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Abstract. Unambiguous identification of past episodes of ice
sheet thinning below the modern surface and grounding line
retreat inboard of present requires recovery and exposure dat-
ing of subglacial bedrock. Such efforts are needed to under-
stand the significance and potential future reversibility of on-
going and projected change in Antarctica. Here we evalu-
ate the suitability for subglacial bedrock drilling of sites in
the Hudson Mountains, which are located in the Amundsen
Sea sector of West Antarctica. We use an ice sheet model
and field data – geological observations, glaciological ob-
servations and bedrock samples from nunataks, and ground-
penetrating radar from subglacial ridges – to rate each site
against four key criteria: (i) presence of ridges extending be-
low the ice sheet, (ii) likelihood of increased exposure of
those ridges if the grounding line was inboard of present,
(iii) suitability of bedrock for drilling and geochemical anal-
ysis, and (iv) accessibility for aircraft and drilling operations.
Our results demonstrate that although no site in the Hudson
Mountains is perfect for this study when assessed against
all criteria, the accessibility, N–S orientation and basaltic
bedrock lithology of Winkie Nunatak’s southernmost ridge
(74.86° S, 99.77° W) make it a feasible site both for drilling
and subsequent cosmogenic nuclide analysis. Furthermore,
the ridge is strewn with glacial erratics at all elevations, pro-

viding valuable constraints on its early Holocene deglacial
history. Based on our experiences during this study, we con-
clude with a series of recommendations for assessing site
suitability for future bedrock drilling campaigns. We empha-
sise the importance of consulting a range of expertise prior
to drilling and ensuring that sufficient field reconnaissance is
undertaken (including obtaining detailed grids of radar sur-
vey data and bedrock samples).

1 Introduction

This paper describes geological and glaciological consider-
ations needed for choosing a suitable site for a subglacial
bedrock drilling campaign aimed at determining if (and
when) the Antarctic ice sheet was ever smaller in the re-
cent geological past than it is today. Such considerations are
broadly applicable to any similar study (Johnson et al., 2022),
but we focus here on part of the Pine Island–Thwaites glacier
system in the Amundsen Sea sector of Antarctica due to its
known instability (Joughin et al., 2014). Ice mass loss from
Pine Island, Thwaites and surrounding glaciers is accelerat-
ing, and between 2003 and 2019 these glaciers contributed
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7.5 mm to global sea level rise, dominating the total contribu-
tion from Antarctica during that period (Smith et al., 2020).
However, there is only limited direct evidence for changes
in ice sheet thickness in the Pine Island–Thwaites glacier
system between the mid-Holocene (∼ 5000 years ago) and
the onset of 20th-century satellite observations (Balco et al.,
2023). Hence, it is currently unknown (i) whether ice sheet
changes similarly rapid to those of the past decades occurred
more widely in the Amundsen Sea sector during the late
Holocene and (ii) if such rapid changes should be regarded as
exceptional with respect to pre-observational history. These
uncertainties limit our understanding of the drivers for such
events (Jones et al., 2022). Determining whether the ground-
ing line in this region ever retreated inboard of its present po-
sition during the past few millennia and subsequently read-
vanced (hereafter termed “retreat–readvance”) is necessary
for understanding the possible range of glacier behaviours
and mechanisms for recovery that could occur under the cli-
matic conditions predicted for the next few centuries (Mered-
ith et al., 2019). Similar studies are urgently needed else-
where in Antarctica to determine how widespread Holocene
retreat–readvance of the ice sheet was, its extent and timing,
and what drove such changes.

Subglacial drilling enables recovery of bedrock cores
(Spector et al., 2018; Braddock et al., 2024) from which the
exposure history of the subglacial bedrock surface can be
inferred by measuring the concentration of cosmogenic nu-
clides in minerals (typically quartz) extracted from a variety
of depths within the cores (Schaefer et al., 2016). Any de-
tectable presence of in situ-produced cosmogenic nuclides in
subglacial bedrock, with an exponential decrease in concen-
tration with depth, would imply that the bedrock experienced
near-surface exposure to cosmic radiation and therefore ice-
free conditions, or only very thin ice cover (see Balco et al.,
2023), in the past (Spector et al., 2018). The extent of ice
sheet thinning below present at that time can be determined
by collecting a series of bedrock cores along a transect trend-
ing inland perpendicular to the grounding line. This approach
provides the ice sheet thinning history, but the relationship
between thinning and associated grounding line retreat is
likely to vary between glaciers due to differences in bathy-
metric and other boundary conditions (for discussion, see
Sect. 5.3 of Johnson et al., 2021). Thus, ice sheet modelling
is usually required to establish this relationship for individual
sites. Subglacial bedrock recovery efforts have increased in
the last decade, with successful attempts in both Antarctica
and Greenland aiming to search for evidence of ice sheet col-
lapse during warm periods. These drilling campaigns have
focused largely on the last interglacial (for example, in the
Pirrit Hills of interior West Antarctica – see Kuhl et al., 2021,
and the Ohio Range of the Transantarctic Mountains – see
Mukhopadhyay et al., 2020), but three studies to date have
sought evidence specifically for Holocene exposure, focus-
ing on the central Amundsen Sea sector, Antarctica (Balco
et al., 2023); the southern Weddell Sea sector, Antarctica

(Small et al., 2024); and West Greenland (Balter-Kennedy
et al., 2023a). Subglacial sediments documenting grounding
line retreat inboard of present during the Holocene have been
recovered by drilling in the Ross Sea sector (Kingslake et al.,
2018; Venturelli et al., 2020, 2023).

In the present paper, we describe the results of recon-
naissance surveys undertaken prior to a subglacial bedrock
drilling campaign in the eastern Amundsen Sea sector of
Antarctica, targeting the Hudson Mountains in the Pine
Island–Thwaites glacier system (Fig. 1). These mountains
are situated both adjacent to Pine Island Glacier (PIG) and
near islands in Pine Island Bay from which relative sea
level (RSL) records imply steady retreat of PIG through the
late Holocene (Braddock et al., 2022). This steady retreat,
however, contrasts with the mid to late Holocene retreat–
readvance of Pope Glacier detected using subglacial bedrock
at Mount Murphy in the western Pine Island–Thwaites
glacier system (Fig. 1a) (Balco et al., 2023). The Hudson
Mountains are thus a good site for testing whether the re-
sponse of PIG to Holocene climate was similar to that of
other glaciers in the region. We describe the approach and
criteria we used for choosing a suitable drill site and conclude
with some recommendations for assessing sites for similar
future studies.

2 What makes a good subglacial bedrock drill site for
detecting Holocene retreat–readvance?

A range of geological, glaciological, technical and practical
considerations are needed when assessing the suitability of a
site for subglacial bedrock recovery drilling (Spector et al.,
2018; Briner et al., 2022). Successful detection of past ice
sheet thinning from subglacial bedrock requires drilling at a
site where (i) grounding line retreat or mass balance changes
would result in exposure of bedrock that is currently covered
by ice, (ii) evidence for exposure would be preserved during
subsequent ice cover, (iii) the bedrock lithology is suitable
for both drilling and cosmogenic nuclide measurements, and
(iv) safe access for a drill rig and operators is possible. Al-
though other geometries can meet these criteria, commonly
they lead to selection of drill sites on the subglacial exten-
sion of exposed mountain ridges (Fig. 2), primarily based on
the observation from the modern landscape that ridge tops
are more likely to be free of ice than ridge flanks as well
as the relatively high confidence that the rock encountered
by drilling will be the same lithology as that of the exposed
ridge.

Lithology is important mainly because some common
lithologies do not provide suitable targets for cosmogenic nu-
clide measurement. Of the range of cosmogenic nuclides that
can be commonly measured in rock (in situ 14C, 10Be, 26Al,
36Cl, 3He), one – in situ 14C – is particularly well suited to in-
vestigating exposure on Holocene timescales due to its short
half-life (Nichols, 2022). Holocene exposure has also been
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Figure 1. The location of the Hudson Mountains study site within the Amundsen Sea sector of Antarctica. (a) Map of the Amundsen Sea
Embayment, showing the location of subglacial bedrock drilling sites near Kay Peak, Mount Murphy (Fig. 2) and the Hudson Mountains.
(b) Location of the Hudson Mountains nunataks in relation to major glaciers. The grounding line (black) is from Rignot et al. (2016), and
the coastline is from the SCAR Antarctic Digital Database (last access: 15 May 2024). Ice surface speeds (Rignot et al., 2017) are overlain
on Landsat Image Mosaic of Antarctica (LIMA; Bindschadler et al., 2008) in panel (a) and a Landsat 8 Image acquired on 13 March 2022
(courtesy of USGS) in panel (b).

successfully detected using 10Be and 26Al in quartz, 36Cl in
feldspar, and 3He in olivine and pyroxene. However, all of
those nuclides have half-lives that are much longer than the
Holocene (10Be, 26Al, 36Cl) or are stable (3He). Thus, their
detection in subglacial bedrock would imply exposure at
some point in the past but in general could not distinguish be-
tween evidence of Holocene exposure and exposure that oc-
curred during a prior interglacial that had not been removed
by subsequent subglacial erosion. At present, the in situ 14C
production rate and extraction procedures are best known for
quartz (e.g. Lifton et al., 2001). In situ 14C measurement has
therefore been largely restricted thus far to quartz-bearing
rocks. However, it is theoretically possible to measure in situ
14C in olivine (Pigati et al., 2010) and perhaps other mineral
phases (Koester and Lifton, 2023), permitting detection of
Holocene readvance at sites with non-quartz-bearing bedrock
lithologies such as basalt, gabbro and dolerite. Cosmogenic
3He is also routinely measured in olivine and pyroxene, and
10Be measurements have occasionally been performed in
both minerals (e.g. olivine – see Carracedo et al., 2019, and
pyroxene – see Balter-Kennedy et al., 2023b, and Bergelin
et al., 2024). Although neither of these nuclides could unam-
biguously detect Holocene exposure, they can be used to pro-
vide complementary information about the longer-term ex-
posure history of a surface (e.g. Balco et al., 2023). Finally,
in samples for cosmogenic nuclide analysis, target minerals
must not only be present, but they must also be of sufficient

abundance and grain size (typically >100 µm) to permit sep-
aration and nuclide extraction. Considering the expected low
in situ 14C concentrations in subglacial bedrock (see Balco et
al., 2023), at least 5 g of quartz or olivine should be targeted
for each in situ 14C measurement (Lamp et al., 2019; Pigati
et al., 2010).

Given a site with suitable geometry and bedrock lithol-
ogy, several technical factors are then important. These are
mainly related to the fact that pressurised fluid circulation
in the borehole is required for rock coring. To achieve fluid
circulation, the rock to be cored, the rock–ice interface and
the lowermost ∼ 1–2 m of ice overlying the bedrock must be
impermeable so that fluid leakage from the borehole cannot
occur (Boeckmann et al., 2021). This in turn requires that
(i) the rock–ice interface is below the freezing point; (ii) the
borehole penetrates at least some thickness of ice rather than
only permeable firn; and (iii) any permeability, fractures, or
joints in basal sediment or bedrock are sealed by ice. Es-
sentially all candidate shallow drilling sites in Antarctica are
expected to be frozen at the bed. To date, successful drilling
programmes have been carried out both in areas where firn
is absent and blue ice is exposed at the surface, as well as
in areas of firn where the borehole extended below the firn–
ice transition depth and bottomed in ice. In addition, bedrock
boreholes have been found to be sealed by ice in nearly all
subglacial bedrock drilling attempts; the exception was one
site in the Ohio Range (Mukhopadhyay et al., 2020) where
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Figure 2. Photograph of a drill site at the Mount Murphy massif in the central Amundsen Sea Embayment. At the location marked by the
downward-pointing red arrow, the bedrock ridge (foreground) extends north from Kay Peak (Fig. 1a) below the ice sheet surface in a direction
perpendicular to the present grounding line less than 2 km away (demarcated by shear zone crevasses). Its orientation and close proximity to
the grounding line means that the ridge is likely to have been more exposed during any past episodes of grounding line retreat than it is at
present. Subglacial bedrock cores were recovered from this ridge in 2019–20 (see Balco et al., 2023).

some fluid was lost into jointed bedrock that was apparently
not sealed. Overall, fluid circulation is highly likely to be fea-
sible at any site below the firn–ice transition depth, so from
the perspective of site selection, this criterion primarily re-
quires an estimate of the firn thickness (crevasses extending
to the bed could also preclude fluid circulation, but such a
site would most likely not be safely accessible for drilling,
as noted below). Firn thickness is determined by local tem-
perature and accumulation rate and was found to be in the
range 15–20 m at Mount Murphy (Balco et al., 2023). As the
climate in the Hudson Mountains is similar, sites there which
have firn at the surface are expected to likewise support rock
coring at depths below 15–20 m; sites with exposed blue ice
at the surface would allow coring at shallower depths.

Lastly, a potential drill site must be accessible. Crevass-
ing in and around a drill site can make safe access challeng-
ing for both the drill operators and the researchers conduct-
ing ground-penetrating radar (GPR) surveys during site se-
lection. Bergschrunds are often present adjacent to ice-free
ridges and, even if not presenting a fall hazard, may also
preclude drilling at shallow depths. These hazards are most
significant in snow- or firn-surfaced areas; in blue ice areas,

where snow is scoured away from the ice surface, crevass-
ing can be clearly seen and avoided. Even in the absence of
crevassing, the snow or ice surface must be flat enough to
allow installation of the drill platform and to permit work-
ing and staging of equipment near it. In addition, a large flat
area within a few kilometres of the drill site is needed to al-
low ski-equipped aircraft access via a skiway (unless heli-
copters are used). Such access is required to deliver to the
site, depending on which drill is to be used, several thou-
sands of kilogrammes of drilling equipment – drill rig, drill
rods, power supplies, drilling fluid – as well as standard field
camp utilities (see Braddock et al., 2024). Figure 3 shows an
example of the cargo needed for shallow subglacial drilling
(up to ∼ 100 m depth, as for this study). For deeper drilling,
much more equipment (and fuel) is needed, requiring both a
longer skiway for use by larger aircraft and a wider expanse
of crevasse-free ground around the drill site for safe storage
and drill operations.
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Figure 3. Equipment needed for shallow subglacial bedrock drilling. (a) In the foreground all cargo (except snowmobiles and fuel) deployed
for 2019–20 drilling campaign at Mount Murphy are shown. (b) The US Ice Drilling Program “Eclipse” ice drill in use at Mount Murphy.
(c) The US Ice Drilling Program “Winkie” drill and associated equipment. The Eclipse drill is used to drill through ice to access the bedrock;
the Winkie drill is used for bedrock recovery. Where the bedrock lies beneath clean blue ice, the Winkie drill can be used both to drill through
the ice and recover the bedrock (see Braddock et al., 2024).

3 Evaluation of candidate drill sites in the Hudson
Mountains

To evaluate the suitability of sites, we undertook the fol-
lowing steps, which are described below in the sections in-
dicated: (i) initial evaluation prior to field survey using ex-
isting geological samples and exposure ages, remote-sensed
imagery, and ice sheet modelling (Sect. 3.1); (ii) ground-
based field survey including geophysical surveys, glaciolog-
ical and geological observations, and bedrock sample collec-
tion (Sect. 3.2); and (iii) final selection of drill site using data
gathered in (i) and (ii) (Sect. 3.3).

3.1 Evaluation prior to field survey

The Hudson Mountains comprise 17 nunataks (Fig. 1b) dom-
inated by basaltic volcanic rocks, the eruptive age of which
is known for only two (8.5± 1.0 to 5.6± 1.9 Ma for Mount
Manthe and 3.7± 0.2 Ma for Velie Nunatak; these whole
rock K–Ar dates are reported in Rowley et al., 1990). Several
have exposed rocky ridges extending below the modern ice
surface, making them potential drill sites. Prior to fieldwork,
we examined both existing geological and geomorphological

data from the nunataks and modelling studies to determine
an order of priority for field survey.

3.1.1 Holocene exposure history

A temporally and spatially detailed picture of the above-ice
exposure history is advantageous when choosing a drill site
because this allows us to infer where late Holocene records of
ice sheet configuration are most likely to be found (Johnson
et al., 2022). Exposure history is determined by measuring
the abundance of cosmogenic nuclides in the surfaces of ei-
ther glacial deposits (cobbles and boulders) perched on the
exposed portions of ridges (e.g. Stone et al., 2003; Mack-
intosh et al., 2007) or bedrock of those ridges (e.g. John-
son et al., 2019; Spector et al., 2019). Our knowledge of
the Holocene exposure history of the Hudson Mountains is
limited thus far to three studies, only two of which are suf-
ficiently detailed to provide a profile of ice surface lower-
ing (Johnson et al., 2014, and Nichols et al., 2023; cf. John-
son et al., 2008, which reports only two ages from a single
feature). Johnson et al. (2014) reports a larger suite of cos-
mogenic nuclide surface exposure ages from Mount Moses
and Maish Nunatak, which are both situated on the north-
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ern side of Larter Glacier (Fig. 1b). Although limited in
number and situated within only 10 km of each other, these
two nunataks together yielded a very well-constrained expo-
sure history, including an estimate of when the modern ice
sheet surface elevation was reached. The results show that
the ice sheet surface had lowered to its present elevation by
the mid-Holocene at both nunataks, following a period of
very rapid thinning (7.9 ka at Maish Nunatak and ∼ 6 ka at
Mount Moses). This finding is corroborated by a recently ac-
quired suite of cosmogenic nuclide exposure ages from five
additional nunataks, all situated adjacent to PIG (Nichols et
al., 2023). Any record of late Holocene exposure at these
sites – which would imply thinning below present elevation
and grounding line retreat inboard of its present position –
must therefore currently lie beneath the ice sheet surface,
making these nunataks potentially suitable locations for our
study. Thus, based on knowledge of Holocene exposure his-
tory alone, subglacial drilling at any of Mount Moses, Shep-
herd Dome, Evans Knoll, Maish Nunatak, Inman Nunatak,
Meyers Nunatak or Winkie Nunatak (Fig. 1b) would have
the potential to reveal the late Holocene record of thinning in
this region. The current lack of exposure histories from other
peaks in the Hudson Mountains (for example, World’s End
Bluff and Webber Nunatak) does not necessarily rule them
out as suitable drill sites, assuming that the ice sheet behaved
similarly around them also. We therefore sought other types
of data to inform our drill site selection.

3.1.2 Nunatak topography

The relative suitability of Maish Nunatak, Webber Nunatak,
Winkie Nunatak, Meyers Nunatak, Inman Nunatak, World’s
End Bluff and Shepherd Dome (Fig. 1b) as drill sites can be
further evaluated based on their present topographic shape.
Prior to undertaking fieldwork, we used satellite imagery to
assess this visually. Winkie Nunatak and Meyers Nunatak
each comprise a single ridge, Webber Nunatak has two ridges
extending towards Larter Glacier, and Maish Nunatak has
three ridges which extend inland (see Figs. 6, 10 and 14).
In contrast, neither World’s End Bluff, Shepherd Dome nor
Inman Nunatak has any ridges. Inman Nunatak has a dome-
like shape with outcrops largely across its northern flanks,
World’s End Bluff is a partially ice-covered flat-topped fea-
ture with a near-vertical cliff face extending towards the
northern Pine Island Ice Shelf on its western side (Fig. 1b)
and Shepherd Dome consists of an ice dome with a few small
patches of outcrop on its southern side. Thus, these three sites
are not as suitable for drilling as Maish Nunatak, Webber
Nunatak, Winkie Nunatak and Meyers Nunatak.

3.1.3 Modelling

We used ice sheet model simulations to assess the sensitivity
of ice cover to grounding line retreat. This approach enabled
us to consider where the grounding line would likely be situ-

ated relative to each nunatak during hypothetical periods of a
smaller-than-present ice sheet and to evaluate the orientation
of individual ridges relative to the retreated grounding line.
Subglacial bedrock that is most likely to yield evidence of ice
sheet thinning and rethickening as a result of grounding line
retreat–readvance during the late Holocene will be located on
the subglacial extensions of currently exposed ridges that ex-
tend perpendicular to the former grounding line (see Sect. 2).

The Net Sum Model (NSM) simulations from Larour et
al. (2019), run using the Ice Sheet System Model (Larour
et al., 2012), are suitable for the present study because they
(i) use a relatively high resolution (1 km) over the Hudson
Mountains and (ii) can simulate future grounding line po-
sitions analogous to those we would expect during periods
when the ice sheet was smaller. Figure 4 shows the mod-
elled versus observed modern grounding line positions near
PIG and the modelled position for the year 2350. As ex-
pected, the model does not do a perfect job in reproducing
the observations. For example, it is not physically plausible
that the grounding line is presently situated between Maish
Nunatak and Mount Moses as simulated (model GL 0 years;
Fig. 4). However, closer to PIG and around Evans Knoll, the
observed and modelled modern grounding line positions cor-
respond relatively closely, giving confidence in the model’s
ability in that region. The simulation for model year 2350
shows a much retreated grounding line in many parts of the
Hudson Mountains, particularly in the main glacial troughs
(e.g. Larter Glacier), where the grounding line is predicted to
migrate several tens of kilometres upstream of present. We
use this future simulation as an analogy for a hypothetical
grounding line retreat inboard of its present position (fol-
lowed by a readvance).

In the +350-year future simulation (as well as in other
future runs of Larour et al., 2019, not shown here), the
modelled grounding line is retreated into the glacial troughs
such that it passes within a few kilometres of some of the
nunataks. In that situation, we would expect ice cover on N–
S-oriented ridges of those nunataks to reduce as the ground-
ing line retreated. For example, the +350-year modelled
grounding line position implies that ridges on the northern
side of Webber Nunatak would be oriented perpendicular
to it if the grounding line had retreated inboard of present
(Fig. 4), making them potentially suitable sites from which to
collect a transect of subglacial drill cores that could provide
evidence of progressive late Holocene retreat. The model
simulations also provide insight into what would become of
Evans Knoll in a more retreated situation. At present, the
grounding line skirts Evans Knoll on its western side, link-
ing it to the mainland (Fig. 4). However, in the +350-year
model simulation, the knoll becomes an island rather than be-
coming more exposed. In that situation, since no additional
bedrock is exposed during retreat, records of late Holocene
ice sheet change are unlikely to be found in the bedrock
that is presently subglacial, and the site would thus proba-
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Figure 4. Position of present and modelled (future) grounding lines relative to nunataks in the Hudson Mountains region. The modern (2011)
observed grounding line position is shown as a medium-thickness solid red line (Rignot et al., 2016). The modelled grounding line position
at present-day (model GL 0 year) is shown as a thin dashed yellow line and at 350 years into the future (model 2350 years) as a thick yellow
line (model GL +350 years). Both are from the NSM simulations of Larour et al. (2019). The underlying satellite image is from Landsat-8,
courtesy of USGS. Nunataks mentioned in the text are labelled as follows: EVK (Evans Knoll), BLF (World’s End Bluff), WEB (Webber
Nunatak), WIN (Winkie Nunatak), SHD (Shepherd Dome), INM (Inman Nunatak), MEY (Meyers Nunatak), MAI (Maish Nunatak) and
MOS (Mount Moses).

Table 1. Suitability of sites in the Hudson Mountains for subglacial bedrock drilling. Each site with ridges present was then assessed against
the key criteria shown in the subsequent column headings. Key: “X” means the site is suitable; “(X)” means the site is probably suitable but
with some challenges and/or caveats; “(x)” means it is unclear whether or not the site is suitable or that it is probably not suitable (or at least
not without major challenges or uncertainty); “x” means the site is not suitable; and “N/A” means the criterion is not applicable because the
site is ruled out based on other criteria.

Site name Latitude Longitude Ridges Sensitive to PIG Suitable bedrock Drill site safely Quartz-bearing
(DD) (DD) present? grounding line lithology?∗ accessible?∗ erratics present?∗

migration?

Winkie Nunatak −74.86 −99.77 X X X X X
Webber Nunatak −74.77 −99.83 X (X) (X) X X
Evans Knoll −74.85 −100.41 (X) (x) X X X
Meyers Nunatak −74.91 −98.75 X x (x) N/A N/A
Maish Nunatak −74.60 −99.34 X X X (x) X

∗ Criteria that require field survey for full assessment.

bly prove unsuitable for determining whether or not retreat
inboard of present occurred.

Other models could be used to inform the selection of
suitable subglacial drill sites. For example, models that pre-
dict ice sheet thickness changes through time may show
which sites would be expected to deglaciate the most during
grounding line retreat (e.g. the BISICLES ice flow model;
Nias et al., 2019). We chose to use a model that simulates fu-
ture, rather than past, ice sheet configuration because (to our

knowledge) no palaeo-ice sheet models have yet been able to
simulate grounding line retreat inboard of present in the Pine
Island–Thwaites glacier system under climatic and ocean
forcing that would be considered realistic for the Holocene,
and new modelling was beyond the scope of our study. How-
ever, such palaeo-ice sheet model outputs could be used for
assessing drill site suitability if available in future. Neverthe-
less, the challenge with all models used for this purpose is
that they must be of sufficiently high spatial resolution to re-
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solve small-scale ice sheet changes around nunataks that are
often only a few kilometres apart (Mas e Braga et al., 2021).
Continent-wide ice sheet models are currently not capable of
this, and it is challenging even with nested domains at higher
resolution (Johnson et al., 2021). This situation is, however,
likely to improve in the near future as models evolve. In sum-
mary, based on the model comparison described above, the
most suitable drill sites in the Hudson Mountains are those
that are (i) currently situated in close proximity to the mod-
ern grounding line and (ii) unlikely to have become an island
if the grounding line was situated inboard of its present lo-
cation. They are Maish Nunatak, Webber Nunatak, Winkie
Nunatak, World’s End Bluff, and Shepherd Dome (Fig. 4).

3.1.4 Bedrock lithology and structure

The lithology of the subglacial bedrock is important to know
prior to drilling to ensure that enough of the target min-
eral can be collected for cosmogenic nuclide analysis (see
Sect. 2). Furthermore, to maximise the chance of success-
ful core recovery, the bedrock structure – specifically perme-
ability and consolidation – must be known. Although there
is very little published information about the bedrock geol-
ogy of the Hudson Mountains, it is known to be volcanic.
Several of the outcrops are basaltic and contain olivine and
feldspar phenocrysts (Rowley et al., 1990), making them po-
tentially suitable for cosmogenic nuclide analysis, including
in situ 14C. Of the candidate drill sites, Webber Nunatak and
Shepherd Dome consist of basaltic lava flows and hyalo-
clastite tuff, World’s End Bluff is composed entirely of
hyaloclastite tuff, and Maish Nunatak consists of subaerial
basaltic lavas (Lopatin and Polyakov, 1974; Rowley et al.,
1990). In contrast, the lithology of Winkie Nunatak (basaltic
lava; Sect. 3.2.1) was unknown prior to our field survey.
“Hyaloclastite” is used in this paper to include all hydroclas-
tic fragmental rocks including hyaloclastite (sensu stricto),
tuffs and lapilli tuffs, regardless of the specific mode of frag-
mentation (see White and Houghton, 2006).

Both basalt and hyaloclastite can be cored with typical
rock drilling systems if joints and fractures in the rock are
filled with ice. This has been the case in all previous Antarc-
tic subglacial drilling campaigns and is likely in the Hud-
son Mountains since the candidate drill sites are all relatively
low elevation (<550 m a.s.l.) and experience melting at the
ice margin as a result of solar heating during the austral sum-
mer. However, a weakly consolidated hyaloclastite could cre-
ate several potential problems with core recovery, including
core fragmentation, core loss during break-off, or loss of un-
consolidated clay or fines to the drilling fluid (particularly
a problem for hyaloclastite which is typically rich in palag-
onite, a mixture of clay minerals; Stroncik and Schmincke,
2002). A well consolidated crystalline basalt, even if vesic-
ular, will most likely yield a higher-quality and more com-
plete core. Thus, from the perspective of bedrock lithol-
ogy and structure alone, Maish Nunatak, Webber Nunatak,

World’s End Bluff and Shepherd Dome are probably plausi-
ble for successful drilling and core recovery and, depending
on the results of our field survey, Winkie Nunatak may be
also plausible (Shepherd Dome and World’s End Bluff were,
however, discounted based on their unsuitable topography;
Sect. 3.1.2).

3.1.5 Summary

The results of the surveys we undertook prior to fieldwork
provided an initial assessment of sites that could be suit-
able for drilling and therefore warranted further investiga-
tion. Sites where ridges are not present (World’s End Bluff,
Inman Nunatak and Shepherd Dome) did not pass this initial
filter and were excluded from further investigation. Sites that
passed, or based on the available data could not be defini-
tively ruled out as unsuitable, are listed in Table 1. We sub-
sequently assessed these sites in detail through comparison
with the model outputs and via ground-based field survey.
Since two sites that passed the initial filter (Evans Knoll
and Meyers Nunatak) appear from comparison with mod-
elling not to be sensitive to PIG grounding line migration,
we concluded that drilling into subglacial bedrock close to
one or more of Winkie Nunatak, Webber Nunatak and Maish
Nunatak would provide the best chance of obtaining evi-
dence for or against a smaller ice sheet in the late Holocene
in the eastern Pine Island–Thwaites glacier system. Our re-
connaissance field survey therefore focused on these three
sites.

3.2 Field survey of candidate drill sites in the Hudson
Mountains

We conducted a ground-based survey of the Hudson Moun-
tains in the austral summer of 2019–20 using the criteria out-
lined in Sect. 2 to establish the suitability for drilling of the
three candidate drill sites: Winkie Nunatak, Webber Nunatak
and Maish Nunatak. The results of our field survey (geologi-
cal and glaciological observations and sub-ice features from
GPR surveys) are described here and summarised in Table 1.
Following the fieldwork, the bedrock lithology at each site
was studied in detail using rock samples collected from the
ridges. Details of the radar survey methods are provided in
Appendix A.

3.2.1 Winkie Nunatak

Winkie Nunatak (Fig. 5) is a ridge rising 110 m above the
ice sheet surface that is composed entirely of basaltic pil-
low lavas overlain by numerous granite erratics. The ridge
is broadly oriented N–S and dips perpendicular towards PIG
(Fig. 1), making it highly likely to have been more exposed
during any periods when the grounding line was retreated rel-
ative to present. The exposed part of the ridge is broad and
rounded with a gentle gradient (Fig. 5a).
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Figure 5. Topography and surroundings of Winkie Nunatak. (a) Winkie Nunatak viewed from the north. The arrow indicates where the SE
ridge extends below the ice surface. A sledge and snowmobile are shown for scale. (b) View looking down the SE ridge towards Shepherd
Dome. The downward-pointing red arrow shows the tip of the ridge. Note the glacial erratics strewn on the lava bedrock surface. A sledge
and two snowmobiles (circled) are shown for scale.

Figure 6. Satellite image of Winkie Nunatak, showing areas of known crevassing (dotted pink lines). Contours of surface elevation (at
25 m intervals) are from the REMA DEM (Howat et al., 2022). Satellite image © 2022 Google Earth, Maxar Technologies (imagery date:
16 February 2012). Locations of glacial erratics dated by Nichols et al. (2023) are indicated by yellow circles. The location of the radar
profile (X–Y) in Fig. 8 is shown here inside a shaded yellow rectangle that outlines the coverage of our detailed survey grid (five lines; see
Appendix A). The lines of the broader GPR survey (Appendix A) are also shown.

Accessibility

Although there is heavy crevassing on the western side of
Winkie Nunatak and to the south (Fig. 6), safe access to the
base of the ridge at its SE end was possible at the time of

our survey by approaching the nunatak from the NE. The
area between Winkie Nunatak and Webber Nunatak is sev-
eral kilometres wide and relatively flat, enabling the required
access by ski-equipped aircraft (see Sect. 2). A skiway at this
location would allow a camp to be situated within 5 km of
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Figure 7. Photographs showing bedrock lithology at Winkie Nunatak. (a) Field photograph of pillow basalt, with a person included for scale.
(b) Close-up photograph of lava, showing abundant olivine phenocrysts (green crystals), with a fingertip included for scale. (c) Thin section
of lava (sample UNN-204; British Antarctic Survey ID R19.1.12) shown in plane polarised light (PPL). The field of view is 8 mm. (d) Thin
section of the same lava with the same field of view as in panel (c) shown in cross polarised light (XPL); “v” indicates a vesicle (hole created
by gas or steam during rock solidification after eruption).

the base of Winkie Nunatak, allowing for fast and safe tran-
sit between the camp and drill site for the drilling team.

Bedrock lithology

Winkie Nunatak is comprised entirely of pillow basalt lavas
that contain abundant unweathered olivine and plagioclase
feldspars – but no pyroxene – in a fine-grained matrix (Fig. 7a
and b). Using a thin section of a sample taken from the central
crystalline core of a pillow during the field survey (Fig. 7b
and c), we measured the olivine crystals as 0.1–1.5 mm in
diameter and plagioclase laths as 0.2–0.9 mm in length. We
visually estimated their abundances as 10 %–15 % (olivine)
and 20 %–25 % (feldspar). The phenocrysts are present, but
less abundant, in the vesicular outer pillow rims. Due to their
relatively large size, the olivines – and to a lesser extent the
feldspars – would be straightforward to mechanically sepa-
rate (using magnetic and density separation). Thus, although
the bedrock at Winkie Nunatak does not contain the most de-
sirable mineral phase for 10Be and in situ 14C cosmogenic
nuclide measurements (quartz), the presence of separatable
olivine should make in situ 14C dating feasible (see Sect. 2).

Glaciology

The ice sheet surface surrounding Winkie Nunatak consists
of well-compacted firn covered by snow, with small sastrugi
(<30 cm high) covering most of the snow surface in the
2019–20 season. The ice surface slopes gently away to the
SE from the end of the main ridge of Winkie Nunatak. Per-
pendicular to the ridge line, the ice slopes more steeply from
the north towards the margin of PIG. A few large crevasses
and a bergschrund are visible in satellite imagery (Fig. 6)
and were also observed during fieldwork. Although these
crevasses were well bridged in 2019–20, they could limit or
prevent future access from both the northern end of the ridge
and its SW side. The GPR survey also showed some large
crevasses running away from the exposed bedrock ridge, par-
allel to the crest of convexity in the ice surface. Subsequent
surveys in 2022–23 (Braddock et al., 2024) revealed multi-
ple additional large extensional crevasses, covered only by
thin (0.5 m thick) snow bridges, running at oblique angles
over the subglacial extension of the main ridge. These new
shallow crevasses are likely a result of the rapidly changing
grounding line and ice margin position of PIG: the floating
ice margin retreated past Winkie Nunatak between the 2019–
20 season and the 2022–23 season as large icebergs calved
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Figure 8. GPR survey results from Winkie Nunatak. (a) A 2D radar profile (the location of profile X–Y is shown in Fig. 6). TWTT is the
two-way travel time. (b) The same 2D radar profile showing digitised basal topography and ice. Subsurface features are labelled, including
firn layers, crevasses and offline reflectors from basal bedrock. (c) Radar-based interpolation of the subglacial bedrock ridge (the area covered
by these data is shown in Fig. 6).

from the terminus of the glacier (Joughin et al., 2021). Sev-
eral similar calving events have been observed in the past
decades (Jeong et al., 2016; Arndt et al., 2018).

Results of the GPR survey at Winkie Nunatak are shown
in Fig. 8. The basal reflector indicates a well-defined ridge
running out in line with the exposed ridge of Winkie Nunatak

and dipping quickly to 60 m beneath the ice surface at the
centre of the detailed grid shown in Fig. 6, 210 m from the
lowest bedrock exposure (the position of which is marked by
the downward-pointing red arrow in Fig. 5b). Below the ice
surface, the ridge crest gradually flattens, reaching a width of
20–30 m and widening further as it deepens towards the SE
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Figure 9. Topography and glaciology around Webber Nunatak. Short red arrows denote “Ridge A” (see Sect. 3.2.2). (a) Webber Nunatak
viewed from Larter Glacier, showing the candidate drill site (off the end of Ridge A). Note the extensive crevassing on Larter Glacier that
prevents access by aircraft from the northern side. The nunatak length from left to right in the image is 3.5 km. (b) Ridge A (width ∼ 150 m)
viewed from the air. (c) Close-up view of ridge A (width ∼ 150 m) and the adjacent blue ice area, viewed from above. Several crevasses are
visible extending perpendicular to the ridge. (d) The lower part of Ridge A, looking towards Larter Glacier. A few erratics are perched on
the basalt rubble. A rucksack and field equipment are shown for scale; the diameter of the boulder in the foreground is 50 cm.

(Fig. 8c). The subglacial ridge is covered by well-compacted
firn (with continuous layers clearly visible; Fig. 8b), likely
transitioning to ice at depth. There are, however, two large
buried crevasses marking the extension of the bergschrunds
that run across the south-facing slope of the nunatak (Fig. 6).
Offline reflectors from the ridge obscure some lower internal
ice reflectors, making it difficult to identify any near-bedrock
layering in the ice column or at the ice–bedrock transition.

Our GPR observations suggest that the subglacial ridge
extending SE towards PIG is, from a glaciological point of
view, an ideal drill site for drilling. The ridge crest is wide
and continues as a discrete ridge for over 300 m before it dips
to an ice depth of >100 m. The centre of the ridge should
thus be accessible for much of its length, and the large buried
crevasses on its crest can likely be avoided (or drilling away
from the ridge crest could be considered). The continued dip
below the ice surface of the exposed bedrock at the SE end of
Winkie Nunatak suggests that the exposed bedrock is likely
to be representative of the subglacial extension of the ridge.

3.2.2 Webber Nunatak

Webber Nunatak (Fig. 9) is an eroded volcanic edifice sit-
uated adjacent to Larter Glacier (Fig. 1). Modelling sug-
gests that if the grounding line had ever retreated inboard
of its present position, it would likely have retreated up the
Larter Glacier trough (Fig. 4). Two prominent ridges extend-
ing down to Larter Glacier on its northern side (Fig. 9) are
oriented perpendicular to that trough, making them sensitive
to ice sheet thickness changes resulting from grounding line
retreat; from this perspective, they make suitable drill sites.
One of the ridges (“Ridge A”; Fig. 9a) descends relatively
gently to a blue ice area (where katabatic winds scour snow
away from the ice surface), another feature that makes it suit-
able for drilling (Sect. 2 and caption to Fig. 3). The nunatak is
composed of a sequence of lavas and stratified hyaloclastite,
but, in contrast to Winkie Nunatak, only a handful of erratic
cobbles and boulders are present; most are quartz-bearing
granitoids with a few gneisses (Fig. 9d), making them ideal
for cosmogenic nuclide dating to determine the past expo-
sure history of the ridge. Although erratics are only present
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Figure 10. Satellite image of Webber Nunatak, showing areas of known crevassing and blue ice. Dotted pink lines and shaded blue areas
show the location of crevasses and blue ice, respectively. The location of the radar profile (A–B) shown in Fig. 12a and b is indicated by
a shaded yellow box that outlines the survey area used to compile Fig. 12c. The dotted line labelled “IR” shows the base of a ridge in the
ice sheet surface. Numerous large crevasses were observed on the ridge slope to the SW of the line. Contours of surface elevation (at 25 m
intervals) are from the REMA DEM (Howat et al., 2022). The solid red line (labelled “GL”) marks the location of the 2011 grounding line
(Rignot et al., 2016). Satellite image © 2022 Google Earth, Maxar Technologies (imagery date: 16 February 2012).

on the lowermost 70 m of the two ridges and predominantly
on Ridge A, this should not present a problem for detecting
Holocene retreat–readvance because only erratics from close
to the modern ice surface are needed to provide a constraint
on the exposure history of the subglacial portion of the ridge
(Johnson et al., 2022).

Accessibility

In contrast to Winkie Nunatak, access to Webber Nunatak
is more challenging due to the presence of several large
crevasses close to its eastern end (Fig. 10). Furthermore, the
downstream section of Larter Glacier on the northern side
of Webber Nunatak is heavily crevassed, making it impos-
sible to land an aircraft there (Fig. 9a). The only way to
access a drill site at the base of the ridges on the north-
ern side of Webber Nunatak would be from a camp situated
in the broad flat area between Winkie Nunatak and Webber
Nunatak (Fig. 1b). The crevassing could then be avoided by
driving in a wide berth around the eastern end of Webber
Nunatak. While this is feasible, it adds time for driving a few
extra kilometres from the camp to the work area, but it would
be impossible to bring the drill and associated equipment to
the foot of those ridges by any other route. The work area at
Webber Nunatak is also limited to a footprint extending up

to ∼ 800 m from the northern ridges due to the proximity to
the shear zone of Larter Glacier (Fig. 9a). Care would also be
needed to avoid smaller crevasses perpendicular to the base
of those ridges (Figs. 9c and 10); it may alternatively be pos-
sible to bridge the crevasses using aluminium ladders to per-
mit safe rope-free access to the drill site. These aspects mean
that ridges on the northern side of Webber Nunatak could be
workable, but access would not be as easy or as safe as at
Winkie Nunatak.

Bedrock lithology

The lower ridges on the northern side of Webber Nunatak
consist of massive (unstratified) hyaloclastite (Fig. 11). Some
of the glass within the hyaloclastite has been converted to
clay minerals, specifically palagonite, by alteration (Fig. 11c;
cf. Fig. 4, Johnson and Smellie, 2007). Interspersed with the
glass are clasts (typically <6 cm diameter) of basaltic lava
that contain abundant olivine phenocrysts of 0.2–1.0 mm di-
ameter (Fig. 11b) but no visible pyroxene or feldspar. Pres-
ence of these lava clasts in any recovered drill core would
allow measurement of cosmogenic 10Be and in situ 14C in
olivine (see Sect. 2), but such analyses would be dependent
on recovering enough material: since the diameter of rock
cores is typically only 2–5 cm, there would be a high likeli-
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Figure 11. Photographs showing bedrock lithology at Webber Nunatak. (a) Field photograph of hyaloclastite at Webber Nunatak from the
base of a ridge that extends towards Larter Glacier close to a potential drill site. Large basalt clasts (grey) are surrounded by palagonitised
glass matrix (orange). A gloved hand is included for scale. (b) Close-up field photograph of Webber Nunatak hyaloclastite, showing a basalt
clast (outlined by dashed line) containing abundant olivine and plagioclase phenocrysts. The scale bar increments are in millimetres. (c) Thin-
section photograph of hyaloclastite (sample WEB-211; British Antarctic Survey ID R19.2.11) in PPL. The field of view is 8 mm. Here, “v”
indicates a vesicle, “gl” indicates glass (orange colour) and “pal” indicates palagonite (yellow colour). (d) Thin-section photograph of the
same hyaloclastite with the same field of view as in panel (c) in XPL. Here, “v” indicates a vesicle, “gl” indicates glass (in extinction) and
“pal” indicates palagonite (birefringent).

hood of penetrating only (or predominantly) the glassy mate-
rial that would be unsuitable for cosmogenic nuclide analy-
sis. Thus, although it would theoretically be possible to mea-
sure cosmogenic nuclides in the Webber Nunatak bedrock,
it would probably be extremely challenging and potentially
impossible.

Glaciology

The ice sheet surface at the base of Ridge A consists largely
of blue ice with some firn and patchy snow cover (Fig. 9).
Numerous crevasses are present around the base of the ridge
(Fig. 10). Some are >1 m wide and are filled with aerated un-
consolidated snow and ice. We estimated they could be >2 m
deep. During the 2019–20 season, the snow bridges of these
crevasses were weak, likely due to the warm temperatures
experienced in late 2019. The ice surface showed two ele-
vations, with a higher (heavily crevassed) area and a lower,
flatter area to the east. A steep slope separated the two areas,
again with numerous crevasses, with the base of the slope
trending NW from the end of the bedrock ridge. The results
of our GPR survey at Webber Nunatak (Fig. 12) indicate that
the main subglacial bedrock ridge trends to the NW, with the

highly crevassed ice ridge marking its crest. It is fairly broad
– rounded, rather than sharp-crested – beneath the ice sur-
face (Fig. 12c). The bedrock ridge also appears to have been
heavily eroded by ice moving NW from the plateau ice be-
tween Webber Nunatak, Mount Manthe and Shepherd Dome
(Fig. 1b), before meeting Larter Glacier ice flowing WSW.
There are few clearly discernible structures visible within the
ice in the GPR data. Near the surface, a firn layer that extends
to∼ 50 m below the modern ice sheet surface can be traced in
places, and some offline bedrock reflectors are also apparent
(Fig. 12a and b).

In summary, GPR and glaciological field observations sug-
gest that drilling at the end of Ridge A at Webber Nunatak
would be challenging due to the presence of large poorly
bridged crevasses around the base of the exposed ridge.
These would make access difficult and would reduce the op-
tions for recovering a closely spaced transect of subglacial
bedrock cores.

3.2.3 Maish Nunatak

Maish Nunatak is situated on the northern side of Larter
Glacier,∼ 3 km from the modern grounding line (Fig. 1b). Its
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Figure 12. GPR analysis of Webber Nunatak. Panels (a) and (b) are 2D radar profiles showing the subglacial ridge crest (the location of
profile A–B is shown in Fig. 10). TWTT is two-way travel time. Panel (b) shows digitised basal topography and the ice surface and is
annotated to show subsurface features (thin black lines). (c) Radar-based interpolation of the subglacial ridge.

Figure 13. Topography and surroundings of Maish Nunatak. (a) View from the air looking SW. Arrows indicate the tips of three low-
gradient bedrock ridges described in the text; the distance between the outer ridges is 880 m. (b) View looking approximately SE towards
Larter Glacier. Circular symbols indicate the locations of erratic cobbles and boulders sampled for 10Be exposure dating in an earlier study
(Johnson et al., 2014). As in panel (a), the outermost ridges are separated by a distance of 880 m. Both photographs were taken in 2010 by
James Smith (British Antarctic Survey).
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Figure 14. Satellite image of Maish Nunatak showing features that are important for drill site accessibility. Dotted pink lines show the
location of crevasses. Locations of erratic cobbles and boulders dated by Johnson et al. (2014) are indicated by yellow circles (see also
Fig. 13b). No GPR surveys were undertaken at this site. Contours of surface elevation (at 25 m intervals) are from the REMA DEM (Howat
et al., 2022). Satellite image © 2022 Google Earth, Maxar Technologies (imagery date: 2 March 2012).

Figure 15. Photographs showing bedrock lithology at Maish Nunatak. (a) Field photograph of pillow lavas, with a person shown for scale.
(b) Close-up photograph of lava in hand specimen, showing prominent clusters (glomerocrysts) of olivine (ol), clinopyroxene (cpx) and
feldspar (fspr). (c) Thin section photograph of lava (sample MAI-201; British Antarctic Survey ID R19.6.1) in PPL. The field of view is
8 mm. Here, “v” indicates a vesicle, “gm” indicates groundmass, “cpx” indicates clinopyroxene, “ol” indicates olivine and “fspr” indicates
feldspar. (d) Thin section photograph of same lava as in panel (c) in XPL. A glomerocryst is enclosed by the dashed white line. The field of
view is 8 mm. Here, “v” indicates a vesicle, while “gm” indicates groundmass (comprising feldspar and clinopyroxene crystals).
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bedrock is composed entirely of basaltic pillow lavas. Gran-
ite erratics perched on the bedrock surfaces are much more
numerous than at Winkie Nunatak or Webber Nunatak. Cos-
mogenic nuclide exposure dating of a suite of these erratics
(locations shown in Fig. 13b) showed that Maish Nunatak
deglaciated rapidly in the early Holocene and that the modern
ice surface elevation was reached by ∼ 8 ka (Johnson et al.,
2014). Maish Nunatak has three ridges facing SE that have
a very low gradient (nearly horizontal) at their ice-proximal
ends (Fig. 13). Their orientation is not perfect for detecting
past changes in grounding line position because they slope
inland away from the modern grounding line and are pro-
tected by the higher-elevation summit of the nunatak that
lies on the side closest to the grounding line. Nevertheless,
existing exposure ages from the outermost ridges appear to
have captured ice sheet thinning that reached the modern sur-
face elevation in the early Holocene. Thus, drilling at this site
should permit detection of Holocene grounding line retreat–
readvance if it occurred.

Accessibility

There is very little crevassing visible from the ground or in
satellite imagery in the immediate vicinity of Maish Nunatak
(Fig. 14). However, despite this and its suitability for drilling
based on the surveys undertaken prior to fieldwork (prox-
imity to the grounding line, three ridges with a low gradi-
ent and well-constrained early Holocene exposure history),
our visit highlighted considerable challenges for access by a
drilling team. Firstly, the nearest accessible location for ski-
equipped aircraft is on the SE side of Mount Moses, approx-
imately 10 km from the ridges at Maish Nunatak (Fig. 1b).
This would mean a long travel time (>1 h by snowmobile)
from the landing site to the nunatak itself. In addition, the
area between Mount Moses and Maish Nunatak is an ac-
tive ablation zone, where the presence of abundant tephras
within the ice has resulted in differential melting, producing
an extensive area of deep potholes within the ice surface (la-
belled “zone of extensive surface melting” in Fig. 14). Many
of these metre-sized depressions of >50 cm depth were filled
with slush during our visit. During warmer austral summers,
such slush- or water-filled depressions could persist, caus-
ing the area to easily become completely impassable on foot
or by snowmobile. Therefore, the only plausible means for
a drilling team and equipment to access Maish Nunatak is
by helicopter, establishing a camp on one of the lower rocky
outcrops of the nunatak. For most Antarctic field campaigns,
helicopter support at this distance from an established base is
unlikely to be a viable option. Thus, the difficulties of access
are a major shortcoming for Maish Nunatak as a potential
drill site.

Bedrock lithology

The bedrock lithology of Maish Nunatak is, however, rel-
atively favourable for this study. It consists of basaltic pil-
low lava containing abundant fresh olivine phenocrysts, often
clustered with plagioclase feldspar and occasional clinopy-
roxene, in a groundmass of fine-grained feldspar and clinopy-
roxene (Fig. 15a and b). The olivine, clinopyroxene and
feldspar phenocrysts are typically 0.25–1.25, 0.25–0.4 and
0.5–1.25 mm diameter, respectively (Fig. 15c and d), mak-
ing them relatively easy to separate from the groundmass us-
ing magnetic and density separation. However, given their
low overall abundance (� 5 %), the pyroxenes are unlikely
to make suitable targets for cosmogenic nuclide measure-
ment. This lithology is equally suitable for cosmogenic nu-
clide measurement as the Winkie Nunatak bedrock.

Glaciology

The ice sheet surfaces at Maish Nunatak predominantly con-
sist of firn. We did not observe crevassing proximal to the
three south-facing bedrock ridges (Fig. 13), an observation
that is consistent with the generally low-gradient ice surface
slopes around the nunatak. However, the ice surface at the
base of the most easterly of the three exposed bedrock ridges
has a reverse slope, and there are several small bedrock out-
crops visible beyond the end of the exposed portion of the
middle ridge. Together, these observations suggest that sec-
tions of these ridges dip below the ice surface and re-emerge
further along, rather than sloping continuously away from the
main outcrop. The exposed bedrock surface of the western-
most of the three ridges is slightly steeper than the other two,
suggesting that its subglacial extension may also be steeper,
although this is unlikely to pose difficulties for drilling. Al-
though we were able to access Maish Nunatak in the 2019–
20 season and assess some aspects of site suitability, GPR
surveys were not undertaken there due to the challenges of
towing equipment across areas of extensive surface melt-
ing (Fig. 14). The underlying ice structure and subglacial
bedrock topography therefore remain unknown.

3.3 Final selection of drill site

Prior to the field survey, we rejected Evans Knoll, World’s
End Bluff, Shepherd Dome, Meyers Nunatak and Inman
Nunatak as unsuitable for subglacial bedrock drilling aimed
at detecting Holocene retreat–readvance. The decision as to
which of the remaining three potential drill sites (Winkie
Nunatak, Webber Nunatak and Maish Nunatak) is most suit-
able requires balancing of the relative importance of each of
the criteria in Table 1. Whereas the suitability of the rock
type for analysis and safe access for a field team are essential,
there are trade-offs between ease of accessibility and likely
ease of drilling/rock recovery (Briner et al., 2022); the latter
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will determine the speed at which samples can be collected
(Braddock et al., 2024).

Based on lithological considerations alone, the most suit-
able bedrock for drilling is the basaltic lava at Winkie and
Maish nunataks. In theory, it would be possible to recover
and analyse the hyaloclastite bedrock at Webber Nunatak, but
it would likely be very difficult to achieve both good core re-
covery and sufficient quantity of the desired mineral phases
to permit successful analysis of cores from that site (Sect. 2).
Since quartz-bearing bedrock appears to be absent in the
Hudson Mountains (Sect. 3.2), cosmogenic nuclide measure-
ments will need to be undertaken on olivine and potentially
plagioclase feldspar or clinopyroxene instead of quartz.

Our field survey revealed that quartz-bearing erratics
– predominantly granites and granodiorite gneisses – are
present on all nunataks in the Hudson Mountains, although
their abundance varies markedly between nunataks. Consid-
ering the three remaining potential drill sites, erratic cob-
bles and boulders of granitoid lithology are very common
at Winkie Nunatak and Maish Nunatak but are rare at Web-
ber Nunatak. Measurement of in situ 14C in bedrock–erratic
pairs for which the Holocene deglaciation history is already
known (from 10Be measurements of the erratics) would be a
valuable tool for calibrating the local in situ 14C production
rate. The presence of abundant quartz-bearing erratics above
the present ice margin at a site would thus benefit the anal-
ysis of subglacial bedrock cores from the same site, making
nunataks where this is the case (Winkie Nunatak and Maish
Nunatak) more desirable than those with scarce glacial de-
posits (Webber Nunatak). However, access to Maish Nunatak
for any drilling campaign would be extremely challenging
and likely insurmountable without helicopter support due
to the presence of the active ablation zone adjacent to the
nunatak. Therefore, and in summary, of the three leading drill
sites surveyed, both Winkie Nunatak and Webber Nunatak
are feasible, but Winkie Nunatak is much more desirable due
to its favourable lithology, easier accessibility (surface con-
ditions are challenging at Webber Nunatak) and more con-
ducive subglacial morphology.

4 Conclusions and recommendations

Bedrock cores collected from beneath the Antarctic ice sheet
can provide evidence for ice sheet regrowth from a smaller-
than-present configuration during the Holocene (Johnson et
al., 2022; Balco et al., 2023). This paper outlines the crite-
ria used for choosing a suitable site for subglacial bedrock
drilling in the eastern Pine Island–Thwaites glacier system.
Two nunataks in the Hudson Mountains (Winkie Nunatak
at 74.86° S, 99.78° W and Webber Nunatak at 74.77° S,
99.83° W) were selected as feasible for subglacial drilling
based on (i) their location proximal to the modern ground-
ing line, (ii) the presence of outcropping ridges oriented per-
pendicular to modern ice flow and the likelihood that those

ridges would have become more exposed if the ground-
ing line had retreated inboard of present, (iii) suitability of
the bedrock lithology for cosmogenic nuclide analysis, and
(iv) accessibility. Neither site is a perfect fit to all the crite-
ria. However, Winkie Nunatak, with its olivine-rich bedrock
lithology, well-consolidated structure and likely absence of
overlying till on the subglacial ridge surface, is the highest-
scoring choice. In contrast, the presence of potentially per-
meable and less well-consolidated crystal-poor hyaloclastite
bedrock at Webber Nunatak would make it challenging to re-
trieve subglacial samples, and those collected would likely
not provide sufficient quantity of the target mineral (olivine)
for cosmogenic nuclide measurement. Thus, we propose
that Winkie Nunatak is the most suitable site for a sub-
glacial drilling campaign aiming to detect Holocene retreat–
readvance in the eastern Pine Island–Thwaites glacier sys-
tem.

This study provided an opportunity to reflect on our ap-
proach and consider how similar site surveys could be im-
proved in future. We make the following recommendations
for future assessments of suitability for subglacial bedrock
drilling.

– Consult across a wide range of expertise (including
drilling engineers, geophysicists, glaciologists and ge-
ologists as a minimum) when choosing a drill site, and
discuss the available evidence as a group, not in isola-
tion. This will ensure that issues that might affect dif-
ferent aspects of the work (e.g. drilling operations or
sample analysis) are identified early and mitigation can
be planned if needed.

– Ensure that sufficient field reconnaissance is under-
taken (including obtaining rock samples and radar sur-
vey data). This is especially important if, as is often the
case in remote parts of Antarctica, little is known about
a site’s geological and glaciological setting.

– Collect samples from the bedrock outcropping immedi-
ately above the candidate drill site, not just from any-
where in the region, because lithologies and/or abun-
dance and sizes of target minerals can vary dramatically
between nunataks or even on individual ridges.

– Ensure that GPR surveys include detailed grids, not just
single lines, because single line surveys may not ad-
equately capture the ice thickness and bed conditions
across the subglacial ridge extension. Consider also that
ice conditions may have changed between the recon-
naissance and drilling seasons, which may affect access
as well as suitability for drilling.

– Acquire model simulations (at the highest resolution
possible) prior to field reconnaissance to determine how
grounding line retreat inboard of present would have af-
fected ice sheet thickness and extent, had it occurred.
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Such simulations are valuable for predicting which sites
are most likely to have become more exposed, and
where, which informs the choice of drill site.

Finally, in our experience it is unlikely that any one site
will meet all the criteria and be completely ideal for drilling.
Thus, discussion of the relative importance to the project’s
success of meeting each criterion is essential. Having a back-
up site (or two) is also prudent, especially if conditions are
likely to have changed since reconnaissance.

Postscript

Drilling at Winkie Nunatak was subsequently attempted in
the 2022–23 austral summer season, but bedrock was not re-
covered. This outcome was due to factors unrelated to the
choice of drill site, primarily a combination of weather con-
ditions and logistical constraints that restricted the available
time for drilling operations and technical problems with clay
transport and fluid circulation that made it impossible to pen-
etrate a layer of mixed ice and till overlying the bedrock in
the available time (see Braddock et al., 2024, for details). The
metre-scale clay-rich ice and sediment layer could not have
been detected in advance of drilling operations.

Appendix A: Method for radar survey and radar data
analysis

A PulseEKKO 1000 GPR system with 200 MHz antennae
was used to survey the snow surface at candidate drill sites.
At Winkie Nunatak, a broad grid consisting of seven 400 m
long cross profiles was collected perpendicular to the ridge
line, with the radar system towed on a wooden Nansen sledge
behind a snowmobile. These profiles were spaced at 100 m
intervals away from the visible ridge line. A detailed grid
of five 300 m long lines was then collected at 25 m inter-
vals along and then parallel to the GPR line X–Y (Fig. 6).
At Webber Nunatak, eight radar lines were collected perpen-
dicular to the ridge expression at 50 m spacing, and one line
was run away from the ridge tip through the centre of the
grid. The lines increased in length from 150 to 500 m with
increasing distance from bedrock due to the orientation of
the steep ice slope running northwest, creating the rhomboid
shape shown in yellow in Fig. 10. The snowmobile travelled
at 3–7 km h−1, with the system set to continuous collection
mode with an in-field stack of 4. A handheld Garmin GPS
was used to locate the position of GPR survey lines.

Processing steps in the commercial GPR processing soft-
ware package ReflexW (Sandmeier Scientific Software, ver-
sion 7.2.2) included depth correction with a standard ice ve-
locity of 0.168 m ns−1, time-zero correction, background re-
moval, high-pass frequency filtering (dewow), bandpass fil-
tering and application of an energy decay gain to compen-
sate for geometric spreading losses in the radargram (cf.
Daniels, 2004; Woodward et al., 2022). A number of migra-

tion algorithms were applied, which successfully removed
artefacts at the bedrock reflector but were unable to clearly
resolve crevasse edges due to the irregular lineation of the
crevasse tracks. Despite this, the distinctive GPR limbs from
the largest crevasses allow crevasse location detection. The
free, open-source seismic interpretation software OpendTect
(2015) was employed to plot radargrams in real space using
GPS coordinates. This enabled 3D analysis of GPR data and
picking of the bedrock reflector. Picks were then exported
into ESRI ArcScene to generate 3D plots of the ridge surface
beneath the ice.
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