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Abstract. Subglacial bed topography is a fundamental
boundary condition for ice-sheet flow, basal thermal regimes,
and the preservation of palaeoclimate records, yet it remains
highly uncertain across Antarctica. We use stochastic simu-
lation methods to generate an ensemble of gridded (500 m)
ice thickness and bed elevation near Dome C, and map bed
elevation uncertainty accounting for impacts of data avail-
ability and basal roughness. New airborne radar measure-
ments uncover previously undocumented sectors of the ice-
bed interface and we integrate these with existing data using
a rigorous approach to ensure nearby measurement compat-
ibility. Our simulated bed shows improved representation of
basal roughness between survey profiles, revealing regional
roughness over 50 % higher than previous interpolations. We
apply the ensemble to investigate uncertainty in meltwater
routing, identifying well-constrained drainage away from the
Dome C Plateau but poorly constrained outflow from Con-
cordia Lake and parts of the Belgica Highlands. Topographic
focussing of geothermal heat could lead to local anomalies
up to %30 % relative to the regional value, and several ice
core drill sites are in a zone with potentially 12 % locally-
reduced geothermal heating which could be favourable for
deep ice layer preservation. This work demonstrates that the
critical subglacial bed boundary condition is better repre-
sented by ensemble-based, stochastic simulations based on
strictly cross-validated data rather than single deterministic
interpolations, and simulated beds can improve the reliabil-

ity of analyses with robust consideration of uncertainties in
data-sparse regions.

1 Introduction

Kilometer-scale subglacial topography influences basal ther-
mal state through locally variable pressure-melting (Cuffey
and Paterson, 2010) and also modulates the effective area
for geothermal heat conduction (van der Veen et al., 2007).
While basal roughness can be constrained in high resolution
in the along-track orientation of radar profiles, this informa-
tion is missing between survey profiles. Widely-used inter-
polation methods such as kriging and splines do not preserve
the spatial statistics of measurements in data gaps, leading to
over-smoothing in gridded products and unrealistic patterns
in basal roughness. Compared with single-grid, elevation-
preserving products such as Bedmap3 (Pritchard et al., 2025)
and Bedmachine v4 (Morlighem, 2026), texture-preserving
bed gridding approaches can provide more realistic bound-
ary conditions for model projections (McCormack et al.,
2026). While requiring an ensemble-based framework which
increases computational cost and methodological complex-
ity, this approach generates spatially explicit uncertainty es-
timates to propagate into models and can be used to priori-
tise sites for future geophysical surveys. Sequential Gaus-
sian Simulation (SGS) is one texture-preserving geostatis-
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tical method that simulates values between measurements
based on the values and statistical properties of nearby data
(Deutsch and Journel, 1997). This approach has been ap-
plied to generate ensembles of equally-likely bed elevation
grids to investigate the basal environment, subglacial melt-
water drainage, and geothermal heat flow (GHF) with robust
consideration of the impacts of elevation uncertainty and re-
alistic basal roughness (MacKie et al., 2020; MacKie et al.,
2021; Shackleton et al., 2023).

Subglacial topography around Dome C is of particular
interest in the context of paleoclimate investigations. Oxy-
gen isotope records from marine sediment cores indicate
that global glacial-interglacial cycles experienced a major
shift in periodicity from 41 Ka to ca. 100 Ka between 1.4 Ma
and 800 Ka BP (Lisiecki and Raymo, 2005). The underly-
ing mechanisms for this Mid-Pleistocene Transition (MPT)
are not yet fully constrained (Berends et al., 2021), but deep
ice cores that preserve atmospheric gases from the palaeo-
climate could provide continuous, high-resolution climate
records. Ice layers that span the last 1.5 Ma could be located
near the base of thick ice domes in the interior of Antarctica,
though basal melting, ice flow, and accretion should be min-
imal to preserve ice layer stratigraphy (Fischer et al., 2013;
Van Liefferinge and Pattyn, 2013). To locate basal ice with
undisturbed stratigraphy and sufficient age resolution span-
ning the MPT, the ice core community is trying to delineate
sites with: (1) ice around 2500 m thick, sufficient to resolve
the MPT without inducing significant basal-melting; (2) low
surface accumulation to limit vertical strain-induced thinning
of ice layers; (3) low basal roughness to prevent disruption
of basal ice stratigraphy through lateral strain; (4) low GHF
to restrict basal melting and preserve the oldest ice layers.
The European Project for Ice Coring in Antarctica (EPICA)
successfully retrieved a 3260 m long ice core near Dome C,
Antarctica that provides climate records for the last 800 Ka
(Jouzel et al., 2007, Liithi et al., 2008).

Ice thickness, basal roughness, and GHF are critical
boundary conditions for thermomechanical modelling which
delineate promising drill sites in the Dome C region that
could resolve the MPT (Chung et al., 2023b; Parrenin et al.,
2017; Passalacqua et al., 2017; Van Liefferinge et al., 2018;
Wang et al., 2023; Young et al., 2017). Subglacial topogra-
phy and ice thickness variability near Dome C (Fig. la—) is
documented in radar surveys (Drewry et al., 1982; Forieri et
al., 2004; Tabacco et al., 1998), with thinner ice (< 2.5 km)
observed over the Belgica Highlands and Concordia Ridge,
and 2.5-3.5 km thick ice over the Dome C Plateau. Ice thick-
nesses over 4 km are located above Concordia and Vincennes
subglacial lakes and in the Concordia Trench, with up to
4.7 km reported in the Aurora Subglacial Basin. The Concor-
dia Trench and Adventure Trench are tectonic features 20—
50 km in width with over 1 km thicker ice than the surround-
ings, oriented approximately northeast — southwest (Cian-
farra et al., 2009). Spatial coverage of surveys varies from
the well-resolved topography over the Dome C Plateau and
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surrounding Concordia Station, to large data gaps over Vin-
cennes Basin and southwest Belgica Highlands (Fig. 1).

A large database of Antarctic radar-derived ice thickness
measurements from surveys conducted between 1966 and
2022 was compiled recently by the Bedmap project (Fré-
mand et al., 2023), and subsequent radar campaigns provide
new measurements across key sites in the Dome C region
to improve characterization of the basal environment (Chung
et al., 2023a; Mulvaney et al., 2023). In this work, we in-
tegrate existing radar-derived ice thicknesses reported to the
Bedmap database with subsequently released data as well as
new radar survey measurements over the Belgica Highlands
conducted by the Korea Polar Research Institute (KOPRI)
and University of Alabama (UA) as well as over the Dome C
Plateau by the Technical University of Denmark (DTU). This
data integration was carried out using a robust filtering ap-
proach to minimize locally conflicting measurements in the
compiled data. We use measurements in a 400km x 400 km
region surrounding Dome C (Fig. 1a) to simulate an en-
semble of 100 bed elevation and ice thickness grids using
SGS. The results for simulation #001 out of the ensemble are
shown in Fig. 1b and c as an illustrative example. By calcu-
lating variability over the ensemble we also map out regional
topographic uncertainty (Fig. 1d). The simulated bed topog-
raphy is used to investigate basal roughness, subglacial melt-
water drainage, local topographic modification of GHF, and
we discuss the implications of findings for the preservation
of deep ice layers.

2 Data compilation, quality control, and methodology
2.1 Radar-derived ice thickness data

We compiled available radar measurements of two-way
travel time (TWT) from the ice surface to ice-bed interface
from surveys conducted near Dome C, totalling ca. 2.3 mil-
lion data points (Figs. 1a and Ala-r). For all compiled TWT
data, ice thicknesses were calculated assuming a radar wave
propagation speed in ice of 169mps~! and no firn cor-
rections. The data compilation included new airborne sur-
veys by a 2023/24 Korea Polar Research Institute (KOPRI)
and University of Alabama (UA) collaboration as well as
a 2024/25 survey by The Technical University of Denmark
(DTU), 2016-2018 and 2019-2020 ground surveys from the
Beyond EPICA - Oldest Ice (BE-OI) project, and ice thick-
ness measurements with multiple sources from the Bedmap3
database:

2.1.1 KOPRI-UA airborne survey

A new 2023-2024 airborne survey from a KOPRI-UA col-
laboration (Fig. All) provided 960km lines of georefer-
enced radar data used to pick ice-bed TWT. These data were
collected with a multi-channel ultra-wideband (UWB) ice-
penetrating radar designed to operate over a frequency range

https://doi.org/10.5194/tc-20-6477-2026



C. Shackleton et al.: Improved subglacial boundary conditions near Dome C, Antarctica 6479
Ice thickness (m) Elevation (m)
4500 Sim. #001
ISm.#001}| |
-800 ]
4000 -
£ 9001 3500 0
o
{=
£
2 1000 1 =00 =
2500 —1000
1100 ]
2000 -1500
Ice thickness (m) MAD (m)
4500
200
-800
4000
150
E 00 3500
o
£
< 100
£
2 -1000 N’
2500 50
-1100
2000
- - . 0
1200 1300 1400 1500 1200 1300 1400 1500
Easting (km) Easting (km)

Figure 1. Region map, radar survey data, and simulation results. (a) Radar-derived ice thickness measurements in the Dome C region.
(b) Simulated bed elevation #001 from the ensemble of 100, with Concordia Station (green triangle) and ice cores plotted (red square).
(c) Simulated ice thickness #001 from the ensemble of 100, with subglacial lakes (orange circle) inferred from compiled radio-echo sounding
(RES) analyses (Livingstone et al., 2022). (d) Median Absolute Deviation (MAD) over the ensemble of 100 simulated bed elevation grids.
All maps are projected to EPSG:3031. Histograms alongside colour bars show the distribution of values.

of 170-470 MHz. The system consists of 8 transmit channels
and 8 receive channels. Each transmit channel is supplied
with chirped pulses of about 200 W of peak power. The radar
is operated with a short pulse of 1-3 us duration to sound
shallow ice and map internal layers to a depth of 1000 m, and
a long pulse of 5-10 us duration to sound thicker ice and map
deeper layers. The system consists of a 16-element transmit
array mounted under the left wing and a 16-element receive
array mounted under the right wing. Two transmit and two
receive channels are combined using a power divider/com-
biner to operate with a single transmit and receive channel.
A more detailed system description is available in Awasthi et
al. (2022) and Rizvi et al. (2025).

During this airborne campaign in 2023, we could not oper-
ate the system with its full bandwidth and power. One of the
two inverters supplying power to the radar system from the
aircraft failed. This led us to limit the number of channels,
the operating frequency range (170-230 MHz), and the pulse
width, so the radar could operate with only one inverter. De-
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spite this constraint, the system maintained sufficient power
and capability to recover bed echoes and internal stratigraphy
across the region, demonstrating its ability to reconfigure to
meet field and logistical constraints.

Data processing consisted of six major steps: (1) reduc-
tion of any coherent noise caused by the system or external
sources; (2) pulse compression to improve range resolution
and improve signal-to-noise ratio (Skolnik, 2008); (3) mo-
tion compensation to reduce errors introduced by aircraft
flight path deviations; (4) synthetic aperture processing using
a frequency-wavenumber (f-k) migration algorithm (Stolt,
1978) to improve both along-track resolution and signal-to-
noise ratio; (5) correction of amplitude and phase differences
between channels, and (6) combination of data from all chan-
nels and reduction of speckle using a reduction filter to im-
prove image interpretation (Lee et al., 1994). Steps 1-4 were
applied to each channel of received data, and processed data
are then equalized and combined, with the additional image
processing applied to the final image.
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2.1.2 DTU airborne survey

A new 2024 airborne survey by DTU (Fig. Alf) using the
POLarimetric Airborne Radar Ice Sounder (POLARIS) sys-
tem (Dall et al., 2010), provided ca. 1 million latitude, longi-
tude, ice surface elevation, and TWT data points that spanned
ca. 772 line km of survey profiles (Kusk, 2026). Commis-
sioned by ESA, DTU developed the POLARIS radar, which
can be configured in-flight for acquisition of either sounder
data or synthetic aperture radar (SAR) data (Dall et al., 2013)
at a center frequency of 435 MHz (P-band). With a maximum
bandwidth of 85 MHz, a vertical resolution down to about
1 m in ice can be achieved, but in order to improve the sensi-
tivity to vertically distributed reflectors (e.g. internal layers),
the Dome C data were acquired in a shallow/deep sound-
ing mode, where a reduced bandwidth (30 MHz), a larger
pulse length, and a higher receiver gain was used for the
lower of two overlapping depth windows. The two depth
windows were covered in a pulse-interleaved fashion, and the
shorter pulse length that was used for shallow sounding en-
abled a lower flight altitude, hence less surface clutter. The
POLARIS configuration prioritized polarimetry over coher-
ent clutter suppression (Nielsen and Dall, 2015).

GNSS data and IMU data were acquired with an iMAR
iNAT-M200-SLN navigation unit, PPP-processed with Way-
point Inertial Explorer, and used for motion compensation
and geocoding. Narrowband RFI was masked out, and wide-
band RFI was suppressed by replacing the impacted pulses
with interpolated pulses computed from highly correlated
neighbouring pulses. Upon range compression and along-
track focusing with a time-domain backprojection algorithm
(Kusk and Dall, 2010), the POLARIS data were calibrated
using data from an internal calibration loop and external cal-
ibration adjustments derived from POLARIS SAR data ac-
quired over a trihedral radar reflector deployed near Casey
Station. In this way both intensity and time delay was cal-
ibrated. Speckle and a potential birefringence loss was re-
duced by computing the span of the polarimetric covariance
matrix and multi-looking by a factor of 5 in the along-track
direction. The ice surface and bed were traced in a semi-
automatic manner with an algorithm finding the depth where
the leading edge of the return waveform has the steepest in-
tensity slope.

2.1.3 BE-OI ground surveys

Ice thickness measurements from two ground surveys: a
2019-2020 survey near Little Dome C (LDC) consisting
of 12 profiles over an area of 5km x 8km using a very
high frequency (VHF) multi-channel coherent radar depth
sounder (Chung et al., 2023a); a 20162018 survey using the
Deep Looking radio echo sounder (DELORES) from British
Antarctic Survey (BAS) consisting of 116 radar profiles near
LDC and 21 profiles at North Patch covering an area of
5km x Skm (Mulvaney et al., 2023).
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2.1.4 Bedmap Database

Ice thickness data from the Bedmap Database comprise
radar-derived ice thickness measurements from many sur-
veys (Table Al) between 1966 and 2018 (Frémand et al.,
2023) and provided 1.9 million data points in the Dome C
region. If not provided in the data files we calculated TWT
from ice surface to the ice-bed interface using wave propaga-
tion speed and firn corrections described in the survey source
reference.

2.2 Measurement consistency and data filtering

Nearby radar-derived ice thickness measurements can be in-
consistent due to a combination of factors, including off-
nadir reflections from steep or rough bed topography and sig-
nal attenuation or scattering in warm or debris-rich ice. To ro-
bustly calculate and model spatial variability in ice thickness
any inconsistencies between nearby measurements need to
be minimized; large differences in ice thickness could lead to
overestimated variance. However, it is important to preserve
as many data points as possible when filtering, especially in
data-sparse regions.

We conducted a thorough analysis of measurement consis-
tency to identify surveys or locations with significant differ-
ences within 50 m, which is less than the width of the first
Fresnel zone for the regional minimum ice thickness (60 m
at ca. 2100 m depth). We identified 43 337 sites which had
measurements within a 50 m window that were not from the
same radar profile. A large portion of these sites were from
nearby sub-parallel profiles, repeated survey tracks, or dupli-
cated data in the Bedmap Database. Appendices Fig. Ala-r
shows the consistency between each of the 18 surveys and
all other surveys in the Dome C region. Although the differ-
ences between nearby data points from different surveys had
a median of —1 m and standard deviation of 60 m, large and
widespread inconsistencies in measured ice thickness with
absolute differences up to 1324 m were identified (Fig. 2).

This analysis was used as a basis for filtering out a total of
275 677 incompatible data points. Overall, we aimed to have
a strict filtering procedure to minimize nearby data with large
inconsistencies that would impact the spatial statistics of ice
thickness variability. If possible, we filtered out older data
that could be lacking accurate GPS positioning where newer
data was available. Details of the filtering steps applied to
individual surveys are given in Table Al. The filtering was
applied in four stages:

1. Filtering out locally inconsistent survey segments and
duplicated data from specific surveys within 0.2 km,
with inconsistent surveys identified through manual
inspection (Fig. Ala-r) and preferred survey chosen
based on lowest mean absolute differences between all
other surveys. [removed 98 176 data points]
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Figure 2. Measurement compatibility analysis. (a) Difference in radar-derived ice thickness measurements (all data: small yellow points)
between different surveys if available within a 50 m radius (Red-Blue coloured points show measurement difference). The colormap his-
togram shows the distribution of differences and is capped at +150 m, though minimum difference is —655 m and maximum difference is
1324 m. (b) Heatmap matrix of inconsistencies, with number of crossover sites (red) in upper left and mean absolute differences for each
survey combination (blue) in lower right. Table A1 lists all radar profiles used in this study and filtering steps applied.

2. Filtering data within a 0.6 km radius of large proxim-
ity errors (> 50 m), performed sequentially for each sur-
vey and ordered based on averaged mean absolute dif-
ferences between the survey and all other surveys. [re-
moved 143 707 data points]

. Filtering all data points from surveys before 1990 with
no GPS positioning and potentially uncertain locations
that are within 10km of more recent surveys with reli-
able positioning. [removed 7963 data points]

. Filtering out data points along manually supplied sec-
tions of specific surveys where nearby measurement in-
consistencies are large but could not be removed using
automated filters. [removed 25 831 data points]

2.3 Spatial variability of filtered ice thickness data

The distance to the nearest measurement calculated for each
grid cell in the simulation domain had a median of 2.2km
and standard deviation of 3.9km, with a maximum dis-
tance of 34.1 km. We therefore aimed to calculate and model
spatial relationships between measurements for a maximum
lag distance of 40 km. We first decimated the radar-derived
ice thickness measurements using a median reduction filter
and gridded data to uniform 500 m spacings aligned to the
Antarctic stereographic EPSG: 3031 grid using tools from
the Verde python package (Uieda, 2018). This reduced the
number of data points from ca. 2.3 million to ca. 61.5 thou-
sand. Our median-decimated ice thickness measurements
show that large-scale structure varies across different az-
imuths (Fig. 1a). To emphasize the relationships at shorter
lag distances and minimize the variogram being impacted by
large-scale structures, we modelled and removed these using
a gaussian filter with a smoothing radius of 20 km (Fig. 3a),
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proceeding with the residual values (Fig. 3b) and storing
modelled large-scale structures to be later added back onto
simulated values. To facilitate a gaussian simulation process
we normalised residual values to give a mean of 0 and stan-
dard deviation of 1, then computed the experimental vari-
ogram for 40 lag intervals with a separation of 1 km (Fig. 3c).

Despite removing large-scale ice thickness features, direc-
tional differences in variability can still be observed in the
detrended data (Fig. 3b). To more accurately model spatial
variability accounting for azimuthal differences, we calcu-
lated directional variograms across grid azimuths centered at
0, 45, 90, 135° (Fig. 3c) relative to Polar Stereographic pro-
jected axes. This range adequately captured azimuthal vari-
ability when compared to larger ranges examined during ex-
ploratory tests and should be sufficient for data aligned on a
grid. All azimuths referred to herein are grid based, not ge-
ographical. The directional variograms show measurement
variance diverges even at short lag distances, rising sharply
for azimuths of 45 and 90° and levelling off at a range of ca.
35 km. Variance for azimuths of 0 and 135° rise more slowly,
and these also diverge for lag distances more than 10km,
with the 135° azimuth levelling off after 50 km. We used the
linear-weighted residual sums from a least-squares function
applied to exponential, spherical, and Gaussian model fits to
programmatically identify a best-fitting model type and pa-
rameters that can characterise the experimental variograms,
prioritizing shorter lag distances and azimuths with the least
variance. The experimental variogram at an azimuth of 135°
shows the strongest continuity and is characterised well by
an exponential model with a range of 50km and a sill of 1.0
(Fig. 3c). The least continuity is observed for azimuths of
45 and 90° which are characterised by an exponential model
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with a range 35-39 km and sill of 1.1-1.2, especially at lag
distances < 10 and > 30km (Fig. 3c).

2.4 Stochastic simulation of ice thickness

We used Sequential Gaussian Simulation (SGS) (Deutsch
and Journel, 1997) to simulate ice thicknesses based on code
adapted from the gstatsim python package (MacKie et al.,
2023). The algorithm operated over a randomized path over
our domain grid to sequentially simulate values based on
nearby data and modelled variance. For each unsimulated
cell the algorithm builds a conditioning set from nearby mea-
surements, including any previously simulated values, and
selects a maximum of 240 values within a radius of 50 km.
We tested combinations of search radii from 30-100 km and
maximum number of conditioning data between 60 and 400
during the developmental phase to find optimum parameters
which balanced simulation stability and compute time. The
algorithm samples evenly from each of 8 octants if measure-
ments exist within the search radius and populates the set
with the nearest data otherwise.

A local mean is estimated through kriging of distance-
weighted nearby values, and variance is determined from the
covariance matrix for nearby data and the covariance func-
tion with model type and parameters identified by the vari-
ogram model. Anisotropy is propagated into the simulation
by inverse-scaling distances used in the covariance functions
based on the variogram range for the least-variable and most-
variable azimuths, respectively 135 and 45° with ranges 50
and 35 km (Fig. 3c). A value is selected at random for each
grid cell from a Gaussian distribution drawn with centre at
the local mean and variance estimate for the most relevant lag
distance. Once all grid cells were simulated, we transformed
the values from normalized space back into ice thicknesses
and added back the modelled large-scale ice thickness trends.

The Cryosphere, 20, 6477-6500, 2026

An ensemble of 100 equally-likely ice thickness grids were
simulated.

Methodological, model, and parameter choices may im-
pact our simulation results, and during the development stage
of this methodology we considered and experimentally ex-
plored the impact of these choices to ensure robustness of
the results. Our simulation approach can be sensitive to the
choice of variogram model used as well as and the model
fitting step to determine the range and sill for each azimuth.
While regional spatial patterns in simulated elevation were
mostly unaffected by these in preliminary tests, model choice
impacted local spatial patterns and model fit influences the
scale of local variability in simulated grids. It is therefore
crucial to conduct a thorough exploratory analysis of the in-
put data to ensure that the model choice and parameters ad-
equately represent the spatial statistics of observations be-
fore proceeding with simulations. We mostly implemented a
programmatic approach to ensure objectivity in model and
parameter selection and used the exploratory experiments
to manually check parameter selections where appropriate.
Also, modelling spatial variability using isotropic instead
of anisotropic experimental variograms produced similar re-
gional spatial patterns and range in simulated bed eleva-
tions, and we chose anisotropic to more closely follow the
patterns observed in measurements (Fig. 3c). Representing
anisotropy using 2 orthogonal directions rather than imple-
menting a more complex approach using continuously vary-
ing directional ranges balances improved local heterogeneity
and computational complexity.

2.5 Bed elevation grids, uncertainties, and meltwater
routing

We estimated 100 bed elevation grids by subtracting each of
the 100 simulated ice thickness grids from the Reference El-
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evation Model of Antarctica (REMA) ice surface elevations
(Howat et al., 2019). To evaluate short-scale bed roughness
in the Dome C region we calculated the standard deviation
within a 2 km radius of each grid cell (Taylor et al., 2004) for
each simulated bed, calculating the mean over the ensemble
as well as for the Bedmap3 (Pritchard et al., 2025) and Bed-
machine v4 (Morlighem, 2026) interpolations. The median
absolute deviation (MAD) over the ensemble of simulated
bed elevation grids was used to estimate topographic uncer-
tainty, accounting for both distance from measurements and
bed roughness (Shackleton et al., 2023).

We also predicted subglacial meltwater flow directions and
hydraulic basins using pysheds (Bartos, 2020) to fill sinks
and calculate D8 flow directions for subglacial hydraulic po-
tential, ¢ = pwgz + kpigh (Shreve, 1972), where py, and p;
are the density of water and ice (kgm™), g is gravitational
acceleration (ms~2), z and & are ensemble simulated bed el-
evations and ice thicknesses. We assume that spatial patterns
in subglacial water routing are dominantly controlled by to-
pography and hydraulic pressure and not influenced by basal
melting rate, and that the ratio between subglacial water pres-
sure and ice overburden pressure, k, is equal to 1. In reality,
these properties are expected to vary spatially and temporally
in response to drainage configurations, subglacial geology,
and groundwater interactions which are highly uncertain be-
neath Antarctica. During sensitivity testing, alternative pres-
sure scenarios of 0.6 <k < 1.0 at 0.1 intervals resulted in
local shifts in drainage pathways and basin boundaries par-
ticularly in regions with low hydraulic gradients, while the
broader patterns remained unchanged. Using our assump-
tions, we quantify how uncertainty in bed topography prop-
agates into subglacial hydrological predictions under com-
monly adopted assumptions rather than reproduce the full
complexity of the basal drainage system. Stream and basin
probability was calculated from averaged stream locations
over the ensemble.

3 Results
3.1 Simulated ice thickness and bed elevation

We simulated an ensemble of 100 ice thickness and bed ele-
vation grids for a 400 km x 400km region surrounding Dome
C from 1120 to 1520 km Easting, and —1170 to —720km
Northing on an EPSG: 3031 Antarctic Stereographic projec-
tion. The full ensemble of simulated surfaces can be viewed
in Appendix animation A, which shows that values near mea-
surements remain consistent across the ensemble, whereas
away from measurements values vary between simulations,
increasingly with both distance from measurements and lo-
cal bed roughness. Simulation #001 is shown in Fig. Iband c,
which confirms that large-scale structures such as northwest-
southeast oriented bands of thicker and thinner ice observed
in radar data (e.g. Concordia Ridge; Fig. 1a) are represented

https://doi.org/10.5194/tc-20-6477-2026

well. Topographic features 10’s of kilometres in length are
also resolved and are consistent across the ensemble in re-
gions with high data density, such as the 3 patches of low
ice thickness near 1350 km Easting, —960 km Northing. Fea-
tures of this scale can shift in location over the ensemble for
low data density regions in the southwest and north of the
domain. Small-scale topography below 5km varies signifi-
cantly over the ensemble in all regions except in the central
region where data density is the highest surrounding the ice
core sites (Fig. 1a). The simulations incorporate new mea-
surements from a KOPRI-UA airborne radar survey over the
Belgica Highlands to the southwest of Concordia Station,
documenting the southeast extent of the Belgica Highlands
and Concordia Ridge with increased detail and revealing
bed elevations more than 300 m higher than estimated from
sparse data in previous interpolations (Bedmap 3: Pritchard
et al., 2025; Bedmachine v4: Morlighem, 2026).

3.2 Bed elevation uncertainty

The Median Absolute Deviation (MAD) over the ensemble
of 100 simulated bed elevation grids quantifies spatial uncer-
tainties attributed to the combined influence of measurement
density and basal roughness in the Dome C region (Fig. 1d).
The domain mean is 53 m with standard deviation of 32 m,
and lowest MAD near measurements, especially in high data
density regions near Concordia Station. The highest MAD
is observed far from data, reaching a maximum of 260 m
to the grid southeast. The primary pattern in MAD follows
the radar survey tracks, but secondary patterns are observed
with grid northwest-southeast trending bands of higher MAD
aligned with the 10’s of km scale troughs in the grid south-
west and northwest. Regions of higher MAD are also ob-
served for relatively uniform radar survey spacings, for ex-
ample the band near 1300 km Easting, —1040 km Northing
which is 60 m higher than the surroundings, which also cor-
relates with rougher terrain in simulated bed. Over the Dome
C Plateau MAD reaches a maximum of 60 m despite rela-
tively dense radar data with maximum 4 km spaced surveys.
However, within several kilometres of the Million Year Ice
Core (MYIC) and Beyond EPICA Little Dome C (BELDC)
ice core sites data is dense enough to constrain topographic
uncertainty to 0 at the 500 m grid cell scale of our simula-
tions.

4 Discussion

Gridded representations of subglacial bed topography are
fundamental boundary conditions for ice sheet models and
underpin a wide range of glaciological analyses. For mod-
elling purposes, adequate representation of basal roughness
should be prioritised for realistic constraints on basal shear
stress. Although the impact of shear heating is likely to be
small beneath ice domes due to low flow velocities, the basal
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thermal state could be sensitive to small changes since much
of the basal ice is at or near the pressure-melting point. Re-
placing smooth bed with realistically rough topography was
shown to improve modelled basal ice motion and replicate
temperate ice layer thicknesses observed in Greenland bore-
holes (Law et al., 2023). In the context of ice core investi-
gations, rougher basal topography can also lead to deforma-
tion of basal ice layers which disrupts the continuity of deep
ice stratigraphy. Provided that all other conditions for locat-
ing old ice layers with undisturbed stratigraphy are also met
(cf. Fischer et al., 2013) it is therefore favourable to choose
sites with relatively smooth basal topography when selecting
potential drill sites for old ice cores. We discuss our simu-
lated bed topography results in the context of basal rough-
ness (Sect. 4.1), subglacial meltwater drainage (Sect. 4.2),
and geothermal heat flow (Sect. 4.3).

4.1 Basal roughness

We calculated standard deviations within a 2 km radius of
each grid cell, o2k, as a measure of basal roughness (Tay-
lor et al., 2004) for each of our ensemble simulated beds
(Fig. 4a: Sim #001), as well as the Bedmap 3 interpola-
tion (Fig. 4b) (Pritchard et al., 2025) and Bedmachine v4
(Fig. 4c) (Morlighem, 2026). The Bedmachine v4 also in-
cludes 2-30km scale topography inverted from ice surface
observations (Ockenden et al., 2026). Roughness is generally
much higher in our simulated bed compared with previous
interpolations, especially in between radar profiles (Fig. 4a—
c¢). For the Bedmap3 and Bedmachine v4 grids, respective
07 km domain means are 21 and 17 m, while domain standard
deviations are 21 and 16 m. The domain mean o5, across
our results (with ensemble 1o uncertainty estimate) is more
than double that of previous work at 53 0.2 m, reaching
maximums of 390 &7 m with domain standard deviation of
25 £ 0.2 m. Regionally averaged basal roughness is therefore
underestimated by more than 50 % in single-interpolation
based approaches.

The spatial distribution of rougher terrain in the Bedmap3
interpolation is dominated by radar data availability, as high
02km 18 located along survey profiles reaching a maximum
of 279 m with little variability in between. Roughness for the
Bedmachine v4 grid is not impacted to the same extent by
measurement availability, although some roughness patterns
appear to reflect ice surface features over the western Belgica
Highlands which probably originate from the surface inver-
sion methodology of Ockenden et al. (2026). Several radar
profiles are also still observed in the roughness map (Fig. 4c),
likely due to the inclusion of incompatible ice thickness mea-
surements in the interpolation process. This emphasises the
necessity of our rigorous measurement compatibility analy-
ses and screening steps before starting interpolation or sim-
ulation work. Our simulated beds have improved spatial dis-
tribution of basal roughness which is more consistent with
that expected of natural landscapes, with minimal impacts
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from measurement distribution on individual bed simulations
(Fig. 4a).

The pronounced anisotropy in topography in the Dome C
region also limits the reliability of ice thickness or bed sur-
faces derived using isotropic interpolation strategies, which
could mask important topographic structure by applying uni-
form smoothing in all directions in data gaps. By explic-
itly modelling and incorporating anisotropy into our stochas-
tic simulations we also increase the probability that realistic
structure is simulated in unsurveyed areas. We suggest that
future analyses relying on gridded representations of basal
topography such as ice flow and basal conditions modelling
should carefully assess sensitivity to basal roughness before
committing to using smoothed interpolations with unrealis-
tic bed roughness. Our stochastically simulated surfaces pre-
serve natural roughness patterns and could be used as more
realistic boundary conditions for modelling as well as provid-
ing a suite of equally probable inputs for sensitivity analyses
to constrain the impacts of bed elevation uncertainties.

4.2 Subglacial meltwater drainage

There are 111 locations with radar-inferred subglacial lakes
in our simulation domain (Livingstone et al., 2022), and these
occur beneath ice ranging from 2601 to 4326 m thick. Satel-
lite observations show that large volumes of meltwater can
transit through the subglacial drainage system over short
timescales, with 1.8 km> of water travelling 290 km over a
16 month period between lakes in the Adventure Trench
(Wingham et al., 2006). We modelled basal hydraulic po-
tential across the ensemble to constrain the range of possi-
ble subglacial water flow directions, meltwater routing, and
drainage basins assuming uniform basal melting. The sim-
ulated bed ensemble constrains drainage uncertainty asso-
ciated with bed elevation uncertainty, which we compare
to drainage predictions using the Bedmap 3 interpolation
(Fig. 5a and b). Subglacial drainage off the Dome C Plateau
is well-constrained, with high probability for water rout-
ing away from the plateau following ice drainage divides
and splitting water flow in either direction of the Concor-
dia Trench (Fig. 5a). Our analyses reveal uncertain drainage
divides east of Concordia Station and towards the western
extent of the Belgica Highlands, associated with large gaps
between radar survey profiles.

Concordia Lake is the largest subglacial lake within our
study area, estimated from radar profiles to be minimum
45km long and 16 km wide and containing water volumes
of 200 +40km? (Tikku et al., 2005). Water inflow to this
lake is well-constrained by the Concordia Trench, but out-
flow and downstream routing of released meltwater is not
well-constrained by radar data. Our simulations suggest that
water could drain either towards Vincennes basin or towards
Adventure Trench, and the most probable drainage basin di-
vides are to the southwest of the lake in contrast to the di-
vides predicted using Bedmap3 grids (Fig. 5b). The lack
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of strong basal topographic control over downstream water
routing suggested by limited available radar data indicates
that downstream drainage could be sensitive to migrating ice
divides, and more radar surveys are necessary to reduce the
uncertainty in water routing.

The drainage basin constrained by the western Belgica
Highlands and Concordia Ridge contains 11 subglacial lakes
with a combined radar-estimated surface area of 147 km?.
Five of these lakes are located beneath thinner ice < 3000 m
along Concordia Ridge and 6 along the valley floor where
ice can be over 3400 m thick. Our stochastic simulations con-
strain potential flow paths for a drainage system linking these
lakes and indicate that large volumes of water draining from
this basin could be routed either to the southwest similar to
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predictions using the Bedmap3 grid or 100 km further north
(Fig. 5).

The preservation of deep ice layers in undisturbed strati-
graphic sequence is sensitive to basal melt, ice flow, and
basal ice accretion (Fischer et al., 2013; Van Liefferinge and
Pattyn, 2013). Widespread subglacial lakes and meltwater
drainage activity evidence basal melting in the Dome C re-
gion and poor hydraulic connectivity between lakes could in-
crease potential for basal ice accretion, which together dis-
turb deep ice stratigraphy and limit the preservation of old
ice layers. For example, at Lake Concordia enhanced basal
melting of 4.3mma~! 427 % is predicted over most of the
lake, and 15.1 m £ 65 % of accreted ice in the northeast cor-
ner (Thoma et al., 2009). Careful consideration of the sub-
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glacial environment is required to identify targets for ice core
drill sites and our uncertainty constrained subglacial drainage
analyses identify sites with low potential for water ponding
or drainage activity (Fig. 5a and b).

4.3 Geothermal heat flow

The GHF beneath Antarctica is largely unknown, however
locally elevated GHF could impact basal conditions and ice
flow especially beneath slow-flowing ice dome regions in the
absence of frictional heat from basal sliding (Pittard et al.,
2016). Ice sheet modelling investigations to identify suitable
ice core drilling sites are also sensitive to GHF boundary con-
ditions (Sutter et al., 2019). At Dome C, region-wide means
range from 28.6+5.1 to 59.04 3.3 mWm~2 in large-scale
GHF models (An et al., 2015; Burton-Johnson et al., 2020;
Hazzard and Richards, 2023; Losing and Ebbing, 2021; Mar-
tos et al., 2017; Purucker, 2012; Shen et al., 2020; Stal et al.,
2021), and 10’s of kilometre scale spatial distributions differ
significantly between models (Fig. 6). Local GHF estimates
at the EPICA core site of 57.9 & 6.4 mW m ™2 (Talalay et al.,
2020) and 54.5 £ 3.5 (Passalacqua et al., 2017) have high un-
certainties and might not reflect regional values.

Topographic focusing of geothermal heat can redistribute
heat to local ridges or valleys, and the polarity of heat re-
fraction patterns depends on the thermal conductivity con-
trast between ice and the underlying rock (Willcocks et
al., 2021; Reading et al., 2022). The thermal conductiv-
ity of ice at depths beyond 750m is estimated between
2.0-2.8Wm~!K~! (Willcocks et al., 2021), whereas ig-
neous Antarctic bedrock ranges 1.5-4.0 Wm~!K~! in sam-
ples limited to exposed outcrops mostly near the ice mar-
gin (Willcocks et al., 2025). The geology and correspond-
ing thermal conductivity are uncertain beneath Dome C, so
as an illustrative example of how topography could impact
geothermal heat distribution we calculated an adjustment fac-
tor to account for local topographic modifications of back-
ground GHF following the simplified geostatistical approach
of Colgan et al. (2021). Since the geology is not known, we
adopt their globally averaged empirically determined averag-
ing radius of 5 km and characteristic height needed to induce
100 % change in local GHF of 950 m, using their Eq. (2) to
calculate potential magnitude and spatial patterns of heat re-
distribution. However, we recognise that the magnitude and
polarity of such modifications could be substantially differ-
ent in reality depending on the conductivity of the bed.

This calculation was done for each of the simulated beds
in our ensemble to produce a topographic adjustment factor
map, and Fig. 7a shows the ensemble median values. Sim-
ilar to the ensemble elevation uncertainty, topographic ad-
justments to GHF are more consistent close to radar pro-
files, and the map inherently displays lower confidence ad-
justment factors closer to zero since topographic features far
from data vary in location over the ensemble. Note that our
confidence in adjustment factor is based only on uncertainty
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in bed geometry, and neglects uncertainty associated with
bedrock thermal conductivity and polarity of thermal refrac-
tion, or the averaging radius and characteristic height param-
eters. Using our adopted parameterization of GHF redistri-
bution, we show that locally elevated GHF up to 30 % more
than the background value could occur within the troughs
(e.g. Adventure, Concordia), yet along ridges (e.g. Concor-
dia) local GHF could be 30 % lower (Fig. 7a and b). Be-
neath the Dome Fuji ice dome, topographic modification to
background GHF was predicted to induce widespread local
anomalies of £20 %, aggregating to raise the regional aver-
age by 0.6 % (Shackleton et al., 2023). The Dome C regional
mean values are low over the ensemble at 0.05 % £ 0.04 %,
though regional standard deviations of 0.1 % £ 0.0 % indi-
cate widespread potential for localised GHF adjustments of
3-7mW m~2 based on modelled range ca. 30-70 mW m2.

We find 80 % of the radar-inferred subglacial lake sites are
within a zone of locally elevated GHF (Fig. 7c), suggesting
that topographic modification of geothermal heat could be a
contributing factor to the spatial pattern of basal melting and
lake distributions in regions where basal ice is close to the
pressure melting point. Spatial variability in GHF at much
larger scale of 10’s of kilometres increased modelled basal
melt rates in the Aurora Basin by up to 4.5 % (McCormack
et al., 2022). Smoothed bed in data sparse regions of pre-
vious interpolations therefore limits robust assessments of
basal thermal conditions, and using realistically rough topog-
raphy should be prioritized when delineating thawed/frozen
basal ice and calculating melt rates, which will also improve
the reliability of basin-wide thermodynamical and ice flow
modelling. Given the large uncertainties and range of mod-
elled GHF near Dome C and across Antarctica, the local
topographic adjustments to GHF could be used instead to
find suitable sites for future ice coring, prioritising sites with
locally lowered GHF. Our analysis shows that the EPICA
core site could be situated in locally elevated GHF by 2 %
(Fig. 7c), whereas the new sites BELDC and MYIC are situ-
ated in a region with potentially lowered GHF by 12 %-13 %
which could be favourable for deep ice layer preservation.
Considering the impacts of uncertain bed geometry alone,
variability over the ensemble is less than 0.08 % for all ice
core sites since they are generally close to radar data. Bore-
hole GHF estimates should also be adjusted to account for
the potential range of local topographic modifications before
extrapolating over a larger region.

5 Conclusions

New airborne radar surveys uncover previously unmapped
sectors of the Belgica Highlands, and we used a rigorous
approach to integrating new observations with available ice
thickness data near Dome C. Our measurement compatibil-
ity analysis guided strict filtering procedures, and we find
that rigorous quality screening and cross-validation to in-
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tegrate new measurements with existing data is crucial for
characterising basal roughness. This process is a necessary
pre-requisite for reliable gridding or simulating of bed topog-
raphy to minimize the impact that nearby inconsistent mea-
surements have on spatial statistics. Our simulated bed has
improved representation of basal roughness in data sparse
regions, with region-wide means more than double those of
previous work and spatial patterns free from the influence of
radar survey geometry. The ensemble simulation approach
for mapping elevation uncertainty accounts for the combined
influence of data density and local bed roughness characteris-
tics, producing higher uncertainties where measurements are
sparse and the terrain is rough. Domain-mean bed elevation
uncertainty is 53 m and reaches 260 m in data-sparse regions,
however, near the BELDC and MYIC ice core sites dense
radar coverage constrains elevation uncertainty effectively to
zero at a 500 m grid scale.

Subglacial drainage analyses using ensemble simulated
bed identify well-constrained drainage away from the Dome
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C Plateau, but poorly constrained outflow from Concordia
Lake and western Belgica Highlands drainage basin. These
uncertainties impact predictions of subglacial lake connec-
tivity and downstream water transport, highlighting locations
where additional radar surveys are required to adequately
constrain subglacial drainage. Our work also reveals poten-
tial patterns of local topographic modifications to regional
GHEF, which could be critical to delineating thawed/frozen
bed, locating suitable sites for ice core drilling, and interpret-
ing retrieved cores and borehole measurements/modelling in-
vestigations. We identify locations where local bed topogra-
phy could lower GHF by up to 30 % of the regional value,
and the MYIC and BELDC ice core drilling sites are within
a zone of locally lowered GHF by 12 % which could be
favourable for preserving deep ice layer continuity. Topo-
graphic focussing of geothermal heat could enhance basal
melting in many trough locations and exert a control over
the distribution of subglacial lakes; our analysis shows most
radar-inferred subglacial lakes occurring in a region where
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we predict locally elevated GHF. Given the large spread
among continental-scale GHF models, we suggest that lo-
cally resolved topographic adjustments to GHF provide an
independent and complementary constraint on spatial vari-
ability in basal conditions.

Our study emphasizes that the physical realism of Antarc-
tic subglacial boundary conditions depends on capturing the
inherent variability and anisotropy of the bed. These prop-
erties are currently obscured in widely used Antarctic bed
products due to smoothing from isotropic deterministic in-
terpolation, which limits their reliability for use in ice-sheet
and subglacial environment modelling. Survey design should
capture directional anisotropy by acquiring profiles along
multiple azimuths, extending beyond traditional along- and
across-flow transects, while gridded products should priori-
tize simulation-based approaches that maintain realistic spa-
tial continuity in data-sparse regions. By resolving variability
at scales relevant to basal processes and adopting ensemble-
based topography, the community can more effectively prop-
agate measurement and interpolation uncertainties into sub-
sequent ice-sheet and subglacial environment analyses.
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Figure Al. Consistency between individual radar surveys and all other surrounding data. Each figure panel shows a map with 50 m radius
crossover points as an X coloured according to the difference in value (Red-Blue colormap). Survey track is shown as a grey line and all
other survey tracks are shown as yellow lines. The adjacent histograms show the differences in value between each intersecting survey as
a probability density function, with the upper plot showing detailed differences within £150 m and lower plot showing the full range of
crossover differences. A legend for the histograms is shown to the right with some summary statistics for overall differences between the
survey and surrounding measurements.
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Table A1l. Radar-derived ice thickness datasets used. BAS = British Antarctic Survey, BE-OI = Beyond EPICA Oldest Ice, KOPRI = Korea Polar Research Institute, UA = University
of Alabama, DTU = The Technical University of Denmark, CPH = University of Copenhagen, AWI = Alfred Wegener Institute, AAD = Australian Antarctic Division, INGV = Istituto
Nazionale di Geofisica e Vulcanologia, UTIG = University of Texas Institute for Geophysics, NASA = National Aeronautics and Space Administration, PRIC = Polar Research Institute
of China, LDEO = Lamont Doherty Earth Observatory, CReSIS = Center for Remote Sensing of Ice Sheets.

# Name Institution Survey/Project System Source/DOI/Key reference Filtering Notes™
1 AWI_2007_ANTR_AIR_BM?2 AWI Dronning Maud Land; AWI EMR Steinhage et al. (2023)
Princess Elizabeth Land; https://doi.org/10.1594/PANGAEA.957066
Dome A; Dome C Winter et al. (2019)
https://doi.org/10.5194/essd-11-1069-2019
2 BAS_2005_WISE-ISODYN_AIR_BM2 BAS Wilkes Subglacial Basin ~ PASIN Ferraccioli et al. (2023) Filtered out data within 0.2 km of surveys
(WISE-ISODYN) https://doi.org/10.5285/59e5a6f5-e67d-4a05- #9 and #11 due to inconsistencies.
99af-30f656569401
https://doi.org/10.5194/essd-14-3379-2022
3 BEDMAPI1_1966-2000_AIR_BM1 Various Various Various Frémand et al. (2023) Filtered out data along 5 manually
https://doi.org/10.5194/essd-15-2695-2023 supplied lines due to inconsistencies with
surrounding data. Also filtered out data
within 10 km of more recent data.
4 BEOI_2016-2018_LDC_DELORES BAS BE-OI DELORES Mulvaney et al. (2023) Filtered out data along 1 manually
https://doi.org/10.1594/PANGAEA 963474 supplied line due to inconsistencies with
surrounding data.
5 BEOI_2019_LDC_VHF UA/CPH/AWI  BE-OI VHF Chung et al. (2023c)
https://doi.org/10.1594/PANGAEA.957461
Lilien et al. (2021)
https://zenodo.org/records/4687049
6 DTU_2024 DTU ICESAR2024 and POLARIS Kusk (2026)
ICECAP https://doi.org/10.11583/DTU.32685036
7 INGV_1997_ITASE_AIR_BM?2 INGV Talos Dome; Oats Land INGV-IT Frezzotti et al. (2004) Filtered out data within 0.2 km of surveys
(ITASE) GlacioRadar https://doi.org/10.3189/172756404781814591 #8, #9, #10 due to duplicated data.
8 INGV_1997_Talos-Dome_AIR_BM3 INGV Talos Dome; Terre INGV-IT Bianchi et al. (2009)
Adelie GlacioRadar https://doi.org/10.4401/ag-3471
9 INGV_1999_Talos-Dome_AIR_BM3 INGV Talos Dome; Terre INGV-IT Bianchi et al. (2009)
Adelie GlacioRadar https://doi.org/10.4401/ag-3471
10 INGV_2001_Talos-Dome_AIR_BM3 INGV Talos Dome; Oats Land INGV-IT Frémand et al. (2023)
GlacioRadar https://doi.org/10.5194/essd-15-2695-2023
11 INGV_2003_Talos-Dome_AIR_BM3 INGV Talos Dome; Queen INGV-IT Frémand et al. (2023)
Mary Land; Terre Adelie ~ GlacioRadar https://doi.org/10.5194/essd-15-2695-2023
12 KOPRI_UA_2023 KOPRI/UA Belgica Highlands UWB IPR Ju et al. (2026) Filtered out data along 1 manually

https://doi.org/10.22663/KOPRIKPDC-00003141.3 supplied line due to inconsistencies with

surrounding data.
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elling and stochastic simulation is available at: https:
/lgithub.com/calvinshackleton/DomeC-BedElevation.git (last
access: 11 November 2026) (Shackleton, 2026), which are based
on tools from open-source python software: Verde (Uieda, 2018),
GeoStatsPy (Pyrcz et al., 2021), SciKit Gstat (Milicke et al., 2021),
GStatSim (MacKie et al., 2023).

Data availability. Appendix animation A, as well as ensem-
ble grids of simulated ice thickness, bed elevation, and
local topographic adjustments to geothermal heat flow are
available as GeoTIFFs from the Norwegian Polar Data Cen-
tre  via:  https://doi.org/10.21334/NPOLAR.2026.DOSBFE78
(Shackleton and Matsuoka, 2026). The ice penetrating
radar data from the KOPRI-UA survey are available here:
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are available here: https://doi.org/10.11583/DTU.32685036 (Kusk,
2026).

Author contributions. CS and KM conceptualized the study, devel-
oped the methodology, and wrote the manuscript. CS carried out the
analysis, wrote the workflow code, and performed the simulations.
BE, JL, AR, PG, DT, HTJ, CC, and CS contributed to the collection
and processing of the KOPRI/UA radar data. JD and AK contributed
to the collection and processing of the DTU radar data. All authors
contributed to the preparation of the final manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Special issue statement. This article is part of the special issue
“Oldest Ice: finding and interpreting climate proxies in ice older
than 700 000 years (TC/CP/ESSD inter-journal SI)”. It is not asso-
ciated with a conference.

Acknowledgements. This research was supported by funding from
Korea Institute of Marine Science & Technology Promotion
(KIMST) grant funded by the Ministry of Oceans and Fisheries
(KIMST RS-2026-25521468 and PE26080), and Research Coun-
cil of Norway (FRINATEK 315246). The Technical University
of Denmark acquired POLARIS data under ESA Contract no.
4000144378/23/NL/CT, supported by the European Space Agency
(ESA), Australian Antarctic Division, and Institut Polaire Francais

The Cryosphere, 20, 6477-6500, 2026

Paul Emile Victor. Computing resources from Sigma2 — the Na-
tional Infrastructure for High-Performance Computing and Data
Storage in Norway were utilised in this work through project
NN10061K. We thank the handling editor Yuzhen Yan and review-
ers Tobias Stal and Shuai Yan for their reviews of this work which
helped to improve the final manuscript. We also acknowledge the
many researchers, institutions, and national Antarctic programmes
who have contributed ice thickness data to the Bedmap Database
and appreciate the community commitment to open data and soft-
ware sharing which is essential for advancing Antarctic science. The
Norwegian Polar Institute contribution forms part of the EU Hori-
zon 2020 Beyond EPICA Oldest Ice Core (BE-OIC) project (Grant
815384). This is BE-OI contribution number 53.

Financial support. This research has been supported by the Ko-
rea Institute of Marine Science and Technology promotion (grant
no. RS-2026-25521468 and PE26080), the Norges Forskningsrad
(grant no. FRINATEK 315246), the European Space Agency (grant
no. 4000144378/23/NL/CT), and the European Commission, Hori-
zon 2020 (grant no. 815384).

Review statement. This paper was edited by Yuzhen Yan and re-
viewed by Shuai Yan and Tobias Stal.

References

An, M., Wiens, D. A., Zhao, Y., Feng, M., Nyblade, A., Kanao, M.,
Li, M., Maggi, A., and Lévéque, J.: Temperature, lithosphere-
asthenosphere boundary, and heat flux beneath the Antarctic
Plate inferred from seismic velocities, J. Geophys. Res.-Sol. Ea.,
120, 8720-8742, https://doi.org/10.1002/2015JB011917, 2015.

Awasthi, A., Taylor, D., Kolpuke, S., Reyhanigalangashi,
0., Vanderburgh, L., Elluru, D., O’Neill, C., Chung, C.,
Lee, L., and Gogineni, P. High-sensitivity transceiver
for airborne ultra-wideband radio echo sounding of po-
lar regions, 2022 IEEE Microwaves, Antennas, and
Propagation Conference (MAPCON), Bangalore, India,
https://doi.org/10.1109/MAPCON56011.2022.10047249, 2022.

Bartos, M.: pysheds. Python, Zenodo,
https://doi.org/10.5281/zenodo.3822494, 2020.

Berends, C. J., Kohler, P, Lourens, L. J., and van de Wal, R. S. W.:
On the Cause of the Mid-Pleistocene Transition, Rev. Geophys.,
59, e€2020RG000727, https://doi.org/10.1029/2020RG000727,
2021.

Bianchi, C., Cafarella, L., De Michelis, P., Forieri, A., Frezzotti,
M., Tabacco, 1. E., and Zirizzotti, A.: Radio Echo Sound-
ing (RES) Investigations at Talos Dome (East Antarctica):
Bedrock Topography and Ice Thickness, Ann. Geophys., 46,
https://doi.org/10.4401/ag-3471, 2009.

Blankenship, D. D., Carter, S. P., and Holt, J. W.: Antarctic Sub-
glacial Lake Classification Inventory, U.S. Antarctic Program
(USAP) Data Center, https://doi.org/10.7265/N5SCN71VX, 2009.

Blankenship, D. D., Kempf, S. D., Young, D. A., Richter, T. G.,
Schroeder, D. M., Greenbaum, J. S., Holt, J. W., van Ommen,
T., Warner, R. C., Roberts, J. L., Young, N. W., Lemeur, E., and
Siegert, M. J.: IceBridge HiCARS 1 L2 Geolocated Ice Thick-

https://doi.org/10.5194/tc-20-6477-2026


https://github.com/calvinshackleton/DomeC-BedElevation.git
https://github.com/calvinshackleton/DomeC-BedElevation.git
https://doi.org/10.21334/NPOLAR.2026.D05BFE78
https://doi.org/10.22663/KOPRI-KPDC-00003141
https://doi.org/10.11583/DTU.32685036
https://doi.org/10.1002/2015JB011917
https://doi.org/10.1109/MAPCON56011.2022.10047249
https://doi.org/10.5281/zenodo.3822494
https://doi.org/10.1029/2020RG000727
https://doi.org/10.4401/ag-3471
https://doi.org/10.7265/N5CN71VX

C. Shackleton et al.: Improved subglacial boundary conditions near Dome C, Antarctica 6497

ness (IR1HI2, Version 1), NASA National Snow and Ice Data
Center Distributed Active Archive Center [data set], Boulder,
Colorado USA, https://doi.org/10.5067/FSFGUT9F5089, 2011.

Blankenship, D. D., Kempf, S. D., Young, D. A., Richter,
T. G., Schroeder, D. M., Greenbaum, J. S., van Ommen,
T., Warner, R. C., Roberts, J. L., Young, N. W., Lemeur,
E., Siegert, M. J., and Holt, J. W.: IceBridge HiCARS 1
L1B Time-Tagged Echo Strength Profiles (IR1HI1B, Version
1), NASA National Snow and Ice Data Center Distributed
Active Archive Center [data set], Boulder, Colorado USA,
https://doi.org/10.5067/W2KXX0MYNIJ9G, 2017.

Blankenship, D. D., Kempf, S. D., and Young, D. A.: Sup-
port Office for Airborne Research 1km sampled ice thick-
ness data, U. S. Antarctic Program (USAP) Data Center,
https://doi.org/10.15784/601588, 2022.

Burton-Johnson, A., Dziadek, R., and Martin, C.: Review article:
Geothermal heat flow in Antarctica: current and future directions,
The Cryosphere, 14, 3843-3873, https://doi.org/10.5194/tc-14-
3843-2020, 2020.

Cavitte, M. G. P, Young, D. A., Mulvaney, R., Ritz, C., Greenbaum,
J., Ng, G., Kempf, S.D., Quartini, E., Muldoon, G. R., Paden, J.,
Frezzotti, M., Roberts, J., Tozer, C., Schroeder, D., and Blanken-
ship, D. D.: Ice penetrating radar internal stratigraphy over Dome
C and the wider East Antarctic Plateau, U.S. Antarctic Program
Data Center [data set], https://doi.org/10.15784/601411, 2020.

Chung, A., Parrenin, F.,, Steinhage, D., Mulvaney, R., Martin,
C., Cavitte, M. G. P, Lilien, D. A., Helm, V., Taylor, D.,
Gogineni, P., Ritz, C., Frezzotti, M., O’Neill, C., Miller, H.,
Dahl-Jensen, D., and Eisen, O.: Internal reflecting horizons
at Little Dome C, Antarctica, PANGAEA [application/zip],
https://doi.org/10.1594/PANGAEA.957176, 2023a.

Chung, A., Parrenin, F., Steinhage, D., Mulvaney, R., Martin, C.,
Cavitte, M. G. P, Lilien, D. A., Helm, V., Taylor, D., Gogi-
neni, P, Ritz, C., Frezzotti, M., O’Neill, C., Miller, H., Dahl-
Jensen, D., and Eisen, O.: Stagnant ice and age modelling in
the Dome C region, Antarctica, The Cryosphere, 17, 3461-3483,
https://doi.org/10.5194/tc-17-3461-2023, 2023b.

Chung, A., Parrenin, F., Steinhage, D., Mulvaney, R., Martin, C.,
Cavitte, M., Lilien, D., Helm, V., Taylor, D., Gogineni, P, Ritz,
C., Frezzotti, M., O’Neill, C., Miller, H., Dahl-Jensen, D., and
Eisen, O.: Bedrock at Little Dome C, Antarctica, PANGAEA
[data set], https://doi.org/10.1594/PANGAEA.957461, 2023c.

Cianfarra, P., Forieri, A., Salvini, F., Tabacco, I. E., and Zi-
rizotti, A.: Geological setting of the Concordia Trench-Lake
system in East Antarctica, Geophys. J. Int., 177, 1305-1314,
https://doi.org/10.1111/j.1365-246X.2009.04123.x, 2009.

Colgan, W., MacGregor, J. A., Mankoff, K. D., Haagenson, R., Ra-
jaram, H., Martos, Y. M., Morlighem, M., Fahnestock, M. A.,
and Kjeldsen, K. K.: Topographic Correction of Geothermal Heat
Flux in Greenland and Antarctica, J. Geophys. Res.-Earth, 126,
https://doi.org/10.1029/2020JF005598, 2021.

Cuffey, K. M. and Paterson, W. S. B.: The Physics of Glaciers, 4th
edn., Elsevier, ISBN: 9780080919126, 2010.

Dall, J., Kristensen, S. S., Krozer, V., Herndndez, C. C., Vidkjer,
J., Kusk, A., Balling, J. E., Skou, N., Sgbjerg, S. S., and Chris-
tensen, E. L.: ESA’S POLarimetric Airborne Radar Ice Sounder
(POLARIS): design and first results, IET Radar Sonar Nav., 4,
488-496, https://doi.org/10.1049/iet-rsn.2009.0035, 2010.

https://doi.org/10.5194/tc-20-6477-2026

Dall, J., Nielsen, U., Kusk, A., and van de Wal, R. S.
W.: Ice flow mapping with P-band SAR, in: Proceed-
ings of the IEEE 2013 International Geoscience and Re-
mote Sensing Symposium, Melbourne, July 2013, 4 pp.,
https://doi.org/10.1109/IGARSS.2013.6721139, 2013.

Deutsch, C. V. and Journel, A. G.: GSLIB: Geostatistical software
library and user guide, 2nd edn., Oxford University Press, New
York, https://doi.org/10.1017/S0016756899531774, 1997.

Drewry, D. J., Jordan, S. R., and Jankowski, E.: Measured Proper-
ties of the Antarctic Ice Sheet: Surface Configuration, Ice Thick-
ness, Volume and Bedrock Characteristics, Ann. Glaciol., 3, 83—
91, https://doi.org/10.3189/S0260305500002573, 1982.

Ferraccioli, F., Corr, H., Jordan, T., Robinson, C., Armadillo,
E., and Armadillo, G.: Airborne radar bed elevation picks
across the Wilkes Subglacial Basin, 2005-2006, Polar
Data Centre, Natural Environment Research Council, UK
[data set], https://doi.org/10.5285/59e5a6f5-e67d-4a05-99af-
30656569401, 2018.

Fischer, H., Severinghaus, J., Brook, E., Wolff, E., Albert, M.,
Alemany, O., Arthern, R., Bentley, C., Blankenship, D., Chap-
pellaz, J., Creyts, T., Dahl-Jensen, D., Dinn, M., Frezzotti, M.,
Fujita, S., Gallee, H., Hindmarsh, R., Hudspeth, D., Jugie, G.,
Kawamura, K., Lipenkov, V., Miller, H., Mulvaney, R., Parrenin,
F., Pattyn, F., Ritz, C., Schwander, J., Steinhage, D., van Om-
men, T., and Wilhelms, F.: Where to find 1.5 million yr old ice
for the IPICS “Oldest-Ice” ice core, Clim. Past, 9, 2489-2505,
https://doi.org/10.5194/cp-9-2489-2013, 2013.

Forieri, A., Zuccoli, L., Bini, A., Zirizzotti, A., Remy, F., and
Tabacco, I. E.: New bedrock map of Dome C, Antarctica, and
morphostructural interpretation of the area, Ann. Glaciol., 39,
321-325, https://doi.org/10.3189/172756404781814456, 2004.

Frémand, A. C., Fretwell, P, Bodart, J. A., Pritchard, H. D.,
Aitken, A., Bamber, J. L., Bell, R., Bianchi, C., Bingham, R.
G., Blankenship, D. D., Casassa, G., Catania, G., Christianson,
K., Conway, H., Corr, H. F. J., Cui, X., Damaske, D., Damm,
V., Drews, R., Eagles, G., Eisen, O., Eisermann, H., Ferracci-
oli, F, Field, E., Forsberg, R., Franke, S., Fujita, S., Gim, Y.,
Goel, V., Gogineni, S. P,, Greenbaum, J., Hills, B., Hindmarsh,
R. C. A., Hoffman, A. O., Holmlund, P., Holschuh, N., Holt, J.
W., Horlings, A. N., Humbert, A., Jacobel, R. W., Jansen, D.,
Jenkins, A., Jokat, W., Jordan, T., King, E., Kohler, J., Krabill,
W., Kusk Gillespie, M., Langley, K., Lee, J., Leitchenkov, G.,
Leuschen, C., Luyendyk, B., MacGregor, J., MacKie, E., Mat-
suoka, K., Morlighem, M., Mouginot, J., Nitsche, F. O., Nogi,
Y., Nost, O. A., Paden, J., Pattyn, F., Popov, S. V., Rignot,
E., Rippin, D. M., Rivera, A., Roberts, J., Ross, N., Ruppel,
A., Schroeder, D. M., Siegert, M. J., Smith, A. M., Steinhage,
D., Studinger, M., Sun, B., Tabacco, L., Tinto, K., Urbini, S.,
Vaughan, D., Welch, B. C., Wilson, D. S., Young, D. A., and
Zirizzotti, A.: Antarctic Bedmap data: Findable, Accessible, In-
teroperable, and Reusable (FAIR) sharing of 60 years of ice bed,
surface, and thickness data, Earth Syst. Sci. Data, 15,2695-2710,
https://doi.org/10.5194/essd-15-2695-2023, 2023.

Frezzotti, M., Bitelli, G., De Michelis, P., Deponti, A., Fori-
eri, A., Gandolfi, S., Maggi, V., Mancini, F.,, Remy, F., To-
bacco, 1. E., Urbini, S., Vittuari, L., and Zirizzotti, A.: Geo-
physical survey at Talos Dome, East Antarctica: the search
for a new deep-drilling site, Ann. Glaciol., 39, 423-432,
https://doi.org/10.3189/172756404781814591, 2004.

The Cryosphere, 20, 6477-6500, 2026


https://doi.org/10.5067/F5FGUT9F5089
https://doi.org/10.5067/W2KXX0MYNJ9G
https://doi.org/10.15784/601588
https://doi.org/10.5194/tc-14-3843-2020
https://doi.org/10.5194/tc-14-3843-2020
https://doi.org/10.15784/601411
https://doi.org/10.1594/PANGAEA.957176
https://doi.org/10.5194/tc-17-3461-2023
https://doi.org/10.1594/PANGAEA.957461
https://doi.org/10.1111/j.1365-246X.2009.04123.x
https://doi.org/10.1029/2020JF005598
https://doi.org/10.1049/iet-rsn.2009.0035
https://doi.org/10.1109/IGARSS.2013.6721139
https://doi.org/10.1017/S0016756899531774
https://doi.org/10.3189/S0260305500002573
https://doi.org/10.5285/59e5a6f5-e67d-4a05-99af-30f656569401
https://doi.org/10.5285/59e5a6f5-e67d-4a05-99af-30f656569401
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.3189/172756404781814456
https://doi.org/10.5194/essd-15-2695-2023
https://doi.org/10.3189/172756404781814591

6498

Hazzard, J. A. N. and Richards, F. D.: Antarctic Geothermal Heat
Flow, Crustal Conductivity and Heat Production Inferred From
Seismological Data, https://eartharxiv.org/repository/view/5939/
(last access: 11 November 2026), 2023.

Howat, I. M., Porter, C., Smith, B. E., Noh, M.-J., and Morin, P.:
The Reference Elevation Model of Antarctica, The Cryosphere,
13, 665674, https://doi.org/10.5194/tc-13-665-2019, 2019.

Hyeon, T.J., Lee, J., Chung, C., Lee, K., Matsuoka, K., Shackleton,
C., Fraysher, B., Rapadas, A., Gogineni, P. and Taylor, D.: Ice
penetrating radar (IPR) result image near Dome C in 2023/24
season, Korea Polar Data Center [data set], 2026.

Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd,
S., Hoffmann, G., Minster, B., Nouet, J., Barnola, J. M.,
Chappellaz, J., Fischer, H., Gallet, J. C., Johnsen, S., Leuen-
berger, M., Loulergue, L., Luethi, D., Oerter, H., Parrenin, F.,
Raisbeck, G., Raynaud, D., Schilt, A., Schwander, J., Selmo,
E., Souchez, R., Spahni, R., Stauffer, B., Steffensen, J. P,
Stenni, B., Stocker, T. F., Tison, J. L., Werner, M., and
Wolff, E. W.: Orbital and Millennial Antarctic Climate Vari-
ability over the Past 800000 Years, Science, 317, 793-796,
https://doi.org/10.1126/science.1141038, 2007.

Ju, H. T, Lee, J., Chung, C., Lee, K., Matsuoka, K., Shack-
leton, C., Fraysher, B., Rapadas, A., Gogineni, P, and Tay-
lor, D.: Ice penetrating radar (IPR) result image near Dome
C in 2023/24 season, Korea Polar Data Center [data set],
https://doi.org/10.22663/KOPRI-KPDC-00003141.3, 2026.

Kusk, A.: Dome C ice thickness measurements
from POLARIS, DTU Data Center [data set],
https://doi.org/10.11583/DTU.32685036, 2026.

Kusk, A. and Dall, J.: SAR focusing of P-band ice sound-
ing data using back-projection, in: Proceedings of the
IEEE 2010 International Geoscience and Remote Sens-
ing Symposium, Honolulu, July 2010, 40714074,
https://doi.org/10.1109/IGARSS.2010.5651038, 2010.

Law, R., Christoffersen, P., MacKie, E., Cook, S., Haseloff, M.,
and Gagliardini, O.: Complex motion of Greenland Ice Sheet
outlet glaciers with basal temperate ice, Science Advances, 9,
eabq5180, https://doi.org/10.1126/sciadv.abq5180, 2023.

Lee, J. S., Jurkevich, L., Dewaele, P., Wambacq, P., and Oost-
erlinck, A.: Speckle filtering of synthetic aperture radar
images: A review, Remote Sensing Reviews, 8, 313-340,
https://doi.org/10.1080/02757259409532206, 1994.

Lilien, D., Steinhage, D., Taylor, D., Yan, J.-B., O’Neill, C., Miller,
H., Gogineni, P., Dahl-Jensen, D., and Eisen, O.: VHF Radio
Echo Sounding from Dome C to Little Dome C, Zenodo [data
set], https://zenodo.org/records/468704, 2021.

Lisiecki, L. E. and Raymo, M. E.: A Pliocene-Pleistocene stack of
57 globally distributed benthic 8180 records, Paleoceanography,
20, 1-17, https://doi.org/10.1029/2004PA001071, 2005.

Livingstone, S. J., Li, Y., Rutishauser, A., Sanderson, R. J., Win-
ter, K., Mikucki, J. A., Bjornsson, H., Bowling, J. S., Chu, W.,
Dow, C. F., Fricker, H. A., McMillan, M., Ng, F. S. L., Ross, N.,
Siegert, M. J., Siegfried, M., and Sole, A. J.: Subglacial lakes
and their changing role in a warming climate, Nature Reviews
Earth & Environment, 1-19, https://doi.org/10.1038/s43017-
021-00246-9, 2022.

Losing, M. and Ebbing, J.: Predicting Geothermal Heat
Flow in Antarctica with a Machine Learning Ap-

The Cryosphere, 20, 6477-6500, 2026

C. Shackleton et al.: Improved subglacial boundary conditions near Dome C, Antarctica

proach, J. Geophys. Res.-Sol. Ea., 126, e2020JB021499,
https://doi.org/10.1029/2020JB021499, 2021.

Liithi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M.,
Siegenthaler, U., Raynaud, D., Jouzel, J., Fischer, H., Kawamura,
K., and Stocker, T. E.: High-resolution carbon dioxide concentra-
tion record 650 000-800 000 years before present, Nature, 453,
379-382, https://doi.org/10.1038/nature06949, 2008.

MacGregor, J. A., Boisvert, L. N., Medley, B., Petty, A. A., Har-
beck, J. P., Bell, R. E., Blair, J. B., Blanchard-Wrigglesworth, E.,
Buckley, E. M., Christoffersen, M. S., Cochran, J. R., Csathd,
B. M., De Marco, E. L., Dominguez, R. T., Fahnestock, M. A.,
Farrell, S. L., Gogineni, S. P., Greenbaum, J. S., Hansen, C.
M., Hofton, M. A., Holt, J. W., Jezek, K. C., Koenig, L. S.,
Kurtz, N. T., Kwok, R., Larsen, C. F., Leuschen, C. J., Locke,
C. D., Manizade, S. S., Martin, S., Neumann, T. A., Nowicki,
S. M. J., Paden, J. D., Richter-Menge, J. A., Rignot, E. J.,
Rodriguez- Morales, F., Siegfried, M. R., Smith, B. E., Son-
ntag, J. G., Studinger, M., Tinto, K. J., Truffer, M., Wagner,
T. P., Woods, J. E., Young, D. A., and Yungel, J. K.: The sci-
entific legacy of NASA’s Operation IceBridge, Rev. Geophys.,
59, e€2020RG000712, https://doi.org/10.1029/2020RG000712,
2021.

MacKie, E. J., Schroeder, D. M., Caers, J., Siegfried, M.
R., and Scheidt, C.: Antarctic Topographic Realizations
and Geostatistical Modeling Used to Map Subglacial
Lakes, J. Geophys. Res.-Earth, 125, e2019JF005420,
https://doi.org/10.1029/2019JF005420, 2020.

MacKie, E. J., Schroeder, D. M., Zuo, C., Yin, Z., and Caers, J.:
Stochastic modeling of subglacial topography exposes uncer-
tainty in water routing at Jakobshavn Glacier, J. Glaciol., 67, 75—
83, https://doi.org/10.1017/jog.2020.84, 2021.

MacKie, E. J., Field, M., Wang, L., Yin, Z., Schoedl, N., Hi-
bbs, M., and Zhang, A.: GStatSim V1.0: a Python package for
geostatistical interpolation and conditional simulation, Geosci.
Model Dev., 16, 3765-3783, https://doi.org/10.5194/gmd-16-
3765-2023, 2023.

Milicke, M., Moller, E., Schneider, H. D., and Miiller,
S.:  mmaelicke/scikit-gstat: A scipy flavoured geo-
statistical variogram analysis toolbox, Zenodo,
https://doi.org/10.5281/zenodo.4835779, 2021.

Martos, Y. M., Cataldn, M., Jordan, T. A., Golynsky, A., Golyn-
sky, D., Eagles, G., and Vaughan, D. G.: Heat Flux Distribution
of Antarctica Unveiled, Geophys. Res. Lett., 44, 11417-11426,
https://doi.org/10.1002/2017GL0O75609, 2017.

McCormack, F. S., Roberts, J. L., Dow, C. F.,, Stal, T., Halpin,
J. A., Reading, A. M., and Siegert, M. J.: Fine-Scale Geother-
mal Heat Flow in Antarctica Can Increase Simulated Subglacial
Melt Estimates, Geophys. Res. Lett., 49, €2022GL098539,
https://doi.org/10.1029/2022GL098539, 2022.

McCormack, F. S., Stal, T., Shao, N., MacKie, E., Fabela Hino-
josa, A., Losing, M., Roberts, J., Ehrenfeucht, S., and Dow,
C.: Synthetic bed topographies for Antarctica and their utility
in ice sheet modelling, Philos. T. Roy. Soc. A, 384, 20240537,
https://doi.org/10.1098/rsta.2024.0537, 2026.

Morlighem, @ M.: MEaSUREs BedMachine  Antarctica,
Version 4, NASA National Snow and Ice Data Cen-
ter Distributed Active Archive Center [data set],
https://doi.org/10.5067/POJQIS4A45HX, 2026.

https://doi.org/10.5194/tc-20-6477-2026


https://eartharxiv.org/repository/view/5939/
https://doi.org/10.5194/tc-13-665-2019
https://doi.org/10.1126/science.1141038
https://doi.org/10.22663/KOPRI-KPDC-00003141.3
https://doi.org/10.11583/DTU.32685036
https://doi.org/10.1109/IGARSS.2010.5651038
https://doi.org/10.1126/sciadv.abq5180
https://doi.org/10.1080/02757259409532206
https://zenodo.org/records/468704
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1038/s43017-021-00246-9
https://doi.org/10.1038/s43017-021-00246-9
https://doi.org/10.1029/2020JB021499
https://doi.org/10.1038/nature06949
https://doi.org/10.1029/2020RG000712
https://doi.org/10.1029/2019JF005420
https://doi.org/10.1017/jog.2020.84
https://doi.org/10.5194/gmd-16-3765-2023
https://doi.org/10.5194/gmd-16-3765-2023
https://doi.org/10.5281/zenodo.4835779
https://doi.org/10.1002/2017GL075609
https://doi.org/10.1029/2022GL098539
https://doi.org/10.1098/rsta.2024.0537
https://doi.org/10.5067/POJQI54A45HX

C. Shackleton et al.: Improved subglacial boundary conditions near Dome C, Antarctica

Mulvaney, R., Frezzotti, M., Ritz, C., Martin, C., Rix, J., and Chung,
A.: Bedrock in the Dome C region of Antarctica, PANGAEA
[data set], https://doi.org/10.1594/PANGAEA.963474, 2023.

Nielsen, U. and Dall, J.: Direction-of-Arrival estimation for radar
ice sounding surface clutter suppression, IEEE T. Geosci. Re-
mote, 53, 5170-5179, 2015.

Ockenden, H., Bingham, R. G., Goldberg, D., Curtis, A.,
and Morlighem, M.: Complex mesoscale landscapes be-
neath Antarctica mapped from space, Science, 391, 314-319,
https://doi.org/10.1126/science.ady2532, 2026.

Oswald, G. K. A. and Robin, G. D. Q.: Lakes beneath the Antarctic
ice sheet, Nature, 245, 251-254, 1973.

Parrenin, F.,, Cavitte, M. G. P, Blankenship, D. D., Chappellaz,
J., Fischer, H., Gagliardini, O., Masson-Delmotte, V., Passalac-
qua, O., Ritz, C., Roberts, J., Siegert, M. J., and Young, D. A.:
Is there 1.5-million-year-old ice near Dome C, Antarctica?, The
Cryosphere, 11, 2427-2437, https://doi.org/10.5194/tc-11-2427-
2017, 2017.

Passalacqua, O., Ritz, C., Parrenin, F., Urbini, S., and Frezzotti,
M.: Geothermal flux and basal melt rate in the Dome C re-
gion inferred from radar reflectivity and heat modelling, The
Cryosphere, 11, 2231-2246, https://doi.org/10.5194/tc-11-2231-
2017, 2017.

Pittard, M. L., Galton-Fenzi, B. K., Roberts, J. L., and Watson,
C. S.: Organization of ice flow by localized regions of ele-
vated geothermal heat flux, Geophys. Res. Lett., 43, 3342-3350,
https://doi.org/10.1002/2016GL068436, 2016.

Pritchard, H. D., Fretwell, P. T., Fremand, A. C., Bodart, J. A.,
Kirkham, J. D., Aitken, A., Bamber, J., Bell, R., Bianchi, C.,
Bingham, R. G., Blankenship, D. D., Casassa, G., Christianson,
K., Conway, H., Corr, H. F. J., Cui, X., Damaske, D., Damm,
V., Dorschel, B., Drews, R., Eagles, G., Eisen, O., Eisermann,
H., Ferraccioli, F, Field, E., Forsberg, R., Franke, S., Goel, V.,
Gogineni, S. P., Greenbaum, J., Hills, B., Hindmarsh, R. C. A,
Hoffman, A. O., Holschuh, N., Holt, J. W., Humbert, A., Jaco-
bel, R. W., Jansen, D., Jenkins, A., Jokat, W., Jong, L., Jordan,
T. A, King, E. C., Kohler, J., Krabill, W., Maton, J., Kusk Gille-
spie, M., Langley, K., Lee, J., Leitchenkov, G., Leuschen, C.,
Luyendyk, B., MacGregor, J. A., MacKie, E., Moholdt, G., Mat-
suoka, K., Morlighem, M., Mouginot, J., Nitsche, F. O., Nost, O.
A., Paden, J., Pattyn, E., Popov, S., Rignot, E., Rippin, D. M.,
Rivera, A., Roberts, J. L., Ross, N., Ruppel, A., Schroeder, D.
M., Siegert, M. J., Smith, A. M., Steinhage, D., Studinger, M.,
Sun, B., Tabacco, I., Tinto, K. J., Urbini, S., Vaughan, D. G., Wil-
son, D. S., Young, D. A., and Zirizzotti, A.: Bedmap3 updated ice
bed, surface and thickness gridded datasets for Antarctica, Scien-
tific Data, 12, 414, https://doi.org/10.1038/s41597-025-04672-y,
2025.

Purucker, M.: Geothermal heat flux data set based on low reso-
lution observations collected by the CHAMP satellite between
2000 and 2010, and produced from the MF-6 model following
the technique described in Fox Maule et al. (2005), 2012.

Pyrcz, M., Jo, H., Kupenko, A., Liu, W., Gigliotti, A. E., Salomaki,
T., and Javier, S.: GeostatsPy: Geostatistical Library in Python
(Version 1.0.0), https://doi.org/10.5772/intechopen.114981,
2021.

Reading, A. M., Stal, T., Halpin, J. A., Losing, M., Ebbing, J.,
Shen, W., McCormack, F. S., Siddoway, C. S., and Hasterok, D.:
Antarctic Geothermal Heat Flow and Its Implications for Tecton-

https://doi.org/10.5194/tc-20-6477-2026

6499

ics and Ice Sheets, Nature Reviews Earth and Environment, 12,
814-831, https://doi.org/10.1038/s43017-022-00348-y, 2022.
Rizvi, S., Thapa, M., Fraysher, B., Rapadas, A., Neshani, S., Tay-
lor, D., Lee, L., Dahl-Jensen, D., Gogineni, P., Kolpuke, S.,
and Chung, C.: Fine-Resolution Mapping of Near-Bed Ice Lay-
ers with Ultra-Wideband Radars, in: AGU 2025, New Orleans,
LA, USA, https://studio.m-anage.com/agu/agu25/meetingapp.

cgi/Paper/1996149 (last access: 10 November 2026), 2025.

Shackleton, C.: DomeC-BedElevation, Github [software], https://
github.com/calvinshackleton/DomeC-BedElevation.git (last ac-
cess: 10 November 2026), 2026.

Shackleton, C. and Matsuoka, K.: Simulated ice thickness, bed ele-
vation and local topographic adjustments to geothermal heat flow
near Dome C, Antarctica, Norwegian Polar Institute [data set],
https://doi.org/10.21334/NPOLAR.2026.DOSBFE7S, 2026.

Shackleton, C., Matsuoka, K., Moholdt, G., Van Liefferinge, B., and
Paden, J.: Stochastic Simulations of Bed Topography Constrain
Geothermal Heat Flow and Subglacial Drainage Near Dome Fuji,
East Antarctica, J. Geophys. Res.-Earth, 128, €2023JF007269,
https://doi.org/10.1029/2023JF007269, 2023.

Shen, W., Wiens, D. A., Lloyd, A. J, and Nyblade, A. A.
A Geothermal Heat Flux Map of Antarctica Empirically
Constrained by Seismic Structure, Geophys. Res. Lett., 47,
€2020GL086955, https://doi.org/10.1029/2020GL086955, 2020.

Shreve, R. L.: The movement of water in glaciers, J. Glaciol., 11,
205-214, 1972.

Skolnik, M. I.: Radar handbook, 3rd edn., McGraw-Hill, New York,
ISBN: 978-0-07-148547-0, 2008.

Stal, T., Reading, A. M., Halpin, J. A., and Whit-
taker, J. M.: Antarctic Geothermal Heat Flow Model:
Aql, Geochem. Geophy. Geosy., 22, e2020GC009428,
https://doi.org/10.1029/2020GC009428, 2021.

Steinhage, D., Franke, S., Eisen, O., Miller, H., and Helm, V.:
Ice Thickness from East Antarctica, over Dome C, Dome
A, Talos Dome and Vostok recorded with the airborne AWI
EMR radar system in 2007/2008, PANGAEA [data set],
https://doi.org/10.1594/PANGAEA.957066, 2023.

Stolt, R. H.: Migration by Fourier transform, Geophysics, 43, 23—
48, https://doi.org/10.1190/1.1440826, 1978.

Studinger, M., Bell, R. E., Buck, R. Karner, G. D., and Blanken-
ship, D. D.: Sub-ice geology inland of the Transantarctic Moun-
tains in light of new aerogeophysical data, Earth Planet. Sc. Lett.,
220, 391-408, https://doi.org/10.1016/S0012-821X(04)00066-4,
2004.

Sutter, J., Fischer, H., Grosfeld, K., Karlsson, N. B., Kleiner, T., Van
Liefferinge, B., and Eisen, O.: Modelling the Antarctic Ice Sheet
across the mid-Pleistocene transition — implications for Oldest
Ice, The Cryosphere, 13, 2023-2041, https://doi.org/10.5194/tc-
13-2023-2019, 2019.

Tabacco, I. E., Passerini, A., Corbelli, F., and Gorman,
M.: Determination of the surface and bed topography
at Dome C, East Antarctica, J. Glaciol.,, 44, 185-191,
https://doi.org/10.3189/50022143000002501, 1998.

Tabacco, I. E., Bianchi, C., Zirizzotti, A., Zuccheretti, A., Forieri,
A., and Della Vedova, A.: Evidence of 14 new subglacial lakes
in Dome C-Vostok area, Terra Antarctica Reports, 8, 175-179,
2003.

Talalay, P, Li, Y., Augustin, L., Clow, G. D., Hong, J., Lefeb-
vre, E., Markov, A., Motoyama, H., and Ritz, C.: Geother-

The Cryosphere, 20, 6477-6500, 2026


https://doi.org/10.1594/PANGAEA.963474
https://doi.org/10.1126/science.ady2532
https://doi.org/10.5194/tc-11-2427-2017
https://doi.org/10.5194/tc-11-2427-2017
https://doi.org/10.5194/tc-11-2231-2017
https://doi.org/10.5194/tc-11-2231-2017
https://doi.org/10.1002/2016GL068436
https://doi.org/10.1038/s41597-025-04672-y
https://doi.org/10.5772/intechopen.114981
https://doi.org/10.1038/s43017-022-00348-y
https://studio.m-anage.com/agu/agu25/meetingapp.cgi/Paper/1996149
https://studio.m-anage.com/agu/agu25/meetingapp.cgi/Paper/1996149
https://github.com/calvinshackleton/DomeC-BedElevation.git
https://github.com/calvinshackleton/DomeC-BedElevation.git
https://doi.org/10.21334/NPOLAR.2026.D05BFE78
https://doi.org/10.1029/2023JF007269
https://doi.org/10.1029/2020GL086955
https://doi.org/10.1029/2020GC009428
https://doi.org/10.1594/PANGAEA.957066
https://doi.org/10.1190/1.1440826
https://doi.org/10.1016/S0012-821X(04)00066-4
https://doi.org/10.5194/tc-13-2023-2019
https://doi.org/10.5194/tc-13-2023-2019
https://doi.org/10.3189/S0022143000002501

6500 C. Shackleton et al.: Improved subglacial boundary conditions near Dome C, Antarctica

mal heat flux from measured temperature profiles in deep
ice boreholes in Antarctica, The Cryosphere, 14, 4021-4037,
https://doi.org/10.5194/tc-14-4021-2020, 2020.

Taylor, J., Siegert, M. J., Payne, A. J., and Hubbard, B.:
Regional-scale bed roughness beneath ice masses: mea-
surement and analysis, Comput. Geosci., 30, 899-908,
https://doi.org/10.1016/j.cageo.2004.06.007, 2004.

Thoma, M., Grosfeld, K., Filina, 1., and Mayer, C.: Mod-
elling flow and accreted ice in subglacial Lake Con-
cordia, Antarctica, Earth Planet. Sc. Lett.,, 286, 278-284,
https://doi.org/10.1016/j.epsl.2009.06.037, 2009.

Tikku, A. A., Bell, R. E., Studinger, M., Clarke, G. K. C,,
Tabacco, 1., and Ferraccioli, F.: Influx of meltwater to sub-
glacial Lake Concordia, East Antarctica, J. Glaciol., 51, 96-104,
https://doi.org/10.3189/172756505781829494, 2005.

Uieda, L.: Verde: Processing and gridding spatial data using
Green’s functions, Journal of Open Source Software, 3, 957,
https://doi.org/10.21105/joss.00957, 2018.

van der Veen, C. J., Leftwich, T., von Frese, R., Csatho, B. M., and
Li, J.: Subglacial topography and geothermal heat flux: Potential
interactions with drainage of the Greenland ice sheet, Geophys.
Res. Lett., 34, https://doi.org/10.1029/2007GL030046, 2007.

Van Liefferinge, B. and Pattyn, F.: Using ice-flow models to
evaluate potential sites of million year-old ice in Antarctica,
Clim. Past, 9, 2335-2345, https://doi.org/10.5194/cp-9-2335-
2013, 2013.

Van Liefferinge, B., Pattyn, F., Cavitte, M. G. P., Karlsson, N. B.,
Young, D. A., Sutter, J., and Eisen, O.: Promising Oldest Ice
sites in East Antarctica based on thermodynamical modelling,
The Cryosphere, 12, 2773-2787, https://doi.org/10.5194/tc-12-
2773-2018, 2018.

Wang, Z., Chung, A., Steinhage, D., Parrenin, F., Freitag, J., and
Eisen, O.: Mapping age and basal conditions of ice in the
Dome Fuji region, Antarctica, by combining radar internal layer
stratigraphy and flow modeling, The Cryosphere, 17,4297-4314,
https://doi.org/10.5194/tc-17-4297-2023, 2023.

Willcocks, S., Hasterok, D., and Jennings, S.: Thermal Refraction:
Implications for Subglacial Heat Flux, J. Glaciol., 67, 875-884,
https://doi.org/10.1017/jog.2021.38, 2021.

The Cryosphere, 20, 6477-6500, 2026

Willcocks, S., Hasterok, D., Halpin, J. A., Walsh, J., and
Jennings, S.: Compositional controls on the thermal con-
ductivity of igneous rocks and a model for the con-
ductivity of Antarctic crust, Tectonophysics, 911, 230802,
https://doi.org/10.1016/j.tecto.2025.230802, 2025.

Wingham, D. J., Siegert, M. J., Shepherd, A., and Muir, A. S.:
Rapid discharge connects Antarctic subglacial lakes, Nature,
440, 1033-1036, https://doi.org/10.1038/nature04660, 2006.

Winter, A., Steinhage, D., Creyts, T. T., Kleiner, T., and Eisen, O.:
Age stratigraphy in the East Antarctic Ice Sheet inferred from
radio-echo sounding horizons, Earth Syst. Sci. Data, 11, 1069—
1081, https://doi.org/10.5194/essd-11-1069-2019, 2019.

Young, D. A., Wright, A. P., Roberts, J. L., Warner, R. C.,
Young, N. W., Greenbaum, J. S., Schroeder, D. M., Holt, J.
W., Sugden, D. E., Blankenship, D. D., van Ommen, T. D.,
and Siegert, M. J.: A dynamic early East Antarctic Ice Sheet
suggested by ice-covered fjord landscapes, Nature, 474, 72-75,
https://doi.org/10.1038/nature10114, 2011.

Young, D. A., Schroeder, D. M., Blankenship, D. D., Kempf, S. D.,
and Quartini, E.: The distribution of basal water between Antarc-
tic subglacial lakes from radar sounding, Phil. Trans. R. Soc. A,
374, https://doi.org/10.1098/rsta.2014.0297, 2016.

Young, D. A., Roberts, J. L., Ritz, C., Frezzotti, M., Quartini, E.,
Cavitte, M. G. P,, Tozer, C. R., Steinhage, D., Urbini, S., Corr, H.
F. J., van Ommen, T., and Blankenship, D. D.: High-resolution
boundary conditions of an old ice target near Dome C, Antarc-
tica, The Cryosphere, 11, 1897-1911, https://doi.org/10.5194/tc-
11-1897-2017, 2017.

Young, D. A., Beem, L. H., Blankenship, D. D., Cavitte, M.,
Greenbaum, J., and Habbal, F.: ICECAP: High resolution sur-
vey of the Little Dome C region in support of the IPICS
Old Ice goal, U. S. Antarctic Program (USAP) Data Center,
https://doi.org/10.15784/601355, 2020.

Xiangbin, C., Jeofry, H., Greenbaum, J., Roberts, J., Blanken-
ship, D., Bo, S., and Siegert, M.: ICECAP-2 consortium
processed airborne ice thickness data from the Princess
Elizabeth Land, East Antarctica, Zenodo [data set],
https://doi.org/10.5281/zenodo.4023393, 2020.

https://doi.org/10.5194/tc-20-6477-2026


https://doi.org/10.5194/tc-14-4021-2020
https://doi.org/10.1016/j.cageo.2004.06.007
https://doi.org/10.1016/j.epsl.2009.06.037
https://doi.org/10.3189/172756505781829494
https://doi.org/10.21105/joss.00957
https://doi.org/10.1029/2007GL030046
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/tc-12-2773-2018
https://doi.org/10.5194/tc-12-2773-2018
https://doi.org/10.5194/tc-17-4297-2023
https://doi.org/10.1017/jog.2021.38
https://doi.org/10.1016/j.tecto.2025.230802
https://doi.org/10.1038/nature04660
https://doi.org/10.5194/essd-11-1069-2019
https://doi.org/10.1038/nature10114
https://doi.org/10.1098/rsta.2014.0297
https://doi.org/10.5194/tc-11-1897-2017
https://doi.org/10.5194/tc-11-1897-2017
https://doi.org/10.15784/601355
https://doi.org/10.5281/zenodo.4023393

	Abstract
	Introduction
	Data compilation, quality control, and methodology
	Radar-derived ice thickness data
	KOPRI-UA airborne survey
	DTU airborne survey
	BE-OI ground surveys
	Bedmap Database

	Measurement consistency and data filtering
	Spatial variability of filtered ice thickness data
	Stochastic simulation of ice thickness
	Bed elevation grids, uncertainties, and meltwater routing

	Results
	Simulated ice thickness and bed elevation
	Bed elevation uncertainty

	Discussion
	Basal roughness
	Subglacial meltwater drainage
	Geothermal heat flow

	Conclusions
	Appendix A
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

