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Abstract We explore the variations of Rayleigh wave phase velocity beneath eastern China in a broad
period range (20–200 s). Rayleigh wave dispersion curves are measured by the two-station technique for
a total of 734 interstation paths using vertical component broadband waveforms at 39 seismic stations
in eastern China from 466 global earthquakes. In addition, 599 waveform inversion interstation
measurements were added to this data set. The interstation dispersion curves are then inverted for
high-resolution isotropic and azimuthally anisotropic phase velocity maps at periods between 20 and 200 s.
At shorter periods sampling the crustal depth range, phase velocities are higher in the southeastern part of
the region, reflecting the thinner crust there. The Jiangnan Belt separates Cathaysia from the Yangtze Craton,
the latter with thicker crust and a deep, high-velocity cratonic root. The eastern part of Yangtze Craton,
however, east of 115–116◦E, does not display a deep root and has a thin lithosphere. Azimuthal anisotropy
at long periods (>120 s) shows fast propagation directions broadly similar to that of the absolute plate
motion. Beneath Cathaysia and eastern Yangtze Craton, anisotropy in the asthenosphere is strong and
suggests coast-perpendicular flow. Asthenospheric flow from beneath China’s thick continental lithosphere
toward the thinner lithosphere of the margin and the resulting decompression melting may be the
fundamental causes of the intraplate basaltic volcanism along the eastern coast of China.

1. Introduction

The tectonic structure of China is strongly influenced by the collision between Eurasia and India. After the
closure of the paleo-Pacific and Thetys Oceans, the collision of India with Asia led to the formation of the
Tibetan Plateau. This major orogeny dominates the region today [Bird, 2003]; models for the mechanism
of the continental convergence range from continental subduction to extrusion of the eastern margin of
Tibet and parts of SE Asia [Tapponnier et al., 1986; Avouac and Tapponnier, 1993; Agius and Lebedev, 2013].
Central and eastern China (i.e., east of the Tibetan Plateau), on which we focus in the present study, has
formed in earlier continental collisions, record of which is preserved in the crustal and mantle structure [Yin
and Harrison, 2000; He and Tsukuda, 2003] (Figure 1). The region may be split into north and south tectonic
blocks [He and Tsukuda, 2003]. The boundary between these two blocks runs roughly in the EW direction at
a latitude of 32◦N. The north tectonic block is usually referred to as the Sino-Korean Craton (or North China
Craton (NCC)), whereas the south tectonic block (or South China Block (SCB)) contains the Yangtze Craton.
These tectonic provinces are bordered in the central part by two plain regions: the North China Plain and
Hehuai Plain block [Deng et al., 2003; Jiang et al., 2013].

Tomographic models of Tibet [Yao et al., 2006; Zhang et al., 2011] confirmed that the Moho beneath Tibetan
Plateau is deep (60–80 km depth). Latest studies also revealed a complex deformation, affecting the whole
region, as seen in the tomographic images for the Sichuan-Yunnan Basin [Lü et al., 2013]. The tectonics of
the NCC is affected by the Tibetan orogeny in the west [Yin and Harrison, 2000; He and Tsukuda, 2003], while
in the east the lithosphere of an Archean core of the craton has been thinned in the Phanerozoic [Menzies
and Xu, 1998]. The NCC is composed of several uplifted blocks, high plains, and basins [Zhao et al., 2001].
The SCB (Figure 1) includes, in its continental margin parts, Mesozoic magmatic provinces with volcanism
between the Triassic and the Cretaceous [Zhou et al., 2012; Meng et al., 2012]. The presence of Jurassic grani-
toids distributed in a NE-SW elongated region (Nanling Range) as well as Neogene and Paleogene volcanism
provides important clues on the evolution of the south China continental margin [Li et al., 2012; Yao et al.,
2012]. Chen et al. [1981] first described the tectonic units in southern China, including Cathaysia Unit and
Jiangnan Belt. Their formation and evolution were later detailed by geochemical evidences [Chen and Jahn,
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Figure 1. Azimuthal anisotropy in eastern China from shear-wave (SKS) splitting (modified from Wüstefeld et al. [2009]).
The plate motions are taken from NUVEL1 model [DeMets et al., 1990, 1994]. Ordos and Sichuan Basins are highlighted
in blue, as well as the outline of the Yangtze Craton and Cathaysia Unit. The northern boundary of the Yangtze Craton is
the limit between northern and southern China Tectonic Provinces [He and Tsukuda, 2003]. The complex fault system is
plotted in yellow lines, and Jiangnan Belt is indicated.

1998; Zhang et al., 2013]. The Yangtze Craton is surrounded by many active faults (Figure 1) but appears
unaffected by tectonic activities and has experienced very weak deformation. Jiaoliao Plain is surrounded
by several uplifted blocks (Taihangshan uplift) and mountains (Yingshan-Yanshan folded mountain). Two
main basins (Ordos and Sichuan, the Archean cores of the Sino-Korean and Yangtze Cratons, respectively)
and major faulting system (Tancheng-Lujiang fault) are also present in the region. In addition, the Cathaysia
protocratonic unit in the southeast and the Yangtze Craton are separated by the Jiangnan orogenic belt.
Surface wave tomographic models of Zheng et al. [2008] imaged the basins at periods between 10 and 30 s
and show a crustal thickening from east to west in the region. These results were confirmed by shear wave
measurements [Sun et al., 2010] and ambient noise tomography [Zhou et al., 2012]. The crustal structure [Ma
and Zhou, 2007] is very heterogeneous with strong lateral variations, as confirmed by gravity measurements
[Li and Yang, 2011]. Overall, however, the detailed interactions between the Yangtze Craton, the Sino-Korean
Craton, and the Tibetan Plateau, as well as the border between the cratonic units and basins, are still poorly
understood and call for further investigations.

Despite the large number of tomographic studies of the Asian upper mantle, the structure is still resolved
unevenly with a typical resolution of hundreds of kilometers given by regional and global imaging [Inoue et
al., 1990; Bijwaard et al., 1998; Friederich, 2003; Lebedev and Nolet, 2003; Li et al., 2006; Pei et al., 2007; Zheng
et al., 2008; Sun et al., 2010; Zhou et al., 2012; Schaeffer and Lebedev, 2013].

For models based on surface wave data, the resolution generally decreases with depth [Lebedev et al.,
2005; Legendre et al., 2012; Knapmeyer-Endrun et al., 2013]. Furthermore, lateral and radial resolution of the
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models may vary strongly depending on the input data types. In most isotropic tomographic models,
the large-scale anomalies are consistently resolved, such as the cratons (North China, Siberian, Yangtze),
the Tibetan Plateau, and the subduction zones of the Western Pacific and Southeast Asia. Local-scale tomo-
graphic studies provide more details in the shape of the slabs and the boundaries of the cratons and the
basins. Additional seismic imaging, in particular for the anisotropic structure, is, however, required to bet-
ter understand the lithosphere-asthenosphere system in the Asian upper mantle, the internal structure of
the cratonic mantle lithosphere as well as details of the cratons’ boundaries with younger oceanic and con-
tinental units. Azimuthal anisotropy is of great importance to infer past and present deformation in the
lithosphere and asthenosphere and can be retrieved by studying either the splitting of seismic shear waves
(mainly S and SnKS), or the azimuthal dependence of body or surface wave speeds. Several SKS studies have
been performed in the region (see Wüstefeld et al. [2009] for a review).

Shear wave splitting measurements reveal the presence of small-scale seismic anisotropy in the mantle in
the region (Figure 1). The most striking result is the clear difference in fast direction of propagation around
the Ordos and Sichuan Basins as well as in the western border of the Yangtze Craton. However, the fast direc-
tions are uniform inside the cratons with almost no variation in the fast direction of the anisotropy, except
at the border of the cratonic units. One may point out that the WSW direction of the fast axis can be related
to the absolute plate motion (NUVEL1 model, DeMets et al. [1990, 1994]). However, SKS measurements pro-
vide an average anisotropy across the whole crust and upper mantle and cannot precisely locate the depth
range in which the anisotropy occurs. Because the vertical resolution of anisotropy is missing, it is not pos-
sible to discuss structural details. The variation of anisotropy with depth has increasingly been revealed
by recent surface wave observations, sometimes in combination with shear wave splitting data [e.g.,
Lebedev et al., 2006, 2009; Deschamps et al., 2008a, 2008b; Yuan and Romanowicz, 2010; Endrun et al., 2011;
Xie et al., 2013].

In this study, we construct anisotropic maps of Rayleigh wave phase velocity in east China (24◦N–40◦N and
104◦E–120◦E). We analyze the azimuthal patterns of Rayleigh wave phase velocity in several distinct period
ranges and investigate the vertical as well as lateral variations of Rayleigh wave azimuthal anisotropy. At
periods sampling the lower crust and the lithosphere, our results provide evidence for fossil fabric char-
acterizing ancient deformation within cratonic lithosphere and the more recent mantle flow between the
northern and southern regions of east China. At longer periods, where the surface waves mainly sample
the asthenosphere, our results are broadly consistent with the absolute plate motion (APM) in this region
[DeMets et al., 1990, 1994].

2. Seismic Data and Methodology

We follow the conventional two-station approach in constructing the Rayleigh wave phase velocity maps in
eastern China. First, we make phase velocity measurements using broadband waveform records and deter-
mine the interstation dispersion curves. We then invert the obtained collection of dispersion curves for
Rayleigh wave phase velocity maps at selected periods between 20 and 200 s.

2.1. Seismic Stations and Selected Earthquakes
To measure the Rayleigh wave phase velocities beneath east China (roughly 24◦N–40◦N and 104◦E–120◦E),
we use the broadband waveforms recorded at 39 seismic stations from the China National Seismic Net-
work [Zheng et al., 2010]. The stations are evenly distributed in our study region (Figure 2). The two-station
method, which we employ to measure the dispersion curves between two stations using Rayleigh waves
from earthquakes, requires that the angle between the great circles connecting a given pair of stations and
that connecting this pair and the earthquake epicenter are small. In this study, we set an upper limit of 10◦

for this angle in the selection of earthquakes and station pairs. Epicentral distances are between 10◦ and
170◦, and all interstation distances are in the range of 250–2500 km. Following these criteria, we extracted
59,306 records for 466 events (Figure 3). For each given pair of stations, all phase velocity measurements
obtained from different earthquakes are averaged to derive the dispersion curve for the path connecting
this pair of stations. This resulted in reliable dispersion curves for a total of 734 interstation paths.

2.2. Phase Velocity Dispersion Curves
For each of the 734 pairs of stations, we measured a phase velocity dispersion curve for the fundamen-
tal Rayleigh mode using the two-station method. This method was first introduced by Sato [1955] and
has been used to measure dispersion curves of surface waves [Schwab and Knopoff, 1970; Knopoff, 1972].
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Figure 2. Stations (red triangles) used in this study plus station pairs used to constrain the model (black lines). The red
interstation path is the one used, for example, in Figures 4–6.

Here we used the implementation of the cross-correlation approach of Meier et al. [2004], which allows
measurements of dispersion curves in a broad period range (in our case, between 10 and 250 s). For
each selected event, the vertical component displacements recorded at the two stations in each pair
are cross correlated (Figure 4). To minimize the effects of noise and interferences, the cross-correlation
function is first filtered with a Gaussian band-pass filter. Side lobes caused by correlations of the fun-
damental mode with scattered waves and higher modes are then downweighted by the application
in the time domain of a frequency-dependent Gaussian window to the filtered cross-correlation

Figure 3. Events (circles) and stations (triangles) used in this study. The size of an event is related to the magnitude and
the color to the event depth (shallow in red, up to 100 km depth in green, and deep in blue). A specific event is high-
lighted. The corresponding paths are shown in black lines, connected to the two stations in purple used, for example, in
Figures 4–6.

LEGENDRE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4805



Journal of Geophysical Research: Solid Earth 10.1002/2013JB010781

Figure 4. (a and b) Vertical components of the displacement recorded
at the pair of stations highlighted in Figure 2 and (c) the cross-
correlation function.

function. This approach to filtering
and windowing is effective as long as
the fundamental mode has the largest
amplitude in the seismogram (which
is usually true at epicentral distances
greater than 1200 km, with the excep-
tion of seismograms from deep events)
and therefore dominates the contribu-
tion to the cross-correlation function
(Figure 4c).

The cross-correlation is then transferred
into the frequency domain, and its
complex phase 𝜁 (𝜔) is used to calculate
the phase velocity C(𝜔) following

C(𝜔) =
𝜔(Δ1 − Δ2)

𝜁 (𝜔)
, (1)

with

𝜁 (𝜔) = arctan
{

Im [Φ(𝜔)]
Re [Φ(𝜔)]

}
+ 2nπ,

(2)
where Φ(𝜔) is the transformed cross
correlation between the surface waves
recorded at the two stations with
epicentral distances Δ1 and Δ2.

Because of the 2π ambiguity of the
complex phase of the cross-correlation
function (equation (2)), the phase
velocity estimation is nonunique and
is represented by an array of curves
(blue curves in Figure 5). Phase velocity
can be determined within a frequency
range that is chosen interactively, and
several nonoverlapping frequency
ranges can be selected for one sin-
gle event. Generally speaking, seismic
wave diffraction and the interference of
fundamental Rayleigh wave with

Figure 5. Possible solutions represented by an array of curves (blue lines). The model-predicted phase velocities for
Rayleigh and Love waves are displayed in dashed line. The red part of the curve is the frequency window selected for
this specific event.
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Figure 6. Dispersion curves for the pair HUAX-HOJ. (a) Measured phase
velocity curves. (b) Merged curve. (c) Automated calculations to reduce
the error in the final dispersion curve.

higher modes can bias the measure-
ments. These effects, however, have a
strong frequency dependence, which
manifests itself in the irregularities and
roughness in the measured curves.
Therefore, only the smooth portions of
the curve are retained (red portion in
Figure 5). In the next step, all disper-
sion curves from the same station pair
are merged together (Figure 6b), and
outliers are discarded.

All the measurements from all available
events selected at a specific pair of sta-
tions are then assembled and averaged
to construct a single dispersion curve
between the two stations. Merging all
the segments of the dispersion curve
measured for each event recorded at a
given pair of station allows reaching a
broader period range. At each period,
the value of the Rayleigh wave phase
velocity and its error bar are defined by
the mean and standard deviation in the
collection of the measured segments
(red and blue lines in Figure 6b). In addi-
tion to the dispersion curves measured
with the two-station method, automated
measurements performed by the auto-
mated multimode inversion [Lebedev
et al., 2005] have been incorporated, as
described in Lebedev et al. [2006]. A total
of 599 path-specific dispersion curves
have been added. The advantage of
adding these measurements is to reduce
the uncertainty on the dispersion curve:
the automated measurements display
a smaller standard deviation than the
manually picked ones, although their
frequency range does not extend to
periods as short as for cross-correlation
measurements (Figure 7).

To obtain the final dispersion curve, we
take the average of manual and auto-
mated phase velocity measurements for
the same interstation path. In general,
the manually derived dispersion curves
have larger errors but cover a broader
range of frequencies. On the other hand,
the automated multimode inversion
operates over a more limited period
range (with periods mostly over 20 s),

but the resulting dispersion curves provide more accurate constrains on the phase velocity estimations. The
standard deviation of the phase velocities measured at each period is a conservative estimate of the error in
the dispersion curve. The errors generally increase with period, as shown in Figures 6b and 6c. The
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Figure 7. Manually measured phase velocity curves (black) and
automated waveform inversion measurements (red) for all station pairs.

dispersion curves (obtained by merg-
ing manually picked and automated
curves) we measured do not all cover
the entire period range (10–250 s). As
a result, the path coverage changes
strongly with period (Figure 8), lead-
ing to variations in the resolution of
our model as a function of period.
For example, short periods (20 s and
shorter) show relatively sparse cov-
erage. By contrast, almost all the
dispersion curves we obtained sample
periods of 20 s and longer, leading to a
very good coverage at these periods, as
indicated by the azimuthal coverage for
periods of 20 s and longer (Figure 8).

2.3. Inversion for Rayleigh Wave
Phase Velocity Maps
After deriving the dispersion curves
for the 734 interstation paths, we then
invert them for both isotropic and
anisotropic (2𝜓 and 4𝜓 ) Rayleigh wave
phase velocity maps at selected peri-
ods. At each point of the model, the
total velocity anomaly can be param-
eterized with five coefficients: one
coefficient for the isotropic phase
velocity variation, 𝛿Ciso; two coefficients
for the 2𝜓 anomaly, A2𝜓 and B2𝜓 ; and
two coefficients for the 4𝜓 anomaly,
A4𝜓 and B4𝜓 :

𝛿C = 𝛿Ciso + A2𝜓 × cos(2𝜓) + B2𝜓 × sin(2𝜓) + A4𝜓 × cos(4𝜓) + B4𝜓 × sin(4𝜓). (3)

The amplitudes of azimuthal velocity variation (Λ) and the directions of fast propagation (Θ) of the 2𝜓 and
4𝜓 anisotropy are then given by

⎧⎪⎨⎪⎩
Λ2𝜓 =

√
A2

2𝜓 + B2
2𝜓

Θ2𝜓 = 1
2

arctan( B2𝜓

A2𝜓
)

and

⎧⎪⎨⎪⎩
Λ4𝜓 =

√
A2

4𝜓 + B2
4𝜓

Θ4𝜓 = 1
4

arctan( B4𝜓

A4𝜓
).

(4)

Previous studies [Montagner and Tanimoto, 1991; Trampert and Woodhouse, 2003; Polat et al., 2012] have
pointed out that the contribution of 4𝜓 terms may be nonnegligible, which is why we have included them
in our inversions. However, Deschamps et al. [2008a] found that although the 4𝜓 terms have amplitudes
comparable to those of the 2𝜓 terms, they are not needed to explain the raw data. Therefore, in discussing
inversion results in this study, we will not attempt to interpret the 4𝜓 terms and focus only on the isotropic
and 2𝜓 anisotropic anomalies.

Geographically, the model is parameterized on a triangular grid of knots [Wang and Dahlen, 1995] with
a grid spacing of 100 km. Due to uneven data coverage depending on the period, the size of the grid is
different at each period. Best coverage (which is obtained for periods longer than 20 s) leads to a grid of
374 knots at 80 s. When coverage is poorer (for periods of 20 s and shorter), the grid covers a reduced area
(e.g., 351 knots at 20 s). Each dispersion curve yields the average phase velocity along the path linking the
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Figure 8. Paths used to constrain specific periods. From top left to bottom right are 20, 24, 30, 36, 40, 50, 60, 80, 100, 130,
160, and 200 s.

two stations as a function of period, and the total average velocity anomaly along this path may be written
as the integral of local anomalies at each grid knot sampled by the given path:

̄𝛿Ci = ∫
𝜑
∫
𝜃

Ki(𝜑, 𝜃) 𝛿C(𝜑, 𝜃) d𝜃 d𝜑 , (5)

where the local anomalies 𝛿C(𝜑, 𝜃) are weighted with respect to the sensitivity kernels Ki(𝜑, 𝜃). The kernel
provides the contribution at each knot on a specific path to the total velocity anomaly [Lebedev and
Van Der Hilst, 2008]. The averaged velocities obtained from the dispersion curves are averaged for each
period, and the inversion is performed to obtain the velocity perturbations relative to the regional aver-
age model. Note that inversion is performed independently at each period; i.e., for each selected period
we define a set of linear equations (one for each path available at this period) by discretizing equation (5).
We use the LSQR (least square for large sparse system) method [Paige and Saunders, 1982] to solve this
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Figure 9. Effects of smoothing. The model has been calculated for a specific period of 80 s with increasing smoothing values from left to right for both (top)
isotropic and (bottom) anisotropic components; all others parameters remain constant during the inversion process.

set of equations with both norm damping and lateral smoothing. Lateral smoothing is controlled by
two damping parameters, which minimize the first and second spatial derivatives of velocity anoma-
lies, respectively. Parameters for damping and smoothing are determined from trade-off curves. The
amounts of damping and smoothing are different at different periods and are applied independently
on isotropic and anisotropic terms. This method provides an effective mechanism (although not com-
pletely objective) to find the compromise between the smoothness of the model and its ability to explain
the data. Resolution is mainly controlled not only by the cumulative sensitivity of the available data to
isotropic and anisotropic perturbations within the medium but also by additional a priori constraints
such as norm damping and smoothing. Here we discuss the influence of the latter two on the properties
of the resulting model. Lateral smoothing penalizes the difference between the anomaly at a knot and
the average of the anomalies at its neighboring knots by minimizing the first and second spatial deriva-
tives of velocity anomalies. The lateral smoothing weight is set up independently for each period. We
apply a stronger smoothing with decreasing path coverage. Figure 9 demonstrates the effect of smooth-
ing on the resulting velocity model at a period of 80 s. If the smoothing weight is too low (Figure 9,
left), small-scale artifacts may appear in the regions with poorer data coverage (i.e., at the border of the
model). If the smoothing weight is instead too high, information on small-scale features is lost (Figure 9,
right). Therefore, we imposed a smoothing weight large enough in order to avoid artifacts yet still allow
the resolution of small-scale anomalies. Figure 9 also shows that the anisotropic pattern remains mostly
unchanged, indicating the robustness of the inversion. We conducted similar tests for the anisotropic part
(Figure 9, bottom).

2.4. Resolution Tests
To test the robustness of the dominant structures imaged by our models, we performed a series of synthetic
tests (Figure 10). Simple input test models are first created with representative patterns for both isotropic
and anisotropic anomalies. In the resolution tests, we first assume a synthetic model and expand it on the
grid used in the tomography. We then multiply this model vector with the matrix that is used in the inver-
sion of the real data and relates the data to the tomographic model. This result in a synthetic data vector;
we then invert using the same regularization scheme as that used for the inversion of the real data. This
allows testing for the reconstruction of both isotropic and anisotropic patterns. The retrieval of the anoma-
lies should display correct amplitudes and locations. The anisotropic features should be retrieved with
consistent directions and amplitudes. Distortions in the output models may result from several sources, but
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Figure 10. Resolution tests. Test models at periods of (a) 20 s, (b) 40 s, (c) 50 s, (g) 80 s, (h) 130 s, and (i) 160 s, and (d, f, j, and l) reconstructed models for respective
periods. The reconstructions are performed to test the retrieval of both isotropic and anisotropic structures.

LEGENDRE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4811
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Figure 11. (a and b) Sensitivity of the Rayleigh wave phase velocity in function of depth, for selected periods.

mainly a lack of lateral resolution and leakage between isotropic and anisotropic terms (Figure 10). To evalu-
ate the leakage between isotropic and anisotropic terms [Darbyshire and Lebedev, 2009; Fry et al., 2010], we
define three synthetic models in which isotropic and anisotropic anomalies are either constant throughout
the region, or set to zero (Figures 10b, 10c, and 10g). The retrieved models (Figures 10e, 10f, and 10j) indi-
cate that the leaking between isotropic and anisotropic terms is small. In particular, the isotropic patterns
are retrieved for all periods with low lateral variations (Figure 10e). In regions with denser data coverage
(between 20 and 160 s) some artifacts appear in the isotropic part. Note that these artifacts mostly occur
at peripheral knots. These regions should thus be interpreted with caution, due to the possible small-scale
artifacts and perturbations induced by possible errors in the data. Similarly, the input anisotropic structure
(Figure 10c) is properly retrieved (Figure 10f ). Inversion result shows only small deviation between input
and output models both in the azimuth of fast direction and in amplitude, and the output model did not
show substantial isotropic perturbations. To test whether specific isotropic and anisotropic structures can
be geographically well resolved, we define two input models in which the isotropic and anisotropic distribu-
tions are more complex with tilted boundaries (Figures 10h, 10i, 10k, and 10l). The resolution tests presented
here addressed the coverage given by the data and did not include errors in the data. Given the substantial
redundancy of our coverage, provided by the hundreds of crossing paths, random errors are unlikely to have
any significant impact on the main patterns seen in our results.

3. Results

We obtained variations in Rayleigh wave phase velocity anomaly with the location and period. Because
Rayleigh waves at different periods sample different depth ranges, variations of Rayleigh wave phase
velocity with period are related to vertical variations in shear wave velocity anomalies.

Our models are discussed in term of periods, but the frequencies can be related to depth by means of sen-
sitivity kernels, displayed in Figure 11. Figure 11a is focused on the shorter periods (20–60 s). At 20 s, the
Rayleigh waves samples a region between 10 and 80 km depth, with a maximum sensitivity around 30 km.
By contrast, at 30 s, the Rayleigh waves samples a region between 20 and 100 km depth, with a maximum
sensitivity around 40 km. Figure 11b is focused on longer periods (80–160 s). Rayleigh waves at a period of
100 s sample the depth range between 50 and 250 km, with a maximal sensitivity around 130 km. Using
the kernels, it is possible to link the periods with depth. In this paper we do not relate dispersion curves
to Vs depth profiles quantitatively by means of inversion of the data [e.g., Endrun et al., 2008; Agius and
Lebedev, 2013], which is to be the focus of future work, but highlight the major isotropic and anisotropic
heterogeneity patterns already apparent from phase velocity maps.
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Figure 12. Isotropic and azimuthally anisotropic phase velocity maps for specific periods. From top left to bottom right
are 20, 24, 30, 36, 40, and 50 s.

3.1. Isotropic Variations
In the period range of 20–30 s, the isotropic structure (Figure 12) is dominated by a northwest-southeast
dichotomy. We observe fast velocity anomalies of up to 2% relative to the regional average velocity in the
southeastern part of the model, corresponding roughly to the Cathaysia Unit, and low-velocity anomalies
of up to −3% in the northwest, covering the Ordos Basin, the western part of the Sino-Korean Craton, and
part of the plains and uplifted blocks. All these units comprise the northern tectonic block. Around 30–36 s,
the isotropic pattern changes, with fast velocity migrating from the Cathaysia Unit toward the Yangtze

LEGENDRE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4813
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Figure 13. Isotropic and azimuthally anisotropic phase velocity maps for specific periods. From top left to bottom right
are 60, 80, 100, 130, 160, and 200 s.

Craton. Between 30 and 100 s, the dominant feature is a dichotomy between the faster than average
western Yangtze Craton and the slower than average eastern North China Craton. The Cathaysia Unit, in the
southeastern part of our model is characterized by small anomalies (1% and less), faster than average in the
period range 36–50 s and slower in the period range 60–100 s.

Our model shows substantial variations within each unit. Within the Yangtze Craton, the Sichuan Basin is
faster than the surroundings at periods of 50 to 100 s (Figures 12 and 13). Within the North China Craton, the
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main high-velocity anomaly is seen beneath the southern part of the Ordos Basin, which appears as faster
than average at 50 s period and longer. The dominant isotropic pattern is thus a roughly E-W dichotomy.
This pattern is observed up to about 100 s period.

At periods of 130 s and longer (Figure 13), the isotropic structure changes again and is progressively domi-
nated by short-wavelength anomalies. At periods of 160 s and longer, corresponding to the asthenospheric
mantle, we observe isotropic anomalies of shorter wavelength (typically a few hundreds of kilometers)
and the model tends to become more homogeneous (the amplitudes of the anisotropy is smaller) at those
longer periods. Note that the amplitude of the isotropic anomalies slowly decreases with increasing period,
with anomalies of 1% and less at 160 s and longer periods.

3.2. The 2𝝍 Anisotropic Variations
Our anisotropic model is displayed together with the isotropic one in Figures 12 and 13 for the same peri-
ods. At 20 s period, corresponding to the midcrust, we observe four main regions with different anisotropic
patterns. Beneath the North China Craton, anisotropy is strong with an amplitude of up to 2% and a
NNW-SSE direction of fast propagation. Beneath Yangtze Craton, anisotropy strongly varies with the loca-
tion, both in amplitude and direction of fast propagation. In the western part of the craton, we observe
moderate anisotropy (1–1.5%) with SW-NE direction of fast propagation, whereas anisotropy is weak in its
east central part. In the western part of the model (beneath Tibet), anisotropy is moderate (up to 1%), with
a N-S direction of fast propagation. Near the southern border of our model, beneath Cathaysia, we see sub-
stantial anisotropy, with amplitude decreasing from 2% at 20 s to 1% at 30 s, and a roughly SW-NE direction
of fast propagation. This pattern extends northward in the Yangtze Craton.

The strong NNW-SSE anisotropy observed in the Sino-Korean Craton persists up to 50 s period but changes
at periods between 60 and 100 s. In this period range, anisotropy strongly varies in amplitude and direc-
tion within the Sino-Korean Craton. In its western part, beneath the Ordos Basin, it remains strong with
NNW-SSE fast direction, but in the eastern and northern parts, anisotropy is weak. By contrast, in Cathaysia,
the anisotropy changes in the period range of 36–40 s. At 50 s, and up to 100 s, we see strong anisotropy
with the directions of fast propagation roughly perpendicular to the coastline from NW-SE in the west to
E-W in the east. This anisotropic pattern extends beneath the eastern part of the Yangtze Craton, charac-
terized by low-velocity isotropic anomalies at these periods. In the western part of the Yangtze Craton,
anisotropy is moderate (around 1%), with SW-NE direction of fast propagation, slowly turning to an E-W
direction in the eastern part of the model. Starting around 120 s, the dominant anisotropic pattern is a 1–2%
anisotropy with E-W direction of fast propagation, consistent with the absolute plate motion (APM) in this
region [DeMets et al., 1990, 1994]. Strong variations are still present, in particular beneath Cathaysia Unit
where the direction of fast propagation remains NW-SE. Discrepancies also appear at the periphery of the
model and might be related to poor coverage at these periods.

4. Discussion
4.1. Crustal Thickness
The models at 20–36 s periods sample primarily the crust, according to the sensitivity kernels (Figure 11).
One of the dominant features in the isotropic part of our model is the low velocities beneath the sedimen-
tary basins (Ordos and Sichuan) in northwest part of our model. This anomaly persists up to periods around
24 s. The high velocities beneath Cathaysia and the SE-NW dichotomy in the isotropic structure at periods
of 20–36 s may originate from two combined effects. The primary cause is likely to be the known crustal
thickening toward the northwest. This is consistent with previous observations and crustal models of main-
land China [Zheng et al., 2008; Sun et al., 2010; Zhou et al., 2012] as well as models at larger scale [Bassin et
al., 2000], receiver function analyses [Chen et al., 2010], and gravity measurements [Xu, 2007], showing a
crustal thickness of 30 km beneath Cathaysia and a thickening toward the northwest, reaching 60–70 km
beneath Tibet [Huang et al., 2009; Jiang et al., 2013]. Additionally, the thermochemical structure of Cathaysia
and other units may differ, in the crust and in the mantle. According to the tectosphere hypothesis [Jordan,
1975] regarding cratons in particular, chemical depletion (e.g., in iron) is required to balance the cooling
of the lithosphere and to maintain the long-term stability of a craton. The presence of chemical hetero-
geneities, however, cannot be diagnosed on the basis of our Rayleigh wave model only. Such anomalies may
be inferred from vertical profiles of relative density-to-shear-wave velocity anomalies [e.g., Deschamps et al.,
2001; Van Gerven et al., 2004], or appropriate petrophysical inversions of surface waves data [e.g., Khan et al.,
2011; Fullea et al., 2012; Khan et al., 2013].
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4.2. Yangtze Craton and Cathaysia
The boundary between the Yangtze Craton and the Cathaysia Unit is known from the geological record and
its surface expression [Chen et al., 1981; He and Tsukuda, 2003], indicated in Figures 12 and 13. The Jiangnan
Belt stretches along the suture between the Yangtze Craton and the Cathaysia Unit [Zhang et al., 2013].

At periods between 40 and 80 s (sampling the mantle lithosphere and, where the lithosphere is not very
thick, the asthenosphere), the dominant structure is a strong change of velocity beneath the Jiangnan Belt
(low velocities in the east and high velocities in the west) as seen in previous local-scale studies [Zheng et
al., 2008; Sun et al., 2010; Zhou et al., 2012]. The high velocities observed beneath the Yangtze Craton and
low velocities beneath the Cathaysia Unit indicate the thicker lithosphere beneath the western and central
Yangtze Craton. In contrast, in the eastern part of the Yangtze Craton, low velocities are found. This suggests
that the mantle lithosphere east of 116◦E is thin and no longer cratonic.

The layered azimuthal anisotropy beneath Cathaysia reveals different fabric within the lithosphere and
asthenosphere. In the lithosphere (20–36 s periods) the fast directions are oriented NE-SW, roughly parallel
to the present coastline and to the suture with the Yangtze Craton. This anisotropy is likely to indicate the
frozen fabric created by the deformation of Cathaysia during and following its collision and suturing with
the Yangtze Craton.

In the asthenosphere (periods longer than about 40 s), fast propagation directions beneath Cathaysia, as
well as beneath eastern Yangtze Craton, are different, roughly perpendicular to the coastline. This fabric
indicates the current asthenospheric flow, probably from beneath mainland China toward the east.

Cenozoic basalts that erupted near China’s eastern coast display isotopic ratios typical of ocean-island
basalts [e.g., Flower et al., 1998; Smith, 1998], often associated with hot spot volcanism. In the southeast, in
the vicinity of Hainan Island, a deep seismic velocity anomaly has been detected, with the volcanism there
thus attributed to the Hainan Plume [Lebedev and Nolet, 2003; Lei et al., 2009]. Elsewhere along the eastern
coast, however, the volcanism is likely to have a shallower origin. Morgan and Morgan [2005] proposed that
some of the Cenozoic intraplate volcanism in East Asia may be due to horizontal sublithospheric flow, driven
by the “draining” of asthenosphere at the subduction zones to the east. Subducting slabs consume astheno-
spheric material by dragging down a thin layer of it, with the lost asthenosphere then replaced by means
of sublithospheric flow from beneath Asia. In locations where the flow rises from beneath thicker conti-
nental lithosphere to beneath thinner lithosphere at the continent’s margin, pressure-release melting, and
volcanism can occur [Thompson and Gibson, 1991]. The veins of enriched rock within the mantle may melt
preferentially (the “plums” in the terminology of the “plum pudding” geochemical mantle model [Morris and
Hart, 1983; Morgan and Morgan, 1999]), with the resulting basaltic volcanism then similar to that observed
at hot spots.

The azimuthal anisotropy that we map beneath eastern China at intermediate and long periods may thus
indicate the eastward flow of the asthenosphere that has caused the Cenozoic intraplate volcanism along
the coast.

4.3. North China Craton
High velocities found beneath Ordos and Sichuan Basins correspond to their deep cratonic keels. Fast veloc-
ities are found up to 100 or 130 s, suggesting that these keels extend at large depths (down to 200 km),
which is consistent with shear wave speed tomographic models in the region [Huang et al., 2009; Jiang
et al., 2013].

The structure of the crust and lithosphere beneath the North China Craton has been extensively studied
(see Zhai and Liu [2003] for a review). Zhang [2012] proposed that the lithosphere beneath the NCC was
removed by lithosphere folding, delamination, and dripping. The thinning of the lithosphere beneath NCC
is known from Bouguer anomaly and heat flow measurements [Griffin et al., 1998] and confirmed by isotopic
analyses [Xu, 2001; Zhang et al., 2002, 2013].

In our models, we map the eastern boundary of the preserved, stable lithosphere of both the Yangtze
Craton in the South and the North China Craton in the north. East of the boundary, we observe a
low-velocity region, with a thin lithosphere.
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4.4. Local and Regional Features
Active faulting (Figure 1) indicates that the Sino-Korean Craton is now deformed more strongly than the
Yangtze Craton. The Sino-Korean Craton has also experienced substantial deformation in the past, since
its formation [Menzies and Xu, 1998]. Interestingly, in the period range of 20–100 s (corresponding to the
lower crust and lithospheric mantle), we observe strong geographical variations of azimuthal anisotropy
within the Sino-Korean Craton, both in the direction of fast propagation and in the amplitude. By contrast,
azimuthal anisotropy is relatively homogeneous within much of the Yangtze Craton at most periods, with
a small amplitude in the period range of 20–40 s. The 2𝜓 anisotropy pattern we observe between peri-
ods of 20 and 36 s can be related to the regional tectonics. Between the Ordos and Sichuan Basins, the
orientation of the fast direction of propagation rotates to become NNE. The distinct lithospheric structure
of this unit is seen in its lower isotropic-average velocity as well. Fast propagation directions observed at
50 s and longer are similar to those inferred from SKS splitting measurements [Wüstefeld et al., 2009; Bai
et al., 2010]. However, one has to keep in mind that the SKS waves sample several layers along their path.
Because the anisotropy we observe in this region varies with period (both in amplitude and direction of fast
propagation), a detailed comparison between our Rayleigh wave anisotropy and the observed SKS measure-
ments would require to invert our anisotropic models for 3-D shear wave anisotropy and vertically integrate
through this 3-D model.

The border area between the two rigid blocks, the Ordos and Sichuan Basins, is a region with intense fault-
ing (Figure 1). The faults do not penetrate the units, indicating that the border region between the two
blocks is mechanically weaker than the blocks themselves. The anisotropic pattern observed in our model
is consistent with not only the distribution of the surface faults around the basins with strong lateral and
depth variations but also previous SKS splitting studies of this region [Wüstefeld et al., 2009; Bai et al., 2010;
Li et al., 2011]. However, the present strain within the blocks is low, so that the anisotropy is likely to be
due to frozen fabric, created long ago. West of the Jiangnan Belt, the isotropic structure is dominated by
short-wavelength (about 400 km) anomalies but is relatively homogeneous at larger scale. The anisotropy in
the whole region has a roughly E-W axis of fast propagation in the shallow part but rotates to become con-
sistent with the overall APM direction at longer periods. At long periods (160 s and longer), sampling the
asthenosphere, the anisotropic pattern varies only slightly with location.

4.5. Comparison With Previous Studies
The boundary of the cratons have already been delineated by regional body wave tomography models
[Liang et al., 2004; Huang and Zhao, 2006; Sun and Toksöz, 2006; Zhao et al., 2012]. These models clearly show
an east-west dichotomy in their shallowest part, which can be related to the shorter-period structures in our
surface wave models, with high velocities in the east and low velocities westward. This east-west dichotomy
is often referred to as the north-south tectonic line [He and Tsukuda, 2003].

Models obtained from surface wave tomography [Huang et al., 2009; Jiang et al., 2013] and ambient
noise tomography [Zheng et al., 2008; Sun et al., 2010; Zhou et al., 2012] display high velocities in the
southeast (beneath the Cathaysia Unit) at shallow depths and low velocities in the same region at
greater depth, which is also consistent with our isotropic model. The shallowest part of our model dis-
play fast velocities beneath the NCC. This is in good agreement with previous gravity measurements [Xu,
2007]. The high velocities beneath the North China Craton are well correlated with the positive Bouguer
anomalies found in the region, comforting the idea of the erosion of the lithosphere beneath the North
China Craton.

SKS measurements (see Wüstefeld et al. [2009] for a review) are very dense in the studied region. Good
agreement between the fast axis of polarization of the SKS measurements and the anisotropic part of
our models are found. The SKS measurements seem mostly sensitive to the mantle deformation, as
expected, but in some parts of the models, we also see a match between the crustal anisotropy and the SKS
splitting results.

5. Conclusions

In this study, we have constructed anisotropic Rayleigh wave phase velocity maps for eastern China using
broadband seismograms from the China National Seismic Network. The models we obtain at different peri-
ods reveal features changing both laterally and with period (i.e., reflecting shear wave speed changes with
depth). Phase velocity changes are observed across the boundaries between tectonic units, such as between
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the North China Craton, Yangtze Craton, and the Cathaysia Block. We also observe a sharp transition in
seismic velocities at the border of the Tibetan Plateau.

The isotropic part of the model reveals clear differences in the lithospheric structure of the main units of
the region, including not only the large-scale cratons (Yangtze and Sino-Korean) but also the smaller-scale
basins within them (Ordos and Sichuan), defining their deep geometry. Lateral and vertical variations of
azimuthal anisotropy provide more details on the tectonic evolution and current mantle dynamics beneath
the region. The change in both isotropic and anisotropic perturbations occurs beneath the Jiangnan Belt,
related to the lithospheric suture between the Yangtze Craton and Cathaysia Units. Thick cratonic litho-
sphere underlies the western part of the Yangtze Craton. East of 115–116◦E, however, the Yangtze Craton
lithosphere is thin, with no deep cratonic root present. Azimuthal anisotropy in the asthenosphere beneath
Cathaysia and eastern Yangtze Craton indicates coast-perpendicular mantle flow. This flow from beneath
China’s thick continental lithosphere toward the margins and the subduction zones to the east may be the
basic cause of the intraplate basaltic volcanism observed along the eastern coast of China.
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