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Kongur Mountain is the largest center of modern glaciation on the Pamir Plateau. During the glacial-interglacial cycles of the 
Quaternary, Kongur Mountain was extensively and repeatedly glaciated, and the glacial landforms from multiple glaciations 
are well-preserved in valleys, in basins, and on the piedmonts. Dating samples have been collected according to the distribution 
and weathering of the glacial tills, the relationship among the glacial deposits, and the loess or soil developed on the moraines. 
Electron spin resonance (ESR) dating of the samples was done using the germanium (Ge) centers in the glacial quartz grains, 
which are sensitive to both sunlight and grinding. The ages of the glacial deposits can be divided into four clusters, i.e., 
13.1±0.8–27.0±2.2, 36.4±3.3–48.7±5.7, 65.6±6.8–86.6±8.9, and 105.6±9.4–178.3±17.8 ka. Six glacial advances in this region 
have been confirmed, which are equivalent in age to the Little Ice Age (LIA), Neoglaciation, marine oxygen isotope stages 
(MIS) 2, mid-MIS3, MIS4, and MIS6. The largest local last glacial maximum (LGML) occurred during MIS4 rather than the 
global Last Glacial Maximum (LGMG) of MIS2, and a glacial advance that occurred during mid-MIS3 was also larger than the 
LGMG. Furthermore, deeply weathered tills below 3500 m a.s.l. on the western slope of Kongur Mountain, when compared 
with the ages of the oldest glaciation of the Muztag Ata region, likely occurred prior to the penultimate glacial cycle. The gla-
cial landforms prior to the penultimate glacial cycle on the northern slope are not well-preserved due to erosion after deposition. 
Several glacial deposits are only speculated to be distributed at higher elevations on the southwest side of the Gaizi Checkpoint. 
The extensive hummocky moraines on the western slope were formed by multiple glacial advances, and the latest glacial ad-
vance corresponded to mid-MIS3. 
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The Qinghai-Tibetan Plateau and the bordering mountains 
is a special geographical unit in the low and middle latitudes 
in the Northern Hemisphere. Well-preserved glacial land-
forms throughout the Qinghai-Tibetan Plateau and its bor-
dering mountains contain important information about past 

glacial processes and climatic changes. Studies of these 
landforms could provide essential information for recon-
structing the paleo-environment in the region. Since the 
beginning of the last century, many scholars have focused 
on studying these landforms. Based on the distribution and 
weathering of the glacial tills, the relationship among the 
glacial deposits, and the loess or soil development on the 
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glacial landforms, more than one hundred local glaciations 
have been found. Unfortunately, few absolute dating is 
available for these local glaciations; therefore, controversy 
remains on the timing of these glacial landforms and sedi-
ments. In the past several years, dating techniques have 
been refined and applied widely, including electron spin 
resonance (ESR), optically stimulated luminescence (OSL), 
and terrestrial cosmogenic nuclide (TCN), which can poten-
tially directly determine the ages of glacial landforms and 
sediments. These techniques have made it possible to de-
termine the timing of glaciations systematically. At present, 
more studies are focused on the glacial landforms in the 
eastern and southern parts of the Qinghai-Tibetan Plateau, 
which are dominated by monsoon circulation [1–9]. By re-
viewing these publications, we found that the glacial ad-
vance during marine isotope stage (MIS) 3 was larger than 
that during the global Last Glacial Maximum (LGMG) [4, 5]. 
However, there are few data regarding the timing of the 
Quaternary glaciations in the northwestern part of the 
Qinghai-Tibetan Plateau. Therefore, the timing of glacial 
landforms in this area should be studied further. 

Eastern Pamir, which is located in the northwestern part 
of the Qinghai-Tibetan Plateau, is adjacent to the western 
margin of the Tarim Basin. The Pamir Plateau has been one 
of the most intensive tectonically uplifted regions of the 
Qinghai-Tibetan Plateau since the collision between the 
Indian and Eurasian continental plates during the Cenozoic. 
In addition, it is an outstanding example of crustal shorten-
ing during continental collision that may have been ac-
commodated by the formation of a thick crust and/or conti-
nental subduction [10, 11]. Most of the land areas of this 
region lies between 3300 to 6000 m a.s.l. [12]. There are 
several peaks above 7000 m a.s.l., which are the centers 
where the alpine glaciers develop. These glaciers experi-
enced large advances and retreats during the gla-
cial-interglacial cycles of the Quaternary, and the glacial 
landforms from the multiple glaciations are well-preserved 
in the valley, in the basin, and on the piedmont. 

The Quaternary glacial landforms and moraines in East-
ern Pamir have been studied since the 1950s [13–18]. Cui 
[13] carried out fieldwork on the western slope of Muztag 
Ata in 1959 and proposed four glaciations. Subsequently, a 
more detailed and extensive field study was undertaken by 
the Team of Comprehensive Scientific Expedition (1987– 
1992, sponsored by the Chinese Academy of Sciences) in 
the Qinghai-Tibetan Plateau; they suggested that the glacial 
landforms in this region could be assigned to the Little Ice 
Age (LIA), the Neoglaciation, the Kelayayilake, the Kala-
kule and Subashidaban Glaciations in the Muztag Ata and 
Kongur Mountain [14–16]. Ono et al. [17] calculated the 
equilibrium line altitudes (ELAs) of modern glaciers in 
Kongur Mountain and Kungai Shan. According to the dis-
tribution of moraines, they also calculated the ELAs of the 
last glacial cycle and the penultimate glacial cycle. Recently, 
Seong et al. [18] applied the TCN 10Be dating technique to 

date the timing of the Quaternary glacial landforms between 
Muztag Ata and Kongur Mountain, and three glacial stages 
(Olimde, Subaxh and Karasu glacial stages) were found. 
However, the well-preserved glacial landforms, especially 
the glacial landforms of the last glacial cycle, are present on 
the northern slope of Kongur Mountain, unlike those that 
formed between Muztag Ata and Kongur Mountain. In this 
paper, we used ESR dating techniques to determine the 
timing of the glacial landforms on the northern and western 
slopes of Kongur Mountain and present new chronological 
evidence for this region. Based on the principles of geo-
morphology and stratigraphy and the available dates, we 
will further discuss the Quaternary glaciations in this re-
gion. 

1  Study area 

Kongur Mountain covers a portion of the southeastern Pa-
mir Plateau, and is situated between Kungai Mountain in the 
north, Muztag Ata in the south, and the Kangxiwa River in 
the west, which flows northward and joins the Gaizi River 
(Figure 1). There are 21 peaks above 7000 m a.s.l. in this 
range, with an average elevation of approximately 4000 m 
a.s.l. and with the highest peak at 7719 m a.s.l. (Kongur-
jiubie). The climate of Kongur Mountain is dominated by 
mid-latitude westerlies and local air circulation. The effects 
of the mountain barriers result in moisture from the westerly  
 

 

Figure 1  Landsat ETM+(Enhanced Thematic Mapper Plus) image and 
the sample’s location in the Kongur Mountain region. 
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air masses mainly causing rain in Western Pamir, and make 
it impossible for the South Asian monsoon to reach the 
Eastern Pamir; therefore, the Kongur Mountain region stays 
very dry [19, 20]. At Bulunkou Station (38°44′N, 75°02′N, 
3310 m a.s.l.) on the western slope of Kongur Mountain, the 
mean annual temperature is 0.7°C, and the mean annual 
precipitation is 131.1 mm. Most of the precipitation occurs 
between May and September and accounts for 77.2% of the 
annual total.  

Kongur Mountain, the largest center of modern glacia-
tion in the Pamir Plateau, is a typical region with extreme 
continental glaciers in China. There are 327 modern glaciers 
with a total area of 640.15 km2 in this region [21]. It con-
tains six valley glaciers with a length of more than 10 km 
(Table 1). The most notable glaciers are Kelayayilake and 
Qimugan, which comprise an area of 128.15 km2 and 
103.71 km2, respectively [22]. The present ELAs of the 
southern slope of Kongur Mountain are between 4900 m 
and 5100 m a.s.l., and the ELAs of the northern slope are 
approximately 4800 m a.s.l. The mean annual precipitation 
at present ELAs is 477–679 mm, and the mean annual tem-
perature is approximately −10 to −13.3°C [21]. The hydro-
logical data from the Keleke Station show that the Gaizi 
River has a mean annual discharge of 9.78×109 m3, 77.83% 
of which is glacier meltwater [23]. The abundant glacier 
meltwater acts as a vital supply resource to the rivers in this 
region.  

2  Quaternary glacial sediments 

2.1  The northern slope of Kongur Mountain 

The Kelayayilake Glacier is the largest valley glacier on the 
northern slope of Kongur Mountain with an area of 128.15 
km2, a length of 20.3 km, and a present ELA at 4220 m a.s.l. 
[22]. Six distinctive sets of well-preserved moraines and 
associated glacial sediments are present from the terminus 
of the modern glacier (2700 m a.s.l.) to the Gaizi Check-
point (Figures 2, 3); therefore, this is an ideal region to re-
construct the paleo-glaciation.  

The first set of moraines occurs beyond the terminuses of 
the modern glaciers. The landforms consist of two end mo-
raine ridges, which are 10–20 m higher than the river bed in 

front of the terminus of the Kelayayilake Glacier. The lat-
eral moraines distributed on both flanks of the glacier are 
the second set of moraines, which rise approximately 70 m 
above the glacier surface and extend downward to 2480 m 
a.s.l. The slopes of the lateral moraines are steep with an 
outer gradient of 30°–40° and an inner gradient of 60°–70°. 
The till clasts are fresh and gray and consist mainly of 
gneiss. There are no loess deposits on their surface.  

The extensive hummocky moraines are distributed on the 
east side of the Kelayayilake valley mouth and extend 
downward to 2440 m a.s.l. There is a thin loess layer on 
their surface. This glacial advance was named the Kelayay-
ilake Glaciation after these moraines [16]. Based on the 
different thicknesses of the overlying loess deposits and the 
degree of the weathering of the boulders, the moraines of 
the Kelayayilake Glaciation can be divided into two distinc-
tive sets of moraines, which are the third and fourth sets of 
moraines. Many erratic boulders and a thinner loess layer 
are present on the surface of the third set of moraines. 
However, the loess layer is thicker, and only a few boulders 
could be found on the surface of the fourth set of moraines. 
The moraine crests of this set are also flatter than those of 
the third set. Thin soil has developed in the upper layer of 
the loess deposits. The surfaces of the gneiss erratics have 
also been deeply weathered. Furthermore, the moraine plat-
form adjacent to the fourth set of moraines, which is dis-
tributed at approximately 2500 m a.s.l. and extends 8 km 
down to the Gaizi Basin mouth, occurs at the Upper Gaizi 
Village and rises approximately 200 m above the Gaizi 
River. There are hummocky moraines of 5–20 m in height 
present on its surface. The main lithologies of the tills are 
gneiss, schist, and sandstone. The preserved positions of 
these hummocky moraines indicate that they were formed 
during the same depositional period as the fourth set of mo-
raines.  

The fifth set of moraines is a moraine platform that is 
only preserved on the southwest side of the Upper Gaizi 
Village at a height approximately 150–200 m above the 
Upper Gaizi Village. Its crest is flat and extends up to 0.9 
km. The tills are gray and sub-angular, consisting of pri-
mary clumpy granite and some phyllite with some degree of 
cementation. In addition, a moraine platform is distributed 
on the west of the Kelayayilake valley mouth, rises ap- 

Table 1  Parameters of valley glaciers with length > 10 km in Kongur Mountain [22] 

Glacier names or Nos. Length (km) Width (km) Orientation Area (km2) Ice volume (km3) 
Top altitude 

(m a.s.l.) 
Terminus 
(m a.s.l.) 

ELA 
(m a.s.l.) 

5Y662D-32 12.3 3.6 NE 38.43 5.6876 6525 3840 4580 

Qimugan 21.0 5.5 E 103.71 21.0531 7649 3120 4420 

Kelayayilake 20.3 6.8 N 128.15 27.8086 7530 2780 4220 

Kekedeke (5Y663C-15) 10.2 1.6 SW 15.29 1.6666 7400 4260 5360 

Jiangmanjiaer (5Y663D-4) 14.8 3.1 SW 45.08 6.9874 7245 4240 5380 

5Y663D-15 12.6 2.4 SW 27.53 3.6615 6220 4040 5300 
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proximately 400 m above the contemporary river valley, 
and contains scattered surface boulders. This landform 
probably also represents a glacial advance that occurred 
during the same period as the fifth set of moraines. 

The sixth set of moraines has not been well-preserved. A 
high ridge similar to a watershed is formed by lateral mo-
raines at locations where the Kelayayilake valley joins the 
Gaizi River valley. Some big boulders are scattered on its 
surface and are found up until approximately 700 m above 
the valley bed. Furthermore, yellowish grey moraines, rising 
500–700 m above the Gaizi River, are present on the 
southwest side of the Upper Gaizi Village. The glacial clasts 
consist of garnet mica schist and gneiss with no distinct 
angularity. Most of the surface boulders have deep weath-
ering pits (cm- to dm-size) and exhibit varying degrees of 
exfoliation. Moreover, several suspected glacial deposits, 
which are present at higher elevations on the southwest side  

of the Upper Gaizi Village, are probably older than other 
sets. Unfortunately, due to a steep cliff, we could not gain 
access to identify them.  

Five glaciofluvial terraces, rising approximately 10 m 
(T1), 20 m (T2), 40 m (T3), 55 m (T4) and 75 m (T5) above 
the contemporary river, are present along the Gaizi River 
valley below the Upper Gaizi Village (Figures 2, 3). The 
Lower Gaizi Village is located on T5, which is the most 
widely distributed in this valley. These glaciofluvial terraces 
are based on glacial sediments comprising sub-rounded and 
rounded glaciofluvial gravel. Their top layer consists mainly 
of glaciofluvial gravel and is occasionally interbedded with 
tills. For example, the frontal edge of T5 on the south side of 
Gaizi River is composed of a glaciofluvial gravel layer of 
partial cementation, and surface boulders that reach 11 m in 
diameter are scattered on the trailing edge. 

 

 

Figure 2  Geomorphological map near the Gaizi Checkpoint. 
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Figure 3  Moraine platforms and sampling sites in the Gaizi River Valley. 

2.2  The western slope of Kongur Mountain 

Many sub-parallel modern glaciers are distributed on the 
western slope of Kongur Mountain. There are three glaciers 
longer than 10 km, such as Kekedeke (5Y663C-15), Jiang-
manjiaer (5Y663D-4) and the 5Y663D-15 Glacier. The 
Yamaya Valley of the Middle and Lower Kangxiwa River 
is a tectonic basin [14] with an east-west width of 5–10 km. 
In addition, due to the intensive uplift of Kongur Mountain, 
the shape of the basin is asymmetric, and the Kangxiwa 
River lies on the western edge of the basin. Glacial sedi-
ments from different periods are present on both sides of the 
river.  

The first set of moraines is located between several hun-
dred meters and 1 km from the terminuses of the modern 
glaciers and consists of two to three moraine ridges. The 
moraines are fresh and loose with no soil or vegetation and 
contain scattered surface boulders. The second set of mo-
raines is usually distributed 1–2 km from the terminuses of 
the modern glaciers with an altitude ranging from 4200 to 
4300 m a.s.l. These moraines are wide-ridged in shape, and 
their surface is gray, with sparse grass development. In 
some cases, they are partly overlain by the first set of mo-
raines.  

The third set of moraines is distributed 2–5 km from the 
terminuses of the modern glaciers. The moraines’ ridges are 
well-preserved, and are overlain by a 10-cm-thick loess 
layer. These tills are yellowish gray. Boulders reaching 

more than 3 m in diameter are scattered on the surface of 
this moraine set.  

The fourth set of moraines is an extensive and well-  
preserved set of hummocky moraines in this region, and 
extends continuously to approximately 3450 m a.s.l. on the 
north side of Kalakule Lake (Figure 4). Consequently, the 
period during which these moraines are deposited is named 
the Kalahu Glaciation [13] or the Kalakule Glaciation [16]. 
The hummocky moraines rise approximately 150 m above 
the Kangxiwa River bed on the east side of Kalakule Lake. 
The hummocky moraines are overlain by an approximately 
15-cm-thick loess layer, and have a relative height of ap-
proximately 5–15 m on the north side of the lake. The sur-
face boulders are sparse, and the largest ones reach up to 7 
m in diameter. The tills consist of gneiss, schist and greyish- 
white coarse sand. During this glaciation, as the moraines, 
which were deposited by the glaciers coming from the 
western slope of Kongur Mountain and the northern slope 
of Muztag Ata, blocked the Kangxiwa River valley, several 
moraine-dammed lakes were formed, such as the Kalakule, 
Shatewalade and Bashiku Lake. 

The fifth set of moraines is approximately 6–15 m thick, 
and is distributed on both sides of the Kangxiwa River be-
low 3500 m a.s.l. The till clasts mainly comprise deeply- 
weathered gneiss with sub-angular gravel. In some cases, 
the moraines are present below the glaciofluvial terraces, 
which rise approximately 20–30 m above the contemporary 
bed and intermittently extend to Bulunkou. 
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Figure 4  Extensive hummocky moraines on the western slope of Kongur Mountain. 

3  Methods 

ESR dating samples were derived from the natural or 
man-made sections on the western and northern slope 
(around the Gaizi Village) of Kongur Mountain, and at least 
three samples were collected from each set of moraines 
(Figures 1, 3). The samples were kept in opaque plastic bags 
to ensure that they were not exposed to sunlight. Grinding, 
collision and heating were also avoided during transporta-
tion. The samples were prepared in the chronology labora-
tory at the MOE Key Laboratory of Western China's Envi-
ronmental System, Lanzhou University, Lanzhou. Previous 
studies have shown that the signal intensity of the Ge cen-
ters in quartz grains exposed under natural room light does 
not decrease [24, 25]; therefore, all of the samples were 
treated under natural light conditions, and no special meas-
urements were used. The sample preparations and meas-
urements follow the literature [26, 27]. 

The prepared samples were irradiated by 60Co with dif-
ferent doses. The dose rate was 28.51 Gy/min. The irradi-
ated samples were determined in the chronology laboratory 
at the Institute of Geology, China Earthquake Administra-
tion, Beijing. The Ge centers in the quartz grains were cho-
sen as dating signals and were measured with an 
EMX1/6ESR spectrometer manufactured by Bruker (Ger-
many). The measurement conditions and parameters were as 
follows: room temperature, X-band, microwave power= 
2.021 mW, central magnetic field=3525 G, sweep width=50 
G, frequency = 9.852 GHz, modulation frequency=100 kHz, 
modulation amplitude = 1 G (1 G=10−4 T), time constant= 
40.96 ms, and sweep time =10.486 s. The typical ESR spec-
tra are shown in Figure 5. It is obvious that the signal inten-
sity of the Ge centers increased with an increased dose of 
artificial irradiation. A least-squares analysis was used to fit 
the data points on the basis of different artificial irradiation 
doses and corresponding signal intensities. Linear fits were 
chosen in this study. The line was then extrapolated to zero 
in order to obtain the equivalent dose (ED). The concentra-
tions of U and Th and the content of K2O were determined 
by neutron activation analysis (NAA) at the China Institute 
of Atomic Energy. The annual dose rate (D) was estimated 

from these radioactive elements, the water content and the 
cosmic ray contribution which was estimated and calculated 
following the formulas suggested by Prescott and Hutton 
[28]. Ages were calculated using the following equation:  

 ,
ED

T
D

=  

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

The dating results and correlated parameters are listed in 
Table 2. 

A prerequisite of the ESR dating technique is that the 
signals of the paramagnetic centers in the mineral grains are 
removed when they are heated, collided, exposed to sunlight, 
re-crystallized, or impacted by other geological processes. 
The Ge centers in glacial quartz grains, which are 
0.125–0.250 mm in diameter, were chosen as dating signals. 
Previous studies have shown that Ge centers are sensitive to 
sunlight and grinding, and these two mechanisms are capa-
ble of removing them effectively [29–32]. First, according 
to the theory of the structure and the movement of mountain 
glaciers [33], it is possible for the debris that the glacier 
carries to be exposed. In addition, the debris is subject to 
grinding during this movement, and the high silt content in 
glacial deposits could indicate this [34, 35]. Second, the 
absorption band of Ge centers is 4.43 eV [36], correspond-
ing to a wavelength of 280 nm. This wavelength produces 
energy in the Ge absorption band at higher levels at higher 
elevations; the dating samples were collected from a region 
at higher elevation. Therefore, the ESR signals of the Ge 
centers in glacial quartz grains could be removed. Previous 
studies have shown that ESR dating results are reliable and 
credible, and that this technique can be applied to Quater-
nary glaciation research [2, 3, 26, 27, 37]. Furthermore, the 
dating results are consistent with the morphological rela-
tionship of the moraines/terraces with the exception of the 
GZ-15 from the moraine platform, where the Upper Gaizi 
Village is located, and the KXW-06 from the hummocky 
moraines, which are distributed around the Kalakule   
Lake. This suggests that the dating results in this study are 
reliable.
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Figure 5  Typical ESR spectra of the glacial quartz grain samples at room temperature. 

4  Results and discussion 

4.1  Chronology of glaciations 

On both the northern and western slopes of Kongur Moun-
tain, the first set of moraines is distributed between several 
tens of meters and 1 km from the present glaciers’ termi-
nuses, and the lateral moraines remain separated from the 
modern glacier. Therefore, it is reasonable to conclude that 
the first set of moraines was deposited during the LIA. The 
second set of moraines is fresh with no soil or vegetation on 
its surface. Its landform is higher and more extensive than 
that of the first set of moraines. Stratigraphically, the second 
set is older than the first set. Based on the reconstructed 
extent of this set of moraines, the type of glacier during that 
period was a single valley glacier. Boulders from the huge 
lateral moraines on the east side of the Kelayayilake Glacier 
have TCN 10Be surface exposure ages ranging from 0.4±0.1 
to 1.5±0.1 ka [18]. These ages suggest that the lateral mo-
raines were formed during the Neoglaciation. Seong et al. 
[18] termed the latest two sets of landforms the Olimde 
Glacial Stage and applied TCN 10Be surface exposure dat-
ing to date the boulders on the moraines belonging to the 
Olimde Glacial Stage between Muztag Ata and Kongur 
Mountain. The dating results show that the two sets of mo-
raines were deposited after the Late Glacial. A comparison 
of these dates with multiple paleo-climatic proxy records of 
the Northern Hemisphere suggests that, since the LGMG, 
the glaciers between Muztag Ata and Kongur Mountain 
likely responded to Northern Hemisphere climate oscilla-
tions (rapid climate changes on millennial time scales) with 
minor influences from the south Asian monsoon [18]. 

Terrace 5, on which the Lower Gaizi Village is located, 
corresponds to the third set of moraines near the Gaizi 
Checkpoint. The ESR age for the glaciofluvial deposits on 
its top is 26.4±1.9 ka (GZ-16). In addition, the base of Ter-
race 5, which is approximately 2.3 km from the Gaizi 
Checkpoint on the north side of the Gaizi River, dates to 
27.0±2.2 ka (GZ-17). Three samples collected from the 
moraine ridge (approximately 2 km from the terminus of the 
Jiangmanjiaer Glacier) on the western slope of Kongur 
Mountain are dated as 23.7±2.0, 13.1±0.8 and 23.1±1.9 ka 
(GGE-1-1–3). Based on the numerical ages discussed above, 
it is likely that the third set of moraines in the Kongur 
Mountain region represents a glacial advance during the 
LGMG in MIS2. As for the ages of four samples obtained 
from the moraine platform of the Upper Gaizi Village, with 
the exception of GZ-15’s large deviation from the mean of 
the ages, their ages range between 41.3±4.3 and 48.7±5.7 ka. 
These results indicate that this moraine platform was depos-
ited during the middle part of the last glacial cycle corre-
sponding to the cold period during mid-MIS3. The ages for 
seven samples from the hummocky moraines on the western 
slope of Kongur Mountain, with the exception of KXW-06 
(19.0±1.6 ka), whose age has a large deviation, range be-
tween 36.4±3.3 and 48.2±4.6 ka. The dating suggests that 
the hummocky moraines on the western slope were also 
formed during mid-MIS3. Samples GZ-15 and KXW-06 
have significantly younger ages than the other samples from 
the same moraine set. This may be attributed to reworking 
after deposition. The dating results demonstrate that the 
Kelayayilake Galciation must have occurred during the 
middle and late parts of the last glacial cycle, equivalent to 
MIS2–3.  
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Three samples were collected from the fifth set of mo-
raines on the southwest side of the Upper Gaizi Village 
(moraine platform approximately 150–200 m above the 
Upper Gaizi Village). Their ages range between 65.6±6.8 
and 86.6±8.9 ka, and their mean age is 74 ka. These dates 
show that this moraine platform was formed during the 
early part of the last glacial cycle corresponding to MIS4. It 
is also suggested that the largest local last glacial maximum 
(LGML) in this region should have occurred during MIS4 
rather than the LGMG of MIS2. Currently, only several re-
gions preserving the glacial deposits during MIS4 are found 
in the Qinghai-Tibetan Plateau and the bordering moun-
tainous, such as the Muzart River valley [26], the Ateaoyi-
nake River Valley [27], the Yashikul Lake of the Western 
Pamir [38], and Tanggula Mountain [39]. The glacial ad-
vance during MIS4 may have been less extensive than the 
late part of the last glacial cycle (MIS2 or LGMG) in most 
regions; any evidence of the older moraines, therefore, 
would have been destroyed by the subsequent glacial ad-
vance. In addition, the scarcity of the glacial deposits during 
MIS4 is more likely to be explained by the limited control 
on numerical dating of glacial successions.  

Four samples were dated to define the sixth set of mo-
raines rising 550–700 m above the Gaizi River bed on the 
southwest side of the Upper Gaizi Village. Their ages range 
between 105.6±9.4 and 178.3±17.8 ka, and their mean age 
is 131 ka. These dates suggest that this landform was 
formed during the penultimate glacial cycle corresponding 
to MIS6. This part of the Gaizi valley is so narrow that the 
surface of the paleo-glacier is higher than those in other 
regions. Moreover, as this region is adjacent to the western 
margin of the Tarim Basin which is an area of intensive 
tectonic uplift, intensive river incisions also occur in this 
area. As a result, this set of moraines is distributed at a 
higher relative elevation.  

The fifth set of moraines on the western slope of Kongur 
Mountain likely represents an older glacial advance. The 
oldest moraines of the adjacent Muztag Ata are distributed 
mainly on the Subashidaban part of the southwestern slope 
of Muztag Ata with a landform of moraine platform. Con-
sequently, this glacial advance was named the Subashidaban 
Glaciation by Li [16]. The tills consist of granite, biotite 
schist and hornblende gneiss and have been deeply weath-
ered. Based on the distribution of these moraines, the gla-
ciers during this glaciation have overlain the entire Muztag 
Ata and formed a small ice cap. Seong et al. [18] also 
termed this glaciation the Karasu Glacial Stage and dated 
five boulders from the surface of these moraines using TCN 
10Be surface exposure dating, finding ranges of age between 
151 and 367 ka. The youngest ages may represent signifi-
cant erosion and/or the exhumation of boulders. Although 
the ages of this stage were not equivalent to a specific ma-
rine oxygen isotope stage, the authors believed that this 
stage could be broadly assigned to a glaciation prior to the 
penultimate glacial cycle. Therefore, it is likely that the fifth 

set of moraines on the western slope of Kongur Mountain 
was also deposited prior to the penultimate glacial cycle.  

4.2  Mechanism of formation of the hummocky mo-
raines 

The extensive hummocky moraines are the most marked 
glacial landforms between Kongur Mountain and Muztag 
Ata. Many scholars have already undertaken studies of 
these landforms. On the basis of the distance from the ter-
minus of the modern glacier and the characteristics of 
weathering, Li [16] suggested that these landforms should 
be assigned to two different glacial stages, which are 
equivalent in age to the last (Kelayayilake Glaciation) and 
the penultimate glacial cycle (Kalakule Glaciation). These 
landforms were also assigned a glacial stage name (Subaxh 
Glacial Stage) by Seong et al. [18], and they dated the 
boulders of this stage in six valleys using TCN 10Be surface 
exposure dating. Despite the scattering of ages, they be-
lieved that landforms assigned to this glacial stage likely 
represented multiple glacial advances during the penulti-
mate glacial cycle and/or the last glacial cycle. Conse-
quently, it is important to discuss the forming mechanism 
and timing of the hummocky moraines.  

Our dating results, especially the ages of the six moraine 
sets on the northern slope of Kongur Mountain, also con-
firm the inferences of Seong et al. [18]. The δ18O records in 
the Guliya ice core [40] and in the TS95 core [41] from 
Tianshuihai Lake in the Western Kunlun Mountains both 
show there was a series of rapid climate changes on a mil-
lennial-century time scale during the last glacial cycle, and 
that the magnitude of the temperature fluctuations in the 
Guliya ice core was larger than that in the Greenland ice 
sheet (Figure 6(c), (d)). These records can provide an im-
portant reference for paleo-climatic studies of this region. 
Furthermore, the piedmont below the terminuses of the 
modern glaciers between Kongur Mountain and Muztag Ata 
is a foreland basin, which has a width of approximately 10 
km from east to west and an average elevation of approxi-
mately 3500–4100 m a.s.l. The basin is characterized by its 
gentle slopes. If a temperature decline or a precipitation 
increase should lead to a glacial advance, the glaciers from 
the southwestern slope of Kongur Mountain and the north-
ern slope of Muztag Ata could very easily reach there. 
Consequently, it is difficult to divide the landform that was 
probably formed by multiple glacial advances during the 
last glacial cycle. A scattering of dates could also be 
well-interpreted.  

Because abrupt climatic warming results in a rise of the 
ELA and a rapid retreat of the glacier on the gentler sloping 
terrain, a large part of the glacier lobe would become de-
bris-covered, stagnant, and waste in a dead-ice terrain. Dur-
ing this melting period, the stagnant ice would form the 
extensive hummocky moraines. Based on our dates, the 
timing of the latest glacial advance that resulted in the for-
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Figure 6  A comparison of Quaternary glacial chronology in the Kongur Mountain region with different records. (a) Dating results and their errors; (b) 
marine oxygen-isotope stages (MIS); (c) the δ18O record in the Guliya ice core [40]; (d) the δ18O record in lacustrine carbonate from Tianshuihai Lake [41]; 
(e) June insolation at 30°N [42]. 

mation of hummocky moraines on the western slope of 
Kongur Mountain corresponded to mid-MIS3, and the type 
of glaciers that prevailed during that period are piedmont 
glaciers. Consequently, the older moraines here had been 
overlain or reworked. We also have other paleo-environ- 
mental evidence to confirm our dating results. Zech et al. 
[38] applied TCN 10Be dating to determine four moraine 
sets (M1, M2, M3 and M4) in the Orto Bogchigir I valley 
on the southwest side of Yashikul Lake, western Pamir. The 
landform of M2 is composed extensively of hummocky 
moraines, and the exposure ages of M2 are scattered over a 
wide range. However, the extent of M2 lies between M1 
(52.6±6.8–61.2±8.0 ka) and M3 (26.9±3.5–39.5±5.1 ka) 
with a tight clustering of ages. Accordingly, the authors 
considered that the oldest age of boulder on M2 was proba-
bly the best estimate for the deposition age (45.1±5.9 ka and 
46.9±6.1 ka). In addition, a comparison of their data with 
the records in the Guliya ice core showed that the M2 gla-
cial advance event corresponded with cold periods during 
mid-MIS3 [38]. The above-mentioned studies suggest that a 
larger glacial advance occurred during mid-MIS3 in both 
Eastern Pamir and Western Pamir, and the rapid and fre-
quent climate fluctuations during that period resulted in the 
formation of the extensive hummocky moraines.  

Gillespie and Molnar [43] reviewed published evidence 
from over 50 glaciated mountain areas around the world. 
They found that the glaciation in the Himalaya and Tibet 
was asynchronous with the maximum extent of the Northern 
Hemisphere ice sheets. In particular, it appears that in many 
regions, such as the Hunza valley, Khumbu Himal and NE 

Tibet, glaciers reached their maximum extent during the 
insolation maximum of MIS 3. Subsequently, the studies of 
Phillips et al. [4] and Owen et al. [5] partly confirmed this 
view in the southern margin of the Qinghai-Tibet Plateau 
climatically, which is dominated by the south Asian mon-
soon. Recently, geomorphological and chronological evi-
dence shows that glacial advances also occurred during 
MIS3 in many regions in central Asia, which are climati-
cally dominated by the mid-latitude westerlies, such as the 
Muzart River valley [26] and the Ateaoyinake River Valley 
[27] on the southern slope of the Tianshan Range, and the 
Alay-Turkestan range (Kyrgyzstan) [44] and Yashilkul 
Lake in Pamir (Tajikistan) [38, 44]. Researchers usually 
consider that glaciers in the Tibetan Plateau and its border-
ing mountains reached their maximum extent during MIS2 
(LGMG) [45]. What is unknown is why a glacial advance 
occurred during the interstadial of the last glacial cycle, and 
why it was even more extensive than that of the LGMG. The 
δ18O records in the Guliya ice core from the West Kunlun 
Mountains show that MIS3 (58–32 ka) was remarkably 
warmer (even warmer than at present) and might have been 
as warm as the Last Interglacial [40]. Based on the records 
and corresponding climatic characteristics, Shi and Yao [46] 
divided MIS3 into MIS3a, MIS3b and MIS3c. The tem-
peratures in MIS3a and MIS3c were 3 and 4°C higher than 
at present, respectively. MIS3b was a cold period that began 
at 54 ka, and δ 18O decreased from −13‰ to −17‰ during 
that time, corresponding to a temperature decrease of 6°C. 
The δ 18O value decreased abruptly to −19‰ around 45 ka, 
and the temperature was approximately 8°C lower than that 
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of MIS3c. Around 40 ka, the δ 18O record indicated the be-
ginning of a warm climate in MIS3a [46]. The δ 18O records 
in the TS95 core and the evidence of geomorphology and 
sedimentology from Tianshuihai Lake indicate the presence 
of high lake levels during 59–56 ka (I), 49–47 ka (II), 45–41 
ka (III), 35.5–34.0 ka (IV) and 28–25 ka (V), and that the II, 
III and V stages were caused by a cold-humid climate [47]. 
The alpine glacier change depends not only on temperature 
but also on precipitation. The modern glaciers distributed on 
Kongur Mountain are typical extreme continental glaciers 
and, therefore, are more sensitive to changes of precipitation 
rather than those of temperature [48]. The retreating of the 
ice sheet during MIS3 caused cold anticyclone weakening 
in high latitude areas; therefore, the north branch of the 
mid-latitude westerlies retreated northward and weakened. 
However, the total insolation during MIS3 was higher than 
that during the LGMG, and the insolation during the early 
MIS3 was the highest of the entire MIS3 (Figure 6(e)). The 
δ 18O records of the planktonic foraminifers in the V23–82 
core from the North Atlantic show that the sea surface tem-
perature (SST) during the early MIS3 is 5°C higher than 
that during mid-MIS3 and 6°C higher than the SST during 
the LGMG [49]. In addition, the warming of the SST lags 
behind the insolation change; therefore, the SST remained 
at a high level during mid-MIS3. The two reasons discussed 
above led to intensive sea-surface evaporation (including 
the Mediterranean, the Black Sea, and the Caspian Sea) 
during mid-MIS3. Consequently, the climatology of the 
regions dominated by the mid-latitude westerlies could have 
received abundant precipitation brought by the westerly air 
masses during mid-MIS3. Combined with the low tempera-
ture during mid-MIS3, glaciers advanced in the Tianshan 
Range, Pamir Plateau, and the West Kunlun Mountains. 

5  Conclusions 

Six glacial advances in the Kongur Mountain region have 
been confirmed; they are equivalent in age to the LIA, 
Neoglaciation, MIS2, mid-MIS3, MIS4 and MIS6. The 
LGML occurred during MIS4 rather than the LGMG of 
MIS2, and a glacial advance that occurred during mid-MIS3 
was also larger than the LGMG. Furthermore, deeply 
weathered tills preserved below 3500 m a.s.l. on the western 
slope of Kongur Mountain, when compared with the ages of 
the oldest glaciation of the Muztag Ata region, likely oc-
curred prior to the penultimate glacial cycle. The glacial 
landforms prior to the penultimate glacial cycle on the 
northern slope are not well-preserved due to erosion after 
deposition. Several glacial deposits are only speculated to 
be distributed at higher elevations on the southwest side of 
the Gaizi Checkpoint. The extensive hummocky moraines 
on the western slope were formed by multiple glacial ad-
vances, and the latest glacial advance corresponded to 
mid-MIS3. 
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