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Abstract

The Tien Shan orogenic belt is the most active intracontinental mountain belt in the world. We describe an 86-km-long N—
S-trending deep seismic reflection profile (which passes through the southern Junggar basin) located on the northeastern Tien
Shan piedmont. Two distinct anticlines beneath the northern margin of the Tien Shan are clearly imaged in the seismic section.
In addition, we have imaged two detachment surfaces at depths of ~ 7 and ~ 16 km. The detachment surface at 16-km depth
corresponds to the main detachment that converges with the steep angle reverse fault (the Junggar Southern Marginal Fault) on
which the 1906 M~7.7 Manas earthquake occurred. A 12—14-km-thick sedimentary basin is imaged beneath the southern
Junggar basin near Shihezi. The crust beneath the northern margin of the Tien Shan is 50—55-km thick, and decreases beneath
the Junggar basin to 40—45-km thick. The crustal image of the deep seismic reflection profile is consistent with models derived
from nearby seismic refraction data and Bouguer gravity anomalies in the same region. The faulting associated with the 1906
Manas earthquake also fits within the structural framework imaged by the seismic reflection profile. Present-day micro-
seismicity shows a hypocentral depth-distribution between 5 and 35 km, with a peak at 20 km. We hypothesize that the 1906
Manas earthquake initiated at a depth of ~ 20 km and propagated upwards, causing northward slip on the sub-horizontal
detachments beneath the southern Junggar basin. Thus, in accord with regional geological mapping, the current shortening
within the eastern Tien Shan is accommodated both by high-angle reverse faulting and detachment faulting that can be clearly
imaged at depth in seismic reflection data.

Published by Elsevier B.V.

1. Introduction

The Tien Shan orogenic belt, the most active
intracontinental mountain belt in the world, extends
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in an east—west direction for some 2500 km across
central Asia (Fig. 1a). It is located between the Tarim
basin to the south and the stable Kazakh platform to
the north. The western and central Tien Shan (alter-
nate spelling: Tian Shan), with topography locally
exceeding 7 km, is more than 300-km wide and lies
mainly within Kyrgyzstan and China. The eastern
Tien Shan, discussed here, is located northeast of the
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Fig. 1. (a) Tectonic setting of the Tien Shan in northwest China. The blue box outlines the study area while the red line marks the location of the
profile; (b) Geologic setting of the northern margin of the Tien Shan and southern Junggar basin (from [22]). The N—S deep seismic reflection
profile MNS9601 described in this paper is located near 86°E. In addition, we present data from the N—S deep seismic sounding profile near
85°E that passes through Kuitun and Dushanzi. Key place names in the vicinity of the seismic reflection profile are provided in Fig. 4.

gin crust coalesced to form southern Eurasia (e.g.,
[1,2]). The entire orogen was reactivated as a result
of the continental collision of India with Asia, with
the front of the active collision zone located some
1500 km to the south of the Tien Shan [3,4].

Tarim basin, and is narrower and lower in elevation.
Crustal amalgamation and stabilization of the Tien
Shan and neighboring geologic provinces dates to
the middle and late Paleozoic, when fragments of
continental, island arc, and passive continental mar-
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Although this collision began at ~ 55 Ma, recent
detailed studies have documented that the uplift of
the present-day Tien Shan has occurred only in the
past ~ 20 Ma, with most of the uplift occurring
during the past 7-11 Ma [S—11]. GPS data indicate
that the present-day shortening rate across the west-
ern Tien Shan may be as high as ~ 23 mm/year,
and may accommodate as much as 50% of the total
shortening between India and the Siberian platform
[46] [12—14]. In our study area, the central Tien
Shan, the shortening rate is on the order of 6 mm/
year, as determined from GPS data [13], Holocene
kinematics [15] and balanced sections [7]. As a
result of this ongoing deformation, this region has
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a high level of seismic activity, with magnitude>5
earthquakes concentrated along the southern and
northern margins of the Tien Shan. Nodal planes
document reverse faulting dipping at angles of 30°
to 60° (Fig. 2) [16—19]. Over the last century, a
series of strong earthquakes have occurred on the
margins of the Tien Shan, including the 1906
magnitude ~ 7.7 Manas earthquake [20], located on
the northern margin, and the 1949 magnitude ~ 7.2
Luntai earthquake, located on the southern margin
(Fig. 2). Geological and geophysical investigations
(e.g., [7,10,15—17,21,22]) have attempted to tic these
strong earthquakes to the tectonics study in this
region. In order to better constrain the tectonics of
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Fig. 2. Focal mechanisms determined by first arrivals in the local network for the eastern Tien Shan [44]. The 1906 M~7.7 Manas earthquake
(large open circle) is associated with several events showing reverse-faulting solutions. The interior of the Tien Shan has a lower level of
seismicity than the northern and southern margins. The MNS9601 seismic reflection profile is shown as a solid black line.
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this region, we carried out a deep seismic reflection
survey at the northern margin of the Tien Shan that
passed through the epicentral area of the 1906 Manas
earthquake (Fig. 1b). We present a seismic image of
the crustal structure along this profile and discuss its
interpretation in terms of the accommodation of
crustal shortening in this region. We also discuss
the possible relation of our seismic image to the
faulting associated with the 1906 Manas earthquake.

2. Regional geologic setting and location of the
deep seismic reflection profile

Three sub-parallel sets of reverse faults and fold
belts have developed in the Cenozoic strata of the
Uriimgi Depression of the northern piedmont of the
Tien Shan [7,15] (Molnar et al., 1994). From south to
north, they are the Qigu, Huoergous—Manas—Tugulu
and Dushanzi—Anjihai reverse fault/fold belts (Fig.
1b). Each of these fold belts takes the form of an
asymmetric anticline, with the gentle slope to the
south, and the steeper slope to the north. Reverse
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faults, with the hanging wall to the south, are associ-
ated with the northern flank of each fold. Such active
fold belts have developed at large scales in this region
since the middle Miocene [7,10]. Some of the folds
have formed over blind thrusts, but in most cases the
basal thrust fault has reached the surface where it cuts
and offsets river terraces [15]. Thus, field evidence
shows that fault slip has occurred along the major
reverse faults associated with these anticlines. River
terraces have been folded and deformed in the valleys
flowing from the Tien Shan into the Junggar basin.
The deformation of lower terraces demonstrates that
active deformation has continued through the Holo-
cene [15,18,21,22].

Abundant earthquake epicenters are distributed
throughout the entire Tien Shan, but magnitude
> 5.0 earthquakes in the Tien Shan tend to be con-
centrated along its southern and northern margins
(Fig. 2) [16,17]. Since 1716, historical data show that
78 earthquakes with magnitude > 5.0 have occurred
in the northern seismic belt of the Tien Shan. Three of
these earthquakes are estimated to have had a magni-
tude greater than 7.0. In particular, the 1906 Manas
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Fig. 3. Isoseismal map of the 1906 Manas M~7.7 earthquake an

d location of the MNS9601 deep seismic reflection profile.
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earthquake (magnitude ~7.7) occurred within this
seismic belt. Since 1970, when a regional seismic
network was deployed in the Xinjiang Uygur Auton-
omous Region, 16 earthquakes with magnitude > 5.0
have occurred. The epicenter of the Manas earthquake
is located at 43.9°N, 85.6°E (Figs. 3 and 4) [23].
Based on the isoseismal map (Fig. 3), the east—west
trending Qingshuihe fault is inferred to be the fault on
which the Manas earthquake occurred. Burchfiel et al.

[7] discuss the tectonic setting and uncertainty in
magnitude of the Manus earthquake.

In this paper, we present an 86-km-long deep
seismic reflection profile that crosses the northern
margin of the eastern Tien Shan, through the epicen-
tral area of the 1906 Manas earthquake (Fig. 3). The
profile trends NNW across the depression of the
Uriimqi piedmont zone. The profile begins at the
northern margin of the Tien Shan, crosses the Qing-
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Fig. 4. Geologic setting and location of the seismic reflection profile. The epicenter of the 1906 Manas M~7.7 earthquake is shown as a dark
circle. Note that surface ruptures were mapped following the 1906 earthquake. The Manas and Qigu anticlinal structures [45] depicted here form
an important part of our analysis.
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shuihe and Manas rivers, the Manas valley and Manas
anticline, and ends at the desert margin of the Junggar
basin (Fig. 4). We refer to this reflection profile as
MNS9601 throughout this paper.

3. Data acquisition and processing

The data acquisition for the MNS9601 reflection
profile was completed using a truck-mounted 240-
channel, 24-bit digital telemetry EAGLE seismo-
graph, which is produced by OPSEIS Inc. in the
United States. The acquisition system consists of a
central recording unit and seismic acquisition stations.
A split spread with composite detection was used. The
acquisition parameters in the field were as follows: a
geophone group interval of 100 m, a minimum offset
of 500 m, 24-fold coverage, a sample interval of 4 ms,
and a 24-s record length.

The recorded seismic data were processed using
the following techniques: field static correction,
deconvolution, velocity analysis, residual static cor-
rection, normal moveout correction (NMO) and/or
dipping moveout correction (DMO), and stacking.
The static correction and the velocity analysis were
especially important in the data processing of the
profile. Static corrections were applied to numerous
seismic profiles from the Xinjiang region. The veloc-

Dongwan

Qingshuihe

ity structure determined from deep seismic sounding
data [24], taken in the northern Tien Shan, was used
for the stacking velocity for two-way travel times
(TWT) >5 s.

4. Image of fine crustal structure

A line drawing of the CDP stacked section for
profile MNS9601 is shown in Fig. 5. We describe the
features of the crust seen in this seismic section (the
upper and middle crust, lower crust, and crust—mantle
transition) in the following discussion.

4.1. Upper and middle crust

Along the southern portion of the profile, the
surface elevation decreases from south to north, and
a set of shallow reflections with low-angle northward
dip is evident (Figs. 5 and 6a). These reflections
correlate with the north-dipping South Qingshuihe
reverse fault. To the north of these reflections is
another branch of the Qingshuihe fault, this one with
a southward dip; this fault is less evident in the
seismic reflection data than the clearly-imaged low-
angle northward dipping faults (Fig. 6a). The inferred
inclinations of the Qingshuihe faults also differ from
that of the strata at the surface. In addition, there is a

Shihezi Moguho Lake Laoshawan

Distance (km)

Fig. 5. Synthesis of the main observations from this MNS9601 seismic reflection profile. This line drawing was made from the CDP stacking
section. Labels a, b and ¢ in the dash-line frames indicate data shown in Fig. 6a, b, and c.
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Fig. 6. Anticlines and detachment faults imaged in the common-depth-point (CDP) stacked seismic section of the MNS9601 profile. (a) The
Qingshuihe (Qigu) anticline, where @ is the Qingshuihe thrust, @ and ® are the Qingshuihe South thrusts; (b) detachments beneath the city of
Dongwan (Fig. 4), where @ is the first detachment, and @ is the main detachment; (c) the Manas anticline (Fig. 4), which consists of the upper
anticline (thrusts © and @) and the lower anticline (thrust ®); (d) all three seismic reflection sections without interpretive lines. Data quality is high.

well-imaged anticline between the two sets of reverse
faults. This is the Qingshuihe anticline, which is part
of the Qigu reverse fault/fold belt.

The central portion of the reflection profile (Fig.
6¢) images the Manas anticline that actually consists
of two separate shallow crustal anticlines, an upper
and a lower anticline. Two south-dipping reverse
faults, with dip angles of 60—70°, are imaged respec-
tively on the southern and northern flanks of the more
southerly anticline (thrusts ® and ®, Fig. 6¢). The
inclination of these reverse faults rapidly decreases

with depth. The strong crustal deformation beneath
the anticline is evidenced by a set of antiformal
reflections. The second anticline, about 5 km to the
north of the first anticline, is not visible at the surface
(thrust @, Fig. 6c¢).

The strong reflection events visible at 2.5—3.0- and
5.5-6.0-s TWT on the section (Fig. 6b and c) are
interpreted as detachment surfaces, here called the
first detachment and main detachment, respectively.
The Manas listric fault merges into the first detach-
ment at about 2.5-s TWT and joins the Qingshuihe
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reverse fault to the south. The reflections at 5.5-6.0 s
on the southern portion of the profile probably corre-
spond to the main detachment, which extends north-
ward, where it appears to underlie the northernmost
Manas anticline (Fig. 6b and c).

On the northern portion of the profile, in the
Junggar basin, strong reflection events with good
continuity appear at 2.0-2.5, 3.5-4.5 and 6.0-6.5 s
on the section. These are most likely related to a set of
sedimentary layers that reach a maximum depth of
about 14 km. However, a clear image of the reflection
events between Shihezi and Moguhu Lake (Figs. 4
and 5) only appears at about 4.5 s, and this image
disappears beneath Moguhu Lake. A lateral disconti-
nuity and/or offset of a strong package of reflections
often indicates the existence of a fault. A blind thrust
can be only weakly inferred north of Shihezi. This
may be the eastward extension of the Dushanzi—
Anjihai fold belt (Fig. 1b).

4.2. Lower crust

The top of the lower crust corresponds to a band of
reflections at 10—11-s TWT on the seismic section
(Fig. 5). The seismic section can be divided into a
northern and a southern portion at the city of Shihezi.
The image of the northern portion is quite simple, and
the reflection events have strong energy and good
lateral continuity. The image of the southern portion is
somewhat more complex. In this portion, the reflec-
tions dip slightly southward, but their energy is
generally weak, and there is little lateral continuity.
The increase in crustal thickness along the profile is
mainly attributable to an increase in the thickness of
the lower crust.

4.3. Crust—mantle transition

Reflections, here interpreted as coming from the
Moho, are clearly recorded at ~ 14 s ( ~ 40—45-
km deep) on the northern portion of the profile
(Fig. 5). The Moho reflections deepen to 16—17 km
( ~ 50-55-km deep) along the southern end of the
seismic profile. These crustal thickness estimates are
consistent with previous measurements in this re-
gion [25,26]. The Moho reflection is somewhat less
pronounced on the southern portion of the profile.
The crust—mantle transition may consist of a narrow

(1-2 km) zone with a set of thin layers with
alternating high and low seismic velocities, as
suggested by numerical modeling of the seismic
nature of the continental Moho by Sandmeier and
Wenzel [27]. The steep dip of the Moho reflection
south of Shihezi (Fig. 5) documents abrupt south-
ward crustal thickening.

5. Crustal structure based on Bouguer gravity
data and DSS data

At the northern margin of the eastern Tien Shan
lies the Uriimqi piedmont depression, which is char-
acterized by a negative Bouguer gravity anomaly.
Along our seismic reflection profile, in the piedmont
of the Tien Shan, the Bouguer gravity anomaly is
about — 210 mgal (Fig. 7a). North of the Qingshuihe
anticline, the gravity anomaly reaches its minimum
value, about — 230 mgal. Near the structural zenith of
the Manas anticline there is a modest gravity high
(—215 mgal). The gravity anomaly increases gradu-
ally to the north of Shihezi to about — 185 mgal at the
end of the profile. The gravity lows along the profile
correspond to low-density sediments of Mesozoic and
Cenozoic age. There are additional gravity lows that
are probably due to thickness variation or the drape
folds of the piedmont sedimentary layers.

Guided by the crustal structure derived from the
reflection profile, we constructed an initial crustal
density model that was refined by performing a
forward inversion of the Bouguer gravity data (Fig.
7b). The Cenozoic sediments were modeled with a
density of 24002480 kg-m™ >. As noted above, the
thickness of this sedimentary layer varies significantly
along the reflection profile. These sediments are about
6-km thick at the northern end of the profile, and thin
somewhat at the Manas anticline, finally vanishing at
the Qingshuihe anticline. The local gravity high at the
structural zenith of the Manas anticline then corre-
sponds to the thinning of the Cenozoic sediments at
this location. We conclude, based on the seismic and
gravity models, that regionally the crust undergoes
southward thickening some 30 km north of the Tien
Shan, beneath the southern Junggar basin.

A nearly north—south trending deep seismic
sounding (DSS) profile is located about 80 km west
of the reflection profile [28] (Zhang X.K., personal
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Fig. 7. Crustal density model extending from the northern Tien Shan to the Junggar basin along the transect route of the seismic reflection
profile (Fig. 4). (a) Bouguer gravity anomalies, ranging from — 230 to — 190 mgal; (b) crustal density model showing modest crustal thinning
from south to north. The MSN9601 seismic reflection profile corresponds to the distance between 0 and 80 km.

communication, 1999). The central portion of the DSS
profile also crosses the Uriimqi piedmont depression,
thus imaging the same geologic setting. On the record
section of shot point Kuitun-south (Fig. 8a), one can
clearly detect: (1) the refraction phase Pg from the
basement, (2) three additional intra-crustal reflection
phases (P;, P, and P3), and (3) the reflection phase
PmP from the Moho discontinuity [29]. Phase P
exists only over a short distance, while P, is more
persistent. Phase Pj is reflected from the top of the
lower crust (Fig. 8a). Two-dimensional synthetic
seismograms [30] were used to forward-model the
record section.

The final crustal model shows that the depth to the
basement decreases from about 12 km beneath the
shot point to about 5 km some 60 km south of the shot
point. The depth to the C, and C; interfaces are 18
and 28 km, respectively (Fig. 8d). The Moho is at a
depth of 50—55 km, the same as reported beneath the
western and central Tien Shan [31], where elevations
are generally much higher. Basement rocks along the
DSS profile are composed of Jurassic sandstone, shale
and coal-bearing strata. The interpretation of seismic
amplitudes in the DSS record section suggests that a

low-velocity layer exists beneath interface C, (Fig.
8d). This low-velocity layer is a stratum that may
detach under the ambient north—south trending tec-
tonic stress. The basement (interface “Pg”; Fig. 8d)
and the top of the middle crust (interface C,) can be
correlated with the respective events at 2.5—3.0 and
5.5-6.0 s on the seismic reflection section (Fig. 5).

6. Analysis of tectonic deformation

Compressional orogenesis is a fundamental tecton-
ic process that has played a major role in the devel-
opment of central Asia, including the Tien Shan (e.g.
[4,7,15]). Although deep seismic reflection images of
compressional orogenic belts around the world differ
considerably from each other, some common struc-
tural features are observed [32]. These common
features include detachment and high-angle reverse
faults and, in the middle crust, tectonic wedging [33].
Such structures are also visible on our seismic reflec-
tion profile.

Our model for the crustal structure and style of
deformation in this study area (Fig. 9a) incorporates
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previous geologic mapping, the interpretation of the
seismic reflection profile, and the crustal velocity
structure determined from the DSS profile located
80 km to the west. The northern edge of the Tien
Shan is marked by the Junggar Southern Marginal
Fault (JSMF), here interpreted to be a high-angle
reverse fault (Fig. 9a). To the north, a south-dipping
fault is clearly imaged beneath the Qingshuihe anti-
cline. We interpret this fault as a listric fault that
becomes sub-horizontal as a detachment surface at a
depth of 16 km (i.e. at the same depth as the seismic
low-velocity zone identified on the DSS profile). A
low angle fault is also imaged beneath the Manas
anticline. Between the two anticlines, seismic reflec-
tions are observed at depths of 2.5—-3.0 and 5.5-6.0 s
(Fig. 5). These reflections are interpreted as the two
detachment surfaces mentioned previously. This tec-
tonic model is consistent with previous observations
of detachment faulting in other compressional regimes
within China, including the North China Basin [34],
the Qinling-Dabei belt, and the Himalayan orogen
[35].

The stacked seismic section (Fig. 5) indicates
shearing along the detachment surfaces that extends
northward to the nappe thrusts in the piedmont de-
pression. This interpretation is in accord with geologic
mapping by Avouac et al. [15] and Burchfiel et al. [7]
who infer thin-skinned deformation along the northern
margin of the eastern Tien Shan. In particular, Burch-
fiel et al. [7] estimated ~ 6 km of shortening across
each of two anticlines located 50 km due east of the
Manas anticline. We infer that the Manas anticline has
likely accommodated a similar amount of shortening.
As illustrated in Fig. 9a, we suggest that movement
along the steeply south-dipping fault propagates
northward, forming the first ramp and the Qingshuihe
anticline. The sub-horizontal detachments at 7 and 16
km then propagate further northward to form the
Manas anticline. Our model is shown with micro-
earthquake hypocenters in Fig. 9b, however, the

diffuse micro-seismicity does not delineate major
structural boundaries. A 3D perspective in Fig. 9c of
the high-angle reverse and two detachment faults
summarizes our tectonic model, which is in accord
with previous geologic inferences.

The steep dip of the Moho reflection south of
Shihezi (Fig. 5) documents abrupt southward crustal
thickening beneath this profile. We infer this thicken-
ing is due to compression between the Tien Shan and
Junggar blocks. It is significant that this crustal
thickening occurs more than 30 km north of the
topographic expression of the Tien Shan. This impor-
tant observation may indicate underthrusting of the
Junggar block beneath the north-central Tien Shan.

7. Crustal structure at the Manas earthquake
hypocenter

Focal depths estimated for the 1906 Manas earth-
quake vary between 12 and 30 km [20,36,37]. To
better estimate the seismogenic depth range in this
region, we examined hypocenter depth information
for 110 (M =>3.7) well-located earthquakes that have
occurred beneath the northern Tien Shan since 1980
[38]. The statistics for these earthquakes show that the
median focal depth is about 20 km (Fig. 10). In
addition, we note that the future process for most
well-recorded continental earthquakes initiates near or
at the brittle-ductile transition (typically at a depth of
15-20 km [39,40]; e.g., the following moderate and
large earthquakes: 1978 Loma Prieta, CA; 1994
Northridge, CA; 1999 Chi-Chi, Taiwan; 2001 Kunlun
Shan, China). Based on these observations, we hy-
pothesize that the 1906 M~7.7 Manas earthquake may
have initially ruptured at a depth of ~ 20 km or
greater. The epicentral location and magnitude of the
Manas earthquake is not well constrained due to a
lack of local seismic data from the time of the event
(c.f., discussion in [7]). In addition, micro-seismicity

Fig. 9. (a) Structural model along the seismic reflection profile MNS9601. The 1906 Manas earthquake is inferred to have occurred on a high-
angle reverse fault that connects to several subsidiary faults, including two sub-horizontal detachments. Slip may have occurred on these
detachments during the 1906 event, giving rise to surface deformation as far away from the main shock as the Manas anticline. (b) Structural
model with hypocenters (Earthquake Catalogue of the Xinjiang Regional Seismological Bureau; G.M. Zhang, personal communication, 2003)
superimposed; due to limited station coverage, there is considerable uncertainty regarding depths due to the sparseness of the local seismic
network; nevertheless, there is abundant micro-seismicity throughout the crust, not only on the faults identified in the seismic reflection profile.
(c) 3-D sketch of the crustal structure in the northeastern Tien Shan margin. Crustal shortening is accommodated by a combination of high-angle

reverse and detachment faulting.
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Fig. 10. Histogram of focal depths from 110 well-located
earthquakes with M > 3.7 that have occurred in the northern Tien
Shan margin since 1980. Seismicity is evident to depths as great as
60 km, with most events at about 35 km. Based on the depth
distribution and a comparison with other large continental earth-
quakes (see text), we infer that the Manas 1906 M~7.7 event may
have initiated at about 20-km depth or more.

often does not coincide with the location of large
earthquake ruptures. For example, in the Tien Shan,
present-day micro-earthquake activity is concentrated
close to the southern margin of the Junggar basin, 15
km southwest of the inferred hypocenter of the 1906
Manas earthquake. This difference in location may be
due to slip on the main detachment surface during the
1906 event. Thus, we hypothesize that the focal
location of the Manas earthquake was at the intersec-
tion of the Junggar Southern Margin Fault and the
detachment surface (Fig. 9a and c).

The regional structure imaged by our seismic
reflection profile suggests that the Manas rupture
may have propagated northwards to the Qingshuihe
anticline. Field evidence indicates that strong shaking
was felt over a large area (i.e., the Bourtongu-Shi-
chang region). The Manas earthquake generated
ground deformation, folding, and uplift about 45 km

from the focus. Surface deformation related to the
Manas earthquake includes steep scarps and a 130-
km-long co-seismic uplift that formed along the
Manas anticline [21] (Fig. 4). Based on these obser-
vations, we infer that slip initiated on the main reverse
fault and continued onto the detachment faults imaged
in this study at 7- and 16-km depth up to the Manas
anticline. In recent years, studies of the 1980 El
Assam earthquake in Algeria and the 1983 Coalinga
earthquake in California have identified them as being
generated by reverse faulting [41—43]. This kind of
slip is accompanied by folding of the sort observed in
the area of the 1906 Manas earthquake.

8. Conclusions

The 2500-km-long Tien Shan is the product of two
Paleozoic collisional events, one along the southern
margin involving the Tarim block, and the second
along the northern margin involving the Kazakh
platform (e.g., [2]). Following a long period of qui-
escence in the Mesozoic and early Cenozoic, the Tien
Shan was reactivated in the middle to late Miocene as
a result of the collision of India with southern Asia.
The style of deformation in the Tien Shan has been
well documented by geologic mapping [6—10,15,22]
and earthquake focal mechanism studies [16,17,19].
The seismic profile presented in this paper provides an
excellent image of the coupled reverse and detach-
ment faults associated with the shortening of the crust
in the transition zone between the northeastern Tien
Shan and the southern Junggar Basin. Crustal thick-
ness beneath the eastern Tien Shan is 50—55 km, the
same as the western and central Tien Shan [31]
despite the significantly lower elevations in the east-
ern Tien Shan. This implies that there is less upper
mantle buoyancy (i.e., colder mantle) beneath the
eastern Tien Shan.

We have shown evidence in a seismic reflection
profile for two detachment faults at a depth of 7 and
16 km beneath the northern piedmont of the north-
eastern Tien Shan. The main detachment surface at
16-km depth converges with a steep angle reverse
fault, the Junggar Southern Marginal Fault. We hy-
pothesize that the M~7.7 1906 Manas earthquake
occurred mainly on this reverse fault, with associated
slip on the detachment faults beneath the southern
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Junngar basin. Compression between the Tarim and
Junggar blocks has resulted in a high level of seis-
micity, the uplift of the Tien Shan, and the creation of
high-angle reverse faults and upper-crustal detach-
ments that accommodate crustal shortening and thick-
ening. Significantly, we find that the crust thickens by
about 10 km some 30 km north of the topographic
expression of the Tien Shan (i.e., beneath the southern
Junggar basin). We infer from this observation that the
crust of the Junggar basin may bend and underthrust
the Tien Shan. These and similar structures within the
2500-km-long Tien Shan account for a significant
fraction of the present-day shortening between India
and Siberia.
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