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We have migrated teleseismic S-receiver functions to construct detailed lithospheric structure images that
cover the three constituent parts of the North China Craton (NCC). Our images show that in contrast to the
eastern NCC where significantly thinned lithosphere (60–100 km) is widespread, the central and western
NCC are characterized by the coexistence of both preserved thick and dramatically thinned lithosphere. The
thick lithosphere (N200 km) is present beneath the stable Ordos Plateau and the thinned lithosphere (up to
80 km) is found in the late Cenozoic Yinchuan–Hetao and Shaanxi–Shanxi rift areas, with sharp changes
occurring over a lateral distance of b200–400 km. Near the boundary between the eastern and central NCC, a
rapid thickening of the lithosphere by 20–40 km over ~100 km laterally is observed, concordant with abrupt
changes in surface topography and roughly coincident with the North–South Gravity Lineament (NSGL).
Together with petrological and geochemical data these structural features suggest that lithospheric
remobilization and thinning may have affected the NCC much further to the west than previously thought.
Compared to the widespread reactivation and destruction of lithospheric mantle in the eastern NCC,
lithospheric modification of the central and western NCC may have been less intensive and spatially more
localized. Rifting and lithospheric reactivation probably occurred at mechanically weak boundary zones, but
the cratonic nucleus of the Ordos block (which forms the western part of NCC) seems to have retained its
rigidity, thickness, and stability over long periods of geological time. The long-term survival of such lateral
contrasts suggests that the thick lithosphere is compositionally distinct from the convecting upper mantle.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Cratons, formed mainly in the Archean era, are generally con-
sidered to be underlain by a thick, cold, and refractory mantle litho-
sphere and free from tectonic activity for billions of years. However,
recent work suggests that cratons may not be as stable as previously
thought. The cratonic lithosphere in some regions has been severely
disturbed or reactivated, resulting in significant losses ormodifications
of the mantle root (e.g., Eggler et al., 1988; Menzies et al., 1993; Griffin
et al.,1998; Brown et al.,1999; Lee et al., 2001). TheNorth China Craton
(NCC), the largest and oldest craton in China, is perhaps the most
striking example of such reactivation (Carlson et al., 2005).

The NCC consists of three major parts (Fig. 1): the eastern NCC and
the western NCC of Archean age, and the Trans-North China Orogen
(the central NCC) which formed during the assembly of the eastern
and western NCC ~1.85 Ga ago (Zhao et al., 2001). While the NCC was
tectonically stable as a whole for more than 1 Ga and exhibited
features similar to typical cratons ca 450 Ma ago (e.g., Menzies et al.,
1993; Griffin et al., 1998; Gao et al., 2002), it experienced widespread
l rights reserved.
thermotectonic reactivation in Phanerozoic time, with the three parts
of the NCC evolving differently.

The eastern NCC was severely affected by this cratonic reactivation
process. Abundant petrological and geochemical data (e.g., Menzies
et al., 1993; Griffin et al., 1998; Fan et al., 2000; Xu, 2001; Wu et al.,
2005; Menzies et al., 2007 and references therein) suggest that during
the late Mesozoic, the eastern NCC was characterized by intensive
lithospheric extension, high heat flow and voluminous magmatism.
The thick cratonic lithosphere (N180 km) in this region lost a
significant proportion of its deep mantle keel, accompanying a change
in the nature of the lithosphere from cratonic to more fertile. Recent
seismological investigations also have revealed a substantially thinned
lithosphere on the order of 60–100 km and a well-marked litho-
sphere–asthenosphere boundary (LAB) beneath the eastern NCC (Zhu
et al., 2002; Huang et al., 2003; Chen et al., 2006, 2008), which can be
ascribed to the Mesozoic lithospheric reactivation of this region.

How the old lithosphere beneath the central and western NCC
evolved in response to the late Mesozoic lithospheric reactivation or
other tectonic events is still a matter of debate. Compared with the
eastern NCC, these parts of the craton show little magmatic activity,
relatively low heat flow (Wang et al., 1996; Hu et al., 2000) and
generally thick crust (Ma,1989; Li et al., 2006b) and lithosphere (Chen
et al., 1991). Sharp changes in both surface topography and the gravity
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Fig. 1. Topographic map of the study region. Solid lines represent the boundary of the North China Craton (NCC), and two dashed lines outline the Trans-North China Orogen (the
central NCC). White circles denote mantle xenolith localities (① Hannuoba; ② Yangyuan; ③ Datong; ④ Fanshi; ⑤ Xiyang–Pingding; ⑥ Zuoquan) and the gray rectangle shows
Cretaceous intrusions under which lithospheric modification and thinning may have taken place as suggested by petrological and geochemical studies (e.g., Xu et al., 2004; Wang
et al., 2006; Xu, 2007; Tang et al., 2008). Black circles mark places where the thickest (south, N200 km) and thinnest lithosphere (north, ~80 km) in the western NCC were imaged
and diamonds show places where sharp changes in lithospheric thickness were observed near the boundary between the eastern and central NCC from S-receiver function (S-RF)
migration (see Figs. 4 and 9). Thick gray line represents the North–South Gravity Lineament (NSGL). Major tectonic units in the NCC are also labeled, including the Tanlu Fault Zone,
Luxi Uplift (LU), Bohai Bay Basin (BBB), Taihang Mountains (TM), Lüliang Mountains (LM), Yan Mountains (YM), Yin Mountains (YinM), Ordos Plateau, Yinchuan–Hetao (Y-H) and
Shaanxi–Shanxi (S-S) rift systems. Map inset is a simplified geological map of the NCC showing the three-fold subdivision of the cratonic basement (Zhao et al., 2001) withMesozoic–
Cenozoic rift systems outlined in light gray.

172 L. Chen et al. / Earth and Planetary Science Letters 286 (2009) 171–183
field, as marked by the NNE-trending North–South Gravity Lineament
(NSGL), roughly coincide with the boundary between the eastern and
central NCC (Fig. 1). These observations have led to the idea that the
central and western NCC have remained relatively stable and retained
the characteristics of a typical craton.

However, recent petrological and geochemical studies (e.g., Xu
et al., 2004;Wang et al., 2006; Xu, 2007; Tang et al., 2008) suggest that
lithospheric remobilization and thinning may also have taken place
around the rift areas or near the southeastern margin of the central
NCC (see Fig. 1 for locations). In addition, lithosphere less than 100 km
thick has been imaged along a NW–SE profile across the boundary
between the eastern and central NCC (green line in Fig. 2, Chen, in
press). Because of the paucity of data, however, the detailed
lithospheric structural features beneath most of the central NCC and
the western NCC, which are important for better understanding the
tectonic evolution of the entire craton, have not beenwell understood.

In this study, we investigate the lithospheric structure of the three
parts of the NCC by analyzing the new data collected at a dense
broadband seismic station array in the western NCC and combining
them with two previous data sets from stations in the eastern and
central NCC (Fig. 2). We focus mainly on the lateral variations in the
lithospheric thickness, particularly beneath the western and central
NCC, and their correlations with the surface topography and the
tectonic divisions of the region.We also discuss the implications of our
observations for the destruction of the NCC's cratonic root.
2. Geological setting

The eastern NCC is dominated by lowlands with altitudes generally
less than 200 m (Fig. 1). A large part of this region is covered by thick
sedimentary basins including the Bohai Bay Basin in the north and the
SouthNorthChina Basin in the south. These basins are collectively called
theNorthChina rift system(light grayareawithin the easternNCC in the
map insert in Fig. 1) which has formed as a direct consequence of the
widespread lithospheric extension during the late Mesozoic and early
Cenozoic (Ren et al., 2002). The Tanlu Fault Zone, a large translitho-
spheric strike-slip fault zonebounding theNorth China rift system to the
east, developed during the collision between the NCC and the Yangtze
Craton in theearlyMesozoic (Yin andNie,1993; Zhang,1997; Faure et al.,
2001) and played an important role in the Mesozoic–Cenozoic
lithospheric reactivation of the eastern NCC (Zheng et al., 1998; Xu,
2001; Xu et al., 2004). Highlands appear only locally in the eastern NCC,
including the Luxi Uplift in the southeast, the eastern part of the Yan
Mountains and the highland of Liaodong peninsula in the north and
northeast. In contrast, the central and western NCC including the
Taihang Mountains, Lüliang Mountains, the western part of the Yan
Mountains, the Yin Mountains and the Ordos Plateau (Fig. 1) are
characterized by high altitudes of N500 m, and up to 3500 m. Bordering
the eastern NCC in the west and roughly coinciding with the NSGL, the
Taihang Mountains formed as an extensional orogen in the late
Mesozoic, the evolution of which has been tectonically coupled with



Fig. 2.Map of the study region. Solid red lines are the two profiles (A–A′ and B–B′) along which the lithospheric structural images were constructed in this study (Fig. 4) using S-RFs
recorded at more than 200 broadband seismic stations (triangles and inverted triangles). Data from NCISP-I, III (solid triangles) and CEA stations (inverted triangles) have been used
by Chen et al. (2008) in the study of regional lithospheric structure across the northeastern NCC, including profile BS–B′ (in yellow). The NW–SE NCISP-II array, consisting of 20
stations located in the mountain region in the CNCC (open triangles) and 31 stations within the basin area in the ENCC (white diamonds, not considered in this study), were used by
Chen (2009) to image the lithospheric structure along profile C–C′ (green line). The 50 NCISP-IV stations (open triangles) are locatedmostly within theWNCC and form aW–E linear
array. The distribution of the stations is more clearly presented in the top inset. Piercing points at 100-km depth for S-to-P converted phases are shown as crosses (for stations used in
Chen et al., 2008), purple dots (for basin stations) and blue dots (for stations marked by open triangles). The black rectangle around each profile marks the areawhere the S-RFs were
projected onto the profile for imaging. Thick gray line represents the NSGL. Bottom inset shows the distribution of teleseismic events used. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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that of the Bohai Bay Basin to the east (Liu et al., 2000). On the other
hand, the formation of the E–W trending Yin and Yan Mountains along
the northern margin of the NCC (Fig. 1) was associated with several
phases of N–S directed compressive deformation before thewidespread
late Mesozoic regional extension (Davis et al., 1998; Davis, 2003; Meng,
2003). TheOrdos Plateau in thewesternNCC is a stable part of the craton
with very low heat flow, little seismicity, and no internal deformation
since thePrecambrian(Zhai andLiu2003;Kuskyet al., 2007). In contrast
to the eastern NCC, widespread lithospheric extension did not occur in
the central and western NCC. Only two isolated rift systems developed
surrounding the Ordos Plateau: the arc-shaped Yinchuan–Hetao rift to
the northwest and the S-shaped Shaanxi–Shanxi rift to the east and
southeast (Fig.1)which represent themajor tectonic features of the late
Cenozoic extension in these regions (Zhang et al., 1998, 2003; Kusky
et al., 2007).

3. S-RF images of the lithospheric structure

We used the S-receiver function (S-RF) technique to image the
lithospheric structure of the NCC. The S-RFs contain information on S-
to-P (Sp) conversions from deep velocity discontinuities, which can be
used to constrain the depths of these discontinuities (Farra and
Vinnik, 2000). Our study differs from previous S-RF studies for other
regions (e.g., Li et al., 2004; Kumar et al., 2005; Li et al., 2007;
Wittlinger and Farra, 2007) in that we applied a wave equation-based
migration method to the S-RF data instead of the commonly used ray-
theory-based stacking method. This migration method has already
been proven to be more efficient than the stacking method in
recovering complex structural features (Chen et al., 2005a,b) and has
been successfully used in S-RF imaging of lithospheric structure in the
northeastern NCC and around the eastern-central NCC boundary
(Chen et al., 2008; Chen, 2009).

In this study, wave equation-based migration was performed on a
combined S-RF data set collected from more than 200 broadband
seismic stations in the NCC (Fig. 2). We incorporated 473 newly-
constructed S-RFs from 50 NCISP-IV (a sub-project of NCISP, North
China Interior Structure Project) broadband stations located in the
western NCC with 382 S-RFs from 20 NCISP-II stations in the central
NCC (a portion of the data set considered in Chen, 2009) and more
than 2000 S-RFs (~1300 actually used in this study) from the NCISP-I,



Fig. 3. Numbers of S-RFs in the CCP stacking bins (blue traces) and bin widths (red
traces) and stacked sections of S-RFs (0.03–0.5 Hz) along profiles A–A′ (a, b) and B–B′
(c, d) after moveout corrected to the case of horizontal slowness p=0 (vertical
incidence as required for migration, see Chen et al., 2005a, 2008). Time and amplitude
axes are reversed, and positive amplitudes are plotted in black, negative amplitudes in
gray. The Moho and LAB Sp conversion phases are marked by solid and open arrows,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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III and CEA (China Earthquake Administration) stationsmostly located
in the eastern NCC (the data set of Chen et al., 2008). The NCISP-IV
stations formed an E–W linear array near the northern boundary of
the Ordos Plateau with inter-station spacing of ~10 km, and operated
from September 2005 to September 2006 (Zhao et al., 2008). The
detailed information about other stations can be found in Zheng et al.
(2006), Chen et al. (2008) and at http://www.seislab.cn/data/. We
applied a simplified method using a time-domain maximum entropy
deconvolution of the vertical component by the radial to construct the
S-RFs. Both synthetic modeling and applications to real data
(Wittlinger et al., 2004; Chen et al., 2008; Chen, 2009) have suggested
that this method is feasible for extracting the structural features of
velocity discontinuities of various types, even under thick sedimen-
tary basins. The resultant S-RFs were further band-pass filtered with
corner frequencies of 0.03 Hz and 0.5 Hz to contain the same
frequency contents as the S-RFs calculated before. The corresponding
arrival times of Sp conversions relative to the direct S waves and
piercing points of Sp conversions at depth were also calculated as we
have done previously (Chen et al., 2008; Chen, in press). Following the
migration procedure described by Chen et al. (2008), the S-RFs were
processed with time-domain common conversion point (CCP) stack-
ing and subsequent wave equation-based backward wavefield extra-
polation to produce the lithospheric structure images along the two
profiles A–A′ and B–B′ that traverse the three parts of the NCC (Fig. 2).
The minimum S-RF number in each CCP stacking bin was set to 40 for
the purpose of effective noise suppression. We adopted different
frequency contents of the S-RFs in migration and also performed
synthetic testing on the specifically designed models based on the
actual data coverage. This allowed us to evaluate the robustness of the
image features and to better constrain the lithospheric structure,
especially the depth distribution of the LAB (see below).

Both the Moho and the LAB can be identified in the CCP stacked
sections of the S-RFs (Fig. 3b and d), but they are more clearly seen in
the migrated images (Fig. 4). While the Moho is only intermittently
visible for profile A–A′ (Fig. 4a–c) due to the limited data coverage at
shallow depths (Figs. 2 and 3a), it is continuous and smooth, and
exhibits a gradual E–W deepening beneath profile B–B′ (Fig. 4d–f).
The LAB, in contrast, is coherently detected along both profiles (Fig. 4).
The generally similar appearances of the images from different
frequency contents of data for each profile demonstrate the high
reliability of our imaging results.

We identified the LAB Sp phase and estimated the LAB depths
based on the following criteria: 1) The number of the S-RFs was
sufficiently large (≥40) in each CCP stacking bin (see Fig. 3a and c); 2)
The negative signal was clearly visible and could be traced
continuously along the profile; 3) The signal was consistently imaged
using different frequencies of the data; and 4) The image feature and
depth of the signal agreed with synthetic modeling results or previous
seismic observations if available.

We found that frequency analysis (3) and image comparisons
(4) were highly necessary to reduce the uncertainties in the LAB
depth estimation. For example, the LAB is clearly identified at ~80-
km depth under the southeastern portion of profile A–A′ in the
highest-frequency image (Fig. 4c). However, it cannot be deter-
mined without ambiguity near the northwestern end of the profile
because of the presence of negative signals above 100 km, at
~170 km and below 200 km (Fig. 4c). With lower frequencies in
migration, the signal at ~170-km depth becomes weaker and even
invisible, and the deeper one appears smoother and more
continuous (Fig. 4a and b). This indicates that the latter may
represent a real structure, while the former probably reflects high-
frequency scattering associated with small-scale heterogeneities in
the upper mantle. In addition, our synthetic tests show that, under
the current data conditions (Fig. 3a), a flattened segment of the
LAB at ~170-km depth (dashed line in Fig. 5a) appears to be
distorted similarly when different frequency ranges are considered
in migration (Fig. 5e–g). On the other hand, the synthetic images
(Fig. 5b–d) for a continuously dipping LAB (thick solid line in
Fig. 5a) resemble the data images (Fig. 4a–c) quite well. Synthetic
modeling also suggests that the negative signals above 100-km
depth around the northwestern end of the profile probably are
Moho sidelobes or deconvolution artifacts (compare Fig. 5b–d with
Fig. 4a–c). Even if the signals are real Ps phases, they may not
result from the LAB because otherwise the strong and continuous
deeper signal that can be observed in all the images at different

http://www.seislab.cn/data/


Fig. 4.Migrated S-RF images for profiles A–A′ (a–c) and B–B′ (d–f) using different frequency contents of data and adopting the average 1D velocity model for eastern NCC (Chen et al.,
2006, 2008) in migration. Red and blue colors represent positive and negative amplitudes, respectively. Black dashed lines denote the LAB estimated from the highest-frequency
images (c, f).
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frequencies (Fig. 4a–c) would represent a strong discontinuity in
the asthenosphere, which is physically unlikely. Moreover, this part
of the profile is within the Ordos Plateau. A thicker lithosphere is
consistent with the geological features and long-term tectonics of
this area. From all these considerations, we therefore interpret the
continuously dipping signal as the real LAB. With the shape of the
LAB determined, we then estimated the LAB depths along profile
A–A′ based on the highest-frequency image (Fig. 4c) because of its
high resolution.

For profile B–B′, the LAB was detected more coherently when the
highest-frequency data were incorporated in the migration (compare
Fig. 4f with d and e). Therefore, the depths of the LAB were estimated
directly from this image (Fig. 4f). We also compared our imaging
result for profile B–B′with that of a short profile (BS–B′, yellow line in
Fig. 2) previously obtained using a smaller set of data (Chen et al.,
2008). Within the overlapping portion of the profiles the image
features and the depth distributions of the LAB from the two studies
agree well with each other, indicating the robustness of the revealed
structural features (Fig. 6).

The LAB depths estimated in this way (black dashed lines in Fig. 4)
show substantial lateral variations along the two profiles. With
contributions mostly from the previous data set, the imaged LAB in
the eastern parts of the profiles appears at similar depths as in
previous images (compare Fig. 4 with Figs. 3d–f, 5 and 9 in Chen et al.,
2008, also see Fig. 6c). It is significantly shallow, mostly in the depth
range of 60–100 km in the eastern NCC (Fig. 4), and deepens abruptly
by ~40-km near the boundary between the eastern and central NCC
along profile B–B′ (Figs. 4d–f and 6). By incorporating the S-RF data
from the dense NCISP-IV and NCISP-II seismic arrays (black open
triangles in Fig. 2), it is possible to constrain the depth of the LAB in
regions further to the west. Our imaging results reveal even more
substantial undulations of the LAB in the central and western NCC. On
the one hand, the LAB becomes gradually shallower along profile B–B′
from N130 km immediately to the west of the abrupt LAB step to
~80 km in the western NCC (Fig. 4d–f). On the other hand, the LAB
dips monotonically from ~80 km near the boundary between the
eastern and central NCC down to N160 km in the western part of the
central NCC, and reaches depths of more than 200 km within the
interior of the western NCC (Fig. 4a–c).

The significant lateral variations in the LAB depth imaged in this
study cannot be induced by the use of an incorrect velocitymodel in the
S-RFmigration. Byadoptingdifferentmodels including (1) anaverage1-
D crustalmodel for eastern China thatwe have used previously to image
the lithospheric structure of the easternNCC (Chenet al., 2006, 2008), or
(2) 2-D models incorporating the lateral variations in crustal structure
(e.g., Sun and Toksöz, 2006; Zheng et al., 2006; Sun et al., 2008) and
uppermostmantle velocities of China (e.g., Pei et al., 2007),we obtained
images similar to those shown in Fig. 4. Theuncertainty in estimated LAB
depth due to different models appears to be mostly less than 10 km,
comparable to what can be resolved with the real S-RF data. This is
analogous to the results of our previous studies (Chen et al., 2008; Chen,
2009) and also to those of other authors (e.g., Kumaret al., 2005; Li et al.,



Fig. 5. Synthetic models (a) designed to simulate the structure observed in the real data image (Fig. 4c) for profile A–A′ and migrated S-RF images based on the real data distribution
of profile A–A′ (Fig. 3a) for the models containing a continuously dipping LAB (b–d) and a flattened LAB at ~170-km depth (e–g). In both cases, a 20-km gradient zone with a 5%
velocity drop for the LAB was used in the synthetic modeling. Dashed lines in (b–g) mark the LAB in each model.
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2007). The imaged undulations of the LAB therefore appear to be
required by the S-RF data.
4. Variations in lithospheric thickness beneath the western NCC

The most striking structural feature presented in our S-RF images
is the substantial variation in the LAB depth from profile A–A′ to
profile B–B′ in the northern part of the western NCC (Fig. 2).
Specifically, the deep LAB of ~200 km along profile A–A′ appears
beneath the stable Ordos Plateau, whereas the significantly shallower
LAB of b100 km along profile B–B′ is within the Yinchuan–Hetao rift
system immediately to the north. The deepest and shallowest LAB
thus are imaged about 200 km distant from each other (black circles
in Figs. 1 and 7a).

A rapid change in the lithospheric structure and the presence of
significantly thinned lithosphere near the northern boundary of the
western NCC was also suggested by a recent high-resolution surface-
wave tomography study (Huang et al., 2008) which revealed a thick
lithosphere (~160 km) under the Ordos Plateau and a thin lithosphere
(~80 km) beneath the Yinshan Orogen (Fig. 7b). Note that the LAB
depth beneath the Ordos was estimated to be ~160 km from surface-
wave tomography (Huang et al., 2008), several tens of kilometers less
than that derived here (N200 km). Considering the different sensitiv-
ities to the deep structure (surface waves reflect gradual variations,
while S-RFs are sensitive to rapid changes in seismic velocity) and the



Fig. 6. Comparison between the S-RF image of profile B–B′ constructed in this study (a) (the upper part of Fig. 4f) and that of profile BS–B′ with the same frequency contents (b)
obtained by Chen et al. (2008) (Fig. 3f in Chen et al., 2008). See locations of the two profiles in Fig. 2. (c) Comparison of the estimated LAB depths from (a) and (b). Dotted lines mark
the segment which has the same longitude range as the area immediately to the north of the NCISP-IV array (northern light blue rectangle in Fig. 7a) where a possible shallow LAB
was suggested by P-RF imaging (Fig. 8f–i).
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different lateral resolutions of the two sets of data (300~400 km for
surface waves, Huang et al., 2008; and ~100 km for S-RFs, Chen et al.,
2008; Chen, 2009), such a difference may not be significant, especially
given the highly variable lithospheric structure in this region (e.g.,
Figs. 4 and 7b). We prefer a deeper LAB under the Ordos Plateau based
on our S-RF images and P-RF analysis (see below) and a number of
recent body wave tomography models which suggest a high velocity
anomaly extending down to N200 km depth, even taking into account
the relatively low depth resolution of such studies (e.g., Huang and
Zhao, 2006; Li et al., 2006a; Tian et al., 2009).

The presence of a sharp structural change beneath this region was
also hinted at by detailed P-RF analysis and imaging on the NCISP-IV
data. The application of P-RFs in studying lithospheric structures is
often hindered by the significant interference of crustal reverberations
with P-to-S (Ps) phases from upper mantle discontinuities (e.g., Farra
and Vinnik, 2000; Wittlinger and Farra, 2007; Chen et al., 2008; Chen,
2009). However, the higher the signal-to-noise ratios, the much larger
number of P-RFs and the relatively high concentration of Ps piercing
points at depth compared to Sp conversions (e.g., Fig. 7a) enable
detailed analysis of the dependence of image features on azimuth,
moveout correction scheme, and frequency contents of data. This is
helpful in revealing short-wavelength structural heterogeneities
beneath seismic arrays (e.g., Chen et al., 2006).

We analyzed a total of 3382 P-RFs collected at 48 NCISP-IV stations
(the easternmost two stations in the Shanxi rift area were not
considered because of the strong influence of thick sediments on P-
RFs). These P-RFs were band-pass filtered with corner frequencies
0.03 Hz to 1 Hz and grouped into two subsets with non-overlapping
back azimuth ranges: 90°–270° and −90°–90°, sampling the areas
immediately south and north of the array, respectively (see the
piercing point distribution in Fig. 7a). All the 1031 P-RFs in the
northern group and either all 2351 P-RFs or a randomly selected
subset of 1031 P-RFs in the southern group were processed
individually in the subsequent wave equation migration. We did
moveout corrections of the P-RFs based on the delay time variation of
either Ps conversions (to enhance Ps phases) or PpPs multiples that
arrive within the same time windows as Ps phases (to enhance
multiple signals) in the CCP stacking, and then performed backward
wavefield extrapolation on the stacked section using the migration
velocities for Ps conversions (Chen et al., 2005a). Image comparison of
the two moveout correction cases is helpful in distinguishing a real
discontinuity structure from a multiple-induced artifact at a specific
depth (e.g., Li et al., 2002; Chen et al., 2006).

Our migrated P-RF images show distinct structural features under
the region (Fig. 8). The crustal images from the two groups of data
appear similar, and the overall structure generally agrees with that
derived by waveform inversion of all but higher-frequency P-RFs from
the same array (Zheng et al., 2009). In particular, the two strong
negative phases above the Moho, which may represent the upper
interfaces of two low-velocity zones, and a depression of the Moho
under themiddle portion of the array (Fig. 8c,h) are all consistent with
the crustal shear velocity model proposed by Zheng et al. (2009).
However, substantial differences are observed at subMoho depths in
the images from the two subsets of the data (Fig. 8), a situation that
has not been reported previously. The image differences are present
no matter which frequency contents of data were considered in the
migration (compare Fig. 8a,b,f,g with 8c,d,h,i), and are independent of
the number of data used. With the almost identical crustal images, the
significantly different subMoho images cannot be explained by the
influence of multiples produced at laterally varying intra-crust
interfaces. Rather, these observations suggest that the structure
below the Moho differs significantly from south to north across the
NCISP-IV array.

To further understand the structural differences, we investigated in
detail the dependence of the images on the moveout correction
scheme. Except for the positive PpPs multiple of the Moho which is
identified at ~160-km depth, all the images show strong negative
signals at subMoho depths (Fig. 8a–d and f–i). For the southern area,
most of these signals are enhanced by PpPs delay time-basedmoveout
correction, and probably represent multiple phases from shallower
structures (compared with synthetic modeling results in Fig. 8e).
However, the signal at ~220 km depth in the western part of the



Fig. 7. (a) P-RF data coverage (Ps piercing point distributions) from the 48 NCISP-IV stations (black triangles) and blocks (gray rectangles) withinwhich the corresponding data were
migrated to construct the structural images (Fig. 8). Black circles mark the deepest and shallowest LAB imaged from the S-RFs along profiles A–A′ and B–B′ (red lines). Light blue
rectangles represent the areas where possible Ps phases from the LAB may contribute to the respective P-RF images. Map inset shows the distribution of teleseismic events used
for P-RF calculation. Y-H RS—Yinchuan–Hetao rift system, YinM—Yinshan Mountains. (b) surface-wave tomographic image along longitude 108°E (thick gray line in (a)) from
Huang et al. (2008).
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images exhibits contrastingly low amplitude ratios between the PpPs-
based and Ps-based images (Fig. 8e and compare Fig. 8a,c with 8b,d).
Considering the spatial coincidence of this signal with the deepest LAB
(N200 km) imaged from the S-RFs (southern light blue block and
black circle in Fig. 7a), a reasonable explanation is that the interaction
between the real LAB Ps phase and the Moho PsPs+PpSs multiples
results in the comparable amplitudes of the images (with a slightly
larger one by Ps-based correction; Fig. 8e). The images for the
northern area display different features and more complicated
amplitude variations (Fig. 8f–i). Multiple negative signals are
observed in the depth range from the Moho to the PpPs artifact
(Fig. 8h–i). Some of themwere enhanced by the PpPs-based moveout
correction while others apparently were not (e.g., subMoho 1 and
probably a part of subMoho 2). Low PpPs/Ps image ratios, probably
reflecting real Ps conversions (Fig. 8j), were found at 80–120-km
depth in the middle-to-eastern portion of the images (northeastern
light blue block in Fig. 7a). This is also in accord with the S-RF image,
which shows a shallower LAB rising westward from ~120 km to
~90 km at the same longitudinal locations along profile B–B′ (outlined
in Fig. 6c).

The coincident N–S variations of both the P- and S-RF images as
well as surface-wave tomographic images (compare Figs. 4, 7b, and 8)
strongly suggest a sharp N–S change in the lithospheric structure near
the NCISP-IV seismic array. The details of the structural changemay be
different from west to east, as indicated by the marked differences
between the western and eastern parts of the P-RF images for both
areas south and north of the array (Fig. 8). The LAB may be as deep
asN200 km beneath thewestern part of the southern area, but there is
little trace of a LAB phase under the eastern part (Fig. 8a–e).
Comparisons between the P- and S-RF images (Figs. 6 and 8f–j)
suggest that the LAB is probably shallow (b120 km) under themiddle-
to-eastern portion of the northern area. However, a strong negative
signal appears at ~180–200-km depths under the western portion of
the area (Fig. 8h and i). It was not enhanced by the PpPs-based
moveout correction to a similar extent as the PpPs and PsPs+PpSs
multiples of the Moho in both the data and synthetic cases (Fig. 8j),



Fig. 8. Migrated P-RF images using the NCISP-IV data with back azimuths 90°–270° (a–d) and −90°–90° (f–i), respectively. The images were constructed with moveout corrections
for either Ps (a, c, f, h) or PpPs phases (b, d, g, i) and with different frequency contributions of the data: (a, b, f, g) 0.03–0.35 Hz; (c, d, h, i): 0.03–0.55 Hz. (e, j) image ratios from (c, d)
and (h, i), respectively, for signals at different depths. For clarity, some signals considered aremarked by circles in (d) and (i). Shaded areas in (e, j) give the synthetic amplitude ratios
for discontinuity structure images (light gray) and multiple-induced artificial images (dark gray) at the corresponding depths. White dashed lines in (c) and (h) denote the Moho
estimated from the images.
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indicating possible contributions from a real negative Ps phase,
probably from the LAB. If this is further confirmed, these image
features would suggest that a significant reduction in lithospheric
thickness may occur further north in the west than in the east along
the NCISP-IV array, and the structural change probably is much
sharper near the shallowest LAB area imaged using the S-RFs (Fig. 7a).
This actually corresponds well to the arcuate shape of the boundary
between the Ordos and the Yinchuan–Hetao rift system as observed
on the surface (Figs. 1 and 7a).

5. LAB depth vs. tectonic division (topography)

To gain further insight into the relationship between the litho-
spheric thickness and regional tectonics of all the constituent parts of
the NCC, we compared the LAB depths derived from S-RF images with
the altitudes and tectonic divisions along profiles A–A′, B–B′ and C–C′
(green line in Fig. 2); the lithospheric image of C–C′ was constructed
by Chen (2009).

There is a general correlation between the LAB depth and surface
topography (Fig. 9). For instance, shallower LAB (mostly b100 km) in
the eastern NCC correlates well with lower altitudes (b500 m) in this
region. Deeper LAB (N120 km) appears beneath the highmountains or
plateaus in the central and western NCC (Fig. 9). The changes in both
altitude and LAB depth are rather sharp along all the three profiles.
The LAB deepens by 20–40 km over a lateral distance of ~100 km
(marked by circles in Fig. 9a–c on the LAB depth plots), typically 50–
100 km east of the boundary between the eastern and central NCC and
100–200 km east of the NSGL (Figs. 1 and 9). It was suggested



Fig. 9. Comparisons of the LAB depths with altitude and tectonic divisions along the three profiles B–B′ (a), C–C′ (b) (modified from Chen, in press), and A–A′ (c), from north to south.
Circular areas mark the sharp changes in the LAB depth along the profiles. The widths of the circles represent the uncertainties on the transverse locations of the sharp changes, given
the ~100-km lateral resolution that the S-RF imaging can achievewith the frequency range considered (Chen et al., 2008; Chen, 2009). Moho depths are also plotted for all the profiles
with dashed lines denoting the Moho estimated from the migrated S-RF images and thin solid lines from P-RF imaging (A–A′: this study; B–B′: this study combined with Chen et al.,
2008; C–C′: from Fig. 9 in Chen, 2009). Thick dotted gray lines represent the boundaries between the eastern, central, andwestern NCC. Y-H RS—Yinchuan–Hetao rift system; S-S RS—
Shaanxi–Shanxi rift system. Abbreviations for other tectonic units are the same as those in Fig. 1.
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previously that the NSGL represents a deep intra-continental
boundary separating the NCC into topographically and tectonically
different lithospheric domains (Griffin et al., 1998; Menzies and Xu,
1998; Zheng et al., 2006; Xu, 2007). Considering the ~100-km lateral
resolution that the S-RF data can achieve (Chen et al., 2008; Chen,
2009), the 100–200 km discrepancy between the locations of the
lithospheric thickness changes and the NGSL suggest that an intra-
continental boundary, if it does exist and coincide with the NSGL on
the surface, probably dips to the east at depth.

The deepest LAB of N200 km under the Ordos plateau (Fig. 9c) is
consistent with recent tomographic imaging results (Huang and Zhao,
2006; Li et al., 2006a; Tian et al., 2009). The significantly shallower
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LAB in the central andwestern NCC correspondswell to the location of
the two rift systems (Fig. 9a and b): the Yinchuan–Hetao rift system in
the western NCC (profile B–B′) and the Shaanxi–Shanxi rift system
mostly in the central NCC (profile C–C′). However, no obvious uplift of
the LAB appears across the Shaanxi–Shanxi rift system along profile
A–A′ (Fig. 9c). The surface expression of the rift is much narrower
(Fig. 9c) compared with that in the other two profiles (Fig. 9b and c).
Under this rift area, probably either the LAB is deep or the uplift of the
LAB is too localized to be detected seismologically.

6. Discussion and conclusions

Our S-RF imaging results reveal that, besides the widespread
thinned lithosphere in the eastern NCC, reported previously based on
seismological (Chen et al., 1991; Zhu et al., 2002; Huang et al., 2003;
Chen et al., 2006, 2008) as well as geochemical, geothermal and
petrographic observations (Griffin et al., 1998; Fan et al., 2000; Xu,
2001; Menzies et al., 2007), a shallow LAB is also present in the central
and western NCC, mainly confined to the rift areas (Figs. 4 and 9).
Compared to the eastern NCC, the lithospheric thickness in the central
and western NCC is evenmore variable, ranging from around 80 km to
more than 200 km, suggesting the coexistence of both thinned and
preserved thick lithosphere and marked structural heterogeneities in
these regions.

The variation of lithospheric thickness in the western and central
NCC is not only large but also sharp, especially between the Ordos
Plateau and the surrounding rift areas. Ourmigrated S-RF images showa
thickness reduction of more than 100 km occurring over a lateral
distance of ~200 km from the Ordos Plateau in the south to the
Yinchuan–Hetao rift system in the north (circles in Figs. 1 and 7a). The
lithospheric structural change in this region probably is even sharper
locally and differs from east to west, as suggested by detailed P-RF
analysis and imaging results (Fig. 8), and appears to be correlated
with surface geology (Figs. 1 and 7a). The difference in lithospheric
thickness between the Ordos and the Shaanxi–Shanxi rift system is
comparable inmagnitude, though over a larger distance (300–400 km).

Such short-wavelength structural variations may reflect different
lithospheric properties and/or tectonic processes of the region. Lying
between the Ordos Plateau and the Yin Mountains near the north-
western boundary of the NCC (Fig. 1), the Yinchuan–Hetao rift system
may be an ancient mechanically weak zone. The localization of this
Cenozoic rift system may have been affected by several tectonic
processes, such as the multiple Mesozoic compression events that
induced the development of the Yin and Yan Mountains (Davis et al.,
1998; Davis, 2003; Meng, 2003) and the earlier accretional tectonics
in the Central Asia Orogenic Belt immediately to the north (Wang and
Mo, 1995; Zorin, 1999; Windley et al., 2007 and references therein).
The Shaanxi–Shanxi rift system is within the central NCC and close to
the boundary between the western and central NCC (Fig. 1). It may
also have been mechanically weak ever since the formation of the
central NCC during the amalgamation of the eastern and western NCC
in Paleoproterozoic time. Indeed, preexisting weak zones/structures
in the lithosphere are expected to be susceptible to magmatic activity
and tectonic deformation, and therefore can function as the primary
control on the tectono-thermal evolution of continental regions (Bell
et al., 2003; Savage and Silver, 2008; Begg et al., 2009).

It is possible that during the long-term evolution of the NCC
successive tectonic events have repeatedly influenced the boundary
areas around the Ordos Plateau. Lithospheric extension and thinning
may have been preferentially initiated and intensified along these
weak zones, eventually leading to rifting. In contrast, the Archean
Ordos Plateau seems to have been less affected tectonically, and the
cratonic nucleus of the region probably has remained rigid and stable
against tectonic deformation for thousands of Ma. These differences in
lithosphere properties and tectonics may account for the sharp change
between the preserved thick mantle root beneath the Ordos and the
significantly thinned lithosphere under the surrounding rift systems
at the present time.

This marked change in lithospheric structure is not a unique
feature of the NCC. Comparable and even sharper structural changes
have been reported in some other continental regions, especially near
the boundaries of cratons. For example, the Sorgenfrei–Tornquist
Zone, which separates the accretionary mobile belts in the central
European platform and the Precambrian eastern European craton to
the east and north-east, is characterized by a step-like increase of ca
150 km in lithospheric thickness over a lateral distance of 100 km
(e.g., Zielhuis and Nolet, 1994; Shomali et al., 2006). Sharp variations
in lithospheric structure are also found in the Baikal rift area around
the southern boundary of the Siberian craton (Lebedev et al., 2006)
and the boundary zones between tectonic blocks of different ages
(including Archean) in continental Australia (Zielhuis and van der
Hilst, 1996; Simons et al., 1999; Fishwick et al., 2008). Numerical
simulations suggest that large thermal and composional differences,
and thus a distinct rheological contrast between the two sides, may be
responsible for the preservation of such sharp lithospheric structural
changes against thermo-mechanical erosion by active mantle convec-
tion for hundreds of Ma (Hieronymus et al., 2007). A change in the
lithospheric properties therefore may also explain the observed sharp
variations in lithospheric structure at the boundary areas in the
western and central NCC and in other cratonic boundary regions
mentioned above.

The different structural features of the present-day lithosphere
between the eastern NCC and the central and western NCC and
particularly the distinct changes in the lithospheric thickness near the
boundary between these two domains (Figs. 4 and 9, Fig. 9 in Chen
et al., 2008) may reflect different tectonic processes on the opposite
sides of the NSGL, especially during the Phanerozoic. The widespread
thinned lithosphere to the east, in contrast to the typical cratonic
lithosphere N180 km thick, attests that the lithosphere of the eastern
NCC has been largely modified or destroyed probably mostly during
the late Mesozoic reactivation process. The thinned crust (b35 km;
Fig. 9, Li et al., 2006b; Zheng et al., 2006) and active seismicity (Gu,
1983; Kusky et al., 2007) further suggest that the craton destruction in
this region may not only have beenwidespread laterally but also have
involved the entire lithosphere vertically. Modeling studies of litho-
spheric stability suggest that, because of the minimal effects of
thermo-mechanical erosion by mantle convection, cratonic litho-
sphere cannot be thinned significantly over a timescale much shorter
than 2 Ga (Lenardic and Moresi, 1999; King, 2005; Hieronymus et al.,
2007). The fundamental destruction of the eastern NCC therefore
would require processes other than mantle convection of stable
patterns (e.g., induced by LAB topography), probably either chemical
erosion (including mantle–melt interaction) in conjunction with
thermo-mechanical erosion (e.g., Xu, 2001; Zhang, 2005) and/or “top-
down” lithospheric delamination induced by gravitational instability
(e.g., Wu et al., 2003; Gao et al., 2004).

In contrast to the easternNCC, a thinned lithosphere is only observed
locally under the two rift areas in the central and western NCC, and a
thick lithospheric mantle root extends to ~200 km depth underneath
the Ordos Plateau. These observations, together with a thicker crust
(~40–50 km in general and N37 km even beneath rift zones; Fig. 9, Li
et al., 2006b; Chen, 2009; Zheng et al., 2009) makes it unlikely that the
Phanerozoic lithospheric reactivation has significantly affected regions
west of the NSGL. Lithosphericmodificationprocessesmay have already
impacted on the structure and/or nature of the lithosphere under the
Shaanxi–Shanxi rift system, as indicated by the thinned lithosphere
(Fig. 9b), isotopic and chemical heterogeneities of mantle xenoliths (Xu
et al., 2004; Xu, 2007; Tang et al., 2008), and numerous earthquakes (Liu
et al., 2007). Althoughmantle xenolith data are lacking, thismay also be
true for the Yinchuan–Hetao rift system, given its (even more) strongly
thinned lithosphere and similar Cenozoic tectonics and seismicity. The
presence of thick lithosphere under theOrdos Plateau (Figs. 4a–c, 7b, 9c)
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corresponds to thewell stratified crustal structure of Precambrian shield
type (Zheng et al., 2009) and the lack of earthquakes in this region. All
these features suggest that the lithospheric modification may either
have not been processed to reach the high-viscosity core of cratonic
nucleus in the western NCC or probably is too weak to be detected
seismologically, even taking into account the effects of convective
erosion from the underlying mantle.

Our migrated S- and P-RF images constructed using dense seismic
array data have revealed substantial variations in lithospheric
thickness across the NCC that appear to be closely correlated with
surface topography and the tectonic divisions of the region. A better
understanding of the correlation between the crustal tectonics,
lithospheric processes and deepmantle dynamics of the NCC demands
systematic comparisons of the crustal, lithospheric and deep mantle
structures and deformation patterns among different parts of the
craton. This is beyond the scope of this paper and will be addressed in
detail elsewhere.
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