
Earthq Sci (2012)25: 353–362 353

doi:10.1007/s11589-012-0861-3

Lithospheric structure and geodynamic
properties of the Tibetan plateau and its

adjacent regions∗

Junmeng Zhao
Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100110, China

The Tibetan plateau has an elevation of 4–5 km

above sea level and a crustal thickness of ∼80 km (Zhao

et al., 2010d), and its ongoing tectonic evolution is

one of the most important Meso-Cenozoic events affect-

ing our planet today. The Tibetan plateau influences

global climate, especially in the northern hemisphere,

and the structural behavior of the crust and mantle in

this region actively controls the development and evo-

lution of the entire geodynamic regime. The Tibetan

plateau was generated by continental collision and post-

collisional, intra-continental deformation of the Indian

and Eurasian plates beginning ∼50 Ma. Total tectonic

shortening between the two plates is estimated to be at

least 1 000–1 400 km, and may be as much as 2 000–

3 000 km. Although understanding the tectonic pro-

cesses involved in forming the plateau has attracted

the interest of geoscientists from all over the world, the

mechanisms by which this shortening has been accom-

modated is still unknown.

Over the past century, numerous models have been

proposed to explain the formation and evolution of the

plateau. For example, as early as the 1920s, German sci-

entist Argand (1924) first postulated that the Tibetan

plateau formed as a result of collision and post-collision

convergence of the Indian subcontinent with Eurasia.

This collision resulted in shortening and thickening

of the crust to ∼80 km, producing the magnificent

mountain ranges of the Himalaya, Karakorum, and

Tianshan (Figure 1a). This perspective remains widely

accepted, but the development of the plateau can also

be evaluated within the context of the larger dynamic

system related to subduction of oceanic lithosphere

beneath eastern Eurasia and Indonesia. Willett and
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Beaumont (1994) proposed southward subduction and

roll-back of the Asian lithospheric mantle as a pro-

cess for formation of the Tibetan plateau (Figure 1b).

The combined effect of northward subduction of the In-

dian plate and southward subduction of Asian plate at

low angles (Yin and Harrison, 2000), or at high angles

(Matte et al., 1996), have also been proposed as the

main cause for uplift of the plateau (Figure 1c and Fig-

ure 1d, respectively). Tapponnier et al. (2001) proposed

a multiple and face-to-face subduction model, which is

currently a popular interpretation (Figure 1e).

The large number of differing models that attempt

to explain the observed uplift of the Tibetan plateau

reflects the vast interest in understanding this impor-

tant tectonic feature, but the question remains: why

are so many models needed to explain the evolution of

one plateau? The answer may be as follows. If all of

the models are correct, then each model is specific to

a particular part of the plateau, which indicates that

the uplift mechanism of the Tibetan plateau cannot be

manifested by only one 2-D model. If some of these mod-

els are not true, then perhaps the data used for setting

up these models are not of high enough quality and too

many in number. For example, the same low quality

seismic data used in two different studies by Kind et

al. (2002) and Kumar et al. (2006) resulted in different

interpretations (Figure 2a and Figure 2b, respectively).

This example emphasizes the pitfalls of low quality data

and emphasizes the paramount importance of obtaining

higher quality data.

Geophysical explorations in the Qaidam basin

were done as early as the 1960s (Zeng and He,

1961) to obtain deep tectonic evidence for the pres-

ence of oil and gas reserves. A deep seismic reflec-

tion survey was conducted along a transect from

Golmud to Ejin Qi (Gao et al., 1995) in northeast-

ern Tibet. The study revealed detailed structures,

and a geodynamic model has been developed. An-

other four global geoscience transects have recently
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Figure 1 Examples of proposed geodynamic models for the mechanism of Tibetan Plateau uplift.
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Figure 2 Crust and mantle structure along the east line by Kind et al. (2002).

been completed across the basin and range province of

northwestern China. These transects include surveys

from: Xayar to Burqin (Zhao et al., 2003), Emin to

Hami (Zhao et al., 2010a), Fuyun to Korla (Zhao et

al., 2010c), and Baicheng to Da Qaidam (Zhao et al.,

2010b) (Figure 3). The transect from Baicheng to Da

Qaidam crosses northern Tibet and reveals a tectonical

contact relationship among the Tarim basin, the Altyn

Tagh range and the Qaidam basin (Zhao et al., 2006a,

2010b). The main results of the transect from Baicheng

to Da Qaidam (Zhao et al., 2006a) have been compiled

into the well-known Treatise on Geophysics (Romanow-

icz and Dziewonski, 2007). The results mentioned above

provide some geodynamic conditions for constraining

the uplift mechanism of the Tibetan plateau along its

northern margin (Zhao, 2012).

The profile from Baicheng to Da Qaidam is a seis-

mic refraction/wide-angle-reflection profile across the

Altyn Tagh range and its adjacent basins (Zhao et al.,

2006a). The crustal velocity structure, and by inference,

the composition of the crust, changes abruptly beneath

the Qarqan fault, which is ∼100 km north of the north-

ern margin of the Tibetan plateau. Beneath the Tarim

basin north of the Qarqan fault, a platform-type crust is

evident. In contrast, south the Qarqan fault, the crustal

profile appears to be missing high-velocity lower-crustal

layer. This seismic model indicates that the high topog-

raphy (∼3 km) of the Altyn Tagh range is supported by

a wedge-shaped region with a seismic velocity of 7.6–

7.8 km/s that we interpret as a zone of crust-mantle

mixing. We infer that the Altyn Tagh range formed by

crustal-scale strike-slip motion along the North Altyn
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Tagh fault and northeast-southwest contraction over the

length of the range. The contraction is accommodated

by (1) crustal thickening via upper-crustal thrusting

and lower-crustal flow (i.e., creep), and (2) slip-parallel

(SW-directed) under-thrusting of only the lower crust

and mantle of the eastern Tarim basin beneath the Al-

tyn Tagh range.

Across the Qaidam basin we have finished two

wide-angle reflection/refraction profiles: the profile from

Baicheng to Da Qaidam (Zhao et al., 2006a, 2010b) and

the profile from Golmud to Huahaizi. Together, these

two profiles reveal that the top surface of the crys-

talline basement of the Qaidam basin is concave, while

the Moho is convex. The lithospheric structure in the

southern part of the basin is different from that in the

north. Specifically, in the south, differences in velocity

and structure are mainly found in the lower crust and

the top part of the upper mantle, whereas to the north,

differences in density and geomagnetic intensity occur

in the lower crust and upper mantle, and in the middle

and upper crust, respectively (Zhao et al., 2006b).

Figure 3 ANTILOPE (Array Network of Tibetan International Lithospheric Observation and Probe Experiments).

The Tibetan plateau is an ideal natural laboratory

for geodynamic investigations, and it has been utilized

in many geology, geophysical and geochemical studies

over the past few decades, yielding a great number of

important results, including some break-through geo-

physical findings regarding the formation and evolution

of the plateau. The northern margin of the subducting

Indian plate beneath the Tibet, the tectonic pattern

and differential features of the crust and upper mantle

on both sides of the Yarlung Zangbo suture (YZS) have

been identified by a seismic profile from Zhangmu to

Cuoqin located in western Tibet. Results from a mag-

netotelluric (MT) sounding profile across the Yarlung

Zangbo suture in western Tibet suggest that the Indian

crust does not cross over the Yarlung Zangbo suture.

Numerous deep seismic reflection studies have re-

cently been carried out in Tibet. Combined with other

geophysical work using passive source seismology, these

studies reveal the detailed structure of the crust and

upper-most mantle.

One of the most successful examples of interna-

tional cooperation in Tibet is the INDEPTH (Inter-
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national Deep Profiling of Tibet and the Himalayas)

project, which was started in 1992. The cooperation has

been prolifically successful utilizing multiple methodolo-

gies to solve problems, and has been ongoing research

projects under INDEPTH-IV.

INDEPTH-I discovered a bottom interface of a de-

tachment zone, along which the lithospheric mantle of

the Indian continent is under-thrusted beneath the Hi-

malaya. This research revealed with great detail the re-

lation between subduction and extensional faulting of

the high Himalaya (southern Tibet detachment system),

and obtained near vertical reflection from the deep-

est discovered Moho in the world (Zhao et al., 1993;

Makovsky et al., 1996; Wu et al., 1998).

INDEPTH-II used comprehensive geophysical ex-

ploration techniques, such as near vertical reflec-

tion (Brown et al., 1996), seismic wide angle re-

flection/refraction (Makovsky et al., 1996; Makovsky

and Klemperer, 1999), magnetotelluric sounding (MT)

(Chen et al., 1996) and broadband seismic surveying

(Kind et al., 1996; Yuan et al., 1998). A joint constraint

method has been used in data processing and interpreta-

tion. The results present some constraints on the crustal

shortening caused by a collision between the two con-

tinents (Makovsky and Klemperer, 1999), and present

some new evidence for the starting time of extension.

INDEPTH-II also discovered some evidence for the ex-

istence of liquid (partial melt) in the middle crust of

southern Tibet (Brown et al., 1996; Makovsky et al.,

1996; Wei et al., 2001), and highlighted the importance

of lower crustal flow during the plateau formation pro-

cesses (Nelson et al., 1996; Clark and Royden, 2000;

Beaumont et al., 2001).

INDEPTH-III was focused mainly on mantle struc-

ture beneath the plateau. It was designed to complete

a broadband seismic profile from the northern part of

the Lhasa terrain to the Qiangtang terrain across the

Bangong-Nujiang suture. Along the profile, a joint ob-

servation of active seismology with passive source seis-

mology was carried out, and refraction data from the

crust have been obtained (Zhao et al., 2001; Haines et

al., 2003). As a result, P- and S-wave velocity models

in the central plateau have been obtained from seismic

sections from both active passive source methods (Zhao

et al., 2001; Haines et al., 2003). The Pn velocity in

southern Tibet is different from northern Tibet (Hearn

et al., 2001), and mantle anisotropy and P-wave veloc-

ities also appear to be different (Tilmann et al., 2003).

In addition, the differences in the lithospheric velocity

structures in southern and northern Tibet as well as

evidence for the existence of a high conductivity layer

in the lower crust along the profile were obtained. This

research indicates that earthquake activity in central

Tibet usually occurs in the top layer of the crust and

that the upper mantle transitional zone has not been

breached, suggesting that the tectonic activity was lim-

ited to depths above 410 km.

INDEPTH-IV focused on an active-source survey

of northern Tibet, using a 2-D seismic array com-

posed of 48 broadband stations to investigate geody-

namic questions in northern Tibet (Zhao et al., 2011).

This research has suggested that in the central and

northern part of Tibet, a relatively thin but indepen-

dent Tibetan lithosphere is present above a flat and

southward subducting Asian lithosphere. In addition,

the Tibet-Himalaya system appears to be composed

of Indian, Tibetan, and Asian lithospheres. In south-

ern Tibet, the Indian lithosphere subducts beneath the

Tibetan lithosphere, with its frontier reaching just to

the north of the Yarlung Zangbo suture. In the mid-

dle and northern parts of the plateau, Asian litho-

sphere subducts southward beneath the Tibetan litho-

sphere. North of the Kunlun faults, a formal cratonic

lithosphere-asthenosphere boundary (LAB) is observed,

similar to the Indian LAB. Due to the lack of data

north of the Kunlun faults, the behavior of the Asian

lithosphere and northward extension mechanism are un-

known (Zhao et al., 2011).

Hi-CLIMB (Himalayan-Tibetan continental litho-

sphere during mountain building) is another interna-

tional cooperation research project, which was started

in 2002. In order to obtain a high resolution, continuous

cross section across the Himalaya, a densely-distributed

seismic array (with 270 observation points) was estab-

lished. Data from the array have revealed a clear Moho

discontinuities in upper mantle, and the detailed struc-

ture of the main Himalaya thrust (MHT) at depth. The

results indicate that the Indian crust currently under-

thrusts northward beneath the Asian crust, with its

lower part subducting beneath the Qiangtang terrain

when passing through the Bangong-Nujiang suture.

When the Institute of Tibetan Plateau, Chi-

nese Academy of Sciences was established, we pro-

posed and carried out an international cooperation

program, called the ANTILOPE (Array Network of

Tibetan International Lithospheric Observation and

Probe Experiments). At the present day, we have fin-

ished ANTILOPE-I, II, III. Based on the results of

ANTILOPE-I and ANTILOPE-II, and combined with a

TK profile (a profile from Tianshan to Karakum) (Ku-
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mar et al., 2005) and an LMS profile (a profile across

Longmenshan mountain) (Zhang et al., 2010), we have

set up a 3-D model for the mechanism for Tibetan

plateau uplift (Zhao et al., 2010d). The main points

are as followings:

1) Crustal shortening in southern Tibet is accom-

modated by underthrusting of the Indian crust below

the Asian crust that may reach as far north of the YZS.

In northern Tibet, crustal shortening is accommodated

by homogeneous crustal thickening.

2) The boundary between the Indian and Asian

lithospheres below Tibet runs roughly from the western

Tarim basin to the eastern Himalayan syntaxis.

3) A discrete lithospheric region was formed in

northern and eastern Tibet as a crush zone between the

two colliding plates, the existence of which is marked by

high temperature, low mantle seismic velocity, poor Sn

propagation, east and southeast oriented displacements,

and larger seismic (SKS) anisotropy.

4) High, rugged topography is found in western

Tibet, and can be supported by the rigid mantle litho-

sphere below, whereas the lithosphere to the east is

weaker due to the existence of the crush zone.

In addition, the research discussed above has al-

lowed us to locate the boundary between the Indian

plate and the Asian plate beneath the Tibetan plateau,

which has led to a new interpretation that the plateau

is composed of three tectonic plates: the Indian plate to

the south, the Asian plate to the north, and the Tibetan

plate sandwiched between the two (Zhao et al., 2010d).

These results raise several new and more challengeable

questions:

1) In southern Tibet, the Moho has not been off-

set, and the Indian plate is currently subducting north-

ward beneath the Tibetan plate along the Himalayan

thrust zone. The front of the subducting Indian plate

lies approximately along a line from the southwestern

margin of the Tarim basin to the eastern syntaxis of

the Himalayan orogenic belt. In northern Tibet (Altyn

fault), the Moho is offset by ∼20 km, suggesting that

the crustal shortening here is mainly caused by pure

shear and thickening, and no obvious subduction has

been found (Zhu and Helmberger, 1998). In northeast-

ern Tibet, the Asian plate is subducting beneath the

Tibetan plate, and extends southward to the south of

the Jinshajiang suture. The Moho at Kunlunshan has

been offset by ∼20 km, indicating that strike-slip tec-

tonics may be the dominant style of deformation. Sev-

eral fundamental questions exist: Where does the Asian

plate beneath the Tibetan plate subduct? Did subduc-

tion occur in single or multiple phases? How does the

Asian lithosphere mantle behave?

2) The Cenozoic regional tectonic features of north-

ern Tibet are mainly controlled by the combined ac-

tivity of the two strike-slip fault systems—the Kunlun

and Altyn Tagh fault systems. The Qilianshan is con-

sidered to be an area of pressure deformation and up-

lift. There are two points of view about the vertical

uplift and horizontal extension of the Qilianshan. One

school of thought is that the uplift of the Qilianshan

was caused by northeastward strike-slip motion along

the Altyn Tagh fault, forming a detachment interface in

the middle and lower crust. The upper crust thrusts and

uplifts along the detachment surface, forming first the

southern Qilianshan, then the middle Qilianshan and

northern Qilianshan, respectively. We find continuous

northeastward strike-slip along the Altyn Tagh fault,

and the detachment surface extends northeastward. If

this model is true, the deformation intensity and up-

lift height will be reduced northeastward, forming a de-

tachment surface in the middle and lower crust. This

would lead to the Asian mantle lithosphere being un-

derthrust beneath the southern Qilianshan, causing the

early Paleo-Asian lithosphere to be completely replaced

(Figure 4).

A competing school of thought suggests that north-

eastward strike-slip would not lead to a detachment in

the middle and lower crust of the Qilianshan, and in-

stead would cause regional compression, shortening, and

uplift. In this model, the blocks that formed the Qil-

ianshan collected early and have not been broken, but

only reactivated along former sutures. If this model is

correct, the southern, middle and northern Qilianshan

should uplift together at the same time, with few differ-

ences in amplitude. The early Asian lithospheric man-

tle is there, and the Asian lithospheric mantle did not

subduct beneath the Qilianshan (Figure 5). This raises

several important questions. In what way does the Ti-

betan plateau extend northeastward? What is its deep

dynamic mechanism?

Although a significant amount of geophysical ob-

servations have been made in northern Tibet by geosci-

entists, both domestic and overseas, low-density arrays

(station-spacing of ∼50 km) cannot reveal the detailed

and complicated deep structure of the region. Not to

mention that the Qilianshan is almost an empty area

of seismic prospecting, due to a constraint from natural

and humanistic conditions.
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Figure 4 Detachment of the middle and lower crust—A model of gradual progress and uplift (Tap-

ponnier et al., 1990; Meyer et al., 1998).

Figure 5 Block collage—late sync uplift model.

Based on the scientific questions mentioned above,

we are carrying out the ANTILOPE-IV, a comprehen-

sive 500-km long profile in northeastern Tibet (Figure

6). It starts at the northern part of the Hoh Xil crossing

the Kunlunshan, Qaidan basin, Qilianshan, and ends

south of the Alxa basin. Along the profile, passive seis-

mology and MT sounding will be carried out to obtain

a detailed velocity structure and electricity structure of

the crust and mantle. By comprehensive analysis, com-

bining geology with geochemistry, we will try to answer

the following questions: How does the Asian lithospheric

mantle behave beneath the Asian lithosphere? Where

does the Asian plate beneath the Tibetan plate begin

to subduct? Was deformation the result of a single or

multiple phases of subduction? In what way does the

Tibetan plateau extend northeastward? What are the

geophysical properties of the plateau at depth?

Composed of 100 stations, the profile crosses the

southern part of the Alax basin, the Qilianshan, the

Qaidam basin, the eastern Kunlunshan, and the north-

ern part of the Hoh Xil basin. At each station, seis-

mic observations and MT sounding will be jointly con-

ducted. This comprehensive profile promises to provide

a detailed structural analysis of the crust and mantle for

geodynamic research. Additionally, the detailed struc-

ture of the crust and mantle can provide some impor-

tant evidence for research on the mechanisms of seismic

development and evolution. In addition, these results

can be used for resource, mineral, and petroleum explo-

ration.

The Tibetan plateau demonstrates a record of

drifting, colliding and a finally coalescing of different

tectonic blocks since the break-up of the Gondwanan

supercontinent. Discussion of the uplift and extension

of the plateau needs not only the consideration of col-

lision between Indian plate and Eurasian plate, but

also the exchange of material and energy at depth. In

this research, geophysicists are tasked with extracting

intrinsic response, connecting the geologic framework

and chemical element distribution with the physics,

dynamic mechanism and deep tectonic processes. Sub-

sequently, the vertical uplift and horizontal extension of
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Figure 6 Geological setting and location of the ANTILOPE-IV (left) and the ray coverage for

ambient noise tomography (right). In the left panel, AF, QF, KF and JS represent Altyn Tagh

fault, Qaidam north marginal fault, Kunlun fault and Jinshajiang suture, respectively.

the plateau and their links to environmental resources,

energy sources, and seismic hazard can be made within

the kinematic and dynamic regime.

To fit in with a feature of complicated deep struc-

tures, processes and multiple force actions in northeast-

ern Tibet, innovations in methodology and theory must

be made. In addition new scientific theses, arguments

and coupling of theoretical systems with scientific con-

notation full of creativity are needed.

In order to introduce the latest research into

the deep structure and geodynamics of the Tibetan

plateau and its adjacent regions, and promote geophys-

ical prospecting and geodynamic study of the Tibet,

we have compiled numerous papers dealing with the

plateau, from which 16 papers were chosen to form this

special issue.

I would like to express my sincere thanks to all the

authors for their great contributions, as well as the re-

viewers for their careful evaluations, opinions, and sug-

gestions to these papers. I would like also to express my

thanks to Lili Tian and Jiangli Liu, the editors who have

taken great effort and special patience in organizing and

publishing this special issue.
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