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Abstract

The complex crustal structure of the Tien Shan has a strong impact on the distribution of strain induced by the India—Eurasia colli-
sion, with intracontinental deformation in Eurasia’s interior as a distant effect. The northward propagation of the India—Eurasia defor-
mation front is suggested by the rejuvenation of mountain ranges and intermittent intramontane basins. The Tien Shan basement is
formed by the rigid, heterogeneous Precambrian blocks (microcontinents) of Tarim, Issyk-Kul (or Central Tien Shan) and Aktyuz-Boor-
din, surrounded by a ‘soft” matrix of Paleozoic accretion—collision belts. The Kyrgyz Tien Shan Mountains are situated between the active
structures of the Tarim Plate and the Pamir indenter (south), and the stable Kazakhstan Shield (north). Underplating by the Tarim Plate
and thrusting by the Pamirs are responsible for the building of the Cenozoic Tien Shan, the reactivation of its inherited structural fabric
and the tectonic layering of the upper lithosphere underlying the area. Large earthquakes (M > 6) delineate the northern and southern
margins of the Issyk-Kul microcontinent, indicating that crustal heterogeneity influenced the location of active structures in the northern

Kyrgyz Tien Shan.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Cenozoic tectonic activity in the Tien Shan resulted from
the ongoing indentation of India into the Eurasian conti-
nent (Molnar and Tapponnier, 1975; Cobbold and Davy,
1988). The collision caused the propagation of deformation
to the interior of the continent, resulting in crustal thicken-
ing and intracontinental mountain building. The Tien Shan
consists of roughly E-W-trending mountain ranges (with
peaks exceeding 7000 m), alternating with subparallel sedi-
mentary basins. The E-W-trending boundaries between

* Corresponding author. Tel./fax: +7 383 333584.
E-mail address: misha@uiggm.nsc.ru (M.M. Buslov).

1367-9120/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.jseaes.2006.07.001

ranges and basins are marked by major Cenozoic faults.
However, the important Talass-Fergana Fault Zone strikes
at an angle to the main structural direction and is oriented
NW (Figs. 1 and 2).

The Cenozoic tectonic evolution of a vast part of Asia
can be attributed to the continuing convergence between
India and Eurasia. After the initial collision between about
52 and 35Ma ago, India has continued its northward
motion at reduced velocity and acts as a rigid indenter, pen-
etrating ~2000km into Asia, to cause postcollisional
underplating (India) and uplift (Tibet) (Molnar and
Tapponnier, 1975; Mercier et al., 1987; Cobbold and Davy,
1988; Le Pichon et al., 1992; Dobretsov et al., 1996).

Orogeny in the Pamir and southern Tien Shan regions
started after 35 Ma, post-dating the incipient Tibetan uplift
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Fig. 1. Digital terrain model of Central Asia indicating major tectonic and structural features and units. The white box indicates the Issyk-Kul Basin (IK).

| Kazakhstan platrorm 5> CUCRELE) 60-110 Ma
Alma Ata 1889+ |30
Il 1807 _* B -
; i 130-160 M
i 2n o )
865 177 Bisfkek 1893 19711 unde‘] N
475 B - 1970 15
. Kul basin
+ F  *Kyrgyzran Jssyk- _
l‘pp + o+ +] ¥ ke :1 _112026
946 =12.
= + + + </ Ay, g ol JIIN_| 52130
d_gg + & 12 18 .
191§ |c 120-150 Ma
30
Fergana basin i
g Tarim 15
n=100
i I ﬂ[{ h 1=13.02
= ° =154
TFF = Talass-Fergana Fault 6 12 18 < I
g
|:ICenozaic basin E&annzoic thrust fault D 150-160 Ma
40°N — <] - strike-
m South Tien Shan g::lwtozm. ske-stp
1963 = 15
—
1918 . CentraITien Shan Eﬁ?ﬂ:ﬁguf" e
O/ Pamir O n =100
1944 1915 I=12.43
500 km | o Paosition + Date of M>6 earthquakes ® City 5 12 78 c=158

Tracklength (um)

Fig. 2. Tectonic scheme of the Kyrgyz Tien Shan region with general location of apatite fission-track (AFT) sample areas and data (De Grave et al., 2004):
(A) Terzkey Range, (B) Kungey Range, (C) West Kungey Range (Boom Canyon area) and (D) Kindil Las Range. For each of these sample areas, except
for the Terzkey Range (insufficient number of confined tracks), a representative AFT length distribution (r, number of measured confined tracks; /, mean
track length; s, standard deviation) and AFT age range is shown. Major historical earthquake locations are also depicted. Two profiles (I-I and II-11) along

which geophysical data were collected are indicated (see text and Fig. 6).

during the collisional stage, and was accompanied in the
Late Oligocene by the deposition of coarse—clastic, red
continental molasse. The Miocene landscape of the Pamirs
and the southern Tien Shan was dominated by <3km

uplifts and intervening depressions. In the Pliocene red
molassic sediments gave way to gray molasse deposits, as a
result of climatic cooling, while uplift reached an altitude of
4-5km. Further Quaternary uplift of the Pamirs and the
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Tien Shan produced the current typical glacial landscape
(Chedia, 1986; Mikolaichuk, 2000).

The structural pattern of the pre-Cenozoic Tien Shan
basement clearly influenced the Cenozoic reactivation of
the Tien Shan orogen. This basement is highly heteroge-
neous and consists of the relatively rigid blocks of the Pre-
cambrian Tarim, Issyk-Kul (or Central Tien Shan) and
Aktyuz-Boordin microcontinents, enclosed in a ‘soft’, more
easily deformed matrix of Paleozoic accretion—collision
belts. It seems that these rigid blocks in the northern Tien
Shan were displaced towards each other within the mobile
matrix that surrounds them at variable velocities and vari-
ous directions. These displacements are considered to be
active far-field tectonic responses to continued India-Eur-
asia convergence, and produce large earthquakes at the
rigid body boundaries. All the epicenters of these large
earthquakes are located within a narrow linear zone
between the Aktyuz-Boordin and Issyk-Kul microconti-
nents, while other epicenters of M > 6 earthquakes mark the
northern and southern margins of the Issyk-Kul microcon-
tinent (Fig. 2). This indicates that crustal heterogeneity
affects the formation of the active structures of the northern
Kyrgyz Tien Shan (Buslov et al., 2003, 2004; Buslov, 2004).

The Talass-Fergana Fault Zone, the site of dextral
strike-slip movements, divides the Tien Shan into NE and
SW parts. Two different tectonic mechanisms are responsi-
ble for this characteristic geometry: underthrusting of the
Tarim microcontinent beneath the southern Tien Shan and
thrusting of the Pamir block onto the southern Kyrgyz
Tien Shan, respectively (Buslov et al., 2003). The Tien Shan
is situated between these active structures to the south, and
the stable Kazakhstan Shield to the north (Figs. 1 and 2).
The underthrusting of Tarim and the thrusting of the Pam-
irs formed the Cenozoic structural pattern of the Tien Shan
and caused tectonic layering in the upper lithosphere
(Buslov et al., 2003).

Different mechanisms of the Tarim and Pamir conver-
gence were manifested at different times and resulted in
strike-slip movements along the Talass-Fergana Fault.
During the Late Cenozoic displacement rate along the fault
was 10 mm/yr and reducing to 2-3 mm/yr at present (Burt-
man et al, 1996; Meade and Hager, 2001). This can be
explained by convergent forces of the Tarim and Pamir on
the southern Tien Shan edges presently cancelling each
other resulting in low slip rates. Previously, during the last
10Ma, indentation by the Pamirs was dominant and
resulted in reactivation of the Talass-Fergana Fault as a
dextral strike-slip fault with higher rates of displacement.

Given total crustal shortening of 200+ 50km and the
present-day shortening rate of 20 mm/yr, the northern Tien
Shan could have been constructed within 10Ma
(Abdrakhmatov et al, 1996). These authors also suggest
that the recent rapid uplift of the Tien Shan could be the
result of a marked increase in horizontal compressional
forces, following the abrupt rise of the Tibetan Plateau, as
proposed by England and Houseman (1989). Apatite
fission-track thermochronology, structural modeling and

magneto-stratigraphy in the Kyrgyz Range, adjoining
ranges, and the Chu Basin in the northern Kyrgyz Tien
Shan further show that a strong phase of rock uplift and
deformation first affected the northern Tien Shan ~10-
11Ma ago, followed by a second accelerated phase ~5—
3 Ma ago (Burbank et al., 1999; Bullen et al., 2001, 2003; De
Grave et al., 2004). The latter acceleration is also recorded
in the stratigraphy by a marked change in the sedimentary
environment in the Late Pliocene—Early Pleistocene, where
thick sequences of coarse conglomerate, sedimentary gaps
and tectonic unconformities are observed (e.g. Abdrakhma-
tov et al., 2001).

In this paper various aspects of the tectonic and geody-
namic evolution of the northern Kyrgyz Tien Shan are
considered, based on geodetic, geological and geophysical
data. In particular, attention is directed to basement con-
trols on Cenozoic deformation in the upper crust of the
Tien Shan.

2. Present-day basement movements: implications from GPS
data

The present northward movement of India with respect
to Eurasia (Fig. 1) occurs at a rate of ~50mm/yr. The
shortening rate across the Tien Shan (10-15mm/yr)
accounts for a significant part of this total value (Avouac
et al,, 1993; Avouac and Tapponnier, 1993; Zubovich et al.,
2001; Meade and Hager, 2001). Dextral strike-slip displace-
ment along the Talass-Fergana Fault has accumulated to
about 100km since the Late Miocene, i.e. an average of
10mm/yr (Burtman et al., 1996). Recent GPS data show
that the fault is currently not as active and that the maxi-
mum rate of displacement is only ~2-3mm/yr
(Abdrakhmatov et al., 1996; Zubovich et al., 2001; Meade
and Hager, 2001). Velocity and direction of movement of
the basement blocks in the SW and NE Kyrgyz Tien Shan
vary greatly. The SW Tien Shan, located between the rigid
Kazakh Shield and the active Pamir indenter (Figs. 1 and
2), as indicated by recent geodetic observations, is subject
to anticlockwise rotation (Bragin et al., 2001; Meade and
Hager, 2001). The NE Kyrgyz Tien Shan is located between
the stable Kazakh Shield and the underthrusting Tarim
Plate (Figs. 1 and 2). At the present-day, N-S shortening
occurs at a rate of about 10 mm/yr in the southern part of
the NE Tien Shan Block and up to 2-6 mm/yr in the north-
ern part, and is furthermore occurs along different direc-
tions in each part (Figs. 3 and 4). The different rates and
orientations of the shortening can be explained by the pres-
ence of the rigid Precambrian Issyk-Kul and Aktyuz-Boor-
din microcontinents. Almost all M > 6 earthquakes of the
northern Tien Shan are linked spatially with the aforemen-
tioned active tectonic zones framing the Issyk-Kul micro-
continent (Fig.5). The epicenters of strong historical
earthquakes and their related landslides are located within
the Chon-Kemin and Chon-Aksu Fault Zones that sepa-
rate these Precambrian basement blocks (Fig. 5) (Delvaux
etal, 2001; Buslov et al., 2003). This illustrates well the
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Fig. 3. The vectorial field of active horizontal movements according to GPS measurements in Kyrgyzstan and southern Kazakhstan (modified after Zubo-
vich et al.,, 2001). Starting points of vectors indicate GPS receiver stations; their length is a measure for the annual average movement at that location (see
scale, lower right). Circles at the arrow tips correspond to the 95% (2 s) confidence interval on the direction of movement. Bottom insert shows anticlock-
wise surface rotation in the Fergana Basin area around a supposed rotation pole (star, Zubovich et al., 2001).
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Fig. 4. Sketch map of active strike-slip deformation in the Issyk-Kul region, northern Kyrgyz Tien Shan (from GPS and other geodetic data, Buslov et al.,
2003). See text for discussion and interpretation.
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basement control on active tectonic movements and the
reactivation of the area.

GPS data show that the present structure of the Tien
Shan consists of three blocks: northern; central; and south-
ern Tien Shan (Fig. 5), each characterized by a different dis-
placement velocity and direction. The southern Tien Shan
has the highest velocity of 6-10mm/yr. The displacement
vectors describe a fan, with a NNW trend in the western
part, north in the central part, and NNE in the eastern part.
The Issyk-Kul Basin is located in central, and partly in
southern Tien Shan. Central Tien Shan is characterized by
4-6 mm/yr active lateral movement in a NE to N direction.
Northern Tien Shan, north of the Chon-Kemin Fault, is
moving with a velocity of 4-10 mm/yr to the SE. The east-
ern part of this area (Zaili Range and part of the stable
Kazakh Shield — Alma Ata region) is moving to the SW,
while the mountain ranges framing the Chu Basin are mov-
ing to the SSW (Fig. 5).

3. The Cenozoic structure of the Tien Shan: basement control

The Cenozoic tectonic evolution of the Kyrgyz Tien
Shan is evidently influenced and directed by the inherited
structural fabric acquired from its pre-Cenozoic evolution.
The lens-shaped Issyk-Kul and Aktyuz-Boordin microcon-
tinents, surrounded by vast zones of strike-slip deforma-
tion, are the significant features (Fig. 2). The basement is
composed mainly of Archean metamorphic rocks and
Early Proterozoic quartz—schists and carbonate rocks. The
basement is covered by Ediacaran and Cambrian—Ordovi-
cian volcanic and sedimentary rocks. The entire assemblage
has been intruded extensively by Ediacaran-Middle Paleo-
zoic plutonic rocks. Remnants of a Late Devonian—Early

Carboniferous active margin sequence and a Late Carbon-
iferous—Permian passive margin sequence are also found in
the area.

Small intramontane Tien Shan basins, as well as larger
adjoining basins (e.g. Tarim), record a strong phase of
Mesozoic reactivation within the Tien Shan (e.g. Hendrix
et al, 1992).

In the Paleogene, about 4km of lacustrine sediments
accumulated in the Issyk-Kul Basin. This basin is a prime
example of a fast subsiding intramontane basin in the
Cenozoic Tien Shan. It developed on the rigid basement of
the Issyk-Kul microcontinent (Fig. 2 and 5). The onset of
uplift of the southern Tien Shan started in the Neogene,
when clastic and proluvial sediments, transported from the
rising southern ranges, were deposited in the Issyk-Kul
Basin. For a long time during the Cenozoic, deformation
was concentrated mainly in a distinct zone surrounding the
Issyk-Kul microcontinent, while the interior remained a
more or less stable platform. In the Quaternary the
propagating deformation reached the central part of the
Issyk-Kul Basin and affected the more rigid interior. At the
present time deformation has resulted in an intricate system
of strike-slip faults surrounding the microcontinent (Buslov
et al., 2003).

Due to regional N-S compression induced by the India—
Eurasia collision, the structural features of the Precam-
brian—Paleozoic basement and the Cenozoic cover of the
northern Kyrgyz Tien Shan show signs of complex defor-
mation involving and strongly controlled by the heteroge-
neous crust underneath the area. Cenozoic deformation,
with tectonic reactivation and mountain building, propa-
gated inside the continent along ancient fault zones of the
inherited regional structural fabric. Remnants of Cenozoic
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Fig. 5. Sketch map of active tectonics in the Issyk-Kul region, northern Kyrgyz Tien Shan (after Buslov et al., 2003). See text for discussion and

interpretation.

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232



233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
2717
278
279

280
281

282
283
284
285
286
287

6 M. M. Buslov et al. | Journal of Asian Earth Sciences xxx (2006) xxx—xxx

basins (e.g. Tarim, Tajik and Fergana) are preserved where
stable, rigid crust occurs. This pattern largely coincides with
the outline of Precambrian (microcontinental) basement, as
is clearly the case for the Issyk-Kul area, for example. The
Issyk-Kul microcontinent is an E-W-striking, lens-shaped
structure, up to 110km wide and 350 km long (Figs. 2 and
4). As in other examples, the microcontinent is bounded by
wide zones of strike-slip deformation: the Kyrgyz-Terzkey
zone in the south, and the Kemin zone in the north. The
Pred-Terzkey and Chon-Kemin are active faults coinciding
with these deformation zones (Buslov et al., 2003). During
much of the Cenozoic the interior, rigid part of the Issyk-
Kul basement remained unaffected and deformation was
largely restricted to the aforementioned fringing fault
zones.

Tectonic reactivation of the Kyrgyz Tien Shan reached
its peak in the Pliocene-Early Quaternary and resulted in
the formation of the present-day topography and the
strong deformation of the Issyk-Kul basement and its
Cenozoic cover (Delvaux et al., 2004). The direction of
regional compression changed from NW-SE in the Late
Miocene to a predominant N-S direction in the Pliocene—
Early Quaternary, which continues to the present day. Dur-
ing this evolution, the southern and northern margins of
the Issyk-Kul microcontinent gradually became involved in
the deformation and were thrust over the edges of the
Issyk-Kul Basin. The areal extent of the basin was reduced
and ramp structures formed at the western and eastern
ends. The thrusting of these mountain ranges over the basin
was accompanied by strong erosion and the deposition of
molasse. Underthrusting along the Kyrgyz-Terzkey Zone
resulted in the disruption of the southern margin of the
microcontinent to form several blocks, separated by
oblique thrusts and strike-slip faults (Buslov et al., 2003).
Further strike-slip movement along the Chon-Kemin Fault
resulted in thrusting and reverse faulting along the north-
ern margin of the microcontinent (Figs. 2, 4 and 5).

In the central part of the NE Kyrgyz Tien Shan, the
structural scheme is different. In the north of this area, the
Pred-Kungey oblique thrust joins with the Taldy-Sui
Thrust through the Aksu Graben that constitutes the
boundary between the eastern and central part (Fig.2).
However, the most important structure of this region is the
NE-striking Chon-Kemin Fault Zone, discussed earlier.
Recently a significant sinistral strike-slip component has
been observed in the kinematics of the Chon-Kemin Fault
Zone (Delvaux et al., 2001; Buslov et al., 2003).

4. Tectonic layering of the Kyrgyz Tien Shan lithosphere and
seismicity

There are three main seismically active regions in the
western Tien Shan and Pamirs: the north Tien Shan (NTS),
the south Tien Shan (STS) and the Pamir-Hindu Kush
(PHK) (Fig. 7). The NTS generally is a low-activity seismic
zone, although large historical earthquakes have occurred
such as the 1885 Belovodskoye (M =6.9), the 1887 Vernen

(M=173), the 1889 Chilik (M=8.3), the 1911 Kebin
(Kemin) (M =38.2), the 1946 Chatkal (M =7.5), and the
1992 Suusamyr (M =7.5). The 1902 Kashgar (M =17.8), the
1907 Karatag (M =7.3), the 1949 Khait (M =7.4), and the
1974 Markansui (M =7.3) earthquakes in the STS zone
occurred against a background of high seismic activity. The
PHK is the most seismically active zone in Central Asia
(e.g. Pavlis and Das, 2000). It can be traced along the Pamir
indenter front and has a characteristic S-shape. The PHK
zone generated the 1909 Hindu Kush earthquake (M =8.0)
with hypocenter at 230 km depth, several dozen M 7.0<7.5
tremors with shallower focal points, and thousands of
weaker events. The lithosphere beneath the PHK zone is
unstable and is continuing to subside into the upper mantle,
providing very deep seismic sources at depths of up to
300 km. The seismic sources of the STS and NTS zones on
the other hand are a lot shallower and are located in the
upper crust, mostly at a depth of 15-20km, as they are con-
strained at depth by visco-plastic layering in the Tien Shan
crust and the underlying lithosphere.

Seismic S- and P-wave studies (profile I-1; Fig. 6) show
horizontal wave-guide layers, 10-20 km thick, in the lower
(35-50km) and upper (10-20km) crust (Bakirov et al.,
1996; Sabitova and Adamova, 2001). These thick seismic
wave-guide layers are absent beneath the Fergana Basin
and adjacent flat areas. Wave-guide lenses are found in the
upper crust at a depth of 10-20km, to the north of
the Pamirs. The lower layer abruptly rises to a depth of
15-20 km near the Talass-Fergana Fault. The southern part
of the lower wave-guide is 20 km higher than the northern
part. Near the Tarim Plate and NE of the Talass-Fergana
Fault, the wave-guide occurs at a depth of 20-40km (pro-
files I-I and II-II; Fig. 6). Near the southern margin of the
Issyk-Kul microcontinent the northern extremity of the
wave-guide is also located deeper, some 15km lower than
its shallow southern part (profile II-11; Fig. 6).

Magneto-telluric (MT) studies in the Tien Shan (Trapez-
nikov et al., 1997; Rybin et al., 2001) also indicate the pres-
ence of layers and lenses. Together with seismic wave-guide
characteristics discussed above, these layers and lenses
exhibit a high electrical conductivity. Profiles in Fig. 6 show
the position of the low seismic wave area obtained by seis-
mic data and the high conductivity layers based on mag-
neto-telluric data. These profiles show a good correlation
between results from these different methods. A 15-25km
thick layer identified by MT, is located at a depth of 35—
50 km to the north of the Issyk-Kul microcontinent, and at
a shallower depth of 20-35 km to the south. Oblique wave-
guides mark the southern border of the Issyk-Kul micro-
continent. Towards the south, the wave-guide is located at
the same depth as the basement of the Tarim microconti-
nent (20-50 km).

The occurrence of these viscous layers would restrict
the depth of faulting, and consequently the depth of
earthquake hypocenters; hypocenters of all Tien Shan
earthquakes, are limited to a depth of less than 10-20 km
(Sabitova and Adamova, 2001; Bragin etal., 2001). A
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Fig. 6. Geological and geophysical profiles (I-I and II-II) of the crust and upper mantle beneath the Kyrgyz Tien Shan (see Fig. 2 for location). Based on
seismic and magneto-telluric profiling. See text for discussion and interpretation.

visco-plastic medium, identified by the geophysical tech-
niques, cannot retain tectonic strain. Tectonic layering of
the Kyrgyz Tien Shan lithosphere with visco-plastic layers
20-30 km thick may permit the fast slip and deformation
of the upper crustal section including the rotation of the
SW Tien Shan Block, the underthrusting of the Tarim
Plate, and the indentation of its basement into the middle
crust of the Tien Shan.

Thrusting of the Tarim Plate under the southern Tien
Shan and of the Pamirs onto the SW Kyrgyz Tien Shan, has
a maximum velocity of 10-15mm/yr, whereas the Indian
Plate is moving to the north with a velocity of 50 mm/yr,
resulting in the compression of the upper crust (Avouac
et al.,, 1993; Avouac and Tapponnier, 1993). We suggest that
a part of this convergence was accommodated by flow of
the viscous layer in the middle of the Tien Shan crust.
Deformation in the upper crust occurred mainly along the
Talass-Fergana Fault and in the strike-slip belts around the
microcontinental fragments (Figs. 1 and 6) as already
described for the Issyk-Kul microcontinental fragment.

The relationship of the STS and NTS seismic zones to
the mountain ranges bordering the Precambrian Issyk-Kul
microcontinent is important to the mountain building pro-
cess. Strong earthquakes (NTS) and high-velocity active
fault movements are connected to the building of these
mountain ranges. These events are clearly indicate base-
ment control as they are concentrated at the margins of the
rigid microcontinent. We can view the seismic events in the
STS in the same context, with the Tarim microplate acting
as a rigid body thrusting beneath the Tien Shan.

5. Apatite fission-track analysis

An apatite fission-track (AFT) study (De Grave et al.,
2004) was performed on crystalline rocks from the Kyrgyz
Tien Shan (Figs. 2 and 8). The samples come mostly from
the Paleozoic basement of the Issyk-Kul. Samples were also
collected along profiles in the Kungey and Terzkey ranges.
These ranges are formed primarily of Ordovician granites
and are thrust onto the northern and southern margins of
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Fig. 8. A representative thermal history model obtained from AFT age
and length data (AFTSolve, Ketcham et al., 2000) from a granite sample
from the Kungey Range (Issyk-Kul region, northern Kyrgyz Tien Shan;
from De Grave et al., 2004). APAZ, Apatite Partial Annealing Zone; #(m),
modeled AFT age, ¢, observed AFT age, /[(m), modeled mean track length,
[, observed mean track length; GOF, Goodness of fit. The best statistical
cooling-path is shown as a single line within a statistical good fits enve-
lope. See text for discussion and interpretation.

the Cenozoic intramontane Issyk-Kul Basin, respectively.
Based on AFT age and length data and using the appropri-
ate modeling software thermal history models for the study
area were reconstructed (Ketcham et al., 2000). These mod-
els (Fig. 8) reveal a three-stage Meso-Cenozoic cooling his-
tory throughout the investigated area.

Firstly, the thermal history models show a cooling of the
Issyk-Kul basement in the Jurassic-Early Cretaceous
(~180-110 Ma). De Grave et al. (2004) interpret this cool-
ing as due to the denudation of the Issyk-Kul basement,
associated with the tectonic reactivation of the ancestral
Kyrgyz Tien Shan, possibly related to the Cimmerian orog-
eny and associated collision of various Cimmerian
(Tibetan) blocks with the Eurasian margin; discussion of
which is beyond the scope of this paper. At the cessation of
Mesozoic cooling, the Issyk-Kul basement reached upper
Apatite-Partial Annealing Zone (APAZ) temperatures
(~60-80°C). After Mesozoic cooling, a second stage in the
cooling history is reflected by Late Cretaceous—Paleogene,
near-horizontal modeled, cooling paths. These can be
attributed to a period of tectonic quiescence and penepla-
nation. At the end of this period, before onset of rapid Late
Cenozoic cooling, the investigated apatites remained at
upper APAZ temperatures, or just reached lower AFT
retention temperatures (~50-60°C). This long period of
APAZ-residence is reflected in the AFT length data. Low
mean track lengths (~11-14 um) and negatively skewed dis-
tributions are exhibited by all samples (De Grave et al.,
2004).

The present neotectonic reactivation of intracontinental
Central Asia as a whole and the Tien Shan in particular is
shown by a final cooling stage described by the AFT ther-
mal history models. The models exhibit this feature from
~15-10 Ma onwards, with a specific acceleration after ~5—
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3 Ma ago (Fig. 8). This young cooling down to ambient sur-
face temperatures is interpreted as denudation and exhu-
mation of the studied rocks to their present outcrop
positions.

Together with results from similar studies (Hendrix
et al., 1994; Van der Beek et al., 1996; Sobel and Dumitru,
1997; Burbank et al., 1999; Bullen et al., 2001, 2003; De
Grave and Van den haute, 2002; De Grave et al., 2004),
these observations seem to suggest that reactivation and
deformation in the interior of the Eurasian continent is
gradually rejuvenating northward through Central Asia
since the Miocene as a distant effect of the ongoing indenta-
tion of India into Eurasia. This deformation resulted in
transpressive mountain building and roughly 2 km of denu-
dation of the northern Kyrgyz Tien Shan since the Late
Miocene.

6. Discussion and conclusions

The structure of the Tien Shan is formed by isometri-
cally outlined Precambrian microcontinents (Tarim, Issyk-
Kul, Aktyuz-Boordin) surrounded by accretion—collision
zones. This complex crustal structure of the Tien Shan has
a strong impact on the distribution of stress induced by the
India—Eurasia collision. This stress is propagated north-
ward through Central Asia and is expressed as strain in the
rejuvenation of intracontinental mountain ranges and
intramontane basins. In a first collisional stage (35-20 Ma
ago), India was thrust under Tibet and the Pamir, resulting
in incipient growth of the Himalayan-Karakoram orogen,
the embryonic uplift of the Tibetan Plateau, and subsidence
of the Tarim and Fergana depressions. Also, the Pamir
Block was thrust onto the SW Kyrgyz Tien Shan and the
Tien Shan Block was rotatated anticlockwise as a direct
result. In a second stage (20-11 Ma ago), the Tarim micro-
continent was thrust under the central and eastern parts of
the southern Tien Shan, resulting in the additional uplift of
the southern Tien Shan ranges. While thrusting of the Pam-
irs continued, the tectonic load on the SW Tien Shan
increased further. A third stage (10-3 Ma) saw the reactiva-
tion of the Issyk-Kul microcontinent and its surrounding
accretion—collision mobile belt in the northern Kyrgyz Tien
Shan, where mountain ranges also started to develop. Anti-
clockwise rotation of the Tien Shan Block continued and
dextral strike-slip displacement along the Talass-Fergana
Fault Zone occurred at rates of about 10-15mm/yr.
Finally, the interplay of the Tarim and Pamir convergence
with the Tien Shan (~3 Ma ago to the present) gave rise to
the maximum uplift and formation of the modern Tien
Shan as they occur today, while dextral strike-slip displace-
ment along the Talass-Fergana Fault Zone reduced to
~1 mm/yr.

The thrusting of the Tarim Plate underneath the Tien
Shan resulted in the shortening of the upper crust at a rate
of ~10-15mm/yr, whereas India moves northward at
50mm/yr. A certain amount of the stress induced by the
ongoing convergence may have been accommodated by

flow within the viscous, plastic layers in the Tien Shan crust
and lithosphere. Stress in the upper crust was buffered to a
large extent by the Issyk-Kul microcontinent and taken up
by strain in the surrounding mobile belts. It is clear that the
recent tectonics of the northern Tien Shan is controlled by
its pre-Cenozoic structure. Earthquakes of M >6 clearly
mark the northern and southern margins of the lens-shaped
Issyk-Kul microcontinent, indicating that crustal heteroge-
neity affected the formation of the active northern Kyrgyz
Tien Shan structures. Seismic and magneto-telluric studies
show that the Tien Shan lithosphere contains tectonic lay-
ering, with several nearly horizontal viscous layers. The
lower layer is underthrust northward into the northern
Tien Shan middle crust, as indicated by seismic data shown
in this paper. The viscous layers in the lithosphere beneath
the Tien Shan possibly permitted the rotation of the SW
Tien Shan Block, the underthrusting of the Tarim Plate,
and the indentation of its basement into the middle Tien
Shan crust. This caused high slip rates with failure in the
upper crust to depths of 20-30 km.

Acknowledgements

We thank Dr. D. Delvaux, Dr. S. Dominguez and Dr. M.
Allen for their constructive reviews of this paper. Also, the
CARS center and their researchers contributed valuable
resources and inspiring discussions for which we are
extremely grateful. This research was supported by the
Siberian Branch of the Russian Academy of Science. Parts
of this research (AFT) were also sponsored by the Fund for
Scientific Research — Flanders (Belgium), where JDG is
postdoctoral fellow.

References

Abdrakhmatov, K.E., Aldazhanov, S.A., Hager, B.H., Hamburger, M.W.,
Herring, T.A., Kalabaev, K.B., Makarov, V.I., Molnar, P., Panasyuk,
S.V., Prilepin, M.T., Reilinger, R.E., Sadybakasov, LS., Souter, B.J.,
Trapeznikov, Yu.A., Tsurkov, V.E., Zubovich, A.V., 1996. Relatively
recent construction of the Tian Shan inferred from GPS measurements
of present-day crustal deformation rates. Nature 384, 450-453.

Abdrakhmatov, K.E., Weldon, R., Thompson, S., Burbank, D., Rubin, Ch.,
Miller, M., Molnar, P., 2001. Origin, direction and rate of modern com-
pression of the central Tian Shan (Kyrgyzstan). Russian Geology and
Geophysics 44, 49-75.

Avouac, J.P., Tapponnier, P., 1993. Kinematic model of active deforma-
tion in Central Asia. Geophysical Research Letters 20, 895-898.

Avouac, J.P., Tapponnier, P., Bai, M., You, H., Wang, G., 1993. Active
thrusting and folding along the Northern Tien Shan, and Late Ceno-
zoic rotation of the Tarim relative to Dzungaria and Kazakhstan.
Journal of Geophysical Research 98, 6755-6804.

Bakirov, A.B., Lesik, O.M., Lobanchenko, A.P., Sabitova, T.M., 1996. Evi-
dences for the modern deep-seated magmatism in Tien Shan. Russian
Geology and Geophysics 37, 42-53.

Bragin, V.D., Batalev, V.Yu., Zubovich, A.V., Lobanchenko, A.N., Rybin,
A K., Trapeznikov, Yu.A., 2001. Qualitative bearing of modern move-
ments on the deep geo-electric structure of the earth’s crust in the Cen-
tral Tian Shan and distribution of seismicity. Russian Geology and
Geophysics 42, 1610-1629.

Bullen, M.E., Burbank, D.W., Garver, J.I., Abdrakhmatov, K.Ye., 2001.
Late Cenozoic tectonic evolution of the northwestern Tien Shan: new

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491

492

493
494
495
496
497
498
499
500
501

502

503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

10 M. M. Buslov et al. | Journal of Asian Earth Sciences xxx (2006) xxx—xxx

age estimates for the initiation of mountain building. Geological Soci-
ety of America Bulletin 113, 1544-1559.

Bullen, M.E., Burbank, D.W., Garver, J.I., 2003. Building the Northern
Tien Shan: integrated thermal, structural and topographic constraints.
Journal of Geology 111, 149-165.

Burbank, D.W., McLean, J.K., Bullen, M., Abdrakhmatov, K.Y., Miller,
M.M., 1999. Partitioning of intramontane basins by thrust-related
folding, Tien Shan, Kyrgyzstan. Basin Research 11, 75-92.

Burtman, V.S., Skobelev, S.F., Molnar, P., 1996. Late Cenozoic slip on the
Talas-Ferghana faults, the Tien Shan, Central Asia. Geological Society
of America Bulletin 108, 1004-1021.

Buslov, M.M., 2004. Cenozoic tectonics of Central Asia: basement control.
Himalayan Journal of Sciences 2, 104-105.

Buslov, M.M., Klerkx, J., Abdrakhmatov, K., Delvaux, D., Batalev,
V.Yu., Kuchai, O.A., Dehandschutter, B., Muraliev, A., 2003.
Recent strike-slip deformation of the northern Tien Shan. In:
Storti, F., Holdsworth, R.E., Salvini, F. (Eds.), Intraplate Strike-
Slip Deformation Belts. Special Publication 210, Geological Soci-
ety of London, pp. 53-64.

Buslov, M.M., De Grave, J., Bataleva, E.V., 2004. Cenozoic tectonics and
geodynamic evolution of the Tien Shan mountain belt. Himalayan
Journal of Sciences 2, 106-107.

Chedia, O.K., 1986. Morphology and neotectonics of the Tien Shan. Ilim
Press, Frunze. 313p (in Russian).

Cobbold, P.R., Davy, P., 1988. Indentation tectonics in nature and experi-
ment. 2. Central Asia. Bulletin of the Geological Institutions of Upp-
sala 14, 143-162.

De Grave, J., Van den haute, P., 2002. Denudation and cooling of the Lake
Teletskoye region in the Altai Mountains (South Siberia) as revealed
by apatite fission-track thermochronology. Tectonophysics 349, 145-
159.

De Grave, J., Buslov, M.M., Van den haute, P., 2004. Intracontinental
deformation in Central Asia: distant effects of India—Eurasia conver-
gence revealed by apatite fission-track thermochronology. Himalayan
Journal of Sciences 2, 121-122.

Delvaux, D., Abdrakhmatov, K., Lemzin, L.N., Strom, A.L., 2001. Land-
slides and surface breaks of the 1911 Ms=8.2 Kemin earthquake,
Kyrgyzstan. Russian Geology and Geophysics 42, 1667-1677.

Delvaux, D., Abdrakhmatov, K., Lemzin, I.N., Strom, A.L., Kuchai, O,
Vittori, T., 2004. Active tectonic deformation in the northern Tien-
Shan of Kyrgyzstan. EGU Ist General Assembly, 26-30/4/2004, Geo-
physical Research Abstracts 6, 06350.

Dobretsov, N.L., Buslov, M.M., Delvaux, D., Berzin, N.A., Ermikov, V.D.,
1996. Meso- and Cenozoic tectonics of the Central Asian mountain
belt: effects of lithospheric plate interaction and mantle plumes. Inter-
national Geology Review 38, 430-466.

England, P., Houseman, G., 1989. Extension during continental conver-
gence, with application to the Tibetan Plateau. Journal of Geophysical
Research 94, 17561-17579.

Hendrix, M.S., Graham, S.A., Carroll, A.R., Sobel, E.R., McKnight, C.L.,
Schulein, B.J., Wang, Z., 1992. Sedimentary record and climatic impli-
cations of recurrent deformation in the Tien Shan: evidence from the
Mesozoic strata of the north Tarim, south Junggar, and Turpan basins,
northwest China. Geological Society of America Bulletin 104, 53-79.

Hendrix, M.S., Dumitru, T.A., Graham, S.A., 1994. Late Oligocene-Early
Miocene unroofing in the Chinese Tien Shan: an early effect of the
India—Asia collision. Geology 22, 487-490.

Ketcham, R.A., Donelick, R.A., Donelick, M.B., 2000. AFTSolve: a pro-
gram for multi-kinetic modeling of apatite fission-track data. Geologi-
cal Materials Research 2, 1-32.

Le Pichon, X., Fournier, M., Jolivet, L., 1992. Kinematics, topography,
shortening and extrusion in the India-Eurasia collision. Tectonics 11,
1085-1098.

Meade, B.J., Hager, B.H., 2001. The current distribution of deformation in
the Western Tien Shan from block models constrained by geodetic
data. Russian Geology and Geophysics 42, 1622-1633.

Mercier, J.L., Armijo, R., Tapponnier, P., Carey-Gailhardis, E., Han, T.L.,
1987. Change from late Tertiary compression to Quaternary extension
in southern Tibet during India—Asia collision. Tectonics 6, 275-304.

Molnar, P., Tapponnier, P., 1975. Cenozoic tectonics of Asia: effects of a
continental collision. Science 189, 419-426.

Mikolaichuk, A.V., 2000. The structural position of thrusts in the recent
orogen of the central Tian Shan. Russian Geology and Geophysics 41,
961-970.

Pavlis, G.L., Das, S., 2000. The Pamir-Hindu Kush seismic zone as a strain
marker for flow in the upper mantle. Tectonics 19, 103-115.

Rybin, AK., Batalev, V.Yu., II'ichev, P.V., Shchelochkov, G.G., 2001.
Magneto-telluric and magneto-variational studies of the Kyrgyz Tian
Shan. Russian Geology and Geophysics 42, 1566-1573.

Sabitova, T.M., Adamova, A.A., 2001. Seismic tomography study of the
Tien Shan crust: (results, problems, and prospects). Russian Geology
and Geophysics 42, 1543-1553.

Sobel, E.R., Dumitru, T.A., 1997. Thrusting and exhumation around the
margins of the western Tarim Basin during the India-Asia collision.
Journal of Geophysical Research 102, 5043-5064.

Trapeznikov, Yu.A., Andreeva, E.V., Batalev, V.Yu., Berdichevsky, M.N.,
Van’jan, L.L., Volykhin, A.M., Golubtsova, N.S., Rybin, A.K., 1997.
Magneto-telluric soundings in the Kyrgyz Tien Shan Mts. Izvestija
Academii Nauk SSSR, series Fizika Zemli 1, 3-20 (in Russian with
English abstract).

Van der Beek, P., Delvaux, D., Andriessen, P.A.M., Levi, K.G., 1996. Early
Cretaceous denudation related to convergent tectonics in the Baikal
region, SE Siberia. Journal of the Geological Society, London 153,
515-523.

Zubovich, A.V., Trapeznikov, Yu.A., Bragin, V.D., Mosienko, O.I., Shche-
lochkov, G.G., Rybin, A K., Batalev, V.Yu., 2001. Deformation field,
Earth’s crust deep structure, and spatial seismicity distribution in the
Tian Shan. Russian Geology and Geophysics 42, 1634—1640.

578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626



	Cenozoic tectonic and geodynamic evolution of the Kyrgyz Tien Shan Mountains: A review of geological, thermochronological and geophysical data
	Introduction
	Present-day basement movements: implications from GPS data
	The Cenozoic structure of the Tien Shan: basement control
	Tectonic layering of the Kyrgyz Tien Shan lithosphere and seismicity
	Apatite fission-track analysis
	Discussion and conclusions
	Acknowledgements
	References




