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Holocene glacial chronostratigraphies are developed for four glaciated valleys at the northwestern end of
the Himalayan-Tibetan orogen using geomorphic mapping and cosmogenic '°Be surface exposure dating.
The study areas include the Hamtah valley in the Lahul Himalaya, and the Karzok, Lato and upper Stok
valleys in Zanskar. Five local glacial stages are dated to ~10.4, ~6.1—3.3, ~2.1-0.9, ~0.7—0.4, and ~0.3—0.2
ka based on 49 new moraine boulder ages. Large age dispersions are evident for each of the local glacial
stages. This is especially the case for ~6.1—3.3 and ~2.1—0.9 ka, which is likely a result of prior and/or
incomplete exposures in very young moraine boulders. An additional compilation of 187 published °Be
moraine boulder ages help define seven Himalayan Holocene regional glacial stages (HHs) for the
northwestern end of the Himalayan-Tibetan orogen. These HHs date to ~10.9—-9.3, ~8.2—7.4, ~6.9—4.3,
~4.5-2.8, ~2.7-1.8, ~1.8—0.9, and <1 ka. Early Holocene glacier advances were generally more extensive
and had larger equilibrium-line altitude depressions (AELA = ~425 + 229 m) than glacier advances during
the mid-Holocene (AELA =~141 +106) and late Holocene (AELA =~124 + 121 m). The early Holocene
glacier advances likely correspond to orbitally-forced northerly migration of the Intertropical Conver-
gence Zone and enhanced summer monsoon. The timing of the majority of HHs during mid- and late
Holocene corresponds well with the North Atlantic cooling that is likely teleconnected via mid-latitude
westerlies, particularly during ~8 ka and after ~5 ka. These chronostratigraphies suggest that Holocene
glaciation in the northwestern part of the Himalayan-Tibetan orogen is largely influenced by long-term
orbital forcing amplified by large-scale migration of the Earth's thermal equator and the associated
hemispheric oceanic-atmospheric systems.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

2012, 2014; Wanner et al., 2015) represent another possible
amplification mechanism. By way of contrast, long-term forcing

Over the past decade, several compilations of young glacial
chronologies have been used to help reconstruct and understand
the nature of Holocene glaciation on a global scale (Grove, 2008;
Davis et al., 2009; Solomina et al., 2015, 2016). Most of these studies
conclude that glacier advances during the Holocene in extratropical
regions are broadly the consequence of climatic change driven by
long-term orbital forcing, with occasional forcing by explosive
volcanic eruptions and El Nino-Southern Oscillations (Solomina
et al,, 2015). Changes in oceanic-atmospheric circulations in the
North Atlantic (Denton and Broecker, 2008; Chiang and Friedman,
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behind Holocene glacier variability in the Himalaya has been
attributed to distinct regional teleconnections, and do not correlate
directly with orbital forcing (Solomina et al., 2015, 2016). Despite
the impressive preservation of glacial landform assemblages
throughout the Himalaya, this view has not been adequately tested
due to the lack of well-defined Holocene glacial chronostratig-
raphies (Fig. 1A).

To examine the nature of Holocene glaciations and possible
forcing factors behind glacier advances in the Himalaya, we
developed Holocene glacial chronostratigraphies for four glaciated
valleys at the northwestern end of the Himalayan-Tibetan orogen
using remote sensing and field mapping, geomorphic techniques,
and cosmic-ray-produced (cosmogenic) 1°Be surface exposure age
dating. We also compare these new studies with existing glacial
chronostratigraphies developed using '°Be dating in adjacent
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Fig. 1. Regional context and location of the study areas. (A) Present-day seasonal distribution of the Intertropical Convergence Zone (ITCZ) with respect to the Himalayan-Tibetan
orogen (in brown rectangle). (B) Tropical Rainfall Measuring Mission (TRMM) precipitation imagery (averaged from 1998 to 2005) superimposed on a hillshade map, showing the
study area (brown rectangle) and locations of new (yellow circles) and published (green circles) '°Be ages. New and published study areas are highlighted in black circles as A = Alay
Range (Koksu), B = Great Bogchigir, M = Muztag Ata, K= Karakoram, L =Ladakh (Chang, Pang), N= Nun Kun, Z = Zanskar (Stok, Lato, Karzok), L' =Lahul Himal. The region is
dominated by four major climate systems: the Indian summer and East Asian monsoons (during the summer), the northern mid-latitude westerlies, and the Siberian high-pressure
system (during winter). (C) Locations of the new study areas showing TRMM derived strong annual total precipitation regimes from south to north. See the text for regional geology.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

regions of the Himalayan-Tibetan orogen (Fig. 1B). These include:
the Chandra valley in Lahul, (Owen et al., 2001); the Yunam (Saha
et al., 2016), Puga (Hedrick et al., 2011) and Stock valleys (Orr
et al,, 2017) and Nun Kun massif (Lee et al.,, 2014) in Zanskar; the
northern slopes of the Ladakh range (Dortch et al., 2013); several
valleys in the eastern and central Karakoram (Owen et al., 2002;
Seong et al., 2007); Muztag Ata (Seong et al., 2009) and the Great
Bogchigir valley in the Pamir (Rohringer et al., 2012); and the Koksu
valley in Alay Range (Abramowski et al., 2006) (Fig. 1B). These study
areas are within the contemporary transition between the Indian
summer monsoon and mid-latitudinal westerly climate systems.
Together these represent a key natural laboratory for investigating
the relative influence of these climate systems in the region
(Fig. 1B).

Previous studies of Quaternary glaciation, utilizing optically
stimulated luminescence (OSL) and cosmogenic 10Be surface
exposure ages, have shown that glacier advances at the north-
western end of the Himalayan-Tibetan orogen are likely influenced
by both oscillations in the Indian summer monsoon and mid-
latitude westerlies (Taylor and Mitchell, 2000; Owen et al., 2001;
Hedrick et al., 2011; Dortch et al., 2013; Lee et al., 2014; Saha et al.,
2016; Eugster et al., 2016; Sharma et al., 2016; Orr et al., 2017, 2018).
Dortch et al. (2013) and Owen and Dortch (2014 and references
therein) using '°Be dating have summarized the regional Quater-
nary glacier advances in the northwestern end of Himalaya and
Tibet. Their semi-arid western Himalayan—Tibetan stages (SWHTS)
date to 311 + 32 (SWHTS 9), ~234 + 44 (SWHTS 7), 146 + 18 (SWHTS
6), 121 + 11 (SWHTS 5E), 80 +5 (SWHTS 5A), 72 +8 (SWHTS 5A),
61+5 (SWHTS 4), 46 +4 (SWHTS 3), 30 +3 (SWHTS 2F), 20 +2
(SWHTS 2E), 16.9+0.7 (SWHTS 2D), 149+0.8 (SWHTS 2C),

13.9+£0.5 (SWHTS 2B), 12.2 + 0.8 (SWHTS 2A), ~8.8 + 0.3 (SWHTS
1E), ~6.9 + 0.2 (SWHTS 1D), 3.8 + 0.6 (SWHTS 1C), 1.7 + 0.2 (SWHTS
1B), and 0.4 + 0.1 ka (SWHTS 1A). Recently, new moraine chronol-
ogies using 1°Be (Saha et al., 2016, Eugster et al., 2016; Orr et al,,
2017, 2018) and OSL (Sharma et al., 2016) are also added to
further improve and corroborate the existing regional stages of
Quaternary glacier advances. While detailed Pleistocene chronol-
ogies are reconstructed in several valleys in the northwestern
Himalaya, only a few attempts have been made to reconstruct
Holocene glacial chronostratigraphies in the Lahul and Zanskar
regions (see Owen and Dortch, 2014). These studies have delin-
eated how small temperate to sub-polar glaciers in these regions
oscillated throughout the Holocene. We, therefore, selected areas
across the northwestern end of the Himalayan-Tibetan orogen
which have a strong precipitation gradient, ranging from ~800 to
~40mm a~ !, to help examine Holocene glacier oscillations. From
wettest to driest, our study areas include the Hamtah valley in the
Lahul Himalaya, and the Karzok, Lato, and upper Stok valleys in
Zanskar (Fig. 1). We use '°Be dating because this method has been
applied extensively due to scarcity of suitable organic materials
necessary for radiocarbon dating and/or the lack of well-bleached
non-glacial sediments suitable for OSL dating (Owen and Dortch,
2014). The primary goals of our study are to refine previously
proposed regional glacial stages (Dortch et al., 2013; Owen and
Dortch, 2014; Solomina et al., 2015) and to assess whether Holo-
cene glacier advances at the northwestern end of the Himalayan-
Tibetan orogen were driven by regionally unique forcing factors
that are not directly be influenced by long-term orbital trends, and/
or global changes in the oceanic-atmospheric circulation system.
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2. Regional setting

Our study areas encompass several tectonic-lithologic domains
(Honegger et al., 1982; Brookfield and Andrews-Speed, 1984; Searle
etal., 1987; Steck et al., 1998; Schlup et al., 2003) and are defined by
three major structures. From south to north these structures are: i)
the Main Central Thrust (MCT); ii) the Zanskar Shear Zone (ZSZ) and
the Sarchu fault; and iii) Indus-Tsangpo Suture Zone (ITSZ) (Fig. 1C;
Epard and Steck, 2008). North of the MCT, the Hamtah crystalline
axis consists mostly of migmatites, and the Rohtang gneiss and
granite (Kumar et al.,, 1987). The Karzok and Lato study areas,
located north of ZSZ in the Zanskar range, are composed of coarse-
grained granite of the North Himalayan nappe system (Stutz and
Thoni, 1987; Fuchs and Linner, 1996; Steck et al., 1998; Epard and
Steck, 2008). The upper reaches of the Stok study area that is
located in the northwestern part of this nappe system and consists
of thick-bedded conglomerates with alternating coarse and fine-
grained sandstone, siltstone, and shale known as the Stok Kangri
(Kangri = glacier) molasse (Brookfield and Andrews-Speed, 1984)

The Himalayan-Tibetan orogen imposes a formidable physical
barrier to the Indian summer monsoon, the East Asian monsoon,
and the northern mid-latitude westerlies (Fig. 1B). The present-day
total annual precipitation derived from Tropical Rainfall Measure-
ment Mission (TRMM) data for 1998 to 2005 shows a northward
decline from 1500 to 3000 mm in the high mountain ranges of the
Himalaya, to slightly >100 mm over much of the interior of the
Tibetan Plateau (Fig. 1B; Bookhagen and Burbank, 2006). These
prevailing climate systems and precipitation gradient are respon-
sible for tropical climates in the forelands of the eastern Himalaya
to sub-tropical arid climate into the interior of the Tibetan Plateau
(Spicer, 2017). According to Rupper and Roe (2008) and Rupper
et al. (2009), stronger monsoons are often associated with abun-
dant moisture supply from Indian Ocean and South China Sea
(Owen and Benn, 2005) and enhanced cloud albedo. Orographically
modulated increased cloud albedo often favors decrease in
incoming shortwave radiation (dynamic response) and in associa-
tion with evaporative/sublimation cooling foster positive mass
balance. This dynamic energy balance response to increased cloud
cover and latent heat transfer are one of the most crucial physical
mechanisms that have been argued for significantly effecting the
amplitude and timing of contemporary and past Himalayan glacier
oscillations (Rupper and Roe, 2008; Rupper et al., 2009). The
northern mid-latitude westerlies, in contrast, teleconnect cooling
events in the North Atlantic and Mediterranean regions to the
Himalayan-Tibetan orogen helping regulate the supply of winter
snow and fostering colder temperature (Srivastava et al., 2017).
Molg et al. (2014) has even argued that large-scale mid-latitude
westerly waves play a crucial role in modulating present-day
May—June precipitation and summer air temperature over
monsoonal High Asia.

A strong latitudinal-temperature gradient also exists along the
south-north transect, coupled with local altitudinal changes in
temperature within each mountain range (CRU CL 2.0 reanalysis
surface climate data derived from New et al., 2002). The contem-
porary regional equilibrium-line altitudes (ELAs) broadly follow the
climatic gradient, rising from ~3000 m asl in the Lesser Himalaya to
~6000 m asl to the interior of Tibetan Plateau, and declining again
to <4800 m asl in the northeastern part of Tibet (Benn and Owen,
1998; Zhou et al., 2011).

Most of the present-day precipitation in the study areas occurs
during the summer monsoon (60—80% of annual precipitation), but
both the Indian summer monsoon and the mid-latitude westerlies
influence the glacier mass balance and the types of glaciers in all

the study areas (Azam et al., 2014; Molg et al., 2014). The Hamtah
study area in Lahul, located in the rain shadow of the Pir Panjal
range, has an annual precipitation of ~400—800 mm (Fig. 1B). The
Karzok, Lato, and Stok study areas, to the north of the Tran-
shimalaya, have annual precipitation ranging from 40 to 100 mm
(Fig. 1B and C). Temperate glaciers in the Greater Himalaya, to the
south, including Lahul, are larger, more erosive, melt-dominated,
and support a thick debris-mantle in the ablation zone (Benn and
Owen, 2002). These glaciers presently receive abundant snowfall
during the summer monsoon and are more susceptible to changes
in temperature (see Su and Shi, 2002). In contrast, glaciers in the
northern and northwestern parts of the study areas, that include
the northern Zanskar and Ladakh ranges, Central Karakoram, the
Pamir, and Alay Ranges (Fig. 1B) are predominantly of cold-based
sub-polar types, they are smaller, mostly debris free, and are
more precipitation-sensitive and sublimation dominated (Benn
and Owen, 2002). Presently most of these glaciers are fed by the
snowfall associated with the winter mid-latitude westerlies system
(Fig. 1B), and directly respond to changes in the strength of west-
erly-winds.

3. Methods
3.1. Geomorphic mapping

Former glacier extents in each of the study areas were recon-
structed by mapping glacial and associated landforms in the field
using a handheld GPS at the scale of 1:20,000 (uncertainty +3 m;
Fig. 2). High resolution Google Earth imagery, Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER) global
digital elevation models (V002, resolution of 30 m), and Landsat
Enhanced Thematic Mapper Plus (ETM+) imagery (resolution
30 m) were used to aid in reconnaissance and final field mapping
(http://glovis.usgs.gov/next/). Contemporary and past glacier maps
of all previously investigated (dated using °Be) glaciated valleys
(Fig. 1B; Supplementary material S1) were also prepared using the
satellite imagery and published geomorphic maps.

3.2. Morphostratigraphy

Moraines and associated landforms in the four study areas were
assigned to glacial stages based on morphostratigraphy using the
scheme proposed by Hughes et al. (2005) and Hughes (2010). We
used the letters m to denote moraines and b for glacially eroded
bedrock. Subscript letters are used to indicate the study area, e.g., H
for Hamtah study area (Fig. 2A). Individual moraines and bedrock
surfaces were also numbered using a subscript (1, 2 ... n) from
youngest to oldest. Furthermore, individually mapped moraine
ridges (ice-contact ridges) within a moraine set of a particular
glacial stage were assigned a subscript letter a, b ... n (with
increasing age). For instance, the mpyj, is @ moraine (m) in the
Hamtah study area (subscript H), it is the youngest moraine
(subscript 1) and the youngest ridge (subscript a), whereas the mpys3,
is a moraine with a single ridge (subscript a) and is the oldest of a
set of three moraines (subscript 3).

3.3. Sampling for cosmogenic °Be

Moraine boulders and glacially sculpted bedrock surfaces were
sampled based on the morphostratigraphic considerations; only
sharp-crested, relatively well-preserved moraines with little evi-
dence of erosion and/or degradation were sampled (Table 1; Fig. 3;
Supplementary material S2). Multiple (9—3) boulder samples were
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Fig. 2. Geomorphology of the study areas. (A) Hamtah valley showing locations of moraine boulders. (B) Karzok valley highlighting the sample locations. Four published samples (*)
on older mg, moraine are adapted from Hedrick et al. (2011). (C) Landforms and locations of sampled moraine boulders in the Lato valley. (D) Stok valley showing sampling locations
for ms; moraine complex. Published samples (*) for ms; are adapted from Orr et al. (2017). Note: the maps are based on UTM projection (Zone 43N) and WGS 1984 datum.

obtained from individual moraines. We only sampled quartz-rich
large boulders (>50 cm high) that were inset into the crest of mo-
raines and showed no evidence of post-depositional toppling and
little, if any, weathering (Table 2; Fig. 3). We generally avoided
sampling boulders close to hillslopes, on moraine slopes, or within
depressions that might be affected by post-depositional toppling,

exhumation, and shielding. Intensely jointed, fractured, pitted, and/
or sediment covered boulders were avoided to reduce the possi-
bility that the boulders might have had complex exposure histories.
Boulders with well-developed rock varnish and/or lichen cover
were preferentially sampled; these features provide a measure of
confidence that the boulders had not recently toppled and/or have
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Fig. 2. (continued).

been recently exhumed.

Approximately 500 g of rock from the top (to a depth of <3) of
each boulder/bedrock surface were collected using a hammer and
chisel (Table 2). Topographic shielding was recorded using a
clinometer and compass, measuring the skyline angles above the
horizontal to the skyline at azimuth intervals of 10° (Gosse and
Phillips, 2001; Balco et al., 2008). Boulders were photographed
from several perspectives and their locations were recorded using a
handheld GPS (Fig. 3; Supplementary material S2). The width,
length and height of each boulder were documented using a tape

measure (Table 2).

3.4. 9Be extraction and AMS measurements

Quartz extraction and '°Be sample preparation were performed
in the Geochronology Laboratories at the University of Cincinnati
using the community standard methods of Nishiizumi et al. (1994)
and Kohl and Nishiizumi (1992). All AMS measurements were
performed at the Purdue Rare Isotope Measurement (PRIME) Lab-
oratory at Purdue University (Sharma et al., 2000). Be isotopic
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Table 1
Descriptions of morphostratigraphically defined glacial landforms in our study areas.

S. Saha et al. / Quaternary Science Reviews 187 (2018) 177—202

Glacial Stage  Moraine/bedrock characteristics

Boulder characteristics

Hamtah valley, Lahul

— Innermost latero-frontal moraine with sharp crest; pebbly/boulder dia-
micton with sandy-gravel matrix; prominent ablation valley separates
the morainic boulder from the debris fans/talus; several hummocky
ridges are present in the frontal section of the moraine; grasses are
present.

~2-km-long sharp-crested latero-frontal moraine; ~20 m relief from the
valley floor; next to one of the hanging glaciers to the east; situated
~200 m above the present main valley floor at an altitude of 4150
—4540 m asl.

A lateral moraine remnant ~200 m down valley from mH1a and is at an
altitude of 3980—3990 m asl. The western lateral moraine is mostly
buried under debris flow fans and scree, although there is a <100-m-long
stretch that is only partially buried.

My1q

My1p

the moraine is being eroded/incised; extensively covered by grasses and
soil development; pebbly diamicton with sandy-gravel matrix; promi-
nent ablation valley is present to the west.

Mentok Kangri, Karzok

— ~2.5-km-long, well-preserved, steep, sharp-crested latero-frontal
moraine with four recessional ice-contact ridges; samples are collected
from all four ridges; pebbly diamicton with sandy-gravel matrix.

— ~7-km-long discontinuous latero-frontal moraine; consists of four ice-
contact ridges; pebbly till deposit with sandy-gravel matrix; a few very
small localized patches of xerophytic shrubs and grasses.

Lo

My

— Single lateral ridge with a rounded crest; rock varnish present in most
boulders; patches of xerophytic shrubs, grasses, mosses and lichens are
present; sandy-gravelly matrix.

mys3

Gomuche Kangri, Karzok

Contemporary — Very unstable micro-ridge close to present glacier snout; buried ice is
(unstable) exposed at many places; probably-boulder surface till is constantly
degrading, likely turn into ground till in future; sandy matrix is present in
exposed sections; geometry of the moraine ridges and presence of
boulder tables indicate that this section was once part of the main glacier
body.

— ~2.2-km-long latero-frontal moraine; pebbly till deposit with sandy-
gravelly matrix; three prominent ridges were mapped; average height
of the ridges is 23 m above the valley floor; mosses and lichens are
present in patches but less.

mgz (or KM-4) — The moraine ridge complex is discontinuous and highly degraded with

multiple tens of meters long recessional and hummocky ridges; likely
part of a dead-ice zone; samples collected on the farthest downstream
recessional ridges; fresh boulder surface with pebbly diamicton and
supported by sand-gravelly matrix.

Amda valley, Lato
Ma; -
erosion/degradation; diamicton of boulders and cobbles present with
clasts supported by coarse gravel-sandy matrix; stable ridge.

A ~120-m-long subdued (~8 m relief) recessional moraine, located ~75 m
downstream of mAl1; slightly unstable and presently is being incised by
anastomosing outwash streams.

~110-m-long and ~6-m-high subdued dissected ridge; slightly unstable.
~346-m-long and 10-m-high end moraine; diamicton of boulders and
cobbles present with clasts supported by coarse gravel-sandy matrix;
stable ridge with rounded surface; some very small patches of some
xerophytic shrubs and grasses are present.

Glacially sculpted striated bedrock; highly polished and striated flat
surface; striations are parallel to ice flow.

10-m-high end moraine; northern part of the moraine is subdued; stri-
ated boulders are lodged on the surface with diamicton of boulders and
cobbles; south facing slope likely covered by post-depositional slope
deposits; some xerophytic shrubs and grasses present.

Stok valley, Zanskar

Ms; — ~30-m-high and 2.8-km-long latero-frontal moraine complex; consisting
of >4 ice-contact inner recessional ridges; outer ridge is narrow, steep
and more prominent; inner frontal ridges are subdued; diamicton of
highly fractured boulders and cobbles with coarse gravel-sandy matrix;
slight lichen cover.

Consisting of two rounded/denudated ice-contact ridges and is located
~400 m downstream of ms;; coarse gravel-sandy matrix supported.

msz

~2.4-km-long outermost lateral moraine; presently the frontal section of —

~154-m-long and 20-m-high end moraine; exhibits little, if any, signs of —

Angular to subangular large boulders along the crests of the moraine;
tabular and moderately to well inset; slightly dip down the ablation
valley supporting its glacial origin; no sign of slope deposition; very
coarse grained leucogranite; several lichen-covered large boulders are
present.

Not dated; mostly angular to subangular boulders.

Not dated; no suitable boulders are available.

Subangular/subrounded leucogranite boulders distributed along the
crests of the two moraine ridges; mostly stable, tabular and well inset;
largely covered by lichens.

Angular to subangular fresh, large, tabular granitic and metagranitic
boulders; little to no weathering and/or toppling; inset on the crest of
the moraine, especially well interlocked with other boulders.

Little to slightly weathered and fresh granitic and metagranitic rocks;
large tabular boulders on the crest of the moraine; stable fresh fracture
faces (angular/subangular) and distinct from older fracture faces; mostly
well interlocked with other boulders.

Well inset large granitic boulders into the moraine crest; moderate to
high granular weathering with rounded top; the protruding top
portion were sampled; hard to sample.

Not dated; boulders are not stable and suitable for exposure dating.

Fresh angular and subangular metagranitic boulders mostly well
interlocked with other boulders and stable at the crest; little to not
weathered.

large (~2-m-tall), tabular, and well-inset porphyritic granitic boulders
from the most stable ridge crests; subangular/angular large blocks;
patches of mosses and lichens are present but not extensive; some to no
weathering was identified; hard to sample.

Freshly fractured and tabular granitic boulders; no sign of weathering;
very limited to no detrital materials on the boulders surface; lodged on
the crest of the end moraine.

Not dated; lack of suitable boulders.

Not dated; lack of suitable boulders.

Fresh angular and subangular porphyritic granite boulders; boulder inset
on the crests away from the depression; boulders are mostly well
interlocked with other boulders.

Samples were collected from smooth polished surfaces at different
elevations; extensive lichen cover and rock varnish present.

Larger tabular granitic boulders; subangular/subrounded; some boulders
are slightly lichen covered; some boulders are slightly denuded.

Angular to subangular boulders; large vein-quartz dominated
conglomerate boulders; fresh fractures and sharp edges indicate slightly
to moderately denudated; partially inset but appeared stable; boulder
fracturing due to thermal shock and post-depositional block displace-
ment is evident.

Not dated; highly denudated rounded boulders; mostly large and stable
but highly pitted and fractured granites; rock varnish and extensive
lichen cover exists.
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Table 1 (continued )

Glacial Stage  Moraine/bedrock characteristics

Boulder characteristics

Stok companion glacier, Zanskar

Mciq — Slightly unstable; freshly exposed laterofrontal moraine ridge; pebbly- — Not dated; angular to subangular fresh tabular boulders; well inset on

boulder diamicton with sandy-gravel matrix.

the crest; highly fractured due to its lithology.

Mcp — Slightly unstable young laterofrontal moraine ridge; pebbly-boulder — Not dated; angular to subangular fresh tabular boulders; highly fractured

diamicton with sandy-gravel matrix.

due to its lithology.

Mme2 — Stable lateral moraine ridge; pebbly-boulder diamicton with sandy- — Not dated; angular to subangular fresh tabular boulders.

gravel matrix.

mcs — Round crested lateral moraine remnant; well stable, but denudated — Not dated; highly denudated conglomerate boulders; mostly large and

surface; some xerophytic shrubs and grasses present.

stable but highly pitted and fractured granites; rock varnish and
extensive lichen cover exists.

Fig. 3. Examples of sampled boulders for '°Be exposure dating. Boulders inset into mpy;q latero-frontal (A) and my; lateral (B) moraines of the Hamtah study area. (C) A large tabular
boulder resting on my; latero-frontal moraine of Mentok Kangri. (D and E) Boulders resting on the outer mg, and the innermost mg; latero-frontal moraines of Gomuche Kangri,
respectively. (F and G) Boulders standing upright at the crest of m4; and mu,. end moraines in Lato study area, respectively. (H and I) Views of boulders embedded into the crest of

young ms; moraine complex of Stok study area.

measurements were normalized using the 07KNSTD standard
(Nishiizumi et al., 2007). We used the appropriate standard
correction factors available at http://hess.ess.washington.edu/for
recalculating published ages. Residual boron contamination was
considered negligible and no correction for boron was made in the
age calculation (cf. Putnam et al., 2013b; Corbett et al., 2016). Blank
corrections ranged from 0.1 to 23.1% (averaging 3%) for a'®Be con-
centration of >20,000 atoms g’l SiO, and from 15.7 to 32.4% for
al%Be concentration of <20,000 atoms g~! SiO,. Analytical un-
certainties were generally 5.8 + 5.1% (+10), but larger than 10% for
five very young samples (<0.6 ka; Table 2).

3.5. Exposure age calculations

Exposure ages were determined using the CRONUScale
(Marrero et al., 2016), Cosmic Ray Exposure program (CREp; Martin
et al, 2016) and CRONUS-Earth V3 (http://hess.ess.washington.
edu/math/v3/v3_age_in.html) online calculators (Supplementary
material S3). There are several notable differences among these
recent age calculators, most prominent being the sea-level high-
latitude (SLHL) spallogenic production rates. In the absence of a
locally calibrated in situ '°Be production rate (Heyman, 2014), we
used the global SLHL production rates of ~3.92 + 0.17 atoms g~ a~!
in the CRONUScale (Borchers et al., 2016; Marrero et al., 2016) and
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Table 2

Holocene moraine/bedrock surface-exposure sample details and '°Be ages (in thousands of years before 2016 CE, labeled ‘ka’+1c) for the four study areas of the northwestern Himalaya.

Area Moraine morpho-  Sample ID Latitude Longitude Elevation Boulder size Sample Shielding Quartz Carrier 10Be/Be+ 16  ['°Be]+ 10 (10*  LSD Lm
stratigraphy (°N) (°E) (m asl) (LxWxH) (cm) thickness (cm) correction  weight (g) added (g) (10 '°)2 atoms g~ !)" Age+lc  Agezxlo
(ka)' (ka)
Hamtah my;, HAMTAH- 322725 77.3574 4014 410 x390x 120 2.0 0.943 28.9662 0.3515¢ 10.74 +2.32 0.89+0.19 0.23+0.05 0.21+0.05
valley 1405
My1a HAMTAH- 322722 77.3575 4023 190 x 80 x 60 1.0 0.944 29.5368 0.3510¢ 19.17 +5.08 1.56 +0.41 0.40+0.11 0.37+0.10
1406
My1a HAMTAH- 322686 77.3585 4111 160 x 100 x 60 2.5 0.954 25.6686 0.3515° 96.62 +5.90 9.06 +0.55 235+022 2.21+0.18
1408°
My1a HAMTAH- 32.2678 77.3589 4125 130 x80x 70 2.5 0.948 25.3997 0.3503¢ 6.30+1.08 0.60+0.10 0.14+0.03 0.13+0.03
1410
My1a HAMTAH- 32.2954 77.3655 3861 300 x210x 200 2.0 0.923 22.1344 0.3518° 24.13+231 2.57+0.25 0.74+0.09 0.70+0.07
1502¢
mys3 HAMTAH- 32.3005 77.3684 3783 110 x100x 110 1.5 0.897 25.6264 0.3501¢ 398.76 +20.43 37.33+1.91 10.94 +0.66 10.48 +0.62
1401
mys3 HAMTAH- 32.3006 77.3685 3769 160 x 120 x 60 2.0 0.887 26.2449 0.3503¢ 217.14+18.51 19.86+1.69 6.24+0.51 5.93+048
1402°
M3 HAMTAH- 322998 77.3670 3808 250 150X 80 1.0 0.879 278189 03513¢  670.80+27.12 58054235 1618 £1.03 15.67+0.87
1403
Mz HAMTAH- 322092 773662 3808 360x270x 100 2.0 0.879 252556  03523° 128034602 1221+057 405+028 3.79+023
1404°
mys3 HAMTAH- 322685 77.3586 4112 270x180x 100 3.0 0.898 7.7449 0.3506° 131.06 +2.72  41.47 +0.86 10.36 +0.53 10.02 +0.47
1503
my3 HAMTAH- 322703 77.3579 4083 570 x270x 220 3.0 0.879 23.2097 0.3497" 384.84+7.21 38.89+0.73 10.13 +0.54 9.77 +0.47
1504
Lato Maq LATO- 33.6822 77.5920 5366 200 x 130 x 90 3.0 0.95 22.2096 0.3518" 125.27 +2.91 1331 +£0.31 1.78£0.11 1.72+0.11
valley 1415
Mag LATO-1416 33.6822 77.5921 5358 590 x290x 110 4.0 0.95 25.2732 0.3498¢ 17.46 +1.86 1.66+0.18 0.21+0.03 0.20+0.03
Mag LATO-1417 33.6826 77.5920 5348 185 x140x 100 2.0 0.951 28.3242 0.3506¢ 3231+1.17 2.74+0.10 035+0.03 0.34+0.03
Mma; LATO-1418 33.6826 77.5921 5351 70 x40 x 70 3.0 0.946 24.7312 0.3505¢ 18.41 +1.47 1.79+0.14 0.22+0.03 0.22+0.03
My LATO- 33.6827 77.5920 5339 110 x 80 x 40 3.0 0.952 23.038 0.3523f 240.38 +18.05 24.66 +1.85 3.43+032 331+032
1419°
Ma2e LATO- 33.6851 77.5953 5314 180 x 150 x 60 3.0 0.959 11.5494 0.3505¢ 1274.75 +27.10 265.10 + 5.64 27.56 +1.52 29.25+1.52
1409°
Maoc LATO- 33.6851 77.5953 5321 180 x 110 x 50 25 0.959 28.05 0.3511¢ 254.86 +10.13 21.86+0.87 3.04+021 2.93+0.21
1410°
Mazc LATO- 33.6851 77.5952 5315 250 x 160 x 90 2.0 0.959 27.7016 0.3512¢ 341.11+2048 29.63+1.78 4.06+0.32 3.92+0.32
1411°
Maoc LATO-1412 33.6850 77.5957 5315 210 x 80x 70 1.0 0.958 24.1378 0.3514° 27.71+1.47 2.76 +0.15 035+0.03 0.34+0.03
Mazc LATO-1413 33.6849 77.5957 5317 170 x 80 x 60 2.0 0.959 23.0324 0.3501° 56.57 +2.00 5.77 +0.20 0.74+0.06 0.73 +0.06
Ma2c LATO-1414 33.6851 77.5954 5314 200x 130x 100 2.0 0.96 27.964 0.3509¢ 4371 +£2.12 3.76 +0.18 0.48 +0.03 0.46 +0.03
ba LATO1420" 33.6914 77.6081 5191 Bedrock 25 0.951 11.888 0.3516° 544.04 + 1491 110.02 +3.02 13.73+£0.74 13.9+0.74
ba LATO1421° 33.6913 77.6083 5180 Bedrock 3.0 0.951 17.4754 0.3489°¢ 790.62 +16.30 107.92 +2.22 13.61+0.7 13.77+0.7
ba LATO1601" 33.6911 77.6086 5171 Bedrock 2.0 0.942 12.0054 0.3521¢ 560.06 +8.24 114.80+1.69 1443 +0.7 14.65+0.7
Mas3 LATO1405 33.6805 77.6211 5134 150 x 130 x 50 2.0 0.968 27.9485 0.3502¢ 172.80+114.18 14.80 +9.78 215+142 2.08+1.42
Mas3 LATO1408" 33.6907 77.6211 5136 120 x 90 x 50 1.0 0.971 28.7324 0.3502¢ 137.57 +2037 11.46+1.70 1.62+0.27 1.57+0.27
Stok Mgy STOK- 33.9872 77.4601 5370 140 x 70 x 70 2.0 0.98 25.0795 0.3522¢ 79.59 +3.26 7.64 +0.31 0.93+0.07 0.92+0.07
valley 1405¢
Mgy STOK- 33.9870 77.4600 5314 160 x 80 x 100 25 0.98 25.6799 0.3507¢ 48.48 +2.35 4.54 +0.22 0.56+0.04 0.55+0.04
1406° ©
ms; STOK- 33.9871 77.4608 5340 290 x200x 190 3.0 0.978 26.4547 0.3514¢ 13.71 +2.35 1.25+0.21 0.14+0.03 0.14+0.03
14077 ©
Mms; STOK- 33.9871 77.4606 5308 190 x 130x 100 3.0 0.978 10.6812 0.3483¢ 41.68 +3.21 9.31+0.72 1.19+0.11 1.17+0.11
1408°¢
Mgy STOK-1516 33.9872 77.4599 5303 160 x 120 x 70 3.0 0.977 22.944 0.3519" 71.67 +6.36 7.37 +0.65 0.94+0.1 0.92 +0.1
Mms; STOK- 33.9873 77.4557 5329 120 x 90 x 100 3.0 0.964 25.5582 0.3505° 165.80+543 1557 +0.51 2.06+0.14 2.00+0.14

1401°¢
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Karzok — my
valley mypy
M1

M2

my2

my2

My

my2

Mmy3

my3

Mmy3

STOK-
1402¢
STOK-
1403°¢
STOK-
1404° ©
KO-7¢
KO-8
KO-9
KO10
KO1*
KO-2
KO-3
MENTOK-
1505
MENTOK-
1506
MENTOK-
1501
MENTOK-
1502¢
MENTOK-
1503
KO-14
KO-15%
KO-16"
KO1601
KO1602
KO-17
KO-18
KO-1501
KO-1502°

33.9879

33.9883

33.9882

32.9328
32.9333
32.9341
32.9345
32.9321
32.9317
329314
32.9312

32.9311

32.9413

32.9411

32.9408

32.9672
32.9678
32.9678
32.9680
32.9671
32.9706
32.9708
32.9720
32,9724

77.4557

77.4570

77.4571

78.2136
78.2136
78.2147
78.2148
78.2143
78.2143
78.2142
78.2145

78.2145

78.2242

78.2242

78.2242

78.1794
78.1796
78.1796
78.1796
78.1800
78.1787
78.1780
78.1815
78.1812

5330

5323

5328

5524
5516
5503
5503
5532
5541
5548
5569

5574

5331

5335

5339

5374
5366
5366
5374
5388
5331
5337
5327
5334

180 x 160 x 100

140 x 70 x 70

280 x 130 x 80

250 x 160 x 100
170 x 130 x 90
380 x 240 x 260
160 x 130 x 90
300 x 160 x 80
400 x 325 x 140
140 x 60 x 100
190 x 130 x 90

190 x 160 x 110

200 x 170 x 90

340 x 170 x 100

410 x 300 x 320

200 x 190 x 150
270 x 240 x 110
400 x 300 x 270
270 x 210 x 100
200 x 120 x 140
307 x 109 x 190
290 x 190 x 180
370 x 290 x 150
300 x 260 x 220

0.967

0.969

0.969

1.000
1.000
1.000
1.000
1.000
1.000
0.991
0.991

0.992

1.000

1.000

1.000

0.961
0.966
0.966
0.966
0.954
0.984
0.985
0.99

0.99

25.2641

26.8263

25.2253

25.6596
25.4739
25.2789
22.2821
22.4344
21.9943
25.8534
22.3311

22.115

24.3921

24.2451

24.5983

19.5522
29.9259
15.4506
25.5064
9.4984

16.6632
27.5274
22.2012
24.2361

0.3498°
0.3503°
0.3509¢

0.3513°
0.3497°
0.3497¢
0.3489°
0.3504°
0.3507¢
0.3530°¢
0.3503"

03517
0.3530"
03519
0.3515

0.3513¢
0.3504¢
0.3513¢
0.3503°
0.3524°
0.3505¢
0.3519¢
03514
0.3510"

123.78 +6.10

164.10+7.28

21.87+0.90

21.74+1.45
63.04 +5.85
63.36 £2.49
44.16 +6.22
191.11 +6.14
82.65+4.89
87.60 +£4.20
83.27+3.05

73.53+4.69

5669.39 + 54.77

3694.63 +69.15

2302.94 +27.85

138.87 +5.85
61.45+3.22
24.82+2.04
139.61 +4.08
73.03 +2.75
163.54 +6.74
419.49 +13.55
451.84 +11.51
1090.46 + 13.90

11.72 +0.58

14.65 +0.65

2.08+0.09

2.04+0.14
5.92+0.55
6.00 +0.24
4.73 +0.67
20.44 + 0.66
9.03+0.53
8.18 +0.39
8.76 +0.32

7.84 +0.50

550.34 +5.32

359.70 +£6.73

220.73 +2.67

17.10+0.72
4.93 +0.26
3.87+0.32
13.40+0.39
18.94+0.71
23.57+0.97
36.75+1.19
47.97 £1.22
105.93 +1.35

1.51+0.12

1.89+0.14

0.25+0.02

0.24 +0.02
0.69 +0.08
0.70 +0.05
0.54 +0.09
2.56+0.19
1.09 + 0.09
0.98 +0.07
1.02 +0.07

0.90+0.08

57.21+3.51

36.49 +1.99

22.86 +1.08

2.36+0.19
0.64 +0.05
0.5 +0.06

1.79+£0.12
2.61+0.19
3.29+0.23
4.93 +0.28
6.05+0.3

1237 +0.7

1.48 +£0.12

1.84+0.14

0.25+0.02

0.23 +0.02
0.68 +0.08
0.68 +0.05
0.53 +0.09
2.46+0.19
1.07 £0.09
0.95+0.07
1.00 +0.07

0.88 +0.08

60.02 +3.51

38.32+1.99

23.76 +1.08

2.27+0.19
0.62 +0.05
0.48 +0.06
1.73+0.12
2.51+0.19
3.16+0.23
4.74+0.28
592+03

1242 +0.7

Note: Density value of 2.7 gcm™

3

, erosion rate of 0.00 cm a~

1

Lato '°Be ages are also reported in Orr et al., 2018 which was submitted parallel with this manuscript.
@ Outliers are identified and removed. Detail statistics are discussed in Table S1.

b

d

e

f

h

Bedrock samples.

¢ Published '°Be ages from Orr et al., 2017.
Carrier °Be concentration is 1025.5 ppm.
Carrier °Be concentration is 1023.2 ppm.
Carrier °Be concentration is 1003.8 ppm.
2 Ratios are corrected from background '°Be detected in procedural blanks

Reported ('°Be) values have been corrected om background '°Be detected in procedural blanks

f Lifton-Sato-Dunai (LSD) scaling model using CREp online calculator.
J Lal and Stone time-dependent (Lm) scaling model using CREp online calculator.

, and AMS standard of 07KNSTD were used for all samples to calculate surface exposure ages. For lithology, please see the Section 2 and Table 1.
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408 +0.23 atoms g~ a~! in the CREp and CRONUS-Earth V3 cal-
culators that are linked to the online ICE-D database (Martin et al.,
2016). All available scaling models, i.e., Lifton-Sato-Dunai (LSD;
Lifton et al., 2014 [SA and SF in Marrero et al., 2016]), Lal and Stone
time-dependent (Lm; Balco et al, 2008), Lal and Stone time-
independent (St; Lal, 1991; Stone, 2000), Desilets (De; Desilets
et al, 2006), Dunai (Du; Dunai, 2001), Lifton (Li; Lifton et al.,
2005, 2008) were used to calculate °Be ages (Supplementary
material S3). Holocene '°Be age differences among different scaling
frameworks computed using different age calculators were <10%
(Supplementary material S4). For our study, we used the CREp LSD
model when discussing the ages because the model does not have
systematic neutron monitor-based biases and incorporates both
time varying dipolar and non-dipolar geomagnetic components
(cf., Lifton et al., 2008) and solar modulation framework (cf., Lifton
et al., 2005, 2008). The CREp (LSD and Lm) ages were calculated
using ERA40 atmospheric model (Uppala et al., 2005) and Lifton-
VDM2016 geomagnetic database (Lifton, 2016). All the ages are
reported in thousands of years (ka) before 2016 CE (the year that
the new samples were processed and measured).

We assume a zero-erosion rate when calculating the ages
because most of the sampled boulders exhibited little, if any, signs
of weathering (e=0 in Table 2). However, to understand how
erosion might affect our Holocene ages, we experimented with
several different erosion rates (Supplementary material S5). Our
results suggest that even with a high steady-state erosion rate for
arid and semi-arid environments, similar to our study areas, of 10 m
Ma~! (see Seong et al., 2007; Dietsch et al., 2015), the difference
from zero erosion is <10% over the Holocene (see Supplementary
material S5). No correction was made for snow cover. We argue that
this is valid because most of the sampled boulders have prominent
relief (rising >50cm above the moraine surface) and likely
remained snow free due to windswept conditions throughout the
winter (Fig. 3). We also recalculated, using the same methods as for
all new ages, the previously published °Be ages for Holocene
moraines at the northwestern end of the Himalayan-Tibetan oro-
gen (Fig. 1B; Supplementary material S6).

3.6. Moraine/bedrock ages

Geologic uncertainties including differential erosion, prior-
exposure, reworking, and/or incomplete exposure histories due to
exhumation of moraine boulders, that influence exposure ages
often outweigh analytical and production rate uncertainties
(Putkonen and Swanson, 2003; Applegate et al., 2010, 2012). These
geologic uncertainties affect a mean '°Be exposure age of a single
landform based on multiple (9—3) samples (Table 2). Reduced chi-
squared (y?) statistics were used to assess the distribution of ages
(Applegate et al., 2010, 2012; Kaplan et al., 2013; Putnam et al.,
2013b). The 2 values if > 1, indicates high dispersion of ages and
geologic factors other than analytical uncertainties are likely
accounted for. Moraine ages with 32> 1 are then further treated to
identify outliers. Outliers were initially identified if an individual
boulder age uncertainty was >2c¢ from the arithmetic mean age of
the distribution (Putnam et al., 2013a). We further verified any
outliers using Chauvenet's criterion as advocated in Taylor (1997),
Dunai (2010), and Putnam et al. (2013b). Any outliers identified by
these methods were additionally verified using our field records
and applied only when compelling field evidence supported our
statistical outliers. We were not able to apply the field verification
methods for published data and hence, relied entirely on our sta-
tistical interpretation and description in respective literature
(Supplementary material S3). Chosen outliers (66 out of a total of
236 '%Be ages) were discarded from further statistical treatment.
Finally, we report the weighted mean and 1c uncertainties to

define the true age of the moraine (Barrows, 2007). The weighted
mean is usually applied in scenarios where samples are dispersed,
and arithmetic mean age is likely influenced by longer tail skewed
distribution (cf. Applegate et al., 2012). We have used the word
‘tentative’ throughout our paper as a cautionary note given possible
large uncertainty associated with some of the age interpretations,
especially when defining a mean based on <3 samples and/or ages
for largely dispersed data.

We assume that the mean moraine °Be age is a minimum age of
a local glacial stage/glacier advance as it represents the last time
that boulders were deposited on the moraine before the glacier
began to thin and/or retreat (cf. Gosse, 2005; Ivy-Ochs et al., 2007;
Putkonen et al., 2008). We interpret bedrock ages to represent the
time that a glacier withdrew from a specific location during retreat
(cf. Ward et al., 2009, 2015). Moraine preservation is poor in high-
energy glaciated environments such as the Himalaya due to post-
depositional denudation and/or obliteration of older landscape
features by advancing younger glaciers (Kirkbride and Winkler,
2012). Likewise, local microclimate, topography, hypsometry, and
aspect make glaciers in some valleys more likely to respond to
climate change and/or have a better-preserved record of glaciation
(Roe, 2011; Barr and Lovell, 2014). Probabilistic models applied in
several studies (e.g., Gibbons et al., 1984; Kirkbride and Brazier,
1998; Kirkbride and Winkler, 2012) also suggest that it is unlikely
to preserve more than three sets of moraines in a single/local
glaciated valley (~30% probability). We used the term local glacial
stage to define a morphostratigraphically distinct glacier advance
within any one of our four study areas. Several local glacial chro-
nologies with similar climatic and glacial landform characteristics
constitute a regional glacial stage in our study. We argue that
regional glacial stages are helpful to reconstruct a complete glacial
history in a region and furthermore to examine whether moraine
formation has taken place due to widespread changes in climate or
is due to intrinsic climate variability in individual valleys (see Roe,
2011).

3.7. Regional glacial stages

We employed radial plots (Galbraith, 1990, 2010; Galbraith and
Roberts, 2012; Vermeesch, 2009) to identify different populations
(local glacial stages) in preference to probability density functions
(Supplementary material S3). A combination of radial plot analysis
and statistical tests (student t-test) were used to test whether hy-
pothesized age distributions were distinct from each other. A
threshold two-tailed p value of <0.01 (at >99% confidence level)
was used to define distinct regional glacial stages/chronozones. We
used both the upper and lower tail distributions of the lumped age
population, i.e., local glacial stages, including their uncertainties to
define the chronozone of each regional glacial stage. Most regional
glacial stages are based on >3 local glacial stages.

3.8. Equilibrium-line altitudes

We calculated former ELAs and ELA depressions (AELAs) for
each of our study areas using detail reconstruction of former gla-
ciers derived from our geomorphic maps, as well as all ELAs of
previously '°Be dated glaciated valleys using glacial maps for the
northwestern end of the Himalayan-Tibetan orogen (Supplemen-
tary material S1). Assuming a simplistic steady-state scenario
(Sugden and John, 1976; Putnam et al., 2013b), former ELAs were
calculated using area-altitude (AA), area accumulation ratio (AAR),
and toe-headwall accumulation ratios (THAR) methods for each
glacier advance, as recommended by Benn et al. (2005) and
Osmaston (2005; Table 3). We also used the modern maximum
elevation of lateral moraines (MELM; cf. Dahl and Nesje, 1992) of
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Table 3

The common AAR and THAR ratios recommended in published literature.
Study Region AAR THAR
Porter (1970) Swat Himalaya 0.6 +0.1 —
Andrews (1975) Garhwal Himlaya 1.3 —
Kulkarni (1992) Debris covered glaciers in the Western Himalaya 0.43-0.47 —
Sharma and Owen (1996) Gangotri galcier in the Garhwal Himal 06 & 1.3 0.5

Burbank and Fort (1985)

Fort (1995), Burbank and Cheng (1991)
Taylor and Mitchell (2000)

Benn and Lehmkuhl (2000)

Kaser and Osmaston (2002)

Owen and Benn (2005)

Scherler et al. (2011)

Orr et al. (2017, 2018)

Zanskar

Western Himalaya
Zanskar

Debris covered glaciers in Karakoram to clean glaciers in Tibet
Tropical debris-covered glaciers
Variety of glaciers in the Himalaya and Tibet

Sub-polar glaciers in Ladakh region. 0.65 04
Debris covered glaciers in the Nepal Himalaya

0.6—-0.65 -
- 0.4-0.5
0.44-0.67 -
0.65—0.70 -
0.5-0.8 0.3-0.5
0.48 + 26 -
0.4, 0.5 & 0.6 0.4-0.5

studied valleys to further reconstruct modern ELAs. Calculating
past ELAs based on MELM is more uncertain due to poor preser-
vation and/or post-depositional burial of lateral moraines. There-
fore, this method was not used for past glacier advances. Many of
the glaciers within our study areas have widely different geome-
tries, micro-climates, glacier hypsometries, debris mantles, and
slopes, so to help address this variability we use several ELA
methods. Application of multiple ELA methods also helped us to
evaluate and eliminate some of the uncertainties associated with
each method.

The AAR and THAR ratios used in our study were obtained from
published literature for consistency and comparisons (Table 3). A
selected summary of recommended AAR and THAR values are
provided in Table 3. AARs vary between 0.5 and 0.7 with THARs
between 0.3 and 0.5 for the majority of glacier types. When the
modern AAR and THAR values (ratios) were calibrated with respect
to modern MELM, the AAR and THAR had mean and 1c values of
0.66 +0.13 and 0.31 +0.18, respectively. We calculated our ELAs
based on three commonly recommended AAR (0.5, 0.6, 0.7) and
THAR (0.3, 0.4, 0.5) values (Supplementary material S7). Mean ELAs
and AELAs were calculated based on all these methods and ratio
values.

4. Geomorphology of the study areas
4.1. Hamtah study area

The Hamtah study area is a north trending ~13-km-long glaci-
ated valley that rises from 3700 m asl to the peak of Indrasan at
6223 m asl and covers an area of ~36 km? (Fig. 2A). The major
stream, Hamtah Nala, drains from Hamtah glacier at 4070 m asl and
flows into the Chandra river. The 5.7-km-long, debris-mantled
Hamtah glacier, and two small glaciers occupy the valley, and
have contemporary ELAs of ~4456+70m asl. While smaller
hanging glaciers are located well above the present ELA and have
very limited to no discernible ablation zone and the ablation zone
of Hamtah glacier is large and covers ~70% (MELM derived; Shukla
et al., 2015) of the total glaciated area.

Four sets of moraines are preserved in the Hamtah valley: my;q,
my1p, My, and mys (Table 1; Fig. 2A). myi4 is the innermost latero-
frontal moraine that has a sharp crest and extends along the valley
between 3960 and 4575 m asl (Figs. 2A and 4A). The frontal section
of the moraine is located at ~1km downstream from Hamtah
glacier. The western lateral moraine is discontinuous over a length
of 6.3 km and covered by talus in many places (Fig. 2A). The eastern
lateral moraine is a ~6-km-long, well-preserved ridge that rises
~26 m from the present valley floor. The eastern lateral moraine
also preserves a distinct ablation valley parallel to its length, which
helps prevent burial of the moraine by hillslope deposits. Five large

boulders were sampled along this ridge (Table 1; Fig. 3A).

The outermost lateral moraine, mys, is situated ~2.4 km down
valley of the mpy;, extending between ~3730 and 3880 m asl
(Table 1; Figs. 2A and 4B). The western lateral ridge of the moraine
is discontinuous over a length of ~500 m and buried by debris flows
from the hillslopes. An ablation valley separates the western lateral
moraine from the steep hillslope deposits in its lower reaches. Four
samples were collected from this section of the moraine (Figs. 2A
and 4B). The eastern lateral ridge is 660 m long with a mean
height of ~10m. While this moraine is better preserved, it is
partially buried under thick rockfall deposits upstream at an alti-
tude of >3880 m asl and downstream below <3805 m asl, where
the valley narrows from ~3 to 0.4 km in width (Figs. 2A and 4B).
Two large stable boulders (>1 m height) were sampled from this
moraine ridge away from the hillslopes (Table 1; Fig. 3B).

4.2. Karzok study area

The Karzok study area is a broad bowl-shaped valley (~80 km?)
except for an eastern narrow outlet to Tso (Lake) Moriri (Fig. 2B).
The valley is ~15-km-long and ranges between ~3 and 10 km wide.
Eight small debris-free cirque glaciers are present in the valley
(Fig. 2B). The youngest moraines, which are ice-contact, help form
small lakes along most of these small glaciers. Moraines along
Mentok Kangri to the south and Gomuche Kangri to the west of the
valley were examined in this study (Figs. 2B and 4C, D).

Mentok Kangri is the largest glacier (1.5 km in length) in this
study area and it extend to 5487 m asl with an ELA of ~5710 + 30 m
asl (Fig. 2B). Three sets of latero-frontal moraines are present: myy;,
mpy, and myz (Table 1; Fig. 2B). my; is a 2.5-km-long well-
preserved, steep, sharp-crested latero-frontal moraine with four
recessional ice-contact ridges. The frontal section of the moraine is
300 m downstream from Mentok Kangri and rises 50 m above the
present valley floor. Four boulders were sampled over its four
ridges of the moraine (Table 1; Fig. 3C). Another well preserved but
relatively subdued (~17-m-high) moraine, myy», is present ~380 m
downstream of myy; at 5350 m asl (Table 1; Fig. 4C). This latero-
frontal moraine is discontinuous and consists of four ice-contact
ridges over a length of 7 km. Five boulders were sampled on this
moraine (Fig. 2B). Three additional boulders were also sampled
from myp3 latero-frontal moraine, 500 m downstream of myp at
5220 m asl (Fig. 2B). This 2.4-km-long moraine consists of a single
ridge with a rounded crest (Table 1).

Gomuche Kangri is the second largest glacier (~1.3-km-long) in
the valley with an ELA of ~5770 + 120 m asl that is ~270 m above the
elevation of its snout (Fig. 2B). We mapped two sets of moraines,
mg1 and mg; (Table 1; Fig. 2B). mg; is a 2.2-km-long latero-frontal
moraine, located 220 m downstream from its snout at 5350 m asl
(Fig. 4D). Three ice-contact (recessional) ridges with a mean height
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Fig. 4. Characteristics of the moraines. (A) Youngest latero-frontal moraine, my;, and (B) oldest my3 lateral moraines in Hamtah valley. (C) Older Holocene my,, latero-frontal
moraine of Mentok Kangri in the Karzok study area. (D) Youngest mg; latero-frontal moraine and (E) older m¢, recessional moraine complex of Gomuche Kangri in the Karzok
study area. (F) Youngest moraine complex (maz, Maza, Mazb, Mazc) and (G) older m43 end moraine of Amda Kangri in the Lato study area. (H) Striated and polished bedrock in the Lato
study area. (I) Youngest mg; latero-frontal moraine complex of Stok Kangri in the Stok study area. Distant and inner ridges are highlighted.

of 23 m are present above the valley floor on this moraine (Fig. 2B).
Five samples were collected from the three ridges (Fig. 3D). mg;
consists of multiple recessional and hummocky ridges that are tens
of meters long (Fig. 4E). This moraine ridge complex, extending
between 5200 and 5380m asl, is discontinuous and highly

degraded, and associated with a dead-ice zone (Table 1). We
sampled four boulders and additionally recalculated four published
19Be ages of Hedrick et al. (2011) from the most stable three farthest
recessional ridge crests (~0.3 km downstream from mg;; Figs. 2B
and 3E; Table 1). The ridges in the moraine complex are not well
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defined and the degree of weathering is not significant enough to
allow us to differentiate them into different substages.

4.3. Lato study area

The Lato study area is a ~13-km-long and ~3 km-wide valley
extending between 4200 and 6200 m asl and has small debris-free
glaciers in its upper reaches (Fig. 2C). The 2.9-km-long Amda Kangri
and three small glaciers contribute water to the ephemeral Amda
Chu that drains the valley. Amda Kangri has an ELA of ~5500 + 20 m
asl and extends to 5340 m asl. Six sets of moraines including a set of
round-crested hummocky moraines are present in the valley, of
which three sets of sharp-crested young moraines, maz, maz (maq,
Mazp, Mazc), and mu3 were examined in detail (Table 1; Fig. 2C). Orr
et al. (2018) assigns these moraines to the Kyambu glacial stage.

maz, adjacent to the snout of Amda Kangri at 5326 m asl, is a
154-m-long and 20-m-high end moraine that trends northeast and
exhibits little, if any, signs of erosion/degradation (Fig. 4F). The five
granitic boulders that were sampled on the moraine were relatively
stable and freshly fractured (Table 1; Fig. 3F). Two subdued reces-
sional moraines, mayq and mgyp are present at elevation of 5299 and
5298 m asl, respectively. These two moraines are inset into a 2.2-
km-long north trending lateral moraine of Amda Kangri (Figs. 2C
and 4F). This lateral moraine grades into a relatively well-
preserved 346-m-long and 10-m-high end moraine, may., at
5285 m asl (Figs. 3G and 4F). We sampled six boulder samples from
this ridge.

Three bedrock samples were collected from glacially sculpted
striated bedrock (bs) ~1.4km downstream from the myy. at an
elevation of 5180 m asl (Figs. 2C and 4H). A 10-m-high end moraine
(ma3) was also mapped and sampled some 1.6 km down the valley
from glacially sculpted bedrock at 5113 m asl (Fig. 2C). This end
moraine has a rounded crest with steep slopes and stretches
perpendicular to the valley for a length of ~130 m (Fig. 4G). The
northern part of the moraine is subdued and has subangular/sub-
rounded denuded boulders that have undergone slight granular
weathering. Many lodged striated boulders are also present on the
surface of the moraine. We sampled two boulders from the
southern section of the crest that consist of relatively less denuded
boulders (Table 1). The northern face of the moraine is arcuate and
most likely has shaped by the post-depositional river incision and/
or the formation of a debris fan. A broad braided channel is
developed right behind the end moraine with largely dispersed
young boulders (Fig. 2C).

4.4. Stok study area

Stok Kangri and four debris-free cirque glaciers are present in
the upper reach of the Stok valley (Fig. 2D). This sub-polar type
glacier is 1.8 km long with an ELA of ~5480 + 30 m asl. Building on
the work of Orr et al. (2017), we recognize four sets of moraines in
the upper Stok valley: msj, msp, ms3, Msy, and mss (Table 1; Fig. 2D).
For our study, we have only targeted the mgs; moraine complex for
dating (Fig. 2D). Orr et al. (2017) discusses the discrepancies be-
tween the exposure ages of the moraine complex and their mor-
phostratigraphic contexts. The southern latero-frontal ridges (their
Msy) are interpreted as older than northern latero-frontal ridges
(their Ms;) of ms; moraine complex. Our new study updates the
field map and morphostratigraphic interpretation presented in Orr
et al. (2017).

The ms; moraine complex is at ~5230—5450 m asl (Fig. 2D) and
is composed of diamicton containing highly fractured boulders and
cobbles supported by a coarse gravel-sandy matrix (Table 1). The
southern latero-frontal moraine of mg; has a length of ~1.5 km and
consists of >4 recessional ridges, whereas the northern latero-

frontal moraine is ~1.3-km-long and consist of ~3 inner reces-
sional ridges (Fig. 2D). The mean relief of these ridges is similar
(~30 m high) (Fig. 2D). Four boulder samples (STOK-1401 to 1404)
were collected by Orr et al. (2017) from the distant ridge of the
north latero-frontal moraine (Fig. 41), and five samples including a
new one (STOK-1405 to 1408 and 1516) were collected from the
inner ridges of the south latero-frontal moraine (Fig. 2D). The
distant ridge of north latero-frontal moraine also consists of more
weathered boulders (Table 1). Based on its morphostratigraphic
position and relative weathering, we reinterpreted the distant
northern ridge (Ms; of Orr et al., 2017) of the moraine complex to be
older than inner southern ridges (Ms, of Orr et al., 2017). A sum-
mary of characteristics of all moraines, bedrock, and sampled
boulders in our study areas are provided in Table 1.

5. Dating results
5.1. Hamtah study area

mys is correlated with Kulti glacial stage moraines of Owen et al.
(1996, 1997, 2001) in Lahul. Ages for mys range from ~16.2 to 4.0 ka
(Xz value of 98.3; Fig. 5A; Table 2). Three outliers (Hamtah 1402,
1403, and 1404) were identified and discarded from the final
analysis (Table 2; Fig. 5A). The remaining three samples have a
weighted mean age of 10.4 +0.4 ka (Table 4; Fig. 6A). This early
Holocene glacier advance overlaps (at +2c) with the previously
reported Kulti glacial stage of Owen et al. (2001) at 11.6 + 0.6 ka in
the Chandra valley, Lahul (n = 2; recalculated here in Supplemen-
tary material S3). However, using different in situ '°Be production
rates Eugster et al. (2016) assigned the Kulti glacial stage to
13.7 + 1.3 ka.

Ages for myi, range from ~2.4 to 0.14 ka (Fig. 5B; Table 2) with a
high degree of dispersion (i.e., %2 is 124.9; Fig. 6B). Since most of the
samples were collected away from slope deposits and they show no
sign of post-depositional modification, one possibility is that the
age range is due to varying prior-exposure histories. The skewed
distribution toward the younger ages (skewed +2.13) further sug-
gests that the older ages are due to inherited '°Be (Ivy-Ochs et al,,
2007). Although, we have assumed no production of 1°Be during
glacial transport, a horizontal surface flow velocity of
~20—14myr~! (Shukla et al., 2015) could account for inheritance of
as much as ~0.3—0.1 ka. Two outliers (Hamtah 1408 and 1502 in
Table 2) were identified and removed, leaving an age range of ~0.4
to 0.1 ka. The tentative weighted mean moraine age based on three
boulders is ~0.2 + 0.1 ka (Table 4; Fig. 6B).

5.2. Karzok study area

Ages for my3 range from ~57.2 to 22.9 ka with a %2 value of 124.0
(Fig. 5C; Table 2). Since, most of the granitic boulders on this
moraine exhibit spheroidal weathering, the ages may be affected by
post-depositional modification of the boulders (Supplementary
material S2). We tentatively associate the moraine age with oldest
boulder age (57.2 + 3.5 ka).

my2 has five ages that are similar except for one outlier, KO-1
(Fig. 5C, Table 2). The outlier-free distribution yields a weighted
mean age of 1.0+ 0.1 ka (Table 4; Fig. 6C). These ages are similar
across all the four ice-contact ridges of my;; moraine, which sug-
gests that all the moraine ridges may have all formed within several
decades.

Four ages for my; are tightly clustered, except for one outlier,
KO-7 at ~0.2 ka (Fig. 5C; Table 2). After eliminating the outlier, the
moraine has a weighted mean age of 0.7 + 0.1 ka (Table 4; Fig. 6D).

The four ages for mg; when combined with four additional ages
from Hedrick et al. (2011) range from ~23 to 3.3 ka (3?=111.3;
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Fig. 5. Geomorphology of the study areas with cosmogenic '°Be surface exposure ages. (A) Enlarged Hamtah valley showing the '°Be ages on the oldest (my;3) and (B) youngest
(mp14) moraines. (C) Mentok Kangri with '°Be ages. (D) Gomuche Kangri with new and published °Be ages (*). (E) Enlarged section of the Amda Kangri showing oldest moraine,
a3, and bedrock samples with 1°Be ages shown in boxes and (F) youngest moraine (m,;) showing '°Be ages. (G) Stok moraine complex (ms;) with '°Be ages. Note that the maps are
based on UTM projection (Zone 43N) and WGS 1984 datum. See online version of the figure for more clarity.

Fig. 5D; Table 2). Two outliers are evident (KO 1502: 12.4 + 0.7 ka
and TM-C: 22.9 + 1.7 ka). After omitting the outliers, the remaining
six ages have an overlapping multimodal normal kernel density
distribution (Fig. 6E). mg, appeared to be a detached dead-ice
section of the main glacier which was likely unstable during the
past (Fig. 4E). Some of the young ages are possibly the result of
post-depositional toppling of moraine boulders. It is not possible to
assign a mean age to this moraine with confidence, but we suggest

that this moraine likely formed between ~6.1 and 3.3 ka (Table 4;
Fig. 6E).

The five ages for mg; range from ~2.6 to 0.5 ka with a 2 value of
181.7 (Fig. 5D; Table 2). Two young outliers (KO 15 at ~0.6 ka and
KO16 at ~0.5 ka), which are morphostratigraphiclly inconsistent
(Fig. 5D), were omitted (Fig. GF, Table 2). Field observations of the
sampled boulders (Supplementary material S2) indicates that they
are inset a little off-the-crest of the moraine. It is highly possible
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Table 4

A summary of Holocene local and regional stages of glacier advances based on cosmogenic °Be surface exposure age data.

Regional Local glacial stage Local stage Regional stage age n (outlier Chi-squared Mean regional glacial P (sig 2-tailed) Detween regional
glacial stage age (ka)* range (ka) free) value ° stage age (ka)* glacial stages
HH 7 mys (This study) 1042+034 ~10.9-9.3 3 0.48 10.06 +0.42 0.000
Olimde 3 stage (Seong et al., 2009) 10.25 +0.15 6 0.10
Olimde 3 stage (Seong et al., 2009) 9.80 + 0.32 8 0.43
HH 6 Olimde 4 Stage (Seong et al., 2009) 7.98 +0.09 ~8.2-74 6 0.06 7.83+0.23 0.004
Olimde 4 Stage (Seong et al., 2009) 7.77 +0.26 5 0.48
Olimde 4 Stage (Seong et al.,, 2009) 7.74 + 0.24 6 0.41
HH 5 Mungo 2 stage (Seong et al.,, 2007) 6.63 +0.30  ~6.9—4.3 4 0.68 513+1.11 0.000
Askole 2 stage (Seong et al., 2007) 5.83 + 0.60 4 0.92
Olimde 5 stage (Seong et al., 2009) 5.06 +0.12 3 0.33
KM-4 stage/mg, (Hedrick et al,  4.94 +0.28 6 13.12
2011; This study)
HH 4 Olimde 6 stage (Seong et al., 2009) 4.32 +0.09 ~4.5—2.8 3 0.19 3.87+0.58 0.000
Olimde 6 stage (Seong et al., 2009) 3.95 +0.25 3 217
PM-2 stage (Hedrick et al., 2011) 3.42+0.71 3 17.79
HH 3 Ladakh Chang La cirque (Dortch  2.31+0.24 ~2.7-1.8 4 2.01 2.19+0.22 0.000
etal, 2013)
Olimde 7 stage (Seong et al., 2009) 2.19 +0.07 6 0.19
mg7 (This study) 2.10+0.34 3 9.37
HH 2 ms; (This study) 1.20+0.05 ~1.8-0.9 6 21.83 1.15+0.39 0.000
Olimde 7 stage (Seong et al., 2009) 1.66 +0.14 3 0.75
Olimde 7 stage (Seong et al., 2009) 1.35+0.36 4 4.58
me; (Orr et al,, 2017) 1.33+0.12 1 ?
Askole 3 stage (Seong et al., 2007) 1.03 +0.28 5 0.82
myz (This study) 0.99 +0.07 4 0.90
HH 1 my; (This study) 0.67 +0.07 <1ka 3 1.47 0.37 +£0.20 0.000
Olimde 8 stage (Seong et al., 2009) 0.66 + 0.22 3 10.19
Upper Yunam (Saha et al.,, 2016) 0.59+0.11 3 2.13
Pangong high cirque (Dortch et al., 0.50 + 0.09 3 0.63
2013)
Olimde 8 stage (Seong et al., 2009) 0.48 +0.13 4 4.19
Lonp stage (Lee et al., 2014) 0.47 +0.10 2 12.53
Mmazc (This study) 0.45+0.16 3 24.25
mg; (This study) 0.26 +0.06 3 6.78
PM-3 stage (Hedrick et al., 2011) 0.26 +0.04 3 2.22
My1q (This study) 0.18 +0.11 3 8.55

@ All local stage age uncertainties are reported in 1c.
b Corrected Chi-squared values are from outlier free distribution.
€ All regional stage age uncertainties are reported in 1c.

that this moraine is unstable and post depositional toppling of
some boulders may have occurred. Due to the smaller length of the
glacier (~1.3km), inherited '°Be production during transport is
probably less (>0.2 ka; assuming horizontal surface flow velocity of
the glacier is 7—4 myr~! after Scherler et al., 2011) than the un-
certainty of moraine formation. We tentatively assign a weighted
mean age of 2.1 + 0.4 ka to this moraine (n = 3; Table 4; Fig. 6F).

5.3. Lato study area

The older moraine, mgs3, has young exposure ages (2.1 + 1.4 and
1.6 + 0.3 ka). These ages are also reported in Orr et al. (2018) and
they have assigned these moraine ages to their Kyambu glacial
stage. However, these ages are morphostratigraphically inconsis-
tent and have very high uncertainties (>66%). The moraine should
be much older than the bedrock ages (ba: ~14 ka) sampled further
upstream from this moraine (Fig. 5E; Table 2). Since, we preferen-
tially sampled larger fresh boulders from the southern face of the
moraine, that appears overridden by recent hillslope deposits, one
possibility is that we may have sampled boulders deposited much
later than the stabilization of the moraine and hence may represent
hillslope activity than the absolute age of the moraine. We are
unable to assign a numerical age to this moraine.

The three bedrock ages for by are consistent (Fig. 5E; Table 2)
and have a weighted mean age of 13.9 + 0.4 ka (Fig. 6G).

The ages for my,. range from ~27.6 to 0.4 ka (Fig. 5F; Table 2).
Even after three outliers (Lato 1409, 1410, and 1411) were omitted

from the age distribution, the dispersion is still high with a % value
of 24.3 (Fig. 6H). There was no sign of differential surface erosion
and/or post depositional modification of these boulders and the
surface of the moraine ridge is stable with a rounded crest. While it
is possible that two older age outliers (~4 and ~3 ka) from mgy. may
have undergone different prior-exposure histories in this low
erosion rate setting, the possibility of boulder toppling is very un-
likely (Supplementary material S2). We therefore, discarded the
two outliers (Table 2) and the outlier free population ranges be-
tween ~0.7 and ~0.4 ka with a tentative weighted mean moraine
age of 0.5 + 0.2 ka (Table 4; Fig. 6H).

Five ages for mu; range from ~3.4 to 0.2 ka (Fig. 5F; Table 2). After
omitting two older outliers (Lato 1415 at ~1.8 and LATO 1419 at ~3.4
ka), we assign a weighted mean age of 0.3 + 0.1 ka to this moraine
(Table 4; Fig. 6I).

5.4. Stok study area

Four ages for the distant northern ridge of ms; that were
determined by Orr et al. (2017) range from ~2.1 to 0.3 ka, whereas
five ages for the southern moraine, that include one new and four
previously published ages in Orr et al. (2017), range between ~0.9
and ~0.1 ka (Fig. 5G; Table 2). A young outlier (Stok 1404 with an
age of ~0.3 ka) from the northern latero-frontal moraine and two
young outliers (Stok 1406 and 1407 at ~0.6 and ~0.1 ka, respec-
tively) from the southern latero-frontal moraine are evident and
excluded from the subsequent analysis (Table 2). Field evidence
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Fig. 6. Probability density plots showing outlier-free age distributions for each dated moraine in the study areas. Relevant age statistics are enclosed in boxes of each members. Age
uncertainties (10, 26, and 3c) are represented by vertical lines. This statistical treatment proved robust for moraines with %2 of outlier-free population (called here as ?eated)
within expected 95% confidence interval of a normal kernel density functions (which we called xzexpmed). The moraines with %?ieated> xzexpected are interpreted as tentative (lower
confidence) in this study.



S. Saha et al. / Quaternary Science Reviews 187 (2018) 177—202 193

(see Supplementary material S2) suggests possible toppling and
displacement (i.e., incomplete exposures) of these young outlier
samples. The recessional moraine ridges of ms; also appeared un-
stable at several places. Although we avoided sampling unstable
locations, the stability of the moraine complex in the recent past is
not entirely clear. In contrast to boulder toppling, an inherited 1°Be
concentration during supraglacial transport may result in age
overestimation by ~0.3—0.1 ka (assuming the same glacier surface
velocity as Gomuche Kangri). Similarly, since some of the older age
boulders at the northern ridge are close to cirque walls (Fig. 4I),
they are likely to be affected by reworking and hillslope deposits
and therefore, may be biased by inheritance. The outlier free dis-
tribution shows overlapping multimodal relative probabilities
(Table 4; Fig. 6]), thus we refrain from assigning any mean age to
this moraine complex; its age is likely bracketed between ~2.1 and
~0.9 ka (Table 4; Fig. 6]).

6. Equilibrium-line altitudes

The reconstructed steady-state ELAs for our study areas, in
general, reflect gradual altitudinal rise of ~180—4 m since the early
Holocene in the Lahul and the Zanskar study areas. Hamtah glacier
in Lahul was the most extensive (~10.7 km long) during the early
Holocene at ~10.4 ka with AELA of ~182 + 57 m (Table 5). The next
dated glacier advance, at ~0.2 ka, had a AELA of ~57+28 m
(Table 5).

In the Karzok valley, Gomuche Kangri experienced relatively
larger (extending ~0.8 km) Neoglacial glacier advances during
~6.1-3.3 ka, with a AELA of ~159 + 77 m. The AELA was ~64 + 50 m
during a later restricted advance (extending ~0.2 km) at ~2.1 ka
(Table 5). The adjacent Mentok Kangri, however, only extended ~0.5
and 0.3 km during the late Holocene, at ~1.0 and ~0.7 ka, with
AELAs of ~63 + 6 and 21 + 3 m, respectively (Table 5).

In the Lato valley, Amda Kangri advanced at ~0.5 and ~0.3 ka and

was restricted to ~0.4 km (AELAs of ~21 + 7) and ~0.04 km (AELAs of
~4+4m) from its contemporary glacier terminus, respectively
(Table 5).

The late Holocene moraine complex (ms; at ~2.1—0.9 ka) of the
Stok Kangri represents a glacier advance of ~0.3km from its
contemporary terminus, with a AELAs of ~65 + 11 m (Table 5).

7. Discussion
7.1. Local glacial stages in study areas

The young moraines in our study exhibit scattering in 1°Be ages
(16 outliers out of 49; Fig. 7A; Table 2). These scattering manifests
themselves in %2 of >1, positive skewness, and convex upward
cumulative probability density distributions (cf. Applegate et al,,
2012). Our interpretation of the cosmogenic '°Be measurements
is that for especially young features, i.e. Holocene, inherited °Be
could represent a substantial fraction of the cosmogenic °Be in-
ventory. Likewise, the instability of many of the sample surfaces
increases the possibility that some samples have not been exposed
to cosmic rays continuously since the deposition time of the sur-
face. Since, most of the glaciers in our study are cold-based sub-
polar types that are not substantially erosive in nature (except
Hamtah glacier), the limited erosion of bedrock cliffs (>0.6 m of
bedrock erosion is required to obtain rock with no '°Be) that
overhang these glaciers, and/or reworking of older glacial deposits,
could help explain the presence of inheritance (cf. Applegate et al.,
2012). An additional complication is the possibility of °Be pro-
duction in boulders en transit to deposition. Supraglacial exposure
might lead to an overestimate of moraine ages by as much as
~0.3—0.1 ka as well as adding scatter. Recent studies which date
supraglacial boulders on glacier surfaces (cf. Ward and Anderson,
2011), suggest age inheritance ranging between ~0.9 and ~0.05 ka
for more humid glaciers in the Central and Eastern Himalaya

Table 5
A summary of ELAs and AELAs in our four study areas.
Glacial Mean moraine  Glacier area  Mean Mean Head (m Toe (m MELM (m Area- Area- Toe-Headwall Mean ELA  AELA
Stage age (ka) (~km2) slope (~) Aspect asl) asl) asl) Altitude Accumulation altitude ratio (m asl) (m)
ratio
AA (m AAR AAR AAR THAR THAR THAR
asl) (0.5) (0.6) (0.7) (0.3) (0.4) (0.5)
Hamtah Valley, Lahul
Present 4.0 27 NW 5011 4056 4569 4459 4479 4429 4380 4347 4443 4540 4456 +70
My1q 0.18+0.13 5.6 29 NW 5063 3941 - 4407 4429 4389 4259 4285 4397 4510 4382+79 57+28
Mmpys 10.42 +0.42 6.6 30 NNW 5063 3688 — 4332 4389 4240 4119 4103 4241 4380 4258 +108 182+57
Mentok Kangri, Karzok
Present 2.5 33 NE 6003 5482 5659 5740 5739 5719 5689 — - - 5709 + 31
Mp 0.67 +0.09 2.8 34 NE 6003 5447 — 5714 5720 5699 5669 — - - 5701+20 21+3
mpy 0.99 +0.08 41 30 NE 6003 5378 — 5685 5679 5650 5620 5568 5631 5695 5647 +41 63+6
Gomuche Kangri, Karzok
Present 1.5 42 N 6084 5381 5649 5873 5929 5889 5839 5599 5669 5740 5773 +117
mgy 2.10+0.42 1.8 42 N 6084 5332 - 5805 5889 5819 5660 5564 5639 5715 5727 +107 64+50
mgz (or  4.40+1.17 2.1 39 NNE 6084 5206 — 5732 5829 5649 5530 5473 5561 5650 5632+113 159+77
KM-4)
Amda Kangri, Lato
Present 1.1 22 ENE 5743 5312 5489 5538 5529 5509 5469 — - - 5504 + 24
Mag 0.26 +0.08 14 25 ENE 5764 5298 — 5533 5529 5499 5469 — — - 5511+27 4+4
Mazc 0.45 +0.02 1.6 25 ENE 5764 5264 — 5511 5519 5479 5439 — - - 5487 +31 21+7
Stok Kangri, Zanskar
Present 0.6 36 NE 5721 5288 5459 5507 5509 5489 5439 — - - 5481 +27
Ms; 1.20+0.48 0.9 34 NE 5748 5234 — 5456 5439 5409 5379 — - - 5421+29 65+11

Note: The present here refers to year 2016 AD.
m asl is meter above sea level.
‘" indicates reconstructed ELAs are ambiguous/erroneous.
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Fig. 7. 1°Be ages for new study areas. (A) Scatter plot with error bars showing local glacial stages from four study areas. Moraine boulder ages are arranged by morphostratigraphy
from oldest to youngest for each valley. (B) Schematic longitudinal topographical profiles of each of the studied glaciated valley with their (weighted) mean+1c moraine exposure

ages.

(Heimsath and McGlynn, 2008; Murari et al, 2014). Post-
depositional boulder toppling could also contribute to scatter by
exposing fresh surfaces after deposition of the moraine. These
processes are likely present in all glacial settings, but for LGM or
older features the production of 1°Be in supraglacial boulders or the
toppling of a boulder in the first ~1 ka of a moraine represents an
undetectable perturbation on the '°Be inventory. For Holocene
glaciation the impact of these processes is potentially substantial
and may be a major contributor to scatter in our results (Supple-
mentary materials S3). The ms; complex in Stok Kangri supports
the view that instability and possible post-depositional boulder
toppling (incomplete-exposures) may contribute to spread of 1°Be
ages on moraines. Post-depositional hillslope contamination, e.g.,
supply of rock fall debris to moraines, however, is a possibility for
age scatter for the my3 in Hamtah and my3 in Lato (Supplementary
materials S8).

Despite the scatter introduced by these geologic factors, we
identify five Holocene local glacial stages using the 49 new and 12
published (Hedrick et al., 2011; Orr et al.,, 2017) '°Be ages. These
date to ~10.4, ~6.1-3.3, ~2.1-0.9, ~0.7—0.4, and ~0.3—0.2 ka, with
three synchronous advances at ~2.1-0.9, ~0.7—0.4, and ~0.3—0.2 ka
(Table 4; Fig. 7A).

A large glacier advance occurred in the early Holocene in the
Hamtah study area, which is the wettest (~800—400 mm) of our
study areas. Hamtah glacier extended >10 km in Lahul at ~10.4 ka
(Fig. 7A, Bi) with an AELA of ~182 + 57 m (Tables 4 and 5). Similar
extensive early Holocene local glacial stages are evident in the
semi-arid Muztag Ata-Kong Shan region of the northwestern Tibet
(Seong et al., 2009), but with larger AELAs of between ~797 + 129
and 574 + 181 m (Supplementary materials S7, S9).

Neoglacial glacier advances at ~6.1—3.3 and ~2.1—-0.9 ka in our
semi-arid study areas of the Zanskar Range were restricted in
extent (<1.0 km; Fig. 7A, Biii; Table 4). Gomuche Kangri in the

Karzok valley advanced ~0.8 km (~159 + 77 m) at ~6.1-3.3 ka; we
cannot assign a precise age to this glacier advance. Coeval local
glacial advances also occurred in other areas of Zanskar, e.g., in the
Puga valley (Hedrick et al., 2011), in the mid-latitude westerlies
dominated Central Karakoram (Seong et al., 2007), and in semi-arid
Mugztag Ata (Seong et al., 2009), with AELAs ranging from ~650 to
150 m (Supplementary materials S7, S9).

Restricted (~0.3 km) local glacier advances at ~2.1 ka occurred in
the Karzok valley (Fig. 7A, Biii), Ladakh (Dortch et al., 2013) and in
Muztag Ata (Seong et al., 2009), with a AELAs ranging between
~130 and 56 m (Supplementary materials S3, S7). An equally
restricted glacier advance (~0.3 km) occurred at ~2.1 to 0.9 ka in the
Stok valley (Fig. 7A, Bv). We are unable to assign a precise age to this
local glacier advance. Another restricted (~0.5km) local glacier
advance at ~1.0 ka occurred in the Mentok Kangri valley, with a
AELA of ~63 + 6 m (Fig. 7A, Bii). Corresponding glacier advances are
also proposed for the Central Karakoram and northwestern Tibet at
between ~1.7 and 1.1 and ~1.0—0.9 ka, respectively (Supplementary
material S3 and references therein).

Two local glacial stages with limited extent (<0.4 km) occurred
during the late Holocene, at ~0.7—0.4 ka in the Karzok and Lato
study areas (Fig. 7A, Bii, Biv) and at ~0.3—0.2 ka in the Hamtah and
Lato study areas (Fig. 7A, Bi, Biv). These local glacial stages probably
represent Little Ice Age (LIA) glacier advances with AELAs ranging
between ~57 and ~4 m (Supplementary materials S7, S9). Coeval LIA
stages are also recognized in the other valleys in Zanskar (Hedrick
et al., 2011; Dortch et al., 2013; Saha et al., 2016), Ladakh (Lee et al.,
2014), and in Mustag Ata (Seong et al., 2007, 2009; Supplementary
material S3).

7.2. Himalayan Holocene regional glacial stages (HH)

We propose seven Himalayan Holocene regional glacial stages
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(HHs) using our 49 new and 187 published '°Be ages from a total 32
glaciated valleys across the northwestern end of the Himalaya and
Tibet (Figs. 8 and 9; Table 4; Supplementary material S3). The
modern distribution of moraine successions is being utilized as
proxy for paleoclimate (e.g., Benn and Ballantyne, 2005; Ballantyne
et al,, 2007; Owen and Dortch, 2014), but this approach has been
questioned because several additional non-climatic factors are also
believed to influence moraine formation (Warren and Hulton, 1990;
Kaplan et al., 2009; Roe and O'Neal, 2009; Roe, 2011; Anderson
et al., 2012; Barr and Clark, 2012; Barr and Lovell, 2014) and their
preservation (Putkonen and O’Neal, 2006; Kirkbride and Winkler,
2012). These factors include: moraines formed by valley glaciers
that are significantly impacted by topography (Barr and Lovell,
2014); micro-climate (Oerlemans, 2010); glacier response time
(Oerlemans, 2005); erosional censoring (Kirkbride and Winkler,
2012); altered glacier flow by the presence of pre-exiting land-
forms/deposits (Owen et al., 2001); and intrinsic climate variability
(Roe and O'Neal, 2009; Roe, 2011).

While these non-climatic geologic factors undoubtedly impact
glacial activity, they may have only a limited effect on Holocene
timescales. For instance, erosion censoring (or eradication) of
geomorphic records and self-defeating feedback mechanisms (see
Macgregor et al., 2000; Kaplan et al., 2009) are unlikely since we
use mostly small cirque and valley glaciers in relatively semi-arid/
arid climate (except transitional climate in Hamtah valley) in our
study. The progressively decreasing extent of glacier advances over
the Holocene are least likely to be modified by erosional feedback
mechanisms (see Barr and Lovell, 2014). Limited range-scale uplift
(<20 m in 10 ka after Lavé and Avouac, 2001) during the Holocene
makes it unlikely that any significant topographic/tectonic controls
have occurred (see Barr and Lovell, 2014). However, a complex
combination of other stochastic factors specific to each locality,
including climatic and microclimatic regimes, climate variability,
pre-existing topography, debris cover, glacial history, and geologic
setting, could influence the timing and extent of Holocene glacia-
tion and the preservation of glacial evidence in our study areas
(Hobley et al., 2010; Dortch et al., 2011; Dietsch et al., 2015).

Despite these limitations, glacial chronologies represent a sig-
nificant archive of climate and considerable effort continues to be
made to link timing and extent of past glacier advances (Gillespie
et al., 2003; Grove, 2008; Davis et al., 2009; Dortch et al., 2013)
to climate change (Dyke and Savelle, 2000; Putnam et al., 2013b),
including ELA reconstructions (Benn and Lehmkuhl, 2000; Kaplan
et al., 2013). Reconstructing regional glacial stages based on mul-
tiple local stages, thus provide an opportunity to address these is-
sues and the large-scale assessment of glaciation, which may differ
locally. In our study, a regional assessment helps us to compare
changes in ELAs between more monsoonal glaciers to the south and
more arid sub-polar type glaciers to the north (Supplementary
material S9). The glaciers in the south are more sensitive to changes
in temperature and therefore, likely more extensive during colder
events. The opposite is true for the more cold-based glaciers in the
northern regions, which are more sensitive to changes in moisture
supply (Benn and Owen, 2002).

Each HH is discussed below and broad-scale possible forcing
factors for glaciation are considered (Fig. 8). However, correlating
discrete glacial records with continuous climate proxy records is
challenging and should be interpreted cautiously (see Roe, 2011).
Here, we speculate on possible climate forcing by considering the
high-resolution proxy records as a guide to assess climatic integrity,
spatial coherence, and chronological robustness of our HHs, as
generally proposed by Kirkbride and Winkler (2012).

7.2.1. Regional glacial stages for the late glacial
Two late glacial regional glacial stages, i.e., ~15.4—12.7 and

~12.6—11.4 ka, are evident in our analysis (Figs. 8A and 9; Supple-
mentary material S3). These late glacial advances often extend into
the Holocene and are also crucial to understand the long-term
possible forcing factors. The weighted means of these glacier ad-
vances are at 13.9+0.7 and 11.9 + 0.5 ka.

Our limited analysis of AELAs in thirteen glaciated valleys
broadly indicates extensive glacier advances during ~15.4—12.7 ka
in the Central Karakoram (except in the Hunza valley) and Muztag
Ata (~1105—491 m). In comparison, temperate glaciers in Lahul to
the south are relatively restricted (AELA ~490—340 m), possibly
indicating enhanced moisture supply further north. Moisture sup-
ply may be orographically restricted (AELA ~122—97 m) in the
Pamir and Alay Ranges during these glacier advances, which is in
the extreme northwest of our study areas (see Supplementary
materials S9). We speculate that these glacial advances may be
coeval with the enhanced monsoon in the orogen during Bglling-
Allergd Interstadial (~14.7—12.7 ka; Fig. 9).

Glacier advances are also dated during ~12.6—11.4 ka in Lahul,
Central Karakoram, and Muztag Ata. Relatively larger AELAs are
evident for Lahul and Central Karakoram (~580—667 m) compared
to those in the Muztag Ata-Kong Shan region (~201 + 117 m) (see
Supplementary materials S9). However, our data is too limited to
confirm any climatic influence during this stage. We speculate that
the timing of this glacier advance might be coincident with the
Younger Dryas (YD) Stadial (12.9—11.7 ka) and North Atlantic
cooling (Denton and Broecker, 2008; Chiang et al., 2014).

These glacier advances closely match with the proposed semi-
arid western Himalayan-Tibetan stages (SWHTS) 2B (13.9+0.5
ka) and 2A (12.2 + 0.8 ka) of Dortch et al. (2013) and the monsoonal
Himalayan-Tibetan stages (MOHITS) 2A (12.9+0.9 ka) and 1K
(11.4 £ 0.7 ka) of Murari et al. (2014 and references therein).

7.2.2. HH 7 (~10.9-9.3 ka)

A short-term but relatively extensive early Holocene glacier
advance is recognized from three local glacial stages with ages
ranging from ~10.9 to 9.3 ka and a weighted mean of 10.1 + 0.4 ka,
which we call HH 7 (Figs. 8A and 9; Table 4). This regional glacial
chronostratigraphy matches closely with the MOHITS 1] at
10.1 +£ 0.5 ka of Murari et al. (2014 and references therein) for the
monsoonal eastern and central Himalaya. Larger changes in ELAs
(~797—574 m) are evident in northern sub-polar glaciers in Muztag
Ata (Seong et al., 2009) than in southern temperate/monsoonal
glaciers in Lahul (~182 + 57 m; see Supplementary materials S9).
We speculate, given dataset size, that this is largely because of
relatively enhanced moisture supply and associated cloud albedo
and radiative cooling in the cold-based northwestern Tibetan gla-
ciers (cf., Rupper et al., 2009). The onset and rapid increase in
monsoonal precipitation following a northerly shift of the Inter-
tropical Convergence Zone (ITCZ) is also widely suggested during
this time on the basis of speleothem (Fleitmann et al., 2003, 2007;
Dykoski et al., 2005; Wang et al., 2005; Hu et al., 2008), and glacial
and pluvial lake records (Ji et al., 2005a, 2005b; Yu et al., 2006;
Herzschuh, 2006; Zhu et al., 2009; Mischke and Zhang, 2010; Leipe
et al, 2014) in Oman, China and India (Fig. 9). We tentatively
associate this possible climatic linkage recorded widely in multiple
proxy records with glacial advances in the northwestern Himalaya
and Tibet.

7.2.3. HH 6 (~8.2—74 ka)

HH 6 has a weighted mean age of 7.8 + 0.2 ka with local glacial
stages ranging from ~8.2 to 7.4 ka (Figs. 8B and 9; Table 4). This
stage is recorded in three valleys in Muztag Ata with AELAs ranging
between ~612 and 144 m (see Supplementary materials S9). Coeval
glacier advances were also recorded in the semi-arid Zanskar
(Sharma et al,, 2016), the monsoonal southeastern and central
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Fig. 8. Radial plots for outlier-free individual boulder ages comparing statistically
significant two nearest age clusters, reported here as regional glacial stages, per
selected timescale. We separately plotted two adjacent groups in each plot to
demonstrate the statistical differences including their mean ages. Note: open and
closed-blue circles represent two nearest but different age population in each plot.

Himalaya (Bisht et al., 2015), and arid northern Tibet (MOHITS 1H at
8.1 + 0.8 ka and MOHITS 1G at 7.7 + 0.6 ka of Murari et al., 2014 and
references therein), but the AELAs have not be determined for these
regions. Abrupt temperature lowering with aridity during this time
is also recorded extensively in several lake records from Tibet and
has been linked to abrupt North Atlantic cooling between 8.5 and
8.2 ka (Ji et al., 20054, 2005b; Kramer et al., 2010; Mischke and
Zhang, 2010).

7.24. HH 5 (~6.9—4.3 ka)

HH 5 has a weighted mean of 5.1 + 1.1 ka and is evident in four
glaciated valleys (Figs. 8B and 9; Table 4). The AELAs in Lahul and
Mugztag Ata are comparable (~172—160 m), but relatively larger in
the Central Karakoram (~622 + 250 m; see Supplementary mate-
rials S9). Equivalent glacier advances are also reported in the more
monsoonal central Himalaya and southeastern Tibet (MOHITS 1F at
5.4 + 0.6 ka of Murari et al., 2014 and references therein). However,
our local glacial stages are limited and highly scattered (19%
dispersion) to decipher the role of climate during this regional
stage. Recently, Srivastava et al. (2017) suggested a cold-dry period
in the Himalaya at ~5.4—3.8 ka with high-frequency oscillation of
short-term wet-warm periods. Catchment specific variable climatic
responses are also reported in several lakes in Tibet during this time
(see the review of Herzschuh, 2006; and Zhang and Mischke, 2009;
Mischke et al., 2010). Whether this stage is associated with stronger
Indian Summer monsoon (moisture) in the early phase (~6 ka in
Fig. 9) or later with North Atlantic cooling (temperature) that is
teleconnected via mid-latitude westerlies cannot be determined.

7.2.5. HH 4 (~4.5-2.8 ka)

HH 4 has a weighted mean age of 3.9 + 0.6 ka; its local glacial
stages range from ~4.5 to 2.8 ka (Figs. 8C and 9; Table 4). Dortch
et al. (2013) also identified a glacial stage at 3.8 + 0.6 ka (SWHTS
1C). A larger AELA is reconstructed in the Puga valley of Zanskar
(~426 + 58 m) in the south relative to Muztag Ata (~212—153 m; see
Supplementary materials S9). The onset of a cold reversal during
this time, associated with North Atlantic cooling (Mayewski et al.,
2004; Solomina et al., 2015), is also recorded in glacial records in
the central Himalaya (MOHITS 1E at 3.5 +0.4 ka in Murari et al.,
2014 and references therein), peat records in the Garhwal Hima-
laya (Phadtare, 2000; Srivastava et al., 2017), the marine record in
the Arabian Sea (von Rad et al., 1999), and several lake records in
eastern (Mischke et al., 2010; Kramer et al., 2010; Mischke and
Zhang, 2010), central (Herzschuh et al., 2006), and southwest
Tibet (Gasse et al., 1996; Yanhong et al., 2006).

7.2.6. HH 3 (~2.7—1.8 ka)

HH 3 has a weighted mean age of 2.2 + 0.2 ka with local glacial
stages ranging from ~2.7 to 1.8 ka (Figs. 8C and 9; Table 4). The
AELAs are generally very small, but larger in Muztag Ata
(~131 + 24 m) than in Ladakh and Zanskar (~64—56 m; see Sup-
plementary materials S9). Coeval glacier advances are also reported
from the monsoonal central Himalaya (MOHITS 1D at 2.3 + 0.1 ka of
Murari et al., 2014 and references therein), although overall cold
and dry conditions have been proposed during ~3.0—1.4 ka in the
Garhwal Himalaya (Srivastava et al., 2017; Fig. 9). Due to small
number of local glacial stages (n=3), we cannot resolve the po-
tential climate forcing for these glacier advances.

Regional glacial stages are arranged in descending chronological order from A through
D. These results also show insignificant P(sig ».taileq) distributions. Dashed lines repre-
sent the weighted mean of each population. Note that 16 uncertainties for regional
glacial stages are reported. (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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Fig. 9. Chronostratigraphies for Holocene regional glacial stages (HHs) in the northwestern end of the Himalaya and Tibet and coeval short-term climatic changes recorded in proxy
records. HHs are arranged based on ELAs (x-axis) and organized according to (four) regions. A simplified summary of major Holocene climatic events is shown in the central part of
the diagram and is reconstructed after Demske et al. (2009), Wiinneman et al. (2010), Berkelhammer et al. (2012), Rawat et al. (2015a, 2015b), and Srivastava et al. (2017). Note that
the color scheme does not correspond to magnitude of the change, but only the time range. Reconstructed orbital trend at 65°N latitude (after Berger, 1978), oxygen isotopes from
Greenland ice cores—a proxy for temperature (Grootes and Stuiver, 1997.), from speleothems —a proxy for regional precipitation (Sanbao cave, China after Dong et al., 2010), and
from Guliya ice cores—a proxy for regional temperature (Guliya ice core, Tibet after Thompson et al., 1997) are shown in the right for climatic interpretation. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

7.2.7. HH 2 (~1.8—0.9 ka)

With local glacial stages ranging from ~1.8 to 0.9 ka and a
weighted mean of 1.2 + 0.4 ka, HH 2 was restricted in extent and is
recorded in six glaciated valleys (Figs. 8D and 9; Table 4). The age
dispersion for this HH is large (25%) indicating greater age scatter.
AELAs are relatively large in Muztag Ata (~222—130 m) compared
to the central Karakoram and Zanskar (~65—24 m; see Supple-
mentary materials S9). The relative AELA differences between
different types of glaciers in the north and south support the view
that moisture supply increased in the northwestern Tibet occurred
during this time. This stage correlates with MOHITS 1C at 1.5+ 0.2
ka of Murari et al. (2014) in the humid eastern Himalaya. Whether
stage 2 is associated with two cold events at ~1.7 and ~1.3 ka (Liu
and Thompson, 1998; Mischke and Zhang, 2010; Yu et al., 2006)
and/or intensified summer monsoon in the beginning of the Me-
dieval Warm Period (Gupta et al., 2003; Dixit and Tandon, 2016;
Srivastava et al., 2017) is impossible to resolve presently.

7.2.8. HH 1 (<1.0 ka)

Restricted local glacier advances are reconstructed during the
last 1 ka in ten glaciated valleys, with HH stage 1 having a mean age
of 0.4 + 0.2 ka (Figs. 8D and 9; Table 4). Due to large age dispersion
(43%) and overlapping ages, smaller sub-stages (e.g., MOHITS 1B at
0.7 + 0.1 and MOHITS 1A at 0.4 + 0.1 ka of Murari et al., 2014 in the
monsoonal central Himalaya and southeastern Tibet) are specula-
tive in our study areas. We suggest that this HH might corresponds
to LIA cooling episodes associated with North Atlantic sea ice
expansion and weakening of AMOC (Bond et al., 2001; Grove, 2004,
2008; Denton and Broecker, 2008) and is likely teleconnected by
mid-latitude westerlies (Rowan, 2016). However, AELA were quite

variable during this stage in our study areas. From south to north,
AELAs range from ~167 to 57 m in Lahul, ~400—4 m in Zanskar,
~230 m in Ladakh, to ~68—63 m in Muztag Ata-Kongur Shan region
(see Supplementary materials S9). Large scale regional variations in
AELAs also suggest catchment specific climate response during this
time and corroborate with the view that LIA was both cold and dry
and cold and wet depending upon the catchment in the western
Himalaya (Demske et al., 2009; Wiinnemann et al., 2010; Rawat
et al., 20154, 2015b; Liang et al., 2015; Srivastava et al., 2017).

7.3. Holocene glacier advances and hemispheric climate linkages

We compare our Himalayan regional glacial chronostratig-
raphies to global glaciation datasets (see Mayewski et al., 2004;
Grove, 2008; Davis et al., 2009; Luetscher et al., 2011; Schindelwig
et al., 2012; Schimmelpfennig et al., 2012; Schimmelpfennig et al.,
2014; Solomina et al., 2015, 2016 and references therein; Le Roy
et al., 2015, 2017; Moran et al., 2015, 2016, 2017) and climate
proxies derived from ice cores, lakes, and speleothems to help
decipher the long-term climate forcing behind HHs (Fig. 9). These
correlations are based on timing/chronozones, so they are accord-
ingly speculative. We identify two regional late glacial and seven
HHs (Fig. 9). The extent of glaciation varies significantly between
each HH (see Supplementary material S9). Detailed studies of
AELAs suggest relatively restricted glacial advances over time in
each valley from Lateglacial/early Holocene through to the LIA
(Fig. 10; see Supplementary material S1).

During the early Holocene (~10.9—9.3 ka) extensive glacial ad-
vances (AELA of ~425 + 229 m), relative to their LIA advance, are
recorded in the northwestern Himalaya and Tibet. Similar early
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Fig. 10. Global seasonal distribution of ITCZ (see also Fig. 1A) and Holocene glacial chronostratigraphies compiled after Mayewski et al. (2004), Grove (2008), Davis et al. (2009),
Luetscher et al. (2011), Schindelwig et al. (2012), Schimmelpfennig et al. (2012), Schimmelpfennig et al. (2014), Solomina et al. (2015, 2016 and references therein), Le Roy et al.
(2015, 2017), and Moran et al. (2015, 2016, 2017). Clock diagrams showing the timing of glacier advances (in ka) with qualitative comparison of glacier extents during each
chronozone. Here blue indicates extensive advances and pale brown restricted glacier advances relative to their LIA maximum. Our results for the northwestern Himalaya and Tibet
are solely based on '°Be ages with likely denote minimum age of glacial advance, whereas glacial records for other regions are based on variety of proxy climatic and glacial records,
and hence partial obliteration of glacial records during subsequent extensive advances is likely minimum. To be consistent in our interpretation, only records of glacial advances
(and not retreats) are shown here. Note also that here we present only Holocene glacial records (i.e., 11,700 years) and hence Younger Dryas records are not shown for focused
discussion. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Holocene extensive glacier advances (~11-9.6 ka), larger than LIA
maximum, are also recorded in European Alps (Schindelwig et al.,
2012; Schimmelpfennig et al., 2012; Schimmelpfennig et al.,
2014; Moran et al., 2015, 2016), Greenland (O'Hara et al., 2017),
Arctic Canada (Young et al., 2012), Svalbard (van der Bilt et al.,
2015), tropical Andes, Africa, and Southern Hemispheric extra-
tropical regions (Fig. 10; Solomina et al., 2015, 2016 and references
therein). Most of these early Holocene glacier advances in the high-
latitudes of northern hemisphere are being attributed to cooling
associated with the YD and short-term Preboreal Oscillation (PBO)
in the Nordic Seas (Schindelwig et al., 2012; Moran et al., 2015,
2016), or regional fresh water input to north Atlantic sub-polar gyre
(O'Hara et al., 2017). In contrast, early Holocene glacier advances in
our study areas are most likely modulated by tropical/subtropical
hydro-climatic changes and increased moisture supply and radia-
tive cooling (see Rupper et al., 2009) corresponding to a northerly
shifted Earth's thermal equator (ITCZ) and stronger monsoon
(Wang et al., 2001, 2004, Lea et al., 2003; Jennerjahn et al., 2004;
Dykoski et al, 2005; Severinghaus et al, 2009). Northward
migration of large-scale atmospheric circulation systems associated
with long-term orbital forcing likely favored high amplitude glacier
advances in the northern hemisphere sub-tropics (e.g., our study
area) and low-latitude tropical Andean and African glacier-systems
(Levermann et al., 2009; Frierson and Hwang, 2011; Ceppi et al.,
2013).

The subsequent early Holocene glacier advances, at ~8.2—7.4 ka,
are also extensive in the northwestern Tibet compared to their LIA
advance. Similar widespread high-amplitude glacial advances are
also dated in the northern hemisphere extratropical glaciers
(Solomina et al., 2015, 2016 and references therein; Cronauer et al.,
2016) and attributed to changes in the North Atlantic Ocean

condition (Alley et al., 1997; Davis et al., 2009; Eynaud et al., 2009).
Possible teleconnection via mid-latitude westerlies are proposed
for cooling during this time on the Tibetan Plateau (Thompson
et al., 1997, 2003; Seong et al., 2009; Dortch et al., 2013).

Five HHs are recognized between the mid-Holocene and LIA
(~6.9—0.2 ka) (Figs. 9 and 10). These glacier advances are compar-
atively more restricted in extent than early Holocene ones (AELA of
~141 + 106 and ~124 + 121 m in mid- and late-Holocene, respec-
tively). Many extensive glacier advances, as large as the LIA
maximum or larger (Luetscher et al., 2011; Moran et al., 2017; Le
Roy et al., 2015, 2017), are also evident since at least ~4.3 ka in
the northern hemisphere extratropical regions (Fig. 10). These
glacier advances are attributed to reduced northern hemisphere
insolation (Fig. 9) and corresponding north Atlantic sea-ice
expansion, weakening of the Atlantic Meridional Overturning Cir-
culation (Lund et al., 2006; Denton and Broecker, 2008; Chiang
et al., 2014), and southerly shifted ITCZ and westerly wind belts
(Haug et al., 2001; Sachs et al., 2009). The enhanced mid-latitude
westerly winds likely teleconnected the cooling events in our
study areas, but at subdued amplitude (Yancheva et al., 2007; Molg
et al.,, 2014, Srivastava et al., 2017). Our study, therefore, reinforces
the concept of long-term orbitally influenced Holocene glaciation
in the northwestern part of the Himalayan-Tibetan orogen and the
possible amplification by large-scale migration of Earth's thermal
equator and the associated hemispheric oceanic-atmospheric
systems.

8. Conclusions

We define the long-term pattern of Holocene glacier advances at
the northwestern end of the Himalayan-Tibetan orogen using 49
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new and 187 recalculated published '°Be moraine boulder ages
from 32 glaciated valleys. Despite the large dispersion of individual
19Be boulder ages on young moraines, our results suggest that in
our four study areas, five Holocene glacial stages are locally recor-
ded, including three synchronous advances. These date to ~10.4,
~6.1-3.3, ~2.1-0.9, ~0.7—-0.4, and ~0.3—0.2 ka.

An extensive (>10km) glacier advance and larger AELA
(~182 + 57 m) occurred in the early Holocene at ~10.4 ka in the
more humid Hamtah study area in the Lahul Himalaya. Relative to
early Holocene, middle and late Holocene glacier advances in our
study areas were progressively restricted with AELAs ranging from
~160 to ~4 m. Glaciers advanced at ~0.2 ka in the Hamtah valley, at
~6.1-3.3 and ~2.1 ka in the Gomuche Kangri and at ~1.0 and ~0.7 ka
in the Mentok Kangri valleys of Karzok, at ~0.5 and ~0.3 ka in the
Lato study area and at ~2.1-0.9 ka in the Stok valley during the
Holocene.

Seven HHs were determined by compiling 32 local glacial
chronologies (new and published ages) for the northwestern end of
the Himalayan-Tibetan orogen. These date to ~10.9—9.3, ~8.2—7.4,
~6.9—4.3, ~4.5-2.8, ~2.7—1.8, ~1.8—0.9, and <1 ka. These regional
glacier advances are highly variable in each valley during different
stages, but in general are relatively extensive for the early Holocene
with mean AELAs of ~425 +229 m, compared to middle Holocene
(mean AELA of ~141 + 106 m), and late Holocene (mean AELA of
~124 + 121 m). The spatial distribution of AELAs during different
HHs indicate a complex interplay of topography, hypsometry, and
moisture and temperature associated with the prevailing summer
monsoon and mid-latitude winter westerlies. Based on the ampli-
tude of Holocene glacier advances in the northwestern Himalaya
and Tibet, we argue that they are analogous to glacier advances in
the low latitudinal Andes, Africa, Peruvian Andes, and some
extratropical regions in the Northern Hemisphere, i.e., progres-
sively restricted from early to late Holocene. Nevertheless, the
timing of majority of HHs during mid- and late Holocene indicates
close correspondence with the North Atlantic cooling that is likely
teleconnected via mid-latitude westerlies, especially during ~8 ka
and after ~5 ka. In contrast, early Holocene glacier advances are
driven by a northerly shifted ITCZ and enhanced monsoon activities
in the region. We interpret this long-term pattern of Holocene
glacier advances to be likely influenced by orbital forcing and
amplified by large-scale migration of Earth's thermal equator and
the associated hemispheric oceanic-atmospheric systems. Future
studies should verify these findings with high-frequency Holocene
glacier advances across the entire orogen.
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