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A B S T R A C T   

The accuracy of sea-level rise predictions is highly dependent on reliably understanding the subglacial envi
ronment beneath ice streams. Bedforms result from the interaction between ice and its substrate, and therefore 
have the potential to shed light on poorly understood basal conditions influencing ice dynamics. However, 
theoretical models of bedform formation are often based on observations from deglaciated areas or from 
sparsely-sampled geophysical surveys over glaciated regions. Here, we use high-resolution three- and two- 
dimensional radar and seismic data to reveal details of the initiation and evolution of a subglacial bedform 
beneath Rutford Ice Stream, West Antarctica. Radar surveys at 20 m and 50 m line spacing allow detailed im
aging of bed topography, including a moat up to 55 m deep, surrounding the upstream end of a 50-m high and 
>18-km long bedform. Many models rely on either a topographical or a locally resistant seed point to initiate 
bedform formation. The bedform described here is mostly composed of soft sediment (porosity >0.3) and lacks a 
boulder or outcrop, suggesting the bedform initiated without a topographic seed point. Sediment at the upstream 
end of bedforms appears stiffer over a distance of 2.3 km. We suggest sediment inhomogeneities in the initially 
flat bed cause the deposition of sediment, which, assuming resistant enough, acts as a seed point for bedform 
extension and moat erosion. The moat’s geometry and its truncation of other bedforms suggest that it was eroded 
after the deposition of surrounding bedforms. These observations from a modern ice stream deliver information 
of subglacial processes involved in the initiation as well as in situ high-resolution topography and properties of 
bedforms and moats. Using these observations numerical models can be tested and developed accordingly.   

1. Introduction 

Ice streams and outlet glaciers discharge >90 % of ice from the 
interior of the Antarctic Ice Sheet to the oceans (Bamber et al., 2000). 
The fast ice flow of ice streams is mainly attributed to conditions and 
processes occurring at the ice stream bed (Clarke, 2005; Stokes et al., 
2007). Current understanding of the subglacial environment is limited 
by its inaccessibility, which constrains accurate predictions of the sta
bility of ice sheets (Morlighem et al., 2017). However, subglacial 
topography, such as bedforms, which form and evolve as a result of the 
interaction of ice flowing over subglacial material, can improve our 
understanding of subglacial processes. 

Bedforms are abundant on ice stream beds (Dyke and Morris, 1988; 

King et al., 2016; Clark et al., 2018) and thus represent a key 
“geomorphological criterion” to identify the location and dynamics of 
palaeo ice streams (Stokes, 2018). The shape and elongation of 
streamlined bedforms have been linked to ice flow velocities (Hart, 
1999; Stokes and Clark, 2002) and, combined with orientation, are used 
for the reconstruction of former ice flow and thermal regimes in the 
marine and terrestrial record. However, the processes involved in bed
form formation have been debated since the early 19th century (Bryce, 
1833), which resulted in numerous theories of bedform formation and 
evolution. Initially the basis of bedform formation theories was limited 
to observations in deglaciated terrain (e.g., Boulton, 1987; Clark, 1993; 
Hindmarsh, 1998; Shaw et al., 2000, 2008; Tulaczyk et al., 2001), where 
bedform geometry and properties represent the culmination of processes 
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acting on the bedform during formation, glacier retreat and following 
exposure (Benn and Evans, 2011; Holschuh et al., 2020). 

Effort has increased in recent years to map bedforms in situ beneath 
modern ice streams and glaciers using seismic and radar profiles (e.g., 
King et al., 2016; Bingham et al., 2017; Muto et al., 2019; Holschuh 
et al., 2020; Clyne et al., 2020). Initial imaging of subglacial bedforms 
beneath modern ice streams and glaciers comprised individual two- 
dimensional (2D) radar or seismic lines (e.g., Smith, 1997b; Smith and 
Murray, 2009; Finlayson et al., 2019). Using the radar reflectivity or 
seismic acoustic impedance of the bed, properties of the subglacial 
material have been determined (King et al., 2007; Muto et al., 2019; 
Clyne et al., 2020). Albeit often coarsely sampled, these datasets 
represent the best available images of in situ subglacial topography and 
properties (Holschuh et al., 2020). 

Sparse 2D geophysical surveys are most appropriate for features that 
are aligned in some preferential direction, e.g. elongate bedforms par
allel to ice flow. For more complex geometries (e.g., bedform termina
tions or features oblique to flow), 2D imaging is more problematic since 
reflected energy arriving from off-track features cannot be re-located to 
its true origin in a three-dimensional (3D) space. True 3D imaging and 
analysis of complex structures requires densely sampled survey grids 
and the application of 3D data processing approaches; acquisition of 
such data is labour intensive but compensated by improved image 
quality and greater insight into formation processes. 

Here we present high-resolution radar data from a bedform and a 
moat beneath Rutford Ice Stream in West Antarctica. Previous radar 
studies on Rutford Ice Stream imaged basal topography including bed
forms and moats with 500 m across-track sampling (King et al., 2009); 
however, owing to sparse sampling, detailed imaging was prevented. In 
the current study, we overcome the trade-off between across-track res
olution and regional coverage (Holschuh et al., 2020) by combining a 
regional (relatively sparse) radar dataset with localized high-resolution 
radar grids that are compatible with 3D processing (e.g., Grasmueck 
et al., 2005). These data result in novel high-resolution images of a 
pronounced moat wrapped around the upstream end of a bedform. 
Additionally, we use seismic reflection profiles to constrain the 
composition of subglacial material. We conclude that the bedform 
consists of soft sediment with a relatively hard upstream end surrounded 
by a moat. We use these observations to interpret the subglacial con
ditions required for bedform initiation and assess theoretical models 
based on these. 

1.1. Bedforms in the palaeo record 

The term subglacial bedforms includes different bedforms, such as 
drumlins, mega-scale glacial lineations (MSGLs) and ribs or ribbed 
moraines (Rose, 1987). Drumlins are tear-drop shaped features of 
100s—1000s m length (Menzies, 1979b; Clark et al., 2009), MSGLs 
(Clark, 1993) are elongated, parallel ridges of several 10s km length and 
ribs are ridges transverse to flow (Hättestrand and Kleman, 1999). 

Studies in the palaeo record (e.g., Wellner et al., 2001; Ó Cofaigh 
et al., 2002; Margold et al., 2015) have highlighted that bedforms show 
a down-flow evolution; in the onset zone, bedforms are short and 
irregular, whereas further downstream the elongation ratio increases. 
Often this increase in elongation ratio is accompanied by a transition 
from a crystalline bedrock to a soft sedimentary basin (Wellner et al., 
2001; Ó Cofaigh et al., 2002; Ottesen et al., 2008). This transition is 
assumed to be reflected in a change in flow dynamics, from basal sliding 
over a crystalline bed to faster movement by basal sediment deformation 
or ploughing over soft sediment (Ó Cofaigh et al., 2002). 

The composition of bedforms in the palaeo record, specifically 
drumlins, are diverse (Stokes et al., 2011). Some drumlins mainly consist 
of bedrock (Raukas and Tavast, 1994; Evans, 1996; Heroy and Ander
son, 2005; Kerr and Eyles, 2007), others have a bedrock core (Boyce and 
Eyles, 1991; Hart, 1997; Fuller and Murray, 2002) or consist mainly of 
sediment (Newman et al., 1990; Raukas and Tavast, 1994; Wysota, 

1994; Hart, 1995a, 1995b, 1997; Rattas and Piotrowski, 2003). Drum
lins consisting of sediment have been reported to be composed of ho
mogeneous (Wright, 1973), sorted (Lemke, 1958; Zelčs and Dreimanis, 
1997; Menzies and Brand, 2007) or stratified sediment (Dardis and 
McCabe, 1987; Hanvey, 1989). This variety of internal composition 
together with the large variability of bedform shapes (see overviews in 
Menzies (1979a); Patterson and Hooke (1995); Benn and Evans (2011)) 
has led to a variety of formation theories for drumlins. 

1.2. Bedforms beneath modern ice streams 

Recent studies of subglacial bedforms beneath modern ice streams 
were focused on Thwaites Glacier and Rutford Ice Stream (RIS, study 
area of this paper), both located in West Antarctica. The bedforms 
beneath RIS consist of short (~2 km) drumlins in the onset region of the 
ice stream (King et al., 2007) and longer (up to 14 km) features (King 
et al., 2009, 2016), referred to as MSGLs further downstream. The 
observation of the extension of a bedform over a seven-year period 
(Smith et al., 2007), measurements of seismic acoustic impedance, and 
radar reflectivity indicate that at least some bedforms beneath RIS are 
formed from soft sediment (Smith, 1997b; Smith et al., 2007; King et al., 
2016; Schlegel et al., 2022). However, radar reflectivity and seismic 
acoustic impedance imply that the upstream end of some of these bed
forms are harder (lower porosity) compared to the downstream tail 
(King et al., 2007; Schlegel et al., 2022). Beneath Thwaites Glacier, 
Holschuh et al. (2020) identified several bedforms based on radar sur
veys, including crag-and-tails, drumlins and MSGLs. Analysis of seismic 
acoustic impedance showed that these features are composed of soft till, 
with a steep stoss side, which is interpreted to consist of hard (presumed 
bedrock) material (Clyne et al., 2020; Alley et al., 2021). 

1.3. Theories of subglacial bedform initiation 

Theories of bedform formation typically concentrate on processes 
and conditions involved in bedform initiation, where three competing 
concepts can be distinguished: first, an initial topography with pre- 
existing topographic irregularities which act as a seed point for bed
form growth or shaping; second, an initial flat topography but with in
homogeneities in the subglacial material; and third, an initial 
topography with no topographic or geologic irregularities (Boulton, 
1987; Clark, 2011). Observations of a competent boulder or outcrop 
integrated into the stoss end of bedforms support the model of subglacial 
till deformation around pre-existing perturbations on the bed (e.g., 
Boulton, 1976; Clark, 1993). Ice flow over and around the perturbation 
creates a low-pressure zone in the lee of the perturbation which fills up 
with deforming sediment and thus extends the perturbation in the flow 
direction, creating an elongated bedform. This theory is consistent with 
several observations in the palaeo record (e.g., Hart, 1997; Hindmarsh, 
1998; Clark, 2011) and beneath modern ice streams (King et al., 2009; 
Smith and Murray, 2009; Alley et al., 2021). However, some bedforms 
lack a boulder or outcrop at the stoss end (Patterson and Hooke, 1995; 
Stokes and Clark, 2001; Spagnolo et al., 2014) and motivate theories 
where formation occurs without a topographic seed point. Ice flowing 
over inhomogeneous subglacial sediment, such as a mosaic of stiffer and 
softer sediment patches (e.g. caused by variations in sediment perme
ability), can cause pressure variations at the ice-bed interface and thus 
the deposition of sediment (Boulton, 1987). This deposited material 
then acts as a topographic irregularity at the ice-bed interface and can 
further evolve into an elongated bedform. Other models anticipate the 
formation of bedforms without a topographic or geologic seed point by 
flow instabilities at the ice-bed interface (e.g., Hindmarsh, 1998; Men
zies and Shilts, 2002; Fowler and Chapwanya, 2014). Over the last 25 
years, different instabilities that invoke different dimensions and ma
terials have been proposed. Early studies by Hindmarsh (1998) and 
Fowler (2000) model coupled flow between sediment and ice in two 
dimensions; Fowler (2010a) then introduces a thin water layer flowing 

R. Schlegel et al.                                                                                                                                                                                                                                



Geomorphology 458 (2024) 109207

3

between the ice and the sediment, which becomes unstable and pro
duces rilling. Other approaches include spiral flows in the overriding 
basal ice (Schoof and Clarke, 2008), local pressure gradients (Barchyn 
et al., 2016), infilling of subglacial cavities (Fowler, 2009) as well as 
modelling of coupled ice-sediment flow in three dimensions (Fowler, 
2010b; Chapwanya et al., 2011). 

1.4. Moats and theories of moat formation 

In the palaeo record, topographic over-deepenings or depressions, 
referred to as moats, are found in areas of previously fast-flowing ice. 
These features are often wrapped around the upstream end of bedforms, 
bedrock outcrops or ridges, and occasionally occur without an obvious 
obstacle (Dreimanis, 1993; Lowe and Anderson, 2002; Graham et al., 
2009; Graham and Hogan, 2016). Beneath Thwaites Glacier, high- 
resolution radar data revealed moats around the stoss end of bedforms 
and bedrock outcrops (Holschuh et al., 2020; Alley et al., 2021). Simi
larly, radar data from RIS indicate moats around outcropping features 
and the upstream end of bedforms, as well as intervening troughs be
tween bedforms (King et al., 2016). 

Graham and Hogan (2016) stated that while a leading hypothesis of 
moat formation is lacking, theories include the erosion of material by 
localized water (Dreimanis, 1993; Lowe and Anderson, 2002), large 
flood events (Wingham et al., 2006), a slurry mix of sediment and water, 
or basal ice (Graham et al., 2009). Furthermore, Alley et al. (2021) 
stated that the pressure distribution of ice flowing against bedrock 
outcrops could be sufficient to enhance ice-till coupling upstream of the 
outcrops and erode material, which creates the observed moats. They 
further hypothesized that the eroded material could have been depos
ited in the lee of the outcrops, thus extending the bedform. 

2. Rutford Ice Stream and data 

RIS drains into the Ronne Ice Shelf, flowing with speeds of ~380 m a-1 

in the area of the grounding line (Murray et al., 2007). The area surveyed 
here lies 22 km upstream of the grounding line. The broad scale bed 
topography shows a central ridge bounded by two asymmetric valleys, up 
to 2.2 km deep (King et al., 2009). The bed includes numerous subglacial 
bedforms. Measurements of seismic acoustic impedance and radar 
reflectivity indicate that at least some bedforms beneath RIS are formed 
from soft sediment (Smith, 1997b; Smith et al., 2007; King et al., 2009; 
Schlegel et al., 2022). The observation of a bedform extending within a 7- 
year period, led to the conclusion that at least one bedform beneath RIS is 
a depositional feature (Smith et al., 2007). 

Long-term flow stability (Gudmundsson, 2006; Murray et al., 2007; 
Vaughan et al., 2008) and the comprehensive geophysical survey history 
at RIS (e.g., Smith, 1997a, Smith, 1997b; Smith et al., 2007; King et al., 
2009, 2016) make it an ideal location for mapping in situ subglacial 
bedforms and to investigate their initiation and evolution. Here we 
present a suite of different datasets and methods (Fig. 1) consisting of (1) 
data and methods that have been published previously, (2) new data 
that has been analyzed and processed with previously published 
methods and (3) new data that has been processed with a new method. 
Together these data cover the upstream part of a bedform (Fig. 2a), 
referred to as ‘Smith Subglacial Ridge’ or SSR (referred to as the ‘Bump’ 
in previous studies). The SSR is 13—50 m high and 100—360 m wide 
and at least 18 km long, although its downstream end has not been 
surveyed due to surface crevassing in the study area. Based on the 
elongation ratio of the SSR it was classified as a mega-scale glacial 
lineation (>18 km length, <550 m width (Clark, 1993; King et al., 
2009)), although tapering ends and the significant high topographic 
relief were later used to classify it as a drumlin (King et al., 2016). We 
refrain from further discussion of the classification, considering that 
both types of bedform are part of a continuum (Stokes et al., 2013; 
Spagnolo et al., 2014; Ely et al., 2016). 

Fig. 2b, c and d illustrate the coverage and sampling of the different 

datasets presented in this manuscript. The 500 m spaced radar lines of 
the Main grid (white lines in Fig. 2c) cover the SSR and the surround
ings, while denser sampled radar data are focused on its upstream end 
and downstream area (black lines in Fig. 2c). Seismic reflection profiles 
were previously acquired along flow over the upstream end of the SSR 
and in the downstream area (Fig. 2b black dashed line). The geophysical 
data were jointly analyzed to obtain subglacial topography (Method I) 
and subglacial properties (Method II). The following list provides further 
detail on the radar and seismic datasets. 

2.1. Radar data 

All radar data were collected across flow with 2 m along-track 
sampling (Fig. 2e) using a high frequency, ground based impulse radar 
system (DELORES, King et al., 2007). The difference between along- and 
across-track sampling is illustrated in Fig. 2e, where along-track sam
pling represents the sampling along the acquired (radar or seismic) line 
and across-track sampling the spacing between the acquired lines. Pro
cessing of radar data results in a vertical precision of 3 m (King, 2020). In 
total, three radar grids are described here:  

(1) Main grid (white lines in Fig. 2c): previously published radar 
data acquired in 2016/17 (Schlegel et al., 2022), with 500 m 
across-track sampling (parallel to ice flow). As presented in 
Schlegel et al. (2022), the whole dataset covers a 15 × 17 km 
area. In this study, data is limited to a 3 × 17 km area. Based on 
this dataset, several regions of complex topography were identi
fied and surveyed. Two of these are presented in this paper as 
follows:  

(2) Upstream grid, composed of two new radar datasets (black 
lines in Fig. 2c) DEL20UP and DEL50UP: DEL20UP and 
DEL50UP were acquired in 2017/18 and 2016/17, respectively. 
DEL20UP covers a 1 × 3 km area with 20 m across-track sam
pling. DEL50UP utilizes 50 m across-track sampling, extending 
the DEL20UP coverage 2 km further downstream. Sampling in 
both grids is compatible with 3D migration. The Upstream grid is 

Fig. 1. Data and methods presented and analyzed within this study. Black 
boxes show new data and methods that have not been published previously. 
Grey boxes indicate existing methods applied to existing data and white boxes 
represent previously published data and/or methods. 
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focusses on providing high-resolution imaging of the upstream 
extent of SSR.  

(3) Downstream grid (black lines in Fig. 2c): new radar data 
covering a 1 × 3 km area with 20 m across-track spacing (other 
acquisition parameters as in DEL20UP). Data in the Downstream 
grid image the location of drill sites of the 2018/19 drilling 

campaign on RIS (Smith et al., 2021) as well as a downstream 
portion of the SSR. 

2.2. Seismic data: 

Upstream and Downstream seismic lines (black dashed line in 
Fig. 2b) are seismic reflection profiles acquired in 2009/10 and 2004/05 

Fig. 2. Basal topography and bedforms beneath RIS. Elevation is relative to the WGS 84 ellipsoid and contoured at 20 m intervals. a) Topography (obtained by 
combining data in the Main, Downstream and Upstream grid) along the SSR. b) Topography with marked location of the Upstream and Downstream seismic 
reflection line, and profile a-a’ shown in Fig. 7. c) Topography, coverage and sampling of data in the three radar datasets. The red box marks the inset shown in (d), 
illustrating the difference in across-track sampling between the 500 m spaced Main grid and the 20 m spaced data in the Upstream grid. e) Schematic illustrating 
across-track and along-track spacing. Map projection system is WGS 84 (EPSG:3031). 
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(F3 in Smith and Murray, 2009), respectively. Acquisition and pro
cessing of the Downstream seismic line are described in Smith et al. 
(2007) result in acoustic impedance values every ~120 m for both lines. 
Although not published in Smith et al. (2007), acquisition and pro
cessing of the Upstream seismic line are identical. 

2.3. Method I: basal topography imaging 

Most glaciological studies acquire, and therefore must process, 
ground-based radar data in a 2D manner (e.g., Murray et al., 2008; 
Church et al., 2018; Riverman et al., 2019). Even where multiple parallel 
2D profiles are acquired, limiting the processing to 2D is often necessary, 
as the sparsity of sampling of the subsurface prevents 3D processing, 
specifically 3D migration. The key advantage of 3D migration is that 
energy reflected by off-track topography (e.g., flanks or bedform ends), 
which arrives at the surface oblique to the vertical, can be correctly re- 
located: the correct repositioning is impossible in 2D processing, which 
maps structures incorrectly into the along-track plane of the 2D profile. 

In addition to correctly repositioning energy, migration improves the 
horizontal resolution of a profile in the direction in which it is applied. 
The horizontal resolution of data is initially dependent on the spatial 
sampling of the area, the frequency content and the processing of the 
data (Verdonck et al., 2015), and has a theoretical limit described by the 
first Fresnel zone (Yilmaz, 2001). On applying migration, horizontal 
resolution is reduced to one-quarter of a wavelength. Since 2D profiles 
can only be migrated in the plane of data acquisition, horizontal reso
lution is only improved in the along-track direction (Lindsey, 1989; 
Monk, 2010) and any out-of-plane energy will remain in the image as 
‘false’ structure (French, 1974). 3D grids can be migrated in both along- 
and across-track directions, thus improving resolution in both directions 
and correctly reconstructing structure. 

The different sampling of the Main grid (white lines) and the Up
stream grid (black lines) is illustrated in Fig. 2d. Radar data in the Up
stream and Downstream grid are compatible with 3D processing, but the 
across-track sampling of the Main grid is too coarse, and these data can 
only be processed in 2D. Only two seismic reflection profiles are avail
able, thus processing of these is limited to a 2D space. 

2.3.1. 2D radar and seismic data processing 
Processing of the radar data in the Main grid are described in 

Schlegel et al. (2022) and consisted of assignment of acquisition ge
ometry (assign traces to surface locations), bandpass filtering (passband 
2—10 MHz), spherical divergence correction and 2D migration (using a 
finite difference approach and migration velocity of 0.168 m ns-1) in 
ReflexW (Sandmeier Scientific Software). Processing of both seismic 
reflection lines is as described in Smith (1997b) and Smith et al. (2007) 
and includes topographic corrections, normal-moveout correction, 
surface-ghost deconvolution and 2D migration. 

2.3.2. Spatial sampling requirements for 3D processing 
For data to be compliant with 3D migration, the recorded reflected 

wavefield has to be non-aliased, meaning the along-track sampling in
terval has to be equal to or smaller than, the Nyquist sampling interval 
Δxmax (Grasmueck et al., 2005), defined as 

Δxmax ≤
v

4fmaxsin(βmax)
, (1)  

where fmax describes the maximum frequency, v the propagation velocity 
and βmax the maximum dip angle of the wave front. 

Sampling along-track is dependent on the pulse repetition frequency, 
number of traces stacked and the speed at which the radar system is 
moving. To achieve dense sampling across-track when using a single 
antenna pair, several parallel, densely-spaced, radar lines can be ac
quired. Recent studies (e.g., Holschuh et al., 2020) have sampled the 
subsurface compliant with requirements of 3D migration by using 

multiple antennas on an airborne survey. However, to the best of our 
knowledge, no data compliant with 3D migration have been acquired 
using multiple coupled ground-based radar antennas in glaciological 
studies prior to this campaign. 

2.3.3. 3D migration 
The 3D processing strategy is similar to the 2D, including trace 

editing, 2—5 MHz bandpass filtering, and spherical divergence correc
tion. Additionally, grid regularisation is performed (using interpolation 
in Mathworks MatlabR2021) to correct acquisition lines for GPS-tracked 
deviations away from parallel. The regularised grid has traces at 2 m 
spacing along-track, and 20 m and 50 m across-track. 3D Kirchhoff time 
migration was applied in Landmark SeisSpace/ProMAX, with a migra
tion aperture limited by a maximum dip angle (Upstream grid: 450, 
Downstream grid: 300) and stretch mute (Upstream grid: 30 %, Down
stream grid: 15 %). Migration-induced noise (Robein, 2010; Jones, 
2014) was suppressed by applying a 2—5 MHz bandpass filter, encap
sulating the radiated signal bandwidth. This processing resulted in a 
theoretical horizontal resolution of 24 m in both along- and across-track 
directions. For comparison to a 2D processing strategy, the theoretical 
resolution of the Main grid is 24 m along-track and 500 m across-track. 

2.3.4. DEM generation and analysis 
The bed reflection in all radar datasets was picked on the first 

coherent arrival around the expected two-way traveltime of 25,000 ns 
for the 2100 m ice thickness (Figs. 3, 4). In areas where 2D and 3D 
migrated radar data overlap, only the 3D migrated bed reflection was 
picked. The bed reflection traveltime in both the 2D and 3D radar data 
were then interpolated on a surface with a 20 × 65 m cell size. 

We determined the edge of topographic features by manually map
ping abrupt topographic changes along the bed. To highlight small-scale 
features and therefore enhance the efficiency and accuracy of interpo
lation (Zhao et al., 2016) we calculated the dip and dip azimuth of the 
dip for the Downstream and Upstream grids. The dip and the dip azi
muth of the dip of the bed topography describes the deviation of the bed 
topography from a horizontal plane. The angle between the bed 
topography and the horizontal is given as the dip. The direction towards 
which the bed topography is dipping (e.g., relative to the ice flow di
rection) is called the dip azimuth of the dip. 

To analyze the volumes of the features relative to each other, such as 
bedforms and moats, the volumetric difference of the features relative to 
a reference surface is calculated. The reference surface is based on the 
DEM shown in Fig. 2a, filtered to omit the short wavelength features of 
the bed topography. Subtraction of the DEM from the reference surface 
allows the calculation of the volume of features above and below the 
reference surface. 

2.4. Method II: basal properties 

We estimate sediment porosities from radar amplitudes following the 
procedure outlined in Schlegel et al. (2022) and seismic acoustic 
impedance following Smith, 1997b and Smith et al. (2007). 

2.4.1. Subglacial properties from seismic data 
Acoustic impedance, the product of acoustic seismic velocity and 

density, is a commonly used tool to assess subglacial material and 
differentiate between soft deforming or dilated, and stiff non-deforming 
sediments (e.g., Atre and Bentley, 1993). The strength of the bed 
reflection is used to estimate the acoustic impedance of the bed material 
at the ice base. For the seismic profiles in this study, the primary bed 
reflection strength was calibrated using the surface to bed multiple 
reflection. This method accounts for englacial attenuation and is 
used to determine the basal reflection coefficient. The measured basal 
reflection coefficient is then used to derive the acoustic impedance of the 
basal material by assuming an acoustic impedance of basal ice (3.33 ×
106 kg m-2 s-1; Smith, 1997b and Smith et al. (2007)). 
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Values of acoustic impedance measured at the bed in the range 
2.2—3.8 × 106 kg m-2 s-1 are attributed to till, following Atre and 
Bentley (1993). However, this range should be thought of as a contin
uum. High porosity dilated tills lie at the lower end, with dilation being a 
result of deformation. We refer to materials in the middle of this range as 
lodged till, having lower porosity than the dilated till. Materials with 
values at the upper end of this range are referred to as stiff till (Atre and 
Bentley, 1993; Brisbourne et al., 2017; Muto et al., 2019; Clyne et al., 
2020). As this acoustic impedance range straddles that of ice, a polarity 
reversal at the bed reflection is observed for the dilated till with low 
acoustic impedance. No polarity reversal is observed for stiff till. This 
polarity reversal provides a reliable bulk discriminator for the end 
members of these materials. As the acoustic impedance values of lodged 
till are close to that of ice, only a weak reflection may be observed. This 
has led some authors to use a binary nomenclature of ‘hard’ and ‘soft’ 
beds (Muto et al., 2019). 

2.4.2. Subglacial properties from radar data 
During acquisition, the traveltime of radar arrivals is recorded as 

well as the voltage (also termed ‘amplitude’) of the signals received. Bed 
properties can be inferred from the amplitude of reflections, with greater 
electromagnetic contrast associated with stronger reflected amplitudes 
(e.g., Gades et al., 2000; Catania et al., 2003; Murray et al., 2008; 
Ashmore and Bingham, 2014). The analysis of the amplitude in the Main 
grid has been described in Schlegel et al. (2022), and the same approach 
is applied here for the Upstream and Downstream grids. Prior to 
migration, all radar data have been corrected for geometric spreading 
and englacial attenuation losses (depth averaged attenuation rate in this 
area according to Schlegel et al. (2022) corresponding to ~20 dB/km), 
and for consistency with Schlegel et al. (2022), the same finite- 
difference 2D migration scheme is applied. We calculated the received 
power of the bed reflection following Gades et al. (2000), by summing 
the square of the amplitudes within a 280 ns window centered around 
the bed reflection (Schlegel et al., 2022). Analysis of Main grid data 

Fig. 3. Bed topography and radargrams of data in the Upstream grid. a) Bed elevation (relative to the WGS 84 ellipsoid and 20 m contour intervals) in perspective 3D 
view, b) bed elevation in plan view, c) dip and d) azimuth of the dip of the bed topography in plan view. The white dashed and black solid line mark the outline of the 
SSR and the moat, respectively. Colour schemes for the different attributes are given in the legend. 3D migrated radar data along a profile e) across the SSR 
approximately 2.5 km downstream of its stoss face, f) across the upstream end of the SSR, g) across the upstream end of the SSR and h) along the deep moat. See red 
lines in (b) for the location of the radargrams. Vertical and horizontal scaling of the radar profiles along and across flow was adapted for illustrative purposes. 
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(Schlegel et al., 2022) has shown that sensitivity of the wavelet to 
roughness on the bed in this area is small. Within this paper, we refer to 
the square root of the received power, which represents the voltage 
corrected for ice thickness variations as bed-reflection voltage (BRV). 
The BRV is proportional to the reflection coefficient R, but the BRV only 
represents relative values and cannot be linked to the absolute bed 
properties and porosities without further calibration. The BRV was 
calibrated using a theoretical reflection coefficient calculated using 
parameters identified along a seismic line within the Main grid as pre
sented in Schlegel et al. (2022). The bed in the reference area is assumed 
to consist of a 40—50 % porous sediment, with a matrix consisting of 
sand with relative dielectric permittivity of 3—6, and solely water in the 
pore space. This results in a bulk relative dielectric permittivity of 
21—32, and together with the assumption that the overlaying medium 
consists of ice, a reflection coefficient of 0.6—1.8. We refer to the cali
brated BRV as reflectivity, which is unitless. Assuming (1) uniform ice 
properties over the area (as assumed when correcting for attenuation), 
(2) the subglacial sediment consists of a sandy matrix with relative 
dielectric permittivity of 3—6 (representing the range of dry sands) and 
(3) the pore space in the sediment to be saturated with water (no air in 
the pore space), the variations in reflectivity can be assigned to varia
tions in porosity. Following this approach, reflectivity values of 0.6—1.8 
are assigned to sediment with 30—50 % porosity. Lower reflectivity is 
taken to indicate a lower porosity and vice versa. Following the 
approach used for the seismic acoustic impedance, we assume sediment 

porosities in the range 30—50 % (grey box in Fig. 7b) to represent 
dilated (deforming) sediment. Sediment with lower porosities is 
assumed to be stiff and non-deforming. 

3. Results 

3.1. Bedform and moat topography 

Bed topography derived from combining 3D and 2D migrated data is 
illustrated in Fig. 2a and shows the SSR with a depression, referred to as 
the ‘moat’, surrounding the upstream end. Figs. 3 and 4 show detail of 
the topography (panel a, b) as well as radargrams (e—h/f), of the Up
stream and Downstream grids respectively. The SSR is characterized by 
a sharp topographic rise at the stoss face (25 m elevation change over 25 
m) and steeply dipping (partly over 30◦) flanks on either side of the SSR 
(Fig. 3 a, c, f). The steepness of the flanks results in weak and discon
tinuous reflections at the upstream end (Fig. 3 f). The flank steepness 
decreases downstream (Fig. 3c vs. Fig. 4c), resulting in continuous re
flections downstream (Fig. 4e). 

The edges of the SSR and moat in the Upstream grid are visible in the 
elevation map (Fig. 3a, b), whereas in the Downstream grid, where 
topography is less abrupt, the moat edges can only be identified using 
the dip and dip azimuth of the dip (Fig. 4c, d). The moat surrounds the 
upstream part of the SSR. However, a ‘bridge’ upstream of the stoss face 
(Fig. 2a, 3a) interrupts the moat. This bridge is around 150 m long 

Fig. 4. Bed topography and radargrams of data in the Downstream grid. a) Bed elevation (relative to the WGS 84 ellipsoid and 20 m contour intervals) in perspective 
3D view, b) bed elevation in plan view, c) dip and d) azimuth of the dip of the bed topography in plan view. The white dashed and solid black line mark the outline of 
the SSR and the moat, respectively. Colour schemes for the different attributes are given in the legend. e) 3D migrated radar profiles across the downstream part of 
the SSR, f) 3D migrated radargram along the shallow moat. See red lines in (b) for location of radargrams. 
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(along flow) and 80 m wide. The reflection along the bridge is clearly 
visible (Fig. 3g). On either side of the bridge the topography deepens in 
the downstream direction. The moat truncates smaller streamlined 
bedforms (80—130 m width, 4—17 m height; red dashed line, Fig. 3a). 
Furthermore, the ‘neighbor’ bedform, between the depression and a 
deeper bed area, appears to be disrupted (Fig. 2a, 3a), where the bed
form height drops and then rises again. The moat in the Downstream 
grid is visible as a slight depression, about 150 m wide and up to 10 m 
deep, on either side of the SSR (Fig. 4 a—d). 

3.1.1. Size of moat and bedform 
Crest-to-moat elevation around the upstream part of the SSR ranges 

from 35 m at the stoss end to 100 m around 2.5 km further downstream 

Fig. 5. Comparison of the size and volume of the moat (yellow) and SSR (blue) 
in the Downstream (a) and Upstream (b) grids. (b) shows a part of the Upstream 
grid, for the location of crossline f-f’ see Fig. 3b. 

Fig. 6. Comparison of basal topography of the upstream end of the SSR in the Upstream grid (a, b, c, g) and the Main grid data (d, e, f, h). a) and g) show the bed 
elevation based on the Upstream grid data. d) and h) show the bed elevation based on Main grid data. b) radargram of the data upstream of the SSR for the Upstream 
grid and e) the Main grid, respectively. c) radargram of the data along a line crossing the SSR in the Upstream grid and f) in the Main grid, respectively. Location of 
data shown in the radargram relative to the bed elevation are marked by the blue and yellow lines in a and d, respectively. 
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(Fig. 3e, f). Similar to that described in King et al. (2016), the crest rises 
steeply to a maximum, and then tapers slowly in the downstream di
rection. The moat on either side of the SSR reaches maximum depth 
adjacent to the highest point of the SSR. The right-hand moat contains 
an additional depression (~180 m wide, 1100 m long, maximum 9 m 
deep compared to the contour line surrounding the blue colored area), 
where the moat reaches its maximum depth (~55 m beneath mean level 
of the topography upstream of the moat, Fig. 3a, b), ~2.5 km down
stream of the stoss face of the SSR. The width of the left-hand moat 
appears relatively constant, at around 200—250 m, while the right-hand 
moat widens further downstream (up to 350 m). 

Omitting the short wavelength features of the bed topography, we 
estimate the volume of the moat and the SSR (Fig. 5). In the Upstream 
grid, both volumes are of similar scale (around 4.7 × 107 m3), whereas 
the moat volume (1.8 × 106 m3) is an order of magnitude less than the 
SSR (2.4 × 107 m3) in the Downstream grid. This relationship is also 
applicable when comparing the moat depth and the SSR height.                                               

3.2. 2D VS. 3D migration 

Fig. 6 shows the comparison of topography (a, d, g, h) and radar
grams (b, c, e, f) of the Main grid and the Upstream grid. Naturally, data 
across 500 m spaced radar lines sample the subsurface much more 
coarsely, which limits the across-track resolution. However, comparing 
the radargrams of both datasets acquired upstream of the SSR (Fig. 6b, e) 
shows additional energy arrivals visible prior to the bed reflection in the 
Main grid data, compared to the Upstream grid data. Further down
stream, both radargrams (Fig. 6c, f) show similar topography. However, 
data in the Main grid contain dipping reflections on either side of the 
SSR, which are lacking in the Upstream grid data. In plan view, topog
raphy based on both datasets image a moat on either side of the SSR. A 
difference between the topography from both datasets is visible around 
the upstream end of the SSR. The Main grid implies the existence of a 
depression upstream of the SSR, lacks the bridge, and shows the SSR to 
be shifted downstream, compared to the Upstream grid. 

Fig. 7. Properties along the SSR’s crest (a—a’ in Fig. 2b). a) Topography along flow from 3D and 2D radar and seismic data, b) radar reflectivity from 2D 
migrated radar data. Porosity ranges as in Schlegel et al. (2022). c) Acoustic impedance of the bed reflection. No data is available between 5—10 km. Porosity 
ranges as in Smith and Murray (2009). d) Seismic profile along the SSR, including the pick of the first coherent arrivals (green) and the corresponding topography 
(yellow) from 3D radar data. Conversion of radar two-way traveltime to corresponding seismic two-way traveltime was calculated by accounting for a firn 
thickness of about 100 m and an electromagnetic wave velocity of 0.168 m ns-1 and acoustic wave velocity of 3742 m s-1. Gaps in the topography, reflectivity and 
acoustic impedance represent areas of complex reflection in 2D seismic and 2D radar data over the steep stoss end. Grey shaded areas in b and c mark porosity 
range (30—50 %) associated with deforming sediment. 
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3.3. Subglacial properties 

Fig. 7 illustrates the topography and properties calculated along a 
profile, starting upstream of the SSR and then following the crest of the 
SSR (see Fig. 2a for the location of the line). Fig. 7a shows the basal 
topography from the different radar and seismic datasets. The topog
raphy in the different datasets is in good agreement, however the 2D 
migrated seismic and radar data lack signal from the stoss face of the 

SSR. Radar reflectivity from the Main grid (blue dots and line) and the 
2D migrated Upstream and Downstream grid (red line) are shown in 
Fig. 7b. Acoustic impedance values calculated along the seismic reflec
tion profiles are shown in Fig. 7c. For both the reflectivity and the 
acoustic impedance, the corresponding porosity ranges are displayed 
using vertical bars on the right-hand side of the plot. Due to the un
certainties of the calculation of porosities, specifically based on the radar 
reflectivity, individual bars are overlapping. The grey bar in the back
ground indicate the porosity ranges associated with deforming sediment 
(30—50 %). Fig. 7d shows the seismic reflection profile along the SSR, 
including the pick of the first coherent seismic arrivals (green) as well as 
the corresponding topography from 3D radar data (yellow) from the 
Upstream grid. As described above, 3D migrated radar data image the 
topography along the whole line, but 2D migrated seismic data are 
lacking a coherent reflection from the steep stoss face. Apart from the 
surface ghost, few seismic reflections are visible within the SSR (Fig. 7d). 

Upstream and around the SSR, radar reflectivity is low (<1) when 
compared to the SSR crest (<2). Once the stoss face is approached, the 
radar reflectivity continually increases along the crest until approxi
mately 2.5 km downstream of the stoss face, where the reflectivity re
mains between 1.5 and 1.7 for several kilometers (Fig. 7b). Reflectivity 
values along the profile from the Main grid and the dense radar grids are 
in good agreement (Fig. 7b). Acoustic impedance increases abruptly 
(from 2.5 × 106 to 3.5 × 106 kg m-2 s-1) at the location of the stoss face of 
the SSR and remains high until 2.3 km downstream of the stoss (Fig. 7c 
at ~3800 m distance), where impedance values are as low as 
1.5 × 106 kg m-2 s-1. Acoustic impedance values in the downstream 
seismic line are relatively constant at around 2 × 106 kg m-2 s-1, with no 
abrupt changes. 

Radar reflectivity from the 2D migrated data is shown in Figs. 8a and 

Fig. 8. Bed reflectivity and interpreted properties from 2D processed radar. a) Radar reflectivity from 2D migrated data in the Downstream and b) Upstream grid. 
Areas with incoherent and discontinuous bed reflections are hatched in yellow. c) Interpreted sediment properties based on radar reflectivity in the downstream and 
d) upstream grid. Reflectivity related to sediment porosity below 30 % are categorized as stiff sediment. We sub-categorize the range of porosities associated with 
deformation in lodged sediment, for the lower part of the porosities (30—40 %) and deforming sediment for the upper porosities (40—50 %). 

Fig. 9. Schematic of bedform composition: a) bedform composed of soft sedi
ment, b) boulder or outcrop incorporated at the end, c) incorporated boulder or 
outcrop at the upstream end overlain by soft sediment, d) bedform composed of 
a boulder or outcrop at the upstream end with debris incorporated into the 
basal ice above the bedform. 
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b along the extent of the Downstream and Upstream grids. Reliable 
identification of properties in some areas is limited by discontinuities in 
the radar reflection (Fig. 3e, f), which is attributed to the complex ge
ometry. Therefore, we refrain from interpreting radar reflectivity in 
these areas (yellow hatching in Fig. 8b). Reflectivity is high (above 1.7) 
along the whole width of the SSR crest in the Downstream grid. The SSR 
flanks show lower reflectivity (0.6—1). The moat and the flanks around 
the upstream end of the SSR cannot be imaged with continuous re
flections. Where reflections are continuous in the Upstream grid, most of 
the moat is of low reflectivity. In the Downstream grid, the reflectivity in 
the moat has patches of higher and lower reflectivity. The crest of 
bedforms upstream of the moat show reflectivity of 0.6, with decreased 
reflectivity along the flanks of these small bedforms. 

4. Discussion 

4.1. Bedform and moat size and composition 

Because of its significant height and width, specifically at the up
stream end, the SSR is a very prominent feature on the bed of the RIS. 
The abrupt topography at the upstream end is further amplified by the 
dimensions of the moat that is surrounding the SSR. The depth of the 
moat on either side of the SSR scales with the height of the SSR, which is 
reflected in the volumes of either feature. Further along flow, the moat 
depth and SSR elevation decrease, resulting in less abrupt topography, 
which can, however, be resolved in radar data. The SSR is clearly visible 
in the Downstream grid, where the moat is very shallow (<10 m depth). 
We interpret this subtle depression in the Downstream grid to be the 
downstream expression of the moat (black line in Fig. 4b). The moat 
does not terminate at the same distance along either side of the SSR; the 
right-hand moat appears to be 150 m longer. Assuming that the moat is 
continuous between the Upstream and Downstream grids, the moat 
length is ~10.5 km. 

4.1.1. SSR composition 
Across the entire crest of the SSR, radar reflectivity values at the bed 

are consistent with deforming sediment of 30—50 % porosity. Values of 
seismic acoustic impedance lie almost entirely in the range of deforming 
sediment, with some areas (3—3.5 km) of slightly higher acoustic 
impedance, just outside the range of what is considered to represent 
deforming sediment. Some values of acoustic impedance indicate 
dilated sediment at up to 45 % porosity (4 km and from 10 km onwards). 
Comparing the upstream end and downstream part of the SSR, the 
topographic differences observed may by correlated to the observed 

changes in radar reflectivity (Fig. 7b), as well as seismic acoustic 
impedance (Fig. 7c), implying different sediment properties present at 
the ice-bed interface along flow. Radar reflectivity increases along flow, 
implying that the porosity increases. Acoustic impedance is relatively 
high at the upstream end and reduces approximately 2.3 km down
stream of the bedform’s stoss end (Fig. 7c), implying a harder upstream 
end with softer material downstream. Both these observations can be 
interpreted to reflect an increase in sediment porosity along flow which 
would causes the material to soften. 

A harder upstream end along with softening of sediment along flow is 
consistent with observations of other bedforms beneath RIS (King et al., 
2007; Schlegel et al., 2022). As the composition of the upstream end of 
bedforms is a key element of bedform initiation theories (Clark, 2011), 
we evaluate potential compositions of the upstream end based on the 
observations from seismic and radar measurements in more detail. Fig. 9 
illustrates theoretical bedform compositions considered here. These 
include, (a) a bedform entirely composed of soft sediment, (b) a bedform 
composed of a boulder or outcrop incorporated at the upstream end 
acting as a seed point for bedform and/or moat initiation (Stokes et al., 
2011; Alley et al., 2021) and soft sediment downstream, (c) as in (b) but 
the boulder or outcrop at the upstream end is draped with soft sediment 
and (d) bedform composition as in (b), but debris is incorporated into 
the ice (referred to as dirty ice) above the upstream end of the landform, 
whereas options (a)—(c) consider the ice to be ‘clean’. 

To describe the composition of the bedform, we rely on radar and 
seismic data. Radar energy is less likely to penetrate deep into the 
subglacial material, and thus only represents properties at the ice-bed 
interface. Seismic energy will penetrate through the subglacial mate
rial, as demonstrated in previous studies on the RIS where deeper (over 
100 s m deep) sub-bed reflections are present (e.g., Smith, 1997a,b; King 
et al., 2007; Smith and Murray, 2009). Thus, we expect seismic energy to 
penetrate through the whole depth of the SSR and further into the 
subglacial material. This would allow us to differentiate between ma
terial boundaries within the SSR. 

4.1.1.1. Boulder or outcrop at the upstream end. If present, we would 
expect an incorporated boulder or outcrop (Fig. 9b) with dimensions of 
the stoss end of the SSR to be composed of a competent material in order 
to withstand the erosive forces in such a terrain (fast-flowing ice ve
locity, high erosion rates (Smith et al., 2007)). Acoustic impedance 
values at the upstream end (Fig. 7c distance 1400—3900 m) lie at the 
upper end of the porosity range of deforming sediment (30—50 %), with 
some values above, excluding any material except sediment or poorly 
lithified sedimentary rock at the ice-bed interface. 

Subglacial sediment samples retrieved from drilling on ice streams 
are rare and to our knowledge limited to unlithified sediment. We 
therefore can only draw conclusions on potential porosity ranges in 
sedimentary rock from studies outside of the field of glaciology, such as 
Ó Cofaigh et al. (2007) and Klages et al. (2020) who reported marine 
sedimentary rock with porosities up to 40 %, which is in the range of 
porosity calculated for the SSR upstream end. However, we would 
expect to resolve stratigraphy within a 100 m thick marine sedimentary 
rock (e.g., Gawthorpe et al., 2022), as well as dipping reflections from 
the downstream end of a sedimentary outcrop in the seismic data. We 
therefore conclude that acoustic impedance values give no indications 
that the upstream end is composed of a sedimentary outcrop or boulder. 
Nevertheless, in the following we will explore possible reasons for a lack 
of high acoustic impedance values by considering interference effects 
caused by a boulder or outcrop overlain by sediment (Fig. 9c) or overlain 
by debris-bearing ice (Fig. 9d). 

4.1.1.2. Smaller boulder or outcrop overlain by sediment. A boulder or 
outcrop overlain with soft sediment presents a high acoustic impedance 
contrast (e.g., Muto et al., 2019; Clyne et al., 2020). Therefore, we would 
expect to see a strong seismic reflection within the SSR if such a feature 

Fig. 10. Interpretation of bedform composition. Missing tracks of the outline of 
the moat between the Downstream and Upstream grid are marked by ques
tion marks. 
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were present; seismic reflections from within the SSR are absent in our 
data. The absence of reflections within the SSR (Fig. 7d) does not 
immediately preclude the existence of a boulder or outcrop. Energy 
reflected from a boulder or outcrop overlain by a thin sediment layer 
might destructively interfere, resulting in a weak or absent reflection 
and an inferred low acoustic impedance contrast. In such a scenario, the 
thickness of the sediment layer is limited to 2.2—3.3 m (ʎ/6—ʎ/4; 
Booth et al., 2012). If the sediment layer thickness deviates beyond this 
narrow range, a significant change in reflection strength would result. 
Sediment layer thickness would increase at the downstream end of a 
boulder or outcrop (Fig. 9c), resulting in a significant change in reflec
tivity, which is not observed here. 

4.1.1.3. Boulder or outcrop overlain by debris-bearing ice. In addition to 
interference effects from the subglacial material, acoustic impedance 
might be altered by debris incorporated into the basal ice (Fig. 9d). The 
acoustic impedance of the ice-bed interface is calculated, assuming the 
upper material to be clean ice. The incorporation of debris into the basal 
ice affects the seismic velocity and density of the basal ice, thus the 
acoustic impedance. Neglecting the effects of debris-bearing ice could 
cause calculated values for the basal sediment to be too low. Muto et al. 
(2019) calculated the effect of debris-bearing basal ice on the calculated 
acoustic impedance and found that a basal ice layer containing 5 % of 
sediment would increase the impedance by ~10 %. Images of borehole 
cameras and results from drilling on Antarctic ice streams indicate 
spatial variability of entrained debris into the basal ice (Christoffersen 
et al., 2010; Smith et al., 2021). In the area studied here, we do not have 
information about the quantity of debris in the basal ice (Smith et al., 
2021). However, from unpublished drilling results, we expect only 
relatively small changes in englacial debris within this area. In that case, 
the increase in acoustic impedance for basal ice with for instance 5 % of 
sediment is negligible, as it is not sufficient to increase the acoustic 
impedance to a value that can be considered originating from a boulder 
or outcrop. 

For reasons stated above, we exclude the presence of a boulder or 
outcrop at the upstream end of the SSR. We interpret the whole SSR to be 
composed of sediment (Fig. 9a) with porosities between 30 and 50 %. To 
better differentiate between the sediment that forms the harder up
stream end and the softer downstream part of the SSR, we use the terms 
‘lodged’ for sediment that has a decreased porosity (30—40 %) and 
‘soft’for sediment with a high porosity (40—50 %). Following this, we 
describe the sediment at the upstream end as lodged, being of lower 
porosity than downstream (Fig. 10). 

Variations in sediment stiffness within bedforms are attributed to 
different till origins (Goldstein, 1994; Hart, 1995a), spatial variations in 
drainage efficiency of the substratum (Rattas and Piotrowski, 2003), or 
temporal variations in subglacial water pressure causing over- 
consolidation (Craig, 2004; Ives and Iverson, 2019). Furthermore, ice 
flow against an obstacle can create a high-pressure zone at the stoss end 
(Alley et al., 2021) resulting in dewatering and enhanced consolidation. 
The similarity of the current ice thickness (2.1 km) and the length-scale 
of the lodged sediment (2.3 km, yellow arrow in Fig. 10) highlights a 
potential scale dependence of the length of consolidation and ice 
thickness. A similar relationship has also been observed at other bed
forms beneath RIS (Schlegel et al., 2022) and merits further 
investigation. 

4.1.2. Moat composition 
The seismic reflection profiles in this study do not cross the moat, 

thus properties in the moat can only be inferred from radar reflectivity. 
Radar reflectivity indicates at least parts of the moat in the Upstream 
grid (Fig. 8d) consist of stiff sediment, whereas the moat in the Down
stream grid (Fig. 8c) appears to consist of a mosaic of soft and stiff 
sediment. The existence of stiffer sediment in the moat compared to the 
bedform is consistent with observations based on radar data (Schlegel 

et al., 2022) as well as from passive seismic data (Kufner et al., 2021) 
elsewhere on RIS. Using passive seismic data, areas of enhanced 
microseismicity e.g., due to stick-slip motion in areas of stiff sediment, 
can be located. Beneath RIS, microseismic events are located in the 
troughs between bedforms, while no events are found on the crest of 
bedforms (Kufner et al., 2021), confirming the existence of stiff sediment 
in the moat and soft sediment at the bedform crest. Truncated bedforms 
located upstream of the moat are comprised of soft sediment (Fig. 8b). 

4.2. Bedform and moat formation 

4.2.1. Bedform formation 
We find no evidence for initiation of the SSR formation by ice flow 

against a topographic seed point. Evidence presented in Smith et al. 
(2007) show that the neighboring bedform is formed by the deposition 
of sediment. Similar to the SSR, other bedforms beneath the RIS, 
including the neighboring bedform, contain a harder upstream end and 
soft sediment downstream. However, seismic data that would allow us 
to exclude a competent outcrop or boulder at the upstream end is only 
available for the SSR. Nevertheless, without further evidence our 
preferred formation mechanism for the SSR is by the deposition of 
sediment (Boulton, 1987), which is in accordance with features else
where on RIS. 

The lack of a topographic seed point indicates either the existence of 
variations in bed stiffness or instabilities at the ice-bed interface (e.g., 
Hindmarsh, 1998; Menzies and Shilts, 2002; Fowler, 2010b). We have 
no evidence that contradicts either of these mechanisms. However, in a 
similar way to the palaeo record (Piotrowski et al., 2004), bed properties 
beneath RIS have previously been described as a mosaic of soft and stiff 
patches (Schlegel et al., 2022). Combining these observations with the 
variation of bed properties along the crest of the SSR, our preferred 
interpretation of bedform initiation is inhomogeneities in the subglacial 
material (Boulton, 1987). 

4.2.2. Moat formation 
Even though moats can be found without an associated obstacle 

(Graham and Hogan, 2016), at RIS the location of the moat appears to be 
associated with the upstream end of the SSR. The moat is an erosional 
feature, which is underlined by the truncation of bedforms upstream of 
the moat. In general, the formation of moats is attributed to water flow 
(Graham and Hogan, 2016; Larter et al., 2019) or enhanced coupling of 
ice and sediment (Holschuh et al., 2020; Alley et al., 2021). Limited 
amounts of free water beneath RIS were previously inferred, although 
not associated with the moat (Murray et al., 2008; Schlegel et al., 2022). 
Furthermore, under present conditions, we expect significant amounts 
of water (possibly causing erosion) to be routed into the deeper parts of 
the bed (Smith et al., 2007) outside of the study area (which is located on 
a broad central high, see King et al. (2016)). Ice flow against obstacles 
may cause enhanced melt by pressure melting (Dreimanis, 1993; Lowe 
and Anderson, 2002). However, we cannot be certain that the moat 
formed by the action of water under past basal conditions or by 
enhanced pressure melting, and we have no record of surface flow speed 
or ice surface elevation changes in recent years (Rignot et al., 2019) that 
could be linked to large-scale water movement (Wingham et al., 2006). 
Furthermore, modelling work by Alley et al. (2021) suggests water 
would route away from the obstacle, resulting in the enhanced coupling 
of the sediment and ice, causing erosion. However, their modelling 
suggests scaling of the high-pressure perturbation with obstacle size and 
a wide continuous moat around the stoss end of the bedform. This ge
ometry of the upstream end of the moat from numerical modelling 
contradicts to our observations, which includes a bridge and widening of 
the moat downstream. We have no evidence that the bridge is not a 
feature that was deposited after the formation of the moat, however, we 
would expect a high-pressure perturbation that has initially caused the 
erosion of the moat to be persistent in time and thus inhibiting the 
deposition of material in the moat. 
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The sediment in the moat has been interpreted as being stiff, whereas 
the sediment in the surrounding area, specifically upstream of the moat 
is soft (in the range of deforming sediment). We therefore expect that the 
area surrounding the upstream end was composed of soft sediment, 
which has then been eroded and exposed the stiff material. We have no 
evidence that this sediment was stiff initially, or if processes during moat 
formation caused the consolidation of sediment. 

Our observations do not validate any of the current theoretical 
models of moat formation. Since the moat scales with the height of the 
SSR, and the volume of both is comparable, we favor a formation 
mechanism where the pressure of the ice flowing against the rigid up
stream end causes the erosion. This process is in agreement with the 
modelling results of Alley et al. (2021). However, the contradictions in 
the moat shape between the model and our observations suggest that the 
model must be adapted to the conditions of the RIS (obstacle consisting 
of a lodged sediment rather than a bedrock outcrop) to fully capture the 
formation process under the RIS. 

4.2.3. Links between deposition of bedforms and erosion of moats 
The combination of radar and seismic data allows us to exclude a 

boulder or outcrop acting as a seed point for bedform and moat initia
tion. These observations are contrary to recent observations beneath 
Thwaites Glacier (Muto et al., 2019; Clyne et al., 2020; Alley et al., 
2021) as well as the palaeo record (Patterson and Hooke, 1995; Stokes 
and Clark, 2001) and highlight the diverse mechanisms of moat and 
bedform initiations. For the SSR beneath RIS we favor the following 
interpretation. Variations in the subglacial sediment stiffness lead to the 
deposition of sediment on the initially flat bed (Boulton, 1987). These 
topographic undulations could then act as seed point for bedform 
extension by sediment deformation and the erosion of a moat around the 
seed point. The location and shape of the moat as well as the truncation 
of bedforms upstream of the moat (red dashed lines in Fig. 3a) imply that 
erosion of the moat occurred after the formation of at least the upstream 
end of the SSR, as well as the truncated bedforms. The variation in 
sediment stiffness along the crest of the SSR, as well as other bedforms 
beneath RIS (Schlegel et al., 2022) might be attributed to different 
sediment origins or consolidation of the undulations prior to the depo
sition of soft sediment in the lee of the undulations. The softening of the 
sediment along the crest of bedforms occurs at the same distance, 
regardless of the width of the bedform. Our observations do not allow an 
interpretation of the processes causing the erosion around the upstream 
end, but the comparable volume of the SSR and moat at the upstream 
end (Fig. 5b) implies a feedback of the obstacle size on the depth of the 
erosion (Schoof and Clarke, 2008). Erosion of soft sediment from the 
sides expose underlying stiffer material, while the eroded soft sediment 
is possibly deposited in the lee of the bedform. However, additional 
sediment supply would be needed to form the SSR along the entire 
length, as the moat volume is an order of magnitude less than the SSR at 
the downstream end (Fig. 5a). Even though we cannot determine why 
the sediment at the upstream end is stiffer than at the downstream end, 
these observations confirm that sediment can develop sufficient rigidity 
to withstand erosion and act as a seed point for moat erosion and bed
form extension. 

4.3. Improved imaging with a 3D processing strategy 

The comparison of the Main grid and the Upstream grid confirms that 
2D migrated data (that are relatively coarse spaced at 500 m), are suf
ficient to image the topography in areas where features are aligned in 
the flow direction. However, data from RIS highlight that when 
encountering 3D structure, such as the stoss end of a bedform, or small 
features such as the moat in the Downstream grid, densely spaced pro
files and 3D migration are required to remove ambiguity in the data and 
resolve features that are otherwise not visible. This level of detail is 
essential to validate models of subglacial bed formation and improve our 
understanding of active subglacial processes. Similarly, improved basal 

imaging beneath modern ice streams is essential to validate data from 
the palaeo record. Interpretation of the palaeo record can be limited by 
confidence in the timing of feature formation, and for example, whether 
features form during glaciation or result from subsequent processes, 
such as weathering. 

The denser sampling and 3D migration of the data allowed imaging 
of steeper topography, such as that shown in Fig. 6. At the stoss end of 
the SSR, only the 3D migrated radar data allowed imaging of the steep 
parts, whilst 2D data (seismic and radar) lack clear reflections from the 
stoss face (Fig. 7d). The absence of a clear reflection in the 2D data can 
be ascribed to some or all of: (1) weak impedance and permittivity/ 
conductivity contrast between the ice and the sediment at the stoss end 
of the SSR; (2) limits in the acquisition geometry (insufficient seismic 
spread length or across-track sampling); or (3) inadequate processing. 
Due to the existence of a continuous reflection from the stoss side 
(Fig. 3g), with a dip of 20—45◦ in the 3D radar data, we expect the 
coarser acquisition and thus 2D processing to have had a major impact 
on data quality. The lack of a clear reflection in the 2D data, together 
with the level of detail revealed from 3D radar data, underlines the 
importance of 3D surveys and 3D processing to image complex subgla
cial geometries. 

Only the 3D migrated Upstream grid resolves the moat with a bridge, 
whereas the Main grid implies a depression upstream of the stoss end of 
the SSR. We assume no temporal change in the topography between the 
acquisition of the Main grid data in 2016/17 and the Upstream grid in 
2017/18, because of the significant amount of sediment that would be 
required to be moved. Additionally, all lines of the Main grid have been 
acquired in 2008/09 using the same radar system. An unpublished 
comparison of these data show no temporal change in bed topography 
over 9 years. Thus, we attribute the lack of a bridge, and the additional 
upstream depression observed when comparing Main and Upstream 
grids, to insufficient sampling of the subsurface and processing limited 
to a 2D space. 

The acquisition and processing of densely spaced lines have allowed 
us to image the SSR and the moat surrounding it in a level of detail that 
was unattainable in previous studies of this region. When evaluating 
theoretical models of bedform and moat formation, high-resolution 
imaging is essential to establish a true representation of features, such 
as moat length, continuity of the moat around the upstream end, and the 
moat-depth to bedform-height relation. 

5. Conclusion 

Using a regional radar dataset with localized high-resolution 3D 
radar grids and seismic data we reveal details of a significant subglacial 
ridge and the surrounding bed, including a moat which is located around 
the bedform’s upstream end. The high-resolution data reveal truncated 
bedforms, a bridge within the moat, and for the first time resolve the 
topography and steepness of the bedform and the deep moat sur
rounding it. Previously, more sparsely sampled data attempted to image 
the bedform and gave indications of the moat but could not image the 
moat along its full extend. Only the acquisition of densely spaced radar 
lines and 3D processing allows imaging of complex basal topography. 
Detail in the subglacial topography imaged in this study highlight the 
need for 3D datasets and 3D processing techniques to investigate pro
cesses involved in subglacial bedform formation and their chronology. 
Accurate imaging of complex subglacial geometry and properties can 
further inform other processes of the subglacial environment. 

The lack of a boulder or outcrop at the upstream end of the bedform 
implies that bedforms beneath Rutford Ice Stream can initiate without 
pre-existing topography acting as a seed point. The bedform is mostly 
composed of soft sediment. Lodged sediment at the upstream end rep
resents a stiff obstacle leading to the accumulation of soft sediment in 
the lee and the erosion of a moat around the upstream end. 

Current numerical models of moat erosion cannot reproduce the 
moat topography, especially the upstream end as well as the length of 
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the moat, observed here. However, using truncated bedforms and the 
shape of the moat we can reconstruct the chronology of bedform for
mation, which highlights that the bedform and moat developed at 
different times with material possibly being reworked from one feature 
into the other. 

Insights into bedform composition and high-resolution topography 
of the bedforms presented, in combination with basal conditions 
beneath the Rutford Ice Stream and the observation of an active 
extension of a bedform in previous studies (Smith et al., 2007; Schlegel 
et al., 2022), provides valuable insights which will further constrain the 
processes involved in bedform formation. 
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