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The Kanas River originates on the southern slope of Youyi Peak, the largest center of modern glaciation in
the Altai Mountains in Central Asia. Glaciers advanced and retreated repeatedly during Quaternary
glacial—interglacial cycles in the Kanas River valley, and four moraine complexes and associated gla-
ciofluvial deposits are preserved in the valley. Optically stimulated luminescence (OSL) dating has been
used to determine ages of glaciofluvial deposits (sand lenses sandwiched between tills in moraines)
using a single aliquot regenerative-dose (SAR) protocol. Based on dating results from this and previous
studies (including 'C, electron spin resonance (ESR) and OSL dates) and geomorphic relationships, the
innermost moraine complex was concluded to deposit during the Little Ice Age (LIA), the second
(Akekule) moraine complex was deposited during the Neoglacial, the third (Kanas) moraine complex was
deposited during the last glacial cycle (marine oxygen isotope stage (MIS) 2—4) and the outermost set of
moraines is MIS 6 in ages (penultimate glaciation). The Kanas moraine complex could be divided into
three subsets (III3, Ill; and IlI3), with inferred ages of MIS 2, mid-MIS 3 and MIS 4, respectively, which is
consistent with moraine records from other areas in Central Asia and climate reconstructions from the
Guliya ice core. The glaciers in the Kanas valley at their maximum extents during the LIA, Neoglacial, last
glaciation and penultimate glaciation were 13.8 km, 32 km, ~100 km, and ~ 120 km long, respectively.

© 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Alpine glaciers are highly sensitive to climate change, and
advance or retreat rapidly with changes in temperature and/or
precipitation. Glaciers are also very important and active geomor-
phic agents and are responsible for producing some of the most
spectacular landforms and landscapes on Earth (e.g. cirques, horns,
arétes, hanging valleys, glacial troughs, roche moutonnées, pol-
ished bedrock, lateral moraines, end moraines, hummocky mo-
raines and other features) (Embleton and King, 1975; Benn and
Evans, 2010). Glacial landforms are a direct imprint of past glacial
fluctuations and represent important archives of past climatic in-
formation. Studies of these landforms can provide insights into the
nature of the ancient glacier fluctuations and offer essential infor-
mation for reconstruction of paleoenvironments (Shi et al., 2006,
2011). Alpine glaciers advanced and retreated dramatically during
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Quaternary glacial—interglacial cycles, and glacial successions
occur in valleys, basins and on piedmonts in glaciated regions
throughout world (Ehlers et al., 2011). Dating these glacial land-
forms is a fundamental requirement in studying Quaternary glaci-
ations and reconstructing past climates. Dating techniques,
including optically stimulated luminescence (OSL), electron spin
resonance (ESR) and cosmogenic radionuclides (CRN) are now
widely used to determine the ages of glacial landforms and sedi-
ments (e.g. Yi et al., 2002; Zhou et al., 20024, b; 2007; Owen et al.,
2002b, 2003; Xu and Zhou, 2009; Zhao et al., 2009, 2012; Ou et al.,
2010; Xu et al., 2010; Heyman et al., 2011; Wang et al., 2011, 2013;
Fu et al.,, 2013), which has allowed for significant advances in
research on the pattern and timing of Quaternary glaciations in
China (Shi et al.,, 2011; Zhao et al., 2011).

The Altai Mountains are a major mountain system in Central
Asia, stretching about 2000 km from west (West Siberian in Russia)
to east (Mongolia). The southern slope of the middle segment of the
Altai Mountains (45°47'—49°10'N, 85°27'—91°01’E) is about 500 km
long and is located in the northern part of the Xinjiang Uigur
Autonomous Region. This mountain system includes many East-
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West trending mountain ranges, with the highest peak being Youyi
Peak (4374 m asl). The Altai Mountains were extensively and
repeatedly glaciated during the Quaternary and glacial landforms
are well preserved in valleys and on piedmonts. Dating these
landforms provides a way to reconstruct the temporal and spatial
variation of past glaciers in this mountain system for comparison
with other mountain ranges in Central Asia and the global record of
glaciations.

Quaternary glacial landforms and glaciations in the Kanas River
valley have been studied since the 1980s (Liu and Wang, 1983; Cui
et al., 1992). Early researchers provided valuable insight into the
geomorphology and deposits, but were not able to closely constrain
the ages of glacial landforms and sediments because of the lack of
well-developed absolute dating techniques at that time. Recent work
has begun to provide constraints on some of the landforms in this
valley, and Xu et al. (2009) have provided four initial OSL ages for one
moraine complex in the valley named locally as the Kanas glaciation.
However, controversy over these dates compared with the climatic
record provided by the Guliya ice core in the West Kunlun Mountains
(Thompson et al., 1997; Yao et al., 1997) and the RM core in the
eastern Qinghai-Xizang Plateau (Wu et al., 2000) indicates that more
extensive dating of this moraine complex and other moraines in the
valley is needed to refine the chronology. Thus, we used OSL dating to
determine the ages of lateral moraines in the main glacial trough and
glacial landforms and sediments of the Kanas glaciation. This paper
describes the Quaternary glacial landforms in the Kanas Valley and
synthesizes new OSL data with previous dating results (*C, OSLand
ESR) to provide new insight into the timing of Quaternary glaciations
and glacial landform evolution in this valley.

2. Regional setting

The Kanas River originates on the southern slope of Youyi Peak,
which is located on the border between China, Mongolia and
Russia. The Kanas River is about 125 km long and flows south-
westward to the Burqin River and is a very important secondary
tributary of the Irtysh River. Youyi Peak and several other peaks
with altitudes of more than 4000 m form the largest center of
modern glaciation in the Altai Mountains. There are 210 active
modern glaciers in the Kanas River valley with equilibrium-line
altitudes (ELA) between 3020 and 3360 m asl. Types of glaciers
include hanging glaciers, cirque glaciers, single valley glaciers and
compound valley glaciers, with a total area of about 209.5 km? and
an ice volume of about 13.34 km® (Liu et al., 1982). Three valley
glaciers with their lengths of more than 5 km are present in this
valley, most notably the Kanas glacier, which is a compound valley
glacier with several tributaries. In 1980, the Kanas glacier was about
10.8 km long, had an area of about 30 km? and an ice volume of
about 3.92 km?, and had its terminus at 2416 m asl (Liu et al., 1982).
We observed that the terminus of the Kanas glacier in 2009 is at
about 2460 m asl, which is more than 40 m higher than the 1980
position as a result of about 800 m of glacier retreat.

The climate of the Altai Mountains is dominated by mid-latitude
westerlies, with precipitation directly influenced by the westerly
circulation. A cold anticyclone typically develops during the winter
over mid-Siberia and Mongolia as the primary control on the
winter climate of the Altai Mountains. Occasionally, a polar air mass
invades this area along the Irtysh River valley, resulting in low
temperatures and snowfall in the mountainous area. Commonly,
snowfall makes up 45—50% of the total annual precipitation, and
the snow depth is 1.5—2.0 m in areas above 2000 m asl. Based on
the snow pit data from the Kanas glacier, the annual precipitation at
the ELA is 700—800 mm water equivalent (Liu et al., 1982), and
meteorological data from the Altai Meteorological Station, with an
environmental lapse rate of ~0.59 °C/100 m, indicating that the

mean annual temperature at the ELA is about —7 to —8 °C (Wang
et al., 1983).

3. Glacial landforms

Glacial erosional and depositional landforms are widespread in
the Kanas River valley (Fig. 1).

3.1. Glacial depositional landforms

Glaciers have been retreating in the Kanas River valley since the
Little Ice Age (LIA), and the imprints of recent glacier retreat (during
the past three decades) are very clear along the margins of modern
glaciers. This includes fresh moraines beyond the terminus of the
Kanas glacier, extending from 2460 m asl to 2416 m asl and
distributed along an 800 m length of the valley.

From the modern moraine complex of the Kanas glacier (2416 m
asl) to the lower regions of the valley at1200 m asl, there are four
sets of moraines in this drainage (Fig. 1). The first and innermost
moraine complex occurs between 0.8 and 3 km from the terminus
of the Kanas glacier and at an altitude of between 2416 m asl (1980
position) to 2250 m asl. The glaciation that produced this moraine
complex has been named the Youyifeng glaciation by Liu and Wang
(1983). The complex consists of several end moraines separated by
areas several meters lower, and the moraines have incipient
weathering but no soil development. Shrubs and some coniferous
trees have colonized the outmost margin of the moraine complex,
and the trees are mainly firs with trunk diameters less than 10 cm.
The main lithology of the till clasts is granite.

The second set of moraines occurs at about 1800 m asl, consists
of three end moraines, and is about 18 km down valley from the
moraine complex of the Youyifeng glaciation. The height of the
innermost end moraine is about 20—40 m, of the middle is about
100 m, and of the outermost is about 60 m (Cui et al., 1992). Clasts in
the till are mainly granite and schist, and boulders on the moraine
surface show signs of weathering. The moraines have a 20—30 cm-
thick dark brown soil that supports coniferous forest.

The Kanas River is blocked by this moraine complex, and a
moraine-dammed glacial lake of ~9 km? developed behind it
(Fig. 2). The local people call this lake “Akekule Lake” and this
glaciation has therefore been named the Akekule glaciation (Cui
et al., 1992). Two lateral moraines are preserved between the
Youyifeng and the Akekule moraine complexes, and they occur
about 60—100 m and 150—200 m above the Kanas River. Field
investigation and geomorphic relationships indicate that the lower
lateral moraine was formed during the Akekule glaciation.

The third set of moraines in this valley is located at the outlet of
Kanas Lake and extends about 3.5 km from north to south along the
Kanas River. The glaciation producing this moraine complex has
therefore been named the Kanas glaciation (Liu and Wang, 1983;
Cui et al.,, 1992). This moraine complex is the largest of the suc-
cession and consists of more than ten end moraines that have well-
developed gray-cinnamon soil and abundant vegetation cover.
These moraines have crests about 20—40 m above the Kanas River
and weathered granite boulders 1-2 m in diameter. The features of
the glacial landforms have led to the subdivision of the moraines
into three subsets (Il Ill; and IlI3) (Fig. 3). The Ill; moraine com-
plex is the largest and consists of 7—9 end moraines at an altitude
between 1370 and 1400 m asl and the relative height between
them is 5—10 m. The Ill; moraine complex is 2.5—3.0 km from the
outlet of the Kanas Lake. It consists of 3 end moraines that have a
gray-cinnamon soil with a depth of ~25 cm. The Ill3 moraine
complex is about 3.5 km from the outlet of the Kanas Lake, and
consists of 3—4 end moraines with widths of about 400—500 m.
They are overlain by ~50 cm of loess in which a 20 cm-thick gray-
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Fig. 1. Geomorphological map of the Kanas River valley (low one modified from Cui et al., 1992).

cinnamon soil has developed. An outwash with horizontal bedding
corresponding to these moraines is preserved down valley. The li-
thologies of the till clasts are granite, schist, sandstone, shale and
limestone. Geomorphic relationships indicate that lateral moraines
that preserved discontinuously in the main glacial trough between
Akekule Lake and the Kanas Lake were also formed during the
Kanas glaciations, as was a higher lateral moraine between the first
moraine complex and Akekule Lake.

The outermost moraine complex (the fourth moraine complex)
is located at an altitude of between 1600 and 1200 m asl, about 18—
20 km from the outlet of Kanas Lake. Glacial landforms here have
undergone significant erosional modification since they were
formed, the moraine complex is presented by benches of till about

200 m above the Kanas River that have deeply weathered granite
and schist boulders on their surfaces. The degree of the weathering
compared to that on the moraine complex of the Kanas glaciaiton
indicates that this moraine complex represents an older glaciation.
Along the road, till clasts in road cuts have lithologies similar to
those in deposits of the Kanas glaciations, granite, schist, sandstone,
shale and limestone. In addition, there are some highly weathered
granite erratic boulders 1-2 m in diameter on ridges of pre-
Cambrian phyllite bedrock at an altitude of between 1850 and
2150 m asl. Unfortunately, no original glacial landforms are pre-
served. Therefore, it is reasonable to conclude that the deeply
weathered erratic boulders are relicts of a much older glaciation in
this drainage.
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Fig. 2. Akekule moraine-dammed lake and Akekule moraine complex.
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Fig. 3. Photo of the end moraines of the Kanas glaciation at the outlet of the Kanas Lake (provided by Dr. Xu Xiangke).

3.2. Glacial erosional landforms

Glacial troughs are the most outstanding glacial erosional
landform in this drainage. The whole Kanas valley is a well-
developed glacial trough, extending ~100 km from the terminus
of the Kanas glacier at 2460 m asl to an altitude of about 1200 m asl.
Hanging valleys, which are also well developed on both sides of the
Kanas glacial trough, demonstrate that past glaciers in the Kanas
valley included large compound valley glaciers. Cirques are another
outstanding erosional landform in this valley (Fig. 4). Most of the

cirques occur at an altitude of 2600—2700 m asl. Other erosional
features, including horns, arétes, roche moutonnées and polished
bedrock are also well developed in this drainage.

4. Methods

To constrain the chronology of glaciation in the Kanas River
valley, five samples for OSL dating were collected from natural or
man-made sections. Two samples were collected from the lateral
moraine in the headwaters (K-1 collected from the higher lateral

Fig. 4. Cirques located to the southwest outlet of the Kanas Lake (48°40'N, 86°55’E. ~2600 m asl).
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moraine between the Youyifeng and the Akekule moraine com-
plexes and K-2 collected from the lateral moraine, about 2 km
downward to the Akekule lake) and the other three samples
collected from the end moraines of the Kanas glaciation (Figs. 1 and
5). The samples were all taken from fluvioglacial deposits (sand
lenses) that were sandwiched between till in the moraines. The
samples were collected using metal tubes to ensure that they were
not exposed to light.

The samples were analyzed in the OSL chronology laboratory at
the Qinghai Institute of Salt Lakes, Chinese Academy of Sciences
(CAS), Xining. The samples in the metal tubes were sub-sampled
under safe red laboratory light. The outer 2—3 cm of each end of
each sample was removed and the interior was chemically treated
and then sieved to collect the 38—63 pm size fraction which was
then treated following the procedures described by Ou et al. (2010),
Zhang et al. (2012) and Zhao et al. (2012). The material in the 38—
63 pm size fraction was etched with 35% hydrofluorosilicic acid
(H3SiFg) for about 2 weeks to dissolve feldspars and then with 10%
HCI to remove fluoride precipitates. The purity of treated quartz
grains was checked by IR stimulation to ensure that feldspar
contamination had been efficiently removed. Samples with obvious
IRSL (infrared stimulated luminescence) signals were re-treated
with H,SiFg to avoid age underestimation (Lai and Briickner,
2008). Quartz grains were then mounted on stainless steel discs
(10 mm in diameter) using silicone oil.

OSL measurements were performed on a Rise TL/OSL-DA-20
reader. To keep any residual IRSL signals from affecting the equiv-
alent dose (D) estimation, a post-IR dating procedure was applied.
The quartz discs were stimulated by infrared stimulation for 100 s
at 0 °C before blue light stimulation using the double-SAR protocol
(Banerjee et al., 2001). Based on previous studies (Ou et al., 2010;
Zhang et al., 2012; Zhao et al., 2012), 260 °C (10 s) was selected
as the preheat temperature for the blue light stimulation experi-
ment. Stimulation with blue LEDs (A = 470 4 20 nm) lasted for 40 s
at 130 °C. The OSL signal was detected using a 9235QA photo-
multiplier tube with a 7.5 mm thick Hoya U-340 detection filter.
Fig. 6 shows typical OSL decay curves for sample K-1 for natural
dose (N), test dose (TD = 14.9 Gy), and regeneration doses of 209 Gy
and O Gy. The curves show that the OSL signal decreases very
quickly in the first second of stimulation, indicating that the signal
is fast component dominant. For most aliquots, the recycling ratios

were acceptable, implying that the test dose corrected for sensi-
tivity changes appropriately.

Des were determined using both the single-aliquot regenerative-
dose (SAR) protocol (Murray and Wintle, 2000) and the standard-
ized growth curve (SGC) methods (Roberts and Duller, 2004; Lai,
2006). For each sample, 6 aliquots were used for D, determination
using the SAR protocol (Fig. 7), and the SGCs were constructed using
the SAR data. Then, 16—18 additional aliquots were prepared and
measured for the natural (Ly) and test dose (Ty) under the same
conditions as those for the SAR procedure. The test dose corrected
natural OSL signal level (Ly/Ty) was then matched with the SGC to
obtain a D, value. The Des determined by SGC and SAR protocols are
in agreement. The final D, is the mean of SAR Des and SGC Des.

The concentrations of U and Th and the K content were deter-
mined by neutron activation analysis (NAA) at the China Institute of
Atomic Energy, Beijing. The annual dose rate (D) was estimated
from these radioactive elements, the samples’ water contents and
cosmic ray contribution (Prescott and Hutton, 1994). Ages were
calculated using the following equation:

_ De

T=5

where D, is the equivalent dose and the D is the annual dose rate.

5. Results and discussion

For each sample, systematic and random errors in the De value
were evaluated and uncertainties in cosmic ray contribution,
secular water content, concentrations of U and Th and K content
were considered. Take these uncertainties into account, the total
uncertainty for each sample was estimated. The details of the
sample sites, parameters used in the calculations are listed in
Table 1. The OSL dating results in this study indicate an age order for
the moraines that is consistent with the geomorphic and strati-
graphic order of the features as well as with the weathering and soil
development sequence of the moraines. However, because some
concerns have been raised about using OSL in glacial sediments, we
first discuss OSL setting in glacial environments and demonstrate
that the samples used here were well bleached, before discussing
the wider implications of the OSL ages.

Fig. 5. Well-exposed glacial sediment section and OSL ages.



Table 1

OSL dating results and parameters used in calculations

TD (Gy) Age (ka)

Dose rate
(Gy/ka)

K (%) Water

Th (10°°)

U (1079

Samples’ locations and description

Lab No.

(%)

Sample’s description

Depth/m

0.3

Altitude/m asl

2352

Latitude/N

Longitude/E

106.57 +£2.01 27.2+2.0

2.38 3.92 + 0.07

244 +0.23 9.70 £ 0.25 2.15 + 0.08

Sand lenses in the higher lateral moraine
between the Youyifeng and the Akekule

moraine complexes

87°36'57.52"  49°07'42.31"

K-1

7294 + 443 161+ 1.5

4,53 +0.28

8.83

15.88 +£ 037 2.36 + 0.07

3.54 + 0.21

Sand lenses in the lateral moraine

87°29'36.19”  49°02'47.89” 1834 0.8

K-2

downward (~2 km) to the Akekule lake
Sand lenses in the Il moraine complex

of the Kanas glaciation

43.6 £6.7

164.5 + 24.1

345 +0.24

81

2.

15.09 +0.35 1.69 + 0.07

3.11 £ 0.21

0.6

1380

48°41'50.36"

87°01'12.85"

K-3

3.50 + 0.16 1825+ 258 52.1+78

8.83

940 + 0.24 1.81 +0.07

2.35 +0.21

Sand lenses in the IIl; moraine complex

of the Kanas glaciation

87°02'09.95”  48°42'09.39” 1399 0.3

K-5
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3.47 +£0.16 2534 +19.7 73.1+6.6

2.37

10.05 +£ 0.25 1.84 + 0.07

2.04 + 0.17

87°00'55.49" 48°41'32.22" 1378 0.4 Sand lenses in the 115} moraine complex
of the Kanas glaciation

K-4

8000

6000

4000

Regeneration dose= 209 Gy

OSL signal intensity (c/0.16s)

2000

0 1 2 3 4 5 6 7 8 9 10
Stimulation time (s)

Fig. 6. OSL decay curves of natural dose (N), test dose (14.9 Gy), and regeneration
doses of 209 Gy and 0 Gy for sample K-1.

5.1. Resetting OSL signals in glacial environments

An important assumption of the OSL dating technique is that the
mineral grains were bleached before the sediments were depos-
ited. After bleaching and deposition, luminescence signals are built
up over time as a result of radiation emitted from natural radio-
active elements and cosmic rays. Previous studies have shown that
some glacigenic sediments are only partially bleached (Duller, 1994,
2006; Fuchs and Owen, 2008; Thrasher et al., 2009), and that the
possibility of exposure and bleaching of the grains decreases in
order from supraglacial debris, to englacial debris, to basal debris.
This is consistent with the structure and movement of mountain
glaciers (Shi et al., 1989) and formation models for lateral moraines
(Small, 1983), which indicate that glacigenic sediments of alpine
glaciers may have opportunities for exposure. However, fluviogla-
cial deposits should be better bleached than tills (Fuchs and Owen,
2008; Thrasher et al., 2009). Although some studies have indicated
that the glacigenic sediments can potentially be bleached (Ou et al.,
2010; Zhang et al., 2012). Zhao et al. (2012) working in the eastern
segment of the Tianshan range has argued that fluvioglacial de-
posits (sand lenses) are much more suitable for dating than tills, if
they are available.

D, frequency histograms have been used to detect partially
bleached sediments by some researchers (Murray et al., 1995; Olley
etal,, 1998, 1999; Bge et al., 2007; Ou et al., 2010; Zhang et al., 2012;
Zhao et al., 2012). For well-bleached sediments, the frequency his-
tograms have a narrow and almost normal distribution, whereas,
partially-bleached sediments have frequency histograms with a
broad distribution and are skewed towards the larger D, values

Ln/Tn

Dose (Gy)
0.0 T T T T

0.0 50 100 150 200

Fig. 7. Growth curve of single-aliquot regenerative-dose for sample K-1.
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De=106.57+2.01 Gy
(n=21)

Frequency
N

0 40 80 120 160
De (Gy)

Fig. 8. D.s histogram of sample K-1. The empty column (aliquot with and abnormally
high dose) is excluded when calculating the average D,.

(Duller, 2004; Fuchs et al., 2007). The D, frequency histograms ob-
tained for our samples have a narrow and nearly symmetric shape
(Fig. 8), indicating that sufficient bleaching of the quartz grains
occurred in the fluvioglacial samples used in this study.

5.2. Quaternary glaciations and glacial landform evolution

Quaternary glacial successions in the Kanas River valley provide a
promising opportunity for understanding palaeo-environmental
variations in this segment of the Altai Mountains, and numerical
ages provide a temporal framework for examining the glacial land-
form evolution. Ages determined previously using OSL, '4C and ESR
from deposits in this valley (Cui et al., 1992; Xu et al., 2009; Xu, 2010)
allow for comparisons with our dating results from glaciofluvial
deposits (Table 2). A comparison of the dates and other palae-
oclimate records demonstrates that there has been a complex and
long history of landform evolution in this drainage (Figs. 9 and 10).

Table 2
Dates of glacial sediments inferred from this study and previous works

region in the 13th—19th centuries (Agatova et al., 2012). In addition,
lichenometric results for three end moraines close to modern gla-
ciers in the headwaters of the Urumgi River in the Tianshan range,
which is also under the influence of the mid-latitude westerly cir-
culation, are 1538 + 20 a AD, 1770 & 20 a AD and 1871 4+ 20 a AD
(Chen, 1989). Although we have no absolute dates on the first
moraine complex in the Kanas Valley, from its position and from
the regional chronology we hypothesize that this first moraine
complex was deposited during the LIA. Based on the pattern of
glacial landforms, the Kanas glacier was about 13.8 km long at its
maximum extent during this time.

Previous works showed that the special inorganic deposit, such
as carbonate coating on glacial deposits (e.g. boulders) could be
used to define the timing of glaciations (Cui et al., 1992; Yi et al,,
1998, 2004). Cui et al. (1992) dated a carbonate coating that
collected from boulder by '#C to 4040 + 80 a BP. This is consistent
with '4C ages for the Akkem stage (from 4900 to 4200 cal years BP)
in the North Chuya range (Agatova et al.,, 2012). Based on this
previous work and the consistency with the chronology in the
adjacent area of the Russian Altai, we conclude that the Akekule
glaciation is Neoglacial in age, and at this time, the Kanas glacier
was up to 32 km long.

Previous work on the Kanas glaciation is controversial because of
a potential lack of synchronicity with global records. Although it has
often been assumed that mountain glaciations were occurring
global synchronously (Broecker and Denton, 1990), there is
increasing evidence that glacial advances varied regionally during
the last glacial cycle, and that the local last glacial maximum (LGML)
did not everywhere coincide with the temperature minimum dur-
ing the global Last Glacial Maximum (LGMg) (Mix et al., 2001; Clark
etal.,, 2009), as first described by Gillespie and Molnar (1995). Since
then, many studies in High Asia have tested and partially confirmed
this view (Owen et al., 2002a, 2003; Zech et al., 2003; Finkel et al.,
2003; Kamp Jr. et al., 2004; Zech et al., 2005; Abramowski et al.,
2006; Zhao et al., 2007, 2009, 2010; Koppes et al., 2008; Gillespie
et al., 2008; Shi et al., 2011; Heyman et al., 2011; Fu et al., 2013;
Wang et al., 2013). Therefore, glaciations and landform evolution

Sampling sites Dating Results and sources Glaciations or MIS
techniques
The Akekule moraine complex 14c 4040 + 80 a BP Cui et al. (1992) Neoglaciation
Higher lateral moraine between the Youyifeng OSL 27.2 £ 2.0 ka (K-1), 16.1 & 1.5 ka MIS 2
and the Akekule moraine complexes; lateral (K-2) this study
moraine downward (~2 km) to the Akekule lake
I1l; moraine complex of the Kanas glaciation OSL 28.2 + 3.3 ka (KNS07-50) Xu et al. (2009) MIS 2
Il moraine complex of the Kanas glaciation OSL 34.4 + 4.2 ka (KNS07-67); 38.1 + 4.5 ka MIS 3a
(KNS07-68) Xu et al. (2009)
43.6 + 6.7 ka, 52.1 + 7.8 ka this study mid-MIS 3
Il moraine complex of the Kanas glaciation OSL 49.9 + 5.4 ka (KNS07-57) Xu et al. (2009) MIS 3b
73.1 + 6.6 ka this study MIS 4
The fourth set of moraine complex ESR 125 + 12 ka (KNS08-33), 156 + 15 ka MIS 6

(KNS08-34), 167 + 16 ka (KNS08-35),
123 + 18 ka (KNS08-41), 137 + 14 ka
(KNS08-42) Xu (2010)

The pattern of moraines most commonly found in Western
China, has a first set of the moraines close to but beyond the
modern glacier that were deposited during the LIA (Shi et al., 2006,
2011). The 'C chronology of glacial sequences in the North Chuya
range, northeast of the Youyi Peak area in Russia provides a good
reference for discussing the timing of the first moraine complex in
this drainage. The ™C chronology of the Aktru glacial stage in the
North Chuya range shows that LIA glacial advances occurred in this

related to the Kanas glaciation must be discussed in detail before
drawing any paleoclimatic conclusions.

Based on available OSL ages (Xu et al., 2009; Xu, 2010 and this
study), the multiple end moraines of the Kanas glaciation were
deposited during the last glaciation. According to the features of
Kanas moraine complex, the dates could be divided into three
clusters. They are 16.1—28.2 ka, 38.1—-52.1 ka and 73.1 £ 6.6 ka. This
is similar to the glacier development pattern reported for the Tumur
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Fig. 9. A comparison of Quaternary glacial chronology in the Kanas River valley with different records. (a) dating results and their errors; (b) Marine oxygen isotope stage (MIS); (c)
the §'80 record of the Guliya ice core (modified after Yao et al., 1997); (d) the 3'30 record of the 57 globally distributed benthic sediments (modified after Lisiecki and Raymo, 2005).

Peak area of the Tianshan range by Zhao et al. (2010). The first
cluster of ages (16.1—28.2 ka) indicate that the Ill; moraine complex
was deposited during the late period of the last glaciation, corre-
sponding to MIS 2. The III; moraine complex ages (38.1-52.1 ka)
indicate that it was deposited during the last interstadial, corre-
sponding to mid-MIS 3, and the glacier during this period was
slightly larger than that during MIS 2. The age of the Ill3 moraine
complex (73.1 +6.6 ka; MIS 4) demonstrates that the LGM| occurred
in the early period of the last glaciation rather than during the LGMg
during MIS 2. The glacial landforms show that the Kanas glacier was
~100 km long at its maximum extent during the last glaciation.
Climatic conditions during the last glaciation have been recon-
structed in several ways. Based on geomorphology, previous
studies (Liu and Wang, 1983; Cui et al., 1992) have suggested that
the cirques, whose floors are located at an altitude between 2600
and 2700 m asl were formed during the last glaciation. This leads
them to conclude that the ELA was lowered about 600—700 m
during last glaciation. Shi et al. (2000, 2006) proposed that the
climate was cold and dry during the last glacial cycle and Shi et al.
(2000) inferred that the humidity during MIS 4 was higher than

—> SW

Moraine complex
of LIA

that during MIS 2 in western China, especially in westerly circula-
tion areas. This may provide an explanation for the LGM; occurring
during MIS 4 rather than MIS 2 in this region. The existence of a
glacial expansion during MIS 3 is counter to the general global re-
cord, however, the Guliya ice core record for MIS 3 (58—32 ka) (Yao
et al, 1997) includes a marked cold period during mid-MIS 3
(Fig. 9¢). In addition, geomorphology and sedimentology research
has shown show that high lake levels and large fresh-water lakes
have been present in the northwestern part of the Qinghai-Xizang
Plateau and in the arid areas of Central Asia since mid-MIS 3 (Li
et al., 1998, 2008; Zhang et al., 2002, 2004; Herzschuh, 2006).
Together, these proxies suggest that a cold and humid climate
prevailed in areas influenced by the westerly circulation during
mid-MIS 3, which is consistent with a glacial advance in the Kanas
River valley at that time. In addition, recent geomorphological and
chronological evidence shows that glacial advances also occurred
during MIS 3 in other mountainous areas in Central Asia (Zech et al.,
2005; Abramowski et al., 2006; Gillespie et al., 2008; Koppes et al.,
2008; Zhao et al., 2009, 2010; Zech, 2012). Therefore, it is reason-
able to conclude that a cold-humid climate during mid-MIS 3
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Fig. 10. Longitudinal profile of the Kanas River valley showing the moraine complexes of the different glaciations (modified after Cui et al., 1992).
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caused a glacial advance in the Kanas River valley that was slightly
larger than the advance during MIS 2 in this drainage.

The fourth moraine complex in the Kanas River valley has pre-
viously been dated with ESR techniques using germanium (Ge)
centers in glacial quartz grains by Xu (2010). Previous studies
indicate that Ge centers are sensitive to ultraviolet light, sunlight
and grinding (Tanaka et al., 1985; Buhay et al., 1988; Jin et al., 1991;
Ye et al, 1993, 1998; Walther and Zilles, 1994; Rink, 1997). ESR
dating techniques have been successful in determining the ages of
some glacial deposits and important results have been obtained (Yi
et al,, 2002; Zhou et al., 20024, b; Zhao et al., 2006, 2009, 2010; Xu
and Zhou, 2009; Wang et al., 2011). Five ESR dates were obtained by
Xu (2010) from the fourth moraine complex (Figs. 9 and 10), with
ages of 125 + 12 ka (KNS08-33), 156 + 15 ka (KNS08-34),
167 & 16 ka (KNS08-35), 123 + 18 ka (KNS08-41), and 137 + 14 ka
(KNS08-42), which are equivalent to MIS 6. These dates indicate
that the fourth moraine complex was deposited during the
penultimate glaciation. After this glaciation, the glacial landforms
have been undergone a long period of erosion, and so the present
landscape is not a good indicator of the landscape directly after
glaciation. Based on the location of the fourth moraine complex, the
Kanas glacier was at least ~ 120 km long during the MIS glaciation.

In addition to the fourth moraine complex, erratic granite
boulders found at an altitude of between 1850 and 2150 m asl on
both sides of the Kanas River with an even greater degree of
weathering than those on the fourth moraine complex may
represent and even older glaciation in this drainage. Studies of the
oldest glaciations in the Qinghai-Xizang Plateau and its bordering
areas, and as well as in the Tianshan range (Zhou et al.,, 2002a,
2006; Owen et al., 2006; Wang et al., 2006; Zhao et al., 2006,
2009), lead us to suggest the possibility that these weathered
erratic may record glaciations in this drainage during MIS 12,
however, additional research is needed to test this hypothesis.

6. Conclusion

Four sets of moraines occur in the Kanas River valley, Altai
Mountains. Based on available dating results (*C, OSL and ESR) and
geomorphic relationships, the moraines close but beyond the mod-
ern glacial landforms were deposited during the LIA, the Akekule
moraine complex was formed during the Neoglacial, the multiple end
moraines of the Kanas glaciation were deposited in the last glacial
cycle during MIS 2—4, and the outermost moraine complex was
deposited during the penultimate glaciation, corresponding to MIS 6.

The glacial landforms indicate that the ancient Kanas glaciers at
their maximum extensions during the LIA, Neoglacial, last glacia-
tions and penultimate glaciations were 13.8 km, 32 km, ~100 km,
and ~120 km long respectively. The landforms of the Kanas
glaciation show that three large glacial advances occurred during
the last glaciation, with ages equivalent to MIS 2, mid-MIS 3 and
MIS 4. Thus in the Kanas River valley, a glacier which was slightly
larger than that during the LGM¢ (MIS 2) occurred in mid-MIS 3.
The LGM{ occurred during the early period of the last glaciation
(MIS 4) rather than LGMg (MIS 2). Evidence for an even more
extensive and earlier glaciation requires further research to estab-
lish the timing of this event.
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