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Abstract

We assembled approximately 328 seismic records. The data set was from 4 digitally recording longperiod and
broadband stations of CDSN. We carried out the inversion based on the partitioned waveform inversion (PWI1). It
partitions the large-scale optimization problem into a number of independent small-scale problems. We adopted
surface waveform inversion with an equal block (2°° 2°) discretization in order to acquire the images of shear ve-
locity structure at different depths (from surface to 430 km) in the crust and upper-mantle. The resolution of all
these anomalies has been established with 2 check-board? resolution tests. These results show significant difference
in velocity, lithosphere and asthenosphere structure between South China Sea and its adjacent regions.
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I ntroduction

Historically, surface waves provided much of our understanding of the lateral heterogeneity
in the crust and the upper mantle, especialy in oceans or desert areas. Traditiona method utilizes
the great circle theorem for surface waves. It assumed that surface wave propagates aong the
great circle connecting epicenter with station. Firstly, traditional surface wave analysis was carried
out by using multi-frequency-filter dispersion analysis to acquire the group or phase velocity dis-
persion curve, which can be used to determine the interior earth velocity structure. These suffer
from severa drawbacks: (LiThe great circle theorem is accepted if the lateral heterogeneity is
smooth on a scale of awavelength of the surface wave under consideration. In practice, this condi-
tion may not be satisfied (Snieder, 1986).21It omits multi-pathing and polarization. In some cases
an appreciable fraction of the surface wave energy propagates over non-great circle paths. Fur-
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thermore, different mode coupling is neglected (Snieder, 1988; Marquering, Snieder, 1996). (@It
is hard to get accurately dispersion curve using multi-frequency-filter analysis. @ It only analyzes
dispersion data without utilizing amplitude information, higher mode surface and scatered surface
wave information (Yomogida, Aki, 1987).

In order to solve these problems mentioned above, a complete three-dimensiona surface
waveform inversion must be carried out. This inversion should take care of the following effects
(Snieder, Romanowicz, 1988): (LIThe inhomogeneities should be located at their correct horizon-
tal position. The depth distribution of the heterogeneity should be determined. The dif-
ferent inhomogeneities density, pressure wave velocity and shear wave velocity can be inverted
simultaneoudly. It is clear that a complete three-dimensional heterogeneity reconstruction is hard
to redize with a finite set of band-limited and uneven distributing epicenters and stations.
Furthermore, the computation of inversion requires prohibitive CPU times. With present data sets
there are three realistic approaches: Spherical harmonics inversion (Woodhouse, Dziewonski,
1984); One can parameterize the depth dependence and the different contributions of density,
pressure wave velocity and shear wave velocity in a finite set of basis functions. This may reduce
the freedom of the heterogeneous body (Snieder, Notel, 1987); This adlows a two-step inver-
sion of surface wave data. In the first step the scattering is used to find the phase velocity pertur-
bation as function of latitude and longitude. Once these local phase velocities are computed, a
standard linear inversion can be used to determine the depth dependence of the heterogeneous
body (Snieder, Romanowicz, 1988). In fact, it get firstly the horizontal position of heterogeneous
body, then the vertical position so & to acquire the three dimensiona position. In recent years,
Nolet (1990) presents a new method for nonlinear waveform inversion, partitioned waveform in-
version (PWI). Shear wave velocity variaions in the upper mantle beneath central Europe were
studied by using PWI method (Zielhuis, Nolet, 1994). The resulting 3D model can accurately
predict the real velocity structure. It indicates an optimum resolution of better than 200 km in the
Héllenic collision zone with the highest density of wave paths. It also has been applied to study
upper mantle shear velocity beneath eastern Australian. Its results can be used to resolve anoma
lies over 250 km horizontdly and 50 km vertically (Zidhuis, Van der Hilst, 1996).

Although PWI method faces up some problems like traditiona dispersion, for example it still
utilizes the great circle theorem omitting multipathing and polarization. It can utilize not only the
phase or group velocity but aso the fundamental and higher mode surface waveform and scattered
surface wavef orms. It is the key that waveform data are directly inverted for seismic velocity so that
it shows a good match between the corresponding synthetic seismograms obtained after PWI inver-
sion and the real seismograms, which is very useful to future complete three-dimensiond inversion.
So we assembled a lot of seismic records and carried out the inversion studying three dmensional
shear wave velocity structure of the crust and the upper mantle in South China Sea and its adjacent
regions based on the partitioned waveform inversion. The images of shear velocity at different
depths in the crust and the upper-mantle show the significant difference of velocity and lithosphere
and asthenosphere structure between the blocks of South China Sea and its adjacent regions. Fur-
thermore, in order to avoid the inversion ending up a aloca minimum, we use a non-linear optimi-
zation search method (simulated annealing algorithm) instead of the conjugate gradient technique.

1 Surface waveform inversion theory

PWI method assumes there is a well-defined region that influences a particular seismic time
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series, and firstly the influences of the remaining Earth upon this particular datum can be ignored
(Nolet, 1990). It partitions surface waveform inversion for 3D earth modd into two steps. The
first step determines path-average velocity between source and receiver by waveform fit using a
nonlinear optimization search method; hen a 3-D mode is produced through assembling al
path-average velocities in the second linear inversion step (Zielhuis, Nolet, 1994).

In this text we put forth the following method: the first step determines path-average velocity
between source and receiver by one-dimensional surface wave waveform inversion using smu-
lated annealing algorithm. With the use of these linear constraints equation acquired by
path-average velocities, a 3-D model is produced in the second linear inversion step by solving
equation with LSQR algorithm. Furthermore the synthetic surface waveform is calculated based
on the 3D velocity model of shear wave, and then the comparison between the waveform com-
puted and observed is made to check whether the modd is correct (ZHU, et al, 1997). It costs
mainly a large number of CPU times in the first step. Because simulated annealing agorithm is
very effective and highly paraleled in finding path average models that predict optimal waveform
fitting to observed seismograms. We can calculate an average model of different paths on every
node. These make surface waveform inversion computations feasible.

1.1 Calculating synthetic surface waveform

Based on great circle approximation, the far-field response of a laterally homogeneous elastic

Earth to a point force can be written (Sneider, Nolet, 1987):

expi[(l, +1/2)A +d/ 4]
(@n A)'?

where Dis epicentra distance (radian); rs, the vector of (z, q, f), is the source position; r, the vec-

tor of (z q, ), isthe receiver position; zis the depth; q is longitude; f is latitude; f is a point force;

w is frequency; p" is the polarization vector of v-mode surface wave, |y is related to the horizontal

wavenumber of the v-mode surfacewave and p'- f = pi" fi. Based on above expressions, it is easy
to acquire the response to an excitation by a moment tensor

expi [(I, +1/2) A+ /4]
(sn A)"?
E’is the excitation tensor, M is the moment tensor, E : M = Ef ~ M.

We use Thomson-Haskell technique (Schwab, Knopoff, 1972; Panza, 1985) for calculating
eigenvalues, eigenfunctions of every mode. With normalization and the minimum layer of thick-
ness, they used a modification of the optimized layer matrix formulation to obtain high-speed d-
gorithm at high frequency without loss of precision. Based on the multi-mode summation algo-
rithm described above, we can synthesize theoretical seismograms in time domain by the Fourier
transforming equation (1) or (2).

1.2 Path-average velocity

We firstly assume that perturbations in the Rayleigh surface waveform are only caused by
variations in the shear wave velocity b(2). Pressure velocity a(2) and density r (2) are transformed
by b(2 through empirical equation. We must get N, layer velocity before calculating synthetic
surface waveform based on the multi-mode summation agorithm. The path-average velocity is

s(.w) = & p'(r,w) [o"(w) - f] (1)

s,(rw) = & p'(r,w) [E'c.w) : M| )

givenby b/!(z) as following:
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b/(2 = b/(2) +db/(2) i =1,2,-,N, )
where b/(2) isinitial velocity model of the j-th path and db/ (z) is the corresponding velocity

perturbation. The multi-layer velocity h,(2 (n=1, 2, 3, ---, Nz) required for the forward
computation is obtained from the expansion of basis functions of hy(2) a M depths (Du, Panza,
1999). We model the shear wave velocity with atotal of 41 depth functions (every 5 km in the
depth range 0~100 km, every 10 km in the depth range 100~190 km, every 20 km in the depth
range 190~430 km). The study on synthetic and real data shows that it is theoretically possible to
determine Moho-depth with an accuracy of less than a kilometer if the frequency range extends to
0.12 Hz (Das, Nolet, 1995). We assembled surface waveform ranging from 10sto 200 s, so it is
possible to obtain good waveform fitting based on the velocity structure. After getting N, layers

b/(2), we can easily compute theoretical seismograms S(r, t, db) using multi-mode summation
algorithm.

Retrieving path-average velocity was transformed into a problem of getting a minimum of
object function (Zielhuis, Nolet, 1994). However, as the waveform is a non-linear function of the
parameters and sometimes the non-linearity is strong, and the conjugate gradient method or gra
dient method is not only pertinent to starting velocity model but also is easily trapped in local
minimum. Therefore simulated annealing may be applied to such global optimization problems
and it does not depend on the initial model. Simulated annealing algorithm bears analogy to nature
system and robust in nature. Simulated annealing usually models such a physical process in which
a solid in a 2heat bath? is warmed by increasing the temperature. This is followed by the slow
cooling until the global minimum energy state is reached where a crystal is formed by a proper
cooling schedule controls and using Metropolis principle (MA, et al, 1997).

In order to invert robustly, we define two object functions taking account of smulated an-
nealing characteristic. To compare the data and synthetics, we define object function as the nega
tive of the 2normalized cross correlation? function given by the following equation (4). It is not
sensitive to absolute amplitudes of the synthetic and the observed data (Helmberger, Engen, 1980).

Qd, (s, (r.t,db )t

fdo') =1- 73 (4)

g%gdf(t)dtd s} (r.t,db )t

where dj(t) is observed waveform of the j-th path, 5 (r, t, db 1y isthe corrponding synthetic surface
waveform, T is the length of time series.

In order to study fine velocity structure, we consider not only the correlation but aso ampli-
tude difference between the synthetic and the observed data. An alternative and sometimes more
useful measure of the object function can be defined by the following equation:

3 @) - s, (r, t.db ot
S @1’2| (5)
@dj(t)dtﬁ

In real data processing, we first take into account cross correlation given by equation (4). The
misfit function given by equation (5) is only used under the condition that waveforms of the syn-
thetics match well with the observed data. Because smulated annealing agorithm needs heavy

fdo') =
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computation, we designed highly paraleled agorithm. These make surface waveform inversion
computations feasible on systems as small as a Dawn-1000 parallel computer.
1.3 3-D Earth interior velocity model

After getting db'(2), it is easy to obtain path-average velocity model b ’(z). Quantitative

analysis of the result of waveform inversion for one seismic waveform may reach severa hundred
kilometer in resolution (Gomherg, Masters, 1988). Sometimes the path average themselves may be
useful as model, and we may find the average model along one path that is the least complicated
model in some sense (Nolet, 1990). In order to obtain 3D model, the individual source-receiver
data resulting from the nonlinear inversion is combined in a second linear inversion step. Finaly a
usable set of linear constraints equation is yielded for the heterogeneous Earth model.

Ai(\))aql b(z,q,f) - b'(2) |dzdA = e, ji=1 2K (6)
j

where D; is the distance of the great circle, p; is the great circle, D is the function of latitudeq
and longitude f, a is the largest depth of velocity model, e; is an deviation amount from its
minimum values and b(z, q, f) is 3-D Earth interior velocity model. Its matrix is expressed as:

éall a, B TY Qéblq €b’ +e U
€. : - ue.a € . u
é - Tuéua e u
€a, a; T @y ueb, U= €pi + €; u (7)
€. : . ue . u ¢ u
é: : - ué-au e u
Y P G
gaKl Ay S Hg)m H ? e

where, a; is the ratio between the ray length of the j-th raypath in the i-th grid unit and the total
length of the j-th great circle; by is the velocity of the i-th grid unit, i=1, 2, .-, N;” Ni" N,. For
example, discretizing South China Sea and its adjacent regions (90°~140°E, 12°S~32°N) in cells
of 2°” 2°will lead to Ny =26, N; =23. Equation (7) can be resolved by using SVD dgorithm (ZHU,
1988) or very large system, iterative algorithm (such as LSQR agorithm) in order to obtain 3D
Earth interior velocity model b(z q, f). Especidly LSQR agorithm can solve ill-condition equa
tion rapidly and stably. Adding damp factor easily controls the quality of inversion.

2 Procedure for real data

South China Sea lies in the junction of three plates. Eurasia Plate lies in its north sides, Phil-
ippine Sea Plate in the west side and Indian Plate in the east (LIU, 1994). They collided one an-
other, which result in complex geological structure of South China Sea.

We assembled approximately 328 seismic records from 195 earthquakes (5.0EM£7.0, focal
depth shallower than 100 km) occurred in South China Sea and its adjacent regions. The data set
was from 4 digitaly recording long-period and broadband stations of CDSN between 1986 and
1994. These stations include Enshi (30.27°N, 109.49°E), Kunming (25.12°N, 102.74°E), Qiong-
zhong (19.03°N, 109.84°E), Sheshan (31.10°N, 121.19°E) (Figure 1). These long digita seismo-
graph of these stations records three-component seismic data with sampling rate of 1 sps. We only
utilize vertical component of Rayleigh waveform. We adopt the Harvard CMT source solution. We
carried out the inversion based on PWI method so as to retrieve three dimensional crust and upper
mantle shear wave structure of the region.
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Figure 1 Epicenter and station distribution of South China Sea (a) and distribution of great
circle path (b) (Black dot represents epicenter, triangular represents station)

3 Result analysis

3.1 Waveform fitting analysis

To distinguish difference of waveform fitting in the different stages of the inversion process
we use the term 2individual fitting? for the fitting obtained after non-linear inversion (Figure 2,
3a); the term 2final fitting? refers to the fitting of the waveforms predicted by the 3D model (Fig-
ure 2b, 3b). Figure 2a and 2b show the individual fitting and corresponding final fitting of funda
ment mode waveform respectively. Figure 3a and 3b show the individual fitting and corresponding
final fitting of higher mode fundament waveform respectively. Generally we obtained good indi-
vidua fitting (Figure 2d). Form Figure 2b we found good agreement between the observed wave-
forms and the predictions by the final 3D velocity model, but there is a difference in the latter part
(such as 1st and 4th seismogram). The cause of the poor fitting in the latter part is as follows:
In synthetic waveform, we do not take into account attenuation. However the short period of d»
served data attenuate faster than long period. We normalize the observed data and synthetic wave-
form, which leads that the amplitude in the latter part of the synthetic waveform is larger than the
observed data. (Z1Small heterogeneity mostly causes the scattered waveforms existing in the latter
part of observed waveform. We suspect that this region is characterized by strong heterogeneity,
which is difficult to resolve by 3D resulting model. However these prove that the resulting 3D
model accurately predicts most of the observed fundamental mode surface waveforms, with high
resolution.

Figure 3a and 3b shows goad fitting of higher mode waveform for most records (see 1st, 4th
and 3h seismogram). Some is inferior for fundament waveform (see 2xd and 3d seismogram).
The inversion of some records (see 14, 2nd, 3d, 4th seismogram in Figure 3a and 3b) needs spe
cia attention. For example, the waveform is contaminated with other type of waveform, which
prohibited an acceptable fit.

3.2 Resolution analysis

Acquiring accurate 3D crust and upper mantle velocity model needs high horizontal resolu-
tion and vertica resolution. The horizonta resolution and the vertical resolution are controlled by
different factors. The former mainly depends on the distribution and the number of epicenters and
stations. The latter depends mostly on the bandwidth of the surface waveform. The path coverage
in north part of South China Sea (Figure 1) is reasonably good, which is superior to the south part.
There are aso wave paths with high density in Sino-Indian block and Philippine islands. So we
can deduce that the resolution of north part of South China Sea, Sino-Indian block and Philippine
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Figure 2 Waveform fitting between observed data (solid line) and synthetic surface waveform

(dashed line) of South China Searegions

(a) Observations and individual fitting obtained after simulated annealing inversion on the velocity-depth
profile; (b) The corresponding observations and predictions by the resulting 3D model [corresponding to
thosein (a)]

islands is superior to the other part. In order to investigate the local precision and resolution of the
resulting model, we used 2checkerboard methoc? (lonue, Fukao, 1990). Figure 4 displays there is
high resolution in the north part of South China Sea, Sino-Indian block and Philippine islands. In
the shallow part of these regions, it can resolve 2°” 2°; in the deep part, it can resolve 4°” 4°. There
is low resolution in south part of South China Sea, both in the shallow part and in the deep part
can resolve 4°” 4°, Even though the scope of computation is 0°~140°E, 10°S~25°N, in fact, the
scope of resolving effectively is 100°~130°E, 0°~25°N
3.3 Velocity distribution characteristics

In order to provide better insight in the 3D velocity model, we separately show 2 vertical
sections of velocity (Figure 5) along latitude 16°N and along longitude 115°E and 5 horizontal
sections of velocity (at depth of 85 km, 100 km, 120 km, 150 km and 250 km) (Figure 6). More-
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Figure 3 Waveform fitting between observed data (solid line) and sy nthetic surface waveform (dashed
line) of South China Sea regions (Both include higher mode waveform)
(a) Observations and individua fitting obtained after simulated annealing inversion on the vel ocity-depth profile;
(b) The corresponding observations and predictions by the resulting 3-D model [corresponding to thosein (8)]

over, distribution of asthenospheric boundary depth in South China Sea and its adjacent regionsis
mapped in Figure 7. From these maps, we can deduce the characteristics of South China Sea and
its adjacent regions.
3.3.1 Velocity distribution in the lid of upper mantle

The velocity of 4.40 km/sin the lid of upper martle in South China Sea basin is relatively low,
which is similar to Sino-Indian block in west sides of South China Sea, South China block in
northwest sides, Philippine isands in east sides and Pulau Kalimantan in south sides. Among them
only in Philippines Sea, the maximum of the velocity is higher than 4.55 km/s, which is shown by
the vertical cross-section in Figure 5a (along latitude 16°N) and Figure5b (along longitude 115°E).
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Figure 4 Horizontal resolution test by using 2 checker-board? method

(a) Forward model at depth of 80 km. An areaof anomaly is2°” 2°. The maximum amplitudes are—400 m/s
or 400 m/s. The reference velocity is4.50 km/s; (b) Inversion result at depth of 80 km; (c) Forward model
at depth of 250 km. An area of anomaly is 4°” 4°. The maximum amplitudes are —300 m/s or 300 mV/s, the
reference vel ocity is4.50 km/s; (d) Inversion result at depth of 250 km

3.3.2 Distribute of asthenospheric boundary depth

We define the asthenospheric boundary where its velocities descend and the gradient of ve-
locities is large. The depth of the asthenospheric boundary in South China Seais shallow, which is
about 65~60 km. Sino-Indian block in west of South China Sea is about 70 km in depth. The depth
of South China block in the northwest is in the range of 70 km to 100 km. Philippineislands is
about 65 km in depth. The depth of Taiwan idands in the northeast ranges from 70 km to 85 km.
The depth of Philippines Sea block in the east is about 60 km, and the depth of Pulau Kalimantan
in the south is about 60 km (Figure 7).

Vertical section of velocity displays more detailed character. In near longitude of 114°E (Fig-
ure 5a), the depth of asthenospheric boundary is the shallowest with a depth of 60 km. To the west
direction, it becomes gradually deeper up to about 85 km in depth. To the east direction, it first
becomes gradually deeper up to about 70 km at the longitude of 120°E firstly and then it becomes
gradually shallowest up to about 60 km. In near latitude of 115°E (Figure 5b), the depth of &
thenospheric boundary is the shallowest with a depth about 60 km. To the north direction, it be-
comes gradually deeper up to about 100 km. To the south direction, it becomes deeper up to about
65 km depth firstly and then it becomes gradually shallower up to about 60 km in depth.
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Figure 5 Vertical cross-section of velocity in South China Sea and its adjacent regions
aong latitude 16°N (a) and along longitude 115°E (b)

3.3.3 Distribution of asthenospheric thickness

We define the lower boundary of asthenosphere with velocity about 4.55 km/s in upper man-
tle. The lower boundary of asthenosphere change slowly. After getting the depth of upper bounder,
it is easy to obtain asthenospheric thickness. Figure 5a displays the depth of asthenospheric thick-
ness in longitude 115°E which is much thick about 250 km. The velocity in asthenosphere ranges
from 4.15 km/s to 4.55 km/s. To the west direction, it first becomes thinner and then thicker. In
Philippines Sea, the thickness is dlightly thin, about 230 km. The minimum velocity is about 430
km/s. Figure 5b displays that the depth of asthenospheric thicknessin latitude 16°N is much thick,
about 250 km. To the north direction, it becomes thin rapidly. In South China block, it is about 200
km. From 4 horizontal sections of velocity (at depth of 85 km, 100 km, 120 km and 150 km depth)
(Figure 6), we can find there exist a quite low-velocity belt up to Pulau Kalimantan. The velocity
is about 4.20 km/s.

Viewing from Figure 5 and 6 generally, we can come to the conclusion that asthenospheric
thickness in South China Sea basin is very much large about 250 km. The velocity of astheno-
sphere ranges from 4.15 km/s to 4.55 km/s. In Philippines Sea, the thickness is a bit small about
230 km. The velocity ranges from 4.30 km/s to 4.55 km/s. In Pulau Kaimantan, the thicknessis
much large about 280 km. The velocity ranges from 4.15 km/s to 4.55 km/s. In South China block,
the thickness is relatively small, about 200 km. The velocity ranges from 4.25 km/s to 4.55 kn/s.
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Figure 6 Horizontal cross-section of velocity in South China Sea and its adjacent regions
(8) h=85 km; (b) h=100 km; (c) h=120 km; (d) h=150 km; (€) h=250 km

In Sino-Indian block, the thickness is about
220 km. The velocity ranges from 4.25 km/sto ,
4.55 km/s. With the investigation of astheno- 20N

spheric thickness of globa Earth, Anderson
(1967) proves that the thickness in ocean e 5 &
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higher mode surface wave. Inversion was ca-
ried out studying the three-dimensional shear  kigyre 7 Distribution of asthenospheric bound-
wave velocity structure of the crust and the ary depth in South China Sea and its
upper mantle in South China Sea and its adja- adjacent regions

cent regions by PWI method. Some conclusions have been recognized:

(1) Simulated annealing agorithm are very effective and highly paraleled in finding
path-average velocity models that predict optimal waveform fitting to observed seismograms.
Furthermore, it can avoid ending up at a local minimum. PWI method has the potential to yield
high-resolution images if enough data are available. In view of the rapid growth of digital broad-
band data, PWI method therefore holds great promise for the imaging of the crust and the upper

mantle structure.
(2) The lid velocity of South China Sea basin is low, about 4.40 km/s. The upper boundary of

asthenosphere is low about 65 km. The asthenospheric thickness is very large, about 250 km. The
velocity of asthenosphere ranges from 4.15 km/s to 4.55 km/s. The id welocity of Sino-Indian
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block in west sides of South China Sea is low, about 4.45 km/s. The upper boundary of astheno-
sphere is relatively shalow, about 70 km. The asthenospheric thickness is about 220 km. The ve
locity of asthenosphere ranges from 4.25 km/s to 4.55 km/s. The lid velocity of Philippines Sea
block is relatively large, about 4.55 km/s. The upper boundary of asthenosphere is shallower,
about 60 km. The asthenospheric thickness is about 230 km. The velocity of asthenosphereranges
from 4.30 km/s to 4.55 km/s.

The authors thank CAO Jun-xing, LIANG Chun-tao and PAN Xian-jun for their kind help.
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