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Mapping and thirty-eight '°Be terrestrial cosmogenic nuclide (TCN) ages help define the timing of
glaciation in the monsoon-influenced Greater Himalaya in central Garwhal, India. Glacial landforms in
central Garwhal are present only within a few kilometers of the present glaciers and all date to less than
~12.5 ka. This suggests that the Lateglacial and/or Holocene glacial advances were more extensive than
their predecessors and hence destroyed or buried evidence for earlier glaciation or that other processes,
such as intensive fluvial erosion and/or hillslope mass movements, have destroyed evidence of earlier
glaciation. Prominent laterofrontal moraines date to the Lateglacial, the Early Holocene, and the Neo-
glaciation. Moraines next to the active ice and boulders on contemporary glaciers date to 10'—10? years
before present. This suggests only a minor glacial advance during the Little Ice Age occurred in central
Garhwal. These young ages indicate that inheritance of TCNs in areas that were recently glaciated is very
small and likely has little effect when considering TCN ages on moraines older than the global Last
Glacial Maximum. The new °Be ages are combined with 1081 recalculated °Be ages from previous
studies to develop a regional framework of glaciation across the monsoon-influenced and adjacent re-
gions of the Himalayan—Tibetan orogen. We separate what appears to be continuous glaciation into 27
regional glacial stages (plus 2 tentative glacial stages) that are termed monsoonal Himalayan—Tibetan
stages (MOHITS). The regional glacial stages cover a wide chronologic range that includes: five regional
glacial stages older than the Last Glacial cycle (MOHITS 13 at 483 + 38 ka to MOHITS 5E at 122 + 15 ka);
thirteen regional glacial stages within the Last Glacial cycle (MOHITS 5B at 91 + 15 ka to MOHITS 2A at
12.9 £ 0.9 ka); and eleven regional glacial stages during the Holocene (MOHITS 1k at 11.4 4+ 0.7 ka to
MOHITS 1A at 0.4 + 0.1 ka). There are strong correlations both with periods of strong monsoons, and
northern hemisphere events throughout the entire chronologic range with 16 stages linked to the
monsoon, 11 stages linked to the mid-latitude westerlies, and two unassigned because of large age
uncertainties. Overall, we see a complex pattern of glaciation influenced by two climatic systems
throughout the mid/late Quaternary.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

et al., 2010). The extent and timing of Quaternary glaciation
throughout the Himalayan—Tibetan orogen has been the focus of

Glaciation in the Himalayan—Tibetan orogen likely affects both
regional and global climate and may influence on the development
of mountain topography (Molnar and England, 1990; Brozovic et al.,
1997; Zietler et al., 2001; Korup and Montgomery, 2008; Norton
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numerous scientific investigations during the past few decades
(Lehmkuhl and Owen, 2005; Owen et al., 2005, 2008, 2012; Owen,
2009; Owen and Dortch, 2014 and references therein). Numerous
studies utilizing surface exposure methods indicate complicated
patterns of glaciation throughout the Himalayan—Tibetan orogen
(Owen and Dortch, 2014). In the more arid regions of the orogen
(<500 mm yr~! precipitation) glaciation is restricted in extent and
moraine successions date back to several hundreds of thousands of
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years. In contrast, wetter monsoonal-influenced regions typically
have more extensive glacial advances with little evidence pre-
served for glaciation older than a few tens of thousands of years.

Correlating glacial advances between and within mountain
ranges is challenging because glaciation can be asynchronous due
to variability of topography and the main climatic systems in the
region: for the Himalayan—Tibetan orogen, these are the south
Asian monsoon and the mid-latitude westerlies (Benn and Owen,
1998; Owen and Dortch, 2014). Developing robust correlations
has been difficult because few numerical ages exist and those that
do exist have large uncertainties (Owen and Dortch, 2014).

Using 692 published °Be exposure ages, Dortch et al. (2013)
developed a regional framework for glaciation across the semi-
arid regions of the Greater Himalaya, Transhimalaya, and Pamir at
the western end of the Himalayan—Tibetan orogen. Dortch et al.
(2013) recognized sixteen regional glacial stages, the semi-arid
western Himalayan—Tibetan stages (SWHTS). Using the methods
of Dortch et al. (2013), we develop a regional framework for the
monsoon-influenced and adjacent regions of the Himalayan—Ti-
betan orogen. We recalculate all published '°Be ages (n = 1081) for
the region and supplement this with a new chronology (n = 38)
that we develop for the southern slopes of the Greater Himalaya in
central Garhwal of northern India. This new study area helps
illustrate the complexity of evaluating '°Be data and helps char-
acterize the nature and pattern of glaciation in one of the wetter
areas of the Himalayan—Tibetan orogen.

2. Study areas

Our regional study spans the monsoon-influenced and adjacent
mountains of the Greater Himalaya from northern Pakistan through
northern India, Nepal, and southern, southeastern, eastern, and
northeastern Tibet, and the easternmost Tien Shan (Fig. 1). Included
are the ranges of the Greater Himalaya (Swat, Nanga Parbat, Gar-
whal, Nanda Devi, Annapurna, Forkha, Ganesh Himal, Langtang,
and Kanchenjunga), Nyainquentanggula, Gangigabu Shan, Shululi,
Gonga Shan, Hengduan Mountains, Nianbaoyeze, Bayan Har, Any-
emagqgen, Kunlun, Qilian Shan, and Easternmost Tien Shan (Fig. 1).

We do not include the semi-arid western Himalayan—Tibetan re-
gions previously considered in Dortch et al. (2013).

The topography of the Himalayan—Tibetan orogen is the result
of the continued collision of the Indian and Asian continental
lithospheric plates starting at ~50 Ma (Dewey et al., 1989; Yin and
Harrison, 2000). The topography rises from the forelands of the
orogen at a few hundred meters above sea level to the world’s
highest mountains at >8000 m above sea level (asl). The orogen is
one of the most glaciated outside of the polar realms. The climate of
the region is influenced by both the mid-latitude westerlies and
south Asian monsoon, with strong south-north and east-west
precipitation gradients (Benn and Owen, 1998, Fig. 2). The region
is drained by the Indus, Ganges, Brahmaputra, Irrawaddy, Yangtze,
and Yellow Rivers.

We develop a new glacial chronostratigraphy for the detailed
study area described in this paper that includes the southern slopes
of the Greater Himalaya in central Garhwal south of the peaks of
Ratangrian (5858 m asl), Phating Pithwara (6904 m asl), and
Kedarnath (6940 m asl) (Figs. 1 and 3). The valley floors within the
study area rise from ~3000 m asl and contain glaciers that advance
down to elevations <3800 m asl. Contemporary glacial systems in
Garwhal have been studied to the east and north of our detailed
study area (Haritashya et al., 2006, 2010; Singh et al., 2006, 2007,
2008). Reconstructions of former ice extents have concentrated
on the Bhagirathi valley where Sharma and Owen (1996) and
Barnard et al. (2004a) used OSL and TCN methods to date moraines.
The region is influenced by the southwest Indian monsoon and
receives much of its precipitation as monsoonal rain (probably 50—
60%) from June to September, and snowfall from November to May.
There are no meteorological stations in the new study area so local
climate statistics are not available, but annual precipitation is
estimated to be >1500 mm by comparison to data for the Gangotri
region to the north (Sharma and Owen, 1996) and TRMM Precipi-
tation (PR)/[TRMM Microwave Imager TM1 data (Bookhagen and
Burbank, 2010). There is considerable microclimatic variation
with altitude and aspect within and between valleys. The main flora
in the region include Quercus incana, Rhododenron arboreum, Pieris
ovalifolia, Cednes deodara, which are tolerant to long-lying snow
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Fig. 1. Digital shaded relief image (derived from GeoMapApp) of the Himalayan—Tibetan orogen showing areas within the monsoon-influence region where the glacial geology has

been described and °Be dating has been undertaken in previous studies.
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Fig. 2. Mean annual precipitation (in mm) averaged over 12 years (1998—2009) from TRMM data draped over a DEM with 36% opacity. The map was produced from data product
2B31, a combined Precipitation Radar (PR)/TRMM Microwave Imager (TMI) rain-rate product with path-integrated attenuation at 4 km horizontal and 250 m vertical resolutions
(Bookhagen and Burbank, 2006, 2010; http://www.geog.ucsb.edu/~bodo/TRMM/). The white dots show the study areas examined in our regional analysis.

cover, and Artemisia marilima, Pinus excelsa, Pinus geradiana, and
Betula utelis which occur as pioneers on scree, rock, and steep
slopes (Schweinfurth, 1968). The treeline in Garhwal is represented
by B. utelis at an altitude of ~4150 m asl (Sharma and Owen, 1996).

3. Methods
3.1. Field methods

Two major N—S valleys, the Bhillangana and Mandakini, that
traverse the southern slopes of the Greater Himalaya in central
Garhwal and are connected by the Mayali Pass, were examined
during a two-week trek across the region (Fig. 3). These valleys
included three detailed study areas: 1) the upper Bhillangana and
Dudhganga valleys; 2) the Mayali Pass valley; and 3) the Kedarnath
in the upper Mandakini valley (Figs. 3 and 4). All landforms were
mapped in the field with the aid of Google Earth imagery (Fig. 4).

3.2. Morphostratigraphy

We follow the methods of Dortch et al. (2013) that are discussed
in detail by Owen et al. (1998, 2009, 2010, 2012), Hughes et al.
(2005), and Seong et al. (2009) to develop a morphostratigraphy
and hence a glacial chronostratigraphy for our study areas in
Garhwal. This approach includes mapping glacial and associated
landforms based on their relative (morphostratigraphic) positions
and relationships, and the relative weathering of their forms and
surfaces. Moraines (m) were assigned a number (1 being oldest)
based on their morphostratigraphic position and relative weath-
ering characteristics, and were also assigned a letter based on the
name of the study area (bd = upper Bhillangana and Dudhganga
valleys; m = Mayali Pass valley; k = Kedarnath). Under this scheme,
mpg; would be the oldest moraine in the upper Bhillangana—
Dudhganga valleys. This morphostratigraphic approach provided a
framework for sampling boulders for TCN dating as outlined in
Owen et al. (1998, 2012), Seong et al. (2009), and Dortch et al.

(2013). As in these studies, a chronostratigraphy was established
after numerical ages were determined for the landforms.

3.3. 1%Be dating

Selected boulders on moraines and glacially eroded bedrock
were sampled for 1°Be surface exposure dating by removing
~500 g of rock from the top few centimeters of the boulder or
bedrock surface using a hammer and chisel. Topographic shielding
was estimated using a handheld inclinometer at 15° azimuth
intervals.

Quartz isolation, dissolution, chromatography, isolation of Be,
and preparation of BeO were undertaken in the geochronology
laboratories at the University of Cincinnati following the methods
of Kohl and Nishiizumi (1992) as described in detail by Dortch et al.
(2009, 2013). Ratios of 1°Be/°Be were measured using accelerator
mass spectrometry at the Purdue Rare Isotope Measurement Lab-
oratory at Purdue University (Supplementary item — Appendix 1).

As in Dortch et al. (2013), all ages were calculated using the
CRONUS-Earth online calculator Version 2.2, which incorporates
the appropriate '°Be standardizations (Balco et al, 2008;
Supplementary item — Appendix 1). Dortch et al. (2013) and Owen
and Dortch (2014) discuss the problems associated with defining
19Be ages using different scaling models and uncertainties that are
associated with correcting for geomagnetic variation. We follow
Dortch et al. (2013) and report the internal and external uncer-
tainty for the time independent scaling scheme based on Lal
(1991) and Stone (2000). The same scheme is used to recalculate
1081 published °Be ages from the monsoonal and adjacent areas
of the Himalayan—Tibetan orogen to allow direct comparisons to
be made between our new data and published data (Aoki and
Imamura, 1999; Owen et al., 2001, 2003a,b,c, 2005, 2006, 2009,
2010; Lasserre et al., 2002; Schdfer et al., 2002, 2008; Finkel
et al., 2003; Tschudi et al.,, 2003; Abramowski, 2004; Barnard
et al., 2004a,b; 2006; Mériaux et al., 2004; Chevalier et al., 2005,
2011; Pratt-Sitaula, 2005; Zech et al., 2005a, 2009; Colgan et al.,
2006; Gayer et al., 2006; Wang et al., 2006, 2013; Zhou et al., 2007,
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Fig. 3. (A) Location of the central Garhwal study area and (B) detailed study areas within central Garhwal on Google Earth images.

2010; Graf et al., 2008; Heimsath and McGlynn, 2008; Kong et al.,
2009a,b; Strasky et al., 2009; Scherler et al., 2010; Heyman et al.,
2011a; Pratt-Sitaula et al., 2011; Fu et al., 2013; Supplementary
item — Appendix 1).

4. Age statistics

Analysis of 1°Be ages usually involves quantitatively describing
the distribution of ages on a particular surface (e.g. Douglass et al.,
2006; Ivy-Ochs et al., 2007; Chevalier et al., 2011; Heyman et al.,
2011b). Dortch et al. (2013) discuss this method of analysis in more
detail.

Using the methods of Dortch et al. (2013), age results from in-
dividual landforms are combined to define a local glacial stage age.
Our new results are also combined with previous studies using
published interpretations. Following Dortch et al. (2013), we

generate a composite probability density functions (PDFs) using the
“ksdensity” kernel in MATLAB 2011a. The model of Dortch et al.
(2013) takes both the uncertainty and the distribution of the indi-
vidual '°Be measurements into account during generation of the
composite PDF. Based on the umber of peaks in identified in the
composite PDF, we decompose the empirical PDF into one or more
component PDFs using non-linear least-squares regression. We
report model ages as those corresponding each component PDF
peak. Uncertainty of glacial stage ages, is estimated by taking the
standard deviation (1 &) value of component PDFs (c.f. Dortch et al.,
2013). The mean of TCN ages enclosed by a component PDF can
deviate from the component PDF peak, as we assume it is a nor-
mally distributed model of potentially non-normally distributed
TCN ages. An example of the methodology is provided in Appendix
2 (in Supplementary items) and individual figures for all local
glacial stages are shown in a series in Appendix 3 (in
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Supplementary items), with individual PDF plots of local glacial
stages arranged in chronological order and grouped into individual
files (n = 64) based on location.

As in Dortch et al. (2013), we set the criterion that a component
PDF must enclose a minimum of three ages to define a glacial stage,
which is more statistically strict than many studies we reanalyzed.
We consider PDFs enclosing 2 exposure ages to be tentative. This is
because we recognize that a component PDF with 2 samples may
be the result of under sampling. The high cost of TCN analysis
influenced us to set three ages as a reasonable limit and to enclose
two ages as tentative, as no study has, or will likely in the future,
obtain a statistically rigorous number of samples per landform.
Component PDFs containing a single age are interpreted as unre-
liable. In addition, we eliminate all stages that have component PDF
ages with uncertainties >50% of their mean values.

Following the arguments in Dortch et al. (2013) for landforms
older than 21 ka, we interpret the oldest component PDF that
contains >3 19Be ages as the most likely approximation for a local
glacial stage and older component PDFs with <3 '°Be ages as

inherited outliers. This approach takes into account the possibility
that moraines and individual boulders have undergone significant
degradation over time. In contrast, as in Dortch et al. (2013), if two
or more components are separated from the composite PDF, we
take the component PDF with the highest relative probability as the
best approximation of the local glacial stage age for moraines
younger than 21 ka. This approach excludes samples with a few
thousand years of inheritance as well as boulders that have expe-
rienced some degree of erosion or instability. We recognize that
this method is more robust on larger sample numbers, but even for
the small numbers of samples available to us it reduces bias in
assigning ages to glacial stages. We discuss the pattern of isolated
outliers at the end of the discussion as a test of our approach.

4.1. Regional glacial stages
The ages of local glacial stages were examined and grouped

statistically. We follow the methods of Dortch et al. (2013) by
comparing the 1°Be ages enclosed by the chosen component PDFs
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using Student’s t-test to determine if the different local glacial
stages are distinct (p-value of <0.05), or if they potentially belong
to the same distribution (p-value of >0.05). The °Be ages from local
glacial stages that could be part of a single normal distribution were
combined to form a regional glacial stage dataset, which we call
monsoonal Himalayan—Tibetan stages (MOHITS). The regional
stage datasets were then compared using Student’s t-test a second
time. As in Dortch et al. (2013), all of the regional glacial stage
clusters presented here have p-values of <0.01 (i.e., they are
distinct groupings at a >99% confidence level) except for MOHITS
with a p-value of 0.02, which is distinguished at a >98% confidence
level. Regional glacial stage ages are defined using the mean and
mean absolute deviation (MAD) of the combined pool of individual
19Be ages. Dortch et al. (2013) suggested that MAD is the preferred
estimator of error as absolute deviations from the mean provide
increased robustness in dealing with outliers, non-normal distri-
butions, and comparison between groups with differing degrees of
uncertainty (1 o values).

5. Landform description in central Garhwal study areas
5.1. Upper Billangana and Dudhganga valleys

Four distinct sets of glacial landforms are present in the upper
Billangana and Dudhganga valleys (Fig. 4A and B). The oldest
landforms are preserved in the Dudhganga valley and comprise
glacially eroded bedrock surfaces with well-developed whaleback
forms and roche moutonnées (Fig. 5A and B) and moraines (Fig. 5C
and D) that we refer to as mpq1. Samples for 10ge dating were
collected from several bedrock surfaces along the valley (KAL15, 17,
23, and 24), and from a set of moraines mid-way up the valley
(KAL18, 19, 20, and 21). The moraine ridges are bouldery and sub-
dued and have a well-developed soil with peaty turf.

The next three sets of glacial landforms are preserved in the
upper Billangana valley (Figs. 4A and 6A). The oldest of these, mypqp,
is comprised of a set of laterofrontal moraines that extend 2—3 km
from the contemporary Phating and Khatling Glaciers. These mo-
raines are steep sided (>20°) and rise 80 m above the Bhillangana
River (Figs. 4A and 6A). Boulder samples (KAL1, 2, 3, 4, and 5) were
collected from the moraine crest near the mouth of the Dudhganga
valley (Figs. 4A and 6C).

The next youngest set of glacial landforms comprises sharp-
crested laterofrontal moraines, mpq3, which rise a few tens of me-
ters above the Bhillangana River and extend ~ 1.5 km beyond the
present snout of Phating Glacier (Figs. 4A and 6D). Vegetation is
well developed on some of these moraines, but there are many
open patches devoid of vegetation cover. Boulder samples (KAL10,
11, 12, and 13) were collected for '°Be dating from the crest of the
westernmost moraine ridge (Figs. 4A and 5E).

The youngest set of moraines, mpg4, sSampled in this study area
stretch from the active ice of the glaciers to ~1 km beyond the
snout of Phating Glacier (Figs. 4A and 5F). These moraines are sharp
crested and have a moderate vegetation cover, but there are large
areas devoid of vegetation were the moraine appears to be actively
degraded. Boulder samples (KAL7 and 9) were collected for 1°Be
dating from the crest of the westernmost moraine (Figs. 4A and 5G).

5.2. Mayali Pass valley

The Mayali Pass valley provides access between the upper
Bhillangana and Dudhganga valleys. The study area extends down
valley east of the Mayali Pass (4983 m asl) for ~5 km to a large
laterofrontal moraine at ~4300 m asl, which we named mp
(Figs. 4C and 7A). This moraine has numerous m-sized boulders
along its crest, but also has well developed soil and turf. Glacially
eroded rock surfaces are present within the valley floor west of the
laterofrontal moraines, but no younger moraines are evident. Rock
glaciers are present on the northern side of the valley. Boulder
samples (KAL25, 26, 27, and 28) were collected for 1°Be dating from
the crest of mp,; (Figs. 4C and 7B).

5.3. Kedarnath, Upper Mandakini valley

The Kedarnath study area is located in the upper Mandakini
valley around Chorabari Glacier and its Companion Glacier
(Fig. 4D). During heavy rains on 16 and 17 June 2013, moraine-
dammed Chorabari Lake burst and caused devastating flooding of
the Mandakini valley, washing away the towns of Kedarnath
(3546 m asl), Rambara (2740 m asl), and Gaurikund (1990 m asl)
(Dobhal et al., 2013). The town of Kedarnath was located on an
outwash terrace south of the holy temple, Kearnath Mandir, within
two laterofrontal moraines that stretch ~3 km down both sides of

Fig. 5. Landforms in the Dudhganga valley. (A) View north towards Dudhganga Glacier across glacially eroded bedrock surfaces (mpq;) from where sample KAL24 was collected. (B)
Close-up view of glacially eroded surface and the sampling location for KAL17. (C) and (D) Examples of mpq; moraines and sampled boulders KAL19 and KAL20.
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Fig. 6. Landforms in the upper Billangana valley. (A) View north towards Khtaling Glacier across laterofrontal moraines mpgz, Mpq3, and mMpgs. (B) Moraine mpq; and (C) typical
sampled boulder (KAL5). (D) Moraine mpg3 and (E) typical sampled boulder (KAL11). (F) Moraine mpg44 and (G) typical sampled boulder (KAL7).

the Mandakini valley from Chorabari Glacier. These moraines,
which we name my;, are the oldest in the study area and rise
~300 m above the Mandakini river (Figs. 4D and 8A). The crests are
prominent, rounded, and well vegetated. Samples KAL29, 30, 31, 32,
33, and 34 were collected for 1°Be dating from the moraine crest
along the western side of the valley (Figs. 4D and 8B).

A large laterofrontal moraine complex is present surrounding
the snout of Chorabari Glacier. These moraines, which we call myo,
rise ~100 m from the valley floor and are sharp crested, with a
sparse vegetation cover (Figs. 4D and 8C). Samples KAL36, 37, and
38 were collected for 1°Be dating from boulders on the crest of the
my; of the Chorabari Glacier (Figs. 4D and 8D).

Boulder samples KAL40, 41, and 42 were also collected for 1°Be
dating from the surface of Chorabari Glacier which we designate
mys3, as a check for the degree of inheritance of TCNs in supraglacial
boulders (Figs. 4D, 8E and F). Although the surface of Chorabari
Glacier is clearly active, with meltwater streams and small moulins,
sparse patches of vegetation have developed on areas of supra-
glacial debris.

6. Results for central Garhwal

The '°Be ages for central Garhwal are presented graphically in
Fig.9 and in Tables 1 and 2. Fig. 9 allows us to examine the spread of
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Fig. 7. View of laterofrontal moraines in the Mayali Pass valley. (A) Looking west across
moraine my; and (B) typical sampled boulder (KAL26).

10Be ages that are less than 16 ka. The oldest moraine, mpy1, has 1°Be
ages that range from 11.0 to 12.5 ka, with a mean age of 11.6 & 06 ka
(uncertainty = 1 o). All ages from mp,; are within 1 ¢ of each other
providing confidence in the ages and showing that the moraine
formed during the Lateglacial.

The oldest glacial landform in the Upper Bhillangana and
Dudhganha valleys, mpq1, yields ages that range from 0.2 to 8.8 ka.
Ages of moraine boulders here are significantly younger than
those for the glacially eroded surfaces, suggesting that the boul-
ders may have been recently exhumed and/or toppled. We do not
believe that the glacially eroded bedrock surfaces overestimate
the ages because the deeply entrenched nature of the valley
suggests many meters of glacial erosion occurred during each
glacial advance, which would have exposed fresh surfaces to
cosmic rays. The age for mpq1 based on the glacially eroded sam-
ples is 8.3 £+ 0.4 ka. In the Kedarnath and Upper Mandakini valley
study area, the oldest moraine, mgs, has ages that range from 7.4 to
14.4 ka. If sample KAL30 is excluded from the my; dataset, then
the °Be ages range from 7.4 to 9. with an average age of
8.5 + 0.8 ka. This is statistically the same age (within 1 o) as the
oldest glacial landforms in the Upper Bhillangana and Dudhganha
valleys.

The younger moraines in the Upper Bhillangana and Dudh-
ganha valleys have ages that range from 0.02 to 0.3 ka (mpqz), 0.2
to 2.0 ka (mpg3), and 0.05 to 0.2 ka (mpq4). The youngest ages for
mpqp are unrealistic and are likely due to exhumation of boul-
ders. We therefore use the older ages to define the age of mypq; to
~0.3 ka. The ages of these three young moraines (Tables 1 and 2)

suggest that they formed during the latter part of the Neo-
glaciation. However, large uncertainties in the ages makes it
difficult to assign them to an exact time within the Neoglaciation,
except to suggest that they might represent Little Ice Age (LIA)
advances.

Similarly, the large range of ages for my, in the Kedarnath and
Upper Mandakini valley area makes it difficult to assign an age,
except to suggest that my, formed during the later part of the
Neoglaciation. Moreover, being immediately adjacent to active ice
suggests that my, probably represents an LIA advance. The
15.7 + 5.0 age of sample KAL37 with its large uncertainty is clearly
an outlier.

The boulder samples collected from the surface of Chorabari
Glacier have '°Be surface exposure ages ranging from 60 to ~540
years BP. These data suggest that there may be as much as 0.5 ka
inheritance of 1°Be in many of the moraine boulders we dated. In
addition, the presence of significant outliers (e.g. samples KAL12,
13, and 37) in some of the young moraines argues for modest in-
heritance of TCN in moraine boulders. Such inheritance makes it
challenging to assign young ages to moraines and attribute them to
such times as the LIA.

In summary, our new °Be ages show that glaciers advanced in
central Garhwal during the Lateglacial, Early Holocene, and Neo-
glaciation (probably the LIA).

6.1. Separation of component distributions

Further examination of the new data using PDF separation
shows that the datasets of glacial stages mpq, Mpgs3, Mpdq, M2, and
my3 should be excluded due to component PDFs having >50% un-
certainty in the average age (Table 2, Fig. 9). This large uncertainty
is attributed to glacial landforms being unstable for a significant
time after their formation as discussed by Dortch et al. (2010 and
references therein) in other glaciated regions in the Himalaya,
Alaska, and the Alps.

There are two component PDFs from the mp,1 stage, the younger
of which (11.6 + 0.6 ka) encloses three ages and has the highest
relative probability. The other, older component PDF is the result of
a single outlier excluded from the younger PDF. This result does
exemplify the potential for inherited TCNs to affect the age distri-
bution of landforms that are global Last Glacial Maximum (gLGM)
and younger in age. Two component PDFs for the mpq; stage each
enclose four ages but the older PDF has a significantly higher
relative probability and thus defines this stage at 8.8 & 4.2 ka. The
four younger ages are interpreted as exhumed or weathered
boulders.

The component PDF for the my; stage (9.2 + 0.6 ka) encloses 4
ages and excludes two outliers, one inherited and one too young.
Overall the PDF separation method excludes more ages but results
in similar, more robust, and typically slightly older ages than the
previous method described in the section above. A complication
associated with the PDF separation method makes for a larger
uncertainty in the age of the myq; stage. However, this is not a
limiting factor since the regional stage groupings discussed below
compare statistically the enclosed ages when determining group-
ings, and the mean and MAD are used to define regional stages.

7. Regional analysis of glacial ages

Our regional synthesis of glacial chronology was undertaken by
recalculating 1081 published °Be ages from numerous studies
throughout the monsoonal and adjacent areas of the Himalayan—
Tibetan orogen (Aoki and Imamura, 1999; Owen et al., 2001,
2003a,b,c, 2005, 2006, 2009, 2010; Lasserre et al., 2002; Schéfer
et al., 2002, 2008; Finkel et al., 2003; Tschudi et al., 2003;
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Fig. 8. Views of landforms in the Kedarnath area of the upper Mandakini valley. (A) View north towards Chorabari Glacier with moraine my, in the foreground. (B) Typical sampled
boulder (KAL30) on the my; moraine. (C) View of laterofrontal moraine my, with Chorabari Glacier in the background, and (D) typical sampled boulder (KAL36) on my,. E) View of

Chorabari Glacier from my; looking west, and F) typical sampled boulder (KAL42) on mygs.
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Fig. 9. '%Be ages for moraines and glacially eroded surfaces in central Garhwal plotted
by area and relative age. Rectangles enclose data for individual moraines with dashed
rectangles highlighting '°Be ages considered outliers. Solid rectangles group data with
thin horizontal line showing the mean age and gray shaded bar 1 ¢ of the enclosed
samples. The thicker black bars outside the rectangles are the component PDF ages
with 1 ¢ uncertainly.

Abramowski, 2004; Barnard et al., 2004a,b; 2006; Mériaux et al.,
2004; Chevalier et al., 2005, 2011; Pratt-Sitaula, 2005; Zech et al,,
2005a, 2009; Colgan et al., 2006; Gayer et al., 2006; Wang et al.,
2006, 2013; Zhou et al., 2007, 2010; Graf et al., 2008; Heimsath and
McGlynn, 2008; Kong et al., 2009a,b; Strasky et al., 2009; Scherler
et al.,, 2010; Heyman et al., 2011a; Pratt-Sitaula et al., 2011; Fu et al.,
2013; Supplementary item — Appendix 1). We did not consider
studies in the semi-arid western regions of the Himalayan—Tibetan
orogen, which are the focus of Dortch et al. (2013). Individual
graphs for all the glacial stages used are presented in Appendix 3 (in
Supplementary items), which contains 63 figures arranged alpha-
betically by location and internally arranged in chronologic order.

We assume that each valley contains a partial record of glacial
advances with glaciers responding not only to regional climate,
but also to numerous topographic and micro-climatic factors.
Thus, an understanding of regional glaciation can be gained by
combining partial individual valley records into a regional
framework (Dortch et al., 2013). Where a significant and datable
glacial advance occurs in more than one mountain range (i.e. ages
are indistinguishable, p > 0.05), we define a regional glacial stage
as a monsoonal Himalayan—Tibetan stage (MOHITS). Following
the approach of Dortch et al. (2013), the MOHITS numbers (1A—
13) broadly correlate with Marine Oxygen Isotope Stage (MIS)



Table 1
Sample numbers, descriptions, locations, '°Be data, and °Be ages for glacial landforms in southern Garhwal.
Sample Landform Relative Boulder size ~ Sample Latitude Longitude Altitude® Topographic '°Be Age Age Age Age Age
number type age height/width/ thickness® (°N) (°E) (m asl) correction concentration® Time independent Desilet et al.  Dunai Lifton et al.  Time dependent
length (cm)  (cm) (atoms/g Lal (1991)/Stone (2003, 2006)¢  (2001)¢ (2005)4 (ka) Lal (1991)/Stone
Si0, x 10%) (2000)9 (ka) (ka) (ka) (2000)¢ (ka)
Bhillangana and Dudhganga valleys
KAL7  Moriane ridge mpga 100/110/170 3 30.7898 78.9522 3635 0.911 0.68 = 0.12 0.18 + 0.03 (0.04) 0.22 + 0.05 0.22 £0.05 023+0.05 0.20 + 0.04
KAL9  Moriane ridge mpga 70/130/150 3 30.7897 78.9523 3637 0911 0.17 + 0.03 0.05 + 0.01 (0.01) 0.06 + 0.01 0.06 +£0.01 0.06 +0.01 0.05 =+ 0.01
KAL10 Moriane ridge mpgs3 130/110/260 3 30.7839 78.9511 3579 0.937 0.62 +0.12 0.16 + 0.03 (0.04) 0.20 + 0.05 020 +0.05 0.21+0.05 0.19+0.04
KAL11 Moriane ridge mpqs3 110/220/200 2.5 30.7838 78.9509 3576 0.937 0.70 £ 0.09 0.19 + 0.02 (0.03) 0.23 £ 0.04 0.23 £0.04 023+0.04 0.21+0.03
KAL12 Moriane ridge mpg3 80/120/200 2 30.7836 78.9507 3568 0.937 4.73 £ 0.25 1.26 &+ 0.07 (0.13) 141 4+ 0.18 1.504+0.19 142+016 133+£0.13
KAL13 Moriane ridge mpgs3 100/130/200 3 30.7834 78.9504 3571 0.943 6.93 +0.32 1.84 + 0.08 (0.18) 2.09 + 0.27 225+028 210+0.23 196 +0.19
KAL14 Moriane ridge mpgs3 70/90/100 2.5 30.7831 78.9501 3571 0.938 1.00 + 0.01 0.3 £ 0.003 (0.004)  0.03 £ 0.01 0.03 £ 0.01 0.03+0.01 0.03 + 0.004
KAL1  Moriane ridge mpgz 70/120/200 1.5 30.7778 78.9515 3641 0.937 0.99 + 0.08 0.25 + 0.02 (0.03) 0.31 + 0.05 031 +£0.04 032+0.04 0.29+0.03
KAL2  Moriane ridge mpg> 140/275/330 2 30.7777 78.9512 3650 0.923 1.14 £ 0.12 0.29 + 0.03 (0.04) 0.36 + 0.06 036 +£0.06 037 +0.05 0.33+0.04
KAL3  Moriane ridge mpgs 110/150/270 1.5 30.7782 78.9506 3646 0.935 0.25 =+ 0.03 0.06 + 0.01 (0.01) 0.08 -+ 0.01 0.08 =£0.01 0.08 +0.01 0.07 + 0.01
KAL4  Moriane ridge mpq> 80/130/210 1.5 30.7782 78.9504 3657 0.923 0.05 =+ 0.02 0.01 + 0.01 (0.01) 0.02 + 0.01 0.02 +0.01 0.02+0.01 0.02+0.01
KAL5  Moriane ridge mpgz 230/280/380 5 30.7782 78.9533 3644 0.929 0.23 + 0.03 0.06 + 0.01 (0.01) 0.08 + 0.01 0.08 +£0.01 0.08 +£0.01 0.07 +0.01
KAL15 Ice polished Mpd1 Bedrock 2.5 30.7599 78.9584 3986 0.949 39.50 + 2.37 8.37 & 0.50 (0.89) 8.61 £ 1.14 9.08 -1.20 848+098 8.19+085
surface
KAL17 Ice polished Mpd1 Bedrock 2.5 30.7601 78.9585 3974 0.946 42.10 + 2.95 9.00 + 0.63 (1.01) 9.24 +1.27 970 £ 133 9.07 +£1.10 8.84 +0.97
surface
KAL18 Moriane ridge mpgq 250/270/360 2 30.7565 78.9629 4132 0.949 0.86 = 0.12 0.17 + 0.02 (0.03) 0.21 + 0.04 0.20 £0.04 021+0.04 0.19 4+ 0.03
KAL19 Moriane ridge mpqq 130/220/340 2 30.7585 78.9627 4182 0.937 1.07 + 0.08 0.21 + 0.02 (0.02) 0.25 + 0.03 0.25+0.03 026+0.03 0.24 + 0.03
KAL20 Moriane ridge mpq1 200/330/410 2 30.7567 78.9628 4115 0.940 3.64 £ 0.30 0.73 + 0.06 (0.09) 0.83 £ 0.12 085+0.12 084 +0.11 0.80+ 0.09
KAL21 Moriane ridge mpqq 110/150/240 2 30.7567 78.9653 4108 0.939 0.87 £ 0.12 0.17 £ 0.02 (0.03) 0.21 + 0.04 021 +0.04 0.21+0.04 0.20+0.03
KAL23 Ice polished Mpd1 Bedrock 3 30.7571 78.9628 4093 0.926 38.60 + 1.93 7.98 + 0.40 (0.80) 8.19 + 1.05 8.65+1.11 809+090 7.80+0.77
surface
KAL24 Ice polished Mpd1 Bedrock 2 30.7529 78.9733 4498 0.971 53.90 + 2.16 8.65 + 0.35 (0.83) 8.65 + 1.08 913 +1.14 850+ 091 847 +0.79
surface
Mayali
KAL25 Moriane ridge mp; 170/200/320 1.5 30.7283 79.0198 4405 0.980 70.00 + 3.50 11.60 £ 0.58 (1.17) 1141 £147 11.87 £152 11.09 +£1.23 1142 +1.12
KAL26 Moriane ridge mp; 70/240/250 3 30.7281 79.0198 4412 0.979 66.50 + 2.66 11.13 £ 045 (1.07) 1098 + 137 1143 +£142 10.69 + 1.14 10.96 + 1.03
KAL27 Moriane ridge mpy; 210/310/450 2 30.7280 79.0189 4411 0.972 71.70 £+ 0.01 12.00 + 048 (1.15) 11.77 £+ 147 1223 +£1.52 1142 +122 11.82+1.11
KAL28 Moriane ridge mpy; 210/310/350 3 30.7271 79.0205 4378 0.980 7440 + 3.72 12.65+£0.63(1.27) 1239+159 1284 +1.64 1201 £133 1246 +1.23
Kedarnath
KAL40 Active ice My 120/150/450 2.5 30.7481 79.0658 3904 1.000 0.25 =+ 0.03 0.05 + 0.01 (0.01) 0.07 + 0.01 0.07 £0.01 0.07 +0.01 0.06 + 0.01
KAL41 Active ice M3 50/180/220 4 30.7485 79.0642 3892 1.000 0.79 £ 0.31 0.17 + 0.07 (0.07) 0.21 + 0.08 020 +£0.08 0.21 £0.08 0.19 + 0.08
KAL42 Active ice M3 90/80/240 2.5 30.7472  79.0636 3853 1.000 2.19 £+ 0.90 0.47 + 0.19 (0.20) 0.57 + 0.24 0.57 £0.24 058 +0.24 0.54+ 022
KAL35 Moriane ridge my; 120/180/250 4 30.7448 79.6503 3841 0.953 1.81 + 041 0.42 + 0.09 (0.10) 0.51 +£0.13 0.51+0.13 0524013 048 +0.12
KAL36 Moriane ridge my; 150/250/300 5 30.7454 79.0652 3853 0.950 0.80 + 0.09 0.19 + 0.02 (0.03) 0.23 + 0.04 022 +£0.04 0.23+0.03 0.21+0.03
KAL37 Moriane ridge my, 150/200/220 3 30.7462 79.0655 3884 0.959 7220 +£2220 16.07 £4.97 (5.16) 15.72+£520 16.08 £532 1522 +494 1565 +5.01
KAL38 Moriane ridge my; 60/130/220 5 30.7473  79.0661 3909 0.959 0.80 = 0.08 0.18 + 0.02 (0.02) 0.22 + 0.03 0.22 £0.03 022+0.03 0.20 + 0.03
KAL39 Moriane ridge my; 150/200/250 2.5 30.7478 79.0662 3915 0.096 1.22 £0.22 2.38 +£0.43 (0.48) 2.66 + 0.57 282 +£0.61 267 +0.55 2544+0.50
KAL29 Moriane ridge my 300/400/500 2.5 30.7301 79.0635 3648 0.948 35.70 + 3.21 9.05 + 0.82 (1.13) 9.43 + 1.40 987 £ 146 927 +124 888+1.10
KAL30 Moriane ridge my 50/200/250 2.5 30.7296 79.0635 3650 0.948 57.90 + 9.85 14.68 +2.50(2.81) 14.69 +£3.05 15.07 +£3.13 14.25+2.81 1439+ 2.74
KAL31 Moriane ridge my 100/150/200 2.5 30.7295 79.0635 3642 0.944 36.60 =+ 8.06 9.34 + 2.06 (2.22) 972 £243 10154254 9544231 9.19+ 217
KAL32 Moriane ridge myq 120/150/200 2.5 30.7287 79.0635 3641 0.940 29.60 + 3.85 7.58 £0.99 (1.19) 7.98 + 1.40 842 +148 790+129 740+ 1.15
KAL33 Moriane ridge my 200/500/600 2 30.7295 79.0635 3643 0.944 32.60 + 1.63 8.28 +0.42 (0.83) 8.66 + 1.11 912+ 117 854+095 8.09+0.80
KAL34 Moriane ridge my 100/150/180 3 30.7244 79.0652 3605 0.958 35.70 + 1.79 9.20 + 0.46 (0.92) 9.60 +£1.23 10.03 +1.28 943+ 1.05 9.04+ 0.89

a
b

d

All samples were gneiss.

Altitudes were determined using a handheld GPS with an uncertainty of +£30 m.
¢ Blanks for KAL1, 2, 3, 9D, 11, 12, 13 samples = 1.41 x 1074, KAL4, 5, 7, 14—19, 23—34, 39, 41 and 42 samples = 1.01 x 1074 and KAL20, 21, 22D, 35, 36, 37, 38, 40 = 1.19 x 1074
Ages were determined using a rock density of 2.75 g/cm?® and 07 KNSTD standard. Uncertainties include analytical and production rate/scale model uncertainties.
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Table 2
Summary of '°Be ages for central Garhwal.

Study area Moraine  Number of Range of '°Be  Average and 1 ¢ PDF ages and Likely age Possible correlation with glacial stages
name 10Be ages ages (ka) 10Be age (ka) 1 o (ka) in Bhagirathi Valley, western Garhwal
of Sharma and Owen (1996) and
Barnard et al. (2004a)
Mayali Pass valley M1 4 11.0-12.5 11.6 £ 0.6 11.6 £ 0.6 Lateglacial Bhagirathi glacial stage
Upper Bhillangana and  mypq4 2 0.05-0.2 0.1% 0.18 + 0.09 Recent
Dudhganga valleys Mpd3 5 0.2-2.0 1.6/0.2° >50% Uncertainty  Little Ice Age Bhujbas glacial stage
Mpd2 5 0.02—-0.3 0.3¢ >50% Uncertainty  Little Ice Age Bhujbas glacial stage
Mpqq 10 0.2-8.8 8.3 + 0.4¢ 8.8 +42 Early Holocene  Kedar glacial stage
Kedarnath, Upper mys3 3 0.06-0.5 € >50% Uncertainty  Recent
Mandakini valley My, 5 0.2—15.7 0.3 + 0.2 >50% Uncertainty  Little Ice age Bhujbas glacial stage
My 6 7.4-14.4 8.5 +0.8° 92 +06 Early Holocene  Kedar glacial stage

No uncertainty quoted because only a paired sample.

Excluding boulder ages KAL16, 18—22.
Only three samples so not statistically enough.

f Excluding KAL37 and 39, which are probably inherited boulders.

Two pair of ages very similar, no uncertainty quoted because only paired samples.
Excluding all boulder ages KAL3-5, no uncertainty quoted because only paired sample is used.

& Sample KAL30 is excluded from the average because it is »2 ¢ older than the average of this data set.

numbers to provide a simple naming scheme that can be changed
with the addition of new data in the future. Student’s t-test
analysis of 1°Be ages enclosed by selected PDF reveals 27 clearly
defined regional glacial stages (>98% confidence) and two
tentative regional glacial stages (Fig. 10). The chronology plots
show that some component PDF ages appear to be closer to a
regional stage that is different from the stage indicated by Stu-
dent’s t-test. This discrepancy is an artifact of the t-test which
compares individual '°Be ages, whereas the plots (Fig. 10) show
component PDF ages.

As in Dortch et al. (2013), we use several proxies for precipita-
tion activity in the orogen (Wang et al., 2001, 2008): the Lisiecki and
Raymo (2005) stacking of marine 3'80 records and NGRIP (2004)
3180 as a proxy for northern hemisphere events and global ice
volume; the Leuschner and Sirocko (2003) simulated Indian
monsoon index; Thompson et al.’s (1997) 3'80 record of the Guliya
ice core; and 3'80 speleothem East Asian monsoon records (Wang
etal., 2001, 2008). The monsoon index peaks correspond to periods
of strong monsoons. Dortch et al. (2013) point out that the uncer-
tainty associated with these different proxies is typically <2%, but
other proxy chronologies determined through a number of other
methods including 'C, 38C1, 23°Th chronologies, and orbital tuning
can have significantly greater uncertainty.

Of the 205 datasets analyzed using PDF component separation,
no age was determined for 28 datasets because they comprise a
single age (n = 11) or had uncertainties >50% (n = 17). Another 24
datasets were eliminated due to their component PDF ages being
indistinguishable from a previous or subsequent advance (a sepa-
rate landform), or because the component PDF ages did not follow
the morphostratigraphic order laid out in the original publication.
Of the ages compiled (1081 + 38 [this study]), a total of 185 ages
were eliminated. The remaining 153 datasets (934 remaining ages)
were analyzed further using the Students t-test. Of these, 520 ages
(56%) were within 1 ¢ of component PDF peaks used to define the
ages of local glacial stages, 98 ages (10%) were identified as too old,
and 316 ages (34%) were identified as too young. Our evaluation of
the age data resulted in component PDFs for 102 datasets that
define the age of local glacial stages and 51 datasets that define
tentative ages for local glacial stages. Graphic representation of all
ages compiled here are available in Appendix 3 (in Supplementary
items), which contains plots of each local glacial stage arranged in
chronological order and grouped into individual files (n = 64) based
on location.

8. Discussion

We first discuss the timing and nature of glaciation in the
central Garhwal as inferred from our new '°Be ages. Then, on the
basis of our new results, we discuss regional glaciation throughout
the monsoon-influenced Himalayan—Tibetan orogen. We
conclude with a discussion of the climatic significance of the
MOHITS.

8.1. Central Garhwal

Our mapping and dating of moraines in central Garhwal shows
that glaciation was restricted in its extent during the Lateglacial
through the Holocene. We see no evidence for glaciation earlier
than the Lateglacial. It seems likely that there were glacial stages in
this area before this time, so the absence of glacial landforms in-
dicates that either erosion destroyed older landforms or that the
Lateglacial Advance was more extensive than earlier advances and
removed the older glacial features. Our data do not address the lack
of older glacial landforms, but some combination of erosion and
later glacial advance must be responsible.

The impressive Lateglacial and Early Holocene moraines in
central Garhwal are also common in other areas of the monsoon-
influenced Himalaya (Owen, 2009 and references therein); these
moraines might be interpreted as glacial advances during the
Younger Dryas Stadial and the 8.2 ka cooling event, respectively. We
are cautious about assigning such ages because the uncertainty
associated with TCN production rates makes such correlations
tentative. Owen et al. (2001) hypothesized that similar age ad-
vances in the Lahul Himalaya were related to a greater influence of
the monsoon on positive glacier mass balances during the Late-
glacial Interstadial and Early Holocene. This may well be the case in
central Garhwal as well.

The Late Holocene advances in central Garhwal are restricted
(generally <1 km) in extent and likely represent Neoglaciation and
possibly LIA advances. This contrasts with many other parts of the
world where Neoglaciation advances were the most extensive
during the Holocene (Grove, 2004).

Comparison of the central Garhwal glacial record and that for
the upper Bhagirathi valley in western Garhwal to the north is
striking (Table 2). Like the upper Bhagirathi valley, there is an Early
Holocene advance, the Kedar glacial stage of Sharma and Owen
(1996) and Barnard et al. (2004a), and an LIA advance, the
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Fig. 10. Age plot of local glacial stages and regional glacial stages for the monsoon-influenced and adjacent regions of the Himalayan—Tibetan orogen. A) Stages that are younger
than 21 ka and B) stages that are older than 21 ka. Regional glacial stage names are highlighted by the light blue rectangles and labeled in red and brown. Horizontal red lines in the
right three columns in A) and B) mark the average age for each regional glacial stage. Younger regional glacial stages in A) are compared with the NGRIP (2004) 3'0 curve, the
Chinese speleothem 3'®0 curve of Wang et al. (2001, 2008), and the simulated monsoon index and 65°N insolation of Leuschner and Sirocko (2003). The duration of specific climatic
events are marked by red, green, and yellow vertical rectangles. In B) regional glacial stages older than 21 ka are compared with the stacked marine 5'30 curve of Lisiecki and Raymo
(2005), the Guliya ice core record of Thompson et al. (1997), and the simulated monsoon index and 65°N insolation of Leuschner and Sirocko (2003). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Bhujbas glacial stage of Sharma and Owen (1996) and Barnard et al.
(2004a). However, there is no evidence in central Garhwal for an
early Neoglaciation advance such as the Shivling glacial stage of
Sharma and Owen (1996) and Barnard et al. (2004a) that occurred
in the Bhagirathi valley.

8.2. Regional glaciation

We discuss our regional results in three chronologic groups
instead of addressing individual landforms due to the large number
of individual local glacial stages (n = 205). These include five
regional stages that occurred prior to Last Glacial cycle (MOHITS
6A-12); thirteen regional stages that occurred within the Last
Glacial cycle (MOHITS 2A-5E); and eleven regional stages that
occurred during the Holocene (MOHITS 1A-1K) (Fig. 10; Table 3).

Figs. 11—13 show the locations of each study area where a local
glacial advance has occurred during each of the 29 regional glacial
stages, and highlights the potential climate forcing.

Of the 29 regional stages that we report below, 21 have MAD of
<10%, 6 have MAD between 11 and 17%, and 2 have higher MAD,
one of 19% and the other 26%. These two highest deviations are
associated with advances with mean ages of 0.7 ka and 0.4 Kka,
which have uncertainties of 0.1 ka, but for older ages the percentage
uncertainty is typically within the error of TCN methods ( ~10%).
Following Dortch et al. (2013), we note that only tentative links can
be drawn between MOHITS and climatic records that are gLGM or
older, while younger MOHITS are not as strongly affected by
geomagnetic corrections. Owen and Dortch (2014) provide a review
of issues regarding geomagnetic and production rate correction
factors and their influence on TCN ages.



Table 3

Details of local and regional glacial stages including name, age, p-values, and suggested climate correlations using the methods of Dortch et al. (2013). Column four represents the range of p-values when testing clusters of '°Be
ages between local glacial stages. All p-values are greater than 0.05 which suggests there is no reason to reject the null hypothesis and that the local glacial stages may belong to a single normal distribution. Column six contains p-
values for the comparison of combined regional glacial stage '°Be age sets. Here, p-values less than 0.05 indicates that the regional '°Be age sets are distinct and separate at >95% confidence level. Note: the name and age of
tentative local glacial stages are shown in italics.

Regional glacial stage

Local Glacial stage

Local stage

P-values between local

Regional stage P-values between local

Climate correlation

age (ka) glacial stages age (ka) glacial stages
MOHITS 13 [tentative] Mic of Owen et al. (2010) 516 + 64 N/A 483 + 38 MIS 13, unknown
T1 of Owen et al. (2009) 360+ 33 0.01
MOHITS 9 4c, M3old of Chevalier et al. (2011) 304 + 140 0.41-0.67 314+ 48 MIS 8-10, unknown
M2E of Chevalier et al. (2005) 301 +48 0.00
Nata, outermost sequence (sample group Q) of Fu et al. (2013) 21144
MOHITS 7 Nyalam moraine sequence: Moraine #3 of Schaefer et al. (2008) 210+28 0.58-0.93 192+10 MIS 6/7, Monsoon
Tanggula glacial stage of Schéifer et al. (2002) 190 +27 0.00
17a, CK M3 of Chevalier et al. (2011) 178 +27
MOHITS 6B Kuzhaori valley of the Haizishan Plateau, outermost sequence (sample group A) of 175423 0.96 168 =12 MIS 6, Monsoon
Fu et al. (2013) 0.00
M2W (oldest moraine, west) of Chevalier et al. (2005) 154 + 15
Xinlong Plateau, outermost sequence (sample group O) of Fu et al. (2013) 152+6
MOHITS 6A J, BH-3 of Heyman et al. (2011) 150 + 40 0.21-0.98 14312 MIS 6, Monsoon & mid-
latitude westerlies
Area C, Guxiang Glaciation of Zhou et al. (2007, 2010) 143 + 14
8, Dingye N of Chevalier et al. (2011) 140 £ 40 0.00
MOHITS 5E [tentative] Bashico glacial stage of Owen et al. (2005) 122+ 15 N/A 121 +5 MIS 5e, Monsoon
M1 moraine of Mériaux et al. (2004) 106 = 16 0.00
1, ? of Heyman et al. (2011) 104 £ 35
MOHITS 5B M1 moraines of Owen et .al. (2006b) 98 + 24 0.43-0.95 91+15 MIS Sb., mid-latitude
12B, Pulan M2 of Chevalier et al. (2011) 96 + 24 westerlies
Thyangboche I glacial stage of Finkel et al. (2003) 95 £ 35
G: BH-2 of Heyman et al. (2011) 90 +19 0.00
Naisa valley moraines: older ridge of Schacefer et al. (2008) 80+37
M2 of Owen et al. (2010) 78 £11 ) 3
MOHITS 4 17¢, CK M2 outer of Chevalier et al. (2011) 76+ 18 0.32-0.78 68410 v“;'e'sste“r’li':s‘d"a"‘“de
M2 moraine of Mériaux et al. (2004) 73+ 14
M3 of Owen et al. (2010) 66 + 18
No stage name given of Kong et al. (2009b) 60+4 0.00
M4 of Owen et al. (2010) 60 £ 11
M4a of Owen et al. (2010) 60 +17
M4a of Owen et al. (2010) 60 +2
Un-named (oldest) moraine of Owen et al. (2005) 59+6
MOHITS 3C MK2, LGM of Abramowski (2004) 58+12 0.37-0.91 55+5 MIS 3, monsoon
2c¢, ybj outer E of Chevalier et al. (2011) 58+7
Anyemagen glacial stage of Owen et al. (2003a) 55+6
14, WXS of Chevalier et al. (2011) 55+6
D, BH-1 of Heyman et al. (2011) 54+18
3a, M4 #1 of Chevalier et al. (2011) 54 +26 0.00
5, M2 of Chevalier et al. (2011) 51+£9
12¢, Pulan MI1E of Chevalier et al. (2011) 51+12
M4b of Owen et al. (2010) 50+4
MOHITS 3B ) N 0.48-0.93 465 MIS 3, monsoon
No stage name given of Kong et al. (2009b) 48+ 14
Qitai Valley, Group A moraines of Wang et al. (2013) 47+6
Jiukehe glacial stage of Owen et al. (2003a) 46 £ 15
Thyangboche II glacial stage of Finkel et al. (2003) 43+4 0.01
MOHITS 3A 4a, M3 main of Chevalier et al. (2011) 43+2 0.565-0.56 42+2 MIS3, monsoon
M1 moraine of Chevalier et al. (2005) 2+4 0.00

(continued on next page)
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Table 3 (continued)

Climate correlation

P-values between local

glacial stages

Regional stage
age (ka)

P-values between local

glacial stages

Local stage
age (ka)
2.4+04
2.2+0.3
1.6+04
1.6 £ 0.1
0.9+0.2
0.8+0.3
0.7+0.3
0.6 0.2
0.6 £0.1
0.5+03
0.5+0.2
0.4 +0.1
0.4 £0.1
0.4+0.1

Local Glacial stage

Regional glacial stage

MIS 1; Neoglacial, monsoon

23+0.1

MIS 1; Neoglacial, mid-
latitude westerlies

0.00

0.31

T5c of Owen et al. (2009)

MOHITS 1D

Un-named (youngest) moraine of Owen et al. (2005)

Neoglacial of Zech et al. (2009)
T6 of Owen et al. (2009)

1.5+0.2

0.00

56

MOHITS 1C

Neoglacial moraines of Owen et al. (2005)

MIS 1; Neoglacial, mid-
latitude westerlies

0.7 £0.1

0.35-0.45

Gangotri glacial stage of Barnard et al. (2004a)
Tons Valley (location G) of Scherler et al. (2010)

Moraine m4 of Barnard et al. (2004b)

MOHITS 1B

0.00

Yala I glacial stage of Barnard et al. (2006)

W moraine crest of Heimsath and McGlynn (2008)
E moraine crest of Heimsath and McGlynn (2008)

M9 of Owen et al. (2010)

MIS 1; Little Ice Age, mid-

latitude westerlies

0.4 +0.1

0.13-0.93

MOHITS 1A

T7 of Owen et al. (2009)

Little Ice Age moraines of Owen et al. (2005)

M.K. Murari et al. / Quaternary Science Reviews 88 (2014) 159—182

8.2.1. Pre-Last Glacial cycle

We grouped 15 local glacial stages >110 ka in age into 6 regional
stages. Two of these (MOHITS 13 at 483 + 38 ka and 5E at
121 £ 5 ka) are tentative as they only represent one local glacial
stage. However, we include them because their ages are unique and
distinguish them from other local and regional glacial stages at a
confidence level greater than 99%.

MOHITS 13 at 483 + 38 ka yields a reasonable MAD of ~ 8%, but
the uncertainty is too large to compare it with MIS stages and the
simulated monsoon index of Lisiecki and Raymo (2005) and
Leuschner and Sirocko (2003), respectively (Fig. 10B). Evidently, old
terrestrial glacial landforms can be preserved in more arid
(<500 mm/yr precipitation) monsoon-influenced regions.

MOHITS 9 occurs in three separate areas that have a mean and
MAD of 314 + 48 ka. The large scatter of ages within the local glacial
stages leads to the large MAD uncertainty. Thus, we cannot be more
precise than potential correlation with MIS 8—10 and monsoon
peaks 14—17.

MOHITS 7 (192 =+ 10 ka), MOHITS 6B (168 + 12 ka), MOHITS 6A
(143 + 12 ka), and MOHITS 5E (121 + 5 ka) each contain 1-5 local
glacial stages which are typically (10 of 11) from arid regions with
<500 mm)/yr precipitation (Fig. 11). The smaller MAD uncertainties
(<8%) of these regional stages enable their tentative correlation to
monsoon peaks 6—9 and MIS stages 5E, 6, and 7. The contemporary
arid position and alignment of these regional stages with the
trailing edge of monsoon peaks is striking and suggests that the
glaciers retreated primarily in response to reduced monsoonal
moisture supplies. In contrast, MOHITS 6A has the largest spatial
representation and overlaps with the coldest portion of MIS 6; thus,
there may be a mixed climate signal regionally with some glaciers
responding to cold and decreased melting, while others respond
strongly to monsoon precipitation.

No significant spatial pattern of the locations of regional glacial
stages >110 ka is observable except that most (14 of 15) occur in
high mountain and plateau areas and the large majority of local
sites have a contemporary semi-arid setting. Arid environments
hels preserve older landforms and allows them to be dated. Future
dating of older landforms in dry regions will likely reduce un-
certainties associated with MOHITS 5E, 9, and 13.

8.2.2. The Last Glacial cycle

We grouped 91 local glacial stages, ranging in age from 12.5 ka
to 106 ka, into 12 regional stages (Fig. 12; ). The number of local
glacial stages within each regional stage varies from 3 to 19. They
are discussed in chronological order below.

MOHITS 5B (91 £ 15 ka) and MOHITS 4 (68 + 10 ka) contain six
and five local glacial stages, respectively. The majority of these local
stages (8 of 11) occur in drier areas with <500 mm/yr precipitation.
In contrast to the previous group, these two regional stages occur
centrally in monsoon troughs and correlate extremely well with
negative 580 excursions from the Guliya ice core of Thompson
et al. (1997) and the cold trough of MIS 4 and 5B. These correla-
tions suggest that cold and precipitation brought by the mid-
latitude westerlies led to increased accumulation which forced
glaciation; the subsequent rise in temperature and monsoon
strength weakened the mid-latitude westerlies and triggered
glacial retreat.

MOHITS 3C (55 + 5 ka), MOHITS 3B (46 =+ 5 ka), and MOHITS 3A
(42 + 2 ka) contain eleven, six, and three local glacial stages,
respectively. In a similar pattern, the majority (14 of 17) occurs in
arid areas with <500 mm/yr precipitation. MOHITS 3C, 3B, and 3A
cluster chronologically in early, mid, and late MIS 3, respectively,
but with distinct gaps separating them from stages in MIS 2 and 4.
The mean of these regional stages do align within 100 years of
pronounced negative 3'0 excursions from the Guliya ice core
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MOHITS 12
483+38 ka
[tenative]

MOHITS 9
314+48 ka

MOHITS 6B
168+12 ka

MOHITS 6A
143+12 ka

Monsoon
Westerly

MOHITS 7
192+10 ka

Monsoon

20,000 TRMM
15,000 mmyr’
10,000

5,000
2,500
2,000
1,500
1,000

750

500 ]
250

o =

1000 km

Fig. 11. SRTM hillshade images of the study area draped with semi-transparent TRMM imagery from 1998 to 2008 (Bookhagen and Burbank, 2006, 2010; http://www.geog.ucsb.
edu/~bodo/TRMM)/) for pre-Last Glacial cycle regional glacial stages (MOHITS 13-6A). Local glacial stage locations are marked by white dots and the suggested climatic driver
(Monsoon — south Asian summer monsoon; Westerly — mid-latitude westerlies) is labeled in bottom left corner of each panel.

(Thompson et al., 1997). Moreover, MOHITS 3A, 3B, and 3C occur on
or after monsoon peak 3, which suggests that decreasing monsoon
precipitation lead to deglaciation. Confirmation of this would come
from interior plateau regions undergoing deglaciation, first fol-
lowed by Greater Himalaya marginal sites that receive significantly
more precipitation. Unfortunately, this is only suggested between
MOHITS 3C to 3B by a weak regional spatial pattern that then seems
to reverse in MOHITS 3A. The weak spatial pattern may be conse-
quence of local topographic controls over glaciation and deglacia-
tion, or it could be an artifact caused by the reduced number of
sediments dated to MOHITS 3B and 3A.

MOHITS 2G and 2F contain five and four local glacial stages,
respectively. While all MOHITS 2G sites are in areas where there is
<500 mm/yr precipitation, MOHITS 2F sites are in wetter areas near
the margin of the plateau. MOHITS 2G mean and MAD of 31 + 3 ka
occurs during declining 65°N insolation and the end of the
monsoon index plateau. There is a sharp negative 3'80 excursion
shown in the Guliya ice core and increasing cold toward MIS 2 at
this time. MOHITS 2G at ~ 31 ka is most likely due to the decreasing
strength of the monsoon providing less precipitation, leading to
glacier starvation and retreat. MOHITS 2F has an age of 26 + 2 ka
and appears to have responded to similar forcing, but glaciers in
this stage seem to have been able to maintain their position or re-
advance. This correlates with a positive 880 excursion in the Guliya
ice core and with decreasing precipitation toward the trough be-
tween monsoon index peaks 1 and 2. The climatic correlations and
spatial patterns of MOHITS 2G suggest that monsoon precipitation
penetrated beyond the Himalaya deep into the arid Tibetan plateau.
Cool sea surface temperatures associated with Heinrich event 3
likely caused the cessation of the MOHITS 2G stage. Some glaciers
were likely sustained by their proximity to the edge of the Hima-
layan—Tibetan orogen, for example those of MOHITS 2F where the
weakening monsoon could still deliver enough moisture to accu-
mulation areas until the conditions leading up to MIS-2 became too
unfavorable.

MOHITS 2E comprises nine local glacial stages and has wide-
spread spatial distribution except for the interior of the Tibetan
plateau. The majority (7 of 9) of areas with dated local glacial stages
receive <500 mm/yr of contemporary precipitation. Chronologi-
cally, this regional stage has an age of 22 + 2 ka and occurs out of
synchronization with the Guliya ice core record during a positive
3180 excursion and also in the middle of a weak monsoon index

trough. It is correlated with MIS-2 and the gLGM as defined by Mix
etal.(2001) at 21 £ 2 ka and ends immediately after Heinrich event
2. Even though temperatures decrease toward the MIS-2 380
maximum, the increasing monsoon and weakening of the mid-
latitude westerlies likely terminated this glacial stage.

The mean and MAD of regional glacial stages that are younger
than the gLGM as defined by Mix et al. (2001) are not altered
significantly by using various geomagnetic corrections (Dortch
et al., 2013). Accordingly, for the remaining regional glacial stages
discussed below, climatic correlations are more robust.

MOHITS 2D (18.7 + 1.8 ka; n = 7), MOHITS 2C (17.3 + 0.5 ka;
n = 6), and MOHITS 2B (15.5 + 1.3 ka; n = 19) each comprise several
local glacial stages, most of which (25 of 32) occur in regions with
<500 mm/yr of contemporary precipitation, and occur within the
timeframe of the Oldest Dryas. Local glacial stages from MOHITS 2D
and 2C occur on the eastern and southern portions of the Tibetan
plateau, respectively, while MOHITS 2B has excellent spatial rep-
resentation across the plateau excluding its interior.

MOHITS 2D is in phase with the Guliya ice core and speleothem
negative 380 excursion and the low §'®0 trough present
throughout MIS-2. This suggests that strong monsoons and cool
temperatures were responsible for bringing moisture deep into the
Tibetan plateau interior and staving off some summer melting,
respectively. MOHITS 2C occurs at the end of this trend where both
the Guliya ice core and speleothem §'®0 records are moving to-
wards a positive excursion, signaling the weakening of the
monsoon. Monsoon weakening is also indicated by the start of
Heinrich event 1 immediately after MOHITS 2C. We suggest that the
increase in temperature and a decrease in precipitation triggered
deglaciation. Thus, MOHITS 2D and 2C were likely part of the same
advance with glaciers more sensitive to temperature terminating
their advance in MOHITS 2D and those more sensitive to precipi-
tation terminating their advance in MOHITS 2C. Furthermore, we
suggest that both of these stages were primarily driven by the
monsoon and that the lack of a distinct spatial pattern to either one
is due to a paucity of locations sampled over the >2000 km wide
region as well as local factors affecting the sensitivity of glaciers to
temperature and precipitation.

In contrast, MOHITS 2B culminates just after a deep negative
tough in the NGRIP and speleothem 3'80 records and a smaller
negative excursion for the Guliya ice core. This timing suggests that
the northern hemisphere cold event was promoting ice
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Fig. 12. SRTM hillshade images of the study area draped with semi-transparent TRMM imagery from 1998 to 2008 (Bookhagen and Burbank, 2006, 2010; http://www.geog.ucsb.
edu/~bodo/TRMM]/) for the Last Glacial—Interglacial cycle regional glacial stages (MOHITS 5E-2A). Local glacial stage locations are marked by white dots and the suggested climatic
driver (Monsoon — south Asian summer monsoon; Westerly — mid-latitude westerlies) is labeled in bottom left corner of each panel.

accumulation on the Tibetan plateau through the reduction of
summer melting. MOHITS 2B occurs just after the cold events in all
three proxy records; the increase in monsoon strength, indicated
by the subsequent positive speleothem 3'80 excursion, terminated
this regional glacial stage. This is significant because MOHITS 2B is
the most represented glacial stage (n = 19) across the monsoon
influenced Himalaya—Tibetan orogen and it was most likely driven
by the mid-latitude westerlies.

MOHITS 2A is comprised of ten local glacial stages and has a
mean and MAD of 12.9 £ 0.9 ka. The SW—NE oriented spatial dis-
tribution of the local glacial stages that changes across the plateau
is likely the result of the distribution of studies. There is an even
split between local stages in wet and arid areas. The timing of this

regional glacial stage occurs after a positive excursion in the NGRIP
and Guliya 5'80 records and a negative speleothem 30 excursion.
Stage termination is out of phase with the Guliya ice core record,
which shows increased accumulation at this time. MOHITS 2A also
correlates with the end of the Aller@d; thus, we suggest that this
stage was driven by monsoon precipitation and that the decreasing
strength of the monsoon as shown by the speleothem records led to
deglaciation.

8.2.3. The Holocene

There are 47 local glacial stages that range from 0.4 to 12.4 ka in
age that can be grouped into 11 regional stages (Fig. 13, Table 3). The
number of local glacial stages within each regional stage varies
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from 2 to 8. Generally, the smaller uncertainties enable better
correlation with climatic events even though the percentage error
becomes larger ( ~25%) for regional stages with ages less than 1 ka.
Regional glacial stages are discussed in chronological order below.

MOHITS 1K (11.4 & 0.7 ka) is a very early Holocene event that
has the largest representation (n = 8) of all recent periods of
advance. The majority of local glacial stages (5 of 8) occur in
wetter regions with >1000 mm/yr of contemporary precipitation.
Our myy in the Mayali Pass valley study area belongs to MOHITS
1K. The spatial distribution of the local glacial stages is limited to
the southern and eastern edges of the Tibetan plateau. Chrono-
logically, this stage terminates immediately after the Younger
Dryas as represented by the NGRIP 3'30 record while the spe-
leothem 380 records shows that the monsoon is gaining intensity
and the Guliya ice core shows decreased accumulation. Even
though the age of this regional glacial stage is within the Holo-
cene, we suggest that it represents deglaciation after the Younger
Dryas cold event. Our interpretation highlights the fact that
deglaciation ages represent the end of a glacial advance and the
initial stabilization of glacial landforms; they do not give any
indication about the duration of the glacial advance that they
represent.

MOHITS 1J (10.1 0.5 ka; n = 5), MOHITS 11(9.1 0.3 ka; n = 2),
MOHITS 1H (8.1 + 0.8 ka, n = 4), and MOHITS 1G (7.7 + 0.6 ka;

n = 5) comprise a combined total of 16 local glacial stages, the
majority of which (12 of 16) occur in wetter regions with
>1000 mmy/yr of contemporary precipitation. The mpgqq and my;
moraines in our central Garhwal study area belong to MOHITS 1H
and 1G, respectively. The spatial distribution of dated local glacial
stages for these regional stages is limited to the southern and
southwestern margin of the orogen except for three sites in the
eastern portion of the Garhwal study area. MOHITS 1] terminates
immediately after a small double dip in the NGRIP 5'80 record that
occurs centrally around 10.3 ka, which we term the 10.3 ka event.
MOHITS 11 and 1H terminate immediately after negative excursions
in the NGRIP 3'®0 record that define the 9.2 and 8.2 events.
Moreover, MOHITS 1J, 11, and 1H all occur near a negative 3'%0
excursion in the Guliya ice core, showing synchronous accumula-
tion (within error), and during strong, although variable, monsoons
recorded by the monsoon index and speleothem 5'0 record.
Interestingly, the 10.3 ka event has a stronger response than the
9.3 ka and 8.2 ka northern hemisphere cooling events. Notably, the
degree of NGRIP negative 5'80 excursion order is the 10.3 ka, 8.2 ka,
and then the 9.3 ka events, which corresponds to the number of
glaciers that respond (MOHITS 1], n = 5; MOHITS 1H, n = 4; and
MOHITS 11, n = 2). We recognize that this may be a sampling
artifact. MOHITS 1G occurs after a small negative 3'80 excursion in
the NGRIP record and after a pronounced period of accumulation
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shown by a depression in the 3'80 Guliya ice core. Importantly, this
stage terminates after a distinct, although small, decrease in
monsoon strength shown by the 380 speleothem records, which
likely intensified the response to the small NGRIP cold event at
7.9 ka. MOHITS 1G—1] have excellent correlation with northern
hemisphere climatic events: the decline in western Mediterranean
forest at 10.1 ka, 9.2 ka, and 8.3 ka, and with 7.4 ka corresponding to
high-latitude cooling, Atlantic ice-rafting, and drier Mediterranean
conditions (cf. Fletcher et al., 2010). Even though MOHITS 1G—1]
sites are predominantly located in wet areas, we suggest that cold
temperatures forced by the mid-latitude westerlies drive them.

MOHITS 1F (5.4 + 0.6 ka) sites are limited to the southwestern
and southeastern edges of the orogen, with 2 of 3 of the dated
glacial sediments being located in areas with >1000 mm/yr of
contemporary precipitation. Spatial coverage is poor due to the
small number (n = 3) of sediment samples dated to this time.
Chronologically, this regional stage occurs near the end of the
Holocene climatic optimum. MOHITS 1F terminates during a very
small negative excursion in the NGRIP record and well after the
Guliya ice core shows increased accumulation. Termination is
closely aligned with a small, but sharp, decline in monsoon strength
shown by the 5180 speleothem record. We suggest that these gla-
ciers are precipitation sensitive and driven predominantly by
increased hypsithermal monsoon precipitation.

MOHITS 1E (3.5 + 0.4 ka) comprises six local glacial stages with
the majority (5 of 6) occurring in wet areas while MOHITS 1D
(2.3 £ 0.1 ka) is composed of two local glacial stages, both located
in arid areas. The spatial distribution of both regional stages is
poor and appears to be limited by the site selection of previous
studies. Chronologically, both regional stages occurred during the
Neoglaciation. However, neither regional glacial stage overlaps
with significant NGRIP or Guliya ice core 380 fluctuations.
MOHITS 1E appears to be out of phase with the Guliya ice core
record because it terminates during a small accumulation phase. In
contrast, there is significant correlation with the 880 speleothem
record, as both regional stages terminate just before positive ex-
cursions, signaling weakening of the monsoon and a subsequent
reduction in precipitation. Thus, we suggest that both regional
stages are driven by the monsoon and that MOHITS 1E is more
sensitive to precipitation and terminated sooner compared to
glaciers of MOHITS 1D.

MOHITS 1C (1.5 £ 0.2 ka; n = 2), MOHITS 1B (0.7 £ 0.1 ka, n = 3),
and MOHITS 1A (0.4 + 0.1 ka; n = 7) comprise a total of 12 local
glacial stages with the majority (9 of 12) occurring in wet areas with
>1000 mm/yr of contemporary precipitation. The spatial distribu-
tion is poor with study sites being limited to the southern and
eastern portions of the orogen. Chronologically, MOHITS 1C and 1B
occur during the Neoglaciation, while MOHITS 1A occurs during the
Little Ice Age. Moreover, the three regional stages terminate
immediately after or during the Roman humid period, Medieval
warm period, and the LIA, respectively. All three regional stages are
out of phase with the Guliya ice core 3'30 record, which shows
continual thinning; higher resolution ice records obtained in the
future may show reversals. There are no obvious significant cor-
relations with either the NGRIP or spelothem §'80 records. Based
on the strong temporal correlations with northern hemisphere
events, we suggest that all three regional stages were driven by
northern hemisphere climatic events communicated via the mid-
latitude westerlies.

8.2.4. Summary of regional glaciation

MOHITS 7 to 5E taken together shows a consistent pattern of
glaciation associated with high monsoon index and insolation
peaks. This pattern becomes more complex between MOHITS 5E to
2A because both mid-latitude westerlies and strong monsoons

drove glaciation. Glaciers driven by the mid-latitude westerlies are
believed to be more sensitive to temperature compared to precip-
itation, whereas glaciers that are driven by the monsoon may be
more sensitive to precipitation and cloudiness. Unfortunately, there
are no distinct spatial patterns and the areas of influence of both
climatic systems appear to overlap completely. This dynamic sup-
ports the hypothesis of Dortch et al. (2013) that small fluctuations
in glacier position occur frequently on all time-scales, but any
landforms produced are subsequently modified or even destroyed
by extensive monsoon driven advances (i.e., MOHITS 9—5E). The
lack of a recent extensive bulldozing event has enabled a complex
record of glacial sediments and landforms formed since the
beginning of the Last Glacial cycle to be preserved. These sediments
and landforms have been exploited for sampling in an unsystematic
way, which in turn has led to further complexity in the synthesized
chronology, including poor spatial correlations. Additionally,
catchment hypsometry changes as a function of time as topography
adjusts to glacial erosion (cf. Pendersen and Egholm, 2013). Thus,
MOHITS with seemingly approximately equal forcing (for example,
MOHITS 5E and 1F) have drastically different glacial extents and
spatial representation on regional plots. In spite of these com-
plexities, the regional records synthesized here highlight a dynamic
interplay between climate fluctuations and the evolution of glacial
landforms and, for the first time, enable regional records to be
compared to specific events. We are also developing the ability to
potentially distinguish between precipitation- and temperature-
driven glacier responses.

Within the Last Glacial cycle, many mid-latitude westerly-
controlled glaciers reached their maximum extent near MIS 5B
whereas monsoon-controlled glaciers reached their maximum
extent during MIS 3. Both forcing mechanisms are out of syn-
chronicity with the gLGM derived from large northern hemisphere
ice sheets (cf. Thackray et al., 2008; Hughes et al., 2013). Moreover,
MOHITS 2B (15.5 & 1.3 ka) has the largest spatial distribution across
the orogen and appears to be a response to the late Older Dryas and
is synchronous with many glacial advances around the northern
hemisphere; these glaciers are not synchronous with the Younger
Dryas. Thus, during the Last Glacial cycle, the most extensive and
the most widely distributed glacial stages occurred before or after
the gLGM, in accord with the views presented by Hughes et al.
(2013).

8.3. Outliers galore

Our regional synthesis began with a total of 1119 ages. One
hundred eighty-five (17%) were eliminated because they did not
cluster well enough to have two ages enclosed in component PDFs
or were single ages from a landform. We continued our analysis
with the remaining 934 ages. Of these, 520 ages (56%) were
enclosed by separated component PDFs used to define the ages of
local glacial stages, 98 ages (10%) were identified as inherited
outliers, and 316 ages (34%) were identified as too young. We
discuss the pattern and likely cause of outliers below following the
framework set out in Dortch et al. (2013).

8.3.1. Too young

Post-depositional processes that affect the stability, weathering,
and denudation of both boulders and landforms lead to young
outliers and significant scatter in TCN datasets (Putkonen and
Swanson, 2003; Zech et al., 2005b; Putkonen and O’Neal, 2006;
Heyman et al., 2011b). It is impossible to distinguish among
various modes of age underestimation solely through statistical
analysis of age distributions. Our analysis shows that 48% (226 of
474) of pre-gLGM samples and 20% (90 of 460) of gLGM and
younger TCN samples can be identified as young outliers. These
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results are comparable to those of Dortch et al. (2013) who iden-
tified 48% of pre-gLGM samples and 13% of samples younger than
gLGM as young outliers even though their sample set is smaller
(~700 ages). Their study shows similar patterns of outliers with
estimated mean age. These patterns indicate no distinction be-
tween the significance (%) of pre- and post-gLGM outliers (Fig. 14A),
strong positive correlation (? = 0.82) between degree of under
exposure (ka) and PDF age (Fig. 14B), and an overall under exposure
averaging 45% (Fig. 14C). The only visible difference in our plotted
patterns compared to Dortch et al. (2013) is that in our plots, eight
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samples represent <10% and two samples represent <1% of the
estimated landform age. Our larger spread is defined by 10 samples,
~1% of the dataset, and is expected with a larger total number of
samples analyzed in this study (n = 934) as compared to 595 in
Dortch et al. (2013). The lower threshold of our method to detect
age underestimation is ~4% at 10 ka and 15% at 100 ka compared to
6% on all timescales in their study. Although detecting young ages
does depend on the clustering of ages within each local glacial
stage, the sensitivity of the component PDF method that we used is
good.
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Fig. 14. Plot of all outliers (316 underestimated and 98 inherited) vs. respective PDF age using the approach of Dortch et al. (2013). (A) Normal plot of age underestimation as percent
of PDF age vs. PDF age. (B) Log—log plot of age underestimation in ka vs. PDF age. (C) Log—log plot of underestimated outlier boulder ages vs. PDF ages. (D) Log—log plot of boulder
inheritance as percent of PDF age vs. PDF age [boulder at 1116% inheritance not shown] (E) Log—log plot of boulder inheritance in ka vs. PDF age. (F) Log—log plot of inherited boulder
age vs. PDF age. Vertical blue dashed line in all plots represents the gLGM at 21 ka. In plots (C) and (F), solid green line represents a 1:1 ratio, while green dashed lines indicate
percentages of age underestimation and inheritance, respectively. (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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8.3.2. Too old

A total of 7% (31 of 474) of pre-gLGM samples and 15% (67 of
460) of gLGM and younger samples were isolated in our analysis.
Post-gLGM inheritance is twice as common and almost twice as
significant (104% vs. 64%) on average compared to deposits older
than the gLGM. In contrast, total inheritance (ka) increases with
PDF age. These data are graphically summarized in Fig. 14D—E.
Notably, there is a vertical trend of data just to the young side of the
gLGM line. This occurs because of the large and numerous datasets
in MOHITS 2B (15.5 + 1.3 ka) and their generally tighter clustering
of ages, which enable isolation of less significant amounts of in-
heritance. Overall, average inheritance is 92% above the estimated
landform age; this is shown graphically in Fig. 14F, in which a linear
trend line fits inherited boulder ages with the plotted green-dashed
overestimation line at 190%. Similar to Dortch et al. (2013), the
significant proportion of outliers has inheritance of <300%, with
rare exceptions exceeding 1000% of the TCNs to component PDF
age.

There are three major pathways of inheritance: in situ prior
exposure, prior exposure during transport, and prior exposure as a
consequence of reworking. The decreasing influence of inheritance
with age (Fig. 14D) is likely due to increased scatter leading to
difficulty isolating sediments with in situ prior exposure and those
incorporated via reworking. In contrast, the increasing importance
(Fig. 14D) in spite of decreasing absolute inheritance (Fig 14E)
suggests that prior exposure due to transport could become sig-
nificant, especially near the 1 ka and younger age range. In this
synthesis, the PDF separation method is sensitive to inheritance of
6% at 10 ka and 8% at 100 ka.

8.3.3. Summary of outliers

Overall, the pattern of young and old outliers is in line with
previous research using other methods (Barrows et al., 2007;
Applegate et al., 2008, 2010; Chevalier et al., 2011; Heyman et al.,
2011b), and using the component PDF method (Dortch et al.,
2013). There is a higher percentage of young outliers in the post-
gLGM ages in this study compared to Dortch et al. (2013) which
is likely due to increased geomorphic activity, as many of the young
regional glacial stages have a significant proportion of their local
glacial stage distributions in areas with >1000 mm/yr contempo-
rary precipitation. Three of the four regional glacial stages that
incorporate the largest number of local glacial stages [MOHITS 2E
(22 + 2 ka; n =9), MOHITS 2B (15.5 + 1.3 ka; n = 19), and MOHITS
2A (12.9 + 0.9 ka; n = 10)] have outliers represented between the
10 ka and the gLGM line on Fig. 14. This higher sample density is
responsible for the vertical trend in outliers, which would be pre-
sent regardless of the PDF selection (highest probability or oldest
PDF with >3 ages). Moreover, the data show that many studies have
sampled moraines associated with the 15.5 + 1.3 ka event (MOHITS
2B).

9. Conclusions

We define the ages of glacial landforms in central Garhwal using
10Be surface exposure dating. All ages are Lateglacial and Holocene,
suggesting that either later, more extensive glacial advances
destroyed evidence for earlier glaciation by glacial erosion, or that
rapid erosion of glacial landforms by fluvial erosion and mass
movement processes in this region have prevented preservation of
old glacial deposits and landforms. Dated glacial sediments and
landforms show that glaciers only advanced a few kilometers from
their present positions. Glaciers advanced during the Lateglacial,
Early Holocene, and Late Holocene, with a possible minor advance
during the LIA.

We combine the new °Be surface exposure ages with 1081
published but recalculated '°Be ages to develop a regional frame-
work of glaciation across the monsoon-influenced regions of the
Himalayan—Tibetan orogen. Twenty-seven regional glacial stages
(plus 2 tentative glacial stages) are defined, which we call
monsoonal Himalayan—Tibetan stages (MOHITS). The regional
glacial stages cover a wide chronologic range that includes: five
pre-Last Glacial cycle stages (MOHITS 13 at 483 + 38 ka to MOHITS
5E at 122 + 15 ka); thirteen stages within the Last Glacial cycle
(MOHITS 5B at 91 4 15 ka to MOHITS 2A at 12.9 4+ 0.9 ka); and
eleven stages during the Holocene (MOHITS 1k at 11.4 + 0.7 ka to
MOHITS 1A at 0.4 + 0.1 ka). The MOHITS ages suggest there are
strong correlations with periods of enhanced monsoonal influence
in the Himalaya and Tibet, and with influences teleconnected to the
region from northern hemisphere events. Sixteen of the regional
glacial stages are likely linked to the monsoon and 11 are likely
linked to the mid-latitude westerlies, with two unassigned due to
large uncertainties. These linkages across the region show a com-
plex pattern of glaciation in monsoon-influenced Himalayan—Ti-
betan regions forced by the two major climatic systems: the south
Asian monsoon and the mid-latitude westerlies, lasting throughout
the mid/late Quaternary.

Our new temporal framework can be utilized in future glacial
geologic, paleoenvironmental, ice volume modeling, and landscape
evolution studies. More sophisticated future analyses may discern
better correlations; this study forms a foundation upon which they
can be built.
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