
Author's personal copy

Seismic anisotropy and implications for mantle deformation beneath the NE
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a b s t r a c t

The northeastern Tibet and the Ordos plateau connects east China and west China, which are dominated
by horizontal extension and compression, respectively. Knowledge of seismic anisotropy beneath this
transitional region can provide important constraints on deformation pattern of the crust and lithosphere
mantle during an orogeny process. We measured SKS wave splitting parameters from the new installed
regional networks and obtained a detailed anisotropy map for 119 broadband stations. Beneath the NE
margin of Tibet, the observed WNW fast polarization direction is parallel to the surface geological fea-
tures. The coherence between the observed geodetic motion of the crust and fast axis direction suggests
that the vertical coherent deformation of the lithosphere is the dominate source for the observed seismic
anisotropy. Further east to the Qinling orogenic belt, the fast axis direction tracks change in strike of the
faults, with the fast direction aligning almost EW. We suggest that both the lithosphere mantle and east
extrusion of mantle material contribute to the observed anisotropy. Small value of delay time is observed
interior the thick-rooted Ordos plateau, suggesting a rigid and stable lithosphere with little deformation.
The deviation of fast polarization direction beneath the adjacent rifting regions might be caused by the
edge flow induced by sharp changes in the thickness of lithosphere. Our results propose that the upper
crust and mantle lithosphere beneath the northeastern Tibet are at least partly coupled, or subjected to
the same boundary conditions, which is inconsistent with the channelized lower crustal flow model.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

It has been accepted that seismic anisotropy is a general feature
of the upper-mantle. The lattice preferred orientation (LPO) of
crystallographic axes of olivine is believed to be the main cause
of the upper mantle anisotropy. The close relationship between
anisotropy and strain is now used widely to track the tectonic
deformation and dynamic processes occurring in the mantle and
crust. Measurement of shear wave splitting is one of the most
important and practical tools to characterize seismic anisotropy
in the mantle. Investigation of the two parameters of fast axis
direction (u) and delay time (dt) determined from shear wave
splitting has revealed the presence of obvious anisotropy with dif-
ferent pattern beneath continental regions, shedding light on the
past and present deformation processes in a wide range of conti-
nental settings (e.g. Silver and Chan, 1991; Long and van der Hilst,
2005; Fouch and Rondenay, 2006).

The ongoing convergence between Eurasia and India plate pro-
vides a natural laboratory for study of the dynamics of continental
collision process. A number of models have been proposed to ex-

plain how the topography of Tibetan highlands is formed and
maintained, e.g. the lower crustal flow (Royden et al., 1997), the
crustal shortening (Dewey and Burke, 1973), underthrusting of
the Indian plate (e.g. Beghoul et al., 1993) and its modified ver-
sions, and all seem to be supported by different geologic and geo-
physical evidences. Due to the intrinsic linking between
anisotropy, finite strain and tectonic process, seismic anisotropy
studies have been used widely to constrain the mantle deforma-
tion pattern beneath the Tibetan plateau. Most of them, however,
targeted only central or southeast part of the Tibet plateau, or
around the eastern Himalayan syntaxis (e.g. McNamara et al.,
1994; Huang et al., 2000; Lev et al., 2006; Sol et al., 2007; Chang
et al., 2008; Wang et al., 2008). A detailed image of the lithosphere
and mantle deformation across a broader portion of the region,
especially along the northeastern rim of the highlands, and the
transition zone between the divergent east China and convergent
NE Tibet, is thus required for a full understanding of the dynamics
of the India–Eurasia collision.

Crustal shortening occurred most prominently in the NE margin
of the Tibet plateau. Active overthrusting spreads widely over a
large area�500,000 km2 (Tapponnier et al., 2001) from the Qaidam
basin to the Gobi–Ala Shan platform (Fig. 1). Bounded by crustal
thrusts, large scale mountain ranges with hundreds of kilometers
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long and tens of kilometers wide are formed as NW-trending ramp
anticlines (Tapponnier et al., 1990). The accumulated regional
shortening occurs at a rate of 1.5 cm/year in direction of N30�E
from the late Neogene (Meyer et al., 1998), only slightly less than
that across the Himalaya (Tapponnier et al., 2001). The NE margin
of the collision highlands can be viewed as a miniature, young, and
on-growing Tibet plateau, and the mechanics of the crustal and
lithosphere deformation of this region might resemble the pro-
cesses that contributed to the formation of the Tibet plateau.

In this study we present measurements of SKS splitting at 119
stations deployed across the NE margin of Tibet plateau, the Ordos
plateau, and the surrounding extensional rifts (Fig. 1). Our study
fills a gap in the transition region from the western China which
is dominated by compressional stress and the eastern China, which
is mainly controlled by the Cenozoic extensional structure. The
goal of our study is not only to characterize the SKS splitting pat-
tern using a dense broadband seismic array, but also to use the
integrated information, along with other geophysical images, to
identity the mantle flow associated with the lithosphere deforma-
tion and/or asthenospheric motion, which is crucial for discrimi-
nating among numerous models for the evolution of Tibet
plateau and its interaction with the adjacent terranes.

2. Geological and geophysical setting

The study region consists of a variety of tectonic units, including
the Songpan–Ganzi fold belt and Qaidam–Qilian block, which are
terranes of the northern Tibet; the Gobi–Ala Shan platform to the

north; the Ordos plateau – the west portion of North China Craton
(NCC) and the surrounding graben regions as well (Fig. 1).

The Tibet crust is constructed by a series of basement terranes
that were accreted to the southern margin of Eurasia plate during
Paleozoic to Mesozoic. The rise of Tibet plateau is considered to oc-
cur successively from south to north, accompanied by crustal short-
ening along the NE compressional direction (Tapponnier et al.,
2001). Altitude of the northeastern Tibet towered to height
�5500–6000 m, much lower than Tibet’s southern rim with alti-
tude �8000 m. NW–SE trending mountain ranges distributed
widely in the northeastern Tibet, which are separated by intermon-
tane basins with altitudes between 2000 and 4000 m. Active over-
thrusting is observed over a broad region in the northeastern Tibet,
which is constrained by the Altyn–Tagh–Haiyuan fault system to
the north and Kunlun fault system to the south (Tapponnier et al.,
2001). Both the large scale thrusting and sinistral strike-slip fault-
ing cause the remarkable mountain ranges observed, which appear
to grow as ramp anticlines of crustal scale (Tapponnier et al., 2001).
The left lateral Kunlun fault separates the NE Tibet into Songpan–
Ganzi fold belt in the south and the Qaidam–Qilian terrane in the
north. The Songpan–Ganzi fold belt was an accretionary prism
formed during the northward subduction of the oceanic Qiangtang
lithosphere beneath the Tarim-North China block. The Qaidam–Qil-
ian block is bounded by the Tarim basin to the west, the North Chi-
na Craton to the east and the Gobi–Ala Shan platform to the north.
The Qilian orogen, one of the major orogenic belts in this region, ex-
tends from the Altyn–Tagh–Haiyuan fault system for �1000 km to
the Qinling orogenic belt, forming a major geographic boundary be-
tween north and south China (Fig. 1). The still growing and rising in

Fig. 1. Map of the study region showing major faults and tectonic units. Stations of the Regional Seismic Network operated by Chinese Earthquake Administration are show
with black triangles; the GSN station IC.XAN and national station CB.LZH are denoted with red triangle. Major tectonic units surrounded by thick gray lines are modified from
the map of active tectonics (Deng et al., 2003). History earthquakes from 1900 to 1970 with magnitude greater than 7.0 are from China Digital Seismic Network catalog;
modern earthquakes from 1971 with magnitude P5.0 are from NEIC catalog. Circles in different colors are scaled with the size of earthquakes. The left-lateral slip Haiyuan
fault, east portion of Altyn–Tagh–Haihuan fault system along the eastern margin of the Tibet plateau, and the Qinling fault systems where the South China Block and North
China Block converges, are the two major faults in study region. The upper-left inset shows the tectonic location of study region. Arrows indicate the east subduction of the
Pacific plate and the north converging of the Indian plate to the Eurasia plate.
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the active fold-and-thrust belts of the Qilian mountain ranges
makes the northeastern rim of Tibet an ideal place to trace back
the dynamic evolution of the whole Tibet plateau.

The Ordos block is situated at the conjunct area of the Tibet pla-
teau, the NCC and the South China block (SCB), constituting one of
the important tectonic units in East Asia. From the end of later Cre-
taceous, the change of tectonic stress, which might be a result of
the Yanshanian Orogeny associated with the subduction of the Pa-
cific plate, began to result in the uplift of the Ordos basin, and the
following sequential three phases of uplifting with increased veloc-
ities and frequencies (Zheng, 2008) formed the plateau with an
average altitude of 1200 m nowadays. The Ordos plateau is gener-
ally regarded as the west part of the Sino–Korean Craton with a
basement in Archean (�3.6 Ga). The crust consists mainly of TTG
(Trondhjemite–tonalite–granodiorite) rock assemblage while the
subcontinental lithosphere mantle consists of strongly depleted
harzburgite (Qiu et al., 2004). Distinct from the east part of the
NCC which is believed to have experienced lithosphere reactivation
from the end of the Paleozoic, the Ordos plateau remained tecton-
ically stable from the final amalgamation of NCC �1.85 Ga ago.

Several fault and graben systems surround the Ordos plateau
closely (Fig. 1). To the south, the Weihe graben separates the Qin-
ling orogenic belts, which is caused by the collision of the NCC and
the SCB during the Trassic. To the east, the Shanxi graben system
separates the NE trending Taihang mountain range, which is also
known as the Trans North-China Orogen, a transition zone from
the east part of NCC to the west NCC (Zhao et al., 2005). The Shanxi
graben is a dextral transtensional zone, as evidenced from the en-
echelon arrangement of individual basins bounded by normal
faults (Xu and Ma, 1992). To the northwest is the Yinchuan–Hetao
graben. Both the Yinchuan–Hetao rift and the Shanxi rift system
are developed after the Indo–Eurasia collision and are still active
today (Xu and Ma, 1992; Zhang et al., 1998).

Significant lateral variations in the crust and upper mantle
structure beneath the study region are revealed by a variety of geo-
physical investigations. The velocity structure beneath the Ordos
plateau is relatively simple, with a clear constrained Moho around
depth �40 km at the eastern edge of the plateau, and the depth of
Moho gradually deepens to �50 km while approaching to the west
edge (Pan and Niu, 2011). Both compressional and shear velocity in
the mantle lid beneath Ordos is high which is typical of an ancient
and stable continental terrane. Beneath the NE margin of the Tibet
plateau, however, the crust is revealed to be thicker, varying from
55 to 65 km, and the morphology of Moho appears to be complex,
which does not seem to be a simple sharp first-order discontinuity
(Pan and Niu, 2011). The thickness of the lithosphere beneath the
Ordos plateau is around 200 km, which is at least 120 km thicker
than that in the eastern NCC which is indicated by xenoliths car-
ried up by Cenozoic volcanic extrusion (e.g. Menzies et al., 1993;
Griffin et al., 1998; Gao et al., 2002). The seismic and volcanic activ-
ity interior the Ordos plateau is rather weak. On the contrary, the
�200-km-wide rhombic region bounded by the northeastern Tibet
and the Ordos block forms one of the most active seismic belts in
China, and a number of great earthquakes with magnitude >8.0 oc-
curred here (Fig. 1). The 1920 Haiyuan earthquake (M = 8.7), one of
the largest earthquakes in the last century, nucleated along the
Haiyuan fault and ruptured the surface over 220 km, with the max-
imum left-slip displacement >10 m (Burchfiel et al., 1991). The
heat flow beneath the Ordos plateau varies between 35–72 mW/
m2, which is much lower than the east part of NCC with an average
value of 69 mW/m2, and the surrounding grabens with a value of
73 mW/m2 (Hu et al., 2000). The large contrast of various geophys-
ical features makes the Ordos plateau, the adjacent northeastern
Tibet plateau and the surrounding rift systems an ideal location
to study the role of lithosphere and/or sub-lithosphere mantle in
shaping the observed shallow features.

3. Data and methods

The data used here were recorded by the regional stations of
Chinese Digital Seismic Network operated by China Earthquake
Administration (CEA) (Zheng et al., 2010). A total of 126 broadband
seismic stations, deployed between 100�E–115�E and 33�N–42�N,
are gathered from the Qinghai (QH), Shanxi (SX), Shannxi (SN), He-
nan (HA), Gansu (GS), Ningxia (NX), Sichuan (SC) regional net-
works, covering a wide range of distinct geological terranes.
Fig. 1 shows the station distribution and major tectonic units in
the study region. The average station spacing is �20–30 km within
the densely covered areas, which are located mainly around the
northeastern edge of Tibet, the Weihe graben and the Shanxi gra-
ben. On the other hand, the Ordos plateau and the Gobi–Ala Shan
platform are covered by very few seismic stations.

The passive seismic data collected from the regional seismic
networks are 1 year teleseismic event data recorded between 08/
2007 and 07/2008. For one national station CB.LZH (36.09�N,
103.84�E), we had data back to 2005 from the China Digital Seis-
mograph Network (CDSN). For another GSN station IC.XAN
(34.03�N, 108.92�E), we obtained waveforms of 766 earthquakes
with a magnitude >5.5 from IRIS since 1990. The large amount of
event data collected at this station showed a good backazimuthal
coverage and was used to investigate possible depth-dependent
seismic anisotropy beneath the station as discussed in Section 5.
Due to the long and stable operation of the national and GSN sta-
tions, we have used them as important reference for sensor calibra-
tion and measurements from our array (Li and Niu, 2010). Table 1
lists the correction of seismometer orientation for stations with
correction angle greater than 10�. Comprehensive information on
seismometer calibration is described in Niu and Li (2011).

We inspected seismic records with Mw > 5.8 at epicentral dis-
tance between 86� and 120� visually, and retained those wave-
forms with high SNR only. Fig. 2a shows the distribution of

Table 1
BHN azimuth. Only stations with azimuth P10� are
listed.

Station BH1 orientation (�)

GS.HCH 10 ± 3
GS.HJT 14 ± 3
GS.HYS 10 ± 3
GS.JNT �83 ± 3
GS.PLT 11 ± 4
GS.ZHY �11 ± 3
NM.BTO switchNE, �7 ± 4
NM.DSH 53 ± 3
NM.LCH �42 ± 3
NM.QSH �30 ± 2
NM.XSZ �162 ± 3
NX.LWU 23 ± 5
NX.XSH �27 ± 3
NX.ZHW �11 ± 3
QH.LED 153 ± 3
QH.QIL 12 ± 4
SN.LOXT 10 ± 4
SN.SUDE �12 ± 4
SN.YULG switchNE, 0 ± 4
SX.DAX �15 ± 3
SX.HSH �15 ± 4
SX.KEL �16 ± 3
SX.NIW �15 ± 3
SX.PIG �12 ± 3
SX.SHZ switchNE, 3 ± 4
SX.XAX 56 ± 3
SX.XIX 17 ± 3
SX.YJI 57 ± 4
SX.ZOQ 28 ± 3

Note: switchNE means that switch N and E
components.
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selected events, with open circles indicating events recorded by re-
gional stations, and black dots indicating the used 352 events re-
corded by the GSN station IC.XAN. We noticed that the
backazimuthal coverage for the 17 events applied in determining
SKS splitting parameters for regional stations are heavily weighted
towards direction of southwest Pacific region. With the addition of
another 20 years’ data, however, the distribution of incoming rays
for IC.XAN station seems to be improved a lot, as shown in the cir-
cular histogram of backazimuthal coverage in Fig. 2b, which could
be used in a complete analysis for backazimuthal variation of split-
ting parameters.

We resampled the raw data to 20 samples per second, and ap-
plied a Butterworth band-pass filter between 1 and 20 s to elimi-
nate low frequency noise. We then manually cut the window
around the SKS phase, which covers at least one full period of

the signal. We took the same SNR-based multi-event approach
by Li and Niu (2010) to determine the splitting parameters (u,dt)
and associated errors at a given station. The best splitting parame-
ters (u,dt) were estimated by minimizing either the summed en-
ergy in the transverse component

ETðu; dtÞ ¼
XN

i¼1

wiETiðu; dtÞ
 !,XN

i¼1

wi; ð1Þ

or the summed normalized second eigenvalue k2 of the covariance
matrix of the corrected particle motion

K2ðu; dtÞ ¼
XN

i¼1

wik2iðu; dtÞ
 !,XN

i¼1

wi: ð2Þ

Here ETi(u,dt) and k2i(u,dt) are the transverse energy, and the
smaller eigenvalue of the covariance matrix, respectively, after a
correction for anisotropy with fast direction u and delay time dt
being made for the ith event. To account for the signal level of
raw data, we took the averaged SNR of the two horizontal compo-
nents as the weight wi for summation of the reduced energy or the
normalized second eigenvalue. Increments of 1� and 0.05 s for u
and dt are applied in the searching process, respectively. We mod-
ified the error analysis by considering the noise level of data into
determining the 95% confidence region for the (u–dt) space. The
multi-event approach effectively average splitting variation from
different backazimuths, and provide a better parameter estimate
for the simplified case of a horizontally transverse isotropic media.

We regarded the measured splitting parameters as reliable
when the measurements, especially the direction of fast axis de-
tected from the two methods is consistent within the error, and
the effect of different window lengths of SKS phase on measure-
ment can be negligible. When the fast direction u is nearly parallel
or perpendicular to the arriving direction of the SKS wave, energy
projected to the slow or fast direction is very limited, resulting in
little or no splitting of SKS waveform. In this case, we considered
the fast direction to be constrained, which is either parallel or per-
pendicular to the incoming SKS ray direction. In our study, if differ-
ence between the estimated fast direction and backazimuths of all
events fall below 15�, we marked this measurement as a ‘‘nodal’’
one. We regarded a measurement as ‘‘null’’ or ‘‘near null’’ when
the splitting time dt is less than 0.4 s even with good azimuthal
coverage, which indicates seismic anisotropy is weak beneath the
station or presence of a more complex anisotropy.

An example of a reliable splitting measurement is shown in
Fig. 3. The original horizontal components and particle motions
of the SKS wave are shown in Fig. 3(a and b); the SKS waveforms
and associated particle motions after correcting seismic anisotropy
using two different methods are show in Fig. 3(c–f). The color con-
tour maps of the weighted summation of the transverse energy ET

and the smaller eigenvalue ratio K2 in the (u,dt) space are shown
in Fig. 4(a and b). With the measured (u,dt), we further calculated
the polarization directions of each SKS signal to make sure that
they agree with the backazimuths computed from the source-
receiver geometry.

4. SKS splitting observations

We obtained a total of 119 well-constrained measurements of
splitting parameters (u,dt) around the NE Tibet, the Ordos plateau
and adjacent rifting zones, which are shown in Fig. 5. Of these, 17
measurements were classified as ‘‘nodal’’ and 25 as ‘‘null’’, which
are plotted as yellow and red bars, respectively. Orientation of
the blue bar represents the fast polarization direction of the other
77 measurements with good quality, and radius of the white circle
is proportional to the delay time. We also listed the two sets of

30°

60°

90°

120°

0.2

East

North

West

South

(b)

(a)

Fig. 2. (a) Location map of events used in the study. Open circles indicate the 17
events spanning from 2007 to 2008 recorded by regional stations. A total of 352
events recorded by the GSN station IC.XAN during time period 1990–2010 are
denoted by black dots. (b) Circular histogram of event backazimuths for events
recorded by station IC.XAN. The number of events in each 5� bin has been
normalized.
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measurements of (u,dt) in Table 2. The table is organized by group-
ing stations into the following tectonic regions: northeastern Tibet
and adjacent rhombic region, Ordos plateau, Weihe graben and
Qinling Orogen, and adjacent rifting zones. Huang et al. (2008) ob-
tained SKS splitting measurements for 29 portable stations around
the southern boundary of the Ordos block. We plotted their mea-
surements in Fig. 5 for stations with number of used events >3.
Green bars with green circles scaled with the delay time indicate
the fast axis direction in their observation. Filled pink circles alone
represent ‘‘null’’ anisotropy in their original definition; while an-
other six measurements around the Weihe graben marked by short
black bars with pink circle in the center represent the measure-
ment with delay time <0.4 s, which is regarded as ‘‘null’’ in our
study. We also incorporated the geodetically measured Global
positioning system (GPS) velocities (mm/year) relative to the sta-

ble Eurasia (Wang et al., 2001; Zhang et al., 2004) using the brown
arrows scaled with absolute value of velocity in Fig. 5.

Overall, the splitting patterns beneath the studied region are
not uniform and simple, with some systematic variation and local-
ized complexity observed. At the first glance of Fig. 5, we identified
that two distinct directions of fast polarization axis, WNW and
ENE, dominate the regions which are separated by the Ordos pla-
teau (Fig. 6); while interior the Ordos plateau, the delay time are
relatively small with most of them regarded as ‘‘null’’ observations;
to the north of the Ordos plateau, there is some deviation in the
fast axis direction, indicating a localized variation of seismic
anisotropy.

There are totally 51 measurements located interior or around
the NE edge of Tibet, with an average direction of fast polarization
�N123�E and delay time �1.2 s calculated from 38 normal
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Fig. 3. An example of estimating splitting parameters at station QH.MIY. (a) The original horizontal records. (b) and (c) are horizontal records corrected with the anisotropic
parameters determined from methods of minimum energy and minimum of eigenvalue ratio. (d)–(f) are particle motions before and after the splitting correction,
corresponding to related waveforms on the left panel.
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measurements. If we assume that the observed anisotropy is from
a single layer of anisotropic media, the apparent thickness of this
layer can be estimated by H = dt�b2

0/db, where dt is the observed
shear wave splitting time, b0 is the shear velocity of isotropic layer
and db is the velocity difference between the fast and slow direc-
tion. In our case, we select b0 = 4.5 km/s, and db = 4% (Silver,
1996), then the averaged delay time corresponds to a layer of
135 km in thickness, which is quite consistent with the anisotropic
thickness estimation of 81–174 km from Chang et al. (2008). ‘‘No-
dal’’ measurements are detected beneath two stations (QH.LYX and
QH.LJX) situated in the Qaidam–Qilian block, indicating that the
fast direction is either parallel or perpendicular to the polarization
direction of the incoming waves. We noticed that all the events
used to obtain the ‘‘nodal’’ estimations for both stations were in
backazimuthal range between 109� and 121�, consistent with a
WNW fast direction observed at nearby stations. Despite a slight
clockwise rotation of fast direction, the observed splitting parame-
ters show no obvious difference between the Qaidam–Qilian block
and Songpan–Ganzi fold belts.

Measurements for seven stations north of the Altyn–Tagh–
Haiyuan fault system or interior the Gobi–Ala Shan platform gives
an estimation of 120� to the fast axis, which is in accordance with
the WNW geologic striking direction of the large scale Haiyuan
fault.

We have 16 measurements in the 200 km wide rhombic regions
bounded by the NE Tibet, the Ordos plateau and the Qinling oro-

genic belts, including six ‘‘nodal’’ measurements. The average fast
direction and splitting time is 130�N and 1.2 s, indicating �7�
clockwise rotation of fast direction compared with that in the NE
Tibet. The NW fast axis direction agrees well with the results ana-
lyzed by Chang et al. (2011) for stations located on the NW margin
of the Ordos plateau. For example, their estimation of (132 ± 2�,
1.28 ± 0.05 s) for station NX.NSS (Location: 106.1�E, 37.7�N) is con-
sistent with our splitting observation (138 ± 4�, 1.40 ± 0.2 s) be-
neath the same location (Table 2). We observed a NW–SE fast
axis direction (119 ± 4�, 1.2 ± 0.3 s) from nine events beneath the
national station CB.LZH, which is located at the west boundary of
this confined region. Our observation is quite consistent with Liu
et al. (2008) SKS splitting measurement (126 ± 7�, 1.2 ± 0.3 s) ob-
tained from six events. Iidaka and Niu (2001) analyzed the crustal
anisotropy from the PpSms phases and obtained splitting parame-
ter of (136 ± 45�, 0.14 ± 0.11 s) for IC.LZH. We thus assumed that
the observed large splitting time is dominantly contributed from
the upper mantle.

The dominant NW–SE fast polarization direction west of the Or-
dos plateau seems to track correspondingly to the fault striking
direction along the Haiyuan-Qinling fault system, and it turns to al-
most EW while approaching the Weihe graben and Qinling oro-
genic belt, which is in accordance with the orientations of the
surface structure there. Total of 17 measurements in this region
gives an estimation of N96�E ± 4� of fast polarization direction
and 1.0 s of delay time. Liu et al. (2008) investigated the anisotropy
feature beneath the GSN station IC.XAN using SKS splitting analysis
and obtained 89 ± 4�, 1.2 ± 0.2 s for u and dt, respectively from 87
events, which is consistent with our result. Zhao et al. (2007) re-
ported a mean direction of NE–SW, which appears to be inconsis-
tent with both observations. Huang et al. (2008) analyzed the
anisotropy for the region between latitude 33.7–35.5�N and longi-
tude 107–110.5�E using 1 year records of 19 temporary stations.
They detected an average of 98 ± 7� for the direction of fast shear
wave in the southern Weihe graben and Qinling Orogen further
south, which is quite consistent with our observed fast direction.
We noticed a large delay time �2.0 s in two of their measurements
(1.98 ± 0.26 s, 1.83 ± 0.42 s). However the large error of delay time
compared with other measurements with an error �0.1 s indicates
that the splitting delay time is not well constrained beneath both
stations, which might be due to the reason that the incoming rays
for all the available events are subparallel or perpendicular to the
fast direction, and the energy projected on the fast or slow direc-
tion is very limited.

East of the Ordos plateau, around the Shanxi graben and Tai-
hang mountain range, the fast axis direction rotates a little to
ENE, oblique or subperpendicular to the striking direction of the
surface feature. A total of 18 measurements gives an estimation
of 81 ± 14� to the fast axis direction. Further north, some deviation
of fast axis direction is observed, indicating a localized variation of
anisotropy structure, or existence of anisotropic complexity.

We noticed an interesting anisotropy feature interior the Ordos
plateau. Generally, 11 of all the 18 measurements for stations lo-
cated in the Ordos are marked as ‘‘null’’, meaning that the detected
delay time is smaller than 0.4 s. Another three measurements have
a small value of delay time which is <0.6 s. In the middle part of the
plateau, null measurements were observed exclusively. While
approaching to the northeastern edge of the Ordos block, where
the distribution of station seems to be a little denser, five more null
measurements with different fast axis direction were detected. The
observation of small delay time interior the Ordos plateau is con-
sistent with Huang et al.’s (2008) observation, that the anisotropy
is weak within the Ordos block and in the north Weihe graben. The
null measurements might indicate a weaker anisotropy or the
presence of a more complex anisotropy pattern beneath the Ordos
plateau.
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Fig. 4. Weighted summation of the transverse energy ET (a) and the smaller
eigenvalue K2 (b) are shown as a function of the assumed splitting time, dt, and
fast-axis direction, u. Thirteen events were stacked to obtain the splitting
parameters. The white plus indicates their minimums in the (u,dt) space. White
lines show the backazimuths of the incoming SKS waves used in the measurement.
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Fig. 5. Map showing the measured fast directions and splitting times at the 119 stations. The fast-axis direction is shown by a bar line, and the amount of splitting is indicated
by the size of the circle plotted at station locations. Red symbols represent ‘‘null’’ measurements with dt < 0.5 s, and yellow symbols with a long and short crossing legs denote
‘‘nodal’’ measurement, corresponding to a u either perpendicular or parallel to the backazimuths of the incoming rays. The modern GPS measurement of crustal motion
(Zhang et al., 2004) are marked with brown arrow. We noticed one anormal point (36.77�N, 107.19�E) in their measurements. The green dashed square roughly marked the
region where a 2 layer anisotropy model was argued for by Li et al. (2011).

Table 2
Splitting parameters for regional stations beneath the northeastern Tibet, the Ordos Plateau and adjacent regions.

Station No. of eventsa Minimizing transverse energyb Minimizing eigenvaluec Typed Location Remarke

U (�) DU (�) dt (s) Ddt (s) U (�) DU (�) dt (s) Ddt (s)

NE Tibet and closest region (roughly west of106.5�E)
GS.CXT 5 121 2 1.9 0.4 122 2 2.1 0.5 Nodal Rhomb
CB.LZH 9 119 3 1.2 0.3 119 4 1.2 0.3 Rhomb
GS.DBT 4 98 2 1 0.2 100 3 1.1 0.1 Interior
GS.HJT 3 132 2 0.8 0.1 132 3 0.8 0.1 Rhomb
GS.HNT 5 119 2 2 0.5 118 3 2.2 0.4 Nodal Rhomb
GS.HXP 12 121 2 1.3 0.2 120 2 1.3 0.2 Rhomb
GS.HYS 4 126 3 1.5 0.2 127 4 1.5 0.2 Gobi
GS.HZT 9 114 3 1.4 0.3 115 3 1.3 0.5 Interior
GS.JNT 5 142 3 1.2 0.1 142 3 1.2 0.1 Rhomb
GS.JTA 8 128 3 1.5 0.3 127 3 1.6 0.2 Rhomb
GS.LXA 7 75 19 0.3 0.2 98 12 0.4 0.2 Null Interior
GS.MQT 6 132 3 1.5 0.2 132 4 1.5 0.2 Interior
GS.MXT 7 123 2 1.9 0.3 125 3 1.9 0.3 Nodal Rhomb
GS.PLT 5 130 3 1.2 0.3 133 4 1.1 0.2 Rhomb
GS.SDT 10 122 3 0.9 0.3 121 3 0.9 0.2 Rhomb
GS.SGS 8 127 3 1.6 0.3 130 3 1.5 0.2 Gobi
GS.SGT 8 126 2 1.4 0.2 128 2 1.3 0.1 Rhomb
GS.TSS 5 120 2 1.9 0.5 120 2 0.7 0.3 Nodal Rhomb
GS.WSH 7 124 3 1.3 0.3 124 3 1.3 0.2 Rhomb
GS.WYT 10 126 3 1 0.2 126 3 0.9 0.2 Rhomb
GS.YDT 10 110 3 1.1 0.3 113 3 1.2 0.2 Rhomb
GS.ZHQ 7 109 11 0.6 0.6 110 15 0.3 0.2 Nodal Rhomb
GS.ZHY 4 132 4 0.5 0.1 132 4 0.5 0.1 Null Rhomb
NM.BYT 7 137 3 1.5 0.2 140 3 1.5 0.2 Rhomb
NM.WUH 9 125 3 0.9 0.3 127 3 0.7 0.3 Rhomb
NX.GYU 9 155 5 1.2 0.2 153 6 1.2 0.2 Rhomb
NX.LWU 4 124 3 2.2 0.5 124 4 4 0.2 Nodal Rhomb

(continued on next page)
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Table 2 (continued)

Station No. of eventsa Minimizing transverse energyb Minimizing eigenvaluec Typed Location Remarke

U (�) DU (�) dt (s) Ddt (s) U (�) DU (�) dt (s) Ddt (s)

NX.NSS 12 139 3 1.3 0.2 138 4 1.4 0.2 Rhomb
NX.SZS 7 148 15 0.4 0.2 6 11 0.4 0.2 Null Rhomb
NX.XJI 4 134 3 1.2 0.2 135 3 1.2 0.2 Rhomb
NX.XSH 6 132 2 1.4 0.2 131 2 1.5 0.2 Rhomb
NX.TLE 3 127 3 2.6 0.3 124 4 2.6 0.3 Nodal Rhomb
NX.YCH 10 138 3 1.4 0.2 134 3 1.4 0.1 Rhomb
NX.ZHW 10 132 3 1.5 0.2 132 4 1.5 0.2 Gobi
QH.DAT 11 113 3 1.2 0.4 113 3 1 0.4 Interior
QH.DAW 11 131 3 0.9 0.2 134 4 0.8 0.2 Interior
QH.HUL 11 105 5 0.6 0.2 109 5 0.6 0.2 Interior
QH.HUY 12 121 2 1.3 0.3 119 2 1.4 0.2 Interior
QH.LED 12 116 4 1.1 0.3 119 4 1 0.4 Interior
QH.LJS 10 95 6 0.7 0.2 96 5 0.7 0.2 Interior
QH.LJX 6 110 3 1.1 0.4 110 3 1.1 0.3 Nodal Interior
QH.LWS 9 111 4 0.7 0.3 112 3 0.8 0.3 Interior
QH.LYX 7 112 3 1.8 0.7 111 3 1.2 1 Nodal Interior
QH.MEY 13 120 3 1.2 0.3 119 3 1.1 0.3 Interior
QH.MIH 12 107 4 0.8 0.2 109 4 0.9 0.2 Interior
QH.QIL 10 103 8 0.6 0.3 106 7 0.6 0.3 Interior
QH.QSS 9 105 4 1 0.3 105 4 1 0.3 Interior
QH.XIN 9 117 3 1.2 0.4 119 4 1.1 0.5 Interior
QH.XUH 8 120 3 1.4 0.6 121 4 1 0.4 Interior
SC.REG 9 120 2 1.5 0.3 120 3 1.6 0.2 Interior
SN.LOXT 9 119 2 1.3 0.4 119 3 1.3 0.4 Nodal Rhomb

Ordos plateau
SN.YULT 9 7 13 0.2 0.2 129 11 0.2 0.1 Null
SN.YULG 10 175 10 0.7 0.2 173 11 0.7 0.2
NM.QSH 11 156 18 0.3 0.1 163 17 0.3 0.1 Null
SX.PIG 7 4 5 0.3 0.1 1 6 0.3 0.1 Null
SX.BOD 10 178 7 0.5 0.1 174 7 0.5 0.1
SX.KEL 10 125 10 0.2 0.4 126 5 0.4 0.4 Null
SX.LOF 10 94 10 0.4 0.1 92 11 0.4 0.1 Null
SX.NIW 11 141 22 0.2 0.2 138 15 0.2 0.1 Null
SX.LIF 9 41 7 0.4 0.3 104 17 0.2 0.2 Null
SX.LIS 9 94 5 0.6 0.1 95 4 0.6 0.1
SX.XIX 8 66 6 0.7 0.2 69 9 0.7 0.1
SN.PCHT 9 99 22 0.2 0.2 94 22 0.2 0.2 Null
SN.BIXT 11 103 8 0.4 0.2 106 6 0.4 0.2 Null
SN.SUDE 13 117 5 0.6 0.2 113 5 0.5 0.3
SN.YAAN 14 65 6 0.5 0.2 65 7 0.5 0.1 Null
NM.DSH 6 170 7 0.8 0.2 173 8 0.8 0.2
GS.HCH 6 117 5 0.4 0.5 112 5 0.3 0.3 Null
SN.TOCH 11 113 4 0.9 0.3 114 3 1.2 0.3 Nodal

Weihe Graben and Qingling Mountain
GS.WDT 7 97 4 0.8 0.2 97 4 0.8 0.1
SN.HEYT 6 109 3 1.2 0.3 112 3 1.4 0.2 Nodal
SN.HUAX 9 88 6 0.7 0.1 93 4 0.8 0.1
SN.HUYT 10 97 4 1.2 0.2 94 5 1.1 0.2
SN.JYAT 6 115 3 1.3 0.7 121 3 2.3 0.3 Nodal
SN.LIYO 13 94 5 0.9 0.2 95 5 0.9 0.2
SN.LUYA 10 121 3 1.4 0.5 122 4 1.1 0.6 Nodal
SN.MEIX 11 98 4 1 0.2 102 4 1.1 0.2
SN.MIAX 10 62 22 0.4 0.2 55 14 0.4 0.2 Null
SN.QLIT 10 82 4 1.1 0.1 88 4 1.1 0.2
SN.SHAZ 12 97 15 0.3 0.2 86 22 0.2 0.1 Null
SN.SHNA 10 96 3 1.1 0.2 96 4 1.1 0.2
SN.SHWA 5 101 7 0.5 0.2 82 22 0.3 0.1 Null
SN.TABT 11 97 5 0.6 0.2 99 4 0.7 0.1
SN.XANT 6 91 3 1.4 0.2 94 4 1.4 0.1
SN.ZOZ1 6 96 3 1.1 0.2 96 3 1.1 0.1
SN.ZOZT 8 97 3 1.2 0.2 98 3 1.3 0.1

Shanxi Graben and Taihangshan Mountain
SX.ANZ 9 54 5 1 0.2 52 5 1.1 0.2
SX.CHZ 5 94 4 1.3 0.2 95 5 1.3 0.2
SX.DAX 11 88 18 0.3 0.2 85 22 0.3 0.1 Null
SX.DOS 7 129 10 0.3 0.3 139 22 0.1 0.2 Null
SX.HMA 7 77 12 0.4 0.2 72 15 0.4 0.2 Null
SX.HSH 10 44 11 0.2 0.2 40 9 0.2 0.2 Null
SX.HZH 8 84 8 0.6 0.1 84 10 0.6 0.1
SX.JIC 9 67 12 0.5 0.2 59 8 0.6 0.1
SX.LIC 11 77 4 0.9 0.1 75 6 0.9 0.1
SX.TAG 10 65 11 0.5 0.1 64 22 0.5 0.1
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5. Analysis of azimuthal dependence of anisotropy

It should be noted that while investigating and interpreting SKS
splitting parameters, we usually assumed that anisotropy is local-
ized in a single homogeneous layer of hexagonal symmetry with a
horizontal symmetry axis. At near-vertical incidence case, u and dt
are expected to be independent of the polarization direction of the
incoming wave. Violations of the above assumption, such as lateral
or vertical variation of anisotropy, a dipping axis of symmetry, can

cause systematic variation of splitting parameters as functions of
backazimuth (Savage and Silver, 1993; Rümpker and Silver,
1998; Saltzer et al., 2000; Schulte-Pelkum and Blackman, 2003;
Tian et al., 2008). Observation of azimuthal variations has been ob-
served beneath a set of various continental regions. For example,
detailed investigation from the dense TriNet seismic network re-
veals that a two-layer anisotropy model is better than a single
layer model for stations around the San Andreas Fault (Polet and
Kanamori, 2002; Bonnin et al., 2010). The diagnostic feature of
variations between splitting parameters and backazimuth could
be used to investigate a more complex anisotropic model provided
enough range of arrival angles and polarization directions are
available.

The limited data recorded by all the regional seismic stations
precludes a complete analysis of backazimuth dependence of split-
ting parameters. We noticed that the GSN station IC.XAN located in
the Weihe graben, however, has a longer history of recording,
showing a good azimuthal coverage (Fig. 2), which could be used
to test the presence of anisotropy complexity. We gathered wave-
forms for 766 earthquakes occurring between 1990 and 2010, and
a half of those events with high signal-to-noise ratio are retained in
the following detailed investigation. We sorted them according to
their backazimuth and further grouped them into 5-degree bins.
We obtained 19 measurements of u, which are shown as black
in Fig. 7. The number of events used in each bin ranges from 1 to
80, with the largest coming from backazimuth of 115–120�. The
backazimuths cover all of the four quadrants and the estimated
u varies within the azimuthal range of 82–112�, with an average
of 90� and a standard deviation of 6� (Fig. 7). Rümpker and Silver
(1998) computed the apparent splitting parameters for models
with multiple anisotropic layers. For models with relatively small
variations of anisotropy with depth, the calculated apparent fast
direction ua changes <10% over most of the backazimuthal range,

Table 2 (continued)

Station No. of eventsa Minimizing transverse energyb Minimizing eigenvaluec Typed Location Remarke

U (�) DU (�) dt (s) Ddt (s) U (�) DU (�) dt (s) Ddt (s)

SX.XAX 11 65 5 0.9 0.2 67 6 0.9 0.2
SX.XAY 9 89 4 0.8 0.1 87 6 0.8 0.1
SX.XIY 10 56 3 1 0.2 59 3 0.9 0.1
SX.YAC 11 72 3 1.2 0.1 75 4 1.2 0.1
SX.YJI 6 77 9 0.5 0.1 80 9 0.5 0.1
SX.YMG 7 111 5 0.8 0.4 112 4 0.8 0.4 Nodal
SX.YUY 8 138 8 0.8 0.3 165 6 0.5 0.2
SX.ZOQ 9 94 7 0.5 0.1 94 8 0.5 0.1

North of the Ordos plateau
NM.DSM 8 121 4 0.9 0.5 125 3 1.2 0.4
NM.WJH 9 116 4 0.8 0.3 116 4 0.8 0.3
NM.XSZ 7 152 7 0.8 0.2 148 7 0.8 0.2
NM.BHS 8 15 6 0.4 0.2 19 4 0.5 0.2
NM.BLM 9 131 4 0.9 0.3 133 4 0.9 0.8 C-Orog
NM.BTO 8 164 11 0.9 0.3 163 8 0.9 0.2
NM.CSQ 10 142 5 0.9 0.2 145 5 0.8 0.2
NM.HLG 11 136 5 1.3 0.4 146 8 0.6 0.2
NM.JIN 10 50 5 0.7 0.3 51 5 0.7 0.2 Nodal
NM.LCH 9 6 6 0.9 0.2 8 6 1.0 0.2
NM.WLH 11 136 3 1.2 0.4 137 3 1.2 0.3 Nodal C-Orog
SX.ZCH 9 134 20 0.2 0.3 130 16 0.2 0.3 Null
SX.SHZ 8 151 18 0.4 0.2 150 21 0.4 0.2 Null
SX.SZZ 12 51 22 0.1 0.2 56 22 0.1 0.2 Null
SX.YAY 12 42 13 0.2 0.3 44 10 0.2 0.2 Null

a No. of events used in the shear wave splitting analysis for a certain station.
b Measurements from method of minimizing the transverse energy of the corrected waveform.
c Measurements from method of minimizing the smaller eigenvalue k2.
d Remarks for nodal and null measurements. A nodal measurement means the difference between backazimuth and fast direction is less than 15�, while a null one indicates

a weak anisotropy with a delay time being less than 0.4 s.
e Detailed location for the station. Rhomb: Rhombic region around the northeastern Tibet; Interior: Interior the NE Tibet Plateau; Gobi: Gobi-Ala Shan platform; C-Orog:

Central-Asia Orogenic belt.
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Fig. 6. Circular histogram of the fast polarization direction in the study region. The
‘‘Null’’ measurements are not included. Two dominantly direction can be detected.
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and ua reflects the averaged fast direction of the anisotropic layers.
It also seems that the characteristic p/2 periodicity of a two-layer
anisotropic medium is not clearly shown here, although there exist
some minor variations. Bai et al. (2010a,b) argues for two layers of
anisotropy beneath several stations located in the central part of
NCC, however, at station IC.XAN, it seems that there is a still large
misfit between prediction of the two-layer model and the observa-
tion and the statistic F-test indicates the improvement of fitting of
the two-layer model is not significant. We thus regarded the one-
layer model as a good approximation of the anisotropic structure
beneath IC.XAN, and the multi-event method is a proper way to ob-
tain robust estimates of splitting parameters.

6. Discussion and conclusions

6.1. Localization of seismic anisotropy

The first key question is whether the anisotropy obtained from
the SKS splitting analysis in the study region exists in the crust, the
mantle lithosphere, the underlying asthenosphere, the deep lower
mantle, or a combination of these parts. The nearly vertical ray
path of SKS provides excellent lateral resolution of seismic anisot-
ropy, however, the depth resolution is poor for the reason that the
anisotropic region can be anywhere along the SKS ray path in the
receiver side from the core-mantle boundary to the surface. We ob-
served lateral variations in splitting parameters among closely
spaced stations, for example, the sharp change of fast polarization
direction from NW along the Haiyuan fault to EW near the Weihe
graben. The source of anisotropy is confined directly beneath the
station within a cone-shaped volume, extending from the core-
mantle boundary with a radius of �1500 km (Silver and Chan,
1991), which implies that the anisotropic regions must be outside
a region defined by the intersection of the two cones. Since the rays
are coming from the same backazimuth range, the anisotropy re-
gions must be in the upper mantle and/or crust.

Anisotropy within the crust beneath the station could contrib-
ute partly to the observed SKS splitting distribution. Alignment
of minerals in the crust by strong shearing along strike-slip faults
would induce a fault-parallel fast polarization direction as ob-
served in the northeastern Tibet. Despite the Null measurements,
the observed splitting time varies from 0.5 to 1.6 s. The crust be-
neath the study region is a little thicker than that of east China,
varying from 40 to 60 km (Pan and Niu, 2011), however, an unrea-
sonably high value of anisotropy should be required if the anisot-
ropy is ascribed to the crust exclusively. Petrophysical modeling
with typical crustal compositions shows that the realistic amount

of delay time in the crust is of an order of 0.1 s/10 km (Barruol
and Mainprice, 1993). We note that at present, very few con-
straints regarding crustal anisotropy exist for the study region.
Herquel et al. (1995) found that crustal anisotropy beneath north-
ern Tibet is about 0.2–0.3 s at most. Iidaka and Niu (2001) estimate
from PpSms phase analysis that the delay time between slow and
fast direction is �0.14 s for station IC.LZH. Tian et al. (2008) applied
receiver function analysis to one temporary station located in the
Taihang mountain, and estimated that at most 0.3 s of anisotropy
comes from the crust. The sampled stations for crustal anisotropy
investigation might be a little sparse, however, it is reasonable to
deduce that the main source of the observed anisotropy is located
in the upper mantle.

Two end-member hypotheses have been proposed to explain
the origin of upper mantle anisotropy in continental settings. The
anisotropy patterns in some regions exhibit close relationship to
the local direction of absolute plate motion (APM), arguing that
strains associated with plate tectonic motion dominate subconti-
nental mantle deformation (e.g. Silver and Chan, 1991; Savage,
1999; Fouch and Rondenay, 2006). Conversely, many continental
regions exhibit anisotropy pattern that appear to relate closely
with the surface geologic features, which argue for something
quite different from the previous ‘‘plate-motion hypothesis’’:
either the fabric of continental geology generated by the last signif-
icant tectonic event have imparted into the mantle lithosphere, or
that lithospheric and sublithospheric deformation are vertically
coherent. The small value �22 mm/year of absolute plate motion
in the hot spot reference frame (Gripp and Gordon, 2002) of the Ti-
bet plateau (36�N, 102�E) is not constrained well. The APM direc-
tion of the Eurasia plate of ��77� appears to be roughly
consistent with the observed splitting direction in northeastern Ti-
bet, and perpendicular or oblique to fast direction beneath stations
in other regions. As discussed in the following, we will show that
deformation in the sublithospheric mantle and lithosphere have
played different role in shaping the varied anisotropic pattern be-
neath the study region.

6.2. Mantle deformation model for Tibet

In NE Tibet, seismic anisotropy has been observed along major
strike-slip faults, e.g. the Altyn–Tagh–Haiyuan fault system, and
the east portion of Kunlun fault, which are thought to accommo-
date eastward extrusion of the plateau (e.g. McNamara et al.,
1994; Herquel et al., 1995; Sol et al., 2007; Li et al., 2011). For large
finite strain, alignments of minerals by strong shearing will be par-
allel to the fault strike, thus it is reasonable to deduce that simple
shear is the possible source of anisotropy. The same fast polariza-
tion direction, however, is observed for those stations 100 km far
away from the fault, indicating that the mantle deformation is
widely distributed and not restricted to the adjacent bounding
faults simply. Coherence of directions of fast polarization for most
stations with surface geological features suggests that a significant
portion of the subcontinental mantle is involved in the collisional
deformation that has produced the Tibetan plateau.

The WNW fast polarization direction is in general consistent
with recent measurements by Li et al. (2011), who used a combina-
tion of teleseismic phases of SKS, SKKS and PKS to obtain the shear
wave splitting parameters for stations beneath northeastern Tibet.
For stations located near Xining (101.72�E, 36.63�N, constrained by
green dashed square in Fig. 5), they argued for the presence of azi-
muthal variation of splitting parameters and proposed a two-layer
anisotropy model with fast polarization direction N80�E in the
upper layer which is consistent with the surface movement direc-
tion, and N118�E in the lower layer, which is parallel or sub-paral-
lel to the surface geologic strike. To increase the backazimuth
coverage, they group all the splitting observations for 22 stations.
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Fig. 7. Variation of apparent fast-polarization direction estimated from the 19 5-
degree bins with the backazimuth. The two dashed lines marked the 2r value of the
apparent fast direction. Number of events used in each bin is shown in the lower
part of the plot. Note no obvious p/2 periodicity is shown in the data.
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The backazimuth coverage of high-quality measurements, how-
ever, seems not good even after the grouping based on the assump-
tion that splitting parameters of all the stations exhibit similar
scattering pattern. Compared with the GSN station IC.XAN, which
has over 20 years’ recordings and thus a better coverage of backaz-
imuth, the two layer anisotropy model proposed by Bai et al.
(2010b) does not seem to significantly improve the prediction of
the splitting parameter pattern with the observation. Our observa-
tion is consistent with measurements by Tang et al. (2010) with an
average value N117�E for four temporary stations located in the
green dashed square.

Availability of high quality GPS measurements throughout
Tibet allows us to make a quantitative assessment of the kinemat-
ics of active deformation in the study region, which constitutes an
important way to constrain the deformation of the crust and upper
mantle. In Fig. 5, we displayed GPS measurements of the crustal
motion relative to the stable Eurasia plate (Zhang et al., 2004).
The observed GPS data displayed a slightly clockwise rotation
around the edge of northeastern Tibet, which is also observed in
the fast polarization direction measured from SKS splitting analy-
sis. We compared azimuths of the velocity vector uv, obtained
from the geodynamic GPS measurement from 553 control points
within the Tibet plateau and its margins, with the observed fast
polarization direction u. We searched the GPS dataset and chose
the measurement closest to a certain station as representing the
crustal motion on that site. We roughly regard longitude 106.5�E
as the boundary of NE Tibet, and a total of 36 measurements are
obtained. We discarded the null measurements due to the small
amplitude of delay time. The histogram of difference of azimuth
between angles uv and u shows that the average value of Du, that
is u � uv equals to 27.4 ± 14.2� (Fig. 8). We noticed that the two
largest value of angle difference 63.5�, �19.9� occurs beneath sta-
tion GS.HJT and GS.WDT, respectively. The observed crustal motion
for the first station is very small and appears scattered in a local
scale of tens kilometers; while the later one can be regarded as
belonging to the Qinling orogen belt. If we only use measurements
for the left 34 stations, we will get a much more reduced standard
deviation �10.5�, indicating a close correlation between the sur-
face deformation and mantle deformation, which is also observed
in previous anisotropy studies in northern Tibet (e.g. Lavé et al.,
1996).

Various models have been proposed to account for the forma-
tion and evolution of the Tibetan plateau. Molnar and Tapponnier
(1975), and many later studies (e.g. Avouac and Tapponnier,
1993) argues that indentation of India into Eurasia has induced

large scale strike-slip faults and facilitate eastward extrusion of
crustal material out of Tibet. The oblique subduction of Indian
plate accompanied by the extrusion along strike-slip faults that
slice Tibet’s east side (Tapponnier et al., 2001) result in the pro-
gressive rise of Tibet plateau from south to north. However, the
question about how deep and to what extent the dynamic effect
of east extrusion is induced by Indo–Asian collision is in debate.
To account for the geologic and geodynamic observations of young
crustal deformation in eastern Tibet, Royden et al. (1997) proposed
a lower crustal flow model, with a ductile flow in the weak lower
crust decoupling the upper crust and underlying mantle, which
seems to be supported by the latest magnetotelluric imaging (Bai
et al., 2010a). The close relationship between the deformation of
the mantle inferred from the SKS fast polarization direction and
the crustal deformation from the kinematic observation, however,
seems inconsistent with the lower crustal flow model, in which the
decoupling between the crust and upper mantle will prohibit the
transmission of stresses into the upper mantle, producing a com-
plex pattern of mantle anisotropy associated with the surface geo-
logic features. In contrast, our observation suggests that, the crust
and upper mantle might be strongly, or at least partly coupled, or
subjected to the same boundary conditions, which result in the ob-
served vertically coherently deformation in the lithosphere. The
viscosity of the lower crust is not so low, that at least it can trans-
mit normal stresses caused by the Indian–Asian collision into the
mantle through the mechanical coupling. Numerical experiments
show that a mechanical coupling between the upper crust and
underthrusting Indian lithosphere is required to explain the tec-
tonic contrast observed in northern and southern Tibet (Copley
et al., 2011). The inference of coupled crust and mantle is also sup-
ported by the close relationship between velocity gradient tensor
field in the crust and lithospheric mantle (Holt, 2000).

However, we could not rule out the possible contribution of a
large scale mantle extrusion (e.g. Liu et al., 2004) from our
observations exclusively. Tomographic images show that the Ti-
bet plateau is surrounded by high velocity anomalous at a depth
�100–300 km despite part of the east edge, where the Ordos
block and South China block converge (Li and van der Hilst,
2010). The large-scale low velocity anomaly connects Tibet and
east China, which might be related with the wide spread and
developed Cenozoic volcanisms and rifts in east China. Numerical
modeling shows that large scale collision-driven mantle extru-
sion may be induced if a low viscosity asthenospheric layer is
well developed (Liu et al., 2004). Mantle flow may be induced
in the upper mantle, which will align olivine crystals along the
NW–SE direction, and contributed to the observed anisotropy.
The induced east-going mantle flow might be prohibited by the
rigid Ordos plateau to the northeast and the South China block
to the southeast, and might diverge into two branches, with
one branch travelling along the Qinling orogen between the
NCC and SCB, and another going-down branch along the south-
eastern Tibet edge.

6.3. Qinling mountain region: anisotropy transition zone

At the region where the Tibet plateau, the Ordos block, the
South China block converge, we observe a sharp transition in the
mantle anisotropy pattern with a NW–SE fast direction changing
to almost E–W beneath the Qingling orogenic belt and southern
Weihe graben. The same fast polarization direction is observed be-
neath the 10 temporary stations deployed by Huang et al. (2008).
The Qinling orogen was formed in the Triassic when the north Chi-
na block and the south China block collided. The pattern of the fast
polarization direction variation is rather consistent with the
changing of the surface geologic features. According to laboratory
experiments that in collisional events caused by the uniaxial com-
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Fig. 8. Difference of fast polarization direction and surface movement measured by
GPS for northeastern edge of Tibet plateau (west of 106.5�E). There is a good
correlation between the measured fast axis direction and the crustal movement.
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pression or transcurrent motion, the fast polarization direction
would be parallel to major structure such as mountain belts or
plate boundaries (Savage, 1999), consistent with our observation,
which implies that a significant contribution of anisotropy coming
from the lithosphere. Considering the largest value of delay time,
1.4 s observed beneath station SN.XANT, lithosphere in thickness
�157 km is required if a 4% anisotropy is assumed. However,
tomographic images and receiver function studies show that the
lithosphere root is thin beneath the Weihe graben and the Qinling
mountain. For example, the thickness beneath the Weihe graben is
�60–80 km (Tian et al., 2009), considerably thinner than that of
the stable Ordos plateau. We thus assume that the asthenosphere
might also contribute a little to the observed large splitting time.
The similar case is also observed in central Mongolia, where the
lithosphere is at least 100 km thinner than the adjacent Siberian
platform, and both lithospheric and asthenospheric deformation
are deduced to contribute to large splitting delay time (Barruol
et al., 2008).

If we review the Qinling orogenic belt as a corridor connecting
the (sub)lithospheric material between Tibet plateau and the east
China, we infer that Indo–Asian continental collision might have
driven a lateral mantle extrusion of the asthenosphere, induce an
east going flow in the upper mantle, which will efficiently align
the olivine crystals, increasing the difference of shear velocity
and resulting in a large delay time. This kind of deep-rooted flow
might also be a driven force to the observed counter clockwise
rotation of the Ordos block as discussed in the following.

6.4. Weak anisotropy interior the Ordos plateau

In addition to a number of ‘‘null’’ measurements, small delay
time between the slow and fast shear wave is observed for the
other six reliable estimates interior the Ordos plateau with scat-
tered fast polarization direction, indicating the presence of a weak
anisotropy or a complex anisotropic structure. We could not rule
out the possibility of anisotropic media with a vertical fast/slow
axis or multi-layer anisotropy, however, based on the integrated
information obtained from geologic and geophysical observations,
we prefer the simple model of a stable lithosphere with little defor-
mation in the lithospheric mantle.

The Ordos block is tectonically regarded as remnants of the
thick lithosphere root of North China Craton. Both surface wave
tomography and P travel-time tomography studies show pro-
nounced high-velocity continental roots beneath Precambrian Or-
dos Plateau (An and Shi, 2006), which might extend to as deep as
300 km (Huang and Zhao, 2006; Li and van der Hilst, 2010). The
average P velocity of the upper mantle to a depth of 100 km be-
neath the Ordos plateau is �8.5 km/s, much higher than the aver-
aged global model and that of the surrounding regions (Guo et al.,
2004), and the associated S velocity structure is simple with little
lateral variation (Chen et al., 2005). Cenozoic deformation pattern
obtained from the seismicity and geodesy data suggest that the Or-
dos block is characterized by a rigid block-like motion, and this
motion is absorbed by the displacement of the faults around the
block. The rigid blocks model will result in a high strain rates
across the block boundaries and low strain rate interior the block.
GPS data show low strain rates of 3.1 ± 0.6 � 10�9/year across the
Ordos plateau, while with a high value of �1.1 ± 0.6 � 10�8/year
across the �200 km wide edges between the Ordos and South Chi-
na blocks (Zhang et al., 2004), which is consistent with the rigid
block view. We thus inferred from the survival of the rigid Ordos
block from the removal of the lithosphere beneath the eastern part
of north China Craton, and the lack of Cenozoic volcanic and seis-
mic activity, that the Ordos plateau has experienced little deforma-
tion within the lithosphere and asthenosphere since its formation
in Archean, resulting in the observed weak seismic anisotropy in

the lithosphere. Negligble shear wave splitting is also observed in
other cratons, e.g. the southeastern Kaapvaal craton with an age
of Early-Archean. Combined with the seismic property analysis of
upper mantle kimberlitic nodules, a homogeneous and weak
intrinsic anisotropy in the mantle is suggested which is related
to frozen deformation within the root of the craton (Silver et al.,
2001; Ben Ismail et al., 2001). Pn travel time inversion has also re-
vealed a weak seismic anisotropy in the upper most mantle lid be-
neath the Ordos plateau (Liang et al., 2004).

The Ordos plateau can be regarded as a rigid uplifted block in an
extensional background of east China (Zhang et al., 1998). The
same phenomenon is found in varying styles of extensional set-
tings, for example, the Colorado plateau relative to the extension
of the Basin and Range/Rio Grande rift, the Tanzania craton relative
to the extension of the rifting in east Africa. The uplift of the plate-
interior region, which lacks deformation and is generally underlain
by depleted lithosphere, is difficult to ascribe to plate boundary
deformation process exclusively (Roy et al., 2009). The Ordos block
has been observed to have a slight counterclockwise rotation.
Some proposed that it is driven by the left-lateral strike-slip faults
system developed along the Qinling orogen and the Liupan Shan
fold-and-thrust belt (Zhang et al., 1998). Considering the thick lith-
osphere, whether the 100-km scale force can drive the deep-rooted
block to rotate is still debated. The collision of the India plate to
Eurasia plate and the associated mantle flow beneath the study re-
gion should be taken into account to obtain a complete under-
standing for the tectonic evolution and dynamic process of the
Ordos plateau.

6.5. Mantle deformation in adjacent zones

To the east of the Ordos Plateau, we observed an ENE–WSW
fast axis direction as well as reduced amplitude in splitting delay
time. The observed fast axis direction seems to be oblique to the
NNE trending surface geological features. To the north of the Or-
dos plateau, especially around the transition region between the
Central-Asia orogenic belt and the North China Craton, deviation
of fast axis direction is found. The Taihang mountains and Shanxi
graben constitute the main portion of the Trans-North China Oro-
gen (TNCO), which separated the eastern and western part of the
North China block. Based on lithological, structural and geochem-
ical data, Zhao et al. (2005) suggested that the TNCO represents a
Paleoproterozoic collisional orogen when the west and east block
amalgamated �1.8 Ga ago. Significant lateral variation of litho-
spheric thickness in the central and western NCC are observed
over a lateral scale �200 km, with the thickness dropped from
�200 km beneath the Ordos plateau to �80 km beneath adjacent
rifting zones (Chen et al., 2009). It has been argued that succes-
sive tectonic events have influenced the boundary of the Ordos
plateau from the Mesozoic, resulting the extension and thinning
of the adjacent zones around the Ordos plateau which are as-
sumed as mechanical weak regions; while with less effect on
the rigid and stable Ordos plateau. We thus suggested that the
edge flow induced by the sharp change of thickness of lithosphere
might disturb the ‘‘fossil anisotropy’’ formed in the orogenic pro-
cess. Both the multiple successive tectonic events and the edge
flow caused by lithosphere variation contributed to the observed
mantle anisotropy. We also found some variation in the ampli-
tude of splitting time, ranging from 0.5 to 1.3 s in a local scale
�60 km. Tian et al. (2008) made a detailed anisotropy study for
one temporal station located in the Taihang mountain, and found
that a layered crustal anisotropy model is need to interpret the
observed large energy on the tangential waveforms. We expect
such local complexity might deviate the observed anisotropy pat-
tern also.
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7. Summary

The observations presented here give a full image of seismic
anisotropy in the northeastern margin of Tibet, the Ordos plateau
and surrounding regions. The SKS splitting measurements suggest
that the upper mantle is the most likely source of the anisotropy.
Coherence between surface geological features, modern geody-
namic motion and fast polarization direction in the NE Tibet sug-
gest that a coherent vertical deformation of the lithosphere,
either representing the current deformation or a fossilized fabric
resulting from the old tectonic process, is the dominant reason
for generating the anisotropy. The asthenosphere flow induced
by the east extrusion of mantle material might also contribute to
the observed anisotropy beneath the Qinling orogenic belt. Devia-
tion of fast polarization direction along the adjacent rifting zones
might be interpreted as the edge flow induced by sharp changes
in the thickness of lithosphere, which are caused by the reactiva-
tion of North China Craton and associated multi-phases tectonic
events. A more detailed and full understanding of the mantle
deformation and flow pattern, however, should be considered in
a more broadened background of a two-sided subduction, includ-
ing the west-going subducting Pacific plate and the north collision
of the Indian plate. However, our SKS wave splitting analysis pre-
sented here gives a good constrain on the mantle deformation be-
neath the northeastern Tibet and the Ordos plateau, which seems
to be inconsistent with the channelized lower-crustal flow model.

Acknowledgements

We thank Data Management Centre of China National Seismic
Network at Institute of Geophysics, China Earthquake Administra-
tion for providing seismic waveform data. G. Barruol and an anon-
ymous reviewer provided constructive reviews that improved the
manuscript significantly. GMT package were used to generate fig-
ures. This work is supported by the NSFC Grant 41074034 (J.L.),
the NSF Grant EAR-0748455 (F.N.).

References

An, M., Shi, Y., 2006. Lithospheric thickness of the Chinese continent. Phys. Earth
Planet. Inter. 159, 257–266.

Avouac, J. Philippe, Tapponnier, P., 1993. Kinematic model of active deformation in
central Asia. Geophys. Res. Lett. 20, 895–898.

Bai, D., Unsworth, M.J., Meju, M.A., Ma, X., Teng, J., Kong, X., Sun, Y., Sun, J., Wang, L.,
Jiang, C., Zhao, C., Xiao, P., Liu, M., 2010a. Crustal deformation of the eastern
Tibetan plateau revealed by magnetotelluric imaging. Nat. Geosci. 3, 358–362.

Bai, L., Kawakatsu, H., Morita, Y., 2010b. Two anisotropic layers in central orogenic
belt of North China Craton. Tectonophysics 494, 138–148.

Barruol, G., Mainprice, D., 1993. A quantitative evaluation of the contribution of
crustal rocks to the shear-wave splitting of teleseismic SKS waves. Phys. Earth
Planet. Inter. 78, 281–300.

Barruol, G., Deschamps, A., Déverchère, J., Mordvinova, V.V., Ulziibat, M., Perrot, J.,
Artemiev, A.A., Dugarmaa, T., Bokelmann, G.H.R., 2008. Upper mantle flow
beneath and around the Hungary dome, Central Mongolia. Earth Planet. Sci.
Lett. 274, 221–233.

Beghoul, N., Barazangi, M., Isacks, B.L., 1993. Lithospheric structure of Tibet and
Western North America: mechanisms of uplift and a comparative study. J.
Geophys. Res. 98, 1997–2016.

Ben Ismail, W., Barruol, G., Mainprice, D., 2001. The Kaapvaal craton seismic
anisotropy: petrophysical analyses of upper mantle kimberlite nodules.
Geophys. Res. Lett. 28, 2497–2500.

Bonnin, M., Barruol, G., Bokelmann, G.H.R., 2010. Upper mantle deformation
beneath the North American-Pacific plate boundary in California from SKS
splitting. J. Geophys. Res. 115, B04306.

Burchfiel, B.C., Zhang, P., Wang, Y., Zhang, W., Song, F., Deng, Q., Molnar, P., Royden,
L., 1991. Geology of the Haiyuan Fault Zone, Ningxia-Hui Autonomous Region,
China, and its relation to the evolution of the Northeastern Margin of the
Tibetan Plateau. Tectonics 10, 1091–1110.

Chang, L., Wang, C., Ding, Z., 2008. Seismic anisotropy of upper mantle in Sichuan
and adjacent regions. Sci. China 51, 1683–1693.

Chang, L., Wang, C., Ding, Z., 2011. Upper mantle anisotropy in the Ordos Block and
its margins. Sci. China Earth Sci. 1, 13.

Chen, J.H., Deng, Q.D., Li, S.C., Guo, B., Lai, Y.G., 2005. Crust and upper mantle S-wave
velocity structure across Northeastern Tibetan plateau and Ordos block. Chin. J.
Geophys. 48 (2), 333–342 (in Chinese).

Chen, L., Cheng, C., Wei, Z., 2009. Seismic evidence for significant lateral variations
in lithospheric thickness beneath the central and western North China Craton.
Earth Planet. Sci. Lett. 286, 171–183.

Copley, A., Avouac, J.-P., Wernicke, B.P., 2011. Evidence for mechanical coupling and
strong Indian lower crust beneath southern Tibet. Nature 472, 79–81.

Deng, Q.D., Zhang, P.Z., Ran, Y.K., et al., 2003. Basic characteristics of active tectonics
of China. Sci. China (D) 46 (4), 356–372 (in Chinese).

Dewey, J.F., Burke, K.C.A., 1973. Tibetan, Variscan, and Precambrian basement
reactivation: products of continental collision. J. Geol. 81, 683–692.

Fouch, M.J., Rondenay, S., 2006. Seismic anisotropy beneath stable continental
interiors. Phys. Earth Planet. Inter. 158, 292–320.

Gao, S., Rudnick, R.L., Carlson, R.W., McDonough, W.F., Liu, Y.-S., 2002. Re-Os
evidence for replacement of ancient mantle lithosphere beneath the North
China craton. Earth Planet. Sci. Lett. 198, 307–322.

Griffin, W.L., Andi, Z., O’’Reilly, S.Y., Ryan, C.G., 1998. Phanerozoic evolution of the
lithosphere beneath the Sino–Korean craton, in Mantle dynamics and plate
interactions in East Asia, Geodynamics 27, American Geophysical Union, pp.
107–126.

Gripp, A.E., Gordon, R.G., 2002. Young tracks of hotspots and current plate velocities.
Geophys. J. Int. 150, 321–361.

Guo, B., Liu, Q.Y., Chen, J.H., et al., 2004. Seismic tomographic imaging of the crust
and upper mantle beneath the Northeastern edge of the Qinghai-Xizang plateau
and the Ordos area. Chin. J. Geophys. 47 (5), 790–797 (in Chinese).

Herquel, G., Wittlinger, G., Guilbert, J., 1995. Anisotropy and crustal thickness of
Northern-Tibet. New constraints for tectonic modelling. Geophys. Res. Lett. 22,
1925–1928.

Holt, W.E., 2000. Correlated crust and mantle strain fields in Tibet. Geology 28, 67–
70.

Hu, S., He, L., Wang, J., 2000. Heat flow in the continental area of China: a new data
set. Earth Planet. Sci. Lett. 179, 407–419.

Huang, J.L., Zhao, D., 2006. High-resolution mantle tomography of China and
surrounding regions. J. Geophys. Res. 111, B09305.

Huang, W.-C., Ni, J.F., Tilmann, F., Nelson, D., Guo, J., Zhao, W., Mechie, J., Kind, R.,
Saul, J., Rapine, R., Hearn, T.M., 2000. Seismic polarization anisotropy beneath
the central Tibetan Plateau. J. Geophys. Res. 105, 27979–27989.

Huang, Z., Xu, M., Wang, L., Mi, N., Yu, D., Li, H., 2008. Shear wave splitting in the
southern margin of the Ordos block, North China. Geophys. Res. Lett. 35,
L19301.

Iidaka, T., Niu, F., 2001. Seismic anisotropy beneath the Lau back-arc basin inferred
from sScS-ScS splitting data. Geophys. Res. Lett. 28, 863–866.

Lavé, J., Avouac, J.P., Lacassin, R., Tapponnier, P., Montagner, J.P., 1996. Seismic
anisotropy beneath Tibet: evidence for eastward extrusion of the Tibetan
lithosphere? Earth Planet. Sci. Lett. 140, 83–96.

Lev, E., Long, M.D., van der Hilst, R.D., 2006. Seismic anisotropy in Eastern Tibet from
shear wave splitting reveals changes in lithospheric deformation. Earth Planet.
Sci. Lett. 251, 293–304.

Li, J., Niu, F., 2010. Seismic anisotropy and mantle flow beneath northeast China
inferred from regional seismic networks. J. Geophys. Res. 115, B12327.

Li, C., van der Hilst, R.D., 2010. Structure of the upper mantle and transition zone
beneath Southeast Asia from traveltime tomography. J. Geophys. Res. 115,
B07308.

Li, Y., Wu, Q., Zhang, F., Feng, Q., Zhang, R., 2011. Seismic anisotropy of the
Northeastern Tibetan Plateau from shear wave splitting analysis. Earth Planet.
Sci. Lett. 304, 147–157.

Liang, C., Song, X., Huang, J., 2004. Tomographic inversion of Pn travel times in
China. J. Geophys. Res. 109, B11304.

Liu, M., Cui, X., Liu, F., 2004. Cenozoic rifting and volcanism in eastern China: a
mantle dynamic link to the Indo–Asian collision? Tectonophysics 393, 29–42.

Liu, K.H., Gao, S.S., Gao, Y., Wu, J., 2008. Shear wave splitting and mantle flow
associated with the deflected Pacific slab beneath northeast Asia. J. Geophys.
Res. 113, B01305.

Long, M.D., van der Hilst, R.D., 2005. Upper mantle anisotropy beneath Japan from
shear wave splitting. Phys. Earth Planet. Inter. 151, 206–222.

McNamara, D.E., Owens, T.J., Silver, P.G., Wu, F.T., 1994. Shear wave anisotropy
beneath the Tibetan Plateau. J. Geophys. Res. 99, 13655–13665.

Menzies, M.A., Fan, W.-M., Zhang, M., 1993. Paleozoic and Cenozoic lithoprobes and
the loss of >120 km of Archean lithosphere, Sino–Korean craton, China. In:
Prichard, H.M., Alabaster, H.M., Harris, T., Neary, C.R. (Eds.), Magmatic Processes
and Plate Tectonics. Geol. Soc., London, pp. 71–81.

Meyer, B., Tapponnier, P., Bourjot, L., Métivier, F., Gaudemer, Y., Peltzer, G., Shunmin,
G., Zhitai, C., 1998. Crustal thickening in Gansu-Qinghai, lithospheric mantle
subduction, and oblique, strike-slip controlled growth of the Tibet plateau.
Geophys. J. Int. 135, 1–47.

Molnar, P., Tapponnier, P., 1975. Cenozoic tectonics of Asia: effects of a continental
collision. Science 189, 419–426.

Niu, F., Li, J., 2011. Sensor orientation of the Chinese regional seismic network
stations estimated from P-wave particle-motion analysis. Earthquake Sci. 24, 3–
13.

Pan, S., Niu, F., 2011. Large contrasts in crustal structure and composition between
the Ordos plateau and the NE Tibetan plateau from receiver function analysis.
Earth Planet. Sci. Lett. 303, 291–298.

Polet, J., Kanamori, H., 2002. Anisotropy beneath California: shear wave splitting
measurements using a dense broadband array. Geophys. J. Int. 149, 313–327.

J. Li et al. / Physics of the Earth and Planetary Interiors 189 (2011) 157–170 169



Author's personal copy

Qiu, R.Z., Deng, J.F., Zhou, S., et al., 2004. Lithosphere types in North China: evidence
from geology and geophysics. Sci. China (D) 34 (8), 698–711.

Roy, M., Jordan, T.H., Pederson, J., 2009. Colorado Plateau magmatism and uplift by
warming of heterogeneous lithosphere. Nature 459, 978–982.

Royden, L.H., Burchfiel, B.C., King, R.W., Wang, E., Chen, Z., Shen, F., Liu, Y., 1997.
Surface deformation and lower crustal flow in Eastern Tibet. Science 276, 788–
790.

Rümpker, G., Silver, P.G., 1998. Apparent shear-wave splitting parameters in the
presence of vertically varying anisotropy. Geophys. J. Int. 135, 790–800.

Saltzer, R.L., Gaherty, J.B., Jordan, T.H., 2000. How are vertical shear wave splitting
measurements affected by variations in the orientation of azimuthal anisotropy
with depth? Geophys. J. Int. 141, 374–390.

Savage, M.K., 1999. Seismic anisotropy and mantle deformation: what have we
learned from shear wave splitting? Rev. Geophys. 37, 65–106.

Savage, M.K., Silver, P.G., 1993. Mantle deformation and tectonics: constraints from
seismic anisotropy in western United States. Phys. Earth Planet. Inter. 78, 207–
227.

Schulte-Pelkum, V., Blackman, D.K., 2003. A synthesis of seismic P and S anisotropy.
Geophys. J. Int. 154 (1), 166–178.

Silver, P.G., 1996. Seismic anisotropy beneath the continents: probing the depths of
geology. Annu. Rev. Earth Planet. Sci. 24, 385–432.

Silver, P.G., Chan, W.W., 1991. Shear wave splitting and subcontinental mantle
deformation. J. Geophys. Res. 96, 16429–16454.

Silver, P.G., Gao, S.S., Liu, K.H., Kaapvaal Seismic, G., 2001. Mantle deformation
beneath southern Africa. Geophys. Res. Lett. 28, 2493–2496.

Sol, S., Meltzer, A., Burgmann, R., van der Hilst, R.D., King, R., Chen, Z., Koons, P.O.,
Lev, E., Liu, Y.P., Zeitler, P.K., Zhang, X., Zhang, J., Zurek, B., 2007. Geodynamics of
the southeastern Tibetan Plateau from seismic anisotropy and geodesy. Geology
35, 563–566.

Tang, Y., Chen, Y.J., Fu, Y.V., Wang, H., Zhou, S., Sandvol, E., Ning, J., Feng, Y., Liu, M.,
2010. Mantle anisotropy across the southwestern boundary of the Ordos block,
North China. Earthquake Sci. 23, 549–553.

Tapponnier, P., Meyer, B., Avouac, J.P., Peltzer, G., Gaudemer, Y., Guo, S., Xiang, H.,
Yin, K., Chen, Z., Cai, S., Dai, H., 1990. Active thrusting and folding in the Qilian
Shan, and decoupling between upper crust and mantle in northeastern Tibet.
Earth Planet. Sci. Lett. 97 (382–383), 387–403.

Tapponnier, P., Zhiqin, X., Roger, F., Meyer, B., Arnaud, N., Wittlinger, G., Jingsui, Y.,
2001. Oblique stepwise rise and growth of the Tibet Plateau. Science 294, 1671–
1677.

Tian, B.F., Li, J., Wang, W.M., et al., 2008. Crustal anisotropy of Taihangshan
mountain range in north China inferred from receiver functions. Chin. J.
Geophys. 51 (5), 1167–1459 (in Chinese).

Tian, Y., Zhao, D., Sun, R., Teng, J., 2009. Seismic imaging of the crust and upper
mantle beneath the North China Craton. Phys. Earth Planet. Inter. 172, 169–182.

Wang, Q., Zhang, P.-Z., Freymueller, J.T., Bilham, R., Larson, K.M., Lai, X.a., You, X.,
Niu, Z., Wu, J., Li, Y., Liu, J., Yang, Z., Chen, Q., 2001. Present-day crustal
deformation in China constrained by Global Positioning System Measurements.
Science 294, 574–577.

Wang, C.-Y., Flesch, L.M., Silver, P.G., Chang, L.-J., Chan, W.W., 2008. Evidence for
mechanically coupled lithosphere in central Asia and resulting implications.
Geology 36, 363–366.

Xu, X., Ma, X., 1992. Geodynamics of the Shanxi Rift system, China. Tectonophysics
208, 325–340.

Zhang, Y.Q., Mercier, J.L., Vergély, P., 1998. Extension in the graben systems around
the Ordos (China), and its contribution to the extrusion tectonics of south China
with respect to Gobi-Mongolia. Tectonophysics 285, 41–75.

Zhang, P.-Z., Shen, Z., Wang, M., Gan, W., Bürgmann, R., Molnar, P., Wang, Q., Niu, Z.,
Sun, J., Wu, J., Hanrong, S., Xinzhao, Y., 2004. Continuous deformation of the
Tibetan Plateau from Global Positioning System Data. Geology 809, 812.

Zhao, G., Sun, M., Wilde, S.A., Sanzhong, L., 2005. Late Archean to Paleoproterozoic
evolution of the North China Craton: key issues revisited. Precambrian Res. 136,
177–202.

Zhao, L., Zheng, T., Chen, L., Tang, Q., 2007. Shear wave splitting in eastern and
central China: implications for upper mantle deformation beneath continental
margin. Phys. Earth Planet. Inter. 162, 73–84.

Zheng, G., 2008. Dynamic mechanism of transition from basin to Plateau in Ordos. J.
Earth Sci. Environ. 30 (2), 144–148 (in Chinese).

Zheng, X.-F., Yao, Z.-X., Liang, J.-H., Zheng, J., 2010. The role played and
opportunities provided by IGP DMC of China National Seismic Network in
wenchuan earthquake disaster relief and researches. Bull. Seismol. Soc. Am.
100, 2866–2872.

170 J. Li et al. / Physics of the Earth and Planetary Interiors 189 (2011) 157–170


