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This study presents an integrated study of the North China Craton (NCC) based on recent high-resolution
seismic images combined with observations on surface geology, regional tectonics and mantle dynamics.
Seismic images reveal markedly concordant and rapid variations in crustal and lithospheric structure and
thickness, upper mantle anisotropy, and discontinuity structures and thickness of the mantle transition zone
near the boundary between the eastern and central parts of the NCC. These rapid variations roughly coincide
with the sudden change in both surface topography and gravity field as marked by the North–South Gravity
Lineament (NSGL). Such a shallow–deep structural concordance may reflect different lithospheric tectonics
and mantle processes in the two domains during the Phanerozoic reactivation of the craton. Sharp structural
variations are particularly present to the west of the NSGL, especially between the Archean Ordos Plateau,
which retains the characteristics of a typical craton, and the surrounding Cenozoic rift systems which are
underlain by a significantly modified and thinned lithosphere. These observations provide deep structural
evidence that the Phanerozoic reactivationwas not confined to the eastern NCC as previously thought, but also
affected areas in the central and western NCC, though to a much lesser degree. On both sides of the NSGL,
lithospheric modification and thinning appear to be more pronounced along Paleoproterozoic belts suturing
Archean blocks, demonstrating the importance of pre-existing lithosphere-scale structures in controlling the
tectonic evolution of the NCC. It further indicates that craton reactivation probably is common given the fact
that structural heterogeneities are always present in cratonic regions. The seismic structural images together
with geological, petrological, geochemical and mineral physics data suggest that the fundamental destruction
of the eastern NCC lithosphere may have been triggered largely by the deep subduction of the Pacific plate,
especially during the Late Mesozoic. The complexity of deep structures and lithospheric properties in regions
west of the NSGL may represent the relatively weak imprints of the Cenozoic India–Eurasia collision
superposed upon that of the earlier tectonic events.
ll rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Detailed studies of the structures at different depths under the
Earth's continent and their variable response to plate tectonics can
provide crucial information for a better understanding of the evolution
of continental lithosphere, particularly the stabilization/destabiliza-
tion of cratons over a long span of geological time. The North China
Craton (NCC), located on the eastern margin of Asia (Fig. 1a), contains
crustal rocks as old as 3.8 Ga (Liu et al., 1992), and is an ideal place for
such studies because Phanerozoic tectonic activity has led to fund-
amental reactivation and destruction of the cratonic lithosphere and
marked structural heterogeneities in this region.

The NCC is composed of two major Archean blocks, the eastern
and western NCC, separated by a Paleoproterozoic orogen known as
the Trans-North China Orogen (central NCC) (Zhao et al., 2001, 2005;
Fig. 1b). The craton as a whole had characteristics similar to those
of other cratons before the Middle Ordovician (e.g., Menzies et al.,
1993; Griffin et al., 1998; Gao et al., 2002), having been stable for at
least 1500 Ma ever since its final cratonization ∼1.85 Ga ago (Zhao
et al., 2001, 2005). However, the craton exhibits two distinct geo-
logic features at the present time, possibly the surface expressions of
later tectonic diversity between the different constituent parts of
the craton (Xu et al., 2004a; Xu, 2007). One is the marked variation in
surface topography, with lowlands mostly less than 200 m in altitude
in the east, and mountains or plateaus higher than 1200–1500 m
(up to 3500 m) in the west (Figs. 1 and 2). This sharp topographic
change roughly coincides with the NEE-trending North–South Gravity
Lineament (NSGL, thick gray line in Figs. 1 and 2) which separates
significantly negative gravity anomalies (b−100 mGal) to the west
and weakly negative to positive anomalies (N−20 mGal) to the east
(Ma, 1989). Both changes occur in large part close to the boundary
between the eastern and central NCC (Fig. 2), and extend outside of
the NCC both to the north and south, affecting the entire eastern
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Fig. 1. (a) Map of China and neighboring regions. Dashed lines outline the North China Craton (NCC), Yangtze Craton and Tarim Craton. Thick gray line marks the North–South
Gravity Lineament (NSGL) which separates two topographically different domains. Thin gray lines represent the Tanlu Fault Zone near the eastern margin of China. White arrows
show the subduction direction of the Pacific plate in the east and the indentation direction of the Indian plate in the southwest; (b) geological map (modified from Zhao et al., 2005)
showing exposed basement and Cenozoic rift systems of the NCC. ENCC, CNCC (TNCO) andWNCC denote three-fold subdivision of the craton into the eastern andwestern parts, with
the Trans-North China Orogen between them. YC — Yangtze Craton, CB — Cathaysia Block, CAOB — Central Asia Orogenic Belt.
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China continent (Fig. 1a). The present-day distinct changes in topo-
graphy and gravity field suggest that the opposite sides of the NSGL
may have evolved differently in the Phanerozoic.

The eastern NCC has undergone significant tectonothermal
reactivation and destruction with a dramatic change in lithospheric
architecture during the period from the Ordovician to the Cenozoic.
This is evidenced by basalt-borne xenoliths and geophysical observa-
tions that reveal that a thin (b100 km), hot (∼65 mW/m2) and fertile
lithosphere has been widespread beneath this region from the early
Cenozoic to the present time (e.g., Chen et al., 1991; Menzies et al.,
1993; Griffin et al., 1998; Fan et al., 2000; Xu, 2001; Zhu et al., 2002;
Huang et al., 2003; Wu et al., 2005; Chen et al., 2006a, 2008), in
striking contrast to the thick (N180 km), cold (∼40 mW/m2) and
refractory Paleozoic lithosphere sampled by xenolith-bearing dia-
mondiferous kimberlites (Menzies et al., 1993; Griffin et al., 1998; Gao
et al., 2002).



Fig. 2. Surface topography, seismicity (1960–2004, gray circles) and major tectonic units of the study region, 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 (YC–HT) and Shaanxi–Shanxi rift systems.
Broadband seismic stations are also shown, including 230 stations which form four sub-arrays (I–IV) under the North China Interior Structure Project (NCISP) (black triangles) and
46 stations belonging to the Capital Seismic Network (CSN) (inverted triangles). A, B, and C mark the starting and ending locations of the NCISP-II and IV arrays used for the
integrated crustal shear velocity model (Zheng et al., 2009) shown in Fig. 6a.
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It has been proposed that most of the central and western NCC
have remained stable since the Precambrian (e.g., Zhai and Liu, 2003;
Kusky et al., 2007), based primarily on geological mapping and large-
scale geophysical surveys that show rare magmatic activity, relatively
low heat flow (Wang et al., 1996; Hu et al., 2000) and generally thick
crust (Ma, 1989; Li et al., 2006) and lithosphere (Chen et al., 1991; Zhu
et al., 2002) in these regions. However, recent detailed petrological
and geochemical studies of Cenozoic basalts and their entrained
peridotite xenoliths as well as Mesozoic mafic intrusions suggest that
lithospheric modification and thinning may also have taken place
locally near the rifted or marginal areas in the central NCC (e.g., Xu
et al., 2004a; Tang et al., 2006; Wang et al., 2006; Xu, 2007). Localized
lithospheric thinning in the central and even western NCC is also
implied by available high-resolution seismic images from dense-array
data (e.g., Huang et al., 2009; Chen, 2009; Chen et al., 2009) and
magnetotelluric observations (Wei et al., 2008). These results
demonstrate a high degree of lithospheric heterogeneity with the
coexistence of both significantly thinned and preserved thick mantle
roots under regions west of the NSGL, in contrast to the widespread
thinned lithosphere to the east. Combined with the sharp changes in
surface topography and gravity (Figs. 1a and 2), these observations
corroborate the previous idea that the central and western parts of
the craton have evolved in a fundamentally different regime from
their eastern counterpart during Phanerozoic time (Xu et al., 2004a;
Xu, 2007).

The mechanism and dynamic trigger of the Phanerozoic litho-
spheric reactivation of the NCC and the causes of the different
behaviors of the three parts of the NCC during the reactivation process
are currently still controversial. Several tectonic factors including the
deep subduction of Palaeo-Pacific plate (Griffin et al., 1998; Wu et al.,
2003a; Sun et al., 2007), collision of an amalgamated North China–
Mongolian plate with the Siberian plate (Davis et al., 2001), enhanced
mantle temperature associated with plumes (Deng et al., 2004), the
India–Eurasia collision (Menzies et al., 1993) and the North China–
South China collision (Yin and Nie, 1996; Zhang, 2007) have been
proposed as explanations. These hypotheses were based on specific
studies mostly confined to the eastern NCC and boundary regions,
and appear to be incapable of reconciling all types of observations
(e.g., Wu et al., 2008 and references therein). How the various tectonic
events affected the central and western NCC is much less known,
due largely to the paucity of data. A better understanding of the
Phanerozoic lithospheric tectonics and deep dynamics of the entire
NCC demands further evidence, especially detailed knowledge of the
structures and properties of the crust, lithosphere and deep upper
mantle under the NCC and the relationship between the structural
variations at different depth levels and in different parts of the craton.

To achieve this goal, a seismic experiment named the Northern
China Interior Structure Project (NCISP) has been carried out since
2000 by the Institute of Geology and Geophysics, Chinese Academy
of Sciences. Under this project more than 200 temporary broadband
seismic stations have been deployed in the NCC with average inter-
station spacing of about 10 km (black triangles in Fig. 2). These
stations formed four linear arrays (I to IV, four sub-projects of the
NCISP), traversing the major tectonic units and boundary zones of the
region (Fig. 2). In addition to the NCISP temporary arrays, a number of
stations from the permanent broadband seismic networks belonging
to the China Earthquake Administration (CEA) have also been used
(shown as inverted triangles in Fig. 2). For more detailed information
about the stations and the data, refer to our previous publications
(e.g., Zheng et al., 2006; Zhao et al., 2008; Chen et al., 2008, 2009) or
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visit the website http://www.seislab.cn/data/ for NCISP seismic arrays.
Based on these data, a number of studies have revealed distinct features
and substantial heterogeneities in crustal structure (e.g., Zheng et al.,
2006, 2007, 2008a,b, 2009), lithospheric thickness and the structure of
the lithosphere-asthenosphere boundary (LAB) (e.g., Chen et al., 2006a,
2008; Tang and Chen, 2008; Chen et al., 2009), uppermantle anisotropy
(e.g., Zhao and Zheng, 2005, 2007; Zhao et al., 2007b, 2008), andmantle
transition zone structure (e.g., Ai and Zheng, 2003; Chen et al., 2006b;
Chen and Ai, 2009) under the NCC.

In this study, I integrate our previous work on the NCC and
systematically compare the structural variations at different depth
levels and between different constituent parts of the craton. From a
regional point of view and combining other geophysical observations
as well as geological, petrographic and geochemical data, I especially
focus on the structural changes across the NSGL andwithin the central
and western NCC, and their correlations with surface tectonics and
mantle dynamics. On the basis of these comparisons, I discuss the
possible tectonic causes for the lithospheric reactivation and destruc-
tion of the NCC and present a tectonic model of the Phanerozoic
evolution of the NCC.

2. Geological setting

The NCC formed in Paleoproterozoic time by the assembly of
the eastern and western NCC along the Trans-North China Orogen
Fig. 3. (a) S-RF data coverage, individual stacking blocks (white rectangles) where the S-RFs a
were conducted previously to construct the lithospheric images: profiles A–A′to D–D′, Chen
at 100-km depth for S-to-P converted phases are shown as blue dots (for NCISP stations) a
where the S-RFs are projected onto the profile for imaging. Map inset shows the distribut
migrated S-RF images for the three profiles E–E′ to G–G′ (red lines in a) which traverse all t
amplitudes, respectively. Black dashed lines denote the LAB estimated from the correspon
frequency (0.03–0.18 Hz) images are shown to illustrate the consistency of the LAB image. W
the P-RFs if available (profiles E–E′ and F–F′, Zheng et al., 2006; Chen, 2009; Chen et al., 2009
as in Figs. 1b and 2 except that the Shaanxi–Shanxi rift system is denoted as S–S RS.
(Zhao et al., 2001, 2005). The craton consists of variably exposed Early
Archean to Paleoproterozoic basement overlain by Mesoproterozoic
to Cenozoic cover. The Paleoproterozoic basement rocks are not
distributed randomly in the eastern andwestern NCC, but are exposed
along linear structural belts (Fig. 1b, Zhao et al., 2005). In the eastern
NCC, the Paleoproterozoic rocks are mainly exposed along the NE-
trending Jiao-Liao-Ji Belt which probably developed after the final
closure of the Paleoproterozoic rift system in this region at ∼1.9 Ga.
In the western NCC Paleoproterozoic rocks crop out along the nearly
EW-trending Khondalite Belt, which represents a continental collision
belt along which the Yinshan (Yin Mountain) Block in the north and
the Ordos Block in the south collided to form the Western NCC some
time before the amalgamation of the western and eastern NCC (Zhao
et al., 2003).

Morphologically, the NCC is bounded to the west by the early
Paleozoic Qilianshan Orogen, to the north by the late Paleozoic Central
Asia Orogenic Belt, and to the south and east by the Mesozoic Qinling-
Dabie-Su-Lu Orogen (Fig. 1b). The Qilianshan Orogen was created
by multiple subduction–accretion events from the Cambrian to the
Devonian before final amalgamation and docking with the western-
most part of the NCC (e.g., Xiao et al., 2002; Pan et al., 2006; Xiao et al.,
2009). The generally EW-trending Central Asia Orogenic Belt formed
through NS-directed subduction of the Paleo-Asian ocean and sub-
sequent arc–arc, arc–continent, and continent–continent collision
mainly during the Paleozoic, leading to the final amalgamation of the
re insufficient for migration and imaging profiles (solid lines) for which S-RFmigrations
et al. (2008); E–E′, Chen (2009); and F–F′ and G–G′, Chen et al. (2009). Piercing points
nd purple dots (for CEA stations). Black rectangle around each profile marks the area
ion of teleseismic events used. (b) Surface topography, Bouguer gravity anomaly, and
hree constituent parts of the NCC. Red and blue colors represent positive and negative
ding S-RF images. For profile G–G′, both higher-frequency (0.03–0.35 Hz) and lower-
hite dashed lines mark the Moho imaged either from the S-RFs (profile G–G′) or from

). Black arrows mark rapid changes in the LAB depth. Labels for the major tectonic units

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


Fig. 3 (continued).
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NCC to the Siberian craton (Sengör et al., 1993; Davis et al., 2001; Xiao
et al., 2003). The Mesozoic N–S intraplate shortening and uplift of
the Yin-Yan Mountains in the northern boundary region of the NCC
(Fig. 2) may be a consequence of this collision and postcollisional
tectonics (Davis et al., 2001). The Qinling-Dabie-Su-Lu Orogen has
formed as a result of the Triassic collision and subduction of the
Yangtze Craton beneath the NCC (Li et al., 1993). This continental
collision event was also responsible for the development of the Tanlu
Fault Zone, a major strike-slip fault zone extending for thousands
of kilometers along the eastern margin of the eastern NCC (Yin and
Nie, 1993; Zhang, 1997; Faure et al., 2001). The Tanlu Fault Zone is
proposed to have facilitated the Mesozoic–Cenozoic asthenospheric
upwelling and lithospheric reactivation of the eastern NCC (Zheng
et al., 1998; Xu, 2001; Xu et al., 2004b; Chen et al., 2006a; Zheng et al.,
2008b).

In the middle Mesozoic, oceanic plates including the Izanagi,
Kula and Pacific plates began to subduct successively underneath the
eastern margin of Asia (Maruyama et al., 1997; Bartolini and Larson,
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2001; Smith, 2007). Subsequently, the geodynamic framework of the
NCC changed from an E–W compressive tectonic regime to an ex-
tensional regime with a dominant NE–SW tectonic trend (Ren, 1990;
Liu et al., 1997; Zhai et al., 2004). Since then the NCC has been the site
of intensive lithospheric extension, resulting in the development of
two different extensional domains on the two sides of the NSGL (Ye
et al., 1987; Zhang et al., 2003).

The eastern extensional domain involves a large part of the eastern
NCC (Fig. 1b), corresponding to the North China rift system that
comprises the Bohai Bay basin in the north and the Southern North
China Basin in the south. Extension of this domain started in the Late
Jurassic–Early Cretaceous, and became widespread in Paleocene to
Eocene time (Liu, 1987;Ma andWu, 1987; Ye et al., 1987), accompanied
by voluminousmagmatism (Ren et al., 2002). Tectonically coupledwith
the formation of the North China rift system, the Taihang Mountains,
which roughly coincide with the NSGL (Fig. 2), developed to the west
(Liu et al., 2000).

Widespread lithospheric extension was absent in the western
domain. Extensional deformation is localized in two elongate Cenozoic
rift systems surrounding the Ordos Plateau: the S-shaped Shaanxi–
Shanxi rift to the east and southeast, and the arc-shaped Yinchuan–
Hetao rift to the northwest (Zhang et al., 1998, 2003, Fig. 1b). Extension
in these zones began during the Eocene but was less active and did not
extend to the whole periphery of the Ordos block until the Pliocene.
Besides the subsidence history, geological and geophysical data have
also revealed big differences in structural style and neotectonics be-
tween the rift systems on the eastern and western sides of the NSGL
(e.g., Ye et al., 1987; Ma, 1989; Zhang et al., 1998, 2003).

In contrast to the eastern NCC and the circum-Ordos rift systems,
the interior of the western NCC, i.e. the Ordos Plateau, appears to have
retained the characteristics of a stable craton, as evidenced by a low
heat flow (Wang et al., 1996; Hu et al., 2000), an absence of earth-
quakes (Fig. 2), and an apparent lack of internal deformation since
the Precambrian (Zhai and Liu, 2003; Kusky et al., 2007).
3. Lithospheric structural imaging and LAB depth

The present-day lithospheric structure of the NCC may provide
direct clues to the geographic scope and spatial variations of the
Phanerozoic remobilization and thinning of the cratonic lithosphere,
and therefore is of key importance for understanding the destruction
of the craton. We have recently constructed lithospheric structural
images along different linear profiles in the NCC (Fig. 3a) by wave
equation-based migration of S-receiver functions (S-RFs) from more
than 250 broadband seismic stations of the NCISP arrays and the CEA
network (Fig. 3a; Chen et al., 2008, 2009; Chen, 2009). The S-RFs
contain information on S-to-P (Sp) conversions from deep velocity
discontinuities, which can be used to constrain the depths of the
corresponding discontinuities (Farra and Vinnik, 2000). The S-to-P
conversion from the Moho appears to be the strongest signal in the
individual S-RFs, and hence can be easily identified in the migrated
S-RF images (red signals marked by white dashed lines in Fig. 3b). In
addition, the LAB can be detected continuously along all the profiles
(blue signals marked by black dashed lines in Fig. 3b). The struc-
tural feature of the LAB was verified by the consistency of migrated
images with different frequency contents of the S-RFs (e.g., Fig. 3b
for profiles G–G′), by agreement between the S- and the P-RF images
for the same areas, and agreement between the data images and
synthetic testing results based on the actual data coverage (Chen
et al., 2008, 2009; Chen, 2009). The RF images also agree broadly
with both surface wave (Tang and Chen, 2008; Huang et al., 2009)
and body wave (Huang and Zhao, 2006; Xu and Zhao, 2009) tomo-
graphy results of the region, which further confirms the robustness
of the imaged structure. Overall, our migrated images show sig-
nificant topography on both the Moho (∼30–50 km) and the LAB
(∼80–∼210 km), suggesting substantial structural heterogeneity in
the lithosphere beneath the NCC.

To gain a general picture of the regional lithospheric thickness,
I have integrated the results of our S-RF migration for individual
profiles (Chen et al., 2008, 2009; Chen, 2009) and stacking for in-
dividual blocks (white rectangles in Fig. 3a, Chen et al., 2008) to
produce a map of the LAB depth across the study region (Fig. 4). By
incorporating the data from the dense NCISP-IV and NCISP-II seismic
arrays (Fig. 2), it is possible to expand our previous LAB depth map
for the northeastern NCC (Fig. 9 in Chen et al., 2008) to cover regions
further west including the northern part of the western and central
NCC (Fig. 4). This allows comparison of the lithospheric thickness
among the three parts of the craton.

The most striking feature of the new LAB depth map is perhaps the
highly variable lithospheric thickness, which ranges from around 80 km
tomore than200 km in the central andwesternNCC, inmarked contrast
to thewidespread thinned lithosphere of 60–100 km in the eastern NCC
(Fig. 4). This picture is at oddswith a number of previous seismic studies
(e.g., Chen et al., 1991; Zhuet al., 2002) that demonstratedonly a thicker
lithosphere in the central and western NCC compared to their eastern
counterpart, and argued against notable lithospheric thinning in the
central andwestern regions. However, the imaging results presented in
those studies were obtained from much sparser data sets and using
methods that have relatively poor spatial resolution compared to the
S-RF imaging used here to study the LAB structure. Based on data
from dense seismic arrays, our migrated S-RF images suggest sub-
stantial structural heterogeneity, and in particular the coexistence of
both dramatically thinned and preserved thicker lithosphere in the
central and western NCC (Fig. 4).

In addition to the significant lateral variations in lithospheric
thickness, our S-RF and in some cases also P-RF data reveal a relatively
sharp lithosphere–asthenosphere transition, with an S-wave velocity
dropof several percent over adepth interval of∼5–20 km, in the eastern
and northern parts of the NCC where the lithosphere has been notably
thinned (Chen et al., 2006a, 2008). The pronounced and sharp LAB
cannot be defined solely by temperature, but suggests the presence of
volatiles or melt in the asthenosphere (Karato and Jung, 1998; Rychert
et al., 2005; Chen et al., 2006a), which agrees with recent tomographic
results that show a distinct low-velocity zone (LVZ) beneath the region
(Huang and Zhao, 2006; Huang et al., 2009; Xu and Zhao, 2009). This
type of LAB is analogous towhat has been observedbeneath oceanic and
off-craton areas (e.g., Gaherty et al., 1999; Tan and Helmberger, 2007;
Schutt et al., 2008) but different from that of most stable continental
regions where the LVZ is either absent or muchweak (e.g., Freybourger
et al., 2001; Bruneton et al., 2004; Larson et al., 2006). The LAB images
from our S- and P-RF studies therefore suggest that the Phanerozoic
lithospheric reactivation of the NCC may not be a purely mechanical
thinning process, but probably involved complex modification of the
physical and chemical properties of the lithosphere. This is consistent
with petrologic and geochemical observations on the mantle xenoliths
of the region (e.g., Menzies et al., 1993; Griffin et al., 1998; Fan et al.,
2000; Xu, 2001) that indicate a change in the nature of the lithosphere
from cratonic tomore fertile during the Phanerozoic. However, because
of the relatively scattered sampling and limited coverage of the data
(Fig. 3a), the sharpness of the LAB beneath the thick lithosphere areas
especially in the western NCC has not yet been well constrained.

4. Lithospheric thickness vs surface geology, crustal structure and
upper mantle anisotropy

To better understand the geological and tectonic background of
the lithospheric thickness variations in the NCC, in this Section 1
compare in detail the estimated LAB depths with the altitude, surface
tectonics, Bouguer gravity field, shear velocity structure of the crust,
and seismic anisotropy of the upper mantle along both individual
profiles (Figs. 3b, 5 and 6) and from a wider regional point of view



Fig. 4.Map of LAB depth for the study region. A Gaussian cap with a radius of 50 km and a maximum effective radius of 120 kmwas used in the depth interpolation. Short black bars
and gray cross-bars show the SKS splitting measurements (Zhao and Zheng, 2005; Zhao et al., 2008). The orientation and length of each black bar represent the fast polarization
direction and splitting delay time, respectively. Gray cross-bar indicates a null measurement, with orientation parallel or perpendicular to the polarization direction of the incoming
energy.White circles mark the locations where rapid changes in the LAB depth are observed (as indicated by black arrows in Fig. 3b). Thin gray lines schematically indicate the trends
of the Taihang Mountains and the Yan Mountains (Zhang, 1997). Single- and double-headed arrows give the average direction of absolute plate motion from HS3-NUVEL1A (Gripp
and Gordon, 2002) and the possible extension direction of the eastern NCC during the Late Mesozoic to Early Cenozoic, respectively. The profile considered in Fig. 5 is shown as thick
white line. Labels for the major tectonic units are same as Figs. 1b and 2.
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(Fig. 4). The crustal shear velocity models were constructed by
Zheng et al. (2006, 2008a, 2009) based on waveform inversion of
stacked P-receiver functions (P-RFs, similar to S-RFs but using P-to-S
conversions from subsurface discontinuities) for individual stations,
and the upper mantle seismic anisotropy was measured by Zhao et al.
through SKS splitting analysis (Zhao and Zheng, 2005; Zhao et al.,
2008).

4.1. Lithospheric thickness vs surface geology

As we have already reported, the lithospheric thickness of the
NCC appears to correlate well with the surface topography, tectonic
divisions and gravity field of the region (Chen et al., 2008, 2009; Chen,
2009). This can be seen more explicitly by comparing the LAB depth
with altitude and the Bouguer anomaly along each of the imaging
profiles that traverse different parts of the craton (Fig. 3b), and is also
obvious in the integrated LAB depth map (Fig. 4).

Four prominent features are present both along the image profiles
and in the regional map. The first-order feature is the striking
difference in the gravity field across the NSGL, where a rapid drop of
more than 100 mGal in Bouguer gravity anomaly takes place within
∼200 km laterally (middle panel for each profile in Fig. 3b).
Widespread thinned lithosphere appears in the east and generally
thick lithosphere in the west, with a rapid thickening of the
lithosphere on the order of 20–40 km occurring over a lateral distance
of∼100 kmbetween the two blocks (black arrows in Fig. 3b andwhite
circles in Fig. 4). The rapid thickening of the lithosphere begins about
50–100 km east of the sudden change in surface topography (Fig. 3b)
and 100–200 km east of the obvious drop in the Bouguer gravity
anomaly (Figs. 3b and 4). This discrepancy between the location of the
change in lithospheric thickness and the NSGL cannot be attributed to
the limited lateral resolution of the S-RF data (∼100 km, Chen et al.,
2008; Chen, 2009). Rather, this discrepancy may indicate that an
intra-continental boundary, if it does exist and is marked by the NSGL
on the surface (Griffin et al., 1998; Menzies and Xu, 1998; Zheng et al.,
2006; Xu, 2007), dips eastward at lithospheric depths (Chen et al.,
2009).

The second-order feature is that the lithosphere is thinnest (∼60–
70 km) along the great strike-slip Tanlu Fault Zone near the eastern
margin of the NCC, and thickest (up to ∼200 km) under the stable
Ordos Plateau within the continental interior, in agreement with their
respective geographic locations, evolution histories and Phanerozoic
tectonic activity. The third-order feature, and themost interesting one
that has not been reported previously, is that rift areas, including not
only the North China rift system in the eastern NCC but also the
Shaanxi–Shanxi and Yinchuan–Hetao rift systems in the central and
western NCC, all appear to be underlain by a significantly thinned
lithosphere less than 100 km thick (profiles E–E′ and F–F′ in Fig. 3b
and Fig. 4). The fourth-order feature, which directly relates to the
above two features, is the dramatic variation of the lithospheric
thickness on the western side of the NSGL, especially between the
stable Ordos Plateau (≥200 km) and the surrounding Cenozoic rift
areas (80–100 km). Most remarkably, a reduction of more than
100 km in the LAB depth occurs over a distance of ∼200 km from the
Ordos Plateau in the south to the Yinchuan–Hetao rift system in the
north (Fig. 4; compare profiles F–F′ with G–G′ in Fig. 3b).



Fig. 5. Surface topography, Bouguer gravity anomaly, crustal shear velocities (Zheng et al., 2008a) and depth distribution of the LAB along a profile crossing the Yan Mountains (YM)
and Taihang Mountains (TM) from east to west (thick white line in Fig. 4). The pink area in the shear velocity image represents the crust–mantle transition zone.
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All these features suggest that the base of the lithosphere under
the NCC probably has been re-shaped by the same regional tectonic
processes that dominantly affected the present-day surface geology.

4.2. Crustal structure, lithospheric thickness and upper mantle anisotropy

The lithospheric thickness of the NCC also shows a close correlation
with the crustal structure and upper mantle seismic anisotropy of
the region, both of which display distinct features consistent with
the three-fold subdivision of the craton (Zhao et al., 2008; Zheng
et al., 2009). In general, the eastern NCC has a thin crust and litho-
sphere (b35 kmandb100 km, respectively) and aWNW–ESE trending
orientation of faster shear waves that travel nearly vertically through
the mantle. On the other hand, the central and western NCC are
characterized by a relatively thicker and structurally complex crust
and lithosphere (Figs. 4, 5 and 6). The anisotropy pattern of the upper
mantle in these regions is also significantly variable, with a mixture
of NE–SW- and NW–SE-oriented fast directions and null splitting
measurements of shear waves (Figs. 4 and 6b).

The changes in the crustal structure and upper mantle anisotropy
also appear to be sharp, and concordant with the variation in litho-
spheric thickness near the boundary between the eastern and central
NCC. For example, a large LAB step of ∼40 km is detected near
the junction between the Yan Mountains and the northern Taihang
Mountains (Chen et al., 2008, profile F–F′ in Fig. 3b and Fig. 4),
accompanying an abrupt change (nearly 90°) in the fast polarization
direction of shear waves (Zhao and Zheng, 2005, Fig. 4). Almost at
the same place but along an oblique profile (white solid line in Fig. 4)
the structure of the crust–mantle boundary also varies significantly
from a sharp interface beneath the eastern Yan Mountains to a transi-
tion zone up to 10 km thick under the western Taihang Mountains
(Zheng et al., 2008a, Fig. 5). The variation in crustal structure is
concordant with the changes of both Bouguer gravity anomaly and
lithospheric thickness along the profile (Fig. 5), and also corresponds
well to the variation in the trend of the two mountain belts (thin
gray lines in Fig. 4). Similar concordant structural changes are also
observed to the south around the boundary between the Bohai Bay
Basin and the Taihang Mountains (profile E–E′ in Fig. 3b and Fig. 4),
where a rapid thickening of the lithosphere coincides with an obvious
deepening of the Moho discontinuity (more clearly seen in Fig. 6a), a
marked change in the structure of the crust–mantle boundary and a
sharp drop in Bouguer gravity anomaly (Zheng et al., 2006).

The structural variations may reflect different properties of the
lithosphere in these areas. Detailed seismic structure-based gravity
modeling suggests that the change in crustal structure along the
basin-mountain profile (E–E′ in Fig. 3b) may not be sufficient to
produce the observed gravity decrease, and a contribution from the
underlying lithospheric mantle is required (Zheng et al., 2006). Both
the seismic and the gravity data require a thicker and more buoyant
lithospheric keel beneath the western mountain range, consistent
with mantle xenolith data that imply at least a partial preservation of
the refractory mantle root in the central NCC compared to the largely
thinned and fertile lithospheric mantle in the eastern NCC (e.g., Zheng
et al., 2001; Rudnick et al., 2006; Tang et al., 2006).

The marked heterogeneities among the Taihang Mountains, Yan
Mountains and Bohai Bay Basin appear to be correlated with their
different surface geological features, and Phanerozoic (and probably
earlier) tectonics (Zheng et al., 2007, 2008a). This suggests that
structures from the surface to the base of the lithosphere have evolved
and deformed in a coupled way in both the interior and northern
boundary of the eastern NCC and the eastern part of the central NCC.
However, between these regions, the lithosphere appears to have
mechanically decoupled and/or evolved under different tectonic
regimes during the reactivation and destruction of the craton.

While the structural changes are mainly E–W in regions to the
east of the NSGL including near the boundary between the eastern
and central NCC, E–W and even more significant N–S variations in
lithospheric structure are present on the western side of the NSGL. In



Fig. 6. (a) Surface topography, Bouguer gravity anomaly, crustal shear velocities (Zheng et al., 2009) and depth variation of the LAB along the NCISP-II and IV seismic arrays (see Fig. 2
and b for array locations). Two low-velocity zones identified in the crust are labeled as L1 and L2, respectively. (b) Map of the northern part of the western NCC showing the SKS
splitting measurements (Zhao and Zheng, 2005; Zhao et al., 2008) from Fig. 4. Black circle and blue rectangle denote areas that may be underlain by a thinned lithosphere; white
circle and red rectangle mark areas with a probable thick lithosphere (N180 km), as suggested by S- and P-RF imaging (Chen et al., 2009). Double-headed arrow denotes the average
Cenozoic regional extension direction from Zhang et al. (1998, 2003). Single-headed arrow gives the average direction of absolute plate motion.
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particular, N–S changes are obvious in both the lithospheric images
(Fig. 3b) and the LAB depth map (Fig. 4), including the sharp thinning
of more than 100 km in lithospheric thickness from the Ordos to the
Yinchuan–Hetao rift system in the western NCC and the undulation of
the LAB from ∼140–180 km south of 38°N to b100 km farther north
in the central NCC. These N–S variations in lithospheric structure
were also suggested by recent surface wave tomography (Huang
et al., 2009) and magnetotelluric surveys (Wei et al., 2008), and
therefore probably represent robust structural features of the region.
No concordant N–S variation in surface geology is observed in the
central NCC except for slightly different rift morphology (Fig. 3a). A
better understanding of this structural disharmony requires a
thorough comparison among different parts of the central NCC; this
is currently hindered by a lack of data, especially for areas to the south
of the study region.

Due to this paucity of data, no detailed N–S comparison of the
crustal structure and upper mantle anisotropy has been made for
regions west of the NSGL. On the other hand, both the P-RF imaging
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results (Zheng et al., 2006, 2009) and SKS splitting measurements
(Zhao and Zheng, 2005; Zhao et al., 2008) from the dense NCISP-II and
IV array data show concordant E–W changes in the shear velocity
structure of the crust and the anisotropy pattern of the upper mantle
(including both magnitude and direction) from the central to the
western NCC (Fig. 6a and b).

The central part of the craton is characterized by significantly
undulating intra-crustal interfaces and a generally NE–NNE orienta-
tion of faster shear waves, sub-parallel to the trend of Late Archean–
Paleoproterozoic basement structures and Mesozoic mountain belts
(thin gray lines in Fig. 4). Both features may be indicative of E–W to
NWW–SEE compressive deformation associated with either the
Paleoproterozoic amalgamation between the eastern and western
NCC, or the Late Mesozoic extensional orogenic event that produced
the Taihang Mountains coeval with the lithospheric rejuvenation in
the eastern NCC, or both (Zhao and Zheng, 2005; Zhao et al., 2008;
Zheng et al., 2009).

Around the boundary between the central and western NCC, the
Moho rises slightly and a low-velocity anomaly appears in the lower
crust (Fig. 6a), coinciding with the change in the fast direction of shear
waves from coherent NNE in the eastern Taihang Mountains to a
complex pattern/weak NW in the western area immediately to the
north of the LüliangMountains (Fig. 6b). These variations may imply a
transition in the tectonic deformation regime in the boundary region
(Zhao et al., 2008), probably involving both the crust and the upper
mantle.

An E–W structural variation is even more pronounced along the
NCISP-IV seismic array in the western NCC. Distinct low-velocity
zones in the crust (L1 and L2 in Fig. 6a) correspond to the strongest
NW–SE anisotropy in the eastern portion of the array, whereas the
well-stratified crustal structure corresponds to the weak anisotropy
or null measurements of shear wave splitting to the west within
the Ordos Plateau (Fig. 6a and b). Although the E–W change in the
lithospheric thickness along the NCISP-IV array cannot be assessed
using the S-RFs alone (with a gap shown in Fig. 4) because of a lack of
S-RF sampling directly beneath the seismic array (see Sp piercing
point distribution in Fig. 3a), detailed analyses and imaging of the
P-RF data by wave equation migration do reveal different sub-Moho
structural features in the eastern and western portions of the array
(Chen et al., 2009). Comparisons between the migrated P- and S-RF
images further suggest that the rapid reduction in lithospheric
thickness may take place further north in the west than in the east
and probably is sharper locally, corresponding to the arcuate shape
of the geologically defined boundary between the Ordos Plateau
and the Yinchuan–Hetao rift system (Fig. 6b, Chen et al., 2009).

4.3. The Ordos Plateau and surrounding region

The most intriguing feature revealed seismically is perhaps the
fine-scale structural changes along both the E–W and N–S directions
around the northeastern boundary of the Ordos Plateau (Figs. 3b, 4
and 6). Based on the structural images and available information on
the geology, seismicity and regional tectonics, I have made detailed
investigations on the relationship between the deep structure and
surface tectonics and conducted further comparisons with the south-
ern boundary of the Ordos Block and some other cratonic regions
worldwide.

Around and to the south of the westernmost portion of the NCISP-
IV array which lies within the Ordos Plateau, the imaged stratified
crust and flat Moho (Fig. 6a), thick lithosphere (profile G–G′ in Fig. 3b
and Fig. 4), and weak to null upper mantle anisotropy (Figs. 4 and 6b)
all characterize a stable continental region with little detectable
deformation or a vertically frozen mantle fabric (e.g., Petitjean et al.,
2006). These observations agree with the relatively low heat flow
(Wang et al., 1996; Hu et al., 2000), lack of volcanism and rare
seismicity of the Ordos (Fig. 2), and probably reflect the minor
influence of the later tectonic events on the cratonic nucleus of the
western NCC.

To the east, in the middle-to-eastern segment of the array, the area
close to the boundary between the Ordos Plateau and the Yinchuan–
Hetao rift system (Fig. 6b) is characterized by pronounced low-velocity
zones, thickened crust and an abrupt increase in the magnitude of
upper mantle anisotropy, linked to a marked change in lithosphere
thickness. A similar transition from weak or null to significant aniso-
tropy is also observed between the Ordos Plateau and the Shaanxi rift
area near the southern margin of the western NCC (Huang et al., 2008).
The strong E–W upper mantle anisotropy in the Shaanxi rift system
and the Qinling Orogen further south was suggested to be a result of
both the Triassic collision of the NCC with the Yangtze Craton and the
eastward upper mantle flow driven by the Cenozoic India–Eurasia
collision (Huang et al., 2008).

However, the interpretation of the marked structural change around
the northern boundary of the Ordos is still debated. By comparing the
crustal shear velocity structure and anisotropy pattern of the upper
mantle with the newly proposed Paleoproterozoic evolution model
of the NCC (Faure et al., 2007), Zhao et al. (2008) and Zheng et al.
(2009) suggested that the structure probably preserves the imprints
of the Paleoproterozoic amalgamation process between the eastern
and western NCC. Alternatively, the agreement between the observed
NW–SE fast polarizationdirectionof shearwaves and thedirection of the
Cenozoic-to-present regional extension and the absolute plate move-
ment direction (Fig. 6b) suggests that the structural change may be a
result ofmore recent lithospheric processes. The pronounced anisotropy
around the boundary between the Ordos Plateau and the Yinchuan–
Hetao rift area probably represents vertically coherent deformation in
the crust and upper mantle, possibly associated with the tectonic
reactivation and/or thinning of the lithosphere under the circum-Ordos
rift systems, similar to that suggested for the southernmargin area of the
Ordos Plateau (Huang et al., 2008). The complex pattern of anisotropy
further to the east in areas north of the Lüliang Mountains and around
the northern part of the Shanxi rift system (Fig. 6b) thus may reflect the
interplay between this tectonic regime and the one that dominated
upper mantle deformation in the Taihang Mountain region.

Whatever the cause, the sharp structural variations (both E–W and
N–S) around the NCISP-IV array indicate substantial heterogeneity and
complicated tectonic deformation at depth, which deserve further
investigation. More seismic data and deep structural imaging, multi-
disciplinary analysis and systematic comparisons over a broader region
are required to elucidate the essential characteristics and the origin of
the structural heterogeneity and its relation with regional tectonics.

Rapid changes in lithospheric structure like those seen in the
western NCC also are observed in several other continental regions,
mostlynear the boundaries of cratons. Examples include theSorgenfrei–
Tornquist Zone bordering the eastern European craton (e.g., Shomali
et al., 2006), the Baikal rift area around the southern boundary of the
Siberian craton (Lebedev et al., 2006), and areas between tectonic blocks
of different ages (including Archean) in continental Australia (Fishwick
et al., 2008). All of these areas show structural variations comparable
to, or even sharper than, that observed near the northern boundary of
the western NCC. Recent geodynamic modeling results suggest that
viscosity contrasts are crucial in preserving such a strong short-scale
lithospheric heterogeneity against thermomechanical erosion by active
mantle convection (Hieronymus et al., 2007). This explains why sharp
variations in lithospheric structure are mostly found at the boundaries
of cratonic regions, where the low temperature and distinct composi-
tion of the cratonic mantle provides a high viscosity. A change in the
properties of the lithosphere therefore may account for the rapid
structural change between the Ordos Plateau and the Yinchuan–Hetao
rift system immediately to the north. This explanation may also be
applicable to the part of the Shaanxi–Shanxi rift system that is underlain
by a significantly thinned lithosphere (Fig. 4) and probably also to the
other cratonic boundary regions mentioned above.
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The rifting systems surrounding the Ordos and the Yin Mountains
further to the north hadoriginally been cratonic in nature as a part of the
NCC, as indicated by examination of the lithology, geochemistry,
geochronology, structure and metamorphism in the exposed Archean-
to-Paleoproterozoic basement of the region (Zhao et al., 2001, 2005).
The presence of significantly thinned lithosphere at the present time
(Fig. 4, Chen et al., 2009; Huang et al., 2009) together with the active
Cenozoic tectonics and seismicity in these regions (Fig. 2) indicates that
at least someboundary regions including ancient collisional zones in the
western and centralNCChave experienced lithospheric reactivation and
thinning. This corroborates recent petrological and geochemical
observations (e.g., Xu et al., 2004a; Tang et al., 2006; Xu, 2007) that
mantle xenoliths from around the rift areas west of the NSGL differ
isotopically and chemically from both the “young” and fertile Cenozoic-
to-present mantle lithosphere of the eastern NCC and the typical “old”
and refractory roots found beneath cratons worldwide. Collectively, all
these suggest that the lithospheric reactivation and thinning of the NCC
might have affected a larger geographic region than previously thought.
To the west of the NSGL, it may have been initiated at the boundaries of
the Archean nucleus under the Ordos Plateau, but probably have not
affected the very core of the craton.

5. Lithospheric thickness vs mantle transition zone thickness

The distinct structural features from the surface to the base of the
lithosphere, probably also including the deformed shallow upper
mantle in the NCC, certainly reflect the long-term tectonic evolution
of the craton, which is closely tied to mantle dynamics. It has been
long debated which dynamic processes or deep events caused the
Phanerozoic lithospheric reactivation and thinning of the NCC and
were responsible for the observed structural features. To tackle this
issue, we need detailed knowledge about the structure of the mantle
transition zone, which is important in the context of plate tectonics
and mantle dynamics. The thickness of the mantle transition zone
has often been taken as an indicator of the temperature regime in
the upper mantle (e.g., Revenaugh and Jordan, 1991; Owens et al.,
2000; Lebedev et al., 2002; Li and Yuan, 2003) which serves as a
link between mantle dynamics and regional tectonics. To relate the
Phanerozoic lithospheric thinning to the deeper mantle processes
under the NCC, we can compare the lithospheric thickness estimated
from S-RF images with the mantle transition zone thickness recently
derived by P-RF migration (Chen and Ai, 2009).

These two thicknesses appear to be generally anti-correlated on the
opposite sidesof theNSGL(compare Fig. 7awith7b). To theeast, amuch
thinned lithosphere of 60–100 km corresponds to a thicker mantle
transition zone of N250 km up to ∼290 km. To the west, a relatively
thicker lithosphere (mostly N120 km except for the two rift systems) is
underlain by a normal-to-thin transition zone 235–250 km thick. Like
the change in lithospheric thickness (and surface geology, crustal
structure and upper mantle anisotropy), the change in the thickness of
themantle transition zone between the two domains also appears to be
relatively sharp, and occurs close to the boundary between the eastern
and central NCC and east of the NSGL (circles in Fig. 7b). Interestingly,
this change in thickness also coincides with an obvious variation in the
structural features of the lower boundary of the mantle transition zone
(the 660-km discontinuity), whereas the upper boundary (the 410-km
discontinuity) is structurally simple and relatively constant in depth
(Fig. 8, Chen and Ai, 2009).

The thicknesses of the mantle transition zone and the lithosphere
also exhibit smaller-scale variations that apparently deviate from this
general anti-correlation. One example is found in the northern part of
the western NCC. The thickness of the mantle transition zone drops
from∼250 kmbeneath the Ordos Plateau to ∼240 km and even as low
as ∼235 km in the Yinchuan–Hetao rift system and the Yin Mountains
(Fig. 7b); this variation is similar to but much less pronounced than
the N–S change in lithospheric thickness (Fig. 7a). A similar change is
observed between the Ordos Plateau and the Shanxi rift system in the
central NCC, although the magnitude of variation is smaller. Given
the significantly thinned lithosphere and active Cenozoic tectonics
of the circum-Ordos region, the correlation between the thicknesses
of the mantle transition zone and the lithosphere is probably not
fortuitous, and may reflect a direct correlation between shallow
lithospheric processes and deeper mantle dynamics.

The thickness and discontinuity structure of the mantle transition
zone (Figs. 7b and 8) provide information about the thermal regime in
the deep upper mantle beneath the NCC. According to mineral physics
data, the observed seismic discontinuities bounding the mantle
transition zone are primarily associated with the transformations of
olivine to wadsleyite (∼410 km) and ringwoodite to perovskite +
magnesiowustite (∼660 km) (Ringwood, 1991; Bina and Helffrich,
1994; Fei et al., 2004). In most cases, lower (higher) temperatures
will cause thickening (thinning) of themantle transition zone because
of the opposite Clapyron slopes of the 410- and 660-km phase transi-
tions. The map of the mantle transition zone thickness of the NCC
(Fig. 7b) therefore suggests a cool thermal regime to the east of the
NSGL and a normal-to-warm regime to the west. This is consistent
with recent tomographic results that show a high-velocity slab —

probably the cold Pacific plate— trapped in themantle transition zone
beneath eastern China, with the western edge of the slab roughly
coinciding with the NSGL (Huang and Zhao, 2006). Moreover, the
complex structural features of the 660-km discontinuity (e.g., Fig. 8)
and the distinct differences between the southern and northern parts
of the eastern NCC (Huang and Zhao, 2006; Chen and Ai, 2009, e.g.,
Fig. 7b) probably are related to the complex morphology and sub-
duction pattern of the Pacific slab, and associated temperature var-
iations beneath this region (Chen and Ai, 2009).

On the other hand, both the generally thinned crust (Li et al., 2006;
Zheng et al., 2006, 2008a,b) and lithosphere (Fig. 7a, Chen et al., 2006a,
2008) aswell as relativelyhighheatflow(Huet al., 2000) suggest a rather
warm shallow uppermantle under the eastern NCC. In contrast, a thicker
crust (Li et al., 2006; Zhenget al., 2006, 2009;Chen, 2009) and lithosphere
(Fig. 7a, Chen et al., 2009) and lower heat flow (Wang et al., 1996; Hu et
al., 2000) are foundon thewestern side of theNSGL, reflecting a relatively
cool environment in the shallow upper mantle of the region.

These observations indicate that the shallow and deep upper
mantle on the two sides of the NSGL probably have not reached
thermal equilibrium at the present time. In particular, the presence of
the stagnant Pacific slab at the bottom of the upper mantle and the
nearly flat structure of the 410-km discontinuity (Fig. 8, Chen and
Ai, 2009), suggest that the Cenozoic lithospheric tectonics and
magmatism in the eastern NCC have originated within the shallow
upper mantle, possibly no deeper than the upper boundary of the
mantle transition zone. To the west, the locally correlated thinning of
both the lithosphere and mantle transition zone implies a warm
regime in both the shallow and deep upper mantle. This suggests that
the Cenozoic crustal rifting in areas surrounding the Archean nucleus
of the western NCC is a manifestation of a late thermal event that
affected the entire upper mantle of the region.

6. Different tectonic regimes across the NSGL

These structural comparisons strongly suggest a close correlation
between mantle dynamics, lithospheric tectonics and surface geology
on the two sides of the NSGL. The contrasting structural features of the
two domains may reflect different thermal and/or chemical proper-
ties, different deep processes and different tectonic regimes that have
dominated the evolution of these regions in the Phanerozoic.

6.1. East — effects of the Pacific subduction

Many lines of evidence, including the seismic images presented
here, show that the cratonic lithosphere of the eastern NCC (to the



Fig. 7. Comparison between themaps of (a) lithospheric thickness from Fig. 4 with a slightly different latitude range and (b) mantle transition zone thickness (modified from Fig. 8 of
Chen and Ai, 2009) across the study region. White circles in a mark the locations along profiles E–E′, F–F′ and G–G′ (as indicated by black arrows in Fig. 3b) at which a sharp change is
observed in lithospheric thickness, upper mantle anisotropy, crustal structure and surface geology; yellow circles in b mark the locations where a rapid variation is detected in the
thickness of the mantle transition zone and in the structure of the 660-km discontinuity. Dark gray color in b defines the area where double 660-km discontinuities are observed.
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east of the NSGL) has been largely, if not fully, modified or destroyed
probably mostly during the Late Mesozoic. Modeling studies suggest
that cratonic lithosphere can be thinned significantly by thermo-
mechanical erosion from mantle convection, but only over timescales
of ≥2 Ga (Lenardic and Moresi, 1999; King, 2005; Hieronymus et al.,
2007). Even by directly interacting with a hot mantle plume,



Fig. 8.Migrated P-RF images along the four profiles shown aswhite dashed lines in Fig. 7b (after Chen and Ai, 2009). Those in (a, b, and d) are constructed within a frequency range of
0.03–0.4 Hz, and that in c within 0.03–0.3 Hz because of higher noise level. Black dashed lines in each panel mark 410- and 660-km depths. Open arrows mark the rapid changes in
mantle transition zone thickness and in the structure of the 660-km discontinuity near the boundary between the eastern and central NCC (yellow circles in Fig. 7b).
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erosion of a thick Archean lithosphere is only possible when the
craton is anchored above the plume for a long period of time
(probably N200 Ma, Petitjean et al., 2006). However, in the eastern
NCC there is no evidence for such plume activity (e.g., Zhang and
Tanimoto, 1993; Wu et al., 2005; Huang and Zhao, 2006). Therefore,
the destruction of the cratonic lithosphere in the eastern NCC is
unlikely to reflect thermomechanical erosion either from mantle
convection (such as induced by LAB topography, Hieronymus et al.,
2007) or from hot plumes. Instead, it would require processes that
disturbed the mantle convection pattern and the physical and
chemical equilibrium between the lithosphere and the underlying
mantle.

The dynamic trigger for such processes must have come from past
tectonic events that affected the NCC. Although several such events
may have contributed to the reactivation of the cratonic lithosphere, a
number of authors have proposed that the deep subduction of the
Pacific plate underneath East Asia sinceMesozoic played a pivotal role
in the destruction of the eastern NCC (e.g., Griffin et al., 1998; Wu
et al., 2003a; Zhao et al., 2007a,b; Zhu and Zheng, 2009). This
argument is based mainly on the similar timing of the two events,
most remarkably during the Early Cretaceous (120–130 Ma), a period
of peak lithospheric thinning of the region characterized by major
magmatism (Xu et al., 2004b; Wu et al., 2005), intensive tectonic
extension (Ren et al., 2002) and large-scale gold mineralization (Yang
et al., 2003; Sun et al., 2007). The predominant trench-parallel NE–SW
trending directions of both the extensional structures (Tian et al.,
1992; Ren et al., 2002) and the two major elongated tectonic zones —
the NSGL and the Tanlu Fault Zone in east China (Fig. 1a) — also favor
the Pacific-regime interpretation.

Our seismic images of the deeper structure derived from dense-
array data, together with recent high-resolution tomographic images
(Huang and Zhao, 2006), lend further support to this interpretation.
There is a close correspondence between the imaged morphology of
the stagnant Pacific slab (Huang and Zhao, 2006) and the variations in
the thickness and discontinuity structure of the mantle transition
zone (Figs. 7b and 8), as well as the changes in crustal and lithospheric
structure, gravity field and surface geology in the NCC (Figs. 3–6).
Furthermore, the agreement between the NW–SE fast polarization
direction of shear waves in this region (Zhao and Zheng, 2005) and
the direction of back-arc extension arising from the Pacific subduction
(e.g., Ratschbacher et al., 2000, Fig. 4) suggests that the present-
day lithosphere beneath the eastern NCC retains a record of the Late
Mesozoic to Early Cenozoic tectonic deformation. These observations,
combined with the coherent timing, therefore suggest that the deep
subduction of the Pacific plate may have been the most important
influence on the Phanerozoic mantle dynamics and tectonic evolution
of the eastern NCC.

The effects of Pacific-plate subduction may be manifold. In
addition to the commonly proposed back-arc lithospheric extension
and production of a thermal anomaly (e.g., Ye et al., 1987; Stuart et al.,
1991; Ren et al., 2002; Zhang, 2007), the Pacific-plate subduction
would also continuously release water-rich fluids at various depths by
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dehydration reactions in the slab (Omori et al., 2004; Ohtani et al.,
2004; Komabayashi et al., 2004) and induce vigorous convective
circulation in the upper mantle wedge (e.g., Lei and Zhao, 2005; Zhao
et al., 2007a,b). The subduction rate of the Pacific plate probably
increased in the Early Cretaceous (Wu et al., 2005), due to either
the uprising of the mid-Pacific superplume (Larson, 1991) and/or a
mantle avalanche related to the closure of Tethys (Machetel and
Humler, 2003) or the breakup of Gondwana (Wilde et al., 2003). Such
an escalation of subduction would transport water to great depths,
even into the mantle transition zone, by facilitating deeper dehydra-
tion of the slab, and induce upwelling of hot deeper mantle, which
would further lead to extensive magmatism and rifting in eastern
China. It also could disturb mantle convection, probably by intensi-
fying thermomechanical and chemical erosion (including mantle–
melt interaction) at the base of the overlying continental lithosphere
and/or triggering gravitational instability and delamination of the
modified lithosphere. Both processes, which are distinctly different
from stable mantle convection, may have contributed to the de-
struction of the lithospheric root of the eastern NCC in the Late
Mesozoic (e.g., Xu, 2001; Wu et al., 2003b; Gao et al., 2004; Zhang,
2005).

The influence of the Pacific-plate subduction may have weakened
through the Cenozoic, probably because of the decrease in subduction
rate (Engebretson et al., 1985; Northrup et al., 1995) and continuous
trench retreat (Jolivet et al., 1994, 1999; Miller and Kennett, 2006).
However, the structural features of the eastern NCC identified by the
seismic studies suggest that the effects of subduction may persist to
the present day, perhaps due to the flattening of the Pacific plate
above the base of the upper mantle, forming a “big mantle wedge” in
the region stretching from the northwestern Pacific to eastern Eurasia
during the Cenozoic (Lei and Zhao, 2005; Huang and Zhao, 2006; Zhao
et al., 2007a,b). The cool regime suggested by the observed thickening
of the mantle transition zone is consistent with the cooling effect
of the flat-flying Pacific slab at the bottom of the upper mantle, and a
relatively hot shallow upper mantle may reflect subduction-induced
upwelling of hot asthenosphere. Moreover, the simple and flat 410-
km discontinuity imaged beneath this region (Ai and Zheng, 2003;
Chen et al., 2006b; Chen and Ai, 2009, Fig. 8) implies weak and smooth
variations in temperature and/or composition (such as water abun-
dance) near the top surface of the stagnant slab. This probably is a
consequence of the continuous convective circulation in the mantle
wedge, which serves to quickly remove the slab-associated anomalies
immediately above the stagnant slab. In contrast, the observed sub-
stantial topography and complex structural features of the 660-km
discontinuity (Ai and Zheng, 2003; Chen and Ai, 2009, Fig. 8) cor-
respond to significant thermal and/or chemical anomalies at the
bottom of the slab, which may result from the direct interaction
between the cold Pacific slab and the 660-km discontinuity.

6.2. West — role of pre-existing lithospheric structure

The influence of the Pacific subduction in regions to the west of
the NSGL must have been limited, as suggested by the absence of
widespread regional extension (Zhang et al., 1998, 2003), limited
Eocene faulting and generally thin Oligocene rift-type sediments (Ye
et al., 1987), and by the contrasts in structural features and thermal
regimes of the upper mantle between the western and eastern parts
of the NCC (e.g., Figs. 4 and 7).

The major differences in the magnitude of extension, morphology
and Cenozoic tectonics in the extensional rift systems on the two sides
of the NSGL suggest fundamentally different tectonic regimes during
the Phanerozoic lithospheric deformation. In particular, extensional
rifting in the west is restricted to the elongated zones surrounding the
Ordos Plateau and did not extend to the whole periphery of the Ordos
until late Neogene time, in contrast to the widespread rifting that
continued from the Late Cretaceous to the Early Tertiary in the east
(Zhang et al., 1998; Ren et al., 2002; Zhang et al., 2003). All these
observations, together with the east-directed rollback of the Pacific
plate and the possible eastward migration of subduction-associated
tectonics in the Cenozoic (e.g., Jolivet et al., 1994, 1999; Miller and
Kennett, 2006) make it improbable that the far-field effects of the
Pacific subduction reached the western side of the NSGL, as proposed
earlier (Yin, 2000).

The Phanerozoic lithospheric reactivation and thinning may not
have affected the central and western NCC to the same extent as the
eastern NCC. A large part of the cratonic lithosphere beneath these
regions remains relatively thick today (Fig. 4). The mantle transition
zone in the central andwesternNCC shows smoother structural features
andweaker thermal anomalies than that in theeasternpart of the craton
(Fig. 7b, Chen and Ai, 2009), also suggesting a relatively weak effect of
mantle dynamics on the Cenozoic tectonics of the central and western
parts of the craton. However, boundary zones around the cratonic
nucleusmayhaveundergone lithospheric reactivation anddeformation,
as indicated by the significantly thinned lithosphere, extensional rifting,
magmatism, active faulting and seismicity surrounding the Ordos
Plateau (Figs. 1b, 2b and 4, Zhang et al., 1998, 2003).

Both of the rift systems on the western side of the NSGL cor-
respond to pre-existing structures in the cratonic lithosphere. The
Yinchuan–Hetao rift system is close to the northern boundary of the
western NCC and roughly coincides with the EW-trending Paleopro-
terozoic Khondalite Belt (Fig. 1b), which sutured the Ordos Block and
the Yinshan Block to form the western NCC (Zhao et al., 2003). The
Shaanxi–Shanxi rift zone is within the Trans-North China Orogen,
which resulted from the collision between the eastern and western
NCC ∼1.85 Ga ago (Zhao et al., 2001, 2005). These ancient collisional
or orogenic belts probably are mechanically weak compared with the
adjacent cratonic nucleus, and probably have been so ever since their
formation in the Paleoproterozoic.

Pre-existing structures in the lithosphere can function as the
primary control on the tectonothermal evolution of the continental
regions.Mineral physics experiments and numericalmodeling suggest
that such pre-existing structures may induce a significant anisotropy
in thermal diffusivity (Tommasi et al., 2001) and mechanical de-
formation (Tommasi and Vauchez, 2001) in the uppermost mantle.
This anisotropic behavior can lead to anisotropic heating and strain
localization within the lithosphere, thus favoring the reactivation of
the ancient fabric during later tectonothermal events (Vauchez et al.,
1997; Tommasi et al., 2001). Such effects have been inferred, for
instance, in the east African rift (Achauer and KRISP working group,
1988; Keranen and Klemperer, 2008), SE Brazil (James and Assump-
ção, 1996), the eastern United States (Barruol et al., 1997), the Baikal
rift (Lesne et al., 2000) and the Kalahari craton in Southern Africa
(Savage and Silver, 2008).

The ancient structural belts around the Archean Ordos may have
been repeatedly reactivated in a similar way by successive tectonic
events during the long-term evolution of the NCC. In particular, the
Paleoproterozoic Khondalite Belt and the northern boundary regions
of the NCC probably were affected by the progressive subduction of
the Paleo-Asian ocean and the amalgamation of terranes that pro-
duced the Central Asian Orogenic Belt in Paleozoic to early Mesozoic
time (Buslov et al., 2001; Badarch et al., 2002; Xiao et al., 2003). The
northern boundary of the NCC was an active continental margin
during that period (Xiao et al., 2003; Zhang et al., 2007), and its
lithosphere might have already been weakened, deformed and even
thinned, probablywith a relatively sharp change in structure (perhaps
including thickness) and properties from the cratonic interior to the
margins after the final collision with the Siberia craton and post-
collisional uplift. This would be more likely to take place in the
western part of the NCC because of its proximity to the suture zone
and/or the presence of the ancient collisional Khondalite Belt. The
northern boundary area of the orogenic belt in the central NCC may
also have been affected by this event.
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The India–Eurasia collision has been proposed as a major influence
on the lithospheric tectonics of the central and western NCC during
Cenozoic time (e.g., Menzies et al., 1993; Liu et al., 2004; Deng
et al., 2004; Xu, 2007); Ren et al. (2002) suggested that the dominant
NW–SE-trending Cenozoic-to-present extension of the region was
induced by the rapid convergence of India–Eurasia relative to Pacific–
Eurasia. Deformation of the crust and probably the lithospheric
mantle around the Ordos Plateau resulting from this NW–SE ex-
tension may have been accompanied by differential counterclockwise
rotations between the Ordos and surrounding blocks (e.g., Zhang
et al., 1998, 2003). These rotations probably also have contributed to
the complexity of the upper mantle anisotropy pattern near the
boundary between the Ordos and the two rift systems (Fig. 6b). The
hotter mantle transition zone imaged near the northern margin of
the western NCC and beneath areas in the central NCC (Fig. 7b)
corresponds to the tomographically observed low-velocity structures
in the shallow upper mantle (e.g., Liu et al., 2004; Huang and Zhao,
2006; Pei et al., 2007), which have been interpreted to represent
a lateral asthenospheric mantle flow driven by the India–Eurasia
collision (Liu et al., 2004). These observations suggest that the
influence of the India–Eurasia collision, although relatively weak
compared to that of the Pacific subduction on the eastern NCC, might
have involved the whole lithosphere and even extended to the deep
upper mantle. Since the thinned lithosphere in the central and west-
ern NCC spatially coincides with the Cenozoic extensional rifting
systems, it is possible that the collision of the Indian platewith Eurasia
may have further deformed the already weakened lithosphere under
the pre-existing structural zones, intensified the structural contrast
between them and the craton interior, and eventually caused rifting in
these zones.

There are two possibilities for the lithospheric thinning to the west
of the NSGL. One is that the pre-existing structure of the lithosphere
was onlyweakened and deformed to some extent but not significantly
thinned by the earlier events; lithospheric thinning mainly occurred
in the Cenozoic, triggered by the inter-continental collision of India–
Eurasia, much later than its eastern counterpart. Such a diachronous
lithospheric thinning scenario has been suggested by Xu et al. (2004a)
and Xu (2007) based primarily on petrological and geochemical data
from mantle xenoliths in the northern part of the Shaanxi–Shanxi rift
system. Our images of lithospheric structure and LAB topography in
this area (profile E–E′ in Figs. 3b and 4) do not contradict this scenario.

Alternatively, the thinned lithosphere of the region, especially
around the northernmargin of thewestern NCC, and the sharp change
in lithospheric structure from the Yinchuan–Hetao rift to the Ordos,
may be ancient features produced by earlier tectonic events, most
probably the Paleozoic to early Mesozoic formation of the Central
Asian Orogenic Belt. With a combination of active mantle convection
and compositional stabilization of the cratonic side (high viscosity and
strength), the sharp structural change could have been maintained
against convective erosion over timescales of hundreds of Ma.
Hieronymus et al. (2007) have proposed a similar mechanism for
the preservation of the ∼150-km lithospheric step at the Sorgenfrei–
Tornquist Zone bordering the eastern European craton, which has
lasted at least 200 Ma.

The pre-existing structure and boundary zones in the eastern
NCC, such as the Paleoproterozoic Jiao-Liao-Ji Belt and the northern
and southern boundary regions, may also have suffered lithospheric
reactivation and deformation by tectonic events before the Late
Mesozoic lithospheric decratonization. The spatial coincidence of the
Tanlu Fault Zone with the Jiao-Liao-Ji Belt (Fig. 1b) suggests that the
Triassic collision of the NCC with the Yangtze Craton reactivated this
ancient belt, leading to the formation of the Tanlu Fault Zone. Due to
its inherited mechanical weakness, this fault zone may have been
more significantly affected by the later Pacific subduction and as-
sociated processes than other regions in the eastern NCC; today it has
the thinnest lithosphere within the entire craton (Fig. 4).
The stress field associated with the Triassic continental collision
also may have destroyed the physical integrity of the lithospheric
mantle beneath the southern NCC (not only in the eastern part), and
facilitated the later reactivation and destruction of the craton (e.g., Xu,
2001). This has indeed been suggested by a number of geological,
petrographic and geochemical studies on the southern marginal areas
of the NCC including the Qinling-Dabie-Sulu orogenic belts (e.g., Fan
et al., 2001; Zhang et al., 2002; Xu et al., 2004b; Zhang, 2007).
However, more data and further studies, especially by using dense
geophysical field observations will be required to understand how the
present-day lithospheric structure varies from these marginal areas
to the craton interior, and the relationship between the variations of
shallow and deep structures.

6.3. Suggested tectonic model

Based on these multidisciplinary observations and the preceding
discussion, it is possible to construct a tectonic evolution model for
the lithospheric reactivation and thinning of the NCC, as shown in
Fig. 9.

The ancient structural zones and marginal regions of the craton
may have beenweakened and deformed by successive tectonic events
from the final cratonization of the NCC in the Paleoproterozoic to the
early Mesozoic (Fig. 9a). Some of these areas, possibly including those
around the northern boundary of the western NCC, may even have
been thinned before the subduction of the Izanagi–Kula–Pacific plate
under East Asia in the middle Mesozoic.

During the Late Mesozoic, mantle processes other than stable
convection, probably including thermo–mechanical–chemical erosion
and/or gravitational instability-induced lithospheric delamination,
affected the eastern NCC. These processes were aided by the in-
tensified subduction and deep dehydration of the Pacific plate and
vigorous subduction-induced convective circulation in the mantle
wedge. This led to voluminous magmatism, widespread extensional
rifting and significant modification and destruction of both the
already deformed (even thinned) boundary zones and the cratonic
nuclei, giving rise to thinned lithosphere and crust and chemically
fertile lithospheric mantle across the region (Fig. 9b). The central and
western NCC were much less affected by the Pacific subduction, and
the lithosphere under a large part of these regionsmay have remained
relatively thick during the Mesozoic. The distinct Mesozoic tectonics
in the different parts of the craton may have resulted in contrasting
structural features from the surface to the base of the upper mantle
under the eastern NCC and the central and western NCC, and even-
tually induced the development of an intra-continental boundary
between these blocks, as marked by the NSGL on the surface (Fig. 9b).

The influence of the Pacific subduction on eastern China may have
weakened through the Cenozoic (Fig. 9c). The beginning of the India–
Eurasia collision from the southwest probably triggered lithospheric
remobilization and thinning and extensional rifting along pre-existing
weak zones in the central and western NCC. However, this collisional
event seems to have had a smaller effect on the regional tectonics and
may not have significantly disturbed the mantle convection under
eastern China (Fig. 9c). The Cenozoic erosion of the lithosphere west
of the NSGL therefore was much less than that in the eastern NCC
during the LateMesozoic (Fig. 9b), and lithosphere up to 200 km thick
and generally thick crust could survive on the western side of the
NSGL (Fig. 9c).

7. Concluding remarks

The integration of seismic images of structures at different depths
with other geophysical observations and geological, petrographic and
geochemical data enables systematic comparisons between different
parts of the NCC and provides constraints on their respective tectonics
in the Phanerozoic and even earlier. These comparisons show that



Fig. 9. Schematic illustration of the tectonic evolution of the NCC in the Phanerozoic. (a) Possibly weakened and deformed structural zones before the subduction of the Izanagi–
Kula–Pacific plate under East Asia in the middle Mesozoic; (b) fundamental reactivation and destruction of the eastern NCC induced by the more vigorous deep subduction of the
Pacific plate during Late Cretaceous; and (c) localized Cenozoic extensional rifting and lithospheric thinning along already weakened and deformed (probably also thinned) pre-
existing lithospheric structures in the central and western NCC, caused by the India–Eurasia collision. Question marks denote regions for which there is still a lack of detailed deep
structural information.
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lithospheric remobilization and thinning may have affected the NCC
much further to the west than previously thought, and that the
structure varies concordantly from the surface down to the base of
the upper mantle. In the eastern NCC the lithospheric reactivation is
widespread and well-developed; in the central and western NCC only
localized lithospheric modification and thinning have occurred.

These differences across the NSGL probably reflect different
Mesozoic–Cenozoic lithospheric tectonics and mantle dynamics, work-
ingonpre-existing structures of the lithosphere in the twodomains. The
deep subduction of the Pacific plate from the east and associated
processesmay have dramatically changed themantle dynamics and the
physical and chemical state of the lithosphere in the eastern NCC since
themiddleMesozoic, resulting in the reactivation and destruction of the
cratonic lithosphere and related changes in surface tectonics and the
deep structure of the region. The influence of the Pacific subduction
appears to be insignificant in the central and western NCC. Instead, the
India–Eurasia collisionmayhave been theprimary factor controlling the
lithospheric tectonics of these regions in the Cenozoic. The effect of this
event, however, probably was relatively weak, such that the mantle
convection was not significantly disturbed, and lithospheric modifica-
tion and thinningwas less intensive and spatiallymore localized. Inboth
domains, lithospheric reactivation appears to be more pronounced
along ancient tectonic belts, in agreement with mineral physics
experiments and numerical modeling that demonstrate the vulnerabil-
ity of pre-existing lithospheric structures to tectono–thermal modifica-
tion. These zones therefore have a significant function in the tectonic
evolution of continents.

The NSGL extends ∼4000 km N–S and separates the two distinct
domains in the NCC; it also traverses northeastern China and south-
ern China, and is accompanied along its length by a relatively rapid
topographic change (Fig. 1a). One may be curious about what has
happened underneath these other blocks to the north and south of
the NCC. Tectonic extension was widespread in eastern China and
adjacent regions in Late Mesozoic to Cenozoic time (Ren et al., 2002),
forming the ∼6000-km long Cenozoic extensional belt adjacent to
the eastern margin of the Eurasian plate that includes the North China
rift system in the eastern NCC (e.g., Northrup et al., 1995). The deep
structural features and variation patterns in northeastern China and
southernChina, and their relationshipswith theNCC, are important for
testing the tectonic models of the NCC proposed in this study and by
others, and for a comprehensive understanding of the formation of the
NSGL, the stabilization/destruction of the NCC and the Phanerozoic
evolution of all of eastern China. This is an intriguing issue and will be
investigated in detail by later research.
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