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Abstract Basal properties beneath ice streams and glaciers are known to be a control for ice flow
dynamics, hence knowledge of them is crucial for predicting sea level due to changes in glacial dynamics.

Basal properties, processes and topography also drive the formation of subglacial landforms. Bed properties
beneath Rutford Ice Stream (West Antarctica) have previously been described using seismic acoustic impedance
measurements at a sparse spatial coverage. Here, we derive bed properties in a 15 X 17 km grid of surface

radar data with coverage and sampling much higher than previous seismic studies. Bed reflection amplitudes

in surface radar data were calibrated using sediment porosities (ranging from 0.4-0.5) derived from seismic
acoustic impedance. We find the bed properties are spatially variable, consisting of low porosity material

in some areas and soft sediment in other areas. Comparison of seismic and surface radar data imply the low
porosity material to be a consolidated sediment or sedimentary rock. Mega-scale glacial lineations (MSGLs) are
ubiquitous on the bed and consist of soft, high porosity, probably deforming sediment, consistent with previous
interpretations of MSGLs. We find some MSGLs have high reflectivity on their crest, interpreted as water
bodies overlying high porosity sediment, whereas the trough around and the upstream end of some landforms
consist of low porosity material. Integrating these different observations, we place constraints on possible
explanations for the occurrence of water on the crest of landforms.

Plain Language Summary Physical properties of rocks and sediments as well as the presence of
water beneath ice streams and glaciers control the flow of the ice. Understanding glacial flow is important to
better constrain predictions of sea-level changes. Within this study we present physical properties of material
beneath Rutford Ice Stream in West Antarctica over a 15 X 17 km area. Our data show areas of high porosity
interpreted as wet sediment and areas of low porosity beneath the ~2 km thick ice stream. Ice movement above
areas of soft sediment is assumed to be maintained by sediment deformation, whereas in areas overlain by low
porosity material, sliding of the ice over this material is assumed to maintain flow. The topography beneath
Rutford Ice Stream shows many elongated landforms, some over 14 km long. We show that these landforms
partly consist of soft sediment. Some of these seem to have a water layer on their crest, but it is not well
understood why. However, there might be variations in the sediment composition of the landforms enabling
the creation of this water layer. The occurrence of materials with different properties and water show us how
heterogenous the bed beneath ice streams can be, which is important for modeling ice stream motion.

1. Introduction

Over 90% of the mass of the West Antarctic Ice Sheet is transported by fast flowing ice streams that drain ice
from the interior of the ice sheet to the oceans (Bamber et al., 2000; Rignot, 2008). Such fast flow is facilitated by
the active deformation of water-saturated sediment and by sliding over consolidated beds or crystalline bedrock
(Cuffey & Paterson, 2010). Subglacial water has a major impact on the dynamics of West Antarctic ice streams
by facilitating till deformation as well as reducing basal friction and therefore enhancing sliding (Blankenship
et al., 2001; Siegert et al., 2018). Typical models of subglacial water systems include water storage at the lee
side of bedrock features (Kamb, 2001), in subglacial channels, water films or canals (Cuffey & Paterson, 2010).

Subglacial landforms such as mega-scale glacial lineations (MSGLs) and drumlins are generated by process-
es at the ice-bed interface and are a key component of the subglacial environment. Several models describe
the theoretical formation of these landforms, but consensus has yet to be achieved. Possible models explaining
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their formation include keels of ice plowing furrows (Clark et al., 2003), meltwater floods (Shaw et al., 2008)
and instability theories (Schoof & Clarke, 2008). Although many landforms have been observed in deglaciated
terrains and in the marine record (e.g., Dowdeswell et al., 2016; Ely et al., 2016; Spagnolo et al., 2014), rela-
tively few studies so far reveal in situ observations of landforms beneath actively flowing ice, but the number of
observations is increasing (Clyne et al., 2020; King et al., 2007; Riverman et al., 2019; Smith, 1997a; Smith &
Murray, 2009). Moreover, knowledge of in situ subglacial conditions and the ice flow in such environments is
crucial to understand the processes involved in landform formation.

Present basal conditions, and their spatial pattern, can be studied using radar waves. Radar reflection character-
istics are influenced by the presence and thickness of basal water layers as well as basal roughness (Copland &
Sharp, 2001). Previous studies from various locations have analyzed the bed-reflection power (BRP) to determine
the distribution of cold- and warm-based glacier ice (Copland & Sharp, 2001), to identify subglacial lakes, canals
or channels (Murray et al., 2008; Siegert & Ridley, 1998), and to distinguish between frozen and wet beds in
Antarctica (Bentley et al., 1998; Gades et al., 2000).

The combination of airborne as well as surface radar together with active seismic data enables a detailed study of
basal processes, and different resolution of these data types broadens the potential for understanding subglacial
conditions. Nevertheless, comparisons between seismic and radar data are not straightforward given the different
controls on electromagnetic and seismic wave propagation. Radar wave propagation is controlled by electromag-
netic properties, like the relative dielectric permittivity, while seismic wave propagation is influenced by the me-
chanical properties of the material. Various properties, such as density, conductivity, cohesion, crystal orientation
and temperature (liquid water content) impact both the electromagnetic and mechanical properties. Water is a key
influence since its affect on wave velocity and attenuation rates differ strongly between seismic and radar waves.
Due to the sensitivity of radar waves to the occurrence of water, radar surveys are often used to investigate water
distribution at the bed as well as water inclusion in ice (Navarro et al., 2005). Despite the challenges of merging
seismic and radar data, previous studies (e.g., Endres et al., 2009; Ghose & Slob, 2006) demonstrate the potential
of combining seismic and radar data to obtain information about properties in the subsurface.

In this study we present surface radar data with a dense spatial coverage to infer bed properties. Radar reflectivity
is calibrated using properties inferred from overlapping seismic and airborne radar data. Seismic acoustic imped-
ance (the product of seismic velocity and density) allowed inference of sediment properties, including porosity,
which was used to calibrate surface radar reflectivity and calculate sediment porosity throughout the surface radar
data set.

2. Rutford Ice Stream and Data

Rutford Ice Stream (RIS) in West Antarctica (Figure 1a) has been studied extensively over the last four decades
(Doake et al., 1987; King et al., 2016; Murray et al., 2008; Smith, 1997a). RIS drains into the Ronne Ice Shelf,
having ice flow speed of around 380 m a~! at our study site (Murray et al., 2007) and bounded by the Ellsworth
Mountains and the Fletcher Promontory to the west and east, respectively (Figure 1a). RIS occupies a 2.2 km deep
and 26 km wide asymmetric valley (Figure 1b), and has sediment at the bed that is interpreted to be water-sat-
urated and at the pressure-melting point (Smith & Murray, 2009). Seismic acoustic impedance measurements
indicate a transition from soft sediment upstream to stiff, non-deforming sediment downstream (Smith, 1997a;
Smith & Murray, 2009; Smith et al., 2007). The red dashed line in Figure 1b shows an interpretation of the spatial
boundary separating soft and stiff sediment (King et al., 2009), defined by comparing the distribution of surface
radar reflectivity acquired in 2007/08 to that of soft and stiff sediment inferred from seismic acoustic impedance.
Along with a change in sediment properties the flow mechanism has been interpreted to change from basal mo-
tion accommodated by sediment deformation (high sediment porosity ~0.4 to 0.45) to basal sliding (lower sed-
iment porosity ~0.3) across this boundary (Smith, 1997a; Smith & Murray, 2009; Smith et al., 2007). A change
in bed properties and flow mechanism is supported by the character of microseismic events in the region (Kufner
et al., 2021; Smith et al., 2015).

Observations over the past ~25 years show no evidence for any long-term changes in ice flow speed (Gudmunds-
son, 2006; Gudmundsson & Jenkins, 2009; Murray et al., 2007; Vaughan et al., 2008), which implies temporal
consistency in basal conditions (like water film thickness). Repeated acoustic impedance measurements indicate
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Figure 1. Overview of Rutford Ice Stream (RIS). (a) Satellite image of RIS (Landsat Image Mosaic of Antarctica) and the surrounding Ellsworth Mountains

and Fletcher Promontory. ASAID Grounding line (Bindschadler et al., 2011) is shown in purple. Dashed black box marks the area shown in (b) and (c). (b) Basal
topography of RIS, purple lines highlight interpreted MSGLs (King et al., 2016). Red line is the interpretation of the boundary between soft and stiff sediment by King
et al. (2009). (c) Location of the surface radar lines (gray), seismic line (green) and airborne radar line (blue dashed). Yellow box marks the Reference Area for the

calibration of surface radar data.

only very localized temporal changes in bed properties and imply temporal consistency across the majority of
areas sampled (Smith & Murray, 2009; Smith et al., 2007).

The bed of RIS has numerous MSGLs (Figure 1b and King et al., 2009), including one termed the “Bump”,
a 550 m wide and 53 m high feature in the center of the ice stream. Smith et al. (2007) identified a subglacial
landform of dimensions 10 m height and 100 m width that developed over a period of seven years and subsequent
studies showed this landform to be a MSGL (King et al., 2016). We refer to this feature as MSGL 3 (Figure 2a).

2.1. Data Acquisition of Surface Radar Data in 2016/17

Surface radar data were acquired in 2016/17 as part of the BEAMISH project (Smith et al., 2020), using the Brit-
ish Antarctic Survey (BAS) DELORES system (King et al., 2007) towed behind a snowmobile. This system has
a half-dipole length of 20 m and radiates energy with a center-frequency of ~3 MHz. An area of 15 X 17 km of
the 26 km wide ice stream was surveyed, including 31 parallel 17 km long lines, spaced at ~500 m and acquired
orthogonal to ice flow (gray lines Figure 1c). A sledge at the midpoint between receiver and transmitter was
equipped with a dual-frequency GPS receiver to provide accurate positions for post-processing.

2.2. Current Understanding of Bed Properties Under RIS

Calibration and validation of the 2016/17 surface radar reflectivity is based on airborne radar (blue dashed line
Figure 1c) and seismic acoustic impedance data (green line) acquired on RIS in 2004/05. These data have been
described and interpreted in Murray et al. (2008) and Smith et al. (2007); Smith and Murray (2009), respectively,
and a brief summary is presented here, with results and interpretation shown in Figure 2.

2.2.1. Airborne Radar Data

Several lines of airborne radar data (PASIN, 150 MHz center frequency) were acquired in 2004/05, although only
line R2 of Murray et al. (2008) intersects with both seismic and surface radar profiles (Figure 1¢). The amplitude
of the bed reflection was calibrated using the reflection of the floating part of the Carlson Inlet (Figure 1a), where

SCHLEGEL ET AL.

30f 18



A7t |

M\\JI Journal of Geophysical Research: Earth Surface 10.1029/2021JF006349
AND SPACE SCIENCE
(al Bump
MSGL 2 | MSGL 3

B
‘;‘ 2100 MSGL 1 I |
(%]
2 |
g200_ e MSGL 4
£ |
g 2300 -
(o] / free water \

80

\ small water bodies on
60 lodged sediment
W 40 /—4

20
0
g very compressed
& sediment
E_ = 8 porosity
Eo_6 0
% ey Tbasal sliding 339
B = T deforming bed ST R
3o 2 water
=
< X0

3 4 5 6 7 8 9 10 1" 12

Distance [km] along surface radar line 1007

Figure 2. Results and interpretation from previous studies on bulk relative dielectric permittivity and acoustic impedance of the Rutford Ice Stream bed. (a) Bed
topography with landforms annotated, (b) relative dielectric permittivity from airborne radar (Murray et al., 2008) and (c) acoustic impedance with possible porosity
ranges (Smith & Murray, 2009; Smith et al., 2007). The gray box shows acoustic impedance values of 2.2-3.8 x 10° kg m~2s~!, corresponding to soft, deformable
sediment. The cyan line shows acoustic impedance of water (~1.5 X 10° kg m™2s™).

electrical properties either side of the basal reflection (ice and water) can be assumed (Murray et al., 2008). 50
traces were stacked and recorded every 40 cm along track, and thereafter smoothed using a 20-trace (~8 m)
running mean.

Interpretations of airborne radar data (Murray et al., 2008) include four spots of high reflectivity, interpreted as
water at the ice-bed interface (bulk relative dielectric permittivity = 80), at 6.8, 8.5, 9.1 and 9.4 km (Figure 2).
Two of these are located on the crests of landforms (Bump and MSGL 3). Murray et al. (2008) also explain peaks
in bulk relative dielectric permittivity above 10, in areas where the bed is assumed to consist of lodged sediment
as due to numerous small water bodies or cavities at the ice bed interface. Aside from landform crests, no such
peaks (bulk relative dielectric permittivity >10) were observed for the area assumed to consist of deforming
sediment (e.g., 7-7.8 km), leading to the interpretation, that the sediment and ice are in direct contact and lack a
significant thickness of water between.

2.2.2. Seismic Reflection Data

A seismic reflection profile (Smith & Murray, 2009; Smith et al., 2007), with length of 3.6 km and midpoint
spacing of 5 m was acquired in 2004/05, two weeks prior to the airborne radar data. The dominant frequency
of the seismic data set is ~150 Hz. Acoustic impedance of subglacial material along the profile was calculat-
ed following Smith (1997b), including the corrected attenuation factor of Holland and Anandakrishnan (2009).
Acoustic impedances of crystalline bedrock can exceed 16 X 10° kg m=2s~! (Salisbury et al., 2003), but lies
at 3-11 x 10° kg m~2s~! for sedimentary rock (e.g., sandstone (Gardner et al., 1974)). The lower end of this
range overlaps with values for poorly lithified sandstone or compressed sediment (therefore low density and
high porosity). Acoustic impedance can be used to differentiate between non-deforming and deforming sedi-
ment (Atre & Bentley, 1993; Smith, 1997a). Following Muto et al. (2019), we assume acoustic impedance of
>3.8 x 10°kg m~2s~! to be associated with lodged (non-deforming) sediment and a porosity of <0.3 (Atre &
Bentley, 1993; Muto et al., 2019). Shear stress is assumed to cause an increase in porosity due to dilation to
around 0.4 (Atre & Bentley, 1993; Boulton, 1976; Boulton & Dent, 1974; Boulton et al., 1974). The acoustic
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impedance of soft, water-saturated sediment that is deforming is ~2.3-3.8 x 10° kg m~2 s~!. Corresponding rang-
es of till porosity presented in Figure 2 are taken from Atre and Bentley (1993). The acoustic impedance of water
is ~1.5 X 10°kg m~2 s7! (cyan line in Figure 2). The maximum error in the acoustic impedance for RIS using this
approach is estimated to be +0.5 X 10° kg m=2s~! (Smith, 1997b).

Acoustic impedance measurements suggest that the region from 6.5-7.9 km (Figure 2) consists of sediment with
high porosity (>0.45), similar to the Bump (8.4 km) and MSGL 3 (9.1 km) which consist of deforming sediment
(porosity >0.4). The high impedance at 8 km implies a more compressed sediment compared to the surrounding
area. The only area where acoustic impedance implies a very compressed sediment (porosity much less than 0.3),
possibly poorly lithified rock, is from 9.4-9.8 km.

3. Methods
3.1. Calculation of Bed-Reflection Power (BRP) of Surface Radar Data

Data presented here have been bandpass filtered (2-10 MHz passband), and amplitudes corrected for geomet-
ric spreading losses. Profiles are 2D migrated (using a finite difference approach and migration velocity of
0.168 m ns™"), after which the bed reflection is picked using ReflexW software (Sandmeier Scientific Software).
The received power P is calculated following Gades et al. (2000)

1 5] 2
P=—— A (€]
2t -t + 1) Z:’1 !

where A, are the amplitudes within the time window ¢,—¢, centered on, and encompassing, the bed reflection
(here, a 280 ns time window is chosen, corresponding approximately to one period of the 3 MHz wavelet). The
amplitude of the received power is dependent on geometric losses, attenuation within the ice column and the
properties at the ice-bed interface. System effects are neglected since the coupling between the antennas and the
surface is assumed constant and system parameters are fixed over the period. The effect of englacial attenuation
and scattering of the energy are the greatest source of uncertainty when analyzing the received power from the
bed and will be discussed in the following sections.

3.1.1. Bed Roughness Effects (Scattering)

Increased bed roughness results in enhanced scattering of reflected energy and therefore reduced amplitudes of
nadir reflected energy (Ulaby et al., 1982). Effects of roughness on reflectivity will be most sensitive at a scale
comparable to the radar wavelength in ice (Grima et al., 2012), which is 56 m for the surface radar data in this
study.

To estimate the roughness of the RIS bed along our profile, we calculated RMS-height along the airborne radar
line (Murray et al., 2008, Figure 2) following MacGregor et al. (2013) and Cooper et al. (2019). Roughness
is calculated within a 28 m window, consistent with the diameter of the migrated Fresnel zone of the surface
radar data. The RMS-height of the de-trended data (remaining topography wavelength <28 m) is below 0.4 m.
MacGregor et al. (2013) show that, at this scale, the decrease in reflectivity on 2 MHz data due to roughness ef-
fects is negligible. Differences in sensitivity of the 2 MHz (as in MacGregor et al., 2013) and 3 MHz (this study)
wavelet to roughness on this scale is negligible. We therefore assume the effect of roughness on reflectivity to be
negligible in this study.

3.1.2. Effects of Varying Ice Thickness (Englacial Attenuation)

Matsuoka (2011) demonstrated that the attenuation rate can vary significantly over distances of 120 km, suggest-
ing that attenuation rates should be calculated using estimates of ice temperature and chemistry. At RIS we have
no data to constrain information about variations in chemistry or the temperature of the ice on the <20 km scale of
this study. Furthermore, Ashmore et al. (2014) recommended the assumption of a uniform englacial attenuation
to be appropriate for small regions, assuming unchanging englacial properties, and this is the approach we use.

Losses due to englacial attenuation and geometric spreading should both be a smooth function of the ice thickness
(Gades et al., 2000). We therefore fit an exponential decay function (lines in Figure Sla in Supporting Informa-
tion S1) to the received power versus two-way travel time pairs (black dots). This fitted function, called BRP,
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BRP is calculated as (Gades et al., 2000)

BRP = P .
Relative dielectric permittivity BRPey
for matrix, ¢, = 3—6

@

The BRP, as defined here, is a measure of the power reflected at the bed,
I corrected for ice thickness variation (Chu et al., 2016; Jacobel et al., 2010).

v

Bulk sediment ¢,
21-32 (Eq. 4) in
Reference Area

To estimate the validity of a uniform attenuation rate we analyzed the in-

ternal power reflected from the ice column (as an index of englacial atten-
uation (Catania et al., 2003; Gades et al., 2000)) within a time window that
spans from 500 ns below the airwave until 500 ns above the shallowest point

( Constant ¢, for ice = 3.19 J

of the bed reflection. Measured englacial reflected power is constant along

\/

Radar reflection
coefficient for
Reference Area

(Eq. 3)

flow, however an increase in englacial reflected power can be seen towards
Uncalibrated reflectivity the Ellsworth Mountains (Figures S1 and S2 in Supporting Information S1).
from surface radar data Nevertheless, we use the whole data set when analyzing the depth averaged
attenuation BRP, based on received power from the bed (similar to Bentley

etal., 1998; Gades et al., 2000; Jacobel et al., 2009; Winebrenner et al., 2003)

\

Calibrated radar
reflectivity
throughout surface
radar dataset
L

to allow a wide range of ice-thickness. The latter was emphasized by Schroed-
Relative dielectric permittivity
for matrix, ¢, = 3-6

er et al. (2016), who found that using segments of the data to analyze effects
of attenuation can improve the spatial resolution however, at the expense of

resolution they suggested that segments should consist of data with sufficient

( Constant ¢, for ice = 3.19 J topographic relief. To account for observed lateral variations in englacial at-

v

Porosity throughout
surface radar
dataset
(Eq. 3and 4)

tenuation across our study region we introduce uncertainty bounds to the
BRP and therefore calculated reflectivity (+0.15 V, Figure 5b). This uncer-
tainty is calculated based on variation in englacial attenuation measured with

[ assumption ]

parameter calculated from
radar / seismic data

subsets of the data across the region.

calculated property The resulting BRP is proportional to the square of the reflection coefficient

R, which we can use to infer bed properties. In the following the term reflec-
tivity is referred to 4/BRP in volts. However, it is important to note that the

Figure 3. Calibration routine applied to surface radar data: Sediment porosity estimates of reflectivity that we obtain here are not absolute, but instead are

inferred from seismic acoustic impedance is used to calculate the reflection
coefficient in the Reference Area. The reflection coefficient in the Reference

relative indicators of reflection strength.

Area is then used to calibrate the reflectivity within the Reference Area and
along the whole data set. From the calibrated reflectivity, spatial variation in

sediment porosity can be calculated.

3.2. Calibration of the Reflectivity

If a control point with known dielectric contrast is available (e.g., an ice-wa-

ter interface at the base of an ice shelf), recorded amplitudes can be expressed
as absolute reflectivity (e.g., Murray et al., 2008) and, thus, the bulk relative dielectric permittivity for the sub-
glacial material can be calculated. As surface radar data acquired in 2016/17 do not include the reflection of the
base of an ice shelf, a different approach to calibrate the reflectivity is taken in this study, where bed properties of
the control point are inferred from previous studies. The underlying principle of both approaches is similar, where
assumed properties in an area are used to calculate the reflection coefficient, which is then used to calibrate the
reflectivity along the whole data set (Figure 3).

3.2.1. Reflection Coefficient

Most studies assume low-loss conditions, where the contribution of electrical conductivity to reflectivity can be
neglected, although Tulaczyk and Foley (2020) show that this may not be valid where clay-rich material and/or
saline pore water is present at the glacier bed. Our interpretation neglects electrical conductivity effects, but the
validity of this assumption is revisited in later discussion.

Assuming that bulk relative dielectric permittivity of the glacier bed and the overlying ice is known in at least one
location (the so called “Reference Area” defined in Section 3.2.3), the reflection coefficient can be calculated as
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where ¢ , and ¢, are the bulk relative dielectric permittivity above and below the interface, respectively (Martinez
& Byrnes, 2001). Here we assume ¢, corresponds to ice (3.19; Fujita et al., 2006, Martinez and Byrnes, 2001),
and ¢, to subglacial material. The bulk relative dielectric permittivity measured for wet sand ranges with varying
water content 10-30 (Daniels, 1996; Davis & Annan, 1989), and for dry sand from 3-6 (Reynolds, 1997, Fig-
ure 4). We can exclude the potential of a phase change of the reflection coefficient and therefore a change in phase

R 3)

of the reflection as we are not expecting the material below the ice to contain a lower bulk relative dielectric per-
mittivity than ice. Furthermore, no polarity changes have been observed for the bed reflection in the radar data.

The reflection coefficient calculated for the Reference Area can then be used to calibrate the reflectivity along
the entire surface radar data set, as changes in the reflectivity, therefore amplitude of the reflection, are propor-
tional to changes in the reflection coefficient. Assuming uniform ice properties over the area (as assumed when
correcting for attenuation), the bulk relative dielectric permittivity of subglacial material can be calculated for all
points along the surface radar track following Equation 3.

3.2.2. Bulk Relative Dielectric Permittivity and Porosity

The bulk relative dielectric permittivity of rocks and sediments depends on the individual relative dielec-
tric permittivities of mineral grains and pore fluid, plus pore geometry and pore water fraction (Martinez &
Byrnes, 2001), and there are different mixing models by which these elements are combined. Following Mount
and Comas (2014) and Martinez and Byrnes (2001) we calculate the bulk relative dielectric permittivity &, of a
material with varying porosity ¢ as

&= d)S“'ef(waler) + (1 - ¢)€‘rz(malrix) + d)(] - Sw)e:(air) (4)

where € water), Ermarix) a0d €.iry are the relative dielectric permittivity of water (¢, = 80), (dry) matrix and air
(e, = 1), respectively. S, is water saturation, which we assume to be 100%, hence S, =1 and terms related to air
are neglected. The geometric factor a (ranging between —1 and 1) relates to the orientation of the electrical field
compared to the geometric arrangement of mixture constituents of the material (Knoll, 1996). A value of 0.5 was
found to be appropriate for most geologic materials (Roth et al., 1990) and following Mount and Comas (2014)
and West et al. (2003) we adopt @ = 0.5. This model and the available data mean that the bulk relative dielectric
permittivity is sensitive to variations in porosity and different matrix compositions, but neglects effects such as
mixture of minerals in the matrix, grain/pore geometry and grain-grain contacts. Notwithstanding these limi-
tations, changes in reflectivity can therefore be linked to changes in porosity and matrix composition. Figure 5
shows how the reflection coefficient varies with porosity, for matrix materials with a range of relative dielectric
permittivity. Each individual line assumes a constant relative dielectric permittivity for the matrix, resulting in a
bulk relative dielectric permittivity. Values of relative dielectric permittivity of the matrix are chosen to represent
dry sand and pore spaces are assumed to be 100% water filled. Nevertheless, only the bulk relative permittivity at
0 porosity does represent dry sand, as the bulk relative permittivity changes with varying porosity.
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3.2.3. The Choice of a Reference Area

o —&=3 Spatial variations in porosity inferred from variations in reflection coefficient
€ -01 —¢ = 4 . . . .
é —e=5 f.rom Equations 3 and 4 are highly dependent on the reliability of the pr9per—
s ~—E,=6 ties chosen for the Reference Area. Therefore, the Reference Area for calibra-
3 il tion was chosen along surface radar line 1007, which is intersected by both
S-03F . o . .
b= the airborne radar and seismic line (Figure 1c). Furthermore, this is approx-
% r imately the location of the 2018/19 drilling campaign (Smith et al., 2020).
& 05 - Drilling accessed the bed, however sediment samples retrieved have not been
' fully analyzed yet, but further validation of the results of this study might be
- N possible in the future.
"o 0.2 0.4 0.6 038 - s . -
porosity ® In general, acoustic impedance should decrease with increasing porosity since
water typically softens a material, while radar reflectivity would increase
Figure 5. Variation of reflection coefficient with porosity according to (due to increasing water content and the stronger dielectric contrast with the
Equations 3 and 4, for water-saturated sediment with different matrix overlying ice). However, a direct comparison between acoustic impedance

permittivities overlain by ice. Matrix permittivity values are taken from
Daniels (1996), Davis and Annan (1989), Martinez and Byrnes (2001). Only
the bulk relative dielectric permittivity at O porosity represents dry sand, as the
bulk relative dielectric permittivity changes with varying porosity (assuming

all pore space to be filled with water).

and radar reflectivity is not trivial, as impedance describes properties of a
layer, while the reflectivity is a property of the boundary of two layers. In our
case, we assume the properties of the upper layer, which represents ice, not
to be changing, therefore changes in the surface radar reflectivity are a proxy
for changes in dielectric permittivity of the underlying material and therefore
the electromagnetic impedance. However, as the surface radar reflectivity
is not calibrated, no absolute values of electromagnetic impedance can be
calculated. Acoustic impedance is high for sedimentary rock (3—11 x 109kg m=2s~! (Gardner et al., 1974)) or
crystalline rock (>16 x 10° kg m~2s~! (Salisbury et al., 2003)) and will result in a stronger seismic reflection,
where the theoretical radar reflectivity shows only little difference between a sand of low porosity (R = 0.01 to
—0.11, &/(marix) = 3-5) and a sandstone (R = —0.11 to —0.27, &,wet sanastoney = 5—10), or a granite (R = —0.19,
Erwet granitey = 7). This relationship is reversed when a water layer of sufficient thickness is present. The acoustic
impedance of water is low (~1.5 X 10° kg m2s7!), whereas the sensitivity of radar waves to water (R = —0.68,
Erwatery = 80) is much higher when compared to seismic. Figure 6 shows values of surface radar reflectivity and
acoustic impedance along a part of surface radar line 1007. Low acoustic impedance values, interpreted as soft
sediment (6.5-7.9 km, Bump and MSGL 3) are calculated in areas of high surface radar reflectivity. Low surface
radar reflectivity is observed where high acoustic impedance indicates a very low porosity material (e.g., 8 and
9.6 km). However, no empirical relation to convert acoustic impedance to radar reflectivity exists. The acoustic
impedance and surface radar reflectivity beneath RIS show a poorly constrained linear relation with a negative
slope (Figure S3 in Supporting Information S1). Due to the lack of a clear correlation between acoustic imped-
ance and radar reflectivity (Figure S3 in Supporting Information S1), surface radar data can not be calibrated
using the whole length of the seismic profile but needs to be limited to an area, where porosity estimates from
acoustic impedance can be used to calculate the radar reflection coefficient. The location of the Reference Area
should therefore first be limited to an area, where the bed does not consist of consolidated sediment or bedrock,
and second should be an area where we expect no liquid water to be present, but where the bed is expected to con-
sist of soft sediment. Concerning the first restriction, this rules out most of the seismic line between 8.5-10 km.
The second rules out the crest of landforms, where the presence of liquid water has been interpreted from airborne
radar data (Murray et al., 2008). Finally, the area used for the calibration is between 6.5-7.9 km (marked by the
red line in Figure 6). This area along surface radar line 1007 is now referred to as Reference Area.

3.2.4. Bed Properties in the Reference Area

Acoustic impedance in the Reference Area varies between 1.66 and 2.38 x 10°kg m~2s~!, implying soft sediment.
To account for uncertainties arising from the analysis of acoustic impedance, we assign a porosity of 0.4-0.5 to
the Reference Area. We have no further information on the properties (relative dielectric permittivity) of the ma-
trix material and therefore assign a range of relative dielectric permittivity of 3—6 consistent with dry sand (Fig-
ure 4). The resulting bulk relative dielectric permittivity in the Reference Area for sediment with 0.4—0.5 porosity
therefore ranges between 21-32. This range of material properties is assigned to all reflectivity values calculated
for the Reference Area, encompassing the uncertainties arising from the correction of englacial attenuation (see
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Figure 6. Surface radar reflectivity compared to seismic acoustic impedance. (a) Bed topography along parts of line 1007 (see red arrow in Figure 1c), interpreted
from surface radar; ice flows into the page. (b) Surface radar reflectivity along line 1007. Reflectivity as shown here is uncalibrated and therefore expressed as

the dimensionless ratio of voltage. Vertical bars at the right show calculated porosities according to variations in reflectivity compared to the Reference Area (red
line at 6.5-7.9 km). (c) Acoustic impedance along line C1_04, with possible porosity ranges (Smith & Murray, 2009). The gray box in (b) and (c) show values of
2.2-3.8 x 10° kg m~2 s~!, corresponding to soft, deformable sediment. The whole profile of line 1007 of surface radar data is displayed in Figure S4 in Supporting
Information S1. Ranges of reflectivity assigned to values of porosity are listed in Table S1 in Supporting Information S1.

Figure 6b). The reflection coefficient in the Reference Area can now be used to calibrate the calculated reflec-
tivity and therefore infer porosity through the whole data set, assuming invariant matrix dielectric properties and
constant properties of the overlaying ice (Figure 3). The resulting ranges of reflectivity assigned to a certain value
of porosity are listed in Table S1 in Supporting Information S1. By assigning a range of relative dielectric permit-
tivity (3-6) to the matrix material, we allow spatial variations in matrix composition (additional to variations in
porosity). While we cannot exclude temporal changes in bed properties, no temporal changes in seismic acoustic
impedance were identified from repeated seismic surveys (Smith & Murray, 2009; Smith et al., 2007) within the
Reference Area and seismic profiles are highly repeatable over several years, which implies bed properties are
likely to be stable.

4. Results
4.1. Spatial Variation in Surface Radar Reflectivity

The spatial variation in reflectivity calculated from 2016/17 surface radar data (Figure 7) shows a preferred
orientation in the flow direction in the area of deforming bed (upstream of boundary (King et al., 2009), average
reflectivity = 0.9 V). High reflectivity values (>1.5 V) are aligned in thin bands in the ice flow direction. These
reflectivity patterns are consistent over lengths of 14 km, and may exceed the length of the acquired grid. The
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Figure 7. Surface radar reflectivity, corrected for ice thickness variation. Location of grid given in Figure lc. The

deep valleys of the bed are located on the left (eastern valley) and the right (western valley) of the image. The sediment
downstream of the red dashed boundary is assumed to be stiff till (basal sliding), opposing to the soft sediment (deforming
bed) upstream of the boundary.

reflectivity is low in the area of basal sliding, downstream of the boundary (King et al., 2009), with average
reflectivity = 0.7 V.

The bed topography (Figure 8) shows the asymmetric valleys to the east and west of a central ridge, with the
valleys associated with lower reflectivity than the ridge. The bed is characterized by many elongated landforms
(elongation-ratio between 1:20 and 1:100). The most prominent one, the Bump (Smith, 1997b; elongation-ratio
1:28) lies in the center of the image. Superimposing the reflectivity on the bed topography shows thin bands of
high reflectivity aligned with ice flow, in some areas located at the crest of landforms, whereas the troughs around
the landforms show low reflectivity (darker colors on the crest compared to the lighter troughs in Figure 8).

The spatial variation of reflectivity across flow (in acquisition direction) varies on a scale of ~200 m (Figure 6).
The highest reflectivity received was 2.3 V at 4.8 km, the lowest was 0.16 V at 1 km (Figure S4 in Supporting
Information S1). Peaks in reflectivity are in some areas located on the crest of landforms (e.g., at distance 4.7,
4.9,5.0,8.4,9.0,11.1, and 14.6 km (Figures 6 and 8)). Landforms in the western valley seem topographically less
pronounced and show a lower reflectivity when compared to landforms on the central ridge.

4.2. Spatial Variation in Porosity Based on Surface Radar Reflectivity

The calculated porosity along line 1007 is shown in Figure 6b as vertical bars. For most of the areas along the
surface radar line, modeling results in porosities of deforming sediment (~0.3-0.5), with lower porosities (<0.3)
around km 4, 6-6.5, 8-8.4, 8.7, 9.5, 10. Consistent with modeled porosities from surface radar reflectivity,
acoustic impedance in the area around 8 km suggests porosities below 0.3, similarly at 8.8 and 9.5 km. Sediment
with porosity higher than 0.5 are indicated for areas around 4.7, 5, 5.2, 8.4, 9, 11.4 km (Figure 6), while acoustic
impedance around 8.4 and 9 km suggests porosity of around 0.45.

SCHLEGEL ET AL.

10 of 18



Y d |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface

10.1029/2021JF006349

O
- 31

i

iy
~;;-:;Q\.Z

11
WAL

., -

)\3

I

V.E.~15:1

soft sediment

L
I

- X -

.

R 2 R Y

290)))
7

.

0

{\
7~

-
I~
Clteds s ri ¢

N

) ‘
' '}_‘;‘,‘,'f 7 Reflectivity [V] Elevation [m]
3 >175 1800 A
. 15 1880
ice flow 1.0 -1960
0.0 -2040

Figure 8. Bed elevation (referenced to WGS84 ellipsoid), interpolated onto a surface with 50 x 20 m grid cells. Ice flow is into the page, parallel to elongated
landforms. The prominence of these is exaggerated for display, with vertical exaggeration (V.E.) of ~15:1. The lines perpendicular to ice flow represent reflectivity

along the surface radar tracks (color similar as in Figure 7).

4.2.1. High Reflectivity and Water

High values in surface radar reflectivity at 8.4 and 9 km coincide with values of high bulk relative dielectric
permittivity in airborne radar data, interpreted as liquid water by Murray et al. (2008). Although most other areas
of high surface radar reflectivity are co-located with higher bulk relative dielectric permittivity derived from the
airborne data, none is sufficiently high to indicate liquid water but possibly related to small water ponds with
sub-resolution thickness (quarter of the airborne radar wavelength in water (4~0.034 m s~'/150 MHz = 0.226 m),
that is, maximum water depth <0.056 m). The high bulk relative dielectric permittivity at 6.8 and 9.4 km from
the airborne data (Figure 2) is located in an area of high surface radar reflectivity, although modeled porosities in

this region are in the range of deforming sediment.

4.2.2. Properties of Subglacial Landforms

Some landforms identified on the bed are associated with high surface radar reflectivity for example, the Bump,
MSGL 1, MSGL 3 and MSGL 4. The reflectivity along the crests of some landforms tends to increase around
2-2.5 km downstream of their upstream end (Figure 9c), while the upstream end of the landform shows a low
reflectivity (upstream of line 1026), indicating a lower porosity material. However, only two upstream ends of
landforms (Bump and MSGL 3 (Figure 9)) are recorded within this study. Downstream of the increase in reflec-
tivity, the landforms retain their high reflectivity until they terminate (Figures 8 and 9). The reflectivity of the
landforms flank is lower when compared to the crest (Figure 9a), furthermore, the trough present around some
landforms shows a sufficiently low reflectivity to indicate low porosity material (Figures 9b and 9c).
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5. Discussion
5.1. Bed Properties

Calculated porosities on the bed indicate the presence of soft sediment (porosity ~0.3—-0.5) as well as low po-
rosity material (porosity <0.3). The reflectivity calculated for some landform crests suggests porosities of more
than 0.5. Porosities of subglacial till recovered from different locations vary between 0.2—-0.6 (Evans et al., 2006;
Kamb, 2001). Sediment with porosities higher than this are less likely to occur in the subglacial environment due
to the compression of the overlying ice (vertical stress ~20 MPa). Due to this, the high reflectivity (>1.78 V)
observed under RIS (Figures 7 and 8) cannot solely be explained by changes in sediment porosity, and additional
sources of reflectivity must be involved. Comparisons of surface radar data and interpretation of airborne radar
data (Murray et al., 2008) suggest the high reflectivity signals, for example, on the crest of some MSGLs, are
likely to be caused by water overlying soft sediment. Further implications of this are discussed below.

Spatial variations in reflectivity (Figure 7) within the deforming and sliding bed indicate that the subglacial mate-
rial is not homogeneous within these areas, which is consistent with the variations seen in bulk relative dielectric
permittivity from airborne radar data (Figure 2). Due to a big overlap of porosities calculated for a certain range of
reflectivity Figure 6b and Table S1 in Supporting Information S1 a differentiation of porosities within the range
of deforming sediment (porosity = 0.3—-0.5) is not possible.

5.2. Low Porosity Material

Modeling results derived from the surface radar reflectivity indicate the existence of porosities less than 0.3 (e.g.,
around km 4, 6, 8, 8.7, 10). Such low porosities can indicate a very compressed unlithified sediment or a sedi-
mentary rock. However, using the modeling results we are only able to make assumptions about the porosity, but
cannot infer anything about consolidation stages or different rock types solely from surface radar data. Seismic
acoustic impedance calculated for the bed of RIS are as high as 8 x 10° kg m=2s~! (Figure 6¢), therefore suggest-
ing a sedimentary rock, like sandstone, rather than a crystalline basement.

The sediment under RIS is interpreted to be water-saturated and at the pressure-melting point (Smith et al., 2020;
Smith & Murray, 2009). Nevertheless, an alternative interpretation of these low values in reflectivity coinciding
with higher values in acoustic impedance (Figure S3 in Supporting Information S1) might be the existence of a
frozen substratum in parts of the bed. This is considered less likely but has not been critically reviewed so far.
The observed pattern of acoustic impedance variations could in principle be explained by a partly frozen pore
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space as well as the occurrence of consolidated material or sedimentary rock, because a clear differentiation
of the three cannot be made from the acoustic impedance (Smith et al., 2018). A reliable statement on whether
there are frozen patches, or a low porosity material present is only possible combining several observations and
methods. The fast and stable ice flow (Gudmundsson, 2006; Gudmundsson & Jenkins, 2009; Murray et al., 2007;
Vaughan et al., 2008), the lack of significant spatial changes in basal drag at least at large scales over this area
(Joughin et al., 2006), the occurrence of liquid water (Murray et al., 2008) and the correspondence of high acous-
tic impedance values to the very low surface radar reflectivity leads us to the interpretation that areas of very low
reflectivity are most likely caused by low porosity material, either consolidated sediment or sedimentary rock.

5.3. Landforms and Water

High porosities, indicating soft sediment, are preferentially associated with some of the elongated landforms,
while the troughs and the upstream end of the landform consist of lower porosity material, with no indication
of free water. Analysis of their elongation ratio classifies the landforms upstream of the boundary as MSGLs,
rather than drumlins (Everest et al., 2005; King et al., 2009). Those MSGLs are assumed to be depositional rather
than erosional features (Smith et al., 2007) and therefore a material difference between the landforms and their
surroundings is plausible and has been identified in other places (Barcheck et al., 2020). In both the surface and
the airborne radar data (Murray et al., 2008), we have identified water occurring at the crest of some MSGLs
(Figures 8 and 9) extending downstream for up to 10 km, until the downstream end of the landform is reached.
Landforms consisting of a hard upstream end and a soft tail and downstream side have been described before by
Clyne et al. (2020). Furthermore, Holschuh et al. (2020) and Clyne et al. (2020) described troughs around and
at the upstream end of bumps to consist of hard material, which is consistent with the observations of this study.

Typical analyses of the subglacial hydraulic potential (e.g., Vaughan et al., 2008) would suggest free water is
more likely to be present in the deeper valleys rather than on the central ridge, similarly in the troughs around
landforms rather than the crest of landforms, due to the low surface slopes compared to the bed slopes (Smith
et al., 2007). However, such analyses cannot account for smaller-scale and local conditions and processes and
hence do not contradict our interpretations of water on landform crests. Several studies document evidence for
water on landforms. McCabe and Dardis (1994) used sediment analysis to show that a drumlin in Ireland had a
canal on its crest, as well as a lee-side cavities. Riverman et al. (2019) found two wet subglacial bedforms under
North East Greenland Ice Stream, but with no evidence for a link between the water movement and the landform
development. Clyne et al. (2020) interpreted water pockets on soft lee side bumps with a length of over 400 m
and a depth of less than 2—6 m.

Subtlety in the basal topography at the landforms possibly create spatial small-scale variation in pressure and
therefore the hydraulic potential across the profile of the MSGL, possibly driving locally produced (by com-
pression of soft, water-saturated sediment or basal melting) water towards their crest rather than the flanks.
Depending on the permeability of the sediment, these pressure variations may then result in the formation of a
water body at the crest of some landforms. Assuming the landforms to consist of permeable material, whereas
the surrounding area is less permeable material, the water on the landforms might get trapped on the crest, as
water possibly cannot (or can only slowly) drain through the underlying material. This might be an important
phenomenon, considering that downstream ends of landforms are often located in an area of low porosity. Water
flow through that material might be inhibited, creating an accumulation of water on the landforms.

5.3.1. Geometry of Water Bodies Beneath RIS

The appearance of the high reflectivity in adjacent surface radar lines enables an estimate of the length as well as
width of these water bodies. For the Bump and the MSGL 3, the signals are visible over a length of 8 and 4 km
along the ice flow and width of 100 and 50 m across the ice flow, respectively. Other landforms show this pattern
over a length of up to 10 km, with a width of up to 100 m.

The observations of water overlying the sediment is consistent with the water bodies interpreted as canals by
Murray et al. (2008). Other studies have used additional evidence to differentiate between canals (cut into subgla-
cial material) and channels (cut into the ice) (Schroeder et al., 2013). However, we have no additional information
on the geometry of the water body to differentiate between a canal or channel. Nevertheless, the width of these
water bodies suggests a broad waterbody, consistent with canals. One potential reason for the consistency of the
high values in reflectivity along the crest of landforms is a hydrological linked system, rather than individual, not
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connected water ponds. However, we cannot make any statement about these water bodies being part of a water
evacuation system because in our study area these water bodies do not have any obvious sink or source, and there
is no indication of water beyond the end of the landform (e.g., around the boundary or in the lee of landforms).

Indications for liquid water on the bed of RIS in most places is present in both radar data sets, although the inten-
sity of the signal varies between the airborne and surface radar data. We cannot exclude that these high reflectivi-
ty signals, indicating liquid water, are a transient signal and the amount of water available might change overtime,
and therefore explains differences seen between airborne and surface radar data. However, signals of water on the
Bump and MSGL 3 are present in both surveys, indicating temporal consistency in spatial distribution.

5.4. High Reflectivity and Electrical Conductivity

In glaciology, the interpretation of high reflectivity originating from water has typically been made by assuming
the glacier bed to be a low-loss medium. However, Tulaczyk and Foley (2020) stated that reflections at an inter-
face between ice and a material with high conductivity can appear as bright (high reflectivity) or even brighter
than a reflection of a water body (e.g., subglacial lake) for low frequency radars (e.g., the surface radar in our
study). Highly conductive subglacial materials causing such high reflectivity could be, for instance, clay-bearing
sediments, materials including seawater- or brine-saturated sediments and bedrock (Foley et al., 2016). We cannot
rule out the possibility that the bed in the areas of high reflectivity consists of a high-loss material. However, the
frequency dependence of the reflectivity for different materials makes this less likely. The airborne radar data
(~150 MHz) will still be influenced by high conductivity but on a smaller scale compared to the surface radar
data, therefore, the signals of these two radar data would be expected to differentiate under non low-loss condi-
tions, which is not the case here.

5.5. Interpretation of Spatial Pattern of Bed Properties

Figure 10 presents our interpretation of the bed properties. According to this interpretation the bed of RIS part-
ly consists of soft sediment (0.3-0.5 porosity). Elsewhere, low porosity material (<0.3 porosity) is present at
the bed. Figure 10a suggests that the distribution of different materials is more complex compared to previous
studies, where the upstream part of the study area was interpreted to entirely consist of soft sediment (King
et al., 2009). Furthermore, we have shown that the boundary between soft sediment and low porosity material is
more complex than previously defined by King et al. (2009).

Subglacial landforms consist of soft, water-saturated sediment (Smith & Murray, 2009; Smith et al., 2007), while
the troughs around and towards the upstream end of some landforms consist of harder material. Water bodies
located on the crest of some landforms are aligned in the flow direction over a length of up to 10 km. A prominent
isolated region of free water is located in the area of sliding bed (Figure 10 see yellow square), within an area of
softer sediment. We suspect a possible link between this isolated spot and the water bodies further upstream, as
they are co-linear along the ice flow. The isolated spot appears to be the first location downstream of the landform
consisting of soft sediment.

6. Conclusions

Surface radar data were collected on Rutford Ice Steam in a 15 X 17 km grid to constrain in situ bed properties
over a wide spatial extent, including an area where previous surveys indicate spatial heterogeneities in bed prop-
erties. The uncalibrated surface radar reflectivity was combined with porosities inferred from seismic acoustic
impedance to model sediment porosities along the grid. The combination of the high spatial coverage of the
surface radar data and the constraints in bed properties from acoustic impedance enabled the interpretation of the
distribution of bed properties over a wide area at a scale normally only considered in satellite or offshore studies
of deglaciated areas.

Surface radar reflectivity indicates the existence of soft sediment as well as low porosity material at the bed of
RIS. Highly porous sediments reduce the basal drag and facilitates fast ice flow. Bed properties within the pre-de-
fined deforming and sliding bed (King et al., 2009) vary. Areas previously assumed to be dominated by sediment
deformation partly show localized outcrops of low porosity material, indicating a combination of basal sliding
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Figure 10. Conceptual model of the spatial pattern of bed properties under the RIS. (a) Plan view, including earlier lineation
of the stiff/soft boundary. The yellow square marks a prominent isolated region of free water in the sliding area. (b) and (c)
show cross-sections through the bed at surface radar line 1003 (b’ to b’’) and 1007 (¢’ to ¢’’), although sediment depth is
unconstrained.

and deformation in that area, consistent with the co-existence of a deforming and non-deforming stable bed in
the palaeo record described as a mosaic-like pattern by Piotrowski and Kraus (1997) and Piotrowski et al. (2004).

The bed consists of numerous elongate landforms, classified by their elongation ratio as MSGLs, consisting of
soft sediment (Smith & Murray, 2009; Smith et al., 2007). Both airborne and surface radar data indicate free wa-
ter overlying sediment on the crest of some MSGLs, as well as an isolated spots. The water bodies show length of
up to 10 km, with a maximum width of 100 m. The trough around landforms as well as the landforms upstream
end consist of lower porosity material. The spatial variation of material properties, and therefore possibly per-
meability, may be the mechanism behind the occurrence of water on the crest of landforms, rather than in their
trough. However, more observational work, together with modeling are necessary to analyze the water on the
crest of landforms under Rutford Ice Stream more quantitatively.
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