AS EAGE

Basin Research (2010) 22, 249-269, doi: 10.1111/j.1365-2117.2009.00412.x

Late Cenozoic structural and stratigraphic evolution
of the northern ChineseTian Shan foreland

Honghua Lu,*{ Douglas W. Burbank,t Youli Li* and Yunming LiuZ

*College of Urban and Environmental Sciences, Peking University, Beijing, PR China
tInstitute for Crustal Studies, University of California at Santa Barbara, California, USA
1School of Geographical Sciences, Southwest University, Chongqing, PR China

ABSTRACT

Three successive zones of fault-related folds disrupt the proximal part of the northern Tian Shan foreland
in NW China. A new magnetostratigraphy of theTaxi He section on the north limb of theTugulu anticline
in the middle deformed zone clarifies the chronology of both tectonic deformation and depositional
evolution of this collisional mountain belt. Our ~1200-m-thick section encompasses the upper
Cenozoic terrigenous sequence within which ~300 sampling horizons yield an age span of ~8-2Ma.
Although the basal age in theTaxi He section of the Xiyu conglomerate (often cited as an indicator of initial
deformation)is ~2.1 Ma, much earlier growth of the Tugulu anticline is inferred from growth strata dated
at ~6.0 Ma. Folding of Neogene strata and angular unconformities in anticlines in the more proximal and
distal deformed zones indicate deformation during Miocene and Early Pleistocene times, respectively. In
theTaxi He area, sediment-accumulation rates significantly accelerate at ~4 Ma, apparently in response
to encroaching thrust loads. Together, growth strata, angular unconformities, and sediment-
accumulation rates document the northward migration of tectonic deformation into the northern Tian
Shan foreland basin during the late Cenozoic. A progradational alluvial-lacustrine system associated with
this northward progression is subdivided into two facies associations at Tugulu: a shallow lacustrine
environment before ~59 Ma and an alluvial fan environment subsequently. The lithofacies progradation
encompasses the time-transgressive Xiyu conglomerate deposits, which should only be recognized as a
lithostratigraphic unit. Along the length of the foreland, the locus of maximum shortening shifts between
the medial and proximal zones of folding, whereas the total shortening across the foreland remains quite

homogeneous along strike, suggesting spatially steady tectonic forcing since late Miocene times.

INTRODUCTION

The Cenozoic India-Asia collision (Molnar & Tapponnier,
1975; Gansser, 1981; Molnar et al., 1993; Tapponnier et al.,
2001) has significantly impacted the tectonic and climatic
environment of high Asia. Exceptional topographic relief
and the thick Cenozoic terrigenous sequences that have
been shed into foreland basins provide an opportunity to
probe the history of tectonic deformation related to this
collision and to understand the tectonic and/or climatic
controls on syndepositional systems.

Separating theTarim Basin to the south from the Jung-
gar Basin to the north, the east—west trending Tian Shan
lies about 2000 km north of the initial India—Asia collision
front (Deng ez al., 2000; Charreau ez al., 2005). Thick upper
Cenozoic terrigenous sequences were deposited in the
intramontane and foreland basins of the Tian Shan (e.g.

Burbank et al., 1999; Bullen et al., 2001; Sun ef al., 2004;
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Charreau ez al., 2005, 2006; Chen et al., 2007; Heermance
et al., 2007). Whereas the scarcity of faunal or floral fossils
has provided only limited biostratigraphic age constraints
on foreland strata, magnetostratigraphy has been success-
fully used to calibrate the terrestrial depositional record in
this region (e.g. Zheng ¢t al., 2000; Chen ez al., 2002, 2007,
Sun eral., 2004, 2005a, b, 2007; Charreau ez al., 2005, 2006,
2008b; Huang ez al., 2006; Heermance et al., 2007), despite
some inherent uncertainties whenever dating sedimentary
strata (Talling & Burbank, 1993). Many previous studies
have focused on the timing of tectonic growth of the Tian
Shan using combinations of geologic and geodetic data
(e.g. Hendrix et al., 1992; Avouac & Tapponnier, 1993;
Avouac et al., 1993; Abdrakhmatov ez al., 1996; Métivier &
Gaudemer, 1997; Yang & Liu, 2002; Fu ez al., 2003), ther-
mochronology (e.g. Hendrix et al., 1994; Dumitru ez al.,
2001; Bullen ezal., 2003; Sobel et al., 2006), or magnetostra-
tigraphy (e.g. Sun ez al., 2004; Charreau ez al., 2005, 2006;
Huang et al., 2006). In contrast, relatively few studies (Bul-
len et al., 2001; Chen ef al., 2002, 2007; Heermance et al.,
2007) have focused on sedimentary facies in a robust tem-
poral framework in order to delineate the depositional
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Fig.1. (a) Overall geological setting in Central Asia (after Hendrix ez al., 1994). (b) Geological map of fault-and-fold zones I-111 in the
north margin of theTian Shan (modified from Zhang ez al., 1994; Deng ez al., 2000), showing the tectonic setting and the Phanerozoic
strata. Solid star indicates the paleomagnetic sampling site in this study at Taxi He. Open circle, triangle and star show the locations of
the Kuitun He (west) section (Sun ez al., 2007), the Kuitun He (east) section (Charreau ez a/l., 2005) and the Dushanzi section (Sun ez al.,

2004), respectively.

evolution of the upper Cenozoic coarsening-upward terri-
genous sequences in theTian Shan.

Based on a magnetostratigraphic study, Sun et al. (2004)
concluded that thick conglomerate deposits were direct in-
dicators of tectonic uplift in the Tian Shan. Others contend
that, although changes in lithofacies and accumulation rates
could indicate nearby tectonic deformation (Zheng et al.,
2000; Charreau ef al., 2005; Sun ez al., 2005b; Huang et al.,
2006), analogous changes could be driven by nontectonic
forcing, including variations in climate (Molnar, 2001,
2004; Zhangetal., 2001; Dupont-Nivet ezal., 2007), lithologic
resistance in the source area, or transport distance (DeCelles
& Giles, 1996; DeCelles er al., 1998; Chen et al., 2002; Char-
reau et al., 2006; Heermance ez al., 2007) with the last variable
being especially important in settings where tectonic
deformation migrated in steps toward the foreland basin.
Furthermore, lithofacies changes, such as the onset of con-
glomeratic deposition at any single location within a basin,
commonly include a time lag from causative events in the
hinterland (Jordan ez al., 1988; Jones et al., 2004) or may only
indicate local structural influences, rather than range-wide
changes (Heermance ez al., 2007). Thus, tectonic interpreta-
tions of conglomeratic facies are best made in a reliable,
three-dimensional, temporally controlled, depositional fra-
mework (Chen ez al., 2002, 2007; Heermance et al., 2007).
Such contexts illuminate patterns of time-transgressive
facies migration and help restrain the tendency to treat facies
in any given section as chronostratigraphic units (e.g. Liezal.,
1979; Huang & Cheng, 1981; Liu ez al., 1996).

Consequently, in order to improve understanding of the
deformational history and of possible controls on deposi-
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tion in the northern Tian Shan foreland, we completed a
magnetostratigraphic study of a ~1200-m-thick, upper
Cenozoic terrigenous sequence of foreland strata on
the north limb of the Tugulu anticline in the middle
fold-and-fault zone of the foreland (Fig. 1). Our paleomag-
netic investigations provide a robust temporal framework
spanning from ~8 to ~2 Ma within which we analyze
sedimentary facies and discuss the controls of tectonic
deformation on depositional evolution along the northern
piedmont of the ChineseTian Shan.

GEOLOGICAL SETTING AND
STRATIGRAPHY

The ancestral Tian Shan was formed during the Permian
after experiencing two Paleozoic accretion events within
paleo-Asia (Windley ez al., 1990; Allen e al., 1993; Carroll
etal.,1995; Sobel ez al., 2006): one along the southern mar-
gin of the range (Late Devonian—Early Carboniferous),
which resulted in the accretion of the Tarim block onto
the central Tian Shan; and the other along the northern
margin (Late Carboniferous—Early Permian), which led to
the amalgamation of the northern Tian Shan with the
combined Tarim-central Tian Shan continental block. The
subsequent Mesozoic deformation of the Tian Shan is
characterized by three distinguishable episodes in response
to successive accretion onto the south Asian margin of the
Qiangtang block in the Late Triassic, the Lhasa block in
the Latest Jurassic—Early Cretaceous, and the Kohistan—
Dras arc complex in the Late Cretaceous periods (Hendrix
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etal.,1992; Dumitru e al., 2001). The Late Jurassic event re-
sulted in a widespread unconformity beneath the overlying
Cretaceous strata that is recognized throughout much of
the Tian Shan. During the Paleogene, the relative tectonic
stability that prevailed in the Tian Shan (Bullen ez al., 2001,
2003; Sobel et al., 2006) resulted in the beveling of topogra-
phy and created several widespread regional unconformities
(Burtman, 1975; Bullen ez al., 2001) that are documented in
both the northern Chinese Tian Shan (Windley ez al., 1990;
Allen ez al., 1993; Avouac et al., 1993) and the Kyrgyz Tian
Shan (Bullen ez al., 2001, 2003; Oskin & Burbank, 2005,
2007; Sobel et al., 2006).

The Mesozoic strata deposited in the Tian Shan range
are characterized by braided/meandering fluvial sediments
and alluvial conglomerate (Hendrix ez a/., 1992). Although
these strata are dominated by subaerial deposits, Juras-
sic—Cretaceous organic or carbonate-rich strata provide
evidence for local lacustrine environments at this time
(Hendrix et al., 1992; Deng et al., 2000). Thick lower
Tertiary fine-grained deposits (composed mainly of mud-
stone and siltstone) reveal that lacustrine environments
existed intermittently in the northern Chinese Tian Shan
foreland during the Early Tertiary. This interpretation is
further reinforced by the presence of the gray, calcareous,
Oligo-Miocene strata of the Huoerguosi anticline in the
middle deformed zone (Fig. 1b, Deng ez al., 2000).

Our work is focused on the north flank of the Chinese
Tian Shan, where thick Cenozoic deposits were shed into
the Junggar foreland basin from the south. The present to-
pography and high elevation of the Tian Shan are the result
of north—south convergence driven by the India—Asia colli-
sion during Cenozoic times (Tapponnier & Molnar, 1979,
Patriat & Achache, 1984; Avouac ez al., 1993) (Fig. 1a). Within
the northern piedmont depression zone of the Tian Shan,
this north—south compression produced three sub-parallel
ridges of folds, known as fault-and-fold zones I-III, num-
bered sequentially outward from the mountains (Avouac ez
al., 1993; Burchfiel er al., 1999; Deng et al., 2000; Fu ez al.,
2003; Molnar ez al., 1994) (Fig. 1b). North- flowing rivers in-
cise the anticlines perpendicular to strike where they expose
thick successions of Cenozoic deposits. The Taxi He region
(He is Mandarin for ‘river’) is a typical example, where the
north-flowing Taxi He has sliced through the Tugulu anti-
cline (Figs 1b and 2), thereby revealing well-exposed out-
crops on the northern limb of this fold (Fig. 2).

The outcrop width of the Taxi He section approaches
2500 m (Figs 2 and 3a). In general, the dips of the exposed
strata in the section gradually decrease northward from
vertical beds near the core of the fold to ~45° at the top
(Fig. 3a). A change of > 10° in dip occurs at ~350 m above
the base of the section (Fig. 3a) and is interpreted as repre-
senting initial deposition of growth strata as discussed
later. No significant faulting or major erosional discor-
dance was found in the measured section, suggesting
continuous deposition without significant breaks or
duplication. The measured Taxi He section comprises
three formations from base to top: the Taxihe, Dushanzi,
and Xiyu Formations (Bureau of Geological and Mineral
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Resources of the Xinjiang Uygur Autonomous Region,
1993) with thicknesses of ~500, ~660, and ~40m,
respectively (Fig. 3a). Several hundred meters of poorly
exposed Xiyu strata overlie the studied section. TheTaxihe
Formation consists dominantly of light brownish, fine-
textured muddy siltstone and mudstone beds interbedded
with coarse-grained sandstone or conglomerate deposits.
The age of this formation in the northern Tian Shan
foreland is inferred to be Miocene based mainly on the
presence of Ostracoda fossils (Editing Committee of the
Stratigraphy of China, 1999). The Dushanzi Formation
primarily comprises coarse conglomerate, sandstone, and
siltstone beds. According to the presence of the Ostracoda
fossil group of Ilyocypris—Cypideris—Candona and mamma-
lian fossil of Hipparion, the age of the Dushanzi Formation
is traditionally inferred to be Pliocene (Editing Committee
of the Stratigraphy of China, 1999). The Xiyu Formation,
also known as the Xiyu conglomerate, is widespread in
the piedmonts in northwest China (Liu ez al., 1996), where
it typically consists of a thick sequence of gray or gray—
black gravels in which some interbedded sands or sandy
lenses are found, especially in the lowermost part. In most
places, the dark Xiyu conglomerate clearly contrasts with
the lighter colored Dushanzi conglomerates wherever they
are juxtaposed. On the basis of the mammalian fossil Equus
sanmeniensis found in a section located within the Anjihai
anticline (Peng, 1975) to the west of Taxi He, the age of this
formation is commonly inferred to be latest Pliocene to
early Pleistocene.

MAGNETOSTRATIGRAPHY
Paleomagnetic sampling and methods

Paleomagnetic sampling was conducted along both the
west and east bank of Taxi He (Figs 2 and 3a). Two or three
samples were collected from each of 303 horizons, yielding
a total of 676 samples for the Taxi He section. The vertical
sampling interval varied between (.75 and 13.4 m with an
average interval of ~4m. All the samples were collected
with a portable drill and oriented with a magnetic compass
that was corrected for the local magnetic declination
anomaly (3.5°E in the Taxi He area). Most samples were
collected from mudstone or siltstone beds. Where the
deposits are predominantly conglomeratic, especially in
the uppermost part of the sampled section, samples were
collected in thin lenticular beds of siltstone or fine-
grained sandstone. All the samples were cut into 2.0-cm
long cylinders that were 2.5-cm in diameter.

Remnant magnetization was measured with a 2G
cryogenic magnetometer at the Paleomagnetic Laboratory
of the Institute of Geomechanics, Chinese Academy
of Geological Sciences in Beijing. The magnetometer is
located inside a set of large Helmholtz coils that reduced
the ambient geomagnetic field to around 300nT. One
sample per horizon (a total of 303 pilot samples) was sub-
jected to stepwise thermal demagnetization in an ASC
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Fig. 2. (a) Aerial photo view of the paleomagnetic sampling section in this study. (b) Locations of 303 magnetic sampling sites along Taxi
River (all samples were collected in 2006). Normal (reversed) sites depicted as closed (open) circles.‘No. 1;R1’, and ‘N1’ show the sampling site
number and magnetozones of reversed or normal polarity, respectively. The site(s) contained in each magnetozone are listed in the lower left.

TD-48 oven with an internal residual field <10nT. For
these samples, 13-17 steps were applied, commonly with
the following stepwise heating routine: (i) 60°C steps up
to 300°C; (ii) 40°C or 50°C steps up to 580°C; (iii) 30°C
steps up to 640°C; and (iv) 20°C steps up to 680°C.

Demagnetization and statistical analysis

The intensities of the natural remanent magnetization
(NRM) of the specimens were between 0.14 x 10~ % and
6.7 x 10~ % A/m with an average of 1.5 £ 1.0 x 10~ *A/m.
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Progressive demagnetization successfully isolated domi-
nant magnetic components for the majority of the speci-
mens after removing a viscous component of
magnetization. According to their demagnetization beha-
vior, all the samples are interpreted to display three major
components (Fig. 4). A low-temperature component be-
tween 0°C and 180-240°C represents ~10-50% of the to-
tal remanence and is either normal polarity or overlaps
with the next reversed component resulting in an unde-
fined polarity direction. One or two intermediate tempera-
ture components (I'TC), representing between 35 and 60%
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Journal Compilation © Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists



Northern Tian Shan foreland evolution

{a‘J The measured Taxi He section

B
i Jrlrl ,é.
UM R

!?21’8?

west bank
'IJ

i b

Fig. 3. (a) Measured geological section at
Taxi He. Stratigraphic dips steepen
southward from the lower part of the
Lower Pleistocene Xiyu Formation

( ~45°) to the upper Miocene Taxihe
Formation (88°).“T”and ‘B’ show the top
and bottom of theTaxi He magneto-
stratigraphic section, respectively. Solid
numbered circles denote three abrupt
changes in bedding dip. (b) Geologic
cross-section of theTugulu anticline along
theTaxi He valley (modified from
Burchfiel ez al., 1999). Based on the
measured Taxi He section (a), the first
change in dip is interpreted to represent
the initial deposition of growth strata.
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of the total remanence, are observed between 180-240°C
and 540-580 °C. The ITC component is likely carried by
magnetite or titanomagnetite, as suggested by the drop in
remanence that occurs above 540-580 °C. Representing
10-40% of the total remanence, the high-temperature
component (HTC) is manifested in a temperature range
extending from ~540-580°C to 610-680°C and com-
monly lies in the same direction as the I'TC. This compo-
nent is most likely carried by hematite or maghemite
(Butler, 1992).

About 17 samples (out of 303 pilot samples) showed
only unstable high-temperature demagnetization trajec-
tories. For these stratigraphic horizons, another round of
progressive thermal demagnetization was performed on a
second sample. The characteristic directions of magneti-
zation were determined by principal component analysis
(Kirschvink, 1980). Data from a minimum of three, but
more typically six to nine temperature steps, which were
chosen above 450°C, were used for least-squares fits.
About 10% of the samples displayed relatively scattered
demagnetization directions. For these, the origin of the
vector-component diagram was included as an additional
datum when determining the characteristic directions of
magnetization of these samples. For all samples, typical
maximum angular deviation was between 1.2° and 15°
with an average of 5.5 £ 2.9°. Based on the statistics of
the best-fit lines, we eliminated 29 samples with poorly
defined magnetic directions. The magnetic declination
and inclination of the samples were then used to calculate
virtual geomagnetic pole (VGP) latitudes. Samples with
VGPs < 45° were not used for defining the magnetic polar-
ity stratigraphy (MPS) for the Taxi He section except when
they were adjacent to sites of the same polarity that showed
VGPs >45°. This filtering eliminated 28 sampled hori-
zons. In total, 246 samples (one specimen per accepted
horizon) were accepted to construct the MPS of the Taxi
He section.

© 2009 The Authors

Journal Compilation © Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists

~north

ow!h strata- b -

3'. ‘5:4:-
27885
Taxihe Fm.

ul-\; ' :nnglamcralc- sandslnne e !||[!tDHE ——— mudstone
272" e | right-hand slnlcefdln

east bank west ban

0 100 200 m
—

‘ % '“\ _—Tt
) ..,Qn N

iw-'sa 2?6!49 273147 ZTEI4S
Dushanzi Fm.

owth strata

B

AZTETA
Frealt]
Iyu Frm.

(b) Geclogical cross-section of Tugulu Ant.

| strata

pra-growth | growth
strata

Reversal and fold tests were employed in order to dis-
cern the timing of characteristic remanent magnetization
(ChRM) acquisition. Tilt correction significantly improves
the grouping of ChRM poles (Fig. 5). The Fisherian site-
averaged normal polarity and reversed polarity poles of
theTaxi He section have an observed angular difference of
3.1°and a calculated critical angle of 9.8° [95% confidence
level; assuming identical dispersion (K) values]. This indi-
cates that the section passes the reversal test with a ‘B’qual-
ity classification (McFadden & McElhinny, 1990). Because
no samples were collected from the south limb of the Tu-
gulu anticline, the simple fold test of McElhinny (1964)
was used with K, defined as the statistical f distribution
with 2(N — 1) degrees of freedom, where NN is the number
of samples of a specified polarity. K ;; is compared with
the ratio of K,/K;, where Kj is the dispersion in geographic
coordinates, and K is the dispersion in tilt-corrected co-
ordinates. A positive fold test for this section is indicated
by the K5/K; values of 1.53 (normal polarity) and 1.35 (re-
versed polarity), which are, respectively, larger than the
K values of 1.24 (normal) and 1.22 (reversed) at the 95%
confidence level. Thus, the positive reversal and fold tests
are interpreted to indicate that the ChRM directions were
acquired by the sediments during or soon after deposition.

MPS

When constructing the MPS for the Taxi He section with
VGP data, two samples with VGP latitudes <45° were re-
tained because they reinforce an adjacent, single, high-
VGP-latitude site, and together these sites serve to define
polarity zone N10 (Fig. 6d). Six magnetozones (nl—n5, rl)
with only one sample are represented by a short half bar
(Fig. 6d), and were not used to define the MPS of the Taxi
He section or its correlation with the geomagnetic polarity
time scale (GPTS). Overall, 11 normal (N1-N11) and 11 re-
versed (R1-R11) magnetozones are clearly identified in the
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Fig.4. Representative thermal demagnetization plots (remanent magnetic intensity graphs (left) and both Zijderveld diagrams (center)
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corresponding stratigraphic level in the studied section.
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Fig. 5. Stereonet plots of palacomagnetic
data from theTaxi He section. Small solid
(inclined down) and white (inclined up)
circles indicate individual measurements
with the larger circles showing the

o5 error around the Fisher mean. Fisher’s
mean data are listed adjacent to each plot.

Fig. 6. Magnetic polarity stratigraphy
(MPS) of theTaxi He section. (a) Lithology
log with the base of growth-strata
depicted at ~840 m depth ( ~6.1 Ma). (b)
Magnetic declination in tilt-corrected
coordinates (shaded zone equals 180°—
360°). (¢) Virtual geomagnetic pole (VGP)
latitude. Open circles represent samples
with absolute values of VGPs<45°) which
were not used to define the MPS of the
Taxi He section except for the local
magnetozone N10. Shaded zone equals

+ 45°. (d) MPS defined commonly by
samples with VGPs > 45°. Black and
white zones indicate normal and reversed
polarity, respectively. Boundaries between
magnetozones are defined by the
midpoint between two samples with
opposite polarity. Magnetozones defined
only by one sample are displayed by short-
half bars. Ages of stratigraphic and
lithofacies boundaries are shown adjacent
to the MPS. (e) Reference geomagnetic
polarity time scale (GPTS) of Lourens
etal. (2004).
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Taxi He column (Fig. 6d). Each magnetozone is defined by
at least three paleomagnetic samples from different
sampled horizons. Our magnetostratigraphy was corre-
lated with the GPTS of Lourens ez al. (2004) (Fig. 6¢) using
the following characteristics: (1) three intervals with dis-
tinctive patterns of local magnetic polarity (N1-N3; N4-
N7, and N8-N9), (2) four relatively long reversed magne-
tozones (R1, R4, R8, and R10), and one relatively long nor-
mal magnetozone (N11), (3) the absence of significant
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depositional interruption or faults throughout the section,
(4) the presence of fauna/flora fossils (Peng, 1975; Editing
Committee of the Stratigraphy of China, 1999) suggesting
the probability that theTaxi He section has been sampled
within Neogene to Lower Pleistocene strata, and (5) an as-
sumption that sediment-accumulation rates vary system-

atically and relatively slowly.

Overall, our preferred correlation (Fig. 6d and e) suc-
cessfully matches the major reversal patterns revealed in
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Fig.7. Age versus thickness plot of the
Taxi He section based on the correlation of

Fig. 6d and e showing a > 50%
acceleration in sediment-accumulation
rate at ~4.0 Ma. The section has not been
decompacted, and thus calculated

sediment-accumulation rates represent
minima. Shaded box depicts the range of
likely ages for the acceleration in rates,
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the Late Miocene to Pliocene GPTS (Lourens ez al., 2004). Of
course, some ambiguities remain with this correlation, for ex-
ample, between normal magnetozones N10 and N11, where a
few short-duration polarity events are missing in theTaxi He
column. We matched N11 with the subchron C4n.2n based
mainly on its relatively long span and on the correlation of
the reversed magnetozone R10 with the subchron C3Ar. De-
spite inevitable uncertainties, the correlation, especially be-
tween N1-R10 and C2An.In-C3Ar of the GPTS (Lourens et
al., 2004) (Fig. 6d and e), appears reasonable. The ages of the
top and the base of the Taxi He section were calculated via a
linear extrapolation of the sediment-accumulation rate in re-
spective magnetozones N1 and R10, thereby constraining the
sampled section to span from ~81to ~2Ma (Fig. 6). Simi-
larly, the basal age of the Xiyu Formation is dated at ~2.1 Ma.
According to our preferred correlation, the relationship be-
tween the stratigraphic thickness and the magnetostrati-
graphic ages shows a significant increase in sediment-
accumulation rate from ~160 to ~250m Myr ~'at ~4Ma
(Fig. 7), with an average rate of ~200m Myr ' over the en-
tire 6-Myr interval of the sampled section.

SEDIMENTOLOGIC ANALYSIS

Depositional evolution of the foreland
since 8 Ma

Based on the magnetostratigraphic age controls, the first
occurrence of thick conglomerate deposits in the Taxi He
section occurs at ~59 Ma (Fig. 6a). The two superposed

based on a projection of the uncertainties
on each regression (gray shaded
envelopes).

2 1 0

parts of the Taxi He section separated by this age display
distinct sedimentary characteristics. The strata deposited
before ~59Ma comprise largely fine-grained mudstone
and siltstone. In contrast, the strata accumulated after
~59 Ma are dominated by coarse-grained conglomerates
or pebbly sandstone. These two distinguishing lithofacies
associations define the evolution of an alluvial-lacustrine
depositional system in theTaxi He area.

Shallow lacustrine environment

The lowest part of the Taxi He stratigraphic section be-
tween ~1200 and ~800m spans from ~8.0 to ~59Ma
and is dominated by thick (30—80 m), laminated or tabular,
light brown mudstones and siltstones (Figs 6a and 8a). Re-
latively thin pebbly sandstone ( ~(.5-3-m thick) and con-
glomerate beds (up to 5m thick) are intercalated within
these thick fine-textured deposits, but represent <10%
of the accumulated thickness (Fig. 8a). Erosional scours
up to ~1m deep occur at the base of some of the thicker
conglomerate beds. Sparse gypsum veins are also present
within the lower part of theTaxi He section. Conglomerate
interlayers are characterized by poorly sorted, subangular
to subrounded clasts in a sandy matrix and by massive
bedding or crude stratification.

The presence of horizontal bedding and gypsum, the
well-preserved fine laminations, thick fine-textured
deposits, and the absence of paleosols and mud cracks are
interpreted as recording a shallow lacustrine environment
in an arid setting (Ren & Wang, 1985; Magee et al.,

© 2009 The Authors
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1995; Song et al., 2001; Orti et al., 2003; Sun ez al., 2004,
2005a; Charreau et al., 2005; Chen et al., 2007; Heermance
et al., 2007). The lacustrine character of the fine-textured
deposits that enclose the sand—matrix-supported, poorly
sorted conglomerates suggests that these conglomeratic
units could represent subaqueous gravity flows into a shal-
low lacustrine environment (Nemec & Steel, 1984; Ren &

Wang, 1985).

Alluvial fan facies

In contrast to the fine-textured shallow lacustrine sedi-
ments, the deposits younger than 59 Ma are dominated
by thick cobbly conglomerate beds interlayered with either
thin beds of siltstone and muddy siltstone or lens/beds of
sandstone. The overall coarse-grained deposition, how-
ever, is strikingly interrupted between ~400and ~580m
(~3.4-4.3 Ma;, Fig. 6) by continuous thick beds of siltstone
and fine-grained sandstone.

The most common lithofacies assemblage typically
consists of a composite unit of conglomerate, usually a
few centimeters to several meters in thickness, commonly
capped by siltstone or fine-grained sandstone and show-
ing a crude fining-upward signature. The conglomerate
deposits typically comprise clast supported, poorly sorted,
subrounded to rounded clasts. Typically, the 10-m-thick
conglomerate units are composed of several storeys that
are each ~1-3 m thick. Individual beds commonly display
massive bedding with subrounded, crudely imbricated
clasts, and indistinct stratification. These coarse, amalga-
mated conglomerates are commonly capped by the 2- to
3-m-thick fine-grained sediments (Fig. 9b and ¢). Thinner
conglomerate strata (few centimeters to decimeters in
thickness) typify the stratigraphic section between ~400
and 580 m in theTaxi He section (Fig. 6a).

© 2009 The Authors
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e trough cross- bedding

£ sandy concretion

Evidence of scouring or channelized flow conditions,
vague to less commonly distinct stratification of conglom-
erate deposits, and frequent alternation of thick beds of
pebble or cobble conglomerates with relatively thin fine-
grained deposits support the interpretation of an alluvial
fan depositional environment since ~59 Ma in the Taxi
He section for these terrigenous deposits (Miall, 1978,
Nemec & Steel, 1984; DeCelles et al., 1991; Blair & McPher-
son, 1994; Song et al, 2001; Sun er al., 2004, 2005a;
Charreau et al., 2005; Heermance er al., 2007). These fan
strata can be further divided into proximal, medial, and
distal alluvium based on grain size, rounding, sedimentary
structure, facies organization, and the nature of the
contacts between different lithologic layers (Rust, 1978;
Nemec & Steel, 1984; Ren & Wang, 1985). The proximal al-
luvial facies (Fig. 9a), equivalent to the deposits younger
than ~2.1Ma, is dominated by widespread cobble con-
glomerate and uncommonly contains interlayers or lenti-
cular beds (usually a few centimeters to decimeters in
thickness) of siltstone and fine-grained sandstone (Rust,
1978; Ren & Wang, 1985). This proximal alluvium is typified
by the coarsest grain size, subangular clasts, and massive
bedding, despite the uncommon presence of crude or dis-
tinct stratification. The medial alluvial facies (Fig. 9b)
displays a typical depositional rhythm of high-energy
braided channels consisting of thick beds of cobble
conglomerate or coarse-grained sandstone interbedded
with thin fine-grained beds (Fig. 8c). The metric-scale,
fining upward trends are interpreted to result from waning
discharge, typical of the deposits of many gravelly braided
rivers (Miall, 1978; Nemec & Steel, 1984; DeCelles, 1994).
The multi-storey conglomerates are interpreted to repre-
sent primary fan channels or moderately channelized
flood events related to nearby channels (Nemec & Steel,
1984; DeCelles er al., 1991; Song et al., 2001; Heermance
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Fig.9. Sedimentary characteristics in the Taxi He section with paleomagnetic sampling sites (solid circles) and stratigraphic level. (a)
Continuous conglomerates lying stratigraphically above ~40m depth in the section uncommonly contain interlayers or lens of fine-
grained deposits. Black dashed lines denote the bedding of strata. Field view is ~30m. (b) Strata in the upper Dushanzi Formation
interpreted to represent a medial alluvial fan environment. 3-m-thick siltstone lies stratigraphically above ~10-m-thick conglomerate
deposits. (c) Clast-supported, subangular-subrounded, crudely stratified and imbricated conglomerates in the medial alluvial fan
environment at ~635m depth. (d and e) Lower Dushanzi Formation interpreted as distal alluvial fan deposits, characterized by few-
centimetre-to-decimeter-thick tabular and lenticular beds of coarse-grained deposits (usually sandy or pebbly conglomerate shown

with dashed line) intercalated within thick siltstone deposits.

et al., 2007). The distal fan deposits (representing less-
well channelized floodplain deposits) merge with the
marginal lacustrine facies and dominantly comprise
fine-textured sediments intercalated with thin beds
(20-50cm) of coarse-grained sandstone and pebbly
conglomerate (Ren & Wang, 1985) (Figs 8b, 9d and ¢). Gyp-
sum veins are present but uncommon in the distal fan
facies.

Opverall, the depositional evolution of the Taxi He sec-
tion since § Ma can be divided into two distinct stages.
StageIranges from ~8.0to ~59 Ma,includes the middle
and upper Taxihe Formation, and comprises predomi-
nantly fine-textured beds of mudstone and muddy silt-
stone that suggest a relatively low-energy environment
interpreted as shallow lacustrine. Stage II ranges from
~59to ~2.0 Ma and is equivalent to the uppermost Taxi-
he Formation, the Dushanzi Formation, and the lowest
Xiyu Formation. These sedimentary facies are interpreted
to be typical of a prograding and upward coarsening

258

alluvial fan system, thus marking a significant shift from
the previous lacustrine environment to a subsequent
subaerial environment. Overall, this succession of stages
results in an overall coarsening-upward sequence in the
Taxi He area that implies a progradational depositional
system in the northern Tian Shan foreland since at least
late Miocene times.

Hierarchical sequence arrangement in the Taxi
He section

The method of Lii ez al. (2006) was used to probe the hier-
archical sequence of Taxi He lithostratigraphy. First,
lithologies of mudstone, siltstone, fine sandstone, medium
sandstone, coarse sandstone, and conglomerate were
assigned values of 5, 10, 20, 25, 30, and 45, respectively.
Second, in order to give the same weight to each strati-
graphic increment, every measured bed was represented
as multiple 10-cm-thick beds of the same lithology as the

(©) 2009 The Authors
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original bed. When plotted against stratigraphic depth,
an arithmetic, 81-point moving average of these 10-cm
increments (equivalent to 8m of sediment) clearly
indicates the cyclic variations in lithology in the Taxi He
section at several different temporal scales (Fig. 10).

A first-order upward coarsening trend is displayed by
the vertical sequence of the whole depositional record in
theTaxi He section (Fig. 10), corresponding to the vertical
superposition of shallow lacustrine facies followed by allu-
vial deposits. Our magnetostratigraphic study assigns the
first-order sequence a minimum span of ~6 Myr (Fig.10).
Similar to some previous studies (e.g. Burbank et a/., 1988;
DeCelles & Giles, 1996; DeCelles et al., 1998; Chen et al.,
2002, 2007, Heermance er al., 2007), we interpret this
large-scale coarsening-upward sequence at Taxi He to re-
present a progradational depositional system controlled
by progressive tectonic deformation that encroached on a
foreland and drove lateral facies migration. In contrast,

© 2009 The Authors
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Sun ez al. (2004) interpreted the first occurrence of thick
conglomerates as the direct indicator of initial, coeval
tectonic uplift of Tian Shan. Such an interpretation seems
unlikely to be correct, however, because conglomeratic
facies progradation is time transgressive (e.g. Burbank et
al., 1988; DeCelles & Giles, 1996; Chen ez al., 2002, 2007,
Charreau ezal., 2005; Heermance et al., 2007), and time lags
exist among different types of sedimentary indicators
of tectonism in alluvial foreland basin settings (Burbank
etal., 1988; Jordan et al., 1988; Jones et al., 2004; Heermance
etal., 2007).

Encompassed within this overall trend, three second-
order coarsening-upward sequences are interpreted to re-
present meso-scale progradational processes (Fig. 10).
Each second-order sequence spans a period of ~1-3 Myr
based on the magnetostratigraphy and ranges from ~160
to 560 m in thickness (Fig. 10). Third-order intervals are
mainly represented by the alternation of fine-grained
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assemblages (usually mudstone and siltstone) and coarse-
grained conglomerate packets. We identify 12 third-order
intervals in the Taxi He succession (Fig. 10), each of which
has a duration of ~100-500 kyr. Generally, each conglom-
erate packet is thicker than the associated fine-grained
assemblage, excepting third-order sequences 1, 3, and 5
(Fig. 10). The third-order cycles 3 and 5 are interpreted as
representing distal fan (floodplain) deposits (Fig. 10).

Beyond the above hierarchical sequence arrangement,
smaller-scale lithologic variation is recorded by alterna-
tion of thick conglomerates with thin beds of fine-grained
sandstone or siltstone within coarse conglomerate packets
(Fig. 10). This pattern is interpreted as the result of the
abandonment and migration of braided channels (Nemec
& Steel, 1984; DeCelles et al., 1991; Song et al., 2001; Heer-
mance et al., 2007).

As described by Charreau et al. (2005) and Sun et al.
(2004), the Dushanzi section (see Fig. 5 of Sun et al., 2004)
and the Kuitun He (east) section (see Fig. 2 of Charreau
et al., 2005) also show a large-scale coarsening upward
sequence during Late Cenozoic times that is similar to
that of the Taxi He section. Although separated by up to

~130km along strike in the Junggar foreland, all these

sections record similar stages of depositional evolution: a
progradational depositional succession that evolves from
older lacustrine facies to a younger alluvial environment
(Sun ez al., 2004; Charreau ez al., 2005; this study). Thus,
the establishment of the first-order upward coarsening se-
quence and its correlation in the northern Chinese
Tian Shan foreland can be easily recognized. In contrast,
because of the transverse variation in depositional systems
along the north piedmont of the Tian Shan that results
from both the spacing of individual river systems and the
activity on numerous discrete structures within the fore-
land, second- and third-order sequences are unlikely to
correlate across the entire foreland.

DISCUSSION

Correlations among northTian Shan
magnetostratigraphic sections

Over the past several years, Charreau et a/. (2005) and Sun
et al. (2004, 2007) published new magnetostratigraphies
from three closely spaced sections near Dushanzi (Fig.
Ib): one is located on the eastern end of the Dushanzi anti-
cline (Sun et al., 2004), the other two lie ~5km farther
west along the east and west bank of Kuitun He where it
flows across this fold. These three sections lie ~130km
west of the Taxi He section (Fig. 1b). We refer to them as
the Kuitun He (west) section (Sun et al., 2007), the Kuitun
He (east) section (Charreau et al., 2005), and the Dushanzi
section (Sun et al., 2004), respectively (Fig. 11). Because
they each span overlapping parts of the upper Cenozoic
succession, we have correlated their reversal patterns with
each other and to theTaxi He section based on lithostrati-
graphy and reversal patterns (Fig. 11). Here, we support the
re-correlations of the Dushanzi section (Sun et al., 2004)

and the Kuitun He (west) section (Sun ez al., 2007) as pro-
posed by Charreau ez al. (2005, Fig. 6; 2008a, Fig. 2) for the
following reasons. According to the lithologic logs (Fig. 2,
Charreau et al., 2005; Fig. 5, Sun ez al., 2004; Fig. 8, Sun et
al., 2007) and the description on paleomagnetic sampling,
we infer that they both identify the base of the Xiyu con-
glomerate at about the same stratigraphic level within the
Dushanzi anticline with respect to the onset of very con-
tinuous conglomeratic facies. Accordingly, the basal ages
of the Xiyu conglomerate in these three nearby sections
should approximate each other. As originally published,
however, these ages differed by >2Myr: 2.6 Ma in the
Dushanzi and Kuitun He (west) sections vs. 4.8 Ma in the
Kuitun He (east) section. We argue that the Xiyu conglom-
erate is unlikely to be so starkly diachronous across a short
distance parallel to strike. We consider Charreau et al’s
(2005) overall correlation to be more convincing due to
the longer time spanned by their section and the need for
fewer abrupt, large changes in accumulation rates in com-
parison with Sun ef al’s (2004, 2007) correlations. Not
surprisingly perhaps, this recorrelation yields a more con-
sistent basal age for the Xiyu conglomerate in these
nearby sections. Because correlations to the Gilbert chron
(C2Ar-C3r: Fig. 11) are somewhat ambiguous in these
magnetostratigraphies, the Xiyu conglomerate’s basal age
still retains some uncertainty. Despite this, the onset of
Xiyu deposition (Fig. 11) is likely to be ~0.5 Myr younger
at Dushanzi ( ~4.2 £ 0.2Ma) than in the Kuitun He
sections ( ~4.7 + 0.2 Ma) that are ~5 km away.

Timing, magnitude, and patterns of foreland
deformation

North of the Junggar Frontal Thrust, three elongate zones
of sub-parallel folds (Fig. 1b) record the progressive en-
croachment of deformation into the foreland during the
Neogene. Growth strata, limb rotation, and angular un-
conformities in the anticlines of the three east—west trend-
ing fault-and-fold zones (Fig. 12) provide evidence for
prolonged, but episodic deformation within theTian Shan.
The Qigu anticline is located in fault-and-fold zone I
(Fig. 1b) and comprises Jurassic, Cretaceous, and Tertiary
strata (Fig. 12¢). The unconformable contact between the
upper Jurassic and the lower Cretaceous strata indicates
significant deformation across the region during Late Me-
sozoic times (Hendrix ef al., 1992; Burchfiel et al., 1999;
Deng ez al., 2000). The generally parallel dips and con-
formable contacts of the Cretaceous through Neogene
strata on the northern limb of this fold (Fig. 12c), however,
suggest that, for more than 100 Myr before the lateTertiary,
no significant deformation disrupted deposition (Bullen ez
al., 2001, 2003; Sobel et al., 2006). Folding of Neogene stra-
ta in Qigu’s northern limb indicates renewed deformation
sometime in the last 20 Myr, but no precise limits can be
placed on its initiation in this fold. Further west in zone I,
on the northern limb of the Tuostai anticline, geometric
constraints and seismic interpretations require abrupt
thinning of Pliocene strata onto the fold (Fig. 12a), thereby

© 2009 The Authors
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Fig.11. Correlations among MPSs of the Kuitun He (west) section (Sun ez al., 2007), the Kuitun He (east) section (Charreau ez a/., 2005),
the Dushanzi section (Sun ez al., 2004) and theTaxi He section (this study). The basal ages of the Xiyu conglomerate in these four sections

also are shown adjacent to the corresponding magnetic columns.

implying Pliocene fold growth. Here, it appears that fold-
ing continued through deposition of the Xiyu conglomer-
ate, which is also deformed on the northern limb of the
fold. Undeformed Late Quaternary terraces of Hutubi Riv-
er cutting the Qigu anticline (Deng ez al., 2000) imply that
this anticline is currently inactive.

The best-dated structure in the medial deformed fore-
land zone (fault-and-fold zone II) is the Tugulu anticline.
The topographic expression of this fold strikes approxi-
mately east—west, and is ~50km long and ~8km wide
(Fig. 2a). As a north-vergent fault-propagation fold
(Burchfiel er al., 1999), the asymmetric Tugulu anticline
displays steeper strata on its forelimb (Fig. 3), where the
measured Taxi He section reveals a systematic decrease in
dip from nearly vertical beds near the core of the fold to

~45° at the top of the section (Fig. 32). A unconformity
occurs at ~350m above the base of the section (labeled
with the number ‘1, Fig. 3a) where depositional onlap
across a 10° discordance in dip is interpreted as represent-
ing the initial deposition of growth strata (Fig. 3b) when
folding of theTugulu anticline commenced. Over the next
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~150m of strata, the dip progressively decreases by an-
other 13° an observation consistent with growth strata,
rather than with simple dip panels (Suppe et al., 1992). In
contrast, some other dip changes, for example, at 790 m
height (labeled ‘3’ in Fig. 3a), discretely separate zones of
quite uniform dips, suggesting folding across axial sur-
faces. Based on the position of the growth strata within
our magnetostratigraphy, folding of the Tugulu anticline
commenced at ~6.1 Ma(Figs3and 6). The youngest strata
in our section date from ~2 Ma and dip at45°, indicating
that over half of the limb rotation has occurred since 2 Ma.
Late Pleistocene terraces are deformed across the Tugulu
anticline (Burchfiel ez al., 1999). Hence, the growth of the
Tugulu fold has spanned ~6 Myr. In the absence of seis-
mic data to illuminate stratal geometries in the subsurface,
we note that our interpretation of growth strata is based on
the bedding—dip relationships and depositional onlap de-
scribed above. The lack of subsurface data for this fold pre-
cludes a truly unambiguous interpretation.

The Dushanzi anticline in fault-and-fold zone III ex-
poses folded Neogene—Pleistocene strata (Fig. 12b). Here,
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Fig.12. Structural cross sections depicting deformation and cross-cutting relationships in the northern Tian Shan foreland. For
section locations, see Fig. 1b. (a) Line drawing of seismic profile through theTuostai and Xihu anticlines (modified from Xu ez al., 1992).
Growth strata are identified in the Pliocene-Quaternary deposits of Xihu and Tuostai anticlines. ], K, E, Ny, N,, Q are the Jurassic,
Cretaceous, Paleogene, Miocene, Pliocene and Pleistocene, respectively. (b) Geological section of the Dushanzi anticline along the
Kuitun He valley (modified from Burchfiel ez /., 1999). Middle Pleistocene strata (Q;) unconformably overlie lower Pleistocene strata
(Qy) (Dengetal., 2000), indicating Early Pleistocene deformation of the Dushanzi anticline. (c) Geological section of the Qigu anticline
along the Hutubi He (modified from Burchfiel ezal., 1999). An anticline-syncline pair lies north of a gently N-dipping section of Jurassic
strata. Unconformity between the upper Jurassic (J3) and lower Cretaceous (K;) strata implies Mesozoic deformation at Qigu (Burchfiel
etal.,1999; Deng et al., 2000). Uniform steep north dips (> 60°) and comformable contacts of Cretaceous (K) through Neogene (E)
strata, however, suggest tectonic quiescence until the late Tertiary. Folding postdates deposition of Neogene strata preserved in the

northern limb of the anticline.

a middle Pleistocene unconformably truncates the lower
Pleistocene Xiyu conglomeratic (Fig. 12b; Deng ez al.,
2000), indicating significant folding of the Dushanzi anti-
cline sometime in Early to Middle Pleistocene times
(Deng et al., 2000, Fu ez al., 2003). As at Tugulu, deformed
flights of terraces indicate that folding has continued until
present (Molnar ez al., 1994). To the north of the tradition-
ally delineated fault-and-fold zone I1I, Pleistocene growth
strata that are revealed by seismic lines (Xu ezal., 1992) help
define the presently active Xihu anticline (Fig. 12a): the
outermost fold currently developing in the north pied-
mont of ChineseTian Shan (Fig. 1b). Because foreland sub-
sidence and sediment-accumulation rates have outpaced
the rate of vertical anticlinal growth, the Xihu anticline
has little to no surface expression (only 10 m topographic
relief). Nonetheless, ~500m of structural relief has de-
veloped in the subsurface according to the seismic section
(Fig.12a; Xu ez al., 1992).

The post-Triassic detrital strata in the Junggar foreland
basin taper progressively northward from a thickness of
6-9km near the Junggar frontal thrust to 4-5km at
the northern limit of deformation (Fig. 13). At the base of
the Jurassic, a detachment horizon is interpreted to have
accommodated most of the fault-localized slip as defor-
mation stepped out into the foreland (Fig. 13). In zone I, a
large fault-bend fold (Figs 12 and 13) accounts for most of
the shortening in the innermost fold, although several
thrusts cause localized folding above the basal detach-
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ment. Farther north, thrust faults are interpreted to ramp
from the basal Jurassic detachment toward the surface
where they modulate the deformation of the well-studied
suite of fault-propagation and fault-tip folds in zones IT
and I1I (Denget al., 1991, 2000; Avouacet al., 1993; Burchfiel
etal.,1999; Daéron et al., 2007).

Shortening estimates (Table 1) have previously been
calculated for most of the anticlines in the northern Tian
Shan foreland. For the Nanmanasi anticline (which we did
not map) in the east part of zone I, we tentatively estimate a
shortening of ~4—6km (Table 1), on the basis of the short-
ening magnitude of other anticlines in fault-and-fold zone
L. If this estimate is acceptable, then when combined with
previous shortening estimates (Deng et al., 1991, 2000;
Molnar et al., 1994; Yang et al., 1996; Burchfiel et al., 1999,
Daéron et al., 2007; Charreau et al., 2008b), these data
(Table 1) permit us to examine the regional patterns of
shortening along and across strike in the foreland (Tig.
14). Overall, the total magnitude of Neogene shortening
across the foreland ranges from ~8to ~15km, but within
each fault-and-fold zone, the magnitude of shortening
varies along strike. In fault-and-fold zone II, for example,
adjacent anticlines show ~6-10km of shortening in the
eastern two-thirds of the study area, whereas the magni-
tude of shortening markedly diminishes to the west (Figs
12a and 14). In zone III, active fold growth in the west
accommodates ~1-3km of shortening, whereas no fold-
ing is recorded in this zone farther to the east (Figs 1b and

© 2009 The Authors

Journal Compilation © Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists



Northern Tian Shan foreland evolution

South

Proximal Junggar Foreland

older--------

Structure Qigu and Tuostai

Tugulu anticline

Naorth
i > H—— Zone
| (~2km)  (shortening 4
estimate) 2 £
o =
-2 §
-4 m
=
————— -5 D
[

] R — | R —— {p------------ {T->younger

Dushanzi anticline Xihu anticline

anticlines {early-middle (presently
itiati Miocene- - st f
{Initiation age) (Pﬁocene_l (~6.0Ma) Pleistocene) active)

Ke B Fre-Jurassic [ Jurassic [I] Cretaceous [_] Cenozoic
W

—= magnetostratigraphic section

= fault

JFT: Junggar Frontal Thrust

Fig.13. Generalized geological cross-section of the northern ChineseTian Shan foreland showing major thrust faults, detachments,
and fault-and-fold zones. The total stratigraphic thickness of Mesozoic and Cenozoic strata is ~7-12km (Cenozoic: ~3-5km thick),
and fault ramps underlying the anticlines in each deformed zone dip ~20-60° (Xu et al., 1992; Burchfiel ez al., 1999; Deng et al., 2000). A
major detachment horizon is interpreted as a lower Jurassic composite of shale, mudstone, and coal measures that attains ~600m in
thickness, is located at between ~7 and 9 km depth (Deng et al., 2000), and converges southward with the Junggar Frontal Thrust.
Shortening is estimated for anticlines in each fault-and-fold zone (Table 1). Interpreted ages for initiation of folding within each zone
suggest progressive migration of tectonic deformation northward into the foreland.

Table 1. Minimum shortening estimates of anticlines across the
fault-and-fold zones of the northern Tian Shan foreland

Shortening

Fault-and-fold zone estimates (km) References

I
Tuostai anticline ~4.6-5.0 Burchfiel ez al. (1999)
Nananjihai anticline  >4.2 Deng et al. (2000)
Nanmanasi anticline  ~5 This study
Qigu anticline 6.2 Burchfiel ezal. (1999)
55 Deng ez al. (2000)
IT
Huoerguosi anticline  ~10 Charreau et al. (2008b)
Manasi anticline ~6.5 Deng et al. (2000)
Tugulu anticline 6.0 Yang ez al. (1996)
55 Burchfiel ezal. (1999)
Molnar et al. (1994)
I11

2.12-2.35 Burchfiel ezal. (1999)

Molnar et al. (1994)
29 Deng et al. (2000)

Anjihai anticline 15 Daéron et al. (2007)

Dengeral. (1991)

Dushanzi anticline

14). The locus of maximum shortening switches between
zones I and II along strike, but never occurs in zone III,
where the duration and intensity of folding are the least.
The general consistency of total shortening across the
foreland suggests that tectonic forcing was spatially uni-
form during Late Cenozoic times along this ~130-km-
long swath of the northern Tian Shan foreland. Whether
that shortening was absorbed primarily in the most proxi-
mal foreland structures (zone I) or in more distal folds
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(zone Il in the east) probably depended on how shortening
was fed into the detachment along strike and whether pre-
existing structures in the Triassic and older bedrock were
reactivated during the Neogene.

Despite shortening estimates for numerous individual
anticlines (Table 1), calculation of long-term shortening
rates for all these folds is difficult, because the time of in-
itiation of deformation is poorly known. Based on assump -
tions that the Xiyu conglomerate could be treated as a
chronostratigraphic unit with a basal age of ~2.5Ma
throughout the Tian Shan and that deformation began
some time after initial Xiyu deposition, Burchfiel et al.
(1999) calculated the shortening rates for several folds in
both the north and south flanks of the Tian Shan. These
simplifying assumptions, however, are violated both by
the strongly diachronous base of the Xiyu conglomerate
in this region (Fig. 11) and by more recent interpretations
placing the start of deformation significantly before the
onset of conglomeratic deposition for some folds. For the
Tugulu anticline, for example, we calculate a shortening
rate using a ~6.0-Ma age for the initiation of folding
based on our dated growth strata (Fig. 6). When combined
with a total shortening of ~55-6.0km estimated by
Burchfiel ez al. (1999) and Yang ez al. (1996), this age yields
an average rate of ~09-10mmyr " Within the dated
section at Dushanzi anticline (Charreau ez al., 2005), the
steadiness of sediment accumulation and the absence of
recognized growth strata suggest that folding there began
after 3 Ma, thereby providing a lower limit on the shorten-
ing rate of > 0.7mm yrfl. Using a fault-tip fold growth
model of the Anjihai anticline and magnetostratigraphic
ages (Charreau eral., 2005) extrapolated from the Dushanzi
fold ( ~45km to the west), Daéron et al. (2007) estimated
that, deformation began at Anjihai at ~7 Ma. Based on
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observed geomorphic and structural constraints at the
surface, they further argue that, despite a mean long-term
shortening rate of ~0.2mmyr ', rates have recently ac-
celerated to ~1mmyr ~'and were only ~01mmyr ' for
most of the Anjihai’s shortening history. The apparent
depth of growth strata in the Xihu seismic data (Fig. 12a),
its seismic similarity to the Anjihai (Daéron ez al., 2007),
the absence of a significant topographic expression of the
Xihu fold, and its distal position with respect to the
Dushanzi fold where Mio-Pliocene sedimentation rates
were ~0.2mmyr ' argue for sustained slow growth of
the Xihu fold, analogous to that at Anjihai anticline.

Whereas we now have substantial insight on shortening
rates within fault-and-fold zones ITand IIl in the northern
Tian Shan foreland, zone I is only broadly dated. Better
understanding of the shortening history across the fore-
land requires significantly improved chronological con-
straints on deformation of these undated folds.

Structural controls on depositional evolution
and accumulation rates

Sedimentation patterns in foreland basins are sensitive to
the distance to the front of the orogenic wedge, to the char-
acter of the rocks that are being raised above base level
within the foreland due to ongoing deformation, and to re-
organization of sediment distribution systems by growing
folds and active faults (e.g. Colombo, 1994; Burbank et al.,
1996, DeCelles & Giles, 1996; Tucker & Slingerland, 1996,
DeCelles et al., 1998; Chen et al., 2002, 2007; Pares et al.,
2003; Charreau er al., 2005; Heermance et al., 2007).
Typically, proximal coarse-grained deposits are deposited
coevally with distal, finer-grained deposits within a
subsiding foreland (Heller e al., 1988; Charreau et al.,
2005; Heermance et al., 2007). The progressive encroach-
ment of deformation into the foreland drives a tendency
for deposition at any given site to coarsen upwards through
time, as the entire alluvial system progrades outward into
the foreland basin. During this process, older, more prox-
imal strata become gradually deformed both at and behind
the leading edge of encroaching structural disruption,

whereas growing folds commonly deflect fluvial channels
and cause lateral shifts in the loci of deposition (Heller &
Paola, 1992; Burbank et al., 1996, 1999; DeCelles & Giles,
1996). Structural encroachment into a foreland is also
expected to drive an overall acceleration in the rate of sedi-
ment accumulation as the locus of tectonic loading
approaches any given site. As seen in many forelands, how-
ever, tectonic encroachment is not a steady, incremental
process, but rather consists of episodic forward steps as
older, more proximal faults and folds are abandoned and
new, more distal ones are formed. This step-wise en-
croachment should generate coeval accelerations in sedi-
ment-accumulation rates in front of newly developing
tectonic loads.

In theTaxi He area, a first-order upward coarsening cy-
cle is defined by the lacustrine depositional environment
that dominates until ~6 Ma and is succeeded by strata de-
posited by braided rivers and alluvial fans (Fig. 10). Upward
coarsening also characterizes the foreland sections in the
Dushanzi area (Sun ez al., 2004; Charreau ez al., 2005) and
is consistent with the expectation of a clastic wedge pro-
grading from the deformed hinterland. More detailed in-
sight on tectonic controls emerges from analysis of the
sediment-accumulation rate curve from the Taxi He sec-
tion (Fig. 7). The magnitude of the acceleration in sedi-
ment-accumulation rate at 4Ma is striking: a >50%
increase from ~160to ~250 m Myr ~' (Fig. 7). Its timing
is consistent with widespread observations of Pliocene se-
dimentation-rate increases that have been attributed to
climate change in which both the sediment flux and the
mean grain size increase (Zhang et al., 2001; Molnar,
2004). In contrast, at Taxi He a striking decrease in grain
size occurs at the base of the second-order upward-coar-
sening cycle at ~4Ma as accumulation rates increase
(Fig. 10). We interpret this abrupt fining to be a response
to accelerated subsidence and temporary retraction of the
gravel front due to enhanced tectonic loading (Burbank,
1992). We suggest that the absence of a significantly in-
creased flux of coarse sediment, despite an increased rate
of sediment accumulation, is more consistent with tec-
tonic, rather than climatic, forcing. Before 4 Ma, our data
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Fig.15. Distribution of the foreland Xiyu
conglomerate deposits in northwest China
(after Liu ez al., 1996). The
magnetostratigraphic ages of the basal
Xiyu deposition indicate its diachronous
nature. The age data are from Table 2.
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Table 2. Magnetostratigraphic ages of the basal Xiyu conglomerates in northwest China

Studied area

Studied sections

Basal age of Xiyu Fm. (Ma)

References

Northern ChineseTian Shan foreland

Southwestern ChineseTian Shan foreland

Kuitun He (west) section
Kuitun He (east) section
Dushanzi section

Taxi He section
Ganhangou section
Boguzihe section
Northern Kashi foreland
Middle Kashi foreland
Southern Kashi foreland

4.7 £ 0.2 (reinterpreted)

47+0.2

4.2 £ 0.2 (reinterpreted)
~21

Sun et al. (2007)
Charreau ez al. (2005)
Sun ezal. (2004)
This study

North piedmont of the Kunlun Mts. Sanju section

Yecheng section

<10 Chen et al. (2002)
19 Chen ez al. (2002)

155 Heermance ez al. (2007)
8.6 Heermance ez al. (2007)
19,14,0.7 Chen et al. (2007)

3.0 Sun & Liu (2006)
35 Zheng et al., 2000

indicate steady rates of sediment accumulation (Fig. 7).
From this steadiness, we infer that, although folding had
begun earlier in zone I (Qigu to Tuostai anticlines, Fig.
1b), initial stages of deformation and rock uplift had mini-
mal impact on crustal thickness and tectonic loads because
the uplifted foreland strata would have been readily
eroded, such that little new topography or crustal thicken-
ing would result (Burbank & Beck, 1988; Molnar et al., 1993;
Burbankezal., 1999; Sobel ezal., 2006). Only when the more
erosion-resistant, pre-Jurassic bedrock emerged at the
surface of the growing folds would significant thickening
begin to drive enhanced foreland subsidence. Our data
suggest that this emergence occurred at ~4 Ma.

Asynchronous Xiyu conglomerate deposits in
northwest China

The conglomeratic Xiyu Formation is widely developed
along both the northern and southern piedmonts of the Chi-
neseTian Shan (Liu ez al., 1996; Fig. 15). Further south it also
is found on the northern piedmonts of the Kunlun Moun-
tains and the Qilian Mountains (Fig. 15). This formation has

© 2009 The Authors

Journal Compilation © Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists

been widely interpreted as marking an important tectonic
and/or climatic event (Li ez al., 1979; Huang & Cheng, 1981,
Liu et al., 1996; Zheng et al., 2000; Sun ez al., 2004, 2005a)
and has commonly been viewed as a chronostratigraphic
unit (Li et al., 1979; Huang & Cheng, 1981). As demonstrated
by several previous studies from the Tian Shan (Chen ez al.,
2002; Charreau et al., 2005; Heermance ez al., 2007), however,
the onslaught of this facies is asynchronous. The magnetos-
tratigraphic ages of the Xiyu conglomerate throughout
northwest China (Table 2 and Fig. 15) unambiguously indi-
cate its time-transgressive nature. In the piedmont subsi-
dence zones on both sides of the Tian Shan, the basal Xiyu
conglomerates range from middle Miocene (>15Ma) to
middle Pleistocene (< 1Ma) in age (Chen ez al., 2002, 2007,
Sun et al., 2004; Charreau et al., 2005; Heermance et al.,
2007, this study), whereas farther south, basal ages range
from ~3.5 to 3.0 Ma on the northern flank of the Kunlun
Mts. (Zheng et al., 2000; Sun & Liu, 2006). Such variations
in age clearly indicate that the Xiyu conglomerate in north-
west China should only be considered as a lithostratigraphic
unit that lacks temporal implications beyond the local area
for which its age has been independently defined.
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CONCLUSION

Our paleomagnetic investigation provides a new, detailed
chronology for the upper Cenozoic terrigenous sequence
in theTugulu anticline of the northern Tian Shan foreland.
Our magnetostratigraphic correlation indicates that the

~1200-m-thick Taxi He section spans from ~8.1 to

~2.0 Ma. Although sediment-accumulation rates average

~200m Myr ~ 'over this 6-Myr interval, they abruptly in-
crease by >50% at ~4 Ma. We interpret this increase to
result from accelerated subsidence that was, in turn, dri-
ven by enhanced rates of tectonic loading. Whereas slip
on faults in the hinterland and within the proximal fore-
land undoubtedly began before 4 Ma, we speculate that
continuing deformation brought more resistant rocks to
the surface at this time, driving accelerated rates of surface
uplift, crustal thickening, and tectonic loading. Initial
growth of theTugulu fold is interpreted from growth strata
dated at ~6 Ma. Over 1 km of conglomerates dipping up to
45° overlie our dated section, suggesting that major topo-
graphic emergence of this fold occurred well after ~2 Ma.
Based on this new magnetostratigraphy, the basal age of
the Xiyu conglomerate in the Taxi He section is ~2.1 Ma:
younger than the previous reported ages of 2.6 and 4.8 Ma
for foreland folds about 130 km to the west. Whereas some
previous studies interpreted the onset of massive con-
glomeratic deposition at diverse sites within the foreland
as indicative of tectonic uplift of the Tian Shan at various
times between 7 and 1 Ma, a synthesis of chronologic data
for the Xiyu conglomerate clearly demonstrates its time-
transgressive nature and reduces its utility for predicting
time-specific tectonic events in the hinterland based on
the site-specific age of foreland conglomerates. Balanced
cross sections and inferred stratigraphic ages indicate net
shortening of 1.5-10 km within the medial to distal north-
ern Tian Shan foreland at rates of 0.2-1mmyr ~ ' over the
past 67 My. Although better age constraints are needed
on structures in the proximal foreland, seismic reflection
lines and previous work suggest that deformation began
earlier in these more proximal sites. The subsequent
northward migration of deformation drove the prograda-
tion of the coarsening-upward alluvial system that is
widely preserved across the northern Tian Shan foreland.
In the vicinity of theTaxi He section, the overarching, first-
order depositional sequence comprises an initial shallow
lacustrine environment that was succeeded by alluvial fan
deposition after ~5.9 Ma. Enhanced understanding of the
dynamics of the northern Tian Shan’s depositional and
tectonic evolution awaits more detailed and densely spaced
chronostratigraphic studies.
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