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In  the  past  ten  years,  three  major  earthquakes  with  devastating  impacts  have  taken  place  along  the
margins  of  the  Bayan  Har  Terrane  in  NE  Tibetan  Plateau,  China.  To  understand  the  geodynamic  back-
ground  controlling  the  NE Tibetan  Plateau,  we  processed  a large  amount  of  broad-band  seismic  data  in
and around  the  Tibetan  Plateau,  and  constructed  a three  dimensional  lithospheric  S-wave  velocity  model
using a  regional  surface-wave  tomographic  tool.  The  velocity  model  produces  images  of  important  struc-
tures. First,  a weak  discontinuity  at ∼110  km  depth  seems  to  exist,  which  separates  the  abnormally
thick  Tibetan  upper-mantle  lithosphere  into  two  layers.  Second,  the  upper-mantle  lithospheric  veloc-
ity structures  have  certain  correlations  with  seismicity  and fault  activity.  Regions  with  a low-velocity
upper-mantle  lithosphere  have  a  stronger  seismicity  than  regions  with  a high-velocity  upper-mantle
E Tibetan Plateau lithosphere.  The  earthquake  focal  mechanisms  or faults  in the  interior  of  the  low-velocity  regions  typi-
cally display  normal  faulting  with  a strike-slip  component,  while  reverse  faults,  sometimes  with  a small
strike-slip  component,  typically  occur  in the  low-to-high  velocity  transition  zone.  The correlation  of  seis-
micity  and  fault  activity  with  upper-mantle  lithospheric  velocity  anomalies  suggests  that  the  strength
of  the  upper-mantle  lithosphere  can  control  the  deformation  mode  of the  overlying  crust  where most
earthquakes  occur.
. Introduction

In the past ten years (2000–2010), the Chinese mainland has
een struck by three major earthquakes (indicated as beach balls

n Fig. 1) with devastating impacts: the 2001 Mw 7.8 Kunlun earth-
uake produced a surface rupture zone nearly 400 km in length
Lin et al., 2002), the 2008 Mw 7.9 Wenchuan earthquake killed

ore than 80,000 people, and the 2010 Mw  6.9 Yushu earthquake
illed more than 2000. These earthquakes were all located on the
dges of the Bayan Har Terrane (also called the Songpan-Ganze Ter-
ane) in the NE Tibetan Plateau. Thus a study on the lithospheric
tructures of the Bayan Har Terrane and its surrounding regions is
mportant to understand the geodynamic background controlling
he NE Tibetan Plateau, including the seismogenic mechanisms of
hese earthquakes.
The dark circles in Fig. 1 are earthquakes with a magnitude big-
er than 4.0 that have occurred in the study region over the past
0 years (data are from the USGS and Chinese CSN catalogues). As

∗ Corresponding author. Tel.: +86 10 13683690618; fax: +86 10 68422326.
E-mail address: mei feng cn@yahoo.com.cn (M.  Feng).

264-3707/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jog.2011.07.002
© 2011 Elsevier Ltd. All rights reserved.

the active period of a seismogenic fault can be hundreds of years,
earthquakes that have occurred over a short time such as 40 years
cannot be taken as reliable indicators of the intensity of seismicity
along different faults. For instance, there are more earthquakes con-
centrated along the Longmen Shan Fault than on the other faults
in Fig. 1, but that does not mean that the Longmen Shan Fault is
more active than other faults in a longer term, especially since most
of these earthquakes are aftershocks of the 2008 Wenchuan earth-
quake. However, the seismicity within a tectonic block shows some
correlation with the block’s fragmentation, density of secondary
faults, and relative intensity of tectonic activity. As shown in Fig. 1,
most earthquakes of the Bayan Har Terrane have occurred along its
boundaries, while the interior of the terrane has experienced fewer
earthquakes than the Qiangtang Terrane to the south of it, probably
suggesting that the Bayan Har Terrane is, in itself, more stable than
the Qiangtang Terrane, but its boundaries are very active.

The Bayan Har Terrane in the NE Tibetan Plateau has a com-
plex evolution history. In the Paleozoic and Mesozoic, its tectonic

evolution was  mainly controlled by the spreading and subduction
of the Tethys Sea plate (Xiao and Li, 2000). It amalgamated with
the Eurasian continent (Kunlun-Qaidam Terrane), which was to the
north of it, during the late Permian, and then collided and amalga-

dx.doi.org/10.1016/j.jog.2011.07.002
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
mailto:mei_feng_cn@yahoo.com.cn
dx.doi.org/10.1016/j.jog.2011.07.002
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ig. 1. Major geotectonic units in the NE Tibetan Plateau, and historic earthquakes 

echanisms of the 2001 Kunlun, the 2008 Wenchuan, and the 2010 Yushu earthqu
ocations of the S-wave velocity transects shown in Fig. 7. LMSF is the Longmen Sha

ated with the Qiangtang Terrane, which was to the south of it,
uring the late Triassic and early Jurassic (Dewey et al., 1988). In
he Cenozoic, the Bayan Har Terrane, and indeed the entire Tibetan
lateau, was mainly influenced by the Indian–Eurasian collision.
ince the Quaternary, the Longmen Shan Fault (Burchfiel et al.,
995; Densmore et al., 2007), the Ganze-Yushu-Fenghuoshan Fault
Xu et al., 2008), and the East Kunlun Fault (Zhou et al., 2009), all
f which lie along the boundaries of Bayan Har Terrane, became
eismically active.

To help us understand the present regional geodynamic envi-
onment, we construct a three-dimensional lithospheric S-wave
elocity model for the NE Tibetan Plateau, by applying a regional
urface-wave tomographic tool to a large amount of broad-band
eismic data. We  then proceed to extract deep-seated tectonic
nformation, as revealed by the S-wave velocity structure, and then
nalyze the possible geodynamic settings that control the occur-
ence of strong earthquakes along the boundaries of the Bayan Har
errane.

. Regional surface-wave tomography

Surface-wave tomography is one of the preferred methods for
xploring lithospheric structure because of its better vertical res-
lution in the lithosphere compared with teleseismic body-wave
omography. In most previous surface-wave tomographic stud-
es, inversions of surface-wave dispersion measurements for a
-D S-wave velocity model have been partitioned into two steps:
eriod-by-period 2-D tomographic inversion for regionalized dis-
ersion curves, and cell-by-cell inversion of regionalized dispersion
urves for 1-D S-wave velocity profiles (e.g., Ritzwoller et al., 2002;

uang et al., 2003). This partitioned approach is not very efficient
nd cannot include 3-D a priori constraints to improve structure
esolution, which may  be one reason why previous regional studies
n the Tibetan Plateau, using traditional surface-wave tomogra-
agnitudes bigger than 4.0 (black circles) since 1970. Beach balls indicate the focal
Pink arrows indicate the current direction of motion of the faults. Red lines are the
lt.

phy (e.g., Su et al., 2002; Zhang et al., 2007), could not clearly
delineate different tectonic terranes. Feng and An (2010) devel-
oped an efficient surface-wave tomographic method that combines
the traditional partitioned two-step inversion equations into one
formulation to directly invert surface-wave dispersion measure-
ments for a 3-D S-wave velocity model. The method enables
inclusion of 3-D a priori constraints, and of both regional (with both
events and stations located within the study region) and teleseis-
mic  (with either epicenters or stations located outside the study
region) measurements. The method has been successfully applied
to continental-scale lithospheric studies of the Chinese mainland
(Feng and An, 2010), and regional-scale studies of the North China
Craton (An et al., 2009). We  thus adopt the surface-wave tomo-
graphic method developed by Feng and An (2010) in the present
study. A detailed description on the mathematic derivation of the
methodology can be found in Feng and An (2010).

More and more temporary broad-band seismic arrays (e.g.,
INDEPTH and Hi-CLIMB) have been deployed in the hinterland of
the Tibetan Plateau over the past years (e.g., Zhao et al., 1993;
Nelson et al., 1996; Nabelek et al., 2005), and the results have
provided important evidence for deep structures and the tectonic
evolution of the regions near the seismic arrays (e.g., Kind et al.,
2002; Wittlinger et al., 2009). However, most of the arrays have
been arranged in a line, and the research results cannot prop-
erly cover the Tibetan Plateau in three-dimensions. Even so, as
more seismic arrays are deployed, there has been an improve-
ment in the lateral distribution of seismic stations on the plateau,
which is essential for a 3-D tomographic study. For our work here,
Rayleigh-wave group velocities are processed using a multiple fil-
tering technique for these publicly open and non-publicly open
seismic data, including those recorded by ∼200 Hi-CLIMB (Nabelek

et al., 2005) and ∼50 INDEPTH-IV portable seismic stations (Zhao
et al., 2008), and tens of permanent seismic stations belonging to
the Yunnan and Sichuan Provincial Seismic Networks of China. In
addition, we included the group-velocity data for China previously
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ig. 2. Observational data showing (a) path density at period of 10 s, triangles and
umber of group-velocity measurements at different periods; and (c) the average e
ith  rays completely within the study region, and dashed lines (teleseismic) repres

rocessed by An et al. (2009) and Feng and An (2010).  All these data
orm the best lateral data coverage to date for the Bayan Har Terrane
nd its surrounding regions. The seismic stations and events used
n this study are shown in Fig. 2a as red triangles and yellow circles,
espectively. The color image indicates the seismic-ray density at a
eriod of 10 s, defined as the number of measurements intersecting
ach 0.4◦ × 0.4◦ (∼40 km × 44 km)  area. The average ray density is
etter than ∼150 within most of the pink rectangle region.

According to the number of group-velocity measurements at
ifferent periods, we ultimately use group-velocity measurements
t periods of 5–10 s with an interval of 1 s, at periods of 10–20 s with
n interval of 2 s, at periods of 20–60 s with an interval of 5 s, and
t periods of 60–150 s with an interval of 10 s. Fig. 2b and c respec-
ively shows the total number of group-velocity measurements and
verage epicentral distances at different periods, where solid lines
epresent regional measurements with rays completely within the
tudy region, and dashed lines represent teleseismic measurements
ith rays partly within the study region. At 10 s period, the number

f regional group-velocity measurements is 9378 and the average
picentral distance is ∼7.6◦ (∼800 km). The large content of short-
eriod data will hopefully result in a better resolved lithospheric
-wave velocity model for the Bayan Har Terrane. According to
he data coverage and period content of our surface-wave group-
elocity measurements, we model an area as shown in Fig. 2a but
imit our following discussion to the pink rectangle region where
eismic ray density is good enough. The 3-D model is parameterized
ith a grid spacing of 0.4◦ in both longitude and latitude, and with

 variable layer thickness in the vertical direction. The layer thick-
ess is 5 km for depths less than 170 km,  10 km for depths from 170
o 250 km,  and 50 km for depths from 250 to 300 km.

To decrease the degree of nonlinearity of surface-wave inversion
or S-wave velocity, it is important to start from a 3-D refer-
nce model that is close to being realistic in the 3-D inversion.
s the Moho is the sharpest discontinuity within the lithosphere

nd surface-waves are more sensitive to S-wave velocity than to

 discontinuity, the primary consideration in constructing the 3-
 reference model is crustal thickness or Moho depth below sea

evel rather than S-wave velocity. We  thus collected/digitized point
s are seismic stations and epicenters within the study region, respectively; (b) the
tral distance at different periods. Solid lines in (b) and (c) (regional) represent data
ta with rays partly within the study region.

crustal thickness constraints from the published literature (Teng
et al., 1983; Hirn et al., 1984; Cui et al., 1995; Zhao et al., 2001,
2006; Vergne et al., 2002; Wittlinger et al., 2004, 2009; Zhang and
Klemperer, 2005; Li et al., 2006b; Liu et al., 2006, 2009; Shi et al.,
2009; Wittlinger et al., 2009; Zhang et al., 2009; Mechie et al., 2011)
and compiled a 3-D crustal thickness model for the study region
(see Fig. 3). Crustal thickness for the INDEPTH-IV stations is esti-
mated in the present study using the receiver function technique
of Yuan et al. (1997).  The grey and black circles in Fig. 3 denote loca-
tions where we have crustal thickness values from passive seismic
receiver function studies and from controlled-source seismic stud-
ies, respectively. Regions without a priori point crustal thickness
values are mainly constrained by the 3-D model of Li et al. (2006a)
and by CRUST2.0 (Bassin et al., 2000). As to date there is no well
established 3-D lithospheric S-wave velocity model for Tibet, we
ultimately created the 3-D reference model by combining our com-
piled crustal-thickness model with the S-wave velocities of IASP91
(Kennett and Engdahl, 1991).

3. Model appraisal

The data fits between estimated and observed group veloci-
ties are qualitative indicators in evaluating the final inverted 3-D
tomographic model. Fig. 4 shows four example dispersion-curve
fits between observed and estimated group velocities. The disper-
sion curves estimated from the inverted model (solid lines) show
a reasonable fit to the observed dispersion curves (triangles). Fur-
thermore, as expected, the data fits of the inverted model are better
than the fits of the reference model (dotted lines).

We routinely carried out checkerboard tests to show the spa-
tial resolving power of the final model. To test lateral and vertical
resolving power simultaneously, we set a 3-D synthetic model
with horizontally- and vertically–alternating checkers. The input

S-wave velocities were set as varying by ±7% relative to the refer-
ence model. As the surface waves of different periods have varying
sensitivity and lateral resolution at different depths, we performed
synthetic tests with three different checker sizes: 2◦ × 2◦ × 4 layers
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Fig. 3. Crustal thickness model compiled by the present study by collecting/digitizing point crustal thickness constraints from the published literature. The grey and black
circles denote locations where we have crustal thickness values from passive seismic studies and from controlled-source seismic studies, respectively.
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Fig. 4. Four example data fits between observed and predicted group-velocity dispersion curves. The dispersion curve number in the upper left of each frame corresponds
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urves from the inverted S-wave velocity model and from the reference model, resp
he  four dispersion curves.

n the x, y and z directions (∼200 km × 222 km × 20 km;  Fig. 5a),
.2◦ × 3.2◦ × 6 layers (∼320 km × 350 km × 30 km;  Fig. 5b), and
◦ × 4◦ × 14 layers (∼400 km × 440 km × 70 km;  Fig. 5c). Random
oise was added to all the synthetic group-velocity measure-

ents.
For most of the study region, the model retrieved 2◦ × 2◦ check-

rs down to 50 km depth, 3.2◦ × 3.2◦ checkers down to 70 km depth,
nd 4◦ × 4◦ checkers down to 200 km depth. Lebedev and Nolet
ed dispersion curves, while solid and dotted lines represent predicted dispersion
ely. The inset map  shows the paths, stations (triangles), and epicenters (circles) for

(2003) suggested that the actual resolution is half of the recov-
ered checker size. Therefore, the average lateral resolution length
in the target study region is ∼1◦ (∼110 km) down to ∼50 km depth,
∼1.6◦ (∼180 km)  down to ∼50 km,  and ∼2◦ (∼220 km) down to

∼200 km.  Vertically, the average resolution is ∼10 km down to
∼50 km depth, ∼15 km down to ∼70 km and ∼35 km down to
∼200 km.  The resolution decreases with depth and in marginal
regions.
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ig. 5. Lateral and vertical S-wave velocity slices of the checkerboard test results
ertically), (b) 3.2◦ × 3.2◦ × 6 layers, and (c) 4◦ × 4◦ × 14 layers. The odd rows show
odel.  The locations of vertical cross-sections are shown in the horizontal slices in

To test the resolving ability for realistic structures, we carried
ut hypothesis testing for a profile crossing through our study
egion. Fig. 6 shows the input and retrieved profiles of the hypoth-
sis testing results. The structures of the input model (Fig. 6a) are
et to be similar to the structures of our final inverted model on the
ame profile (to be shown in Fig. 7c). The retrieved model (Fig. 6b)
ecovers most of the structural features of the input model, includ-
ng the thickness and depth extensions of the layers or plates, the
ently dipping angle of the simulated Indian plate, the relative
nomaly strength of the different plates (e.g., the Indian plate has

 stronger positive anomaly than the paleo-Asian plate) and the
pproximate location of the low-to-high anomaly transition. As 3-D
moothing constraints have been applied in the tomographic inver-
ion to stabilize the inversion, the low-to-high anomaly transition
n the retrieved model becomes wider than in the input model, and
he anomaly amplitude in the retrieved model is smaller than in
he input model. However, the anomaly pattern of the input model
s very well recovered by the retrieved model. We  therefore believe
hat our dataset and inversion system is able to resolve structures
own to ∼200 km depth reliably.

. S-wave velocity structures
Here, we extract three S-wave velocity transects which cross
ifferent parts of the NE Tibetan Plateau (Fig. 7, transect location
hown in Fig. 1). The S-wave velocities derived from the surface-
izes of 3-D checkers are (a) 2◦ × 2◦ × 4 layers (longitude and latitude 2◦; 4 layers
s through the input model, and the even rows show slices through the retrieved
cond row.

wave tomography are expressed as perturbations in percentages
relative to the reference model.

Fig. 7a is a NE striking S-wave velocity transect (transect kk′)
perpendicular to the north boundary of the Bayan Har Terrane,
the East Kunlun Fault. From south to north, the profile crosses
through the Lhasa, Qiangtang, Bayan Har, and Kunlun-Qaidam ter-
ranes. At the top of the transect is exaggerated topography. The
transect is generally dominated by low velocities (warm colors). At
depths of ∼110–200 km (beneath the pink dashed line in Fig. 7a),
the Lhasa, southern Qiangtang, and Kunlun-Qaidam terranes have
higher velocities than the northern Qiangtang and Bayan Har ter-
ranes. The relatively high velocity beneath the Lhasa and southern
Qiangtang terranes extends in a nearly horizontal direction, possi-
bly reflecting the front of the Indian Plate as it subducts beneath
the plateau, while the relatively high velocity beneath the Kunlun-
Qaidam terrane possibly reflects the paleo-Asian lithosphere. The
northern Qiangtang and Bayan Har terranes are characterized by
very low velocities, and are bordered by the above mentioned two
areas of relatively high velocity. Along the INDEPTH-III seismic pro-
file, Tilmann et al. (2003) imaged such strong low upper-mantle
velocities beneath the Qiangtang terrane in their teleseismic tomo-
graphic study and correlated them to an upwelling. As our regional

model only covers depths above 200 km and the low-velocity area
extends not as a narrow belt but is very wide, we prefer corre-
lating the low velocity with a gap or high-temperature extrusions
between the converging Indian and Asian lithospheres (Feng et al.,
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Fig. 6. Input (a) and retrieved structures (b) of hypothesis testing for a profile c

010). The Kunlun earthquake occurred above a low-velocity crust
nd upper mantle (Fig. 7a).

Fig. 7b is a NW striking S-wave velocity transect (transect ww’)
erpendicular to the east boundary of the Bayan Har Terrane,
he Longmen Shan Fault. This transect mainly crosses the east-
rn Bayan Har Terrane and the Sichuan Basin. The topography
aries markedly across the Longmen Shan Fault. Both the crust
nd the upper-mantle lithosphere have strong lateral velocity vari-
tions. The Bayan Har Terrane, northwest of the Longmen Shan
ault, has a low-velocity layer above ∼150 km,  and a weak high-
elocity layer underneath. For the Sichuan Basin, both the crust and
pper-mantle lithosphere show marked high velocities, except for
he shallow low-velocity sedimentary layer. The Wenchuan earth-
uake occurred on the transition zone between the low-velocity
ayan Har Terrane and the high-velocity Yangtze Craton (Fig. 7b).

Fig. 7c is a NE striking S-wave velocity transect (transect yy′)
erpendicular to the west boundary of the Bayan Har Terrane, the
anze-Yushu-Fenghuoshan Fault. The lateral variation of upper-
antle lithospheric velocity is similar to that shown in transect kk′

Fig. 7a). The Lhasa, Bayan Har, and Kunlun-Qaidam terranes have
igh upper-mantle lithospheric velocities, whereas in between

s a distinctive low-velocity zone below the Qiangtang Terrane.
he weakly northward-dipping high velocity zone beneath the
hasa terrane may  represent the subducting Indian lithosphere
eneath the Tibetan plateau. The wide horizontal extent of the high
elocity zone beneath the Bayan Har and Kunlun-Qaidam terranes
ay  reflect the paleo-Asian lithosphere. The low velocity zone in

etween may  represent the high-temperature extrusions/partial
elts caused by the converging Indian and Asian lithospheres.

he Yushu earthquake occurred above a low-velocity crust and
pper mantle (Fig. 7c). This transect partly overlaps with profile
 in the teleseismic body-wave study of Li et al. (2008).  Our tran-
ect yy′ images the subducting Indian Plate much further to the
orth than shown in profile J of Li et al. (2008).  The difference may
e caused by the different data types used and different resolution
g the Ganze-Yushu-Fenghuoshan Fault (profile yy′ , location is shown in Fig. 1).

lengths provided at lithospheric depths by teleseismic body-wave
tomography and regional surface-wave tomography. In contrast,
besides showing more detailed structures, our regional surface-
wave tomographic model images a similar northward extension
of the Indian Plate and similar long wavelength structures to the
global surface-wave tomographic model of Lebedev and Van der
Hilst (2008) in the same area, confirming the robustness and relia-
bility of our regional surface-wave tomographic model.

Another common feature shown both on transect kk′ and tran-
sect yy′ is that a weak velocity discontinuity at ∼110 km depth
(marked as pink dashes in Fig. 7a and c) seems to exist, which
separates the Tibetan upper-mantle lithosphere into two  distinct
layers.

5. Discussion

5.1. Stacking of the Tibetan lithospheres

Lithospheric mantle is generally characterized by high veloci-
ties compared with the overlying low-velocity crust and underlying
asthenosphere, so a qualitative analysis of thickness or geometry
of the lithospheric mantle beneath the study region can be carried
out based on our S-wave velocity anomaly at uppermost man-
tle depths. High or relatively high velocities at the south-western
ends of profiles kk′ and yy′ (beneath central-south Tibet) extend
down to at least 170–200 km,  indicating a very thick lithosphere
of at least 170–200 km in central-south Tibet. A wide region of
low-velocities between the Bangong-Nujiang-Suture (BNS) and the
Bayan Har terrane on profiles kk′ and yy′ implies a strongly thinned
lithosphere in central-north Tibet. High or relatively high velocities
down to ∼200 km appear again beneath the Kunlun-Qaidam ter-

rane on profiles kk′ and yy′, implying that the lithosphere thickness
increases again beneath the Kunlun-Qaidam terrane. Jiménez-
Munt et al. (2008) have made a dynamic model of the Himalayas
based on topography, gravity, geoid and heat flow data along a 2D
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Fig. 7. S-wave velocity transects across different parts of the NE Tibetan Plateau. (a) Profile kk′ crossing the East Kunlun Fault; (b) profile ww′ crossing the Longmen Shan
Fault;  and (c) profile yy′ crossing the Ganze-Yushu-Fenghuoshan Fault. The top of each transect shows exaggerated topography; small black circles are historic earthquakes;
b g Sut
–

c
t
∼
r
a
b
d

lack  dashes are Moho depths from the 3-D reference model; BNS – Bangong-Nujian
 Ganze-Yushu-Fenghuoshan Fault.

ross-section that is located between our profiles k–k′and y–y′. In
heir dynamic model, the lithosphere reaches a maximum depth of
260 km beneath the southern Plateau (not covered by our study
egion), and thins abruptly northward to ∼100 km under the central
nd northern Plateau. The lithospheric thickness increases again
eneath the Qaidam basin and Qilian Shan to ∼160 km.  The ten-
ency of the lithospheric thickness variations across the Tibetan
ure; JS – Jingsha suture; EKF – East Kunlun Fault; LMSF – Longmen Shan Fault; GYFF

Plateau indicated by our S-wave velocities is well consistent with
the dynamic model of Jiménez-Munt et al. (2008).

Normally, the thickness of non-cratonic lithosphere (∼100 km)

is smaller than cratonic lithosphere (150–250 km) (An and Shi,
2006). The Tibetan Plateau is of a non-cratonic nature. However,
transects kk′ and yy′ (Fig. 7a and c) both exhibit relatively high
or high upper-mantle lithospheric velocities down to 160–200 km
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eneath the Lhasa and Kunlun-Qaidam terranes, suggesting a litho-
phere as thick as that for a craton, and confirming that the
hickness of the lithosphere beneath Tibet is ∼160–220 km (An and
hi, 2006). Previous studies (e.g., Feng et al., 2010) have proposed
hat the southern Tibetan lithosphere may  be thickened due to a
oubling of the subducting Indian Plate, but they did not explain
he lithosphere thickening in the NE Tibetan Plateau. If the Tibetan
ithosphere was really thickened, it is still unclear which part of the
ithosphere pertains to the plateau itself, and which part is due to
ectonic emplacement.

In our model, the upper-mantle lithospheric S-wave velocities
bove ∼110 km,  as for example on transects kk′ and yy′, are seem-
ngly different from the velocities below ∼110 km.  This structural
eature may  suggest that though the lithosphere of the Tibetan
lateau is as thick as ∼160–220 km (An and Shi, 2006), the original

ithosphere of the plateau could be not thicker than ∼110 km and
he part below could be assigned to the emplaced Indian slab in the
outhern plateau or others in the northeastern plateau. According
o this interpretation, for the stacked lithosphere with a thickness
f ∼160–220 km,  after subtracting the overlying ∼110 km origi-
al lithosphere of the plateau, the emplaced lithosphere should be
50–110 km thick, which is also a reasonable thickness for typical
pper-mantle lithosphere (not including crustal thickness).

For the southern Tibetan Plateau (the Lhasa and southern Qiang-
ang terranes in Fig. 7a and c), it is easy to understand that
he lithospheric stacking/doubling is caused by the subduction of
ndian lithosphere, as previously proposed by Feng et al. (2010).
owever, for the northeastern plateau, there remains difficulty to
larify the cause of the lithosphere thickening. To understand bet-
er the possible evolution of the NE Tibetan Plateau, we propose
he possible dynamic process as shown by the cartoons in Fig. 8.
ig. 8a is a simplified model for the NE Tibetan Plateau based on
he structural image of Fig. 7c. For the northeastern plateau, some
esearchers believe that the Kunlun-Qaidam Terrane has subducted
outhwards, along the Kunlun suture zone, from the late to middle
iocene (Tapponnier et al., 2001; Kind et al., 2002), as illustrated

y “model 1” in Fig. 8b. If so, the lithospheric thickening beneath
he Bayan Har terrane south of the East Kunlun Fault (Fig. 7c) may
e caused by this southward Kunlun-Qaidam subduction. However,
his model cannot explain the thickened lithosphere beneath the
unlun-Qaidam terrane itself.

Alternatively, if the Kunlun-Qaidam terrane never underwent
outhwards subduction, the lithospheric thickening beneath the
ortheastern Tibetan Plateau could be related to the pre-existing
aleo-Asian lithosphere, as shown by “model 2” in Fig. 8b. Since
he Late Mesozoic, the Qaidam Basin has been separated from
he Tarim Basin (Ge and Liu, 2000) and has then moved north-
astwards with a distance of several hundred kilometers during
he Indian–Eurasian collision/post-collision. More specifically, the
unlun-Qaidam terrane has been deformed by northeastwards
ush transferred from the Bayan Har Terrane south of it. If the pre-
xisting paleo-Asian lithosphere had a stable and thick lithosphere
oot (e.g., ∼200 km), the northeastward push transferred by the
hinner Kunlun-Qaidam lithosphere (∼110 km thick) would only
e able to move northeastwards the upper part of the paleo-Asian

ithosphere (above ∼110 km), while the root of the paleo-Asian
ithosphere (depth below ∼110 km)  would have been left, unmoved
“model 2” in Fig. 8b). In this way, an unmoved, pre-existing litho-
pheric root of the paleo-Asian Plate could be responsible for
he stacking of the lithosphere beneath the northeastern Tibetan
lateau.

Furthermore, in the convergent movement indicated by “model

”, the Kunlun-Qaidam terrane may  also overthrust the paleo-Asian
late as illustrated by “model 3” in Fig. 8b. Both “model 2” and
model 3” could finally result in the present structural image with
hickened lithosphere in the NE Tibetan Plateau.
Fig. 8. Cartoons to illustrate possible dynamic processes involved in the evolution of
the  NE Tibetan Plateau. (a) Simplified model according to Fig. 7c. (b) Three possible
dynamic models. See text for further discussion.

In summary, the deep structure of the northeastern Tibetan
Plateau (including the Bayan Har Terrane and its surrounding
regions) are not only controlled by the northwards subduction of
the Indian Plate, as previously proposed by many researchers, but
possibly also by pre-existing remnants of the paleo-Asian litho-
sphere.

5.2. Lithospheric structures and seismogenic environment of
strong earthquakes

Fig. 9a and b shows horizontal slices of velocities at 15 and
120 km depths, and earthquakes of magnitude bigger than 5.0
since 1962 (from www.GlobalCMT.org)  with well-determined focal
mechanisms (colored circles). The short bar across the circles
indicates the horizontal projection of the P-axis, as indicated by
the focal mechanism solution. Fig. 9a shows a poor correlation
between seismicity and crustal velocity anomalies, though most
earthquakes in the Tibetan Plateau occur in the shallow crust. In
comparison, Fig. 9b shows a general correlation between seismicity

(also refer to Fig. 1 for earthquakes with magnitudes of 4.0–5.0) and
upper-mantle lithospheric velocity anomalies. The western Bayan
Har Terrane, with low upper-mantle lithospheric velocities, is seis-
mically more active than the eastern part of the terrane, which has

http://www.globalcmt.org/
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ell-determined focal mechanisms (colored circles). The short bars across the circl

igh velocities. Similarly, the western Qiangtang Terrane, domi-
ated by distinctly low velocities in the upper-mantle lithosphere,
s seismically more active than the Lhasa and Kunlun-Qaidam ter-
anes to the south and north of it. The correlation may  confirm that
eak or ductile upper-mantle lithosphere, with low velocities, is

asier to deform than strong or brittle upper-mantle lithosphere
 and (b) 120 km and earthquakes of magnitudes bigger than 5.0 since 1962 with
icate the horizontal projection of the P-axis from the focal mechanism solution.

with high velocities. Furthermore, Fig. 9b shows that faults in the
low-velocity region in upper-mantle lithosphere are normally char-

acterized by normal (extension) to strike-slip movements (circles
shaded with cool colors), while reverse fault movements (com-
pression), sometimes with a small strike-slip component (circles
shaded with warm colors), normally occur in the low-to-high
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elocity transition zone of the upper-mantle lithosphere. The
orrelation of seismicity and fault activity with upper-mantle litho-
pheric velocity anomalies suggests that the strength (mechanical
roperty) of the upper-mantle lithosphere not only has an influ-
nce on the intensity of seismicity but also has a correlation with
he deformation mode of the overlying crust.

The Wenchuan earthquake occurred on the primary tectonic
oundary between the Tibetan Plateau and the South China block,
nd also within the transition zone between the low-velocity east-
rn Bayan Har Terrane and the high-velocity Yangtze Craton in
he lithospheric upper mantle. The Wenchuan earthquake resulted
rom thrusting with a dextral strike-slip component, and was con-
idered to be the result of resistance from the stable Yangtze
raton to the uplift and eastwards expansion of the Tibetan Plateau
e.g., Burchfiel et al., 2008; Dong et al., 2008; An et al., 2010).
n comparison, the Kunlun and Yushu earthquakes resulted from
trike-slip movements along boundary faults inside the Tibetan
lateau. Both have similar deep tectonic settings, and both are
ocated above regions with low velocities in the upper-mantle
ithosphere. South and north of the epicentral regions of the earth-
uakes, the images presented here show relatively high or high
elocities in the upper-mantle lithosphere that correlate with the
ndian and Asian lithospheres, respectively. This suggests that the
unlun and Yushu earthquakes may  be related to the convergence
f the Indian and Asian lithospheres.

The Wenchuan and Kunlun earthquakes have a different charac-
er of fault activity, suggesting that they have different geodynamic
ettings. In the eastern plateau, the eastern Bayan Har Terrane and
he Sichuan Basin, separated by the Longmen Shan Fault, have large
elocity contrasts in the upper-mantle lithosphere (Fig. 7b). Due
o the thick, high-velocity, cold lithosphere of the Yangtze Craton
trongly resisting (“braking”) the expansion of the Tibetan Plateau,
he “brake belt” (Longmen Shan Fault belt) is confined within a
ery narrow belt of tens of kilometers. However, in the northern
lateau, the western Bayan Har Terrane and the Qaidam Basin,
eparated by the East Kunlun Fault, have only a weak velocity con-
rast in their upper-mantle lithosphere (Fig. 7a), suggesting that
he Qaidam Basin does not have the same stable lithospheric root
s the Sichuan Basin. Therefore, the Qaidam Basin is not able to
brake” the expansion of the northern plateau. The wide distribu-
ion of thrust activity (warm color circles in Fig. 9b), north of the
ast Kunlun Fault, also confirms that the weak resistance of the
unlun-Qaidam Terrane to the expansion of the northern Tibetan
lateau has not been concentrated in a narrow brake-like belt but
s dispersed over a wide area. The weak resistance of the Kunlun-
aidam Terrane could be the reason why the Qaidam Basin has been

eparated from the Tarim Basin since the Late Mesozoic (Ge and Liu,
000), and has been displaced northwards to its present location. In
he interior of the Tibetan Plateau, because of the relative stability
ithin any one tectonic block, it is strike-slip activity along bound-

ry faults between the blocks that has played an important role
n adjusting and balancing the deformation caused by the uplift
nd expansion of the plateau (Tapponnier et al., 2001). The Kun-
un and Yushu earthquakes are just two events that resulted from
uch strike-slip fault movements along the boundaries of blocks
n the interior of the plateau. Therefore, they are both the result
f deformation adjustment occurring within the tectonic blocks in
he Tibetan plateau, and thus can promote the eastwards extrusion
f the plateau.

. Conclusions
A well-constrained three dimensional lithospheric S-wave
elocity model for the NE Tibetan Plateau was constructed using

 regional surface-wave tomographic tool. The velocity model
amics 52 (2011) 432– 442 441

imaged an abnormally thick (∼160–200 km)  lithosphere beneath
the Tibetan Plateau. A weak velocity discontinuity is present at
∼110 km depth that seemingly separates the thick Tibetan upper-
mantle lithosphere into two  layers. We  thus proposed that the
upper layer of the Tibetan lithosphere (above ∼110 km)  may  per-
tain to the plateau itself while the lower layer of the lithosphere
(below ∼110 km)  may  come from the subducting Indian plate (in
the southern plateau) or from the pre-existing remnant of the
paleo-Asian plate (in the northeastern plateau).

Furthermore, the upper-mantle lithospheric velocity structures
correlate in various ways with seismicity and the type of fault
involved. Regions with low velocities in the upper-mantle litho-
sphere have a stronger seismicity than regions with high velocities.
This is to be expected because the low-velocity lithosphere is
weaker than the high-velocity lithosphere, and is thus more eas-
ily deformed. The fault movements associated with low velocity
upper-mantle lithosphere are typically normal or strike-slip, while
the faults associated with the low-to-high velocity transition zone
are thrusts, sometimes with a small strike-slip component. The
2001 Mw 7.8 Kunlun and 2010 Mw 6.9 Yushu earthquakes were
the result of strike-slip fault activities occurring within the bounds
of the low velocity region in the upper-mantle lithosphere (weak
lithosphere). The 2008 Mw 7.9 Wenchuan earthquake was the
result of oblique reverse fault movement in the transition zone
between the low-velocity eastern Bayan Har Terrane and the high-
velocity Yangtze Craton. Though most earthquakes on the Tibetan
Plateau are the result of crustal fault movements, the correlation
between seismicity and upper-mantle lithospheric velocity sug-
gests that the strength (mechanical or rheological properties) of the
upper-mantle lithosphere can influence the mode of deformation
of the overlying crust.
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