
1. Introduction
At passive non-volcanic rifted continental margins, the interrelation between rifting, un-roofing of conti-
nental mantle in a broad continent-ocean transition zone (COT), and the onset of seafloor spreading is even 
after decades of geological and geophysical investigations still poorly understood (e.g., Sun et al., 2018). 
Deep drilling at two non-volcanic margins revealed that at the Iberia-Newfoundland margin the COT is 
characterized by a wide domain of exhumed mantle (Dean et  al.,  2000; Whitmarsh et  al.,  2001), while 
the mid-northern South China Sea (SCS) margin shows fast break-up without mantle exhumation (Larsen 
et al., 2018). However, without deep drilling and hence sampling the type of basement rocks, constraints 
from geophysical imaging alone, are usually too tenuous to uniquely outline the detailed crustal structure 
forming the seafloor. In seismic exploration, multi-channel seismic data (MCS) provide exquisite basement 
geometry and shallow crustal characteristics (e.g., Dean et  al.,  2015; Minshull et  al.,  2014), while the P 
wave velocity structure derived from seismic refraction and wide-angle data helps to define the crustal na-
ture (e.g., Dean et al., 2000). However, these traditional approaches are inadequate to reveal the enigmatic 
structure and composition of the COT. For example, serpentinization of exhumed mantle can hardly be 
unscrambled from crustal rocks since the P wave velocity overlap at ∼6.5–7.2 km/s of gabbro and partially 
serpentinized peridotite (Christensen, 2004; Grevemeyer, Hayman, et al., 2018). Further, reflection energy 
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might be weak or absent either at the front of serpentinization or in the vicinity of a poorly defined Moho 
at the base of oceanic crust and thus can hardly give support to classify different domains. Hence, whether 
basement is formed by mantle that was exhumed or by seafloor spreading cannot be judged in any case 
based on P wave velocity structure alone.

In a series of laboratory experiments (e.g., Carlson & Miller, 1997; Christensen, 1996, 2004) and in situ case 
studies (e.g., Grevemeyer, Hayman, et al., 2018; Grevemeyer, Ranero, et al., 2018; Kodaira et al., 1996), a 
reliable relationship between rock composition and Vp/Vs ratio was established, revealing that Vp/Vs ratio 
is a sensitive indicator in defining lithologies. Yet, the resolution of the S wave model is generally still a 
challenge when studying Vp/Vs ratios (Holbrook et al., 1992). Forward modeling is generally applied in most 
studies analyzing Vp/Vs ratios (e.g., Kodaira et al., 1996). However, forward modeling provides often a rather 
limited depth resolution of Poisson's or Vp/Vs ratio, and is generally preconditioned by the geometry of an 
existing P wave model. In contrast, detailed and independent tomographic inversion of both P and S wave 
velocity exhibits excellent abilities to reveal Vp/Vs ratios and associated uncertainties (e.g., Grevemeyer, 
Hayman, et al., 2018). Generally, a rather thick sedimentary layer blankets the passive margin and incipient 
oceanic domain, facilitating waveform conversion, but impeding the S wave tomographic inversion as con-
version may cause asymmetric ray paths for the down-going and up-going wavefield.

At the SCS passive margin, the role of magmatism in the processes of rifting and seafloor spreading is still 
a matter of debate. MCS and OBS data were used to infer a mantle exhumation model for the COT (Franke 
et al., 2014; Wan et al., 2019), while the IODP drilling results yielded a rapid transition from continental 
crust to seafloor spreading and characterized it as an intermediate-type rifted margin (Larsen et al., 2018). 
Spatial and temporal variations of the magmatic budget in the SCS basin (Yu et al., 2018, 2021) demonstrat-
ed the unstable magmatic supply, especially before and after the ridge jump events, leading the architecture 
of COT in the SCS becomes an open problem and need more evidence. As the thick sediments also are the 
barrier of rock sampling, the lithology constraint from S wave and hence Vp/Vs studies are promising for 
investigating COT conveniently and economically.

In this study, we introduce a static correction of S wave arrivals to nurture S wave tomography and applied 
for the first time an independent tomography of P and S wave to a non-volcanic margin, the continental 
margin of the Southwest Sub-basin (SWSB) in the SCS, providing a more robust and elaborate Vp/Vs ratio 
model. Combined with the analysis of MCS data, we revealed the structure and compositional nature of the 
COT, making the interpretation of magmatic condition and serpentinization precise. Our study area is lo-
cated at the northeast rim of SWSB (Figure 1), containing information on rift dynamics and transition from 
a rifted margin to seafloor spreading. As the oldest part of SWSB, this crucial area also provides an ideal 
natural laboratory to study the transition period between the first and second stages of seafloor spreading.

2. Tectonic Setting
Since the late Mesozoic, the SCS continental margin experienced extension, causing final break-up and sea-
floor spreading from ∼33 to ∼15 Ma (C. Li et al., 2014). The opening of the oceanic basin can be divided into 
two stages. In the first stage (∼33–25 Ma), the East Sub-basin (ESB) opened with the Northwest Sub-basin 
in the N-S direction. Later, the spreading center jumped to the south (∼25 Ma) and the ESB kept opening 
in NW-direction to NNW-direction with the southwestward propagating of SWSB until ∼15  Ma (Sibuet 
et al., 2016). Our study area is located at the junction of Zhongsha South Trough with the SWSB, south of 
the Zhongsha Block (Figure 1), documenting the structure style and magmatic condition during the break-
up of the Zhongsha Block and its conjugate margin—the Reed Bank.

3. Data and Method
The seismic refraction and wide-angle data set used in this study were collected by the South China Sea 
Institute of Oceanology, CAS in 2017 (Figure 1). Detailed experiment parameters, data processing, and P 
wave inversion procedure can be accessed in Text S1. Here, we focus on the SWSB where both P and S wave 
arrivals of excellent quality have been sampled, revealing the nature of crust or lithosphere from COT to 
oceanic domain utilizing Vp/Vs ratios.
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Conversion of seismic energy can happen when a seismic ray crosses a sharp boundary between two dif-
ferent elastic/acoustic media (e.g., seafloor and/or basement interface). Therefore, besides the transmission 
of P wave energy, an S wave is generated and transmitted. In our data set, converted S waves can readily 
be identified as clear secondary arrivals with relatively slow apparent velocity. Interestingly, the PSS-waves 
in horizontal components are stronger than the PSP-waves in vertical or hydrophone components (Fig-
ures S10–S17). For PSP-waves, the energy runs as a P wave both downward and upward through water and 
sedimentary blanket, and as an S wave when it turns through crust and mantle (Figure S18). In contrast, 
PSS is running on its downward path as a P wave through sediment and thereafter as an S wave and there-
fore downward and upward paths are asymmetric and cannot be utilized directly in our tomographic inver-
sion. PPS-waves run as S wave upward through sedimentary blanket, but elsewhere as a P wave. To benefit 
from all converted S waves, we picked all of the PSS phases in the horizontal component of the OBS records, 
and applied a static correction to make the arrival times consistent with those of PSP arrivals (Figures S10–
S17), introducing a common datum of conversion. The conversion from PSS-waves to PSP-waves concerns 
the P and S wave travel-time difference in the sediments beneath the instrument, following the relationship: 

  PPS P PSS PSPT T T T  (Figures S10 and S18). This exercise is necessary as the tomographic code cannot 
handle conversion itself. Thus, our tomographic model for converted S waves will assume P wave speed in 
the water and sediments and S wave speed in crust and mantle.

Seismic tomographic inversion software Tomo2D (Korenaga et al., 2000) was used to obtain the P and S 
wave velocity structure. Throughout the S wave inversion, a heavy damp value was set in the sediment layer 
to keep the P wave velocity fixed so that the S wave velocity field beneath the basement could be measured 
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Figure 1. Bathymetry map of the study area, which is extracted from SRTM15_PLUS (Olson et al., 2016). The black and green lines show the location of wide-
angle seismic transect OBS2017-2-S and MCS transect L1, respectively. The red dots represent the positions of OBS station. The yellow and white lines show the 
magnetic lineation (Briais et al., 1993) and continent-ocean boundary (COB), respectively.
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accurately by (corrected) PSP phases. Vp/Vs ratios were calculated for the crust and mantle after we obtained 
the P and S wave velocity images (Figure 2).

To evaluate the validity of the results, a nonlinear Monte-Carlo error analysis was used to derive model 
uncertainties. We set 100 1D randomly perturbing initial models for both P and S wave, and calculated the 
corresponding reference models. The uncertainties of the model could be measured by the mean deviation 
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Figure 2. (a) P wave velocity, (b) S wave velocity, and (c) Vp/Vs ratio model. The yellow line represents the Moho reflector obtained from inversion. The cyan 
dots represent the projection position of the Moho reflectors from L1 (see Figure 3). Note: the velocities in the sedimentary layer of the S wave model represent 
the values of P wave velocity.
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of all solutions (Figure S19). Also, to obtain the uncertainty in the Vp/Vs ratio, we combined 100 different P 
and S wave models randomly and calculated its RMS misfit.

In addition, MCS profile L1 (Figure 1) trending NNW-SSE was interpreted to investigate the detailed base-
ment structure and Moho reflectors underneath (Figure 3).

4. Results and Interpretation
One of the key features from the tomographic inversion is that the P wave velocity model does not show the 
typical feature of the oceanic crust, but rather seismic velocity continuously increasing with depth, while 
normal oceanic crust would support a layered structure. Further, only a short Moho wide-angle reflection 
turning at ∼11.6 km depth was observed beneath OBS33 (Figure 2), but the remaining OBS did not support 
strong wide-angle reflections. The P wave velocity increased from ∼4.5 to 5.4 km/s at the top of the base-
ment to 7 km/s at depth of ∼8–9.5 km. High velocities of 7.8 km/s characterize the bottom of the model, 
which occur at shallower depth beneath the southern part of the model when compared to the northern 
domain with the wide-angle Moho. In the northern part (model distance of >55 km), the crustal velocity 
structure shows a steep velocity gradient at the base of the crust. Lacking clear characteristics of either con-
tinental crust or oceanic crust, the nature of the crust is unclear and we therefore define the northern part 
as COT (Figures 2 and S20). In the southern part (model distance of <55 km), the velocity gradient becomes 
extremely steep beneath the 6.4 km/s contour, which we tend to interpret as the existence of serpentinized 
mantle (Figures 2 and S20).
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Figure 3. Multichannel seismic profile L1. See Figure 1 for location. The red balls mark the projection of OBS stations from OBS2017-2-S. The dashed brown 
and blue lines denote the projection of the P wave iso-velocity contour of 6.5 and 7.1 km/s, respectively. The cyan dots mark the projection of the Moho reflector 
from OBS data.
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In the S wave velocity model, the velocities at the top of the crust are 
∼2.5–3.0 km/s and increase gradually to 3.4 km/s at a depth of ∼7 km 
(Figure 2b). Overall, the S wave model mimics the pattern of the P wave 
model, but does not show any well-defined SmS Moho reflection and 
seismic structure is best characterized as a domain of crustal rocks over-
lying a gradual crust/mantle transition zone. At ∼11 km depth, the veloc-
ities reach ∼4.4 km/s and increase slowly to >4.8 km/s at the bottom of 
the model. The uncertainty result shows that the model presents stand-
ard deviations <0.075 km/s in most of the area, indicating a satisfactory 
control of S wave velocities (Figure S19b). Only at the top of the crust in 
areas without any reversed arrivals occur higher uncertainties (±0.1 to 
±0.15 km/s).

The Vp/Vs ratio model does not show any distinctive layered structure 
(Figure 2c). The top of the upper crust shows a large variation of Vp/Vs 
ratios with the lowest values of <1.75 between OBS33 and OBS35, but 
elsewhere ratios range from ∼1.75 to 1.85. Beneath a depth of 8 km, Vp/
Vs ratios are mostly in the range of ∼1.75–1.83, showing gently declin-
ing values with depth. The uncertainties of Vp/Vs ratios indicate that the 
result is not very unique within the first 1  km beneath the basement, 
where uncertainties reach values of ∼0.05–0.1 (Figure S19c). Yet, Vp/Vs 
ratios become less variable with increasing depth, showing uncertainties 
of <0.05.

In the area with a P wave velocity of 6.5–7.1 km/s in our model, the distri-
bution of Vp/Vs ratio is consistent with gabbro or diabase at the pressure 
of 200 MPa as assessed by Carlson and Miller (1997) and hence support 
oceanic lower crust (Figure 4). Unfortunately, wide-angle seismic data do 
not show a well-defined Moho reflection along most of the profile. We 
therefore define the base of crustal material by the 7.1 km/s iso-veloci-
ty contours and the top of layer 3 by the 6.5 km/s iso-velocity contours. 
Based on these constraints, we observe that the thickness of layer 3 de-
creases from ∼2.0 to ∼0.6 km from north to south (Figure 2a). Thus, our 

results support uncharacteristically thin lower crust when compare with the layer 3 of magmatic oceanic 
crust (∼3.2–5.2 km; Grevemeyer, Ranero, et al., 2018) and typical oceanic crust (average of 4.31 km; Chris-
teson et al., 2019), suggesting a starved magma supply during accretion. Above layer 3, in the Vp range from 
∼5.4 to 6.5 km/s, the Vp/Vs ratios are consistent with the range of values measured under laboratory condi-
tions on basalt at confining pressure of 200 MPa (Figure 4; Christensen, 1996). The Vp/Vs of basalt always 
displays a considerable degree of scattering (Bullock & Minshull, 2005, and references therein). However, 
shallower than Vp of ∼5.4 km/s, Vp/Vs ratios are generally lower than the range of basalt, particularly be-
tween OBS33 and OBS35.

At the base of our model, and hence at the depth where Vp exceeds 7.3 km/s, the observed Vp/Vs ratios seem 
to deviate from a characteristic gabbro/diabase trend (Carlson & Miller, 1997; Figure 4), showing instead 
increased values when compared laterally. In the model distance of <60 km, the average Vp/Vs is consistent 
with the Vp/Vs range of serpentinized peridotites (Carlson & Miller, 1997), while the northern part has a 
lower ratio at similar Vp, reflecting rather dry mantle conditions.

The MCS profile L1 crosses line OBS2017-2-S near the southern terminus of the Zhongsha South Trough 
(Figure 1), showing low amplitude reflections at about 1–2 s below the basement, which are interpreted 
as Moho reflectors (Figure 3). The Moho reflectors from L1 are weak, but support a relatively consistent 
impedance contrast. We projected both the Moho reflectors and iso-velocity contours 6.5 and 7.1 km/s from 
the velocity model onto L1, and also projected the Moho reflectors from L1 onto our Vp/Vs ratio model 
(Figures 2c and 3b). These Moho reflectors occur close to or above the 7.1 km/s iso-velocity contours in 
the southern part of the model, supporting that the estimation of the front of serpentinized mantle from 
iso-velocity contours mimics the base of the crust. Farther north, the Moho reflectors occur beneath the 
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Figure 4. Vp/Vs ratio as a proxy in the SWSB of SCS. The numbers in each 
panel mark the Vp/Vs ratio. The laboratory velocity ranges of serpentinite 
and gabbro/diabase (Carlson & Miller, 1997) are showing by the green 
and yellow areas, respectively. The black circle, light blue circle, purple 
inverted triangle, purple square, pink square with the error bar marks 
the velocity range of basalt, granite/granodiorite, diabase, gabbro, and 
dunite, respectively (Christensen, 1996). The orange diamonds mark the 
serpentinization degrees (Carlson, 2001). The black five-pointed stars 
represent the velocity measurement of basalts compiled by Bullock and 
Minshull (2005). All the laboratory data were measured under a confining 
pressure of 200 MPa.
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7.1 km/s iso-velocity contours, indicating a thicker crust and probably supporting increased lower crustal 
velocities (Figure 2c).

5. Discussion

Rifting at non-volcanic margins and formation of oceanic crust at magma starved conditions cause litho-
sphere that may share common features, like wide-spread mantle exhumation, for example, at the COT of 
Newfoundland-Iberia margin (Whitmarsh et al., 2001), or along ultraslow spreading centers like the South-
west Indian Ridge (Sauter et al., 2013), or at the Mid-Cayman Spreading Center (Grevemeyer, Hayman, 
et al., 2018). In this study, we examined the transition of a rifted margin to the onset of seafloor spreading 
in an area characterized by a low degree of melting. However, our P wave velocity structure and Vp/Vs ratios 
provide little evidence for mantle exhumation. If any serpentinization occurred, it occurred at greater depth 
below the Vp iso-velocity contours of ∼7.3 km/s in the southern part of the model (Figures 2 and 4) where 
MCS data provided evidence for the Moho reflections and beneath that, Vp/Vs ratios are with ∼1.8 in the 
range that elsewhere hydrated mantle was deduced (Grevemeyer, Ranero, et al., 2018; Prada et al., 2016). 
Here, MCS data reveal a rugged and faulted basement (profile distance 0–33 km in Figure 3), which may 
have provided the pathways for water to migrate into the mantle, leading to hydration below Moho. Based 
on P wave velocity, the amount of serpentinized peridotite is estimated to be <17% according to the classifi-
cation of Carlson (2001). Grevemeyer, Hayman, et al. (2018) obtained Vp/Vs ratios at the ultraslow-spread-
ing center Mid-Cayman Ridge, their result revealed large domains with Vp/Vs > 1.9 outlining wide-spread 
mantle serpentinization degree of >70%, suggesting that 25% of the insonified volume of the lithosphere 
could be classified as serpentinized mantle. In addition, mantle exhumation was revealed in back-arc ba-
sins, such as the Magnaghi-Vavilov Basin (Tyrrhenian Sea, Mediterranean) by revealing Vp/Vs ratios of ∼1.9 
at the shallow depth (Prada et  al.,  2016). Further, at the Gobar Spur non-volcanic margin, Bullock and 
Minshull (2005) found seaward of the continental slope a roughly 120 km wide zone of exhumed mantle. 
At Goban Spur, Vp/Vs ratios were in the order of 1.9–2.0 and hence much larger than anywhere in our in-
sonified volume, supporting dominantly normal crustal rocks and rocks emplaced by magmatic accretion 
during the initial opening of SWSB, consistent with the IODP results in the mid-northern SCS margin 
(Larsen et al., 2018).

By approximating the bottom of oceanic crust by the 7.1 km/s iso-velocity contour (Figure 4), the crustal 
thickness variates from ∼2.6 to ∼4.5 km in the oceanic domain, which is consistent with the thickness of 
∼2.7–4.7 km obtained from the MCS data (Figure 3). Interestingly, most of the melt reduction is expressed 
in the lower crust, revealing that ∼78% of crustal thinning occurred in the lower crust (thinned by ∼1.4 km), 
while the thickness of the upper crust keeps almost constant. This observation corresponds to the conclu-
sion of a positive relationship between layer 3 thickness and whole oceanic crustal thickness (e.g., Mutter 
& Mutter,  1993). The half-spreading rate in the SWSB is ∼17.5–25  mm/yr, illustrating a slow-spreading 
oceanic basin (C. Li et al., 2014). Several case studies and reviews have demonstrated that the crustal thick-
ness (Chen, 1992) and velocities (Grevemeyer, Ranero, et al., 2018) of the slow-spreading crust have a much 
wider variability than intermediate- and fast-spreading crust. The crustal thickness of oceanic domain de-
duced from discrimination of lithology in our study mimics the range of slow-spreading crustal thickness 
compiled by Chen (1992). To the southwest of our line, seismic data revealed a crustal thickness of only 
∼1.5–3.6 km (Yu et al., 2018), thinner than our result, which may support a gradually decreasing melt sup-
ply while spreading propagated southwestward during the opening of SWSB (J. B. Li et al., 2012).

A key feature of the Vp/Vs ratios is the small ratios below OBS33 and OBS35. Laboratory experiments on 
basaltic rocks suggest that the Vp/Vs ratio will decrease with the decreasing porosity and crack density (Hy-
ndman, 1979). Thus, the low Vp, low Vp/Vs ratio anomaly cannot be explained by high porosity in basalt or 
volcanoclastic sediments. Further, most open cracks would have been sealed over the past ∼25 Ma since 
break-up (Flovenz, 1980; Gillis & Sapp, 1997). In continental crust, Vp/Vs ratio decreases with increasing 
content of SiO2, which is usually lower than 1.75 in felsic rocks (Christensen, 1996). We thus infer that 
the areas of low Vp/Vs ratios mainly consist of remnant fragments of continental crust embedded in either 
oceanic crust or represent magmatically intruded continental crust. This may also explain the occurrence 
of a wide-angle Moho reflection in this domain (Figures 2c and 3b) as Moho is generally better defined 
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in continental crust than oceanic slow-spreading crust. Further, MCS data show that the basement here 
consists of relatively large fault-blocks which are characterized by flat horsts and grabens, showing a dis-
tinctively different feature than the thin oceanic crustal domain (Figure 3), supporting the definition of the 
continent-ocean boundary in C. Li et al. (2014).

In contrast to the domain below the thin oceanic crust (Vp/Vs ∼1.8), Vp/Vs ratios of ∼1.75 in the inferred 
mantle beneath the COT support a rather dry and normal mantle (Figures 2c and 4). This observation could 
support the occurrence of mafic rocks with an increasing Mg/Fe ratio (Browning, 1984). We therefore hy-
pothesized that this area has been affected by magnesium-rich mafic aggregates which may have formed 
during the relatively long time of rifting and at high temperatures while the two rigid blocks attempted to 
separate (e.g., Christensen, 1996; Kelemen & Holbrook, 1995; White & Smith, 2009). The abundant mag-
matic supply reflected by this area shows huge contrast with the southern part of our model since the 
Zhongsha South Trough may be formed and developed in the first stage of seafloor spreading (∼33–25 Ma) 
in N-S spreading direction, similar to the formation of high velocities in the lower crust of northeastern 
SCS margin. After spreading ridge reorientation (after ∼25 Ma), the spreading direction changed to NW-SE 
(Sibuet et al., 2016) and the magmatic budget may decrease during this process, forming thin oceanic crust 
in SWSB.

6. Conclusion
We constructed a Vp/Vs ratio model for the COT of the SWSB in the SCS using P and S wave seismic tomog-
raphy. With the aid of the Vp/Vs ratios in defining lithologies, and structural images from MCS data, we 
revealed that Vp/Vs ratios of <1.9 in the shallow basement layer rule out that mantle exhumation occurred 
during the final stage of rifting and continental break-up. Instead, the COT is characterized by fragments 
of continental crust. Velocities of >7.1 km/s in the lower crust may support mafic lower crustal intrusions. 
Adjacent to it, we identify a rather thin oceanic crust (∼2.6–4.5 km), supporting a starved magmatic condi-
tion with mantle serpentinization underlying during early seafloor spreading.

Data Availability Statement
Supplementary text and figures supporting the conclusions can be found in the Supporting Information. All 
the OBS seismic data used in this study can be accessed through http://doi.org/10.5281/zenodo.5117845.
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