
Tectonophysics 633 (2014) 193–210

Contents lists available at ScienceDirect

Tectonophysics

j ourna l homepage: www.e lsev ie r .com/ locate / tecto
A 3D shear-wave velocity model of the upper mantle beneath China and
the surrounding areas
Shantanu Pandey a,1, Xiaohui Yuan a,⁎, Eric Debayle b, Keith Priestley c, Rainer Kind a,d,
Frederik Tilmann a,d, Xueqing Li a

a Deutsches GeoForschungsZentrum GFZ, Telegrafenberg, 14473 Potsdam, Germany
b Laboratoire de Géologie de Lyon: Terre, Planètes et Environnement, Centre National de la Recherche Scientifique, Université Lyon, 1 et Ecole Normale Supérieure de Lyon, France
c Bullard Laboratories, University of Cambridge, Cambridge, UK
d Freie Universität Berlin, Germany
⁎ Corresponding author.
E-mail address: yuan@gfz-potsdam.de (X. Yuan).

1 Present address: AWI Bremerhaven, Am Alten Ha
Germany.

http://dx.doi.org/10.1016/j.tecto.2014.07.011
0040-1951/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 August 2013
Received in revised form 11 July 2014
Accepted 12 July 2014
Available online 22 July 2014

Keywords:
Rayleigh wave
Surface wave
Tomography
Fundamental mode
Higher modes
China
Wepresent a three-dimensionalmodel of shearwave velocity for the uppermantle of China and the surrounding
region by analyzing 50,338 vertical componentmulti-modeRayleighwave seismograms, recorded at 144 perma-
nent and more than 300 temporary broadband stations in and around China. The procedure involves combina-
tion of 1-D path average models obtained by modeling each Rayleigh waveform up to the 4th higher mode in
a tomographic inversion scheme. The dense station network and the use of multi-mode analysis help to achieve
a lateral resolution of a fewhundredkilometers down to 400 kmdepth. The seismic lithosphere, as it is defined by
the crust and the high velocity mantle lid, is to the first order thin in east China and thick in thewest, with a high
velocity lid extending down to about 200 kmdepth beneathmuch of the Tibet–Pamir plateau. Beneath India, the
thickness of the seismic lithosphere gradually increases from ~100 km in south India to more than 150 km in
north India, where it underthrusts the Tibetan plateau to approximately the Jinsha River Suture. High velocity
lid extending down to 100–150 km depth is also observed in the Tarim basin, Sichuan basin and Ordos block.
In the eastern part of the North China craton the seismic lithosphere is probably close to or thinner than
70 km. Adjacent to these areas, the high velocity lid in the eastern Yangtze craton and South China fold system
extends down to 70–80 km depth. A large-scale subhorizontal high velocity body is observed at depths
of 150–350 km beneath the entire east China cratonic areas. This high velocity body might be the remnant of a
delamination process which resulted in the decratonization of the North China and the Yangtze cratons.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

China is an assembly of ancient continental fragments separated by
fold belts,whichwere accreted from the late Proterozoic to the Cenozoic
(e.g., Huang et al., 1980). Its present tectonics has been profoundly
shaped by the Indo-Asian continental collision in the southwest
and the subduction of the NW Pacific plate in the east with resistance
by the Siberian shield in the north (Fig. 1). China has three major
Precambrian cratons: the North China craton (NCC, also called Sino-
Korean craton), the Yangtze craton (YC, also called South China craton)
and the Tarim block. The interactions among different blocks have
formed the tectonic features seen today and caused many intraplate
earthquakes (Liu et al., 2007; Ma, 1987; Ma et al., 1984; Yin and
Harrison, 2000). The convergence of Indian and Eurasian plates, which
started 50 million years ago, has created the world's largest plateau
fen 26, 27568 Bremerhaven,
and is pushing the crust and mantle lithosphere out of its way to the
east (e.g., Royden et al., 2008). The NW Pacific and Philippine Sea plate
subduction zone produced substantial heterogeneity in the mantle be-
neath east China, as well as widespread uplift, volcanism and extension.
North China andMongolia comprise the major part of the Central Asian
Orogenic Belt (CAOB), which was accreted from the Neoproterozoic to
the Mesozoic due to the resistance of the Siberian shield (Windley
et al., 2007). All of these events have left their imprint on the upperman-
tle structure. Unraveling the tectonic history and understanding the
tectonic processes require a better knowledge of the China lithosphere.

High-viscosity lithospheric plates moving over a lower-viscosity as-
thenosphere are basic elements of plate tectonics. The terms lithosphere
and asthenosphere were originally defined with reference to rheology,
with the lithosphere essentially behaving as elastic solid, and the
asthenosphere deforming as a viscous fluid (Barrell, 1914). Later on, ad-
ditional terms like thermal, chemical or seismic lithosphere have been
introduced (Anderson, 1995; Eaton et al., 2009), with the seismic litho-
sphere being defined as the high velocity lid overlying a low velocity
asthenosphere. The bottom of the high velocity lid, and therefore the
seismic lithosphere, can be defined as the point of inflection overlying
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Fig. 1. Topography map of China and adjacent regions with major tectonic units. Red and blue lines define borders of major tectonic units. Black dashed line denotes the North–South
Gravity Lineament (Xu, 2007). Abbreviation are: SGFS, Songpan–Ganzi fold system;QFS,Qinling fold system;QDFS, Qing–Dabie fold system; SB, Sichuanbasin; OB, Ordos block; KF, Kunlun
Fault; JRS, Jinsha–River suture; BNS, Bangong–Nujiang suture; YZS, Yarlung–Zangbo suture.

194 S. Pandey et al. / Tectonophysics 633 (2014) 193–210
the low-velocity layer in the upper mantle velocity–depth relationship
(Eaton et al., 2009). For the present work we adopt this definition.

Regional bodywave tomography is sensitive to lateral variations but
has poor vertical resolution in the shallow mantle, due to smearing
along near-vertical propagation paths. The resolution normally begins
at a depth roughly equal to the average inter-station distance. In con-
trast, the dispersion of surfacewaves provides a good vertical resolution
(in general few tens of kilometers) of S-wave velocity. However, sam-
pling continental upper mantle requires long period surface waves
with typical path lengths greater than 2000 km (Li et al., 2008;
Priestley and Tilmann, 2009; Sieminski et al., 2004), which limits hori-
zontal resolution to at least a few hundred kilometers. In regional sur-
face wave tomography, surface waves are often analyzed at periods
shorter than 150 s, where the fundamental mode is mostly sensitive
to the top 200 km. This sensitivity can be extended to a depth of more
than 400 km by including higher modes (Debayle, 1999; Feng et al.,
2010; Lebedev and Nolet, 2003; Priestley et al., 2006).

China is a very suitable place for surfacewave study, as there are not
only a lot of earthquakes in plate boundary zones around China, but also
many intraplate earthquakes within China. Fundamental mode surface
wave studies of China have reached a resolution of several hundred
kilometers showing features correlated with the large geological units
(Curtis et al., 1998; Feng and An, 2010; Friederich, 2003; Griot et al.,
1998; Huang et al., 2003; Ritzwoller and Levshin, 1998; Romanowicz,
1982). These studies generally agree that the lithosphere reaches a thick-
ness ofmore than 200 km inwestern China and thins to less than 100 km
in eastern China. However, there are differences at amore regional scale.
For example, Griot et al. (1998) and Huang et al. (2003) observed a thick
lithosphere beneath the Tibetan plateau, while others reported on a thin
mantle lid (Romanowicz, 1982) or a missing lithosphere (Friederich,
2003) beneath central and northern Tibet. The resolution can be im-
proved by including surface wave overtones and by increasing the sta-
tion density. Feng et al. (2010), Lebedev and Nolet (2003) and Priestley
et al. (2006) have shown that the upper mantle structure of eastern
Asia can be better constrained by fittingmulti-mode surfacewaveforms,
although they have only used few stations in China for whichwaveform
data were available. Here we follow the approach used in Priestley et al.
(2006) and apply the multi-mode surface wave tomography to 47
evenly spaced permanent broadband stations in China, for which the in-
strument response iswell known. In order to increase the number of sta-
tions available we also used all publicly available temporary experiment
data in China. The increased number of stations makes the inter-station
spacing less than300 km in east China (Fig. 2). The use of Rayleighwaves
analyzed at periods longer than 50 s for path lengths greater than a few
thousands of kilometers provides a lateral resolution of several hundred
kilometers extending to a depth of 400 km.

In the present work we have performed both isotropic and aniso-
tropic inversions. The isotropic components in both cases are very
similar. We discuss here the isotropic component of the anisotropic
inversion because it is less subject to biases. There is a few percent of
azimuthal anisotropy in the uppermost 200 km. Interpreting the aniso-
tropic pattern requires intensive resolution tests and will be done in
another paper.

2. Data and methods

Our data comprise Rayleigh waves in vertical component seismo-
grams. We utilize the fundamental mode and overtones up to rank 4.
Fig. 3 shows the sensitivity kernels of the Rayleigh-waves of different
modes and at different periods. While the fundamental-mode Rayleigh



Fig. 2.Map of stations and ray coverage. Triangles denote the seismic stations used in the study. The path density is defined by number of paths crossing a grid of 2° × 2°.
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waves theoretically exist for all frequencies, the higher modes are lim-
ited to higher frequencies. It can be seen that the sensitivity of the fun-
damental mode is generally limited to the upper mantle, whereas the
Fig. 3. Rayleigh wave sensitivities as a function of depth at differen
higher modes provide additional sensitivity below the mantle transi-
tion zone. Note that Fig. 3 is based on a theoretical calculation using
a PREM model modified to remove the low velocity layer (Priestley
t periods for the fundamental and the first four higher modes.
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et al., 2006). The depth sensitivity of the observed data can be reduced
by diverse factors such as missing frequency content, lack of higher
mode excitation, mode conversion due to sharp lateral velocity con-
trasts and regularization of the inversion.

Waveform data from more than 400 stations (Fig. 2), which have
been operational at some time between 1999 and 2007 have been
requested from different agencies. We requested waveform data of
47 broadband stations from the Chinese Earthquake Network Center,
many of which have not previously been used for this kind of study. In
addition, data from more than 300 temporary stations in China and
nearly 100 stations around China were requested from the IRIS and
GEOFON data centers. The selected distribution of stations helped in
achieving a good path coverage and azimuthal distribution (Fig. 2).

The technique used for constructing a 3D Sv model proceeds in
two distinct stages. It was previously employed in a number of regional
scale surface wave tomography studies (e.g. Debayle, 1999; Debayle
and Kennett, 2000; Heintz et al., 2005; Pilidou et al., 2004; Priestley
et al., 2006).

2.1. Waveform inversion for a path-average 1D model

In the first stage we model each waveform by a 1D shear wave ve-
locity model representing an average seismic structure from a source
to a receiver. We use the automated version (Debayle, 1999) of the
waveform inversion approach of Cara and Lévêque (1987). An original
aspect of this approach is the introduction of a set of secondary observ-
ables, built up from thewaveforms as the primary data of the inversion.
Compared to the strongly nonlinear problemof inverting forwaveforms
directly, these secondary observables have only amild nonlinear depen-
dence on the model parameters. This property minimizes the depen-
dence on the starting model and reduces the number of iterations
needed tofinda 1Ddepth-dependentmodel,whichpredictswaveforms
compatible with the observed surface wave seismogram. In detail, the
observed vertical component data are cross-correlated with pure-
mode synthetics computed for a reference model for the fundamental
and four higher modes. The resulting cross-correlograms are filtered at
different frequencies using Gaussian filters, and then their envelope
function is calculated. A set of secondary observables is then selected
by sampling values taken at different time lags on the envelope on
each of the actual cross-correlograms: one value at each significant
local maximum of the envelope function and two values on the flanks
of those maxima. The automated selection of these secondary observ-
ables is discussed in details by Debayle (1999) and Debayle and Ricard
(2012). The waveform inversion matches these secondary observables
with synthetic secondary observables. Once the envelope-based second-
ary observables are fitted, the inversion proceeds by fitting the phase
of the cross-correlogram at the maximum of the envelope function.
The cross-correlation with pure-mode synthetics obviates the need for
explicit mode separation of the observed data and the automated selec-
tion of secondary observables makes the inversion scheme robust in the
case of a mode being insufficiently excited or strongly overlapping with
another mode.

This approach requires two basic assumptions that the observed
seismograms can be represented in terms of multi-mode surface
waves that propagate independently and that they do so along great cir-
cle paths. The necessary condition for the validity of the first assumption
is that the medium should be varying smoothly (Woodhouse and
Jun, 1974) and for the second that the lateral velocity variations should
not be too large. Kennett (1995) finds that the validity of the path-
averaged approximation holds good at period greater than 30 s and
for surface waves propagating beneath continents at regional distances
(with typical path lengths of b~4000 km). For the case where surface
waves cross major structural boundaries (continent–ocean transition)
he suggests to use the path-average approximation only at periods
greater than 50 s. In addition, results from other studies (Trampert
and Woodhouse, 1995; Yoshizawa and Kennett, 2002) show that for
the fundamental and first higher modes, off-great circle propagation
can be neglected at periods greater than 40 s and at epicenter-station
distances smaller than 10,000 km. For these reasons, and considering
the large variation in crustal thickness, with extremely thick crust in
Tibet and a thinner oceanic crust at the margins of the study region,
we choose to process surface waves in the period range 50–160 s. Re-
moving the shortest periods (b50 s) reduces the effect of strong lateral
variations in the shallow part. By limiting our analysis to long period
surface waves, we can work safely with the great circle approximation
and expect that propagation or site effects can be neglected.

The waveform fitting procedure is automatic for each seismogram.
The period range used here is 50–160 s for the fundamental and up to
four higher Rayleigh wave modes, depending on their signal-to-noise
ratio (SNR). At each period, the SNR is deemed adequate if the ratio be-
tween the maximum amplitudes of the envelopes of the signal and
noise is greater than 3. The signal is evaluated in five bandwidths cen-
tered at periods of 50, 70, 90, 120, and 160 s. The inversion is performed
for the upper mantle structure with the crustal structure being fixed.
We used path average crustal models from the 3D global 3SMAC crustal
model (Nataf and Ricard, 1995) and the smoothed PREMmodel for the
mantle and compute the stress displacement functions necessary to
build the initial synthetic seismograms using the code from Takeuchi
and Saito (1972). Source parameters are taken from the Global CMT
catalog. The inversion is considered successful if the final synthetics
matches well the observed seismogram and if the inversion converges
towards a unique and stable velocity model (Debayle, 1999). Debayle
(1999) uses a chi-square misfit parameter to ensure that the secondary
observables arewellfitted. In addition, tomake sure that thefinalmodel
provides a good fit to the actual seismogram, he computes Eres/act, the
energy of the residual signal over the energy of the actual signal, and
Re, the energy reduction of the residual signal between the initial and
last iterations. These energies are summed over the signal for group ve-
locities between 3.5 and 6 km/s. The inversion is considered successful
if the misfit parameter is smaller than 3 and if Eres/act b 0.3 or Re N 90%.
The output of this inversion scheme is a 1-D path average shear wave
velocity model along each great circle path. In this study we obtained
50,338 1D path averaged models. Fig. 4 shows the distribution of path
lengths. For this data set we achieved more than 100 paths crossing
each 2° by 2° for the entire study area, and more than 500 paths almost
everywhere in China (Fig. 2).

One half of the rays have path length shorter than 6000 km (Fig. 4).
We also included paths longer than 6000 km in the study to increase ray
coverage, although longer paths involve larger Fresnel zone and are
more susceptible to off great-circle deviations and multi-pathing. We
tested this effect by repeating the entire analysis by either using only
shorter paths (b6000 km) or using all paths and found that the bias
due to longer paths is not recognizable (see Figs. S1 and S2). Compari-
son of Figs. 8 and S2 shows that the effect of longer paths is small and
does not affect the interpretation of our tomographic model. Our pre-
ferred model is the one that include longer paths, as we believe that
the benefit of the additional ray coverage is greater than the bias due
to off-great circle propagation.

Because of the imposition of the a priori crustal model, anomalies
above theMoho are not constrained by the surfacewave data but simply
reflect the a priori model. Anomalies immediately below the Moho are
in principle resolved, but will suffer from significant artifacts if there
are discrepancies between the actual and assumed crustal structures.
This trade-off has been evaluated by Debayle and Kennett (2000) and
Priestley et al. (2006), and is likely to be small at depths greater than
100 km.

In Fig. 5 we show examples of the waveform inversion for four se-
lected paths. The phase of the surface waveforms has been matched
very well for paths 1, 2, and 4. For path 3 the delay in the fundamental
wave mode is still slightly underpredicted because the regularization
discourages extreme changes to the reference model, and an error bar
of 5% is used on the phase of the cross-correlogram function (Debayle,



Fig. 4. Histogram of path lengths in the final dataset.
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1999), allowing a slight misfit between the observed and synthetic
waveform. In fact, path 3 represents the worst case of the selected
waveforms that is just at threshold of the acceptance. The amplitudes
are not quite as well matched, as these depend more strongly on
three-dimensional structure, and therefore cannot bematched perfectly
by a 1D pure path inversion. For path 4 only changes in the upper
200 kmof themodel are required to fit thewaveformdata,while deeper
portion of themodels wasmodified by the inversion for the other paths.

2.2. Tomographic inversion

In the second stage we combine the 1-D velocity models in a tomo-
graphic inversion using a scheme developed by Debayle and Sambridge
(2004) for massive datasets. This scheme is an extension of the continu-
ous regionalization algorithm of Montagner (1986) using the inversion
approach of Tarantola and Valette (1982). This algorithm produces
both the isotropic component of 3D Sv-wave speed heterogeneity
and the azimuthal anisotropy. A laterally smooth model is obtained by
imposing correlation between neighboring points with the use of a
Gaussian covariance function. Indeed, the Tarantola and Valette (1982)
approach can be seen as a way of finding the model that gives the best
fit to the data while keeping it as “close” as possible to the a priori infor-
mation. The smoothness of the invertedmodel in poorly sampled regions
is therefore mostly constrained by the width of the Gaussian covariance
function, while in regions with higher ray density the need for a satisfac-
tory data fit allows a rougher model. The Gaussian covariance function
between two points r and r′ is:

Cmo r; r0
� � ¼ σrσr0 exp −Δ2

r;r0=2L
2
corr

� �
;

whereΔr,r′ is the distance between r and r′,σr is the standard deviation in
point r and Lcorr is the correlation length (Montagner, 1986). Lcorr controls
the horizontal smoothness of themodel and σr controls the amplitude of
the model perturbation at a geographical point r. The Earth model is
discretized in 1° by 1° cells, which is much smaller than the surface
wave wavelength or Fresnel zone at our period of interest. Although
the inversion problem is strongly underdetermined (the number of inde-
pendent pieces of information contained in the data is less than the num-
ber ofmodel parameter), the inversion problem is stabilized by the use of
appropriate regularization. A reasonable way to choose Lcorr is to make
sure that the surface of width 2Lcorr centered around each of the ray
paths ensures a good coverage of the study area. With our dataset, this
condition is fulfilled, even when Lcorr corresponds to the shortest wave-
length (~200 km for 50 s Rayleigh waves). After several trials, we set
Lcorr to 250 km. This value allows us to exploit the information contained
in our shortest period Rayleigh waves (Sieminski et al., 2004), while
keeping a relatively smooth model. Following Debayle and Sambridge
(2004) and Montagner (1986), we argue that the choice of Lcorr, which
is based on the data wavelength, is more physically based than choosing
damping parameters in a classical inversion scheme.We show in Fig. S10
the effect of changing Lcorr to 400 km. Although we obtain a smoother
model, the large scale structures that are discussed in this paper are pre-
served. The a priori standard deviation is set to σ=0.05 km/s according
to the expected values at regional (Debayle and Lévêque, 1997; Debayle
et al., 2001;Nishimura and Forsyth, 1989) and global scales (Debayle and
Ricard, 2012). Following Debayle and Sambridge (2004) and Montagner
(1986), we argue that the choice of Lcorr, and of the a priori standard de-
viation, which are based on the data wavelength and on previous ob-
served shear wave heterogeneities, is more physically based than
choosing damping parameters in a classical inversion scheme.

In the next sectionswewill discuss the reliability of themodel using
different tests before presenting and discussing the preferred model.

3. Resolution tests and reliability of the model

In stage one of calculating 1D path-averagemodel, artifacts can arise
from errors in the assumed crustal model and source parameters.
Synthetic tests in prior work suggest that the effects of crustal correc-
tions with different crustal models, e.g., the 3SMAC or the CRUST2.0
(http://igppweb.ucsd.edu/~gabi/rem.html), are indistinguishable at
depths larger than 100 km and are minor at shallower depths (Debayle
and Kennett, 2000; Pilidou et al., 2004; Priestley et al., 2008b). In addi-
tion, a good (redundant) path density and azimuthal coverage like
what we have for this work is a basic requirement for reducing the in-
fluence of errors in source parameters. Cara and Lévêque (1987) already
demonstrated the weakness of the dependence on the reference model,
so that we can safely start the inversion from a unique upper mantle
model (a smooth version of PREM) with a crustal part adapted to each
path.

For the second stage of determining the 3D model using a con-
tinuous regionalization scheme, we computed the a posteriori error on
the tomographic model, using the formalism of Tarantola and Valette
(1982) adapted to the continuous regionalization by Montagner

http://igppweb.ucsd.edu/~gabi/rem.html
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Fig. 5.Example ofwaveform inversion for 4 paths. Locations of the paths are indicated in the upper panel. Themiddlepanels show the initial (red) andfinal (green)models.Waveforms are
shown in the lower panels. Black curves are observed data, bandpass filteredwithin 50–160 s. Red and green curves are synthetic waveforms for the initial and final models, respectively.
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(1986). Maps and cross sections in the 3D distribution of the a posteriori
error are shown in Fig. 6. It is well known that the a posteriori error,
which is obtained from the square root of the diagonal terms of the a
posteriori covariance matrix, is a useful tool in order to quantify model
resolution. The a posteriori covariancematrix Cm is related to the a priori
covariancematrix Cmo by Cm=(I− R)Cmo, where I is the identitymatrix
Fig. 6. A posteriori error map showing the (A) horizontal sections for depths of 100, 125, 150, 1
model. The a posteriori error values are less than 0.035 km/s for most of the region (compare
and R is the resolution matrix. Therefore, the error estimates depend on
the a priori covariance matrix. We note that it is also true for R, and any
resolution test will depend on the choices made for the correlation
length anda priori standard deviation. Providing that our a priori choices
are reasonable, the a posteriori errors are a very useful tool to guide the
interpretation of the seismicmodel. Regionswhere the a posteriori error
75, 200 and 300 km and the (B) vertical sections along the same profiles as shown for the
the a priori value of 0.05 km/s).
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Fig. 6 (continued).
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is close to the a priori error (i.e. σ = 0.05 km/s) can be regarded as the
regions of poor resolution (R close to 0). Due to the dense path coverage
and the presence of higher modes, the a posteriori error value is less
than 0.035 km/s for the entire study region. This means that S-wave
perturbations larger than ±0.035 km/s (~0.8% considering an average
velocity of 4.4 km/s) are significant at the 68% confidence level and
that perturbations greater than ±0.07 km/s (~1.6%) are significant at
the 95% confidence level. We indicate the 0.8% and 1.6% contour levels
on the cross-sections (Figs. 9 and S5) as visual guide to areas of signifi-
cant heterogeneity at 68% and 95% confidence levels, respectively. As
the a posteriori error is actually smaller than 0.035 km/s in many parts
of the study region (Fig. 6), these contours represent a conservative
estimate.

For the second stage we checked the dependence of the results on
the a priori and starting models (note that the a priori and starting
models are identical)with a simple analytical test (flatmodel resolution
test). We built two input synthetic models by adding a uniform shear
wave perturbation of 5% and 15% to the a priori model and performed
3D tomographic inversions in order to recover these two synthetic
models (Fig. S9). From the output, it is evident that our a priori choices
(Lcorr = 250 km; σ = 0.05 km/s) allow us to retrieve the flat model
uniformly for the area of interest. In Fig. S9, we color in white a very
narrow interval (approx. 1%) around the target value of the model.
The smearing around the edges of the map can be interpreted as the ef-
fect of the width of the Gaussian correlation length.

The image resolution is not so easy to quantify, but the checker-
board tests can provide a qualitative measure of our ability to resolve
a particular input model. We conducted a number of checkerboard
tests to examine the ability of the selected data set to recover velocity
anomalies of different sizes. Fig. 7 shows the test with seismic anoma-
lies extending over 500 × 500 km in the middle of the map horizontal-
ly and 100 km vertically. Alternating high and low velocity anomalies
with magnitudes of ±6% are spread over the entire volume, separated
by ~500 km wide zero percent anomalies. We calculated synthetic
Rayleigh wave seismograms for the same ray paths, source parameters,
and frequency contents as in the observed data and carried out the
same inversion procedure. At shallow depth (b200 km) the input
model can be almost completely recovered. At depths of 200–400 km
nearly half of the magnitude of the anomalies can be recovered. The
synthetic test shown in Fig. 7 gives an intuitive representation of
our ability to recover a particular model from our ray coverage and a
priori choices at the scale length of the individual blocks. However,
as shown by Lévêque et al. (1993) such a test does not demonstrate
that other synthetic models with larger size structure will necessarily

image of Fig.�6


Fig. 7.Horizontal and vertical slices of the checker board resolution test. Alternating high and low velocity perturbationswith a size of 500× 500 km in horizontal and 100 km in depth and
a magnitude of 6% are separated by zero-anomaly background in the input model.

201S. Pandey et al. / Tectonophysics 633 (2014) 193–210
be, or even equally well, retrieved. For this reason, we performed a
further synthetic test with checker dimension of 1000 × 1000 km
horizontally and 100 km vertically (Fig. S8). The geometries of these
larger scale anomalies are also well retrieved. We therefore assume
that seismic anomalies larger than 500 km in the horizontal direction
and 50–100 km in the vertical direction are reasonably well resolved
by our data in the uppermost 400 km.

The study area is very heterogeneous with dramatic variations in
crustal thickness (Li et al., 2006; Zhang et al., 2011). Beneath the oro-
genic belts of Tibet, Tien Shan and Pamir the maximum crustal thick-
ness reaches more than 80 km, measured by different seismic means
(e.g., Kind et al., 2002; Li et al., 2006; Zhang et al., 2011). At shallow
depth (less than 100 km) the 3D inversion may be affected by errors
in our a priori knowledge of the crust. The strongest biases are ex-
pected in regions with the thickest crust. To test the effect of the
thick crust we have removed the paths that cross a rectangular area in
western Chinawhere the crustal thickness ismostly over 60 km(mainly
Tibet–Pamir–Tien Shan orogenic belts, see Fig. S3) and repeat the tomo-
graphic inversion. This results in 51% of all paths being removed, leading
to a dramatic loss of coverage west of ~105°, and of course a total loss
of information in the excluded area. We display maps between 50
and 150 km depths in Fig. S4 and two vertical sections EE″ and FF″ in
Fig. S5 which can be compared with Figs. 8 and 9. The eastern part of
the maps at 100 and 150 km depths is very similar to the final model
(Fig. 8) inverted using the entire dataset. Comparison of Figs. 9 and S5
demonstrates that the anomalies resolved at the 68% and 95% confi-
dence levels have a very similar shape indicating that Sv velocity pertur-
bations are robust in this part of the model, not significantly biased
by paths crossing regions with thick crust and robust against a removal
of about half of our dataset. The large scale pattern of sections EE″ and
FF″ (Fig. 9) is also preserved after the inversion with the reduced data
set. In particular, high velocity anomalies are visible beneath the Ordos

image of Fig.�7


Fig. 8. Horizontal sections of the Sv-velocity perturbations at depths of 100, 125, 150, 175, 200 and 300 km. The percentage anomalies for depths of 100–175 km and for depths of
200–300 km are denoted by different scales. Where the crust is thicker than about 60 km in the 3SMAC model, the perturbations in the 100 km slice partly reflect the starting model.
Locations of the 6 profiles shown in Fig. 9 are indicated on the map at 100 km depth. Gray lines mark borders of major tectonic units from Fig. 1. Green dashed line denotes the
North–South Gravity Lineament.
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block and Sichuan basin (from sub-crustal depth to N200 km), the
Songliao basin (at N100 km depth) and for the South China fold system
(thin lithosphere at b75 km depth).
Previous tests based on the same approach to waveform fitting (e.g.
Priestley et al., 2008b) suggest that even beneath Tibet, the influence of
a fixed crust is likely to be small at depths larger than 100–125 km.

image of Fig.�8
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4. Observations

4.1. Horizontal sections

Fig. 8 shows the 6 horizontal sections of the isotropic Sv velocity per-
turbations of the 3D inversion at depths from 100 to 300 km.

The slice at 100 kmdepth shows high velocities in India, Tarim basin,
Sichuan basin, Ordos block and Songliao basin andwide-spread low ve-
locities elsewhere including Tibet, the CAOB and in the oceanic areas.
In the northwest Pacific subduction zones the low velocity anomalies
following plate boundaries should represent the mantle wedges. In
the depth range of 100–200 km we can recognize the downgoing slab
by high velocities. The west China and CAOB are characterized by low
velocity anomalies at shallow depths. At 100 kmdepth, the low velocity
anomaly in Tibet is sharply bounded by the Indian plate to the south, by
the Tarim basin to the north and by the Sichuan basin and Ordos block
to the east, which show up as high velocity anomalies typical of conti-
nental lithospheric mantle. The low velocities in the central part likely
arise due to a combination of a too low crustal thickness in the a priori
model and possibly low velocities in the shallowest upper mantle in
northern Tibet.

S wave anomalies at 125–200 km depth largely reflect the variation
in the thickness of the seismic lithosphere. High velocity anomalies indi-
cate the presence of mantle lithosphere. Low velocities aremainly asso-
ciated with the asthenosphere. In general west China including Tibet,
Tien Shan–Pamir, Sichuan basin, and Ordos block is characterized by
thick lithosphere while the lithosphere beneath east China is thin. The
high velocity anomaly in the mantle lithosphere beneath much
of Tibet and the Pamirs extends to a depth of 200 km. At 125 km a
low velocity zone can be observed in northeastern Tibet, focused along
the western Kunlun Fault (KF) and Jinsha River Suture (JRS) south of
Tarim and Qaidam basins. At the same location reduced velocities
(slow compared to their immediate surroundings, not relative to the
reference model) can be discerned to a depth of 175 km. North central
India has high velocities down to a depth of 150 km, while high veloci-
ties beneath the rest of India can only be seen to shallower depth
(b125 km). The Songliao basin in NE China also has high velocities.

The amplitude of S wave anomalies reduces significantly at depths
below 200 km. However, the resolution tests also indicate that themag-
nitude of recovered anomalies is reduced by about 50%, such that
the real change in the magnitude of anomalies is hard to quantify. In
marked contrast to the structure at 150–200 km depth, low velocity
asthenosphere dominates Tibet and the surrounding orogenic regions
(e.g. Tien Shan). These low velocities appear to be surrounded by a
(partially broken) ring of higher than average velocities. At 300 km
depth high velocity is widespread in east China in a large area west of
the Pacific subduction zone. The Pacific subduction zone including
Taiwan and Japan is characterized by high velocity anomalies.

4.2. Vertical sections

We created 6 vertical sections crossing major tectonic units (Fig. 9).
Sections AA″, BB″ and CC″ are approximately in the east–west direction,
while sections DD″, EE″ and FF″ are in the north–south direction. Loca-
tions of the sections are indicated on the 100 km depth horizontal
map in Fig. 8. For each section we plotted S velocity perturbation
as well as the absolute velocity. Seismic anomalies depend on the
reference model, and features such as low velocity zones (i.e. negative
velocity gradients with depth) are more readily identified on absolute
velocity profiles but smaller anomalies can be more easily identified in
the perturbation image, such that both types of representation are
complementary.

Section AA″ extends from southernmost Pamir and central Tibet
through the Sichuan basin and South China fold system (SCFS) to the
Philippine Sea. A pronounced high velocity anomaly is observed be-
neath entire Tibet down to a depth of 200 km and is interpreted as the
mantle lithosphere. The shallow low-velocity anomaly beneath Tibet
is sharply bounded to the east by the mantle lithosphere of the Sichuan
basin, seen as high velocity body down to a depth of 175 km. Beneath
the Pamir and Hindu Kush high velocity exists down to a depth of
250–300 km. All these anomalies are significant at the 95% confidence
level and can be clearly observed in relative and absolute velocity
images. From the continental region east of the Sichuan basin to the
oceanic area of the Philippine Sea the upper mantle is characterized
by low velocity, indicating a thin lithosphere (b100 km). The high ve-
locity beneath Taiwan extends from 100 km depth to at least 300 km.
Our long period surface waves cannot resolve a thin slab next to a
dominant low velocity mantle wedge. At larger depths low velocity
anomalies are weaker, the high-velocity signature of the slab domi-
nates and is picked up by our data. However, it is smeared horizontally
by our long period dataset.

Section BB″ passes through two cratonic regions (Tarim basin and
NCC) and extends to the Tien Shan to the west and to the Philippine
Sea to the east. The Tien Shan and the Qilian (QFS) orogenic belt are
known to have thick crust whereas the Tarim basin has a normal conti-
nental crustal thickness (Li et al., 2006; Zhang et al., 2011). High velocity
mantle lithosphere can be clearly seen beneath the Tarim basin in the
velocity perturbations as well as in the absolute velocity. In the velocity
perturbation image, the high velocity body appears to extend to the
west beneath the Tien Shan and to the east beneath the QFS. High veloc-
itymantle lithosphere exists beneath theOrdos block,which constitutes
the western part of the NCC. The high velocity lid beneath the eastern
NCC is too thin to be observed in our model, and is underlain by low
mantle velocities between 75 and 175 km depth. Farther east the
subducted oceanic slab of the Philippine Sea and the Pacific plates are
associated with high velocity anomalies, in good agreement with the
slab seismicity.

In section CC″ the low velocity beneath the CAOB centered at the
Hangay Dome can be seen as a low velocity anomaly reaching a depth
of 100 km at the southern tip of Baikal Lake. Songliao basin in northeast
China appears to have a deep lithospheric root as seen in the velocity
perturbation, but has no distinct sub-lithospheric low velocity zone.
The high velocity signature of the Pacific subducted slab is observed in
the mantle beneath Japan and NE China.

The India–Eurasia collision zone can best be examined on section
DD″, which cuts through the Indian plate, central Tibet, the Hangay
Dome and southern Siberia. The most significant feature of our mantle
cross-section is the northerly dipping high velocity body, suggesting
that the Indian mantle lithosphere underthrusts much of Tibet until
the JRS. Beneath the JRS and KF, south of the Qaidam basin, the high
velocity mantle layer suddenly jumps to a shallower depth by about
50 km,whichwe interpret as the start of the Eurasianmantle lithosphere.
At either edge of the thick mantle lithosphere beneath the plateau
subvertical high velocity bodies are clearly visible at depths between
300 and 400 km, corresponding to the ring of faster velocities seen in
map view (Fig. 8, 300 km depth slice).

Section EE″ links the Sichuan basin and the Ordos block, which form
the western parts of two cratons, the NCC and YC. The lithosphere of
both cratons is significantly thicker (N150 km) in the west, while it is
much thinner (b70–80 km) in the east (compared to section FF″ also
see E–W sections AA″ and BB″). In the section the Sichuan basin and
Ordos block have a different velocity signature. The Sichuan basin is
a more pronounced high velocity body, both in perturbation and in
absolute velocities, extending to a depth of ~175 km. The Ordos block
extends to a depth of ~150 km and is less pronounced in the section
of absolute velocity.

Section FF″ is located in east China passing through the SCFS, the
eastern parts of the YC and the NCC and Songliao basin. The mantle
lithosphere beneath the NCC is too thin to be resolved. At very shallow
depth (70–80 km) beneath the SCFS and YC high velocities are visible,
which we interpret as mantle lithosphere. Beneath Songliao basin
high velocities reach a depth of 300 km and spread to the north and
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south directions in the depth range of 150–400 km beneath the YC and
NCC.

5. Discussions

5.1. Segmentation of lithospheric blocks over China

China consists of Precambrian cratons separated by Phanerozoic fold
belts. However, the thickness of the lithosphere does not follow the geo-
graphic locations of these tectonic units. It is known from numerous
studies (Feng and An, 2010; Feng et al., 2010; Huang et al., 2003;
Lebedev and Nolet, 2003; Obrebski et al., 2012; Priestley et al., 2006)
that the lithosphere is thin in east China and thick in the west, roughly
divided by the North–South Gravity Lineament (NSGL). The NSGL is a
major gravity gradient, 100 kmwide, whichmarks the border between
west and east China with distinct topographic, tectonic and seismic
properties and therefore has been recognized for a long time to be im-
portant in the evolution of eastern Asia (Xu, 2007). Across the NSGL,
the Bouguer gravity anomaly increases rapidly from −100 mGal in
the west to−40 mGal in the east. Our result (Figs. 8–10) confirms the
earlier observations but with more detailed information. The depth
slice at 100 km in Fig. 8 clearly highlights the mantle lithospheric
roots of the cratonic blocks, indicated by high velocities. These include
the Tarim basin, west NCC (Ordos block) and west YC (Sichuan basin).
The lithospheric roots extend to ~150 km depth beneath Ordos block
and to ~175 km depth beneath Tarim basin and Sichuan basin. These
cratonic blocks form the north and east borders of the Indian–Asian col-
lision zone and have acted as rigid blocks resisting the plate motion and
guiding lithospheric deformation around them during the collision (see
Clark and Royden, 2000; Royden et al., 2008). The northward moving
Indian plate has a thickness of 100–175 km with its thickest part in
north central India adjacent to Tibet. The seismic lithosphere beneath
much of the Pamir–Tibetan plateaus has doubled its thickness during
the Indo-Asian collision with a maximum thickness over 200 km be-
neath the Tibetan plateau.

In the eastern portion of the NCC and YC, the lithosphere is too thin
to be well observed by large-scale surface wave studies (Huang et al.,
2009; Lebedev and Nolet, 2003; Obrebski et al., 2012; Priestley et al.,
2006). We observe a weak high velocity signature which may mark
the bottom of the high velocity mantle lithosphere beneath the east
YC, but are still missing that of the NCC. Fig. 9 (cross section FF″) sug-
gests that the lithosphere of the east YC is 70–80 km thick, while the
lithosphere of the east NCCwould be thinner than ~70kmand therefore
not resolved by our data. A thin lithosphere beneath the cratonic areas
in east China is supported by receiver function studies. The base of the
lithosphere beneath the east NCC was estimated by receiver functions
as shallow as ~60 km, whereas it is ~10 km deeper in the east YC
(Chen, 2009; Chen et al., 2008; Sodoudi et al., 2006). However, although
our test (Figs. S3–S5) suggests that our data pick up high velocities of a
shallowmantle lithosphere in east China, it is important to keep inmind
that this high velocity signature is only constrained locally at the 68%
confidence level, and that shallow structure down to about 100 km
depth may trade-off with crustal structure, an effect which is not
accounted for in our tests.

5.2. Sub-lithospheric structure

The subducted Pacific slab has been clearly imaged by bodywave to-
mography (e.g., Huang and Zhao, 2006; Li et al., 2008). In some places,
Fig. 9. Cross-sections of Sv velocity perturbation and absolute velocity along 3 EW lines A–C and
absolute velocities are indicated at the bottom. Surface topography is plotted on top of each pro
the EHB catalog (Engdahl and van der Hilst, 1998) within 100 km in either side of the profile. Co
are significant at least at the 68% (dashed lines) and 95% (solid lines) confidence levels. Abbrev
system; YC, Yangtze craton; NCC, North China craton.
we pick up the signature of a high velocity oceanic slab with surface
waves, but the lateral resolution is not as good as that of body waves.
In the northwest Pacific subduction zones the subducted oceanic litho-
sphere can be followed to a depth of 200–300 km (Figs. 8 and 9). The
wide-spread low velocity anomalies following plate boundaries at
shallower depths (b100 km) are likely to represent mantle wedges. In
the depth range of 100–300 km we can recognize the downgoing slab
by high velocities. At larger depths (greater than 300 km) the resolution
is insufficient to clearly image the slab. A pronounced high velocity body
is resolved at the 95% confidence level beneath Taiwan at a depth range
of 150–300 km. High velocity anomalies have also been observed
by body wave tomography (Huang et al., 2010) and surface wave to-
mography (Sibuet et al., 2004) and were interpreted as evidence for a
subducted Eurasian slab beneath Taiwan. Ai et al. (2007) observed
a thickening in the mantle transition zone beneath Taiwan, which is
compatible with the high velocity Ryukyu slab penetrating the mantle
transition zone.

No high velocity mantle lithosphere is recognized along the CAOB
that extends from the Altai Mountains to the east to the Pacific Ocean.
Widespread low velocity anomalies exist below the crust to a depth
of 300 km (Figs. 8 and 9 sections C–E). Kustowski et al. (2008) also
observed a low velocity upper mantle below the CAOB. Themost prom-
inent low velocity anomaly is located beneath the Hangay Dome and
is visible down to a depth of 150 km, as also observed by Priestley
et al. (2006).

In the Songliao basin, northeast China, there is no significant low ve-
locity zone in the sub-lithospheric mantle. Instead, a weak high velocity
anomaly is constrained at the 68% confidence level from about 100 km
depth to a depth of 300 km and connects in the depth range of 150–
350 km to a large-scale subhorizontal high velocity body that spreads
from below the Songliao basin ~500 km to the north and more than
2000 km to the south underlying the entire YC and NCC (Figs. 8 and 9,
sections CC″ and FF″). In the next section we interpret this large-scale
high velocity body, which is constrained with a confidence level greater
than 68%, as delaminated mantle lithosphere underlying the entire cra-
tonic area beneath east China.

5.3. Destruction of the lithosphere beneath the east China cratonic areas

The eastern portion of mainland China comprises different tectonic
units, including two major cratons (NCC and YC), Songliao basin and
Xing'an Ranges north of NCC and the South China Fold System (SCFS)
south of YC (see Fig. 1). A common feature of the entire region is that
the lithosphere is thin. The NS trending NSGL marks a sharp transition
of the thickness of the lithosphere from east to west. We observed the
base of the high velocity mantle lid beneath the YC and SCFS at
~80 km depth. Low velocities beneath the NCC indicate a thinner
lithosphere there. Beneath the Songliao basin, although we did not
observe a significant low velocity zone in the sub-lithospheric mantle,
Sun et al. (2010) and Zheng et al. (2011) showed with ambient noise
tomography that the lithosphere is ~70 km thick in the area. We
have seen that trade-offs with crustal structure may bias our estima-
tion of the shear wave velocity in the uppermost 100 km, so that resolv-
ing a seismic lithosphere thinner than 70 km with our approach is
difficult.

The NCC and YC are two ancient cratons, which have formed and
consolidated during Paleoproterozoic time and collided during Triassic
time (Yang et al., 2010; Zhu et al., 2012). Diamond-bearing kimberlites
erupted at ~470 Ma provide evidence of a thick (N200 km) lithosphere
3 NS lines D–F. Locations of the profiles are indicated in Fig. 8. Color scales for relative and
file with major tectonic units indicated. Black dots denote the relocated earthquakes from
ntour lines surround the areaswhose anomalies (i.e. deviations from the referencemodel)
iations: QFS, Qilian fold system; CAOB, Central Asia Orogenic Belt; SCFS, South China fold
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at that time. However, the Cenozoic basalts sampled a thin lithosphere
of 80–120 km thickness (e.g., Griffin et al., 1998; Kusky et al., 2007;
Menzies and Xu, 1998; Yang et al., 2010; Zhu et al., 2012). Therefore,
it is commonly agreed that the thick lithosphere beneath the ancient
cratons of the NCC and YC has been destroyed in the Mesozoic and the
depleted cratonic lithospheric root has been removed. However, the
extent and mechanism of the destruction of the lithospheric keel are
an open debate (see Zhu et al., 2012, for a review). The region is charac-
terized by high heat flow and extensive seismicity (Ma et al., 1984;
Wesnousky et al., 1984). The extension experienced since theMesozoic,
together with Cenozoic volcanism in this area (Menzies and Xu, 1998;
Yang et al., 2010), caused by delamination or thermal erosion of the
thick lithospheric root (Kusky et al., 2007), may be responsible for the
lithospheric thinning. Different tectonic events proposed to be responsi-
ble for the decratonization of the NCC and YC include the India–Eurasia
collision, the mantle plume activity, the collision of these two cratons
and the west Pacific plate subduction. Recent studies tend to agree
that the latter is the major trigger for the decratonization (reviewed
by Zhu et al., 2012).

We observed widespread high velocities, constrained with a confi-
dence level greater than 68%, at 150 to 350 km depth underlying the
whole area of Songliao basin and the eastern portion of the North
China and Yangtze Cratons (Fig. 9, CC″ and FF″). Priestley et al. (2006)
reported on observation of a high-velocity feature beneath Songliao
basin. Obrebski et al. (2012) also observed a fast anomaly at 200 km
depth beneath the NCC and interpreted it as a possible delaminated
lithospheric root of the NCC. Our result confirms their observation but
we show that the high velocity anomalies are distributed over a much
larger area, 100–200 km in thickness and ~3000 km in length. Up to
three local maxima (underneath the YC, NCC and Songliao basin) can
be discerned in the wider high velocity anomaly, and it is possible that
smearing makes more localized anomalies under these three regions
appear connected. The high velocity zone in ourmantlemodel is parallel
to the Pacific subduction zone, underlies the entire region of the eastern
China cratons, and is bordered to the west by the NSGL. It is still unclear
how and when the NSGL formed, or whether it is even related to the
lithospheric deformation. However, theNSGLmarks thewestern border
of the sub-lithospheric high velocity zone along its ~3000 km length in
our model.

Various studies have shown that the eastern portion of the North
China Craton does not posses a lithospheric root similar to those
commonly seen beneath almost all other cratons (Kusky et al., 2007;
Menzies and Xu, 1998; Zhu et al., 2012). The timing of root loss is not
well constrained but seems to be ca. 140–120 Ma (Kusky et al., 2007).
Two main scenarios proposed in previous studies are density foun-
dering or delamination (Gao et al., 2004; Kusky et al., 2007; Windley
et al., 2010; Xu et al., 2013) and thermal–chemical erosion (Menzies
and Xu, 1998). Recycled continental crust has been found in the NCC,
suggesting that the lower part of cratonic mantle lithosphere has
delaminated since the Mesozoic (Gao et al., 2004; Xu et al., 2013).
Delamination is a sudden process that seems to agree with the timing
of the lithospheric root loss of the NCC, however, a simultaneous
response of the entire cratonic areas to this catastrophic loss is not
yet clear (Kusky et al., 2007). Among different mechanisms, the
decratonization of the North China Cratons is very likely related to
the Mesozoic Pacific subduction beneath eastern China (Xu, 2007;
Zhu et al., 2012). This hypothesis is supported by our observation
that the large-scale high velocity body in sub-lithosphericmantle is par-
allel to the NSGL and the Pacific subduction zone. This high velocity
anomaly may represent a remnant lithospheric root, which initially
formed the lower part of cratonic mantle lithosphere and has
delaminated since the Mesozoic. If this is the case, it is not clear how
buoyant, depleted lower lithosphere can flounder nor is it clear how
the delaminated material can persist in the upper mantle for such a
long time duration. It is surprising that lithospheric material from a de-
lamination event in the Mesozoic still remains in the upper mantle.
Maybe the underlying subducted oceanic slab prevents its further
descent. Subducted oceanic slab has been found to stagnate in the
mantle transition zone below east China (e.g., Huang and Zhao,
2006; Li et al., 2008), providing a possible barrier for the delaminated
lithospheric block from sinking deeper into the mantle. In fact, parts of
the delaminated body might have contacted and joined the subducted
oceanic slab. Although our observation favors the delamination model,
the fundamental debates between delamination and erosion still
remain.

5.4. The India–Asia collision zones

We observe a thick high velocity mantle lid underlying much of
the Tibetan plateau (Figs. 8, 9). High velocity underthrusted Indian
plate has also been observed by global body wave tomography (e.g., Li
et al., 2008), but with this technique seen to be limited to the southern
Tibetan plateau (see also Kind and Yuan, 2010). Regional body wave to-
mography may reveal more lateral variation in the mantle lithosphere
(e.g., Liang et al., 2012), but is less sensitive to a subhorizontal litho-
sphere with a large lateral extent. Most surface wave studies observed
high mantle velocities over much of the plateau (e.g., Huang et al.,
2003; Lebedev and Nolet, 2003; Priestley et al., 2006, 2008a). This
discrepancy can be largely explained by different resolutions of the
body wave and surface wave studies (Nunn et al., 2014). However, the
surface wave studies of Friederich (2003) as well as Feng and An
(2010) and Feng et al. (2010) infer a low velocity zone in the upper
200 km beneath north Tibet. Agius and Lebedev (2013) infer low veloc-
ities to ~150 km depth in northern Tibet from two-station dispersion
measurements, with high velocities at larger depths, an observation
which can partially reconcile with both set of apparently contrasting
surface wave observations. Observations of Pn (Hearn et al., 2004;
Liang and Song, 2006; McNamara et al., 1997) and Sn propagation
(Barazangi and Ni, 1982; Barron and Priestley, 2009; McNamara et al.,
1995) point to low velocities and high attenuation immediately below
the Moho north of the BNS. This might correspond to the localized
low velocity zone we observe along the JRS and KF south of Tarim and
Qaidam basins (see map at 125 km depth in Fig. 8) and also to the
shallow northward dip of the top of the high velocity layer visible in
cross-section D–D″ (Fig. 9). Using surfacewaves recorded by temporary
experiments within Tibet, Ceylan et al. (2012) observed high velocity,
probably Indian plate underthrusting Tibet up to about 34°N, coincident
with the JRS in Eastern Tibet. Supporting evidence for a less attenuative
and probably higher velocity mantle at depths of more than ~130 km
comes from the frequency dependence of Sn attenuation in Northern
Tibet (Barron and Priestley, 2009). Ceylan et al. (2012) additionally
revealed a very localized deep-seated low velocity zone below and
just north of the Kunlun Mountains, extending in depth to the limit of
their resolution (~220 km). The body wave tomography images of
Liang et al. (2012) also show this low-velocity feature whose N–S
width is only around 200 km and is therefore not reliably imaged by
our surface wave tomography. However, we did not observe a large-
scale low velocity mantle zone in north Tibet that could represent a
major upwelling of asthenosphere. Instead, the localizedmantle low ve-
locity zone probablymarks the northern border of either underthrusted
India or the overthickened Tibetan lithosphere, separating the Tibetan
plateau from the Tarim basin and Tien Shan. As the properties of
Indian and Tibetan mantle lithosphere might be quite similar, it is not
possible to distinguish between these alternatives using seismological
data.

In Fig. 10 we compare the surface wave models with those obtain-
ed by P- and S-receiver functions (Zhao et al., 2010). Along all the sec-
tions we marked the positions of the Moho and LAB observed by Zhao
et al. (2010) on the absolute velocity profiles derived by the surface
wave inversion (Fig. 10). Below the crust the high velocity mantle lith-
osphere often finds agreement with the line drawings of the receiver
function LAB. This is the case for the Indian LAB, represented by the
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white dashed lines in the southern part of the sections. The Asian
LAB, which is observed from S-receiver functions and is indicated
by the dashed lines in the central and northern part of the sections,
is only matching the base of the high velocity body on the east
line (R01), but is not seen by the surface waves on the central (R02)
and west lines (R03). The lower lateral resolution might prevent sur-
face waves from observing the fine structure seen by receiver func-
tions, which are more sensitive to the interior structure of incipient
fragmentation of the Indian slab below Tibet (see Ceylan et al., 2012;
Liang et al., 2012). It is also possible that receiver functions do not
see the base of the lithosphere, but a mid-lithospheric structure, as re-
ported for the North American craton (Abt et al., 2010; Kumar et al.,
2012).
6. Conclusion

We derived 3-D upper mantle absolute shear wave velocities by
modeling fundamental and higher mode waveforms of surface waves.
We extended the multi-mode surface tomography of East Asia of
Priestley et al. (2006) by adding more permanent stations within
China and constrained the study area to China and its close vicinity.
The reduced inter-station distances enabled us to reduce the lateral
smoothing by using a smaller Gaussian correlation length during the re-
gionalization approach, thus increasing lateral resolution. We created a
3D S velocity model over China with a good resolution from the top of
the upper mantle to a depth of ~400 km. Compared to earlier studies,
velocity anomalies are better and more sharply defined in the model.
Similar to Priestley et al. (2006) the velocity perturbation decreases
from ~10% at shallow depths to ~2% at depths of 300–400 km. Although
synthetic recovery tests indicate that magnitude of anomalies below
200 km is not fully recovered, the reduction in percentage anomaly is
too large to be explained by the reduced resolution alone. At 100–
200 kmdepth themodel is sensitive to the lateral variation of the thick-
ness of themantle lithosphere. The seismic lithosphere is generally thin-
ner in east China and thick in West China. It reaches a thickness of
200 kmbeneath the Pamir–Tibetan plateaus. Also observed as relatively
thick seismic lithosphere (N100 km) are the Indian plate, Sichuan basin,
Ordos block and Tarim basin. The lithosphere in the eastern part of the
Yangtze craton is as thin as 70–80 km, whereas the lithosphere of the
North China craton is too thin to be resolved. Beneath these two cratons,
an extensive high velocity body at depths of 150–350 km is observed
and resolved with a confidence level greater than 68%. A possible inter-
pretation is to associate this bodywith the remnant ancient lithospheric
material from a large scale delamination event that was proposed to be
the cause of the decratonization of Eastern China. This suggestion needs
to be probed in future studies, though.
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