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Understanding the geodynamic process of orogeny and cratonization, and their transition is among the key topics
of research in evaluating the link between plate tectonics and continental dynamics. The Tibetan Plateau and the
North China Craton (NCC), two key areas in mainland China, offer excellent laboratories to understand continen-
tal tectonics over a broad span of Earth history. Particularly, the deep structure of the lithosphere as imaged from
geophysical data on the Tibetan Plateau and the NCC provide important clues in understanding orogeny and
cratonization. The Tibetan Plateau is the largest and highest plateau on Earth in terms of mean altitude, and is
an important region for understanding the mechanisms of continent-continent collision and Cenozoic plateau
uplift. The NCC is an Archean craton that underwent lithospheric disruption during the Mesozoic. Here we recon-
struct the main features of the structure of the crust and upper mantle from surface wave tomography and
gravity modeling in Tibet and its neighboring regions, in order to understand the modality of the convergence
and collision process between the Indian and Eurasian plates, and the influence of this process on the uplift of
the plateau. In the NCC, geological, geochemical, geophysical and tectonic investigations demonstrate that litho-
spheric destruction mainly occurred in the Eastern Block. The crustal structure of the NCC is reconstructed from
ambient noise surface wave tomography and the different possible disruption mechanisms are evaluated. The Vs
(shear-wave velocity) tomography results, and the density (p) structure of the crust and upper mantle (to about
350 km depth) demonstrate the lateral variation of the thickness of the metasomatic lid between the south and
north of the Bangong-Nujiang suture (BNS) and the west and east of Tibet, which suggest that the leading edge of
the subducting Indian slab reaches the BNS. The subduction angle of Indian Plate indicates a transition from steep
to shallow from the west to east Tibet. Sections depicting the gravitational potential energy suggest that mantle
flow contributes to the subduction of the Indian Plate as far as the BNS and the transition from the asthenospheric
layer to the metasomatic lid overlaps with the transition from north-south shortening in south Tibet to eastward
tectonic escape in north Tibet (Qiangtang and Songpan-Ganzi blocks). Both Vs and p models suggest the follow-
ing. (1) North-southward lower-crust flow beneath the eastern NCC and interaction between the westward
mantle flow and eastward escape flow beneath the central NCC (in addition to the earlier proposed mechanisms
of delamination and thermal erosion) played important roles in the lithospheric disruption of the Archean craton.
(2) Mantle flow plays an important role in the continental tectonic transition between neighboring tectonic
blocks and within the cycle between orogeny and cratonization.
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1. Introduction

Since late 60s, plate tectonics has been accepted as the general
framework that governs global tectonics with supportive evidence
from multi-disciplinary investigations and considerably advanced our
understanding of orogeny and the evolution of cratons. China mainland,
composed of three tectonic domains: the Tethys, circum Pacific and
Paleo-Asia (Fig. 1a), and subdivided into 18 tectonic units, is one of
the excellent regions to evaluate continental dynamics (Yuan, 1996a,
b; Li and Mooney, 1998; Zhang et al., 2011e; Teng et al., 2013). The
Tibetan Plateau (Fig. 1b) and the North China Craton (NCC) (Fig. 1c)
have been in global focus for two main reasons: (1) the Tibetan Plateau
is a key area for the understanding of the Cenozoic (and ongoing) con-
tinent-continent collision (Yin and Harrison, 2000; Aitchison et al.,
2011; Zhang et al., 2012), and (2) the NCC is one of the best natural lab-
oratories to evaluate decratonization through Mesozoic lithospheric
thinning (Zhai et al., 2007; Zhu and Zheng, 2009; G. Zhu et al., 2012;
Zhang et al., 2012; Guo et al., 2013; Li et al., 2013a,b; Yang et al., 2013;
Zhang et al., 2013b,c).

The Tibetan Plateau is characterized by a high mean altitude
(>4000 m) and ongoing continent-continent collisional orogeny.
This orogenic system has been largely created by the India-Asian
collision over the past 70-50 million years, and is part of the greater
Himalayan-Alpine system that extends from the Mediterranean Sea
in the west, to the Sumatra arc of Indonesia in the east, over a dis-
tance of more than 7000 km (Yin, 2006). This extraordinarily long

and complex amalgamated belt developed in response to the closure
of the Tethys Ocean between two great landmasses, namely between
Laurasia in the north and Gondwana in the south, a process that has
been taking place since the Paleozoic (Hsii et al., 1995; Sengor and
Natal'in, 1996).

The Himalayan-Tibetan orogen and its neighboring regions in East
Asia are ideal regions for studying continent-continent collision
(Yin, 2006). The mountain building process is active, so many geo-
logical relationships can be demonstrated directly using the methods
of neotectonic studies (Armijo et al., 1989; Holt et al., 1995; Bilham et al.,
1997; Lacassin et al., 1998; Van der Woerd et al., 1998; Larson et al.,
1999; Shen and Jin, 1999; Shen et al., 2001). Secondly, the history of
the plate boundary is well known, so the cause of intracontinental defor-
mation can be quantitatively defined as a time-dependent, boundary-
value problem (Peltzer and Tapponnier, 1988; Houseman and England,
1996; Kong and Bird, 1996; Peltzer and Saucier, 1996; Royden, 1996;
Kong et al., 1997; Royden et al., 1997; Kumar et al., 2006). Thirdly, the
collision process has produced a variety of geological characteristics,
such as large-scale thrust, strike-slip and normal fault systems (Burg
and Chen, 1984; Tapponnier et al., 1986; Burchfiel et al., 1992; Yin
et al,, 1994), leucogranite magmatism (Harrison et al., 1998), wide-
spread volcanism (Deng, 1989; Arnaud et al., 1992; Turner et al.,
1993; Chung et al., 1998; Deng, 1998), regional metamorphism (Le
Fort, 1996; Searle, 1996) and the formation of intracontinental and
continental-margin oceanic basins (Brias et al., 1993; Song and Wang,
1993). All these geological characteristics and processes may be useful
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Fig. 1. (a) Simplified geological map showing the study area. (b) Outline map of the Tibetan Plateau. Key to symbols: IYS: Indus-Yarlung suture; BNS: Bangong-Nujiang suture;
JS: Jinshajiang suture; KS: Anyimagen-Kunlun-Mutztagh suture; QS: South Qilian suture; HB: Himalayan Block; LB: Lhasa Block; QB: Qiangtang Block; SB: Songpan-Ganzi Block; KB:
Kunlun-Qaidam Block; QB1: Qilian Block. (c) Outline map of North China and the surrounding area. WB: Western Block; EB: Eastern Block; TNCO: Trans-North China Orogen; YB: Yangtze

Block; CB: Cathaysia Block; ET: Eastern Tibet. Faults are delineated by red lines.
Tectonic lines depicted after Yin and Harrison (2000).

proxy indicators for the deep Earth processes involved in the dynamics
of the continent-continent collision. Although numerous geophysical
experiments have been carried out in the Tibetan Plateau in the frame-
work of national (China) and international programs (Teng et al., 1981,
1983; Hirn et al., 1984a,b; Teng et al., 1985a,b; Xiong et al., 1985; Chang
et al., 1988; Dewey, 1988; Zhao et al., 1993; Hirn et al,, 1995; Makovsky
et al., 1996; Yuan, 1996a,b; Teng et al., 1997; Xiong and Liu, 1997;
Makovsky et al., 1999; Teng et al., 1999; Zhao et al., 2001a,b; Kind
et al., 2002; Xiong and Teng, 2002; Wittlinger et al., 2004; Zhang and
Klemperer, 2005; Zhang et al., 2008; Nabélek et al., 2009; Kind and
Yuan, 2010; Zhang and Klemperer, 2010; Zhang et al., 2010b; Karplus
et al.,, 2011; Mechie and Kind, 2013; Zhang et al., 2013d), the mecha-
nism of uplift of the plateau is still in dispute.

The NCC is unusual among global cratons because of its long and
complex Precambrian evolution and Phanerozoic destruction (Zhai
and Santosh, 2011, 2013), with intense contemporary tectonics, as
shown by high heat flow and frequent intra-plate earthquakes (Zhai
et al.,, 2007). The NCC consists of two major blocks, the Western Block
and the Eastern Block, which were amalgamated about 1.8-1.9 Ga
along the Trans-North China Orogen (Zhao and Cawood, 1999; Zhao

et al.,, 2005; Kusky et al., 2007; Zhao et al., 2010a; Trap et al., 2012).
The Western Block was created through the collision between the
Yinshan Block in the north and the Ordos Block in the south along the
Inner Mongolia Suture Zone (incorporating the Khondalite Belt (Zhao
et al., 2005; Santosh et al.,, 2007a,b; Santosh, 2010; Meng, 2003). More
recently, Zhai and Santosh (2011) proposed a model of the amalgam-
ation of seven micro-blocks, named the Jiaoliao (JL), Qianhuai (QH),
Ordos (OR), Jining (JN), Xuchang (XCH), Xuhuai (XH) and Alashan
(ALS) Blocks, to construct the basic tectonic framework of the NCC at
the end of Neoarchean. The Archean lithospheric mantle experienced
a complex evolution process through the Proterozoic and Phanerozoic,
which was fairly heterogeneous in space and time. A mixture of rocks,
with ages ranging from Archean to Phanerozoic, characterizes the
present-day lithospheric mantle (Liu et al., 2000). Geochemical evi-
dence from some sites in the NCC indicates that the lithosphere was
cold and ~200 km thick in the Paleozoic, but became hot and less than
90 km thick in the Cenozoic (Fan and Menzies, 1992; H.F. Zhang et al.,
2007; Zheng et al., 2009). Removal or thinning of the lithospheric
mantle beneath cratons is an important event in the Earth's evolution
(Lee et al., 2000; Gao et al., 2002; Riley et al., 2003). Beneath the NCC,
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more than 100 km of lithospheric thickness was lost during the Meso-
zoic (Menzies et al., 1993; Griffin et al., 1998, 1999; Fan et al., 2000;
Xu, 2001; Zheng et al., 2001; Griffin and O'Reilly, 2003). Receiver func-
tion results demonstrate the difference in the intensity of lithospheric
disruption between the western and the eastern NCC (Zheng T.Y. et
al., 2005, 2006, 2007b; Chen et al., 2008; Zheng et al., 2008b,c, 2009;
H.F. Zhang et al., 2010). The crustal response to the disruption of the
NCC lithosphere is still an open problem even though dense wide-
angle seismic profiles (Teng et al., 2010, 2013) were undertaken during
the past three decades as a part of the monitoring and prediction of
earthquakes in the area of China's capital.

The NCC is considered as an example for the transition from orogen
to craton and then to orogen (Kusky et al., 2007; Zhai et al., 2007), as
demonstrated by the amalgamation of several microblocks to become
a coherent craton, followed by lithosphere thinning and destruction,
and the center of the NCC considered as an orogen. In this paper, we
provide an overview of the deep structure of the Tibetan Plateau and
the NCC based on the large amount of data acquired from recent studies
on the deep structure beneath these regions.

2. Salient tectonic features of the Tibetan Plateau and the North
China Craton

2.1. Tibetan Plateau

Asia is a collage of continental fragments, assembled mainly in
the Paleozoic and Mesozoic, with the latest amalgamation having oc-
curred when India began colliding with Asia in early Cenozoic (Lee
and Lawver, 1995; Rowley, 1998; Hodges, 2000; and references
therein). A direct consequence of this collision, which began approxi-
mately 70-65 million years ago, is the birth of the Himalayas and the
Tibetan Plateau, separated from each other by the Indus-Yarlung-
Zangbo suture (IYS), a relict of the Neo-Tethyan ocean floor. The Tibetan
Plateau consists primarily of five nearly west-east stretching tectonic
blocks successively accreted to Eurasia, namely (from south to north):
Himalayan (HB), Lhasa (LB), Qiangtang (QB), Songpan-Ganzi (SB) and
Kunlun-Qaidam-Qilian (KB) blocks. Separating all these structures
there are at least four bordering sutures: Yarlung-Zangbo or Indus-
Yalu Suture (1YS), Bangong—Nujiang Suture (BNS), Jinshajiang Suture
(JS) and Ayimaqin-Kunlun-Mutztagh Suture (AKMS) (Yin and
Harrison, 2000; Sherrington and Zandt, 2004; Zhu et al., 2013;
Zhang and Santosh, 2012). The basement of the Lhasa Block is poorly
exposed, but may consist largely of the Cambrian Amdo orthogneisses
(Harris et al., 1988; Dewey et al., 1988) and perhaps also of older and
more complex lithologies (Yin and Harrison, 2000; Kapp et al., 2003).

The Tibetan Plateau is commonly considered to be the archetypal
collisional orogen; nevertheless, there have been a wide variety of sugges-
tions for the age of initiation of the India-Asia collision, such as Late Cre-
taceous (Yin and Harrison, 2000), or mid-Eocene (Rowley, 1998), and
even later as the end of the Eocene (Aitchison and Davis, 2001;
Aitchison et al., 2003, 2007). The India-Asia collision, completed 45-40 -
million years ago, has been followed by a still active post-collisional con-
vergence. The collision caused by the contact of the margin of Greater
India with Asia at ~65 Ma is termed a “soft collision” (Lee and Lawver,
1995; Yin and Harrison, 2000; Chung et al., 2005) or “syn-collision” (Mo
et al., 2007; Mo et al., 2008; Xia et al., 2009), whereas the collision that
followed after ~45-40 Ma is termed a “hard collision” (Lee and Lawver,
1995; Chung et al., 2005) or “post-collision” (Mo et al., 2003, 2007, 2008).

2.2. North China Craton

The NCC is bounded on the south by the Qinling—Dabie-Sulu orogenic
belt (Li et al., 1993; Meng and Zhang, 2000; Bai et al., 2007; Zhao and
Zheng, 2009; Zheng et al., 2013), on the north by the Central Asian oro-
genic belt (Windley et al., 2007), on the west by northeastern Tibet and
on the east by the Pacific Plate (Zheng et al., 2013). The NCC has been

divided into the Archean to Paleoproterozoic Eastern and Western Blocks,
separated by the Central Orogenic Belt, or the Trans-North China Orogen
(Zhao et al.,, 2001a,b; Santosh et al., 2007a,b, 2009). Lithological, geo-
chemical, structural, metamorphic and geochronological differences be-
tween the basements of the Eastern and Western Blocks and the Central
Orogenic Belt have been summarized by Zhao and Zhai (2013, and
references therein). The Western Block formed by the amalgamation of
the Yinshan Block in the north and the Ordos Block in the south (Fig. 2)
along the east-west-trending Inner Mongolia Suture Zone, incorporating
the Khondalite Belt (Zhao et al., 2005; Santosh et al., 2007b; Santosh,
2010). The Eastern Block underwent Paleoproterozoic rifting event
along its eastern margin at 2.2-1.9 Ga to form the Jiao-Liao-Ji mobile
belt at ~1.9 Ga (Li et al,, 2004; Luo et al.,, 2004; Li and Zhao, 2007).

The Qinling-Dabie-Sulu orogenic belt resulted from the Triassic
continent-continent collision between the NCC and the Yangtze Craton
(Li et al., 1993; Wu and Zheng, 2013) (Fig. 1c). The occurrence of
diamond and coesite in the eclogites (Xu et al., 1992), the presence of
coesite inclusions in zircons from both ortho- and para-gneisses
(Liu et al,, 2001a; Liu et al., 2001b), and the exsolution lamellae of
clinopyroxene, rutile and apatite in garnets from the eclogites (Ye et al.,
2000), all suggest that the upper and middle crustal units of the Yangtze
Craton were once subducted under ultrahigh pressure conditions and
then exhumed by deeper thrusts. This subduction and its subsequent col-
lision with the NCC significantly affected the lithospheric mantle beneath
the southern NCC. The melts derived from the subducted crustal materials
fertilized the overlying lithospheric mantle (metasomatic lid) beneath the
southern NCC, as documented from mantle xenoliths in the Mesozoic ba-
salts of the region (Zhang and Sun, 2002; Zhang et al., 2002, 2004a,b; Fan
et al,, 2004; Chen et al., 2004b; Ying et al., 2006).

The Paleo Asian Ocean was present at the northern side of the NCC
throughout the Paleozoic, with the Paleo-Tethys to the south
(Dobretsov et al., 1995; Metcalfe, 1996, 2006). Several subduction zones
were active during this interval, leading to continental growth through
accretion of blocks along the northern margin of the craton and the gen-
eration of arc magmas (Davis et al., 1996; Yue et al., 2001; Davis et al.,
2002; Xiao et al., 2003; Davis and Clague, 2006). The 8000 x 6000 km
Central Asian Orogenic belt (CAOB), also referred to as the Central Asian
Fold Belt (Windley et al., 2007; Xiao and Kusky, 2009; Kréner et al.,
2014), Ural-Mongol Fold Belt, or the Altaids, is a complex collage of
microcontinental blocks, island arcs, oceanic crustal remnants and conti-
nental marginal facies rocks developed between the Siberia Craton to
the north and the Tarim and North China cratons to the south. It is one
of the largest and most complex Phanerozoic accretionary orogenic
belts on Earth, recording considerable juvenile crustal growth (Sengor
and Burtman, 1993; Windley et al., 2002; Jahn et al., 2004; Windley
etal,, 2007; Xiao et al., 2009; Wilhem et al., 2012; Li et al., 2013c). The oro-
genic belt formed by multiple accretion and arc-continent collision
events from the Early Neoproterozoic (ca. 1000 Ma) to the Permian, driv-
en by the evolution and closure of the Paleo-Asian Ocean (Sengoér and
Burtman, 1993; Khain et al., 2002; Kovalenko et al., 2004; Windley
et al,, 2007; Xiao et al., 2008, 2009; Wilhem et al., 2012) (Fig. 1). Several
aspects related to the contributions to lithospheric disruption (and
evolution) of the NCC from its boundaries remain equivocal (Zhai
et al,, 2007; Zhu and Zheng, 2009; RX. Zhu et al., 2012).

The Trans-North China Orogen is a Paleoproterozoic collisional
suture dividing the NCC into the Eastern and Western Blocks (Zhao
et al.,, 2001a,b; Gao et al., 2002; Faure et al., 2007). Some workers con-
sider that these blocks collided at about 2.5 Ga and formed a 200 km
wide orogen that included the development of a foreland basin on the
Eastern Block, and a granulite-facies belt on the western block (Kroner
et al., 1998; Kusky et al., 2001; Kusky and Li, 2003; Zhai and Liu, 2003;
Kusky et al., 2004a,b; Polat et al., 2005, 2006), whereas others place
this amalgamation as Paleoproterozoic (Zhai et al., 2007; Santosh,
2010; Zhai and Santosh, 2011; Zhao and Zhai, 2013). From two low ve-
locity layers beneath the western NCC imaged by receiver functions,
Zheng et al. (2009) postulated that the Trans-North China Orogen
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Fig. 2. Cartoon representation of the tectonic mechanisms for crustal thickening and uplift of the Tibetan Plateau: (a) injection model (Zhao and Morgan, 1984), (b) subducting Indian
lithosphere broke off (Bousquet et al., 1997; Henry et al., 1997; Cattin et al., 2001; Mahéo et al., 2002; Tiwari et al., 2006; Hetényi et al., 2007; Zhang and Klemperer, 2010), (c) delamination
of the thickened lithosphere (Houseman and Molnar, 1997; Kind et al., 2002; Zhang et al., 2009¢c, 2010b; Bai et al., 2010) to uplift the plateau interior; collision was followed by convective
removal of the lithospheric mantle under Tibet (England and Houseman, 1988) (d) underthrusting of India (Argand, 1924; Powell and Conaghan, 1973); (e) subduction of Asian mantle
and “roll back” of a south dipping subduction zone (Willett and Beaumont, 1994) or (f) channel flow (Beaumont et al., 2001, 2004; Klemperer, 2006; Zhang and Klemperer, 2010) of
injected Indian upper crust to uplift the Himalaya as the main collision belt. IYS: Indus-Yarlung suture; MFT: Main Frontal thrust; MBT: Main Boundary thrust; MCT: Main Central thrust;

MHT: Main Himalayan thrust; STDS: South Tibet detachment belt.

(TNCO) subducted westward beneath the western NCC. With the con-
straints of the double-vergent thrusts beneath the western and the
eastern TNCO, Zhang et al. (2013c) inferred that the west and east
NCC amalgamated along the TNCO with an opposite subduction polari-
ty, by analogy with the closing of the rift between the western and the
eastern NCC (Peng, 2010).

3. Mechanisms for the formation of the Tibetan Plateau and for the
disruption of the North China Craton

3.1. Uplift mechanism: Tibetan Plateau

In the last three decades, many geological and geophysical investiga-
tions have been conducted in the Himalayan-Tibetan orogen, resulting
in numerous syntheses dealing with both the active tectonics and the
overall geological evolution of the system (Chang and Zheng, 1973;

Dewey and Burke, 1973; Allégre et al., 1984; Hirn et al., 1984a,b;
Molnar, 1984; Teng et al., 1985a,b; Xiong et al., 1985; Tapponnier
et al., 1986; Dewey et al., 1988, 1989; Burchfiel and Royden, 1991;
Harrison et al., 1992; Avouac and Tapponnier, 1993; Molnar et al.,
1993; Zhao et al., 1993; Hsii et al., 1995; Nelson et al., 1996; Kong
et al., 1997; Owens and Zandt, 1997; England and Molnar, 1998;
Harrison et al., 1998; Xu et al., 1998; Fang, 1999; Larson et al., 1999;
W.J. Zhao et al.,2001; Chen et al., 2004a; Zhang and Klemperer, 2005;
Klemperer, 2006; Zhang et al., 2009c; Zhang and Klemperer, 2010;
Zhang et al., 2010b; Zhao et al., 2010b; Zhang et al., 2011d,e,f). Based
simply on geometric arguments, some geophysical studies have in-
ferred (Kumar et al., 2006; Li et al., 2008; Nabélek et al., 2009; Kind
and Yuan, 2010; Zhao et al., 2010b), that the Indian continental crust
did not subduct beneath the Tibetan lithosphere. However, the present
tectonic setting implies NNE-directed subduction of the Indian Plate,
suggested also by the occurrence of syn-collisional calc-alkaline type
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volcanism in southern and central Tibet. This magmatism requires some
portion of the continental crust (either from the north or the south) to
have been subducted into the mantle beneath Tibet, which has been
confirmed by body and surface wave tomography results (Li et al.,
2006), receiver function imaging (J.M. Zhao et al., 2010) and wide-
angle seismic profiles (Zhang et al., 2011e). These geophysical studies
indicate that the Tibetan crust is thick (~70-80 km) under the LB and
becomes ~10-20 km thinner in the Qiangtang block (QB) and
Songpan-Ganzi Block (SB) (Hirn et al., 1984a,b; Yuan et al., 1997;
Braitenberg et al., 2000; W.J. Zhao et al., 2001; Kind et al., 2002; Tian
et al., 2005a,b; ].M. Zhao et al., 2006; Chen et al., 2009b, 2010; J.M.
Zhao et al.,, 2010; Chen et al., 2013). In addition to the prevailing
strike-slip shears that developed around the plateau (Tapponnier
et al, 2001), the presence of widespread north-striking normal
faults in Tibet (Armijo et al., 1986; Molnar et al., 1993) reflect active
east-west extension, contemporaneous with the rather uniform NNE-
directed convergence rate of ~5 cm/year of the Indian Plate relative to
stable Eurasia (Paul et al., 2001; Wang et al., 2001). Radiometric age
data led to the conclusion that Tibetan east-west extension began
diachronously, with the north-striking normal faulting initiated at
~18-14 Ma in the southern plateau (Coleman and Hodges, 1995;
Williams et al., 2001) and at ~4 Ma in the north (Yin and Harrison,
2000). However, Blisniuk et al. (2001) reported that in the central QB
of northern Tibet the normal faulting also started in the mid-Miocene
(~13.5 Ma). In northern Tibet, Paleogene sedimentary basins, often
associated with volcanism, are widespread.

A large amount of geophysical data generated through international
collaborations have greatly advanced our understanding of the present-
day lithospheric structure of the Tibetan Plateau. The INDEPTH project
(Nelson et al., 1996), for instance, suggested the presence of a partially
molten zone in the middle crust of southern Tibet. Subsequent investi-
gations (e.g. Owens and Zandt, 1997; Yuan et al., 1997; Wei et al.,
2001; WJ. Zhao et al.,, 2001; Zhang and Klemperer, 2005; Jiang et al.,
2006a; Zhang and Klemperer, 2010; J.M. Zhao et al., 2010) repeatedly
showed partial melts or aqueous fluids to be widespread in the Tibetan
crust, despite the fact that volcanism is now active only in the northern
plateau and that crustal xenolith data from the central QB (Hacker et al.,
2000) do not support the presence of large quantities of melts or fluids.
Galvé et al. (2002) and the INDEPTH III results (Haines et al., 2003a,b)
indicate that underneath the QB there is no widespread zone of partial
melting in the deep crust. Geophysical studies also reveal that the
Indian lithospheric mantle has underthrust Asia as far north as the
Bangong-Nujiang suture, in the southern plateau, and the Lhasa litho-
spheric mantle keel seems to be mostly absent (Bird, 1991; Owens
and Zandt, 1997; Kosarev et al., 1999; Zhao et al., 2001c). In the north,
where there is a thin but complex lithospheric lid beneath the QB and
SB blocks (Kosarev et al., 1999; Kind et al., 2002), several of the values
of the seismic parameters in the upper mantle are anomalous, all of
which indicate unusually high temperatures (McNamara et al., 1995;
Huang et al., 2000). A sharp Moho offset has been observed along the
northern margin of the plateau, interpreted to imply a weak Tibetan
crust that thickens vertically in response to the Indian penetration
from the south, coupled with resistance from a more rigid crust in the
Qaidam Block to the north (England and Houseman, 1985; Zhu and
Helmberger, 1996, 1998).

Since Argand (1924) proposed that the Tibetan crust was thickened
to double the normal crustal thickness with the superposition of the
Indian and Asian crusts, numerous models have been put forward to
explain the subduction of the Indian crust beneath Tibet to cause crustal
thickening, including: (1) injection model (Zhao and Morgan, 1984,
1985); (2) subducting Indian lithosphere break off (Bousquet et al.,
1997; Henry et al., 1997; Cattin et al., 2001; Mahéo et al., 2002;
Tiwari et al., 2006; Hetényi et al., 2007; Zhang and Klemperer,
2010); (3) delamination of the thickened lithosphere (Houseman and
Molnar, 1997; Kind et al., 2002; Zhang et al., 2009c; Bai et al., 2010;
Zhang et al., 2010b) to uplift the plateau interior; (4) underthrusting of

India (Argand, 1924; Powell and Conaghan, 1973); (5) subduction of
Asian mantle and “roll back” of a south dipping subduction zone
(Willett and Beaumont, 1994) or (6) channel flow (Beaumont et al.,
2001, 2004; Klemperer, 2006; Zhang and Klemperer, 2010) of injected
Indian upper crust to uplift the Himalaya as the main collision belt, and
the lithospheric removal model to uplift the eastern margin of the plateau
(Zhang et al., 2009c; Yin et al,, 2010; Zhang et al., 2010b; Bai et al., 2011;
Fu et al, 2011a,b; Hu et al., 2011, 2012) (Fig. 2). In order to interpret the
generation of syn-collisional igneous activity, at least five different mech-
anisms have been proposed: (1) early crustal thickening followed by slip
along a shallow dipping decollement (Himalayan leucogranites),
(2) slab break-off during the early stage of the Indo-Asian collision
(Linzizong volcanic sequence in southern Tibet), (3) continental
subduction in southern and central Tibet, generating calc-alkaline
magmatism, (4) formation of releasing bends and pull-apart structures
that serve both as a possible mechanism to generate decompressional
melting and as conduits to tap melts (Pulu basalts and other late Neo-
gene-Quaternary volcanic flows along the Altyn Tagh and the Kunlun
faults), and (5) viscous dissipation in the upper mantle and subduction
of Tethyan flysch complexes to mantle depths, which may have been
the fundamental cause of widespread and protracted partial melting
in the Himalayan-Tibetan orogen during the Cenozoic.

Reconstructions of the shear-wave velocity (Vs) and density (p)
structure of the crust and upper mantle (lithosphere-asthenosphere
system) provide new insights in the understanding of the formation of
the high Tibetan Plateau.

3.2. Disruption mechanism: North China Craton

According to seismic tomographic studies (Huang and Zhao, 2004;
Chen et al., 2009a; Tian et al., 2009; Xu and Zhao, 2009), the NCC is still
thick (=200 km) in its western part (Ordos), but becomes progressively
thinned in its eastern part (varying from about 100 km to about
60 km). The cause of the lithospheric thinning is hotly debated, and
many models have been proposed. It is generally accepted that the litho-
sphere of the eastern NCC was thinned significantly during the Mesozoic.

Menzies et al. (1993) suggested that destabilization of the cratonic
lithosphere was initiated by the Indo-Eurasian collision, whereas
Zheng et al. (2001) and Poudjom et al. (2001) proposed that the Archean
cratonic lithosphere was replaced by young Phanerozoic lithosphere,
resulting in the removal of the Archean lithospheric keel. The presence
of both high- and low-magnesium olivines in spinel-facies peridotitic
xenoliths entrained in the Hebi Cenozoic basalts (Zheng et al., 2001) sup-
ports such a replacement model. Menzies and Xu (1998) and Xu (2001)
emphasized the importance of thermo-mechanical erosion from the base
of the lithosphere and subsequent chemical erosion resulting from up-
welling from the asthenosphere. Deng et al. (2004) suggested that this
thermal erosion would have been related to the mantle plume activity
and Chen et al. (2008) thought that this lithospheric removal was driven
by subduction of the Pacific Plate. Niu (2005) suggested that water
brought into the lithospheric mantle by the circum-craton subduction
had an important effect on the Mesozoic lithospheric rheology. Several
authors (Liu et al., 2004; Niu, 2005) have speculated that the lithospheric
thinning (due to lithospheric weakening) uplifted the Tibetan Plateau,
and led to mantle flow from western to eastern China, which initiated
decompressional melting of the mantle to form widespread Cenozoic
basalts in eastern China (Liu et al., 2004). An alternative model of litho-
spheric delamination, proposed by Wu et al. (2005) and Gao et al.
(2004), proposes that lithospheric thinning was caused by delamination
of the thickened lower crust and underlying lithospheric mantle. This
model indicates that the Mesozoic volcanic rocks were derived from
this delaminated lithosphere and the present lithospheric mantle is
the newly accreted one (metasomatic lid). This dramatic lithospheric re-
moval was initiated by Triassic continental subduction and subsequent
collision, which resulted in the Dabie-Sulu high and ultrahigh pressure
metamorphism (Xu et al., 1992; G.W. Zhang et al., 2004; Bai et al.,
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2007). The lithospheric enrichment and transformation from refractory
to fertile peridotites was probably a result of the lithospheric removal
and massive injection of melts from recycled continental crust, as inferred
from geochemical characteristics of Mesozoic basalts and their entrained
olivine xenocrysts on the southern NCC (Zhang et al., 2002; Zhang and
Sun, 2002; Fan et al., 2004; Y. Chen et al.,, 2004; Zhang et al., 2004a,b,c;
Ying et al., 2006).

The major mechanisms proposed for the lithosphere disruption of
the NCC are: (1) delamination (Deng et al., 2004; Wu et al., 2005;
Deng et al., 2006; Wu et al., 2006; Windley et al., 2010); (2) thermal
erosion (Menzies and Xu, 1998; ].P. Zheng et al., 2001; Zhang et al.,
2003; Xu et al., 2004; Zhang et al., 2004a,b; J.P. Zheng et al., 2007;
Xu et al.,, 2008); (3) peridotite-melt reaction (Zhang, 2005); (4) me-
chanical extension; and (5) hydration of lithosphere (Niu, 2005).

Taking account of the dynamic forces of the lithosphere destruction,
there are also several debates on this issue as (1) the collision between
Indian and Asian plates (Menzies and Xu, 1998; Liu et al., 2004); (2) the
westward subduction of the Pacific Plate (Xu and Zhao, 2009; Zhu and
Zheng, 2009), (3) a mantle plume (Xu et al., 2008; Peng, 2010; Lei,
2012), (4) the collision between North China (NC) and the Yangtze
Plate at the southern margin of the craton (Zhang et al., 2005;
Zhai et al., 2007), and (5) the collision between NCC and southern
Mongolia at the northern margin of the NCC (Zhang et al., 2003; Zhai
etal,, 2007) and lower crustal flow (Zhang et al., 2012, 2013b), through
the mechanisms of lithospheric delamination, thermal erosion, or both
(Zhu and Zheng, 2009). The crustal-scale response to the disruption of
the NCC still remains an open question (Zhang et al., 2012) and is ex-
plored here by means of crust/mantle structural imaging from ambient
noise Rayleigh wave tomography.

4. Materials and methods
4.1. Description of data
4.1.1. Surface wave data in the plateau and surrounding region
Group velocity and Vs structure of the lithosphere-asthenosphere

system were derived from long period seismic records of earthquakes
that occurred during the period 1966-2007 in the Qinghai-Tibet

60“ _ 6‘0=

Plateau and adjacent areas. The digital seismic stations of IC (NCDSN),
G (Geoscope), XA (Bhutan), XR (INDEPTH II and III), YA (2003MIT-
China), II/IU (GSN), YL (Himalayan Nepal Tibet Experiment) and KZ
(Kazakhstan) made these data available, which have since been
enriched by several earthquake records from some Indian stations,
made available by S.S. Rai of NGRI. Seismic events with magnitudes
greater than 5.0, focal depths of less than 300 km and epicenter-
station distances greater than 1200 km are considered here using
surface wave tomography (Fig. 3). The seismic stations and the focal
mechanisms of the earthquakes are listed in Tables 1 and 2.

4.1.2. Gravity data in the Himalaya and Lhasa blocks

The gravity data used in this study are mainly 10’ x 10’ gridded
Bouguer anomalies (Braitenberg et al., 2003) based on the Chinese
gravity network 85, with height reference to the Yellow Sea (Sun,
1989). In order to obtain data coverage over a rectangular grid, which
of necessity goes beyond the Chinese border, the data were integrated
with Bouguer anomalies derived from the IGG97L (Institute of Geodesy
and Geophysics, CAS, Wuhan) Earth gravity model (Hsii and Lu, 1995).
The Chinese gridded data were integrated with gravity data from the
GRACE derived potential field (Shin et al., 2007), which has been
combined with terrestrial gravity data (Fig. 4). In order to interpret
gravity data in the HB and LB blocks, which have strong topographic
undulations, a complete terrain correction was made (maximum
radius of 166.7 km and density p = 2.67 g/cm?). The major features
of the regional Bouguer anomaly can be summarized as follows:
(1) the Bouguer anomaly varies between —574 mGal and — 247 mGal
in the study area. The gravity data along seven ~1000 km long
north-south oriented profiles give similar trends, with a value of
~—500 mGal for the Bouguer anomaly across southern and central
Tibet decreasing southwards of the Himalaya; (2) a difference of
about 330 mGal indicates large-scale structural variations not only in
the crust but also in the upper mantle of the area; and (3) an
extensive gravity low (32°N-34°N, 86°E—-92°E) is located in the
north-east of the study area in the QB, while four limited gravity lows
are located in the LB, around (31°N 83°E), (30°N 86°E), (30°N 90°E)
and (34°N 82°E), respectively.

220 0

80°

A Seismic station

100 Epicenter

Fig. 3. The coverage of 791 ray paths (red curves) used in the study. The blue triangles are seismic stations. The yellow stars are epicenters.
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Table 1

Codes of the seismic stations, which have recorded the events selected in the surface tomography.

Network Stations code

G—GEOSCOPE HYB, WUS

IC/CD—CDSN BJI, CD2, ENH, GYA, HIA, KMI, LSA, LSA, LZH, PZH, QIZ, WMQ, XAN, YCH

[[/IU—GSN AAK, ABK, ARU, BRVK, CHTO, KURK, NIL, TLY, ULN

KZ—Kazakhstan BRVK, BVAR, CHK, CHKZ, KKAR, KUR, KURK, MAKZ, MKAR, VOS, ZRN, ZRNK

NDI—-India ALB, BDI, BHT, BNK, BOK, BOM, CHD, DCH, DCL, GRG, HNL, JHN, KDG, KSL, KSP, KTH, KUL, LEH, LTA, NDI, NPL, NTL, POO, SHL, TKS, VIS
XA—Bhutan CHUK, PARO

XR—INDEPTH II &III BBO05, BB08, BB10, BB14, BB18, BB20, BB23, BB34, BB36, DONG, LUMP, ST01, ST04, ST05, ST08, ST09, ST10, ST11, ST12, ST15, ST19, ST20,

ST22, ST23, ST28, ST29, ST30, ST31, ST33, ST34, ST35, ST37, ST39, ST40

YA—2003MIT-China

MC20, MC21, MC22, MC23, M(C24, MC25

YL—Himalayan Nepal
Tibet Experiment

MCO01, MC02, MC03, MC04, MCO05, MC06, MC07, MC08, MC09, MC10, MC11, MC12, MC13, MC14, MC15, MC16, MC17, MC18, MC19,

BIRA, BUNG, DINX, GAIG, HILE, ILAM, JANA, JIRI, MAZA, MNBU, ONRN, PHAP, PHID, RBSH, RUM]J, SAGA, SAJA, SIND, SSAN, SUKT, THAK, TUML

4.1.3. Ambient noise data in North China

Ambient noise data, used here in surface wave tomography, were
obtained from a two-year seismic station observatory experiment in
North China (Fang et al.,, 2009, 2010; Fang, 2010). The seismic experi-
ment (NCSA) was carried out by the Institute of Geophysics, China
Earthquake Administration, between November 2006 and November
2008. The aim of the experiment was to reconstruct the structure of
the crust and upper mantle, in order to provide constraints for the
validation of various mechanisms proposed for the disruption of the
NCC lithosphere. In the experiment, 250 portable stations with an
average station interval of about 35 km were deployed in North China.
Continuous vertical-component seismograms, spanning the period
from January 1, 2007, to February 28, 2008, recorded by 190 broadband
stations and 10 very broadband stations, were used in this study (Fig. 5).
The broadband stations were equipped with Guralp CMG-3ESPC seis-
mometers (60 s to 50 Hz flat velocity response), while the very broad-
band stations were equipped with Guralp CMG-3 T seismometers
(120 s to 50 Hz flat velocity response). The interstation paths ranged
from 8 km to over 600 km (Fig. 6). Cross-correlations between all pos-
sible station pairs were made, which yields a total of n « (n — 1) / 2
possible station pairs (where n is the number of stations).

Fig. 7 shows an example of 14-month stacks of cross-correlations
plotted as a record-section. The ray path density diagrams for the four
selected periods considering cells of size of 0.25° x 0.25° are shown in
Fig. 8a-d. The general coverage is sufficient, except at the margins of
the study region.

4.2. Methods

4.2.1. Surface wave tomography

Group velocity dispersion of the fundamental mode of Rayleigh
waves was measured using the frequency-time analysis (FTAN) meth-
od of Levshin et al. (1992). In this study, a 2-D surface-wave tomogra-
phy method (Ditmar and Yanovskaya, 1987; Yanovskaya and Ditmar,
1990) was applied to calculate lateral variations in the group velocity
distribution for periods ranging from 8 to 150 s. The method does not
require a priori parameterization. For each period, the group velocities
are obtained as a function of position (latitude and longitude). In the
procedure the travel time residuals are calculated along all paths with
a reliable estimate of the resolution of lateral velocity variations. To re-
duce the effect of large errors, data with residuals greater than 3 x r.m.s.
are rejected, and the procedure of tomographic reconstruction is
repeated. Such selection is performed several times, until no large resid-
uals remain in the data set. The group velocity values for each period
before and after selection, the initial and the final r.m.s. residuals are
listed in Table 2.

4.2.2. Ambient noise surface wave tomography
Once the daily cross correlations are computed, they are stacked to
produce the final cross-correlation. The resulting cross-correlations

are two-sided time functions with both positive and negative time
coordinates, i.e., both positive and negative correlation lags. We typical-
ly store correlations from — 1500 to 1500 s. These waveforms represent
waves traveling in opposite directions between the stations (e.g. Lobkis
and Weaver, 2001; Campillo and Paul, 2003; Shapiro and Campillo,
2004). If the sources of ambient noise are distributed homogeneously
in azimuth, the causal and acausal signals will be identical. However,
considerable asymmetry in amplitude and spectral content is typically
observed, which indicates differences in both the source process and
distance to the source in directions radially away from the stations.
The two-sided signal can be compressed into a one-sided signal by
averaging the causal and acausal parts, thereby enhancing the signal-
to-noise ratio (SNR) (Bensen et al., 2007; Lin et al., 2007). Because
measurements can be made between each station pair, this approach
leads to high-resolution surface wave array tomography at short
periods (e.g. Shapiro et al., 2004, 2005). Rayleigh wave group velocity
dispersion curves and 2-D tomographic images were determined as in
Section 4.2.1.

4.2.3. 3-D density structure inversion (crust and upper mantle)

The gravity stations are placed at their measurement heights above
sea level, but the topography was not included in the model because
its effect on the gravity attraction was already removed by the complete
terrain corrections. Forward modeling of the Bouguer anomaly, essen-
tially limited to the crust, was performed using the IGMAS software (In-
teractive Gravity and Magnetic Application System; see http://www.
gravity.uni-kiel.de/igmas; Gotze, 1984; Gotze and Lahmeyer, 1988;
Schmidt and Gotze, 1998; Breunig et al., 2000). The 3-D structure is ob-
tained in IGMAS by defining several vertical 2-D planes on which geo-
logical bodies are geometrically defined in the form of polygons
(Schmidt, 1996). The 2-D vertical planes are connected via triangula-
tion, thereby forming the 3-D structure. Hence, in order to perform de-
tailed modeling, a large number of 2-D cross-sections must be included.
S.F.Zhang (2010) described the details of the 3-D model construction in
her Ph.D. thesis. The starting model of the p structure follows the geom-
etry supplied by the controlled-source seismic experiments. The design
of a 3-D p model in IGMAS requires three important assumptions:
(1) the definition of the initial structure, (2) the selection of p values
for the bodies forming the model and (3) the choice of a reference
model. By iteratively changing the geometry of the initial structure in
accordance with the available geophysical constraints a 3-D p structure
is obtained that will be used in the subsequent fully 3-D inversion to a
depth of 350 km.

In order to infer the deeper structure (lower crust and uppermost
upper mantle), we used the program library GRAV3D, which is a suite
of algorithms for inverting gravity data in 3D (Li and Oldenburg, 1996,
1998). The subsurface volume is modeled as a set of rectangular
elements each with p anomaly. For forward calculations the anomalous
p in each cell is known and the Bouguer anomalies are calculated. The
inverse problem involves estimating the p contrasts of all the elements
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Table 2
List of focal parameters for the earthquakes used in the surface tomography.
Eventno. Latitude Longitude Depth Mag. Time
(°N) (°E) (km) (yyyy/mm/dd/hh:mm:ss.s)

1 29.92 69.62 26.0 54 1966/01/24/07:23:09.8
2 29.94 69.74 14.0 5.0 1966/01/24/15:32:51.0
3 17.30 73.85 29.0 5.0 1967/12/12/06:18:36.0
4 2742 91.86 19.0 58 1967/09/15/10:32:44.2
5 17.33 73.91 27.0 6.2 1967/12/12/15:48:55.0
6 17.20 73.72 1.0 58 1967/12/11/20:49:46.0
7 17.34 73.96 33.0 55 1967/12/24/23:49:53.4
8 17.41 73.84 10 54 1968/10/29/10:00:00.8
9 17.51 73.92 30.0 5.1 1969/11/03/23:22:12.0
11 17.24 73.87 33.0 5.0 1980/09/20/07:28:58.0
12 17.26 73.64 19.0 52 1980/09/20/10:45:30.0
13 50.32 88.81 15.0 53 1986/11/04/16:19:18.4
14 50.84 89.22 153 54 1986/11/04/16:19:15.3
15 32.22 94.51 530 50 1986/11/22/20:59:53.0
16 41.77 81.48 15.0 59 1987/01/05/22:52:49.0
17 34.23 103.86 15.0 55 1987/01/07/18:19:09.1
18 41.26 79.31 15.0 6.3 1987/01/24/08:09:21.8
19 39.12 70.14 33.0 5.0 1987/02/23/00:21:21.1
20 38.08 91.16 35.6 57 1987/02/25/19:56:35.6
21 3830 91.08 15.0 53 1987/02/25/19:56:36.4
22 41.30 79.52 33.0 5.1 1987/03/03/09:41:33.8
23 4244 70.02 15.0 52 1987/03/26/11:56:55.8
24 41.74 69.88 57.7 5.1 1987/03/26/11:56:57.7
25 39.67 74.67 150 57 1987/04/30/05:17:37.1
26 24.58 93.94 753 59 1987/05/18/01:53:51.0
27 41.32 82.09 185 5.1 1987/08/05/10:24:18.5
28 29.30 83.77 340 52 1987/08/09/21:14:58.2
29 38.20 106.50 15.5 54 1987/08/10/12:12:15.5
30 37.57 105.63 213 5.1 1987/08/10/12:12:17.8
31 52.16 95.78 233 5.0 1987/09/16/17:57:23.3
32 47.24 89.69 150 56 1987/09/18/21:58:36.6
33 34.14 80.66 41.0 5.0 1987/09/27/06:12:41.0
34 36.59 7197 98.2 59 1987/10/03/11:00:03.3
35 41.27 89.75 190 59 1987/12/22/00:16:39.1
36 39.01 75.50 36.7 54 1988/01/06/15:31:13.5
37 39.63 75.53 15.1 5.0 1988/01/06/15:31:15.1
38 38.90 71.01 15.0 53 1988/01/09/03:55:05.1
39 29.80 94.87 33.0 55 1988/01/25/01:12:22.0
40 24.05 91.66 42.7 58 1988/02/06/14:50:41.8
41 24.05 91.66 31.0 58 1988/02/06/14:50:42.7
42 3041 68.10 150 50 1988/03/19/20:19:15.6
43 3823 73.60 1283 6.1 1988/03/26/22:58:41.5
44 41.99 85.68 55.0 5.6 1988/05/25/18:21:55.0
45 42.92 77.49 43.2 54 1988/06/17/13:30:43.2
46 3349 89.38 403 5.0 1988/06/30/12:31:40.3
47 37.01 72.94 535 54 1988/07/20/06:20:53.5
48 48.88 91.04 18.0 58 1988/07/23/07:38:09.9
49 25.19 94.89 100.5 7.1 1988/08/06/00:36:24.6
50 39.82 74.20 15.0 52 1988/08/12/18:58:40.3
51 26.89 82.48 10.2 7.2 1988/08/20/23:09:10.2
52 26.52 86.64 347 68 1988/08/20/23:09:11.2
53 3441 91.94 304 6.8 1988/11/05/02:14:30.4
54 34.17 91.70 15.0 6.2 1988/11/05/02:14:30.8
55 31.10 85.40 27.8 5.0 1988/11/07/02:20:27.8
56 23.38 99.42 15.0 53 1988/11/07/02:39:56.5
57 3429 91.77 15.0 5.6 1988/11/25/22:29:41.1
58 39.72 71.56 15.0 55 1988/12/14/11:45:59.8
59 46.81 95.73 24,0 5.6 1988/12/15/06:40:52.0
60 49.88 78.82 40.1 6.0 1989/01/22/03:57:06.1
61 29.74 90.13 15.0 5.6 1989/02/03/17:50:01.9
62 36.25 80.85 0.0 5.0 1989/02/21/14:09:40.1
63 21.61 98.30 58.1 6.0 1989/03/01/03:25:07.8
64 2425 91.71 33.0 52 1989/04/13/07:25:36.6
65 29.92 99.37 15.0 6.5 1989/04/15/20:34:11.7
66 30.00 99.69 15.0 6.3 1989/05/03/05:53:00.4
67 50.32 105.93 15.0 5.1 1989/05/13/03:35:02.7
68 35.69 91.65 15.0 5.0 1989/05/13/23:19:42.2
69 35.83 91.33 19.8 5.0 1989/05/16/22:15:19.8
70 2213 89.88 15.0 57 1989/06/12/00:04:10.4
71 20.61 102.61 15.0 55 1989/06/16/20:12:31.3
72 29.79 99.54 15.0 5.6 1989/07/21/03:09:16.1
73 30.87 102.83 15.0 6.0 1989/09/22/02:25:53.5
74 20.32 99.06 15.0 58 1989/09/28/21:52:17.0

Table 2 (continued)

Eventno. Latitude Longitude Depth Mag  Time
(°N) (°E) (km) (yyyy/mm/dd/hh:mm:ss.s)

75 36.35 82.68 297 50 1989/10/08/15:49:29.7
76 21.62 93.89 446 52 1989/12/02/19:44:26.8
77 24.42 94.95 1296 6.1 1990/01/09/18:51:28.9
78 36.56 70.84 1135 64 1990/02/05/05:16:45.1
79 28.66 66.16 280 63 1990/03/04/19:46:22.1
80 37.04 72.85 175 65 1990/03/05/20:47:03.5
81 37.18 72.84 330 50 1990/03/06/18:07:06.1
82 39.04 73.09 220 54 1990/03/29/16:19:15.2
83 29.92 99.35 100 50 1990/04/08/19:13:49.6
84 39.29 74.78 150 52 1990/04/17/01:59:28.4
85 36.01 100.27 150 69 1990/04/26/09:37:14.3
86 3544 70.09 113.1 6.0 1990/05/15/14:25:20.7
87 38.12 74.58 1157 55 1990/05/17/13:21:07.3
88 3220 93.28 150 56 1990/06/02/00:32:35.2
89 47.88 85.19 360 5.6 1990/06/14/12:47:28.3
90 26.75 65.25 150 58 1990/06/17/04:51:46.1
91 48.25 85.28 320 6.0 1990/08/03/09:15:04.1
92 47.96 84.96 334 62 1990/08/03/09:15:06.1
93 37.06 103.54 150 56 1990/10/20/08:07:30.5
94 43.79 83.99 150 56 1990/10/24/23:38:15.2
95 35.19 70.74 1357 6.0 1990/10/25/04:53:46.5
96 43.18 78.24 150 64 1990/11/12/12:28:49.0
97 42.96 78.07 191 6.4 1990/11/12/12:28:51.5
98 40.62 7341 320 5.0 1990/12/01/18:09:28.8
99 36.01 70.23 126.1 6.9 1991/01/31/23:03:34.9
101 4034 79.20 150 6.0 1991/02/25/14:30:29.3
102 3447 91.84 300 5.1 1991/02/26/15:38:42.0
103 15.81 95.57 160 6.0 1991/04/01/03:53:03.3
104 42.68 87.25 220 52 1991/06/06/08:02:06.1
105 35.99 84.74 240 50 1991/06/17/06:55:16.3
106 33.89 92.24 100 50 1991/08/10/20:21:51.5
107 46.03 85.41 548 5.7 1991/08/19/06:05:53.0
108 37.27 95.40 00 55 1991/09/02/11:05:56.6
109 54.68 110.70 326 5.1 1991/09/12/00:33:32.4
110 40.18 105.08 00 50 1991/09/14/13:16:37.7
111 30.22 78.24 150 638 1991/10/19/21:23:15.5
112 34.11 88.89 350 5.0 1991/12/14/08:20:24.5
113 3391 88.81 340 52 1991/12/23/01:58:24.4
114 51.12 98.14 150 64 1991/12/27/09:09:36.9
115 3513 74.45 1034 53 1992/01/24/05:04:50.9
116 22.54 98.97 150 58 1992/04/23/14:18:37.9
117 2244 98.90 120 6.1 1992/04/23/14:18:35.1
118 32.95 71.27 150 6.1 1992/05/20/12:20:35.0
119 24.03 95.93 173 63 1992/06/15/02:48:56.2
120 29.58 90.16 14.1 6.1 1992/07/30/08:24:46.6
121 29.46 90.30 150 5.7 1992/07/30/08:24:49.2
122 42.19 73.32 170 73 1992/08/19/02:04:36.5
123 3735 71.86 1312 58 1992/12/04/11:36:36.3
124 30.84 90.37 330 59 1993/01/18/12:42:07.8
125 29.08 87.33 122 62 1993/03/20/14:51:59.7
126 28.87 87.64 150 6.0 1993/03/20/14:52:01.0
127 36.35 70.59 2096 63 1993/08/09/11:38:31.1
128 36.48 71.80 1176 6.1 1993/09/18/05:02:27.2
129 38.16 88.82 150 6.1 1993/10/02/08:42:32.8
130 39.73 76.50 190 56 1993/11/30/20:37:12.9
131 24.80 97.40 150 6.1 1994/01/11/00:51:59.7
132 30.83 60.50 150 6.1 1994/02/23/08:02:05.3
133 30.59 60.44 150 6.1 1994/02/26/02:31:11.6
134 26.19 96.87 330 59 1994/04/06/07:03:27.6
135 25.62 97.05 150 59 1994/04/06/07:03:27.7
136 37.10 66.85 240 62 1994/05/01/12:00:37.0
137 32.57 93.67 95 59 1994/06/29/18:22:33.5
138 17.96 96.58 150 58 1994/08/19/21:02:45.0
139 56.76 117.90 123 6.0 1994/08/21/15:55:59.2
140 25.54 96.66 140 59 1994/11/21/08:16:34.0
141 24.98 95.29 1180 64 1995/05/06/01:59:07.1
142 12.12 57.94 620 6.5 1995/05/26/03:11:17.1
143 51.96 103.10 116 58 1995/06/29/23:02:28.2
144 21.97 99.18 100 59 1995/07/09/20:31:31.4
145 36.43 70.39 2230 62 1995/10/18/09:30:38.5
146 56.10 114.50 215 538 1995/11/13/08:43:14.5
147 48.44 88.14 170 56 1996/03/12/18:43:42.8
148 11.91 57.82 100 6.1 1996/03/28/07:28:28.0
149 40.77 109.66 260 55 1996/05/03/03:32:47.1

(continued on next page)
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Table 2 (continued)
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Table 2 (continued)

Eventno. Latitude Longitude Depth Mag. Time Eventno. Latitude Longitude Depth Mag. Time

(°N) (°E) (km) (yyyy/mm/dd/hh:mm:ss.s) (°N) (°E) (km) (yyyy/mm/dd/hh:mm:ss.s)
150 30.15 88.19 330 56  1996/07/03/06:44:45.5 225 49,95 88.21 100 55  2003/10/23/00:25:45.8
151 36.05 70.71 1200 59 1996/09/14/08:01:03.7 226 38.40 100.95 100 58  2003/10/25/12:41:35.2
152 1243 58.07 100 64  1996/10/01/15:50:23.6 227 50.20 87.60 100 57  2003/11/17/01:35:47.9
153 1933 95.01 800 60  1996/11/11/09:22:27.7 228 4291 80.52 100 60  2003/12/01/01:38:31.9
154 24.50 92.64 500 53 1996/11/19/00:12:18.6 229 29.00 58.31 100 66  2003/12/26/01:56:52.4
155 35.34 78.13 330 68 1996/11/19/10:44:46.0 230 31.57 91.21 108 55  2004/03/07/13:29:45.2
156 41.03 74.28 220 59 1997/01/09/13:43:31.5 231 4545 118.17 158 57 2004/03/24/01:53:49.3
157 39.47 77.00 330 59 1997/01/21/01:48:30.1 232 33.95 89.18 80 60  2004/03/27/18:47:29.2
158 37.66 57.29 100 65 1997/02/04/10:37:47.1 233 36.51 71.03 1871 65  2004/04/05/21:24:04.0
159 29.98 68.21 330 71 1997/02/27/21:08:02.3 234 3069 83.67 130 62 2004/07/11/23:08:44.1
160 30.14 68.02 330 59 1997/03/20/08:50:40.3 235 1246 95.00 224 58  2004/07/29/01:44:06.9
161 39.51 76.86 330 59 1997/04/05/23:46:19.5 236 36.44 70.80 2070 60  2004/08/10/01:47:32.8
162 39.54 77.00 330 60  1997/04/06/04:36:35.2 237 30.96 81.08 96 53  2004/10/26/02:11:33.5
163 39.53 76.94 150 62 1997/04/11/05:34:42.7 238 4173 79.44 220 61 2005/02/14/23:38:08.6
164 39.63 76.99 230 58 1997/04/15/18:19:10.1 239 3049 83.66 11.0 63  2005/04/07/20:04:41.0
165 24.89 92.25 350 59 1997/05/08/02:53:14.7 240 28.87 94.60 372 59  2005/06/01/20:06:42.7
166 36.41 7095 1960 64  1997/05/13/14:13:45.7 241 4305 109.00 100 55  2005/07/20/21:54:06.8
167 23.08 80.04 360 58 1997/05/21/22:51:28.7 242 36.39 70.72 2091 55  2005/07/23/14:40:25.0
168 33.94 59.48 100 59 1997/06/25/19:38:40.6 243 27.72 87.42 549 50  2005/08/28/13:14:10.2
169 35.07 87.33 330 75 1997/11/08/10:02:52.6 244 24.64 94.81 884 58  2005/09/18/07:26:00.3
170 2221 92.70 540 6.1 1997/11/21/11:23:06.3 245 3473 73.10 80 64  2005/10/08/10:46:28.7
171 25.38 96.61 330 58 1997/12/30/13:43:18.6 246 3457 73.18 100 55  2005/10/08/12:08:28.1
172 41.08 11450 300 58 1998/01/10/03:50:41.5 247 34.79 73.14 203 59  2005/10/08/12:25:22.1
173 37.08 70.09 330 59 1998/02/04/14:33:21.2 248 3456 73.20 100 55  2005/10/09/07:09:19.0
174 36.30 71.00 2210 55 1998/02/14/00:08:08.0 249 3487 73.13 100 56  2005/10/12/20:23:38.7
175 36.48 71.09 2360 63 1998/02/20/12:18:06.2 250 34.82 72.97 100 58  2005/10/19/02:33:29.8
176 30.15 57.61 90 66  1998/03/14/19:40:27.0 251 34.81 73.04 100 56  2005/10/19/03:16:22.0
177 36.40 70.10 2250 60  1998/03/21/18:22:28.0 252 3488 73.02 100 62  2005/10/23/15:04:21.3
178 24.93 95.31 1220 55 1998/05/02/08:36:50.1 253 3474 73.06 100 56  2005/11/21/08:26:12.7
179 37.11 70.11 330 65 1998/05/30/06:22:28.9 254 27.38 88.36 201 57  2006/02/14/00:55:23.8
180 3013 88.17 332 58 1998/07/20/01:05:58.3 255 27.01 91.67 100 55  2006/02/23/20:04:54.3
181 30.08 88.11 330 59 1998/08/25/07:41:40.1 256 2691 91.71 100 55  2006/02/23/20:04:53.5
182 39.66 77.34 330 63 1998/08/27/09:03:36.6 257 3487 73.79 100 55  2006/03/20/17:40:45.3
183 27.31 101.03 330 52 1998/11/19/11:38:14.8 258 44.46 102.30 350 58  2006/04/30/00:43:14.7
184 4167 88.46 230 59 1999/01/30/03:51:05.0 259 4539 97.35 90 58  2006/06/15/06:49:48.8
185 34.25 69.36 330 60  1999/02/11/14:08:51.0 260 39.11 71.82 77 57  2006/07/06/03:57:51.2
186 51.60 104.86 100 6.1 1999/02/25/18:58:29.0 261 4419 83.47 235 54 2006/11/23/11:04:45.0
187 28.34 57.19 330 66  1999/03/04/05:38:26.0 262 39.82 70.30 140 59  2007/01/08/17:21:49.7
188 55.90 11021 100 58 1999/03/21/16:16:02.2 263 37.71 91.81 100 55  2007/02/02/22:32:19.1
189 30.51 79.40 150 66  1999/03/28/19:05:11.0 264 3425 81.97 90 58  2007/05/05/08:51:39.0
190 30.09 69.44 330 53 1999/06/26/21:54:10.0 265 3141 97.79 338 56  2007/05/07/11:59:51.1
191 36.62 71.35 1890 57 1999/06/29/23:18:05.0 266 4293 82.31 118 55  2007/07/20/10:06:52.7
192 36.52 71.24 2280 65 1999/11/08/16:45:43.0
193 25.61 101.06 330 59  2000/01/14/23:37:07.9
194 38.12 88.60 330 55  2000/01/31/07:25:59.0 . .
195 3848 6650 110 55 2000/04/20/08:41:29.0 pased _upop the available mez_asqrerpents of the Boqguer an_omahes. The
196 26.86 97.24 33.0 6.4 2000/06/07/21:46:55.9 inversion is solved as an optlmlzatlon pl‘oblem with the simultaneous
197 17.15 73.80 330 54 2000/09/05/00:32:46.0 goals of: (1) minimizing an objective function on the model and
198 54.64 94.95 330 56  2000/10/27/00:08:53.0 (2) generating synthetic data that match observations to within a
199 2343 7007 330 52 2001/01/26/07:32:330 degree of misfit consistent with the statistics of the available data.
200 23.51 70.52 100 58  2001/01/28/01:02:10.7 .
201 23.65 70.64 330 59  2001/01/28/01:02:15.0 The definition of length scales for smoothness controls the degree
202 29.52 101.13 330 57 2001/02/23/00:09:23.0 to which either of these two goals dominates. This is a crucial step
203 3433 86.94 330 59 2001/03/05/15:50:07.0 and allows the user to incorporate a priori geophysical or geological in-
204 11.95 80.23 10055 2001/09/25/14:56:44.0 formation into the inversion. Explicit a priori information may also take
205 3583 93.61 10057 2001/11/18/21:59:53.0 the form of the upper and lower bounds on the p contrast in any cell
206 35.97 69.17 330 59  2002/03/25/14:56:33.0 . .
207 36.06 69.32 80 61  2002/03/25/14:56:33.8 The smoothness control takes the function of wavelength filtering
208 38.53 73.41 1175 54 2002/04/14/02:04:21.1 that avoids the effect of superficial masses to be mis-interpreted as
;?g gg-gg 2;‘;;1 gig gg ggggggﬁ?‘;ggigg!g;g deeper residing masses (e.g. Braitenberg et al., 2000; Ebbing et al.,
211 30.99 99.90 33.0 55 2002/08/08/11:42:05.2 2001; Shin et %l" 2009; Ste.ffen and Lars, 2011 ) o c .
212 3541 7452 330 64 2002/11/20/21:32:30.8 An alternative conventional method for gravity inversion is to apply
213 3961 77.23 110 64 2003/02/24/02:03:41.4 an inversion for p within a 3-D grid of small cuboidal elements (Li and
214 37.53 96.48 140 64  2003/04/17/00:48:38.5 Oldenburg, 1996, 1998). This approach has been extensively applied
;2 gi-g? ;Z}-ié 13-2 g-g ;ggg;g% 8‘71;(1)25‘5“5‘:‘35-3 to upper crustal problems, however, applications to the lower crust and
317 5508 101.29 100 59 2003/07/21/15:16319 upper mantle have been limited (Welfqrd anq Hall, 2007; Welford et al.,
218 22.85 92.31 100 56 2003/07/26/23:18:17.8 2010; Brandmayr et al.,, 2011). Despite being less popular than the
219 43.81 119,57 244 57 2003/08/16/10:58:42.8 shallow-modeling approach, due to neglecting the sphericity, this
220 29.58 95.61 330 56 2003/08/18/09:03:03.5 approach can be used to model simultaneously p variations within
221 56.02 111.34 330 56 2003/09/16/11:24:55.7 the crust and mantle, and by proxy to model the Moho geometry. Intel-
;g Zg-gg :;-3; 13'8 é'i ;ggijggg;ﬁ;:gigg ligent mesh design and sensible regularization procedures permit
a 021 77 100 67 2003/10/01/01:03:25.2 reasonable resolution of the Moho surface, while allowing p varia

tions within the crust and mantle to be modeled as part of the
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Fig. 4. Bouguer anomaly data in central-south Tibet (color scale in mGal). In the blow up of the red rectangle traced in the geographic map in the upper left corner, black dotted lines mark
the area where terrestrial gravity data are not available and the yellow curve connects a series of gravity lows, which are located above the supposed northern margin of the Indian Plate.
Brown lines indicate MBT: Main Boundary thrust; MCT: Main Central thrust; ATF: Altyn Tagh Fault. Dashed lines indicate 1YS: Indus-Yarlung suture; BNS: Bangong-Nujiang suture; JS:
Jinshajiang suture; KS: Anyimagen-Kunlun-Mutztagh suture; HB: Himalayan Block; LB: Lhasa Block; QB: Qiangtang Block; SB: Songpan-Ganzi Block; KB: Kunlun-Qaidam Block.

same procedure (Welford and Hall, 2007; Welford et al., 2010). The
t?>full 3-D nature of this approach and the requirement for a large
number of elements in the vertical direction, means that this method
is more computationally demanding than other methods, thus its ap-
plication to very large scales requires significant computational

42°N §

40°'N

38°N

A Broadband stations
A Very broadband stations

110°E 112°E 114°E

resources and time. Considering furthermore the inherent non-
uniqueness of the inversion problem, it is therefore natural to use
the reliable part of the crustal inversion as a constraint for the inver-
sion involving the mantle down to 350 km (see e.g. Mueller and
Panza, 1986).

116°E 118°E 120°E

Fig. 5. Station distribution for the ambient noise study in NCC. Black triangles denote broadband seismic stations; red triangles very broadband stations.
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Fig. 6. The interstation path lengths range from 8 km to over 600 km. Cross correlations between all possible station pairs were made, which yields a total of n + (n — 1) / 2 possible sta-

tion pairs (where n is the number of stations) that can be used in the ambient noise study.

5. New development of crust/mantle structure imaging in the
Tibetan Plateau and North China Craton

5.1. Lithosphere-asthenosphere shear wave velocity structure of
the plateau

In the group velocity maps of surface wave tomography (X.M. Zhang
etal.,2007; X.M. Zhang, 2010), the most conspicuous low group velocity
anomaly, in the range 25 to 40 s, appears in the whole Qinghai-Tibet
Plateau, whereas the Indian Plate and the Yangtze Craton are charac-
terized by high group velocity anomalies. At intermediate periods
(50-80 s) the most dominant characteristic is the NW-SE directed
low velocity anomaly in the Qinghai-Tibet Plateau. At long periods
(100-150 s) the velocity anomaly is comparable with the anomaly
at lower periods, which is consistent with the findings of previous
studies (e.g. Y. Chen et al., 2009; Chen et al., 2010). On account of the
complexity of the study area we use absolute surface wave tomography,
properly accounting for most of the recent caveats on tomographic
images (Foulger et al.,, 2013).

The representative crust-upper mantle Vs models were chosen by
LSO (Boyadzhiev et al., 2008) in 181 cells with dimensions 2° by 2°, in
which dispersion relations have been non-linearly inverted (Panza,
1981 and references therein). We performed fully non-linear inversion
in order not to miss unknown, but detectable, characteristics that could
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not be explored using a linear search. The hedgehog non-linear inver-
sion scheme has been parameterized taking into account the resolving
power of the considered data as, for instance, in Knopoff and Panza
(1977), Panza (1981), and Panza et al. (2007a,b). X.M. Zhang (2010)
displays the final shear wave velocity models beneath the cells in the
Tibetan Plateau and its neighboring areas. The main features detected
are discussed below.

Beneath the Ganges catchment, to the south of the Qinghai-Tibet
Plateau, we observe that there is a relatively low velocity lower crust
with an average Vs of about 3.65 km/s. Beneath the Moho, a fast lid
with a Vs of about 4.7 km/s reaches a depth of about 180 km. Regional
Rayleigh wave group velocities (Mohan et al., 1997) also show a high-
velocity upper mantle in this area. The asthenosphere is thin with Vs
of about 4.50 km/s in the region. To the south of the Ganges drainage
area, the lithosphere is also thinner. In the Indus drainage area, we can
observe high velocity lower crust of about 3.80 km/s. Near the Himalaya
Block (HM), the lithosphere reaches a depth of about 165 km and a
relatively slow lid, with a velocity of about 4.45 kmy/s. In the north
Indus drainage area, a lid with a Vs value of about 4.65 km/s overlies
an ~90 km thick metasomatic lid with Vs of about 4.50 km/s. In the
Ganges drainage area, the lid reaches a depth of about 180 km with av-
erage Vs of ~4.60 kmy/s. There is a relatively thin lower velocity anomaly
that sits on a metasomatic lid, with Vs ~ 4.50 km/s. To the south of the
Ganges drainage area, the lithosphere (Vs approximately 4.65 km/s)
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Fig. 7. Example of 14-month stacks of cross-correlations plotted as a record-section.
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Fig. 8. The ray path density diagrams for the four selected periods (a) 4.5 s; (b) 12 s; (¢) 20 s; (d) 28 s for cells of size 0.25° x 0.25°. The general coverage is sufficient, except at the margins

of the study region (blue areas). The color scale represents ray path density.

reaches a depth of about 175 km, while between the Himalayan moun-
tains and Nage Hill, the lid has a Vs of about 4.50 km/s and extends to a
depth of about 160 km. The Burmese arc lies on the eastern margin of
the Indian plate, marked by the Indo-Burman mountain ranges. Near
the Bay of Bengal, a relatively low velocity (Vs ~ 2.83 km/s) upper
crustal layer reaches a depth of about 8 km. Under the lower crust the
Mohorovicic discontinuity reaches a depth of about 39 km. With a fast
lid (Vs ~ 4.70 km/s) the bottom of the lithosphere extends to a depth
of about 160 km, overlying a high-velocity asthenosphere layer with a
Vs of about 4.60 kmy/s. Along the Yarlung Zangbo suture belt (IYS), the
lid (metasomatic?) in the depth range ~80-165 km is relatively slow
(Vs ~ 4.45 km/s) and it overlies an asthenosphere with a Vs of about
4.40 kmy/s, which extends to a depth of about 255 km. Further to the
north, the Moho is deeper than 40 km. At Nage Hill the crustal thickness
is about 43 km, and a fast lid with a Vs of about 4.70 km/s overlies a low
velocity asthenosphere (Vs ~ 4.20 km/s), which reaches a depth
of about 240 km. East of Nage Hill the lower crust, with a high Vs of
about 3.85 kmy/s, overlies a very low velocity uppermost mantle
(Vs ~ 4.25 kmy/s). At the bottom of the lithosphere, the asthenosphere,
with Vs ~ 4.50 kmy/s, reaches a depth of about 260 km. Further to the
north, the Mohorovicic discontinuity reaches a depth of about 44 km
above a very slow layer (Vs ~ 4.1 km/s), which reaches a depth of
about 75 km. Under a lid with Vs of about 4.65 km/s, a low velocity
asthenosphere (Vs ~ 4.35 km/s) can be detected, reaching a depth of
about 260 km.

The Southern Burmese arc is characterized by the velocity of the
sub-Moho layer of about 4.55 km/s and the lithospheric thickness is
about 150 km. To the east, in the Red River zone, it appears that there
is no high velocity lid. The bottom of the lithosphere is at a depth of

about 130 km, with an average lid velocity of ~4.50 kmy/s), overlying a
slow asthenosphere (Vs ~ 4.30 km/s) which extends down to a depth
of around 255-265 km.

We now consider in some detail the main properties of the cellular
models. In cell B17 the bottom of the lithosphere reaches a depth of
about 130 km with a relatively low velocity lid, which overlies an
asthenosphere with Vs ~ 4.25 km/s. More to the east, cell B18 has the
asthenosphere, with Vs ~ 4.40 km/s and extends to a depth of about
270 km.

To the east of the Jinshajiang suture fault (JS), near the Yangtze Cra-
ton, in cell D16, at the bottom of the lithosphere, with Vs ~ 4.60 km/s,
the asthenosphere (Vs ~ 4.55 km/s) is detected, which extends to a
depth of about 270 km. Further to the east, the Mohorovicic discontinu-
ity is at a depth of about 60 km in cell E15. The cell E16, which is located
among three faults: the Xianshuihe Fault, the Longmenshan Fault and
the Xiaojiang Fault, has a crustal thickness of around 57 km. Below the
low velocity (Vs ~ 4.25 km/s) uppermost mantle, the lithosphere
reaches a depth of about 157 km (Vs in the lid ~4.55 km/s), overlying
the asthenosphere (Vs ~ 4.45 km/s) which extends down to a depth
of about 280 km.

The Himalayan Block (HM) has a complex structure of crust and
mantle. In cells D05, D06 and D07, south of the Himalaya Block
(HM), the lithosphere reaches a depth of about 160 km with a
fast lid (Vs ~ 4.65 kmy/s). Under the lithosphere the asthenosphere
(Vs ~ 4.50 km/s) extends down to a depth of about 250 km. Further
to the east, in cells D08, D09, D10 and D11, the lithospheric thickness
of about 150 km in cells D06, D07, DO8 and D09 is slightly less than
the thickness of about 160 km in cells C06, C07, CO8 and C09. In cells
D06, D07, D08, D09, D10 and D11 the velocity in the lid is about
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4.6 km/s. At the bottom of the lithosphere a low velocity asthenosphere,
with variable thickness from 90 to 140 km, with a Vs ~ 4.45 km/s, is de-
tected. In the west of the Himalaya Block (HM), in cells EO4 and EO05, the
lithosphere reaches a depth of about 155 km, and a fast lid, with
Vs ~ 4.65 km/s can be seen in the depth range from ~85 to ~155 km.
The asthenospheric thickness is about 90 km with Vs ~ 4.45 km/s. Fur-
ther to the west in cells FO3 and F04, a Vs of about 4.15 km/s, overlies a
relatively fast lid with Vs ~ 4.65 km/s. The lithospheric thickness re-
duces slightly from 160 km in cell FO3 to 150 km in cell FO4. A relatively
high velocity asthenosphere with Vs of about 4.50 kmy/s is seen in cells
FO3 and FO4. To the west of the Himalaya Block (HM), in cells GO2 and
GO03 the uppermost mantle layer with a Vs ~ 4.30 km/s overlies a lid
with Vs ~ 4.50 km/s, down to a depth of about 155 km in cells GO2
and GO3. In cell GO3, the lithosphere overlies a low velocity astheno-
sphere with an average Vs ~ 4.30 km/s, which reaches a depth of
about 270 km. Further to the south, in cells EO6 and EQ7 the fast lid
reaches a depth of about 150 km, with Vs ~ 4.60 km/s. The astheno-
spheric thickness is about 100 km with Vs ~ 4.45 kmy/s. South of the
Yarlung Zangbo suture belt (IYS), in cells EO8, E09 and E10, the litho-
sphere reaches a depth of about 150 km, and the asthenosphere
(Vs ~ 4.40 km/s) has a thickness of about 130 km. In cell E09 the as-
thenosphere reaches a depth of about 300 km, with Vs ~ 4.45 km/s.
Cell E10, in the Lhasa Block (LS), has an asthenosphere as thick as
about 120 km.

The eastern Lhasa Block (LS), to the east of 90°E, has a deep structure
which is different from that of the western one. INDEPTH (Zhao et al,,
1993; Nelson et al., 1996) shows that the crust is double-thickened
with the Moho estimated to be at a depth greater than 70 km. In cell
E13 the Vs in the lid is as high as about 4.80 km/s in the depth range
80-135 km. Below the Moho the bottom of the lithosphere reaches a
depth of about 145 km in cells E11 and E12. The underlying astheno-
sphere has a relatively high average Vs of ~4.45 km/s. The lithosphere
is slightly shallower in cell E13, where it reaches a depth of about
135 km and overlies an approximately 150 km thick asthenosphere
(Vs ~ 4.55 km/s).

Further to the north, cells FO5, FO6, FO7, FO8, F09 F10, F11, F12 and
F13 have a crust as thick as about 80 km. The bottom of the lithosphere
reaches a depth of about 150 km, and overlies the asthenosphere with
Vs ~ 4.50 km/s, which extends to a depth of about 275 km in cell FO5.
In cell FO6 the asthenosphere (Vs ~ 4.50 km/s) extends to a depth of
about 315 km. Further to the east, cells FO7, FO8, F09, F10, F11, F12
and F13 have Vs in the range 3.05-3.25 km/s at depths in the range
16-32 km. The results from surface wave and body wave tomography
(Ding et al., 2001) also show that there are remarkable low velocity
zones in the upper crust of the Lhasa Block (LS). The middle crust of
Tibet has a high temperature and a low velocity (Nelson et al., 1996),
which favors lateral crustal flow (Beaumont et al., 2001, 2004; Clark
and Royden, 2000; Sun et al., 2004; Zhang and Klemperer, 2005;
Shapiro et al., 2004; Y. Chen et al., 2009). There is a slow lower crust
(Vs ~ 3.65 km/s) that starts at a depth of about 47 km and reaches a
depth of about 75 km in cells FO7, FO8 and FO09. In cells F10, F11
and F12 the lower crust have an average Vs ~ 3.65 km/s in the
depth range 50-80 km. In particular, in cell F13 the Vs is about
3.50 km/s in the lower crust, which reaches a depth of about 80 km.
Below the slow lower crust, a fast lid as thick as about 65 km, with a
Vs ~ 4.65 kmy/s, reaches the bottom of the lithosphere, which extends
down to a depth of about 140 km in cells FO7 and FO8. The asthenosphere
(Vs ~ 4.50 km/s) reaches a depth of about 300 km. In cells FO9 and F10
the lithosphere is slightly thinner, to a depth of about 130 km, and the
lid, with a Vs ~ 4.70 k m/s, can be observed in the depth range 75-
130 km, overlying an approximately 160 km thick asthenosphere, with
aVs ~ 4,50 km/s. To the east of cell F10, a 140 km thick lithosphere is de-
tected in cell F11, with a fast lid (Vs ~ 4.75 km/s) overlying an ~155 km
thick asthenosphere (Vs ~ 4.55 km/s). Similarly, cells F11, F12 and F13
have a fast lid with a Vs ~ 4.70 km/s. Under the lithosphere, a 160 km
thick asthenosphere with an average Vs ~ 4.45 kmy/s is observed. In

cells F12 and F13, a relatively low velocity layer (Vs ~ 4.35 km/s) may
be seen between about 230 and 310 km.

To the east, in cells F14 and F15, the lithosphere is relatively thin
(~145 km thick) and overlies an approximately 140 km thick astheno-
sphere, with an average Vs ~ 4.50 km/s. To the north, the Mohorovicic
discontinuity in the western SB block (cells G14 and G15) reaches a
depth of about 72 km. In cells with a fast lid (average Vs ~ 4.70 km/s)
the lithosphere reaches a depth of about 160 km, and overlies a high
velocity asthenosphere (average Vs ~ 4.55 km/s), which extends
down to an average depth of about 270 km.

Further to the east, the lithosphere extends to an average depth
of about 155 km and overlies an approximately 125 km thick as-
thenosphere. To the east, a lithosphere reaching a depth of about
165 km overlies an asthenosphere that reaches a depth of about
275 km.

To the east of the western syntaxes of the India-Eurasia collision
zone, cells G04 and GO5 have a complex crust-mantle transition.
below the Mohorovicic discontinuity, a fast lid with Vs ~ 4.70 km/s is
seen, reaching a depth of about 155 km, overlying the asthenosphere
(Vs ~ 4.50 kmy/s), which extends to a depth of about 345 km. In the
western QB Block (QT) (cells G06, GO7, GO8 and G09) the Moho reaches
a depth of about 80 km. The tomographic results (Ding et al., 2001; Yao
et al., 2005, 2006) indicate the presence of a prominent low velocity
anomaly lying mainly in the lower crust and uppermost mantle in the
QB. The tomographic cross-section (Wittlinger et al., 1996) reveals
that the crust of the QB Block appears to be thick (~70 km) with a low
velocity. Similar to cells FO9 and F10, below the thick crust in cells
G06, GO7 and GO8, the fast lid, with a Vs ~ 4.70 kmy/s, is relatively thin
(about 50 km), and reaches a depth of about 130 km. A relatively thin
lithosphere (with thickness of about 125 km) is seen in cells GO8 and
GO09. Below the thin lithosphere a metasomatic lid as thick as about
100 km, with a Vs in the range ~ 4.35-4.50 km/s, extends to a depth
of about 250 km and overlies the Indian lithosphere in cells G06, GO7,
GO08 and G09. To the eastern part of the QB Block (cells G10, G11, G12
and G13), the lithosphere with a 70-80 km thick lid (Vs ~ 4.65 km/s)
becomes thicker and reaches a depth in the range 145-155 km. This re-
sult is in good agreement with that of Sun et al. (2004). Below these
depths an approximately 100 km thick metasomatic lid is present,
with a Vs ~ 4.5 kmy/s. In cells G11, G12 and G13 the asthenospheric
thickness is thinner than in the western QB Block (QT) and reaches an
average depth of about 305 km.

Near the western syntaxes of the India-Eurasia collision zone, cells
HO03 and HO04 have a crust about 75 km thick. To the west, in cells HO3
and HO4, the lithospheric thickness is about 170 km, with a lid Vs veloc-
ity in the range 4.50-4.55 km/s. Similar to that detected in cells FO9 and
F10 of the western QB Block (QT), below the lithosphere a developed as-
thenosphere with a low velocity of about 4.45 km/s extends to a depth
of about 345 km in cells HO3 and HO4.

To the north of the QB, the Bayankla Block (BK) (cells HO5, H06, HO7,
HO08 and H09) has a thick crust of about 75 km and a thin lithosphere,
with a thickness of about 150 km. In cell HO5, between the Tarim Basin
(TRM) and the Qinghai-Tibet Plateau, a fast lid with a Vs ~ 4.65 km/s
reaches a depth of about 150 km; at greater depths the Vs is about
4,60 km/s. Compared to the lithospheric thickness of the cells in the
QB Block, the lithosphere is thicker in cells HO6, HO7, HO8 and H09. At
the bottom of the lithosphere a metasomatic lid, with a thickness of
approximately 100 km and an average velocity of about 4.45 km/s, is
present on top of the Indian subducted lithosphere.

In the western Qinghai-Tibet Plateau in cells HO1, H02, 101 and 102,
the Moho has a depth of about 72 km. In cells GO1, HO1, HO2, 101, 102
and J02, the lithosphere is relatively thick (~170 km). Similar to that
seen in the QB, in cells HO2, 102 and J02, under the lower crust a
fast lid with Vs ~ 4.75 km/s is observed. Below the bottom of the
lithosphere a positive velocity gradient is detected, with an average
Vs ~ 4.55 km/s, at an average depth in the range 170-270 km in cells
HO1, HO2, 101 and 102.
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To the south of the Qaidam Basin (QDM), in cells H10 and H11, the
lithospheric thickness is about 160 km, thicker than that observed in
the southern cells G10 and G11. Under a fast lid (Vs ~ 4.70 km/s)
there may be a metasomatic lid (Vs ~ 4.50 km/s) down to a depth of
about 250 km. Moving to the east, in cells H12 and H13, the uppermost
mantle has a low velocity layer, with a Vs ~ 4.30 km/s, on top of a fast
lid with a high velocity of about 4.80 km/s, which extends to a depth
of about 160 km. Under the high velocity lithosphere of cell H13, the
shear velocity is about 4.60 km/s and may correspond with the metaso-
matic lid. Moving to the east, a layer of quite low velocity is detected in
the uppermost mantle, with a Vs ~ 4.10 km/s in cells H16 and H17 on
top of a fast lid with an average Vs ~ 4.75 kmy/s in cells H15, H16 and
H17. The asthenosphere (Vs ~ 4.45 km/s) reaches a depth of about
290 km.

To the northeast, the first deep seismic sounding experiment in the
Qaidam Basin was carried out in 1958 (Zeng and Gan, 1961). The studies
revealed that the crust is about 52 km thick in the basin and that a low
velocity anomaly zone exists in the crust. Below the Moho, a fast lid
(Vs ~ 4.70 km/s), reaching a depth of about 160 km, is observed in
cells 109,111,112 and I13. In cell [10, below the Mohorovicic discontinu-
ity, the velocity of the lid at depths in the range 80-160 km is about
4.55 km/s. Under the lithosphere, there is a metasomatic lid, with a
Vs ~ 4.50 km/s, which extends to a depth of about 250 km in cells 109,
[10 and 11, and overlies the subducting Indian lithosphere. Further
to the east, below the Mohorovicic discontinuity, a low velocity upper-
most mantle layer, with a Vs ~ 4.20 km/s overlies a fast lid with a
Vs ~ 4.70 km/s in cells 112, 113 and 114. The lithospheric thickness is
about 165 km in cells 112, 113 and 114, and it overlies the metasomatic
lid, which is about 100 km thick. In cells 115 and 116, under the lid
(Vs ~ 4.65 km/s) the bottom of the lithosphere reaches a depth of
about 150 km and overlies a relatively fast and thin asthenosphere
with Vs ~ 4.50 km/s. To the east, cell 117 (which is not located within
the Qinghai-Tibet Plateau) shows a different deep structure, the
lid is fast, with Vs ~ 4.70 km/s and a relatively thick lithosphere
(~175 km) overlies an approximately 85 km thick asthenosphere
with Vs ~ 4.45 km/s.

So far, we have discussed the Vs structure beneath several tectonic
areas. In the following section, we briefly discuss the Vs structure across
the main tectonic blocks, Himalayan (HB), Lhasa (LB), Qiangtang (QB),
Songpan-Ganzi (SB) and Kunlun-Qaidam-Qilian (KB), with reference
to some cross-sections in the Tibetan Plateau. Fig. 9a shows the spatial
distribution of the seven sections A-A’, B-B’, C-C’, D-D’, E-E/, F-F
and G-G/, all trending NE-SW. This selection (1) accords with the
principle of using sections “orthogonal” to the main characteristics,
(2) follows the trend of the tectonic equator (TE) and of the TE-
perturbed (Crespi et al., 2007; Doglioni et al., 2007; Panza et al., 2010)
and (3) is consistent with the trend of the dominant trends seen in
group velocity tomographic maps. All these sections were constructed
using Vs cellular models (five for section A-A’, left panel in Fig. 9b),
extend from the Indian plain to the northern margin of the Tibetan
Plateau, and depict the first-order, large-scale characteristics useful for
furthering our general understanding. Regional and local geophysical
studies are required to improve the lateral resolution of the deep struc-
ture. In all the sections, the uppermost part with Vs < 4.0 km/s is
interpreted to be the crust, the portion underlying the crust with Vs
values in the range 4.4-4.65 km/s is interpreted to be the mantle lid,
and the portion with a Vs of ~4.5 km/s below the mantle lid is
interpreted to be the asthenosphere layer. Within the mantle lid, the
portion with Vs ~ 4.5 km/s km/s, when present, is interpreted to be
the metasomatic lid. With these definitions that, among others, consider
the presence of mantle xenoliths in the Mesozoic basalts of the region
(Zhang et al., 2002; Y. Chen et al., 2004; Fan et al., 2004; Zhang et al.,
2004b; Ying et al., 2006), we obtained the conceptual sections shown
in the right-hand panels of Fig. 9b-h.

In Section AA’ (left panel, Fig. 9b), the crust gradually thickens from
about 40 km south of the MBT to about 80 km beneath the boundary

between Tibet and the Tarim Basin (TRM in Fig. 9b). The asthenosphere
layer thins from about 80 to 90 km south of the Jinshajiang suture (JS in
Fig. 9b); and then to the north the metasomatic lid appears and thickens
to ~100 km beneath the north segment of the section.

In Section BB’ (Fig. 9c), the crust and mantle structure is similar to
that of section AA’. The major differences are: (1) a step appears in
the Moho beneath the JS (Fig. 9¢) and (2) the asthenosphere layer is
generally 20-30 km thicker and less steep in Section BB’ than in
Section AA'.

In Section CC’ (Fig. 9d), the crustal thickening pattern is very differ-
ent from those along Sections AA’ and BB'. In this section the crustal
thickness is relatively constant between the IYS and north to the JS
(Fig. 9d), and the asthenosphere layer thins northward at the IYS
while keeping a constant thickness to the south; the metasomatic
layer begins between the BNS and the JS (the boundary between the
south and the north QB).

The structure of the crust along section DD’ is similar to that along
section CC’, but the metasomatic lid appears south of the BNS in section
DD’ (Fig. 9e). Along section EE’ (Fig. 9f), the step in the Moho is seen to
the south of the JS, and the metasomatic lid begins to appear beneath
the boundary between the southern and the northern QB Block.

Along Section FF’ (Fig. 9g), the step in the Moho appears beneath the
boundary between the southern and the northern QB Block, and the size
of the metasomatic lid is rapidly reduced. This situation is similar to that
shown in Section GG’ (Fig. 9h), but under Section GG/, the astheno-
sphere layer thickens from the Indian plain to the central part of the
LB block, and then thins northward (Fig. 9h).

5.2. Lithosphere-asthenosphere density structure beneath the Himalaya
and Lhasa blocks

We obtained the 3-D p structure of the crust and uppermost upper
mantle by means of the forward gravity modeling performed with
IGMAS and the results can be summarized in four models (S.F. Zhang,
2010). In the following discussion we will consider a typical cross-
section, namely section (f) in Fig. 4. The initial 3-D model (Model I)
was constructed starting from the available seismic data and the rela-
tionship between seismic velocities and density given in Table 3: the
resulting gravity anomaly is shown in Fig. 10a. The comparison between
the calculated and measured anomalies is clearly not satisfactory. It de-
mands further modeling by adjusting the geometry of the interfaces and
inverting densities iteratively. In Model I, the unit QL316 (Qaidam lower
crust, for details see the caption of Fig. 10a) is notable for its relatively
high p value (3.2 g/cm?). Seismic and seismological investigations indi-
cate a crust thicker than 40 km, thus unit QL316 should be attributed to
the lower crust and, consequently, its density should be decreased and a
suitable p value is estimated to be 3.05 g/cm?>. The geometrical pertur-
bations introduced have a linear dimension of less than about 2 km.

The result obtained so far (Model II) is shown in Fig. 10b and is in
better agreement with the observed data than Model I, with the excep-
tion of some misfits that are either local or at the border of the model.
The main negative anomalies at the contact zone between the Indian
and Eurasia plates are properly reproduced.

Eclogitization beneath Tibet is a subject of broad interest in the field.
Previous studies have shown that eclogitization of the lower crust is a
key process in support of the high elevation of both Himalayas and
Tibet (Bousquet et al., 1997; Henry et al., 1997; Cattin et al.,, 2001;
Tiwari et al., 2006; Hetényi et al., 2007). Model III is designed with
eclogite in the lower crust, with the same geometry as in Model II
(Fig. 10c). The calculated gravity anomaly is remarkably larger than
the observed data, when using the model with lower crustal density
over 3.3 g/cm> beneath the Himalaya and Lhasa blocks. In order to
match the calculated gravity anomaly with the observed data, the
lower crustal densities are reduced. Finally, Model IV is created and its
average lower crustal density is less than 3.2 g/cm?. Fig. 10d presents
the eastern profile with the whole lithosphere structure of Model 1V,
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which is our preferred model, obtained after performing several tests
following a trial-and-error approach. The calculated Bouguer anomaly
is in good agreement with the observed data, with the exception of
few minor local misfits. Since Model IV is representative of the whole
study area, the p structural optimization just described can be naturally

(@)

extended to 3-D and the obtained model can be used as constraint for
the subsequent full 3-D inversion to 350 km depth. We consider three
initial models. The first model (model A) is derived entirely from the
Vs results discussed in detail in Section 5.1, using literature conversion
relations between Vs and p (see Table 3; Feng et al., 1986; Mueller
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Fig. 9. (a) Spatial distribution of the seven sections A-A’, B-B’, C-C’, D-D’, E-E/, F-F’ and G-G'. All of these sections were constructed from the Vs cellular models. The color scale describes
elevation in m. (b) Section A-A’ extends from the Indian plain to the northern margin of the Tibetan Plateau (five cellular models are used). This cross-section, and all the others in this
figure, represent a first-order, large-scale feature. The upper part with Vs < 4.0 km/s is interpreted as crust. The portion (underlying the crust) with Vs values of 4.4-4.65 km/s is
interpreted as mantle lid while the portion with Vs ~ 4.5 km/s below the mantle lid is interpreted as the asthenosphere layer. Within the asthenosphere, the portion with
Vs ~ 4.45 km/s is interpreted as the metasomatic lid. With these definitions, we obtained the conceptual sections shown as right panels of the corresponding figures (left panels in
Fig. 12b-h). Considering the uncertainties, the subducted angle of the India plate is about 15° beneath the west of the Tibetan Plateau and about <10° beneath the eastern part. The
color scale describes Vs distribution in km/s. IYS: Indus-Yarlung suture; BNS: Bangong-Nujiang suture; JS: Jinshajiang suture; KS: Anyimagen-Kunlun-Mutztagh suture; QS: South Qilian
suture; HB: Himalayan Block; LB: Lhasa Block; QB: Qiangtang Block; SB: Songpan-Ganzi Block; KB: Kunlun-Qaidam Block; ID: Indian Plate; TRM: Tarim Basin; QDM: Qaidam Basin. YB:

Yangtze Block; ATF: Altyn Tagh Fault.

and Panza, 1986) and PREM model (Dziewonski and Anderson, 1981)
for the crust and upper mantle to a depth of 350 km. As discussed in
Section 4.2.3, the p distribution in the crust is relatively reliable, and it
has been constrained by deep seismic profiles in the IGMAS software.
This relatively reliable part of the crustal inversion was therefore intro-
duced as a constraint for the inversion involving the mantle down to
350 km (see e.g., Mueller and Panza, 1986). The constraint has been
fixed to the uppermost 40 km (model B) and to the uppermost 80 km
(model C) of the structure, whereas the deeper part is common to the
three models.

The 3-D p inversion code (Li and Oldenburg, 1996, 1998) is used to
reconstruct the p model of the crust and upper mantle to a depth of
350 km, using the three initial models described above. The performance

of the constraints on the reliable p distribution in the 3-D density inver-
sion can be measured by the difference between the observed and the
computed Bouguer anomalies along the seven profiles shown in Fig. 9a.
Fig. 11 shows the misfit between the observed and modeled Bouguer
gravity anomalies along the seven transects for the model C. The misfit
is within 40 mGal beneath most transects (Fig. 11). In analogy with
what done in the Alps by Mueller and Panza (1986), the misfit between
the observed and predicted Bouguer anomalies reduces for most tran-
sects in a extent, when using model B and model C to constrain their
uppermost parts.

The p structure beneath the cells in the study area is illustrated in
Fig. 12a. Their density values can be seen from the Supplementary
material. For the first-order p approximation of the crust and upper
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Table 3
Physical parameters of the different bodies used in the initial modeling.
Description p \%
(g/em®)  (km/s)
Tertiary Indian foreland 245 Vs = 2-2.75 (Mitra et al., 2005)
basin
India UC—lesser 2.7-2.89 Vs = 3.5-3.8 (Mitra et al., 2005)
Himalayan
Greater Himalayan belt 2.75-291 Vs = 3.4-3.8 (Mitra et al., 2005)
Vp > 5.7 (Hauck et al., 1998)
Tethyan Himalayan 265-2.7 Vs = 2.5-3.2 (Mitra et al., 2005)
sequences Vp = 5.2 (Hauck et al., 1998)
Gangdese Batholith 275 Vp = 6-6.5 (Meissner et al., 2004)
Lhasa terrane UC 2.7-293  Vp = 6.1-6.5 (Zhao et al,, 2001c)
Qiangtang Basin, 2.5-2.6 Density (Haines et al., 2003a,b)
sediments Vp ~ 5.7 (Meissner et al., 2004)
Qiangtang terrane UC 2.64-3.01 Density (Haines et al.,, 2003a,b)
Vp ~ 5.8-7 (Meissner et al., 2004)
Vp ~ 5.6-6.5 (Zhao et al., 2001c)
Songpan-Ganzi terran, 2.6-2.85 Vp = 54-6.2 (Jiang et al., 2006a)
Kunlun
Qaidam Basin 24 Vp = 5-5.5 (J.M. Zhao et al., 2006)

2.53-292 Vp = 6-6.3 (Jiang et al., 2006a)
Vp = 5.5-6.5 (J.M. Zhao et al., 2006)
Vp = 5.5-6.3 (Gao et al., 1999)

Qaidam-Qilian Shan UC

India LC 2.98 Vs = 3.9 (Mitra et al., 2005)
Greater Himalayan LC 3.05 Vs = 4-4.2 (Mitra et al., 2005)
Lhasa-Qiantang LC 3.05 density (Haines et al., 2003a,b)

Vp = 6.6-7.1 (Meissner et al., 2004)

Vp = 7-7.3 (Zhang and Klemperer, 2005)

Vp = 6.5-7.3 (Zhao et al,, 2001c)
Qaidam-Qilian-Beishan LC 3.0 Vp = 6.5-6.8 (Jiang et al., 2006a)

Lithospheric mantle 32

mantle to a depth of 350 km, eleven cells (the cells labeled AO1-A08
and BO1-B03) are used to describe the density structure beneath the
northern Indian Plate (Fig. 12a). Eight cells (B04-B08 and C01-C03)
are used to characterize the density structure beneath the Himalaya
Block. Thirteen cells, C04-C08 and D01-08, are used to characterize
the density structure beneath the LB. Similarly, the sixteen cells, labeled
EO1-E08 and FO1-F08, are used to describe the density distribution of
the QB and SB blocks, respectively. Five cells (G04-G08) are used to
describe the density structure for the Qaidam-Kunlun Block, and three
cells (GO1-G03) for the southern Tarim Basin (Fig. 12a).

Fig. 12b displays the final cellular p models for the study area of the
Tibetan Plateau and neighboring regions. The main features of the
density distribution in the crust and upper mantle can be summarized
as follows. Beneath the northern Indian Plate, in cells AO1-A08 the
crust is as thick as about 40 km, and then thickens to about 50 km
under cells BO1 and B02. The lateral heterogeneity in the Indian plate
can be exemplified by the fact that the crust is relatively denser to the
west (A01-A04) than the east (A05-A08), and this fact may be related
to along-strike variation in the Himalaya and even in the whole Tibetan
Plateau. Beneath the Himalaya Block, the west-east variation of crustal
p can also be observed: p beneath the western part (cells BO3-B06) is
obviously higher than under the eastern part (cells BO7 and B08). The
lateral variation of p is more pronounced below 50 km depth, which
may indicate the superposition of the subducted Indian crust and its ex-
trusion. Beneath the LB, the crustal thickening is obvious as is its lateral
variation: in cells C03-CO08, the crustal thickness is >70 km, while in
cells CO1 and CO02 it is about 80 km, with relatively denser lower crust
and lighter upper crust, compared to what is seen towards the east. Be-
neath the QB, the crustal thickness is about 60-65 km in cells EO3-E06,
reaching 80 km in the three cells C01-C03, and decreasing to 70 km in
the eastern cells EO7 and E08. The p distribution beneath the SB (cells
FO1-F08) is somewhat similar to that under the QB Block, but strikingly
different from that under the Qaidam-Kunlun Block and the Tarim
Basin (Fig. 12b).

In the following, we discuss the p structure beneath several areas
with reference to the Vs structure, and we briefly discuss the seismic

p-Vs structure along sections in the Tibetan Plateau, across the main
tectonic blocks (HB, LB, QB, SB and KB). The p-depth distribution along
profiles (positions as shown in Fig. 9a (a), (b), (c), (d), (e), (f) and (g)
is shown in the different panels of Fig. 13. In all these cross-sections,
the upper part with p < 2.90 g/cm? (Vs < 4.0 km/s) is interpreted to
be the crust, and the portion (underlying the crust) with p increasing
from 3.2 g/cm? to 3.4 g/cm?® (Vs 4.4-4.65 km/s) is interpreted to be
the mantle lid. The part with p ~ 3.3 g/cm? (Vs ~ 4.5 km/s) below the
mantle lid is interpreted to be the asthenosphere layer. Within the
asthenosphere, the portion with p ~ 3.3 g/cm® (Vs ~ 4.45 km/s) is
interpreted to be the metasomatic lid. Lateral variations in p extend to
a depth of 350 km, and therefore earlier crust and uppermost mantle
p models along the INDEPTH profiles or other north-south trending
profiles, all limited to the crust and uppermost upper mantle (to a
depth around 70 km), cannot be generalized to the whole of the Tibetan
Plateau. Along profiles (a) (Fig. 13a) and (b) (Fig. 13b) p ranges from
2.4 g/cm® to 2.9 g/cm? in the crust, and the layer with p in the range
2.8-2.9 g/cm? thickens to about 70 km to the north (to about 30° N).
These results may be consistent with the speculation that the crust of
the Indian Plate penetrated through the whole of the Tibetan Plateau
(Zhou and Murphy, 2005; Li et al., 2008; Zhang et al., 2011e). Along
transects (c) (Fig. 13c), (d) (Fig. 13d) and (e) (Fig. 13e), we clearly ob-
serve that the convergence between the Indian and Eurasian plates
thickens the crust between these two transects. These results may sug-
gest that the leading edge of the injected Indian crust may be located at
the Bangong-Nujiang suture (Zhang et al., 2011c). In Fig. 13f the mantle
lid thickens remarkably north of the Yarlung-Zangbo suture, where the
crust is also thickened. Compared with the other transects (Fig. 13a-g),
the area of the metasomatic lid is reduced northward (Fig. 13f).

5.3. Crustal structure in the North China Craton

5.3.1. Group velocity distribution

Using the tomographic method, as described in Section 4.2.1,
Rayleigh wave group velocity maps at 4.5 s, 12 s, 20 s and 28 s were
produced (Fig. 14) from ambient noise records. At 4.5 s (Fig. 14a), the
shortest period of our tomography, the partial derivative of the group
velocity with respect to Vs shows a peak at a depth of about 7 km. The
group velocity map at 4.5 s is therefore sensitive to variations in Vs at
depths around 7 km and mainly reveals the characteristics of the upper-
most crust, and can be correlated with the thickness and mechanical
properties of the sedimentary cover. The boundary between the North
China Plain (NCP) and the surrounding mountain ranges is clearly
outlined. A broad low-velocity zone is observed in the NCP, which is
due to the large thickness of sediment. Zheng et al. (2005) derived the
shear wave velocity model in the NCP by inverting the receiver func-
tions obtained at 44 temporary seismic stations. Their results indicate
that the sedimentary cover of the NCP is about 2-12 km thick. The
Taihangshan and Yanshan uplifts are imaged as high velocity zones.
The Quaternary intermountain basins, such as Yanqing-Huailai,
Yangyuan-Yuxian, Datong and Zhangjiakou, show up as low-velocity
anomalies. A small low-velocity anomaly is observed between Fuping
and Yuxian, which is consistent with the location of the Lingqiu Basin.
In general, the group velocity map correlates very well with known
geological structures. The resolution in the southeastern part (NCP) is
relatively low because the local noise in this part is very strong and at
the same time wave attenuation in the sediment basin is very strong,
so it is very difficult to obtain cross correlations with high SNR. At a pe-
riod of 12 s (Fig. 14b), the lateral resolution is improved by the increase
in ray-path density and the group velocity map shows lateral variations
as large as 1.2 km/s. Geological units with small areas can be identified
clearly and the Jizhong Depression, Cangxian Uplift and Huanghua
Depression are also mapped. Filled in by thick sedimentary deposits,
the Jizhong and Huanghua depressions are mapped by relatively low
velocities, while the Cangxian, Taihangshan and Yanshan horsts are
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Fig. 10. Typical cross-section across the study area, namely section (f) in Fig. 4. (a) The initial density crustal model (Model I) is defined from seismic velocity models according to the
relationship between velocity and p given in Table 3 (S.F. Zhang, 2010). The misfit is quite evident. (b) Density of some units and the geometry of interfaces have been changed with respect
to Model L. (c) If we impose eclogitization beneath Tibet, we can get Model III (the geometry is the same as Model II), the calculated gravity anomaly is larger than the observed data.

(d) The final model (Model IV) with its average lower crustal density is less than 3.2 g/cm’.

It is in good agreement with the observed data, with the exception of some misfits that are

either local or at the border of the model. The main negative anomalies of the contact zone between the Indian and Eurasian plates are properly reproduced.

mapped by high velocities. The Yanqing-Huailai, Yangyuan-Yuxian and
Datong basins still show up as low velocities.

Using 30 DSS profiles, Jia and Zhang (2005) studied the velocity
structure of the crust beneath the eastern and the central NCC. Their
results reveal that the thicknesses of the sediment deposits in the
Huanghua and Jizhong depressions are about 7-9 and 6-10 km, respec-
tively. Therefore the low velocities in the tomographic maps at short
periods are an excellent indicator of the location and nature of the
sedimentary basins in North China, i.e. the extremely thick sedimentary
deposits are the direct cause of the low-velocity anomalies of Rayleigh
waves in the Jizhong and Huanghua depressions.

For periods shorter than 20 s, the tomographic maps predominantly
reflect the low velocities caused by sedimentary basins. Almost all
the basins are mapped as low velocity areas. However, with respect
to shorter periods, at 20 s the area of low velocity in the Jizhong Depres-
sion is smaller, while a large high velocity is seen in the Cangxian Horst;
the velocity differences between the sediment basins, such as Yangyuan-
Yuxian and Yanqging-Huailai, and their surrounding areas decrease
(Fig. 14c).

At the 28 s period (Fig. 14d), waves are primarily sensitive to depths
between 30 km and 50 km, namely, to the lower crustal velocity, the
crustal thickness and the uppermost upper mantle velocity. As expect-
ed, in this map the influence of the sedimentary basins decreases and
the group velocity map differs greatly from those obtained at 4.5 s,
12 s and 20 s. High velocities are observed in the eastern part of the
study region, while low velocities are observed in the northwestern
part. Thick crust is mapped by low velocities; thin crust by high veloci-
ties. Reflection and refraction profiles in North China (Jia and Zhang,
2005; Jia et al., 2005) show that the crust is relatively thin in the NCP,
and thick in the northwest of our study region: the crustal thickness is
about 28-29 km in Bohai Bay, about 35-36 km in Beijing and more
than 40 km to the west of the Taihangshan Fault. Group velocities at
the 28 s period show a well-defined low-velocity zone in the Beijing-
Tianjin-Tangshan region (Fig. 14d). In our tomographic results, the
low velocity zone in the Beijing-Tianjin-Tangshan region can be seen
between 23 and 30 s. Tomographic maps at these periods mainly reveal
the velocity structures in the lower crust and uppermost upper mantle.
In the tomographic maps two further important characteristics can be
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seen: (1) a high velocity zone near Datong, Shouzhou and Qingshuihe
and (2) a strong velocity gradient near the boundary between the
North China Basin and the Yanshan-Taihangshan uplift. The zone with
high-velocity Rayleigh waves near Datong, Shouzhou and Qingshuihe

50
.40
2

S 301
&20]
L

= 104

1

o
1 1

-80 -60 -40 -20 0 20 40 60 80 mGal

>,40:

f

o

o o
T 11

-80 -60 -40 -20 0 20 40 60 80 mGal

frequen
- N W
o © ©o o
AT

-80 -60 -40 -20 0 20 40 60 80 mGal

frequency
- N W B
o O O o o
j I T -

-80 -60 -40 -20 0 20 40 60 80 mGal

frequenc
- N W
o O O o
L 1 1 1 1 |

-80 -60 -40 -20 0 20 40 60 80 mGal

-80 -60 -40 -20 0 20 40 60 80 mGal

fre
o
o o
Ll L 1

-80 -60 -40 -20 0 20 40 60 80 mGal

Fig. 11. The misfit between the observed and the expected Bouguer anomaly along the profiles (a), (b), (c), (d), (e), (f) and (g). The location of the profiles are shown in Fig. 9a.

is located at the northeastern margin of the Ordos Block, which shares
the typical features of cratonic lithosphere and has not been affected by
the reactivation of the NCC. The trend of the strong group velocity gradi-
ents seen near the boundary of the NCP and the Yanshan-Taihangshan
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Uplift resembles that visible in the Bouguer gravity anomaly map (Yin
et al., 1989), where along the NE-SW-trending Taihangshan Uplift, a
continuous gradient zone is obvious.

The Taihangshan Fault is within this gradient belt and P-wave
tomography has shown that the fault cuts through the Moho interface
and penetrates into the upper mantle (Huang and Zhao, 2004;
J. Zhang et al., 2007). The belt therefore represents a major lithospheric
boundary and separates the NCC into western and eastern sectors,
which can be shown to have fundamentally different architectures.
Gravity anomaly values decrease from east to west, indicating that the
main p interface (Moho discontinuity) is deeper in the west than in
the east. Both densities and velocity structures thus differ considerably
between the two sides of the Taihangshan Fault.

5.3.2. Crustal structure

We constructed a ‘favored preliminary model’ using Genetic
Algorithm (GA) inversion of the dispersion relations at each grid
point. Juxtaposing these 1-D isotropic models, we obtained a 3-D Vs ve-
locity model for about the uppermost 50 km of the North China Craton.
The fully non-linear inversion will be the subject of a forthcoming paper.
Horizontal slices of Vs at selected depths (1, 8,10, 12,27 and 36 km) are
shown in Fig. 15a-f. The most striking features at 1 km depth (Fig. 15a)
are several large sedimentary basins. The NCP, Yanqing-Huailai Basin
and Datong Basin clearly appear as low Vs regions. Due to the large sed-
iment thickness, a broad zone with low Vs is observed in the NCP. Zheng
et al. (2005) derived the Vs model in the NCP by inverting the receiver
functions obtained at 44 temporary seismic stations. Their results
indicate that the thickness of the sedimentary cover in the NCP varies
between 2 km and 12 km. Taihangshan and Yanshan horsts are imaged
as high-velocity zones. In general, the Vs structure at 1 km correlates
very well with known surface geological structures. At 10 km and
12 km depths, the Jizhong Depression, Cangxian Uplift and Huanghua
Depression are mapped very well. Finally, at 36 km depth, high veloci-
ties (Vs about 4.2-4.4 km/s) are observed in the eastern part of the
study region, while low velocities (Vs about 3.4-3.6 km/s) are observed
in its northwestern part.

(@)
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A high velocity zone (Vs about 3.6-3.8 km/s) near Datong, Shouzhou
and Qingshuihe is observed in the depth range from 1 to 23 km, at the
northeastern margin of the Ordos Block. The block is characterized by
low seismicity, low heat flow, a positive vertical velocity gradient and
a lack of active fault and magmatic activity (Qiu et al., 2005). The inver-
sion results agree with the stable characteristics of this region. A strong
velocity gradient near the boundary between the NCP and the Yanshan-
Taihangshan Uplift can be seen in the 1-12 km depth range. Below
13 km, the high to low velocity contrast near the Taihangshan front
fault fades away and remains visible only sporadically. Thus the
Taihangshan front fault does not penetrate through the Moho disconti-
nuity along the whole fault, but probably only in some part. P-wave to-
mography, on the other hand, has shown that the fault cuts through the
Moho interface and penetrates into the upper mantle (Huang and Zhao,
2004; J. Zhang et al,, 2007). The discrepancy may be caused by a key dif-
ference in the tomographic methods used. P-wave tomography is a rel-
ative method, and as such is very sensitive to the reference velocity
model used. Surface wave tomography supplies absolute models that,
when obtained by direct non-linear inversion of a dispersion relation,
do not depend on any a priori assumptions of an initial reference
model, and permit an estimation of the uncertainties in the results
(e.g. Panza et al., 2007a,b). Zhu and Zeng (1990) found a low velocity
section in the Beijing-Tianjin-Tangshan region at 50 km depth, which
extends to 100 km beneath Tangshan and Tianjin. Using regional
seismic arrival data and the Simultaneous Iterative Reconstruction
Technique, Ding and Zeng (1994) showed that a clear low velocity
zone lies between Beijing and Tangshan in the 20-35 km depth range.
Recent body wave tomography shows a low velocity zone in the
lower crust beneath the Beijing-Tianjin-Tangshan region (Huang and
Zhao, 2004) as well. In our tomographic results, the low velocity zone
in the Beijing-Tianjin-Tangshan region can be seen between 22 and
30 km. We infer that the low velocity zone is related to the upwelling
of hot mantle material or to fluids and partially molten material as
suggested by Huang and Zhao (2004). Seismic refraction and reflection
profiles across Tangshan indicate that there is a 3-5 km offset of the
Moho discontinuity beneath Tangshan (Zeng et al., 1988). The hot
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Fig. 12. (a) The spatial distribution of the cells covering the area where Bouguer gravity anomaly inversion was performed to define the p versus depth distribution in the uppermost
350 km. IYS: Indus-Yarlung suture; BNS: Bangong-Nujiang suture; JS: Jinshajiang suture; KS: Anyimagen-Kunlun-Mutztagh suture; QS: South Qilian suture; HB: Himalayan Block; LB:
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The color scale gives density in g/cm’.
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Fig. 12 (continued).

material of the uppermost upper mantle may migrate to the crust along
the offset of the Moho discontinuity. The intrusion of mantle material
heats up the lower crust and can cause the reduction of seismic velocity.
A high conductivity layer has been found between 20 and 30 km depth
under this region using magnetotelluric soundings (Liu et al., 1989).

6. Discussion

6.1. Lateral variation of the metasomatic lid and partial melting anomaly
beneath the Tibetan Plateau

Averaged models of the lithosphere-asthenosphere system in
the Qinghai-Tibet Plateau and its vicinity have been obtained using

hedgehog non-linear inversion (Valyus et al., 1969; Knopoff, 1972;
Valyus, 1972; Panza, 1980, 1981). The depth of the Mohorovicic discon-
tinuity is identified, as a rule, as the depth of the strong Vs gradient from
~3.7 km/s to ~4.3 km/s. The depth where the Vs value begins to de-
crease is considered to be the bottom of the lithosphere. The astheno-
sphere is a relatively low velocity zone that extends from the bottom
of the lithosphere to a greater depth, where Vs is again as much as or
larger than that at the bottom of the lithosphere. In several cellular
models the situation is not so straightforward and an approximately
100 km thick metasomatic lid is detected as the main consequence of
the subduction of the Indian Plate.

Referring to the division of the tectonic setting in the Tibetan Plateau
(Fig. 1b) and to the differences in the upper-crust, lower-crust, mantle
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lid, metasomatic lid and asthenosphere (Figs. 9 and 13), we compiled The Vs and p structure of the crust and upper mantle show two remark-
the Vs-p values for different tectonic units and different portions in able characteristics: (1) the mantle lid and crust naturally define
the upper mantle and constructed the Vs-p diagram shown in Fig. 16. two distinct Vs-p domains: the mantle lid occupies the upper right
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corner of the domain while the crust occupies its lower left corner and
(2) beneath different tectonic blocks of Tibet, there are obvious varia-
tions in the metasomatic lid (Vs and p). In addition, the Vs-p distribu-
tion in the crust can be grouped for different tectonic blocks. Usually
we observe that the range of crustal p values is slightly greater for the
Himalaya Block (HB) and the Lhasa Block (LB), whereas the Vs range
is relatively narrower for the Qiangtang (QB) and Songpan-Ganzi blocks
(SB). This difference may reflect the difference in composition of the
crust of tectonic blocks to the north and south of the Bangong-Nujiang
suture. For the mantle, we observe that the range of p values is usually
3.0-3.4 g/cm?, and Vs range is 3.5-4.75 km/s for HB and LB. For the
mantle in the QB and SB, the p range is 3.1-3.3 g/cm?, while the Vs
range is 4.0-4.6 km/s. The differences in Vs-p distribution may corre-
spond to two different mantle and crust typologies belonging to the
Indian and Eurasian plates, respectively.

The Tibetan Plateau is the product of the continuing collision of India
with the southern margin of Eurasia over the past 65 Ma. The Cenozoic
magmatism is extensive, and granitic intrusions and potassic vol-
canic rocks are widely distributed in the Tibetan Plateau (Yin and
Harrison, 2000; Mo et al., 2008; Fu et al., 2010). At least 3 petroge-
netic mechanisms for the origin of granite in the Tibetan Plateau
have been proposed: (1) crustal anatexis during continental collision;
(2) high-temperature crustal anatexis related to asthenospheric up-
welling and mantle attenuation; and (3) partial melting of thickened
lower crustal rocks, triggered by underplating of ultra-potassic magma
during slab breakoff.

The observed lateral variation of the metasomatic lid is in agreement
with the discoveries of Miocene potassic granite-syenite associations in

both the western and the eastern Tibetan Plateau (Jiang et al., 2006b,
2010, 2012).

In the western Tibetan Plateau, the Miocene (12-10 Ma) Karibasheng
and Kuzigna plutons are composed of monzogranite, syenogranite,
diopside-bearing syenite and diopside syenite. These rocks are
shoshonitic and have very high Ba and Sr concentrations. The gran-
ites and syenites in the western Tibet Plateau have higher Ba/Rb
(10-34) and lower Rb/Sr (0.08-0.26) ratios than the Yulong
monzogranite-porphyry in the eastern Tibetan Plateau, suggesting
the presence of both phlogopite and amphibole in their source
regions. Detailed elemental and isotopic data suggest that the granites
and syenites were derived directly from the veined lithospheric mantle
that had been hybridized by continental slab-derived melts. The conti-
nental slab break-off was most likely to be the mechanism associated
with the generation of granites and syenites (Jiang et al., 2012).

In the eastern Tibetan Plateau, the Yulong monzogranite-porphyry
shows clearly high Rb/Sr (>0.17) and low Ba/Rb (<7) signatures, and
has been inferred to have been derived from a phlogopite-bearing
(amphibole-free) source (Jiang et al., 2006b). Low-degree melting of a
metasomatic lithospheric mantle has been proposed as the origin of
the Cenozoic Yulong monzogranite-porphry (Jiang et al., 2006b).

6.2. Transition from W- to E- and NE-directed subduction: a mechanism to
explain the lateral variation of the mantle lid?

GPS measurements suggest an along-strike variation of the rate of
motion between the west and east of the Himalaya and even the
whole Tibetan Plateau. The seismic activity pattern, the high or ultra
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high-pressure metamorphic rock distribution and the westward flow of
the Indus River, opposite to the eastward flow of the Yarlung River,
represent remarkable phenomena associated with the along-strike
variation of motion in the Himalaya. The lateral variation in metaso-
matic lid thickness, the spatial distribution and thickness of the
partial melting layer and the geochemical features of granitoids
may represent important responses to the transition of the subduc-
tion polarity from W- to E- and NE-directed. By polarity we mean

the direction of subduction with respect to the tectonic mainstream,
which is not E-W, but can be identified with a great circle, the tec-
tonic equator (TE), that forms an angle relative to the geographic
equator close to that of the revolution plane of the Moon (Doglioni,
1990, 1991; Riguzzi et al., 2006; Crespi et al., 2007; Doglioni et al.,
2007). In the hotspot reference framework a “westward” rotation of
the lithosphere can be observed (Gripp and Gordon, 2002; Cuffaro
and Jurdy, 2006). The origin of this net rotation of the lithosphere
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(Bostrom, 1971) is still under debate (Scoppola et al., 2006), but it
should range between 4.9 (Gripp and Gordon, 2002) and 13.4 cm/yr
(Crespi et al., 2007) at the tectonic equator. This implies that the
plate motion flow is significantly polarized toward the “west”
(Doglioni et al., 1999a,b), and subduction zones follow or oppose
the relative “eastward” mantle flow. Subduction zones following
the flow are the North and South American cordilleras, the Dinarides,
the Hellenides, the Caucasus, Zagros, Makran, the Himalayas, the
Indonesia-Sunda arc, Taiwan, New Guinea, New Hebrides and south-
ern New Zealand. Subduction zones opposing the flow are Barbados,
Sandwich, the Apennines, the Carpathians, Banda, Molucca, Tonga,
Kermadec, the Marianas, [zu-Bonin, Nankai, the Philippines, Kurili
and the Aleutians. The Japan subduction appears to be a transitional
subduction zone.

The W-directed slabs are generally very steep (up to 90°; on aver-
age 66°) and deep, apart from a few cases such as in Japan. They have
a cogenetic backarc basin, and the related single verging accretionary
prism has a low elevation (e.g. Barbados, Sandwich and Nankai), is
mostly composed of shallow rocks, and has a frontal deep trench or
foredeep (Doglioni et al., 1999a,b). The E- or NE-directed subduction
zones are less inclined (15-70°; on average about 27°) and the seis-
micity generally dies at about 300 km, apart from some deeper clus-
ters close to the upper-lower mantle transition (Omori et al., 2004),
not necessarily indicating the presence of slab fragments (Varga
etal., 2012). The related orogens have high morphological and struc-
tural elevation (e.g. the Andes, the Himalayas, and the Alps), wide
outcrops of basement rocks, and two shallower trenches or foredeeps
at the fronts of the double verging belt, i.e., the forebelt and the
retrobelt. The retrobelt decreases its development when the upper
plate is subject to extension (e.g. Central America and the Aegean and
Andaman seas).

Royden (1993) proposed that asymmetry of subduction zones is re-
lated to a convergence rate faster or slower than the slab retreat.
Doglioni et al. (2006) instead suggested that the subduction system is
primarily sensitive to the behavior of the subduction hinge, i.e., whether
it is moving towards or away from the upper plate, regardless of the
convergence rate. The subduction rate is faster than the convergence
rate where the hinge migrates away from the upper plate, and slower
than the convergence where the hinge converges or advances toward
the upper plate. The two end members appear sensitive to the
geographic polarity of the subduction zones, the asymmetry being
not among E-W subduction zones, but along the tectonic equator,
following or opposing the “westerly” directed lithospheric flow
(Doglioni, 1993), validated by space geodesy and statistical analysis
(Crespi et al., 2007). This tectonic mainstream implies a relative
mantle counterflow “eastward” directed.

6.3. Influence of the transition of the subduction polarity of the Indian Plate

6.3.1. Tracing the crust/lithosphere/asthenosphere boundaries between the
Indian and Eurasian plates

Since Argand (1924) presented the model of underthrusting of the
Indian shield beneath the Qinghai-Tibet Plateau, subduction has been
considered to be a major mechanism in the uplift and evolution of the
plateau. After Panza and Mueller (1979) and Mueller and Panza
(1986) provided geophysical evidence for continental lithosphere
subduction in continent-continent collision in the Alpine domain,
some collision models for the Indian Plate and the Eurasian Plate
interaction were proposed. These models are constructed to inter-
pret the north-south strong crustal shortening and vertical thicken-
ing of the highest plateau in the world and fall into two main
categories: (1) those in which the Indian lithosphere is subducted
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under the Qinghai-Tibet Plateau (Zhao and Morgan, 1985; Powell,
1986), and (2) those in which the stronger Indian lithosphere acted as
arigid indenter and resulted in the thickening of the lithosphere of the
Qinghai-Tibet Plateau (Dewey et al., 1988; England and Houseman,
1988; Dewey et al., 1989; Willett and Beaumont, 1994).

By combining the shear wave velocity cross-sections (Fig. 9b-f)
along the profiles A-A’, B-B’, C-C’, D-D’, E-E’, F-F" and G-G’, oriented
in accordance with the direction of the global mantle flow (Crespi
et al.,, 2007; Panza et al.,, 2010; Riguzzi et al., 2010) and consistent
with the dominant characteristics seen in group velocity tomographic
maps, such as the NW-SE directed low velocity anomaly in the
Qinghai-Tibet Plateau, it has been possible to compile a section that
shows the Moho and the lithosphere-asthenosphere boundary (LAB)
boundaries between the Indian and Eurasian plates (J.M. Zhao et al.,
2010). From the profiles crossing the Main Boundary Thrust (MBT) it
can be seen that the uppermost upper mantle of the Indian Plate is
clearly subducted almost horizontally beneath the Himalaya (HM) and
the Lhasa Block (LS) and underthrust as far as around the Bangong-
Nujiang suture (BNS). Similar results for the mantle boundary or LAB
between the Indian and Eurasian plates can be found in recent receiver
function images along the west and the central N-S profiles across the
Tibetan Plateau (J.M. Zhao et al., 2010). The combined interpretation
of all wide-angle seismic profiles in the Tibetan Plateau indicates that,
at the crustal level, the boundary between India (subducted) and
Eurasia mimics the LAB boundary (Zhang et al., 2011e), as shown by
our Vs and p models.

6.3.2. Does the Indian Plate subduct beneath the Himalaya as a low
angle slab?

It is still unclear whether the Indian Plate is subducting beneath the
Himalaya steeply or gently. A deep seismic sounding survey in the
Kashmir Himalaya (Kaila and Narain, 1976) showed the Moho dipping
toward the north-northeast, at an average angle of 15°-20°. Hauck
et al. (1998) and Schulte-Pelkum et al. (2005) proposed that the
Moho dips with an angle of a few degrees northwards beneath the
Sub and Lesser Himalaya and steepens to about 15° beneath the Greater
Himalaya. Tiwari et al. (2006) suggested that the MBT and MCT dip with
an angle of about 22° and about 16° to the north, respectively. Reinter-
pretation of the Sino-French joint west-east wide-angle seismic profile
in the Himalaya indicates that the Indian Plate subducts or subducted
beneath the Himalaya as a low-angle subduction slab (~8.5°) but may
have undergone a transition from steep subduction to low-angle, gentle
subduction (Zhang and Klemperer, 2010).

The S-wave models along different profiles (Fig. 9), going from west
to east, show the following features: (1) to the south of the Indus-
Yarlung-Zangbo suture (IYS), the crustal thickness exceeds 70 km in
the Himalaya Block. The Moho interface is 73-79 km deep (average is
about 76 km) in the east; in the west it is 70-78 km deep, with an aver-
age of about 73 km. (2) The depth of the Moho interface increases
northward; in the south of the study area, the Moho interface is discon-
tinuous near the sutures when moving from the eastern to the western
profiles. Near the Yarlung-Zangbo suture, the following features can be
observed.

(1) To the south of the IYS, the Moho interface is 73-79 km deep
(average depth 76 km) to the east, and to the west it is at
70-78 km of depth, with an average of 73 km, i.e., the depth of
the Moho interface is deeper to the east than to the west. For ex-
ample, the Moho is at 78 km depth in the east (Pumoyong Cuo,
the distance is 70 km along the Yadong-Namu Cuo profile) and
70 km in the west (Peigu Cuo) (Zhang and Klemperer, 2010);
the whole Moho interface shows that the crustal thickness of the
Himalaya Block thins from east to west and deepens northward.

(2) The derived lateral variation in the subduction angle of the crust
(Fig. 9b) is in good agreement with the p structure, which extends
to a depth of 350 km, as shown in Fig. 13a-f. In these figures, the

relative higher density layer (~3.3 g/cm3) is interpreted as the
mantle lid, the thickness of which is almost constant of around
100 km to the south to the Yarlung-Zangbo suture, increasing be-
neath the IYS and reaching 150-200 km beneath the LS, QB and SB
blocks. Considering the possible uncertainties of the subducting
angle, we suggest that the slip angle is ~15° on the western part
of the Tibetan Plateau, and is <10° towards the east.

The surface wave tomography results (Fig. 9) demonstrate the later-
al (west-east) variation in the geometry of the Indian lid subduction:
the Indian lid is subducted at a large angle beneath the Eurasian plate
just before the Yarlung-Zangbo suture (IYS) to the west of 82°E, but
with a small angle towards the east. In the lithosphere of the Qinghai-
Tibet Plateau the crust is very thick, with low velocity in its lower part,
and the lithospheric mantle is thin. A double-crust structure is not
detected in the Qinghai-Tibet Plateau. We reiterate the view of Le
Pichon et al. (1992), who considered that the Indian lower crust is not
preserved in the Himalayan thrust sheets. The crust of the Qinghai-
Tibet Plateau is twice as thick as the average continental crust
(60-80 km) with an abnormal thermal state, resulting from the conti-
nent crustal convergence due to the collision and compression of the
Indian and Eurasian plates. The upper part of the Indian crust has been
removed by erosion along the Himalayan front (Zhao and Morgan,
1985). In contrast, the lithosphere is relatively thin in the central
Qinghai-Tibet Plateau, above a thick metasomatic lid; indeed, north of
the BNS large portions of metasomatic lid are widely present. The
low-velocity lower crust and the metasomatic lid, detected in the cen-
tral Qinghai-Tibet Plateau, show that in the QB Block the relatively
low velocities could be associated with high temperatures and/or the
fluids released by dehydration of the subducting slab, consistent with
the active Cenozoic volcanism in the area. The doubling (superposition)
of the upper (Asian) and lower (Indian) plates can account for the uplift
of the Qinghai-Tibet hinterland.

This lateral variation, from steep subduction beneath the west to the
gentle subduction in the central and eastern Himalaya, is consistent
with the exposure of ultra high-pressure metamorphic rocks to the
west, while only high-pressure rock exposures are found in the central
and eastern Himalaya. This is also supported by the recent numerical
modeling of small- and large-angle subduction of the Indian Plate be-
neath the Tibetan Plateau (Li et al., 2008). The origin of this west-east
difference in the subduction angle of the Indian slab is still unclear,
but most studies are focused on the Indian crust or lithosphere itself
and neglect a possible key contribution from the eastward mantle
flow (e.g. Doglioni et al., 1999a,b).

In addition to the temporal variation in the convergence rate
between the Indian and the Eurasian plates (equivalent to the lateral
variation of the two plates' convergence rate between the west and
the east of the Himalaya), the contribution from mantle flow should
be taken into account, in particular the subduction asymmetry of the
W-directed on one side and E- and NE-directed plates (Doglioni et al.,
1997, 2007, 2009; Panza and Raykova, 2008; Panza et al., 2010) on the
other. It is thus reasonable to speculate that the subduction of the
Indian Plate may have experienced such a polarity variation from W-
directed beneath the western Himalaya, to E- and NE-directed subduc-
tion in the central and eastern syntaxis of the Tibetan Plateau. This
possible variation of the subduction polarity of the Indian Plate may in-
dicate the west-east difference in convergence rate between the Indian
and Eurasian plates, and then leads to the west-east variation of
the leading edge of the subducting slab. Receiver function imaging
(Hetényi et al., 2007; J.M. Zhao et al., 2010) and seismic traveltime
tomography (Li et al., 2008) suggest that the Indian lithosphere passes
through the whole of the plateau at the west, and is in contact
with the Tarim Basin at the north end, but terminates south of the
Bangong-Nujiang suture at the central and final part of the plateau.
Combining all these results, we speculate that the lithospheric mantle
is decoupled from its crust at the west; in other words the Indian
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crust has been injected into the whole Tibetan Plateau at a small angle,
and the Indian lithospheric mantle subduction at a large angle is termi-
nated by the Yurlung-Zangpo suture. This steepening of the Indian lith-
ospheric mantle produces the thick metasomatic lid (as observed in
surface wave tomography, Fig. 9) before the Yarlung-Zangbo suture,
which enhanced the deformation ability and provided favorable condi-
tions for the far-reaching injection of Indian crust into the plateau. The
Hindu Kush and the Pamir seismic region, characterized by high con-
centrations of intermediate-depth seismicity, further support this spec-
ulation. These intermediate-depth events trace the Wadati-Benioff
zone, which dips to the north under the western and central parts of
the Hindu Kush and southwards under the Pamir. Earthquake studies in
the region show that seismicity extends to a depth of about 300 km.
Our surface wave tomographic result is consistent with the inferences
from surface wave tomography made by Brandon and Romanowicz
(1986) and the interpretation of the gravity field (Molnar, 1988; Burov
et al,, 1990). These results indicate that the Moho reaches about 70 km
of depth in the Pamir, and suggest the injection of the Indian crust
through the whole of the western Tibetan Plateau (Zhang et al., 2011e).

6.4. The lower crust beneath the Himalaya and Lhasa: is it eclogitizing now
or was it eclogitized?

Previous studies have shown that eclogitization of the lower crust is
a key process in support of the high elevation of both the Himalayas and
Tibet (Bousquet et al,, 1997; Henry et al., 1997; Cattin et al.,, 2001; Tiwari
et al., 2006; Hetényi et al., 2007. In the north of the Himalaya, the lower
Indian crust is characterized by a high-velocity region consistent with
the formation of eclogite and a high-density material, the presence of
which affects the dynamics of the Tibetan Plateau (Schulte-Pelkum
etal., 2005). However, several seismic studies have inferred abnormally
low, rather than increased, velocities for the Tibetan lower crust (Cotte
et al., 1999; Zhao and Helberger, 1991; Zhao et al., 1996), thus suggest-
ing the absence of eclogite. It is also worth mentioning that there are
still different observations and arguments to support or reject the
model of eclogitization in the lower crust of Tibet. Firstly based on a re-
ceiver function study and observed fast Vp in the lower crust, Schulte-
Pelkum et al. (2005) argued that the lower crust is partially (~30%)
eclogitized just south of the IYS, and that the eclogitization process is
governed by water availability. This implies that the lower-crust mate-
rial reaches the eclogite facies via granulite facies conditions, as shown
by Le Pichon et al. (1997) for geotherms established after more than
~20 Ma of relaxation. However, the latter study also showed that the
geotherm may follow an amphibolite-eclogite and even a blueschist—
eclogite path for shorter relaxation times, between ~10 and 20 Ma
and less than ~10 Ma, respectively. Secondly, based on thermo-
kinematic modeling, Henry et al. (1997) proposed that the high altitude
of the Himalayas is related to the absence of eclogites beneath the
mountain range. Eclogites would not have been formed due to the fast
rates of underthrusting of relatively cold material. Thirdly, another
kind of support for the eclogized lower crust model comes from studies
in the LB (Cattin et al., 2001; Tilmann et al., 2003; Tiwari et al., 2006).
Seismic tomography of the upper mantle in central Tibet revealed a
sub-vertical high velocity zone beneath the northern LB block that prob-
ably represents the detachment front of the Indian mantle lithosphere
(Tilmann et al., 2003). Fourthly, based on gravity data combined with
numerical modeling of the gravity anomaly, Cattin et al. (2001 ) showed
that eclogitization does not take place under the High Himalayan range
as expected from a steady-state local equilibrium assumption, but in-
stead further north beneath the Tibetan Plateau. More recently, Tiwari
et al. (2006) showed that gravity and magnetic anomalies across
Sikkim can be explained with a model in which the crust beneath
Tibet (between 56 and 72 km depth) is eclogitized ~100 km north of
the IYS. In the following section, based on the density and composi-
tion of the lower crust, we provide evidence against the absence of
eclogitization in the lower crust beneath the Himalaya and Lhasa.

6.4.1. Evidence from lower crustal density

Eclogite is characterized by very high seismic velocities
(Vp > 7.5 km/s, Vs > 4.3 km/s) and p > 3.2 g/cm>. Eclogitization of
the lower crust can be inferred from its density. In order to evalu-
ate the presence of eclogitized lower crust, we designed a p model
(Model III) for the crust (Fig. 10b) with eclogite in the lower crust,
keeping the same geometry as in the Model II described in Section 5.2.
When including the lower crust beneath the HB and LB blocks with
p > 3.3 g/cm?, the calculated gravity anomaly is obviously larger than
the observed Bouguer anomaly. In order to match the calculated anom-
aly with the observed data, p is reduced in the lower crust: the result
obtained with p < 3.2 g/cm® in the lower crust is shown in Fig. 10d.
Model IV was preferred following several tests using a trial-and-error
approach. The calculated Bouguer anomaly is in good agreement with
the observed data, with the exception of a few local misfits. The main
negative anomalies at the contact zone between the Indian and
Eurasian plates are properly reproduced compared with Model III. A
concentration of residuals around zero with a standard deviation is
29.45 mGal, the correlation coefficient between the observed and
calculated gravity anomaly data is 0.9 (S.F. Zhang, 2010). According to
the modeled p structure, our result shows p < 3.2 g/cm? in the lower
crust, in contrast with the expected high Vp (6.8-7.6 km/s) and high
p (3.15-3.6 g/cm?) in the lower crust if eclogite were present (Mengel
and Kern, 1990). This suggests the absence of eclogite or partial
eclogitization due to delamination under central-south Tibet.

6.4.2. Evidence from crustal composition modeling

In addition to indirect evidence such as seismic velocities and densi-
ty, in order to verify the presence of eclogite in the lower crust, one
direct piece of evidence is its composition. In order to derive a crustal
composition model we compared the values of our models with labora-
tory measurements of ultrasonic velocities and densities, which are
generally performed at room temperature (Brown et al., 2003;
Zhang et al., 2008; Zhang and Wang, 2009; X. Zhang et al., 2011;
Zhao et al., 2013). We calibrated all Vp (Hirn et al., 1984a,b; Teng
et al.,, 1985a,b; Min and Wu, 1987; Makovsky et al., 1996; Makovsky
et al,, 1999; Zhang and Klemperer, 2005, 2010; Zhang et al., 2011b) to
a standard pressure of 600 MPa and room temperature (Christensen
and Mooney, 1995). The crustal temperatures were estimated from
thermal modeling results (Hetényi et al., 2007; Jiménez-Munt et al.,
2008) and the pressure in each layer was determined by its depth and
density, obtained from gravity modeling. The pressure in the deep
crust can be calculated easily by the formula P = pgz, where p has
been obtained by gravity modeling, g is the acceleration due to gravity
(assumed to be 9.81 m/s?), and z is depth. Vp and p corrected for the
pressure and temperature field for each layer can be compared with
laboratory measurements of ultrasonic velocities, which are generally
performed at room temperature. Table 4 lists the published velocities
for the units used in the compilation, as well as the P-wave velocities
(Vp).

Fig. 17a shows the calculated densities and velocities for the differ-
ent bodies of the study area and laboratory data set. Every line corre-
sponds to one of the bodies of our density model (see Fig. 10d). As
shown in Fig. 17b, metagraywacke (MGW), andesite (AND) and gran-
ite-granodiorite (GRA) are the main components of QU8. Although
the curves of granite-granodiorite (GRA), granite-gneiss (GGN) and
quartzite (QTZ) are around the lines of LU6 and U2, the velocities of
quartzite (QTZ) are lower than the calibrated velocities of LU6 and
[U2. We therefore consider that LU6 and IU2 are respectively composed
of granite-granodiorite (GRA) and granite-gneiss (GGN). The gravity
anomaly is greater in the Himalaya than in Tibet, so if we assume that
there are no lateral variations in p in the middle crust, lower crust and
upper mantle, the material forming the Himalaya is, on average, denser
than that making up Tibet. According to Fig. 17b, the composition of
HUG is denser than LU6 and QU8 beneath Tibet, and is possibly composed
of biotite (tonalite) gneiss (BGN) and pyroxenite (PYX). Paragranulite
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Table 4

Physical parameters of the different bodies used in the p modeling. We give the name of the body, p (rounded off to 0.05 g/cm?), the published in situ velocity (rounded off to 0.05 km/s),

the temperature, and the calibrated velocity (rounded off to 0.05 km/s).

Unit P Vp Temp. Vp’
(g/em?) (km/s) Q) (kmy/s)
IS1 2.55 3.60-4.6 50-150° 3.70-4.75
102 2.7 5.9-6.5 150-250° 6.05-6.65
HU3 2.75 >5.7 (Hauck et al., 1998) <400 >5.90
HM23 29 6.5 <600*° 6.70
HS4 2.65 42-53 50-180 4.30-5.45
HS34 2.65 4.2-53 50-180 4.30-5.45
LU6 2.7 6-6.5 (Meissner et al., 2004; Zhao et al., 2001c) <600" 6.2-6.70
6-6.25 (Haines et al., 2003a,b)
LM26 29 6.5-6.75 (Haines et al., 2003a,b) 800° 6.70-6.85
6.5-6.7 (Meissner et al., 2004)
Qs7 2.5 4-5 (Haines et al., 2003a,b) <200¢ 4.15-5.15
QS37 2.6 4-5 (Haines et al., 2003a,b) <200° 4.15-5.15
QU8 2.65 ~5.8-6.2 (Meissner et al., 2004) 200-600%" 5.75-6.75
~5.6-6.5 (Zhao et al.,, 2001c)
5.7-6.1 (Haines et al., 2003a,b)
QM28 2.90 6.65-6.85 (Haines et al., 2003a,b) 800° 6.95-7.10
IL13/132 2.9/3.0 6.7 350-450*" 6.9
/134/135 3.05/3.1
HL14/214 3.0,3.2 6.9-7.3 700-800° 6.95-7.45
LL15/215 3.0,3.15 6.6-7.1 (Meissner et al., 2004) 1000-1100° 6.8-7.2
7-7.3 (Zhang and Klemperer, 2005) 700-800"
6.5-7.3 (Zhao et al., 2001c)
LL315 3.05 6.6-7.1 (Meissner et al., 2004) 1000-1100° 6.8-7.2
7-7.3 (Zhang and Klemperer, 2005) 700-800"
6.5-7.3 (Zhao et al., 2001c)
QL16 3.0 6.6-7.1 (Meissner et al., 2004) 1000-1100° 6.8-7.2
7-7.3 (Zhang and Klemperer, 2005) 700-800"

6.5-7.3 (Zhao et al., 2001c)
7.1 (Haines et al., 2003a,b)

Descriptions of each unit: IS1—Indian foreland basin; [U2—Indian upper crust; HU3—Himalaya upper crust; HM23—Himalaya middle crust; HS4—Himalaya sediments; HS34—north
Himalaya sediments; LU6—Lhasa block upper crust; LM26—Lhasa block middle crust; QS7—Qiangtang block sediments; QS37—north Qiangtang block sediments; QU8—Qiangtang
upper crust; QM28—Qiangtang middle crust; CM29 Chaidam middle crust; IL13, IL132, IL134, IL135—Indian lower crust; HL14—Himalaya lower crust; LL15—Lhasa block lower crust;
LL315—north Lhasa block lower crust; QL16—Qiangtang lower crust; QL316—Chaidam lower crust; M17—upper mantle; CM9—Chaidam upper crust. Black body texts for Vp are deduced

from Vs from Mitra et al. (2005).
2 Brewer et al. (2003).
b Hetényi et al. (2007).
¢ Jiménez-Munt et al. (2008).

(PGR) and felsic granulite (FGR) are excluded, since their p is higher than
that of HUG6. For the middle crust, the calibrated middle crustal velocities
are higher than those of rock types whose densities are around the range
of QM28, HM23 and LM26 (see Fig. 17c). We cannot estimate the compo-
sition of these middle crustal units, and so the data set of Rudnick and
Fountain (1995) were used for further comparison. Fig. 18a shows the
calculated densities and velocities for the different bodies of the study
area and the laboratory data set of Rudnick and Fountain (1995). As
shown in a zoomed figure (Fig. 18b) of Fig. 18a, the middle crust has an
intermediate granulite facies composition and might be composed of
pelitic gneisses. For the lower crust, as seen in Fig. 17d, the lower crustal
rocks of IL13, HL14, LL15 and QL16 are possibly a mixture of gabbro-
norite-troctolite (GAB), mafic granulite (MGR) and diabase (DIA).
Amphibolite (AMP) and greenschist facies basalt (BGR) are also excluded,
because of their high densities. However, AMP and BGR might make up
IL134, LL215 and LL315.

From the composition in the lower crust beneath HB and the south
of LB, we could not find evidence to support the presence of eclogite
in the lower crust. This is also reinforced by the crustal composition
model along the INDEPTH-3 profile across the Bangong-Nujiang suture
(X.Zhang et al., 2011).

6.5. Crustal responses to lithospheric disruption

6.5.1. Lateral variation of crustal responses to the lithospheric disruption of
the North China Craton

Many of the Archean terranes over the globe with ages ranging up
to 3.8-4.0 Ga are dominantly composed of tonalite-trondhjemite-

granodiorite (TTG) gneisses with or without minor volumes of meta-
supracrustal rocks and meta-gabbros (e.g. Nutman et al., 1993, 2000).
The major event of formation of TTGs around 2.9-2.7 Ga contributed
to the generation of large volumes of juvenile crust, and the TTG rocks
were probably derived from the partial melting of mafic (or possibly
oceanic) protoliths accompanied by varying degrees of interaction
with mantle peridotite (e.g., Martin et al., 2005; Smithies et al., 2007;
Huang et al., 2013). On the other hand, granitic gneisses, which form
the common constituents of continental crust, were mostly derived
from intermediate-felsic rocks as well as sedimentary protoliths by par-
tial melting. Condie et al. (2001) and Condie (2001, 2004) suggested a
Neoarchean plume model to interpret the formation of TTGs during
2.9-2.7 Ga, and correlated them to a large igneous province with
associated basalt-komatiite suites. The amalgamation of continental
fragments at ca. 2.5 Ga into a supercraton (Arctica or Kenorland) has
also been proposed (e.g. Rogers and Santosh, 2003, 2004). However,
the mechanism of aggregation of the early Precambrian continental
blocks to form a supercraton is uncertain, and the various models
proposed take into consideration rifting, p inversion, back arc basin for-
mation, arc-arc accretion, subduction of oceanic lithosphere, and arc-
continent or continent-continent collision (Windley, 1973; Jordan,
1978; Arndt, 1983; Nisbet, 1987; Hoffman, 1988; Kusky, 1990; Mitchell,
1991; Kroner and Layer, 1992; Windley, 1993, 1995; Goodwin, 1996;
Condie, 2000; Eriksson and Catuneanu, 2004; Kusky et al., 2004a,b;
Santosh et al., 2007a,b, 2010, 2013). The driving mechanism of these
processes is debated within varying models of intra-continent tectonics,
plume tectonics and plate tectonics (Manikyamba and Kerrich, 2012;
Condie and Aster, 2013).
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Fig. 17. (a) Vp-p relations. Thick green segments show p obtained with gravity modeling and the range of published Vp; thick red lines show the calibrated values of Vp at room temper-
ature and 600 MPa pressure. Filled circles represent p and Vp for 29 rock types at room temperature and 600 MPa pressure. Dashed rectangles show the cluster of different crustal layers:
UC is the upper crust, MC the middle crust and LC the lower crust. Rock types are: andesite (AND), basalt (BAS), diabase (DIA), granite-granodiorite (GRA), diorite (DIO), gabbro-norite—
troctolite (GAB), metagraywacke (MGW), slate (SLT), phyllite (PHY), prehnite-pumpellyite facies basalt (BPP), greenschist facies basalt (BGR), granite-gneiss (GGN), biolite (tonalite)
gneiss (BGN), mica quartz schist (QSC), amphibolite (AMP), felsic granulite (FGR), paragranulite (PGR), anorthositic granulite (AGR), mafic granulite (MGR), serpentinite (SER), quartzite
(QTZ), zeolite facies basalt (BZE), mafic garnet granulite (GGR), mafic-eclogite (ECL), calcite marble (MBL), anorthosite (ANO), hornblendite (HBL), pyroxenite (PYX), dunite (DUN). Blow
up of part of (a): (b) upper crust (UC), (c) middle crust (MC) and (d) lower crust (LC). [U2: Indian upper crust; HU6: Himalaya upper crust; HM23: Himalaya middle crust; LU6: Lhasa
terrane upper crust; LM26: Lhasa terrane middle crust; QU8: Qiangtang upper crust; QM28: Qiangtang middle crust; IL13, IL134: Indian lower crust; HL14: Himalaya lower crust;
LL15, LL215: Lhasa terrane lower crust; LL315: north Lhasa terrane lower crust; QL16: Qiangtang lower crust.

In order to reveal crustal responses to lithospheric destruction, beneath the western NCC and the western portion of the central NCC
especially west-east differences in crustal response, we constructed a than beneath the eastern NCC and the eastern portion of the central
west-east transect (Wen'an-Chayouzhongqi) showing lateral varia- NCC. Such a pattern probably means that: (1) the lateral variation of
tions in Vp, Vs and Vp/Vs ratio (Fig. 19). The Vp/Vs ratio is usually higher the crustal response to the lithospheric disruption, and the leading
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Fig. 18. (a) Same as Fig. 17, thick green lines show p determined from gravity modeling and the range of published Vp and thick red lines show the calibrated values of Vp at room tem-
perature and 600 MPa pressure. Filled circles represent the densities and velocities at room temperature and 600 MPa pressure from the data set of Rudnick and Fountain (1995). (b) Blow
up of part of (a) for the middle crust. (GMa indicates mafic granulite facies, GIm intermediate granulite facies, and GP pelitic gneisses). From the figure it can be inferred that the middle
crust has an intermediate granulite facies composition and may be composed of pelitic gneisses.
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edge of the lithospheric disruption is confined to the middle of the
central NCC and (2) this lateral variation is a relic consistent with
the fact that the 1.85 Ga continent-continent collision was asymmetri-
cal, as required by the double-sided subduction model. The two layers
with the lowest Vs beneath the western NCC observed by Zhu and
Zheng (2009) are suggested to be seismic signatures of the 1.85 Ga con-
tinent-continent westward subduction (Santosh, 2010).

The Vs crustal velocity model in North China reveals the thickness
of the sedimentary cover and the lateral variation of the Moho inter-
face very well. The thickness of the sedimentary cover is less than
2 km in the Taihangshan and Yanshan horsts, about 5 km in the
Yanqing-Huailai Basin and about 3 km in the Datong Basin. The
thickness of the sedimentary cover in the NCP is more than 6 km
and has lateral variation corresponding to different tectonic units.
The thickness of the sedimentary cover is about 8 km in the Cangxian
Horst and about 11 km in the Jizhong and Huanghua depressions.
The Moho depth is larger in the western part than in the eastern part:
the crustal thickness increases from 28 km in Bohai Bay to 44 km in
Zhangjiakou.

The maps of Vs at different depths show that the Taihangshan Fault
is a boundary between high and low velocity in the 0-12 km depth
range, while the region below the boundary between high and low ve-
locity is visible only at some parts of the Taihangshan Fault. We infer
that the Taihangshan Fault only extends to the Moho interface in
some regions. From 0 to 8 km, the Yanshan Uplift is mapped as a
broad high velocity body, while its southern margin is mapped as an al-
ternation of high and low velocity bodies, which may be caused by the
NNE-NE trending faults. There is a distinct low velocity belt, with a
NW trend and at a depth of 10 km, near the Zhangjiakou-Bohai seismic
zone. This low velocity belt and the southern margin of the Yanshan
high velocity body outline the Zhangjiakou-Bohai seismic zone and its
northern broader boundary. There is a well-defined low velocity zone
in the middle to lower crust (15-25 km) in the Beijing-Tianjin-Tang-
shan region, which may be caused by the intrusion of hot mantle
materials.

The described pattern of sedimentary thickness, Moho depth and Vs
at different depths demonstrates that the present configuration of the
NCC can be divided into three parts: western, central and eastern. How-
ever, whether the popular Precambrian tectonic subdivision of the NCC
into the Eastern and Western Blocks with the intervening Trans-North
China Orogen is preserved wholly or partly in the Mesozoic remains
equivocal.

The tomographic maps show two further important characteristics:
(1) a high velocity zone near Datong, Shouzhou and Qingshuihe and (2)
a strong velocity gradient adjacent to the boundary between the NCP
and the Yanshan-Taihangshan Uplift. The zone with high velocity
Rayleigh waves near Datong, Shouzhou and Qingshuihe is located
at the northeastern margin of the Ordos Block, which shows charac-
teristics typical of a cratonic lithosphere that has not been affected by
the reactivation of the NCC. The block is characterized by low seis-
micity, low heat flow, a positive vertical velocity gradient and a
lack of active fault and magmatic activity (Qiu et al., 2005). The
trend of a strong horizontal gradient in velocity seen near the bound-
ary of the NCP and the Yanshan-Taihangshan Uplift mimics that vis-
ible in the Bouguer gravity anomaly map (Yin et al., 1989), where
along the NE-SW-trending Taihangshan Uplift, a continuous gradi-
ent zone is noticeable. The Taihangshan Fault is within this gradient
belt, and P-wave tomography has shown that the fault cuts through
the Moho interface and penetrates into the upper mantle (Huang
and Zhao, 2004; J. Zhang et al., 2007). The belt represents a major
lithospheric boundary and separates the NCC into western and eastern
sectors, probably with fundamental differences in architecture. Gravity
anomaly values decrease from east to west; this indicates that the
main p interface (Moho discontinuity) is deeper in the west. Thus both
densities and velocity structures differ greatly on both sides of the
Taihangshan Fault.

The various models related to the early Precambrian evolution of the
NCC can be summarized as follows.

(1) An ancient ocean separated the Western and the Eastern sub-
blocks of the NCC. The oceanic crust subducted beneath the west-
ern margin of the Eastern sub-block and closed at about 1.85 Ga,
forming the basement of the North China Craton (Zhao et al.,
2001a,b). This model was accepted by Wilde et al. (2002),
Kroner et al. (2005, 2006), and ]. Zhang et al. (2006, 2007,
2009). However, Santosh (2010) showed that the subduction po-
larity was towards the west, with the Eastern Block subducting
beneath the Western Block, and the Yinshan Block subducting
towards the Ordos Block in a double-sided subduction realm.
The basement of the NCC formed at about 2.5 Ga; rifting occurred
at about 2.4 Ga along the collisonal belt, and the Inner-
Mongolia-northern Heibei orogenic belt formed from collisional
compression at the northern margin of the NCC at about 2.3 Ga.
This led the craton to produce Andean-type deformation be-
tween 2.2 and 1.85 Ga and extension around 1.85-1.70 Ga
(Kusky and Li, 2003). The amalgamation of the Western and
Eastern sub-blocks of the NCC resulted from the subduction of
the Western sub-block beneath the Eastern sub-block (as the
passive plate) (Kusky et al., 2007; Li and Kusky, 2007).

(3) Three Paleproterozoic continents (Ordos, Fuping and eastern
continental blocks) were separated by the Lvliang and Taihang
ancient oceans: the Taihang Ocean closed at about 2.1 Ga,
when the Fuping continental block subducted beneath the east-
ern sub-block. Subsequently, the Fuping continental block collid-
ed with the Ordos continental block at about 1.9-1.8 Ga,
producing the present Central Orogenic Belt (Faure et al., 2007;
Trap et al., 2007, 2008, 2009).

—
N
—

In order to understand the lateral variation in crustal structure
across the NCC, we collected crustal Vp models produced by west-east
deep seismic sounding profiling. The lithospheric thickness was plotted
using data compiled from receiver functions, surface wave tomography
and gravity inversion (Fig. 20).

From the more detailed description in Zhang et al. (2013c), we can
observe that the average Vp in the crust is about 7.0 km/s beneath the
Tanlu Fault, and 6.6 km/s beneath the contact belt between the eastern
and the central NCC. Correspondingly, the thickness of the seismic layer
is 20-25 km beneath the Tanlu Fault, and 15-20 km beneath the
contact belt between the eastern and the central NC sub-blocks. These
differences in the average crustal Vp and seismic layer thickness are
consistent with lateral variation in the amount of lithospheric disrup-
tion or the growth of new oceanic lithosphere (Ying et al., 2010; H.F.
Zhang et al., 2010). The observation of the foregoing lateral variations
(seismogenic layer thickness, average crustal Vp, and Vs) suggest that
lithospheric disruption is more significant in the eastern NCC. However,
recent numerous passive-source (earthquake) seismic profilings in the
western NCC (Chen et al., 2008; Wang et al., 2010; Tian et al., 2011)
have found some new evidence for lithospheric disruption. Our Vs dis-
tribution beneath the western NCC sub-blocks from ambient noise to-
mography supports the conclusion that the NCC disruption also
occurred beneath the western NCC, based on passive-source seismic
profiling (Tian et al,, 2011) and finite-frequency traveltime tomography
(Zhao et al., 2009).

The NCC is a unique craton that developed a thick lithospheric
root in the Archean, half of which was lost during the Phanerozoic
(Menzies et al., 2007; Zhai et al., 2007; Zhai and Santosh, 2011). The re-
moval of the lithospheric mantle, and its transitional properties (from
continental to oceanic), may be attributed either to lithospheric delam-
ination (Wu et al., 2003; Gao et al., 2004) or to thermal erosion (Xu,
2001; Y.F. Zheng et al., 2003), or to both these mechanisms (Zhu and
Zheng, 2009). The west-east variation in the nature and intensity of
lithospheric disruption was recognized from receiver function analysis
(Chen et al., 2008), and surface/body wave tomography (Zhu and
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Zheng, 2009) as well as from petrological and geochemical studies (Wu
etal.,2003,2005; J. Zhang et al., 2011). Our results in this study of north-
west-southeast variation in seismic activity, crustal P-wave velocity,
density and temperature, probably reflect the crustal response to the
lithospheric disruption. Our northwest-to-southeast transect across
the NCC has revealed pronounced lateral variation, especially beneath
the contact zones between the major tectonic blocks such as the
Western Block, the TNCO and the Eastern Block, as illustrated in
Fig. 20. These variations in crustal geophysical properties are in good
agreement with the heterogeneity inferred from geochemical and isoto-
pic studies (e.g. Deng et al,, 2013; Li et al., 2013a). Recent petrologic and
geochemical studies in the NCC (e.g. ].P. Zheng et al., 2001, 2007, 2008;
Wu et al., 2003; H.F. Zhang et al., 2003, 2009, 2010; Wu et al., 2005,
2006; Ying et al., 2006; Xiao et al.,, 2010; ]J. Zhang et al., 2009, 2011),
show that the low-Mg# lherzolites in this terrane have petrologic and
mineralogical affinities with mantle peridotitic xenoliths from the
Cenozoic basalts of the NCC and represent the newly accreted litho-
spheric mantle. In contrast, the high-Mg# Iherzolites have petrologic
characteristics similar to mantle peridotitic xenoliths from the Arche-
an/Proterozoic lithospheric mantle and represent the remnant old re-
fractory lithospheric mantle. However, the percentages of high-Mg#
and low-Mg# peridotites (J.P. Zheng et al., 2007; Xiao et al., 2010; J.
Zhang et al., 2011) are variable. The majority of the xenoliths from Qing-
dao in the eastern part of the Eastern Block of the NCC show high-Mg#,
with small amounts of low-Mg# peridotites and Archean lower crust
granulites (Zhang and Zhang, 2007), whereas the xenoliths from the
Junan area are mainly low-Mg# peridotites, with only one high-Mg#
peridotite discovered so far, although abundant lower crustal granulite
xenoliths occur here (Xiao et al., 2010). Fertile peridotites are rare in
the xenolith suites from the Paleozoic Mengyin and Fuxian kimberlites
(J.P. Zheng et al., 2007). In the xenolith suites from Mesozoic-Tertiary
basalts, the proportion of fertile peridotites is clearly higher in some lo-
calities near the Tanlu fault zone, whereas more refractory components
are commonly preserved in distant sites such as Hebi, Fuxin and
Kuandian (J.P. Zheng et al,, 2007). Thus, the lithospheric mantle beneath
the eastern part of the NCC in the Qingdao region is composed of a small
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amount of newly accreted lithospheric mantle and dominant ancient
lithospheric mantle that has been substantially modified. The litho-
spheric mantle beneath the Junan, Kuandian and Fuxin regions is mainly
composed of newly accreted lithospheric mantle, with only a small
amount of ancient residue at the top of the upper mantle. All the perido-
titic xenoliths entrained in the late Mesozoic basaltic rocks in Qingdao,
Daxizhuang and Junan, eastern Shandong, are spinel-facies, and no
garnet-facies xenoliths have been found, suggesting that the lithospher-
ic thickness here is less than 75-80 km (Xiao et al., 2010). The Beiyan
basalts located within the Tanlu Fault and their entrained peridotites
show markedly low olivine Fo values, among which the highest Fo
value is close to that of Junan low-Mg# peridotites. This suggests that
the lithospheric mantle beneath the Tanlu fault zone is composed of
newly accreted lithospheric mantle, whereas that beneath the western
NCC preserves the remnants of old lithospheric mantle. Abundant
Cpx-rich lherzolites and wehrlites with extremely low Fo (<87) values
and high '®70s/'880s ratios also occur in the interior of the Tanlu fault
zone adjacent to the Beiyan locality, such as in Nushan in Anhui Prov-
ince (Xu et al., 1998; Xiao and Zhang, 2011) and Shanwang in Shandong
Province (Xiao and Zhang, 2011).

The differences in the average crustal P-wave velocity and seismic
layer thickness are consistent with the lateral variation in the extent
of lithospheric destruction and/or the growth of new oceanic litho-
sphere (Ying et al., 2010; H.F. Zhang et al., 2010). Knowing the seismic
velocity, density and temperature field in the crust (Zhang et al., 2012,
2013b), we can calculate rheological yield stress envelopes as shown
in Fig. 21, which also reflect northwest-southeast variation in litho-
spheric strength (Zhang et al., 2013c). The observation of the foregoing
lateral variations, including seismogenic layer thickness, average crustal
P-wave velocity, and S-wave velocity and rheological yield stress enve-
lopes, suggests that the lithospheric disruption is more extensive in the
Eastern Block of the NCC. The recent passive source seismic profiling in
the Western Block of the NCC (Chen et al., 2008; Wang et al,, 2010; Tian
et al.,, 2011) has revealed further evidence for lithospheric disruption in
the western part. The shear wave velocity distribution beneath the
Western Block of the NCC in our study from ambient noise tomography
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Fig. 19. (a) Position of the Wen'an-Chayouzhongqi profile. WB: Western Block; EB: Eastern Block; TNCO: Trans-North China Orogen; YB: Yangtze Block; CB: Cathaysia Block; ET: Eastern
Tibet. The faults are delineated by red lines, the thick dashed red line is the Wen'an-Chayouzhongqi profile; The black solid lines are the tectonic boundary, and the blue lines represent the
rivers. The purple rectangle is the region discussed in Figs. 20 and 22. (b) Vp/Vs along Wen'an-Chayouzhongqi profile, (¢) Vp (color scale in km/s) and (d) Vs (color scale in km/s) along the

profile.
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also supports the conclusion that lithospheric erosion partly affected the
Western Block as well, as also found from passive source seismic profil-
ing (Tian et al.,, 2011) and finite-frequency traveltime tomography
(Zhao et al., 2009). Therefore, the west-east variation in crustal geo-
physical properties may reflect the strength difference in peridotite—
melt reaction (Wu et al., 2006; H.F. Zhang et al., 2010; Xiao and Zhang,
2011) as well as the variation in the degree of lithospheric disruption
(Deng et al., 2013).

6.5.2. Evaluation of different mechanisms of lithospheric destruction in the
North China Craton

There is still much disagreement on the driving force and mech-
anism of the Mesozoic lithospheric thinning of the eastern NCC
(Menzies et al., 2007). Two thinning models have been proposed:
the “top-down” delamination model (e.g. Gao et al., 2004; Deng et al.,
2006; H.F. Zhang et al., 2007; Gao et al., 2008) and the “bottom-up”
thermal/chemical erosion model (e.g. Niu, 2005; Zhang et al., 2005;
J.P. Zheng et al.,, 2007). The different lithospheric structures in the
eastern NCC may provide some information on its past tectonic evo-
lution. From a purely geophysical point of view there are two mech-
anisms that may stir up the whole lithospheric mantle. The first
mechanism is the foundering of the lower crust alone or together

with the lithospheric mantle (delamination). Delamination of the
continental lithosphere requires a thickened crust and low viscosity
(high temperature) in the crust and uppermost upper mantle (Kukkonen
et al,, 2008). These conditions may have existed in the Mesozoic
lithosphere of this area because of the prolonged collisions along the
Solonker and Mongol-Okhotsk sutures, a situation similar to some
degree to present-day northern Tibet. Geochemical studies have found
evidence of foundered lower crust in the NCC (Gao et al., 2004, 2008)
and in northern Tibet (Liu et al.,, 2008). The other mechanism is the as-
thenosphere rising up to shallow depths through trans-lithospheric faults
such as the Tanlu Fault, i.e., the “mushroom cloud” model (e.g. J.P. Zheng
et al., 2007). Both mechanisms may bring hot asthenospheric material up
to the shallowest mantle, thus effectively reducing the velocity in the top
part of the upper mantle.

The lithospheric structure of the northern NCP can be compared to
that of northern Tibet (QB) in terms of the abnormally low velocities
in the middle crust and upper mantle, implying a similar tectonic setting
for their formation. Thus, we may infer that the collision along the
Solonker and Mongol-Okhotsk sutures was the main factor in the thin-
ning/modification of the lithosphere of the northern NCP. Conversely,
the subduction of the Kula and Pacific plates in late Mesozoic and
Cenozoic had a pronounced effect on the tectonic evolution of East
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Fig. 20. The west-east transect across the NCC. Top: Topography along the profile Wen'an-Chayouzhonggqi. WB: Western Block; EB: Eastern Block; TNCO: Trans-North China Orogen; YB:
Yangtze Block. Bottom: Geophysical structures along the lithosphere-scale transect. The crustal velocity structure is compiled by interpreting the results from three wide-angle seismic
profiles (Li and Mooney, 1998; Zhang et al., 2011d). The lithosphere bottom (LAB) depth as obtained from gravity inversion (1) (Yuan, 1996a,b), geothermal inversion (2) (Zang et al.,
2002), receiver function imaging (3) (Chen, 2010), surface wave tomography (4) (Zhu et al., 1997) and MT (5) (Wei et al., 2006). SL indicates the seismogenic layer (within which
80% of the seismic energy is released) and NSL indicates the BDTL (Brittle/Ductile Transition Layer), the layer between the SL and the Moho discontinuity.

China, especially the marginal seas. This can be seen from the overall
decreasing trend in velocity from west to east (Fig. 20), as well as the
widespread magmatic rocks and extensional basins in east China (Niu,
2005; Kusky et al., 2007). However, the velocity images show more
pronounced characteristics that seem to be related to the tectonic
events in the north and south margins of NCC, and we therefore conjec-
ture that the effect of Pacific subduction was secondary. These consider-
ations of the driving forces of lithospheric thinning of the NCC are
consistent with the model of Zhang et al. (2003, 2005).

In fact, the NCC has experienced (or is experiencing) the geodynamic
effects of the westward subduction of the Pacific Plate, the northward
collision of the Yangtze Plate, the southward collision of the Central
Asian orogenic belt and the eastward escaping flow of East Tibet.
Fig. 22 shows the seismic activity along the west-east transect. Along
this transect, a distinctive variation of the seismicity pattern can be ob-
served. In the Eastern Block of the NCC, the seismically active layer is
about 10-15 km thick, while it shows as a double vergent distribution
pattern in the central orogenic belt of the NCC; very few earthquakes
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Fig. 22. (a) Distribution of earthquakes (red dots) along the transect Wen'an-Chayouzhongqi. SL indicates the seismogenic layer (within which 80% of the seismic energy is released) and
NSL indicates the BDTL (Brittle/Ductile Transition Layer), the layer between the SL and the Moho discontinuity. The thin yellow line marks the depth separating SL and NSL in the crust.

(b) Distribution of log E/Emax versus depth (see Brandmayr et al., 2010 for more details)

occur in the crust of the Ordos Basin in the western sub-block of the
NCC. The difference in seismicity patterns (lithosphere rheology)
among the WB, TNCO and EB, can be considered to be residual evidence
of the crustal amalgamation of the NCC, or the lateral variation of crustal
responses to lithospheric disruption. An alternative explanation is that
this lateral variation may reflect a strong interaction between the
eastward escaping flow and westward lithosphere flow (Fig. 23). The
global relative westward lithosphere flow (WLF in Fig. 23) has been
well studied (Panza et al., 2010), and can be confirmed from SKS split-
ting analyses (Chang et al., 2012). Eastward escaping flow (EEF in
Fig. 23) is driven by the collision between the Indian and Eurasian plates
(Tapponnier and Francheteau, 1978; Royden et al., 2008; Zhang et al.,
2010b). The convergence between the eastern lithosphere and the
western and the central NCC leads to double underthrusting at the
eastern and the western margins of the NCC, respectively.

During the interaction between WLF and EEF, the eastern NCC litho-
sphere plays the role of the upper plate, whereas the western and the
central NC act as the lower plate. The high velocity anomaly beneath
the EB should result from break-off of the western and the central lith-
osphere. Our conclusion is against the westward subduction model,
because in this model the high velocity anomaly is taken as a signature
of lithospheric delamination of the EB or breakoff of the Pacific Plate.
In fact, the live duration of the delaminated lithosphere is usually
30-40 Ma with differentiation processes in the mantle. Our model
highlights the interaction between the EEF and the WLF, and can be con-
sidered to be the consequences for the lithosphere after its disruption.

The foregoing inference is supported by the differences in geochem-
istry of Cenozoic basalts between the east and the central domains of
the NCC (Tang et al., 2006). Most of the ancient lithospheric mantle of
the Eastern Block of the NCC has been lost, whereas considerable

Fig. 23. Cartoon describing the interaction between the eastward escape flow (from the India-Asia collision) and westward lithosphere flow to explain the west-east variation in litho-
spheric strength across the NCC. Red dots indicate the distribution of earthquakes. LAB: Lithosphere Asthenosphere Bottom; EEF: Eastward escape flow; WLF: westward lithosphere flow.
WB: Western Block; EB: Eastern Block; TNCO: Trans-North China Orogen. The white arrows indicate plate movement directions driven by mantle flow.
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ancient lithosphere has been preserved in the TNCO (Gao et al., 2002;
Rudnick et al., 2004). Additionally, the Cenozoic basalts from Datong
and its adjacent regions demonstrate lithospheric thinning in the
western NCC (Xu et al.,, 2004). The TNCO is a zone of transition in litho-
spheric thickness, and its lithospheric evolution reflects the interaction
between the EEF and the WLF.

The mantle plume model (Peng et al., 2008; Peng, 2010) was pro-
posed to explain the distribution of 1.78 Ga mafic dykes and the Xionger
volcanic association, which is located at the southern margin of NCC,
outside the area sampled by our surface wave tomography. Therefore,
we cannot provide any constraints on the mantle plume model and its
successive influence on the lithosphere disruption.

The north-south lateral variation in lithospheric properties (Zhang
et al., 2012, 2013a) has been elucidated using a combination of (1) a
compilation of crustal velocity models derived from dense wide-angle
seismic profiling (Li and Mooney, 1998; Zhang et al., 2011e), (2) the
lithospheric thickness as determined from teleseismic receiver function
imaging (Chen, 2010) and surface wave tomography (Zhu et al., 1997),
(3) the p structure of the crust and upper mantle from Bouguer anoma-
lies inversion (Yuan et al,, 1996a,b; Zhang et al,, 2012; Deng et al., 2013),
and (4) an indicator of lithosphere rheology: the distribution of
hypocenters and of seismic energy released versus depth (Panza and
Raykova, 2008; Zhang et al., 2011f; Wu and Zhang, 2012; Zhang et al.,
2012, 2013a). Four major characteristics can be seen along the transect:
(1) the crustal thickness is relatively constant, around 40 km; (2) the
lithosphere thins considerably to about 80 km beneath the central seg-
ment, compared with about 140 km under the southern segment and
the northern margin; (3) a classic Coulomb/Byerlee (brittle/ductile)
transition law is valid beneath the southern and the northern segments
of the transect, where the rheology and mechanical properties of rocks
follow Sibson's (1977) Law in the upper crust and a power law creep
in the lower crust; and (4) earthquake energy distribution in the
whole crust beneath the central portion of the transect.

These characteristics are inconsistent with the general observation
that the ruptures and earthquakes in many stable continental regions
are confined within the upper third (0-10 km) and/or the lower third
of the crust (20-35 km), while the middle crust (10-20 km) tends to
be aseismic (Klose and Seeber, 2007) and is usually considered to
be the brittle/ductile transition layer (BDTL) (Brown and Rushmer,

2006). Earthquakes are distributed within the middle crust, even within
the whole crust beneath the central portion of the transect. The thick
seismogenic layer beneath the NCP could be due to: (1) deeper fault
penetration beneath the NCP than beneath the QDOB and the YSOB;
(2) delamination of the lower part of the thickened crust, while the
thick brittle layer is preserved; and (3) changes to brittleness of the
BDTL, which cause a thickening of the seismogeneic layer: it is the
underplating of the lower crust that provides the thermal resources
necessary to increase its brittle strength by means of thermal softening
(of the ductile component) beneath the NCP. Only the first and third
processes can explain the lateral variation in the thickness of the
seismogenic layer across the eastern part of the NCC, suggesting a signif-
icant role for extensional tectonics and thermal erosion, even though we
cannot exclude the possibility that lithospheric delamination has been
part of the disruption of the NCC.

According to both the P-wave velocity and density in the lowermost
crust beneath the central section are significantly higher than in the
corresponding parts of the south and north sections on the transect.
These features are interpreted as geophysical signature of lower
crustal underplating, which supplies sufficiently high gravitational
potential energy to trigger lateral flow of the lower crust. This magma
underplating-triggered bilateral lower crust flow may facilitate the
lithospheric thinning by means of asthenosphere upwelling and
decompression melting, which fills the gap produced by the lower
crustal flow. The underplating-triggered lower crustal flow can provide
an alternative mechanism to explain the NCC lithosphere disruption,
which highlights the crustal feedback to Archaean lithosphere disrup-
tion, from top to bottom (Fig. 24).

6.6. Initial and boundary conditions between orogeny and craton

The supercontinent cycle maps out the large-scale history of the
Earth, the formation and fragmentation of the continents, within an
overall evolutionary enlargement of the total size of the continents
with each cycle (Nance and Murphy, 2013; Nance et al., 2014). How-
ever, models that bridge the gap between detalied studies on individual
orogens and their link with regional and global plate tectonic cycles re-
quire a better understanding of the difference between bottom-up and
top-down processes. The growth and the destruction of continents at

YSOB

Asthenosphere

Fig. 24. Interpretation cartoon of the flow of ductile layer of the lower crust, triggered by lower crustal underplating. Sketch showing the internal book-shelf rotation of blocks as demon-
strated by palaeomagnetism measurements (Zhu et al., 2002a,b), accommodates a broad east-west left-lateral shear bounded to the south by the sinistral slip Qinling Fault system (Zhang
et al, 1995; Zheng et al., 2003) and dextral transtensional to transpressional strike-slip faulting to the north (Chen and Nabelek, 1988; Goscombe et al., 2005) accompanying the lower

crust flows.
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plate boundaries is yet another topic of interest to understand the net
production and consumption of continental crust (Stern, 2011; Kawai
et al,, 2013). Obviously, the Tibetan Plateau and the North China Craton
provide excellent places to understand the processes of orogeny, craton
building and destruction.

6.6.1. From orogeny to craton to orogeny: the North China Craton

The NCC contains one of the longest, most complex records of
magmatism, sedimentation and deformation on Earth, with deforma-
tion spanning the interval from the early Archean (3.8 Ga) to the
present (Kusky et al., 2007). In the Wilson cycling between orogeny
and craton, the NCC has recorded tectonic evolution from orogeny to
craton to orogen (Kusky et al., 2007). It is well recognized that the
central NCC records the collision between the western NCC and the
eastern NCC at about 1.8 Ga (Zhao et al., 2001a, b, 2003, 2005; Kroner
et al., 2006; Zhao et al., 2006a) and 2.5 Ma (Kroner et al., 1998; Zhai
and Liu, 2003; Kusky and Li, 2010). These processes can be divided
into: (1) 1.85 Ga: continent-continent collision at the northern margin
of the craton; (2) 230 Ma: the Qingling-Dabieshan-Sulu Orogeny;
(3) 200-100 Ma: Pacific Plate subduction; and (4) 130-120 Ma: from
contraction to extension resulting in the original subcontinental mantle
root loss beneath the NCC (Fan and Menzies, 1992).

The geophysical evidence on Pacific Plate subduction (200-100 Ma)
has been derived from Vp, p, seismic activity, and temperature dis-
tribution along the Tangcheng-Lujiang fault belt in east China
(Deng et al., 2013). Deng et al. (2013) indicated the segmentation
along the Tangcheng-Lujiang (TL) fault as evidenced by several
factors, such as earthquake occurrence, heat flow, average crustal
Vp and p. These variations along the Tanlu fault and the high Vp
anomaly beneath the eastern NCC defined by body wave tomogra-
phy (Huang and Zhao, 2004; Tian et al., 2009) are attributed to the
subduction of the Pacific Plate.

The Qingling-Dabieshan-Sulu Orogeny (230 Ma) has been exten-
sively studied in the last 20 years by means of tectonics (G.W. Zhang
et al.,, 2004; Zhai et al., 2007) and geochemical and geophysical data
(Wang et al., 2000; Zhang et al., 2000). A compilation of crustal seismic
velocity models, seismic activity and the yield stress envelope across
west-east transects along the Qingling-Dabieshan-Sulu orogenic belt
(Zhang et al., 2013a) demonstrates the lateral variation in the crustal
structure caused by continental collision between the Yangtze and
North China plates. Crustal velocity models across the north-south
trending profiles (Wang et al., 2000; Zhang et al., 2000) have demon-
strated that the Qingling-Dabieshan-Sulu Orogeny was a result of
the continent-continent collision between the North and the South
China plates. These geophysical data, together with other tectonic and
geochemical evidence, support the idea that the NCC experienced a
collision at about 230 Ma.

The occurrence of volcanic rocks (Fan et al., 2007; Zhai et al., 2007),
the development of the North China Plain and the series of basins or de-
pressions in the east NCC evidence the transition from a compressional
to a tensional stress regime.

From previous studies (Zhang et al., 2012, 2013b), we have obtained
the Gravitational Potential Energy (GPE = pgz, where p has been ob-
tained by Bouguer anomaly inversion and surface wave tomography, g
is the gravitational acceleration, assumed to be equal to 9.81 m/s?, and
z stands for depth) along a north-south transect across the east NCC,
and it is possible to observe that the high GPE beneath the center of
the transect, namely in the lower crust beneath the North China Plain,
can work as an engine to trigger lower crustal flow both southward
and northward. This lower crustal flow can be another mechanism ca-
pable of destroying continental lithosphere, in addition to delamination,
thermal erosion and marginal subduction (Zhu and Zheng, 2009).

6.6.2. From orogeny to craton: the Tibetan Plateau
Despite recent advances in our understanding of the Tibetan Plateau,
many questions remain unresolved, such as: (1) how high can the

plateau be uplifted? (2) has the Tibetan Plateau already reached its
maximum elevation and entered into the stage of plateau collapse?
And (3) what is the explanation for the distribution of north-south
trending normal faults? During the evolution from orogeny to craton,
the lithosphere should experience the tectonic process of thinning.
Our regional map of Vs and of the lithospheric thickness beneath Tibet
shows that lithospheric thickness is within the range 200-250 km.
This is not compatible with the proposal of Houseman et al. (1981)
that the shortening, which increased the crustal thickness beneath
Tibet, should produce an unstable lithosphere, the lower part of which
would detach and sink into the mantle. Tibet may eventually become
a craton when the upper 30-40 km of its crust is removed by erosion
(McKenzie and Priestley, 2008). The crustal thickness of most cra-
tons is now about 40 km (Christensen and Mooney, 1995), and the
metamorphic rocks at their surface record pressures of about 1 GPa
(Harley, 1989, 2004). Presumably as result of shortening, the
craton's crustal thickness must therefore have been 70-80 km at
the time of metamorphism, if there was no later deformation. An im-
portant open question is whether the whole lithosphere was short-
ened, or whether only the crust was thickened, by thrusting or
lower crust flow. Seismic studies (Tilmann et al., 2003) suggest that
the crust and lithosphere of the Indian shield extend beneath the
southern part of Tibet, and that the thick lithosphere in this region is
inherited. This region therefore does not provide information about
how thick lithosphere is produced beneath shields. However, Haines
et al. (2003a,b) argued that in northern Tibet the crust has been short-
ened by pure shear. This process could thicken the lithosphere if the
mantle was deformed in the same way.

If lithospheric removal did not occur beneath Tibet, the heat respon-
sible for regional metamorphism cannot have been introduced from the
base of the crust, and a different process must be responsible for the low
sub-Moho velocities. The only other heat source available is crustal ra-
dioactivity, and it is clearly of interest to evaluate whether this could
produce the observed effects. Numerical experiments show that crustal
radioactivity can produce granulite grade regional metamorphism and
lower the value of Vs in the mantle beneath the Moho. They also show
how the processes that are active at present can account for the
main characteristics of the craton. McKenzie and Priestley (2008)
showed a sketch of two processes that can generate thick crust and
lithosphere like that beneath Tibet: (1) shortening the entire litho-
sphere, or (2) increasing the crustal thickness of a region that already
has a lithospheric thickness of 200 km or more. The final stage of
crustal and lithospheric thickening occurs after shortening ceases,
when erosion removes the upper crust and its radioactive elements,
leaving the depleted mid-crust that underwent granulite facies
metamorphism exposed at the surface. This process does not change
the thickness of the mantle part of the lithosphere, and does not in-
volve any tectonic deformation. If the upper half of the Tibetan
crust is removed by erosion, the resulting velocity structure will be
similar to that of cores with surfaces now exposed by erosion, many
of which were formed in the Archean.

From the 3-D p structure beneath the Tibetan Plateau, we can con-
struct a 3-D GPE map (Haines et al., 2003a,b; Zhang and Klemperer,
2005). In this study, we calculated the GPE difference at different longi-
tudes and latitudes with reference to the average GPE for the Indian
Plate. Fig. 25 shows the GPE difference distribution along the seven sec-
tions ((a) to (g)) shown in Fig. 9a. The distribution of Vs and p along the
NE-SW sections (at least for some of them) clearly shows that in some
instances the subducted lithosphere is less dense than the ambient
rocks, and so cannot be supported by gravity; the subduction process re-
quires the presence of a dynamical force that can be well supplied by the
mantle flow that, very likely, is maximized along the TE-perturbed
(Panzaet al., 2010). In other words, the natural subduction of continen-
tal lithosphere cannot be driven by slab pull forces but requires signifi-
cant drag, from mantle flow in the asthenosphere layer, to overcome the
buoyancy of continental crust.
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Fig. 25. GPE (Gravitational Potential Energy, unit GPa) deviation from the average GPE along profiles (a), (b), (c), (d), (e), (f) and (g) (see Fig. 9a for their location). ID: Indian Plate; IYS:
Indus-Yarlung suture; BNS: Bangong-Nujiang suture; JS: Jinshajiang suture; KS: Anyimagen-Kunlun-Mutztagh suture; QS: South Qilian suture; HB: Himalayan Block; LB: Lhasa Block; QB:

Qiangtang Block; SB: Songpan-Ganzi Block; KB: Kunlun-Qaidam Block.

With the information about the mantle lid, the asthenosphere layer
and the metasomatic lid in the Tibetan Plateau given in Figs. 9 and 13,
we can construct the plane distribution of the asthenosphere layer
and the metasomatic lid (Fig. 26). We observe that the asthenosphere
layer is distributed mainly to the south of the BNS, while the metaso-
matic lid is distributed to the north of the BNS and overlaps with the
zone of poor propagation of Sn waves (Ni and Barazangi, 1983). As the
asthenosphere layer provides the drag force for the Indian Plate subduc-
tion, we can observe that the Indian lithosphere underthrusts as far as
the BNS suture. North of the BNS the asthenosphere layer is quite thin,
and may not provide sufficient drag force for the northward continua-
tion of the subduction. It is widely accepted that there has been at
least 1500 km of crustal shortening during the convergence and conti-
nental collision between the Indian and Eurasian plates over the
past 50 million years. Crustal thickening and normal faulting cannot

compensate this amount of crustal shortening. Tectonic escaping is an-
other candidate mechanism to compensate for part of the shortening,
which can also be established from recent GPS measurements (Gan
et al,, 2007). GPS measurements indicate that deformation is predomi-
nantly in a north-south direction in South Tibet, but changes to a nearly
west-east direction in the north Tibet (Qiangtang and Songpan-Ganzi
blocks. Studies of fault shear rates (Fu and Awata, 2007) also suggest
that north Tibet is undergoing eastward tectonic escape. However,
there is still a lack of agreement on whether the mechanism is tectonic
escaping (Tapponnier and Francheteau, 1978) or lower crustal flow
(Royden et al., 1997), and the dynamic source to trigger the escaping
or flowing. The tectonic blocks showing this distribution of the astheno-
sphere layer and the metasomatic lid are south and north Tibet, with
deformation in nearly north-south and west-east directions. This
consistency leads us to speculate that the transition between the
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Fig. 26. The spatial distribution of the asthenosphere layer and of the metasomatic lid, corresponds with the transition area from convergence to eastward escape. The tips of the arrows
indicate the position where the asthenosphere disappears, which can be considered to be the region dominated by north-south compression, due to the convergence and collision be-
tween the Indian and Eurasian plates. The region of poor Sn-wave propagation almost overlaps with the area where the metasomatic lid has been detected; this fact suggests that the
region tends to escape eastward to accommodate the north-south shortening from the south of the BNS suture.

asthenosphere and metasomatic lid (Fig. 26) may also emphasize the
tectonic system transition from convergence to eastward escape to ac-
commodate the 1500 km long crustal shortening from the convergence
of the Indian and Eurasian plates. The tips of the arrows in Fig. 26 indi-
cate the position where the asthenosphere disappears, which can be
considered to be the region dominated by north-south compression
due to the convergence and collision between the Indian and Eurasian
plates. The region of poor Sn-wave propagation almost overlaps with
the area where the metasomatic lid has been detected; this fact suggests
that the region tends to escape eastward to accommodate the north-
south shortening from the south of the BNS suture. Metasomatism in
the mantle wedge should be the dynamic source to trigger tectonic es-
cape and provides a heat source to melt the underlying lithospheric
mantle to strongly attenuate Sn propagation. Testing this hypothesis
will require further investigations.

7. Concluding remarks

We present the structure of the crust and upper mantle as deter-
mined from absolute surface wave tomography and Bouguer anomaly
inversion beneath the Tibetan Plateau and from ambient noise tomogra-
phy beneath the NCC. Our main conclusions are as follows.

(1) The structure of crust and upper mantle beneath Tibet and the
interaction between Indian and Eurasia plates are strongly
strike-dependent (along Himalaya orogenic margin). The strike
dependence can be represented by (1) strong west—east lateral
variation in Vs in the crust and upper mantle beneath the Tibetan
Plateau; (2) west—east variation of the subduction angle of the
Indian Plate beneath Lhasa (about 15° beneath the west of the
Tibetan Plateau and about <10° beneath the eastern part); and
(3) distinctive lateral variation in the thickness of the metasomatic
lid from west to the east of the Tibetan Plateau. These results may
suggest (1) the diachronous convergence and collision between

—

—

Indian and Eurasian plates should be taken into account in the in-
terpretation of the wide range of collision aging from 35 Ma to
70 Ma (Mo et al., 2007) and also the difference of topography gra-
dient distribnution along the margin of Himalaya (Yin, 2006); and
(2) 3D imaging and the understanding with the base of this
imaging should be enhanced, even though it can be generalized
with reference to the lithosphere structure along the specific 2D
transect and the geodynamic understanding derived from this
2D transect.

Our results cannot provide robust evidence for the presence of
eclogites in the lower crust from Vs and p beneath the Lhasa
Block and Himalaya. However, our results do not exclude the pos-
sibility of the delamination of the ecologized lower crust and that
the bouyancy from the lower crustal delamination uplifts the
Himalaya. The low Vp/Vs ratio and very high Vp and Vs in the
lower crust beneath Lhasa terrane (Zhang and Klemperer, 2005,
2010; Mechie and Kind, 2013) suggest that felsic granulite should
be the predominant composition of the lower crust, and that
metamorphosed mafic granulite contributes to the rise of the
plateau. The lower crust with composition of felsic granulite
should be weak in rheology strength (Zhang et al., 2013b) and
can be deformed or even flow as suggested by polarization anisot-
ropy (Shapiro et al., 2004; Y. Chen et al., 2009), maintaining the to-
pography of the interior of the plateau relatively flat, as observed
today (Yin, 2006);

The distribution of Vs and p along the NE-SW sections clearly
shows that in some instances the subducted lithosphere is less
dense than the ambient rocks, thus subduction cannot be due to
gravity. The subduction process requires the presence of a dynam-
ic force that can be well supplied by the mantle flow that, very
likely, is maximum along the TE-perturbed especially in the LVZ,
between 120 and 200 km of depth, that is likely to represent the
decoupling between the lithosphere and the underlying mantle
at global scale (Panza et al., 2010). Slabs not denser than the
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ambient mantle evidence conflicts with the concept of slab
pull and thus call for different factors in subduction dynamics
(e.g. Doglioni et al., 2007; Ji et al., 2007). This conclusion based
on the geophysical imaging results in Tibet is documented in the
Alps- or Apennines-type collision/subduction (Brandmayr et al.,
2011; Foulger et al., 2013) as well, where the subducting slab
is not denser than the ambient mantle, but slightly lighter.
The flow is very shallow in the active Tyrrhenian basin due to
mantle compensation induced by the eastward migration of the
Apennines subduction. High densities (>3.3 g/cm?) in the mantle
seem to be strictly related to the eastward flow itself and to its as-
cent beneath the back-arc basin.

Different crustal Vs structure between the western, the central and
the eastern NCC have been detected using ambient noise tomogra-
phy. The lateral variation of the crustal structure in seismic P-wave
and S-wave velocities, seismic activity, density and temperature
suggests the interaction between the Tibetan eastward escape
flow and the Pacific westward lithosphere flow. For the west and
the central NCG, this strong interaction of westward and eastward
motion leads to west-east compression tectonic environment at
lithosphere scale and extensional setting at the upper crustal
scale in the central NCC. The joint presence of compression state
at depth and shallow tensional setting leads the uplift of the
TNCO and also the formation of Sanxi depression. For the eastern
NCGC, there is lower crust underplating beneath the North China
Plain revealed by high velocity, dense lower crust, which produces
underplating-triggered flow of the lower-crust in the NCC.

The transition of the tectonic system, from north-south shorten-
ing beneath the south of the BNS to eastward escape at the
north of the BNS, suggests that the mantle flow plays important
role in this key continental geodynamical process in the transition
from orogeny to craton. The spatial-temporal variation of litho-
spheric rheology structure (pattern) may be essential in the link
between orogeny and craton in the Wilson cycle. This importance
can be supported by the west-east variation of the crustal geo-
physical structure, lithospheric strength, both seismic rheology
and yield stress envelope (Zhang et al., 2012, 2013b,c), especially
with consideration of fluid inclusion in the mantle wedge
(Frezzotti et al., 2009; Zheng et al., 2011). Our conclusion derived
from studies in Tibetan Plateau and NCC, echoes and extends the
recent results of no-hint for slab pull in the lithosphere in Italy
(Brandmayr et al., 2011). This inference requires the contribution
of mantle flow as a dynamic source for the subduction of continen-
tal lithosphere with low density structure.
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