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Abstract

During the Mesozoic, the active southern margin of Eurasia was the site of several accretion and collision events that fit into a frame-
work of convergence between Eurasia and advancing (peri-) Gondwanan units. Far-field effects of the Mesozoic Mongol-Okhotsk and
Cimmerian orogenies have been recorded deep within the interior of Eurasia. Convergence finally culminated in the massive India—
Eurasia continent—continent collision in the Early Cenozoic. This collision, continued convergence between both continents, and result-
ing ongoing indentation of India into Eurasia have dominated the geological, tectonic and geodynamic evolution of Eurasia. Amongst
others, distant effects of these events have reactivated an array of mobile belts in Central Asia. Apatite fission-track dating and thermal
history modeling performed on samples from the Kyrgyz Tien Shan and Siberian Altai Mountains record both Mesozoic deformation
and Cenozoic reactivation of intracontinental Eurasia. The onset of the building and growth of the modern Tien Shan and Altai orogens
is constrained to the Late Miocene and Pliocene, with a likely trend of activity younger towards the north. This would underscore the
general model that deformation related to India—Eurasia convergence was progressively propagated northwards through Central Asia

via the inherited structural fabric of the Eurasian crust.
© 2007 Published by Elsevier Ltd.
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1. Introduction and location

In Central Asia, north of the India—Eurasia collision
zone (north of the Tibetan Plateau), a vast array of active
intracontinental mountain belts extends deep into the inte-
rior of the Eurasian continent (Fig. 1A): this is the Central
Asian Deformation Zone (CADZ) or the Central Asian
orogenic belt. In Russian literature the CADZ is often
labeled as the Ural-Mongolian Fold Belt, while Sengor
et al. (1993) refer to it as the Altaids. The CADZ stretches
for over 5000 km, comprising the Tien Shan Mountains in
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the south, across the Altai-Sayan Mountains, all the way
northeast to the Baikal rift zone at the rim of the stable
Siberian craton, making it the world’s largest intraconti-
nental orogenic system. A continuously growing data set
of active tectonic and seismic information also designates
it as one of the world’s most active intracontinental
orogenic systems.

The CADZ crust was largely formed in the Paleozoic
and Mesozoic during several accretion events, while the
modern CADZ reactivation is attributed to the Cenozoic
India—Eurasia collision, and to ongoing indentation of
India into Eurasia (Molnar and Tapponnier, 1975, 1977,
Tapponnier and Molnar, 1979; Peltzer and Tapponnier,
1988). India—Eurasia collision and continued convergence
dominated much of Asia’s Cenozoic geological, tectonic,
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Fig. 1. (A) Map of Central Asia with location of the intracontinental Central Asian Deformation Zone (CADZ) north of the Himalayas and the Tibetan
Plateau. Sample localities: (a) Issyk Kul Lake area, (b) Teletskoye Graben area, (¢c) Chulyshman Plateau, (d) Dzhulukul Basin area, and (¢) Chuya-Kurai
Basin area. (B) Simplified map of large-scale Cenozoic structures in Asia as a result of India—Eurasia convergence (after Peltzer and Tapponnier, 1988): (1)
Lateral extrusion or escape tectonics, (2) Crustal thickening (uplift and fold-and-thrust tectonics), and (3) Intracontinental reactivation of the CADZ.

geodynamic and even climatic evolution in various ways.
The tectonic effects of the collision and convergence are
grouped in three categories: (1) lateral extrusion, (2) crustal
thickening and (3) intracontinental reactivation (Fig. 1B):

(1) Indentation of India into Eurasia has squeezed out
large lithospheric segments along long-lived, vast strike-slip
fault zones (e.g., Red River—Ailao Shan, Altyn Tagh) (e.g.,
Yue and Liou, 1999; Yin and Harrison, 2000; Yin et al.,

2002; Ritts et al., 2004). This lateral extrusion or escape
tectonics is directed mainly eastwards, to the less constrain-
ing Pacific plate boundary as opposed to the more rigid
interior of the Eurasian continent to the west. These
strike-slip faults show active movements, however peak
activity occurred largely in the Late Eocene — Early
Miocene (e.g., Yue and Liou, 1999; Yin and Harrison,
2000; Morley, 2001; Yin et al., 2002; Ritts et al., 2004).



190

(2) Another accommodation aspect of India-Eurasia
convergence is crustal thickening in the collision zone. This
includes thrust-and-fold tectonics in the Himalaya and
mountain belts north of Tibet (Kun Lun, for example).
This also includes uplift of the Tibetan Plateau itself, not-
withstanding that the exact mechanisms driving the latter
are still an area of debate (e.g., Harrison et al., 1992;
Molnar et al., 1993; Fielding, 1996; Chung et al., 1998;
Yin and Harrison, 2000; Tapponnier et al., 2001; Zhisheng
et al., 2001). Crustal thickening has been a major effect of
India-Eurasia convergence since the Late Oligocene —
Early Miocene (e.g., Yin and Harrison, 2000, and references
therein).

(3) Since the Late Miocene and Pliocene, continued
strain and stress build-up has been partly partitioned by
propagation northward to Eurasia’s interior along pre-
existing zones of weakness in the lithosphere. These corre-
spond to older sutures and structures inherited from earlier
collision and accretion events. In this manner deformation
along these zones has been responsible for the reactivation
and building of the modern intracontinental mountain
belts in the CADZ (Molnar and Tapponnier, 1975, 1977;
Tapponnier and Molnar, 1979; Peltzer and Tapponnier,
1988; Dobretsov et al., 1996).

In order to reconstruct the thermotectonic evolution
of the CADZ, in particular, with respect to Meso-
Cenozoic reactivation, we performed an apatite fission-
track (AFT) study, including thermal history modeling,
on samples from various key areas of the CADZ: the
Kyrgyz Tien Shan (25 samples) and the Siberian Altai
Mountains (50 samples). While the specific numerical
results and technical details per sampled region are dis-
cussed in detail elsewhere (De Grave and Van den

a 68°E 76°E

J. De Grave et al. | Journal of Asian Earth Sciences 29 (2007) 188-204

haute, 2002; De Grave, 2003), this paper uses the ther-
mal history models to reconstruct a general trend in
the thermotectonic history of the CADZ and reports
on the Mesozoic deformation and Cenozoic reactivation
of the CADZ from a broader perspective.

2. Geodynamical evolution and tectonic setting
2.1. Paleozoic

The CADZ basement was formed during the Paleozoic
evolution of the Paleo-Asian Ocean (PAO) that extended
amid Mesoproterozoic and older continental blocks
(Baltica, Siberia, Tarim, Kazakhstan and North China)
in the Early Neoproterozoic—Middle Paleozoic (Dobretsov
et al., 1995; Khain et al., 2003). The PAO evolution marks
an important phase in the formation, accretion and growth
of Eurasia, leading to the present-day, complex blocky-
mosaic architecture of the CADZ (Sengor et al., 1993).

2.1.1. Tien Shan region

Branches of the PAO (North and South Tien Shan
Ocean or Turkestan Ocean) stretched between southern
Kazakhstan and the Tarim Plate. Two distinct Late
Paleozoic (Late Devonian—Early Permian) ophiolite-bear-
ing sutures are recognized in the Tien Shan Paleozoic base-
ment (microcontinental and oceanic type domains),
dividing it into three units that strike roughly longitudinal-
ly (Fig. 2a): the South, Central and North Tien Shan (STS,
CTS, NTS) (Allen et al., 1992; Carroll et al., 1995; Chen
et al., 1999).

In the western, or Kyrgyz Tien Shan, the CTS is directly
truncated to the north by the relatively undeformed
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Fig. 2. (a) Paleozoic sutures in the Tien Shan Mountains. The sutures, displaced by the Talas-Fergana fault (TFF), delineate the North, Central and South
Tien Shan domains (see text). (b) Schematic outline of the Paleozoic Altai region wedged between the Siberian craton and the amalgamated Kazakhstan
plate (‘Ob-Zaisan Hercynides’). Altai terrains are composed of microcontinents and accretionary prisms with volcanogenic sediments, magmatic arcs and

fore- and back arc basins (after Dobretsov et al., 1996).
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Kazakh Platform. The CTS block (or Ili Microcontinent) is
intruded by a vast Late to Middle Paleozoic batholith that
forms the basement of the Issyk—Kul intramontane basin in
northern Kyrgyzstan (e.g., the Kungey and Terzkey
ranges). The Tarim and Junggar basins served as foreland
basins to the ancestral Tien Shan orogen, with their basin
margins flexurally loaded by Tien Shan thrust sheets. By
the Late Permian the entire PAO, including its Turkestan
branch, had closed completely.

2.1.2. Altai region

The Paleozoic basement of the present-day Altai
Mountains formed between the rigid Siberian craton
(north) and the amalgamated Kazakhstan continent
(south). Trapped in between are many smaller blocks of
various tectonic signature (Fig. 2b). These include micro-
continents (e.g., Tuva—Mongolia and Altai-Mongolia),
with Precambrian basement and, ‘oceanic’ units such as
fore- and back-arc basins (e.g., West Sayan block), turbi-
dite sequences, island arcs (e.g., Gorny Altai block) and
seamount arrays (Buslov et al., 2001). Main accretion stag-
es are Ediacaran-Early Silurian and Devonian-Carbonifer-
ous (Bachtadse et al., 2000; Kravchinsky et al., 2001;
Buslov et al., 2001).

Final closure of the western PAO occurred in the Early
Permian when Kazakhstan collided with Siberia as part of
Pangea amalgamation, and the entire mobile belt between
Siberia, Baltica and Kazakhstan was subjected to large-
scale strike-slip deformation (Sengér et al., 1993; Buslov
et al., 2003b) shaping the CADZ basement more or less
to its current form. The basement was intruded by large
magma volumes, building extensive igneous complexes in
the Middle and Late Paleozoic that added to the crustal
growth of Eurasia (Sengoér et al., 1993; Dobretsov and
Vladimirov, 2001).

2.2. Mesozoic

2.2.1. Tien Shan region

The Mesozoic evolution of the Tien Shan region was
dominated by the closure of various tracts of the Tethys
Ocean that separated Eurasia and Gondwana. Between
the Late Triassic and Early Cretaceous the southern
rim of the Tarim Plate (with the ancestral Tien Shan Belt
to its north) became part of the vast active southern Eur-
asian margin, underneath which Tethyan lithosphere was
subducted (e.g., Garzanti et al., 1999; Yin and Harrison,
2000). Various smaller peri-Gondwanan blocks rifted off
Gondwana, drifted northwards and converged towards
Eurasia in the Early Mesozoic. These Mesozoic, Tethyan
peri-Gondwanan fragments are often referred to as the
Cimmerian blocks. To the west of our study area they
include the tectonic blocks of Turkey, Iran and the
Afghan or Farah Block, to the east the Burmese and
Indochinese blocks. Directly south of Tarim, along the
Jinsha, Kun Lun and Altyn Tagh sutures, there are the
Tibetan blocks, Qiangtang and Lhasa, and the Pamir

and Karakoram blocks. Other tectonic units, principally
oceanic domains (e.g., the Kohistan-Ladakh island arc)
are wedged between these assorted blocks. Collision of
the different Cimmeria blocks was diachronous and
occurred between the Late Triassic and Early Creta-
ceous. These events are mutually called the Cimmerian
or Cimmeride orogeny. Of special importance to the dis-
cussion here are the collisions of the Tibetan blocks. In
the Early to Middle Jurassic the Qiangtang Block docked
with Eurasia and the Tethyan subduction zone and asso-
ciated volcanic arc jumped southward and finally pulled
the Lhasa Block into the active margin by Late Juras-
sic—Early Cretaceous times along the Bangong—Nujiang
suture. Continued Tethyan subduction underneath Lhasa
was responsible for the formation of the Cretaceous
Transhimalayan or Gangdese Batholith and eventually
culminated in the India—Eurasia collision (e.g., Yin and
Harrison, 2000).

The Cimmerian orogeny also affected the Eurasian
hinterland, and reactivation of Paleozoic structures is
recorded throughout the Tien Shan region and the Jung-
gar—Tarim basins (Hendrix et al., 1992; Allen and Vincent,
1997; Otto, 1997; Allen et al., 2001). The ancestral Tien
Shan was reactivated and formed a distinct physiographic
boundary between the Junggar and Tarim basins at this
time (Hendrix, 2000). The Tien Shan basement was thrust
over the Junggar and Tarim basin margins and both basins
accumulated thick foreland-type sediments from the erod-
ing Tien Shan orogen.

2.2.2. Altai region

In the Mesozoic the Altai area was bordered by two
active zones (Fig. 3). Firstly, to the north and northwest
this is the West Siberian Basin (WSB). This enormous
Meso-Cenozoic basin is located between the Ural Moun-
tains and the Siberian craton (Fig.1) and is characterized
by active rifting during the Mesozoic (e.g., Aplonov, 1988;
Surkov et al., 1997). The WSB collects continental sedi-
ments supplied by the Siberian (including the Altai) and
Uralian orogens (Surkov et al., 1997). Its basement is
composed of typical units that also make up the Paleozoic
basement of the CADZ, and in that sense it is an integral
part of these Paleozoic fold belts. Rifting in the WSB
occurred during most of the Early Mesozoic and in the
early phases (~250 Ma ago) it was associated with a vast
province of rift basalts that have been correlated with the
Siberian flood basalts (Siberian Traps) (Reichow et al.,
2002). Most of the WSB rifts evolved and became extinct,
entirely in a continental setting. However, parts might
have developed into a small oceanic basin with active
sea-floor spreading (Aplonov, 1988). Sediments in the
WSB show several transgressive marine incursions. After
active rifting, the WSB subsided in a passive tectonic
regime, and in the Late Cretaceous—Early Tertiary the
basin was nearly completely filled with sediments. In the
Middle Cenozoic basins of the Arctic Ocean opened,
shifting depocenters further northwards (Surkov et al.,
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1997). These depocenters persist until the present while
the WSB became a tectonically stable platform residing
near sea level, with small oscillations possibly linked to
Arctic Ocean spreading. WSB sub-basins border the Altai
to the north: the Biya-Barnaul and Kuznetsk basins
(Fig. 3), separated by a poorly understood Mesozoic
thrust (Buslov et al., 2003b).

Secondly, directly east of the Altai, the Mongol-
Okhotsk (MO) belt developed in the Middle to Late Juras-
sic-Early Cretaceous (Xu et al., 1997; Zorin, 1999; Wang
et al., 2004; Liu et al., 2005). This still poorly studied
orogenic belt was constructed as a result of the collision
of the Siberian continent with the composite North Chi-
nese—-Mongolian continent (Sino-Korean craton). North-
ward subduction of the MO Ocean lithosphere that
existed between both continents resulted in its oblique, west
to east closure (Zorin, 1999). Because of this geometry, it is
thought that initial deformation started in the western MO
belt, and as convergence continued, deformation propagat-
ed eastward until final closure of the basin in the Early
Cretaceous. This major continent—continent collision is
thought to have constructed a Himalayan-type orogen with
deformation affecting the Siberian and Mongolian hinter-
land (Ermikov, 1994; Zorin, 1999). Immediately after
exclusively compressive tectonics, Mongolia and the Baikal
region in Siberia experienced an important stage of exten-
sion and several large basins were created (e.g., Ermikov,
1994; Delvaux et al., 1995; Graham et al., 2001; Johnson,
2004).

To a lesser extent the Altai area shows signs of Mesozoic
activity as well, although it is not clear how or if it is related
to WSB and/or MO tectonics. Several smaller Triassic—
Jurassic plutons are emplaced in the Paleozoic basement
(Dobretsov and Vladimirov, 2001), while remnants of
small intramontane Jurassic basins are found in several
areas within the Altai orogen. These basins are filled main-
ly with coarse, continental, often coal-bearing, Jurassic sed-
iments atop relict Triassic red beds. This might imply
regional Jurassic denudation-sedimentation, which is also
seen in the sedimentary profiles of large adjacent basins:
Junggar—Zaisan Basin, southeastern tracts of the WSB
(Biya-Barnaul and Kuznetsk basins, Fig. 3), and the
Mongolian basins (e.g., Johnson, 2004).

2.3. Cenozoic

Continued Tethyan subduction eventually gave rise to
major India—Eurasia continent—-continent collision at the
Meso-Cenozoic transition. This collision and ongoing con-
vergence between both continents have dominated Asian
tectonic evolution ever since, as outlined in Introduction
(Fig. 1). Extrusion tectonics in SE Asia, fold-and-thrust
tectonics in the Himalayan Arc and uplift of the Tibetan
Plateau are a few of the principal effects of this collision.
As convergence is persisting to this day, the build-up and
accumulation of stress and strain has in addition been par-
titioned by propagating deformation northwards into the
intracontinental interior of Central Asia via the regional
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reactivation of the pre-existing structural fabric (Fig. 4).
Our study focuses further on this aspect.

2.3.1. Tien Shan region

Continued indentation of the Indian Plate into Eur-
asia is partly accommodated by thrusting North Tibetan
mountain ranges, such as the Kun Lun Shan and Altyn
Shan, over the southern Tarim margin (e.g., Avouac
et al., 1993; Abdrakhmatov et al., 1996; Yin and Harri-
son, 2000; Tapponnier et al., 2001). Also, as the Indian
indenter penctrated further in the Eurasian lithosphere,
it pushed the Tarim Plate northwards (Fig. 4). As a con-
sequence, the southern ranges of the Tien Shan Moun-
tains are thrust over the northern Tarim margin
(Dobretsov et al., 1996; Allen et al., 1999). As thrust
sheets override both the northern and southern edges
of the Tarim Plate, deformation is limited mainly to
distinct marginal zones, while the rigid Precambrian
basement underlying the Tarim Basin, as well as its
Meso-Cenozoic cover, remains relatively undeformed. In
the same fashion, the Pamir Block (west of Tarim,
Fig. 1) has also pushed north and Pamir thrusts have
directly overriden the southwestern Tien Shan and Tajik
Basin area (Coutand et al., 2002). These compressive tec-
tonic forces and flexural loading have reactivated the
entire Tien Shan mountain belt. Reactivation varies from
pure compression, over transpression to pure strike-slip,
e.g., Talas—Fergana strike-slip fault (Cobbold et al.,

1994; Cunningham et al., 1996; Allen et al., 2001; Buslov
et al.,, 2003a). Subtle signs of incipient Late Cenozoic
reactivation in the Tien Shan are traced to the Late Oli-
gocene, while clear indications are dated as Miocene
(Allen et al., 1994). Since the Late Miocene—Pliocene,
intense tectonic activity, mountain building and climatic
processes have shaped the Tien Shan landscape as it
appears today (Yin et al.,, 1998). Late Cenozoic and
ongoing activity is shown by various indicators: seismol-
ogy (Lukk et al., 1995; Abdrakhmatov et al., 2002), stra-
tigraphy (Cobbold et al.,, 1994; Sun et al., 2004)
structure-geomorphology (Molnar et al., 1994; Burbank
et al, 1999; Buslov et al., 2003a; Fu et al., 2003),
geochronology (Bullen et al., 2001, 2003; Thompson
et al., 2002), paleomagnetism (Dupont-Nivet et al.,
2002) and geodesy (Abdrakhmatov et al., 1996).

To the north the more or less E-W trending Tien Shan
mountain ranges with sub-parallel intermittent intramon-
tane basins are bordered by the comparatively undeformed
Junggar Basin (east) and the Kazakh Plate (west) (both
with rigid Precambrian microcontinental basement).
Pinched in between these rigid blocks and the Tarim Basin
to the south, the Tien Shan forms an E-W striking pop-up
or flower structure with southward dipping thrusts at the
northern edge and vice versa (Fig. 4). In this way, the
Junggar and Tarim Basins can be considered as Neogene
flexural foreland basins of the reactivated Tien Shan
orogen (Metivier and Gaudemer, 1997).
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2.3.2. Altai region

Driven by analogous mechanisms, the Altai Mountains
are subjected to Late Cenozoic reactivation as a response
to continued indentation of India into Eurasia (Dobretsov
et al, 1996), and represent an active transpressional
mountain belt between the rigid Junggar and Kazakhstan
basement (southwest) and Siberia and Mongolia (north-
east) (Figs. 3 and 4). A current transpressional tectonic
regime is demonstrated by strike-slip and thrust move-
ments along major faults (e.g., Irtysh Fault Zone, Shap-
shal Fault Zone) (Cunningham et al., 1996; Buslov
et al., 1999). Locally, however, recent tectonic reactivation
has produced transtensional and extensional structures
(e.g., the Teletskoye Graben). Late Cenozoic deformation
in the Altai is evident in the Oligocene—Miocene, but the
main, still active deformation is clearly constrained to the
Pliocene—Quaternary. This modern deformation involves
various smaller Paleozoic tectonic units and is manifested
mainly along the older, inherited Paleozoic structures
(Buslov et al., 1999, 2003b; Dehandschutter et al.,
2002). The timing of reactivation is largely substantiated
by the tectonic break-up of a ubiquitous Late Creta-
ceous—Paleogene peneplanation surface and by the
Neogene sediments in adjacent and intramontane basins
(Fig. 3). In the Late Neogene and Quaternary, neotecton-
ic activity intensified as demonstrated by deposition of
coarse molassic sediments in these basins (Buslov et al.,
1999). Various geological, seismological and geomorpho-
logical indicators show that the Altai are still affected
by active tectonics (e.g., Cunningham et al., 1996; Owen
et al., 1999; Philip and Ritz, 1999).
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3. Sampling areas

In the Tien Shan Mountains several E-W trending rang-
es in the vicinity of the intramontane Issyk—Kul Basin in
northeastern Kyrgyzstan were sampled: (1) the central
Terzkey Range; (2) the central Kungey Range; (3) the west
Kungey Range (and Boom Canyon area); and (4) the
Kindil Las Range (Fig. 5). All these ranges are formed
by Ordovician granitoids that intruded the Precambrian
basement of the CTS or Ili Microcontinent. The large (over
200 km long and up to 80 km wide) Issyk—Kul Basin is sit-
uated centrally in the CTS or Ili Microcontinent and covers
it with mainly Cenozoic, lacustrine sediments that locally
exceed 4 km in thickness (Cobbold et al., 1994). At present
a deep (668 m) lake is located within the basin. The
Terzkey (south) and Kungey (north) ranges override the
Cenozoic Issyk—Kul sediments along thrust faults, giving
the basin its typical ramp-structure and demonstrating
the recent (Late Cenozoic) tectonic activity of the region.
Our 25 samples are all granitoids from these ranges, includ-
ing two samples from the nearby, smaller Kindil Las Range
(Fig. 5).

Sample sites in the Siberian Altai Mountains can be
grouped into four major zones: (1) the Teletskoye graben
region, (2) the Chulyshman Plateau, (3) the Dhulukul
Basin area and (4) the Chuya-Kurai Basin area
(Fig. 6). All 50 samples were taken from the Paleozoic
crystalline basement (mainly granitoids and gneisses).
From these, the majority (32 samples) comes from the
basement of the Teletskoye Graben in the northern
Siberian Altai Mountains. This young, narrow graben
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Fig. 5. Cenozoic tectonic framework of the Kyrgyz Tien Shan region with indication of AFT sample localities and data. Our sample areas are all located
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Also for each sample area the range of observed apparent AFT ages is given.
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accommodates a deep lake, and is thought to have
formed about 2 Ma ago, clearly bearing witness to the
neotectonic evolution of the Altai orogen (Dehandschut-
ter et al.,, 2002). The graben is situated between two
Paleozoic tectonic units (Gorny Altai and West Sayan)
that were accreted to Siberia during the Paleozoic evolu-
tion of the PAO. All three other sampled regions show
similar characteristics: Paleozoic basement accreted to
Siberia during PAO evolution with superimposed Late
Cenozoic tectonic features and basins.

4. Methodology and analytical procedures

For this study 75 crystalline basement rock samples
yielded sufficient high-quality apatite crystals for apatite
fission-track (AFT) analysis. Apatite was separated using
conventional heavy liquid and magnetic techniques,
embedded in epoxy resin, polished and dated with the
external detector (ED) method (muscovite ED). Sponta-
neous tracks in the apatite were etched with a 2.5%
HNO; solution (70s at 22 °C). Induced tracks in the
muscovite ED were etched with a 40% HF solution
(40 min at 22 °C). Apatite-ED mounts were irradiated
in several batches in the Thetis research reactor at the
University of Gent. The thermal neutron fluence was
determined with absolute techniques, using metal activa-
tion monitors. Track counting and length measurements
were done using an Olympus BH-2 microscope (100x
dry objective). At least 1000 spontaneous tracks were
counted per sample, spread over minimum 20 separate

grains; where possible 100 confined tracks were measured
to construct an AFT length-frequency distribution and a
mean length was calculated. AFT age and length data
were modeled using the Laslett et al. (1987) annealing
model and the Ketcham et al. (2000) modeling software
AFTSolve.

The apatites were dated using both an absolute
approach (De Grave and Van den haute, 2002; Grimmer
et al., 2002) and the conventional zeta ({) method (Hurford
and Green, 1983; Hurford, 1990). An overall weighted
mean zeta (OWMZ) was calculated on the basis of 32
apatite age standard mounts of Durango and Fish Canyon
Tuff apatite and the IRMM-540 dosimeter glass (De Corte
et al., 1998). We obtained an OWMZ calibration factor is
253.1+£2.4. Only conventional (-ages were used for
modeling.

5. Results and models

In this paper we focus on the general trends observed in
the modeled cooling paths from the apatite samples of the
Kyrgyz Tien Shan and Siberian Altai Mountains in the
context of the geodynamic and tectonic evolution of Cen-
tral Asia as a whole. In particular, we focus on the effects
of Mesozoic Tethyan subduction and accretion events,
and the subsequent Cenozoic India—Eurasia collision and
ongoing convergence. Detailed description and analysis
of the AFT results are reported elsewhere (De Grave and
Van den haute, 2002; De Grave, 2003). Here we present
6 representative thermal history models from various sam-
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Fig. 7. Representative thermal history models obtained from AFT data from samples from the Siberian Altai (a—c) and Kyrgyz Tien Shan Mountains

(d-f). Modeling performed with Laslett et al. (1987) annealing equations

and the AFTSolve software by Ketcham et al. (2000). APAZ, Apatite Partial

Annealing Zone; t(m), modeled AFT age; t, observed AFT age; 1(m), modeled mean track length; 1, observed mean track length; GOF, Goodness of fit.

The best statistical ¢, T-path is represented by a line in a statistical good fits

envelope (gray shading; probability greater than 50%). A full line indicates Late

Cenozoic cooling for the Tien Shan samples, compared to a dashed line for the Altai samples. In general, Late Cenozoic cooling in the Altai starts later.

For further description and interpretation: see text.

ple sites in the Siberian Altai and Kyrgyz Tien Shan
Mountains (Fig. 7) as guidance for this discussion here.
A general description of the analytical and modeling results
is presented below.

5.1. Tien Shan region

For the Kyrgyz Tien Shan Mountains no reset AFT ages
were found; apparent Late Jurassic—Cretaceous AFT ages
show a north-south trend with older ages in the north.
From north to south ages are: (1) Kindil Las Range:
150-160 Ma; (2) Central Kungey Range: 130-160 Ma; (3)
West Kungey Range: 120-150 Ma; and (4) Terzkey Range:
60-110 Ma (Fig. 5).

AFT mean lengths and length distributions show
manifest signs of thermal track shortening, suggesting a
relatively long stay at Apatite Partial Annealing Zone
(APAZ) temperatures (60-120 °C). Mean track lengths
range from 12.4 to 13.2 uym; distributions are broad
(1.2<6<1.8um), asymmetric and negatively skewed
(Fig. 5). Here also, a regional trend is detected: shorter
mean track lengths are observed for samples from north-
ern localities. No reliable track length data were obtained
from Terzkey samples because of too low confined track
densities, and therefore no thermal history models are
available for the Terzkey Range.

These AFT age and length data were modeled using the
Laslett et al. (1987) annealing model and the AFTSolve
program by Ketcham et al. (2000). Three representative

models are shown in Fig. 7: (d) Kindil Las Range; (e) Cen-
tral Kungey Range; and (f) West Kungey Range. These
and all other models (25) from the Kyrgyz Tien Shan sam-
ples reconstruct a three- to locally a four-stage thermal his-
tory: (1) Jurassic-Early Cretaceous cooling; (2) Late
Cretaceous—Paleogene stability; (3) local Oligocene reheat-
ing; and (4) Mid Miocene to Recent cooling.

Mesozoic cooling (1) is recorded in our thermal history
models between the Middle Jurassic and Early Cretaceous
(180-110 Ma ago). This corresponds to somewhat older
apparent AFT ages with respect to the Siberian Altai
Mountains (see next section). Mesozoic cooling positioned
the sampled rocks in the upper APAZ, at temperatures of
~60-80 °C (i.e., around a depth of 2.5 km, when consider-
ing a normal geothermal gradient of 25-30 °C/km). Subse-
quently, a period of stability or slow cooling (2) left the
rocks more or less at these conditions until Late Cenozoic
cooling (4) set in during the Late Miocene (15-10 Ma).
Recent cooling to ambient surface temperatures exhumed
the apatite-bearing rocks to their present outcrop position.
A fourth feature is observed locally only. An Oligocene
(40-20 Ma) reheating event (3) affected samples in the
western part of the Issyk—Kul Basin, in particular
samples from the West Kungey Range and Boom Canyon
area. This characteristic is not shown by any of the other
thermal history models of the Tien Shan sample area.
Reheating brought the samples from upper AFT retention
temperatures (50-60 °C) back to APAZ temperatures
(70-90 °C).
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5.2. Altai region

Apparent AFT ages for samples from the Siberian Altai
Mountains are all Cretaceous (mostly Late Cretaceous)
and range between 60 and 150 Ma. No reset ages were
found for this area either. Apparent AFT ages were gener-
ally found to be younger than those obtained from our
Tien Shan samples. In particular, for each of the sampled
areas, we obtained ages within following intervals: (1) Tele-
tskoye region: 60-105 Ma; (2) Chulyshman Plateau:
90-130 Ma; (3) Dzhulukul Basin area: 100-150 Ma; and
(4) Chuya—Kurai Basin area: 80-100 Ma (Fig. 6). No clear
regional trend can be perceived, except that samples from
the most northern localities (especially near the Teletskoye
graben and the WSB), and from localities directly border-
ing larger intramontane basins, seem to exhibit values from
the younger age range. The older ages are mostly obtained
on samples from higher locations in the central plateau
area (Chulyshman Plateau and Dzhulukul Basin). In gener-
al, higher elevation samples yield older ages, as is to be
expected considering the FT age-elevation relationship
(Gleadow and Fitzgerald, 1987). AFT mean lengths and
length distributions clearly show signs of thermal track
shortening, suggesting a relatively long residence at APAZ
temperatures (120-60 °C). All mean track lengths are
11.5-13.5 um; distributions are broad (1.3 <o <2.3 um),
asymmetric and negatively skewed.

Three representative models are depicted in Fig. 7: (a)
Teletskoye region; (b) Chuya—Kurai region; and (c)
Chulyshman Plateau. These and all other models (50) from
the Siberian Altai samples reconstruct a three-stage ther-
mal history: (1) Late Jurassic—Cretaceous cooling; (2) Late
Cretaceous—Paleogene stability; and (3) Late Neogene-
Quaternary cooling.

The Mesozoic event (1) cooled the apatites below the
120 °C threshold in the Late Jurassic, around 150 Ma
ago. Considering a normal geothermal gradient of
25-30 °C/km, this implies that the apatite-bearing rocks
were brought to a depth shallower than ~4 km in the crust
at this time (possible lower gradients would imply greater
crustal depths). According to our models, the Mesozoic
cooling lasted until the Late Cretaceous ~80-90 Ma ago.
These results correspond to the Late Jurassic—Cretaceous
apparent AFT ages as described earlier. At the cessation
of this cooling, the sampled rocks in the Siberian Altai
region were still in the APAZ temperature window. They
reached upper APAZ temperatures (~80-60 °C) and hence
resided near a depth of 3-2 km considering a normal geo-
thermal gradient of 25-30 °C/km. Variations of these
numerical values amongst the various samples is due most-
ly to their present outcrop altitude, and hence their associ-
ated paleo-depth. In the Altai area, outcrop altitudes
varied roughly between 500 and 2000 m. Additional scatter
might be due to chemical compositional differences
between individual apatites (Green et al., 1986).

After Mesozoic cooling, near-horizontal time, Tempera-
ture (¢,7) paths persisted from the Late Cretaceous,

throughout the Paleogene (2), until the Late Miocene. This
stage in the modeled thermal history marks a period of
enduring stability. Throughout this period, the sampled
rocks stayed at upper APAZ temperatures, while slow
cooling brought some samples down to lower AFT
retention temperatures (50-60 °C). The near-horizontal
t,T-paths are abruptly disturbed by rapid Pliocene to
Recent cooling (3), starting ~5 Ma ago (individual samples
show scatter from 7 to 2 Ma). This recent rapid cooling
eventually brought the samples to ambient surface temper-
atures and exhumed the apatite-bearing rocks to their pres-
ent outcrop position. This long APAZ residence time and
associated track annealing and shortening (from Late
Mesozoic to Late Cenozoic) explains the low mean track
lengths and broad, negatively skewed track length distribu-
tions observed in our data.

A note of caution concerning the Late Cenozoic cooling
events observed in the Kyrgyz Tien Shan and Siberian
Altai Mountains should be conveyed here. It has been
shown that there exists a certain tendency in AFT thermal
history models using specific model parameter values (the
so-called initial track length or 1, parameter) to produce
a Late Cenozoic cooling merely as an artifact. This can
be further enhanced by track annealing at ambient temper-
atures (e.g., as observed by Vrolijk et al., 1992) The artifact
was soon dubbed the ‘worldwide recent cooling’ (Ketcham
et al., 1999). So it is hazardous to interpret rapid Late
Cenozoic cooling simply on the basis of AFT thermal his-
tory models. It should be meticulously tested against inde-
pendent geological evidence. This is what we attempted to
do here. Given the fact that ample geological/tectonic evi-
dence for Late Cenozoic activity exists in the study areas
under discussion, we are convinced the Late Cenozoic cool-
ing phases recorded in our thermal history models are real.

6. Interpretation and discussion

We interpret the various stages in the thermal histories
of the Kyrgyz Tien Shan and Siberian Altai samples in
the context of the Meso-Cenozoic accretionary tectonics
and geodynamics affecting intracontinental Central Asia
as outlined earlier. Our AFT data and models reconstruct
a consistent thermotectonic evolution for Central Asia.

6.1. Tien Shan region

6.1.1. Mesozoic cooling

In the Tien Shan the Mesozoic AFT ages and
cooling revealed by our thermal history models are older
(~180-110 Ma) than the Siberian Altai (150-80 Ma). Cool-
ing of the Kyrgyz Tien Shan basement occurred in the
Jurassic—Early Cretaceous and is contemporaneous with
the deposition of thick sedimentary sequences in the Jung-
gar and Tarim foreland basins (Hendrix, 2000), as well as
with the incipient formation of intramontane basins within
the ancestral Tien Shan Mountains. We therefore interpret
the cooling as a denudational response to an important
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phase of tectonic reactivation (Hendrix et al., 1992;
Cobbold et al., 1994; Dobretsov et al., 1996; Allen and Vin-
cent, 1997; Otto, 1997; Allen et al., 2001). This reactivation
is linked to the Cimmerian orogeny, i.e., subduction of
Tethyan lithosphere underneath the southern Eurasian
active margin and the ensuing collision of the Cimmerian
blocks of Tibet: Qiangtang in the Late Triassic-Middle
Jurassic; and Lhasa in the Late Jurassic-Early Cretaceous
(e.g., Garzanti et al., 1999; Yin and Harrison, 2000). Dis-
tant effects of these collisions induced tectonic reactivation
further north in Eurasia, also affecting the ancestral Tien
Shan mountain belt. Renewed tectonic movements dis-
placed blocks and created a topographic high with thrust
sheets overriding both the adjoining Junggar and Tarim
basins. Denudation of this Mesozoic orogen resulted in
sedimentation in the Tarim and Junggar basins and in
the intramontane basins. It also exhumed and subsequently
cooled the Paleozoic basement as indicated by our models
from the Issyk-Kul Basin area. Hence, we link the
Mesozoic t,T-cooling paths to denudation accompanying
Cimmerian reactivation of the Tien Shan orogen. Assum-
ing a normal geothermal gradient (25-30 °C/km), this
event would account for at least 2 km of denudation.
Mesozoic AFT ages for samples from the Tien Shan and
adjacent areas (Junggar, Tarim, West Kun Lun) were
reported earlier by Hendrix et al. (1994), Sobel and
Dumitru (1997), and Bullen et al. (2001, 2003). In parts
of their data, these authors report ages ranging between
about 180 and 80 Ma (samples both bedrock as well as
detrital apatites). These are in good agreement with those
in our study. In particular, Sobel and Dumitru (1997)
inferred a 150-200 Ma cooling event in the southern Tien
Shan-West Kun Lun area, which again agrees with our
data. They interpreted their findings also in terms of the
docking of the Tibetan blocks during the Cimmerian orog-
eny. Together with these data, we can state that the Cim-
merian orogeny affected a large area in the Eurasian
hinterland, including at least West Kun Lun, the Tarim
margins, Junggar, and the entire Tien Shan area.

6.1.2. Late Cretaceous—Paleogene stability

Near horizontal #,7-paths at lower APAZ - upper AFT
retention temperatures (50-80 °C) in the Cretaceous—
Paleogene reflect a period of prolonged stability in the Tien
Shan. During this period the intracontinental tracts of Cen-
tral Asia and Siberia experienced tectonic quiescence and
the Mesozoic orogens were subjected to peneplanation.
Rocks in the crust consequently remained at the position
and depth they had reached after the Mesozoic orogenic
and denudation phase. This implies that relaxation of the
isotherms occurred and that these rocks stayed at more
or less constant temperatures, reflected by the near-hori-
zontal ¢z,7-paths in our models. Throughout Siberia and
Central Asia a vast lateritic peneplain of typical red beds
developed (Ermikov, 1994; Delvaux et al., 1995; Dobretsov
et al., 1996). Remnants of this peneplanation surface can be
found in many parts of the region. At present this surface is

extensively deformed as a result of Late Cenozoic tectonic
activity. Remnants are mainly found atop of plateau-like
uplifts, or as basal sequences in Cenozoic intramontane
basins. The interpretation put forward here, agrees well
with observations by Van der Beek et al. (1996).

6.1.3. Oligocene reheating

Locally, only for samples in the western Kungey Range
(especially in the vicinity of the Boom Canyon), the models
exhibit an Oligocene (40-20 Ma) reheating event, taking
the samples back to APAZ temperatures. This reheating
is a local feature only. Moreover, samples from the same
tectonic unit further to the east (Kungey Range) are not
affected at all. Interpretation of the reheating should there-
fore not consider larger tectonic causes, but should only
focus on local effects. Two possible scenarios are consid-
ered. A first involves burial and subsequent exhumation
of this part of the basement during the Oligocene. A com-
plete Paleogene—Neogene sedimentary section is preserved
in both the Issyk—Kul Basin (east) and the Chu Basin
(west), in between which the West Kungey Range forms
a physiographical boundary. In the West Kungey base-
ment, the Boom Canyon forms a complex ramp syncline
in which also a Paleogene—Neogene section is preserved
(Buslov and Delvaux, personal communication; Sobel, per-
sonal communication). We must therefore consider that
Paleogene sediments once covered and buried parts of the
West Kungey Range, and that these sediments were subse-
quently stripped away during the Oligocene, in perhaps an
embryonic phase of Cenozoic reactivation of the Kyrgyz
Tien Shan. Burial and subsequent denudation of the West
Kungey Range would account for the observed local
Oligocene reheating peak. Detailed mapping and assess-
ment of Paleogene sedimentary thickness should be carried
out to test this hypothesis. Published data on Paleogene
sedimentary sequences in several Tien Shan basins however
shows that in most cases the thickness reaches just a few
dozen meters, to a maximum of 400 m (Cobbold et al.,
1994; Sobel and Arnaud, 2000; Bullen et al., 2001). This
would seem insufficient to push the basement back into
the APAZ temperature window when considering a normal
geothermal gradient of 25-30 °C/km.

A second scenario involves the emplacement of Paleogene
basaltic rocks in the western part of the Issyk—Kul Basin and
the eastern tracts of the Chu Basin (including Boom
Canyon). The localities of studied outcrops of these rocks
(Sobel and Arnaud, 2000; Bazhenov and Mikolaichuk,
2002) correspond remarkably well with our basement
sample sites. While a single Late Cretaceous K—-Ar age of
84 Ma was reported by Dobretsov and Zagruzina (1977),
most other ages for these igneous rocks (K-Ar and
Ar-Ar) clearly fall between 55 and 20 Ma (Krilov, 1960;
Dobretsov and Zagruzina, 1977; Sobel and Arnaud, 2000).
This corresponds well with the age of the local Oligocene
reheating exhibited in our models. Hence, a local geothermal
gradient increase, accompanying emplacement of these
basaltoids might have affected the surrounding Paleozoic
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basement rocks, repositioning them back within the APAZ.
Sobel and Arnaud (2000) attribute these basaltic rocks to the
potential existence of a small plume residing underneath the
area. However, Yin (personal communication) ascribes
them to magmas associated with partial melting of remnant
subducted slabs along the South Eurasian paleo-margin.

6.1.4. Late Cenozoic cooling

The final stage in the thermal history of the Kyrgyz Tien
Shan Mountains is a Late Cenozoic cooling, displayed by
all samples. Although there exists some scatter between
individual samples (10-20 Ma), in general, the Miocene
onset of cooling is timed at ~15 Ma ago. More recently,
around 5 Ma ago, the cooling curves seem to steepen, sug-
gesting a more intensified cooling and denudation. This lat-
ter event corresponds with the timing of the main Cenozoic
cooling event observed in our thermal history models for
the Siberian Altai Mountains (see next section). This inten-
sified cooling is corroborated by the modeled ¢,7-paths of
the Kindil Las samples, which only exhibit cooling from
4 to 6 Ma ago and do not show earlier, Mid Miocene onset
of cooling. We note here that the Kindil Las Range repre-
sents the most northern of our Tien Shan sample localities.
Considering the tectonic setting and history, we interpret
this cooling as denudation of the modern Tien Shan orogen
as a consequence of its tectonic reactivation. This reactiva-
tion is a distant effect of India—Eurasia collision and the
ongoing indentation of India into Eurasia. It installed a
principally dextral transpressional regime in the Tien Shan
(Abdrakhmatov et al., 1996, 2002; Yin et al., 1998; Allen
et al., 2001; Buslov et al., 2003a). Our data suggests that
building of the modern Tien Shan began about 15 Ma
ago and that an accelerated phase of denudation affected
all parts of the investigated area ~5 Ma ago. This corre-
sponds to observations of a poly-phase Late Cenozoic Tien
Shan reactivation by Bullen et al. (2003) and Sun et al.
(2004). Sediments produced during this denudation have
been transported and deposited in the large, bordering
Junggar and Tarim Basins (Metivier and Gaudemer,
1997) and in the intramontane Tien Shan basins. The
Issyk—Kul Basin, for example, has accumulated over
4km of Cenozoic (mainly post-Eocene) sediments
(Cobbold et al., 1994). Moreover, this sedimentary column
bears several Mio-Pliocene horizons of very coarse, molas-
sic-type deposits, indicating erosion of the growing orogen.
As shown by the modeled ¢, T-paths, the Late Cenozoic
event is still ongoing. This is underscored by numerous
active tectonic indicators. The Tien Shan form one of the
world’s most active intracontinental mountain belts, with
historical large magnitude earthquakes and landslides out-
lining the tectonic hazards of the region (Abdrakhmatov
et al., 2002).

Again we would like to emphasize that Late Cenozoic
cooling might represent a modeling artifact. However, con-
sidering the various independent lines of geological evi-
dence, we can state that the thermal history described by
our AFT data for the Kyrgyz Tien Shan express a real

and important Neogene denudation event accompanying
the building and growth of this intracontinental mountain
belt. Our data shows incipient activity becoming significant
around ~15 Ma ago (some samples already show some
activity as early as ~20 Ma ago) with a clear intensification
encompassing the entire investigated region ~5 Ma ago.
This is in agreement with previously published data.
Hendrix et al. (1994) found reset AFT ages of 20-25 Ma
in the northern Chinese Tien Shan and the Junggar Basin.
Sobel and Dumitru (1997) clearly showed that exhumation
along the southern Tien Shan and the western Kun Lun
occurred between 14 and 25 Ma ago. Using AFT and apa-
tite U-Th/He data, Bullen et al. (2001, 2003) draw similar
conclusions. The latter authors argue that Late Cenozoic
reactivation induced pulsed deformation of the Kyrgyz
Tien Shan, with main exhumation phases 10-11 Ma ago
and 0-3 Ma ago.

6.2. Altai region

6.2.1. Mesozoic cooling

Mesozoic cooling of the Altai basement in the Late
Jurassic—Cretaceous was driven by an important denuda-
tion event in the Jurassic—Cretaceous, as recorded in the
sediments of intramontane Altai basins and larger oro-
gen-adjacent basins (Fig. 3). We therefore interpret the
Mesozoic cooling observed in the thermal histories as due
to the denudation of the Altai basement. Considering dif-
ferent sample elevations and considering a normal geother-
mal gradient of 25-30 °C/km, the Siberian Altai area
experienced at least 1-3 km of denudation as recorded by
the AFT system.

Sediments derived from the orogen were transported to
large adjacent basins (Mongolian basins, WSB, Junggar
Basin), as well as to smaller fault-controlled, intramontane
depressions (Fig. 3; e.g., Dobretsov et al., 1996; Surkov
et al., 1997; Graham et al., 2001; Johnson, 2004). Mesozoic
clastic sediments, mainly Jurassic and Early Cretaceous
sediments, overlie the Paleozoic basement of these basins
unconformably. Mesozoic sediment thickness reaches sev-
eral kilometers in the large adjacent basins, in the smaller
intramontane basins it can reach over 2 km (Dobretsov
et al., 1996). In these intramontane basins, Mesozoic sedi-
ments are commonly molassic type deposits. The relation-
ship between Altai basement denudation and (molassic)
sediment accumulation within depressions in the Altai oro-
gen itself, points to a reactivation of this orogenic system.
This is further underscored by the Jurassic Kuznetsk—
Alatau Thrust and thrust-related basins at the northern
edge of the Altai orogen (Fig. 3), at the Kuznetsk Basin
interface (Buslov et al., 2003b).

Accumulation of thick Mesozoic deposits in large adja-
cent basins probably indicates active extension, and subsi-
dence within these basins. This is the case for the WSB
(Aplonov, 1988) and for the Mongolian—Baikal basins
(Ermikov, 1994; Delvaux et al., 1995, Graham et al.,
2001; Johnson, 2004). Therefore, basement cooling as
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observed in our models could be a complex interplay of
base-level drop due to active extension in large adjoining
basins on one hand, and reactivation of the orogen on
the other.

Mesozoic tectonic reactivation of the Altai Mountains is
contemporanecous with the final stages of closure of the
Mongol-Okhotsk (MO) Ocean, and the ensuing MO
orogeny. The geological and tectonic history of this area,
however, remains poorly constrained (Graham et al.,
2001). Convergence and eventual collision of the Siberian
and North Chinese (Sino-Korean)/Mongolian continents
resulted in the development of the MO orogenic belt in
the Late Jurassic—Early Cretaceous (Xu et al., 1997; Zorin,
1999; Wang et al., 2004; Liu et al., 2005). The collision zone
ran from the current Okhotsk Sea, through Mongolia, to
its western extension, southwest of the Baikal rift zone.
Incipient collision occurred in the west at the Early-Middle
Jurassic transition (170-180 Ma ago) (e.g., Zorin, 1999).
Oblique and thus diachronous collision and associated
compressive tectonics lasted until final closure in the east
in the Early Cretaceous (110-140 Ma ago) (e.g., Van der
Beek et al., 1996; Zorin, 1999). Deformation was not solely
confined to the collision zone proper, but migrated through
the hinterland and affected the Mongolian Altai
(Dobretsov et al., 1996), the Baikal area (Van der Beek
et al., 1996: based on AFT models from the Trans-Baikal
Mountains) and even reached the Siberian cratonic rim
(Ermikov, 1994; Zorin, 1999). Our AFT data suggests that
the Siberian Altai region might also have experienced the
far-field effects of the MO orogeny. These effects induced
reactivation and deformation of the ancestral Altai orogen,
leading to an important phase of denudation as discerned
from the Mesozoic t,T-cooling paths in our models. Van
der Beek et al. (1996) also interpreted their AFT results of
Mesozoic denudation in the Baikal area in terms of distant
effects of the MO orogeny. Their models show a Late Creta-
ceous cooling, which is generally somewhat younger than
our results. This is in agreement however with the oblique
collision model (Zorin, 1999), where initial collision and
orogeny affected the western area (Altai) earlier with respect
to the central (Baikal) and eastern part of the MO belt.

6.2.2. Late Cretaceous—Paleogene stability

Here also, the Late Cretaceous—Paleogene is character-
ized by near-horizontal modeled ¢, T-paths, similar as those
for the Kyrgyz Tien Shan area. We assign a similar inter-
pretation and discussion to this feature here. Regional pen-
eplanation in a long-lasting regime of tectonic quiescence
produced no or only moderate cooling of the Siberian Altai
basement, resulting in the near-horizontal ¢,7-paths.

6.2.3. Late Cenozoic cooling

The Late Cenozoic cooling inferred by the thermal his-
tory models for the Siberian Altai Mountains is associated
with the tectonic reactivation of the region and the building
and denudation of the modern Altai orogen. This reactiva-
tion, of mainly transpressional deformation, is thought to

be a far-field effect of the India—Eurasia collision and the
still ongoing indentation of the Indian Plate into the
Eurasian Continent. We relate the observed cooling to
denudation of the reactivated mountain belts. According
to our models, cooling commenced somewhat 5 Ma ago
and still continues. This corresponds well with other indica-
tors that point towards Late Neogene initiation of trans-
pressional reactivation and clear intensification in the
Plio-Pleistocene (Cunningham et al., 1996; Dobretsov
et al., 1996; Dehandschutter et al., 2002).

Sediments produced by the denudation of the modern
Altai orogen are deposited in the large adjacent basins
(WSB, Mongolian basins, Junggar-Zaisan Basin) in a more
or less analogous setting as during the Mesozoic (Fig. 3).
Also reminiscent of Mesozoic denudation, formation of
Cenozoic, fault-controlled basins within the orogen itself
accommodate part of the Late-Cenozoic clastics derived
from the growing orogen as well. The Teletskoye Graben,
and the Dzhulukul and Chuya—Kurai basins are examples
of the latter (Figs. 3 and 6). Within these basins, several hori-
zons of coarse clastics dating to the Late Neogene to Quater-
nary can be observed (Dobretsov et al., 1996; Buslov et al.,
1999). For example, the sediment thickness in the Teletskoye
Basin reaches at least 800 m (Seleznev et al., 1995), while the
basin formed less than 2 Ma ago (Dehandschutter et al.,
2002), clearly indicating active denudation in the Siberian
Altai Mountains in the last few million years.

In addition, Late Cenozoic reactivation is demonstrated
by uplift, break-up, and displacement of the Late Creta-
ceous—Paleogene peneplain. In comparison to the low-lying
inactive hinterland, remnants of the peneplain are vertically
displaced by 2 km or more in some parts of the Siberian
Altai Mountains (Dehandschutter et al., 2002). Within
the mountains, adjacent blocks capped with remnants of
the lateritic peneplain show vertical offsets of several hun-
dred meters relative to each other. The preservation of
the Late Cretaceous—Palacogene peneplanation surface
however, puts an upper limit to the extent of denudation
that can have taken place and on the magnitude of con-
comitant cooling observed in our thermal history models.
Yet, preservation is local and not regional, indicating that
some of the uplifted blocks were indeed subjected to con-
siderable denudation. In addition, all samples were collect-
ed at the surface and along vertical profiles situated well
below the estimated position of the peneplanation surface.

In summary, tectonic as well as sedimentary evidence
indicates a Late Neogene—Quaternary episode of intense
tectonic activity with rapid uplift and sedimentation.
Although to some extent the AFT evidence may overesti-
mate the amount of denudation associated with this event
(Late Cenozoic artifactual cooling), the Late Neogene-
Quaternary event itself and its timing are accurately reflect-
ed in the modeled ¢, T-paths. We hence interpret the young
rapid cooling as observed in the thermal history models of
the Siberian Altai Mountains to be related to Late
Neogene—Quaternary denudation in a still active transpres-
sional tectonic regime. If we consider a direct relationship
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between the timing of cooling/denudation as observed in
our models on one hand and onset of mountain building
and rock uplift on the other, we can conclude that reactiva-
tion and building of the modern Altai orogenic edifice is
largely constrained to the last 5 Ma.

7. General tectonic implications and conclusions
7.1. Mesozoic reactivation

Our AFT data and models show that the interior part of
the Eurasian continent experienced important Mesozoic
activity. After the Paleozoic assembly of Eurasia and its
Permo-Triassic consolidation, growth and accretion of the
continent continued throughout much of the Mesozoic.
Convergence between northward drifting peri-Gondwanan
fragments and the southern Eurasian margin, produced a
large-scale subduction-accretion belt, ranging from the Okh-
otsk Sea in far eastern Siberia, all the way to the European
Alpine zone. Subduction underneath the active tracts of
the south Eurasian margin consumed several oceanic basins,
and pulled various tectonic units into the active margin,
effectively accreting them to Eurasia. In the Central Asian—
Siberian area, closure of the Paleo-Tethys and Mongol-
Okhotsk oceans, respectively, resulted in the docking of
the Cimmerian blocks of present-day Tibet (Qiangtang and
Lhasa) with Tarim—Eurasia in the Late Triassic—Early Cre-
taceous and of the amalgamated North Chinese-Mongolian
continent with South Siberia in the Jurassic-Early Creta-
ceous. This gave rise to the Cimmerian orogeny on one hand,
and the Mongol-Okhotsk orogeny on the other. Both orog-
enies not only affected the respective collision zones, but
propagated deformation to the interior of Eurasia by reacti-
vation of the pre-existing Paleozoic structural fabric. Both
the Tien Shan and the Altai area experienced far-field effects
of these accretion-collision events that took place at the dis-
tant continental margins. In this way ancestral Central Asian
and Siberian mountain belts were reactivated and conse-
quently were subjected to denudation. The denudation pro-
duced sediments that were deposited in adjoining, large and
long-lived basins (e.g., Junggar, Tarim, West Siberian Basin)
and in newly forming and evolving fault-controlled intra-
montane depressions. The denudation also induced cooling
of the Paleozoic basement underlying both the Tien Shan
and Altai Mountains. This cooling of the upper kilometers
of the crust, brought apatite-bearing rocks under the AFT
accumulation and retention threshold temperatures and
the cooling events were subsequently recorded in the AFT
system as apparent Mesozoic AFT ages and steep modeled
t,T-cooling paths.

These Mesozoic events can be viewed as a continuation of
the Paleozoic accretionary history that shaped the complex
blocky-mosaic architecture of Siberia and Central Asia.
These events were able to reactivate the region as a conse-
quence of that complex inherited structural network that
crosscuts the entire region. In this light, the Mesozoic events
can alternatively or equally be seen as precursors to Cenozoic

reactivation. Distant effects of large-scale India—Eurasia col-
lision and ongoing convergence between them, once again
propagated deformation to the interior of Eurasia, often
along the same structural pathways as in the Mesozoic. Thus
again the complex Central Asian Deformation Zone
(CADZ) was subjected to intracontinental reactivation.

7.2. Late Cretaceous—Paleogene stability

After Mesozoic tectonic reactivation, activity subdued
and regional tectonic quiescence and stability was imposed
throughout Late Cretaceous—Paleogene times. The entire
CADZ experienced a long period of peneplanation under
predominantly tropical conditions and a regional Late
Cretaceous—Paleogene lateritic erosion surface matured.
Remnants of this peneplain are found in many parts of the
CADZ and attest to its widespread areal dimensions. Under
these conditions moderate denudation transpired at most
and relaxation of the isotherms occurred, developing a
stable temperature profile in the CADZ crust. Consequent-
ly, basement rocks remained at the APAZ temperatures and
depths where Mesozoic denudation and exhumation had
positioned them. This resulted in only slow cooling of the
basement and AFT length shortening. These conditions
are reflected in the AFT system: broad, negatively skewed
AFT length-frequency distributions and near-horizontal
t,T-paths in the thermal histories models.

7.3. Late Cenozoic reactivation

The period of stability was disturbed by the India-
Eurasia collision at the Meso-Cenozoic transition and by
effects of the ongoing indentation of India into Eurasia.
At first, this major collision induced lateral extrusion of
lithospheric fragments along major shear zones north of
the collision zone (mainly in Tibet and SE Asia) with peak
activity between about 40 and 20 Ma ago. Around 20 Ma
ago crustal thickening and large-scale construction of the
Himalayan fold-and-thrust arc became a significant mech-
anism for the accommodation of additional indentation of
India. From the Late Miocene onwards, starting some
20-15 Ma ago, another important shift in accommodation
mechanism occurred. Further convergence and accompa-
nying strain and stress accumulation was also partitioned
through propagation of this stress through the interior of
the Eurasian Plate, especially by penetration of the Pamir
indenter and by underthrusting of the rigid Tarim Plate
under the Tien Shan. This mechanism is corroborated by
the evidence from our and previously reported AFT data
sets. By the Late Miocene, approximately 15 Ma ago, after
possible initial movements around 20 Ma ago, the Tien
Shan area experienced an important deformation stage.
Inherited structures became reactivated and building and
growth of the modern Tien Shan orogen was initiated.
Reactivation style was predominantly dextral transpres-
sional. Strike-slip and thrust movements are responsible
for developing the characteristic morphology of E-W
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trending ranges with intermittent intramontane basins.
Thrust sheets once again flexurally loaded the Tarim and
Junggar basin margins. Denudation of the orogen generat-
ed clastic sediments that were deposited in the Tarim and
Junggar basins as well as in intramontane depressions in
between the growing Tien Shan ranges. This denudation
and exhumation displaced the Paleozoic basement vertical-
ly upwards in the crust, resulting in cooling of the basement
rocks. This cooling and denudation episode is ongoing and
brought the rocks to ambient surface temperatures and to
their present outcrop positions. This is preserved and
recorded in the AFT system and is revealed by our thermal
history models.

The northward propagation of deformation was further
transmitted through the stable Kazakhstan and Junggar
plates to the Altai Belt that is bordered to the north by
the vast and rigid West Siberian Basin and the Siberian
Craton. The underthrusting of the Junggar Plate in the
south act as a sort of indenter, while the unyielding terrains
in the north can be considered a backstop. This configura-
tion has caused the Altai Mountains to be reactivated as a
distinct transpressional mobile belt wedged in between
these rigid blocks. After early signs in the Miocene, reacti-
vation and deformation has intensified manifestly since the
Pliocene. Denudation of the young and growing orogen
has brought about sedimentation in large adjoining basins
as well as in Cenozoic intramontane basins. Some of these
basins, like the Teletskoye Graben, are very young systems,
formed as recent as 2 Ma ago as a result of active differen-
tial movements of adjacent tectonic blocks. Given the fact
that hitherto no reset AFT ages have been found in the
Altai realm, and the fact that in many places, especially
atop plateau-like uplifts, the Late Cretaceous—Paleogene
peneplanation surface is preserved, denudational response
to the young tectonic movements in the area has not been
sufficient for complete registration in the AFT system.
However, modeling of our data suggests that recent cooling
began to affect the Altai basement since ~5 Ma ago, which
is in agreement with other geological observations.

This implies that the age of reactivation as a conse-
quence of continued indentation of India into Eurasia,
seemingly became younger towards the north: ~15 Ma in
the Tien Shan and ~5 Ma in the Altai. This observation
would support the hypothesis that ongoing India—Eurasia
convergence is partly accommodated by propagating stress
northward through intracontinental Central Asia via an
inherited structural network of zones of weakness in the
crust and lithosphere. In this way the vast Central Asian
Deformation Zone is developing as an extensive system
of intracontinental mountain belts with intermittent large
basins accumulating much of the sedimentary load stripped
off of these growing mountain chains.
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