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ABSTRACT

The glacial geology of two massifs, Muztag
Ata and Kongur Shan, in western Tibet was
examined to help define the timing and style of
glaciation in the semiarid regions of western
Tibet. Remote sensing, geomorphic mapping,
and “Be terrestrial cosmogenic nuclide (TCN)
surface-exposure dating of boulders on the
moraines and sediment in depth profiles show
that glaciers advanced at least 12 times during
at least the last two glacial cycles. Over this
time, the style of glaciation changed progres-
sively from one that produced ice caps to one
that produced less extensive and more deeply
entrenched valley glaciers. The timing of the
two earliest glaciations is poorly defined, but
they likely occurred prior to the penultimate
glacial cycle (the Karasu glacial stage) and
the early part of the last glacial cycle or dur-
ing the penultimate glacial cycle (the Subaxh
glacial stage). In contrast, the timing of later
glacial advances (the Olimde glacial stage) is
relatively well defined showing quasiperiodi-
cal oscillations on millennial time scales (17.1
+ 0.3 ka, 13.7 £ 0.5 ka, 11.2 + 0.1 ka, 10.2 +
0.3 ka, 84 + 0.4 ka, 6.7 + 0.2 ka, 4.2 + (0.3 ka,
3.3+ 0.6 ka, 1.4 =+ 0.1 ka, and a few hundred
years before the present). These data suggest
that since the global Last Glacial Maximum
(LGM), the glaciers in western Tibet likely
responded to Northern Hemisphere climate
oscillations (rapid climate changes), with
minor influences from the south Asian mon-
soon. This study provides the first well-defined
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glacial geologic evidence to suggest that gla-
ciers in western Tibet respond to rapid climate
changes on millennial time scales throughout
the Late Glacial and Holocene.
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INTRODUCTION

The Tibetan Plateau and its neighboring
mountains have a profound connection to global
and regional climate (Ruddiman and Kutz-
bach, 1989; Molnar and England, 1990; Prell
and Kutzbach, 1992; Owen and Benn, 2005).
Understanding the nature and dynamics of past
climate in the region is therefore important, in
a basic sense, for modeling regional and global
climate change and, in a practical sense, for
helping to assess the effect of climate change,
mostly through hydrological impacts, on an area
that is home to more than one third of the world’s
population. The economies of these populations,
being agriculturally based, are especially sensi-
tive to variations in climate and to the associated
glaciological and hydrological responses.

The well-preserved moraine successions and
valley fills that are present throughout Tibet and
the bordering mountains reflect, to first order,
the extent and timing of mountain glaciation.
Since the mountain glaciers that produced these
landforms respond sensitively to fluctuations in
local and regional climate, dating these land-
forms allows a reconstruction of Late Quater-

nary climate and provides a tool for investigat-
ing the relationship between local and global
climate change. This approach has recently been
used in numerous studies throughout eastern,
northern, and southern Tibet and the Himalaya
and the Transhimalaya, which together com-
prise the monsoon-influenced regions of Tibet
and the Himalaya (Porter, 1970; Shroder et al.,
1993; Sharma and Owen, 1996; Richards et al.,
2000a, 2000b; Phillips et al., 2000; Owen et al.,
2001, 2002a, 2002b, 2002c, 2003a, 2003b; Tsu-
kamoto et al., 2002; Finkel et al., 2003). How-
ever, little research has been undertaken on the
glacial geology of the high mountain deserts at
the western end of the Himalayan-Tibetan oro-
gen, which lies at the extreme edge of monsoon
influence. Noticeable exceptions include Fort
and Peulvast (1995), Ono et al. (1997), and
Owen et al. (2002b, 2002¢, 2006). Furthermore,
these studies concentrate on the Pleistocene gla-
cial history, and little is known about the extent
and timing of Holocene glacier oscillations.

To examine the nature of glaciation in the
semiarid regions at the western end of the
Himalayan-Tibetan orogen and to develop the
first, high-resolution, Late Glacial and Holocene
glacial chronology, we studied two adjacent
massifs, Muztag Ata and Kongur Shan (Fig. 1).
These massifs were chosen because they are
very accessible, within a 12-hour drive by road
from the city of Kashgar, and because they
contain one of the best preserved succession
of moraines and glacially eroded landforms in
Tibet. Furthermore, today, these massifs and the
adjacent regions of western Tibet receive most
of their precipitation from westerly air masses
that bring moisture from the Mediterranean,
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Quaternary glaciation of Muztag Ata and Kongur Shan

€ Terminal Position for Olimde gIcaI stg
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% Location of depth profiles

Figure 1. Landsat ETM* (Enhanced Thematic Mapper Plus) image showing the glaciers on Muztag Ata and Kongur Shan.
The moraines and terminal position of the main glacial advances for each of the detailed study areas examined in this
project are highlighted in the black boxes and are shown in Figure 2. Please note that only the moraines that were dated
are highlighted.
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Black Sea, and Caspian Sea, with little, if any,
monsoon influence (Aizen and Aizen, 1997,
Barry and Chorley, 2003).

Remote sensing, field mapping, and sedimen-
tological and geomorphic methods were applied
to define the style and nature of glaciation in the
region. Due to the lack of organic material suit-
able for “C dating, we applied '"Be terrestrial
cosmogenic nuclide (TCN) surface-exposure
dating of boulders on the moraines and for sedi-
ment depth profiles. These data were used to test
the hypothesis that Late Glacial and Holocene
glaciation in semiarid western Tibet responds on
millennial time scales to Northern Hemisphere
climatic oscillations (rapid climatic changes
of Denton and Karlen, 1973 and Mayewski et
al., 2004). Furthermore, our study fills a large
gap in the knowledge and understanding of the
glaciation of the Himalayan-Tibetan orogen,
which covers a vast geographical area, stretch-
ing ~2000 km x 1500 km.

STUDY AREA

Muztag Ata and Kongur Shan are situated at
the westernmost end of the Tibetan Plateau and
rise to 7546 and 7719 m above sea level (asl),
respectively, from a plateau with an average ele-
vation of ~3500 m asl. Both massifs are ~2000 m
higher than any of the neighboring peaks and
represent an area of significant anomalous topog-
raphy (Schoenbohm et al., 2005; Seong et al.,
2008; Fig. 1). Structurally they comprise anti-
clinal crustal domes, formed by the northward
thrusting of the Kunlun terrane over the crust of
the Tarim Basin (Robinson et al., 2004). Muztag
Ata and Kongur Shan are bounded on their west-
ern flanks by an active system of strike-slip faults
at the northwesternmost termination of the Kara-
koram Fault (Tapponnier et al., 1982; Brunel et
al., 1994). East-west extension along these faults
has led to the opening of pull-apart, half-graben
intramontane basins (Brunel et al., 1994).

At Bulun Kol (kol means lake) (Fig.1;
38°44’N, 75°02°E, 3310 m asl), the average
annual temperature is 0.7 °C, and the mean
annual precipitation is 127 mm (during 1956—
1968). The highest precipitation occurs between
April and May as a result of the penetration of
the midlatitude westerlies into the region (Miehe
et al., 2001). At Muztag Ata (Fig. 1), the mean
annual precipitation to the glacier accumula-
tion zone is ~300 mm at 5910 m asl (38°42'N,
75°01E). Summer precipitation, which could
be associated with the south Asian monsoon,
accounts for <30% of the annual total. Most pre-
cipitation is therefore supplied by midlatitude
westerly flow, which reaches its maximum in
spring (March to May). Wake et al. (1994) found
that the annual maximum particle concentrations
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occur at the spring dust storm period, which is
coincident with the time of the peak precipita-
tion, supplied by midlatitude westerlies. Numer-
ous authors have suggested that glaciers in this
region are likely to be more sensitive to changes
in precipitation than temperature changes (Der-
byshire, 1981; Shi, 2002; Owen et al., 2005).
This characteristic may extend back beyond the
last glacial cycle.

Skrine (1925), Fort and Peulvast (1995), Ono
et al. (1997), and Seong et al. (2008) provide
basic descriptions of the glacial geomorphology
in the Muztag Ata and Kongur Shan region. Mul-
tiple successions of moraines occur within each
valley in the forelands of Muztag Ata and Kongur
Shan, together with a range of glacial and para-
glacial landforms including scree cones, debris
flow fans, glaciofluvial outwash terraces, alluvial
fans, and floodplains (Figs. 2 and 3; Seong et al.,
2008). With the exception of three radiocarbon
ages on Late Glacial deposits (Ono et al., 1997),
there are no numerical dates on any of the glacial
landforms. Ono et al. (1997) used magnetic sus-
ceptibility in outwash terrace deposits to argue
that the moraines related to the terrace deposits
were formed during the penultimate glacial cycle
and during at least three major glacial advances
during the last glacial cycle. Using this chronol-
ogy, Ono et al. (1997) reconstructed equilibrium-
line altitude (ELA) depressions of ~700 m and
~100 m for the penultimate glacial and last gla-
cial cycles, respectively. Seong et al. (2008) also
calculated ELAs and ELA depressions for Muz-
tag Ata and Kongur Shan to show the asymme-
try of the massifs and to examine possible glacial
controls on erosion.

METHODS

Fieldwork was undertaken to obtain a quan-
titative chronology for the multiple glaciations
in Muztag Ata and Kongur Shan. Detailed study
areas were chosen within each massif to map the
glacial geology and to apply TCN dating meth-
ods. These are shown in Figures 1 and 2. We did
not map moraines outside of these study area as
this was beyond the scope of our study.

A common practice in glacial geology is
to group moraines and associated landforms
together to develop a morphostratigraphy for a
region on the basis of their position in the land-
scape, preservation, relative weathering char-
acteristics, type of landform association (that
is usually a function of the type of glacier that
produced the landforms), and/or soil develop-
ment (Rose and Menzies, 1995). These groups
of landforms are assigned a glacial stage name
(Owen et al., 1998; Hughes et al., 2005). This
allows the glacial geologist to correlate land-
forms assigned to the same stage throughout a

region, and sometimes between regions, without
inferring a numerical age for that glacial stage.
Often these stages are tentatively correlated
with a particular climatostratigraphic time, such
as the Younger Dryas Stade. Ultimately, how-
ever, geochronological techniques are applied to
determine the numerical age of the glacial stage.
This allows climatic inferences to be made,
and to determine other factors such as rates of
paleoenvironmental change and landscape evo-
lution. This approach is discussed in more detail
in Owen et al. (1998) and Hughes et al. (2005).
We adopt this approach in our study of the Muz-
tag Ata and Kongur Shan massifs. In addition,
for clarification of chronologic terms, we define
the global Last Glacial Maximum (LGM) as
18-24 cal kyr B.P. (at chronozone level 2; Mix
et al., 2001), the last glacial cycle to include
marine oxygen isotope stages (MIS) 5d through
2, and the penultimate glacial as MIS 6. Glaciers
in many mountain regions of the world reached
their maximum extent earlier than the global
LGM during the last glacial (Gillespie and Mol-
nar, 1995; Thackray et al., 2008) and should be
referred to as the local last glacial maximum.

No glacial stage names had been previously
applied to the landforms in this region; there-
fore, we grouped the landforms in the study area
together on the basis of morphostratigraphy,
preservation, relative weathering characteristics,
and type of landform association. Three distinc-
tive sets of moraines were recognized within the
region. Each set of landforms was assigned a
glacial stage name, named after a nearby village.
From oldest to youngest they include the Karasu,
Subaxh, and Olimde glacial stages. These are
discussed in detail in the glacial succession sec-
tion below, and more detailed descriptions for
each moraine that was dated are provided in Part
A of the GSA Data Repository item!'.

Distinct moraines and/or sets of moraine
ridges, that geographically separated from each
other, were numbered sequentially from oldest to
youngest (1 = oldest; 8 = youngest). We used the
following notation, where the letter m represents
a moraine or moraine set, with a subscript letter
representing the valley locations (A to L, repre-
senting locations A to I in Figs. 1, 2, and 4), and
a subscript number representing the relative age
(1 =oldest; 8 = youngest). The youngest moraine
in study area A, for example, is labeled m,,. We
reserve m, and m, for moraines of the Karasu

'GSA Data Repository Item 2008230, moraine de-
scriptions and calculations for terrestrial cosmogenic
nuclide surface-exposure ages for the Muztag Ata—
Kongur Shan region of westernmost Tibet based on
different scaling models, is available at www.geoso-
ciety.org/pubs/ft2008htm. Requests may also be sent
to editing @ geosociety.org.
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Quaternary glaciation of Muztag Ata and Kongur Shan

+ Depth profile
with I.D.

Figure 2. Advanced spaceborne thermal emission and reflection radiometer (ASTER) images (scene #: AST_L.1A.003:2003030305
for Kongur Shan and AST_L.1A.003:2003030307 for Muztag Ata) of the detailed study areas showing the moraines that were
examined and dated using terrestrial cosmogenic nuclide (TCN) methods. Each area is shown in Figure 1.
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Quaternary glaciation of Muztag Ata and Kongur Shan
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Figure 4. "“Be terrestrial cosmogenic nuclide surface-exposure depth profiles within tills. Plots of log 'Be concentrations with depth for (A)
MP1, (B) MP2, and (C) KP1. Samples at 20 cm and 40 cm (within the dotted circle) for KP1 were not used in the calculation of surface con-

centrations.

and Subaxh glacial stages, respectively. This
provided us with a framework to apply TCN
surface-exposure dating that could be objec-
tively used to compare the glacial chronologies
between distant study areas of both massifs.

We used the glacial stages and relative chro-
nologies to determine our sampling strategy for
TCN surface-exposure dating. Samples weigh-
ing more than 500 g were collected from the sur-
faces of quartz-rich boulders, usually granite or
gneiss, along moraine crests at locations where
there was no apparent evidence of exhumation
or slope instability. Four to seven boulders from
each moraine ridge were sampled and dated to
provide a check on the reproducibility of the ages
and to check for the possibility of the presence of
TCNs inherited from prior exposure to cosmic
rays. Each boulder was photographed, mea-
sured, and the degree of weathering and the site
conditions were recorded. The inclination from
the boulder site to the tops of surrounding moun-
tain ridges or peaks was measured as a function
of azimuth to determine the topographic shield-
ing. In addition, we collected depth profiles from
three depositional surfaces, comprising till, that
had few surface boulders. Each depth profile
comprised five bulk samples weighing ~1000 g,
of sand size fraction, collected between the sur-
face and to a depth of 150 cm.

The '"Be TCN surface-exposure samples were
prepared in the geochronology laboratories at the
University of Cincinnati. First, the samples were
crushed and sieved. Quartz was then separated
from the 250- to 500-um size fraction using the
methods of Kohl and Nishiizumi (1992). After
addition of °Be carrier, Be was separated and
purified by ion exchange chromatography and
precipitated at pH >7. The hydroxides were oxi-
dized by ignition in quartz crucibles. BeO was
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mixed with Nb metal and loaded into stainless
steel cathodes for determination of the '’Be/’Be
ratio by accelerator mass spectrometry at the
Center for Accelerator Mass Spectrometry in
the Lawrence Livermore National Laboratory.
Isotope ratios were determined relative to ICN
Pharmaceutical ’Be standards prepared by K.
Nishiizumi (Nishiizumi et al., 2007). The mea-
sured isotope ratios were converted to '’Be con-
centrations in quartz using the total °Be in the
samples and the sample weights. TCN '“Be con-
centrations were then converted to zero-erosion
exposure ages using 3% muon contribution and
a production rate of 4.98 atom/gram of quartz at
sea level high latitude (SLHL) and the scaling
method of Stone (2000). Ages for moraines are
given with one standard deviation uncertainty
(e.g., 20 ka = 10). The measured “Be concen-
trations for the depth profiles were fitted with an
exponential absorption curve, which was used
to extrapolate the surface ’Be concentration.
This, in turn, was used to determine a minimum
surface-exposure age for the surface (Fig. 4).

GLACIAL GEOLOGIC EVIDENCE

The geomorphology of the contemporary
glacial and associated landforms is described
in Seong et al. (2008) and expanded on in the
Data Repository (Part A) (see footnote 1).
Numerous authors have highlighted the confu-
sion surrounding the misidentification of glacial
and nonglacial landforms and diamictons in the
Himalaya and Tibet (Derbyshire, 1983; Owen,
1991; Hewitt, 1999; Benn and Owen, 2002). In
particular, large landslides can easily be mis-
taken for moraines. Large landslides are present
within the study area and are described in detail
in Seong et al. (2008). We recognize this problem

and use the criteria set out in the work of Owen
(1991), Hewitt (1999), and Benn and Owen
(2002) to help resolve issues and only sample
landforms that are unequivocally moraines in
this study area. Furthermore, Fort and Peul-
vast (1995) and Ono et al. (1997) confirm that
the landforms we examined are moraines. The
oldest and outermost moraines and associated
landforms occur in the forelands of the mas-
sifs (Figs. 2 and 3). These were assigned to the
Karasu glacial stage, with the type site located at
Karasu. The moraines of the Karasu are highly
degraded and denuded, and are present on till
benches that contain scattered surface boulders.
Sediments comprising the moraines that were
sampled contained numerous boulders, which
were bullet-shaped and edge-rounded with occa-
sional striations. These are best seen in the SW
foreland of Muztag Ata, ~35 km NE of the town
of Kashkurgan (Figs. 2E and 3E). At this loca-
tion, the Karasu glacial stage moraines comprise
a giant lobe of multiple moraines ridges that rise
>200 m above the foreland. Exposures in gullies
along the edge of this moraine complex reveal
that it is composed of massive matrix-supported
diamict, which contains boulders up to 5 m in
diameter. Surface boulders are sparse and some
meter-size boulders are weathered flat to the
surface of the landform.

Areas of moraine with numerous highly
weathered surface boulders are present near
the frontal slopes of the massifs and along the
slope of topographic highs (Figs. 2A-2D and
3B). These were assigned to the Subaxh glacial
stage. The best preserved moraines are present
on a small plateau area to the NE of the Olimde
valley (Fig. 2A). This area is assigned the type
site for this stage. Here several subdued moraine
ridges trend northeastward, and they rise
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10-15 m above the surrounding surface. Surface
boulders reaching 10 m in diameter are scattered
on the surface of these moraines. Most of the
boulders have deep (several cm-dm) weathering
pits and exhibit varying degrees of exfoliation.
In other study areas, such as Yangbuk (Fig. 2B),
the moraines are preserved against a small topo-
graphic high (ridge) and comprise subdued
ridges that have surface boulders with weather-
ing characteristics similar to those on moraines
above the Olimde valley. The moraines in the
Kartamak (Fig. 2C) and Taerguo (Fig. 2D) are
hummocky. The hummocks rise 10-15 m above
the surrounding landscape and have slopes of
between 10° and 20°. The surfaces contain inset
boulders with deep (cm- to dm-size) weathering
pits and are exfoliated. All the moraines com-
prise massive matrix-supported diamict.

Well-formed latero-frontal moraines, typical
of those described by Benn and Owen (2002),
that form on the margins of high-altitude,
debris-covered glaciers, are present within the
valleys of each massif (C, H, and I in Figs. 2 and
3). These moraines were assigned to the Olimde
glacial stage after the Olimde valley on the north
side of Muztag Ata, which preserves one of the
best successions of moraines (Fig. 2A). This is
the type area for this glacial stage. In the Olimde
valley, six distinct sets of moraines are present
from the snout of the Olimde Glacier with the
lowest two extending into the Kengxuwar River.
Each set of moraines comprises composite
ridges. The youngest of these moraines, nearest
to the contemporary glaciers, have sharp crests
and rise several tens of meters above the val-
ley floors. The frontal slopes of these moraines
are steep, commonly exceeded 30°. Their sur-
faces are armored with meter-size angular to
subangular boulders that show no evidence of
weathering. Exposures in these moraines reveal
that they comprise massive matrix-supported
diamicts. Some of these moraines have become
rock glacierized. The moraines downvalley of
these have steep sides (commonly 20°-25°) and
rise to ~50 m above the valley floor. They have
abundant meter-size surface boulders, many of
which have mm-size weathering pits and are
slightly exfoliated. The boulders in the most dis-
tal moraines are often weathered and inset into
the moraines surface. Exposures confirm that
they also comprise massive matrix-supported
diamicts. These characteristics are typical of
moraine successions in other valleys, such as the
Ting (Fig. 2H) and Kartamak (Fig. 2C) study
areas. The differences between the weathering
characteristics of Olimde glacial stage moraines
(with the exception of those immediately adja-
cent to the glaciers) are not great enough to
allow moraines to be correlated between valleys
on the basis of morphostratigraphy.

354

Seong et al.

RESULTS

The '"Be concentrations that we measured
(Table 1) were used to calculate model surface-
exposure ages to help define the late Quaternary
glacial chronology for Muztag Ata and Kongur
Shan region. Good agreement of TCN surface-
exposure ages among multiple samples col-
lected on individual surfaces is observed for all
the moraines that were sampled except for the
very oldest surfaces (A, B, and E in Figs. 1-3
and 5). The tight clustering of young ages (<1
ka between ages) on individual surfaces shows
that the inheritance of TCNs in a boulder from
exposure prior to emplacement in a moraine is
not significant in this region. Furthermore, the
very young TCN surface-exposure ages (sev-
eral hundred years) for the youngest moraines
support this view. Given the stochastic nature
of weathering processes, a large spread of TCN
surface-exposure ages for the older deposits is
not surprising. The tight clustering of TCN sur-
face-exposure ages for the younger landforms
suggests that the effects of erosion are small for
samples younger than ca. 15 ka.

We can estimate the effects of erosion by
using the '“Be measurements for the oldest
boulders (MUST 48-50 and 88-89) and assum-
ing secular equilibrium has been reached (Lal,
1991). The measured '“Be concentrations in
these boulders indicate that the maximum ero-
sion rate lies between 1 and 3 m/my. A rate of
1 m/my is consistent with rates derived from
TCN data for adjacent regions (Lal, 1991; Lal
et al., 2004; Owen et al., 2006) and other semi-
arid regions outside of the Himalayan-Tibetan
orogen (e.g., Small et al., 1997; Zehfuss et al.,
2001). Applying an erosion rate of 1.0 m/m.y.,
we find that an age of 10 ka calculated assuming
zero erosion would underestimate the true age
by 1%; an age of 50 ka, by 4%; an age of 100 ka,
by 10%; an age of 200 ka, by 22%; and an age
of 300 ka, by 42% (cf. Gosse and Phillips, 2001;
Owen et al., 20006).

Currently there is much debate regarding the
appropriate scaling models and geomagnetic
corrections for TCN production to calculate
TCN ages, especially for low-latitude and high-
altitude regions (e.g., Pigati and Lifton, 2004;
Staiger et al., 2007). To assess the effects of
using different scaling models and geomagnetic
corrections on modeled TCN ages, we calculated
our TCN ages using five different schemes. The
results are shown in detail in Figures DR1-3 and
Table DR1 (see footnote 1). The different calcu-
lation schemes result in Holocene ages that dif-
fer by a few percent and Late Pleistocene ages
that differ by as much as 10%. We use the time-
constant scaling method of Lal (1991) and Stone
(2000) because there is currently no agreement

as to which scaling model and/or geomagnetic
correction should be used to calculate ages for
this latitude and altitude. Using this model, or
any of the other age calculation methods, does
affect our conclusions.

Corrections were not made for shielding due
to snow cover. Snow shielding would system-
atically underestimate the effective ages. Most
samples were collected from tall (>1-m-high),
large (>1 m in diameter) boulders that are not
usually affected by snow. Our experience has
shown that snow blows off the top of tall, large
boulders (cf. Owen et al., 2003c). The boulders
whose upper surfaces stand high above mod-
ern snowpack would be little shielded from
secondary cosmic rays, and hence this would
have minimal effect on apparent age (Benson
et al., 2004). Furthermore, since the region is
semiarid there would be little snowpack accu-
mulation throughout the Holocene. In addition,
there is no clear relationship between boulder
height and age for sets of ages, which suggests
that snow cover and/or exhumation of boulders
provides no systematic bias to the ages on indi-
vidual moraines.

The good agreement in ages between boul-
ders from the same moraine reinforces our con-
clusion that erosion has not played a significant
role in altering the age estimates in moraines
younger than the global LGM and reinforces our
finding that moraine formation occurred during
well-defined periods of glacial advance. For each
of the study areas, the TCN ages on sampled
moraines confirm the morphostratigraphic rela-
tionships: that is, each set of ages on each mor-
phostratigraphically younger moraine are pro-
gressively younger than the previous moraine.

The geomorphic evidence shows that glacia-
tion in the region became less extensive with
time (Figs.2 and 3). The style of glaciation
changed from expanded ice-cap glaciation dur-
ing the Karasu Glacial to piedmont glaciation
during the Subaxh Glacial, ending in restricted
valley glaciers during the Olimde Glacial. Using
the morphostratigraphy, relative chronology, and
TCN ages, we make broad correlations between
the valleys studied in Muztag Ata and Kongur
Shan. These are shown in Table 2.

Karasu Glacial Stage

The ice caps during this stage advanced >10
km from the present glacier limits. A good
example of the glacial geologic evidence for
this glacial stage can be seen at the southern
portion of Muztag Ata (area E; Figs. 2 and 3).
Here glacial deposits form a 10-km-wide and
>150-m-thick piedmont plateau. Five boulders
were dated to define the age of this surface.
The TCN surface-exposure dates on boulders
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Figure 5. "Be terrestrial cosmogenic nuclide surface-exposure ages for boulders on moraines dated from each of the study areas. (A) Individual

YBe TCN surface-exposure ages plotted for each region. Marine oxygen-isotope stages (MIS) are shown in light blue. Note that the vertical
scale changes at 20 ka and 100 ka (marked by the light-gray undulating lines). The error bars are for analytical uncertainty. (B) Probability
distributions for ’Be TCN surface-exposure ages grouped per each glacial advance over the past 20,000 yr (Olimde glacial stage). Every “Be
TCN surface-exposure age for each advance was converted to a probability distribution and summed to show the relative potential of the ages

of each advance. Each different color represents a distinct glacial advance.
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TABLE 2. CORRELATION OF THE MORAINES BETWEEN THE VALLEYS OF THE STUDY REGION

Valleys

Ages

A B C D E

F G H |

Several hundred years (Little Ice
Age)

1.4 +0.3ka

3.3+ 0.6 ka

42+0.3ka

6.7 + 0.2 ka

8.4 +0.4 ka

10.2 £ 0.3 ka

11.2+0.1 ka

13.7 + 0.5 ka

17.1 £ 0.3 ka

Last glacial cycle or penultimate
glacial cycle

Pre-penultimate glacial cycle

7H 3l
m,, and m,,

aH

m,.and m

3H

My My

Note: m—moraine. Numbers 1-8 are for relative age (1—oldest moraine; 8—youngest); subscript letters (a—i) indicate the location of the detailed
study areas (A-l). Uncertainties are 1 standard deviation.

span between 151 and 367 ka (M_; Fig. 5A).
Although there is a large spread of ages, which
suggests the youngest ages represent significant
erosion and or exhumation of boulders, we have
broadly assigned the landform to a glaciation
prior to the penultimate glacial cycle.

Subaxh Glacial Stage

Glaciers during this stage formed subdued
end and lateral moraines, and hummocky
moraines delimiting the extent of piedmont gla-
ciers (Table 1 and Fig. 1). Boulders from this
stage have TCN surface-exposure ages rang-
ing from >100 ka to 15 ka. Six surfaces were
dated for age control for this glacial stage. This
included six boulders from Olimde glacier (A in
Figs. 2 and 3) on the oldest surface (m,,), pro-
viding ages ranging between 44 and 134 ka. In
addition, ages for eight boulders from the sur-
face below Yangbuk glacier (B in Figs. 2 and 3)
range between 21 and 112 ka. Considering the
possible problems associated with inheritance
and erosion, this landform probably represents
a glacial advance that occurred during the early
part of the last glacial cycle, possibly during
MIS 3 and/or MIS 4. In the Kartamak valley (C
in Figs. 1-3) our dating shows that the Karta-
mak glacier (m,.) advanced between ca. 17 and
75 ka. The advancing glaciers likely converged
to form a broad, lobate, piedmont glacier. The
ages on these landforms are scattered and may
reflect some inheritance (the oldest ages) of
TCNs and postdepositional erosion (the young-
est ages). If ages beyond two standard deviations
of the mean of the ages are rejected (specifically
MUST-62), the dating suggests that this glacial
stage probably represents a glacial advance that
occurred during early MIS 3 or late MIS 2. Two
boulders and one depth profile were dated in
Kokodak valley on m,, (G in Figs. 2 and 3). The
TCN surface-exposure ages range between 29
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and 57 ka suggesting that these formed during
MIS 3. Four boulders were dated from hum-
mocky moraines that occur farthest from the
Ting glacier valley (m,,,). These date to between
14 and 29 ka. Despite the scatter of ages, con-
sidering effects of erosion, these ages suggest
that this landform might have formed during the
global LGM.

The two depth profiles that were examined in
till in the Taerguo study area provide modeled
ages for these surfaces of 53 and 67 ka (D in
Figs. 2 and 3; A and B in Fig. 4). The depth-pro-
file data show little evidence of inheritance, with
the lowest (150-cm-deep) samples in the depth
profile having concentrations that are 4%—5%
that of surface concentrations. We cannot rule
out the possibility that the surfaces where the
depth profiles were examined have not been
eroded, and we therefore consider these ages to
be minimum values for the age of these depos-
its. The depth profiles support the view that this
glacial stage should be assigned to the early part
of the last glacial cycle.

The spread of age data for this glacial stage
might reflect the local topography, since gen-
tler sloping terrain would not allow glacial
advances to be widely separated geographi-
cally, and boulders from earlier glacial deposits
might be mixed in with the newly transported
and deposited boulders. Sampling might,
therefore, include boulders from several glacial
advances and thus it is difficult to assign accu-
rate ages to glacial advances during this glacial
stage. Landforms assigned to this glacial stage
likely represent multiple glacial advances dur-
ing the penultimate glacial cycle and/or the last
glacial cycle. Given the large scatter of ages
on each landform it is difficult to precisely and
accurately assign each landform to a specific
time during the last two glacial cycles and/or
correlate between the landforms within the two
massifs and different valleys.

Olimde Glacial Stage

For each of the study areas we examined
that contain landforms of the Olimde glacial
stage, the TCN ages on morphostratigraphi-
cally younger moraines are progressively
younger. This provides confidence in the TCN
surface-exposure dating. However, the ages
based on the TCN surface-exposure dating of
similarly numbered moraines differ between
different valleys (Fig. 5A and Table 2). This
might be the result of asynchronous glacia-
tion. Given that glacier retreat in high-moun-
tain environments usually produces hum-
mocky moraines in dead ice zones and do not
form well-developed latero-frontal moraines
(Benn and Owen, 2002; Zech et al., 2005a),
we argue that the moraines sampled formed
during distinct glacial advances. Alternatively,
this might be a function of irregular preserva-
tion of moraines. For example, in some valleys
younger glacier advances might have overrid-
den older moraines, destroying the evidence
for older advances. Given that some moraines
(e.g., my,, m,, and m,, and m,,, m,., and
m, ) have the same ages (with tight clustering
of boulders ages on the moraines), we favor
the latter explanation, and suggest any evident
asynchronicity between advances in different
valleys is apparent rather than real. The tight
clustering of boulder ages on moraines sug-
gests that glaciers advanced at ca. 17.1 ka,
13.7 ka, 11.2 ka, 10.2 ka, 8.4 ka, 6.7 ka, 4.2 ka,
3.3 ka, 1.4 ka, and a few hundred years ago.
Figure 5B shows the probability distributions
for each of these glacial advances.

Three boulders from one latero-frontal
moraine belonging to this stage were dated and
define a 17.1 £ 0.3 ka glacial advance (area A
in Fig. I and m,, in Fig. 2). The TCN surface-
exposure ages range between 16.8 and 19.6 ka,
with reasonable clustering at ca. 17.1 ka. The
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oldest age (19.3 ka) for this moraine is older
than the younger of m,, and m,_, but the style
of glaciation of m,, (latero-frontal moraine) is
different from m,, and m,., which are hum-
mocky moraines, suggesting that this boulder
may have been reworked from an older deposit
and thus may contain inherited '“Be due to
prior exposure from a moraine that formed dur-
ing the Subaxh glacial stage. Despite the small
number of samples, two out of three show
agreement at ca. 17.1 ka (16.8 and 17.3 ka).
Therefore, it is likely that this event occurred
during the Late Glacial at ca. 17.1 £ 0.3 ka.

There are three sets of latero-frontal
moraines that define a 13.7 ka glacial advance.
Three boulders were dated in the Olimde val-
ley (13.8 £ 0.1 ka; Fig. 1; m,, in Fig. 2), and
five boulders each (13.7 £ 0.7 ka; m,. and 13.6
+ 0.3 ka; m, ) from two moraines in the Kar-
tamak valley. Each moraine has TCN surface-
exposure ages that tightly cluster around 13.7
+ 0.4 ka. Given the tight clustering of TCN
surface-exposure ages and the morphostratig-
raphy, and the style of glaciation, we consider
these moraines were produced by synchronous
glacial advances. The more extensive advance
in the Olimde valley compared with that for
the Kartamak valley is a function of the large
glaciers on the eastern and northern sides of
Muztag Ata. Furthermore, the ELA depression
for each valley is slightly different (260 m and
320 m for the Kartamak and Olimde valley,
respectively) and is a function of the basin hyp-
sometry, aspect, headwall geometry, and snow
avalanche supply. The complexities control-
ling ELA in high mountains and specifically
the Himalaya and Tibet are discussed in depth
in Benn and Lehmkuhl (2000) and Owen and
Benn (2005), and are discussed in more detail
in Seong et al. (2008).

Three boulders were dated from a moraine
(m,,) of the Ting valley that defines an 11.2 ka
glacial advance. The ages tightly cluster at 11.2
+0.1 ka.

TCN surface-exposure ages for four boulders
on a latero-frontal moraine (m,.) in Olimde val-
ley define a glacial advance at 10.2 ka. How-
ever, there is one older age (MUST-72 at 11.3 +
0.2 ka), which may be the result of the boulder
derived from an old deposit that had TCNs from
prior exposure. Given the errors associated with
TCN surface-exposure dating, the possibility
that this event occurred at the same advance that
produced m,, cannot be ruled out. In that case,
the moraine age would be 10.2 + 0.3 ka.

Two sets of moraines, each originating from
ice that advanced from separate but adjacent
valleys, on the southwestern slopes of Kongur
Shan (F in Figs. 1 and 2) have ages that clus-
ter around 8.7 = 0.1 ka (m,;) and 8.3 £ 0.3 ka
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(m,..). These likely define a ca. 8.4 + 0.4 ka
glacial advance. The older ages were obtained
from the boulders on the hummocky moraines
deposited by Kongurjiubie glacier (Fig. 1)
and the younger ages from the latero-frontal
moraine formed by Jangmanjiar glacier (Fig. 1).
The two glaciers are adjacent and probably con-
verged during this event.

It is noteworthy that the extensive glacier
advances and corresponding ELA depression
in these regions during this time were signifi-
cantly greater than for any Holocene glacial
advance from Muztag Ata and for Holocene
glacial advances on the northwestern slopes
of Muztag Ata (Ting study area; H in Figs. 1
and 2). As discussed above, the difference in
ELA depression might reflect differences in
basin hypsometry and aspect.

Three sets of moraines define a ca. 6.7 + 0.2
ka glacial advance. Two of these occur in the
Olimde valley and have ages that tightly clus-
ter around 6.5 + 0.2 ka (m,,) and 6.6 £ 0.2 ka
(m,,). In addition, a hummocky moraine from
Ting valley (Fig. 1) yields an age of 6.8 + 0.1
ka (m,,). The tight clustering of TCN surface-
exposure ages suggests that exhumation and
weathering of the boulders are not significant
and that our ages are reasonable estimates of
the true age of the moraines.

Four boulders from a terminal moraine
(m,.) in the Kartamak valley have TCN sur-
face-exposure ages that define a 4.2 = 0.3 ka
glacial advance.

Two sets of moraines define a 3.3 = 0.6 ka
glacial advance in the Ting valley. The TCN
surface-exposure ages range from 3.7 + 0.5 ka
(mg,; age for Kong_21 omitted) to 2.9 + 0.4
ka (m,,; age for Kong 24 and 28 omitted).
Samples Kong 21, Kong 24, and Kong 28
have significantly younger ages than the rest of
the population. These may be due to erosion
or postdepositional toppling of the sampled
boulder.

Three sets of moraines define a glacial
advance at 1.4 + 0.1 ka. These include TCN
surface-exposure ages on seven boulders from
the terminal moraine of Olimde glacier (m,,),
four boulders from Ting glacier (m ), and
seven samples from a debris-covered glacier
(m,) in the Karayaylak valley (Fig. 1). Ages of
each moraine cluster around 1.8 + 0.1 ka, 1.3
+ (.1 ka (sample Kong_15 rejected), and 1.4 +
0.1 ka (Kong_41 rejected). Samples Kong_15
and Kong_41 have significantly younger ages
than the rest of the population, probably result-
ing from postdepositional toppling.

Fresh, sharp-crested moraines in the Olimde
and Kartamak valleys dated to 0.5 += 0.2 ka
(mg,) and 0.3 £ 0.1 ka (m,.). These define the
youngest glacial advance.

DISCUSSION

Our TCN surface-exposure dating provides
the first numerically defined chronology for
Muztag Ata and Kongur Shan. The oldest gla-
cial stage, the Karasu, has '"'Be TCN surface-
exposure ages that suggest that the moraines of
this stage formed during the penultimate or ear-
lier glacial cycles. Most of the boulders on the
moraine of the Karasu glacial stage that were
dated, on the southwest portion of Muztag Ata
(E in Figs. 2 and 3), were intensively weathered.
Given the effect of weathering, these ''Be TCN
surface-exposure ages must be considered to
be absolute minimum ages. The wide scatter of
ages does not allow us to assign this moraine
to a specific marine oxygen-isotope stage. This
moraine is one of the oldest in the Himalayan-
Tibetan orogen and likely formed during or prior
to the penultimate glacial cycle (cf. Schifer et
al., 2002; Owen et al., 2005, 2006). The lack of
old ages in other study areas of the Himalayan-
Tibetan orogen may be the result of poor pres-
ervation, particularly in the monsoon-influenced
regions where fluvial and mass-movement pro-
cesses are more dominant. Alternatively, it may
be that in other regions, glaciation during the
last glacial cycle was extensive enough to have
destroyed evidence of early glaciations.

The Karasu glacial stage might be broadly
correlated with the Tanggula glacial stage of
central Tibet (Owen et al., 2005) and the Indus
valley glacial stage in Ladakh (Owen et al.,
2006). As Schifer et al. (2002) and Owen et al.
(2005) pointed out, the presence of moraines that
predate the last glacial cycle in western Tibet
provides strong evidence that an extensive ice
sheet, as proposed by Kuhle (e.g., 1985, 1988,
1991, and 1995), could not have existed on the
Tibetan Plateau during the last glacial cycle.
Had such an ice sheet developed, the glacial and
associated landforms from earlier glaciations
would have been eroded away. Our data for the
Karasu glacial stage moraines confirms the view
that an extensive ice sheet did not exist on the
Tibetan Plateau during the last glacial cycle.
Of course it could be argued that an extremely
cold-based ice sheet could have advanced over
the landscape doing little erosion to preexisting
moraines. However, the relatively well-formed
moraines throughout the region do not support
this view. Furthermore, there are no landforms,
such as meltwater channels, eskers, and kames,
in the region that would suggest an extensive
Tibetan Plateau ice sheet.

The Subaxh glacial stage probably represents
one or more glacial advances during the penul-
timate glacial cycle and/or the last glacial cycle.
These glacier advances resulted in the formation
of hummocky moraines developed by piedmont
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glaciers. This style of glaciation contrasts with
the very extensive ice cap that existed during the
Karasu glacial stage and the limited valley gla-
ciers during the Olimde glacial stage. The wide
scatter of ages, however, does not allow us to
assign each moraine to a specific marine oxy-
gen-isotope stage. Nevertheless, data from the
Ting valley (H in Figs. 1-3) suggest that at least
one glacial advance was broadly coincident with
the global LGM.

Our chronology for the Olimde glacial stage
is well defined in comparison to most other TCN
surface-exposure dating studies, and is the best

numerically defined Holocene glacial succession
in the Himalayan-Tibetan orogen. Several of the
dated Olimde glacial stage glacial advances that
are present within the region are recognized in at
least two separate glacier valley systems on the
Muztag Ata and Kongur Shan massifs (Figs. 2,
5, and 6). These include moraines: mg, and mg;
m,,, m, and m; m,, and m; m,,, m

6H; S5A° 6A” and
m,; m,. and m,.; and m,,, m,, and m,... This

3F‘; 4A° 3C
provides us with confidence that the moraines
and their associated ages represent significant
climatically driven events. However, the extent

of glaciation for each advance varies signifi-
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cantly within each massif and between the two
massifs. This is likely due to differences in hyp-
sometry, aspect, and supply of snow and ice to
individual catchments. This makes correlations
based on ELA depressions difficult. These prob-
lems are discussed in detail in Benn and Lehm-
kuhl (2000), Owen and Benn (2005), and Seong
et al. (2008). Furthermore, several studies have
suggested that hypsometry can strongly influ-
ence the extent of glaciation, resulting in what
may appear to be asynchronous glaciations
within a mountain range (Furbish and Andrews,
1984; Kerr, 1993).

Figure 6. Multiple paleoclimate proxy
records of Northern Hemisphere and the
Tibetan Plateau during the Holocene. Light-
gray bands indicate rapid climate changes
after Mayewski et al. (2004). (A) Hematite
percentage change in core MC52-VM29-191
from the North Atlantic, and events labeled (1
through 8) in Bond et al. (2001). (B) Percent-
age change in Globigenina bulloides in Bore
Hole 723-A from the Arabian Sea (after Gupta
et al, 2003). (C) Gaussian smoothed (200
yr) Greenland Ice Sheet Project 2 (GISP2)
potassium (K+: ppb) ion proxy for the Sibe-
rian high-pressure system (after Meeker and
Mayewski, 2002). (D-G) 30 record from
Guliya, Dundee, Dasuopu, and Purogangri
ice core, respectively (after Thompson et al.,
1989, 1997, 2005; Thompson, 2000). (H) 'Be
production in the GISP2 (Finkel and Nishii-
zumi, 1997). (I) Effective moisture variability
reconstructed from the paleoclimate proxies
records of the Tibetan Plateau during the
Holocene (Herzschuh, 2006). Solid and dot-
ted curves refer to the westerlies and Indian
monsoon, respectively. (J) Holocene glacial
events of Muztag Ata—Kongur Shan. The
boxes show glacial events centered on 13.7
ka, 11.2 ka, 10.2 ka, 8.4 ka, 6.7 ka, 4.2 ka, 3.3
ka, 1.4 ka, and Little Ice age. The black boxes
indicate moraine ages that are present in two
or more valleys, while the gray boxes indicate
moraine ages that have only been dated in one
valley. The center of box marks the mean age
of the event and the width of the box for error
range. The Younger Dryas Stade is shown as
YD. All the ages of proxy records for RCC ref-
erenced are corrected calendar ages, whereas
cosmogenic ages (J) were calculated from
time-constant scaling of geomagnetic inten-
sity change (Lal, 1991; Stone, 2000).
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The uncertainties associated with the dating
resolution for each of the glacial advances and
the scatter of TCN surface-exposure ages do not
allow us to precisely assign each glacial advance
to a specific global climatic event. Given the
quasiperiodicity of the glacial oscillations, how-
ever, we suggest these glacial advances corre-
late with the rapid climate changes that occurred
around the Atlantic Ocean from the Late Glacial
to the Little Ice Age (LIA) (Bond et al., 1997,
2001; Fig. 6A). Such rapid climate fluctuations
are recognized in ice cores from the Greenland
ice sheet and in deep-sea sediment cores from
the North Atlantic, where a quasiperiodicity
of ~1470 yr is apparent throughout the Late
Glacial and the Holocene (Bond et al., 1997,
2001; Fig. 6A). This pattern supports the pro-
posed pattern of the Holocene glacial oscilla-
tions highlighted by Denton and Karlén (1973).
However, we are cautious in making correla-
tions with rapid climate changes when moraines
of specific ages are only present in one valley.
These include: mg,, Mg, M, m, m,, and m,,.
Since the TCN surface-exposure ages on these
moraines are only for one valley, any correla-
tions with climatostratigraphic events must be
considered tentative.

Although there is no unequivocal consensus
on the cause of rapid climate oscillations since
the global LGM, Mayewski et al. (2004) sug-
gest that for at least the Holocene, changes in
insolation related both to Earth’s orbital varia-
tions and solar variability likely plays a central
role in the global scale changes in climate. This
quasiperiodicity also correlates reasonably well
with fluctuations in the Indian summer monsoon
(Gupta et al., 2003; Fig. 6B). Furthermore, these
events are well documented in global (Alley et
al., 1997; Finkel and Nishiizumi, 1997; Figs. 6C
and 6H) as well as in local ice cores (Thomp-
son et al., 1989, 1997, 2005; Thompson, 2000;
Figs. 6D to 6G). On the basis of an extensive
analysis of multiple proxy data, Herzschuh
(2006) showed that the Tibetan Plateau since
the global LGM has become increasingly influ-
enced by the midlatitude westerlies, with the
exception of the early Holocene when the Indian
monsoon dominated (Fig. 6I). Even during the
Indian-monsoonal maximum when the strong
air uplift caused intensified precipitation and
air divergence in the upper troposphere over the
Tibetan Plateau, the plateau areas adjacent to our
study region experienced an intensified descent
of air masses, which consequently decreased the
influence of the Indian summer monsoon (Her-
zschuh, 2006).

The glacier oscillations in this region for the
past 18,000 yr were very restricted in extent,
within a few kilometers of the contemporary gla-
ciers. This restricted glaciation contrasts sharply
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with the more extensive glaciations of the
monsoon-dominated Himalaya to the south and
southeast (Owen et al., 2005). This suggests that
the Muztag Ata and Kongur Shan massifs were
not significantly influenced by the monsoon but
were dominated by the midlatitude westerlies,
which brought moisture from the Mediterranean,
Black Sea, Caspian Sea, and Aral Sea.

The glacial advance at ca. 17.1 ka might corre-
late with Heinrich event 1. The following event,
at ca. 13.7 ka, is possibly coincident with the
Younger Dryas Stade. The two following glacia-
tions (11.2 ka and 10.2 ka) may be synchronous
with the Holocene Bond events 7 and 6 that are
apparent in North Atlantic deep-sea records
(Fig. 6A). Although we argue that the 13.7 ka
age moraines formed during the Younger Dryas
Stade, this assignment is tentative and is our best
estimate based on a combination of TCN chro-
nology and glacial geomorphology. The glacial
advance at ca. 8.5 ka may be coincident with a
sharp drop in temperature that is likely global in
extent (Mayewski et al., 2004; Alley and Agist-
sdottir, 2005; Rohling and Pilike, 2005) and that
was probably initiated from catastrophic cold
meltwater input into the North Atlantic at 8.47
ka (Barber et al., 1999). The lower temperature
at this time, and the likely increased frequen-
cies and magnitude of storm-track development
in the region, may have increased the moisture
supply to the region (An and Porter, 1997; Alley
and Agﬁstsdc’)ttir, 2005), which in turn likely
resulted in positive glacier mass balances allow-
ing glaciers to advance. This combination of
relatively high winter accumulation and lower
temperature drove the most extensive advance
during the Holocene.

The glacial advances between 6.7 ka to a few
hundred years ago are also noteworthy. Lake
records from the Thar Desert in west India,
for example, show that the lake level rose and
reached their maximum ca. 7.2-5.5 ka (Enzel
et al., 1999). They suggest that winter pre-
cipitation, likely provided from the westerlies,
accounts for most of the increased total precip-
itation. This finding is well supported by the
decrease in the Indian monsoon (Gupta et al.,
2003) and temperature drop in northern Tibet
(Thompson et al., 1997). There is no evidence
for massive freshwater input into the North
Atlantic or for significant Northern Hemisphere
ice growth or decay since the ca. 8.5 ka event.
Solar variability is a more plausible forcing
mechanism for the rapid climate changes that
occurred during the middle and late Holocene.
In particular, the events at ca. 6.7 ka, ca. 3.3 ka,
and the LIA that roughly coincide with max-
ima in the AC and A'"Be suggest a decline in
solar output at these times (Fig. 6H). Although
it is difficult to attribute the short durable event

at 4.2 ka to a specific forcing mechanism, it is
marked by a maximum in '’Be production. This
relationship is also supported by southward
migration of the Intertropical Convergence
Zone (ITCZ), which would be consistent with
the increase in strength of the westerlies over
the North Atlantic (Hodell et al., 2001). The
strengthened westerlies would have increased
the winter snowfall as a westerly low-pressure
system linked to the North Atlantic pushed far-
ther east along the Himalaya than at present.

During the LIA, total snow accumulation at
Dasuopu ice sheet in southern Tibet was 30%
higher than the summer amounts in northern
India (Thompson, 2000). This was possibly
the result of the increased winter snowfall as
the westerly low-pressure system linked to
the North Atlantic pushed farther east along
the Himalaya than it does today. The resultant
increased albedo due to increased snowfall and
the colder temperatures allowed excess snow
and ice to persist late into each year, which may
have weakened the subsequent Indian summer
monsoon.

The data presented here (Fig. SA) and the
compilation of previous studies that are sum-
marized in Owen et al. (2005) suggest that
glacial advances regionally can be broadly, on
Milankovich time scales, correlated throughout
the Himalaya and Tibet. As in adjacent regions
of the Pamir (Zech et al., 2005b) and Ladakh
(Owen et al., 2006), which are also dominated
by midlatitude westerlies, this region shows a
reduction in the extent of glaciation over time.
In Pamir, the most extensive glaciation occurred
during early last glacial cycle (MIS 4), but in
Ladakh it occurred before 400 ka. At the global
LGM, the glaciers of both regions had limited
advances, restricted to the tributary valleys.

The differences in the extent and timing of
glaciation between regions at the western end
of the Himalayan-Tibetan orogen imply that
even within similar climatic settings, glacial
extent and the timing might be affected to dif-
ferent degrees by the topography and variations
in regional climate. In the wettest regions, for
example, in the Greater Himalaya of northern
India, the oldest and most extensive glacial
deposits are younger than those in Transhima-
laya of northern India, which is one of the driest
regions (Owen et al., 2005). This suggests that
evidence from old glaciations in wet regions
was destroyed by weathering, erosion, and mass
movements because of the higher precipitation
and increased geomorphic action. In contrast, the
drier regions have the oldest and most extensive
moraines. The Muztag Ata—Kongur Shan region
was dry enough to preserve the oldest and most
extensive glacial deposits and landforms that
formed prior to the penultimate glacial cycle.
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Since the global LGM there has been a decrease
in intensity of a Siberian high-pressure system,
with the region becoming more exposed to the
penetration of westerly moisture mass linked to
northern Atlantic climate deteriorations by way
of midlatitude westerlies (An and Porter, 1997).
Therefore, our new data (Fig. 5) likely support
our hypothesis for the importance of midlati-
tude westerlies in forcing glaciation in semiarid
western Tibet.

Our data show that glaciation in the Muztag
Ata and Kongur Shan massifs has decreased in
extent through time—from ice caps to piedmont
glaciers to valley glaciers. This likely represents
a significant reduction of the moisture flux to the
region over the last few glacial cycles, which is
needed to maintain positive glacier mass bal-
ances. This possibly reflects a change in regional
climatic forcing that might be the result of the
progressive surface uplift of the Himalayan
ranges on the south and the Pamir to the west,
which progressively uplifted and restricted the
supply of moisture by the monsoon and wester-
lies to the region. Owen et al. (2006) recognized
a similar change in the extent of glaciation over
at least the past 400,000 yr in Ladakh (north-
ern India), which they suggested might be the
result of tectonic controls (the progressive uplift
of the Himalaya to the south and/or Karakoram
Mountains to the west). However, Owen et al.
(2006) also recognized that this pattern might
reflect a global trend of progressively less exten-
sive mountain glaciation throughout at least the
past 400,000 yr. They highlighted that in other
mountain regions of the world, such as Tasma-
nia, the Sierra Nevada, Alaska, Peruvian Andes,
Patagonia, and the Chilean Lake District, glacia-
tion has also become progressively less exten-
sive over time (Denton et al., 1999; Barrows et
al., 2002; Smith et al., 2002; Kaufman et al.,
2004; Singer et al., 2004). This suggests that the
Northern Hemisphere ice sheets possibly grow
at the expense of mountain glaciers over the last
several glacial cycles (>400,000 yr).

Alternatively, the change in style of glacia-
tion might represent progressive glacial inci-
sion, such that with increased deepening of
valleys by glacial erosion the glaciers become
progressively more confined to deep valleys.
However, this does not explain the reduction
in ice volumes. Nevertheless, it is particularly
noteworthy that Muztag Ata and Kongur Shan
have experienced a seven- to eight-fold accel-
erated exhumation since 2 million years ago
(Arnaud et al., 1993). This rapid exhumation
might be broadly equated to the growth of the
two massifs, initiating glaciation as ice caps
when the massifs became sufficiently high
enough to enhance orographic precipitation by
the westerlies. During times of deglaciation,
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meltwater streams would have progressively
incised the massif allowing subsequent glacial
advances to exploit and deepen the valleys and
hence leading to a progression from ice-cap
glaciation to valley glaciation.

In essence, our study forms the foundation for
future studies on high-mountain glaciers in the
semiarid northwestern Tibet and highlights the
potential of examining Holocene glacial succes-
sions for paleoclimate studies.

CONCLUSIONS

Our new '"“Be TCN chronology defines the
timing of glaciation for three glacial stages
(the Karasu, Subaxh, and Olimde) in the Muz-
tag Ata and Kongur Shan massifs in semiarid
westernmost Tibet. The glaciers in this region
likely advanced prior to the penultimate glacial
cycle (the Karasu glacial stage), the last glacial
cycle, and/or during the penultimate glacial
cycle (the Subaxh glacial stage) and the Late
Glacial and the Holocene (the Olimde glacial
stage). Each successive glaciation in the Muztag
Ata—Kongur Shan region became progressively
less extensive, changing in style from ice caps
to piedmont glaciers to restricted valley glaciers.
This change in glacial style might be the con-
sequence of tectonic influences on climate and/
or topography, or a reflection of a global pattern
of glacial change where mountain glaciation has
become progressively less extensive in favor of
the Northern Hemisphere ice sheet growth.

During Olimde glacial stage (Late Glacial
through Holocene), the glaciers of the region
advanced at ca. 17.1 = 0.3 ka, 13.7 = 0.5 ka,
11.2 £ 0.1 ka, 10.2 = 0.3 ka, 8.4 + 0.4 ka, 6.7
+02ka, 42 + 0.3 ka, 3.3 £0.6 ka, 1.4 = 0.1
ka, and a few hundred years ago (likely the
LIA). This provides the first glacial geologic
evidence in the Himalayan-Tibetan orogen that
glaciers oscillated in response to quasiperiodic-
ity climate fluctuations on millennial time scales
throughout the Late Glacial and Holocene. Fur-
thermore, these data provide the most detailed
Late Glacial and Holocene glacial chronology,
defined by TCN surface-exposure dating, for
any part of the Himalayan-Tibetan orogen. Care
must be taken when correlating these moraine
ages with climate events, especially when ages
are particularly obtained from only one valley.
However, when similar ages are obtained from
moraines in two or more valleys, we can more
confidently assign a glacial advance to a climate
event. This is the case for the 13.7 ka, 8.4 ka, 6.7
ka, 1.4 ka, and the LIA glacial advances. These
glacier oscillations might be synchronous with
ice-rafting events and autocyclicity in the North
Atlantic during the Late Glacial and Holocene.
This suggests that the record of glacial advances

in western Tibet supports the view that atmo-
spheric teleconnections between Tibet and the
Northern Hemisphere ice sheets and oceans
existed throughout the Late Quaternary. This
is also consistent with earlier suggestions that
changes in the physical oceanography of the
North Atlantic Ocean affect the climate down-
wind, including the strength and path of storm
tracks within the midlatitude westerly system
that passes over the semiarid western Tibet.
These climatic changes likely forced glaciation
during the Late Glacial and Holocene in west-
ernmost Tibet.
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