B OREAS An international journal
of Quaternary research

Geomorphology, sedimentology and minimum exposure ages of
streamlined subglacial landforms in the NW Himalaya, India

SOURAV SAHA, MILAP C. SHARMA, MADHAV K. MURARI, LEWIS A. OWEN AND MARC W. CAFFEE

BOREAS

Saha, S., Sharma, M. C., Murari, M. K., Owen, L. A. & Caffee, M. W. 2016 (April): Geomorphology,
sedimentology and minimum exposure ages of streamlined subglacial landforms in the NW Himalaya, India.
Boreas, Vol. 45, pp. 284-303. 10.1111/bor.12153. ISSN 0300-9483.

Streamlined subglacial landforms that include drumlins in three study areas, the upper Chandra valley around
Chandra Tal, the upper Spiti Valley and the middle Yunam Valley of the NW Himalaya of India were mapped
and studied using geomorphic, sedimentological and geochronological methods. These streamlined subglacial
landforms include a variety of morphological types, including: (i) half egg-shaped forms; (i) complex superim-
posed forms; (iii) dome-shaped forms; (iv) inverse forms; and (v) flat-topped symmetrical forms. Sedimentological
data indicate that subglacial deformational processes are responsible for the formation of the streamlined sub-
glacial landforms in the Chandra Tal and upper Spiti Valley study areas. In contrast, streamlined landforms in the
middle Yunam Valley are the result of melt-out and subglacial erosional processes. In the Yunam Valley study
area, 11 new cosmogenic 'Be surface exposure ages were obtained for boulders inset into the crests of streamlined
subglacial landforms and moraines, and also for a bedrock surface. The streamlined landforms date to 8-7 ka,
providing evidence of an early Holocene valley glaciation, and older moraines date to ~ 17-15 and 79-52 ka, rep-
resenting other significant valley glacial advances in the middle Yunam Valley. The subglacial landforms in the
Chandra Valley provide evidence for a >300-m-thick Lateglacial glacier that advanced southeast, overtopping the
Kunzum Range, and advancing into the upper Spiti Valley. The streamlined subglacial landforms in these study
areas of the NW Himalaya highlight the usefulness of such landforms in developing glacial chronostratigraphy
and for understanding the dynamics of Himalayan glaciation.
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The highly dynamic and debris-mantled nature of
many Himalayan valley glaciers (Owen & Derbyshire
1989; Benn & Owen 2002) can led to the misconception
that these glaciers are unable to produce distinctive
subglacial streamlined landforms such as drumlins.
However, although not common, drumlins and other
streamlined glacial landforms have been described in
several regions of the Himalaya (Owen ef al 1997,
2001; Pant et al. 2005). To address the paucity of infor-
mation about these landforms, we examined several
areas in the Lahul and the Yunam regions of the NW
Himalaya of northern India where streamlined glacial
landforms are common (Fig. 1). We studied the geo-
morphic and sedimentary characteristics of the stream-
lined landforms to help elucidate their mode(s) of
formation. We use the term ‘streamlined landforms’ to
refer to drumlins and similar streamlined landforms,
reserving the term ‘drumlin’ for landforms in which the
geomorphological and sedimentological evidence
unequivocally shows that they are truly drumlins. The
objectives of our study were to: (i) describe the general
characteristics of the streamlined landforms; (i1) deter-
mine their origin, specifically whether or not they were
formed by subglacial processes; and (iii) define when
the landforms probably formed by developing a local
glacial chronostratigraphy using cosmogenic '°Be. In
addition, as the orientation of subglacial streamlined
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landforms generally reflects past ice-flow direction (Tren-
haile 1975; Alley et al. 1986; Menzies & Rose 1989; Hart
1997; Spagnolo et al. 2011; Stokes et al. 2011, 2013;
Jonsson et al. 2014; Yu et al. 2015), we used them,
together with other geological evidence, including roche
moutonnées, striations and clast fabrics, to reconstruct
pastice-flow histories and ice dynamics.

Study areas

The Lahul and Yunam regions of the NW Himalaya
preserve geomorphic and sedimentary records of past
glacier oscillations. These regions are amongst the few
places in the Himalaya where preserved glacial land-
forms indicate piedmont glacier or ice-sheet like beha-
viour during the past (Owen et al. 1997, 2001). Sets of
half egg-shaped streamlined hillocks, with individual
hillocks tens of metres long and commonly arranged in
an en echelon pattern, are conspicuous glacial land-
forms in these regions. We examined the nature of
streamlined subglacial landforms in three valleys of the
NW Himalaya: (i) the upper Chandra Valley around
the Chandra Tal (centred on 32°28.86'N, 77°36.60'E,
at altitude ~4300 m a.s.l.); (ii) the upper Spiti Valley
(centred on 32°24.66'N, 77°38.58'E, at ~4550 m a.s.l.);
and (iii)) the middle Yunam Valley (centred on
32°50.46'N, 77°28.68'E, at ~4450 m a.s.l.) (Fig. 1).
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Fig 1. Location of the study region. A. Map of India including the state of Himachal Pradesh (HP), shown in black. B. Himachal Pradesh
showing Chandra-Bhaga and Spiti basins (highlighted in yellow) and Yunam basin (in pink). C. Location map (overlaid on LISS III imagery)
showing the major glaciers in the Chandra-Bhaga and Yunam basins of Lahul and Spiti, HP. The three study areas (marked by black rectan-
gles) are the upper Chandra Valley near Chandra Tal, the upper Spiti Valley near Kunzum La and the middle Yunam Valley north of Bar-

alacha La. This figure is available in colour at http://www.boreas.dk.

The upper Chandra Valley near the Chandra Tal in
Lahul is of particular interest because Owen et al
(1997, 2001) previously mapped and described the
streamlined landforms here as drumlins and stressed
their importance for reconstructing the glacial dynam-
ics and the geomorphic history of the region. Pant
et al. (2005) observed similar landforms in the adjacent
Yunam Valley, calling them drumlins on the basis of
their morphology. However, comprehensive descrip-
tions of these types of landforms were not provided
and descriptions of similar landforms in other regions
of the Himalayan-Tibetan orogen are not common.

The Chandra Tal study area in the upper reaches of
the Chandra Valley forms a wide intermontane basin
with an average width of ~2 km. The valley width
remains relatively constant until downstream of Chan-
dra Tal where it becomes steeper, narrows and is more
fluvially active. The wider, upper section of the valley
is where, during the Lateglacial, the main valley glacier
from the Baralacha La (4890 m a.sl.) joined the

westerly tributary Samundri and Dakka glaciers to
form a more extensive and thicker glacier (Owen et al.
1996, 1997). Both the Chandra Tal and upper Spiti
Valley study areas are located north of the northwest-
trending Pir Panjal Range and are traversed by the
Greater Himalaya. The north-trending Kunzum Range
separates the Chandra Tal study area to the west from
the upper Spiti study area to the east. Access between
these two study areas is through the Kunzum La at
4600 m a.s.l. The Zanskar Range and Greater Hima-
laya bound the Yunam Valley to the north and south,
respectively. The Yunam Valley is ~1 km wide and rises
from elevations of >2000 m a.s.l. to peaks that exceed
>6000 m a.s.l.

The study areas are located in a transitional climatic
zone of the Himalaya between monsoon-influenced
southern regions and mid-latitudinal westerlies-influ-
enced northern regions (Owen et al. 1995). There is a
strong northward aridity gradient across the NW
Himalayan region, with the modern snowline



286 Sourav Saha et al.
increasing northward from ~4800 to ~5500 m a.s.l.
(Taylor & Mitchell 2000; Owen & Benn 2005).
Geologically the region is complex, with the South
Tibetan Detachment fault (STD) marking an impor-
tant boundary between Lahul and Spiti to the south
and the Yunam Valley to the north. Crystalline rocks
of the High Himalayan Crystalline Series outcrop
south of the STD. Rocks of the High Himalaya com-
prise quartzo-feldspathic and phyllitic metasedimen-
tary rocks intruded by Palaeozoic granitoids and
Miocene leucogranites. In contrast, Mesozoic sedimen-
tary rocks of the Tethyan Zone are present in the hang-
ing wall and north of the STD. These rocks mostly
comprised the Yunam Valley study area, located south
of the Zanskar Range (Searle & Fryer 1986; Walker
et al. 1999; Webb et al. 2007).

Chronology of glaciation

Numerical ages for glacial landforms in our three study
areas and in adjacent areas of the NW Himalaya are
limited (Taylor & Mitchell 2000; Hedrick et al. 2011;
Owen & Dortch 2014). Of particular relevance to our
study is the work of Owen et al. (1996, 1997, 2001),
who on the basis of geomorphology, morphostratigra-
phy and cosmogenic '°Be and °Al exposure dating
identified five glacial stages/advances in the Chandra
and Bhaga Valleys of Lahul. From oldest to youngest
these are: (i) the Chandra glacial stage (not dated); (ii)
the Batal glacial stage 15.5 to ~12 ka (Lateglacial); (iii)
the Kulti glacial stage 11.4 to ~10.6 ka (early Holo-
cene); (iv) the Sonapani I glacial advance (not dated);
and (v) the Sonapani IT (~late 19th century) glacial
advance. In particular, Owen et al. (2001) dated boul-
ders inset into drumlin surfaces to ~11.2 to ~14.0 ka in
the Chandra Tal area and assigned them to the Batal
glacial stage.

Dortch et al. (2013) compiled 685 '°Be ages for the
semi-arid western regions of the Himalayan-Tibetan
orogen, including glacial stages/advances in the Chan-
dra and Bhaga Valleys. They proposed 19 regional gla-
cial stages since ~300 ka, which they called the semi-
arid western Himalayan-Tibetan stages (SWHTS;
Table 1). In this study we aimed to date glacial land-
forms to provide a new glacial chronostratigraphy for
the Yunam Valley and to help refine the existing
chronostratigraphical framework proposed by Dortch
et al. (2013) for the western Himalayan-Tibetan
regions (Table 1).

Methods

Mapping and geomorphic analysis

High-resolution satellite images (e.g. Google Earth
imagery, Google 2009; IRS LISS III, 29th October
2006) and digital elevation models (DEMs) generated
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from IRS Cartosat-1 stereo pairs (2.5 m) were used to
prepare reconnaissance maps for the Chandra Tal and
upper Spiti Valley study areas. Beginning with these
reconnaissance maps, we constructed geomorphic
maps at a scale of 1:10 000 using a handheld GPS
(uncertainty +3 m) to position important landforms.
The streamlined and other glacial landforms were
mapped and verified in the field by recording multiple
waypoints along their crests and margins, and their ori-
entations were recorded by using a compass. These
data allowed us to check our remote sensing maps with
field data. Our mapping techniques proved to be sim-
ple and robust, and they also allowed us to check the
field maps produced by Owen et al. (1997).

In the valley around Chandra Tal, the a- and b-
axes, and the ridge heights of the streamlined land-
forms were measured using a measuring tape. Deter-
mining the b-axes of many of the streamlined
landforms here was difficult due to the inaccessibility
of the landforms along cliffs. Hence, we only report
drumlin elongation ratios (a:b-axis; Trenhaile 1975;
Menzies 1979; Benn & Evans 1998; Hattestrand et al.
2004; Kerr & Eyles 2007; Clark et al. 2009) for the
middle Yunam Valley that was relatively accessible.
No volumetric analysis of streamlined landforms (cf.
Spagnolo et al. 2010, 2011; Yu et al. 2015) was under-
taken in this study.

Sedimentological analysis in the field

The sedimentology of selected streamlined landforms
was examined in natural and hand-excavated expo-
sures. Streamlined landforms are few at the northern
end of the Chandra Tal study area and where present
they are intensely denuded. We did not study the sedi-
mentology of these degraded landforms. In contrast,
streamlined landforms are relatively large, well pre-
served and sporadically distributed towards the south-
ern end of Chandra Tal. We therefore selected
landforms for detailed study near Chandra Tal where
they were relatively abundant, en echelon and strongly
aligned, and well preserved. To collect representative
sediment samples we chose the most typical half egg-
shaped streamlined landforms. As larger streamlined
landforms were very hard to hand-excavate to their
entire depth we chose five small- to medium-sized
landforms to excavate and undertake sedimentological
analysis and measure clast fabrics (Table 2). We con-
structed graphic sedimentary logs, recorded lithofacies
descriptions, described particle-size distributions, and
measured clast fabrics and clast shapes using the meth-
ods of Owen & Derbyshire (1989), Derbyshire & Owen
(1997), Benn & Owen (2002) and Knight (1997). The
wide areal distribution of sampled landforms in the
valley provides us with confidence that our sediment
samples are representative of the sedimentology of the
streamlined landforms.
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Table 1. Glacial chronologies for Ladakh and Zanskar shown with the regional glacial stages (semi-arid western Himalayan-Tibetan stages —
SWHTS) of Dortch et al. (2013) and synchronous regional glacial stages (monsoonal Himalayan-Tibetan stages - MOHITS) of Murari et al.

(2014). For details see Owen & Dortch (2014).

Regional
glacial stage

Dortch Murari et al.  Local glacial stage Local stage Regional Climate correlation
et al. (2013)  (2014) age (ka) stage age (ka)
SWHTS 9 MOHITS9 KM-0 stage of Hedrick ez al. (2011) 311+8 311+£32 MIS 9/10
SWHTS 7 MOHITS7 - 234+44 MIS-7/8
(tentative) (tentative)
SWHTS 6 MOHITS6A  Deshkit 3 stage of Dortch et al. (2009)  156+16 146+18 MIS-6, Monsoon and Westerly
SWHTS SE = MOHITSSE PM-0 stage of Hedrick et al. (2011) 126+8 121+£11 MIS-5e, Monsoon
SWHTS 5SA - Deshkit 2 stage of Dortch et al. (2009)  86+4 80+5 MIS-5a; Monsoon
Pangong-2 stage of Dortch et al. (2013) 85+15
Ladakh-4 stage of Dortch ez al. (2013) 81420
SWHTS 5A- — KM 1-3 stage of Hedrick et al. (2011) 72431 7248 MIS 4/5a; Monsoon/recession
SWHTS 4 MOHITS4 - - 6145 MIS-4; Westerly; Heinrich event-6
SWHTS 3 MOHITS3B  Deshkit 1 stage of Dortch ez al. (2009)  48+4 4644 MIS-3; Monsoon; Heinrich event-5
PM-1 stage of Hedrick ez al. (2011) 47412
Pangong-1 stage of Dortch et al. (2013) 40+£3
SWHTS 2F MOHITS2G — - 30+3 MIS-2; Monsoon; Heinrich event-3
SWHTS2E - Ladakh-2 stage of Dortch ez al. (2013) 2243 20+2 MIS-2; Westerlies; gLGM
SWHTS 2D  MOHITS2C - - 16.94+0.7 MIS-2; Westerly; Oldest Dryas;
Heinrich event-1
SWHTS 2C MOHITS2B - - 14.9+0.8 MIS-2; Westerly; Late Oldest Dryas
SWHTS 2B - - - 13.940.5 MIS-2; Westerly; Older Dryas
SWHTS 2A - - - 12.24+0.8 MIS-2; Westerly; Younger Dryas
SWHTS 1E MOHITSIH - N/A N/A MIS-1; Monsoon peakl; Climatic
Optimum (tentative)
SWHTS ID - - N/A N/A MIS-1; Climatic Optimum (tentative)
SWHTS IC  MOHITSIE KM-4 stage of Hedrick ez al. (2011) 39+1.6 3.84+0.6 MIS-1; Westerly
Correlation ~ MOHITSID PM-2 stage of Hedrick ez al. (2011) 2.742.3 N/A MIS-1; Monsoon; Neoglacial
inconclusive
SWHTS 1B MOHITSIC Ladakh Cirque of Dortch ez al. (2013) 1.840.4 1.74+0.2 MIS-1; Monsoon; Roman Humid
period
SWHTS 1A MOHITSIC Pangong Cirque of Dortch ez al. (2013)  0.4+0.3 0.440.1 MIS-1; Westerly; Little Ice Age
PM-3 stage of Hedrick ez al. (2011) 0.3£0.2

In the upper Spiti Valley area, a section was hand-
dug through a half egg-shaped streamlined landform
(KUN/07/50) and clast fabric analysis was undertaken
on this landform. Sand grains from this landform were
also sampled for surface texture analysis using scan-
ning electron microscope (SEM). In the middle Yunam
Valley, detailed sedimentological and clast fabric anal-
ysis were undertaken on two well-exposed road cuts of
streamlined landforms, designated as Exposure 1 and
Exposure 2 (Table 2).

Clast fabric analysis

Clast fabrics were measured in all the study areas to
help determine past ice-flow directions and formation
mechanisms (Stanford & Mickelson 1985; Bennett
et al. 1999; Evans et al. 1999; Table 2). We did not
observe any thin carapaces of till on the surfaces of the
streamlined landforms (Stokes ez al. 2011) that would
indicate postdepositional modification of the sediment.
Nevertheless, we removed the upper >15 cm of sedi-
ment to avoid measuring any sediment that might have
experienced postdepositional modification (Hubbard

& Glasser 2005; Schomacker et al. 2006). This kind of
unaltered depositional landform was well suited for
fabric measurements and was extensively used in our
study. We measured the trend and dip of a-axes of
clasts ranging in length from 4 to 14 cm with an a:b-
axis ratio of >3:2 over an area of 0.25 m” (cf. Knight
1997). In the Chandra Tal area, multiple clast fabrics
were recorded in the crest of the KG1/DPF stream-
lined landform at depths of 15 and 60 cm (DPFI;
Table 2) and in the side of the streamlined landform
IDPF1 at a depth of 15 cm. We also measured the ori-
entation of the lodged boulders in the surfaces of
streamlined landforms DPF3 and KUN/07/50 in the
Chandra Tal and upper Spiti areas, respectively. Five
other clast fabrics were measured at a depth of 15 cm
from the crests of the streamlined landforms KG2/
DPF, DPF2, KUN/07/50, Exposure 1, and Exposure 2
(Table 2).

Particle size and shape analysis

Sediment samples were collected for particle size and
shape analysis, and sand grain surface texture analysis
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(Table 2). Clasts larger than granule size were removed
in the field. The sediment samples were air-dried in the
laboratory for 2-3 days; a few cohesive samples were
then carefully disaggregated by hand. Approximately
180 g of each sample was weighed and sieved for
20 min using a motorized shaker in the Geomorpho-
logical Laboratory at Jawaharlal Nehru University in
Delhi. Particle size data were plotted using GRADISTAT
v8 (Blott & Pye 2001). The statistical methods of Folk
& Ward (1957) were used to characterize the particle
size distributions. The shapes of clasts with a-axes
between 4 and 26 cm long were determined in the field,
including several clasts examined during the fabric
measurements, by measuring their a-, b- and c-axes
using a Vernier calliper. Roundness and sphericity were
estimated using Power’s visual charts (Tucker 1988).

Sand surface textures

Sand surface textures were analysed using SEM from
sediment samples collected from the Chandra Tal and
upper Spiti Valley study areas (Table 2). Quartz sand
grains with diameters of 200-500 um were identified
under an optical microscope and mounted on metal
stabs using carbon double sticky tape. The grains were
coated with a 20-30 nm thick layer of gold using a
sputter conductive gold coating device. An energy dis-
persive X-ray (EDX) analyser mounted on a scanning
electron microscope at the Advance Instrumentation
Research Facility at Jawaharlal Nehru University was
used to confirm that the sand grains were composed
solely of quartz. The surface textures were examined
and selective grains were photographed using the sec-
ondary electron mode on the SEM and described using
the nomenclature of Krinsley & Doornkamp (1973).
Thirteen quartz sand grains were examined in each of
the four samples (Table 2).

9 Be surface exposure dating

Eleven new cosmogenic '°Be ages were determined in
this study. Three samples (ZK73-75) were collected
from a laterofrontal moraine that encloses an
unnamed active glacier ~3 km from the Baralacha La
at the headwaters of the Yunam Valley (Fig. 2,
Table 3). Five samples were collected from moraines
located at the lower stretch of the Yunam Valley, near
the confluence with Sarchu River, (ZK61, 64-66, and
69) and two samples (ZK71 and 72) were taken from
the streamlined landforms in the middle Yunam Val-
ley (Table 3). Rock glaciers have advanced over some
of the moraines in the lower part of the Yunam Val-
ley and care was taken not to collect samples from
areas that were affected by rock glaciers. In addition,
a rock sample (ZK76) was collected from the glacially
polished and striated bedrock at ~200 m above the
valley floor.
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Large boulders (>1 m in height) were chosen to
reduce the possibility that the samples were shielded by
snow or were recently exhumed. Samples were col-
lected by chiselling off ~500 g of rock to a depth of
<5 cm from the tops of the boulder surfaces. Topo-
graphical shielding was measured using a handheld
inclinometer. Sample preparation was undertaken in
the geochronology laboratories at the University of
Cincinnati following the methods of Kohl & Nishiizumi
(1992), and described in detail in Dortch et al. (2009,
2013). This included crushing and sieving the samples
to obtain a 250-500 um particle size fraction. Pure
quartz was obtained by treating the sample two to three
times with 5% HF/HNOj; after 10 h of leaching in aqua
regia. Other minerals were removed by using lithium
heteropolytungstate heavy liquid separation and a
Franz magnetic separator. Pure quartz was dissolved in
49% concentrated HF acid after adding low back-
ground Be carrier ('’Be/’Be of ~1x10~"°). Beryllium
hydroxide was obtained after fuming with HCIO, acid
and passing through anion and cation exchange col-
umns. Two blanks were prepared to assess the Be car-
rier and laboratory background level of '°Be for each
set of samples. The Be(OH), was heated in an oven at
750 °C to form BeO, mixed with Nb powder and then
loaded into a steel target. The ratios of '°Be/’Be were
measured using accelerator mass spectrometry at the
Purdue Rare Isotope Measurement Laboratory at Pur-
due University (Table 3). Currently, there is no agree-
ment on which scaling model is appropriate for the
Himalayan-Tibetan region. We therefore present ages
using the different scaling models and geomagnetic cor-
rections in Table 3, but use the time-independent model
of Lal (1991) and Stone (2000) as advocated in Owen &
Dortch (2014) to discuss our new ages.

Results

Geomorphological characteristics

Chandra Tal study area. — Streamlined landforms are
abundant in the Chandra Tal study area (Figs 3-5). Of
particular note is an area located within the valley west
of Chandra Tal (~4280 m a.s.l.) that has small (~20 m)
to medium (100s m) sized streamlined landforms on a
low ridge (~4300 m a.s.l.). The long-axes of these
streamlined landforms are parallel and generally trend
between 120 and 150°, with a mean trend of ~135°
(Fig. 3C). Long-axis lengths for these streamlined
landforms range from 15 to 240 m, with an average
length of 58444 m (1o uncertainty here and below).
The range of heights is small, with an average height of
443 m and a maximum of 13 m. Depressions between
many of these landforms are partially filled with
glacifluvial and colluviated sediments so that their
topographical waveform pattern (cf. Spagnolo et al.
2012) is not clear and true heights are possibly much
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Fig. 2. The Yunam Valley showing detailed study areas for '°Be dating and simplified geomorphology. The red rectangle shows the location
of the geomorphic mapping in Fig. 7. This figure is available in colour at http://www.boreas.dk.

greater. The ridge on which the streamlined landforms
are preserved has an average till thickness of ~30 m
and is underlain mostly by phyllite and quartzo-felds-
pathic crystalline rocks. Well-indurated quartzo-felds-
pathic rocks in this region generally form roche
moutonnées (Fig. 3B), whereas extensively cleaved and
shattered phyllite bedrock forms subdued mounds.

The streamlined landforms have several distinct
morphologies in the Chandra Tal area, which include:
(1) half egg-shaped forms, with steeper stoss faces and
gentler lee sides (Fig. 5A, Bi); (ii) superimposed forms
where one or more streamlined landforms are on top
of an older streamlined landform (Fig. 5Bii); (iii)
dome-shaped forms that are oval in plan view
(Fig. 5Biii); (iv) inverse forms that have reverse geome-
try with respect to general ice-flow direction, i.e. having
a gentler stoss side and steeper lee side (Fig. SBiv); and
(v) flat-topped symmetrical forms that lack distinct
stoss and lee faces (Fig. 5Bv). Asymmetrical half

egg-shaped (56% of the total 107 streamlined land-
forms examined; Fig. SA, Bi) and superimposed
landforms (23%), however, are the most common land-
forms in this area (Fig. 5B top).

Upper Spiti Valley. — The upper Spiti Valley has an
average width of ~1.5 km where streamlined land-
forms are well preserved. Nine half egg-shaped
streamlined landforms were mapped in the upper
Spiti Valley near Kunzum La (Figs 4, 6A, D, E).
Where present, the streamlined landforms are en
echelon (Fig. 6A), with their long-axes trending
100-110° and are approximately parallel to the SE-
trending streamlined landforms in the Chandra Tal
study area (Figs 3B, 4). The half egg-shaped
streamlined landforms have numerous lodged boul-
ders in their surfaces with the characteristic of gen-
tle stoss and steep lee faces. The lodged boulders
are aligned parallel to the long-axes of the stream-
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Fig. 3. Geomorphology of the Chandra Tal area. A. Wide intermontane basin with an average width of ~2 km where in the past the main valley
glacier from the Baralacha La joined the westerly tributary Samundri glacier. The location of (B) is shown by the dotted rectangle. B. Distribution of
streamlined landforms on the low ridge section (~4300 m a.s.l.) west of the Chandra Tal. Complex drumlin symbols (Fig. 5) are used to differentiate
classical drumlins from superimposed and other types. C. Rose diagram demonstrating the long-axis trends of mapped drumlins with strong trends
between 120 and 150° and a mean of ~135°. D. Parallel and transverse clast fabric patterns of the sample KG1/DPF drumlin. E. Similar parallel fab-
ric of sample IDPF1, measured from the side of a glacier. The deformed diamict matrix has shallow dipping of clasts in both the NW and SE direc-
tions, resulting in opposite fabric orientations. F. Similar NW and SE fabric of sample DPF2. G. NW, E and SE fabric of sample KG2/DPF. The
clast fabric results support the ice-flow direction inferred from the geomorphic map (B). This figure is available in colour at http://www.boreas.dk.
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lined landforms (Fig. 6A, E). Other streamlined
landforms, striations, and glacially polished and ice-
moulded bedrock surfaces were mapped and
described by Owen et al. (1997, 2001) near and on
the Kunzum La. These landforms trend in a similar
direction (SE) to the streamlined landforms in the
upper Spiti Valley (Figs 4, 06).

Middle Yunam Valley. — The Middle Yunam Valley has
numerous well-developed streamlined hillocks along the
valley floor and is located up to ~12 km downvalley
from the present glaciers (Figs 7A, 8A). Moraines and
conical hummocky mounds are also present in the val-
ley (Fig. 8B). The long-axes of most streamlined land-
forms trend NE and are parallel to the valley, but there
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Fig 4. Google Earth image showing the distribution of striations and drumlins near the Chandra Tal and near or at the Kunzum La (this
study and modified after Owen e al. 1997). These subglacial features have the same directions as those mapped in Fig. 3. The '°Be sampling
sites of Owen et al. (2001) are shown. The ages of these samples are as follows; L7: 11.2+0.5 ka; L8: 14.0+£0.4 ka; L9: 13.740.3 ka; L37:
14.340.3 ka; L40: 13.140.3 ka; L41: 14.04+0.4 ka; L.42: 14.0£0.7 ka. This figure is available in colour at http://www.boreas.dk.

is a second set of streamlined landforms trending NNE
farther down valley (Fig. 7A). The NNE-trending set
of streamlined landforms is located close to postglacial
debrisflow fans and is aligned along the flow paths of
the debrisflow fans. The streamlined landforms have
long-axes that range in length from 15 to 240 m with an
average of ~68.3+63 m (n = 201). The average height
of these landforms is ~15 m and many of these have
loose debris on their surfaces. Glacifluvial sands and
gravels commonly fill the inter-landform depressions
(Fig. 8B). The modal elongation ratio (a:b-axis) for
these streamlined landforms is 1:8 (+0.3).

Sedimentological characteristics

Chandra Tal area. — At least 42% (n = 107) of the
streamlined landforms examined have diamict cover
with ice-polished bedrock cores (Fig. 9). We could not
ascertain whether the remaining 58% of the stream-
lined landforms also have bedrock cores or are com-
posed solely of diamict because they were not
excavated. Most of the clasts within the diamicts are
striated and are locally derived, composed dominantly
of quartzite and phyllite.

The streamlined landforms that were examined are
dominantly composed of gravelly sands with a sand
and silt to gravel ratio of ~3:2. Laboratory analysis of
the sediment samples collected from four different
streamlined landforms showed that they are domi-
nantly composed of sand (81-99%) and minor
amounts of silt and clay (1-13% coarse silt and <2% of
medium-fine silt and clay). Most of these sediment
samples that we examined are medium sand-rich and
lack finer sediments (Table S1).

Bladed- and elongate-shaped clasts dominate in the
analysed sediment samples (Tables S2, S3). Angular

and very angular striated (56 and 43%) and subangular
(37 and 30%) are most common with minor amounts
of subrounded clasts (6 and 13%) in DPF2 and IDPF1
(Table S3). Sub-prismoidal clasts are the dominant
sphericity in the diamicts (32%; Table S2).

The clast fabrics are mostly weak to moderately
strong, and consist of medium S; and very low S;
eigenvalues (S;>0.5; Tables 4, S4), i.e. low isotropy and
medium to high elongation. The elongated clasts of the
KGI1/DPF have a slight preferred orientation towards
the N and NW, roughly parallel to the long-axes of the
streamlined landforms (120-150°; Fig. 3D). Relatively
strong NW and SE fabrics are apparent in IDPF1
(Fig. 3E) and DPF2 (Fig. 3F), parallel to their land-
forms’ orientation with a minor transverse component.
The clast fabric for KG2/DPF (Fig. 3G) is weak,
slightly orientated towards the NW and E. The major-
ity of clasts in analysed samples has very shallow dips
(0-20°).

A large variety of sand surface textures is evident
(Figs S1, S2, Table S5). In all the samples most of the
sand grains have fresh (94%) and conchoidal (97%)
fractures (Figs S1, S2, Table S5). Sharp edges (87% of
the grains), sharp angular fractures (49%) and low
relief surfaces (64%) are also common. Adhering parti-
cles (72%), abraded edges and corners (54%), chipped
edges, upturned plates (51%), old fractures (41%) and
over-printed signatures (41%) are also abundant
(Fig. S1, Table S5). Other sand surface textures are
present, but they constitute <25% of the total sample.

A drag fold-like pattern is apparent in the lower sec-
tion of exposure DPF1 (Fig. 10A, B) and several gran-
ule size clasts are arranged in a circular pattern around
larger clasts, creating a galaxy-like/unidirectional plas-
matic fabric pattern within the drag fold (Fig. 10C).
This macro-scale galaxy/unidirectional plasmatic-type
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Fig 5. Characteristics of streamlined landforms. A. Half egg-shaped
drumlin (DPF3), with steep up-ice face and gentle down-ice face at
Chandra Tal. Large boulders are lodged on its surface, long-axes of
which are aligned parallel to the drumlin’s long-axis and ice-flow
direction (solid arrow). B. Drumlins at Chandra Tal. 1 = frequency
of different drumlin types; 2 = zenithal view of outline geometry of
morphological types; 3 = azimuthal view of different forms; 4 = map
symbols used in Fig. 3B to represent different morphological drumlin
forms. Arrows show ice-flow direction. This figure is available in col-
our at http://www.boreas.dk.

clast arrangement was carefully measured and is
apparent in the fabric at the depth of 60 cm
(Fig. 10D). The clasts above the drag fold are jammed
together creating grain-bridges/lineaments, and are
fractured at a depth of ~15 cm in DPF1 (Fig. 11). The
upper section of the layer (~5-10 cm) above the
jammed clasts however, is composed of diamict that
includes lodged cobbles and small boulders with
smooth lee faces and steep stoss faces (Table 2).

Upper Spiti Valley. — The streamlined landform KUN/
07/50 examined in detail in the upper Spiti Valley is
composed of cobbly matrix-supported massive dia-
micts, essentially identical to the diamict observed in
the streamlined landforms in the Chandra Tal study

BOREAS

area. The diamict comprises dominantly sand (91%)
with minor amounts of silt and clay (7% coarse silt
and <2% of medium-fine silt and clay; Table S1) and
has a few striated clasts. Clast fabric at the depth of
15 cm is weak, but with a slight clustering towards the
WNW and E, approximately parallel to the general a-
axes of the streamlined landform (100-110°). In con-
trast, the lodged boulders on the surface of the land-
form are strongly orientated towards the WNW and E
(Fig. 6E).

All quartz sand grains examined under the SEM
have abundant conchoidal fractures, and fracture faces
(85%), sharp edges (77%) and fresh fractures (54%)
(Fig. S2). In addition, most of the grains have adhering
particles (85%), and abraded edges and corners and
low relief surfaces (69%; Fig. S2). Approximately a
third of the grains have curved grooves, sharp angular
fractures, medium relief, chipped edges and precipita-
tion features.

Middle Yunam Valley. — Crude layering is apparent in
the diamicts in the road cuts through the half egg-
shaped streamlined landforms in the Yunam Valley
(Fig. S3). The diamicts contain subangular to mostly
subrounded pebbles and cobbles (84%, n = 50;
Table S4) that lack striations. The surfaces of most of
these streamlined landforms also consist of loose and
weathered sediments. The diamict matrix in Exposure
1 is dominantly composed of fine and medium sand
(94%), with minor amounts of coarse silt and clay (6%;
Table S1). Clast fabrics examined in Exposure 1 are
aligned towards the N, SE, W, and NW (Fig. 7B) and
in Exposure 2 the clast fabrics are orientated towards
the N, ENW, E, SE, S, and WSW (Fig. 7C).

Glacial chronostratigraphy of the Yunam Valley

We describe our new '°Be ages from NE to SW (older
to younger ages) in the Yunam Valley (Fig. 2). To the
NE, near the confluence of the Yunam and Sarchu
Rivers, '°Be ages were determined for a single moraine
ridge that range from ~79 to 52 ka (ZK61, 79.0+9.7;
ZK65, 59.3+7.2 ka; ZK64 52.34+6.3 ka; Fig. 2D,
Table 3). These ages suggest that the moraine formed
during the early part of the Last Glacial (Table 3).
Boulders on moraines ~5 km upvalley to the SW from
the Yunam-Sarchu confluence yield ages of
16.7£2.1 ka (ZK69) and 14.8+1.8 ka (ZK66), tenta-
tively suggesting an Oldest Dryas or Lateglacial age
for moraine formation (Fig. 2C; Table 3). Taylor &
Mitchell (2000) assigned these moraines to the Kulti
glacial stage. Approximately 7 km upstream from the
Yunam-—Sarchu confluence, boulders lodged in stream-
lined landforms yield ages of 7.94+1.0 ka (ZK71) and
6.9+0.9 ka (ZK72) (Fig. 2B), suggesting that the
streamlined landforms originated during the early
Holocene or perhaps earlier. Close to these samples,
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Fig. 6. Geomorphology of the upper Spiti Valley near Kunzum La. A. The spatial distribution and long-axis orientation of streamlined land-
forms. B. The NW and SE clast fabric pattern of the sample KUN/07/50. This trend is almost parallel to the long-axes of the streamlined land-
forms shown in (A). C. WNW and ESE trending of lodged boulders on the surface of KUN/07/50. D. Streamlined glacial landforms in the
upper Spiti Valley study area. The past ice-flow direction inferred from the dominant orientations of streamlined landforms, clast fabric and
striations was toward SE; similar to the main Chandra Valley glacier flow (arrow). E. Gentle stoss-faced and steep lee-faced small boulders
lodged extensively at the surface of the streamlined landform KUN/07/50 at the upper Spiti Valley. Long-axes of these boulders are strongly

orientated towards the SE. This figure is available in colour at http://www.boreas.dk.
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Fig. 7. Geomorphic map of the middle Yunam Valley (location in Fig. 1). A. Distribution of streamlined landforms exhibiting two sets of
flow directions, with the dominant flow towards the NE. Another set is oblique to transverse to the dominant orientation. Postdepositional
debrisflow processes extensively modify the latter. B. Clast fabric at Exposure 1 showing alignment towards the N, SE, W and NW. C. Clast
fabrics for Exposure 2 trend towards the N, ENE, E, SE, S and WSW. Clast fabrics are very weakly developed in the diamict matrix of these

landforms. This figure is available in colour at http://www.boreas.dk.

sample ZK76 from striated bedrock high up the valley
side, yields a '"Be age of 1.2+£0.2 ka (Fig. 2). We argue
that this age is anomalously young given its morphos-
tratigraphical position, and its fresh nature suggests
that it may have recently been exhumed from beneath
a layer of till. Ages for boulders on a laterofrontal
moraine, close to Baralacha La to the SW, range
between ~20 and 0.5 ka (19.842.5 ka, ZK75;
0.74£0.1 ka, ZK74; and 0.5+£0.1 ka, ZK73; Fig. 2A).
Taylor & Mitchell (2000) assigned this laterofrontal
moraine to the Sonapani glacial advance (without
differentiating between the Sonapani I and II stages).
The older '"Be exposure age (ZK75) however, is
probably a consequence of inherited '’Be from prior
exposure. The young ages are consistent with the
morphostratigraphical position of the moraine being
adjacent to the active ice. We acknowledge that our
sampling set is not large, but given the stratigraphical
coherence, with moraines getting progressively
younger upvalley towards the contemporary glaciers,

we argue that the ages provide a good representation
of the timing of glaciation.

Discussion

Interpretation of streamlined landforms

Chandra Tal study area. — In the Chandra Tal study
area the majority of the streamlined landforms (56%;
n = 107) is classic half egg-shaped drumlin forms,
although a variety of other streamlined geometric
forms were also identified and mapped. The existence
of a wide range of streamlined morphological types in
a single drumlin field has been reported from other
areas and appears to be more common a phenomenon
than previously acknowledged (Wright 1957; Finch &
Walsh 1973; Knight 1997; Knight & McCabe 1997,
Meehan et al. 1997; Zelcs & Dreimanis 1997; Benn &
Evans 1998; Kerr & Eyles 2007; Clark et al. 2009;
Spagnolo et al. 2010, 2011, 2012). The long-axes of the
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Fig. 8. Streamlined landforms in the middle Yunan Valley. A. Clas-
sic drumlin forms with well-developed steep stoss and gentle lee
faces. B. Large variations in sizes of streamlined hillocks. This figure
is available in colour at http://www.boreas.dk.

Fig 9. Ice-polished and striated bedrock observed at the ridge highs of
the drumlins in the Chandra Tal study area (in black ellipsoid). These
drumlins are cored by these bedrock ridges, which are also aligned in
the same directions as the long-axes of the drumlins. The bedrock ridges
probably acted as obstacles to the ice flow and favoured drumlin forma-
tion. This figure is available in colour at http://www.boreas.dk.

streamlined landforms in the Chandra Tal study area
are predominantly aligned toward ~135° (Fig. 3C) and
striations mapped on glacially polished bedrock
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surfaces in this region and roche moutonnées also
trend toward the SE (Figs 3B, 4). The streamlined
landforms have large cobbles and boulders inset into
their surfaces, mostly on their lee-sides. These large
cobbles and boulders have gentle stoss and steep lee
faces, and their long-axes also align parallel to long-
axes of the streamlined landforms. The streamlined
landforms are generally very small in their lengths
but their average height is comparable to similar
streamlined landforms reported from other areas
(Spagnolo et al. 2012; Yu et al. 2015). The stream-
lined landforms at Chandra Tal are composed of
poorly sorted, matrix-supported massive diamict
with locally derived striated clasts, characteristics
commonly observed in glacial deposits. Half of the
clasts are angular but subangular clasts make up
about a third of the diamict and are also common
to glacial settings (Stokes et al. 2011). SEM analysis
of surface textures of quartz sand grains further
provides evidence of glacial abrasion, plucking and
grinding by displaying grooving, chipped edges and
adhering angular particles (Fig. S1, Table S5; Krins-
ley & Donahue 1968; Krinsley & Doornkamp 1973;
Whalley & Langway 1980; Mahaney 1990; Mahaney
et al. 1991; Mahaney & Andres 1991; Mahaney
et al. 1996; Helland & Holmes 1997; Mahaney &
Kalm 2000). The galaxy/unidirectional plasmatic fab-
ric-type structures present in the lower part of
DPF1 are similar to those that are commonly
reported from thin sections of subglacially deformed
till (Hart 1995; Menzies et al. 1997, Hiemstra &
Rijsdijk 2003; Evans et al. 2006) and probably are
produced during ductile deformation (Fig. 10A).
Towards the surface of the same exposure, however,
brittle deformation structures are present including
clast jamming, grain bridging and fracturing
(Fig. 11). The surface layer is composed of firmly
lodged boulders and cobbles, which probably formed
under englacial and subglacial conditions and sug-
gest subglacial lodgement/deformation processes dur-
ing the final stage of formation (Hart 1997; Knight
1997; Knight & McCabe 1997; Meehan et al. 1997,
Hiemstra & Rijsdijk 2003; Evans er al. 2006; Stokes
et al. 2013). The moderate to weak clast fabric (S;
and S; eigenvalues) apparent in all our samples
(Table 4) also indicates that subglacial deformation
processes produced these streamlined landforms
(Dowdeswell & Sharp 1986; Hicock 1991; Hart
1995; Stokes et al. 2011). In summary, the sedimen-
tological evidence supports the view that the diamict
is a subglacial deformation till and the streamlined
landforms near Chandra Tal are true drumlins. Most
of these drumlins overlie glacially polished and stri-
ated bedrock ridges and are identical to part bed-
rock/part till type of Stokes et al (2011, 2013).
These bedrock knobs probably acted as obstacles to
glacier flow and localizing pressure melting of the
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Table 4. Clast fabric patterns with respect to the long-axes of streamlined landforms and their vector analysis.
Study site  Sample name General long-axis Preferred orientation  Preferred Eigen vectors Eigen values
orientation of drumlins w.r.t. magnetic north  orientation v, Vv, Vs S, S, S,
w.r.t. long-axis
of drumlins
Site 1 KG1/DPF NW to SE (120-150°)  NW to SE and NNW  Parallel and 3537 86 227.7 049 0425 0.084
transverse
DPF1 NW to SE (120-150°)  NE to SWand NW Parallel and - - - - - -
transverse
KG2/DPF NW to SE (120-150°)  NW to SE and E Parallel 131.7  40.7 2421 055 0.362 0.088
DPF2 NW to SE (120-150°)  NW to SE Parallel 316.3 178.6 53.7 0.628 0.208 0.164
DPF3 NW to SE (120-150°)  NW to SE Parallel - - - - - -
IDPF1 NW to SE (120-150°)  NW to SE Parallel 1354 36.1 254  0.573 0.315 0.112
Site 2 KUN/07/50  NW to SE (100-110°)  NW to SE Parallel 313.7 721 2019 0.597 0.261 0.143
Site 3 Exposure 1 SW to NE and NNE Diffuse Diffuse 283.1 143 188  0.51 0.413 0.078
Exposure 2 (100-110°) Diftuse Diffuse 169.6 224 336.1 0.59 0368 0.042

glacier ice (Hart 1997; Knight 1997; Zelcs & Drei-
manis 1997). Using the nomenclature of Clark
(2010) the Chandra Tal bedrock-cored drumlins may
be described as obstruction drumlins.

Upper Spiti Valley. — The streamlined landforms in the
upper Spiti Valley have similar geomorphic character-
istics to the obstruction drumlins in the Chandra Tal
study area and they have similar orientations. The
streamlined landforms mapped at and near the Kun-
zum Range trend between 100 and 110° (Fig. 6) and
striations mapped on the Kunzum Range also trend to
the SE (Fig. 4), approximately parallel to the SE-
trending drumlins in the Chandra Tal study area. The
lodged boulders on the surfaces of the streamlined
landform in the upper Spiti Valley similarly align
toward the SE (Fig. 6E).

The characteristics of the sediment composing
streamlined landform KUN/07/50 are similar to those
of the sediment in the drumlins in the Chandra Tal
study area. SEM analysis of sand grains also provides
evidence of glacial abrasion, grinding and plucking
(Fig. S1, Table S5). Weak clast fabrics indicate similar
deformation of the sediment in the upper Spiti Valley
as observed in the adjacent Chandra Tal area. The
presence of lodged boulders and cobbles inset into the
surface of the streamlined landforms also supports the
view that the lodgement/deformational processes pro-
duced this diamict (Evans et al. 2006). We interpret
the diamict in the upper Spiti Valley as subglacial till
and the streamlined landforms here as drumlins.

Middle Yunam Valley. — Most streamlined landforms
in the middle Yunam Valley trend towards the NNE,

Fig. 10. Sedimentology of DPF1 (the same sample location was used for clast fabric measurements at 60 cm depth and named as KG1/DPF).
A. View of an excavation in the lee of the landform. B. Drag fold-like pattern of clast distribution at the bottom, and clast jamming and grain
fracturing towards the top in an otherwise massive structure. C. Galaxy/unidirectional plasmatic fabric-type rotation of smaller grains (gran-
ules) around larger ones (pebbles) evident in the exposure and shown with inferred direction of rotation. D. Lower hemisphere stereonet at the
lower-middle section of the exposure also indicates multiple clast orientations supporting the galaxy/unidirectional plasmatic fabric-type rota-
tion in the diamict matrix. This figure is available in colour at http://www.boreas.dk.
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Fig 11. Typical brittle deformation of clasts ~15 cm below the surface at KG1/DPF. Grain bridging/lineament is well developed and fractur-
ing of clasts occurs along the plane of weakness of the grains. This figure is available in colour at http://www.boreas.dk.
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Fig 12. Age plots for glacial stages in the Himalayan-Tibetan orogen from 24 ka to present (Owen & Dortch 2014) and Posmble comparison
of timing of glaciations with the regional glacial stages adapted from Dortch er al. (2013) and Murari ef al. (2014). These '°Be ages were recal-
culated using CRONUS-Earth online calculators-Version 2.2. '°Be age clusters are labelled by grey (dotted box) rectangles and Semi-arid Wes-
tern Himalayan-Tibetan Stages (SWHTS) of Dortch et al. g2013) to the left and Monsoonal Himalayan-Tibetan Stages (MOHITS) of Murari
et al. (2014) to the right are also shown on the y-axis. The '°Be ages of the streamlined landforms (Yunam) of this study and the '°Be ages of
drumlins at Chandra Tal area and ice-polished surfaces of Kunzum La of Owen ef al. (2001) are also shown (middle column) for comparison.
The dotted line shows the minimum ages of drumlins/streamlined subglacial landforms in Chandra Tal (blue) and middle Yunam (red) study
areas. This figure is available in colour at http://www.boreas.dk.
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parallel to the valley length (Fig. 7). The streamlined
landforms in the middle Yunam Valley include classic
half egg-shaped streamlined forms, hummocks and lat-
eral moraines. The classic half egg-shaped streamlined
landforms in this area have comparable elongation
ratios and geomorphology to drumlins reported else-
where in the world (Trenhaile 1975; Menzies 1979;
Benn & Evans 1998; Hattestrand et al. 2004; Kerr &
Eyles 2007; Clark et al. 2009), but they are distinct
from the obstruction drumlins in the Chandra Tal and
upper Spiti Valleys. These streamlined forms have
loose debris on their surfaces and are interfingered
with hummocky mounds. As they all have similar deb-
ris cover on their surfaces and glacifluvial deposits in
their depressions, they probably formed at the same
time. These characteristics may also indicate ice-mar-
ginal influence at their final stage of formation during
deglaciation in the valley. Morphologically they are
not as distinctive as the drumlins in the adjacent val-
leys so they may be transitional between true drumlins
and ice-marginal landforms. The crude layering in the
diamict, developed by a concentration of clasts parallel
to the present valley floor, is similar to structures com-
mon in melt-out tills (Fig. S3; Evans e al. 2006). Most
of the clasts are subrounded with no striations. The
fabric, however, is only weakly developed in the matrix,
in contrast to the characteristics of classic melt-out till
(Evans et al. 2006). These clast fabrics were measured
from streamlined landforms that were located in the
lower reaches of the study area parallel to the debris-
flow fans there. Postdepositional erosional processes
probably have modified the clast fabrics (Fig. 7A). No
bedrock cores were evident within these streamlined
landforms. Based on our sedimentological data, the
diamict in the middle Yunam Valley may be inter-
preted as melt-out till. The crudely developed layers in
the melt-out till must have been eroded by the overrid-
ing glacier in the stoss and lee faces in its later stage to
form the present half egg-shaped morphology. This
suggests that the current morphology of drumlins/
streamlined landforms is the result of both glacial
depositional and erosional processes.

Glacial dynamics and regional ice-flow history

Drumlins mapped and examined in the Chandra Tal
and upper Spiti study areas were probably formed
within a single glacier system. Based on the orienta-
tions of drumlins, lodged cobbles and boulders on
drumlin surfaces, clast fabrics within the drumlins, and
other palaeoglacial records, including the orientations
of roche moutonnées and striations, we conclude that
the regional ice-flow direction in the Chandra Tal and
upper Spiti study areas was towards the SE.

The widening of the Chandra Valley into an inter-
montane basin near the Chandra Tal (Fig. 3A) would
have allowed glaciers to spread out from the Baralacha
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La and from the tributary Samundri and Dakka Valleys
(Fig. 3A) to create a larger and thicker (=300 m) glacier
near Chandra Tal. The wide opening of the valley and
distribution of streamlined landforms, ice-polished bed-
rock surfaces, and striations both on the valley bottom
and on ridges, for example, on the Kunzum Range, sug-
gest that the Chandra glacier may have become more
like a piedmont glacier that spread out towards the SE
(Figs 3, 4). The SE trend of this glacier may indicate a
former valley course distinct from the contemporary S-
trending Chandra Valley, and/or a valley glacier that
was so thick that it over-spilled its valley (Fig. 4).

In contrast, in the middle Yunam Valley the stream-
lined landforms indicate valley-parallel flow and a rela-
tively thinner (~40 m based on the height of moraines)
glacier. Based on the extent of ice-marginal stream-
lined landforms in the Yunam Valley, the glacier prob-
ably advanced ~12 km from the contemporary glacier
terminus.

Chronological constraint and palaeoenvironmental
interpretation

Owen & Dortch (2014) discussed the challenges of using
exposure ages to define glacial chronologies in the
Himalayan-Tibetan orogen. As noted by Owen &
Dortch (2014), large spreads of TCN ages determined
from sets of boulders collected from single landforms
are probably due to geological factors such as erosion,
exhumation and boulder instability. Our ages are like-
wise subject to uncertainties associated with geological
factors, as well as uncertainties related to scaling factors.
The '°Be ages obtained for boulders on the moraine
ridges near the confluence of the Yunam and Sarchu
Rivers indicate that glaciers advanced in this area dur-
ing the early part of the Last Glacial (~79.049.7 to
52.34+6.3 ka), and may be synchronous with Heinrich
events 5 and 6; these correspond to the glacial stages
SWHTSS5A (tentative; MIS 5a), SWHTS5A- (MIS 4/
Sa), SWHTS4 (MIS 4) and/or SWHTS3 (MIS 3) of
Dortch et al. (2013) (Fig. 12). This timing suggests
that glacial advance in the Yunam Valley was forced
by monsoon systems as suggested by Dortch et al
(2013). '°Be ages determined for the moraines in the
Tsarap Chu Valley south of Yunam of 16.74+2.1 and
14.8+1.8 ka tentatively suggest an advance during the
Oldest Dryas and/or termination during the Lategla-
cial. These ages are close to the SWHTS2D and
SWHTS2C regional glacial stages of Dortch ef al
(2013) and suggest that this younger glaciation was
probably influenced by mid-latitudinal westerlies.
Based on '°Be ages obtained from boulders inset in
drumlins in the Chandra valley and from polished bed-
rock at Kunzum La, Owen et al. (2001) showed that
glaciation was extensive in the Chandra and Bhaga
Valleys during the Lateglacial at ~15.5-12 ka (the
Batal stage). Dortch ef al. (2013) proposed three
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distinct glacial advances during this time (SWHTS2A,
2B and 2C). Murari et al. (2014) for the monsoon-
influenced regions of the Himalaya and Tibet pro-
posed two glacial advance/stages for this time, which
they called Monsoonal Himalayan-Tibetan Stages 2A
(MOHITS2A) and 2B (MOHITS2B). However,
because of insufficient data we cannot assign our mor-
aines and drumlins to a distinct glacial stage of Dortch
et al. (2013) and/or Murari et al. (2014). The two
drumlins that we dated in the middle Yunam Valley
yield '°Be ages of 7.941.0 and 6.940.9 ka and may be
synchronous with the SWHTSIE and SWHTSID of
Dortch et al.  (2013) and/or MOHITSIG and
MOHITS1H of Murari et al. (2014) (Fig. 12). Based
on these exposure ages, it is probably that the main val-
ley glacier advanced before 87 ka and that the drum-
lins and other streamlined landforms may have formed
before or during the early Holocene.

Drumlins in areas north and south of Baralacha La
ice divide appear to have formed at different times.
Their '°Be exposure ages reflect the deglaciation in
both the valleys and can give a more comprehensive
picture of local glacial chronostratigraphy when used
in conjunction with moraine ages.

Conclusions

Geomorphic and sedimentological analyses of stream-
lined landforms in three study areas in the NW Hima-
laya of northern India support the view that these
landforms are drumlins. While in general the drumlins
in the Chandra Tal and upper Spiti Valleys can be
described as obstruction drumlins, the transitional
complex drumlins in the middle Yunam Valley are
probably to have been formed by both depositional
and erosional processes. The streamlined landforms
that we studied are highly variable in terms of morpho-
logical types and lengths, but are smaller in length than
typical drumlins associated with ice sheets. Their aver-
age height however, is similar to drumlins in other
areas of the world. Sedimentological data suggest that
the drumlins in the Chandra Tal and upper Spiti Val-
leys are formed by subglacial deformation. In contrast,
the drumlins in the Yunam Valley consist of melt-out
till later shaped by ice flow. The geomorphic evidence
suggests that the main Chandra trunk valley glacier
was thick (>300 m) and flowed SE in the upper reaches
of the Chandra valley during the Lateglacial and over-
topped the Kunzum Range at or near Kunzum La to
spread in to the upper Spiti Valley. In contrast, a val-
ley-parallel glacier formed the streamlined landforms
in the Yunam Valley.

The new glacial chronostratigraphy in the Yunam
Valley defines the timing of four glacial advances: (i)
during the early part of the Last Glacial, ~79.0+£9.7 to
52.3+46.3 ka; (ii) during the Oldest Dryas and/or dur-
ing the Lateglacial, 16.742.1 and 14.8+1.8 ka; (iii)
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during the early Holocene, 7.9+1.0 and 6.9+0.9 ka;
and (iv) during the Little Ice Age. These glacial
advances became progressively more restricted over
time and were asynchronous with glacial advances in
the adjacent Chandra-Bhaga Valleys. During the early
Holocene, sometime before 8-7 ka, the main Yunam
Valley glacier possibly advanced ~12 km from its pre-
sent position.

Our study of the streamlined subglacial landforms of
the NW Himalaya highlights the usefulness of such land-
forms in developing glacial chronostratigraphy. More-
over these landforms provide useful information for
understanding the dynamics of Himalayan glaciation.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article at
http://www.boreas.dk.

Fig. S1. Surface texture analysis of quartz sand grains
using scanning electron microscope (SEM).

Fig. S2. Percentages of surface textural types observed
using SEM on quartz sand grains (200-500 um par-
ticle size fraction and sample size = 52).

Fig. S3. The road-cut exposure (Exposure 1) located in
Fig. 6 showing ablation till composition. The pho-
tograph was taken from the extreme right of the
stoss face of the postdepositional modified drumlin,
which is transverse to the valley. The white plastic
scale is 15 c¢cm long.

Table S1. Particle size distribution data.

Table S2. Clast a-axis (principal), b-axis (intermediate)
and c-axis (short) length data.

Table S3. Clast roundness and sphericity data,
recorded following Power’s visual chart.

Table S4. Clast fabric data and statistical results.

Table S5. Different types of surface textures observed
using SEM on quartz sand grains (200-500 pm in
diameter).



