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Abstract: Ice-stream grounding zones are critical parts of the Antarctic Ice Sheet and we must be able to
model how they retreat with confidence. This is because for most of Antarctica, the grounding-zone
location determines the flux of ice to the ocean. As such, future grounding-zone locations (as the ice-
sheet edge retreats inland) dictate the pattern and rate of ice loss and the associated sea-levelrise. Ice
flow across the grounding zone is opposed by a combination of ice-shelf buttressing if lateral drag or
pinning points are present, and by friction between the ice and its bed - basal drag. While the loss of
buttressing and ocean-forced melting of ice shelves are popular research foci, far less attention is paid
to resistance at the bed. Here, we revisit the treatment of grounding zones in models and argue for a new
approach to basal drag: evolving bed conditions result in highly variable drag that is not captured by
existing sliding laws. We begin by reviewing the complex basal processes operating in grounding zones
over different timescales, such as tides, evolving subglacial hydrology, and sedimentation. Then, to
illustrate the significance of the basal drag term, we run retreat scenarios in the UFEMISM model using
an accepted basal sliding law that only varies in its treatment of subglacial hydrology (via effective
pressure). Appreciable differences in retreat patterns motivate us to consider how modelling grounding
zones may be improved. To reduce uncertainty in ice-loss projections, in tandem with refining ice-shelf
melt parameterisations, careful observations from grounding zones and physically-based basal drag

parameterisations are required.

1. Introduction

Mass loss from the Antarctic Ice Sheets (AIS) has trebled over the last 30 years, contributing to rising sea
level, and potentially triggering a host of additional environmental tipping points (see Kubiszewzki et al.,
2025; Antarctic and Southern Ocean only). Antarctic ice-sheet mass loss results from: (i) the flux of ice
and meltwater across ice-stream grounding zones (GZs) and (ii) the retreat of ice-stream GZs leading to
rapid flotation of previously grounded ice. Marine-based ice, such as in West Antarctica and many East
Antarctic drainage basins, is vulnerable to GZ retreat because the ice sheet sits on a bed that is below
sea level and deepens inland. This means that the further the ice edge retreats, the thicker the ice in the
GZ and the higher the flux of ice to the ocean; in this way, retreat can become self-sustaining (Weertman,
1974; Thomas, 1979; Schoof, 2007; Vaughan & Arthern, 2007). Given this, knowledge of GZ locations and
their retreat behaviour is essential to accurately predict future ice losses and associated contributions
to sea-level rise because the GZ gateway controls the ice flux to the ocean (Schoof, 2007; Rignot, 2023;
Parizek, 2024). However, ice behaviour in GZs is governed by complex interactions between the ice sheet,
its bed, and the ocean which are notoriously difficult to observe because they occur beneath hundreds
of metres of ice and ocean. This scarcity of observations is a real problem when trying to accurately
simulate these complex regions and, therefore, is a barrier to improved predictions of their future retreat.
In the words of Rignot (2023), GZs are “Achilles heel of the entire [Antarctic Ice Sheet] system” because
there is such limited data with which to constrain this three-way boundary between ocean, ice, and bed
in numerical models.

Much Antarctic research over the past decade has focussed on how warm ocean water is
accessing and eroding the undersides of ice shelves in front of GZs, causing them to lose buttressing
strength leading to the loss of upstream ice via ice-stream thinning and acceleration (Pritchard et al.,
2012; Gudmundsson et al., 2013). Recent observations have revealed that the seaward edges of ice-
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streams migrate farther than previously thought on short timescales with tidal forcing (up to 15 km from
high to low tide positions over the course of 6 hours; Mohajerani et al., 2021; Chen et al., 2023); thus,
these edges are not “grounding lines” but “grounding zones”. Hence, we use the term grounding zone (GZ)
in this paper unless describing a previously published grounding line with no width information. It is
suggested that such GZ tidal motion could pump warm, salty water far upstream, melt basal ice, and
ultimately force GZ retreat through the decoupling of ice from the bed (e.g., Milillo et al., 2019, 2022; Gadi
et al., 2023; Rignot et al., 2024; Bradley & Hewitt, 2024). To account for uneven GZ retreat patterns even
along individual GZs, these studies put forward the simple scenario that variable bed topography drives
differences in GZ widths, dictating local retreat rates (Milillo et al., 2019, 2022). The argument is that
ocean water intrudes further inland on retrograde slopes or via subglacial channels, whereas prograde
slopes and high points in the bed block ocean inflows and provide local “pinning points”, stabilising the
ice by reducing flotation. At present, these arguments and follow-on model simulations of the so-called
“melt-geometry feedback” (Bradley & Hewitt, 2024; De Rydt & Naughten, 2024) have little observational
basis and tend to centre on how basal ice-shelf melting might be enhanced, with arguably less attention
paid to processes at the bed that might influence the inferred decoupling (see, for example, Robel et al.,
2022; Parizek, 2024).

However, we know that real GZs are far more complicated than these purely geometric models
suggest. Numerous physical processes operate and interact across a range of timescales to modify the
coupling at these ice-bed-ocean interfaces (Figure 1), a complexity that is fully recognised in recent
forward-look papers (Parizek, 2024; Fricker et al., 2025). For ease of description, we use the collective
term “GZ basal processes” to describe the physical interactions across the GZ. Each basal process
influences the overlying ice dynamics by changing the coupling strength between the ice sheet and its
bed; in other words, interacting basal processes change how ice slips over its bed, and so directly alter
the resistive basal drag (Clarke, 2005). This is critical in ice-stream GZs where basal conditions are highly
changeable (Fricker et al., 2025) meaning that the coupling strength, or basal drag, must also be highly
variable over both space and time.

Let us consider the dynamical force balance for a GZ. The GZ position is determined by the
vertical force balance or flotation criterion. The horizontal evolution of the GZ i.e., where the GZ
repositions to during advance or retreat, is then determined by the flux of ice through the GZ as governed
by the horizontal force balance (Figure 1). Ice-shelf extensional and driving stresses act to move ice to
the ocean but are opposed by drag from the bed and lateral margins (Whillans & Van der Veen, 1997; Tsai
et al., 2015). Lateral drag is explicitly calculated in higher-order models or is parameterised (e.g., Adhikari
& Marshall, 2012) but it is unlikely to vary on distances less than one ice thickness (Schoof, 2002);
buttressing by laterally-confined ice shelves has long been included in models (e.g., Dupont and Alley,
2005; Gudmundsson 2013). However, to accurately “locate” GZs in a model domain also requires
knowledge of the basal drag term and, therefore, of the processes affecting it. GZ basal processes that
are significant for basal drag include (but not are limited to): water ingress and outflow with tides (e.g.,
Horgan et al., 2013; Warburton et al., 2023; Rignot et al., 2024); episodic meltwater and/or groundwater
release (e.g., Carter & Fricker, 2012; Horgan et al., 2025), the (re)configuration of the subglacial
hydrological system (e.g., Schroder et al., 2016); bed geometry, roughness and composition (e.g.,
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Christianson et al., 2016; Hogan et al., 2020); and bed elevation change via isostatic rebound (e.g., Larour
et al., 2019; Book et al., 2022) or sedimentation (e.g., Alley et al., 2007; Bart et al., 2017).

In this paper, we focus on basal drag in Antarctic GZs because this is probably the most poorly
constrained term of the force balance but also the most likely to evolve rapidly (Figure 1). We argue that
GZ basal drag is inadequately represented in current sliding laws. We are specifically motivated by
several research results. First, evidence from the much studied and vulnerable Thwaites Glacier (TG)
indicates that GZ basal drag must have provided a significant backstop to outflow there because the ice
shelf (of which now only the eastern part remains) had already lost much of its buttressing strength even
>10 years ago (Parizek et al., 2013; Milillo et al., 2019; Robel et al., 2022; Schwans et al., 2023). Second,
whilst noting the dependence of GZ retreat simulations on the basal sliding law that is used (cf. Brondex
et al., 2017; Akesson et al., 2021; Hank et al., 2025), multiple studies have also now demonstrated that
GZ basal processes are important controls on retreat, and call for process-based and evolving
parameterisations (e.g., tides: Warburton et al., 2023; subglacial drainage: Hager et al., 2022; bed
rheology: Koellner et al., 2019; drainage and rheology together: Kazmierczak et al., 2024). Third, we
remember an important GZ basal process that acts as a negative feedback on retreat and is currently
missing from models: sedimentation (Alley et al., 2007). There is widespread evidence for more than 100
sediment wedges at past GZ locations around Antarctica that formed at the same time as decades- to
centuries-long stillstands in deglacial ice retreat even in the face of strong regional climatic, ocean, or
sea-level drivers (e.g., o) Cofaigh et al., 2005; Bart et al., 2017, 2018). In the light of such overwhelming
evidence in the geological record, and reinforced by modelling studies (Alley et al., 2007; Christian et al.,
subm.), we are motivated to explore GZ sedimentation further whilst noting its strong connection to the
basal processes that impact basal drag, such as sediment and water transport, and bed roughness (cf.
Alley et al., 2007).

2. Structure & Approach

The goal of this work is to demonstrate that basal drag in Antarctic GZs is a critical but uniquely difficult
problem for ice-sheet models, and to determine how its representation could be improved. We naturally
focus onthe case of ice-stream GZ retreat. In this context, we aim to review Antarctic GZ basal processes,
including sedimentation and wedge-building, drawing evidence from both modern (under the ice) and
palaeo (on the continental shelf) GZ settings. In a second review section, we discuss the challenges
associated with modelling Antarctic GZs and their basal drag. We then perform semi-realistic West
Antarctic retreat simulations (real geometries, prescribed forcing) only varying the way subglacial
hydrology is parameterised, to illustrate the effect of this basal process on retreat. We go on to consider
how we might revise our approach to basal drag across GZs, using parameterised physics models
capable of: (i) representing multiple complex physical interactions; (ii) of ingesting a wide range of
observations; and (iii) of simulating both incredibly short (minutes-hours) and long (centuries-millennia)

timescales. The latter two capabilities at least are currently outside the remit of most ice-sheet models.

3. Linking basal drag, sliding laws, and effective pressure
As this paper attempts to provide a bridge between those observing GZ processes and those modelling

them, we begin with a brief introduction (including definitions) to basal drag, sliding laws, and effective
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pressure as important concepts that we will return to later. For more information, the reader is referred

to the vast scientific literature now available: see, for example Law et al. (2024) for a recent review.

Sliding Law | Key ldea Main Equation Typical Use Reference
Ice-sheet
Power-law sliding m models without Weertman
Weertman up = Cy 1
over hard beds hydrology; hard (1957)
beds
Sliding depends on Glaciers
. . Budd et al.
Budd stress and effective u, = Cgtp' /N1 influenced by (1979)
pressure water pressure
Deformable
Bed shear stress . Iverson et al.
Coulomb L L T, = CN sediments, soft-
limited by friction (1998)
beds
Tp .
Includes lken’s Cou™ Fast flow with
. sUp . Schoof (2005,
Schoof bound induced by = 1 r hydrological
ater-filled cavities 1+ ( Cs ) " u control 2007)
W -
CmaxN b
N up 1/p
Lab-derived sliding =k (ub ¥ u*)
Zoet- 1 Fast flow over Zoet and
over water- . = L.
Iverson . 7, = min |N tan(¢), Cu,* deforming till Iverson (2020)
saturated till.

Table 1: A summary of the basal sliding laws most used in Antarctic ice-sheet models. N = effective
pressure, T, = basal drag; u, = basal ice velocity tangential to the bed; m, g and p, are the Weertman,
Budd and Zoet-lverson slip exponents ; Cy, , Cg, U4, and Cs are the Weertman, Budd, Coulomb and Schoof
friction coefficients; C,,,, is the Iken’s bound, the maximum upslope angle of bed in flow direction; and
u, is a transition speed. C is also known as basal slipperiness in models. All sliding laws listed are used
in ISMIP6 experiments (Seroussi et al., 2024).

Starting simply, to modelice flow we need to prescribe either the basal velocity (of ice), u,, or the
basal drag (at the bed), t,, the resistive force at the base of the ice that opposes its motion, or an
equation, the basal sliding law, that connects the two, if both are unknown. Depending on the processes
parameterised, different theories for the basal sliding law emerge; the main sliding laws used for
Antarctica are summarised in Table 1, with their details in the references provided. For hard beds without
lubrication or cavitation, based on the theory from Weertman (1957), it is assumed that basal drag and a
power of the basal ice velocity are linked by a parameter commonly referred as slipperiness, C or c. In
contrast, for fast-flowing ice that moves over a deformable bed of water-saturated sediments (till), the
most common approach is to use a Coulomb sliding law (lverson et al., 1998; Iverson & lverson 2001). In
this case, basal drag depends on the effective pressure N, which is the difference between ice
overburden pressure and the subglacial water pressure:

N = p; —pw [3.1]
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Forintermediate cases (i.e., mixed bed types), there are sliding laws that combine Weertman and
Coloumb-type flow, referred to as regularized Coulomb sliding laws (Schoof 2005, 2007; Gagliardini et
al. 2007) and lab-derived sliding laws that describe the sliding over deformable beds (Zoet & Iverson,
2020).

It is clear from Table 1 that effective pressure (N hereafter) is an important variable for many
sliding laws. Under an ice sheet, it is the hydrological system that sets the water pressure and, therefore,
N. Itis also known that basal drag is highly sensitive to N (e.g., Budd et al., 1979; Hank et al., 2025). These
are almost canonical statements in glaciology now, but we argue here that N becomes even more critical,
perhaps, in Antarctica’s marine GZs. This is because the upstream hydrological system meets the ocean
at this junction and, as such, water pressure varies in multiple ways across the GZ: (i) with distance
across the GZ (scales of ~10s of kilometers) from nearly hydrostatic ocean values to a complex field in
the inland subglacial hydrological system; (ii) along any given GZ (scales ~10'-10® metres) according to
variable bed composition, topography, and hydrological network; and (iii) across multiple timescales
(~hours to centuries) according to the physical processes mentioned previously, such as tidal flexure,
upstream meltwater release, and sediment deposition or erosion. Practical modelling of these GZs must,
therefore, effectively parameterise an average of this variability in time and space, accepting the
importance of N for basal drag and, in turn, of basal drag for predicting ice-sheet retreat using models.

4. Grounding-zone basal processes
It is commonly stated that GZ basal processes remain poorly constrained due to a paucity of
observations. However, remote-sensing data and geophysical surveys have identified many processes,
occasionally supplemented by point borehole and ROV observations (e.g., Powell et al., 1996;
Christianson et al., 2013, 2016; Horgan et a., 2021, 2025). These “direct observations” are increasingly
being acquired now that the significance of GZs is acknowledged, and new autonomous technologies
enable their exploration (e.g., Schmidt et al., 2023; Calkin et al., 2025; Horgan et al., 2025). Regarding the
distribution of Antarctic observations, the GZ of Whillans Ice Stream (WIS) on the Siple Coast, with its
relatively benign surface conditions and ice-plain setting, is the most comprehensively studied, while
scattered observations exist from a handful of other GZs.

To describe the complexity of real GZs (Figure 1) we take, in turn, the evidence for each basal
process, and consider briefly their summative effect on basal drag by describing their influence on the
bed and basal traction, often in terms of N. The basal processes are:

(i) water ingress and outflow with tides (hourly to fortnightly);

(i) episodic water release and transient evolution of subglacial hydrology (daily to seasonal);
(iii) bed geometry, roughness, and composition (annual to decadal);

(iv) bed elevation change via isostatic rebound and/or sedimentation (annual to centennial).

4.1. Water ingress and outflow with tides. Although the concept of grounding line (GL) tidal migration
has been around for many decades (Doake, 1978; Vaughan, 1995; Alley et al., 2007), the high repeatability
and resolution of satellite datasets today (altimetry and interferometry) allow us to map the inland limit

of ice-shelf flexure on hourly to daily timescales and, therefore, to measure GZ widths (Brunt et al., 2011;
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Rignotetal., 2011). GZwidths range from a few hundred metres to multiple kilometres, and datasets have
now been produced by machine-learning methods (Mohajerani et al., 2021) and released as bespoke
data products, for example see the GL heat map published alongside the new Bedmap3 gridded data
products using combined source data, and automated and manual methods (Pritchard et al., 2025).

High-tide
grounding line
Gr — Low-tide Side drag
o ‘ (;Und]ng zon grounding line (if laterally
Gravitational (1-15 km) e — confined)
driving stress lce shelf
‘ ﬁ-—_______.
3 Extensional
Subglacial stress |
meltwater

,~ "~ 7 Low-ide grounding line

[ ] Bedrock (hard) bed

I:l Sedimentary (soft) bed

- Wetted channel bed
- Subglacial meltwater

Distributed water flow
through sediment

———— Streamlined bedforms
A/ Rough bed (variable scale)

Figure 1: Schematic of an Antarctic grounding zone with the terms of the horizontal force balance. Basal
drag acts againstice flow into the ocean and is affected by multiple interacting basal processes between
the ice, the bed, and the ocean. They include the inflow-outflow of water, the roughness, geometry and
composition of the bed, and the configuration of the local subglacial hydrology network, all of which vary
across both short (hours-days) to long (centuries-millennia) timescales. Buttressing from the floating ice

shelf is provided via side drag, if the ice shelf is laterally confined.

The opening and closing of a GZ cavity necessitates the ingress and outflow of seawater on tidal
(hourly-daily) timescales, but the width of a given GZ depends on the local tidal amplitude, the bed
topography, and the thickness and flexural strength of the overlying ice. The tidally-pumped seawater
mixes with any freshwater emanating from upstream and that produced by local melting, leading authors
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to describe GZs as tidal estuaries (Horgan et al., 2013; Fricker et al., 2025). Given the dynamics of the
flow, it follows that the subglacial water pressure (and hence, N) will also vary with distance across the
GZ on these timescales (Walker et al., 2013; Warburton et al., 2020), and therefore that the net effect of
such water ingress and outflow must also depend on the local tidal forcing, the geometry of the GZ cavity,
the composition of the bed, and the degree of ice melt across the GZ. If ice-shelf melt is occurring in the
GZ, inflowing (warm) ocean water will spend less time in contact with the ice further upstream than at
the low-tide GL position, and can be expected to lose some of its heat as itintrudes, becoming less potent
upstream.

It is not feasible to measure N directly, so we rely on models to test how tidal changes affect
sliding over the bed via time-varying basal drag. For example, Walker et al. (2013) modelled ice-shelf
flexure with the GZ pinned at a stationary point (non-migrating GL) and found that ice stream GZs may
draw water in during rising tides, forcing it further inland when the subglacial pressure gradient switches
back to afalling tide. Changes in water pressure resulting from this “gulping” mechanism would inevitably
change the basal lubrication (i.e., by eitherincreasing or reducing the basal drag) at least locally, although
the authors clearly state that the pervasiveness and form of the change depends on the detailed structure
of the hydrological system and composition of the bed. More recently, Warburton et al. (2020) considered
the case of an unpinned GZ that migrates over the tidal cycle. Their model incorporated higher resistance
to water flow inversely proportional to the distance between the ice and the bed, and hence the GZ moves
rapidly during the rising tide with water draining slowly from the GZ during the falling tide. This remnant
water lubricates the GZ, lowering the basal drag. Further modelling of water flow in GZ cavities has
returned a wide range in possible seawater intrusion distances (up to several kilometres) but these
studies caution that the form and extent of such intrusions are highly dependent on the geometry of the
bed and of the ice base, as well as bed composition, and that all of these GZ basal characteristics require
further constraint by observations (Wilson et al., 2020; Robel et al., 2022; Mamer et al., 2025).

4.2 Episodic water release and the subglacial hydrological system. Enhanced subglacial water flow
across any GZ will alter the lubrication or slipperiness of the bed depending on the configuration of the
hydrological system. Efficient drainage in channels reduces water content at the bed and increases basal
drag, whereas inefficient drainage through till, typically represented with porous Darcian flow, provides
lubrication and reduces basal drag (Clarke, 2005). We know from the recent satellite record that “active”
subglacial lakes under Antarctic ice streams have drain-and-fill cycles on ~annual to multi-decadal
timescales (Malcyzk et al., 2020; Wilson et al., 2025). However, we do not yet know whether or how this
water propagates downstream and across the GZ, although hydrology models predict this propagation,
and there are observations of correlated ice speed-up events at the GZ (e.g., Carter & Fricker, 2012; Miles
et al., 2018; Gourmelen et al., 2025). As a counterpoint, a recent study at WIS showed that drainage of a
subglacial lake and subsequent retreat of the GZ nearby were unrelated events (Freer et al., 2024). On
longer timescales (centuries-millennia) and based on extensive channel networks eroded into hard
bedrock, subglacial lakes under ice streams during the Last Glacial Maximum and deglaciation have
been predicted to fill (and so potentially drain) on predominantly multi-year to centennial timescales (<1-
2600 years) but with considerably higher peak water fluxes (500 m® s” versus 10 000 m® s™; Wingham et
al., 2006; Hogan et al., 2023). These high peak fluxes are required to erode crystalline bedrock and can
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be achieved if subglacial lakes drain in a cascading way through connected networks along ice-stream
pathways (Kirkham et al., 2019; Hogan et al., 2023). Presumably, the water is eventually expelled at GZs
at the ice-sheet margin.

Despite these differences in the frequency and flux of episodic water release, there is certainly
convincing observational evidence of large (up to 100s m wide and high) subglacial R-channels (eroded
up into the ice) crossing modern ice-sheet GZs, and persisting year-on-year and for 100s of kilometres
upstream (Le Brocq et al., 2013; Alley et al., 2016; Drews et al., 2017; Hofstede et al., 2020; Dow et al.,
2022). Models suggest that subglacial drainage through such GZ channels enhances ice-shelf basal
melting, especially when a buoyant plume forms (Nakayama et al., 2021; Gwyther et al., 2023; Cheng et
al., 2024), a process that is now widely accepted (Parizek, 2024) and recently backed-up by observations
(Whiteford et al., 2022). Large, episodic drainage events such as those modelled during the last
deglaciation must also have the potential to flush out the GZ cavity, temporarily overwhelming the
hydrological system and reducing basal drag. Furthermore, such “floods” could mobilise sediments
across the GZ (e.g., McMullen et al., 2006; Simkins et al., 2018) or even erode channels into bedrock (see
calculations and discussions in Kirkham et al., 2019 and Hogan et al., 2023), vastly changing the local
bed conditions in terms of bed composition, roughness, and water content. As such, these temporary
flood events may even “reset” GZ basal conditions on a semi-regular, albeit longer-timescale, basis.

Deep groundwater is another less well understood component of the subglacial water budget
under ice streams (see Siegert et al., 2018 for a review). The development, and increasing deployment,
of electro-magnetic (EM) instruments alongside seismic methods at Antarctic ice streams is revealing
the distribution of groundwater in regional sedimentary basins, as well as potential movements between
this bedrock and the subglacial till that lubricates fast ice flow. In GZs, the interest is in how groundwater
interacts with seawater and such EM methods may be used to confirm how far inland low resistivity
seawater pervades on, for example, tidal timescales (Key & Siegfried, 2017). One combined EM and
seismic survey at WIS has delineated a 1-km thick sedimentary unit beneath the GZ containing significant
groundwater that is salt stratified (i.e., freshest at the top and increasingly saline with depth; Gustafson
et al., 2022). The authors speculated that the deep saline porewaters may have been trapped in
subsurface sediments during a phase of Holocene retreat or were left over from the original deposition
of the marine sediments. Freshening of the uppermost sediment porewaters was interpreted as
infiltration of meltwater from the ice base, through subglacial till, and into lithified sediments suggesting
connection between the “shallow” (meltwater plus till) and “deep” (groundwater) hydrological system.

The effect of groundwater on GZ basal drag is not yet known as only a few studies exist (e.g.,
Cairns et al., 2025). However, it presumably depends on the composition and structure of the bed, and
the dynamics and timing of previous ice advances, and of current ice retreat. Ice-stream thinning close
to a retreating GZ would reduce the load on the bed and could enhance water drawdown (fresh melt or
saline ocean or a mixture) akin to a sponge under pressure sucking up water when compression is
released. Such a feedback would, in theory, enhance lubrication at the bed. Again, the exact effect on
basal drag would likely depend on the distribution and thickness of subglacial sediments, the rate of
infiltration (related to retreat dynamics), and the geometry of the GZ cavity and ice base.

4.3 Bed geometry, roughness and composition. Variability in GZ bed geometry occurs across a range

of spatial scales, from kilometre-scale embayments and topographic highs on the bed to metre-
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decimetre scale roughness that changes with bed composition (most often categorised as hard, soft or
mixed bed types under Antarctica) and the occurrence of subglacial landforms or geological structures
(see Alley et al., (2021) for a recent discussion). At broad multi-kilometre scales, the geometry of
Antarctic GZ beds vary from near-flat, often smooth beds in ice-plain settings such as in WIS
(Christianson et al., 2016), to rough beds with bedrock ridges lying perpendicular to ice flow such as at
TG (Figure 2a, 2c) (Holt et al., 2006; Jordan et al., 2023). Flatter beds tend to be composed of sediment
and thus are inherently smoother and prone to low basal drag and fast sliding (Arthern et al., 2015).
However, as noted previously, a flat or inland-deepening bed (on kilometre-scales) both increases the
degree of tidal exchange and basal ice melt by vigorous water flows (e.g., Milillo et al., 2019, 2022) and
increases the ice thickness and ice flux during GZ retreat. This set-up acts to reduce basal drag as ice
decouples from the bed. In contrast, beds that shallow inland across the GZ will have decreasing GZ
thickness during retreat, reduced tidal exchange, and will tend to promote a stable GZ position as the ice
flux lessens as the GZ retreats, and the likelihood of flotation decreases (Vaughan & Arthern, 2007; Alley
et al., 2007). Observations show that some flat or inland-deepening Antarctic GZs have pronounced high
points within their GZs that appear to have a stabilising effect on the GZ position (accepting that stability
can also be dictated by ice-shelf side drag, see Figure 1). This is the case for the GZ of Institute Ice Stream
where airborne radar has revealed a 100-m high “bump” in the overall bed thought to be a stabilising
influence (Siegert et al., 2016). Similarly, at WIS, the GZ is pinned at a pronounced ~30 m high pinning
point which the GZ wraps around (see the “peninsula area” in Figure 2b).

An example of a rough-bedded GZ pinned on a bedrock sill is the Thwaites GZ. Mapping shows it
has a highly sinuous form that is largely governed by km-scale highs and lows on the bed (Figure 2a)
(Rignot et al., 2014, and see Figure 1B in Milillo et al., 2019). The sinuosity has increased over time as the
GZ has retreated further within the topographic lows or embayments. As well as raising the ice out of the
water, high points in the bed are probably characterised by small-scale (m to 100s of m) roughness as
they typically comprise bedrock. Thus, topographic highs are associated with slower sliding over the bed
(Arthern etal., 2015; Hogan et al., 2020; Alley et al., 2021). Recent progress in how we translate measured
3D bed roughness on metre-scales (10s to 100s of m) into form drag, or resistance to ice motion (see
Hogan et al., 2020 and Hofmann et al., 2022, after Schoof, 2002), confirms that the roughest regions of
the bed (i.e., geological structures or subglacial landforms) do indeed provide the most resistance to
flow. However, the effect of finer-scale roughness on metre to sub-metre scales is not yet resolved. This
could be a controlling factor on basal drag if the relationship between the frequency of bed topography
and form drag holds for these smaller scales (Hogan et al., 2020; Hoffman et al., 2022). Of note, perhaps,
is another conclusion of Hoffman et al. (2022), that fine-scale bed roughness around a subglacial lake
appeared to be more important to local basal drag than changes in N associated with a lake drainage
event. This means that, at least sometimes, bed roughness may dominate the basal drag budget over
changes in N, a point that is highly relevant for GZs which experience changes in both roughness and N

across a range of length- and time-scales.
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Figure 2: Some bed characteristics of two modern marine grounding zones. The mapped grounding lines
and bed topography from (a) Thwaites Glacier (TG), and (b) Whillans Ice Stream (WIS). (c) Surface and
bed profiles for two flowlines (derived from BedMap3 and labelled in (a)) from TG and WIS showing the
rough bed at TG, known for its mixed bed type, and the very smooth bed at WIS in its ice-plain setting. The
GZ of TG which is known to have high basal drag has evolved to be more sinuous over time on scales of a
few kilometers with faster retreat within small embayments adjacent to topographic highs. Bed
topography and profiles are from Bedmap3 (Pritchard et al., 2025). (d) Line drawing of a seismic-reflection
profile with depths (calculated from velocities in ice) from Horgan et al. (2021) across the WIS GZ

(location in (b)) showing prograding sediment units upon which the GZ is effectively pinned.

4.4 Bed deformation via GIA and sedimentation. Both glacio-isostatic adjustment (GIA) in response to
ice mass loss and active sedimentation in ice-shelf cavities have the potential to raise bed elevations in
Antarctic GZs (as well as in upstream areas for GIA). By reducing the degree of flotation or increasing the
height (of ice) above hydrostatic equilibrium these processes can forestall GZ retreat (Pattyn and
Morlighem, 2020). However, the two processes operate on different timescales. Simulations including
GIA confirm that this process slows ice-sheet decay on centennial timescales (Larour et al., 2019),
whereas it is not yet clear how important the more immediate elastic GIA response over ~decades is. In
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contrast, our understanding of sedimentation at ice-sheet GZs from the palaeo-geological record is that
thick wedges of sediments (10s to 100s m thick) can build-up on timescales of decades to centuries
during phases of sustained GZ retreat (Dowdeswell & Fugelli, 2012; see also Section 4.5). Growth of these
grounding-zone wedges (GZWs) can enable an ice-stream GZ to remain stationary at that location, or
even cause small readvances, while the ice above the GZ is gradually thinning for several centuries to
millennia as long as the high sediment flux continues (Bart et al., 2017).

Spatially, it is notable that the more vulnerable West Antarctic Ice Sheet (WAIS) is underlain by a
weak Earth structure (low-viscosity asthenosphere, thin lithosphere) and so experiences faster and more
localised GIA uplift than other regions (Barletta et al., 2018). Those authors found that even if they simply
maintained present-day ice-thinning rates and did not increase them, the GZ of Pine Island Glacier would
rise up by 8 min 100 years. Thus, GIA could be an effective mechanism for slowing GZ retreat on decadal
timescales at least in some parts of Antarctica. For GZ sedimentation to rapidly build an effective wedge
(i.e., spatially-extensive and raises the bed fast enough to counterace ice-shelf melt forcing) requires a
ready source of sedimentary material from upstream. Antarctic ice streams are associated with flow over
soft tills via sediment deformation (Kamb, 2001) ergo sediments should be available to move to ice-
stream GZs. A recent map of Antarctic sedimentary basins, compiled from geophysical datasets and ML
methods (Aitken et al., 2024), revealed that many ice streams are indeed underlain by sedimentary
basins in their lower catchments providing a ready supply of erodible sediments to GZs (e.g., Siple Coast
ice streams; Institute, Academy, Support Force in the Weddell Sea area; and Jutulstraumen, Ragnhild
and Cook in East Antarctica). The authors go on to confirm that even ice streams that have eroded
through older marine sediments in their lower catchments, and so flow over hard or mixed bed types (e.g.,
Pine Island, Thwaites, Recovery, Slessor, Lambert, Mellow, Denman, Scott, Totten), still rest on some
thickness of unlithified till at the bed, as indicated by low basal drag that extends far upstream. This
suggests that sediment supply is probably not a limiting factor on GZW build-up for most Antarctic ice
streams.

The simple occurrence or redistribution of sediments in a GZ, or changes in the sediment
properties, will alter basal drag locally (Whillans & Van der Veen, 1993; Alley et al., 2007; Iverson et al.,
2010). Stiffer tills increase drag, weaker tills will reduce it. An easy analogue for spatially and temporally
variable basal drag resulting from dynamic sediment changes are, perhaps, ice-stream sticky spots
located at patches of “stiffer” till, and common under the Siple Coast ice streams (e.g., Stokes et al.,
2007; Leeman et al., 2016). At WIS, sediments just inland of its GZ are compacted and dewatered by ice-
sheet flexure (Christianson et al., 2016; Hofstede et al., 2021; Horgan et al., 2021) and increase the basal
drag (Walker et al., 2013). This mechanism probably stabilises the WIS GZ in the absence of positive
topography along most of its GZ (Figure 2b). Furthermore, seismic stratigraphy in one embayment indicates
that, despite limited accommodation space, prograding sedimentation—the outward growth of sediment
layers into the basin—is likely occurring. This is shown by the downlap and toplap of reflections on seismic
profiles just below the ice base (Figure 2d; Horgan et al., 2021). Beneath these prograding units, chaotic
reflections are interpreted as subglacial tills, the deposition of which may have locally enhanced drag
and promoted the initial pause of GZ retreat at this location. A step in the seafloor bathymetry here is

interpreted as the active front of a sedimentary lobe, although there is no evidence of a high-profile (10s-
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100s m high) sediment wedge having accumulated. This recent or ongoing sedimentation is interpreted
as the direct cause of observed ephemeral grounding in the embayment (Horgan et al., 2021).

Moving to the Weddell Sea sector, at the Support Force GZ, downstream of a basal channel,
Hofstede et al. (2021) observed a 200-m thick sedimentary deposit 6.75 km long and 3.2 km wide on
seismic reflection profiles. Weakly-stratified internal reflections, some dipping seawards, led the authors
to interpret the deposit as a grounding-line fan (cf. Powell, 1990; Dowdeswell et al., 2015). Such fans form
as subglacial material is extruded from the meltwater channel and deposited on the seafloor by gravity
flows. In another example, actively evolving, large eskers (sediment ridges, ~250 m high, sedimentation
rates 1.4 m a™ over 175 years) found in subglacial channels in the GZ of West Ragnhild ice stream (Roi
Baudouin Ice Shelf, East Antarctica; Drews et al., 2017) are strong evidence for: (i) water flow through
such channels transporting sediment to GZs (Horgan et al., 2013); and (ii) sedimentation changing the
GZ geometry on decadal timescales. Such observations of active sedimentation at modern GZs
demonstrate that the composition, geometry, and therefore basal drag, of GZs must evolve as the
sediment distribution evolves. We go on to consider the geological record of grounding-zone wedges

(GZW) separately below.

4.5 Grounding-zone wedges - an understudied negative retreat feedback? Almost 30 years of work on
sedimentary GZWs has shown a strong association of sediment build-up with long stillstands (decades
to millennia) of individual ice-stream GZs (e.g., Anderson, 1999; o) Cofaigh et al., 2005; Dowdeswell &
Fugelli, 2012; Bart et al., 2017, 2018). Modelling experiments confirm that, once initiated, GZW build-up
extends slowdowns in retreat into sustained stillstands (Alley et al., 2007; Christian et al., subm.).
Despite these results, GZ sedimentation - or put another way, bed geometry evolution - is not included in
ice-sheet models in any form. This is contrary to the attention now being paid to the ice-shelf geometry
feedback (cf. Bradley & Hewitt, 2024; De Rydt & Naughten, 2025). As mentioned above, and despite a
growing body of observational evidence, questions persist about the processes and rates of sediment
transport to and deposition across modern GZs, ultimately leading to the question: can GZWs be built
around Antarctica today and provide a negative feedback to ongoing rapid retreat? A major hurdle to this
idea seems to be the discrepancy between high palaeo-sediment fluxes (to GZWSs) versus the subglacial
flux estimates for the present-day ice sheet. Here, we attempt to clarify these issues by providing a
selective review of GZWs, linking ideas from recent research and our own thinking.

GZWs are asymmetric wedges of heterogeneous subglacial till and sediment gravity flows that
extend across ice-stream pathways. More than 100 examples have now been described from 22 glacial
troughs around Antarctica (Figure 3) (n = 103; Batchelor & Dowdeswell (2015) and updated by us). GZW
geometries are strikingly similar: wedges are <15 km long (along ice-flow), 10-100 m thick, have upstream
slopes of 0.01-1°, and downstream slopes of 1-10°. Due to their angular similarity, the low upstream
slopes are assumed to reflect the base of low-angled ice shelves with sedimentation occurring in limited
accommodation space (Dowdeswell & Fugelli, 2012). Although neither proven nor disproven by a recent
modelling study (Christian et al., subm.), we reiterate the observation that no GZWs are reported from
the seafloor adjacent to the many tidewater glaciers found across the Arctic (although moraine ridges
have formed) suggesting that ice shelves are indeed necessary to produce GZWs. In fact, the
development of sedimentary bodies with “GZW” geometries at GZs beneath ice shelves was
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hypothesised by Alley et al. (1986, 1987, 1989) before any such deposits had been identified.
Nevertheless, when paired with well-dated sedimentary records, GZWs have been shown to mark former
GZ and ice-shelf locations, produced during stillstands lasting ~a few decades to 1-2 millennia (e.g., O
Cofaigh et al., 2005; Bart et al., 2017, 2018; Roseby et al., 2022). The paucity of examples from East
Antarctica (see Figure 3) is due to a lack of seafloor datain these areas rather than the absence of wedges,
and we assume that the scarcity of observations from modern GZs is at least partly responsible for the
lack of “modern” wedges. For now, we know of two GZWs reported from modern GZs at WIS and TG,
respectively (Figure 3) (Anandakrishnan et al., 2007; Schmidt et al., 2023).

Ice velocity (m/yr)

0 3500 &7
Water depth (m)  ¢=#

4000

Figure 3: Antarctic ice velocities (MEaSUREs V2; Rignot et al., 2017) showing the fast-flowing ice streams
that terminate in marine grounding zones and the sedimentary grounding-zone wedges (GZWs; green
crosses) found around Antarctica. Dark green crosses are GZWSs observed at present-day grounding
zones. Labels locate the ice streams discussed in the text; B is the Bungenstock Ice Rise; drainage basins
are derived from Bedmap3 (Pritchard et al., 2025); bathymetry is from IBCSO V2 (Dorschel et al., 2022);
wedge locations are from Batchelor & Dowdeswell (2015) and updated by us.

Multibeam bathymetry and seismic profiles that image seafloor GZWs elucidate the physical
processes associated with their formation. Internal reflections dipping down to the seaward toe of the
wedge (e.g., Blakenship et al. 1989; Larter & Vanneste, 1995; O’Brien et al., 1999; Dowdeswell and Fugelli,
2012; Bart et al., 2017) plus surface features of down-slope sediment movement (e.g., Bjarnadottir et al.,
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2013) provide compelling evidence for sediment deposition by gravity flows on wedge fronts. The
mechanism of sediment build-up is shown in Figure 4. Once accumulation begins, sediment builds
upwards and in a seaward direction at the same time, meaning that as individual subglacial till units are
emplaced, the GZW can also prograde forwards over sediments that have been redeposited from the
gravity flows. Subaqueous down-slope flows are known to occur on extremely low slopes (<2°), often
attributed to rapid accumulation rates and high excess pore water pressures (e.g., Urlaub et al., 2015),
thus providing an explanation for the low frontal angles of GZWs. The result of this pattern of build-up,
during phases of sea-level rise, is that the GZ front migrates (advances) in a seaward direction while its
surface may grow higher as the wedge develops (Figure 4). Other important observations from GZWs are
the identification of v-shaped channels within some GZWs, or on their surfaces, that are 100s to 1000s
of metres wide and 10s of metres deep (McMullen et al., 2006; Dowdeswell & Fugelli, 2012). The incised
channels are not topographically controlled so are interpreted to be the result of high-pressure meltwater

flow within subglacial channels across these former GZs.
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Figure 4: Schematic model of grounding-zone wedge (GZW) formation during a period of sea-level rise.
Sediment transport under the ice can occur either by sediments moved in a deforming layer or by material
entrained into basal ice. No matter the transport mechanism the internal structure of GZWs, known from
seismic profiles, identifies that they form by sediment being delivered to a seed location and then the
wedge builds upwards and seawards with each time-step thereafter (i.e., moving from t1 to t5). Although
some GZWs have seed locations associated with a topographic feature (either a bump in the bed or a
narrowing of the glacial trough), many do not; in B&D (2015) only 18% of the GZWs are associated with a
topographic feature on the bed.
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We turn to the discrepancy between modern and palaeo subglacial sediment fluxes. Fluxes under
the modern ice sheet (~10s of m®m™a™; units are cubic metres per metre of ice-stream width per year)
are inferred from indirect observations of sediment content and its fabric (inice) , from boreholes, and by
making assumptions based on glaciological theory. In contrast, fluxes in the palaeo record (~103-10°
m®m™a™) are calculated from the volume of GZWSs or other ice-marginal deposits plus well-dated ice-
retreat histories to constrain the period of deposition. We compile the available estimates for all
subglacial sediment fluxes in Table 2, stating the method by which the flux was calculated. We note that
modern fluxes are often calculated from locations upstream of GZs and may not necessarily be indicative
of sediment extrusion at the GZ. Most modelling papers to date have used the low modern flux rates in
their calculations, which has resulted in estimations of long build times for GZWs. For example,
experiments in Christian et al. (subm.) took 2000 years to build a relatively small wedge (10-20 m thick).

We can use the best known and largest Antarctic GZW discovered to date to further explore the
sediment flux conundrum. The Whales Deep GZW (~90 km wide, >100 m high; total volume: 5.34 x 1011
m?, Bart & Tulaczyk, 2020) is a composite wedge with at least seven stacked units (equivalent to seven
phases of deposition) laid down on top of each other at a former GZ of the palaeo-Bindschandler Ice
Stream (BIS) during deglaciation (Bart & Owolana, 2012; Bart & Cone, 2012; Bart et al., 2017, 2018; Bart
& Tulacyzk, 2020). Comprehensive geophysical surveying, sediment coring and radiocarbon dating of the
wedge shows that it formed over a period of ~2300 years, straddling a period of significantice-shelf break
up. This isimportant because the wedge continued to build, and the GZ remained stable at that location,
for ~1000 years after the ice-shelf collapse (Bart et al., 2017). Such a pattern of stability without an ice
shelf is somewhat contrary to the current paradigm that the loss of ice-shelf buttressing is the dominant
control on ice-stream retreat (e.g., Gudmundsson, 2013; Rignot, 2024).

Sediment flux, Q A
Ice stream Evidence / Methodology Reference
(m*m7a")
Palaeo- 4.7 x 108 (max.) GZW volume + deglacial Bart & Tulacyzk (2020) +
Bindschadler IS 1.7 x 108 (av.) chronology (marine) references therein
Palaeo- TMF volume + deglacial
. 100-800 . Dowdeswell et al. (2004)
Marguerite IS chronology (marine)
Continental shelf basin volume +
Palaeo- . .
1030-2300 deglacial chronology (terrestrial + | Hogan et al. (2012)
Jakobshavn .
marine)
Palaeo- GZW volume + deglacial
1080-1420 Hogan et al. (2020)
Petermann chronology
Palaeo- . . .
. TMF volume + deglacial Nygard, 2003; Nygard et
Norwegian 6000-11000 .
chronology (marine) al., 2007
Channel IS
X Weak magnetic fabric, sediment
Subglacial Lake .
. <40 cores; assumed ice speed, plug Hodson et al. (2016)
Whillans .
flow, 10 cm of deformation.
A Extrapolation from water flux and
Whillans IS ~10 . Alley et al. (1989)
channelised flow
A Extrapolation from 1 x tethered
Whillans IS <88 . . Tulacyzk et al. (2001)
stake + glaciological theory
Laboratory* 0.11.5 Ring-shear experiments Hansen & Zoet (2022)
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Table 2: Inferred subglacial sediment fluxes under ice streams from both palaeo and modern GZ settings.
Few well-constrained examples exist, and we include results from laboratory experiments (*) that aim to
reproduce subglacial sediment transport to highlight the discrepancy between calculated fluxes from

real and laboratory settings in addition to modern versus palaeo estimates.

The average sediment flux for the Whales Deep GZW is 1700 m® m™ a™, although one phase of
deposition returns a flux of 4700 m®* m” a™ indicating that not only are the sediment fluxes in the palaeo-
record much higher than modern estimates, but they may also be highly variable over time. Damsgaard
et al. (2020) addressed this problem using a granular mechanical model, explaining the high palaeo-
fluxes as the product of transient deepening of the “slip depth” (or shear deformation), driven by monthly-
to-decadal variations in N (equivalent to the subglacial hydrology). Many other mechanisms have been
proposed for variable slip depths in subglacial tills, based on both field work (not GZWs) and laboratory
experiments (see Hansen & Zoet, 2022 for a recent discussion). However, we suggest that a promising
option for understanding GZ sedimentation, and the potential for wedges to interrupt rapid GZ retreat, is
to look more closely at the detailed record of sedimentation and water flow contained within the
sedimentary layers of GZWs. To our knowledge no one has completed a detailed (gridded) seismic survey
over a GZW, nor cored or drilled through a wedge with only surface cores having been recovered (e.g.,
Hanebuth et al., 2014).

5. Basal sliding and model uncertainty in grounding zones

We turn now from basal processes to how GZs are defined in models. GZs of marine ice sheets are unique
problems because: (i) they have narrow geometries, which migrate; and (ii) they are subject to complex
processes at their ice-bed-ocean interfaces, which evolve and, in turn, control their location. We
consider each of these issues in turn.

At the scale of the ice sheet, a marine GZ represents a discontinuous transition from grounded to
floating ice or, in other words, from some degree of ice-bed coupling (as determined by the basal drag
term) to decoupling from the bed (zero basal drag). However, because of the discrete nature of numerical
models, the traditional approach to representing a GZ is to treat it as a grounding line. This requires a
transition from grounded to floating ice from one grid cell to the next and produces a discontinuous and
sharp transition that is difficult to solve numerically. The grid resolution is therefore a key factor for
accurately simulating GZ motion (Vieli & Payne, 2005; Leguy et al., 2014, 2021; Seroussi & Morlighem,
2018), and resolutions down to ~100 m are required for 1D Schoof-type models (Gladstone et al., 2010;
Pattyn et al., 2012). However, this type of treatment has been shown to be less appropriate in cases where
ice-shelf buttressing is significant (Reese et al., 2018), as is the case for many Antarctic ice streams at
present. To solve such a problem, some models employ parameterisations that are able to treat the
transition of basal drag within a grid cell in a continuous way should the “grounding line” lie within that
cell. In other words, the basal drag term decreases smoothly to zero at the grounding line allowing for
coarser resolution across the GZ (Leguy et al., 2021; Berends et al., 2025). Such ice-sheet models are
often built on a model for subglacial hydrology that assumes a good connectivity between the
hydrological system under grounded ice and the ocean under the ice shelf, i.e., they assume that water
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pressure equals ice overburden pressure at the grounding line. In this continuous situation, resolutions
of ~1 km have been shown to be sufficient when GZ connectivity to the ocean is good, or ~2 km when
connectivity is low to moderate, at least for idealised model domains (Leguy et al., 2014, 2021).

As summarised by Leguy et al. (2021), several modelling techniques have been developed to
address the GZ resolution issue, including grounding-line parametrisations (GLPs; e.g., Gladstone et al.,
2010; Seroussi et al., 2014) and adaptive mesh refinement (AMR; Cornford et al., 2013). The former allows
for sub-grid scale variations in the basal drag term proportional to the fraction of the cell thatis grounded.
Inturn, AMR s able to increase grid resolution around the GZ domain, and in some models this increased
resolution follows the GZ as it moves, maintaining higher resolution across the GZ and coarser resolution
elsewhere. This prevents excessively high computational costs (Cornford et al., 2013). Still, models that
employ AMR alone might still require spatial resolutions of ~1 km at the GZ, even when including higher-
order stresses (Cornford et al., 2016; Cheng & Lotstedt, 2020). For this reason, ice-sheet models might
seek to employ both GLPs and AMR, since they are not mutually exclusive and can be used in
combination (e.g., Berends et al., 2025).

Accepting that both the model set-up and resolution at the GZ are critical for accurate model
simulations (Leguy et al., 2021), we return to our second issue: the complexity of physical processes at
the ice-bed-ocean boundary (Figure 1). In models, the basal sliding law chosen dictates the degree of
drag at the base of the ice, so this law effectively encapsulates the variety of physical processes that
contribute to the degree of coupling between the ice and its bed, i.e., the basal drag term (Table 1; Figure
1). These include (but are not limited to): deformation of subglacial sediments, ice flow over rigid
obstacles (via ice deformation and sliding), and the configuration of the subglacial hydrological system
including cavities and channels (see Section 4). It is standard for the current generation of models to
define a basal slipperiness field, C(x,y) (x and y are the horizontal Cartesian coordinates), that relates
basal drag and sliding speed through the chosen sliding law. The distribution of C is then adjusted to
match either present-day surface velocities (keeping the present-day ice-geometry constant), or to
match the ice geometry under present-day forcings. Thus, all the physical processes that dictate basal
sliding in the model are hidden in the spatial distribution of C, and their temporal evolution may not be
captured (see explanation in Brondex et al., 2017).

There is an extra complexity in that each sliding law employs C differently, and often as a function
of more than one variable (Table 1). In such cases, the “tuned” parameter might be one of the variables
controlling C with the remaining variables kept constant. This means that different assumptions for the
remaining variables can result in different values for the tuned variable. As such, even models using the
same sliding law can produce different results. Nevertheless, comparisons between models and across
sliding laws have shown that the resulting basal sliding coefficient C can be used interchangeably
(Barnes et al., 2021). This further complicates the problem of understanding which is the best estimate
for uncertain model parameters that represent processes affecting basal sliding (e.g., bed roughness,
subglacial hydrology, sedimentation), as there is no unique solution to the problem.

We highlight that, for the most part, the initial basal friction field as calculated in models either
does not evolve or only varies with changes in N (for sliding laws that include this dependence, Table 1).
To our knowledge, there are few exceptions to this statement. In one example, a Greenland study scaled
basal sliding (but not the sliding coefficients) with basal temperatures in addition to including N in the
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sliding law (Cuzzone et al., 2019). Another palaeo-timescale study (last 40 Ma) modelled sediment
transport under Antarctica and related basal sliding to the evolving distribution of sediments (Pollard and
De Conto, 2020). For most shorter-timescale and predictive models, however, basal sliding only evolves
with changes to effective pressure if this term is included in the sliding law. In other words, basal sliding
as it is currently modelled, does not change due to any physical or geometrical changes at the bed
involving bed roughness, bed composition, or sediment distribution. Furthermore, there are limited
cases where time-evolving changes in N are fed back into the sliding law; so far, this has required either
a fully coupled or highly simplified hydrology model (Bueler & van Pelt, 2015; Gandy et al., 2019; Pelle et
al., 2024).

It is well-known that the choice of basal sliding law and its parameters is problematic for ice-
sheet models due to a lack of understanding of the representative physics (Barnes et al., 2022; Hank et
al., 2025). This leads to the rather circular situation described above, that the multiple bed variables that
control sliding are not known and instead are tuned to match current values of ice geometry or ice
velocity. Perhaps it is not surprising then that such tuned variables can return similar projections for ice
loss across longer timescales (100s-1000s years): are models effectively locked into the same pattern of
retreat, in terms of basal sliding, by this initial static tuning (e.g., Barnes et al., 2022; Wernecke et al.,
2022)? Yet, and in contrast, multiple studies have shown that any changes to the sliding law and its
variables are a significant control on retreat patterns and rates (Brondex et al., 2017, 2019; Sun et al.,
2020; van der Akker et al., 2026). We suggest that this debate amongst modellers, which is illustrated by
the incredibly wide spread of simulated retreat rates for both the past and future Antarctic Ice Sheet (e.g.,
Figure 4 in Seroussi et al., 2024), are good reasons for further consideration of basal sliding in Antarctica.
We further suggest that the static basal drag term in models as they are currently set-up is areal problem,
particularly across marine GZs, which are inherently characterised by multiple physical interactions
between the ice, bed, and ocean that alter bed slipperiness (see Figure 1 and Section 4).

Excellent progress is being made in using measured bed properties to inform the choice of basal
sliding relationships (e.g., Hank et al., 2025), and to more accurately include process variability within
sliding laws (e.g., basal slip and deformation: Zoet & lverson, 2020; transient changes in water pressure:
Zoet et al., 2022; Warburton et al., 2023) and we certainly do not argue here that evolving bed information
is required for all parts of the ice sheet. For example, this is not necessary for areas far inland or where
ice is frozen to the bed. However, we do suggest that basal sliding laws across the GZs (plus some
distance upstream) require more detailed consideration, perhaps even bespoke laws or relationships. In
particular, improving representations of the spatio-temporal variability of N, is needed. We aim to

demonstrate this requirement using our own modelling experiments in the next section.

6. Modelling grounding-zone retreat with existing sliding laws

We use the Utrecht Finite Volume Ice Sheet Model (UFEMISM; Berends et al. (2025), in this proof-of-
concept work. The model domain is the entire AIS but we focus on the Weddell Sea sector and, in
particular, Institute Ice Stream (IIS) as an example of an ice-stream GZ that is vulnerable to future retreat
but not yet receding significantly (Siegert et al., 2016). UFEMISM employs an adaptive mesh of variable
resolution, which we vary from ~2 km at the IS GZ to ~60 km for less dynamic areas of the ice sheet
(Figure S1). This ensures that we capture GZ changes accurately, especially within the IS catchment,
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which itself is simulated at resolutions < 15 km, at minimal computational expense. In addition, GZ
dynamics are parameterised through a sub-grid friction scheme following Leguy et al. (2021), which
bilinearly interpolates the thickness above flotation on all vertices of a given cell. The basal drag
coefficient, 1, is then scaled by this fraction before being used in the momentum equations. Basal drag
in our experiments is calculated by a sliding law that incorporates subglacial hydrology (via N) and
combines sliding over both hard and deformable beds (Zoet & Iverson, 2020):

Tp = min [N tan(¢),C uba] [6.1]

where ¢, C, u, and m are different parameters linked to bed conditions (see Table 1). Our experiments
are initialised using a nudging procedure (Pollard & DeConto, 2012) towards the present-day Bedmap3
ice thickness (Pritchard et al., 2025); values of ¢ are iteratively adjusted until the ice sheet is in
equilibrium with the forcing climate.

We then use two different parameterisations of N to test straightforwardly how varying subglacial
hydrology (represented by N) affects GZ retreat. The first parameterisation follows Leguy et al. (2014),
hereafter referred to as L14:

N = pgt (1-22) (6.2]

where p;is the ice density, g is gravity, H the ice thickness, and Hy = max (O, — Low b),

i

with psw the ocean density and b the bed elevation (negative is below sea level). The exponent p therefore
controls the degree of connectivity between the subglacial hydrological system and the ocean, with p=0
resulting in no connectivity (i.e., N equals overburden pressure), and p=1 is full water-pressure support
from the ocean (i.e., N=0). In all cases where p>0, effective pressure is zero at the GL, ensuring a smooth
transition in N from grounded to floating ice. In this paper, when using the L14 parameterisation we elect
to use p=7inall cases.

The second parameterisation follows the bed elevation-scaling of Martin et al. (2011), hereafter

referred to as M11:
N = max(0, p;gH — py) [6.3]

where p,, is the porewater pressure, which linearly varies from 4% of overburden pressure at and below
sea level, to full overburden pressure at and above 1000 m above sea level (a.s.l.) asin Martin et al. (2011).
Such scaling with bedrock elevation is interpreted as proportional to the water content in the till, such
that till is saturated at and below sea level, with its water content linearly decreasing with elevation up
until 1000m a.s.l., above which ice is considered frozen to the bed.

Although both models ensure a smooth transition of basal sliding across the GZ, there are
important differences in the physical reasoning between the two approaches. The L14 model with p=1
represents a system that is well connected to the ocean, allowing full water-pressure support where ice
is grounded below sea level. The degree of connectivity between the hydrological system and the ocean
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is controlled by the exponent p and by how close the ice is to floatation, without any considerations
regarding sediments. In M11, hydrology is assumed to depend on the ability of the till to store water. As
in Martin et al. (2011), we use the elevation scaling instead of coupling porewater content to grounded-
ice basal-melt rates for simplicity (c.f. Bueler and Brown, 2009). Due to the elevation-scaling in M11, the
transition towards full overburden pressure inland and away from the GZ is gentler and happens over a
much longer distance. Conversely, L14 reaches higher effective pressure closer to the GZ, resulting in a
sharper transition from low to high effective pressure across the GZ also as it retreats inland (Figure S4).
The forcing climate has both atmospheric and oceanic components, which together yield the
surface mass balance (SMB) over the entire ice sheet and the basal mass balance (BMB) under ice
shelves, respectively. SMB is computed through the insolation-temperature model IMAU-ITM (Berends et
al., 2018) using present-day RACMO2.3p2 temperature and precipitation (van Wessem et al., 2023)
combined with present-day top-of-atmosphere insolation values (Laskar et al., 2004). The BMB is
computed through a parameterisation of ice-shelf basal melting (Favier et al., 2019) that has a quadratic
dependence on temperature. Ocean temperature and salinity are prescribed from a modified version of
the ISMIP6 ocean temperature and salinity fields (Jourdain et al., 2020). We modify the ISMIP6 ocean
forcing by cooling down the “cold” ocean cavities under the Filchner-Ronne and Ross ice shelves by 0.2
°C and 0.4°C, respectively. This is done to ensure that the GLs stay as close as possible to their Bedmap3
positions at the end of the nudging procedure, i.e., at the start of our experiments described below.
Knowing that subglacial hydrology is an important control on basal sliding, and is highly variable
across marine GZs, we elect to test the ice-sheet retreat response to variations in this physical process.
Previous studies have compared retreat simulations using the wide range of sliding laws available (e.g.,
Brondex et al., 2017, 2019; Barnes & Gudmundsson, 2022) and we do not want to simply repeat that
exercise here. Rather, we use the two equations that parameterise subglacial hydrology in different ways
mentioned above to see the effect on GZ retreat. We start from the equilibrium state obtained by a
nudging procedure (Figure S1). This ensures that any simulated change is caused solely by the interaction
between the applied forcing and our basal sliding field, which only differs because of the different
parameterisations of subglacial hydrology in the sliding law. We perform four experiments, each running
for 500 years and starting from the equilibrium state obtained using their respective subglacial hydrology

parameterisation:

i. Unchanged climate forcing, M11hydrology parameterisation
ii. Unchanged climate forcing, L14 hydrology parameterisation
iii. Uniform 1°C increase in ocean temperature, M11 parameterisation

iv. Uniform 1°C increase in ocean temperature, L14 parameterisation

Model results. Figure 5 shows the spatial pattern of AIS retreat over the IIS region for each 500-year
experiment, as well as the respective change in grounded ice area and associated sea-level rise
contribution. Both models for subglacial hydrology represent the present-day GZ locations within 2 - 5
km of observations (black line in Fig. 5¢) under steady state, although the L14 experiment has a better
overall fit to the real GZ position for most ice streams (IS), the exception being Foundation. Similarly, both
models accurately capture the ice streams in this sector with little difference in ice thickness (at time 0
years) between the M11 and L14 runs for Institute and neighbouring ice stream, Moéllerisstrom (Fig. S5a).
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When forced with 1°C of ocean warming, the loss of grounded ice during the first 50 years is
similar for both M11 and L14 (Figure 5a, b), despite slight differences in GZ positions (Figures 5c, S2, S3).
After 50 years, however, the experiments start to diverge substantially, with the total AIS sea-level
contribution being about 1 m higherin L14 than in M11 at the end of the 500 years (Figure 5a, b). However,
these changes are not uniform in their spatial or temporal patterns. The Institute GZ retreats further
inland in the L14 experiment in the first 150 years, but less than in M11 after 300 years. In comparison, at
150 years the Mollerisstrom GZ positions for L14 and M11 are further apart than for Institute at this
timestep, again with the L14 retreated farther inland, but by 300 years the furthest GZ inland is the
opposite of what happened at Institute (Figure 5c). We do not explain more details about the retreat
behaviours of individual ice stream catchments here because these experiments are only semi-realistic.
However, it is clear that the spatial patterns and rates of retreat, as well as the timings of ice shelf
pinning/unpinning are all different for experiments using the M11 or L14 hydrology models (Figures 5, S2,
S3), further evidencing the sensitivity of GZ migration to how subglacial hydrology and, therefore, basal
drag is prescribed across the GZ and upstream of it.
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Figure 5: Evolution of GZ retreat over 500 years using different parameterisations for subglacial hydrology
(via N). (a) Modelled GL locations at timesteps 150 and 300 years for each experiment overlain on bed
topography (cells are shown in the same scale as they are represented in the model mesh; Figure S1).
Coloured lines: see legend but note that black denotes the initial-condition GL and is mostly hidden by
the “no forcing” runs. (b) Sea-level equivalent (SLE) during the 500-year run; (c) Change in the total area
of grounded ice (negative is loss of grounded ice). Coloured lines: green is M11, brown is L14.
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7. Towards improving parameterisations of GZ basal drag
Having reviewed the physical processes that occur in marine GZs (Section 4, Figure 1), it is
straightforward to identify transient changes in subglacial water pressure as a key source of both spatial
and temporal variability of basal drag (noting that the water pressure pushes up on the ice, the effective
pressure, N, is the net normal stress pushing down on the bed). On the shortest timescales (hours to
months), water pressure in the GZ is forced by ocean tides and potentially episodically by lake drainages.
On longer timescales (years to centuries) the configuration, size and evolution of the subglacial
hydrological system become important additional factors. The link between the evolving water pressure
and basal drag across GZs has been clearly demonstrated by transient surface velocity changes of the
ice both within and around the lateral margins of ice-stream GZs forced by ocean tides (see, for example,
studies on Weddell Sea sector ice streams: Gudmundsson, 2007; Minchew et al., 2017; Rosier et al.,
2017). These studies report quasi-linear decay of velocity changes as a function of distance upstream of
GZ, indicating a direct link between tidal cycles and ice-stream grounding-ungrounding. Thus, there is a
measurable correlation between tidal cycles and a spatial field of low-to-high basal drag that dissipates
with distance away from the GZ. We suggest that such short-timescale variability, which must be added
to by long-timescale change, remains a neglected component of the basal drag term in models of GZ
retreat.

Accepting the above, we remember the importance of effective pressure N for basal sliding (see

Table 1), and that N is related to the subglacial water pressure, wy, via:
N = p;gh —w, [7.1]

where p; is the density of the ice, g is gravity, h is the ice thickness. To focus on the subglacial hydrological
system first, the range of time and length scales present in such systems has long been a modelling
challenge, and one which is particularly difficult for complex ice-stream GZs. However, we know that
when the ice is 100s — 1000s metres thick, as it is at Antarctic GZs, the detailed spatial and temporal
evolution of basal drag is only reflected in the surface ice velocities (and hence the ice flux to the ocean)
on length scales comparable to or larger than this ice thickness (Gudmundsson, 2003). This natural
averaging of N suggests that by only using surface velocities to constrain basal sliding parameters and
their coefficients, ice-sheet models are making a key simplification when upscaling their results to the
length scales of the surface velocity field.

Existing models of subglacial hydrology have sought to understand the detailed evolution of the
hydrological network, focussing on the evolution of Rothlisberger channels (r-channels, incised upwards
into the ice) and the surrounding subglacial environment. Two examples, highlighting complementary but
different approaches for the GZ are the Glacier Drainage System model (GlaDS; Werder et al., 2013) and
the Subglacial Hydrology and Kinetic, Transient Interactions model (SHAKTI; Sommers et al., 2018). In
GlaDS, r-channels are explicitly represented as turbulent, semi-circular channels in which melt-back
and creep closure are balanced (thus maintaining the channels). The channels are represented at edges
along an irregular numerical mesh and are coupled to a distributed porous subglacial environment (i.e.,
sediments); thus, from this network a self-organised channel system can evolve. In contrast, SHAKTI
parameterises the distributed subglacial environment as thin-film flow, with r-channels included
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parametrically through an evolution equation for the film thickness that, at large thicknesses, recovers a
melt-creep closure balance reminiscent of r-channels. Importantly, the SHAKTI model has been
incorporated into large-scale predictions of ice flow through the ISSM model (Meyer et al., 2025).
Nevertheless, while both models have been used to predict the transient spatial and temporal evolution
of a model subglacial hydrological system, they both rely on sufficient resolution of individual channels.
Since channels can exist at an enormous range of length scales, from centimetre to 100-metre scales,
thisis both numerically challenging, and a significant barrier to effective comparisons with observations.
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Figure 6: Schematic diagrams of an ice-stream grounding zone with tidal forcing and a channelised

subglacial hydrology network in (a) cross-section and (b) planview. The elastic ice sheet lifts off the bed
in the grounding zone, between the high- and low-tide grounding line (GL) positions, hence the GL
migrates across the grounding zone. In (b) the effective diffusivity, D, is shown decreasing in magnitude
away from the migrating grounding zone (dashed blue line).

Here, as in Section 6, we use subglacial hydrology as a “test case” for a relatively well-known
basal process in Antarctic GZs, discussing our ideas for parameterising this process. Our approach is
complementary to that of GlaDS and SHAKTI but it is predicated on the length scales over which the
evolution of subglacial water pressure influences the ice flux and surface velocity field within the GZ. We
treat the flow of water through the subglacial hydrological network as an effective porous Darcy flux, of
the form,

_ k(x,t)

u = p Vouw, [7.2]

where k(x, t) is the permeability of the till, u is the viscosity of water and p,, is the water pressure. The
permeability may evolve in space and time, k = k(x,t), reflecting the evolution of the subglacial
hydrological network. For appropriate choices of permeability, this formalism either recovers porous flow
through till or the flux of water through thin films and cavities in the subglacial environment. Hence, over
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the depth [(x) the hydraulically active portion of the subglacial environment the water pressure is
determined by,

s%ﬁ” +V- () =0, [7.3]

where here S is the specific storativity (of a system in groundwater hydrology; Pinder & Celia, 2006) and
relates the storage of water to the pressure field (through compressibility of water, the matrix or storage
in the englacial system). It is worth noting that for small values of storativity, the system recovers the
elliptic nature of the system characteristically solved in SHAKTI and can be made equivalent for a suitable
choice of the permeability.

As a simple, representative example, we calculate the water pressure as a function of distance x
inland of the GZ (Figure 6). We take x = 0 as the seaward limit. At this limit p,, (x,t), can be illustrated
for the tidal forcing of a uniform subglacial system (assuming constant and uniform permeability and

storativity). In such a case, the pressure obeys a simplified diffusion equation,

= (0%, [7.4]

where D = lk / uS is the effective diffusivity of pressure. While complex in detail, the tidal forcing may

be represented as an oscillatory forcing at x = 0 of the form

py,(0,t) = pwg[E(O) + Ab cos(mt)], [7.5]

forthe effective tidalforcing frequency w. Here, the mean pressure (averaged over the tidal cycle) is taken
to be the hydrostatic pressure png(O) at x = 0, written here in terms of the water depth b(x) which
tidally varies about the mean, b(0,t) = b(0) + Ab cos(wt). Solutions for the subglacial water pressure

inland are therefore given by

Pw(x,t) = pyg |b(0) + Ab e_\/gx cos (u)t - %x)]. [7.6]

As an exemplar of a pipeline between a GZ basal process (here, tides) and variable basal drag,
this model of water pressure across the GZ may be related to the effective pressure, N, whichin turn can
be related to variations in the surface speed of the ice. For example, the surface ice velocity may be
related to the extensional stresses in the ice, the basal drag, and the driving gravitational stress
(respectively in the equation below), through a vertically-integrated stress balance (Schoof, 2007; Tsai et
al., 2015),

2471/ (hu,lc/n) —1,—pg(h—b)x =0, [7.7]
X
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where u is the velocity of the ice, A and n are the rate factor and exponent in Glen’s flow law, h is the ice

thickness and E(x) is the depth of the seafloor (we neglect tidal variations in the force balance), p is the
density of ice, g is the gravitational acceleration and 1, is basal drag (discussed earlier). Thus, for

example, using a Coulomb model for the basal drag (See Table 1; Iverson et al, 1998), basal drag is given
by

Ty = WP — Pw) = Tp + ATy, [7.8]

and can be decomposed into mean (t,) and time varying (At,) components so that

T, (x) = Hpg [h - p?WE(O)] and Aty (x,t) = pp,,ghbe V2" cos (‘*’t - \/% X)’ [7.9]

where typically At;, < Tp. Hence, the velocity response can likewise be decomposed into a mean and

time varying component, u = u(x) + Au(x, t), in which Au < u. A linearisation of the stress balance in

the ice for small variations in basal drag therefore gives

-1/n 1
2 [h (Auan 1) ] — Aty [7.10]
X

X

The temporal variation of the basal drag is mirrored in the surface velocity field, with the spatial variation
(in distance x from the grounding line) influenced by the profiles of the background ice thickness and
velocity fields (h,u). This suggests that measurements of the surface velocity variations on short
timescales (hours to weeks) can be used to infer the subglacial environment (i.e., the bed
characteristics), and that longer-term variations in the velocity fluctuations of the ice (seasonal to
decadal timescales) might be used to infer the evolution of the subglacial hydrological network.
Time-varying basal drag over soft, deformable sediments will also produce a time-varying rate of
sediment transport across the GZ (see Section 4 for a real-life example from Whales Deep, Ross Sea).
Sediment mobillisation is likely to be highly sensitive to the porewater pressure (and hence effective
pressure N), and the power-law rheology has previously approximated this with a yield stress ~100kPa
(Tsai etal., 2015; Zoet & lverson, 2020). Hence, variations of N on short (tidal) or longer (seasonal or inter-
annual) timescales is likely to lead to variations in the sediment flux which act to evolve and change the
bed geometry across the GZ. Itis also worth noting that while surface velocity variations may be used to
infer variations in N on the scale of the ice-sheet thickness, such variations in N are likely to also be highly
spatially variable, with significant differences between any incipient channel network and the
surrounding bed of either till or rough bedrock. This means that small-scale models that can facilitate
interpretation of the configuration of the subglacial hydrological network from larger-scale remote
measurements (e.g., satellites) are a potentially important tool to characterise the spatial and temporal
redistribution of subglacial sediments in the GZ, and the effect onice flow. Previous studies have alluded

to this by linking the findings from small-scale mathematical models to field observations at Antarctic
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GZs (e.g., for tidal migration Warburton et al., 2020) but here we argue that such models could provide

the stepping stone between complex field observations and ice-sheet model parameterisations.

8. Discussion

The Antarctic Ice Sheet remains the largest source of uncertainty in sea-level projections. Modelling its
ice loss to 2300 returns an extremely wide range of values, equivalent to a 0.3 m drop in global sea level
to a 6.9 m SLE (ISMIP6 forcing, high emission scenario with ice-shelf collapse; Seroussi et al., 2024). This
spread underlines the dominant question for our community: how can we reduce uncertainty in
Antarctic ice loss and sea-level rise projections?

For the past ~20 years the idea that ocean-driven melting of ice shelves causes them to thin and
lose buttressing strength, resulting in acceleration of ice streams flowing into them, has been a
cornerstone of Antarctic glaciology. In extremis, the loss of entire ice shelves is predicted to “uncork” the
upstream grounded ice sheet and potentially lead to runaway decay as ice streams discharge into the
surrounding ocean (Pritchard et al., 2012; Gudmundsson et al., 2019). Accurate projections of this decay
require robust representations of GZ dynamics (Schoof, 2007; Brondex et al., 2019) as these ice-sheet
edge locations will determine the size and shape of the AIS as it retreats. Returning to the force balance
for GZs (Figure 1), we must acknowledge that ice-shelf melting (loss of buttressing) is only part of the
story for locating GZs when we think about the forces that oppose gravitational driving stress. In
comparison with the loss of ice-shelf side drag, the basal drag term has remained under-studied despite
acceptance that: (i) basal drag has a strong influence on ice dynamics (Schoof, 2007; Tsai et al., 2015);
(ii) the choice of basal sliding law exerts a strong control on retreat simulations (Ritz et al., 2015; Brondex
et al., 2017, 2019); (iii) there is a need to include more basal processes constrained by observations in
sliding laws (Koellner et al., 2019; Hager et al., 2022; Kazmierczak et al., 2024). These statements become
acute at ice-stream GZs because they dictate the ice flux to the ocean, and because GZs are inherently
characterised by a complex and variable basal drag field (see Section 4).

To make the case for renewed focus on Antarctic GZ basal drag, we point out that all ISMIP6
models in Seroussi et al. (2024) resolve widespread ice-shelf collapse from ~2150 (high-emissions
scenario). After collapse, ice-shelf melting presumably diminishes in its influence on the GZ force
balance whereas basal drag would rise in significance, as is interpreted to happen at the Whales Deep
GZW for a period of ~1000 years (Bart et al., 2017), or as has been observed recently at TG after the loss
of buttressing strength of the Thwaites Glacier Tongue (Parizek et al., 2013). Indeed, recent model results
suggest that ice-shelf melting will have a limited influence on the retreat of TG going forwards
(Gudmundsson et al., 2023; Bett et al., 2024; Williams et al., in review). For the period up to collapse,
even if researchers achieve a perfect melt parameterisation —indeed, there are numerous groups working
on this and performing bespoke comparisons studies (e.g., Favier et al., 2019; Burgard et al., 2022) - we
assert that we cannot yet model retreat robustly because the basal drag term does not account for the
true variability across GZs. We attempted to evidence this assertion in our model runs in Section 6 by
only varying the hydrology-related term of the basal sliding law and returning variable patterns of GZ
retreat (Figure 5). However, to fully quantify the relative importance of different basal drag
parametrisations (i.e., basal sliding laws and coefficients) versus melt parameterisations, on GZ retreat
would require the same model initialisation process, the same set-up for the grounding line, and to use
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the same basal sliding laws and melt parameterisations, only varying the latter independently. To our
knowledge, this type of experiment has not been performed for forward projections extending over
centuries, which means that when uncertainty attribution studies are carried outin AlS projections, basal
sliding is usually not assessed despite being recognised as a major source of uncertainty (e.g., Bulthuis
et al., 2019; Coulon et al., 2024). Gladstone et al. (2017) probably came closest when they compared
parameterisations for basal sliding and ice-shelf melting in flow-line retreat simulations, although their
goal was to determine the model resolution required at the GL not to assess which parameterisation had
the biggest effect on retreat.

Furthermore, there is a fundamental difference between the melt parameterisations and the
basal sliding parameterisations used in models forecasting AlS mass loss: melt rates will vary with time
according to the changing ocean forcing and as water depths vary in evolving ice-shelf cavities. In
contrast, as we describe in Section 5, the basal drag field remains largely static (or only varies with N)
over time. We see this discrepancy as a fundamental limitation to our ability to model Antarctic GZs and
would argue that this places more uncertainty in the basal drag term than in the ice-shelf
melt/buttressing term. In Section 7, we explored how mathematical process models might be used to
accommodate arange of GZ basal processes in our basal sliding laws (or a series of relationships?) whilst
also allowing for each process to evolve over time and space. If we imagine applying a set of bespoke
sliding laws at the GZ plus some distance upstream, say 10 km, then when the GZ retreated the 10-km
GZ sliding laws would also move inland tracking the ice-sheet edge backwards. Conforming with how
existing sliding laws are taken up in ice-sheet models would be an important requirement for this process
so that any new sliding relationships could be “plugged-in” to existing models.

In this paper, we have discussed the high variability of GZ basal drag primarily in relation to two
physical processes: subglacial hydrology and sedimentation. This is because: (i) far more progress has
been made around understanding and modelling subglacial hydrology than many other basal processes
in GZs; and (ii) sediment wedge-building is the fastest known negative feedback on ice-sheet retreat, yet
it is understudied and not included in ice-sheet models in any way. There are now multiple examples of
sediments providing stabilisation at present-day ice-stream GZs, either by actively building topography
or by increasing basal drag as sediment properties change (Horgan et al., 2013, 2021; Walker et al., 2013;
Siegert et al., 2016). Even a cursory examination of data over several ice-stream beds from their GZs
inland (see Supplementary Figures S6-S13) provides an exciting discovery in what appears to be a GZW
at the eastern end of the Institute Ice Stream GZ (Figure S9). We discussed some of the challenges to
incorporating wedge-building into ice-sheet models in Section 4.5, namely a lack of understanding of the
mechanisms of: (i) subglacial sediment transport and (ii) the exceptionally high palaeo-sediment fluxes.
Wedge-building is clearly an episodic process but one that could counter the highest ice-shelf melt rates
reported from GZs (melt rates: 10s of m a™ versus sediment fluxes from GZWs: 1000s-10000s m* m™ a™).
Although wedge-building essentially generates a new pinning point at a GZ (by raising the bed elevation)
we acknowledge the strong link to basal drag via the deposition of “sticky” till units or altering the bed
roughness at small scales (~10s metres), or some combination thereof. Thus, we would propose to
incorporate wedge-building into our series of GZ sliding relationships, altering the basal drag in relation
to the evolving distribution of sediments and roughness but also allowing the bed topography to change.
Additional processes that change the bed geometry, such as GIA or bed erosion by water or ice, could be
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incorporated into such sliding relationships, thus providing an efficient way to include dynamic
topography at Antarctic GZs into models without requiring full coupling to computationally-heavy

sediment erosion/transport models.

9. Future directions
We can summarise this work by identifying four major limitations to improving our understanding of basal
drag in Antarctic GZs:

i Lack of observations of basal properties at the spatial and temporal scales important for ice flow;
ii. Lack of understanding of the critical scales of basal processes: fine-scale processes are
challenging to observe yet may be critical for ice dynamics;
iii. Absence of time-evolving basal processes in basal sliding laws;
iv. Absence of bed evolution and sedimentation in ice-sheet models.

In Section 6 we provided an exemplar for how temporally- and spatially-varying bed characteristics could
be incorporated into basal sliding laws via mathematical process models. However, it is clear from (i) and
(ii) above and from the discussion throughout Section 4, that such relationships need to be constrained
by observations despite the challenging nature of working at Antarctic GZs (Parizek, 2024; Fricker et al.,
2025). Without exception, theoretical modelling studies conclude that the behaviour of ice across a given
GZ will depend on local basal conditions (e.g., Walker et al., 2013; Robel et al., 2022). Thus, any models
attempting to allow basal drag to evolve must not only capture the relevant temporal scales for ice-sheet
change - from hours to many years - but they must also adequately cover the range of GZ bed types and
ice dynamics.

We suggest that what is needed is a careful selection of observations from workable GZs that
exhibit a range of dynamic ice behaviours. For example, Freer et al. (2023) used repeat satellite altimetry
to identify four different types of ice-dynamic response to the same tidalforcing at the GZ of Bungenstock
Ice Rise and this work could be extended to other GZ locations, alongside an analysis of GZ geometry
types (e.g., Supp. Figures S6-S13) to identify spatial variability in both GZ ice behaviour and bed
composition. Such efforts could be maximised by concomitant exploration of the full GZ process
parameter space using inexpensive models in a two-way set up where models could guide the strategy
for field observations, as well as then using field observations to constrain the model experiments.
Unfortunately, we cannot measure effective pressure directly, nor can we measure subglacial water
pressure on scales that are useful for models (note the ~5 km mesh size of UFEMISM at the GZ in our
experiments), although point bed measurements of water pressure are possible (e.g., using Cryoegg
probes; Prior-Jones et al., 2025). We are, however, now able to measure things like bed morphology in 3D
using the relatively new swath-radar capability (Holschuh et al., 2021) or subsurface bed type (soft, hard,
mixed) in near-3D and on repeat using a combination of efficient seismic drag-cable systems, repeat
radar surveys, and EM stations. Such holistic studies of ice-streams GZs (e.g., Agnew et al., 2026) are
essential if we are to understand the nature of bed coupling/uncoupling in this critical zone. If a GZ was
instrumented over a series of weeks for several Antarctic field seasons this could return ~4 weeks of
measurements across 2-3 years, thus covering the full range of tidal variability and year-on-year changes.

One challenge is to link observations of bed conditions that can be made over hours to ~weeks in this
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way, to bed changes in the GZ on the longer timescales that affect ice dynamics (i.e., multidecadal to
centennial). We suggest that detailed geophysical observations over GZWs may provide the only record
of GZ change across long-timescales because the wedges are known to preserve evidence of
sedimentation, fluid flow, subglacial channels, and bed morphology within their sedimentary sequences
which build up over decades to centuries.

We recognise that this study is by no means a full review of basal sliding, ice-sheet models or GZ
basal processes including sedimentation. Rather, our aim was to build bridges between the different
communities trying to help understand the very edges of the AIS, be they remote sensors, glaciologists
and palaeo-glaciologists, or numerical modellers. The rate of progress in the field of ice-ocean
interactions, be that in ice-sheet model design or in the genesis and implementation of ice-shelf melt
parameterisations, is impressive. Commensurate focused work on GZ basal sliding can improve
understanding of ice behaviour at the critical ice-ocean boundary and allow us to narrow the uncertainty
in our projections of AIS decay and sea-level rise. The growing desire for multidisciplinary work and the
use of inexpensive mathematical models as a pipeline from field or laboratory studies to ice-sheet

models should enable rapid progress.
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Supplementary Figure S1: UFEMISM mesh resolution for the Weddell Sea ice ice streams at time-step
0 years (present-day). Black is the modelled position of the present-day grounding line.

46



600000
4000

3000

3
400000 2000 Z
(1]
[0
(0]
1000 2
300000 ‘:3
- £
£ 0 £
~ =
o
200000 E=
P -1000 3
[}
X
(o]
<
100000 —2000 T
-~ £ m
Initial state
J > M11 50 yrs
0 g _ S '_ M11 100 yrs —3000
! . M11 200 yrs
M11 300 yrs
M11 400 yrs _4000

M11 500 yrs

—-100000

-1100000 -1000000 -906000 -806000 -706000 -60000  -500000
x (m)

1620

Supplementary Figure S2: Retreated grounding-line positions for the Weddell Sea ice streams overlain
on the bed topography for the M11 UFEMISM model run in Section 6.
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1625  Supplementary Figure S3: Retreated grounding-line (GL) positions for the Weddell Sea ice streams
overlain on the bed topography for the L14 UFEMISM model run in Section 6. Compare, for example, the

positions of the GL at 300 years (pink line) in this experiment, with the M11 experiment in Figure S2. The
L14 GL retreats farther than the M11 GL at this time-step.
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Supplementary Figure S4: Effective pressure, N, as modelled in the UFEMISM model for (a) M11
treatment of N with no forcing; (b) and with the warmer-ocean forcing; (c) L14 treatment of N with no

forcing; (d) and with the warmer-ocean forcing.
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Supplementary Figure S6: Five bed and surface profiles for Thwaites Glacier, Amundsen Sea,
extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom

right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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1675  Supplementary Figure S7: Four bed and surface profiles for Pine Island Glacier, Amundsen Sea,
extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom

right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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Supplementary Figure S8: Four bed and surface profiles for Rutford Ice Stream, Weddell Sea,
extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom
1695 right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).

1700

1705

1710

53



1715

1720

1725

Profile 1 Profile 2

2000 2000

1000 1000
£ ] £ R
c 0 c 0
2 S
IS IS
5 -1000 E -1000 \\\/

-2000 -2000

-3000 -3000

0 50 100 0 50 100
Distance (km) Distance (km)
Profile 3 Profile 4

2000 2000

1000 1000
g 4 8
c 0 c 0
2 9
IS ©
5 1000 - ] 2 -1000 p——" 1
w w

-2000 -2000

-3000 -3000

0 50 100 0 50 100
Distance (km) Distance (km)

Supplementary Figure S9: Four bed and surface profiles for Institute Ice Stream, Weddell Sea,
extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom
right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
Note the possible grounding-zone wedge deposit at ~30 km on the bed profile for Profile 4.
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Supplementary Figure S10: Four bed and surface profiles for Lambert Glacier, East Antarctica,
1745 extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom
right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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Supplementary Figure S11: Four bed and surface profiles for Denman Glacier, East Antarctica,
extending 100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom
right corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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1780 Supplementary Figure S12: Four bed and surface profiles for Totten Glacier, East Antarctica, extending
100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom right

corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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Supplementary Figure S13: Four bed and surface profiles for Whillans Ice Stream, Ross Sea, extending

100 km up-glacier from the grounding line, along flowlines (for locations see map in bottom right

corner). The profile data and flowlines are from the Bedmap3 datasets (Pritchard et al., 2025).
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