observed, mainly in 

Figure 8. Gravity modeling results. (a) Observed (thick black line) and calculated (dashed lines) free-air gravity anomaly along profile OBS2017-2. The dashed 
blue, green, and red lines are calculated from the density models shown in (b–d), respectively. The density model shown in (b) derived from the P wave tomographic 
inversion model in Figure 5a following the functions from Ludwig et al. (1970) for sediments and continental crust and Godfrey et al. (1997) for oceanic crust. The 
density model shown in (c) is similar to that shown in (b) except in the model distance 200–340 km where the VP-ρ function from Christensen & Mooney (1995) for 
VP of 6.0–7.5 km/s was applied. The density model shown in (d) was derived from the forward P wave velocity model using the polygon subdivision strategy based on 
tectonic division, which was previously conducted by Li, Huang, Grevemeyer et al. (2021). The black circles with white letters in (d) correspond to the plotted points of 
VP versus density shown in Figure 9a. The conversion functions for generating models (b, c) are also shown in Figure 9a. NWSB: Northwest Sub-basin; COT: continent-
ocean transition.
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the middle of the crust, located at model distance ∼100–130 km, ∼220–240 km, ∼275–290 km, ∼300–320 km, 
respectively (Figure 5b).

Correspondingly, the most prominent features in the VP/VS ratio model are local anomalies with extremely 
low-values (<1.7, Figure 5c), which coincide with high S wave velocity anomalies. These anomalies are rather 
narrow and cross the upper-lower crustal boundary. The southernmost one is located beneath the southern conti-
nental slope (model distance ∼100–130 km), showing the largest anomaly, which extends from 1 to 19 km depth. 
Due to the limited ray coverage, the downward extension of the anomaly beneath the foot of the northern conti-
nental slope (model distance ∼220–240 km) is poorly resolved and therefore unclear.

In the Zhongsha Block (model distance 100–310 km), VP/VS ratios do not show obvious variation in different 
domains, except for the low VP/VS ratio anomaly zones (LRAs) mentioned above. The VP/VS ratios in the upper 
and lower crust are similar, mostly ranging from <1.7 to ∼1.88 (Figure 5c). The average VP/VS ratio is ∼1.77 in 
the Zhongsha Block. To the north in the Northwest Sub-basin (model distance 340–370 km), the VP/VS ratios in 
the upper crust (oceanic layer 2) are between ∼1.72 and ∼1.89, and in the lower crust (oceanic layer 3) values are 
in the range of ∼1.77–1.90 (Figure 5c). The average VP/VS of the Northwest Sub-basin is ∼1.81, which is the same 
in the upper and lower crust. Between the Zhongsha Block and Northwest Sub-basin, the VP/VS ratios in the COT 
at the model distance 310–340 km range from <1.7 to ∼1.91, and provide an average of ∼1.81 in the upper crust 
and ∼1.76 in the lower crust (Figure 5c), hinting that the top basement may have been magmatically overprinted, 
while the lower crust contains more continental rocks.

5. Discussion
5.1. Rock Composition of the Zhongsha Block and Northwest Sub-basin

A previous P wave tomographic study revealed that the continental Zhongsha Block gradually thins from the 
Zhongsha Atoll to the Northwest Sub-basin (Li, Huang, Grevemeyer et al., 2021). A high P wave velocity anom-
aly was observed in the lower crust of the COT (model distance 310–340 km) and this was inferred to represent 
magmatic intrusions (Figure 5a). Aside from this, the Zhongsha Block can be regarded as a continental fragment 
that was scarcely affected by magmatism. However, multichannel seismic data illustrate that magmatic intrusion 
and extrusion occur either on the seafloor or in sedimentary strata in the vicinity of the Zhongsha Atoll (Figure 
S36 in Supporting Information S1). To reveal the changes of rock composition from the continental to oceanic 
crust, and to trace the possible magmatic activity within the crust, we plotted the VP-density and VP-VS distribu-
tion compared with that of characteristic lithologies in Figures 9a and 9b–9d, respectively.

Figures 9b–9d shows the variation of VP/VS ratios from the continental domain to the oceanic basin. An overall 
feature is that the VP/VS ratios in the continental block and the COT (Figures 9b and 9c) show a larger variability 
than those in the oceanic basin (Figure 9d), which may relate to the heterogeneity and the different degrees of 
extension in the Zhongsha Block. On average, VP/VS ratios in the COT (Figure 9c) are larger than those in the 
Zhongsha Block (Figure 9b), which correlates with the HVA underneath the COT and the considerable magma-
tism which generally occurs during the break-up events.

Even though a correlation has been established between rock composition and VP/VS ratios through a series of 
laboratory experiments and compilations, an extensive overlap of VP/VS range still exist between different kinds 
of metamorphic and magmatic rocks (Christensen, 1996; Christensen and Mooney, 1995; Holbrook et al., 1992). 
To reduce the uncertainty in lithology discrimination, we compiled the VP versus density of each lithology and 
use the density values from our gravity model to give additional constraints (Figures 8 and 9a). The combination 
of VP/VS ratio and density information allows for more precise discrimination than the VP/VS ratio alone and 
therefore improved characterization. However, lithologies may vary widely in a continental bulk. Note that the 
lithologies discussed in this paper are major lithologies that are possibly dominant in the continental block.

5.1.1. Zhongsha Block

The black circles in Figure 9a show the VP-density relationships of individual crustal domains extracted from 
the gravity modeling shown in Figure 8d. From these relationships, the major possible lithologies of the upper 
crust of Domains 1–2 are quartzite, andesite, and serpentinite, while the lower crust is anorthosite. The crust of 
Domain 3 covers the range of quartzite, andesite, granite, granodiorite, felsic amphibolite facies gneiss, felsic 
granulite, anorthosite, and greenschist. In the density model shown in Figure 8c, densities of the upper crust 



Journal of Geophysical Research: Solid Earth

LI ET AL.

10.1029/2021JB023470

15 of 22

are well presented by the Nafe-Drake curve and hence lithologies are basically consistent with the rock types 
mentioned above. The lower crust beneath the Zhongsha Atoll can also be explained through the Nafe-Drake 
curve, while that in the extended domain can be better explained by greenschist and diabase based on the VP-ρ 
conversion using Christensen & Mooney's (1995) equation. We therefore favor the interpretation that the lithol-
ogy of the lower crust changes from anorthosite to Greenschist approaching the oceanic domain in the north 

Figure 9. (a) VP versus density plot of major lithologies and our model. The red curve represents the polynomial regression of the Nafe-Drake curve (Ludwig 
et al., 1970) presented by Brocher (2005). The green line denotes the VP-ρ relation for crystalline rocks except volcanic and monomineralic rocks proposed by 
Christensen & Mooney (1995). The blue line shows the VP-ρ relation for basalt, diabase, and gabbro (Godfrey et al., 1997). The black circles with white letters and 
thick gray error bars denote the density value and VP range from each polygon in the gravity modeling shown in Figure 8d, in which circles a–c and A–C represents 
the proximal to the distal domain of the Zhongsha Block, while (d, e), and (D, E) represent the COT and Northwest Sub-basin, respectively (The lower-cases mark the 
upper crust, while the upper-cases mark the lower crust), corresponding to Figure 8d. (b) VP/VS ratio as a proxy in the Zhongsha Block (model distance 100–310 km), 
corresponding to areas of black circles a–c and A–C in figure (a). (c) VP/VS ratio as a proxy in the COT (model distance 310–340 km), corresponding to areas of black 
circles (d and D) in figure (a). (d) VP/VS ratio as a proxy in the Northwest Sub-basin (model distance 340–370 km), corresponding to areas of black circles (e and E) 
in figure (a). Colored triangles and circles with their error bar mark the property ranges of metamorphic and magmatic rocks, respectively. The color scale marks 
their average VS values in figure (a) and average density in figure (b–d). All the rock data properties (VP, VS, density) are from Holbrook et al. (1992), Christensen & 
Mooney (1995), and Christensen (1996), which have been corrected under the pressure in the range of 200–600 MPa and the temperature in the range of 80–200°C 
based on their potential depth (Christensen, 1979; Christensen & Mooney, 1995). The abbreviation of the rock names: Andesite (Ad), Amphibolite (Am), Anorthosite 
(An), Basalt (Ba), Diabase (Db), Felsic amphibolite facies gneiss (FAG), Felsic granulite (FG), Granite (g), Gabbro (Gb), Granodiorite (Gd), Greenschist (Gs), Mafic 
Granulite (MG), Metapelite (Mp), Quartzite (Q), Quartz-mica Schist (QMS), Serpentinite (S).

Nafe-Drake curve (Ludwig et al., 1970)

Oceanic crustal rocks 
(Godfrey et al., 1997)

Crystalline rocks
(Christensen & Mooney, 1995)

Model distance 100–310 km
Zhongsha Block

Model distance 340–370 km
Northwest Sub-basin

Model distance 310–340 km
Continent-ocean transition
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(Figure 9a). Based on this, the major continental metamorphic and magmatic 
rocks could be determined in the Zhongsha Block, excluding typical oceanic 
rocks (e.g., basalt and gabbro) and mafic rocks (e.g., mafic gneiss). From the 
proximal to the distal domain, a gradual mafic tendency is also shown.

The crustal composition of the Zhongsha Block is further determined using 
VP versus VS plots (Figures 9b and 10). Most of the upper crust (VP: ∼5.1–
5.7 km/s) corresponds to a range of ratios supporting andesite, which is a 
common continental rock. In the middle crust (VP: ∼5.8–6.5 km/s), most esti-
mates support rocks reflecting granite, granodiorite, felsic amphibolite facies 
gneiss, or felsic granulite (Figure 11a). Although further discrimination is 
impossible here, these lithologies have similar mineral compositions and 
all belong to felsic to intermediate rocks of different metamorphic degrees. 
In the lower crust, the VP/VS ratio indicates greenschist with subordinate 
anorthosite. Furthermore, the VP-density plot suggests that the major rock 
type varies from anorthosite to greenschist oceanward (Figure 9a). Therefore, 
we interpret the lower crust of the Zhongsha Block as mainly consisting of 
greenschist and subordinate anorthosite, with an increase of anorthosite from 
the distal to the proximal domain.

The lithologies determined in our study can be compared with dredge 
samples from the Zhongsha Atoll (Jin, 1989) and the southern SCS margin 
(Yan et al., 2008b; Kudrass et al., 1986), which further demonstrate that the 
Zhongsha Block is a part of a Mesozoic Andean-type volcanic arc that is 
also evidenced by geochemistry data (Yan et al., 2014) and magnetic data (Li 
et al., 2018). Similar VP/VS ratios of ∼1.716 were also revealed in the South 
China Block (Ji et al., 2009), delineating similar crustal composition formed 
during Mesozoic subduction of the Paleo-Pacific from South China to the 
offshore continental margin. A large amount of anorthosite was inferred in 

Figure 10. Comparison of VP/VS ratios in the SCS continental margin. The 
ranges of VP/VS ratios are compiled from forward S wave modeling results 
(Wei et al., 2011, 2015, 2017; Hou et al., 2019; Zhao et al., 2010) and receiver 
function (RF) results (Huang et al., 2011, 2014, 2020; Huang, Qiu, Zhang 
et al., 2019). The VP/VS ratio from the receiver function is the average value of 
the crust.
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Figure 11. The magmatic scenario of the Zhongsha Block. (a) The conceptual initial layered model with the compositions within the Zhongsha Block. (b) The effect 
from magmatism during break-up and the initial synspreading stage. (c) Magma upwelling in the thermal subsidence stage and its role in generating felsic metamorphic 
rocks or dikes and hence low VP/VS ratios.
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the lower crust of the Zhongsha Block, especially beneath the Zhongsha Atoll. This is probably associated with 
the convergent tectonic setting before the late Mesozoic, based on petrogenesis (Ashwal,  1993). The genesis 
model of the anorthosite magma is the outcome of the mixture of mantle-derived magma and partial melting 
of continental crust. In this process, the crystallization of anorthosite accumulation differentiated to the top of 
the magma chamber while the mafic magma foundered to the bottom. Finally, the anorthosite upwelled and 
attached to the lower crust of the Zhongsha Block, while the mafic accumulation delaminated into the mantle 
(Ashwal, 1993). To the distal domain, the properties of the lower crust appear closer to greenschist (Figures 9a 
and 9b), which is a low-grade metamorphic rock that evolves from igneous rocks. The metamorphism condition 
of greenschist is in the temperature range 300–500°C at low to intermediate pressures, in which nearly all plagi-
oclase is converted to the epidote group and the mafic matrix to chlorite, amphiboles, albite, calcite, and quartz 
(Bucher & Frey, 2002; Frost & Frost, 2013). In the Superior Province of the Canadian Shield, greenschist has 
been found to be spatially associated with anorthosite complexes and mafic volcanic rocks showing that their 
generation may be related (Ashwal et al., 1983, 1985). In our model, Domains 2 and 3 have suffered from a large 
degree of extension during the Eocene. The break-up and the upwelling of the asthenosphere at the northern 
boundary of the Zhongsha Block opened the Northwest Sub-basin and elevated the geothermal gradient, giving 
condition for the transfer of greenschist facies rocks. Therefore, the effect of magmatism in the north during either 
the syn-spreading or post-spreading stage (Li, Huang, Grevemeyer et al., 2021; Zhang et al., 2016) may explain 
the increase of greenschist in the lower crust of the extended continental domain (Figure 11b).

Furthermore, the four most prominent LRAs (VP/VS < 1.7) occur in the Zhongsha Block at model distances of 
∼120, ∼230, ∼290, and ∼310 km (Figure 5c). The lithology of these LRAs may contain a considerable amount 
of quartzite (Figure 9b) which represents the most felsic area in the Zhongsha Block. Low VP/VS ratios of less 
than 1.75 have usually been considered as a felsic crust with >66% SiO2 (Christensen, 1996). Large normal 
faults beneath the continental slope of the Zhongsha Atoll were marked in the geological map (Yang et al., 2015) 
inferred from the huge contrast in both gravity anomaly (Gozzard et al., 2019) and crustal structure (Li, Huang, 
Grevemeyer et al., 2021). Most of the LRAs are located along these faults and the continent-ocean boundary 
(Figure 5c). Therefore, we speculate that the LRAs are caused by the alteration related to faulting and linked 
effects (Figure 11c). During the Eocene to the Miocene, successive rifting and thinning occurred in the SCS 
margin, leading to widespread faulting (Briais et al., 1993; Franke et al., 2014; Savva et al., 2014). After seafloor 
spreading ceased, in the thermal subsidence stage, some late-stage magmas may have exploited these faults as 
pathways for upward migration, causing submarine volcanoes and intrusions in the vicinity of the Zhongsha 
Atoll (Figures S36a–S36d in Supporting Information S1). Late-stage magmatic activities may even have affected 
adjacent basins and rifts (Figures S36e–S36i in Supporting Information S1). A nearby basaltic dredge sample 
from the northwestern Zhongsha Atoll and other basaltic samples from the SCS basin show that all magmas from 
the SCS region have OIB-like characteristics associated with the Hainan plume, but do not show any contamina-
tion from the continental crust (Yan et al., 2008a, 2014, 2019). The age of these intraplate volcanisms was dated 
between 3.8 and 7.9 Ma. Thus, we deem that the fault zone metamorphism (Winter 2001) from the Eocene to the 
early Miocene, as well as the hydrothermal metamorphism (Frost & Frost, 2013) caused by magma upwelling 
along the fault and its related chemical metasomatism during the late Miocene, could possibly be responsible for 
the generation of abundant quartzite and hence the LRAs. Besides, felsic dikes that are formed by fast cooling 
crystallization of part of the upwelling basaltic magma could also contribute to the LRAs. A similar finding in 
the Western Barents Sea was interpreted as a result of either orogenesis or rifting (Shulgin et al., 2020). Although 
the Mesozoic subduction had affected the SCS, no convincing orogenic evidence has been found. Therefore, we 
support the scenarios of rifting or magmatic upwelling to interpret the LRAs (Figure 11c).

5.1.2. Continent-Ocean Transition Zone

Figure 9c shows the VP/VS distributions of the COT between the Zhongsha Block and the Northwest Sub-basin. 
Even if only ∼30 km wide, the COT shows a large variability of VP/VS and the VP/VS ratios are higher than that in 
the Zhongsha Block. In the plot of VP-density of the model in Figure 8d, the upper crust plots between continental 
andesite and oceanic basalt (d in Figure 9a), indicating that basaltic lavas sourced from the spreading center of 
the Northwest Sub-basin may affect this domain. Here, magnetic anomalies also show patterns typical for oceanic 
accretion (Figures 5a; Briais et al., 1993). For the lower crust, VP/VS ratios could reflect a variety or mixture of 
diverse lithologies, including metapelitic granulite, gabbro, amphibolite, and mafic granulite (Figures 9a and 9c). 
The VP/VS ratio of ∼1.68–1.85 and the density of ∼3.1 g/cm 3 in the VP range of >7.0 km/s all support the major 
lithology of metapelitic granulite, with minor amphibolite and mafic gneiss, which means the mafic metamorphic 
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rock is the dominant rock type in the HVA. The VP-ρ curve of Christensen & Mooney (1995) also supports this 
(Figure 9a). Both the upper and lower crust show possible effects from the oceanic magmatic accretion in the 
north.

Metapelites include diverse kinds of rock. Typically, metapelite is formed in orogenic tectonic terrains. In the 
SCS margin, however, little evidence exists to support orogenesis in the Mesozoic. At high pressure and high 
temperature above 800°C, partial melting due to igneous intrusion plays a key role in the metamorphism of 
granitic rocks containing feldspar and quartz, giving rise to the formation of metapelitic granulite (Bucher & 
Frey, 2002). The upwelling of asthenosphere during the late Oligocene that resulted in seafloor spreading in the 
Northwest Sub-basin (Briais et al., 1993) may have transported heat from depth to shallower levels of the litho-
sphere (Figure 11b). The minor composition of gabbro deduced from the VP/VS ratio also demonstrated igneous 
intrusions during this process. Therefore, we propose that the HVA was mainly formed by magmatic intrusions 
or contact that stem from the upwelling of the asthenospheric mantle during the initial break-up and onset of the 
seafloor spreading stage in the SCS (Figure 11b).

Tectonically, the depth-dependent stretching model with preferentially greater extension in the mantle, which has 
been established in the Pearl River Mouth Basin (Clift & Lin, 2001), supports our hypotheses for the formation 
of HVA. In this model, the lithospheric mantle ruptures and delaminates prior to the break-up of the continental 
crust, providing the heating condition that the distal margin crust is in contact with the warm asthenosphere. 
Bimodal volcanism in the Eocene documents syn-rift magmatic intrusion during this process (Wang et al., 2012; 
Yan et al., 2014), while the Miocene basalts exhibit an enriched EMII-type mantle end member that indicates 
that old lithospheric mantle has been removed into the fertile asthenospheric mantle (Wang et al., 2012; Yan 
et al., 2019), supporting our tectonic conception model (Figure 11b).

5.1.3. Northwest Sub-basin

The VP/VS ratios in the Northwest Sub-basin show more concentrated linear characteristics (Figure 9d), although 
the width of this domain is comparable to the COT. Due to the obscure magnetic lineation in the Northwest 
Sub-basin, the area of oceanic crust was unclear and hard to define at the tip of the Northwest Sub-basin (e.g., 
Briais et al., 1993; Gao et al., 2016). In our results, from top to bottom of the crust, the VP/VS ratios and density are 
consistent with basalt, diabase, and gabbro (Figures 9a and 9d), supporting a typical oceanic structure from rock 
composition (Grevemeyer, Ranero et al., 2018; White et al., 1992). The VP/VS ratio of layer 2 (∼1.72–1.89) has a 
broader range than layer 3 (∼1.77–1.90), perhaps reflecting the higher variability of porosity and crack density of 
the basaltic pillow lava than the gabbro layer, which displays the layered crustal properties of magmatic accretion 
during seafloor spreading.

5.2. Comparison of Compositions of the SCS Continental Margin

Figure 10 summarizes results from a number of VP/VS studies in the SCS continental margin, including those 
using forward modeling of S waves and receiver functions. The gray dots in Figure 10 show the VP/VS ratio in the 
Zhongsha Block revealed by this study, which illustrates an improved resolution than previous studies. A direct 
comparison of VP/VS obtained from different techniques might be tenuous, however, a general comparison still 
allows us to draw some robust conclusions. Generally, the average VP/VS ratios of the Xisha Block and Zhong-
jian Massif in the northwestern SCS margin are the highest (1.84–1.91) obtained by receiver functions (Huang 
et al., 2011; Huang, Qiu, Zhang et al., 2019), indicating the most mafic region of the SCS margin. One notable 
characteristic of the Xisha Block is the low-velocity layer or ductile layer that is not widely reported in other 
regions of the SCS margin (Huang et al., 2011, 2021; Huang, Qiu, Zhang et al., 2019). This feature is probably 
caused by mantle thermal activities responsible for the high VP/VS ratio. Another possibility is the effect of the 
Hainan plume, but more evidence and more VP/VS studies are needed to support this hypothesis.

The average VP/VS ratio of the Zhongsha Block is ∼1.77, which is comparable to that in the northern SCS margin, 
Reed Bank, and the coastal area of South China (Figure 10; Huang et al., 2014; Wei et al., 2011, 2015, 2017; 
Zhao et al., 2010), representing an overall felsic to intermediate composition, while the base of the lower crust in 
Zhao et al. (2010) shows anomalously high VP/VS ratios that may relate to magmatic activity. The lowest VP/VS 
ratios (1.70–1.74) were revealed in the Pearl River Delta (Huang et al., 2020), these are slightly lower than in the 
regions mentioned above. All of these results demonstrate that, since the initial Cenozoic rifting event, most of 
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the regions in the SCS continental margin, except the Xisha Block and Zhongjian Massif, have not suffered from 
the strong mafic magmatic activities that modulated crustal composition.

6. Conclusions
An S wave tomographic model and a detailed VP/VS ratio model were constructed for the Zhongsha Block, extend-
ing into the Northwest Sub-basin in the South China Sea. The VP/VS ratios in the crust of the Zhongsha Block 
range from <1.7 to ∼1.88, with an average value of ∼1.77. In the oceanic domain (Northwest Sub-basin), the 
average VP/VS ratio is ∼1.81, while the range of VP/VS ratios is ∼1.72–1.89 in the upper crust, and is ∼1.77–1.90 
in the lower crust. The wider range of VP/VS ratios in the upper oceanic crust than in the lower oceanic crust may 
indicate a higher variability of porosity and crack density of the basalt layer than the gabbro layer underneath. 
In the continent-ocean transition zone, the average VP/VS ratio in the upper crust is similar to the oceanic basin 
(∼1.81), while the lower crust remained consistent with the continental crust (∼1.76), indicating that the top base-
ment may have been covered by basaltic pillow lava from the magmatic accretion of the Northwest Sub-basin. 
Overall, the VP/VS ratios from the Zhongsha Block reveal a felsic to intermediate composition. VP/VS ratios in the 
continental block and the continent-ocean transition zone show a larger variability than those in the oceanic basin.

The VP/VS ratios and density values from gravity modeling suggest that the upper crust of the Zhongsha Block 
mainly consists of felsic rocks and hence of andesite, granite, granodiorite, felsic amphibolite facies gneiss, 
and felsic granulite, while the lower crust mainly consists of greenschist and subordinate anorthosite. Higher 
density values in the extended continental domain suggest a decrease of anorthosite and an increase of green-
schist from the proximal to the distal domain. The dominant lithology of anorthosite beneath the Zhongsha Atoll 
was interpreted to stem from crustal differentiation during the formation of the Zhongsha Block. The increase of 
greenschist in the lower crust of the distal domain can be explained by metamorphism triggered by the magmatic 
activities from the Northwest Sub-basin either during the synspreading or postspreading stage.

VP/VS ratios of the high VP anomalies beneath the continent-ocean transition zone (VP = ∼7.2 km/s, VP/VS = ∼1.68–
1.85) support a mafic metamorphic composition of metapelitic granulite. We propose that the high  VP anomalies 
were mainly formed by magmatic intrusions or contact that stem from the upwelling of the asthenospheric mantle 
during the initial break-up and onset of the seafloor spreading stage in the South China Sea.

Several prominent low VP/VS anomalies (LRAs, VP/VS < 1.7) were imaged close to large normal faults along the 
tectonic boundaries within the Zhongsha Block. Analyses suggest that these features were formed by an increase 
of quartzite that was either triggered by fault zone metamorphism, hydrothermal metamorphism, or the genera-
tion of felsic dikes.

Comparison of VP/VS ratios between the Zhongsha Block and other areas of the South China Sea continental 
margin support that the crustal composition of the Zhongsha Block is similar to that in the northern South China 
Sea margin, Reed Bank, and the coastal area of South China. Our results and comparison indicate that most of 
the regions in the South China Sea continental margin, except the Xisha Block and Zhongjian Massif, have not 
suffered from the strong mafic magmatic activities that modulated crustal composition in the Cenozoic.

Data Availability Statement
Some figures were produced by Generic Mapping Tools (GMT) software (Wessel & Smith, 1995). All the raw 
OBS data used in this study can be accessed through http://www.scidb.cn/doi/10.11922/sciencedb.01267 (Li, 
Huang, Qiu et al., 2021).
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