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Abstract

Structure models associated with P- and S-wave velocities contain considerable amount of information on lithology and geophysical
properties, which can be used to better understand the complexity of the deep crustal structure. However, records of converted shear
waves are less due to the speciality of seismic survey at sea and the rigorous generated conditions. The study on shear waves has always
been a weakness for studying the deep crustal structures of South China Sea (SCS). In this paper, eleven three-component OBSs were
deployed along the Profile OBS-2001 in northeastern SCS. After the data processing of polarization and band-pass filter, converted S-
wave phases were identified in the radical component records of nine OBSs. Taking the OBS7 as an example, identification and analysis
of converted shear waves were presented and discussed in detail. A few phase groups, such as PwSc, PgSs, PnSc, PmS, and PwSn, were
found coming from the deep crust or Moho interface by simple theoretical model calculation and ray-tracing simulation. The results not
only provide the underlying basis for studies of S-wave velocity structure and Poisson’s ratio structure, but also reveal the relationship
between crustal petrology and seismology, which will be of importance for making full use of S-wave information in the future.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

The deep seismic experiments and crustal structure stud-
ies in the South China Sea (SCS) have experienced the pro-
cess of from shallow to deep, from gross to detailed, and
from understanding to re-understanding [1–3]. Initially,
the sonobuoy experiments and two-ship expanding spread
profile (ESP) experiments, whose seismic sources and recei-
ver system were located in the water, only recorded the
refraction and reflection of compressional wave (P-wave)
because the shear wave (S-wave) could not transmit in
liquid. Ocean bottom hydrophone (OBH) and ocean bot-
tom seismometer (OBS) have been extensively implemented
since the 1990s [4,5]. The OBH has a relatively simple

instrument structure, which cannot receive shear waves
since the single-component hydrophone is floating about
1 m above the seafloor. However, the OBS is becoming
increasingly mature and popular in the world along with
the development of recording technique [6]. OBS’s three-
component velocity geophones directly contact with sea-
floor. Apart from recording compressional waves, OBS
can also record the converted shear waves coming from dif-
ferent impedance interfaces. OBS is one of the few tech-
niques recording multi-wave information.

OBS techniques have led to a new round of deep seismic
surveys and marine lithosphere studies. The significance of
the converted S-wave information has been gradually rec-
ognized. The association of P-wave velocity (Vp) and
S-wave velocity (Vs), and the Poisson’s ratio are very sen-
sitive to the physical state of the rocks and have advanta-
geous superiority in lithology [7]. The Vp/Vs ratio
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structure has been obtained from three-component OBS
data in the Lofoten continental margin [8]. The relation-
ship between Vp and Vs of that lower crust indicated the
presence of high-Mg mafic gneisses, which are separated
from the theoretical curve for partially serpentinized peri-
dotite [8]. This study provided new seismological evidences
in favor of the hotspot hypothesis. Mjelde et al. derived the
crustal structure and the Vp/Vs ratio along the Voring
margin from OBS data, and deduced the lithology and
stress field of that area [9]. The Vp/Vs ratio of various tec-
tonic structures was also used to identify the structural
compositions, fractures and even gas hydrates with the help
of the travel-time inversion of MCS/OBS data [10]. In par-
ticular, a series of laboratory measurements of Christensen
et al. on different kinds of crusts and rocks provided the
modern databank of Vp, Vs and Poisson’s ratio [11–14].
Analyses on the data derived differently from seismic
refractions and laboratory measurements provide higher
constraints on crustal compositions. Therefore, the wide-
angle reflection and refraction techniques using three-com-
ponent OBS have become more popular in marine litho-
sphere structure studies.

Four OBS refraction seismic profiles were finished on
the northern margin of SCS by means of domestic and
international cooperations (Fig. 1). Their P velocity struc-
tures were achieved by using the vertical component data
[15–19]. Converted shear waves only in the records of
OBS9 were identified and the Vp/Vs ratio and Poisson’s
ratio were obtained beneath the OBS9 in profile OBS-
1993 [20]. And the result was compared with that of Juan
de Fuca oceanic plate of the eastern Pacific [21]. However,
studies on shear waves are less compared with those of
compressional waves due to the complexity of their con-
verted interfaces and converted modes.

The converted shear waves have been discovered in nine
record sections among eleven OBSs deployed along OBS-
2001 through data processing and analysis. In this paper,
the identification methods were introduced in detail taking
the OBS7 station as an example. The converted phase
groups and modes were then deduced by simple theoretical
model calculation and ray-tracing simulation. This study
will provide the underlying basis for the S-wave velocity
structure and Poisson’s ratio study of the area.

2. Acquisition and processing of seismic data

The onshore–offshore seismic profile (OBS-2001) was
measured together by South China Sea Institute of
Oceanology (SCSIO) and Taiwan Ocean University
(TOU) in 2001 (Fig. 1). Eleven OBSs and two land sta-
tions were deployed along OBS-2001. The interval
between OBSs was about 30–40 km. An airgun array with
a total volume of 48 L was used as the seismic source in
the experiment. The airgun array was fired with shot spac-
ing of 120 m at an air pressure of 130 bar. The frequency
of sampling was 200 Hz. At speeds of 5.0–5.5 knots, the
resulting shot intervals were 42–45 s. The data have high
quality, recording abundant seismic signals from the
intra-crust and deep Moho interface [22]. The vertical
component data of OBSs and land stations provide good
constraints on P-wave velocities and interfaces in the crus-
tal structures [18,23].

The data processing flow for OBS data is similar to that
for land stations [24], which includes: � demultiplexing
seismic data; ` processing the navigation data to extract
the shot information; ´ converting the raw data format
into the standard SEGY format; ˆ visualizing and identi-
fying seismic phases; ˜ achieving the seismic record sec-
tions of three-component OBS data. The only difference
is that the OBSs are of the free-fall type deployment. Their
gimbal assemblies make one geophone vertical, and the
other two horizontal, while orientations of the two hori-
zontal geophones are unknown prior to data processing.
The polarization angle should firstly be estimated after
demultiplexing seismic data. The two horizontal compo-
nent data were rotated into radical and transverse compo-
nent data by using the polarization angle. The accurate
position of each OBS on seafloor was secondly corrected
by using the direct water-wave arrival times. Then the data
were converted into the standard SEGY format. A band-
pass filter of 5–15 Hz was used to improve the signal-to-
noise ratio due to the dominant frequency at 10 Hz of air-
gun seismic signals.

3. Identification of the shear waves in OBS records

The shear wave energy is mainly concentrated in the
two orthogonal horizontal components. The converted
shear waves originated from airgun sources are the type
of SV (vertical polarized shear wave), and are distrib-
uted in the radical component theoretically. The radical
seismograms were achieved from the two horizontal
components and the azimuth of polarization. Identifica-
tions of S-waves were based on their kinematics and
dynamic features such as travel-time, apparent velocity,
and particle motion. And then to further confirm the
S-wave phases and converted modes, simple modeling
and calculations were employed. We discuss the evi-
dences and identification methods of the converted shear
waves as follows, taking the OBS7 seismic record section
as an example.Fig. 1. Location map of deep seismic survey lines in northern SCS.
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3.1. Comparison of radical and vertical component reduced

record sections

One of the difficulties to identify shear waves is that
shear waves often arrive after compressional waves in mar-
ine refraction explorations. The first onsets of shear waves
are usually not clear. The radical, transverse and vertical
component record sections must be analyzed together
and compared with each other to distinguish different seis-
mic arrivals, which ensures making full use of the reliability
of compressional waves, as well as keeping information of
shear waves independent.

All of the three-component data of OBS7 were pro-
cessed with the same filtering parameters and reduced
velocities. The radical component was rotated from the
two horizontal components, which has more strong energy
and more abundant information of shear waves. Therefore,
Fig. 2 shows only the OBS7 seismic record sections of the
vertical and radical components. Phase Pg, the refractive
phase from the sediment-basement, is very clear at the off-
set of �20 to �8 km and the reduced time of about 3.0–
4.0 s in the left branch at the vertical record section
(Fig. 2(a)). There is no corresponding Pg in the same loca-
tion at the radical component (Fig. 2(b)). However, the
phase located in Fig. 2(b) �, the faster S-wave arrival,
shows the same apparent velocity as the corresponding
Pg at reduced time of 4.5–5.5 s, about 1.2–1.5 s after the
Pg in the vertical component. While the phase at reduced
time of 6.0–8.0 s located in Fig. 2(b) `, the later S-wave
arrival, shows much smaller apparent velocity than Pg.

This kind of arrival, which is clearer in amplitude,
slower in time, and the same or smaller in apparent velocity
on the radical components than on the vertical compo-

nents, is deduced to be the converted S-wave arrivals gen-
erated by airgun sources.

3.2. Identification of the shear waves by the particle’s moving

trajectory

The path of particle motions around the first onset of
different wave groups can deduce their kinematics and
dynamic features, and is then used to verify the identifica-
tion of the different phases. Fig. 3(a) and (b), correspond-
ing to the enlarged square parts in Fig. 2(a) and (b),
show more clearly by the time–trace seismic profiles of
OBS7 after substituting trace for offset. The original time
of the recorded data is set at 15:00:00.500, August 7,
2001 (GMT), the shot time in trace 464 (denoted by arrow)
begins at 20809.292 s from the original time, i.e.
20:46:49.292, August 7, 2001 (GMT). The reduced time
in trace 464 is 20811.673 s since its offset is 24.3 km and
the reduced velocity is 8.0 km s�1. Fig. 3(c) and (d) show
the single-trace waveform plots of trace 464, whose data
are taken from the radical and vertical components within
20813.673–20826.673 s, respectively.

Plots of the particle’s moving trajectories are con-
structed to determine the kinematics and dynamic features
in the arrows’ locations of Fig. 3. Hodograms of the
marked events indicate typical particle motions of com-
pressional waves from 20816.15 s to 20816.30 s
(Fig. 3(e)). The digital amplitude of the vertical component
(Z) is the biggest, of the radical (H1) is the second, and of
the transverse (H2) is the smallest. Fig. 3(f) shows the hod-
ograms of the typical shear waves from 20818.50 s to
20818.65 s. Note that the digital amplitude of the radical
component (H1) is the biggest, those of the vertical (Z)

Fig. 2. The seismic record sections of OBS7. (a) The vertical component; (b) the radical component. The seismic data were filtered with a frequency band
of 5–15 Hz, the reduced velocity is 8.0 km s�1, and reduced time = travel-time-offset/reduced velocity. The square part is corresponding to Fig. 3. NNW
and SSE stand for the direction of OBS-2001.
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and of the transverse (H2) are much smaller. We can con-
clude that the seismic phase located in Fig. 2(b) ˆ is the
converted S-wave.

Therefore, plots of the particle’s moving trajectory
around the first onset of different wave groups (Fig. 3(e)
and (f)) were employed to deduce that either P-wave or
S-wave was predominant, and then verify the identification
of different phases.

3.3. Confirmation of the converted shear wave phases and

conversion of modes

S-wave arrivals are generally divided into two groups,
namely, P-SS mode (converted on the way down) and P-
PS mode (converted on the way up) [8,25]. The faster S-
wave arrival (P-PS mode) was converted beneath OBS,
and the later S-wave arrival (P-SS mode) was converted
beneath shot points at the main interfaces, such as seafloor,
basement, Conrad, and Moho interfaces, where the con-
trast in seismic properties across the boundary was large.
The S-wave phase of P-PS had the same apparent velocity
as the corresponding P-wave phase; while the S-wave phase
of P-SS had a smaller apparent velocity.

The main P-wave groups in the vertical component
(Fig. 2(a)) have been identified and fitted very well in the
process of the ray-tracing and model simulation [18]. In
the above discussion, the S-wave groups were determined
by the radical component (Fig. 2(b)). How to further con-
firm these converted S-wave phases? Which interface do
they happen to convert or which one is their converted
mode? The apparent velocities and reduced time of several

converted phases were measured and are listed in Table 1.
Simple theoretical model calculation and ray-tracing simu-
lation were performed for OBS7 data (Fig. 4). Fig. 4(c)
indicates the simple one-dimensional model with three lay-
ers based on the P-wave velocity structure. The sedimen-
tary and crust layers are homogeneous layers with
velocities of 2.2–5.0 km s�1 and 6.0–6.8 km s�1, respec-
tively. The uppermost mantle velocity is 8.0 km s�1,with a
slightly positive gradient downward. Theoretical travel-
time curves of P-wave calculated from this model
(Fig. 4(a)) agree with the main phases in the vertical com-
ponent record section of OBS7 (Fig. 2(a)). In the modeling,
we assume that V s ¼ V p=

ffiffiffi
3
p

and the geometry obtained by
the P-wave modeling gives the possible interfaces where the
conversion between P- and S-wave may occur. We now cal-
culate the theoretical travel-time curves of S-wave arrivals
based on the same model. Results of ray-tracing show that
the theoretical ray paths of shear waves (Fig. 4(b)) mostly
fit with the main converted phases, whose numbers are
marked in Fig. 2(b). A number of observed arrivals were
converted on the way down or on the way up and either
refracted or reflected as S-wave. The seismic energy trav-
eled as P-wave through the crust, converted into S-wave
at Moho impedance contrast, and reflected to OBS as S-
wave. This seismic energy represents phase PmS with a lar-
ger apparent velocity (8.69 km s�1) in the record section
(Fig. 2(b) ˜) and is later than PmP in reduced time (Table
1). The energy was also partitioned into both a P- and an S-
wave component. Parts of energy transmitted along the
Moho interface as P-wave and were converted on the
way up and refracted as S-wave. This part of energy

Fig. 3. Time-trace seismic profiles of OBS7 and plots of the particle’s moving trajectory of typical phases. (a and b) Enlarged from the square parts in
Fig. 2(a) and (b). (c and d) The single-trace waveform plots of trace 464 in the vertical and radical components, respectively. (e and f) Plots of the three-
component particle’s moving trajectory from 20816.15 s to 20816.45 s and from 20818.35 s to 20818.65 s. The seismic data were filtered with a frequency
band of 5–15 Hz, the reduced velocity is 8.0 km s�1, and reduced time = travel-time � offset/reduced velocity.
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indicates phase PnSc (P-PS) denoted in Fig. 2(b) ˘, whose
apparent velocity is the same as that of phase Pn. The tra-
vel-time curve of PmS is hyperbola. The slope of the hyper-
bola is larger near the record station at smaller offset and
tends to become a straight line at bigger offset. PmS is tan-
gent to PnSc at the critical point (Fig. 4(b)). The reciprocal

of the slope is close to the average velocity of crust far from
the record station. Parts of the incident waves propagated
on the way down and are converted at seafloor as S-wave.
This S-wave energy, represented as PwSn, runs through the
crust and is refracted as S-wave from uppermost mantle
(Fig. 2(b) ˙). PwSn with the reduced time of 14 s is typical

Table 1
Apparent velocities and phase names in record sections of OBS7

Relative
locations

Offset (km) Vertical component (Fig. 2(a)) Radical component (Fig. 2(b))

Apparent velocity
(km s�1)

Reduced
time (s)

Seismic
phases

Apparent velocity
(km s�1)

Reduced
time (s)

Phase name

� �20 to �8 4.44 3.0–4.0 Pg 4.38 4.5–6.0 PgSs (P-PS)

` �27 to �10 3.12 6.5–7.5 PwSg (P-SS)

´ 10–20 5.50 3.0–4.0 Pg 5.48 5.0–6.0 PgSs1(P-PS)

ˆ 20–30 6.70 4.0–4.5 Pg 6.63 6.0–7.0 PgSs (P-PS)

˜ 30–40 10.33 5.0–6.0 PmP 8.69 9.0–10.0 PmS

¯ 35–45 3.73 10.0–11.0 PwSg(P-SS)

˘ 60–70 7.78 4.2–4.5 Pn 7.81 7.5–8.0 PnSc(P-PS)

˙ 55–70 4.50 13.0–15.0 PwSn(P-SS)

Fig. 4. Simple theoretical model and seismic-phase calculations. (a) Travel-time curves of P-wave; (b) travel-time curves of S-wave; (c) simple theoretic
model. The seismic data were filtered with a frequency band of 5–15 Hz, the reduced velocity is 8.0 km s�1, and reduced time = travel-time � offset/
reduced velocity. Distance is corresponding to offset in Fig. 2. Number codes, such as: �, stand for the locations in Fig. 2. The direct water arrivals are
shown for reference. The real lines and broken lines stand for ray paths of P- and S-waves, respectively. Numbers, such as: 1.5/0.0, denote P- and S-wave
velocity.
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P-SS phase, whose apparent velocity provides a direct esti-
mate of S velocity for the uppermost mantle.

The incident energy, corresponding to phase Pg as P-
wave, was converted in both ways as S-wave (Fig. 4(b)).
The later S-wave arrivals, PwSg, were converted on the
way down at seafloor beneath the shot points, and
refracted from the crust as S-wave. Two branches of PwSg
in the record section, observed in Fig. 2(b) ` and ˆ, have
similar apparent velocities of 3.12 and 3.73 km s�1 (Table
1). The apparent velocities are close to S-wave velocity of
the crust. The faster S-wave arrivals, PgSs, traveled firstly
the same path as that of P-wave. Then the P-to-S conver-
sion took place on the way up at the basement beneath
the OBS. Two branches of PgSs in the radical section,
observed in Fig. 2(b) � and ˆ, had similar apparent veloc-
ities to Pg (Table 1). Their travel-time curves also paral-
leled Pg. The reduced time of PgSs was 1.5 s later than
that of Pg. The time interval of 1.5 s equaled the travel-time
differences of P-wave and S-wave traveling through the sed-
imentary layer. The phase PgSs1, observed in Fig. 2(b) ´,
paralleled PgSs (Fig. 2(b) ˆ), is likely to convert as S-wave
on the way up (P-PS) from intra-sediment. PgSs1 was not
displayed in the ray-tracing calculation since the sedimen-
tary strata are represented only by one layer in our simple
model (Fig. 4(b)).

4. Discussion and conclusion

4.1. Conditions to generate shear waves and difficulties to

identify shear waves

As mentioned above, the converted shear waves are
recorded by the horizontal component data of OBS along
profile OBS-2001. But why are most crustal structures
derived only from the vertical component data? On the
one hand, compressional waves travel faster than shear
waves, whose arrivals are easier to identify. On the other
hand, airguns fired in seawater only generate compres-
sional waves in marine refractive experiments. The fluid
does not sustain S-wave propagation since its shear modu-
lus equals zero. The S-wave studies in marine refractive
experiments are also different from those of earthquakes
and explosion on land [26,27]. Shear waves observed in
OBS are converted from compressional waves at some
boundaries in the media. Less S-wave arrivals are acquired
due to limits of the former recording technique in marine
environment. Generation of the shear waves further needs
certain conditions. The amount of energy converted from
P-to-S waves depends on the angle of incidence and the
contrast in velocity and density across the interfaces. This
was described in detail by Zoeppritz equations [28]. The
key factors in the converted shear waves are high veloc-
ity/density contrasts at water-sediment, sediment-base-
ment, Conrad or Moho interface, and the large offset/
angle of incidence. The converted shear waves were gener-
ally observed at the offset from 5 to 120 km in the wide-
angle refraction of OBS data [28].

Difficulties still exist in identifying and studying the shear
waves because of the rigorous conditions to generate con-
verted shear waves. The three-component OBS surveys have
been carried out in many areas around the world, but the
paucity of S-wave velocity structure [29–31] is mainly a result
of many problems associated with the above conditions.
There are two additional wide-angle seismic profiles (OBS-
1995, OBS-2003) apart from OBS-2001 in the northeastern
SCS. The deep structures were gained from their compres-
sional waves while there were no reports on their shear waves
[16–19]. Only nine among eleven OBSs along the profile
OBS-2001 may give the interpretation of converted S-wave
arrivals despite efforts made in enhancing the S-wave arriv-
als, such as band-pass filtering and polarization.

4.2. Converted phases nomination and apparent velocity

Converted waves are reflective and refractive waves
whose types have been changed from original incident
waves [7]. Kodaira et al. classified the converted shear
waves into the faster S-wave arrivals beneath OBS as the
P-PS mode, and the later S-wave arrivals beneath shot
points as the P-SS mode based on the downgoing or ongo-
ing direction when conversion of the incident waves hap-
pened [8]. Yan separated them into three groups
considering types of the incident waves [20]: Group I
belonged to the P-PS mode, and Group II and Group III
to the P-SS mode.

It is too complicated to sort the converted modes by
interfaces since there are many velocity interfaces, such
as seafloor, basement, Conrad and Moho interfaces.
Therefore, we adopt both P-PS and P-SS modes. How-
ever, when naming the S-wave seismic phases, we must
concern not only the converted modes, but also the con-
verted interface and the traveling path in S-wave way.
That is most important for determining the S-wave veloc-
ity of each layer in the crust. The name of PwSg means
that the incident wave travels as P-wave in the seawater
(w), and travels as S-wave with the P-to-S conversion tak-
ing place at the seafloor on the way down (P-SS), and
refracting through the whole granite (g) basement. The
name of PnSc means that the incident wave penetrates
the crust as P-wave running along the same ray paths
as the first arrival (Pn), and then converts to S-wave on
the way up (P-PS) at the Moho interface, and then travels
through the crust (c) as S-wave.

Two modes of the converted shear waves, P-PS and P-
SS, are shown in the radical component seismic record sec-
tion of OBS7 (Fig. 4). The faster shear waves, such as PgSs
and PnSc, have the same apparent velocities as that of the
corresponding Pg and Pn since they run firstly along the
same ray paths as the first arrivals (Pg and Pn) in P-wave
and then refracts in S-wave after the P-to-S conversions
on the way up (P-PS). Although their apparent velocities
cannot provide direct S-wave velocity information for the
crust, their travel times constrain the thickness and veloci-
ties of layers they are passing through.
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The later shear waves, such as PwSg and PwSn, were
converted on the way down (P-SS) at the impedance
boundaries and refracted at the basement and Moho, sep-
arately. Their apparent velocities (PwSg and PwSn) repre-
sent the S-wave velocities of the crust and uppermost
mantle, respectively. PwSg and PwSn phases refracted as
S-waves within a layer (P-SS) can give more direct and reli-
able estimates of S-wave velocity for that layer than PgSs
and PnSc phases of P-PS mode. The information was more
valuable for constraints on the S-wave crustal structure and
Poisson’s ratio structure.

The seismic phases are not completely symmetrical in
the right and left branches of the seismic record sections
(Fig. 2). In addition, the travel-time curves calculated from
the simple theoretical model are a little different from the
observed arrival curves in record sections, which illustrates
that the crustal structure in the study area is more compli-
cated and heterogeneous in horizon. Therefore, the theo-
retical travel times do not agree well with the real arrivals
based on the simple model. The two-dimensional crustal
structure of S-wave velocity is measured along OBS-2001.

From the above discussion, we reach the following
conclusions:

(1) The S-wave arrivals have been identified in the radical
component by comparing with the vertical compo-
nent and plotting the particle’s moving trajectories
of different phases.

(2) A few converted S-wave groups, PwSg, PgSs, PnSc,
PmS, and PwSn, have been further confirmed through
simple theory modeling and calculations, and two
modes of conversion are included. These studies can
promote the knowledge on converted shear waves.

(3) Although the arrivals refracted in P-SS mode within a
layer can give more direct estimates of the S-wave
velocity of that layer than that in P-PS mode, all
the arrivals can give constraints on the crustal struc-
ture, such as thickness, interface, velocity and Pois-
son’s ratio. The more the S-wave arrivals are used,
the finer the S-wave crustal structure is established.

The profile OBS-2001 has the most abundant S-wave
arrivals recorded in SCS. The S-wave arrivals have been
identified in the radical component record sections of nine
among eleven OBSs. The S-wave seismic arrivals can pro-
vide foundational data for S-wave velocity structure and
Poison’s ratio and give improved geophysical constraints
on crustal composition and lithology. Such studies will be
of prime importance in increasing our knowledge of the
relationship between crustal petrology and seismology.
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