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Abstract. The ice core extracted as part of the Beyond EPICA project is expected to provide the longest continuous climate
record, reaching back at least 1.2 million years. However, the hypothesis that Dome C has remained stable over severalglacial-
interglacial cycles, which is a prerequisite for establishing a reliable age-depth relationship, remains unverified. Using the
GRISLI2.0 ice sheetmodel, we perform an ensemble of 5 high-resolution nested simulations at 10 km x 10 km resolution to
track the evolution of Dome C position over the past 800,000 years. Our results show that Dome C undergoes substantial
displacements over time, strongly controlled by grounding line dynamics in the Aurora Subglacial Basin. Using a 1D ice flow
model, we further demonstrate that these dome migrations can introduce age errors of several tens of thousandsofyearsin the
age-depth relationship, with the largest uncertainties affecting the oldest and deepest ice, precisely where the Beyond EPICA
record is most critical.

Plain Language Summary: Ice cores from Dome C provide one of the longest climate records, and Beyond EPICA aims to
extend it further. Interpreting these records requires knowing whether Dome C has remained fixed. Using an ice sheet model
spanning 800,000 years, we show Dome C has shifted several km during glacial cycles, driven by grounding line migration in
the Aurora Subglacial Basin. This displacement can introduce age errors of severaltens of thousands of years when interpreting

the ice-core record.

1 Introduction

Ice cores extracted from polar regions provide climate archives, enabling the reconstruction of Earth's climate over hundreds
of thousands of years. They provide essential information about past atmospheric temperatures and the composition of the
atmosphere, including greenhouse gas concentrations, which is essential for understanding the mechanisms governing our
climate system. This is notably the case for the EPICA Dome C ice core, which offers a continuous climate record spanning
the past 800,000 years (Jouzel et al., 2007). To further improve our understanding ofthe mechanisms driving long -term climate
variability, the Beyond EPICA project recently successfully drilled a new ice core at the Little Dome C site (Chung et al.,

2023; Lilien etal., 2021), with the aim to extend the climate record at least back to 1.2 million years.
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One of the major challenges in interpreting ice cores lies in establishing an accurate chronology, that is, the relationship
between the age of the ice and its depth, and also to determine its spatial origin and pasttrajectory (Parrenin etal., 2004). These
are crucial for dating past climate events and interpreting the climatic and environmental signals preserved in the ice (Bouchet
et al., 2023). For low snow accumulation sites such as Dome C (7-8 cm/yr, Stefanini et al., 2025), the relationship between
age and depth is typically derived using simulations based on accumulation and ice flow models, constrained by glaciological
and isotopic data (Bazin et al., 2013; Parrenin et al., 2017; Bouchet et al., 2023).

These models generally one-dimensional assume that the ice column is vertically stratified and that the position of the dome
has remained stable over time. The assumption of stationarity for dome position has traditionally been widely accepted for
sites like Dome C, where measured ice velocities are on the order of centimeters per year (Mouginot et al., 2017). However,
other Antarctic domes have experienced significant divide migration, inferred from the geometry of internal radar layers, such
as Talos Dome (~3.5 myr; Urbini et al., 2008) or Siple Dome (0.05-0.5 m yr'; Nereson & Raymond, 1998), demonstrating
that significant movements can occur even where surface velocities are low. To better represent these slow but non -negligible
movements, some studies have implemented 2.5D flow-tube models that capture both vertical and longitudinal ice-flow
variations (Chung et al., 2025; Parrenin et al., 2004; Koutnik et al., 2016). But these models rely on a prescribed geometry,
rather than one emerging from large-scale ice-sheet dynamics. They therefore miss the two-way coupling between whole-ice-

sheet processes and the local flow regime at thedome.

Although Dome C is characterized by low ice flow velocities and minimal surface accumulation, its precise pastdisplacement
remains difficult to assess and the hypothesis of a stable dome position over the last million years remains unverified. Some
studies based on shifts in precipitation patterns suggest a slight movement over the past century (Urbini et al., 2008). In
addition, modelling experiments indicate that spatial variations in geothermal heat flux could lead to a migration of several
tens of kilometres over longer timescales (Sutter et al., 2019). Furthermore, changes in ice dynamics and basal melting have
been shown to affect the interpretation of ice core chronologies, as evidenced at Vostok (Parrenin et al., 2004), which could
similarly apply to Dome C. More recently, Vittuari et al. (2025) showed, thanks to satellite observations, a migration of about

100 m a™ at Dome C, likely linked to changes in accumulation distribution and shifts in the Byrd Glacier drainage basin.

More broadly, ice-sheet modelling has also been used to investigate dome migration in Greenland. Marshall and Cuffey (2000)
found that the Summit divide could have shifted by as much as 150 km over the last 160 kyr. As a consequence, the ice
surrounding the Summit drilling sites would have undergone changes in flowline direction and experienced non-negligible
shear during the last deglaciation. This disturbed ice flow around the drilling sites complicates the interpretation of the GRIP

and GISP2 ice cores, as theanalyzed ice did not necessarily follow a simple, vertical trajectory.

2
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As a result, pastdome migration can perturb the age/depth relationship by introducing horizontal advection, meaning that ice
at a given depth may no longer correspond to the location where it originally accumulated (Chung etal., 2025; Parrenin et al.,
2004). This dynamic complicates stratigraphic interpretations and calls for more realistic flow models to correct for

deformation induced by such displacements (Parrenin et al., 2004).

In this context, more detailed studies are needed to quantify any potential displacement of Dome C over multiple glacial -
interglacial cycles, and to assess whether such movements may have influenced the age-depth relationship. To explore this
issue, we conducted a series of numerical simulations of the Antarctic Ice Sheet (AIS) using the GRISLI2.0 model, covering
the last 800,000 years. In order to better resolve the local ice sheet dynamics in the Dome C region, the continental-scale
simulations were refined using a nested high-resolution domain centred on Dome C. These simulations allow us to track the
spatio-temporal evolution of the Dome C position at higher resolution and to quantify dome migration and its impact on the

age-depth relationship using a 1D ice flow model.

2 Methods

2.1 GRISLI ice sheet model

In this study, we used the GRISLI2.0 ice sheet model (hereafter GRISLI), a three-dimensional thermomechanically coupled
model that simulates the evolution of ice sheets, with a horizontal resolution of 40 km x 40 km. GRISLI has been validated
for the Antarctic ice sheet over glacial/interglacial timescales (Quiquet et al., 2018) and has been applied in various model
intercomparison efforts for both Antarctica and Greenland (e.g., Goelzer et al., 2020; Seroussiet al., 2020) and other paleo ice
sheet (Quiquet et al., 2021; van Aalderen et al., 2024). In the following, we provide a description of the main components of
the ice sheet model, but a full description of GRISLI can be found in Quiquet et al. (2018).

GRISLI solves the ice flow using a hybrid approach following the shallow-ice approximation (SIA) accounting for vertical
shearing, while the shallow-shelf approximation (SSA) is applied as a sliding law and for the ice shelves. Grounding line
migration is computed using the analytical solution of Schoof (2007) and calving occurs when ice thickness falls below a
threshold of 250 m. The model includes isostatic adjustment through an elastic lithosphere-relaxed asthenosphere schemeand
operates on a grid at 40 km horizontal resolution with 21 vertical layers. Initial ice sheet geometry, bedrock elevation, and ice
thickness are taken from the BedMachine Antarctica v3 dataset (Morlighem et al., 2022) assuming that this present-day state

corresponds to an isostatic equilibrium. Geothermal heat flux follows Haeger et al. (2022).
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For temperate-based grounded ice, we apply a Budd-type basal friction law (Brondex et al., 2017), expressed astb = - * ub,
where ub is the basalice velocity and B is the basal drag coefficient. The latter depends linearly on the effective pressure N,
such that § = Cf * C_sed * N. The coefficient Cf is an internal uniform parameter and C_sed is a two-value parameter to
account for different local bed rheology. Typically, C_sedis setto 1 where the ice-free isostically rebounded bedrock is above
present-day sea level. Elsewhere, we use alower value to artificially account for reduced friction in regions with high sediment
deposits, which is an important parameter to properly represent the glacial-interglacial cycles. This approach assumes that
areas currently below sea level have accumulated thicker sediment layers, while regions above sea level exhibit thinner

sediment cover due to long-term glacial erosion.

To implicitly representthe effects of ice anisotropy, GRISLI incorporates a flow enhancement factor (Ef; Quiquetet al., 2018),
which also affects both the SSA and SIA velocities. When Ef=1, it corresponds to isotropic ice and SIA and SSA are not
modified. For EfSIA>1 the SIA velocities are increased, while the SSA velocities are reduced. The SSA enhancement factor
is linked to the SIA enhancement factor EfSIA. For example, when EfSIA=2, EfSSA=0.45, when EfSIA=3, EfSSA=0.267,
and when EfSIA=5, EfSSA=0.12 (Ma et al., 2010)

Surface ablation is simulated using a Positive Degree Day (PDD) approach adapted from Tarasov and Peltier (2002). Melt
rates are calculated for snowand ice based onthe mean summer surface air temperature. Snow accumulation is estimated from
monthly precipitation totals, restricted to periods when average temperatures remain below 0 °C, and is further corrected

according to surface temperature using a Clausius—Clapeyron relationship.

Atmospheric and oceanic temperatures, precipitation, and salinity are interpolated onto the GRISLI model grid using bilinear
interpolation. To reconcile differences in topography between the GCMs and the reference climate model RACMO2.4p1, a
uniform lapserate correction (7 °C/km) is applied to the interpolated near-surface air temperature fields. This lapse rate is also

used to adjust temperatures during modelled changes in ice surface elevation, capturing the altitude temperature feedback.

Ocean-induced basal melting beneath floating ice shelves is computed with the nonlocal quadratic parametrization suggested
in ISMIP (Jourdain et al., 2020). The melt rate (OM) is expressed as:

oM = = |1 _ 1 |(T, - T;) 6

PiXLf
Here, Kt is the thermal exchange coefficient, pw and pi are the densities of seawater and ice respectively, Cw is the specific
heat of seawater, and Lf is the latent heat of fusion for ice. To is the 3D ocean temperature, and Tf the local freezing point,
which is a function of salinity and is computed using the parameterization described in Beckmann and Goosse (2003). Since
GCMs do notprovide data beneath ice shelves, these gaps were filled based on the values of the nearest neighboring grid cells

within a given oceanic sector.
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2.2 Climate forcing anomalies

To generate pastclimatic forcings we first constructed Last Glacial Maximum (LGM, ~21 ka) anomalies with respect to the
pre-industrial (P1) from 10 different available PMIP3 and PMIP4 climate simulations. These include IPSL-CM5A, CCSMA4,
FGOALS-g2, IPSL-CM5A2, GISS, MIROC-ESM, MIROC-ES2L, MPI-ESM-P, MPI-ESM1.2, and MRI-CGCM 3 (AdIoff et
al., 2018; Yukimoto et al., 2012; Sueyoshietal., 2013; Voldoire et al., 2013; Ullman et al., 2014; Zhengand Yu et al., 2013;
Dufresne et al., 2013; Sepulchre et al., 2020; Hajima et al., 2020; Mauritsen et al., 2019).

These anomalies are added on top of the reference present-day climate, which comes from RACMO2.4p1 (van Dalum et al.,
2025) for the atmosphere and from the observation ISMIP dataset from the ocean (Jourdain etal., 2020), using atime-evolving
weighing index (see in the supplementary for more information, and see fig 1). The two indexes, one for the atmosphere and
one for the ocean, showa value of 1 at the LGM and 0 at present. When the index is equal to 1 the full anomaly of the PMIP
model is added to RACMO2.4p1 and the present-day ocean forcing, while when the index value is 0, the reference atmospheric
and oceanic forcings are used. The atmospheric index was constructed using the EPICA Dome C ice core record (Jouzel et al.,
2007), based on the temporal evolution of the deuterium isotope over the past ~800,000 years. The chronology follows the
AICC2023 age model (Bouchet et al., 2023). In parallel, the oceanic index was derived from the stack of Chandler and
Langebroek, 2024, which reconstructs the ocean bottomtemperature overthe last 800,000 years. We synchronized this marine
record to the AICC2023 timescale using the AnalySeries software (Paillard et al., 1996).

2.0
—— Chandler et al. (2024)
EDC
1.51
1.0 T : [\ ; A‘:M' \
0.5 1 \J/ .I I \‘ \’ )
] ‘ /
0.0 { y
—0.51
-1.0 T T .
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Time [10° an]

Figure 1: Evolution of the atmosphericindex (in red, Jouzel etal., 2007) and the oceanicindex (in green, Chandleretal., 2024) over
the past 800,000 years
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2.3 Dome C algorithm

We developed an algorithm to identify and track the position of Dome C over the last 800,000 years, applied offline to the
model output. At each output time step, candidate dome locations are identified as local maxima in surface elevation (search
radius of 20-50 km) with ice velocity below 1 m yr' and low surface slope. Because the model's spatial resolution prevents
slopes from reaching values close to zero, a slope threshold is used, starting at 0.5 m km™* and increased in steps of0.01 m
km™, up to 1.5 m km™, until a candidate is found. When several candidates satisfy these criteria, the one closestto the dome
position at the previous output time step is selected, ensuring a continuous trajectory. Model outputs are available every 10,000
years. To avoid huge jumps between successive detections, we impose a maximum displacement of ~60 km between two
outputs, corresponding to an average migration rate of ~6 m yr', consistent with migration rates reported for other Antarctic
domes (Urbini et al., 2008; Nereson & Raymond, 1998). We note that this threshold may underestimate migration rates during

rapid transitions such as deglaciations.

2.4 1D ice flow modelling

To compute a first approximation of the age—depth relationship at the simulated position of Dome C, we usethe 1D ice flow
model developed by Parrenin et al. (2007), which remains the standard approach used to derive the thinning function for the
EDC ice core chronology, including the most recent AICC2023 chronology (Bouchet et al., 2023). This model assumes that
ice flow is primarily vertical at the dome and that horizontal velocities are negligible, an assumption that is well supported in
the Dome C region (Parrenin et al., 2007). The vertical ice velocity at the normalized position { (0 is surface and 1 is ice-

bedrock interface) within the ice column is written as:

ue@,0) = =5 [m® +(a® ~ 252~ () ) (@) + ¢ 22 (2)

at at

where ®() is a Lliboutry-type velocity profile (Lliboutry, 1979), H(t) is the ice thickness, m(t) the basalmelt rate and a(t) the

surface accumulation rate.

Once the vertical velocity is computed, the position of eachice layer is updated at every time step as follows:

C(t +dt) = () +ug-dt ©)

Finally, the pressure exerted by the upstreamice causes the ice thickness to vary through time. In the 1D flow model, this new
thickness is computed as:
Az(t +dt) = Az(t) x (1 + ¢, - dt) @)

gzz with the thinning rate of this layer.
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A full description of the 1D ice flow model can be found in Parrenin et al. (2007).

By tracking each ice layer from its deposition at the surface to the present day, the age-depth relationship is obtained directly.
According to this model, the depth of an ice layer in the core depends on the surface accumulation rate, the basal melt rate,

and variations in ice thickness over time.

Unlike Parrenin et al. (2007), where ice thickness, basal melt rate and accumulation are estimated through a simplified
conceptualmodel, we use here directly the outputs ofthe GRISLI ice sheet model. These outputs provide at each time step the
simulated ice thickness variations, the surface accumulation corrected for changes in surface elevation, as well as the basal

melt rate computed from the basal temperature and the friction of ice against the bedrock.

3 Experimental setup

3.1 Initial states: present-day calibration

To initialise the thermodynamical state of the AIS and account for uncertainties related to key model parameters, we perform
a Latin Hypercube Sampling (LHS) ensemble consisting of 300 simulations, each simulation spanning 150,000 years under
present-day climatic conditions. The ensemble explores variations in six parameters that play a crucial role in ice sheet
dynamics:

. The enhancement factor (Ef), varied between 1 and 5, which increase shear-stress-driven deformation and therefore
affects the velocity field (Quiquet et al., 2018).

. The viscosity coefficient for the non-linear part (Sf3), which impact the ice viscosity.

. The basal drag coefficient (Cf), tested within the range 0.05 to 0.5 an/m, which directly controls the resistance to

sliding at the ice base.

. The sediment specific basal drag coefficient (Csed), ranging from 0.1 to 1.0, which governs basal sliding in regions
with sediment.
. The till conductivity (Ko), varied between 0.0005 and 0.005 m/an, which affects the effective pressureatthe bed and

consequently modulates basal sliding (Quiquet et al., 2018).
. The thermal exchange coefficient (Kt), ranging from 11.500 to 17.500 m/an/°C, which impacts ice shelf basal melt
rates (Pollard and DeConto, 2012)

The spin-up simulations are forced with atmospheric conditions from the RACMO2.4p1 climatology and oceanic conditions

from the ISMIP6 climatology (Jourdain et al., 2020). The 150,000-year simulations explore a wide range of parameter
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combinations (see Figure 2), ensuring a broad sampling of the model parameter space. At the end of these simulations, we
select the ten parameter sets that yield the lowest root mean square error (RMSE, see Fig 2) when compared to present-day ice
thickness observations (Morlighem et al., 2022).

Kt
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Figure 2: Ice thickness root mean square error respective to observations in the parameter space for the 300 model members. The
stars show the ten best RMSE and the blue line shows the actual observed total ice volume (Morlighem et al., 2022). The green
contour indicates the presence of the WAIS at the end of the equilibrium simulation, while the red contour indicates a complete
retreat of WAIS.

3.2 Reference 800,000 year transient experiments

We performed 100 transient experiments covering the last 800,000 years, using the 10 best parameter combinations found in
present day calibration forced by the 10 GCM climate anomalies weighted by the temporal indexes (see Section 2.2).
According to stable isotope records, 800,000 years before present corresponds to aglacial period. However, for simplicity, we
used as initial ice sheet states forour transient simulations those obtained from the equilibrium simulations, which corresp ond
to interglacial conditions. The first glacial-interglacial cycle of our transient simulations is therefore interpreted as an
adjustment phase, during which the model gradually adapts to the abrupt shift from interglacial to glacial forcing. After roughly

200,000 yr, the simulated ice sheet becomes independent of the initial conditions (displaying a consistent pattern of dome
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displacement regardless of the spin-up used) and the subsequentevolution reflects the transient response to the applied climatic

forcing (see Figure S1).

3.3 Nested 800,000 years transient experiments

To provide greater spatial detail in the Dome C region, the continental-scale simulations at 40 km resolution are refined using
a nesting approach (following broadly the same method as presented in Halberstadt and Balco, 2026), enabling high -resolution
simulations over a restricted domain while maintaining dynamical consistency with the large-scale simulation. The high-
resolution domain covers the Dome C region at a resolution of 10 km x 10 km and was defined to encompass grounding line
migrations in boththe Wilkes and Aurora subglacial basins (Fig 3).

Boundary conditions applied at the edges of the nested domain (i.e. ice thickness, surface elevation, basal temperature, ice
velocity, and basal friction) are extracted from the continental simulations, which serve as the nest-driving simulation. These
conditions, available as snapshots every 10,000 years between -800 and -21 kyrs, and every 500 years after, are linearly
interpolated between two successive time steps to ensure a temporally continuous forcing. To avoid dynamical discontinuities
atthe interface between the high-resolution domain and the driving simulation, a smootherstep function is applied overa buffer
zone of 10 pixels along the domain edges, ensuring a smooth transition between the forced bo undary conditions and the free
dynamics in the interior of the domain.

Prior to launching the transient experiments covering the whole simulated period, an equilibration phase of 50,000 years is
performed under PI conditions to allow the model to adapt to the new domain and reach a quasi-steady state at the higher

resolution.
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Figure 3: Nestedsimulation domain. The orange diamond shows the present-day position of Dome C, and the orange square shows
the zone where the simulated position of Dome C is located at the start of the 5 high-resolution simulations (i.e., after the 50,000-
year zoom equilibrium spin-up). ASB and WS B denote the Aurora Subglacial Basin and Wilkes Subglacial Basin, respectively.

4 Results

4.1 Simulated Antarctic ice wlume ower the last 800,000 years

Figure 4a shows the evolution of AIS volume over 800,000 years of simulation. The results highlight a large variability in ice
volume between glacial and interglacial periods, especially after 400,000 years, with maximum fluctuations exceeding 10
million km3. In addition, the simulations show a strong dependency of the simulated ice volume on the choice of the GCM
usedto force GRISLI. Differences in total ice volume can exceed 5 million kmg, particularly during glacial periods. However,
this spread between forcings is generally less pronounced during interglacial periods, since all the simulations use the same
interglacial climate reference state (RACMO2.4p1).

Out 0f 100 simulations (10 parameter sets x 10 GCMs), 76 showa final root mean square error (RMSE) below 360 m compared
to present-day ice thickness (Morlighem et al., 2022). Among these, 10 simulations reach an RMSE below 400 m at the LGM

compared to the GLAC-1D reconstruction (Tarasov et al., 2012; Abe-Ouchi et al., 2015), and 48 simulations remain under

10
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450 m, indicating agood representation of ice volume and extent in our simulations overat least the last 21,000 years. Howe ver,
all simulations underestimate the grounding line advance in the eastern part of the Ross Sea (see Figure 4b).

The simulations showing the greatest ice extent during glacial periods are those forced with the largest ocean temperature
anomalies (i.e., more than 2°C difference between glacial and interglacial periods; Figure 4b and Figure S2). This suggests
that increased ocean cooling leads to a greater advance of the grounding line, and therefore to a larger total ice volume. The se

results highlight the critical role of the ocean to drive the AIS volume and geometry.

Moreover, we show that some simulations lose the West Antarctic Ice Sheet (WAIS) during the interglacials at 400 kyr and
127 kyr. Such simulations are those forced by GCMs showing a subsurface ocean temperature warming anomaly exceeding
0.7°C in the WAIS basin, namely CCSM4, MIROC-ESM, MIROC-ES2L, MPI-ESM-P, MPI-ESM1.2, and MRI-CGM3 (see
Fig. S2), regardless of the fixed physical parameters. All other models do not show a complete WAIS retreat over the last
million years, owing to a glacial/interglacial anomaly that is too weak. This identifies a warming threshold that must not be
exceeded in order to preserve the WAIS.

Taken together, this initial series of experiments provides a global range of plausible reconstructions of AIS volume and ext ent
over the past 800,000 years, and can be used for further investigation into the long-term evolution and potential migration of
Dome C.

40
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Figure 4: a: Simulated total ice sheet volume evolution over the last 800,000 yr for the 100 transient ensemble members. The two
horizontal black lines come from the GLAC-1D reconstruction and current observations (Morlighemetal., 2022). b : top : maximum
(inblack) and minimum (in orange) extension of the LGM (-21ka) ice sheetaccording to the 10 simulations among the 100 with the
lowest RMS E compared with observations (in white, Bentley et al., 2014). bottom: same as top but for the present-day ice extent

compared with observations (Morlighemetal., 2022)

4.2 Simulated Dome C position over the last 800,000 years

Among the 100 continental simulations performed, the 5 bestwere selected according to three criteria. The first concerns the
simulated ice volume and ice extend at the end of the 800,000-year simulation, compared to present-day observations. The
second relates to the geometry of the ice sheetatthe LGM, evaluated againstthe GLAC-1D and ICE-6G reconstructions. The
third criterion is the presence of an ice dome within a 200 km radius of the present-day Dome C location at the end of the
simulation. These 5 simulations were then restarted on the high-resolution nested domain described above, allowing for a
better representation of the local ice sheet dynamics and Dome C displacements over the past 800,000 years, following the
same climate forcing method than continental simulations.

Figure 5 shows the evolution of ice volume in the high-resolution domain over the past 800,000 years, compared to the LGM
ice volume reconstructed by GLAC-1D and to present-day observations. The simulations correctly reproduce the amplitude of

ice volume variations between glacial and interglacial periods, remaining within the bounds defined by these two references.

—— |ce volume mean

[0 Ice volume std

Ice Volume [10*¥m3]

Time [years]

12



300

305

310

315

320

https://doi.org/10.5194/egusphere-2026-5288
Preprint. Discussion started: 24 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Figure 5: Mean ice volume evolution over time for the 5 nested simulations, expressed relative to the initial ice volume, and compared
to present-day observations (Morlighemetal., 2022) and the GLAC-1D LGM reconstruction (dotted line).

Among all these simulations we used our dome detection algorithm to find and track the Dome C position (see Section 2.3).
Figure 6 shows the density of Dome C presence throughout glacial/interglacial cycles, the LGM position (blue circle) and the

ended position (orange circle).

First, the simulated dome position at the start of the 5 simulations is located approximately 150 km from the present-day Dome
C position, towards the Wilkes Basin coast (See Figure 6 and 3). This offset is maybe due to the model's resolution limitations
(10 km) and to the imperfect representation of bedrock topography at this scale. It may potentially introduce biases in the
estimation of absolute dome displacements, due to slightly different bedrock conditions and local climate compared to the
actual site. However, the simulations provide an estimate of the amplitude of dome displacements over glacial-interglacial

cycles, even though the simulated absolute position remains subject to uncertainties inherent to the model limitations.

Secondly, we observe that the position of Dome C varies over time, evolving around its original location with a maximum
displacement ranging from approximately 80 km (depending on the simulation). The simulations reveal also that the dome
oscillates between two preferential positions, one during interglacial periods and anotherduring glacial periods. In three of the
five simulations, the glacial dome position is located several tens of kilometres towards the interior of East Antarctica relative
to its interglacial position. This retreat is primarily driven by the advance of the grounding line during glacial periods, which
generates a higher surface gradient, increases ice flow velocities, and consequently drives the dome position towards the Eas t

Antarctic interior.

In the two remaining simulations, both forced by FGOALS, the dome is instead shifted to the east during glacial periods
relative to its interglacial position. This difference is explained by a subsurface ocean temperature anomaly thatis oppositein
sign compared to the other GCMs, where FGOALS simulated a slight warming of approximately 0.1°C in the Aurora and
Wilkes basins during glacial periods relative to interglacial, which modifies the grounding line dynamics and, consequently,

the dome position.
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Figure 6: LGM position (blue circle) and final position (orange circle) of Dome C according to the 6 nested simulations. The density
of presence over the 800,000 years isillustrated by the blue color bar. The blue contours represent the surface of presence during
the simulation. The grey grid illustrates the model resolution, with each grid cell corresponding to 10 km x 10 km. The title shows

the climate forcing and the ID number of the LHS member. The limits of the frame are the orange square shown in the fig 3.

Using the high-resolution nested simulations and the simulated dome positions, we computed the age -depth relationship using
the 1D ice flow model described in section 2.4. In a first step, the age-depth relationship was computed assuming the dome to
be fixed at its initial position. In a second step, the 1D model was run by tracking the dome position over time. Comparing
these two approaches allows us to quantify the impact of dome migration onthe age-depth relationship. The 1D ice flow model
requires as input the temporal variations of ice thickness, surface accumulation and basal melt rate. In order to remove the bias
introduced by the simulated initial dome position, which differs by approximately 150 km from the actual Dome C location,
we follow the approach of Marshall and Cuffey (2000) by expressing dome displacements relative to their present-day position.
The forcing fields for the 1D model are therefore extracted not at the absolute simulated dome position, but at the actual Do me

C location offset by the relative displacement vector of the simulated dome at each time step.

Figure S3 shows the age-depth relationship for the fixed dome (blue curve) and mobile dome (orange curve) configurations.
A first notable result is the significant spread, between the 5 simulations, in the age computed at the base of the ice core across
simulations. Two simulations yield ages exceeding 1.2 million years (IPSLCM5A2_006 and GISS_194), two others reach
approximately one million years (FGOALS 031 and CCSM4 _031), and one simulation does not exceed one million years
(FGOALS_197). Thesedifferences result from the combined influence of severalfactors controlling both the rate at which ice

layers migrate towards the bedrock and the basal melt rate at the base of the ice sheet.

Figure 7 shows the difference in the age-depth relationship between the fixed dome and mobile dome. In the upper half of the
ice core, dome displacements have a limited impact on the chronology, with maximum age differences of the order of 10,000
years. In contrast, in the lower half of the core, some simulations show differences exceeding 100,000 years between the two

configurations. These large discrepancies are partly explained by the fact that the mobile dome position can be located in areas
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where the basal melt rate is significantly higher than at the fixed position, leading to greater ice loss at the base of the column.
In some cases, differences in basal melt rate of up to 0.6 mm/yr are observed between the mobile and fixed dome positions.
These results highlight the large uncertainty affecting old ice ages, directly linked to our limited knowledge of basal melting

beneath the ice sheet.

In order to isolate the respective contributions of ice thickness variations, surface accumulation and basal melt rate to the
computed error in the age-depth relationship, we performed three additional sensitivity experiments using the 1D ice flow
model. In each experiment, a single variable is taken from the mobile dome position while the two others are held at th eir fixed
dome values:

. H(t) taken from the mobile dome position, a(t) and m(t) from the fixed dome position, in order to isolate the role of
ice thickness variations (exp_dh).

. a(t) taken from the mobile dome position, H(t) and m(t) from the fixed dome position (exp_acc).

. m(t) taken from the mobile dome position, H(t) and a(t) from the fixed dome position (exp_bmelt).

Figure S4 shows the results ofthe three complementary sensitivity analyses. First, as discussed above, the age error at the base
of the ice core is primarily driven by differences in basal melt rate between the fixed and mobile dome positions (see Fig S4c).
Secondly, surface accumulation has only a minor impact onthe age error, due to the weak precipitation gradient (< 5 mm/yr)
within the dome migration zone. However, the FGOALS_031 simulation represents a notable exception, because the dome
migrates towards regions with accumulation differences of up to 15 mmv/yr, which accounts for the larger contribution of
accumulation to the computed age error in this case. Finally, when ice thickness variations between the two positions exceed
500 metres (Fig. S5 and S4b), they have a non-negligible impact on the age error computed by the 1D flow model throughout
the entire ice core, as illustrated by the GISS_194 and CCSM4_031 simulations. These two simulations exhibit large ice
thickness variability in the Dome C sector, primarily associated with subsurface ocean temperature anomalies in the Wilkes
and Aurora basins that are significantly larger than in the other simulations, producing strong variation in the grounding line
position between a glacial and interglacial state. This result highlights the potential role of grounding line dynamics in

controlling the position of Dome C.
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Figure 7: (top) Age difference as a function of normalized depth between the fixedand mobile dome. A positive value indicates that
assuming a fixeddome leads to an overestimation of the ice age, while a negative value indicates an underestimation. (bottom) Same

as the top panel, but with the x-axis restrictedto -10 kyr, 10 kyr to better illustrate the small age differences in the upper half of the
ice core.

4.3. What drives Dome C migration over the past 800,000 years?

A strong correlation is observed between the displacement of Dome C and the increase in ice volume, highlighting the key
role of grounding line dynamics in controlling Dome C position. To further investigate this relationship, we designed three
new nested simulations using the IPSLCM5A2 forcing and physical configuration n°006 (i.e. our bestsimulation, respect to
the LGM and to the observed reconstructions). These experiments consisted ofno longer imposing the Schoof (2007)’ ice flux
at the grounding line in order to make it more stable:

. Everywhere (experiment: no flux gl),
. across the entire Antarctic ice sheetexcept except in the Wilkes Subglacial Basin (gl WSB),
. across theentire Antarctic ice sheetexcept except in the Aurora Subglacial Basin (gl ASB),

Figure 8 presents the results of these new experiments compared to the reference simulation. When the grounding -line flux is
no longer imposed around the AIS or in the WSB, the algorithm fails to identify a dome throughout the entire simulation. This
reflects a fundamentally different ice-sheet geometry in this region, lacking the localized surface maximum and near-zero
slope that define a dome under the reference configuration. In addition, the surface gradient at the expected dome location
shows little temporal variation, despite changes in atmospheric temperature and precipitation patterns, indicating an absence
of any detectable divide migration signal to track in this experiment. Furthermore, when the grounding line flux is allowed
only in the ASB, the model reproduces a behaviour very similar to the reference simulation. This suggeststhat the grounding

line dynamics in ASB play a central role in driving the simulated shifts in the position of Dome C. Previous studies, using
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marine geological and geophysicaldata (Gulick et al., 2017) or modelling approaches (Hayden et al., 2025), demonstrated that
the extent of the ASB can be sensitive to climatic variations. Therefore, it is highly likely that climate fluctuations during
glacial and interglacial cycles affected the position of the grounding line in the ASB, and consequently influenced the location

of Dome C.

Other factors may also influence the position of Dome C, such as changes in precipitation patterns,as suggested by Urbini et
al. (2008), or changes in bedrock topography. We tested the sensitivity of the algorithm to bedrock changes in a series of low-
resolution experiments and found limited impact on the detected dome position (not shown). To further investigate the role of
precipitation, we conducted a new experiment prescribing a temporally constant precipitation pattern in the Dome C region
while suppressing the ice flux across the grounding line in the ASB, in order toisolate the impact of these factors (experiment
Acc_Const,seeFig. 5). Aswith the WSB and AIS experiments, no dome is detected throughout this simulation. Because this
outcome is identical to that obtained when suppressing the grounding-line flux alone, this suggests that the disappearance of

the dome is primarily driven by grounding-line dynamics rather than by precipitation pattern changes.

no flux gl

— Presence Zone |- /I
— Ended Altitude

=

T T T
0.00 0.02 0.04 0.06 0.08 0.10
density

Figure 8: Density of presence over the 800,000 years is illustrated by the blue color bar for the reference simulationandfor the three

sensitivities tests. The blue contours represent the surface of presence during the simulation.

4 Discussions

Our study, simulating the evolution of the AIS over the past 800 kyr, demonstrates that the position of Dome C has not
remained fixed over time, and that these displacements can introduce errors in the age—depth relationship of up to several
hundred thousand years at the base of the ice core. This uncertainty is particularly critical in the context of the Beyond EP ICA
project, which aims to reconstructacontinuous climate record extending beyond one million years, as the base of the ice core

represents precisely the most sensitive part of this record. Our sensitivity experiments further suggestthat this displacementis

17



430

435

440

445

450

455

https://doi.org/10.5194/egusphere-2026-5288
Preprint. Discussion started: 24 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

primarily controlled by grounding-line dynamics in the Aurora Subglacial Basin, rather than by local changes in precipitation.
This shows that better reconstructions of past grounding-line retreat and advance in this region, driven by ocean forcing, are
needed. Coupled ice-sheet—ocean models could help reduce this source of chronological uncertainty. Future experiments using

more realistic ocean forcing will be needed to better quantify the actual age error at the base of the ice core.

Moreover, to simulate ice sheet geometry changes over the last 800,000 years we had to make some simplifications of past
climate change,which in turns could affect our results. First, we used an atmospheric index based on the EPICA Dome C ice
core, and an oceanic index derived from a stack of sediment core (see section 2.2), to force GRISLI. In doing so, climate
variations driven by these indices were applied uniformly across the entire model domain. According to several studies based
on multiple Antarctic ice cores,temperature (Buizert etal., 2021; Bouchetet al., 2023) and precipitation (Parrenin et al., 2016)
variations do not exhibit the same behavior across different locations. This spatial heterogeneity is also evident in marine
sediment cores, where for example, Bates et al. (2014) highlighted significant differences in the timing and magnitude of
warming depending on the coring site. It would therefore be valuable to repeat this study by applying region specific

atmospheric and oceanic indices.

Uncertainties remain in reconstructing past climate, and these inevitably affect the dynamics of the grounding line and at the
end the Dome C position. Here we only used two snapshots, Pl and LGM, to produce the pattern of climate change from
interglacial to glacial periods for the whole 800,000 years. This choice likely oversimplifies past climate change. Using
multiple snapshotsrepresentative of different glacial and interglacial states could better capture the diversity of climate pattems
through time, and thus produce more realistic spatial and temporal variations in the forcing. Incorporating additional constraints
from field data on past grounding line positions into new experiments could help increase the accuracy of the simulations (e.g.,
Crotti et al., 2022).

Furthermore, we show that grounding line position has a non-negligible impact on Dome C location, and consequently on the
uncertainty in the age-depth relationship. It therefore becomes important to reduce uncertainties related to the oceanic climate
beneath ice shelves, as well as to the parameterisation of basal melting. Although Burgard etal. (2022) shows thatabasal melt
parameterisation with a quadratic dependence on ocean temperature provides a reasonable approximation, it would be valuable
to repeat these experiments using more sophisticated parameterisations,such as PICO (Reese et al., 2018), which would allow

for a better representation of refreezing processes and sub-shelfocean circulation.

Finally, the use of the 1D ice flow model relies on an important assumption, namely that horizontal velocities are negligible
compared to vertical velocities. Chung et al. (2025) demonstrated that 1D ice flow models cannot account for errors arising

from horizontal velocities, unlike 2.5D flow-tube models, and showed that the basal ice of the Beyond EPICA Little Dome C
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ice core likely originates from a region approximately 15 km upstream of the drill site, introducing an additional error in the
age—depth relationship. This effect is not captured by the 1D model used here. However, we note that dome migration and
horizontal advection are unlikely to act independently. As the dome shifts position through time, the upstream origin of basal
ice itself changes accordingly, potentially compounding the two sources of error. The 1D age error presented here should
therefore be regarded as a lower-bound, first-order estimate of the true age error arising from Dome C non-stationary position,

rather than a full quantification of its combined effect with horizontal ice-flow advection.
5 Conclusions

This study aims to quantify the migration of Dome C over the past 800,000 years using the GRISLI ice sheet model. Our
results show that Dome C undergoes substantial displacements through glacial and interglacial cycles. We show that these
displacements have a non-negligible impact on the age-depth relationship, with basal melting playing a dominant role for old

ice ages, and ice thickness variations contributing significantly throughout the entire ice core.

Moreover, a recurrent pattern emerges from our simulations in which Dome C systematically occupies preferential positions

during glacial periods and shifts toward distinct preferential locations during interglacial periods.

Another key result of this work is the strong sensitivity of Dome C position to grounding line dynamics, particularly in the
Aurora Subglacial Basin. Variations in grounding line extent appearto be the main driver of Dome C position, whereas changes

in precipitation pattern play only a minor role.

These new results further support the use of ice sheet models that explicitly account for the displacement of Dome C when
computing age-depth relationships for deep ice cores. A natural next step would be to integrate the dome migration from our
simulations directly into age modelling frameworks, in order to quantify its net contribution to chronological uncertainties
alongside other sources of error. Beyond the ice core community, the sensitivity of Dome C position to grounding line
dynamics identified in this study also highlights the potential of using ice core records, or isochrone, as indirect constraints on
past grounding line migrations, opening new perspectives for reconstructing the long-term evolution of the East Antarctic Ice
Sheet.
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