Late Cenozoic tectonic evolution of the northwestern Tien Shan:
New age estimates for the initiation of mountain building
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ABSTRACT

The Tien Shan are the quintessential in-
tracontinental range, situated more than
1000 km north of the suture between India
and Asia. Their initiation and growth in the
Cenozoic, however, remain poorly under-
stood. In this study we present stratigraph-
ic, detrital fission-track, and magnetostra-
tigraphic results that provide a basis for
reconstructing the Cenozoic tectonic evo-
lution of the Kyrgyz Range and adjacent
Chu basin in the northwestern Tien Shan.
Detrital fission-track thermochronology in-
dicates that the northwestern Tien Shan
was tectonically quiescent for much of the
Cenozoic. Prior to uplift and exhumation in
the late Miocene, the Kyrgyz Range was
buried by sediments shed from highlandsto
the south and/or east. Paired bedrock fis-
sion-track and [U-Th]/He ages from a sam-
pling transect of 2.4 km relief demonstrate
that rapid exhumation commenced at ca. 11
Ma. Initial thrusting in the hinterland was
followed by evaporite accumulation (~0.4
km/m.y.), which coincided with erosion of
the pre-11 Ma strata that mantled the Kyr-
gyz Range. Between 10 and 3 M a, bedr ock-
exhumation rates decreased to <0.3 km/
m.y., while sedimentation rates decelerated
initially to ~0.25 km/m.y. before acceler-
ating to ~0.4 km/m.y. at 4-5 Ma. Detrital
fission-track resultsindicatethat by 4.5Ma,
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the top of an exhumed apatite partial an-
nealing zone (PAZ) was exposed in the Kyr-
gyz Range, corresponding with ~2 km of
total exhumation. Continued exhumation of
the Kyrgyz Range resulted in exposure of
fully reset rocks from below the exhumed
PAZ (~4-5 km depth) by ca. 1.5 Ma. Fis-
sion-track ages from two modern stream
samples collected ~75 km apart along the
range front indicate that exhumation in the
Kyrgyz Range commenced in the west and
then propagated to the east.

Keywords: Central Asia, erosion, fission-
track, magnetostratigraphy, Tien Shan.

INTRODUCTION

There are few better localities at which to
study the style and rate of intracontinenta
mountain building than the Tien Shan of Cen-
tral Asia (Fig. 1). If for no other reason, the
Tien Shan are noteworthy because their de-
velopment in the Miocene is a direct result of
the collision of India with Asia: an event that
started some 55 m.y. ago and 1000-2000 km
to the south. Despite the remote position of
the Tien Shan with respect to the Himalaya,
GPS (Globa Positioning System) data indi-
cate that ~40% of the present-day shortening
between India and Asia can be accounted for
in the western Tien Shan (Abdrakhmatov et
al., 1996). Determining the beginning of
mountain building and the fluctuation of strain
rates within the Tien Shan is key to addressing
unresolved issues regarding the evolution of
the Himalaya orogen. Establishing an initia-
tion age for the western Tien Shan provides a
framework for better understanding the rate at

which strain was transmitted from the Indo-
Asian collisiona front, places bounds on the
timing and preeminence of movement aong
major strike-dip systems (Altyn Tagh and
Kunlun faults), and tests the causal relation-
ship between uplift of the Tibetan Plateau and
development of the Tien Shan (Burtman et al.,
1996; Abdrakhmatov et al., 1996).

Although earlier studies were hampered by
a paucity of temporal and structural informa-
tion (Windley et a., 1990), estimates on the
initiation and style of shortening in the Tien
Shan proliferated in the 1990s (Allen et a.,
1993; Avouac et al., 1993; Hendrix et al.,
1994; Abdrakhmatov et a., 1996; Metivier
and Gaudemer, 1997; Sobel and Dumitru,
1997; Yin et a., 1998). Many of these studies,
however, are either reconnaissance in nature
or focus primarily on the eastern or southern
Tien Shan. The northwestern Tien Shan is not-
ed for its east-trending ranges with elevations
in excess of 4 km and intervening intermon-
tane basins containing well-exposed Cenozoic
strata up to 6 km thick (Fig. 1). The study of
such hinterland-foreland couplets has long
been acknowledged as the key to reconstruct-
ing the timing of thrust initiation (e.g., Bur-
bank and Raynolds, 1988; Jordan et al., 1988),
progressive bedrock unroofing (e.g., DeCelles
et al., 1991), and basin geometry and subsi-
dence (e.g., Flemings and Jordan, 1989). The
northwestern Tien Shan is, therefore, an ideal
natural laboratory for answering fundamental
guestions concerning the tectonic develop-
ment of the Tien Shan.

The Kyrgyz Range and adjacent Chu basin
mark the northernmost extent of the western
Tien Shan (Fig. 1). Although severa studies
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Figure 1. (A) Regional tectonic map of Central Asia showing Holocene partitioning of
strain associated with convergence of India (after Avouac et al., 1993). (B) Simplified
geology of Kyrgyzstan. Location shown by box in A.

have catalogued the regional stratigraphy and
thrust kinematics of this area (Ibrigamov and
Turdukulov, 1965; Tarasov, 1971; Chediya et
a., 1973; Fortuna, 1973; Trofimov et a.,
1976), few have actually documented the re-
lationships between uplift, exhumation, and
basin deposition. In this study, we compare
rates of exhumation in the Kyrgyz Range
(Bullen, 1999) with the accumulation history
and facies architecture in the adjacent Chu
foreland basin to better understand the timing
and style of mass transfer during the Miocene
and Pliocene. We present the first thermo-
chronologic data for the northwestern Tien
Shan, employing magnetostratigraphy and de-
trital fission-track dating (Figs. 1, 2, and 3).
The synthesis of these results suggests that the
northwestern Tien Shan underwent complex
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and variable growth from 11 Ma to the
present.

TECTONIC SETTING

The Tien Shan record two Paleozoic colli-
sional events—one along the southern margin
of the range (Late Devonian—early Carbonif-
erous [Mississippian]) and a second along the
northern margin (late Carboniferous [ Pennsyl-
vanian]—Early Permian) (Burtman, 1975; Win-
dley et a., 1990; Allen et al., 1992; Carroll et
al., 1995). The first event involved the colli-
sion of the Tarim block with the central Tien
Shan, a continental fragment, which was at
this time still separated from the Asian land-
mass (Allen et al., 1992; Carroll et a., 1995).
Approximately 70 m.y. later, the northern Tien

Shan island arc was accreted to the northern
margin of the combined Tarim—central Tien
Shan continental block, effectively closing the
paleo—ocean bhasin. By the Early Permian,
Central Asia was fully amalgamated (Burt-
man, 1975; Windley et a., 1990; Avouac et
al., 1993), after which time a less-active tec-
tonic regime prevailed until the collision of
India in the early Tertiary (ca. 50-55 Ma).

An exception to this period of relative qui-
escence is faulting during the Triassic and Ju-
rassic (Burtman, 1980; Hendrix et a., 1992;
Burtman et a., 1996). Thick Triassic and
Lower to Middle Jurassic strata crop out in the
Turpan, Junggar, and northern Tarim Basins,
and their deposition has been linked to epi-
sodic fault movement (Hendrix et al., 1992).
Although isolated vestiges of Jurassic deposits
remain aong the flanks of a few intermontane
basins in the west, they are not comparable in
thickness or extent with those found in the
eastern Tien Shan. Paleogeographic recon-
structions for the Jurassic depict clastic input
from the northern Tien Shan into intermontane
basins in the central and southern parts of the
Tien Shan (Atlas Kyrgyzskoi CCP |, 1987).
We infer from these reconstructions that the
northern Tien Shan was exhumed a modest
amount in the Jurassic.

The Tien Shan remained tectonically inac-
tive for much of the Late Cretaceous and Ce-
nozoic, including some 30—40 m.y. &fter the
collision of India in the early Eocene. This
long period of stability and tectonic inactivity
resulted in the beveling of topography and a
decrease of loca relief (Norin, 1941; Burt-
man, 1975; Bally et al., 1986). In the western
Tien Shan, this period of quiescence is char-
acterized by paleosols and carbonate-cement-
ed breccias known as the Kokturpak Forma-
tion (Chediya et a., 1973). This unit was
deposited as discontinuous pockets of strata
directly on top of the beveled Paleozoic sub-
strate. Basalt dikes that cut the Kokturpak For-
mation have been dated by the K-Ar method
at 55 Ma (Krylov, 1960), which when com-
bined with existing faunal evidence, suggests
that the lowermost Kokturpak is Cretaceous(?)
to Paleogene in age (Chediya et al., 1973).

In addition to the regionaly extensive an-
gular unconformity at the base of the Koktur-
pak Formation, a late Oligocene-early Mio-
cene unconformity is documented within the
Cenozoic strata. In the northwestern Tien
Shan, coarser-grained clastic strata lie uncon-
formably above multicolored mudstone and
limestone, a relationship interpreted to repre-
sent the initiation of regional deformation
(Chediya et al., 1973). An unconformity sim-
ilar in character, but with a poorly defined age,
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Figure 2. Geologic map of the Chu basin and adjacent Kyrgyz Range (modified after Trofimov et al., 1976, Mikolaichuk, 2000). Section
A-A’ is shown in Figure 5.
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Figure 3. Detailed site location map for magnetostratigraphic section along the west side of the Noruz River. For location, see Figure 2.
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is also documented ~1000 km east near Uru-
mqi (Hao and Zeng, 1984; Windley et a.,
1990; Allen et a., 1993; Avouac et a., 1993).

Some of the world's largest earthquakes (M
> 8) in the twentieth century occurred in the
Tien Shan (Molnar and Deng, 1984; Ghose et
al., 1997). Aftershocks suggest that active
faults extend to mid-crustal depths (~18 km)
along fault planes with uniform dip (~45°-
50°) (Ghose et al., 1997). Although many of
these active structures are located at the mar-
gins of east-trending intermontane basins, a
considerable component of strain is also being
accommodated by younger fault systems that
have recently propagated into the basin cen-
ters. This deformation is manifested in high
modern shortening rates (Abdrakhmatov et al.,
1996), folded fluvial terraces (Avouac et al.,
1993), and exposed fault scarps (Avouac et
al., 1993; Ghose et a., 1997; Brown et al.,
1998; Thompson et a., 1999).

INITIATION OF MOUNTAIN
BUILDING

Many workers have presented estimates for
the initiation and growth rate of the Tien Shan
(Windley et al., 1990; Allen et a., 1993;
Avouec et al., 1993; Hendrix et a., 1994; Yin
et a., 1998). Herein we summarize the most
important age estimates and regional control.

Conglomerate deposition above a late Oli-
gocene—early Miocene unconformity has been
used to loosely bracket the onset of synoro-
genic deposition in the Tien Shan (Chediya et
al., 1973; Windley et a., 1990; Allen et a.,
1993). However, both the age of the uncon-
formity and that of the detritus above it remain
poorly resolved. Metivier and Gaudemer
(1997) improved upon this late Oligocene—
early Miocene initiation estimate by recon-
structing the temporal and spatial depositional
history of the Tarim and Junggar Basins. This
study delimited two main pulses in sediment
accumulation at ca. 17 and 5-6 Ma. Metivier
and Gaudemer (1997) proposed that the 17
Ma event recorded local deposition in the
northern Tarim Basin associated with the ini-
tiation of thrusting along the southern Tien
Shan. However, this estimate suffers from a
paucity of subsurface and chronologic control.

Thermochronologic and stratigraphic evi-
dence from the southern and eastern Tien
Shan indicate an early Miocene initiation of
deformation (Hendrix et a., 1994; Sobel and
Dumitru, 1997; Yin et al., 1998). Late Oli-
gocene-middle Miocene (25-13 Ma) fission-
track ages from the southern Tien Shan and
northeastern Pamir Mountains document the
progressive unroofing of Tien Shan thrust sys-
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tems (Sobel and Dumitru, 1997). Facies
changes suggest a minimum initiation age of
21-24 Ma of the Kuche thrust system in the
southern Tien Shan (Yin et a., 1998). In the
eastern Tien Shan, Hendrix et al. (1994) dated
three partialy annealed detrital samples with
a component of 24 Ma apatite grains. The
similarity in timing of these estimates with
slowed |eft-slip movement along the Red Riv-
er fault, increased exhumation of the Hima-
laya, and movement along the Main Central
thrust and South Tibetan detachment system
has led workers to conclude that growth of the
Tien Shan commenced after a change from ex-
trusion-dominated to crustal-thickening—-dom-
inated strain accommodation in the Himalaya
and Pamir Mountains (Hendrix et al.,1994;
Sobel and Dumitru, 1997).

Early Miocene estimates for the initiation
of deformation in the Tien Shan stand in con-
trast to interpretations based on geodetic rates.
Estimates of total shortening near Urumgi
(~200 = 50 km) and extrapolated geodeti-
cally determined modern shortening rates (20
km/m.y.) imply that the Tien Shan was con-
structed in the past 10 m.y. (Avouac et al.,
1993; Abdrakhmatov et al., 1996). Similarly,
Cenozoic dlip on the Talas-Ferghana fault is
estimated at <100 km, and fault slip has ac-
cumulated at rates of ~10 km/m.y., suggest-
ing that deformation commenced more re-
cently than ca. 10 Ma (Burtman et a., 1996).
These studies assert that the attainment of
maximum elevation of the Tibetan Plateau
may have changed the regional stress field at
ca. 8 Ma (Molnar et al., 1993), which in turn
led to the construction of the Tien Shan (Ab-
drakhmatov et a., 1996; Burtman et al.,
1996).

STRATIGRAPHY OF THE CHU BASIN

This study focuses on the hinterland-fore-
land couplet of the Kyrgyz Range and adja-
cent Chu basin (Fig. 2). Much of the Kyrgyz
Rangeis cored by Ordovician granite and fine-
grained Devonian sedimentary rocks and is
cut by numerous short, irregular imbricate
thrust faults that are lateraly truncated by
throughgoing strike-dlip faults (Fig. 2) (Atlas
Kyrgyzskoi CCP I, 1987). The Paleozoic bed-
rock is thrust northward over ~4 km of Ce-
nozoic molasse at the margin of the Chu ba-
sin, a small flexural basin some 50 km wide
and 150 km long (Fig. 4) (Trofimov et a.,
1976; IVTAN [Institute for High Tempera-
tures of the Russian Academy of Sciences|,
1983). The deformation front stepped north-
ward into the Chu basin, exposing a thick suc-
cession of Neogene strata along the Issyk-Ata

fault, located ~10 km north of the basin-mar-
gin structures (Fig. 2).

Noruz Structural and Stratigraphic
Section

The thickest and most complete Tertiary
stratigraphic section exposed in the Chu basin
is along the west side of the Noruz River (Fig.
2). Unlike the simple homoclinally south-dip-
ping strata along strike, local salt-clay diapir-
ism in the Noruz region has created atip-line
anticline, exposing >3 km of Cenozoic strata.
Active displacement along the Issyk Ata fault
marks the youngest phase of deformation
within the region, tilting the Noruz section
into a continuous dip panel 25°-30°. If we as-
sume that the fault plane is parallel to the pan-
el, then trandlation of this ~3—4-km-thick sed-
iment package up an ~30° ramp is equivalent
to ~6 km of horizontal shortening (Fig. 5).
Considering that shortening rates for the Issyk
Ata fault are 0.2-0.35 km/m.y., as derived
from a fault trenching study (Chediya et a.,
1998), the ~6 km of shortening commenced
within the past ~2-3 m.y.

A generaized stratigraphic column com-
prising seven Tertiary formations totals ~6
km in thickness (from bottom to top): (1)
Kokturpak, (2) Kokomeren, (3) Sera Fima, (4)
Dzhel’dysu, (5) Saryagach, (6) Chu, and (7)
Sharpyldak (Ibragimov and Turdukulov, 1965;
Tarasov, 1971; Chediya et d., 1973) (Fig. 2).
In this study, we sampled only the upper four
formations, which constitute a 3.1-km-thick
upward-coarsening section (Figs. 6 and DR1
[Data Repository Fig. 1]).* The basa three
formations are not exposed in the Noruz re-
gion, but are described from drill-core records
and exposures elsewhere in the Chu basin
(Chediya et al., 1973).

In the region of the Noruz anticline, the
Kokturpak Formation unconformably rests
upon a 5-m-thick residual soil developed on
Late Devonian volcanic rocks. The Kokturpak
Formation, an ~0.6-km-thick variegated clay-
stone with lenses of fine-grained sandstone
and interlayers of nonmarine carbonate and
anhydrite, is interpreted to represent the redis-
tribution of the residua soil (Chediya et al.,
1973). The thickness of the Kokturpak For-
mation in the Noruz region is atypical for the
Chu basin, where deposits are generally
<0.15 km thick.

The 1.3-km-thick Kokomeren Formation

GSA Data Repository item 2001134 is available
on the Web at http://www.geosociety.org/pubs/
ft2001.htm. Requests may aso be sent to
editing@geosociety.org.
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includes a lower unit (0.9 km) composed of
“rhythmically interlayered, variegated silt-
stones and sandstones in approximately equal
amounts.”” Sandstone beds are described as
quartzofeldspathic, fine to coarse grained, with
‘“scattered interlayers, and patches of fine peb-
ble and gravel-size fragments” (Chediyaetal.,
1973, p. 43). The upper unit (0.4 km) is slight-
ly finer in character, comprising thinly bedded
siltstone, sandstone, and fine-pebble
conglomerate.

The Sera Fima Formation is composed of
gray-green gypsiferous claystones with inter-
bedded halite lenses. The thickness of the unit
varies considerably (2.1 km to 0.5 km), owing
to secondary remobilization that resulted from
either salt or clay diapirism during displace-
ment along the Issyk Ata fault and/or during
sedimentation. In light of itslimited lateral ex-
tent (~40 X 20 km), it is likely that this unit
represents playa or restricted shallow-lake
deposition.

Variegated mudstone and an increase in
sand content distinguish the ~0.2-km-thick
Dzhel’dysu Formation from the underlying
Sera Fima Formation. Nonfossiliferous, gyp-
sum-rich, oxidized mudstone beds at the base
of the unit grade upward into 2—4-m-thick in-
terlayers of homogeneous red and gray-green
mudstone. Laterally extensive, massive, me-
dium-grained sandstones, generaly <1 m
thick, occur near the top of the formation. We
interpret this unit to have been deposited in an
evaporitic playa-margin setting, as indicated
by both the gypsum-rich mudstone and spo-
radic sheet-sand deposition. Bidirectiona pa-
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Figure 5. Balanced cross section of the Chu basin and Kyrgyz Range. Bedrock fission-track sample locations (from Bullen, 1999), shown
as open circles, were projected along structural strike. The modern position of the relict apatite partial annealing zone (PAZ) is recon-
structed on the basis of fission-track ages from the Kyrgyz Range (Bullen, 1999). Structure modified after Trofimov et al. (1976). L ocation

of section A—A’ is shown in Figure 2.
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leocurrent data collected primarily from small
channel scours indicate that the paleodrainage
was oriented east-west.

The Saryagach Formation (0.2-0.5 km) is
considerably coarser than the underlying units,
exhibiting well-indurated, red, poorly sorted
sandstone and pebbly conglomerate, with ma-
trix-supported subangular clasts, and thin (5—
10 cm) multicolored (white, gray, and green)
interbeds of calcareous siltstone. Individual
sandstone and conglomerate units are laterally
continuous and generally no thicker than 1-2
m; the clast sizes are <2 cm. Paleo-flow di-
rections, gathered mostly from channel scours,
cross-beds, and pebble imbrication, document
flow toward the northwest (Fig. 6). We inter-
pret that the Saryagach Formation was depos-
ited at the interface of an aluvia fan and a
playa-lake margin.

We divide the overlying Chu Formation
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(1.5 km) into two subunits based on differ-
ences in both sedimentology and paleocur-
rents: (1) a lower mud-dominated unit (sand-
stone:shale = 1:4) with southeast or northwest
paleo—flow directions and (2) an upper sand-
dominated unit (sandstone:shale = 1.5:1) with
a north-northwest paleo—flow direction. The
lower unit is characterized by thick (<20 m)
sequences of massive brown mudstone with
thin (3-5 cm) interlayers of white, well-ce-
mented calcareous concretions. Amalgamated
channel deposits of 5-10 m thickness punc-
tuate the homogeneous mudstone intervals.
Channel-fill sequences typically coarsen up-
ward, containing well-sorted, medium-grained
sandstone capped by poorly sorted, coarse-
grained, pebbly conglomerate and stringers of
gravel lag. Paleocurrent data were collected
from trough cross-beds and channel scours.
The upper unit comprises stacked, thin-bed-

ded (<2 m) massive sheet sandstone, red silt-
stone, and interlayers of white, well-cemented
calcareous concretions. Although the percent-
age of sandstone is markedly increased in
comparison to the lower Chu Formation,
channel widths and the maximum grain size
are approximately the same. Dense, gray, ma-
trix-supported conglomerate beds are present
in the middle of this unit, and, along with the
sandstone beds, increase in abundance and
thickness toward the top of the Chu Forma
tion. The component clasts are well rounded,
moderate to well sorted, up to 15 cm in di-
ameter, and commonly imbricated. The Chu
Formation is interpreted to encompass a
change from longitudinal (east-southeast to
west-northwest) braided-river deposition to
transverse (south-southeast to north-north-
west) aluvia-fan deposition (Fig. 6). Longi-
tudina drainage in the lower unit is charac-
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terized by lateraly variable lithofacies with
contemporaneous floodplain, overbank, and
channel deposition. Thick mudstone deposits
encapsulate vertically disconnected channel
units, which may reflect high rates of vertical
accretion (Bridge and Leeder, 1979; Bentham
et a., 1993). The upper Chu Formation re-
cords progradation of a north-directed alluvial
fan over the longitudinal deposits of the lower
Chu Formation.

The Chu Formation passes transitionally
into the Sharpyldak Formation, a 1.3-km-thick
coarsening-upward unit composed primarily
of coarse-pebble conglomerate. The lower part
of the unit has amalgamated beds of dense
cliff-forming conglomerate more than 100 m
thick. This gray conglomerate grades upward
into poorly sorted, matrix-supported fanglom-
erates with granitic boulders as large as 1 m
in diameter. Both the upper and lower mem-
bers of the Sharpyldak Formation show evi-
dence for north-directed paleocurrents inter-
preted to represent continued progradation of
transverse aluvial and debris-flow fans into
the Chu basin.

Tectonic Significance of the Foreland Fill

The Kokturpak Formation has previously
been interpreted to record initial deformation
in the Tien Shan (Chediya et a. 1973). We
suggest that the multiple unconformities and
extensive cementation is more consistent with
deposition in a highly condensed section re-
sulting from episodic deposition on a low-re-
lief landscape that was steadily beveled by
erosion. It appears unlikely that the nearby
Kyrgyz Range was the source of these sedi-
ments. About 15 km west of the Noruz sec-
tion, @ 0.1-0.2 km thickness of the Kokturpak
Formation mantles the outer flanks of the
range (Fig. 2), suggesting that the range itself
was covered by this clastic material.

Loca deposition of >0.5 km of evaporite
(Sera Fima Formation) indicates that the No-
ruz region contained a small, but long-lasting
closed-lake basin. Although fine-grained de-
posits have been geneticaly linked with var-
ious tectonic conditions, we recognize three
potential mechanisms for deposition of the
Sera Fima Formation: (1) rapid basin subsi-
dence due to flexural loading (Beck et a.,
1988; Heller et al., 1988); (2) erosion of fine-
grained source rocks, and (3) distal deposition
in front of an approaching thrust front.

The 3.1 km of measured and sampled clas-
tic strata in the Noruz section are character-
ized by (1) upward coarsening and (2) paleo-
current reorientation (Figs. 6 and DRL1).
Clastic deposition of the Saryagach and lower
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Chu Formations infilled the evaporitic Noruz
depression and hence represent a fundamental
change in depositional environment, basin ge-
ometry, and surface gradients. Similarly, the
clastic strata of the upper Chu and Sharpyldak
Formation represent the widespread dispersal
of coarse fan facies. Although these attributes
appear to indicate increasingly proximal tec-
tonism, it is difficult to assess a sole cause, as
fan progradation commonly accompanies
thrust development (Burbank and Raynolds,
1988), climate change (Jordan et al., 1988), or
isostatic rebound (Heller et al., 1988).

MAGNETOSTRATIGRAPHY
Analytical Procedure

Some 444 pal eomagnetic samples were col-
lected from 135 sample sites within a 1.9-km-
thick stratigraphic section along the west bank
of the Noruz River (Fig. 3). Three or more
oriented red or brown mudstone or siltstone
samples were collected from each site by us-
ing an impact corer. The average vertical spac-
ing between sites was ~15 m. Samples were
not collected in the conglomeratic Sharpyldak
Formation owing to the paucity of fine-
grained sedimentary rock. Characteristic rem-
anence directions (ChRM) were revealed by
step-wise thermal (TD) and alternating-field
(AF) demagnetization. Approximately 30 ran-
domly selected samples were chosen for a pi-
lot study in which 12 AF (0-100 Oe) and 6
TD (100, 300, 450, 550, 650, 690 °C) steps
were run. Most of these samples had a low-
coercivity component and a high-coercivity
component, which were removed by demag-
netization between 100 Oe-100 °C and 300
0e-600 °C, respectively (Fig. 7). However,
most samples had stable remanence directions
well above 300 °C, retaining as much as 60%
of their initial remanence above 550 °C. On
the basis of these high unblocking tempera-
tures, we infer that the common minera car-
rier is hematite. From the representative de-
magnetization paths, we used four AF steps
(0, 25, 50, 100 Oe) and up to 6 TD steps on
the remaining samples. The ChRM was de-
fined by using a least-squares fitting method
(Kirschvink, 1980).

On the basis of the k-statistic of dispersion
of sample directions, sites were defined as ei-
ther class 1 (k > 10), class Il (k < 10), or
class Il (indeterminate polarity or n = 1)
(Fisher, 1953). For class Il sites, the polarity
was unambiguous, but commonly only two of
three individua samples displayed coherent
directions. Class |11 sites were not used in our
polarity determinations. Out of the 135 sample

sites, 56% were class |, 29% were class |1, and
15% were class Il1l. More than 50% of the
class 1l sites were in the lower third of the
section, where many samples were retrieved
in friable material. We performed reversal and
fold tests using only class | sites whose o
error did not cross the 0° VGP (virtual geo-
magnetic pole) latitude. The data pass the C
reversal test of McFadden and McElhinny
(1990), with a critical angle (y.) of 11.5°% in-
dicating that a secondary overprint was suc-
cessfully removed (Fig. 8). Although cluster-
ing improved after unfolding (in situ k = 6.4;
bedding-corrected k = 8.5), the data did not
pass the fold test at the 95% confidence inter-
val (Fig. 8). Because the strike and dip remain
uniform throughout the sampled section (Fig.
3), we would not expect the data to pass afold
test. Therefore, given the large number of
magnetic reversals and passage of the reversal
test, we are confident that we have separated
the characteristic remanence directions.

For each class | and Il site, we calculated
the paleolatitude of the VGP in order to define
normal or reversed magnetozones. On the ba-
sis of these calculations, we recognize 32
magnetozones in the Noruz stratigraphic sec-
tion (Fig. 9). Most of these magnetozones are
defined by two or more sites. There are, how-
ever, five single-site reversals, of which three
are defined by a class | site with a relatively
high VGP latitude. The actual presence or ab-
sence of the remaining two single-site rever-
sals would not affect our correlation to the
geomagnetic polarity time scale (GPTS) (Can-
de and Kent, 1995).

Correlation to the Geomagnetic Polarity
Time Scale

Without precise independent age estimates
from isotopic or biostratigraphic data, corre-
lation to the GPTS is challenging. In the No-
ruz section, a horse fossil was found within
the gray conglomerate of the lower Sharpyl-
dak Formation (Trofimov et a., 1976), <0.5
km above the top of our section. This fossil
was identified as a primitive species of the
horse Equus (Ray Bernor, 1999, persona
commun.), which underwent rapid dispersal
between North America and Asia beginning at
ca. 2.6 Ma (Lindsay et al., 1980). Therefore,
the horse fossil provides a maximum limiting
age of 2.6 Ma for the lower Sharpyldak For-
mation. In the same conglomeratic formation,
local researchers identified freshwater ostra-
cods of late Pliocene age (Trofimov et al.,
1976), thereby refining the age of the Shar-
pyldak Formation to ca. 3.5-1.5 Ma. These
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fossil and shell data serve to eliminate nu-
merous alternate correlations to the GPTS.

The observed 32 magnetozones define a
recognizable pattern that correlates well with
chron 4Ar.2 (ca. 9.5 Ma) through chron 2An.2
(3.1 Ma) of the GPTS of Cande and Kent
(1995) (Fig. 9). The top of our section (ca. 3
Ma) lies ~20 m below the base of the gray
conglomerate. Without knowledge of exactly
where the horse fossil (necessarily younger
than 2.6 Ma) was found within the gray con-
glomerate, it is reasonable that the 0.5 m.y.
discrepancy is accounted for in the lowermost
Sharpyldak Formation. Although alternative
correlations to the GPTS are possible, they re-
quire significant (unrecognized) unconformi-
ties within the section, they are inconsistent
with the faunal and palynological data, or they
require magjor changes in accumulation rates
that are inconsistent with the independently
derived tectonic history described in a subse-
quent section.

Sediment-Accumulation Rates

Following correlation with the GPTS, sed-
iment-accumulation rates were estimated
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across each magnetozone (Fig. 6). Although
unsteady at the 1 m.y. scale, rates of sedimen-
tation decreased from ~0.38 km/m.y. before
ca 8.5 Mato ~0.24 km/m.y. after 8 Ma. Fol-
lowing an interval of slow deposition, accu-
mulation rates sustained a protracted increase
from ca. 6 to 3 Ma. An increase in grain size
and the transition from longitudinal (southeast
or northwest) to transverse paleoflow (north)
between ca. 6 and 3 Ma coincided with an
increase in accumulation rates from <0.24
km/m.y. to ~0.37 km/m.y. Accumulation
rates peaked at ~0.6 km/m.y. during braid-
plain deposition between 3.5 and 4 Ma. Al-
though precise ages are not available for the
upper conglomeratic (Sharpyldak) part of the
Noruz section, we infer that rates of sedimen-
tation rose well above previous levels to 0.5—
1.5 km/m.y. (Fig. 6). We base this inference
on the dramatic increase in grain size from the
Chu Formation to the Sharpyldak Formation
and the impressive thickness of the conglom-
eratic unit. If accumulation were slower than
0.5 km/m.y., the top of the conglomerate
would be modern in age: a hypothesis that is
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inconsistent with the degree of deformation
and dissection of the conglomerates.

FISSION-TRACK DATING

Fission tracks are damage zones in a crystal
lattice principally related to the spontaneous
decay of 23U. Tracks progressively shorten, or
anneal, in both length and width with increas-
ing temperature (Naeser, 1976). At tempera-
tures of less than ~60 °C, tracks do not ef-
fectively shorten, whereas above 110 °C, they
anneal rapidly. Between ~60 and 110 °C,
tracks shorten in an idealized time-tempera-
ture transitional zone referred to as the partial
annealing zone (PAZ). In nature, the PAZ
temperature range is not fixed but isafunction
of cooling rate and apatite composition (Carl-
son et al., 1999).

Thermochronologic sampling aong bed-
rock transects with significant topographic re-
lief has proved useful in defining the rate and
timing of exhumation (e.g., Fitzgerald et al.,
1993). Fission-track ages record the time since
passage through the PAZ; therefore, ages typ-

ically increase with elevation, as samples at
higher elevation have spent more time at low-
er temperatures. Many studies have sought to
identify the age versus elevation relationship
characteristic of a PAZ in rocks that have been
brought rapidly to the surface. Periods of very
dow cooling followed by rapid cooling can
preserve a break in slope in an age versus el-
evation plot that represents the base of the pa-
leo-, or “exhumed” PAZ (Fitzgerald et a.,
1993). The cooling age at this break in slope
represents a change in erosion rate, which may
reflect the initiation of tectonic activity. If the
paleo—geothermal gradient is known, then the
initial depth of the exhumed PAZ can be es-
timated and, hence, total exhumation can be
calculated.

By comparison, detrital thermochronology
integrates a spectrum of cooling ages from an
entire drainage basin and can potentially cap-
ture an age versus elevation traverse in asin-
gle sample (Fig. 10). The difficulty, however,
comes in identifying the different grain-age
components that constitute a source. To isolate
grain-age populations, we used a binomial
peak-fitting routine that decomposes the ob-
served age distribution into distinct compo-
nent populations or peaks (Galbraith, 1988;
Galbraith and Green, 1990; Brandon, 1996).
The relative age of these peaks in a strati-
graphic section defines the erosional evolution
of the source terrane (Brandon and Vance,
1992; Garver and Brandon, 1994; Garver et
a., 1999).

Analytical Procedure

Our methods for apatite separation closely
follow those described by Naeser (1976) for
the external detector method. A mean zeta cal-
ibration factor of 104.98 = 5.79 (Hurford and
Green, 1983) was calculated on the basis of
repeated analysis of the Fish Canyon Tuff and
Durango apatite age standards. Corning glass
standards (CN-1) were placed at the top and
bottom of the irradiated samples to monitor
the fluence gradient during irradiation. When
possible, more than 50 grains were dated for
each of the samples collected. We only con-
sider samples with at least 20 datable grains,
because otherwise, low uranium and young
ages result in very poor statistics. To test
whether grain ages belong to a single com-
ponent population, we employ the x? test of
Green (1981). The statistical validity of each
component population is represented by the
width of the peak, which is a function of the
standard deviation and total number of dated
grains. All standard deviations are reported
here at the =10 level. Because of the diffi-
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culties in isolating component populations,
some workers (Hendrix et a., 1994; Sobel and
Dumitru, 1997) have opted to propagate a
+1o uncertainty of 15% error. Although we
do not follow this method, we conservatively
fit the smallest number of peaks to each ob-
served population.

Bedrock Fission-Track Ages

Apatite fission-track and [U-Th]/He (He)
dates from a sampling transect of 2.4 km relief
in the Ala Archa drainage, located 27 km west
of the Noruz section (Fig. 2), place indepen-
dent bounds on the cooling history of the Kyr-
gyz Range (Figs. 11 and 12) (Bullen, 1999).
The most significant feature of these data is
the break in slope of the fission-track age ver-
sus elevation data at ca. 11 Ma. This break is
interpreted as the base of an exhumed PAZ,
representing the initiation of exhumation in
the Kyrgyz Range. From these thermochron-
ologic data, Bullen (1999) interpreted the fol-
lowing scenario: (1) between ca. 103 Ma and
11 Ma, the Kyrgyz Range was tectonicaly
quiescent (exhumation rates < ~0.05 km/
m.y.); (2) rapid exhumation (~1.5 km/m.y.) of
the northern Tien Shan began at ca. 11 Ma
and continued for 1-1.5 m.y.; (3) erosion rates
decreased to <0.3 km/m.y. between 10 Ma
and 3 Ma; and (4) exhumation rates acceler-
ated at ca. 3 Mato 0.8 km/m.y. (Fig. 12). By
assuming that the present-day geothermal gra-
dient of 26 °C/km is similar to that since 11
Ma, Bullen (1999) calculated atotal of ~6 km
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of rock uplift, 4 km of exhumation, and ~2
km of surface uplift.

Detrital Fission-Track Stratigraphy

Four sandstones with depositiona ages of
8.5 Ma, 45 Ma, 2.5-2 Ma, and ca. 1.5-1 Ma
(Fig. 6) were collected for fission-track anal-
ysis from the Noruz section. As expected, all
samples exhibit wide ranges of cooling ages
and therefore fail the x? test, attesting to a het-
erogeneous source without significant post-
depositional heating (Table 1). After separat-
ing best-fit component peaks for each
observed grain-age population (Table 1), it is
clear that young peak ages (P1) decrease up-
ward through the section from 165 += 14 Ma
at the base to 15 += 4 Ma at the top (Fig. 6),
whereas the proportion of grains that consti-
tute the older peaks (P2 and P3) of ca. 150,
260, and 471 Ma decreases.

Interpretation

Our peak-fitting results document both a
young moving peak and an older, poorly de-
fined moving peak (Figs. 6 and 13). We inter-
pret that this progression in grain ages records
unroofing of a crustal column that contained
three thermotectonic layers. (1) heterogeneous
older rocks that resided above the PAZ (Ju-
rassic and older), (2) intermediate age rocks
from within the exhumed PAZ (early Tertiary—
Cretaceous), and finally (3) fully reset rocks
from below or just at the base of the PAZ

(Tertiary). We interpret these three age layers
to correspond with crustal zones containing
component populations of >150 Ma, 80-55
Ma, and 20-10 Ma, respectively (Fig. 13, Ta
ble 1). Despite the range of ages, the recon-
structed age layers add considerable detail to
the age versus elevation profile documented
by Bullen (1999), but most importantly, they
provide independent confirmation of the pres-
ervation of an exhumed, or relict, apatite PAZ
in the Kyrgyz Range.

By knowing the depositional age of sand-
stones used for detrital fission-track analysis,
we are able to estimate the time at which cer-
tain age populations appeared in the Chu ba-
sin. If we assume that the transit time between
the hinterland and foreland basin is minimal,
then we can also approximate when different
age layers were exposed at the surface in the
Kyrgyz Range. In our detrital record, exposure
of the apatite PAZ is recorded by the appear-
ance of a56 + 7 Ma grain-age population by
4.5 Ma. In asimilar manner, the influx of <15
Ma grains a ca 1.5 Ma implies that rocks
from below the PAZ (4-5 km depth) were at
the surface by this time. It is also interesting
that the young peak ages change little between
45 and ca. 2 Ma (56 = 7 and 51 = 5 Ma,
respectively), suggesting that either (1) the
same source was being eroded and hence ero-
sion was minimal or (2) there was rapid cool-
ing at ca. 55 Ma and the thermotectonic layer
is relatively thick. The depositional record of
this area offers no support for an Eocene ex-
humation event (Chediya et a., 1973), during
an interval otherwise characterized by soil for-
mation and slow carbonate deposition associ-
ated with the Kokturpak Formation. If the
slow exhumation rates in the Kyrgyz Range
between 10 and 3 Ma (Bullen, 1999) are con-
sidered, it seems more likely that the same
source rocks were preserved near the surface
between 4.5 and ca. 2 Ma during an interval
of relatively slower erosion.

Late Jurassic (165 = 13 Ma) fission-track
ages constitute the main population in the
lowest detrital sample (Fig. 6) and are the con-
sequence of erosion of old, shallow crust dur-
ing the initial stages of uplift and exhumation.
This homogeneous-age population alows us
to improve upon the estimates from bedrock
thermochronology (Bullen, 1999) to state that
(1) the last regiona cooling event occurred in
the Late Jurassic and (2) the average exhu-
mation rate between 165 and 11 Ma was very
dow (<0.035 km/m.y.). There are aso two
older cooling events apparent from these data:
one in the Permian (ca. 270 Ma) and one in
the Middle Ordovician (471 Ma). Persistence
of these Permian and Ordovician ages indi-
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cates that the total exhumation during the Ju-
rassic was minimal (<2-3 km).

Fission-Track Dating of Modern River
Sediment

Sand from two modern rivers was collected
~76 km apart along the northern flank of the
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Kyrgyz Range (Figs. 2 and 14). The character
of the Kyrgyz Range changes significantly
along strike. The width of the range, as de-
fined by the distance from drainage divide to
the northernmost exposed bedrock, decreases
by a factor of two from Ala Archa (34 km
width) to near the Shamsi River (14 km
width). Maximum summit heights in the head-

waters of the Shamsi catchment are typically
less than 4000 m, whereas those in the Ala
Archa region are as high as 4850 m. Addi-
tionaly, the Shams River effectively marks
an important structura transition, in that the
dominant structural vergence changes from
north (near Ala Archa) to south (east of Sham-
s River).

The sample at the mouth of the Ala Archa
drainage comprises sand from the same drain-
age where the apatite fission-track transect of
Bullen (1999) was collected (Fig. 2). Two
component populations of 17 = 2 and 78 =
2 Ma were statistically separated in this sam-
ple (Fig. 14; Table 1). A second sample of
river sediment was collected 76 km to the east
along the Shamsi River (Fig. 2) in order to
improve our understanding of the spatial de-
velopment of the Kyrgyz Range. This sample
has three component populations (Fig. 14) of
11 = 3,68 = 5, and 149 + 12 Ma (see Table
1).

Interpretation

Fission-track ages from the Ala Archa and
Shamsi Rivers are best understood in the con-
text of the detrital fission-track samples from
the Noruz section (Figs. 6, 11, 14). In these
samples, the decrease in peak ages upward in
the section records unroofing of a crustal col-
umn with distinct age layers (Figs. 10 and 13).
Following this model, the sample from the Ala
Archa River, with peak ages of 17 + 2 and
78 + 9 Ma (Fig. 14), documents exposure and
erosion of rocks that resided within and be-
neath the base of an exhumed apatite PAZ.
The sample from the Shamsi drainage area is
composed predominantly of grains that sat
within and above the apatite PAZ. The low
percentage of grains (~5%) that define the
young peak of 11 Ma in the Shams River
sample suggests that only a small amount of
fully reset rocks are currently exposed at the
surface. Given the older detrital ages, narrow-
er range width, and lower summit elevations
in the eastern section of the Kyrgyz Range, it
seems likely that the Shamsi region has un-
dergone significantly less exhumation than the
Ala Archaregion. This finding may be afunc-
tion of either variable rates of exhumation or
eastward propagation of the Kyrgyz Range.

TECTONIC SYNTHESIS

We propose a four-stage tectonic model for
the northern Tien Shan that involves two pe-
riods of rapid exhumation and relates the de-
positional record to widely cited models for
foreland basins (Fig. 15).
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estimated rates based on strata preserved beneath the dated section.

1. Fission-track thermochronology indicates
that the northern Tien Shan was tectonically
quiescent between 165 and 11 Ma. However,
both drill-hole and outcrop data reveal that
~0.6 km of Cretaceous—Paleogene (and per-
haps lower Miocene) strata were deposited
prior to 11 Ma (Fig. 16A). Asthese older stra-
ta predate uplift of the Kyrgyz Range, we in-

terpret that they represent a distal facies de-
rived from contemporaneous uplift in the
central and/or eastern Tien Shan.

2. Bedrock cooling ages indicate rapid ex-
humation of ~1.5 km in the Kyrgyz Range
between 11 and 10 Ma (Fig. 16B) (Bullen,
1999). Because our record of deposition in the
Chu basin extends only to 9 Ma (base of the

TABLE 1. FISSION-TRACK RESULTS FROM THE DETRITAL SEQUENCE SHED FROM NORTHERN

TIEN SHAN
Sample Strat. Number  Depositional Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
height of grains age (Ma) (Ma) (Ma) (Ma) (Ma)
(m) (Ma)
6 MS 86 0 11+ 3 68 + 5 149 + 12
(Shamsi) m=5% m =37% m = 58%
W=059 W=031 W=0.37
5 MS 83 0 17 = 2 78 + 2
(Ala Archa) m = 64% m = 36%
W=0.72 W=0.53
4 2900 20 ca. 1l 15+ 4 25+ 6 321 * 180
m = 46% m = 49% m = 5%
W=058 W=0.49 W = 0.062
3 2500 38 ca. 2 51 +5 233 =18 471 + 65
= 37% m = 45% w = 18%
W= 0.33 W=025 W=0.32
2 1230 40 45 56 + 7 149 + 17
e =49% m = 51%
W=042 W=041
1 212 67 9.8 165 + 13 264 * 47
m = 79% m =21
W=033 W=0.36

Note: Peak ages are found by using the binomial peak-fitting method of Galbraith (1988) and Galbraith and
Green (1990), from a routine written by Brandon (1996). All peak-age errors are reported at the 1o level. In peak
columns, mr, is proportion of grains that compose a peak, and W is relative width of the binomial peak as a

proportion of its age.
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magnetostratigraphy section), we have no data
with which to interpret the synorogenic de-
positional setting or sedimentation rates. How-
ever, well-log data (Chediya et a., 1973) in-
dicate ~2-3 km of fluviolacustrine Neogene
sedimentary deposits beneath the base of the
Noruz section (Fig. 5). The upper part of this
sequence is likely a repetition of the exposed
Noruz section in the hanging wall of the Issyk
Ata fault (Fig. 5), but the remaining strata
probably comprise both the preorogenic Cre-
taceous—Paleogene (lower Miocene?) Koktur-
pak and Kokomeren Formations and, more
important, upper Miocene deposits associated
with initiation of exhumation in the Kyrgyz
Range. Given the duration of the exhumation
pulse a 11 Ma, the synorogenic sediment
probably accumulated at rates exceeding 0.5
km/m.y. (Fig. 12).

We propose that accelerated loading by the
Kyrgyz Range trapped conglomeratic strata
proximal to the thrust front, ~10-15 km south
of the Noruz section (Fig. 15B) (Beck et a.,
1988; Heller et a., 1988). In this regard, we
propose that the Noruz section was positioned
in a media to distal position within the fore-
land with respect to the Kyrgyz Range during
range initiation at 11 Ma. The playa deposi-
tion that persisted until ca. 8.5 Ma is indica-
tive of conditions in which subsidence out-
paced sediment supply (Beck et al., 1988). We
additionally suggest that fine-grained detritus
was supplied to the Chu basin as the Creta-
ceous—Paleogene strata were stripped off the
Kyrgyz Range. If this is the case, lithologic
characteristics of the source area controlled
the nature of deposition in the adjacent fore-
land (Fig. 15C) (DeCelles et a., 1991). Detri-
tal fission-track ages indicate that the total ex-
humation in the Kyrgyz Range was minor
(<1-2 km) at this time (top panel, Fig. 14).

3. Accumulation rates in the Chu basin de-
celerated to ~0.24 km/m.y. between 8 and 5
Ma, corresponding notably with slower ex-
humation rates of <0.3 km/m.y. in the Kyrgyz
Range (Bullen, 1999) (Fig. 12). To the extent
resolvable with the available time control,
these changes in exhumation and sediment-ac-
cumulation rates were synchronous (Fig. 12).
Despite decreased rates of sediment accumu-
lation after 8 Ma, mean grain size steadily in-
creased during the subsequent 5 m.y. Models
of foreland-basin deposition suggest that when
thrust loading is slower, erosion and subse-
quent isostatic rebound of the hinterland can
result in dispersal of coarse-grained sediments
into the foreland (Fig. 15B) (Heller et a.,
1988; Beck et al., 1988; Burbank, 1992).
Whereas rates of exhumation, and probably
also thrust loading, were slower between 8
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and 5 Ma (Fig. 12), the deformation front still
advanced into the foreland, and the bedrock
source area was therefore in a more proximal
position (Fig. 15A). Additionally, by ca. 8 Ma,
Cenozoic strata would have been stripped off
the Paleozoic rocks of the centra Kyrgyz
Range, exposing more resistant lithologies
(e.g., Ordovician granite) that would contrib-
ute to the upward-coarsening seguence (Fig.
15C). Therefore, we interpret the upward-
coarsening trend to be due to a combination
of (1) isostatic rebound of the Kyrgyz Range,
(2) encroachment of the thrust front, and/or
(3) increased availability of resistant litholo-
gies in the source area.

4. Shortening occurred along the Issyk Ata
fault as deformation propagated into the Chu
basin at 3-2 Ma (Fig. 16D). There is a clear
temporal and structural link between thrusting
along the Issyk Ata fault, rock uplift in the
hinterland, and influx of conglomerates into
the foreland, irrespective of any climatic influ-
ences on rates of erosion or the production of
conglomerates (Figs. 12 and 16) (Molnar and
England, 1990). Rates of conglomerate accu-
mulation accelerated to >0.5 km/m.y. in the
Sharpyldak Formation, significantly exceeding
those in the underlying Chu Formation. Asthe
Issyk Ata fault propagated into the foreland,
it created a piggyback basin on its hanging

wall that acted as a trap to conglomeratic
influx.

CONCLUSIONS

The preceding anaysis provides new in-
sights on the timing and character of defor-
mation in the northern Tien Shan. The value
of such a synthesis is emphasized by consid-
ering the likely interpretation of each method
independently. If the detrital fission-track sig-
nature were evaluated alone, one might con-
clude that uplift commenced at ca. 4.5 Ma,
which is the first time there is a clear indica-
tion that rocks from within the apatite partial
annealing zone (PAZ) were exposed at the sur-
face (Fig. 6). On the basis of classic interpre-
tations of the relationship of thrusting to con-
glomerate deposition (Fig. 15A), deformation
would be defined as beginning at ca 5 Ma,
when conglomerates became more abundant.
In contrast, our data indicate that there may
be a significant temporal lag (5-7 m.y.) be-
tween the initiation of rock uplift and the in-
flux of conglomerates to a site within the ad-
jacent foreland. It is therefore clear that
reliance on any one approach could lead to
significant misinterpretations. Nonetheless,
even after combining a well-defined erosional
history of the hinterland with accumulation
rates and detrital ages in the adjacent foreland,
our proposed tectonic model is, at some level,
incomplete. A detailed study of climate
change in the region could augment or im-
prove upon our interpretations regarding sed-
iment accumulation and hinterland exhuma-
tion. Likewise, additional petrographic and
thermochronologic analysis in the Chu basin
would help eliminate the multiple hypotheses
concerning range propagation, thrust loading
and basin subsidence, and source lithology.

Detrital fission-track ages from the Noruz
section document unroofing of a crustal col-
umn that contained three thermotectonic lay-
ers represented by ages older than 150 Ma,
80-55 Ma, and 20-10 Ma (Fig. 13, Table 1).
These age layers add detail to the age versus
elevation profile documented by Bullen
(1999) and provide independent confirmation
of the preservation of an exhumed apatite PAZ
in the Kyrgyz Range. Bedrock fission-track
ages (Bullen, 1999) demonstrate that exhu-
mation and deformation in the Kyrgyz Range
was complex after 11 Ma, with at least four
intervals defined by changes in exhumation
rate. Rates of deposition in the foreland are
generally synchronous with changes in ero-
sion rates and inferred deformation in the
hinterland.

Fission-track data from modern river sedi-
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ments indicate that the magnitude of erosion
in the hinterland is considerably greater in the
western Kyrgyz Range than it is in the east.
In addition, differences in mean elevation,
width of the range, and degree of preservation
of the pre-Cenozoic unconformity indicate
that more deformation has occurred in the
western Kyrgyz Range. For these reasons, we
propose that deformation has propagated from
west to east along the range.

If previous estimates of late Oligocene to
early Miocene initiation of deformation aong
the southern and eastern margins of the Tien
Shan are correct (Hendrix et a., 1994; Sobel
and Dumitru, 1997; Yin et a., 1998), then de-
formation progressively advanced from south
to north and from east to west. Our data in-
dicate that deformation did not begin in the

Geological Society of America Bulletin, December 2001

Kyrgyz Range prior to the late Miocene.
Widespread Cretaceous—Paleogene (lower
Miocene?) strata mantling the Kyrgyz Range
is consistent with tectonic quiescence across
this region. Additionally, pre-Cretaceous de-
trital fission-track ages from 9 Ma strata in-
dicate that erosion of the Paleozoic bedrock
was minimal at this time.

Finally, on the basis of these data, the caus-
al relationship, if any, between uplift of the
Tibetan Plateau and development of the Tien
Shan remains unclear. Rapid rise of the Ti-
betan Plateau at ca. 8 Ma could haveincreased
the horizontal force transmitted to central Asia
and hence may have been the catalyst for late
Miocene shortening within the Tien Shan
(Molnar et d., 1993). However, given the tem-
poral discrepancy between the time of initia-

tion of deformation in the northern Tien Shan
(11 Ma) and the interpreted time of maximum
uplift of Tibet (8 Ma), either the two events
are not directly related or the rise of the pla-
teau was protracted.
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