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Abstract. Ice domes and divides of the East Antarctic Ice Sheet (EAIS) are primary targets for deep ice core drilling because of
their presumed stability and cold basal conditions. These characteristics are essential for preserving undisturbed and continuous
stratigraphy, which is critical for interpreting climate proxies from ice core records. Here, we conduct an ensemble of transient
thermomechanical simulations of the Antarctic ice sheet over the last glacial cycle to evaluate the stability of six regions
identified as potential candidates for deep ice core drilling. The evolution of the basal thermal regime and its response to
climate forcing are also assessed. Results indicate that domes and divides of the EAIS remained relatively stable throughout
the last glacial cycle, with displacements occurring primarily within 20 to 40 km of their initial positions and elevation changes
ranging from 50 to 150 m between glacial and interglacial periods. Dome migration is primarily driven by changes in local
accumulation patterns and large-scale grounding-line migration. Basal temperatures and melt rates exhibit a lagged response
to climate forcing of approximately 17 to 35 ka, suggesting that present-day basal thermal conditions still reflect the cooler
climate of the Last Glacial Maximum. Finally, we find favourable thermodynamic conditions for the preservation of ancient
ice at the base in all but one of the studied regions, and use this information to identify and map potential drilling sites across
Antarctica. However, estimates of the thermal state are highly sensitive to geothermal heat flow and even minor inaccuracies in

modelled ice thickness, indicating that local constraints are required to better decipher conditions at the ice-bedrock interface.

1 Introduction

Ice cores serve as unique continuous archives of past climatic conditions, enabling the reconstruction of historical temperatures
and atmospheric composition (Bouchet et al., 2023). In Antarctica, several deep ice cores provide extensive climate records,
including the EPICA Dome C (800 ka; Jouzel et al., 2007), Dome Fuji (720 ka; Kawamura et al., 2017; Uemura et al., 2018),
and Vostok (420 ka; Petit et al., 1999) ice cores. Within the framework of the Beyond EPICA project, a new ice core was
recently drilled at Little Dome C (LDC; BELDC; e.g., Lilien et al., 2021; Chung et al., 2023; Westhoff et al., 2026), with
the aim of recovering a climate record spanning at least the last 1.2 million years. This effort is expected to advance our
understanding of the climate system and disentangle the mechanisms associated with the mid-Pleistocene transition (MPT;
Lisiecki and Raymo, 2005; Snyder, 2016), during which the periodicity of glacial-interglacial cycles changed from 40 to 100
ka. Additional candidate sites, which might have preserved old ice in continuous ice records, are under investigation (e.g.,

Van Liefferinge et al., 2018; Sutter et al., 2019), notably in the regions surrounding Dome Fuji (e.g., Karlsson et al., 2018;
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Wang et al., 2023b; Obase et al., 2023), Dome Argus (e.g., Xiao et al., 2008; Zhao et al., 2018; Sanderson et al., 2024; Li et al.,
2026), Ridge B (e.g., Ekaykin et al., 2021, 2023; Lang et al., 2025), and South Pole (e.g., Beem et al., 2021).

Ice domes and divides of the East Antarctic Ice Sheet (EAIS) are primary targets for deep ice-core drilling because of their
location in slow-flowing regions that minimise horizontal ice advection, which is favourable for the preservation of continuous
and undisturbed englacial stratigraphy suitable for long-term climate reconstructions (e.g., Gillet-Chaulet and Hindmarsh,
2011; Fischer et al., 2013; Parrenin et al., 2017; Winter et al., 2019). One of the major challenges in interpreting ice cores
lies in establishing an accurate chronology (i.e., the relationship between the age of ice and its depth) and determining the
spatial origin and past trajectories of ice particles (Parrenin et al., 2004). These are crucial for dating past climate events and
interpreting the climatic and environmental signals preserved in the ice (Bouchet et al., 2023). This age-depth relationship is
typically determined using internal ice layers, radar stratigraphy, and ice-flow models. However, these ice-flow models often
assume a stable dome position over time (e.g., Leysinger Vieli et al., 2011; Bazin et al., 2013; Parrenin et al., 2017; Bouchet
et al., 2023), although the assumption of dome stationarity is challenged by both modelling and observational studies revealing
dome displacements over glacial (e.g., Sutter et al., 2019; van Aalderen et al., 2026; Wirths et al., 2026) and decadal to
centennial timescales (e.g., Urbini et al., 2008; Vittuari et al., 2025).

The position and stability of ice domes and divides can be influenced by variations in surface accumulation patterns (e.g.,
Nereson et al., 1998; Urbini et al., 2008), large-scale changes in ice-sheet geometry (including ice thickness variations, glacial
isostatic adjustment, and grounding line retreat), subsequent reorganisation in ice-flow and boundary fluxes (e.g., Gillet-Chaulet
and Hindmarsh, 2011), and basal conditions (e.g., Sutter et al., 2019). These temporal changes in dome position can complicate
ice core analysis by disrupting internal layering, displacing previously preserved ancient ice, and altering the origin of ice
particles. To address these complexities, studies have employed flowband models to account for both vertical and horizontal
flow variations (e.g., Parrenin et al., 2004; Passalacqua et al., 2016; Koutnik et al., 2016; Chung et al., 2025). Radar-derived
internal stratigraphy has also been used to infer the history of dome stability and ice geometry (e.g., Nereson et al., 1998;
Nereson and Waddington, 2002; Price et al., 2007; Martin et al., 2009; Hills et al., 2025). Despite these efforts, past trajectories
of EAIS domes remain highly uncertain, especially over glacial-interglacial timescales.

In addition, basal thermal conditions are critical for the long-term preservation of old ice at the bottom of the ice column.
The thermal state of the ice-bed interface controls basal melting, which can erode ancient layers and compromise the continuity
of climate records derived from ice cores (Fischer et al., 2013; Van Liefferinge and Pattyn, 2013). This is why old-ice explo-
ration efforts preferentially target cold-based regions with low geothermal heat flow (e.g., Fischer et al., 2013; Van Liefferinge
and Pattyn, 2013; Parrenin et al., 2017; Passalacqua et al., 2017). Moreover, basal melting and freeze-on can affect ice-core
interpretations by disrupting basal ice stratigraphy and the age-depth relationship (e.g., Parrenin et al., 2004; Leysinger Vieli
et al., 2018).

Basal temperatures and melt rates result from a complex interplay between several processes, including geothermal heat flow
(GHF), frictional heating, ice thickness and climate evolution (Raspoet and Pattyn, 2025a), leading to uncertain and spatially
heterogeneous basal thermal conditions beneath the East Antarctic Plateau (Dawson et al., 2022; Raspoet and Pattyn, 2025a;

Seiner et al., 2025). Although ice-sheet models have performed transient glacial-interglacial thermomechanical simulations
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(e.g., Ritz, 1987; Huybrechts, 1992; Ritz et al., 2001; Sutter et al., 2019; Albrecht et al., 2020a; Berends et al., 2021; Lecavalier
and Tarasov, 2025), the evolution of basal temperatures and melt rates is often overlooked or rely on simplified thermodynamic
models (e.g., Passalacqua et al., 2017; Van Liefferinge et al., 2018; Obase et al., 2023), and recent studies on the Antarctic
basal thermal state tend to assume a thermal steady state (i.e., equilibrium with respect to present-day climatic conditions; e.g.,
Dawson et al., 2022; Park et al., 2024; Raspoet and Pattyn, 2025a), so that Antarctic subglacial conditions and their evolution
over glacial-interglacial timescales remain poorly constrained. The latter merits special attention because present-day thermal
conditions may not be representative of all previous glacial-interglacial periods, and current cold-based regions may reflect
cooling from the last glacial period (Passalacqua et al., 2017).

Numerical ice-sheet models can determine changes in ice-flow patterns, ice-sheet elevations, and basal thermal conditions
over the time scales of ice-core records (e.g., Sutter et al., 2019; Wirths et al., 2025). Here, we investigate the stability of East
Antarctic divide regions and the evolution of their basal conditions using an ensemble of transient thermomechanical ice-sheet
simulations spanning the last glacial-interglacial cycle. Although longer periods are not considered for computational reasons,
the most recent glacial-interglacial cycle serves as a useful reference for the last 800 ka, as it captures much of the temperature
variability observed during this interval (Jouzel et al., 2007). This ensemble of palaeo ice-sheet simulations allows us to assess
changes in the flow pattern of the divide area that influence key potential drilling sites and evaluate changes in ice elevation.
The latter is important for correcting isotope data for local temperature differences caused by past elevation changes (Buizert
et al., 2021). Finally, we analyse the evolution of basal thermal conditions over the same period as a function of different
GHEF estimates, and use this information to identify potential suitable drilling sites for the research of the oldest-ice across
Antarctica. This work aims to contribute to ongoing efforts to identify potential oldest-ice candidates, refine the interpretation

of ice-core records, and inform strategies for future drilling campaigns.

2 Methods

2.1 Ice sheet model

The evolution of the Antarctic Ice Sheet (AIS) is simulated with the Kori-ULB ice sheet model (v0.92; https://github.com/FrankPat/Kori-

ULB:; Pattyn, 2017). Kori-ULB is a hybrid ice-sheet/ice-shelf model that combines shallow ice (SIA) and shallow shelf (SSA)
approximations to simulate ice flow over grounded and floating ice (Bueler and Brown, 2009; Winkelmann et al., 2011). A flux
condition (Schoof, 2007) is prescribed at the grounding line to capture grounding-line migration given the coarse resolution of
our model simulations (25 km; Schoof, 2007; Pollard and DeConto, 2012a, 2020). Basal melting under floating ice shelves is
calculated with the Potsdam Ice Shelf Cavity Model (PICO; Reese et al., 2018) and calving at the ice front is determined by
combining penetration depths of surface and basal crevasses relative to total ice thickness (Pollard et al., 2015; DeConto and
Pollard, 2016). The model includes two thermodynamic solvers based on cold-ice or enthalpy methods (Raspoet and Pattyn,
2025a) and full thermomechanical coupling (Ritz, 1987, 1992), where shape functions are used to represent the vertical profiles
of horizontal and vertical velocities, considering increased strain rates due to warmer and more deformable ice near the base

(Lliboutry, 1979; Hindmarsh, 1999; Hindmarsh et al., 2009). Basal sliding follows a power law with a power-law exponent
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m = 3 (Weertman, 1957; Budd et al., 1979; Budd and Jenssen, 1987). Glacial isostatic adjustment (GIA) is represented by
an Elastic Lithosphere-Relaxing Asthenosphere (ELRA) model (Coulon et al., 2021) with spatially variable flexural rigidity
(Chen et al., 2018) and relaxation times (van Calcar et al., 2026). As widely assumed in palaeo-ice-sheet modelling studies
(e.g., Sutter et al., 2019; Albrecht et al., 2020a; Chandler et al., 2025), we neglect self-consistent gravitational effects from the
local sea-level variations and the Earth’s rotational state.

The model is initialised with a transient inverse simulation under constant present-day climatic conditions (defined as the
mean climatic conditions for the 1995-2014 period), during which basal sliding coefficients under the grounded ice sheet
and sub-shelf melt rates beneath floating ice shelves are iteratively adjusted to minimise the difference between modelled and
observed ice thickness (Pollard and DeConto, 2012b; Bernales et al., 2017), while the calving front remains fixed at its present-
day observed position. This is followed by a short relaxation run under constant atmospheric and oceanic conditions to limit
the impact of transitioning from optimised sub-shelf melt rates to those calculated with the PICO model (Coulon et al., 2025).
Subsequently, a long-term diagnostic (i.e., fixed ice-sheet geometry) thermal memory run is conducted using reconstructions
of surface temperature anomalies over the past 800 ka (Jouzel et al., 2007) to capture transient thermal effects associated
with past climate changes. The resulting ice sheet state at 130 ka BP (BP: before present) is used as an initial state for the
palaeo simulations, during which the model is forced over the last glacial cycle (starting at the last interglacial) with full model
physics, as described above (Figure S1). This approach yields an initial state which captures the imprint of the past climate
history in the englacial temperature field while maintaining an ice sheet geometry close to the observed one (Figures S2-S4),
assuming that the ice-sheet geometry at 130 ka BP was close to the present-day configuration.

Due to the computational cost associated with high-resolution simulations, a coarse spatial resolution of 25 km was em-
ployed, consistent with other modelling studies of the AIS on glacial-interglacial timescales, e.g., 16 km in Albrecht et al.
(2020a) and Chandler et al. (2025); 16 and 20 km in Wirths et al. (2026); 40 km in Quiquet et al. (2018), van Calcar et al.
(2023), and Lecavalier and Tarasov (2025). Additional experiments spanning shorter time scales (10 ka) were also performed
at 16 km under idealised LIG and LGM conditions to assess the sensitivity of our model simulations to the spatial resolution.
Results indicate similar behaviour in terms of grounded ice sheet extents and volumes, dome migration patterns, and basal
conditions across the dome regions for both resolutions (Figures S12-S18). Although further divergence may occur at higher

resolutions, these remain computationally prohibitive for multi-millennial Antarctic-wide simulations.
2.2 Palaeoclimate forcings

Time-dependent atmospheric and oceanic forcings are reconstructed using either an ice core forcing or a climate index ap-
proach (Figure S1 panel b). Both methods allow for satisfactorily capturing variations in surface temperatures and surface
accumulation rates evidenced by ice core reconstructions (e.g., Buizert et al., 2021; Figures S5-S6).

The ice core forcing consists of applying a spatially uniform change in the background surface temperature using ice core
temperature reconstructions. Here, we employ surface temperature anomalies derived from the EPICA Dome C record (Jouzel

et al., 2007). At each time step, the near-surface temperature is further corrected for ice-sheet elevation changes according to



130

135

140

145

150

155

https://doi.org/10.5194/egusphere-2026-5136
Preprint. Discussion started: 31 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

the environmental lapse rate (Huybrechts, 1998; Pollard and DeConto, 2012a):
Ty(t) =T + ATy(t) +(hs — hY) (1)

where T(t) is the transient surface temperature, TS is the initial surface temperature, h is the surface elevation, hg is the
initial surface elevation, v = —0.008 °C m~! is the environmental lapse rate, and AT is the surface temperature anomaly.
The precipitation field P is modified as a function of surface temperature changes, following a relationship derived from an
analysis of CMIP5 models (Frieler et al., 2015; Golledge et al., 2015):

P(t) = P%x (1+ Fp(y(hs — h) + AT,(t))) )

where P(t) and P° represent transient and initial precipitation fields, respectively, and Fp = 0.053 is a sensitivity factor
for precipitation change with temperature (Frieler et al., 2015). This parametrisation leads to lower accumulation rates with
decreased surface temperatures. The surface melt and runoff are calculated with a positive degree-day (PDD) model that uses
the near-surface air temperature and the precipitation rate as inputs, along with parameters listed in Table Al (Reeh, 1991;
Calov and Greve, 2005; Coulon et al., 2024). Finally, the ocean temperature is obtained by applying a temperature offset to the

initial ocean thermal conditions:
T,(t) = T2 + (FypATy) 3)

where T}, (t) and T correspond to transient and initial ocean temperature fields, respectively, and Fi; = 0.25 is an ocean melt
factor that represents the ratio between oceanic and atmospheric temperature changes (Maris et al., 2014; Golledge et al.,
2015), which has been shown to reproduce trends in ocean temperatures (Golledge et al., 2015).

Alternatively, the climate index approach allows reconstruction of transient and spatially varying climate forcings using
time slices from Earth System Models (ESMs) or Global Climate Models (GCMs). Following the methodology of Sutter et al.
(2016) and Sutter et al. (2019), we derive a climate index from the EPICA Dome C deuterium record (Jouzel et al., 2007). This
climate index enables temporal interpolation of climate time slices of the Last Interglacial (LIG; 130 ka BP) and Last Glacial
Maximum (LGM; 21 ka BP), which are obtained from the lig/27k and Igm experiments of the fourth phase of the Paleoclimate
Modelling Intercomparison Project (PMIP4). We employ time slices from MIROC-ES2L (Ohgaito et al., 2019; O’ishi et al.,
2019; Hajima et al., 2019; Ohgaito et al., 2021), as this ESM is among the few in PMIP4 that provide data for both the LIG
and LGM periods. Because climate snapshots are interpolated every century, the deuterium record used to derive the climate
index is smoothed to reflect the average trend of each century. For each climate time slice, atmospheric and oceanic anomalies
relative to the 1995-2014 period are derived from ESM projections and combined with present-day atmospheric and oceanic

conditions (Coulon et al., 2024, 2025) using a linear scaling factor (Sutter et al., 2019):
To(t) = T + wHC () ATHIC + W M () AT M @)

where AT and AT M are surface temperature anomalies for LIG and LGM periods, w™'¢ = (max(CI, CI"?)—-CI"™P) /(1

CIPD) and WM = 1 — min(CI, CIPD) / CIPP are the scaling factors for LIG and LGM, and CIF® refers to the present-day
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climate index (Sutter et al., 2019). The climate index is normalized so that CT'® = 1 and CI*“M = (. The same logic is ap-
plied to ocean temperature and salinity fields. Missing values on the continental shelf and in currently ice-covered regions are
extrapolated, and the GCM-derived ocean conditions are vertically interpolated at the depth of the continental shelf following
Kreuzer et al. (2021). We employ precipitation ratios instead of precipitation anomalies to avoid negative absolute precipita-
tion (Goosse et al., 2010). Surface melt and runoff are simulated with the PDD model (Reeh, 1991; Calov and Greve, 2005;
Coulon et al., 2024). Near-surface air temperatures are adjusted for variations in ice-sheet surface elevation according to the

atmospheric lapse rate, which accounts for the surface melt-elevation feedback.
2.3 Ensemble design and scoring

We perform an ensemble of 160 simulations using full-factorial sampling (i.e., one simulation is conducted for every possible
combination of factors; Pollard et al., 2016; Albrecht et al., 2020b) to explore uncertainties in the climate-forcing approach,
boundary conditions, bedrock deformation, and ice thermodynamics. We do not perform a wide parameter-space exploration
for robust uncertainty analysis. Instead, parameters were selected through preliminary manual tuning based on model perfor-
mance. The factors of uncertainty considered in this study are summarised in Table 1. A non-exhaustive list of model parameters
is also provided in Table A1l.

Initial surface temperatures and accumulation rates are prescribed from the outputs of the Modele Atmosphérique Régional
(MAR v3.11; Kittel et al., 2021) and the polar Regional Atmospheric Climate Model (RACMO 2.3p2; van Wessem et al.,
2018) over the 1995-2014 period, while the climate forcing is derived using the ice core forcing or climate index approach (see
above). We prescribe a sea-level offset based on the global sea-level reconstructions of Bintanja and Van de Wal (2008) and
Spratt and Lisiecki (2016), which influences the grounding line position through floatation. The Earth’s rheological properties
used to define relaxation times in the ELRA model are taken from van Calcar et al. (2026), which includes stronger (GIAS) or
weaker (GIAW) Earth structures. We consider five GHF datasets to assess the evolution of basal conditions (Martos et al., 2017;
Shen et al., 2020; Stal et al., 2021; Losing and Ebbing, 2021; Haeger et al., 2022), in combination with cold-ice and enthalpy
solvers for ice thermodynamics (Raspoet and Pattyn, 2025a). The GHF datasets were chosen based on their performance in an
ensemble of thermal modelling of the AIS (Raspoet and Pattyn, 2025a) and recommendations of the geophysical community
(Losing et al., 2026). Finally, all simulations use present-day ocean temperature and salinity fields from Schmidtko et al. (2014).
The initial bed topography, surface elevation, and ice thickness are taken from MEaSUREs BedMachine v3 (Morlighem et al.,
2020; Morlighem, 2022).

We score our ensemble of simulations based on their ability to reproduce present-day and past ice-sheet configurations,
closely following the approach described in Pollard et al. (2016) and Albrecht et al. (2020b). This approach enables the
computation of an aggregate score for each ensemble member, quantifying the misfit between the model results and a selected
set of modern observational and geological constraints. For that purpose, we use the MEaSUREs present-day ice thickness,
grounding line extent (BedMachine v3; Morlighem et al., 2020; Morlighem, 2022), surface velocities (Phase-Based Antarctica
Ice Velocity Map v1; Mouginot et al., 2019a, b) as well as the Reconstruction of Antarctic Ice Sheet Deglaciation (RAISED

consortium; Bentley et al., 2014) and the Antarctic ice sheet palaeo constraint database (AntICE2; Lecavalier et al., 2023).
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Table 1. Factors of uncertainty considered in this study.

Factors of uncertainty References

Atmospheric present-day climatology (CLIMO) MAR v3.11 Kittel et al. (2021)
RACMO 2.3p2  van Wessem et al. (2018)

Climate forcing (FORCING) Ice core forcing  Huybrechts (1998); Pollard and DeConto (2012a); Golledge et al. (2015)
Climate index Sutter et al. (2019)

Sea level forcing (SLR) Bintanja and Van de Wal (2008)
Spratt and Lisiecki (2016)

Glacial Isostatic Adjustment (GIA)* GIAS van Calcar et al. (2026)
GIAW van Calcar et al. (2026)

Ice thermodynamics (THERMO) Cold-ice Raspoet and Pattyn (2025a)
Enthalpy Raspoet and Pattyn (2025a)

Geothermal heat flow (GHF) Shen et al. (2020)

Martos et al. (2017)

Stél et al. (2021)

Losing and Ebbing (2021)
Haeger et al. (2022)

*Relaxation times in the GIA model.

The misfit score is derived with a general observational error model that assumes Gaussian-distributed errors and accounts for
uncertainties in the interpretation of the observations (Albrecht et al., 2020b). The aggregated score is then used to calculate a
weight for each ensemble member. The procedure to calculate the misfit for each data type and to aggregate scores is detailed
195 in Appendix B. Qualitative assessment of the modelled results with respect to the observational constraints is also presented in

the supplementary material (Figures S3, S7-S11).
2.4 Tracking of dome migration

We focus our analysis on the migration of six domes and ice divide regions of East Antarctica that have been reported as
potential candidates for deep ice core drilling: Dome F (e.g., Karlsson et al., 2018; Wang et al., 2023b; Obase et al., 2023),
200 Dome C (e.g., Parrenin et al., 2007, 2017; Passalacqua et al., 2017; Lilien et al., 2021; Chung et al., 2023), Dome A (e.g., Xiao
et al., 2008; Sun et al., 2014; Sanderson et al., 2024; Zhao et al., 2018; Wang et al., 2023a; Li et al., 2026), Ridge B (e.g.,
Ekaykin et al., 2021; Lang et al., 2025), Titan Dome (e.g., Beem et al., 2021) and Hercules Dome (e.g., Jacobel et al., 2005;

Fudge et al., 2023; Hills et al., 2025). The first four regions are considered likely to host favourable conditions for preservation
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of ancient ice at the base in the regions surrounding the domes (e.g., frozen conditions because of lower ice thickness than at
the dome; Van Liefferinge et al., 2018; Sutter et al., 2019), whereas the last two are identified as promising sites for obtaining
high-resolution ice cores that resolve the last glacial-interglacial cycle (e.g., Beem et al., 2021; Hills et al., 2025). However, the
analysis presented in this study can be easily extended to other locations as our ensemble of simulations covers the whole AIS.
The positions of the selected domes are tracked every 1000 years and are determined by locating the grid point that exhibits
the highest surface elevation in a 2D spline within a defined domain extending around the current dome position. The size of
the domain was determined based on current topographic features, so that the current dome position is adequately captured by
the algorithm. We therefore track the movement of the topographic dome, contrary to other approaches that use ice velocity
gradients (e.g., van Aalderen et al., 2026; Wirths et al., 2026). Nevertheless, the position of the topographic domes generally

coincides closely with the ice flow divergence pattern observed across the divide (Figure S19-S23).

3 Results
3.1 Evolution of the AIS during the last glacial cycle

Figure 1a shows the results of the ensemble mean of Antarctic simulations over the last glacial cycle, weighted according to the
ability of the ensemble members to reproduce geological and glaciological observational constraints (Appendix B). The results
indicate progressive ice sheet growth from the LIG to the LGM (25-15 ka BP), with most simulations showing expansion toward
the continental shelf, followed by widespread retreat during deglaciation beginning around 12 ka BP, consistent with previous
model studies (e.g., Albrecht et al., 2020a; Lecavalier and Tarasov, 2025). The ensemble demonstrates close agreement with
the reconstruction of the Antarctic ice sheet deglaciation (RAISED consortium; Bentley et al., 2014), except at 10 ka BP, when
most simulations show faster deglaciation and earlier retreat in the Ross Sea sector compared to the reconstruction (Figure S8).
The ensemble weighted mean results also converge with AntICE2 palaeo-reconstructions (Figure S9; Lecavalier et al., 2023),
which mostly cover the deglaciation and Holocene periods, as well as with modern observations of the present-day (PD) ice-
sheet configuration at 0 ka BP (Figure S7; Morlighem et al., 2020). The ensemble does not exhibit a substantial retreat during
the LIG (130-115 ka BP), either in the East Antarctic Ice Sheet (EAIS) subglacial basins or the West Antarctic Ice Sheet
(WAIS), in contrast to evidence highlighted in Bentley and Wolff (2026). Approximately 30% of ensemble members display
grounding line retreat in the Amundsen Sea sector, and 50% exhibit a slight retreat in the Siple Coast region (Figure S19).
However, a substantial retreat occurs in the WAIS in sensitivity experiments when the ice sheet is forced under sustained LIG
conditions for 10 ka (Figure S12, panel b).

Figure 1b presents the evolution of the modelled grounded ice sheet area and volume, along with the factors contributing to
the ensemble spread, as determined through a variance-based sensitivity analysis (Appendix C). The climate forcing approach
(FORCING) and sea level forcing (SLR) explain most of the variability in the grounded ice sheet area and volume, although
their relative contributions vary in time. Simulations using the climate index approach lead to larger modelled grounded ice
volumes and areas, along with a slightly delayed deglaciation (Figure S24). This is associated with weaker amplitude changes

in the atmospheric forcing, which produce higher surface accumulation rates during the glacial period compared to the ice
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Figure 1. Evolution of the Antarctic ice sheet during the last glacial cycle. (a) Ensemble weighted mean surface elevations and grounding
line positions during the last glacial cycle. The red and yellow contours indicate the Reconstruction of the Antarctic Ice Sheet Deglaciation
(RAISED consortium; Bentley et al., 2014) and BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022) grounding line positions,
respectively. (b) Evolution of the grounded ice-sheet area and volume during the last glacial cycle. The plain and dashed lines highlight
the ensemble-weighted mean and the best-fit simulation, respectively. The dotted lines represent the present-day values (BedMachine v3;
Morlighem et al., 2020; Morlighem, 2022). The colours highlight the contributions of the different factors of uncertainty considered in this
study (Table 1), determined through a variance decomposition analysis (ANOVA; Appendix C), within the ensemble uncertainty range. GL:

grounding line. CF: calving front. BP: before present.
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core forcing approach (Figures S5-S6). For similar reasons, initial climatic conditions from MAR also yield simulations
with larger ice sheets than those from RACMO (Figure S25). Sea level forcing based on Bintanja and Van de Wal (2008)
produces higher grounded ice areas and volumes than Spratt and Lisiecki (2016). No significant differences are observed
between simulations using GIAS and GIAW configurations, likely due to the similarity of the two relaxation-time maps in
West Antarctica, where most changes in ice-sheet geometry occur (Figure S10 a-b). However, GIA remains a critical factor in
simulating the evolution of the AIS during the last glacial cycle, particularly during the deglaciation. Simulations that do not
consider GIA or use alternative relaxation times do not reproduce the deglaciation and present-day ice sheet configuration as
accurately (Figure S26). Finally, the ensemble demonstrates limited sensitivity to the choice of the ice thermodynamical model

and GHF when simulating large-scale ice sheet behaviour (Figure S25).
3.2 Dome migration and surface elevation changes

Figure 2 illustrates the location of the domes and their evolution throughout the last glacial cycle. Five of the six selected regions
demonstrate favourable conditions for the preservation of old ice at the base (Figure 2), with likely cold basal conditions (in
this study and in Raspoet and Pattyn, 2025a), slow flowing ice (v < 2.5 m a—'), and substantial ice thickness (H > 2000 m)
(Fischer et al., 2013; Van Liefferinge and Pattyn, 2013). Dome migration is further quantified by computing the distance and
orientation relative to the final position at 0 ka BP (Figure 3). On average, the domes remain relatively stable over time, staying
within approximately 30 km of their original positions. Given the initialisation procedure, the modelled initial position of each
dome starts closely from the currently observed location (black squares in Figure 2). As a consequence, the final positions of all
domes do not always converge exactly with the current observations. However, the trajectories still provide useful information
on dome migration patterns during the last glacial cycle (coloured circles in Figure 2).

Despite their overall stability, the domes exhibit distinct migration patterns (Figures 3; S27a). Dome F remains relatively
stable, with migration primarily toward the southeast within approximately 20 [0-40] km (5-95% interval) of its original posi-
tion. Dome A migrates mainly to the east, within approximately 45 [0—100] km of its initial position. Dome C exhibits the most
complex migration, initially moving south during the LIG, then north at the onset of glaciation, followed by alternating south-
east and northeast movements, reaching its maximum displacement during deglaciation before returning toward its preglacial
position. This migration occurs within approximately 40 [0—145] km of the original position. Ridge B shifts slightly northward,
remaining within approximately 20 [0—40] km of its initial position. Titan Dome and Hercules Dome migrate to the northeast
within approximately 40 [0-80] km and 15 [0-20] km, respectively. Small circular dome displacements, associated with cool-
ing and warming phases during the glacial period, are a common pattern across all domes (Figure S27a). Subsequently, Titan
Dome and Hercules Dome progressively return to their initial positions during the Holocene, whereas the others move toward
their pre-LGM positions. This reflects a lagged response to climate forcing resulting from slower response times for the domes
with larger ice thicknesses.

The drivers for the ensemble spread vary in time and by location (Figure S28). For instance, GHF has a non-negligible
influence on the migration of Dome F and Dome A, especially during the LIG period and early stages of glaciation, but

has limited impact on Dome C, Ridge B, and Titan Dome migrations and thickness changes. Ridge B is more influenced by
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Figure 2. Evolution of Antarctic domes during the last glacial cycle. The subpanels show the migration of the domes over time (ensemble
weighted-mean positions). The background of the Antarctic map represents present-day surface elevations and grounding lines (black lines)
(BedMachine v3; Morlighem et al., 2020; Morlighem, 2022). The coloured lines show the evolution of the ensemble weighted-mean ground-
ing line position over time. The grey contours outline the present-day surface elevations. The location of existing borehole measurements is
indicated by red crosses. The blue cross shows the location of the Little Dome C (LDC) ice core. The shading highlights criteria favourable
for preserving old ice at the base: likely cold-based areas are shown in blue (this study; R26; Raspoet et al., 2026) and purple (RP25; Raspoet
and Pattyn, 2025a), areas with observed ice thickness larger than 2000 m (Morlighem et al., 2020; Morlighem, 2022) and surface velocity
lower than 2.5 m a~* (Mouginot et al., 2019a, b) are highlighted in light red. Note that in this study, areas are only considered as likely cold

if they remained likely cold throughout the whole transient simulations. PD: present day. GL: grounding line. ALT: altitude.
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the thermodynamic model and the climate forcing, while Dome C and Titan Dome are more sensitive to the initial climatic

conditions and the climate forcing. Hercules Dome exhibits a moderate sensitivity to all factors. However, approximately one-
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third of the total variance is attributable to interactions between factors, while another third remains unexplained (residuals).
This suggests that a substantial portion of the ensemble variability is not captured by the specified factors and likely reflects
higher-order interactions, nonlinear dynamics, or more complex response structures. Indeed, dome migration is primarily driven
by atmospheric forcing (surface temperature and accumulation patterns), but also by grounding line advance and retreat, which
can cause a reorganisation of the ice flow pattern (Figures 2, S19-S23, S27a).

As for elevation changes, they varied by 50-150 m between glacial and interglacial periods (Figure 3). For all domes, surface
elevations increase slightly during the LIG, decrease gradually until reaching a minimum at the LGM, and then rise rapidly
again during the Holocene. The domes of the East Antarctic plateau (i.e., Dome F, Dome A, Dome C, and Ridge B) exhibit
similar lagged responses to the atmospheric forcing (Figures 3, S27b). In contrast, Titan and Hercules domes follow different
patterns, likely influenced by ice-dynamical processes in West Antarctica. They also respond faster to the atmospheric forcing
during the LIG and present a sharp increase in elevation around 10 ka BP in the Holocene, followed by a decrease toward the
present day (Figure 3). The lag in response to climate forcing is proportional to the local ice thickness, i.e., domes with smaller
ice thickness respond faster. The elevation changes are primarily controlled by local surface accumulation. Consequently, the
total variance is primarily explained by the climate forcing approach (Figure S28). The elevation changes are less pronounced
when simulations are forced with the climate index method than with the ice core forcing approach, because the latter pro-
duces more pronounced accumulation anomalies relative to the present day, leading to lower accumulation rates during glacial
periods (Figure S29). Finally, one can note that the ensemble produces elevation changes in close agreement with the RAISED

compilation (Bentley et al., 2014) for Dome F, Dome C and Vostok (Figures 3; S8b).
3.3 Evolution of basal thermal conditions

The evolution of basal thermal conditions (basal temperatures and melt rates) during the last glacial cycle is shown for each
dome location in Figure 4. For all domes, basal temperatures and melt rates respond to the climate forcing with a time lag
ranging from 17 to 35 ka. Therefore, the maximum and minimum basal temperatures occur after the LIG and the LGM, and
the present-day basal temperatures still reflect the cooling effects from the LGM climate. The amplitude of changes in basal
temperatures and melt rates varies across the domes. Dome F, Dome C, and Ridge B exhibit likely temperate basal conditions.
These domes are, on average, close to thermal steady-state, with mean changes in basal temperatures and melt rates of the
order of ~ 0.5 °C and ~0.7 mm a~! during the last glacial cycle. These amplitudes are in the range of Passalacqua et al. (2017,
Figure 8) for Dome C and Obase et al. (2023) for Dome F. In contrast, Titan and Hercules domes exhibit cold basal conditions
in all simulations (i.e., absence of basal melt), along with a more pronounced variability in basal temperature changes (~2—
5°C). Most simulations also predict cold basal conditions for Dome A, where basal temperatures varied by ~ 1.5 °C during
the last glacial cycle. Both the likelihood of cold basal conditions and the amplitude of changes in basal temperatures and melt
rates are inversely proportional to the ice thickness at a given location (Figures 4).

On average, each of the considered regions presents at least 20% of grid cells with likely cold basal conditions (Figures 4-5).
Cold basal conditions are widespread in the regions surrounding Titan Dome (88 [75-98]%), Hercules Dome (89 [83—100]%),
and Dome A (72 [26-93] %). In contrast, the likelihood of temperate basal conditions is higher in the regions around Dome C
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Figure 4. Evolution of basal conditions at dome locations. (a) Basal temperatures relative to the pressure melting point (pmp). The grey
dotted lines show the surface temperature anomaly at a given location to illustrate the lag in the response to the forcing. The scatter plots
highlight the evolution of the ensemble weighted mean ice thickness for each site. (b) Basal melt rates. (c) Regional temperate area, i.e., the
percentage of temperate basal conditions in each region presented in Figure 5. The grey lines show the percentage of simulations estimating

temperate basal conditions at a given dome location.

(87 [37-100] %), Dome F (60 [4-96] %), and Ridge B (59 [44-73]% ). The percentage of temperate areas in a given region
is mainly influenced by the GHF (> 95 %; Figure S30). For the domes of the East Antarctic plateau, > 95 % of the variability
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in modelled basal temperatures can be ascribed to the GHF (Figure S30). For Titan Dome, the variance in basal temperatures
is explained half and half by GHF and initial climatic conditions (Figure S30). For Hercules Dome, GHF explains ~ 40
% of the total variance, followed by the choice of the thermodynamic model and initial climatic conditions (Figure S30).
GHF contributes by 50 % to the total variance in modelled basal melt rates, which are also influenced by the choice of the
thermodynamic model and interactions between factors (Figure S30).

For each of the studied regions, results for the present-day (0 ka BP) are further compared with those of Raspoet and Pattyn
(2025a), who conducted an ensemble of simulations of basal and englacial thermal conditions of the AIS at 8 km resolution
assuming a thermal steady-state (Figure 5). Despite the coarser resolution in the present study, our simulations capture similar
basal temperature patterns to those of Raspoet and Pattyn (2025a), specifically for Dome F, Dome A, Dome C, and Ridge
B, but diverge for Titan and Hercules Dome, especially for basal melt rates. These contrasts can be explained by the thermal
memory associated with previous glacial-interglacial climate variability that leads to lower basal temperatures and melt rates in
our palaeo simulations (e.g., Figures S2-S3, S31-S32), differences in spatial resolution, and the choice of boundary conditions
and model approximations. To disentangle these effects, we conducted experiments starting from a subset of initial englacial
temperatures reported by Raspoet and Pattyn (2025a), using the same model and boundary conditions, and applied a simple
temperature forcing over the last 800 ka, following the initialisation procedure described in the method section (Figure S1).
This significantly reduced the discrepancies between the 25 and 8 km simulations, although topographic effects remain better
captured at 8 km (Figure S32). We note that our modelled basal temperatures during the previous glacial cycles never exceed
those determined from the corresponding thermal steady-state initialisation (Figure S31). This suggests that thermal steady-
state estimates of subglacial thermal conditions should be regarded as an upper bound, as they do not capture cooling effects

from past glacial-interglacial climates.

4 Discussion
4.1 Stability of East Antarctic divide regions

The migration of East Antarctic domes and ice divides during the last glacial cycle remains poorly constrained and appears to
vary substantially between sites. Early theoretical studies have demonstrated that ice divides are highly sensitive to changes in
accumulation patterns, ice thickness, and boundary conditions (e.g., Hindmarsh, 1996; Nereson et al., 1998). Dome migration
can be tracked by analysing radar isochrones, as even modest divide migrations can significantly influence internal stratigraphy
and age-depth relationships (Hindmarsh, 1996; Martin et al., 2009). For instance, large variations in divide position can spread
out Raymond arches (characteristic upward arches in internal layering formed beneath stable ice divides that reflect long-term
ice flow stagnation and divide stability; Raymond, 1983; Hindmarsh, 1996), while repeated reversals in the direction of divide
migration can generate multiple-folding events within the ice (Hindmarsh, 1996), with potential disruptive effects on ice cores
(e.g., Hindmarsh, 1996; Wirths et al., 2026). Alternatively, a recent study (Wirths et al., 2026) has investigated the influence
of ice sheet surface elevation and ice divide variability on ice-core-based climate reconstructions using three ice-sheet model

simulations spanning the MPT. Here, we analyse dome migration patterns derived from an ensemble of transient simulations
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Figure 5. Comparison of modelled basal temperatures and melt rates at 0 ka BP with the results of Raspoet and Pattyn (2025a, RP25). Values
for basal temperatures are truncated between -20 and 0°C while values for basal melt rates are truncated between 0 and 5 mm a~!. Results
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diamonds highlight initial and final modelled weighted mean dome positions, respectively.
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of the AIS over the last glacial cycle, enabling assessment of both local drivers, such as accumulation changes, and large-scale
ice-sheet processes, including grounding-line retreat.

Model results indicate no substantial ice-divide migration over the last glacial cycle, with average dome displacements lim-
ited to 2040 km from present-day positions. Our modelled dome displacements are comparable in amplitude to those reported
in a recent modelling study (Wirths et al., 2026). This finding is also consistent with airborne radar surveys that reveal laterally
continuous, undisturbed internal isochrones around Dome F (e.g., Steinhage et al., 2013), and with the continuity of internal
isochrones and basal freeze-on reflectors at Dome A, which suggest stability for at least one and a half glacial cycles (Wolovick
et al., 2021a). Although variations in accumulation are observed across and along Ridge B (Leysinger Vieli et al., 2004), no
radar-stratigraphic evidence for substantial divide migration has been reported. Radar stratigraphy and ice-flow measurements
at Hercules Dome also indicate a stable ice divide, characterised by continuous internal layering and a frozen-bed regime, sup-
porting minimal divide migration over at least the last glacial cycle (Hills et al., 2025). In contrast, our model results for Dome
C reveal a more complex migration pattern. While radar isochrones indicate steady ice flow and accumulation over the past 100
ka (Siegert et al., 2001), recent observations show slight variations in accumulation patterns over centennial timescales (Urbini
et al., 2008), along with significant summit migration on decadal timescales (Vittuari et al., 2025). Our results indicate only
minor displacement and no major ice-flow reorganisation in the region surrounding Titan Dome. However, radar stratigraphy
reveals evidence of past ice-flow reorganisation, suggesting that ice-divide migration may have occurred at Titan Dome (Beem
et al., 2018, 2021). We find elevation changes of the order of 50-150 m between glacial and interglacial periods, in agreement
with previous modelling studies (Ritz et al., 2001; Wirths et al., 2026) and palaeo-reconstructions (Bentley et al., 2014). The
elevation changes at the domes exhibit a lagged response to climate forcing proportional to local ice thickness and are primarily
driven by variations in local precipitation patterns.

The glacial-interglacial model experiments demonstrate that dome migrations are influenced by grounding line advance
during glacial periods, combined with changes in the precipitation regime across the divide areas. While our simulations do not
exhibit significant grounding line retreat during the LIG, some Antarctic basins may have been prone to significant grounding
line retreat and potential WAIS collapse during warmer interglacial periods (e.g., Bentley and Wolff, 2026), which may have
a significant impact on the stability and position of the domes and divides. We investigate the sensitivity of dome trajectories
to extensive grounding-line retreat using existing long-term (i.e., millennial-to-multi-millennial) projections performed with
the Kori-ULB model by Coulon et al. (2024) and Klose et al. (2024) under SSP1-2.6 and SSP5-8.5 scenarios (Figures S38—
S39). The SSP1-2.6 scenario leads to a partial collapse of the Thwaites Glacier in West Antarctica, along with retreat of
the grounding line in the Wilkes subglacial basin on centennial timescales. Such grounding-line retreat is associated with
small dome displacements of a few tens of kilometres from the present-day positions, along with negligible elevation changes
(Figure S39). This scenario is the most representative of past interglacial periods, with warming levels slightly below the LIG.
However, under the SSP5-8.5 scenario, significant warming is projected, which leads to the collapse of the WAIS, Wilkes,
and Recovery subglacial basins (Figure S38). This can drive significant dome displacements of the order of 100 km and dome

elevation changes of several hundred meters (Figure S39). Nevertheless, the SSP5.8-5 scenario is associated with much larger
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warming levels than experienced over the last 800 ka (Jouzel et al., 2007), making such collapses very unlikely during previous

interglacial periods.
4.2 Basal thermal conditions and thermal memory

We find heterogeneous basal thermal conditions beneath the studied East Antarctic domes. The regions surrounding Titan
Dome, Hercules Dome, and Dome A exhibit likely cold basal conditions, whereas the region around Dome C is predominantly
temperate at the base, except near the LDC drilling site (Figure 5). A frozen bed patch is also expected between Ridge B and
Vostok (Figure 5). Basal conditions in the Dome F and Dome C regions are sensitive to the GHF, which vary substantially
across the study areas and among the GHF datasets (Figure S33). The Stal et al. (2021) and Shen et al. (2020) GHF datasets
yield significantly colder basal environments, with absence of basal melting (Figures S34-S35), but they also predict cold
basal conditions in regions where subglacial lakes are expected (Figures S34-S35). In contrast, similar basal temperatures and
melt rates are simulated for Dome A, Ridge B, Titan Dome, and Hercules Dome despite differences among GHF datasets
(Figure S33), as local topographic features exert more influence on basal thermal conditions in these regions (Figures S34—
S35). In addition, as discussed by Sutter et al. (2019), dome displacement can also be influenced, to a certain extent, by the
GHF distribution (Figures S30; S34-S35). Because of the relevance for both ice dynamics and old ice research, several efforts
have been made to better constrain GHF and basal conditions in these regions using radar data (e.g., Passalacqua et al., 2017;
Jordan et al., 2018; Wolovick et al., 2021a, b; Wang et al., 2023b; Lang et al., 2025; Kerr et al., 2026).

Existing continental-scale GHF datasets vary widely in both amplitude and spatial distribution (Burton-Johnson et al., 2020;
Reading et al., 2022) and show poor agreement with radar-derived estimates (e.g., Wolovick et al., 2021a; Lang et al., 2025;
Kerr et al., 2026) as they fail to resolve small-scale anomalies and spatial heterogeneities (Carson et al., 2013), which could
affect basal thermal conditions in the investigated regions. As a result, at some locations such as Dome F, none of the GHF
datasets aligns with borehole-derived values (Talalay et al., 2020), leading to divergent estimates of basal temperatures and melt
rates (Figures S36-S37). In addition, we also overestimate the basal temperature at LDC, where a recent borehole measurement
inferred a basal temperature of approximately -8°C (Westhoff et al., 2026). In contrast, the ensemble mean basal temperature
at 0 ka BP for LDC is -4 [-10.2 — -4.5] °C (not corrected for the pressure melting point), and ~70% of our simulations estimate
temperate basal conditions at this site, despite GHF values (42-58 mW m™2) being close to the inferred value (51 £ 5 mW
m~2). This discrepancy results from an overestimation of the modelled ice thickness (2978-3063 m) compared to the observed
ice thickness (2800 m), which acts as an insulator and affects the pressure melting point of ice, so that a lower GHF would be
required to maintain cold basal conditions (e.g., Figure 2 in Van Liefferinge and Pattyn, 2013). Similar discrepancies between
modelled and measured ice thicknesses can be observed at other sites as well and likely result from the coarse resolution of our
model simulations, which may account for some model-data differences (Figure S36).

We observe a progressive cooling trend in the modelled basal temperatures (Figure 4), which reflects the long-term thermal
inertia of the ice sheet (Figures S2—S3). The basal temperature of the studied domes responds to the climate forcing with a
time lag of ~ 17-35 ka. This effect is more pronounced over Hercules Dome, Titan Dome, and Dome A, while Dome F and

Dome C seem closer to a thermal steady state (Figures S3; S31-S32). The time lag and amplitude of changes depend on the
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local ice thickness, with thicker ice favouring longer and dampened responses. However, we prescribe a constant geothermal
boundary condition that does not evolve with the basal thermal state. We therefore neglect conductive heat transfer within the
underlying bedrock and account only for the thermodynamic evolution in the ice column. This may reduce the lithospheric
thermal memory and shorten the response time of basal temperatures to climate forcing. As a result, our modelled temperature
fields may adjust more rapidly and respond with larger amplitude than would a fully coupled ice-bedrock thermal system
(e.g., Ritz, 1987, 1992). Nevertheless, the ensemble of modelled temperature profiles at O ka BP aligns well with borehole
measurements within the model uncertainty bounds (Figures S3 and S9), although only simulations using the enthalpy model

reproduce basal melt rates in the range of the borehole-derived estimates of Talalay et al. (2020) (Figure S37).
4.3 TImplications for oldest ice

Overall, the evolution of dome position and basal thermal conditions constitute key constraints for the preservation of old ice
and localisation of suitable drilling sites. Such sites are associated with cold basal conditions (absence of basal melting), thick
ice, low ice-flow speeds and limited dome migration, which together minimise stratigraphic disturbance (Fischer et al., 2013;
Parrenin et al., 2017). Since our modelled basal temperatures and melt rates never exceed the present-day thermal steady-state
values during the last glacial cycle, we can use the higher resolution estimates of Raspoet and Pattyn (2025a) as an upper
bound to estimate likely cold basal conditions for the AIS. Combined with observed topographic (Morlighem et al., 2020;
Morlighem, 2022) and velocity data (Mouginot et al., 2019a, b), we can derive an updated map of promising oldest ice sites
similar to Van Liefferinge and Pattyn (2013), considering that our experiments have shown that most divide locations remain
relatively stable in time. We also exclude grid cells where subglacial lakes are expected (Livingstone et al., 2022). Results are
presented in Figure 6. Overall, our potential old ice sites are similar to Van Liefferinge and Pattyn (2013) and Sutter et al.
(2019) but cover smaller areas. We find candidate sites in all five regions except Hercules Dome, where the ice thickness is too
low. While Dome Fuji, Dome C, Ridge B, and Dome A are well-established candidates for the preservation of old ice (e.g.,
Van Liefferinge and Pattyn, 2013; Sutter et al., 2019), the suitability of Titan Dome is more debated, due to potential variability
in past ice-flow dynamics, the possibility that basal ice is too young, and insufficient temporal resolution to resolve older ice
layers (Beem et al., 2021). Our findings support ongoing investigations, and future work combining ice-flow modelling with

high-resolution radar surveys will be essential to further evaluate and refine the identification of potential old ice sites.

5 Conclusions

We present an ensemble of transient thermomechanical simulations of the Antarctic Ice Sheet spanning the last glacial cycle,
using an initialisation procedure that minimises ice thickness misfits while capturing long-term thermal memory effects. The
ensemble is evaluated against a comprehensive set of observational and geological constraints covering both past and present-
day ice-sheet configurations. This ensemble is used to examine the stability of six domes and divide regions within the EAIS,
along with the evolution of their subglacial conditions. Unlike most palaeo-ice-sheet modelling studies, which rely on long-

term or palaeo spin-up initialisations, our approach accurately captures the initial ice sheet configuration, resulting in modelled
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Figure 6. Potential old ice sites in the studied regions. Promising old ice sites are outlined in dark pink. These are defined as likely cold
basal conditions in this study and in Raspoet and Pattyn (2025a), ice thickness > 2000 m, and ice velocities < 2.5 m a~! (see Figure 2).
Existing deep boreholes are represented by red crosses, and the location of the recently drilled ice core at LDC is represented by a blue
cross. The black contours delineate present-day surface elevations. The background shows the bedrock elevation. Topographic data are from

BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022).

dome positions that align with observed locations. We also provide an updated assessment of areas with favourable conditions
for the preservation of old ice at the base, which may be targeted in future drilling campaigns. Additionally, our findings
can inform corrections of isotope data retrieved from ice-core records for local ice elevation changes and upstream effects
associated with past dome displacements.

Results suggest that EAIS domes and divides remained relatively stable throughout the last glacial cycle, with migrations
generally limited to within 20—40 km of their initial positions. Dome migration is primarily controlled by variations in local
accumulation patterns and large-scale grounding-line migration during the glaciation, although GHF also exerts an influence,
particularly for Dome F and Dome A. The overall stability of the domes is associated with the absence of substantial grounding-
line retreat in the EAIS during the LIG in our model simulations. Surface elevation changes exhibit a lagged response to climate

forcing and range from 50 to 150 m across the East Antarctic Plateau between glacial and interglacial periods, with lower
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elevations corresponding to reduced accumulation rates during the LGM and a lagged response that is proportional to dome
ice thickness.

Basal temperatures and melt rates show a delayed response to climatic forcing by approximately 17-35 ka, indicating that
present-day basal thermal conditions continue to reflect the colder LGM climate. Consequently, estimates from simulations
assuming a thermal steady state should be regarded as an upper bound of the present-day thermal regime. The probability of
cold basal conditions is highest in the regions surrounding Hercules Dome, Titan Dome, and Dome A. However, estimates of
the basal thermal state are highly sensitive to GHF and errors in modelled ice thickness of a few hundred meters. We identify
potential sites for oldest ice in all investigated regions except Hercules Dome, where ice thickness is insufficient. The identified
sites are consistent with previous studies (Van Liefferinge and Pattyn, 2013; Sutter et al., 2019), although spread over smaller
areas. Future work using high-resolution radar surveys could help better constrain the conditions at the ice-bedrock interface

in these regions.

Code and data availability. The codes used to run the Kori-ULB model and produce the figures, as well as data supporting the results
presented in this study are available on Zenodo: https://doi.org/10.5281/zenodo.22047132 (Raspoet et al., 2026). Results from Raspoet and
Pattyn (2025a) are available at: https://doi.org/10.5281/zenodo.15664172 (Raspoet and Pattyn, 2025b). The code and reference manual of
the Kori-ULB ice-sheet model are publicly available on https://github.com/FrankPat/Kori-ULB. All datasets used in this study are freely

accessible through their original references. Additional information can be provided upon request from the authors.

Appendix A: List of key model parameters

Table A1l presents a non-exhaustive list of model parameters used in the Kori-ULB ice sheet model and their values in this

study.
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Table A1. List of key model parameters.

EGUsphere\

Symbol  Description Value Units

Ice dynamics

m Basal sliding exponent 3 -

n Flow law exponent 3 -

Pi Ice density 917 kgm™3

Pw Sea water density 1027 kgm™3

of Fresh water density 1000 kgm™3

P Reference density in EOS 1033 kgm™3

Ice thermodynamics

B Clausius-Clapeyron gradient 866 x 107* Km™*

Cp Heat capacity of ice 2009 Jkg7 ' K!
Cpo Heat capacity of sea water 3974 Jkg ~tec™!
Hy™ Maximum water layer thickness in the enthalpy model 2 m

K Conductivity of ice 2.1 Wm K™
K. Diffusivity of cold ice in the enthalpy model K/cp kgm 's!
Ko Diffusivity of temperate ice in the enthalpy model K.x 1075 kgm~!s7!
L Latent heat of fusion 3.35 x 10° Tkg 7!

To Absolute melting point of ice 273.15 K

Tt Reference temperature in the enthalpy model 223.15 K

PDD model

Yatm Atmospheric lapse rate -0.008 °Cm™!

dice Thickness of the thermally active layer 5 m

Kice Degree-day factor for the melting of ice 8/pi w.e. mm PDD !
Kinow Degree-day factor for the melting of snow 3/pi w.e. mm PDD !
Tuning parameters for the PICO model (Reese et al., 2018)

C Overturning strength of ocean circulation underneath ice shelf 1x10° m?s7!

Y1 Effective turbulent temperature exchange velocity 2x1075 ms?
Tuning parameters for the climate forcing

Fp Sensitivity factor for precipitation change with temperature 0.053 oc~!

Fur Sensitivity factor for ocean temperature change with atmospheric temperature ~ 0.25 -
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Appendix B: Scoring and weighting of the ice-sheet model outputs

This appendix presents the methodology used to score and weight ensemble members based on their ability to reproduce a
set of past and present-day observational and geological constraints. We closely follow the approaches described in Pollard
et al. (2016) and Albrecht et al. (2020b) and use their terminology when applicable, but make use of more recent observational
datasets for both present-day observations and past ice-sheet reconstructions. The model results are evaluated against 11 data
types using mean squared errors (MSE), as described in Appendix B1. Each misfit (M; ;) is then normalised into individual
scores (S; ;) that are combined into one aggregated score (S;) for each ensemble member j (Pollard et al., 2016), as detailed

in Appendix B2.
B1 Evaluation of model misfits

We evaluate our model results against both present-day constraints and past ice sheet reconstructions. The first set of constraints
is given by the present-day Antarctic ice sheet geometry (thickness and grounding-line position) and velocity field (MEaSUREs
BedMachine v3 and Phase-Based Antarctica Ice Velocity Map v1; Morlighem et al., 2020; Morlighem, 2022; Mouginot et al.,
2019a, b). All gridded datasets are resampled at our 25 km model resolution.

1. TOTE: total area of model-data mismatch for grounded ice (Pollard et al., 2016; Albrecht et al., 2020b). Misfit M; =
(A/B)? where B = (Ayo)"/?04, A is the total area of mismatch between modelled and observed grounded ice, Ay
is the total area of the domain, o,, = 30 km represents the typical size of modern grounding-line location errors in
“reasonable” model runs (Pollard et al., 2016, Appendix B1). The continental domain is defined by bed elevation above
-2500m (Albrecht et al., 2020b). Data: BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022).

2. TOTI: total area of model-data mismatch for floating ice (Pollard et al., 2016; Albrecht et al., 2020b). Misfit My =
(A/B)? where B = (Atot)l/ 204, A is the total area of mismatch between modelled and observed floating ice (i.e.,
ice-shelf areas), A is the total area of the domain, o,, = 30 km represents grounding-line and calving front location
uncertainty in “reasonable” model runs (Pollard et al., 2016, Appendix B2). Data: BedMachine v3 (Morlighem et al.,
2020; Morlighem, 2022).

3. TOTDH: model—data differences for grounded ice thickness (Pollard et al., 2016; Albrecht et al., 2020b). Misfit M3 =
mean((h — hops)/on)? where h is the modelled ice thickness, hps is the observed ice thickness, and o = 10 m is an
assumed uncertainty in “reasonable” model runs. The mean is taken over areas with present-day observed grounded ice.

Data: BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022). Model misfits are presented in Figure S7.

4. TOTGL: model-data differences in grounding-line location (Albrecht et al., 2020b). Misfit My = mean((d—dops)/0a)?,
where d and d,;,5 are the distances from the modelled and observed grounding lines (e.g., d = 0 at the modelled grounding
line location), respectively, calculated using a two dimensional distance field approximation, and o4 = 30 km is the

assumed uncertainty in grounding line location as in TOTI and TOTE (Albrecht et al., 2020b). This method is close to
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the misfit described in Albrecht et al. (2020b) but different from the GL2D misfit used in Pollard et al. (2016, Appendix
B5). Data: BedMachine v3 (Morlighem et al., 2020; Morlighem, 2022).

5. TOTVEL: model-data differences in surface ice velocity over grounded ice (Albrecht et al., 2020b). Misfit M5 =

505 mean((v — vobs)/o,)?, where v is the modelled velocity, v,ps is the observed velocity, and o, is the observational
error in the observational velocity. This is close to Albrecht et al. (2020b), although we evaluate the misfits for each hori-

zontal velocity component (x and y) rather than speed, and sum the resulting contributions. Data: Phase-Based Antarctica

Ice Velocity Map v1 (Mouginot et al., 2019a, b). Model misfits are presented in Figure S7.

The second set of constraints is provided by the reconstruction of the Antarctic ice sheet deglaciation (RAISED consortium;
510 Bentley et al., 2014), which compiles a range of observational constraints for four key time slices during the deglaciation of
the Antarctic ice sheet (i.e., 20, 15, 10, and 5ka BP). Model misfits with respect to the RAISED reconstructions are presented

in Figure S8.

6. DGL: model-data differences in past grounding-line positions. We employ a grounding-line distance metric analo-

gous to TOTGL to quantify the misfit between modelled and reconstructed past grounding-line positions, leading to

515 Mg = mean((d — dops)/c4)?, where d and d,; are the distances from the modelled and reconstructed grounding lines,
respectively, calculated using a two dimensional distance field approximation (Albrecht et al., 2020b), and o4 = 100 km

is a representative width scale of reasonable past grounding-zone mismatches (Pollard et al., 2016). This differs from

both the GL2D and THROUGH formulations in Pollard et al. (2016) and Albrecht et al. (2020b). We consider the two

scenarios (A and B) provided by the RAISED consortium for grounding line reconstructions as equally plausible and

520 compute the misfits for both cases, retaining the minimum misfit. We do not restrict the analysis to specific regions but

to where observations are available, and select model outputs corresponding to the closest observational time slices.

7. DSURF: model-data differences in past elevation changes. Similar to Pollard et al. (2016), we select for each data point

a time series of model surface elevation changes within a window time defined by the observational time uncertainty

(T € [tops £ 0¢]) at the closest model grid point of the measurement and consider the minimum absolute difference over

525 all model times. Here, we chose o; = 500 years around a given time slice and o5,, = 100 m for the surface elevation

uncertainty. The mean over all data points leads to misfit M7 = mean(min, |hs(7) — h /on.)?, where hy(T) is the

Sobs)

modelled surface elevation changes within the considered time window and h_, is the reconstructed surface elevation

Sobs
change at time ?,;5. To mitigate the influence of nearby, potentially correlated observations, the mean is computed over
all data points using intra-data weighting (Briggs and Tarasov, 2013) that is inversely proportional to local sampling

530 density, defined by the number of measurements within a distance L = 550 km of each other, ensuring equal contribution

from each L-sized cluster to the overall mean (Pollard et al., 2016).

The last set of constraints is given by the Antarctic Ice Sheet palaco-constraint database (AntICE2; Lecavalier et al.,
2023, 2022). The AntICE2 database constitutes the most comprehensive observational constraint dataset available for cali-

brating models of the Antarctic Ice Sheet throughout the last glacial cycle. This curated dataset contains high-quality data
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organised into specified quality tiers and represents a significant expansion of the foundational work by Briggs and Tarasov
(2013).

10.

11.

ELEV: model-data differences of past surface elevations (PaleoH). The misfit is computed similarly to DSURF: M8 =

mean(min, |hs(7) — hs,,.|/on. )%, where hy(7) is the modelled surface elevations within the considered time window
(T € [tobs £ ot]) and hg

elevation uncertainties provided for each data point by the AntICE2 database. The mean over all data points is weighted

.. 18 the reconstructed surface elevation at time ¢.ps. Here, o and oy, are defined by the age and
by intra-data-type weighting, as described above, in combination with the tier-type quality classification associated with
each data point. Note that this approach differs from the ELEV misfit described in Pollard et al. (2016) and Albrecht
et al. (2020b), where the smallest misfit to observations is computed for all past ice surface elevations that are part of a

thinning trend. Model misfits are presented in Figure S9.

EXT: model-data differences of past ice-sheet extent (PaleoExt). The PaleoExt database contains proxy records repre-
senting proximal-to-grounding-line (PGL), sub-ice-shelf (SIS), and open-marine conditions (OMCs) (Lecavalier et al.,
2023; Lecavalier and Tarasov, 2025). Model-data comparison is performed by translating simulated ice-sheet states into
those categorical classes for the nearest grid point to each observational constraint, within a time window defined by the
observational age uncertainty (¢,s = 0¢). An observation is considered satisfied if the simulated class matches the proxy
interpretation at least once within the time window. A binary misfit is then assigned to each observation (0 if satisfied, 1 if
not). The overall misfit M9 is obtained through the weighted mean across all data points, combining the intra-data-type
weighting scheme described above and the tier-type quality classification associated with each data point. This misfit
represents the fraction of observations that are not reproduced by a simulation. Note that this metric differs from EXT

described in Albrecht et al. (2020b). Model misfits are shown in Figure S9.

UPL: model-data differences in modern uplift rates (Pollard et al., 2016; Albrecht et al., 2020b). This misfit is computed
as M 10 = mean((Upod — Uops) /01 )?, where Uypoq and Uy are modelled and observed uplift rates and o is the uplift
rate standard deviation given by the AntICE2 database. The mean over all data points is weighted by intra-data-type
weighting, as described above, in combination with the tier-type quality classification associated with each data point.

Model misfits are presented in Figure S10.

TEMP: model-data differences between modelled temperature profiles and borehole measurements. For each temper-
ature profile, the misfit is computed as M11 = mean((Ty,0q — Tobs)/01)?, Where Ty,0q and T,y are modelled and
measured temperature profiles. We chose a o = 0.1°C, which represents the lowest accuracy among several borehole
measurements (e.g., Talalay et al., 2020). Modelled and measured temperature profiles are interpolated on the same
depth-normalised vertical grid. The mean is taken across all temperature profiles and weighted by the intra-data-type
weighting described above, combined with the tier-type quality classification associated with each borehole measure-
ment provided by the AntICE2 database. Model misfits are presented in Figure S11. A qualitative comparison between

modelled and measured temperature profiles is also provided in Figure S3.
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B2 Score aggregation

The scores are aggregated following closely the “simple averaging method” described in Albrecht et al. (2020b, Sect. 2.3) and
Pollard et al. (2016, Sect. 2.4.1, Approach A). Individual misfits (described above) are normalised into an individual score .S; ;

for every data type 7 and ensemble member j, using the median over all misfits M; ;
Si,j :exp(—Mi,j/medianj(Mm-))). (Bl)

Following Pollard et al. (2016) and Albrecht et al. (2020b), we assume equal importance across all data types in the over-
all score, thereby avoiding the inter-data-type weighting scheme of Briggs and Tarasov (2013) and Briggs et al. (2014).
The inter—data-type weighting scheme would favour observational constraints with higher spatio-temporal density and hence

present-day constraints. The aggregate score for each simulation j is defined as the product of the scores for each data type:

;=TI 5- (B2)
i=1
Finally, the scores for each ensemble member are normalised to create a weight w (Coulon et al., 2024):
Sj
w; = . (B3)
TS

The weights obtained for each ensemble member are illustrated in Figure B1.
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Figure B1. Weights assigned to the ensemble of simulations based on the model-observation comparison. SLR1 and SLR2 correspond to the
sea level forcing derived from Spratt and Lisiecki (2016) and Bintanja and Van de Wal (2008), respectively. SH20, MA17, ST21, LE21, and
HAZ22 refer, in order, to geothermal heat flow datasets from Shen et al. (2020), Martos et al. (2017), Stél et al. (2021), Losing and Ebbing
(2021), and Haeger et al. (2022). COLD and ENTH denote the thermodynamic models (cold-ice and enthalpy methods, respectively). The
factors of uncertainty and corresponding references are presented in Table 1. Higher weights are associated with simulations demonstrating

better agreement with observations.

Appendix C: Variance-based sensitivity analysis

To quantify the sensitivity of model simulations to the various factors of uncertainty considered in this study (Table 1), we
perform a variance-based sensitivity analysis using analysis of variance (ANOVA; Girden, 1992; Von Storch and Zwiers, 2002),
following the approaches of Seroussi et al. (2024) and Coulon et al. (2025). This statistical technique allows us to partition
the total variance in model outputs into contributions from individual uncertainty factors by comparing group means and
assessing if statistically significant differences exist between them. The method captures both the variance explained by main
effects, which arise from each factor independently, and the variance due to interactions between factors. Interactions represent
the portion of variance that cannot be assigned to any single factor, as certain effects emerge only when multiple factors
are varied simultaneously. Thus, interactions quantify the variance attributable to the combined influence of two uncertainty
factors. Consistent with Coulon et al. (2025), we conduct a Type-I sequential ANOVA on the weighted model ensemble using

linear regression models and compute variance contributions using weighted sums of squares, thereby enabling incremental
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attribution of variance to each factor. Although additional two-way interactions, higher-order interactions involving three or
more parameters, and unexplained residual variance may also contribute to the variance (Coulon et al., 2025), these are not

analysed explicitly in this study.
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