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Abstract The Northeastern Tibetan plateau records Cale-

donian Qilian orogeny and Cenozoic reactivation by conti-

nental collision between the Indian and Asian plates. In order

to provide the constraint on the Qilian orogenic mechanism

and the expansion of the plateau, wide-angle seismic data was

acquired along a 430 km-long profile between Jingtai and

Hezuo. There is strong height variation along the profile,

which is dealt by topography flattening scheme in our crustal

velocity structure reconstruction. We herein present the upper

crustal P-wave velocity structure model resulting from the

interpretation of first arrival dataset from topography-depen-

dent eikonal traveltime tomography. With topography flat-

tening scheme to process real topography along the profile, the

evenness of ray coverage times of the image area (upper crust)

is improved, which provides upper crustal velocity model

comparable to the classic traveltime tomography (with model

expansion scheme to process irregular surface). The upper

crustal velocity model shows zoning character which matches

with the tectonic division of the Qaidam-Kunlun-West Qin-

ling belt, the Central and Northern Qilian, and the Alax blocks

along the profile. The resultant upper crustal P-wave velocity

model is expected to provide important base for linkage

between the mapped surface geology and deep structure or

geodynamics in Northeastern Tibet.

Keywords Northeastern Tibet � Wide-angle seismic

profiling � Upper crust � Velocity � Topography-

dependent eikonal traveltime tomography

1 Introduction

The Tibetan plateau covers a vast area (about 2.5 million

km2), and is characterized by a high topography (with an

average altitude of 4,000 m above sea level) and a thick crust

(with an average crustal thickness of 60–75 km). Both the

process itself and the mechanism of the crustal thickening, as

well as the lateral expansion of the plateau are among the key

topics in the study of the continent–continent collision

involved in forming the Tibetan plateau (Yin and Harrison

2000). The crustal thickening process may be related to the

subduction, collision, and postcollisional convergence of the

PaleoTethys and NeoTethys plate and the associated conti-

nental lithosphere (Tapponnier et al. 2001; Royden et al.

2008). Numerous crustal thickening models have been pro-

posed, such as wholesale underthrusting (Argand 1924), the

injection of the crust of India beneath that of Asia beneath

South Tibet (Himalaya, Lhasa terranes) (Zhao and Morgan

1985), channel flow or extrusion of the middle crust in

Himalaya (Beaumont et al. 2004; Klemperer 2006) to uplift

the plateau and middle/lower crustal channel flow (Royden

et al. 2008), or tectonic escape (Burchfiel et al. 1989; Tap-

ponnier et al. 2001; Zhang et al. 2010) in East Tibet, causing
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the lateral expansion of the plateau (Klemperer 2006). All

these models can be categorized into distributional short-

ening/thickening of the Asian crust (Burke and Dewey 1973;

Molnar and Tapponnier 1978; Mattauer 1986; Molnar and

Lyon-Caen 1988) and the homogeneous shortening/thick-

ening of the Asian lithospheric mantle with convective

removal of its lithospheric bottom (Molnar et al. 1993;

England and Houseman 1986, 1989; Dewey et al. 1988;

Zhang et al. 2010). It should be mentioned that most of these

models have been proposed from tectonic (Yin and Harrision

2000) or geophysical observations (Zhao and Nelson 1993;

Owens and Zandt 1997) in the Himalayas and within the

plateau bounded by Main Boundary Thrust (to the south) and

the Kunlun fault (to the north), with more interest being paid

to the shallow characteristics and deep structure south to the

Kunlun fault (i.e., at its northern edge) (Li et al. 2003; Wang

et al. 2005; Liu et al. 2006; Jia et al. 2010; Zhang et al. 2011;

Tian and Zhang 2013). However, to the north of the Kunlun

fault, from the Tarim, Gobi, and Alax platforms (Fig. 1), the

fold-thrust belts along the northeastern edge of the Tibetan

Plateau (such as the Henan Shan, Qilian Shan, and Liupan

Shan) are presently undergoing shortening as they are

incorporated into the plateau (Meyer et al. 1998).

In tectonic terms, the Northeastern Tibetan plateau is a

mosaic of multiple terrains and island-continental arcs (Xu

et al. 2001). Lying in the northern margin of the Tibetan

plateau, the Qilian Caledonian orogenic belt form a WNW-

ESE trending belt with a length of about 800 km and a width

of 400 km (Xu et al. 2001). This belt is bounded to the north

by the Hexi Corridor, by the Qaidam basin to the south, by the

west Qinling mountains to the east and by the Altyn Tagh

fault to the west (Xu et al. 2001). The Northeastern Tibetan

Plateau can be divided into five tectonic units; these are, from

north to south, the Alax Block, the North Qilian oceanic-type

Suture Zone, the Qilian Block, the North Qaidam continen-

tal-type UHPM Belt (CNQ) and the Qaidam-Kunlun-West

Qinling Block (Fig. 1). The discoveries of the HP/LT

metamorphic belt and the North Qaidam UHP metamorphic

belt in Northeastern Tibet (Yang et al. 1998, 2002a; Wei et al.

2009; Yin et al. 2007a, b) provide important constraints on

our understanding of the Caledonian orogeny. It is now

accepted that the Qilian terrane has a Caledonian arc-conti-

nent orogeny. Essentially there are three possible orogeny

mechanisms, namely (1) the paired subduction model of

Yang et al. (2002b), (2) the transition model from oceanic

subduction to continental collision of Song et al. (2006) or

(3) the multiple-accretionary model of Xiao et al. (2009).

The deep seismic sounding of the crustal structure in

Northeastern Tibet provides important constraints to deepen

our understanding of the Caledonian orogeny, as well as our

understanding of the growth of the plateau.

The expansion of the plateau is well understood with

GPS measurements across Tibet in past years (Gan et al.

2007). The available mechanisms for the lateral expansion

of the Northeastern Tibetan plateau (to 2.5–3.0 million

km2) include (1) the northward thrusting of the upper crust

(Tapponnier et al. 1990; Métivier et al. 1998); (2) tectonic

escape at the crustal/lithospheric scale from lateral shearing

of the Kunlun and Altyn faults (Tapponnier et al. 2001), (3)

lower crustal channel flow (Royden et al. 2008) and (4)

southward subduction of North China craton (Yin 2010)

from geological mapping, balanced reconstruction, tec-

tonic, geochemical, and topography data. The gradual

northeastward decrease in elevation across the northeastern

border of the Tibetan plateau may be signature that much

of the upper crust forms a northeastward tapering wedge

decoupled from the underlying lowermost crust and mantle

lithosphere along a large lower to mid-crustal decollement

dipping at a shallow angle to the southwest (Tapponnier

et al. 1990, 2001). It is obvious that the crustal structure

across the northeastern part of the Tibetan plateau can

provide constraints on evaluation of these models about the

northward growth of the plateau.

Lateral variation in topography is present in North-

eastern Tibet, which should be considered in our crustal

velocity structure tomography. As illuminated by Fig. 2,

Fig. 1 Tectonic map of the Northeastern Tibet with wide-angle

seismic experiment (Zhang et al. 2013). Inset geographic position of

the Northeastern Tibet. The red stars represent positions of the

seismic sources, and the triangles denote receivers. India India plate,

Tarim Tarim basin, Alax Alax depression in the western North China

craton, LS Lhasa block; QT Qiangtang block, SPGZ Songpan-Ganzi

block, QDM Qaidam basin, QL Qilian block, EKL East Kunlun

orogenic belt, WQL West Qinling orogenic belt, QDM-EKL-WQL

Qaidam-East Kunlun-West Qinling block, SQ South Qilian block, CQ

Central Qilian block, NQ Northern Qilian block, RYM Riyuan

mountain, LJM Laji mountain
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there are two schemes to deal with the topography issue in

the calculation of traveltime and seismic ray path. Classic

model expansion scheme is widely and effectively used till

now (Vidale 1988, 1990; Reshef 1991; Hole 1992). As an

alternative way, topography-dependent traveltime tomog-

raphy scheme (Ma and Zhang 2013b) was developed with

a first-arrival ray-path tracking (Ma and Zhang 2013a) and

the topography-dependent eikonal equation solver (Lan

and Zhang 2013a, b). With the introduction of transfor-

mation between the curvilinear and Cartesian coordinate

systems, the calculation of first-arrival traveltimes and

traveltime gradient for calculating ray paths in a gridded

physical space (confined by an irregular surface) was

converted into a calculation in a computational space

(confined by a flattened surface). In this way, the irregular

surface was kept as free surface (Fig. 2b) in contrast to the

model expansion scheme where the irregular surface is

converted to inner discontinuity in the expanded space

(Fig. 2a). This change of the irregular surface from free

surface to inner discontinuity may produce some unex-

pected result while keeping some expected issue. The

expected one is the stairstep representation of the irregular

surface using rectilinear grids to the discretization. The

unexpected one is the resultant spurious rays. In this study,

we will present the results of first-arrival traveltime

tomography with the topography-dependent eikonal

tomography scheme (Ma and Zhang 2013b).

For the completeness of the study, we will summarize

seismic observation and topography-dependent eikonal trav-

eltime tomography, and finally present the upper crustal

structure along the Jingtai–Hezuo profile in the Northeastern

Tibet.

2 Brief description of seismic experiment

in Northeastern Tibet

The P-wave seismic data used in this study were acquired

from a 430 km-long wide-angle reflection/refraction profile

(Fig. 1) in April and May of 2009 by the Institute of Geology

and Geophysics of the Chinese Academy of Sciences, and

the Geophysical Exploration Center of the China Earthquake

Administration. The holes were drilled and explosives were

fired by the 6th Geophysical Abridge in the Huadong

Petroleum Geology Bureau of the Sino-Petroleum Explora-

tion Company (SINOPEC). The profile, with an azimuth near

N45�E, runs between Hezuo and Jingtai, which is at the

southern margin of Alax block, Gansu Province (Fig. 1). A

total of 11 shots were fired with an average shot spacing

interval of 50 km. Two shots SP1 and SP2 (near Hezuo,

Fig. 1) were fired south to the northern margin of the western

Qinling Mountains (in the Qaidam-Kunlun-West Qinling

block); eight shots (SP3, SP4, SP5, SP6, SP7, SP8, SP9, and

SP10 in Fig. 1) were fired in the Qilian terrane. SP11 is

located at the northern margin fault of Qilian Mountains and

Tianjingshan fault belt. A total of 200 portable three-com-

ponent digital seismographs were used to acquire the seismic

data along the inline profile. The station spacing was 2 km. In

order to save space, Fig. 3 shows only four P-wave seismic

shot gathers, and the others can be observed in Zhang et al.

(a)

(b)

Fig. 2 Schematic diagram of two irregular surface treatments (Ma and Zhang 2013a): a model expansion scheme. The gridded physical model

space is expanded to a regular computational space, and the irregular surface is treated as an inner discontinuity, b irregular surface flattening

scheme. The irregular surface is flattened by the transformation from the Cartesian to curvilinear coordinates
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Fig. 3 P-wave seismic sections for observed data for SP2, SP5, SP8 and SP10. a Shot SP2 at Wangger. b Shot SP5at Sanyuan. c Shot SP8 at

Shuping and d Shot SP10 at Jingtai. The seismic data is filtered using a 1–10 Hz bandpass filter. The red lines denote the picked data (Pg-phase)
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(2013). In this wide-angle seismic experiment, the first

arrivals as refractions above the crystalline basement of the

crust (Pg-phase) can easily be correlated. Figure 4 displays

the traveltime-offset relationship for Pg event of these shot

gathers. Before the upper crustal P-wave velocity structure

was present, we will summarize topography-dependent

eikonal traveltime tomography used in the data

interpretation.

3 Topography-dependent eikonal traveltime

tomography

For a seismic source located at position at irregular surface

(represented by white star) (Fig. 5), there is an array of

seismometers (n in total) installed to receive seismic signal

triggered by the source. The first Pg arrivals from these

seismometers (Bn, depending on the observed offset ranges

of the Pg events in the seismic experiment) are used to

construct the upper crustal velocity structure by using the

first-arrival traveltime tomography.

For the geological model as in Fig. 5, seismic velocity is

Vðx; zÞ, and Tðx; zÞ is the traveltime field. l s x; zð Þ½ � denotes

the ray path, and s x; zð Þ is the slowness, that is, the reciprocal

velocity. The seismic traveltime can be written as (Nolet

1987)

T¼
Z

l sðx;zÞ½ �

sðx; zÞ dl: ð1Þ

This relationship (1) is nonlinear. Supposing a small

slowness perturbation about a reference slowness s0ðx; zÞ,

that is sðx; zÞ ¼ s0 x; zð Þ þ ds x; zð Þ. According to Fermat’s

principle, the traveltime perturbation can be written as

dT ¼ T � T0 ¼
Z

l s0 x; zð Þ½ �

ds x; zð Þ dl: ð2Þ

Equation (2) is a linear relationship between traveltime

residual and slowness perturbation that can be used for

inversion. Therefore, it is a linearization of the nonlinear

problem and iterations are required. Transforming Eq. (2)

into the matrix form

LDS ¼ DT; ð3Þ

L is the ray paths matrix, DS is the slowness perturbation

matrix, and DT is the traveltime residual matrix. Therefore,

after we obtain the traveltime residual and ray paths, the

slowness perturbation can be calculated by solving the Eq. (3).

For a linear problem, dTi have a relationship with the

model dsðx; zÞ through a form (Hole 1992)

dTi ¼
ZZ

dsðx; zÞgi x; zð Þdxdz; i ¼ 1; 2; � � � ; M; ð4Þ

where the functions gi x; zð Þ are data kernels. In order to

perform a linear inversion, the data are given by

dTi ¼
XN

j¼1

ajCij; ð5Þ

where Cij ¼
RR

hjðx; zÞgi x; zð Þdxdz. hj x; zð Þ are basis

functions, and the model is parameterized by ds x; zð Þ ¼
PN
j¼1

ajhj x; zð Þ.

In tomography, the problem contains the solution of the

Eq. (5) to find the parameters aj. For the inversion schemes,

there are some iterative routines such as the algebraic

reconstruction technique, simultaneous iterative reconstruc-

tion technique, conjugate gradient methods, and LSQR (e.g.,

Dines and Lytle 1979; Humphreys et al. 1984; Peterson et al.

1985; Scales 1987; Paige and Saunders 1982). The back-

projection algorithm (Hole 1992) reduces the computational

costs and allows the model to be densely sampled. We

herein use backprojection scheme (Hole 1992) to solve the

linearized equation in topography-dependent eikonal
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Fig. 4 Match results of first-arrival traveltime. Black, pink and light

blue lines denote the picked, calculated by Hole (1992) and

topography-dependent eikonal traveltime tomography, respectively

Fig. 5 The schematic diagram of seismic survey. The white star denotes the source and the inverted gray triangles denote the receivers located

on the irregular surface. Traveltime contours are denoted by thin black lines and rays are denoted by thick black lines
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traveltime tomography scheme in the presence of irregular

surface (Ma and Zhang 2013b). Where, the forward mod-

eling of first arrival traveltime uses the topography-depen-

dent eikonal equation (Lan and Zhang 2013a), and ray path

calculation uses the tracking scheme developed by Ma and

Zhang (2013a) with irregular surface.

4 Upper crust structure along Jingtai–Hezuo profile

The first-arrival traveltime data of this 430 km-long wide-

angle seismic profile between Alax and Hezuo was inter-

preted with the traditional way where topography is dealt

with model expansion scheme (Fig. 2a) (Zhang et al.

Fig. 6 a Synthetic velocity model. b Tomography result calculated by scheme of Hole (1992). c Tomography result calculated according to

topography-dependent eikonal traveltime tomography. The dark blue line denotes the irregular surface. The white stars denote the sources, and

the inverted gray triangles denote the receivers located on the irregular surface. d Relative error of synthetic model for scheme of Hole (1992).

e Relative error of synthetic model for topography-dependent eikonal traveltime tomography
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2013). Here, we will make reinterpretation of these Pg

traveltime dataset with the updated topography-dependent

eikonal traveltime tomography scheme (Ma and Zhang

2013b).

To assess the feasibility of topography-dependent eik-

onal traveltime tomography method, we carried out a

synthetic model test. The surface of the model represents

topography that combines one hill and two depressions and

the model uses continuous medium. The spacing size of

the grids is 0.1 km. The starting velocity model uses

homogeneous velocity model, and the region above the

irregular surface is filled with velocity of 0.5 km/s for

Hole’s scheme (1992). Figure 6a displays the synthetic

model. The resultant upper crustal structures from the

Hole’s scheme and our scheme are presented in Fig. 6b, c,

respectively. Most portions of the synthetic model are well

recovered both by topography-dependent eikonal travel-

time tomography (Fig. 6e) and Hole’s scheme (1992)

(Fig. 6d). Relative error from topography-dependent eik-

onal traveltime tomography (Fig. 6e) is reduced compared

with errors from Hole’s scheme (1992) (Fig. 6d) at the top

and bottom of the model in our study, which is inferred

partly from improvement of the ray path with irregular

surface (by topography-dependent scheme), but more

models are needed to make comparison in future.

Precision in forward traveltime calculation in our topog-

raphy-dependent eikonal traveltime tomography strongly

depends on grid size, topography gradient, and velocity

distribution, which should be improved to be automatically

adjusted during the inversion process (velocity distribution

update).

In interpretation of the picked Pg arrivals in this

experiment (Zhang et al. 2013), our upper crustal model is

discretized by grids with spacing size of 0.5 km. Upper

panel in Fig. 7 shows real topography approached with the

boundary-conforming grid. We utilized initial (starting)

velocity model with linearily continuous increased velocity

(from 5.0 to 6.2 km/s) in both inversion schemes. In order

to utilize the scheme of Hole (1992), we constructed a

regular model by filling the region above the irregular

surface with very low P-wave velocity of 0.5 km/s.

Figure 8 show the relevant results of tomography

beneath the wide-angle seismic profile. The ray paths are

comparable with topography-dependent eikonal travel-

time tomography (upper panel in Fig. 8a) and Hole

(1992) (lower panel in Fig. 8a). The numbers of rays

intersecting each cell for these two methods are shown in

Fig. 8b. The ray coverage is also similar for these two

methods, and the ray coverage for topography-dependent

eikonal traveltime tomography (upper panel of Fig. 8b) is

a little more uniform, which is one way to improve res-

olution, even though the resolution can be evaluated with

Fig. 7 Upper crustal model and boundary-conforming grid of the wide-angle profile between Alax and Hezuo for topography-dependent eikonal

traveltime tomography. Lower panel The model area for constructing upper crustal structure, which was compressed to 20 % along x-direction in

order to save space; Upper panel For clarity, the grids with red frame are displayed
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Fig. 8 The wide-angle profile data. a Tomography result and ray paths. Upper panel Topography-dependent eikonal traveltime tomography;

Lower panel Traveltime tomography from Hole (1992). b Number of rays intersecting each cell. Upper panel topography-dependent eikonal

traveltime tomography; Lower panel Traveltime tomography from Hole (1992)
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checkboard test (Rawlinson et al. 2006) and resolution

kernel (Hole 1992).

With two-to-three times updation of the upper crustal

velocity model, the rms traveltime residuals for the sixth

shot of the wide-angle profile data converge to less than

0.1 s (Fig. 9) both for topography-dependent eikonal

traveltime tomography and Hole’s scheme (1992). The

upper crustal P-wave velocity structures calculated with

topography-dependent eikonal traveltime tomography

method and Hole’s scheme (1992) are illuminated in

Fig. 10a, b, respectively. The top plate in Fig. 10a, b is

tectonic setting crossed by the wide-angle profile. We can

observe that the low velocity distribution in the sedimen-

tary basins or depressions along the profile. Beneath the

segment from the south end of the profile to about 120 km

along the profile (the Qaidam-Eastern Kunlun-West Qin-

ling terrane), sedimentary layer can be divided into

southern and northern parts in the upper crustal velocity

model. P-wave velocity is\5.8 km/s for the southern part,

and about 6.0 km/s for the northern part. Within the seg-

ment between 120 and 300 km on the profile (upper panel

of Figs. 8a, 10a), the Central Qilian orogenic belt (CQ),

was separated into south and north by the boundary of

Maxianshan fault. Beneath the southern part, the sedi-

mentary layer has P-wave velocity \5.0 km/s, and under-

lain by a high velocity anomaly about 6.3 km/s. The

segment between 300 and 350 km on the profile (the

Northern Qilian block, NQ), P-wave velocity is less than

5.8 km/s for the sediment layer. We recognize that the

above analysis is just preliminary and should be improved

in future.

5 Discussion and conclusions

Free surface is usually irregular and its description of the

complicated topography is important for the construction

of crustal velocity model. Irregular surface is processed as

an inner discontinuity in Hole’s tomography scheme (1992)

with model expansion scheme, which is due to the stairstep

representation of the irregular topography by the rectilinear

grids. Here, we present upper crustal P-wave velocity

model derived from an alternative scheme, topography-

dependent eikonal traveltime tomography (Ma and Zhang

2013b), while keeping the irregular surface as free surface,

not the inner discontinuity in model expansion scheme. The

advantage of using curvilinear grids is that all the surface

points may be used as regular grid points. The accuracy of

the topography-dependent eikonal traveltime tomography

partly depends on the precision in forward traveltime cal-

culation. A high-order eikonal equation solution to the

topography-dependent eikonal traveltime tomography

should be considered and employed in future.

The model test and real data tomography results show

its potential and improvement space for high-resolution

reconstruction of upper crustal velocity distribution. We

speculate that it needs to take account of the upper crustal

P-wave velocity structure to link surface geology and

deep geodynamic process in the Northeastern Tibetan

plateau.
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Fig. 9 The rms traveltime residuals plotted against iteration number

for the 6th shot of the wide-angle profile data. Circles denote the

topography-dependent eikonal traveltime tomography, and triangles

denote the Hole’s scheme (1992)
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Fig. 10 Tomography results of upper crust along the wide-angle seismic profile. a Tomography result calculated using topography-dependent

eikonal traveltime tomography scheme developed in this study; b Tomography result calculated according to Hole (1992). Stars denote source

positions. The front Tomography result of upper crustal structure. The top Tectonic setting crossed by the wide-angle profile, and the region is

identified by the rectangular regions with the black lines in Fig. 1. Pt1: Lower Proterozoic Eonothem, Yemanansha Group; Pt2: Middle

Proterozoic Eonothem; Ch: Middle Proterozoic Eonothem, Changcheng System Danghe Group; Jx: Middle Proterozoic Eonothem, Jixiang

System Tuolainansahn Group; Jx-Qn: Upper Proterozoic Eonothem, undivided; O1, O2, O3: Ordovician System, clastic rock and volcanic rock;

S1: Silurian System, flysch and volcanic rock; D: Devonian System, middle-upper series are molasse; C1: Carboniferous System, marine

sediment; P: Permian Marine and continental clastic rock, volcanic rock; CP: mixed layers including CP1, C1P and C2P1; Pz2: Upper Paleozoic

Eonothem, undivided; T, T1, T2, T2-3: Triassic system, marine flysch and volcanic rock; J, J2, J3: Jurassic System, mainly continental clastic rock;

K, K1, K2: Cretaceous System, mainly continental clastic rock; N, N1: Neogene System, clastic rock and volcanic rock; E, E3: Paleogene System,

mainly clastic rock with volcanic molasse; EN: Paleogene and Neogene System, undivided; Q3, Q4: Quaternary System, continental

accumulation; R2: Proterozoic ultra mafic rock; R3: Caledonian ultra mafic rock; cp3: Caledonian granite porphyry; c3: Caledonian granite; do3:

Caledonian quartz diorite; r2
3: Middle Caledonian peridotite; cd1

5: Indo-Chinese granodiorite; co1
5: Indo-Chinese tonalite; c1

5: Indo-Chinese

granite; c2
5: Early Yanshanian granite; do2

5: Early Yanshanian quartz diorite; cd2
5: Early Yanshanian granodiorite (from 1:5,000,000 Geological

map of China)
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