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Abstract

The 1000-km-long Darlag—Lanzhou—Jingbian seismic refraction profile is located in the NE margin of the Tibetan plateau. This
profile crosses the northern Songpan-Ganzi terrane, the Qinling-Qilian fold system, the Haiyuan arcuate tectonic region, and the
stable Ordos basin. The P-wave and S-wave velocity structure and Poisson’s ratios reveal many significant characteristics in the
profile. The crustal thickness increases from northeast to southwest. The average crustal thickness observed increases from 42 km
in the Ordos basin to 63 km in the Songpan-Ganzi terrane. The crust becomes obviously thicker south of the Haiyuan fault and
beneath the West-Qinlin Shan. The crustal velocities have significant variations along the profile. The average P-wave velocities for
the crystalline crust vary between 6.3 and 6.4 km/s. Beneath the Songpan-Ganzi terrane, West-Qinling Shan, and Haiyuan arcuate
tectonic region P-wave velocities of 6.3 km/s are 0.15 km/s lower than the worldwide average of 6.45 km/s. North of the Kunlun
fault, with exclusion of the Haiyuan arcuate tectonic region, the average P-wave velocity is 6.4 km/s and only 0.5 km/s lower than
the worldwide average. A combination of the P-wave velocity and Poisson’s ratio suggests that the crust is dominantly felsic in
composition with an intermediate composition at the base. A mafic lower crust is absent in the NE margin of the Tibetan plateau
from the Songpan-Ganzi terrane to the Ordos basin. There are low velocity zones in the West-Qinling Shan and the Haiyuan
arcuate tectonic region. The low velocity zones have low S-wave velocities and high Poisson’s ratios, so it is possible these zones
are due to partial melting. The crust is divided into two layers, the upper and the lower crust, with crustal thickening mainly in the
lower crust as the NE Tibetan plateau is approached. The results in the study show that the thickness of the lower crust increases
from 22 to 38 km as the crustal thickness increases from 42 km in the Ordos basin to 63 km in the Songpan-Ganzi terrane south of
the Kunlun fault. Both the Conrad discontinuity and Moho in the West-Qinling Shan and in the Haiyuan arcuate tectonic region are
laminated interfaces, implying intense tectonic activity. The arcuate faults and large earthquakes in the Haiyuan arcuate tectonic
region are the result of interaction between the Tibetan plateau and the Sino—Korean and Gobi Ala Shan platforms.
© 2006 Published by Elsevier B.V.
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1. Introduction

The NE margin of the Tibetan plateau, located in an
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E-mail addresses: mliu@usgs.gov (M. Liu), mooney@usgs.gov continental dynamics. Much attention has been paid to
(W.D. Mooney). the Tibetan plateau regarding its evolution as a product
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of the India—Asia collision (Molnar and Tapponnier,
1975). Since India collided with Asia ~55 million years
ago, the Tibetan plateau has dominantly been growing
toward the east and northeast (Tapponnier et al., 2001).
Therefore, crustal structure and evolution in the NE
plateau are attracting more attention (Cui et al., 1995;
Herquel et al., 1995; Zhu and Helmberger, 1998; Meyer
etal., 1998; Galve et al., 2002; Vergne et al., 2002; Pares
et al., 2003).
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A 1000-km-long geophysical profile was conducted
from Darlag—Lanzhou—Jingbian extending from the
Songpan-Ganzi terrane to the Ordos basin in the NE
margin of the Tibetan plateau to study the interaction
between the Tibetan plateau and the Sino—Korean
platform, and to study the deep driving mechanisms of
tectonic deformation (Fig. 1). It is a combination profile
that consists of seismic refraction, teleseismic observa-
tion, and magnetotelluric soundings (MTS). In this

38| <

Qimen Tagh
thrust

e
East-Kunlun ' —a— Sh

Kunlun fat|1|t

I Qaidam Basm

qrth Kuvrll_un[hrust A

< Paleozoic and Mesozoic plutonic rocks ""faaa Major sut
in the East-Kunlung and West Qinling Shan AKMS: Ayimagin-
Mesozoic plutonic rocks in the Qiangtang BNS:

Bangong-Nujiang suture

102 104 106 1 08 110
= ¥ Y
e Gobi Ala Shan Platform : s Sino-Korean
\’R_\ (North China) ~ '1ellin @racng 'ﬁ \  Plaorm| 38
= | Yantongshan 17V /- — =\~ (North Chlﬂa)
A ch iy XlangshfanlNurthem _ault 5 \HG'JW" arwa!e \
t
Marglifau \ ﬁ;{:ﬂ;n ingbuan \
»7 Zhongwel \ Yanan \
= W
L] ] Haiyuan - “J:‘ 36

fau

I Y
§es** """ " Qinling North 34

Kunlun  Margin fault e
ault system

32

Vo

Yangtze Platform

(South China)
\

30

100 200 km

——
—

ure
Kunlun-Mutztagh suture

Strike-Slip Fault

~—v Thrust

and Songpan-Ganzi Terrane DHS:  Danghe Nan Shan suture ———+ Anticline
Plutonic rocks belonging to the Gangdese Js: Jinsha suture
S patholith NQS:  North Qilian suture
SQS:  South Qilian suture

Cenozoic granites in Eastern

% Tibet (Czgr)

% Tertiary sedimentary rocks
q";/ Neogene-Quaternary sediments

Fig. 1. Tectonic map of the NE Tibetan plateau (after Yin and Harrison, 2000). The seismic profile is indicated by a solid black line with circled

numbers 1 through 9, indicating shot point locations. The southernmost shot

point (SP1) is located in the Songpan-Ganzi terrane near Darlag. The

northernmost shot point (SP9) is located in the Ordos basin near Jingbian. The seismic profile crosses the Qinling-Qilian fold system (SP2 to SP6) and

the Haiyuan arcuate tectonic belt (SP7).
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paper, we present the 2-D velocity structure from P- and
S-waves, we infer the composition of the crust using
Poisson’s ratio, and we discuss the continental dynamics
in the NE margin of the Tibetan plateau based on the
seismic refraction data (Li et al., 2002; Liu et al., 2003).

2. Geologic setting

The study area covers the NE margin of the Tibetan
plateau, and has a complicated geological background.
It involves mainly three geological units, the northeast-
ern Tibetan plateau, which includes the Songpan-Ganzi
terrane, the Qinling-Qilian fold system, the Haiyuan
arcuate tectonic region, the Ordos basin, in addition to
two tectonic belts. The NS belt divides the Chinese
continent into eastern and western tectonic provinces
from the Helan Shan to the Sichuan-Yunnan (Li and
Mooney, 1998), and the Central Orogenic Belt that
divides the Chinese continent into northern and southern
tectonic provinces along Kunlun—Qinling—Dabie (Jiang
et al., 2000). Tectonic activity is very intense in the
study area, where several M>8 ecarthquakes have
occurred in the past hundred years. Compression from
the Indian plate has not only caused the crustal
thickening and uplift of the NE Tibetan plateau, but
has also affected adjacent areas such as the Sino-Korean
platform and the Gobi Ala Shan platform. At the same
time, the relatively solid blocks surrounding the plateau
constrain the movement of the Tibetan plateau to some
degree.

2.1. Songpan-Ganzi terrane (shot point SP1 in Fig. 1)

The Songpan-Ganzi terrane, which occupies a large
part of the central Tibetan plateau, is a triangular
tectonic element between the Qinling-Qilian fold system
in the north and the Qiangtang terrane in the south. It is
characterized by a thick sequence of Triassic strata of
deep marine deposits. These Triassic strata are com-
monly referred to as the Songpan-Ganzi flysch complex,
which was intensely deformed by folding and thrusting
during the Late Triassic and Early Jurassic (Yin and
Harrison, 2000). The southwestern end of the seismic
profile extends into the Songpan-Ganzi terrane by about
50 km.

2.2. Qinling-Qilian fold system (West-Qinling Shan
and Qilian Shan) (between shot point SP2 and SP6 in
Fig. 1)

The Qinling-Qilian fold system is situated in the
NE corner of the Tibetan plateau and is a fold-and-

thrust system. Nowhere else does active overthrusting
spread over a greater surface area (~500,000 km?)
than in the NE corner of Tibet (Tapponnier et al.,
2001). This broad region of coeval mountain building
is delimited by the Kunlun fault to the south, the
Altyn Tagh fault to the northwest, and the Haiyuan
fault to the northeast (Fig. 1). The most vigorously
rising thrust-ranges along the eastern rim of Tibet lay
north of the Kunlun fault (Tapponnier et al., 2001).
The Kunlun fault separates the Songpan-Ganzi
terrane from the Qinling-Qilian fold system which
is divided into the West-Qinling Shan and the Qilian
Shan by the Qinling north margin fault. The West-
Qinling Shan is part of the Central Orogenic Belt
in China.

2.3. Haiyuan arcuate tectonic region (shot point SP7 in
Fig. 1)

The Haiyuan arcuate tectonic region connects
three tectonic units: the Tibetan plateau in the
southwest, the Sino—Korean platform in the north-
east, and the Gobi Ala Shan platform in the north. It
is also a junction of three intraplate blocks, similar to
a triple junction that connects three plates (Tian and
Ding, 1998). There are four arcuate faults in the
region: the Haiyuan fault, the Xiangshan Northern
Margin fault, the Yantongshan fault, and the
Qingtongxia-Guyuan fault. The faults converge to-
ward the southeast and diverge toward the northwest.
Many large earthquakes occurred on the arcuate faults
in the region, including the 1920 M=8.5 Haiyuan
earthquake on the Haiyuan fault. The Haiyuan fault is
the boundary of the northeastern Tibetan plateau. The
NS belt passes through the Haiyuan arcuate tectonic
region.

2.4. Ordos basin (Sino-Korean Platform) (between shot
point SP8 and SP9 in Fig. 1)

The Ordos Basin is a Mesozoic basin in the
Sino-Korean platform. The Sino-Korean platform is
considered to be one of the most stable tectonic
provinces in China (Yin, 2002). Its basement
consists of Archean metamorphic rocks. The upper
Proterozoic and the lower Palacozoic layers are
marine sediments, the Carboniferous layers are
interbedded coal strata of marine and land sedi-
ments, and above the Permian layers are land
sediments. The surface cover of the Ordos basin
consists of thick Mesozoic and Cenozoic layers.
There are few earthquakes in the central Ordos
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basin, in contrast to its margin, which further
demonstrates the stability of this block.

3. Seismic data
3.1. Acquisition and processing

Along the Darlag—Lanzhou—Jingbian seismic pro-
file, twelve charges were fired at nine shot points
numbered SP1 to SP9 (Fig. 1). All charges were fired in
boreholes except for the water shot at SP1. Each charge
size was about 2 tons. The seismic energy was recorded
by 200 portable digital seismographs, DAS-1, devel-
oped by the Geophysical Exploration Center of the
China Earthquake Administration (CEA). Three-com-
ponent geophones were used for the whole profile and
the receiver spacing was 1.5-2 km. High quality P- and
S-wave data were acquired.

The vertical-component and the horizontal-compo-
nent parallel with the profile were used to identify P- and
S-waves, respectively. Record sections were plotted
with reduction velocities of 6.00 and 3.46 km/s for P-
and S-waves, respectively. In order to match the P-wave
arrival times, the timescale used for S-waves was
compressed by a factor of 0.58 on the S-wave record
section. To improve the signal-to-noise ratio, the data
were filtered with band passes of 0—10 and 0—6 Hz,
respectively, for P- and S-waves.

3.2. Correlation of phases

According to the kinetic and dynamic character-
istics of seismic waves, and taking into consideration
P- and S-wave data, eight P-wave (S-wave) phases, P,
(Sg), PiP (S:S), PP (ScS), PsP (S5S), P4P (S4S), PsP
(S5S), PP (S.S) and P, (S,), were identified from
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Fig. 2. Record sections of shot point SP2 located in the West-Qinling Shan of the Qinling-Qilan fold system. (a) Trace-normalized band-pass filtered
(0—6 Hz) S-wave record section with a reduction velocity of 3.46 km/s and a factor of 0.58 in timescale with respect to P-wave record section; (b)
Trace-normalized band-pass filtered (0—10 Hz) P-wave record section with a reduction velocity of 6.00 km/s. There are several reflections but the
wide-angle reflections from the Moho (P,,,P and S,,S) are not very clean. Arrival times of S-wave reflections are obviously later than that expected for
a Poisson’s ratio of 0.25. Seismic phases are labeled as: basement refraction (P, and S,) and reflections (P; and S;, P.P and S.S, P5 and S5, P4 and S,4,

Ps and Ss) from different depths.
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record sections along the profile (Li et al., 2002; Liu et
al., 2003). Not all phases could be identified in each
tectonic unit.

The nomenclature of the phases identified in the data
is as follows (Figs. 2—4). P, (S,) is a diving wave of the
superficial sedimentary layer or basement cover, or the
refraction from the basement. P.P (S.S) and PP (S,,S)
are the reflections from the Conrad discontinuity and the
Moho, respectively. P, (S,) refracts through the upper
mantle. PP (S;S), P3P (S3S), P4P (S4S) and PsP (SsS)
are defined as intracrustal reflections.

Different phases have different strengths and char-
acteristics along the profile. S-wave phases are not
always as clear as P-wave phase due to a lower signal-
to-noise ratio. P, (Sy) is a clear phase that contains
detailed information about near-surface sediments of the
upper crustal velocity structure, and can be observed at a
distance less than 150 km from the shot. P,,P (S,,S) is a
relatively strong and continuous phase in the record
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sections. As a reflection from the Moho, PP (S,,S)
usually appears at 80—120 km from the shot and can be
observed as far away as 200 km from the shot (Figs. 3
and 4). The PP (S,,S) phase, observed from the record
section of the northeasternmost shot point SP9 (Fig. 5)
located in the Ordos basin, is very clear and has a simple
waveform, large amplitude, sharp wavefront, and short
duration. Conversely, the P,P (S,,S) phase, detected in
the western branch of the record section from SP7, lasts
longer and has a complicated waveform. In general, it is
relatively weak both in amplitude and energy observed
in the southwestern record section of the profile (Fig. 2).
In the record section of SP4 (Fig. 3b), the travel times of
PP are obviously delayed at a distance greater than
170 km. This indicates that there is a deep crustal Low-
Velocity-Zone (LVZ) in the West-Qinling Shan. In fact,
different depths of the LVZ are observed in the segment.
P.P (S.S) is the clearest phase after P,P (S,,S) and P,
(Sg), and we infer that there is a Conrad discontinuity
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Fig. 3. Record sections of shot point SP4 located in the Qilian Shan of the Qinling-Qilan fold system. (a) Trace-normalized band-pass filtered (0—
6 Hz) S-wave record section with a reduction velocity of 3.46 km/s and a factor of 0.58 in timescale with respect to P-wave record section; (b) Trace-
normalized band-pass filtered (0—10 Hz) P-wave record section with a reduction velocity of 6.00 km/s. P,P and S,,S are refractions from below the
Moho and other seismic phases are labeled as in Fig. 2. The reflections from Moho (P,,,P and S,,,S) are very clear and the travel times of P,,P are
obviously delayed at a distance greater than 170 km.
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Fig. 4. Record sections of shot point SP9 located in the Ordos basin. (a) Trace-normalized band-pass filtered (0—6 Hz) S-wave record section with a
reduction velocity of 3.46 m/s and a factor of 0.58 in timescale with respect to P-wave record section; (b) Trace-normalized band-pass filtered (0—
10 Hz) P-wave record section with a reduction velocity of 6.00 km/s. Seismic phases are labeled as in Figs. 2 and 3. The reflections from Moho
(P,P and S,,P) and refractions from below Moho (P,P and S,S) are very clear.

dividing the crust. Some secondary reflections, P1P (S;S),
P5P (S5S), P4P (S4S) and PsP (S5S), were observed, but
were discontinuous and weaker than P.P (S.S). So we
believe the upper crust and the lower crust were
subdivided into different secondary layers in different
tectonic units. An upper crustal LVZ was observed in the
western branch of the record section of SP7, which
corresponds to the Haiyuan arcuate tectonic region. PP
(S,P) was observed as the first arrival in several record
sections at distances greater than 200 km (Figs. 4 and 5).

4. Modeling the data

Based on the above-mentioned phase correlations
and in light of results from P-wave data processing and
S-wave data processing, the two-dimensional P- and S-
wave velocity structure and Poisson’s ratio were
established (Li et al., 2002; Liu et al., 2003).

The P-wave velocity structure was obtained by using
P.P and P,,,P phases to determine the depths and average

velocities of the Conrad discontinuity and Moho
corresponding to each shot, applying the x> — method
(Giese et al., 1976). Next, the P-wave velocity—depth
function of each shot was obtained by one-dimensional
reversion. The final two-dimensional P-wave velocity
structure (Fig. 6a) was acquired after travel times and
amplitudes of the various P-wave phases on the record
sections were fitted by adjusting the velocities and
depths of the boundaries (e.g., Fig. 5) in the initial model
with two-dimensional forward raytracing (Cerveny et
al., 1977; Cerveny and Psenick, 1984).

The S-wave velocity structure was determined on the
basis of the P-wave model. At first, the depths to all
boundaries were set at those distances obtained from the
P-waves. Next, a two-dimensional initial inhomoge-
neous S-wave velocity model was constructed. Finally,
the final two-dimensional S-wave model was acquired
after travel times and amplitudes of the S-wave phases on
the record sections were fitted by adjusting the velocities
in the initial model using the raytracing method.
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Fig. 5. (a) Observed and (b) synthetic record sections of P-waves and (c) ray coverage for SP9 located in the Ordos basin. The wide-angle reflection

from the Moho (P,,P) and refractions from below Moho (P,) are very clear.

Uncertainties in the final velocity model primarily
depend on the correct identification of the various
phases and the density of rays, the shot point interval,
the receiver density, and the degree of lateral variations
in the thickness of surficial sediments. Our result has
shown that, depending on the uniformity of the structure
and the density of the rays, the ability to resolve velocity
and depths to the interfaces are 2% and 5%, respectively.
Thus a velocity of 7.0 km/s has an uncertainty of
+0.14 km/s and a layer depth of 30 km has an
uncertainty of +1.5 km. The V,/V ratio has an
uncertainty of 4%. The final velocity structure including

P-wave velocity, S-wave velocity and Poisson’s ratio
(Fig. 6) are discussed in the following sections.

4.1. P- and S-wave velocity structure

The crustal P- and S-wave velocity structure (Fig. 6a
and b) shows crustal thickness variations along the
profile. The crustal thickness increases gradually from
42 km beneath the Ordos basin in the northeast to 63 km
beneath the Songpan-Ganzi terrane in the southwest.
The average crustal thickness is 47 km beneath the
Haiyuan arcuate tectonic region, 56 km beneath the
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Qilian Shan, and 60 km beneath the West-Qinling Shan.
The Conrad discontinuity (interface C in Fig. 6) marks
the boundary between the upper and lower crust. Like
the whole-crustal thickness, the upper- and lower-crustal
thicknesses show as well a general increase in thickness
from 17 km (respectively 21 km) beneath the Ordos
basin to 25 km (respectively 38 km) beneath the
Songpan-Ganzi terrane.

Crustal velocities vary considerably along the profile.
The average crustal P-wave velocity (S-wave velocity)
is 6.4 (3.7) km/s beneath the Ordos basin, 6.3 (3.5) km/s
in the Haiyuan arcuate tectonic region, 6.4 (3.7) km/s in
the Qilian Shan, and 6.3 (3.5) km/s in the West-Qinling
Shan and Songpan-Ganzi terrane. Beneath the Tibetan
plateau, the average crustal P-wave velocity amounts to
6.38 km/s which is slightly lower than the global
average of 6.45 km/s (Christensen and Mooney, 1995).

Velocities in the near-surface layer, i.e. between the
surface and interface B, are V,=(3.5-5.4) km/s
(Vs=2.0-2.7 km/s) whereby the lowest values are
observed in the sedimentary cover of the Ordos basin.
The 0-5 km deep, near-surface layer is thick beneath
basins and thin or completely missing beneath uplifted
areas.

The upper crystalline crust is divided into an upper
and lower normal gradient layer by interface Cj;.
Velocities vary between V,,=5.7-6.1 km/s (Vs=3.15—
3.55 km/s) in the upper layer (between interface B and
Cl in Fig. 6a and b) and between V,,=6.0-6.3 km/s
(Vs=3.6-3.7 km/s) in the lower layer (between interface
Cl and C in Fig. 6a and b). We observe low velocity
zones (LVZ) with V,,<6.2 km/s (V,<3.5 km/s) beneath
the Haiyuan arcuate tectonic region and the Qinling-
Qilian fold system, where the Conrad discontinuity
(interface C in Fig. 6a and b) is a laminated interface,
and not a sharp boundary.

The lower crust ranges from the Conrad discontinuity
(interface C in Fig. 6a and b) to the crust-mantle
boundary (interface M in Fig. 6a and b) and includes the
interfaces Cz, C4, and Cs. The NE—SW-increase in
lower-crustal thickness is accompanied by further
sublayering (interfaces Csz, C4, and Cs in Fig. 6a and
b). Beneath the Ordos basin velocities increase with
depth from V,=6.4 km/s (Vs=3.7 km/s) at the top of the
lower crust to V},=6.8 km/s (V;=3.9 km/s) at the base of
the lower crust. Beneath the Haiyuan arcuate tectonic

region interface C, divides the lower crust into an upper
part with V,=6.45-6.5 km/s (V4=3.55 km/s) and a
lower part with V,=6.6-6.8 km/s (Vs=3.65 km/s).
Here, S-wave velocities are much lower than in the
adjacent areas, and the crust-mantle boundary is a
laminated interface and shows a step-like interruption
beneath SP7. Further to the southwest, beneath the
Qinling-Qilian fold system, the lower crust is further
subdivided and shows three layers with, from top to
bottom, V,=6.45 km/s (Vs=3.7 km/s), V,=6.5 km/s
(Vs=3.7-3.8 km/s), and V,=6.7-6.8 km/s (V,=3.8—
3.9 km/s). Southwest of SP2, beneath the Songpan-
Ganzi terrane and the West-Qinling Shan, the lower
crust shows a subdivision into four layers. The velocity
structure is characterized by horizontal low-velocity
zones in each of the four layers. The crust—mantle
boundary is a laminated interface and shows a step-like
interruption beneath SP2.

The velocity in the upper-most mantle is V,=7.9—
8.0 km/s (Vs=4.4—4.6 km/s). This range is in excellent
agreement with previous seismological studies (e.g.,
Liang et al., 2004; Sun et al., 2004a,b; Hearn et al.,
2004).

4.2. Poisson's ratio

Poisson’s ratio, o (or equivalently, V,/V5), has been
used to determine the crustal composition within the
continental crust (e.g., Holbrook et al., 1992; Christen-
sen and Mooney, 1995; Rudnick and Fountain, 1995;
Zandt and Ammon, 1995; Christensen, 1996; Catchings
and Lee, 1996; Musacchio etal., 1997; Kern et al., 1999;
Swenson et al., 2000; Wang et al., 2003). Based on the
P-wave and S-wave velocity structure along the Darlag—
Lanzhou—Jingbian profile (Fig. 6a and b) the distribu-
tion of Poisson’s ratio within the crust and upper mantle
was obtained (Fig. 6c).

Along the profile, Poisson’s ratio varies with depth
and distance. The Poisson’s ratio ranges between 0.26—
0.36 in the near-surface sedimentary cover (between the
surface and interface B in Fig. 6¢) whereby the high
values result from saturated or loosened sediments, or
from fractured bedrocks. Poisson’s ratio is generally
0.24-0.26 in the upper crust (between interface B and C
in Fig. 6¢) and 0.25-0.27 in the lower crust (between
interface C and M in Fig. 6¢), excluding the zones of

Fig. 6. Two-dimensional crustal velocity structure along the Darlag—Lanzhou-Jingbian profile reaching from the Songpan-Ganzi terrane in the
southwest to the Ordos basin in the northeast. The top panel shows the tectonic units, faults, and thrust which are crossed by the profile. (a) Crustal P-
wave velocity model (7},), (b) crustal S-wave velocity model (V;), and (c) Poisson’s ratio o (equivalently, V},/V ratio). The top of the crystalline
basement is indicated by “B,” the Conrad discontinuity by “C”, and the crust—mantle boundary by “M.” The upper crust lies between interface “B”
and “C”, and the lower crust between interface “C” and “M”. “C1” and “C3” to “C5” indicate further interfaces in the upper and lower crust,
respectively. The cross-sections are shown with a vertical exaggeration of 1:5.
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locally high or low Poisson’s ratio. Within the upper
crust we observe, locally, zones of low o-values
(0<0.23) beneath the Qilian Shan which can be linked
to zones of high S-wave velocities (Vs>3.6 km/s).
Zones of locally high o-values with 0.27<5<0.29 in
the upper crust and 0.27<g <0.31 in the lower crust are
apparent beneath the Songpan-Ganzi terrane, the West-
Qinling Shan and the Haiyuan arcuate tectonic region.
Beneath the Songpan-Ganzi terrane and the West-
Qinling Shan zones of high g-value (g >0.28) alternate
with zones of average o-value. The high-o anomalies
correlate with zones of low P- and S-wave velocities
with the exception of the top layer of the upper crust
(between interface B and C1 in Fig. 6) where high o-
values are caused by low S-wave velocities. The crust
beneath the Haiyuan fault, the Xiangshan Northern
Margin fault, and the Qingtongxia—Guyuan faults is
transected by a ~100-km-wide zone of high o-values
which extends to the base of the crust. In the upper and
lower crust o-values are 0.26—0.30 and 0.28-0.30,
respectively. Here, high o-values correlate with low S-
wave velocities except for the lower layer of the upper
crust where we also observe low P-wave velocities.

5. Discussion
The Tibetan plateau has the thickest crust and the

highest elevation on the Earth, and many large earth-
quakes occur in the region surrounding the plateau. One
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of the largest in recent times was the 1920 M=8.5
Haiyuan earthquake at the NE margin of the plateau.
Inferences about the crustal composition and mechan-
isms of thickening and uplift of the plateau raise
controversial questions. Using the results of the seismic
refraction survey along the Darlag—Lanzhou—Jingbian
profile, we discuss these questions below.

5.1. Crustal composition

There are two approaches to determine the crustal
composition from seismic velocities. The first approach
uses P-wave velocity intervals to identify sedimentary
and basement rocks (V,<5.7), as well as felsic
(5.7<V,<6.4), intermediate (6.4<V,<6.9) and mafic
(6.9<V,<7.3) material within the crust (Christensen
and Mooney, 1995). The second approach is based on
the relationship between V,—c-value and crustal
composition.

The crustal composition as identified through P-wave
velocity intervals is shown in Fig. 7. The crust consists
of a felsic upper and an intermediate lower crust except
in the Songpan-Ganzi terrane and the West-Qinling
Shan. Here, the lower crust is laminated with alternating
felsic and intermediate layers. The more felsic compo-
sition of the Songpan-Ganzi terrane is also reflected in
the low average P-wave velocity of 6.3 km/s.

The composition of the crust derived from V,—o-
values shows that the different layers of the crust have,
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Fig. 7. Three-dimensional perspective view of the compositional structure of the crust along the Darlag—Lanzhou—Jingbian profile. The composition
is derived from the P-wave velocity structure (Fig. 6a) whereby felsic, intermediate, and mafic material is identified through velocity intervals

according to Christensen and Mooney (1995). For discussion see text.
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in general, a felsic composition which changes into a
more intermediate composition at the base of the crust
(Fig. 8). Notably, V,—o-values fall outside the areas of
classified composition for the crust beneath the
Songpan-Ganzi terrane, the West-Qinling Shan, and
the Haiyuan arcuate tectonic region. These areas of
anomalous V,—cg-values can be correlated with major
strike-slip faults along the profile, i.e. the Kunlun fault
system, the Haiyuan fault, the Xiangshan Northern
Margin fault, and the Qingtongxia-Guyuan faults. In the
crust beneath the Haiyuan arcuate tectonic region, high
o-values are caused by low S-wave velocities (Fig. 8b)
which could indicate the presence of fluids. Along the
profile, high heat flow of 60—66 mW/m* (Wang, 2001)
could produce temperatures in the lower crust that
exceed the solidus for felsic material and result in partial

melting. Partial meting causes a decrease in S-wave
velocity and, consequently, an increase in Poisson’s
ratio. Thus, high o-values at lower crustal depth could
indicate partial melting. In contrast, the high o-values
beneath the Songpan-Ganzi terrane and the West-
Qinling Shan result from the combination of low P-
and S- wave velocities (Fig. 8a and b).

Along the profile, large-scale strike-slip faults and
laminated Conrad and Moho interfaces correlate with
areas of anomalous Jj,—o-values. This suggests that
partial melting is likely a result of tectonic activities.
Partial melting is thought to exist in other regions of the
Tibetan plateau as well. Other seismological studies
show that the crust of the northern Songpan-Ganzi
terrane and the northern Qiangtang are characterized by
low S-wave velocities and a high Poisson’s ratio
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(McNamara et al.,, 1994; Owens and Zandt 1997).
Seismological observations, together with the presence
of hot springs and high electrical conductivity (Wei et
al., 2001; Unsworth et al., 2004) have been interpreted
to indicate that the lower crust of the central Tibetan
plateau is undergoing partial melting (Yin and Harrison,
2000). Galve et al. (2002), however, think that there is
no significant partial melting in the deep crust.

The felsic composition of the crust beneath the
northeastern Tibetan plateau is consistent with the
results of Galve et al. (2002), Vergne et al. (2002) and
Wang et al. (in press). Young orogens usually have felsic
crustal composition. Zandt and Ammon (1995) find
that, on average, Poisson’s ratio increases with the age
of the crust. Their results strongly support the presence
of a mafic lower crust beneath cratons. The Ordos basin
is a craton with an Archean basement, where the crustal
thickness of 42 km correlates well with the global
average of 41.5 km beneath shields and platforms
(Christensen and Mooney, 1995). In the Ordos basin,
however, the inferred crustal composition is more felsic
than the global average and a mafic lower crust may
possibly be absent since the P-wave velocity (6.4—
6.8 km/s) and Poisson’s ratio (0.25) are both low in the
lower crust. In fact, other results from China are
contradictory to generally accepted global crustal
models of a mafic lower crust (Gao et al., 1998). In
recent review articles concerning the seismic properties
and composition of the lower crust, studies have been
biased towards North America, Western Europe and
Australia (Holbrook et al., 1992; Christensen and
Mooney, 1995; Rudnick and Fountain, 1995). Those
from China were seldom considered (Gao et al., 1998).
Likewise, delamination of the lower continental crust
has also been proposed as a way to account for the
felsic-intermediate composition of the continental crust
(Rudnick, 1995).

5.2. Crustal thickening

There are two different end-member models for
crustal thickening in the Tibetan plateau. The first model
assumes that thickening occurs mainly in the lower
crust. Clark and Royden (2000) point out that the lack of
significant upper crustal shortening across much of the
eastern plateau margin implies that crustal thickening
occurs mainly in the deep crust by lower crustal flow.
Wang et al. (2003) suggest that if the crust has been
thickened by magmatic additions that were mainly of
intermediate to mafic composition, then thickening
would have primarily occurred in the middle and
lower crust. The second model assumes that thickening

occurs mainly in the upper crust. Galve et al. (2002)
argue that north of the Kunlun fault, in the Qinling-
Qilian fold system, the thickening of only the upper
crust is implied by the dominantly felsic crustal
composition. Vergne et al. (2002) hypothesize that the
relatively small thickness of this mafic lower crust
supports the idea that the thickening and shortening of
the northeastern Tibetan crust is preferentially accom-
modated in the weak, upper felsic regions.

Our results support thickening in both the upper and
lower crust. On the one hand, the results of the Darlag-
Lanzhou-Jingbian profile show that the thickness of the
lower crust increases from 22 to 38 km when the
crustal thickness increases from 42 km in the Ordos
basin to 63 km in the Songpan-Ganzi terrane south of
the Kunlun fault. The results of shot point SP1 show
there is a high and low velocity interbedded structure in
the lower crust of the Songpan-Ganzi terrane, indicat-
ing that the lower crust is the main region of
deformation and thickening (Zhang et al., 2003). We
suggest that dominantly felsic crustal composition does
not necessarily indicate thickening of only the upper
crust because most of the mafic layer in the bottom of
the thickened lower crust might have been stripped
away from the lithosphere by delamination. Therefore,
we believe thickening occurs primarily in the lower
crust.

5.3. Tectonic activities

Evidence of tectonic activity is readily apparent when
the seismic profile crosses the NS Belt and Central
Orogenic Belt in China. Part of the Central Orogenic
Belt is the West-Qinling Shan, where the thickness of
the lower crust sharply increases and there are LVZs and
possible partial melting. The NS Belt passes through the
Haiyuan arcuate tectonic region, where there are also
LVZs, as well as obvious variations of crustal thickness,
complicated fault types, and large earthquakes.

In 1920, an M=8.5 earthquake occurred in the
Haiyuan arcuate tectonic region, between the active
northeastern Tibetan plateau and two tectonic stable
regions (the Sino—Korean platform in the northeast and
the Gobi Ala Shan platform in the north). The
earthquake’s focus was located on the Haiyuan fault,
where the crust becomes obviously thicker from
northeast to southwest and there is a LVZ. As continued
under-thrusting of the Indian plate pushed the Tibetan
Plateau to the NE, the Sino—Korean platform and Gobi
Ala Shan platform acted as rigid blocks to resist the
northeastward motion. As a result, the lower crust of the
Tibetan plateau grew vertically as it compacted (Zhu
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and Helmberger, 1998), and four arcuate faults formed
in the Haiyuan arcuate tectonic region under the
combined effects of the three geological units. The
faults are of sinistral strike-slip motion in the region of
divergence, and of compressional thrusting in the region
of convergence. Thus, the Haiyuan earthquake occurred
on the Haiyuan fault with sinistral strike-slip motion, as
well as a compressional thrusting component.

6. Conclusions

The seismic refraction profile in the NE margin of the
Tibetan plateau, called the Darlag—Lanzhou—Jingbian
profile, crosses the northern Songpan-Ganzi terrane, the
Qinling-Qilian fold system including the West-Qinling
Shan and Qilian Shan, the Haiyuan arcuate tectonic
region, and the Ordos basin. The P- and S-wave velocity
structure and Poisson’s ratios have been determined,
and the main characteristics of the profile are summa-
rized as follows.

(1) The crustal thickness increases from northeast to
southwest. The average crustal thickness ob-
served is 42 km beneath the Ordos basin, which
correlates well with the global average (41.5 km)
for shields and platforms (Christensen and
Mooney, 1995). It is 47 km in the Haiyuan
arcuate region, 47-56 km in the Qilian Shan,
54-62 km in the West-Qinling Shan and 63 km
in the Songpan-Ganzi terrane. The crust becomes
abruptly thicker south of the Haiyuan fault and
beneath the West-Qinling Shan.

(2) Along the profile the average P-wave velocities of
the crystalline crust, i.e. between interface B and
M in Fig. 6a, vary between 6.3—6.4 km/s and are
0.05-0.15 km/s lower than the worldwide average
of 6.45 km/s [Christensen and Mooney, 1995].
South of the Kunlun fault, beneath the Songpan-
Ganzi terrane and the West-Qinling Shan, the
average P-wave velocity is low (6.3 km/s). North
of the Kunlun fault, beneath the Ordos basin and
the Qilian Shan, the average P-wave velocity is
6.4 km/s. Beneath the Haiyuan arcuate tectonic
region the average P-wave velocity shows a local
minima of 6.3 km/s.

(3) The crust has felsic composition. Combined P-
wave velocities and Poisson’s ratios suggest that
there is dominantly felsic composition in the crust
and an intermediate composition at the base of the
crust, with a mafic lower crust likely absent in the
NE margin of the Tibetan plateau, from the
Songpan-Ganzi terrane to the Ordos basin.

(4) There are low velocity zones in the West-Qinling
Shan and in the Haiyuan arcuate tectonic region.
The low velocity zones have low S-wave
velocities and high Poisson’s ratios, so it is
possible that these low velocities result from
partial melting.

(5) The crust is divided into two layers, the upper and
the lower crust, with crustal thickening occurring
mainly in the lower crust in the NE Tibetan
plateau. The results in the study show that the
thickness of the lower crust increases from 22 to
38 km when the crustal thickness increases from
42 km beneath the Ordos basin to 63 km in the
Songpan-Ganzi terrane south of the Kunlun fault.

(6) There are anomalous structures in the crust of the
West-Qinling Shan and in the Haiyuan arcuate
tectonic region. Both the Conrad interface and
Moho in the two regions are laminated, indicating
intense tectonic activity. The arcuate faults and
large earthquakes in the Haiyuan arcuate tectonic
region are the result of interactivity between the
Tibetan plateau and the Sino—Korean and Gobi
Ala Shan platforms.
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