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a b s t r a c t

The small ice caps distributed across the Antarctic Peninsula region have undergone large ice volume
changes since the Last Glacial Cycle, in line with most of the Antarctic continent. While the surface extent
of glacial shrinking is relatively well known, the timing of glacial oscillations and the magnitude of ice
thinning remain little investigated. Cosmic-Ray Exposure (CRE) dating applied on ice-free vertical se-
quences can provide insights about the temporal framework of glacial oscillations. However, the po-
tential occurrence of nuclide inheritance may overestimate the real timing of the last glacial retreat. This
problem has been observed in many areas in Continental Antarctica, but similar studies have not yet
been conducted in environments of the Maritime Antarctica, such as the South Shetland Islands (SSI).
This research focuses on the Hurd Peninsula ice cap (HPIC, ca. 60�220 W, 62�40’ S), located in the SW of
Livingston Island, SSI. Past climate oscillations since the Last Glacial Cycle have determined the amount of
ice stored in the ice cap. Today, this polythermal ice cap is surrounded by several nunataks standing out
above the ice. Three of them have been selected to explore their deglaciation history and to test the
potential occurrence of nuclide inheritance in deglaciated bedrocks associated with polythermal glaciers.
We present a new dataset with 10 10Be exposure dates. Some of themwere found to be anomalously old,
evidencing that nuclide inheritance is present in bedrocks associated with polythermal ice caps and
suggesting complex glacial exposure histories. We attribute this to limited erosion, given the gentle slope
of the nunatak margins and the cold-based character of the surrounding ice. The remaining samples
allowed to approach local surface-elevation changes of the HPIC. Our results suggest that ice thinning
started during the Last Glacial Maximum (LGM) at ~22 ka but intense glacial shrinking occurred from ~18
to ~13 ka, when the nunataks became exposed, being particularly intense at the end of this period (~14
e13 ka) coinciding with the time of the meltwater pulse 1a (MWP-1a) and the end of the Antarctic Cold
Reversal (ACR).
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nunataks, ice-free areas protruding from glaciers, are unique
environments that allow to study past glacial dynamics such as
glacial retreat in a vertical perspective (Small et al., 2019). These
islands of land surrounded by ice are found in mountain glaciers,
ice caps and ice sheets. In these settings, some studies have
reconstructed past thinning rates on nunataks (i.e. the so-called
‘dipstick’ approach; Stone et al., 2003) and compared them with
present-day trends in order to assess whether current trends are
part of the natural variability or are beyond the range of Late
Quaternary natural variability inferred from the geological record
(Johnson et al., 2014). The investigation of past ice thinning is
important for assessing the outputs from numerical ice sheet
models, reconstructing the processes that conditioned the degla-
ciation on timescales beyond the current instrumental records
(Small et al., 2019) and unveiling the potential contribution of
former glaciers to sea-level rise.

But nunataks also have important implications for post-glacial
geomorphic and environmental dynamics during the paraglacial
phase, such as for vegetation colonization (Ruiz-Fern�andez et al.,
2019). They have been suggested to provide refugia to biodiver-
sity during past glaciations, thus being pioneering sites for vege-
tation re-colonization following glacial retreat (Jørgensen et al.,
2012) and key spots for species dispersal across migration routes
from ice-free areas in the Maritime Antarctica to the interior of the
continent (Convey et al., 2020). Therefore, a more accurate picture
of the age of deglaciation and nunatak development in the Ant-
arctic Peninsula region can be useful to better understand the
pattern of colonization.

In Antarctica, glacial thinning following the maximum ice
expansion (MIE) of the Last Glacial Cycle has exposed some coastal
environments, dry valleys in the interior of the continent as well as
the upper parts of the highest peaks. Of the scarce 0.4% of the total
land surface in this continent that is currently ice-free, 12.2% (3800
out of 30,900 km2) corresponds to the Antarctic Peninsula region
(Obu et al., 2020), which is still 98% glaciated (Ruiz-Fern�andez et al.,
2019). Here, some studies have tried to reconstruct the configura-
tion of the ice sheet covering the Antarctic Peninsula since the Last
Glacial Maximum (LGM) until nowadays using both terrestrial and
marine records (�O C�ofaigh et al., 2014). However, dating techniques
such as 14C dating provide only minimum ages, indicative of the
first development of soils, fauna and vegetation, which has an
unknown lag time after glacial retreat (Oliva et al., 2016). Cosmic-
Ray Exposure (CRE) dating of glacial records, on the other hand,
allows determining the timewhen the land surface became ice-free
during the last deglaciation.

In the Antarctic Peninsula, only few studies have focused on
nunataks as key targets to infer the early glacial shrinking since the
Maximum Ice Extent (MIE) of the Last Glacial Cycle. In the South
Shetland Islands (SSI), Seong et al. (2009) 36Cl-dated the beginning
of exposure of the highest peaks in Barton Peninsula (King George
Island) at 15.5 ± 2.5 ka. Oliva et al. (in prep.), also according to 36Cl
dating, suggest that in Byers Peninsula (Livingston Island) ice
thinning started earlier, at 24.4 ± 2.7 ka, i.e. during the LGM. At sites
in the SWAntarctic Peninsula, such as Alexander Island, 10Be dating
of nunataks revealed that ice thinning started also during the LGM
at ~21.7 ka (Johnson et al., 2012). By contrast, on the eastern side of
the Antarctic Peninsula, glacial thinning exposing the highest peaks
in the NE corner started well after the LGM, between ~14 and ~9.4
2

ka (10Be, Balco et al., 2013; Jeong et al., 2018; Nývlt et al., 2014) and
accelerated between 7.5 and 6 ka in SE sites (Glasser et al., 2014;
Johnson et al, 2011, 2019). Ice thinning was also accompanied by a
horizontal retreat of the icemasses that exposed the largest ice-free
areas between the Late Glacial and the Early Holocene, e.g. in James
Ross Island (Nývlt et al., 2014, 2020; Johnson et al., 2011; Kaplan
et al., 2020) and in the SSI (Oliva et al, 2016, 2019). In the latter
archipelago, most of the studies dealing with glacial oscillations
have focused on lacustrine andmarine records as well as on marine
terraces (�O C�ofaigh et al., 2014), being very scarce those dating
directly glacial landforms through CRE (Seong et al., 2009; Palacios
et al., 2020; Oliva et al. in prep). Therefore, alike in Continental
Antarctica (e.g. White et al., 2011; Hein et al., 2014) and other areas
from the eastern Antarctic Peninsula (e.g. Johnson et al., 2019),
where widespread evidence of cold-based glaciation and preser-
vation of very old surfaces exists, problems and uncertainties
associated with the time of exposure (e.g. nuclide inheritance,
complex exposure histories) still remain unexplored in the SSI.
Indeed, they constitute a major challenge in present-day ice-free
areas located close to polythermal glaciers - with abundant sub-
glacial runoff in summer - as glacial chronologies may be strongly
constrained by these issues.

Thus, this research examines the specific methodological limi-
tations related to current and past glacial erosive efficiency and
explores the implications typically associated with nuclide inheri-
tance, with special attention to bedrock surfaces in an area of the
Maritime Antarctica. To this purpose, we have selected three
palaeo- and current nunataks in the Hurd Peninsula, the second
largest ice-free area in Livingston Island. Given the exploratory
nature of the study, a dataset of CRE dates from three different
nunataks standing above the Hurd Peninsula Ice Cap will allow
examining site-dependent constraints in order to:

- Explore the potential occurrence of nuclide inheritance ice-free
rock surfaces of the SSI.

- Determine the timewhen the nunataks started to protrude from
the ice surface, based on bedrock dating.

- Infer phases of accelerated thinning since the beginning of
exposure of nunataks.

- Frame the timing of ice thinning with other glacial chronologies
from the Antarctic Peninsula region based on the dating of
different of glacial features (i.e. erratic boulders, marine sedi-
ments, amongst others).
2. Study area

2.1. The geographical setting

Hurd Peninsula, located at the SW corner of Livingston Island
(Fig. 1), spans an area of ca. 20 km2. Its highest elevation is Moores
Peak (390 m a.s.l.). Climate conditions in the SSI are typical of a
temperate polar maritime regime, with mean annual air tempera-
ture of �2 �C at sea level and relatively abundant precipitation
between 500 and 800mm (Ba~n�on et al., 2013). The bedrock of Hurd
Peninsula includes a low-grade metamorphic turbidite sequence
with alternating layers of quartzite and shales, as well as con-
glomerates and breccias (Miers Bluff Formation) (Arche et al., 1996;
Smellie et al., 1995). The substrate is affected by very intense
cryogenic processes as a result of frequent freeze-thaw cycles
prevailing in this maritime periglacial environment. Permafrost is
widespread in the area with the elevation boundary between
continuous and discontinuous conditions located at 30e40 m a.s.l.
(Ferreira et al., 2017; Ramos et al., 2007; Vieira et al., 2010).
Therefore, the ground beneath the bedrock on the studied nunataks



Fig. 1. Location of the study sites within (A) the Antarctic continent, (B) Antarctic Peninsula, (C) South Shetland Islands and (D) Hurd Peninsula. The orange triangles show the
location of the studied nunataks: Sofía, Napier and Moores. The orange line depicts the spatial extent of the GPR profile in Fig. 2A. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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is affected by permafrost. Widespread geomorphic evidences in the
form of moraines, till, erratic boulders and polished surfaces reveal
that the ice-free area was largely glaciated during the Late Pleis-
tocene (L�opez-Martínez et al., 2012).

2.2. The glaciological setting

Hurd Peninsula is covered by a lobed ice cap (Hurd Peninsula Ice
Cap; hereafter HPIC) with various outlets draining towards South
Bay, to the NW, and False Bay, to the SE. The HPIC reaches a
maximum elevation of 332 m at Dorotea summit, and several ice-
free peaks protrude from the ice surface (Fig. 1). Charrúa Ridge
(340 m a.s.l.), Napier Peak (366 m a.s.l.), Mirador Hill (307 m a.s.l.)
and Sofía Peak (274 m a.s.l.) delimit the norther basin of HPIC,
known as Johnsons glacier, whose flowlines converge to the NW,
ending at sea. The ice divide between Charrúa Ridge and the Napier
Peak separate the HPIC from the Contell (to the N) and Huntress (to
the E) glaciers. The three unnamed outlets draining to the SE are
very steep and sea-terminating, while those (apart from Johnsons)
flowing towards the NW, W and SW are land-terminating. The
latter include the small BAE lobe and three larger lobes, Argentina,
Las Palmas and Sally Rocks. The ice divide between Sofía and
3

Moores peaks, passing through Dorotea summit, separates John-
sons and Hurd glaciers. The latter is delimited at the SE by the line
approximately joining Moores and Mac Gregor (350 m a.s.l.) peaks.
Johnsons and Hurd glacier systems have a joint area of ~10 km2

(excluding the steep SW outlets). The maximum thickness, of
~200 m, is reached in the northern part of Hurd glacier (Navarro
et al., 2009). The current ELA lies at 150e180 m a.s.l. in Johnsons
glacier and 220e270 m a.s.l. in Hurd glacier (Navarro et al., 2013).

The mass balance of the HPIC has been continuously monitored
since 2001e2002 (Navarro et al., 2013). Johnsons and Hurd glaciers
are part of the World Glacier Monitoring Service database, and are
among the three only glaciers in the Antarctic Peninsula region
with mass-balance records longer than 15 years. Ice loss during the
second half of the 20th century was significant (Molina et al., 2007),
consistent with the intense warming experienced by the Antarctic
Peninsula during the same period (Turner et al., 2005). However,
recent studies have shown a deceleration of the glacier mass loss
(Navarro et al., 2013; Recio-Blitz, 2019) during the last decades
(from 2002 to 2016) in response to recent cooling in the region
(Oliva et al., 2017). In parallel, land-terminating glacier front retreat
was significant during the second half of the 20th century, but
fronts have remained rather stable during the last decade
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(Rodríguez Cielos et al., 2016). Estimations of surface-elevation
changes at the HPIC are available for the periods 1957e2000
(Molina et al., 2007; Navarro et al., 2013) and 2000e2013 (Recio-
Blitz, 2019), based on aerial stereophotos, classical topography
(theodolite and laser ranger) and differential GNSS measurements
(Molina et al., 2007; Rodríguez-Cielos, 2014). The data show
average thinning rates of 30 ± 10 (1957e2000) and 23 ± 9 cm yr�1

(2000e2013) at the Hurd glacier, and 18 ± 10 (1957e2000) and
16 ± 11 cm yr�1 (2000e2013) at the Johnsons glacier. Recio-Blitz
(2019) reported average values up to 10e40 and 70 cm yr�1 in
the periods 1957e2000 and 2000e2013 in the SW, S and SE slopes
of the Sofía Peak (the other sides are ice-free).

The HPIC is known to have a polythermal structure based on
various lines of evidence: 1) Numerical modelling showed that the
relationship between deviatoric stress and strain in Hurd and
Johnsons glaciers has values typical of polythermal glaciers (Otero,
2008; Otero et al., 2010). 2) Temperature measurements in ~100 m
deep boreholes drilled to bedrock in Johnsons Glacier, and to the
cold-to-temperate transition surface in Hurd Glacier (~60 m deep),
reported a polythermal structure (Sugiyama et al., 2019). In addi-
tion, Navarro et al. (2009) found velocities typical of both temperate
and cold ice from radio-wave velocity measurements. Ground-
penetrating radar (GPR) measurements performed on the HPIC
(Benjumea et al., 2003; Molina, 2014; Navarro et al, 2005, 2009)
showed the existence of zones of cold and temperate ice through
the diffraction patterns (Fig. 2a); areas with cold-based conditions
were observed in the terminal parts of the land-terminating gla-
ciers and in the vicinity of the lateral walls or the nunataks, which
implies the glaciers to be frozen to the bed, and limited erosion of
the bedrock. On the contrary, warm-based thermal regime is found
where ice thickness is greater (middle and upper glacier areas).
Thus, the existence of deformation structures typical of compres-
sive flow in the terminal sector of land-terminating tongues of the
HPIC (Argentina, Las Palmas and Sally Rocks lobes; Molina, 2014;
Molina et al., 2007) provides evidence of a steep decrease in ice
velocity in these areas (frozen-to-bed conditions), which has
important implications for the efficiency of subglacial erosion:
potential scouring and boulder quarrying is strongly reduced and
only a very thin layer is removed from the bedrock and from the
englacial boulders and pebbles.

Glacier surface velocities have been measured and modelled for
the entire HPIC since the late 1990s, based on repeated GNSS
measurements at stakes (Ximenis et al., 1999; Machío et al., 2017)
as well as remote sensing techniques (offset tracking of SAR data
from ALOS-PALSAR satellite; Osmanoglu et al., 2014). Annual
average velocities for Hurd and Johnsons glaciers are shown in
Fig. 2B, a glacier dynamics model-based interpolation of the ~50
velocities observed at stakes (wooden poles, 3.65 m in length). At
Johnsons glacier, velocities increase from zero at the ice divides to
values around 40 m yr�1 close to the calving front (Otero et al.,
2010). On Hurd Glacier, maximum velocities are found in the cen-
tral parts of the ice tongues and decrease towards the land-
terminating snouts of Argentina, Las Palmas and Sally Rocks
tongues. This spatial pattern of surface velocity suggests a warm-
based thermal regime (with basal sliding) under the central part
of the ice cap, but a cold-based thermal regime (with glacier frozen
to bed) near the land-terminating snouts, which is also in good
agreement with the internal diffraction patterns observed from
ground penetrating radar (GPR) measurements (Fig. 2A). The zones
close to the glacier walls and nunataks also show very low veloc-
ities (Fig. 2B) and ice thickness tapering to zero (Fig. 2A), suggesting
a frozen bed and, consequently, limited erosion. This is also sup-
ported by the occurrence of crevasses formed in simple shear near
the glacier walls and longitudinal foliation nearly parallel to the
glacier walls (Molina, 2014).
4

2.3. Nunataks: islands of land within the HPIC

In order to track the retreat of the HPIC and its ice thickness
variations after the Last Glacial Cycle, we selected three of the
above-mentioned nunataks currently standing above the ice (at
least 20e40 m above the ice cap surface) (Figs. 1 and 3). Although
two of the sampled peaks are not completely surrounded by ice (i.e.
nunataks, sensu stricto), hereafter wewill refer them as nunataks to
highlight that they are ice-free vertical sequences mostly bounded
by the ice cap. The three nunataks constitute the vertices of a tri-
angle surrounding a significant part of the HPIC, and therefore
allow inferring the Late Pleistocene vertical shifts of the ice cap
using CRE dating. The following nunataks were investigated:

(i) The nunatak of Sofia Peak is located in the NW corner, at
1.6 km W from Dorotea summit. It constitutes a broad
massive summit surrounded by divergent ice flow from
Dorotea summit towards Johnsons glacier, to the NE, and the
Argentina and BAE lobes of Hurd glacier, to the NW (Fig. 3).
The summit area of the Sofia Nunatak forms a broad plateau
between the Johnsons and BAE glaciers. The N, NW and NE
slopes of this nunatak are completely deglaciated, with
extensive bedrock surfaces within an elevation range of
>150 m, which receive increased solar radiation due to their
N orientation, thus favouring ice loss. Several rock steps at
different altitudes were identified in the extensive summit
surface that were suitable for CRE dating to infer the onset of
the deglaciation of the highest sector as well as the timing of
the progressive ice thinning.

(ii) The second studied nunatak was Napier Peak, at the NE
corner of the HPIC, between the Huntress and Johnsons
glaciers, located 2.8 km E from Sofia Peak and 2.5 kmNE from
Dorotea summit. Here, only a series of outcrops from the
Charrúa Ridge towards the SW, separating the Johnsons and
Huntress glaciers, protrude a few tens ofmeters above the ice
surface, which limited the number of sampling sites to the
ridge of each of these peaks.

(iii) The third nunatak was the Moores Peak, at 1.3 km SE from
Dorotea summit, 2.5 km E from Hurd glacier, 2.7 km SE from
Sofia Peak, and 2.2 km SW from Napier Peak. The eastern
slope of this nunatak is deglaciated, but it forms an abrupt
wall whose steepness made difficult to access appropriate
sample spots. We found two suitable bedrock sample sites
for CRE dating purposes.

3. Methodology

Field work activities were carried out in February 2017, close to
the end of the melting season in the study site, permitting to best
identify the different geomorphic features in the ice-free areas
surrounding the HPIC and collect samples for CRE dating.

3.1. Sampling strategy

Snowmobiles were used to visit all the potential nunataks across
the HPIC suitable for CRE dating to infer the onset of the land
surface exposure of the current nunatak outcrops. Since exposure
onset, these areas have been affected by the intense periglacial
conditions typical of maritime permafrost environments of the
Antarctic Peninsula region. During the fieldwork, no erratics were
found at the selected sampling sites and hence the sampling
strategy focused on bedrock surfaces, which are ideal to first
approach nuclide inheritance issues (Balco et al., 2013). The sur-
faces were heavily altered due to frost shattering of the bedrock and
only some remnants of the original surface persisted. Thus, such



Fig. 2. (A) Transverse GPR profile (200 MHz) at the upper ablation area of the Argentina Glacier. See location in Fig. 1. The “clean”, whiter upper layer represents the cold ice layer,
devoid of internal radar wave diffractions, while the darker lower layer is the temperate ice layer, full of internal diffractions caused for the interstitial liquid water, and water
inclusions, within the temperate ice. The dark layer in the uppermost ice is due to the water present in the many cracks and fractures close to the surface. The ice in contact with the
lateral walls at both sides is clean, cold ice, indicating that the glacier is frozen to the bed/walls at these zones. The very faint inclined lines that can be appreciated within the cold
ice or in the transition zone from cold to temperate ice (especially in the central-to-right part of the cold ice) correspond to volcanic ash layers from the eruptions in the
neighbouring Deception island (e.g. Navarro et al., 2009). (B) Ice surface velocities and flow directions on the northern sector of the HPIC (Johnsons, BAE, Argentina, Las Palmas and
Sally Rocks glaciers). The figure has been compiled from velocities calculated by a full-Stokes finite-element method by Otero el al. (2010) and Molina (2014), fed by observed surface
velocities measured at the net of stakes (e.g. Machío et al., 2017).
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well-preserved glacially polished surfaces were selected, which
made challenging to obtain rock fragments appropriate for CRE
dating. Consequently, only 11 adequate sample spots could be
found.

The nunataks were selected to meet three requirements: (i)
protruding high enough above the ice surface; (ii) allowing the
collection of samples at different altitudes along a vertical transect
and identifying different phases of deglaciation; and (iii) showing
bedrock surfaces suitable for CRE dating, i.e. evidence of glacial
abrasion corresponding to the original surfaces following the ice
retreat (Fig. 4).

Following this sampling strategy, we collected a total of 11
samples for CRE dating by using a hammer and a chisel. The tar-
geted surfaces were granitoid and quartzitic glacially polished
5

outcrops (Fig. 3). Aiming to ensure the optimal exposure of the
sampling sites to the cosmic-ray flux, flat-topped and gentle sur-
faces (�26�) of the rock outcrops were preferred to steep slopes and
sharp crests. The thickness of the extracted rock splits ranged from
1.9 to 4 cm (Table 1). To account for the partial shielding of the
cosmic-ray flux on the sampled surfaces by the surrounding
topography, we measured in situ the horizon elevation for several
azimuths by using optical clinometer and compass.
3.2. Laboratory procedures and exposure age calculation

In a first step, samples were crushed and sieved to the
0.25e1 mm fraction at the “Physical Geography Laboratory” (Uni-
versidad Complutense de Madrid, Spain). Thereafter, we processed



Fig. 3. Pictures of the nunataks studied in this work: Sofia Peak, Napier Peak, and Moores Peak.
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the rock samples at the “Laboratoire National des Nucl�eides Cos-
mog�eniques” (LN2C) of the “Centre Europ�een de Recherche et
d’Enseignement des G�eosciences de l’Environnement” (CEREGE;
Aix-en-Provence, France). In accordance with the quartz-rich li-
thology of the samples, they were processed for the extraction of
the in situ produced cosmogenic nuclide 10Be. Quartz isolation was
achieved through a magnetic separation with a “Frantz LB-1”
separator, chemical attacks with a concentrated mixture of hy-
drochloric (1/3 HCl) and hexafluorosilicic (2/3 H2SiF6) acids and
successive partial dissolutions with concentrated hydrofluoric acid
(HF). Purified quartz was spiked with 150 mL of an in-house man-
ufactured (from a phenakite crystal) 9Be carrier solution
(3025 ± 9 mg 9Be g�1; Merchel et al., 2008), totally dissolved, and Be
was isolated using ion exchange columns (Merchel and Herpers,
1999).

Final BeO targets were mixed with niobium powder, loaded on
nickel cathodes and analysed at the “Accelerator pour les Sciences
de la Terre, Environnement et Risques” (ASTER) national AMS fa-
cility at CEREGE in order to measure the 10Be/9Be ratio from which
the 10Be concentration was later inferred (Table 2). The AMS mea-
surements were calibrated against the in-house standard STD-11
with an assigned 10Be/9Be ratio of (1.191 ± 0.013) � 10�11

(Braucher et al., 2015). In the AMS measurements, the analytical 1s
uncertainties include uncertainties in counting statistics, the
standard 10Be/9Be ratio, an external 0.5% AMS error (Arnold et al.,
2010) and a chemical blank measurement. The 10Be half-life
considered was (1.387 ± 0.0012) � 106 years (Chmeleff et al.,
2010; Korschinek et al., 2010).

We note that, during the AMS measurement routine, we
observed current values significantly lower than 1 A in the sample
NUN-9, leading to a high analytical uncertainty (10%). We therefore
excluded this sample from the data set.

We calculated the 10Be exposure ages by using version 3 of the
former CRONUS-Earth cosmogenic online calculator (Balco et al.,
6

2008; available at https://hess.ess.washington.edu/math/v3/v3_
age_in.html), which is the most commonly used throughout
Antarctica. The following setting was used: the default global
calibration data set, whose reference sea-level high latitude (SLHL)
production rate is derived from the primary calibration dataset of
Borchers et al. (2016) with calibration through the ICE-D calibration
database (http://calibration.ice-d.org/), the single-formula Antarc-
tic atmosphere approximation (‘antatm’ in the online calculator;
Stone, 2000), an assumed quartz density of 2.7 g cm�3 and no
corrections on surface erosion and snow shielding. The topographic
shielding factor was calculated using the online geometric shield-
ing calculator, v.1.1 (Balco et al., 2008; available at http://stoneage.
ice-d.org/math/skyline/skyline_in.html). In Table 2, we report the
exposure ages according to the ‘St’, ‘Lm’ (Lal magnetic, time-
dependent; Lal, 1991; Stone, 2000) and ‘LSDn’ (Lifton et al., 2014)
production rate scaling models. Among these, we will discuss the
ages derived from the ‘LSDn’ scheme, given that they yield smaller
systematic biases in Antarctica compared with other scaling
models (Johnson et al., 2019). In order to homogenize the com-
parisonwith other published CRE ages (10Be, 26Al and 36Cl) from the
Antarctic Peninsula, their updated recalculations have been
accessed throughout the ICE-D Antarctica dataset (Balco, 2020),
hosted at http://hess.ess.washington.edu/iced/map/. Exposure ages
resulting from the samples are shown in Table 2. The uncertainties
given and discussed throughout the text include the error in both
the AMS measurements (analytical) and the production rate.
4. Results

4.1. Selected samples in the context of their geomorphological
setting

Sofía Peak includes an outcrop at the summit. Here, the bedrock
is intensely fractured by frost shattering with large accumulations

https://hess.ess.washington.edu/math/v3/v3_age_in.html
https://hess.ess.washington.edu/math/v3/v3_age_in.html
http://calibration.ice-d.org/
http://stoneage.ice-d.org/math/skyline/skyline_in.html
http://stoneage.ice-d.org/math/skyline/skyline_in.html
http://hess.ess.washington.edu/iced/map/


Fig. 4. Various examples of sampled bedrock sites.
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of unconsolidated debris across the surface. Near the peak, we
found an outcrop where the original glacial surface seemed to be
preserved and we collected a sample (SO-3; Fig. 4). The oldest
available imagery (the 1957 aerial stereo photos by the Falklands
Islands Dependencies Survey), the 1:25,000map edited by ‘Servicio
7

Geogr�afico del Ej�ercito’ (1991) e based on in-situ classical topo-
graphic measurements in 1989e1990 and 1990e1991 (Rodríguez-
Cielos, 2014) e, and GNSS measurements of the glacier margin
performed in 2000e2001 (Recio-Blitz, 2019) all show this area as
ice-free, so there is no risk of that surface being covered by the ice at



Table 1
Geographic location of samples, topographic shielding factor, sample thickness and vertical distance from the summit.

Sample name Latitude (DD) Longitude (DD) Elevation (m a.s.l.)a Vertical distance from the summit (m) Topographic shielding factor Thickness (cm)

Napier Peak
NUN-1 �62.6716 �60.3251 360 6 0.9667 3.3
NUN-2 �62.6699 �60.3277 336 30 0.9985 3.4
NUN-3 �62.6687 �60.3316 312 54 0.9948 2.0
NUN-4 �62.6684 �60.3315 288 78 0.9546 2.5
Moores Peak
NUN-9 �62.6895 �60.3488 344 46 0.9997 3.9
NUN-8 �62.6896 �60.3497 320 70 0.9785 4.0
Sofía Peak
SO-3 �62.6690 �60.3809 272 2 0.9997 3.0
SO-1 �62.6703 �60.3798 269 5 0.9989 4.0
SO-2 �62.6703 �60.3784 263 11 0.9979 2.5
SO-9 �62.6692 �60.3788 247 27 1.0000 1.9
SO-5 �62.6656 �60.3821 115 159 0.9919 2.9

a Elevation data were taken from the TanDEM-X and corrected to orthometric by applying the Earth Gravitational Model 2008 (EGM08).
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least during the last decades. We carefully examined the existence
of other polished bedrock surfaces valid for CRE sampling along a
vertical transect between the peak and the current western edge of
the glacier (280 m). Most of the outcrops were intensely weathered
by frost shattering, and only three original well-preserved glacial
surfaces were identified and sampled: (i) one of them was located
150 m SE from de Sofia Peak and 50 m from the glacier edge (SO-1;
Fig. 4); (ii) the next one was situated only 70 m ESE from this
sample, and at 50m from the glacier front (SO-2). Both samples SO-
1 and SO-2 were obtained 5 and 11 m below the Sofia Peak (SO-3),
respectively; and (iii) the last one was located 120 m N of SO-1 and
SO-2 samples, 100 m E of the peak and 90 m from the present
glacier (SO-9), at 247m a.s.l., i.e. 27m below the summit. To provide
a more detailed overview of the deglaciation of this nunatak, we
explored its eastern slope and sampled well-preserved polished
surface on a rock step at 115 m a.s.l., 100 m N of the peak and 480 m
from the glacier margin (SO-5) (Fig. 4).

Napier Peak constitutes a nunatak with a pyramid-shaped
summit and vertical walls around. We found a polished surface at
the top where we collected one sample (NUN-1). The Napier Peak
extends down-slope along a crest that protrudes only a few meters
above the glacier surface towards the NW. The first ridge is located
at 360 m a.s.l., 230 m NW from the peak. The top of this ridge
protrudes only 20 m above the glacier edge and includes a polished
surface that was sampled for CRE dating (NUN-2; Fig. 4). The last
crest is situated at 480 m from the peak and stands out about 40 m
above the glacier, forming a steep rock step in the central part. Here,
we collected two samples from polished surfaces, one at the top at
312 m a.s.l. (NUN-3; Fig. 4), and a second one from the rock step at
288 m a.s.l. (NUN-4).

Moores Peak is composed of steep rock slopes. The summit and
slopes are completely altered by frost shattering. We only found
two rock steps on the western slope where the original glacial
surface was likely to be preserved; they were sampled for CRE
dating: one was located at 344 m a.s.l. (NUN-9; Fig. 4) and the other
was situated 24 m below (NUN-8; Fig. 4).

4.2. CRE results

Results at the Sofía Peak show a logical chronological sequence,
with older ages at the top and younger at lower elevations (Table 2).
The sample SO-3, collected at the summit surface, yielded an
exposure age of 41.6 ± 1.4 ka, statistically distinguishable from the
samples at similar elevations. From the same summit area but at a
3e8 m lower position, samples SO-2 and SO-1 gave exposure ages
of 18.5 ± 0.9 and 17.2 ± 0.7 ka, which are indistinguishable from
each other according to the chi2-test by Ward and Wilson (1978)
8

and yield a mean age of 17.9 ± 1.3 ka. About 16 m downwards the
eastern Sofia Peak slope, the sample SO-9 provided a younger age of
12.7 ± 0.9 ka. Finally, close to the base of the mountain at the NE
sector, the sample SO-5 yielded an age of 13.1 ± 0.9 ka, indistin-
guishable from that of the sample SO-9.

The chronological sequence at the Napier Peak is partly incon-
sistent with the altitudinal sample positions. The uppermost sam-
ple NUN-1 yielded the youngest exposure age (13.9 ± 0.8 ka). At a
24 m lower position, the sample NUN-2 gave an exposure age
(14.3 ± 1.0 ka) that is statistically indistinguishable from that of
NUN-1. At the base of the nunatak, the samples NUN-3 and NUN-4
gave considerably older ages (36.2 ± 2.2 and 56.7 ± 1.9 ka) that are
inconsistent with each other despite an elevation difference of only
24 m and statistically distinguishable from the upper samples.

Finally, the sampling sequence at the Moores Peak is constituted
by a single sample, NUN-8 (70m below the summit), which gave an
exposure age of 22.4 ± 1.6 ka.

5. Discussion

5.1. The problem of the nuclide inheritance and complex exposure
histories

The application of the chi2-test enabled the identification of
three potential outliers, with surprisingly old (apparent) exposure
ages. Two of them are also inconsistent with the vertical sequence
(Table 2) that would be expected for the deglaciation of a nunatak
(i.e. starting from the summit). Such apparent exposure ages do not
overlap with the remaining samples of the study sites within their
respective uncertainties. These are the samples SO-3 (41.6 ± 2.8 ka)
at the summit of the Sofía Peak, and NUN-3 and NUN-4 (36.2 ± 3.1
and 56.7 ± 3.9 ka) on the upper sector of the Napier Peak, whose
anomalous exposure ages suggest complex exposure histories (see
e.g. Balco et al., 2013) and hence are rejected for the discussion of
their chronological and palaeoclimatic significance.

These issues may be due to nuclide inheritance, understood as
“the portion of the nuclide inventory that is already in the rock
before the beginning of the final exposure period” (Ivy-Ochs and
Schaller, 2009). This is a common problem in areas subjected to
complex exposure histories and temporarily buried beneath cold-
based glaciers (Briner et al., 2006a, 2006b, 2006b; Nichols et al.,
2019). The basal ice of cold-based glaciers is frozen to the
bedrock and protects it. Hence, erosion (<3 m of the bedrock) is not
efficient enough to remove inherited nuclides (Paterson, 1994; Ivy-
Ochs and Schaller, 2009; Balco et al., 2016; Briner et al., 2006a;
Bentley et al., 2006). In glacially modified bedrocks, such as the
studied nunataks, this can lead to apparent exposure ages
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exceeding the real age of the last exposure period (deglaciation).
Application of CRE dating in Antarctica can be challenging as

preservation of previously exposed bedrock and landforms under
cold-based glacial systems is a common issue (e.g. Sugden et al.,
2005; Ackert et al., 1999; Stone et al., 2003; Mackintosh et al.,
2007; Bentley et al., 2006, 2011; Balco et al., 2013; Nichols et al.,
2019; Sugden et al., 2005; Johnson et al., 2011, 2019; Anderson
et al., 2020). Thus, age overestimations encountered in nunataks
and summit areas of the Antarctic Peninsula and the rest of
Antarctica suggests that the 10Be inventories of those samples
whose exposure ages are older than the LGM (26e19 ka; Clark et al.,
2009) are affected by inheritance. Consequently, a complex glacial
history, possibly including alternating periods of ice thinning and
thickening, and its associated exposure or shielding from the
cosmic-ray flux can explain the anomalous exposure ages that we
found. Nevertheless, in the absence of erratic boulders that could be
dated and nuclide pairs, we cannot determine to what extent all
samples might be affected by nuclide inheritance. We can only
hypothesize on a scenario where different exposure and burial
periods and limited erosive power are combined.

According to this, long periods of exposure or limited ice
thickness would have been interrupted by brief periods of thick ice
cover (Phillips et al., 2006; Heyman et al., 2011) with inefficient
subglacial erosion linked to locally-low ice velocities driven by a
local cold-based thermal regime and by topographical changes of
the bedrock. Thus, the highest part of the Sofia Peak would have
recorded at least one exposure period (with an unknown duration)
earlier in the past, prior to the last deglaciation (19e17 ka) while
the base of the summit (SO-2 and SO-1) remained shielded from
the cosmic radiation. Then, during the last glaciation, the erosive
capacity of glaciers may have undergone spatial variations (Fig. 6)
due to changes in the topographical constraints that affect the
shear stress, melting point of ice and thus, ice flow (Paterson,1994).
In the case of the Sofía Peak, the sample SO-3 (41.6 ± 2.8 ka) was
obtained at a gentle local divide separating divergent ice flow di-
rections (Lavoie et al., 2015). Here, the ice velocity and flow would
have been very limited as basal shear stress tends to diminish to-
wards zero as the divide is approached (Benn and Hulton, 2010).
Therefore, inefficient erosion would not have removed the inheri-
ted nuclides and consequently, the apparent exposure age of
41.6 ± 2.8 ka (SO-3) would not indicate the timing of the last
deglaciation but the accumulation of different exposure periods.
These changes in the erosive capacity may be also linked to spatial
variations of the bedrock slope (Paterson, 1994), which might
explain the inverted age/elevation pattern observed in the Napier
Peak: stagnant ice may have protected the bedrock from the
erosion at its lower part (i.e. less steep) depending on the ice dy-
namics (Fig. 6). However, more data are needed to verify this
hypothesis.

5.2. Present-day glacial dynamics and implications for past glacial
erosion

At present, Hurd and Johnsons glaciers are polythermal glaciers,
as supported by various lines of evidence (Molina et al., 2007;
Otero, 2008; Navarro et al., 2009; Otero et al., 2010; Molina, 2014;
Sugiyama et al., 2019), with the thickest-ice zones in the interior if
the ice cap temperate-based and the shallower ones, close to the
land-terminating ice fronts and lateral walls and nunataks, cold-
based, thus generating compression and reduction of the glacier
flow.

The current observations of the vertical and horizontal thermal
structure of these glaciers (e.g. Fig. 2A) and of their velocity dis-
tribution (Fig. 2B) suggest abrupt spatial changes of their present
erosive capacity. At sites with a temperate base, velocities up to
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40 m yr�1 are found (Fig. 2B), which is indicative of high erosive
capacity, whereas in other areas ice almost stagnates due to close to
frozen-to-bed conditions, revealing low subglacial erosion. These
conditions must have changed in the past consistently with the
climate variability and the evolution of glacier thickness. This is
further supported by recent observations of the presence (cold-
based) or absence of permafrost (warm-based) in the nearby
deglaciated foreland areas in Livingston Island, which point to the
coexistence of different basal thermal regimes of the glaciers (Dyke,
1993; Harris and Murton, 2005; Oliva and Ruiz-Fern�andez, 2015).

In addition to the role of topography on basal erosion, past
changes of climate conditions must have driven glacial oscillations
triggering the thickening/thinning of the ice caps in the SSI (Oliva
et al, 2016, 2019, 2016; Palacios et al., 2020), which in turn must
have affected partially the basal temperatures of the ice as well as
the intensity of subglacial erosion dynamics (see Mooers, 1990;
Marshall and Clark, 2002). Lower temperatures may have favoured
an expansion of the glacier extent e with large part of the ice cap
margins ending as marine-terminating glaciers e together with ice
thickening and the consequent increase of strain heating (Mooers,
1990; Marshall and Clark, 2002), which may have brought warm-
based glacial conditions in most part of the ice cap (Sugden,
1978; Staiger et al., 2006). On the contrary, warmer temperatures
may have led to glacial shrinkage with an increase of the surface
extent and cold-based conditions (Sugden, 1978; Staiger et al.,
2006). Therefore, it is reasonable to think that the complex past
environmental and climatic history occurred in the SSI since the
MIE of the Last Glacial Cycle (�O Cofaigh et al., 2014) must have led to
an intricate evolution of the HPIC, with a sequence of phases of
thickening and thinning. These changes make difficult to infer from
the datawhen subglacial erosionwas efficient andwhen not, which
is crucial to properly interpret the “too old” CRE dates.

The problem gets even more complicated considering that we
cannot date when previous exposure periods occurred, nor deter-
mine the erosion depth (i.e. the proportion of nuclide removed by
erosion or by radioactive decay during a very long period of burial).
Moreover, the subglacial topography and its irregularities, and the
associated constraints to the ice flow, establish spatial variations of
the basal regime depending on the heat generation due to the strain
heating and basal friction (Paterson, 1994). Thus, this “too old” ages
can only be taken as qualitative indications of variable thermal
regimes.

Nevertheless, further application of other isotopes, such as 26Al
(Granger and Muzikar, 2001; Sugden et al., 2005; Briner et al.,
2006b; Miller et al., 2006; Sugden et al., 2005, 2005) or in situ
cosmogenic 14C (White et al., 2011) are needed in future studies to
test the validity of our hypothesis and to better understand the
glacial history (i.e. duration of different burial/exposure periods)
previous to the last exposure period and compare it with other
locations across the Antarctic Peninsula associated with cold-based
and polythermal glaciers to better understand nuclide inheritance
at reduced erosion settings in a changing climate context.

5.3. Chronological constraints on the local deglaciation

The new CRE ages from the three vertical sequences provide a
general overview of deglaciation of the ice-free surfaces protruding
from the relatively flat HPIC. The sample dataset yield Late Pleis-
tocene ages ranging from ~22 to ~13 ka. Given the proximity of the
younger samples to the current glacier margins, wemay infer small
changes in the maximum surface ice level during the Holocene.
However, we cannot rule out the possible occurrence of periods
with lower ice surface in the past followed by other periods of
glacial expansion.

The exposure ages in the Sofía Peak show a correlation with
10
elevation (Table 2; Fig. 5). Deglaciation of the mountain started
around 17.9 ± 1.3 ka (average SO-1 and -2), resulting from the
shrinking of the ice cap. Considering the exposure age of SO-9
(12.7 ± 1.1 ka), the ice on the SE slope thinned ~20 m within ~5.2
ka after the onset of the summit deglaciation. This age-elevation
relationship accounts for a long-term average thinning rate of
~0.38 cm yr�1, i.e. two orders of magnitude lower than the present-
day values (see section 2.2). Finally, the exposure age of sample SO-
5 (13.1 ± 1.2), indistinguishable from the previous sample SO-9,
indicates that the ice lost ~130 m of thickness very quickly prob-
ably due to the topographical setting (steep slope) and the N aspect,
more exposed to solar radiation than the southern flank of the
nunatak where SO-1 and SO-2 are located.

The scarce bedrock surfaces available in the Moores and Napier
peaks limited the suitability of the sampled surfaces to constrain
the exposure age results. The reconstruction of the deglaciation
sequence at Moores Peak is challenging as it relies only on one date
indicative of the onset of deglaciation at this site. The inexistence of
other glacial records in the nunatak that could be used to compare
the bedrock ages (e.g. erratic boulders) impede confirming or ruling
out the occurrence of nuclide inheritance in this sampling site. (i) If
we assume an unknown amount of nuclide inheritance, it would
only indicate a maximum age for the deglaciation at that elevation.
But (ii) if we assume that the sample NUN-8 was not affected by
complex exposure histories, its date (22.4 ± 2.1 ka) would indicate a
minimum age for the onset of the nunatak deglaciation as it is
located at 70 m below the summit, and would suggest that the
deglaciation necessarily started earlier. On the absence of erratic
boulders for comparison, we can only hypothesize on a likely no-
inheritance scenario (Fig. 6).

And finally, the exposure age sequence at the Napier Peak is
inconsistent from a geomorphological and chronostratigraphical
perspective as it shows an inverse correlation with elevation: older
exposure ages at lower elevations. However, the ages of the two
highest samples (NUN-1 and NUN-2), which are indistinguishable
within their uncertainty ranges and significantly younger
(13.9 ± 1.1 and 14.3 ± 1.3 ka, respectively), might be closer to the
real age of the initial deglaciation at this site of the nunatak. By
comparison with the older ages of the lower samples (36.2 ± 3.1
and 56.7 ± 3.9 ka, respectively), it is likely that inheritance is
significantly less, and thus these samples are retained for
discussion.

On the basis of our limited 10Be dataset, we can only hypothesize
on a likely deglaciation model (Fig. 6). According to it, the HPIC
overrode the nunataks until the onset of the ice-cap thinning that
took place during the LGM (Fig. 6A). Based on the distribution of
CRE ages, warm-based and cold-based glacier bed and current flow
dynamics, we suspect significant differences in the patterns of
glacial erosion, which is in accordance with the great erosive
variability that these glaciers have at present. Following the ice
thinning (Fig. 6B), the first peak that became ice-free would have
been Moores (~22 ka), followed by Sofía (~18 ka). Subsequently, an
intense deglaciation occurred after the LGM (Fig. 6C): the highest
parts of the Napier Peak became exposed at ~14 ka and ice thinning
was exacerbated especially around the Sofía Peak at ~13 ka. If our
hypothesis is correct, according to the proximity of the youngest
samples to the current HPIC margin, it might have remained rela-
tively stable since ~14e13 ka, at least regarding the vertical varia-
tions of the ice surface. The only remarkable changes would be
attributed to the outlet glaciers draining the HPIC, which would
have recorded several glacial advances and retreats that produced
terminal and lateral moraines (Fig. 6D) in their forelands, which are
not yet dated and would give a more complete picture of the
subsequent evolution.



Fig. 5. Probability plots of exposure ages on bedrock at the different sampling sites.
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5.4. Chronology of the deglaciation in the regional context of the
South Shetland Islands, the Antarctic Peninsula and the rest of the
antarctic continent

The fact that the Antarctic continent is heavily glaciated with
only 0.34% of ice-free surface (Convey, 2010; British Antarctic
Survey, 2004) limits the availability of terrestrial paleoenvir-
onmental records, such as lacustrine sediments, marine terraces
and very few glacially-polished bedrocks, moraines and erratic
11
boulders, that can be used to trace the deglaciation processes
(Seong et al., 2009; Palacios et al., 2020 and references therein).

5.4.1. South Shetland Islands
During the LGM, a marine-based ice cap entirely covered the SSI,

centred between the Robert and Greenwich Islands (Fretwell et al.,
2010). Its grounding line edge was located 50 km offshore on the
northern continental ice shelf whereas it extended seaward of the
fjords mouth and straits close to the steep edge of the Bransfield



Fig. 6. Conceptual model of the deglaciation of the nunataks surrounding the HPIC and relationship between inheritance/no-inheritance and the inferred pattern of glacial erosion.
Sampling sites on the nunataks are plotted according to their relative positions. A-D refer to the discussed deglaciation phases. Note that the model is not scaled but idealized.
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Strait to the south (Simms et al., 2011; �O Cofaigh et al., 2014). Ice
grounded on the troughs reached minimum thicknesses between
>460 and > 570 m (Simms et al., 2011). Geomorphological studies
based on bathymetric surveys on the southern shelf of the SSI
suggested that the Bransfield Strait was covered by an ice shelf
during the LGM (Simms et al., 2011) and that the SSI ice cap con-
nected with that encircling the Antarctic Peninsula throughout the
southern sector of the archipelago (�O Cofaigh et al., 2014). Given the
occurrence of glacially polished surfaces on the three peaks under
study, we assume that they were entirely buried under the ice
during the LGM.

Several ice core proxies reveal a warming trend starting at 19 ka
following the peak of the LGM (Fig. 7; WAIS Divide Project
Members, 2013) that favoured glacier thinning and sea-level rise.
According to terrestrial records, the onset of the deglaciation in the
SSI started already during the LGM. Oliva et al. (in prep.) applied
36Cl CRE dating to vertical transects in three nunataks (Chester,
Cerro Negro and Clark) from the Byers Peninsula and established
the onset of the deglaciation during the LGM at 24.4 ka. The onset
deglaciation at Moores Peak may have been contemporaneous ac-
cording to our results, reporting an exposure age of 22.4 ± 2.1 ka
(NUN-8) at 70 m below the summit. This date partially overlaps
with the Antarctic Isotopic Maximum (AIM) 2 (~23.5 ka; WAIS
Divide Project Members, 2013) and likely shows the ice wastage
in response to the warming following the LGM peak (Fig. 7). The
ages obtained at the summit of the Sofía Peak (excluding the
sample SO-3: 41.6 ± 2.8 ka) point to a slightly younger onset of the
deglaciation following the LGM at 17.9 ± 1.3 ka.

CRE dates from nunataks in the Byers Peninsula revealed a
massive glacial shrinking shortly afterwards, between ~16.3 and
~13.4 ka (36Cl; Oliva et al. in prep.), in coincidence with the onset of
the thinning of the Collings Ice Cap, in the nearby King George Is-
land (Barton Peninsula, ca. 90 km away), at ~16.1 ka (36Cl; Seong
et al., 2009). Sediments over basal till showed that the onset of
glaciomarine sedimentation in the Maxwell Bay that started at
~17 cal ka BP (Yoon et al., 1997). Glacial ice in the Maxwell Bay
remained grounded until ~14.8e14.1 cal ka BP, when it decoupled
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from the bed as glaciers shrunk (Milliken et al., 2009; Simms et al.,
2011). This period overlapped with the meltwater pulse 1a (MWP-
1a; Heroy and Anderson, 2007; Deschamps et al., 2012) and a
warming period peaking at ~14.5 ka BP in the WAIS record (WAIS
Divide Project Members, 2013, Fig. 7). Consequently, after that
period the warmer temperatures led to an important retreat of the
grounding line in Maxwell Bay 15e20 m to the SW of Marian Cove
and a transition from ice-shelf to sea-ice conditions and open
marine conditions in the Bransfield Strait (Simms et al., 2011). This
warm event may have also coincided with the ice shrinking
observed at the HPIC, where some CRE ages indicate ice thinning
during this time. This is the case of the Napier Nunatak, where the
summit sample NUN-1 (13.9 ± 1.1 ka) suggests a deglaciation
contemporaneous with this AIM-1 warm event and the peak of the
warming at ~14.5 ka (Fig. 7). Given that the age of this sample and
that of NUN-2 (14.3 ± 1.3 ka), collected 30 m below (Table 2), which
are undistinguishable within their uncertainties, it is reasonable to
hypothesize a phase of rapid thinning at ~14 ka. The deglaciation of
this peak agrees well with the expected glacial trend associated to
the so-called ‘Southern’ scenario of the contemporaneous MWP-1a
(14.7e14.3 ka; Deschamps et al., 2012; Weaver, 2003; Bentley et al.,
2014; Golledge et al., 2014; Liu et al., 2016; Small et al., 2019). On
the other hand, the exposure ages from the NE Sofía Peak corrob-
orate the continuation of the ice cap shrinking at around ~13 ka,
when the ages of the samples SO-9 (12.7 ± 1.1 ka) and SO-5
(13.1 ± 1.2 ka) reveal a rapid ice thinning of ~130 m (Table 2).
However, the interpretation of the palaeoclimatic meaning of the
two latter exposure ages is not straightforward. They partially
overlap with the Antarctic Cold Reversal chronozone (ACR,
14.7e13.0 ka; Pedro et al., 2016), but it seems unlikely that they are
capturing any signal of such cold period in the area. In fact, the ACR
cooling signal was relatively weaker in the area between South
America and the Northern tip of the Antarctic Peninsula (Fig. 3 in
Pedro et al., 2016), where the SSI are located. In line with our re-
sults, Bakke et al. (2021) reported also the onset of the deglaciation
in the sub-Antarctic island of South Georgia since the late ACR
(~13.2 ka), highlighting a clear linkwith summer insolation at 55� S.



Fig. 7. Temperature evolution during the Last Glacial Cycle in Antarctica based on
proxies (d18O and CH4) from ice cores of inland Antarctica (WAIS from WAIS Divide
Project Members, 2013; BYRD from Blunier and Brook, 2001; and EDML from EPICA
Community Members, 2006). We also include the deglaciation ages inferred in this
work (excluding the oldest date from Moores Peak and those of the lower samples of
the Napier Peak, clearly affected by nuclide inheritance). Uncertainties of the 10Be
exposure ages include both analytical and production rate errors.
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Although this rapid ice thinning might represent a similar response
to the solar forcing, it is indeed clearly in good agreement with the
abruptwarming that followed the ACR (Mulvaney et al., 2012;WAIS
Divide Project Members, 2013, Fig. 7), and would evidence a high
sensitivity of the HPIC during the deglaciation. A rapid glacial
shrinking pattern during that period has also been reported in the
nearby Byers Peninsula (Oliva et al. in prep.). This suggests a distinct
climate response and sensitivity of the SSI with respect to the
interior of the Antarctic continent, from which there is vast litera-
ture showing small changes (e.g. Nývlt et al., 2020). Subsequently,
ice thinning and the retreat of the surrounding glaciers continued
until the lower parts of the N Sofia Peak became ice-free. In the
view of the results from the eastern slope, in the vicinity of the
current glacier edge, we can hypothesize that since ~13 ka ice
changes may have been minimal in this area. However, our data do
not allow to fully rule out any subsequent thinning (shrinking) or
thickening (growth) of the HPIC nor a complex exposure history
with a combination of a number of burial/exposure periods.

5.4.2. Antarctic Peninsula
According to the existing reconstructions of the Antarctic

Peninsula Ice Sheet (APIS) since the LGM, it overrun the SSI archi-
pelago leaving an open sea fringe over the Branfield Strait sea
trench at ~25 ka (�O Cofaigh et al., 2014). Radiocarbon dating applied
to foraminifera on the continental slope of the NWWeddell Sea (NE
13
Antarctic Peninsula) suggested that the APIS was grounded on the
shelf break between ~28.5 and ~20.3 cal ka BP (Smith et al., 2010).
In the Bellingshausen Sea (NW Antarctic Peninsula), the APIS
grounding line at around 25 ka was within 10 km of the shelf edge,
but the initial retreat might have started earlier at around 30 cal ka
BP (Hillenbrand et al., 2010), in coincidence with climate warming
registered in the WAIS ice core, to the south of the Antarctic
Peninsula (Fig. 7). In NW Alexander Island, the LGM APIS e

490e650m thicker than at presente started its deglaciation first at
27.6 ± 2.2 ka (10Be/26Al) in the eastern sector according to Bentley
et al. (2006) and then at 22.9 ± 1.5 ka (10Be) in the NW part as
reported by Johnson et al. (2012). This glacial shrinking coincided
with the AIM-2 warm period (~23.5 cal ka BP; see Fig. 7; Kaiser
et al., 2005; EPICA Community Members, 2006).

Linking the AIM-2 warming with the ice thinning and deglaci-
ation at the Moores Peak is challenging as only a single (apparent)
exposure age of 22.4 ± 2.1 ka is available (Fig. 7; Table 2). Thus,
nuclide inheritance in this exposure age can be either confirmed or
dismissed. Assuming a simple exposure scenario, such age would
correspond to the deglaciation of the peak, in good agreement with
the overall deglaciation trend of the Antarctic Peninsula region, in
progress by 24e22 ka. This warming was reflected in the Belling-
shausen Sea (W Antarctic Peninsula), where the ice was already
retreating on the mid-shelf at 23.6 cal ka BP (Hillenbrand et al.,
2010), in full coincidence with a rapid melt-back event between
23.5 and 22.9 cal ka BP in the Scotia Sea (N of the Antarctic
Peninsula; Collins et al., 2012). Sedimentary evidence of this
warming is also observed in the southern Antarctic Peninsula, both
in the Amundsen Sea Embayment, where the deglaciation was
underway at around 22.3 cal ka BP (Smith et al., 2011), as well as in
NW Alexander Island with terrestrial evidence of ice thinning not
earlier than 22.9 ± 1.5 ka (10Be; Fig. 8; Johnson et al., 2012).

The N and NE sectors of the APIS remained grounded at or close
to the shelf break in Vega and Robertson troughs until 20 ka (Heroy
and Anderson, 2007, 2005; Evans et al., 2005; �O Cofaigh et al.,
2014). Nevertheless, the warming that started following the LGM
(EPICA Community Members, 2006, Fig. 7) determined the retreat
of the APIS (�O Cofaigh et al., 2014). It coincided with the onset of the
grounded ice retreat from the continental shelf edge in James Ross
Island (NE Antarctic Peninsula), shown also by the deposition of
boulders at different elevations in the Davies Dome, with exposure
ages of 21.3 ± 8.0 and 21.0 ± 7.1 ka (36Cl; Glasser et al., 2014). This
glacial retreat detected in James Ross Island is contemporaneous
with that of the APIS, whose margin was already located landward
of the shelf edge by 18.3 cal ka BP as shown by cores offshore Vega
Trough (�O Cofaigh et al., 2014). Subsequently, the progressive ice
shrinking deposited granite boulders derived from the Trinity
Peninsula at the summit of the Lachman Mesa (370 m a.s.l.) at
17.7 ± 2.0 ka (10Be; Glasser et al., 2014). This is a younger onset of
deglaciation compared with the 10Be results from the SSI, where
deglaciation was underway at around 22.4 ka (Moores Peak), but
closer to our results from Sofía Peak that also show a slightly
delayed deglaciation, with ice-free conditions of the summit at
~17.9 ka (Table 2).

At the W Antarctic Peninsula, grounded ice at 20 ka remained
with an extension similar to that of the LGM or close to the shelf (�O
Cofaigh et al., 2014 and references therein). After that, and
contemporary with the warming trend following the LGM, glacier
retreat followed a NeS pattern. Exposure ages from the Batterbee
Mountains (W Palmer Land) showed a progressive ice thinning
with the ice surface located at 430mprior to ~18.4 ka (10Be; Bentley
et al., 2006). Banfield and Anderson (1995) reported ice recession at
ca. 17.5 cal ka BP, which is consistent with the retreat prior to
17.3 cal ka BP to the E of the Bransfield Basin, as suggested by the
transition between till and glaciomarine sediments (Heroy and



Fig. 8. Comparison of the different exposure ages from HPIC with other ages inferred in nunataks and other ice-free areas from the Antarctic Peninsula. Note that exposure ages
come from both bedrock and erratic boulders.
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Anderson, 2007).
Following �O Cofaigh et al. (2014), at 15 ka BP, glaciers had

already retreated from the edge of the shelf in the most northerly
troughs (i.e. Bransfield, Smith and Anvers). However, the
14
archipelagos around the NE Antarctic Peninsula were probably still
covered by ice and connectedwith the APIS, as it was the case of the
James Ross ice cap (Johnson et al., 2011). Nevertheless, a deglacia-
tion trend was reported at this time at Cape Framnes, Larsen B
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embayment, with the onset of ice lowering at 15.0 ± 0.9 ka (Fig. 8;
10Be; Jeong et al., 2018). At the SW of the Antarctic Peninsula,
radiocarbon dating of glaciomarine transition facies from the outer
shelf of the Marguerite Bay and Biscoe Strait yielded ages between
~14 and ~13 cal ka BP, which were interpreted as glacial retreat that
probably started at ~15 ka BP (Pope and Anderson, 1992; Heroy and
Anderson, 2007). This might reflect the impact of the AIM-1
warming observed in the Antarctica ice cores at ca. 14 ka (EPICA
Community Members, 2006, Fig. 7) and might have triggered the
ice thinning that led to the deglaciation of the Napier Peak
(13.9 ± 1.1 ka; Table 2; Fig. 7) and the intensification of the rapid ice
shrinking reported for the Sofía Peak at ~13 ka (Table 2; Fig. 7). This
ice wastage inferred from our CRE dating results is in good agree-
ment with an intense retreat between 14.4 and 14.0 cal ka BP in the
outer shelf of the Marguerite Trough reported by Kilfeather et al.
(2011) and between 13.8 and 11.1 cal ka BP in the ice stream of
the Anvers Trough (inner shelf of Palmer Deep) (�O Cofaigh et al.,
2014 and references therein). Similarly, at 12.7 ± 1.0 ka (10Be) the
lower areas of N James Ross Island became ice-free, in coincidence
with the individualization of the North Prince Gustave Ice Stream
from the ice masses of the N James Ross Island (Fig. 8; Nývlt et al.,
2014). We again observe a good agreement with the above-
mentioned MWP-1a and the warming following the ACR, which
triggered the general retreating and thinning trend both in the SSI
and the Antarctic Peninsula, reinforcing the magnitude of such
events.

Nunataks protruding the HPIC have been shown to preserve the
signal of the last deglaciation following the LGM. However, as in the
case of most Antarctic Peninsula paleoenvironmental records
(lacustrine, marine, peat bogs), glacial records show evidence that
most of the archipelago was glaciated during the Last Glacial Cycle,
and possibly no nunataks existed duringmost of this period (Fig. 6).

The results inferred from nunataks of the Hurd Peninsula reveal
a pattern different from those found in continental sites of Eastern
and Western Antarctica. In Eastern Antarctica, CRE dating and
glacier modelling reported the onset of ice shrinking with excep-
tionally old exposure ages (3-2 Ma) in Queen Maud Land, Dronning
Maud Land, Princess Elizabeth Land, Victoria Land and Mac Rob-
ertson Land (Matsuoka et al., 2006; Altmaier et al., 2010; Suganuma
et al., 2014; Yamane et al., 2015). Likewise, rock outcrops protruding
above the ice sheet with very old exposure ages are not rare in
Western Antarctica, with exposure ages of 1.4e0.5 Ma in SW
Antarctica and Transantarctic Mountains (Nishiizumi et al., 1991)
and down to 4-1 Ma (Balco et al., 2014).

6. Conclusions

The reconstruction of past glacial thinning allows us to: (i) frame
the magnitude of current glacial shrinking within the geological
record, and (ii) understand the sensitivity of glaciers to climate
variability. This is especially important in the northern Antarctic
Peninsula, where glaciers show a high climatic sensitivity.

We have explored the past dynamics of a small ice cap (ca.
10 km2) located in the western coast of Livingston Island, South
Shetland Islands. This ice cap is surrounded by several nunataks,
three of which have been sampled for CRE dating.

The polythermal regime of the investigated ice cap, cold-based
at its margins and warm-based under its central part, challenges
the chronological interpretation and validation of the CRE dates,
especially in the case of a few anomalously old samples, which are
inconsistent with the discussed deglaciation scenario. Past climate
oscillations must have driven changes in the ice volume of the ice
cap leading to variations of the basal ice temperatures. This must
have affected the intensity of subglacial erosion, thus partly
resulting in portions of 10Be inherited from earlier exposure
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periods. In the absence of erratic boulders for comparison, we
cannot estimate such proportion and confirm to what extent the
exposure ages are affected by nuclide inheritance or confirm the
real deglaciation ages. Paleoglacier modelling might unveil the
complex past relationships between the variations of ice volume,
basal temperature regime and velocities, which would have
affected the erosive processes and, consequently, the interpretation
of the ages derived by CRE dating. More data and further applica-
tion of other isotopes will probably shed some light to the under-
standing of the complex exposure histories likely undergone by our
studied nunataks.

Even considering the abovementioned constraints, our 10Be age
dataset was able to reconstruct a deglaciation sequence. If our hy-
pothesis is correct, the deglaciation at the upper surfaces of these
isolated ice-free peaks might have started either during the LGM
(Moores Peak; not earlier than 22.4 ± 2.1 ka) or shortly after (Sofía
Peak; not earlier than 17.9 ± 1.3 ka), followed by a significative
thinning, especially intense at 14e13 ka (Napier and Sofía peaks),
i.e. around the times of the MWP-1a and the end of the ACR. On the
basis of the location of the youngest samples, very close to the
current ice margin, we hypothesize that the ice cap might have
remained relatively stable throughout the Holocene, with minor
volume changes. But more data (e.g. from the moraines at the
forelands) are needed to complete the spatiotemporal patterns of
deglaciation. Further studies should be conducted in other nuna-
taks in the region to assess the sensitivity of the ice cap to Holocene
climate and the magnitude of glacial changes throughout this
period in order to compare its response to the recent warming
trend recorded in the Antarctic Peninsula.
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