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Abstract The low-velocity layer (LVL), closely related with tectonic activities and dynamic settings, has always been a hot topic
in the deep crustal structure studies. The deep seismic (OBS/OBH) and onshore-offshore experiments have been extensively implemented
in the northern South China Sea {SCS) since the 1990s. Six seismic profiles were finished on the northern margin of SCS by domestic and
international cooperations. The features of crustal structures were revealed and five velocity-inversion layers were discovered. Among them
three LVLs with 3.0—3.5 km-s ! velocity are located in the sedimentary structure (2.0—6.0 km in depth and 2.0—4.6 km in thick-
ness) of the Yinggehai Basin and Pearl River Mouth Basin. They were identified by the reflective and refractive phases for their shallow
depth. The other two LVLs with §.5—6.0 km+s ! velocity generally existed in the middle crust (7.0—18.0 km in depth) with an about
2.5—6.0 km thickness in the transitional crustal structure of the northeastern and northwestern SCS. They were detected by the refrac-
tive phase from their overlain and underlying layers. We explored the possible tectonic formation mechanisms combining with previously
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reported results, which provided evidence for the formation and evolution of SCS.

Keywords: low-velocity layer, deep crustal structure, the northern South China Sea, OBS/OBH and onshore-offshore seismic ex-

periments.

The low-velocity layer (LVL) is generated by
different forming mechanisms in the different tectonic
units such as platform, rift zone, continental active
margin, fold zone, subduction plate, etc.[l_B], and
it is closely related with rock melt, magma move-
ments, terrestrial heat actions, hotspring distribu-
tion, and strong earthquakesm. A hypothesis of con-

£s]

tinental layer-controlled structures " emphasized the

importance of the mid-crust ductile layer. Xu'®! con
sidered the LVL, located in the crust, as a high-con-
ductity and low-velocity ductile slip layer. Tectonic
activities in micro-plates are mainly controlled by this
layer. The vertical delamination indicated the hetero-
geneity of the crustal structure. LVLs have been
found in most of continental crusts in China, such as
Qinghai, Tibet, Sichuan, Yunnan, North China,
South China, etc. [7_12], and they have already been
studied deeply and profoundly. L.VLs located in the
sea, however, have been less investigated. The con-
ductivity of sea bottom cannot be easily measured
since the seawater is a good conductor, so the identi-

fication of the low-velocity and high-conductivity lay-
er in the sea becomes much more difficult. The deep
seismic OBS/OBH and onshore-offshore experiments
have been extensively implemented in the northern
SCS since the 1990s. Six seismic profiles (Fig. 1)
were finished on the northern margin of SCS by do-
mestic and international cooperationsm]. The project
of OBS-1993 was carried out by South China Sea In-
stitute of Oceanology (SCSIO) and Tokyo University
of Japan in the middle segment of the northern mar-
gin of SCS, and the project of OBS-1995 was com-
pleted by the Taiwan Ocean University (TOU) coop-
erated with Texas University. In 1996, SCSIO and
GEOMAR (the Research Center for Marine Geo-
sciences of Germany) collaborated and completed 3
OBH profiles ( OBH2-1996, OBH3-1996, OBH4-
1996). SCSIO, TOU and Earthquake Administra-
tion of Guangdong Province, worked together and
completed the profile of OBS-2001 offshore Shantou
City in August 2001. These profiles provided a large
amount of high-quality deep seismic data. These deep
crustal structures have been imaged by data process-

% Supported by Chinese Academy of Sciences { Grant No. KZCX3-SW-234), Natural Science Foundation of Guangdong Province (5300970) and the

Key Laboratory of Marginal Sea Geology of CAS (MSGL0604)

#** To whom correspondence should be addressed. E-mail: mhzhao@scsio. ac.cn



592 www. tandf. co. uk/journals Progress in Natural Science Vol.17 No.5 2007

. . [11,14—
ing and modehng[ LU0 and these new data and

knowledge have further advanced the studies of
crustal structure of rift margin in northern SCS and

Fig. 1.
mic profiles.

1 LVLs located in the sedimentary layer and
their identification

Three LVLs among five LVLs mentioned above
are located in the sedimentary layer. Their features
are of 2. 5—3.0 km-s ' velocity, 2. 0—6. 0 km
depth, and 2. 0—4. 6 km thickness. They were
found in the Yinggehai Basin (YGHR) and the center
of Pearl River Mouth Basin (PRMB).

LVLs were discovered in the shallow structure a-
long profiles OBH3-1996 and OBH2-1996 in YGHB.
Nine ocean bottom hydrophones (OBH) were set up
along OBH3-1996 (Fig. 1). The crustal structure
was obtained by ray-tracing and travel time fit (Fig.
20eN™M A LVL at the depth of 3.6 km existed in
this structure with about 3.5—4.6 km thickness and
3.0—3.5 km+s ! velocity, whose P-wave velocity
decreased 0.7—1.3 km-s ™' and 1.0 km*s ™" relative
to the upper and lower surrounding medium, respec-
tively. The LVL also existed in another structure
model of OBH2-1996 (Fig.5) with about 3.0—5.0
km depth, 2.5 km thickness and 3.0 km*s "’ veloci-
ty, whose velocity was respectively 0. 7—0.9 km -
s 'and 1.5 km+s ! smaller than the velocity of its

the subduction zone along the Taiwan Island arc:
More importantly, these profiles have pravided the
most fundamental data for the LVL studies of the
northern SCS.

Location of deep seismic survey lines in the northern SCS. Solid lines indicate OBS/OBH profiles. Dotted lines are extended seis-

upper and lower 1ayer1). The seismic phases from
Moho interface have not been received in the sea area
along these two profiles. The lack of seismic signals
from deeper basement structure was quite unusual and
unexpected. This is very likely caused by the geo-
physical properties of the underlying structure and
unlikely by the energy source or the poor S/N ratio,
because the LVL here, acting as a highly energy ab-
sorbent, is locally thicker; and the energy of seismic
source cannot reach to the Moho interface.

How to identify the above two LVLs located in
the sedimentary by the seismic method? The follow-
ing example of wide-angle seismic data from QBH3-
1996 shows the identification method in details. Fig.
2(a) is the seismic record section of OBH20 along
OBH3-1996, in which three distinct seismic phase
groups, P1, P2P and P3P can be readily identified
according to their kinematic and dynamic features.
The phase P1 is the first arrival of refraction in sedi-
ment and well developed within the offset range of 20
km. But it disappears abruptly beyond this range
(Fig.2). Phase P2P is a near-angle reflection from
the top of LVL. P1 and P2P could be seen in all nine
OBH-stations. The two endpoints of P1 and P2P are

1) Wu SM, Qiu XL, Zeng GP, et al. Crustal Structure beneath the Yinggehai Basin and adjacent Hainan Island, and its tectonic implication.

Deep Sea Research, 2006, accepted.
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converged and tangent to each other at the critical
point. If the lower layer is the normal velocity layer
rather than LVL, the refractive phase P2, which was
from the lower layer and had bigger apparent veloci-
ty, should be received out of this critical point. Phas-
es P1, P2 and P3 should be uninterrupted and contin-
uous. But phases P2 and P3 had not been discovered,
while P1 disappeared suddenly from all seismic sec-
tions of nine OBH-stations. Thus we concluded that
the lower layer had the reverse velocity, in other
words, it is LVL. It is this LVL that shielded the
seismic signal coming back from the deeper crust. It
was also inferred from the result of ray tracing and
travel time fit in profile OBH3-1996 that the later ar-
rival phase was P3P, rather than P2. P3P was a

wide-angle reflection signal and had smaller apparent
velocity than refractive phase P2. The ray-tracing
path of P3P traveled through the whole LVL, thus
its travel time was later and had a similar apparent
velocity with P2P. The phase P3P could be traced at
four OBH (15, 16, 19 and 20) seismic sections in the
central basin. The two-dimensional velocity models

were derived iteratively using the ray-tracing method

(0] The crustal

structure was well constrained because the observed

with the help of MacRay program

travel time curves fit very well with the theoretical
travel time curves in all nine OBH-stations (Fig. 2
(b), (c¢)). Therefore, the LVL was identified from
the refractive phase of the overlain layer and the re-
flective phase from the top and bottom of LVL.

Fig. 2. Ray-tracing and travel time fit in the seismic profile OBH3-1996 at OBH20. (a} Seismic record section, (b) circle symbols stand
for observed travel time curves picked up from the record sections {a), while other symbols and their link lines stand for theoretical travel
time curves; (c) shows the best fit model and final ray-tracing path of all phases. The seismic data were filtered with a frequency band of

5—15 Hz. Reduced velocity: v,=6.0 kms™', r stands for the distance between station and shot, reduced time: #,= travel time ~ /6.
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The third LVL in sediment existed in the
PRMB. A Sino-Japan survey project OBS-1993 was
carried out across the PRMB, the central section of
the northern margin of SCS. Fifteen Ocean Bottom
Seismometers (OBS) were deployed, and both airgun
and explosive were used as seismic sources. Clear
phases from Moho were received. The two-dimen-
sional kinematic ray tracing was employed to con-

struct and define the crustal structure''™. The crustal
thickness decreased from 22 km in the littoral area to
8 km in the deep sea. The thickness of the sediment
and crust over the upper slope were 5 km and 8—10
km, respectively. A high velocity layer with an aver-
age thickness of 4 km was found in the base of the
lower crust.

But the shallower structure at OBS2 location was
difficult to fit well. It was a suspicion that LVL
might exist. In order to pinpoint the crustal nature of
this area, single channel seismic data were used to
construct the original model, and the deep-penetra-
tion refractive OBS data (Fig. 3 (a), (b)) were
reused for the ray-tracing and the MacRay pro-
gram[zo] was employed for travel time fit (Fig. 3(c),
(d)). The final model demonstrated that LVL surely
existed under the shallower structure of OBS2 with
about 2. 0—4. 0 km depth, 2.0 km thickness and
2.5—3.0 km-s ' velocity.

Apparent velocities of sedimentary refraction
phase groups (P1, P2 and P3) in seismic recorder
section of OBS1 (Fig.3(a), (¢)) increased gradually
with depth. That means that the stratigraphy layers
are relatively smooth. The P-wave velocities increased
inch by inch from 1.7—2.5 km*s "%, 2.7—3.0 km-
s7!, 3.3—4.0 km-s ' in the sediment, t0 4.5—5.0
km-s~ " in the upper crust (P3). Phases P2 and P3,
however, had 0.3 s time-skip in the offset range of
22.0—24.0 km. The ray-tracing results (Fig.3(c),
(d)) showed that the later arrival time of P3 was due
to its passing through the entire LVL.

While in the seismic record section of OBS2
(Fig.3(b), (c)), apparent velocities of sedimentary
refraction phase group (P1) increased step by step
from 1.7—2.5 km*s™ ' t0 2.7—3.0 km-s ™" in the
sediment. But the phase group disappeared suddenly
out of offset 10.0 km. The later phase P3P had the
time delay of about 1.0 s. The sharp local phase drop
appeared in the refraction phases within deposits.
This phase drop predicts the possible existence of one

of the following factors; major fault, high dipping

angle or LVL™. In the reflection seismic data,
however, the deposits were very flat around OBS2
and no major fault and high dip angle were found
from the single channel seismic profile. Thus LVL
was introduced into the model to compensate the sub-
stantial time delay. After LVL with 2.5—3.0 km*

s ! velocity was interposed in the final model, all
phases of OBS1 and OBS2 fit very well. P3P was the
reflective phase from the bottom of LVL.. P1 was de-
fined as the refraction from the overlain layer of
LVL. Both of them well constrained the LVL.

Currently LVLs located in sediment were discov-
ered in these three profiles only. Their main features

have generally the velocity of 2.5—3.5 km-+s™', the
depth of 2.0—6.0 km and the thickness of 2.0—4.6
km. They can be identified by the same method and
discriminated by the refraction phases from the over-
lain layer and reflection phases from the top and bot-
tom of LVL due to their shallow depth.

2 LYVLs located in the crust and their identi-
fications

LVLs located in the crust were also discovered in
two profiles with the deep seismic explorations. One
profile is OBS-2001 in the northeastern SCS, the oth-
er is OBH2-1996 in the northwestern SCS (Fig.1).

As mentioned above, OBS-2001 was completed

in August 20017, A total of eleven OBSs were de-
ployed at approximately 30 km intervals along the
profile. Two portable stations ( Nanao and Xintang)
were also installed on land. Data from each shot were
simultaneously recorded by OBSs and portable sta-
tions. Thus the structure of OBS-2001 included the
transitional zone between land and sea. And a LVL
happened to be found in the transitional zonet 2,

The crustal thickness was gradually decreasing
southward along OBS-2001. The average thickness
was about 28 km. One LVL with a thickness of
2.5—4.0 km generally existed in the middle crust
(at about 10-—18 km depth). Its velocity of 5. 5—

5.9 kms ' was 0.5 km+s™ ' smaller than its overlain
and underlying layers, respectively. The LVI. ex-
tended from the continental crust of South China to
the shelf off 150 km southeastern Nanao island, and
pinched out nearly beneath Dongsha uplift. We will
discuss the identification method of LVL in crust as
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below, taking the ray-tracing and travel time fit of Nanao station as an example.

Fig. 3. Final model with ray-tracing and travel time fit along the profile OBS-1993. (a) and (b) are OBS1 and OBS2 seismic record sec-
tions, respectively, (¢) circle symbols stand for observed travel time curves picked up from record sections(a) and (b), while the other
symbols and their link lines stand for theoretical travel time curves; {(d) shows the best fit model and final ray-tracing path of all phases.
The shadow part is LVL. The seismic data were filtered with a frequency band of 5—15 Hz. Reduced velocity: v,= 8.0 km- sh oz

stands for the distance between station and shot, reduced time: ¢,= travel time — z/8.

In Fig.4, Pg is the refraction from the Cenozoic dominant phase in the offset range of 15—110 km.
basement. Pc is the refraction from the lower crust. Pg phase can be seen clearly and traced continuously
Pn and PmP are the head wave and the reflection on all the record sections, which indicates that the
from the Moho interface, respectively. Pg is the structure of the basement is not very complicated and
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the velocity changes not so much. The upper crust
has a normal velocity distribution. If the lower crust
has also positive velocity change, the travel time
curves of Pg and Pc should be continucus. But the
blank area existed really between Pg and Pc in both of
Nanao and Xintang seismic sections (Fig.4). It was
the LVL that produced the ray-path shade and travel-

(22.23] " Wave impedance of LVL was smaller

time skip
than both of its overlain and underlying layers. The
wave energy was entrapped inside this LVL, which

formed channel waves, also named guided waves.

That means the reflection signal only occurred inside
the LVL as a result of no exhibition of refraction.
Thus the refractive phases from the overlain and un-
derlying layers of LVL, in other words, Pg and Pc,
are disconnected and interrupted. The two travel-
time curves have a skip. This LVL was controlled by
four seismic stations of Xintang, Nanao, OBS11 and
OBS10'"". The crust structure was more reliable
based on that the real travel time curve fitting well
with the theoretical travel time curves of these four

stations.

Fig. 4.

Ray-tracing and travel time fit of Nanao station along the profile OBS-2001. (a) The seismic record section of Nanao, (b) circle

symbols stand for observed travel time curves picked up from record section (a), while the other symbols and their link lines stand for theo-
retical travel time curves; (c) shows the best fit model and final ray-tracing path of all phases. The shadow part is LVL. The seismic data

were filtered with a frequency band of 5—15 Hz. Reduced velocity: v, =8.0 km+s ™!, z stands for the distance between station and shot,

reduced time: ¢,= travel time — x/8.

Another profile OBH2-1996 was placed in the
northwestern SCS. Due to the interference. of severe
typhoon and fishing net, only four stations (OBH1,
2, 9 and 11) were retrieved from twelve seismic

1) See footnote on page 592.

OBH-records. Owing to existing of the LVL, the
seismic sections of four OBHs had not received deep
signals from Moho!"'?*!. But one land station (L201)
was successfully installed along the profile extension.
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The seismic section of 1.201 showed a good S/N ratio

and has a number of clear seismic phases (Pg, Pc,
PmP and Pn).

Pg is the refraction from the basement and shows

the apparent velocity of 5.7—6.1 kmes™" of the up-
per crust. Pc is the refraction from the lower crust
and indicates the apparent velocity of 6.4—6.7 km-

s !. PmP and Pn are the wide-angle reflection and
refraction from the Moho, respectively.

Generally structure model has seismic velocity
changing continuously with depth. The boundaries of
different velocity gradients can be regarded as inter-
faces of the velocity discontinuities. If both the upper
and lower crust have positive velocity gradients, the

travel time curves of Pg and Pc should be continuous
and only the two curves have different curve slopes, -

in other words, different apparent velocities'!!. The
time skip of 1.2 s, however, existed between Pg and
Pc in L201 seismic sections (Fig.5). That means the
thicker VL is responsible for the bigger time skip.
The crustal structure of OBH2-1996 was also acquired
by using the ray-tracing and travel time calculating
with the help of the program MacRay[zo] (Fig. 5(b),
(¢)). The LVL existed in the northern of Fault No.

1 of the crustal structure with 5.5—6.0 km*s ' ve-
locity, 7.0—13.0 km depth, 6.0 km thickness. The
velocity of LVL was 1.2 km+*s ' and 0.4 km+s ’
smaller than the overlain and underlying layers, re-
spectively.

Fig. 5. L201 ray-tracing and travel time fit in the seismic profile OBH2-1996. (a) The seismic record section of L201, (b) circle sym-

bols stand for observed travel time curves picked up from record section (a), while the other symbols and their link lines stand for theoreti-

cal travel time curves; (c) shows the best fit model and final ray-tracing path of all phases. The shadow part is LVL. The seismic data

were filtered with a frequency band of 5—15 Hz. Reduced velocity: v,=6.0 km*s~ !z stands for the distance between station and shot,

reduced time: ¢, = travel time — z/6.
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The two LVLs in the above OBH2-1996 and
OBS-2001 have the similar characteristics. Both of

them located in the crust with 5.5—6.0 km-s ™' ve-
locity, 7.0—18.0 km depth, 3.0—6.0 km thick-
ness. Thus they have the same identification method
based on the travel-time skip of Pg and Pc.

3 Discussion

The deep seismic (OBS/OBH) and onshore-off-
shore experiment is one of the most effective methods
to study the crustal structure and LVL. It has the ad-
vantages of both the wide-angle reflection and refrac-
tion. It has greatly developed in the northern SCS
since the 1990s, and also offered a considerable
amount of information on the study of LVL.

Current studies illustrate that LVLs are partly
distributed in the crust structure and have connections

[1,3.7.8.25] These lay-

with local geotectonic activities
ers more likely reflect low-angle fault zones, and
movements along which cause tectonic layering of the

crust. LVLs were not found in other profiles, such as

ESP-E-1985, ESP-C-1985 and ESP-W-19857%,
probably due to the fact that either LVLs were devel-
oped rightly in that area or the precision was not good
enough to find them.

[LVLs were discovered in the crustal structures of
the transitional zone along the OBS-2001 and OBH2-
1996 profiles. They also indicate that the crusts of
these areas have a thinning continental crust, and ex-
tend from the continent of South China, where LVLs

. . [25,27,28]
are also generally found in the mid-crust .

The LVLs in the sediment and in the crust are
not only different in depth, velocity and identifica-
tion, but also distinct completely in their tectonic for-
mation.

LVLs in the sediment mainly deposited continu-
ously with a high rate and formed by less-compacted
strata. Tectonically YGHB had endured multi-period
rift events. [t was probably generated by two mecha-
nisms of lithosphere extension and strike-slip move-
ment along the Red River Fault Zone. It is generally

assumed that the YGHB is a strike-extension

(291 This basin has been studied very well due

basin
to its special tectonic location and rich hydrocarbon.
Abundant dataset from many multi-channel reflection
profiles, wide-angle reflection/refraction profiles, oil

wells and stratum pressure have testified that the

LVLs in the sediment are found in the YGHB. The
main cause of LVL formation is that the sediment de-

(29.30)  The sedimentary rate varies from

posits rapidly
0.5 to 1. 4 mm/yr since the mid-Eocene™. The

well log shows a dramatic drop of velocity, from nor-

mally 3.2 km-*s ™' even down to 2.5 km*s ™', and
normally an increase of porosity from 13%—18% to

13%—40% ). It is also a high-pressured zone in
YGHB, which is explained as a result of under-dewa-
tering due to rapid subsidence based on the geclogical
and geophysical features of the basin. In another re-
gion, the LVL is more likely related with the porous
layer or fractured zone rich of hydrocarbons in the
central part of Pearl River Basin. Thus the P velocity
of the layer decreases as a result of the increase of
porosity and permeability[ls].

In the same time, the LVL in the crust has a
close relation with rock partly melt, volcano activi-
ties, terrestrial heat movement, hotspring distribu-

tion, and strong earthquakes“] . The LVLs located in
the medium crust are tectonically the weakened crusal
layer, representing the ductile-shear belt between lay-
ers and reflecting the brittle-ductile transitional defor-
mation of rocks'*!. The rock deformation features in
the upper and lower crust are not the same. They
mark the brittle fault and ductile transform, respec-
tively. The medium layer at depth of 10—18 km has
the function of viscidity and slip. It is an important
slip interface, and also an equilibrium-adjust layer.

LVL in the crust of the northern SCS has the
depth of 10—18 km. Its P-velocity decrease relative

to the surrounding medium is 0. 5—1.0 km " s L.
This layer was suggested to have the tendency of slip-
ping between layers and accumulating the energy due
to the differences of layering geophysical characteris-
tics. It may play an important role in the generation
of large earthquakesm]. Its depth is relative to depth
of layered distribution of earthquake epicenter[gj.
Thus LVL was also suggested to be one of the reasons
why so many earthquakes happened offshore of South
China.

Three heat flow zones are divided by Kuszir'*!

based on the relationship between temperature, depth
and heat flow values. In the middle heat flow zone
(the value is 60—70 mW +m 2), the weakened belt
maybe occurred in the depth of 35 km corresponding
to Moho interface and the depth of 18 km correspond-
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ing to LVLP* | The heat-flow values of the north-
eastern and northwestern parts of SCS are 65 mW *

m?and 79 mW-m 2, respectively[35]. These areas
belong to the middie heat flow zone. Thus the LVL
maybe formed in the crustal structure under this heat
flow condition.

However, LVL is generally related with tectonic

activities and dynamic settings[l’s’zs]. Its detailed
formation mechanism must be studied further when
much more data are obtained, which is important for
the formation and evolution theory of SCS.

4 Conclusions

(1) The five LVLs were discovered in northern

SCS, and three LVLs with 2.5—3.0 km+s " veloci-
ty, 2.0—6.0 km depth, 2. 0—4. 6 km thickness
were located in the sedimentary layer. They were re-
spectively found in YGHB and PRMB. The other two
LVLs (5.5—6.0 km-s ' velocity) existed generally
on the bottom of the upper crust (7. 0—18.0 km
depth) with about 2. 5—6. 0 km thickness in the
transitional crustal structure of the northeastern and
northwestern SCS.

(2) LVLs in the different depths have different
identification methods. The LVLs located in sedi-
mentary structure usually have shallower depth and
the reflective phase from the base of LVL can be re-
ceived. They can be identified by the reflective and
refractive phases. The LLVLs existed in the crust can
be detected from two refracted phases from their
overlain and underlying layers because the L.VLs have
a deeper depth and the reflective phase cannot be re-
ceived. These two refracted phases have a time-skip
feature.

(3) LVLs in different depth have different for-
mation mechanisms. Based on the geological and geo-
physical features of the basin, LVLs in the YGHB
were probably generated and formed by less-compact-
ed strata when depositional rate was very high, while
the LVL occurred in the center of PRMB might be
related with the porous layer or fractured zone rich in
hydrocarbon.

The LVLs located in the middle crust are the
weakened medium layer, representing the ductile-
shear belt between layers and reflecting the brittle-
ductile transitional deformation of rocks. Its depth is
relative to the depth of earthquake epicenter. Thus

LVL is also suggested to be one of the reasons why so
many earthquakes happened offshore of South China.
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