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[1] We imaged detailed 3-D crustal and uppermost mantle seismic structures in the North
China Craton from inversion of Rayleigh wave phase velocity at periods of 6 to 143 s. The
phase velocities were obtained from a combination of ambient noise and teleseismic surface
wave tomography, and then the phase velocities were inverted to S-wave velocities. The results
show that both the Huabei Basin and Ordos Block have markedly rapid variations in both
crustal velocities and the Moho depth. Huabei Basin has a thin (31–34km) crust with low
velocities while Ordos Block has a thick (~40 km) crust with high velocities.We also estimated
the lithospheric thickness from the inverted S-wave velocities using a simple S-wave
velocity/temperature relationship. Huabei Basin was imaged as a low S-wave-velocity
anomaly in the uppermost mantle with very thin lithosphere (~65 km), while Ordos Block
was revealed as a high S-wave-velocity anomaly with rather thick lithosphere (>120 km).
These results indicated that Huabei Basin and Ordos Block have different thermal and/or
chemical properties and had experienced different mantle processes and evolution histories
since the Cenozoic. Furthermore, slow S-wave velocities and very thin lithosphere (~65 km)
were also found beneath Hetao and Weihe rifts bounding Ordos Block at north and south,
respectively. However, Shanxi Rift—the boundary between Huabei Basin and Ordos
Block—had a much thicker and higher velocity lithosphere than Hetao and Weihe rifts.
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1. Introduction

[2] The North China Craton (NCC) in eastern Asia is
characterized by active intraplate continental rifts and wide-
spread magmatism in an extensional regime [Zhang et al.,
1998, 2003] (Figure 1). The widespread rifts and basaltic
magmatism in the NCC through the Cenozoic [Tian et al.,
1992; Ye et al., 1987] were believed to be associated with
the India-Asia collision and the subduction of the Philippine
Plate and the Pacific Plate beneath Eurasia [Liu et al., 2004b;
Molnar and Tapponnier, 1975; Northrup et al., 1995;
Tapponnier and Molnar, 1977; Zhang et al., 2003]. Further-
more, the NCC is thought to play an important role in
accommodating the interaction between the uplifting of
Tibet Plateau driven by the India-Asia collision and the sub-
duction of the Pacific Plate.

[3] The North China Craton can be divided into the eastern
(Huabei Basin) and the western block (Ordos Block),
separated by a major boundary zone, the Trans-North China
Orogen (TNCO), including both Shanxi Rift and Taihang
Uplift (Figure 1) [Faure et al., 2007; Liu et al., 2006; Zhao
et al., 2001]. It is well known that Ordos Block has been a
stable continental craton since the Precambrian amalgamation,
while Huabei Basin has experienced significant tectonic
rejuvenation and extension in the Late Mesozoic to Cenozoic.
[4] A number of studies using various geophysical

techniques have been conducted for the region, such as
receiver functions [Chen et al., 2009; Ma and Zhou, 2007],
body wave tomographies [Huang and Zhao, 2006; Liu et al.,
2004a, 2004b; Sun and Toksoz, 2006; Tian et al., 2009;
Xu and Zhao, 2009; Zhao et al., 2009], surface wave tomogra-
phies [He et al., 2009; Huang et al., 2003, 2009; Wu et al.,
1997], ambient noise tomographies [Fang et al., 2009;
Zheng et al., 2008a], and anisotropy analysis [Wu et al.,
2007; Zhao et al., 2007, 2008]. These studies revealed detailed
structures within the NCC. However, there are still a number
of issues that need further detailed study, such as the high res-
olution of the seismic velocity structures and the thickness of
the crust and the lithosphere, the process of the lithospheric re-
juvenation and delamination of the NCC, and the relationship
between the widespread rifts and extension in the NCC and the
uplifting of the Tibetan Plateau.
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Figure 1. Tectonic settings in the North China Craton (NCC). Triangles are seismic stations, red: portable
stations from Peking University, green: portable stations of Institute of Geophysics, China Earthquake
Administration (CEA), blue: permanent stations from Shanxi Seismological Bureau, CEA, and purple:
permanent stations from Hebei Seismological Bureau. Datong volcano is also marked as a red symbol. Blue
lines denote the boundaries of and in the NCC. HB: Huabei Basin, and TNCO: Trans-North China Orogen.
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Figure 2. (a) All the cross-correlations functions used in this study; (b) an example of the cross-
correlation between LW8 and K049 (Figure 1) filtered in different frequency bands; (c and d) an
example of Rayleigh waves (Earthquake: JUL 27 (208), 2007, 14:46:26.800) recorded by station LW8
and K049 (Figure 1), respectively, which filtered in some frequency bands.
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[5] In this study, we used the combination of ambient
noise and teleseismic surface wave tomographies to obtain
detailed 3-D seismic structures in the NCC, where unprece-
dented seismic data were recorded by high-density and well-
distributed seismic arrays. The combination of both ambient
noise and teleseismic surface wave tomographies can lead to
a better depth and spatial resolution of seismic structures and
has enabled us to establish a detailed 3-D velocity model of
the seismic structure in the NCC. These results will help us
to define the rejuvenation of the NCC as well as its interac-
tion with surrounding plates.

2. Data and Methodology

2.1. Data

[6] We used Rayleigh waves to compute tomographic
phase velocity maps at set periods and then inverted these
maps to obtain a 3-D S-wave velocity model. The phase
velocities were measured from one-year continuous seismic
records in 2007 at a total of 141 stations in the study region,
which provided us excellent data coverage over a wide
period range. The seismic data were collected from a variety
of projects, including temporary and permanent seismic
arrays (Figure 1).
[7] The one-year continuous data were collected from two

parallel portable broadband seismic arrays that were operated
by Peking University (red triangles in Figure 1). The southern
array was operated for a period of 20months from August

2006 to March 2008. Each station was equipped with a
Guralp CMG-3ESP seismometer and a Reftek 130 digital
acquisition system. The average station spacing was ~10 km.
The northern array was operated for a period of 14months
from January 2007 to March 2008 and was composed of 13
Guralp CMG-3ESPC and 6 BKD-2 broadband seismometers.
[8] This study also included one-year continuous records

during 2007 at selected stations of the two main linear
profiles (green triangles in Figure 1) of the North China
Seismic Array operated by the Institute of Geophysics, China
Earthquake Administration (CEA). Each station was equipped
with a Guralp CMG-3ESPC seismometer and a Reftek 130
digital acquisition system. More detailed information about
the North China Seismic Array deployment can be found in
Lu et al. [2009].
[9] We also collected continuous seismic records for 2007

at permanent stations from the Hebei Seismological Bureau
(purple triangles in Figure 1) and the Shanxi Seismological
Bureau (blue triangles in Figure 1), CEA, China. The perma-
nent stations were equipped with a variety of sensors including
broadband and short period seismographs. The short period
data were not used in this study.

2.2. Methodology

[10] We obtained phase velocities of Rayleigh waves at
short periods from cross-correlations of ambient noise and
phase velocities at longer periods from teleseismic earth-
quakes. These phase velocities at shorter and longer-ranged
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Figure 3. Raypath coverage for (a, b, c) ambient noise tomography and (d, e, f, g, h) two-plane-wave
tomography at different periods, (i) earthquake distribution (red circles) for two-plane-wave tomography.
Triangles are seismic arrays (see Figure 1).
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periods were combined and inverted to S-wave velocities at
each grid point. By assembling these results, we produced a
detailed 3-D S-wave velocity model of the crust and the
uppermost mantle in the North China Craton.
2.2.1. Ambient Noise Tomography
[11] Since Campillo and Paul [2003] first introduced the

cross-correlation method into seismological studies, the
ambient noise tomography method has become one powerful
tool to image shallow Earth structures [Shapiro and Campillo,
2004; Shapiro et al., 2005]. We can obtain empirical Green’s
function of surface waves between pairs of stations at periods
as short as 6 s by using cross-correlation of long-time
sequences of ambient noise [Bensen et al., 2007].
[12] In this study, we performed cross-correlations of long-

time sequences of ambient noise (only vertical component)
over a period of 1 year for every station-pair in our seismic
arrays, following the method of Bensen et al. [2007]. First,
we removed the instrument response for each individual
station and then applied a band-pass filter (0.02–0.2Hz).
Then, the time-domain normalization was applied to the data
to suppress earthquake signals. Finally, we applied the spectral
whitening before cross-correlating the signals. Figure 2a shows
all cross-correlation functions used in this study. Figure 2b
shows an example of the cross-correlation between LW8 and

K049 (Figure 1) filtered in different frequency bands. Then
the phase velocities for Rayleigh waves were measured from
these cross-correlations between all station-pairs at periods
from 6 to 40 s. Dispersion at periods longer than 40 s could
not be retained from ambient noise cross-correlations for the
distribution of seismic stations in this study. This is because
only those station-pairs in which separation distance was
greater than three wavelengths could be used.
[13] Once we obtained the dispersions at all station-pairs,

conventional surface wave tomography was conducted to
generate phase velocity maps at a grid size of 0.5� � 0.5� by
applying the method of Barmin et al. [2001]. The studied
region was delimited by a closed curve on a sphere. Grid nodes
were spaced at constant distances (~ 55 km). Surface waves
were treated as rays sampling an infinitesimal zone along the
great circle, while scattering was completely ignored. Spatial
smoothness and model amplitude constraints were applied to
the inversion for stability. Figures 3a–3c show the path cover-
age at several selected periods used in the tomography. All
paths were located within the seismic array.
2.2.2. Two-Plane-Wave Tomography
[14] We adopted the two-plane-wave method [Forsyth

and Li, 2005; Forsyth et al., 1998] for the tomography of
teleseismic surface waves, which can account for the
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Figure 4. Phase velocity perturbation maps at different periods from ambient noise tomography. Seismic
stations are shown as little black triangles.
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Figure 5. Phase velocity perturbation maps at different periods from two-plane-wave tomography.
Only those regions whose standard errors are less than 0.08 km/s are plotted. Seismic stations are shown
as little black triangles.
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incoming nonplanar wave field [Forsyth and Li, 2005; Li
et al., 2003] caused by lateral heterogeneities in the Earth’s
structures [Friederich et al., 1994]. This method interpreted
the variation in amplitude and phase of surface waves within
the array in terms of the interference of two plane waves. In
this study, we applied the inversion technique of surface
wave tomography based on 2-D sensitivity kernels [Yang
and Forsyth, 2006] at a grid size of 0.5� � 0.5�. We fit the
observed phases and amplitudes of surface waves to get
phase velocity maps at periods of 20 to 143 s. These phase
velocities were then inverted to S-wave velocities.
[15] Earthquakes in a distance range of 30�–120� with

surface wave magnitude larger than 6.0 were used in this
study to isolate the fundamental mode Rayleigh waves.
The distribution of these events offered a good azimuthal
coverage (Figure 3i), which was important to resolve lateral
variations in seismic velocity structures. The ray-path coverage
is shown in Figures 3d–3h at some typical periods. Rayleigh

waves were isolated independently from the vertical compo-
nents at 11 selected periods, ranging from 20 to 143 s, using
a zero-phase-shift band-pass Butterworth filter of 10 mHz
wide. Figures 2c and 2d show an example of Rayleigh waves
in some frequency bands (Earthquake: JUL 27 (208), 2007,
14:46:26.800) recorded by station LW8 and K049 (Figure 1).
At a certain frequency band, only those seismograms with
good signal-to-noise ratio and reasonable coherence from
station to station at more than 12 stations were used in the to-
mography. The amplitude and phase of each Rayleigh record
were calculated and were used as the input-observed data in
the tomography. There was little energy at periods shorter than
20 s because of scattering and attenuation along the long path
from earthquakes to the array. Information for periods longer
than 143 s was limited by the period range of seismographs.
2.2.3. S-Wave Velocity Inversion
[16] The phase velocity maps from ambient noise and

teleseismic Rayleigh waves were combined to form wide-
period-band dispersion curves of 6 to 143 s. These dispersion
curves were then inverted to S-wave velocities in the crust
and in the uppermost mantle.We first performed a linear inver-
sion for the average dispersion to get an appropriate 1-D refer-
ence S-wave velocity model for the entire region of interest.
Then we modified the 1-D velocity model with Moho depth
from receiver functions [Ge et al., 2011] at each 0.5� � 0.5�
grid point. These modified 1-D models were used as the initial
models, which were more appropriate to the tectonic regions.
We applied the same 1-D inversion procedure at each grid
point and then assembled the results at all grid points together
to produce one 3-D crust/uppermost mantle model.
[17] The 1-D inversion for S-wave velocities was performed

in a linearized regime to compute the synthetic phase velocities
and partial derivatives [Saito, 1988]. The model parameters in
this inversion were S-wave velocities in a number of layers
from the surface to 400 km depth with a prescribed layer thick-
ness of 10–30 km. The P-wave velocities were scaled by a
factor of 1.732 with the S-wave velocities and the densities
were scalded with P-wave velocities using the same
relationship as PREM in the inversion procedure. The Moho
depth was inverted simultaneously by varying the thickness
of the two layers right above and below the Moho to accom-
modate the variation in Moho depth. We used the Moho depth
from receiver functions [Ge et al., 2011] as the input model
and updated the variation in the Moho depth during the
inversion procedure. A larger damping factor was applied in
the Moho depth variation to ensure that the receiver function
results had strong constraints while the inversion could also
allow variations in theMoho depth. For the inversion, we used
the phase velocities from ambient noise tomography for the
short periods and the teleseismic surface waves for longer
periods. At the overlap periods, we used the average phase
velocities of the two methods.

3. Results

3.1. Phase Velocity Maps

[18] Figure 4 shows the phase velocity anomalies at some
selected periods ranging from 6 to 40 s from the ambient
noise tomography (ANT) and Figure 5 shows the phase
velocity anomalies from the two-plane-wave tomography
(TPWT) for the teleseismic surface waves.

(a)

(b)

Figure 6. (a) Phase velocity dispersion curves of observed
and synthetic data. ANT Data: phase velocities from ambient
noise tomography, Tele Data: phase velocities form two-
plane-wave tomography using teleseismic surface waves,
Joint Inv: synthetic phase velocities from the inverted
S-wave velocity model. (b) Average 1-D S-wave velocity in
the North China Craton inverted from the combination of
average phase velocities from ambient noise tomography and
two-plane-wave tomography. Input: Input velocity model
modified fromAK135, The blue gray line denotes the standard
error of the inverted S-wave velocity model.
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[19] At short periods (6–16 s) (Figure 4), most of the
observed velocity anomalies are well correlated with the
known geological units at surface. The extensional Huabei
Basin emerges as a big region with relatively low velocities.
Shanxi Rift is imaged as a linear low-velocity anomaly. This
linear low-velocity anomaly is limited between two high
velocity anomalies beneath Ordos Block and Taihang Uplift.
Ordos Block, the stable plateau to the west of Shanxi Rift, is
revealed as a big region with high-velocity anomaly, contrary
to Huabei Basin.

[20] The features of the phase-velocity anomaly vary
gradually with periods, except the periods of 16–25 s in which
depth-sensitivity kernels are maximized around the Moho.
Huabei Basin is imaged as low-velocity anomaly at 16 s but
changes to high-velocity anomaly at 25 s relative to Ordos
Block. This striking inversion of velocity anomalymay indicate
that the Moho depth beneath Huabei Basin is shallower than
that of Ordos Block. In general, S-wave velocities are low in
the crust (~3.9 km/s) and high in the upper mantle (~4.5 km/s).
Consequently the phase velocities between 16 and 25 s periods
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Figure 7. S-wave velocity anomaly maps at different depth inverted from phase velocity dispersion and
Moho depth. The Moho depth is also inverted simultaneously with S-wave velocity. The output Moho
depth is almost the same as the input Moho depth from receiver functions [Ge et al., 2011] because we
used a large damping factor for Moho depth. Black triangles are seismic stations. The red symbol denotes
the Datong volcano region.
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approximately vary inversely with the crustal thickness due to
the large velocity contrast (~0.6 km/s) across the Moho.
[21] The Datong volcanic region has very low velocity

anomaly from short to long periods, reaching its maximum at
30–35 s periods (Figure 4). This could be due either to the
thickened crust or the presence of partial melt associated with
the active volcanism.
[22] At longer periods (35–40 s) (Figure 4), the phase

velocities become increasingly sensitive to the lithospheric
mantle structure. Ordos Block with thick craton lithospheric
root emerges as a high-velocity anomaly, while Huabei
Basin becomes a low-velocity anomaly where a significant
portion of its lithosphere was removed.
[23] At the overlapping period range of 20–40 s, the

TPWT yielded similar features (Figure 5) as that of the
ANT (Figure 4). The agreement between TPWT and ANT
is good where the data coverage (Figure 3) is dense for both
methods, while the difference is most pronounced in lower
ray-path density. There is also disagreement in the phase
velocities even within the area encompassed by the seismic
array. At 30–40 s periods, ANT (Figure 4) shows a high-
velocity anomaly running along Taihang Mountain in the
center of the seismic array. But this high-velocity anomaly
shifts to the southeast in TPWT (Figure 5). The 35 and
40 s period maps are more like the 30 s period map in
ANT, but they are more like 45 s period map in TPWT.
These different features are probably due to the difficulty
of recovering Green’s functions from ambient noise at
periods above 30 or 40 s [e.g., Bensen et al., 2008; Yao
et al., 2010]. Therefore, we did not use the results from
ANT at 40 s period in the inversion for S-wave velocity.
[24] For longer periods (>40 s), the phase velocities are

more sensitive to deeper structures in the uppermost mantle.
The features in the constructed phase velocity maps vary
gradually with periods and exhibit similar features of 40 to
143 s. Ordos Block is revealed as a high-velocity anomaly
with lower velocities at its boundaries. Strong low velocities
are found beneath Huabei Basin and the rifts around Ordos
Block, such as Hetao and Weihe rifts. The low velocities
beneath Hetao Rift and Weihe Rift are continuous and
connected to the low anomaly beneath Huabei Basin at
periods of 35 to 100 s.

3.2. S-Wave Structure

[25] The average dispersion curves of Rayleigh wave phase
velocities from ambient noise and teleseismic surface wave
tomographies agree very well with each other within the
overlapping periods (Figure 6a). The 1-D inversion results of
S-wave velocities from these average phase velocities are
shown in Figure 6b. The phase velocities at 6 and 40 s for
ambient noise were not used in the inversion for S-wave
velocities due to very few measurements. As expected the
inverted result using only the ambient noise dispersion
(shown as a green line) constrains the shallower lithosphere
structure quite well. The teleseismic surface wave data, having
longer periods, provides better constraint in mantle structure
(shown as a blue line). The combination of ambient noise
and teleseismic surface wave, therefore, is mutually comple-
mentary in S-wave velocity inversion with depth (shown as a
purple line). The inversion requires significantly lower
upper-mantle velocities from 80 to 200 km depth compared
to our starting model of AK135 (Figure 6b).

Figure 8. Vertical profiles of S-wave velocity structures.
The locations of these profiles are marked as red lines in
Figure 7. Moho depth and LAB are denoted as black and
red lines, respectively.
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[26] The prominent features in S-wave velocity maps
(Figure 7) are similar to the phase velocity maps (Figures 4
and 5). In the upper andmiddle crust (0–10 km and 10–20 km),
Huabei Basin is imaged as a strong low-velocity anomaly
region. A linear low-velocity anomaly is also found beneath
Shanxi rift. Ordos block and Taihang uplift are revealed as
high velocity anomalies which the phase velocity maps also re-
vealed. The S-wave velocity structures in the uppermost man-
tle down to 240 km depth also exhibit strong lateral
heterogeneities. Predominantly lower shear velocities in the
upper mantle beneath Huabei Basin, Hetao and Weihe rifts
around Ordos are the most notable features and can be traced
from the Moho to more than 200 km in depth. As expected,
the stable cratonic Ordos Block is revealed as high-velocity
anomaly in the uppermost mantle. The features in the mantle
deeper than 200 km are not clear due to the limitation of a long
period of phase dispersion and depth-sensitivity kernels.
[27] The Moho depth (Figure 7) was treated as a parameter

and was inverted simultaneously with S-wave velocity. As
we used a large dumping factor for the variation in the Moho
depth, the output Moho depth is almost the same as the input
Moho depth (Figure 7) from the receiver functions [Ge et al.,
2011]. In general, the Moho depth correlated very well with

the surface tectonic features: a thinner crust beneath Huabei
Basin (<34 km) and a thicker crust (>40 km) beneath
TNCO and Ordos Block (Figure 11). The Datong volcanic
region has an extra layer of 3–4 km lower crust as well as
relatively low S-wave velocities.
[28] Figure 8 shows three vertical profiles of the S-wave

velocity. The profile locations are marked as red lines in
the lower middle panel in Figure 7. The lower S-wave veloc-
ities beneath Hetao Rift and Huabei Basin can be traced
from ~70 km to more than 160 km. Ordos Block has a high
velocity root down ~200 km depth.

3.3. Resolution Tests

3.3.1. Tomography
[29] Checkerboard tests were applied to check the model

resolution visually. The input checkerboard is roughly
200 km in wavelength, alternating fast and slow velocity
anomalies of � 5%. Figure 9 shows the results of the
recovered checkerboards at some typical periods together
with the input model.
[30] The checkerboard model was well retrieved at all

periods of interest for both pattern and amplitude for ANT.
Given the fact that all the ray-paths were within the seismic

Figure 9. Results of checkerboard test. The left top panel is the input model. 10, 20, and 30 s are
checkerboard tests for ambient noise tomography. 33, 50, 77, 111, and 143 s are checkerboard tests for
two-plane-wave tomography. The corresponding periods are written at the right top corner on each panel.
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array (Figure 3), only the model within the array could be
retrieved. So the resolution will be less than 200 km within
the array for ANT inversion. Instead, we used the average
phase velocity where therewas no ray-path coverage/resolution
for the inversion of S-wave velocity.
[31] The model pattern could be well recovered where

the ray-path coverage was dense for teleseismic tomogra-
phy. However, the retrieved amplitude is not as good as
ambient noise tomography. This intrinsic shortage in
amplitude retrieval for teleseismic tomography was caused
by the longer-period data it used than ambient noise
tomography. The checkerboard model is smeared where
the path coverage shrinks and the resolution reduces grad-
ually with periods. At 143 s, only the pattern was resolved
and only ~2% velocity anomaly is recovered compared to
the 5% velocity anomaly of the input model. This implies
that our lateral resolution is less than 200 km where
the path coverage is good and smeared where the path
coverage is sparse.
3.3.2. S-Wave Velocity Inversion
[32] To estimate the effect of the initial model on

the inversion procedure of S-wave velocities, we tested
the inversion using some different initial models with the
Moho depth varying by 10 km (Figure 10a). The different
colored dotted lines are the initial models and the solid
lines are the corresponding results. Figure 10c shows the

corresponding phase dispersion. It is clear that all the
inverted S-wave velocities and the Moho depths are
converged above a depth of 220 km (black arrow in
Figure 10a). This implies that the effect of the initial
model on the inverted S-wave velocity is small and the
maximum depth range that our phase velocity dispersion
can constrain is about 220 km.
[33] Figure 10b is another test for the inversion of S-wave

velocity to check the effect of the Moho depth. The initial
models are a series of models modified from AK135
(gray line in Figure 10b) by varying the Moho depth in
a range of 15 km and keeping the Moho depth fixed in
the inversion procedure. The inverted S-wave velocity
models (solid lines in Figure 10b) show that the Moho
depth can significantly affect the S-wave velocities in
the layers around the Moho. This is because the phase
velocities of surface waves have a very broad sensitivity
kernel with depth and have a strong trade-off between
depth and velocity.
[34] We used the Moho depth from receiver functions

[Ge et al., 2011] as a strong constraint in the initial models.
The S-wave velocity and the Moho depth were derived
simultaneously from the inversion of the phase velocity
dispersion. We used a large damping factor for the Moho
depth to ensure that the receiver function results have strong
constraints while the inversion can also allow variations in
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Figure 10. (a) A test of the inversion of S-wave velocity with different input models (dotted lines) and
the results are shown with solid lines (in the same color with the input model); (b) a test of the inversion of
S-wave velocity with different fixed Moho depth. The inverted results are plotted with different color;
(c and d) the corresponding phase velocity dispersions for Figures 10a and 10b, respectively.
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the Moho depth. The output Moho depth is almost the same
as the input Moho depth (Figure 7).

4. Discussion

4.1. Difference Between ANT and TPWT

[35] The biggest differences between ANT and TPWT lie in
the 35 and 40 s period maps. This may come from the measure
error. The signals at 35 and 40 s periods have much less
magnitude than 25 and 30 s period for ANT. A number of
studies have shown that the Green’s functions at periods
above 30 or 40 s are difficult to recover from ambient noise

[e.g., Bensen et al., 2008]. The imperfect recovery of the
Green’s function above 30 s and the instable dispersion mea-
surements are probably the primary reason for the
difference between earthquake-based measurements and
ambient noise-based measurements. Because of this, we
did not use the results at 40 s from ambient noise in the
inversion for the S-wave velocities.

4.2. Crust Structure

[36] Huabei Basin and Shanxi Rift have relatively low
velocities in the crust than that of Ordos Block and Taihang
Uplift. These low S-wave velocities in the crust were also
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evidenced by low Lg coda Q distribution [Liu et al., 2004a]
and low crustal S-wave Q estimate from ML amplitude
[Wang et al., 2008]. Given that the heat flow in Huabei Ba-
sin is high [Hu et al., 2000; Wu et al., 1988], this low veloc-
ity may indicate the existence of a hot crust beneath Huabei
Basin and Shanxi Rift. This evidence may indicate that the
extensional Huabei Basin and Shanxi Rift are still active
now. The low velocity beneath Shanxi Rift can be traced
at least to the Moho depth, indicating that the rift is litho-
spheric in style, cutting through the Moho. It may play an
important role in accommodating the differential developing
process since the Mesozoic between Huabei Basin and Ordos
Block.
[37] Huabei Basin and Ordos Block have markedly rapid

variations in the crustal velocities and the Moho depth along
the eastern margin of Taihang Uplift. Huabei Basin has a
thin and low-velocity crust while Ordos Block has a thick
and high-velocity crust. The crustal thickness varies from
31–34 km beneath Huabei Basin to more than 40 km beneath
TNCO and Ordos Block. These values are in good agreement
with previous work such as receiver function studies
[Ma and Zhou, 2007; Zheng et al., 2007, 2008b, 2008c, 2009].
The contrasting structure may indicate that Huabei Basin
and Ordos Block have different thermal and/or chemical
properties and have experienced different deep mantle
processes and evolution histories since the Cenozoic
reactivation of the NCC. These features are consistent with
the notion that Huabei Basin was developed in an exten-
sional tectonic regime [Zhang et al., 2003] in which its crust
had been stretched and thinned significantly while Ordos
Block remained stable in the Cenozoic.
[38] Low S-wave velocities and thick crust (43–45 km) are

found near the Datong volcanic region. Considering the active
volcanism evidenced by widespread Neogene basaltic outcrop
near Datong [Liu et al., 2004b; Xu et al., 2005], these low S-
wave velocities could have originated either by high tempera-
ture or partial melt in the crust, and presents a situation which
is notably thermal or compositionally different. The deep
Moho might be a representation of the underplating or inter-
penetration of the crust by melt associated with the Quater-
nary volcanic activities, which is also pointed out by receiver
functions [Ma and Zhou, 2007; Zheng et al., 2008b] and
Poisson’s ratio from ultra-high pressure metamorphic
rock samples [Ji et al., 2009].

4.3. Lithosphere Structure

[39] The velocity in the uppermost mantle is, on average,
relatively slow with respect to global seismic velocity models
such as AK135 (Figure 6), indicating the existence of a
thinned lithosphere beneath the North China Craton. Using
the S-wave velocities we can get an estimation of the depth
of the lithosphere-asthenosphere boundary (LAB), which is
thought as a thermal-controlled mechanical boundary.
Priestley and McKenzie [2006] have obtained an empirical
relationship between S-wave velocity (Vs) and temperature
(Y) in �C and depth (z) (equation (1)) [Priestley and
McKenzie, 2006], based on the thermal structure of the
Pacific Plate [McKenzie et al., 2005],

V �
S ¼ VS= 1þ bV z� 50ð Þð Þ

V �
S ¼ mYþ cþ A exp � E þ PVað Þ=RT½ �; (1)

where E is the activation energy, and Va is the activation
volume, T is the temperature in �K, and the constant values
are

bV ¼ 3:84� 10�4km�1;m ¼ �2:8� 10�4km s�1C�1;
c ¼ 4:72 kms�1;A ¼ �1:8� 1013km s�1;
E ¼ 409 kJ mol�1;Va ¼ 10� 10�6m3 mol�1;

P ¼
Z

r zð Þgdz;R ¼ 8:314472J mol�1K�1:

[40] Equation (1) provides a good fit of Vs(T) for the Pacific
lithosphere. The LAB is conventionally defined as the 1300�C
isotherm because mantle rocks below this temperature are
sufficiently cool and behave in a rigid manner [Karato,
2009]. For the North China Craton, we use only the values
T(z) that exceed to 1100�C to estimate the depth of LAB,
where the continental-crustal effect will be very small.
[41] Figure 11 shows the average 1-D temperature profile

estimated from the average 1-D S-wave velocity model
using equation (1). We chose 1320�C as the typical LAB
temperature in the North China Craton. The derived LAB
depth in Huabei Basin was similar with the receiver function
results [Chen, 2010]. The derived average depth of LAB in
our study region is 86 km. By applying the same approach
at each of the 0.5� � 0.5� grid, we got estimations of the
LAB depth across the NCC.
[42] Figure 12 shows the variation in the LAB depths

derived from S-wave velocity at 1320�C. Huabei Basin has
a very shallow LAB (~60–65 km), which is consistent with
the notions that part of the NCC lithosphere had been
destroyed and thinned significantly before the Cenozoic.
The Cenozoic rift systems surrounding the Ordos Block,
such as the Hetao and Weihe rifts, also have thin lithosphere
(60–65 km) similar to that of Huabei Basin. These LAB
estimations agree well with previous work using other imaging
techniques. Travel-time tomographies reported that the
lithosphere beneath Huabei Basin is only 60–80 km [Tian
et al., 2009; Xu and Zhao, 2009]. Compositional analysis of
alkali basalts from the Quaternary Datong volcanic field
inferred a temporal thinning of the lithosphere (~70 km)
[Xu et al., 2005]. Our results suggest that this destruction
and lithospheric thinning was not limited in Huabei Basin,
but also had a more significant effect on TNCO and Ordos
Block than previously thought (Figure 12).
[43] Ordos Block, as a typical Archean craton, has a

thicker lithosphere (>120 km) than that of Huabei Basin
and Hetao Rift (60–65 km) (Figures 8 and 12) if we used
the same LAB temperature (1320�C) as Huabei Basin.
However, the receiver function revealed that this LAB depth
is thinner by more than 100 km, while Huabei Basin has a
similar LAB depth with receiver function results (Figure 12).
The LAB temperature will be 1420�C in Ordos Block to
get a deep LAB (>200 km) as receiver function revealed
[Chen, 2010]. There could be several reasons for this
difference in the LAB depth or the temperature. First,
equation (1) was derived from the Pacific lithosphere,
which is more like the reactivated Huabei Basin. However,
the Ordos Block is a stable Archean craton with a cold
thick lithospheric root, which will have a much different
thermal profile than the Pacific lithosphere. Second, Ordos
has a much higher S-wave velocity structure beneath the
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derived LAB than that of Huabei Basin (Figure 8). Whether
this interface is a midlithosphere discontinuity, more data
needs to be checked. Nevertheless, Ordos Block and
Huabei Basin have marked difference in the crustal and
lithospheric structures.
[44] A very thin lithosphere (<70km) is found beneathHetao

Rift which is almost the same as Huabei Basin (Figure 12).
But Shanxi Rift, though it has a linear low-velocity anomaly
in the crust, does not show very thin lithosphere. These
features may indicate that the rifts around the stable cratonic
Ordos Block have evolved under different regime.

5. Conclusion

[45] In this study, ambient noise and teleseismic surface
wave tomographies are combined to produce a detailed 3-D
S-wave velocity model of the crust and the uppermost mantle
in the North China Craton.
[46] Huabei Basin and Ordos Block have markedly rapid

variations in crustal velocities and the Moho depth along
the eastern margin of Taihang uplift. Huabei Basin has a thin
and low-velocity crust while Ordos Block has a thick and
high-velocity crust. These features may indicate different
thermal and/or chemical properties, deep mantle process
and evolution history between Ordos Block and Huabei
Basin since the Cenozoic.
[47] Huabei Basin has a very shallow LAB (~60–65 km),

which is consistent with the notion that part of the lithosphere
of the North China Craton had been destroyed and thinned
significantly in the Cenozoic. The Cenozoic rift systems
surrounding Ordos Block, such as the Hetao andWeihe rifts,
have also been significantly thinned to 60–65 km, which may
indicate the destruction and lithospheric thinning was not
limited to Huabei Basin, but also affected the rifts system
around Ordos Block.
[48] Ordos Block has a thicker lithosphere with higher

S-wave velocity while the rift zones around Ordos have
thinner lithosphere. But Shanxi Rift, the boundary rift
between Ordos Block and Huabei Basin, has much thicker
lithosphere than that of Hetao and Weihe rifts.
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