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Introduction

ABSTRACT

Glacial chronologies from the Pamir may not only provide insights into past changes in temperature, but also
into past changes in precipitation related to the northern-hemispheric westerlies and the monsoonal circu-
lation. We present 18 new exposure ages from the Bogchigir Valleys that complement and refine our previ-
ous studies in these valleys. The most extensive dated glaciation in the area occurred ~100 ka, during Marine
Oxygen Isotope Stage (MIS) 5, and indicates increased precipitation likely from both the westerlies and the
monsoonal circulation. A subsequent glacier advance, which deposited characteristic ‘chukur’ moraine
lobes, occurred at ~80-75 ka. Circumstantial evidence points to glacial advances at ~65 and 40 ka, the latter
likely also documenting increased monsoonal moisture supply during MIS 3. Less extensive glacial advances
occurred during MIS 2 at ~28 and 24 ka and reflect the aridization trend during the course of the last glacial
cycle. Deglaciation started ~21 ka, interrupted by minor stillstands or readvances at ~16 and 12 ka. Local cal-
ibration sites and glacier-climate modeling would be very helpful to reduce the systematic methodological
uncertainties (still at least 10%) and to draw more detailed paleoclimatic conclusions.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.

Lake Yashilkul area north of the Bogchigir Range. The oldest dated
glacial advance unambiguously occurred early during the last glacial

Mountain glacier fluctuations are closely linked to temperature and cycle, during Marine Oxygen Isotope Stage (MIS) 5 or 4, and thus
precipitation changes. Geomorphological mapping and dating of mo- documents an early local last glacial maximum (local LGM). The
raines and other glacial landforms therefore provide an important tool exact timing remains unclear because of large systematic methodo-
for the investigation of past climate changes. Great progress has been logical uncertainties mainly related to the local production rate. A
made in physical dating techniques over the last few decades, above subsequent, less extensive glaciation is documented by characteristic
all in using terrestrial cosmogenic nuclides for surface exposure dating hummocky moraine lobes that are locally called ‘chukurs’ and that
(SED). This new technique allows the reconstruction of glacial chrono- can be interpreted as dead-ice terrain. This glaciation could not be
logies in arid mountain regions, where organic material for radiocarbon dated unequivocally because available exposure ages scatter widely.
dating is scarce and therefore age control has long been virtually absent. Zech et al. (2005a,b) argued that the oldest ages (~70-50 ka) are
An impressive number of studies has meanwhile been conducted closest to the actual moraine deposition age and that '°Be exposure
throughout the Himalayan-Tibetan orogen (Owen et al., 2008; Owen, ages that are too young reflect long-lasting ice decay and geomorpho-
2009; Scherler et al, 2010; Chevalier et al, 2011; Heyman et al., logical surface instability. Abramowski et al. (2006), on the other
2011). However, glacial chronologies from the Pamir, situated in the hand, pointed out that it cannot be excluded that the hummocky
westernmost part of the Himalayan-Tibetan orogen, are still sparse moraine lobes were deposited during MIS 2, i.e. synchronous with

and controversial.

the global LGM, and that exposure ages that are too old may be the

The first numerical ages of moraines in this area based on '°Be SED result of inheritance (pre-exposure).
were published by Zech et al. (2005a,b) and Abramowski et al. The objectives of the present study are to (i) contribute to the above
(2006). Zech et al. (2005a,b) recognized several glacial stages in the controversy by refining the existing glacial chronologies in the
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Bogchigir Valleys, (ii) investigate the extent of the MIS 2 glaciation in
particular, and (iii) date recessional moraines farther upvalley in order
to constrain the timing of deglaciation. We should acknowledge here
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that with 18 new exposure ages our studies may still be considered to
be at reconnaissance level. This reflects the time-consuming and expen-
sive nature of the '°Be analyses, but our results may help identifying key
sites for future, more detailed studies.

Geographical setting

Situated in a climatic transition zone, the Pamir is a key location
for identifying the interaction between mid-latitude westerlies, the
Indian summer monsoon and the Siberian High (Benn and Owen,
1998; Aizen et al., 2001, 2009). Under today's climatic conditions,
moisture supply to the Pamir is mainly coupled to cyclones traveling
along the westerly jet stream and advecting moisture from the
Caspian Sea, the Mediterranean and the Gulf of Persia (Bohner,
2006). The influence of the Indian summer monsoon ends south of
the NW-Himalaya, only occasionally reaching the Hindukush and
Karakoram (Weiers, 1995) (Fig. 1a).

Our study area is located south of Lake Yashilkul (37.8°N, 72.8°E,
3720 m asl, above sea level) in the southwestern Pamir (Fig. 1b)
and marks the geomorphologic and climatic transition zone between
the more humid, heavily dissected western Pamir and the arid,
plateau-like eastern Pamir (~4000 m asl, <100 mm/yr, UNEP, 2002).
The cold and dry climate conditions only support scarce semi-desert
to mountain-steppe vegetation (UNEP, 2002). South of Lake Yashilkul
the Bogchigir Range rises to 5700 m asl and has a glaciated area of
~100 km? (Wissmann, 1959). The valleys of the Great Bogchigir and
Orto Bogchigir-I drain northwards into the lake (Fig. 1c). At present,
the glacier tongues in both valleys descend to 4540 m asl and the
ELA is approximately 4970 m asl (Wissmann, 1959). Geologically,
the Bogchigir Range belongs to the south-western Pamir Crystalline
series, which consists of Precambrian metamorphic rocks and Meso-
zoic and Paleogene granites (Burtman and Molnar, 1993).

Material and methods
Stratigraphy and sampling locations

Four generations and types of moraines can be distinguished in
our research area at Lake Yashilkul. First, the stratigraphically oldest

moraines are situated at the southwestern bank of Lake Yashilkul
(M1, M1%, Figs. 2a, 3a,b. Note that all new sampling sites are labeled
with asterisks). These E-W trending lateral moraines are ~1 km
long, have a relatively subdued topography, and are ca. 100 m (M1)
and 50 m (M1*) above the main valley floor. M1 was dated by Zech
et al. (2005a) to between 101.6+6.4 ka and 85.8+4.6 ka (n=7).
Note that these and all other previously published exposure ages
presented in this manuscript have been recalculated to take into
account the ongoing methodological improvements and to allow
direct comparison between all ages (see also ‘exposure age calcula-
tion’ below and Table 2). In order to determine whether M1* docu-
ments a younger glacier advance we collected two samples from the
lower moraine wall M1*, which had not been sampled previously.

Second, extensive and well-preserved hummocky moraine lobes
(chukurs) cover the lower parts of the Orto Bogchigir-I and Great
Bogchigir Valleys and extend into Lake Yashilkul (Figs. 1b, 2). Boulder
samples from the outer moraine crest of the chukur M2 from the Orto
Bogchigir-I (Figs. 2a, 3a) yielded seven exposure ages between 74.6 +
29 ka and 159+1.0ka (Zech et al, 2005a). The corresponding
chukur in the Great Bogchigir Valley (BO1) was dated by
Abramowski et al. (2006) to between 79.6+4.3 ka and 36.1+
2.0 ka (n=15). Given the wide exposure age scatter on these deposits
and the resultant ambiguous interpretation, we collected additional
samples from the outermost moraine in the lower Great Bogchigir
Valley (BO1* Fig. 2b), paying particular attention to large, stable
and un-eroded boulders for sampling.

Third, a series of nested lateral moraines can be identified at about
4000-4200 m asl in the lower parts of the valleys. They form N-S
trending ridges up to 200 m above the valley floor. Zech et al.
(2005a) dated the upper part of a single-crested lateral moraine in
the Orto Bogchigir Valley to 28.541.3 ka-28.14+1.9 ka (n=3, M4,
Fig. 2a) and speculated that two lateral moraines slightly farther
downvalley document separate, older glacial advances at 64.6+
2.7 ka (n=2, but the younger exposure age of 57.3 4- 2.3 was rejected
as outlier due to erosion or post-depositional exhumation) and
40.2+1.9 ka (n=1, M3). Abramowski et al. (2006) dated a lateral
moraine in the neighboring Great Bogchigir Valley to between
23.54+ 1.1 ka and 22.441.0 ka (n=4, BO2, Fig. 2b). We now have
additionally sampled the latero-terminal moraine BO3* (Figs. 2b,
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Figure 1. Geographical setting of the Pamir. a) Atmospheric circulation patterns influencing the Pamir. b) Mean annual precipitation (MAP). The red rectangle marks the study area and
the encircled numbers other sites discussed in the text: 1 Tanymas Valley (Abramowski et al., 2006), 2 Uchkol and Gurumdi Valleys (Abramowski et al., 2006), 3 Muztag Ata/Kongur Shan
(Seong et al., 2009), 4 Kongur Mountain (Wang et al., 2011). c) Google Earth image of the study area southwest of Lake Yashilkul. The white lines mark the dated moraines, and the white

rectangles denote the detail plots shown in Figs. 2a-c.
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Figure 2. Detail plots of the sampling sites, exposure ages obtained in this study (M1*, BO3*-B0O8*) and those recalculated from Zech et al. (2005a,b: M1-M4) and Abramowski et al.
(2006: BO1, BO2). a) The lower part of the Orto Bogchigir-I Valley, b) the lower part of the Great Bogchigir Valley, and c) the upper reaches of the Great Bogchigir Valley.

3c), as well as the moraines BO4* and BO5*, which document the first
recessional stages of the deglaciation (Figs. 2b, 3¢,d).

Fourth, approximately 20-m-high terminal moraines farther
upvalley above 4200 m asl represent younger recessional stages.
Samples were collected from two latero-terminal moraines (BOG6*,
Figs. 2c, 3e, BO7*, Fig. 2c) and from boulders on a roche moutonnée
(BO8*, Figs. 2c, 3f), which is located ~800 m from the present-day gla-
cier terminus.

Sampling, laboratory procedures, and exposure age calculation

Field work was carried out in 2007 in the valleys of the Great
Bogchigir and the Orto Bogchigir-1 (Fig. 1b). We sampled 1-5 cm
thick chips from the flat top of large granitic boulders. To minimize
the risk of boulder instability and age underestimation, we preferred
to sample large boulders firmly embedded in the till, thickly covered
by desert varnish, and showing little evidence of rock surface erosion.

Sample location and elevation were obtained using a GPS (Global Po-
sition System) receiver. Surface inclination of the boulders and
shielding from surrounding topography was measured with an incli-
nometer. All relevant sample data are provided in Table 1.
Laboratory analyses were carried out partly at the laboratory of
the Chair of Geomorphology, University of Bayreuth, and partly at
the cosmogenic isotope laboratory of the University of Uppsala
(Table 1). After crushing and sieving the samples, the 250-700 um
fraction was repeatedly leached with 5% HF and concentrated HNO3
in order to isolate the quartz grains. A Franz magnetic separator was
used for further mineral purification. Separation of the beryllium
was conducted according to a slightly modified scheme of Ivy-Ochs
(1996): °Be carrier was added before the quartz was dissolved in
48% HF. In order to remove fluorides and boron, the dissolved samples
were fumed off with 65% HNO5 and 32% HCL, respectively. The beryl-
lium was then purified using anion and cation exchange columns, and
oxidized in a furnace at 850°C. The BeO was mixed with Cu powder

Figure 3. Glacial landforms in the study area. (a) View east along Lake Yashilkul to the latero-terminal moraines M1, M1*and the hummocky moraine lobe M2. (b) Sampled boulder on the
MIS 5 moraine M1". (c) View north along the lower Great Bogchigir Valley and to the global LGM moraines BO3* and BO4". (d) View south into the upper reaches of the Great Bogchigir
Valley and to the recessional moraine BO5*. (e) View south over the sampled boulder from the recessional moraine BO6%. (f) View north across the youngest sampled moraine BO8*.
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Table 1
Sample data, '°Be concentrations, and exposure ages calculated without erosion and 3 mm/ka erosion, respectively.
Moraine Sample ID Latitude Longitude Elevation Sample Sample density Topographic 10Be No-erosion 3 mm/ka
number?® (°N) (°E) (m asl) thickness (g/cm?) shielding (10* atoms/g Si0,) exposure exposure
(cm) age (ka) age (ka)

Orto Bogchigir Valley
M1* 0B21 37.785 72.752 3788 2 2.7 0.99 467.42 427.14° 74.0+4.8 93.1+83
M1* 0OB22 37.784 72.756 3791 1 2.7 0.99 475.98 +18.84° 747+33 94.0+5.7

Great Bogchigir Valley
BO1* BT101 37.741 72.847 4091 2 2.7 0.99 383.95+21.55° 51.2+3.2 60.3+4.6
BO1* BT103 37.744 72.848 4054 3 2.7 0.99 369.04 + 15.98¢ 50.54+2.5 59.54+3.5
BOT1* BT104 37.745 72.850 4031 5 2.7 0.99 447.46 +26.65" 64.0+4.3 77.2+6.6
BO1* BT105 37.746 72.851 4013 2 2.7 0.99 419.07 +15.28°¢ 59.0+24 69.9+3.6
BO3* BT91 37.748 72.841 4069 4 2.7 1.00 147.22 +6.86° 214+1.0 226+1.2
BO3* BT92 37.746 72.840 4084 1 2.7 1.00 159.82 +8.48" 224+12 237+14
BO3* BT93 37.746 72.841 4084 4 2.7 1.00 141.73+£7.16° 20.5+1.1 21.6+1.2
BO4* BT62 37.741 72.837 4126 3 2.7 0.99 158.91+9.11° 224+13 237+15
BO4* BT63 37.744 72.837 4080 1 2.7 0.99 129.45 +6.64° 186+1.0 19.4+1.1
BO5* BT52 37.732 72.829 4095 3 2.7 0.99 140.27 +8.62° 202+13 213+14
BO6* BH51 37.697 72.811 4220 2 2.7 0.99 115.78 +6.22° 15.84+0.9 16.44+0.9
BO6* BH53 37.698 72.811 4217 3 2.7 0.99 86.45+6.91° 120+1.0 124+1.0
BO7* BH31 37.682 72.807 4275 1 2.7 0.98 109.48 +5.89° 146+0.8 15.1+0.9
BO8* BH12 37.649 72.780 4451 3 2.7 0.96 118.68 +7.75° 150+1.0 156+1.1
BO8* BH13 37.649 72.780 4451 2 2.7 0.96 95.4143.78¢ 120405 124405
BO8* BH14 37.649 72.780 4449 4 2.7 0.96 87.00 £4.09° 112405 11.5+115

Note: 10 uncertainties reflect the propagated analytical uncertainties, i.e. the AMS measurement uncertainties corrected for the analytical blanks. The blank values were °Be/°Be =
0.034x 10~ '? for Bayreuth and '°Be/°Be =0.015x 10~ '? for Uppsala. All measured ratios were normalized to the ETH house standard S555.

¢ Moraine number referring to the text and Figures 2-4.
b BeO-extraction was carried out at the University of Bayreuth.

¢ BeO-extraction was carried out at the cosmogenic isotope laboratory of the University of Uppsala.

and pressed into targets. Ratios of '°Be/°Be nuclides were measured
at the accelerator mass spectrometry (AMS) in the Laboratory of lon
Beam Physics, ETH Zurich, Switzerland. Measured ratios were nor-
malized to the ETH house standard S555. The typical analytical error
of the AMS measurement was 3-5%.

Exposure age calculations were performed using the CRONUS online
calculator version 2.2 (Balco et al, 2008) and the time-dependent
production rate scaling model of Lal (1991) and Stone (2000). The ef-
fects of tectonic uplift and snow cover were neglected because
paleo-uplift rates for the Pamir are poorly constrained and snowfall is
low, respectively. We present our ages assuming constant erosion
rates of 3 mm/ka for each bolder. It was argued that this assumption ig-
nores the fact that rock surface erosion affects boulders randomly, not
systematically, and that generally boulders with no or little signs of ero-
sion are sampled (Zech, 2012). However, similar ‘corrections’ are com-
monly made based, for example, on boulder erosion rate estimates in
the Karakoram and the European Alps (Owen et al., 2002; Kubik and
Ivy-Ochs, 2004). Note that assuming zero boulder surface erosion, an
age of 20 ka may underestimate the true age by ~4%, an age of 50 ka
by ~13%, and an age of 90 ka by ~24% (Table 1). Another noteworthy
source of systematic uncertainty is the fact that the reference production
rate, the most appropriate scaling model, and the method of geomagnet-
ic correction are still a matter of contention (Staiger et al., 2007; Balco et
al., 2008; Sato et al., 2008; Putnam et al., 2010; Lifton, 2011). The expo-
sure ages presented here may therefore require re-calculations as fur-
ther methodological improvements are being made.

Concerning the interpretation of the exposure ages, we follow the
view that boulder erosion and exhumation are more probable pro-
cesses than prior exposure, and that the oldest exposure age of a set
of samples collected from a moraine therefore likely provides a min-
imum estimate for the true deposition age of a moraine (Putkonen
and Swanson, 2003; Briner et al., 2005; Heyman et al., 2011).

Equilibrium Line Altitudes (ELAs) and Equilibrium Line Altitude
depressions (AELAs) were calculated as glacial elevation indices
using the Toe to Headwall Altitude Ratio method (THAR) and placing
the former ELAs at mid proportion between the terminal moraine and
the base of the headwall (THAR 0.5) (Benn and Lehmkuhl, 2000).

https://doi.org/10.1016/j.yqres.2012.09.002 Published online by Cambridge University Press

Results and discussion
Glacial chronology of the Bogchigir Valleys

The local LGM

The two samples from the lateral moraine M1* yielded exposure
ages 0f 94.0 £ 5.7 ka and 93.1 £ 8.3 ka (Table 1, Figs. 23, 3a, b). Within
measurement uncertainties, these ages are indistinguishable from
those from moraine M1 (101.64-6.4 ka to 85.8 +-46 ka) (Zech et al.,
2005a). This indicates that M1 and M1* belong to the same moraine
generation. The scattering of the exposure ages of M1 and M1* is rel-
atively low, indicating that these moraine surfaces are well preserved
and that boulder exhumation and moraine degradation were not sig-
nificant. The available exposure ages suggest that the Yashilkul/Gunt
Valley was completely filled by ice during MIS 5 at ~100 ka. The ELA
for this former glacier was at ~4600 m, a depression of 370 m relative
to the modern ELA.

Glaciation during late MIS 5/4, MIS 4 and MIS 3

In the lower part of the Great Bogchigir Valley, four samples from
the right outermost lateral moraine BO1* (Fig. 2b) yielded exposure
ages between 77.2 4 6.6 ka and 59.5 4 3.5 ka (Table 1). These results
are particularly important because they suggest that the wide range
of exposure ages for BO1 (79.6+4.3 ka to 36.1+£2.0ka, n=5,
Fig. 2b) (Abramowski et al., 2006) can be explained with boulders
that are too young due to post-depositional processes. The older boul-
ders on a moraine are accordingly closer to the actual deposition age
than the younger ones. With this knowledge in mind, the dating re-
sults from BO1* and BO1 are also in good agreement with the oldest
exposure age of 74.6 + 2.9 ka for the hummocky moraine lobe M2 in
the Orto Bogchigir-1 Valley (Zech et al., 2005a). These consistent re-
sults corroborate the morphological and stratigraphical correlation
of BO1*, BO1 and M2, and support the hypothesis that the chukurs
were deposited well before the global LGM, namely around the MIS
5-4 transition.

Equivocal evidence for glacier advances during MIS 4 and probably
again during MIS 3 comes from the exposure ages of the M3 moraines
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(Zech et al., 2005a) (Fig. 2a). The two boulders from the outer part of M3
are 64.6+2.7 ka and 57.3+2.3 ka, while a single exposure age of
40.241.9 ka is interpreted tentatively to date the inner part of M3.
Meltwater activity may have eroded the corresponding terminal mo-
raine complexes, because they could not be clearly identified in the
field. In contrast, in the Great Bogchigir Valley several less pronounced
lateral moraine walls can be denoted between BO3* and Lake Yashilkul,
which merge gradually into the hummocky moraine lobe (Fig. 2b).
These walls were considered prone to ice-decay-induced long-lasting
geomorphological instability and therefore not suitable for SED. It thus
remains speculative whether glacier readvances occurred at ~65 ka
and ~40 ka in both Bogchigir Valleys.

Glaciation during the global LGM

Three exposure ages suggest a deposition time between 23.7 +
1.4 ka and 21.6 + 1.2 ka for BO3* (Fig. 2b). This is in agreement with
two exposure ages from the adjacent lateral moraine BO4* (23.7 +
1.5 ka and 19.4+ 1.1 ka), as well as four (recalculated) ages for BO2
ranging from 23.54+1.1 ka to 22.4+1.0 ka (Abramowski et al.,
2006). These results confirm that the glaciation of the Great Bogchigir
Valleys was less extensive during MIS 2 than during MIS 5 and MIS 4.
The respective ELA was at ~4740 m, i.e. the ELA depression was only
~270 m.

Zech et al. (2005a) interpreted three exposure ages of ~28 ka from
the lateral moraine M4 in the Orto Bogchigir-I Valley (Fig. 2a) as
documenting a glacier advance during the global LGM. Stratigraphically
M4 correlates with BO2, and we speculate that the Bogchigir glaciers
may have advanced two times during MIS 2, around 28 ka and 24 ka,
and that deposits from each advance have been preserved in only one
of both valleys.

Deglaciation

A single boulder from the latero-terminal moraine BO5* yielded an
age of 21.34+ 1.4 ka (Fig. 2b). The close proximity to the moraines
BO3* and BO4* indicates rapid ice retreat and moraine stabilization al-
ready shortly after the MIS 2 advance at ~24 ka. The recessional mo-
raine BO6* farther upvalley yielded exposure ages of 16.4 & 0.9 ka and
12.44-1.0 ka, and BO7* yielded another age of 15.1 4 0.9 ka (Figs. 2c,
3e). Both recessional moraines were thus deposited during a phase of
glacier stagnation or minor readvance during the late glacial. The ELA
for the recessional wall BO6* was ~4810 m, resulting in an ELA de-
pression of 160 m.

The uppermost sampling location BO8* (Figs. 2c, 3f) yielded three
exposure ages of 15.6 +1.1 ka, 12.4+ 0.5 ka and 11.54 0.6 ka. As the
oldest age is, within uncertainties, still stratigraphically consistent
with the exposure ages from BO6* and BO7*, we cannot exclude that
this location became ice free already at ~15 ka. Alternatively, the
oldest boulder might contain inherited nuclides, and the exposure
age of 12.4 £ 0.5 ka might more closely date the timing of ice retreat
from this location. This would then document an ice retreat after a
second minor stillstand or readvance during the late glacial. In either
case, the Great Bogchigir glacier did not advance beyond BO8* during
the Holocene, and given the respective ELA of ~4925 m, Holocene ELA
depressions were not more than ~45 m.

Comparison with other glacial chronologies from the Pamir and adjacent
mountain ranges

The early local LGM

Our results suggest that the Bogchigir glaciers reached their last gla-
cial maximum extent during MIS 5, and that several subsequent glacier
advances (~80-75 ka, and possibly also ~65 and 40 ka) were more ex-
tensive than the glaciation during the global LGM. This corroborates
previous studies in the region. Recalculated exposure ages from the
Tanymas Valley, north-central Pamir (Fig. 1a) show that moraine TK
was deposited already around 97.44-5.7 ka (oldest age, n=5, Fig. 4c)

https://doi.org/10.1016/j.yqres.2012.09.002 Published online by Cambridge University Press

(Abramowski et al., 2006). Approximately 80 km east of the Bogchigir
Valleys, an extensive glaciation in the Uchkol and Gurumdi Valleys
(Fig. 1a) also occurred during MIS 5 (Fig. 4c, oldest age UK2: 89.7 4+
5.3 ka, n=>5, oldest age GU1: 85.7 4-3.8 ka, n=6) and had very similar
ELA depressions (AELA: ~380 m) compared to the local LGM in the
Bogchigir Valleys (Abramowski et al., 2006).

Unfortunately, assigning ages to the subsequent glacier advances
in these valleys, which might be synchronous to the deposition of
the well-preserved chukurs in the Yashilkul area (M2, BO1, BO1%) is
challenging because of the wide scatter in exposure ages. Correlations
therefore remain speculative. Moraine GU2 in the Gurumdi Valley, for
example, might document a glaciation during MIS 4 (oldest age:
65.6 +4.4 ka, n=>5, Abramowski et al.,, 2006) coinciding with the
older part of the M3 moraine in the Orto Bogchigir-I Valley
(recalculated age: 64.6 + 2.7 ka, Zech et al., 2005b).

Seong et al. (2009) dated glacial landforms ~130 km further
north-east, in the north- and westward-draining valleys of the Muz-
tag Ata and Kunlun Shan (Fig. 1a). They suggested that the Subaxh
Glacial Stage represents one or more glaciations early during the
last glacial cycle and/or penultimate glacial cycle. Given the wide
scatter of the surface exposure ages of the Subaxh Stage, it is difficult
at present to correlate it directly with the glacial stages in the
Yashilkul area. Nevertheless, the exposure age below the Yanbuk gla-
cier on moraine m2B (recalculated age: MUST_92: 82.7+44.1 ka,
Fig. 4c), as well as from the Kodak Valley on m2G (recalculated age:
KONG_30: 70.4 4 2.3 ka) indicate that glacial advances in the Muztag
Ata and Kunlun Shan might correspond to the MIS 5 and 4 glaciations
in the Bogchigir Valleys. Further evidence for a local LGM during MIS
5 comes from the Kongur Shan Valleys, where electron spin reso-
nance (ESR) was applied to date the moraine platform above the
Upper Gaizi Village to between 87+9 ka and 6647 ka (GZ-01,
GZ-04) (Wang et al, 2011). In a very recent study, Owen et al.
(2012) provided convincing evidence for an early local LGM also in
the Tashkurgan Valley (Chinese Pamir). Published exposure ages for
the Tashkurgan stage there range from 25 to 87 ka (average: 73 +
7 ka, n=9, Kuzigun Valley), from 65 to 76 ka (average: 68 45 ka,
n=4, Jialonggiete Valley), from 53 to 84 ka (average: 65+ 11 ka,
n=7, Dabudaer Valley), and from 44 to 62 ka (average: 54+ 8 ka,
n=>5, Kuzigun Valley). Note that for a direct comparison these ages
would need to be corrected as well assuming a rock surface erosion
of 3 mm/ka, which would make them significantly older (75 ka
would, for example, become ~95 ka).

Glaciation during MIS 3

Exposure ages from the Uchkol and Gurumdi Valleys also document
glacial advances during MIS 3. Recalculated ages for moraine UK4 range
from31.4+1.4 kato15.4+ 1.0 ka, for GU3 from 48.7+ 2.3 kato 19.4+
09 ka, and for GU4 from 32.1+28 ka to 21.84+1.1 ka (Fig. 4c)
(Abramowski et al., 2006). In the Ting Valley, Kongur Shan, recalculated
ages for m2H are between 33.6 + 1.0 ka and 20.2 + 0.5 ka (Seong et al.,
2009) (Fig. 4c). Wang et al. (2011) dated a moraine of the Upper Gaizi
Village platform (GZ-12 to GZ-14: 49 4+ 6 kato 41 +4 ka) and the hum-
mocky moraines on the western slope of Kongur Mountain (KXW-05,
KXW-07, GGE-2 to GGE4: ~4845 ka to 3643 ka) to mid-MIS 3.
Owen et al. (2012) interpreted the Hangdi stage in the Tashkurgan Val-
ley to document an early MIS 2 advance, but that their oldest ages
would partly allow interpreting the respective moraines to be late MIS
3 (Kuzigun Valley: 22 to 25 ka, average: 24+ 1 ka, n=4; Jialonggiete
Valley: 13 to 30 ka, average: 2642 ka, n=10; South Tashkurgan
Valley: 13 to 35 ka, average: 2449 ka, n==6; erosion rate correction
would make the ages 1 to 3 ka older).

Some of the above glacial advances may correlate with the inner
part of moraine M3 in the Ortho Bogchigir I (Fig. 2a), but it is also like-
ly that many of the advances did not occur exactly synchronously.
Nevertheless, and despite the fact that we were not able to date MIS
3 moraines in the Great Bogchigir Valley, there is reasonable evidence
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Figure 4. Paleoclimate context and correlation: a) Own and recalculated exposure ages. The asterisks denote own ages, ‘a’ ages from Zech et al. (2005a), ‘b’ ages from Abramowski et
al. (2006), and ‘c’ ages from Seong et al. (2009). b) Marine Oxygen Isotope Stages (MISs) and 30°N June insolation (Berger and Loutre, 1991). c¢) The 6'80 record from the Guliya ice

cap in the Kunlun Shan (Thompson et al., 1997).

that regional climate conditions during MIS 3 were favorable for gla-
ciation, at least for more extensive glacial advances than during MIS 2.

Glaciation during the global LGM and the late glacial

Our results suggest that the Bogchigir glaciers advanced two times
during the global LGM (B0O4: ~23.7 + 1.4 ka, M4: ~28.5+ 1.3 ka). An
advance similar to the younger of these two is suggested by the
recalculated data from the Ailuitek Pass area, north-central Pamir. Ex-
cluding the oldest exposure age as influenced by inheritance, the ter-
minal moraine AT there was deposited ~23.5+ 1.0 ka (n=3, Fig. 4c)
(Abramowski et al., 2006). In the Uchkol Valley, the glaciers seem to
have been restricted already to the upper reaches of the valley (UK5
and 6, Fig. 4c) (Abramowski et al., 2006). A MIS 2 glacial advance
has also been dated in the Kartamak Valley with a recalculated age
of ~26.84+0.7 ka (m2C, MUST-64) (Seong et al., 2009), and in the
Tashkurgan Valley (see Handgi stage above and the Kuzigun stage;
Kuzigun Valley: 15 to 24 ka, average: 19 +4 ka, n=4; Jialonggiete
Valley: 3 to 23 ka, average: 19+4 ka, n=7; Owen et al., 2012).

Glacier oscillations in the Bogchigir Valleys were restricted in ex-
tent to within a few hundred meters to a few kilometers of the con-
temporary glaciers during the late glacial. This was also observed in
the northern and eastern Pamir mountain ranges (Abramowski et
al.,, 2006) as well as in the eastern Muztag Ata and Kongur Shan mas-
sifs (Seong et al., 2009). Seong et al. (2009) also suggested that after
the global LGM, glacier advances in western Tibet likely responded
to Northern Hemisphere climate oscillations on millennial time
scales. For the late glacial our dating results from the Great Bogchigir
Valley might corroborate this notion, as stillstands or readvances
were dated to ~16 ka and tentatively to ~12 ka, i.e. correlating with
the Heinrich-I and Younger Dryas cooling events. One has to ac-
knowledge, however, that in the absence of local calibration cites,
the methodological uncertainties of surface exposure dating are still
on the order of at least ~10%, so that such conclusions remain
speculative.

Paleoclimatic implications

Our updated glacial chronology for the Bogchigir Valleys corrobo-
rates the previous findings that the glacier extents in the Pamir
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became successively more restricted during the course of the last gla-
cial (Zech et al., 2005a; Abramowski et al., 2006). One may be
tempted to correlate the glacier advances at ~100 ka, 80-75 Ka,
(65 ka, 40 ka), 28 ka and 24 ka with northern hemisphere and global
temperature minima during MIS 5b, 4 and 2 as recorded in polar ice
cores, marine sediments, and the 6'%0 record from the Guliya ice
cap in the Kunlun Shan (Thompson et al., 1997) (Fig. 4a). The temper-
ature minima roughly coincide with minima in northern hemispheric
summer insolation (Berger and Loutre, 1991) (Fig. 4b) and glacier
mass balances are certainly sensitive to summer insolation and
temperature.

However, the systematic methodological uncertainties are quite
large especially for ages beyond MIS 3, namely at least ~10%, and
this is not yet considering the different approaches to account (or
not account) for rock surface erosion (see Tables 1 and 2). Moreover,
one should keep in mind that glacier mass balances become particu-
larly sensitive to changes in precipitation and cloud cover in more
arid regions (Kull et al., 2008; Rupper and Roe, 2008). On the one
hand, this precipitation-sensitivity can explain the successively
more restricted glacial extent in the Pamir during the last glacial
cycle with increasing aridity. This aridization trend that has also
been observed for Siberia (Svendsen et al., 2004; Zech et al., 2011)
and the Tien Shan (Koppes et al., 2008; Narama et al., 2009; Zech,
2012) and can be attributed to a strengthening of the Siberian Anticy-
clone and a blocking of the westerly moisture supply. On the other
hand, precipitation increases could explain glacial advances asyn-
chronous with temperature minima. During MIS 3, for example, the
30°N summer insolation was high and the Indian summer monsoon
was strengthened. This is recorded by high lake level stands and pol-
len records from the Tibetan Plateau (Shi et al., 2001; Herzschuh,
2006) and could have favored the MIS 3 glacial advances particularly
in the most arid central Pamir (Uchkol and Gurumdi).

The age control for the MIS 5 glacial advances in the Pamir is still
too uncertain to exactly determine whether they occurred synchro-
nously and in phase with MIS 5b. It cannot be excluded that the
local LGM occurred already during MIS 5d, which would be in agree-
ment with findings from the Lake Baikal region (Karabanov et al.,
1998) and northeast Siberia (Zech et al.,, 2011) and emphasize the
role of low obliquity for glacier mass balances. In any case, we suggest
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Table 2

Previously published exposure data from the Bogchigir Valleys (recalculated).
Moraine ~ Sample ID Latitude (°N) Longitude (°E) Elevation ~ Sample Sample Topographic 10ge No-erosion 3 mm/ka
number (m asl) thickness  density shielding (10* atoms/g Si0,) exposure age  exposure age

(cm) (g/em?) (ka) (ka)

Orto Bogchigir Valley (Zech et al., 2005a)
M1 YE11 37.782 72.757 3815 2 2.7 1.00 447.83 +16.26 69.4+2.8 85.8+4.6
M1 YE12 37.783 72.757 3815 5 2.7 1.00 482.10+16.97 76.7+3.0 97.0+£54
M1 YE14 37.782 72.758 3820 3 2.7 1.00 481.26£20.33 75.0+3.6 94.6+6.2
M1 YE15 37.782 72.758 3815 3 2.7 1.00 454.88 £22.83 71.1+4.0 88.54+6.7
M1 YE16 37.783 72.758 3815 3 2.7 1.00 509.77 +19.99 79.8+3.5 101.6+6.4
M1 YE17 37.782 72.759 3830 2 2.7 1.00 479.07 +£19.00 73.7+3.3 92.5+4+5.6
M1 YE18 37.782 72.759 3830 2 2.7 1.00 494.83 £17.39 76.1+3.0 96.24+5.3
M2 YE21 37.791 72.763 3755 3 2.7 1.00 376.58 £15.93 61.0+2.9 72.7+44
M2 YE23 37.790 72.762 3755 4 2.7 1.00 125.3745.22 215409 22.74+1.0
M2 YE25 37.789 72.761 3755 4 2.7 1.00 20947 £7.23 346+13 37.7+16
M2 YE29 37.787 72.761 3770 5 2.7 1.00 268.10+10.03 431418 48.6+2.4
M2 YE20 37.787 72.761 3770 1 2.7 1.00 394.17+£10.72 623+1.9 746+29
M2 YE37 37.775 72.766 3960 5 2.7 1.00 96.5145.91 153+0.9 159+1.0
M2 YE30 37.777 72.767 3945 5 2.7 1.00 105.834+-4.80 16.840.8 175408
M3 YE34 37.771 72.764 4035 4 2.7 1.00 392.40+11.81 548+1.8 64.6 +£2.7
M3 YE35 37.771 72.764 4020 4 2.7 1.00 351.87£10.62 489+1.7 573423
M3 YE36 37.771 72.764 4005 4 2.7 1.00 256.59£9.51 368415 402419
M4 YE31 37.767 72.762 4040 6 2.7 1.00 178.40+7.18 264+1.1 281+13
M4 YE32 37.768 72.762 4040 5 2.7 1.00 179.524+10.82 264+1.7 28.1+19
M4 YE33 37.768 72.762 4040 4 2.7 1.00 183.374+7.08 26.7+1.1 285+1.3
Great Bogchigir Valley (Abramowski et al., 2006)
BO1 BO11 37.735 72.838 4250 1 2.7 0.99 269.80+£10.20 33.774+14 36.7+1.7
BO1 BO12 37.735 72.838 4225 3 2.7 0.99 257.60+11.60 33.254+1.6 36.1+£2.0
BO1 BO13 37.735 72.838 4240 3 2.7 0.99 42530+ 16.00 5295422 62.5+3.2
BO1 BO14 37.736 72.838 4240 2 2.7 1.00 526.004+19.70 65.4442.7 79.6+4.3
BO1 BO17 37.736 72.838 4230 2.5 2.7 1.00 395.80+£14.90 48.864+-2.1 573429
BO2 BO21 37.738 72.839 4180 1.5 2.7 1.00 159.504+6.20 21.504+0.9 22.7+1.0
BO2 BO24 37.739 72.839 4170 2 2.7 1.00 156.004+5.90 2124408 224+09
BO2 BO28 37.740 72.840 4130 45 2.7 1.00 157.704+6.40 2228409 235+1.1
BO2 BO29 37.740 72.841 4120 2 2.7 1.00 152.204+6.40 21.2440.9 224+1.0

that both the westerlies and the monsoonal circulation were more ef-
fective in advecting moisture to the Pamir during MIS 5 and thus trig-
gered the extensive early glaciation.

Conclusions

SED using in situ produced cosmogenic '°Be in the Bogchigir Valleys
suggests that glacier advances occurred at ~100 ka, 80-75 ka, (65 Kka,
40 ka), 28 ka and 24 ka. The early local LGM during MIS 5, when the
main Yashilkul/Gunt Valley was filled by ice, can only be explained
with substantially increased precipitation, possibly advected by both
the westerlies and an enhanced monsoonal circulation. The subsequent
glacial advances, which reached the main valley and deposited the char-
acteristic ‘chukur’ moraine lobes, likely occurred at the MIS 5/4 transition,
but the methodological uncertainties prevent a robust interpretation
concerning the role of low temperatures (MIS 4) and/or increased precip-
itation (MIS 5). Evidence for glacial advances during MIS 3 remains cir-
cumstantial in the Bogchigir Valleys, yet previously published and
recalculated exposure ages from moraines in the central Pamir suggest
increased precipitation from the westerlies and/or the monsoonal circu-
lation. Two glacial advances occurred at ~28 and 24 ka, i.e. during MIS
2, and deglaciation was on its way by ~21 ka, although probably
interrupted by periods of stagnation or minor readvances around 16
and 12 ka.

As mentioned above, glacial chronologies from the Pamir and the
adjacent mountain ranges can provide valuable information about
past changes in temperature, as well as precipitation derived from the
westerlies and the monsoonal circulation. One needs to acknowledge,
however, that both the large scatter of exposure ages, particularly on
chukur moraines, and the remaining systematic uncertainties in the
method make it challenging to correlate moraines between valleys
and to establish detailed and robust chronologies. Obviously, a local cal-
ibration site would be extremely helpful. Moreover, further dating
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efforts should focus on stable lateral moraines and be conducted in
the more humid western and northern Pamir, as well as in the arid cen-
tral and southern Pamir for comparison, in order to more precisely in-
vestigate the climatically controlled differences in timing. On top of
that, future studies would probably greatly benefit from combining dat-
ing and glacier-climate modeling, which might help to further disentan-
gle the role of low temperature, increased precipitation and its
seasonality.
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