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Abstract. Basal melting beneath Antarctic ice shelves drives ice-shelf thinning, impacts buttressing of inland ice streams,
and contributes to grounding line retreat, thus affecting the rate of global sea-level rise. Yet, processes controlling the spatial
variability of basal melt remain poorly constrained because observations of the evolving basal topography are sparse. One
important but poorly understood feature are basal terraces. Here, we present a ground-penetrating radar (GPR) dataset imaging
the evolution of basal terraces in the cold-water cavity beneath Ekstrom Ice Shelf. The quasi three-dimensional GPR data are
complemented by an autonomous phase-sensitive radio echo sounder (ApRES) record and airborne radar data. No significant
changes in the basal topography are observed between the two field seasons. Basal melt rates at the terrace roofs are less than a
meter per year and lower than the regional average, ApRES-derived monthly variability ranges between 0.3 and 0.6m a~!. A
weak off-angle reflector suggests that melt rates at the terrace walls may be higher, but not higher than 4 m a—'. Overall, basal
terracing occurs predominantly near the grounding zone, and the ice—ocean interface becomes smooth further offshore. We
conclude that basal terraces occur beneath both warm- and cold-cavity ice shelves and that the low melt rates at terrace roofs
are consistent with previous studies suggesting that a stratified ocean layer shields the ice base from oceanic heat transport.
However, melt rates at the terrace walls are also low. Therefore, our results suggest that once basal terraces are created near the
grounding zone, they may enter a stagnant mode and subsequently advect with the ice-shelf flow towards the ice edge where

they eventually disappear.

1 Introduction

Ice shelves, the floating extensions of grounded ice streams, buttress the flow of inland ice toward the ocean. Thinning (Gud-
mundsson et al., 2019; Reese et al., 2018) or retreat (Mitcham et al., 2022; Greene et al., 2022b; Joughin et al., 2021) of ice
shelves can reduce this buttressing effect, accelerating ice discharge and thus increasing rates of sea-level rise (Scambos et al.,
2004). In Antarctica, ocean-driven melting at the ice shelf base (hereafter referred to as basal melting) alongside iceberg calv-

ing from the ice edge are the major drivers of ice shelf mass loss (Davison et al., 2023; Greene et al., 2022a). However, the
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Figure 1. Ekstrom Ice Shelf with different radar surveys. Along-flow GPR profile (cyan), and across-flow airborne radar tracks (dark blue,
ultra-wide band and accumulation radar). The inset shows a zoom-in on the coarse GPR grid and the dense GPR grid, which were repeated

in consecutive seasons (Fig. B1). Background is from the RADARSAT-1 Antarctic Mapping Project (RAMP) (Jezek et al., 2003).

spatial and temporal variability of basal melt remains one of the largest uncertainties in predicting ice sheet evolution (Hanna
et al., 2024; IPCC, 2022).

Basal melt rates are controlled by the temperature and salinity gradients between the ocean water and the ice—shelf base, and
the amount of turbulence in the water that can break an otherwise strongly stratified boundary layer resulting from pooling of
buoyant meltwater beneath the ice base (Pritchard et al., 2012; Stewart et al., 2019; Malyarenko et al., 2020; Rosevear et al.,
2022). Ocean circulation patterns accessing differently shaped sub-ice-shelf cavities create strong regional contrasts: ice shelves
in West Antarctica generally experience higher melt rates due to intrusions of relatively warm water, whereas ice shelves in
East Antarctica are typically bathed in colder waters. On regional and sub-regional scales, basal melt rates vary by nearly an
order of magnitude both within and between ice shelves (Watkins et al., 2021; Adusumilli et al., 2020). Expressions of this local
variability at sub-kilometer scales include distinct basal features such as ice—shelf channels (Drews, 2015; Alley et al., 2016;
Drews et al., 2017; Zhou et al., 2025) and basal terraces (Dutrieux et al., 2014, 2013; Grima et al., 2019; Schmidt et al., 2023;
Waihlin et al., 2024; Rignot et al., 2025b). Ice—shelf channels are curvilinear zones of thinned ice, typically a few kilometers

wide, that align with the along-flow direction and sometimes extend across the entire ice shelf (Drews, 2015). In contrast, basal
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terraces have no known orientation relative to ice flow, are characterized by abrupt changes in ice thickness across terrace walls,
and are interconnected by near-horizontal, smooth terrace roofs. Bridging stresses maintain a local imbalance from hydrostatic
equilibrium across spatial scales of one local ice thickness. Consequently, basal terraces are not necessarily detectable from the
ice—shelf surface alone.

Since their initial discovery (Dutrieux et al., 2014), substantial progress has been made in understanding the formation mech-
anisms of these distinctive basal features. Variations in basal ice-shelf slope are an important control on vertical mixing and
oceanic heat transport to the ice base (Anselin et al., 2024). For basal terraces specifically, Schmidt et al. (2023) present obser-
vations from an underwater vehicle near the grounding zone of Thwaites Glacier. These suggest that basal terraces evolve from
small thickness perturbations at the grounding line, with strongest melting occurring at terrace walls, while ocean stratification
suppresses melting at terrace roofs. Grima et al. (2019) formulate a similar hypothesis based on the disturbed topography that
they observe near basal terraces below the Ross Ice Shelf. In their case, local thickening of the ice shelf may additionally act
as a seed point for terrace formation. Using an underwater vehicle, Wahlin et al. (2024) observed oceanographic conditions
beneath the Dotson Ice Shelf and proposed that at least parts of the terraces are linked to episodic intrusions of warm surface
waters. An interplay of crevasse formation near the grounding zone and differential basal melting and/or refreezing is hypoth-
esized as a formation mechanism by Gillespie et al. (2017) based on GPR data downstream of Darwin Glacier. Basal terracing
has also been observed beneath Greenlandic ice shelves (Rignot et al., 2025a), demonstrating their widespread appearance.

One limitation in our current understanding of basal terraces is the lack of repeat observations quantifying the temporal
evolution of a specific terrace field. Although hypothesized, it has not been directly observed that melt rates on terrace roofs
are smaller than melt rates on terrace walls, nor how these features evolve over time. To address this, we imaged a basal terrace
field at the Ekstrom Ice Shelf (East Antarctica) during two consecutive seasons using a dense grid of GPR profiles to resolve the
three-dimensional topography and temporal changes. In addition, we deployed a continuously operating autonomous phase-
sensitive radio echo sounder (ApRES, Brennan et al., 2014) above a terrace roof to monitor basal melting on weekly to annual
timescales. We further contextualize our findings with airborne radar transects that image basal terraces in other regions of the

ice shelf and provide insights about how basal terraces evolve during ice advection.

2 Study Area

The Ekstrom Ice Shelf is one of several ice shelves that traverse the coast of Dronning Maud Land in East Antarctica. Today’s
surface velocities range from 100 ma~! to 230ma~" so that the advection time from the grounding line to the ice shelf front is
typically less than 800 a. There is no evidence for strong dynamic changes since the last glacial maximum (Drews et al., 2013)
and the entire catchment is comparatively robust to ice-dynamic perturbations (Schannwell et al., 2019).

The oceanographic context along the Dronning Maud Land coast is determined by a narrow continental shelf with Warm
Deep Water masses flowing along the steep continental slope. At Ekstrom Ice Shelf, inland-sloping bathymetric canyons extend
from the inner continental shelf to the present-day grounding line (Smith et al., 2020). These allow strong interactions between

the sub-shelf cavity and the coastal current, potentially making this ice shelf susceptible to warming ocean waters (Gille, 2008)
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and to increased upwelling of Circumpolar Deep Water (Holland et al., 2008). Today, in-situ measurements within the cavity
show cold water temperatures -1.9 °C (Smith et al., 2020). The resulting lack of heat input from warm waters is consistent with
a low shelf-averaged basal melt rate. The highest local melt rates are found close to the grounding line and near the German
research station Neumayer III with values exceeding 3ma~!, while they decrease to below 0.5ma~! in the interior of the ice
shelf (Neckel et al., 2012; Moss et al., 2025; Adusumilli et al., 2020). Basal melting is higher in winter and spring, likely linked
to sea-ice formation and a strengthening of an ice shelf water plume; the far-field forcing by ambient ocean temperatures is
secondary (Zeising et al., 2025). Evidence from internal stratigraphy preserved within the ice column suggests that basal melt
rates were stable on centennial timescales (Moss et al., 2025). Due to the comparatively low melt rates, Ekstrom Ice Shelf still
has ice sheet meteoric ice at its base up until more than 100 km away from the grounding line. Further seawards, the ice shelf

is sustained by local meteoric ice only (Vis$njevié et al., 2025; Moss et al., 2025).

3 Data & Methods

To monitor temporal changes of the basal terrace geometry, we collected GPR grids near the grounding line in two consecutive
field seasons (section 3.1). This enables us to determine the yearly average basal melt rates using mass conservation in a
Lagrangian reference frame (section 3.5). We also positioned an ApRES system in the center of the GPR grid to detect the
temporal variability of basal melting at a fixed location that is advecting with the ice flow (section 3.4). We use spatially more
extensive GPR and airborne radar profiles to estimate where basal terraces occur along and across the ice shelf (section 3.3)

and their imprint on the basal roughness (section 3.2).
3.1 Imaging of the basal terrace geometry using GPR radar

In the field seasons 2021/22 and 2022/23, we collected GPR data using an impulse radar system (PulseEKKO, 50 MHz centre
frequency) towed behind a snowmobile at a speed of approximately 10 kmh~!. We distinguish three profile types (Figure 1):
(1) A dense GPR grid in the grounding zone covering ~3 kmx 800 m with nine along-flow profiles spaced 100 m apart and
surveyed in both seasons (red and purple line), (2) a coarse GPR grid with 1.5 km spacing of along- and across-flow profiles,
acquired only in the first season (black lines), and (3) a longer along-flow profile extending ~100 km from the grounding zone
to the calving front, initiated over 60 km in 2021/22 and completed downstream in 2022/23 (cyan line, Moss et al., 2025).

We processed radar data of the three profile types in a similar manner, which included averaging of several traces to a
common 2.5 m posting for the grids and 5m posting for the along-flow profile to account for variations in driving speed.
We followed standard radar-processing workflows in ReflexW (Sandmeier Geophysical Software, 2024), including removal
of the pre-trigger, bandpass filtering (with a passband between 30-60 MHz), correction for geometric spreading, automatic
gain control, and finite-difference time-domain migration to correct for off-nadir reflections (center frequency of 50 MHz and
migration velocity of 0.168 mns~!). We geolocated radar traces with a single-frequency GPS system with the antenna mounted
on the snowmobile. For the dense grid, we installed additional bamboo flags at the profile turning points in the first season and

used as guidance for the second season to improve navigation. We manually picked the rugged ice—ocean interface with a
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particular focus on clearly defining the corner points of the terrace roofs. In both dense grid datasets, we additionally picked
three distinct internal reflection horizons spanning the near-surface stratigraphy at average depths of about 15 m, 30 m, and

75 m, respectively. We use these as a proxy for spatial variability in surface accumulation rate and to account for ice advection.
3.2 Basal roughness along GPR flowline

To quantify basal geometry changes along the GPR flowline radar profile (cyan line Fig. 1), we calculate the basal spectral
roughness R as (Watkins et al., 2021)

ko
R= / S(k)dk. (1)
ki
Here, k is the wavenumber and S(k) the power spectral density. We determined the itegration limits k; = 0.0003m~!

and ko = 0.1m~! by trace spacing and profile length. To spatially resolve R along the flowline, we calculated S(k) for
overlapping 3000 m segments along the radar profile. We obtained the power spectral density for each segment by first linearly

detrending the data and then applying the Fast Fourier Transform.
3.3 Airborne radar data for ice-shelf wide context

To better contextualize the observations of the localized GPR coarse and dense grids, we used data from the Alfred Wegener
Institute’s airborne ultra-wide band and accumulation radar (Franke et al., 2022, 2026). Both radars detect the ice—ocean
interface throughout the profiles. The accumulation radar data were recorded in 2014 with a vertical resolution of approximately
1 m and a horizontal spacing of approximately 13 m (Franke et al., 2026). The ultra-wide band radar data were collected in
2023 in sounding mode and with an approximate horizontal trace spacing of 15 m. Both of these comparatively new radar
systems have significantly better imaging capacities than the older radar systems in which terracing cannot be easily identified.

These data and details of the underlying technical aspects are available through the Marine Data Portal (Franke et al., 2026).
3.4 Weekly average of basal melt rates at a terrace roof using ApRES

We derived weekly averaged melt rates from a continuous ApRES time series by decomposing the observed thickness change
into dynamic strain thinning and basal melting (Vatikova et al., 2023; Lindbick et al., 2025; Zeising et al., 2025). We acquired
ApRES data in the centre of the dense grid (S 71° 36.9565° W 8° 25.9803’) at a location ultimately identified as a terrace
roof (Fig. 4a). The system transmitted a linear frequency-modulated chirp from 200 to 400 MHz over 1 s. We acquired ApRES
data in polarimetric mode (Ershadi et al., 2022). However, we do not consider the polarimetric aspect further since basal melt
rates are derived from a single antenna orientation (HH). We recorded bursts of 40 chirps every 3 h from 9 January 2022 to
2 February 2023. We averaged chirps within each burst to improve the signal to noise ratio. Processing followed the methods
of Brennan et al. (2014) and Stewart et al. (2019), using a Blackman window and a pad factor of 8. We assumed a constant

radio-wave velocity of 0.168 mns~! to convert traveltime to depth.
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To determine vertical strain rates, we cross-correlated discrete 6 m depth bins with 3 m overlap between consecutive bins
across ApRES repeat measurements to track the vertical displacement of internal reflectors throughout the ice column. Assum-
ing nadir reflections and therefore purely vertical displacements, we obtained vertical displacement rates for each depth bin by
fitting a linear function to the displacement time series and retained only bins with a mean cross-correlation coefficient greater
than 0.95. We excluded the upper 80 m to avoid the influence of firn densification and fitted a linear function to the resulting
profile of vertical velocities to estimate the displacement rate of the ice base purely due to strain deformation (Fig. 6¢). The
slope of this linear fit corresponds to the vertical strain rate, €., which is also used in section 3.5. The residual between the
measured ice-base displacement rate and the displacement rate predicted from strain deformation alone provides the basal melt

rate i), assuming that the basal reflection occurs at nadir.
3.5 Yearly average of basal melt rates across a basal terrace field from Lagrangian mass conservation

As we expect basal melting at terraces to introduce abrupt regional ice thickness changes over time, we here derived melt rates
from two time slices in ice thickness, rather than using mass conservation in an Eulerian framework (Moholdt et al., 2014;
Berger et al., 2017). The ice thickness profiles H; obtained from the high-resolution GPR grids (Figure 4a,b) allow us to derive

basal melt rates b using mass conservation in a Lagrangian reference frame

. DH; .
b= i +H;(V-u)—a. 2)
Here, DD}? =u- VH,; represents the Lagrangian thickness change based on the horizontal velocity field u and @ denotes

the surface accumulation rate (in ice equivalent units). All variables have an implicit spatial dependence, i.e., & = a(x). We
calculated Lagrangian thickness change by differencing H; from 2022/23 and 2021/22 after applying a backward shift to
account for horizontal advection (Figure 4c). Direct measurements of horizontal advection could have been obtained from
the displacement of stakes installed on the surface of the Ekstrom Ice Shelf; however, such data were not acquired during
this period. Therefore, we determined the backward shift by aligning the shapes of internal reflection horizons in the two
surveys, assuming that these horizons remained stable over the one-year interval. We identified internal reflection horizons
at three different depths in both datasets, and shifted the 2022/23 horizons backward to achieve the best alignment with the
corresponding 2021/22 horizons while minimizing residual differences. This approach avoids using the ice—ocean interface for
alignment, as it may undergo substantial temporal changes in regions where basal terraces experience strong basal melting.
The resulting alignment yields a horizontal offset of 154 m. An independent estimate of horizontal advection can be obtained
from the displacement of the ApRES over the same one-year period, which was 146 ma~'. After shifting the 2022/23 profiles,
the radar postings from the second season were interpolated onto the postings of the first season, resulting in two ice-thickness
profiles with consistent geometries. For incompressible ice, the flux divergence can be expressed in terms of horizontal (¢,

€y) or vertical (¢) strain rates:

Oou, O . . .
V-u= 61; +8i;:5x+5y:—62. 3)
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The dense grid extends about three kilometers along flow, which did not allow for calculation of the velocity gradient based
on satellite-derived velocities (differencing closely spaced pixels amplifies noise (Berger et al., 2017)). Instead, we assumed
a spatially uniform strain rate across the grid and approximated it using the more robust vertical strain rate €, derived from
ApRES measurements (section 3.4).

Direct measurements of @ were unavailable. Therefore, we adopted a reference value of 0.5 m a~ !

, consistent with nearby
stake-line observations (Fuchs, 2026; Mengert, 2018) and internal radar stratigraphy (Moss et al., 2025). Applying the shallow-
layer approximation (Waddington et al., 2007), we scaled this value according to the depth of the internal radar reflection

horizons to maped the spatial variability across the dense grid.

4 Results
4.1 Topography of basal terraces beneath Ekstrom Ice Shelf

We first combine the along-flow GPR profile with the across-flow airborne data to identify the ice-shelf wide distribution of
basal terraces beneath Ekstrom Ice Shelf. The primary challenge is to distinguish the basal terraces from the basal crevasses.
Basal terraces are identified by their near-horizontal roofs, which appear as bright radar reflectors spanning from tens to
hundreds of meters. Adjacent terrace roofs are separated by abrupt thickness variations, and the connecting terrace walls are
typically several tens of meters high. In contrast, basal crevasses are generally more gently sloped and, in some cases, incise
more deeply upward into the ice shelf. Crevasses may also include terraces along their side walls (Gillespie et al., 2017).

In the airborne accumulation radar data, basal terraces are clearly visible in an across-flow profile within the mid-shelf region
(Fig. 2a). Further offshore, terraces are no longer evident. Instead, the ice—ocean interface appears mostly smooth and is only
occasionally intersected by basal crevasses (Fig. 2b). Many of these crevasse features correspond to a strain-induced crevasse
field that is also visible at the surface on the western side of the Ekstrom Ice Shelf (Fig. 1). The ultra-wideband radar data
show that basal terraces are prevalent near the grounding zone and extend into the mid-shelf region, whereas farther offshore
the ice—ocean interface becomes uniformly smooth (Fig. 2c).

Although terrace roofs are visible in the airborne radar profiles, their small-scale geometry cannot be resolved because
the along-track spacing is coarse in comparison to the GPR. In the along-flow GPR profile, individual terrace roofs can be
traced continuously from about 5km downflow of the the grounding line (Fig. 2d) to approximately 90 km downstream in
the along-flow direction. The roofs are clearly offset in depth relative to one another, and the magnitude of these offsets
decreases downstream, consistent with observations from the airborne datasets. More quantitatively, along the along-flow
transect (Fig. 3a), roughness is highest near the grounding line (~1072) and decreases approximately exponentially with
distance downstream (appearing near-linear in log-space; Fig. 3b). Terrace walls reach several tens of meters in height, and
terrace roofs are nearly horizontal near the grounding zone (Fig. 3c). In the mid-shelf region, however, terrace roofs appear
tilted and wider, and terrace walls rarely exceed 10 m in height (Fig. 3d), and at approximately 40 km from the ice—shelf front,

they are no longer observable (Fig. 3e).
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Figure 2. Basal terracing and absence thereof across the ice shelf. Airborne (a—c) and GPR profiles (d), with capital letters at the top A-D
indicating location shown in Fig. 1. Basal terrace roofs are exemplarily marked with red arrows in insets. They are visible in the accumulation
radar in an across-flow transect in the mid-shelf region (a), but no further seaward (b). Ultra-wide band radar detects basal terraces close to
the grounding-line and shows a smooth ice—ocean interface further seaward (c). Basal terracing is most evident in the GPR profile, which
shows terracing for approximately 90 km into the downstream direction. Further seawards, the ice—ocean interface is smooth, consistent with

the airborne data (d).
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Figure 3. Ice-shelf and cavity geometry together with basal roughness. (a) Geometry of ice shelf surface, ice shelf base and bathymetry at the

along-flow GPR transect. Both the elevation of the ice-shelf surface and bathymetry are taken from Bedmachine (version 4, Morlighem et al.,

2019; Morlighem, 2025). The elevation of the ice-shelf base is derived from the along-flow GPR transect (Fig. 1). (b) Logarithm of basal

roughness of the ice shelf base along flow. (c)—(e) Zoom-in on ice—ocean interface shown in (a). The roughness decreases with increasing

distance from the grounding line (b, note the logarithmic scale on the y-axis).
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Figure 4. Individual terms for the derivation of the Lagrangian basal melt rates. (a) Ice thickness in 2021/22, (b) ice thickness in 2022/23,
(c) Lagrangian thickness change between both seasons, (d) flux divergence based on ApRES measurements, (e) surface accumulation rates,
and (f) basal melt rates. Absolute uncertainties of these melt rates are larger than &= 1 m a™* so that the suggested refreezing signal is not

significant. The ApRES derived basal melt rates indicate 0.4 £ 0.03m a~"' mass loss.

The 3D geometry of terraces becomes evident in the interpolated thickness field derived from the dense grid (Fig. 4a).
Terrace walls can be traced coherently between profiles and exhibit a jagged pattern in the horizontal plane. Their overall
orientation is oblique to the local ice-flow direction. In contrast, terrace roofs appear as kilometer-scale planar surfaces with
minimal horizontal slope. The relief between different features can be up to 120 m. The GPR-derived thickness grid shows
that the ApRES instrument positioned at the ice—shelf surface is located centrally over one of these terrace roofs, providing the
spatial context for the record of basal melt rates discussed below.

The line spacing of 1.5 km in the coarse grid does not allow for imaging the basal topography in 3D, nevertheless indicates
the lateral existence of basal terraces (Fig. 5). Basal topography 1.5 km to either side of the dense grid is jagged again, with
abrupt topographic changes, thus basal terraces are visible. However, the topography of neighbouring profiles looks different
from each other, and terrace roofs and walls cannot be traced across the 1.5 km profile spacing. The coarse GPR profile furthest

to the west (Fig. 5) appears smoother compared to the other lines of the coarse grid. From the dense grid towards the grounding
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Figure 5. Basal topography derived from the coarse and dense GPR grids. Plan view of basal elevation. Black segments along the coarse-grid

profiles indicate areas where the bed reflection could not be identified in the radar data, for example, upstream of the hydrostatic line.

line, basal topography gets smoother; however, the ice—shelf base is not coherently visible in the radar data upstream of the

grounding line (Fig. Al).
4.2 Spatiotemporal basal melt rates at terraces roofs and walls

The most striking observation of the two GPR time slices (Fig. 4a, b) is that the terrace geometry has essentially not changed
over the duration of one year. The jagged nature, both in the vertical and the horizontal directions, is evident in both datasets
at the profile-to-profile level throughout the grid. Consequently, the Lagrangian thickness change shows no clear signatures of
basal terrace formation or evolution, with the exception that the more southerly located plateau has experienced slightly less
thinning (Fig. 4c). Approximately half of the overall thickness change is caused by stretching of the ice shelf (Fig. 4d), and the
surface accumulation varies less than 10 % across the dense grid. The basal melt rates, calculated as the residual from all of
these terms, are on average about 1 m a~!. The southern terrace roof suggests minimal refreezing; however, this lies within the
method’s uncertainty (section 5.2). Regardless of the uncertainty of the method, the relative differences in basal melt between
the two terrace roofs are robust and highlight spatial variability in basal melt within the area of the dense grid, despite indicating
modest refreezing in other areas.

The reflection at the ice—ocean interface in the ApRES data, acquired above a terrace roof is clear, coherent and single-peaked
(Fig. 6b) and we traced it unambiguously over the entire record. The yearly averaged vertical strain rate is €, = —1.65- 1073
a~1, indicating vertical thinning of the ice column. The corresponding melt rates are 0.42m a~!. In comparison, the melt rate
from mass conservation, inferred above, is slightly negative (—0.37 m a—1) at this location, indicating modest basal refreezing.
However, both methods agree within the estimated uncertainty bounds. The weekly variability in basal melting ranges between

0.7ma~! and 0.1 m a~! and oscillates most strongly on monthly timescales (Fig. 6d).
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Figure 6. ApRES measurements and derived basal melt rates. (a) ApRES return amplitudes from the beginning and the end of the measure-
ment period. (b) Time series of ApRES return amplitude zoomed in on the basal reflection. An increase in amplitude above approximately
880 m in range indicates an off-nadir reflection. (c) Vertical velocities of 6 m bins from cross-correlation of consecutive measurements. The
derived velocities are derived using the full ApRES time series and therefore represent an annual average. Grey dots are excluded in the fit,
because they are in the uppermost 80 m and mostly within the firn column, or they show a mean correlation less than our applied threshold
of 0.95. The slope of the fitted function equals the vertical strain rate, the difference between the linear fit evaluated at the initial bed depth
and the real vertical displacement rate of the bed measured at the repeat visit corresponds to the basal melt rate. (d) Time series of basal melt
rate. Single data points are derived using one week of ApRES measurements. The dataset is subsequently smoothed with a one-week running

mean.

The time series of backscattered power suggests another, less-coherent return at larger traveltimes than the basal return from
the terrace roof. As we discuss later in more detail, such a return could originate from an off-nadir reflection similar to what

has been observed on other ice shelves (Varikova et al., 2021; Zeising et al., 2024).
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5 Discussion
5.1 Spatial distribution of basal terraces in warm and cold cavity ice shelves

The combined airborne and GPR data provide a consistent picture: at Ekstrom Ice Shelf, basal terraces occur at the grounding
zone and advect several tens of kilometres downstream until they disappear. Their amplitude gradually diminishes with increas-
ing distance until they vanish entirely. These observations agree with results from Thwaites Ice Shelf (Schmidt et al., 2023)
and appear consistent with Roi Baudouin Ice Shelf, although basal terracing there has not yet been systematically examined:
At Roi Baudouin Ice Shelf, radar profiles near the grounding zone (e.g., Fig. 1 in Zhou et al. (2025); Fig. 3 in Drews et al.
(2017)) and in the mid-shelf region (Fig. 3 in Koch et al. (2023)) display basal terraces as defined here, whereas profiles from
the ice—shelf front (Fig. 5 in Drews (2015); Fig. 6 in Drews et al. (2020)) predominantly show a smooth ice—ocean interface.
This spatial pattern may therefore be characteristic of many ice shelves that exhibit basal terracing. Notably, Ekstrom and Roi
Baudouin are cold-cavity ice shelves, while Thwaites and Dotson (Wahlin et al., 2024) are warm-cavity ice shelves. Similarly,
observations beneath Dotson are from the ice—shelf edge, suggesting that surface water warming during austral summer affcts
their formation. This oceanographic settings contrasts with our observation of basal terraces near the ice-shelf grounding zone
and suggests that the initiation of basal terracing is unlikely to depend on far-field ocean forcing and instead reflects a more
localized process.

The advection of basal terraces and their gradual decrease is one component that determines the exponential decrease in basal
roughness with distance to the grounding line. The known melt rates along the central flow line of Ekstrom Ice Shelf (Moss
et al., 2025), however, stay near-constant within a band of 0—1 m a~!. Consequently, we do not see a correlation between basal
roughness and basal melt. The gradual downstream decrease in terrace amplitude may result from changing oceanographic
conditions, such as variations in thermocline depth that alter the vertical distribution of ocean heat available for basal melting
(Kimura et al., 2017), from the progressive modification of neighbouring terraces through continued melting, or from internal
ice deformation associated with longitudinal stretching (Fig. C1) and viscous creep as the ice flows toward the unconfined
shelf front (Larter, 2022) which can reduce the amplitude of basal topography during downstream advection (Gladish et al.,
2012). The data shown here do not allow us to unequivocally distinguish between these mechanisms, and further oceanographic
observations together with repeat measurements are needed to identify the dominant processes driving this gradual decrease.

Although our data do not capture the initial formation of basal terraces, they are already present within 1 km downstream of
the satellite-inferred grounding line. If basal melting is the driving mechanism, localized melt rates of several tens of meters
per year (Shean et al., 2019; Ciraci et al., 2023; Washam et al., 2019) would be required within a relatively narrow region in
the grounding zone. Given that the terrace topography appears nearly time-invariant in our high-resolution grid, the governing

process likely weakens or ceases with increasing distance from the grounding zone.
5.2 Spatio-temporal variability in basal melting of a terrace field

The mass-balance-derived melt rates within the dense grid are subject to both absolute and relative uncertainties. As noted in

previous studies (Moholdt et al., 2014; Berger et al., 2017), properly accounting for horizontal advection is a major source
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of absolute error, especially where ice thickness variability is large. Systematic thickness offsets between terrace walls, for

example, would appear as sharp anomalies in the inferred basal melt-rate field. In our case, matching internal radar reflection

1 1

horizons yields an ice—shelf velocity of 154m a—!, which is 10m a~! higher than satellite-derived velocities (146 m a~
Mouginot et al., 2019) and estimates from ApRES device advection (also 146 m a~1!). Given the 5 m along-track spacing of
the GPR data, however, these differences are small and are addressed by interpolating second-season radar points onto those
from the first season. Thus, correcting for ice advection through internal-layer matching or through satellite- and ground-
based velocity measurements leads to essentially the same result. We are therefore confident that horizontal advection is
adequately accounted for in our workflow. Nonetheless, pointwise interpolation alters the mean ice thickness by 0.3 m, surface
accumulation rates are not fully constrained, and uncertainties associated with manual picking over the relatively rough basal
topography span several radar bins. Together, these factors contribute to a cumulative absolute uncertainty of at least £1 m
a~! for the mass balance approach. Consequently, the difference of 0.6m a~! between ApRES-derived melt rates and the
refreezing signal inferred from the mass balance approach lies within the expected uncertainty range of the latter, and is not
considered statistically significant.

While the absolute melt rate values inferred from the mass balance approach exhibit higher uncertainty, the spatial variability
and relative differences of these melt rates are more robust. The south—north gradient toward higher downstream melt rates,
therefore, represents a meaningful signal and provides spatial context for the localized ApRES measurements. This approach
underscores the potential of complementing high-quality point estimates from ApRES with repeat radar profiles to assess the
spatial representativeness of ApRES melt rates within a wider study area. Localized melt rates at the terrace roofs are generally
low and below the regional average. For comparison, Adusumilli et al. (2020) report 3.2m a~! for a nearby 500 m x 500 m
grid cell, consistent with estimates from internal radar stratigraphy by Moss et al. (2025). These findings align with previously
proposed mechanisms such as reduced heat transport to the ice base due to ocean stratification (Davis et al., 2023; Schmidt
et al., 2023; Wahlin et al., 2024).

Compared to melt rate variability in other locations on the Ekstrom Ice Shelf (Zeising et al., 2025), the amplitude of variations
near the grounding zone is weaker, which underlines that seasonality and amplitude of melt rates are dependent on the locations

on the ice shelf.
5.3 Potential melt signal along terrace walls

Overall, the highest melt rates occur at the deepest terrace roof, while no pronounced signal could be detected at the terrace
walls within the limits of the mass balance approach. The potential off-nadir reflection seen in the ApRES time series might
originate from a reflection at a neighbouring terrrace wall. In this case, the true depth d must be estimated from the basal
geometry inferred from the dense GPR grid. Additionally, it has to be considered that the ice shelf is subject to horizontal strain,
which might affect the change in range of an off-nadir reflector. We accounted for this following the analysis of Varnkova et al.

(2021) with the assumption that bending is negligible. Furthermore, assuming that melt occurs perpendicular to the reflection
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surface, we rewrote the basal melt rate
b = Vpgse — (€2d + vguf) cOsa — pe Az sina 4)

in terms of the range change by the reflector vp,s, the range change through surface processes vgf, and the off-nadir angle a.
The parameter p encodes how much the horizontal strain is aligned with the line of sight to the reflector (p = 0 is perpendicular,
while p = 1 is parallel) and Az is the horizontal distance of the reflector to the ApRES. Given the traveltime at which the off-
nadir reflector appears and the local ice thickness, it is deduced that the potential reflection stems from a point that is separated
approximately 415 m laterally from the nadir reflection (red dashed line in Fig. 4a). Considering the base geometry inferred
from the dense GPR grid, the reflecting segment could be an inclined terrace wall with a slope of approximately 30°, which
is neighbouring a higher lying terrace roof (dark blue segment in Fig. 4a). With a and Az given by this ray path, a yearly
averaged basal melt rate between 3.95m a~! and 4.35m a~! is calculated, depending on the alignment with the horizontal
strain p. A seasonal variability cannot reliably be inferred for this reflection.

This potential off-nadir melt rate is approximately one order of magnitude bigger than the nadir melt rate at the terrace
roof (~ 0.4m a~'). A meltrate increase with increasing ice—base slope would be consistent with the observations reported by
Schmidt et al. (2023) and the simulation results documented by Anselin et al. (2024). However, Schmidt et al. (2023) find at
maximum an increase by a factor of three in melt rates when comparing zero-slope faces to faces with a 30° slope. Furthermore,
we expect large-scale melting on this range along terrace walls to be visible in the repeat dense radar grid and thus detected
using the mass balance approach. Although some uncertainty remains in horizontal positioning and GPR profile matching, the
similarity in terrace-wall geometry between time slices suggests negligible geometric change and thus no substantial lateral
basal melting. The basal terrace field within our dense grid appears largely dormant, with little evidence of enhanced melting
at terrace walls. A higher off-nadir melt rate could originate from a local melt event or outside the dense grid. The amplitude
of this off-nadir reflection is weaker and not clear; we therefore can not exclude another origin for this reflection. If intense,

localized melting does occur, it is more likely situated farther upstream, closer to the grounding zone.

6 Conclusion

Using repeat ground-penetrating radar surveys, continuous ApRES measurements, and airborne radar data, we investigate the
topography and temporal evolution of basal terraces beneath Ekstrom Ice Shelf over annual timescales. Our observations pro-
vide the first quasi-three-dimensional repeat mapping of a basal terrace field in a cold-cavity ice shelf and constrain melt rates
within a terrace field. Our findings show that terracing occurs in or near the grounding zone, terraces then enter a stagnant mode
and gradually diminish until the ice—ocean interface becomes uniformly smooth closer to the ice—shelf front. Taking these ob-
servations from a cold-cavity ice shelf together with findings from warm-cavity ice shelves suggests that basal terracing is a
widespread process that is not controlled primarily by far-field ocean thermal forcing. Despite the pronounced basal relief,
the terrace geometry remained remarkably stable between the two field seasons. Both the repeat GPR surveys and the ApRES

observations indicate low (<1 ma~! and below regional average) basal melt rates at terrace roofs. These observations support
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previous hypotheses that stratified ocean conditions suppress vertical heat transport toward near-horizontal ice surfaces. Al-
though a weaker off-nadir reflection in the ApRES data may indicate enhanced melting at a nearby inclined basal wall, its origin
could not be conclusively determined. Consequently, our observations do not provide evidence for systematically elevated melt
rates along terrace walls. Taken together, our results suggest that basal terraces beneath Ekstrom Ice Shelf are not necessarily
active hotspots of sustained melting. Instead, they likely form in the grounding zone under localized conditions of enhanced
basal melting and subsequently enter a comparatively stagnant phase during downstream advection. These findings highlight
that the relationship between basal roughness and basal melt is spatially variable and that pronounced basal topography does
not necessarily imply ongoing enhanced melting. Future observations closer to grounding zones and over longer time periods
as well as surveys with side-looking capabilities to observe wall melting, will be essential to capture the processes responsible

for the initiation and early evolution of basal terraces.
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Data availability. The ApRES time series and derived basal melt rates, and the processed GPR data are available on . Publication on Pangaea
for the final revised paper is in progress. The airborne Accumulation radar data (Steinhage et al., 2025) and UWB radar data (Eisen et al.,
2024) are accessible through the Marine Data Portal https://marine-data.de/ (Franke et al., 2026). The processed along-flow GPR profiles are
available in (Moss et al., 2025).

Appendix A: Comparison of EMR and GPR data along flow

We use airborne EMR radar data acquired in 2023 and compare it with the along-flow GPR data collected in 2021/22 (Fig-
ure A1l). Both datasets are spatially referenced using distance from the grounding line as defined by Rignot et al. (2025a):

— The GPR data do not penetrate sufficiently to resolve the ice base between the grounding line and the hydrostatic line.
However, they provide high-resolution imaging of the ice base beginning approximately 5 km downstream of the ground-
ing line. In this region, EMR observations reveal basal terraces extending seaward from the grounding line (highlighted

in red in panel a).

— Further offshore, the GPR data resolve basal features in greater detail than is possible with the EMR dataset. Between
the two survey periods, these basal features appear to have advected approximately 1 km downstream with ice flow (blue

panels). Red arrows indicate features identified in both datasets.

— The grounding line delineation from (Rignot et al., 2025a) lies approximately 1 km inland of the position suggested
by the strong basal reflection observed in the EMR data. This offset likely reflects a systematic bias in InSAR-derived
grounding line products, which tend to map the hinge line upstream of the true grounding line position. The strong basal
reflection in the EMR data is instead interpreted as arising from the transition in basal reflectivity as ice becomes afloat
over saline ocean water. Consistent with this interpretation, no basal terraces are observed upstream of the grounding

line.

Appendix B: Comparison of repeat GPR data

Appendix C: Dynamical setting of Ekstrom Ice Shelf
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Figure Al. Comparison of airborne (EMR) and ground-based (GPR) radargrams along the ice-flow direction. (a) EMR data extend across
approximately 20km of grounded ice and more than 130km of the floating Ekstrom Ice Shelf toward the ice front. The red rectangle
highlights the tidal flexure zone between the grounding line and the hydrostatic line (after Rignot et al., 2025a), where the GPR data do not
image the ice base. In contrast, the EMR data reveal that a rough basal topography is already present close to the grounding line. (b, c¢) Farther
downstream, both the EMR and GPR data image the basal terraces described in the main text. Red arrows highlight characteristic features
that can be identified in both datasets. The approximately 1 km spatial offset between the observations is attributed to ice advection between

the airborne and ground-based radar surveys.
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Figure B1. Comparison of repeat GPR data showing basal terraces imaged in 2021/22 and 2022/23. The 2022 radar data (right) contains

more noise compared to 2021 data. No topographic difference of the basal reflection is visible between the two datasets.
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Figure C1. Strain rates of Ekstrom Ice Shelf derived from the MEaSUREs velocity product. (a) Longitudinal strain rates, with red indi-

cating along-flow extension and blue indicating along-flow compression. A localized region of weak longitudinal compression is visible in

the western tributary feeding the ice shelf. (b) Shear strain rates, with red indicating dextral shear and blue indicating sinistral shear. (c)

Transverse strain rates, where red denotes across-flow extension and blue denotes across-flow compression. The western tributary exhibits

pronounced transverse extension, and a transition from across-flow compression to extension is observed approximately 70 km downstream

of the grounding line.
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