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ABSTRACT

The Tianshan Range is one of the longest and highest mountain belts in Central Asia,
stretching east-west for ~2500 km. Uplift of this late Paleozoic orogenic belt resulted from
intracontinental deformation caused by the collision of the Indian and Eurasian plates dur-
ing the Cenozoic era. To constrain the timing of Cenozoic tectonic deformation of the Tian-
shan Range, we analyzed the magnetostratigraphy of 3780-m-thick Neogene deposits from
the Kuqa foreland basin of southern Tianshan. The geometry measurements and magnetic
fabric data show that syntectonic growth strata began to accumulate at ~6.5 Ma ago, indi-
cating that crustal shortening initiated in the latest Miocene. The increase in sedimenta-
tion rate and an abrupt change of the magnetic fabric parameters also occurred at 6.5 Ma,
accompanied by onset of syntectonic growth strata. The latest Miocene crustal shortening is
a significant tectonic event in the foreland basin of the southern Tianshan Range in response
to the India-Eurasia collision.
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Figure 1. (A) Map showing site location of Kuchetawu section and anticlines in Kuqa
foreland basin of southern Tianshan Range; inset figure shows regional tectonic map of
Indian-Eurasian convergence zone. (B) Cenozoic strata of Kuchetawu section along cross-
section X-Y (location in A); bold dashed line indicates our sampling route. ATF—AIltyn
Tagh fault; KLF—Kunlun fault; N1j—middle Miocene Jidike Formation; N1k—Ilate Miocene
Kangcun Formation; N2k—Pliocene Kuqa Formation; Q1x—early Pleistocene Xiyu Forma-
tion; TF—thrust fault.
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INTRODUCTION

The Cenozoic tectonic uplift of the Tianshan
Range was a response to the intracontinental
deformation within the India-Eurasia conver-
gent system (Fig. 1A). Active faulting and fold-
ing affects the northern and southern foreland
basins of the Tianshan Range, indicating Ceno-
zoic crustal shortening (Molnar and Tapponnier,
1975). The exact timing of deformation of the
Tianshan Range has been an important issue in
recent years (e.g., Tapponnier and Molnar, 1979;
Yin et al., 1998; Deng et al., 2000; Burchfiel
et al., 1999; Chen et al., 2002; Fu et al., 2003;
Sun et al., 2004, 2007; Sun and Zhang, 2009;
Charreau et al., 2005, 2006; Huang et al., 2006;
Sobel et al., 2006; Hubert-Ferrari et al., 2007),
and different opinions about the timing of major
uplift exist, ranging from the late Oligocene to
the early Pleistocene. Such differences are either
due to the different methods used to infer age of
shortening or to the nonsynchronous deforma-
tion associated with tectonic propagation from
the mountains to the foreland basins.

In foreland basins, growth strata are closely
linked to folding and faulting, and, thus, syntec-
tonic sediments can provide precise information
on tectonic and depositional interaction (Suppe
etal., 1992; Burbank et al., 1996). When exami-
nations of growth strata are combined with
high-resolution age determinations defined by
magnetostratigraphy of the syntectonic depos-
its, the age of tectonic deformation in foreland
basins can be elucidated.

The aims of this paper are to: (1) construct
a high-resolution magnetostratigraphy of Upper
Cenozoic deposits in the Kuqa foreland basin,
(2) define the geometry of the deformed strata
to identify syntectonic deposits, (3) provide pre-
cise chronology of growth strata in the foreland
basin; and (4) explore the coupling mechanisms
between syntectonic sedimentation and related
faulting and folding.

GEOLOGIC SETTING AND LITHOLOGY

The Kuqa foreland basin is defined by the
Tianshan Mountains to the north and Tarim Basin
to the south (Fig. 1A). Series of elongated anti-
clines parallel to the Tianshan orogenic belt indi-
cate ongoing north-south contraction and crustal
shortening. Here, we focus on the Kuchetawu
section (41°55.097'N, 83°03.280'E), which is
part in the Qiulitag anticline, exposed (transect
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X-Y, Fig. 1A) by the southward-flowing Kuga
River (Fig. 1A). Field investigations indicate
that in this section the Qiulitag anticline is an
overturned fold, consisting of steep strata in the
core and gentle dip strata in the limbs (Fig. 1B).
This anticline exposes the early Miocene Jidike
Formation (N1j), the late Miocene Kangcun
Formation (N1k), the Pliocene Kuga Formation
(N2k), and the early Pleistocene Xiyu Forma-
tion (Q1x). Generally, there is a trend toward
coarser particle size and more gravels from core
to limbs (Fig. 1B).

RESULTS

Paleomagnetic sampling focused on the
southern limb of the Kuchetawu anticline
(Fig. 1B). In total, 676 oriented samples were
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subjected to stepwise thermal demagnetization;
in 650 specimens, the characteristic remanent
magnetization (ChRM) was successfully iso-
lated after removal of one or two secondary
components of magnetization. For most sam-
ples, two magnetic components were isolated.
A low-temperature magnetic component was
removed by thermal demagnetization at ~200—
250 °C, and another component above 250 °C
carried the ChRM direction. The ChRM vector
directions were used to define magnetostrati-
graphic polarity.

The age of the sequence is further constrained
by the occurrence of vertebrate fossil Hippa-
rion chiai at a depth of 3100 m (Fig. 2). This
kind of fossil corresponds to the Vallesian age
of European Neogene mammal zones (MN)
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Figure 2. Magnetostratigraphy of Kuchetawu section. Magnetic polarity is compared with

geomagnetic polarity time scale (GPTS) of Cande and Kent (1995). Vertebrate fossil Hippa-

rion chiai at a depth of 3100 m suggests an age of ca. 10 Ma.
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9/10 (Deng, 2006), which have an age range
of 11-9 Ma, centered at ca. 10 Ma. Finally,
the extremely thick (>1000 m) conglomerate
sequence of the Xiyu Formation is a marker
stratum in northwestern China. Its basal age has
been proposed to be near the Pliocene-Pleisto-
cene boundary (e.g., Huang et al., 1947).

Combined with these age controls, the mea-
sured magnetic polarity sequence was corre-
lated to the geomagnetic polarity time scale
(GPTS) of Cande and Kent (1995) (Fig. 2).
The magnetozones of sampled sediments cor-
relate with polarity chrons from the topmost of
C5ABn to C2An.1n, covering an age range of
13.3-2.6 Ma.

We also measured the anisotropy of magnetic
susceptibility (AMS) of 648 samples using the
KLY-3s Kappabridge with a CS-3 high-temper-
ature furnace in an argon atmosphere. Magnetic
fabrics of deformed rocks can reflect the strain
state of rocks (e.g., Graham, 1954; Tarling and
Hrouda, 1993; Parés and van der Pluijm, 2002).
In this study, the overall magnetic fabric param-
eters, except the mean magnetic susceptibility
(k,), show distinct patterns before and after
6.5 Ma (Fig. 3).

DISCUSSION

Mountains and adjoining foreland basins
are coupled systems. Foreland basins not only
accommodate sediment eroded off adjacent
mountains, accumulating as thick sedimentary
successions, but they also undergo progressive
deformation in response to crustal shortening. In
this sense, the sequences at the edges of foreland
basins document the tectonic deformation his-
tory. Studies of the geometry and chronology of
deformed strata can provide information about
the timing of deformation as well as the interplay
between sedimentation and crustal shortening.

Growth strata are developed in the southern
limb of the Kuchetawu anticline. Syntectonic
sediments accumulated from the upper part of
the Kangcun Formation to the Lower Pleistocene
Xiyu Formation (Fig. 4A). The growth strata are
characterized by (1) dips of strata that become
shallower gradually southward, decreasing from
~60° to 40° in the upper part of the Kangcun
Formation to ~40° to 28° in the Kuqa Formation
and then decreasing to ~22°-20° for the Xiyu
Formation (Fig. 4A); (2) thinner strata toward
the crest, indicating that they accumulated dur-
ing deformation; and (3) a series of progressive
and syntectonic onlap angular unconformities
(typical features of growth strata) that show the
tectonic deformation propagated southward to
the Kuqa Foreland basin. Based on the mag-
netostratigraphic data, the age of inception of
growth strata is around 6.5 Ma (Figs. 2 and 4A).
Therefore, the syntectonic deposits began to
accumulate ca. 6.5 Ma, and those processes con-
tinued to the early Pleistocene. This new result
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Figure 3. Magnetic fabric data from Kuchetawu section. Mean magnetic susceptibility (k)
and magnetic anisotropic parameters of T, P,, and q are shown as a function of depth, noting
abrupt changes of three later parameters since 6.5 Ma.
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Figure 4. (A) Growth strata (from upper part of Kangcun Formation to Xiyu Formation) from
ca. 6.5 Ma to early Pleistocene exposed along southern limb of Kuchetawu anticline. (B) Deep
and shallow structures of Kuchetawu anticline based on interpretation of seismic-reflection
profiles; accumulation of syntectonic growth strata is mainly associated with upper thrust
faults. (C) Thickness as a function of magnetostratigraphic age from Kuchetawu anticline; a
distinct increase in accumulation rate is indicated at 6.5 Ma.
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from the southern Tianshan is consistent with
the dated syntectonic growth strata in the mid-
dle part of northern Tianshan, which indicate an
age of 6 Ma (Sun and Zhang, 2009), but it is
earlier than the reported 5.5 Ma growth strata
of the Yaken anticline in the southern Tianshan
(Hubert-Ferrari et al., 2007).

The seismic-reflection profile of this anticline
(Fig. 4B) shows that the anticline is a fault-
related fold, and it has two distinct structural
levels. The deeper structure is a typical fault-
bend fold, where the deep detachment fault
steps southward along an Upper Jurassic coal
bed at a depth of ~9 km; the upper anticline is
controlled by both the back thrust in the fore-
limb and the south thrust fault in the backlimb
(Fig. 4B). These two faults, rooted in the gyp-
sum layer of the Miocene Jidike Formation,
merge near the surface and have near-vertical
dips (Fig. 4B). The growth strata accumulated
on the hanging wall of the faults penecontem-
poraneously with folding of the pregrowth strata
older than 6.5 Ma.

Magnetostratigraphic age controls allow
us to calculate sedimentation rates (Fig. 4C).
The sedimentation rate of pregrowth strata
is 32.5 cm/ka and increases to 40.3 cm/ka at
6.5 Ma, when growth strata accumulated. The
coincidence of the syntectonic growth strata
and the increased sedimentation rate demon-
strates that the southern Tianshan experienced
crustal shortening in response to intracontinen-
tal deformation within the India and Eurasia
convergent system initiated 6.5 Ma ago and
continuing into the early Pleistocene.

The tectonic deformation can be also dem-
onstrated by the AMS data (Fig. 3). The AMS
of sediments depends on the preferred orienta-
tion of strongly magnetic minerals, which is
affected by both depositional processes and
tectonic deformation. AMS has been widely
used to infer the geodynamic settings of various
environments (Tauxe et al., 1998). The vertical
variations of the AMS parameters of T (shape
parameter), P, (corrected anisotropy degree),
and ¢ (another shape parameter) do not corre-
late with changes in mean magnetic susceptibil-
ity km (Fig. 3A), suggesting that they are inde-
pendent of the ferromagnetic concentrations in
the succession. The changes in AMS parameters
at ~6.5 Ma are not controlled by sedimentary
fabrics. Moreover, although the magnetic prop-
erties of the sediments may be also driven by
climate change, the mean susceptibility varia-
tions are generally rather stable (Fig. 3A). This
is not consistent with the climatic cooling trend
of the late Cenozoic. Therefore, it does not sup-
port climatic control of AMS.

The AMS T parameter is lower in sediments
younger than 6.5 Ma (Fig. 3B): the mean value
decreases from 0.217 to 0.001 after ca. 6.5 Ma.
Values of T > 0 correspond to oblate (disk)
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shapes; those with T < 0 indicate prolate (rod)
shapes. The observed changes in T show domi-
nantly oblate fabric from the base to a depth of
1570 m (from 13.3 to 6.5 Ma in age) (Fig. 3B).
Similar trends are also observed for the cor-
rected anisotropy degree (P) (Fig. 30C). If T
and P, are dominated by postsedimentary fab-
ric, e.g., due to compaction, then both should
show increasing trends from the top to a depth
of 1570 m (from 2.6 to 6.5 Ma in age). However,
this is not the case. The observed abrupt changes
of AMS parameters at 6.5 Ma are not a pre-
dominant sedimentologic factor. Another shape
parameter g displays very different trends com-
pared with the changes of T and P, (Fig. 3D).
This parameter generally shows higher values
(mean value is 0.73) above 1570 m and lower
values (mean value is 0.53) in sediments older
than 6.5 Ma. When ¢ < 0.69, the fabric is oblate,
and when ¢ > 0.69 the fabric is prolate (Tarling
and Hrouda, 1993). The ellipsoid shapes are
dominantly oblate earlier than 6.5 Ma ago, and
then they change to dominant prolate shapes
after 6.5 Ma (Fig. 3D).

We propose the following mechanism to
account for the abrupt changes in AMS param-
eters. Sediments older than 6.5 Ma are pre-
syntectonic strata, and they experienced contrac-
tion due to crustal shortening. Obviously, the
magnetic anisotropy of these strata was affected
by stress, and the tectonic fabrics were superim-
posed on the primary predeformational magnetic
fabric as a result of later deformation. The degree
of magnetic anisotropy increased with increasing
intensity of strain. This can explain the general
increasing trend of T and P, for the sediments
from 6.5 to 13.3 Ma, as well as the dominant
oblate shapes earlier than 6.5 Ma (Fig. 3).

The past 6.5 Ma of growth strata were
deposited during crustal shortening. As syn-
tectonic deposits, their magnetic fabric was
mainly controlled by sedimentation, and thus
they exhibit lower degree of anisotropy and
less oblate shapes (Fig. 3).

Although structural deformation in the fore-
land basin of the Tianshan Mountains was initi-
ated in the early Miocene (e.g., Allen et al., 1991;
Avouac et al., 1993; Hendrix et al., 1994; Sobel
and Dumitru 1997; Yin et al., 1998; Sobel et al.,
2006), the timing of tectonic deformation in dif-
ferent areas of the foreland basin should not be
synchronous due to fault propagation. Our results
demonstrate that latest Miocene tectonic defor-
mation must have been an important episode of
crustal shortening in the Tianshan Range, last-
ing from ca. 6.5 Ma to the early Pleistocene, as
a consequence of intracontinental deformation
within the India-Eurasia convergent system.
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