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We present two E-W trending wide-angle seismic profiles (OBS2013-ZN, OBS2014-ZN), which cross the bound-
ary (Zhongnan fault zone) between the east sub-basin and the southwest sub-basin of the South China Sea (SCS).
We processed the data and used 2D ray-tracing to determine the oceanic crust thickness, velocity structures and
Moho depth variations related to the fault zone. The simulated velocity models show that the oceanic basin of the
SCS has a typical oceanic crust covered by a 1-2 km thick sediment layer with a velocity of 2.0-3.5 km/s. The crust
has a thickness of 5-8 km, of which the oceanic layer 2 is 1.8-3 km thick, with velocity increasing downward from
4.3 km/s to 6.4 km/s, and the oceanic layer 3 is 3-5 km thick, with velocity increasing downward from 6.4 km/s-
7.0 km/s. The Moho depth in the oceanic basin is approximately 6-7 km below seabed. The Moho discontinuity
has a prominent upheaval zone with a low velocity of 7.6 km/s, whose location corresponds to the low velocity
zone in oceanic layer 2. Our results suggest the presence of a NW-SE-trending fracture zone (40-60 km wide)
rather than a major “Zhongnan fault” oriented N-S by connecting the upheaval portions of the Moho in the
two profiles. The NW-SE orientation Zhongnan transform fault zone in our study area is consistent with the di-
rection of opening of the South China Sea in the last stage of its evolution. This large transform fault zone connect-

ed and offset the spreading centers of the east and southwest sub-basin.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Morphologically, very prominent structures in the SCS basin are two
seamount chains located from 12°N to 16°N, coincident with two aban-
doned spreading ridges and separated by an offset near 116°E (Fig. 1).
The Zhenbei-Huangyan (Scarborough) seamount chain is distributed
along a nearly EW oriented spreading axis in the east sub-basin, while
the Changlong-Zhongnan seamount chain is distributed along a NE ori-
ented spreading axis in the southwest sub-basin. The fossil spreading
ridge sections, seamount chains, and magnetic anomalies show a large
offset and a change in general direction near 116°E, and the mechanism
that separated the east sub-basin from the southwest sub-basin is one of
the most important questions of the evolutionary history of the SCS. Al-
though some authors have assumed that the boundary near 116°E is
composed of major faults or fracture zones, their locations and trending
directions are still unclear due to a lack of direct evidence. Taylor and
Hayes (1980, 1983), followed by Ru and Piggot (1986), proposed that
the E-W oriented magnetic anomalies in the east sub-basin terminate
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at major N-S trending fault zones. On the basis of morphological and
geophysical data and seismic reflection profiles, Yao (1995) also pro-
posed a major N-S trending fault, named Zhongnan fault, which extends
nearly along the longitude of 116°E from the Pearl River mouth-valley,
crosses the western central basin, Zhongnan seamount chain and Reed
Bank Trough and finally reaches northeastern-most Borneo. He further
suggested that Reed Bank in the south margin has a conjugate relation-
ship with Dongsha Rise in the north margin (Yao et al., 1994). Similarly,
on the basis of magnetic anomalies, Li and Song (2012) proposed a
major fault between the northwest sub-basin and the northern part of
the east sub-basin and connected it with the separating boundary be-
tween the east sub-basin and southwest sub-basin to form a major N-
S fault. Franke (2013) postulated that the east sub-basin is separated
from the southwest sub-basin by a NNW trending fracture zone
between Macclesfield Bank and Reed Bank. In the interpretations
given by Briais et al. (1993) based on magnetic anomaly analysis and
Braitenberg et al. (2006) based on gravity data derived crystalline base-
ment the spreading axis in the southwest sub-basin continues through
the central basin near 116°E with no other faults than the spreading
center transform faults.

However, previous studies were mainly based on magnetic data
without crustal structure evidence, especially for deep structures. In
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Fig. 1. Topography and bathymetry of the South China Sea region with the location of the sub-basins, seamounts, spreading centers and the postulated Zhongnan fault (The dashed line
proposed by Yao (1995); the dash-dotted line proposed by Li et al., 2008). The pink solid line is a seismic reflection profile completed in the previous investigation shown in Fig. 12. The
double yellow lines represent the fossil spreading ridge according to high-resolution bathymetry from Li et al. (2011). SWSBN = Southwest sub-basin, ESBN = East sub-basin, NWSBN =
Northwest sub-basin, ZHSMC = Zhenbei-Huangyan (Scarborough) seamount chain, CZSMS = Changlong-Zhongnan seamount chain.

this paper we present two wide-angle seismic profiles (OBS2013-ZN
and OBS2014-ZN), which cross the boundary (Zhongnan fault zone) be-
tween the east sub-basin and the southwest sub-basin (Fig. 1). We de-
termined the oceanic crust thickness, P-wave velocity structures and
Moho discontinuity using 2D ray-tracing to reveal shallow and deep sig-
nals related to major faults, to better understand the change in general
direction of magnetic anomalies and spreading axes near 116°E as well
as the dynamic process of the SCS seafloor spreading.

2. Geological setting

The SCS is a western Pacific marginal sea situated at the junction of
the Eurasian, Pacific, and Indo-Australian plates, and geographically
consists of the northern continental margin, the oceanic basin and the
southern continental margin (Fig. 1). The sea basin has an oceanic
crust (Ludwig et al., 1979) with water depth of 3500-4400 m and has
been subdivided into the central/east sub-basin, northwest sub-basin
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and southwest sub-basin (Hutchison, 1989; Li et al., 2008). Following
the researches of Taylor and Hayes (1980, 1983) and Ru and Piggot
(1986), further magnetic anomaly measurements and studies have
indicated that the SCS oceanic basin was formed by poly-phase seafloor
spreading but with various point of views in magnetic anomaly age and
seafloor spreading rate (Briais et al.,, 1993; Yao et al., 1994; Sun. et al.,
2009; Franke, 2013). Li et al. (2011) suggested that the first spreading
stage was from 33.5 Ma to 25 Ma (magnetic anomaly C13-C8) in the
east and northwest sub-basins, with a spreading direction of NNW-
SSE. After a ridge jump of ~50 km to the south at 25 Ma (Briais et al.,
1993), the second spreading stage started from 25 Ma to 16.5 Ma (mag-
netic anomaly C8-C5.) in the east sub-basin and simultaneously started
in the southwest sub-basin with a direction of NW-SE. The terminal
age of spreading is ~15 Ma in the East Subbasin and ~16 Ma in the
Southwest Subbasin (IODP Expedition 349 Scientists, 2014; Li et al.,
2014) In the deep-sea basin there are numerous seamounts with ages
of 13.8-3.5 Ma, indicating that another episode of magmatic activity
occurred in the SCS after the cessation of seafloor spreading (Wang et
al.,, 1984;Kudrass et al., 1986; Hékinian et al., 1989; Yan et al., 2008,
2014; Xu et al., 2012; Li et al., 2014).

In the study area the abandoned spreading ridges from southwest
to northeast may be divided into three sections (Fig. 1). Section AB
(300 km long) is of the ridge valley (40 km wide) surrounded by
small seamounts linearly distributed on both banks. Along section
BC (140 km long) ridge valley is relatively narrow and larger sea-
mounts form a chain which is named Changlong-Zhongnan seamount
chain. Section CD (90 km long) is an area absent of seamount where
Zhongnan Fault is supposed to traverse. A NNW trending negative
topography (— 70 km wide) can be distinguished in this section. Sec-
tion DE (180 km long) consists of the E-W trending Zhenbei-
Huangyan (Scarborough) seamount chain and is absent of distinct
ridge valley, which is the main portion of the east sub-basin spread-
ing ridge. The volcaniclastic breccia and sandstone at [0DP349 site
U1431 (2014) are dated as late middle Miocene to early late Miocene
(8-13 Ma), suggesting a 5 Ma duration of seamount volcanism
starting a few million years after the cessation of seafloor spreading.
Along section EF (— 140 km long) seamount chain extends in NE di-
rection to the Manila Trench. The OBS development area with water
depth 3880- 4350 m has a crust of 4.4-8.8 km thick with Moho depth 6-
7 km bellow seabed estimated by previous studies (Yao et al., 1994).
The research area has a free-air gravity anomaly of 10 mGal (Li et al.,
2011).

3. Seismic data
3.1. Data acquisition

The wide-angle seismic profile (OBS2013-ZN) located in the central
basin of the SCS trending E-W along the latitude of 15.1°N was complet-
ed in April 2013 using fifteen OBS (three components and one hydro-
phone) at intervals of 10 km. The total shooting length was 203 km
extended 30 km beyond the two end stations. The wide-angle seismic
profile (OBS2014-ZN) was also located in the central basin of the SCS
and trended E-W along the latitude of 14.5°N. It was completed in July
2014 using twelve OBS at intervals of 10 km. Its total shooting length
was 210 km extended 50 km beyond the two end stations (Fig. 1).
The same seismic source provided by R/V “Shiyan 2” was used for both
experiments. An air gun array of 4 x 24.5 | was shot at a pressure of
120-130 kg/cm? every 120 s, and the average shooting interval was ap-
proximately 280 m. GPS was used to determine location and time dur-
ing the OBS deployment and recovery, vessel navigation and air gun
shooting. The four-component OBS data were sampled at intervals of
4 ms. Reflection seismic measurements were simultaneously recorded
in a single channel seismic stream to obtain the seabed relief and sedi-
ment basement (Fig. 2, Fig. 3).
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Fig. 2. The single channel seismic reflection section along the profile OBS2013-ZN. The
solid circles represent OBS stations.

3.2. Single Channel seismic profiles

The single channel seismic data processing included band-pass fil-
tering, surface consistent amplitude compensation, abnormal high am-
plitude noise suppression and geometric spreading correction. The
processed seismic reflection profiles (Fig. 2, Fig. 3) show that the sea-
floor is flat with a water depth of 3880-4350 m. A number of small base-
ment highs are distributed along the profiles. Correspondingly, the
crystalline basement depth drastically varies the sediment is flat in the
shallow portion but varies drastically in the deep portion, with a mean
thickness <2 km (TWT < 1 s).

3.3. OBS data processing and phase picking

The OBS data processing included shot time correction, localization
of shootings coordinates, OBSs coordinates correction, recorder time
drift correction and data filtering (Ao et al., 2010). In addition, we also
considered the influence of direction changes of the vessel relative to
the antenna position of the GPS receiver. The final profile line was deter-
mined by a least squares calculation of the shot positions along the pro-
file. The position of each station on the seafloor was roughly determined
from a water depth measurement and was then modified by fitting the
theoretical travel time of a direct water wave to the observed travel
time. The frequency of the band-pass filter was 4-30 Hz, the reduced ve-
locity was 8 km/s, and only the vertical component was used for P-wave
velocity modeling in this paper. Seismic phases were identified and
picked by initial travel time modeling and then re-determined during
the inversion stage. Herein, the direct water wave is labeled Pw, the
refracted wave from the sediment layer is labeled PsP, the refracted
wave from the oceanic crust is labeled Pg, the reflected wave from the
Moho discontinuity is labeled PmP, and the refracted wave from the
upper mantle is labeled Pn.

3.3.1. Seismic sections and phase selection along profile OBS2013-ZN

The seismic data recorded by the OBSs along this line are generally of
high quality, except for station No. 11. There were very few refraction
and reflection phases from the sediment layer, and they were difficult
to recognize due to the limited thickness of the sediment layer. Refrac-
tion phases Pg and Pn were observed at all stations, and reflection
phases PmP were clearly observed at some stations but were difficult
to identify at other stations. For example, in the seismic section of
OBSO06 (Fig. 4), PmP begins to appear near the offset of 15 km in the
eastern branch but has no clear signals in the western branch. Subse-
quently, the Moho depth under this station is estimated to be ~10 km,
and the eastern part is relatively shallow. Close to OBS06, the seismic
section of OBSO7 (Fig. 5) has weak amplitude but clear phases PmP in
both branches. The refraction phases Pg were observed at all stations
within relatively short distances, which indicate that the oceanic crust
is thin. The phase Pg travel times varied horizontally with the distribu-
tion of seamounts. In addition to the strong constraints from the phases
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Fig. 3. The single channel seismic reflection section along the profile 0BS2014-ZN. The solid circles represent OBS stations.

PmP, the phases Pn were also important for determining the Moho
depth and the topmost velocity of the upper mantle. Because the ocean-
ic basin has a thin crust, the phases Pn were the first arrivals at short dis-
tances easy to identify and could be traced for long distances. For
example, in the seismic section of OBS10 (Fig. 6), the maximum offset
of Pn appearance can be traced further than 100 km. The pick uncer-
tainties and fitting errors of the seismic phases travel times along profile
OBS2013-ZN are listed in Table 1.

3.3.2. Seismic sections and phase selection along profile OBS2014-ZN
The seismic data recorded by the OBSs along this line are generally of
high quality, except for station No. 8. The refraction phases Pg and Pn

were observed at all stations and the phases PmP were observed
at most stations. For example, the seismic section of station OBSO1
(Fig. 7) shows that the phases Pg were clearly influenced by seamounts
and can be traced only over short distances because of the limited thick-
ness of the oceanic crust. In this seismic section the phases PmP had
high amplitude, but the phases Pn were relatively weak, which indicates
that the Moho is relatively deep under this station. While the phases Pn
in the seismic section of station OBS05 (Fig. 8) can be traced at the offset
of 70 km only in the eastern branch but can be traced in both branches
in the seismic section of station OBS09 (Fig. 9) The pick uncertainties
and the travel time fitting errors of the seismic phases along profile
OBS2014-ZN are also listed in Table 1.
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4. Crustal structures
4.1. Modeling approach

Both initial models of the two profiles were the same and
consisted of five layers, as follows: (1) 1.5 km/s sea water layer;
(2) 0-2 km thick sediment layer with velocities of 1.8 km/s at the
top and 3.8 km/s at the bottom (oceanic layer 1); (3) 2.0 km thick
upper crust with velocities of 4.0 km/s at the top and 6.4 km/s at
the bottom (oceanic layer 2); (4) 5 km thick lower crust with veloc-
ities of 6.4 km/s at the top and 7.0 km/s at the bottom (oceanic layer
3); (5) upper mantle with velocities of 8.0 km/s at the top and
8.2 kmy/s at a depth of 20 km. This model was based on the single
channel seismic profiles simultaneously measured, global averages
of oceanic crustal structure (White et al., 1992) and SCS seismic
velocity models in previous studies (Ruan et al., 2011; Qiu et al.,
2011). The two-dimensional velocity models were parameterized
as sheared meshes beneath the seafloor. The horizontal node spac-
ings were heterogeneously assigned based on the seabed relief and
the distribution of basement highs revealed by the single channel
seismic profiles, with a node spacing of 5-20 km for the sediment
layer and the crust and 20 km for the upper mantle. Except for the
water layer, the vertical node spacing was set to the layer thickness
to maintain a constant vertical velocity gradient within each layer.

The velocity models were constructed using two-dimensional travel
time modeling and inversion with the RayInvr code of Zelt and Smith
(1992). The velocities and interfaces were initially adjusted manually
by trial and error approach from the sediment to the mantle one station
at a time. After the forward modeling, a damped least squares inversion
was conducted with a node spacing of 0.5 km x 0.25 km, by taking the
travel time error as the target function and keeping the layer interfaces
fixed to obtain an optimized P-wave velocity model (Fig. 10a and
Fig. 11a).

We used a statistical approach to estimate the seismic phase fitting
errors (Table 1) and model uncertainties (Table 2). It shows that all of
the phases have lower travel time root-mean-square (RMS) misfits
with y? values in the range of 1.0-1.9, which indicates that the simulat-
ed models were suitably parameterized and have high accuracy (Zelt
and Smith, 1992). Furthermore, the ray densities of both profiles
(Fig. 10c and Fig. 11c) show that the ray coverage on each interface
was generally in the range of 20-70 times (at least 10 times), which in-
dicates that the interfaces were strongly constrained and that the final
models have high resolutions (Zelt, 1999).

4.2. P-wave velocity models

The simulated velocity models show that the SCS sea basin has a typ-
ical oceanic crust covered by a 1-2 km thick sediments layer with a
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velocity of 2.0-3.5 km/s. The crust has a thickness of 5-8 km, in which
oceanic layer 3 (3-5 km thick) is thicker but has a smaller vertical veloc-
ity gradient than oceanic layer 2. The details of the two velocity models
are now described.

(1)

The velocity model of profile OBS2013-ZN is shown in Fig. 10a.
Along the profile, some seamounts with low velocity emerge
from the seabed, formed partly by unconsolidated volcaniclastics.
The velocities of the sediment layer (1-2 km thick) increase
downward from 1.8 km/s to 3.5 kmy/s with little horizontal varia-
tion. Oceanic layer 2 is 1.8 km-2.8 km thick, again with little hor-
izontal variation, but it has a large vertical velocity gradient with
velocity increasing downward from 4.3 km/s to 6.4 km/s. The ve-
locity perturbation anomaly (Fig. 10b) indicates the presence of a
low velocity zone in oceanic layer 2 under stations OBS03-OBS08.
The interface between oceanic layer 2 and layer 3 is coincident
with the 6.4 km/s isovelocity contour. Oceanic layer 3 has a prom-
inent lateral variation in thickness, with a minimum thickness of
2.5 km under station OBS05, which gradually increases to the

Table 1

Phases picks and fitting errors.
Profile OBS2013-ZN 0BS2014-ZN
Phases  No.of picks RMS (ms) x? No. of picks ~ RMS (ms)  x?
Pw 1073 44 1.001 530 65 1.003
Pg 2241 97 1457 901 105 1.621
PmP 783 99 1450 378 110 1.860
Pn 1092 113 1.808 631 103 1.532
PsP 148 108 1.578
Total 5337 100 1311 2440 98 1.496

(2

—

east and west. Oceanic layer 3 has a smaller vertical velocity gra-
dient than that of oceanic layer 2, but at its bottom the velocity
varies horizontally with minimum velocity of 6.8 km/s under sta-
tion OBS06, which increases to 7.0 km/s to the east and west. The
ray density distribution of the model (Fig. 10c) shows that the
Moho discontinuity depth is well constrained by phases PmP,
and the upper mantle velocity is also well constrained by phases
Pn. The velocity model shows that the Moho is obviously
upheaved under stations OBS04-OBS07, and, correspondingly,
the velocity perturbation anomaly indicates the presence of a
low velocity zone of 7.6 km/s at the upmost portion of the mantle
under these stations.

The velocity model of profile OBS2014-ZN is shown in Fig. 11a.
The sediment layer has a prominent lateral variation in the thick-
ness from zero to 2 km; Some seamounts that are distributed
along the profile emerge from the seabed with low velocity,
formed by unconsolidated volcaniclastics. Oceanic layer 2 has a
prominent horizontal variation in thickness from 1.8 km to
3 km, with a horizontal variation velocity in its top part, and it
shows a large vertical velocity gradient with velocity increasing
downward from 4.3 km/s to 6.4 km/s. The velocity perturbation
anomaly (Fig.11b) indicates the presence of a low velocity zone
in oceanic layer 2 under stations OBS02-OBS09. Oceanic layer 3
has a clear lateral thickness variation, with a minimum thickness
of 2.5 km in the center, which gradually increases eastward and
westward to 5 km. At its bottom, the velocity varies horizontally
with a minimum velocity of 6.8 km/s under station OBSO07,
which increases to 7.0 km/s to the east and west. It also shows
that the Moho is obviously uplifting from 12 km deep on both
sides to 10 km deep under stations OBS04-OBS08, and, corre-
spondingly, the velocity perturbation anomaly indicates the
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Table 2

Uncertainties of layer velocities and interfaces in the models.
Profile 0BS2013-ZN 0BS2014-ZN
Top velocity of sedimentary layer +0.15 km/s +0.20 km/s
Bottom velocity of sedimentary layer +0.13 m/s 40.20 km/s
Top velocity of crust 4+0.20 km/s 4+0.22 km/s
Bottom velocity of crust +0.30 km/s +0.22 km/s
Depth of basement +0.15 km +0.10 km
Depth of Moho 40.28 km 40.25 km

44

Two way time/s
N

-]

Distance/km

Fig. 12. A multi-channel seismic profile crossed the Zhongnan Fault. It indicates numerous
high-angle extensional faults forming fracture zones along the profile (Jin et al., 1989).

presence of a low velocity zone of 7.7 km/s in the uppermost
portion of the mantle under these stations.

5. Discussion

Although the SCS sea basin sediment is only 1-2 km thick, we
cannot distinguish faults directly from the seismic sections of the
two wide-angle OBS profiles by finding sharp local phase Pg drops
that are usually related to major faults. Nevertheless, some multiple
channel seismic profiles obtained in previous investigations indicated
the presence of a dense distribution of faults (Fig. 12) (Jin et al., 1989;
Lietal., 2011). The large number of faults and fractures in the transform
fault zone probably explains the low velocity zones observed in both
the upper crust and the upheaving part of the mantle (Fig. 10b and
Fig. 11b).

The thin crust with low velocity has been observed in major mid-
ocean ridges, and is usually related to the thermal effect of the offsets
of the accretionary segments by the transform fault (Whitmarsh and
Calvert, 1986). Near transform faults along min-ocean-ridge, mantle
melting is reduced by conductive cooling, and less crust is produced
(White et al., 2001; Minshull et al., 2006). This is especially true at
slow-spreading reidges. The crustal thinning observed along our pro-
files is probably due to this effect. Therefore, we suggest that the shallow
low velocity zone in the crust is composed of various small faults that
form a wide fracture zone. A NW-SE orientation of the fracture zone
(40-60 km wide) is suggested by the offset of the upheaval portions
of the Moho in the two profiles (Fig. 13). This result roughly agrees
with that (with width > 30 km) postulated by Franke et al. (2011)
but different from the N-S trending fault proposed by Ru and Piggot
(1986) and Yao (1995).

The faults or fractures formations were controlled by varied stress
fields during the multi-episode evolution of the SCS sea basin (Briais
et al.,, 1993; Liet al,, 2011). A nearly N-S spreading direction at the be-
ginning of the opening of the South China Sea, and then a NW-SE direc-
tion, with propagation to the southwest, has been suggested by Briais et
al. (1993), combining magnetic anomaly analysis and a few multi-beam
bathymetry swaths providing the orientation of the abyssal hills. There-
fore we suggest that the NW-SE-trending fracture zone revealed by our
velocity models was formed during the break-up of the Macclesfield-
Reed Bank when spreading propagated southwestward. For its trending
direction is consistent with the NW-SE spreading of the southwest sub-
basin. The study of multibeam bathymetry and magnetic anomalies
(Pautot et al., 1986; Briais et al., 1989, Briais et al., 1993) also suggested
that when Macclesfield-Reed Bank block was split into two pieces at ap-
proximately 25 Ma, the spreading direction changed from NS to SE and
resulted in the direction change of the major transform fault in the
vicinity of the Macclesfield and Reed Banks.

6. Conclusions

Based on the data from two wide-angle seismic profiles of OBS at
the central basin of the SCS that trend E-W at 15.1°N and 14.5°N
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Fig. 13. The location of a NW-SE-trending fracture zone separating the southwest sub-basin from the east sub-basin It is plotted according to the right two insets of velocity anomaly

models simulated by this study (Fig. 10b and Fig. 11b), as well as the seabed relief.
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respectively and cross the Zhongnan fault, we determined the oceanic
crust thickness, P-wave velocity structures and Moho discontinuity
variations using 2D ray-tracing and draw the following conclusions:

(1) The oceanic basin of the SCS has a typical oceanic crust covered by
a 1-2 km thick sediment layer with a velocity of 2.0-3.5 km/s. The
crust has a thickness of 5-8 km, of which oceanic layer 2 is 1.8-
3 km thick, with velocity increasing downward from 4.3 km/s to
6.4 km/s, and oceanic layer 3 is 3-5 km thick, with velocity in-
creasing downward from 6.4 km/s-7.0 km/s. The oceanic basin
Moho depth is approximately 6 km below seabed.

(2) The Moho discontinuity has an obvious upheaval zone with a low
velocity of 7.6 km/s, which corresponds to the low velocity zone
in oceanic layer 2. The offset in longitude of the zones of thinner
crust observed in our profiles suggests a NW-SE orientation of
the transform zone.

(3) The NW-SE orientation Zhongnan transform fault zone in our
study area is consistent with the direction of opening of the
South China Sea in the last stage of its evolution. This large trans-
form fault zone connected and offset the spreading centers of the
east and southwest sub-basin.
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