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Abstract

The Cenozoic Tian Shan is one of the preeminent examples of an intracontinental orogen. However, there remains a significant
controversy over when deformation related to the India-Asia collision commenced and therefore how shortening within the
mountains has been partitioned over time. One approach has been to look at the modern shortening rate as measured by geodetic
studies, combined with estimates of the total shortening across the range and extrapolate backwards. This approach suggests that
the onset of range construction was ca. 10 Ma [K.Y. Abdrakhmatov, S.A. Aldazhanov, B.H. Hager, M.W. Hamburger, T.A. Herring,
K.B. Kalabaev, K.B. Kalabayev, V.I. Makarov, P. Molnar, S.V. Panasyuk, M.T. Prilepin, R.E. Reilinger, 1.S. Sadybakasov, B.J.
Souter, Y.A. Trapeznikov, V.Y. Tsurkov, A.V. Zubovich, Relatively recent construction of the Tien Shan inferred from GPS
measurements of present-day crustal deformation rates, Nature 384 (6608) (1996) 450—453]. An alternate method is to determine
the age of the onset of exhumation using thermochronology. We present 19 new apatite fission-track (AFT) results from the
southwestern Chinese portion of the belt; this region represents the first area exhumed during the late Tertiary along a transect at ca.
76°E. Exhumation commenced at the Oligocene—Miocene boundary (~ 24 Ma) along the Maidan and Muziduke thrusts, which
bound the southern side of the Kokshaal range. Subsequently, deformation propagated ca. 20 km south to the Kashi basin-bounding
thrust (KBT), which was exhumed by no earlier than 18.9+£3.3 Ma. Three detrital AFT samples from Plio-Pleistocene strata
deposited ca. 20 km farther south contain fission track grain age peaks that young monotonically upwards from 20.9+7.0/— 5.3 Ma
to 15.9+5.4/— 4.0 Ma with a fairly constant lag time of 16 to 18 Ma. These ages, combined with structural data, suggest that both
the hanging wall and the footwall of the KBT experienced a renewed episode of exhumation during the latest Cenozoic. The
discrepancy between the Late Oligocene—Miocene initiation of significant exhumation shown herein and the 10 Ma initiation
estimate from geodesy suggests that the Tian Shan has undergone a complex Late Cenozoic shortening history. Assuming that the
present shortening rate could account for the total amount of Cenozoic shortening in 10 Ma and realizing that shortening initiated at
least 15 Myr earlier, we conclude that the shortening rate must have varied over time, possibly in pulsed-southward migrating
events, and that the present rate may not reflect the average rate since initiation of range uplift.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The 2500 km long Tian Shan comprise the most
significant Central Asian topography north of the
Tibetan Plateau, with several peaks exceeding
7000 m. Situated between the enormous Tarim basin
to the south and the Chu and Junggar basins to the
north (Fig. 1), this region forms one of the world’s best
expressed intracontinental mountain belts. Deformation
is driven by the active continental collision between
India and Asia, located up to 1500 km to the south. We
focus on the portion of the range between the Talas
Ferghana fault and the region with the highest peaks:
the Kyrgyz Central Tian Shan and the Chinese Western
Tian Shan. There, the present-day structure of the
reverse- and thrust-fault bounded Tian Shan consists of
roughly E—W-trending ranges separated by roughly
parallel thick late Cenozoic sedimentary basins (e.g.,
[1]). At present, dominantly contractile seismicity and
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deformation are distributed across the width of the
orogen (e.g., [2—4]) and geodetic studies document a
continuous gradient of shortening between Kashgar and
Bishkek [5,6].

Although present-day deformation is evenly distrib-
uted, the early stages of range growth are poorly
constrained. Key questions are when and where this
shortening commenced. One approach has been to look
at the modern shortening rate as measured by geodetic
studies [5—7], estimates of the total shortening across
the range [8], and extrapolate backwards. Modern
shortening rates across the entire range are estimated
to be 19+£3 mm/yr at 76°E (Fig. 1). This value [5,6]
comprises a significant proportion of the present
geodetically-determined India-Eurasia convergence
rate of 35 mm/yr (REVEL, [9]). Avouac et. al. [8]
estimated 203+50 km of shortening across 76°E
longitude based on area-balancing of the assumed
crustal thickening under the mountain belt and adding

Fig. 1. (A) Topographic map of central Asia, showing locations of the Tian Shan with respect to adjacent plateaus and basins. (B) Topography of the
Tian Shan derived from GTOPO30 digital elevation model. Shortening in the Tian Shan has been linked with 7+2.5° clockwise rotation of the Tarim
block about the pivot point shown at 96°E [8]. The Ferghana basin has rotated counterclockwise 26°+7° about the pivot shown at ~ 70°E [51].
Arrows and rates (mm/yr) denote GPS-derived estimates for the present shortening rate across the range [5—7]. HP is Haxilegen Pass; YP is

Yuximelegai Pass. Kashi is also known as Kashgar.
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sediment lost by erosion, taking into account the
isostatic response. Using 200 km of shortening and
20 mm/yr deformation rate, this approach suggests that
the onset of range construction was ca. 10 Ma [5]. While
much of the GPS data have been collected in the Kyrgyz
Tian Shan, the majority of the geological evidence has
been obtained from regions ca. 500 km to the east. This
raises the possibility that the onset of shortening could
vary along strike within the Tian Shan.

A traditional method for determining the onset of
shortening is to examine the sediments stored in the
adjacent foreland basin. The Tarim and Junggar basins
lie on the south and north sides of the Tian Shan,
respectively. Unfortunately, non-marine Oligo-Miocene
stratigraphy from these basins has poor biostratigraphic
resolution and a complete absence of volcanic ashes,
making accurate stratigraphic age determinations diffi-
cult. Yin et al. [10] proposed an Early Miocene age of
shortening based on rough magnetostratigraphic dating
of the onset of conglomerate deposition in the Kuqa
region; however, a new, higher resolution magnetos-
tratigraphic data for this section (the Qiulitagh anticline)
yields a Middle to Late Miocene age for this
conglomerate [11]. Indeed, magnetostratigraphic studies
in the Kashi Basin show that prominent range-bounding
conglomerates are time-transgressive [12—14]; there-
fore, the onset of more rapid exhumation and/or more
proximal thrusting could have started even earlier than
any single age reported from a basin. Based on an
evaluation of mass accumulation in these basins,
Meétivier and Gaudemer [15] suggested that the onset
of shortening was ca. 16 Ma, although the underlying
stratigraphic resolution can be debated. Reflection
seismic data from the subsurface south of Kuga shows
an angular unconformity above the late Oligocene
Suweiyi Formation [16], indicating that the onset of
deformation at this locality (slightly) post-dates this
time.

Alternatively, one can examine thermochronologic
data to constrain the onset of cooling. We assume that
this cooling is linked with exhumation driven by crustal
shortening, although cooling may lag behind the onset
of deformation (e.g., [17] and references therein).
Apatite fission-track cooling ages from a vertical profile
along the north flank of the Tian Shan adjacent to the
Junggar Basin, near Manas, and from detrital grains
deposited in Miocene sandstones from the NW Tarim
basin suggest that shortening commenced around the
Oligocene—Miocene boundary [18,19].

Using apatite fission-track thermochronology, we
have studied the cooling history of every major
topographic range along a transect between Kashgar

and Bishkek ([19-21], Sobel, unpublished); in this
study, we report on the area hosting the oldest Cenozoic
results. These data constrain the onset of exhumation
along the southern flank of the Tian Shan at 76°E. In
turn, we address whether the shortening rate has varied
since the onset of deformation.

2. Geologic setting

The Tian Shan records a complex Paleozoic history
of island arc accretion (e.g., [22,23]). The final ocean
closure occurred in the Late Carboniferous—Early
Permian, represented by ophiolites and eclogite in the
Atbashi range in southern Kyrgyzstan, ca. 100 km north
of our study area [24,25]. Suturing was followed by
Permian orogen-parallel strike-slip deformation (e.g.,
[26,27]). Although episodes of intracontinental defor-
mation driven by distal plate margin tectonism occurred
during the Early—Middle Jurassic and the Late Jurassic—
Cretaceous (e.g., [28]), in the immediate study area,
Mesozoic tectonism resulted in little measurable
exhumation [19,20].

The deformation style of the study area is illustrated
by a geologic map and cross-section from the Kokshaal
range south to the Tarim basin (Fig. 2). The cross-
section cannot be balanced because hanging-wall cut-
offs have been eroded, one fault is poorly exposed, and
some faults are parallel to bedding. From north to south,
the region is characterized by three main kinematic
elements: (1) two major south-vergent faults bounding
the range that represent the Cenozoic reactivation of a
late Paleozoic thrust system [29]. The northernmost, the
South Tian Shan Fault, can be traced eastwards for over
850 km [30]; both footwall and hanging-wall units are
comprised of Paleozoic sediments. In the study area, this
fault is known as the Maidan fault; we use this name
herein. The Maidan fault appears to be kinematically-
linked with the Talas-Ferghana dextral fault to the west,
which has had 60+10 km of Late Cenozoic dextral slip
[31]. South of the Maidan fault lies a narrow belt of
folded Paleozoic units that is in turn bounded on the
south by the Muziduke fault. This thrust fault is well
defined ca. 40—50 km along strike to the east [32,29].
However, in our study area, extensive Quaternary
deposits obscure the fault (compare Fig. 2A and B).
Detailed geological maps of the Kokshaal range north of
the Maidan fault are unavailable and we were unable to
visit this region due to the proximity of the international
border; however, no major faults are reported from this
region. In addition, a late Cretaceous regional erosion
surface is preserved on the north flank of the range, ca.
20 km north of the fault (Fig. 2A), implying that there
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Fig. 2. (A) Shaded relief 90 m digital elevation model of the study area, showing sample locations. Rectangle marks location of (B). Samples W1-W6
are from the Wenguri locality [19]; data are presented in Tables 1 and 2. Sample K10 is from the Kuzigongsu locality [19]; this is the youngest, reset
component from a stratigraphic sequence of 10 samples. (B) Geological map of the study area, modified from Scharer et al. [50] and unpublished
work by Heermance and Chen. Apatite fission-track ages shown correspond to sample numbers in (A). Ages with * are detrital samples. A—A’ shows
the location of the cross-section shown in (C). (C) Cross-section through the study area, showing major faults.
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are no major, datable Cenozoic structures in that region.
(2) The Kashi Foreland Basin is ~ 160 km long by
70 km wide. The basement Paleozoic series is thicker
and better exposed in the Kalpin Tagh thrust belt, ca.
50 km along strike to the east. Lower Cretaceous fine-
grained sandstones and thin (<50 m thick) Paleogene
shallow marine deposits unconformably overlie the
Permian in the southwestern part of the study area; these
pinch out to the east [33]. Although thick Jurassic strata
outcrop to the west of the Talas-Ferghana fault, they are
absent in the study area. A 6- to 10-km-thick sequence
of late Early Miocene and younger strata paraconform-
ably overlies the Cretaceous and Paleogene deposits.
The northern basin margin is defined by the Kashi basin-
bounding thrust fault (KBT), which places Paleozoic
strata over Tertiary conglomerates. The KBT fault is
now upright and overturned, suggesting that a younger
fault further south, the Middle Kashi basin thrust fault
(MKBT, also called the Kepingtagh-Tashipisake fault),
has uplifted and deformed both the hanging wall and the
footwall of this structure. The structural style changes
from north to south, varying from an imbricated thrust
stack (KBT and MKBT, where slices of Paleozoic strata
making up the former Tarim platform are thrust south
toward the basin) and associated fault-related folds
(Keketamu anticline pairs) in the northern part of the
basin, to distinctive Quaternary detachment folds
(Atushi-Talanghe fold, Kashi-Mingyaole fold) along
the southern front of the fold-and-thrust belt (Fig. 2B).
The wavelength of the major structures within the Kashi
basin varies from 5 to 10 km, with the shorter
wavelengths corresponding to structures with greater
shortening magnitude. Palinspastic reconstructions
across the basin indicate that >20 km of shortening is
accommodated on these five major structures [34]. The
age of the Tertiary sediments is constrained by
magnetostratigraphy throughout the basin. Deformation
in the medial basin at the Keketamu anticline initiated
between 4.5 and 5.0 Ma, based on the age of growth
strata. Further north in the “proximal” basin adjacent to
the KBT fault, syn-tectonic Tertiary stratigraphy is
potentially as old as 18 Ma [14]. Detachment folding in
the distal (southern) basin began recently at 2 Ma, based
on the age of growth strata [12,35]. These ages indicate
that deformation has been progressing southward into
the Kashi basin since the onset of basin formation. (3)
The Tarim craton, with little internal deformation, dips
gently northwest below the sediment-filled Kashi
foreland basin.

Apatite fission-track (AFT) data from an over 6 km
thick composite section of Precambrian through Perm-
ian strata in the eastern Kalpin Tagh document a strong

late Paleozoic exhumation event [20]. Track length
modeling combined with stratigraphic analysis suggests
ca. 5 km of exhumation commenced at ca. 250+ 10 Ma.
Permian exhumation was apparently driven by the
collision between the Tarim-South Tian Shan and the
Central Tian Shan blocks [20]. This exhumation event
apparently affected our study area as well, providing a
general AFT reference age.

Two Cretaceous and four Miocene fine-grained
sandstones from the Wenguri section were previously
analyzed for AFT [19,20]; the data are listed in Table 1.
The Cretaceous samples yielded detrital ages of 141+13
and 155+ 11 Ma; modeling yielded provenance ages of
160-260 Ma that were subjected to maximum Cenozoic
burial temperatures of 80-90 °C. The basal age of the
Cenozoic strata has been refined to ca. 18 Ma based on
magnetostratigraphy [14]. All of the overlying samples
contain three age components. The oldest is similar to
the Cretaceous samples; the youngest generally youngs
upsection, with ages of 23.5+3.9, 25.0+£3.9, 16.9+2.7
and 13.1+2.2 Ma (Table 2). Mean track length generally
increases upsection, suggesting that Cenozoic heating
was caused by burial beneath late Cenozoic strata, and
possibly also by south-vergent overthrusting by the
KBT and MKBT. The Oligo-Miocene ages are inter-
preted as reflecting the onset of exhumation in the South
Tian Shan; however, the source area for the sediments
could not be determined [19]. Younger thrusting has
propagated southward into the Tarim basin. This is
documented by exhumation of the thick Kuzigongsu
section at 13.6+2.2 Ma along a south-vergent thrust
located south of the section (Fig. 2A) [19].

3. Fission-track methodology

The study area is characterized by thrusts and folds,
suggesting that exhumation driven by contractile
deformation and erosion is the primary mechanism for
late Cenozoic cooling. In this setting, apatite fission-
track cooling ages from rocks that have been exhumed
from above the total annealing temperature can provide
a close approximation of the deformation age (e.g.,
[36]). For moderately rapidly cooled (10 °C/Ma)
apatites with between 0.03 and 0.10 wt.% CI, typical
of this study, the total annealing temperature is ~ 105 to
110 °C [37]. Samples that were above the total
annealing isotherm prior to Cenozoic exhumation
resided in the (now exhumed) partial annealing zone
(PAZ) for some period of time and therefore have ages
reflecting the penultimate cooling event, (strongly)
modified by partial annealing (e.g., [21]). In this study,
partially reset samples have Cretaceous and older ages



Table 1
Apatite fission-track data

Sample Litho. N lat. E long. Elevation No NS Rho-S NI Rho-I ND Rho-D P(¥) Age +lo U Zeta Cl Stdev. Length Error Stdev. No. Etch
age (deg.) (deg.) (m) Xls (x10°%) (x10°% (x10% (%)  (Ma) error (ppm) (Wt.%) (um)  (um) (um)  length
Hanging wall of Maidan fault
03-FT4 C 40.1216 757686 2579 17 149 0.3701 1482 3.6810 4938 1.2253 96 227 20 38 370 13.58 1 C
I9WT-11 C 40.1189 757697 2637 23 203 2.5120 1568  1.9400 7204 1.1080 33 258 24 22 361 0.04 0.07 1349 035 0.77 5 B
03-FT3 C 40.1096 757793 2552 32 224 0.2938 2562 3.3600 4938 12296 55 198 1.5 34 370 12.61 1.87  4.19 5 C
Hanging wall of Muziduke fault
03-FT2 C 40.0988 75.7847 2544 21 442 0.7871 733 1.3050 4938 1.2339 4 1352 10.7 13 370 11.21  0.80 2.41 9 C
99WT-13 C 40.0978 757878 2540 20 906 0.9368 1459 1.5090 7204 1.1160 0 1124 83 17 361  0.09 0.15 1098 037 243 43 A
99WT-1 C 40.1581  76.0036 2400 14 620 1.1860 1085  2.0760 7204 1.0730 6 1124 63 24 361 0.04 0.07 12.00 036 2.13 36 B
9WT-2 C 40.1406  76.0061 2350 19 612 1.3050 694  1.4800 7204 1.0820 20 169.9 135 17 361 0.02 0.04 947 081 352 19 A
99WT-3 C 40.1275  76.0139 2325 23 544 1.5540 1464  4.1830 7204 1.0900 0 79.0 6.6 48 361 0.10 0.12 11.10 030 2.51 71 A
9WT4 C 40.1089  76.0228 2255 6 20 1.7110 158 1.3520 7204 1.0990 68 257 6.1 15 361 0.03 0.02 12.10 140 240 3 A
03-FT1 C 40.0480 757665 2392 8 15 0.1465 189  1.8460 4938 1.2382 5 181 49 19 370 10.14 1 C
Hanging wall of KBT fault
04TW-02 Pz (P?) 39.9328 76.0757 1740 20 519 0.7898 1252 1.905 4566 1.0841 1 8.5 69 22 370 1236 025 199 61 D
04TW-01 Pz (P?) 39.9253  76.0758 1740 14 36 0.1227 382 1.302 4566 1.0893 66 189 33 15 370 D
Footwall of KBT fault
99WT-16 P 39.8761 75.9414 1930 20 1315 2.4930 1194 22640 7204 1.1250 2 2155 120 25 361 0.09 0.11 12.31 0.17 1.72 100 B
99WT-17 P 39.8689 75.9414 1933 19 1151 23059 1167 23380 7204 1.1331 85 2033 9.7 26 370 12.02 026 1.62 106 A
KA2 K 39.8583 75.792 1950 14 882 1.528 1292 2.2390 5291 1.2883 0 1582 11.1 22 370 1255 022  1.64 53 C
Footwall of MKBT;: Wenguri section (from Sobel and Dumitru, 1997)
W6 K 39.7958 75.7867 1880 20 990 1.729 1621  2.831 6447 1457 <0.1 1550 11.0 29 361 1092 0.16 1.64 100 E
W5 K 19 718 0.824 1396  1.603 4609 1.571 <0.1 141.0 13.0 14 386 11.51  0.15 1.45 100 E
W4 Mio 40 953  1.068 5383 6.032 6447 1.452 <0.1 460 6.2 57 361 11.71  0.18 1.78 101 E
W3 Mio 39.7917 75.7892 1880 50 1703 1.171 10,223 7.03 6447 1.452 <0.1 463 56 61 361 11.66  0.18 1.82 100 E
w2 Mio 32 569 1.057 6923 12.85 6447 1.448 <0.1 241 32 130 361 1271 0.19 193 100 E
Wi Mio 32 449 0.64 7087 10.1 4609 1.565 <0.1 184 3.1 90 361 13.24 41 E
Kalpin Tagh
99WT-48 D 39.9739 77.1258 1750 18 1818 1.6710 2444 22460 7204 12100 21 1642 64 23 361 0.10 0.12 11.85  0.18 1.96 125 B
Boguzihe magnetostratigraphic section
99WT-54  modemn 39.7492  76.0781 1440 18 675 0.5833 1256 1.0850 7204 1.2270 0 83.0 233 11 361 12.87 024 147 38 B
99WT-18 Plio; top ~ 39.7225 76.1258 1380 34 503 0.2762 2400  1.3180 7204 1.1420 0 40.7 7.0 14 361 1333 028 1.65 34 B
99WT-55 Plio; base 39.7347 76.1228 1370 37 1819 0.9481 4558  2.3760 7204 1.2350 0 81.7 11.9 24 361  0.05 0.11 1257  0.18 1.64 81 B

Age: D is Devonian, C is Carboniferous, P is Permian, K is Cretaceous, Mio is Miocene, Plio is Pliocene, No Xls, number of individual grains dated per sample; NS, number of spontaneous tracks counted; Rho-S, spontaneous
track density; NI, number of induced tracks counted; Rho-1I, induced track density in external detector; ND, number of tracks counted in determining Rho-D; Rho-D, induced track density in external detector adjacent to CN-5
dosimetry glass; P(y%) (%), chi-square probability. Samples analyzed following the procedures described in [17]. All apatites from this study were etched with 5.5 mol nitric acid. (A) 20's, 23 °C; (B) 23 s, 23 °C; (C) 20 s, 20.9 °C;
(D) 205,21.0 °C; (E) 5.0 mol nitric acid, 20 s, room temperature. Samples were irradiated at Oregon State University. Following irradiation, the mica external detectors were etched with 21 °C, 40% hydrofluoric acid for 45 min.
The pooled (central) age is reported for samples that pass (fail) the o test [38,39]; error is one sigma, calculated using the zeta calibration method [52] with zeta of 361+20 or 369.6+7.6 for apatite (E. Sobel, unpublished) for
samples analyzed prior to or after mid-2002, respectively. Wenguri samples calculated with zeta of 361.5 (E. Sobel, unpublished, 1993) or 385.9 (T. Dumitru, unpublished, 1993).

18-0L (9007) L#T 401127 222108 A1DJ2UD]] PUD YLIDF / “[D 12 [2GOS Y 5

SL
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Table 2
Apatite fission-track grain age components

Sample Dep. age No. No. pop 1 —Error + Error pop2 — Error + Error pop3  — Error + Error pop4 — Error + Error
(Ma) grains pops DI D2 D3 D4

Boguzihe section

99WT-54 0 18 2 159 4.0 5.4 2552 292 32.8

% of sample 60.7 39.3

99WT-18 1.7 34 3 19.0 4.0 5.1 674 10.6 12.6 299.2 1329 2347

% of sample 52.7 43.8 3.5

99WT-55 3.0 37 3 209 53 7.0 43.8 7.4 8.9 166.2  20.1 22.8

% of sample 31.3 22.0 46.7

Wenguri section, from [19]

W1 <18 41 3 13.11 2.17 2.17 33.48 4.26 426 13441 21.05 21.05

% of sample 84 13 3

w2 <18 100 3 16.94 2.72 2.72 40.57  6.67 6.67 99.75 12.68  12.68

% of sample 82 12 7

W3 <18 100 3 25.01 3.88 3.88 10412 549 549 180.2 1837 1837

% of sample 73 21 6

w4 18 101 3 23.53 3.89 3.89 51.78  3.98 398 14695 10.62  10.62

% of sample 57 27 16

All errors are +£95% CE. Population ages and errors are in Ma. Boguzihe components calculated using the BINOMFIT program [42]; see text for
details. Wenguri data are taken from [19]. Different populations in the two sections are not necessarily correlated; i.e., D2 Boguzihe may correspond

to a different source than D2 Wenguri.

and shortened track length distributions while reset
samples have Late Oligocene to Miocene ages.

Sample preparation and analytical details follow
[17]; additional details are presented in Table 1. All
analytical results are presented in Fig. DR1 in Appendix
A. Many samples yielded only small amounts of apatite.
The young apatite samples provided very few horizontal
confined track-length measurements; up to 125 track
lengths were measured from older samples. The pooled
(central) age is reported for samples that pass (fail) the
%% test [38,39], indicating a concordant (discordant)
population of grains. To assess the Cl content of the
apatite [40], nine samples were analyzed with a
CAMECA SX-100 electron microprobe (Table 1). For
these samples, every crystal with a single grain age or a
confined track-length measurement was probed. Al-
though some samples have multiple compositions,
virtually all grains have wt.% Cl between 0.00 and
0.20 (Fig. DRI in Appendix A).

4. Results

Two sampling transects were collected across the
southern margin of the range (Figs. 2 and DRI in
Appendix A; Table 1). Together, these samples are from
both the South Tian Shan (Maidan) and the Muziduke
faults. Three apatite-bearing samples were collected
from the hanging wall of the Maidan fault along the
western transect. Samples 99WT-11 and 03-FT4 are

about 2.4-2.7 km north of the fault and have ages of
25.8+£2.4 and 22.7+2.0 Ma, respectively; sample 03-
FT3 is located 1.1 km from the fault and has an age of
19.8+1.5 Ma. Samples from the footwall of the Maidan
fault yield Mesozoic ages close to the Maidan fault and
Miocene ages adjacent to the Muziduke fault. The
Mesozoic samples have shortened track-length distribu-
tions. The youngest of these, 99WT-3, is about 7 km
SSE of the fault and has an age of 79.0+£6.6 Ma, a mean
track length of 11.10+0.30 pm, and multicompositional
apatite with a mean of 0.10 wt.% CI. Only 71 confined
track lengths could be measured, sufficient for modeling
with moderate resolution. Modeling using the AFT-
Solve program [41] suggests that the sample experi-
enced 20 to 52 °C of Miocene reheating followed by
Miocene or Pliocene exhumation (Fig. 3). Reheating
was likely caused by burial beneath either the hanging
wall of the Maidan thrust or sediment eroded from the
thrust; this burial heating significantly reduced the
apparent age of the sample. The two southernmost
samples, 99WT-4 and 03-FT1, have ages of 25.7+6.1
and 18.1+4.9 Ma, respectively; the younger of these
fails the chi-squared test. These two samples are just
north of the south-vergent Muziduke fault.
Unfortunately, exposures of Paleozoic strata imme-
diately to the south of the Muziduke fault are sparse.
Two Permian sandstone samples were analyzed from the
hanging wall of the KBT. The southern, 04TW-01,
yielded a pooled age of 18.9+3.3 Ma; the northern,
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Fig. 3. Representative AFTSolve track-length model for sample
99WT-3, using the dominant apatite composition of 0.12 wt.% CL
Models were run with 4 constraints. Models were started at 195 Ma,
with a temperature range between 70 and 155 °C, such that all tracks
initially formed could be completely annealed. The next constraint at
45 Ma (24-128 °C) postdates formation of the regional erosion
surface. The observed shortened track-length distributions require a
late-stage heating event such as might be caused by burial beneath a
sedimentary basin. Nine runs were made, with the onset of modeled
cooling shifted stepwise between 19 and 4 Ma. At this time, the model
permitted sample temperatures between 43 °C and 122 °C. Acceptable
fits were not limited by the temperature or the position of the
constraints, with the exception of the age of final cooling. Temperature
paths between adjacent constraints had 8 segments. Heating and
cooling rates were not constrained. Each model run had 10,000
iterations, using a Monte Carlo approach. Models cannot constrain the
time of the final cooling event; however, they provide good constraints
on the magnitude of this cooling. The average maximum reheating
temperature was ca. 90 °C (best fit)=ca. 10 °C (good fits); average
reheating temperature was ca. 38 °C (best fit)+14/— 18 °C (good fits).
The total annealing temperature for this sample history is ca. 110 °C.

04TW-02, yielded a central age of 83.5+6.9 Ma. These
samples are 0.1 and 0.8 km north of the KBT fault,
respectively. Apparently the amount of exhumation
decreases north away from the fault, such that the nearer
sample was exhumed from depths below the total
annealing isotherm while the farther sample was
exhumed from a position within the partial annealing
zone. This is a likely scenario because 04TW-01 would
have been stratigraphically below the KBT at the
initiation of exhumation but has since been exhumed
through the PAZ and rotated along with the KBT in the
hanging wall of the MKBT, so now both the KBT and
Paleozoic strata are overturned at this locality.

A group of samples were analyzed from the footwall
of the KBT. Two Permian sandstone samples ~ 2.5 km
south of the fault yielded a central age of 215+12 Ma
with a mean track length of 12.31+0.17 pm (99WT-16)
and a pooled age of 203.3+9.7 Ma with a mean track

length of 12.02+0.26 pm (99WT-17). A Devonian
sandstone 90 km to the east, on the western margin of
the Kalpin Tagh, yielded an age of 164+6 Ma and a
mean track length of 11.85+0.18 um (99WT-48). These
results are generally compatible with the thermal history
determined for the Kalpin Tagh by Dumitru et al. [20],
suggesting that the study area experienced a strong
exhumation event that commenced during the latest
Paleozoic or earliest Mesozoic. A Cretaceous sandstone
sample, KA?2, yielded a central age of 158+11 Ma and a
mean track length of 12.55+0.22 pm; quite similar to
results from Cretaceous sandstones sampled at the
Wenguri section, 7 km to the south, reported by Sobel
and Dumitru [19]. The Cretaceous sandstones were
apparently sourced from adjacent Paleozoic units [19].
Samples 99WT-55, 99WT-18, 99WT-54 were ana-
lyzed from the Boguzihe paleomagnetic stratigraphic
section from the Atushi-Talanghe anticline, with
depositional ages of 3.0, 1.7, and 0 (modern) Ma [12],
respectively. Fission Track Grain Age components
(FTGA) were determined using BINOMFIT [42] and
are shown in Table 2. Examination of these components
suggests that they belong to 3 discrete age groups,

Young component: Boguzihe section

FTGA Age (Ma)

Depositional Age (Ma)
n
T

Fig. 4. Lag time plot for the Boguzihe section. Depositional ages are
based on paleomagnetic stratigraphy [12]. Dashed grey lines show
constant lag time. Only the youngest fission-track grain age
component is shown here; the full data set is shown in the data
repository. Data are presented in Table 2.
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labeled D1, D2 and D3. Although relatively few apatite
crystals could be counted, the youngest component of
the three samples reveals a clear trend. This D1 detrital
path has ages that young monotonically upwards from
20.9+7.0/— 5.3 Mato 19.0+5.1/— 4.0 Ma to 15.9+5.4/
— 4.0 Ma and has a fairly constant lag time of 16 to
18 Ma (Fig. 4). Although the onset of exhumation in
the source area cannot be defined from this data, the
ages are similar to those sampled from outcrops in the
Kokshaal range. The source area represented by the
D2 path (43.8+8.9/— 7.4 and 67.4+12.6/— 10.6 Ma;
Table 2) has not yet been identified in the landscape; the
lack of known tectonism of this age suggests that the
grains were sourced from an exhumed partial annealing
zone that formerly overlay either the Kokshaal range
or the hanging wall of the KBT. The ages comprising
the D3 path (166+23/— 20, 299+235/— 133, 255+33/
— 29 Ma; Table 2) could represent the end Paleozoic
thermal event. The younging-upsection DI path sug-
gests that most of the apatite in this section is not
recycled from the Late Cenozoic strata exposed south
of the Kokshaal range. The observation that the hang-
ing wall and footwall of the KBT have experienced a
young episode of deformation and likely exhumation
suggests that this region is the source area for the de-
trital sediments.

The procedure used to derive the average exhumation
rate of a hinterland source from a population of
thermochronologic data collected through a reasonably
well-dated sedimentary sequence is discussed by Garver
et al. [43]. Assuming a closure temperature of 105+5 °C
(appropriate for the observed Cl content; [37]), a surface
temperature of 10 °C, and a geothermal gradient of
2243 °C/km (compatible with organic maturity studies
and downhole temperatures from the southwest Tarim
basin [19,44,45]) implies a closure depth of 3.3 to
5.6 km. Given the D1 lag time of 16 to 18 Ma, the long-
term exhumation rate in the source area would be 0.2 to
0.3 mm/yr, although this has likely varied over time.

5. Discussion

We interpret the AFT ages from the hanging wall of
the Maidan and Muziduke faults as reflecting thrust-
driven exhumation beginning in the latest Oligocene—
Early Miocene and continuing for at least several
million years. The quality of the data do not conclu-
sively show that the southern fault is the younger of the
two, although this would be the predicted deformation
pattern if we assume southward propagating deforma-
tion [46]. The pattern of faulting depicted in Fig. 2B
suggests that Talas-Ferghana fault also became active at

this time. There is no indication of another significant
structure farther north within this range. At the longitude
of this study, every major range within the Tian Shan
north of the Kokshaal range has been investigated
thermochronologically ([20,21,47]; Sobel, unpub-
lished); none yield older Cenozoic reset cooling ages.
South of the Muziduke fault, the only samples which
yielded a reset AFT cooling age come from the hanging
wall of the KBT and the Kuzigongsu section; the ages
are ecarly and middle Miocene, respectively. Other
samples from Paleozoic and Mesozoic strata have
experienced too little exhumation to be dated by AFT.
The younger suite of FTGA from Miocene strata at
Wenguri [19] and from Pliocene and younger sediment
from the Boguzihe section yield ages around the Oligo-
Miocene boundary. Therefore, we conclude that the
Maidan fault zone represents the first significant
contractile deformation in the Tian Shan at this
longitude. Sediment derived from this exhumed region
has likely provided a significant portion of the material
deposited in the foreland basin to the south. The thrust
belt propagated southward less than ca. 50 km between
ca. 25 and 13 Ma.

The detrital grains preserved at the Wenguri section
suggest moderately rapid exhumation in the source area
between ca. 25 and 13 Ma; it is possible that the younger
ages were derived from either the Kuzigongsu section,
located to the west (Fig. 2A, [19]) or the hanging wall of
the KBT to the north. The basal sample, with a
minimum FTGA of ca. 25 Ma, was deposited at ca.
18 Ma [14], implying a lag time of ca. 7 Ma. The 3 to
0 Ma Boguzihe section yields minimum FTGA between
ca. 21 and 16 Ma and lag times of 16 to 18 Ma. The
similar age range and increasing lag times implies that
relatively little bedrock exhumation occurred in the
interval between 18 and 3 Ma. Indeed, the oldest
Boguzihe ages suggest that the source area might have
been rejuvenated during the Pliocene in the hanging
wall of a southward propagating structure located to the
north, such as the Keketamu fold or related structure.
This agrees with the observation that the inferred source
area, the hanging wall of the KBT, appears to have been
recently deformed. The generally low relief of the study
area despite the magnitude of exhumation required to
expose reset AFT samples likely reflects the low
erosional resistance of the sedimentary strata, particu-
larly the Tertiary units.

Several attempts to estimate the onset of deformation
in the Tian Shan have been made by dividing the total
shortening across the range by the present shortening
rate. Modern shortening rates across the entire range are
estimated to be 1943 mm/yr at 76°E and decrease to
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4.7+1.5 mm/yr between 81 and 85°E and <1 mm/yr
between 86 and 87°E (Fig. 1) [5-7]. As mentioned
above, one such estimate at 76°E uses the ~ 200+50 km
shortening estimate of Avouac et al. [8] with the 20 mm/
yr GPS-derived shortening rate of Abdrakhmatov et al.
[5] to infer that shortening initiated at ~ 10 Ma.
However, no geologic cross-section has validated this
total shortening across the range, and this method only
accounts for deformation along the north and south
margin of the Tian Shan, and not the intra-belt
deformation [3], so this may represent minimum
shortening values. Indeed, recognizing the uncertainty
in this and other shortening estimates, Abdrakhmatov et
al. [5] noted that deformation could have begun as early
as 20—30 Myr or much more recently than 10 Ma. More
recently, four preliminary magnetostratigraphic sections
from the Kyrgyz portion of the Tian Shan, combined
with structural studies, paleoseismology and GPS data
have been interpreted as suggesting that the portion of
the orogen north of the Kokshaal range, at approxi-
mately 76°E, experienced 35-80 km of shortening
commencing at a slow rate at ca. 12 Ma and accelerating
in the last 3—7 Ma [48]. Estimates have also been made
for the Talas-Ferghana dextral fault, which crosscuts the
range. Radiocarbon dating of geomorphic features offset
across this fault suggest a Holocene slip rate of
~10 mm/yr; combined with estimates of no more than
100 km of Cenozoic slip, this suggests that the fault
could have initiated within the last 10 Ma [31].

The discrepancy between the Late Oligocene—
Miocene initiation of significant exhumation documen-
ted herein and the estimate of either a 10 Ma initiation
predicted from geodetic measurements [5] or a 12 Ma
initiation predicted from structural geology and stratig-
raphy [48] suggests that the Tian Shan at 76°E has
undergone a complex Late Cenozoic shortening history.
Indeed, Charreau et al. [11] showed that the sediment
deposition rate in the northern Tarim basin at the
Qiulitagh anticline (Fig. 1) doubled at 11 Myr; the
authors attributed this to an acceleration of uplift and
erosion of the Tian Shan at this time. It is possible that
deformation along the southern margin of the Tian Shan
has migrated south in distinct, pulsed events of
heightened deformation on specific structures (KBT,
MKBT, Keketamu Anticline, Atushi Anticline, Kashi
Anticline), but these periods of deformation may be
separated by periods of tectonic quiescence. Hence, the
present day rate may represent a period of increased
tectonic activity that is not indicative of the long-term
average. Assuming that the present shortening rate
could account for the total amount of Cenozoic
shortening in 10 Ma and realizing that shortening

initiated at least 15 Myr earlier, we conclude that the
shortening rate must have increased over the last
10 Myr, although the exact timing is uncertain. A
similar conclusion was reached by Reigber et al. [6].
The displacement history of the Talas-Ferghana fault
likely has varied in a similar way.

Estimates of bulk crustal shortening (125 km at 84°E,
200 km at 76°E) as well as geodetically-determined
shortening patterns show a westward-increasing orogen-
normal shortening pattern [7,8]. This pattern has been
interpreted as reflecting 7+2.5° clockwise rotation of
the Tarim Block about a pole located at the eastern end
of the range (~ 96°E) that commenced at 16+22/— 9 Ma
[8,15]. To date, only 2 locations have yielded well-
defined Oligo-Miocene cooling ages within the Tian
Shan: Manas (Fig. 1, [18]) and the South Tian Shan (this
study; [19]). Two additional localities within the interior
of the range, between Kuqa and Manas (HP and YP, Fig.
1), yield poorly-defined Late Cenozoic cooling ages,
associated with orogen-parallel strike-slip fault systems
[20]. Seismic reflection data suggest a similar age for an
angular unconformity in the subsurface south of Kuqa
[16]. Two localities have yielded 10—11 Ma increases in
sediment deposition rate, at Kuitun He [49] and the
Qiulitagh anticline [11]; in addition, the Kyrgyz range
began to be exhumed at ca. 11 Ma [21,47] (Fig. 1).
Preliminary magnetostratigraphy data from the Kyrgyz
Tian Shan suggest that sediment accumulation and
hence deformation in this portion of the orogen
commenced at ca. 12 Ma [48]. It seems difficult to
reconcile the distribution of early-onset shortening
localities with a simple rotational deformation model,
although the distribution of Middle—Late Miocene data
does agree well with this model. Therefore, we speculate
that shortening within the Tian Shan initiated as orogen
normal shortening during the latest Oligocene—Early
Miocene; westward-increasing differential shortening
driven by the rotation of the Tarim block became more
pronounced around ~ 11-10 Myr with a rate that has
likely increased during this period.
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