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Abstract

In order to give a more reliable shallow crust model for the Chinese mainland, the present study collected many
short-period surface wave data which are better sensitive to shallow earth structures. Different from traditional
two-step surface wave tomography, we developed a new linearized surface wave dispersion inversion method to
directly get a 3D S-wave velocity model in the second step instead of inverting for 1D S-velocity profile cell by
cell. We convert all the regionalized dispersions into linear constraints for a 3D S-velocity model. Checkerboard
tests show that this method can give reasonable results. The distribution of the middle- and upper-crust shear-wave
velocity of the Chinese mainland in our model is strongly heterogeneous and related to different geotectonic ter-
rains. Low-velocity anomalies delineated very well most of the major sedimentary basins of China. And the varia-
tion of velocities at different depths gives an indication of basement depth of the basins. The western Tethyan tec-
tonic domain (on the west of the 95°E longitude) is characterized by low velocity, while the eastern Tethyan do-
main does not show obvious low velocity. Since petroleum resources often distribute in sedimentary basins where
low-velocity anomaly appears, the low velocity anomalies in the western Tethyan domain may indicate a better
petroleum prospect than in its eastern counterpart. Besides, low velocity anomaly in the western Tethyan domain
and around the Xing’an orogenic belt may be partly caused by high crustal temperature. The weak low-velocity
belt along ~105°E longitude corresponds to the N-S strong seismic belt of central China.
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Introduction

Our knowledge on earth’s deep structure is mainly owed to seismological studies, especially
to tomographic studies in recent years. Seismic tomography studies began in the 1970’s, but stud-
ies obtaining reliable deep structure with good resolution began in the middle of 1980’s after a
large number of seismic networks had been deployed. With more and more seismic station instal-
lations and improvement of research methodology, resulted earth’s structure model becomes finer
and finer.

As everyone knows, shallow crust (middle- and upper-crust and sedimentary layer) is tightly
related to environment (e.g., geo-hazard) and resources (e.g., minerals) sustaining the human be-
ings, so it is very important to carry out seismological study on shallow crust. Most of previous
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shallow crust studies were on regional or local scale, and research degrees for different regions can
be quite different because of local/regional geography environment. For well-studied regions,
seismic-wave velocity structures with good resolution have been obtained and show certain corre-
lation with geological structures. But one significant thing we should do is comparing seismic
crustal structures of different regions and then extending conclusions extracted in well-studied
regions to poor-studied regions. Thus, it is necessary to carry out seismological study of the shal-
low crust of China on a continental scale.

In the body-wave studies, as influenced by subsequent phases, S-wave phase arrivals nor-
mally include large uncertainties, but initial P-wave phases can be easily recognized since they are
not influenced by other phases. Therefore, body-wave tomography normally uses P-wave arrival
times to derive P-velocity structures. The way to derive S-velocity structure is normally based on
surface-wave observations. Generally, a surface-wave tomography is done in two steps: carry out
2-D tomography for all periods, and then invert all regionalized dispersions for 1-D S-wave ve-
locities to finally get 3-D S-velocity structure of the crust and upper mantle. Early, Feng and Teng
(1983) carried out surface-wave tomographic study for the whole Eurasian mainland and obtained
a 3-D crust and upper mantle structure model for the Chinese mainland. Later, other researchers
(SONG et al, 1994; Ritzwoller and Levshin, 1998; Villasefior et al, 2001; HE et al, 2002; ZHU et
al, 2002; Huang et al, 2003; Yanovskaya and Kozhevnikov, 2003) sequentially carried out sur-
face-wave tomographic studies on the Chinese mainland. These studies help us a lot to understand
deep earth’s structure of the Chinese mainland. But because they mainly used data from 11 Global
Seismographic Network stations in China and other stations in the neighboring countries, their
dataset was lack of short-path and short-period signals. Consequently, their models have limited
resolution for shallow crust structure. If including enough short-path and short-period signals,
surface-wave tomography can give crust structure with more reliable resolution. Therefore, it is
necessary to derive shallow crust structures on a continental scale by increasing more seismic sta-
tions and collecting more short-period data.

To get fine-resolution middle and upper crust structure for the whole Chinese mainland with
surface-wave tomographic method, we collected all teleseismic, regional and local data both re-
corded by 48 broadband stations of New Chinese Digital Seismological Network (NCDSN), 4 sta-
tions in Taiwan, some other stations in the neighboring countries and also by some PASSCAL
temporary stations. These data include more short-path and short-period surface wave observations,
which consequently improve the reliability of our resulted middle and upper crust structures.

1 Data and processing

The present study on middle- and upper-crust S-velocity structure of China is based on fun-
damental-mode Rayleigh-wave group velocity observations. The sensitivity of surface waves to
deep earth’s structures is related to frequencies, i.e., high-frequency signals are more sensitive to
shallow structures and low-frequency signals are more sensitive to deep structures. As the objec-
tive of the present study is shallow structure of the middle and upper crust of the Chinese
mainland, we collected many short-period (i.e., high-frequency) Rayleigh-wave data. Besides col-
lecting Rayleigh wave data recorded by the 48 stations of NCDSN and 4 stations of Taiwan in
2003~2004, we still collected data from 14 PASSCAL temporary stations deployed in Qing-
hai-Xizang (Tibetean) Plateau and in NE China. To improve the ray-path coverage in the marginal
area of China, we also collected data recorded by 12 stations in China’s neighboring countries in
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2003~2004. Figure la shows great-circle ray-paths, epicenters and seismic stations for Rayleigh
waves of 10 s period. From this figure, we can see that for the short period of 10 s, the ray-paths
reach up to about 3 000 and the path distribution evenly cover the whole mainland.

Group velocities were processed with a multiple filtering technique (MFT) (Dziewonski et al,
1969) using the frequency-time analysis software (Herrmann and Ammon, 2002). During the data
processing, we firstly eliminate higher-mode surface waves, body waves and noises with a
phase-matched filtering method. Then we used variable filtering factor for different frequencies to
ensure similar resolution both in time domain and frequency domain. And finally we chose using
instantaneous frequency rather than filter frequency to get much reasonable dispersions. A detail
explanation on data processing is referred to Feng et al (2004). Information of epicenters and
event time required by group velocity calculation are taken from the EHB catalogue (Engdahl et a/,
1998). Figure 1b shows an example of Rayleigh-wave dispersion processed by MFT. The right
side of this figure is the seismic waveforms with higher-mode surface waves, body waves and
noises filtered out.

Group velocity/km 5!
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Figure 1 (a) Great-circle ray-paths, epicenters (denoted by circles) and seismic stations (denoted by tri-
angles) for Rayleigh waves of 10 s period; (b) An example of Rayleigh-wave dispersion proc-
essed with multiple filtering technique

2 Inversion method

Inversion of group velocities for a 3-D S velocity model is normally broken into two steps:
estimation of group velocity maps for different periods and then inversion of regionalized group
velocity dispersions for 1-D S velocity models which comprise the final 3-D model (e.g., Shapiro
and Ritzwoller, 2002; SU et al, 2002; Huang et al, 2003; Feng et al, 2004). But the second step of
this method normally requires strong computation efforts and can hardly introduce lateral
smoothness constraints between adjacent cells. To avoid these shortages, we did not use the tradi-
tional method but carry out direct 3-D inversion by converting all regionalized dispersions as lin-
earized constraints for the 3-D velocity model.

When inverting for group velocity distribution of different periods, we modelized the studied
region (60°~140°E, 15°~55°N) as 1°x1° cells and supposed velocity inside each cell is invariable.
So the group-velocity slowness can be obtained by resolving the following objective function
(Feng et al, 2004):

F($)=IG-s—t, | +A] As |’ (M
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where G is a sensitivity matrix with entries of path-length of each cell; s is the group-velocity
slowness vector to be resolved; ¢, is the travelling-time vector of observations; As denotes the
first-order gradient of the velocity model that can both smooth the final results and stabilize the
large-sparse ill-posed inversion problem; A is a damping factor of smoothness, i.e., bigger A gives
smoother velocity model but with worse travelling-time fitting. So we chose a reasonable damping
factor A by trial and test.

Linearized inversion method is normally used in traditional surface-wave dispersion inver-
sions for 1D shear-wave velocities. An and Assumpcao (2006) compared results with linearized
inversion method (Snoke and James, 1997), and with neighborhood algorithm (Snoke and Sam-
bridge, 2002) and genetic algorithm (An and Assumpg¢do, 2006) and found that results with
nonlinear global methods did not improve too much relative to linearized inversion method. So,
after obtaining regionalized dispersions of each cell from the above mentioned method, we con-
verted all the dispersions as linearized constraints of our 3D S-velocity model. We chose
IASPEI91 (Kennett and Engdahl, 1991) as the initial model and the model was set with homoge-
neous layers. As the present study focuses on middle and upper crust structures, layer thickness in
crust is set as 5 km, beneath crust layer thickness increases from 10 km to 20 km. For a certain cell,
the difference of the regionalized group velocity (Ugr) and the group velocity of the initial model
(Usaspei) can be approximately expressed as a linearized relation to crust thickness (4) and S veloc-
ity of each layers (/) beneath this cell:

AU=U, -U, . =2Ah+> —AB, )

oUu - U
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where dU/oh and dU/df; are partial derivatives of group velocities to crust thickness and to S ve-
locity of the i-th layer, respectively. Ak and Af; are perturbations of crust thickness and S veloci-
ties relative to the initial model to be resolved. Equation (2) only represents linearized constraint
beneath one cell with regionalized dispersion. To realize a direct 3D inversion, we carry out coor-
dinate conversion for the above 1D models to a 3D model and introduce geometrical conversion
factors to group velocity partial derivatives (Feng et al, 2007). So the final parameters to be re-
solved become S velocities of all cells at all depths and crust thickness beneath all cells. Such 3D
inversion procedure can be easily applied with first-order gradient as smoothness and ensures
more reliable results. As shown in equation (2), when calculating partial derivatives to S velocities,
we should fix crust thickness and when calculating partial derivatives to crust thickness, we should
fix S velocities. So there exists tradeoff between the lower crust velocities and the Moho depth.
That is why we do not suggest interpreting lower crust velocities in the present study.

3 Results

To know better about the feasibility of the 3D linear inversion method and the lateral resolu-
tion of the inverted results, we carried out a series of checkerboard tests. Figure 2 shows part of
the checkerboard test results. Figures 2a and 2b are input S-velocity models with checker size of
4° and 6°, respectively. At all depths, the input anomaly amplitude are set as +7% relative to the
IASPEI91 model. Figures 2c~2h are output S-velocities at different depths (10~20 km). The
checkerboard test results show that ray-path distribution directly influences lateral resolution of
the inverted results. For example, the central Chinese mainland with dense and homogeneous
ray-paths has better lateral resolution than the surrounding mainland and oceans of China which
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have relatively poor and inhomogeneous ray-paths. One thing needs to be mentioned is that the lat-
eral resolution at depth of 20 km is similar to depths of 10~15 km, but with weaker anomaly. This
might because the depth of 20 km has been partly in middle or lower crust where group

Figure 2 Checkerboard test results
(a) Input S-velocity model with checker size of 4°; (b) Input model with checker size of 6°; (c), (e), (g) are output
S-velocity at 10 km, 15 km and 20 km depth for the 4° checkers, respectively; (d), (f), (h) are output S-velocity at
10 km, 15 km and 20 km depth for the 6° checkers, respectively
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velocity anomaly can also be interpreted as crust thickness variation. However, because many
constraints such as smoothness are normally introduced in seismic tomography, what we concern
more is about the velocity anomaly distribution rather than the anomaly amplitude. Comparing
lateral resolution of different depths, we can see that the best lateral resolution at all depths is
about 3°~4° and the worst is about 5°~6°. These test results also show that our 3D linear inversion
method is feasible and reliable.

Figure 3a is Rayleigh wave group velocities for the period of 10 s, where geotectonic bound-
ary data are from REN et al (1999). For the central regions with reliable resolution, this figure is
generally similar to the group velocity map of 10 s by Huang ez a/ (2003). Group velocities of 10 s
period mainly reflect average structures above 15 km. From this figure, sediments of the Chinese
mainland have an obvious influence on velocity anomalies above 15 km since almost all the sedi-
mentary basins show low group velocities. The distribution and intensity of these low group ve-
locities delineated very well the basins and the relative thickness of sediments. For instance, the
Tarim basin with the thickest sediments (Bassin et al, 2000) gives the lowest group velocities.
Other basins such as Qaidam, Sichuan, Ordos, North China eastern rift basin and Songliao basin
all show obvious low group velocities.

Figures 3b~3d are our obtained S-wave velocities at different depths for the Chinese mid-
dle-upper crust. As depth of 25 km has been in lower crust in most regions, the three depths shown
in Figures 3b~3d generally locate in middle and upper crust. One should note that the map of 10
km depth may include information of sedimentary layers and the map of 20 km depth may be in-
fluenced by deep structures. Figure 4 shows vertical transects of velocities crossing through typi-
cal regions of the Chinese mainland (locations of transects shown in Figure 3d).

At the depth of 10 km (Figure 3b), the average S-wave velocity of the Chinese mainland is
about 3.22 km/s. In this figure, relatively lower velocities (lower than 3.22 km/s) covered almost
all the sedimentary basins of China, including Songliao, North China (Bohai basin and Hehuai
basin), Sichuan, Qaidam, Tarim and Qiangtang basins, efc. Among these basins, the Tarim basin
exhibits lowest velocity, and has thickest sediments (Bassin et a/, 2000; ZHU et al, 2006). So,
there may be a relation that lower velocity anomaly corresponds to thicker sediments. According
to this suggested relation and comparing amplitude of low velocities at 10 km depth, one can tell
that sediments of the Qaidam basin and the Songliao basin could be the thinnest, and sediment
thickness of the Ordos, North China and Sichuan basins could be thicker than the Songliao basin
and thinner than the Tarim basin. Another feature is that the Xing’an orogenic belt has similar
low-velocity anomaly to the Songliao basin, which will be discussed later.

The average S-velocity at 15 km (Figure 3c) reaches about 3.32 km/s. Compared with the
depth of 10 km, some velocity anomaly changed. Low velocities of two stable regions (Ordos ba-
sin and Sichuan basin) become weaker from 10 km to 15 km depth. The Sino-Korean craton can
be divided into three blocks: Ordos basin, North China uplift belt and North China eastern rift ba-
sin (JIA and ZHANG, 2005). In our results, from depth 10 km to 15 km, the boundary of these
three blocks becomes clearer. And the central North China uplift belt shows quite different veloci-
ties from the two basins in its east and west.

The average velocity of 20 km depth (Figure 3d) increases to about 3.38 km/s. Generally,
though the North China basin, Tarim basin and Qiangtang basin still show low velocities; com-
pared with the depth of 15 km, low velocity of most basins strongly weakens. This indicates that
the influence of the sediments on velocities becomes very weak and basement compositions play an
important role on the velocities in these areas. Another remarkable feature is that there is a north
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Figure 3 (a) Rayleigh wave group velocities for period of 10 s; (b), (c), (d) are our resulted shear-wave
velocities at depth of 10 km, 15 km, and 20 km, respectively

In Figure 3d, small circles indicate epicenters of earthquakes shallower than 20 km occurred since 1990; three
blue lines are locations for three vertical velocity transects to be shown in Figure 4

Tarim Alxa Ordos 4
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Figure 4 Three vertical transects crossing through the final 3D S-velocity model

Locations of the three transects are shown in Figure 3d. Solid lines close to the surface are exaggerated
topography

to south weak low-velocity belt roughly along the 105°E longitude in the central China. Compared
with the north to south strong seismic belt in central China (ZHANG et al, 2003), the weak
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low-velocity belt exactly overlaps the strong seismic belt on the west of South China block and
between the west of Ordos and Alxa block.

Though the checkerboard test shows worse resolution in the eastern oceanic area than in the
continental area, all depths show stable velocity structures. Separated by Taiwan, the East China
Sea and Yellow Sea in the north show relatively low velocity anomalies, while the South China
Sea does not.

From view of vertical transects, transect 44’ (Figure 4a) crosses from west to east through
the Tarim basin, Alxa block, Ordos basin and Bohai basin in the north of China. Velocities lower
than 3.1 km/s mainly distribute beneath sedimentary basins, and the depth where such low veloci-
ties extend approximately indicates the basement top of the sedimentary basins. Figure 4a indi-
cates that the Tarim basin has thickest sediments; the next is the Bohai basin; the thinnest is the
Ordos basin. These results are well consistent with the compilation of ZHU et al (2006). Besides
the above basins, Figure 4a also implies that the Alxa terrain has not obvious sediments, and the
North China uplift zone between the Ordos and Bohai has very thin sediments. Transect BB’ (Fig-
ure 4b) crosses from west to east through the Qinghai-Xizang (Tibet) Plateau, Sichuan basin and
southeastern China. The velocities in the transect imply that the western Qinghai-Xizang (Tibet)
Plateau and Sichuan basin have obvious sediments while the eastern Tethyan tectonic domain be-
tween them does not. The eastern circum-Pacific tectonic domain to the east of Sichuan basin also
has no obvious sediments. Transect CC’ (Figure 4c) crosses from north to south through central
China. In Figure 4c, regions to the west of Ordos have thinner sediments than the Sichuan basin.
Most velocities at 20 km depth in all the three transects reach 3.5 km/s.

4 Discussion

Seismic velocities of shallow crust are determined by many factors. First, different geotec-
tonics have quite different sediment thickness and rock compositions at shallow depths. Second,
structural fractures and porous fluid have strong influences on seismic velocities in shallow depth.
Third, from earth’s surface to deep, porosity decreases but temperature increases, so temperature
becomes one of the important factors influencing seismic velocities in the deep. Therefore, the
seismic velocities we obtained here down to 20 km are not only related to different geotectonic
units, but also to structural fractures and middle- to upper-crust thermal activities.

In our results, most regions with low-velocity anomaly correlate well with the main sedi-
mentary basins of China, so sediments of these basins is the main reason for low shear-wave ve-
locities. Besides, another feature should be noted is that western Qinghai-Xizang Plateau is not a
large sedimentary basin but is characterized by low velocities in depths of 10~20 km. The Igneous
Rock Map of China from the Chinese Geological Survey (2006) shows that the western Tibet has
widely-distributed Cenozoic volcanic outcrops. In other word, this area occurred magma thermal
events during Cenozoic. Heat flow observations (WANG and HUANG, 1990; Pollack et al, 1993;
HU et al, 2001) in these areas though are very limited but all show high heat flow. Therefore, rela-
tively high crustal temperature could be one of the factors resulting in such low crustal velocities
in the western Tibet. On the other hand, since the Qinghai-Xizang region is seldom investigated
geologically and the sediment thickness is poorly constrained by current data. Considering the
correspondence between low velocity and sediments, the low velocities in the Qiangtang basin
may indicate existence of widely distributed thick sediments.

Since most of the petroleum productive regions of China are located in sedimentary basins
which are characterized by low velocity anomaly at depths of 10~15 km in our results, we can
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suppose that regions with low velocity anomalies may have good petroleum prospect. For the
whole Tethyan tectonic domain, as the western part separated by the 95°E longitude has low ve-
locities while the eastern part has normal to high velocities, so the western part may have better
petroleum prospect than the eastern part. Such conclusion is consistent with recent petroleum ex-
ploration results in the Qinghai-Xizang Plateau, e.g., the western Qiangtang basin has found some
traces of petroleum resources (JIANG, 2005; MA et al, 2005), while the eastern region of Song-
pan-Aba did not yet (MA et al, 2005).

The other region with Cenozoic igneous outcrops is the Xing’an orogenic belt to the west of
Songliao basin. If simply considering the relations between sediments and velocity anomaly, the
Songliao basin should have lower velocity anomaly than the Xing’an orogenic belt where there is
less sediment. But our results showed similar low velocity for the two areas. Since there exist Ce-
nozoic igneous outcrops in the Xing’an orogenic belt, the lower velocities may be caused by high
crustal temperatures due to regional magma activities.

The upper crust of East China Sea in the north is characterized with low velocity while South
China Sea in the south with high velocity. This feature may be partly related to sediments, but
more reasonable explanation could be different crustal temperatures caused by different subduct-
ing mode between adjacent plates. To the north of Taiwan, the Pacific Plate is subducting west-
ward beneath the Eurasian mainland. The East China Sea and the Yellow Sea are back-arc mar-
ginal-sea basins above the subduction slab, so they may have higher crustal temperature. While to
the south of Taiwan, the Eurasian Plate is subducting eastward beneath the Philippine Plate (Tsai
et al, 1977), so the Philippine Plate should have higher crustal temperature, but the Eurasian Plate
did not.

Small circles in Figure 3d indicate epicenters of earthquakes since 1990 with depths smaller
than 20 km. This figure shows that shallow earthquakes mainly distribute around regions with
strong velocity variations, such as the surrounding regions of the low velocity sedimentary basins
(Tarim, Ordos, North China eastern rift basins, etc) and high velocity regions (eastern Tethyan
tectonic domain).

5 Conclusions

Instead of inverting regionalized dispersions cell by cell in the second step of traditional sur-
face-wave tomography, the present study used a 3D inversion method. We converted all the region-
alized dispersions to linear constraints for a 3D model and then carried out 3D inversion directly.
Checkerboard tests showed that this method can give reasonable results in 10~20 km deep.

Our low velocity anomaly delineated very well the sedimentary basins of the Chinese
mainland. The amplitude and extension of the low velocity anomalies reflect somewhat the sedi-
ment thickness. For instance, the Tarim basin with very thick sediment shows strong low velocity
in our results. Generally, low velocity anomalies may have different origins. For sedimentary ba-
sins, low velocities are probably caused by thick sediments, while for other regions like Qiangtang
basin and its surrounding Qinghai-Xizang regions, the low velocities may be partly caused by
sediments and partly caused by high crustal temperatures. For the Xing’an orogenic belt where
there are no obvious sediments and the oceanic area of the East China Sea, the low upper-crust
velocities may be principally caused by high temperatures. The western Tethyan tectonic domain
separated by the 95°E longitude shows obvious low velocity anomaly; while the eastern part does
not show any low velocities. This may indicate that the western Tethyan domain has thicker sedi-
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ments and better petroleum prospect than the eastern part.
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