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Reconstructing glacial chronologies with consistent methods is critical for efforts to examine the timing
and pattern of past climate change. Cosmogenic '°Be surface exposure dating has been widely used to
constrain the timing of glacial events on the Tibetan Plateau and in Central Asia. However, few such
studies have been conducted in the Chinese Tian Shan and available °Be ages from this region have only
provided evidence for glacial events during the global Last Glacial Maximum (gLGM) and Lateglacial.
Here, we present 45 °Be surface exposure ages from glacial landforms in the Ala and Daxi valleys, two
formerly glaciated valleys draining the Tianger Range, eastern Tian Shan. Combined with previously
published '°Be surface exposure ages from the Daxi Valley in the source area of the Urumgqi River, the
new ages record five major glacial events during Marine Oxygen Isotope Stages (MIS) 6 or older, 4, 3, 2,
and 1 (during the Little Ice Age, LIA). Landforms from glacial events since MIS 2 are found on the
northern slope of the Tianger Range (Daxi Valley), whereas evidence for the older glacial events is only
preserved on its southern slope (Ala Valley). This disparity may be caused by different preservation- and
micro-climatic conditions on the northern and southern slopes of this mountain range, due to differences
in gradient and aspect. The LIA glacial advances are apparently the only Holocene glacial event recorded
in this area. Earlier Holocene glacial events were probably so restricted in extent that they were
destroyed by subsequent LIA advances.
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1. Introduction

Mountain glaciers are sensitive to climate change, especially in
regions located within the confluence of different climate systems
(Ehlers and Gibbard, 2007; Thackray et al., 2008). Central Asia, in
particular, is controlled by the interactions of the westerlies, the
Siberian High, and potentially the Asian monsoon (Benn and Owen,
1998). Glaciers develop in its highlands, such as the Tian Shan, Altai,
and Pamir, in response to temporal variations in the dominance of
precipitation systems from the Atlantic Ocean, from closed
drainage-basin sources such as the Aral, Black, and Caspian seas,

* Corresponding author.
E-mail address: yli32@utk.edu (Y. Li).

http://dx.doi.org/10.1016/j.quascirev.2014.05.009
0277-3791/© 2014 Elsevier Ltd. All rights reserved.

and from the Arctic Ocean (Benn and Owen, 1998; Kreutz et al.,
2001; Olivier et al., 2003; Aizen et al.,, 2004, 2005; Henderson
et al.,, 2006). Each of these systems might produce a distinctive
pattern of glaciation within a region. These glaciation patterns will
likely be complicated and reconstructing the timing and extent of
past glacial variations is a critical element in achieving a compre-
hensive understanding of the impacts of these interacting climate
systems.

Although some paleo-glacial reconstructions in Central Asia
have been conducted (e.g. Yi et al., 2002; Abramowski et al., 2006;
Zhao et al., 2006, 2009, 2010; Seong et al., 2007; Koppes et al.,
2008; Kong et al., 2009; Li et al., 2011; Rohringer et al., 2012;
Zech, 2012; Stroeven et al., 2013; Zech et al., 2013), this area has
not been extensively studied. Dating glacial landforms and deposits
in arid environments like this is challenging because there is
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usually a paucity of organic matter for radiocarbon dating in glacial
deposits and landforms, and the timescale of radiocarbon dating
(<50 ka) is insufficient to provide more than minimum-limiting
ages for much older glacial events (Balco, 2011). Cosmogenic
nuclide surface exposure dating (mostly 1°Be) has been and con-
tinues to be used to improve glacial chronologies in the Central
Asian highlands (e.g. Abramowski et al., 2006; Seong et al., 2007;
Koppes et al., 2008; Kong et al., 2009; Li et al.,, 2011; Rohringer
et al.,, 2012; Zech, 2012; Zech et al., 2013). Except for a few sites
from the eastern Tian Shan (Kong et al., 2009; Li et al., 2011), most
10Be surface exposure dating studies of glacial landforms have been
conducted in the western Tian Shan and in the Pamir (Abramowski
et al.,, 2006; Seong et al., 2007; Koppes et al., 2008; Rohringer et al.,
2012; Zech, 2012; Zech et al., 2013).

The source area of the Urumgqi River in the Tianger Range of the
eastern Tian Shan is one of the few sites where glacial landforms
and deposits have been dated using °Be surface exposure dating
(Kong et al., 2009; Li et al., 2011). It is also one of the most inten-
sively studied field areas in the world for glacial geomorphology
because of its spectacular landforms and the presence of a research
station of the Chinese Academy of Sciences (Tianshan Glaciological
Station) in the Daxi Valley since 1959. In addition to '°Be surface
exposure dating, other techniques used to date glacial landforms
and deposits in this valley include radiocarbon (4C), lichenometry,
thermoluminescence, and electron spin resonance (ESR) (Wang,
1981; Zheng and Zhang, 1983; Chen, 1989; Li, 1995; Yi et al,
2002, 2004; Zhao et al., 2006). However, few studies have been
conducted in adjacent valleys on the northern slope of the Tianger
Range, and there is no glacial chronology established from the
southern side of the mountain range.

Our primary focus was on establishing a glacial chronology in the
Ala Valley, a major formerly-glaciated valley on the southern side of
the Tianger Range using cosmogenic '°Be surface exposure dating. We
also collected samples from a suspected Little Ice Age (LIA) moraine in
the Daxi Valley for exposure age determination. These measurements,
together with published '°Be exposure ages in this area, allow for a
comparison of the timing and extent of Quaternary glaciations on
both sides of the Tianger Range. We also compare the composite '°Be-
derived glacial chronology with published ESR ages from this area to
evaluate the performance of ESR in dating glacial deposits.

2. Geomorphologic setting and previous work
The Tian Shan, known as the “Water Tower of Central Asia” (Sorg
et al., 2012) because of an abundance of glaciers, is a WSW—ENE

trending ~2500 km long arc of mountains extending from the
western boundary of Kyrgyzstan, across most of the Xinjiang

75°E

Uyghur Autonomous Region, China, almost to the Mongolian
border (Fig. 1). It is one of the driest regions in the world. The
orographic effect of this mountain range leads to a pronounced
gradient in precipitation from northwest (annual precipitation of
1500—2000 mm) to southeast (~100 mm) (Sorg et al., 2012). The
geomorphological imprint of Quaternary glaciations varies along
the length of the Tian Shan and mirrors the distribution of the
highest peaks (Stroeven et al., 2013). The climate of the Tian Shan is
presently dominated by the westerlies and the Siberian High (Benn
and Owen, 1998). The shifting dominance of these two circulation
systems are expected to have played a key role in driving the timing
and extent of Quaternary glaciations in this area.

The Tian Shan consists of several smaller mountain ranges
including the Tianger Range in the eastern Tian Shan. The highest
peak of the Tianger Range is Tianger Peak II (43.111°N, 86.798°E;
Fig. 2) at ~4486 m above sea level (m a.s.l.). Modern glaciers around
this peak occur mainly within the north-facing valleys and cirques,
and are limited to cirque glaciers, hanging glaciers, and small valley
glaciers. Abundant glacial landforms, erratics, and deposits are
distributed along major valleys >10 km downstream from modern
glaciers or from headwalls in ice-free valleys (Fig. 2).

The source area of the Urumgi River is located in the Daxi Valley
on the northern slope of the Tianger Range (Fig. 2). This area is
particularly well known in glacial geomorphology because of the
presence of double (U-in-U) troughs in formerly glaciated valleys
(Cui, 1981; Li et al., 2001a,b). Five groups of moraines have been
identified in the Daxi Valley. Detailed description of these moraines
and other related glacial landforms can be found in Zhao et al.
(2006) and Li et al. (2011). Although glacial landforms and de-
posits within this valley have been dated using multiple techniques,
there is still some controversy about their ages. This controversy
arises primarily because of differences between °Be and ESR ages:
10Be ages date only to the global Last Glacial Maximum (gLGM),
whereas ESR ages from the same landforms are significantly older
(ranging from 27 to 184 ka, Yi et al., 2002; Zhao et al., 2006).

The Ala Valley is a major south-facing, formerly-glaciated valley
on the southern slope of the Tianger Range (Fig. 2). Most glaciers
within this valley have disappeared and only a few small glaciers
remain, perched within shaded north-facing cirques in valley
heads. We investigated glacial landforms/deposits distributed from
the valley head of the west branch of the Ala Valley (Arexigongjin
(AR) Valley, around 3800 m a.s.l.) to the confluence between the Ala
Valley and the Dundesala (DDSL) Valley around 2900 m a.s.L
(Fig. 2). Several groups of moraines remain well preserved in this
>20 km long valley section.

There is a set of fresh-looking lateral-terminal moraines a few
hundred meters away from the terminus of the modern glacier near

44°N

42°N

40°N[..

(Xinjiang Uyghur Autonomous Region)

85°E 90°E ___95E

China | ©19Be dating sites ~ Elevation (m)

A OSL dating sites - High: 7415
m ESR dating sites ]

0 125 250km !

- Low: -106

Fig. 1. Relief map of the Tian Shan illustrating available °Be, OSL, and ESR dating studies across the Tian Shan. (1) Daxi (Yi et al., 2002; Zhao et al., 2006; Kong et al., 2009; Li et al.,
2011; this paper) and Ala (this paper) valleys, Tianger Range; (2) Heigou and Gubanbogeda valleys, Bogeda Range (Zhao et al.,, 2012); (3) Muzart Valley (Zhao et al., 2010); (4)
Ateaoyinake Valley (Zhao et al., 2009); (5) Gulbel Pass, Terskey Ala Tau Range (Koppes et al., 2008); (6)Temir-Kanat area, Terskey Ala Tau Range (Narama et al., 2009); (7) Ala Bash
Basin (Koppes et al., 2008) and Turasu Valley (Narama et al., 2007), Terskey Ala Tau Range; (8) Ala Archa and Chor Kyrchak valleys, Kyrgyz Front Range (Koppes et al., 2008); (9)
Chong-Tor and Sary-Tal valleys, At Bashi Range (Narama et al., 2009); (10) Djo Bog Gulsh and Terekeu valleys, At Bashi Range (Koppes et al., 2008); (11) Kitschi-Kurumdu Valley, At
Bashi Range (Zech, 2012); (12) Koksu Valley, Alay Range (Abramowski et al., 2006); and (13) Aksu Valley, Turkestan Range (Abramowski et al., 2006).
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Fig. 2. Shaded relief map of the Tianger Range area, eastern Tian Shan, with detailed mapping of glacial landforms for the two formerly glaciated valleys of the northern (Daxi
Valley) and southern (Ala Valley) slopes. This map also illustrates °Be exposure ages (in ka) from moraines and other glacial landforms in these two valleys (including data from
Kong et al. (2009) and Li et al. (2011)). The ages in black are from boulder-, in red are from bedrock-, and in blue are from pebble samples. Black boxes indicate groups of '°Be ages
scattered within a relatively large area. Modern glaciers were delineated from Google Earth images of 2010. All previously published ages are re-calculated using CRONUS Earth 2.2
calculator (Balco et al., 2008) under the assumption of zero erosion (reported ages are based on the scaling model of Lal (1991)/Stone (2000) with time-dependent production rate;
Tables 2, 4). The characteristics of the two topographic profiles along these two valleys are illustrated in Fig. 6A. AR: Arexigongjin. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

the head of the AR Valley. We were not able to visit these moraines
due to bad weather. Google Earth high-resolution imagery in-
dicates that these moraines have similar characteristics to the fresh
moraines in front of Glacier No. 1 in the Daxi Valley (Fig. 2). These
moraines in front of Glacier No. 1 have been dated by lichenometry
(Chen, 1989) and by AMS C dating of inorganic carbonate coatings
(Yi et al., 2004), indicating formation during the LIA.

The AR Valley and the upper section of the Ala Valley are filled
with relatively flat hummocky moraines downstream from the
fresh-looking moraines close to the modern glacier (Fig. 2), down to
an elevation of about 3350 m a.s.l, which is 2—3 km downstream
from the point where the two major branches of the Ala Valley join.

River incision is not apparent in this ~10 km long valley section.
Some small recessional lateral or terminal moraines (<10 m in
height, cf. Fig. 3A) occur in this section, indicating short stagnant
phases of the glacier during retreat. Grasses and a thin soil layer
cover the surfaces of these small moraines, and boulders on these
moraines are slightly weathered and covered by lichens. This set of
moraines indicates a glacial event to about 10 km down-valley from
the modern glacier terminus. We investigated and sampled the
ground moraine within an empty cirque half way down this valley
section (EC), a lateral moraine (M1) about 3.0 km upstream from
the empty cirque and about 1.5 km downstream from the LIA
moraines, a lateral-terminal moraine close to the empty cirque
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Fig. 3. Representative field sites in the Ala Valley. (A) A small end moraine (M3) in the valley; (B) A moraine-dammed lake behind M4; (C) The terminal moraine of M4 with a melt-
water channel in the front of the moraine; (D) Boulder/erratic (M5) on top of bedrock, about 100 m higher than M4; (E) Faceted and striated clast found outside of M4 around
2950 m a.s.l.; (F) Bedrock step at the confluence of the Ala and Dundesala valleys; (G) Same location as (F), showing different lithology of boulders/erratic (M6) on the bedrock step;
(H) A till profile (M6) in a railway cut; (I) Patterned ground on top of a relatively flat summit surface (3940 m a.s.L.).

(M2), and a terminal moraine about 1.0 km downstream from the
empty cirque (M3, Fig. 2).

A spectacular set of lateral-end moraines (M4) occurs on both
sides of the main Ala Valley before the confluence with the Dun-
desala Valley, from ~3350 m to ~2950 m a.s.l. (Fig. 2). Stream cuts in
the valley bottom expose till profiles and this moraine set termi-
nates with many small ridges (hummocky moraine). The M4 glacier
and the moraines it deposited dammed tributaries from both sides
of the valley, forming moraine-dammed lakes (Fig. 3B). A series of
melt-water channels cuts through the lateral and terminal mo-
raines (Fig. 3C), indicating discrete positions of the ice margin
during retreat. These moraines, which are covered by grasses and
soil with a few large weathered boulders exposed on top, indicate a
glacial event >20 km down-valley from the modern glacier ter-
minus. We investigated and sampled lateral moraines on both sides
of the valley where moraine-dammed lakes occur.

We found boulders and till remnants (M5, Fig. 3D) scattered on
bedrock ridges and tors at ~3400 m a.s.l., approximately 100 m
above the M4 moraine set. The lithology of the boulders on M5 is
similar to the boulders on M4, but the boulder surfaces on M5 are
more weathered than those on M4. Beyond the furthest extent of
M4, at ~2950 m a.s.l,, we also discovered erratics with glacial stri-
ations and polished surfaces (Fig. 3E) scattered on bedrock ridges.
These erratics may correspond to an ice extent which simulta-
neously deposited the M5 boulders and tills at ~3400 m a.s.l. above
M4. The appearance of these boulders/erratics and till remnants

indicates a significantly older and more extensive glacial event in
this valley than during M4.

A bedrock step covered by a thin layer of glacial deposits (M6;
Fig. 2) occurs at the confluence between the Ala and Dundesala
valleys. The bedrock consists predominantly of coarse-grained
highly-weathered granite (Fig. 3F). It is removed easily without a
hammer and chisel. In contrast, boulders scattered on top of the
bedrock consist mainly of fine-grained granite. The surfaces of the
boulders were weathered, but extremely hard to sample with
chisels for '°Be surface exposure dating (Fig. 3G). A >10 m-high till
profile is exposed in a railway cut behind the bedrock step (Fig. 3H).
Based on position, this till was most likely deposited by ice from the
Dundesala Valley. However, the lithology of the boulders is similar
to that of M1-M5 in the Ala Valley and glacial deposits from both
valleys would have been combined when the glaciers merged and
advanced to this position. Downstream from this bedrock step,
fluvial erosion has been extensive. If glacial deposits existed
downstream from the bedrock step, then they were most likely
eroded by fluvial erosion.

Most glacial valleys on the southern slope of the Tianger Range cut
into a relatively flat and smooth summit surface (Fig. 2). Periglacial
landforms, including patterned ground, blockfields, and tors, deco-
rate these summit ridges and interfluves (Fig. 31). A few large boul-
ders of uncertain origin occur on these ridges and divides, indicating
that, if they are erratics, this area may have been covered by alarge ice
cap or ice field that was likely cold-based over the summits.
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3. Material and methods

We used Google Earth high-resolution imagery and a 90 m-res-
olution digital elevation model (DEM) of the Shuttle Radar Topog-
raphy Mission (SRTM, http://srtm.csi.cgiar.org) to identify and map
glacial features on the northern and southern slopes of the Tianger
Range, focusing on the Daxi Valley and the Ala Valley (Fig. 2). The
glacial features identified from Google Earth and SRTM DEM were
sampled after field observations verified that cosmogenic nuclide
analyses might yield meaningful exposure ages. Approximately
0.5—1.0 kg of rock of the upper 0.5—5.0 cm was collected from the
flat top of each target boulder. Boulders on tops of moraines were
selected to minimize the potential impact of shielding (by snow and
sediment) and toppling on cosmogenic nuclide concentrations.
Most samples were taken from large (>1 m) granite and gneiss
boulders (Table 1). Several samples consisting of pebbles from
moraine surfaces were collected to evaluate moraine surface sta-
bility by comparing the ages of boulders and pebbles (Briner, 2009;
Heyman et al., 2011a). To evaluate bedrock erosion rates we also
collected bedrock samples from the rock step associated with M6 till
and tors on top of interfluve ridges (Fig. 2, Table 1). A GPS unit was
used to record sample locations and altitudes. Shielding from
surrounding mountain slopes and dip angles of the sample sites
were measured to determine the topographic shielding factor. In
total, we collected twenty-nine boulder-, five pebble-, and seven
bedrock samples from the Ala Valley (Table 1). We also collected four
samples from the outmost fresh moraine in front of Glacier No. 1 in
the Daxi Valley (Fig. 2, Table 1) to provide an °Be age constraint of
this moraine that has been dated to the LIA by lichenometry (Chen,
1989) and AMS C (Yi et al., 2004).

Most samples were prepared in the cosmogenic nuclide sample
preparation laboratory of the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences. Four samples collected from the fresh
moraine in front of Glacier No. 1 were prepared in the Purdue Rare
Isotope Measurement Laboratory (PRIME Lab) at Purdue University.
Quartz was separated for each sample using modified procedures
based on Kohl and Nishiizumi (1992). The quartz was then dis-
solved in HF and HNO; and spiked with 0.3—0.6 mg °Be carrier.
AMS measurements were carried out at PRIME Lab based on the
revised ICN standard (Nishiizumi et al., 2007). Measured °Be/°Be
ratios were corrected by full chemistry procedural blanks
(54 + 13 x 107® for samples from the Ala Valley and
12.0 + 3.0 x 10~ ' for samples from Glacier No. 1) and converted to
19Be concentrations.!

We calculated minimum '°Be exposure ages (Table 2) using
CRONUS Earth 2.2 calculator (Balco et al., 2008) based on different
scaling models and the assumption of zero erosion (Lal, 1991). We
used the reference '°Be production rate of the calibration dataset
from NE North America (NENA) (Balco et al., 2009) in the calcula-
tion because most estimates of °Be production rates published
since Balco et al. (2009), with broad geographic coverage, generally
agree within uncertainties with those values (e.g. Putnam et al.,
2010; Kaplan et al,, 2011). For samples collected from bedrock
surfaces, we also calculated the maximum erosion rates of the
surfaces using the CRONUS Earth 2.2 calculator with different
scaling models based on the assumption of long-term continuous
exposure of the bedrock surface (Lal, 1991; Table 3). The topo-
graphic shielding factor was calculated using a python tool and the
SRTM DEM with designated 5° intervals in both azimuth and
elevation angles (Li, 2013). Comparing with the field-derived
topographic shielding factors, Li (2013) demonstrated that the

! Quartz weights, °Be carrier masses, and AMS measured '°Be/’Be ratios of these
samples are listed in the online appendix.

model-derived topographic shielding factors using these intervals
yielded consistent values. A sample thickness correction was
determined using measured sample thickness and a rock density of
2.7 g/cm>. We neglected the shielding from snow or vegetation
cover in the calculation because it is likely minor due to the dry
climatic condition and the scarce vegetation cover.

In the discussion we focus on ages calculated using the time-
dependent scaling model of Lal (1991)/Stone (2000). To ensure
valid comparisons with previously published data across the Tian
Shan (Abramowski et al., 2006; Koppes et al., 2008; Kong et al.,
2009; Li et al., 2011; Zech, 2012), we also recalculated those data-
sets using the same method (Table 4). The exposure ages from a
moraine may be scattered due to several potential reasons/pro-
cesses (Hallet and Putkonen, 1994; Putkonen and Swanson, 2003;
Briner et al., 2005; Applegate et al., 2010; Balco, 2011; Heyman
et al,, 2011b): (1) uncertainties in the sample preparation and
measurement; (2) nuclide inheritance caused by the exposure of a
sample prior to glacial entrainment and deposition; (3) incomplete
exposure caused by partial shielding as a result of post-glacial
moraine degradation and exhumation. A spread of moraine expo-
sure ages may also correspond to the duration of the standstill that
built the moraine. Because a glacier acts as a conveyor belt trans-
porting sediment to the moraine, in some cases the oldest ages
could reflect the period post-dating glacial advance to the
maximum position and the youngest ages pre-dating the onset of
glacial retreat from the moraine. To better interpret surface expo-
sure ages, we plotted probability density functions of all 1°Be ages
for each moraine to detect potential young/old outliers and to
identify clusters in the ages (Fig. 4). After removing outliers by
visually examining the probability density plot for each moraine
(Fig. 4), we calculated reduced chi-squared statistics (X%) of the
remaining cluster as described in Balco (2011) to determine if the
scatter is due to measurement errors or geomorphic processes. If
the scatter is simply due to measurement errors (X,% < 1), the
weighted mean was used for the age of the moraine. Otherwise, we
judged the scatter of the ages within the context of the relative
geomorphic sequences and provided a range of ages for the cor-
responding moraine because there is not enough evidence to
further judge if the scatter was caused by incomplete exposure
(moraine degradation and exhumation), prior exposure, or other
potential processes based on our available data. The formation age
of the moraine is likely bracketed by the oldest and youngest ages
of the assigned age range because it would be equal to or older than
the youngest age (incomplete exposure possibility) and/or equal to
or younger than the oldest age (prior exposure possibility).

We estimated the depressions of the equilibrium line altitudes
(ELAs) relative to the ELAs of modern glaciers and the distances
from the terminus of modern glaciers to examine the spatial
pattern of the extent of Quaternary glaciations across the Tian Shan.
Several methods have been introduced to estimate ELA based on
mapped field evidence of former glacier extent, including the bal-
ance ratio (BR), the accumulation-area ratio (AAR), the maximum
elevation of lateral moraines (MELM), the toe-to-headwall altitude
ratio (THAR), the toe-to-summit altitude method (TSAM), and the
cirque-floor altitude (Benn and Lehmkuhl, 2000). A recent study by
Nie et al. (2014) suggested that the ELAs derived using different
methods are moderately correlated in the Tianger Range, although
differences exist due to the use of different parameters in each
method. To avoid potential inconsistency among different methods,
we employed a consistent method, TSAM, to estimate the ELA de-
pressions of fifteen glacial valleys/sites along the Tian Shan where
glacial chronologies have been constrained using '°Be or Optically-
Stimulated Luminescence (OSL) dating (Table 5). TSAM determines
the ELA by calculating the mean elevation between the highest
peak within the glacier catchment and the elevation of the inferred
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Table 1
Measured '°Be concentrations and parameters used in the surface exposure age calculation (Table 2) for samples from the Tianger Range, eastern Tian Shan, China.
Sample ID Location Moraine group, type Lithology Latitude  Longitude  Elevation  Thickness  Topographic 10Be concentration
(dimension) (°N) (°E) (masl) (cm) shielding factor®  (10° atoms g~')°
AR-10-001 Ala Valley Cirque, boulder Gneiss 43.002 86.910 3660 2.0 0.9767 100.50 + 2.45
(130 x 110 x 45 cm)
AR-10-002 Ala Valley Cirque, boulder Granite 43.002 86.909 3662 4.0 0.9769 14.73 +£ 0.77
(135 x 75 x 30 cm)
AR-10-003 Ala Valley Cirque. boulder Granite 43,002 86.910 3659 3.0 0.9799 2.16 £ 0.10
(100 x 60 x 45 cm)
AR-10-004 Ala Valley Cirque, boulder Granite 43.002 86.910 3651 5.0 0.9784 8.60 + 0.14
(130 x 90 x 38 cm)
AR-10-005 Ala Valley Cirque, boulder Granite 43.002 86.910 3658 4.0 0.9799 17.50 + 0.37
(180 x 65 x 20 cm)
AR-10-021 Ala Valley M1, pebbles Granite, 43.028 86.923 3618 1.5 0.9477 13.23 £ 0.38
quartzite
AR-10-022 Ala Valley M1, boulder Granite 43.028 86.923 3617 3.0 0.9477 1532 +0.38
(100 x 60 x 35 cm)
AR-10-023 Ala Valley M1, boulder Granite 43.027 86.923 3616 3.0 0.9477 10.37 £ 0.50
(70 x 60 x 35 cm)
AR-10-024 Ala Valley M1, boulder Granite 43.027 86.923 3613 3.0 0.9485 6.75 + 0.21
(130 x 100 x 90 cm)
AR-10-007 Ala Valley M2, boulder Gneiss 42.999 86.917 3522 5.0 0.9735 11.68 + 0.51
(110 x 85 x 20 cm)
AR-10-009 Ala Valley M2, pebbles Granite, 42.998 86.918 3514 3.0 0.9750 12.01 £ 0.16
gneiss,
quartzite
AR-10-010 Ala Valley M2, pebbles Granite, 42.998 86.918 3501 3.0 0.9734 12.39 + 0.30
gneiss,
quartzite
AR-10-011 Ala Valley M2, boulder Granite 42.998 86.918 3509 5.0 0.9734 15.12 £ 0.37
(120 x 95 x 20 cm)
AR-10-014 Ala Valley M3, boulder Granite 42.993 86.919 3489 5.0 0.9694 10.41 + 0.31
(60 x 40 x 15 cm)
AR-10-015 Ala Valley M3, boulder Granite 42.993 86.919 3480 2.0 0.9694 11.96 + 0.30
(55 x 40 x 15 cm)
AR-10-016 Ala Valley M3, boulder Granite 42.993 86.919 3489 5.0 0.9694 12.83 +0.32
(70 x 30 x 10 cm)
AR-10-017 Ala Valley M3, boulder Granite 42.993 86.918 3487 5.0 0.9694 12.20 + 0.28
(130 x 70 x 10 cm)
AR-10-018 Ala Valley M3, boulder Granite 42.993 86.918 3479 3.0 0.9694 19.69 + 0.39
(30 x 30 x 10 cm)
AR-10-019 Ala Valley M3, pebbles Granite, 42.993 86.918 3477 2.0 0.9694 15.23 +0.29
quartzite
AR-10-020 Ala Valley M3, pebbles Granite, 42.993 86.919 3487 3.0 0.9694 15.59 + 0.52
quartzite
ARL-10-001 Ala Valley M4, boulder Gneiss 42.921 86.924 3283 3.0 0.9991 23.07 + 048
(180 x 135 x 40 cm)
ARL-10-002 Ala Valley M4, boulder Gneiss 42.921 86.924 3278 3.0 0.9991 19.81 + 0.51
(125 x 70 x 17 cm)
ARL-10-003 Ala Valley M4, boulder Quartzite 42917 86.920 3272 3.0 0.9989 20.86 + 0.46
(70 x 60 x 10 cm)
ARL-10-004 Ala Valley M4, boulder Gneiss 42917 86.920 3274 3.0 0.9989 17.18 +£ 0.39
(140 x 118 x 26 cm)
ARL-10-005 Ala Valley M4, boulder Gneiss 42917 86.921 3275 4.0 0.9989 21.16 + 0.55
(75 x 70 x 30 cm)
KXN-10-022 Ala Valley M4, boulder Gneiss 42.921 86.899 3256 1.0 0.9991 36.48 + 0.57
(205 x 190 x 40 cm)
KXN-10-024 Ala Valley M4, boulder Gneiss 42.925 86.900 3271 3.0 0.9994 15.95 +0.93
(210 x 120 x 60 cm)
ARL-10-006 Ala Valley M5, boulder Granite 42941 86.898 3402 1.5 0.9979 32.79 + 041
(130 x 90 x 40 cm)
ARL-10-007 Ala Valley M5, boulder Granite 42.940 86.898 3398 2.0 0.9980 24.85 + 0.36
(125 x 50 x 60 cm)
ARL-10-008 Ala Valley M5, boulder Granite 42.940 86.898 3399 2.0 0.9980 36.24 + 0.70
(200 x 140 x 90 cm)
DDSL-10-001  Ala Valley M6, bedrock Granite 42.855 86.898 2933 20 0.9962 2291 + 0.51
(coarse-grain)
DDSL-10-002  Ala Valley M6, bedrock granite 42.855 86.898 2926 2.0 0.9962 36.35 + 0.80
(coarse-grain)
DDSL-10-003  Ala Valley M6, boulder Granite 42.855 86.898 2922 0.5 0.9979 70.84 + 1.44
(200 x 175 x 90 cm)
DDSL-10-004  Ala Valley M6, boulder Granite 42.855 86.898 2927 3.0 0.9979 48.52 + 0.90
(100 x 100 x 50 cm)
DDSL-10-005  Ala Valley M6, boulder Granite 42.854 86.898 2921 3.0 0.9972 43.88 +0.78

(105 x 90 x 47 cm)
DDSL-10-006  Ala Valley M6, bedrock 42855  86.898 2919 3.0 0.9972 21.75 + 0.83
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Table 1 (continued )

Sample ID Location Moraine group, type Lithology Latitude  Longitude  Elevation  Thickness  Topographic 10Be concentration
(dimension) (°N) (°E) (masl) (cm) shielding factor®  (10° atoms g~ !)°
Granite
(coarse-grain)
DDSL-10-007  Ala Valley M6, boulder Granite 42.854 86.899 2911 0.5 0.9950 43.96 + 1.25
(240 x 135 x 60 cm)
DDSL-10-008  Ala Valley MS6, bedrock Granite 42.854 86.899 2911 2.0 0.9960 29.32 + 1.37
(coarse-grain)
DDSL-10-014  Ala Valley Ridge, bedrock Granite 42.887 86.849 3385 2.0 0.9987 34.05 + 1.28
(coarse-grain)
DDSL-10-015  Ala Valley Ridge, bedrock Granite 42.889 86.849 3396 2.0 0.9986 65.44 + 0.82
(coarse-grain)
DDSL-10-016  Ala Valley Ridge, bedrock Granite 42.892 86.847 3450 3.0 0.9991 34.80 + 0.40
(coarse-grain)
1#-10-18 Daxi Valley  LIA, boulder Granite 43.115 86.825 3686 3.0 0.9718 0.166 + 0.018
(230 x 150 x 130 cm)
1#-10-19 Daxi Valley  LIA, boulder Granite 43.115 86.825 3691 2.0 0.9718 0.200 + 0.018
(70 x 70 x 30 cm)
1#-10-20 Daxi Valley  LIA, boulder Gneiss 43.115 86.825 3694 1.0 0.9718 0.193 + 0.045
(360 x 240 x 120 cm)
1#-10-21 Daxi Valley  LIA, boulder Gneiss 43.115 86.825 3698 3.5 0.9718 0.184 + 0.022

(160 x 140 x 120 cm)

2 The topographic shielding was determined from the SRTM DEM using the python tool designed by Li (2013) with 5° intervals in both azimuth and elevation angles.
b All samples were measured using the revised ICN standard (07KNSTD, Nishiizumi et al., 2007). Quartz weights, °Be carrier masses, and AMS measured '°Be/°Be ratios of

these samples are listed in the online appendix.

terminus location for a particular reconstruction (Benn and
Lehmkuhl, 2000). Previous studies have demonstrated that
TSAM-derived ELAs yield similar results to observed ELAs for small
alpine glaciers (e.g. Maisch, 1992). We used the elevations derived
from the SRTM DEM to estimate the ELA depression of each glacial
event relative to the ELA of modern glaciers in each valley. We also
measured the distance from the terminus of modern glaciers to the
moraines that have been constrained by '°Be or OSL dating in
Google Earth. This distance provides a first-order estimate for the
extent of the glacial event during moraine formation.

4. Results and interpretations

Five samples (AR-10-001 to 005) taken from EC have a wide
range of minimum apparent exposure ages from 4.4 + 0.3 to
191.8 + 10.9 ka (Table 2). The probability density plot indicates that
the oldest and youngest ages are probably outliers (Fig. 4) with the
remaining ages spanning from 17.3 + 0.9 to 33.6 + 1.8 ka. The
extremely young age of 4.4 + 0.3 ka may be likely due to boulder
exhumation, whereas the oldest age of 191.8 + 10.9 ka may reflect
prior exposure. Given the location of these samples (Fig. 2), it is
possible that boulders exposed on the ridge and valley sidewall
could have been displaced and transported to the sample site. The
location of the EC relative to deposits further down the valley also
makes it highly unlikely that this cirque was last glaciated at
191.8 + 10.9 ka because the main valley was glaciated several times
since then. The reduced chi-squared statistic is still much higher
than 1 after removing these two samples (XI% = 60.5, Fig. 4), so we
tentatively assign a range of minimum apparent exposure ages of
173 + 0.9 to 33.6 + 1.8 ka to this moraine rather than a weighted
mean age.

Minimum apparent exposure ages for four samples (AR-10-
021 to 024) from M1 range from 14.2 + 0.8 to 31.0 + 1.7 ka
(Table 2). The age of 14.2 + 0.8 ka appears to be a young outlier
(Fig. 4) that may reflect post-glacial exhumation. The XZR value of
the remaining three samples is 9.2 (Fig. 4), indicating that the
scatter may be caused by post-glacial degradation processes or
prior exposure. Therefore, we tentatively assigned a range of
minimum apparent exposure ages of 21.4 + 1.5 to 31.0 + 1.7 ka for
this moraine.

Four samples (AR-10-007, 009, 010, and 011) from M2 produced
minimum apparent exposure ages ranging from 25.0 + 1.6 to
32.2 + 1.8 ka (Table 2). The probability density plot indicates that
the oldest age of 32.2 + 1.8 ka may not be part of the younger cluster
but in light of the fact that there are only four data points it is
difficult to rigorously identify this as an outlier. It is possible that a
greater number of samples would show a skewed distribution with
the oldest age being at the upper end of the distribution. It is
interesting that the two pebble samples produced similar ages
(25.3 + 1.3 and 26.3 + 1.4 ka), which in turn are similar to one
boulder age in this moraine. We do not know the exposure history
of these pebbles though. They could have originated from vein
quartz within larger boulders, or could have been part of the
original moraine.

Minimum apparent exposure ages for seven samples (AR-10-
014 to 020) from M3 range from 22.9 + 1.3 to 41.4 + 2.2 ka (Table 2).
The oldest age (41.4 + 2.2 ka) most likely represents a sample with
inheritance (Fig. 4). Removing this sample from the dataset results
ina X% value of 6.5, indicating some scatter caused by exhumation
or prior exposure. We assigned a range of minimum apparent
exposure ages of 22.9 + 1.3 to 33.1 + 2.0 ka to this moraine. Ignoring
the oldest boulder sample, the ages from the other four boulders
cluster around 26.6 ka, whereas two pebble samples yielded ages
around 32.6 ka (32.3 + 1.7 and 33.1 + 2.0 ka, Fig. 4). Consistently
older exposure ages from pebble samples may indicate that boulder
samples are more prone to surface erosion on this moraine.

Although the samples from EC and M1-M3 do not consistently
produce tight clusters of °Be ages, we argue that they can be
interpreted as indicating the presence of a glacial event predating
33 to 22 ka. We tentatively assign this glacial event to late MIS 3 to
MIS 2. It is noteworthy that '°Be apparent exposure ages during this
period are not significantly affected by our assumption of zero
boulder surface erosion. A surface erosion rate of 3 mmy/ka, a value
previously used in western Tian Shan and Pamir (e.g. Abramowski
et al., 2006; Rohringer et al., 2012), will only increase the expo-
sure ages of 30 ka by at most 8%. The reconstructed glacier extended
about 10 km from the terminus of the modern glacier to reach
3350 m a.s.l.,, requiring an ELA depression of ~225 m (the terminus
of the modern glacier is at 3800 m a.s.L.).

Seven samples (ARL-10-001 to 005, KXN-10-22, 24) collected
from M4 produced minimum apparent surface exposure ages
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Table 2
Minimum '°Be surface exposure ages calculated using different scaling models.

Sample ID Moraine group, type Lal (1991)/Stone (2000)  Desilets and Zreda (2003), Dunai (2001) Lifton et al. (2005) Lal (1991)/Stone (2000)
constant production rate Desilets et al. (2006) Time-dependent production rate
Exposure age (ka) Exposure age (ka) Exposure age (ka) Exposure age (ka) Exposure age (ka)

AR-10-001 Cirque, boulder 2094 + 11.9 1622 +9.2 159.8 + 9.1 156.2 + 8.8 191.8 £ 10.9
AR-10-002 Cirque, boulder 298 +2.1 249+ 1.8 248 + 1.8 245+ 18 286 + 2.1
AR-10-003 Cirque. boulder 43 +03 4.0+ 0.3 42 +03 39+03 44 +0.3
AR-10-004 Cirque, boulder 17.6 + 0.9 153 + 0.8 154 + 0.8 15.1 + 0.8 173 + 0.9
AR-10-005 Cirque, boulder 355+1.9 292+ 1.6 291+ 1.6 287 +15 336+ 18
AR-10-021 M1, pebbles 277+ 16 233+13 233+13 229+13 26.7 + 1.5
AR-10-022 M1, boulder 325+ 18 27115 270+ 15 266 + 1.5 310+ 1.7
AR-10-023 M1, boulder 220+ 15 188 + 1.3 189+ 1.3 186+ 1.3 214+ 15
AR-10-024 M1, boulder 143 + 0.8 12.6 + 0.7 12.8 + 0.7 125+ 0.7 142 + 0.8
AR-10-007 M2, boulder 258 +1.7 221+14 221+15 217+ 14 250+ 1.6
AR-10-009 M2, pebbles 262+ 13 224+ 1.1 224+ 1.1 220+ 1.1 25313
AR-10-010 M2, pebbles 273 +15 232+13 232 +13 229+13 263+14
AR-10-011 M2, boulder 338+18 283+ 1.6 282+16 278 +1.5 322+18
AR-10-014 M3, boulder 236+ 1.3 203 +1.2 203 +1.2 200+ 1.1 229+13
AR-10-015 M3, boulder 265+14 227 +13 227 +13 223+12 256+14
AR-10-016 M3, boulder 29.1+16 246+ 14 246+ 14 242 +13 279+ 15
AR-10-017 M3, boulder 277+ 15 235+13 235+13 232+13 267 +14
AR-10-018 M3, boulder 443 + 23 364+19 36319 356+1.9 414 22
AR-10-019 M3, pebbles 339+18 285+ 1.5 284+ 15 280+ 1.5 323+17
AR-10-020 M3, pebbles 348 + 2.0 29.1+17 290+ 1.7 286+ 1.7 33.1+20
ARL-10-001 M4, boulder 56.7 + 3.0 46.5 + 2.5 46.2 + 2.5 45.0 + 2.4 529+ 28
ARL-10-002 M4, boulder 48.7 + 2.7 403 + 2.2 402 + 2.2 393 +22 453 + 2.5
ARL-10-003 M4, boulder 51.5+28 425+ 23 423 +23 413 +22 479 + 2.6
ARL-10-004 M4, boulder 423 +23 355+19 353+19 347 +19 39.7 + 2.1
ARL-10-005 M4, boulder 526 +29 433 +24 432 +24 421 +23 49.0 + 2.7
KXN-10-022 M4, boulder 90.3 + 4.7 74.1 +3.9 735+ 38 72.0 +3.8 844 + 44
KXN-10-024 M4, boulder 393 +3.0 331+25 33.0+25 324 +25 370+ 28
ARL-10-006 M5, boulder 74.6 + 3.8 60.9 + 3.1 60.4 + 3.1 59.2 + 3.0 69.7 + 3.5
ARL-10-007 M5, boulder 56.7 + 2.9 46.0 + 2.4 458 + 2.4 446 + 2.3 529 +2.7
ARL-10-008 M5, boulder 832 +44 67.6 + 3.6 67.0 + 3.6 65.7 + 3.5 776 + 4.1
DDSL-10-001 M6, bedrock 69.4 + 3.7 589 +3.2 58.5+ 3.2 573 +3.1 65.2 + 3.5
DDSL-10-002 M6, bedrock 111.7 £ 6.1 93.8 +5.1 93.0 + 5.1 914 +5.0 103.8 + 5.7
DDSL-10-003 M6, boulder 221.0 + 122 182.3 + 10.1 180.6 + 10.0 176.8 + 9.8 203.1 +11.2
DDSL-10-004 M6, boulder 151.5 £ 8.1 125.0 6.7 1241 + 6.7 121.1 £ 6.5 1394 +75
DDSL-10-005 M6, boulder 1371+ 73 113.8 + 6.1 1129 + 6.0 1104 + 5.9 1263 + 6.7
DDSL-10-006 M6, bedrock 66.9 + 4.2 56.8 + 3.6 56.5 + 3.6 551 +35 629 + 3.9
DDSL-10-007 M6, boulder 1356 + 7.8 112.7 + 6.5 111.8 £ 6.5 1094 + 6.3 1249 +7.2
DDSL-10-008 M6, bedrock 90.5 + 6.2 763 £ 5.2 758 £ 5.2 743 + 5.1 84.7 + 5.8
DDSL-10-014 Ridge, bedrock 78.7 + 4.9 642 + 4.0 63.7 + 4.0 624 +3.9 735+ 4.6
DDSL-10-015 Ridge, bedrock 153279 1216 + 6.3 1204 + 6.3 117.6 + 6.1 1404 + 7.3
DDSL-10-016 Ridge, bedrock 78.1 +£3.9 634 +32 62.8 +3.2 61.7 + 3.1 729 + 3.7
1#-10-18 LIA, boulder 0.33 + 0.04 0.33 + 0.04 032 +0.04 0.33 + 0.04 0.36 + 0.04
1#-10-19 LIA, boulder 0.39 + 0.04 0.40 + 0.04 0.38 + 0.04 0.40 + 0.04 0.43 + 0.05
1#-10-20 LIA, boulder 0.37 + 0.09 0.38 + 0.09 0.36 + 0.09 0.38 + 0.09 0.41 +0.10
1#-10-21 LIA, boulder 0.36 + 0.05 0.37 £ 0.05 0.35 + 0.05 037 + 0.05 0.40 + 0.05

Note: All ages were calculated using the CRONUS-Earth 2.2 online calculator (Balco et al., 2008) assuming zero boulder surface erosion, implying a minimum surface exposure
age. The calculation was based on the reference '°Be production rate of the calibration dataset from Balco et al. (2009; NENA). The rock density was assumed as 2.7 g/cm®.

External uncertainty was reported at the 1o level.

ranging from 37.0 + 2.8 to 84.4 + 4.4 ka (Table 2, Fig. 4). The oldest
age of 84.4 + 4.4 Kka likely represents an outlier with inheritance
from prior exposure. Removing this age from the dataset results in a
x,% value of 5.2, indicating that the remaining ages may be affected
by post-glacial processes or prior exposure, and so we assign a
range of minimum apparent exposure ages of 37.0 + 2.8 to
52.9 + 2.8 ka to this moraine. The impact of a boulder surface
erosion rate of 3 mm/ka on derived exposure ages is most likely
<15%. Hence, the minimum age estimates are consistent with a MIS
3 stage for the glacial expansion. Because the glacier extended
>20 km beyond its current extent and the lowest elevation reached
was about 2950 m a.s.l., representing an ELA depression of ~425 m,
this event was much more extensive than the glacial event during
late MIS 3 to MIS 2.

Minimum apparent exposure ages for three samples taken from
erratic boulders on M5 (ARL-10-006 to 008) range from 52.9 + 2.7
to 77.6 + 4.1 ka with a xﬁ value of 6.2 (Table 2, Fig. 4). Because this
location is characterized by the presence of till remnants and

associated erratics, and an absence of landforms, we infer that
these sites are highly degraded. Hence, the oldest age of
77.6 + 4.1 ka is most likely the best representation of the formation
age of this till (Heyman et al., 2011b), indicating a glacial event
during MIS 4. During this glacial event, we infer that at least the
lower parts of the interfluves were covered by ice because the
samples were taken from such a location. The glacier was more
extensive during this event than during the M4 glacial event;
however, because a M5 terminal moraine is absent, we can only
infer that the ELA depression for the M5 glacier was probably larger
than for the M4 glacier, and therefore exceeded 425 m.

Four boulder samples collected from M6 (DDSL-10-003 to 005
and 007) yielded minimum apparent exposure ages ranging from
124.9 + 7.2 to 203.1 + 11.2 ka (Table 2). The probability density plot
of these ages (Fig. 4) indicates a tight cluster (sz = 1.2) around a
weighted mean of 130.2 + 9.7 ka if the oldest age of 203.1 + 11.2 ka
is removed as an outlier. These ages represent the largest and oldest
glacial event in the Ala Valley and are therefore strongly affected by
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Fig. 4. Probability density plot of '°Be surface exposure ages for each moraine/setting and the value of the reduced chi-squared statistic (XZR) after removing outliers. The weighted
mean age for M2, M6 and LIA are listed because x3 is less than or close to 1.

surface erosion. For example, a surface erosion rate of 3 mm/ka will
shift the youngest apparent exposure age of 124.9 + 7.2 ka to
>180 ka and the oldest apparent exposure age of 203.1 + 11.2 ka to
>580 ka. These ages most likely represent a glacial event during
MIS 6 or older. As with M5, we can only infer that the minimum ELA

Table 3

depression for the glacier that deposited the M6 boulders exceeded

425 m.

Comparison of bedrock and erratic apparent exposure ages has
been used to quantify the pattern of glacial erosion. In particular, if
bedrock ages are older than the ages of adjacent erratics, the

Maximum surface erosion rates (cm/ka) derived from bedrock samples in the Tianger Range, eastern Tian Shan, China.

Sample ID Lal (1991)/Stone (2000) Desilets and Zreda (2003), Dunai (2001) Lifton et al. (2005) Lal (1991)/Stone (2000)
constant production rate Desilets et al. (2006) Time-dependent production rate
Erosion rate (cm/ka) Erosion rate (cm/ka) Erosion rate (cm/ka) Erosion rate (cm/ka) Erosion rate (cm/ka)

DDSL-10-001 10.2 + 0.9 113+13 113+13 11.7 + 1.2 10.8 + 0.9

DDSL-10-002 6.3 + 0.6 7.0+ 08 7.0+ 0.8 73 +07 6.7 + 0.6

DDSL-10-006 106 + 1.0 11.7+14 11.7+ 14 122+13 112+ 1.0

DDSL-10-008 7.8 £0.8 8.6 + 1.1 8.7+1.1 9.0+10 83+08

DDSL-10-014 8.9+ 0.8 102 +1.3 103 +1.3 106 + 1.1 94 + 09

DDSL-10-015 4.5+ 04 52+ 06 53+ 0.6 55+ 06 4.8 + 04

DDSL-10-016 89 +08 103 +1.2 104 £ 1.2 108 = 1.1 9.5+ 08

Note: All erosion rates were calculated using the CRONUS-Earth 2.2 online calculator (Balco et al., 2008) assuming a long-term continuous exposure of the bedrock surface,
representing the maximum erosion rate of the bedrock surface (Lal, 1991).
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Table 4
Recalculated previously published minimum '°Be surface exposure ages across the Tian Shan.
Sample ID Location Latitude Longitude Elevation Thickness Topographic !°Be concentration Published Recalculated  Publication
(°N) (°E) (masl) (cm) shielding (10° atoms g~ ') 10Be age 10Be age (ka)
factor (ka)

TB1 Daxi Valley 43.114 86.843 3558 3.0 0.990 5.98 + 0.38 9.6 + 0.9 115+ 0.9 Kong et al.
(2009)

TB2 43.114 86.843 3567 3.0 0.990 9.09 + 042 146 +1.2 172 +1.2

TB3 43.114 86.843 3562 3.0 0.990 11.17 £ 0.72 179 = 1.7 21.0 £ 1.7

TB4 43.114 86.843 3561 3.0 0.990 12.97 + 0.71 209+19 243 £ 1.8

TB5 43.113 86.845 3530 3.0 0.990 9.34 +0.23 153 + 1.1 18.0 + 1.0

TB7 43.114 86.847 3511 3.0 0.990 8.88 + 042 147 + 1.2 173 +1.2

TB8 43.114 86.847 3511 3.0 0.990 839 +0.49 139+ 13 164 +1.3

TD2 43.116 86.929 3164 3.0 0.980 9.87 + 043 201+ 1.7 235+ 15

TD5 43.100 86.928 3170 3.0 0.980 7.57 + 045 154+ 14 182+ 14

TD6 43.121 86.856 3449 3.0 0.990 8.87 +0.25 152+ 1.2 179+ 1.0

TA1 43114 86.921 3389 3.0 1.000 5.73 + 0.42 10.1 + 1.0 120+ 1.1

TA2 43.113 86.920 3405 3.0 1.000 2.97 +0.30 52+ 0.6 6.2 +0.7

TA4 43.113 86.920 3408 3.0 1.000 9.54 + 0.88 16.6 = 1.9 195 + 2.0

TA6 43.113 86.920 3423 3.0 1.000 5.27 + 0.54 9.1+11 108 + 1.2

TA10 43.113 86.924 3324 3.0 1.000 5.39 + 040 9.8 +1.0 11.7 + 1.0

TS-07-13 Daxi Valley 43.114 86.847 3520 2.0 0.982 8.51 + 040 159+ 1.5 179+ 1.2 Li et al. (2011)

TS-07-15 43.114 86.847 3520 2.0 0.982 835 +0.19 156+ 14 175+ 09

TS-07-21 43.119 86.867 3429 3.0 0.975 8.26 + 0.31 164 + 1.5 185+ 1.1

TS-07-23 43.119 86.825 3831 2.0 0.978 9.97 + 0.21 157+ 14 17.7 £ 0.9

TS-07-25 43.119 86.824 3832 3.0 0.978 9.00 + 0.42 143+ 14 162 + 1.1

TS-07-28 43.110  86.945 3005 2.5 0.944 7.13 £ 0.30 187+ 1.8 21.0 + 1.4

TS-07-29 43.110 86.945 3006 2.5 0.944 6.15 + 0.25 162+ 1.5 182+ 1.2

TS-07-35 43.119 86.920 3192 2.0 0.955 6.60 + 0.11 153+ 13 172 £ 0.9

TS-07-36 43.119  86.920 3186 2.0 0.955 739 +0.13 17115 193 +1.0

TS-07-37 43.119 86.920 3183 3.5 0.955 7.01 +0.18 16.5 + 1.5 18.6 + 1.0

TS-07-38 43.119 86.920 3179 3.0 0.955 6.37 £ 0.14 150+ 1.3 16.9 + 0.9

AK11 Aksu Valley 39.680 70.050 2240 4.0 0.974 4.62 + 0.36 163 + 2.1 212 +£20 Abramowski
et al. (2006)

AK12 39.680 70.050 2240 4.0 0.974 6.38 + 0.35 22.1+26 288 +2.1

AK13 39.680 70.050 2240 4.0 0.974 4.87 + 0.42 171 +23 223 +£22

AK21 39.640 70.060 2900 4.0 0.977 8.21 + 0.56 188 +24 245 + 2.1

AK22 39.640 70.060 2900 4.0 0.977 447 +0.33 103+ 13 137+ 1.2

AK23 39.640 70.060 2900 4.0 0.977 5.51 + 047 128 = 1.7 16.8 + 1.7

AK24 39.640 70.060 2900 4.0 0.977 6.86 + 0.45 158 + 2.0 20.7 + 1.7

AK25 39.640 70.060 2900 4.0 0.977 6.90 + 0.42 159+ 1.9 208 + 1.6

AK31 39.650 70.060 2860 4.0 0.981 391 +024 92 +1.1 123 + 1.0

AK32 39.650 70.060 2860 4.0 0.981 10.32 £ 0.55 238 +£28 31022

AK33 39.650 70.060 2860 4.0 0.981 8.45 + 045 19.7 + 2.3 257 +19

AK34 39.650 70.060 2860 4.0 0.981 6.91 + 0.52 163 + 2.1 21.2+19

AK35 39.650 70.060 2860 4.0 0.981 5.22 +0.36 124+ 16 162+ 1.4

AK41 39.640 70.050 2930 4.0 0.989 9.95 + 0.51 22+26 285+ 2.0

AK42 39.640 70.050 2930 6.0 0.989 8.15+0.38 184 + 2.1 240 + 1.6

AK43 39.640 70.050 2930 8.0 0.989 7.74 + 047 17.7 = 21 232 +18

AK44 39.640 70.050 2930 5.0 0.989 8.37 £ 047 188 £ 2.2 244 £ 1.8

AK45 39.640 70.050 2930 4.0 0.989 6.31 + 0.31 143 + 1.7 185+ 1.3

AV1 Koksu Valley 39.680 71.620 3440 4.0 1.000 6.23 + 041 103+ 13 13.8 + 1.1 Abramowski
et al. (2006)

AV2 39.680 71.620 3440 4.0 1.000 6.27 + 0.39 103 +1.3 139+ 1.1

AV3 39.680 71.620 3440 4.0 1.000 6.37 + 0.40 105+ 1.3 141+ 1.1

KK1 39.550 72.080 2500 4.0 1.000 18.50 + 0.87 50.1 £5.8 684 +4.7

KK2 39.550  72.080 2500 4.0 1.000 20.19 + 0.94 55.1 + 6.4 74.8 + 5.1

KK3 39.550 72.080 2500 4.0 1.000 17.27 + 0.76 46.6 + 5.3 64.0 +4.3

SCT-020901-2  Gulbel Pass 42.030 77.190 3283 1.0 0.992 20.11 +£ 0.49 40.5 = 3.1 423 +23 Koppes et al.
(2008)

SCT-020901-3 42.030 77.190 3283 1.0 0.992 16.23 + 041 324 +24 347 +19

SCT-020901-4 42.040 77.210 3140 1.0 0.992 13.88 +0.35 300+23 324+ 1.8

SCT-020901-5 42,040 77.210 3140 1.0 0.992 19.10 + 0.57 419 + 33 43.7 £ 2.5

SCT-030901-6 42.040 77.120 2759 1.0 0.992 33.48 + 0.80 98.1+79 98.2+54

KTS98-CS-61b  Djo Bog Gulsh 41.000 76.050 3804 3.0 0.990 5.07 + 0.15 7.6 + 0.6 89+05 Koppes et al.

Valley (2008)

KTS98-CS-62a 41.000 76.050 3879 3.0 0.990 3.20 £ 0.10 4.6 +0.3 54+03

KTS98-CS-62b 41.000 76.050 3879 3.0 0.989 3.05 + 0.09 44 +03 52+03

KTS98-CS-66 40.980 76.150 3576 4.0 0.996 20.58 + 0.35 36.5 +2.7 384 +20

KTS98-CS-81  Terekeu Valley 41.050  75.730 2598 1.0 0.998 10.32 + 0.25 316 +24 341+19 Koppes et al.
(2008)

KTS98-CS-83 41.050 75.730 2598 1.0 0.998 16.77 + 0.42 525 +4.0 54.8 + 3.0

KTS98-CS-87 Ala Bash Basin 42.080 76.460 2496 0.5 0.997 19.35 £ 0.23 64.0 + 4.8 664 + 3.4 Koppes et al.
(2008)

KTS98-CS-88 42.080 76.460 2496 4.0 0.997 2040 + 0.34 69.9 +5.3 72.0 + 3.8

KTS98-CS-90 42.080 76.460 2403 7.0 0.998 33.77 £ 1.49 134.6 + 12.7 129.6 + 8.8

KTS98-CS-91 42.080 76.460 2403 2.0 1.000 41.60 + 0.97 1635+ 141 1543 +86
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Table 4 (continued )

Sample ID Location Latitude Longitude Elevation Thickness Topographic !°Be concentration Published Recalculated  Publication
(°N) (°E) (masl) (cm) shielding (10° atoms g~ 1) 10Be age 10Be age (ka)
factor (ka)
KTS98-CS-92 42.080 76.460 2403 5.0 0.994 19.05 + 0.46 702 +£5.5 724 +4.0
KTS98-CS-93 42.080 76.450 2229 5.0 0.994 22.95 + 0.62 97.7 + 8.0 984 + 5.6
KTS98-CS-94 42.080 76.450 2229 25 1.000 25.88 + 0.73 1084 +9.0 107.7 +6.2
KTS98-CS-95 42.080 76.450 2229 35 1.000 31.90 + 0.62 1390+ 115 133.7+7.2
KTS98-CS-96 42.080 76.450 2229 10.0 1.000 16.81 + 0.40 722 +5.7 745 + 4.1
KTS98-CS-97 42.050 76.430 2850 1.0 0.998 34.00 + 0.79 93.0+74 93.6 + 5.1
KTS98-CS-98 42.050 76.430 2850 2.0 0.998 18.99 + 0.45 50.1 + 3.8 52.1 +2.8
KTS98-CS-99 42.050 76.430 3750 2.0 0.996 2.26 + 0.07 34+03 4.0+0.2
KTS98-CS-100 42.050 76.430 3750 6.0 0.996 1132 + 0.27 178 +1.3 199 + 1.1
KTS98-CS-101  Ala Archa 42.520 74.510 3246 2.0 0.929 0.12 + 0.03 0.25 + 0.1 0.32 +0.08 Koppes et al.
Valley (2008)
KTS98-CS-102 42.520 74.510 3180 1.5 0913 0.25 + 0.04 0.54 + 0.1 0.69 + 0.12
KTS98-CS-104  Chor Kyrchak 42.63 74.61 2040 3.0 0.997 10.90 + 0.39 48.7 +4.0 48.6 + 3.0 Koppes et al.
Valley (2008)
KI11 Kitschi-Kurumdu  40.783 75.488 3870 3.0 1.000 6.19 + 0.25 93 +09 10.5 £ 0.7 Zech (2012)
K112 Valley 40.783 75.488 3870 3.0 1.000 9.87 £ 0.35 147 + 14 16.6 + 1.0
KI13 40.783 75.487 3870 3.0 1.000 10.54 + 0.32 157+ 14 17.7 £ 1.0
Ki14 40.783 75.487 3870 3.0 1.000 9.34 + 045 140+ 14 157 £ 1.1
KI21 40.787 75.473 3990 3.0 1.000 13.58 + 0.47 18.8 + 1.7 212+13
KI22 40.787 75.473 3995 3.0 1.000 15.60 + 0.53 214+ 2.0 241+14
KI23 40.787 75.473 3980 3.0 1.000 1139 + 0.36 16.0 + 14 18.0+ 1.0
K124 40.784  75.476 3940 3.0 1.000 11.02 + 0.36 158 £ 14 178 £ 1.0
KI25 40.784  75.476 3940 3.0 1.000 12.55 + 0.42 179 £ 1.6 201 +1.2
KI31 40.765 75.503 3725 3.0 1.000 34.87 + 1.05 52.8 +4.8 60.3 + 3.5
KI32 40.765 75.503 3725 3.0 1.000 36.88 + 1.44 56.1 £5.3 63.7 + 4.0
KI33 40.764  75.502 3720 3.0 1.000 10.28 + 0.41 16.6 £ 1.5 186 + 1.2
Ki34 40.767 75.508 3708 3.0 1.000 17.51 + 0.53 276 +25 310+ 1.8

Note: Ages were recalculated using the CRONUS-Earth 2.2 online calculator (Balco et al., 2008) assuming zero boulder surface erosion and using the time-dependent pro-
duction rate scaling model of Lal (1991)/Stone (2000). The calculation was based on the reference '°Be production rate of the calibration dataset from Balco et al. (2009; NENA).
The rock density was assumed as 2.7 g/cm?. External uncertainties were reported at the 1¢ level.

inheritance signal can be used to back calculate an erosion depth
(Stroeven et al., 2002; Fabel et al., 2004; Li et al., 2005). However, at
M6, minimum apparent exposure ages from four course-grained
granite bedrock samples (DDSL-10-001, 002, 006 and 008) are
consistently younger than the minimum apparent exposure ages
from the nearby four fine-grained granite erratic boulders (DDSL-
10-003 to 005 and 007, Table 2). Shielding by sediment cover in the
past could cause an underestimation in exposure age but we
believe geomorphic conditions argue against it. These bedrock ages
are consistent with ages from three coarse-grained granite bedrock
samples taken from interfluve ridges (DDSL-10-014 to 016,
72.9 + 3.7 to 140.4 + 7.3, Table 2), which are unlikely to have been
covered by sediment. The apparently younger exposure ages from
bedrock samples are most likely due to the difference in granite
composition (Fig. 3F, G): the coarse-grained bedrock samples sim-
ply weathered faster than the fine-grained boulder samples.
Assuming continuous exposure and ignoring ice cover effects, the
range of maximum erosion rates derived from these bedrock sur-
faces is 6.7 + 0.6 to 11.2 + 1.0 cm/ka, similar to the range of
maximum erosion rates derived from the three interfluve bedrock
samples (DDSL-10-014 to 016, 4.8 + 0.4 to 9.5 + 0.8 cm/ka; Table 3).
These values are an indicator of bedrock erosion rates (or landscape
lowering rates) for the mountain range in this region.

In the Daxi Valley, four boulder samples from the outermost
fresh moraine in front of Glacier No. 1 (1#-10-18 to 21) yielded
tightly clustered minimum apparent exposure ages ranging from
0.36 + 0.04 to 0.43 + 0.05 ka (Table 2) with a weighted mean of
0.40 + 0.07 ka (X,% = 0.5; Fig. 4). This age is consistent with ages
determined by lichenometry (Chen, 1989) and AMS C (Yi et al.,
2004) and indicates that Glacier No. 1 advanced during the LIA in
response to an ELA depression of about 50—80 m (calculated based
on the terminal elevations of the two branches of Glacier No. 1).
These ages also shed some light on processes that affect the dis-
tribution of ages we observed on other moraines. At least for this

moraine four samples yielded a tight cluster, with no evidence of
prior exposure.

5. Discussion
5.1. Chronology of Quaternary glaciations in the Tian Shan

Our results indicate five major glacial events on the northern
and southern slopes of the Tianger Range during MIS 6 or older, 4, 3,
2, and 1 (LIA) (Fig. 5). This glacial chronology is consistent with
glacial chronologies derived from the western Tian Shan
(Abramowski et al., 2006; Koppes et al., 2008; Zech, 2012). For the
maximum glaciation, Koppes et al. (2008) obtained three °Be
minimum apparent exposure ages from the Ala Bash Basin in the
Terskey Ala Tau Range of the western Tian Shan (Fig. 1) which they
interpreted as MIS 5 but which, when recalculated, fall between
724 + 4.0 and 154.3 + 8.6 ka (Table 4). These ages are consistent
with our M6 ages in the eastern Tian Shan, suggesting the existence
of a penultimate glaciation (MIS 6 or older) in different parts of the
Tian Shan. The local LGM in the eastern Tian Shan has been dated to
atleast 77.6 + 4.1 ka, which is consistent with the three recalculated
19Be minimum apparent exposure ages from the Koksu Valley in
the Alay Range of the Kyrgyz Tian Shan ranging from 64.0 + 4.3 to
74.8 + 5.1 ka (Abramowski et al., 2006) and two '°Be minimum
apparent exposure ages from the Ala Bash Basin of 66.4 + 3.4 and
72.0 + 3.8 ka (Koppes et al., 2008, Table 4). Zech (2012) obtained
four '°Be minimum apparent exposure ages from moraines in the
Kitschi-Kurumdu Valley, Kyrgyzstan (Fig. 1), ranging from 18.6 + 1.2
to 63.7 + 4.0 ka (recalculated ages, Table 4), and he concluded that
these moraines were formed before 63.7 ka (recalculated age).
Narama et al. (2009) defined a Terskey Stage I in the Kyrgyz Tian
Shan as being from 56 to 76 ka based on three OSL ages. Taken
together, these results indicate that the local LGM across the Tian
Shan occurred during MIS 4.
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Our '°Be ages indicate a significant glacial event during MIS 3
(37-53 ka) in the eastern Tian Shan. A similar glacial event has also
been found in the western Tian Shan, for example, Koppes et al.
(2008) reported a single minimum apparent exposure age of
54.8 + 3.0 ka for a moraine in the Terek¢u Valley in the At Bashi
Range (Fig. 1), a '“Be minimum apparent exposure age of
48.6 + 3.0 ka on a moraine in the Chor Kyrchak Valley in the Kyrgyz
Front Range (adjacent to the Ala Archa Valley; Fig. 1), and four
minimum apparent exposure ages from moraines near Gulbel Pass
in the Terskey Ala Tau Range (Fig. 1) that range from 32.4 + 1.8 to
43.7 + 2.5 ka (all recalculated ages; Table 4). All these locations
support the existence of a MIS 3 glacial event across the Tian Shan.

The late MIS 3 to MIS 2 glacial event in the eastern Tian Shan was
dated from 22 to 33 ka (Fig. 5). The latter part of this glacial event
corresponds to gLGM (26.5—19 ka) (Clark et al., 2009). The early
part of this glacial event apparently predated the gLGM by a few
thousand years, but is consistent with the more extensive duration
of a cold period recorded in the Guliya ice core record on the
northern Tibetan Plateau (35°17' N, 81°29' E) to have occurred
between 18 and 32 ka (Thompson et al., 1997). MIS 2 glacial events
have also been identified in the western Tian Shan. For example,
Abramowski et al. (2006) obtained ten '°Be minimum apparent
exposure ages on two lateral moraines in the Turkestan Range
(Aksu Valley), Kyrgyz Tian Shan, ranging from 13.7 + 1.2 to
28.5 + 2.0 ka (Table 4, AK21 to AK25, and AK31 to AK35). Koppes
et al. (2008) obtained a '°Be minimum apparent exposure age
from the Ala Bash Basin (Fig. 1) of 19.9 + 1.1 ka (Table 4) and Zech
(2012) obtained five '°Be minimum apparent exposure ages
ranging from 17.8 + 1.0 to 24.1 + 1.4 ka from the Kitschi-Kurumdu
Valley (Fig. 1; all recalculated ages, Table 4, KI21 to KI25). Narama
et al. (2009) obtained five OSL ages from tills in four north-facing
valleys in the At Bashi Range (Fig. 1) from 18 to 33 ka and
Narama et al. (2007, 2009) also reported OSL ages from the Terskey
Ala Tau Range from 21 to 29 ka.

Some studies have also suggested that there were Lateglacial
events in the Tian Shan. For example, Abramowski et al. (2006)
obtained three '°Be minimum apparent exposure ages from
13.8 + 1.1 to 14.1 + 1.1 ka (Table 4, AV1 to AV3) on a moraine in the
Koksu Valley of the Alay Range, Kyrgyz Tian Shan. Zech (2012)
obtained four °Be minimum apparent exposure ages on a
moraine in the Kitschi-Kurumdu Valley from 10.5 + 0.7 to
17.7 + 1.0 ka, and suggested that they documented a Lateglacial
advance (all recalculated ages; Table 4, samples KI11 to KI14). In the
eastern Tian Shan, 1°Be minimum apparent exposure ages dated
glacial events from 16 to 19 ka in the Daxi Valley (Fig. 2, Table 4)
that have been interpreted as evidence for Lateglacial advances
(Kong et al., 2009; Li et al., 2011). However, similar ages have not
been found on the southern slope of the Tianger Range (Ala Valley).

In our study area of the eastern Tian Shan, no moraine ages
record Holocene glacial events, except for the LIA, and this is similar
to results from the western Tian Shan. Koppes et al. (2008) reported
two '°Be exposure ages of 0.32 + 0.08 and 0.69 + 0.12 ka (recal-
culated, Table 4), indicating LIA glacial advances in the Ala Archa
Valley in the Kyrgyz Front Range, Kyrgyz Tian Shan. Other than
these two ages, few ages for glacial advances <10 ka have been
reported in any studies in the Tian Shan. In the eastern Tian Shan,
10Be exposure ages just outside LIA moraines in the Daxi Valley are
>16 ka (Li et al.,, 2011, Table 4, TS-07-23 and TS-07-25) and °Be
exposure ages from M1, 1.5 km downstream from LIA moraines in
the Ala Valley, are >20 ka (Table 2, Fig. 5). The lack of other Holo-
cene deposits suggests limited glacial expansion during these
phases and reworking of any deposits by more extensive expansion
during the LIA.

In addition to cosmogenic nuclide and OSL techniques, ESR has
been used to date glacial deposits in the Tian Shan (Fig. 1; Yi et al.,

2002; Zhao et al., 2006, 2009, 2010, 2012). However, the mecha-
nisms by which an ESR signal is reset in glacial environments still
remain unclear, and potential incomplete resetting of the ESR signal
causes some concerns for the interpretation of ESR ages (Kong et al.,
2009; Li et al., 2011; Fu et al., 2013). For example, in the Daxi Valley
of the eastern Tian Shan, ESR dating of glacial deposits yielded ages
that are far older than '°Be ages from the same landforms (Kong
et al., 2009; Li et al., 2011). ESR ages of 35—37 ka obtained by Yi
et al. (2002) and Zhao et al. (2006) for the Upper Wangfeng
moraine are roughly twice as old as the '°Be minimum apparent
exposure ages of 17—19 ka obtained by Li et al. (2011) for the same
moraine (Table 4). ESR ages from the Lower Wangfeng moraine/till
of 54—73 ka obtained by Yi et al. (2002) and 171—184 ka obtained by
Zhao et al. (2006) are three to ten times older than the °Be mini-
mum apparent exposure ages for this moraine of 18—21 ka (Li et al.,
2011; Table 4, Fig. 5). In addition, significantly different ESR ages
were obtained for the Lower Wangfeng moraine/till by the different
investigators, although Zhao et al. (2006) proposed a solution to
this by suggesting that this till may have been deposited in different
stages and that the different ESR ages reflect different stages of
deposition. However, additional detailed depositional evidence is
needed to further evaluate this inference.

It is interesting to note that published ESR ages for glacial de-
posits in the Daxi Valley are somehow consistent with 1°Be ages on
moraines from the Ala Valley on the southern slope (Fig. 5). If the
ESR ages are accurately dating glacial deposits, there is a possibility
that they are recording the age of M3—ME6 till beds overlain by
surface material for which °Be exposure ages record the last phase
of glacial advance and/or retreat. These results illustrate that there
remains a need for rigorous further testing to check the validity of
using ESR to date glacial deposits.

5.2. Extent of Quaternary glaciations across the Tian Shan

The glacial event of MIS 6 or older (M6) is apparently the largest
glaciation recorded in our study area in the eastern Tian Shan.
During this period, glaciers from the Dundesala Valley and the Ala
Valley merged. The interfluve ridges were also likely covered by ice
given the magnitude of the ELA depression at that time (>425 m)
and the presence of erratics and till on the interfluves. The glacial
event during MIS 4 (M5) was apparently more extensive than other
glacial events during the Last Glaciation (MIS 5—MIS 2). Glaciers in
the Ala Valley advanced at least 20 km down the valley and covered
at least the lowest elevation sections of interfluve ridges. However,
evidence for the terminal position of this glacial event remains
undetermined. The glacial event during MIS 3 (M4) remains well
preserved in the Ala Valley and during this period glaciers
advanced about 20 km down the valley and dammed tributaries on
both sides of the main valley to form moraine-dammed lakes. The
concomitant ELA depression that drove the glacier advance was
about 425 m. During late MIS 3 to MIS 2 (M3 to M1), glaciers
advanced about 10 km down the Ala Valley, corresponding to an
ELA depression of approximately 225 m. The LIA is the only Holo-
cene glacial event that can be identified in the Tianger Range, and is
represented by two to three fresh-looking moraines flanking
modern glacier margins and terminating a few hundred meters
down-valley from modern glacier snouts. The ELA depression
during the LIA glacial event of Glacier No. 1 in the Daxi Valley was
about 50—80 m.

Whereas the Ala Valley includes glacial deposits dating to MIS 6
or older, 4, 3, and 2, '°Be ages in the Daxi Valley only represent
glacial events during MIS 2 and 1 (Kong et al., 2009; Li et al., 2011;
this paper). In addition, '°Be ages related to MIS 2 in the Daxi Valley
(16—24 ka, Table 4) are ~6—9 ka younger than those of the Ala
Valley (22—33 ka). This indicates that when glaciers in the Daxi
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Fig. 5. Comparison of glacial chronologies constrained by '°Be surface exposure age dating from glacial deposits on the northern (A) and southern (B) slopes of the Tianger Range.
The data are plotted against the 3'0 record from the Guliya Ice Core from the northern Tibetan Plateau (C; Thompson et al., 1997; 35°17' N, 81°29' E) and the global stack of benthic
3'80 records (D; Lisiecki and Raymo, 2005). ESR ages from the Daxi Valley (Vi et al., 2002; Zhao et al., 2006) are also illustrated in (A). UWF: Upper Wangfeng; LWF: Lower
Wangfeng; HWF: Higher Wangfeng; HD-Station: Hayisa Drumlin to Tianshan Glaciological Station. Detailed description of these moraines and related glacial landforms can be

found in Li et al. (2011).

Valley had advanced >10 km to attain their gLGM positions, glaciers
in the Ala Valley had probably retreated to their M1 or M2 posi-
tions, and were therefore restricted to a position 2—5 km from the
valley head. The age differences of the glacial events in these two
valleys may be caused by differences in preservation and micro-
climate conditions. The northern slope of the Tianger Range (Daxi
Valley) is relatively steep (Fig. 6A, B) with a relatively low hypso-
metric integral (HI) value (HI = 0.41, Fig. 6C), indicating that the
valley has been relatively well dissected. Urumgqi River has incised
the Daxi Valley significantly up to 3200 m a.s.l. (Fig. 6A), where the
most prominent glacial deposits are found. For example, bedrock is
exposed in the river bed around the Wangfeng Station
(3050 m a.s.l.; Fig. 2) where a >100 m high profile in the Lower
Wangfeng till has become exposed (Zhao et al., 2006). Active
headward erosion and slope instabilities caused by the relatively
steep topography likely decrease the preservation potential of
moraines; any moraine remnants from events older than MIS 2 in
the Daxi Valley have thus apparently been eroded by fluvial erosion
and post-glacial slope processes.

In contrast to the relatively steep, incised Daxi Valley, the Ala
Valley has a relatively gentle gradient (Fig. 6A, B) with a relatively
high HI value (HI = 0.54, Fig. 6C). River incision is only apparent up
to 2900 m a.s.l, at the confluence between the Ala and Dundesala
valleys (Fig. 2), leaving about 20 km of the upper Ala Valley and its
source tributaries almost unaffected by rejuvenation. This situation
favors the preservation of glacial landforms within the upper Ala
Valley. Furthermore, the presence of a bedrock step at the

confluence of the Ala and Dundesala valleys also helps preserve
evidence of older glacial events, although glacial deposits below
this step have been eroded and so it is hard to reconstruct ELA
depressions for the most extensive glaciations.

Additional to the difference in preservation conditions, these
two valleys also face different aspects (Fig. 2). Modern glaciers
mainly occur on northern slopes (such as the Daxi Valley) as these
receive less direct solar radiation, which also favors other micro-
climatic conditions of preservation (for example, lower tempera-
tures). It is possible that differences in aspect also have played an
important role in the timing and extent of past glaciation, resulting
in different glacial patterns in these two valleys.

Finally, we also examined the extent of different glacial events
along the Tian Shan based on estimated ELA depressions (AELA,
relative to the ELAs of modern glaciers) and the distances from the
terminus of modern glaciers (AGL) in fifteen glacial valleys/sites,
where glacial chronologies have been constrained using '°Be or OSL
dating (Table 5, Fig. 7). The ELA depressions during MIS 4 varied
greatly from 345 to 735 m along the Tian Shan and glaciers
advanced between 7.8 and >20 km, except for an extreme high
value of 51.6 km from the western Tian Shan/Pamirs (Abramowski
etal., 2006, Fig. 7A). The ELA depressions during MIS 3 were around
400 m, except two extremely high values of 675 and 855 m from
the western Tian Shan (Koppes et al., 2008). Corresponding glacier
advances varied greatly, however, from 6.3 to 27.6 km (Fig. 7B),
which is likely explained by differences in valley geometry and
hypsometry. The ELA depressions during MIS 2 range from 160 to
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Fig. 6. Topographic characteristics of the Daxi and Ala valleys derived using the SRTM DEM. (A) Longitudinal topographic profiles (marked in Fig. 2). (B) Frequency distributions of
slope gradients (°). (C) Hypsometric curves with their corresponding hypsometric integral (HI) values.
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Fig. 7. ELA depressions (AELA) and retreat distances (AGL) between glacial events during MIS 4 (A), MIS 3 (B), MIS 2 (C) and contemporary glaciation across the Tian Shan (Table 5).



Table 5

Estimated changes in ELA (AELA in m) and glacier length (AGL in km) during various glacial events across the Tian Shan.

MIS 4 MIS 3 MIS 2 Lateglacial LIA
AGL AGL AGL

AGL

MIS 6 or older

AGL

Data source

Valley/Site Latitude (°N)/

Location

AGL AELA

AELA

AELA
260

AELA
370

AELA

AELA

longitude (°E)

59

7.0

Aksu Valley 39.61/70.07 Abramowski et al. (2006)

Turkestan Range,

Kyrgyzstan
Alay Range,

90

5.7

27.6 405

585

51.6

39.65/71.57 Abramowski et al. (2006)

Koksu Valley

Kyrgyzstan
Kyrgyz Front Range,

145

1.0

Koppes et al. (2008)

42.52[74.51
42.55/74.56
41.00/76.05
40.99/75.78

Ala Archa Valley

855
400
675

114

Chor Kyrchak Valley
Djo Bog Gulsh Valley

Terekeu Valley

Kyrgyzstan
At Bashi Range,

6.3

Koppes et al. (2008)

11.7

Kyrgyzstan

Narama et al. (2009)

41.14/76.24
41.16/76.29
40.80/75.46

Chong-Tor Valley
Sary-Tal Valley

200

34

345

Zech et al. (2012) 7.8

Kitschi-Kurumdu

Valley

360

13.7

Koppes et al. (2008)

41.97/77.21
42.01/76.38
41.95/76.97
42.02/76.36
43.12/86.82
43.04/86.93

Gulbel Pass

Terskey Ala Tau
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160

20

735
670

12.0

785

12.7

Ala Bash Basin

Range, Kyrgyzstan

Narama et al. (2009)

Temir-Kanat area
Turasu Valley
Daxi Valley

Ala Valley

465
255
225

Narama et al. (2007)

50—80

250 0.5

1.7

11.0

Kong et al. (2009); Li

Tianger Range, China

>425 >20 >425 20.0 425 10.0

>20

et al. (2011); This paper

Note: Underlined number indicates the estimated value based on OSL ages.

465 m (from 160 to 275 m if only considering '°Be ages). Glacier
advances during MIS 2 were mostly around 5—6 km in the western
Tian Shan, whereas 10—11 km in the Daxi and Ala valleys in the
eastern Tian Shan (Fig. 7C). In summary, we did not observe a clear
west-east or a north-south pattern in ELA depressions for MIS
4—MIS 2 glacial events along and across the Tian Shan. The dis-
tances of glacier advances varied greatly across the Tian Shan, most
likely reflecting the strong influence of local topography on glacial
changes.

5.3. Paleoclimate implications

Glacier advances and retreats are controlled by temperature and
precipitation. The timing of glaciation during MIS 6 or older is not
dated with precision, which in turn inhibits useful comparisons
with climate proxies. The evidence for MIS 4, 2, and 1 (LIA) glacial
advances, on the other hand, correlates well with records of global
temperature that show cold periods during these times (e.g., Clark
et al.,, 1999; Fig. 5D). In contrast to northern hemisphere ice sheets,
glacial events during the Last Glaciation in the Tian Shan became
successively more restricted from MIS 4 to MIS 2. This pattern has
been linked to arid conditions during the global LGM in the Central
Asian highlands (e.g. Abramowski et al., 2006; Narama et al., 2007,
2009; Koppes et al., 2008). As the extent and height of the Fen-
noscandian Ice Sheet in Europe fluctuated between MIS 4 (smaller)
and MIS 2 (peak) configurations, it would likely have been an
orographic barrier that reduced the amount of moisture carried by
the westerlies to Central Asia. This could explain that when the
Fennoscandian Ice Sheet was less extensive, such as during the
relatively mild MIS 4 period, more precipitation could be trans-
ported by the westerlies to Central Asian mountains, driving a more
extensive MIS 4 glacier advance than MIS 2 advance.

Precipitation was perhaps also critically-responsible for driving
significant glacier advances during MIS 3 in Central Asia, despite
the fact that, globally, MIS 3 was a relatively warm period during
the Last Glaciation (Fig. 5D). MIS 3 glacial events have been widely
identified on the Tibetan Plateau and in Central Asian highlands
(e.g. Phillips et al., 2000; Owen et al., 2005, 2009; Abramowski
et al., 2006; Colgan et al., 2006; Koppes et al., 2008; Schafer et al.,
2008), and MIS 3 glacier advances in the Himalayas and on the
southern Tibetan Plateau have been attributed to increased pre-
cipitation. Owen et al. (2002) suggested that increased solar radi-
ation during MIS 3 strengthened the south Asian monsoon system
and brought abundant precipitation to drive the inferred glacier
advances (Owen et al., 2002). The Tian Shan is less affected by the
south Asian monsoon, and MIS 3 glacier advances in this mountain
range may instead be related to a strengthened westerlies circu-
lation that brought more precipitation into this area. MIS 3 glacial
events may also reflect a regional reduction in temperature (Shi
et al, 2001; Wang, 2010). The Guliya ice core record from the
northern Tibetan Plateau includes a relatively cold MIS 3 sub stage
(MIS 3b, 54—44 ka; Fig. 5C) that might have contributed to trig-
gering glacier advances in this region (Shi and Yao, 2002). MIS 3
glacial events constrained by 1°Be exposure ages in the eastern and
western Tian Shan are well correlated with the timing of this sub-
stage.

Quaternary glaciations along and across the Tian Shan do not
show an orographic effect, as there is no clear west—east or
north—south pattern in ELA depressions for MIS 4, 3 and 2 glacier
advances (Table 5, Fig. 7). Conditions that may counteract an ex-
pected orographic gradient in ELA depressions from west to east
may relate to the Siberian High, which frequently delivers cold air
masses to the eastern Tian Shan. The Siberian High was generally
stronger over the past 400 years (across the LIA cooling period)
than it has been for the past 25 years (Gong and Ho, 2002; D'Arrigo
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et al., 2005). Hence, during colder periods than today, the Siberian
High may have been strengthened and led to enhanced cold con-
ditions in the eastern Tian Shan, resulting in an additional
depression of the ELA relative to the western Tian Shan, perhaps
counteracting the effect of limited precipitation.

6. Conclusions

Cosmogenic '°Be minimum apparent surface exposure ages for
glacial landforms in the Daxi Valley and the Ala Valley, two major
formerly-glaciated valleys in the Tianger Range, eastern Tian Shan,
China, indicate that five major glacial events occurred in this region
during MIS 6 or older, 4, 3, 2, and 1 (LIA). This glacial chronology is
consistent with glacial chronologies from the western Tian Shan,
indicating similar climate controls on the timing of Quaternary
glaciations along this >1300 km section of the mountain range.
However, only landforms and deposits from glacial events since
MIS 2 are found on the northern slope in our study area of the
eastern Tian Shan, whereas multiple events are recorded in land-
forms and deposits on the southern slope. This contrast may result
from differences in landform preservation and micro-climatology
due to differences in valley aspect and hypsometry. Glacier ad-
vances during the Last Glaciation (MIS 4, 3 and 2) became succes-
sively more restricted, probably reflecting the integrated effect of
temperature and precipitation on glacier mass balance. LIA glacier
advances are the only Holocene (MIS 1) glacial event recorded in
the Tian Shan. Earlier Holocene glacier advances were either absent
or extremely restricted so that they were destroyed by subsequent
LIA glaciers.

An initial comparison between our '°Be-derived glacial chro-
nology and published ESR ages for glacial deposits in the source
area of Urumgqi River indicates that these two methods are not
producing consistent results. This may reflect problems with ESR
resetting, or possibly that the sediment sampled for ESR dating was
deposited by an earlier glaciation than that which deposited the
surface material that was sampled for °Be. If the latter is true, then
this indicates a potential for using ESR dating to constrain the for-
mation ages of glacial deposits, particularly where original surfaces
have been destroyed by subsequent glacial or post-glacial erosion
or have been covered by younger glacial or post-glacial sediments.
Rigorous testing is still needed to check the validity of using ESR to
date glacial deposits and the comparison with cosmogenic nuclide
and OSL dating techniques may be beneficial.
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