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10Be exposure dating of river terraces at the southern mountain front of
the Dzungarian Alatau (SE Kazakhstan) reveals rate of thrust faulting
over the past ~400 ka
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The mountain belts of the Dzungarian Alatau (SE Kazakhstan) and the Tien Shan are part of the actively
deforming India–Asia collision zone but how the strain is partitioned on individual faults remains poorly
known. Here we use terrace mapping, topographic profiling, and 10Be exposure dating to constrain the slip
rate of the 160-km-long Usek thrust fault, which defines the southern front of the Dzungarian Alatau. In the east-
ern part of the fault, where the Usek River has formed five terraces (T1–T5), the Usek thrust fault has vertically
displaced terrace T4 by 132 ± 10 m. At two sites on T4, exposure dating of boulders, amalgamated quartz peb-
bles, and sand from a depth profile yielded 10Be ages of 366 ± 60 ka and 360 +77/−48 ka (both calculated for
an erosion rate of 0.5 mm/ka). Combinedwith the vertical offset and a 45–70° dip of theUsek fault, these age con-
straints result in vertical and horizontal slip rates of ~0.4 and ~0.25 mm/a, respectively. These rates are below the
current resolution of GPS measurements and highlight the importance of determining slip rates for individual
faults by dating deformed landforms to resolve the pattern of strain distribution across intracontinental moun-
tain belts.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Tien Shan is a 300–500 kmwide intracontinentalmountain belt
in Central Asia that extends over a length of ~2000 km fromUzbekistan
in the west to China in the east. In terms of geology and structure, the
mountain ranges of the Boro Horo Shan and the Dzungarian Alatau
are also part of the Tien Shan orogenic system (Fig. 1a). The Tien Shan
system consists of generally east–west-trending mountain ranges with
interspersed sedimentary basins and separates the Junggar basin and
the Kazakh platform in the north from the Tarim basin in the south.
The high topography of the Tien Shan, with summits exceeding
7000 m in elevation, resulted from the collision of India and possibly
Arabia with Asia (e.g. Tapponnier and Molnar, 1979; Yin, 2010). Some
authors attribute the location of the Tien Shan – far north of the locus
of collision – to the reactivation of Paleozoic and/or Mesozoic basement
structures (Windley et al., 1990; Hendrix et al., 1992; Jolivet et al.,
2010). The initial uplift and exhumation during the Cenozoic was
diachronous throughout the Tien Shan and started between the late
Oligocene and the late Miocene in different parts of the mountain belt
(e.g. Hendrix et al., 1994; Abdrakhmatov et al., 1996; Sobel and
.
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Dumitru, 1997; Yin et al., 1998; Bullen et al., 2001; Sobel et al., 2006;
Charreau et al., 2009).

GPS studies show that the north–south shortening rate across the
western Tien Shan is ~20 mm/a west of lake Issyk Kul (Fig. 1b) and de-
creases to ~9 mm/a over a distance of about 500 km toward the east
(Reigber et al., 2001; Zubovich et al., 2010). The GPS studies also indi-
cate that north–south contraction is not only focused along the edges
of the orogen but also occurs in the interior of the mountain belt. Iden-
tifying and localizing the exact position of active faults, however, cannot
be accomplished by GPS but requires detailed field investigations and
mappingof landforms that are folded and/or tectonically offset by faults.
If the age of such landforms (e.g. fluvial terraces, terrace risers, alluvial
fans, and moraines) can be constrained via appropriate dating tech-
niques such as radiocarbon, luminescence, or surface exposure dating,
it is possible to quantify rates of faulting on time scales of 103 to
105 years. The determination of fault slip rates allows us to assess how
active deformation is distributed across tectonically active mountain
belts and has been increasingly applied to different portions of the
India–Asia collision zone (e.g. Ritz et al., 2003; Hetzel et al., 2004;
Kirby et al., 2007; Palumbo et al., 2009; Gold et al., 2011; Hetzel, 2013).

In the Tien Shan, the approach of dating deformed Late Quaternary
geomorphic markers revealed that west of lake Issyk Kul (longitude
~75°E), at least eight thrust and reverse faults are currently active
over two thirds of the entire width of the orogen, with individual fault
ll rights reserved.
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slip rates ranging from ~0.1 to ~3 mm/a (Thompson et al., 2002). Far-
ther east in the Kungej Alatau north of Issyk Kul (Fig. 1b), slip rates for
south-verging thrust faults and folds fall in the range between ~0.07
and ~0.37 mm/a (Bowman et al., 2004; Selander et al., 2012). In the
Chinese Tien Shan two studies documented an eastward decrease in
the shortening rate along the southern front of the mountain belt
(Brown et al., 1998; Hubert-Ferrari et al., 2005). Near the town of
Aksu at longitude 81°E, the minimum shortening rate is ~7 mm/a
over the last ~13 ka (Hubert-Ferrari et al., 2005), whereas still farther
east at longitude 85°E an upper limit of ~2 mm/a for the slip rate of
the range-bounding reverse fault was provided on a similar time scale
(Brown et al., 1998). Across the northern mountain front of the Boro
Horo Shan (Fig. 1a), an early study that did not use numerical dating es-
timated amillennial shortening rate of 3.0 ± 1.5 mm/a based on the as-
sumption that offset fluvial terraces are early Holocene in age (Avouac
et al., 1993).

On longer time scales of 106 to 107 yr shortening rates at the southern
andnorthernmargins of the Tien Shanwere inferred from the restoration
of folds and geological cross sections (e.g. Yin et al., 1998; Burchfiel et al.,
1999; Bullen et al., 2003; Scharer et al., 2004; Charreau et al., 2008), in
combination with low-temperature thermochronology (Sobel et al.,
2006; Jolivet et al., 2010). Comparing the deformation rates obtained on
different time scales allows testing whether or not short-term rates in-
ferred by geodetic methods are representative for a millennial or even a
million-year time scale. Furthermore, the results of these different
methods may enable us to resolve how the spatial distribution of defor-
mation across the orogen has evolved through time.

In this study, we constrain the slip rate of the range-bounding thrust
fault at the southern mountain front of the Dzungarian Alatau in south-
east Kazakhstan (Fig. 1b) by terracemapping, topographic profiling, and
10Be surface exposure dating (e.g. Gosse and Phillips, 2001). The
Dzungarian Alatau is probably the least studied region in the entire
Tien Shan orogenic system and so far no quantitative data on Late Qua-
ternary deformation rates are available for this 300-km-long mountain
belt.

Study area

The study area is situated at the southern front of the Dzungarian
Alatau, a mountain range that runs parallel to the E–W-trending Ili
basin and the Tien Shan farther to the south (Fig. 1b). The Dzungarian
Alatau has a complex basement comprising Proterozoic to Early Meso-
zoic metamorphic, sedimentary and igneous rocks (Bekzhanov, 1997).
a b

Figure 1. (a) Digital elevation model showing the location of the Tien Shan mountain belt, the
cation of b. (b) Digital elevation model with the location of the study area (white rectangle) at
Range (KR) traversed by a major left-lateral strike-slip fault.
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These rocks are interpreted as Proterozoic continental basement su-
tured in the north to Early Paleozoic to Carboniferous accretion com-
plexes and overlain in the south by a Devonian to Permian active
continental margin arc (Petrov et al., 2007; Windley et al., 2007). The
modern mountain front in the south is defined by the 160-km-long,
north-dipping Usek thrust fault that extends eastward to the region
where the Usek River enters the Ili basin (Fig. 2). The Usek thrust fault
has uplifted and emplaced Paleozoic basement rocks over Neogene
and Quaternary sediments. Farther to the south, Devonian and Carbon-
iferous basement rocks of the smaller Duyantau range are uplifted by
steep thrust faults that dip to the northwest and southeast, respectively
(Fig. 2) (Kober et al., 2013). The wide piedmont of the Duyantau range
slopes gently toward the Ili basin and consists of different generations
of Quaternary pediments and alluvial fans, which rest unconformably
on folded Cenozoic sediments. These light-colored, fine-grained Ceno-
zoic strata are dominated by fluvial sediments with interbedded lake
deposits and are deformed by open folds with low amplitudes and
east–west trending fold axes (Kober et al., 2013). The overlying Quater-
nary alluvial gravels are less than a few tens of meters thick and are
slightly warped along an east-trending monocline near the floodplain
of the Ili River (Fig. 2).

The Duyantau pop-up structure and the Lesnovka and Taldy anti-
clines plunge eastward and therefore no Paleozoic basement is exposed
near the Usek River, which has formed a flight of well-preserved ter-
races that can be followed for ~15 km (Fig. 3). On the basis of field in-
vestigations and remote sensing we distinguish five major terrace
levels, T1–T5, with the highest one (T5) reaching an elevation of up to
~300 m above the Usek River. All terraces are sparsely vegetated by
grass. Terrace T1 is developed near the mountain front east of the Usek
River. The other four terraces (T2–T5) are well preserved between the
Taldy and Lesnovka anticlines (Fig. 3). The vertical distance between
the different terrace levels T2 to T5 is between ~50 and ~70 m east of
theUsek River (Fig. 4). At latitude 44°22.5′N, the terraces T2–T5 are at el-
evations of ~40 m (T2), ~110 m (T3), ~160 m (T4), and ~230 m (T5)
above the bed of the Usek River.

At themountain front farther north, terrace T4 has been displaced by
the Usek thrust fault (Fig. 3), which has formed a N100-m-high fault
scarp. In the downthrown footwall block the well preserved terrace
tread extends east–west for ~1.5 km, whereas in the uplifted hanging
wall a considerable portion of the original terrace tread has been erod-
ed. Still, two elongate parts of terrace T4 are well preserved in the hang-
ing wall (Figs. 3, 5a) and have a similar appearance in the field as the
terrace tread in the footwall. A secondary, ~10-m-high scarp is present
Dzungarian Alatau (DA), and the Boro Horo Shan (BH). The white rectangle marks the lo-
the southern mountain front of the Dzungarian Alatau. Also indicated is the Koyandytau
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in the footwall of the Usek thrust fault. We acquired two topographic
profiles across the composite Usek fault scarp using differential GPS in
order to quantify the total vertical offset on the underlying fault. The
individual points of each profile were projected onto vertical planes
oriented perpendicular to the fault strike. The two profiles constrain
the total vertical displacement since the formation of terrace T4 to
~132 ± 10 m (Fig. 6).

The fault plane of the Usek thrust fault is notwell-exposed, but using
the vertical and cross-strike horizontal distancesmeasured between the
pointwhere theUsek thrust crosses our transect and another onewhere
it reaches the Usek valley floor, a dip angle of ca. 45° can be estimated.
For this estimate to be accurate, the fault must be planar. In fact, the
trend of the thrust trace is not constant between the two observation
points, but turns into a more northerly direction close to the Usek
River (Figs. 2, 3). This geometry suggests that the two points are not lo-
cated on a fault plane of constant strike and dip, but on a curved fault
surface which is concave to the north. If this interpretation is correct,
thedip of theUsek fault beneath the scarp is steeper than 45°, consistent
with observations on other, exposed basement thrusts in the areawhich
have dips of 50–70°. Following these considerations, we have used a dip
range of 45–70° to calculate horizontal shortening rates.
Figure 2. Tectonic map of the study area in the southern foreland of the Dzungarian Alatau, Kaz
angle marks the area shown in Fig. 3. Ephemeral channels that have incised the coalesced allu
color. For location of the map see Fig. 1b. The base image is a SPOT satellite image from Google
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10Be surface exposure dating

Sampling strategy

For exposure dating we targeted terrace level T4 at two sites along
the Usek River (Fig. 3). We also sampled the proximal and distal parts
of an alluvial fan in the southern piedmont of the Duyantau range
(Fig. 2) to evaluate the age of depositional surfaces in an area not
sourced by the Usek River. In the following, we describe our sampling
strategy at these sites and explain how the potential presence of an
inherited cosmogenic nuclide component can be corrected for. Inherited
cosmogenic nuclides are generated prior to deposition during erosion of
the host rock and sedimentary transport (e.g. Anderson et al., 1996). All
samples for exposure datingwere taken from the flattest andmost pris-
tine parts of the respective terrace and alluvial fan surfaces.

Thefirst sampling site on terrace T4 is located in the uplifted hanging
wall of the Usek thrust fault (Fig. 3) and was sampled to determine the
slip rate of this fault. The southern part of the flat terrace in the fault
hanging wall has a size of about 400 × 600 m, is covered by grass, and
appears to be well preserved (Fig. 5a). Small pits that we excavated on
the terrace showed a clearly recognizable bedding in the terrace
akhstan, showing Quaternary active faults (white inmap, black in legend). Thewhite rect-
vial fan south of the Duyantau range expose Neogene sediments, which appear in whitish
Earth with a spatial resolution of 15 m (acquisition date: June 6, 2005).

https://doi.org/10.1016/j.yqres.2013.10.016
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deposits from a depth of 10–12 cm downwards. Clasts in the bedded
terrace deposits have thin (b1 mm) carbonate rinds at their bottom.
Boulders with a length of up to 90 cm occur on the terrace surface, pre-
sumably because of its proximity to themountain front. The presence of
desert varnish and lichen on the upper side of such boulders suggests
that they have remained in a stable position for considerable time. We
took three samples from the flat, upper side of two granite boulders
(samples 10K9 and 10K11) and one quartzite boulder (sample 10K10)
Figure 3.Map showing the extent of the terraces T1–T5 along Usek River and the range-boundi
profiles shown in Fig. 6c are indicated as thick lines labeled A and B. For location of themap see F
15 m (acquisition date: June 6, 2005).

rg/10.1016/j.yqres.2013.10.016 Published online by Cambridge University Press
(Figs. 5b–d). The planar tops of these boulders stood 4–9 cm above
the surrounding surface, while their main parts were embedded in the
terrace deposits. Although several previous studies have shown that
the inherited nuclide component of large boulders is often negligible
(e.g. Zehfuss et al., 2001; Palumbo et al., 2009), a recent study docu-
mented highly variable exposure ages for boulders on terraces at the
eastern front of the Andes, thus revealing that the inheritance of boul-
ders is not necessarily negligible (Schmidt et al., 2011). We therefore
ng Usek thrust fault at the front of the Dzungarian Alatau. The positions of two fault scarp
ig. 2. The base image is a SPOT satellite image fromGoogle Earthwith a spatial resolution of
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also applied an alternative dating approach, which assumes that the
inherited nuclide component of a terrace sample consisting of amal-
gamated pebbles can be determined by analyzing a similar sample
from the active river bed. Sample 10K1 consists of 62 quartz pebbles
with a size of 1–6 cm and was collected on terrace T4 from an area
with a size of about 100 × 100 m. To evaluate the inherited nuclide con-
centration of this sample, we took a sample composed of 48 quartz peb-
bles with a size of 2–6 cm from the modern Usek River (10K2; for
location see Fig. 3).

The second sampling site on terrace T4 is situated 15 km farther
south and east of the Usek River. Here, an isolated patch of T4 with a di-
ameter of ~200 m is almost entirely surrounded by the lower terrace T3
and thus shielded from the deposition of material derived from the
higher terrace T5 (Fig. 3). The planar terrace lacks even minor erosional
rills and iswell preserved (Fig. 5e). In the interior part, the terrace is par-
tially covered by a ≤33-cm-thick loess layer that thins and gradually
disappears toward the terrace edges. A 10–20 m wide area along the
southern edge of the terrace exhibits angular to subangular clasts with
a size of 0.5–5 cm at the surface that are coated with desert varnish.
As exposed boulders are rare owing to the thin loess cover on the ter-
race, we excavated a 1.8-m-deep pit near the southern terrace margin
(Fig. 5e) and took four sand samples along a depth profile: a surface
sample (10K5) and three subsurface samples (10K5A, -B, -C). Such
depth profiles allow us to quantify both inherited and post-
depositional nuclide components (e.g. Hancock et al., 1999; Siame
et al., 2004; Schmidt et al., 2011). We sieved the sand samples in the
field to obtain the 0.25–2.0 mm size fraction. The walls of the pit ex-
posed bedded terrace deposits from a depth of 34 cm downward;
below this depth all clasts and boulders have a thin (~0.1 mm) rind of
pedogenic carbonate at their bottom side.

The sampling area in the southern piedmont of the Duyantau range
is located ~20 km west of the Usek River (Fig. 2). Here, a gently
southward-dipping, inactive alluvial fan with a width of ~10 km is
slightly warped along a monocline, which marks the transition to the
Ili basin. The flat surface of the coalesced alluvial fan shows amoderate-
ly to well developed desert pavement with subangular clasts 1–10 cm
in size on the surface. The surface is sparsely vegetated by grass in the
north but farther south the vegetation disappears almost completely
(Fig. S1). The alluvial fan surface is inactive today. Younger ephemeral
channels have incised below the alluvial fan gravels and exposed Neo-
gene sediments (Fig. 2). To date the proximal and distal parts of the
W

Neoge

Usek
River

T2

Figure 4. Northward view on terrace levels T2–T5 east of Usek River with their rather uniform
gravels above the strath of terrace T3. The Dzungarian Alatau can be seen in the background. T
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alluvial fan, respectively, we took two samples (10K8 and 10K3)
(Fig. S1). The northern sample (10K8) is composed of 250 quartz peb-
bles, which were taken from an area 150 × 50 m in size. The sample
from the southern part (10K3) consists of 196 quartz pebbles collected
from an area with a diameter of about 30 m. In order to correct for an
inherited nuclide component in the two samples, we amalgamated 99
quartz pebbles (10K4) in the bed of the active ephemeral channel
whose upstream part sourced the sampled alluvial fan in the past
(Fig. 2). The size of the pebbles in all three samples varied between
0.5 and 5 cm.
Sample preparation and 10Be analysis

The quartz pebbles of the amalgamated samples 10K1 and -2 had a
size range of 1–6 cm and 2–6 cm, respectively. To ensure that each peb-
ble contributed a roughly equal amount ofmass to the samples,we used
only a part of those pebbles≥3 cm. For the three samples 10K3, -4, and
-8, which had a size range of 0.5–5 cm, this size limit was set to 2 cm.
After crushing the quartz pebbles and the rock material from the boul-
ders, all samples were sieved and the 250–500 μm size fraction was
washed and the magnetic grains were removed. The samples were
treated following procedures introduced by Kohl and Nishiizumi
(1992) to obtain clean quartz. Firstly, the samples were leached in 20%
HCl at ~80°C to dissolve carbonates and iron oxides. Secondly, they
were etched three to four times in 1%HF/1%HNO3 in a heated ultrasonic
bath at 80°C to removemeteoric 10Be. Subsequently,most sampleswere
further purified by alternating etching steps in aqua regia and ~13% HF
at ~120°C (Goethals et al., 2009). The purity of the quartz separates was
checkedwith ICP-OES. After addition of ~0.3mg of Be carrier, the quartz
samples (30–40 g) were dissolved, Be was separated by successive
anion and cation exchange columns and precipitated at pH 8–9 as
Be(OH)2. Following the transformation to BeO at 1000°C and target
preparation, 10Be was analyzed at the accelerator mass spectrometer
(AMS) facility of ETH Zurich (Kubik and Christl, 2010). The blank-
corrected 10Be concentrations reported in Table 1 are normalized to
the secondary ETH standard S2007N, which has a nominal 10Be/9Be
ratio of 28.1 × 10−12 (Kubik and Christl, 2010) considering the 10Be
half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010).
This secondary standard is calibrated to the primary standard ICN 01-
5-1 (Nishiizumi et al., 2007; Kubik and Christl, 2010).
E

ne sediments

Quaternary
gravel

T4

T5

T3

vertical spacing. In the foreground Neogene sediments are covered by coarse Quaternary
he view point from which the picture was taken is indicated in Fig. 3.
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Calculation of 10Be exposure ages and results

We calculated two sets of 10Be exposure ages (Table 1) with the
CRONUS-Earth online calculator (Balco et al., 2008; http://hess.ess.
washington.edu) using the time-independent scaling model of Lal
(1991)/Stone (2000). Before the age calculation, the 10Be concentra-
tions of the three amalgamated quartz pebbles (10K1, -K3, -K8) were
corrected for an inherited nuclide component based on the 10Be concen-
trations of the Usek River sample (10K2) and the sample from the
ephemeral channel (10K4), respectively. Themeasured 10Be concentra-
tions of the two latter samples were rounded to the nearest value and
conservative errors of ±50% and±30%, respectively, were adopted be-
cause the cosmogenic nuclide concentration of pebbles from active riv-
ers or ephemeral streams may deviate from the one in pebbles of the
b

a

c

e

10K9

10

Figure 5. Photographs of the two sampling sites on terrace T4 along the Usek River and close-u
location of the sampling sites see Fig. 3. (a) Overview of the flat, grass-covered terrace surfac
45 cm.We took sample 10K9 from the top of the boulder, which stands 4 cm above the surroun
of 42 cm and stands 7 cm above the terrace. (d) Elongate granite boulder with a length of 88 cm
boulder, which stands 9 cmabove the terrace. (e) Overviewof thewell preserved, sparsely vege
a depth profile from the pit seen in the foreground. View is toward the north.

rg/10.1016/j.yqres.2013.10.016 Published online by Cambridge University Press
associated depositional surfaces (Hetzel et al., 2004; Blisniuk et al.,
2012). This approach yielded values of 7.0 ± 3.5 × 104 at/g
(based on the 10Be concentration of 7.47 ± 0.37 × 104 at/g in
10K2) and 17.0 ± 5.1 × 104 at/g (based on the 10Be concentration
of 16.7 ± 1.0 × 104 at/g in 10K4), respectively, which were used to
correct for the inheritance. A potential shielding by snow was not
taken into account owing to the arid climate in the study region, with
precipitation falling largely as rain in the summer months (Cheng
et al., 2012). The following example calculation shows that this approach
is reasonable. The presence of a 40-cm-thick snow cover with a density
of 0.25 g/cm3 (i.e. 100 mm water equivalent) for four months per year
would change the 10Be concentrations, and hence the ages, by only 2%.

The first set of 10Be ages was determined with the assumption of
zero erosion (Table 1). Provided that inheritance was adequately
d

10K9

K10

10K11

p pictures of the three boulders sampled in the hanging wall of the Usek thrust fault. For
e T4 in the hanging wall of the Usek thrust fault. (b) Granite boulder with a diameter of
ding ground. (c) The quartzite boulder fromwhichwe took sample 10K10 has a diameter
and dark desert varnish on the upper side. Sample 10K11 was taken from the top of this

tated terrace T4 east of Usek Riverwherewe took four samples (10K5, 10K5A, -B, -C) along

http://hess.ess.washington.edu
http://hess.ess.washington.edu
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corrected for (i.e. in the amalgamated pebbles) or is negligible (in the
boulders), these ages represent minimum ages because either erosion
or the presence of a temporal cover (e.g. snow) would have lowered
the 10Be production rate at the present-day surface. Given the high
ages of roughly 300 ka obtained for the boulders and the quartz pebbles
from terrace T4, it is almost certain that a limited amount of material
was removed from the surface by erosion. Hence, the ages calculated
with the zero-erosion assumption underestimate the true age of the re-
spective surfaces. In order to take erosion into account, we calculated a
second set of ages using an erosion rate of 0.5 mm/ka (Table 1; the
choice of the erosion rate and the related amount of erosion are
discussed in the next section). This approach yielded 10Be ages of
378 ± 14 ka, 301 ± 11 ka, and 363 ± 14 ka (internal 1σ error) for
the three boulders from the hanging wall of the Usek thrust fault
(samples 10K9, -10, -11), which were calculated by assuming a negligi-
ble inheritance. The fact that the independent 10Be age of 357 ± 14 ka
for the quartz pebbles agrees with the two oldest boulder ages
(Table 1) provides strong evidence that this assumption is justified.

Thedepth profile consisting of four sand samples from terrace T4 east
of the Usek River was evaluated with the method of Hidy et al. (2010),
which uses Monte Carlo simulations to determine the most plausible
values for the inherited component and the post-depositional 10Be con-
centration at the surface. As the 10Be concentration of the surface sample
is much lower than expected from the 10Be concentrations of the sub-
surface samples (Fig. 7), it was excluded from the numerical simulation.
For the simulation we chose the following values: (1) a spallogenic 10Be
surface production rate of 11.15 at/g/a determined with the CRONUS-
Earth calculator, (2) an effective neutron attenuation length of
160 ± 8 g cm2 (Gosse and Phillips, 2001), (3) a bulk density varyingbe-
tween 2.1 and 2.3 g/cm3, (4) an age range between 250 ka and 450 ka,
(5) a conservative range for the inheritance of 7–40 × 104 at/g, and (6)
Usek River

terrace T4

terrace T4

mean values of vertical offset:
119 ± 9 m
  13 ± 2 m

S

B

A
13 ± 2 m

13 ± 2 m

primary

fault scarp

} total offset:
132 ± 10 m

second.
fault
scarp

a

c

Figure 6. Thrust fault scarp at the mountain front of the Dzungarian Alatau west of Usek River.
approximate trace of the main/primary thrust fault (N100 m offset) separating basement roc
dashed line. View direction is to the west. The fault scarp related to the secondary fault is loca
in Fig. 3. (b) Perspective-view image (generated with Google Earth) of the primary fault scarp
2. View direction is to thewest. (c) Two topographic profiles across the composite thrust fault sc
of the two pictures and the scarp profiles is shown in Fig. 3.
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a 10Be half-life of 1.387 ± 0.012 Ma (Chmeleff et al., 2010; Korschinek
et al., 2010). The 10Be production by slow and fast muons according to
the experimental results of Heisinger et al. (2002a, 2002b) is imple-
mented in the method of Hidy et al. (2010). In the modeling procedure
the erosion rate could not be treated as a free parameter, because the
number of samples (n = 3)must be greater than the number of free pa-
rameters to be determined (which are inheritance and age) to obtain
statistically robust results (Hidy et al., 2010). The best-fit profile from
100,000 solutions resulted in an inheritance of 19 +14/−11 × 104 at/g,
which was subtracted from the modeled surface concentration of
353 +48/−17 × 104 at/g to yield a post-depositional 10Be concentration
of 335+50/−21 × 104 at/g. The latterwas used as input for the CRONUS-
Earth calculator to determine an exposure age of 360 +67/−28 ka for
terrace T4, again using an erosion rate of 0.5 mm/ka (Table 1).

The two pebble samples collected from the alluvial fan in the pied-
mont of the Duyantau range (10K3, 10K8) yielded inheritance-
corrected 10Be ages of 127.3 ± 7.4 ka and 83.4 ± 8.4 ka. Finally, we
note that the use of the other scaling schemes implemented in the
CRONUS-Earth online calculator (Dunai, 2001; Lifton et al., 2005;
Desilets et al., 2006) would result in exposure ages that deviate by less
than 8% from those reported in Table 1.

Discussion

Timing of terrace formation

From the four samples taken on terrace T4 in the hangingwall of the
Usek thrust, three have 10Be ages that agreewithin internal uncertainty.
Two boulders (10K9 and -11) yielded ages of 378 ± 14 ka and
363 ± 14 ka, respectively, while the amalgamated quartz pebbles
(10K1) gave an age of 357 ± 14 ka (Table 1). The latter has been
terrace T4

terrace T4

0300 m

100 m

vertical exaggeration = 3

N

110 ± 6 m

128 ± 4 m

primary

fault scarp

secondary
fault scarp

primary
fault
scarp

b

(a) Photograph of the fault scarp, which offsets the river terrace T4. In the foreground the
ks in the hanging wall from Neogene sediments in the footwall is indicated by the white
ted to the left of the image. The view point from which the picture was taken is indicated
in which the offset terrace T4 is outlined by the thin white line. Vertical exaggeration is
arpwith vertical displacement values. The total vertical offset is 132 ± 10 m. The location
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corrected for a small inherited nuclide component equivalent to
4 ± 2 ka. The close agreement between the three ages obtained by
two different dating approaches (boulders versus amalgamated peb-
bles) indicates a negligible inheritance for the boulders and a common
exposure history for all three samples. It is important to note that the
calculated exposure ages depend on the erosion rate, for which we as-
sumed a value of 0.5 mm/ka. This erosion rate combined with the 10Be
ages of ~360–380 ka implies that ~20 cm of material was removed
from the terrace. Given the flatness of the sampled portions of terrace
T4 and the absence of erosional rills such a small amount of surface low-
ering seems not unreasonable (Figs. 5a, e). If the terraceswere eroded at
a higher rate, the exposure ages and the absolute amount of erosion
would also be higher. For instance, an erosion rate of 1 mm/kawould in-
crease the 10Be ages to ~450–470 ka and the total amount of erosion to
~45 cm. We argue that such a relatively large amount of erosion is not
supported by the microtopography of the terrace surfaces (Figs. 5a, e),
although there is no method available to independently constrain the
local erosion rate of a terrace surface exactly. A similarly low erosion
rate of 0.5 mm/ka (as used in this study) was determined for a terrace
with a 10Be age of ~260 ka in Patagonia (Hein et al., 2009). Selander
et al. (2012) used the similarity between a 10Be exposure age of
85.6 ± 7.6 ka and an OSL age of 96.0 ± 8.6 (Bowman et al., 2004) for
the same terrace near Issyk Kul to argue for aminimal amount of erosion
(which they accordingly neglected when calculating 10Be ages of ~80 to
~140 ka for three terraces). Finally, we note that the maximum erosion
rate that can be derived from the 10Be concentrations of the samples
from terrace T4 is ~2.1 mm/ka. This approach assumes, however, that
the 10Be concentrations have reached a steady-state between 10Be
200
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Figure 7. 10Bedepth profile on terrace T4 east ofUsekRiver,which consists of four sand sam-
ples (10K5, 10K5A, -B, and -C). The 10Be concentrations of the samples (see Table 1) are
shown as black circles with 1σ errors (error bars for the two lower samples are smaller
than the data points). Vertical error bars reflect the width of the sampled depth interval
(error bars for 10K5Aand -B are smaller than thedata points). The solid black line represents
the best-fit regression through the 10Be concentrations of the three subsurface samples ob-
tainedwith the numerical model of Hidy et al. (2010). The gray shading shows the 1σ solu-
tion space of the model simulations. The dashed vertical line and the gray field indicate the
inherited 10Be component and its 1σ error. The post-depositional 10Be concentration yields a
10Be exposure age of 360 +67/−28 ka for an erosion rate of 0.5 mm/ka (Table 1). See text for
details on the parameter space explored. The location of the sampling site is indicated in
Fig. 3.
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production and removal of 10Be by erosion and radioactive decay, a sce-
nario which we consider unlikely.

If the amount of ~20 cm erosion on terrace T4 is roughly correct, it
implies that the three boulders (which stand 4–9 cm above the terrace)
were initially buried in the terrace deposits and were slowly exhumed.
Neglecting the youngest boulder, we calculate an error-weighted mean
age of 366 ± 8 ka from the 10Be ages of the two oldest boulders and the
age of the amalgamated pebbles using the internal errors (Table 1). Con-
sidering the systematic error of the sea level-high latitude 10Be produc-
tion rate and the error of the employed scaling model (cf. Balco et al.,
2008), leads to a mean 10Be age of 366 ± 37 ka (external uncertainty).
This age constraint does not include the uncertainty associatedwith the
simplifying assumption of a steady erosion rate of 0.5 mm/ka over the
entire lifetime of the terrace. By increasing the error of the mean 10Be
age to ±60 ka, we account for possible erosion rates in the range be-
tween 0.3 and 0.7 mm/ka. When calculating the slip rate of the Usek
thrust in the following sectionwe thus use an age value of 366 ± 60 ka.

The three sand samples (10K5A, -B, -C) from the depth profile on ter-
race T4 east of Usek River yielded a 10Be age 360 +67/−28 ka (Table. 1).
Note that for the depth profile simulation the surface sample (10K5)
was neglected, because its 10Be concentration is too low relative to the
subsurface samples and incompatible with an exponential decrease of
the nuclide concentration with depth. The agreement between the age
constraints determined for terrace level T4 at twowidely separated loca-
tions lends support for the robustness of the exposure dating results. A
10Be surface concentration that is inconsistent (i.e. too low) with the
10Be concentrations measured in the subsurface samples from a depth
profile was also reported in other studies (e.g. Perg et al., 2001;
Matmon et al., 2006; Schmidt et al., 2011). There are several possible
reasonswhy the surface sample from the depth profile has a lownuclide
concentration and an apparent age that is too young (i.e. ~178 ka;
Table 1). A mixing of near-surface sediment by bioturbation may have
homogenized the 10Be concentration in themixed layer, thereby reduc-
ing the 10Be concentration at the surface (cf. Granger and Riebe, 2007).
However, in the excavated pit the terrace deposits are bedded below a
depth of 34 cm and only the sediment at shallower depth could have
been mixed. Mixing of a 34-cm-thick layer would reduce the 10Be sur-
face concentration by ~20%,which is insufficient to explain the low con-
centration observed in the surface sample. Another process that may
explain the low 10Be concentration of the surface sample is the inflation
of sand with a low 10Be concentration. This material cannot be derived
from the same terrace, but may have originated from the active flood-
plain of the Usek River or from active alluvial fans at themountain front.

The two samples from the alluvial fan surface south of the
Duyantau range (Fig. 2) yielded exposure ages of 127.3 ± 7.4 ka
and 83.4 ± 8.4 ka (Table 1). These ages are interpreted to indicate
that the alluvial fan surface becomes younger toward the south
(i.e. with increasing distance from the mountain front). This south-
ward younging likely reflects the progressive incision of the ephem-
eral stream located east of the two sample sites into the alluvial fan
deposits (Fig. 2). Hence, the abandonment of the alluvial fan was a
diachronous process that propagated toward the foreland and
started earlier in the north than in the south. The fact that the alluvi-
al surface is slightly warped along the NE-trending monocline,
which marks the transition to the Ili basin, indicates ongoing defor-
mation and uplift in the southern part of the alluvial fan (Fig. 2).

Slip rate of the Usek fault and comparison with geodetic and geologic
shortening estimates

The T4 surface is vertically offset 132 ± 10 m across the Usek thrust
fault, which we determined by measuring two topographic profiles
across the terrace (Fig. 6c). Combined with the 10Be age constraint of
366 ± 60 ka for the offset terrace T4 this offset yields a vertical fault
slip rate of 0.36 ± 0.07 mm/a (1σ error) for the Usek thrust fault.
When calculating this rate, we assumed that the uncertainties in age
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and vertical displacement have a Gaussian distribution (cf. Zechar and
Frankel, 2009). Considering the fault dip of 45–70° estimated for the
Usek thrust fault as explained above, we obtain a horizontal shortening
rate of 0.25 (+0.09/−0.08) mm/a (1σ error). This rate was determined
by assuming a Boxcar uncertainty model for the horizontal displace-
ment with minimum andmaximum values of 48 m and 132 m, respec-
tively, and a Gaussian distribution for the age uncertainty (cf. Zechar
and Frankel, 2009).

The slip rate of the Usek fault is similar to slip rate values of
~0.07 mm/a to ~0.38 mm/a determined for south-directed thrust faults
at the southern front of the Kungej Alatau (Fig. 1b) by Selander et al.
(2012). These authors also estimated slip rates of 0.8 ± 0.5 mm/a and
0.4 ± 0.3 mm/a for two north-directed thrust faults in the northeastern
Zailijsky Alatau southeast of Chilik (see Fig. 1b for location) by simply
assuming that the displaced terraces have an age of 100 ± 30 ka. In
the Tien Shan west of Issyk Kul, slip rates obtained for thrust faults are
more variable, with values ranging from ~0.1 to ~3 mm/a (Thompson
et al., 2002). Overall, these results show that many of the range-
bounding thrust faults in the Dzungarian Alatau and the Tien Shan
move at rather low rates of b1 mm/a.

Values for the shortening rate on a geological time scale of millions
of years are not available for the Dzungarian Alatau. Farther east, at
the mountain front of the Boro Horo Shan, shortening rates derived
from syntectonic growth strata of individual fault-controlled anticlines
are ~1 mm/a over the last few million years (e.g. Charreau et al.,
2008). The cumulative shortening rate across the two to three rows of
anticlines present between ~83° and ~87°E is about 3–6 mm/a
(Burchfiel et al., 1999; Daëron et al., 2007; Charreau et al., 2008; Li
et al., 2011). Although this value is still not well-constrained it appears
to be roughly similar to the GPS-based shortening rate (Yang et al.,
2008; Li et al., 2011).

The current shortening rate across the entire Tien Shan decreases
from ~20 mm/a in the west to ~9 mm in the east (Zubovich et al.,
2010). If we take GPS-derived shortening rates as indicative of shorten-
ing rates on the time scale of ourmeasured ages, it appears that the oro-
genic deformation must be partitioned on several active thrust faults
running subparallel to the strike of the Tien Shan. A small fraction of
the crustal shortening may also be accommodated on left-lateral
strike-slip faults trending WSW–ENE, which were documented north-
west of Issyk Kul by Selander et al. (2012).

To compare our shortening rate for the Usek thrust fault in more de-
tail with the GPS-based deformation pattern across the Dzungarian
Alatau, we used the data of Zubovich et al. (2010), who plotted GPS ve-
locity vectors on a series of ~N–S profiles. Their profile at longitude
~80°E indicates a north–south contraction of 1–3 mm/a across the
Dzungarian Alatau (Zubovich et al., 2010; their fig. 4d). This geodetically
determined shortening rate has a considerable uncertainty because the
errors in the north-directed velocity components of the individual sta-
tions reach up to ±0.8 mm/a. If the shortening rate is in the lower end
of the range of 1–3 mm/a, the active structures at the southern moun-
tain front of the Dzungarian Alatau (Fig. 2) may account for most, if
not all, of the current shortening. These structures include the Usek
thrust fault (Fig. 3) with a shortening rate of 0.25 (+0.09/−0.08)
mm/a, the two thrust faults bounding the Duyantau pop-up structure,
and the monocline defining the boundary between the piedmont of
the Duyantau range and the Ili basin farther south (Fig. 2). Whether ac-
tive thrust faults or folds are present at the northern margin of the
Dzungarian Alatau remains to be investigated.

Conclusions

Surface exposure dating of river terraces and alluvial fans with the
cosmogenic nuclide 10Be provides insight into the ongoing crustal
shortening in the Dzungarian Alatau. Active deformation at the south-
ern front of the Dzungarian Alatau occurs on the 160-km-long range-
bounding Usek thrust fault – which has a vertical slip rate of
rg/10.1016/j.yqres.2013.10.016 Published online by Cambridge University Press
0.36 ± 0.07 mm/a over the past ~400 ka – and on minor thrust faults
and monoclines in the southern piedmont of the Dzungarian Alatau.
Our investigations and previous studies in the Tien Shan farther south
demonstrate the importance of studying fault scarps and quantifying
slip rates of individual faults, because the active deformation on slowly
slipping structures cannot be resolved by GPS measurements given the
coarse station spacing. Quantifying slip rates of faults onmillennial time
scale by dating deformed landforms such as river terraces is also essen-
tial for evaluating the pattern of distributed deformation across the Tien
Shan orogenic system. Both morphotectonic studies and GPS data sup-
port the notion that the ongoing deformation is partitioned on several
active structures across the entire Tien Shan orogenic system.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yqres.2013.10.016.
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