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Abstract. Subglacial freshwater discharge plays a critical role in modulating basal melting and ocean circulation beneath ice

shelves, yet the combined influence of discharge configuration, cavity thermal state, and sediment-driven morphodynamics

remains poorly constrained. Using idealised ocean simulations following the ISOMIP+ framework, we investigate how sub-

glacial discharge location, configuration (channelised versus distributed), and sediment load interact with contrasting warm

and cold cavity regimes, and how these processes influence the circulation, melt, and seabed evolution at the grounding zone.5

Melt rates differ markedly between warm and cold regimes, with values in the warm cavity an order of magnitude higher than

in the cold cavity. However, relative to no-discharge control experiments, subglacial discharge induces substantially greater

local melt anomalies at the grounding line in the cold cavity, where localised melt rate increases up to ∼955 %, compared

to ∼173 % in the warm regime. Discharge location and configuration further control the spatial extent of the response, with

channelised inputs driving strong, localised melting, and distributed inputs producing weaker but more spatially extensive melt10

across the grounding zone. Sediment-laden subglacial discharge consistently reduces localised melt under channelised config-

urations (∼ 13% reduction in the warm regime and ∼ 16% in the cold regime), whereas its influence is negligible (<1%) when

discharge is distributed. These reductions arise primarily through morphodynamic feedbacks, as sediment modifies seabed

structure and circulation near the grounding zone. In the cold regime, reduced circulation promotes sediment accumulation and

episodic erosion, leading to seabed and circulation changes. These results demonstrate that the impact of subglacial discharge15

on basal melt depends on the combined effects of cavity regime, discharge configuration, and sediment dynamics, with impli-

cations for representing grounding zone processes and basal melt parametrisations in ice-ocean models, and ultimately for ice

shelves vulnerability and Antarctic Ice Sheet stability.
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1 Introduction

The Antarctic Ice Sheet plays a central role in regulating global mean sea level, and it is the dominant source of uncertainty in20

future projections of sea level rise (Edwards et al., 2021; Seroussi et al., 2024; Fricker et al., 2025; Galton-Fenzi et al., 2025).

A key control on ice sheet stability is the buttressing provided by floating ice shelves, which modulate the flow of grounded ice

into the ocean (Pritchard et al., 2012). This buttressing is highly sensitive to basal melting, driven by ocean circulation within

sub-ice shelf cavities. Despite its importance, basal melt rates remain poorly constrained, and are often represented using

relatively simplified parametrisations that do not fully capture the complexity of ice-ocean interactions (Holland and Jenkins,25

1999; Pelle et al., 2023; Yung et al., 2025), particularly near the grounding line, where melting exerts a stronger influence on

ice dynamics (Schoof, 2007; Reese et al., 2018; Smith et al., 2020; Galton-Fenzi et al., 2025).

Basal melting is controlled by a combination of large-scale ocean forcing and local processes within the cavity, including

circulation regimes that control heat transport towards the ice base (Jacobs et al., 1992; Silvano et al., 2016; Rosevear et al.,

2025). These cavity regimes are often defined as “warm” and “cold”, which reflect the properties of the water masses accessing30

the ice shelf (Jacobs et al., 1992; Holland and Jenkins, 1999; Jenkins, 2011). Warm cavity systems are characterised by the

intrusion of relatively warm modified Circumpolar Deep Water (mCDW) onto the continental shelf, providing a sustained

heat source that enhances ice shelf basal melting (Pritchard et al., 2012; Dutrieux et al., 2014). In contrast, in cold cavity

systems, such as those influenced by High Salinity Shelf Water (HSSW), heat availability is limited and basal melting rates are

generally low, with circulation often dominated by weak overturning and production of Ice Shelf Water (ISW) through melt35

and refreezing (Lewis, 1985; Jacobs et al., 1992). Although warm and cold cavity systems produce fundamentally different

thermohaline structures, the impact of these regimes on basal melt rates is not always clear-cut, as local processes such as tides

and freshwater input can modify these patterns (Silvano et al., 2016).

Tidal processes play an important role in modulating cavity exchange and increasing vertical mixing (Padman et al., 2018;

Richter et al., 2022b; Xia et al., 2023; Richter et al., 2022a), introducing temporal variability in ocean stratification and melt40

rates (Holland, 2008; Gwyther et al., 2016). These processes are especially significant when the water column becomes shal-

lower, as the development of a tidal front creates a well-mixed region close to the grounding line (Holland, 2008), increasing

the sensitivity of localised inputs, such as subglacial freshwater discharge (Huot et al., 2021; Nakayama et al., 2021; Gwyther

et al., 2023; Vaňková et al., 2025; Papapetros et al., 2025).

Subglacial water discharge provides a localized source of buoyancy that facilitates the upward heat transport toward the ice45

shelf base, often leading to elevated melt rates in the grounding zone (Le Brocq et al., 2013; Nakayama et al., 2021; Gwyther

et al., 2023; Vaňková et al., 2025; Papapetros et al., 2025). This freshwater originates from meltwater produced at the ice sheet

bed through geothermal heating and frictional processes, and is subsequently transported through subglacial hydrological

channels toward the grounding line (Burton-Johnson et al., 2020; Dow et al., 2022). These subglacial networks also act as an

efficient pathway for sediment transport, entraining and delivering material from the ice-bed interface into the ocean cavity50

(Dowdeswell et al., 2015; Overeem et al., 2017; Delaney and Adhikari, 2020; Aitken et al., 2024; Horgan et al., 2025).
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Sediment processes within ice shelf cavities introduce an additional, often overlooked, component to ice-ocean interactions.

While subglacial discharge provides a primary pathway for sediment delivery, additional inputs arise from the release of

englacial debris during ice shelf basal melting (‘rainout’) (Smith et al., 2019) and from redistribution by ocean currents (Post

et al., 2014; Wang et al., 2016; Jeromson et al., 2024). Together, these sources supply sediment that can modify both cavity55

water column properties and seabed morphology. Suspended sediments may influence buoyancy-driven circulation (Salcedo-

Castro et al., 2013; Papapetros et al., 2025), while deposition near the grounding zone alters local bathymetry (Alley et al.,

1989; Horgan et al., 2013), creating feedbacks between sediment transport, cavity circulation, and basal melt (Papapetros et al.,

2025).

Over longer timescales, the geomorphic expression of sustained sediment deposition near the grounding line is the formation60

of grounding zone wedges (GZWs), which generate localized bathymetric highs through progressive aggradation (Anandakr-

ishnan et al., 2007; Dowdeswell and Fugelli, 2012; Smith et al., 2019). Their development and stability are influenced by

sediment properties, such as composition, grain size, and density, which, together with cavity circulation, determine how mate-

rial is transported, deposited, and occasionally resuspended (Horgan et al., 2013; Salcedo-Castro et al., 2013; Sutherland et al.,

2020; Wright and Thom, 2023). These short-term sedimentary processes can have lasting effects, linking immediate material65

redistribution to the long-term evolution and stability of grounding zone wedges (Papapetros et al., 2025). By modifying the

seafloor bathymetry at the grounding zone, GZWs can affect ice dynamics and grounding line migration, creating a direct

feedback with ice sheet stability (Alley et al., 1989, 2007; Anandakrishnan et al., 2007; Parizek et al., 2013; Horgan et al.,

2013; Dowdeswell et al., 2015; Parizek, 2024). Importantly, their evolution reflects not only a passive response to ice flow, but

also the combined effects of subglacial discharge, sediment dynamics, and the cavity background circulation (Horgan et al.,70

2013; Papapetros et al., 2025).

While previous studies have explored the impacts of subglacial discharge or the role of sedimentation independently, the

coupled effects of subglacial freshwater fluxes, sediment transport, and evolving bathymetry on ice-ocean interactions remain

poorly constrained. We address this gap by investigating how sediment-laden subglacial discharge influences ice shelf basal

melting and grounding zone dynamics under contrasting cavity regimes (warm and cold) and discharge configurations (chan-75

nelised and distributed). Building on our previous work (Papapetros et al., 2025), we use an ice shelf-ocean model coupled with

sediments to investigate how these processes interact to modify cavity circulation, basal melt patterns, and seabed morphology,

providing a unified framework to assess their combined influence on grounding zone evolution.

2 Methods

2.1 ROMS80

We use the Regional Ocean Modelling System (ROMS) (Shchepetkin and McWilliams, 2005), a three-dimensional Reynolds-

averaged Navier Stokes equation model, employing the Boussinesq and hydrostatic approximations. In our setup, ROMS

represents vertical turbulent mixing through the K-Profile Parametrisation (KPP) scheme (Large et al., 1994). ROMS uses

a terrain-following vertical coordinate framework, which allows for high resolution of the sub-ice shelf and ocean bottom
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boundary layers. It has also been extended to account for the pressure exerted by the overlying ice shelf (Dinniman et al.,85

2007), and to incorporate ice-ocean thermodynamic processes that parametrize basal melting (Galton-Fenzi et al., 2012).

In ROMS, sediment transport is represented by different sediment classes, grouped into cohesive (mud) and non-cohesive

(sand) particles, and is fully coupled to the hydrodynamics through feedbacks with the water column and seabed evolution

(Sherwood et al., 2018). Seawater bulk density is computed as a fractional mixture of fluid mass and suspended sediment

per unit volume, evolving with temperature, salinity (McDougall and Barker, 2011), and suspended sediment concentration.90

Each sediment class is defined by its grain size, density, settling velocity, and critical shear stress, which govern its transport,

deposition, and erosion. Non-cohesive sediments are entrained when bed shear stress exceeds a size-dependent threshold,

with coarser grains settling more rapidly and finer grains remaining more easily suspended, while cohesive sediments exhibit

increased resistance to erosion due to inter-particle bonding and consolidation, but can remain in suspension for extended

periods once resuspended. Deposition is computed in the lowermost water column layer as a function of settling velocity,95

particle density, volume concentration, and the baroclinic time step, whereas erosion depends on bed porosity, skin-friction

shear stress, critical shear stress, sediment grain density, and sediment availability in the uppermost bed layer, with erosion

occurring only when the applied shear stress exceeds the critical threshold (Sherwood et al., 2018).

2.2 Model Setup and Experiments Design

We used the Ice Shelf-Ocean Model Intercomparison Project (ISOMIP+; Asay-Davis et al. (2016)) cavity domain, whose100

geometry (480 km along and 80 km across the ice shelf, with a maximum depth of 618 m) is comparable to that of the Pine

Island Glacier Ice Shelf. The horizontal resolution is 2 km, and the vertical grid is represented by twenty-one vertical layers,

with a resolution of 0.4 m at the bottom and surface layers and thickening towards the middle of the water column.

Initial conditions of ocean tracers follow Ocean1 and Ocean2 configurations, for WARM and COLD profiles, respectively

(ISOMIP+; Asay-Davis et al. (2016)). Ocean1 (WARM) is characterised by a relatively cold initial water column with a warm105

forcing in the open boundary, with temperatures vertically ranging from - 1.9 to 1°C, and salinity from 33.8 to 34.7. Ocean2

(COLD) features a warmer initial state with colder boundary forcing, with salinity vertically ranging from 33.8 to 34.55,

and a linear temperature profile of - 1.9°C (see Asay-Davis et al. (2016) for full details). In both regimes, the concentration

of suspended sediment in the water column is initialised as zero. Tidal forcing is then prescribed using a single component

(semidiurnal M2 harmonic constant with 12 hours frequency) and a cosine function with an amplitude of 0.1 m/s (following110

(Gwyther et al., 2016)). The tidal forcing is initiated with a hyperbolic tangent ramp to prevent numerical instabilities, which

gradually increases the tidal signal from zero at the beginning of the simulation with a 1-day ramping timescale.

The subglacial drainage is prescribed with zero salinity and a potential temperature of ∼ - 0.007°C, equal to the freezing

point at the mean pressure (McDougall and Barker, 2011) between the ice shelf base and the bathymetry at the grounding line.

The subglacial water discharge is applied as a momentum flux, uniformly distributed across all vertical layers of the water115

column (following Gwyther et al. (2023) and Papapetros et al. (2025)) and held constant at 72 m3s−1 (based on Vaňková et al.

(2025), for future melt rates comparison), and acts as a source of sediment discharge.
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The prescribed subglacial flux is relatively high (e.g. compared to Nakayama et al. (2021), Gwyther et al. (2023) and Papa-

petros et al. (2025)), so we prescribed a relatively high sediment concentration of 1 kg m−3 (compared to ∼ 0.08 kg m−3 for

low-flux conditions) and a grain density of 2650 kg m−3 (following Aitken et al. (2024)). Equal proportions of two cohesive120

(mud) and two non-cohesive (sand) sediment classes are prescribed (0.004, 0.04, 0.5, and 1 mm for Mud1, Mud2, Sand1, and

Sand2, respectively) and applied to both the initial bed composition and the subglacial suspended input, ensuring consistency

between bed and input sediment composition (Papapetros et al., 2025). The seabed sediment layer is initialised with a thick-

ness of 1 m. A new depositional layer is formed once accumulation exceeds 0.01 m, which controls the model’s sensitivity to

sediment storage and stratigraphic evolution by regulating how frequently new layers are created and how depositional vari-125

ability is recorded (Sherwood et al., 2018). Consistent with the ROMS framework, sediment particles are assumed to be in

thermodynamic equilibrium with the surrounding water, as their temperature and salinity are not explicitly represented here.

A total of 62 experiments were conducted to investigate cavity dynamics under both warm and cold regimes. All simulations

reached a quasi-steady state over 20 years (Figure A1, Appendix A), and our analyses were based on the averaged fields from

the last 6 months of simulation to account for free surface variability. For each regime, we established baseline experiments130

(Control0_warm and Control0_cold), which incorporate tidal forcing and sediment re-mobilisation in the uppermost sediment

layer at the bottom of the cavity, but no input from the subglacial system.

Our experiments were divided into four main sections. Section 3.1 focusses on assessing the general influence of sediment-

laden subglacial discharge on cavity dynamics, in which we conducted experiments with a single subglacial channel centrally

located at 38 km (Sgw+Sed38_warm and Sgw+Sed38_cold). In Section 3.2, we expand the investigation to explore the role135

of the discharge location under both regimes (Sgw+Sedx_warm and Sgw+Sedx_cold). The subscript index x refers to the

14 different locations of the subglacial discharge, ranging from 20 km to 58 km along the grounding line (Figure 1). To

assess the relative contributions of freshwater-only and sediment-laden discharge to basal melt variability, an additional set of

simulations without sediment input was further conducted (Sgwx_warm and Sgwx_cold). In Section 3.3, we investigate the

impact of distributed discharge, by applying the same total flux, uniformly divided across the 14 locations, distributing both the140

fresh outflow (SgwD_warm and SgwD_cold) and sediment (Sgw+SedD_warm and Sgw+SedD_cold). Finally, in Section 3.4,

we compare the effects of distributed versus channelised discharge on melt rates across both cavity regimes. The analysis was

conducted at two spatial scales: locally at the grounding line, defined as the first grid cell adjacent to each discharge location,

and regionally using area-averaged values across the grounding zone. In this study, we define the grounding zone as the region

extending up to 8 km downstream of the grounding line, where the influence of the subglacial outflow has the greatest impact145

in the cavity dynamics (Figure 1).

3 Results

3.1 General Cavity Dynamics

Our control experiments (Control0_warm and Control0_cold) reveal contrasting cavity states prior to the introduction of sub-

glacial discharge (Figure 2). In both regimes, the barotropic circulation is characterized by a broad clockwise (positive) circu-150
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Figure 1. Illustration of the area close to the grounding line in the ISOMIP+ cavity, with the fresh discharge location at x = 38 km. Dye

concentration summed throughout the water column is used to delineate the cavity circulation. The x axis represents the cross-shelf direction

(west to east), and the y axis represents the along-shelf direction (south to north). The red rectangle delineates the grounding zone, defined

here based on the area where the subglacial outflow has the greatest impact. Red arrows indicate all locations where subglacial discharge was

applied, for either channelised or distributed outflow experiments. The cavity geometry remains unchanged for both warm and cold regimes.

lation cell occupying much of the grounding zone region, and a weaker anticlockwise (negative) circulation near the eastern

boundary (Figure 2a; Yung et al. (2026)). This circulation structure promotes the transport of relatively warmer and saltier

waters toward the eastern grounding zone, contributing to the asymmetric distribution of temperature, salinity, and melt rate

observed in both control states (Figure 2b-d). Despite these common features, the cavity regimes differ substantially in circu-

lation strength and spatial organization. The warm control (Control0_warm) exhibits a stronger cavity circulation overall, with155

a spatially diffuse anticlockwise circulation cell near the eastern boundary, and an additional weaker anticlockwise circulation

feature along the western cavity margin (Figure 2a). In contrast, the cold control (Control0_cold) exhibits a simpler circulation

pattern along the western boundary, characterized by the absence of two circulation cells and the dominance of a single clock-

wise circulation cell (Figure 2a). The barotropic streamfunction ranges approximately from -10 to 19 mSv, with maximum

positive values reaching 18.7 mSv in the Control0_warm and 9.3 mSv in the Control0_cold (Figure 2a).160

In the experiments including subglacial water discharge ([Sgw+Sed38_warm] and [Sgw+Sed38_cold]), the strong salinity

contrast between the freshwater outflow (salinity = 0) and ambient cavity waters (33.61 to 34.65) generates an energetic buoyant

current near the discharge location that reorganizes the pre-existing cavity circulation (Figure 2a,b). In both regimes, the

buoyant outflow simultaneously intensifies the western clockwise circulation cell and the eastern anticlockwise circulation cell.

As the eastern cell expands westward into the region previously occupied by the western circulation cell, the boundary between165

the two cells becomes increasingly important in controlling the thermohaline dynamics at the grounding zone (Figure 2a-d).

Salinity fields primarily reflect cavity circulation, with a further freshwater signature in the discharge experiments due to the

buoyant outflow. In Control0_warm and Control0_cold cases, upper-layer salinity is higher where ambient water is recirculated
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Figure 2. Grounding zone absolute values from the simulations Control0_warm, Control0_cold, Sgw+Sed38_warm and Sgw+Sed38_cold.

The latter experiments include channelised sediment-laden subglacial discharge at the location x=38 km. Panels show barotropic streamfunc-

tion (a), salinity (b) and temperature (c) at the uppermost ocean layer, melt rates (d), total concentration of suspended sediment in the water

column (e), bathymetry (f) and a vertical cross-section of the grounding line geometry (g). In panel (a), the maximum positive barotropic

streamfunction value for each experiment is indicated on the corresponding panel. In panel (g), the grounding line, which is non-linear in

plan view, is projected onto a straightened along-grounding line coordinate, with values interpolated onto a common axis for visualization

purposes. Note the differing colour scales used for salinity, temperature, melt rate and suspended sediment fields.
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toward the grounding line (Figure 2a,b). In contrast, the subglacial outflow (Sgw+Sed38_warm and Sgw+Sed38_cold) generates

a low-salinity signal extending westward from the discharge outlet, alongside a higher-salinity anticlockwise circulation cell170

in the east (Figure 2a,b). In both regimes, the strong freshwater signal suggests that the buoyant outflow is transported along

the reorganized circulation pathways, extending preferentially downstream within the clockwise circulation cell (Figure 2a,b).

Moreover, the cold regime exhibits a broader and stronger spatial impact on salinity fields relative to the warm regime, consis-

tent with reduced meltwater production and weaker background circulation within the grounding zone (Figure 2a,b).

The buoyant outflow further modifies the temperature structure and basal melt distribution at the grounding zone (Fig-175

ure 2c,d). In the warm regime, the interaction between the two opposing circulation cells enhances the thermal contrast at

the grounding zone, with the western clockwise circulation exporting relatively warmer waters (∼ - 1.16°C) away from the

discharge site, while the eastern anticlockwise circulation recirculates comparatively colder waters (∼ - 1.54°C) towards the

grounding line (Figure 2a,c). Melt rate patterns exhibit a similar spatial structure with higher rates on the western side of the

discharge site (∼ 78.5 m yr−1) and lower melt rates on the eastern side (∼ 18.5 m yr−1; Figure 2d), indicating that basal180

melting directly reflects the circulation-driven redistribution of ocean heat. On the other hand, despite the stronger circulation

reorganization induced by the buoyant outflow, the cold regime remains comparatively colder (∼ - 2.3 to - 2°C) and more

spatially uniform, limiting the thermal response and maintaining lower absolute melt rates (9.8 and 2.3 m yr−1 on the western

and eastern sides of the discharge site, respectively) relative to the warm regime (Figures 2a,c,d).

The background circulation also controls sediment transport and deposition patterns at the grounding zone. In the warm185

regime, the stronger cavity circulation promotes greater sediment remobilisation and downstream transport, maintaining com-

paratively more sediment in suspension and limiting local accumulation near the discharge site (Figure 2e-g). In contrast, the

weaker circulation in the cold regime enhances sediment retention within the grounding zone, favouring comparatively slightly

greater local deposition (Figure 2f,g and Figure A2, Appendix A). Although suspended sediment concentrations remain low in

both scenarios (< 0.02 kg m−3 in the warm regime, and very close to zero in the cold regime), differences in circulation strength190

produce distinct bathymetric elevations (Figure A2, Appendix A). In both regimes, sediment-laden subglacial discharge gener-

ates measurable seabed modification adjacent to the discharge location, with bathymetric increases of up to 9-10 m (Figure 2f,g

and Figure A2, Appendix A). However, the cold cavity also exhibits slightly greater deposition of subglacial sediments and

hence growth of bathymetry near the grounding line, relative to the warm regime, consistent with enhanced sediment retention

at the grounding zone and reduced downstream export.195

Together, these results demonstrate that subglacial buoyancy forcing fundamentally reorganizes cavity circulation, which in

turn governs the redistribution of heat, melt, and sediment deposition, ultimately modulating the dynamics and the localized

bathymetric evolution at the grounding zone.

3.2 Impact of Channelised Subglacial Discharge Location

In this section, we examine how the location of sediment-laden subglacial discharge along the grounding line influences cavity200

dynamics under both warm and cold regimes (Sgw+Sedx_warm and Sgw+Sedx_cold). Figures 3 and 4 illustrate the ground-

ing zone response across circulation, thermohaline structure, melt rates, suspended sediment concentration, and bathymetric
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Figure 3. Warm regime absolute values from the simulations with different subglacial freshwater and sediment discharge locations

([Sgw+Sedx_warm). Injection sites range from 20 to 58 and are indicated by red arrows. Each column represents a distinct grounding

line injection site (Sgw+Sedx_warm), progressing from west (left) to east (right), while each row shows barotropic streamfunction (a), salin-

ity (b) and temperature (c) at the uppermost ocean layer, melt rates (d), total concentration of suspended sediment in the water column (e),

bathymetry (f) and a vertical cross-section of the grounding line geometry (g). In panel (a), the maximum positive barotropic streamfunction

value for each experiment is indicated on the right side of the corresponding panel. In panel (g), the grounding line, which is non-linear in

plan view, is projected onto a straightened along-grounding line coordinate, with values interpolated onto a common axis for visualization

purposes.

evolution. Across both cavity regimes, discharge location exerts a first-order control on grounding zone dynamics and buoyant

outflow evolution. In general, western and easternmost discharge sites remain strongly influenced by adjacent boundaries, pro-

ducing spatially confined responses, whereas central and central-eastern discharge locations interact more efficiently with the205

cavity interior and generate broader grounding zone-scale differences.
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Figure 4. Cold regime absolute values from the simulations with different subglacial freshwater and sediment discharge locations

([Sgw+Sedx_cold). Injection sites range from 20 to 58 and are indicated by red arrows. Each column represents a distinct grounding line

injection site (Sgw+Sedx_cold), progressing from west (left) to east (right), while each row shows barotropic streamfunction (a), salinity

(b) and temperature (v) at the uppermost ocean layer, melt rates (d), total concentration of suspended sediment in the water column (e),

bathymetry (f) and a vertical cross-section of the grounding line geometry (g). In panel (a), the maximum positive barotropic streamfunction

value for each experiment is indicated on the right side of the corresponding panel. In panel (g), the grounding line, which is non-linear in

plan view, is projected onto a straightened along-grounding line coordinate, with values interpolated onto a common axis for visualization

purposes.

The spatial structure of the buoyant outflow and associated circulation response strongly depends on the discharge location

(Figures 3a,b and 4a,b). Central and central-eastern discharge locations align more with the boundary between the opposing

circulation cells, allowing the buoyant forcing to directly influence both cells simultaneously (discharge locations 28 to 50;

Figures 3a,b and 4a,b). In these configurations, the clockwise circulation preferentially transports fresher discharge waters210

away from the grounding line and towards the cavity interior, while the anticlockwise circulation recirculates comparatively
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warmer and saltier waters back towards the grounding zone (Figures 3a-c and 4a-c). Consequently, central and central-eastern

discharges generate broader thermohaline redistribution and stronger grounding zone-scale circulation reorganization. In con-

trast, the fresh outflow in western (20 and 24) and eastern (54 and 58) discharge locations remains more strongly constrained

by the adjacent cavity boundaries. Under these configurations, the buoyant outflow interacts primarily with a single circulation215

cell, limiting downstream freshwater export and promoting localized freshwater retention near the discharge site (Figures 3a,b

and 4a,b). This geometric confinement is substantially stronger in the warm regime, where the energetic background circulation

prevents the buoyancy forcing from reorganizing the wider grounding zone circulation (discharge locations 20, 24, 50 and 58;

Figure 3a). In the cold regime, however, the weaker ambient circulation allows even boundary-confined discharges to influence

a much larger fraction of the grounding zone circulation structure (Figure 4a).220

These circulation adjustments subsequently control the redistribution of ocean heat and the resulting melt rate response (Fig-

ures 3c,d and 4c,d). In the warm regime, central and central-eastern discharges enhance the thermal contrast at the grounding

line by strengthening the separation between the freshwater export pathway associated with the clockwise circulation and the

recirculation of warmer waters toward the grounding line by the anticlockwise circulation (discharge locations 24 to 54; Fig-

ures 3a,c). This generates the distinct spatial temperature structure observed across the grounding zone, which is mirrored by225

melt rate patterns (Figure 3c,d). Localized cooling in the upper-layer persists east of several discharge sites driven by the recir-

culation of colder cavity water within the anticlockwise circulation cell (Figure 3a,c,d). In contrast, the cold regime exhibits a

comparatively more spatially uniform temperature and melt rate structure despite the stronger circulation reorganization (Fig-

ures 4a,c,d). This reflects the smaller thermal contrast between the ambient cavity waters and the subglacial outflow, which

limits the development of strong thermal gradients even when circulation adjustments are substantial (Figures 4a,c). A more230

detailed quantitative analysis of melt rates is presented in Section 3.4.

Suspended sediment transport and bathymetric evolution similarly respond to the circulation structure established by the

buoyant outflow (Figures 3e-g and 4e-g). In both cavity regimes, the highest concentrations of suspended sediment occur near

the discharge locations, where buoyant outflow entrains and redistributes sediment along the circulation pathways (Figures 3e

and 4e). The stronger background circulation in the warm regime enhances downstream sediment export, maintaining com-235

paratively lower suspended sediment concentrations at the grounding zone and limiting local deposition (Figures 3e-g and A2,

Appendix A). Conversely, the weaker circulation and reduced flushing efficiency of the cold regime favour sediment reten-

tion near the grounding line, sustaining broader suspended sediment persistence and promoting more pronounced depositional

features near the discharge location (Figures 4e-g and A2, Appendix A).

The depositional environments formed in the cold regime are additionally characterised by episodic erosion events that are240

largely absent in the warm simulations (Figures 3g and 4g, and A3, Appendix A). These events occur primarily at central-

eastern discharge locations (40, 42, 44 and 50), where the anticlockwise circulation tends to be confined between the evolving

bathymetry and the grounding line eastern boundary geometry (Figure 4a,f,g). Rapid reductions in local bathymetric height

coincide with sharp increases in suspended sediment concentration and substantial rearrangement of the grounding zone seabed

(Figure 4e-g). Using the central experiment Sgw+Sed40_cold as an illustrative case, we show that these erosion events arise245

from the interplay between grounding zone geometry, weak background circulation, depositional environment and bed sedi-
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Figure 5. Time series of geophysical evolution during an erosion event on the illustrative central experiment Sgw+Sed40_cold. Panels show

(a) bathymetric elevation, mass of (b) Mud1, (c) Mud2, (d) Sand1, and (e) Sand2 in the uppermost seabed layer, and (f) bed erosion stress.

The red dashed line marks the threshold of the event, which is accompanied by an abrupt increase in shear stress and subsequent loss of

sediment mass. Note the different y axis offset in panel (f) due to the small value range, which spans 0.01115507 to 0.0111551 N/m2.

ment composition (Figures 4a,f,g and 5a-e). Reduced cavity velocities favour enhanced sediment accumulation and the for-

mation of sand-rich depositional beds (Figure 5c-f), reflecting the preferential settling of coarse particles with higher settling

velocities relative to mud fractions (Figure A3, Appendix A). These deposits are additionally associated with comparatively

low critical erosion stresses (Figure 5f), making them highly susceptible to remobilisation during moderate flow perturbations.250

Consequently, despite enhanced deposition, the cold regime also experiences frequent erosional reworking that partially offsets

net bathymetric growth by destabilising the seabed and releasing large volumes of sediment back into suspension (Figures 4e-g

and A3, Appendix A). Together, these results demonstrate that grounding line discharge location fundamentally controls how

buoyant subglacial outflows interact with cavity circulation and geometry, thereby governing the redistribution of heat, melt,

and sediment beneath the ice shelf and modulating the stability of grounding zone depositional environments.255

3.3 Distributed Subglacial Discharge Impact

In this section, we investigate the impact of distributed subglacial discharge on grounding zone dynamics under both warm

and cold regimes (SgwD_warm and SgwD_cold). Figure 6 illustrates the cavity response across circulation and thermohaline

structure, melt rates, suspended sediment concentration, and bathymetric evolution. In contrast to the channelised experiments,
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distributed discharge introduces freshwater continuously along the grounding line, generating a spatially distributed buoyancy260

forcing that suppresses the formation of localized buoyant jets and promotes broader grounding zone adjustment.

The distributed freshwater input reorganizes the grounding zone circulation in both cavity regimes, when compared to the

control scenarios (Figures 2a,b and 6a,b). Rather than generating localized recirculation centred on a single discharge site,

the distributed forcing strengthens and laterally expands the anticlockwise circulation across much of the grounding zone

(Figure 6a). This circulation restructuring is more pronounced in the cold regime, where the weaker background circulation265

produces a proportionally larger impact from buoyancy forcing (Figure 6a). Consequently, fresh signals become more spatially

distributed along the grounding zone, instead of producing jet-like freshwater structures such as in the channelised discharge

experiments (Figures 3b, 4b and 6b).

These circulation changes subsequently modify temperature and melt-rate structures at the grounding zone, in comparison

with the control cases (Figures 2c,d and 6c,d). In both regimes, distributed discharge preserves the spatial temperature structure270

of the respective control experiment, but alters the magnitude of the distribution of heat near the grounding line. In the warm

regime, the distributed buoyancy forcing enhances the colder water intrusion across the central grounding zone, producing

slightly lower temperatures and reduced melt rates relative to the control (Figures 2c,d and 6c,d). In contrast, the cold regime

exhibits a broader warming response and enhanced melt rates across much of the grounding zone, consistent with the grounding

zone-wide circulation reorganization induced by the distributed freshwater input (Figures 2a,c,d and 6a,c,d). Compared to the275

channelised experiments, these responses are spatially smoother and less localized, reflecting the absence of focused jet-like

buoyant outflows (Figures 3b, 4b and 6b). A more detailed quantitative analysis of melt rates is presented in Section 3.4.

The distributed discharge also releases sediment through multiple low-intensity sources, preventing the formation of buoyant

jet-like outflows at the grounding zone (Figure 6e). The faster circulation in the warm regime limits local sediment retention,

resulting in uniformly low concentrations (∼1×10−3 kg m−3) due to relatively efficient downstream transport (Figure 6e). In280

contrast, the weaker circulation in the cold cavity results in suspended sediment retention and local convergence within the

grounding zone, allowing concentrations to build up to ∼1×10−2 kg m−3, producing distinct suspended sediment patterns

(Figure 6e).

Finally, the suspended sediment retention in the cold regime results in more pronounced depth and bathymetry profiles

(Figure 6f,g), with averaged increases in grounding line bathymetry relative to the warm cavity (Figure A2, Appendix A),285

similar to the channelised discharge scenarios (Figure 4f,g and A2, Appendix A). While both regimes exhibit deposition of

up to 2 m adjacent to the grounding line (relative to their respective controls: Control0_warm or Control0_cold), the cold

cavity also exhibits more extensive sediment remobilisation along the grounding zone (Figure 6f,g). Together, these results

demonstrate that distributed subglacial discharge modifies grounding zone dynamics primarily through cavity-wide buoyancy

forcing, which reorganizes circulation and subsequently governs the redistribution of heat, melt, and sediment.290

3.4 Differences Between Channelised and Distributed Discharge on Melt Rates

In this section, we investigate the impact of distributed versus channelised flow on ice shelf basal melt rates for both cavity

regimes (Figure 7). Melt responses were evaluated using local estimates at the grounding line, and regionally using averages
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Figure 6. Warm and cold regimes absolute values from the simulations with distributed sediment-laden subglacial freshwaters

(Sgw+SedD_warm and Sgw+SedD_cold, respectively). Injection sites range from x=20 to x=58 and are indicated by red arrows. Panels

display barotropic streamfunction (a), salinity (b) and temperature (c) at the uppermost ocean layer, melt rates (d), total concentration of

suspended sediment in the water column (e), bathymetry (f) and a vertical cross-section of the grounding line geometry (g). In panel (a), the

maximum positive barotropic streamfunction value for each experiment is indicated on the corresponding panel. In panel (g), the grounding

line, which is non-linear in plan view, is projected onto a straightened along-grounding line coordinate, with values interpolated onto a com-

mon axis for visualization purposes. Note the differing colour scales used for salinity, temperature and melt rate fields.
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Figure 7. Melt rates and associated anomalies at the grounding line and grounding zone for the warm (top two rows) and cold (bottom two

rows) regimes. The panels on the left (a, c, e, g) correspond to the channelised subglacial discharge experiments, and the panels on the right

(b, d, f, h) represent distributed discharge experiments. Each subplot includes three experiments: Control0 (blue), Sgwx or SgwD (orange),

and Sgw+Sedx or Sgw+SedD (red). The purple dashed lines represent the differences between Sgw+Sedx and Sgwx, or Sgw+SedD and

SgwD , highlighting the anomalies relative to the sediment-laden subglacial discharge. Lines with markers indicate point discharge locations,

whereas continuous lines represent distributed discharge experiments. Absolute values of melt rates are plotted on the left y axes, while the

percentages of anomalies are shown on the right y axes.

over the grounding zone. Comparisons between sediment-laden and freshwater-only simulations are used to distinguish the

relative influence of subglacial sediment on basal melt variability.295
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Channelised discharges at the grounding line produce stronger melt responses, and highlight clear contrasts between warm

and cold cavity regimes (Figure 7a,e). In the warm regime, Control0_warm exhibits melt rates of approximately 20-45 m yr −1.

When freshwater-only forcing is added (Sgwx_warm), melt rates increase by an average of 173 %, reaching around 90-

110 m yr −1 (Figure 7a). The inclusion of sediment (Sgw+Sedx_warm) reduces melting to the range of 75-100 m yr −1,

producing negative anomalies of up to - 22 %, and with an average of - 13 % (relative to experiments that include only fresh-300

water; Sgwx_warm). In the cold regime, melt rates remain an order of magnitude lower overall, increasing from 1-2 m yr −1

in the Control0_cold, to 8-15 m yr −1 in the Sgwx_cold, representing an average increase of ∼955 % (Figure 7e). When sub-

glacial sediment is included, melt rates decrease by an average of - 16 % to 7-15 m yr −1. Although sediment-driven impacts are

spatially variable, melt anomalies are generally reduced in central–eastern regions, where erosion-driven bathymetric lowering

modifies the local circulation and limits melt enhancement.305

For the grounding zone, averaged melt rates under channelised discharge preserve the same experiment response observed

as at the grounding line, but with substantially lower magnitudes (Figure 7c,g). In the warm regime, while Control0_warm

has an average melt rate of ∼ 30 m yr −1, the addition of subglacial freshwater results in an average increase of ∼9 %

(Sgwx_warm), with melt rates ranging between 27 and 34 m yr −1, depending on channel location. When sediment is added

(Sgw+Sedx_warm), melt rate reductions are modest (- 2.5 % to - 0.1 %, relative to experiments that include only freshwater;310

Sgwx_warm), and are generally more evident near cavity boundaries, where peripheral injections can have different impacts on

grounding zone dynamics (Figures 3d and 7c). In the cold regime, melt rates remain an order of magnitude lower: Control0_cold

has an average melt rate of 0.8 m yr −1, while Sgwx_cold reaches 1.2-2.6 m yr −1, increasing melt rates by ∼165 % on average

(Figure 7g). The differences between freshwater-only and subglacial sediment channelised discharge experiments are generally

small (0 to - 7 %), with an exception for the easternmost site, where the reduction approaches ∼ - 27 % (Figure 7g). Regardless315

of injection site location, the impact of subglacial sediment on melt rates is always negative under channelised discharge, either

locally at the grounding line or averaged for the grounding zone (Figure 7c,g).

Distributed discharge produces substantially weaker melt responses at the grounding line than channelised configurations in

both cavity regimes (Figure 7b,f). In the warm regime, the freshwater-only experiment (SgwD_warm) shows melt rates ranging

between 20 and 60 m yr −1, representing an increase of approximately 37 % relative to the control scenario Control0_warm.320

The addition of subglacial sediment (Sgw+SedD_cold) results in minor positive anomalies (0.1 % to 0.27 %). In the cold

regime, the SgwD_cold experiment produces melt rates that range from 2 to 6 m yr −1: an increase of ∼ 287 % compared to

the control. The addition of subglacial sediment has no consistent behaviour, with anomalies fluctuating between - 1.4 % and

0.4 % (Figure 7f). These results indicate that distributed sediment-laden discharge exerts only a minor influence on grounding

line melt, with impacts varying spatially along the grounding line.325

In the broader grounding zone, distributed discharge produces higher melt rates than channelised configurations in both

cavity regimes (Figure 7d,h compared to 7c,g). Relative to their respective control experiments, freshwater-only forcing

(SgwD_warm and SgwD_cold) increases melt rates by ∼ 4.5 m yr −1 in the warm regime (Figure 7d) and by ∼2.1 m yr −1

in the cold regime (Figure 7h), representing increases of ∼15 % and ∼223 %, respectively. The addition of subglacial sedi-

16

https://doi.org/10.5194/egusphere-2026-3435
Preprint. Discussion started: 25 June 2026
c© Author(s) 2026. CC BY 4.0 License.



ment introduces only minor variations in grounding zone averaged melt, with anomalies of ∼0.29 % in the warm regime, and330

∼ - 0.42 % in the cold regime, indicating a potentially negligible influence also at this spatial scale.

Overall, our results show that channelised discharges (Sgwx_warm, Sgwx_cold, Sgw+Sedx_warm, Sgw+Sedx_cold) gen-

erate stronger melt responses at the grounding line than distributed discharges (Figure 7a,b,e,f). However, the influence of

distributed discharges (SgwD_warm, SgwD_cold, Sgw+SedD_warm, Sgw+SedD_cold) is higher over the grounding zone re-

gion (Figure 7c,d,g,h).335

4 Discussion

Previous studies have consistently demonstrated that subglacial discharge enhances ice shelf basal melt near the grounding line.

This fresh and buoyant outflow increases entrainment towards the ice base, driving stronger turbulent exchange to the ice-ocean

interface (Le Brocq et al., 2013; Nakayama et al., 2021; Gwyther et al., 2023; Pelle et al., 2023; Vaňková et al., 2025; Papapetros

et al., 2025). However, most of this framework emerged from investigations of warm ice shelf cavities, where relative strong340

background circulation reinforces buoyant-driven melt intensification. This warm-cavity focus has limited understanding of

how contrasting background circulation states modulate the oceanic response to subglacial buoyancy forcing. To address this

gap, we compared subglacial discharge responses under contrasting cavity regimes. Our results show that identical subglacial

forcing can produce different dynamic responses depending on the background state, demonstrating the important role of cavity

regime in modulating subglacial discharge impacts.345

In warm cavities, buoyant subglacial discharge enhances the already energetic ambient field (Figures 2c and 3c), whereas in

the cold regime, our results show that the same freshwater produces a larger impact on the weaker ambient circulation state

(Figures 2c and 4c). Although absolute melt rate values remain higher in the warm cavity (Figures 2d and 4d), the respective

percentage anomalies are larger in the cold regime (Figure 7), indicating that cold cavities may be dynamically more sensitive

to subglacial discharge.350

Importantly, the background regime further interacts with the location of subglacial discharge along the grounding line

(Figures 2, 3 and 4). Our experiments show that the channelised discharge location determines whether the response remains

channelised and boundary-confined, or expands to influence the cavity-wide circulation. Central grounding line injections tend

to maximise lateral redistribution of heat and freshwater, whereas peripheral injections remain constrained by the cavity geom-

etry. In contrast, when discharge is distributed along the grounding line, the subglacial water generates a weaker but spatially355

distributed buoyancy forcing that affects a broader region of the grounding zone. This partially aligns with the sensitivity to

freshwater-only discharge configurations reported by Vaňková et al. (2025) for warm cavities, as both studies show enhanced

grounding zone melt when freshwater input is spatially distributed. However, the west-to-east increase in melt identified in

their channelised simulations was not reproduced here. This difference may result from our experimental design, with more

discharge sites tested, as well as enhanced lateral and vertical mixing from tidal forcing (Gwyther et al., 2016). Additionally,360

the use of a different ocean model framework may also contribute to variations in circulation structure and buoyancy dynamics,
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as reported by Yung et al. (2026), indicating that melt enhancement depends not only on the freshwater flux magnitude and the

spatial configuration, but also on the relative background circulation, cavity forcing and regime.

A key outcome of our experiments is that subglacial discharge does not simply impose a localized melt perturbation at the

grounding line. Instead, buoyancy forcing reorganizes the cavity circulation structure by modifying the location and strength365

of circulation cells. The resulting redistribution of heat and freshwater controls where melt enhancement occurs, and whether

responses remain confined to the boundary regions or expand throughout the cavity. This impact on circulation is particularly

pronounced in cold cavities, where weaker background circulation allows buoyancy forcing to exert proportionally larger

dynamical influence over grounding zone circulation patterns.

Beyond the traditional division between warm and cold conditions, our results suggest a broader conceptual revision in the370

classification of ice shelves. Rather than a one-dimensional spectrum governed by temperature and melt rates, our findings

support the existence of multiple dynamic grounding zone regimes that can produce comparable melt outcomes. Within this

framework, a predominantly cold cavity can still exhibit high melt rates when subjected to strong subglacial discharge forcing,

indicating that melt response is not uniquely tied to thermal conditions alone. This behaviour suggests that basal melting may

emerge from a more complex interplay of physical processes, allowing for transitions between relatively quiescent and more375

dynamic states. Consequently, ice shelves may be better understood as complex systems operating within a multidimensional

state space, where different combinations of conditions can lead to comparable melt signatures.

Beyond freshwater-driven effects, our results also highlight an additional layer of complexity introduced by sediment-laden

discharge. While suspended sediment modifies the buoyancy flux density (Salcedo-Castro et al., 2013; Papapetros et al., 2025),

its direct influence on melt rates and cavity circulation remains comparatively weak when sediment input is spatially distributed380

along the grounding line (Figures 3 and 4). In contrast to the distributed subglacial water experiments, where buoyancy out-

flows generate a spatially extensive melt response, adding distributed sediment discharge makes a negligible change to melt

rates (maximum of - 1.4 % at the grounding line and ∼ - 0.42 % in the wider grounding zone; Figure 7). This is because the

distributed sediment discharge results in a diffuse sediment concentration, limiting the development of strong and focused cir-

culation reorganization. Instead, the dominant impact of sediment emerges through localised bathymetric feedbacks, consistent385

with Papapetros et al. (2025). In the warm cavity (Figure 3), strong background circulation suppresses sustained depositional

thickening and minimises bathymetric feedbacks on melt rates. In contrast, the slower circulation in the cold cavity (Figure

4) facilitates local deposition of coarser grains and the formation of sand-rich beds with low critical shear stress (Figure 5),

promoting episodic erosion and substantial seabed rearrangement. These bathymetric adjustments alter circulation pathways

(Zhou and Hattermann, 2020) and modulate melt rates (Papapetros et al., 2025), reinforcing that sediment influence operates390

primarily through morphodynamic feedback.

Along with the cavity geometry, the contrasting sediment dynamics between regimes imply different pathways for grounding

zone wedge (GZW) development (Batchelor and Dowdeswell, 2015; Horgan et al., 2013). The enhanced deposition in the cold

regime provides favourable conditions for GZW formation; however, the predominance of sand-rich deposits may limit the

long-term accretion of these features, as non-cohesive sediments are less stable due to its low critical erosion stress thresholds.395

In the warm cavity, by contrast, reduced sediment retention may slow the initial wedge formation, yet deposited material is
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less frequently destabilised, potentially favouring more persistent morphological features once established. This emphasises the

importance of sediment composition in controlling bathymetric feature stability (Li et al., 2022; Smith et al., 2019), as cohesive

mud-rich deposits tend to resist erosion more effectively, whereas non-cohesive sand-rich deposits are more susceptible to

remobilisation under comparatively weak flow perturbations. Furthermore, recurring seabed reworking could also inhibit the400

progressive build-up required for a stable and consolidated GZW. These results suggest that the cavity thermal regime may also

play an important role not only in sediment depositional rates, but also in the structural integrity and longevity of grounding

zone wedges, with potential implications for their effectiveness as stabilising pinning points.

The sediment loads prescribed in our simulations fall within the range of previously reported subglacial sediment con-

centrations, which span approximately 0.3 – 1 kg m−3 (Chu et al., 2009; Schild et al., 2017; Aitken et al., 2024). These405

estimates remain highly uncertain due to poorly constrained erosion rates and variability in subglacial drainage efficiency.

Given the limited observational constraints, we adopt representative concentrations within this range to explore first-order sed-

iment–circulation feedbacks, rather than to represent discharge periodicity or extreme scenarios. Variations in sediment flux

are expected to influence buoyancy outflow and sediment entrainment (Delaney et al., 2019, 2025), and therefore affect the

magnitude and spatial distribution of basal melt. Nevertheless, improved observational constraints on sediment discharge at410

grounding lines remain critical for quantifying their long-term impact.

Together, our results demonstrate that subglacial discharge exerts a fundamental control on grounding zone dynamics,

whereby sediment-laden buoyant outflows reorganise circulation and melt patterns across the entire cavity rather than acting

as a localised perturbation at the grounding line. The interaction between cavity regime and discharge location therefore deter-

mines whether the system response remains boundary-confined or expands into a cavity-scale reorganisation of thermohaline415

structure, circulation, and sediment redistribution. These findings suggest that models that include only ice-ocean interactions,

while neglecting subglacial discharge and sediment transport processes, may underestimate the complexity of grounding zone

evolution and its influence on spatial melt variability. More broadly, the processes identified here are likely to persist in realistic

Antarctic settings, where complex bathymetry, multiple discharge outlets, tidal forcing, and temporal variability in freshwater

input may modulate, but not remove, the underlying regime dependence.420

In these simulations, the grounding line is fixed. In reality, sediment redistribution may modify bed morphology and ground-

ing line stability, which would in turn feed back onto cavity geometry and circulation, potentially amplifying the regime-

dependent behaviours identified here. Our experiments therefore provide a conservative estimate of sediment-laden subglacial

discharge feedback processes that may be important for grounding zone evolution. Fully coupled simulations are required to

quantify how these interactions evolve under sustained forcing and to assess their implications for long-term ice sheet stability.425

5 Conclusions

In this study, we used idealised ice shelf-ocean simulations coupled with sediment processes to investigate how subglacial dis-

charge location, configuration, and sediment load interact under contrasting warm and cold cavity regimes. By examining both
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oceanographic and morphodynamic responses, we aim to better constrain how subglacial freshwater and sediment processes

jointly influence basal melt, cavity circulation, and grounding zone dynamics.430

Overall, our findings demonstrate that ocean cavity regimes have an important influence on the impact of subglacial dis-

charge on ice shelf cavities and basal melting, with cold cavities exhibiting a substantially higher relative sensitivity to fresh-

water forcing than warm cavities (grounding line melt rate increases up to ∼955 % in the cold regime, and ∼173 % in the warm

regime). This sensitivity is further modulated by discharge configuration, which determines whether buoyancy-driven impacts

remain locally confined or distributed at the grounding zone. While sediment-laden discharge exerts a consistent grounding435

line melt-reducing effect under channelised conditions (∼ 13% reduction in the warm regime and ∼ 16% in the cold regime),

its influence is negligible when discharge is spatially distributed (< 1 %). Importantly, the dominant influence of sediment is

through morphodynamic feedbacks (Papapetros et al., 2025), which reshape the seabed and alter circulation patterns, partic-

ularly in cold cavities, where weaker circulation promotes sediment accumulation, unstable depositional environments, and

episodic erosion events.440

While melting is fundamentally driven by the heat availability at the ice-ocean interface, our results demonstrate the im-

portance of coupled interactions among cavity circulation, tides, subglacial discharge, and sediment-driven morphodynamic

feedbacks. The delivery of ocean heat to the ice base is further modulated by complex interactions between cavity thermal state,

discharge configuration, sediment transport, and bathymetric changes. The complexity of these interacting processes presents

a significant challenge for basal melt parametrisations in large-scale ice-ocean models, highlighting the need for regional ap-445

proaches that better capture regime-specific and spatially heterogeneous grounding zone processes to improve projections of

ice shelf vulnerability and Antarctic Ice Sheet stability.

Code and data availability.

The ocean model source code (Galton-Fenzi, 2019), its outputs and processing scripts (Papapetros, 2026) are publicly avail-

able.450

Appendix A

A1

Figure A1 shows that all simulations reached a quasi-steady state over a 20 years period, defined here as a dynamic equilibrium

in which domain-averaged melt rates plateaued. Simulations including subglacial discharge reached quasi-steady conditions

more rapidly, as the enhanced buoyancy flux strengthened overturning circulation within the cavity and promoted earlier455

stabilization of melt rates compared to simulations without subglacial input.
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Figure A1. Domain-averaged melt rates spin-up over the 20-year simulation period. In panel (a), control experiments are shown as

Control0_warm (red) and Control0_cold (purple), alongside representative simulations with centrally located subglacial discharge (x = 38

km) as Sgw38_warm (pink) and Sgw38_cold (blue), and distributed discharge as SgwD_warm (green) and SgwD_cold (yellow). Panel (b)

shows the respective experiments that include sediment: Sgw+Sed38_warm (orange), and Sgw+Sed38_cold (light blue), Sgw+SedD_warm

(grey) and Sgw+SedD_cold (brown).

A1

Figure A2 shows the bathymetry fields and for the controls (Control0_warm and Control0_cold; panel a), reference chan-

nelised discharges at location x = 38 km (Sgw+Sed38_warm and Sgw+Sed38_cold; panel c), and distributed discharges sce-

narios (Sgw+SedD_warm and Sgw+SedD_cold; panel e). In addition, the anomaly fields, in reference to the cold regime460

([Cold]-[Warm]) are shown for each configuration to more clearly isolate the influence of cavity thermal regime on seafloor

evolution (Figure A2b,d,f). Although the resulting bathymetric differences are relatively small in magnitude (approximately

0.15 - 0.17 cm), these modest variations help explain the contrasting suspended sediment distributions observed between cav-

ity states, demonstrating that even minor morphodynamic adjustments can contribute to meaningful differences in sediment

suspension and transport.465

A2

To support the sediment classes differences described in our results, this section summarises the settling behaviour and bed

evolution across cavity regimes. Panel (a) of Figure A3 compares grain size and settling velocity for each sediment classes

(Mud1, Mud2, Sand1, and Sand2), illustrating the substantially faster settling of coarser particles relative to finer mud fractions.

The settling velocities (ws) were calculated using the formulation proposed by Ferguson and Church (2004), which describes470

the fall velocity of sediments in fluids across a wide range of grain sizes:

ws =
RgD2

C1ν+
√

0.75C2RgD3

21

https://doi.org/10.5194/egusphere-2026-3435
Preprint. Discussion started: 25 June 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure A2. Bathymetric heights for control experiments (Control0_warm and Control0_cold; panel a), with channelised discharges at lo-

cation x = 38 km (Sgw+Sed38_warm and Sgw+Sed38_cold; panel c), and with distributed discharges scenarios (Sgw+SedD_warm and

Sgw+SedD_cold; panel e). The grey line in panels (a), (c), and (e) represent the reference bathymetry, with no sediment included. The

respective anomalies reference between regimes (in reference to the cold scenario; [Cold]-[Warm]) are shown in panels (b), (d) and (f),

emphasising the subtle seabed differences between contrasting thermal states. Dashed grey lines indicate zero, and the mean anomaly for

each configuration is reported within the respective panels.

where R is the submerged specific density defined as R= (ρs − ρf )/ρf , with ρs = 2650 kg m3 being the sediment grain

density and ρf the fluid density estimated from temperature, salinity, and pressure using the TEOS-10 formulation (McDougall

and Barker, 2011). The gravitational acceleration is g (9.81) m s−2, and D is the grain diameter (m). The coefficients C1 and475

C2 account for viscous and turbulent drag effects, respectively, with values of C1 = 18 and C2 = 1.

Panel (b) of Figure A3 shows the bathymetric evolution over the 20-year simulation period for the reference experiments

with channelised discharge at location x = 40 km (Sgw+Sed40_warm and Sgw+Sed40_cold). The analysis focuses on the grid

cell immediately downstream of the discharge location, where the largest bathymetric increases are observed. The first three
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Figure A3. Sediment class properties and bathymetric evolution across cavity regimes. Panel (a) shows the relationship between grain size

and settling velocity for the prescribed sediment classes (Mud1, Mud2, Sand1, and Sand2), highlighting the faster settling behaviour of

coarser sediment fractions relative to finer mud particles. Panel (b) presents the bathymetric evolution throughout the 20-year experiment

period for the reference channelised discharge simulations. The black arrow indicates the erosion event described in Section 3.2.

years are considered initial part of the model spin-up period, and are therefore excluded from the interpretation due to initial480

adjustment instabilities. Together, these results further demonstrate that background circulation strength directly influences

grounding zone bathymetric evolution and sediment stability.
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