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Abstract

This paper describes the results of a wide-angle seismic profile, over 700 km long, across the southern margin of the Tarim Basin. A crustal
structure that best fits the observed data, that tests and verifies the earlier discovery that the crystalline basement dips southward from the area
of the petroleum industry seismic reflection profiling and geological investigation is presented. The profile also reveals that the Moho dips
southward beneath the southern Tarim, at an angle in concordance to that of the crystalline basement. This result is thought to be the first
evidence for the underthrusting of the Tarim crust beneath the western Kunlun. Additional evidence of underthrusting is that the relatively
weak western Kunlun crust has contracted, and expressed by a lower crust, which is more than 20 km thick, with an uplift of the Kunlun
basement, accompanied by northward-directed thrusts. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A great deal of attention has been paid to the Indo-Asian
collision in southern Tibet during the past three decades
(e.g. Dewey and Burke, 1973; Molnar, 1984; Tapponnier
et al., 1986; Zhao et al., 1993; Molnar et al., 1993; Nelson
et al., 1996; Yuan et al., 1997). The contribution of the
Tarim Block to the Himalayan—Tibetan orogenic system
was not appreciated until Layon-Caen and Molnar (1984)
suggested the Tarim Block has been underthrust southward
beneath the western Kunlun during the Cenozoic, for a
distance of at least 80 km. In recent years, this conclusion
has been further supported by later geological investigations
(Cowgill et al., 1998) and subsurface data from the south-
west Tarim Basin (Jia, 1997), but the deep structure still
remained unclear in the area of southern Tarim and western
Kunlun until the present study.

A crustal reconnaissance by seismic refraction/wide-
angle reflection profile, with a length of 700 km, designed
to investigate the structure of the crust and to provide a
detailed velocity-depth function for Xinjiang Global Geo-
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sciences Transect (GGT), was conducted by the Chinese
Academy of Geological Science (CAGS) during August—
October 1997. The focus of this paper is the determination
of the crustal structure of the transition zone between the
Tarim Basin and the western Kunlun Mountains.

2. Tectonic setting and previous geophysical studies

The refraction/wide-angle profile, approximately perpen-
dicular to the regional tectonic strike, was designed to pass
through three main geotectonic domains, defined as the
western Kunlun Terrane, the Tiekelik Terrane and the
Tarim Basin (Liu and Fu, 1999). The western Kunlun
Terrane, where the basement consists of Middle Proterozoic
gneiss and schist, lies between the Kuda Fault and Kang-
xiwa Fault. The Tiekelik Terrane is bounded by the Kuda
Fault in the south and by the Frontal Thrust Fault in the
north. The oldest unit outcropping in the Tiekelik Terrane
is the Lower Proterozoic schist and gneiss, with high meta-
morphic grade and strong migmatization (Matte et al.,
1996). Most of the Tarim Basin is covered by sediments
of the Quaternary system, except for the area of the Bachu
uplift, where outcrops of Paleozoic rock are exposed. Based
on the surface geological and subsurface geophysical, as
well as drill-hole data, the Tarim Basin was a large marine
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Fig. 1. Layout of explosive seismic sounding experiment and tectonic
framework.

cratonic basin during the Paleozoic, and an inland basin
during the Mesozoic, and has remained tectonically stable
between the uplift of the Tibetan Plateau and the Tianshan.
Recent literature usually divides the Tarim Basin, from
south to north, into the Southwest Depression, the Central
Uplift and the Northern Depression. Numerous publications
have described the Southwest and the Northern depressions
as foreland basins (Ding and Tang, 1996; Jia, 1997).
Previous seismological studies (surface wave and tomo-
graphy) estimate the average thickness of the crust beneath
the Tarim Basin as 40—-50 km, and the crust of the western
Kunlun orogenic region as more than 50 km. The petroleum
industry seismic profile from the southern Tarim to western

Table 1

Kunlun revealed that the basement of southwest Tarim dips
gently southward beneath the western Kunlun. From north
to south, the gravity map shows a gradual decrease in the
gravity values from —150 to —450 mGal. The dip of the
basement in the southern Tarim and the uplift of the base-
ment, with northward-directed thrusting in the northern
slopes of the Kunlun, covered by the Neogene of the
Tarim Basin, were thought to provide primary geophysical
evidence that the Tarim Basin had been thrust beneath the
western Kunlun.

3. Data collection and preprocessing

The geographic coverage of this paper is 35.4°-40.4°N,
79.5°-80.5°E (Fig.1). Apart from some work in the western
Kunlun Mountains, most of this seismic profiling project
was conducted in the Taklimakan Desert, which made field-
work very difficult. The seismic reflection profile
commenced in the north at Aral (40°33'16.4”N,
81°14'49.4"E) near the Tarim River, crossed the Taklima-
kan Desert along the Hotan River and the western Kunlun
Mountains to the Tibetan Plateau, ending at Quanshuigou
(35°31'37.4"N, 79°32’01.3”E). The main seismic profile,
extending across the Tarim Basin and the Western Kunlun
Mountains has a total length of 700 km (Fig.1, EF).

Seven shots (Table 1) were each recorded by a total of
120 portable cassette recorders (32 digital and 88 analog),
each with a three-component sensor. Seismic energy was
generated by multiple borehole explosions, with the excep-
tion of the shot at Sanzhan (Tabel 1, S12), which due to
problems of accessibility for the drilling equipment, was
detonated in two artificially dug pits. Shotpoints were
spread from 50 to 150 km apart. A total of 10,500 kg of
explosive charge was distributed among seven shots, and
each shot varied from 1000 to 2500 kg, depending on the
site conditions and the maximum distance from the shot
recorders. The recorders were spaced at an average distance
of 3 km to receive the seismic energy on a longitudinal or a
fan/broadside layout, in which the acquisition of the near or
over-critical reflection is mainly optimized. For alternate
shots the recorders were arranged as a reversed or overlap-
ping system. The recorder array was spread along the profile
for a distance of more than 300 km.

The shots on Table 1 were observed with a longitudinal

Shot-point data (the results from shot numbers S1 to S5, located in the Tianshan area, have been published elsewhere)

Shot name Shot no Latitude Longitude Altitude (m) Shot time (UTC): 1997 Size (kg)
Aral S6 40 24.248 80 51.200 1025 Sep.12, 14:00:06.606 1500
Sanzhan S12 38 50.800 80 48.453 1140 Sep.15, 13:00:06.950 1000
Erizhan S7 37 50.532 80 26.702 1250 Sep.12, 13:00:06.413 1500
Hotan-1 S8 37 25.400 79 58.075 1290 Sep.02, 13:00:06.245 1000
Hotan-2 S9 37 25.400 79 58.075 1290 Sep.07, 13:00:06.348 1500
Pishan S10 37 41.403 78 14.051 1300 Sep.07, 14:00:05.083 1500
Quanshuigou S11 35 31.623 79 32.021 4800 Sep.02, 14:00:07.094 2500
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Fig. 2. Aral Shot: record section and crustal model with ray-tracing. (a) The record section shows a Pm phase from 170 to 260 km. At 170 km the record is
blank near the shot point, because of the obstruction of the desert. (b) A crustal model constrained by the measured seismic data. The reflection segment of Pm

is under Central Tarim.

layout, except for Pishan (S10) which was designed to be a
fan/broadside shotpoint, situated 160 km to the west of
Hotan. The recorders were deployed for fan/broadside
observation, beginning from Mazatag (No.622) to Quan-
shuigou (No.856), and extending 380 km from north to
south (Fig. 1). The distance of the shot-recorder varied
from 150 to 270 km. The midpoints of the paths that seismic
wave travelled from fan shot-point to recorder station was
projected onto the surface as AB (Fig. 1).

The positions of the shotpoints and recorder stations were
measured with an accuracy of 50-100 m, using portable
GPS, and were located on a 1:100 000 relief map. All shoot-
ing times and seismic wave travel times have been corrected
to the UTC (Coordinated Universal Time) base.

The primary data was collected over a recording window
length of 5 min for each shot, and selectively sampled from
0-40 s (reduce time, reduce velocity: 6.0 km s_l) at 10 ms
intervals for P-wave analysis. The data was processed,
following the usual scheme in refraction seismic surveys.
First the three-component data was decomposed into three
single-components, then the vertical component was picked
out, and after appropriate filtering (usually 1-8 Hz band
pass), was plotted in reduced sections (reduced velocity:
6.0 km sfl) with normalized amplitudes, and at several
scales, to ensure reliability in phase identification and travel
time picking. An irregularity in the fan-record section is that
its horizontal axes were drawn from the recorder stations to
a relative-point (generally not the shotpoint), usually chosen
as the southernmost or northernmost point on the observing
array.

4. Data description and interpretation procedure

Several refracted/reflected seismic phases were identified
in practically all the recorded sections. The phases, named

Pg, P4 and Pm, correspond to the energy refracted through
the upper crust, and reflections from the middle-lower crust
and crust—mantle boundaries, respectively. Additional
wide-angle reflections identified in some sections, such as
P1, P2 and P3, denote reflections from upper-middle crust.

4.1. Aral shot (S6) (Fig. 2)

Pm appears in the offset range 170-280 km as the first
arrival, with ascendant amplitude. The travel time of Pm
was matched by a crustal model with a mean velocity of
6.36 km sfl, a thickness of 40 £ 2 km and a moderately
high velocity (7.0-7.3 km s~ ') for the lower crust beneath
Central Tarim. The upper mantle refraction phase Pn should
appear beyond offset at 200 km, but looks particularly weak.
It is estimated to have a phase velocity of 7.9 = 0.2 km s}
if the phase is identified correctly.

4.2. Hotan shot (S8, S9) (Fig. 3)

The primary seismic phases Pg, P4 and Pm (PmP) are
marked on the record section. The phase Pg, identified
also in other shot record sections, is the first arrival phase
in the section, and has a velocity of approximately
6.0 km s . It suddenly becomes weak at —30 km and arrives
early (about 0.5 s), beyond that offset, until —90 km. This
abnormality is associated with the northward thrust of Tiekelik
Terrane. Within 40 km of the shotpoint, the Pg travel time
indicates a zone from the surface to 12—18 km depth with a
very low gradient, representing the sedimentary cover.

The P4, a later arrival, appears in the section at 6.5 s, with
a 70 km offset, and traceable for a great distance, is inter-
preted to be a phase from the middle crust/lower crust
boundary, at around 35 km depth, in the area of the southern
Tarim and west Kunlun.

The Pm phase is easily identified because of its typical
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Fig. 3. Hotan shot: record section and crustal model with ray tracing (a) P-wave record section from shots 8 and 9; Pg, basement refraction; Pm, Moho
reflection; P4, from the top of lower crust. (b) The raying-tracing diagram. Hotan and Mazatag Hill (MZTG) are marked on the section. The distance axis refers
to the distance from the shotpoint to the recorder stations. The upper mantle velocity is assumed to be 8.1 km s~ for forward calculation.

critical reflection characteristics. Comparing its appearance
on both sides of a shotpoint, it is found that it has a higher
apparent velocity and a sharper wave formation on Tarim
Basin side, as opposed to the Pm phase which continues
with lower apparent velocity and blunt wavelet, as the seis-
mic waves travel through the western Kunlun. The travel
time was successfully modeled, with the Moho dipping
southward at a depth varying from 40 to 58 km.

4.3. Pishan shot (S10) (Fig. 4)

The Pishan shot was a fan/broadside survey record
section (top diagram), designed to constrain the lateral
variation of the Moho at the transition zone between the
basin and the mountains. Pm, with the traditional feature
of the near and post critical reflection, is reliably identified
by its first arrival and high-amplitude in the section. The
travel time of Pm, observed from fan-sections, is usually
used to provide loose constraints on estimates of crustal
thickness and mean velocity. In the skeleton model shown
in Fig. 4 (lower diagram), it is presumed that the depth of the
crust/mantle boundary gradually increases from ~40 km
below the southern Tarim Basin to ~60 km below the
western Kunlun. This interpretation fits the observed Pm
data. In contrast, the Moho becomes flat and shows a
slightly northerly dip under the northern slopes of the
western Kunlun. This reversal of dip direction is taken to
mark the division between the western Kunlun and the
Tarim Basin in the later discussion.

4.4. Interpretation procedure

The interpretation of data to determine the P wave velo-
city-depth distribution was accomplished by an iterative
combination of forward modeling and travel time inversion.
The initial crustal structure model is based on the resolution
(depth and layer velocity) of inversion. Geological and
geophysical constraints, where available, have also been
included in the model. The final model was determined by
2-D forward ray-tracing and synthetic seismogram calcula-
tion.

Some traditional inverse methods were used to model the
upper crustal structure, based on the Pg arrival, e.g. the
Wiechert—Herglotz method. The crustal structure below
~10km was determined from wide-angle reflections.
Modeling of the crust and uppermost mantle was carried
out using 2-D forward ray-tracing. The travel time and
amplitudes of all the seismic phases were calculated using
the SEIS-81 and SEIS-83 programs (Cerveny et al., 1977;
Cerveny and Psencik, 1984). Synthetic seismograms have
been also calculated using the asymptotic ray theory
(Cerveny and Psencik, 1984).

In the technological procedure, the single shot data was
modeled first. The segments were then combined into a long
model on the designed layout. The model is further
constrained by multi-shot data and the general characteristic
of the wave field. The accepted resolution for the final
model was obtained from the calculated travel time and
from the best-fit synthetic seismogram for the observed
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data (Fig. 5). Due to the frequency dispersion, the resolution
is higher in the upper and middle crust than in the lower
crust and at Moho depth. The representative error values, of
+0.1 km s~ for velocity and +1-2 km for depth, are esti-
mated for nodes in the central part of the model, where the
ray coverage was greater. As mentioned earlier, the northern
portion of the model is only loosely constrained by the Aral
shot data, so that there is still some uncertainty.

5. Crustal model: features and implications

The final velocity-depth model for the profile is shown as
Fig. 5, with indications of velocity values at specific nodes,
to illustrate crustal structural features beneath the transition
zone between the basin and the mountains. In the model, the
crystalline basement dips southward to increasing depths,
from 6 to 18 km in southwest Tarim, and then rises south-
ward, with decreasing depth, in the western Kunlun. This
result coincides with that from the petroleum industry seis-
mic profile (6 s, unpublished). The Moho depth and its
lateral variation are controlled by observed data from both
the longitudinal and fan-shaped records. The Moho appears
to dip towards the west Kunlun Mountains at an angle
between 5 and 7° with the depth below sea level increasing
from 42 to 58 km. The crust has a total thickness of 42 =
2km in the Tarim Basin and 60 * 2 km in the western
Kunlun. Throughout the model, from north to south, the
crust consists of three main layers. The upper crust, includes
vertical velocity gradients and a constant layer, which is
defined by velocity of <6.3kms ' at a depth of ~20 km.
The middle crust consists of two layers, with a constant
velocity of 62 to 6.3km s ' and 6.5 to 6.7 km s~ ', from
12 to 40 km depth. The lower crust is 10-22 km thick and
has a velocity ranging from 6.8 to 7.3 km s .

Our model implies that there is no obvious lateral varia-
tion in the thickness of each layer within the domain of
Tarim Basin, except at its southernmost margin, where the
lower crust is locally thickened. On the contrary, an intense
compressive deformation has occurred in area of the
western Kunlun, where the basement is uplifted and thrust
northward and the lower crust has been thickened to more
than 20 km.

The contoured section (Fig. 6) shows the lateral and verti-
cal variation of velocity-depth beneath our profile. The
surface layer is well resolved in the segments from Hotan
to Mazatag. Around the Hotan shotpoint a vertical gradient
from 1.0 to 5.8 km s ' extends from the surface to a depth of
15 km. This indicates a huge thickness of Neozoic deposits.
The high velocity recorded to the south of Hotan is asso-
ciated with the Paleozoic outcrop at Tiekelik. In the central
portion of the profile a local, isolated, high velocity body
within the basement has been recorded on the data from the
Erzhan and Sanzhan shots, whereas a low velocity layer
does not appear at the depth of the middle crust beneath
the Tarim Basin. This was quite unpredicted.

The mean/average velocity of 6.36 km s ' in the central
uplift of Tarim, 6.0km s~ ' in southwest depression of
Tarim, and 6.40 km s~ under northern slope of the western
Kunlun, is interpreted in terms of a continent—continent
collision model. The high average velocity value of central
Tarim implies that the crust here is relatively rigid and
stable, and has not been influenced by events in Tibet.
Unlike central Tarim, the high average velocity of the
western Kunlun Mountains is typical of zones of crustal
thickening during continent—continent collision. Low grav-
ity values indicate incomplete isostatic compensation. The
low average velocity values in southwest Tarim defines a
deep and narrow foreland basin.

The hypothesis for the crustal structure beneath the
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transition zone from the Tarim Basin to the western Kunlun
Mountains was tested and proved by deep seismic reflection
profiling, parallel to and 100 km to the east of our refraction
line (CPM on Fig. 1), conducted in 1998 (Gao et al., 2000).
Seismic tomography in this region (Xu et al., 2000) and
seismic data constrained by gravity modeling (He et al, in
preparation), support our conclusions.

6. Conclusions

We conclude from our results and from the discussion
given above, that Tarim Basin crust has been underthrust
beneath the western Kunlun. This is in agreement with the
evidence in southern Tarim that both the crystalline base-
ment and the Moho and dip southwards beneath the western
Kunlun at an angle of 5-7°. The depth of the Moho
increases between 10 and 15 km over a distance of 250—
300 km. A further indication in support of the underthrust
model is that the lower crust has been thickened to over
20 km beneath the western Kunlun, and the underlying crys-
talline basement has also been uplifted and thrust north-
wards.

An additional result of this study has been the discovery
that the Central Tarim crust is stable and has great rigidity.
This suggests that the core of the cratonic basin has not been
affected by the collision that occurred along the northern
margin of the Tibetan plate.
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