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ABSTRACT

The terranes composing the basement of the Tian Shan were originally sutured
together during two collisionsin Late Devonian—Early Carboniferous and Late Car-
boniferous—-Early Permian time. Since then, the range has repeatedly been uplifted
and structurally reactivated, apparently as a result of the collision of island arcs and
continental blockswith the southern margin of Asia far to the south of therange. Evi-
dencefor these defor mational episodesisrecorded in the sedimentary histories of the
Junggar and Tarim foreland basinsto thenorth and south of therangeand by the cool-
ing and exhumation histories of rocks in the interior of the range. Reconnaissance
apatite fission-track cooling ages from the Chinese part of the range cluster in three
general time periods, latest Paleozoic, late M esozoic, and late Cenozoic. L atest Paleo-
zoic coolingisrecorded at Aksu (east of Kalpin) on the southern flank of therange, at
two areasin the central Tian Shan block along the Dushanzi-Kuga Highway, and by
detrital apatitesat Kuga that retain fission-track ages of their sediment source areas.
Available ®Ar/*®*Ar cooling ages from the range also cluster within thistimeinterval,
with very few younger ages. These cooling ages may record exhumation and defor -
mation caused by the second basement suturing collision between the Tarim—central
Tian Shan composite block and the north Tian Shan.

Apatitedatafrom threeareasrecord late M esozoic cooling, at Kuga on the south-
ern flank of the range and at two areasin the central Tian Shan block. Sedimentary
sections in the Junggar and Tarim foreland basins contain major unconformities,
thick intervalsof alluvial conglomerate, and increased subsidencer atesbetween about
140 and 100 Ma. These data may reflect deformation and uplift induced by collision
of the Lhasa block with the southern margin of Asiain latest Jurassic-Early Creta-
ceous time. Large Jurassic intermontane basins are preserved within the interior of
the Tian Shan and in conjunction with the fission-track data suggest that the late
Mesozoic Tian Shan was subdivided into a complex of generally east-west—trending,
structurally controlled subranges and basins.

Apatite data from five areas record major late Cenozoic cooling, at sitesin the
basin-vergent thrust belts on the northern and southern margins of the range, and
along the north Tian Shan fault system in theinterior of the range. The thrust belts
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and fault system have been sites of active shortening and exhumation since at least
ca. 25 Ma, apparently induced by the collision of the Indian subcontinent with the
southern margin of Asia. On the basis of regional relations, the north Tian Shan fault
system islikely an important activeright-lateral transpressional structurethat hasre-
activated the north Tian Shan—central Tian Shan suture zone.

In general, most of the Chinese Tian Shan appears to have been exhumed only
limited amounts through Mesozoic and Cenozoic time. Within our sampling areas,
only limited areas along the north Tian Shan fault zone and in parts of the range-
margin thrust belts were exhumed more than ~3 km during the Cenozoic India-Asia
collision. M oder n intermontane basins are present within the Tian Shan and help di-
videit into a number of subranges, much likethelate M esozoic Tian Shan. This mod-
ern physiography likely reflectsin part reactivation of pre-Cenozoic structural trends.

INTRODUCTION

TheTian Shan (Heavenly Mountains) extends east-west for
~2500 km through western China, Kazakstan, and Kirghizstan
and reaches elevations as high as 7400 m (Figs. 1 and 2). Much
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Figure 1. A: Schematic map of central Asia showing location of Tian
Shan within context of basins and highlands formed by Cenozoic col-
lison between India and southern margin of Asia. Also shown are
Qiangtang block, Lhasa block, and Kohistan-Dras arc, which collided
with southern margin of Asiain Mesozoic time. Modified from Watson
et al. (1987). B: Cross section showing deformed Paleozoic and ol der
basement in core of Tian Shan and M esozoic-Cenozoic foreland basins
on flanks of range. Foreland basin strata have been thrust outward from
range core during Cenozoic shortening driven by India-Asia collision.

of the modern relief of the range is a result of contraction and
uplift driven by the collision of the India subcontinent with the
southern margin of Asia, which began in early Tertiary time and
continues today (e.g., Patriat and Achache, 1984; Tapponnier
et al., 1986; Klootwijk et al., 1992; Avouac et al., 1993; Sobel
and Dumitru, 1997). However, the basement terranes compos-
ing the Tian Shan were originally sutured together by Late
Carboniferous—Early Permian time (e.g., Allen et al., 1992;
Carroll etal., 1995; Zhou et al ., thisvolume) and sincethen have
been subjected to repeated structural reactivations. These reac-
tivations may have been caused by earlier collisions of smaller
continental fragments and volcanic arcs with the southern mar-
gin of Asia, such asthe collision of the Qiangtang block in Late
Triassic time and the Lhasa block in latest Jurassic—Early Cre-
taceoustime (Fig. 1) (e.g., Hendrix et al., 1992).

Very little is known about the postassembly deformational
history of the Tian Shan, particularly in pre-Cenozoic time. In
conjunction with stratigraphic and sedimentological studiesin
the Chinese part of the range, we have collected about 65 rock
samples for apatite fission-track analysis. The apatite fission-
track method may be used to date the cooling of rock units
through the subsurface temperature window of about 125 °C to
60 °C. Assuming a nominal geothermal gradient of about
22 °C/km (discussed further in the following), thisis equivalent
to exhumation up through a depth window of about 5-2 km be-
neath the Earth’s surface. Such cooling is commonly aresult of
uplift and exhumation of rock units during large-scale deforma-
tion in the upper crust and so may be used to constrain the tim-
ing, magnitude, and location of such deformation.

The 65 fission-track samples make an extremely sparse
sampling set for a mountain range as large and complex as the
Tian Shan, so results of this study are necessarily reconnais-
sancein nature. Different areas of the range retain fission-track
records of a variety of cooling events ranging in age from late
Paleozoic to late Cenozoic. The available data show atendency
for these eventsto cluster in three general time periods, referred
to here asthe latest Paleozoic, late Mesozoic, and late Cenozoic
cooling episodes, which appear to correlate in time with signif-
icant plate margin collisiona events.
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Figure 2. Map of Tian Shan, Tarim basin, and surrounding areas summarizing main structures and predominate times of cooling below 100
°C derived from fission-track data. Map modified from Academy of Geological Sciences of China (1975), Xinjiang Bureau of Geology and
Mineral Resources (1985), Chen et a. (1985), Jiao et al. (1988), Pan (1992), and Brunel et al. (1994).

BACKGROUND GEOLOGY
AND TECTONIC HISTORY

The basement terranes currently exposed in the Tian Shan
amalgamated during two poorly understood Paleozoic colli-
sional events, aL ate Devonian to Early Carboniferous collision
between the Tarim and central Tian Shan blocks, followed by a
Late Carboniferous—Early Permian collision between the
Tarim—central Tian Shan composite block and island arcs cur-
rently exposed in the north Tian Shan and Bogda Shan (e.g.,
Fig. 3) (Wangetal., 1990; Allenet al., 1992; Carroll et al., 1995,
this volume; Zhou et al., this volume). Widespread Carbonifer-
ous granitic intrusions and Early Permian rhyolitic and basaltic

eruptions represent the last significant igneous activity in the
range (Allen et a., 1992; Carroll et al., 1995, this volume).
Landsat imagery, Chinese regiona maps, seismicity, and
local field studies suggest that latest Cenozoic strain in the Chi-
nese part of the range is concentrated in basin-vergent thrust
systems on the northern and southern margins of the range
(Fig. 3) (e.g., Tapponnier and Molnar, 1979; Xinjiang Bureau of
Geology and Mineral Resources [BGMR], 1985, 1993; Ma,
1986; Avouac et al., 1993; Roecker et ., 1993; Yinet al., 1998).
Very few data have been published about the structural history
of theinterior of the range. Tapponnier and Molnar (1979) used
Landsat imagery to identify a network of very large active east-
northeast—and west-northwest—striking strike-dlip fault systems



Carboniferous CTS.;" '

q QN ff 1 k
A arc affinity volcanic rocks
Glac. | Glacier and minor associated
sediments
Neogene and Carboniferous STS
passive margin carbonate,
gggﬁg!}nsﬁg}; siliciclastic strata, chert
Paleogene v vy Y Devonian NTS
siliciclastic strata o . volcanic clastics
Cretaceous [ i
Ve
q ~ . ]Devonian STS v
el P ElEn * |—+ ssiliciclastic strata, chert v v v
VeV
Triassic ” 3 |Silurian CTS s U
siliciclastic strata N A > farc affinity volcanic rocks oV RV 3
v 44 7
, Silurian STS vy
\ Permian passive margin carbonate, vV ’ oV o
siliciclastic strata, chert v \./ Vv Y v Y
e M T I e e e e oV eV
Vo v Carboniferous NTS [~ N . N R e SV
. V| arc affinity volcanic turbidites | ' > Proterozoic "
\/ and minor volcanic rocks L

NTS, CTS, STS = North, Central, South Tian Shan block

+ + |Intrusives
* . 1. | (non-ultramafic)

Ultramafic

I Yuximelegai Pass /¢
N < —

. F 300-260 i

o Nz + ]

Figure 3. Geologic map of Dushanzi-KugaHighway corridor across Tian Shan, and fission-track data. Rangeis composed of three strongly
deformed Paleozoic assemblages: (1) south Tian Shan, characterized by passive margin succession overlying Tarim block basement; (2)
central Tian Shan block characterized by abundant arc affinity volcanic rocks; and (3) north Tian Shan, also characterized by abundant arc
affinity volcanic rocks. Weakly deformed Jurassic strata in interior of range are remnants of Mesozoic intermontane basins. East-
west-trending belts of Mesozoic and Cenozoic siliciclastic strata on northern and southern margins of range mark locations of Cenozoic
basin-vergent thrust belts. North Tian Shan fault zone appears to be Cenozoic strike-slip or transpressional structure that has reactivated
Paleozoic suture between central Tian Shan and north Tian Shan. Map from Zhou et al. (this volume), based on proprietary mapping by
Xinjiang Bureau of Geology and Mineral Resources. Note that many contacts on map are faults; only most important faults are shown.
Fission-track sample locations and data domains (A—L) are indicated. Ages indicated for most domains are main times of bedrock cool-
ing below ~100 °C indicated by fission-track modeling.




Uplift, exhumation, and deformation in the Chinese Tian Shan 75

in central Asia, which they inferred to have accommodated east-
ward lateral escape of crustal blocks induced by the collision of
India with Asia. One such structure, the Talas-Ferghana fault,
cuts across the Tian Shan in Kazakstan and Kirghizstan (Figs. 1
and 2) (e.g., Burtman et al., 1996; Sobel, 1999a). Many recent
compilation maps show amajor active west-northwest—striking,
right-lateral, strike-dlip or transpressional structure, sometimes
named the north Tian Shan fault system, crossing the core of the
range in China (Figs. 2 and 3) (e.g., Xinjiang BGMR, 1985,
1993; Ma, 1986; Hendrix et al., 1992; Yin et al., 1998; Zhou
et al., this volume). However, this structure was not identified
by Tapponnier and Molnar (1979), and data documenting Ceno-
zoic offset along it do not appear to have been published. Almost
al published K-Ar and “°Ar/*Ar ages from the Tian Shan are
older than about 250 Ma (Yin et a., 1998; Zhou et & ., thisvol-
ume), suggesting that all metamorphism and ductile fabricsin
the sampled areas are Paleozoic or older, and that post-Paleo-
zoic exhumation has totaled <~15 km.

Substantial work has been done on the sedimentological
and structural histories of the Paleozoic to Holocene Tarim and
Junggar basins, which flank the Tian Shan on the south and
north (Figs. 1-3) (Hendrix et al., 1992; Carroll et al., 1995, this
volume; Li et al., 1996; Sobel and Dumitru, 1997; Yin et al.,
1998; Sobel, 19994). These basins resided in foreland settings
during Mesozoic and Cenozoic time, and the basin margins
have been uplifted and exhumed by late Cenozoic folding and
thrusting and thus are exposed for study (e.g., Figs. 1B and 3).
This folding and thrusting generally verges out from the range
and into the basins and presumably reflects compressive
stresses transmitted to the Tian Shan from the India-Asia colli-
sion zone far to the south. In this chapter we refer to these
exposed sedimentary rocks as the Tarim and Junggar thrust
belts and use the term Tian Shan core for the rocks exposed
in the interior of the range. Paleocurrent and provenance data
from the two thrust belts indicate that the core of the Tian Shan
generadly formed a persistent topographic high from late
Paleozoic to Holocene time, shedding detritus into the basins
to the north and south (Carroll et al., 1990, 1995, this volume;
Hendrix et al., 1992; Graham et al., 1993; Hendrix, 2000).
Geographically widespread episodes of particularly coarse
grained sedimentation and erosional unconformities within the
basin sections record renewed deformation in the core of the
range at several times, suggesting that Mesozoic accretion of
smaller terranes onto the south Asian continental margin up-
lifted the Tian Shan, presumably by reactivating Carboniferous—
Permian structures, analogous to the major deformation in-
duced by the Cenozoic collision of the Indian subcontinent
(Hendrix et al., 1992). However, there is as yet essentially no
direct evidence of deformation within the core of the range. In
particular, slip during the Mesozoic does not appear to have
been definitively documented on any faults within the Chinese
part of the Tian Shan.

The Cenozoic strataexposed in the foreland thrust belts po-
tentially retain important information on the deformation and

uplift of the Tian Shan during the India-Asiacollision. However,
control on the depositional ages of these clastic strata has gen-
erally proven problematic. Sobel and Dumitru (1997) concluded
that published data on Cenozoic sediments exposed around the
western Tarim basin did not reliably constrain the timing of ini-
tiation of Cenozoic deformation in the Tian Shan. Yin et a.
(1998) suggested that initial significant thrusting in the north-
ern Tarim basin a Kuga (Figs. 2 and 3) may have begun at
24-21 Ma, based on a tentative magnetostratigraphic age as-
signment for a facies change from lacustrine to braided-fluvial
deposition.

There are several especially noteworthy aspects of Ceno-
zoic deformation in the Tian Shan. First, the Tian Shan lies
more than 1000 km north of the Indus-Tsangpo suture, which
marks the collision between India and Asia (Fig. 1). Thus,
stresses from the collision have been transmitted remarkably
long distances to deform the Tian Shan, while the intervening
Tarim basin has remained relatively undeformed (e.g., Li
et al., 1996). Second, the India-Asia collision began in
Paleocene—Eocene time, but major deformation in the Tian
Shan appears to have initiated ca. 25 Ma, on the basis of the
very sparse data currently available (Hendrix et al., 1994; So-
bel and Dumitru, 1997; Yin et al., 1998). Thus, there was a sub-
stantial time lag between collision at the southern margin of
Asia and the migration of deformation into the Tian Shan. Nu-
merous studies of the Himalaya and Tibet suggest that a major
shift from extrusion-dominated to crustal thickening-domi-
nated tectonics occurred in latest Oligocene—early Miocene
time, approximately coincident with the start of unroofing in
the Tian Shan (e.g., Harrison et al., 1992). This suggests that
unroofing in the Tian Shan may have been a distant effect of
that shift in tectonic style. Third, Cenozoic deformation has ap-
parently been partitioned into contrasting domains dominated
by contraction and strike-dlip faulting. Some of this partition-
ing may reflect the influence and reactivation of preexisting
older structures.

The history of deformation in the Tian Shan during the
Cenozoic provides aloose anal og for the possibl e effects of ear-
lier Mesozoic collisions at the southern margin of Asia. Specifi-
caly, (1) transmission of stresses into the Tian Shan from far
distant collisions appears quite plausible, (2) collisions are pro-
tracted events (~55-45 m.y. thusfar for the India-Asiacollision)
and so might cause extended episodes of deformation; and
(3) there may be significant time lags between the initiation of
collision and theinitiation of deformation in the Tian Shan. The
suture zones from these earlier collisions are preserved within
the Himalaya and Tibet (Fig. 1) and are closer to the Tian Shan
than the Indus-Tsangpo suture (although still on the opposite
side of the Tarim basin) so these collisions might be expected to
have had stronger effects on the Tian Shan. On the other hand,
the blocksthat collided in the M esozoic were much smaller and
less rigid than the Indian subcontinental indenter, which con-
sists primarily of avery large, strong, cold Precambrian craton

(Fig. 1).
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Figure 4. Summary map of depositional contact relations between
Jurassic and Triassic strata and underlying Paleozoic and Precambrian
rocks in central Tian Shan (Graham et al., 1994), based on Chinese
maps (e.g., Chen et d., 1985; Xinjiang Bureau of Geology and Mineral
Resources, 1993). Deposition of Jurassic clastic deposits in intermon-
tane basins within several areas on Tian Shan indicates unroofing and
exposure of underlying Paleozoic unitsby Jurassic time. Triassic strata
are preserved within core of Yili basin and are overlapped by Jurassic
strata. Jurassic strata are unmetamorphosed and generally much less
deformed than underlying pre-Mesozoic units. Preservation of Jurassic
unitsis loose indicator that post-Jurassic exhumation has been limited
to no more than several kilometers in much of interior of Tian Shan.
Yili basin and Bayanbulak Valley are modern intermontane basins
within Tian Shan that serve as possible analogs for Mesozoic inter-
montane basins.

MESOZOIC INTERMONTANE BASINSWITHIN
THE TIAN SHAN CORE

Stratain the Tarim and Junggar basins have provided most
of the data on the history of the Tian Shan during the Mesozoic.
In addition to these strata north and south of the range, large

tracts of poorly known Jurassic strata are preserved in inter-
montane basins within the interior of the range (Figs. 3 and 4)
(Xinjiang BGMR, 1985, 1993; Graham et al., 1994; Zhou et &l .,
this volume). These units unconformably overlie strongly de-
formed Paleozoic rocks (Fig. 4). The most extensive of the
intermontane sequences occur in the modern intermontane Tur-
pan basin (Fig. 2) which, on the basis of facies, paleocurrent,
and provenance data, was an intermontane basin in Jurassic
time, partitioned from the Junggar basin to the north by an an-
cestral Bogda Shan (Huang et al. 1991; Hendrix et al., 1992;
Greene et al., this volume). Within the Tian Shan itself, several
smaller areas of Jurassic strata are exposed (e.g., Fig. 3) (Chen
eta., 1985; Xinjiang BGMR, 1993; Grahamet a., 1994). Inone
accessible area, strata are tilted ~45° but are otherwise not
strongly deformed (Zhou et a., this volume). Preservation of
these relatively much less deformed sequences suggests that to-
tal post-Jurassic exhumationinthese areas hasbeen limited. The
modern intermontane basins within the Tian Shan, such as the
Yili basin and Bayanbulak Valley (Figs. 2—4), may be localized
topographically by Cenozoic reactivation of older structures,
and so may provide arough analog for the older Jurassic basins.

FISSION-TRACK METHODS
General principles

The use of apatite fission-track methods for reconstructing
thetime-temperature histories of rock samplesreliesonthefacts
that new tracks accumulate at an essentially constant rate from
the fission decay of trace 22U present within apatite crystals, al-
lowing the calculation of fission-track ages, while at the same
time, tracks are partially or totally erased by thermal annealing
at elevated subsurface temperatures. Annealing is dlight at tem-
peratures<~60 °C, progressively more severe between about 60
and 110-125 °C, and total at >110-125 °C. Total annealing re-
sets the fission-track age to zero, whereas partial annealing re-
ducesthefission-track age and reduces the lengths of individual
tracks by amounts directly dependent on the specific tempera-
ture (e.g., Naeser, 1979; Gleadow et al., 1986; Green et d.,
19893, 1989b; Dumitru, 2000).

In this study, both primary apatite from plutonic and meta-
morphic rocks and detrital apatite from sandstones were ana
lyzed (e.g., Dumitru, 2000). The fission-track system records
the low-temperature cooling histories of rocks, so ages from
plutonic and metamorphic rocks are generally related to final
uplift and exhumation of the rocks rather than their earlier ig-
neous crystallization or metamorphism. Data from detrital ap-
atite may yield two different types of information, depending on
the maximum paleoburial temperature (T, undergone by the
sandstone sample in question. Where sedimentary horizons
were buried to sufficient depth that T, exceeded ~110-135 °C,
the fission-track clock is reset to zero age and fission-track data
record information on the time-temperature (t-T) cooling path of
the sandstone horizon as it passed through the apatite fission-
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track partial annealing temperature window of ~125-60 °C dur-
ing exhumation (e.g., Green et al., 1989a, 1989h). Assuming a
nominal geothermal gradient of 22 °C/km (discussed herein),
this is equivalent to unroofing through depths of ~5-2 km
below the Earth’s surface. With shallower buria at T, <~50 °C,
detrital apatitesin sandstonesinstead retain fission-track ages of
their sediment source areas. Such ages generally date cooling of
rocks in the source area, such as following igneous activity or
exhumation (e.g., Cerveny et al., 1988), and different apatite
grains within a given sample may yield different ages if they
were derived from different source areas. In the current study,
shallowly buried samplesyielded late Pal eozoic, Mesozoic, and
Oligocene-Miocene provenance ages and thus constrain cool-
ing in sediment source areas during thosetimes. Where T, Was
between about 50 and 125 °C, the fission-track clock ispartially
reset, and interpretation of data patterns permits less precise es-
timates of provenance ages and cooling ages.

Interpretation of fission-track data involves the analysis
of severa fission-track parameters in addition to the sample
fission-track age. Track length data are useful because lengths
of individual tracks are shortened during partial annealing by
an amount directly dependent on the temperature. Because new
tracks are continuously formed over geologic time, each track
formed at a different time and therefore existed to respond and
shorten during a different portion of the total thermal history of
the sample. A moderate heating event (e.g., 90 °C) occurring
75% of the way through a sampl€'s history, for example, will
shorten the 75% of the tracks formed before the event but will
not affect the 25% of the tracks formed after the heating. The
distribution of track lengths, generally measured as a histogram
of the lengths of 100-150 individual tracks, therefore records
details of the t-T path. In the case just mentioned, 75% of the
tracks in the histogram will be short and 25% will be long (ig-
noring certain biasing factors). Thist-T information may be re-
covered by modeling of the time-constant track production
and temperature-dependent track annealing processes to deter-
mine the spectrum of t-T paths consistent with the observed age
and track length data (e.g., Green et al., 1989a; Corrigan, 1991;
Gallagher, 1995).

Single-grain age data are useful because different apatite
grains in a sample may anneal at somewhat different tempera-
tures, akinetic effect related to the differing chemical composi-
tion of the grains. Thus exposure to certain temperatures
(~95-125 °C in most cases) may totally anneal some grains and
reset their agesto zero, while other grains are only partially an-
nealed. In this case, ages of the youngest, totally reset grains
may date exhumation and cooling (e.g., Green et al., 1989a; So-
bel and Dumitru, 1997).

Figure 5 illustrates expected idealized fission-track data
patterns for t-T histories where sediments are eroded from a
source terrane, deposited, buried, and heated in a sedimentary
basin, then exhumed back to the surface during an unroofing
event. In path A, the sample was only shallowly buried in the
basin at amaximum burial temperature (T,,,,) of 30 °C. At these

low burial temperatures, annealing is minimal and all track
lengths remain long and the sampl e retains the fission-track age
of acooling event in the sediment source area. Figure 5 assumes
that all grainswere derived from asingle source area of uniform
apatite age, and the single-grain ages for path A cluster within a
420 swath on aradial plot (see Fig. 5) that records this prove-
nance age. If grains were derived from multiple sources with
different ages, there would be a spread in ages reflecting this,
but all age clusters would be at least as old as the depositional
age of the sediment. As burial depths and T,,,,, increase (Fig. 5,
paths B and C, 60-85 °C), track lengths shorten and the appar-
ent sample age becomes younger. In path D (100 °C), the track
length distribution becomes bimodal. The bimodality is due to
combining a component of early formed tracks that have been
strongly shortened by burial heating with a component of long
tracksthat formed after the sample cooled. Single-grain agesare
widely spread in a distinctive mixed age wedge. The youngest
age component approximates the cooling age because it in-
cludes grains that were totally annealed before cooling (gener-
ally, the more F-rich grains), whereas the ol dest age component
(Cl-rich grains) approaches the original provenance age. With
even deeper burial (path E, 115 °C), length distributions are
dominated by long tracks formed after maximum temperatures
because most of the older, shortened tracks have been totally
erased. Single-grain ages till show a broad spread, but the
young cluster is dominant. Finally, when T, exceeds~125 °C
(path F), al tracks formed before cooling are totally erased.
Length distributions are long again, because al preexhumation
tracks have been completely erased. If coolingisfairly rapid, all
single-grain ages will cluster within a +20- swath and date the
time of cooling.

Analytical methods

Laboratory procedures used in this study were essentially
identical to those used by Dumitru et al. (1995, their Table 2)
and are summarized in the footnote to Table 1. For track length
analyses, 100-150 horizontal confined tracks (Ladlett et al.,
1982) were measured in each sample, provided that many were
present. For age determinations, 2040 good-quality grains per
sample were dated, again assuming that sufficient grains were
present. Following convention, all statistical uncertainties on
ages and mean track lengths are quoted at the +10 level, but
420 uncertainties are taken into account for geologic inter-
pretation. Maximum burial paleotemperatures of sandstone
samples were estimated using the methods of Dumitru (1988).
For samples that yielded good quality track length data and
relatively tightly clustered single-grain age distributions, the
1998 version of the Monte Trax fission-track modeling program
of Gallagher (1995) was used to determine the spectrum of time-
temperature histories consi stent with the observed age and track
length data. The footnote of Table 1 lists the specific modeling
parameters use.
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Geothermal gradients

Fission-track data constrain time-temperature histories and
it is desirable to convert these into time-depth histories. If the
geothermal gradient is constant, this is straightforward. How-
ever, gradientsvary over timeand in responseto rapid burial and
exhumation events. In this chapter a paucity of constraints on
thethermal history over the past 300 m.y. forcesusto simply as-
sume a nominal constant geothermal gradient of 22 °C/km and
a surface temperature of 10 °C, based on limited available data
on Cenozoic thermal gradients in basins in the region (Zhang,
1989; Fan et al., 1990; see also Sobel and Dumitru, 1997). These
arefairly typical values based on worldwide geothermal gradi-
ent and heat-flow data sets (e.g., Turcotte and Schubert, 1982).

FISSION-TRACK DATA

Figure 2 shows the locations of the fission-track sampling
areas. We first summarize previously published data from the
Manas section on the northern flank of the Tian Shan. The in-
terpretation of thisareais especially straightforward and serves
asamodel for the interpretation of results from other areas. We
then present results from other areas, proceeding generally from
southwest to northeast.

It is useful to keep several pointsin mind in reading these
descriptions. First, the apatite fission-track system is sensi-
tive to cooling only within a temperature window of about 60—
125 °C, so cooling events outside this range are not recorded.
Second, samples from different burial depths within a single
section may cool through the fission-track temperature sensitiv-
ity window at different times, so apparent fission-track ages of
samples from a single area may be expected to vary substan-
tially. Third, later exhumation and cooling events tend to over-
print and erase the fission-track evidence of earlier events. Thus
earlier events certainly affected broader areas than revealed by
thefission-track data, but fission-track evidenceisonly retained
in areas not subjected to large amounts of younger overprinting
deformation and exhumation.

Manas section, southern margin of Junggar basin

The Junggar basin is the major Mesozoic—Cenozoic fore-
land basin north of the Tian Shan (Figs. 1-3). Its main de-
pocenter liesimmediately adjacent to the Tian Shan, whereit is
~11 km thick and has been upturned and exposed aong the
northern flank of the range (Hendrix et al., 1992). Hendrix et al.
(1994) reported fission-track data from five Junggar sandstone
samples exposed in a north-dipping homoclinal section in the
Manas River valley (Fig. 6; Table 1). The data display the over-
all pattern of younger sample fission-track age with increasing
paleodepth and paleotemperature that is expected from in-
creased annealing structurally downsection (Fig. 6B).

In the shallowest sample (M 1), single grain ages aretightly
clustered ca. 186 Ma and are much older than the sandstone’s

depositional age (ca. 80 Ma) (Fig. 6C). Individua grains in
sandstones commonly have arange of annealing susceptibilities
(correlated with apatite composition), and the lack of any grains
significantly younger than the depositional age indicates only
dight thermal annealing at burial temperatures <~85-90 °C
(Green et al., 1989a). M1 has a tight track-length distribution
with a mean track length of 12.4 um, shorter than the 14.5-
15.5 um lengths in samples exposed only to near-surface tem-
peratures (Gleadow et al., 1986; Green et al., 1989Db). A tight
distribution with a mean length of ~12.4 um and few tracks
longer than 14 wm suggests exposure to burial temperatures of
~60-90 °C late in the sampl€e’s history, after most of the tracks
had formed (Green et al., 1989a, 1989b; Corrigan, 1993). These
observations suggest that M1 was buried ~2.3-3.6 km (assum-
ing a 22 °C/km gradient) sometime in the middle or late Ceno-
zoic, before being exhumed to the surface.

In sample M2, about one-half of the single-grain ages are
distinctly younger than the depositional age, whereas the re-
mainder are about as old asthe depositional age. The mean track
length is 11.9 um. These observations suggest partial annealing
at maximum burial temperatures of ~80-100 °C. The track-
length distribution is tight, and few tracks are longer than
13 um, so cooling occurred sometime in the middle or late
Cenozoic, after most of the tracks had formed.

The three deepest samples (M3, M4, M5) have much
younger, middle Tertiary sample apparent fission-track ages.
Theradial plots of single-grain ages indicate that these samples
have been strongly but not totally annealed. The plots show pro-
nounced clusters of young grains ca. ~25 Ma, with no signifi-
cantly younger grains, but with small proportions (~10%—25%)
of much older grains. Thissingle-grain age pattern indicates ex-
posureto temperatures of ~95-120 °C (pal eodepths of ~4-5 km)
ca. 25 Ma, sufficient to anneal fully all but the most retentive
grains (e.g., Green et al., 1989a, 1989b; Dumitru, 2000). The
broad track-length distributions with numerous short tracks are
further evidence that annealing was not total. Cooling of the
samplesto temperatures below ~80-95 °C ca. 25 Maisindicated
by the resetting of most of the single-grain ages at that time.

Anageof 24.7 + 3.8 Ma(+10) for the young clustering of
grains was calculated from the combined data from samples
M3-M5 (Sobel and Dumitru, 1997, their Table 3), and isthe best
estimate of the time significant cooling and exhumation began.
Theamount of unroofing and cooling at thistimeisonly roughly
constrained. The samples probably cooled at least 10-20 °C to
set the tight cluster of ca. 25 Ma grains, equivalent to at least
0.5-1 km of unroofing. The similarity in cooling age over the
12 km map distance between M3 and M5 suggests that the un-
roofing was a strong event and thus significantly greater than
0.5-1 km. Thetotal amount of ca. 25 Mato Holocene unroofing
of M3-M5 was ~4-5 km, and the rugged modern topography
and active seismicity of the Tian Shan suggest that a significant
part of thistotal occurredinthelatest Cenozoic, well after 25 Ma.

The Monte Trax program (Gallagher, 1995; see also foot-
note to Table 1) was used to model the fission-track data from
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Figure 6. A: Map and cross section of Manas River section on northern flank of Tian Shan, based on unpublished
Chinese maps and Hendrix et al. (1992). B: Plot of sample fission-track (FT) ages versus relative stratigraphic
depth in section, showing systematic reduction in age with increasing depth. C: Fission-track length histograms
and radia plots of single-grain fission-track ages. Note strong clustering of single grain ages ca. 25 Main three
deepest samples, where shaded +20 swath denotes grains that were totally annealed before cooling ca. 25 Ma
These samples also contain small numbers of much older grains that had not been totally reset to zero age at
25 Ma. These data are interpreted to indicate that unroofing in this areainitiated ca. 25 Ma, before which time
deepest sample was buried at depth of ~5 km and temperature of ~100-125 °C. Figure is modified from Hendrix
et al. (1994). Ages of totally annealed components calculated in Sobel and Dumitru (1997; Table 3). D: Model-
ing of fission-track data from Cretaceous sandstone sample M 1. All paths shown are compatible with observed
data. Modeling indicates cooling below ~100 °C in sediment source areas at 200250 Ma. Note that although
model plots extend to temperatures of 130 °C, histories hotter than about 110 °C cannot normally be constrained
by fission-track data. Therefore specific cooling paths through 130-110 °C temperature interval should not be
relied upon.
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sample M 1. Figure 6D showsthe family of thermal historiesthat
are compatible with the observed age and track length data. The
depositional age of M1 is Cretaceous, and the modeling indi-
cates cooling below ~100 °C at 200250 Ma. This suggests that
significant cooling occurred in the sediment source area(s) for
the detrital apatite in M1 at that time, suggesting exhumation
and deformation in source areas at about that time.

Wenguri section, southern Tian Shan thrust belt

The modern boundary between the Tian Shan and the Tarim
basin isformed by the southern Tian Shan thrust belt, which ex-
tends east-west for about 1200 km (Fig. 2). Yin et al. (1998) di-
vided the belt into four segments, based on differences in
structural style. We have fission-track data from four locations
along the belt.

Sobel and Dumitru (1997) reported data from sections near
Wenguri and Kuzigongsu on the northwest margin of the Tarim
basin (Fig. 2). The samples are Jurassic, Cretaceous, and
Miocene sandstones of the Tarim basin section that have been
uplifted and exhumed by erosion following late Cenozoic fold-
ing and thrusting in the area. This shortening is presumably are-
sult of the India-Asia collision and has affected large areas
around the northwestern and southwestern margins of the Tarim
basin (Sobel and Dumitru, 1997).

At Wenguri, two samples of Cretaceous strata (W5 and W6
inFig. 7A) show sampleagesof 141 4+ 13 and 155 + 11 Ma. Al-
most all single-grain agesaretightly clustered and are older than
the depositional age, indicative of aprovenance age. Mean track
lengths are 10.9 and 11.5 um, suggesting burial at maximum
temperatures of 80-90 °C; late Cenozoic cooling below ~60 °C
is indicated by the low proportion of long tracks (e.g., Green
et al., 1989b). These buria temperatures have reduced the
fission-track ages. Modeling with the Monte Trax program of
Gallagher (1995) corrects for this and yields a provenance age
of ca. 160-250 Ma(Fig. 7B), suggesting cooling below ~100 °C
in the sediment source area at that time.

In contrast to the Cretaceous samples, four samples of
Miocene strata (W1-W4) show widely spread single-grain ages
ranging from similar to the Miocene depositional ages to
100-200 Ma. The radia plots show that there are distinct clus-
ters of young grains similar in age or only dightly older than
the respective depositional ages (Fig. 7A). The ages of these
young clusters decrease upsection. The older populations of
grainsarelesswell defined but are generally consistent with the
provenance ages of the two Cretaceous samples discussed
herein. All of these grains record provenance ages (Sobel and
Dumitru, 1997).

These data indicate that unroofing in at least one sediment
source area cooled rocksthrough ~100 °C (and subsequently ex-
posed them at the surface) from at least Oligocene-Miocene
time (23.5+3.9, 25.0+ 3.9 Ma) to middle Miocene time
(16.94+2.7,13.1 + 2.2 Ma) (Fig. 7A). The source areas may be
areasto the north and east in the Tian Shan that are cut by south-

vergent Neogene thrust faults (Wang et al., 1992). The older
grains may be derived from other source areas or from higher
structural levels within the same source areas.

The modeled provenance age of the two Cretaceous
samplesis ca. 160-260 Ma and the Miocene samples aso con-
tain an old population of apatite generally compatible with this
age. Paleocurrent indicators in the Cretaceous section suggest
sediment transport from the east (Sobel and Dumitru, 1997).
The Bachu uplift (Fig. 2) separated the north Tarim and south-
west Tarim basinsfrom the Triassic until the Miocene (e.g., Car-
roll et al., this volume). Therefore sediment was likely derived
from parts of the Tian Shan north and west of Bachu. To the east,
in north Tarim, the sedimentary record suggests an episode of
Late Triassic—Early Jurassic deformation (Hendrix et al., 1992)
that may have set these provenance ages.

Kuzigongsu section, southern Tian Shan thrust belt

Ten samples were analyzed from Jurassic to Paleogene
strata near the Kuzigongsu River (Sobel and Dumitru, 1997).
The deepest Jurassic sample yielded the most informative data
(Fig. 7C). Inthissample, almost all grains clustered at an age of
13.6 + 2.2 Ma, with afew older grains. This indicates cooling
of the sample from a T, of 105-130 °C ca. 14 Ma. South-
vergent thrusts south of the section may have accommodated
the exhumation.

Kalpin (Aksu) uplift, southern Tian Shan thrust belt

The Kalpin uplift is alarge belt of southeast-vergent fold-
ing and thrusting of Cenozoic age that has exposed large tracts
of Paleozoic strata and lesser tracts of older units along the
southern margin of the Tian Shan (Figs. 2 and 8) (McKnight,
1993, 1994; Carroll et a., 1995, this volume; Yin et al., 1998;
Allen et a., 1999). The section in the general area consists of
upper Proterozoic basement unconformably overlain by upper
Proterozoic to Upper(?) Permian strata. The Permian strata are
in turn overlain along a major angular unconformably by Neo-
gene to Quaternary strata. The upper Proterozoic to Permian
section constitutes a passive margin succession deposited on the
northern margin of the Tarim block. In most areas the thrust
styleisthin skinned with a decollement within Cambrian strata.
In the southern part of the belt, the stratigraphic thicknesses of
the passive margin units in the thrust sheets are nearly constant
and the thrusts are very regularly spaced at about 12—15 km,
suggesting that folding instability controlled the thrust architec-
ture (Yinet al., 1998).

We collected 11 samples from two eroded homoclines near
Aksu that presumably are cored by buried Cenozoic thrust faults
(Fig. 8A). One of these samples is from Neogene clastics, the
rest are from Sinian (late Precambrian) to Permian units. The
structural style near Aksu is somewhat different than the regu-
larly spaced thrust imbricates farther to the west. There is ap-
parently no decollement within the Cambrian strata, and thick
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sections of Precambrian strata are involved in the folding (e.g.,
Liou et al., 1989).

Thequality of the apatitein these samples proved to be poor
and only eight samplesyielded usable data. Sample agesare ap-
proximately constant through the section (ca. 214 Ma), and we
infer that irregular variations in age within the section probably
reflect minor errors induced by the poor sample quality rather
than true variations in cooling histories (Fig. 8). In order to
filter out some of thisvariation, we calculated a weighted mean
age of 21446 Ma for six of the samples, excluding sample

SU-8, which had very poor quality apatite, and the Neogene
sample. Useful track length data could be collected from five of
the samples (Fig. 8C).

We used the Monte Trax program to model the histories of
thesefive samplestwice, first using the actual measured fission-
track ages for each sample and second using the 214 Ma mean
age, which is probably a better estimate of the true age. The
modeling indicates major cooling of all samples through the
100 °C isotherm ca. 250 + 10 Ma (Fig. 9), i.e., in latest Paleo-
zoic time. The youngest Paleozoic strata in the area, which are
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nonmarine clastics, have generally been assigned an Upper Per-
mian age (256245 Maon the time scale of Harlan et a., 1990)
based on lithol ogic correl ations, although no definitive datasup-
port this, and they could be Lower Permian (e.g., Carroll et al.,
this volume). In either case, cooling apparently began soon
after the termination of deposition in the area.

The stratigraphically deepest sample SU-1 illustrates most
aspects of the overall uplift history. Stratigraphic reconstruc-
tions suggest that this sample was buried about 7.5 km in
middle Permian time (ca. 260 Ma) (Carroll et al., this volume).
The fission-track data indicate major cooling beginning ca.
250 Ma (10 m.y.) to temperatures of ~60-80 °C, correspond-
ing to depths of about 1-3 km assuming a geothermal gradient
between 22 and 50 °C/km (seefollowing). Thustotal unroofing
of about 5 kmin early Mesozoic timeisindicated. All the other
samples show similar unroofing but of lesser magnitude, be-
cause the initial preunroofing burial depths were less.

All samples (ignoring the Neogene sample) were at suffi-
cient temperatures (>~110 °C) in the Late Permian to reset
their fission-track ages to zero. Therefore all were buried at
least about 2—4 km. This suggest that at least 2—4 km of Per-
mian strata formerly buried the stratigraphically shallowest
sample. Only about 1 km of such higher section is preserved in
our sampling area, but about 2.2 km is preserved near Yingan
(e.g., Carroll et d., this volume; Fig. 8A) and an even thicker
overburden, subsequently partly removed by erosion in the
Late Permian, is permissible.

All samples suggest slow cooling through middle Mesozoic
to middle Cenozoic time (Fig. 9). In Cenozoic time, samples
cooled from temperatures of ~50 °C to surface temperatures, in-
dicating ~2 km of unroofing. The modeling permitsthis cooling
to have occurred at any time within about the past 50 m.y. and
cannot provide better definitions. Datafrom areasto the east and
west suggest that Cenozoic folding and thrusting may have
started ca. 21-24 Ma, and this is probably the best inference
for the timing of major shortening in the Aksu area (Sobel and
Dumitru, 1997; Yin et al., 1998).

TheKapinfold and thrust belt exhibits amajor angular un-
conformity between Permian and older strata and Neogene and
younger foreland basin deposits. The fission-track data indicate
that this major erosion initiated in middle Permian time, and
about 5 km of erosion isindicated for the Sinian (Precambrian)
agerocksin the Kalpin area. The Neogene fission-track sample
yields an age essentially identical with the ca. 214 Maage from
the Sinian to Permian section. This suggests that the Neogene
sample had alocal source, consistent with the detrital mineral-
ogy of the Neogene rocksin the area (Graham et a., 1993).

Mesozoic strataare entirely absent in the Kal pin region and
stratigraphic relations suggest that the Kalpin area was rela-
tively high throughout Mesozoic time (e.g., Sobel, 1999a;
Carroll et a., thisvolume). The fission-track data are consistent
with significant middle Permian deformation and exhumation
followed by subsequent relative quiescence (slow erosion) dur-
ing Mesozoic time.
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A less likely alternate interpretation of the fission-track
datafrom the Aksu areais that they reflect major heating of the
section by Early Permian volcanism. As discussed by Carroll et
al. (this volume), two series of basaltic lavas crop out in the
sampling areas and underlie alarge area of the northwest Tarim
basin. In outcrop, each series totals ~150-200 m in thickness
and consists of multiple thin flows. It appears unlikely that
these volcanics reset the fission-track ages, because (1) the to-
tal flow thicknesses (and thus heat content) are quite small rel-
ative to the ~7.5 km total thickness of the section; (2) the
individual flows are thin and so would rapidly lose virtually all
of their heat to the atmosphere; and (3) available vitrinite re-
flectance data indicate minimal heating in the area (Graham

400 360 320 280 240 200 160 120 80 40 O

Time (Ma)

et al., 1990). However, this regional volcanism suggests that
geothermal gradients in the area may have been higher in the
Permian than the 22 °C/km we have assumed for other areas.
We have therefore used assumed gradients between 22 and
50 °C/km for the Permian paleotemperature to depth conver-
sions for Aksu discussed here.

Kuga River transect, southern Tian Shan thrust belt

Yin et a. (1998) described the Baicheng-Kuga thrust sys-
tem as an ~400-km-long segment of the southern Tian Shan
thrust system. The segment is characterized by a major south-
vergent thrust, the Kuga thrust. The thrust is exposed in the
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areas more than about 20 km east of the Kuga River, where it
juxtaposes Carboniferous strata over Neogene—Quaternary sedi-
ments (Fig. 10). To the west closer to the Kuga River, it dies out
into abroad anticline asthe magnitude of slip decreases. Thrust-
ing and folding in the Kuga River area is complex; severd
north-vergent folds and thrusts are exposed on the forelimb of
the south-vergent anticline. In general, the Cretaceous and
younger strata are tightly folded, whereas folds in Permian to
Jurassic strata are more open (Yin et a., 1998).

We collected seven samples in this area before Yin et a.
(1998) completed their structural work. In Figure 10 we have
projected these samples onto their map and cross section. The
results from Kuga are fairly complex, probably because several
different fault slices were sampled (Fig. 10). The four strati-
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graphically oldest samples yielded similar data; single-grain
ages and sample ages cluster ca. 85 Ma and broad track length
distributions are indicative of multistage cooling histories
(Fig. 11). Modeling shows that the data are consistent with a
two-stage cooling history, the first cooling starting from total
annealing temperatures (=110-125 °C) with cooling through
~100 °C ca. 110 4 20 Ma, followed by cooling from partial an-
nealing temperatures of 6090 °C in the late Cenozoic (after ca.
30Ma) (Fig. 12B). The consistency of dataover a7 km map dis-
tance suggests that the ca. 110 Ma cooling was a strong unroof-
ing event. Strong unroofing ca. 110 Ma is consistent with a
major unconformity overlain by conglomerate in the Tarim
basin section at about that time, as discussed in the following.
Generally similar age cooling occurred along parts of the
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Figure 12. Modeling resultsfor four Kugasamples. Northernmost three
samples (K-5, K-6, K-7) indicate major cooling below 100 °C ca.
110 4+ 20 Ma. Rangein ages may bereal and could represent somewhat
different times of exhumation through 100 °C isotherm at different
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Sample K-2, with Jurassic depositional age, records cooling below
100 °C in sediment provenance areas ca. 270 Ma. All samples also
record late Cenozoic cooling, but modeling cannot constrain specific
time. Parts of histories hotter than ~110 °C are not significant.

Dushanzi-Kuga corridor, and provide additional evidence for a
significant late Mesozoic cooling episode.

The stratigraphically youngest sample (K1) isfrom an area
of complex Cenozoic deformation (Fig. 10). This sample has a
very short mean track length of 9.5 um with few tracks longer
than 11 wm. This indicates exposure to burial temperatures of
90-110 °C (buria depth on the order of 4 km) in the late Ceno-
zoic, after almost al of the tracks had formed, followed by un-

roofing to expose the sample at the surface (Fig. 11). Much of
the overburden was probably tectonic burial during Cenozoic
folding and thrusting, because the Cretaceous to Neogene strati-
graphic thicknesses are too thin to bury the sample so deeply
(Zhang, 1981).

Samples K2 and K3 are from Jurassic strata exposed on the
limb of asyncline, where K3 is situated about 1 km stratigraph-
ically downsection from K2. Modeling shows that K2 records
cooling below ~100 °C ca. 260 Ma, much older than the depo-
sitional age. This age reflects cooling ages in the source areas
for the Jurassic sediments and is similar to the latest Paleozoic
cooling episode seen at Aksu and along parts of the Dushanzi-
Kuga corridor. Only sparse track length data could be collected
for sample K3. Modeling (not shown) suggests cooling in early
Tertiary time, but given the sparse length data this result is not
very robust. Both samples record additional cooling in the late
Cenozoic, from temperatures of ~80-90 °C, indicating about
3 km of unroofing.

Thefission-track data unfortunately contribute little to pre-
cisely dating Cenozoic thrusting and exhumation history of the
Kuga area, because the samples have undergonetoo little Ceno-
zoic exhumation for the fission-track system. Yin et al. (1998)
suggested that initial significant thrusting may have begun at
24-21 Ma, based on the time of a major facies change from la
custrine to braided-fluvial sequencesin the Tarim basin section.
A generaly similar timing for initiation of Cenozoic shortening
has been reported from other areas around the Tarim and Jung-
gar basins (Hendrix et al., 1994; Sobel and Dumitru, 1997).

The mgjor ca. 110 Maunroofing event recorded by the four
northernmost samplesismoreinteresting. A significant mid-Cre-
taceous unconformity is present in the north Tarim, south Jung-
gar, and Turpan basins (Hendrix et al., 1992). Age control on the
nonmarine Cretaceous stratain western Chinaisproblematic, but
it appearsthat stratawith agesfrom ca. 120 Mato ca. 98 Maare
missing along the unconformity. The fission-track modeling in-
dicatesaminimum of about 1.5 km of unroofing at thistime. This
is apparently a major widespread event involving major erosion
within parts of the Tian Shan core and adjacent basins.

Dushanz-Kuga corridor

The Dushanzi-Kuga Highway (Du-Ku) crosses the core of
the Tian Shan from Kuga on the south to Dushanzi on the north
(Fig. 3). Zhou et al. (this volume) summarize the geology along
the road corridor, with emphasis on the Paleozoic and earlier
history. Very little is known about the Mesozoic and Cenozoic
deformational history of the area. Use of the road has been
highly restricted and the time available for us to sample and
make field observations was severely limited.

Figures 3, 13, and 14 and Table 1 summarize fission-track
data from this area, and the fission-track samples are also indi-
cated on the cross-sectional road log of Zhou et a. (this vol-
ume). The approach used to interpret these data is somewhat
different from that used in the other sampling areas. In the other
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areas, suites of samples could be collected from individual
areas with at least some degree of structural control, such as
sample position within partially intact stratigraphi c successions.
An integrated interpretation could then be derived for the suite
of samples. Along the Du-Ku transect, structural control is es-
sentially unavailable and generally only afew sampleswere an-
alyzed from each area. In this case, thetrack length and age data
are then modeled to determine the range of permitted time-
temperature histories. Broader geologic issues may then be
addressed by interpreting the variationsin time-temperature his-
tories across the range.

The data from the transect can be tentatively divided into
12 domains, A—L, that yield reasonably consistent histories. Do-
mainsA and L are the Kuga and Manas sections discussed pre-
viously, where the dominant times of cooling recorded by the
fission-track system were ca. 110 and 25 Ma, respectively.

Domains B and C comprise two poor quality samples of
lower Paleozoic sedimentary strata (Figs. 3, 13, and 14). These
sample yielded ages of 52+ 6 Ma and 159 4+ 48 Ma. Useful
track length data could not be collected and a detailed interpre-
tation of these samplesisnot possible. Oneimportant conclusion
is that late Cenozoic unroofing of these samples has been lim-
ited, <~5 km, because the samples have not been hot enough to
totally reset fission-track agesto zero during late Cenozoic time.

Domain D comprises two samplesin the Erbin Shan of the
central Tian Shan block that have concordant ages of 197 + 8
and 205 4+ 8 Ma. Sample DK-55 is from a Devonian? granite
(378 U-Pb age, Hu et al., 1986; Zhou et a., this volume) and
DK-61 is from an overlying Lower Carboniferous conglomer-
ate. DK-55 yielded a potassium feldspar “°Ar/*Ar standard
step-heating age spectra that rises sowly from 252 to 277 Ma
(Zhou et al., this volume). Modeling of the fission-track data
from these samples indicates major cooling below 100 °C ca.
250 Ma, followed by slow cooling until afinal episode of cool-

ing some time in the late Cenozoic (Fig. 15A). The early cool-
ing ca. 250 Mais essentially concordant with the cooling indi-
cated by the “Ar/*Ar data. This indicates strong cooling,
probably from temperatures hotter than ~300-350 °C to cooler
than ~80 °C at that time. Thisisvery similar in timing to the lat-
est Paleozoic cooling episode recorded at Aksu.

Domain E comprises six samples of metamorphic and
granitic rocks (Fig. 3, 13, and 14). The ages of four of these
samples, which were collected within about 2 km of each other,
range from 106 to 135 Ma. The remaining two samples were of
very poor quality and were not interpreted. Sample J5 yielded a
biotite Ar/**Ar plateau age of 286.1 & 2.6 Ma(Zhouet al., this
volume), suggesting it cooled below ~350 °C in late Paleozoic
time. Fission-track modeling indicates that these samples cooled
below ~100 °C between ca. 160 and 120 Ma (Fig. 15B). Three
of the samples exhibit relatively slow late Mesozoic cooling
ratesand the spread in cooling times may reflect thefact that dif-
ferent samples cooled through the~100 °C isotherm at different
times during aprotracted period of relatively slow erosioninthe
area. This timing of cooling is generally similar to the late
Mesozoic cooling recorded at Kuga.

Domain F comprises three samples of igneous rocks with
ages of 208 to 275 Ma. Samples DK-43 and DK-44 were col-
lected about 1 km apart and yield compatible modeled histories
(Fig. 15A) if DK-43 is assumed to have resided 0.5-1.0 km
higher in the crust in late Paleozoic time. DK-43 cooled below
100 °C ca. 280 Ma, reaching ~65 °C thereafter. DK-44 cooled
below 100 °C later, ca. 260 Ma, and then reached ~80 °C. These
contrasting histories are compatible with slow cooling in late
Paleozoic time. Sample DK-45 cooled below 100 °C ca
300 Ma. All three samples then experienced further cooling in
late Cenozoic time.

Domain G comprises three samples from near Yuximel egai
Pass with ages of 9.1, 22.7, and 35.7 Ma. These young ages
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Figure 14. Fission-track data from samples collected along Dushanzi-Kuga corridor. Samples indicated with M are modeled in Figure 15.

suggest that thisareaisasite of significantly more Cenozoic un-
roofing than areas to the south. Only DK-41 yielded sufficient
track length datato allow modeling. This sampleindicatesacom-
plex cooling history with major cooling below ~100 °C at about
40 Ma, and additiona cooling in the past 15 m.y. (Fig. 15C). The
other two samples that could not be modeled have younger
sample ages and corroborate major cooling since ca. 25 Ma.
Domain H comprises a single poor sample with an age of
174 Ma. This sample was not interpreted. It is clear that it has
been exhumed no more than about 5 km in Cenozoic time.

Domain | comprises two samples with ages of 106 and
113 Ma. These samples are just south across a possible major
Cenozoic fault system from much younger samples in domain
J. Modeling indicates cooling below 100 °C ca. 140-120 Ma
(Fig. 15B), generaly similar to the late Mesozoic cooling seen
inDomain E.

Domain J comprises eight samples near Haxilegen Pass
with ages of 11-39 Ma (Figs. 3, 13, and 14). Five of these sam-
ples yielded sufficient track length data to permit modeling.
Sample DK-27 yields the youngest time of cooling, with cool-



Uplift, exhumation, and deformation in the Chinese Tian Shan 93

Domain G (Yuximelegai Pass) Domain J (Haxilegen Pass)
40 "DK36 350 r ! 350 [ 350
-0 DK36 250 DK29 ] DK29 250 DK24 DK24 250
ol 200 | [13.3%0.2pm ! %0 | [127x09pm >
2 150 |2.06 ymS.D. 5 1.81 pm S.D. 150
125 n=100 E Bg n=4 : 125
20 2 100 2 100 | 100
80 @ 80 80
10 60 B 60 B 60
40 40 40
[| NN FETEE R | ...,.5\1.9‘? lJlIlIE—|-1 L gl B ..“.5\1.\1
40 - Domain H ~ ~
DK34 ; 320, | [oes DK28 0, |okas ol
30 | 13.5 £ 0.4 pm | 200 115.1 + 0.00 pm 200 111.0£0.3 pm 200
0.81 ym S.D. |} 9 150 --S.0. 150 2.28 ym S.0. ok 150
n=4 : 125 n=1 125 n=>50 i E 125
20 - -2 100 100 7t -2f 100
80 80 @ i 80
10k 60 B 60 B 60
: 40
) PRI Loy 31920 T PR .( im0 L, 231920
D I Domain K Single Grain Age (Ma)
i Ly
40 . omain 350 - , 350 |40 . 350
DK33 - DK27 : DK27 250 DK21 DK21
50 124+ 0.1 pp [13.0£02pm ! 200 | gol 138+ 0.3pm |} o)
1.40 ym S.D.§ 1.91 ym S.D. | ol 150 0.45 pm S.D. ol 150
n=101 n=101 1 125 n=2 : E 125
20 - - 100 20( -2 100
@ @ 80 80
10 - B ' 80 1 1of-
40
20 51020
0 taaal taal s alags PR A WY 0|1||I||||J||o|||.| L1 kit
0 5 10 1 200 2 4 6 8 10
Fission-Track Length  Precision Index
40 . — . (microns)
DK32 i DK26 i Proportion of Tracks (%)
0 | 12.5 £ 0.2 pm! 111.5£0.4 pm
1.51 ym S.D. 7 3.63 ym S.D;
n=101 n=72 i
20 - - :
10 - E
oL | el b
Domain J (Hax. Pass Si;‘g:,"ﬁ;';"‘\ Cingle Gran Age 000
40 ka0 5 %IbKes g e
5o | 130+ 02m! 13.120.5pm | e
241 pymS.D. || 1.01pm S.D. | ol 150
n=101 i n=4 g E 125
20 [- ! - . -2f 100
® 3
10 -
Ol.x.eﬂ..l | A AL WA 0....I....|':':-|....I .....5;1.Q2..
0 5 10 15 200 2 4 6 8 10 0 5 10 15 200 2 4 6 8 10
Fission-Track Length  Precision Index Fission-Track Length  Precision Index
(microns) (microns)
Proportion of Tracks (%) Proportion of Tracks (%)

Figure 14. (continued)

ing below 100 °C ca. 11 Ma The other four samples aso right-lateral strike-dip fault system (with various names), a-
underwent strong cooling within the past 20 m.y. Several of the though it was not identified in the pioneering Landsat interpreta-
samplesrecord earlier cooling sometime between 70and 40 Ma  tion of Tapponnier and Molnar (1979). Assuming that such
(Fig. 15C). interpretations are generally correct, it is likely that a complex

Haxilegen Passisthe approximate location of thenorth Tian  network of Cenozoic faults passes near Haxilegen Pass and that
Shan fault system, which formsthe current boundary betweenthe  the fission-track samples are from various structural blocks.
north Tian Shan and central Tian Shan blocks (Fig. 3) (Zhou et Thus, thefission-track dataconfirm that thefault system hasbeen
al., thisvolume). Essential no field data have been published on  asiteof active deformation and exhumation during the Cenozoic.
this fault system. Several recent regional maps (e.g., Ma, 1986;  Uplift and exhumation along major strike-dlip fault systems is
Hendrix et a., 1992; Yin et al., 1998) seemto show itasamajor common and may be ascribed to either of two mechanisms. It
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Figure 16. Summary diagram of indicators of timing of deformatiol

n in Chinese Tian Shan. Subsidence history in northern Tarim basin

shows rapid subsidence during India-Asia collision and earlier periods of accelerated subsidence that appear to correlate with late Pale-
ozoic and Mesozoic collisions at southern margin of Asia. Almost all available K-Ar and “°Ar/**Ar cooling ages are older than 250 Ma.

Times of cooling below 100 °C appear to cluster in late Cenozoic, |
Cross sections modified from Watson et al. (1987). QNTG.—Qiant,

may occur due to a component of regional transpression across
thefault system, or may occur dueto space problemsalong bends
and stepsin the fault system (e.g., Dumitru, 1991; Birgmann et
al., 1994). Predominately dip-dlip secondary faults that root into
the main strike-dlip system are common in such settings.

Domain K comprises a single poor sample with an age of
227 Ma. This sample was not interpreted.

Domain L comprisesthe Manas section of the Junggar basin
sequence discussed previously, where the fission-track data
record major exhumation ca. 25 Ma(Fig. 6). The Manas section
is not along the Du-Ku road, but is about 75 km to the east.

ate Mesozoic, and latest Paleozoic time. See Figure 2 for locations.
ang.

DISCUSSION AND CONCLUSIONS

Previous studies have indicated that the Tian Shan has
undergone multiple episodes of deformation sinceinitial sutur-
ing of the Tarim, central Tian Shan, and north Tian Shan blocks
in Paleozoic time. The highly heterogeneous fission-track cool-
ing record is certainly consistent with this. Figures 2 and 16
compile the times of cooling recorded by the fission-track sys-
tem in the various areas and compare them with what is known
about the timing of various collisional events on the southern
margin of Asia. The available fission-track data cluster mainly
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inthreetimeintervals, defining latest Paleozoic, late Mesozoic,
and late Cenozoic cooling episodes (Fig. 16).

Latest Paleozoic cooling episode

Latest Paleozoic cooling is indicated at Aksu and in do-
mains D and F along the Du-Ku corridor. Available “Ar/®Ar
cooling ages from the Tian Shan also tend to cluster at thistime;
there are very few younger ages (Fig. 16). At Aksu, additional
timing constraints are provided by the age of the youngest es-
sentially conformable nonmarine clastic strata preserved in the
section, which must predate the time of exhumation. These units
have generally been assigned an Upper Permian age, but are
barren of fossils, a Lower Permian age is aso possible (e.g.,
Carroll et al., this volume). In domain D in the Erbin Shan,
potassium feldspar “°Ar/*°Ar and apatite fission-track dataindi-
catethat sample DK-55 cooled from temperatures>300-350 °C
to <80 °C ca. 270250 Ma.

The collison of the Tarim—central Tian Shan composite
block with the north Tian Shan apparently occurred in Late
Carboniferous-Early Permian time. However, the data constrain-
ing thistiming are very limited and it is plausible that the collision
was diachronous east-west along the length of the Tian Shan (as
was the IndiaAsia collision), that deformation within the Tian
Shanwasfocused at different places at different times, and that ex-
humation continued for a period after the actual collision ended.
Thesignificant number of middle- to Late Permian “Ar/*Ar cool-
ing ages in the range (Fig. 16) suggests that strong deformation
continued into Late Permian time. Thisis also consistent with in-
terpretationsfrom the Junggar basin, where Carroll et al. (1995) in-
ferred aforeland basin setting linked to shortening and uplift inthe
Tian Shan, based on facies and subsidence patterns. Thus we ten-
tatively ascribethelatest Paleozoic cooling episodeto deformation
and exhumation induced by the collision, but remain cautious be-
causemuch of thecooling appearsto significantly postdatethe cur-
rently favored estimates for the age range for the collision.

Late Mesozoic cooling episode

L ate Mesozoic cooling within the Tian Shan isrecorded by
fission-track datafrom Kuga, aswell as domains E and | within
the Tian Shan core (Figs. 2, 3, and 16). Thistime of cooling co-
incides broadly with a significant unconformity within the
stratigraphic section of the northern Tarim basin (Zhang, 1981)
as well as a period of coarse conglomeratic sedimentation
within the north Tarim and south Junggar foreland depocenters
inferred to reflect episodic deformation and physiographic reju-
venation of the range (Hendrix et al., 1992). The general age of
cooling in these areas is al so consistent with deformation in the
southeastern Junggar basin, where subsurface data show that
Jurassic strata are cut by reverse faults and overlapped by un-
deformed Cretaceous strata (Li and Jiang, 1987). Deformation
of this age is reasonably widespread across western China and

may reflect structural reactivation of the Tian Shan by the colli-
sion of the Lhasa block onto the south Asian continental margin
during latest Jurassic—earliest Cretaceous time (e.g., Hendrix
et a. 1992). The Lhasa block is located in the southern portion
of the Tibetan Plateau, and extends from the Banggong suture
south to the Indus suture (Fig. 1). Precollision flysch sequences
associated with the Banggong suture are entirely Jurassic in age
(Girardeau et al., 1984; seealso Matteet al., 1996). These, along
with Tithonian radiolaria preserved in deep-sea cherts that crop
out in the suture, indicate that closing of the suture was some
time during or after thelatest Tithonian, perhaps continuing into
the earliest Cretaceous (Smith, 1988). Uppermost Jurassic—
lowermost Cretaceous nonmarine to shallow-marine sediments,
which overlap the obducted Dongiao-Gyanco ophiolite associ-
ated with the Banggong suture, provide an upper bound for the
age of accretion of the Lhasa block (Girardeau et al., 1984).

Uplift in the Mesozoic in the Tian Shan, however, was
clearly heterogeneous across the core of the range, as indicated
by fission-track records for late Mesozoic cooling in some ar-
eas, the preservation of records of latest Paleozoic cooling in
other areas, and the deposition of Jurassic intermontane basin
sections in still others areas (Figs. 2, 3, 4, and 16). The late
Mesozoic Tian Shan waslikely characterized by several uplifted
ranges and intervening intermontane basins; a generally east-
west trend in structural grainisindicated by the preserved trends
of the intermontane basins. Thus the Mesozoic physiography of
the Tian Shan somewhat resembled that of the modern Tian
Shan, and Cenozoic reactivation of Mesozoic structural trends
probably helped shape the modern range.

In addition to the Lhasa block collision, Hendrix et al.
(1992) concluded that collision of the Qiangtang block and
Kohistan-Dras arc system (Fig. 1) with the southern margin of
Asia deformed the Chinese Tian Shan and resulted in pulses of
coarse clastic sedimentation in the southern Junggar and north-
ern Tarim basins. The avail ablefission-track datado not provide
evidencefor these M esozoi ¢ tectonic events, except perhapsthe
Qiangtang collision in provenance ages at Wenguri and Manas
(Fig. 16). This suggests that the deformation they caused within
the Tian Shan was too minor to be recorded by the fission-track
system, or that any such deformation affected other unsampled
areas of therange. IntheAltyn Tagh, on the southeast side of the
Tarim basin, Sobel et a. (this volume) document Early to Mid-
dle Jurassic cooling inferred to reflect the Qiangtang collision
(Fig. 2). That region ismuch closer to the collision zone, so it is
not surprising that arecord of tectonism may be preserved there
but not in the Tian Shan. Cooling that might be linked to the
Lhasa block collision is not apparent in the transect of Sobel et
al. (this volume), but may be recorded at a second transect far-
ther east in the Altyn Tagh (Delville et al., this volume).

This preceding discussion assumes that collisions at Asia's
southern margin were the tectonic drivers for Mesozoic defor-
mation in the Tian Shan. However, thereisno direct evidencefor
thisin the cooling and sedimentation records. Itisalternately pos-
sible that poorly understood interactions at other Asian margins
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drove Mesozoic deformation in the range, such as the Mesozoic
closure of the Mongol-Okhosk seaway (e.g., Halim et al., 1998).

Late Cenozoic cooling episode

Oneof themost significant conclusionsfromthecurrent data
set is that much of the Chinese Tian Shan has undergone only
modest total unroofing during Cenozoic time, despite the great
relief and strong seismicity in the modern-day range. Most sam-
pling areas underwent no more than about 3 km of late Cenozoic
unroofing. The areas on the margins of the Tarim and Junggar
basins that have undergone greater late Cenozoic unroofing in-
cludethebase of the Kuzigongsu section (~4-5 km), the sediment
source areas for the Miocene Wenguri samples (>5 km), sample
K-1 at Kuga (4-5km), and the base of the section at Manas
(4-5 km) (Fig. 2). These Tarim and Junggar data may be some-
what biased toward areas of greatest unroofing because especially
thick, intact sections were targeted for sampling. In addition, at
least some of these areasweretectonically buried by thrusting and
consequent thickening in late Cenozoic time, so part of the total
unroofing reflectsremoval of thisextratectonic burial. Within the
interior of the Chinese Tian Shan, only the Yuximelegai Pass and
Haxilegen Pass areas reveal more than 5 km of late Cenozoic un-
roofing. Thus, these datalead to ageneral picture of late Cenozoic
deformation of the Chinese Tian Shan where strong uplift, seis-
micity, and deformation are occurring, but the amount of erosion
from the range has been limited (cf. Yin et al., 1998).

Theavailablefission-track data have recorded major Ceno-
zoic unroofing within theinterior of therangein only two areas,
near Yuximelegai and Haxilegen Passes (Fig. 3). Haxilegen Pass
apparently is astride the north Tian Shan fault system (e.g., Ma,
1986; Zhou et al., this volume). The fission-track data demon-
strate that this fault system has been strongly reactivated in
Cenozoic time. General regional relations suggest that this may
be a west-northwest—trending, right-lateral strike-slip or trans-
pressiona fault. As such, it may be an important member of the
system of major strike-slip faults that is helping to accommo-
date deformation in central Asiainduced by the India-Asia col-
lison (e.g., Tapponnier and Molnar, 1979). However, the
fission-track data cannot specifically document strike-slip mo-
tions on the system and so cannot rule out a predominately dip-
dlip sense of offset at Haxilegen Pass.
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