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[1] We have obtained velocity images of the uppermost mantle beneath China by
performing tomographic inversion of both Pn and Sn traveltimes. From the Annual
Bulletin of Chinese Earthquakes, 99,139 Pn arrivals and 43,646 Sn arrivals were selected.
Pn anisotropy was also obtained simultaneously with Pn velocity. Average Pn and Sn
velocities are 8.05 and 4.55 km/s, respectively, and maximum velocity perturbations
are about 3–4%. The Pn and Sn velocities are low in eastern China and high in western
China. Particularly high velocities are associated with old basins (for example, Tarim,
Junggar, Turpan-Hami, Qaidam, and Sichuan) and stable craton (for example, Ordos).
Low Sn velocities are found mainly throughout North China. In addition, velocities
are relatively low beneath the central Tibetan Plateau and the North-South Seismic Zone
(along 103�E). In Tarim and central China where we observe strong anisotropy, the
fast Pn velocity directions are consistent with the directions of maximum principal
compressive stress as well as directions of crustal movement determined from Global
Positioning System. Beneath the India-Eurasia collision zone, the Pn anisotropy
direction is parallel to the collision arc and nearly perpendicular to both the direction
of maximum compression and crustal movement resulting from pure shear deformation.
Both the velocity variations and anisotropy indicate that the Tibetan Plateau was
extruded, and the mantle material beneath the plateau has flowed around the East
Himalaya Syntax, while the remaining material has diverted northwestward beneath
the Tarim Basin.
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1. Introduction

[2] The tectonic differences between eastern and western
China are mainly controlled by the India-Eurasia collision
and by subduction in the Western Pacific (Figure 1) [e.g.,
Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Ni
and Barazangi, 1984;Molnar et al., 1993; Rowley, 1996; Yin
and Harrison, 2000; Tilmann et al., 2003]. These differences
have been shown by deep seismic sounding using active
sources to image the crustal structure [Li and Mooney, 1998]
and by three-dimensional tomographic models of seismic
velocity [Liu et al., 2000; Xu et al., 2001; Liu et al., 2001; Zhu
et al., 2002; Wang et al., 2003; Sun et al., 2004, 2006; Liu et
al., 2005; Sun and Toksöz, 2006].

[3] Pn and Sn velocity variations in the uppermost
mantle may provide additional clues to changes in temper-
ature, pressure, composition, water, and volatile content.
Furthermore, Pn and Sn velocity variations with azimuth
allow us to study the seismic anisotropy of the uppermost
mantle, a property that is generally considered to arise
from the alignment of aggregate olivine crystals [Ribe,
1992; Silver, 1996]. Thus a study of Pn and Sn velocity
variations and Pn anisotropy provides important con-
straints for the processes of continental deformation and
differentiation.
[4] It is well known that clear lateral Pn velocity varia-

tions and anisotropy exist in the uppermost mantle [e.g.,
Hearn, 1996, 1999; Hearn et al., 2004; Mele et al., 1998;
Wang et al., 2002; Liang et al., 2004; Pei et al., 2002,
2004a, 2004b; Phillips et al., 2005]. Hearn et al. [2004]
obtained the shallow and deep Pn velocity variations within
the mantle lid in China, via independent inversions for
short and long paths, but he did not consider Pn anisotropy
in his study. Wang et al. [2002] and Liang et al. [2004]
applied joint Pn velocity and anisotropy inversion to
obtain uppermost mantle structure and anisotropy in China.
Liang et al. [2004] also obtained crustal thickness inferred
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from station delays. Far less work has been reported with
respect to Sn velocity imaging. This dearth of literature on
Sn modeling is due to the difficulty in picking the Sn phase
and consequently to the small number of Sn phase arrival
times reported in seismological bulletins. There are, how-
ever, several recent Sn studies in various regions. Bannister
et al. [1991] obtained a ±1% variation of S velocity in the
uppermost mantle by inverting �1500 Sn traveltimes in
Fennoscandia. Nolet et al. [1998] calculated Sn velocity in
eastern and western North America using only �1000 Sn
travel times. Levshin et al. [2001] imaged Sn velocity
variation (4.35–4.70 km/s) in the uppermost mantle beneath
the Arctic region. In China, Di et al. [1999] imaged Sn
velocity beneath the Weihe Rift zone based on 1265 Sn
travel times.
[5] In this work, we use Pn and Sn arrivals reported in the

Annual Bulletin and Preliminary Report of Chinese Earth-
quakes compiled by the Institute of Geophysics, China
Earthquake Administration (IGCEA), plus reports from
regional and provincial networks, and arrivals reported by

the International Seismological Centre to construct a tomo-
graphic image of Pn and Sn seismic velocity beneath China
and surrounding regions. We then examine the geodynamic
implications.

2. Data

[6] Our study area is defined by 12�–52�N and 65�–
132�E. Phase data from the following sources are used:
(1) the 1985–1998 Annual Bulletin of Chinese Earthquakes
(ABCE) compiled by IGCEA, (2) the 1999–2001 Preliminary
Report of Chinese Earthquakes compiled also by IGCEA,
(3) the regional seismic networks of 26 provinces, (4) the
temporary network of project INDEPTH2 [Nelson et al.,
1996], and the Sino-US Joint Seismological Survey [Ding et
al., 1993] in Tibet. We have refined the data set by removing
repeated and unreliable records and by using only the event
parameters given in ABCE, which are more precise than the
parameters in provincial reports because the events were
relocated using data from all stations in China by IGCEA.

Figure 1. Topographic map of China. The color shades indicate elevation. Thin black lines represent
active faults. Red circles indicate earthquakes of magnitude >5.0 recorded between 1978 and 2004; circle
size is proportional to magnitude. TB, Tarim Basin, TS, Tianshan, JB, Junggar Basin, QB, Qaidam Basin,
THB, Turpan-Hami Basin, SB, Sichuan Basin, NCB, North China Basin, EHS, East Himalaya Syntax,
YG, Yunnan-Guizhou Plateau.
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Figure 2. Raypath for Pn (a) traveltimes and (b) Sn traveltimes. From 7382 events (crosses) recorded by
575 stations (triangles), 91,139 Pn rays were obtained. From 8782 events recorded by 131 stations,
43,646 Sn rays were obtained. The densest rays are found in Xinjiang, central China, and the Taiwan Strait.
Maximum numbers of rays within each cell of 300 by 300were 3306 and 2741 for Pn and Sn data, respectively.
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[7] The epicenter distance range of the traveltimes used in
this study is 2�–12� for first P and 2�–15� for first S. We
chose the lower limit to remove Pg and Sg phases and the
upper limit to include only the observations along the linear
portion of the traveltime curve. Within this distance range,
the Pn phases are first arrivals and the Sn phases are first
S-wave arrivals. Starting models were obtained by a linear
fit to the traveltime, epicentral distance curve. To ensure
the data quality, we impose further conditions: each event
has at least five Pn and two Sn readings, and each station
recorded at least five events. In addition, the traveltime
residuals to the fitted line used in this paper are limited
to the range of ±6 s for Pn and ±7 s for Sn because the
error in picking the Sn phase is usually larger than Pn.
The data set included 91,139 Pn times from 7382 earth-
quakes recorded by 575 stations (Figure 2a), and 43,646 Sn
times from 8782 earthquakes recorded by 131 stations

(Figure 2b). The depth of each event is less than 40 km.
Standard deviation of the traveltime residuals is 1.9 s for
Pn and 3.3 s for Sn.

3. Method

[8] Following Hearn’s approach and computation method
[Hearn and Ni, 1994; Hearn, 1996], we invert Pn and Sn
traveltime residuals for lateral velocity variation and aniso-
tropy within the mantle lid. The Pn and Sn are modeled as
refracted rays traveling along the Moho discontinuity (head
waves). The variation of seismic velocity within the upper-
most mantle is parameterized by subdividing the surface of
the uppermost mantle into a two-dimensional grid of 300 �
300 cells. Pn traveltime residuals are described as the sum of
three time terms:

tij ¼ ai þ bj þ S dijk sk þ Ak cos 28þ Bk sin28ð Þ

where tij is the traveltime residual for the ray from event j to
station i; ai is the static delay for station i, depending on the
crustal thickness and velocity beneath the station; bj is the
static delay for event j, not only depending on the crustal
thickness and velocity beneath the event but also on the
event focal depth; dijk is the distance traveled by ray ij in
mantle cell k; sk is the slowness (inverse velocity)
perturbation for cell k; Ak and Bk are the anisotropy
coefficients for cell k; and 8 is the back azimuth angle. The
unknown quantities in the equation are ai, bj, sk, Ak, and Bk.
As a first approximation, seismic anisotropy in the upper-
most mantle is assumed to be described by a 28 azimuthal
variation. The magnitude of anisotropy for cell k is given
by (Ak

2 + Bk
2)1/2, and the azimuthal angle q of the fast direc-

tion of Pn propagation is given by 1/2arctan(Bk / Ak) + 90.

Figure 3. Trade-off curves for the maximum velocity
perturbations and root mean square value of the traveltime
residuals for Pn (above) and Sn (below), separately. Numbers
beside the black dots denote the damping parameters adopted
for the inversions. The largest black circle denotes the opti-
mum damping parameter chosen for the final tomographic
model.

Figure 4. First P wave traveltimes and first S traveltimes
versus epicentral distance. The data shown within the
dashed box outlining the lower fitted line were selected to
invert Pn lateral velocity and anisotropy. The average Pn
velocity of 8.05 km/s was determined from the slope of this
line. The data within the dashed box outlining the upper
fitted line represent the Sn arrivals selected to invert for Sn
lateral velocity perturbations. The average Sn velocity of
4.55 km/s was determined from the slope of this line.
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The sum is calculated over all cells through which the ray
travels in the uppermost mantle. Further details of the
tomography technique used here can be found in the works
by Hearn and Ni [1994] and Hearn [1996].
[9] A set of Laplacian damping equations regularizes the

solution, and two damping constants are separately applied
to the unknown slowness and anisotropy coefficients. The
two separate damping constants are used to control the
smoothness of the velocity image by damping the slowness
variations and to control the smoothness of the anisotropy by
damping the two anisotropy coefficients. Both damping
constants control the trade-off between low uncertainties
(high damping) and small resolution width (low damping).
The ratio of the two damping constants controls the magni-
tude of velocity variations and anisotropy variations. A
proper pair of damping constants is chosen to balance the
uncertainty size and the resolution width. In this approach,
the trade-off between velocity and anisotropy variations is a
crucial issue, which has been examined by using different
combinations of damping parameters for both velocity and
anisotropy. We tried different damping constants on the
velocity and anisotropy and found higher damping constants
creates smoother images, while the ratio of the two damping
constants controls the trade-off in structure between the
velocity image and the anisotropy image. These images

represent the true solution as seen through different resolu-
tion filters in the absence of data error. Differences between
the images are primarily in the magnitude of the anisotropy
and velocity variations; however, the major patterns found in
both the anisotropy and the velocity images are relatively
stable with respect to the damping constants. The method of
Sn tomography applied in this study is the same as that for
Pn tomography, except we do not incorporate the anisotropy
into the inversion.
[10] We have performed a series of tests by choosing

various cell sizes and different damping constants for the
slowness and anisotropy coefficients. The adopted cell size
is 300 � 300, as stated before, and the damping constants for
both slowness perturbation and anisotropy were set to 1300
for Pn and 900 for Sn. The total number of model param-
eters is 6577 for Pn and 6782 for Sn. We also used the
bootstrap technique used by Hearn [1996] to assess the
robustness of the result. The bootstrap method iteratively
resamples the data pool and reruns the inversion using the
standard deviation in bootstrapped velocities as proxies for
model uncertainty.
[11] Figure 3 shows the trade-off curves for maximum

velocity perturbations and root mean square value of the
traveltime residuals. Damping constants control the vari-
ance of tomographic velocity perturbations. Small damping

Figure 5. Pn lateral velocity variations. Average Pn velocity is 8.05 km/s and perturbation corresponds
to color. Red represents velocities lower than the average and blue denotes higher velocities. Thin black
lines indicate active faults.
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