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Abstract. Recent ground-based radio-echo sounding (RES) surveys conducted by Centro de Estudios Cientificos (CECs) across
the Ellsworth Subglacial Highlands (ESH), a topographically complex region near the Amundsen—Weddell ice divide (AWID),
reveal new insights into Holocene accumulation and constrains the ice flow stability near AWID. We traced seven Internal
Reflection Horizons (IRHs) across approximately 2000 km of RES data spanning a 13,000 km? area in the upper catchments of
Pine Island Glacier, and the Rutford and Institute Ice Streams. Two of these IRHs intersect dated airborne radar lines tied to
the WAIS Divide 2014 (WAISD-2014) ice-core chronology. Applying the Dansgaard—Johnsen model with local accumulation
rates from stake measurements and satellite-derived values we estimated ages of up to ~17.6 kyr for the deepest horizon
(IRH7). Internal stratigraphy is well preserved in the slow-flowing alpine terrain of the ESH but becomes disrupted in areas
of relatively fast flow and tributary convergence, such as the southern Ellsworth and CECs troughs. Despite these localised
disturbances, IRHs remain traceable across most of the region, highlighting the potential for radiostratigraphic continuity in
complex settings. Modern and Holocene accumulation patterns reveal a persistent asymmetry across the AWID, with consistently
higher accumulation in the CECs Trough, supporting long-term ice divide stability since at least the mid-Holocene. Our study
extends the spatial coverage of dated radiostratigraphy in West Antarctica and provides new linkages between the Weddell
and Amundsen Sea Embayments. These results extend dated radiostratigraphy into a previously unresolved sector of West
Antarctica, supporting AntArchitecture goals by strengthening continent-scale IRH connectivity, improving constraints on

Holocene accumulation variability, and providing new observational benchmarks for ice-sheet models.
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1 Introduction

Satellite observations have revealed a significant and ongoing mass loss from the Antarctic Ice Sheet, particularly driven by
an acceleration of ice discharge from the Amundsen and Bellingshausen Sea sectors of West Antarctica over the last three
decades (e.g., Rignot et al., 2019; Shepherd et al., 2019). Between 1992 and 2020, this region experienced some of the most
dynamic changes within the ice sheet system (Otosaka et al., 2023), and has contributed up to 0.3 mm a~! to global sea level
since 2002 (Groh and Horwath, 2021). It has also been dynamic over longer time periods, with marine geological records
indicating progressive grounding-line retreat and temporary standstill positions since the Last Glacial Maximum (LGM) across
the Amundsen and Bellingshausen margins (e.g., Hillenbrand et al., 2013; Larter et al., 2014). Further inland, geomorphological,
ice-core, and cosmogenic nuclide data have revealed substantial ice-sheet thinning since the LGM (Bentley et al., 2010; Hein
et al., 2016a; Grieman et al., 2024). These observations are consistent with numerical modelling results, which suggest strongly
heterogeneous and temporally variable dynamic behaviour throughout the West Antarctic Ice Sheet (WAIS) (e.g., Kingslake
et al., 2018; Smith et al., 2020).

Despite this widespread evidence of dynamic behaviour, the configuration and position of the Amundsen-Ross and Amundsen
—Weddell Ice Divide appear to have remained comparatively stable during the Holocene (Conway and Rasmussen, 2009; Ross
et al., 2011). Cosmogenic nuclide data and geomorphological mapping from the southern Ellsworth Mountains suggest that
any fluctuations in divide position and ice thickness over the past 1.4 million years were limited in magnitude (Hein et al.,
2016b; Small et al., 2025). This contrast, between marked dynamic change in adjacent marine-terminating sectors and apparent
long-term stability of the inland divide, raises fundamental questions about the mechanisms of mass redistribution and flow
reconfiguration within the WAIS. One means of investigating past flow regimes and ice sheet evolution is through the analysis of
internal reflection horizons (IRHs) detected by radio-echo sounding (RES). IRHs arise from contrasts in dielectric properties
within the ice column, associated with changes in density, conductivity, and crystal orientation fabric (Clough, 1977; Fujita et al.,
1999; Siegert, 1999; Dowdeswell and Evans, 2004; Bingham et al., 2025). Many stratigraphically coherent IRHs originate from
atmospheric deposition events such as dust pulses or volcanic eruptions, which introduce conductivity contrasts that become
preserved within the ice column (e.g., Hammer, 1980; Lambert et al., 2008; Sigl et al., 2014; Wilson et al., 2022). As such,
IRHs provide isochronal surfaces that can be traced across wide areas and, if independently dated, can be used to constrain
accumulation rates, infer deformation patterns, and identify basal melting or englacial folding (e.g., Siegert and Payne, 2004;
Hindmarsh et al., 2006; Bingham et al., 2015; Holschuh et al., 2018; Jordan et al., 2018; Ashmore et al., 2020; Ross and Siegert,
2020).

Perhaps most critically, IRHs provide a means to propagate deep ice-core age constraints from point locations to regional
scales, thereby enabling the construction of ice sheet-wide chronologies and age—depth models (e.g., Karlsson et al., 2012;
MacGregor et al., 2015; Cavitte et al., 2016). These stratigraphic datasets are increasingly used to constrain the long-term
evolution of ice sheet dynamics and to calibrate numerical ice sheet models, a capability that is increasingly recognised as
necessary for reducing uncertainty in projections of future mass balance and sea-level contribution (e.g., Born, 2017; Sutter

et al., 2021; Rieckh et al., 2024; Bingham et al., 2025).
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While radiostratigraphic studies have constrained internal layer geometry and chronology across parts of the Weddell
Sea sector and the Amundsen Sea Embayment (e.g., Karlsson et al., 2014; Ashmore et al., 2020; Bodart et al., 2021), the
interior region straddling the Amundsen—Weddell Ice Divide remains sparsely sampled (Figure 1a). This divide is of particular
significance as it encompasses the upper reaches of several major outlet glaciers and ice streams, including Pine Island Glacier
(PIG), Thwaites Glacier, Rutford Ice Stream (RIS), and Institute Ice Stream (IIS), whose present and past dynamics exert a
dominant control on WAIS mass loss (Figure 1b).

Beneath this ice divide lies the Ellsworth Subglacial Highlands (ESH; Figure 1c), a complex landscape characterised by deeply
incised valleys and rugged mountainous topography. This terrain likely formed under warmer climatic conditions, potentially
associated with dynamic tidewater-style glaciation during past interglacials or pre-Quaternary periods (Ross et al., 2014). The
ESH is dissected by major subglacial troughs, including the Ellsworth Trough (ET) and the CECs Trough (CT), which may serve
as palaeo-flow corridors and subglacial hydrological pathways linking the Amundsen and Weddell Sea embayments (Vaughan
et al., 2011; Siegert et al., 2012; Napoleoni et al., 2020; Pritchard et al., 2025). These topographic features likely influence
the routing of basal meltwater and the basal thermal regime, thereby exerting control on past ice divide migration, ice stream
switching, and flow reorganisation. Given the hypothesised long-term stability of the ice divide, this region offers a promising
setting in which to trace radar stratigraphy across areas of complex basal topography.

The climatic context of this region also suggests spatial heterogeneity in mass balance (e.g. Bodart et al., 2023). While snow
accumulation rates in Ellsworth Land appear relatively stable over the past ~3.1 kyr, with values comparable to present-day
estimates (Siegert and Payne, 2004), other regions of coastal West Antarctica experienced significant accumulation increases
post-1900 (Thomas et al., 2015; Medley and Thomas, 2019), highlighting the importance of establishing region-specific
accumulation histories.

In this study, we use ground-based RES data acquired by the Centro de Estudios Cientificos (CECs) in 2006 and 2014 to
investigate the englacial stratigraphy of the Amundsen—Weddell Ice Divide region.Throughout this work, “CECs” refers to
the institution, and as "CECs surveys" to the associated radar datasets. We note that two geographic features within our study
region, the CECs Trough (Napoleoni et al., 2020) and Subglacial Lake CECs (SLC; Rivera et al., 2015), are also named after
the institution; to avoid confusion, we explicitly refer to these by their full geographic names. The bed topography from these
surveys was previously published in (Napoleoni et al., 2020) and the data are incorporated in BEDMAP3 (Fremand et al., 2022)
but the detailed stratigraphy has not previously been mapped on a regional scale. By tracing and correlating the IRHs across
the Ellsworth Subglacial Highlands, we link existing radiostratigraphies from the Amundsen and Weddell Sea sectors and
extend dated stratigraphy into a region that was previously poorly constrained. Our specific objectives are to: (1) characterise
geometry, continuity, and age of IRHs across the divide; and (2) use these dated IRHs to reconstruct spatial variations in
Holocene accumulation and assess their implications for local divide-proximal ice-flow stability, thereby extending previous

regional interpretations.
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Figure 1. (a) Location of the Ellsworth Subglacial Highlands (ESH) relative to the West Antarctic Ice Sheet (WAIS) and the radio-echo
sounding (RES) surveys used in this study. The red box outlines the area shown in panels (b), (c), and (d). Coloured lines indicate different
RES campaigns: BBAS in blue (Corr et al., 2021), IMAFI in yellow (Ross et al., 2021), and CECs in red. These campaigns were used to
extend the radiostratigraphy from two dated ice cores: Byrd and WAIS Divide (WAISD-2014).(b) Ice surface elevation from BedMachine
Antarctica v3 (Morlighem et al., 2020), overlain on the Radarsat Antarctic Mapping Project (RAMP) mosaic (Liu et al., 2015) with black
contour lines indicating elevation isolines every 250 m. Coloured lines show the different RES surveys and their intersection along the ice
divide between Pine Island Glacier and Institute Ice Stream, as well as in Rutford Ice Stream. (c) CECs RES survey lines across the ESH,
shown over basal topography from Napoleoni et al. (2020). Locations of CECs Trough, Ellsworth Trough and Subglacial Highlands

are indicated, and RES control lines ET and ET’ (see Figure 2a) are also highlighted. (d) Snow accumulation rates derived from statistically
downscaled regional climate model output (27 km to 2 km resolution; Noél et al. 2023), overlain on RAMP imagery with black contour lines

indicating accumulation isolines every 0.05 m ice eq. yr—!. The locations of profiles shown in Figure 6 and Figure 7 are also indicated by

white segments with corresponding labels. All panels: White lines denote ice catchment boundaries from the MEaSUREs dataset (Mouginot

etal., 2017), and a white star indicates the location of Subglacial Lake CECs (SLC).
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2 Data and methods

We analysed ground-based RES data collected by CECs in 2006 (Vaughan et al., 2006) and 2014 (Rivera et al., 2015) to identify
and map seven continuous Internal Reflection Horizons (IRHs) across the upper catchment of Pine Island Glacier (PIG), Rutford
Ice Stream (RIS), and Institute Ice Stream (IIS) in the ESH (Figure 1). We then intersected this newly identified englacial
stratigraphy to the existing dated IRHs in IIS (Ashmore et al., 2020), from the British Antarctic Survey (BAS) "IMAFI" survey
(Corr et al. 2021; Figure 1a), and PIG (Bodart et al., 2021) from the BAS "BBAS" survey (Ross et al. 2021; Figure 1a) to match
and estimate the age and accumulation rates for two englacial layers. The existing radiostratigraphy was primarily established
with data acquired using airborne RES (Vaughan et al., 2007; Corr et al., 2007) operating at a similar centre frequency (i.e.
150 MHz) to the ground-based CECs system (i.e. 155 MHz). We also applied the model of Dansgaard and Johnsen (1969)
to calculate the age of the ESH englacial stratigraphy independently by using a suite of accumulation rates and basal shear
thicknesses (See Tables A1, A2, A3). Uncertainties are quantified throughout the process and provide an overall estimation for

the age of each IRH. We explain our approach in detail below.
2.1 CECs RES surveys

We used three ground-based RES datasets (Table AS5) obtained between 2006 and 2014 by CECs, using two RES systems. The
first survey in 2006 acquired ~300 km of along-track data using the 150 MHz centre frequency and pulse-compressed Next
Generation Coherent Radar Depth Sounder (NG-CORDS; Gogineni et al. 2001) system. The two subsequent surveys, in January
2014 and December 2014, acquired ~1700 km of along-track data using the 155 MHz centre frequency and coherent pulse
compression deep-looking RES Ulloa-Uribe 3.0 (ULUR-3.0; Uribe et al. 2014; Rivera et al. 2015). The raw radar data were first
pre-processed using background removal, a dewow filter, and gain function adjustment. Coherent integration (2048 traces) was
then applied using an unfocused synthetic aperture radar (SAR) approach to reduce oblique scattering, enhance along-track
resolution, and improve the signal-to-noise ratio. Finally, Kirchhoff migration was applied prior to manual picking to correct for
geometric distortion and improve reflector positioning. The three ground-based surveys (NG-CORDS 2006, ULUR Jan 2014
and ULUR Dec 2014), hereafter named the “CECs survey”, were geolocated using dual-frequency Lexon GD GPS receivers
(Rivera et al., 2015).

2.2 IRH tracing and lateral continuity

We used the Schlumberger software Petrel to manually pick and map seven distinctive englacial reflections (IRH1 to IRH7, from

the shallowest to the deepest) across all CECs survey with a three-step workflow:

1. We manually picked the greatest amplitude of the most laterally continuous englacial reflections, including cases when a
single reflection diverged into several reflections before merging into a single IRH again. To achieve laterally consistent
IRHs across the surveyed area, we selected distinctive sets of englacial reflections that could be traced together with

greater confidence, using crossovers between CECs surveys to ensure reliability in the tracing process (e.g., Bingham
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et al., 2025). This approach allowed us to coherently trace the core layer of interest within that package and bridge most

of the horizontal gaps in the continuity of the IRHs.

2. We selected the RES lines acquired along the central flow line of ET as reference for this new englacial stratigraphy.
Utilising the NG-CORDS survey (Figure 1) we selected the most prominent and laterally continuous reflections, and then
expanded these reflections to the remaining central flow lines acquired during the CECs surveys to intersect this survey
with the BBAS and IMAFI surveys (Figure 1). We found multiple intersections between the BBAS and CECs surveys
but only one intersection between CECs and IMAFI Surveys, identifying two layers at similar depth in six intersections
between BBAS and CECs surveys, and in two intersection between IMAFI and CECs surveys (Figure 2). Using the
RES lines at each intersection (between CECs, BBAS and IMAFI survey) as vertical tie points for the IRHs we followed
each reflection until we were no longer able to distinguish the IRH from the surrounding reflections (e.g., due to large
dip angles, excessive buckling of IRHs, or to weak reflections). We excluded the bottom segment (~400 m) of the ice
column to avoid any diffuse reflection from the ice-bed interface (e.g., backscattering; Franke et al., 2023), or any potential
reorganization of the ice crystals due to shear stress in the basal zone or basal melting (e.g., Fujita et al., 1999; Artemieva,
2022). This way, we could confidently assume that the IRHs we identified in this work were isochronous, and comparable
to those intersected with other surveys (e.g., Siegert and Payne, 2004; Karlsson et al., 2014; Ashmore et al., 2020; Bodart
et al., 2021).

3. To compare the intersection between the different surveys, we assumed an electromagnetic wave velocity propagation
through the ice of 0.1685 m ns~! to calculate the depth in metres. In addition, to maintain consistency with previous
studies in the region (e.g., Ashmore et al., 2020), we applied a spatially uniform firn correction of 10 m across the
Ellsworth Subglacial Highlands (ESH), assuming that spatial variability in firn thickness is minor at the scale of our

analysis.

We systematically measured the lateral layer persistence along radar transects using the internal layer continuity index
(hereafter ILCI), first applied by Karlsson et al. (2012) and subsequently used in others studies in the region (Bingham et al.,
2015; Winter et al., 2015; Ashmore et al., 2020). This dimensionless index can be used to interpret disruption in the englacial
reflectors continuity as a consequence of —for example— topography, the onset of enhanced ice flow, shear margins, or abrupt
changes in the ice flow direction. The index is calculated using un- or minimally-processed radar data and measures the rapidity
with which the signal changes between extreme low and high amplitude values (Karlsson et al., 2012). To calculate ILCI, we
stacked three consecutive raw traces from radar data to improve the signal-to-noise ratio (SNR), and then set a range within
the ice column to be analysed. For the purposes of the ILCI calculation, the upper part of the ice column (U) is defined as the
surface to 200 m depth and is excluded because it was sounded with a different radar system (FMCW; Uribe et al. 2017). The
lower end of the ice column (L) is defined as the basal 400 m above the ice-bed interface (i.e., the lowest ~400 m of the ice
column), which is excluded because internal reflections are weak or absent and bed-related scattering can dominate the return
(Drewry and Meldrum, 1978; Drews et al., 2009). Because L is referenced to the bed rather than the surface, the lower bound of

the analysed interval occurs at different absolute depths below the surface depending on local ice thickness (e.g., Figure 4).
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Figure 2. Intersection of the CECs, BBAS, and IMAFI surveys. (a) A 3D view of the surveyed region, showing englacial layers tied to the
WAISD-2014 (Bodart et al., 2021) and Byrd ice-core (Ashmore et al., 2020). see Figure 1a for core locations. Numbers 1-8 mark intersections
with previously established radiochronologies in Area 1 (CECs Trough), Area 2 (Subglacial Highlands) and Area 3 (Ellsworth Trough). The
profile ET-ET’ shows the control line we use to start tracing englacial layers across the study area (location of profile in 1c). (b) Area 1:
Intersection within the CECs trough between the BBAS radar line and the CECs survey, illustrating the continuity of englacial layer R2 and
IRH4 in both datasets. (c) Area 2: Intersection in the Subglacial Highlands between the BBAS (R2 and R3) and CECs (IRH4 and IRH6)
surveys. (d) Area 3: Intersection within the Ellsworth Trough among the BBAS (R2 and R3), IMAFI (H2 and H3), and NG-CORDS (IRH4
and IRHG6). Dashed circle and square indicate the projection of the original IRH to the intersection with the CECs survey.

Assuming that the total number of samples of reflected power between the surface and the bedrock is M, we defined a

subinterval of radar samples (N) as,

N=[1+U):(M—-L)]=[n1:nn] ()



Where U, is defined as the number of samples equivalent to ~200 m; and L, as the number of samples equivalent to 400 m.

We then calculated the ILCI index (V) as:

1

nN
V= SALN Z |Piy1 — Piea 2

1=nN1

Where P; is the reflected relative power (dB) at point ¢ and A,. is the depth (m), which is used as a scaling factor (Karlsson
155 etal., 2012). After calculating the ILCI, individual values were averaged horizontally over a moving window of 10 traces. Higher
values of ILCI indicate well-preserved englacial reflectors, whereas lower ILCI values characterise sections where englacial

reflectors are largely absent.
2.3 Dating and modelling ESH radiostratigraphy

We used two independent approaches to constrain the ages of our IRHs: (1) intersections with previously published radiostratigraphy,

160 and (2) ice-depth modelling.
2.3.1 Intersection with previous radiostratigraphy.

Utilising the existing radiostratigraphy previously linked to the WAIS Divide (Bodart et al., 2021) and Byrd ice-core chronologies

(Ashmore et al., 2020), we matched the IRHs from the CECs survey to the corresponding IRHs identified in the BBAS and

IMAFI survey (Figure 2), spanning both the Amundsen Sea Embayment (Karlsson et al., 2014; Bodart et al., 2021) and the
165 Weddell Sea Embayment (Siegert and Payne, 2004; Ashmore et al., 2020).

To guide the interpretation of our seven IRHs, we drew upon an established framework of published radiostratigraphy.
Prominent reflections were originally identified in profile FOO5 from the 1977/78 SPRI-NSF-TUD survey (Siegert and Payne,
2004; Bingham et al., 2025) and later observed along the ITASE traverse (Jacobel and Welch, 2005), forming the basis for
subsequent regional radiostratigraphic frameworks. These reflections were later linked to englacial Layers 1 and 2 in the

170 Amundsen Sea Embayment by Karlsson et al. (2014), and further extended by subsequent analyses from the BBAS and IMAFI
surveys (Bodart et al., 2021; Ashmore et al., 2020).

In the BBAS survey, Bodart et al. (2021) traced four IRHs (R1-R4) across Pine Island Glacier using the 150 MHz centre
frequency PASIN-1 RES system (Fremand et al., 2022) and the 190 MHz centre frequency MCoRDS2 RES system (Table 1 in
Bodart et al., 2021). Similarly, three reflections (H1-H3) were traced across the Institute and Moller Ice Streams in the IMAFI

175 survey also using the PASIN-1 RES system (Ashmore et al., 2020). Together, these linked datasets provided a consistent age
framework based on annual layer counting from chemical, dust, and electrical conductivity records (Sigl et al., 2016; Blunier
and Brook, 2001).

In three areas we were able to match two prominent IRHs in our survey (CECs) with those IRHs identified in previous surveys

(i.e. BBAS and IMAFI surveys). We first used the BBAS survey to match our IRH2 to R2 at six intersections (intersections 1-3,
180 5, 7 and 8 in Figure 2b and c), and our IRH6 to R3 (Bodart et al., 2021) in one intersection across all three areas (intersection 4

in Figure 2c). We then used the intersection between CECs and IMAFI survey to match our IRRH4 and IRH6 to H2 and H3,
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respectively, at one intersection in area 3 (intersection 2 in Figure 2c). These tie-points were used to: (1) assign a preliminary
age to IRH4, (2) estimate vertical offsets between the two surveys, and (3) determine local accumulation rates at each area. See

Section 2.4 for details on uncertainty quantification.
2.3.2 Age-depth modelling

To estimate the age of the five remaining IRHs not directly tied to existing radiostratigraphy (namely IRH1-3, IRHS5, and
IRH7), we applied a one-dimensional (1-D) Dansgaard—Johnsen (D-J) model (Dansgaard and Johnsen, 1969), testing a range of
Holocene and present-day accumulation rates (Figure 3). To account for uncertainty in past accumulation, we consider a range
of plausible accumulation scenarios derived from Noél et al. (2023), Arthern et al. (2006), and snow stake rates. We refer to
these as “low-accumulation” and “high-accumulation” scenarios, representing the lower and upper bounds of the accumulation
estimates (Tables A1, A2 and A3). These bounds are used to explore the sensitivity of age—depth relationships to accumulation
variability. While other models have been developed for estimating IRH ages (e.g. Nye and Perutz 1957; MacGregor et al. 2015),
and more complex methods involving forward modelling of electrical conductivity have been employed in East Antarctica
(Franke et al., 2025), we selected the D—J model to maintain consistency with previous studies in this region (e.g. Siegert and
Payne, 2004; Jacobel and Welch, 2005; Karlsson et al., 2014; Ashmore et al., 2020; Bodart et al., 2021), and to facilitate direct
comparison of IRH-derived age estimates. Moreover, recent findings by Sanderson et al. (2024) suggest other approaches, such
as Nye-style modelling applied along the transect between Dome A and the South Pole (characterised by slow, largely steady ice
flow, minimal lateral variability in accumulation, and smoothly varying vertical strain rates), can yield age—depth relationships
that are broadly comparable to those produced by the D—J model, thereby reinforcing the credibility of this later age—modelling
strategy under appropriate conditions.

However, as a sensitivity test that relaxes basal-condition assumptions, we applied a simplified quasi-Nye dating approach
(MacGregor et al., 2015) to propagate ages between independently dated internal reflection horizons (IRHs). In quasi-Nye dating,
the vertical strain rate is assumed to be uniform within the depth interval bounded by a dated layer pair, so age propagation
depends on the relative vertical spacing of IRHs rather than on basal shear-layer parameterisation. We implemented this approach
at a representative site 2 where all seven traced IRHs are present and where the horizons IRH4 and IRH6 are independently
dated. We used IRH4 (4.72 +0.28 kyr) and IRH6 (6.94 +0.33 kyr) as age constraints to estimate ages for IRHS and IRH7 using
a quasi-Nye approach. In this framework, ages are propagated between dated layers under the assumption of a constant effective

vertical strain rate within the bounded interval, resulting in a physically consistent, non-linear age-depth relationship.
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Figure 3. Extension of the Byrd and WAISD 2014 ice-core radiochronology using CECs RES surveys, contextualized by ice surface velocity.
(a) CECs survey intersecting BBAS and IMAFI radar lines overlaid on mean annual ice surface velocity (Mouginot et al., 2019) and RAMP
imagery (Liu et al., 2015) with black contour lines indicating ice surface velocity isolines every 5 m yr~!. Black dots indicate snow stakes for
measuring present-day snow accumulation near intersection sites, with thin black lines showing contours of mean annual ice surface velocity.
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and 3 between BBAS, IMAFI, and CECs surveys near the ice divide between Pine Island Glacier and Institute Ice Stream (see Figure 3a for
location). The yellow circle indicates the position of the trace used to model ice depth chronology for seven internal reflection horizons (IRHs).
(d) Radar line crossing the site for ice depth modelling, with the yellow circle marking the same trace from panels a and ¢ where Internal
Reflection Horizon (IRH) depths were obtained. Grey lines in all panels delineate ice catchment boundaries from MEaSUREs (Mouginot et al.,
2017).

The D-J model assumes steady-state vertical ice flow, a constant vertical strain rate above a basal shear layer, and no temporal

210 changes in accumulation at the modelled point. The age of an IRH, ¢ (kyr), is given by:
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where H is the total ice thickness (m), h is the thickness of the basal shear layer (m), a is the average accumulation rate (m
a~! ice-equivalent) since deposition of the IRH, and z is the elevation of the IRH above the bed (m). Following the approach of
Bodart et al. (2021), we tested basal shear layer thicknesses of 20-30% of the ice column to evaluate model sensitivity.

The basal shear layer thickness ratio (h/H) can vary substantially across different flow regimes and ice-sheet settings (e.g.,
Waddington et al., 2005; MacGregor et al., 2016). In this study, h/H is treated as an uncertainty parameter rather than a fixed
quantity, and we restrict our age-depth modelling to locations that best satisfy the assumptions of the D-J framework (low
horizontal velocities, locally smooth bed, and laterally coherent stratigraphy). We additionally evaluate the sensitivity of IRH
ages to alternative, bed-decoupled age-propagation assumptions using a quasi-Nye approach (Section 2.3.3), which provides an
independent check on whether uncertainty in basal shear-layer parameterisation materially influences the inferred age structure
over the depth interval bounded by the traced IRHs.

We applied the model to the northern sector of ET (upstream of SLE; area 3 in Figure 3), close to the Amundsen—Weddell Ice
Divide. This site has been shown to remain stable throughout the Holocene (Ross et al., 2011; Hein et al., 2016b), making it
suitable for D-J style modelling. Although other locally flat bed regions exist within the ESH, they present substantially higher
flow speeds (e.g. along the Ellsworth Trough towards the Institute Ice Stream). Our choice therefore reflects a balance between
maintaining a relatively flat bed and minimising ice velocity, prioritising slow-flowing divide-proximal ice.

We estimated the Holocene mean accumulation rate, a, using three complementary approaches. First, we used stake-based
accumulation measurements collected in 2014 and 2015 (see Supplementary Table). These included values from the snow stake
closest to area 1 (087x), area 2 (106 and 107) and area 3 (102 and 105) as shown in Figure 3.

Second, we evaluated accumulation-rate products derived from regional modelling frameworks. Our primary accumulation
estimates are based on RACMO2.3p2 (Noél et al., 2023). To assess the sensitivity of inferred IRH depths and ages to uncertainty
in surface mass balance, we additionally considered the Antarctic-wide accumulation field of Arthern et al. (2006) as a sensitivity
test. Although this product is coarser and predates more recent regional climate modelling, it has been widely used in previous
Antarctic radiostratigraphic studies. Its inclusion therefore allows us to evaluate the robustness of our age-depth estimates to the
choice of accumulation product and to maintain comparability with prior work. Throughout the manuscript, interpretations are
based primarily on the RACMO2.3p2-derived accumulation rates, while results obtained using Arthern et al. (2006) are used
solely to bracket plausible uncertainty associated with accumulation-rate variability.

Third, we estimated accumulation rates directly using the D-J model at each intersection where IRHs were dated by tie points.
We modelled the age of the remaining IRHs using the accumulation rate derived from BBAS survey (Bodart et al., 2021) R2,
for the shallowest IRHs (1-3) and R3 for the deeper IRHs (5 and 7) in area 1 (R2 only), area 2 and area 3 (Figure 3). We also
derived accumulation rate from IMAFI H2 and H3 (Ashmore et al., 2020) in area 3, which similarly correspond to IRH4 and
IRH6, respectively. These accumulation estimates were used to test the sensitivity of age calculations to this parameter and
to assess spatial variability across the ESH. While we acknowledge that these values do not capture interannual variability in

present-day accumulation, they are broadly consistent with regional modelled estimates (i.e. Noél et al., 2023) (Figure 1d).
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Combining these approaches, we set a range of realistic accumulation rates to use as inputs for the one dimensional age depth
model (Table 1), and then use the lowest and highest accumulation rate from each IRH to obtain the maximum and minimum

age envelope.

Table 1. Ice accumulation rates for three Areas: CECs Trough, Subglacial Highlands, and Ellsworth Trough. Values are either model-derived
from intersections between the CECs survey and PASIN or IMAFI surveys, or obtained from the nearest snow stake measurements to the

Crossover points.

Closest Snow Stakes Arthern et al.
Area . = Noél et al. (2023)
Stakes (miceeq.yr ") (2006)
Area 1: CECs
087x 0.186 0.318 0.217
Trough (CT)
Area 2:Subglacial 106 0.193
. 0.253 0.169
Highlands (SH) 107 0.179
Area 3: Ellsworth 102 0.168
0.282 0.186
Trough (ET) 105 0.118

2.3.3 Quasi-Nye age propagation sensitivity test

As a sensitivity test that relaxes assumptions about basal shear-layer parameterisation, we applied a simplified quasi-Nye dating
approach following MacGregor et al. (2015) to propagate ages between independently dated internal reflection horizons (IRHs).
In quasi-Nye dating, the vertical strain rate is assumed to be constant within the depth interval bounded by a pair of dated
reflectors, resulting in a non-linear age-depth relationship consistent with vertical layer thinning. Under this assumption, age as a

function of depth is given by:

1 z
t(z) = i In (1 — Hcﬁ') , 4)
where t(z) is the age at depth z (measured below the ice surface), .5 is the effective vertical strain rate, and Heg is the
effective ice thickness associated with the layer.

We implemented this quasi-Nye approach at the modelling site (Figure 3) where all seven traced IRHs are present and
where IRH4 and IRH6 are independently dated. We used IRH4 (4.72 £ 0.28 kyr) and IRH6 (6.94 + 0.33 kyr) as anchor layers
and estimated é.g by solving for consistency in effective ice thickness between the bounding horizons, from which H. is
subsequently derived, ensuring that the quasi-Nye formulation reproduces their known ages.

Once €. and Heg were obtained, ages for IRHS and IRH7 were computed directly from the quasi-Nye age-depth relationship.

This formulation provides an independent, physically consistent and bed-decoupled estimate of the age structure over the

depth range bounded by the traced IRHs and allows direct comparison with the D-J derived age envelopes.
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2.4 Uncertainty quantification

We identified two primary sources of uncertainty through our workflow: (i) the determination of IRH depths from radar data,
and (ii) the estimation of IRH ages, whether derived from tie-points to the WAIS Divide 2014 ice-core chronology or from
age—depth modelling using the D-J model (Dansgaard and Johnsen, 1969). In the following sections, we outline the individual

sources of error associated with each component and describe how they were treated in our analysis.
24.1 IRH depth

An accurate estimation of the uncertainties for the englacial reflections depth depends mainly on three parameters: (1) the true
speed of the electromagnetic waves through the ice, (2) the firn correction, and (3) the range precision of each radar system
(e.g., Cavitte et al. 2016). The largest uncertainty is from velocity variations in the propagation of electromagnetic waves in
ice (e.g., Fujita et al. 1999; Dowdeswell and Evans 2004; Peters et al. 2005), and because this error increases with depth, we
accounted for the maximum uncertainty on the deepest IRH using the end-member values of electromagnetic velocity in polar
ice, 0.168 and 0.1695 m ns ! (Fujita et al., 2000; Dowdeswell and Evans, 2004). To account for the firn-density correction, we
followed previous work in the region (Ashmore et al., 2020; Bodart et al., 2021) and assumed variations in firn densification
across the catchments are minor, with an uncertainty of +3 meters. We also evaluated firn air content (FAC) estimates from
GSFC-FDM (Medley et al., 2022) to assess the sensitivity of our firn correction; FAC values (20-25 m air equivalent across
the survey) correspond to <2% of local ice thickness (H = 1433 m) and produce only minor changes in ice-equivalent IRH
depths and inferred ages. A detailed description of FAC, the selection of firn values, and the sensitivity calculations is provided
in Appendix C.

We estimated the uncertainty in the range precision of each radar system, by calculating the precision range estimates to the
mapped IRH from the radar stratigraphy following the procedure described in Cavitte et al. (2016) as follows: We first quantified
the ability of the radar system to differentiate two closely spaced englacial reflectors with similar strength by calculating the

range resolution (Ar), following Evans and Hagfors (1968):

Cice
ar= 5)

Where ¢jee is 0.1685 mns~! and 3 represents the bandwidth of the waveform (17 and 20 MHz for ULUR 3.0 and NG-CORDS
RES systems, respectively). We then measured the signal-to-noise ratio (SNR) of the radar return from a reflecting horizon as in
Cavitte et al. 2016:

P,
NR=—
SNR Ne (6)

Where P, describes the IRH signal power, and Ny the noise power. At this stage, we combined these equations to estimate
the precision range for each IRH at the 68% confidence level using the standard deviation of the range estimate, o(r*), as per the

following equation:
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Although not quantified in this work, we also acknowledge other potential sources of uncertainties, such as: (1) the bias of the
picker when resolving segments of complex geometries IRHs; and (2) the vertical advection over the decade between the first
and last of the four radar surveys used in this work (i.e., BBAS 2004-2005, NG-CORDS 2005, IMAFI 2010-2011 and ULUR
2014).

2.4.2 IRH age

To quantify the age uncertainty of internal reflection horizons (IRHs) tied to previously dated radiostratigraphy, we considered
three main sources of uncertainty: (1) vertical misalignment between intersecting radar surveys, (2) the local age—depth gradient
at the point of intersection, and (3) the intrinsic uncertainty of the core-based age chronology.

First, we measured the vertical offset (in metres) between each IRH in the CECs dataset and its corresponding tie point in the
BBAS or IMAFI surveys, which were previously dated using the WAIS Divide or Byrd ice-core chronologies, respectively. We
interpret this offset as a combination of picking uncertainty, local stratigraphic divergence, and radar system differences (e.g.,
bandwidth or resolution). To translate this depth offset into age uncertainty, we interpolated the age—depth gradient (dt/dz) from
the published radiostratigraphy (e.g., Bodart et al., 2021) at the depth of each IRH:

dt
Otoftset = <d2§) -0 Zoffset ®)

Second, we propagated the independently estimated uncertainty in IRH depth picking (Section 2.4.1) using the same local
age—depth gradient. This produces a second age-uncertainty term, tgepih, defined analogously to Eq. (8), but using the formal
depth-picking uncertainty rather than the inter-survey offset.

Third, we incorporated the published uncertainty in the absolute age of each tie-point from the WAIS Divide or Byrd ice-core
chronologies (e.g., Sigl et al., 2016). These uncertainties vary with depth and range from approximately +50 years near the
surface to > £500 years for older IRHs near the base of the dated section. In this case, we used the uncertainties attached to R2
and R3 reported by Bodart et al. (2021). Finally, we combined these three contributions in quadrature to compute the total age

uncertainty for each dated IRH:

6tt0l2ﬂ = \/6t(2>ffsel + 6t§epth + 6t?hron (9)

This combined approach provides a conservative estimate of the IRH age uncertainty that accounts for both stratigraphic
correlation error and the underlying uncertainty in the ice-core age model. All age uncertainties are reported at the 68%

confidence level.
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2.4.3 Modelled IRH ages

For IRHs dated using the D-J model, we estimated age uncertainties by propagating uncertainty in the key model inputs:
accumulation rate (a) and basal shear layer thickness (h). These parameters strongly influence the shape of the age-depth profile.

To quantify uncertainty in a, we used the plausible range of accumulation rates defined from independent sources (snow stake
data and satellite-model derived products; see Supplementary and Table 1). For each IRH, we input the minimum and maximum
accumulation values (Gpyin, Gmax) into the D-J model to generate a corresponding age range.

We also evaluated the sensitivity to the basal shear layer thickness by varying h between 20% and 30% of the local ice
thickness (H), following the approach of Bodart et al. (2021). Although the effect of h is nonlinear and depth-dependent, we
found that this range produced less than a 10% variation in IRH age for layers located above 70% depth, in agreement with
previous work in West Antarctica (e.g., Ashmore et al., 2020).

We defined the total model-based age uncertainty for each IRH as the range bounded by the oldest and youngest ages produced

by the full parameter space of a and h:

6tm0del = tmax (amina hmax) - tmin (amaxa hmin) (10)

This provides a conservative envelope of modelled ages that captures both parameter uncertainty and the sensitivity of the
D-J model. Because the model assumes steady-state ice flow and constant accumulation, long-term variability is not accounted
for; as such, these estimates may underestimate true age uncertainty in areas where dynamic thinning or temporal changes in

accumulation have occurred.

3 Results

We analysed approximately 3000 km of ground-based RES data across Ellsworth Land and identified a coherent englacial
stratigraphy covering an area of roughly 13,000 km?2. This newly delineated stratigraphy spans a key region encompassing
the ice divide between the Weddell and Amundsen Sea Embayments, including the upper reaches of the Rutford and Institute
Ice Streams and the Pine Island and Minnesota Glaciers (Figure 1). This spatial coverage is critical, as it enables robust
synchronisation of englacial layers with dated radiostratigraphy from the WAIS Divide and Byrd ice cores (e.g. Siegert, 2005;
Karlsson et al., 2014; Ashmore et al., 2020; Bodart et al., 2021), providing a regional framework for interpreting glacial

conditions across domains with diverse basal characteristics, including subglacial lakes, deep troughs, and alpine terrain.
3.1 Extent and Geometry of the new englacial stratigraphy

We traced seven internal reflection horizons (IRH1-IRH7) across the study region, with IRH1 being the shallowest and IRH7 the
deepest (Figure 3). Two IRHs from the CECs survey were tied to previously dated radiostratigraphy: IRH4 was matched to
H2 across the Institute Ice Stream and to R2 across Pine Island Glacier, whilst IRH6 was matched to H3 and R3 in the same

regions (using IMAFI and BBAS: Ashmore et al., 2020; Bodart et al., 2021). The maximum vertical offset between IRH4, R2
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and H2 was approximately 16 m and 11 m, respectively; whilst the difference between IRH6, R3 and H3 was 17 m and 8 m,
respectively. Despite these differences, we are confident in their equivalence due to the strength and spatial continuity of IRH4
in the vicinity of R2 and H2 (Figure 2), and of IRH6 near R3 and H3. Moreover, these offsets lie within the vertical uncertainties
reported by Bodart et al. (2021) and Ashmore et al. (2020).

In addition to these tied horizons, a third, shallower englacial reflection - potentially corresponding to the uppermost layer of
the WAIS Divide stratigraphy (Bodart et al., 2021) - was traced to provide a comparable layer package across both the Amundsen
and Weddell Sea Embayments. Together, these correlated englacial layers form the basis for establishing a detailed age—depth
framework for this sector of West Antarctica. The complete set of traced IRHs is provided in the Supplementary Information.

The geometry of the IRHs exhibits significant spatial variability. Englacial layer depths vary widely across the region
(Figure 4), consistent with the large range in ice thickness (~350-3200 m; Figure 4a-c). The stratigraphy lies deeper in the ice
column within the Ellsworth and CECs Troughs and is comparatively shallower over the subglacial highlands that separate them.
This pattern is particularly clear when englacial layer positions are expressed as a fraction of total ice thickness (Figure 4d-f). To
further explore spatial patterns in layer geometry, we subdivide the study area into three key regions (CECs Trough, Subglacial

Highlands and Alpine Terrain, and Ellsworth Trough) as described below.
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Figure 4. Internal Reflection Horizon (IRH) Depth Locations. Panels (a—c) display the absolute depth (in meters) below the ice surface for
three key englacial layers: the shallowest layer detected in this study (IRH1), and two additional layers, IRH4 and IR6, which are synchronised
with ice-core chronology (corresponding to R2 and R3 in Bodart et al. 2021). Panels (d—f) illustrate the fractional depth of each layer (i.e., the
ratio of its depth to the total ice thickness), where warmer colours indicate shallower positions and colder colours indicate deeper positions
within the ice column. Panels (g—h) present the distribution of both the absolute depth below the surface and the fractional depth for these
layers. In all panels, the Radarsat Antarctic Mapping Project (RAMP) topography is shown in the background, with thin white lines delineating
the ice catchment boundaries (Mouginot et al., 2017). A comprehensive analysis of all englacial layers identified in this study is available in

Supplementary Figures B1 and B2.

3.1.1 CECs Trough

In the CECs Trough (CT), most IRHs are laterally continuous and well preserved, although IRH7 becomes increasingly difficult
to trace in the western sector (Figure 5). The spacing between IRHs varies: IRH2 and IRH3 are closely spaced, whereas IRH3
and IRH4 are separated by a broader interval.

In the western part of the trough, near the boundary with the alpine terrain, multiple IRHs converge and merge into a thick,
high-amplitude near-bed reflector. This pattern is consistently observed across several alpine valleys extending toward the
Heritage Mountains and the head of Minnesota Glacier, where the geometry of the IRHs diverges from the underlying bed
topography. Steep, fault-like structures locally truncate the stratigraphy and coincide with steep gradients in subglacial bed
topography, and may reflect basal processes, deformation associated with local ice flow, or out-of-plane reflections.

Further upstream, towards the Institute Ice Stream (IIS) and above Subglacial Lake CECs (SLC), all reflections exhibit
marked drawdown, particularly in the deeper IRHs (Figure 6). Several internal reflections below IRH7 are strong and laterally

continuous, even within the valley containing SLC (Rivera et al., 2015).
3.1.2 Subglacial Highlands and Alpine Terrain

Across the subglacial highlands, IRHs are generally traceable but often become less distinct with depth. For example, IRH7
often becomes less distinctive as it approaches subglacial peaks, particularly along steep valley flanks (Figure 7). The reasons
for the lack of contrast are uncertain, but, for example, may relate to the incorporation and transport of basal material because
the subwavelength distribution of debris is capable of causing backscattering that obscures the return relating to ice in the lower
column (e.g., Winter et al., 2019; Franke et al., 2023). Even where stratigraphy is well preserved, interpretation is complicated
by the spreading or merging of IRHs near topographic breaks.

The ice column in the highland regions is typically thinner and underlain by rugged bedrock topography, with narrow alpine
valleys and steep-sided summits (Figure 1c). In the lower part of the ice column, differences in radar reflections are observed
within the meteoric ice, particularly in valley areas where internal reflections occur close to the ice-bed interface. In contrast,
the interfluve areas, where the ice is thinner, are characterised by more diffuse reflections and an absence of internal layering in

the lower ice (Figure 7). Therefore, deeper layers could not be reliably picked due to changes in reflection properties and/or
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Figure 5. Internal Layer Continuity Index (ILCI) and englacial structure. (a) Internal Layer Continuity Index (ILCI) map across the Ellsworth
Subglacial Highlands (ESH), with red squares showing the location of panels b and c, and white star highlighting the location of Subglacial
Lake CECs (SLC). (b) Detailed view of the englacial structure continuity over the ice divide between Pine Island Glacier, and the Institute and
Rutford Ice Streams. (c) Detailed view of the most laterally continuous englacial stratigraphy found across the subglacial highlands. Low ILCI
values represent less laterally continuous Internal Reflection Horizons (IRHs), while higher values indicate more laterally continuous IRHs. It
is notable that most of the well-preserved englacial stratigraphy is located near ice divides and over highs in the basal topography. In all panels,
the Radarsat Antarctic Mapping Project (RAMP) topography is shown in the background, with thin white lines delineating the ice catchment

boundaries (Mouginot et al., 2017).

suboptimal radar system performance. While additional englacial layers may exist near the ice—bed interface, they may not be

detectable because the radar system lacks the sensitivity required to resolve them at such depths.
3.1.3 Ellsworth Trough

Most IRHs are well preserved and traceable, although IRH1 and IRH2 are poorly resolved near the ice divide due to low
signal-to-noise ratio and signal saturation. Two principal topographic settings define the region: a deep trough, where IRHs show
pronounced drawdown (particularly in deeper layers), and an adjacent alpine terrain separating the Ellsworth and CECs Troughs.

Lateral continuity of englacial reflectors varies across the study area. The lowest continuity was observed within the CECs

Trough, particularly at the head of Minnesota Glacier, and along the Institute Ice Stream catchment (Figure 5). In contrast, the
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Figure 6. Internal Reflection Horizon (IRH) Continuity along CECs Trough and above Subglacial Lake CECs. Location of panel (a) in Figure
3b (Area 1), and panel (b) in Figure 3a (white star). (a) Example of steeply-dipping englacial reflections towards the end of the CECs Trough
within the Rutford Ice Stream. The geometry of the IRHs could be indicative of basal melting above SLC. (b) Location of the RES profile
shown in panel (a), also indicated in Figure 1d. (c) Englacial geometry over Subglacial Lake CECs, displaying an evident drawdown of the
englacial layers over SLC, and several continuous IRH below IRH6. The bathymetry of Subglacial Lake CECs is independently constrained
from reflection seismic data (Brisbourne et al., 2023), providing a robust estimate of lake depth and sediment thickness beneath the ice.

(d) RES survey geometry and acquisition setup for profiles shown in panels (c).
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highest continuity occurs across the subglacial highlands, where the stratigraphy is especially well preserved within narrow
subglacial valleys (Figure 5).

Low ILCI values suggest the IRH continuity is occasionally disrupted across the deep trough due to steep subglacial slopes
(35-45° towards the Weddell Sea Embayment and 25-55° towards the Amundsen Sea Embayment), but the stratigraphy inferred
from the current RES data suggest the ice column remains sufficiently coherent to trace most IRHs through the region. Near the
divide, IRH1-3 remain closely spaced and maintain their configuration downstream, while IRH5-7 form a distinct group along
the trough. IRH4 exhibits transitional geometry, aligning with the shallower group near the divide and the deeper group further
downstream. In addition to low ILCI values, the ice column exhibits localised buckling and vertical discontinuities, particularly

where tributary glaciers converge.

a) CECs Trough b) Subglacial Highlands c¢) Ellsworth Trough
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Figure 7. Examples of differences on internal reflectivity near the base of the ice in the Ellsworth Subglacial Highlands (locations of RES
lines in Figure 1d). (a) Southern end of the CECs Trough, and the boundary between englacial reflections near the mountain side (red dashed
line in panel d). (b) Ellsworth Subglacial Highlands, and the boundary between englacial reflections over the interfluve and subglacial valley
(red dashed line in panel e). (c) Ellsworth Trough, and the boundary between englacial reflections over the interfluve and subglacial valley (red

dashed line in panel f). The red arrow in panel f indicate the changes in dipping angle of the englacial layer.
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3.2 IRH uncertainties

Despite the fact that three RES systems were used to identify and map these IRHs, all of them have a similar central frequency
of ~150 MHz. Moreover, an empirical error analysis between all the CECs survey crossovers was performed and we obtained a
maximum vertical difference of 17.6 m, but ~99% of the crossovers are below 15 m (Figure B4). All of these error values are
within the uncertainty range reported for each survey.

By comparing six intersections (1, 3, 4, 5, 7, 8 in Figure 3b, c) between our IRH4 and R2 (described in Bodart et al. 2021) and
two intersections (2 and 6 in Figure 3c) with H2 (described in Ashmore et al. 2020), we estimated a mean vertical difference of
approximately 15 m between IRH4 and R2, and 11 m between IRH4 and H2—both within the expected uncertainty bounds of
the respective radar systems. The same approach was applied to IRH6, comparing it with R3 and H3 across three intersections
(points 3 and 5 for R3, and point 6 for H3 in Figure 3). Maximum vertical differences were 17 m between IRH6 and R3, and 10
m between IRH6 and H3. Detailed values for each intersection are presented in Table 2.

We estimate a maximum vertical uncertainty of 5 m for ULUR-3.0 and 6 m for NG-CORDS for the deepest IRHs traced.
Signal-to-noise ratios (SNRs) vary by system: 3.31-4.96 dB for NG-CORDS, 13.57-16.89 dB for ULUR-3.0 (January), and
13.83-16.71 dB for ULUR-3.0 (December). The estimated depth precision at the 68% confidence level (Equation 4) ranges from
A(r*) = 1.99-2.43 m for NG-CORDS, 1.03-1.19 m for ULUR-3.0 (January), and 0.55-1.17 m for ULUR-3.0 (December). The

total estimated vertical uncertainty for all IRHs is approximately =7 m (Table 2).

Table 2. Vertical differences (m b.i.s.) of intersections between CECs (Internal Reflection Horizon, IRH), BBAS (Rs), and IMAFI (Hs) surveys.
Intersection points are shown in Figure 3. Depth data for BBAS and IMAFI are from Bodart et al. (2021); Ashmore et al. (2020), respectively.

IRH4 IRH6
Intersection  IRH4 R2 H2 IRH6 R3 H3
. ) 5 3 ) 5 ,  Vertical Vertical
point Depth (m)"  Depth (m) Depth (m) Depth (m)"  Depth (m) Depth (m)
diff. (m) diff. (m)
1 1032 1021 - - - - +11 -
2 605 618 - 1016 - 1008* -13 +8
3 725 - 736 1097 1114 - -11 -17
4 831 843 - 1109 - - -12 -
5 755 - 765 796 306" - -10 -10
6 810 825 - 912 - 913" -15 -1
7 815 819 - 1079 - - -4 -
8 689 819 - 1017 - - +9 -

Notes: ' CECs uncertainty (£7 m). 2 BBAS uncertainty (£17 m). 3 IMAFI uncertainty (14 m). * From extension of R3/H3 to the

intersection point.
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3.3 Estimated and modelled ages for IRHs

Based on the match between IRH4 and R2 of Bodart et al. (2021), and applying Eq. 8, we assign an age of 4.72 & 0.284 kyr
to IRH4. Similarly, using the reported age and associated uncertainty for R3 (Bodart et al., 2021), we assigned an age of
6.94 %+ 0.326 kyr for our IRH6.

To bracket the ages of IRHs lacking independent tie-points, we used a range of accumulation-rate estimates derived from snow
stakes and regional modelling approaches. The contrasting “high” and “low” accumulation scenarios correspond to the upper
and lower bounds of accumulation estimates from Noél et al. (2023), Arthern et al. (2006), and stake-derived rates (Section 1).
These scenarios are relevant because, within the D-J framework, accumulation rate exerts a strong control on layer residence
time and therefore has a first-order influence on the resulting age—depth structure, particularly at greater depth. Minimum ages
were calculated using the highest accumulation rate applied at the IRH4 tie-point location (Figure 4); and maximum ages were
obtained using the lowest accumulation rates at the intersection (or closest stake), including Arthern et al. (2006) and Nogl et al.
(2023) (Table 1).

Across the seven IRHs, modelled ages range from approximately 1.23 kyr (IRH1) to 7.19 kyr (IRH7) under the high-
accumulation scenario, and from 1.8 kyr to 17.6 kyr under the low-accumulation scenario (Table 3. See also Tables Al, A2,
A3). These age envelopes indicate that the mapped IRHs span the Mid-Holocene, under a high accumulation scenario, and the
full Holocene with the deepest layers potentially recording deglacial ice from the Late Pleistocene, under a low accumulation

scenario.
3.3.1 Quasi-Nye age estimates

The quasi-Nye age propagation at Site 2 yields age estimates that are consistent with the D-J age envelopes and preserve
the same stratigraphic ordering and relative spacing of horizons. Using anchor depths of z4 = 689.33 m and 2zg = 857.27 m,
quasi-Nye ages range from ~5.48 kyr IRH5) to ~8.74 kyr (IRH7). At this site, relaxing basal shear-layer assumptions primarily
narrows the plausible age range for undated horizons without introducing systematic shifts that would alter our interpretations.
In particular, quasi-Nye dating indicates that the deepest horizon (IRH7) is most consistent with an early- to mid-Holocene age,
whereas substantially older ages arise only under the lowest-accumulation end-member scenarios within the D-J framework
see figure B3). Importantly, the choice of age-propagation method at Site 2 does not affect the principal conclusions regarding
radiostratigraphic continuity, inferred ice-divide stability, or the spatial patterns of Holocene accumulation discussed in Section
4.1.

3.4 Millennial variability of surface accumulation

We used IRH ages derived from direct intersections with chronologically constrained IRHs from the WAIS Divide 2014 ice-core
record to estimate accumulation rates in each of three Area of interest (Table 1 and Figure 2).
We used snow stake data (Figure 3) to estimate modern accumulation at intersection points in all three Areas of interest,

and satellite-derived products to obtain average accumulation over the past 30 years (table 1). By comparing these modern
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Table 3. Synthesis of modelled ages (kyr) for each Internal Reflection Horizon (IRH) at intersection points across three study areas, derived
using ranges of annual mean ice-equivalent accumulation rates, a, obtained from snow-stake measurements and modelling (Arthern et al.,
2006; Noél et al., 2023). For each area, paired age values correspond to the lower and upper bounds obtained using amin and amax, respectively.
Accumulation-rate ranges are: Area 1 (CECs Trough) amax = 0.318 and amin = 0.186 m ice-eq. yr~'; Area 2 (Subglacial Highlands)
Gmax = 0.253 and amin = 0.170 m ice-eq. yr~'; Area 3 (Ellsworth Trough) amax = 0.268 and amin = 0.119 m ice-eq. yr~!. Age ranges
reflect a basal shear layer thickness of 20-30 %. Independent ages from the WAIS Divide ice core (Sigl et al., 2014) are included for comparison.

For a full description of the age modelling using all available accumulation rates and basal shear layer thicknesses, see Tables A1, A2, and A3

Area 1: CECs Trough Area 2: Subglacial Highlands Area 3: Ellsworth Trough WALIS Divide-2014
IRH  amin =0.186  amax =0.318  a@min =0.170  a@max = 0.253  @min =0.119  amax = 0.268  radiochronology™
Agemin Agenax Agenin Agenax Agemin Agenax

IRH1 1.80 3.09 1.23 1.84 1.34 3.18 -

IRH2 2.56 443 2.52 3.84 2.18 5.21 -

IRH3 2.86 4.96 3.10 4.74 2.88 6.90 -

IRH4 4.52 791 3.90 6.01 3.80 9.13 472 £0.284
IRHS - - 4.48 6.96 4.45 10.75 -

IRH6 - - 5.57 8.77 5.64 13.70 6.94 £ 0.326
IRH7 - - 6.81 10.92 7.19 17.60 -

Note: Agemin and Agemax denote the lower and upper bounds of modelled ages obtained using amin and amax, respectively. All

accumulation rates are expressed as ice-equivalent depth rates. * Corrected using Equation 8.

and satellite-derived estimates with englacial layer-derived accumulation rates modelled from reattaining the D-J model (i.e.
R2-R3 and H2-H3, where available), we obtained a regional snapshot of Holocene accumulation across the three areas: the
CECs Trough (Area 1), the Subglacial Highlands (Area 2), and the Ellsworth Trough (Area 3). It is worth noting that these
regions exhibit slight differences in ice flow velocities: Area 1 is faster than Area 2 and Area 3, with typical surface velocities
between 5 and 10 m yr=* (8 m yr—*! at the intersection point), whilst Areas 2 and 3 generally remains below 5 m yr—! (4 m yr—!
at the fastest intersection). In addition to surface velocity, ice advection, englacial layer displacement, and strain rates may also
influence both modern and palaeo-accumulation patterns.

Rearranging the D-J model to solve for accumulation rate, and using the age of IRH4 constrained by R2 (from Bodart et al.

2021 ice chronology) at any given depth, we obtained accumulation estimates of 0.228 m ice-eq. yr—!

in Area 1, 0.186 m ice-eq.
yr~!in Area 2, and 0.169-0.186 m ice-eq. yr~! in Area 3 (Figure 8). These values provide spatially resolved constraints on past
accumulation across CECs Trough, Subglacial Highlands, and Ellsworth Trough. Spatially, accumulation has consistently been
higher in the CECs Trough during both modern and Holocene periods, while the Subglacial Highlands show higher accumulation
than the Ellsworth Trough during the Holocene, although this pattern appears to have reversed in recent decades. Temporally,
accumulation rates derived from Arthern et al. (2006) are consistently higher across all regions, which may reflect the coarser

spatial resolution and larger area of estimation associated with the satellite-derived dataset.
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Figure 8. Surface accumulation rate variation since ~7 kyr derived from the match of our Internal Reflection Horizon IRH4 and IRH6 to

Bodart et al. 2021 R2 and R3, and Ashmore et al. 2020 H2 and H3 in Area 1 (cyan), Area 2 (red) and Area 3 in Figure 3.

4 Discussion
4.1 Radiostratigraphy and chronology

Our study area encompasses an unusually complex subglacial landscape compared to other parts of West Antarctica (e.g., Ross
et al., 2014; Karlsson et al., 2014; Rivera et al., 2015; Ashmore et al., 2020; Bodart et al., 2021) and East Antarctica (e.g.,
Sanderson et al., 2023; Franke et al., 2025). We traced seven internal reflection horizons (IRHs) exclusively across a region
of rugged, high-relief topography, which we subdivide into three sectors: the CECs Trough, the subglacial highlands, and the
Ellsworth Trough. Each sector presents distinct challenges for radiostratigraphic interpretation, including deep drawdown of
IRHs in trough regions, shallow ice columns and contrasting basal reflectivity within the meteoric ice in the highlands, and
disrupted stratigraphy caused by crevassing and converging ice flow (e.g., southern Institute Ice Stream and head of Minnesota
Glacier). Despite these complications, the clear stratigraphic sequence allowed us to map IRHs continuously across areas with
poor or disrupted internal layering, including fast-flowing ice, zones of transverse flow (e.g., near Minnesota Glacier), and alpine

terrain.
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In particular, the contrasts observed within the shallow ice over the southern end of CECs Trough and the alpine terrain
(Figure 7a and b) may indicate differences in physical properties, potentially linked to deposition during glacial or interglacial
periods. Alternatively, the ice may be more compressed or contain elevated concentrations of volcanic ash. These variations
warrant further investigation, as previous studies have suggested that basal ice with distinct properties may be widespread across
West Antarctica (e.g., Winter et al., 2015, 2019).

IRH4 and IRH6 were confidently correlated with previously dated reflectors from the Pine Island Glacier (R2 and R3; Bodart
et al. 2021) and Institute Ice Stream (H2 and H3; Ashmore et al. 2020) datasets. Although only two dated reflectors intersect our
survey region, the matches are robust based on depth coincidence at crossover points and lateral continuity across the three areas.
These correlations are supported by consistent reflector amplitude and stratigraphic positioning, particularly across distinct
flow regimes. Using these dated IRHs, we rearranged the Dansgaard—Johnsen (D-J) model to calculate the accumulation rates
responsible for their burial, which in turn allowed us to estimate the ages of our remaining unmatched IRHs across the region,
ranging from 1.23 - 3.18 Kyr to 6.81 - 17.6 kyr for the shallowest and deeper IRHs, respectively. Within the D-J framework,
accumulation rate exerts a first-order control on downward advection and vertical thinning. Lower prescribed accumulation
results in slower descent of layers, longer residence times at a given depth, and consequently substantially older inferred ages
relative to higher-accumulation scenarios. This effect becomes increasingly pronounced at depth, where vertical velocities
diminish and the age—depth relationship becomes strongly non-linear. As a result, uncertainties in prescribed accumulation
rate and basal shear-layer thickness accumulate over millennial timescales, amplifying curvature in the age—depth profile and
increasing the sensitivity of the deepest englacial layers to small perturbations in model parameters. The quasi-Nye sensitivity
test (Section 2.3.3) confirms that, over the depth interval bounded by the traced IRHs, the inferred age structure is robust to
assumptions regarding basal shear-layer parameterisation. In contrast, the dominant source of remaining age uncertainty arises
from variability in accumulation rates rather than from basal-condition choices. We note that the lower age range for the deepest
IRHs would encompass the age of prominent West Antarctic reflector (Jacobel and Welch, 2005) which has an age of 17.4 ka,
although here we cannot confirm it is the same layer. We note that this reflector is not as clearly expressed in the airborne IMAFI
dataset (Ashmore et al., 2020), likely reflecting differences in radar system characteristics and acquisition geometry rather than
its absence, and therefore avoid implying a direct one-to-one correlation.

Vertical offsets between matched reflectors across surveys range from approximately 10—17 m, which is within the expected
resolution limits of the radar systems used (Tabel 2). These small discrepancies likely reflect a combination of radar-specific
factors, including system resolution, acquisition timing, time-zero synchronisation, off-nadir scattering, and sparse 2D line
geometry. Nonetheless, the consistent identification of IRH4 as the brightest reflection near R2 across multiple crossover points
reinforces the reliability of these assignments.

Our stratigraphic correlations are further supported by published age estimates from Ashmore et al. (2020), dated H1 to
1.9-3.2 kyr, H2 to 3.5-6.0 kyr, and H3 to 4.6-8.1 kyr based on the Byrd ice-core chronology (Hammer et al., 1994). Together,
these results establish a robust chronological framework for the Ellsworth Subglacial Highlands, enabling spatially resolved

accumulation histories and supporting wider continental stratigraphic efforts.
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4.2 Constraints on Divide-Proximal Ice-Flow Stability

The Internal Layer Continuity Index (ILCI) analysis supports the hypothesis of a stable ice divide (e.g., Denton et al., 1992;
Bentley et al., 2010; Ross et al., 2011; Hein et al., 2016b; Small et al., 2025), indicating relatively undisturbed ice flow across the
Subglacial Highlands and adjacent divide-proximal regions (Figure 5). While ice flow within the main troughs appears broadly
stable, the internal stratigraphy is locally disrupted by converging tributary glaciers from the Subglacial Highlands into CECs
and Ellsworth Trough. This is particularly evident at the southern end of the Ellsworth Trough, where ice from the Subglacial
Highlands and the alpine terrain to the west flows into the main trunk of the Institute Ice Stream. A similar pattern is observed
in the CECs Trough near the head of Minnesota Glacier, where perpendicular inflow disrupts the internal layering, limiting
the preservation of a coherent stratigraphy. These convergences result in low ILCI values probably because the ice becomes
deformed as it accelerates and is channelled into narrower paths such as deep troughs or rift systems (e.g., Sanderson et al.,
2023). This deformation, driven by shear, variations in basal conditions, and historical changes in flow (Bons et al., 2016), folds
and disrupts the internal layers, reducing the consistency of radar reflections that the ILCI depends on. As such, low ILCI values
suggest complex glacial dynamics and past or ongoing transitions in ice flow behaviour (Karlsson et al., 2012)

Although these local disruptions are notable, they do not contradict the broader inference of long-term ice divide stability
across the region. Rather, they highlight the importance of high-resolution radiostratigraphic mapping for resolving spatial
variability in internal structure that is not captured by continent-scale studies. Moreover, the complex flow patterns associated
with rugged upland alpine topography may also influence the lateral continuity of englacial layers. Despite these local disruptions,
our observations support the hypothesis that overall ice divide stability may coexist with dynamic flow reorganisation at outlet
margins (suggested by the change in the dipping angle of IRHs in Figure 7c), and that caution is warranted when extrapolating
large-scale inferences to finer spatial scales.

Our findings are consistent with previous evidence that the inland Amundsen—Weddell divide has remained comparatively
stable throughout the Holocene (e.g., Conway and Rasmussen, 2009; Bentley et al., 2010; Ross et al., 2011; Hein et al., 2016b;
Siegert et al., 2019; Small et al., 2025). The expanded spatial coverage provided by our new radiostratigraphy allows this
interpretation to be refined by identifying where regional stability coexists with localised dynamical complexity. Reduced ILCI
values and deformation of deeper reflections along the Institute—-Moller system and within the CECs and Ellsworth troughs
(Figs. 5 and 7c¢) indicate enhanced strain and tributary interaction linked to complex basal topography, consistent with previous
inferences of dynamically variable flow in these onset regions (e.g., Siegert et al., 2019; Ross et al., 2020). These low-continuity
zones coincide with tributary convergence and topographic steering, where inflow into confined troughs promotes shear and
reduced preservation of coherent stratigraphy. Importantly, this disturbance remains spatially restricted and does not extend far

upstream toward the divide, where layering remains well preserved.
4.3 Accumulation History

Surface accumulation measured at snow stakes in Areas 1 and 3 (Figure 1d; location of Areas 1-3 in Figure 3) provides the

primary observational constraint and is slightly lower than regional climate model estimates from RACMO2.3p2 (Table 1). At
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the CECs Trough (Area 1), stake measurements show an accumulation rate of 0.186 m ice-eq. yr—*

, compared to 0.217 m ice-eq.
yr~! reported by Nogl et al. (2023) for the northern sector. In the Ellsworth Trough (Area 3), stake-derived rates ranged from
0.119 to 0.168 m ice-eq. yr—!, lower than the 0.186 m ice-eq. yr—! in RACMO2.3p2. Conversely, in the Subglacial Highlands
(Area 2), measured accumulation rates (0.180-0.193 m ice-eq. yr~!) slightly exceeded the RACMO2.3p2 estimate of 0.169 m
ice-eq. yr~! (Figure 8).

Stake measurements were consistently much lower than values derived from Arthern et al. (2006), which uses a coarser spatial
resolution (5 km) compared to RACMO2.3p2 (2 km) and point-based stake data. This discrepancy likely reflects spatial averaging
effects in coarse-resolution models, particularly in regions such as the Ellsworth Subglacial Highlands where accumulation rates
vary over short distances. Empirical semivariograms of RACMO2.3p2 accumulation rates (Figure B5) exhibit substantially
smoother spatial variability, with semivariance increasing gradually over distances exceeding 40-50 km, indicating that the
model under-represents short-wavelength accumulation variability captured by the stake observations. In contrast, snow-stake
accumulation rates show that variability is concentrated at short length scales (Figure B5), with semivariance increasing rapidly
over lag distances of approximately 15-20 km before reaching a plateau. This corresponds to point-to-point accumulation
differences of ~0.03-0.04 m ice-eq. yr—!, or roughly 15-25% of the local mean accumulation rate.

Despite differences in magnitude, all datasets indicate a persistent spatial pattern: modern accumulation is highest in the CECs
Trough area, intermediate across the Subglacial Highlands, and lowest in the Ellsworth Trough area (Figure 8). This asymmetry
highlights the spatial heterogeneity of surface mass balance across Ellsworth Land and appears to persist through time.

A comparison of in situ accumulation (modern accumulation rate) and the WAIS Divide 2014 ice-core chronology (past
accumulation rate) reveals a reduction in surface accumulation since the deposition of IRH4 (~4.92 kyr). In Area 1, using snow
stake 087x and the corresponding RACMO?2.3p2 value, we estimate a decrease of 18-25% in accumulation since that time
(Figure 8). In Area 2, the reduction is estimated at 9—-14% (using stake 107), while Area 3 shows a wider range of 11-29%
(based on stake 105 and RACMO?2.3p2 values; Table 1). These inferred reductions are consistent with previous evidence
for elevated mid-Holocene accumulation relative to modern values across West Antarctica, derived from both internal radar
reflectors and ice-core records. For example, enhanced mid-Holocene accumulation has been reported across parts of the
Amundsen—Weddell-Ross Divide, followed by a late-Holocene transition toward lower modern rates in the WAIS Divide
core record (Fudge et al., 2016; Bodart et al., 2023). Our spatially distributed estimates extend this pattern into the Ellsworth
Subglacial Highlands and adjacent trough systems, suggesting that the reduction in accumulation since ~5 kyr was regionally
coherent rather than confined to isolated divide sites.

IRH6 dated to ~6.9 kyr, provides an additional constraint on Holocene accumulation patterns. Using the same snow stakes
and RACMO2.3p2 data, we estimated a reduction of 4-10% in Area 2 since the deposition of IRH6. In Area 3, results vary
depending on the reference dataset: a reduction of 4% when using stake data, and a 13% increase when using RACMO2.3p2
values. Nevertheless, accumulation rates for IRH6 show a consistent spatial gradient, with higher values in the CECs Trough
area. This supports the interpretation that spatial heterogeneity in surface mass balance has remained relatively stable throughout

the Holocene.
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Our finding of a ~13-29% reduction in accumulation since ~4.92 kyr, across the upper reaches of Pine Island Glacier, 18-25%
reduction in Rutford and 9-14% in the Subglacial Highlands provide more spatial detail than previous studies and complement
the ~18% mid-Holocene reduction reported by Bodart et al. (2021). Despite methodological differences and spatial scale, both
studies indicate stable spatial accumulation patterns across the Amundsen—Weddell-Ross divide, supporting the robustness of
our reconstructions and reinforcing the value of mid-Holocene climate forcing for regional ice-sheet modelling.

The apparent differences between our estimates and previous reconstructions (e.g., Bodart et al., 2021; Siegert and Payne,
2004) may be explained by a combination of spatial, chronological, and methodological factors. First, our analysis is based on
snow stake observations from three spatially-localised areas, including two deep troughs; whereas both Bodart et al. (2021)
and Siegert and Payne (2004) investigated much broader regions using airborne or satellite-derived internal reflection horizons
(IRHs) and ice-flow modelling. This disparity in spatial scale is important, because local variability caused by topography, wind
redistribution, or microclimatic effects may drive trends that are not representative of the wider ice sheet (e.g., Arcone et al.,
2012; Dattler et al., 2019; Mills et al., 2019). Second, the local chronological approaches, specifically the time window, used may
influence the understanding of the accumulation history. For example, we used IRH4 at ~4.92 kyr as the reference horizon, while
Bodart et al. (2021) dated their principal reflector to 4.72 4-0.28 kyr. Siegert and Payne (2004) identified enhanced accumulation
between ~3.1-6.4 kyr and substantially lower values only prior to ~6.4 kyr, suggesting that small offsets in horizon age
and temporal resolution can alter whether the mid-Holocene is interpreted as a period of elevated or reduced accumulation
relative to today. Third, the application of different methodologies further complicates direct comparison, potentially introducing
offsets in how past and modern accumulation rates are defined. For example, our approach combines snow stake data with
RACMO?2.3p2 output, making the estimates sensitive to model biases, calibration intervals, and stake distribution. By contrast,
Bodart et al. (2021) applied a one-dimensional ice-flow model to IRH-derived accumulation rates, comparing these against both
RACMO?2 output (1979-2019) and multi-century observational syntheses (1651-2010). Siegert and Payne (2004) employed
RES stratigraphy constrained by the Byrd ice-core, offering a different form of temporal averaging. Fourth, elevation dependence
provides an additional source of variation. In particular, Bodart et al. (2021) observed that sites below ~1400 m often showed
lower mid-Holocene accumulation relative to modern values, while higher-elevation sites recorded enhanced rates. Consistent
with this, Siegert and Payne (2004), whose reconstructions focused on the central divide, found a mid-Holocene enhancement
relative to present.

Finally, the temporal evolution of accumulation through the Holocene may reconcile the different perspectives. Both Bodart
et al. (2021) and Siegert and Payne (2004) suggest that the mid-Holocene represented a relative maximum in accumulation,
followed by a gradual decline towards modern conditions. Our results may therefore capture the latter part of this trajectory,
emphasising the downward adjustment since ~4.9 kyr, whereas earlier studies highlight the preceding peak. Rather than
representing a fundamental contradiction, these findings may reflect complementary expressions of a broader transition from
mid-Holocene high accumulation to present-day rates.

The RES surveys used in this study, as well as those by Siegert and Payne (2004), Bodart et al. (2021), and others, were not
originally designed for the explicit purpose of investigating accumulation history. Given the complexity of accumulation patterns

and the variability of survey strategies, there is a clear need for a systematic, purpose-designed campaign to investigate past

29



accumulation across West Antarctica. Such an effort would benefit from a coordinated approach combining bespoke airborne

and ground-based RES surveys with targeted ice coring, and complementary meteorological and geophysical observations.

5 Conclusions

620 1. Our analysis shows marked spatial variability in englacial layer geometry, reflecting the large range in ice thickness across
the study area. Internal layers are deeper relative to ice thickness in the Ellsworth and CECs Troughs and comparatively
shallower over the intervening subglacial highlands. This persistent contrast highlights the strong topographic control on
englacial stratigraphy and underpins our subdivision of the region into three domains: the CECs Trough, the Subglacial
Highlands and Alpine Terrain, and the Ellsworth Trough. These IRHs establish at least seven new radiostratigraphic tie

625 points and represent a significant step toward strengthening the connection between the Weddell and Amundsen Sea

Embayments.

2. We identified and traced seven internal reflection horizons (IRHs) across ~2000 km of ground-based radar data, spanning
~13000km? in the upper catchments of Pine Island Glacier (PIG), Rutford Ice Stream (RIS), and Institute Ice Stream

(IIS). At least two horizons are directly tied to the WAIS Divide 2014 (WAISD-2014) ice-core chronology (IRH4 to

630 4.72 £+ 0.238 kyr; IRH6 to 6.94 + 0.326 kyr), providing robust age control and accumulation-rate estimates. For the
remaining horizons, we applied the D-J age—depth model (Dansgaard and Johnsen, 1969) using accumulation rates

derived from WAISD-2014 and in situ stake measurements. The modelled ages span from ~6.81 kyr to ~17.5 kyr for the

deepest reflector (IRH7), indicating that the traced stratigraphy records the Holocene and potentially extends into the Late

Pleistocene.

635 3. The Internal Layer Continuity Index (ILCI) is generally very low along the subglacial trough, especially in areas where
the ice surface velocity is relatively high and where different tributaries converge in the same trough, such as the southern
end of Ellsworth trough or CECs trough at the head of Minnesota Glacier. However, the ice within alpine valleys across
the subglacial highlands are very well preserved and the englacial stratigraphy is well preserved until the ice is deformed

by ice flow over topography.

640 4. Modern and Holocene accumulation patterns derived from ice stake measurements, satellite observations, radiostratigraphy,
and ice-core data indicate a persistent spatial asymmetry across the Amundsen—Weddell Ice Divide. Despite limited
temporal coverage and high uncertainty in stake-derived accumulation rates, the broader spatial pattern agrees with
satellite-based climatologies (e.g., RACMO2.3p2; Noél et al. 2023) and suggests that significant migration of the ice
divide has not occurred since at least the mid-Holocene. This spatial stability supports recent findings from modelling and

645 observational studies and has implications for long-term mass balance reconstructions across the central WAIS.

Opverall, our study provides spatially resolved, age-constrained radiostratigraphy in a morphologically complex sector of West

Antarctica, demonstrating that IRHs can be traced across diverse basal settings and flow regimes. By integrating multiple regional
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radiostratigraphies, we extend the spatial coverage of dated IRHs into a previously unresolved sector of the continent, directly
contributing to the objectives of the AntArchitecture initiative (Bingham et al., 2025). Specifically, our findings support (1) the
expansion of a continent-scale radiostratigraphic framework; (2) improved reconstructions of Holocene accumulation variability.
In doing so, this work enhances our ability to constrain both past and future ice-sheet evolution across West Antarctica, and
demonstrates that even in geologically complex terrain, coherent englacial stratigraphy can offer valuable constraints on the

structure and dynamics of the Antarctic Ice Sheet through the late Quaternary.
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665 Appendix A: Tables

Table Al. Accumulation rates for Internal Reflection Horizon (IRH) in Area 1 (CECs Trough) from Snow stake, Arthern et al. (2006), and
Noél et al. (2023). Values are given for basal shear layer thickness, h, equal to 20% and 30% of the ice thickness. A dash () indicates no data.

IRH Snow stake Arthern et al. (2006) Noél et al. (2023)
a=0.186 a=0.318 a=0.217
30% 20% 30% 20% 30% 20%

IRHI 3.092 3.064 1813 1.797 2657 2633
IRH2 4425 4366 2.595 2.560 3803  3.752
IRH3 4960 4.883 2.908 2.864 4262 4.197
IRH4 7914 7.702 4.641 4517 6.801  6.619
IRH5S - - - - - -
IRH6 - - - - _ _
IRH7 - - - - - -

Table A2. Accumulation rates for Internal Reflection Horizon (IRH) in Area 2 (Subglacial Highlands) from Snow stake, Arthern et al. (2006),
and Noél et al. (2023). Values are given for basal shear layer thickness, h, equal to 20% and 30% of the ice thickness.

IRH Snow stake Arthern et al. (2006)  Noél et al. (2023)
a=0.179 a=0.253 a=0.169
30% 20%  30% 20% 30% 20%
IRHI 1725 1711 1.226 1.217 1.836 1.822
IRH2 3.604 3542 2.563 2.519 3.837 3.771
IRH3 4454 4355 3.168 3.097 4.743 4.637
IRH4 5.649 5480 4.017 3.897 6.014 5.834
IRHS 6538 6302 4.650 4.482 6.961 6.710
IRH6 8235 7.831 5.857 5.569 8.768 8.338

IRH7 10.258 9.571 7.296 6.807 10922 10.190
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Table A3. Accumulation rates for IRHs in Area 3 (Ellsworth Trough) from Snow stake, Arthern et al. (2006), and Noél et al. (2023). Values

are given for basal shear layer thickness, h, equal to 20% and 30% of the ice thickness.

IRH Snow stake Arthern et al. (2006)  Noél et al. (2023)
a=0.118 a=0.282 a=0.186
30% 20% 30% 20% 30% 20%
IRHI  3.181 3.166  1.341 1.335 2.033 2.023
IRH2 5.211 5171  2.196 2.180 3.330 3.305
IRH3  6.903 6.832 2910 2.880 4411 4.366
IRH4 9.132  9.003  3.849 3.795 5.836 5.753
IRH5 10.745 10.562 4.529 4.452 6.867 6.750
IRH6 13.696 13385 5.773 5.642 8.753 8.554

IRH7 17.595 17.051 7.417 7.187 11.245  10.896

Table A4. Simplified quasi-Nye age estimates for internal reflection horizons (IRHs) at the modelling trace. Ages were calculated using
observed IRH depths and anchored by the independently dated horizons IRH4 and IRH6. Following MacGregor et al. (2015), a constant
effective vertical strain rate was assumed within the interval bounded by these dated horizons, and ages for undated IRHs were derived from

the resulting non-linear quasi-Nye age-depth relationship.

IRH Depth (m b.i.s.)  Quasi-Nye age (kyr)

IRH4 689 4.72
IRHS5 754 5.48
IRH6 857 6.94
IRH7 951 8.74

Table AS. Ice-penetrating radar systems used in this study and their principal technical characteristics.

Pulse
Centre Vertical  Repetition  Horizontal Coherent
frequency Bandwidth resolution Frequency sampling pre-integration
System (MHz) (MHz) (m) (kHz) distance (m) (samples) Reference
NG-CORDS 150 17 4.95 9.2 3 256 Gogineni et al., 2001
ULUR-3.0 155 20 4.21 10 4.2 256 Uribe et al., 2014
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Table A6. List of acronyms and abbreviations used in this study.

Acronym Definition

AWID Amundsen—Weddell Ice Divide

BBAS British Antarctic Survey Airborne Survey
CECs Centro de Estudios Cientificos

CT CECs Trough

D-J Dansgaard—Johnsen age—depth model

ET Ellsworth Trough

ESH Ellsworth Subglacial Highlands

H Horizon (after Ashmore et al. 2020)

ILCI Internal Layer Continuity Index

IMAFI Institute—-Minnesota Airborne Field Imaging
IRH(s) Internal reflection Horizon(s)

IIN Institute Ice Stream

LGM Last Glacial Maximum

MnGl Minnesota Glacier

NG-CORDS Next-Generation Coherent Radar Depth Sounder

PASIN Polarimetric Airborne Synthetic-aperture radar for Ice sounding and Navigation
PIG Pine Island Glacier
R Reflection (after Bodart et al. 2021)

RACMO2.3p2  Regional Atmospheric Climate Model, version 2.3p2

RES Radio Echo Sounding

RIS Rutford Ice Stream

RAMP Radarsat Antarctic Mapping Project
SLC Subglacial Lake CECs

ULUR-3.0 Ulloa-Uribe 3.0 RES system)
WAIS West Antarctic Ice Sheet

WAISD-2014  WALIS Divide ice-core Chronology (2014 version)
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Appendix B: Figures
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Figure B1. Spatial distribution and depth histograms of internal reflection horizons (IRHs). Panels (a—d) show mapped IRHs across the
Ellsworth Subglacial Highlands, overlaid on Radarsat Antarctic Mapping Project (RAMP) topography. Thin white lines delineate the ice
catchment boundaries (Mouginot et al., 2017). Each colour corresponds to depth below the ice surface, ranging from 150 m (yellow) to
1800 m (dark purple). (a) IRH2, (b) IRH3, (c) IRHS, and (d) IRH7. Panel (e) displays overlaid histograms of fractional depths for each IRH,
illustrating their relative depth distributions. Shallower horizons (IRH2, IRH3) are concentrated between 250-700 m, while deeper horizons
(IRHS5, IRH7) extend to >1500 m.
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Figure B2. Spatial distribution and fractional depth histograms of internal reflection horizons (IRHs). Panels (a—d) show mapped IRHs across
the Ellsworth Subglacial Highlands, overlaid on Radarsat Antarctic Mapping Project (RAMP) topography. Thin white lines delineate the
ice catchment boundaries (Mouginot et al., 2017). Colours denote fractional depth within the ice column, ranging from 0 (surface; yellow)
to 1 (bed; black). (a) IRH2, (b) IRH3, (c) IRHS, and (d) IRH7. Panel (e) presents overlaid histograms of fractional depths for each IRH.
The shallower horizons (IRH2, IRH3) cluster at fractional depths of 0.15-0.35, whereas deeper horizons (IRHS, IRH7) extend more evenly
through the ice column, with IRH7 reaching depths approaching the bed.
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Figure B3. Comparison of age—depth relationships derived from different dating approaches. The shaded region represents the range of
ages predicted by the Dansgaard—Johnsen (D-J) model using upper and lower bounds on accumulation rate. The solid blue line shows ages
estimated using the quasi-Nye method (MacGregor et al., 2015). The dashed red line illustrates a simple linear interpolation between dated
horizons. Black markers indicate independently dated internal reflecting horizons (IRHs) used as tie-points. The quasi-Nye solution closely
follows the D-J envelope and deviates only slightly from linear interpolation over this depth interval, demonstrating that age estimates are

largely insensitive to the choice of dating method within the range constrained by the available tie-points.
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Vertical difference at crossing point in each englacial layer
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Figure B4. Vertical difference between crossovers of CECs Internal Reflection Horizon (IRH). Differences among IRH depth are presented
for each IRHs in different colour and shape from the shallowest (IRH1) to the deepest one (IRH7). Additionally, we also marked the vertical
resolution calculated for PASIN1 (Bodart et al., 2021) and key statistical percentiles.
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Empirical semivariograms around crossovers — planar trend removed
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Figure BS. Empirical semivariograms of annual mean surface accumulation around three crossover locations, calculated after removal of a

planar trend. Left panels show RACMO2.3p2 estimates and right panels show snow-stake measurements. Stake-derived accumulation exhibits

stronger short-range variability (~15-20 km), whereas RACMO2.3p2 displays smoother spatial structure over longer length scales. Numbers

indicate the number of data pairs contributing to each semivariogram.
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Appendix C: Firn air content sensitivity test
C1 Definition and interpretation of firn air content

Firn air content (FAC) is commonly reported in metres of air equivalent and represents the vertically integrated pore-space
thickness within the firn column relative to pure ice density. Importantly, FAC does not represent a physical air layer of that
thickness, but rather the thickness of air that would be obtained if all firn pore space were extracted and referenced to atmospheric

pressure. FAC can be expressed as

zf
FAC — / (1 _ "2’”) iz, (C1)
0 1

where p(z) is firn density, p; is the density of ice, and z; is the depth to pore close-off (or the effective firn column thickness

represented by the model).
C2 Firn product and value selection

To evaluate whether spatial variability in firn properties could influence our depth conversion, we extracted FAC estimates from
the NASA GSFC firn densification model (GSFC-FDM; Medley et al., 2022) over our three study sectors. GSFC-FDM provides
temporally evolving firn properties across Antarctica; for our application, we used representative modern FAC values to quantify
the impact on radar-derived ice-equivalent depths. Across our survey region, FAC varies between approximately 20 and 25 m

(air equivalent).
C3 Propagation to ice-equivalent depth

A first-order way to incorporate FAC into depth conversion is to express IRH depth in ice-equivalent units by subtracting the

air-equivalent pore-space contribution:

Zice-eq = 2 — FAC, (C2)

where 2 is depth below the ice surface derived from radar processing and zice-q 1 the corresponding ice-equivalent depth.
At the representative modelling site (H = 1433 m), FAC values of 20-25 m correspond to 1.4-1.7% of the total ice thickness.
Therefore, plausible spatial variability in FAC across the survey (AFAC ~ a few metres) modifies ice-equivalent depth by only
<$0.2% of H.

C4 Implications for age estimates

The influence of a small depth perturbation on modelled age can be approximated locally as
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NP (©3)
0z

where 0t /0z is the local age—depth gradient from the adopted age model (Dansgaard-Johnsen in the main analysis). Because
FAC-driven depth adjustments are only a few metres, the resulting changes in inferred ages are small relative to the multi-
millennial age range of the deeper IRHs. For example, using the IRH4-IRH6 anchors at Site 1 yields 9t/0z ~ 0.013kyrm !,
such that a depth perturbation of Az = 3 m produces At ~ 4 x 10~2 kyr (i.e., on the order of several tens of years). We therefore
conclude that adopting a spatially variable FAC constitutes a methodological refinement but does not materially affect the

age-depth structure or the interpretations presented in the main text.
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Appendix D: Supplementary Material

700 The supplementary material includes a CSV file listing the spatial coordinates and depths of the seven mapped internal reflection

horizons (IRHs). The table includes the following columns:

Id: Identifier

— x, y: Polar stereographic coordinates in EPSG:3031 (metres)

z_IRH: Depth to the internal reflection horizon below the ice surface (metres)

705 IRH: Internal Reflection Horizon identifier, ranging from IRH1 to IRH7. IRHI corresponds to the shallowest traced

horizon, and IRH7 to the deepest.

Line: Radar line from CECs surveys where the IRH was identified.

42



710

715

720

725

730

735

740

References

Arcone, S. A., Jacobel, R., and Hamilton, G.: Unconformable stratigraphy in East Antarctica: Part I. Large firn cosets, recrystallized growth,
and model evidence for intensified accumulation, Journal of Glaciology, 58, 240-252, https://doi.org/10.3189/2012J0J11J044, 2012.

Artemieva, I. M.: Antarctica ice sheet basal melting enhanced by high mantle heat, Earth-Science Reviews, 226, 103954,
https://doi.org/10.1016/j.earscirev.2022.103954, 2022.

Arthern, R. J., Winebrenner, D. P., and Vaughan, D. G.: Antarctic snow accumulation mapped using polarization of 4.3-cm wavelength
microwave emission, Journal of Geophysical Research: Atmospheres, 111, https://doi.org/https://doi.org/10.1029/2004JD005667, 2006.

Ashmore, D. W., Bingham, R. G., Ross, N., Siegert, M. J., Jordan, T. A., and Mair, D. W. E.: Englacial Architecture
and Age-Depth Constraints Across the West Antarctic Ice Sheet, Geophysical Research Letters, 47, e€2019GL086 663,
https://doi.org/https://doi.org/10.1029/2019GL086663, e2019GL086663 2019GL086663, 2020.

Bentley, M. J., Fogwill, C. J., Le Brocq, A. M., Hubbard, A. L., Sugden, D. E., Dunai, T. J., and Freeman, S. P.: Deglacial history
of the West Antarctic Ice Sheet in the Weddell Sea embayment: Constraints on past ice volume change, Geology, 38, 411-414,
https://doi.org/10.1130/G30754.1, 2010.

Bingham, R. G., Rippin, D. M., Karlsson, N. B., Corr, H. F. J., Ferraccioli, F,, Jordan, T. A., Le Brocq, A. M., Rose, K. C., Ross, N., and
Siegert, M. J.: Ice-flow structure and ice dynamic changes in the Weddell Sea sector of West Antarctica from radar-imaged internal layering,
Journal of Geophysical Research: Earth Surface, 120, 655-670, https://doi.org/https://doi.org/10.1002/2014JF003291, 2015.

Bingham, R. G., Bodart, J. A., Cavitte, M. G. P, Chung, A., Sanderson, R. J., Sutter, J. C. R., Eisen, O., Karlsson, N. B., MacGregor, J. A.,
Ross, N., Young, D. A., Ashmore, D. W., Born, A., Chu, W., Cui, X., Drews, R., Franke, S., Goel, V., Goodge, J. W., Henry, A. C. J.,
Hermant, A., Hills, B. H., Holschuh, N., Koutnik, M. R., Leysinger Vieli, G. J.-M. C., MacKie, E. J., Mantelli, E., Martin, C., Ng, F. S. L.,
Oraschewski, F. M., Napoleoni, F., Parrenin, F., Popov, S. V., Rieckh, T., Schlegel, R., Schroeder, D. M., Siegert, M. J., Tang, X., Teisberg,
T. O., Winter, K., Yan, S., Davis, H., Dow, C. F,, Fudge, T. J., Jordan, T. A., Kulessa, B., Matsuoka, K., Nyqvist, C. J., Rahnemoonfar, M.,
Siegfried, M. R., Singh, S., Vi§njevi¢, V., Zamora, R., and Zuhr, A.: Review article: AntArchitecture — building an age—depth model from
Antarctica’s radiostratigraphy to explore ice-sheet evolution, The Cryosphere, 19, 4611-4655, https://doi.org/10.5194/tc-19-4611-2025,
2025.

Blunier, T. and Brook, E. J.: Timing of Millennial-Scale Climate Change in Antarctica and Greenland During the Last Glacial Period, Science,
291, 109-112, https://doi.org/10.1126/science.291.5501.109, 2001.

Bodart, J. A., Bingham, R. G., Ashmore, D. W., Karlsson, N. B., Hein, A. S., and Vaughan, D. G.: Age-Depth Stratigraphy of Pine Island
Glacier Inferred From Airborne Radar and Ice-Core Chronology, Journal of Geophysical Research: Earth Surface, 126, €2020JF005 927,
https://doi.org/https://doi.org/10.1029/2020JF005927, €2020JF005927 2020JF005927, 2021.

Bodart, J. A., Bingham, R. G., Young, D. A., MacGregor, J. A., Ashmore, D. W., Quartini, E., Hein, A. S., Vaughan, D. G., and Blankenship,
D. D.: High mid-Holocene accumulation rates over West Antarctica inferred from a pervasive ice-penetrating radar reflector, The Cryosphere,
17, 1497-1512, https://doi.org/10.5194/tc-17-1497-2023, 2023.

Bons, P. D., Jansen, D., Mundel, F., Bauer, C. C., Binder, T., Eisen, O., Jessell, M. W., Llorens, M.-G., Steinbach, F., Steinhage, D., et al.:
Converging flow and anisotropy cause large-scale folding in Greenland’s ice sheet, Nature communications, 7, 11427, 2016.

Born, A.: Tracer transport in an isochronal ice-sheet model, Journal of Glaciology, 63, 22-38, 2017.

Brisbourne, A. M., Smith, A. M., Rivera, A., Zamora, R., Napoleoni, F., Uribe, J. A., and Ortega, M.: Bathymetry and bed conditions of Lago
Subglacial CECs, West Antarctica, Journal of Glaciology, 69, 1546—1555, https://doi.org/10.1017/jog.2023.38, 2023.

43


https://doi.org/10.3189/2012JoJ11J044
https://doi.org/10.1016/j.earscirev.2022.103954
https://doi.org/https://doi.org/10.1029/2004JD005667
https://doi.org/https://doi.org/10.1029/2019GL086663
https://doi.org/10.1130/G30754.1
https://doi.org/https://doi.org/10.1002/2014JF003291
https://doi.org/10.5194/tc-19-4611-2025
https://doi.org/10.1126/science.291.5501.109
https://doi.org/https://doi.org/10.1029/2020JF005927
https://doi.org/10.5194/tc-17-1497-2023
https://doi.org/10.1017/jog.2023.38

745

750

755

760

765

770

775

780

Cavitte, M. G. P, Blankenship, D. D., Young, D. A., Schroeder, D. M., Parrenin, F., Lemeur, E., MacGregor, J. A., and Siegert, M. J.: Deep
radiostratigraphy of the East Antarctic plateau: connecting the Dome C and Vostok ice core sites, Journal of Glaciology, 62, 323-334,
https://doi.org/10.1017/jo0g.2016.11, 2016.

Clough, J. W.: Radio-Echo Sounding: Reflections From Internal Layers In Ice Sheets, Journal of Glaciology, 18, 3-14,
https://doi.org/10.3189/S002214300002147X, 1977.

Conway, H. and Rasmussen, L. A.: Recent thinning and migration of the Western Divide, central West Antarctica, Geophysical Research
Letters, 36, https://doi.org/https://doi.org/10.1029/2009GL038072, 2009.

Corr, H., Ferraccioli, F., and Vaughan, D.: Processed airborne radio-echo sounding data from the BBAS survey covering the Pine Island
Glacier basin, West Antarctica (2004/2005), Dataset, https://doi.org/10.5285/db8bdbad-6893-4a77-9d12-a9bcb7325b70, [Data set], 2021.

Corr, H. E., Ferraccioli, F., Frearson, N., Jordan, T., Robinson, C., Armadillo, E., Caneva, G., Bozzo, E., and Tabacco, I.: Airborne radio-echo
sounding of the Wilkes Subglacial Basin, the Transantarctic Mountains and the Dome C region, Terra Antartica Reports, 13, 55-63, 2007.

Dansgaard, W. and Johnsen, S. J.: A Flow Model and a Time Scale for the Ice Core from Camp Century, Greenland, Journal of Glaciology, 8,
215-223, https://doi.org/10.3189/S0022143000031208, 1969.

Dattler, M. E., Lenaerts, J. T. M., and Medley, B.: Significant Spatial Variability in Radar-Derived West Antarctic Accumulation Linked to
Surface Winds and Topography, Geophysical Research Letters, 46, 13 126—13 134, https://doi.org/https://doi.org/10.1029/2019GL085363,
2019.

Denton, G. H., Bockheim, J. G., Rutford, R. H., and Andersen, B. G.: Chapter 22: Glacial history of the Ellsworth Mountains, West Antarctica,
in: Geology and Paleontology of the Ellsworth Mountains, West Antarctica, vol. 170 of Geological Society of America Memoir, pp. 403432,
Geological Society of America, 1992.

Dowdeswell, J. A. and Evans, S.: Investigations of the form and flow of ice sheets and glaciers using radio-echo sounding, Reports on Progress
in Physics, 67, 1821-1861, https://doi.org/10.1088/0034-4885/67/10/r03, 2004.

Drewry, D. J. and Meldrum, D. T.: Antarctic airborne radio echo sounding, 1977-78, Polar Record, 19, 267-273,
https://doi.org/10.1017/S0032247400018271, 1978.

Drews, R., Eisen, O., Weikusat, 1., Kipfstuhl, S., Lambrecht, A., Steinhage, D., Wilhelms, F., and Miller, H.: Layer disturbances and the
radio-echo free zone in ice sheets, The Cryosphere, 3, 195-203, https://doi.org/10.5194/tc-3-195-2009, 2009.

Evans, J. and Hagfors, T.: Radar astronomy, McGraw-Hill, New York, USA, 1968.

Franke, S., Gerber, T., Warren, C., Jansen, D., Eisen, O., and Dahl-Jensen, D.: Investigating the Radar Response of Englacial Debris Entrained
Basal Ice Units in East Antarctica Using Electromagnetic Forward Modeling, IEEE Transactions on Geoscience and Remote Sensing, 61,
1-16, https://doi.org/10.1109/TGRS.2023.3277874, 2023.

Franke, S., Steinhage, D., Helm, V., Zuhr, A. M., Bodart, J. A., Eisen, O., and Bons, P.: Age—depth distribution in western Dronning Maud Land,
East Antarctica, and Antarctic-wide comparisons of internal reflection horizons, The Cryosphere, 19, 1153-1180, https://doi.org/10.5194/tc-
19-1153-2025, 2025.

Fremand, A., Fretwell, P, Bodart, J., Pritchard, H., Aitken, A., Bamber, J., Bell, R. E., et al.: BEDMAP3—Ice thickness, bed and surface
elevation for Antarctica—standardised data points (Version 1.0) [data set], Data set, https://doi.org/10.5285/91523FF9-D621-46B3-87F7-
FFB6EFCD1847, 2022.

Fudge, T. J., Markle, B. R., Cuffey, K. M., Buizert, C., Taylor, K. C., Steig, E. J., Waddington, E. D., Conway, H., and Koutnik, M.: Variable
relationship between accumulation and temperature in West Antarctica for the past 31,000 years, Geophysical Research Letters, 43,

3795-3803, https://doi.org/https://doi.org/10.1002/2016GL068356, 2016.

44


https://doi.org/10.1017/jog.2016.11
https://doi.org/10.3189/S002214300002147X
https://doi.org/https://doi.org/10.1029/2009GL038072
https://doi.org/10.5285/db8bdbad-6893-4a77-9d12-a9bcb7325b70
https://doi.org/10.3189/S0022143000031208
https://doi.org/https://doi.org/10.1029/2019GL085363
https://doi.org/10.1088/0034-4885/67/10/r03
https://doi.org/10.1017/S0032247400018271
https://doi.org/10.5194/tc-3-195-2009
https://doi.org/10.1109/TGRS.2023.3277874
https://doi.org/10.5194/tc-19-1153-2025
https://doi.org/10.5194/tc-19-1153-2025
https://doi.org/10.5194/tc-19-1153-2025
https://doi.org/10.5285/91523FF9-D621-46B3-87F7-FFB6EFCD1847
https://doi.org/10.5285/91523FF9-D621-46B3-87F7-FFB6EFCD1847
https://doi.org/10.5285/91523FF9-D621-46B3-87F7-FFB6EFCD1847
https://doi.org/https://doi.org/10.1002/2016GL068356

785

790

795

800

805

810

815

820

Fujita, S., Maeno, H., Uratsuka, S., Furukawa, T., Mae, S., Fujii, Y., and Watanabe, O.: Nature of radio echo layering in the
Antarctic Ice Sheet detected by a two-frequency experiment, Journal of Geophysical Research: Solid Earth, 104, 13013-13 024,
https://doi.org/https://doi.org/10.1029/1999JB900034, 1999.

Fujita, S., Matsuoka, T., Ishida, T., Matsuoka, K., and Mae, S.: A summary of the complex dielectric permittivity of ice in the megahertz range
and its applications for radar sounding of polar ice sheets, in: Physics of ice core records, pp. 185-212, Hokkaido University Press, 2000.

Gogineni, S., Tammana, D., Braaten, D., Leuschen, C., Akins, T., Legarsky, J., Kanagaratnam, P, Stiles, J., Allen, C., and Jezek, K.: Coherent
radar ice thickness measurements over the Greenland ice sheet, Journal of Geophysical Research: Atmospheres, 106, 33 761-33 772,
https://doi.org/https://doi.org/10.1029/2001JD900183, 2001.

Grieman, M. M., Nehrbass-Ahles, C., Hoffmann, H. M., Bauska, T. K., King, A. C., Mulvaney, R., Rhodes, R. H., Rowell, I. F., Thomas,
E. R., and Wolff, E. W.: Abrupt Holocene ice loss due to thinning and ungrounding in the Weddell Sea Embayment, Nature Geoscience, 17,
227-232,2024.

Groh, A. and Horwath, M.: Antarctic Ice Mass Change Products from GRACE/GRACE-FO Using Tailored Sensitivity Kernels, Remote
Sensing, 13, https://doi.org/10.3390/rs13091736, 2021.

Hammer, C., clausen, H., and Langway, C.: Electrical conductivity method (ECM) stratigraphic dating of the Byrd Station ice core, Antarctica,
Annals of Glaciology, 20, 115-120, https://doi.org/10.3189/1994A0G20-1-115-120, 1994.

Hammer, C. U.: Acidity of polar ice cores in relation to absolute dating, past volcanism, and radio—echoes, Journal of Glaciology, 25, 359-372,
https://doi.org/10.3189/50022143000015227, 1980.

Hein, A. S., Marrero, S. M., Woodward, J., Dunning, S. A., Winter, K., Westoby, M. J., Freeman, S. P., Shanks, R. P., and Sugden, D. E.:
Mid-Holocene pulse of thinning in the Weddell Sea sector of the West Antarctic ice sheet, Nature Communications, 7, 12511, 2016a.

Hein, A. S., Woodward, J., Marrero, S. M., Dunning, S. A., Steig, E. J., Freeman, S. P., Stuart, F. M., Winter, K., Westoby, M. J., and
Sugden, D. E.: Evidence for the stability of the West Antarctic Ice Sheet divide for 1.4 million years, Nature communications, 7, 1-8,
https://doi.org/https://doi.org/10.1038/ncomms 10325, 2016b.

Hillenbrand, C.-D., Kuhn, G., Smith, J. A., Gohl, K., Graham, A. G., Larter, R. D., Klages, J. P., Downey, R., Moreton, S. G., Forwick,
M., and Vaughan, D. G.: Grounding-line retreat of the West Antarctic Ice Sheet from inner Pine Island Bay, Geology, 41, 35-38,
https://doi.org/10.1130/G33469.1, 2013.

Hindmarsh, R. C., Leysinger Vieli, G. J.-M., Raymond, M. J., and Gudmundsson, G. H.: Draping or overriding: The effect of horizontal stress
gradients on internal layer architecture in ice sheets, Journal of geophysical research: earth surface, 111, 2006.

Holschuh, N., Christianson, K., Conway, H., Jacobel, R. W., and Welch, B. C.: Persistent tracers of historic ice flow in glacial stratigraphy near
Kamb Ice Stream, West Antarctica, The Cryosphere, 12, 2821-2829, https://doi.org/10.5194/tc-12-2821-2018, 2018.

Jacobel, R. W. and Welch, B. C.: A time marker at 17.5 kyr BP detected throughout West Antarctica, Annals of Glaciology, 41, 47-51,
https://doi.org/10.3189/172756405781813348, 2005.

Jordan, T., Martin, C., Ferraccioli, F., Matsuoka, K., Corr, H., Forsberg, R., Olesen, A., and Siegert, M.: Anomalously high geothermal flux
near the South Pole, Scientific reports, 8, 16785, 2018.

Karlsson, N. B., Rippin, D. M., Bingham, R. G., and Vaughan, D. G.: A ‘continuity-index’ for assessing ice-sheet dynamics from radar-sounded
internal layers, Earth and Planetary Science Letters, 335-336, 88-94, https://doi.org/https://doi.org/10.1016/j.epsl.2012.04.034, 2012.

Karlsson, N. B., Bingham, R. G., Rippin, D. M., Hindmarsh, R. C., Corr, H. F., and Vaughan, D. G.: Constraining past accumulation
in the central Pine Island Glacier basin, West Antarctica, using radio-echo sounding, Journal of Glaciology, 60, 553-562,

https://doi.org/10.3189/2014J0G13J180, 2014.

45


https://doi.org/https://doi.org/10.1029/1999JB900034
https://doi.org/https://doi.org/10.1029/2001JD900183
https://doi.org/10.3390/rs13091736
https://doi.org/10.3189/1994AoG20-1-115-120
https://doi.org/10.3189/S0022143000015227
https://doi.org/https://doi.org/10.1038/ncomms10325
https://doi.org/10.1130/G33469.1
https://doi.org/10.5194/tc-12-2821-2018
https://doi.org/10.3189/172756405781813348
https://doi.org/https://doi.org/10.1016/j.epsl.2012.04.034
https://doi.org/10.3189/2014JoG13J180

825

830

835

840

845

850

855

Kingslake, J., Scherer, R., Albrecht, T., Coenen, J., Powell, R., Reese, R., Stansell, N., Tulaczyk, S., Wearing, M., and Whitehouse, P.: Extensive
retreat and re-advance of the West Antarctic Ice Sheet during the Holocene, Nature, 558, 430—434, https://doi.org/10.1038/s41586-018-
0208-x, 2018.

Lambert, F., Delmonte, B., Petit, J.-R., Bigler, M., Kaufmann, P. R., Hutterli, M. A., Stocker, T. F., Ruth, U., Steffensen, J. P., and Maggi, V.:
Dust-climate couplings over the past 800,000 years from the EPICA Dome C ice core, Nature, 452, 616-619, 2008.

Larter, R. D., Anderson, J. B., Graham, A. G., Gohl, K., Hillenbrand, C.-D., Jakobsson, M., Johnson, J. S., Kuhn, G., Nitsche, F. O.,
Smith, J. A., Witus, A. E., Bentley, M. J., Dowdeswell, J. A., Ehrmann, W., Klages, J. P., Lindow, J., Cofaigh, C. O., and Spiegel, C.:
Reconstruction of changes in the Amundsen Sea and Bellingshausen Sea sector of the West Antarctic Ice Sheet since the Last Glacial
Maximum, Quaternary Science Reviews, 100, 55-86, https://doi.org/https://doi.org/10.1016/j.quascirev.2013.10.016, reconstruction of
Antarctic Ice Sheet Deglaciation (RAISED), 2014.

Liu, H., Jezek, K., Li, B., and Zhao, Z.: Radarsat Antarctic Mapping Project digital elevation model version 2, Boulder, Colorado USA. NASA
National Snow and Ice Data Center Distributed Active Archive Center, https://doi.org/10.5067/8JKNEW6BFRVD, 2015.

MacGregor, J. A., Fahnestock, M. A., Catania, G. A., Paden, J. D., Prasad Gogineni, S., Young, S. K., Rybarski, S. C., Mabrey, A. N., Wagman,
B. M., and Morlighem, M.: Radiostratigraphy and age structure of the Greenland Ice Sheet, Journal of Geophysical Research: Earth Surface,
120, 212241, https://doi.org/https://doi.org/10.1002/2014JF003215, 2015.

MacGregor, J. A., Fahnestock, M. A., Catania, G. A., Aschwanden, A., Clow, G. D., Colgan, W. T., Gogineni, S. P., Morlighem, M., Nowicki,
S. M., Paden, J. D., et al.: A synthesis of the basal thermal state of the Greenland Ice Sheet, Journal of Geophysical Research: Earth Surface,
121, 13281350, https://doi.org/https://doi.org/10.1002/2015jf003803, 2016.

Medley, B. and Thomas, E.: Increased snowfall over the Antarctic Ice Sheet mitigated twentieth-century sea-level rise, Nature Climate Change,
9, 34-39, 2019.

Medley, B., Neumann, T. A., Zwally, H. J., Smith, B. E., and Stevens, C. M.: Simulations of firn processes over the Greenland and Antarctic
ice sheets: 1980-2021, The Cryosphere, 16, 3971-4011, https://doi.org/10.5194/tc-16-3971-2022, 2022.

Mills, S. C., Le Brocq, A. M., Winter, K., Smith, M., Hillier, J., Ardakova, E., Boston, C. M., Sugden, D., and Woodward, J.: Testing and
application of a model for snow redistribution (Snow Blow) in the Ellsworth Mountains, Antarctica, Journal of Glaciology, 65, 957-970,
https://doi.org/10.1017/jog.2019.70, 2019.

Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., Eisen, O., Ferraccioli, F., Forsberg, R., Fretwell, P., et al.: Deep
glacial troughs and stabilizing ridges unveiled beneath the margins of the Antarctic ice sheet, Nature geoscience, 13, 132-137, 2020.

Mouginot, J., Scheuchl, B., and Rignot, E.: MEaSUREs Antarctic boundaries for IPY 2007-2009 from satellite radar, version 2, Boulder, CO:
NASA National Snow and Ice Data Center Distributed Active Archive Center. https://doi. org/10.5067/AXE4121732AD, 2017.

Mouginot, J., Rignot, E., and Scheuchl, B.: Continent-Wide, Interferometric SAR Phase, Mapping of Antarctic Ice Velocity, Geophysical
Research Letters, 46, 9710-9718, https://doi.org/https://doi.org/10.1029/2019GL083826, 2019.

Napoleoni, F., Jamieson, S. S. R., Ross, N., Bentley, M. J., Rivera, A., Smith, A. M., Siegert, M. J., Paxman, G. J. G., Gacitda, G., Uribe, J. A.,
Zamora, R., Brisbourne, A. M., and Vaughan, D. G.: Subglacial lakes and hydrology across the Ellsworth Subglacial Highlands, West
Antarctica, The Cryosphere, 14, 4507-4524, https://doi.org/10.5194/tc-14-4507-2020, 2020.

Noél, B., van Wessem, J. M., Wouters, B., Trusel, L., Lhermitte, S., and van den Broeke, M. R.: Higher Antarctic ice sheet accumulation and
surface melt rates revealed at 2 km resolution, Nature communications, 14, 7949, https://doi.org/10.1038/s41467-023-43584-6, 2023.

Nye, J. F. and Perutz, M. F.: The distribution of stress and velocity in glaciers and ice-sheets, Proceedings of the Royal Society of London.

Series A. Mathematical and Physical Sciences, 239, 113-133, https://doi.org/10.1098/rspa.1957.0026, 1957.

46


https://doi.org/10.1038/s41586-018-0208-x
https://doi.org/10.1038/s41586-018-0208-x
https://doi.org/10.1038/s41586-018-0208-x
https://doi.org/https://doi.org/10.1016/j.quascirev.2013.10.016
https://doi.org/10.5067/8JKNEW6BFRVD
https://doi.org/https://doi.org/10.1002/2014JF003215
https://doi.org/https://doi.org/10.1002/2015jf003803
https://doi.org/10.5194/tc-16-3971-2022
https://doi.org/10.1017/jog.2019.70
https://doi.org/https://doi.org/10.1029/2019GL083826
https://doi.org/10.5194/tc-14-4507-2020
https://doi.org/10.1038/s41467-023-43584-6
https://doi.org/10.1098/rspa.1957.0026

860

865

870

875

880

885

890

Otosaka, I. N., Shepherd, A., Ivins, E. R., Schlegel, N.-J., Amory, C., van den Broeke, M. R., Horwath, M., Joughin, I., King, M. D., Krinner,
G., Nowicki, S., Payne, A. J., Rignot, E., Scambos, T., Simon, K. M., Smith, B. E., Sgrensen, L. S., Velicogna, 1., Whitehouse, P. L., A, G.,
Agosta, C., Ahlstrgm, A. P., Blazquez, A., Colgan, W., Engdahl, M. E., Fettweis, X., Forsberg, R., Gallée, H., Gardner, A., Gilbert, L.,
Gourmelen, N., Groh, A., Gunter, B. C., Harig, C., Helm, V., Khan, S. A., Kittel, C., Konrad, H., Langen, P. L., Lecavalier, B. S., Liang,
C.-C., Loomis, B. D., McMillan, M., Melini, D., Mernild, S. H., Mottram, R., Mouginot, J., Nilsson, J., Noél, B., Pattle, M. E., Peltier, W. R.,
Pie, N., Roca, M., Sasgen, 1., Save, H. V., Seo, K.-W., Scheuchl, B., Schrama, E. J. O., Schroder, L., Simonsen, S. B., Slater, T., Spada, G.,
Sutterley, T. C., Vishwakarma, B. D., van Wessem, J. M., Wiese, D., van der Wal, W., and Wouters, B.: Mass balance of the Greenland and
Antarctic ice sheets from 1992 to 2020, Earth System Science Data, 15, 1597-1616, https://doi.org/10.5194/essd-15-1597-2023, 2023.

Peters, M. E., Blankenship, D. D., and Morse, D. L.: Analysis techniques for coherent airborne radar sounding: Application to West Antarctic
ice streams, Journal of Geophysical Research: Solid Earth, 110, https://doi.org/https://doi.org/10.1029/2004JB003222, 2005.

Pritchard, H. D., Fretwell, P. T., Fremand, A. C., Bodart, J. A., Kirkham, J. D., Aitken, A., Bamber, J., Bell, R., Bianchi, C., Bingham, R. G.,
et al.: Bedmap3 updated ice bed, surface and thickness gridded datasets for Antarctica, Scientific data, 12, 414, 2025.

Rieckh, T., Born, A., Robinson, A., Law, R., and Giille, G.: Introducing ELSA v2. 0: an isochronal model for ice-sheet layer tracing,
EGUsphere, 2024, 1-20, 2024.

Rignot, E., Mouginot, J., Scheuchl, B., van den Broeke, M., van Wessem, M. J., and Morlighem, M.: Four decades of Antarctic Ice Sheet mass
balance from 1979-2017, Proceedings of the National Academy of Sciences, 116, 1095-1103, https://doi.org/10.1073/pnas.1812883116,
2019.

Rivera, A., Uribe, J., Zamora, R., and Oberreuter, J.: Subglacial Lake CECs: Discovery and in situ survey of a privileged research site in West
Antarctica, Geophysical Research Letters, 42, 3944-3953, https://doi.org/10.1002/2015GL063390, 2015.

Ross, N. and Siegert, M.: Basal melting over Subglacial Lake Ellsworth and its catchment: insights from englacial layering, Annals of
Glaciology, 61, 198-205, https://doi.org/10.1017/a0g.2020.50, 2020.

Ross, N., Siegert, M., Woodward, J., Smith, A., Corr, H., Bentley, M., Hindmarsh, R., King, E., and Rivera, A.: Holocene stability of the
Amundsen-Weddell ice divide, West Antarctica, Geology, 39, 935-938, https://doi.org/10.1130/G31920.1, 2011.

Ross, N., Jordan, T. A., Bingham, R. G., Corr, H. F,, Ferraccioli, F., Le Brocqg, A., Rippin, D. M., Wright, A. P., and Siegert, M. J.: The Ellsworth
Subglacial Highlands: Inception and retreat of the West Antarctic Ice Sheet, GSA Bulletin, 126, 3—15, https://doi.org/10.1130/B30794.1,
2014.

Ross, N., Corr, H., and Siegert, M.: Large-scale englacial folding and deep-ice stratigraphy within the West Antarctic Ice Sheet, The Cryosphere,
14, 2103-2114, https://doi.org/10.5194/tc-14-2103-2020, 2020.

Ross, N., Bingham, R., Ferraccioli, F., Jordan, T., Le Brocq, A., Rippin, D., and Siegert, M.: Processed airborne radio-echo sounding
data from the IMAFI survey covering the Institute and Moller ice streams and the Patriot Hills, West Antarctica (2010/2011), Dataset,
https://doi.org/10.5285/f32b298b-7906-4360-9¢34-16739af73bb7, [Data set], 2021.

Sanderson, R. J., Winter, K., Callard, S. L., Napoleoni, F., Ross, N., Jordan, T. A., and Bingham, R. G.: Englacial Architecture of Lambert
Glacier, East Antarctica, The Cryosphere Discussions, 2023, 1-28, https://doi.org/10.5194/tc-2023-13, 2023.

Sanderson, R.J., Ross, N., Winter, K., Bingham, R. G., Callard, S. L., Jordan, T. A., and Young, D. A.: Dated radar-stratigraphy between Dome A
and South Pole, East Antarctica: old ice potential and ice sheet history, Journal of Glaciology, pp. 1-14, https://doi.org/10.1017/jog.2024.60,
2024.

47


https://doi.org/10.5194/essd-15-1597-2023
https://doi.org/https://doi.org/10.1029/2004JB003222
https://doi.org/10.1073/pnas.1812883116
https://doi.org/10.1002/2015GL063390
https://doi.org/10.1017/aog.2020.50
https://doi.org/10.1130/G31920.1
https://doi.org/10.1130/B30794.1
https://doi.org/10.5194/tc-14-2103-2020
https://doi.org/10.5285/f32b298b-7906-4360-9e34-16739af73bb7
https://doi.org/10.5194/tc-2023-13
https://doi.org/10.1017/jog.2024.60

895

900

905

910

915

920

925

930

Shepherd, A., Gilbert, L., Muir, A. S., Konrad, H., McMillan, M., Slater, T., Briggs, K. H., Sundal, A. V., Hogg, A. E.,
and Engdahl, M. E.: Trends in Antarctic Ice Sheet Elevation and Mass, Geophysical Research Letters, 46, 8174-8183,
https://doi.org/https://doi.org/10.1029/2019GL082182, 2019.

Siegert, M. J.: On the origin, nature and uses of Antarctic ice-sheet radio-echo layering, Progress in Physical Geography: Earth and Environment,
23, 159-179, https://doi.org/10.1177/030913339902300201, 1999.

Siegert, M. J.: Lakes Beneath the Ice Sheet: The Occurrence, Analysis, and Future Exploration of Lake Vostok and Other Antarctic Subglacial
Lakes, Annual Review of Earth and Planetary Sciences, 33, 215-245, https://doi.org/10.1146/annurev.earth.33.092203.122725, 2005.

Siegert, M. J. and Payne, A. J.: Past rates of accumulation in central West Antarctica, Geophysical Research Letters, 31,
https://doi.org/https://doi.org/10.1029/2004GL020290, 2004.

Siegert, M. J., Clarke, R. J., Mowlem, M., Ross, N., Hill, C. S., Tait, A., Hodgson, D., Parnell, J., Tranter, M., Pearce, D., Bentley,
M. J., Cockell, C., Tsaloglou, M.-N., Smith, A., Woodward, J., Brito, M. P, and Waugh, E.: Clean access, measurement, and sampling
of Ellsworth Subglacial Lake: A method for exploring deep Antarctic subglacial lake environments, Reviews of Geophysics, 50,
https://doi.org/https://doi.org/10.1029/2011RG000361, 2012.

Siegert, M. J., Kingslake, J., Ross, N., Whitehouse, P. L., Woodward, J., Jamieson, S. S. R., Bentley, M. J., Winter, K., Wearing, M., Hein,
A. S., Jeofry, H., and Sugden, D. E.: Major Ice Sheet Change in the Weddell Sea Sector of West Antarctica Over the Last 5,000 Years,
Reviews of Geophysics, 57, 1197-1223, https://doi.org/https://doi.org/10.1029/2019RG000651, 2019.

Sigl, M., McConnell, J. R., Toohey, M., Curran, M., Das, S. B., Edwards, R., Isaksson, E., Kawamura, K., Kipfstuhl, S., Kriiger, K., et al.:
Insights from Antarctica on volcanic forcing during the Common Era, Nature Climate Change, 4, 693-697, 2014.

Sigl, M., Fudge, T. J., Winstrup, M., Cole-Dai, J., Ferris, D., McConnell, J. R., Taylor, K. C., Welten, K. C., Woodruff, T. E., Adolphi, F., Bisiaux,
M., Brook, E. J., Buizert, C., Caffee, M. W., Dunbar, N. W., Edwards, R., Geng, L., Iverson, N., Koffman, B., Layman, L., Maselli, O. J.,
McGwire, K., Muscheler, R., Nishiizumi, K., Pasteris, D. R., Rhodes, R. H., and Sowers, T. A.: The WAIS Divide deep ice core WD2014
chronology — Part 2: Annual-layer counting (0-31 ka BP), Climate of the Past, 12, 769786, https://doi.org/10.5194/cp-12-769-2016, 2016.

Small, D., Bentley, M. J., Freeman, S. P.,, Rodés, A., and Xu, S.: A pre-Pliocene origin of the glacial trimline in the
Ellsworth Mountains and the prevalence of old landscapes at high elevations in West Antarctica, Geomorphology, 473, 109 634,
https://doi.org/https://doi.org/10.1016/j.geomorph.2025.109634, 2025.

Smith, B., Fricker, H. A., Gardner, A. S., Medley, B., Nilsson, J., Paolo, F. S., Holschuh, N., Adusumilli, S., Brunt, K., Csatho, B., Harbeck,
K., Markus, T., Neumann, T., Siegfried, M. R., and Zwally, H. J.: Pervasive ice sheet mass loss reflects competing ocean and atmosphere
processes, Science, 368, 1239-1242, https://doi.org/10.1126/science.aaz5845, 2020.

Sutter, J., Fischer, H., and Eisen, O.: Investigating the internal structure of the Antarctic ice sheet: the utility of isochrones for spatiotemporal
ice-sheet model calibration, The Cryosphere, 15, 3839-3860, https://doi.org/10.5194/tc-15-3839-2021, 2021.

Thomas, E. R., Hosking, J. S., Tuckwell, R. R., Warren, R. A., and Ludlow, E. C.: Twentieth century increase in snowfall in coastal West
Antarctica, Geophysical Research Letters, 42, 9387-9393, https://doi.org/https://doi.org/10.1002/2015GL065750, 2015.

Uribe, J., Zamora, R., and Rivera, A.: High resolution FM-CW radar for internal layers mapping in cold ice, in: 2017 First IEEE International
Symposium of Geoscience and Remote Sensing (GRSS-CHILE), pp. 14, IEEE, https://doi.org/10.1109/GRSS-CHILE.2017.7996001,
2017.

Uribe, J. A., Zamora, R., Gacitda, G., Rivera, A., and Ulloa, D.: A low power consumption radar system for measuring ice thickness and

snow/firn accumulation in Antarctica, Annals of Glaciology, 55, 3948, https://doi.org/10.3189/2014A0G67A055, 2014.

48


https://doi.org/https://doi.org/10.1029/2019GL082182
https://doi.org/10.1177/030913339902300201
https://doi.org/10.1146/annurev.earth.33.092203.122725
https://doi.org/https://doi.org/10.1029/2004GL020290
https://doi.org/https://doi.org/10.1029/2011RG000361
https://doi.org/https://doi.org/10.1029/2019RG000651
https://doi.org/10.5194/cp-12-769-2016
https://doi.org/https://doi.org/10.1016/j.geomorph.2025.109634
https://doi.org/10.1126/science.aaz5845
https://doi.org/10.5194/tc-15-3839-2021
https://doi.org/https://doi.org/10.1002/2015GL065750
https://doi.org/10.1109/GRSS-CHILE.2017.7996001
https://doi.org/10.3189/2014AoG67A055

935

940

945

Vaughan, D. G., Corr, H. F. J., Ferraccioli, F., Frearson, N., O’Hare, A., Mach, D., Holt, J. W., Blankenship, D. D., Morse, D. L., and Young,
D. A.: New boundary conditions for the West Antarctic ice sheet: Subglacial topography beneath Pine Island Glacier, Geophysical Research
Letters, 33, https://doi.org/10.1029/2005GL025588, 2006.

Vaughan, D. G., Rivera, A., Woodward, J., Corr, H. F. J., Wendt, J., and Zamora, R.: Topographic and hydrological controls on Subglacial
Lake Ellsworth, West Antarctica, Geophysical Research Letters, 34, L18 501, https://doi.org/10.1029/2007GL030769, 2007.

Vaughan, D. G., Barnes, D. K. A., Fretwell, P. T., and Bingham, R. G.: Potential seaways across West Antarctica, Geochemistry, Geophysics,
Geosystems, 12, https://doi.org/https://doi.org/10.1029/2011GC003688, 2011.

Waddington, E., Conway, H., Steig, E., Alley, R., Brook, E., Taylor, K., and White, J.: Decoding the dipstick: thickness of Siple Dome, West
Antarctica, at the last glacial maximum, Geology, 33, 281-284, https://doi.org/https://doi.org/10.1130/G21165.1, 2005.

Wilson, D. J., van de Flierdt, T., McKay, R. M., and Naish, T. R.: Chapter 10 - Pleistocene Antarctic climate variability: ice sheet, ocean and
climate interactions, in: Antarctic Climate Evolution (Second Edition), edited by Florindo, F., Siegert, M., Santis, L. D., and Naish, T., pp.
523-621, Elsevier, Amsterdam, second edition edn., https://doi.org/10.1016/B978-0-12-819109-5.00001-3, 2022.

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

Winter, K., Woodward, J., Ross, N., Dunning, S. A., Bingham, R. G., Corr, H. F. J., and Siegert, M. J.: Airborne radar evidence for tributary
flow switching in Institute Ice Stream, West Antarctica: Implications for ice sheet configuration and dynamics, Journal of Geophysical

Research: Earth Surface, 120, 1611-1625, https://doi.org/https://doi.org/10.1002/2015JF003518, 2015.

49


https://doi.org/10.1029/2005GL025588
https://doi.org/10.1029/2007GL030769
https://doi.org/https://doi.org/10.1029/2011GC003688
https://doi.org/https://doi.org/10.1130/G21165.1
https://doi.org/10.1016/B978-0-12-819109-5.00001-3
https://doi.org/10.5194/essd-11-1069-2019
https://doi.org/https://doi.org/10.1002/2015JF003518

