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Abstract

Studies of converted S-wave data recorded on the ocean bottom seismometer (OBS) allow for the estimation of
crustal S-wave velocity, from which is further derived the Vp/Vs ratio to constrain the crustal lithology and
geophysical properties. Constructing a precise S-wave velocity model is important for deep structural research,
and inversion of converted S-waves provides a potential solution. However, the inversion of the converted S-wave
remains a weakness because of the complexity of the seismic ray path and the inconsistent conversion interface.
In this study, we introduced two travel time correction methods for the S-wave velocity inversion and imaged
different S-wave velocity structures in accordance with the corresponding corrected S-wave phases using seismic
data of profile EW6 in the northeastern South China Sea (SCS). The two inversion models show a similar trend in
velocities, and the velocity difference is <0.15 km/s (mostly in the range of 0-0.1 km/s), indicating the accuracy of
the two travel time correction methods and the reliability of the inversion results. According to simulations of
seismic ray tracing based on different models, the velocity of sediments is the primary influencing factor in ray
tracing for S-wave phases. If the sedimentary layer has high velocities, the near offset crustal S-wave refractions
cannot be traced. In contrast, the ray tracing of Moho S-wave reflections was not significantly impacted by the
velocity of the sediments. The two travel time correction methods have their own advantages, and the application
of different approaches is based on additional requirements. These works provide an important reference for
future improvements in converted S-wave research.
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1 Introduction

The ocean bottom seismometer (OBS) deep seismic surveys
are a detection technology in which seismic geophones are de-
ployed directly on the seafloor and has become one of the most
effective techniques for the study of fine velocity structures of the
crust and upper mantle (Zhao et al., 2023; Qi et al., 2021; Xia
etal., 2016; Qiu et al., 2011). Ocean bottom seismometer surveys
have the advantage of being able to record converted S-wave sig-
nals (Xia et al., 2016; Zhao et al., 2007, 2010), and the obtained

Vp/ Vs ratios (the ratios of seismic compressional and shear-wave
velocities) can provide direct evidence for constraining rock li-
thology and geophysical properties (Christensen, 1996;
Christensen and Mooney, 1995), which has been widely used in
studies of crustal lithology (Li et al., 2022; Wen et al., 2021a,
2021b; Zhao et al., 2010; Mjelde et al., 2005; Chian and Louden,
1994), mantle serpentinization (Li et al., 2021; Hou et al., 2019;
Grevemeyer et al., 2018), and gas hydrate saturation (Liu et al.,
2022; Singhroha et al., 2019; Zhang et al., 2018; Satyavani et al.,
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2016).

The RayInvr forward method (Zelt and Smith, 1992) is extens-
ively applied to obtain S-wave velocity (Vs) and Vp/Vs, which
contributed to constrain the properties of the sediments, crust,
and mantle (Hou et al., 2019; Wei et al., 2011, 2015, 2017; Zhao et
al., 2010; Mjelde et al., 2003, 2005; Digranes et al., 1998; Kodaira
et al.,, 1996; Mjelde, 1992). However, the forward S-wave model-
ing is severely limited by the geometry of the existing P-wave
model, and the Poisson's ratio within one layer can only be set as
a single value from top to bottom, resulting in low vertical resolu-
tion and sudden horizontal changes in the Vs and Vp/Vs models.
Although Zhang et al. (2022) proposed a RayInvr-based software
tool to avoid abrupt changes in the Vs model, the disadvantage of
the forward modeling approach is that it does not allow for the
application of uncertainty tests, which restricts the interpretation
of the results because the Vp/ Vs of different crustal compositions
vary within 0.2 (Christensen, 1996).

A better strategy for constructing Vs model is to use the tomo-
graphic inversion method, which provides a more objective, ro-
bust, and detailed model. The ray path of the converted S-wave
arrivals when the S-wave originates from sedimentary basement
conversion includes both P-wave and Vs segments, which makes
it difficult to invert the Vs because there is no travel time inver-
sion method for the joint inversion of P-wave and S-wave velocit-
ies. The current solution is to create “symmetric” seismic waves
by correcting the S-wave arrivals’ travel times, which are always
converted at the same interface when propagating both upward
and below. An effective travel time correction method is to make
the velocity model have P-wave velocity (Vp) above the conver-
sion interface and Vs below (double conversion at the interface),
which is corrected by calculating the travel time delay between
the P-wave arrivals and the corresponding converted S-wave ar-
rivals (Li et al., 2021, 2022; Eccles et al., 2009, 2011; Eccles, 2008).
However, it is challenging to estimate the time correction in the
case of complicated sedimentary structures, such as the pres-
ence of Mesozoic sedimentary layers (Fig. 1) in the northeastern
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Fig. 1. The OBSs position and seismic survey lines. Gray areas
show the distribution of Mesozoic strata in the northeastern SCS
(Yang et al., 2015). Red ellipses indicate volcanic seamounts (Fan
etal., 2017).

South China Sea (SCS) (Fan et al., 2022; Yan et al., 2014; Hao et
al., 2009; Ruan et al., 2009; Shao et al., 2007), because there may
be more than one conversion interface (Liu et al., 2023; Wen et
al., 2021b; Hou et al., 2019; Wei et al., 2011). In this case, another
travel time correction method based on the known sediment ve-
locity and Vp/ Vs is proposed (Wen et al., 2021a, 2021b; Eccles,
2008), making the entire model as an Vs. Using the two travel
time correction methods described above, the inversion of Vs has
been successfully completed in the North Atlantic margins (Ec-
cles et al., 2009, 2011), Zhongsha Block (Li et al., 2021, 2022),
Dongsha area (Wen et al., 2021b), and Tainan basin (Liu et al.,
2023), providing new evidence for revealing the formation mech-
anism and tectonic evolution of the continental margin.
However, the comparison of the results of different travel time
correction methods has not been studied.

In this study, we applied seismic tomography (Korenaga
et al., 2000) to obtain the Vs model along the Dongsha area in the
SCS (Fig. 1), based on the corrected S-wave arrivals from two
travel time correction methods. We assessed the results of the
two methods, discussed their advantages and applicability, and
analyzed the influences of the sedimentary layer on ray tracing
for S-wave phases.

2 Geological setting

The SCS is one of the largest marginal seas in the Western Pa-
cific and is located at the intersection of the Eurasian, India-Aus-
tralia, and Philippine Sea plates. The SCS has undergone a com-
plete Wilson cycle, including Mesozoic plate subduction, Ceno-
zoic continental rifting, seafloor spreading, and subduction of the
present oceanic lithosphere (Sibuet et al., 2016; Lester et al., 2014;
Shi and Li, 2012; Li and Li, 2007). The northern SCS is a typical
rifting margin and an important tectonic transition zone from the
late Mesozoic subduction to the Cenozoic rifting, which not only
has recorded the structural information of Mesozoic subduction
but also preserved the geological landscape of rifting processes.
The distinctive crustal structure of the northern SCS margin is the
result of the complicated tectonic setting there. The crustal thick-
ness gradually thinned towards the oceanic basin, from a thick-
ness of 25 km at the continental shelf to 8-12 km near the contin-
ent-ocean boundary (Fan et al., 2019; Wan et al., 2019; Xia et al.,
2018; Wei et al., 2011; Wang et al., 2006; Yan et al., 2001). The
highly extended continental crust beneath the lower continental
slope is less than 15 km thick and composed of faulted blocks
(Gao et al., 2015) interspersed with volcanic bodies (Lester et al.,
2014; Wang et al., 2006; Yan et al., 2001; Nissen et al., 1995). In ad-
dition, the high-velocity lower crust (HVLC), which was mostly
attributed to post-rift magmatism, was identified in the lower-
most crust of the northeastern SCS with a Vp of 7.0-7.5 km/s
(Wen et al., 2021b; Fan et al., 2019; Wan et al., 2017, 2019; Xia et
al., 2018; Zhao et al., 2010; Yan et al., 2001; Nissen et al., 1995).
According to the crustal velocity structure obtained in the north-
eastern SCS, the crust below the lower continental slope has a Vp
of 5.0-7.5 km/s (Fan et al., 2019; Wan et al., 2019; Wei et al., 2011;
Wang et al., 2006) and an Vs of 3.0-4.4 km/s (Wen et al., 2021a;
Hou et al., 2019; Wei et al., 2011; Zhao et al., 2010). The crustal
Vp/ Vs ratio mainly ranges from 1.73 to 1.81, and the relatively
high Vp/Vs (>1.80) in the local area was caused by magmatic in-
trusion (Liu et al., 2023; Wen et al., 2021b).

3 Data acquisition, processing, and P-wave velocity model
Seismic profile EW6 was collected by RV Shiyan 2 of the South

China Sea Institute of Oceanology (SCSIO), which is a NE-SW ori-

ented line located on the lower continental slope (Fig. 1). The
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line is 141.36 km long, and five OBS (four of which were re-
covered) were deployed at an interval of 20-30 km. The lack of
Mesozoic strata beneath the profile EW6 makes it a perfect case
study for researching two travel time correction methods. The
seismic source consisted of four bolt airguns with a total volume
of 6 000 in3. Along the profile, 420 shots at intervals of 250-300 m
were fired. Clear P-wave and S-wave signals were recorded using
OBSs. The original OBS data were processed following correction
of clock drifts and positions, data format conversion, and band-
pass Butterworth filtering (3-10 Hz) (Xia et al., 2007; Zhao et al.,
2004). The converted S-wave was mainly recorded in the hori-
zontal components, and the energy was concentrated in the in-
line direction. Therefore, we used the energy-scanning method
(Zhang et al., 2016) to determine the polarization angle and ro-
tate the two horizontal components into radial (R) and trans-
verse (T) components.

The forward Vp model of profile EW6 (Fig. 2a) constructed by
Fan et al. (2019) suggested the velocities of sediments and crust
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Fig. 2. P-wave velocity model along profile EW6. a. The result of
the RayInvr forward method (Fan et al., 2019). b. Results of the
Tomo2d inversion method. Gray areas show the Moho depth
standard deviation. Contour interval is 0.2 km/s.
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were 1.7-3.5 km/s and 5.5-7.0 km/s, respectively. The boundary
of the upper and lower crust was the 6.5 km/s Vp contour in the
model. Additionally, we acquired an average tomographic inver-
sion Vp model (Fig. 2b) using the phases selected by Fan et al.
(2019). The 100 initial models are generated randomly by crustal
velocities (5.0-5.5 km/s to 6.8-7.5 km/s) and Moho depth (15-
19 km). The forward and inversion models exhibit some differ-
ences in crustal velocities due to different modeling methods, but
both reveal the absence of HVLC.

4 Identification of S-wave phase and forward modeling

4.1 Analysis of converted S-wave phase and conversion interface

The S-wave signals recorded by the OBS originate from P-
waves converted to S-waves at the conversion interface. The con-
verted S-wave was classified into PPS and PSS modes (Kodaira
et al., 1996). The PPS arrivals are produced by the P-waves con-
verted to an S-wave at an interface on the way up, whereas the
PSS arrivals are converted on the way down (Fig. 3). The PPS ar-
rivals have relatively high apparent velocities that are close to the
corresponding P-wave arrivals because the ray path of the PPS
arrivals is mostly at P-wave velocities. In contrast, the apparent
velocities of PSS arrivals were much slower. The conversion
modes of the S-waves can be determined by their travel times
and apparent velocities.

Identifying the conversion interface is critical for Vs modeling
since incorrectly determining the interface will lead to significant
velocity errors. Generally, P-waves are more likely to convert to S-
waves at the interfaces of the seafloor, sedimentary basement,
and crust-mantle boundary (Digranes et al., 1998). In our Vp
model (Fig. 2a), the velocity at the bottom of the sedimentary lay-
er is 3.5 km/s, significantly lower than that at the top of the crust
(5.5 km/s). Therefore, conversion is likely to occur at the sedi-
mentary basement. Previous studies revealed that the Vp/Vs of
Cenozoic sediments in the northeastern SCS was >2 and in-
creased oceanward (Wen et al., 2021b; Hou et al., 2019; Wei et al.,
2011), indicating weak sediment consolidation. Conversion may
not be expected at the seafloor interface if the sediments are un-
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Fig. 3. Schematic diagram of the propagation and conversion of the seismic waves. The PPS arrivals (PPSb) were converted from P-wave
to S-wave at an interface on the way up (a), while the PSS arrivals (PPSc) were converted on the way down (b). The PSP phase (c) is
generated from double conversion at an interface, and only as an S-wave through the crust. The PSP converted at the basement once
more than the PPSc when the ray was upgoing, whereas the PPSc was still traveling as an S-wave in the sediments until arriving at the
OBS. The PSS phase (d) is converted on the way down at the seafloor. The PSS propagates downward in the sediment as an S-wave,

while PPSc is a P-wave.
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consolidated (Li et al., 2022). We thereby infer that the conver-
sion interface is probably the sedimentary basement rather than
the seafloor because the OBS was deployed on the lower contin-
ental slope, which has a high Vp/Vsin sediment.

To further determine the conversion interface, Zoeppritz's
equation (Schoenberg and Protazio, 1992) was used to estimate
the transmission coefficient for P-wave conversion to S-wave at
the interface. The possible partitioning of P-wave and S-wave en-
ergies at the interface was calculated based on the different models
(Fig. 4). The Vs of the uppermost sediments was estimated by
Scholte-wave dispersion analysis to be <0.3 km/s (Wang et al.,
2022; Du et al., 2020), which was applied in sediment models
(Fig. 4a). The density parameters of each layer in the model were
obtained from Fan et al. (2019). All the converted S-wave phases
in this study can be regarded as transmitted S-waves because the
seismic phases were propagated through the conversion inter-
face. In Fig. 4, the transmission coefficient values (St) for an in-
cident P-wave converting to an S-wave at the sedimentary base-
ment interface are 0.29-0.61 within the range of the effective in-
cidence angle, which is greater than that of the seafloor interface
(0.02-0.12). Our results further confirm that the conversion oc-
curred at the sedimentary basement interface.

4.2 Forward S-wave model

Forward Vs modeling was performed using the RayInvr for-
ward method (Zelt and Smith, 1992). During the modeling pro-
cedure, the interface of the Vs model was kept consistent with the
forward Vp (Fig. 2a), the interface depths were fixed, and only the
Poisson’s ratio (o) of the blocks for each layer was modified to ad-
just the S-wave velocities. The various Poisson’s ratios were
tested until the best agreement was obtained between the calcu-
lated and observed travel times, and the Vp/Vs ratio was calcu-

Vp 1
I ing th i f—2= = /1 .
ated using the equation o Vs +1 5

The PPSb phase was refracted as a P-wave through the crust
and converted into an S-wave at the sedimentary basement on
the way up. In combination with the analysis of P-wave arrivals,
the propagation time delay in the entire sediments between the
velocities of the P-wave and S-wave is determined, and the Vp/Vs
of the sediments beneath the OBS is constrained. It is crucial to
note that the obtained Vp/Vs of the sediments represent the aver-
age Vp/Vs of the full sediment column beneath each OBS and not
a value for the specific layer, or that the Vp/Vs structure varies
with depth at each OBS station. The PPSb phase was identified at
four OBS stations with an offset of >70 km (Figs 5a and 6a). A total

of 522 PPSb phases were fitted, and the RMS misfit was 23-64 ms
(for details, see Table 1). Notably, the interpolation from adja-
cent OBS stations yields the average Vp/Vs of the sediment
between the two OBS, as the PSSb phase can only determine the
Vp/Vs of the sediment in an extremely limited area below the
OBS (Figs 5c and 6c).

PSS arrivals were extremely important in estimating the
crustal Vp/Vsratio because their ray path through the crust was
at S-wave velocities. The identified PSS arrivals included the PSSc
and PSSmb phases (Figs 5a and 6a). The PSSc phase originated
from the P-wave converted to an S-wave at the basement on the
way down and refracted as the S-wave through the crust, where-
as the PSSmb phase has the same conversion but is reflected at
the Moho interface. The PSSc phase was identified with an offset
of <60 km and a propagation depth of <15 km (Figs 5d and 6d).
The PSSmb phase provided wider coverage because of its reflec-
tion from the Moho interface (Figs 5d and 6d). We fitted 370 PSSc
and 361 PSSmb phases, and the RMS misfit ranged from 143 ms
to 204 ms (for details, see Table 1).

The forward modeling results (Fig. 7) show that the sediment-
ary layer has a low Vs of 0.24-1.10 km/s. The average Vp/Vs of the
sediments below OBS06, OBS31, OBS37, and OBS53 are 2.80,
7.14, 3.20, and 3.91, respectively. The Vs and Vp/Vs of the upper
crust are 3.0-3.6 km/s and 1.70-1.84. Some regions in the upper
crust exhibit Vp/Vs of >1.80, which may be caused by magmatic
intrusions. However, finer imaging of anomalies cannot be ac-
quired owing to the limited resolution of the modeling methods,
which prevents further interpretation of these regions. The Vs
and Vp/Vs in the lower crust range of 3.7-4.0 km/s and 1.70-1.77,
respectively.

5 Tomographic inversion of the S-wave model

The ray path of the converted S-wave included both P-wave
and S-wave velocity segments. However, the existing 2D velocity
modeling method does not allow joint inversion of P-wave and S-
wave arrivals. Ray path correction provides a solution for per-
forming seismic tomography of PSS arrivals, which is achieved by
correcting travel times. The following two travel time correction
methods are introduced.

Method 1 was corrected to PSP’ arrival (Li et al., 2021; Eccles
et al., 2009). The propagation time delay in the sediments
between the velocities of the P-wave and S-wave (Fig. 3c) is rep-
resented by the time difference between the crustal refracted
phase (Tpg) and the PPS arrivals (Tppg,,). This time delay is ap-
proximately equal to the time difference between the PSS arrivals
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Fig. 4. P-S conversion coefficient absolute value of downward seismic wave in different models. Pr, Pt, Sr, and St represent the reflec-
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1.7 km/s, Vs, = 0 km/s, Vs, = 0.3 km/s, p; = 1.03 kg/m3 and p, =1.92 kg/m3. b. Model of Cenozoic sediments and crust. Vp, = 3.5 km/s,
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lated from Snell’s Law) for different model are indicated by the arrow.
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Table 1. Travel time simulation results for different converted S-
wave phases from forward modeling
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Fig. 5. Seismic profile of radial component at OBS06, with the re-
duced velocity of 4 km/s (a). The colored dashed lines represent
picked travel times, and the thin black lines represent calculated
travel times (b). ¢ and d show the ray tracing of PPS and PSS con-
version modes, respectively. Solid lines represent P-wave paths,
and dotted lines represent S-wave paths.
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duced velocity of 4 km/s (a). The colored dashed lines represent
picked travel times, and the thin black lines represent calculated
travel times (b). ¢ and d show the ray tracing of PPS and PSS con-
version modes, respectively. Solid lines represent P-wave paths,
and dotted lines represent S-wave paths.

. Number Picking , Conversion
Station Mode Phase of picks uncertainty/ SRMS/S X interface
06 PPS PPSb 80 0.12 0.061 0.263 Basement
PSS PPSc 99 0.16 0.198 2.012 Basement
31 PPS PPSb 166 0.10 0.064 0.413 Basement
PSS PSSc 62 0.18 0.204 0.648 Basement
PSSmb 178 0.18 0.168 0.885 Basement
37 PPS PPSb 178 0.10 0.023 0.055 Basement
PSS PSSc 145 0.14 0.185 1.761 Basement
PSSmb 63 0.16 0.165 1.081 Basement
53 PPS PPSb 98 0.10 0.031 0.100 Basement
PSS PSSc 64 0.14 0.143 1.056 Basement
PSSmb 120 0.18 0.182 1.035 Basement
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Fig. 7. The Vs model from RayInvr forward method. The con-
tour interval is 0.1 km/s (a). Vp/Vs model (b). The red numbers in
the model represent the Vp/Vsratio.

(Tpgs.) and double basement conversion arrivals (Tpgp). Based on
the above analysis, the PSS arrivals can be corrected to PSP’ ar-
rivals (PSP’ and PSmP’ phases) (Figs 8 and 9) according to the
equation of Tpgpr = Tpss — (Tppsp — Tpg) - This correction makes
ray paths have P-wave velocities above the basement and S-wave
velocities below.

Method 2 was corrected to PSS’ arrivals (Wen et al., 2021a; Ec-
cles, 2008). RayInvr allows flexibility in modeling different ar-
rivals and conversions (Eccles et al., 2009). Based on the Vs struc-
tures of the sediments obtained from forward modeling (Fig. 7a),
the theoretical time delay (75-T},) between the basement conver-
sion arrivals and seafloor conversion arrivals was calculated
(Fig. 3d). Thus, the PSS arrivals (PSSc and PSSm) can be correc-
ted to PSS’ arrivals (PSS’ and PSSm’ phases) (Figs 8 and 9). The
entire path through the model is at S-wave velocities because the
conversion interface of the PSS arrivals is corrected from the
basement to the seafloor.

To avoid additional time errors introduced by the variation in
sediment velocities during the inversion procedure, the sedi-
ment velocities must be fixed. Therefore, variable velocity damp-
ing was applied to the sediment and crust. The velocity damping
weight was 10 000 above the basement to hold the sediment velo-
cities fixed and 10 below the basement. Moho depth was inher-
ited from the P-wave inversion model (Fig. 2b). A depth damping
weight of 1 000 was chosen to ensure that the Moho depth was
fixed owing to the limited coverage of the S-wave reflections. To
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Fig. 9. Travel time corrections of converted S-wave phases re-
corded by OBS53. a and b are seismic profiles of vertical and radi-
al components, respectively, with a reduced velocity of
4 km/s. c. shows the identification and travel time correction of S-
wave phases, colored lines represent picked travel times (PSSm’,
PSS’, PSP/, and PSmP’ are corrected travel times), and the thin
black lines represent calculated travel times from forward model-
ing.

make the inversion models based on the two correction methods
comparable, other parameters of the two inversions should be
consistent. The horizontal grid size is set to 0.5 km, and the ver-
tical grid size is 0.05 km and increases to 0.25 km at 20 km depth.
The horizontal and vertical correlation lengths are defined as 1-4 km
and 0.1-0.4 km from the top to the bottom, respectively. The
smoothing weights of the velocity and depth are set to 100 and 10,
respectively. The correlation length of the Moho reflector is set to
6 km, and the depth kernel weighting parameter is set to 1.

5.1 Inversion model based on PSP’ arrivals

The PSP’ arrivals have P-wave velocities in the sediments and
S-wave velocities in the crust; therefore, the sediment velocities
of the initial Vs model come from the Vp model (Fig. 2b). In the
P-wave inversion, the initial crustal velocities were set to be
5.0-5.5 km/s and 6.8-7.5 km/s at the top and bottom, respect-
ively. We thereby set the initial crustal S-wave velocities from
2.78-3.24 km/s to 3.78-4.41 km/s based on the results that the
Vp/Vs of the crust in the northeast SCS is mostly in the range of
1.70-1.80 (Wen et al., 2021b; Hou et al., 2019; Wei et al., 2011;
Zhao et al., 2010). Based on the crustal S-wave velocities de-
scribed above, we generated 100 randomized initial models. The
target chi-square value (y?) was set to 1.2, the maximum number
of iterations was set to 6, and 100 models were inverted. We ob-
tained 97 inversion results with good convergence, and each
model fit the 368 PSmP’ phases. The RMS misfit converged to
131-181 ms, and the y? was 0.677-1.186. Finally, the average
tomographic Vs, standard deviation, and Vp/Vs models were ob-
tained (Fig. 10).

The results suggest that the crust has a Vs of 3.0-4.0 km/s,
which does not represent a large-scale HVLC. Beneath the model
distance of 100 km, the velocity contours at the bottom of the
crust were slightly raised, which could be caused by magmatic in-
trusions (Fig. 10a). The velocity standard deviation in the sedi-
ments was <0.03 km/s, indicating that the velocities were fixed
and the expected inversion requirements were completed. The
crust has a standard deviation of <0.09 km/s, suggesting that the
velocity model is relatively stable (Fig. 10b). Crustal Vp/Vs ratios
derived from the inversion model were mostly in the range of
1.70-1.94 (Fig. 10c). High Vp/Vs (>1.80) were found in the shal-
low crust. Considering the large degree of crustal extension in the
study area, we infer that the high Vp/Vs are related to the faults
and intruded volcanic bodies.

5.2 Inversion model based on PSS’ arrivals

The PSS’ arrivals are obtained based on the original arrivals
and the calculated propagation time delay in the sediments at the
velocities of P-wave and S-wave. We performed a ray tracing ex-
periment using the initial and corrected arrivals to evaluate the
influence of travel time correction on the ray paths through the
crust. The forward crustal S-wave velocity model was employed
here (Fig. 7a). The ray tracing results indicated that the corrected
ray paths through the crust were almost consistent with the ori-
ginal ray paths, with a distance difference of <1 km (Fig. 11). This
error is acceptable when the model resolution is considered. In
addition, the RMS misfit between the initial and corrected ar-
rivals is mainly within 20 ms (for details, see Table 2), indicating
that the results of the travel time correction are accurate.

The ray path of the PSS’ arrivals is at S-wave velocities below
the seafloor. Hence, the initial sediment model comes from the
forward Vs model (Fig. 7a). One hundred initial crustal models
are also randomly produced at velocities ranging from 2.78-
3.24 km/s to 3.78-4.41 km/s, and the models are inverted using
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Fig. 10. Final tomographic Vs model based on PSP’ phases. a.
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model calculated from the division of the Vp (Fig. 2b) and Vs
models (Fig. 10a). Gray areas show the Moho depth standard de-
viation.

Depth/km

0 20 40 60 80 100 120 140
Distance/km

Fig. 11. Comparison of the ray paths for initial arrivals and cor-
rected arrivals. Black solid lines represent the original ray path,
and the red dotted lines represent the corrected ray path. The
number of rays was reduced by 10 times.

the same inversion parameters and termination conditions.
Eighty-seven inversion results were obtained with RMS and y?

Table 2. The comparison of RMS misfit for travel time fitting of
initial and corrected arrivals

Stations  Phase Uncerrr:esunty/ RIMme;erlrlls CI:{(;\?;/CIE‘:S AII\TI:;IS/

06 PSSc 160 198 200 2

31 PSSc 180 204 225 21
PSSmb 180 168 174 6

37 PSSc 140 185 166 19
PSSmb 160 165 167 2

53 PSSc 140 143 143
PSSmb 180 182 195 13

values of 165-189 ms and 0.923-1.199, respectively. A total of
197 PSS’ and 331 PSSm’ phases were fitted to each model. Ac-
cordingly, the tomographic models were acquired (Fig. 12).

The Vs of the crust is mainly 3.0-4.0 km/s, and the velocity
contours below the model distance of 100 km also show slightly
raised features, with a velocity of 3.8-3.9 km/s (Fig. 12a). The ve-
locity standard deviation is mostly less than 0.06 km/s and in-
creases to 0.09-0.12 km/s in local areas, indicating that the res-
ults are robust (Fig. 12b). The crustal Vp/Vs range from 1.70 to
1.94 (Fig. 12¢), and the uppermost crust is characterized by high
Vp/Vs (>1.80). These regions are more constrained than those in
Fig. 10a because more crustal refractions were fitted. The Vs
model shown here is similar to Fig. 10a, except for the local an-
omaly below the model distance of 40-60 km, where the velocity
increases to 4.4 km/s and the Vp/Vs is of <1.7. The cause of this
anomaly is analyzed in the discussion.

6 Discussion
6.1 Influence of sedimentary layer on ray tracing

Both forward modeling (Fig. 6d) and inversion modeling were
unable to trace the near offset S-wave refractions (with an offset
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Fig. 12. The final tomographic Vs model based on PSS’ phases.
a. The average Vs model. The contour interval is 0.1 km/s. b. The
standard deviation of Vs. c. The Vp/Vs model was calculated from
the division of the Vp model (Fig. 2b) by the Vs model (Fig. 12a).
Gray areas show the Moho depth standard deviation.
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of -30-30 km). Similar ray tracing phenomena were also found in
previous studies of 0BS2019-1 (Liu et al., 2023), NS5 (Wen et al.,
2021b), OBS2016-2 (Hou et al., 2019), 0BS2006-1(Wei et al.,
2017), and OBS973-2 (Wei et al., 2015). Seismic ray tracing indic-
ates that the S-wave refractions within 40 km offsets are most
likely to be untraceable. Ma et al. (2021) assessed the influence of
shallow structure uncertainty on forward Vp modeling, and the
results suggested that the sedimentary layer with high velocity
makes the near offset crustal refraction phases (Pg) cannot be
traced. Therefore, we infer that sediment velocities may be a ma-
jor factor affecting the ray tracing of the S-wave phases.

To analyze the influence of sediments on seismic rays, we
conducted numerical experiments on sediment models with dif-
ferent velocities and thicknesses using synthetic travel time data.
The ray tracing results show that the number of traced refrac-
tions decreases with increasing sediment velocities (Figs 13a-c).
The number of rays decreased by 50% when the sediment velo-
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city increased from 3.0 km/s to 3.5 km/s. The variation in sedi-
ment thickness had little impact on the rays (Figs 13d-f). Notably,
the fluctuation of the sedimentary basement interface below the
OBS station may cause the influence to be enhanced (Figs 13g-i).
For example, if the depth node of the basement interface is
modified from the model distance of 81 km to 71 km but the
depth is fixed, then the right branch of the rays cannot be traced
(Figs 13-i). When the depth node is adjusted to 72 km, the rays
can be traced again. We thereby infer that this situation can be
resolved by the fine adjustment of the model. The variation in
sediment velocities and thickness has a small influence on the
Moho S-wave reflections (Figs 13j-1) owing to the large incident
angles of these rays. The incident angle of the Moho reflections
was larger than that of the crustal refractions, with a maximum
angle difference of 18° (Figs 13fand 1).

We directly set the crustal velocity as the Vs to simulate the
ray tracing of PSP’ arrivals (Figs 13m-r). The results are similar to
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Fig. 13. Ray tracing of different sediment models based on synthetic data. The rays are converted into S-waves at the sedimentary
basement in the a-1 model, and the Vp and Vp/Vs of the uppermost crust are 5.5 km/s and 1.75, respectively. Solid lines represent P-
wave paths; dotted lines represent S-wave paths. The velocity of the uppermost crust in the m-r model is set to 3.14 km/s (same as the

Vs calculated by the transformation in the previous model).
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those of the model with P-wave to S-wave conversion (Figs 13d-f
and 13j-1), showing that the sediment velocities are an important
influencing factor for the S-wave refractions (Figs 13m-o), but
they have little influence on the Moho reflections (Figs 13p-r). In
addition, when the sediment velocities are 3.5 km/s, the number
of rays in the Fig. 130 model is reduced by approximately 12%
compared with the Fig. 13f model, which coincides with the fact
that more refractions are fitted in the inversion model based on
PSS’ arrivals.

Additionally, we constructed 2 100 models for new seismic
ray tracing based on Fig. 13m (the sedimentary basement is set as
a horizontal interface with a depth of 5 km) and counted the
number of fitted rays in order to objectively evaluate the influ-
ence of sediment velocities on ray tracing. The uppermost crustal
Vs is modified in the range of 2.5-3.5 km/s, and the sediment
velocity is equal to the uppermost crustal Vs but varies in the
range of -0.1-0.1 km/s (AV in Fig.14). The step size of the velocit-
iesis set to 0.01 km/s, thereby 2 100 modified models are ob-
tained. The results (Fig. 14) demonstrate that if the sediment ve-
locities are greater than the crustal Vs by 0.01-0.03 km/s (AV=
0.01-0.03 km/s), the number of fitted rays from the new model
decreases significantly (the fitting degree decreases). Higher sed-
iment velocities result in a greater inability to trace the near off-
set S-wave phases. In this study, the Vp of the lowermost sedi-
ments is up to 3.5 km/s, which is significantly higher than the Vs
of 3.14 km/s at the uppermost crust. The near offset seismic rays
cannot propagate downward as a result. This test shows that the
near offset S-wave from basement conversion cannot be traced
when the lowermost sediment Vp is obviously higher than the
uppermost crustal Vs, which may provide a reference for the S-
wave modeling.

6.2 Evaluation and comparison of the travel time correction

methods

The velocity difference (Fig. 15) between the two tomograph-
ic inversion models (Figs 10a and 12a) was obtained to evaluate
the reliability of the two travel time correction methods. The
characteristics of the crustal velocity field in the two models are
roughly similar, with AVs of <0.15 km/s (mainly 0-0.1 km/s),
mostly within the velocity standard deviation range of 0-
0.12 km/s (Figs 10b and 12b), indicating that the two inversion
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Fig. 14. Seismic ray tracing results from 2 100 models reveal the
influence of sediment velocities on ray tracing. AV'is the Vp of the
lowermost sediments minus the Vs of the uppermost crust. The
fitting degree is calculated by dividing the fitted phases by the
picked phases.

results have good consistency.

We found a large velocity difference (AVs >0.2 km/s) in the
lowermost crust below the model distance of 40-60 km. The in-
version result from Method 2 most likely causes this difference; a
high-velocity anomaly with a Vs of 4.4 km/s is imaged in the
model (Fig. 12a); however, the Vp model does not support this
anomaly (Fig. 2). The forward crustal Vs model (Fig. 7a) was ad-
opted in the correction of Method 2; therefore, the influence of
this model should be excluded. Consequently, we selected a ran-
dom crustal model (the velocities are set to 3.0-4.0 km/s, and the
Moho interface is set to the horizontal interface of 16 km) to re-
correct the picked arrivals. The average time difference (Af)
between the new corrected arrivals and the initial corrected ar-
rivals based on the forward model is between 0.008 s and 0.027s,
with the majority of the time difference distributed in the range of
-0.04-0.04 s (accounted for 86% of the data, Fig. 16). Con-
sequently, the travel time correction of Method 2 did not depend
on any crustal model. The forward model is recommended for
the correction of Method 2 because the number of corrected ar-
rivals increases by 26% (Fig. 16). Furthermore, we noticed that a
large Moho depth standard deviation (+1 km) was revealed be-
low the high-velocity anomaly (Fig. 2b), indicating a possible cor-
relation; thus, we infer that Method 2 is more sensitive to the
poorly constrained region in the model.

Beneath a model distance of 100-120 km, the velocity differ-
ence increases to 0.15-0.2 km/s (Fig. 15). The reason for this dif-
ference is that the inversion model from Method 2 fitted more
crustal refractions and showed a higher resolution in the shallow
area, resulting in a larger difference than the inversion model
from Method 1, which only fitted the Moho reflections.

These two travel time correction methods have their advant-
ages. Method 1 is simple and efficient, and the arrivals can be dir-
ectly corrected using the time delay between the PPSb phase and
the Pg phase. However, when the sediment had higher velocities,
only a few crustal refractions were traced, and estimating the
time correction in the case of complicated sedimentary struc-
tures is difficult. Thus, Method 1 was suitable for situations where
the sedimentary structure is simple and the sediment velocity is
low. Method 2 relies on the RayInvr forward sediment model to
correct travel times. The correction is slightly complicated, but
the result has a good constraint on the shallow crust, which is ap-
plicable in the case of complicated sedimentary structure (e.g.,
both Mesozoic and Cenozoic strata exist).

6.3 Application of tomographic inversion to identify magmatic in-
trusions
The intruded volcanic bodies beneath OBS31, as interpreted
by Fan et al. (2019) along NS5, are also identified on the single-
channel seismic profile along EW6 (Fig. 17a) because the two
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Fig. 15. Inversion results comparison of different travel time cor-
rection methods. The Vs difference was obtained from Fig. 12b
model minus the Fig. 10b model. Gray areas show the Moho
depth standard deviation.



22 Wen Genggeng et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 8, P. 13-25
. O01F .y \ o1,
3 0 F et R N D 10 B
-0.1 +0.027 s ° °  +0.008s 4 0.1
» OBS06 o, 0BS53 »
g 10r a0 ; 1
= " Lo SN S {10 %
B o "'v -"I Y ™ N I'u B
S or ‘M" " I,,n"" iyt 3 o ", 8
2 g PSS e, PSS! |
! 1 1 1 1 1 1 1 1
40 50 60 70 80 50 60 70 80 90 100 110
Distance/km Distance/km
L, 01 F 50
= 0 F e %o%
3 5 i
-01 F % 00155 40
2, | 0BS3 ‘ PSSM 130 5
g qum" ‘w‘ . g
< ol L PSS’ 420 8
g '-". ‘ w““‘
3 . pss’ " 110
2 8 | ‘-....I‘,M
1 1 1 1 1 ! 1 1 1 0
50 60 70 80 90 100 110 120 130 140 —0.08 —0.04 0 0.04 0.08
Distance/km At/s
L, 01 F
3 0o F - R o _ 0
-0.1 | kit £0.027 s
m BS31
g ot OBS3 \_\'
I .
Q
Q
=
32 8 pss’ me * "
~ o, PSS’ '
7 1 1 ! 1 1 1 1 1
0 20 40 60 80 100 120 140

Distance/km

Fig. 16. Comparison of the travel time correction result based on different crustal models. The red and black dots are the travel time
correction results based on the forward S-wave crustal model and random crustal model, respectively. The gray circles represent time
difference between the two results, and the thin gray solid lines are the values of -0.05 s and 0.05 s. The histogram shows the distribu-

tion of the travel time difference between the two results.

seismic profiles intersect at OBS31. The upper crust below the in-
truded volcanic bodies is characterized by high Vs and Vp/Vs, ac-
cording to both forward and inversion results (Figs 7, 10, and 12),
however, abrupt horizontal changes are observed in the forward
Vs and Vp/Vs models (Fig. 7). Furthermore, the forward Vp/Vs
model has difficulty identifying local high Vp/Vs in the lower
crust (Fig. 7b). In contrast, the inversion results have higher res-
olution and may image the lower crustal anomalies connected to
the intruded volcanic bodies in addition to obtaining the high
Vp/Vs in the upper crust (Fig. 12).

To clearly reveal the spatial relationship between the in-
truded volcanic bodies and crustal anomalies, the depth-time
conversion of Vs and Vp/Vs models (Fig. 12) is conducted based
on the Vp (Fig. 2b), which is comparable with the single-channel
seismic profile (Figs 17b and c). The uplifted velocity contours
and high Vp/Vs below the intruded volcanic bodies (Figs 17b and
¢) may indicate the presence of crustal conduits for magma up-
welling. Combining the inversion Vp/Vs models of profile NS5
(Wen et al., 2021b) further supports the interpretation of the
magmatic conduits (Fig. 17d). Previous studies have revealed
that intensive post-rift magmatism is found on the continental
slope of the northeastern SCS (Sun et al., 2020; Wan et al., 2019;
Xia et al., 2018; Fan et al., 2017; Wang et al., 2006; Yan et al.,
2001), which is confirmed by the forced fold in the Cenozoic
strata (Fig. 17a). We proposed that the thin crust (with an aver-

age thickness of 12 km) and extensional faults caused by crustal
hyperextension provide favorable conditions for the intense em-
placement of post-rift magmatism.

7 Conclusions

Two travel time correction methods were applied to process
the converted S-wave data of profile EW6 along the Dongsha area
in the northeastern SCS. Tomographic inversion models were
constructed, and the differences between the two inversion res-
ults were compared.

(1) Numerical experiments based on different sediment mod-
els were conducted based on the problems encountered during
seismic ray tracing. The simulation results showed that ray tra-
cing of crustal S-wave refractions is highly sensitive to sediment
velocities. When the lowermost sediment Vp exceeds the upper-
most crustal Vs by 0.01-0.03 km/s, the obvious phenomenon that
the near offset crustal S-wave refractions cannot be traced ap-
pears. As the sediment velocities increased, the number of traced
refractions decreased. In contrast, the Moho reflections had a
large incident angle, slightly affected by the sediment velocity.

(2) The inversion models revealed that the results of the two
travel time correction methods were highly accurate. The velo-
city difference between the two models is <0.15 km/s, mainly in
the range of 0-0.1 km/s, almost within the velocity uncertainty
range of the models. We further verified that the correction of
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Fig. 17. The interpretation of single-channel seismic profile
EWS, the intruded volcanic bodies come from Fan et al. (2019)
(a). The Vp (b) and Vp/Vs (c) models for depth-to-time conver-
sion based on the inversion Vp model (Fig. 2b) are superim-
posed on the single channel seismic profile. The black dashed
line represents the Vp contour of 3.5 km/s. Vp/Vs (d) model at
crossover between profile NS5 (Wen et al., 2021b) and profile
EW6. TWT: two-way travel time

Method 2 allows any crustal model to correct travel times, and
the results are accurate. The two travel time correction methods
have their own advantages, and their applications depend on dif-
ferent requirements. Method 1 was used to correct the travel
times when the sedimentary structure is simple and the sedi-
ment velocity is low, whereas Method 2 was more suitable for
complicated sedimentary structure.

(3) The tomographic inversion method of converted S-wave
provides a more objective and refined model with the ability to
identify local crustal anomalies (e.g., magmatic intrusions and
conduits).
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