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Abstract The East Antarctic Ice Sheet (EAIS) formed circa 34 million years ago and now contains an ice
volume equivalent to ~52 m of global sea-level rise. Although the EAIS is approximately in balance today, there
is substantial uncertainty regarding the sensitivity of sectors underlain by low-lying bed topography to future
climate and ocean warming. This is especially pertinent for Coats Land (eastern Weddell Sea), where geological
records of past ice-sheet changes are sparse. Here, we use airborne radio-echo sounding and magnetic data,
satellite imagery, and isostatic modeling to map the subglacial geomorphology of Coats Land for the first time
and constrain the regional geological and ice-sheet history. Our mapping reveals topographic features such as
tilted highlands and deep, asymmetric depressions, which likely formed via regional extension associated with
Gondwana breakup, concomitant with early Jurassic magmatism. We also document low-relief, seaward-
dipping surfaces that we infer to be remnants of coastal plains formed by fluvial erosion after continental
breakup. Subglacial troughs that were incised into (i.e., post-date) these pre-glacial erosion surfaces were
selectively eroded by ice flowing south-to-north. The ice within these troughs is stagnant today, indicating that
they did not form beneath the modern (east-to-west-flowing) EAIS. Based on local geomorphological and
geochronological evidence, we infer that these troughs were most likely incised during an interval of the
Oligocene—Miocene (ca. 34—14 Ma) when the regional ice configuration and bed topography were significantly
different from today. Subsequent EAIS reconfiguration switched off these early outlets and facilitated
widespread landscape preservation beneath regionally non-erosive ice.

Plain Language Summary Approximately 80% of Earth's ice can be found in the East Antarctic Ice
Sheet. Although its mass has not changed significantly in recent decades, the future of the East Antarctic Ice
Sheet is the largest source of uncertainty in projections of future sea-level rise in a warming world. Coats Land is
a region of East Antarctica that has been highlighted as potentially vulnerable to atmosphere and ocean
warming, but the long-term glacial history of this area is currently poorly understood. However, the landscape
hidden beneath the ice can yield valuable insights into Coats Land's deep past and how the ice sheet responds to
climatic change. In this study, we use radar data to reveal the sub-ice topography of Coats Land. We identify
landforms that were originally formed by tectonic activity when East Antarctica was separating from a former
supercontinent approximately 150 million years ago. We also discover regions of flat topography that were
formed by widespread erosion by river systems prior to Southern Hemisphere glaciation. The topography also
reveals that, early in Antarctica's glacial history, regional ice flow was northward. The ice sheet subsequently
reconfigured, with fast-flowing outlets draining east-to-west and ancient parts of the landscape preserved
beneath non-erosive ice.

1. Introduction

The East Antarctic Ice Sheet (EAIS) is the largest reservoir of freshwater on Earth, containing an ice volume
equivalent to 52.2 m of global sea-level rise (Morlighem et al., 2020). Compared to the West Antarctic Ice Sheet
(WAIS), which is an order of magnitude smaller, the EAIS has not experienced a clear mass loss trend in recent
decades (Otosaka et al., 2023) and has historically been viewed as less sensitive to ocean-atmosphere warming
(Seroussi et al., 2020; Stokes et al., 2022; Sugden et al., 1995). However, recent work indicates that parts of the
EAIS are potentially more vulnerable to climate and ocean change than previously thought. Attention has
increasingly been given to the regions of the EAIS that are underlain by deep, low-lying topographic basins,
which renders the ice margin potentially susceptible to rapid and irreversible retreat via marine ice-sheet
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instability processes (DeConto et al., 2021; Pattyn & Morlighem, 2020). The three large-scale regions of East
Antarctica that are characterized by widespread low-lying bed topography and therefore potentially vulnerable to
these processes are: (a) the Wilkes Subglacial Basin, (b) the Aurora Subglacial Basin, and (c) the Coats Land
sector on the eastern margin of the Weddell Sea (Golledge et al., 2017; Halberstadt et al., 2024; Morlighem
et al., 2020).

Offshore sediment records and sub-ice geomorphology indicate that the EAIS margin retreated into the Wilkes
and Aurora Subglacial Basins during past warm periods including Pleistocene and Pliocene interglacials,
although the extent of this retreat remains uncertain (Aitken et al., 2016; Cook et al., 2013; Crotti et al., 2022). By
contrast, comparatively little is known about the long-term history and dynamics of the Coats Land sector
(Figure 1), largely due to the paucity of offshore sediment records in this region. Today, this area of the EAIS is
drained by the combined catchment of four major outlet glaciers (the Recovery Glacier, Slessor Glacier, Bailey
Ice Stream, and Stancomb-Wills Glacier) and their tributaries, which discharge into the eastern Weddell Sea
(Figure 1). The catchment comprises ~14% of Antarctica's grounded ice-sheet area (Rignot et al., 2008) and
contains ~9 m sea-level equivalent, which is more than the entire WAIS. Indeed, the Coats Land region has been
identified as a likely source of major ice loss from East Antarctica during past warm climate intervals (Halberstadt
et al., 2024) and over the coming centuries and millennia (Golledge et al., 2017), because ~33% of the bed across
the catchment lies below sea level (Morlighem et al., 2020) and ice at the grounding line is close to flotation
(Golledge et al., 2017; Vaughan et al., 2011), which may render the catchment particularly sensitive to ocean
warming.

An improved understanding of EAIS history in the Coats Land sector is crucial in order to engender greater
confidence in predictions of its response to future warming. Given the paucity of offshore evidence, it is necessary
to utilize alternative data sets to constrain long-term (pre- and early) glacial history. Because the subglacial
landscape encodes a record of the processes that have shaped it over millions of years, the topography beneath the
EALIS can be used to infer past ice dynamics (Jamieson et al., 2023; Rose et al., 2013; Ross et al., 2014). However,
the sub-ice topography of Coats Land has been little studied owing to a historical lack of measurements of ice
thickness (Fretwell et al., 2013). Early work used satellite imagery (from Landsat and NOAA Very High Res-
olution Radiometer) to map the boundaries of major physiographic zones in the ice surface (Marsh, 1985). These
variations in ice-surface morphology were thought to be linked to bed topography, but the sparsity of direct ice-
thickness measurements meant this could not be fully verified. More recently, a number of airborne radio-echo
sounding (RES) surveys have been undertaken in this region (Corr et al., 2024; Forsberg et al., 2018; MacGregor
et al., 2021; Nixdorf et al., 1999), substantially increasing the quantity and quality of available bed elevation
measurements. There is therefore a significant, hitherto untapped opportunity to map and interpret the bed
topography and geomorphology of Coats Land and in turn constrain the past extent, flow, and behavior of this
crucial sector of the EAIS.

2. Background and Aims
2.1. Geology of Coats Land

Observations of the bedrock geology of Coats Land are limited to small rock outcrops (i.e., nunataks) across the
region (Cox et al., 2023). Archean and Proterozoic basement rocks are exposed in the Shackleton Range (Will
et al., 2009) (Figure 1a), where there is also evidence of fold-and-thrust tectonics dating from Gondwana as-
sembly (ca. 550-500 Ma) (Tessensohn et al., 1999). Proterozoic granitoids are exposed in three small groups of
nunataks along the Luitpold Coast (the Bertrab, Littlewood, and Moltke (“B/L/M”) Nunataks; Figure 1la),
although their origin remains enigmatic (Kleinschmidt & Boger, 2009). Situated between the Shackleton Range
and the B/L/M Nunataks, the Theron Mountains comprise Permo—Triassic siliciclastic rocks of the Beacon
Supergroup, which are intruded and/or capped by Jurassic dolerite sills of the Ferrar Large Igneous Province
(Brook, 1972) (Figure 1a). Similarly, the Whichaway Nunataks to the south of the Shackleton Range comprise
Ferrar dolerites that intruded into Beacon sandstones. This ca. 180 Ma tholeiitic magmatism was associated with
the onset of Gondwana breakup and the separation of this sector of East Antarctica from southern Africa
(Elliot, 1992).

The contrast in geology between the Shackleton Range and the Theron Mountains (to the north) and the
Whichaway Nunataks (to the south) indicates that these highlands are separated by large-scale fault systems
(Krohne et al., 2018). Indeed, these faults likely control the location of the Recovery and Slessor Glaciers
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Figure 1. Geological and glaciological setting of Coats Land. (a) RADARSAT image mosaic of Antarctic ice-surface
morphology (Jezek et al., 2013). Legend indicates major outcropping geological units from GeoMAP (Cox et al., 2023). B/L/
M = Bertrab/Littlewood/Moltke Nunataks. Dashed box marks the extent of Figure 2. (b) MEaSURE:s ice-surface velocity
(Mouginot et al., 2019a). Black lines show present-day ice divides; white line demarcates the 50 m/yr contour used to
illustrate the onset of fast flow. Inset shows the study area (red box) within Antarctica (EA = East Antarctica; WA = West
Antarctica). (c) BedMachine v3 bed topography (Morlighem et al., 2020); contour interval is 500 m. Yellow lines mark the
RES flight lines used in this study (see Figure S1 in Supporting Information S1). (d) ADMAP2B magnetic anomaly
compilation (Golynsky et al., 2018); contour interval is 100 nT. Dashed black line demarcates the Coats Land Block (Jordan
et al., 2017; Mieth & Jokat, 2014).
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(Figure 1b), which have incised subglacial troughs with floors more than 2 km below sea level (Paxman
et al., 2017; Sugden et al., 2014) (Figure 1c). Moreover, aeromagnetic anomalies support the presence of major
geological lineaments bounding the Shackleton Range and reveal a magnetically distinct terrane situated between
the Bailey Ice Stream and Brunt Ice Shelf, referred to as the “Coats Land Block™ (Jordan et al., 2017; Mieth &
Jokat, 2014) (Figure 1d). However, beyond these observations, it remains unclear to what extent the present-day
subglacial geomorphology of Coats Land reflects the regional geological history and how long-term geological
processes have influenced past and ongoing ice-sheet behavior.

2.2. Modern-Day Ice Dynamics

Fast ice flow in Coats Land is dominated by the Recovery and Slessor Glaciers and their tributaries (Figure 1b).
These outlets are focussed through deep subglacial troughs on either side of the Shackleton Range and flow
westward into the Filchner Ice Shelf, with velocities reaching 500-1,000 m/yr at the grounding line (Mouginot
et al., 2019a). The Bailey Ice Stream is bounded by the northern escarpment of the Theron Mountains and also
drains into the Filchner Ice Shelf but with more muted grounding-line velocities of ~200 m/yr (Mouginot
et al.,, 2019a). By contrast, ice surface velocities over the intervening highlands, including the Whichaway
Nunataks, Shackleton Range, and Theron Mountains, are low or negligible (widely <10 m/yr; Figure 1b). To the
north, the Brunt/Stancomb-Wills Ice Shelf is fed by the Stancomb-Wills Glacier, which also demarcates the
eastern edge of the Coats Land Block (Figures 1b and 1d). The region bounded by the Luitpold Coast, Bailey Ice
Stream, and Stancomb-Wills Glacier is characterized by predominantly slow-flowing ice, with minor glaciers
with small upstream catchments present along the Luitpold Coast (Figure 1b). Evidence from internal layer
stratigraphy and bed topography in the upper reaches of the Slessor and Recovery Glaciers suggests that the
regional ice flow configuration has changed in the past (Diez et al., 2018; Rippin et al., 2006), but this history
remains ambiguous.

2.3. Study Aims and Objectives

The overarching aim of this study is to understand the subglacial landscape of Coats Land, its evolution, and its
implications for ice-sheet behavior. The objectives are threefold:

1. Map and characterize the sub-ice geomorphology of Coats Land using RES and ice-surface morphology data.

2. Elucidate the tectonic and surface processes responsible for the genesis of the modern landscape.

3. Reconstruct geological, landscape, and ice-sheet evolution and assess the implications for long-term ice-sheet
behavior and sensitivity to climate change.

3. Methods

3.1. Airborne Geophysical Data Collation
3.1.1. Radio-Echo Sounding

To map the sub-ice geomorphology of Coats Land, we used bed elevation profile (i.e., 2D) data derived from RES
surveying as opposed to an interpolated (3D) continental digital elevation model (DEM) such as BedMachine v3
(Morlighem et al., 2020) or Bedmap3 (Pritchard et al., 2025). The reasons for this choice were: (a) RES profile
data preserve high-resolution (<5 km) detail in the landscape, which is lost during the gridding process for DEMs,
and (b) in regions where ice is not fast-flowing (and therefore mass conservation cannot be used to determine ice
thickness) and flight lines are widely spaced, the interpolation process can introduce artifacts that might be
misinterpreted as real geomorphological features. All of our analyses were therefore performed on RES-derived
bed elevation profile data, with BedMachine v3 (Morlighem et al., 2020) used solely for illustrative purposes to
show the first-order regional topographic configuration (e.g., Figure 1c; Figure S2 in Supporting Information S1)
and for comparison with our geomorphological mapping results.

We compiled along-track ice thickness data from four airborne RES surveys (Figure S1 and Table S1 in Sup-
porting Information S1): (a) Alfred Wegener Institute (AWI) Dronning Maud Land (DML) (Nixdorf et al., 1999),
(b) British Antarctic Survey (BAS) ICEGRAYV (Forsberg et al., 2018), (c) BAS Filchner Ice Shelf System (FISS)
(Corr et al., 2024), and (d) NASA Operation IceBridge (MacGregor et al., 2021). Each survey used a radar
operating frequency of 150 MHz and data were processed using synthetic aperture radar (SAR) focusing (except
for the AWI data). Ice thickness was determined by calculating the two-way travel time of radar reflections at the
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Figure 2. Coats Land sub-ice landscape derived from radio-echo sounding. (a) Bed topography. For visualization, RES-
derived bed elevations were gridded at 500 m resolution and masked to remove interpolant >2,500 m from the nearest data
point. Labeled lines mark the locations of profiles shown in Figure 3; dashed boxes mark the extents of Figures 5a and 8a.
(b) Along-track RMS deviation of bed elevation (over a 1,600 m length scale), a proxy for local topographic roughness.

ice surface and bed interfaces. The surface and bed reflectors were picked automatically and manually corrected if
necessary. Travel times were converted to depth assuming a constant radar wave speed of 0.168 m/ns, with the
BAS surveys applying an additional 10 m correction for the firn layer. Ice thickness was calculated as the vertical
distance between the picked surface and bed. Bed elevation (relative to the WGS84 ellipsoid) was computed by
subtracting the ice thickness from the surface elevation. For consistency with continental DEMs, we shifted all
bed elevation values onto the EIGEN-6C4 geoid (i.e., mean sea level; Figure 2a).

Although there were minor differences between the instrumentation and processing for each survey, the along-
track bed pick data have a consistent trace spacing of 10-15 m except the older AWI data, where the spacing
is ~50 m (Table S1 in Supporting Information S1). The vertical resolution is typically <10 m. Therefore, at the
scale of investigation in this study (>100s of meters), differences in subglacial topography arising from differ-
ences between radar surveys are likely negligible.

3.1.2. Magnetic Anomalies

To aid geological interpretation, we also examined airborne magnetic anomalies from the 2012-2013 BAS
ICEGRAYV survey (other surveys have limited spatial coverage or did not acquire magnetic data). Raw total
magnetic field intensity data were acquired using a Scintrex caesium magnetometer. Processing involved
compensation for aircraft roll, pitch, and yaw, geomagnetic reference field correction, tip tank correction, base
station correction, and compensation for heading errors (Ferraccioli et al., 2020). Since we examined only along-
track line data rather than a gridded product, leveling was not required. Magnetic anomalies were collected at an
approximately constant elevation relative to the WGS84 ellipsoid, a few hundred meters above the local ice
surface.
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3.2. Geomorphological Mapping

We systematically searched the along-track bed elevation profiles (Section 3.1.1) to map the distribution of
macro-scale geomorphological features (and their boundaries) within the study area. For this mapping we pri-
marily focussed on the region bounded by the Theron Mountains, Filchner Ice Shelf, and Brunt/Stancomb-Wills
Ice Shelf; the sub-ice topography of this area has not been previously described and contains no outcrops other
than the B/L/M Nunataks (Figure 1). To augment the bed elevation measurements, we derived a measure of along-
track bed roughness (v) by computing the root mean square (RMS) deviation of bed elevation (z(x)) between
points separated by a discrete length scale (Ax) of 1,600 m (Figure 2b), which is appropriate for macro-scale
analysis of topography (Shepard et al., 2001):

N 2

W8 = | 3106 = 2l + AP 1)

i=1

where N is the number of bed elevation measurements within the moving window (i.e., the length scale, Ax,
divided by the point spacing). To ensure that RMS deviations from different RES surveys could be directly
compared, all bed elevation profiles were linearly interpolated to a consistent along-track spacing of 50 m prior to
the calculation. This value was chosen because it equates to the highest trace spacing of the RES surveys used
(Table S1 in Supporting Information S1), minimizing the potential for aliasing or smoothing of the original data.
Boundaries between macro-scale geomorphological features were delineated based on changes in regional bed
elevation and RMS deviation (no specific thresholds were applied) and/or the presence of abrupt inflection points
in bed slope (e.g., escarpments).

Radar survey line density varies significantly across the study area. In the lower parts of the ice streams, close to
the grounding line, the FISS survey line spacing is 2.5 km. However, in the interior of Coats Land, the ICEGRAV
and AWI lines are ~25 and ~40 km apart, respectively (Figure 1c; Figure S2 in Supporting Information S1). We
therefore augmented our bed topography mapping using the 125-m-resolution RADARSAT RAMP AMM-1
SAR image mosaic of Antarctica, version 2 (Jezek et al., 2013).

The RAMP AMM-1 mosaic is a semi-quantitative representation of radar backscatter intensity, which is affected
by the shape, curvature, and roughness of the ice surface. At length-scales of ~1-20 km, undulations in ice-
surface curvature (and therefore backscatter intensity) can be correlated with bed topography with wave-
lengths exceeding the local ice thickness (Le Brocq et al., 2008). However, backscatter variations can also arise
from firn characteristics, crevassing, or aeolian features, which may exceed the influence of bed topography in
certain locations. We therefore focussed this analysis on the slow-moving (~10 m/yr; Figure 1b) interior of Coats
Land, away from the grounding zone and major ice streams where crevassing is more likely (Lai et al., 2020). We
used the RAMP AMM-1 mosaic to map the planform geometry of sub-ice features with wavelengths of ~1—
20 km, such as valleys, ridges, and escarpments. To ensure that the mapped backscatter features are indeed caused
by the ice flowing over undulations in bed topography, we compared their positions to topographic “highs” and
“lows” in intersecting RES lines.

3.3. Flexural Isostatic Modeling

Bed elevations in Antarctica have been affected by the isostatic response of the Earth's lithosphere to a number of
surface and tectonic processes, including ice loading, erosion, sedimentation, volcanism, and faulting (White-
house et al., 2019). To gain a more complete understanding of the origin and evolution of topographic features
beneath the EAIS, it is necessary to model the predicted pattern of these isostatic responses and compare these
calculations to the observed topography (Paxman, 2023).

We first adjusted all RES-derived bed elevations to account for the isostatic response to the unloading of the
Antarctic Ice Sheet. To do so, we used a recent calculation of the isostatic response to complete deglaciation
(Paxman et al., 2022b), which was computed using a 2D flexed elastic plate model (Garcia et al., 2015),
BedMachine v3 ice thickness (Morlighem et al., 2020), and a laterally variable lithospheric flexural rigidity
for Antarctica (Swain & Kirby, 2021). This correction also considers the ongoing unequilibrated response of
the solid Earth to Antarctic ice mass change since the Last Glacial Maximum and feedback associated with
loading of areas below sea level by water.
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To examine the flexural isostatic effects of other surface and tectonic processes, we used a 1D elastic plate model
since the spatial geometry of these (un)loads is more difficult to constrain and opting for a simple model
configuration avoids introducing additional complexity and uncertainty. The 1D equation for computing the
flexure, w(x), induced by a load, h(x), is expressed as (Watts, 2001):

d*w

D W + (pmamle - /)infill) gW(X) = (pload - pdisplace) gh(x) (2)
where
ETé
= - 3
12(1 — 0?) )

and the parameter Te represents the effective elastic thickness (a proxy for flexural rigidity, D) of the East
Antarctic lithosphere. For simplicity, we assumed a spatially uniform 7e, allowing Equation 2 to be solved
analytically using a fast Fourier transform of the load and convolution with a 1D flexural isostatic response
function (Watts, 2001). We assumed a Young's modulus (E) of 100 GPa, Poisson ratio (v) of 0.25, gravitational
acceleration (g) of 9.81 m s™2, and mantle density (p,,,nqe) Of 3,330 kg m™>.

We computed the flexural response to three processes: (a) extensional faulting (Contreras-Reyes & Osses, 2010;
Weissel & Karner, 1989), (b) glacial trough erosion (Paxman et al., 2017), and (c) continental shelf sediment
deposition (Hochmuth et al., 2020). The densities of the load (p,,4), the material infilling the flexure (p;,g),), and
the material displaced by the flexure (pg;spiace), s Well as the distribution of 4(x), are dependent on the (un)loading
scenario being considered. For the faulting model we tested a range of Te values, whereas for erosion and
sedimentation we used a single value of 20 km, which was informed by the faulting model calculations (see Text
S1 in Supporting Information S1) and represents an appropriate regional average (Swain & Kirby, 2021). The
details of the (un)load geometries and densities used for each calculation are described in Text S1 in Supporting
Information S1.

4. Results

In this section, we sequentially describe the first-order sub-ice geomorphological features identified through our
mapping, quantify their morphology, and assess the impact of isostatic adjustment on their elevations.

4.1. Overview

RES profiles show that the bed topography of Coats Land north of the Bailey Ice Stream is dominated by terrain
situated within £500 m of present-day sea level (Figure 2a). Between the deep troughs that underlie the Bailey Ice
Stream and Stancomb-Wills Glacier, the regional topography is gently inclined downwards toward the coast
(Figure 3). This terrain can be divided into two first-order physiographic features: (a) low-relief planar surfaces
situated close to sea level, characterized by low internal relief, and (b) a tract of high topography that rises up from
the planar surfaces, including a coherent highland massif and isolated inselbergs (Figure 3). The higher topog-
raphy is rougher than the adjacent planar surfaces as illustrated by its along-track RMS deviations (Figure 2b).
The highlands and planar surfaces can also be clearly differentiated in the RADARSAT RAMP AMM-1 SAR
image mosaic (see Section 4.2). When bed elevations are isostatically adjusted for EAIS loading, they increase by
100—400 m across the region (Figure S2 in Supporting Information S1).

The low-relief planar surfaces are bounded by the deep troughs underlying the Stancomb-Wills Glacier and
Bailey Ice Stream, which are both associated with steep escarpments along their margins (Figures 4a and 4b).
Additionally, several narrow (<10 km), steep-sided, topographic highs protrude from the floor of the Bailey
trough with relief of up to ~300 m (Figures 4a and 4c). These flat-topped features resemble mesas located in
numerous continental settings on Earth, including Antarctica (Studinger et al., 2004).

4.2. Highlands and Inselbergs

The center of Coats Land is characterized by an elongated, NE-SW-trending highland massif (Figure 4a). This
belt of high terrain covers an area of ~18,000 km? and the peaks stand up to 800 m above the adjacent terrain. The
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Figure 3. Radio-echo sounding images across Coats Land from the 2012-13 ICEGRAV survey. (a) Line G09a (A—A") showing
alow-relief planar surface (yellow) and an asymmetric, 40 km-wide, subglacial trough (dashed arrow). (b) Line G10a (B-B’)
showing low-relief planar surfaces either side of an inclined highland massif (red). (c) Line G22a (C-C’) showing low-relief
planar surfaces separated by narrower, fragmented highlands/inselbergs. (d) Line G11b (D-D’) showing a smooth planar
surface and a mesa-like feature (white). (e) Line G11g (E-E’) showing an incised low-relief planar surface and a subglacial
trough. Black line marks the ice surface; elevations are relative to the WGS84 ellipsoid. Numbered planar surfaces correspond
to Figure 4a. All lines are oriented approximately orthogonal to the ice margin (with the margin on the left) except E-E’,
which is oriented parallel to the ice margin. Projected intersection points of E-E’ with lines C—C’, and D-D’ are indicated in
panels (c, d). Profile locations are shown in Figure 2a.

coastward edge trends parallel to the grounding line, which is situated 40-80 km to the northwest. The north-
eastern end of the highlands (close to the Stancomb-Wills Glacier) constitutes a ~100 km-wide, coherent massif
with peak elevations up to 1.2 km above present-day sea level (when rebounded for ice unloading; Figure 4).
Moving southwest toward the Filchner Ice Shelf, the highlands become lower and narrower and resemble clusters
of inselbergs rather than a single massif. The topography of the highlands is rough, with a median RMS deviation
of bed elevation of 120 m.

In the RAMP AMM-1 SAR image mosaic, the highlands are characterized by a more textured ice surface than the
surrounding terrain (Figure 5a). The ice surface exhibits an intricate network of linear structures (Figures 5b and
5c), which resemble features that have been correlated with subglacial ridges and valleys elsewhere in Antarctica
(Chang et al., 2016; Jamieson et al., 2023; Ross et al., 2014). Indeed, comparison of the location of these ice-
surface lineaments with RES-derived bed elevation measurements indicates that, within the highlands, lighter
areas in the surface image (greater backscatter intensity) consistently align with sub-ice ridges/peaks, whereas
darker areas (lower backscatter intensity) correspond to valley floors (Figures 5b and 5c). The ridges exhibit
prevailing orientations (in the EPSG:3031 Antarctic Polar Stereographic projection) of E-W and ENE-WSW
(Figure 5a). Typically, the ridges proximal to the center of the highlands are oriented approximately parallel
to the long axis of the elongate highland belt, whereas those closer to the edge are oriented approximately
perpendicular to the boundary between the highlands and the adjacent lower terrain (Figure 5a).
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Figure 4. Geomorphological mapping of Coats Land. (a) First-order geomorphological features. RES-derived bed elevations
(relative to global mean sea level) have been isostatically adjusted for EAIS removal. Outlines of geomorphological features
(see legend) were mapped using RES data and the RAMP AMM-1 SAR image mosaic (backdrop). (b) Perspective image of
the BedMachine v3 DEM (isostatically adjusted for EAIS unloading). The image is viewed from an azimuth of 210° and an
inclination of 40°, with 40x vertical exaggeration. Color scale is the same as for panel (a). (c) Ice-surface velocity along
profile X-Y (location shown in panel a). (d) Radargram along profile X-Y (ICEGRAV line G12b). Geomorphological
features are labeled; black line marks the ice surface (triangle = ice divide); elevations are relative to the WGS84 ellipsoid.

Although the expressions of subglacial valleys are generally harder to distinguish than ridges, we were able to
trace several features that exhibit low-order dendritic planforms (Figures 5a and 5b). Notably, the branching
pattern of these valley networks implies that their downstream direction consistently faces away from the center
of the highlands. We found no evidence of valleys that connect through the highlands; they instead appear to
radiate from a central divide (Figure 5). Expressions of subglacial valleys within the low-relief planar surface on
the coastward side of the highlands are also visible (see Section 4.3).

Elevations across the northeastern end of the highland block are strongly asymmetric. On their coastward side, the
highlands rise gently up from the low-relief coastal plain, before dropping steeply by ~800 m down to the planar
surface on their inland side, which separates the highlands from the Stancomb-Wills trough (Figure 6). This steep
escarpment appears to coincide with a step-change in the amplitude of the magnetic anomaly (Forsberg
et al., 2018) as well as the appearance of high-frequency (~5 km) magnetic anomalies over the highlands (with
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Figure 5. Ice-surface expression of subglacial ridges and valleys. (a) RADARSAT RAMP AMM-1 SAR image mosaic with
mapped lineaments corresponding to subglacial ridges and valleys. Panel extent is shown in Figure 4a. Inset: polar histogram
for the orientations of the mapped subglacial ridges; bin width is 10°. Ridges were assigned an orientation (in the EPSG:3031
projection) but not directionality; hence the diagram is symmetrical. (b, ¢) Zoom-ins of two sections of the highland massif
(extents shown in panel a). Subglacial ridges are typically marked by stronger radar backscatter intensity (lighter gray) and
subglacial valleys by weaker radar backscatter intensity (darker gray); see arrows for examples. Color scale illustrates the
bed-elevation anomaly computed along flight tracks (observed bed elevation minus the 5-km running mean). Negative
anomalies correspond to valleys and positive anomalies to peaks.

amplitudes of up to 100 nT) that are absent over the adjacent trough (Figure 6a). This transition in the magnetic
anomaly is indicative of the presence of a geological boundary, such as a fault system and/or a change in lithology.

This hypothesis is further supported by 1D flexural modeling (Text S1 in Supporting Information S1), which
shows that the mechanical unloading induced by displacement across a normal (i.e., extensional) fault produces a
predicted pattern of uplift that is consistent with the observed first-order geometry of the highland block
(Figure 6b; Figure S3 in Supporting Information S1). Specifically, the model predicts a steep escarpment
proximal to the locus of the unloading (i.e., the fault), with the uplift profile tilting gently downwards moving
away from the fault. The amplitude of the escarpment and the westward tilt of the block are best fit by a model
with a faulted layer depth of 28 km (Figures 6b and 6¢), which is consistent with values inferred for “cold”
continental rifts associated with cratonic lithosphere and/or low heat flow, such as the Baikal Rift or parts of the
East African Rift (Chen & Molnar, 1983; Lavier & Buck, 2002). The best-fitting Te of 21 km (Figures 6¢ and 6d)
is in good agreement with previous estimates from the Shackleton Range (Paxman et al., 2017) and regional
values derived from inverse spectral analysis of gravity anomalies and topography (Swain & Kirby, 2021).
Notably, the model overpredicts the elevation of the low-relief coastal plain on the coastward side of the highlands
(Figure 6b). This indicates that at least one additional process is required to explain the current elevation of this
surface (see Section 5), which is delineated from the highlands by a ~200-300 m “step.”
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Figure 6. Flexural response to mechanical unloading. (a) Magnetic anomaly along ICEGRAV line G10a (profile B-B’ in
Figure 2a). Vertical dashed line marks the location of a transition in magnetic character (anomaly amplitude and frequency).
(b) Bed topography along G10a. Black line illustrates the modern bed topography, isostatically adjusted for the removal of
the present-day ice-sheet load (Paxman et al., 2022b); colored lines show the flexural uplift profiles computed using a 1D
broken elastic plate model. The flexure is caused by mechanical unloading along a normal fault (plate break) bounding the
eastern margin of the highlands (location shown in panel b, corresponding to the magnetic anomaly transition in panel a).
Profiles are shown for three effective elastic thickness (Te) values for the lithospheric plate. (c) RMS misfit between the
modeled and observed bed topography across the highland block as a function of Te and faulted layer depth (%0). The red
cross marks the best-fitting combination; Te = 21 km and 40 = 28 km. (d) RMS misfit as a function of Te for a constant 70 of
28 km. The flexural model can account for the steep eastern escarpment and westward tilt of the highland block but
overpredicts the coastal plain (065 profile-km) elevation by ~200-300 m.

4.3. Low-Relief Planar Surfaces

The most conspicuous features in the RES profiles that image the Coats Land bed are the extensive low-relief
planar surfaces that exhibit consistent elevations over distances of tens to hundreds of kilometers (Figure 3).
Based on the distribution of these features in the RES profiles and augmented by RADARSAT imagery, we
mapped three distinct contiguous planar surfaces within the study area (Figure 7a). These three surfaces can be
distinguished from the highlands (Section 4.2) based on their median RMS deviations of bed elevation, which are
49, 25, and 20 m (compared to 120 m in the highlands).

Planar surface 1 (hereafter “PS1”) covers ~22,000 km? and borders the coastward side of the highland block
(Section 4.2) on one side and the Luitpold Coast on the other. It is 40-80 km wide and extends laterally for
~350 km. PS1 “wraps” around the northeastern end of the highlands, forming a ~20 km-wide tract of flat terrain
between the highlands and the Stancomb-Wills trough (Figure 7a). The surface is characterized by coherent top
elevations and short-wavelength (<10 km) roughness (resulting in a median RMS deviation of 49 m; Figure 2b) in
the form of narrow, steep-sided valleys (Figures 3a, 3b, and 3e). The depth of these valleys tends to increase
moving toward the grounding line, with some features incised 500 m into the flat-topped surface. The floors of
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these valleys are as deep as ~500 m below sea level (~300 m when adjusted for ice-sheet unloading). The
planforms of some of these valleys can also be traced in the RAMP AMM-1 SAR image mosaic (Figure 5a).

Planar surface 2 (“PS2”) covers ~6,700 km? and is located between the inland limit of the highlands and the point
where the terrain drops down into the Bailey trough (Figures 3¢ and 4d). The roughness of PS2 (median RMS
deviation of 25 m) is lower than PS1, primarily because deeper valleys are largely absent. PS2 is 2040 km wide
and ~150 km long, extending northeastward from the southwestern end of the highlands; together, PS1 and PS2
do not completely enclose the highland block (Figure 7a).

Planar surface 3 (“PS3”) covers ~4,800 km? and is located southwest of the other two surfaces and the highlands,
separated by an unnamed, 40 km-wide, U-shaped trough (Figure 3e). PS3 is characterized by particularly smooth
bed topography (median RMS deviation of 20 m), which is almost completely devoid of small-scale roughness or
valley incision (Figure 3d).

Hypsometric analysis reveals that the elevations of the planar surfaces are highly clustered. At the present-day (i.
e., beneath the EAIS), the modal RES-derived elevation across the surfaces is 50-150 m below sea level, with a
smaller hypsometric peak at ~300 m above sea level corresponding to parts of PS2 (Figure 7b). When these
elevations are adjusted for ice-sheet unloading, the position of the main hypsometric peak widens and shifts to O—
250 m above sea level (Figure 7c), again with a smaller subsidiary peak at ~500 m above sea level.

We also determined the dip and dip direction of the coast-adjacent surfaces (PS1 and PS3) by fitting a linear plane
(by least-squares regression) to the bed elevation measurements within a 100 X 100 km moving window. This
calculation was performed for both the observed (in situ) and rebounded (ice-free) bed elevation measurements.
We found that rebounding the planar surfaces for ice unloading caused their dips to: (a) become steeper, (b)
exhibit more consistent magnitudes (0.1-0.5°), and (c) become more consistently oriented orthogonal to the coast
(Figure 7a). This implies that PS1/2/3 are fragments of a single surface, suggesting that the surfaces were
originally formed using a common process before their morphologies subsequently diverged.

We note that the planar surfaces may also have been vertically displaced processes other than ice-sheet loading.
Specifically, it is likely that surface elevations will have been impacted by the flexural response to: (a) incision of
the nearby glacial troughs, and (b) deposition of glacial sediments on the adjacent continental shelf (see Text S1
and Figure S4 in Supporting Information S1). When the planar surface elevations are adjusted solely for ice
loading, both PS1 and PS2 dip in an offshore direction (i.e., northwestward; Figure 7d). However, when these
elevations are further adjusted to remove the effect of erosional unloading, we find that PS2 (i.e., closer to the
locus of glacial incision in the Bailey trough) is lowered by ~200 m and becomes near-horizontal or reversed to a
gentle inland slope (Figure 7e). The flexural response to erosional unloading has a more muted impact on PS1 (i.
e., closer to the coast). However, with an additional adjustment for offshore sediment loading, the near-coastal
surfaces are elevated by ~100 m (Figure 7f). Therefore, accounting for the flexural responses to glacial
erosion and sedimentation changes the overall pattern of tilts, such that PS1 and PS2 dip (more gently) in opposite
directions on either side of the highlands (Figure 7g).

4.4. Mesas

We also mapped six isolated, steep-sided, flat-topped topographic highs situated close to the Theron Mountains
(Figure 4a). These features are typically <10 km wide and characterized by steep walls and flat tops (e.g., Fig-
ures 3d and 4d); their prominence is typically ~300 m. As well as being conspicuous in radar images, the extent of
these surfaces is visible in the RAMP AMM-1 SAR image mosaic, owing to their steep sides producing a clear
inflection in bed and surface curvature. The six features, which resemble mesa/butte topography, form a NE-SW-

Figure 7. Geometry of the low-relief planar surfaces. (a) Distribution of low-relief planar surfaces in RES survey lines. Elevations have been isostatically adjusted for
removal of the modern EAIS (Paxman et al., 2022b). Vectors indicate the dip directions of a linear plane fitted by least-squares regression to bed elevation data (red = in
situ; black = rebounded) within a 100 X 100 km window moving around the coast. Vector lengths are logarithmically scaled to the labeled dip angles. Three separate
planar surfaces are divided into two morphological groups: PS1 and PS2 (green), and PS3 (purple). (b) Hypsometry (frequency distribution of elevations; 50 m bins) of
the planar surfaces using in situ bed elevation measurements. (¢c) Hypsometry using bed elevations rebounded for ice-sheet unloading. Gray region indicates the range of
Cenozoic (66—-0 Ma) global mean sea level, smoothed over an 800 kyr window (Miller et al., 2024). (d) Present-day bed elevation profile along ICEGRAYV line G12b
(see Figure 4d). (e) Profile adjusted for the removal of the modern ice-sheet load (Paxman et al., 2022b). (f) Profile adjusted for ice loading and (glacial) erosional
unloading. (g) Profile adjusted for ice loading, erosional unloading, and sediment loading.
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trending chain immediately adjacent to the margin of the fast-flowing Bailey Ice Stream. Fast ice flow is confined
to the 30-40 km-wide region between these mesa-like features and the Theron Mountains.

4.5. Subglacial Troughs

Our mapping also revealed three major subglacial troughs within the study area. The trough underlying the Bailey
Ice Stream separates the highlands, planar surfaces, and mesas described in Sections 4.2—4.4 from the Theron
Mountains. The trough is 30-50 km wide, with a well-defined southern margin comprising a 2 km-high
escarpment that forms the edge of the Theron Mountains block (Figure 4d). The shape of the trough is
strongly asymmetric, with a gentler slope on the northern side of the ice stream. Although not always clearly
imaged by RES, the floor of the trough is ~1.5 km below sea level (Figure 4d).

The trough underlying the Stancomb-Wills Glacier separates the Coats Land highlands from the westernmost end
of the Dronning Maud Land mountain chain (Figure 4b). This trough is also ~50 km wide and the cross-sectional
profile is highly asymmetric, with one side characterized by a gently sloping margin and the other by a steep, ~2
km-high escarpment (Figure 8). The terrain immediately southeast of the Stancomb-Wills trough is characterized
by rough topography with sharp ridges and U-shaped valleys that appear to “feed into” the main trough
(Figures 8c and 8d). The deepest parts of the Stancomb-Wills trough are ~2 km below sea level. Moreover, the
Bailey and Stancomb-Wills troughs are connected by a ~20 km-wide channel with a floor ~1 km below sea level
(Figure 8b). In the BedMachine v3 DEM, this trough is characterized by a “chain” of enclosed topographic lows
corresponding to the crossing points of the RES lines (Figure 8b). The unrealistic topographic highs in between
are interpolation artifacts, highlighting the importance of interpreting geomorphology from the radar lines, which
can facilitate the construction of more realistic topographic grids. This demonstrates an important limitation of
BedMachine, which cannot reliably derive bed elevation in areas lacking in fast-flowing ice (i.e., mass conser-
vation cannot be applied) and dense RES survey coverage. This is particularly pertinent for troughs not presently
occupied by fast-flowing ice, such as those in this part of Coats Land.

A third (unnamed) trough is present at the southwestern end of the highlands. This U-shaped feature is up to
~40 km wide but is shallower than the Bailey and Stancomb-Wills troughs, with a floor ~500 m below sea level
(Figure 3e). It separates the smooth PS3 from the rougher PS1 and PS2 (Figure 4a) and is oriented perpendicular
to the coast. Modern ice-surface velocities within this trough are low (Mouginot et al., 2019a) and the internal
layers within the ice column appear to be conformable and undisturbed (Figure 3e).

5. Discussion

In this section, we discuss the implications of our results for the geological history of Coats Land, how this pre-
conditioned the pre-glacial landscape and early ice growth, and how the landscape influenced and recorded
subsequent EAIS evolution.

5.1. Geological History

The low-relief planar surfaces and intervening highlands have zero surface exposure, which makes it challenging
to constrain their lithology. However, PS3 is situated beneath ice immediately adjacent to the B/L/M Nunataks
(Figure 4a), which comprise Mesoproterozoic (ca. 1.1 Ga) granites, granophyres, and rhyolites (Cox et al., 2023).
Moreover, aeromagnetic anomalies reveal that the region containing the B/L/M Nunataks and the planar surfaces
and highlands mapped in this study constitutes a magnetically coherent geological province (Figure 1d) distinct
from the surrounding terrain and most likely cratonic in nature (Jordan et al., 2017; Mieth & Jokat, 2014; Stu-
dinger & Miller, 1999). We therefore assume that these topographic features are predominantly composed of
Proterozoic basement rocks.

Our results indicate that Coats Land experienced a period of regional extensional tectonic deformation prior to
EALIS inception. The evidence for this is threefold. First, the deep, asymmetric profiles of the troughs underlying
the Bailey Ice Stream and Stancomb-Wills Glacier (Figures 4d and 8b) are reminiscent of half-graben basins
commonly found in extensional regions elsewhere on Earth (Buck, 1991). Second, the steep escarpment and tilted
flank of the subglacial highlands to the west of the Stancomb-Wills trough are consistent with flexural uplift
caused by normal faulting (Figure 6b); this topography is mirrored by the Theron Mountains on the edge of the
Bailey trough (Figure 4d) (Paxman et al., 2017). The proposed location of the fault system along the Stancomb-
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Figure 8. Geometry of the trough bounding the eastern margin of Coats Land. (a) Map of the region between the Stancomb-Wills and Bailey glacial troughs. Panel extent
is shown in Figure 4a. Bed elevation from BedMachine v3 (Morlighem et al., 2020); contour interval is 500 m. Thick black line marks the present-day grounding line;
white lines mark the locations of the profiles (i—ix) shown in panel b; dashed box marks the extent of panels (c, d). (b) RES-derived bed elevation profiles crossing the
subglacial channel that connects the Stancomb-Wills and Bailey glacial troughs. The profiles are stacked from north (i) to south (ix) and oriented from west to east.
Elevations are relative to the global mean sea level. Note that the trough floor is shallowest in profile v (~77°S) and progressively deepens to the south and north. Each
profile is from the 2012—13 ICEGRAV survey (i = G09a; ii = G09a; iii = G02b; iv = G10a; v = HO3b; vi = HO3b; vii = G07a; viii = G07a; ix = G04d).

(c) RADARSAT RAMP AMM-1 ice-surface morphology image of the region outlined by the dashed box in panel (a). (d) Interpreted version of the RADARSAT
RAMP AMM-1 image. Profile v shows that this area exhibits sharp ridges and U-shaped valleys with floors sitting above that of the neighboring trough. Locations of
subglacial valleys are shown in panel a (blue crosses).

Wills trough also coincides with a pronounced change in the amplitude and frequency content of the magnetic
anomaly (Figure 6a), which is indicative of the presence of a geological boundary. Third, the topographic mesas
within and adjacent to the Bailey trough (e.g., Figure 3d) resemble landforms that are strongly associated with
Ferrar tholeiitic intrusions in East Antarctica (Studinger et al., 2004). These rocks are exposed in the neighboring
Theron Mountains (Figure 1a), which exhibit similar mesa topography (Paxman et al., 2017), making it highly
probable that the subglacial mesas reflect the presence of the same intrusive sequences. The Ferrar intrusions were
emplaced during early Jurassic extension associated with Gondwana breakup (Elliot, 1992).
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The early Jurassic (ca. 180 Ma) is the most recent period characterized by widespread crustal extension and
magmatism in the eastern Weddell Sea region (Jordan et al., 2013; Riley et al., 2020). Moreover, Jurassic
extension has been recognized in Dronning Maud Land, where the Jutulstraumen Graben has been imaged
(Ferraccioli et al., 2005). This extension was associated with the separation of East Gondwana (India, Australia,
and Antarctica) from West Gondwana (South America and Africa). The age of the oceanic lithosphere indicates
that a seaway had begun to form between East Antarctica (Coats Land/Dronning Maud Land) and its conjugate
margin in southern Africa by ca. 150 Ma (Miiller et al., 2016). We propose that the large-scale subglacial troughs
(Stancomb-Wills and Bailey) and associated escarpments and tilted highlands in Coats Land were most likely
formed during this phase of early Jurassic rifting and Gondwana breakup (Figure 9a). This proposed timing is
supported by: (a) the exposure of Ferrar tholeiites in the Theron Mountains and the presence of morphologically
similar mesas within the Bailey trough, and (b) thermochronological data and thermal history modeling that
indicate the nearby Shackleton Range experienced substantial crustal heating in the Jurassic (Krohne et al., 2018).
We suggest that Jurassic extensional deformation may have exploited inherited geological weaknesses (Fer-
raccioli et al., 2005) and/or been focussed in more mobile belts around the edges of cratonic terranes such as the
Coats Land Block (Jordan et al., 2017; Mieth & Jokat, 2014). However, we cannot entirely discount the possibility
of extensional deformation occurring earlier, for example, during Permo-Triassic rifting that affected other parts
of East Antarctica (Ferraccioli et al., 2011; Maritati et al., 2020).

Half-graben basins formed during extension in Coats Land would likely have acted as depocentres that were filled
with sediments. Indeed, geophysical observations support the presence of a 3 km-thick fault-bounded sedi-
mentary basin beneath an upstream tributary of the Slessor Glacier (Bamber et al., 2006), indicating that extension
occurred in this region, which is topographically connected to the Stancomb-Wills and Bailey troughs. We
suggest that sediments filling the Stancomb-Wills and Bailey troughs may have been at least partially eroded by
the EAIS (Section 5.3). This would account for their characteristic half-graben morphology (Figure 8) being
better preserved than in many extinct sediment-filled rift systems elsewhere on Earth (Maritati et al., 2020).

5.2. Pre-Glacial Landscape and Early Ice Growth

The correlation between RES bed elevation measurements and undulations in the RAMP AMM-1 SAR image
mosaic shows that the Coats Land highlands contain a network of ridges and valleys. The branching, dendritic
nature of the valley planforms and intricacy of the ridge-and-valley networks indicate that the highlands were
initially incised by fluvial systems, with flow radiating away from the center of the highlands (Figure 5a). We
therefore suggest that these are one of several examples of subglacial highlands where elements of a pre-glacial
fluvial valley network have been preserved beneath the EAIS since ca. 34 Ma (Franke et al., 2021; Jamieson
etal., 2023; Rose et al., 2013). RES profiles also show that across much of the highlands the valleys are relatively
shallow (<300 m), narrow (<2 km) and V-shaped (Figures 3b and 3c), as would be expected for fluvial systems.
However, this does not preclude a degree of later modification by glacial incision (see Section 5.3).

The low-relief planar surfaces are also likely to be erosional features that post-date highland uplift; we suggest
that they originated as pre-glacial fluvial planation surfaces. The reasons for this are threefold. First, the clustering
of the ice-free elevations of the surfaces around a single modal peak close to sea level (Figure 7c¢) is indicative of
widespread planation to a former base level. Second, the ice-free surface systematically dips coastwards at low
angles (<0.6°; Figure 7a), consistent with coastal plains formed by fluvial planation along former Gondwanan
passive margins, including southern Africa (Cockburn et al., 2000). Third, the topographic “step” on the
coastward side of the highlands (Figure 6b) resembles a small escarpment formed by backwearing as fluvial
systems erode the landscape down to base level; this would account for PS1 being 200-300 m lower than pre-
dicted by the flexure model (Figure 6b). Notably, flat topographic surfaces interpreted as having formed via
fluvial planation are also preserved further west around the Weddell Sea Embayment (Carter et al., 2024; Rose
et al., 2015) and around other parts of the East Antarctic margin (Paxman, Jamieson, et al., 2025).

We discount both marine and ice-sheet planation as primary formation mechanisms for the planar surfaces as
there are no modern analogs for the generation of coherent, morphologically consistent erosion surfaces
extending tens of kilometers inland over lateral distances of hundreds of kilometers via these processes. By
contrast, fluvial planation commonly forms low-elevation, gently dipping coastal plains, which represent the
erosive response of the landscape to a change in base level (Braun, 2018). A consequence of early Jurassic rifting
and the creation of a seaway between East Antarctica and southern Africa would have been the establishment of a
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Figure 9. Schematic landscape evolution model for Coats Land. (a) The Jurassic period was associated with seafloor spreading between Africa and East Antarctica (ca.
150 Ma) (Miiller et al., 2016) and Weddell Sea rifting (Jordan et al., 2013). In Coats Land, this period of extension was associated with the development of half-graben
basins (Bamber et al., 2006), highland uplift, and Ferrar dolerite emplacement (Elliot, 1992). BT = Bailey trough; SWT = Stancomb-Wills trough. (b) By the early
Cenozoic (ca. 60 Ma), fluvial systems had eroded a coastal plain down to sea level, with the edge of the highlands retreating inland. The now-inactive extensional basins
were likely associated with shallow marine embayments, lakes, and/or sedimentary infill. (c) After a short period of alpine glaciation in the highlands, fast-flowing ice
exploited the inherited rift structures and selectively eroded deep troughs during an early phase of glacial expansion (pre-14 Ma). Regional ice flow was south-to-north,
with warm-based ice overriding the Shackleton Range (Sugden et al., 2014). (d) Following the mid-Miocene climate transition expansion at ca. 14 Ma, the Recovery and
Slessor glacier systems became dominant with ice flow switching east-to-west. Ice in Coats Land became predominantly slow-flowing and cold-based, preserving the
now-stagnant troughs and pre-glacial topography.
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new (lower) base level in a region previously situated within the Gondwanan supercontinent. Fluvial systems
would have responded by eroding the new coastal regions to the sea level, with a knickpoint (i.e., topographic
“step” coinciding with a change of gradient) forming at the coast and propagating inland via headward erosion
(Figure 9b). Indeed, the coastal planation surface elevations (100-200 m above sea level when adjusted for ice
loading, erosion, and sedimentation) broadly align with early Cenozoic global sea levels (Figure 7) (Miller
et al., 2024).

Today, the topographic “step” and change of gradient are observed ~60-80 km inland of the coast (Figure 6b).
Approximately 120 million years elapsed between seafloor spreading onset and glaciation, implying a long-term
average retreat rate of ~0.5-0.7 km Myr™'. This is comparable to rates inferred from passive margin escarpments
elsewhere on Earth (Braun, 2018). A corollary of this scenario is that the width of the highland block would have
initially been greater than today (as predicted by the flexure model; Figure 6b) but was reduced (and divided into
inselbergs toward the southwest; Figure 4d) by fluvial downwearing and backwearing of the landscape
(Figure 9b).

Although PS2 (on the inland side of the highlands) is coastward-dipping at the present-day (Figure 7d), adjusting
for the flexural effects of glacial erosion and sedimentation suggests that, prior to glaciation, PS2 was flat-lying or
dipped gently in the opposite direction to PS1 (Figures 7f and 7g). This implies that PS2 was eroded to a different
base level on the inland side of the highlands. We suggest that in pre-glacial times the “extensional corridor”
represented by the Stancomb-Wills and Bailey half-graben basins would have been low-lying, and most likely
characterized by either: (a) shallow marine embayments or (b) enclosed lake-filled rift valleys. Both scenarios
would have provided a local base level for fluvial systems accounting for PS2 formation. We therefore suggest
that between separation from southern Africa (ca. 150 Ma) and glacial inception (ca. 34 Ma), the topography of
Coats Land began to resemble present-day Madagascar (Sugden & Jamieson, 2018), with coastward-dipping
fluvial plains either side of a central highland massif. We note however that because PS1 and PS2 do not fully
enclose the highlands, the Stancomb-Wills and Bailey embayments likely did not connect at this time (i.e., Coats
Land was a peninsula rather than an island; Figure 9b).

5.3. Ice-Sheet History

In Sections 5.1 and 5.2, we proposed that the first-order physiographic features of the Coats Land landscape were
originally formed in pre-glacial times. One exception is that, in parts of the highlands, steep-sided U-shaped
valleys separated by sharp ridges (Figures 3b, 8b, and 8d) are indicative of erosion by valley glaciers. We surmise
that the original fluvial network (Section 5.2) was locally exploited and overprinted by highland ice masses during
the early stages of glaciation in this region. However, landscape modification was not as extensive or intensive as
in other parts of East Antarctica, such as Dronning Maud Land, the Gamburtsev Subglacial Mountains, and the
Transantarctic Mountains, where more dramatic mountain glacial topography is observed (Barr et al., 2022;
Franke et al., 2021; Rose et al., 2013). We attribute this difference to the lower altitude, lower latitude, and/or
more coastal setting (i.e., warmer temperatures) of Coats Land relative to these regions, meaning that mountain
glaciation likely commenced later and was relatively short-lived before a continental-scale ice sheet coalesced
(DeConto & Pollard, 2003; Jamieson et al., 2010).

The finding that the Coats Land highlands and planar surfaces constitute a preserved landscape that has survived
beneath the EAIS with limited modification since ca. 34 Ma has important implications for past ice-sheet
behavior. This indicates that long-term average glacial erosion rates across Coats Land have been markedly
low, which we attribute to the persistence of slow-moving, cold-based ice. Indeed, contemporary ice-surface
velocities are low across the planar surfaces and highlands (Mouginot et al., 2019a) (Figure 10a) and modeled
basal temperatures are widely >8°C below the pressure melting point (PMP) (Dawson et al., 2022) (Figure 10c).
Our findings indicate that these conditions have likely prevailed over these higher elevation parts of Coats Land
for the majority of the time since the establishment of a continental-scale EAIS at ca. 34 Ma.

However, some of the valleys within PS1 must have been incised by ice (e.g., fjord-terminating glaciers) or
subglacial meltwater, since their floors are up to 500 m below sea level (Figure 3e). These valleys (Figure 5a)
coincide with the positions of modeled subglacial hydrological drainage channels (Figure 10d) and basal ice that
is modeled to be within 2°C of the PMP at the coast (Figure 10c) (Dawson et al., 2022). We therefore suggest that
episodes of relatively modest basal warming could have induced the localized formation of these subglacial
valleys, while preserving the larger-scale structure of the inherited fluvial planation surface into which they are
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Figure 10. Present and past ice-sheet dynamics. (a) MEaSURESs observed present-day ice-surface velocity (Mouginot

et al., 2019a). The white line demarcates the 50 m/yr contour. (b) Modeled Last Glacial Maximum ice-surface velocity
snapshot at 20 ka (Albrecht et al., 2020). (c) Predicted basal temperatures derived from Ice-sheet and Sea-level System
Model (ISSM) simulations of the present-day EAIS (Dawson et al., 2022). Temperatures are divided into six classes relative
to the pressure melting point (PMP). (d) Predicted subglacial drainage pathways (blue lines) assuming basal meltwater
follows the path of steepest hydropotential gradient (Livingstone et al., 2013).
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incised. We note that these features may have originated as fluvial valleys that were subsequently overdeepened
by ice or subglacial meltwater. We suggest that future targeted RES surveying in this region and quantification of
valley morphology (e.g., dimensions, width-to-depth ratio, and cross-profile shape) would enable the relative
roles of different styles of incision to be better distinguished (Van Der Vegt et al., 2012).

Differences in the degree of erosive modification by the ice sheet may also explain the comparative smoothness of
PS3 compared to the rougher PS1/2 (Figure 3). If all three surfaces were similarly smooth prior to EAIS growth,
the lower-lying coastal parts of PS1 would have subsequently been subjected to basal temperatures closer to the
PMP (Figure 10c) and received more basal water flow (Figure 10d), causing minor scouring and incision of the
topography (Hall & Sugden, 1987). By contrast, PS3 is higher, situated closer to the ice divide, and associated
with lower basal temperatures, a negligible upstream drainage area, and minimal basal meltwater flow
(Figures 10c and 10d); the persistence of these patterns throughout EAIS history would explain why this surface
appears to be unmodified by glacial erosion.

The most conspicuous imprints of glacial erosion on the Coats Land landscape are the deep troughs bounding the
planar surfaces. While these troughs likely originated as tectonic structures (Section 5.1), the overdeepening of
their floors to ~2 km below sea level (i.e., removal of post-rift sedimentary infill) implies that they have been
selectively eroded by fast-flowing, warm-based ice. However, this is not occurring beneath the present-day EAIS;
the ice within the Stancomb-Wills trough and the unnamed trough that separates PS3 from PS1/2 is largely
stagnant and cold-based (Figures 10a and 10c). Therefore, we propose that EAIS configuration and behavior in
Coats Land differed from today at some time in the past, with erosive ice flowing south-to-north either side of the
Coats Land highlands (Figure 9c). This inference is supported by the presence of a topographic “gateway”
connecting the upper reaches of the Recovery and Slessor Glaciers, which is interpreted as having been eroded via
south-north palaeo-ice flow (Diez et al., 2018).

The most recent interval when the ice configuration differed from today was the Last Glacial Maximum (LGM;
ca. 26—15 ka) (Peltier & Fairbanks, 2006), when the local EAIS surface was ~300-650 m higher than today
(Nichols et al., 2019) and the margin expanded to the continental shelf edge (Hillenbrand et al., 2014; Hodgson
et al., 2018). However, the ice-flow direction implied by the sub-ice topography is difficult to reconcile with the
orientation of bedforms from the last glacial cycle observed on the adjacent continental shelf, which are almost
perpendicular to the onshore troughs (Arndt et al., 2020). Moreover, numerical modeling of the LGM ice sheet
indicates that the flow pattern at this time was broadly comparable to today (Albrecht et al., 2020), with slow ice
flow across Coats Land including over the unnamed trough east of PS3 and the Bailey trough (Figure 10b). These
lines of evidence preclude the troughs being incised during the last glacial cycle and perhaps any period of
similarly extensive ice cover during the Plio-Pleistocene.

Other candidate time intervals are the warm interglacial periods of the Pleistocene and/or Pliocene, when the
EAIS may have experienced significant changes in configuration and extent (Cook et al., 2013; Crotti
et al., 2022). Cosmogenic nuclide exposure ages extracted from rock samples in the Shackleton Range indicate
limited, if any, ice cover since at least ca. 2.5 Ma, and potentially much longer (Fogwill et al., 2004; Sugden
et al., 2014). Cosmogenic nuclide concentrations and geomorphological observations also imply that extremely
low erosion rates have persisted over this time, indicative of regional climatic and ice-sheet stability. Pliocene ice-
sheet modeling indicates that, while this interval may have witnessed ice-margin retreat within the Bailey,
Slessor, and Recovery troughs (DeConto et al., 2021; Halberstadt et al., 2024), the EAIS did not reconfigure in
such a way as to enable focussed northward flow through the now-stagnant troughs mapped in this study.

We therefore propose that the incision of the stagnant troughs in Coats Land most likely pre-dated the Pliocene.
This is further supported by geomorphological evidence from the Shackleton Range, which indicates that pre-
Pliocene regional ice-sheet behavior may have been substantially different from today. Striations, glacially
smoothed bedrock, roches moutonnées, and glacial erratics of Beacon sandstone from the Whichaway Nunataks
(Figure 1a) and limestones from the Pensacola Mountains (further south) indicate that, prior to the Pliocene
(Sugden et al., 2014), the Shackleton Range was overridden by erosive, warm-based ice flowing from south to
north (Hofle & Buggisch, 1995; Kerr & Hermichen, 1999). This flow direction is consistent with the orientation
of the Stancomb-Wills trough, the unnamed trough east of PS3, and the Recovery-Slessor Gate (Diez et al., 2018)
(Figure 9c). Cosmogenic nuclide exposure histories from the Ellsworth and Whitmore Mountains (west around
the Weddell Sea Embayment) demonstrate that glacially eroded surfaces in this region also pre-date the Pliocene
(Small et al., 2025; Spector et al., 2020; Sugden et al., 2017) and potentially formed prior to mid-Miocene (ca.
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14 Ma) climate cooling and Antarctic Ice Sheet expansion (Shevenell et al., 2004). Overriding of the Pensacola
Mountains by warm-based erosive ice is also constrained by cosmogenic nuclide exposure ages as having
occurred significantly earlier than 3 Ma and most likely in the Miocene (Hodgson et al., 2012; Small et al., 2021).

EAIS expansion during one or more intervals of the Oligocene and/or early-to-mid-Miocene following initial ice-
sheet growth at ca. 34 Ma but prior to the establishment of an arid polar climate at ca. 14 Ma (Shevenell
et al., 2004; Spector & Balco, 2021) are therefore the most plausible periods for the incision of the south-to-north-
oriented troughs in Coats Land. The locations of these outlets were likely governed by the inherited Jurassic rift
structures (Figure 9¢). An additional constraint on the age of these features is that they necessarily pre-date the
incision of the deep Recovery and Slessor troughs. Otherwise, south-to-north ice flow would require ice to cross
perpendicular to the Recovery trough, Shackleton Range, Slessor trough, and Theron Mountains (with variations
in bed elevation of up to 4 km over horizontal scales of <50 km), which is glaciologically implausible. Indeed, the
westward-flowing Recovery and Slessor catchments drain a large area of the EAIS (9.6 and 4.8 x 10° km?,
respectively) and once these systems had become established it is difficult to envisage how they could have been
fundamentally reorganized. This is because the incision of the Slessor and Recovery troughs would have driven a
positive feedback of selective trough excavation, isostatic uplift of the adjacent highlands, and differential basal
thermal states within the troughs versus over the highlands (Sugden et al., 2014). This mechanism would have
increasingly channeled fast-flowing (erosive) ice through the troughs and the catchments would have captured
upstream ice from an increasingly wide area. A warm-based EAIS with a northward-sloping surface overriding
the Shackleton Range would have only been feasible prior to the incision of the Recovery and Slessor troughs and
concomitant uplift of the Shackleton Range and Theron Mountains, when the regional relief was greatly reduced
(Paxman et al., 2019).

Since the exact timing of Recovery and Slessor incision is unconstrained, we simply suggest that, after a large-
scale ice sheet first became established in East Antarctica, the existing rift-related structures in Coats Land were
optimally oriented as conduits to steer northward ice flow (Figure 9c) (Kessler et al., 2008). We hypothesize that,
at a later stage, westward flow through the Recovery and Slessor (and, to a lesser extent, Bailey) troughs became
dominant, with the orientations of these features more favorably oriented for efficient drainage of a large upstream
catchment. The resulting reorganization of ice flow would have reduced the drainage basin area (and erosive
potential) of the ice within the Stancomb-Wills trough and the unnamed trough east of PS3, causing their
stagnation and the subsequent preservation of the Coats Land landscape beneath slow-moving, cold-based ice
(Figure 9d). We tentatively date the period characterized by south-to-north ice flow and trough incision in Coats
Land to an early phase of continental-scale ice-sheet expansion in the Oligocene or early Miocene, prior to the
widespread establishment of an arid polar climate in East Antarctica.

6. Conclusions

In this study, we have discovered and characterized extensive planar surfaces, rough highlands, and deep troughs
within the subglacial landscape of Coats Land, East Antarctica. We draw four primary conclusions.

First, the subglacial troughs within Coats Land exhibit asymmetric cross-sectional profiles, steep escarpments,
and mesa-like features commonly associated with Jurassic Ferrar dolerite intrusions in East Antarctica. We
interpret these troughs to have originally formed during a period of crustal extension, most likely associated with
Gondwana breakup in the Jurassic, which also triggered the flexural uplift of the adjacent highlands. Second, the
planar surfaces on the coastward side of the highlands (when adjusted for the isostatic effects of ice loading and
glacial erosion/sedimentation) are characterized by consistent elevations within 200 m of sea level and gentle
offshore dips. Following the breakup of Gondwana, we suggest that erosion by fluvial systems over tens of
millions of years resulted in the formation of a low-lying, gently inclined coastal plain. Third, the regional
geomorphology indicates that during an early phase(s) of EAIS expansion (between 34 and 14 Ma), warm-based
(erosive) ice flowed south-to-north across Coats Land, overriding the Shackleton Range and exploiting the
inherited rift structures. This configuration was later abandoned as the Recovery and Slessor catchments were
established by the mid-Miocene (Sugden et al., 2014). Fourth, the preservation of pre- and early-glacial land-
scapes in Coats Land is indicative of locally persistent non-erosive ice, characterized by low velocities and cold
basal conditions. Fast ice flow is now dominated by the Recovery and Slessor Glaciers, whose underlying
topography stabilizes the large-scale regional drainage patterns.
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