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A joint inversion method of simultaneously inverting regional multimode surface waveforms and
fundamental-mode surface wave dispersion curves is used to better constrain a 3-D S-wave velocity model
for the upper mantle beneath China. Thousands of broadband vertical-component seismograms were
processed, and ∼16,500 Rayleigh-wave group-velocity measurements were retrieved at a period of 20 s,
with fewer measurements at shorter and longer periods. In addition, 4947 regional Rayleigh waveforms
were obtained for paths passing mainly through the Chinese mainland. The joint inversion of this dataset
provides new S-wave velocity structures at upper-mantle depths down to 400 km. In particular, the new
model is resolved to greater depths than the approximately 200 km depth obtainable in most fundamental-
mode surface-wave tomographic studies, and is better resolved at shallow lithospheric depths than that
possible in teleseismic body-wave tomographic studies. Because the upper-mantle S-wave velocity is
controlled mainly by temperature rather than by composition, thermal structures estimated from the
tomographic S-wave velocity model are used to estimate the thickness of the lithosphere beneath China.
The results indicate that in eastern China, the North China craton and the Yangtze craton are characterized by
pronounced variations in lithospheric thickness, with the lithosphere thinning from west to east. The
underlying low-velocity layer and deeper-level high velocities provide important evidence in support of the
idea that lithospheric thinning beneath eastern China is related to the westward subduction of oceanic
lithosphere to the east and related thermal and dehydration processes. Beneath western China, thickened
lithosphere is imaged beneath the Qinghai-Tibetan Plateau, except for beneath Qiangtang in the northern
part of the plateau, which is underlain by low velocities. The present model generally supports the
interpretation of low velocities beneath Qiangtang as mantle material squeezed out by convergence between
the Indian and Asian lithospheres. Moreover, two separate segments of the subducting Indian lithosphere are
imaged, indicating that the deeper portion of the subducting slab may have started to break off from the
shallower portion as early as 20 Ma.
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1. Introduction

The Chinese mainland, which forms the core of East Asia (Fig. 1), is
a continent comprising several large orogenic belts and Precambrian
cratons, such as the Qingling-Dabie orogenic belt in central China, the
Sino-Korean craton (also termed the North China craton) in north
China, the Yangtze craton in central China, and the Tarim craton in
northwest China. In addition to the collision zone between the
Qinghai-Tibetan Plateau and the Indian subcontinent in southwest
China and the eastern marginal sea basins, the geology of many
regions in mainland China has been overprinted by major tectonic
events during the Phanerozoic. The youngest tectonic events in East
Asia are the northeastward collision of the Indian subcontinent with
the Eurasian continent (which started at ∼50 Ma) and westward
subduction of the Pacific and Philippine Sea plates beneath eastern
China (which started at the end of the Mesozoic).

The present tectonic framework of China is controlled by the
complex interactions among the Indian subcontinent, the Pacific Plate,
the Philippine Sea Plate and the Eurasian continent (Ren et al., 1999).
Previous geological studies have provided evidence that Cenozoic
crustal deformation of the Chinese mainland has resulted from Indo-
Asian collision and from the subduction of oceanic lithosphere (e.g.,
Darby et al., 2005). Geophysical studies have imaged over-thickened
crust and lithosphere beneath the Qinghai-Tibetan Plateau and
intensely deformed cratonic lithosphere beneath eastern China (e.g.,
Huang et al., 2003; An and Shi, 2006; Chen et al., 2008), providing
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Fig. 1. Simplified tectonic map of East Asia, also showing topography, where JB, QB, OB, and SB denote the Junggar Basin, Qaidam Basin, Ordos Basin, and Sichuan Basin, respectively.
Tectonic boundaries are modified from Ren et al. (1999). The transects labeled a–a′, b–b′, c–c′, and d–d′ are shown in Fig. 6.
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further evidence for interaction among the Indian, Asian, and oceanic
plates. However, the mechanism by which such interactions have
influenced the lithosphere and asthenosphere beneath the Chinese
mainland remains unclear.

A global study of Precambrian lithosphere showed a correlation
between crustal age and lithosphere thickness (Artemieva and
Mooney, 2001). For example, the North American Archaean Provinces
(N2.5 Ga), including the Slave craton, have lithosphere thicknesses of
∼250 km (Van der Lee, 2001), while Proterozoic North American
lithosphere is 200–180 km thick (Van der Lee, 2002). The Siberian
platform (Priestley and Debayle, 2003), the Amazonian craton (Feng
et al., 2007), and the Archaean part of the Australian continent
have lithosphere thicknesses of ∼250–200 km (Simons and Van der
Hilst, 2002). However, the age–thickness correlation becomes more
complex at a regional scale (Simons and Van der Hilst, 2002) and in
tectonically complex regions such as China (An and Shi, 2006).
Lithospheric thickness in China appears less related to crustal age and
more to tectonic setting (An and Shi, 2006). Therefore, the topography
of the lithosphere–asthenosphere boundary beneath the Chinese
mainland is poorly predicted based on geographic variations in crustal
age. Exploring China's deep upper-mantle structure is therefore
essential for understanding lithospheric evolution in this region and
the interaction between lithosphere and underlying asthenosphere.

Seismic tomography is a powerful tool for exploring the three-
dimensional nature of deep seismic velocity structures beneath China
(Ritzwoller et al., 2002; Friederich, 2003; Huang et al., 2003; Feng et
al., 2004, 2007; Huang and Zhao, 2006). However, the use of different
types of seismic observations can result in seismic velocity structures
with different sampling resolution. For example, because the ray
paths of body waves are steeply inclined beneath seismic stations,
teleseismic body-wave tomography (e.g., Replumaz et al., 2004;
Huang and Zhao, 2006; Li et al., 2006a) has good horizontal resolution
but poor vertical resolution, especially at shallow lithospheric depths.
In contrast, surface-wave dispersion tomography has limited hori-
zontal resolution but good vertical resolution at shallow mantle
depths. Therefore, surface-wave tomography has been preferentially
applied in studies of lithospheric structure, whereas body-wave tomog-
raphy has been applied in studies of deep mantle structures.

Surface-wave tomography using fundamental-mode dispersion
measurements (Ritzwoller and Levshin, 1998; Huang et al., 2003)
yields reliable resolution for depths shallower than ∼200 km, which is
not always sufficiently deep to detect the lithosphere–asthenosphere
boundary, as the root of cratonic/collision-zone lithosphere may
extend deeper than 200 km.

Tomographyusingmultimode surfacewaveforms (Friederich, 2003;
Lebedev and Nolet, 2003; Priestley et al., 2006) can provide reliable
resolutiondown to 400ormore km, aswaveforms includehigher-mode
branches that are sensitive to deep structures. However, this type
of modeling requires parameters of focal mechanisms that are only
available for strong earthquakes; consequently, for a given database,
multimode surfacewaveform tomography normally yields inferior path
coverage to that for fundamental-mode surface-wave dispersion
tomography, and thus has lower resolution at shallower depths.

To improve the resolution both within and around the base of the
lithosphere, a modified formulation of surface-wave tomography was
adopted to enable the use of both fundamental-mode surface-wave
dispersion measurements and multimode surface waveforms to
constrain an upper-mantle 3-D S-wave velocity (β) model. The jointly
constrained model combines the advantages of the good path cover-
age of fundamental-mode dispersion observations and good sensitiv-
ity to deep structures of multimode waveforms, thereby yielding
superior horizontal and vertical resolution compared with previous
models constrained only by one type of surface-wave observation
(Friederich, 2003; Huang et al., 2003; Priestley et al., 2006). Because
the upper-mantle S-wave velocity anomalies are controlled mainly by
spatial variations in temperature rather than composition, lithospher-
ic thickness beneath China is estimated by converting the inferred
upper-mantle S-wave velocities to temperature, following An and Shi
(2006, 2007), Goes et al. (2000), McKenzie and Priestley (2008),
Priestley and McKenzie (2006), and Shapiro and Ritzwoller (2004),
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among others. A discussion on the dynamics is given according to
variations of lithospheric thickness among tectonic domains.

2. Seismic data

The upper-mantle S-wave velocity model proposed in the present
study is jointly constrained by fundamental-mode Rayleigh wave
group-velocity dispersion curves andmultimode Rayleighwaveforms.
The former is used mainly to constrain shallow structures, whereas
the latter is also sensitive to deep structures. The analyzed seismo-
grams were recorded by 283 permanent and temporary broadband
stations deployed in and around China before 2006 (triangles
in Fig. 2). The permanent networks include New China Digital
Seismograph Network, the Broadband Array in Taiwan, GEOSCOPE,
Global Seismographic Network, and the Kazakhstan Network, among
others. The temporary networks/arrays include experiments
deployed upon the Tibetan Plateau, in North China, and in NE China,
among others, generally with several years of scheduled operation.

Because fundamental-mode dispersion measurements are mainly
used to constrain shallow structures in the present study, and because
observational uncertainties show a marked increase for long propa-
gation paths and long periods, fundamental-mode group velocities
were only measured for periods from 10 to 160 s for wave paths
Fig. 2. Path density of fundamental-mode group-velocity measurements at a period of 20 s (
cross each 1°×1° area. Triangles and circles represent seismic stations and epicenters used
located entirely within the study region. In total, we obtained ∼16,500
measurements for a period of 20 s and fewer measurements for
shorter and longer periods. Fig. 2a shows the path density of the
fundamental-mode group-velocity measurements for a period of 20 s.
The density is defined as the number of paths that cross each 1° by 1°
(∼10,000 km2) area. Most regions of China have a path density in
excess of 100 paths, which represents a dramatic advance compared
with earlier studies; e.g., Huang et al. (2003) analyzed about 4000
dispersion curves. Because path coverage of seismic data is essential
in achieving high tomographic resolution, the inclusion of a large
number of fundamental-mode measurements enables us to tightly
constrain lithospheric S-wave velocity structures beneath the Chinese
mainland.

Multimode Rayleigh waveforms (Fig. 2b) are selected mainly from
the same seismogram bank from which fundamental-mode group-
velocity measurements were obtained. In total, 4947 multimode
Rayleigh waveforms were analyzed using a slightly modified form of
the Partitioned Waveform Inversion (PWI) package (Van der Lee and
Nolet, 1997). Fig. 2b shows the path density of the multimode
waveforms: most of the continental region has a path density greater
than 50 paths. Waveform data were analyzed using hypocenter
locations and event origin times from the Engdahl–Hilst–Buland
(EHB) catalogue (Engdahl et al., 1998) updated through 2006, and
a) and of multimode waveforms (b). The density is defined as the number of paths that
to form the final surface-wave databank, respectively.
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moment tensor solutions from the Global Centroid Moment Tensor
database (Dziewonski et al., 1983).

Inpreviousmultimode tomographic studies (Vander Lee et al., 2001;
Feng et al., 2007), fewer than 2000 waveforms were generally
considered because each seismogram was subjected to substantive
quality control and the waveforms were fitted interactively using
the PWI package. In the present study, the processing procedure was
modified to enable semi-automatic waveform processing. In this modi-
fied procedure, the waveforms were fitted automatically using default
parameter settings, and waveformswith good fits were selected during
a later interactive checking stage. The4947multimodewaveformsfitted
using the new procedure represents a significantly larger number than
the ∼1600 waveforms used in an earlier study of upper-mantle S-wave
velocity structure in East Asia (Friederich, 2003).

Performing measurements of fundamental-mode group velocity
only requires knowledge of the hypocenter location and event origin
time; consequently, it can be applied to relatively small earthquakes,
whereas waveform modeling requires earthquake moment tensor
solutions that are generally only available for relatively large earth-
quakes (mbN5.5) (Feng et al., 2007). Therefore, for a given seismogram
database, many more fundamental-mode group-velocity measure-
ments (i.e., better path coverage) are retrieved than are multimode
waveform fits (Fig. 2). The joint inversion of the two datasets performed
in the present study is intended to combine the advantages of the better
path coverage of fundamental-mode group-velocitymeasurements and
the better depth sensitivity of multimode waveforms.

To moderate the trade-off between Moho depth and uppermost
upper-mantle S-wave velocities, and thus to improve the resolution
of deep lithospheric structures, we invert for Moho depth together
with S-wave velocities. This model parameterization works well in
retrieving mantle structures but is too coarse for useful interpreta-
tions of crustal and sub-Moho structures. Therefore, S-wave velocity
structures in the crust or near the Moho are not interpreted. However,
to better separate crustal structure from mantle structure in the
present inversion, 5461 point constraints of crustal thickness are used
from previous receiver function analyses and studies of seismic
reflection/refraction (e.g., Mangino et al., 1999; Galvé et al., 2002; Gao
et al., 2005; Li et al., 2006b). These point constraints are included in
the present inversion in the manner suggested by Van der Lee and
Nolet (1997), which ensures that the crustal thickness model is
compatible with independent observations of crustal thickness.

3. Surface wave tomography

Feng et al. (2007) developed a method for the joint inversion of
fundamental-mode group-velocity measurements and multimode
surface waveforms, and successfully applied this procedure in a
study of upper-mantle structure beneath South America. Here, the
method developed by Feng et al. (2007) is improved in several
aspects. The method is briefly summarized below.

The joint inversion of multimode surface waveforms and funda-
mental-mode group velocities is based on the basic concept of inver-
sions using independent observations. Multimode surface waveform
inversion generally involves two steps (Van der Lee and Nolet, 1997):
(1) waveform fitting to determine the 1-D average structure along each
path, and (2) linear inversion of all 1-D path-averaged constraints to
obtain the 3-D structure. The conventional approach to the inversion of
group velocities for 3-D S-wave velocities also requires two steps (e.g.,
Ritzwoller et al., 2002; Feng et al., 2004): (1) period-by-period inversion
for group-velocity maps, and (2) cell-by-cell (point-based) inversion
of regionalized group velocities for 1-D S-wave velocity structures.

In their 3-D joint inversion, Feng et al. (2007) combined the path-
averaged structure constraints derived from waveform fitting and
point-based constraints derived from the linearized relation between
regionalized dispersion curves and 1-D S-wave velocity structures.
Here, point-based constraints were not used from the linearized
relation between the regionalized dispersion curve and 1-D S-wave
velocities, but we directly use constraints from the linearized relation
(An et al., 2009) between event-to-receiver dispersion measurements
and 3-D S-wave velocities; this approach represents a modification of
the two-step group-velocity inversion described above. To derive the
final 3-D structure model, the 1-D path-averaged structure con-
straints derived from waveform fitting are combined with the
linearized constraints derived from dispersion curves.

In the partitioned waveform inversion method, the 3-D model m is
discretized as a Cartesian grid, which differs from the geographical grid
normally used in group-velocity tomography. To prevent the inconve-
nience and potential source for error caused by different parameteriza-
tions in thewaveform and dispersion constraints (see Feng et al., 2007),
we unify themodel parameterization to geographical grids at a series of
depths, with a constant horizontal spacing measured in degrees.

The linear relation between the 3-D model m and the combined
constraints from waveform fitting and group-velocity inversion can
be described as follows:
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where H and q represent a sensitivity matrix and data vector,
respectively; m is the 3-D model to be determined; the subscripts w
and d represent constraints derived from waveforms and fundamen-
tal-mode group velocities, respectively; and λd is a penalty for the
group-velocity dispersion constraints. Because the sensitivitymatrices
Hw and Hd are large and sparse, a priori constraints are required to
stabilize the linear inversion. Here, we introduce the first gradient of
themodel (S), instead of theminimumnormused in Feng et al. (2007),
as an a priori smoothing constraint to produce a more physically
reasonable model. Both λd and λ are determined by trial and error to
search for a reasonable 3-D model that provides a sufficient fit to both
waveforms and regionalized group-velocity dispersions.

The program LSQR (Paige and Saunders, 1982a,b) was used to
resolve the model m in the above equation. Uncertainties in the
tomographic model m (S-wave velocities) are difficult to quantify
because they are caused by many factors, including theoretical
approximations, choice of reference model, weighting of damping/
smoothing, path density, path azimuthal distribution, frequency
content, and mode composition of surface waves. Inversion of both
Rayleigh-wave group and phase velocity observations may result in
an S-wave velocity uncertainty of 0.02–0.1 km/s for depths down to
120 km (Rapine et al., 2003); the difference in S-wave velocity
uncertainty resulting from linearized surface-wave inversion (Snoke
and James, 1997) and from the global searching method (Snoke and
Sambridge, 2002) is less than ∼0.04 km/s (An and Assumpção, 2006).
Inversion using only group velocities would result in greater
uncertainty in S-wave velocity than that obtained using both group
and phase velocities (Shapiro and Ritzwoller, 2002); however, the
present joint inversion using both group velocities and multimode
waveforms yields lower uncertainty than that obtained for inversion
using only group velocities. Therefore, an uncertainty of ∼0.1 km/s is
assumed in the present S-wave velocity model.

A checkerboard test is a useful indicator of the spatially varying
resolving power of seismic tomography. Considering the coverage of
seismic data in the present study, the study region is defined as 60–
155°E in the x (longitude) direction and 10–60°N in the y (latitude)
direction. The final S-wave velocities are computed on 3-D grids with
a spacing of 1° in the x and y directions and 20 km in the z (depth)
direction. We used a reference model similar to iasp91 (Kennett and
Engdahl, 1991), but with a crustal thickness of 40 km, which is the
average crustal thickness of the Chinese continent.

Fig. 3 shows the results of the checkerboard test using the same
path coverage and depth sensitivity as employed in constructing the



Fig. 3.Horizontal and vertical S-wave velocity slices showing the results of checkerboard tests. The sizes of 3-D checkers are as follows: (a) 4°×4°×80 km, (b) 6°×6°×120 km, and (c) 8°×8°×160 km. The left column shows slices of the input
model, and the right column shows slices of the retrieved model. The locations of vertical transects are shown in the horizontal slices.
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final S-wave velocity model. To simultaneously test the horizontal
and vertical resolving power, the 3-D synthetic model was set with
both horizontally and vertically alternating checkers. The S-wave
velocity perturbations of the checkers are assigned as ±7% relative to
the reference model. Because the sensitivity and resolving power of
surface waves show strong variations with depth, synthetic tests were
performed with different checker sizes: 4°×4°×80 km (∼400, ∼444,
and 80 km in the x, y, and z directions, respectively), 6°×6°×120 km,
and 8°×8°×160 km (Fig. 3). The inverted model of the checkerboard
tests retrieved 4°×4°×80 km checkers down to ∼100 km depth
(Fig. 3a), 6°×6°×120 km checkers down to ∼200 km depth (Fig. 3b),
and 8°×8°×160 km checkers down to 400 km depth (Fig. 3c) for
most of the Chinese mainland.

Resolution can be defined as half of the recovered checker size
(Lebedev and Nolet, 2003). According to this definition, the average
horizontal resolution length in the central part of the study region is
∼2° down to 100 km depth, ∼3° down to 200 km, and ∼4° down to
400 km. The average vertical resolution is ∼40 km down to ∼100 km
depth, ∼60 km down to 200 km, and ∼80 km down to ∼400 km. The
resolving power weakens with depth and in marginal regions.

The present results are also compared with previously published
tomographic models. Though most previous tomographic models are
generally in agreement with regional-scale features, there remain
differences in detail due to the use of different numbers and
frequency/mode contents of surfacewaves or differentmethodologies
(Friederich, 2003; Huang et al., 2003; Priestley et al., 2006). The
present model shows similar upper-mantle structures to those
revealed by the upper-mantle S-wave velocity model of East Asia
constructed by Friederich (2003), who took advantage of the Fresnel
zones of the data by using exact 3-D waveform sensitivity kernels that
correctly reflect off-path sensitivity. Although ray-theory approxima-
tion is used in the present study, the large number of surface wave
data counterbalances the lack of finite-frequency effects in ray theory
(Sieminski et al., 2004), thereby yielding structural details in the
present model that are comparable to those in an advanced
tomographic model constrained by exact 3-D waveforms.

4. Conversion of S-wave velocity to temperature

Because of (1) the smoothly depth-dependent sensitivity of the
present data and (2) the regularization applied in the present joint
inversion, the base of the lithosphere in the present S-wave velocity
model does not correspond to a sharp change in seismic velocity.
Consequently, it is necessary to derive a different indicator from the
S-wave velocities that represents the lithosphere–asthenosphere
boundary. Temperature is the best physical parameter in this regard
because it is the dominant factor in determining the strength ofmantle
materials. In addition, many seismic studies (e.g., Jordan, 1979; Nolet
and Zielhuis, 1994; Sobolev et al., 1996; Schuberth et al., 2009) have
shown that temperature is the dominant effect on upper-mantle (and
even lower mantle) seismic velocities, with composition playing a
lesser role.

Based on a given upper-mantle composition, laboratory measure-
ments of density and elasticmoduli for variousmantleminerals at high
temperatures and pressures can be used to estimate the upper-mantle
temperature field from a 3-D S-wave velocity tomographic model.
Such seismic–thermal analysis has been widely used in previous
studies (Goes et al., 2000; Goes and Van der Lee, 2002; Cammarano
et al., 2003; Shapiro and Ritzwoller, 2004; Priestley and McKenzie,
2006). In addition, Van der Lee (2001) reported a remarkable agree-
ment between (1) the depth of the steepest negative velocity gradient
with depth (representing the seismic thickness of the lithosphere)
and (2) the depth to the 1200 °C isotherm (representing the thermal
thickness of the lithosphere) beneath the central and eastern US. For
China, An and Shi (2006) demonstrated that the base of the seismic
lithosphere (or top of the low-velocity zone) agrees well with the
thermal base of the lithosphere, defined as the depth to a temperature
of 1300 °C.

The present analysis reveals that the isotherm value representative
of the base of the lithosphere could vary in the case that temperatures
are estimated from an S-wave velocity model constrained by different
datasets; consequently, the contrasting isotherms identified as
representing the base of the lithosphere beneath the U.S. (Van der
Lee, 2001) and China (An and Shi, 2006) might reflect the fact that the
former temperature model was derived from S-wave velocities
constrained by multimode surface waveforms, whereas the later was
derived from S-wave velocities constrained by measurements of
fundamental-mode surface-wave dispersion. In the present study,
because the S-wave velocity model is constrained by a combination of
both multimode surface waveforms and fundamental-mode surface-
wave dispersion, the 1250 °C isotherm is chosen to represent the base
of the lithosphere. An accurate estimation of lithosphere thickness is
important in extracting information on tectonics and geodynamics
(Menzies and Xu, 1998; Griffin et al., 1999; O'Reilly et al., 2001;
Priestley andDebayle, 2003; An and Shi, 2006;McKenzie and Priestley,
2008).

The crustal thickness of the Chinese mainland ranges from ∼30 to
∼80 km; therefore, it is possible that S-wave velocities at depths less
than ∼80 km are influenced by low velocities from nearby crust
(primarily because of the relatively coarse parameterization
employed with respect to the scale of crustal structures and spatial
variations in such structures), resulting in an overestimation of tem-
peratures at depth in the crust. Because temperatures estimated in
this way are more accurate for deep lithosphere than for regions close
to the Moho (McKenzie and Priestley, 2008), S-wave velocities are
only converted to temperatures for upper-mantle depths greater than
80 km. S-wave velocities are converted to temperature using the
forward formulations described in An and Shi (2006, 2007), which is a
slightly modified version of that proposed by Goes et al. (2000). The
forward procedure takes into account both anharmonic and anelastic
effects. A direct grid search method is used in the nonlinear tempera-
ture inversion.

Slightly different temperatures are obtained for different upper-
mantle compositions. The continental upper-mantle composition for
different tectonic domains canbe simply classified into two categories:
an off-cratonic composition (68% olivine, 18% orthopyroxene, 11%
clinopyroxene, 3% garnet, and an Fe content of 0.1) and an on-cratonic
composition (83% olivine, 15% orthopyroxene, 2% garnet, and an Fe
content of 0.086) (e.g., Shapiro and Ritzwoller, 2004 and references
therein). The difference between on- and off-cratonic composition
is caused not only by Fe content but also by pyroxene content
(McDonough and Rudnick, 1998; O'Reilly and Griffin, 2006). The effect
of mineral composition can generate velocity anomalies of b1% in the
shallowmantle, which would be difficult to resolve in seismic tomog-
raphy (Goes et al., 2000). Consequently, spatial variations in composi-
tion are not considered in the temperature conversion. Because most
areas in and around the Chinesemainland have been strongly affected
by Phanerozoic tectonism,most regions record young tectono-thermal
ages. Therefore, an off-cratonic composition was chosen for the
Chinese continent.

The results of forward tests (An and Shi, 2006) reveal that an on-
cratonic composition can increase the temperature estimation by
∼15–120 °C compared with an off-cratonic composition. In addition,
the use of a different model to that employed in the present study,
with stronger temperature–anelasticity dependency, can lower the
obtained temperature estimates by ∼0–180 °C (Goes et al., 2000), and
an uncertainty in S-wave velocity of 0.1 km/s can cause temperature
variations in the order of ∼50–250 °C.

The presence of fluids (e.g., melt or water) results in a marked
reduction in seismic velocities (Hirth and Kohlstedt, 1996; Karato and
Jung, 1998; Goes et al., 2000; Avseth et al., 2005). However, because
no model has been developed to show the distribution of melt and
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fluids in the upper mantle beneath the study area, the effects of melt
and fluids are not considered in the present conversion of velocity to
temperature. If fluid-affected velocities were interpreted in terms of
temperature, temperature would be overestimated. Therefore, rela-
tively high mantle temperature estimated in the present study should
be considered as the upper bound, and in the case that the converted
temperature for the upper mantle is anomalously high; a possible
explanation may be the existence of fluids. The combined effects of
various factors on temperature uncertainty may be additive or
subtractive, making it difficult to quantify the uncertainty in our
temperature model, which may vary from tens to several hundreds
of degrees centigrade. The results of An and Shi (2006) and Goes
et al. (2000) indicate a temperature uncertainty of ∼150 °C for the
present conversion of S-wave velocity to temperature. The uncertain-
ty is likely to be less than 150 °C at depths around the lithosphere–
asthenosphere boundary, because the lithospheric thickness estimat-
ed in the present study is similar to that estimated in previous studies
(see below); a variation in temperature of 140 (or 70)°C can result in
a variation in estimated lithospheric thickness of ∼40 (or 25) km (see
the following paragraph).

Fig. 4 shows two 1-D S-wave velocity profiles (thick dashed lines)
and the corresponding converted temperatures using off-cratonic
(thin dashed lines) and on-cratonic (dotted lines) compositions; an
uncertainty of ±150 °C is indicated by shading. The depth at which
the converted temperature (thin dashed lines) is closest to the
1250 °C isotherm (solid lines) is selected as the base of the thermal
lithosphere. Although the difference in temperatures estimated using
the two continental compositions is less than 70 °C, if the estimated
geotherms reach the 1250 °C isotherm (as a proxy for the base of the
lithosphere) in the convective regime, the difference of 70 °C can
result in a difference in depth of 25 km or significantly more.

The 1-D S-wave velocity and temperature profiles shown in Fig. 4a
and b are taken from North China and central Tibet, respectively. The
anomalously high temperature at shallow upper-mantle depths
beneath central Tibet (∼80–110 km in Fig. 4b) originates in part
Fig. 4. One-dimensional seismic–thermal profiles taken from North China (a) and central T
inversion; thin dashed and thin dotted lines are the converted temperature using off-cratonic
±150 °C in the estimated temperatures; solid lines are the 1250 °C isotherm.
from vertical smoothness constraints and the trade-off betweenMoho
depth (∼80 km in central Tibet) and S-wave velocities, although this
effect becomes much weaker at greater depths and in other regions
with thinner crust, as seen in the profile for North China (Fig. 4a). In
addition, the high temperature may suggest that variations in seismic
velocity beneath the complex structure of Tibet are caused not only by
temperature variations but also by varying degrees of dehydration, Fe
depletion, and partial melting.

5. Seismic–thermal structures

Here, the S-wave velocities derived from surface-wave tomogra-
phy are expressed as perturbations (δβ) in percentage relative to the
reference iasp91 model (Kennett and Engdahl, 1991), and are shown
as horizontal sections at four depths (Fig. 5) and four vertical transects
of S-wave velocities (left column) and velocity-derived temperatures
(right column) across different tectonic provinces of the Chinese
mainland (Fig. 6). The depth at which the estimated temperature
is closest to the 1250 °C isotherm is interpreted as the base of the
lithosphere (dotted lines on the temperature transects). Because
vertical transects provide a better sense of both lateral and vertical
variations in structure than do horizontal sections at different depths,
the following description and discussion focuses on the vertical
transects.

Transects a–a′ and b–b′ in eastern China (Fig. 6) mainly cross the
North China craton in the north and the Yangtze craton in the south,
respectively, with their easternmost parts approaching the trench
where the Pacific Plate and the Philippine Sea Plate, respectively, are
subducting beneath Asia. On the eastern part of transect a–a′, the
westward-subducting Pacific slab, which is accompanied by deep
earthquakes, is well imaged as an area of anomalously high S-wave
velocity (low temperature) between 300 and 400 km depth. An ex-
tensive area of low-velocity mantle wedge is clearly imaged above the
slab, near the Philippine Sea slab. A similar mantle wedge is apparent
on the eastern part of transect b–b′. The western part of transect a–a′
ibet (b). Thick dashed lines are S-wave velocity obtained from the joint tomographic
and on-cratonic compositions, respectively; the gray shading indicates uncertainties of



Fig. 5. S-wave velocities at depths of 150 km (a), 200 km (b), 250 km (c), and 350 km (d).
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Fig. 6. S-wave velocities (left) and temperatures (right) in various vertical transects. Transect locations are shown in Fig. 1. Dashed lines on the S-wave velocity transects indicate
Moho depth, and dotted lines on the temperature transects indicate the estimated base of the lithosphere. Above each transect, exaggerated topography is shown in black for positive
elevation and gray for negative elevation. Hypocenters of past earthquakes in the EHB catalogue (Engdahl et al., 1998) are shown as gray points.
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mainly traverses the North China craton and shows amarked variation
in lithosphere thickness fromwest (N150 km) to east (∼100 km) (see
the dotted line on temperature transect a–a′). Except for the high
lithospheric velocities beneath theOrdos Basin in thewest,most of the
North China craton is underlain by low velocities at depths of ∼50–
300 km. The low-velocity layer in transect a–a′ shows a trend of
increasing velocity from the subduction zone to the central craton. The
western part of transect b–b′ crosses part of the eastern Qinghai-
Tibetan Plateau, entirely within the Yangtze craton. Again, the litho-
spheric thickness of the Yangtze craton shows a pronounced thinning
from west (∼200 km) to east (∼100 km), and on the east side of the
transect the cratonic lithosphere is underlain by a low-velocity layer.
Below 300 km depth in transects a–a′ and b–b′, velocities are fastest
and temperatures coolest where the cratonic lithosphere is thinnest.
Transects c–c′ and d–d′ (Fig. 6) mainly cross the Qinghai-Tibetan
Plateau and surrounding areas in western China. A common feature
imaged in these transects is thick lithosphere (∼200 km) beneath
almost the entire Qinghai-Tibetan Plateau, except around Qiangtang
in the northern part of the plateau. The transect c–c′ is oriented
parallel to the syntaxis of Indo-Asian collision, and mainly covers the
southern Qinghai-Tibetan Plateau. The westernmost part of transect
c–c′ is located near the margin of the present study region, and is
therefore relatively poorly resolved. Nevertheless, this area contains
very thick lithosphere (N350 km), consistent with the occurrence of
deep earthquakes associated with cold and therefore relatively rigid
parts of the mantle, most likely with subducted lithosphere resulting
from convergence between India and Asia. The remaining part of
transect c–c′ shows a relatively homogenous high-velocity lithosphere
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down to 200 km, beneath which low velocities are imaged at 200–
400 km depth beneath the central plateau.

Transect d–d′ is oriented perpendicular to the syntaxis of Indo-
Asian collision. Both Indian and Asian lithosphere are well imaged as
high-velocity zones, separated by a mushroom-shaped low-velocity
anomaly, with its cap located beneath Qiangtang and its stem beneath
the area east of Tarim. The Indian lithosphere appears to be broken
into two segments with different horizontal and vertical extents
(labeled “segment 1” and “segment 2” in Fig. 6). The segment beneath
India and the southern part of the plateau (segment 1) extends no
deeper than 300 km, whereas the segment beneath Qiangtang
(segment 2) lies at depths greater than 300 km. These segments are
discussed in detail below.

6. Discussion

6.1. Eastern China

As described above, the North China craton and the Yangtze craton
are characterized by lithosphere that thins from west to east. For the
Yangtze craton this thinning is accompanied by a low-velocity layer
that becomes more pronounced fromwest to east. The thinning of the
North China craton has been extensively studied (e.g., Chen et al.,
1991; Menzies et al., 1993; Yuan, 1996; Fan et al., 2000; Chen et al.,
2001; O'Reilly et al., 2001; Xu, 2001; Zheng et al., 2001; An and Shi,
2006; Menzies et al., 2007; Xu et al., 2008), and it has been proposed
that the low velocities in the east result from hot partial melts or fluids
ascending from the westward-subducting sub-horizontal oceanic slab
in the mantle transition zone. Such partial melts can erode the base of
the overlying lithosphere, ultimately resulting in lithosphere thinning
via removal of the eroded lithosphere root. Alternatively, such melts
could metasomatize or refertilize the craton in situ, particularly if
accompanied by volatiles (Menzies et al., 1993; Lee et al., 1996; Griffin
et al., 1998; Pearson, 1999; Zheng et al., 2007).

These possibilities appear reasonable in the present case because
there exists ample evidence for the existenceof a sub-horizontal oceanic
slab in the mantle transition zone (e.g., van der Hilst et al., 1991, 1997;
Fukao et al., 1992, 2001; Pysklywec and Ishii, 2005; Huang and Zhao,
2006).Magmatismat the eastern edgeof theNorthChina craton at 135–
127 Ma has been linkedwith the upwelling of asthenosphere caused by
subduction of the Paleo-Pacific plate (Wilde et al., 2003; Chen et al.,
2005, 2007).

The present seismic model shows slightly high velocities at 200–
400 km depth beneath the Yangtze craton (Fig. 6, profile b–b′)
and high velocities at 250–400 km depth beneath the eastern North
China craton. It is unclear whether the middle upper-mantle contains
a delaminated but rigid piece of lithosphere or whether the average
velocity in this zone beneath eastern China is slightly higher than the
global average. The lateral continuity of the high-velocity layer
beneath the low-velocity layer suggests that upwelling may ascend
through localized vertical channels rather than uniformly from the
entire subducted slab in the transition zone (e.g., An et al., 2009). The
localized upward flow can ultimately induce lateral flow of hot
buoyant material along the base of the lithosphere (Davies, 1988;
Sleep, 1990).

6.2. Western China

Western China is bound to the southwest by the Indian subcon-
tinent, where Indo-Asian collision started at ∼50 Ma (e.g., Searle et al.,
1987; Royden et al., 2008), immediately after completion of the sub-
duction of the Tethyan oceanic plate beneath Eurasia. The influence of
Indo-Asian collision on western China has left a clear footprint on the
seismic–thermal structures of the upper mantle.

InwesternChina, aweaknorthward-dippinghigh-velocity anomaly,
which probably represents the Indian lithosphere, is imaged beneath
the southern Qinghai-Tibetan Plateau with a roughly east–west exten-
sion, parallel to the syntaxis of Indo-Asian collision (transects c–c′ and
d–d′ in Fig. 6). However, the high-velocity Indian lithosphere does not
appear to continue further north beneath Qiangtang, which is underlain
by low velocities down to ∼300 km depth (transect d–d′). Deep-level
low velocities are also imaged beneath the area east of Tarim,
representing a northward extension of the relatively shallow low
velocities imaged beneath Qiangtang (transect d–d′). This low-velocity
pattern resembles a mushroom, with its cap located beneath Qiangtang
and its stem beneath the area east of Tarim.

The area beneath Qiangtang is characterized by the absence of
high-velocity lithosphere and a widespread, strong low-velocity
anomaly, the origin of which remains under debate. This low-velocity
anomaly beneath Qiangtang was imaged previously by a regional
teleseismic–tomographic study (Tilmann et al., 2003) and surface-
wave tomographic studies (Friederich, 2003; Huang et al., 2003;
Priestley et al., 2006). Tilmann et al. (2003) imaged low velocities
beneath Qiangtang that extend downward to at least 400 km depth.
South of this low-velocity anomaly, beneath central Tibet, the authors
imaged high velocities and suggested that the low velocities beneath
Qiangtang might represent a convection cell located north of the area
of northward subduction of Indian lithosphere. A study of shear wave
splitting (Huang et al., 2000) imaged significant anisotropy beneath the
Qiangtang block but negligible anisotropy in central Tibet to the south,
supporting themodel inwhich low velocities beneath Qiangtang reflect
mantle material squeezed out by convergence between the Indian and
Asian lithospheres. Because of insufficient path coverage, Friederich
(2003) imaged normal to slightly low velocities down to 250 km
depth beneath Qiangtang, rather than a strong low-velocity anomaly;
however, he did image a weak high-velocity anomaly with a gentle
southward dip beneath the northernmargin of the plateau, which could
represent Asian lithosphere and thereby support the “squeeze-out”
model.

The present model, with better path coverage in western China,
imaged low velocities beneath Qiangtang that are connected with
the deep-level low velocities beneath the area east of Tarim (i.e., the
mushroom-shaped low-velocity anomaly). We suggest that the
deeper and weaker low velocities beneath the area east of Tarim
may have existed prior to Indo-Asian collision and are possibly related
to subduction of Tethyan Ocean lithosphere beneath the Eurasian
continent. The low-velocity material was subsequently pushed to its
present position by the northeastward-subducting sub-horizontal
Indian lithospheric slab.

As stated above, transect d–d′ shows two high-velocity segments
beneath the Qinghai-Tibetan Plateau: one beneath India and the
southern plateau at depths less than 300 km, and the other beneath
Qiangtang at depths greater than 300 km. It is logical to interpret the
shallow high-velocity segment (segment 1) as the young, subducting
Indian lithosphere. The north–south extent of the deep-level high-
velocity segment (segment 2) is ∼1400 km (∼13° of great circle
distance), located far from the suture zone of Indo-Asian collision.
Paleomagnetic data indicate that 1000–1500 km of Indian continental
lithosphere has been consumed in the Himalayas (Chen et al., 1993;
Patzelt et al., 1996), similar to the extent of the deep high-velocity
anomaly (segment 2). Accordingly, segment 2 is interpreted to be
related to the older subducted Indian lithosphere. If both the shallow
and deep high-velocity segments are related to subducted Indian
lithosphere, the deep older Indian slab must have broken off from the
shallower portion after the initial Indo-Asian collision at ∼50 Ma.

The northward extent of the shallow segment of Indian litho-
sphere is ∼400 km from the suture zone of the collision (i.e., the point
labeled “break” on transect d–d′). Based on a convergence rate
between the Indian and Asian plates of ∼20 km/m.y. (Bilham et al.,
1997), a movement of 400 km requires ∼20 m.y., indicating that the
Indian lithospheric slabmight have broken off as early as ∼20 Ma. This
result not only confirms the timing of break-off of the deeper portion
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of the subducting slab from the shallower portion suggested by
Chemenda et al. (2000), but also coincides with the time (∼15 to
20 Ma) when fragment extrusion beyond the plateau slowed down
and contributed to the onset of rapid surface uplift and crustal
thickening in eastern Tibet (Royden et al., 2008). Thus, the modern
structural system that currently accommodates deformation within
Tibet may have started at around 20 Ma (Royden et al., 2008).

What caused the deeper portion of the subducting Indian slab to
break off from the shallower portion at ∼20 Ma? The crust of the
Qinghai-Tibetan Plateau is thicker than that of the Indian continent
(Laske et al., 2000; Shin et al., 2007), possibly making the Qinghai-
Tibetan Plateau slightly more buoyant than the Indian lithosphere.
Accordingly, it is possible that the negative buoyancy of the Indian
lithosphere causes it to subduct beneath (underthrust) the Qinghai-
Tibetan Plateau. Alternatively, or in addition, slab pull from the still-
attached part of the subducted Indian lithosphere could have been
strong enough to force continental India beneath the Qinghai-Tibetan
Plateau. The Indian lithosphere is continental type, with a similar
composition to the Qinghai-Tibetan lithosphere. Upon subduction, the
continental slab would have been heated, meaning that the negative
buoyancy of the slab would have changed to neutral or positive
buoyancy, thereby overcoming the slab pull force. Given the scenario
of the shallow portion of the subducting slab resisting continued
subduction and the deep portion pulling further down, the subducted
lithosphere would have broken to form two slab segments beneath
the plateau, as imaged as segments 1 and 2 in the present study.

Previous studies have shown that a pure oceanic-type slab (e.g.,
Tethyan oceanic slab) is very dense and can detach from the
continental part of the lithosphere and sink into the transition zone
(400–600 km deep) or lower mantle (N660 km) (Van der Voo et al.,
1999; Chemenda et al., 2000); however, the present model shows that
segment 2 of the subducting Indian slab lies immediately beneath
segment 1, and has not sunkdown to the transition zone as expected for
an oceanic-type slab. One possible explanation for this observation is
that segment 2 is intermediate in nature/composition between con-
tinental and oceanic lithosphere (e.g., foreland), resulting in stronger
negative buoyancy than the light segment 1 (old, stable continental
lithosphere) andweaker negative buoyancy than the dense, subducting
oceanic slab. According to this interpretation, break-off of the subduct-
ing Indian lithosphere into two segments, as indicated in the present
model, may have been caused by contrasts in lithosphere, and thus in
composition. Moreover, a change in the composition of the subducting
Indian slab may affect the geodynamic behavior of the overlying
lithosphere. The modern structural system of the Qinghai-Tibetan
Plateau may have initiated at ∼20 Ma, at the same time as the onset of
subductionof theold, stable Indian continental lithosphere (segment1).

7. Conclusions

The joint inversion of regional multimode surface waveforms and
fundamental-mode surface-wave dispersion curves combines the
advantage of the good path coverage of fundamental-mode dispersion
measurements and the good sensitivity to deep structures of the
multimode waveforms. This approach enabled us to produce a well-
constrained 3-D upper-mantle S-wave velocity model for China. The
agreement between the detailed structures imaged using the sophis-
ticated 3-D upper-mantle model constrained by exact 3-D waveform
sensitivity kernels confirms that the use of physically-based regular-
ization and a large amount of surface-wave data can counterbalance
the shortcomings of ray theory in considering finite-frequency effects.
The conversion of upper-mantle tomographic S-wave velocity to
temperature is a viable method of estimating lithosphere thickness.

The final seismic–thermal model produced in the present study
highlights interesting structural features in the upper mantle beneath
China. In eastern China, the North China craton and the Yangtze craton
are characterized by marked spatial variations in lithospheric
thickness, with the lithosphere thinning from west to east. The
underlying low-velocity layer and deeper high velocities provide
important clues regarding the cause of this thinning. The low veloc-
ities are interpreted to reflect hot partial melts or fluids ascending
from the westward-subducting, sub-horizontal oceanic slab in the
mantle transition zone; such partial melts can erode or refertilize the
overlying lithosphere base and eventually result in lithosphere
thinning. Beneath western China, thickened lithosphere is imaged
beneath the Qinghai-Tibetan Plateau, except for beneath Qiangtang
on the northern plateau, which is underlain by low velocities. The
present model generally supports the hypothesis that low velocities
beneath Qiangtang reflect material squeezed out by convergence
between the Indian and Asian lithospheres. The identification of two
segments of subducted lithosphere suggests that the Indian litho-
sphere might have fractured and broken as long ago as 20 Ma.
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