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Abstract

Varied geomorphic landforms along the coast of eastern Antarctica suggest that the most recent phase of ice retreat was
spatially heterogeneous. Ice retreat here comprised; a thinning of the East Antarctic Ice Sheet (EAIS) by up to 500 m and the
recession of the ice wall in kilometre. This retreat deposited moraines over the Schirmacher Oasis (SO) in central Dronning
Maud Land with minimal reworking. The present study used optical dating of the recessional moraines to determine the
timing of their final emplacement. Three phases of moraine deposition, during 158-125 ka; 76-50 ka and 22 ka to present,
were inferred. It is suggested that decreased sea surface temperatures and increased sea ice cover of the surrounding oceans
limited the moisture supply and led to the retreat of ice. By ~ 35 ka the SO became ice-free and has remained so, ever since.
The inference that the ice sheet in this region was moisture limited, implies that in a global warming context, this region
may not contribute to an increase in sea-level. Instead, a warming-induced increase in moisture supply may even add to ice

cover in the region.
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Introduction

The East Antarctica Ice Sheet (EAIS) spans the region
between ~45°W and ~ 168°E and is separated from the West
Antarctic Ice Sheet (WAIS) by the Transantarctic Moun-
tains. Typically, ice thickness at EAIS is> 2 km reaching a
maximum of > 4.8 km near its centre. This implies about 22
million km? of ice (Lythe et al. 2001; Fretwell et al. 2013).
Minor perturbations in EAIS volume can therefore lead
to amplified effects on the Global Sea levels. Evidence of
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reduction in the ice thickness up to 500 m over the past
100 ka in parts of central Dronning Maud Land (cDML)
including the Gruber, Petermann and Humboldt mountains
have been reported, (Altmaier et al. 2010; Suganuma et al.
2014, Shrivastava et al 2021). Further, multiple evidence to
suggests that, (i) the grounding line of EAIS in the North
cDML remained nearly stationary for the past 30 ka have
been made, (Anderson et al. 2002; Livingstone et al. 2012;
Mackintosh et al. 2011, 2014); (ii) EAIS in this region
became ice free around at 40 ka (Gore et al. 2015) based
on dating of Lacustrine sediments in the Bunger Hill and
parts of cDML and, (iii) and since then these areas were
not covered with ice (Escutia et al. 2011; Gore et al. 2015;
Hodgson et al. 2001; Kirkbride and Winkler 2012; Pollard
and DeConto 2009). The present study reconstructs the tim-
ing of recession of EAIS in the Schirmacher Oasis (SO)
region in the central Dronning Maud Land (cDML) over
the past 150 ka. This work provides more data towards the
resolution of this debate through chronology of geomorphic
evolution of Schirmacher region and uses this to suggest
possible response of this region under a warmer world.
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Objectives
This contribution deals with the following objectives,

(1) Delineating the timing of the movement of the ice sheet
during the past 150 ka in SO using geomorphic map-
ping and OSL dating of moraines.

(2) Veritying the suggestion that the region was ice free
since the last glacial maximum.

(3) Infer relationship between ice sheet and climate and to
suggest possible response of this region under a warmer
world.

EAIS during the quaternary

A combination of factors like, (a) Antarctica drifted south
until it settled over the south pole; (b) carbon dioxide lev-
els globally fell leading to a general cooling of the planet
and, (c) a circumpolar current isolated the weather system
from the rest of the world and made Antarctica an isolated
and icy continent since Oligocene. EAIS formed around
34 Ma, reached continental proportions by Eocene-Early
Oligocene (Barrera and Huber 1993; Barrett et al. 1991,
Birkenmayer 1987, 1991; Hambrey et al. 1989; Prentice
and Mathews 1988; Denton et al. 1991) and, persisted
through the glacial and interglacial cycles (Shackleton and
Kennett 1975). Isotopic studies of ocean floor sediments,
lake and glacial sediments, suggest large-scale recessions
in EAIS during the Pliocene (Denton et al. 1984; Escutia
et al. 2011; Harwood 1991; Harwood and Webb 1986;
Hodgson et al. 2001; Sugden et al. 1995a,b; Webb and
Harwood 1987). Evidence of a relatively stable EAIS at
higher latitudes has also been documented (Kirkbride and
Winkler 2012; Naish et al. 2009; Pollard and DeConto
2009). Cores from Dome C provided a record of climate
for the past 740 ka. (EPICA 2004). During Late Quater-
nary, the ice cover at CDML, Sgr Rondanne, Amery Shelf,
Prince Charles Islands, Larsemann Hills, Bunger Hills
including coastal Antarctica) showslimited or no evidence
of ice sheet thickening, and decrease in ice surface eleva-
tion (Mackintosh et al. 2011, 2014; Suganuma et al. 2014).

Near to the coast, variation in the style and the ampli-
tude of ice retreat was significant. Thus e.g., studies by
Gore et.al. 2015 suggested that deglaciation commenced
at~30 ka and the Southern hills of Bunger Oasis were
ice free during the LGM. 'Be and °Al rock exposure
dating suggest that Framnes Mountains in Mac Robertson
Land experienced changes in ice thickness of 200—400 m
since the LGM (Mackintosh et al. 2007). In Sgr Rondane
Mountains in Queen Maud Land (~450 km east of SO),
19Be and 2°A1 suggested the presence of over 500 m thick
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ice sheet prior to 4 Ma ago and this decreased to the
present level (Matsuoka 1995). Surface exposure studies
by Altmaier et al. (2010) provided a broad scenario of
last 5 Ma paleoclimate and suggested that the successive
thinning of the ice sheet was probably in response to
reduced annual precipitation since the Pliocene.

For the time period of past 150 ka, the following results
exist:

(a) Minor changes in the ice thickness over past 100 ka in
parts of cDML, the Gruber, Petermann, and Humboldt
mountains, implying EAIS did not advance northwards
s during the last glacial maximum (Altmaier et al.
2010);

(b) The grounding line of EAIS in the north cDML
remained nearly stationary for the past 30 ka (Anderson
et al. 2002; Livingstone et al. 2012; Mackintosh et al.
2011, 2014).

(c) Ages of glacio-fluvial and glacial lake shoreline sedi-
ments in the Bunger Hills and cDML of 40 ka suggest
the retreat of that EAIS at this time (Gore et al. 2015;
Krause et al. 1997; Mackintosh et al. 2014)

(d) Contrasting inferences of on the region being ice free or
otherwise during LGM till the present, exist (Phartiyal
et al. 2014). Absence of sediments of Holocene age
from Lakes Zub and Glubokoye were used to suggests
that during LGM, this region had an ice sheet which did
not permit sediment transport, (Schwab 1998; Pharti-
yal et al. 2014). In contrast, cosmogenic radionuclide-
based ages of bedrocks of > ~35 ka (TCN dating) sug-
gests an ice-free region prior to LGM (Altmaier et al.
2010; Gore et al. 2015).

Geography and geomorphology

Schirmacher Oasis (SO, Figs. 1 and 2) is an exhumed
semi-linear Neoproterozoic terrain in cDML—a coast par-
allel mountainous terrain that extends over 1500 km and
is~ 100 km south of SO. The cDMLcomprises several land-
mark areas like Gruber Massif, Petermann Ranges and Hum-
boldt Mountain (Fig. 1). From the ice sheet between the
mountains and the SO, several nunataks emerged through
time. Among these, nunatak Baalsrudfjellet is ~20 km SE
of SO. Both SO and Baalsrudfjellet have a thin (<2 m) sedi-
ment cover. Present annual average temperature of the Schir-
macher Oasisis —10.4 °C (range 0.9 °C during summers
to—22 °C during winters), and the annual average precipi-
tation is 264.5 mm (Source: Weather station Novolazarevs-
kaya, http://www.aari.aq/stations/lazarev/lazarev_en.html).

Schirmacher Oasis is an 'island' between an ice-sheet
and ice-shelf (Figs. 1 and 2). Major geomorphic units are
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Fig.1 Location map showing mountain ranges of Central Dronning
Maud Land (cDML), East Antarctica with Baalsrudfjellet nunatak
and Schirmacher Oasis (SO)

displayed in Fig. 3a, b. The elevations are (< 120 m above
mean sea level (amsl), and the ice-free domain of SO con-
tains numerous valleys of 0.1-0.7 sq. km area. The region

Fig.2 Geomorphological map
of SO showing NE-SW trending
deglaciated valleys and hills.
The inserted box shows the
sample locations

has 117 lakes of varied dimensions from 0.01 to 0.4 sq.
km and with a depth of water column being < 10 m. The
lakes formed due to the retreat of the ice. The valleys align
along with the structural fabric (ENE-WSW) of the rocks.
Outward flow of ice from the south was at a high angle to
this structural fabric. Roy et al. (2015) suggested that ENE-
WSW oriented folds led to ENE-WSW aligned ridges, val-
leys, and thereafter, lateral moraines were deposited when
glaciers were confined to the valleys before their final retreat.
(Figs. 2, 3a, b). The valleys are separated by similarly ori-
ented semi-linear low ridges.

At the center of SO, Mt. Primetnaya (Mt Trishul) has
an elevation of 212 m amsl Mt. Rebristaya has the high-
est elevation of 224 m amsl (Fig. 2) (Source: W. Richter
1979-1980, Cartography by Justus Pesthes Varlag Gotha
@ Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, Germany 1995). The Grand Bay is located
in the central-eastern SO and have elevations of 10-50 m
(Fig. 2). The northern edge of SO is about 80—-100 km from
the coastal region where the rocky cliffs are exposed. The
southern margin of this oasis has the edge of the ice sheet in
the form of an ice wall. EAIS travels from the South to the
North, reaches SO, circumvents its southern edge to cross
the grounding line and then float as shelf ice in the South-
ern Ocean. The grounding line borders the northern limit of
SO. Hilltops, ridges, and other in situ rock bodies have pre-
served clear glacial striations. The pro-glacial SO lakes are
fed by the ice wall. Towards the North, the lakes additionally
receive seasonal snow. The melt water drains the valley into
the ice shelf and feeds the epi-shelf lakes.

Geomorphic features of glacial retreat (along the linear
ridges) include terminal- and ground- moraines, lakes, rem-
nant eskers, and Roche moutonées (Fig. 3a and b). Abrupt
change in the slopes of moraines and change in the direction
of striation suggests that the retreat of the ice over Schir-
macher was episodic. It is possible that the overall retreat
was interspersed by minor advances at times, but the field
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Fig.3 a Geomorphological map
of SO in Box A and B, showing
sample locations and detail geo-
morphic features. b Geomor-
phological map of SO in Box

C, showing detail geomorphic
features along with sample loca-
tion (ANT-TL-1)

evidences so far do not provide any clear evidences of such
advances. Moraines comprising boulders, cobbles, pebbles
with minor sand lenses are distributed extensively in a dis-
tinct pattern. The ground moraines are preserved near the
foothills and on the flat land at an average elevation of 110 m
amsl. The valleys preserve the lateral and terminal moraines
at an elevation of 10-100 m amsl and suggests a sequence of
retreat of ice sheet followed by the retreat of valley glaciers.

Movement of glaciers led to erosional and depositional
landforms (Ravindra 2001; Thakur et al 2017, Yogesh Rey
2021). Erosional landforms comprised, (a) glacial striations;
(b) U-shaped and hanging valleys; (c) Roche moutonnées,
(d) lakes and are discussed below.

@ Springer

(a)

(b)

Glacial Striations: These are preserved on in situ rock
bodies and on hilltops, two sets of glacial striations
exist that inform on the direction of ice movement.
Those trending N-S are at the ridge tops and the NE-
SW trending striations are seen in the valleys.

Valley Glaciers: Glaciers receded individually along
sub-parallel, adjacent valleys separated by linear ridges.
The edges of tributary valleys were dissected by major
valley glaciers, and therefore, at present, small tributary
valleys hang above U-shaped valleys. The glaciers were
dry as inferred from minimal, reworking of sediments
(Atkins et al. 2002; Hambrey and Fitzsimons 2010;
Hooke 1998).
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(¢) Roche moutonnées: Ice moulded hummocks of erosion-
resistant bedrocks termed roche moutonnée were lin-
ear to ellipsoidal and their major axis (25—400 m) was
aligned to the direction of ice movement. In the central
SO, crag and tail type erosional features such as Mount
Primetnaya, with resistant face towards up-glaciers in
SW direction, formed. The tail had a gentle slope on
the sheltered side that preserved soft sediment terraces.

(d) Lakes: Melting of ice and deposition of sediment laden
water in depressions produced lakes. Based on their
location and proximity to glacial fronts, these were
classified as pro-glacial, landlocked, and epi-shelf lakes
(Ravindra et al. 2002). Pro-glacial lakes are attached
to the glacial front and fed by glacial meltwater. Land-
locked lakes are fed by seasonal snow, subsurface flow,
and ephemeral surface channels. Epi-shelf lakes were
formed by subsurface and surface flows and experience
tidal influence. Such lakes are attached to the ice shelf
and possibly extend to the ocean beneath.

Depositional landforms

Slow movement of ice and near absence of free running
meltwater in a cold environment suggest that the ice at
cDML was dry, implying minimal fluvial transport and
reworking (Hooke 1998; Atkins et al. 2002; Hambrey and
Fitzsimons 2010). In the field, with the exception of isolated
evidences of local recycling of tills, mass wasting and sedi-
ment movement, absence of stratification, cross-bedding,
graded bedding also suggest minimal fluvial activity and
reworking. The ground moraines are preserved on flatter ter-
rain at an average elevation of 112 m amsl. Lateral and ter-
minal moraines occur in valleys at elevation of 10 to 100 m
amsl. These morainic materials experienced supraglacial,
englacial, and subglacial glacial transport under cryostatic
pressures (Asthana et al. 2013).

Methodology
Sampling methodology

Geomorphology of the area and the spatial disposition of
moraines were studied and their chronological hierarchy was
worked out in the field before sampling them for numerical
dating. Initially an ice sheet existed, and its retreat comprised
vertical thinning and horizontal evacuation along structur-
ally controlled ridges. Additionally thinning of this ice sheet
led to glaciers being confined to the valleys and thereafter,
these retreated in a direction dictated by the configuration

Fig.4 a OSL samples TL-7,8, PRL-9 & 10 collections from glacial
terrace of SO. The values represent the ages of respective glacial ter-
races. b OSL samples TL-10 and PRL-7 collection from glacial ter-
race of Schirmacher Oasis. The value represents the age of glacial
terrace. ¢ Sample OSL-5 collection from glacial terrace of SO. The
value represents the age of glacial terrace. d Sample OSL-10 collec-
tion from Lake bottom sediments of SO. The value represents the age
of lake sediments
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of valleys. Sampling for optical dating was carried out using
stainless steel tubes and standard procedures, (Fig. 4a and
b). Table 1 provides the location, moraine parameters viz.
landforms, till nature, mode of transport of the samples.

The choice of sampling location followed McClenaghan
et al. (2013). The moraines were matrix-supported clasts and
boulders, and the matrix comprising semi consolidated sand
to sandy-clay was sampled for Optical dating, (Fuchs and
Owen 2008; Bateman 2019). Samples for optical dating were
from regions with minimal evidences of post depositional
recycling, inferred from the absence of erosional surfaces
on primary sedimentary structures; absence of cross beds,
cross trough beds; ripple drift laminations. A recent moraine
was also sampled to validate the optical ages and to estimate
the possible ‘zero error’ due to heterogeneous bleaching of
luminescence at the time of moraine deposition.

Eighteen samples were collected (Fig. 4a—d) from sand
lenses, due to their simplified dosimetry. Of these, sixteen
samples were from moraines and two were from lake sedi-
ments (Table 1). Figure 3a provides the field disposition of
the OSL samples.

Four sets of samples were collected. The first set com-
prised, six samples (TL 1,2,3,4,5 and OSL 8) from the
Grand Bay in the north-east SO (Fig. 3a Inserted box A) at
an elevation of 10-50 amsl. Glaciers in these valleys had a
localized impact on landforms. Four samples (viz. A-OSL-
8, TL-1, -2, -3) were from the lower part of this valley, at
10-50 m amsl. The remaining samples, TL 4 and 5, were
from the upper part of Grand Bay at 50-80 m amsl. A termi-
nal moraine sample (ANT-TL-1) from the western extremity
of SO (Fig. 3b Inserted box C) was at 10 m amsl. These
provided the age of recession of ice sheet here, (Fig. 3b).

The second set of samples (TL-7, 8, 10, and ANT
TL-7-10) were from older ground moraines in the central
SO (Fig. 3a Inserted box B), at 80—115 m amsl and were
later dissected by retreating valley glaciers. The third set
was from Baalsrudfjellet nunatak that co-evolved with SO,
and comprised sample TL-6, was taken to understand the
timing of ice retreat ice and landform evolution, south of
Schirmacher. The fourth set comprised lake samples (ANT-
TL-3 and 10 B Top) that reflected the melting of ice (Fig. 3a
box A and B).

Optically stimulated luminescence (OSL) dating

Samples for optical dating were collected in custom-
ized steel cylinders (Chandel et al. 2006) and processed
under subdued red light using LEDs emitting at ~ 650 nm.
Extraction of quartz involved sequential pre-treatments
with 10% HCI and 30% H,O, to remove carbonates and
organic matter, respectively. The residue was sieved for
90-210 pm size fraction from which quartz and feldspar
mineral fractions were isolated using sodium-polytungstate
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heavy liquid (density of 2.58 g/cm?) and Franz magnetic
separator. Quartz grains were etched using 40% HF for
80 min, followed by a treatment of 12N HCI for 30 min,
to remove insoluble fluorides. The resultant fraction was
dried and tested for purity using infrared stimulated lumi-
nescence (IRSL). Samples with IRSL signal exceeding 3
times the background level were re-etched for 10 min with
HF followed by 12N HCI treatment, re-sieved and retested
with IRSL.

Paleodoses were measured using either 3 mm aliquots
or single grains on Riso TL/OSL-DA-15 readers at the
Physical Research Laboratory, Ahmedabad, and the Geo-
logical Survey of India (GSI), Faridabad. For single ali-
quot (SA) measurements, standard blue LED stimulation
was used, and the single grain system used a green laser
stimulation at 532 nm. Standard detection and irradiation
conditions of a Riso system were used (Bgtter-Jensen et al.
2010).

For SA measurements, grains were mounted as a mon-
olayer on stainless steel aliquots using Silkospray™. A
single aliquot regeneration protocol was used with a pre-
heat of 240 °C for 10 s (Murray and Wintle 2000). Typi-
cally, about 30 aliquots were measured, and of these, about
70-80% satisfied the acceptance criterion of a recycling ratio
of 1.0+0.1 and recuperation < 5%. Two samples had a lower
yield of requisite grain sizes, and for these, the De was esti-
mated using 10 aliquots. Typical optical decay curves and
luminescence vs. dose growth curves for different OSL sam-
ples are shown in Fig. 5. In some samples, quartz had feld-
spar inclusions. For such samples, an infrared stimulation
step prior to each OSL readout was introduced to optically
reduce the contribution of feldspars to quartz OSL (Jain and
Singhvi 2001).

Samples ANT-TL-7, 8, 9 and 10 were analysed using sin-
gle grains. These samples contained appreciable feldspar
inclusions within quartz grains. Therefore, an IRSL stimu-
lation at 50 °C for 300 s was used to optically minimise the
contribution of feldspar OSL to quartz OSL (Jain and Sing-
hvi 2001). Typically, about 500 grains for each sample were
measured, and these enabled up to 40 paleodoses that met
the criterion for acceptance of a recycling ratio of 1.0 +0.1,
Recuperation of < 5% and test dose error of 10%.

The annual radiation dose rate was determined by meas-
uring the elemental concentration of radionuclides (Singhvi
et al. 2001; Murray and Olley 2002). Thick source ZnS (Ag)
alpha counting using the Daybreak-582 alpha counters pro-
vided an estimation of U and Th, and Nal (TL) gamma-ray
spectrometry was used for K. An average water content of
10% was assumed. The dose rate from potassium accounts
for about 70-75% of the total dose. This implied that effects
from complex geometry on gamma dose and/or due of radio-
active disequilibrium, if at all would be small, and there-
fore the OSL ages and the conclusion thereof, can be relied
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Table 2 OSL dates of different glacial and lake sediments from Schirmacher oasis, East Antarctica

SI. No. Sample no Sediment type U (ppm) Th (ppm) K (%) Water (%) CR pGy/a DR (Gy/ka) De (Gy) Age (ka)
1 TL-1 Moraine 1.99+0.1 823+0.4 2.65+0.05 5 209.75 346+0.23  192+8 56+4
2 TL-2 Moraine 1.58+0.08 9.31+0.5 2+0.04 5 211.72 2.88+0.19 198+4 69+5
3 TL-3 Moraine 1.07+0.05 6.21+03 19+0.04 5 205.67 248+0.16  123+2 50+3
4 A-OSL-8 Moraine 09+0.05 10.79+0.5 2.15+0.04 5 193.42 295+020 214+10 73+6
5 TL-4 Moraine 0.94+0.05 3.87+02 1.6+003 5 219.68 2.06+0.13  132+7 64+5
6 TL-5 Moraine 1.09+£0.05 557+03 1.85+0.04 5 220.02 242+0.16  150%5 62+5
7 TL-6 Moraine 1.54+0.08 11.11+0.6 1.9+0.04 5 228.41 291+0.2 210+6 72+5
8 TL-7 Moraine 142+0.07 9.19+£05 1.5+0.03 5 205.69 240+0.16 314+5 131+9
9 TL-8 Moraine 1.98+0.1 7.03+0.4 2+0.04 5 203.64 2.81+0.19 152+4 54+4
10 ANT-TL-8  Moraine 1.75+045 646+1.45 1.08+0.02 5 220 1.94+0.18 242+6 125+12
11 ANT-TL-9  Moraine 223+053 644+1.81 1.91+0.03 5 213.47 2.75+024 3538  128+12
12 ANT-TL-10 Moraine 1.82+0.38 5.1+1.31 1.82+0.03 5 205.58 2.50+0.2 3767  151+12
13 ANT-TL-7  Moraine 232+036 426+1.23 1.76+£0.02 5 211.88 2.50+0.2 395+4 158+12
14 A-OSL-5 Moraine 1.29+0.06 11.97+0.6 23+0.05 5 214.14 3.26+0.2 431+16 132+10
15 TL-10 Moraine 1.61+0.08 8.75+04 2.1+0.04 5 212.28 2.94+0.2 186+8 63+5
16 ANT-TL-1  Moraine 1.27+037 1.69+0.47 1.76+0.3 5 211.08 2.12+0.3 44.6+22 21+3
17 ANT-TL-3  Lake Sed 0.88+0.3 4.48+1.05 2.59+0.04 10 215.81 295+0.2 248+0.1 0.8+0.1
18 10-B-TOP  Lake Sed 1.32+0.07 10.72+0.5 235+0.05 10 225.66 2.85+0.4 114+3 35+3

of recent moraine sample of 0.8 +0.1 ka (ANT-TL-3) sug-
gests that other moraine ages from should be robust. Sample
ANT-TL-1 with an age of 21 + 3 ka at 10 m amsl represents
the final recession of EAIS from the valley and lacustrine
samples 10 B Top and ANT-TL-3 with dates of 35 + 3 dated
the timing of the initiation of fluvial regime (Fig. 3a Box A
and B).

Discussion
Optical ages

A key concern on optical ages of glaciofluvial deposits is
that of adequacy and uniformity of pre-depositional bleach-
ing. This has been discussed by Bateman (2019), Murray
and Olley (2002) and many others. Earlier studies have
shown that there is a finite transmission of daylight in both
snow and ice (Weller et al. 1969; O’Neill and Gray 1972;
Bhandari et al. 1983) and extinction coefficients 0.007 cm™!
and 0.011 cm™! have been reported for blue ice and sea ice
respectively from Mawson Station, Antarctica. Given this,
it is reasonable to assume that immediately prior to detach-
ment from ice, the rock debris in moraine experienced day
light in situ in the ice matrix and the minerals constituting
it, lost their OSL prior to deposition and burial. Further,
over-dispersion in paleodoses of <30% and <20% in several
cases, and the age of 0.8 ka for a present-day moraine also
suggested that the samples were well bleached at the time of

their deposition and that their OSL now, provides a measure
of their depositional age. Presence of feldspars OSL in some
samples was resolved through an IRSL bleach before OSL
measurement.

Event chronology

The geomorphic landscape evolved in three phases begin-
ning with a period when the SO was covered by EAIS
and ending at a stage of its being a totally free of ice, with
exposed valleys, ridges, and lakes, (Figs. 6 and 7). Pres-
ence of large boulders as drop stones and erratics, and stria-
tion on rocks suggest ice thickness over SO in the range
of 500-150 m. Deeper (Budd et al 1979; Shrivastava et al.
2019). In the Gruber Mountains the ice surface could have
been about 900 m higher during the past, whereas in Orvin-
fjella the ice surface was about 130 m higher than at present
(Wand and Hermichen 2003; Scheinert et al. 2006).

Phase |

Phase I witnessed thinning and recession of ice sheet that
exhumed rock outcrops at a higher elevation, polished hill-
tops, caused N-S striations, modified valleys and ridges,
released glacier borne drop stones, erratics, moraines
and deposited a thin veneer of till sediments. This phase
occurred between> 158 + 12 ka and 125 + 12 ka. Prior to
this time the ice thickness, overriding SO, would have been
around 500 m in the valley regions and around 150 m over
the higher reaches. This has been estimated from striation

@ Springer



222

Proceedings of the Indian National Science Academy (2023) 89:213-227

Fig.6 Major phases of recession of East Antarctic Ice Sheet (EAIS)
recession and evolution of landforms of Schirmacher region in the
last 158 ka period (a—d). Arrows represent thinning of ice sheet and

groves on the rock surface, topographic heights, drop boul-
ders and eratics. During the glacial erosion, when a gla-
cier slides over the subsurface layer, the caught-up rock
fragments engulfed in the basal portion of ice mass marks
grooves over the bedrock due to friction. Presence of rock
fragments of varying dimensions in the glaciers and ice
sheets is very common. A single clast held in the glacier
sole can indent the bed rock and as the clast moves with slid-
ing basal ice, the asperities will make striations or grooves.
The size and dimension of the indentation depend upon the
load and relative hardness of the clast, bedrock and overlying
pressure (here it is load of the ice sheet (Budd et al. 1979). In
the Schirmacher region, the terrain is comprised of gneissic
rock. Hence, after considering the strength of a gneissic

@ Springer

horizontal retreat of valley glacier. In first major stage of recession
the hill tops got exposed. There is net thinning of 100-500 m thick
ice sheet and recession in terms of kilometer

rock, the overlying pressure, required to create an indent
can be estimated. Hence by considering above condition,
the thickness of paleo-ice sheet can be estimated to be in
between 150 and 500 m range (Shrivastava et al. 2019). This
phase of recession led to the thinning of ice sheet during
the period between about 158 ka and 125 ka and restricted
its margin till the northern boundary of the oasis, as also
inferred in Sor Rondane by Sugunama et al. (2014).

Phaselll

Post 125, increased moisture supply from lower latitudes
led to the ice re-build up in the area (Vimeux et al. 1999).
Before the commencement of second phase of recession, this
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Fig.7 Graphical representation
of the recession and successive
terminal moraines in Grand
Bay valley. a the field photo-
graph of the valley with sample
locations (looking SW) and b is
schematic 3D representation of
the area

ice build-up led glaciers to flow in the valleys and inden-
tation depth of NE-SW trending striations suggest an ice
thickness of 150-250 m in the valleys, (Shrivastava et al.
2018). Phase II recession then occurred during 73 + 6 ka to
50 +3 ka which exposed Baalsrudfjellet nunatak, and modi-
fied the local geomorphology of SO through valley glaciers,
hanging valleys, and rounded ridges. The ice in the valleys
eroded the tills of Phase 1. The trend of these depositional
features had a set of NE- SW striations. In the westernmost
location of the oasis, the glacier continued till 21.1 ka due
to its confinement and eventually, the valley converted into
an epi-shelf lake.

Phase lll

Phase III, was the initiation of glacio-fluvial environment at
35 + 3 ka and ephemeral lakes that continued till the present
(Srivastava et al. 2018; Mahesh et al. 2017; Warrier et al.
2014). A majority of the area was ice-free much before the
LGM excluding the areas where proglacial lakes are cur-
rently located.

Comparison with other records

Vostok ice core from Antarctica spans the past 800 ka
and records eight glacial and interglacial phases (Cor-
tese et al. 2007; Lambert et al. 2008; Petit et al. 1999).
During the past 200 ka, a temperature anomaly of +2 °C
to — 8 °C (Petit et al. 1999) is inferred. Ehlers and Gib-
bard (2004, 20082003) review the chronology of past
glacial events and suggest that the EAIS reached its
maximum extent during Miocene through to Plio-Pleis-
tocene when the temperatures cooled progressively mak-
ing this region a favourable locale for glaciation. There-
after isotopic studies suggest fluctuating EAIS during
the Quaternary (Balter-Kennedy et al. 2020b, a).
Decline of an ice sheet occurs due to, (i) high tem-
peratures and/or, (ii) unsupportive atmospheric condi-
tions leading to reduced moisture inputs, (Petit et al.
1999; Mayewski et al. 2004; Kawamura et al. 2007,
Lambert et al. 2008). Southern Ocean influence global
Oceans and climate (Carter et al. 2008) and therefore,
any changes in them should have affected EAIS, through
changes in zonal westerly winds and Southern Ocean
fronts (Bard and Rickaby 2009; McKay et al. 2012).
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Data on atmospheric concentrations of carbon dioxide
and methane correlate with the Antarctic air-temperature
record throughout the 800 ka (Petit et al. 1999).

The present annual average mean temperature at the
Vostok ice core location is — 55.2 °C (Petit et al. 1999),
and the mean annual temperature of cDML is — 10.4 °C,
i.e., a difference of ~44 °C. In the Vostok ice core record,
the amplitude of temperature anomaly variation during
the past 200 ka was ~ 10 °C. This implies that the mean
air temperature in the cDML remained sub-zero, but logi-
cally, there should have been seasonal highs taking the
temperatures above the freezing point to induce melting.

Moisture supply to this region is governed by the sea
surface temperatures (SSTs) of the southern and Atlantic
oceans. Palacoceanographic reconstructions in the sub-
Antarctic region of the Indian and Atlantic Oceans indi-
cate 2-3 °C lower SSTs around 115-110, 100-85, 80-65,
55-30 and 25-20 ka and, 3-5 °C higher SSTs during
138-115, 110-100, 85-80, 65-55, 30 ka and from 20 ka
till present (Brathauer and Abelmann 1999; Marret et al.
2001). Foraminiferal-based reconstruction indicates that
during MIS 2, 4, and 6, the Polar Front was positioned
at middle latitudes (Wells and Okada 1997; Barrows
et al. 2000). A 15° northward movement of the Polar
Front during glacial periods was documented by King
and Howard (2001). Field evidence for reduced moisture
transport from the Southern Ocean to inland Antarctica
was provided by McKay et al. (2012) using sediment
core from the Ross Ice Shelf (ANDRILL: AND-1B).
These results indicated that over the past 780 ka, the ice
sheet oscillated between a grounded and floating state
for at least seven times. Yamane et al. (2015) combined
CRN exposure ages with model simulations to suggest
that before 3 Ma, the EAIS was up to 600 m thicker than
at present, and after 3 Ma, EAIS thickness decreased due
to decreased SST and consequent reduction in moisture
transport. Stuut et al. (2015), show that in the high lati-
tudes of the Atlantic and eastern parts of Indian Ocean
sectors, the sea ice extent reached up to~45°S and this
would have further inhibited the moisture flux from
lower latitudes oceans. Therefore, it can be plausibly
suggested that the reduced moisture supply and phases
of temperatures exceeding the freezing point led to a
reduced ice cover. LGM, though cooler, was moisture
limited to produce an ice sheet again. Based on field
evidence, we suggest that the average moisture supply
and a temperature regime similar to the present, have
existed since 76 ka.

Even during the period spanning LGM at 21-0.8 ka, the
region witnessed only local ice movements and occasional
development of minor moraines. Preservation of older
moraines at the foothills without any modification also sug-
gests moisture limitation and higher summer temperatures.

@ Springer

Conclusions
Key conclusions of this study are:

(1) SO was covered by EAIS before 158 ka.

(2) The ice sheet thickness decreased by 150-500 m to near
zero in the last 158 ka.

(3) The first phase of decrease was by thinning of ice cover
during 158-125 ka. This exposed higher altitudes
at>200 m asl.

(4) In the second phase (73-50 ka), the ice sheet behaved
as glaciers confined to pre-existing structurally con-
trolled valleys.

(5) Few localized remnantsof the ice sheet especially in the
lower reaches of westernmost part of SO,melted around
22 ka. Broadly, there is no evidence of ground moraines
belonging to the Last Glacial Maximum time.

(6) During the third phase between 35 ka-the present, loss
of ice cover was almost complete.

(7) Thinning of EAIS was due to decreased SST of South-
ern Oceans that reduced moisture transport. A marginal
increase in temperatures assisted the loss of ice.

(8) Landlocked lakes formed at > 35 ka marking a change
from glacial to the glacio-fluvial regime.

(9) The ice sheet here was moisture limited. The tem-
perature had a subordinate role. Therefore, in the
anticipated global warming scenario, we would
expect higher ice accumulation and that this region
will unlikely to have a role in sea-level changes, as
has also been alluded to recent studies by and the
IPCC AR (Smith et al. 1998; Wingham et al. 1998).
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