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Abstract Using radar data from the Beardmore Glacier grounding zone, we image a narrow subglacial
channel (300 − 500 m wide) that reaches a height of 200 m above the ambient ice‐shelf draft. Using repeat
ICESat‐2 observations and Worldview digital elevation models, we show that this channel we observe with
radar is part of a system of channels. These channels form near the grounding zone where the axis of the
channels runs up‐gradient in smoothed ice base elevation (perpendicular to smoothed ice base elevation
contours). Downstream, these features are advected with the flow and expressed as Eulerian surface elevation
change in differenced co‐registered digital elevation models. Continuity calculations indicate that melt rates
within the channel are at least 20 m yr− 1. Idealized one‐dimensional plume modeling indicates these melt rates
require substantial meltwater discharge and are geographically continuous extensions of subglacial conduits we
image upstream of the grounding zone. These basal‐melt rates are 27× higher than the ambient basal‐melt rates
in the Ross. Asymmetric melt across the width of the channel suggests there is cross‐channel ocean boundary
current that may affect the efficiency of energy exchange across the ice‐shelf ocean boundary layer within the
channel. This is consistent with recent model experiments that suggest ice shelf basal channel shape determines
channelized ice‐ocean interactions.

Plain Language Summary Ice shelves are floating extensions of glaciers that buffer the flow of ice
grounded on land to the ocean. Because ice shelves influence the rate of ice discharge to the ocean, ice‐shelf melt
can drive grounded ice volume change upstream. Localized melt can form and erode channels into the bottom of
ice shelves, thinning the ice shelf by hundreds of meters. The impact of these localized channels on melt rates
and the structural integrity of ice shelves is still unclear. Here, we report on geophysical studies of a system of
large (∼200 m high) subglacial melt channels discovered where Beardmore Glacier goes afloat and flows from
East Antarctica into West Antarctica's Ross Ice Shelf. In the Ross Ice Shelf ocean cavity, ocean water
temperatures are near the freezing point, limiting the capacity of the ocean to melt the base of the ice shelf.
Despite these relatively low temperatures, our data reveal a melt channel with a geometry that implies the ocean
is melting the bottom of the ice shelf at a rate exceeding 20 m per year. Our data indicate that this channel forms
due to the drainage of fresh, buoyant subglacial meltwater from under the grounded ice, which entrains warmer
ocean water into a buoyant plume and promotes more vigorous melt.

1. Introduction
Ice shelves, the floating extension of marine outlet glaciers, mediate mass exchange between the ocean and the ice
sheet through basal melt, and accretion (Paolo et al., 2015; Reese et al., 2018; Rignot et al., 2019). Ice shelves melt
at their base due to heat from warm ocean water that is entrained in out‐flowing buoyant overturning circulation
generated from basal melt or subglacial discharge. Basal melting beneath Antarctic ice shelves is currently
responsible for as much as half of total ice‐shelf mass loss (Rignot et al., 2019), and is projected to increase this
century (Cai et al., 2023; Naughten et al., 2023). Increased basal melt responsible for ongoing changes in mass
balance and projected future changes have been connected to increases in transport of warm, saline, modified
circumpolar deep water across the continental shelf break. However, oceanic processes local to ice‐shelf cavities
can also affect heat transport and the efficiency of heat transfer at the ice‐ocean interface (i.e., Cheng et al., 2024).
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These processes include strong feedbacks between properties of the ice‐shelf ocean boundary layer and the ge-
ometry of the ice‐shelf cavity that remain less well studied because of the difficulties measuring properties of the
ice‐ocean boundary layer and mapping the ice‐ocean interface (i.e., Cheng et al., 2024).

One of the strongest examples of this feedback is ice‐shelf basal‐melt channels that focus outflow and locally
enhance ice‐shelf melt rates. Basal channels are pervasive across Antarctica and have been detected using surface
slopes expressed in satellite imagery (e.g., Rignot & Steffen, 2008), digital surface elevation models (e.g., Alley
et al., 2019; Chartrand & Howat, 2020; Howat et al., 2019; D. E. Shean et al., 2019), autonomous underwater
vehicle observations (e.g., Dutrieux et al., 2014; Stanton et al., 2013), and ice‐penetrating radar technology (e.g.,
Le Brocq et al., 2010; Rignot & Steffen, 2008; Stanton et al., 2013). Basal‐melt channels have been linked to a
variety of source mechanisms sustained by the entrainment of heat into confined buoyant freshwater plumes
(Sergienko, 2013). Some channels form where feedbacks allow positive melt‐rate anomalies to grow with
enhanced outflow (ocean driven; Sergienko, 2013). Other channels initiate where lateral variations in bed
topography at the grounding zone form local variations in ice‐shelf draft inherited as ice ungrounds over rough
terrain (topography inherited; Drews et al., 2017). Channels can also form near the grounding zone from buoyant
plumes that arise from subglacial discharge (discharge‐driven; Le Brocq et al., 2013).

Catalogs of basal channels and roughness at the ice‐shelf base have been used to diagnose these source mech-
anisms in the hydrographic and spatial context of different ice‐shelf cavities (Alley et al., 2016, 2024; Watkins
et al., 2021). These studies have hypothesized that melt channels and terrace features are strongly connected to the
thermal driving of the ice‐shelf cavity. Within “warm ice‐shelf cavities” (e.g., Pine Island Ice Shelf; Dutrieux
et al., 2014) where modified Circumpolar Deep Water circulating onto the continental shelf is able to reach the
grounding zone, basal‐melt rates are high (∼5–200 m/yr), and basal channels are common compared to “cold ice‐
shelf cavities” (e.g., Ross Ice Shelf) where melt is driven by the advection of High‐Salinity Shelf water (HSSW) to
the grounding zone. In cold shelf cavities, HSSW retains heat available for melting due to the pressure depen-
dence of the melting point (Nicholls et al., 2009), basal‐melt rates are typically low (<5 m/yr), and channelized
melt is often linked to subglacial discharge (Le Brocq et al., 2013; Marsh et al., 2016; Whiteford et al., 2022).

Understanding the mechanisms that control the initiation and evolution of basal channels is important, as basal
channels may impact the structural integrity of ice shelves and grounded ice discharge upstream (Rignot &
Steffen, 2008). Modeling and observations indicate that ice‐shelf basal melting reduces buttressing to grounded
ice and that concentrated melting in basal channels can influence the flow and stability of ice shelves. Depth‐
integrated plume models have also been coupled to ice‐flow models to investigate the mutual dependence of
focused meltwater outflow and basal channel evolution and suggest that channels decrease the total shelf average
melt rate compared to shelves where melt is not channelized (Gladish et al., 2012; Millgate et al., 2013).

Recent high‐resolution simulations have also demonstrated the importance of vertical shear and thermohaline
structure of sub‐ice boundary currents that control turbulent heat exchange and melt at the ice‐ocean interface
(Burchard et al., 2022; Rosevear et al., 2022; Vreugdenhil & Taylor, 2019). In idealized high‐resolution vertically
resolved models of meltwater outflow, the increase in height and, thus, steepening of the channel flank were
shown to determine melt magnitude by controlling both the friction velocity and near‐ice temperature at the peak
of the channel (Cheng et al., 2024). These experiments have shown that channelized basal melting of ice may be
controlled by the cross‐sectional channel geometry, particularly the channel height and the slope of the channel
side walls. This modeled dependence of melt rate on channel geometry has not previously been linked to
observations.

Here, we report on a system of nine large (100 − 200 m tall) and narrow (300 − 500 m wide) ice‐shelf basal
channels that form at the grounding zone of Beardmore Glacier (Figure 1). Beardmore Glacier conveys ice from
East Antarctica through the Transantarctic Mountains to the Ross Ice Shelf, which sits above a “cold ice‐shelf
cavity” in the Ross Sea. The channels we survey at the terminus of the Beardmore Glacier outnumber the total
number of basal channels identified previously for the entire Ross Ice Shelf. The channels and their expression in
surface elevation data require melt rates in excess of 20 m yr− 1 and are consistent with melt rates that have been
observed near the grounding zone of “warm ice‐shelf cavities” such as Pine Island Glacier (Figure 1). We use this
system of channels to investigate the thermal driving of the Beardmore Glacier grounding zone.
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2. Data and Methods
This study is the first to survey and document the system of subglacial channels across the Beardmore Glacier
grounding zone. The data that we present were collected in 2012 as part of an airborne and ground‐based
campaign that collected ∼600 km of impulse radar data that, combined with existing satellite‐derived surface
velocity and surface elevation fields, comprise one of the most complete surveys of an Antarctic grounding zone
to date.

2.1. Ice‐Penetrating Radar

A bespoke impulse ice‐penetrating radar system was used to map the ice/ocean interface geometry and englacial
layers. Ground‐based radar profiles were collected using dipole antennas with a center frequency of 7 MHz.
Airborne profiles were collected by towing the same system behind a Twin Otter aircraft (Conway et al., 2009),
using antennas with a center frequency of 2 MHz. Following Christianson, Jacobel, et al. (2016), processing steps
included bandpass filtering, time correction for antenna separation, geolocation from dual‐frequency GNSS data,
interpolation to a standard trace spacing of 5 m, and along‐track time‐wavenumber migration (Figure 2. See Text
S1 in Supporting Information S1). Using ice thickness and geolocation information, we calculate the height above
floatation (Figure S1 in Supporting Information S1). Basal and englacial reflectors were digitized using a semi‐
automated routine that identified the Ricker wavelet corresponding to the local maximum and two surrounding
local minima of the reflector interface (Christianson, Jacobel, et al., 2016; Gades et al., 2000; Lilien et al., 2020).
We calculate bed‐returned power after correction for geometric spreading and englacial attenuation following
Matsuoka et al. (2010) and Christianson, Jacobel, et al. (2016) (See Texts S2, S3 and Figures S2, S3 in Supporting

Figure 1. Survey overview with inset image of Antarctic surface speeds from Mouginot et al. (2019) with map of the
Beardmore Glacier grounding zone and the Ross Ice Shelf overlaying RADARSAT‐1 mosaic. Colormap shows Reference
Elevation Model of Antarctica (Howat et al., 2019). Black lines indicate radar profiles crossing a system of basal channels
visible in panel (a) surface elevation model with (b) thicknesses derived from profiling radar and pRES data. (c) Terrace
features observed with an autonomous underwater vehicle from Pine Island Glacier (Dutrieux et al., 2014) shown with
(d) anomalies of ice‐base elevation profiles of the Beardmore channel shown with the ice base of terraces from Pine Island
Glacier. Cross‐sectional profiles of the primary Beardmore channel reveal asymmetry, with the western (right) channel wall
sloping more steeply than the eastern channel wall (left).
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Information S1). We combine the ice‐shelf geometry determined from ice‐penetrating radar observations of ice
thickness with observations of surface velocity to constrain the volumetric flux associated with melt across the
width of the channel. This calculation assumes a linear vertical deformation profile with depth and that the system
is in steady state.

2.2. Stereo Digital Elevation Models and ICESat‐2 Laser Altimetry

Digital elevation models (DEMs) fromWorldview stereo imagery of the Beardmore Glacier grounding zone were
used to construct a time series of surface elevation changes near the ice‐shelf channel we image with ice‐
penetrating radar. Following Nuth and Kääb (2011) and D. E. Shean et al. (2019), elevation observations from
Worldview digital elevation models were co‐registered with one another using a mask for bare ground and
stagnant grounded ice reservoirs (surface flow speeds <10 m/yr). From these referenced elevation models
(Figure 3, Figure S4 in Supporting Information S1), we map the system of channels using the flow accumulation,
a metric that describes the number of cells upstream flowing into each cell according to the static hydropotential
defined by an elevation model (Bartos, 2020). We resample each co‐registered elevation model at 50 m and use a
1.25 km radial Gaussian kernel to smooth each product and calculate the flow accumulation of each digital
elevation model using the smoothed surface gradient. The flow accumulation was then used to delineate the
thalweg of the surface (the line or curve of lowest elevation within a valley) that has an upstream catchment area
of at least 5,000 m2. Using distributed surface velocities derived by Mouginot et al. (2019), we backtrace the
location of each thalweg to 2014 (Figure 3c) based on the difference between the associated elevation model and a

Figure 2. Overview of the channel with flowlines used to estimate volume flux along the channel for panels (a–c) different
cross‐sections of the melt channel. Digitized layers in radargrams are shown in white.
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reference model (from 1 February 2014), which uses satellite data from the same year that much of the ground‐
based data were collected.

These precise spatially distributed high‐resolution digital elevation models complement precise repeat elevation
observations along profiles made with ICESat‐2 (Figure S5 in Supporting Information S1). ICESat‐2 is a polar‐
orbiting satellite equipped with the Advanced Topographic Laser Altimeter System (ATLAS), a state‐of‐the‐art
photon‐counting laser altimeter. The instrument precisely repeats the same tracks every 91 days, making it
particularly useful for measuring surface height change signals and ice‐shelf response to localized melt (Char-
trand & Howat, 2020; B. E. Smith et al., 2009). We used descending ICESat‐2 orbits and the cloud computing
SlideRule package to convert geolocated photons to ice‐sheet elevation averaged along 10 m overlapping seg-
ments of 5 m spacing using all photon data exceeding the medium confidence threshold (D. Shean et al., 2023).
The 10 m length of along‐track averaged segments was chosen to resolve the confined nature of the channel and
surface crevasses that appear to run along either side of the channel parallel to the ice‐flow direction (Figure S5 in
Supporting Information S1).

2.3. Basal Channel Mass Balance From Continuity

Across the channel, we estimate basal mass balance from ice thickness and surface velocity measurements
following the mass conservation technique used by Jenkins (1991). Assuming a steady‐state ice thickness and
assuming that the horizontal divergence of the volume flux is balanced by the surface and basal mass balance rate,
we can express basal mass balance from a simplified version of the continuity equation as:

ṁb = v
∂H
∂x
+ (ϵ̇x + ϵ̇y)H − ȧ (1)

where the x‐axis is the flow direction, v is the along‐flow ice speed, ȧ and ṁb are the surface and basal mass
balance rates, respectively, H is the ice thickness, and ϵ̇x and ϵ̇y are the longitudinal and transverse strain rates
(Jenkins, 1991). We simplify this calculation by implementing it along flowlines, which were selected to originate

Figure 3. (a) Surface elevation over the Beardmore channel in the austral summer of 2014 with the network of channels
identified using the flow accumulation of the surface elevation to map the thalweg. (b) Channel positions in time identified
from the flow accumulation used to map the thalweg from 2014 to 2023. (c) Channel locations from 2023‐02‐21 backtraced
to the position in 2014‐01‐29 using annual flow velocities from 2017 (Mouginot et al., 2019).
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on upstream transverse‐to‐flow profiles, that flow through profiles down-
stream. Along flowlines, this calculation simplifies to:

ṁb = v̄
Hd − Hu

Δx
+ (ϵ̇x + ϵ̇y) H̄ − ȧ (2)

where we consider spatially averaged values for parameters between the
flowlines, Hd and Hu are the downstream and upstream ice thicknesses
determined from the radar data, and Δx is the length of the flowline between
the two transverse radar lines. Flowlines and velocities were determined from
the ice velocity field produced by Mouginot et al. (2019). Surface strain rates,
assumed to be representative of depth‐averaged strain rates, were calculated
from the same velocity field (Figure S6 in Supporting Information S1;
Mouginot et al., 2019) following the logarithmic strain rate methodology of
Alley et al. (2018) using a smoothing length scale of 1,000 m. Since our data
are too sparse to create an ice‐thickness grid, average ice thicknesses were
interpolated along flowlines using the thickness field of BedMachine
Antarctica (Morlighem et al., 2020).

2.4. Ocean Plume Model

To understand the oceanographic conditions that promote the basal‐melt rates
we calculate from continuity assumptions, we turn to idealized representa-
tions of a meltwater plume (Morton et al., 1956). We adapt radially averaged
plume theory (Cowton et al., 2015) to evaluate the sensitivity of basal‐melt
rates near the Beardmore Glacier grounding zone to variability and uncer-
tainty in the ambient cavity ocean temperatures and subglacial discharge flux
(Figure 5a). The prognostic variables of this model are the plume radius b,
velocity u, temperature T, and salinity S. The model conserves mass, mo-
mentum, heat and salinity according to four equations.

d
dz
(b2u) = 2bė +

4
π
bṁ (3a)

d
dz
(b2u2) = gb2

ρa − ρp
ρ0

sin(α) −
4Cd

π
bu2 (3b)

d
dz
(b2uT) = 2bėuTa +

4
π
ṁbTb −

4ΓTC
1
2
d

π
bu(T − Tb) (3c)

d
dz
(b2uS) = 2E0buSa +

4
π
ṁbSb −

4ΓsC
1
2
d

π
bu(S − Sb) (3d)

Symbols and parameter values are defined in Table 1. The model differs slightly from Cowton et al. (2015) in that
the geometric spreading of the plume is confined to the base of the shelf rather than a submerged vertical ice‐cliff
face. The entrainment rate is thus defined as a linear function of the plume velocity and sine of the interface slope

ė = E0u sin α. (4)

The plume model couples the buoyant plume theory described above and the standard three‐equation basal‐melt
parametrization (Holland & Jenkins, 1999; McPhee et al., 1987) to compute basal‐melt rates along the ice‐ocean
interface.

ṁ(ci (Tb − Ti) + L) = ΓTC1/2
d ucw (T − Tb) (5a)

Table 1
Model Parameters and Parameter Values

Parameter Symbol Value

Entrainment coefficient E0 3.6e− 2

Drag coefficient Cd 1.5e− 3

Thermal Stanton number C1/2
d ΓT 4.7e− 4

Haline Stanton number C1/2
d ΓS 1.4e− 5

Freezing point salinity coefficient λ1 − 5.73e− 2 °C

Freezing point offset λ2 8.32e− 2 °C

Freezing point depth coefficient λ3 7.61e− 4 °C m− 1

Thermal expansion coefficient βT 3.87e− 5

Haline contraction coefficient βS 7.86e− 4 psu− 1

Specific heat capacity of ocean water cw 3.974e3 J kg− 1 °C− 1

Specific heat capacity of ice ci 2.009e3 J kg− 1 °C− 1

Latent heat of fusion of ice L 3.35e5 J kg− 1

Temperature of ice Ti − 15°C

Salinity of ice Si 0 psu

Gravitational acceleration g 9.81 m s− 2

Reference seawater density ρ0 1,030 kg m− 3

Slope of the ice draft α –

Ambient cavity temperature Ta –

Ambient cavity salinity Sa –

Boundary layer temperature Tb –

Boundary layer salinity Sb –
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ṁSb = ΓSC1/2
d ucw (T − Tb) (5b)

Tb = γ1Sb + γ2 + γ3z (5c)

The subglacial discharge was modeled by imposing an initial freshwater discharge flux at the grounding line
consistent with assumptions for the upstream flux and Röthlisberger channel theory. The drag coefficient and the
thermal and haline Stanton numbers were chosen based on values recommended by Stewart (2018) for the Ross
Ice Shelf. We use an idealized ice‐shelf draft similar to the observed draft of Beardmore Glacier, which has a
grounding‐line depth of 900 m, a steep region with a basal slope of 0.005 extending 10 km from the grounding
line, and a nearly flat ice base with a slope of 0.001 extending a farther 590 km to the ice front. Along‐flow basal
slopes near the grounding line were calculated from the apex of the observed channel in ice‐penetrating radar data
and basal slopes downstream were calculated from freeboard observations of surface elevation. The initial
discharge flux was varied between 1.0 × 10− 6 and 0.1 m2/ s. The subglacial discharge flux was varied between
values from regions of Antarctica where discharge can be ignored and summer discharge fluxes observed at
Greenland outlet glaciers (Mernild et al., 2010), which are likely to exceed the discharge fluxes for Antarctic ice
streams. Ambient ocean temperature was varied between − 2.5 and − 1.5°C. The temperature range was selected
to include the conditions expected in the vicinity of Beardmore Glacier, estimated to be between − 2.2 and − 1.9°C
based on measurements through the HWD‐2 borehole in the Ross Ice Shelf (Stevens et al., 2020).

3. Results
3.1. Channel Expression in Radargrams

Basal channels are the most prominent feature of the radar survey. The primary channel we image with radar is
profiled in several radar transects, including transects that cross the channel inland of the grounding zone. The
channel grows from a height of∼30 m and width of ∼190 m inland of the grounding zone (Figure 2) to a height of
200 m and a width of 500 m, 15 km downstream (Figure 1).

Ice base and surface elevation observations near the channel corrected for firn air content suggest that ice near the
channel sits above flotation (Figure S1 in Supporting Information S1), and these differences in the height above
flotation are larger than changes anywhere else downstream of the grounding zone. Gradients in height above
flotation reveal where bridging stresses induce secondary flow that is also expressed in englacial stratigraphy
(Figure 2). Englacial layers are disrupted and slope downwards, forming synclines over the center of the channel
(Figure 2). These profiles also reveal that the channel geometry is asymmetric about the axis of the channel.
Northwestern channel‐wall slopes are steeper than southeastern wall slopes (Figure 2, Figure S2 in Supporting
Information S1), and this asymmetry becomes more pronounced farther from the grounding zone as the channel
incises deeper into the ice shelf (Figure 2). This asymmetry is also expressed in asymmetric surface slopes across
the channel observed in ICESat‐2 surface elevation profiles (Figure S5 in Supporting Information S1).

In addition to the morphology of the channel we see expressed geometrically in the radar imagery, we also see
signals expressed in the reflection amplitude. Basal reflectivity is an indirect indicator of basal roughness,
including roughness amplitude below the radar's vertical resolution, due to reflectivity decreases from diffuse
scattering off rough interfaces (Christianson, Bushuk, et al., 2016; Hills et al., 2020; MacGregor et al., 2015). In
this survey (see Text S3 in Supporting Information S1), basal reflectivity changes as the ice transitions from
grounded to floating and near the basal channel. At the grounding zone, the basal reflectivity is relatively uniform
and consistent with power returned from an ice/freshwater till interface (5 − 10 dB; Figures S2 and S3 in Sup-
porting Information S1). Basal reflectivity increases as the ice goes afloat, brightening by ∼10 dB in transects
5 km downstream of the most inland profile (Figure S3 in Supporting Information S1). Reflectivities farther
seaward are generally bright and consistent with reflections from an ice‐seawater interface, except in the vicinity
of the channel. Near the channel, reflectivity is lower for all profiles, likely due to basal roughness associated with
terraces and reflections from steep channel walls that do not return to the receiver.

At the grounding zone, the channel is already ∼30 m tall and ∼190 m wide (Figure 2, Figure S2 in Supporting
Information S1). Fifteen kilometers from the grounding zone, the channel grows to a height of 200 m and a width
of 500 m (Figure 1). The presence of a ∼30 m high channel inland of the grounding zone suggests that subglacial
meltwater outflow is focused and that turbulence‐driven subglacial melt is active where the glacier is otherwise
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grounded. Though observed previously (Drews et al., 2017, 2020; Le Brocq et al., 2013; Marsh et al., 2016), this
study presents new, unambiguous evidence of large channels under grounded ice seeding submarine ice‐shelf
melt channels. Assuming a semi‐circular channel cross‐section and a pressure gradient along the channel of
30 Pa/m, consistent with surface slopes, the single channel we survey at the grounding zone with radar is large
enough to accommodate the entire modeled subglacial discharge (∼8 m3/s) from Beardmore Glacier (Willis
et al., 2016). The scale of the channel is consistent with terraced landscapes observed elsewhere in Antarctica
(Figure 1). Whilst such features have to date been observed in “warm ice‐shelf cavities,” these are the first ob-
servations of terraced scale features within a “cold ice‐shelf cavity” (Figure S7 in Supporting Information S1).

3.2. Surface Expression of Melt Channels

In addition to the primary channel we map in our radar survey, radar profiles also reveal two smaller basal
channels mapped at the edges of the survey that are co‐located with surface depressions visible in elevation
models and SAR imagery downstream (Figure 3a). A map of depressions in surface elevation models from 2014
is shown in Figure 3 with the original surface elevation model used to calculate the thalweg and identify channels
from the flow accumulation (Figure 3a). The time series of these channels from 2014 to 2023 is shown in
Figure 3b. FromWorldview stereo image pairs and repeat ICESat‐2 elevation transects of the Beardmore Glacier
grounding zone, we find that the primary channel is one of at least nine channel features expressed in surface
elevation models (Figures 3 and 4, Figure S7 in Supporting Information S1). The system of channels migrates
northwestward (coordinate reference system EPSG:4326) in Eulerian surface height change products generated

Figure 4. (a) The surface elevation of the Beardmore Glacier grounding zone is shown with the direction of the ice‐base
gradient (light blue arrow) and the ice velocity (orange arrow). Black X indicates channel location in radar data. (b) Surface
elevation change from differences in coregistered elevation models. Radar profiles are shown in black. Black box indicates
bounds from Figure 1b.
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for all years that we have observations (Figure 3 and Figures S6, S7 in Supporting Information S1). Correcting for
ice advection, these channels mapped using the thalweg expressed in surface elevation models from 2015 to 2023
show no significant Lagrangian motion except for the area near the grounding zone, where we also observe the
channel growing in ice‐penetrating radar data. This suggests that the Beardmore channels advect with ice flow
once they reach a critical distance from the grounding zone (∼10 km) or critical ice‐shelf draft (∼600 m). Near
the grounding zone in our radar survey, the Lagrangian channel position migrates eastward (Figure 3, Figure S7 in
Supporting Information S1). In this region, the smoothed ice‐base gradient is also oriented east of the flow di-
rection (Figure 3). As the channels are advected, they create Eulerian elevation change anomalies as channel keels
upstream advect into what were previously channel peaks downstream. This explains the apparent changes in ice
elevation near the grounding zone and downstream and can be explained without invoking Coriolis forced
migration (Alley et al., 2024).

3.3. Impact of Subglacial Discharge on Channel Melt Rates

Using surface strain rates (Figure S4 in Supporting Information S1) and cross‐channel profiles of ice‐shelf
thickness with Equation 2 that describes mass continuity between profiles (Jenkins, 1991), we calculate a
maximum basal‐melt rate between 20 − 40 m/yr across the channel (Figure 2). These melt rates are high for cold
ice‐shelf cavities, approaching melt rates observed within warm cavity environments like the Thwaites and Pine
Island Glacier (D. E. Shean et al., 2019). To understand the mechanisms that could promote these high melt rates,
we turn to idealized simulations of a meltwater plume consistent with the geometry of the Beardmore Glacier
grounding zone (Figure 5).

In all simulations, melt rates are highest near the grounding zone and decrease (sometimes promoting accretion)
as the ice‐shelf draft thins. Average melt rates as a function of ambient temperature and discharge flux over the
first 10 km of the ice shelf are shown in Figure 5. These results hold across realistic ranges and measured values
for transfer coefficients and other parameters that control the efficiency of the discharge‐driven plume (see
Supplement for details). We find that subglacial meltwater discharge fluxes must exceed 0.05 m2 s− 1 for melt
rates to exceed 10 m/yr (the order of magnitude that we would infer from radar observations and surface ve-
locities). This localized flux is similar to the width‐averaged flux that is typically assumed for Greenland outlet
glaciers. Confined to a point source, meltwater discharge fluxes cited for Beardmore Glacier (Willis et al., 2016)
can promote melt rates exceeding 20 m/yr. This suggests that the channel we observe inland of the grounding zone
and the large discharge flux required to open this channel inland of the grounding zone are important for
entraining ocean heat, which then enhances melting near the Beardmore Glacier grounding zone.

Figure 5. (a) Schematic of the plume model used to evaluate (b) the sensitivity of melt rate to discharge and ambient cavity
temperature. The schematic shows the geometry of the simplified plume near the grounding zone of Beardmore Glacier with
an ice shelf that slopes steeply up for 15 km before sloping more gently to the calving front for another 600 km.
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4. Discussion
Ross Ice Shelf cavity circulation is dominated by HSSW formation that produces temperatures near the surface
freezing point (MacAyeal, 1984). The density and depth of HSSW facilitate HSSW transport to grounding zones
in the eastern Ross ice‐shelf cavity well beyond the reach of surface waters and modified Circumpolar Deep
Water (Jendersie et al., 2018). The thermal driving of HSSW is low and produces locally enhanced melt rates
(3 m/yr Jendersie et al., 2018) that when averaged over the area of the shelf are consistent (∼9 cm/yr Jendersie
et al., 2018) with catchment scale mass balance studies (47.7 Gt/yr, ∼10 cm/yr Rignot et al., 2013; B. Smith
et al., 2020). These rates are small in comparison to the rates confined to the channels we measured near the
grounding zone of Beardmore Glacier, where continuity assumptions and channel cross‐sectional area suggest
melt rates exceed 20 m/yr.

Elevation models of the network of channels we image in radar data suggest that channels correspond to local
surface depressions (Figures 3 and 4). Surface elevation observations suggest that the primary channel we observe
in our radar survey is one of at least nine basal channels. Most of the smaller channels initiate west of the primary
basal channel we observe in radar data. These smaller channels appear to combine into the primary channel
downstream as the ice shelf is sheared flowing into the Ross Sea.

Based on the inland extent of mapped surface depressions in satellite imagery and radar evidence for conduits
upstream of the grounding zone, we deduce that the high melt rates that incise the channels at the Beardmore
grounding zone are linked to freshwater subglacial discharge. The cross‐sectional area of the primary conduit, Ac,
we observe upstream of the grounding zone can be used with assumptions for the pressure gradient,G, to estimate
the discharge flux, Qd, according to Röthlisberger channel theory

Qd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
G

4π2/3ρwgn2mA
− 8/3
c

√

(6)

where ρw is the density of water and nm denotes the Manning roughness coefficient, a parameter with values
ranging from 10− 2 to 10− 1 s⋅m1/3 (Cuffey & Paterson, 2010; Röthlisberger, 1972). Using this relationship and
assuming a pressure gradient consistent with the change in overburden pressure near the grounding zone, we find
that the discharge flux of the primary channel we image with radar (blue vertical line Figure 5b Röth-
lisberger, 1972), is larger than the entire discharge flux of the Beardmore catchment estimated from altimetry data
(red vertical line; Figures 5b, Willis et al., 2016). The large, seemingly inconsistent width of the channel we
observe inland of the grounding zone may be explained by groundwater infiltration where the channel initiates in
radar data. Seawater intrusion inland of the grounding zone has been observed beneath Thwaites Glacier, West
Antarctica (Rignot et al., 2024). Models that represent sea‐water infiltration suggest that melt rates inland of the
grounding zone can be enhanced by an order of magnitude above background rates (Bradley & Hewitt, 2024).

For ambient ocean temperatures expected at our study site (− 2.3 to − 2.0 °C), a grounding‐line discharge flux of at
least 7.5 × 10− 2m2/ s is required for the melt rates simulated with the radially averaged plume model to be
consistent with the peak melt rates we determine from continuity calculations for a single channel. These
discharge fluxes are large and appear to conflict with thermomechanical model results, which indicate that
Beardmore Glacier is frozen to the bed across large areas of the upstream catchment (Golledge et al., 2014).

Our plume model simulations consider the shear‐driven ice shelf‐ocean boundary layer regime, in which melt rate
can be parameterized as the product of friction velocity and thermal driving along the channel. The pressure
gradient that likely drives the flow along the base of the channel roof is larger than the pressure gradients outside
the channel, where the along‐flow slopes calculated from radar profiles of the ice shelf are less steep than the slope
of the ambient ice‐shelf draft. These slopes along the channel and outside of the channel are still small
(sin(α) = 0.01 − 0.001, where α is the angle from the horizontal) compared to the slopes that characterize the
walls of the channel (sin(α) = 0.1 − 0.6). These steep slopes at the sides of the channel combined with the
geostrophic circulation within the cavity may promote cross channel circulation (e.g., Millgate et al., 2013;
Sergienko, 2013) that would not be resolved in 1D, radially averaged models of plume circulation (Cowton
et al., 2015; Jenkins, 2011).
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Recent 3D simulations of idealized ice‐shelf channel boundary layer currents that can resolve cross‐channel shear
suggest that the geometry of the channel may lead to substantial amplification of plume warming, salination and
melt within ice‐shelf channels (Cheng et al., 2024). As channels incise deeper into the base of ice shelves, the
steepening of the channel flanks enhances diffusivity where the rapid inflow of glacial meltwater shears past
ambient ocean water (Cheng et al., 2024). This mixing warms and salinizes the glacial meltwater that flows faster
as the channel incises deeper into the shelf (Cheng et al., 2024). For the Beardmore channels, geostrophic inflow
would introduce mixing on the eastern channel flanks and tilt isopycnals westward within the channels, enhancing
melt and recirculation of modified glacial meltwater on the western channel flanks. This could explain the
asymmetric geometry we observe in cross‐channel profiles that is consistent with higher melt rates on the western
edge of the channels observed for the Beardmore Glacier channels and channels observed elsewhere in Antarctica
(Figure 2; Humbert et al., 2022; Alley et al., 2024). High melt rates (20–30 m/yr) in a cold shelf cavity confined to
a narrow channel are consistent with the findings of (Cheng et al., 2024) that suggest melting within channels can
be enhanced by ice‐shelf channel geometry. Future work should apply 3D ocean current models like the model
presented by Cheng et al. (2024) to much narrower basal topographic features with very steep sidewalls presented
here and combine models with growing in situ autonomous robotic observations to explore the oceanic processes
and hydrographic properties within these features. These efforts and in situ observations should mirror high‐
resolution satellite derived melt‐rate observational studies to characterize the spatial wavenumber dependence
of melt rates across Antarctic ice shelves. More observations should be used to refine this relationship (see Text
S5 in Supporting Information S1) across warm and cold shelf environments and for geometries that span the range
of channel shapes we see beneath Antarctic ice shelves.

5. Conclusions
We present ice‐penetrating radar and satellite remote sensing observations of the geometry and englacial layering
in the vicinity of a system of basal‐melt channels across the Beardmore Glacier grounding zone. Our data clearly
show that cold‐cavity ice shelves can host large basal channels with well‐developed terrace‐like sidewalls. These
channels initiate inland from the grounding zone, seeded by the drainage of fresh subglacial meltwater to the
ocean. The concentrated basal melt within the channel minimally affects the ice‐shelf englacial velocity structure
near the grounding zone, resulting in very little secondary flow into the channel. The basal‐melt rates (>20 m/yr)
indicated by the channel incision are more than 27× higher than ambient Ross Ice Shelf Cavity melt rates
(0.076 m/yr; Stevens et al., 2020), and suggest subglacial discharge and enhanced entrainment due to cross‐
channel circulation may be active once sufficient vertical channel walls develop.

Data Availability Statement
All radar data can be accessed from the United States Antarctic Program Data Center (Conway, 2018; Hoffman
et al., 2023). Software for all of the code to simulate the idealized plume into the channel are available at Hoffman
and Anselin (2025).
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