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A new division of Middle and Late Pleistocene alluvial sequence in the north piedmont of the Chinese Tian
Shan based on geomorphologic, stratigraphic, and chronologic criteria provides a framework for examining
their relationship to climate change during glacial–interglacial transitions. Over the past 550 kyr at least four
major alluviation episodes occurred within the piedmont. Along the major river valleys in this region, each
episode of alluvial fan deposition morphologically correlates with a major river terrace. These correlations
create a regionally applicable framework for subdivision of the Quaternary alluvial sequence in the study
area, where seven stepped river terraces are defined. Our new chronology of this fluvial sequence suggests
that, following intervals of aggradation, three highest river terraces and equivalent alluvial fans were
abandoned at ∼530 ka, ∼300 ka and ∼10 ka, respectively. Paleosols at the base of the loess sequences that
directly overlie the older terraces and fans suggest that episodes of aggradation occurred late in the glacial
cycles. The subsequent incision that caused abandonment/stabilization of these terraces and fans occurred
near to glacial–interglacial transitions. A relatively high degree of synchrony in major river incision events
across the piedmont, despite disruption by several discrete structure zones with asychronous tectonic
activities, supports the dominant control exerted by climatic conditions on alluvial deposition and terrace
creation during the Quaternary across the north piedmont of the Chinese Tian Shan.
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1. Introduction

Many studies have illustrated the importance of alluvial sequences
in tracking past changes in climate and regional tectonics (e.g., Avouac
et al., 1993; Avouac and Peltzer, 1993; Molnar et al., 1994; Pinter et al.,
1994; Li et al., 1996, 1999; Li and Yang, 1997; Yang et al., 1998;
Hanson et al., 2006; Scharer et al., 2006; Westaway et al., 2006).
Controversy persists, however, about whether stepped alluvial
sequences derive basically from climatic variations during glacial–
interglacial transitions (Macklin et al., 2002; Pan et al., 2003;
Bridgland and Westaway, 2007), tectonic uplift (Lu et al., 2004; Sun,
2005), or other nonglacial/nontectonic factors such monsoon inten-
sification (Pratt et al., 2002). Even for the same geomorphic feature,
various workers sometimes interpret the forcing mechanism in a
different way as tectonic uplift or climate change during the glacial–
interglacial cycles. The Tian Shan and its surrounding area provide a
natural laboratory to probe this scientific question.

The modern Tian Shan has been built largely by basinward
thrusting along faults that branch from the reactivated, relatively
steeply dipping, range-bounding Junggar Frontal Thrust fault (Molnar
and Tapponnier, 1975; Avouac et al., 1993; Lu et al., 2009). The
present topography of the north piedmont of the Tian Shan is
characterized by several roughly east–west-trending zones of fault-
related folds (Avouac et al., 1993; Burchfiel et al., 1999; Fu et al., 2003)
(Fig. 1b). Transverse rivers incise into the anticlines roughly
perpendicular to their strike and display well-developed alluvial
fans and fluvial terrace sequences. Since the pioneering studies in the
1960s on the alluvial units in the north piedmont of the Tian Shan in
northwestern China, e.g., Liu and Zhang, 1962; Zhou, 1963; Liu, 1965,
most subsequent studies of these alluvial sequences have focused
largely on their neotectonic significance (e.g., Xu et al., 1992b; Avouac
et al., 1993; Zhang et al., 1994; Yang et al., 1995; Shi et al., 2004; Yuan
et al., 2006), whereas relatively few studies (e.g., Molnar et al., 1994;
Zhang et al., 1995) have focused on the geomorphic processes that
controlled their formation. Moreover, most of these previous studies
were conducted either only within the anticlines in the northern Tian
Shan piedmont or along individual river systems, and consequently
they failed to temporally compare the morphologic sequences of
different river systems. As a result, some ambiguity persists
concerning correlation of the Quaternary fluvial geomorphologic
succession across this region. Moreover, for those terraces that have
been dated (e.g., Molnar et al., 1994; Zhang et al., 1995; Wang and
Chinese Tian Shan over the past 550 kyr and its
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Fig. 1. (a) General structural setting in central Asia. (b) Map depicting generalized geology of the northern flank of the Tian Shan, northwestern China (modified from Zhang et al.,
1994).
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Wang, 2000; Yuan et al., 2006), inconsistent ages impede correlations
of the alluvial sequence to documented climatic or tectonic events.

In order to obtain amore complete picture of theQuaternary alluvial
geomorphologic evolution along the north flank of the Chinese Tian
Shan, we focused on four major river systems (Anjihai River, Jingou
River,Manas River, and Taxi River) (Fig. 1b). Along these rivers,we have
studied 26 terrace cross-sections and two representative loess sections.
From these, we have dated nine samples from eight different sites using
electron spin resonance (ESR) and optically stimulated luminescence
(OSL) dating. The goals of this paper are (1) to describe the distribution
and episodes of alluvial fan deposition, (2) to define the fluvial terrace
sequence, and (3) to evaluate the possible contribution of climate
change and/or tectonic deformation to alluvial deposition and river
incision. Despite an actively tectonic regime in the north piedmont
of the Tian Shan (e.g., Avouac et al., 1993; Molnar et al., 1994; Burchfiel
et al., 1999), our new chronology extends through at least six glacial–
interglacial cycles and suggests that favorable climatic conditions, rather
than tectonics, promoted the formation of most Quaternary alluvial
geomorphology in this region.

2. Geological setting

As one of the largest and most active mountain ranges in Asia, the
east–west-trending Tian Shan exhibits high current seismicity and
rapid rates of Neogene deformation (Abdrakhmatov et al., 1996;
Reigber, et al., 2001). In response to north–south convergence driven
by the India–Asia collision during the Cenozoic times (Molnar et al.,
1993; Tapponnier et al., 2001), the ancestral Tian Shan has been
Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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reactivated. As a consequence, several successive zones of fault-
related folds have developed within both the northern and southern
Tian Shan foreland (e.g., Avouac et al., 1993; Burchfiel et al., 1999; Fu
et al., 2003; Lu et al., 2009). Thick Mesozoic and Cenozoic terrigenous
strata were exhumed and eroded in the cores of these folds (e.g.,
Charreau et al., 2005, 2006; Chen et al., 2007; Heermance et al., 2007;
Lu et al., 2009). We focus on the north piedmont of the range, where
such three zones (known as zones I to III) characterize the regional
topography and stretch from themountain front sequentially towards
the foreland basin (Fig. 1b). Most of anticlines in these structural
zones comprise Cenozoic depositional strata, except for some
anticlines of zone I that expose both Mesozoic and Cenozoic strata
(Fig. 1b). Along a traverse from the proximal to distal structure zones,
growth strata and unconformities chronologically constrain their
initial growth to range sequentially from Miocene to Mio-Pliocene to
latest Early Pleistocene (Xu et al., 1992a; Burchfiel et al., 1999; Deng
et al., 2000; Lu et al., 2009).

Most of rivers in the piedmont of the north Tian Shan originate
from active glaciers in the axial parts of the range. With annual
precipitation b300 mm/yr in the piedmont, the fluvial water supply
depends strongly on snow melt, and displays strong seasonal
variations in discharge. Similarly, sediment transport, discharge, and
erosional competency of these river systems likely varied during past
glacial and interglacial periods. Quaternary alluvial units preserved
along these piedmont river systems can serve to clarify the
relationship of their stratigraphy and morphology with past climate
change and/or tectonism (Avouac et al., 1993; Molnar et al., 1994).
Pleistocene loess extensively mantles several high terrace and fan
piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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surfaces, as well as dissected anticlines in the north piedmont of the
Tian Shan (Zhang, 1981; Deng et al., 2000). Although the Tian Shan
loess deposits lack the detailed resolution and correlation potential of
analogous sequences in the Chinese Loess Plateau, the correlations
between them have been tentatively made and appear persuasive
(e.g., Zhang, 1981; Fang et al., 2002). Controlled by both north–west
and north–north–east winds (Fang et al., 2002), the Tian Shan loess
deposits thicken and then thin northward from the mountain front
towards the foreland basin. The thickest loess/paleosol sequence
consequently occurs in the area between Taxi River and Jingou River
(Xinjiang Institute of Geography, 1986).

3. Methods

In order to improve the temporal and geomorphologic framework
of the Quaternary alluvial sequence in the north piedmont of the Tian
Shan and to examine how alluvial variations relate to climate change
and/or tectonic movement, our analysis comprises three principal
facets: geomorphologic surface dating; loess–paleosol correlation;
and synthesis of the geomorphologic succession.

3.1. Geomorphologic surface dating

Well-constrained chronologies for Quaternary deposition and
erosion underpin tests of synchrony among potentially coeval fan
and terrace surfaces in different valleys. Previous studies (e.g., Zhang
et al., 1995; Wang and Wang, 2000) suggest that the ages of some
terraces in the northern Tian Shan foreland lie beyond the typical
range of conventional radiocarbon dating (i.e., 45 ka). Our age control
for these geomorphologic units is, therefore, based primarily on both
electron spin resonance (ESR) and optical stimulated luminescence
(OSL) dating. ESR and OSL samples were collected from homogeneous
fluvial sediments or loess deposits. When sampling, a 20-cm-long, 5-
cm-diameter steel pipe with one end covered with opaque materials
was driven into the sampled layer using a plastic hammer. Five ESR
samples and four OSL samples were taken at eight different sites
(Fig. 2). In order to insure maximal shielding, we analyzed only the
middle part of each sample. Based on samples that comprise silt or
very fine sand and following the procedures of Lin et al. (2005), Rees-
Jones (1995), andWang (2006), respectively, ESR and OSL dates were
determined in the State Key Laboratory of Earthquake Dynamics,
Institute of Geology, China Earthquake Administration.

3.2. Loess/paleosol stratigraphic correlation

Because many fans and terraces in the study region are capped by
loess/paleosol sequences, we used magnetic susceptibility of these
successions to estimate a minimum age for the underlying geomor-
phic surfaces. These independent analyses also provide a framework
for comparison to the associated ESR and OSL dates. Previous studies,
e.g., Liu (1985), have subdivided the loess/paleosol sequence in the
Loess Plateau, north China into successive climato-stratigraphic units
(loess units: L1, L2, …; paleosol units: S1, S2, …). Because each
recognized loess or paleosol unit can be used as a distinctive regional
stratigraphic horizon of a known age, these successions serve as
dating tools in roughly the same way as the marine oxygen–isotope
record can be used to correlate Quaternary sediments in deep-sea
cores (Fig. 3). Moreover, the loess/paleosol sequence is well
established as a continuous terrestrial record of climate change
spanningmore than twomillion years (Liu, 1985; An et al., 1990; Ding
et al., 1994): loess accumulates during relatively cold and dry periods,
and paleosols develop in relatively wet andwarm episodes (Liu, 1985;
Kukla et al., 1988; An et al., 1990, 1991).

Two representative loess sections, Lujiaowan (LJW) and Hankazi
(HKZ) sections (Figs. 2, 4 and 5), were systematically analyzed. The
identification of the loess/paleosol units was based on their distinctive
Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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physical characters (e.g., texture, structure, color, thickness, and
magnetic susceptibility), as well as their stratigraphic position in the
regional sequence. Magnetic susceptibility was measured at vertical
sampling intervals of 5 cm throughout each section. In comparison to
the classic loess/paleosols sequences of the Loess Plateau in north
China (Liu, 1985), the paleosols in the arid Tian Shan study area are
significantly attenuated and produce a spiky susceptibility peak,
rather than a somewhat broad peak associated with thicker paleosols
where they are better developed. Although the loess deposits in the
north piedmont of the Tian Shan are not as regionally uniform as
those in the Loess Plateau, their magnetic susceptibility records and
associated ESR dates can be quite convincingly correlated among
them in order to identify the stratigraphic equivalent of each loess/
paleosol layer and to estimate an approximate age for each loess/
paelosol unit (Figs. 3 and 5).

3.3. Definition of the geomorphologic sequence

A four-step process is used to define the geomorphic sequences in
the study area. First, for each geomorphic feature (alluvial fan and
terrace), field observations define the geomorphic surface's elevation,
the bedrock beneath it, the thickness of capping gravels and overlying
loess, and the succession of paleosols (if any) within the loess. Second,
we utilize 1:50,000 topographic maps, field investigations, and
geomorphologic mapping based on Landsat TM imagery to establish
the sequence of alluvial fans and fluvial terraces along each river
system. Third, based on the topographic continuity, the surface
characteristics of the alluvial fans and terraces, and the ages of those
surfaces, we develop correlations of the four episodes of alluvial fan
development (F1 to F4) with four major river terraces (T1, T2, T3 and
T6) within the piedmont. Fourth, on the basis of these correlations, we
compare the alluvial sequences among the individual river systems in
the north piedmont of the Tian Shan and classify seven river terraces
(T1 to T7 from oldest to youngest) and their correlative alluvial fan
sequences.

4. Quaternary alluvial geomorphology sequence

4.1. Four episodes of alluvial fan deposition

Extending across the sub-parallel, east–west-trending zones of
fault-related folds in the northern Tian Shan foreland, north-flowing
rivers display well-developed alluvial fans (Fig. 2) that can be
assigned to four distinct depositional episodes (F1, F2, F3, and F4).
These episodes occur sequentially from hinterland to foreland (Fig. 2)
and are distinguished from each other on the basis of their
topographic continuity, fan morphology, surface characteristics, and
the overlying loess/paleosol sequences.

The oldest alluvial fan (F1) is best expressed along the margins of
Manas River (Fig. 2), where it is mainly preserved in the proximal part
of the foreland, as well as along both flanks of the Tugulu anticline: the
outermost large fold along this transect. The F1 fan surface is incised
by gullies and thus exists as a heavily dissected and undulating
terrain. The proximal part of this fan is tilted toward the north with
steep gradients, and its surface merges northward with the next
younger and much gentler fan. The alluvial deposits of the F1 fan are
composed of blackish gray gravel more than 20 m thick in many
places. In some places, eolian loess deposits commonly about 20–40 m
thick overlie the F1 fan deposits, especially in the more distal areas. A
representative loess section, e.g., the Hankazi section (Figs. 2 and 4a),
commonly displays five paleosol units which contain sparse frag-
ments of calcareous nodules (Fig. 5a). The lowest brown paleosol
layer is the most clearly expressed, whereas the other four paleosol
layers are nearly undistinguishable due to the relatively weaker
pedogenesis. The magnetic susceptibility profile shows five intervals
with relatively higher magnetic susceptibility (Fig. 5a). When
piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Fig. 2. (a) Landsat TM image and (b) geological interpretative map showing the distribution of geomorphic surfaces in the northern Tian Shan foreland along with locations of some
research sites discussed in the text. Solid and open stars show the sampling sites for ESR and OSL dating, respectively, as reported in Tables 1 and 2. LJW—Lujiaowan, HKZ—Hankazi.
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compared with the magnetic susceptibility curve from the Chinese
Loess Plateau (Kukla et al., 1988) (Fig. 5c), we deduce that these five
layers are S1 to S5, respectively (Fig. 5a). S5 is one of the most striking
paleosol units in the Chinese Loess Plateau, where it is further
subdivided to paleosol units S5a, S5b, and S5c (Fig. 3) which are
estimated to span from 470 to 610 ka and correlate to Marine Isotope
Stages 13 to 15 (Fig. 3). Given the ESR age of 537±56 ka from the
lowest and best-developed paleosol layer in the Hankazi section
(Fig. 5a and Table 1) and the five susceptibility peaks in the overlying
Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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loess/paleosol succession, we interpret this Hankazi paleosol to
correspond with paleosol S5a in the Loess Plateau where it dates
from ∼470–530 ka (Fig. 3). This correlation implies that paleosols S5b
and S5c, corresponding to Marine Isotope Stage 15a and b (Fig. 3), are
not present at Hankazi and that both the cessation of the correlative F1
alluvial–fan deposition and the base of the loess sequence approxi-
mate the stage 13/14 transition at ∼530 ka (Figs. 3 and 5).

The distribution of the next younger alluvial fan (F2) is the most
extensive among all the alluvial fans in the study area (Figs. 2 and 4c)
piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Fig. 3. Correlation of the oxygen–isotope record (Lisiecki and Raymo, 2005) with the Chinese loess/paleosol stratigraphy over the last 600 kyr (Liu, 1985). The profile of magnetic
susceptibility is shown for loess section at Luochuan, Loess Plateau, north China (Kukla et al., 1988).
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and is largely developed to the south of structure zone II (Fig. 2). The
fan surface is incised by gullies commonly up to depth of several
meters (Fig. 4c), but is less incised than F1. In both the northern and
southern limbs of anticlines, the F2 fan surface is distinctly tilted by
Late Pleistocene folding, as revealed by the deformed river terraces
(T2) that correlate with F2. F2 alluvial deposits are composed of
blackish gray gravel, commonly thickening within synclines and
Fig. 4. Photographs showing the loess deposits overlying the gravels of alluvial fans F1 and F2
F2 to the south of Huoerguos anticline displaying its wavy surface. Each person in (a) and (

Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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thinning across anticlines, as is typical for growth strata (Suppe et al.,
1992). Deposition within synclines likely buried the earlier alluvial
sediments, thus resulting in the discontinuous outcrop distribution of
F1. Where preserved, the loess/paleosol stratigraphy overlying the F2
gravels is commonly thinner than that on the F1 gravels: about 10–
20 m thick. A representative loess section located at Lujiaowan (Figs. 2
and 4b) clearly contains three brown paleosol units with sparse
. (a) Hankazi (HKZ) loess section; (b) Lujiaowan (LJW) loess section; (c) the alluvial fan
b) is ∼170 cm tall. See Fig. 2 for the locations of sections (a) and (b).

piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Fig. 5. Correlations of magnetic susceptibility profiles from Hankazi (a) and Lujiaowan (b), in the northern Tian Shan foreland with the result from Luochuan (c), Chinese Loess
Plateau (Kukla et al., 1988). Note that the depth section of susceptibility at Luochuan (left column) is more “spiky” than the time section (right column) and more similar to the
Hankazi and Lujiaowan susceptibility curves. ESR ages in the Hankazi and Lujiaowan sections are also depicted in the Luochuan time section to reinforce the correlations among
them. Hankazi and Lujiaowan loess sections rest on the gravels of terraces T1 (F1) and T2 (F2), respectively. See Fig. 2 for the locations of sections (a) and (b).
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calcareous nodules (Figs. 4b and 5b) that can be readily distinguished
from intervening yellow loess deposits. All the paleosol layers are less
than 0.5 m in thickness. The lowest paleosol layer directly overlies the
alluvial gravel. Based on the ESR date of 257±27 ka (Table 1) taken
from the second paleosol unit and the correlation of the magnetic
susceptibility curve of the Lujiaowan section with the result from
Chinese Loess Plateau (Kukla et al., 1988) (Fig. 5c), the lowest paleosol
is inferred to be S3, and its age is estimated to be ∼280–320 ka (Fig. 3),
thereby suggesting that the alluvial deposition of F2 at Lujiaowan had
ended by ∼300 ka. On the southern limb of Anjihai anticline, an ESR
age of 288±28 ka for a sample taken from the base of loess overlying
the F2 alluvial deposits (Table 1 and Fig. 2) constrains the cessation of
the F2 fan deposition of Anjihai River at about the same time: ∼300 ka.
In the eastern part of the study area, two ESR samples (samples 2 and
3, Table 1 and Fig. 2) taken from the lower part of loess sediments
sitting on the F2 deposits on opposite flanks of the Tugulu anticline
along Taxi River are dated at ∼210 ka. Based on the above correlations
of the local loess stratigraphy to the well-established ages of the
loess–paleosol sequence in the Loess Plateau (Fig. 5), we estimate
average sediment-accumulation rates of Pleistocene loess in the
Hankazi and Lujiaowan sections in the study area to be ∼36 mm/kyr
and ∼27 mm/kyr, respectively: a consistency in rates demonstrates in
Table 1
Calculated value of equivalent doses, annual doses, and ESR ages.

Sample no. Sampled layer

1 S5 in the Hankazi loess section overlying F1 (T1) alluvial gravels of Manas R
2 Lower part of loess deposits overlying F2 (T2) alluvial deposits of Taxi River

of Tugulu anticline
3 Lower part of loess sediments overlying F2 (T2) of Taxi River, to the south o
4 S2 in the Lujiaowan loess section sitting on alluvial gravels of F2 (T2) (see F
5 The base of loess overlying F2 (T2) of Anjihai River

Locations of ESR samples No.1 to No.5 are shown with solid stars in Fig. 2.
The age uncertainty is 1σ.

Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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turn the rationality of our loess/paleosol stratigraphic correlations.
When combining with the thickness of ∼2.0 or ∼3.0 m between the
sampling level and the top of alluvial gravels at ESR sampling sites 2
and 3, we can estimate an age of ∼270 to 320 ka for the cessation of
the F2 fan deposition of Taxi River. Together, the ESR ages (Fig. 2 and
Table 1) and the loess/paleosol stratigraphic correlation (Fig. 5)
constrain abandonment of the aggradational surface of the alluvial fan
F2 across the piedmont of the north Tian Shan at about 300 ka. Given
the ∼100-km-long swath of the northern Tian Shan foreland (Fig. 2),
however, the limited number of dated samples (four ESR ages) creates
some uncertainties in both the identification and age of the fan F2.
Further dating should focus on the middle part of the study area (such
as Ningjia River and Manas River, Fig. 2).

The younger alluvial fans (F3 and F4) developed mainly in the
distal fringes of structural zones II or III of fault-related folds (Fig. 2).
The surface of alluvial fan F3 is planar with little post-deposition
incision and lacks loess deposits: all features in striking contrast with
the two oldest fans. OSL ages from Jingou River and Taxi River (Table 2
and Fig. 8c), together with age data from previous studies (Molnar et
al., 1994; Yuan et al., 2006), indicate that F3 developed mainly during
the range from ∼30 to ∼10 ka. Stabilization of alluvial fan F4 is
inferred at the beginning of Holocene.
Dating material Equivalent doses
(Gy)

Annual doses
(Gy/kyr)

ESR age
(ka)

iver (see Fig. 5a) Silty clay 1854±195 3.45 537±56
, on the north limb Silt 680±68 3.26 209±20

f Tugulu anticline Silt 700±70 3.19 219±21
ig. 5b) Silty clay 869±90 3.37 257±27

Silt 1124±112 3.9 288±28

piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Table 2
Calculated values of equivalent doses, annual doses, and OSL ages.

Sample no. Sampled layer Height above river
(m)

Dating material Equivalent doses
(Gy)

Annual doses
(Gy/kyr)

OSL age
(ka)

1 Top of T7 of Taxi River on the north limb of Tugulu anticline ∼5 Silt 6.7±0.3 3.8±0.4 1.8±0.2
2 Base of T3 (F3) alluvial deposits of Taxi River to the south of Tugulu anticline ∼110 Silt 109.7±3.0 4.2±0.4 26.0±2.7
3a Base of T3 (F3) alluvial deposits of Jingou River (see Fig. 8c) ∼41 Silt 130.5±4.2 4.5±0.5 28.7±3.0
3b Top of T3 (F3) alluvial sediments of Jingou River (see Fig. 8c) ∼51 Silt 49.5±0.8 3.9±0.4 12.6±1.3

Locations of OSL samples No.1 to No.3 are shown with open stars in Fig. 2.
The age uncertainty is 1σ.
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4.2. Fluvial sequence of seven terraces

Field investigations indicate that main terrace surfaces (T1, T2, T3,
and T6) grade laterally or downstream into the surfaces of the alluvial
fans discussed above (Figs. 6 and 7). These correlations, therefore,
define a geomorphologic framework that provides a useful tool for
comparing the terrace sequences among the different river systems.
Seven terraces (T1 to T7) are identified in the study area, decreasing
systematically in elevation (Figs. 6–8). Terraces T1, T2, T3, and T6 are
extensively developed along river valleys within the piedmont (Figs. 6
and 7). These four terraces are preserved as bedrock strath terraces
within the anticlines, whereas they more commonly occur as fill
terrace beyond the structures. In contrast, the bedrock terraces T4 and
T5 are identified only within the anticlines where their preservation is
likely due to rock uplift of these folds.

The highest terrace (T1) is preserved along Manas River (Figs. 2, 6c
and 8a), and laterally correlates with the F1 alluvial fan sequence
Fig. 6. Photos showing the lateral correlation of fluvial terraces to alluvial fans. (a) Taxi
River; (b) Jingou River; and (c) Manas River.
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(Figs. 6 and 7). This terrace comprises a strath that is overlain by 10–
30 m of fluvial gravels and that are in turn capped by loess 20–40 m
thick. Terrace T1 commonly lies N100 m above the modern river
(Fig. 8). The analysis of the loess/paleosol succession overlying the
alluvial gravels and ESR ages of fan F1 (Fig. 5a) to which T1 is
correlated implies that T1 is formed at ∼530 ka. Similarly, the terrace
T2 grades laterally to F2 (Figs. 6 and 7a), implying a terrace age
corresponding with F2. To the south of fault-and-fold zone II, terraces
T3 and T6 mainly developed as strath surfaces (Figs. 2 and 7) that
grade downstream to alluvial fans F3 and F4, respectively (Fig. 7). OSL
ages (Fig. 8c and Table 2) and some previous studies (Molnar et al.,
1994; Yuan et al., 2006) indicate that the age of terrace T3 is ∼10–
30 ka. Terrace T6 is inferred to have formed during the early Holocene.
The bedrock terraces T4 and T5 are preserved only within anticlines
where rock-uplift rates were apparently rapid enough to raise the
strath above the active river. Terraces T4 and T5 are estimated to have
formed during the latest Pleistocene (Xu et al., 1992b; Shi et al., 2004).
Terrace T7 is continuously developed in each active river valley with
its height above the modern river diminishing downstream.
5. Discussion

Some previous studies (e.g., Zhang et al., 1995; Deng et al., 2000)
argued that three continuous terraces characterize Quaternary fluvial
geomorphic evolution within the north piedmont of the Tian Shan.
Here we present a new division of seven fluvial terraces (T1 to T7). The
most prominent and widely preserved terraces T1, T2, T3, and T6 grade
laterally or downstream to alluvial fans F1 to F4, respectively. Based
mainly on the terrace surface characteristics, their distribution, and
the overlying loess/paleosol sequences, we conclude that terraces T2,
T3 and T6 in this study are equivalent to terraces III, II and I named by
Zhang et al. (1995), respectively. These three river terraces have been
dated by thermoluminescence (Xu et al., 1992b; Wang and Wang,
2000), OSL, radiocarbon (Yuan et al., 2006), and cosmogenic nuclides
dating (Molnar et al., 1994). However, significant discrepancies exist
among those dates. Given that most previous studies on fluvial
terraces focused on a single river system in the north piedmont of the
Tian Shan, these differences may be due to the inability to make
temporal comparisons among fluvial terrace sequences of different
river systems (Xu et al., 1992b; Yang et al., 1995; Wang and Wang,
2000; Shi et al., 2004; Yuan et al., 2006) or from the lack of reliable
ages for fluvial sequences and related deposits (e.g., Zhang et al.,
1995). Our new chronology suggests that, following intervals of
aggradation, river terraces (T1, T2 and T3) and equivalent alluvial fans
(F1, F2 and F3) were abandoned at ∼530 ka, ∼300 ka and ∼10 ka,
respectively. Although some previous studies (e.g., Molnar et al.,
1994; Zhang et al., 1995; Poisson and Avouac, 2004) have already
proposed climatically forced formation of Quaternary fluvial geomor-
phology within the north piedmont of the Tian Shan, ambiguity has
persisted concerning the correlations of river deposition and incision
events to the established glacial phases of the north Tian Shan. These
new age data presented above permit us to propose new correlations
of alluvial fan deposition and terrace formation to climatic changes
during glacial–interglacial transitions as below.
piedmont of the Chinese Tian Shan over the past 550 kyr and its
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Fig. 7. Distribution of river terraces based on 1:50,000 topographic maps and field investigations. (a) Taxi River and (b) Jingou River. Terraces T2, T3, and T6 grade laterally or
downstream to alluvial fans F2, F3, and F4, respectively. See Fig. 2 for the location of Fig. 7.
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The deposition of ∼10–30 m of T1 gravels on the underlying strath
terrace prior to ∼530 ka indicates that a lateral beveling event (strath
formation) was followed by an increase in the relative sediment
supply that drove aggradation. The T1 aggradational surface was
subsequently abandoned just prior to the development of the S5a
interglacial (MIS stage 13) paleosol (Figs. 3 and 5). The stabilization of
the terrace surface allowed ∼1.0 m of loess to accumulate on the
terrace tread, and this loess layer was subsequently weathered to
form the S5a paleosol. Hence, we interpret that aggradation occurred
late within a glacial phase and that incision began near the glacial–
interglacial transition. This sequence of events with respect to climate
change is comparable to that described for multiple terraces along the
northern flank of the Tibetan Plateau (Pan et al., 2003). The glacial
phase may be equivalent with the Hongshanzui ice age in the
northern Tian Shan, the occurrence of which was estimated as within
the early Middle Pleistocene (Xinjiang Institute of Geography, 1986).

Our data indicate that the formation of the T2 terrace followed an
analogous pattern. Above a bedrock strath, ∼10–20 m of gravels
accumulated before the aggradational surface was abandoned as the
river began to incise. Subsequently, a small amount of loess (b1 m)
was deposited on the terrace tread and then a paleosol (S3) developed
in that loess (Fig. 5b). The age of this basal interglacial paleosol
suggests that the gravel aggradation may have occurred during the
Haxionggou ice age (Xinjiang Institute of Geography, 1986) in the
northern Tian Shan, just prior to MIS 9 at ∼300 ka.
Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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The OSL dates of the terrace T3 (the F3 fan) (Table 2 and Fig. 8c)
suggest a beginning of aggradation at ∼26–28 ka and an abandon-
ment of the terrace at ∼12 ka. Aggradation persisted at least a period
of ∼15 kyr during the latter part of the last glaciation and into the
deglacial phases. Aggradation ended as the river began to incise by
∼10 ka. Given the terrace chronology presented here, we infer that
the absence of fluvial terraces attributable to the Hustai glacial–
interglacial transition (equivalent withMIS 2 to 4) during earliest Late
Pleistocene (Xinjiang Institute of Geography, 1986) may result from
intensive lateral beveling by the piedmont rivers prior to the creation
of the T3 terrace.

We interpret the above correlations to define a clear causal
relationship between river incision and climate change during the
glacial–interglacial transition within the north piedmont of the Tian
Shan. Undeniably, tectonic uplift may be also involved as a controlling
factor in fluvial process (e.g., Li et al., 1996, 1999; Lu et al., 2004; Sun,
2005), especially in a tectonically active regime. Main deposition and
incision events in the present study area, however, are not regarded as
tectonically controlled based on the following evidences.

First, clear effects of tectonic activity are only expressed topo-
graphically within deformed and uplifted structure zones several
kilometers wide, corresponding to growing anticlines: strath terraces
have been warped and faulted within these zones (e.g., Avouac et al.,
1993; Molnar et al., 1993; Zhang et al., 1994; Yang et al., 1995). In
more extensive areas beyond anticlines, prevailing river incision
piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Fig. 8. Terrace-to-river cross-sections from the north piedmont of the Chinese Tian Shan. A–A′: Manas River; B–B′: Taxi River; C–C′: Jingou River. See Figs. 2 and 7 for the locations of
cross-sections. River terraces T1, T2, T3, and T6 are regionally developed, whereas terraces T4 and T5 are straths formed in the cores of active folds. See the text for the detailed
description.
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across the piedmont has yielded well-preserved fill terraces, whereas
thick alluvial deposits indicate subsidence between structure zones
with respect to uplifting anticlines. Second, the contribution of
tectonic activity to fluvial incision in the northern Tian Shan foreland
is relatively small in comparison to the magnitude of downcutting. At
Kuitun He (He is Mandarin for “river”), tectonic uplift of Dushanzi
anticline due to thrusting and folding only accounts for about 10% of
total incision of ∼300 m (Poisson and Avouac, 2004). At Taxi He, rock
uplift over the last 300 kyr of the core of the Tugulu anticline is
estimated to be ∼130 m based on topographic surveys of the oldest
river terrace III (Terrace T2 in this study) preserved along this river
system (Deng et al., 2000). Even in the core of the anticline, this
magnitude of rock uplift is b50% of the total incision (∼280 m) during
this same period. The simplest interpretation of this scenario is that
tectonic deformation documented by deformed Quaternary terraces
has contributed little to specific events of terrace creation across the
piedmont, especially beyond structure zones. Finally, if, as is seenwith
the dated terraces in this study (such as terrace T2 and the correlative
fan F2), the age of a given terrace is approximately synchronous
Please cite this article as: Lu, H., et al., Alluvial sequence in the north
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among multiple folds at different positions within foreland thrust
belts. Such synchrony is consistent with regional climatic control on
depositional regimes, rather than with synchronous changes in
folding and rock-uplift rates across the foreland. Whereas the multi-
level terrace-and-fan system argues for pulsed controls on sediment
fluxes and fluvial incision regimes, studies of deformed terraces
(Molnar et al., 1993) suggest a steady, rather than a pulsed, folding.

Within the north piedmont of the Tian Shan, however, basinward
thrusting of the Tian Shan range (Molnar and Tapponnier, 1975;
Avouac et al., 1993; Deng et al., 2000; Lu et al., 2009) could have
driven rock uplift of the headwaters of those piedmont rivers with
respect to Junggar Basin to the north. Such uplift might have caused
overall downcutting in response to a more steepened gradient.
Consequently, climatically forced incision, especially during the
rhythmic climatic fluctuations of the Quaternary, could be the specific
“noise” in a long-term-downcutting regime driven by tectonism
across the entire region. The likely primacy of climatic controls has
emerged from several other regional studies, e.g., Poisson and Avouac,
2004; Starkel, 2003; and Pan et al., 2003. In the north piedmont of the
piedmont of the Chinese Tian Shan over the past 550 kyr and its
. (2009), doi:10.1016/j.palaeo.2009.11.031
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Tibetan Plateau, the terrace chronology supports the contention of
Pan et al. (2003) that formation of paired terraces over the past
900 kyr were responses to climate changes during glacial–interglacial
transitions despite the ongoing tectonic deformation indicated by
faulted terraces.

6. Conclusions

A combination of geomorphological, stratigraphic, and chronologic
criteria underpins a new division of the Quaternary alluvial sequence
in the northern piedmont of the Tian Shan. ESR and OSL geochronol-
ogies and loess/paleosol stratigraphic correlations provide a robust
chronologic framework for these regional alluvial units. Three main
river terraces (terraces T1 to T3), correlating with alluvial fans F1 to F3,
respectively, are dated at ∼530 ka, ∼300 ka, and ∼10 ka, respectively.
Together with basal paleosol layers in the loess sequences that
directly overlie two older terraces (T1 and T2) and fans (F1 and F2),
this new chronology suggests that the gravel aggradation persisted
until late in the glacial cycles and that the subsequent incision that
caused abandonment/stabilization of these terraces and fans occurred
near the glacial–interglacial transitions. Therefore, we argue that
climate changes during glacial–interglacial transitions have driven
changes from aggradation or strath formation to river incision in the
north piedmont of the Tian Shan. These regional alluvial sequences
are largely decoupled from the locally folded and faulted river terraces
that define ongoing, but spatially restricted tectonic activity. Given the
limited dates presented in this study, our identification of the F2 fan as
a regionally synchronous feature remains somewhat uncertain. Future
work should focus (1) on the middle part of the northern Tian Shan
foreland in order to better constrain the cessation of the F2 fan
deposition and (2) on detailed chronologies of terrace aggradation
and abandonment to further test climate–terrace linkages.
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