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ABSTRACT

Reconstructing the response of present-day ice sheets to past global climate change is
important for constraining and refining the numerical models which forecast future
contributions of these ice sheets to sea-level change. Mapping landforms is an essential step
in reconstructing glacial histories. Here we present a new map of glacial landforms and
deposits on nunataks in western Dronning Maud Land, Antarctica. Nunataks are mountains
or ridges that currently protrude through the ice sheet and may provide evidence that they
have been wholly or partly covered by ice, thus indicating a formerly more extensive
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(thicker) ice sheet. The map was produced through a combination of mapping from
Worldview satellite imagery and ground validation. The sub-metre spatial resolution of the
satellite imagery enabled mapping with unprecedented detail. Ten landform categories have
been mapped, and the landform distributions provide evidence constraining spatial patterns

of a previously thicker ice sheet.

1. Introduction

The mapping of areas currently and formerly covered
by glaciers and ice sheets is a key component in recon-
structing past ice extent and assessing potential future
responses to a changing climate (e.g. Blomdin et al.,
2016; Clark et al., 2018; Fu et al., 2012; Heyman
et al., 2008; Stokes et al., 2015; Stroeven et al., 2016).
With models predicting that Antarctica will contribute
>1 m to global sea-level rise by 2100, and >15m by
2500 if greenhouse gas emissions continue to increase
throughout the twenty-first century (DeConto & Pol-
lard, 2016), it is important to improve our knowledge
of how Antarctic ice behaved in response to past
periods of climate change. Geologically-constrained
ice sheet reconstructions are critical to determining
the response of Antarctic ice to changing atmospheric
and ocean temperatures. This is because these ice sheet
reconstructions inform numerical ice sheet models and
improve their ability to predict the timing and pattern
of future ice reduction and consequent sea-level rise.
Dronning Maud Land (DML), particularly western
DML forms the focus of our mapping because it pre-
sents a significant data gap for constraining changes
in the vertical extent (and therefore ice thickness) of

the East Antarctic Ice Sheet (EAIS) (Bentley et al,
2014; Mackintosh et al., 2014). Detailed mapping of
glacial deposits and landforms on nunataks — moun-
tain summits protruding through the ice sheet surface
— was performed to investigate and quantify the past
vertical extent of the EAIS in this area, and to guide
sample collection for cosmogenic nuclide (CN) surface
exposure dating to constrain the timing of ice thickness
fluctuations. The vast area and harsh environment pre-
sent significant accessibility challenges, therefore the
mapping has been completed predominantly by remote
sensing from very high-resolution satellite imagery,
together with field visits to several ground validation
locations.

1.1. Study area and previous work

Our study region covers ~200,000 km” at the western
DML margin of the EAIS (Figure 1). Detailed mapping
was completed on all nunataks protruding the
grounded ice sheet north of 76°S and between 16°W
and the Prime Meridian (Figure 1). General ice surface
features (such as blue ice areas) and larger-scale ero-
sional landforms (such as cirques) have been mapped,
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Figure 1. Overview of the mapped area in western Dronning Maud Land. The ice sheet grounding line is shown as the solid blue
line, and the ice streams and nunatak ranges labelled are referred to in the text. The extent of WorldView satellite imagery obtained
for the mapping is shown by the yellow polygons. Locations of Figures 2—4 are indicated by red rectangles. Inset map indicates the
location of the mapped area within Antarctica (red box), with the red dot representing the South Pole, and the orange lines showing
the defined limits of Dronning Maud Land. Basemap is the Landsat Image Mosaic of Antarctica (Bindschadler et al., 2008).

however, the focus was to perform detailed mapping of
nunatak surfaces. These exposed rock surfaces com-
prise less than 0.2% of the study area. The Main Map
presented here (supplementary material) builds on,
and extends, mapping by Serra (2017) and Dymova
(2018). We utilise new sub-metre resolution World-
View-2 and WorldView-3 satellite imagery, enabling
a level of mapping detail not previously possible across
such a vast region.

The ice sheet in western DML drapes an ancient
passive margin escarpment which trends in a SW-NE
direction, roughly coast-parallel at around 200 km
inland from its grounding line. This predominantly
subglacial escarpment produces substantial and com-
plex bed relief which impedes ice flow and results in
the presence of several nunatak ranges, forming the
edge of the polar plateau. Downstream of the escarp-
ment there are nunataks both in isolation and as part
of additional mountain ranges (Figure 1; Vestfjella,
Borgmassivet, and Ahlmannryggen). The relatively
high concentration of nunataks (compared to else-
where in the EAIS) in a sparsely investigated region

makes western DML ideal for an empirical glacial
reconstruction study. The physiography of the region
is described in detail in Chang et al. (2016) whose map-
ping of the subaerial and subglacial geomorphology of
DML indicates a largely alpine landscape under the ice
sheet. They could not, however, map surficial deposits
on nunataks because of the coarse resolution of the
available imagery (Chang et al., 2016). Numerical ice
sheet modelling indicates that western DML has hosted
a predominantly cold-based ice sheet since the mid-
Miocene maximum ~14 Ma (Jamieson et al., 2010)
which has acted to largely preserve the alpine landscape
(now largely subglacial) formed during the early Ceno-
zoic (Naslund, 2001; Nislund et al., 2000). Macro-scale
geomorphological features such as cirques were there-
fore likely formed prior to the inception of the EAIS
~34 Ma, and so do not provide insight into more
recent—Late Neogene and Quaternary—changes in ice
sheet thickness and extent. Hence, to detect more
recent modifications to the landscape we focus on
mapping depositional features, such as glacially-dis-
placed boulders (erratics), sediment cover (including
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till, till veneer, talus, and regolith), and field obser-
vations of features that yield ice flow directional infor-
mation, such as striations.

2. Methods
2.1. Map production

The remote sensing-based mapping of glacial geomor-
phology in western DML was completed using sub-
metre resolution WorldView-2 (WV-2) and World-
View-3 (WV-3) satellite data. Landforms were visually
identified (section 2.3) and manually digitised using
ESRI ArcGIS software. An iterative approach combin-
ing remote sensing mapping and fieldwork was used to
ensure interpretation integrity. The first iteration of
mapping was completed ahead of the 2016-17 field
season to guide sampling for CN surface exposure dat-
ing. Thus, mapping was limited to the field area of the
first field season (based from Wasa and covering the
Heimefrontfjella; Figure 1) and focused on sites that
were realistically accessible. Detailed ground validation
was completed at two locations and general obser-
vations were recorded at all sites visited during the
first field campaign. The experience and insight gained
during the first field season were incorporated into
second generation mapping which was completed
between the two field seasons (Dymova, 2018; Serra,
2017). This produced detailed coverage over the entire
Ahlmannryggen and Borgmassivet nunatak ranges
(Figure 1), provided a first-order reconstruction of
the glacial history, and guided CN sampling for the
2017-18 field campaign. During the second field cam-
paign detailed ground truthing was conducted at four
additional locations and, again, general observations
were recorded at all sites visited. The final stage of
the mapping was to collate, combine, and extend the
different mapping efforts across the study area. A key
challenge in producing the final map product was to
achieve a clear presentation of the detailed nunatak-
scale mapping of landforms across such a vast study
area. The map product is intended as a representation
of the glacial geomorphology across western DML and
readers are guided towards the shapefiles (supplemen-
tary material) in order to study in detail the glacial geo-
morphology of this region.

2.2. Data and data processing

The surficial mapping presented here uses very high-
resolution commercial WorldView satellite data. WV-
2 has a spatial resolution of 0.46 m in panchromatic
and 1.84 m in 8 multispectral bands, while WV-3 has
a spatial resolution of 0.31 and 1.24 m in the panchro-
matic and multispectral bands, respectively (Table 1).
For identification of glacial geomorphological features,
images were studied in panchromatic and 3 different

Table 1. Sensor band specifications and resolution for the
WorldView-2 and -3 satellites.

Wavelength Resolution Resolution
Band (nm) (WV-2) (WV-3)
Panchromatic 450-800 046 m 031 m
Coastal 400-450 1.84m 1.24m
Blue 450-510 1.84m 1.24m
Green 510-580 1.84 m 124 m
Yellow 585-625 1.84m 124 m
Red 630-690 1.84m 124 m
Red Edge 705-745 1.84m 124 m
NIR 1 770-895 1.84m 1.24m
NIR 2 860-1040 1.84m 1.24m

Note: NIR = Near infrared. The WorldView-3 satellite additionally has 8
SWIR sensors (3.7 m resolution) and 12 CAVIS - Clouds, Aerosol,
(water) Vapour, Ice and Snow — sensor bands (30 m resolution), but
these are omitted from the table since this data was not obtained or
used in our work.

colour composites; natural, false, and modified false
band combinations (Figure 2). Ice features were
mapped from imagery in ‘standard false colour’
which enhances the contrast between snow and ice
(Figure 2c). Surficial mapping of nunataks was com-
pleted using imagery in ‘modified false colour’ as the
combination of the invisible Near-Infrared (NIR) and
visible spectrum bands enhanced visual differentiation
between different surface materials and geological fea-
tures, especially where these differences are subtle. The
modified false colour composite was particularly useful
in identifying bedrock boundaries and distinguishing
between different surface sediment covers (Figure 2d
and f). Textures and patterns appeared most clearly
in the panchromatic (Figure 2e). The ‘natural colour’
was often used to distinguish between differently
coloured sediment cover and bedrock.

Given the purpose of this work, and the large storage
requirement per image, WV satellite imagery was only
requested for the field campaign areas and any adjacent
regions containing nunataks. The extent of the WV
data coverage is shown in Figure 1. In total ca. 4500
orthorectified scenes were provided, with image acqui-
sition dates ranging from 2012 to 2016. This collection
of WV images was manually filtered to select from aus-
tral summer imagery the best quality scenes to provide
single-coverage over the investigation area. Almost
3000 out of the ~4500 scenes were unsuitable due to
under/overexposure, the presence of striping, or
cloud cover obscuring nunataks.

The reference elevation model of Antarctica
(REMA) is an 8 m resolution digital elevation model
(DEM) derived from WorldView imagery pairs
(Howat et al., 2019) that was released in September
2018. Hence, it was not used in the first two iterations
of our mapping. It was, however, utilised during the
collation, combining, and checking of the mapping.

2.3. Glaciological features and glacial deposits

From the remote sensing we identified ten landform
categories for inclusion in the mapping. The
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Figure 2. WorldView-2 imagery (© 2017 DigitalGlobe Inc.) of Sverdrupfjella (cf. Figure 1) demonstrating the different band com-
binations used in the mapping. The colour composites are: (a) natural colour (5,3,2), (b) panchromatic, (c) standard false colour
(7,5,3), and (d) modified false colour (7,3,2). The bands utilised for each colour composite are shown in parenthesis — see Table
1 for band details. The stronger contrast between snow (white) and ice (blue), and the ability to capture subtle variations in
the blue ice, made the standard false colour the optimal base for mapping ice surface features. Locations of panels e and f are
indicated by red rectangles in panels b and a, respectively. The best detail is seen in panchromatic imagery, where individual
boulders can be observed (e — highlighted by red arrows). The modified false colour composite proved optimal for mapping surficial
features, in particular the sediment cover as it exaggerates the subtle colour differences in reds, browns, and greys (f).

identification criteria, mapping scale, optimal colour
composite, and paleoglaciological significance of each
mapped feature class is discussed here.

Windscoops are well defined, generally concave, hol-
lows in the ice surrounding a nunatak (Figure 3). They
commonly have blue ice at their base. The crest of a
windscoop is flush with the ice surface, concealing a
significant drop (tens of metres) towards the nunatak
forming the lee side. Windscoops were mapped at
scales from 1:10,000 to 1:2000 using standard false

colour composites and could be clearly identified due
to the shadow they cast in the snow/ice surrounding
a nunatak (Figure 3) as well as the presence of basal
blue-ice areas (BIAs). Windscoops form due to chan-
nelling of the wind around a nunatak and therefore
provide information on dominant wind direction and
ice surface slope direction.

Crevasses are open cracks in the ice sheet surface
that form under extensional stress (Benn & Evans,
2010). They can be tens of metres to kilometres in
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Figure 3. Mapping of ice surface features and cirques at Sverdrupfjella (cf. Figure 1) from WorldView-2 satellite imagery (© 2017
DigitalGlobe Inc.). (a) Sverdrupfjella in the standard false colour composite. The standard false colour emphasises bare ice, and the
difference between snow and ice, and was therefore used in mapping ice features. Location of panel c is indicated by red rectangle.
(b) Mapped ice features identified from (a) with a hillshade derived from the REMA DEM (Howat et al., 2019) used as background. (c)
Examples of some of the smaller ice surface features, showing the detail that can be mapped from the WorldView imagery. Almost
all crevasses observed were snow-filled or had partially collapsed snow bridges.

length and range from a few metres to over 50 m wide.
Crevasses were mapped as individual line features at
scales from 1:10,000 to 1:1500. Crevasses appeared
clearest in the standard false colour composite where
snow-bridges were whiter than their surroundings,
and had shadows where snow-bridges had collapsed
(Figure 3c). They were also distinct in the panchro-
matic. Crevasses are generally dynamic features
which do not persist through changes in ice configur-
ation or flow. As such the information they provide
relates to present-day ice flow conditions. Additionally,
and importantly, crevasses are one of the greatest safety
concerns for field teams and the mapping of crevasses
proved to be invaluable to route planning and field
safety.

Longitudinal surface structures (LSSs) are flow-par-
allel curvilinear structures on the ice surface, often
occurring as continuous subtle 1-2 m-high ridges.
They typically occur within ice streams and indicate
either irregularities in the bed topography or laterally
compressive ice flow (Ely & Clark, 2016; Glasser &
Gudmundsson, 2012). LSSs were mapped as line fea-
tures at scales between 1:500,000 and 1:100,000. They
typically appear as a slightly darker blue in standard
false colour (Figure 3a and c), and their ridge structure

was clearest in panchromatic imagery. LSSs primarily
provide information on present ice flow conditions,
however, they are long-lived features and so also have
the potential to provide information on changes in
flow direction (Glasser & Gudmundsson, 2012).

Blue ice areas (BIAs) are regions of bare-ice occur-
ring in a range of settings, though commonly on the
downstream side of nunataks or on the crest of convex
structures in the ice sheet surface. BIAs are wind-
scoured surface ablation centres that are generally
dominated by vertical ice-flow, often contain some
supraglacial debris, and are renowned for concentrat-
ing meteorites (Bintanja, 1999; Fogwill et al., 2012;
Spaulding et al., 2012). Whereas the ice sheet surface
normally appears white in WV imagery, BIAs appear
as expanses of blue ice. BIAs were best identified
using the ‘standard false colour’ composite where
their blue colour is distinct and the contrast between
blue and white is enhanced (Figure 3). BIAs were digi-
tised as polygons at a mapping scale of 1:10,000—
1:2500. All BIAs observed were mapped, and there
was no minimum or maximum size for inclusion.
Small BIAs (<100 m?) were commonly found at the
base of windscoops or over crevasse fields. More exten-
sive BIAs typically occur at the base of escarpment



cliffs. They often have indistinct boundaries, in which
case determining the extent of the BIA in the mapping
was subjective. BIAs provide information about bed
relief, past and present glacier mass balance, ice flow
conditions, and predominant wind patterns. They are
considered to be persistent and stable features that
can survive through glacial/interglacial cycles (Bin-
tanja, 1999; Fogwill et al., 2012; Kehrl et al.,, 2018;
Zwinger et al., 2014).

Boulders are by definition any fragment of rock
>25.6 cm (Wentworth, 1922), however, in our map-
ping we focus on large boulders (with diameters of
~1.5m up to 10 m). Individual boulders were recog-
nised by their three-dimensional appearance resulting
from casting a shadow. They were mapped as point fea-
tures at scales of 1:1000-1:500. Due to the relatively
small size of the boulders they were best identified
using the sub-metre resolution of the panchromatic
imagery, though very large boulders can be observed
in all imagery (Figure 2e). Where we have mapped
large individual boulders on the summits and flanks
of nunataks (where a rockfall origin can be ruled
out), they are considered to be ice-transported boulders
and thus indicate that the nunatak surface at this
location was at some point overridden by the ice
sheet (Fabel et al., 2012).

Striations are linear grooves on a rock surface
formed as sediments embedded in the basal ice
‘scratch’ the rock surface as the ice flows over it
(Benn & Evans, 2010). Striations are far too small
scale to be picked up in satellite imagery. Mapped stria-
tions are therefore from field observations, with their
orientation measured. Striations provide crucial infor-
mation of past ice cover and orientation of flow (Stroe-
ven et al., 2016). They were observed and measured at
several sites during the field campaigns and, given their
significance to glacial history, are included on the map.

Cirques are semi-circular depressions cut by ice in
the nunatak slopes. They appear as arcuate steep
cliffs forming the headwall to a bowl-shaped floor.
However, cirques mapped here are ice filled and there-
fore only identified by the arcuate morphology of their
headwalls. They range in width from a few hundred
metres to kilometres. They are clearly seen in all the
imagery at scales between 1:500,000 and 1:250,000.
They were mapped at scales ranging from 1:50,000 to
1:6000, and digitised as line features tracing the head-
wall cliffs. It is generally considered that cirques indi-
cate erosion by wet-based local glaciers (Benn &
Evans, 2010; Evans & Cox, 1974), and in DML these
features have often been interpreted to pre-date the
inception of a permanent EAIS (Jamieson et al., 2010;
Naslund, 2001; Naslund et al., 2000). However, it
should be noted that Andrews and LeMasurier (1973)
argue that cirque headwall retreat occurs under pre-
sent-day freezing conditions in Antarctica through
albedo induced freeze—thaw cycles at the headwall.
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Evidence that this might be an important process was
seen both in the field (direct observations of meltwater)
and in the WV imagery (refrozen meltwater pools and
channels). Thus the mapped cirques were likely formed
during the early Cenozoic, but may still be developing
slowly under present conditions in areas where seaso-
nal meltwater is present.

Supraglacial debris refers to sediment lying on the
surface of the ice. This includes blue-ice moraines,
talus deposits, and areas containing a high concen-
tration of scattered boulders. Supraglacial debris was
easy to identify in all imagery since it is a distinctly dar-
ker speckled region on the white-blue ice surface
(Figure 4). However, where there was thick supraglacial
debris at or across the ice sheet-nunatak boundary it
sometimes proved challenging to ascertain this bound-
ary and therefore the limit of the supraglacial debris.
Supraglacial debris was mapped as a polygon feature
class at scales ranging from 1:20,000 to 1:2000.
Where there was a distinct ridge or structure within
the supraglacial debris this was mapped as a line fea-
ture supraglacial debris structure (Figure 4d). Supragla-
cial material was observed exclusively at the base of
nunatak slopes or within BIAs (where they are mapped
as overlapping units). The supraglacial material
mapped on BIAs ranged from a scattering of boulders
to dense deposits (Figure 4). Generally, where less than
~10% of the surface area was covered by debris, it was
not included. Blue-ice moraines are considered to form
by compressive ice bringing material from the base of
the ice up to the surface (Fogwill et al., 2012; Hattes-
trand & Johansen, 2005). They therefore provide infor-
mation on local ice flow patterns, in particular the
locations where there is/has been vertical ice flow.
Where supraglacial debris continues as a till veneer
on nunatak slopes this indicates that the ice was thicker
in the past.

Sediment cover is an amalgamation of various differ-
ent types of observed surficial sediment covering nuna-
tak bedrock (including till, till veneer, talus, and
regolith) which were initially mapped as different
units based on contextual assumptions (Newall et al.,
in submission). Ground validation revealed that the
contextual assumptions were not reliable in differen-
tiating these different types of sediment cover classes
and they were, therefore, combined into one feature
class — sediment cover. Sediment cover is observed
on most nunatak plateau surfaces and non-vertical
slopes and is identified primarily by a different texture
and/or colour than the bedrock. Mapping of sediment
cover was carried out at scales ranging from 1:5000 to
1:500, and is best identified in the modified false colour
composite (Figure 2f, and Figure 4). Large concen-
trations of boulders are most easily identified in pan-
chromatic imagery (Figure 2e), and denote sediment
cover. Therefore, a combination of both the modified
false colour and the panchromatic imagery was used
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Figure 4. Mapping of surficial features at Grunehogna (in the Ahlmannryggen nunatak region; cf. Figure 1) from WorldView-2 ima-
gery (©2015 DigitalGlobe Inc.). (a) Grunehogna in the modified false colour imagery. Locations of panels ¢ and d are indicated by
red rectangles. (b) The resulting mapping of surficial features from (a). Hillshade derived from the REMA DEM (Howat et al., 2019) is
used for the background on which the mapping is presented. (c) and (d) show the high detail achieved in mapping from the very-
high-resolution WorldView data. (c) Shows patterned ground on a nunatak plateau summit area, and (d) illustrates how supraglacial
debris structures clearly stand out within the general area of supraglacial debris.

to positively identify sediment cover from bedrock.
‘Blankets’ of apparently thin sediment cover were
most commonly identified, as were small ‘pockets’ of
sediment between bedrock outcrops. Where sediment
cover can be determined as being glacially emplaced
(a till, for example), this indicates the site has been
overridden by a formerly thicker ice sheet.

Patterned ground is marked by polygonal or striped
patterns in the sediment cover found on flat plateau
summits and gently sloping nunatak flanks (Figure
4a, b). Patterned ground was mapped as a polygon fea-
ture class at 1:2000-1:500 scales. It is clear in the pan-
chromatic imagery, especially where a thin snow cover
enhances the patterns (Figure 4c). A number of mech-
anisms have been proposed for the formation of pat-
terned ground in glacial environments, and all
require the presence of unconsolidated diamict sedi-
ments and freeze—thaw cycling (Ballantyne & Harris,
1994). The presence of patterned ground provides

information on the type of surficial material and,
because the formation of patterned ground is a subaer-
ial process and it develops gradually through periglacial
processes it indicates that the nunatak surface has been
exposed above ice for an extended time during which
conditions were similar to, or even warmer than pre-
sent (Clarhill & Kleman, 1999; Goodfellow et al.,
2008; Kleman & Stroeven, 1997; Sugden et al., 2005).

2.4. Mapping consistency and completeness

The work presented here was completed over several
years by multiple researchers. Smith and Wise (2007)
highlight observer skill and experience as a source of
bias and inconsistency in glacial geomorphological
mapping. Inconsistency between mappers is also
demonstrated and quantified in Hillier et al. (2015).
To remove such bias, and to minimise inconsistency
from numerous mappers, Newall and Stroeven were



engaged in all of the mapping activity, and Newall
undertook the final map compilation which included
a rigorous consistency check across the full study
area. The final map presents a complete and detailed
inventory of the ten mapped landforms and deposits
across the study area, where they occur on or within
the vicinity of a nunatak. A possible exception to map-
ping completeness may occur within ice surface fea-
tures (crevasses, LSSs, and BIAs) where they exist
distal to any nunatak, or if they occur in the pockets
of the study area that are not covered by the WV satel-
lite data acquired for the mapping (Figure 1).

3. Discussion
3.1. Glacial history

Remote sensing and field observations both identify
surficial evidence for ice cover across the full range of
elevations and topographical settings (cliffs, plateaus,
emergent nunataks, and ridgelines) that have been
mapped. This indicates that all of the nunatak surfaces
have, at some point in time, been covered by ice. The
substantial spatial variation in the distribution of
depositional features, and an inconsistent relationship
between the presence of glacial deposits and either
absolute elevation, relative elevation, or distance inland
from the coast, indicate that the current complex topo-
graphy in this region exerts a strong control on ice
sheet configuration, dynamics, and response to exter-
nal driving factors such as climate. Generally, the ice
surface features are consistent with long-term stability
of the flow regime. LSSs all coincide with present-day
ice velocity patterns and therefore support the con-
clusion of Glasser et al. (2015) that the ice streams in
Dronning Maud Land (and the rest of Antarctica)
have been active with little to no change to flow
configuration for thousands of years, possibly since
the end of last glacial cycle.

3.2. Ground validation

Ground validation is used to verify and validate remo-
tely sensed mapping. By checking the mapping against
ground observations, mapping accuracy can be
assessed and identification criteria can be evaluated
to enable the mapping of landforms to be extended
regionally, beyond the sites visited. Ground truthing,
conducted during the field campaigns (Newall et al.,
in submission) revealed that the contextual assump-
tions used to classify the different mapped units of sedi-
ment cover were not consistently correct. Using the
colour composites selected for this work (section 2.2,
and Table 1) it was not possible to determine the
type of sediment cover from remote sensing alone.
Differentiation of sediment cover proved to be challen-
ging even in the field; experienced glacial
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sedimentologists found it difficult to ascertain whether
a heterogenous sediment cover was a till stripped of
fines or a talus deposit sourced from heterogenous bed-
rock lithologies. Clast angularity can be a key criterion
in classifying sediments (Lukas et al., 2013), however,
across both field campaigns, almost all the clasts we
encountered were angular, characteristic of both tills
and regoliths stripped of fines. Therefore, clast angular-
ity was not a reliable deterministic characteristic as to
whether or not mapped sediment cover is of glacial ori-
gin. While attempts were made to map different types
of sediment cover and differentiate between sediment
deposits (such as till) and in-situ sediments (regolith)
in the WV satellite imagery, the ground truthing
showed that the methodology used here did not allow
for accurate differentiation of the type of sediment
cover, only to observe and map where changes in the
colour and/or texture of the surficial material indicates
different units of sediment cover.

The ground truthing also showed that not all
mapped boulders were necessarily glacial erratics. In
fact, few of the isolated boulders we mapped turned
out to be true erratics (with a lithology different from
the local bedrock), or showed evidence of glacial trans-
port (e.g. striations, rounded surfaces). Boulders
mapped on nunatak surfaces were considered to be
quasi-erratics  (ice-transported boulders) because,
whereas the lithology was not strictly foreign, they
could only have been transported to their particular
location by ice. Hence, the mapped boulders on nuna-
tak summits or flanks (where it can be ascertained
through contextual assumptions that they do not orig-
inate from rockfall) still provide evidence of a thicker-
than-present ice sheet. It should be noted that large
individual boulders are also mapped on the ice surface
in blue ice fields either as scattered boulders, or on
supraglacial moraines. Given their proximity to the
base of steep nunatak flanks they are more likely of
rockfall origin as opposed to having been subglacially
exhumed.

4. Conclusion

Detailed mapping of nunataks and nearby ice areas was
completed over a 200,000 km” study area covering wes-
tern Dronning Maud Land. Acquisition of sub-metre
resolution WorldView satellite imagery enabled the
mapping to focus on surficial features which provided
information of former ice inundation. We conclude
that all nunataks in western Dronning Maud Land
have, at some point in time, been covered by the ice
sheet and therefore provide evidence for a vertically
more extensive ice sheet.

Geomorphological mapping with this level of detail
was not possible previously due to the limited resol-
ution of remote sensing products available prior to
the launch of the WorldView satellites. We show that
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the detection of different surficial deposits is possible,
however, more work is required to positively identify
the type of deposit (classification). A growing area of
research is the use of very high spectral resolution sat-
ellite data in developing composition-based spectral
indices (e.g. Pour et al.,, 2019) and weathering indices
(e.g. Kanamaru et al., 2018). Future work in this direc-
tion would improve the accuracy with which we are
able to classify sediment covers, however, for now
ground validation is still a crucial requirement to accu-
rately differentiate a glacial deposit from in-situ weath-
ered bedrock.

This mapping supported the efforts of two field
campaigns collecting samples for CN dating which
will provide the chronological data required to build
an empirical reconstruction of ice sheet thinning at
the DML margin of the EAIS.

Software

The various iterations of the mapping have been com-
pleted using ESRI ArcGIS desktop. ESRI ArcGIS 10.5
was used in the filtering of the WorldView satellite
imagery scenes to create a single coverage dataset. Col-
our composites were dynamically applied. The final
iteration of mapping, including collating and combin-
ing previous efforts and the map design and layout,
used ESRI ArcGIS Pro version 2.3.

Data

The authors have supplied the data (as ESRI shapefiles)
used in the production of the accompanying map.
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