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Abstract.  Structural, sedimentological, magnetostrati-
graphic, and “Ar/®Ar thermochronological investigations
were conducted in the southern Chinese Tian Shan. On the ba-
sis of our own mapping and earlier investigations in the area,
the Late Cenozoic southern Tian Shan thrust belt may be di-
vided into four segments based on their style of deformation.
From west to east, they are (1) Kashi-Aksu imbricate thrust
system, (2) the Baicheng-Kuche fold and thrust system, (3) the
Korla right-slip transfer system, and (4) the Lop-Nor thrust
system. The westernmost Kashi-Aksu system is characterized
by the occurrence of evenly spaced (12-15 km) imbricate
thrusts. The Baicheng-Kuche and Korla systems are expressed
by a major north dipping thrust (the Kuche thrust) that changes
its strike eastward to become a NW striking oblique thrust ramp
(the Korla transfer zone). The Lop Nor system in the eastern-
most part of the southern Chinese Tian Shan consists of widely
spaced thrusts, all involved with basement rocks. Geologic
mapping and cross-section construction suggest that at least
20-40 km of crustal shortening with a horizontal shortening
strain of 20-30% has occurred in the southern Chinese Tian
Shan during the late Cenozoic. These estimates are minimum
because of both conservative extrapolation of the thrust
geometries and partial coverage of the thrust belt by the cross
sections. The timing of initial thrusting is best constrained in
the Kuche basin where crustal shortening may have occurred at
21-24 Ma, the time of a major facies transition between lacus-
trine and braided-fluvial sequences constrained in general by
biostratigraphy and in detail by magnetostratigraphy. This es-
timate represents only a minimum age, as development of
thrusts in the southern Chinese Tian Shan may have propa-
gated southward toward the foreland. Thus the sedimentary rec-
ord only represents the southernmost and therefore youngest
phase of thrusting. If our estimate of timing for the thrust ini-
tiation (21-24 Ma) is correct, using the estimated magnitude of
shortening (20-40 km) and shortening strain (20-30%), the
averaged rates of late Cenozoic horizontal slip and shortening
strain are 1-1.9 mm yr' and 2.9-4.5x10" 5!, respectively.
Our reconnaissance **Ar/*Ar thermochronological analysis in
conjunction with earlier published results of apatite fission
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track analysis by other workers in the Chinese Tian Shan sug-
gests that the magnitude of Cenozoic denudation is no more
than 10 km, most likely less than 5 km. We demonstrate via a
simple Airy-isostasy model that when the thermal effect on
changes in surface elevation is negligible, determination of
the spatial distribution and temporal variation of both hori-
zontal shortening strain and denudation becomes a key to re-
constructing the elevation history of the Tian Shan. Using
this simple model, the loosely constrained magnitude of crus-
tal-shortening strain and denudation in the southern Chinese
Tian Shan implies that it may have been elevated 1.0-2.0 km
since the onset of Cenozoic thrusting.

1. Introduction

Intracontinental deformation which has occurred over a
broad area of Asia during the late Cenozoic has been attributed
to the collision of India with Asia, deforming southern Asia
for as much as 2000-2500 km northward [Molnar and Tappon-
nier, 1975]. The relationship between the northward move-
ment of India and corresponding strain partitioning within
Asia is of mounting interest among geologists worldwide.
One debate emerging from this renewed focus is whether crustal
thickening or lateral extrusion has been the dominant mecha-
nism for accommodating the convergence [Molnar and Tap-
ponnier, 1975; England and Houseman, 1988; Dewey and
Burke, 1973; Tapponnier et al., 1982; Peltzer and Tapponnier,
1988; Harrison et al., 1992a] and how the Cenozoic deforma-
tion in Asia has propagated from the Indus-Yalu suture north-
ward where the collision initiated [e.g., Burchfiel and Royden,
1991; Harrison et al., 1992a]. The results of recent geologic
investigations in and around the Tibetan plateau suggest that
the deformation history of Asia due to collision may not be
simply explained by one of the two mechanisms [Tapponnier
et al., 1990; Harrison et al., 1992b; Burchfiel et al., 1991;
Zhang et al., 1991, Burchfiel and Royden, 1991; Amano and
Taira, 1992]. Rather, Cenozoic deformation styles in Asia
may have varied during the collision as indicated by multistage
deformation histories with a variety of regimes and distribu-
tions. For example, geologic mapping along the northern
edge of the Tibetan plateau suggests that the deformation did
not began in this region until near the end of the Pliocene
[Burchfiel et al., 1991; Zhang et al., 1991]. Apatite fission
track analysis suggests rapid cooling occurred at about 20-25
Ma in the Tian Shan and western Kunlun Shan, which may be
attributed to the tectonically induced uplift in the region
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[Hendrix et al., 1994; Sobel, 1995; Sobel and Dumitru, 1997].
Studies on the Red River fault in southeastern China
[Tapponnier et al., 1990; Harrison et al., 1992b; Leloup et al.,
1993] show that the fault changed from left slip to right slip
between 17 and 5 Ma. In addition, the Gangdese thrust system
in southern Tibet began to develop in the early Miocene at
about 27 Ma [Yin et al., 1994], some 30 m.y. after the initial
collision of India and Asia [Burbank er al., 1996].  Despite
these efforts, there remain few constraints on timing and mag-
nitude of late Cenozoic deformation in the central Tibetan pla-
teau and the Tian Shan region to the north.

A key to understanding the Indo-Asian collision is to estab-
lish the spatial distribution and temporal variation of crustal
strain in Asia. This, in turn, has important implications for pa-
leotopographic and paleoclimatic histories of Tibet and its ad-
jacent regions. It has been suggested that the Cenozoic topog-
raphy of Asia, notably the Tibetan plateau, may have played an
important role in global climate change [e.g., Ruddiman and
Kutzback, 1989; Harrison et al., 1992a; Molnar et al., 1993].
Quantification of the interplay between climate and tectoni-
cally created topography in Asia requires knowledge of timing
and magnitude of lithospheric deformation, history of surface

erosion and tectonic denudation, and records of chronological
changes of climate. To address these issues, an integrated in-
vestigation of structural geology, sedimentology, magne-
tostratigraphy, and “Ar/*Ar  thermochronology was con-
ducted in the southern Chinese Tian Shan, northwestern China
(Figures 1 and 2). Specifically, we address the questions of
when Cenozoic deformation initiated, how much crustal defor-
mation occurred in the southern Chinese Tian Shan since the
beginning of the Indo-Asian collision, and what was the eleva-
tion history of the Tian Shan during the Cenozoic. This paper
provides a geologic synthesis of the southern Chinese Tian
Shan region based on both our own investigations and previ-
ously published work in the region. Most place names in the
paper follow the spelling of Chinese pinyin. However, those
that are well known to westerners such as Hotan, Kuche, and
Tarim will retain their conventional spelling as commonly
shown on western maps.

2. Regional Tectonics

The Tian Shan extends broadly east-west for over 2500 km
across central Asia (Figure 1) with peaks exceeding 7000 m and
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Figure 1. (a) Tectonic map of Indo-Asian collional system. (b). Simplified Cenozoic tectonic map of central
Asia and location of Tian Shan (modified after Peltzer and Tapponnier [1988]). Abbreviations are as follows:
ATF, Altyn Tagh fault; KF, Karakorum fault; Ka, Kashi; H, Hotan; Ku, Kuche; and Ko, Korla. Contours show
thickness distribution of Cenozoic sediments in Tarim based on Li et al. [1996]. Note that there are two deposi-

tional centers: one near Kuche (Kuche foreland basin) and one near Hotan (Hotan foreland basin).

(b) Simplified

geologic map of Chinese Tian Shan after Chen [1985] with our own observations and interpretation. Locations of

Figure 2 and “Ar/*Ar samples are shown.
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Figure 1. (continued)

with basins lower than 100 m below the sea level. The Tian  western Kunlun thrust belt on the southeast side of the Tarim
Shan merges with the E-W trending Qilian Shan and NW-  basin. It, in turn, links with the western termination of the
trending Altai Shan to the east and the Pamir syntaxis to the  Altyn Tagh fault system that bounds the southwest side of the
west (Figure 1). The thrust system in Pamir links with the  Tarim basin (Figure 1) [Avouac and Peltzer, 1993]. The thrusts
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Figure 2. Simplified tectonic map of southern Chinese Tian Shan thrust belt (modified from Chen [1985]). The
belt is divided into four segments: (1) the Kashi-Aksu thrust system, (2) the Baicheng-Kuche thrust system, (3) the
Korla transfer fault zone, and (4) the Lop Nor thrust system. Locations of Figures 3 and 7 and Plate 1 are shown.
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in the Pamir and the western Kunlun Shan accommodate the
southward subduction of the Tarim block [Lyon-Caen and Mol-
nar, 1984], producing seismicity at depths greater than 100 km
[Burtman and Molnar, 1993].

Geologic reconnaissance of the Chinese Tian Shan was first
conducted by Norin [1941] during a 4-year Sino-Swedish expe-
dition. His work emphasized both lithostratigraphy and bios-
tratigraphy, which formed the foundation for subsequent strati-
graphic studies in the region. Following his pioneering work,
later studies revealed that the Chinese Tian Shan has experi-
enced multiple phases of deformation [e.g., Xinjiang Institute
of Geography, Academia Sinica, 1986; Xinjiang Bureau of Ge-
ology and Mineral Resources (Xinjiang BGM), 1992; Jia et al.,
1991; Hendrix et al., 1992; Zhou and Zheng, 1990]. Huang
[1945] was perhaps the first who noted that the Chinese Tian
Shan region has experienced multiple episodes of deformation.
In recent years, the multiphased deformation in the Tian Shan
region has been interpreted in the context of plate tectonics. A
middle Paleozoic Tian Shan orogeny was suggested to have de-
veloped because of one or more arc-continental collisions
[Coleman, 1989; Windley et al., 1990; Allen et al., 1992; Car-
roll et al., 1995], followed by reactivation of the older faults
caused by successive collision of island-arc systems onto the
southern margin of Asia in the late Paleozoic and the Mesozoic
[Hendrix et al., 1992; Sobel, 1995]. The region was again re-
juvenated in the late Cenozoic because of the Indo-Asian colli-
sion [Tapponnier and Molnar, 1979; Burchfiel and Royden,
1991; Lu et al., 1994; Liu et al., 1994].

The present Tian Shan is flanked by east-west trending, ac-
tive thrust systems on its north and south sides [Molnar and
Tapponnier, 1975; Tapponnier and Molnar, 1979; Burchfiel
and Royden, 1991; Avouac et al., 1993; Molnar et al., 1994;
Burchfiel et al., 1994; Nie et al., 1994]. The axial part of the
mountain range is transected by the WNW-trending central
Tian Shan fault system of Hendrix et al. [1992], which links
with a variety of late Cenozoic thrust systems (Figure 1). This
fault system was recognized from Landsat images by Tappon-
nier and Molnar [1979] as an active right-slip fault. This fault
bounds the intermontane basins in the Chinese Tian Shan such
as the Turpan, Yili, and Yanji basins, and terminates at a thrust
system near Lop Nor in the eastern Tian Shan (Figure 1).

The Tarim basin between the Tian Shan and the Tibetan pla-
teau is mostly covered by Neogene and Quaternary sediments
(Figure 1). Because of its economic importance, extensive
drilling and seismic reflection studies have been conducted in
the Tarim region [Zhou and Chen, 1990; Jia et al., 1991; Kang,
1996], which suggest that the basin has a protracted deforma-
tion history, similar to the Tian Shan [Jia et al., 1991; Hendrix
et al., 1992; Carroll et al., 1995; Sobel, 1995; Li et al., 1996].
The seismic-reflection profiles suggest that central Tarim is
underlain by a middle Paleozoic contractional belt [Jia et al.,
1991]. Widespread marine sedimentation beginning in the
Late Carboniferous occurred immediately after the collision in
the Tian Shan and ended in the late Early Permian. In addition,
widespread Triassic-Jurassic deformation has also been docu-
mented in the northeastern Tarim basin [Jia et al., 1991].
These structures are variably interpreted as contractional [Jia et
al., 1991] or transpressional structures [Yan, 1991]. Northern
Tarim was a foreland basin between Triassic and Early Creta-
ceous, which has unconformities and pulses of conglomerate
deposition interpreted to record intervals of renewed Mesozoic
compression and uplift of the Tian Shan [Hendrix et al., 1992].
A series of shallow marine transgressions, entering the Tarim
basin from Tadjik basin to the west, occurred between the be-
ginning of the Late Cretaceous and early Oligocene [Hao and
Zeng, 1984]. During the transgressions, the Upper Cretaceous

through Lower Oligocene sediments were deposited in a shal-
low sea as indicated by alternating shallow marine and hyper-
saline lagoon to nonmarine units [Sobel, 1995]. The trans-
gression in the Paleocene may have covered much of the Tarim
basin, as indicated by the presence of thick Paleocene gypsum
deposits [Sobel, 1995]. In the late Oligocene and early Mio-
cene, most of the western and northern Tarim basin was cov-
ered by gypsum-bearing beds, which have been consistently
interpreted by Chinese geologists as marine deposits (e.g., the
late Oligocene Avate and early Miocene Suweiyi Formations in
the Kuche region, and the late Oligocene Bashibulake Forma-
tion in the Kashi region [see Ye and Huang, 1990]. This in-
cludes the two Cenozoic depositional centers with sediments in
excess of 5 km in thickness: the Kuche and the Hotan foreland
basins [Li et al., 1996] (Figure 1). Their development has been
related to thrusting in the Tian Shan and western Kunlun Shan
[Li et al., 1996]. The presence of the late Oligocene marine
sediments in the southern Chinese Tian Shan and western Kun-
lun Shan implies that (1) the two mountain ranges did not be-
gin to uplift after the early Oligocene and (2) the southernmost
Chinese Tian Shan has been uplifted for at least 1.5-2.0 km,
which are the current elevations for these marine beds.

3. Southern Tian Shan Thrust Belt

The southern Tian Shan thrust belt may be divided into four
segments based on their styles (e.g., basement involved versus
thin skinned and lateral ramps versus frontal ramps) and struc-
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Figure 3. Geologic map of a part of the Kashi-Aksu thrust
system, modified from Xinjiang BGM [1967] with our own ob-
servations and interpretations. Symbols for rock units: C,
Carboniferous limestone;—€-D, Cambrian dolomite and cherty
limestone, Ordovician limestone, shale, and sandstone, Silu-
rian sandstone, shale, and limestone, and Devonian red silt-
stone and sandstone; K-E, Cretaceous-Paleogene sandstones,
claystone, and siltstone; N-Q, Neogene and Quaternary sand-
stones and conglomerate; Pg, Permian granite. AA’ is the lo-
cation of the cross section shown in Figure 4.
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tural trend. From west to east (Figure 2), they are (1) the Kashi-
Aksu thrust system, (2) the Baicheng-Kuche thrust system, (3)
the Korla transfer system, and (4) the Lop Nor thrust system.
Of the four segments, we studied portions of the Baicheng-
Kuche thrust system and the Korla transfer system in detail.
Description of the Kashi-Aksu and Lop Nor thrust systems are
mainly based on the existing Chinese geologic maps at scales
of 1:200,000 and 1:1,000,000 ([Xinjiang BGM, 1965a, b,
1966a, b, c, 1967, 1975], regional geologic reports [Xinjiang
BGM, 1992], a structural investigation by McKnight [1993]
on the Kashi-Aksu thrust belt, and our own reconnaissance ob-
servations.

3.1. Kashi-Aksu Thrust System

The Kashi-Aksu thrust system (Figures 2 and 3), also known
as the Kalpin uplift, was first systematically mapped in 1955
and 1956 by Chinese and former USSR geologists, which re-
sulted in 1:200,000-scale geologic maps [Xinjiang BGM,
1965a, 1966a, b, 1975]. The general structural style and mag-
nitude of shortening across the region were recently reevalu-
ated by McKnight [1993, 1994] on the basis of Landsat images
and field studies.

The Kashi-Aksu thrust system consists of thrust imbricates
involving strata from Cambrian to Quaternary (Figure 3 and
cross section AA’ in Figure 4). McKnight [1993, 1994] was
the first to recognize the thin-skin style of thrusting in this
thrust system. He projects the decollement to the base of the
Cambrian strata, which are the oldest exposed unit in the im-
bricate system. In the northern part of the thrust system, de-
formation involves the Devonian and Carboniferous strata and
is characterized by isoclinal folding. The angular unconfor-
mity between the Carboniferous and the folded strata below
[Chen, 1985] implies significant crustal deformation during
the middle Paleozoic. This regional unconformity is attributed
to complex collisional processes first between Tarim and south
Tian Shan followed by collision between north and south Tian
Shan [Carroll et al., 1995]. The thickness of the upper Paleo-
zoic strata in the Kashi-Kuche thrust system increases from
south to north. The Paleozoic strata in the thrust system
thicken from about 2 km in the south to greater than 4 km in
the north [Xinjiang BGM, 1965a; Carroll et al., 1995].

The stratigraphic configuration determines the style of de-
formation and the spacing of the thrusts. In the southern part
of the thrust system, where the thickness of the Paleozoic
strata is relatively thin, all the imbricate thrust sheets share
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Figure 4. Geologic cross sections (a) AA' through the Kashi-Aksu thrust system, (b) BB' through the western
part of the Baicheng-Kuche thrust system, and (c) CC' through the eastern part of the Baicheng-Kuche thrust sys-
tem. See Figure 3 and Plate 1 for location. In cross section AA’, abbreviations are as follows:—€-0,, Cambrian to
lower Ordovician; O,-S, middle Ordovician to Silurian; D, Devonian; C, Carboniferous; P, Permian; and N-Q,
Neogene to Quaternary. In cross section BB’, abbreviations are as follows: D, Devonian; C, Carboniferous; P,
Permian; T, Triassic; J, Jurassic; K, Cretaceous; E;-N,, Paleogene to lower Miocene; N,, middle Miocene to Pleis-
tocene; and Q, Quaternary. In cross section CC’, abbreviations are as follows: S,, Lower Silurian; S,, Middle Silu-
rian; D,, Lower Devonian; D,, Upper Devonian; C,, Lower Carboniferous; C,, Upper Carboniferous; Pg, Permian
granite; P-T, Permian to Triassic; J-K, Jurassic to Cretaceous; N, Neogene; and Q, Quaternary.
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the same basal unit, an Upper Cambrian limestone. This im-
plies the presence of a decollement at this stratigraphic inter-
val as inferred by McKnight [1993]. The spacing of the thrusts
in the southern part of the thrust belt is remarkably consistent
at about ~12-15 km, suggesting a constant thickness of the Pa-
leozoic units above the decollement, consistent with the ob-
served thickness of the Paleozoic strata in the field [Xinjiang
BGM, 1965a]. It also implies that the initiation of the thrusts
was induced by folding instability [Smith, 1977], as it pro-
duces a spatial periodicity of stress concentration. In contrast
to the southern part of the thrust system, the thickness of the
Paleozoic strata is both greater and more variable in the north-
ern thrust system. As a result, the thrusts are more closely
spaced, folds are tighter, and back thrusts are well developed.

Because the hanging wall cutoffs of the imbricate thrusts
have been eroded away, it is difficult to estimate the exact
amount of shortening across the thrust system. However, by
projecting stratigraphic contacts and fault trajectories, the
minimum amount of Cenozoic shortening across the thrust
system was estimated to be 23 km, which implies 22% short-
ening strain. This estimate was based on the interpretation
that the basal decollement follows the same stratigraphic unit
and steepens northward as a result of increase in thickness of
the Carboniferous-Permian strata (cross section AA'in Figure
4). This estimate is a minimum, because hanging wall units are
extrapolated as simple hanging wall anticlines against the up-
ward projection of the thrust faults. In a different approach,
McKnight [1993] assumes a fault-bend fold geometry for the
hanging wall strata of individual thrusts. Under this assump-
tion, the hangingwall cutoffs are projected much farther in the
thrust transport direction. Consequently, 50 km of Cenozoic
shortening across the thrust system was estimated, signifi-
cantly greater than our estimate. As the projected fault-bend
folds above the thrusts have been eroded away, it is difficult to
test the validity of this model.

3.2. Baicheng-Kuche Thrust System

The Baicheng-Kuche thrust system is characterized by a ma-
jor north dipping thrust, the Kuche thrust, in its eastern part
(Figure 2 and Plate 1). This thrust connects with the Korla
transfer system to the east and numerous folds and minor
thrusts to the west. The folds and thrusts in the western part of
the system mark the termination of the Kuche thrust. The lack
of evenly spaced imbricate thrusts in the Baicheng-Kuche
thrust system contrasts sharply to the Kashi-Aksu thrust sys-
tem. This may be attributed to the fact that the thickness of the
Paleozoic-Mesozoic strata is significantly greater in the
Baicheng-Kuche area (>10 km [see Jia et al., 1991]) than that
in the Kashi-Aksu system (~2.0 km), which prevents the occur-
rence of folding instability [Smith, 1977]. Instead, the com-
peting process of fracturing occurred, resulting in the initia-
tion and development of the Kuche thrust. The difference in
style of deformation between the Kashi-Aksu and Baicheng-
Kuche thrust systems was also noted by McKnight [1993]. He
attributed it to differences in mechanical behavior between
thick Paleozoic carbonate in the Kashi-Aksu system and rela-
tively unconsolidated Cenozoic sediments in the Kuche fore-
deep.

A sequence of Cenozoic sediments is exposed in the Kuche
region, which decreases in thickness westward toward the
Kashi-Aksu thrust system, eastward toward the Korla transfer
fault system, and southward toward central Tarim (Figure 1).
The westward decrease in stratigraphic thickness may be the re-
sult of protrusion of the Kashi-Aksu thrust system into the
Tarim basin, which may have formed a structural high in the

Cenozoic, buttressing the western end of the Baicheng-Kuche
thrust system. The eastward decrease in stratigraphic thickness
corresponds spatially to the change in strike of the Kuche
thrust from N80°E to N45°W (Figure 2), which may be related
to the transition from thrusting to strike-slip faulting as the
Kuche thrust changes its strike.

The Kuche thrust juxtaposes Carboniferous strata over
Neogene-Quaternary sediments (Figures 5 and 6a). It dies into
a broad anticline westward as its magnitude of slip decreases
(Figures 5 and 6b). There are numerous north verging folds and
north directed thrusts in the forelimb of the south verging anti-
cline that terminates the Kuche thrust (Plate 1 and Figure 5).
Several large thrusts and folds with unknown ages are present
in the Lower Devonian strata of the hanging wall of the Kuche
thrust. Associated with these structures are mesoscopic isocli-
nal folds (Figure 6¢), which are significantly different in de-
formation style from that in the Mesozoic and Cenozoic strata
isoclinal folds. In addition, a right-slip shear zone several
tens of meters thick, which is characterized by the presence of
foliated and lineated schist, is observed in the northern part of
the study area in the Devonian strata (Plate 1). We speculate
that both the ductile shear zone and isoclinal folds in the
northern part of the study area are Paleozoic structures, al-
though no solid evidence has been found in the field to con-
strain their ages.

A bedding-parallel thrust is present in the Upper Jurassic
coal-bearing beds (Figures 5 and 6). This fault is presently
folded by the south verging anticline which terminates the
Kuche thrust. Minor south directed imbricate thrusts and south
verging folds are present in places above this bedding-parallel
fault, suggesting that the fault is south directed. Whether this
bedding-parallel fault is a part of a flat-ramp thrust surface, a
common thrust geometry in thrust belts [e.g., Yin and Qertel,
1993], with significant displacement is not clear. However,
caution should be taken when interpreting stratigraphic sec-
tions and their sedimentologic evolution. Folded thrusts in
Cenozoic strata have been reported in the northern Chinese
Tian Shan by Avouac et al. [1993].

Folds in the Jurassic and older strata are generally open,
whereas in the Cretaceous and Cenozoic strata they are gener-
ally tight and locally isoclinal (Plate 1 and Figure 5). The con-
trast in the tightness of folds implies that there may exist a
bedding-parallel detachment at the base of the Upper Creta-
ceous strata, which is typically mudstone with minor fine-
grained sandstone. Although there are minor back thrusts de-
veloped in the gypsum-rich beds of the lower Tertiary section
(Figure 5), no evidence of major detachment faulting at this
stratigraphic interval was observed. The amount of shortening
is ~22 km in section BB' and ~42 km in section CC' (Figure 4).
This suggests that the shortening strain is between 22% and
30% in the Baicheng-Kuche thrust system. In a similar at-
tempt, McKnight [1993] estimated that the thin-skin portion
of the Kuche thrust belt accommodated 10-30 km of shorten-
ing, whereas the thrusts within the interior of the southern
Tian Shan has accommodated about 20 km shortening of the
Cenozoic. Our estimates are broadly compatible with those of
McKnight [1993]. In recent years, several cross sections have
been constructed for the southernmost part of the Kuche thrust
system, which is mostly covered by Quaternary deposits in the
Tarim basin, based on seismic-reflection profiles [Lu et al.,
1994; Liu et al., 1994]. These cross sections imply that addi-
tional 15-20 km of N-S shortening has occurred in the southern
Tian Shan thrust belt. Because the locations of these cross sec-
tions are uncertain (i.e., no longitudes and latitudes are labeled
in the index maps), we are unable to project the structures we
depict based on surface mapping to those based on subsurface
data.
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o — 3.3. Korla Transfer System

] The Kuche thrust changes its strike abruptly from an E-W di-

S

5 km

Figure 5. (a) Detailed geologic map of the Kuche river area based on our mapping at a scale of 1:50,000. Names
of major stratigraphic formations follow those in the geologic map of the Kule region [Xinjiang BGM, 1975].

Many of those formations are further divided into subunits during our mapping for depicting detailed thrust and
fold geometries. (b) Geologic cross section (DD’) showing relationship between the Kuche thrust and folds (see

Figure 5a for location). Note that a bedding-parallel, south-directed thrust in the Jurassic strata is folded.

Kuche thrust

rection to a NW direction (Figure 2).
change is a drastic decrease in thickness of the Cenozoic sedi-
ments in the Kuche basin (Figure 1). The bending point of the
Kuche fault marks the transition zone between the Baicheng-
Kuche thrust system and the Korla transfer system. The Korla
transfer zone links both the Baicheng-Kuche thrust system to
the west and the thrusts north of the Korla fault (Figure 7). The
Korla transfer system consists of both strike-slip and thrust
faults. The thrusts are present in the northern part of the trans-
fer system and bound the southern margin of the Yanji basin,
whereas the strike-slip faults are exposed in the southern part
of the transfer system and bound the northern margin of the
Tarim basin (Figure 2). Near Korla, a thrust juxtaposes the Ar-
chean-Proterozoic metamorphic rocks over Jurassic coal-
bearing strata (Figure 7). This fault is cut by a strike-slip fault
in the Korla transfer zone and is unconformably overlain by
Tertiary strata (Figure 7). The Tertiary strata are in turn folded
with their axial traces trending in the east-west direction.
though kinematic data along the main strand of the strike-slip
faults in the southern transfer zone are not available because of
extensive Quaternary loess cover, numerous minor strike-slip
faults adjacent to the inferred major strike-slip fault provide a
clue as to its kinematics. We observed these minor faults in
two places, one near Korla in the Jurassic section (Figure 6d)
and one near the transition of the Baicheng-Kuche and the
Korla fault system in the Carboniferous strata. In both places,
minor strike-slip faults have a strike between N45°W and
N60°W with subhorizontal striations on the fault surfaces.
These minor faults are right-slip, as indicated by the offsets of
lithologic units. The geometric relationship between the E-W
trending Cenozoic folds and the Korla fault (Figure 7) also in-
dicates that the sense of the strike-slip fault is right-lateral.

Corresponding to the

3.4. Lop Nor Transpressional System

Except for general information available from Xinjiang
BGM [1992] and Chen [1985], little is known about the tim-
ing, kinematics, and magnitude of Cenozoic deformation in
this part of the Chinese Tian Shan. The Lop Nor system is not
only the eastern termination of the Korla transfer system
(Figure 2), it also marks the eastern end of the central Tian
Shan fault system (i.e., the central Tian Shan fault) in the east-
em Tian Shan (Figure 1c). Although it cannot be directly esti-
mated, the magnitude of shortening in this system appears
smaller than that of the Baicheng-Kuche thrust system. If crus-
tal shortening in the Baicheng-Kuche thrust system was com-
pletely transferred to the Lop Nor system through the Korla
transfer zone, we would expect that thrusting in the Lop Nor
area would have produced a similar magnitude of subsidence and
sedimentation of the Cenozoic strata as observed in the Kuche
basin. This is clearly not the case. One explanation for the
discrepancy is that the shortening was only partially trans-
ferred to the Lop Nor thrust system because of slip partitioning
by the thrusts bounding the Yanji basin (Figure 1c). Alterna-
tively, the total amount of shortening in the Tian Shan region
decreases from west to east as suggested by the eastward de-
crease in crustal thickness and topographic elevation [Avouac
et al., 1993]. Additionally, Burchfiel et al. [1994] suggested
T that the shortening in the Kashi-Aksu and the Baicheng-Kuche
thrust systems was transferred to thrusts that bound the Bogda
Shan in the northeastern Tian Shan (Figure 1c¢).
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Figure 6. Pictures showing key field observations. (a) Kuche thrust juxtaposing Carboniferous strata (C) over
Tertiary strata (N), view to the east. See Plate 1 for location. (b) A broad south-verging anticline, looking toward
north. The Kuche thrust is inferred to be present beneath this anticline (cross section DD’ in Figure 5b); see Plate
1 for location. (c) Isoclinal folds in cherty limestone of Lower Devonian strata. See Plate 1 for location. (d)
Horizontal striations on a vertical fault in the Jurassic strata, looking toward north. The fault is NW striking and
is part of the Korla transfer system; see Figure 7 for location.

4. Cenozoic Stratigraphy of the Kuche Basin Tarim Basin and extends for approximately the length of the
Baicheng-Kuche thrust system (Figure 1b). In this basin, the

In order to determine the timing and rate of thrusting for the = Cenozoic section is thick and well exposed. = Because the
southern Chinese Tian Shan thrust belt, we examined the Ce- chronology of our measured magnetostratigraphy is firmly
nozoic strata of the Kuche foreland basin, which is part of the  based on the regional biostratigraphy established by Chinese
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geologists, we first summarize the available Cenozoic bios-
tratigraphic data for the southern Chinese Tian Shan with spe-
cial emphasis on the Kuche basin. We then present the results
of our sedimentological and magnetostratigraphic investiga-
tions on two sections in the Kuche region.
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Figure 7. Geologic map of the Korla area. Abbreviations are
as follows: Ar-Pt, Archean and Proterozoic metamorphic
gneisses; Pzgr, Paleozoic granitoids; J-K, Jurassic and Creta-
ceous sedimentary rocks; El, Paleocene mudstone and silt-
stone; E2-N2, Oligocene-early Miocene fine-grained to coarse
grained sandstone; N2, upper Neogene coarse-grained sand-
stone and conglomerates; and Qal, Quaternary alluvial and
Figure 6. (continued) lacustrine deposits.
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4.1, Biostratigraphy

Late Cretaceous to early Tertiary biostratigraphy of the
southern Tian Shan and northern Tarim basin are arguably the
best studied stratigraphic units in western China. A series of
lengthy reports has been published on this subject, which are
the results of more than 10 years of systematic studies in the
region. These reports discuss regional biostratigraphic corre-
lation of these marine units [Tang et al., 1992]. They also
provide general background for paleoecology and depositional
environments of Late Cretaceous-early Tertiary fossils includ-
ing gastropods [Pan, 1990], enchinoids [Yang, 1991],
brachiopods [Sun, 1991], nannofossils [Zhong, 1992], and os-
tracod fauna [Yang et al., 1995] in the northern and western
Tarim basin.

Tertiary biostratigraphy of the Kuche basin has also been
extensively investigated based on studies of foraminifera, bi-
valves, algae, ostracoda, pollens, and gastropods [Xinjiang
BGM, 1981; Hao et al., 1982; Zhang et al., 1986; Lu and Luo,
1990; Ye and Huang, 1990]. The nomenclature of the Tertiary
stratigraphic units used in this study follows that of Ye and
Huang [1990], who divided the Tertiary strata into the upper
and lower sequences based on both their lithology and fossil
content (Figure 8a).

4.1.1. Lower sequence. About 200-600 m thick and
deposited mostly in a marine setting, the lower sequence con-
sists of the Kumukeliemu group, which has been further divided
into the Talake, Xiaokuzibai, and Avate Formations (from
older to younger) (Figure 8a). The Kumukeliemu group is
named after the Kumukeliemu anticline north of Baicheng,
where the section was first established [Ye and Huang, 1990]
(see Plate 1 for location). In the lower part of the Kumukeliemu
group, the Talake Formation (150-200 m thick) consists of
conglomerate beds in its lower part, fine-grained sandstone in-
terbedded with thin dolomite layers in the middle part, and
gypsum-bearing mudstone interbedded with siltstone in the
upper part [Zhang et al., 1986]. This unit deposited in a marine
setting and is considered to be late Paleocene to early Eocene

Strata Approximate Formation Names
Division Age Based on
Fossils
unknown Wusu Formation
g
3 unknown Xiyu Formation
(=2
A Pliocene Kuche Formation
Bt
L
D& Miocene Kangcu Formation
Oligocene- Jidike Formation
Miocene
Eocene- Suweiyi Formation
early Miocene
G
o 2 unknown Avate Formation
o O
[=]
S E | middle Eocene Xiaokuzibai
o .2 Formation
v g
M
g 3
) S late Paleocene Talake Formation
= & | -early Eocene

Figure 8a. Nomenclature of Cenozoic stratigraphic units in
the Kuche region. Basis for age assignment is discussed in
text.

in age based on its fossil content. It contains ostracoda
(Neocyprideis galba (Mandelstam), Loxoconcha aff. laculata
Mandelstam, and Cytheretta (7) cf. insinuata Mandelstam), bi-
valves (Modiolus sp., Tellina sp., and Sphenia sp.), and gas-
tropods (Ampullina sp., Natica sp., Turittella sp., and Po-
lamides sp.).

The Xiaokuzibai Formation (~230 m thick) directly above
the Talake Formation consists of red gypsum-bearing mud-
stone interbedded with siltstone [Zhang et al., 1986] (Figure
9a). It was also deposited in a marine setting and contains bi-
valves (Polamides sp.), ostracoda (Neocyprideis galba
(Mandelstam)), and foraminifera (Nonion sp.). These fossils
are assigned to the middle Eocene [Zhang et al., 1986; Ye and
Huang, 1990]. The Avate Formation (< 250 m) above the
Xiaokuzibai Formation in the upper Kumukeliemu group con-
sists of interbedded purple and gray mudstone. No fossils have
been found in this unit.

Terrestrial beds are locally interbedded with the Kumuke-
liemu group in which algaes (Gyrogona qianjiangica Z. Wang,
and Sphaerochara rugulosa Z. Wang, Gobichara cf. deserta
Karozewska et Ziembinska-Tworzydks) have been found [Lu
and Luo, 1990]. According to Ye and Huang [1990], these al-
gae are widely distributed in the middle Eocene to early Mio-
cene strata throughout China. In summary, the Kumukeliemu
group in the Baicheng area is best dated biostratigraphically as
between the late Paleocene and early Miocene.

4.1.2. Upper sequence. About 1.2-1.6-km thick, the
upper sequence consists entirely of terrestrial deposits and is
divided, from older to younger, into the Suweiyi, Jidike, Kang-
cun, Kuche, Xiyu, and Wusu Formations. Biostratigraphy of
the sequence has been well studied near the village of Jidike,
northeast of Kuche (see Plate 1 for location). According to Ye
and Huang [1990], the Suweiyi Formation (~200-400-m thick)
is conformably on top of the Kumukeliemu Group, some 120
km to the west along strike (Plate 1). Here the Kumukeliemu
Group was established mostly by lithologic correlation to its
standard biostratigraphic section. The Suweiyi Formation is a
sequence of interbedded gypsum-bearing mudstone and fine-
grained sandstone. It contains ostracoda (Eucypris longa Man-
delstam, Cyclocypris cavernosa Mandelstam, Cyprideis littor-
alis (Brady) Dawinula stevensuni (Brady et Robertson)) and al-
gae (Dongmingochara zhangjuheensis (Xinlun), Sphaerochara
rugulosa (Z. Wang), Maedlerisphaera chinensis (Huang et Xu
Chara) lepta (S. Wang), Granulichara longovalis (S. Wang), G.
ovalis (Mandler), Gyrogona gianjiangica (Z. Wang), tephano-
chara sp., Hornichara sp. nov., and Croftiella zhui (S. Wang)),
whose ages range from Eocene to Early Miocene [Ye and
Huang, 1990].

Above the Suweiyi Formation is the Jidike Formation (600-
800 m thick) (Figure 8a), which consists of interbedded me-
dium-grained sandstone and mudstone [Ye and Huang, 1990].
This formation contains abundant fossils, which include ostra-
coda (Cyprinotus (Heterocypris) orientalis Mandelstam, C.
(H.) incurvus Galeeva, C. (H.) formalis Mandelstam, C. (H.)
ampullus Mandelstam, C. (H.) detaria Galeeva, Eucypris longa
Mandelstam, E. concinna Schneider, Cypria acutus Galeeva,
Pseudoeucypris kerkiensis Gramm, Hemicyprinotus valvaetu-
midus Mandelstam, Mediocypris schneiderae Galeeva, Cypri-
dopsis arctica Jiang, Limnocythere picturata Suzin, Darwinula
silentiosa Iiang, Cypris sp.1, Eucypris sp. 1, Candona sp. 1,
Cyprinotus (Heterocypris) cf. vialovi Schneider, and Cyprideis
stephensoni Sandberg) and algaes ( Dongmingochara zhang-
Juheensis (Xinlun), Hornichara sp. nov., Sphaerochara rugu-
losa Z. Wang, Maedlerisphaera chinensis Huang et Xu, Chara
lepta S. Wang, Granulichara ovalis (Madler), G. longovalis (S.
Wang), Nitellopsis (Tectochara) meriani (Al Braun et Unger),
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N. (T.) globula (Madler), N. (T.) huangi (Lu), Rhabdochara
stockmans L. Grambast, Croftiella zhui (S. Wang), and Ly-
chrothamnus duplicicarinata (Papp)) [Xinjing BGM, 1981; Ye
and Huang, 1990; Lu and Luo, 1990]. The ages of the algaes
range from the Oligocene to the Miocene [Lu and Luo, 1990],
and the ostracoda are considered to be Miocene in age [Ye and
Huang, 1990].

The Kangcun Formation (300- 800 m thick) (Figure 8a) con-
sists of interbedded mudstone, siltstone, and locally pebble
conglomerate in its lower part and siltstone and sandstone in
its upper part. Fossils found in this formation include ostra-
coda (Eucypris concinna Schneider, Pseudocypris chinensis
liang, Hemicyprinotus valvaetumidus Mandelstam, Cyprinotus
(Heterocypris) orientalis Mandelstam, C. (H.) phiaselus
Galeeva, Candona Leei Mandelstam, Candona (Psendocandona)
subaequalis (Jones), C. (Linesocypris) asseptis Galeeva, Para-
candona euplectella (Brady et Norman), Cypris acutus Galeeva,
Mediocypris schneiderae Galeeva, Cyclocypris cavernosa
Mandelstam, Ilyocypris manasensis Mandelstam, Zonocypris
membrance Livental, and Cyprideis littoralis (Brady)) and al-
gae (Dongmingochara zhangjuheensis (Xinlun), Hornichara
Sp- nov., Sphaerochara rugulosa Z. Wang, Maedelerisphaera
chinensis Huang et Xu, Chara lepta S. Wang, Grambastichara
zhoui (S. Wang), Granulichara ovalis (Madler), G. longovalis
(S. Wang), Nitellopsis (Tectochara) meriani (Al. Brau et
Unger), N. (T.) globula (Madler), N. (T.) huangi (Lu), N. (T.)
supraplana (Peck et Reker), and Crofiiella shui (S. Wang))

YIN ET AL.: SOUTHERN CHINESE TIAN SHAN THRUST BELT

[Xijiang BGM, 1981; Lu and Luo, 1990; Ye and Huang, 1990].
Although some of the fossils are the same as those found in the
Suweiyi and Jidike Formations below, most are distinctive
from those below. The age of the individual species ranges
from Oligocene to Miocene [Ye and Huang, 1990].

Lithologically, the Kuche Formation (300-700 m thick) is
dominated by coarse-grained sandstone and conglomerate
(Figure 8a). In addition, minor thinly bedded mudstone and
siltstone are also present [Ye and Huang, 1990]. Biostrati-
graphically, it contains ostracoda (Subulacypris acris Jiang,
Candona (Typhlocypris) Lonus Jiang, Cyclocypris regularis
Schneider, Candona (Lineocypris) namanganica Schneider, C.
(L.) seeptis Galeeva, Candonan compressa (Koch), Candoniella
albicans (Brady), Cypris decaryi Gauthier, Ilyocypris bradyi
Sars, Cyprideis littoralis (Brady), and C. stephensoni Sandberg
subsp. no) [Xinjiang BGM, 1981; Ye and Huang, 1990],
among which Cyclocypris regularis and Candona (Lineocypris)
namanganica are Pliocene in age [Ye and Huang, 1990]. The
younger Xiyu (50-1600 m thick) and Wusu (40-300 m thick)
Formations are a sequence of conglomerates with unknown
ages of deposition.
4.2. Lithostratigraphy

Tertiary lithostratigraphy was investigated in detail in two
sections in this study (Figures 8b and 8c). The first is across
the southern limb of a syncline along a big bend of the Kuche

2000 | ] oypsum
1
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(unit 6) 1800,
N Ei.] shaie
1700 siitstone
1600 D sandstone
Jidike/ 1% ¢ ebbly-sandstone
Kangcun Y mean = 159° @ penbly
Fm 1400 n=39 @ conglomerate
unit 5
{ ) J burrow/organics
N2/N3 1200~ Red planar- and trough-cross-bedded medm-coarse grained
sandstone terbedded with channelized clast supported pebble-
1100 cobble conglomerate. Abundant overbank deposits In lower part
. of the section, decreasing upward. Probable braided fluvial
facies -
1000—
900—]
Suwetyi
Fm
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 mean=157°
N ——__Llnzs
E N\
Avate Fm *© Red-brown interbedded siltstone, clay stone and fine grained sandstone.
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= —_—— =25
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Talake Fm 200 Red siltstone to medium-grained sandstone interbedded with
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Cretaceous —toas fluvial facies -
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0

Figure 8b. Simplified stratigraphic section along the Kuche river, see Plate | for location. Scale is in meters.
N1 to N4 are map units shown in Figure 5. Units 1 to 6 are lithostratigraphic units defined in this study (see Craig
[1995] for detailed description). Their possible correlation with the biostratigraphic units of Ye and Huang

[1990] is also indicated.
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Figure 8c. Simplified stratigraphic section of the Bestan-
tuogela area. See Plate 1 for location.

River directly north of Kuche city, and the second is along the
Bestantuogela River northeast of Kuche (Plate 1). The two sec-
tions are located between the biostratigraphically controlled
Kumukeliemu and Jidike sections. The detailed lithologic de-
scription and the basis for interpreting depositional environ-
ments of each stratigraphic unit discussed below are given by
Craig [1995]. In the following, we summarize the main fea-
tures of our measured sections and correlate them with the bios-
tratigraphic units of Ye and Huang [1990].

4.2.1. Kuche section. Following Xinjiang BGM
[1966c¢], the Upper Cretaceous strata consist of two members
in the area (Figure 8b). The lower one is composed of a brown-
gray conglomerate with a variable thickness but generally less
than 20 m. The conglomerate is clast supported with a sandy
matrix and shows scouring at its base. The clasts consist of
marble, quartzite, chert, and indurated sandstone, possibly de-
rived from the Paleozoic strata in the interior of the Tian Shan.
The upper member is an upward fining sequence from pebble
conglomerate and coarse sandstone to interbedded mudstone
and sandstone, probably resulting from transgression of a
shallow sea as discussed by Sobel [1995].

Six lithological units are divided in the measured Tertiary
section. Unit 1 in the basal part lies conformably on top of
the Cretaceous strata. From older to younger, it consists of
three members: (1) a 28-m-thick sandstone and conglomerate
unit which forms a prominent ridge and is laterally persistent
throughout most of the Kuche basin [Ye and Huang, 19901, (2)
poorly sorted sandstone and clay stone with lenses of cross-
bedded, coarse sandstone overlain by gypsum-rich clay stone
(~42 m thick), and (3) 55-m-thick poorly sorted mudstone with
pebbles and gypsum nodules. We interpret the unit to have
been deposited in a braid delta (see Craig [1995] for detailed
discussion). The shifting of paleoshorelines caused facies

variation within the measured section. The gypsum nodules
may represent saline-mudflat facies of a marginal-marine sab-
hka [Sobel, 1995]. Lithologically, this unit correlates to the
Talake Formation of Ye and Huang [1990].

Unit 2 (215-m thick) is conformably on top of unit 1. It
consists primarily of clay stone and siltstone, with thin to
thick beds of fine-grained sandstone. There are several inter-
vals of upward fining and coarsening sequences in this unit.
Some can be clearly identified as Bouma sequences. Gypsum is
present as both concentrated nodules and beds of solid gypsum.
This unit may have deposited during a transgression from
coastal mudflats of a river-dominated shoreline to marine tur-
bidites [e.g., Blatt et al., 1980; also see Craig, 1995; Sobel,
1995]. Its lithology correlates with the Xiaokuzibai Forma-
tion of Ye and Huang [1990].

Unit 3 (180-m thick) has a gradational contact with unit 2.
Its lower part is dark-red claystone with thin beds of gypsum
and thin-rippled sandstone beds, above which is massive silt-
stone and interbedded clay stone and fine-grained sandstone.
The formation has an overall upward coarsening trend repre-
sented by the increasing abundance of sandstone beds. The
unit may represent the saline-mudflat facies of a marginal ma-
rine sabhka, marking the last phase of marine deposition [e.g.,
Blatt et al., 1980; also see Craig, 1995; Sobel, 1995]. As the
Avate Formation of Ye and Huang [1990] is composed of inter-
bedded clay stone and fine-grained sandstones with the pres-
ence of gypsum beds, unit 3 is best correlated with this forma-
tion.

The contact between unit 4 and unit 3 is abrupt where chan-
neling incision is present. This unit (246-m thick) consists of
stacked 1 to 4-m-thick, fining-up sequences, which change
from conglomerate, pebbly sandstone, and sandstone beds to
poorly sorted clay stone and siltstone. The coarse beds pinch
out over tens of meters, and smaller lenses show distinct chan-
nel geometries and basal scouring. Unit 4 may represent a
change from a marine to braided-fluvial depositional setting
[e.g., Blatt et al., 1980] and correlate with the Suweiyi Forma-
tion and possibly the lower part of the Jidike Formation of Ye
and Huang [1990].

Unit 5 (1.6 km thick) is conformably on top of unit 4 and
consists of stacked fining-up sequences from pebble conglom-
erate and pebble sandstone to medium-grained sandstone. Clay
stone and siltstone beds (<5%) are present in the top half of the
section. The conglomerate beds consist mainly of matrix-
supported trough and planar cross beds. Overall, this unit rep-
resents a thick braided-fluvial sequence [e.g., Blatt et al.,
1980]. We favor this interpretation over alluvial-fan deposi-
tion because of the lack of gravity-flow deposits. This unit
probably correlates with the Jidike Formation and part of or
the entire Kangcun Formation.

Unit 6 consists of a sequence of conglomerate (at least 300
m thick and possibly up to 2-3 km thick) locally interbedded
with lenticular sandstone beds. The lithology of this unit cor-
relates with the Kuche Formation of Ye and Huang [1990]. The
presence of large boulders (>50 cm in diameter) in the sequence
suggests that the unit may represent alluvial fan deposits.

Although the lack of fossils in our measured section makes
its age assignment uncertain, the presence of gypsum beds in
units 1-3 implies that they are lithologically correlated to the
Kumukeliemu group and Suweiyi Formation in the standard
section of Ye and Huang [1990]. This makes the marine-fluvial
transition in unit 4 and the 1.6-km-thick braided-fluvial se-
quence in unit 5 younger than the early Oligocene.

Both point counts of the sandstone and clast counts of the
conglomerates show an abrupt increase in metavolcanic com-
ponents at the base of unit 4 and continuing into the overlying



14 YIN ET AL.: SOUTHERN CHINESE TIAN SHAN THRUST BELT

strata [Craig, 1995]. Clasts of reworked sandstone are also
found in the conglomerates. These changes may represent a
change in the source area caused by thrusting-induced uplift in
the southern Tian Shan, where late Paleozoic metavolcanic
rocks are abundant [Carroll et al., 1995]. The braided-fluvial
sequence and the younger alluvial sequence (N1 to N-Q in Fig-
ure 5) are synfolding, as indicated by the shallowing in dip an-
gles from overturned to about 40° in the forelimb of an anti-
cline (Plate 1).

4.2.2. Bestantuogela section. This section begins
in the Tertiary strata across the south limb of an anticline
(Figure 8c). According to the geologic map of Kuche region
[Xinjiang BGM, 1966c¢], the base of the section lies in the up-
per Miocene. Because no gypsum beds are present in the meas-
ured section as described below, the age of this section is most
likely younger than the age of the early Oligocene-Miocene
Suweiyi Formation of Ye and Huang [1990]. However, its ex-
act age is unconstrained. We divide the Bestantuogela section
into three units (Figure 8c). The lower unit (~490-m thick) is
predominately gray-brown and blue-gray clay stone, with a
minor amount of siltstone. Limestone is present as laminae or
beds up to several meters thick. The upper half of the unit con-
tains fine-grained sandstone beds, some with climbing ripples.
We interpret this unit to have deposited in lacustrine condi-
tions [e.g., Blatt et al., 1980].

The middle unit (432 m thick) is predominately thin-bedded
clay stone and siltstone. It lacks carbonate and has a higher
proportion of silt than that in the lower unit. Although volu-
metrically small (<15%), rippled and thin-bedded fine-grained
sandstone beds increase in abundance upsection. This unit may
represent the transition from lacustrine to fluvial conditions
[e.g., Blart et al., 1980].

The upper unit (1358 m thick) has an abrupt contact with its
underlying unit. Its lower part has fining upward sandstone
beds, which are rippled and planar- and trough-cross-bedded.
The upper part is composed of 5-m- to 25-m-thick stacked se-
quences of medium-grained to very coarse grained sandstone
beds. They are commonly rippled and planar cross-bedded.
The beds have distinctive channel geometries and epsilon
cross beds. The sandstone beds are fining upward to become
siltstone and claystone beds, which are commonly laminated.
The entire unit is characterized by an increase in the abundance
of sandstone beds upsection, indicating a relative increase in
sediment supply or energy change. The lower part of this unit
may represent distributary channels and interchannel areas in a
deltaic system, whereas its upper part may represent a meander-
ing-fluvial system (e.g., Blatt et al. [1980], also see Craig
1995 for detailed discussion).

4.3. Magnetostratigraphy

4.3.1. Sample preparation and laboratory
measurements. In order to constrain ages of the Kuche ba-
sin, we conducted a magnetostratigraphic investigation of the
Kuche and Bestantuogela sections. Oriented hand samples,
typically 10 x 10 x 5 cm in size, were collected in the field.
Preference was given to well-indurated mudstone and fine-
grained sandstone. Samples were collected at ~50-m intervals
in the Bestantuogela section and the fluvial part of the upper
Kuche section. Samples were collected at ~20-m intervals in
the lower part of the Kuche section, consisting of lacustrine-
sabkha deposits. This sample spacing is somewhat larger than
others reported [e.g., Burbank and Johnson, 1983; Burbank et
al., 1992; Harrison et al., 1993], because of the reconnais-
sance nature of the project and access to appropriate lithology.
A total of 81 sites were collected from the two sections. Sam-

ples from 6 of the 81 sites were destroyed during shipping.
The surviving samples were drilled into 1.5-cm-diameter cores.
Ideally, at least three cores were obtained from each sample,
but in practice, samples from 47 sites yielded three or more
cores, and 28 produced one or two specimens.

The characteristic remnant magnetism (ChRM) of each sam-
ple was measured using a cryogenic magnetometer in the labo-
ratory of Joseph Kirschvink at the California Institute of
Technology. The procedure of our sample analysis follows
that of Butler [1992]. The natural remnant magnetism (NRM)
of each specimen was measured first. Next, specimens from se-
lected sites were demagnetized using stepwise alternating-field
(AF) demagnetization from 0 G to 800 G in 50-G intervals.
Sites whose characteristic component of NRM (ChRM) was not
clearly resolved by AF demagnetization were then subjected to
thermal demagnetization; samples were heated stepwise to
680°C by 100°C-increments from 150° to 450°C and in 25°C-
increments from 500°C to 650°C.

In general, the results from the two sections varied signifi-
cantly in their quality and reliability. This is, in large part, due
to the grain sizes available for sampling. The Bestantuogela
samples consist primarily of siltstone and very fine-grained
sandstone, whereas the Kuche samples are typically siltstone
to fine-grained sandstone in the lower part and medium-grained
sandstone in the upper braided-fluvial sequence.

When the ChRM revealed by demagnetization is compared to
the original NRM, we found that the majority of samples re-
ceived very little postdepositional overprinting. After demag-
netization, the samples from the two sections passed both the
reversal and fold tests [e.g., McFElhinny, 1973].

The mineralogy of the samples was revealed in the J/Jo plot
[Craig, 1995], which is a magnetic intensity plot showing the
loss of intensity after each step of demagnetization. J repre-
sents the magnitude of the magnetic vector and J, represents
the original intensity The plot shows that the dominant min-
eral in the Bestantuogela section is titanomagnetite, as indi-
cated by the large reduction in NRM during AF demagnetization
[Butler, 1992]. The magnetism present after the sample was
heated to the Curie temperature of the titanomagnetite (575°C)
is due to the presence of titanohematite, which has a Neel tem-
perature of 670°C and sometimes retains magnetism up to
725°C. The samples from the Kuche section typically retained
their levels of magnetic intensity to higher temperatures and
are less sensitive to AF demagnetization. NRM in those sam-
ples is due to a larger component of titanohematite.

The final results were analyzed using spherical statistics.
The quality of all the sites was classified into three groups, us-
ing the Fisher k statistic for dispersion on a sphere [Fisher,
1953]. If the magnetic directions from at least three samples
from a site were in close agreement (k > 10), then the site was
classified as class I. If two samples were in close agreement,
while the third was not (k < 10) or if less than three samples
were analyzed from a site, then the site is classified as class II.
If there was little agreement between the samples or if only one
sample for a site was recovered, then it is a class III site. Class
III sites were not used in the magnetic-polarity sections, unless
only one sample was recovered and that sample had a clear
ChRM direction. With this classification in data quality, the
Kuche section consists of 34%, 23%, and 43% of class I, II,
and III sites, respectively. In contrast, the Bestantuogela sec-
tion is composed of 61%, 27%, and 12% of class I, II, and III
sites, respectively.

4.3.2. Correlation to the magnetic-polarity
timescale. A determination of the time interval represented
by the section would improve the correlation with the mag-
netic-polarity timescale. Estimates for the time represented by



Plate 1. Geologic map of the Kuche area based on both
the geologic map of the Kule region [Xinjiang BGM,
1966¢] at a scale of 1:200,000 and our own mapping at a
scale of 1:50,000 along the Kuche River. Abbreviations
are as follows: Q1, and Q2, Quaternary alluvial deposits;
N, Neogene lacustrine and fluvial deposits; K, Cretaceous
strata, locally includes the Paleogene strata; J1, lower
section of Jurassic strata; J2, upper section of Jurassic
strata; P, Permian strata; T, Triassic strata; C,
Carboniferous strata; D, Devonian strata; and Pgr, Permian
granitoids. Location of cross sections BB’ and CC’ shown
in Figure 4 and location of Figures 5a, 6a, 6b, and 6¢ are
indicated.
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the stratigraphic column are important in this case because of
the lack of a precise age horizon within the column. Although
with some uncertainties, sedimentation rates on timescales of
>1000 years are typically of the order of 0.1 mka' in a wide
range of depositional systems and tectonic settings [Sadler,
1981]. Typical rates of foreland-basin sedimentation are be-
tween 0.1 and 0.4 m ka"' [Johnson et al., 1988; Burbank et al.,
1992; Harrison et al., 1993], but rates as high as 0.9 m ka'
were also reported [Jordan et al., 1988]. With this range of
sedimentation rates, the stratigraphic columns can be scaled to
various ranges and compared with the magnetic-polarity time
scale.

Another method is to estimate the time represented by the
magnetostratigraphic column using a numerical model, which
relates the average time between magnetic reversals, style of
sampling (e.g., uniform, random, etc.), sample spacing, and
number of reversals within the section. We applied the model
developed by Johnson and McGee [1983], which has the fol-
lowing form, Pu= '/, [1 — exp(2A#/tN)], where Pu is the prob-
ability that a magnetic reversal lies between two samples, Nis
the sample spacing, At is the time represented by a strati-
graphic section, and t represents the average time between re-
versals. This model assumes that reversals follow an exponen-
tial probability distribution [Cox, 1981]. The total number of
reversals Ru within a stratigraphic section is Ru = Pu(1-N).
From these relations, the amount of time represented by a
stratigraphic column can be calculated. We applied this model
to estimate the time duration of both the Kuche and Bestan-
tuogela sections as a whole and in part. The calculated results
indicate that the fluvial sequence of the Bestantuogela section,
which is 1130 m thick, had been deposited over 4.5 m.y. (see
Craig [1995] for details). This yields a sedimentation rate of
0.25 mka’', consistent with the range of sedimentation rates
in a foreland basin estimated by others as mentioned previ-
ously.

The key assumption in our correlation is that the youngest
age of the gypsum-bearing strata in the Kuche foreland basin
correlates with the early Oligocene-Miocene Suweiyi Forma-
tion. This makes the sequence above the gypsum beds in the
Kuche section late Oligocene or younger in age. Because no
gypsum beds are present in the Bestantuogela section, it
should also be late Oligocene or younger in age according to
our lithological correlation to the biostratigraphy of Ye and
Huang [1990].

The measured magnetostratigraphic section was correlated
using the best interpretive fit to the magnetic-polarity times-
cale of Cande and Kent [1992] (Figure 9). Because of fewer
high-quality sample sites in the Kuche section, its correlation
to the magnetic timescale is problematic. In contrast, the
Bestantuogela section provides an excellent fit (Figure 9).
This fit resulted from numerous tests of changes in assump-
tions: (1) we allowed sedimentation rates to vary by a factor of
2; (2) we examined changes in rates in the top and bottom of
the Bestantuogela section; and (3) we compared the column
with all of the Oligocene through Pliocene reversals. The best
correlation of the Bestantuogela section with the magnetic-
polarity timescale requires the sedimentation rate to be 0.2 m
ka'. Note that the poor correlation in the basal part of the
Bestantuogela section is the result of both the large number of
small reversal events which occurred during this time interval
and wide sample spacing which may have caused several events
to be unrecognized.

The good fit of the Bestantuogela section may be, in turn,
used to constrain the age of the magnetically poorly defined
Kuche section if the facies relationship between the two sec-
tions can be established. One possibility is that the lacus-

trine-to-fluvial transition in the Kuche section matches the del-
taic-to-meandering fluvial transition in the Bestantuogela sec-
tion (Figure 9a). This correlation also matches the magnetic-
polarity distribution in both sections and implies that the
lacustrine-to-fluvial transition occurred at ~21 Ma. Another
possible correlation is between the lacustrine-to-fluvial transi-
tion in the Kuche section with the lacustrine-to-deltaic transi-
tion in the Bestantuogela section. This would place the transi-
tion in the Kuche section at ~24 Ma.
4.4. Timing of Thrust Initiation in the Southern
Tian Shan

The timing of Cenozoic thrust initiation in the Tian Shan
has been variably estimated to be between Oligocene and Plio-
cene. On the basis of rapid increase in sedimentation rates in-
dicated by biostratigraphy established by the Chinese workers
[e.g., Ye and Huang, 19901, Windley et al. [1990], Allen et al.
[1991, 1993], and Yin and Nie [1996] inferred that thrusting in
the Tian Shan initiated between Oligocene and Early Miocene.
Although the exact age assignment of the last marine deposits
in Tarim may be either late Oligocene or early Miocene [Ye and
Huang, 1990] and a large global eustatic regression of 100-200
m occurred during the Oligocene [Hagq et al., 1987], the present
elevation of these marine deposits at 1-2 km in the southern
Chinese Tian Shan suggests that its uplift must have occurred
after the late Oligocene. If we attribute the uplift to crustal
thickening due to thrusting in the southern Tian Shan thrust
belt, then thrusting should have initiated after the late Oligo-
cene.

Apatite fission track analysis of Mesozoic strata on the
northern flank of the Chinese Tian Shan yields a consistent
2444 Ma cooling age, which indicates the time of denudation
in the Tian Shan, possibly related to tectonically induced rapid
uplift of the range at the time [Hendrix et al., 1994]. Taking
the same approach, Sobel and Dumitru [1997] sampled Mio-
cene strata in the western part of the southern Chinese Tian
Shan thrust belt (i.e., their Kuzigougsu and Wenguri sections).
Their data indicate that unroofing in sediment source areas
cooled rocks through about ~100°C beginning in the Oligo-
Miocene (23-25 Ma) and continued through the mid-Miocene
(~13-16 Ma). They inferred the source area in the south central
Chinese Tian Shan (i.e., north of the Baicheng-Kuche thrust
belt).

The above estimated timing for the initiation of thrusting in
the Tian Shan, that is, between late Oligocene and early Mio-
cene is consistent with the inference derived from the Quater-
nary shortening rate and the total amount of Cenozoic shorten-
ing across the Tian Shan [Avouac et al., 1993]. In contrast to
this estimate, a high rate of N-S shortening ~20£3 mm yr” has
been recorded by a Global Positioning System survey in the
westernmost  part of the Tian Shan in Kirgikstan
[Abdrakhmatov et al., 1996]. This rate together with the esti-
mated 200-km Cenozoic shortening in the western Tian Shan
places the thrust initiation at about 10 Ma.

Initiation of Cenozoic thrusting in the Kuche basin may be
indicated by the transition from the lacustrine to fluvial facies
in both the Kuche and Bestantuogela sections at about 24-21
Ma. The dramatic facies changes in the two sections at this lo-
cation may reflect the effect of thrust loading in the southern
Tian Shan. However, as pointed out by Jordan et al. [1988], an
increase in the input of sediments to a foreland basin may or
may not be related to thrusting, depending on whether climate
conditions were changed, which may increase or decrease the
power of erosion. However, a marked increase in metavolcanic
fragments in units 4 and 5 of the Kuche section beginning in
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Figure 9. Magnetic-polarity stratigraphy of the Kuche River and Bestantuogela sections.
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correlations between the Bestantuogela and Kuche sections are shown. (a) The lacustrine-braided fluvial transition
in the Kuche section correlates to the lacustrine-deltaic transition in the Bestantuogela section. This correlation

implies time transgression for the same facies in different locations of the basin.

(b) The lacustrine-braided tran-

sition in the Kuche section correlates with deltaic-meandering fluvial transition. The first correlation implies that
the initial input of coarse clastic sediments in the Kuche basin began at about 24 Ma, where the second implies an
age of 21 Ma. Magnetic-polarity timescale is based on Cande and Kent [1992].

this time interval implies exposure of new and deeper source
areas brought up by south verging thrusting. This is a com-
mon thrust-related process in foreland basins [e.g., Jordan et
al., 1988]. If our estimate of timing for the thrust initiation
(21-24 Ma) is correct, using the estimated magnitude of short-
ening (20-40 km) and shortening strain (20-30%), the slip and
strain rates in the southern Chinese Tian Shan thrust belt yield
1-1.9 mm yr' and 2.9-4.5x10™s”', respectively.

Two factors may complicate the above interpretation. First,
as the development of thrusts may propagate outward from the
core of the Tian Shan to the north and south, the timing of the
observed facies changes may only indicate the initiation of a
younger and more southern thrust system. The sedimentologi-
cal record in response to an older and more northern thrust sys-

tem may have been eroded away in the hanging wall of the
southern thrust system. This kinematic history implies that
24-21 Ma is the minimum age of thrust initiation in the south-
ern Chinese Tian Shan. However, we argue that the initiation
of thrusting cannot be older than the Oligocene (~36-24 Ma),
the time of last marine deposition in the northern Tarim basin
and southern Tian Shan [e.g., Ye and Huang, 1990]. As these
marine strata are not at elevations between 1.5 and 2 km, they
must have been uplifted by tectonism but cannot be caused
solely by sealevel change, which is only of the order of some
100-200 m during this time interval [Hagq et al., 1987].
Another complexity involving dating initiation of thrusting
is that deposition of conglomerates in the distal area may be
related to cessation of thrusting, whereas deposition of fine-
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grained sediments was related to the process of thrust loading
and thus dates the timing of thrust movement [e.g., Heller et
al., 1988]. If this is the case for the Kuche and Bestantuogela
sections, then the age of thrusting should have begun even ear-
lier than the estimated 24-21 Ma. However, the relationship
between folds and the synfolding braided-fluvial sequence in
the Kuche section rejects the second proposal but permits the
first possibility. As evident in Figure 5, this Neogene se-
quence (N1 to N-Q1 in Figure 5) was deposited during folding,
as indicated by the systematic decrease in dip angle as the
strata become younger (Figure 5). The oldest age of the growth
strata, which is approximately located at the base of the
braided-fluvial sequence, places constraints on the initiation
age of folding and thrusting [e.g., Suppe et al., 1992].

5. Structural Evolution of the Baicheng-Kuche
Thrust System

On the basis of the structural relationship and sedimen-
tological studies in the Kuche area, a kinematic model is pro-
posed that explains the timing of thrusting and its relationship
to sedimentation in the Kuche basin (Figure 5). The first Ce-
nozoic contractional structure began to develop at 24-21 Ma in
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the northern part of the Baicheng-Kuche thrust system (Figure
10a). We tentatively assigned the strike-slip shear zone and
adjacent thrusts in Plate 1 as Paleozoic structures. We interpret
the bedding-parallel fault in the middle Jurassic strata to have
initiated at this time. [t could be geometrically linked with the
main thrust to the north. This event led to the exposure of the
Paleozoic-Mesozoic stratigraphic section in the hanging wall
of the thrust and deposition of the fluvial-alluvial sequence
(Figure 5) in the footwall in the southern part of the thrust sys-
tem. The alluvial-fan facies has been eroded away because of
development of younger thrusts to the south, which exposes
the braided fluvial sequence in the footwall of the older thrust
(Figures 10b-10d). The Kuche thrust began to develop in the
footwall of the older thrust Figures 10b and 10c). Its initiation
produced a fault-propagation anticline and shed coarse-grained
sediments southward, recorded by the deposition of the alluvial
fan sequence. The development of the older thrust, the Kuche
thrust, and the younger minor thrusts and folds produced the
synfolding sequence of sedimentation (Figures 10c-10e)

6. Denudation of the Chinese Tian Shan

In order to constrain the paleotopographic history of the
Tian Shan, the denudation and crustal-shortening histories of
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Figure 10. Structural evolution of the Baicheng-Kuche thrust system and its relationship to the stratigraphic
development. (a) At 24-21 Ma, the initiation of an early thrust in the northern part of the thrust system and an
associated bedding-parallel thrust lying within the Jurassic strata and deposition of lacustrine sediments (N1).
(b)-(c) At 21-14 Ma, the Kuche thrust began to develop, which deformed an older bedding-parallel thrust in the

Jurassic strata and shed sediments to the south, and deposition of fluvial sediments in the Kuche section (N21).
(d)-(e) Further development of the Kuche thrust and its footwall thrusts and folds deformed the earlier deposits (N1

and N21) and syn-tectonic sediments (N22 -Q) have been deposited and tilted while thrusting was ongoing.
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the mountain range must be known. As no Cenozoic normal
faulting has been identified in the Tian Shan region, its denuda-
tion may be entirely attributed to contractile uplift and ero-
sion: the N-S contraction contributes to the increase in eleva-
tion of the Tian Shan, whereas erosion reduces it. We have
previously discussed the constraints on the timing and magni-
tude of shortening in the southern Tian Shan. In this section,
we present results of “’Ar/*Ar thermochronological analyses
to constrain the magnitude and timing of erosion in the Tian
Shan.

Igneous intrusive rocks with emplacement ages ranging
from Precambrian to early Mesozoic time are widespread in the

Chinese Tian Shan [Xinjiang Regional Mapping Team, 1985]
(Figure 1c), which provides an excellent opportunity for per-
forming *’Ar/*Ar analysis. Two sampling traverses were con-
ducted for “Ar/*Ar analysis: one along the Urumgi-Korla
highway in the eastern Chinese Tian Shan, and the other along
the Kuche-Dushanzi highway in the central Chinese Tian Shan
(Figure 1c). Most samples were collected from late Paleozoic
granitoids, but a few were collected from a zone of mylonitic
gneisses along the axis of the central Tian Shan (Figure Ic).
Mineral separates of K-feldspar, hornblende, and biotite
were obtained from fresh hand specimens. For the “Ar/*Ar
analyses, mineral separates were irradiated together with Fish
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Table 1. Summary of 4oAr/39A|' Ages

No. Rock Type Mineral Location Age Ma
N7+ granitoid K-feldspar Bayinbluke 297.3+1.1
306.4+0.5
308.310.6
N13* mylonitic gneiss muscovite Central Tian Shan 301.8+1.1
303.0t1.0
313.7+2.6
N21* granitoid biotite North Tian Shan 254.5+4.8
260.113.4
N23* granitoid K-feldspar North Tian Shan 230.840.8
240.4+1.4
245.9+1.4
N39* diorite rock K-feldspar South Tian Shan 224.240.8
biotite 245.1+0.8
305.312.7
318.1+2.2
homblende 293.240.9
317.343.3
N70* volcanic rocks biotite North Tian Shan 295.540.6
K-feldspar 264.1+1.5
267.9108
TS1+ mylonitic diorite homblende East Tian Shan 262
biotite 347
K-feldspar 333
TS0t mylonitic gneiss biotite East Tian Shan 286
* Laser fusion ages.

T Total gas ages calculated from step-heating results.

Canyon sanidine flux monitors for 45 hours in the H-5 posi-
tion of the Ford Reactor, University of Michigan. Correction
factors used for interfering neutron reactions were (*Ar/*Ar), =
0.0225, (PArPAr), = 1.20 x 10?2, ("Ar/Ar),= 7.00 x 10%,
and (*Ar/®Ar);, = 290 x 10®. All the samples from the
Urumgi-Korla highway were step heated in a Ta crucible within
a double-vacuum furnace, and “Ar/*Ar isotopic measurements
were performed using a VG 1200S automated mass spectrometer
operated in the electron multiplier mode. Details of flux moni-
tor ages, neutron irradiation, step heating, and isotopic analy-
ses are given by Harrison et al. [1992b]. Tabulated results of
the argon isotopic analyses, uncorrected for neutron-produced
interference except (®Ar/°Ar)., are given in Table 1 using
conventional decay constants and isotope abundances. Sam-
ples from the Kuche-Dushanzi highway were analyzed by the
laser-heating technique.

The results of the “Ar/®Ar analyses indicate that the
dominant cooling ages of muscovite, biotite, hornblende, and
K-feldspar for all the samples are in the range of 224-320 Ma,
clearly indicating a thermal event which occurred in the late Pa-
leozoic to early Mesozoic. As our structural investigation has
focused only on the Cenozoic deformation, it is not clear
whether the thermal event was related to denudation or magma-
tism. Nevertheless, from the closure temperatures of musco-
vite and biotite (~300°-350°C [McDougall and Harrison,
1988]) and reasonable assumptions regarding geothermal gra-
dient (20°-30°C km™), the amount of post-Paleozoic erosion in
the Tian Shan is no more than 12 km.

Fission track thermochronological analysis of samples from
the north and south flanks of the Tian Shan by Hendrix et al.

[1994] suggests that only a 3 to 5-km-thick section of the
crust has been eroded in the last 25 m.y. A more comprehen-
sive apatite fission track analysis was recently conducted by
Zhou et al. [1995] across the Tian Shan. Their traverse be-
tween Kuche and Dushanzi coincides with our western sampling
route. They found that a Late Carboniferous granitoid along
the northern margin of the central Tian Shan arc terrane cooled
below 110°C at about 130 Ma. This Cretaceous cooling age
may reflect tectonically induced denudation, which is recorded
by the large flux of granitic clasts in the Cretaceous strata
throughout the Chinese Tian Shan (Hendrix et al. [1992] and
this study, see Figure 8a]. Mylonitic granites in the central
Chinese Tian Shan strike-slip shear zone (Figure 1) show
apatite cooling ages between 24 and 10 Ma. “Ar/*Ar thermo-
chronological analysis of biotites, muscovites, and K-
feldspars from mylonitic granites of the same shear zone
shows no Cenozoic cooling {Yin and Nie, 1996]. The com-
bined results of “Ar/®Ar and apatite fission track analyses
suggest that the amount of Cenozoic denudation of this mylo-
nitic shear zone is no more than 10 km and that the overall
Chinese Tian Shan has experienced little exhumation (<5 km)
in the Cenozoic. This is in sharp contrast to that of the south-
ern Tibetan plateau, where rapid and large denudation up to 20
km occurred between the late Oligocene and the middle Mio-
cene [Harrison et al., 1992a; Yin et al., 1994] .

7. Relationship Between Uplift, Denudation, and
Crustal Shortening

The surface of the Earth is continuously altered under the in-
fluence of weathering, erosion, plate tectonics, deposition,
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and volcanic processes. One of the goals of our investigation
was to estimate both the elevation of the Tian Shan prior to
late Cenozoic deformation and the elevation gained with re-
spect to sea level since late Cenozoic deformation began. This
may be achieved by interpreting the results of our geologic ob-
servations in the framework of a simple quantitative model
based on the assumptions of conservation of mass, uniform
crustal shortening, and Airy isostacy described below. As the
uncertainty of our estimates on the magnitude and timing of
both Cenozoic crustal shortening and exhumation in the Chi-
nese Tian Shan is large (e.g., a factor of 2-4 in estimating the
magnitude of shortening, depending on the assumption of
thrust-fault geometry), the one-dimensional model presented
below should be regarded as a conceptual guide rather than a re-
alistic model at this stage. This model serves to demonstrate
the need for well-distributed, high-resolution field data (i.e.,
crustal shortening and denudation) in reconstructing the pa-
leoelevation history of the Tian Shan. Although not explored
here, the biggest uncertainty in estimating the elevation his-
tory of a region is the effect of changes in thermal states in the
lithosphere, which is difficult to quantify by surface geology.

The magnitude of uplift, U, of a mountain range at a point is
the difference between its present elevation e2(f) and its past
elevation el(t,) at a specific time f,with respect to the sea level
(Figure 11),

U@ =e2(t)-el(z) (1

In general, the magnitude of this uplift is a function of time, as
elevation of a mountain range changes because of horizontal
shortening and denudation. By differentiating various mecha-
nisms contributing to surface uplift, the total amount of uplift
may be the summation of the following terms

Uty=e2(t)-el(t)=U, + Umﬂm -D 2)

where U, is the surface uplift/elevation reduction due to
lithospheric shortening/extension; U, is the surface uplift
due to a change in the thermal gradient in the lithosphere and
asthenosphere, which in turn causes changes in the density dis-
tribution and the surface elevation; and D is the amount of de-
nudation due to either erosion or normal faulting.

It appears that the 2500-km-long Tian Shan is supported by
different mechanisms in the mantle lithosphere along strike.
According to seismological studies and analysis of averaged
gravity data [Makeyeva et al., 1992; Kosarev et al., 1993;
Roecker et al., 1993; Burov et al., 1990], the western Tian
Shan between the Pamir and the Talas-Ferghana fault and the
eastern Tian Shan in China have a cold lithospheric root. In
contrast, the central Kirgyz Tian Shan is underlain by an
anomalously low-velocity region in the upper mantle, imply-
ing a relatively elevated temperature. The low-velocity central
Tian Shan coincides spatially with the presence of Cretaceous-
Paleogene mantle-derived basalts [Sobel, 1995]. The lack of
both Cenozoic basalts and seismic velocity anomalies sug-
gests that the thermal effect on surface elevation may not have
been important in the Chinese Tian Shan. We thus neglect the
Utherm term in our analysis.

Because no normal faulting of Cenozoic age has been re-
ported in the Tian Shan, we consider the change in elevation of
the Tian Shan purely due to crustal shortening and denudation
caused by erosion (Figures 11). Assuming isostatic equilib-
rium, uniform shortening of the lithosphere, and conservation
of mass, the paleoelevation (el) may be related to the present
elevation (e2), the densities of the crust (pc), mantle litho-
sphere (pml), and the mantle asthenosphere (pma) as follows:

el =[(pml - pc)Svpmal{(pml - pc)(e2 + D + Tc + rc2
- TcSv) + (pma - pm){T, (1 - Sv) +e2 + D + [e2 pc
- rc2(pml - pc)l/(pma - pmi)}} 3)

where rc2 is the present length of the crustal root after shorten-
ing (it may be determined by seismic studies on the depth of
the Moho), Tc is the thickness of continental crust when its
surface is at sea level (~35 km), T} is the thickness of the con-
tinental lithosphere when its surface is at sea level (~100 km),
Sv is stretching strain (final length versus original length) in
the vertical direction (it may be determined by the observed
horizontal shortening strain), and D is the magnitude of denu-
dation during lithospheric shortening (it may be determined by
thermochronological analysis). The vertical stretching strain
is inversely proportional to the horizontal shortening strain,
that is, Sv = 1/Sh. Detailed derivation of (3) is shown in the
appendix. It is valid only if (1) isostatic compensation fol-
lows Airy isostasy, (2) crustal shortening strain is vertically
uniform in a pure-shear fashion, and (3) rate of thermal relaxa-
tion is much slower than that of vertical stretching due to hori-
zontal shortening, so that the lithospheric root develops as a
result of compression. Under these assumptions, (3) allows
evaluation of elevation histories from point to point in a
mountain belt.

The present Tian Shan consists of parallel ranges and inter-
montane basins. We may speculate that the basins have expe-
rienced little or no crustal shortening in the Cenozoic and thus
remain at low elevations to receive sediments. In contrast, the
ranges have been produced by crustal shortening, and their ele-
vations have been modified by erosion. The average elevation
of the southern Tian Shan directly north of the Kuche thrust
system is between 2000 and 4000 m (Figure 1b). If the south-

o e]_ sea level
Ty = 100 km crust Pc _ Tc =35 km
rcl I
rx] pml
| mantle
Ll lithosphere Pma
mantle asthenosphere
b DE"'"""""?
4 m sea level
»
Ty.= 100 km erust Pc | Te=35km
rc2 p
rx2 ml
mantle
Ll lithosphere | Pma

mantle asthenosphere

Figure 11. Schematic diagram showing the relationship (a)
before and (b) after lithospheric shortening and parameters
used to calculate surface uplift of the Tian Shan in the late Ce-
nozoic.
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ern Tian Shan has experienced the same amount of Cenozoic
shortening strain in the southern Tian Shan thrust belt and if 5-
km denudation is representative for the high country as indi-
cated by the apatite fission track data of Hendrix et al. [1994]
and Sobel and Dumitru [1997], we may estimate the elevation
prior to Cenozoic deformation (Figure 12). We first convert

our estimates of shortening strain € = (- [,)/ I, = -20-30% to

horizontal stretch strain, Sh =1,/ [, =€ + 1 = 70-80%, where [,
is the original length of a marker bed and / is the final length
of the marker bed after horizontal shortening. Assuming that
the present elevation of the northern part of the southern Chi-
nese Tian Shan is between 2 and 4 km (i.e., ¢2 = 2-4 km) and 5-
km denudation and 20-30% shortening strain are applied uni-
formly in the region, that would place its paleoelevation be-
tween 1.1 and 3.7 km (Figures 12a and 12b). Taking these es-
timates at a face value, it implies that the southern Chinese
Tian Shan had a significant elevation, between 1.1 and 3.7 km,
prior to the initiation of Cenozoic thrusting and that the moun-
tain range has been uplifted between 0.9 and 1.3 km since the
early Miocene.

8. Conclusions

Cenozoic deformation of the southern Chinese Tian Shan is
expressed by the development of a coherent south verging
thrust belt. The western part (the Kashi-Aksu system) is char-
acterized by the occurrence of thin-skin imbricate thrusts
which consistently juxtapose the lower Paleozoic strata over
the Neogene strata. The central part is expressed by a major
thrust (the Kuche thrust) and an oblique thrust ramp (the Korla
transfer zone). The former puts middle Paleozoic strata over
the Neogene and Quaternary strata, whereas the latter juxta-
poses Precambrian crystalline rocks against the Neogene
strata. The eastern part consists of widely spaced thrusts in-
volving basement rocks. Geologic mapping and cross-section
construction suggest 20-40 km of crustal shortening has oc-
curred in the southern Chinese Tian Shan during the Cenozoic.
These are minimum estimates due to both conservative ex-
trapolation of thrust geometries and the location of the hang-
ing wall ramps, which are now largely eroded away, and partial
coverage of the thrust belt by the cross sections. The horizon-
tal shortening strain is estimated to be 20-30%.

Thrusting in the southern Chinese Tian Shan may have initi-
ated at 21-24 Ma, as indicated by a facies transition between
lacustrine and braided-fluvial sequences in the Kuche foreland
basin. Its timing is constrained, in general, by the biostrati-
graphy and in detail by the magnetostratigraphic investiga-
tion. This estimate represents only a minimum age, as the
thrusts in the southern Chinese Tian Shan may have propa-
gated southward, and the record we observed only represents
the southernmost and thus the youngest part of the thrust belt.
If our estimate of timing for the thrust initiation (21-24 Ma) is
correct, using the magnitude of shortening (20-40 km) and
shortening strain (20-30%) obtained by construction of bal-
anced cross sections, we estimated the slip and strain rates in
the southern Chinese Tian Shan thrust belt as 1-1.9 mm yr'
and 2.9-4.5x10" s over the duration of 24-21 m.y., respec-
tively.

Reconnaissance “°Ar/*Ar thermochronological analysis to-
gether with earlier published apatite fission track analysis
suggests that the overall Cenozoic denudation in the Chinese
Tian Shan is no more than 10 km and most likely less than 5
km. We demonstrate via a simple physical model that when
the thermal effect on changes in surface elevation is negligi-
ble, determination of spatial distribution and temporal varia-

tion of both horizontal crustal shortening and denudation pro-
vides clues to reconstructing the elevation history of the Tian
Shan. The loosely constrained estimates of crustal-shortening
and denudation magnitudes from this study suggest that the
Chinese Tian Shan may have been elevated between 1.0 and
1.5 km since the onset of Cenozoic thrusting in the region in
the early Miocene. This estimate is consistent with the current
elevations (1.5-2.0 km) of the southernmost Tian Shan fore-
land where thrusts occurred in the Upper Cretaceous to early
Oligocene marine strata along the south flank of the Chinese
Tian Shan.

Appendix

Isostatic equilibrium of the lithospheric section with an ele-
vation el, crustal root rcl, and lithospheric root r;; should

satisfy the following relation:

ey =[(pml - pco)rcl + rp | (pma - pmD)pc (A1)
In the same fashion, the elevation of mountain range after
shortening (Sh) and denudation (D) (Figure 11) should satisfy
the following relation

ey = [(pml - pc)re2 + ryH(pma - pml))/pc (A2)
Conservation of crustal and mantle mass requires

(re1+Tc+e))Sv=(rpp+ex+D +Tc) (A3)

(ret +rL))Sv=(rpp +r712) (A4)

where Sv is the vertical stretching and is equal to (1/Sh). We
also note the following geometrical relationships as shown in
Figure 12:

Ty =Tc+rpp+ryg (AS)

TL =Tc+ Tep+ 1o (A6)

Substituting (A2) to (A6), we obtain the following relation-
ship:

€1 =[Pyt - PSPl Py - PNea + D+ T+ 19
- TeSVIH (P - Py T (1 -Sv) +eg + D + leape - 1e2(P i

In our calculation, we assumed that Tc = 35 km, T;, =100 km,
rc2=10km, p,=28 gcm?, p, ;=33 gcm>, andp,,, =3.2 g

cm?®. Parameters such as D, Sv, €2, rc2 are derived from obser-
vations in the Tian Shan region.
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