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Abstract. Accurate age–depth models are essential both for selecting suitable drill sites and for providing age constraints once

the ice has been extracted. Such models rely on inverse ice flow methods constrained by dated radar internal reflecting horizons

(IRHs) and on the parameterisation of several processes including the accumulation rate, the vertical velocity profile, and basal

conditions. In particular, the treatment of basal processes, basal melting or stagnant ice, has an impact on the age of the

deepest ice. Previous implementations parameterised basal conditions through a mechanical ice thickness, which truncated the5

shear layer in the melting regime, leading to an underestimation of basal melt rates and an overestimation of basal age. Here we

introduce a dimensionless parameter ∆ that unifies the treatment of basal melting and stagnant ice, and we implement it in both

a 1D and a 2.5D pseudo-steady-state inverse model. The 1D model was applied to three independent radar datasets covering

the Dome C region. The 2.5D model was applied to an EDC–BELDC radar transect superimposed onto a flow line along which

the Beyond EPICA Oldest Ice Core project aimed to retrieve a continuous ice core of up to 1.5 Ma from Little Dome C (LDC),10

Antarctica, referred to as the Beyond EPICA–Little Dome C (BELDC) ice core. The 2.5D model produces the bottom age of

∼800 ka for the EDC ice core which is in good agreement with measurements, confirming the validity of our methodology.

The complete absence of accreted ice in the modelled particle trajectories is in contrast to the previous implementations. At the

BELDC site, the model finds a 194 m thick layer of stagnant ice, consistent with the ∼200 m thick basal unit identified in radar

surveys. The modelled maximum age for meaningful palaeoclimatic reconstructions is 1.17 Ma (age at which the age density15

reaches the 20 kyr m−1 threshold). At the new Million Year Ice Core (MYIC) drill site at Dome C North, the 1D model predicts

a maximum resolvable age of 2.07 Ma with an age density of 6.5 kyr m−1 at 1.5 Ma, confirming the potential of this site for

recovering ice over the full Mid-Pleistocene Transition (about 1.25 to 0.7 Ma). The framework presented here is general and

can be applied to any region in Antarctica and Greenland where high-quality dated radar isochrones are available.
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1 Introduction20

The Mid-Pleistocene Transition (MPT), which occurred between 1250 ka and 700 ka, is characterised by the change in glacial-

interglacial cycles from the low amplitude around 41-ka periodicity to the low-frequency, high-amplitude, quasi-periodic (∼
100-ka) glacial variability (Clark et al., 2006), despite the absence of significant changes in orbital forcing. The reconstruction

of Earth’s climate history over the Quaternary period relies heavily on the analysis of deep ice cores. The EPICA Dome

C (EDC) ice core was drilled in Antarctica between 1996 and 2004 at Dome C (75.10◦ S, 123.35◦ E, 3233 m above sea25

level, mean annual temperature −54.5◦C, mean annual accumulation rate ∼0.025 m a−1 ice equivalent) (EPICA community

members et al., 2004). The EDC ice core has provided a continuous record of atmospheric composition and temperature over

the last 800 ka (Jouzel et al., 2007; Lüthi et al., 2008; Bouchet et al., 2023). The Beyond EPICA Oldest Ice Core (BE-OIC)

project, a European initiative, aimed to retrieve a continuous ice core spanning up to 1.5 Ma through deep drilling at Little

Dome C (LDC), a secondary dome located approximately 35 km south-east of Concordia (Parrenin et al., 2017; Chung et al.,30

2023, 2025; Parrenin et al., 2025). An almost 2800 m long ice core (Westhoff et al., 2026) has been retrieved at the BELDC

site (75.29917◦ S, 122.44516◦ E, surface elevation ∼3230 m a.s.l, mean annual accumulation rate ∼0.02 m a−1 ice equivalent)

(Lilien et al., 2021; Chung et al., 2023). The ice core is currently being analysed in European laboratories. The Australian

Antarctic Division (AAD) has also selected a new drill site at Dome C North (DCN, referred to as North Patch (NP) in Chung

et al. (2023)) for their Million Year Ice Core (MYIC) project (75.04220◦ S, 123.63120◦ E, ice depth of 3064 m, 3239 m a.s.l)35

located approximately 9 km NE of Concordia Station and 45 km NE of BELDC site (Pedro and Million Year Ice Core Project

Team, 2026). The MYIC–DCN drilling is on-going.

Age–depth models are invaluable for both selecting promising ice core drill sites and providing age constraints once the

ice has been extracted. Using radar internal reflecting horizons (IRHs) to constrain age–depth models is a well-established

approach that has been applied across many regions of Antarctica (Parrenin et al., 2017; Lilien et al., 2021; Chung et al.,40

2023, 2025; Waddington et al., 2007; Wang et al., 2023; Obase et al., 2023; Bingham et al., 2025). By linking the depth of

IRHs at an ice core site to existing chronologies, isochronal layers can attribute ages throughout the ice sheet (Cavitte et al.,

2020) and be used as direct constraints on modelled age–depth profiles.

A challenge for age modelling in the Dome C region is the treatment of basal processes, which have a strong impact on the

age of the deepest ice. At LDC, a basal unit approximately 200–250 m thick has been identified directly above the bedrock in45

radar surveys , in which no continuous IRHs are visible (Cavitte, 2017). Subsequent measurements with newer radar systems

indicate that this unit is caused by physical properties of the ice rather than a system detection limit (Lilien et al., 2021). Vertical

velocity measurements from an autonomous phase-sensitive radio-echo sounder (ApRES) further suggested that this layer is

not deforming vertically (Chung et al., 2023). This interpretation is further supported by past age-depth modelling tuned to

IRHs (Lilien et al., 2021; Chung et al., 2023, 2025). The properties of this basal unit remain debated, with proposed hypotheses50

including shear at the interface between stagnant and dynamic ice with refrozen basal ice in the basal unit (Bell et al., 2011),

anisotropic crystal fabric resistant to vertical compression (Drews et al., 2009), or other physical properties such as entrained

debris (Holschuh et al., 2026).
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Basal processes play an important role in determining the age of the deepest ice and must therefore be considered in

age–depth models, e.g. through parameterisations. In previous work, we inferred a mechanical ice thickness Hm to represent55

either stagnant ice (Hm < Hobs) or basal melting (Hm > Hobs) where Hobs is the observed thickness (Chung et al., 2023, 2025).

However, the limitation of this method was that the range of depths through which the model hypothesized significant vertical

shear, hereafter referred to as the “shear layer”, was truncated in the case of melting, leading to an underestimation of basal

melting and an overestimation of basal age (Chung et al., 2023). Moreover, in some cases, ice particle trajectories were found

to emerge from the bedrock Chung et al. (2025) inconsistent with the absence of refrozen basal ice reported in stratigraphic60

observations (Westhoff et al., 2026).

In this study we use a one-dimensional model that considers only vertical flow of ice named IsoInv1D (Chung et al., 2023)

and a 2.5 dimensional model that considers a flow tube width with variable width, named age_flow_line (Parrenin et al., 2025)

with its inverse version IsoInv2.5D (Chung et al., 2025). These are pseudo-steady state numerical models, meaning that the

geometry and velocity profiles are assumed steady, and the accumulation rate is allowed to vary temporally. We introduce a65

dimensionless ∆ parameter in both IsoInv1D and IsoInv2.5D models, keeping Hm = Hobs in the melting case and reducing Hm

when stagnant ice is present. This parameterisation eliminates the truncation of the shear layer of the previous approach and,

in 2.5D, prevents trajectories from emerging from the bedrock. We apply the updated models to three radar surveys covering

the Dome C and LDC region for the 1D model and to the DC–LDC flow line for the 2.5D model. Results show that the new

parameterisation is more consistent with observations, and provide new age estimates at BELDC and MYIC.70

2 Method

2.1 Models

In this study, we use modified versions of two numerical age–depth models: the 1D inverse model IsoInv1D, first presented in

Chung et al. (2023), and the 2.5D inverse model IsoInv2.5D, first presented in Chung et al. (2025). Here we summarise the

aspects common to both models and refer the reader to these studies for more detailed descriptions.75

Both models are based on a pseudo-steady-state assumption, meaning that the ice geometry and vertical velocity profile

are assumed to be steady in time, while a temporal factor is applied to both the surface accumulation and basal melting rates

(Parrenin et al., 2017, 2025) :

a(x,t) = ā(x)R(t) m(x,t) = m̄(x)R(t) (1)

where ā(x) is the temporally averaged accumulation rate and m̄(x) is the temporally averaged basal melt rate at position x80

along the flow line. R(t) is a positive temporal factor derived from the AICC2023 chronology (Bouchet et al., 2023) for the

EDC ice core, defined as the ratio of the accumulation at time t to its temporally averaged value over the last 800 ka.

The horizontal flux shape function is described by the Lliboutry profile (Lliboutry, 1979):

ω(ζ) = 1− p+2

p+1
(1− ζ)+

1

p+1
(1− ζ)p+2, (2)
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where ζ is the normalised vertical coordinate, equal to 0 at the bedrock and 1 at the surface, and p is the Lliboutry exponent.85

Increasing p makes the vertical velocity profile more linear, while lower values of p concentrate thinning near the base of the ice

column. Several assumptions are associated with this profile, including isotropic ice, smooth bedrock variations and non-zero

horizontal velocity; however, varying p can approximate the effect of relaxing these assumptions (Lliboutry, 1979; Parrenin

et al., 2017).

In the 1D model, the thinning function τ , which describes how annual layers thin with depth, takes the form (Parrenin et al.,90

2017):

τ = (1−µ)ω+µ, (3)

where µ=m/a is the ratio of the steady basal melt rate m̄ to the steady surface accumulation rate a.

The 2.5D model uses an analogous but more complex thinning function because it additionally considers horizontal ice flow

along a flow line from Dome C (DC) to LDC, with lateral flow divergence accounted for through a flow tube width varying95

along the flow line (Chung et al., 2025; Parrenin et al., 2025).

The inverse models optimise three inferred parameters at each horizontal position: the steady accumulation rate ā, the

Lliboutry parameter p, and the basal processes parameter ∆ that we describe in the next section. The model is constrained by

dated radar IRHs. A cost function evaluates the misfit between modelled and observed isochrone ages, which the inversion

minimises using a least-squares optimisation with the Trust Region Reflective algorithm (Chung et al., 2025).100

2.2 Implementation of the basal parameter ∆

Previous implementations of IsoInv1D and IsoInv2.5D parameterised basal conditions through the mechanical ice thickness

Hm relative to the observed ice thickness Hobs (Chung et al., 2023, 2025), while Parrenin et al. (2017) instead prescribed a

geothermal flux to infer basal melt rates. In the Hm approach, two regimes are possible: where Hm <Hobs, a stagnant ice

layer of thickness Hobs−Hm is inferred; where Hm >Hobs, a basal melt rate is inferred from the value of the vertical velocity105

at the observed bedrock interface, thereby coupling the mechanical ice thickness to the melt rate. However, this formulation

truncates the shear layer in the melting case due to the correspondence between vertical and horizontal shear in the Lliboutry

model (Fig. 1), leading to an underestimation of the melt rate and an overestimation of the basal age, with unphysical ice

particle trajectories possibly emerging from the bedrock in the 2.5D model.

To address these limitations, we introduce a dimensionless parameter ∆ in both models to describe basal melting and110

stagnant ice within a continuous framework (Fig. 1). The two regimes are defined as follows.

Basal melting (∆≥ 0) : The mechanical ice thickness is kept equal to the observed ice thickness (Hm =Hobs), preserving

the full extent of the shear layer, and the basal melt rate m is inferred as:

∆≥ 0 :





Hm =Hobs

m= ā∆
(4)

4

https://doi.org/10.5194/egusphere-2026-4174
Preprint. Discussion started: 16 September 2026
c© Author(s) 2026. CC BY 4.0 License.



0
m a

Hinv

Hobs

Hinv

uz

0
m a

Hinv

Hm

uz

Δ < 0

Δ > 0

Shear layer truncation

0

Hinv

Hobs

Hinv

ux

Shear layer truncation

0

Hinv

Hm

ux

Δ < 0 Δ > 0

Δ = 0

Figure 1. Schematic comparison of basal condition parameterisations in the IsoInv1D and IsoInv2.5D models, where the vertical axis

represents the depth increasing downwards and the horizontal axis represents the vertical velocity (top) or the horizontal velocity (bottom).

Previous approach (left): Parameterisation via the mechanical ice thickness Hm relative to the observed ice thickness Hobs. New approach

(right): the newly introduced framework using the parameter ∆.

Stagnant ice (∆< 0) : A stagnant ice layer is inferred at the base, the melt rate is set to zero, and the mechanical ice thickness115

is reduced accordingly:

∆< 0 :





Hm =Hobs(1+∆)

m= 0
(5)

This parameterisation allows the model to transition dynamically between the two regimes during the inversion process.

By decoupling the melt rate from Hm when basal melting occurs, it preserves the physical integrity of the shear layer and

eliminates the unphysical particle trajectories produced by the previous formulation, providing a more physically consistent120

estimation of the basal age.
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2.3 Data

The two models used in this study are constrained by different radar datasets, reflecting their different spatial requirements: the

1D model is applied pointwise along multiple radar transects covering Dome C and LDC region, while the 2.5D model uses a

single continuous radar transect along the DC–LDC flow line.125

2.3.1 Radar dataset for 1D model

In this study, we use three radar surveys collected in the Dome C region during the Antarctic field seasons from 2016 to

2020, the UTIG HiCARS airborne survey (2016), the BAS DELORES ground-based survey (2016–2018), and the UA LDC-

VHF high resolution ground-based survey (2019). Here we summarise the characteristics most relevant to our age modelling

approach. The reader is referred to (Chung et al., 2023) for a comprehensive description of each dataset.130

Internal reflecting horizons (IRHs) were traced in each dataset and dated by linking them to the EPICA Dome C (EDC)

ice core using the AICC2023 timescale (Bouchet et al., 2023). The HiCARS dataset covers a large area of approximately

100 × 100 km2 around LDC and Dome C, with 19 dated IRHs spanning depths of 308–2644 m and ages of 10.0± 0.3 ka

to 366.5± 7.9 ka (Cavitte et al., 2016, 2018, 2020, 2021; Young et al., 2017). The DELORES dataset provides a dense grid

of transects over LDC and the neighbouring DCN area, with 20 traced IRHs reaching depths of 317–2740 m, the deepest135

isochrone being dated at 414.6± 10.5 ka (Cavitte et al., 2021; Mulvaney et al., 2023). The LDC-VHF dataset covers Patches

A and B (Lilien et al., 2021; Yan et al., 2020), the candidate sites for the Beyond EPICA drill site (BELDC), with 19 IRHs

spanning depths of 1079–2826 m and ages up to 476.4± 14.7 ka (Chung et al., 2023). In all three datasets, IRH depths are

computed using an electromagnetic wave speed in ice of 168.5 m µs−1 and a firn air correction of 10±3 m (Lilien et al., 2021).

2.3.2 Radar for DC-LDC flow line140

The radar data used to constrain the 2.5D ice flow model are drawn from Chung et al. (2025) and consist of 19 IRHs traced along

the EDC–LDC radar transect from the LDC-VHF dataset (Chung et al., 2023). Since no radar transect follows the DC–LDC

flow line exactly, the IRHs are mapped onto the flow line by taking the point of intersection between the radar transect and a

line perpendicular to the local direction of flow. The IRHs span depths from 1079 to 2826 m at EDC, with ages ranging from

73.2 ± 1.5 to 475.3 ± 17.9 ka. These IRHs were originally dated by Chung et al. (2023) using the AICC2012 timescale (Bazin145

et al., 2013), and were subsequently re-dated by Chung et al. (2025) using the newest EDC ice core chronology AICC2023

(Bouchet et al., 2023). The adoption of AICC2023 reduced the age uncertainties of the shallower isochrones, while absolute

ages changed by no more than ±2.3 ka compared to those obtained with AICC2012.

For this study, we used the depths from Chung et al. (2023) and ages from Chung et al. (2025), ensuring consistency between

the radar stratigraphy and the chronological framework used in the present study.150
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3 Results

3.1 1D age-depth model results

Here, we present the results when the 1D model was applied to the three radar surveys described in Sect. 2.3.1. As the DE-

LORES survey covers two distinct areas : LDC and DCN, results are presented separately for each. We show the bottom ice

age, the basal melt rate and stagnant ice and we also take a detailed look at the modelled age scales for past and ongoing deep155

ice core projects in the region : BELDC and MYIC-DNC.

3.1.1 Model results at EDC

To evaluate the accuracy of the 1D model, we compared the modelled age–depth profiles to those obtained from the EDC ice

core record. Three radar transects from the LDC DELORES dataset, one transect from the DCN DELORES dataset, and one

transect from the LDC-VHF dataset pass near the EDC drill site. Table 1 summarises the total ice thickness and the modelled160

age at the closest points to the EDC drill site for each radar dataset.

Table 1. Results at the closest points to the EDC drill site for different radar transects for the 1D model and for the 2,5D model flowline.

Values for corresponding modelled age at 3192 m depth (ka) from Chung et al. (2023, 2025) are indicated in italics. The final column shows

values from the EDC ice core chronology (AICC2023) from Bouchet et al. (2023). Note that Chung et al. (2023) originally reported this

depth as 3189 m under the AICC2012 timescale; here we use 3192 m, consistent with the AICC2023 chronology. The total ice thickness for

the DCN DELORES radar transect is shallower than 3192 m; therefore, no age estimate is provided.

1D model 2.5D model Ice core

LDC DELORES DCN DELORES LDC-VHF DC–LDC AICC2023

Distance of closest

point to EDC (m)

338 338 368 404 178 0 0

Total ice thickness

(m)

3239 3213 3239 3141 3238 3235 3273

Age at 3192 m depth

(ka)

817± 55 797± 49 827± 89 – 806± 111 820 813± 5.8c

1015 ± 87 a 1013 ± 86 a 1016 ± 86 a – 1096 ± 178 a 1035 b

aChung et al. (2023) bChung et al. (2025) cBouchet et al. (2023)

We compare the modelled bottom age at the closest point to EDC against the AICC2023 chronology (Bouchet et al., 2023),

in which the deepest dated ice is at 3192.75 m depth, with an age of 813±5.8 ka. For the LDC DELORES dataset, the modelled

age at this depth ranges from 797± 49 ka to 827± 89 ka across the three transects. For the LDC-VHF dataset, the modelled

age is 806± 111 ka, which is only 7 ka younger than the AICC2023 value and well within the model uncertainty. The 2.5D165

model predicts an age of 820 ka at this depth, also consistent with the AICC2023 chronology within uncertainties. The DCN

DELORES transect has a shallower total ice thickness of 3141 m, likely reflecting the greater distance of the closest point
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to EDC (404 m), as well as the fact that it approaches EDC from a different direction than the LDC DELORES transects,

which are relatively close to one another. As the base of the ice column does not reach 3192 m depth, no comparison with the

AICC2023 chronology is possible for this transect.170

3.1.2 Modelled age and age density at BELDC and MYIC

Table 2 shows the 1D modelled results for the BELDC and MYIC-DCN drill sites. Close to the BELDC, there is one transect

from the LDC DELORES dataset and one from the LDC-VHF dataset and for MYIC-DCN there is one transect from the DCN

DELORES dataset.

Table 2. 1D and 2.5D modelling results for the BELDC and MYIC-DCN drill sites. Corresponding values from previous studies are indicated

in italics.

BELDC MYIC

1D model 2.5D model 1D model

LDC DELORES LDC-VHF DC–LDC DCN DELORES

Distance of closest point to drill site (m) 21 37 – 0.18

Total ice thickness Hobs (m) 2756 2757 2735 3064.6

Stagnant ice thickness (m) 220± 31 195± 43 194 0

210 ± 35a 186 ± 3a 212.8b

Depth of 1.2 Ma ice (m) 2464 2484 – 2935

2469a 2486a 2911.2a

Age density at 1.2 Ma (kyr m−1) 13.9 12.8 – 4.8

13.2a 12.2a 6.0a

Depth of 1.5 Ma ice (m) 2480 2502 – 2988

2487a 2506a 2950.7a

Age density at 1.5 Ma (kyr m−1) – – – 6.5

9.5a

Maximum age at 20 kyr m−1 (Ma) 1.39± 0.18 1.45± 0.25 1.17 2.07± 1.10

1.43 ± 0.16a 1.47 ± 0.13a 1.12b 2.13 ± 0.19a

Depth of max age (m) 2475 2500 2517 3064.3

2484a 2504a 2453.1b 2996.8a

Modelled p value above stagnant ice or base 6.5 6.9 10.7 2.7

7.1a 6.4a 13.6b 2.6a

Temporally averaged accumulation rate (mm yr−1) 19.1 19.0 20.3 20.2

19.0a 19.1a 19.3b 20.1a

aChung et al. (2023) bChung et al. (2025)
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At the BELDC drill site, we report the depth at which the age density reaches the threshold of 20 kyr m−1, considered the175

minimum required for meaningful palaeoclimatic reconstructions (Fischer et al., 2013; Van Liefferinge and Pattyn, 2013). The

depths of maximum resolvable age are 2475 m for LDC DELORES and 2500 m for LDC-VHF, with corresponding maximum

resolvable ages of 1.39± 0.18Ma (LDC DELORES) to 1.45± 0.25Ma (LDC-VHF). The modelled stagnant ice thickness

at BELDC is 220± 31m (LDC DELORES) and 195± 43m (LDC-VHF). The LDC DELORES estimate, obtained from the

transect closest to BELDC (21 m) and is therefore considered the most reliable of the two datasets.180

0 250 500 750 1000 1250 1500 1750 2000
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500

1000

1500

2000
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3000
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h 
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)

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 2. The modelled age–depth profile is shown as solid blue line and the thinning function τ is shown in solid green line at the MYIC-

DCN drill site. Black dots indicate the ages of the 20 observed radar isochrones used to constrain the model.

At the MYIC-DCN drill site, located at DCN, the closest radar transect from the DCN DELORES dataset passes only 4 m

away. Figure 2 shows that the modelled isochrones fit the observed ages at isochrones well. The total ice thickness at this

location is 3064 m, significantly greater than at BELDC (∼2757 m), reflecting the thicker ice sheet at DCN compared to the

LDC region. In this location, a basal melt rate of 0.13± 0.14mm yr−1 and no stagnant ice is inferred. Despite the presence of

basal melting, the modelled age predictions at MYIC-DCN are remarkably old. Ice of 1.2 Ma is found at 2935 m depth with an185

age density of only 4.8 kyr m−1, well below the 20 kyr m−1 threshold. Ice of 1.5 Ma is predicted at 2988 m depth with an age

density of 6.5 kyr m−1, also far below the threshold. The maximum age at the 20 kyr m−1 threshold reaches 2.07 Ma at 3064 m

depth, corresponding to the bedrock.
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3.1.3 Modelled basal melting and stagnant ice

(b)

(d)

(c)

Divide

Concordia Trench

BELDC

BELDC

EDC

MYIC

N N

N N

(d)(c)

(b)(a)

20 km 5 km

2 km 5 km

Figure 3. Modelled stagnant ice and basal melting for the four radar datasets. Transects in blue indicate the presence of a stagnant ice

layer. Transects in red indicate basal melting. Stagnant ice thickness, melt rate and bedrock elevation colour bars are the same for all four

maps, while the horizontal scale is different. The bedrock elevation is from BedMachine version 3 (Morlighem, 2022). (a) HiCARS airborne

dataset, (b) LDC DELORES ground-based dataset, (c) LDC-VHF high resolution ground-based dataset and (d) DCN DELORES ground-

based dataset. Drill sites EDC, BELDC and MYIC-DCN location are indicated by a red cross, black circle and black triangle, respectively.

Purple dots indicate subglacial lakes (Young et al., 2017; Livingstone et al., 2022).
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Figure 3 shows the spatial distribution of the 1D modelled basal conditions, stagnant ice thickness or basal melt rate, for the190

four radar datasets.

At the large scale, the HiCARS dataset (Fig. 3a) reveals a heterogeneous pattern, with significant basal melting predicted

along several transects, particularly in areas of deeper or rougher bedrock away from the LDC ridge. Melt rates reach up to

4 mm yr−1 in the most active regions. Stagnant ice is also present in the HiCARS dataset, predominantly in the LDC region,

where the bedrock topography provides a favourable configuration for cold basal conditions.195

At the LDC scale, both the DELORES (Fig. 3b) and LDC-VHF (Fig. 3c) datasets consistently predict a thick stagnant ice

layer across the majority of the surveyed area, with no significant basal melting. The stagnant layer thickness reaches up to

∼250 m in places,

In the DCN area (Fig. 3d), the pattern differs from LDC, with basal melting predicted along most transects and melt rates

reaching up to ∼1.0± 0.3 mm yr−1. There is an area of stagnant ice on the east side of DCN, but its thickness is generally200

below 60 m. The absence of a thick stagnant layer at DCN is consistent with the deeper bedrock at this location and suggests a

warmer basal thermal regime, at the limit between melting and frozen base.

3.1.4 Oldest ice around Dome C

Figure 4 shows the spatial distribution of the 1D modelled maximum age for each of the four radar datasets. At the large scale

(Fig. 4a), the HiCARS dataset reveals a strong contrast between LDC, where maximum ages reach more than ∼1.4 Ma, and205

the surrounding regions. Along the DC–LDC divide and over the Concordia trench, where basal melting dominates (Fig. 3a),

the maximum age drops considerably to below ∼0.9–1.0 Ma,

Over the LDC relief, both the DELORES (Fig. 4b) and LDC-VHF (Fig. 4c) datasets show a homogeneous spatial distribution

of maximum ages around 1.2–1.5 Ma, reflecting the presence of thick stagnant ice across this area.

The DCN area (Fig. 4d) has a different pattern, characterised by strong gradients in maximum age across the area. Modelled210

maximum ages range from ∼0.9 Ma in the regions where basal melting is modelled, to over 2.0 Ma in the central part of the

DCN relief.

3.2 2.5D ice flow model results

In this subsection, we present the results for the 2.5D model applied to the DC-LDC flow line. The line goes from Dome C

passing through the EDC ice core site at 6.3 km and ending at the BELDC site at 39.8 km.215

3.2.1 DC–LDC flow line and flow tube geometry

The flow tube geometry between LDC and DC was calculated based on the surface velocity field following Chung et al.

(2025), with an exponential extrapolation applied near the dome summit. The resulting flow line extends 40.7 km from the high

point of DC (0 km) to LDC, with BELDC located 39.8 km along the flow line. As radar isochrones are only available from
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(a) (b)

(c) (d)

BELDC

BELDC

EDC

MYIC

N N

N N

20 km 5 km

2 km 5 km

Figure 4. Maximum age with a maximum acceptable age density of 20 kyr m−1, colour bars correspond to all four panels. (a) HiCARS

airborne dataset, (b) LDC DELORES ground-based dataset, (c) LDC-VHF high resolution ground-based dataset and (d) DCN DELORES

ground-based dataset.
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EDC onwards, model results are presented starting from EDC, which lies 6.3 km downstream of the DC summit. The radar220

isochrones were mapped onto this flow line following the procedure detailed in Chung et al. (2025) and Sect. 2.3.2.

3.2.2 Ice particle trajectories

Direction of the ice flow 

Figure 5. Ice particle trajectories along the DC–LDC flow line, coloured by total ice flux. Black thin lines show individual particle trajectories

from the surface to the bedrock. The thick black line shows the observed bedrock and the grey area shows the stagnant ice layer (grey area).

Red dashed vertical lines indicate the positions of EDC (6.3 km) and BELDC (39.8 km) along the flow line.

Figure 5 shows the ice particle trajectories along the DC–LDC flow line as determined by the 2.5D inverse model. The

trajectories illustrate how ice deposited at the surface near the DC summit is advected horizontally and compressed vertically

as it flows downstream towards LDC. The total ice flux, shown by the colour scale, increases progressively from the dome225

towards LDC, reflecting the accumulation of ice along the flow line and the divergence of the flow tube.

At EDC, ice found at the bedrock originates from approximately 3.5 km upstream of the drill site, indicating that horizontal

advection is almost vertical at this location, close to the dome summit. At BELDC, however, the basal ice originates from

approximately 14 km upstream, highlighting that horizontal advection plays a significant role in determining the provenance

of the deepest ice at this site.230

3.2.3 Age of ice

Figure 6 shows the 2.5D modelled age–depth relationship along the DC–LDC flow line. The modelled isochrones (black lines)

agree well with the observed isochrones (white lines), which are almost entirely covered by the modelled contours, indicating a
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Direction of the ice flow 

Figure 6. Modelled age–depth relationship along the DC–LDC flow line. The colour scale shows the modelled ice age in ka. Black lines

show the modelled isochrones, with their ages labelled in ka, and white lines show the observed isochrones. The thick black line shows the

observed bedrock in the radar transect, the purple line shows the mechanical ice thickness Hm, and the grey area indicates the stagnant ice

layer. Red dashed vertical lines indicate the positions of EDC (6.3 km) and BELDC (39.8 km) along the flow line.

good fit. The 19 isochrones span ages from 73 to 476 ka and depths from 1079 to 2826 m at EDC (Chung et al., 2025; Bouchet

et al., 2023).235

Between approximately 18 and 25 km along the flow line, the age of ice near the bed is relatively young (<700 ka), reflecting

the presence of basal melting in this region (Fig. 3). In contrast, stagnant ice is predicted between approximately 34 and 41 km

along the flow line, encompassing the BELDC drill site, as well as a smaller patch at around 14 km. In these regions, there is

no basal melting and the age of the ice increases rapidly with depth, reaching values over 1 Ma.

3.2.4 Inferred parameters240

Figure 7 shows the three inferred parameters from the 2.5D model, the steady–state accumulation ā, the Lliboutry parameter p

and the ∆ parameter along the DC–LDC flow line, as well as the basal melt rate and stagnant ice thickness. The steady-state

accumulation rate ā (Fig. 7a) is uniform along the flow line, with values close to 0.02 m yr−1. Near BELDC (>35 km), the

inferred accumulation rate becomes more variable, while its uncertainty remains similar and increases over the last 4 km of the

line. This reflects the absence of IRHs downstream of this point, which limits the constraint on accumulation245
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Direction of the ice flow EDC BELDC

Figure 7. Inferred parameters along the DC–LDC flow line from the 2.5D inverse model are shown in solid lines with uncertaincies in shaded

areas compared to the previous 2.5D modelled results from Chung et al. (2025) shown in dashed lines. From top to bottom: (a) steady-state

accumulation rate ā (m yr−1); (b) Lliboutry parameter p; (c) basal parameter ∆; (d) basal melt rate m (m yr−1, red, left axis) and stagnant

ice thickness (m, grey, right axis).
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The Lliboutry parameter p (Fig. 7b) shows significant variability along the flow line, with a background value of p≈ 3

near EDC. Two prominent peaks are visible at approximately 14 km and 28 km, where p reaches values of ∼18 and ∼33,

respectively.

The ∆ parameter (Fig. 7c) remains close to 5% along most of the flow line, indicating that there is basal melting along the

DC–LDC transect. Near BELDC (>34 km), ∆ becomes slightly negative (−10%), consistent with the presence of a stagnant250

ice layer in this region.

The derived basal melt rate m and stagnant ice thickness are shown in Figure 7d. The modelled melt rate is ∼0.68 mm yr−1

at EDC. Localised patches of stagnant ice are present around 14 km and between 34 and 42 km, with the stagnant layer reaching

a maximum thickness of ∼300 m. At the BELDC drill site specifically, the modelled stagnant ice thickness is 194 m.

3.2.5 2.5D model results at EDC and BELDC255

(a) EDC (b) BELDC

Figure 8. The solid blue line shows the modelled age–depth profile, the solid green line shows the thinning function τ and the red line

shows the horizontal distance origin of ice particles (a) at EDC and (b) BELDC from the 2.5D model. Black dots indicate the ages of the

19 observed radar isochrones used to constrain the model. The dashed blue line at EDC shows the AICC2023 ice core chronology (Bouchet

et al., 2023) for comparison. The yellow star shows the 20 kyr m−1 threshold at BELDC.

Figure 8 shows the 2.5D modelled age–depth profiles at EDC and BELDC, with the corresponding thinning function τ

and the upstream origin of ice particles. At EDC, the modelled age–depth profile agrees well with the AICC2023 chronology
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(Bouchet et al., 2023) throughout the full depth range constrained by the radar isochrones. The thinning function decreases

smoothly with depth, reflecting the progressive compression of annual layers towards the bed. The upstream origin of basal

ice particles is approximately 3.5 km. At the depth of 3192 m, the modelled age is 820 ka, compared to 813 ka (Table 1) in the260

AICC2023 chronology (Bouchet et al., 2023), a difference of only 7 ka.

At BELDC, the modelled age–depth profile shows a much more rapid increase in age with depth at the base of the ice sheet,

a consequence of the strong thinning of annual layers and the presence of the stagnant ice layer below Hm = 2527m. The

upstream origin of basal ice particles reaches approximately 14 km. At a depth of 2517 m, the modelled age density of ice

becomes > 20 kyr m−1. At this depth, the ice is 1.17± 0.39Ma,265

4 Discussion

4.1 Improvements brought by the ∆ parameter

While the overall model framework remains that of Chung et al. (2023) and Chung et al. (2025), the introduction of the

dimensionless parameter ∆ constitutes the central methodological contribution of this study, with measurable consequences

on the modelled basal age.270

In the melting regime, the previous approach inferred a melt rate from the excess of Hm over Hobs, which truncated the

shear layer above the observed bedrock. This led to an underestimated melt rate and an overestimated basal age. By keeping

Hm =Hobs and parameterising the melt rate directly as m= a∆, this formulation preserves the full shear layer and produces

a more consistent age–depth profile in the deepest ice. The effect is visible in the age–depth profile along the DC–LDC flow

line (Fig. 6), where the modelled bottom age is systematically lower than in Chung et al. (2025) in regions of basal melting.275

Furthermore, the spatial variations of the inferred ∆ parameter (Fig. 7c) show the transitions between different basal regimes

along the transect. This demonstrates that ∆ is effective and capable of separating basal melting area from stagnant ice area.

The most direct validation of this improvement comes from the comparison with the EDC ice core, the 2.5D modelled

age at Hm = 3192m is 820 ka, compared to 813± 58 ka in the AICC2023 chronology (Bouchet et al., 2023), a difference

of only 7 ka that lies well within the chronology uncertainties. This tight agreement represents a clear improvement over280

the previous simulation configurations by Chung et al. (2025). This highlights the strong sensitivity of age estimates to the

basal parameterisation in the lowermost ice, where annual layers are extremely thin and age increases rapidly with depth. The

correction of the shear layer truncation brought by ∆ therefore has a meaningful impact on the age predictions even when the

depth of ice thickness barely changes. Similarly, at BELDC (Fig. 8b), our calculated age of 1.17± 0.39Ma at the 20 kyr m−1

age-density threshold is older than the estimate proposed by Chung et al. (2025). This improvement carries direct implications285

for the interpretation of the deepest part of the Beyond EPICA ice core, demonstrating that the ∆ parameterisation improves

the accuracy of basal age estimates at drill sites without degrading the fit to the observed isochrones.

The relocation of the MYIC-DCN drill site from Little Dome C to Dome C North (Pedro and Million Year Ice Core Project

Team, 2026) gives new relevance to the DCN DELORES results presented in this study. While Chung et al. (2023) noted

that the DCN area showed strong lateral gradients in maximum age and a relative lack of stagnant ice, our results with the ∆290
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parameterisation refine these predictions at MYIC: a maximum age of 2.07 Ma with an age density of 6.5 kyr m−1 suggests that

MYIC-DCN is a highly promising site for recovering ice older than 1.5 Ma at excellent temporal resolution. These predictions

are consistent with the results of Chung et al. (2023), who found maximum ages potentially reaching 2 Ma in the DCN area.

The low age density values at 1.2 and 1.5 Ma (4.8 and 6.5 kyr m−1 respectively) are notably better than those predicted at

BELDC, reflecting the larger ice thickness and lower thinning rate at DCN. Given the uncertainty on the basal melt rate295

of 0.13± 0.14mm yr−1, a thin layer of stagnant ice with no basal melting cannot be excluded. These predictions provide

model-based support for the choice of MYIC-DCN as a drill site for the recovery of ice during the Mid-Pleistocene Transition.

However, it should be noted that the DCN DELORES radar dataset provides IRH constraints only down to ∼2600 m depth (Fig.

2), leaving the lowermost section of the ice sheet unconstrained by isochrones. This limits the accuracy of the age predictions

at MYIC, particularly for ice older than 1.5 Ma. As noted by Chung et al. (2023), a higher-resolution radar survey over the300

DCN area, similar to the LDC-VHF survey conducted at LDC, may allow deeper IRHs to be traced and possibly confirm the

presence or absence of a basal unit.

4.2 Correction of accreted ice and ice particle trajectories

In Chung et al. (2025), a layer of potentially accreted ice was identified along the DC–LDC flow line, arising from ice particle

trajectories that crossed below the observed bedrock where Hm >Hobs. This layer reached up to 120 m in thickness at 34 km305

along the flow line and decreased to ∼40 m near BELDC (Chung et al., 2025). Its presence was an artefact, leading to an

unphysical layer of inferred Hm in the case of basal melting, as it implied that ice particles originated from below the bedrock.

The introduction of ∆ resolves this issue entirely. A key improvement over these previous implementations (Chung et al.,

2023, 2025) is that no ice particle trajectories originate from or cross the bedrock. By keeping Hm =Hobs in the basal melting

case (Sect. 2.2), the shear layer extends to the observed ice thickness Hobs and no trajectory is allowed to cross the bedrock.310

The lack of an accreted ice layer in our results (Fig. 5) constitutes a direct validation of the improved physical consistency

of the new parameterisation. Furthermore, it suggests that basal melt rates inferred in previous studies using the Hm approach

may have been underestimated in regions where this layer was present without a stagnant ice layer, as part of the available ice

flux was effectively misattributed to a sub-bedrock disturbed layer rather than to basal melting.

4.3 Comparison with Chung et al. (2023) and Chung et al. (2025)315

When the ∆ parameterisation is applied to the 1D model, the maximum ages of paleoclimatically resolvable ice are younger

compared to Chung et al. (2025) at the EDC and BELDC drill sites. At BELDC, the depths at which these maximum ages

are reached, are also shallower than those of Chung et al. (2025); for the DELORES dataset (2475 m vs 2484 m) and for the

LDC-VHF dataset (2500 m vs 2504 m). Both differences lie within the respective model uncertainties. The spatial distribution

of basal conditions across the four radar datasets (Fig. 3) agrees well with the results from Chung et al. (2023): stagnant ice320

dominates over the LDC area (LDC DELORES, Fig 3b and LDC–VHF, Fig 3c datasets) while basal melting is predicted along

the DC–LDC divide and over the Concordia trench. At BELDC, the 1D and 2.5D modelled stagnant ice thickness of 220 m and

194 m, respectively, remains in good agreement with Lilien et al. (2021) and Chung et al. (2023), confirming the robustness of
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this estimate at the drill site. However, quantitative differences are significant in regions of basal melting. At the large scale,

the HiCARS dataset (Fig. 3a, 4a) shows higher inferred melt rates and lower bottom ages compared to Chung et al. (2023).325

The most striking differences are observed in the DCN area (Fig. 3d, 4d), where the ∆ parameterisation produces higher

gradients in maximum age than previously reported. This reflects the higher sensitivity of the DCN results to the basal melting

parameterisation and to local bedrock topography where even small variations in bed elevation translate into significant changes

in the basal thermal regime and therefore in the age of the deepest ice. This high spatial variability makes DCN a significantly

riskier candidate for retrieving a continuous, undisturbed oldest ice record compared to the spatially uniform age distribution330

at LDC (Parrenin et al., 2017; Chung et al., 2023). The introduction of ∆ therefore does not fundamentally alter the pattern

of basal conditions, but meaningfully changes the quantitative basal estimates in the melting regime, with implications for the

identification of sites where ice older than 1.2 Ma could be preserved.

In the 2.5D model, the effect of ∆ is more pronounced, as the horizontal advection of ice along the flow line amplifies the

impact of basal processes on the age–depth profile. This upstream origin must be taken into account when interpreting the335

palaeoclimatic signal recorded in the deepest part of the ice core, as the ice was deposited under surface conditions prevailing

further upstream rather than directly above the drill site. The modelled ice particle trajectories along the DC–LDC flow line

are consistent with the findings of Chung et al. (2025). The steady-state accumulation rate of ∼0.02 m yr−1 is in excellent

agreement with modern surface data and historical estimates at Dome C (Parrenin et al., 2017; Cavitte et al., 2018; Chung

et al., 2023, 2025). The high variability observed in the Lliboutry parameter p, particularly the sharp peaks at 14 km and 28 km,340

reflects a localized response to bedrock features. These increases indicate a more linear vertical velocity profile arising from

variations in basal drag over subglacial topography; notably, the peak at 28 km directly coincides with a bedrock dip noted

by Chung et al. (2025). More generally, Fig.7b shows that in areas of basal melting, p is systematically higher with the ∆

parameterisation than with the previous model. This is expected, as the earlier approach truncated the thinning function where

melting occurred, restricting the optimisation of p to a shorter, less representative section of the profile and biasing it towards345

lower p. Removing this truncation allows p to better reflect a more linear shape of the velocity profile. The ∆ parameter

remains close to 5% over most of the DC–LDC flow line (Fig. 7c), indicating that the previous results of Chung et al. (2025)

were slightly affected by the shear layer truncation over the flow line. However, in the melting zone between 18 and 25 km

(Fig. 7d), the correction is significant: the modelled bottom age is reduced and the melt rate is increased relative to Chung

et al. (2025), consistent with the expected effect of restoring the full shear layer. The increase in uncertainty on ∆ near BELDC350

reflects the inherent difficulty of constraining basal processes in the deepest and most compressed part of the base of the ice

sheet, where the sensitivity of the isochrone geometry to basal conditions is highest and small changes in ∆ translate into large

changes in basal age. We note that Chung et al. (2023) and Obase et al. (2023) reported deviations between modelled and

observed age–depth profiles in the lowermost ice at EDC and Dome Fuji; however, at EDC our model agrees with AICC2023

within 7 ka, suggesting suggesting the ∆ parameter resolves this inconsitency.355
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4.4 Limitations specific to the ∆ parameter

While ∆ represents a methodological improvement over the Hm inverse approach, several limitations specific to this param-

eterisation should be noted. We emphasise that the general limitations of the pseudo-steady-state assumption, the Lliboutry

velocity profile, and the isochrone-based inversion framework are discussed in detail in Chung et al. (2023) and Chung et al.

(2025) and remain unchanged here.360

First, the relation m= a∆ assumes a linear dependence of the melt rate on the accumulation rate. At Dome C, basal melting

is primarily driven by the geothermal heat flux, which is poorly constrained under the East Antarctic ice sheet (Passalacqua

et al., 2017). Using a 1D heat model constrained by radar reflectivity, Passalacqua et al. (2017) inferred geothermal heat

flow (GF) values ranging from 48 to 60mW m−2 across the Dome C region, deriving a time-averaged basal melt rate of

0.32± 0.25mm yr−1 at EDC, broadly consistent with the 0.22mm yr−1 found by Chung et al. (2023). However the value of365

0.56± 0.19mm yr−1 previously inferred by Parrenin et al. (2007) is more consistent with our modelled melt rate at EDC of

0.68mm yr−1, which is slightly higher than these estimates.

Second, the range of ∆ is bounded by [Hiso/Hobs−1, 1], which limits the maximum melt rate to m= a. In regions of very

high geothermal heat flux, this upper bound may be reached and the model would be unable to represent the true melt rate.

Passalacqua et al. (2017) showed that melt rates can exceed 0.6 mm yr−1 in thick-ice regions around Dome C, and noted that370

local geothermal flux anomalies at the scale of a few tens of kilometres cannot be excluded. At the Dome C drill sites, where

melt rates are generally low, this limitation is unlikely to be binding.

4.5 Possible applications and outlook

The ∆ parameterisation is formulated in a general way and can be readily applied to other oldest ice candidate sites beyond

Dome C, such as Dome Fuji in East Antarctica, where similar 1D (Wang et al., 2023; Obase et al., 2023) and 2.5D inverse375

modelling has been carried out. In these regions, the presence of a basal unit analogous to that observed at LDC has been

suggested (Wang et al., 2023), and the improved treatment of the transition between the melting and stagnant regimes offered

by ∆ could lead to more accurate basal age estimates.

With the ∆ parameterisation validated at both EDC and BELDC, a promising future outlook consists of incorporating this

formulation into larger-scale, three-dimensional ice sheet models. This would allow for a more realistic representation of basal380

layers across the entire Antarctic plateau, improving the regional mapping of potential old ice.

5 Conclusions

In this study, we introduced a ∆ parameter into both the 1D inverse model IsoInv1D (Chung et al., 2023) and the 2.5D inverse

model IsoInv2.5D (Chung et al., 2025), providing a parameter for basal melting and stagnant ice in the pseudo-steady-state ice

flow models. By keeping Hm =Hobs in the melting regime, ∆ preserves the full shear layer down to the observed bedrock,385
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correcting a fundamental truncation artefact that affected both previous models and led to an underestimation of basal melt

rates and an overestimation of basal age.

This correction is reflected consistently across both models: results from the 1D and 2.5D models alike show higher basal

melting and lower basal ages than previously estimated. In the 2.5D model, the results confirm that the deepest ice at BELDC

originates from approximately 14 km upstream of the drill site, consistent with Chung et al. (2025) with a maximum modelled390

age of 1.17 Ma at an age density of 20 kyr m−1. At EDC, the modelled age at Hm = 3192m is 820 ka, within 7 ka of the

AICC2023 chronology (Bouchet et al., 2023) and representing an improvement over the previous 2.5D estimate. The modelled

basal age along the DC–LDC flow line is systematically lower than in Chung et al. (2025) in regions of basal melting, a

direct consequence of the corrected shear layer and of a higher basal melting. Most notably, the layer of potentially accreted

ice identified by Chung et al. (2025), up to 120 m thick at 34 km along the flow line and ∼40 m near BELDC, is entirely395

absent from our results, confirming that this layer was an unphysical artefact of the previous Hm parameterisation rather than

a physical feature of the ice sheet (Westhoff et al., 2026). At the MYIC-DCN drill site, the 1D model predicts a maximum

resolvable age of 2.07 Ma and confirming the potential of this site for recovering ice spanning the full MPT.

Taken together, these results demonstrate that the ∆ parameterisation offers a meaningful improvement over existing ap-

proaches: it corrects an identified physical inconsistency, produces more accurate basal age estimates at both EDC and BELDC,400

and eliminates unphysical model artefacts, while leaving the broad spatial pattern of basal conditions unchanged. The frame-

work is general and transferable to any ice core site and could be integrated to 3D ice sheet models, offering an improved tool

for basal age estimation at current and future Oldest Ice drilling targets.
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