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Abstract Understanding the material properties and physical conditions of basal ice is crucial for a
comprehensive understanding of Antarctic ice-sheet dynamics. Yet, direct data are sparse and difficult to
acquire. Here, we employ ultra-wideband radar to map high-backscatter zones near the glacier bed within East
Antarctica's Jutulstraumen drainage basin. Our backscatter analysis reveals that the basal ice in an area of
~10,000 km? is composed of along-flow oriented sediment-laden basal ice units connected to the basal
substrate, extending up to several hundred meters thick. Three-dimensional thermomechanical modeling
supports that these units form via basal freeze-on of subglacial water that originated from further upstream. Our
findings suggest that basal freeze-on, and the entrainment and transport of subglacial material play a significant
role in an accurate representation of material, physical, and rheological properties of the Antarctic ice sheet's
basal ice, ultimately enhancing the accuracy and reliability of ice-sheet modeling.

Plain Language Summary We investigate the lowermost portion of the ice column of the Antarctic
ice sheet, known as basal ice. This part holds crucial information about how the ice sheet behaves when it flows.
Using the principle of echo-location, we use radar technology to scan the ice in East Antarctica's Jutulstraumen
drainage basin. We discover that a significant portion of the basal ice in this region is filled with sediment and
can be several hundred meters thick. To better understand how this distinctive type of ice forms, we used a
mathematical model that suggested that these ice units likely form when water underneath the ice is transported
and refreezes at particular locations. Our findings highlight the importance of these freezing and mixing of
materials from beneath the ice. Understanding where these ice units are located provides important information
for ice-flow models to ultimately better understand how the Antarctic ice sheet behaves in the future.

1. Background

The future of the Antarctic ice sheet (ALS) significantly depends on its dynamic behavior with ongoing global
warming (Garbe et al., 2020; Stokes et al., 2022). While surface processes of the AIS are relatively convenient to
study, the processes at the ice base remain challenging to investigate due to their inaccessibility. However, a better
understanding of the physical conditions, material properties, and mechanical processes at the ice-bed interface,
such as basal ice temperature, subglacial hydrology, and basal sliding (Dawson et al., 2022; Kazmierczak
et al., 2022; Pollard & DeConto, 2012), are critical factors influencing ice-sheet configuration and ice flow
(Pattyn, 2010). Airborne geophysical methods like radar give us insight into the englacial and subglacial pro-
cesses. The focus in this study, lies in the bottom 10%-30% of the AIS (Gades et al., 2000; Robin et al., 1969;
Schroeder et al., 2013), although this zone typically lacks clear reflections making it difficult to decipher (Drews
et al., 2009; Lilien et al., 2021).

Advancements in radar technology over the last few decades have enabled the detection of subunits within the
basal ice layer, previously designated as the echo-free zone, exhibiting distinct units of high-backscatter, reaching
thicknesses of several hundred meters (Bell et al., 2011, 2014; Leysinger Vieli et al., 2018; Ross et al., 2020;
Wrona et al., 2018). The presence of these distinct zones implies significantly different dielectric properties
within these regions compared with the echo-free or low-backscatter zone. Thus far, the differing dielectric
properties have been primarily attributed to basal freeze-on and the inclusion of point scatterers, which, in turn,
enabled considerations regarding the processes responsible for the formation of these units. These processes
encompass phenomena such as freeze-on of subglacial water (Bell et al., 2011; Creyts et al., 2014) and the
incorporation of sediments (Kjer et al., 2018; Winter et al., 2019).
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Extensive regions of basal freeze-on units, such as those identified beneath the Gamburtsev Subglacial Mountains
at Dome A, can impact the rheological properties and fabric structure of the ice column, as well as the continuity
of climatic records, making it relevant for ice core drilling projects and ice flow modeling (Bell et al., 2011). This
type of basal ice may be prevalent throughout the AIS as initial indications of similar basal ice units have emerged
in East Antarctica's western Dronning Maud Land (Franke et al., 2023). Radar forward modeling conducted on
prominent ice units in this region has moreover strengthened the hypothesis of embedded point reflectors (Franke
et al., 2023). The diffuse character of hyperbolas originating from these basal ice units, repeating but not laminar
changes in dielectric properties, as well as low apparent englacial attenuation, point toward entrained englacial
sediment with low dielectric properties that could account for the observed high-backscatter reflectivity patterns.

Here, we focus on a spatial analysis of high-backscatter zones (HBZs) detected in the basal ice environment at the
onset of Jutulstraumen glacier in East Antarctica using radar data (Figure 1) to investigate their formation and link
to the basal thermal conditions. We attribute the reflection pattern of the HBZs to embedded sediment particles in
the basal ice. HBZs are several hundred meters thick and widespread in this region. Bed return power analysis
suggests that HBZs are radioglaciologically transparent. Furthermore, their spatial distribution follows specific
patterns influenced by ice dynamics, englacial basal temperature, and bed topography. We hypothesize that basal
freeze-on under specific ice sheet conditions leads to the development of basal ice structures and the concurrent
incorporation of sediment. The detection and investigation of sediment-laden basal ice units at an ice-stream onset
region offers novel insights into potential formation mechanisms, material properties, and implications on sub-
glacial sediment transport processes. Hence, a detailed Antarctic-wide mapping and examination of the char-
acteristics and subglacial conditions contributing to the development of these prominent basal ice units is required
to assess their holistic role in the Antarctic ice-sheet system.

2. Study Area, Data, and Methods
2.1. The Jutulstraumen Glacier Onset Region

Our study area (~350 x 150 km) is centered at the onset of the Jutulstraumen Glacier, where ice accelerates from 5
to50ma~! over ~130 km, located within the Jutulstraumen drainage basin in western Dronning Maud Land, East
Antarctica (Figure 1). This region marks the transition from the thick ice sheet of the central plateau to the dy-
namic convergent ice flow regime leading through the Jutulstraumen Trough, which feeds into the Fimbul Ice
Shelf. Our radar profiles are composed of southern and northern blocks, each aligned approximately perpen-
dicular to ice flow and spaced at intervals of 7.5 km. The southern set encompasses a region characterized by deep
troughs in the bed topography, indicating a preserved glacial landscape (Franke et al., 2021). The northern set
covers mainly a preserved fluvial landscape at elevated topography and with smaller valleys.

2.2. Radar Data Acquisition and Processing

We utilized radar data collected in Austral summer 2018/19 with Alfred Wegener Institutes ultra-wideband (AWI
UWB) Multichannel Coherent Radar Depth Sounder (MCoRDS 5), operating with an eight-channel antenna array
at a frequency range of 180-210 MHz (Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar-und Meer-
esforschung, 2016; Franke et al., 2021). Our data product for analysis consisted of synthetic aperture radar
processed data, with a range resolution of 4.3 m and a trace interval of ~15 m. The survey settings and instruments
are described in Rodriguez-Morales et al. (2013), Franke et al. (2021, 2022).

In addition to the UWB data, we used a single profile acquired during the Austral summer season 2016/17 using
AWT's pulse-limited radar system (EMR; Electromagnetic Radar System) recording at a frequency of 150 MHz
(Nixdorf et al., 1999). The data has a nominal range resolution of ~50 m, and trace spacing of 35 m (Wang
et al., 2023). Further details on EMR data acquisition and processing are elaborated upon in Karlsson et al. (2018)
and Wang et al. (2023).

2.3. Mapping and Characterization of HBZs in Basal Ice

In our study, we define HBZs as follows: (a) they exhibit pronounced backscatter (elevated return power), clearly
above the noise level and distinguishable from echo-free or low backscatter zones (Figures 1d and 1e); (b) they
display minimal backscatter variation, lacking stratification or multiple individual reflections; (c) they are found
at the ice base directly overlying the bed; and (d) they do not exclusively conform to typical reflection patterns
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Figure 1. Overview of the study areaand radargramsin the Jutulstraumen drainage basin. Panels (a)—(c) show the radar profiles superimposed onice flow velocity (Mouginot
etal.,2019a), bed elevation (Morlighem et al., 2020), and ice thickness (Morlighem et al., 2020). The yellow lines in (a) mark flow trajectories. The black square and arrow in
(b) indicate the outline and viewing perspective of the inlet in Figure 2a. Panels (d) and (e¢) show the near-bed region of two radargrams (lower ~30% of the ice column).
Elevation units in (d) and (e) are referenced to the WGS84 ellipsoid, and return power is shown without correcting for geometrical spreading and englacial attenuation.

associated with off-nadir bed reflections. The HBZs were detected by visual assessment, and their outlines were
manually traced in the radargrams. To derive the thickness of the HBZs, we determine the two-way travel time
difference between the bed reflection and HBZ top. For the conversion from TWT to thickness, we use a dielectric
constant of € = 3.15.

To determine the internal return power of the HBZs and to test whether HBZs significantly attenuate the return
power from the bed, we consider three englacial attenuation rates of 10, 20, and 30 dB/km (Matsuoka et al., 2012).
We derive the bed return power by following the approach outlined by Jordan et al. (2016) and Oswald and
Gogineni (2008) (Text S1 in Supporting Information S1) as it accounts for some of the energy lost by scattering.
The same approach is applied to derive the cumulative power of the HBZs (P;,), where the power for each pixel
through the ice column between the top of the HBZ and bed reflection is summed up. For the consideration of the
HBZ return power values in this study, we have excluded those where off-nadir bed reflections potentially overlay
the nadir HBZ signal (e.g., Figure 2f).

2.4. Three-Dimensional Thermal Modeling

We use a 3D thermal steady-state model developed by Wolovick et al. (2021), as updated in Kang et al. (2022), to
gain insights into basal melting or freezing within our region. This model conserves mass and energy within a
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Figure 2. Spatial arrangement and examples of high-backscatter units in the northern set of the JuRaS radar data. The outline of the location of the radar profile is shown
in Figure 1c. (a) A three-dimensional (3D) overview of the bottom section of radar profiles (clipped to an elevation of 1,500 m). The black and yellow lines resemble
flow trajectories projected to the bed topography (Morlighem et al., 2020). Panels (b)—(1) show magnified parts of the radar profiles in (a). Note that panels (b) and

(c) show the same basal unit imaged by the

AWI UWB and EMR system, respectively, at different orientations. The profile orientation at this intersection in 3D is shown

in (d). Locations of magnified radar views that are covered by a radargram in front of them are marked with a white arrow. Note that all radar data here show UWB data
(except for panels (c) and (d), which show EMR data). The dB color bar only applies to UWB data.

coupled, internally consistent solution between the ice-sheet flow field, temperature structure, and basal hy-
drology. Vertically integrated horizontal ice flux follows a balance flux algorithm with a flow direction field
created using a weighted sum of the smoothed surface gradient direction and the direction of observed velocity.
Although this is primarily a shallow-ice model, the updates in Kang et al. (2022) were meant to allow the model to
achieve reliable temperature solutions in fast-flowing ice streams by incorporating information from surface
velocity observations and offline coupling with a Full Stokes mechanical model. We do not employ offline
coupling with a mechanical model here, but we do retain the surface velocity observations, which constrain the
flow direction field in areas where the ice is flowing fast enough for the observations to be reliable.

Vertically resolved horizontal flow is given by a shape function computed from the temperature-dependent
rheology of ice, and basal sliding is computed from the difference between balance velocity and deformation
velocity in areas where the basal temperature is close to the melting point. Where basal temperature is cold, the
deformation velocity is only used to compute the shape function, which is scaled to match the balance velocity.
Vertical ice velocity is computed by integrating the divergence of horizontal velocity up from the bed. Other
aspects of the model are as in Wolovick et al. (2021), including subglacial water routing and freeze-on. We force
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the model with surface temperatures from Comiso (2000) and accumulation rates from a mean of Arthern
etal. (2006) and Berg et al. (2005), with all three data sets accessed through ALBMAP_v1 (Le Brocq et al., 2010).
Ice sheet geometry comes from BedMachine Antarctica Version 3 (Morlighem et al., 2020), which has already
been updated to include the ice thickness derived from radar data used in this study (Franke et al., 2021).

We examined eight continent-wide geothermal heat flux (GHF) data sets to constrain this model (Figure S3 in
Supporting Information S1). The mean and standard deviation GHF of these eight data sets in our model domain is
59 + 6 mW/m>. Standard deviations between these models are smaller in the central part of our study area,
whereas larger in the northwestern (downstream) and northeastern (partly upstream) regions (Figure S3j in
Supporting Information S1). Amongst these eight data sets, we used Martos et al. (2017) as the base data set
because it represents a near-mean regional value (64 mW/m?), and replicates the spatial patterns of upstream
melting and freezing in the central part of the study area. We also used GHFs of 5, 10, 15, and 20 mW/m? lower
than Martos's data set. Moreover, we used regionally uniform GHFs of 50, 55, 60, and 65 mW/m? to test whether
freeze-on could be produced independent of any particular spatial pattern in GHF.

3. Results
3.1. Spatial Distribution of HBZs

We identify HBZs at the basal ice spanning an approximate total area of ~10,000 km?, which corresponds to one-
third of our study area. They are primarily concentrated within the northern set of radar profiles, and their
thickness ranges from a few meters to more than 350 m (Figure 3a). HBZs tend to be flat and with their top surface
parallel to the bedrock in the upstream region (Figures 2j and 2l). Further downstream, they become more
pronounced and are found concentrated at higher topographic locations. Some discernible HBZs concentrate on
mountain summits or transverse slopes (Figures 2f—2h). Furthermore, we observe a trend of increasing HBZ
thickness from the upstream to downstream regions (Figure 3a).

In most cases, backscatter within HBZs exhibits slightly monotonically decreasing return power. Sporadic or
layer-like reflections, as those shown in Figure 2f, are observed only in a few isolated instances and are most
likely an off-nadir bed reflection overlay, which we excluded from the reflectivity analysis. Several prominent
HBZs can be traced over several radar profiles and are found to align parallel to the flow direction (yellow flow
trajectories in Figure 2a). This alignment suggests that the HBZs observed in these radar profiles form elongated
tubes oriented parallel to the ice flow direction. Furthermore, a distinct HBZ is evident at a specific location
within the pulse-based EMR data (Figures 2b—2d). At this, the comparison to the UWB profile suggests that: (a)
HBZs can be detected with AWI's UWB and EMR system; however, it is evident that the reflection signature in
the EMR system is less high-resolution and less sensitive in range; (b) the structure exhibits a three-dimensional
character as the profiles are oriented perpendicular to each other; (c) the HBZ reflection pattern is very likely not
attributed to off-nadir bed reflections. However, the higher sensitivity with depth of the UWB system makes HBZ
detection more likely and shows more details compared to the EMR system.

HBZs predominantly manifest within 1,200-2,400 m of ice thickness and between 200 and 1,500 m of bed
elevation (Figure 3d). However, englacial attenuation obscuring the detection of HBZs at greater ice thicknesses
renders this boundary somewhat ambiguous. Based on the HBZ mapping from two-dimensional radargrams and
considering their horizontal extent and thickness, we derive a mean HBZ thickness of ~90 m and estimate the
total volume to be approximately 182 km?.

3.2. Backscattering Characteristics of HBZs and Ice-Sheet Bed

The evaluation of backscattering characteristics of HBZs and beds with and without HBZs above indicates no
systematic influence of HBZs on bed return power (Figure S2a in Supporting Information S1). However, we
observe an overall trend of lower to higher HBZ backscatter from the upstream to the downstream region
(Figure 3b). This pattern is resembled by different attenuation rates (10, 20, and 30 dB/km; one-way), and appears
to be primarily linked to HBZ thickness (Figure S2b in Supporting Information S1), suggesting overall homo-
geneity in the bulk backscattering characteristics among HBZs. Within the central region, we identified instances
of particularly distinct backscattering in certain HBZs (Figures 2g—2j), where the integrated return power of HBZs
is significantly higher (5-15 dB) than that of the bed return power (Figure 3c). Notably, these HBZ patches also
correlate with high HBZ thickness.
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Figure 3. Spatial distribution of high-backscatter zone (HBZ) thickness and backscatter characteristics. (a) The thickness in meters of HBZs, (b) Py, and (c) Pyp—
Py, . Values in (b), (c), and (e) were derived assuming a one-way englacial attenuation rate of 20 dB/km. HBZs along ice flow are grouped with a black polygon. Note
that high values in (b) and (c) might appear disproportionately frequent, as higher values overlay the lower ones. Therefore, we show violin plots of the distribution of
values underneath. The background map shows the bed topography (Morlighem et al., 2020). (d) The bed elevation versus ice thickness distribution for the entire data
(blue) and the radar traces where an HBZ is present (orange). The respective abundance of ice thickness and bed elevation is shown as histograms on the top and right
axes of (d). (e) Distribution of P, divided by HBZ thickness. (f) Py, for all locations where HBZs are not detected, for locations where HBZs were detected as well as
for locations where Py, > Py, 4

In addition, we assess Pp,, at (a) locations where HBZs are not present, (b) locations where HBZs are present, and
(c) locations where P, is stronger than Pg,, at the same location (Figure 3f). We defined particularly strong
HBZs when the cumulative return power of the HBZs is larger compared to bed return power (Pyz, > Ppo)-
Notably, bed return power associated with HBZs exhibits a magnitude that is comparable to regions where HBZs
are at a given ice thickness. However, in regions where HBZ are pronounced (P, > Pjg,,), bed return power
remains predominantly in the low-Py,, regime at comparable ice thickness where HBZs were detected. This
suggests that although HBZs can induce a quantifiable influence on Py, ,, they cause overall little radio-wave
propagation loss.

3.3. Model Diagnosis of Bed Conditions for Possible Freeze-On

The results obtained from the thermomechanical model using GHF maps from Martos et al. (2017) and a range of
constant GHF values reveal a distinctive spatial distribution of regions where either basal melting or basal freeze-
on dominates (Figure 4a). Based on the overall modeling outputs considering the different GHF maps, we
conclude that in the upstream parts of the catchment, basal temperatures are warm, and meltwater is generated
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Figure 4. (a) Modeled basal melting, (b) subglacial water flux, and (c) modeled basal freeze-on thickness. All three model
outputs were generated with the geothermal heat flux map by Martos et al. (2017) —15 mW/m> Panel (d) shows the synthesis
of results highlighting the hypothesized spatial pattern where basal melting or freeze-on dominates. The numbers in (d) and
the lower panel show the proposed mechanism to create the observed sediment-entrained basal ice units. Bed topography in
panels (a)—(d) is from Morlighem et al. (2020), ice flow trajectories in (d) are based on the velocity field of Mouginot

et al. (2019a), and subglacial lakes as well as channelized subglacial water propagation paths are from Neckel et al. (2021).
Outlines of sedimentary basins upstream of our radar profiles in (d) are from Aitken et al. (2023).

because of thick ice and higher GHF values in the Martos et al. (2017) data set. This meltwater flows downstream
toward the northwest, where it encounters thinner ice and potentially lower GHF values, triggering basal freeze-
on (Figure 4b, and Figures S6-S8 and S10-S18 in Supporting Information S1). Further downstream, the ice base
returns to basal melting conditions because of high levels of shear heating caused by rapid ice flow.

This pattern of warmer basal conditions in the upstream catchment, colder conditions in the middle near where the
HBZs are observed, followed by warmer conditions further downstream, persists regardless of which GHF
forcing we use (Figures S6-S8 and S10-S18 in Supporting Information S1). In cases where the mean GHF is low,
this pattern is expressed in basal temperature, which is below freezing everywhere outside of the fast-flow ice
stream but higher in the upstream catchment and lower in the middle region (Figure S8 in Supporting Infor-
mation S1). When the mean GHF is higher, basal temperature reaches the melting point over a wider region,
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however, some regions with basal freeze-on persist (Figure S8 in Supporting Information S1). For intermediate
values of GHF, the “cold” portion of the warm-cold-warm pattern crosses over from basal melting to basal
freezing, producing freeze-on units. This warm-cold-warm pattern is stronger using GHF forcing derived from
Martos et al. (2017) because that data set has a drop of about 10 mW/m? from the upstream to the middle region
(Figure S4 in Supporting Information S1). However, the pattern persists even with constant GHF forcing (Figure
S8 in Supporting Information S1).

When comparing modeled freeze-on regions with different GHF maps to our mapped HBZs, we identify the
following correlations. First, a significant portion of the predicted freeze-on regions align with our mapped HBZs
in the northern section of our radar profiles. The extent and exact location depend on the chosen GHF. Moreover,
model-predicted freezing extends further upstream from the mapped HBZs (Figure 4c and Figures S8 and S10—
S18 in Supporting Information S1). However, in the downstream regions where HBZs are detected, the model
often predicts basal melt rates and an absence of freeze-on. In the southern radar profile set, some of the models
predict freeze-on despite the absence of radar-detected HBZs (Figure S5 in Supporting Information S1). We have
not attempted to rigorously optimize GHF here, but we found that Martos —15 mW/m? is the best fit to our
observations, producing freeze-on in the northern radar profile set but not the southern set (Figure S9 in Sup-
porting Information S1).

4. Discussion

Prominent HBZs, characterized by their clear contrast to regions of ice with lower backscatter or echo-free
characteristics, indicate variations of dielectric properties over a short vertical distance, pointing toward a re-
gion of heterogeneous material properties. The absence of clear reflection stratification indicates that point
scatterers embedded within the ice are the most likely explanation for the observed reflection pattern. HBZ return
power is too high and too continuous in range to be attributed to changes in ice crystal fabric (Lilien et al., 2021;
Matsuoka et al., 2004). By contrast, owing to the low englacial attenuation observed within the HBZs, the
presence of water droplets and, thus, temperate ice can be confidently ruled out (Franke et al., 2023; Ogier
et al., 2023). Furthermore, electromagnetic forward modeling conducted at select prominent HBZs suggests
embedded sediment with low dielectric properties (Franke et al., 2023). Considering measured particle con-
centrations in Antarctic ice within the range of ~1%-20% (Christoffersen et al., 2010; Gow et al., 1979; Winter
etal., 2019), we estimate a sediment volume of at least 1.8 km® within our study area (assuming the lower particle
concentration boundary of 1%). This inference points toward the likely availability of a substantial amount of
loose sediment within source regions where particles are embedded in the basal ice, which is supported by the
potential location of sedimentary basins in the upstream region (Aitken et al., 2023).

Thermomechanical modeling provides insight into possible formation mechanisms of the basal ice units. The
distribution of modeled rates of basal melting, freezing, and the thickness of freeze-on layers suggests that
sediment-laden basal ice units likely formed through basal freeze-on. We hypothesize that basal melting upstream
generates sufficient meltwater, which then refreezes as it flows downstream (Figure 4). Sediment suspended in
the subglacial hydrological system is entrained into the ice column during the process of basal freeze-on, implying
a net erosive effect as sediment is removed from the subglacial system and incorporated into the overlying ice
sheet. It remains uncertain whether these basal ice units extend further upstream due to limitations in our radar
data extent. Thus, our data cannot rule out the possibility that at least some of the basal ice units have been
advected into our survey domain from an un-surveyed upstream freeze-on source region. However, the increase in
thickness with distance downstream suggests that at least some of the freeze-on is being produced within our
domain. In addition, our data do not constrain whether the basal freeze-on is a steady-state process or whether the
basal hydrological system fluctuates in time.

It is evident from the modeling that the GHF should fall within a certain range, not too high to prevent basal
freezing, yet not too low to hinder the production of subglacial water upstream. This pattern is strongest with the
general spatial GHF distribution of Martos et al. (2017), as the upstream region exhibits a higher GHF compared
to the area where we identified the basal ice. A uniform reduction of this GHF field by 5—15 mW/m? increases
both the extent and thickness of modeled freeze-on ice, improving the fit with observations. However, basal
freeze-on is still produced in our survey area, even with constant GHF, due to the reduction of ice thickness
compared to the thicker upstream region. Yet even with the optimal modification, modeled freeze-on thickness is
still an order of magnitude less than the observed thickness of the HBZs here (up to 350 m); hence, it is likely that
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the observed basal ice units are subsequently thickening downstream as more mass is added to the ice base
(Figure 4). Further increase of basal ice unit thickness could potentially be attributed to a non-steady state ice flow
velocity field or other processes that can cause more complex deformation patterns, such as downstream
migration of the freezing front (Wolovick & Creyts, 2016; Wolovick et al., 2014), rheological contrasts within the
ice column (NEEM community members, 2013), or buckling due to convergent flow (Bons et al., 2016).

Overall, the detection of basal units is concentrated in the northern part of the radar profiles, even though some of
our model runs also predict their presence in the southern part (Figure S8 in Supporting Information S1). One
possible explanation for this discrepancy could be the availability of sediment. In the southern region, freeze-on
may exist, but the accreted ice might not exhibit strong dielectric contrasts due to the lack of sediment for the
entrainment process. However, this would contradict the location of sedimentary basins (Aitken et al., 2023) and
findings where pure frozen ice at the base in other locations was documented (MacGregor et al., 2009). Still,
sediment availability might also relate to the varying degrees of past erosion between the southern and northern
survey region (Franke et al., 2021) leading to the hypothesis that unconsolidated sediment has been removed by
past glacial flow in the southern region. Additionally, the availability of meltwater is a crucial factor. It is possible
that meltwater may not be generated in the catchment area upstream of these regions, or that any meltwater
generated in the upstream catchment is routed elsewhere. Alternatively, it is possible that basal units are produced
upstream but thinned by ice flow or that the GHF is substantially higher here, such that the entire southern part of
the survey area is melting at the base rather than freezing. However, sophisticated analyses of englacial atten-
uation, radar bed reflection and modeling would be necessary to better constrain the basal thermal state and thus
allocate the presence of liquid water (Dawson et al., 2024; Schroeder et al., 2016).

5. Conclusion

The widespread distribution of high-backscatter units in the deepest part of the basal ice within the East Antarctic
Jutulstraumen drainage basin has been revealed with high-resolution radar data. By analyzing their radar signature
and combining these results with previous studies involving radar forward modeling and integrating three-
dimensional thermomechanical modeling, we conclude that at these locations, the basal ice is composed of
elongated three-dimensional ice complexes with entrained sediment, which have formed due to basal freeze-on of
subglacial water and further amplified in thickness downstream. Notably, these basal ice units do not significantly
contribute to the englacial attenuation of radar waves, implying that the embedded material exhibits comparable
dielectric properties as the overlying ice what suggests a cold base. The emergence of these basal ice units is
linked to the interplay between basal melting, basal freeze-on, subglacial water routing, and ice flow. Hence, basal
ice units are only found at distinct locations within the Jutulstraumen catchment, primarily at the northern onset
region of the Jutulstraumen glacier.

The presence of such basal ice units, which differ not only in dielectric but also in material properties, has the
potential to significantly influence ice-sheet dynamics due to distinct and localized rheological properties. This is
especially relevant for parameterizing ice flow and subglacial hydrology models. We suggest that the entrainment
of sediment via basal freeze-on and subsequent transport via ice flow represents an important mechanism to
consider regarding the cycle of materials in the ice-sheet system. Furthermore, the knowledge gained from this
study promotes the use of these characteristic basal ice units as observationally-based markers for identifying
instances of freezing and subglacial material entrainment and possibly constrain GHF. Consequently, this pro-
vides insights not only into the physical conditions at the ice base but also information about the presence of
unconsolidated subglacial material, offering valuable insights into the underlying geology. Furthermore, our
findings suggest that sediment-laden basal ice units may constitute a significant component of the AIS.

Data Availability Statement

Radar data products from the standard workflow of the JuRaS-2018 AWI UBW survey (Franke et al., 2023), HBZ
locations and HBZ thickness (Franke & Wolovick, 2023), and outputs from the 3D thermomechanical modeling
(Wolovick & Franke, 2023) are available on PANAEA. Furthermore, ice thickness data from the JuRaS-2018
AWI UWB radar survey (Franke et al., 2020) are available on PANGAEA, and are part of BEDMAP 3 (Fré-
mand et al., 2023) and BedMachine Antarctica (Morlighem et al., 2020). Ice surface velocities (Mouginot
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