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To understand the reactivation and intensified uplift of the Tian Shan range in the Cenozoic, the age of
development of the associated series of anticlinal belts formed in the southern and northern foreland
basins must be constrained. To estimate the shortening magnitude and rates in the northern foreland
basin, we provide here regional structural analysis based on identified growth strata dated with existing
magnetostratigraphy, together with balanced cross sections from interpreted seismic data. These results
indicate that three paralleled rows of anticlinal belts have developed sequentially from south to north
accommodating a total shortening of �15 km at the location of the structurally restored seismic section
provided here. These three belts present different structural deformational styles with the southern
(Qingshuihe) anticline as a basement-involved fold, the middle (Huoerguosi) anticline as a fault-bend
fold and the northern (Anjihai) anticline as a fault-propagation fold. Growth strata inferred from seismic
profiles start stratigraphically far below growth strata observed on the outcrop. The latter coincide with
accelerated folding of the anticlinal belts at �6 Ma for the southern, �2 Ma for the middle �1 Ma for the
northern. Our results imply that the northern Tian Shan foreland rates of deformation were lower until
late Miocene and increased in more recent times to values in line with GPS-derived rates.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The Tian Shan orogenic belts (Fig. 1) provide an ideal setting to
understand uplift, erosion and sedimentation processes and their
relation to lithospheric deformation in response to the Indo-Asia
collision (Molnar et al., 1993; Tapponnier and Molnar, 1979). As
one of the best examples of active intracontinental orogenic sys-
tems, the Tian Shan has been the focus of a large number of geo-
logic studies aiming in particular at constraining the age of the
onset of deformation, the timing of the uplift and the rate of defor-
mation and total associated convergence (Abdrakhmatov et al.,
1996; Avouac et al., 1993). The continuous exposures of strati-
graphic sequences found along the southern and northern fore-
lands of the Tian Shan and the availability of sub-surface data
from oil exploration seismic and well data, provide an ideal setting
for constraining accurately in time the development of foreland
structures associated to the range formation (Yin et al., 1998; Chen
et al., 2007). To constrain the age of the stratigraphy, a large set of
magnetostratigraphic studies have been conducted both on the
northern and southern foreland basin sediments of the Tian Shan
(Sun et al., 2004, 2007, 2008; Sun and Zhang, 2009; Charreau
ll rights reserved.
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et al., 2005, 2006, 2008; Huang et al., 2006; Heermance et al.,
2007; Lu et al., 2010). While most of the structural studies have
concentrated on the southern foreland of the Chinese Tian Shan
(Yin et al., 1998; Bullen et al., 2001; Heermance et al., 2007), few
integrated studies are focused on the northern foreland structural
such that the regional context of the evolution and propagation
of deformation remains poorly constrained quantitatively
(Avouac et al., 1993; Avouac and Tapponnier, 1993). In this study,
we provide regional structural analysis based on identified growth
strata dated with published magnetostratigraphy, together with
balanced cross sections from interpreted seismic data. These en-
able to estimate the shortening magnitude and rates of late Ceno-
zoic structural deformations across the northern foreland of the
Chinese Tian Shan.

2. Geological setting and stratigraphy

The ancestral Tian Shan is thought to have undergone two
Paleozoic accretion events within paleo-Asia (Windley et al.,
1990; Gao and Klemd, 2003; Shu et al., 2004; Li, 2006; Sobel
et al., 2006; Xiao et al., 2009; Han et al., 2010). The first one, occur-
ring in the Late Devonian–Early Carboniferous, along the southern
margin of the range, resulted in the accretion of the central Tian
Shan onto the Tarim block. The second one, occurring in the Late
on across the northern foreland of the Chinese Tian Shan. Journal of Asian
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Fig. 1. Location and geologic setting of north Tian Shan. (a) Digital elevation model (GTOPO90) of the Indo-Asia collision zone. Arrows indicate GPS-derived shortening
estimates (Abdrakhmatov et al., 1996; Wang et al., 2001). TFF: Talas Fergana Fault. (b) Schematic geologic map (modified from Deng et al., 2000) of the northern flank of the
Tian Shan range including the location of sections sampled for chronostratigraphy from previous studies.
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Carboniferous along the northern margin, led to the amalgamation
of the Junggar block with the combined Tarim-central Tian Shan
continental block. The present Tian Shan foreland is characterized
by >10 km of Cenozoic strata deformed by Pleistocene detachment
folds accommodating much of the recent shortening predicted by
extrapolation of modern geodetic and Quaternary slip rates
(Abdrakhmatov et al., 1996; Avouac et al., 1993; Scharer et al.,
2006). The northern Tian Shan foreland is deformed by three recog-
nized sets of east–west striking anticlinal belts (Deng et al., 2000)
that are referred here (Fig. 1) as the southern belt (Tuositai-
Qigu-Kalaza), the middle belt (Huoerguosi-Manasi-Tugulu) and
the northern belt (Dushanzi–Anjihai). The orientation of these
structures provides evidence for dominant north–south compres-
sion while the recurrence of these structures and the presence of
faults on the north side of the anticlines suggest they are
fault-propagation folds and/or fault-bend folds branching from a
décollement layer at depth (Avouac et al., 1993).

Our study is focused on the north flank of the Chinese Tian Shan
where the outcrop strata are mainly thick Cenozoic deposits that
shed into the Junggar foreland basin from the south. Deformation
on the middle belt exposes Paleogene lacustrine successions in
the core of the anticlines to Plio-Pleistocene dipping fluvial and
alluvial conglomeratic strata in the limbs (for detailed lithologic
description and formation nomenclature, see Table 1). The Paleo-
gene strata are mainly Lacustrine including the Ziniquanzi forma-
tion (E1-2z), the Anjihai formation (E2-3a) and the lower Shawan
formation (E3-N1s). The Neogene strata are mainly composed of
the fluvial Taxihe formation (N1t) and Dushanzi formation (N1-

2d). The Quaternary strata are mainly alluvial massive gray poorly
cemented conglomerate successions including the Xiyu formation
(Q1x) and the Wusu formation (Q2w). These sediments have been
dated at various sections along the strike of the northern Tian Shan
Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformati
Earth Sciences (2010), doi:10.1016/j.jseaes.2010.08.009
foreland structures yielding ages that are especially diachronous
for the onset of the alluvial Xiyu formation (Charreau et al.,
2008; Li et al., in press; Lu et al., 2010). Our structural analysis is
based on a long N–S seismic profile (along the Jingou River) that in-
cludes the complete stratigraphy and cuts through the three struc-
tural belts (Fig. 1). To assess the timing of the structural
deformation observed on this profile, we first review a regional
investigation of growth strata across those three belts.
3. Syntectonic growth strata observations

Syntectonic growth strata are an effective marker of tectonic
deformation in foreland basin (Suppe et al., 1992; Hardy and Pob-
let, 1994; Burbank et al., 1996). Because they are not apparent in
outcrops along the Jingou river seismic profile for all of the three
structural belts, we conducted detailed investigations of the geom-
etry of syntectonic sediments along strike of the three parallel
rows of anticline belts. Syntectonic growth strata were thus recog-
nized at each row of the three belts. Together with the published
age control from magnetostratigraphy, growth strata provide a re-
cord of the timing of tectonic deformation. It should be noted that
the preserved growth strata provide a minimum age for the initia-
tion of folding. Indeed, older growth strata, if ever present, could
have occurred closer to the core of the fold but not have been pre-
served or not be visible on the outcrop. This will be discussed be-
low in light of seismic profile analysis.
3.1. Growth strata in the southernmost belt

Detailed field investigations indicate that growth strata are
present in the southernmost of the three belts at the Kalaza anti-
on across the northern foreland of the Chinese Tian Shan. Journal of Asian
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Table 1
Simplified lithostratigraphic description of the Taxihe section.

System Series Formation Facies Lithology

Quaternary Pleistocene Upper part Wusu Fm (Q2w) Alluvial Fan Gray gravels, interbedded with soil-sandstones
Lower part Xiyu Fm (Q1x) Alluvial Fan Mainly massive gray uncemented conglomerate

Neogene Pliocene Dushanzi Fm (N1-2d) Fluvial Gray or brownish sandy mudstone, multi-colored middle-grained
sandstone inbedded with thin layers of fine gravelMiocene Upper part

Middle part Taxihe Fm (N1t) Fluvial Mainly greenish gray mudstone, brownish sandy mudstone, siltstone
and fine-grained sandstone, with some layers interbedding with
gypsum and gypsiferous claystones.

Lower part Shawan Fm (E3-N1s) Lacustrine Mainly reddish or brownish fine-grained mudstone, sandy mudstone,
greenish gray marlaceous siltstone, interbedded with gypsiferous
claystones

Paleogene Oligocene Upper part

Lower part Anjihai Fm (E2-3a) Lacustrine Mainly grayish green mudstones with interbedded thin marlstones,
sandstones, shales and layers of gypsum Gastropods, bivalves and
ostracods fossils are often found

Eocene Upper part

Lower part Ziniquanzi Fm (E1-2z) Mainly gray or gray-brown pebbly sandstone, medium-fine sandstone,
interbedded with brown muddy siltstones and mudstonePaleocene
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cline (Fig. 2a–d). There, the growth strata show that the main for-
mation time of Kalaza anticline is coeval to the Dushanzi formation
(N1-2d).

As shown in the A–B section (Fig. 2a and b), the strata are de-
formed and eroded intensely, and the strata from Jurassic (J) to
Neogene (N1t) are almost parallel to each other with constant
bed thickness, which are interpreted as the pre-growth strata.
The strata of the middle Dushanzi formation (N1-2d B) are depos-
ited conformably on the underlying strata at the north limb of
the Kalaza anticline but are deposited with an angular unconform-
ably on the deformed Taxihe formation (N1t) strata at the core of
the syncline (also shown in the field pictures Fig. 2c and d). In
the north limb, the dips of the Dushanzi formation strata change
progressively from 40� in middle part (N1-2d B) to 20� in its upper
part (N1-2d C) with decreasing thicknesses towards the fold axis, so
here the middle Dushanzi formation is interpreted as representing
the deposition of growth strata. In that interval, the deposits
change from yellow–gray sandy conglomerates intercalated with
sandstones and mudstones to gray or mostly yellow–gray con-
glomerates with rare mudstones. Together with the growth strata,
they suggest important tectonic deformation of the southernmost
belt at the time of deposition of the middle Dushanzi formation.
Because these sediments of the Kalaza anticline are not directly da-
ted, the age of these growth strata must be estimated using regio-
nal correlation of the Dushanzi formation to dated sections. The
closest section providing age control on the Dushanzi formation
are along the Jingou River and the Taxi river (Fig. 1) indicating
respective age ranges 16–7.5 Ma (Charreau et al., 2009a) and
�14–3.0 Ma (Li et al., in press). The large difference in the upper
age bound clearly relates to the diachronous nature of the Xiyu
conglomeratic formation overlying the Dushanzi formation (Char-
reau et al., 2009b). Based on these age constraints we infer that ob-
servable growth strata observed in the middle Dushanzi formation
in the southernmost belt must be older than �3.0 Ma, probably
around �6 Ma. Indeed, the rock associations of growth strata in
the Kalaza anticline is similar to that of the strata in the middle
Dushanzi formation with a transition from gray or brownish sandy
mudstone, multi-colored middle-grained sandstone to yellow–
gray sandy conglomerates and intercalated with sandstones and
mudstones dated with an age of �6 Ma in the Taxihe section based
on the magnetostratigraphic age control.
3.2. Growth strata in the middle belt

In the middle belt, close inspection of the exposed stratigraphy
in the Taxihe section reveals clear syndepositional deformation
within the top of the outcropping Xiyu formation starting at the
Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformati
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�2600 m level in the section (Figs. 1 and 3; see Li et al., in press).
These growth strata are defined based on the tapering of beds
clearly observed in extensive exposures and can not be associated
to simple dip changes on the limb of a fold. Our careful field inves-
tigations revealed no other evidence for syntectonic deposition in
the Dushanzi formation and lower parts of the section. This is in
agreement with reported field observations (Avouac et al., 1993)
but contrast with previous interpretations from the Taxihe section
arguing for growth strata lower in the Dushanzi formation based
mainly on variations in bedding dip attitudes (Lu et al., 2010;
Sun and Zhang, 2009). In the Taxihe section, the observed growth
strata have been dated with magnetostratigraphy at 2.0 Ma follow-
ing a clear sediment accumulation increase at ca. 4 Ma in that sec-
tion (Li et al., in press). Our observations in the Taxihe section thus
provide a chronologically consistent sequence of events with in-
creased accumulation rates ca. 4 Ma associated to an advancing
thrust front south of the depocenter, followed at 2.0 Ma by folding
of the strata expressed by growth strata in the Xiyu formation.

3.3. Growth strata in the northernmost belt

From our field investigations, apparent sedimentary features
indicate there are growth strata in Wusu formation on the north
limb of Anjihai anticline in the northern belt (Figs. 1 and 4). The
conglomeratic Wusu formation angular unconformably overlay
on the folded and eroded Dushanzi formation, with the bed thick-
nesses decreasing towards the fold axis and the bed dips changing
from 20� to 5�. These Wusu strata have not been directly dated
using magnetostratigraphy. However, age control is provided by
magnetostratigraphic dating of the underlying Xiyu formation
strata in the Huergosi anticline (Fig. 1) along the Jingou River
(Charreau et al., 2009a). In this section, the Xiyu formation is dated
up to �1 Ma. This can be used as a maximum age for the overlying
Wusu formation. We thus infer that the growth strata in this
northern belt are coeval to the Wusu formation, with a middle
Pleistocene age younger than �1 Ma.

4. Regional structural analysis of seismic profile

To understand the structural deformational styles and magni-
tude of the anticline belts in the northern edge of Tian Shan Moun-
tain, we provide in the following the structural restoration of a
seismic cross profile (Fig. 5 and see Fig. 1 for location). The three
paralleled rows of anticline belts have different deformational
styles as seen in the seismic profile (Fig. 5). The Qingshuihe anti-
cline in the southernmost belt presents characteristics of base-
ment-involved structural style. Deformation zones within the
on across the northern foreland of the Chinese Tian Shan. Journal of Asian
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Fig. 2. (a) Geologic map of Kalaza anticline (southern anticlinal belt) and its peripheral area. (b) Schematic section profile of the South–North trending Kalaza anticline. The
Dushanzi formation (N1-2d) can be divided here into three units with coarsening upward the lithologies: (I) the lower Dushanzi formation (N1-2d A) consists of brownish
yellow massive sandy mudstone and sandy conglomerate, intercalated with fine grained silica sandstone, (II) the middle unit (N1-2d B) is yellow–gray sandy conglomerates
and intercalated with sandstones and mudstones, and (III) the upper Dushanzi formation (N1-2d C) is mainly composed of gray or yellow–gray conglomerates. (c) Picture of
the southern limb of the Kalaza anticline (southern anticlinal belt).
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sedimentary cover dissipate several significant fault slips, with
gently dipping front-limbs and back-limbs. Fault slips in the base-
ment are accommodated by a triangular, widening-upward defor-
Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformati
Earth Sciences (2010), doi:10.1016/j.jseaes.2010.08.009
mation zone on the forelimb (trishear) rather than a kink
propagation (Almendinger, 1998; Gold et al., 2006). The Huoergu-
osi anticline in the middle belt indicates a simple fault-bent fold
on across the northern foreland of the Chinese Tian Shan. Journal of Asian
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Fig. 3. Growth strata observed in the Taxihe section of the middle anticlinal belt (see Fig. 1 for location), in the upper part of the Xiyu formation and dated at 2.0 Ma (see Li
et al., in press).

Wushu Fm (Q2)

Dushanzi Fm (N 1-2
d)

Growth strata

S

Fig. 4. Growth strata in the Wusu Groups in the northern limb of the Anjihai anticline, northern anticlinal belt (see Fig. 1 for location).
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structural style: the reflectors show no significant bed thickness
variations and indicate two curved faults ramping up from two
subhorizontal décollement layers at the depth of �7.5 km and
�3.0 km respectively. The shallower of these faults outcropped
the surface and controlled the shapes of the anticline. While the
Anjihai anticline of the northern belt has an apparent fault-propa-
gation fold style, almost all the shortening of a flat décollement at
depth is absorbed by folding of the overlying stratigraphy similar
to trishear fault propagation folding except here the triangle does
not contains the extrapolated fault plane as interpreted by Daëron
et al. (2007). The interpretation is that most of the deformation
associated to the foreland deformation observed in the seismic
profile occurred after deposition of the Dushanzi formation and
probably continued until Quaternary time, which is consistent
with our growth strata observations in the three parallel rows of
belts.

Accommodated shortening is quantified from restoration of the
balanced cross-section and the timing of deformation is estimated
Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformati
Earth Sciences (2010), doi:10.1016/j.jseaes.2010.08.009
using evidence for syndepostional deformation in those sections
and the strata ages constrained by existing magnetostratigraphic
records. The seismic profile is running across anticlinal successions
of the Northern Tian Shan foreland. It is a �50 km-long, North–
South trending seismic profile (Fig. 5; AB on Fig. 1) running
through the Anjihai and Huoerguosi anticlines near the location
of the magnetostratigraphically-dated Jingou section (Charreau
et al., 2008, 2009a). Well-drilling in the core of these anticlines
provided identification of stratigraphic formations and provided
parameters for the time-depth construction of the seismic profile.
Based on these reconstructions, relatively little variations in forma-
tion thicknesses are observed below the Dushanzi formation when
compared to the large variations in strata thicknesses above within
the Xiyu and the Wusu formations. Using the interpreted seismic
profile, structural balancing of cross-section was performed here
based on area conservation to calculate the tectonic shortening
(Dahlstrom, 1969; Liang et al., 2002). Restoration of the section
yields an accommodated shortening of �15 km (22% of restored
on across the northern foreland of the Chinese Tian Shan. Journal of Asian
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Fig. 5. Interpreted seismic cross-section across the Anjihai and Huoerguosi anticlines and balanced cross-section reconstructions (see AB on Fig. 1 for location). The profile
has been constructed with time-depth conversion based on the calibration of well A and well B, and the balanced cross-section was restored with help of the Paradigm’s
software ‘‘GeoSec2D 4.6”.

6 C. Li et al. / Journal of Asian Earth Sciences xxx (2010) xxx–xxx

Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformation across the northern foreland of the Chinese Tian Shan. Journal of Asian
Earth Sciences (2010), doi:10.1016/j.jseaes.2010.08.009

http://dx.doi.org/10.1016/j.jseaes.2010.08.009


C. Li et al. / Journal of Asian Earth Sciences xxx (2010) xxx–xxx 7
length) across the entire AB section. In excellent agreement with
our restoration, these 15 km along the profile can be attributed
to 1.55 km folding of the Anjihai anticline in the northern belt
(Daëron et al., 2007), �9.6 km into the Huergosi anticline in the
middle belt (Charreau et al., 2008) and �4 km into the Nananjihai
anticline of the southern belt (see review of shortening estimates
in Lu et al., 2010).
5. Discussion

5.1. Timing and mechanism of structural deformation

Previous studies have investigated the occurrence of growth
strata in order to infer the onset of deformation on the northern
Tian Shan fold belts. Initially, observations of growth strata in the
outcrop have been used (Lu et al., 2010; Sun and Zhang, 2009)
but more recently seismic section analyses have enabled to track
down growth structures not necessarily exposed on the surface
(Charreau et al., 2008; Daëron et al., 2007).

Interestingly, sub-surface analyses indicate growth strata start-
ing stratigraphically far below observed strata on the surface. Char-
reau et al. (2008) found growth structures in seismic lines starting
at �10.0 Ma in the Huergosi anticline (middle belt) while we re-
port here the first evidence for tapering of beds at �2.0 Ma in the
Taxi River section of that belt. (Note that suggestions of older
growth strata based on changes of dipping attitude only have been
reported in sections of the middle belt (Charreau et al., 2009a; Lu
et al., 2010; Sun and Zhang, 2009)). Similarly, Daëron et al.
(2007) report growth strata starting at 7.4 Ma in the Anjihai anti-
cline (northernmost belt) while we found evidence for growth only
above �1.0 Ma in the Wusu formation. Daëron et al. further
showed, based on the geometry of the Anjihai anticline, that the
folding was not constant since the onset of the 7.4 Ma growth stra-
ta but more likely started slowly and accelerated over the last
0.9 Ma to accommodate most of the deformation. This is in excel-
lent agreement with our growth strata observation in the same
Anjihai anticline and suggests that observed growth strata are
there reliable indicators of accelerated folding. Daëron et al. ob-
serve similar acceleration in other anticlines of the Tian Shan (i.e.
the Yakeng anticline in Southern Tian Shan) suggesting this mech-
anism can be generalized. Based on these considerations, we spec-
ulate that the same mechanism can be applied to the middle and
southernmost anticlinal belts of the Northern Tian Shan foreland.
Consistently, in the middle belt, the deformation would have
started slowly at �10.0 Ma and strongly accelerated at �2.0 Ma.
In the southern belt, seismic evidence is lacking for the onset of
slow deformation but accelerated deformation would have started
during deposition of the middle Dushanzi formation estimated at
�6 Ma.
5.2. Qualitative shortening rates

Qualitative shortening rate estimates can be made using the
ages of anticline formation from growth strata combined with
the shortening estimates from our structural restoration of the
seismic section. While structures of the southernmost belt are
probably mostly inactive in the Quaterary, the Anjihai (northern-
most belt) and the Huergosi anticlines (middle belt) are clearly still
presently active based on Quaternary terrace offset observations
and GPS studies (Avouac et al., 1993; Wang et al., 2001). Long-term
rates can thus be obtained for these belts assuming constant rates
since the onset of deformation based on the first occurrence of
growth structures in the seismic section. This yields 0.2 mm/yr
(1.55 km during 7.4 Ma) and 1.0 mm/yr (10 km during 10.0 Ma)
for the Anjihai and Huergosi anticlines respectively. However, it
Please cite this article in press as: Li, C., et al. Late Cenozoic tectonic deformati
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is clear that the shortening rates across both folds accelerated sig-
nificantly since the onset of folding based on the geometry of these
folds and the growth strata observations (Charreau et al., 2008;
Daëron et al., 2007). Using the age of onset of the main deformation
given by our growth strata observations, we obtain more realistic
shortening rate estimates. This yields 1.5 mm/yr (1.55 km during
1.0 Ma) and 5.0 mm/yr (10 km during 2.0 Ma) for the Anjihai and
Huergosi anticlines respectively. These must be considered as max-
imum rates since they also take into account the slow shortening
that occurred before the observed growth strata at the surface.
They are, however, in excellent agreement with rates previously
obtained using other methods (Avouac et al., 1993; Charreau
et al., 2008; Daëron et al., 2007) and with GPS-derived North–
South rates reported for the Tian Shan at the location of the study
area (5.5 ± 1.1 mm/yr at 84.946�E and 44.385�N, station KUYT of
Wang et al. (2001); see Fig. 1 for location). This suggests that the
rate of deformation in the northern Tian Shan foreland measured
from GPS studies and Quaternary slip rates can be extrapolated a
few Myrs back.

6. Conclusion

This study provides a regional structural analysis based on iden-
tified growth strata dated with magnetostratigraphy and balanced
cross sections from interpreted seismic data. Together these data
enable to estimate the shortening magnitude and rates across the
northern foreland of the Chinese Tian Shan. The three paralleled
rows of anticline belts in the northern Chinese Tian Shan have
developed in a typical forward-propagated structural pattern from
the older southern belt to the younger northern belt. Sub-surface
analyses indicate that growth strata start stratigraphically far be-
low observed growth strata on the surface. The latter coincide with
– and may therefore be reliable indicators of – accelerated folding.
Our results also imply that the northern Tian Shan foreland rates of
deformation were lower until late Miocene and increased in more
recent times. This provides clues on how the Tian Shan shortening
has been partitioned over time and suggests that most of the asso-
ciated northward motion and the �7� clockwise rotation of the
Tarim block must have occurred in the last few Myrs (Avouac
and Tapponnier, 1993; Dupont-Nivet et al., 2002).
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