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The timing and extent of latest Pleistocene and Holocene alpine glacier fluctuations in the Himalaya and
Tibet are poorly defined due to the logistical and political inaccessibility of the region, and the general
lack of modern studies of the glacial successions. Nevertheless, renewed interest in the region and the aid
of newly developing numerical dating techniques have provided new insights into the nature of latest
Pleistocene and Holocene glacier oscillations. These studies provide abundant evidence for significant
glacial advances throughout the Last Glacial cycle. In most high Himalayan and Tibetan regions glaciers
reached their maximum extent early in the Last Glacial cycle. However, true Last Glacial Maximum
glacier advances were significantly less extensive. Notable glacier advances occurred during the Late-
glacial and the early Holocene, with minor advances in some regions during the mid-Holocene. There is
abundant evidence for multiple glacial advances throughout the latter part of the Holocene, although
these are generally very poorly defined, and were less extensive than the early Holocene glacier
advances. The poor chronological control on latest Pleistocene and Holocene glacial successions makes it
difficult to construct correlations across the region, and with other glaciated regions in the world, which
in turn makes it hard to assess the relative importance of the different climatic mechanisms that force
glaciation in this region. The Lateglacial and Holocene glacial record, however, is particularly well
preserved in several regions, notably in Muztag Ata and Kongur, and the Khumbu Himal. These
successions have the potential to be examined in detail using newly developing numerical dating
methods to derive a high-resolution record of glaciation to help in paleoclimatic reconstruction and
understanding the dynamics of climate and glaciation in the Himalaya and Tibet.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The Himalaya and Tibet are the most glaciated regions outside of
the polar realm. The glaciers in this region are receding faster than
in any other part of the world and are likely to disappear by at least
the AD 2035 (Intergovernmental Panel on Climate Change, 2007).
These glaciers are the source for innumerable rivers that flow
across the Indo-Gangetic Plain and the Central and East China,
providing freshwater to billions of people. Yet the nature and
dynamics of these glaciers are not well understood. In particular,
the timing and extent of past glacier fluctuations are poorly
defined, specifically for the latest Pleistocene and Holocene.
Furthermore, other geologic proxies for climate change are sparse,
particularly for the Holocene, which is well illustrated by Mayewski
et al’s (2004) compilation of data for Holocene rapid climate
change that show major gaps in data for the region (Fig. 1). This
paucity in paleoclimatic data is partially due to the logistical and
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political inaccessibility of the region, and the apparent lack of
funding for modern studies of the glacial successions.

In recent years, however, renewed interest in the region, espe-
cially with the aid of novel remote-sensing technologies and newly
developing numerical dating techniques, such as optically stimu-
lated luminescence (OSL) and terrestrial cosmogenic nuclide (TCN)
surface exposure dating, have provided new insights into the
nature of latest Pleistocene and Holocene glacial oscillations. In
compiling and assessing these studies, this paper will review the
current knowledge on the nature and timing of latest Pleistocene
and Holocene alpine glacier fluctuations for the high mountains of
the Himalaya and Tibet. Unless otherwise stated all radiocarbon
ages have been converted to calibrated years using Reimer et al.
(2004). This paper builds on several recent research and review
papers that focus on the Quaternary glacial geology of Central Asia,
including three volumes of Quaternary International (Owen and
Lehmkuhl, 2000; Owen and Zhou, 2002; Yi and Owen, 2006),
summaries for the Global Mapping Project of INQUA on the glacial
geology of each country in central Asia (Ehlers and Gibbard, 2004),
and regional syntheses and reviews by Lehmkuhl (1997), Owen
et al. (1998, 2008), Lehmkuhl and Owen (2005), and Owen and
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Fig. 1. Map displaying state of climate proxies during six periods of significant rapid climate change (RCC) (~9.0-8.0, 6.0-5.0, 4.2-3.8, 3.5-2.5, 1.2-1.0, and since 0.6 ka) identified by
Mayewski et al. (2004) showing the location of the study area. Note the paucity of data covering the Himalaya and Tibet.

Benn (2005). This paper differs, however, in focusing on summa-
rizing and highlighting the current, and gaps in, knowledge of the
latest Pleistocene and Holocene glacial record for the region.
Furthermore, this paper highlights the potential of using the
Holocene record in understanding the nature of climate change in
the mountains of central Asia.

2. Regional setting

The mountains of Central Asia discussed in this paper include:
the Himalaya, Transhimalaya, Tibet and Pamir (Fig. 2). These
mountain ranges are essentially the consequence of the collision of
the Indian and Eurasian continental plates, which initiated ~50 Ma
(Yin and Harrison, 2000). Most of these mountain ranges, however,
have a longer geologic history and comprise a complex assemblage
of rocks of different ages (Yin and Harrison, 2000). The region
considered in this paper stretches ~2000km east-west and
~2500 km north-south and has an average altitude of ~5000 m
above sea level (asl).

The region is influenced by two dominant climatic systems: the
mid-latitude westerlies and the south Asian monsoon (Benn and
Owen, 1998). Numerous studies have attempted to link long-term
(thousands of years) variations in these climatic systems, influenced

by changes in Northern Hemisphere insolation, and shorter-term
variations (years to decades), explained by changes within the
climate system, to mountain glacier fluctuations throughout the
Quaternary (for overviews see Lehmkuhl and Owen, 2005; Owen
and Benn, 2005; Owen et al., 2008). The influence of the two climatic
systems varies spatially such that most of the southern and eastern
region experiences a pronounced summer precipitation maximum,
reflecting moisture advected northwards from the Indian Ocean by
the southwest monsoon, while summer precipitation declines
sharply northward across the main Himalayan chain and is very low
over western Tibet. The mid-latitude westerlies are responsible for
a winter precipitation maximum at the extreme west of the Hima-
laya, Transhimalaya and Tibet, as a consequence of moisture being
advected from the Mediterranean, Black, and Caspian Seas. As
a corollary of these moisture gradients, snow and ice accumulation
across the region varies considerably and has a profound effect on
glaciations, with equilibrium-line altitudes (ELAs) varying from
4300 m asl in southeast Tibet to over 6000 m asl in western Tibet
(Owen and Benn, 2005). Furthermore, variations in the relative roles
of these climatic systems would be expected to result in dramatic
differences in extent of glaciations across the region and possibly
result in asynchronous glaciation throughout the Quaternary (Benn
and Owen, 1998).
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Fig. 2. Digital elevation model of Tibet and the bordering mountains showing the main regions discussed in this paper.

Glacier types vary considerably across the region as a conse-
quence of these sharp climatic gradients. Derbyshire (1982)
recognized three main glacial regimes, which include: a continental
regime that span the Transhimalaya and western and central Tibet,
the Tien and Altai; a maritime regime in the Himalaya and eastern
Tibet; and a transitional regime in northeastern Tibet (Derbyshire,
1982). Derbyshire (1982) highlighted the differences in the
geomorphology, lithofacies and landsystem types associated with
each glacial region. This regional variability has been expanded by
Owen and Derbyshire (1988, 1989) and Benn and Owen (2002) who
provide detailed studies of the glacial geomorphology and sedi-
mentary throughout Tibet and the Himalaya.

3. Reconstructing the former extent of glaciations

The extent of Late Quaternary glaciation throughout the Hima-
layan-Tibetan region has been reconstructed by numerous
researchers, most notably Klute (1930), Frenzel (1960), Kuhle
(1985) and Shi (1992). Lehmkuhl and Owen (2005) and Owen et al.
(2008) discuss these studies and favor the reconstruction of Li et al.
(1991) (Fig. 3). In stark contrast to other researchers, Kuhle (1985,
1986, 1987, 1988a,b, 1990a,b, 1991, 1993, 1995) argued for an
extensive ice sheet covering most of the Tibetan Plateau during the
Last Glacial. Numerous studies in the past few decades, however,
have presented evidence against an extensive ice sheet on Tibet
(Derbyshire, 1987; Zheng, 1989; Burbank and Kang, 1991; Derby-
shire et al,, 1991; Shi, 1992; Shi et al., 1992; Hévermann et al.,
1993a,b; Lehmkuhl, 1995, 1997, 1998; Rutter, 1995; Lehmkuhl et al.,
1998; Zheng and Rutter, 1998; Schdfer et al., 2002; Owen et al.,
2003a). The differences in interpretation between Kuhle (1985,
1986, 1987, 1988a,b, 1990a,b, 1991, 1993, 1995) and other
researchers are a consequence of different interpretation of land-
forms and sediments, the misuse of ELAs for determining former
ice extent, and poor chronological control. This difference in
interpretation is discussed in more detail in Lehmkuhl et al. (1998),
Owen et al. (2008) and Seong et al. (2008). It is now generally
accepted that a large ice sheet did not cover the Tibetan Plateau, at

least not during the past few glacial cycles. The Tibetan ice sheet
hypothesis, therefore, will not be discussed further in this paper.

Li et al’s (1991) reconstruction of the maximum extent of
glaciation for the entire Himalaya and Tibetan Plateau, which is
based on field mapping, is an extremely impressive compilation
and provides an excellent framework to examine the nature of Late
Quaternary glaciation. However, the compilation lacks strong
temporal control and it is unlikely that the reconstructed glaciers
reached their maximum extents at the same time during the Last
Glacial (Lehmkuhl and Owen, 2005; Owen et al., 2008).

Numerous studies provide detailed reconstructions of former
glacier extent throughout the Himalaya and Tibet. These tend to
focus on classic geographic areas, for example, Mount Everest,
Nanga Parbat, and Xixabangma, and there is often little correlation
between regions. Many of these studies are summarized in Ehlers
and Gibbard (2004). The extent of glaciation between regions can
vary significantly. Owen et al. (2008) illustrate this variation by
providing an example for the Lateglacial at the western end of the
Himalaya, where they highlighted that in the Hunza valley, in the
northeastern part of the region, glaciers only advanced a few
kilometers from their present position, whereas in the Central
Karakoram to the east an extensive valley glacier system extended
more than 100 km from the present ice margin. To the southeast of
these regions, in Ladakh, there is little evidence of a glacier advance
during the Lateglacial, and when glaciers did advance they were
restricted to not more than a few kilometers from their present ice
margins. In contrast, south of Ladakh, in the Lahul Himalaya,
glaciers advanced many tens of kilometers beyond their present
positions during the Lateglacial. Owen et al. (2005, 2008) argued
that the contrast in the extent of glaciation throughout the Hima-
laya and Tibet, and within relatively small regions, is a consequence
of steep climatic gradients and strong topographic controls.

In summary, Late Quaternary glaciation in the region was
exemplified by expanded ice caps and extensive valley glacier
systems, but not an overriding ice sheet. The details of local vari-
ability for selected times throughout the Late Quaternary will be
summarized below.
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Fig. 3. Reconstruction for the former extent of glaciation across Tibet and the bordering mountains for the maximum extent of glaciation during the Last Glacial (after Shi, 1992).
This reconstruction was based on detailed field mapping of glacial and associated landforms and sediments.

4. Dating glacial successions

Dating glacial successions in the Himalaya has been challenging,
which is mainly because of lack of organic material needed for
radiocarbon dating throughout most study areas. In recent years,
however, the application of OSL and TCN methods has expanded
the number of glacial chronologies throughout the region. Richards
(2000) and Owen et al. (2008) discuss the application of OSL
methods for dating glacial successions throughout the Himalaya.
They highlight the problems associated with partially bleached
sediments in glacial environments and warn that luminescence
ages can overestimate the true age of deposits. Examples of
extensive programs of luminescence dating in the Himalaya include
the studies of Richards et al. (2000b) and Spencer and Owen (2004)
in northern Pakistan, Richards et al. (2000a) in the Khumbu Himal,
and Tsukamoto et al. (2002) in the Kanchenjunga Himal.

Owen et al. (2008) discuss and evaluate the application of TCN
methods for dating Himalayan and Tibetan glacial successions. In
particular, they highlight how the method is limited by the uncertainty
in the scaling models used to calculate ages and, more important, the
geologic uncertainty imposed by processes of moraine formation and
alteration that conspire to limit the resolution on which correlations
can be made to Milankovitch timescales. Nevertheless, by recalculating
all the published TCN ages for moraine boulders and glacially eroded
surfaces in the Himalaya and Tibet Owen et al. (2008) were able to
make broad generalizations regarding the synchronicity of glaciation
throughout the region. Owen et al. (2008) argued that glaciers
throughout monsoon-influenced Tibet, the Himalaya, and the Tran-
shimalaya were likely synchronous both with climate change resulting
from oscillations in the South Asian monsoon and with Northern
Hemisphere cooling cycles. In contrast, glaciers in Pamir in the far
western regions of the Himalaya and Tibet regions likely advanced
asynchronously relative to the other regions and appear to be mainly in
phase with the Northern Hemisphere cooling cycles.

5. Timing and nature of latest Pleistocene and
Holocene glaciation

The style and timing of glaciation for the latest Pleistocene and
Holocene is outlined in this section with key examples to illustrate
the chronologies.

5.1. Last Glacial Maximum

Confusion exists over the defining the extent of glaciation
during the Last Glacial Maximum (LGM) in the Himalaya and Tibet
because of the problems of dating glacial successions. But this
confusion has also been hindered because of the misuse of the LGM
to describe the maximum extent of glaciation for the Last Glacial
cycle. By strict definition the LGM is defined chronologically based
on ages 19-23 ka (Chronozone level 1) or 18-24 ka (Chronozone
level 2) within Marine Oxygen Isotope Stage 2 (MIS-2) (Mix et al.,
2001). However, numerous researchers, not knowing the ages of
moraines, have considered prominent moraines to have been
formed during the LGM. Gillespie and Molnar (1995) highlighted
this problem and stressed that glaciers in many mountain regions
may have reached their maximum extent during the early part of
the Last Glacial cycle. Strictly speaking these glacial advances and
the landforms they produce should be informally assigned to the
Local Last Glacial Maximum (llgm) until they have been dated and
shown to be LGM in age.

This LGM dating problem is well illustrated in the Ladakh Range
where impressive end moraines at the mouth of valleys that face
into the Indus Valley were originally assigned to the LGM by Bur-
bank and Fort (1985) on the basis of form and relative weathering
criteria (Fig. 4). Furthermore, Kuhle (2004) attributed this moraine
to a Lateglacial advance. Subsequence TCN dating by Brown et al.
(2002) and Owen et al. (2006a), however, has shown these
moraines to be considerably older, having formed in the penulti-
mate glacial cycle or earlier (with TCN ages clustering at ~ 160 ka).

Owen et al. (2002a) provided the first comprehensive review of
the nature and timing of glaciation at the LGM for the Himalaya that
showed the llgm occurred during the early part of the Last Glacial
cycle, and that in most areas during MIS-3. They argued that the
MIS-3 was a time of increased insolation, when the South Asian
summer monsoon strengthened and penetrated further north into
the Himalaya, resulting in increased precipitation, occurring as
snow at high altitudes, which produced positive glacier mass
balances and thereby allowed glaciers to advance. In contrast,
during the LGM, Himalayan glaciation was very restricted in extent,
generally extending <10 km from contemporary ice margins. The
lower insolation at this time produced a weaker monsoon cycle,
which in turn resulted in lower snow fall and snow accumulation at
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Fig. 4. Leh Glacial Stage moraine of Owen et al. (2005) near the city of Leh in Ladakh.
(A) View looking south from the Ladakh Range towards the Indus Valley, with Zanskar
range in the distance, and (B) view of the moraine crest. This moraine was originally
considered to have formed during the LGM, but TCN dating shows that this moraine
formed during the penultimate glacial cycle or earlier.

high altitudes. Nevertheless, Owen et al. (2002a) showed that the
modest glacial advances did occur at the LGM likely as the result of
reduced temperatures.

Owen and Benn (2005) provide a review of ELAs for Himalayan
and Tibetan glaciation and concluded that the ELA depression
during the LGM was small, in the order of a few hundred meters for
most regions of Tibet and the Himalaya (Owen and Benn, 2005).
They also highlighted that few LGM moraines had been dated by
numerical methods, and that in only two regions, the Khumbu
Himal and Hunza valley, there are comprehensive sets of ages
determined by two different dating methods. In summary, the
extent of LGM glaciation in the Himalaya and Tibet is very poorly
defined.

5.2. Lateglacial

Significant Lateglacial glacier advances are evident within most
glaciated valleys throughout the Himalayan-Tibetan region. These
include impressive, often sharp-crested, latero-frontal moraines
(Fig. 5). Owen et al. (2005, 2008) showed that the majority of these
TCN ages cluster around 16-15 ka, and individual studies suggest
that these glacial advances might be coincident with Heinrich 1
event (Owen et al.,, 2002b, 2003b,c, 2005). However, given the
uncertainty (maybe as much as 20%) associated with the dating
methods it is difficult to assign these moraines to a specific time
during the Lateglacial, except to argue that they likely occurred
early. A Younger Dryas glacial advance has yet to be identified in the

Fig. 5. Lateglacial moraine at Muztag Ata in western Tibet. That was dated by Seong
et al. (in press) using '°Be TCN surface exposure dating to 13.7 0.5 ka.

Himalaya and Tibet. Owen and Benn (2005) summarize the ELA
depressions for the Lateglacial, which vary considerably from small
ELA depressions (<200 m) in the more arid regions of the Himalaya
and Tibet, for example, Hunza and Khumbu Himal, to large
(>500 m) in the monsoon-influenced ranges, such as the Lahul
Himal, and at the westernmost end of the Transhimalaya, for
example, in the Central Karakoram (Seong et al., 2007).

5.3. Holocene

Comprehensive studies of Holocene glaciation throughout the
Himalaya and Tibet have only been undertaken in a few study areas.
Furthermore, detailed studies within a specific area have been
somewhat limited because of the sparse record due to the generally
poor preservation of moraines. Nevertheless, Holocene moraines
are better preserved than Pleistocene moraines, and they offer the
potential to derive a high-resolution (sub-millennial scale) record
of glaciation for paleoclimatic change.

The first significant quantitative study of Holocene moraines (in
addition to examining LGM and Lateglacial moraines) was
undertaken by Rothlisberger and Geyh (1985), who presented 68
radiocarbon ages from around 16 different glaciers in Pakistan,
India and Nepal. Rothlisberger and Geyh (1985) showed that
glaciers advanced during the Holocene at approximately 8.3 ka,
5.4-5.1 ka, 4.2-3.3 ka, 2.7-2.2 ka (7400, 4900-4600, 3700-3100,
2700-2100 'C years BP) with a relatively small extension at 2.6—
2.4 ka (2500-2300 'C years BP), 1.7-1.4 ka, 1.3-0.9 ka, 0.8-0.55 ka
and 0.5-0.1 ka (1700-1500, 1200-950, 800, 550 and 400-100 ™
years BP) in the Himalaya and Karakoram (Fig. 6).

In a review of Holocene environmental change in China, Zhou
et al. (1991) showed that continental glaciers advanced at
approximately 9.3 ka, 6.4 ka, 4.5 ka, and 0.5 ka (~ 8300, 5700, 4000
and 400 '“C years BP) in northwestern China, while maritime-
influenced glaciers in southeastern Tibet advanced at 3.1 ka, 1.9 ka,
0.9 ka, and 0.3 ka ( ~3000, 2000, 1000, and 200 'C years BP; Fig. 7).
Zhou et al. (1991) argued that the glacial record was recording
a ~2500-year climate cycle at approximately 9.3 ka, 6.4 ka, 3.2 ka,
and 0.3 ka (8300, 5700, 3000 and 200 'C years BP), and an ~ 1000-
year climate cycle at 3.2 ka, 1.9 ka, 0.9 ka, and 0.3 ka (~3000, 2000,
1000, and 200 C years BP).

The most recent review of Holocene glaciation in Tibet and the
surrounding mountains was undertaken by Yi et al. (2008). They
compiled 53 radiocarbon ages and identified glacial advances at
9.4-8.8 ka, 3.5-1.4 ka, and 1.0-0.13 ka (calibrated by Yi et al., 2008
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using Stuvier and Reimer, 1993). Yi et al. (2008) suggest that the
timing of Holocene glacier advances is synchronous with cooling
periods identified in the 680 record in ice cores. However, the
timing and pattern of glaciation are likely more complex and will be
discussed in more detail below.

The most detailed TCN study of Holocene moraines was
undertaken by Seong et al. (in press) in Muztag Ata and Kongur in
westernmost Tibet, where they showed that glaciers advanced at
approximately 11.2 ka, 10.2 ka, 8.4 ka, 6.7 ka, 4.2 ka, 3.3 ka, 1.4 ka,
and at a few hundred years before the present (Fig. 8). Seong et al.
(in press) suggested that since the LGM, glaciers in western Tibet
likely responded to Northern Hemisphere climate oscillations, with
minor influences from the south Asian monsoon, responding to
rapid climate changes (cf. Bond et al., 1997, 2001; Mayewski et al.,
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Fig. 7. Glacier fluctuations in northwestern and southwestern Tibet (modified from

Zhou et al., 1991). The original figure was plotted on a radiocarbon timescale, which
has been redrafted for calibrated years using Reimer et al. (2004).

2004) on millennial timescales throughout the Lateglacial and
Holocene (Fig. 8).

These data support the view that Himalayan and Tibetan
glaciers oscillated at a comparable frequency to that recognized in
ice cores from the Greenland Ice Sheet and in deep-sea sediment
cores from the North Atlantic, where a quasi-periodicity of ~1470
years is apparent throughout the Lateglacial and Holocene (Bond
et al., 1997, 2001). Similar quasi-periodicity of glacial oscillations
throughout the Holocene is recognized in other regions of the
world (Mayewski et al., 2004), which suggests that regional climate
change in Tibet that is teleconnected via westerlies with Atlantic
climate changes. As a consequence, it is likely that as many as eight
significant glacial advances would be expected to have occurred
throughout the Holocene in most Himalaya regions. This rapid
climate change is also supported by the ice core data from Tibetan
ice sheets, which show short (millennial-centennial) abrupt oscil-
lations in climate throughout the Late Quaternary (Thompson et al.,
1989, 1997; Thompson, 2000).

The preservation of a complete Holocene moraine record,
however, is rare in most regions, largely because more significant/
extensive glacial advances may be preferentially preserved and
more extensive later glacial advances may destroy the evidence of
early glaciations. Furthermore, glaciers might not respond to subtle
changes in climate in some regions that may not be very sensitive to
climate change.

The discussion below is simplified by dividing Holocene into the
early, mid- and late to consider further the available data on alpine
glacier oscillations. But it is emphasized that the Holocene glacial
record in the Himalaya and Tibet is more complex than a simple
tripartite division.

5.3.1. Early Holocene

Moraines representing early Holocene (~11.5-8.0 ka) glacial
advances are apparent throughout most Himalayan-Tibetan
regions, and are usually impressive sharp-crested ridges, some
many tens of meters high (Fig. 9). The moraines have been dated in
numerous regions using TCN, OSL and radiocarbon methods
(Shiraiwa, 1993; Sharma and Owen, 1996; Phillips et al., 2000;
Richards et al., 2000a; Owen et al., 2001, 2002b, 2003a,c, 2005,
2006a,b; Finkel et al., 2003; Zech et al, 2003, 2005; Barnard et al,
2004a,b, 2006a,b; Spencer and Owen, 2004; Abramowski et
al., 2006; Jiao and Shen, 2006; Seong et al., 2007, in press). Owen
et al. (2005, 2008) summarize these studies, in particular the TCN
dating, and Yi et al. (2008) compile many of the radiocarbon ages on
moraines for the Tibet and the surrounding mountains.

Early Holocene ELA depressions vary considerably between
regions, from <200 m (e.g. Muztag Ata and Hunza) to >500 m in
the Central Karakoram (Owen and Benn, 2005; Seong et al., 2007).
As a consequence the distance that glaciers advanced downvalley
varies considerably up to many tens of kilometers.

Richards et al. (2000a) and Owen et al. (2001, 2005) suggested
that the early Holocene glaciation was a result of increased
monsoon precipitation, falling as snow, at this time as a conse-
quence of increased insolation at low latitudes. The increased snow
fall at high altitudes resulted in positive glacier mass balances. An
increase in monsoon precipitation over the Himalaya and Tibet
during the early Holocene is supported by climatic simulation
models (Bush, 2004; Li and Harrison, 2008; Rupper et al., in press).
However, Rupper et al. (in press) argue that an increase in cooling
due to a decrease incoming shortwave radiation at the surface of
the glacier due to an increase in cloudiness accounts for more of the
ELA lowering than an increase monsoon precipitation.

5.3.2. Mid-Holocene/Hypsithermal
Mid-Holocene ( ~8.0-3.0 ka)/Hypsithermal moraines have been
dated in several regions of the Himalaya and Tibet, and generally
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Younger Dryas Stade is shown as YD.

comprise latero-frontal moraine complexes that are relatively well
preserved (Fig. 10). Porter (2000) notes that the Hypsithermal
interval is a time-stratigraphic unit with temporal boundaries that
encompass zones V-VIII of the Danish pollen sequence (ca 10.2 to
2.7-2.5 ka; ca 9000 to 2500 'C years BP). However, it has long been
recognized that the timing of the Hypsithermal varies regionally, for
example, in Britain it spans ~8.0-4.5 ka (Simmons et al., 1981), in

the western U.S. it spans 10-7 ka (Barnosky et al., 1987), and in the
Midwest U.S. it spans ~8-5 ka (Semken, 1984). The Hypsithermal
has yet to be adequately defined by glacial geologic proxies for the
Himalaya and Tibet, which is essentially because the glacial geologic
and associated record is sparse. The use of the term Hypsithermal in
the Himalaya and Tibet should therefore be used very conserva-
tively. Significant glacial advances have been recognized, however,
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Fig. 9. Early Holocene moraine at the mouth of the Kulti valley in the Lahul Himal.
Similar moraines in this region were dated by Owen et al. (2001) using '°Be TCN
surface exposure dating.

for selected glaciers in Tibet (Zhou et al., 1991), in the Khumbu Himal
(Finkel et al., 2003), Diancang Mountain in the Hengduan Range
(Yang et al., 2006), Qilian (Wu, 1984), and in Muztag Ata and Konga
(Seong et al., in press). ELA depressions during this time were small
(<200 m; Owen and Benn, 2005) which resulted in glaciers
advances a few hundred to several kilometers beyond their present
positions. Climatic simulations support the view of increased

monsoon precipitation and summer cooling over the Himalaya and
Tibet that would have helped force glaciation during the mid-
Holocene, albeit not as great as during the early Holocene (Bush,
2002, 2004; Li and Harrison, 2008; Rupper et al., in press).

Lake and pollen records from Tibet and the Himalaya suggest
that the Hypsithermal was diachronous. In NE Tibet, Qinghai Lake
records suggest climatic deterioration from ~11.3 ka to 10.8 ka,
with warm wet conditions prevailing between 10.4 and 6.0 ka,
culminating at ~6.5 ka, and ending at ~4.5 ka (Shen et al., 2005).
At Lake Koucha in NE Tibet, Mischke et al. (2008) showed that the
Hypsithermal was between 7.3 and 4.3 ka, whereas in central Tibet
Herzschuh et al. (2006) and Wu et al. (2006) showed it to be at 8.6—
5.7 ka at Lake Zigetang and Cuoe Lake. These ages are broadly
supported by palynological data from peats in central Tibet and the
Indian Himalaya, which indicates the Hypsithermal occurred at
8.3-3.2 ka (7500-3000 'C years BP) and at 6.0-4.5 ka, respectively
(Wang and Fan, 1987; Phadtare, 2000). In contrast, the Hyp-
sithermal was earlier at sites to the west and includes Lakes Kuhai
between ~7.1 and 2.8 ka, Bangong at 10.9-7.2 ka, and Sumxi at 8.3—
6.8 ka (Gasse et al., 1991, 1996; Van Campo and Gasse, 1993).

Lake records show that maximum aridity during the mid-
Holocene occurred at ~4.9 ka in Lake Sumxi and between 4.5 and
3.2 in Lake Bangong (Van Campo and Gasse, 1993; Gasse et al.,
1996). In central Tibet, the Cuoe Lake record shows a cool dry stage
at ~5.8-4.0ka and suggests that precipitation decreased since
~7.5 ka at Ahung Co (Morrill et al., 2006; Wu et al., 2006). Drier
conditions prevailed at 4.3-2.0 ka at Lake Koucha in NE Tibet, and
after 4.4 ka at Lake Zigetang in central Tibet (Herzschuh et al., 2006;
Mischke et al., 2008). Furthermore, the pollen record in Himalayan
peats in India suggests cooling at 4.3-2.0 ka (Phadtare, 2000). The
diachronous nature of Holocene lake-level history across Tibet
likely reflects a complex respond to climate change and suggests
that glacier response throughout Tibet and the Himalaya should be
complicated and may be asynchronous across the region.

5.3.3. Late Holocene/Neoglaciation

Sharp-crested well-preserved moraines within a kilometer of
the present glacier margins are present throughout most Hima-
layan and Tibetan regions (Fig. 11). Many of these moraines have
been assigned to the Neoglaciation (e.g. Derbyshire et al., 1984; Wu,
1984; Zheng, 1997; Richards et al., 2000a; Finkel et al., 2003; Jiao
and Shen, 2006). Few of these moraines have been dated and can be
truly correlated to this geologic-climate unit. Porter and Denton
(1967) suggested that Neoglaciation is characterized by glacial
advances, defined on physical geological evidence, which post-date
the Hypsithermal, that is, after ~2.7 ka (~2500 'C years BP).

Fig. 10. Mid-Holocene moraines at Askole in the Central Karakoram, (A) viewed
looking south and (B) looking north along the moraine crest. These were dated by
Seong et al. (2007) to around 5.7 + 0.5 ka using '°Be TCN surface exposure dating.

Fig. 11. Neoglacial moraines at Muztag Ata dated by Seong et al. (in press) to
3.3+ 0.6 ka using °Be TCN surface exposure dating.
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However, numerous studies in many of the world’s high mountain
ranges have shown that most glaciers reached their maximum
during Neoglaciation, which is usually the case (e.g. Grove, 1988;
Clapperton, 1993; Porter, 2000). In most regions the recognized
evidence of Neoglaciation post-dates the classically defined Hyp-
sithermal interval; however, in some areas Neoglaciation and the
Hypsithermal interval overlap. Neoglaciation for the Himalaya and
Tibet, however, has not been adequately defined using glacial
geologic proxies because of the paucity of dated moraines
throughout the region.

Pu (1991) also cited in Lehmkuhl (1997) for example, describes
Neoglacial advances (Neoglaciation I-IV) in western China
including Tibet that date to ~9.2-7.8 ka, 6.7-5.6 ka, 3.6-2.4 ka, and
0.5-0.03 ka (~7000-8200, 4900-5800, 2400-3320 and 450-30
14C years BP). Denton and Karlén (1973) noted that an early Neo-
glacial advance occurred in many places around the global at 5.2 ka
(~5000 ™C years BP). So for the first of Pu’s (1991) advances
(Neoglaciation I) it occurred earlier than the conventionally
recognized Neoglaciation. Moraines that have been dated, however,
suggest that Neoglaciation in the Himalaya and Tibet is complex
and its onset may be asynchronous throughout the Himalaya and
Tibet. ELA depressions during Neoglaciation were small (~100 m;
Owen and Benn, 2005).

The Khumbu Himal has one of the best defined chronologies for
Neoglaciation. In this region, Finkel et al. (2003) dated oldest
Neoglacial moraines to ~3.6 ka using TCN methods. Other Neo-
glacial moraines, around the Khumbu Glacier, were dated to ~1 ka
by radiocarbon, OSL and °Be TCN methods (Benedict, 1976; Fush-
imi, 1978; Miiller, 1980; Richards et al., 2000a; Finkel et al., 2003).
Benedict (1976), Miiller (1980) and Fushimi (1978) also dated
younger moraines to between ~0.55 and 0.40 ka (~550 and 410
14C years BP), and Finkel et al. (2003) provided '°Be ages of several
hundred years for these moraines.

Gonga Shan in southeasternmost Tibet provides another
reasonable Neoglacial chronology, where Zheng (1997) dated
Neoglacial moraines in this region at the Hailuoguo glacier at
~3.3ka and 2.7 ka (~3080 and 2430 'C years BP) for the oldest
moraines. These moraines were subsequently dated by Owen et al.
(2005) to 2.4-0.9 ka using TCN methods. Younger moraines were
also dated in the region by both methods and have returned ages of
a few hundred years BP, but these are poorly defined because of the
large analytical uncertainties associated with dating very young
surfaces using TCN methods.

In addition to these key chronologies, Yang et al. (2008),
compiled radiocarbon dating of fossil wood buried in moraines,
along with lichenometric and dendrochronologic data for moraines
in the Hengduan Mountains, the central and eastern parts of the
Himalaya and the eastern Nyainquentanghlha Range of SE Tibet,
and identified three main periods of glacier advance. These
occurred at around 1.8-1.4 ka, 1.2-1.15 ka, and 0.6-0.08 ka, with the
glacier advance at about 1.8-1.4 being the most widespread.

The lake records throughout Tibet show that warmer and wetter
conditions prevailed after ~3.7 ka, but became drier and colder
after ~ 3.0 ka. However, the timing of this climatic transition varies
throughout Tibet, starting at Lake Cuoe at ~ 3.0 ka, Lakes Kuhai and
Koucha at ~2.7 ka, Qinghai Lake at ~2.5 ka, and Lake Zigetang at
1.4-11 ka (Shen et al., 2005; Herzschuh et al., 2006; Wu et al.,
2006; Mischke et al., 2008). This complexity suggests that glaciers
likely would have been responding to climate change throughout
Tibet and the surrounding mountains in a complex manner, maybe
asynchronously, during the Late Holocene.

5.3.4. Little Ice Age

Numerous studies have mapped and described Little Ice Age
(LIA) moraines in the Himalaya and Tibet (see summary in Grove,
2004). However, few of these studies provide any numerical ages

on the moraines to substantiate the claim that they formed during
the LIA, from about 14th to 19th centuries as defined by Grove
(1988) and specifically for Tibet defined using multiproxy data by
Bao et al. (2003) as between AD 1400 and AD 1900. Rather the
studies attribute fresh bouldery and sharp-crested moraines within
a few hundred meters of the contemporary glacier to the LIA
(Fig.12). Notable exceptions are the moraines in the Khumbu Himal
that have been dated by both radiocarbon and TCN methods
(Benedict, 1976; Fushimi, 1978; Miiller, 1980; Finkel et al., 2003).
Yang et al. (2008) provide the most recent radiocarbon ages for LIA
moraines in SE Tibet and suggest that glaciers advanced at AD
1400-1430, AD 1550-1850 and during the 19th century. In addi-
tion, Yi et al. (2008) summarize radiocarbon ages for LIA moraines
from Nyaingentanglha (after Zheng and Li, 1986; Jiao and Iwata,
1993), Karakoram (after Derbyshire et al., 1984), Langtang (after
Shiraiwa and Watanabe, 1991), the western slopes of Namjagbarwa
Peak in the eastern Himalaya (after Zhang, 1988) and Gonga in SE
Tibet (after Zheng and Ma, 1994) and argue that the LIA in Tibet had
three substages from 1.0 to 0.13 ka.

Dendrochronology has been limited for dating moraines in the
Himalaya and Tibet because of the general paucity of trees or
appropriate trees in the region, therefore most studies focus on
paleoclimate reconstruction rather than glacial chronology (Wu,
1992). However, in the wetter eastern and southeastern margins of
Tibet Brauning (2006) has successfully applied dendrochronology
to date moraines. In eastern Tibet, Brduning (2006) yielded
minimum ages of AD 1760 and AD 1780 for moraine formation,
with subsequence moraines dated to the beginning of the 19th
century and the beginning of the 20th century. In southeastern
Tibet Brauning (2006) showed that glaciers advanced from 1580 to
1590, from the end of the 18th century to the beginning of the 19th
century. Furthermore, Brduning (2006) was able to identify
a glacier advance between AD 1951 and AD 1987 on Mt. Gyalaperi
near Namche Barwa.

ELA depressions during the LIA were small (usually <100 m;
Owen and Benn, 2005; Yang et al., 2008). The LIA glacial advances
in the Himalaya are generally much less extensive than the early
Holocene glacier advances, with glacier advances less than a few
hundred meters from their present positions.

Morainic and protalus rock glaciers are common throughout the
Transhimalaya and are restricted altitudinally and climatically to
sites above ~4000 m asl and in regions where annual precipitation
is <1000 mm. Most of the rock glaciers are still active and some are
actively advancing over historic river terraces and highways. The
morainic rock glaciers are large (often >1 km long and >15 m thick)
and commonly occur beyond sharp-crested moraines adjacent to

Fig. 12. Typical LIA moraines inset into large Neoglacial moraines in front of the Batal
Glacier in the Lahul Himalaya.
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contemporary glaciers (Fig. 13). Owen and England (1998) attrib-
uted the formation of these rock glaciers to reduced precipitation
during the LIA that resulted in relatively increased debris supply to
the ice by rockfall processes that swamped the glacier ice with
debris. The rock glaciers continued to advance following the retreat
of glaciers after the LIA. Alternatively, increase precipitation could
lead to increase avalanching that in turn might supply more debris

to glaciers. However, since many of Himalayan glaciers are essen-
tially feed by avalanching, an increase in the frequency of
avalanches would more likely lead to positive glacier mass balances
and not the development of rock glaciers. Dating rock glaciers is
extremely difficult, but Seong et al. (in press) provide the first TCN
ages for rock glaciers in Muztag Ata and Konga Shan, dating surface
boulders to a few hundred years before present.
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Fig. 13. Late Holocene and active rock glaciers in the Karakoram of Northern Pakistan (after Owen and England, 1998). (A) Geomorphological map showing rock glaciers and
Holocene moraines in the Drui Nadi valley. (B) Typical view of rock glaciers, associated moraines and the contemporary glacier on the western side of the Chapchingal Nadi valley

immediately SW of the Chapchingal Pass.
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5.3.5. Historical and recent glacier fluctuations

The most comprehensive study published on historical glacier
fluctuations was undertaken by Mayewski and Jeschke (1979) and
Mayewski et al. (1980). They examined the fluctuations of 112
glaciers in Pakistan, India and Nepal for the period between AD
1810 and AD 1970. Their studies showed that glacier fluctuations
are asynchronous on decadal timescales in different parts of the
Himalaya. Furthermore, their data since 1850 showed that high
percentages of Himalayan glaciers have been in retreat by
comparison with the Transhimalayan glaciers, which have under-
gone periods when glacier advance was the dominant mode
(Fig. 14). Mayewski et al. (1980) compared the glacier fluctuation
records with the strength of the South Asian monsoon circulation
and precipitation. However, there was no consistent pattern
between variations in the monsoon and glacier fluctuations, with
the exception of the 1900-1909 period of glacier advance in the
Transhimalaya, which coincided with a peak in the monsoon.

In a study of maritime-influenced glaciers in monsoon-influenced
southeastern Tibet, Su and Shi (2002) showed that since the LIA the
mean temperature of monsoonal temperate glaciers in China has
increased by 0.8°C and the glacier area has decreased by
~4000 km?, an amount equivalent to 30% of the modern glacier area.

Throughout the last few decades most glaciers have been
retreating in the Himalaya and Tibet. According to the Intergov-
ernmental Panel on Climate Change (2007), glaciers in the

Altitude

a.s.l. (m)
4,240

4,120
4,000

Himalaya are receding faster than in any other part of the world.
The Intergovernmental Panel on Climate Change (2007) argues that
if the present rate continues, Himalayan glaciers are very likely to
disappear by AD 2035 and perhaps sooner if Earth keeps warming
at the current rate. Of particular, note is Gangotri Glacier, which is
located at the source of the Ganges River. Gangotri Glacier receded
at a rate of 7.3 m/a between AD 1842 and AD 1935 and at a rate of
23 m/a between AD 1985 and AD 2001 (Hasnain, 2002; Intergov-
ernmental Panel on Climate Change, 2007). Fig. 15 shows the
reconstruction of the ice positions and thickness for Gangotri
Glacier throughout the Late Quaternary.

Su and Shi (2002) predict that the maritime-influenced glaciers
of southeastern Tibet will also dramatically decrease in extent,
estimating that the aerial reduction may be as much as 75%
(~9900 km?) by AD 2100, associated with an estimated tempera-
ture rise of 2.1 °C. Furthermore, they argue that if the precipitation
decreases, retreat of the glaciers will be even faster, reducing the
area by as much as 80%.

There is increasing evidence through the use of remote sensing,
however, that glaciers are beginning to advance and thicken
throughout many parts of the Himalaya as a consequence of
enhanced monsoon precipitation associated with global warming
(Michael Bishop, 2008, pers. comm.). This relationship may be
analogous to the glacial advances associated with time of insolation
maxima, such as during the early Holocene.
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Fig. 15. Reconstruction of former ice positions for Gangotri Glacier, which were dated using historical and optically stimulated luminescence methods (adapted from Sharma and

Owen, 1996).
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6. Conclusions

The timing and extent of latest Pleistocene and Holocene glacier
fluctuations are poorly defined for most regions of the Himalaya
and Tibet. As a consequence many moraine successions have been
assigned climatostratigraphic ages based on relative dating
methods. Taken together with confusion over the definition of
stratigraphic terminology and the likely inter-regional differences
in the timing and extent of glaciation it is difficult to correlate
glacial successions throughout the region. In turn it is difficult to
elucidate the relative role of different climate forcing factors in
driving glaciation in this region.

Nevertheless, new studies, particularly aided by newly
developing numerical dating methods, allow broad patterns for
glaciation and correlations to emerge. Fig. 16 summarizes the
data for study areas where numerical dating programs have been
successfully used to determine the timing of Late Pleistocene and
Holocene glaciation. Multiple glacier advances are apparent in
most regions for the latest Pleistocene and Holocene. Assigning
glacial advances to the specific climatostratigraphic times,
however, is difficult because of the large errors associated with
most dating methods. Moreover, the studies show that in most
high Himalayan and Tibetan regions, glaciers reached their
maximum extent early in the Last Glacial cycle. In contrast, LGM
glacier advances were significantly less extensive.

Notable glacier advances occurred in most Himalayan and
Tibetan regions during the Lateglacial and the early Holocene.
Minor mid-Holocene moraines have been recognized and dated in
several regions. There is also abundant evidence through most
Himalayan and Tibetan regions for multiple glacial advances
throughout the late Holocene. However, these are generally very
poorly defined, and were less extensive than the early Holocene
glacial advances.

These studies suggest that since the LGM glaciers in Himalaya
and Tibet have responded to oscillations in the south Asia monsoon
that are forced by insolation changes, and climate changes resulting
from teleconnections with rapid climate oscillations in the
Northern Hemisphere oceans and ice sheets.

The best studied and preserved glacial successions are present in
the Karakoram Mountains of northern Pakistan, the massifs of Muz-
tag Ata and Kongur in westernmost Tibet, the Greater Himalaya of

northern India, and the valleys on the southern slopes of Mount
Everest. These glacial successions have the potential to be examined
to derive a high-resolution record of glaciation to help in paleo-
climatic reconstruction and for understanding the dynamics of
glaciation and climate change. Continued research using radiocarbon,
OSL, TCNs, dendrochronology and lichenometry on well-preserved
latest Quaternary, and particularly Holocene moraine successions
will refine the chronologies to aid in identifying the forcing factors of
glaciation in Central Asia.
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