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Abstract. The Foundation-Patuxent-Academy system (FPAS) is a major Antarctic ice stream system, draining both East and
West Antarctica, with a global sea level potential of ~3 m. We provide a holistic catchment-scale overview of the FPAS
reviewing its glaciological and hydrological systems, its glacial history, and its modelled response to past and future climate
change. FPAS may be vulnerable to future change because of: (i) a deep (~2.4 km below sea level) low-gradient retrograde
bed that encourages grounding-zone retreat; (ii) a low-gradient ice surface and high tidal range, which are likely to promote
flotation of grounded ice and seawater intrusion; (iii) an active and dynamic subglacial hydrological system; (iv) complex ice-
meltwater-ocean interactions at the grounding zone; (v) potential for substantive expansion of the across-flow length - and
cross sectional area - of the grounding zone; and (vi) susceptibility to ice flow-switching and water piracy (e.g. via the adjacent
Support Force Glacier). Despite such potential vulnerabilities, existing numerical model simulations of FPAS grounding-zone
retreat produce a wide and divergent range of past and future scenarios. Uncertainties in the future response of the FPAS to a
warming climate result from poor constraints on its topography and hydrology, processes of ice-ocean interaction, interlinkages
with the surrounding ice sheet and ice shelf, and a shortage of FPAS-specific modelling experiments. This review outlines and
evaluates these critical gaps in our knowledge of the FPAS and develops a strategy to address them. This strategy would
provide: (i) the first robust and comprehensive evaluation of the FPAS’s vulnerability to current and near-future climate

forcing; and (ii) improved constraints on projections of the future contribution of the Antarctic Ice Sheet to sea-level rise.

1 Introduction

The Foundation-Patuxent-Academy system (FPAS) is one of the largest catchments draining the Antarctic Ice Sheet, covering
572,494 km? (Rignot et al., 2019) and extending 1400 km from Dome A to the grounding zone of Filchner-Ronne Ice Shelf
(FRIS) (Fig. 1). The FPAS contains an ice volume equivalent to ~3 m of global sea level (Rignot et al., 2019), which is >50%
of the total sea level equivalent volume of the West Antarctic Ice Sheet (WAIS) (Fretwell et al., 2013; Morlighem et al., 2020;
Pritchard et al., 2025). Between 2009 and 2017, the FPAS’s mass balance was broadly in equilibrium, and it delivered an
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annual mass flux of 42 Gt yr! to FRIS, ~2.5 % of the entire Antarctic Ice Sheet mass flux (Rignot et al., 2019). Though
currently in equilibrium, this could change under a future scenario where warm circumpolar water inflows through the Filchner
Trough to the southern grounding zones of FRIS (Hellmer et al., 2012), and the FPAS and adjacent ice streams respond through
grounding line retreat and changes to ice flow (Naughten et al, 2021; Hill et al., 2024).

The FPAS flows in two main sub-catchments (Jeofry et al., 2018a), one in each of the WAIS and the East Antarctic Ice Sheet
(EAIS) (Fig. 1). Foundation and Patuxent ice streams (WAIS) coalesce to form an enlarged Foundation Ice Stream. Academy
Glacier (EAIS) then joins this ice stream, flowing side-by-side in a single ice stream trunk that is often referred to as Foundation
Ice Stream. This ice stream then flows into FRIS and around Berkner Island (Fig. 1).

Here, we define the FPAS as all ice flowing through the ‘Foundation Ice Stream’ flux gate. In mass balance assessments (e.g.
Rignot et al., 2019), the two FPAS sub-catchments are separate entities, with Foundation-Patuxent (WAIS) within the wider
Ronne mass balance basin (i.e. J-J") and Academy (EAIS) within the Filchner mass balance basin (i.e. J"-K). Here, we retain
a distinction between the FPAS and the adjacent, but separate, Support Force Glacier, which adjoins upper Academy Glacier
(Fig. 1) yet has a distinct catchment and flux gate.

The goals of this community review paper are to enhance awareness of the FPAS, evaluate gaps in our knowledge, and pose
new research questions, generating a framework to motivate and catalyse future directed research on the FPAS. This is a
similar approach to earlier papers for other - at the time - poorly quantified Antarctic glaciers that have steered community
attention and driven new understanding of ice sheet systems (e.g. Doake et al., 2001; Vaughan et al., 2001; Scambos et al.,
2017). Here, we focus on the grounded parts of the FPAS. Much recent Antarctic glaciological research, including in the
Weddell Sea sector, has focused on ice-ocean interactions and the potential impacts of ocean warming (e.g. Davis et al., 2023;
Hill et al., 2024). However, here we pivot the focus to the grounded ice inland of FRIS with the aim of highlighting how factors
other than ice-ocean interactions can potentially drive glaciological change of the FPAS. In this first synoptic catchment-scale
overview of the FPAS, we compile and synthesise existing research and highlight new advances from the past two decades.
We then identify outstanding research questions to be addressed in evaluating the role of the FPAS in broader Antarctic Ice

Sheet dynamics and quantifying its potential contribution to future sea-level rise.
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Figure 1: Glaciological and topographic setting of the Foundation-Patuxent-Academy ice stream system (FPAS): (a) FPAS ice
velocity (Mouginot et al., 2019), and extent and context of the FPAS relative to other ice stream catchments in East and West
Antarctica. Grey lines are Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE) catchments (Mouginot et al., 2017), with
FPAS catchment indicated by black lines. White line is Bedmap3 grounding zene-line (Pritchard et al., 2025). Inset map shows
location (pink square) of figure 1a in Antarctica. Red rectangle on 1a shows the extent of 1b-d; (b) Broad ice flow pattern of FPAS
from Dome A to Berkner Island (thin blue lines) generated from ice velocity data (Mouginot et al., 2019). Backdrop is RADARSAT-
1 Antarctic Mapping Project (RAMP) SAR Image Mosaic of Antarctica (Jezek et al., 2013); (c) FPAS ice surface elevation at contour
intervals of 500 m (Bedmap3) (Pritchard et al., 2025); (d) FPAS bed topography (Bedmap3) (Pritchard et al., 2025). Bedmap3 is
used in this figure as this product emphasises the deep troughs beneath the FPAS; For b-d the boundary catchment of the FPAS is
marked with black lines (Mouginot et al., 2017) and Bedmap3 grounding zene-line (white) (Pritchard et al., 2025). Geographic
features in d are: Pensacola-Pole Basin (PPB), Patuxent Range (PR), Recovery Subglacial Highlands (RSH) PolarGAP Subglacial
Highlands (PSH), Foundation Trough (FT), and Thiel Trough (TT).

2 Justification for new research

Recent insights into the FPAS make it timely to develop a coordinated approach to address new and outstanding research
questions. These have been made possible by advancements in data acquisition and techniques to investigate the FPAS,
specifically: (i) new geophysical observations over the grounded ice and ice shelf (Rosier et al., 2018; Jeofry et al., 2018b;
Paxman et al., 2019) and their integration into ice thickness and bed topography compilations such as Bedmap3 (Frémand et
al., 2023; Pritchard et al., 2025); (ii) enhanced computing power and associated advances in numerical model simulations of
ice-ocean interactions and subglacial hydrology (e.g. Naughten et al., 2021; Dow et al., 2022); (iii) new remote sensing
observations of the sensitive ice-ocean boundary (e.g. Freer et al., 2023); (iv) geological sampling for cosmogenic nuclide
dating (e.g. Braddock et al., 2024); and (v) new in-situ oceanographic measurements beneath FRIS (Hattermann et al. 2021).
These have enabled the identification of five targets of investigation for the FPAS, which provide justification for this review
and for future research:

Bed geometry near the grounding zone: The bed of the FPAS grounding zone and trunk provides a preferential pathway for
oceanic water to potentially reach deep into the interior of East Antarctica. In the first 100 km upstream of the grounding zone,
the FPAS is relatively narrow (~50 km wide) and has a low gradient (~0.005 degrees) retrograde bed that descends from ~1900
m below sea level (b.s.l.) at the grounding zone to a maximum depth of ~2400 m b.s.l. (Jankowski and Drewry, 1981; Jeofry
et al, 2018b) (Figs. 1 and 2). Inland, Academy Glacier overlies the Pensacola-Pole Basin (Figs. 1d and 2) (Drewry 1983;
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Paxman et al., 2019), which is one of East Antarctica’s major subglacial marine basins (Morlighem et al., 2020). The
connection between the FPAS trunk and the Pensacola-Pole Basin means that a potentially contiguous, and in parts reverse
sloping, valley up to 60 km wide extends from the FPAS grounding zone to over 400 km inland (Paxman et al., 2019; Pritchard
etal., 2025) (Figs. 1d, 2a and 2h-i). Retrograde bed geometries are assumed to be conducive to unstable grounding-zone retreat
because ice flux increases with ice thickness when the bed deepens inland (i.e. the Marine Ice Sheet Instability (MISI)
hypothesis (Weertman, 1974; Schoof, 2012)). Indeed, some numerical simulations (e.g. Pollard et al., 2015; Gasson et al.,
2016; DeConto and Pollard, 2016; DeConto et al., 2021) show 100s of kms of grounding-zone retreat across the Pensacola-
Pole Basin over geological timescales under warm climate scenarios (e.g. driven by Pliocene-like climates). However, other
modelling experiments of near-future change over shorter time periods, some of which explore the impacts of warm deep
ocean water entering the FRIS cavity (e.g. Seroussi et al., 2020, 2024; Hill et al., 2024) show more limited grounding-zone
retreat.

Ice surface geometry near the grounding zone: Inland of the grounding zone, the FPAS is close to flotation owing to its low-
gradient bed and surface geometry (Figs. 2f-1). This makes the grounding zone highly dynamic and sensitive to changes in ice
thickness. Under this geometry, moderate ice thinning would translate into significant grounding-zone retreat (Brunt et al.,
2011; Batchelor et al., 2023). Over shorter timescales, the Weddell Sea has a large tidal range (up to ~8 m) (Fricker and
Padman, 2006; Padman et al., 2018), which facilitates the grounding line to migrate landward and seaward by up to 20 km on
each tidal cycle (Brunt et al., 2011; Jeofry et al., 2018a; Dawson and Bamber, 2020; Li et al. 2022b; Freer et al., 2023). Such
a high range of tidal motion may result in: (i) vigorous ocean circulation and high rates of basal melting at or seaward of the
grounding zone (Lambrecht et al., 1999; Mueller et al., 2018; Adusumilli et al., 2020), influencing grounded ice flow (Rosier
et al., 2017; Rosier and Gudmundsson, 2020); (ii) a ‘bellowing’ effect, as the lightly grounded ice moves vertically on tidal
cycles, stirring the cavity waters and increasing melt (Walker et al., 2013); and (iii) the intrusion of seawater beneath the
grounded ice, which can further enhance melting (Rignot et al., 2024; Bradley and Hewitt, 2024; Fricker et al., 2025).
Glaciological configuration of the FPAS: The glaciological geometry of the FPAS means that modest grounding-zone retreat
of ~50-60 km would increase the across-flow length of the FPAS grounding zone by nearly 60% (i.e. from ~52 to >80 km).
This would lead to an increase in the cross sectional area of the FPAS flux gate (compare Figs. 2b-d), likely enhancing ice
discharge from both East and West Antarctica. This marked change in the length of the grounding zone and area of the ice flux
gate, and the resultant change in boundary conditions at the ocean interface and circulation in the ice-shelf cavity, has potential
implications for ice-ocean interactions and rates of ocean-driven melting (Bradley and Hewitt, 2024). A shift from a narrow
to a wide flux gate would increase susceptibility of the FPAS to grounding-zone retreat by increasing the rate of ice discharge
from both East and West Antarctica (Jamieson et al., 2012; Carr et al., 2013; Gudmundsson et al., 2012; Bunce et al., 2018;
Mas e Braga et al., 2023). Combined with the inherently highly dynamic ice-ocean interactions over tidal cycles and the
potential for ice-shelf thinning to reduce ‘tele-buttressing’ by Berkner Island (Fiirst et al., 2016; Reese et al., 2018), the FPAS
grounding zone may be susceptible to substantive retreat even under minor changes to external forcing. In a scenario where
the grounding zone increases in across-flow length, amplification of ocean-ice feedbacks and dynamic FPAS responses may
occur (Bradley and Hewitt, 2024).

Basin location: The geography of the FPAS, which bounds many other ice stream and outlet-glacier catchments (Fig.1), makes
it sensitive to, and potentially able to drive, ice-sheet change in other sectors of West and East Antarctica (e.g., changes in
West Antarctica may propagate eastwards via the FPAS), with wider-scale ice-dynamical implications. Geographically, the
greatest potential for dynamical interaction with other catchments appears to be with Support Force Glacier, which has a poorly
defined, and ice flow parallel boundary, with Academy Glacier (Fig. 1). Whillans Ice Stream shares an ice divide with the
Foundation Ice Stream catchment at Hercules Dome (Fig. 1) and is thinning up to its ice divide (Smith et al., 2020a). This
raises concerns for the potential for ice-flow piracy in this region, as has likely occurred elsewhere in Antarctica over both

recent and geological timescales (Alley et al., 1994; Vaughan et al., 2008; Siegert et al., 2013, 2019; McCormack et al., 2023).
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Furthermore, modelling studies have suggested that a loss of the WAIS would lead to warming and changes in atmospheric
circulation in adjacent areas of the EAIS (Steig et al., 2015; Diitsch et al., 2023).

Subglacial hydrology: The FPAS has a highly active, high-discharge subglacial hydrological system that may extend
continuously from beyond the South Pole to the FPAS margin (Smith et al., 2009; Jordan et al., 2018; Siegfried and Fricker,
2021; Dow et al., 2022) and is vulnerable to hydrological switching. This hydrological system, which is thought to contain
nineteen active subglacial lakes (Smith et al., 2009), the most of any ice stream in Antarctica, has two distinct components
deriving from both the WAIS and EAIS (Jeofry et al., 2018a) and plays a significant role in ice dynamics and ice-ocean
interactions at the grounding zone (Smith et al., 2009; Jordan et al., 2018; Jeofry et al., 2018a; Dow et al., 2022). Even subtle
changes in interior ice-surface slopes could lead to hydrological ‘flow-switching’ (e.g., Wright et al., 2008) between Academy
Glacier and Support Force Glacier (Livingstone et al., 2013), with potential ice-dynamic implications (Alley et al., 1994; Carter
et al., 2013). Furthermore, the laterally rough grounding zone of the FPAS caused by sub-ice shelf meltwater channels (Fig.
2e) (Jeofry et al., 2018a) will likely result in highly spatially variable slope-dependent grounding zone melt rates (Stanton et
al., 2013; Schmidt et al., 2023).
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Figure 2: Perspective view of topography and geometry of lower trunk of FPAS, illustrating low ice surface elevation, and extent,
size and depth (> 2 km below sea level) of the Foundation-Thiel trough beneath the FPAS trunk. (a) 3D bed topography (Bedmap3,
Pritchard et al., 2025) with profile lines shown in subplots b-i. Bedmap3 is used in this figure as this product emphasises the deep
troughs beneath the FPAS. View is into the ice sheet from the grounding zone. Grounding line (Pritchard et al., 2025) is white line;
Black lines are approximate locations of radar profiles shown in b-e and topographic profiles in f-i; (b-e) radargrams, with ice
thickness picks (white lines) overlain, from the Filchner Ice Shelf System (FISS) survey (profiles 1-4 on ‘a’ - radar transect names:
FISS2015_FOU1 (b), FISS2015_FOU2 (c), FISS2015_FOU4 (d), FISS2015_FOUG6 (e)) (Nicholls et al., 2024). The bright ‘englacial’
reflections ~12-16 km along 4-4° represent ice shelf channels; (f-i) Glacier surface (orange) and bed (blue) profile elevations
(Bedmap3) for Foundation Ice Stream (profile 5 on ‘a’), Patuxent Ice Stream (profile 6 on ‘a’) and Academy Glacier (profiles 7 & 8
on ‘a’). 0 m on x-axes of f-i represents position of Bedmap3 grounding line. On b-e: A = Academy Glacier, FP = Foundation-Patuxent
(vertical dashed lines mark boundary between the two flow zones). On h-i: PPB = Pensacola-Pole Basin.
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3 Discovery and geophysical exploration of the FPAS since the International Geophysical Year (IGY)

The major components of the FPAS trunk were first sighted during an Argentine flight to the South Pole in 1962, photographed
by the U.S. Navy in 1964, and mapped by the U.S. Geological Survey (USGS) in 1968. The original Argentine name for the
FPAS trunk was ‘Glaciar Bahia Buen Suceso’ (Glacier of the Bay of the Good Event), but a USGS map in 1968 formally used
the term ‘Foundation Ice Stream’, which was later widely adopted. Foundation Ice Stream and Academy Glacier were named
after the U.S. National Science Foundation (NSF) and National Academy of Sciences (NAS), respectively, whilst Patuxent Ice
Stream, and the adjacent Patuxent Range, were named after the U.S. Naval Air Station located at the mouth of the Patuxent
River, Maryland (SCAR Composite Gazetteer, 2014).

The first ground-based glaciological and geophysical observations of the FPAS interior catchment were undertaken before the
sighting of the trunk, however, during the Commonwealth Trans-Antarctic Expedition (1955-58) that traversed the upper parts
of the FPAS catchment (Lister and Pratt, 1959). Seismic soundings of ice thickness at the South Pole were undertaken as part
of the U.S. Operation Deep Freeze programme in 1957-58 and by the U.S.S.R. in 1959 (Robin, 1961; Dralkin, 1960).
Glaciological and geophysical work was also conducted during the South Pole (1962-63) and South Pole-Queen Maud Land
(1964-65, 1965-66 and 1967-68) traverses (Robinson, 1966; Beitzel, 1971; Taylor, 1971; Koerner, 1971). Parts of the
Foundation Ice Stream tributary of the FPAS were traversed during, and immediately following, the International Geophysical
Year (IGY) of 1957-59 (Bentley et al., 1960; Thiel, 1961). A seismic sounding on an IGY traverse between the Stewart Hills
and Sonntag Nunatak revealed a valley more than 1500 m b.s.1. (Thiel, 1961), through which the upper reaches of Foundation
Ice Stream is now known to flow (Figs. 1 and 2) (Winter et al., 2018; Mouginot et al., 2019).

The first paper that made explicit reference to the ice streams of the FPAS (Behrendt et al., 1966), refers to “....an ice stream
which flows between Neptune and Patuxent Ranges” (i.e. Academy Glacier), as well as “another prominent ice stream flows
into the ice shelf east of the Forrestal Range” (this refers to the distinct, but FPAS-adjoining, Support Force Glacier). Based
on seismic soundings, it was determined that both the FPAS and Support Force Glacier flow through deep troughs (Behrendt
et al., 1966) that continue offshore (Behrendt, 1962), namely the Thiel Trough. A deep basin up to 1000 m b.s.1. between the
Patuxent Range and Thiel Mountains was identified beneath what is now recognised as Patuxent Ice Stream (Behrendt et al.,
1966) (Figs. 1 and 2). The first citation to Academy Glacier was Behrendt et al. (1974), although this referred to Foundation
Ice Stream as “a major unnamed ice stream between the Patuxent Range and the Thiel Mountains....”. Drewry and Meldrum
(1978) made the first references to the “Foundation and Patuxent ice streams, which constitute one of the major outlets of the
southern portion of the west Antarctic ice sheet”.

The pioneering ground and airborne geophysical and glaciological fieldwork campaigns of the 1950s and 1960s were followed
by a series of major research programmes that targeted the FPAS, amongst many other systems and regions. During the 1970s,
an international consortium combining the scientific, logistical and technical capabilities of the UK Scott Polar Research
Institute (SPRI), the U.S. NSF and the Technical University of Denmark (TUD) undertook continent-scale acrogeophysical
surveys across Antarctica (Turchetti et al., 2008; Schroeder et al., 2019; Drewry, 2023). During the 1974-75, 1977-78, and
1978-79 Antarctic field seasons, the SPRI-NSF-TUD consortium acquired a series of radio-echo sounding (RES) and
aeromagnetic transects separated by between 20 and 50 km over the FPAS and surrounding areas (Drewry and Meldrum, 1978;
Drewry et al., 1980; Jankowski and Drewry, 1981; Behrendt et al., 1981). From these data, it was discovered that: (i) the
Foundation and Patuxent ice streams follow a deep bedrock trench (Drewry and Meldrum, 1978; Jankowski and Drewry,
1981); and (ii) the grounding zone in this area of the Weddell Sea was described as “an unusual and diffuse boundary”, with
the ice lightly grounded on soft, water-saturated sediments (Drewry et al., 1980; Jankowski and Drewry, 1981). The surveys
also provided the first macro-scale quantification of the ice surface elevation, ice thickness, and subglacial topography of the
area (Drewry et al., 1980; Jankowski and Drewry, 1981), and determined the extent and geophysical properties of the
underlying geology (Jankowski and Drewry, 1981; Behrendt et al., 1981). Integrating this information permitted the first broad-
scale understanding of ice flow dynamics and topography in this part of Antarctica (Mclntyre, 1983; 1986).
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No further significant research was undertaken on the FPAS until the 1990s when the Alfred Wegener Institute (AWI)
undertook an integrated airborne and ground-based geophysical, glaciological and geodetic investigation (the ‘Filchner V
campaign’) along a profile from the front of FRIS, across the ice shelf to the west of Berkner Island, and up a flowline of the
FPAS trunk (Riedel et al., 1995; Lambrecht, 1998; Lambrecht et al., 1999, 2007). The Filchner V campaign was the first to
determine: (i) basal melt rates at the FPAS grounding zone (>9 m a!); (ii) a maximum ice thickness of >2000 m close to the
FPAS grounding zone; and (iii) that the grounding zone was ~40 km south of the position mapped by the United States
Geological Survey in the 1960s (Lambrecht et al., 1997). Alongside ice core measurements and ice flow observations, the ice
thickness data were also used to calculate a mass flux of the system (51 km?® a™!) (Lambrecht, 1998; Lambrecht et al., 1999)
that is within 20% of more recent estimations (e.g. Rignot et al., 2019). In addition, the Filchner V campaign measured the
sub-ice shelf bathymetry via seismic observations (Mayer et al., 1995; Lambrecht, 1998).

Since the 1990s, radio-echo sounding (RES) data have been acquired over the FPAS, and adjacent Support Force Glacier,
during a number of aerogeophysical surveys (Studinger et al., 2006; Carter et al., 2007; Winter et al., 2018; Jeofry et al, 2018a;
2018b, Paxman et al., 2019; Hofstede et al., 2021; MacGregor et al., 2021; Young et al., 2025). However, despite fairly
extensive coverage of RES data across the FPAS (Frémand et al., 2023), resulting in improved knowledge of ice thickness
and bed topography (Fretwell et al., 2013; Morlighem et al., 2020; Pritchard et al., 2025) (Figs. 1d and 3), many of these
surveys were acquired for scientific goals that were not primarily glaciological. For example, the PolarGAP survey (Winter et
al., 2018; Paxman et al, 2019) was flown to acquire high-resolution gravity data for global gravity and geoid models.
Consequently, much of the existing RES data are not optimised (e.g. in terms of survey line orientation and line-spacing, and
aircraft clearance from the ice surface - each of which tend to degrade the quality of englacial and bed radar reflections), to
address the important glaciological questions pertaining to the FPAS.

Historically, an important gap in our knowledge of the FPAS was the poor constraint on ice surface topography and ice velocity
from remote sensing. The ice surface topography ‘pole hole’, was partly filled by ICESat and CryoSat-2 observations (Shuman
et al., 2005; Helm et al., 2014), but complete coverage to the South Pole (Fig. 1¢), and therefore the key intersections between
the glaciological components of FPAS, was only completed by the TanDEM-X digital elevation model (Wessel et al., 2021).
Prior to satellite observations of ice velocity, ice flow south of 87° was derived from balance velocities calculated from ice
surface topography, ice thickness and surface accumulation datasets (Bingham et al., 2007). Though we now have remotely
sensed observations of ice flow to 90°S (Fig. 1a), they are limited to the RADARSAT-2 derived product which has relatively
high errors in the onset zones of the FPAS (e.g. Academy Glacier) (Mouginot, et al., 2019).

4 Current understanding and recent advances
4.1 Subglacial topography and basal boundary conditions: relationship to ice flow

The ~52 km-wide Foundation Trough - an informal unofficial name for this valley - underlies the FPAS trunk, with the bed at
the grounding zone extending to ~2 km below sea level (Figs. 1d and 2) (Jeofry et al., 2018a, 2018b; Morlighem et al., 2020).
The bed of the FPAS trunk is smooth in the direction of ice flow, with little evidence, at least based on current observations,
of across-valley bedrock highs or topographic narrowings that could encourage grounding-zone stabilisation through
increasing basal and lateral drag and reducing mass flow across the grounding zone (Jeofry et al., 2018a, 2018b; Morlighem
etal., 2020) (Figs. 2f-g). In contrast, where Academy Glacier joins the FPAS trunk the topography rises inland and is rougher,
with a complex of across-glacier ridges, presumed to be bedrock (Figs. 2b-c, 2h, and 4). However, even after full isostatic
rebound under ice-free conditions (Paxman et al., 2022), parts of this area, and the ridges, would remain over 1 km below sea
level (Figs. 2h and 4). The geomorphology of the bed here is critical for assessing the potential of the FPAS grounding zone
to retreat inland. For example, will future (or past) grounding-zone retreat halt here, where the topography is narrow, rough

and the slope prograding (though still well below sea level), and the ice flow of Academy Glacier turns sharply by 90 degrees,
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or could the grounding zone retreat much further inland towards the South Pole?- The distribution of ice thickness observations

(Fig. 3a), and the differences between the bed topography products of Bedmap3 and BedMachine (v4) (Fig. 3c-d), demonstrate

the remaining uncertainties associated with bed topography in this area, and other parts of the FPAS catchment.

The influence of the higher and rougher topography on ice flow has, so far, only been directly evaluated using 2D flowline
models with Bedmap2 data (Huybers et al. 2017). Inverse modelling of ice flow velocities, using BEDMAP (Lythe and
Vaughan, 2001), had previously suggested that- the rough topography (implied by high values of basal shear stress) beneath
Academy Glacier might continue 200 km further inland (Joughin et al., 2006). However, a derivation of basal roughness based
on more recent regional RES surveying across the region (Fig. 4a) now shows relatively low roughness - which may present
fewer pinning points during grounding-zone retreat - across the parts of Pensacola-Pole Basin closest to the FPAS grounding

zone.
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Figure 3: FPAS bed topography data and uncertainty demonstrating: (i) remaining uncertainty in bed topography for the FPAS;
(ii) substantive differences between Bedmap3_(Pritchard et al., 2025) and BedMachine (+3v4) (Morlighem, 2025) bed topography
datasets; and (iii) the impact of manual modification of the Bedmap3 gridded product via ‘streamlines’: a) location of the ice
thickness measurements (black lines) used to derive Bedmap3 (Pritchard et al., 2025) underlain by RADARSAT-1 Antarctic
Mapping Project (RAMP) SAR Image Mosaic of Antarctica (Jezek et al., 2013); b) Uncertainty in the elevation of the grounded bed
(Bedmap3) (Pritchard et al., 2025); c) Difference in bed topography between Bedmap3 and BedMachine (¥3v4) (blue indicates that
the Bedmap3 bed is higher, red that it is lower). Profile lines for panel ‘d’ (thick black lines) follow Bedmap3 streamlines generated
to ‘burn-in’ troughs into the dataset (Pritchard et al., 2025); d) Along-streamline topographic profiles from Bedmap3 (blue) and
BedMachine (+3v4) (orange) of Foundation Ice Stream (A), Patuxent Ice Stream (B) and Academy Glacier (C). Location of the three
profiles is shown in ‘c’. In ‘b-¢’ black line is the Bedmap3 grounding line (Pritchard et al., 2025) and the grey lines are the IMBIE
mass balance basins (Mouginot et al., 2017), with FPAS sub-catchments outlined in black. Inset map shows extent of a-c (pink
rectangle).

The bed of the FPAS is a complex mosaic of heterogeneous basal conditions (Fig. 4). In addition to inland Academy Glacier,
relatively low RES-derived roughness values are characteristic of: (i) the lowermost 175 km of the FPAS trunk (Jeofry et al.,
2018a), particularly the Foundation-Patuxent side; and (ii) the basin beneath Patuxent Ice Stream, some 225-300 km inland of
the grounding zone (Figs. 4a-b). These two zones, modelled as areas of low basal shear stress (10-12 kPa) (Joughin et al.,
20006), are both well below sea level (Behrendt et al., 1966, 1974) and would remain so even under fully ice-free conditions
(Paxman et al., 2022) (Figs. 4b). In fact, both of these zones are neatly ‘enveloped’ by the ice-free rebounded sea level contour,
as is the relatively lower roughness zone beneath Academy Glacier (Figs. 2 and 4a-b).

There are several potential reasons for the lower roughness zones. For example: (i) a thin drape of soft fine-grained marine
sediments deposited during periods of more limited glacial extent (Engelhardt and Kamb, 1998; Studinger et al., 2001); or (ii)
a smooth bed surface associated with a thicker tectonically-controlled sedimentary basin (Aitken et al., 2023). Both scenarios
are likely and not mutually exclusive beneath the FPAS, and warrant future investigation. Given proximity to the present-day

grounding zone, the low roughness zone beneath the FPAS trunk (Fig. 4a) (Jeofry et al., 2018a) has the greatest potential to
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represent marine sediment. If this were to be the case, sediments recovered from this zone could be used to test ideas of
Holocene retreat and readvance, or grounding-zone retreat during earlier Quaternary interglacials or even Pliocene retreat.

If the FPAS trunk is underlain by marine sediments, then there are potential modern-day ice-dynamical implications:
deformable marine sediments can reduce resistance to ice flow at the ice stream bed (Joughin et al., 2006; Diez et al., 2018; Li
et al., 2022a) and lead to flow instability (Joughin and Alley, 2011). Similar low roughness subglacial zones, associated with
low basal shear stress, are recognised beneath the trunks of other major outlet glaciers in the Weddell Sea, including Institute
Ice Stream (Bingham and Siegert 2007; Ross et al., 2012; Siegert et al., 2016), Recovery Glacier (Bell et al., 2007; Diez et al.,
2019) and Bailey Ice Stream (Diez et al., 2018). This may suggest a common mechanism of surface formation or emplacement
of sediment.

The FPAS bed is characterised predominantly by higher and more variable roughness further inland, particularly up-ice of the
fully rebounded 0 m (sea-level) contour (Figs. 4a and 4b) (Bingham and Siegert, 2009). Although this may suggest that soft,
deformable sediments are more restricted or absent, modelling of gravity and magnetic data is consistent with the presence of
an older sedimentary rock sequence, ~2-3 km thick, beneath the Pensacola-Pole Basin (Paxman et al., 2019; Li et al., 2022a;
Aitken et al., 2023). This sedimentary basin thins towards the coast (Paxman et al., 2019) (Fig. 5), tapering out close to where
Academy Glacier joins the main FPAS trunk (Figs. 1, 2 and 5).

Across the Pensacola-Pole Basin (average elevation of 490 m b.s.1.), the relationship between present-day ‘enhanced’ ice flow
and subglacial topography is complex. For example, enhanced ice flow is not always spatially coincident with the deepest
parts of the (topographic) basin (Figs. 1 and 4c-d). The Academy Glacier flows relatively fast (up to ~100 m a’') across the
~1000 m b.s.l. parts of the Pensacola-Pole Basin (Figs. 4c-d). In contrast, the flow of the adjacent Support Force Glacier is
currently slower (<~50 m a™!), despite overlying a system of geologically-controlled overdeepened valleys up to at least 1500
mb.s.l. (Paxman et al., 2019) (Figs. 4c-d). The upper Academy Glacier has two ice flow zones, which may be partly influenced
by long-range buttressing from Berkner Island (Fig. 1a-b) (Reese et al., 2018), with the fastest flow (~100-200 m a™!) proximal
to the Patuxent Range, despite a shallower (topographic) basin in this area (Paxman et al., 2019) (Figs. 1 and 4c-d). The
geometry of the FPAS ice flow, and its relationship with subglacial topography and basal boundary conditions, is important
because of the potential of the FPAS to dynamically interact with other parts of the ice sheet. The mismatch between fastest
flow and deepest basins in this region may reflect relatively recent changes in flow regime, where recently accelerated ice flow

has not had time to erode the expected deep basins.
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Figure 4: Roughness and ice-free bed topography beneath lower parts of FPAS. (a) Along-track root mean square deviation of bed
elevation within a moving window of 2 km (a proxy for roughness) from PolarGAP, FISS, and Operation IceBridge RES profiles
(Corr et al., 2021; Nicholls et al., 2021; CReSIS 2025; MacGregor et al., 2021), showing relatively smooth (pale yellow) zones beneath
parts of Academy Glacier and Patuxent Ice Stream; (b) Rebounded (‘ice-free’) BedMachine-topography of lower FPAS derived from
BedMachine v2 (Merlighemet-al52020;-Paxman et al., 2022). In ‘a’ and ‘b’ the grey contour lines represent the rebounded 0 m
contour, the thick white line is the Bedmap3 grounding line (Pritchard et al., 2025) and the white dashed lines are the IMBIE mass
balance basins (Mouginot et al., 2017). The smoothest bed topography beneath FPAS is located below the 0 m contour (grey line)
for both Academy and Foundation-Patuxent tributaries. These ‘smooth’ zones correspond to the model-derived low basal shear
stress zones of Joughin et al. (2006), based on the BEDMAP DEM; (c) example radargram (radar transect name:
POLARGAP_P13A), with ice thickness picks overlain, from the PolarGAP survey (profile A-A' on ‘b’) (Ferraccioli et al., 2021). Ice
flow direction is into page; (d) ice velocity (Mouginot et al., 2019) along profile A-A’'. Vertical dashed red line on ‘c’ and ‘d’ is the
boundary between Academy and Support Force glaciers. Vertical red arrows on ‘c’ and ‘d’ denote the shear margins where Patuxent
Ice Stream and Academy Glacier abut the Patuxent Range. These correspond to scattering zones in the overlying radargram. Inset
map shows extent (pink rectangle) of ‘a’ and ‘b’.

The far-reaching catchment of the FPAS interacts glaciologically, and in some cases hydrologically, with ice stream
catchments across East and West Antarctica, including Support Force Glacier, Whillans Ice Stream, Mercer Ice Stream, Moller
Ice Stream, Nimrod Glacier and Beardmore Glacier; (Fig. 1) (Winter et al., 2018; Yang and Kang, 2022). Potential therefore

exists for the FPAS to be sensitive to, and possibly able to drive, glaciological and hydrological change in other sectors of
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West and East Antarctica. Change in the Ross or Weddell sea sectors of WALIS, or in other large EAIS catchments, could
impact the FPAS and vice versa (e.g. Pingree et al., 2011; Steig et al., 2015; Winter et al., 2018). One potential constraint on
such change is the basal topography of the upper FPAS catchment. Here, the Foundation and Patuxent troughs, which are
narrow and in places above sea level, extend contiguously from the Siple Coast to Filchner-Ronne Ice Shelf (Winter et al.,
2018) (Fig. 1). These troughs, which are likely tectonic in origin, are fed by smaller tributary valleys (e.g., beneath Hercules
Dome; Hoffman et al., 2023) and continue to steer ice flow through upper Foundation Ice Stream and Patuxent Ice Stream
today (Winter et al., 2018). Flow steering means that the orientation of these troughs and the surrounding highlands (Whitmore,
Thiel and Horlick mountain blocks) (Jankowski and Drewry 1981) likely limits the potential for WAIS-driven drawdown of
the EAIS in the ‘bottleneck’ zone between East and West Antarctica (i.e. “the gap in the Transantarctic Mountains through
which the EAIS flows into the WAIS”; Pingree et al., 2011; Winter et al., 2018). However, significant potential for dynamic

glaciological or hydrological change does exist between Academy and Support Force glaciers (see sections 4.2 & 5.2).

4.2 Subglacial hydrology, geothermal heat flow, and hydrogeology

Subglacial hydrology: The presence of subglacial lakes (Fig. 6) and their relation to the initiation of the enhanced flow zones
(Fig. 1) of the FPAS has long been recognised (Mclntyre, 1983; Siegert et al., 1996; Siegert and Bamber, 2000; Carter et al.,
2007). More recently, nineteen hydrologically ‘active’ subglacial lakes concentrated beneath Academy Glacier (though in later
publications some of these were classified as ‘Foundation’ lakes) were inferred from ICESat observations (Smith et al., 2009),
making the FPAS one of the most hydrologically active ice stream systems in Antarctica. Of particular note, the converging
ICESat sampling pattern over Academy Glacier enabled dense sampling of the largest active lake beneath the FPAS (Lake
F12; 367 km?), with 174 independent repeat passes between 2003 and 2009. With additional data from the ICESat-2 mission
starting in 2018, lake F12 experienced a drainage event between 2009 and 2018 with a >6 m draw down of the ice sheet surface
in the centre of the lake (Siegfried and Fricker, 2021). The presence and dynamics of subglacial water are important because

of their potential to enhance rates of ice flow and melting at the grounding zone.
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Figure S: Geological structure of the FPAS catchment. Gravity anomaly modelling indicates that the Pensacola-Pole Basin (PPB) is
underlain by a sedimentary basin 2—3 km thick in places (Paxman et al., 2019; see interior colour scale); the potential sedimentary
infill within the Patuxent Basin was not analysed in Paxman et al., (2019). The southern part of the PPB (thin black dashed line) is
characterised by the largest thicknesses of sedimentary fill and also exhibits topography and high-frequency magnetic anomalies
characteristic of Jurassic dolerite sills, which are commonly intruded into Beacon Supergroup sediments (Paxman et al., 2019). Red
lines mark a series of deep (1-2 km below sea level) troughs located along the eastern margin of the PPB. Magenta polygon
demarcates a zone of basal melting attributed to elevated geothermal heat flux (Jordan et al., 2018). White line marks the 50 m/yr
ice-surface velocity contour (Mouginot et al., 2019). Thick black dashed line marks-is Bedmap3 grounding line (Pritchard et al.,
2025)the-grounding zone(Rignet-et-al;2016). Bed topography is from BedMachine ¥3-v4 (Morlighem et al., 20202025). Outlet
glaciers are: Foundation Ice Stream (FIS), Academy Glacier (AG), Patuxent Ice Streams (PIS), Support Force Glacier (SFG). Inset
map shows extent of figure (pink rectangle).

Subglacial lakes are present in the upper FPAS catchment near the South Pole (Siegert et al., 1996; Carter et al., 2007; Peters
et al., 2008; Hills et al., 2022; Livingstone et al., 2022) (Fig. 6). The upper Academy Glacier catchment, near Dome A, is
characterised by near-bed englacial reflections that have been interpreted as zones of basal freeze-on (‘accretion ice’) (Bell et
al., 2011) and ice deformation (Wrona et al., 2018). These features have been attributed to refreezing at the ice base over
subglacial lakes and other water bodies (Wolovick et al., 2013), and several new lakes in the Gamburtsev Subglacial Mountains
were identified in the most recent subglacial lake inventory (Livingstone et al., 2022).

If water were released from Academy Glacier’s upper-catchment lakes, and remained liquid rather than refreezing onto the
base of the ice, it could influence ice dynamics downstream (Siegert and Bamber, 2000). The interior lakes also have the
potential to contain isolated life and ancient sediment sequences that may record long-term ice sheet history (Siegert, 2005).
Recent work on the subglacial hydrological system of the FPAS, as well as nearby ice streams including Support Force Glacier,
has focused on better understanding the role of subglacial meltwater at the grounding zone (Jeofry et al., 2018a; Dow et al.,
2022; Hofstede et al., 2021; Humbert et al., 2022). Meltwater flux from the FPAS grounding zone (~66 ms! Dow et al., 2022;
Ehrenfeucht et al., 2025) (Fig. 6) has been shown in numerical models to impact both grounding-zone melt rates and geometry

(Jeofry et al., 2018a). Jeofry et al., (2018a) suggested that subglacial hydrological pathways beneath the FPAS trunk are
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separated into Foundation-Patuxent Ice Stream and Academy Glacier components, without coalescing or interacting. This
separation is not a feature of numerical hydrological model runs (Dow et al., 2022) (Fig. 6), although there is substantial
complexity in water routing and basal topography where Academy Glacier joins the FPAS trunk (Figs. 2, 6 and 7b). Separation
beneath the trunk could be due to large (100-300 m of relief) flow-parallel bedforms that channel the basal water (Jeofry et al.,
2018a; Pritchard et al., 2025) (Figs. 2, 6 and 7b).

Where meltwater reaches the FPAS grounding zone (Fig. 6), the water exits the ice sheet as multiple point sources that initiate
upwards incision into the underside of the ice shelf to form a series of very large (=300 m high) basal channels (Fig. 2¢e) (Le
Brocq et al., 2013; Alley et al., 2016, Jeofry et al., 2018a, Dow et al., 2022). These sub-glacial and sub-ice shelf channels,
which are likely to be strongly influenced by subglacial water flux, are important because they are zones of highly variable
melt rates at both the grounding zone and at the ice shelf base (Stanton et al., 2013). Such channels can impact ice shelf
integrity (Alley et al., 2016; Dow et al., 2018) and have been shown to undergo rapid dynamic change (Zhuo et., 2025).
Numerical modelling of the entire FPAS (and adjacent areas) with the finite element Glacier Drainage System (GlaDS) model
(Dow et al., 2022; Ehrenfeucht et al., 2025) shows that the hydrological system is spatially heterogeneous with dendritically
organised channels, some of which may extend inland for up to ~450 km and connect to some of the subglacial lakes of
Academy Glacier (Figs. 6 and 7). Based on overburden hydraulic potential calculations, the FPAS subglacial hydrological
system may be sensitive to water routing switching between Academy Glacier and Support Force Glacier (e.g. Figure 2 of
Livingstone et al., 2013). This is because the two glaciers flow parallel to each other for over 700 km in their mid-catchments
(Fig. 7a). Relatively small changes in ice surface elevation and morphology (Fig. 7a) could result in water catchment piracy
(Wright et al., 2008), with subglacial discharge from the central EAIS routing through Support Force Glacier, rather than
Academy Glacier (Fig. 7). We note that water routing switching was not an outcome of numerical modelling experiments
(Dow et al., 2022), although such scenarios were not explored explicitly in the model set-up.

Any switching of subglacial water pathways could have implications for ice-dynamic processes (e.g. shear margin migration
in the mid- to upper-catchments of the FPAS, and grounding zone ice-ocean interactions for both the FPAS and Support Force
Glacier). Several of the current active subglacial lakes (i.e. Academy lakes 12-16, Fig. 7) are located at or near the boundary
between Academy and Support Force glaciers. Based on the ice flow defined mass balance catchments (Fig. 7b), some lakes
classified as belonging to Academy Glacier (i.e. Academy 14 and Academy 16) could be part or entirely located beneath
Support Force Glacier (Fig. 7). Water piracy could result in lakes at or near the Academy-Support Force boundary switching

subglacial hydrological catchments.
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Figure 6: Subglacial hydrology of the FPAS catchment showing location of subglacial lakes (Livingstone et al., 2022), modelled
subglacial channel discharge (Ehrenfeucht et al., 2025), and zone of basal melting attributed to elevated geothermal heat flux (Jordan

425 et al., 2018), underlain by hydropotential surface derived from Bedmap-3 (Pritchard et al., 2025) with contours_(white lines) at 2
MPa intervals-. Black lines are Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE) catchments (Mouginot et al., 2017) and
Bedmap3 grounding zone (Pritchard et al., 2025). Inset map shows extent of figure (pink rectangle).
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ice surface and bed topography. (a) Ice velocity (Mouginot et al., 2019) overlain on hillshade of Bedmap3 ice surface DEM (Pritchard
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lines are Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE) catchments (Mouginot et al., 2017) and Bedmap3 grounding
zones (Pritchard et al., 2025). Active subglacial lakes (Smith et al., 2009) are shown for the FPAS catchment. Lakes (Academy 12-
16) proximal to, or below, the Support Force-Academy ‘shear margin’ as defined by the IMBIE catchment boundary are labelled.
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Geothermal heat flow: One potential source of the subglacial water in the FPAS catchment is elevated geothermal heat flow
resulting in basal melting (Burton-Johnson et al., 2020; Reading et al., 2022). The head of the Academy Glacier catchment,
which is located grid southeast of the South Pole, contains a localised area with a possible elevated geothermal heat flow of
120 + 20 mW m™ (Figs. 5 and 6) (Jordan et al., 2018). This is nearly twice the global average of values expected for the East
Antarctic craton, and has been attributed to high-heat-producing Precambrian rocks and hydrothermal fluid circulation in a
major subglacial fault system (Jordan et al., 2018). Simple hydraulic potential calculations suggest that water produced in this
area would route underneath Academy Glacier, through some of the ICESat-identified active subglacial lakes, including the
highly active Lake F12 (Fig. 7b), and into the FPAS trunk (Jordan et al., 2018). This discovery may indicate that localised

geothermally enhanced zones are more prevalent in the East Antarctic craton than previously thought. Given the scale of the
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FPAS, it is possible that, collectively, such zones produce the significant quantities of subglacial meltwater that have been
inferred for this system, with implications for ice geometry and melt rates at the grounding zone (Jeofry et al., 2018a).

Ice divide migration from Beardmore Glacier towards Academy Glacier could shift the location of the geothermally-enhanced
zone at the head of the Academy Glacier catchment into the Beardmore Glacier catchment (Figs. 1 and 6). This would reduce
subglacial water flux through the FPAS (Jordan et al., 2018). Such potential dynamic change is not without precedence. The
potential for large-scale switching of hydrological flow paths, driven by even small changes in ice sheet surface elevation, has
been identified elsewhere in East Antarctica (Wright et al., 2008; McCormack et al., 2023), as has ice flow reorganisation of
ice sheet interiors (Siegert et al., 2004; Franke et al., 2022).

Hydrogeology: Subglacial sedimentary rocks beneath the Pensacola-Pole Basin and upper catchment of the FPAS (Fig. 5)
(Paxman et al., 2019; Li et al., 2022a; Aitken et al., 2023) are likely to be unfrozen, due to geothermal heating and the pressure

of the overlying ice (PattyrnRaspoet and Pattyn, 26402025; Seiner et al., 2025). Therefore, dependent on the permeability and
porosity of the sedimentary sequence, the FPAS represents a potentially vast reservoir of subglacial groundwater (Person et
al., 2007; 2012; Siegert et al., 2018) similar to that inferred under Whillans Ice Stream (Gustafson et al., 2022). Low basal
shear stress values beneath parts of Patuxent Ice Stream (Joughin et al., 2006) may also indicate water-saturated sediments or
an aquifer at the bed.

During interglacial periods, such as the present Holocene, ice unloading can create hydraulic gradients that exfiltrate
groundwater from the sedimentary rock reservoir to the ice sheet base, where it will have at least three complementary effects
that may enhance ice flow (e.g. Robel et al., 2023). First, the water itself will serve to fuel basal lubrication and elevated
subglacial water pressure (Christoffersen et al., 2014; Siegert et al., 2018; Gustafson et al., 2022). Second, the flow of
groundwater is an efficient mechanism to cause advective heat transport in addition to conduction from depth towards the ice
sheet base (Gooch et al., 2016; Kulessa et al., 2019), facilitating further melting. Third, growing evidence now suggests that
groundwater may constitute a major fraction of basal outflow across the grounding zone (Uemura et al., 2011; Null et al., 2019;
Foley et al., 2019), potentially enhancing ice-shelf basal melting in this dynamically sensitive region.

One uncertainty regarding groundwater exfiltration is the loading history of the interior FPAS catchment. Whilst the
downstream parts of the FPAS have undergone ice unloading since the Last Glacial Maximum (LGM) (Bentley et al., 2017;
Balco et al., 2016) (see section 4.3), accumulation records from ice cores and shallow radar data suggests that interior parts of
the catchment may have thickened in response to a smaller ice sheet and increased accumulation in the Holocene (Lilien et al.,
2018). Along with potential late-Holocene grounding-zone readvance of the margin (Bradley et al., 2015; Kingslake et al.,

2018), this thickening would not be conducive to unloading-driven exfiltration in the FPAS catchment.

4.3 LGM-present glacial history

Previous reconstructions of glacial history in the southern Weddell Sea presented two contrasting scenarios of LGM ice extent:
a minimum scenario with a restricted grounding zone located east of Berkner Island (Fig. 8), and a maximum scenario with a
grounding zone near the shelf break (cf. Hillenbrand et al., 2014; Siegert et al., 2019). Little is known about the detailed
bathymetry of the Weddell Sea continental shelf seaward of FRIS owing to the nearly perennial sea ice in the southern Weddell
Sea, which precludes systematic marine survey access (Hillenbrand et al., 2014). However, seafloor glacial landforms indicate
that grounded ice extended to the continental shelf break along the eastern Antarctic Peninsula at the LGM, suggesting that
this may also have been the case seaward of Ronne Ice Shelf (O Cofaigh et al., 2014; Lavoie et al., 2015). More recent
cosmogenic nuclide analyses using in situ '*C analysis of rock samples from the Shackleton Range is consistent with the more
advanced/thicker scenario rather than the minimum extent scenario (Nichols et al., 2019; cf Scenario B of Hillenbrand et al.,
2014). However, an embayment in the ice shelf, implying more restricted ice extent in Filchner Trough, is a persistent feature
in some numerical models of ice sheet history in the Weddell Sea. Such models also exhibit significant variations in ice

thickness between simulations (e.g., Pittard et al., 2022), suggesting that processes and/or boundary conditions are not well
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understood or represented. As a result, the detailed configuration of the maximum LGM extent and thickness of the FPAS

remain an open question.
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Figure 8: Cosmogenic nuclide exposure ages and ice surface elevation from around the FPAS trunk. (a) Exposure ages projected
onto an elevation profile along an approximate centreline of the Foundation Ice Stream. (b) Centreline location, minimum LGM ice
thickness constraints interpreted from the exposure ages_(coloured boxes), and former grounding zone positions_with approximate
ages indicated. (¢) Exposure ages from samples collected from nunataks adjacent to the Foundation Ice Stream. Elevation data for
ice surfaces (a) are sourced from the Reference Elevation Model of Antarctica (REMA; Howat et al., 2019). Note that local ice
margins in (a) are highly simplified and the minimum LGM surface is the modern surface profile with the elevation increased above
present to the elevation of the highest elevation, post-LGM exposure age. Palaeco grounding zone positions are the inferred minimum
(scenario A, blue) and maximum (scenario B, orange) positions of Hillenbrand et al. (2014). The modern (2011) grounding zone
position and ice velocities (grey shading) are sourced from the MEaSUREs program V2 (Rignot et al., 2016, 2017). Ice velocities are
used to highlight ice streams (darker grey is faster ice). Exposure ages in (a) and (c) are collated from the Informal Cosmogenic-
nuclide Exposure-age Database (ICE-D; https://version2.ice-d.org/antarctica/) and originally sourced from Balco et al. (2016),
Bentley et al. (2017), and Nichols et al. (2019). Ages in ICE-D are calculated using the online exposure age calculators formerly
known as the CRONUS Earth online calculators (http://hess.ess.washington.edu; Balco et al., 2008) with the “primary” production
rate calibration data set (Borchers et al., 2016) and the “LSDn” scaling method for neutrons, protons, and muons (Lifton et al., 2014;
Balco, 2017). Infinite in situ 14C ages in (a) indicate continuous exposure for at least ~30 kyr. Panels (a) and (b) are modified from
Nichols et al. (2019).
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Knowledge of the post-LGM glacial history of the lower parts of the FPAS (Fig. 8b) has been improved by cosmogenic surface
exposure dating constraints on ice thickness and the timing and rate of ice-surface thinning from mountains adjacent to the
FPAS trunk (Balco et al., 2016; Bentley et al., 2017; Nichols et al., 2019). Initial '’Be cosmogenic nuclide exposure ages in
the Pensacola Mountains and Patuxent Range were indicative of: (i) LGM ice sheet surface elevations up to 500 m above
present (Balco et al., 2016); and (ii) progressive thinning of the FPAS between 10 and 2.5 ka BP, by which time ice surface
elevations comparable to the present day were reached (Bentley et al., 2017). However, more recent analysis using the short-
lived cosmogenic nuclide in situ '*C indicated that the FPAS trunk was at least 800 m thicker than present in the Schmidt Hills
and Pensacola Mountains at the LGM (Nichols et al., 2019) (Fig. 8), and confirmed that there was major thinning of the FPAS
in the Early Holocene. An ice core record from Skytrain Ice Rise at the southern edge of Ronne Ice Shelf records a decrease
in ice surface elevation of ~450 m from 8.2 to 8§ ka and ice-shelf retreat between 7.7 and 7.3 ka (Grieman et al., 2024). This is
consistent with both the magnitude and timing of ice thinning recorded by exposure ages adjacent to the FPAS.

The cosmogenic nuclide data indicate ice surface elevations were approaching present-day levels by c. 2.5 ka (Fig. 8c), and
therefore allow for continued thinning beyond present in the late Holocene followed by subsequent thickening (Bentley et al.,
2017). Were this thinning and thickening to have occurred, then retreat (inland of present) and subsequent readvance of the
grounding zone would also have occurred (Johnson et al., 2022). Indeed, this scenario has been proposed for ice stream outlets
in this part of the southern Weddell Sea based on a range of glaciological, geological and solid earth deformation evidence
(Siegert et al., 2013; Bradley et al., 2015; Bentley et al., 2017; Kingslake et al., 2018; Siegert et al., 2019). Existing above-ice
cosmogenic nuclide data cannot, however, unequivocally demonstrate thinning and subsequent thickening of ice in response
to grounding-zone migration (Whitehouse et al., 2017; Bentley et al., 2017; Siegert et al., 2019). Instead, measurements of
cosmogenic nuclide concentrations (specifically in situ '*C, see Nichols (2022)) in subglacial bedrock, rather than in above-
ice samples, are needed to reveal if the FPAS was thinner than present in the late-Holocene (see Balco et al., 2023). Modelling
experiments have simulated Holocene retreat-readvance for the FPAS (e.g., Kingslake et al., 2018; Pittard et al., 2022), but
generally produce a modern-day grounding zone more advanced than observations, potentially due to model grid resolution
failing to accurately capture the narrow width of the FPAS trunk. The post-LGM, and particularly the late-Holocene, history
of the FPAS has important implications for its future evolution. Specifically, a late-Holocene retreat would imply that the
grounding zone could retreat landward of its current position under conditions similar to present-day.

Several alternative, observationally based approaches have been used to reconstruct other aspects of the glacial history of the
FPAS, including changes in ice-flow velocity and surface accumulation. Analysis of RES-derived englacial layering and
numerical modelling has suggested, for example, that major post-LGM changes in the pattern and rate of enhanced ice flow
occurred in the upper Academy Glacier catchment around the South Pole and Titan Dome (Bingham et al., 2007; Beem et al.,
2018, 2021). Analysis of englacial layering between Dome A and the South Pole has revealed widespread layer drawdown
around the South Pole that could be attributable to past flow dynamics or higher surface accumulation rates (Sanderson et al.,
2024). During the Holocene, the direction of ice flow near the South Pole and the spatial pattern of accumulation have remained
unchanged, although an estimated 15% increase in ice speed since 10.1 ka has been suggested (Lilien et al., 2018). This speed-
up has been interpreted as reflecting a steepening or thickening of the ice-sheet interior at the head of Academy Glacier since

the LGM (Lilien et al., 2018).

4.4 Numerical modelling — the response of the FPAS to past and future climate change

The FPAS has been subject to numerous numerical ice-sheet modelling experiments, across a range of spatial (i.e. continental,
regional, FPAS-specific) and temporal scales (e.g. Pliocene, Last Interglacial, next 100-200 years). Whilst a detailed
assessment of the various simulations that have resulted is beyond the scope of this review, we provide an overview of the

categories of modelling efforts undertaken and a summary of the range of scenarios resulting from the model simulations.
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Simulations of particularly warm (Pliocene) climates on the Antarctic Ice Sheet suggest that the grounding zone of Academy
Glacier may have retreated as far inland as the South Pole (~700 km inland from the current grounding zone), accompanied

560 by extensive retreat of Patuxent Ice Stream (DeConto and Pollard, 2016; Deconto et al., 2021; Hanna et al., 2024) (Fig. 9d).
However, such extensive retreat is only observed in simulations from one model that incorporates Marine Ice-Cliff Instability
(MICI) and melt-driven hydrofracturing processes (Pollard et al., 2015; Deconto and Pollard, 2016; DeConto et al., 2021)
(Figs. 9c and 9d). The likelihood and significance of MICI and related processes in contributing to rapid retreat in the ‘real
world’, however, are still under debate (e.g., Morlighem et al., 2024). In contrast to models of extreme ‘Pliocene’ warmth,

565 simulations of last interglacial ice-sheet change (e.g. Sutter et al., 2016; DeConto and Pollard, 2016; DeConto et al., 2021;
Golledge et al., 2021) are not characterised by retreat inland of the FPAS trunk (Hanna et al., 2024), even if they do incorporate
MICI processes (DeConto et al., 2021).
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Figure 9: Numerical ice-sheet modelling of past and future FPAS retreat. (a) Potential 2300 CE grounding zone position (magenta
line) under RCP8.5 climate forcing from ice-sheet model simulations (Hill et al., 2021) using a high-impact, low-likelihood
combination of input parameters. Present-day BedMachine v4 bed topography (Morlighem et al., 20202025) is shown for reference.
(b) Standard deviation of the percentage ice thickness change across a multi-model ensemble from the Antarctic BUttressing Model
Intercomparison Project (ABUMIP); simulations are run for 500 model-years, with high melt rates applied beneath ice shelves to
force rapid loss and debuttressing (Sun et al., 2020). (¢) Simulated ice thickness under Pliocene conditions (DeConto et al., 2021);
marine ice-sheet instability feedbacks are incorporated, but marine ice-cliff failure physics are switched off. (d) Simulated ice
thickness during the warmth of the Pliocene (DeConto et al., 2021), with marine ice-cliff failure physics switched on. Modelled
grounding zone position in ¢ and d are indicated by the boundary between the grey and thickness-coloured parts of these subplots.
Modern-day grounding -zone position in a-d indicated by black line (Rigretetal;2046Pritchard et al., 2025). Inset map shows extent
of a-d (pink rectangle).

Over shorter timescales, future ice-sheet model simulations suggest that the potential sea-level contribution of the FPAS over
the next 200-500 years is likely to be more limited even than that of other large marine-based catchments elsewhere in the
EAIS (e.g. Aurora, and Wilkes subglacial basins). For example, ice sheet-scale and regional (i.e. Weddell Sea sector) model
experiments (e.g. Wright et al., 2014; Cornford et al., 2015; Ritz et al., 2015; Seroussi et al., 2020; DeConto et al., 2021; Hill
etal., 2021; Johnson et al., 2023; Seroussi et al., 2024; Hill et al., 2024) suggest that the FPAS is unlikely to undergo substantive
grounding-zone retreat over the next 100-300 years (e.g. Figs 9a and 9b). In these models, grounding-zone retreat is
predominantly limited to the FPAS trunk only (i.e. the zone before the Foundation-Patuxent and Academy tributaries become
decoupled). However, model results and projected retreat rates could vary depending on specific model choices, for example
the form of the basal sliding law, and the way in which sub-shelf melt rates are imposed in stand-alone ice sheet models, both

of which are known sources of uncertainty in future projections (Ritz et al., 2015; Seroussi et al., 2020, 2024).
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Future glaciological change may not be fully captured in existing numerical model simulations. The FPAS may evolve
differently because: (i) current numerical ice sheet models are poorly constrained (e.g. Steig et al., 2015; Bradley and Hewitt,
2024); (i) major potential retreat has been simulated for FPAS-adjacent ice streams between 2100-2200 (e.g. Wright et al.,
2014; Cornford et al., 2015; Seroussi et al., 2020; DeConto et al., 2021; Hill et al., 2021); and (iii) thinning of FRIS may reduce
overall buttressing of grounded ice (Reese et al., 2018) impacting the FPAS in unanticipated ways. The potential for the FRIS
cavity to shift from a cold to warm regime, driven by the inflow of warm circumpolar ocean waters on the continental shelf
(Hellmer et al., 2012), may drive the glaciological change to adjacent ice streams (Hill et al., 2024), with uncertain implications
for the FPAS.

FPAS-specific factors may also increase uncertainties in model outputs. First, the steep, prograde basal topography up-ice
from the confluence of Academy Glacier and Foundation-Patuxent Ice Stream in Foundation Trough (Fig. 2) (Huybers et al.,
2017) has been poorly constrained in observations and poorly resolved in some model experiments, particularly those that
simulate the whole ice sheet and are accordingly low-resolution. Secondly, the narrow FPAS trunk (Fig. 2), situated within the
Foundation-Thiel Trough (Jeofry et al., 2018a), results in high lateral shear stresses that may not be fully resolved in lower
resolution numerical models (Jamieson et al., 2012; Gudmundsson, 2013; Mas e Braga et al., 2023). Thirdly, the poorly
constrained potential long-range buttressing effects of Berkner Island (Fiirst et al., 2016; Reese et al., 2018), may not be
characterised in all models (Fig. 1a-b). Finally, many of the existing simulations (e.g. DeConto et al., 2021) were run using
the Bedmap?2 basal topography (Fretwell et al., 2013), which did not include the more recently acquired PolarGAP, Operation
IceBridge, FISS and COLDEX RES data (Paxman et al., 2019; Morlighem et al., 2020; Frémand et al., 2023; Young et al.,
2025) and only coarsely resolved sub-ice shelf bathymetry. Indeed, we note substantive topographic differences between
Bedmap3 and BedMachine for the FPAS catchment (Fig. 3).

In addition to other sources of uncertainty, numerical ice sheet model experiments vary depending on resolution and due to
uncertainties in bed topography. For example, Antarctic-wide warm climate model runs (e.g. for the Pliocene) using 5-20 km
resolution model experiments generate deglaciation into the Pensacola-Pole Basin, whilst model runs at 40 km resolution do
not (Pollard et al., 2015), potentially because the topographic complexity of the FPAS (Fig. 2) is poorly resolved at low
resolution.

Only two FPAS-specific models exist to date. These simulate 2D flowlines up either Foundation Ice Stream (Whitehouse et
al., 2017) or Academy Glacier (Huybers et al., 2017) only, and are therefore naturally limited in diagnostic and prognostic
capabilities. In an ideal scenario, all modelling experiments would be undertaken using the most up-to-date topography at high
resolution, with sub-km adaptive-mesh resolution near the grounding zone (e.g. Hill et al., 2021, 2024) and other regions of
high stress gradients. Recent advances in ice-sheet-wide models have partly addressed this issue, by using fully coupled
atmosphere-ocean-ice approaches with model resolutions of 4-8 km and higher-resolution adaptive grids (e.g. Pelle et al.,
2020; Naughten et al., 2021). Sensitivity studies on the specific FPAS area are required to evaluate and understand which
factors are critical for accurately modelling this system. Such approaches (see Siegert et al., 2020), which have already been
used for modelling experiments in other catchments, can overcome these issues. In particular, such experiments would benefit
from integrating existing and/or new observations and measurements of the FPAS and the offshore ice shelf. As it is more
robust for model grids to be constrained by direct observations of bed topography than interpolated data (see Pritchard et al.,
2025), acquiring new measurements so that bed topography resolution better approximates the resolution of current-generation

numerical models would further help to improve modelling of the FPAS response to change.

5 Future research directions

It is clear that the unique topographic and hydrological characteristics of the FPAS that may enhance its vulnerability to future

climate, glaciological, and oceanographic change (Fig. 10) remain poorly characterised. Here, we outline a series of priorities
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for future glaciological research on the FPAS. These priorities, broadly based on the ‘targets of investigation’ outlined in
Section 2, are organised within three overarching research headings: (1) targeted activities to characterise basal boundary
conditions and dynamic processes of the FPAS; (2) how does the FPAS interact with Support Force Glacier? and (3) what is
the sensitivity of the FPAS to external forcing?
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Figure 10: Visualisation of the Foundation Patuxent Academy System (FPAS), showing its pattern of ice flow, landscape setting,
and subglacial and grounding zone processes. Also shown is the FPAS’s relationship to surrounding outlet glaciers in the Weddell
Sea sector, the Filchner-Ronne Ice Shelf (including the grounded Berkner Island),the Southern Ocean, and major mountain ranges.
Note that the visualisation is not true to scale, with some features exaggerated relative to others for display purposes.

5.1 Targeted activities to characterise basal boundary conditions and dynamic processes

We do not currently know: (i) why the FPAS grounding zone is positioned where it is, and whether the system is ‘in balance’;
(i1) what the current conditions are at the FPAS grounding zone; (iii) what the physical properties of the FPAS ice and
subglacial materials (e.g. rheology, anisotropy etc.) are; and (iv) what the configuration and character of the FPAS’s
hydrological system is.

Addressing these unknowns, essential for evaluating how the FPAS may respond to future climate or oceanographic driven
change (e.g. Hellmer et al., 2012), requires four targeted activities:

(1) Improved characterisation of the basal topography of the FPAS. New airborne geophysical surveys of the FPAS catchment,

deploying innovative approaches such as swath imaging radar (e.g. Holschuh et al., 2020; Hoffman et al., 2023, Carter et al.,
2025), are required to obtain the 10s to 100s of meter resolution required for ice-sheet modelling of grounding zone change
(e.g. Seroussi et al., 2024; Hill et al., 2024) (Fig. 9). There is an urgent need for specific RES surveys of the Academy-Support
Force boundary (Fig. 7) and the Foundation-Patuxent catchment (Figs. 1 and 2) of the FPAS. The design of these new surveys
must prioritise glaciological needs by considering, for example, the survey targets, survey line orientation, height above ice
surface etc. In this regard, we highlight the statement made by the BedMachine consortium - “...we recommend flight tracks
perpendicular to the flow direction to maximize constraints on ice flux, especially upstream of Academy and Support Force
glaciers....” (Morlighem et al., 2020);

(2) Determination of the physical properties of the FPAS bed (any Quaternary-age sediments and the underlying geology) and

how they might influence present and future ice dynamics (Diez et al., 2018). Given the importance of correctly parameterising
basal drag in ice-sheet models (Ritz et al., 2015; Law et al., 2023), the lack of geophysical or direct constraints on bed properties

(e.g. presence or absence of water, soft vs hard bed, bed roughness etc.) and underlying geology, as well as how they spatially
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vary, is a significant gap in our understanding of the FPAS. The priority must be the geophysical characterisation and direct
sampling of the smooth low basal shear stress zones: (i) beneath the FPAS trunk (e.g. sampling upstream of the ~20 km wide
(along-flow) tidally influenced grounding zone, between the hard rock landforms noted by Jeofry et al. (2018a)); (ii) beneath
Patuxent Ice Stream; and (iii) in the low-to-medium roughness parts of the Pensacola-Pole Basin beneath Academy Glacier
(Figs. 2 and 4);

(3) Assessment of how the large-scale and highly active subglacial hydrological system of the FPAS functions, what the

potential sources of basal water draining through Academy Glacier are, and how this water influences FPAS ice flow and
dynamics and grounding zone ice-ocean-meltwater processes (Jordan et al., 2018; Dow et al., 2022; Jeofry et al., 2018a). An

important component of this work is to constrain the basal thermal state (Dawson et al., 2022) of the FPAS catchment. This is
a significant uncertainty at present, although localised geophysical constraints (Hills et al., 2022; Fudge et al., 2023) exist. We
also need, for FPAS: (i) to understand the processes that control hydrologically-driven ice surface change; (ii) monitor and
quantify in high temporal and spatial resolution how water flows in and out of active lakes (Siegfried and Fricker, 2021); and
(iii) determine the impact subglacial lake filling and drainage has both on ice flow (Stearns et al., 2008; Livingstone et al.,
2022) and on grounding zone processes and melt rates (Gourmelen et al., 2025; Horgan et al., 2025; Zhou et al., 2025);

(4) Observations of ice-ocean interaction at the grounding zone. Given the large outflux of water from the FPAS (Jeofry et al.,

2018a) and the site-specific oceanographic conditions we can expect, it is critical that we undertake airborne and detailed in-
situ glaciological and oceanographic observations in the FPAS grounding zone to constrain the subglacial water flux, cavity
geometry, oceanographic circulation and conditions, and the rate of melt (Davis et al., 2023; Schmidt et al., 2023). As the flat
ice surface and bed geometry and high tidal range of the FPAS grounding zone are likely to drive the incursion of seawater
inland of the grounded ice margin, these observations should also focus on characterising how saltwater influx, and its
interaction with subglacial meltwater (Horgan et al., 2025; Zhou et al., 2025) may influence melt rates, the flow of lightly
grounded ice, and the basal hydrological system (Robel et al., 2022; Rignot et al., 2024; Bradley and Hewitt, 2024) of FPAS.
Seawater intrusion could be an important, large-scale process for the FPAS that is likely to change dynamically (Zhou et al.,
2025) in response to any future grounding-zone retreat and/or decoupling of Foundation and Patuxent ice streams from

Academy Glacier.

5.2 How does the FPAS interact with Support Force Glacier?

The upstream boundary of the FPAS catchment intersects numerous ice-stream catchments. This makes it sensitive to, and
potentially capable of influencing, ice-sheet change in other sectors of West and East Antarctica, including FRIS (Pingree et
al., 2011; Steig et al., 2015; Reese et al., 2018; Winter et al., 2018). However, we believe priority should go to the interaction
between FPAS and Support Force Glacier, as their contact (Fig. 7) likely represents the most sensitive boundary of the FPAS
catchment to change.

The pattern of ice flow, the morphology of the ice surface and bed topography, and the configuration of the subglacial
hydrological system (section 4.2) (Figs. 1, 2, 6 and 7) at the Academy-Support Force boundary make it is highly susceptible
to both ice flow-switching (Conway et al., 2002; Dowdeswell et al., 2006; Siegert et al., 2013; Winter et al., 2015; Selley et
al., 2025) and subglacial water piracy (Alley et al., 1994; Vaughan et al., 2008; McCormack et al., 2023). However, the
potential for, evidence of, and glaciological consequences of flow-switching and water piracy across this hundreds-of-
kilometres-long boundary (Fig. 7) have not yet been assessed. Such assessment requires improved determination of the current
geometry of this boundary, the controls on boundary position, and whether the ice sheet records evidence of past changes to
the ice or subglacial water catchments.

Although the contemporary ice flow boundary between these glaciers (Fig. 7a) has been defined from remote sensing-derived
ice flow measurements (Mouginot et al., 2019), there are known limitations to the ice velocity dataset in this area. In addition,

even small changes to ice surface geometry could cause flow direction change over short timescales (Fig. 7a). Improved
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constraints on the contemporary ice flow pattern will likely be realised through forthcoming SAR satellite observations (e.g.
NISAR) that will result in new and improved ice velocity data products.

Characterising what controls the position of the Academy-Support Force margin, and assessment of whether the ice sheet
englacial structure records evidence of past boundary migration, needs new RES data. This will provide improved bed
topography (e.g. Franke et al., 2020; Carter et al., 2025) and the characterisation, analysis and deciphering of englacial layering
and structure across the shear margin (Fig. 7), including ice crystal fabric from polarimetric radar (e.g. Ross et al., 2020; Young
et al., 2021; Jordan et al., 2022; Franke et al., 2022; Gerber et al., 2023; Jansen et al., 2024). These data should be integrated
with ground-based radar (ApRES) and seismic measurements for ice fabric anisotropy (Brisbourne et al., 2019). Before new
data are acquired, analysis of the englacial structure and layers, and ‘radioglaciological artefacts’ (Young et al., 2021) from
existing RES data (e.g. PolarGAP, OiB, SPRI-NSF-TUD etc) should also be performed. These existing datasets have not yet
been used to evaluate the nature and stability of the current position of the Academy-Support Force boundary, and thus the

possibility that it could migrate, or that the ice structure may record past change.

An outstanding uncertainty is whether the subglacial hydrological catchments of Support Force and Academy glaciers align
directly with the ice flow catchments. Current datasets (see Fig. 7) suggest that the ice flow and subglacial water flow
catchments may be non-aligned. For example, some reported ‘Academy Glacier’ active subglacial lakes (i.e. A14 and A16)
could be located beneath Support Force Glacier instead. A similar mismatch between ice flow and hydrological catchments
has been proposed for Pine Island and Thwaites glaciers in West Antarctica (Napoleoni et al., 2020). We need to confirm
whether this is the case for the FPAS, as any model investigation of the potential for future hydrological flow-switching
requires that the current boundaries of the Support Force and Academy hydrological catchments are determined accurately.
Any such offset between ice flow and hydrological catchments poses challenges for running coupled hydrology-ice dynamical

models.

5.3 What is the sensitivity of the FPAS to external forcing?

Five sub-questions arise from considering the sensitivity of the FPAS to changes in external forcing (i.e. oceanographic and/or
atmospheric changes) and internal dynamic feedbacks: (1) Is the FPAS susceptible to future sustained retreat via ocean-driven
melt, and over what timescale(s)? (2) Is the FPAS beginning to show evidence of change, or is it likely to change, on societally
relevant timescales (i.e. next 100-500 years)? (3) Is there evidence for past ice-sheet retreat (or readvance) of the FPAS, and
when did this retreat (or readvance) occur? (4) How might ocean conditions, ice-shelf thickness, hydrology, surface mass
balance (SMB), and grounding zone geometry change over the coming centuries, impacting the FPAS? and (5) Could changes
to other parts of the Antarctic Ice Sheet lead to glaciological change in the FPAS (and vice versa)? Addressing these questions
requires the following strategy:

(1) To determine the susceptibility of the FPAS to sustained retreat via ocean-driven melt in the foreseeable future (i.e. next
100-500 years), high-resolution, adaptive-grid, catchment-scale numerical modelling of the FPAS with up-to-date bed
topography (e.g. Siegert et al., 2020; Hill et al., 2021, 2024) is required (Fig. 9). Similar model simulations have been
performed for the Aurora Subglacial Basin (Sun et al., 2016; Pelle et al., 2020), with model resolutions in those experiments
sufficiently high to capture the narrow, complex, and in places prograde, bed topography of the FPAS trunk up to 200 km up-
ice of the current grounding zone (Huybers et al., 2017) (Figs. 2 and 10). In addition to the ability to model changes to ocean
cavity circulation in a grounding-zone retreat scenario, such experiments will require assessment of the role that the basal
boundary conditions beneath the FPAS (i.e. recent marine sediments vs. older sedimentary basins) (Fig. 4) could play in

controlling ice flow (Diez et al., 2018) and grounding-zone retreat (Ritz et al., 2015), given their role in determining basal
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friction. Improved, FPAS catchment-specific, high-resolution modelling of Last Interglacial and Pliocene scenarios are also
required, as has been performed for the Wilkes and Aurora basins (e.g. Mengel and Levermann, 2014; Aitken et al., 2016);
(2) Determination of FPAS surface change can be achieved through ongoing monitoring and analysis of satellite remote
sensing data. This should especially address whether the FPAS trunk is undergoing surface lowering/flattening, and whether
any change is persistent or the result of short-term changes. Although a low-magnitude surface-lowering signature over the
FPAS trunk may be apparent between ICESat (2003-2009) and ICESat-2 (2019) (Smith et al., 2020a; Stokes et al., 2022), this
could be the result of a short-term fluctuation in SMB rather than pervasive dynamic thinning. Ongoing long-term monitoring
of the FPAS with currently operational satellite altimeters (e.g. ICESat-2, Cryosat-2, Sentinel-3) and those on upcoming
missions (e.g. CRISTAL, NISAR) is required. Accurate interpretation of satellite-measured changes will require additional
ground-truthing and calibration of SMB, as there are currently few field constraints on snow accumulation in the entire FPAS
catchment (Lister and Pratt, 1959; Mayewski et al., 2005; Medley and Thomas, 2019; Noél et al., 2023). Furthermore, SMB
across the FPAS catchment is spatially variable, with higher accumulation rates over the Foundation-Patuxent sub-catchment
than over Academy Glacier (Noél et al., 2023).

(3) To determine the geological retreat history of the FPAS requires geophysical characterisation, recovery and analysis of
subglacial, sub-ice shelf and offshore materials (e.g. Kingslake et al., 2018; Spector et al., 2018; Siegert et al., 2019; Venturelli
et al., 2020, 2023; Boeckmann et al., 2021; Johnson et al., 2022; Balco et al., 2023), and advances in the experimental design,
resolution, input data etc. of ice-sheet models used to reconstruct post-LGM ice evolution (e.g. Whitehouse et al., 2017;
Kingslake et al., 2018; Pittard et al., 2022). These will enable us to assess whether the FPAS underwent grounding-zone retreat
and readvance during the late-Holocene, as has been postulated in the Weddell Sea (Bradley et al., 2015; Kingslake et al.,
2018; Siegert et al., 2019). Sampling of subglacial sediments and bedrock in the Pensacola Mountains has recently been
undertaken, with the goal of addressing this unknown (Braddock et al., 2024; Small et al., 2024). Re-investigation of existing
RES data is required to test the idea that fast ice flow extended to the South Pole region at some point since the LGM (Bingham
et al., 2007; Beem et al., 2018). Existing RES data have not yet been fully explored to test this idea, although the stratigraphy
in PolarGAP data from around the South Pole suggests extensive englacial layer drawdown (Sanderson et al., 2024).
Acquisition of new RES data from airborne and/or ground-based surveys, designed specifically to test this hypothesis, is
needed.

(4) Evaluating how the FPAS will evolve in a future scenario of ocean-warming driven grounding-zone retreat requires direct
multi-year observations and monitoring of ice-ocean-hydrology interactions (Humbert et al., 2022; Freer et al., 2023; Davis et
al., 2023; Schmidt et al., 2023) at, and near, the FPAS grounding zone (Fig. 10). In addition, oceanographic and glaciological
constraints on the wider FRIS and its ice-shelf cavity (e.g. Smith et al., 2020b; Jordan et al., 2020) are required. At present,
numerical models used to project future change are hampered by the lack of observational constraints on ocean circulation,
water properties, cavity geometry and melt rates immediately beyond the FPAS grounding zone, as well as subglacial channel
geometry and temporal activity upstream of the grounded ice margin (Fig. 10). Whilst we can assume that some ocean
processes observed elsewhere in Antarctica (e.g. at Pine Island and Thwaites glaciers (Davis et al., 2023; Schmidt et al., 2023))
are transferable to the FPAS, the site-specific processes occurring at and proximal to the FPAS grounding zone are not well-
known (e.g. in association with the large, tidally driven grounding-zone fluctuations, high subglacial meltwater flux, and cavity
and ocean circulation pattern beneath FRIS). The application of coupled ice-ocean model simulations (e.g. Naughten et al.,
2021), constrained where possible by direct observations, to the FPAS will help to overcome these issues, but will require
improved geophysical characterisation of the ice shelf cavity (e.g. Smith et al., 2020b; Hofstede et al., 2021; Scott et al., 2023).
(5) There are two approaches to identifying whether changes in other parts of the ice sheet can lead to changes in the FPAS,
or vice versa. The first is exploring evidence for past change, either from the ice itself (e.g. Fahnestock et al., 2000; Bingham
et al., 2007; Fudge et al., 2023, Hills et al., 2025) or from the subglacial or offshore sediments and geomorphology that have
been previously deposited and formed by the ice sheet (e.g. Agrios et al., 2021; Smith et al., 2020b). We know from other ice
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sheets (e.g. the palaco Laurentide Ice Sheet) that ice divides can migrate as ice streams thin and change their flow patterns
(and vice-versa) (Margold et al., 2015; Stokes et al., 2016). Numerical simulations exploring how the FPAS catchment may
have evolved since the LGM (e.g. Whitehouse et al., 2017; Lilien et al., 2018), or perhaps over even longer timescales, should
enable us to evaluate the ability of its flow components to change (e.g. for ice stream margins or ice divides to migrate, for
fast flowing ice to slow, or for the ice surface profile to steepen) (Retzlaff and Bentley, 1993; Siegert et al., 2004; Lilien et al.,
2018; Khan et al., 2022; Grinsted et al., 2022). The second approach is to use numerical modelling to explore how the FPAS,
and the adjacent Support Force Glacier, may change in the future, how it has changed in the past, and what factors it is
particularly sensitive to (e.g. changes to ice surface elevation and the routing and nature of basal hydrology). This will enable
us to evaluate how such FPAS-specific changes may impact the ice sheet more widely, or how changes in the rest of the ice
sheet might impact the FPAS (e.g. Livingstone et al., 2013; Steig et al., 2015; Winter et al., 2018). To be meaningful, such
simulations will require improved bed topography (Figs. 1d and 3) and knowledge of the current hydrological system (Figs.
6, 7 and 10), as well as further modern-day observations of SMB (Medley and Thomas, 2019; Lenearts et al., 2019; Studinger
etal., 2020), and more robust projections for how forcings such as SMB (e.g. Noél et al., 2023) and oceanography (e.g. Hellmer

et al., 2012) will evolve over the coming centuries.

6 Conclusions

This state-of-knowledge review of the Foundation-Patuxent-Academy system (FPAS) has assessed what is presently known
about: (i) the influence of subglacial topography and bed conditions on ice flow; (ii) the subglacial hydrological system; (iii)
the LGM-to-present glacial history; and (iv) existing numerical modelling experiments. Our review has identified multiple
‘unknowns’ and potential vulnerabilities to climatic, oceanographic and glaciological change that result from the FPAS’s
unique topographic and hydrological setting (Fig. 10).

The vulnerability of the FPAS to substantive ice mass loss driven by MISI across the Pensacola-Pole Basin (Fig. 9) is
important, yet not well known. The low-gradient, retrograde bed slope of the FPAS (Fig. 2), together with regions of low bed
roughness (Fig. 4), suggest it is certainly possible that future climate and ocean warming-driven forcing could instigate
grounding-zone retreat across the Pensacola-Pole Basin as far inland as the South Pole (Fig. 9). This would drive major change
to both the East and West Antarctic ice sheets. Given the severe glaciological and sea-level implications of such a scenario,
quantifying its likelihood is a priority for investigation.

Existing numerical simulations of the FPAS (Fig. 9) cover a wide range of climate and ocean forcings, timeframes and model
physics, yet have often used now out-of-date bed topography (i.e. BEDMAP or Bedmap2) that differs considerably from the
true topography (Jeofry et al., 2018b), leading to simulations that differ from glaciological reality (Jeofry et al., 2019). Part of
the challenge in modelling the FPAS is that the details of this system (i.e. its specific bed topography, basal hydrology and ice-
ocean interactions across a broad zone of lightly grounded ice) (Fig. 10) are integral to performing robust model simulations
yet remain only loosely characterised and quantified at present. Furthermore, in addition to the FPAS-specific issue of poorly-
known boundary conditions there is the general issue that many small-scale processes are not currently effectively resolved in
continental-scale ice-sheet models running at horizontal resolutions of 10s of km. Critically, we do not yet fully understand
the consequences of any potential grounding-zone retreat along the FPAS trunk, and the likely resulting decoupling of the
Foundation-Patuxent and Academy Glacier grounding zones. Retreat could nearly double the across-flow length of the
grounding zone (Fig. 2), leading to an accordingly larger surface area of the FPAS interacting with the ocean. Continental-
scale models do not effectively resolve the topography of the 50 km-wide FPAS trunk, and we have few constraints on ocean
conditions, ice-shelf cavity geometry, and ice-ocean-hydrological interactions near, and at, the FPAS grounding zone (Fig.
10). It is possible, for example, that retreat and across-flow lengthening of the grounding zone could lead to a reduced role for

seawater intrusion beneath grounded ice (as the surface slope of Academy Glacier would presumably steepen as its bed rises
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over higher inland topography, limiting the range of tidal flexure inland of the grounding lines). This would reduce the melt
rate at the grounding zone, despite an increase in the cross sectional area of ice flow subjected to submarine melt. It is such
complexity and process interplay that need to be better constrained and quantified.

Addressing the unknowns and potential vulnerabilities highlighted in this synthesis will require a dedicated research focus on
the FPAS catchment in the following ways. First, there should be a focus on better exploiting existing and forthcoming datasets
and observations from the FPAS and FRIS, and on exploring ways to improve and enhance ice-sheet modelling of the FPAS
catchment. The goal of this initial phase of research should be to begin an assessment of the questions posed in this review,
enabling the identification of -priorities for future field-oriented data campaigns in the FPAS catchment, and on FRIS, leading
to a second phase of research activity. Because of the remoteness of the FPAS, and the scale of the FPAS catchment, future
field campaigns require a large-scale and multi-national approach, akin to that undertaken for the International Thwaites
Glacier Collaboration (Scambos et al., 2017). The forthcoming International Polar Year (2032-2033) provides an opportunity
to catalyse this research.

Numerical models (Fig. 9) will play an essential role in how we can address the research questions posed here. Comprehensive
and focused high-resolution numerical modelling of the FPAS catchment, and the adjacent Support Force Glacier, is essential
to address the unknowns we have identified, as well as to identify a priority order for the field observations and measurements
we require. This paper has identified an array of possible observational targets (Fig. 10). However, the cost and logistical
constraints associated with fieldwork in the FPAS region means that careful assessment and evaluation of priorities are needed
to effectively undertake the data-constrained modelling necessary to determine how the FPAS has responded, and might
respond, to a warmer world.

As a final point, glaciological change to the FPAS will have knock-on consequences for wider ice sheet modification in both
East and West Antarctica. A catchment-scale, and potentially continent-wide, perspective and approach to ice sheet
geophysical surveying, and modelling, is thus required to better comprehend how the ice sheet is likely to evolve under a

variety of warming scenarios.
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