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a b s t r a c t

Reconstructing the paleoglaciation of the Tibetan Plateau is critical to understanding linkages between
regional climate changes and global climate changes, and herewe focus on the glacial history of the Shaluli
Shan, an area of the southeastern Tibetan Plateau that receives much of its precipitation from monsoon
flow. Based on field investigation, geomorphological mapping, and 10Be exposure dating of moraines, we
identify glacial deposits from the Late Glacial, with minimum ages at 13.0 � 1.2 e17.1 � 1.6 ka, global Last
Glacial Maximum (gLGM) at 21.6 � 2.0 ka, and pre-gLGM at 102.3 � 10.0e183.6 � 17.0 ka. These ages are
consistent with and significantly extend the known range from most prior chronological work using ter-
restrial cosmogenic nuclides in this area, and include a set of dates for the Kuzhaori moraine that raise
questions about prior chronologies based on the electron spin resonance technique. Ice caps about
4000 km2 in size covered the Haizishan Plateau and the Xinlong Plateau during the global LGM, with large
glaciers extending far down outlet valleys. The presence of ice cap glaciation, here, contrasts strongly to
glaciation elsewhere in the Shaluli Shan and more central regions of the Tibetan Plateau where ice
expansion remained constricted to valleys. This work provides important insights into the paleoclimate
pattern andmonsoon evolution of the Tibetan Plateau over past glacial cycles and indicates that the Shaluli
Shan has a glacial chronology more consistent with the Northern Hemisphere paleo-ice sheets than other
areas of the Tibetan Plateau.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The development and chronology of glaciations on the Tibetan
Plateau provides valuable information for regional paleoclimate
reconstruction and understanding the dynamics of global environ-
mental change and the role of the Plateau in global climate systems
(Molnar and England, 1990; Raymo and Ruddiman, 1992; Owen
et al., 2002, 2005; Harris, 2006). Moreover, because glaciers can be
powerful agents of bedrock erosion, which in turn can impact rates
of uplift, constraining glacial timing is important in quantifying the
impacts of glaciation on alpine landscape evolution and in evalu-
ating the role of glacial erosion in climate change and tectonics
(Hallet et al., 1996; Fabel and Harbor, 1999; Montgomery, 2002;
Delmas et al., 2009; Owen, 2009; Owen et al., 2009a). The timing
and extent of glaciations on the Tibetan Plateau has been the subject
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of extensive debate, as summarized in Derbyshire et al. (1991) and
Owen (2009), withmany unanswered questions remaining because
of limited geomorphological mapping and inadequate age control.

Early efforts to constrain the chronology of late Quaternary
glaciations on the Tibetan Plateau used relative age dating, radio-
carbon techniques and, more recently, luminescence and electron
spin resonance (ESR) dating (Richards, 2000; Yi et al., 2007).
However, the application of these methods has been hindered by
limited availability of some sample materials as well as limitations
of some of the techniques when applied to glacial deposits.
Application of terrestrial cosmogenic nuclide (TCN) exposure dat-
ing in recent decades has significantly refined our understanding of
glacial chronologies on the Tibetan Plateau by providing apparent
exposure ages for glacial landforms and eroded bedrock (Phillips
et al., 2000; Schäfer et al., 2002; Owen et al., 2003, 2005, 2009b;
Abramowski et al., 2006; Koppes et al., 2008; Kong et al., 2009;
Seong et al., 2009; Dortch et al., 2010; Heyman et al., 2011b). Re-
views by Owen (2009) and Owen et al. (2008) show that glacier
expansion on the Tibetan Plateau occurred during the Holocene,
marine oxygen isotope stage (MIS) 2 and MIS 3, but that these
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events vary in timing and extent across the Plateau. In areas on the
southeastern Tibetan Plateau affected by the southwest Asian
monsoon, more extensive glacial advances occurred during MIS 3
than the global Last Glacial Maximum (gLGM), while in the
northwestern Tibetan Plateau there was a more extensive advance
during gLGM, indicating better correspondence to Northern
Hemisphere ice sheet fluctuations in areas dominated by the
westerlies (Phillips et al., 2000; Richards et al., 2000; Seong et al.,
2007). A thorough compilation of TCN data from the Tibetan Pla-
teau by Heyman et al. (2011a) shows that individual glacial boulder
ages on the Tibetan Plateau range from 0.09 � 0.05 ka to
561.7� 54.8 ka. There is a paucity of data older than 20 ka, probably
because of a poor preservation of landforms from pre-LGM glaci-
ations. However, the bulk of the TCN exposure ages are from the
west, the Himalayas and mountains along the Qinghai-Tibet high-
way, and few dates are from the vast but largely inaccessible
interior region and limited age control for the old glaciations in the
margin of the Tibetan Plateau. Furthermore, the varying age results
and the chronological uncertainties hamper efforts to compare and
correlate glacial timing across the Tibetan Plateau. Thus there is
a strong need for studies in areas lacking dating results but with an
abundance of glacial landform features to better allow for a corre-
lation between regions of the Tibetan Plateau and with records of
glaciations elsewhere.

Another controversial issue is the relationship between the uplift
of the Tibetan Plateau and the timing and extent of glaciations.
Whereas many Chinese researchers argue that uplift has a strong
influence on the timing and extent of glaciations in this region (Shi
et al., 1986, 2006; Zheng and Wang, 1996; Zheng and Rutter, 1998;
Shi, 2002; Zheng et al., 2002; Liu et al., 2006), most studies of
Quaternary glaciations on the Tibetan Plateau do not explicitly
Fig. 1. Location and topographic map of the Shaluli Shan area. Locations of Fig. 3A, B, C, and
United States Geological Survey (http://www.usgs.gov), rivers from National Geomatics Cen
the inset are from GLIMS (http://www.glims.org).
consider uplift as an external driving factor. Based on field obser-
vations of glacial deposits in the Himalaya, and using relative age
relationships, Chinese scholars proposed a much constricted Xi-
xiabangma glaciation during the early Pleistocene, an extensive
Nieniexiongla glacial stage during the middle-Pleistocene induced
by intense uplift, and penultimate, LGM, andHolocene glaciations of
intermediate extent (Shi et al., 1986, 2006). This has been the
framework used by Chinese scholars in interpreting glacial deposits
across the Plateau, and as the basis for correlating glacial deposits
between regions. For instance, in the Shaluli Shan (Shan¼mountain
range) studyarea, a ridge in theKuzhaori valley has been interpreted
as a glacial deposit formed during an event named locally the
Daocheng glaciation which has been correlated with the most
extensive glaciation (Zheng andMa,1995; Xu and Zhou, 2009) and is
therefore considered of middle-Pleistocene age. The authors sim-
ilarly argue that intense uplift of the Tibetan Plateau during the
middle-Pleistocene triggered maximum glaciations in this area.
They also argue that continued uplift during the Pleistocene
increased mountain elevations surrounding the Shaluli Shan area,
creating a rain shadow as monsoon flow precipitation was inter-
cepted, leading to smaller late Pleistocene glaciations.

Because the Shaluli Shan region displays an abundance of glacial
landforms (Fu et al., 2012) yet is an area where firm age constraints
are scarce, and because we consider the concept of cross-plateau
correlations of glacial stages without absolute age constraints to
be unreliable, we here investigate the glacial chronology of the
southeastern Tibetan Plateau centered on Shaluli Shan (Fig. 1). To
assess the timing of glaciations we present 55 10Be exposure ages
which we combine with geomorphological mapping (Fu et al.,
2012) to develop a paleoglaciological reconstruction of the Shaluli
Shan.
D are indicated with black rectangles. DEM from Jarvis et al. (2008), lake polygons from
ter of China (http://ngcc.sbsm.gov.cn/english/about.asp), and contemporary glaciers for
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2. Study area and previous studies

The study area is located in the eastern part of the Hengduan
Mountains. This area was among the most extensively glaciated
areas on the Tibetan Plateau during the Quaternary (Li et al., 1991).
The study area is close to the margin of the southeastern Tibetan
Plateau, and includes the Shaluli Shan and a series of other NW-SE
trending mountain ranges (Fig. 1). The topography of the Shaluli
Shan is characterized by high-relief mountains, with deeply incised
valleys, and two low-relief plateau uplands, the Haizishan Plateau
and the Xinlong Plateau. Plateau-elevations are primarily between
3500 and 4800 m above sea level (asl), with the highest mountain
peaking at 7556 m asl (Mt. Gongga). The climate is characterized by
the summer monsoon systemwhich accounts for more than 90% of
the 300e1000 mm of annual precipitation (Zheng, 2006). Abun-
dant glacial landforms indicate the presence of extensive Quater-
nary glaciations, although there are few contemporary glaciers in
the area, and these occur almost exclusively in the high mountains
of the Gongga Shan, Genie Shan and Quer Shan.

Previous studies of the glacial geomorphology and sed-
imentology of Shaluli Shan have generally outlined the existence of
regional ice caps and extensive valley glaciers during two old gla-
ciations during the middle-Pleistocene and the last glaciation and
constricted alpine glacier extents during the Holocene (Li et al.,
1991; Zheng and Ma, 1995; Zheng, 2001). Chronological con-
straints on the timing of the youngest two glaciations of the Shaluli
Shan have mainly come from radiocarbon, thermoluminescence
and ESR dating techniques (Zheng and Ma, 1995; Lehmkuhl et al.,
1998; Zheng, 2000, 2001, 2006; Xu and Zhou, 2009). TCN tech-
niques have been applied more widely across the Tibetan Plateau
only during the past decade. Several studies have provided TCN
exposure and optically stimulated luminescence ages that have
begun to provide a chronological framework for the LGM and Ho-
locene glaciations in the Shaluli Shan and Gongga Shan (Schäfer
et al., 2002; Owen et al., 2005; Zhou et al., 2007; Graf et al.,
2008; Strasky et al., 2009).

In one valley off the Haizishan Plateau, the Kuzhaori valley
(close to Daocheng, Fig.1), an outlet glacier built amoraine complex
that was dated using ESR by Xu and Zhou (2009). They suggested
that the moraine complex (16.2e134.2 ka) and a highly-weathered
outer ridge remnant (556.7 ka) correlated with glaciations at gLGM,
early MIS 2, MIS 3, MIS 6 and MIS 14/12. About 1 km to the east of
the moraine complex, the outer remnant ridge was dated by Wang
et al. (2006) to 100.6e146.5 ka (boulder) and 298.3 ka (limiting
surface exposure age derived from a till profile) using 10Be
exposure age dating. On neighboring Xinlong Plateau (Fig. 1), Graf
et al. (2008) identified a late glacial event (14.9e15.6 ka), a glacial
advance at gLGM (17.5e21.6 ka) and an older glaciation with
a minimum age of w43 ka based on boulder 10Be exposure ages.
Close to Heranseba (Fig. 1), Schäfer et al. (2002) dated a retracted
Fig. 2. Examples of photographs of boulders sampled for 10Be surface exposure age dating. S
surface (group J in Fig. 4C), TB-09-120 from the Kuzhaori moraine off the southern Haizish
moraine deposited by a valley glacier to 16.2 ka. Xu et al. (2010)
provided OSL and ESR ages from two moraines in a valley of the
Quer Shan (Fig. 1) interpreted as a more extensive glaciation at MIS
3 and a restricted glacial advance at MIS 2. Owen et al. (2005) dated
two Holocene moraines (10Be exposure age spreads of 0.31e2.42 ka
and 7.57e9.51 ka) on Gongga Shan. To the north ofMt. Gongga, near
Kangding, Strasky et al. (2009) used erratic boulder 10Be and 21Ne
exposure ages to date a glacial advance at the time of Heinrich 1
cooling (13.4e16.3 ka). Zhou et al. (2007) identified two glacial
stages around MIS 6 and MIS 2 based on moraine boulder 10Be
exposure ages spreads of 112.9e136.5 ka and 11.1e18.5 ka,
respectively, in the Boduizangbu River valley in the middle
section of the Hengduan Mountains.
3. Methods

3.1. Sampling strategy

We collected 52 samples from glacial boulders to constrain the
glacial chronology of the Shaluli Shan using 10Be exposure dating
(Figs. 2e4). The samples can be subdivided into four groups based
on their locations; Haizishan Plateau, Xinlong Plateau, Nata and
Heranseba. On the Haizishan Plateau, Fu et al. (2012, 2013) mapped
clearly visible moraine sequences that provided evidence for mul-
tiple glaciations and reported field observations of dispersed erratic
boulders outside the mapped moraine limits. These dispersed
boulders, together with samples from the Xinlong Plateau, Nata
and Heranseba, were collected to date the oldest glaciations, and
thus samples were taken primarily from glacial traces furthest
distanced from the ice accumulation areas. Most samples were
from granite boulders on moraines and some from erratic boulders
that were dispersed across the landscape. In addition to the 52
samples from boulders we collected 3 till samples from a till profile.
The till profile is located in an ice marginal moraine on the Hai-
zishan Plateau, at a location where we sampled four boulders from
its surface.

We sampled 1e5 cm thick layers from the top surface of large
boulders. For most sample groups, three or four boulders were
sampled. We measured topographic shielding using a compass and
clinometer, and boulder dimensions and location coordinates were
recorded. Photographs were taken for each sample for future ref-
erence (Fig. 2). The till profile samples consist of pebbles that were
collected at 20 cm, 83 cm, and 202 cm below the surface. The
apparent exposure ages of the three profile samples were inter-
polated and extrapolated toward the surface to calculate a surface
exposure age (Owen et al., 2006; Heyman et al., 2011b). The pur-
pose of sampling both four boulders on the surface of a moraine
and three samples from a natural cut in the same moraine is to test
the consistency of the two methods for surface exposure dating,
ample TB-09-03 is from Nata (group Q in Fig. 3C), TB-09-14 from the Haizishan Plateau
an Plateau margin (group B in Fig. 4A).



Fig. 3. Glacial landforms and sample locations (red dots) at the four study sites considered. (A) Haizishan Plateau, (B) Xinlong plateau, (C) Nata, and (D) Heranseba. Group name of
samples are labeled as black letters (cf Table 1) and larger-scale images of the sample groups from panel a are given in Fig. 4. Mapped landforms are from Fu et al. (2012). Panel
locations are given in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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given that different samples (surface-depth, boulders-pebbles)may
have different exposure histories (e.g., Heyman et al., 2011b).

3.2. Laboratory methods

Rock sampleswere crushed and sieved to 250e500 mmat Peking
University. Geochemistry for quartz separation was performed at
the Purdue Rare Isotope Measurement Laboratory (PRIME Lab) and
included proceduresmodified fromKohl andNishiizumi (1992), 9Be
addition, and beryllium purification and oxidation. Ratios of
10Be/9Beweremeasured by acceleratormass spectrometry (AMS) at
PRIME Lab and calibrated using the ICN 10Be standard with the
revised 10Be/9Be ratio (Nishiizumi et al., 2007). The ratios were
converted to 10Be concentrations using sample weights and total
beryllium. Apparent exposure ages were calculated using the CRO-
NUS online calculator (version 2.2; Balco et al., 2008) with a 10Be



Fig. 4. Sample ages labeled on satellite images with mapped ice marginal moraine features. (A) Kuzhaori, (B) Sangdui, (C) Haizishan Plateau surface, (D) northern Haizishan plateau,
(E) Xinlong plateau, (F) Nata, (G) Heranseba. The three moraine sequences are colored by their morphostratigraphical position. While the innermost and intermediate moraines in
different areas can be correlated to the same glaciations, the outermost moraine have highly variable exposure ages. In panels A and E, ages from previous studies are recalculated
from the original nuclide concentrations using CRONUS with the corresponding 10Be standardization and time-dependent Lal (1991)/Stone (2000) scheme.
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half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010)
and the revised 10Be standardization (Nishiizumi et al., 2007).
Exposure ages are presented under the assumptions of zero post-
depositional surface erosion and rock density of 2.7 g/cm3. CRO-
NUS age uncertainties are composed of two parts, where internal
methodological uncertainties due to AMS measurements are the
same for all scaling schemes, but where external uncertainties vary
with production rate scaling schemes (Balco et al., 2008).

The principle behind interpolating the till profile data to derive
a surface exposure age is that the nuclide concentration (Nz) at any
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depth in a sediment section with no post-depositional disturbance
is a function of depth (z) and surface nuclide concentration (N0)
(Nishiizumi et al., 1989):

NZ ¼ N0*expð�rz=LÞ (1)

where r is till density and L is the cosmic ray attenuation length
(160 g/cm2; Gosse and Phillips, 2001; Balco et al., 2008). For a till
section with a uniform density, Nz of samples at different depths
should fit perfectly on an exponential curve in Nzez space. Using
the Nelder and Mead (1965) simplex method, constants N0 and r

can therefore be derived from concentrations at depth. For a till
section in a moraine with constant density, the surface nuclide
concentration extrapolated from the samples at depth should be
close to the nuclide concentration in boulder surfaces sampled
from the same moraine. Previous studies (Owen et al., 2006; Wang
et al., 2006; Heyman et al., 2011b) have arrived at till densities of
1.8 g/cm3 in the Kuzhaori valley, 2.02 g/cm3 in the Ladakh Range,
Himalaya, and 1.6 or 1.8 g/cm3 in the Bayan Har Shan, northeastern
Tibetan Plateau. Although this method works well in some loca-
tions, sediments in a given section might have been disturbed by
cryoturbation or may have been derived from different sources
with different prior exposure histories, and thus may not fit the
ideal exponential curve.

4. Site descriptions

4.1. Haizishan Plateau

The Haizishan Plateau is a low-relief granite pluton, located
primarily above 4000 m asl, which is surrounded by sedimentary
rocks. An elongated bedrock ridge protrudes 100e300 m above the
central plateau surface, but is asymmetrically located near the
eastern edge of the plateau, resulting in a broad flat area to thewest
and high-relief terrain on the east (Fu et al., 2013). The plateau is
topographically separated from neighboring mountainous terrain
by tectonic basins and fluvial valleys. Detailed geomorphological
studies of the plateau by Fu et al. (2012, 2013) provide evidence for
an extensive ice cap and outlet glaciers complex, and a zonation of
glacial landforms indicating the ice cap had polythermal basal ice
conditions (Fig. 3). The asymmetric topography of the plateau
forced the paleo-ice cap to form asymmetric landform patterns
(Fig. 3). Whereas a broad area of scoured terrain west of the central
ridge is bordered by a relatively narrow zone of glacial valleys, on
the east side there is only a narrow zone of scoured terrain that
transitions rapidly into a deeply cut and broad zone of glacial val-
leys without cirque heads.

Geomorphological mapping and field investigations reveal the
presence of multiple moraine sequences, indicating past glacial
stages of varying extent (Fu et al., 2012, 2013; Fig. 3). The most
distinct and widespread sets of moraines or moraine complexes are
located most distal to former glaciation centers, and are imprints of
the terminus of outlet glaciers or ice cap margins. These moraine
complexes often include two to five ridges which, in places like the
Kuzhaori valley, are overlapping (Fig. 4A). The outermost ridge in
the Kuzhaori moraine complex (B in Fig. 4A), appears to be more
weathered and has fewer boulders than the inner four ridges (CeE
in Fig. 4A), and the frontal part of the outermost ridge is missing
and was either removed by post-depositional fluvial or glacial
erosion or was buried by deposits of younger glaciation(s). Within
1 km to the east of the moraine complex (A in Fig. 4A), a ridge with
deeply weathered sediments could be a moraine remnant that
belongs to a much older glacial stage than the overlapping four
moraines, as was suggested by Xu and Zhou (2009) who inferred an
ESR-dated formation age of 556.7 ka. A second and much less
distinctivemoraine sequence occurs a few kilometers headwards in
valleys on the west side of the plateau but much closer to the valley
mouth on the eastern side. These moraines were first mapped in
detail by Fu et al. (2012), and many of them have been reworked by
fluvial processes leaving only remnant terminal sections or lateral
moraines. The third, highest, and innermost moraine sequence
includes up to three, over 20 km-long, distinctly sinuous moraine
ridges on the western scoured terrain unit of the Haizishan Plateau
(Figs. 3A and 4C) and remnant ridges in the valleys on its east side.
During field investigations dispersed boulders and moraine rem-
nants were observed to occur well beyond the outermost moraine
sequences, indicating that still more extensive glaciations occurred
than indicated by glacial geomorphology alone. These major events
have never been identified previously.

We sampled at four main locations to determine if chronologies
were consistent across the Haizishan Plateau. The four locations are
the Kuzhaori valley in the southwest (Figs. 3A and 4A), Sangdui
valley in thewest (Figs. 3A and 4B), the plateau surface (Figs. 3A and
4C), and a valley in the northern part (Figs. 3A and 4D). In Kuzhaori
valley, samples were collected from the moraine remnant (group A,
two samples) and 4 moraines (groups B, C, D, and E) were sampled
of the moraine complex. In Sangdui valley (Fig. 4B), three groups of
samples were collected, one from a lateral moraine on the nose of
an interfluve just north of Sangdui village (group H), the other two
from dispersed boulders on ridges west of Sangdui village (groups
G and F). Two of the three sinuous moraines on the plateau surface,
except the intermediate one, were sampled (groups J, K; Fig. 4B). In
addition, three erratic boulders (group I) were sampled about
10 km beyond and west of the outermost sinuous moraine and
three till profile samples were collected from the outermost sinu-
ous moraine (group S). In a valley draining the northern part of the
Haizishan Plateau (Fig. 4D), we sampled the frontal part of a lateral
moraine close to the valley bottom (group N) and a large but
degraded lateral moraine ridge (group M) located on a platform on
the east valley side. Three dispersed granite boulders on schist
bedrock were collected from rounded hills on the west side of the
valley (group L). In total, 15 groups of boulder samples were col-
lected from the Haizishan Plateau and, except for groups A and K,
each contains three or four samples.

4.2. Xinlong Plateau

The Xinlong Plateau is located 200 km north of the Haizishan
Plateau (Fig. 1) and consists of a low-relief granite core (4400e
4600 m asl) and bedrock ridge (4600e4900 m asl) extending Ne
S from the southern part of the plateau (Fig. 3B). Deeply cut gla-
cial valleys without cirque heads extend from the southern bedrock
ridge while the larger plateau surface to its north is characterized
by scoured terrain (Fu et al., 2012; Fig. 3B). The glacial lineations
and scoured terrain together with the outlet glacial valleys indicate
the former presence of an ice cap or ice field (Fu et al., 2013). The
clearest moraine complex in this area visible on remote sensing
imagery consists of five or six end moraine ridges at a valley mouth
with lateral moraines extending several kilometers up the valley
(Fig. 3B). There is a moraine remnant mapped on a bedrock ridge
several kilometers further down the valley, and two additional end
moraines were identified from field inspection along the valley.
Graf et al. (2008) presented TCN ages ranging from 17.5 ka to 21.6 ka
for boulder samples from themoraine complex at the valley mouth,
from 14.9 ka to 15.6 ka from the inner two endmoraines and 35.1 ka
and 48.2 ka for two perched boulders close to the central highland.
They interpreted the three features as representing a Late Glacial
advance responding to the Heinrich 1 event (Heinrich, 1988),
a glacial advance during MIS 2 synchronous to gLGM, and an older
glaciation, respectively. Beyond the dated moraine at the valley
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mouth, we sampled three boulders (group P) from a moraine ridge
remnant on a bedrock crest between two valleys, and four erratics
(group O) on top of a hill which is about 100 m higher than the
moraine (Fig. 3B).

4.3. Nata

The Nata region has one of the most spectacular alpine land-
scapes in the Shaluli Shan area, and its largest glacial valley is about
45 km long (Fig. 3C). The highest summit peaks at 5812 m asl, and
the range is separated from the mountainous area to its south by
a valley 3 to 4 kmwide with its floor at 4000e4100m asl. The north
side of the range is only 20e30 kmwide, with elevations decreasing
to 4000masl. Glacial valleys in the northern region aremuch longer
than those in the southern region. Glaciers formed distinct moraine
complexes in valleys on the southern side, similar to the Kuzhaori
moraine complex off the southern margin of Haizishan Plateau. On
the northern side, on the other hand, there is a notable absence of
comparable moraine complexes. Field investigations have revealed
that moraine remnants on the northern side are exceptionally wide
(about 500e700 m in width), and have gentle slopes and a small
number of dispersed boulders on their surfaces. A large flat area
reflectingfluvial or glaciofluvial deposition is located between these
moraine remnants and the glacial valley mouth. Rivers have eroded
themoraine and deposited distinct terraces that extend downvalley
from the moraines. We collected three boulder samples (group Q)
from the top of the innermost moraine.

4.4. Heranseba

The Heranseba area hosts a spectacular alpine landscape, with
Mt. Genie peaking at 6204 m asl (Fig. 3D). Glacial valleys up to
30 km long radiate from the central peak. The longest valley is
situated on the northern side and hosts a moraine complex con-
sisting of several ridges at its mouth. Several moraine remnants are
situated on a broad flat plain 3 km beyond this moraine complex.
The landscape of Heranseba is similar to that of Nata, with a similar
occurrence of outermoraine remnant ridges. One sample from such
a moraine remnant was dated (group R).

5. Results

Apparent exposure ages for all samples were calculated using
the information listed in Table 1. The samples are grouped into 18
boulder groups (A-R) and 1 till profile group (S). The apparent
exposure ages range from 8.1 � 0.8 ka to 183.6 � 17.0 ka (Table 1,
Fig. 4). The apparent exposure ages of the landforms generally
conform well to their morphostratigraphical positions, except for
those on the inner three moraines of the Kuzhaori valley (groups C,
D and E).

6. Discussion

6.1. Age spreads

Large age spreads can be observed within each group (Fig. 5A).
Significant age spreads such as observed in the Shaluli Shan con-
stitute one of the biggest challenges in interpreting 10Be results
(Hallet and Putkonen, 1994; Putkonen and Swanson, 2003; Briner
et al., 2005; Owen et al., 2005, 2006, 2008, 2009b; Putkonen and
O’Neal, 2006; Putkonen et al., 2008; Applegate et al., 2010, 2012;
Heyman et al., 2011b). There are two major geological factors
affecting the age spread from any given set of boulders from one
location (or landform), incomplete exposure and prior exposure.
Incomplete exposure includes the processes of weathering,
exhumation, and shielding of the surface by snow or sediment. All
these processes may individually or jointly reduce nuclide con-
centrations in rock or sediments, compared to a full postglacial
exposure history of the samples, thereby underestimating the true
age of deposition/deglaciation. Prior exposure, or inheritance, in-
creases the nuclide concentration beyond a full postglacial expo-
sure history and thereby overestimates the true age of deposition.
The importance of these two factors was assessed by Heyman et al.
(2011a) based on a large collection of TCN ages from boulders in
glaciated areas from around the world. They concluded that
incomplete exposure is more important than prior exposure
because (i) only 4% of boulders used to date northern hemisphere
paleo-ice sheet positions had ages that differed more than ten
thousand years from reconstructed ages of local deglaciation based
on other reliable dating methods, and (ii) none of the recently
deposited boulders transported by contemporaneous glaciers had
exposure ages significantly deviating from independently known
depositional ages. Furthermore, Heyman et al. (2011a) show that
within-group age spreads are predictable using a degradation
model, whereas a prior exposure model fails to predict the
observed boulder age distributions. The results of this analysis
reaffirm the importance of collecting multiple samples from dep-
ositional surfaces such as moraines. If ages of multiple boulders in
a group are similar, the implication is that of insignificance of
degradation or prior exposure. However, where age spreads within
a boulder group occur, which is commonly the case, the spread is
probably caused by post-depositional exhumation or weathering
processes. In this case it would be correct to accept the oldest
apparent exposure age in a boulder group to represent the best
estimate of the minimum age of deposition/deglaciation. For the
Shaluli Shan, the largest age spreads occur in two groups of boul-
ders (I and L) collected from formerly glaciated surfaces beyond
distinct mapped moraines. One possible interpretation is that each
of the boulders may have originated from different glaciations.
Another possible interpretation is that they all relate to the same
glaciation, albeit with different exhumation ages from till, which
was removed by fluvial erosion.

Adopting the oldest age of each sample group, three major
clusters of moraine boulder samples can be recognized (Fig. 5B):
a youngest cluster with exposure ages ranging from 13.0 � 1.2 ka
(TB-09-112) to 17.1 � 1.6 ka (TB-09-13), an intermediate cluster at
21.6 � 2.0 ka (TB-09-76), and an oldest cluster ranging from
102.3 � 10.0 ka (TB-08-01) to 183.6 � 17.0 ka (TB-09-03).

The ages presented here are calculated using the time-
dependent production rate model of Lal (1991)/Stone (2000),
which has beenwidely adopted in calculating 10Be exposure ages for
glacial chronology (Balco, 2011). Large variations in exposure ages
can result from the application of different scaling models, espe-
cially in low-latitude and high-altitude locations such as on the Ti-
betan Plateau (Owen et al., 2009b; Balco, 2011). To test the
robustness of our derived exposure ages using one production rate
model, we recalculated all the ages for our samples, located at 29e
31� N and 3800e4600 m asl, using three other widely adopted
time-varing models (Dunai, 2001; Lifton et al., 2005; Desilets et al.,
2006) and a time-constant Lal (1991)/Stone (2000) model. Predict-
ably, the variations that result from using these alternative pro-
duction rate models are much larger for older apparent exposure
ages than younger ones. For example, recalculations of the oldest
exposure age (TB-09-03, 183.6 � 17.0 ka) yielded a variation from
�14% to 20% when compared to the time-dependent Lal (1991)/
Stone (2000) age. The implication is that by using the time-constant
Lal (1991)/Stone (2000) production rate model, the timing of the
oldest recorded glacial event in the area would shift from at least
MIS 6 back to at least MIS 7 (220 ka). Derived variations for the
youngest apparent exposure ages, in contrast, only range from�8%



Table 1
Apparent exposure ages and CRONUS inputs of samples.

Locationa Sample
groupb

Sample
name

Latitude
(�N)

Longitude
(�E)

Elevation
(m asl)

Sample
thickness
(cm)

Boulder size
length*width
*height (m)

10Be concentration
(atoms/g)

uncertainty in
10Be concentration
(atoms/g)

Exposure age
with external
uncertainty (ka)c

Internal
uncertainty
(ka)

HZS - KZR A TB-08-18 29.12553 100.22237 3892 2 2.4*1.7*0.5 7827647 164708 149.2 � 13.5 4.0
A TB-08-10 29.12415 100.22163 3871 1 3.5*1.7*2 2084297 65233 40.3 � 3.7 1.5
B TB-09-120 29.12907 100.21812 3924 2 6*5*1.6 8012489 262649 150.7 � 14.2 6.3
B TB-09-121 29.12948 100.21820 3929 4 3*1.5*2 7176619 295393 135.3 � 13.1 7.1
B TB-09-119 29.12847 100.21805 3919 3 6*4*2.5 6479634 133499 121.3 � 10.8 3.2
C TB-08-32 29.11882 100.20948 3864 2 5534562 120464 106.9 � 9.6 2.9
C TB-08-33 29.11893 100.20963 3864 2 4915283 102300 96.4 � 8.6 2.4
C TB-08-34 29.11897 100.20985 3867 2 4360926 126357 85.7 � 7.8 3.0
D TB-08-22 29.12288 100.21147 3916 3 5*4*3.5 6230089 194946 117.2 � 10.9 4.6
D TB-08-23 29.12342 100.21185 3928 3 5*3*1.5 2877747 105209 54.7 � 5.1 2.4
D TB-08-24 29.12360 100.21198 3931 3 4*2*1.5 2700506 84991 50.6 � 4.6 1.9
E TB-08-21 29.12258 100.20882 3904 4 1.5*1*1 6513632 238263 123.8 � 11.7 5.8
E TB-08-20 29.12295 100.20913 3904 5 2*1.5*2 5812484 147660 112.4 � 10.2 3.6
E TB-08-19 29.12353 100.20957 3904 2 6*3*3 5571308 97268 105.7 � 9.3 2.3

HZS-SD F TB-08-28 29.17543 100.10657 4053 1 3*3*2 6745227 166465 116.2 � 10.5 3.6
F TB-08-26 29.17457 100.10770 4067 3 0.9*0.9*0.3 4563242 297350 81.5 � 8.9 6.4
F TB-08-27 29.17530 100.10678 4056 2 1.6*0.7*0.4 4523014 191634 80.5 � 7.7 4.1
G TB-08-29 29.17771 100.09525 4062 3 2.5*2*0.8 5294601 135234 95.9 � 8.7 3.0
G TB-08-30 29.17765 100.09519 4062 2 2.3*1.7*0.8 3191645 95884 57.3 � 5.2 2.0
G TB-08-31 29.17777 100.09523 4064 1.5 3*2*0.8 1334108 37865 25.5 � 2.3 0.8
H TB-08-01 29.20672 100.09058 4216 3 7*5*3 6247289 274133 102.3 � 10.0 5.5
H TB-08-02 29.20897 100.09300 4215 3 4980105 190271 82.6 � 7.8 3.8
H TB-08-03 29.20897 100.09300 4231 3 5*4*2.5 3192983 121110 51.4 � 4.8 2.4

HZS-PS I TB-09-101 29.39737 99.99385 4499 3 2*1.6*0.8 11011911 246145 156.0 � 14.1 4.5
I TB-09-102 29.40253 99.99217 4512 4 2.9*2.2*0.9 4741402 111113 68.1 � 6.1 1.9
I TB-09-100 29.39033 99.99083 4506 4.5 5*4*3 496252 18903 8.1 � 0.8 0.3
J TB-09-13 29.41885 100.01755 4431 2 2*1*0.6 1047811 34925 17.1 � 1.6 0.6
J TB-09-12 29.41848 100.01782 4424 2 7*5*4 968473 33026 16.0 �1.5 0.6
J TB-09-14 29.41877 100.02230 4446 5 11.5*7*5 900914 34603 15.2 � 1.4 0.6
J TB-09-15 29.41178 100.02077 4424 4.5 6.6*6.2*6.8 901018 35488 15.3 � 1.4 0.6
K TB-09-112 29.42658 100.08858 4461 3 5.5*3*2.5 785493 33737 13.0 � 1.2 0.6
K TB-09-114 29.42657 100.08890 4459 4 2*2*1.6 772488 27307 12.9 � 1.2 0.5

HZS-NP L TB-09-130 29.85378 99.93718 4440 3 2*1*1.6 9213369 197387 131.2 � 11.8 3.6
L TB-09-129 29.86075 99.93195 4485 3.5 3.3*2.3*0.7 6380809 168216 92.3 � 8.3 2.9
L TB-09-128 29.86533 99.92715 4504 2 0.9*0.8*0.3 1626225 57542 24.6 � 2.3 0.9
M TB-09-78 29.84657 99.96537 4450 3 6*4*2 7421466 269125 106.7 � 10.1 4.8
M TB-09-77 29.84760 99.96508 4444 5 12.5*8*1.5 6964769 245159 102.6 � 9.6 4.4
M TB-09-79 29.84610 99.96567 4455 4 2.5*2.5*1.1 6664799 115631 97.6 � 8.6 2.1
N TB-09-76 29.85655 99.95317 4311 4 4*2.2*2.5 1260059 46121 21.6 � 2.0 0.8
N TB-09-75 29.85673 99.95308 4313 3 3*2*1.9 1184282 33861 20.2 � 1.8 0.6
N TB-09-74 29.85743 99.95310 4339 4 4*3.3*1.7 992215 39244 17.1 � 1.6 0.7

XL O TB-09-62 31.03130 99.70825 4371 3 4.5*3.5*1.9 9387503 184244 135.0 � 12.1 3.3
O TB-09-63 31.03112 99.70820 4369 3 3*2*0.7 8947551 208913 128.7 � 11.6 3.8
O TB-09-65 31.03225 99.70828 4373 2 1.6*1.5*1 8647890 190875 123.1 � 11.1 3.4
O TB-09-64 31.03253 99.70820 4379 5 4*2.5*1.3 7104294 218367 104.9 � 9.7 3.9
P TB-09-57 31.02600 99.72370 4250 4 1.8*1.7*1 8192745 204919 126.0 �11.4 4.0
P TB-09-56 31.02635 99.72408 4258 3 6*5*1.8 8212087 182648 124.8 � 11.2 3.5
P TB-09-58 31.02390 99.72135 4233 3 5.4*3.2*0.8 5551872 131718 88.1� 7.9 2.5

NT Q TB-09-03 30.86843 99.64295 4036 3 3.6*3*0.6 10472668 272273 183.6 � 17.0 6.0
Q TB-09-02 30.86815 99.64302 4043 3 5*3.3*1.1 8984509 256643 155.1 � 14.4 5.6
Q TB-09-04 30.86763 99.63770 4063 3 1.3*1.2*0.5 7124691 114697 120.1 � 10.6 2.4

HR R TB-09-20 30.18708 99.77310 4241 3 3*2*1 3671694 109843 59.0 � 5.4 2.1
HZS-PS S TB-09-106 29.40483 100.03797 4465 202d 165878 7090

S TB-09-107 29.40483 100.03797 4465 83d 445238 16211
S TB-09-108 29.40483 100.03797 4465 20d 2698202 81805
S surface 29.40483 100.03797 4465 0 887046 14.3 � 1.2e

a Abbreviations are as follows: HZS-KZR: Kuzhaori valley of the Haizishan Plateau; HZS-SD: Sangdui near the Haizishan Plateau; HZS-PS: Haizishan Plateau surface; HZS-NP:
Northern part of Haizishan Plateau; XL: Xinlong Plateau; NT: Nata; HR: Heranseba.

b Sample group names for each location reflect their morphostratigraphical order; they are ordered from older to younger.
c The apparent exposure ages derive from the time-varying production rate model of Lal (1991)/Stone (2000) calculated using CRONUS online calculator version 2.2 (Balco

et al., 2008). They are furthermore based on a 10Be half-life of 1.387 Ma (Chmeleff, 2010; Korschinek et al., 2010) and the revised ICN 10Be standard by Nishiizumi et al. (2007),
07KNSTD.

d Sample depth below surface.
e The exposure age is calculated from the surface 10Be concentration, an extrapolated value derived from the bottom two till samples at depth, with an assumed till density

of 1.3 g/cm3.
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Fig. 5. Plots of 10Be ages. (A), Plot of boulder ages and till profile interpolated age. Age data in the right column are from previous studies in the Shaluli Shan area. Ages from
references are recalculated from the original nuclide concentrations using CRONUS with the corresponding 10Be standardization and time-dependent Lal (1991)/Stone (2000)
scheme. (B), plot of the oldest age in each group. Group R of Heranseba is not included because interpretation of moraine minimum age based on only one boulder age results
in higher uncertainty than on multiple boulder ages because of the large age spread within each sample group. The right column is the standard chronology for marine oxygen
isotope records, adapted after Bradley (2001). The rectangles group together samples that overlap each other and do not overlap samples in other rectangles; they also represent the
three major glaciations in the Shaluli Shan.
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to 5%. For example, the apparent exposure age of TB-09-76
(21.6 � 2.0 ka), could at most yield an exposure age of 23 ka,
whichwould be the sameagewithinuncertainty.Hence, in this case,
using other production rate models would still yield results that are
consistent with the maximum stage of MIS 2 glaciation.

6.2. Erosion-corrected exposure ages

Table 1 presents exposure ages assuming zero surface erosion.
However, field observations of weathering on some of the sampled
boulders show that this assumption is not necessarily valid. Esti-
mating surface erosion rates is difficult in most locations, however,
Wang et al. (2006) describe a site near the outermost sinuous
moraine on the Haizishan Plateau where this has been possible.
They found that the bedrock surface beneath a large erratic was
9 cm higher than the surrounding exposed bedrock surface and
they estimated from this height difference, and the exposure age of
the surrounding surface, a bedrock erosion rate of 6.9� 10�5 cm/yr.
Assuming steady state erosion, we used the CRONUS calculator to
derive a maximum erosion rate of nearly 3.2 � 10�4 cm/yr for our
oldest sample (TB-09-03), which is a reasonable estimate of
weathering for granitic rocks in alpine environments (Ivy-Ochs
et al., 2006). Using erosion rate values representing low and high
erosion scenarios of 1 � 10�5 cm/yr and 3 � 10�4 cm/yr, respec-
tively, we recalculated the exposure ages for samples TB-09-03
(183.6 ka), TB-08-01 (102.3 ka), TB-09-76 (21.6 ka), TB-09-13
(17.1 ka), and TB-09-112 (13.0 ka), which are the end members of
the three clusters observed in Fig. 5B. The erosion-correction in-
creases the apparent exposure ages by 20%e230% for TB-09-03,
10%e40% for TB-08-01, 2%e5% for TB-09-76, 1%e4% for TB-09-13,
and 1%e3% for TB-09-112. Thus neglecting surface weathering
and erosion results in large underestimates of exposure ages of
older samples but has little impact on exposure ages of relatively
young boulders. Because of large uncertainties in erosion estimates,
and difficulties to constrain erosion rates for individual boulders,
the discussion below is based onminimum apparent exposure ages
assuming zero erosion as presented in Table 1.

6.3. Till profile

An exponential regression fit was used to derive an apparent
surface exposure age for the till section (Group S, Table 1, Figs. 4c, 6).
Using all three samples, the extrapolated concentration at the till
surface, N0, of 4.7 � 106 atoms/g, is much higher than the average
boulder nuclide concentration at nearby location J (Table 1;
9.5 � 105 atoms/g; an average concentration is used here because



Fig. 6. Interpolation of till profile samples and sample photo. (A) Till section sample regressions. The exponential curves are derived from fitting Equation (1) to the measured 10Be
concentrations and uncertainties using software SciDAVis and adopting the Nelder and Mead (1965) simplex method. The red curve represents the best fit to all three samples, and
results in an unrealistically-high till density of 4.5 g/cm3 (red curve), whereas the blue curve is only based on the two samples at greatest depth and results in a realistic till density
of 1.3 g/cm3. The black crosses represent the depths at which the two curves attain the average exposure of four boulders (group J, Fig. 4C, Table 1) embedded in the same moraine
(this happens at 14 cm above and 55 cm below the current surface). (B) photograph of the till section with sample locations indicated at 20, 83 and 202 cm depths below the surface
(yellow triangles in panel a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the four boulder exposure ages are closely clustered), and requires
an unusually high till density of 4.5 g/cm3. However, if only the two
samples at greatest depth are used, both the surface concentration
N0 (8.86 � 105 atoms/g) and till density (1.3 g/cm3) shift toward
values in-linewith expectations. Hence, the regression based on the
bottom two samples yields more realistic results in terms of the till
density required tofit the independent data provided by the boulder
nuclide concentrations, and yields a surface nuclide concentration
in much closer agreement with them. The apparently anomalously
high radionuclide concentration of the top till section sample could
be caused by inheritance from bedrock or sediment with prior
exposure. Assuming the average boulder exposure ages approx-
imately reflect the exposure age of the till profile, a target nuclide
concentration of 9.97 � 105 atoms/g for the till profile surface is
derived from the average boulder exposure age of 15.9 ka and
a density of 1.3 g/cm3. The projections for the predicted till surface
nuclide concentrations are located at 14 cm above and 55 cm below
the current till surface for the two scenarios (Fig. 6A).

Using the two samples at greatest depth, the predicted surface
cosmogenic isotope concentration was converted to an exposure
age (14.3 � 1.2 ka) using the same method as for the boulder
samples. This apparent age is younger than the apparent boulder
ages (15.2 � 1.4e17.1 � 1.6 ka). This difference may reflect partial
shielding of the moraine surface by boulders, postglacial erosion
of the till surface, or may be apparent because all estimates are
minimum estimates only. The disparity in age between the three
samples from the till section indicate that the pebbles were
derived from various sources and that care should be taken in
interpreting till profile data.

6.4. Glacial history of the Shaluli Shan area

Three major glacial stages can be identified based on the 10Be
results: pre-gLGM glaciation(s) with moraine minimum ages
ranging from 102.3 � 10.0 to 183.6 � 17.0 ka, gLGM glaciation at
21.6 � 2.0 ka, and Late Glacial advances or standstills between
13.0 � 1.2 and 17.1 � 1.6 ka.

6.4.1. Pre-gLGM glaciation
Boulders from 9 moraines and 6 dispersed erratic groups sam-

pled in the study area have ages ranging between 40.3 � 3.7 and
183.6 � 17.0 ka, and allow us to refine previous knowledge of the
chronology of glaciations in the Shaluli Shan and the southeastern
Tibetan Plateau (Fig. 5). Our 10Be exposure age results include ages
that are significantly older than previous TCN ages for glacial
landforms in the Shaluli Shan and the southeastern Tibetan Plateau,
and these are minimum estimates assuming zero erosion and,
based on the erosion-correction analysis presented above, derived
ages may underestimate depositional ages by 10%e230%. The older
ages indicate at least one glaciation during MIS 6, or older.
However, the large age scatter for moraines and dispersed
boulders inhibit more definite conclusions regarding the presence
of multiple glaciations. Following Heyman et al. (2011a) we take
the oldest apparent age in each set of dates from a single location as
the minimum age of glaciation/landform formation (Fig. 5B).
Hence, the discussion below is based on the minimum age of gla-
ciation inferred from boulder groups on moraines and groups of
dispersed boulders.

The minimum age for our oldest group of moraines ranges from
102.3 � 10.0 to 183.6 � 17.0 ka. This group includes the Kuzhaori
moraine complex, consisting of 5 ridges, from which four boulder
groups were sampled (BeE). Boulder groups C, D, and E on the
Kuzhaori moraine complex have overlapping ages at 85.7 � 7.8e
106.9 � 9.6, 50.6 � 4.6e117.2 � 10.9, and 105.7 � 9.3e
123.8 � 11.7 ka, respectively (Fig. 4A), while boulders on the most
distal of these overlappingmoraines (group B) showan age range of
121.3 � 10.8 to 150.7 � 14.2 ka. The isolated ridge remnants (group
A), is truncated in its frontal section and, in combination with its
apparent age range of almost 110 kyr (40.3 � 3.7 and
149.2 � 13.5 ka), this indicates that it perhaps formed during an
earlier glacial advance than the glacial advance that formed the
overlappingmoraine complex. Groups C and E showan age range of
about 20 kyr, while group D shows an age range of 67 kyr. Moraines
with similar morphology and relative position occur abundantly
around the Haizishan Plateau (Fu et al., 2013; Fig. 3A), Mt. Genie,
Quer Shan, and in other alpine glacier areas. Age ranges of moraine
boulder groups H,M, and P are consistent with the age ranges of the
Kuzhaori moraines, indicating formation during the same glacia-
tion. This dataset, together with the landform distribution map (Fu
et al., 2012; Fig. 3A), indicates the presence of an extensive ice cap
on the Haizishan Plateau with outlet glaciers that extended far
down the surrounding valleys, and extensive valley glaciers or
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piedmont glaciers in high alpine areas during the glaciation much
older than gLGM. Based on the moraine distribution and geo-
morphological observations in the field (Fu et al., 2013), it is clear
that glacier- and/or moraine-dammed lakes formed in some of the
valleys which, when they drained, may have eroded existing end
moraines, leaving behind the isolated remnants that are visible
today, for example the locations of groups G and F (Fig. 4B).

The oldest age in our data set, 183.6 � 17.0 ka, is from a moraine
boulder group in Nata (Group Q; Table 1, Fig. 4F). No glacial evi-
dence was mapped or observed beyond the moraines in the Nata
region. The Nata moraine complex is degraded and the occasional
boulders that are scattered on the moraine ridge have surfaces that
were similarly weathered as boulders that we observed on the
moraine at Heranseba (Fig. 4G). The Nata moraine has the oldest
glacial boulder exposure age so far on the southeastern Tibetan
Plateau.

The nine oldest boulder exposure ages are likely correlated with
MIS 6 or even older period (Fig. 5B). This is because the ages pre-
sented here are based on the Lal-Stone time-dependent nuclide
production scheme (Lal, 1991; Stone, 2000) with zero erosion, and
thus underestimates landform ages in the presence of erosion.

Although the Nata moraine has the oldest exposure age in our
study, the isolated Kuzhaori ridge (group A in Fig. 4A), with mini-
mum ages of 40.3� 3.7 and 149.2�13.5 ka (Table 1), has previously
been identified as belonging to the oldest glacial moraine sequence
in southeastern Tibet (Zheng and Ma, 1995; Zhou et al., 2007; Xu
et al., 2010). The ridge consists of red weathered sediments and
the boulders that were sampled were standing low above the ridge
surface adjacent to gullies. The field setting indicates active deg-
radation and the apparent ages, therefore, again underestimate the
true age of this moraine. Its location, its truncation, and its
weathered sediments and gullied surface all support an inter-
pretation that its formation happened during an older event than
the neighboring Kuzhaori moraine complex (groups BeE).

Groups F and G in Sangdui (Fig. 4B), group I on the Haizishan
Plateau (Fig. 4I), group L off the northern margin of the Haizishan
Plateau (Fig. 4D), and group O on the Xinlong Plateau (Fig. 4E)
consist of samples from dispersed boulders. The oldest age of each
group ranges from 95.9� 8.7 ka (group G) to 156.0� 14.1 ka (group
I), consistent with the oldest ages of moraine boulders (Fig. 5B).
Group I on the Haizishan Plateau surface (Figs. 4C and 5A) also has
the youngest age in the study area (8.1 � 0.8) and therefore the
largest range in this study. If all the youngest ages of the different
groups clustered together, then that might be significant, but this
seems not to be the case. So the youngest ages are perhaps without
consequences for reconstructing glacial histories, but have some
meaning as an indication of recent exposure, possibly due to fluvial
erosion which evacuated till covers.

6.4.2. gLGM (MIS 2) glaciation
Because a major emphasis of our sampling campaign was on

dating the oldest glaciation, only one moraine yielded ages that are
closely clustered and correspond to MIS 2 (group N; 17.1 � 1.6,
20.2 � 1.8, and 21.6 � 2.0 ka). These ages are consistent with ages
derived by Graf et al. (2008) for moraines on the north and south
sides of the Xinlong Plateau (Figs. 4E, 5A) and by Zhou et al. (2007)
from Boduizangbu valley. Adopting other erosion-correction values
or different production rate models does not alter these ages
beyond MIS 2. Hence, we argue that this moraine was formed
during gLGM. However, with only three ages, we couldn’t exclude
other possibilities and this may need further testing.

The gLGMmoraine is a lateral moraine located in the valley that
drains the northern margin of the Haizishan Plateau (Fig. 4D). It is
furthermore situated adjacent to the proximal side of a moraine
interpreted as having been formed during MIS 6 or previous period
(group M) and there is no moraine indicating another glacial
advance between these two events (Fig. 4D). This implies that in
the Shaluli Shan there was a maximum glaciation during the gLGM,
and that gLGM glaciers overrode and reworked deposits from po-
tential glaciations since MIS 6. Based on moraine morphostratig-
raphy and relative position, moraines that we interpreted as gLGM
were mapped in many other outlet glacier valleys or alpine glacier
valleys, which are the intermediate sequence of moraines in Fig. 4.
Outlet glaciers off the Haizishan Plateau were several kilometers
long in valleys to the north and east during gLGM, whereas the ice
margin only reached the plateau margin in the southwest, probably
because of less accumulation during gLGM than pre-gLGM. MIS 2
moraines in large valleys in areas with former alpine glaciation
extend locally more than 30 km frommountain centers, such as the
inner moraines in Heranseba (Fig. 4G).

6.4.3. Late Glacial glaciation
The Late Glacial exposure ages only occur on two sinuous mo-

raines on the Haizishan Plateau with ages of 12.9 � 1.2 and
13.0 � 1.2 ka for group K boulders and between 15.2 � 1.4 and
17.1 �1.6 ka for group J boulders (Fig. 4C). Because the ages within
each group are clustered closely, inheritance or modifications by
post-depositional processes appear negligible complications.
Together with a prominent but undated moraine ridge between
these two moraines, they indicate that the Haizishan ice cap
experienced three standstills or re-advances during retreat from its
gLGM. Recessional moraine sequences similar to those just
described are also found in northern and eastern valleys off the
Haizishan Plateau (e.g., the innermost moraine in Fig. 4D), on the
Xinlong Plateau, and in alpine glacial areas close to valley heads.
Hence, the Haizishan Plateau was still covered by an ice cap limited
to part of the plateau surface, and alpine areas had small glaciers
during the Late Glacial. The Late Glacial ages of moraines on the
Haizishan Plateau are concordant with previous TCN results of
moraine boulders in the nearby Litang area (Schäfer et al., 2002), on
the Xinlong Plateau (Graf et al., 2008), and in the Kangding area
(Strasky et al., 2009). These widely distributed moraines with
younger than gLGM ages indicate that the Late Glacial glaciation
stage (about 17e13 ka) was of regional importance. In some large
valleys, for example off the northern Haizishan Plateau margin
(Fig. 4D) and in the Quer Shan (Fig. 1), moraines interpreted to have
formed during the gLGM and the Late Glacial are kilometers apart,
while in some small valleys or valleys with narrow headwaters, the
glaciers did reach similar positions and moraines from different
stages can be difficult to distinguish. For this reason, we may con-
sider the possibility that the westernmost dated moraine on the
western Haizishan Plateau surface (Fig. 4C) could represent a late
stage of the gLGM advance, especially considering that no older
moraine (belonging to gLGM or older) has been mapped beyond
the dated moraine.

6.5. The Kuzhaori moraine complex and 10Be-ESR age comparisons

10Be exposure ages for the sampled three overlapping innermost
moraines (C, D, E in Fig. 4A) provide statistically consistent mini-
mum ages at 106.9 � 9.6, 117.2 � 10.9, and 123.8 � 11.7 ka and an
outer moraine has a minimum age of 150.7 � 14.2 ka (B in Fig. 4A).
ESR ages from the main moraine complex range from 16.2 to
134.2 ka, and Xu and Zhou (2009) conclude that glaciations
therefore occurred at MIS 6, MIS 3, early MIS 2, and gLGM (Fig. 7).

The contrast between the ESR and 10Be apparent exposure ages
from individual ridges of the same moraine complex highlight the
challenge of comparing results from these two techniques else-
where. The ESR method is based on measurements of the amount
of paramagnetic electrons generated by a-, b- and g-radiation of



Fig. 7. Boulder 10Be exposure locations (groups AeE) and ages (this study, purple dots, Table 1) and ESR ages (Xu and Zhou, 2009) of the Kuzhaori moraine complex and outermost
moraine remnant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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natural radio elements (e.g. U, Th, K) trapped in crystal defects as
a measure of time since the ESR signal was last zeroed (Hennig and
Grün, 1984; Grün, 1989). The application of ESR in dating glacial till
is still largely experimental because it remains to be demonstrated
that particle collision and abrasion during subglacial transport is
sufficient to zero the signal from prior irradiation (Yi, 1997; Ye et al.,
1998; Yi et al., 2007). If the sample is not completely zeroed, then
inheritance causes an overestimate of the age of till deposition. TCN
exposure age calculations also have a range of uncertainties (Gosse
and Phillips, 2001) which complicate or inhibit the derivation of
landform ages. However, despite such uncertainties, TCN exposure
age dating has beenwidely applied for glacial chronologies because
production rates are relatively-well known, the relative ubiquitous
availability of sample material, and little effect on overall con-
clusion by methodological uncertainties (Balco, 2011). Because of
the relative close clustering of the oldest 10Be minimum exposure
ages on the Kuzhaori complex of overlapping moraines, we con-
clude that they were formed before the gLGM, most likely during
MIS 6, which is inconsistent with apparent age estimates from the
ESR data by Xu and Zhou (2009).

The remnant ridge (location of group A in Fig. 7), within 1 km
east of the Kuzhaori moraine complex, consists of deeply weath-
ered sediments. Because the Kuzhaori moraine complex, however,
lacks evidence of such weathering, the implication is that this
period of extensive soil development and weathering occurred
before MIS 6. Based on the deep weathering characteristics, pre-
vious studies (Zheng and Ma, 1995; Xu and Zhou, 2009) proposed
that this feature represents the oldest and most extensive glacia-
tion in the study area, which appears to be confirmed by the ESR
age of 556.7 ka (Xu and Zhou, 2009). However, two exposure ages
from this ridge occur at 40.3 � 3.7 ka and 149.2 � 13.5 ka, the latter
of which seems to be concordant with the recalculated 10Be
exposure ages for another boulder (95.7e100.1 ka) by Wang et al.
(2006) (Fig. 4A). Because these samples are from deeply weath-
ered boulders standing quite low above the ridge surface, implying
that these boulders were likely first exposed during ridge crest
degradation, and subsequently experienced significant surface
weathering, the resulting exposure ages clearly underestimate the
depositional age of this ridge. So the age of the moraine using 10Be
exposure ages cannot be determined without more confident evi-
dence of boulder erosion rate and ridge degradation history. The
calculated minimum 10Be surface exposure age by Wang et al.
(2006), using two till profile samples, yielded 298.3 ka (recalcu-
lated 304.5 ka; Fig. 4A). This value further diversifies the situation
because, in the absence of boulder erosion, the value is derived
assuming zero ridge degradation and negligible plateau uplift.
Whereas we know the former to be untrue, and therefore can only
state apparent exposure ages as minimum ages only, the influence
of plateau uplift on cosmogenic exposure age interpretations re-
mains unsettled. The ability for deep weathering to occur on mo-
raines at an altitude of 3890 m asl (with its cold and dry climate)
has been questioned. Li et al. (1996) therefore argued that such
weathering must have occurred at lower elevations (and under
milder climatic conditions), and can therefore be used as evidence
for a Pleistocene uplift of the Shaluli Shan. However, in a thermo-
chronological study of deeply incised rivers on the southeastern
Tibetan Plateau, Clark et al. (2005) argue that rapid uplift started
during the Miocene, between 13 and 9 Ma. In addition, several
geological and tectonic, stable isotope-based paleoaltimetry
studies, and paleobotanical studies show that vast areas of the
Plateau reached their current elevations before 8 Ma (Harrison
et al., 1992; Coleman and Hodges, 1995; Fielding, 1996; Rowley
et al., 2001; Tapponnier et al., 2001; Spicer et al., 2003; Cyr et al.,
2005; Currie et al., 2005; Polissar et al., 2009; Saylor et al., 2009).
Hence, without further evidence indicating a Pleistocene uplift of
Shaluli Shan, we do not consider plateau uplift to have influenced
derived cosmogenic nuclide concentrations of boulders on its
moraines.

6.6. The gLGM across the Tibetan Plateau and Himalaya

Previous studies have shown that some regions of the Tibetan
Plateau and Himalaya, like Tanggula Shan (Fig. 1), experienced
much more extensive glacier advances during MIS 3 than during
the gLGM (Owen et al., 2002, 2005; Finkel et al., 2003; Colgan et al.,
2006). The northwestern region of the Tibetan Plateau, in contrast,
has been characterized by extensive gLGM glacier advances
(Phillips et al., 2000; Richards et al., 2000; Seong et al., 2007, 2009).
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Based on such regional differences it has been argued that glacier
advances in monsoon-dominated regions, such as the southeastern
Tibetan Plateau, occurred out of synchrony with Northern Hemi-
sphere climate change, but that glacier advances in regions influ-
enced by the westerlies, such as the western Tibetan Plateau,
occurred in synchrony with Northern Hemisphere climate change
(Benn and Owen, 1998; Finkel et al., 2003; Owen et al., 2005, 2008).

Despite the fact that the precipitation of the Shaluli Shan today
is dominated by monsoon circulation, we find evidence for exten-
sive gLGM glaciation, including the growth of ice caps and exten-
sive valleys glaciers, consistent with the record of Northern
Hemisphere glaciation (Fig. 5B). The deglaciation chronology for
the Shaluli Shan (17.1 ka) is consistent with the termination of the
gLGM at about 17.5 ka (Schaefer et al., 2006). The timing of pre-
gLGM glaciation (predating 102.3 � 10.0e183.6 � 17.0 ka) may
also be consistent with the Northern Hemisphere record of
glaciation although the evidence is not conclusive. In addition,
there are no MIS 3/4 age moraines, whereas glaciers advanced in
the Himalaya and Tanggula Shan during this time (Owen et al.,
2002; Finkel et al., 2003; Colgan et al., 2006). Although it remains
unclear why glaciers did grow large in the Shaluli Shan during MIS
2, it is, however, evident that while they did they also must have
eroded MIS 3/4 moraines if they were present. Interestingly, 10Be
boulder ages frommoraines in two valleys in the middle part of the
Hengduan Mountains, 400 km west of the Shaluli Shan, were
interpreted to have formed at MIS 2 and MIS 6 (Zhou et al., 2007).
The apparently consistent timing of glacial advances in two loca-
tions within the Hengduan Mountains of the southeastern Tibetan
Plateau, and at odds with expectations for monsoon-dominated
precipitation regimes, calls into question our current understand-
ing of regional differences in glacier response across the Himalayas
and Tibetan Plateau and their paleoclimate significance.

7. Conclusions

Based on field investigation, geomorphological mapping and
10Be exposure dating we examined the glacial history of Shaluli
Shan and draw the following conclusions.

B Late Glacial, global LGM (gLGM) and pre-gLGM glaciations have
been identified in the Shaluli Shan. Pre-gLGM glaciations are
likely of MIS 6 age or older. There is evidence for at least one
older glaciation, the deposits of which are deeply weathered.

B Dates from the Kuzhaori moraine complex with overlapping
terminal moraines indicate deposition during MIS 6, or earlier,
withminimum ages ranging from 102.3�10.0e183.6�17.0 ka.
An independent study of the moraines by Xu and Zhou (2009)
using ESR yielded glaciations occurring at gLGM, early MIS 2,
MIS 3 and MIS 6. The contrast between the ESR and 10Be
apparent exposure ages from individual ridges of the same
moraine complex highlight the challenge of comparing results
from these two techniques elsewhere.

B The timing and extents of the glaciations on the southeastern
Tibetan Plateau, an area dominated by monsoon precipitation,
appear correlated to variations in Northern Hemispheric cli-
mate. These results reaffirm the need for a better under-
standing of the paleoclimate significance of regional
differences in glacier response across the Himalayas and the
Tibetan Plateau.
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