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Basal conditions that facilitate fast ice flow are still poorly understood and their parameterization in ice-flow models
results in high uncertainties in ice-flow and consequent sea-level rise projections. Direct observations of basal con-
ditions beneath modern ice streams are limited due to the inaccessibility of the bed. One approach to understanding
basal conditions is through investigating the basal landscape of ice streams and glaciers, which has been shaped by ice
flow over the underlying substrate. Bedform variation together with observations of ice-flow properties can reveal
glaciological and geological conditions present during bedform formation. Here we map the subglacial landscape
and identify basal conditions of Rutford Ice Stream (West Antarctica) using different visualization techniques on
novel high-resolution 3D radar data. This novel approach highlights small-scale features and details of bedforms that
would otherwise be invisible in conventional radar grids. Our data reveal bedforms of <300 min length, surrounded by
bedforms of >10 km in length. We correlate variations in bedform dimensions and spacing to different glaciological
and geological factors. We find no significant correlation between local (<3 x 3 km) variations in bedform dimensions
and variations in ice-flow speed and (surface or basal) topography. We present a new model of subglacial sediment
discharge, which proposes that variations in bedform dimensions are primarily driven by spatial variation in sediment
properties and effective pressure. This work highlights the small-scale spatial variability of basal conditions and its
implications for basal slip. This is critical for more reliable parameterization of basal friction of ice streams in numer-
ical models.
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Friction at the base of marine-terminating glaciers and ice
streams controls ice-flow speed and ice discharge into
oceans (Zoet & Iverson 2020; Hudson et al. 2023). Proper-
ties such as yield stress and pore-water pressure within the
subglacial sediment influence the friction provided by
the bed upon the overlying ice. In ice-flow models, basal
friction is parametrized and estimated from inversions of
ice-flow speed and ice geometry (Joughin et al. 2019),
but knowledge of the frictional slip response is needed to
accurately predict future sliding speeds. Various studies
have demonstrated the strong dependence of ice discharge
estimates on the chosen slip law and its dependent param-
eters (Gillet-Chaulet ez al. 2016; Nias et al. 2018; Brondex
et al. 2019; Joughin et al. 2019). Uncertainties when deter-
mining or estimating these parameters result in high uncer-
tainties in predictions of ice dynamics, and thus of the
consequent sea-level rise (Ritz et al. 2015; Bamber
et al. 2019; Fox-Kemper et al. 2023).

In-situ observations of basal conditions (e.g. through
boreholes) that can characterize basal properties and
dynamics are few in number, but information about
the physical properties of the ice-bed interface is also
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encoded in the subglacial landscape. Elongated bed-
forms are considered a by-product of fast ice flow
(Clark 1993; Stokes & Clark 2001; Johnson et al. 2010;
Spagnolo et al. 2014; Clark et al. 2018; Finlayson
et al. 2019; Zoet et al. 2021). Mapping of variations in
bedform elongation ratio (length vs. width ratio), and
analysis of factors causing these variations, allows
insights into basal properties that facilitate fast ice flow.

Observationsin the palaco-record (Clark 1993; Stokes &
Clark 2002; Zoet et al. 2021), from beneath a modern ice
stream (Clyne et al. 2020; Holschuh ez al. 2020) and from
laboratory experiments (Zoet & Iverson 2020; Hansen &
Zoet 2022) suggest various potential influences on bed-
form length. Various factors have been proposed, including
both glaciological (i.e. ice-flow velocity, strain rate, time
integrated velocity, ice surface slope, basal topography,
and effective pressure) and geological (i.e. stiffness of the
bed, properties of the sediment and basal hydrology) fac-
tors. The increasing amount of geophysical data available
for various modern ice streams allows the direct correlation
of bedform dimensions with glaciological and geological
factors (Holschuh et al. 2020).
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Fig 1. Bed topography beneath RIS from airborne (Corr 2020) and ground-based radar data (King ez al. 2009; Schlegel et al. 2022). A. Elevation
relative to WGS84 ellipsoid, the position of the grounding line from satellite observations (1991-2003, Bindschadler ez al. 2011) is shown in blue.
The area studied here is marked by the grey-filled squares. B. Bed elevation along the green dashed line in A. C. Bed elevation across flow (along the
blue solid line in A). The background shows the LIMA Landsat high-resolution virtual mosaic (15 m). The white box in A marks the location of

data shown in Fig. 2.

In this paper, we present a new approach to analysing
bedforms and constraining their dimensions in the mod-
ern glaciated environment. These observations are com-
bined with a novel model of sediment discharge. Spatial
variations in sediment discharge are then used to explain
variations in bedform dimensions, such that low sedi-
ment discharge can be found in areas of smaller bedforms
and vice versa. For dimensional constraint, we image
bedform geometry beyond the capabilities of previous
radar data using radar surveys acquired at sufficiently
close 2D profile spacing to be compliant with processing
in a 3D manner (Schlegel et al. 2024), which improves
imaging of the 3D basal topography, and an extended
suite of interpretative tools, that allow metre-scale topo-
graphic variations to be mapped and interpreted. These
geophysical observations are further used as the input for
our sediment discharge model. This model allows
first-order controls on bedform dimensions beneath
Rutford Ice Stream to be identified.

Location and data

Bedforms and basal conditions beneath the Rutford Ice
Stream (RIS) in West Antarctica (Fig. 1) have been stud-
ied for over 40 years (Doake et al. 1987), lately as part of

the BEAMISH project (Smith e a/. 2021). The bedforms
investigated here (grey boxes in Fig. 1A) lie approxi-
mately 40-50 km upstream of the grounding line. Fig-
ure 2 shows the bed topography in the study area as
imaged in previous studies using ground-based radar
data (Schlegel et al. 2022, 2024). In this region, surface
ice flows at ~380m a~' (Murray ef al. 2007). The bed
in this area consists of soft material, where basal motion
is likely dominated by basal deformation, and harder
material, where the dominant motion mechanism is
assumed to be basal sliding (e.g. Smith 1997; Smith &
Murray 2009). King et al. (2009) mapped the extent of
both materials and defined a boundary between them
(red dashed line in Fig. 2), which partly coincides with
a topographic change.

Bedforms mapped in previous studies

Consistent with observations in the palaeo-record
(Stokes 2018), bedforms beneath RIS show a down-flow
transition: bedforms in the onset region (interpreted as
ribs), are shorter (<2 km length) compared to more elon-
gated bedforms (interpreted as drumlins) further down-
stream (King et al. 2007). The increased elongation
of bedforms along flow correlates with an increase in ice-
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Fig 2. Bedelevation beneath RIS in plan view, referenced to the WGS84 ellipsoid. For the location of these data see white box in Fig. 1. Black and
cyan boxes mark the location of 3D high-resolution radar data. The red dashed lines mark the boundary between soft (deforming) and stiff (non-
deforming) subglacial material (King et a/. 2009). 3D radar data in the cyan boxes are analysed in Schlegel ez al. (2024).

flow speed from 70 to 125ma~' (King et al. 2007). The
steep upstream end of these drumlins is interpreted to con-
sist of hard material, with a soft tail. Further downstream,
where ice flows at 330 ma ™', previous studies imaged the
bed topography using 2D-migrated radar lines spaced at
500-m lateral separation and orientated perpendicular to
the ice flow (King et al. 2016; Schlegel et al. 2022),
highlighting that the bed is composed of numerous bed-
forms that, in places, are over 14 km long (Fig. 2). Seismic
acousticimpedance and the observation of active lengthen-
ing of a bedform between survey periods suggest that bed-
forms are depositional features that consist of soft
sediment (Smith ef al. 2007), indicating that sediment dis-
charge through the bed is responsible for their develop-
ment. Similarly to the bedforms in the onset region,
some bedforms here are composed of a steep and hard
upstream portion with a softer and more water-saturated
tail along their crest (Murray et al. 2008; Schlegel
et al. 2022, 2024). However, extensive analysis of radar
and seismic data along the bedform referred to as the Smith
Subglacial Ridge (SSR) implies that the upstream end of
this specific feature lacks a hard outcrop that would act
as a seed point (Schlegel et al. 2024).

New data for bedform mapping

As part of the BEAMISH project, areas of interest were
identified and imaged based on the bed topography

derived in previous studies (Fig. 2). Areas investigated
focussed on the previously identified boundary, a topo-
graphic step that was not aligned in flow direction and
the upstream end of a prominent bedform (Schlegel
etal.2024). 3D radar data over these areas were acquired
in 2017/2018 using the DELORES system (King
et al. 2007), a pulse radar with a centre frequency of
approximately 3.5MHz. In total, three grids
of 3 x 3 km were acquired over 25 days. Each grid con-
sists of 151 3-km-long parallel profiles, separated by
20m and orientated approximately perpendicular to
ice flow. The resulting sampling is compliant with 3D
migration (Schlegel et al. 2024) and allows detailed 3D
imaging of complex structures (Grasmueck et al. 2005;
Booth et al. 2008; Koyan et al. 2021). Data within two
of these grids (Tiger and Zebra, Fig. 2) are presented
here. Grid Tiger is located on the topographic high, in
the area where previous studies (Smith 1997; King
et al. 2009; Smith & Murray 2009) identified a geological
boundary (Fig. 2). Grid Zebra is located northeast of
Grid Tiger towards the eastern trough, but is not located
over the deepest part of the trough. The third acquired
grid (referred to as the upstream grid) as well as the west-
ern part of Grid Tiger were described and analysed in
Schlegel et al. (2024).

Radar data in Grids Tiger and Zebra were processed as
described in Schlegel et al. (2024), including data regular-
ization, frequency filtering, correction for geometric
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Fig 3. Relationship between different structural attributes: dip, dip azimuth and curvature. Here the curvature is chosen to illustrate the cardinal
points towards which the slope is dipping. ‘E’ and ‘W’ are east and west, respectively, in this example we show a 2D surface that is invariant in the

north-south direction.

spreading and englacial attenuation losses (using the
depth-averaged attenuation rate of ~20 dBkm ™" in this
area found by Schlegel er al. (2022)). Following this, a
3D Kirchhoff time migration was applied using a migra-
tion speed of 0.168 m ns ™' with migration aperture limited
to amaximum allowed dip angle of 30° and stretch mute of
15%. This processing delivered a theoretical horizontal res-
olution of 24 m (Schlegel et al. 2024) and a vertical precision
better than 3 m (King 2020). After processing the 3D vol-
umes, ice thickness was evaluated using the first arrivals of
the airwave and the bed reflection. The bed reflection was
picked on the first coherent arrival near the expected
two-way travel time of ~25 000 ns for 2100-m ice thickness
using a semi-automated routine in Petrel (Schlumberger
Software). Conversion of travel-time to depth assumed a
radar speed of 0.168 mns™', and the resulting horizon
was interpolated onto a surface with 65x20m grid cell
dimensions using a convergent interpolation algorithm
in Petrel. The data acquisition and 3D processing of the
radar data allow the bed to be sampled to its optimal the-
oretical limit (Schlegel et al. 2024). Because of this dense
sampling, the interpolation of bed picks is used primarily
for illustrative reasons and not to fill data gaps, which
increases the interpretative potential of this data set com-
pared to other sparsely sampled data (King et al. 2009;
Bingham et al. 2017).

Bedform mapping and correlation with ice flow

Attribute analysis

An attribute of a data set is defined as some characteristic
of the recorded data that is a function of the physical
properties and geometry of the subsurface (Chopra &
Marfurt 2007; Mohebian et al. 2018). Originally
developed for reflection seismology (Taner 2001; Chopra
& Marfurt 2005, 2007), the calculation of data attributes
provides quantitative, objective and visual information
on features such as small-scale structures and irregular-
ities (Zhao et al. 2016).

Following Taner (2001), we segregate attributes
into (i) structural, for attributes solely dependent on geo-

metric aspects of a topographic horizon (here: the bed
topography), and (ii) physical, for attributes based on
waveform characteristics along a reflection (here: indi-
vidual traces along the bed reflection). We briefly intro-
duce the attributes that have delivered the most
information for the radar data presented here.

Structural attributes. — Structural attributes highlight
the local deviation of topography, in our case the bed
topography compared to some reference surface. We
use structural attributes of dip, dip azimuth and curva-
ture (Fig. 3). The attributes of dip and dip azimuth show
structural trends compared to a horizontal plane. The
curvature attribute describes the deformation or bend
of the bed, relative to a planar horizon. As shown in
Fig. 3, a horizontal planar surface will have curvature,
dip and dip azimuth of zero; a dipping planar surface
has zero curvature and non-zero dip and dip azimuth.
An undulating surface shows systematic variation in
all three attributes, which can be combined to uniquely
constrain its geometry.

Physical attributes. — Physical attributes describe wave-
form characteristics such as amplitude, which can be
used to identify changes in the physical properties of
the material on either side of an interface (e.g. Taner
etal. 1979; Zhao et al. 2016; Delf et al. 2020). In the case
of the ice-bed reflection of an ice stream, changes in the
amplitude can indicate variations in the water content of
the basal sediment (Murray et al. 2008; Ashmore & Bing-
ham 2014; Chu et al. 2016) and/or identify the location of
subglacial lakes and channels (Siegert & Ridley 1998;
Carter et al. 2007; Wright et al. 2014).

As detailed in Schlegel et al. (2024), the square root
of the sum-of-squared-amplitudes, referred to as
bed-reflection voltage (BRV), is a proxy for the reflection
amplitude coefficient. To assign BRV to absolute bed
properties and porosities, a calibration of BRV at sites
of known properties is applied. We refer to the calibrated
(thus absolute) BRV as reflectivity, which is unitless. Pre-
vious studies on RIS (Schlegel er al. 2022, 2024) cali-
brated the BRV using seismic reflection data to allow
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the assignment of sediment porosity ranges to values of
BRV. As data were acquired with the same radar system
and overlap with these previous studies, we adopt this
same calibration here. Following Schlegel et al. (2022),
we assign reflectivity values of above 1.8 to represent sed-
iment with porosity above 50%. Sediment in the range of
30-50% porosity is assumed to be deforming, which
would correspond to reflectivity values of 0.6—1.8. Areas
with lower reflectivity are assumed to represent sediment
with porosity less than 30%, where the bed is less likely to
be deforming.

Identification and mapping of bedforms

Topographic features that are continuous over several
radar lines were identified using patterns in inferred ele-
vation, dip, dip azimuth and curvature. We only investi-
gate features that appear within the actual radargrams to
ensure that any interpolation artefacts are not inter-
preted as bedforms. The dimensions of bedforms were
mapped from the elevation measured from the radar-
grams. Owing to the spatial sampling of the basal topog-
raphy, bedform length can be identified with an
uncertainty of 20 m, and width with an uncertainty
of £12m.

After identifying the features, we assign appropriate
nomenclature to them. In Grid Zebra, we categorize bed-
forms into two types: continuous bedforms (Bc) if they
exist over the full length of the grid, therefore bedforms
of at least 3 km length, and interrupted bedforms (Bi), if
they terminate or emerge within the grid, therefore bed-
form length of less than 3 km visible in that grid. Within
Grid Tiger only the SSR bedform is continuous. Apart
from the SSR, we differentiate between bedformslocated
upstream and downstream of the boundary (King
et al. 2009), labelled Bu and Bd, respectively. Note that
bedforms Bu terminate at the boundary and bedforms
Bd emerge downstream of the boundary.

Correlation with glaciological parameters

We correlated the various bedform dimensions with dif-
ferent glaciological parameters to identify their influence
on bedforms. We chose the following data sets:

o Surface flow speed: speed data at 240-m resolution
from 1985 to 2018 were derived from Landsat 4, 5,
7 and 8 imagery using the auto-RIFT feature track-
ing processing chain (Gardner et al. 2018), provided
by the NASA Inter-mission Time Series of Land Ice
Velocity and Elevation (ITS LIVE) project (Gardner
et al. 2019).

e Surface elevation, slope and azimuth acquired from
2009 until 2021: extracted from the Reference Eleva-
tion Model of Antarctica (REMA) reported to be at
2-m spatial resolution (Howat et al. 2022).

Sediment discharge model

Background from previous laboratory experiments

Until now, no simple link between the individual geolog-
ical and glaciological factors and the dimensions of the
subglacial bedforms has been identified. Here we pro-
pose a new model that predicts sediment discharge (in
m® a~ '), outputs of which are then compared to the mea-
sured variations in bedforms. This new model is based on
independent variables such as: u, — the speed at which the
bed begins to deform; N — the basal effective pressure;
and u,, — the slip speed of the ice (equal to the ice-flow
speed at the base).

Laboratory experiments of Zoet and Iverson (2020)
demonstrated that sediment deformation will not begin
until the shear traction (imposed on the sediment surface
by the overriding ice) meets the yield strength of the till.
As the ice is viscous and the sediment is a granular mate-
rial with a finite strength, the value at which the threshold
is met corresponds to a specific slip speed, u, (ms™'). u,
depends on several factors related to intrinsic properties
of the sediment (e.g. bearing capacity, grain sizes; see
Zoet & Iverson (2020) for the full expression) and the
basal effective pressure N (Pa). The relation between N
and u, can be expressed as

ut:NC[, (1)

where C, (s m” kg~ !)isa constant depending on the phys-
ical properties of the ice and till.

Hansen & Zoet (2022) showed that sediment discharge
is nearly linearly proportional to the slip speed of the
overriding ice, assuming other factors to be constant.
This near-linearity occurs because of the coupling of
the viscous ice to the granular sediment layer beneath,
and therefore the stress exerted on the sediment is con-
trolled by the fluidity of the ice. Analysing sediment dis-
charge and the formation of drumlins beneath the
Laurentide Ice Sheet, Zoet et al. (2021) confirmed this
near-linear proportionality. However, sediment dis-
charge, Q, only occurs once the basal ice slip velocity
uy, exceeds the transition velocity, u,, from Equation 1.
Thus, no sediment deformation, and hence sediment dis-
charge, can occur at u;, < u;. We therefore define Q as

0= Ty max(0, up—u,), (2)

where Ty, is an expression for the thickness (depth) of the
deforming sediment band. Hansen & Zoet (2022)
showed that the thickness of the deforming sediment
band, Ty, is dependent on N via a nonmonotonic rela-
tionship. This means that at low effective pressure Ty,
increases with increasing effective pressure until an
inflection pressure is reached, whereupon Ty, decreases
with increasing effective pressure (Fig. S1). The mecha-
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nistic reason for this pattern stems from the development
of force chains within the sediment as the effective pres-
sure changes. Such a nonmonotonic expression can be
expressed simply as

N

Tp=Cl——
¥ 1C2+N2

(€)

where C; and C, areconstantsrelated to the scaling of the
nonmonotonic function to experiments and depend on
the physical properties of the till. By fitting Equation 3
to data in Hansen & Zoet (2022), C; and C, can be esti-
mated. Doing so, it was found that C;=1.5x 10
(kgs?)and C, =2 x 10° (Pa?) provided an RMS misfit
of 0.01 to the experimental data (Fig. S1). C, in Equa-
tion 1 can be taken directly from Zoet & Iverson (2020)
where it was found to range from 1.I1x107'' to
53%x 107" (sm?*kg™"), for till with and without clasts,
respectively (note this was the same sediment as used
in Hansen & Zoet 2022).

New proposed model for sediment discharge

Combining Equations 2 and 3 and calculating u, in
Equation 1 provides the equation

N
Q = C] mmax(o, ub—ul), (4)

a general expression for subglacial sediment discharge,
0, that honours the physical mechanisms that drive sed-
iment deformation. This equation states that no sedi-
ment will be discharged for wu,<wu, u, has a
dependence on N and sediment properties. The occur-
rence of stiff sediment, either because sediment has been
consolidated (low porosity) or due to its inherent mate-
rial properties, or because N values are high, may result
in an elevated u,. As shown in Zoet et al. (2021) an ele-
vated u, can inhibit deformation of the underlying bed.
Following Zoet et al. (2021) and Boulton (1987) we
assume a lower sediment discharge rate, thus less sedi-
ment being moved, to result in shorter and
less-pronounced bedforms.

With Equation 4, a general sediment discharge, Q, for
aunit width (e.g. 1 m), can be estimated in different areas
depending on variations in sliding speed, effective pres-
sure and sediment properties. This new expression
enables us to infer information about slip-facilitating
processes and how they vary spatially from geophysical
and glaciological observations. For example, when
uy, < u; basal motion occurs primarily via sliding atop
the till but when u;, > u, basal motion results largely from
deformation of the bed material thus providing insight
into the slip mechanics (Zoet & Iverson 2020; Hansen
& Zoet 2022).

BOREAS

The model and constants in Equation 4 were derived
from relations observed in laboratory experiments using
representative tills, some with large clasts and some with-
out. As much of the sediment in Antarctica is derived
from marine muds (Tulaczyk et al. 1998), values repre-
senting a lack of clasts are likely more appropriate. For
the calculation of sediment discharge beneath the RIS
we can use measurements of surface ice-flow speed from
GPS data (Murray et al. 2007) and effective pressure
measured at the bed (Smith et al. 2021). A drilling cam-
paign in 2018/2019 accessed the bed beneath RIS in two
locations. Basal effective pressure of 0.168 and
0.193 MPa was measured upstream of Grid Tiger and
0.204 MPa downstream of the boundary in Grid Tiger
(Smith ez al. 2021). We calculate spatial variation in sed-
iment discharge Q using this range of values of effective
pressure, an ice-flow speed of 380ma~' (Murray
et al. 2007) and the previous constants generated from
the laboratory experiments.

Bedforms, bed properties and sediment discharge
beneath Rutford Ice Stream

Bed topography and reflectivity

Bed elevation is displayed in plan (Fig. 4, top) and iso-
metric (Fig. 4, bottom) view. Most of the bed is nearly
flat, with 83% (Zebra) and 91% (Tiger) of the topography
dipping at less than 10° (dip attributes in Fig. 5A, B).
Both grids contain structures aligned in the ice-flow
direction, visible when looking at the variation in
cross-flow dip (Fig. SA, B). In Grid Zebra, the dip varies
on a small (50-100 m) spatial scale across flow (visible as
the yellow-red-yellow pattern representing 0 to 15° dip in
Fig. 5A), and shows a strong correlation along flow,
except for the area named ‘interruption’ (red dashed
line). The terminology ‘interruption’ is introduced to
distinguish this feature from the ‘boundary’ identified
in Grid Tiger, which was mapped in previous studies
based on variations in basal properties and topography.
The variation in cross-flow dip in Grid Zebra is roughly
the same both up- and downstream of the interruption.
Similarly, the dip azimuth (Fig. 5C, blue-yellow pattern)
and curvature (Fig. SE, red-blue pattern) attributes high-
light the small-scale variation across flow and strong cor-
relation along flow.

In Grid Tiger a spatial coherency of structural attri-
butes along flow is visible until the boundary is reached
(Fig. 5B, D, F). Upstream of the boundary, the spatial
variation in dip and dip azimuth across flow varies on
a larger scale (200400 m, Fig. 5B, D) when compared
to Grid Zebra (50-100 m, Fig. 5A, C). Downstream of
the boundary the topography occasionally aligns well
with the flow direction over a distance of 200-300 m;
there are also alignments ~30° east of flow direction
(black solid lines, Fig. 5J), referred to as cross-cutting
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Fig 4. Elevation of the bed topography within Grids Zebra and Tiger relative to the WGS84 ellipsoid. Top panel shows bed elevation in plan view,
and bottom panel in isometric view. The transition from soft to hard sediment in Grid Tiger, identified by King ef al. (2009), is referred to as a
boundary, whereas the topographic step identified in Grid Zebra is referred to as an interruption. The isometric view (bottom panel) shows
the topography as viewed from within the ice, at 5x vertical exaggeration.

features. No such cross-cutting features are identified in
Grid Zebra.

The pattern of the bed reflectivity (Fig. 5G, H) shows a
similar trend to those in the structural attributes: the spa-
tial scale of variation across flow varies between the
grids. In Grid Zebra we find a similar pattern of reflectiv-
ity up- and downstream of the interruption, whilst the
pattern changes significantly in Grid Tiger up- and
downstream of the boundary. Downstream of the
boundary, reflectivity is low (most areas <0.5). Within
the area of identified hard material, higher reflectivity
(~0.75-1) values seem occasionally to be aligned in the
flow direction. Cross-cutting features identified from
structural attributes show low reflectivity (<0.5).

Bedform dimensions and reflectivity

Figure 51, J shows the bed topography with bedforms
labelled and crests marked by yellow dashed lines.
Dimensions of the bedforms can be found in Table 1.
Some bedforms (Bcl1-6) in Grid Zebra are continuous
throughout the length of the grid (bedform length
>3 km), except for bedforms in the location of the inter-
ruption (labelled Bi1-10). The width of continuous bed-
formsin Grid Zebravaries between 95 and 230 m (Fig. 6).
Interrupted bedforms are 45-120m wide and 1-6m
high. The height and width of bedforms up- and down-
stream of the interruption are in the same range, and have

roughly the same spacing between them; however, they
are shifted relative to each other along the flow, such that
bedform crests do not align along the flow direction up-
and downstream of the interruption. Bedform down-
stream ends in both grids are distinct with a continuous
topographic depression surrounding them (outline or
depression marked in yellow in Fig. 7). Where bedforms
terminate in Grid Zebra, a drop in topography of 10 m is
visible (purple line in Fig. 6).

Within Grid Tiger, only one bedform, the SSR, is con-
tinuous along the length of the grid (bedform length
>3 km); other bedforms (e.g. Bul-5) terminate at the
boundary. The red line in Fig. 8 shows the bed elevation
along and beyond bedform Bu2, where a topographic
drop of 15 m is visible. Small features aligned in the flow
direction downstream of the boundary are interpreted to
be small bedforms (Bd1-9) of 200-300 m lengths. Bed-
form widths and heights are 100-300m and 3-12m
upstream of the boundary (Fig. 8) and, downstream,
60-150 m and 1-4 m, respectively. Bedforms upstream
of the boundary are more pronounced, highlighted by
flanks dipping at up to 20° for the SSR and 15° for
Bul. In the area of the hard material, the topographic
relief of bedforms is smaller and flanks dip at <10°.

Bedformsin both grids show stronger reflectivity com-
pared to the surroundings (Fig. 5G, H). No variation in
reflectivity can be seen along the crest of continuous
bedforms in either grid. Small bedforms in the hard
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Fig 5. Basal topography in Grid Zebra (left) and Grid Tiger (right). Top panel: dip of the topography, second panel: azimuth, third panel: cur-
vature, fourth panel: reflectivity and lowest panel: elevation of the topography. The azimuth highlights areas dipping in the flow direction in pink.
Topography dipping towards the west is shown in yellow, towards the east in blue and dipping against ice-flow direction in light green. The dimen-
sions of both grids are 3 x 3 km. Features that are aligned in flow direction that have been identified as bedforms are highlighted by yellow dashed
lines in the lowest panel. Dimensions of each bedform are given in Table 1.

material area in Grid Tiger show stronger reflectivity
(~0.7), compared to the surrounding material (~0.4).
No clear change in reflectivity is visible between bed-
forms up- and downstream of the interruption of Grid
Zebra. Bedforms (Bul-5) upstream of the boundary in
Grid Tiger show a weaker reflectivity (~1) compared
to bedforms in Grid Zebra (>1.5). The reflectivity of

the SSR is comparable to the reflectivity of bedforms
in Grid Zebra.

Glaciological factors

Figure 9 shows a comparison of bed elevation, surface
ice-flow speed (Gardner et al. 2019) and slope (Howat
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Table 1. Bedform dimensions for Grids Tiger and Zebra.

Zebra Tiger

Name Width Height Name Width Height
(m) (m) (m) (m)

Continuous bedforms Bedforms upstream of the

boundary

Bcl 130-250 17 Bul 180 10

Bc2 75-95 2 Bu2 300 12

Bc3 175-230 15 Bu3 280 5

Be4 95-125 3 Bu4 100 3

Bc5 160-190 8 BuS 110 3

Bc6 170-180 6
Interrupted bedforms

Bcl-SSR - 400-550 35-50
Bedforms downstream of the

boundary

Bil 105 4-6 Bdl 110 2
Bi2 85 4 Bd2 150 4
Bi3 45-65 2-3 Bd3 75 2
Bi4 40 1 Bd4 120 4
Bi5 120 4 Bd5 75 2
Bi6 50-65 1 Bd6 60 1
Bi7 95 2 Bd7 65 1
Bi8 75 2 BdS8 110 2
Bi9 105 4 Bd9 95 3
Bil0  85-100 3-5

et al. 2022; tabulated in Table S1) in the area and the sur-
roundings of Grids Tiger (yellow) and Zebra (green).
Variations in bed elevation (Fig. 9A) and surface flow
speed (Fig. 9B) are similar in both grids. The surface
slope (Fig. 9C) in these areas is low: 0.24° and 0.14° in
Grid Zebra and Tiger, respectively, dipping roughly
in the same direction (~305°).

Sediment discharge

Figure 10 shows estimated sediment discharge for a
range of effective pressures and sliding speeds, with C,
= 1.1 x 10" (s m* kg ") (representative of till with large
clasts). At low N values (Fig. 10A), u, is small and thus
the sediment begins to deform at low u; (<20 m a~ ') ren-
dering the nonmonotonic relationship of utmost impor-
tanceinsetting Q. Athigh N values (Fig. 10B), i, is larger,
hence a larger u, (>60ma ") is required to initiate bed
deformation; however, once deformation is initiated,
the nonmonotonic dependence of Q on N is insignificant
and Q scales proportionally with N and uy,.

The range of Q values generated for the range of N
values measured in Smith et al. (2021) is shown in
Fig. 11 for C,=6.2x 10~ (s m?> kg™ !). This C, was cho-
sen for RIS as the sediments are likely devoid of large
clasts and are composed of fine-grained sediment. For
a sliding speed of ~380ma~' (marked by the yellow
line), the higher N values (204 kPa) measured at the
downstream portion of Grid Tiger would inhibit sedi-
ment discharge (Q =0). By contrast, at the upstream
end of Grid Tiger, where lower N values were measured
(168 kPa), sediment discharge could occur (Q ~0.3 m?
afl) all at the same u;,. The prediction by this model of

atransition from deforming to nondeforming conditions
between the upstream and downstream ends of Grid
Tiger, as a result of spatial variations in N, agrees with
inferences made from previous geophysical observations
(e.g. Smith 1997; King et al. 2009; Smith & Murray 2009)
and those presented here.

Linking subglacial landscape, basal conditions
and bed properties

The bed beneath RIS contains bedforms of various
widths, lengths and heights. In some areas, particularly
in Grid Zebra, bedform dimensions are consistent; else-
where, particularly in Grid Tiger, they vary across and
along the flow. Importantly, bedforms in both grids ter-
minate in areas of abrupt topographic change along ice
flow. Our 3D radar approach reveals, for the first time,
that downstream ends of bedforms at this topographic
step are distinct and characterized by a continuous
depression around them. We interpret the abrupt topo-
graphic step to cause the termination or interruption
of bedforms. Despite the topographic step being compa-
rable in steepness and height (Figs 6, 8) between the two
grids, Grid Tiger shows significant variation in bedform
dimensions between bedforms up- and downstream of
the step, whereas they are indistinguishable within Grid
Zebra. Therefore, we assume other factors to be the
first-order controls on variations in bedform dimensions.

Glaciological factors — ice surface slope, flow speed and
topographic relief

We observe no significant difference in ice surface slope,
flow speed and topographic relief between or within the
two grids (Fig. 9). Given the proximity of the two grids,
we assume the area to have been overridden by ice for the
same duration. We, therefore, consider these glaciologi-
cal parameters not to have a major influence on bedform
length in this region, and length variation not to be a
‘velocity duration product’ as proposed in Clark (1993)
and shown in Zoet et al. (2021) for geologically homog-
enous regions.

Geological factors — variation in sediment discharge

Bed reflectivity indicates that bedforms in Grid Zebra
are composed of soft sediment (porosity range
30-50%), with no measurable difference in sediment
properties between bedforms up- and downstream of
the interruption. Bedforms upstream of the boundary
in Grid Tiger also consist of soft material. Bedforms
downstream of the boundary show a reflectivity value
that is at the hard/soft bed transition. However, their
height (1-4m) is less than the quarter wavelength
(12 m for a 3.5-MHz wavelet and 0.168 m ns~ ' speed in
ice) of the radar data, and consequently, reflectivity
might be decreased from interference with the underlying
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Fig 7. Zoom on bed elevation around bedform ends.

material (Bradford & Deeds 2006). Without directly
probing the sediment of the bedforms, we cannot identify
changes in the granularity or hydraulic properties of the
material, which might influence bedform shapes (Men-
zies 1979; Piotrowski 1987). Based on the reflectivity
analysis we assume all bedforms, including these small
bedforms in Grid Zebra, to be composed of soft sedi-
ment.

Reflectivity analysis implies the area surrounding
small bedforms downstream of the boundary at Grid
Tiger is composed of low-porosity material (Fig. SH)
whereas bed material upstream of the boundary at Grid
Tiger has higher porosity. A lower porosity material, and
presumably less deformation of sediment in this area,
agrees with the rougher appearance of the topography
downstream of the boundary (visible as more undulation
in the basal topography shown in purple in Fig. 8), com-
pared to the soft bed in Grid Zebra (visible as less undu-
lation in the basal topography shown in purple in Fig. 6).

Elevation relative
to ellipsoid (m)

-1940

—-1980

-2020

—-2060
Bu2 Bu3 Bu4

The proposed relationship for evaluating sediment
deformation (Eqn. 1) suggests that small but significant
spatial variations in N can explain the observed geophys-
ical variations. In areas where the bed has a lower N value
(like the upstream portion of Grid Tiger), and thus lower
u,;, deformation of the bed is more likely to occur at the u,
values found for RIS (e.g. Fig. 11). Such an actively
deforming bed will cause the sediment to dilate and reach
its critical state porosity. In these locations, basal motion
will be largely facilitated by deformation of the sediment.
Conversely, areas with elevated N values (like down-
stream of the boundary in Grid Tiger), and thus a higher
u;, may undergo little to no bed deformation. Here defor-
mation of the sediment will not occur and sediments will
consolidate. Because sediment consolidation is
proportional to the imposed N at the base, sediments
in Grid Tiger downstream of the boundary should have
lower porosities, as observed in the geophysical observa-
tions. Variations in NV over these relatively short spatial
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Fig 9. Comparison of different properties in the area and surroundings of Grid Zebra and Grid Tiger: A. Bed elevation, B. Surface flow speed at
240-m resolution (Gardner ez al. 2019) and C. Surface slope with a horizontal resolution of 2 m (Howat et a/. 2022). The mean, standard deviation
and minimum and maximum values for each grid are given in Table S1.

scales could result from spatial variability in hydraulic = Downstream of the boundary in Grid Tiger, higher N
permeability of the sediment due to small variations in  values (204 kPa) inhibit sediment deformation (Q = 0;
grain-size distributions (e.g. Boulton 1987). Fig. 11), whereas at the upstream end of Grid Tiger,

The role of N becomes important in shaping RIS bed-  where lower N values were measured (168 kPa), sediment
forms due to its effect on sediment discharge (Eqn. 4).  deformation could occur (Q ~0.3m*a™!, Fig. 11), all at

85US0| 7 SUOWWOD 3A 18810 3|cedl|dde 8U Aq pauRACD 88 S3[o 1 YO ‘88N JO S3|NJ 104 A%eiq 1T 8UIUO AB| I/ UO (SUO I IPUCD-PUR-SLLLBYWI0D" 4B | 1M Afe.q|1BU1|UO//:SHRY) SUORIPUOD pUe W | 8U3 89S *[G202/50/e2] Uo A%eiqi8ulluo A81IM ‘1581 Ad 2000L 10G/TTTT OT/I0p/Wod A8 | 1M AReuq | puljuo//SAy Woly papeojumoq ‘0 ‘G88E20ST



12 Rebecca Schlegel et al.

40 50 60 70 80 90 100

100 150 200 250 300 350 400 450
u, (ma)

0 50

Fig 10. Q estimates from Equation 4 with different N values and
C,=1.1x10"" (sm?kg™"). A. Shows low N values where the nonmo-
notonic response tends to dominate. B. Shows the role of N on u, in
determining the Q response.

the same 1, of 380 m a~ ' In the upstream portion, where
we find soft sediment, sediment discharge is high result-
ing in longer bedforms whereas downstream of the
boundary, in the area of low-porosity material, where
Q decreases (and likely ceases), bedforms are smaller.
In Grid Zebra, where conditions are more homogenous
and suggest higher porosities (Fig. 5), all areas are likely
deforming and conducive to sediment discharge and thus
bedforms are generally similar up- and downstream of
the interruption.

Importance of new insights

Small bedforms in Grid Tiger appear to consist of soft
material, while surrounded by low-porosity material,
implying that the soft sediment has been deposited on
low-porosity material. Currently, only a few numerical
models of bedform formation (e.g. Barchyn et al. 2016)
are able to explain the formation of soft bedforms on a
hard bed, possibly as, to date, evidence for their existence
was lacking.

Effective pressure, the granularity and hydraulic prop-
erties of the sediment, and the coupling at the ice-bed
interface are the factors influencing the subglacial sedi-
ment discharge (e.g. Damsgaard et al. 2020; Hansen &
Zoet 2022) and beneath RIS spatial variability of the sed-
iment discharge is reflected in the spatial variability of
bedform dimensions. This observation of bedform
dimension variation with varying basal properties agrees
with observations in the palaco-record (e.g. Rattas &

BOREAS
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'© L
E 04}
O b
0.24
0 N N
250 300 350
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Fig 11. Here N values spanning those found in Smith ez al. (2021) were
used along with a C, =6.2x 107" (sm*kg™") value that represents
fine-grained sediment devoid of large clasts. Yellow band indicates mea-
sured ice-flow speed.

Piotrowski 2003; Greenwood & Clark 2010; Phillips
etal 2010; Vérité et al. 2024). Vérité et al. (2024) analysed
spatial variation in bedform appearance in the
palaeo-record and concluded that if bedforms are pro-
duced by the same physical process and glaciological fac-
tors are constant, spatial variation in bedform dimension
and orientation can be used to map spatial variation in
boundary conditions, such as the basal properties. The
study presented here validates this assumption, by imag-
ing these spatial variations in bedform dimensions
beneath a modern ice stream. We further found variation
in basal properties and effective pressure to be the
first-order controls on bedform dimensions using a sed-
iment discharge model.

Zoet & Iverson (2020) showed that a regularized Cou-
lomb slip response is appropriate for sediment beds and
that in the areas where the bed is ‘hard’ and non-
deforming, drag will occur through a rate strengthening
slip response whereas in areas where the bed is ‘soft’ (i.e.
deforming) drag occurs in accordance with the Coulomb
nature of the till. In this manner, by separating the sec-
tions of the bed into ‘hard’” or ‘soft’ using the radar
reflectivity and the bedform dimensions (e.g. Fig. 6), it
is possible to designate where the regularized Coulomb
slip response is rate strengthening and where it is Cou-
lomb. For example, our radar observations in combina-
tion with Equation 1 predict that the dominant
mechanisms of ice movement in Grid Zebra and Grid
Tiger upstream of the boundary is slip via bed deforma-
tion (Coulomb) whereas in Grid Tiger downstream of
theboundary slipis viabasal sliding (rate strengthening).
The interpretations from Smith (1997) and Smith &
Murray (2009) regarding this change in the dominant
slip mechanism appear to be in agreement with the quan-
titative prediction from our model. The consistency
between our model and the available observations open
up the future possibility of using Zoet & Iverson (2020)’s
Equation 3 with measured N values from RIS to estimate
values of basal drag. Comparison with basal drag values
from surface inversions could provide a path towards
validating ice flow models while creating more physically
based models of ice flow.
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Observations here imply that variations in basal sedi-
ment discharge cannot be assumed to be constant within
a flowset (Stokes & Clark 2002). Previous studies
reported that such spots of higher basal drag, also
referred to as till-free spots, can have a major impact
on ice flow and a till-free interface existing over larger
areas can cause the frictional shut-down of ice streams
(Stokes & Clark 2001). However, in this study, we iden-
tify small bedforms composed of soft sediment deposited
in an area of low-porosity material. These small bed-
forms represent variations in basal properties and basal
topography, which might modify basal drag (King
et al. 2009). The interplay of bedform deposition with
variations in basal drag could promote further feedback
effects, which cause bedforms to gain in size and further
modify the basal drag and thus influence the glacial force
balance (Gudmundsson 1997; Schoof 2002).

Conclusions

Combining different imaging approaches and
high-resolution 3D radar data we mapped dimensions
of subglacial bedforms more accurately than was previ-
ously possible, especially bedform length and ends
(upstream and downstream), and were able to identify
and determine the shape of the smallest features
(<300 m length, previously completely unidentifiable).
We found areas where bedform dimensions remain con-
stant along and across the flow, whereas in other areas
bedforms vary. We thus developed a simple model relating
sediment discharge (and hence, deformation) to basal con-
ditions and applied it to our observations, combined with
available measurements of basal effective pressure. The
modelimplies that effective pressure and sediment proper-
ties (low-porosity material vs. soft sediment) at the ice-bed
interface are first-order controls on sediment discharge
and thus bedform dimensions and hence, the resulting
subglacial landscape. It is interesting to note that a rela-
tively small change in effective pressure (40 kPa) in this
case correlates with a significant change in basal processes.
In the area of elevated basal effective pressure, and low
sediment discharge, the dominant slip mechanism is basal
sliding, whereas in the area of lower effective pressure, and
thus higher sediment discharge, we find basal deformation
of the soft sediment to be the dominant mechanism of ice
flow. This transition of slip mechanism is consistent with
the pattern of located ice quakes at the ice-bed interface
(Kufner et al. 2021). Assuming glaciological factors to
be constant in the region investigated, the approach
applied here allows spatial variation in basal conditions
and effective pressure to be identified from spatial varia-
tion in bedform dimensions, and thus the flow mechanism
to be separated into basal slip and basal deformation.
Numerical models of ice-flow dynamics require
improved information on basal conditions and processes,
and about their variations. Our rigorous 3D approach to
ground-based radar data acquisition, processing and anal-

ysis gives significant improvements over traditional
methods in the ability to map and interpret basal condi-
tions. The consistency between our data, albeit limited,
and a simple sediment discharge model is a further step
towards an improved understanding of basal processes
and their successful incorporation into ice-flow models.
Incorporating the insights from this study into ice-flow
models would require u;,, N and sediment properties to
be known. Numerical ice-flow models usually include
information about u, and N; hence, only an estimation
of sediment properties, which can be achieved from geo-
physical methods, analogue lab experiments or possibly
discrete element method modelling, is required. We
strongly encourage more data acquisition of this nature
(and comparable airborne radar swath data; e.g. Holschuh
et al. 2020) as well as more, relevant observations to test
and develop further the sediment discharge model.
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Fig. S1. The blue dots are the Tsb data from Hansen and
Zoet (2022) for varying effective pressures, N, at a
velocity of 100 ma~'. The orange line is the nonmo-
notonic fit to the data using constants of C,
=1.5x10° (kgs ) and C, =2 x 10’ (Pa?).

Fig. S2. Radargram showing the bed reflection across
flow in Grids Tiger and Zebra.

Fig S3. Bedforms downstream of the boundary in Grid
Tiger.

Table S1. Mean, standard deviation and minimum and
maximum values of bed elevation, surface speed,
surface slope and surface azimuth within Grid Tiger
and Grid Zebra.
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