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Abstract we present a comprehensive ice-penetrating radar survey of a subglacial embayment and
adjacent peninsula along the grounding zone of Whillans Ice Stream, West Antarctica. Through basal
waveform and reflectivity analysis, we identify four distinct basal interfaces: (1) an ice-water-saturated till
interface inland of grounding; (2) a complex interface in the grounding zone with variations in reflectivity
and waveforms caused by reflections from fluting, sediment deposits, and crevasses; (3) an interface of
anomalously low-reflectivity downstream of grounding in unambiguously floating areas of the embayment
due to basal roughness and entrained debris; and (4) a high-reflectivity ice-seawater interface that occurs
immediately seaward of grounding at the subglacial peninsula and several kilometers seaward of grounding
in the embayment, occurring after basal debris and grounding zone flutes have melted off the ice bottom.
Sediment deposition via basal debris melt-out occurs in both locations. The higher basal melt rate at the
peninsula contributes to greater grounding line stability by enabling faster construction of a stabilizing
sediment wedge. In the embayment, the low slopes of the ice bottom and bed prevent development of a
strong thermohaline circulation leading to a lower basal melt rate and less rapid sediment deposition. Thus,
grounding lines in subglacial embayments are more likely to lack stabilizing sediment deposits and are more
prone to external forcing, whether from the ocean, the subglacial water system, or large-scale ice dynamics.
Our conclusions indicate that subglacial peninsulas and embayments should be treated differently

in ice sheet-ocean models if these models are to accurately simulate grounding line response to

external forcing.

1. Introduction

Weertman [1974] proposed the marine ice sheet instability more than 40 years ago. This hypothesis states that
retreat of an ice sheet grounded well below sea level on a reverse-sloping bed should continue unless stabi-
lized by other factors. Since that time, critical advances have been made in locating and mapping grounding
zones using remote sensing [Gray et al., 2002; Horgan and Anandakrishnan, 2006; Fricker et al., 2009; Brunt et al.,
2010; Rignot et al., 2011], incorporating theoretical descriptions of grounding zones into ice sheet models
[Schoof, 2007; Nowicki and Wingham, 2008; Parizek and Walker, 2010; Parizek et al., 2013], and reconstruct-
ing paleo grounding zone positions [Anderson et al., 2002; Alley et al., 1989; Dowdeswell and Fugelli, 2012].
But due to the inherent inaccessibility of modern grounding zones, field observations remain scarce and are
limited to just a few locations [e.g., Smith, 1996; Anandakrishnan et al., 2007; MacGregor et al., 2011; Horgan
et al., 2013a, 2013b; Christianson et al., 2013]. Lack of critical observations of (de)stabilizing mechanisms in
grounding zones, such as grounding zone sedimentation and ice-ocean interactions, limits our ability to
accurately model grounding zones and thus also ice sheet evolution.

The physical nature of ice-ocean interactions in grounding zones, and how they control the magnitude of
subice shelf melting and thus impact ice flow speed, is important but poorly understood [e.g., Jenkins and
Doake, 1991; Holland and Jenkins, 1999; Holland et al., 2008; Walker et al., 2009; Jenkins, 2011]. For example,
recent observations indicate that large (kilometer scale) subglacial channels are common beneath ice shelves
[Jenkins et al., 2010; Dutrieux et al., 2013; Stanton et al., 2013; Le Brocq et al., 2013; Langley et al., 2014; Alley et al.,
2016; Marsh et al., 2016]. Modeling indicates that these channels may align with modeled meltwater pathways
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Figure 1. Locator map of Whillans Ice Stream highlighting the area of the grounding zone survey (white box). Inset
shows location within Antarctica. White star indicates the drill site for the WISSARD project. Subglacial lake extents and
subglacial water flow paths are from Fricker and Scambos [2009] and Carter and Fricker [2012]. Grounding lines are from
Rignot et al. [2011] and Depoorter et al. [2014]. Background imagery is Moderate Resolution Imaging Spectroradiometer
(MODIS) MOA [Haran et al., 2005]

beneath the grounded ice sheet [Le Brocq et al., 2013; Marsh et al., 2016] and are therefore likely to impact
grounding zone basal melt rates [Jenkins, 2011]. However, the location of highest basal melt rate is unclear,
with some studies indicating greatest melt at channel apexes [Stanton et al., 2013], while other studies suggest
enhanced melt at channel keels [Dutrieux et al., 2013], and a real possibility that the locus of greatest melt
can change over time or space. As basal melt rate variation significantly affects both ice shelf mass balance
[Prtichard et al., 2012; Millgate et al., 2013] and buoyant meltwater plume dynamics [Jenkins and Doake, 1991;
Holland and Jenkins, 1999; Jenkins, 2011; Gladish et al., 2012], knowledge of subice shelf oceanography and
its effects on grounding zone stability is likely inadequate in the current generation of coupled ice-ocean
models. Furthermore, while these recent observations imply channelized subglacial water routing beneath
ice shelves, the dominance of this mode of meltwater routing is unclear, especially its upstream continuation
under the grounded ice sheet, where the distribution of subglacial water may have direct influence on ice
flow velocities [e.g., Anandakrishnan and Alley, 1997; Creyts and Schoof, 2009; Carter et al., 2013; Siegfried et al.,
2016]. Melt at the grounding zone is additionally important as it results in sediment deposition due to the
raining out of englacial debris. These deposits contribute to the grounding zone wedges that are observed on
the continental shelf surrounding Greenland and Antarctica [Christoffersen et al., 2010; Dowdeswell and Fugelli,
2012; Anderson et al., 2002] and are thought to stabilize the grounding zone position against small changes
in sea level or ice thickness [Alley et al., 2007].
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Figure 2. Ground-based radar survey at the Whillans Ice Stream grounding zone. (a) Tidal elevation anomaly (surface
elevation range throughout the ICESat period; see Smith et al. [2009] and Horgan et al. [2012] for processing methodology)
and ocean water depth from seismic data [Horgan et al., 2013a] in study area and (b) radar survey lines. In Figure 2b, five
profile segments used to calculate englacial attenuation rate are highlighted in yellow, and profiles used in subsequent
figures are labeled. White star indicates the drill site for the WISSARD project. Subglacial water flow path is from Carter
and Fricker [2012]. Grounding lines are from Rignot et al. [2011] and Depoorter et al. [2014]. Background imagery is MODIS

MOA [Haran et al., 2005].

Table 1. Dielectric Properties of Common Subglacial Materials for a 5 MHz Radar Wave?

Conductivity Power Reflectivity Attenuation
Material Permittivity (Sm=1) (dB) (dB/ps)
Glacier iceP 3.2 7.0%x 10~ N/A -21.5
Marine ice€ 3.4 57x107* -18 -164
Groundwater iced 3.2 6.6 x 1074 -16 —203
Debris-laden ice (15% sand)® 3.1 8.0x107° —-41 —-25.3
Seawater 77 2.9 -0.22 —o
Freshwater9 80 1.0x 1074 -35 -1.23
Groundwater” 80 0.37 —-0.64 —~103
Sand" 26 1.3x107* -25 —49.1
Groundwater till (40% gw)i 36 0.037 -2.2 —1000
Freshwater till (15-45% fw)’ 6t0 20 20x10™*t03.0x 1074 —-7.4t0-16 -14.6t0—31.9
Frozen till (40% gw ice)! 29 3.4x107* -22 -116
Frozen bedrock (15% gw ice)i 2.7 2.0x 1074 -25 -71.3
Unfrozen bedrock (15% gw)i 12 0.0048 —6.2 -390

@Basal reflectivities assume a specular interface that consists of clean glacier ice and the substrate material.
bSmith and Evans [1972], Glen and Paren [1975], Neal [1979], Peters et al. [2005], and MacGregor et al. [2007].
“Neal [1979] and Peters et al. [2005].

dpeters et al. [2005].

€Looyenga’s dielectric mixing formula [Looyenga, 1965] was used.

fHasted [19611, Smith and Evans [1972], Neal [1979], and Ellison et al. [1998].
9Boithias [1987] and Peters et al. [2005].
P Keller [1966] and Peters et al. [2005].
iLooyenga’s dielectric mixing formula [Looyenga, 1965] with sand was used.
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Figure 3. (a) Hydropotential and (b) radar basal reflectivity at the Whillans Ice Stream grounding zone. Ocean water
column depths [Horgan et al., 2013a, 2013b] are indicated by blue circles. White star indicates the drill site for the
WISSARD project. Subglacial water flow path is from Carter and Fricker [2012]. Grounding lines are from Rignot et al.
[2011] and Depoorter et al. [2014]. Background imagery is MODIS MOA [Haran et al., 2005].

Here we focus on ice-penetrating radar observations of the ice internal stratigraphy, grounding zone geome-
try, and physical nature of the ice-bottom interface in a subglacial embayment and an adjacent peninsula of
the Whillans Ice Stream grounding zone (Figures 1 and 2). We focus especially on basal reflectivity because it is
particularly sensitive to basal properties, and in the subglacial embayment, as in other surveys along the Siple
Coast [e.g., Anandakrishnan et al., 2007; MacGregor et al., 2011], reflectivity over floating ice is anomalously
low compared to the expected reflectivity from an ice-seawater interface (see Table 1 and Figures 3 and 4).
Our aim is to understand the roles of subglacial sediments, subglacial melt water, local oceanography, and
their influences on grounding zone stability.

2, Background

During the 2011-2012 austral summer (early December to mid-January), we completed a comprehen-
sive geophysical survey of the grounding zone of Whillans Ice Stream, West Antarctica. We conducted
active-source seismic [Horgan et al., 2013a, 2013b], ice-penetrating radar and kinematic GPS [Christianson
et al., 2013], and gravity surveys [Muto et al., 2013] at the modern grounding zone of Whillans Ice Stream,
West Antarctica (Figures 1 and 2). Our surveys targeted two distinct subglacial environments: an embay-
ment where several subglacial lakes are suspected to drain [Carter and Fricker, 2012; Le Brocq et al., 2013] and
a nearby peninsula where vigorous drainage is unlikely (Figure 2) [Carter and Fricker, 2012; Le Brocq et al.,
2013]. At the peninsula (line AA” in Figure 2), the present grounding zone flotation point is located at a small
bathymetric bump that is probably sediment controlled [Horgan et al., 2013a]. No local ice plain is present,
and a relatively steep hydropotential gradient beneath the downstream most grounded ice (>50 kPa km~")
makes extensive mixing of subglacial and ocean water unlikely [Horgan et al., 2013a]. In the embayment
(line BB’ in Figure 2), the ice ungrounds much more gradually, and there is a significant local ice plain
where the ice is only ephemerally grounded. Beneath this ice plain, seismic data indicate that prograd-
ing sedimentation has occurred [Horgan et al., 2013a]. There is also evidence of a bathymetric step that
may be the active front of the sedimentary lobe. A broad hydropotential low extending upstream from
the grounding zone opens into a transverse trough and eventually a large longitudinal subglacial channel
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(~1 km wide and ~7 m deep). The hydropotential gradient (20 to 30 kPa km~") along the trough axis in the
grounding zone is low enough that calculations indicate it can be overcome by the tides, creating an extended
zone of tidal influence where interaction of subglacial and ocean water is likely [Horgan et al., 2013b]. There
is no evidence in either location of a high-profile grounding zone sediment wedge similar to those found on
the surrounding continental margin [cf. Anderson et al., 2002]. However, folds in radar internal-reflecting hori-
zons (IRHs) that are located just upstream of the grounding zone in both locations are likely formed due to
resistance to flow of the ice over a zone of sediment that is compacted by ice sheet tidal flexure [Christianson
et al, 2013]. Modeling indicates that this process may stabilize grounding line position in the absence of
positive topography [Christianson et al., 2013].
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3. Methods

3.1. Kinematic GPS

We collected over 1000 line kilometers of dual-frequency kinematic GPS profiles across the grounding
zone to precisely locate our ice-penetrating radar data and obtain grounded and floating ice surface ele-
vations. Moderate-rate (1 Hz) GPS data were collected with Trimble NetRS and NetR8 receivers and Trimble
Zephyr Geodetic antennas. The rover antenna was mounted on a steel pole that extended ~10 cm above
the radar shelter. Horizontal swaying was negligible due to slow driving speeds (~6-8 kph) and relatively
low-amplitude sastrugi (<50 cm). Although narrow strand cracks (a few centimeters wide at the surface) were
observed in some areas near the grounding zone, no large, open crevasses were visible in the survey area.
Rover data were processed kinematically relative to a local base station on fully grounded ice using differen-
tial carrier phase positioning with epoch-by-epoch zenith tropospheric delay estimation [Chen, 1998; King,
2004]. Base station coordinates were computed relative to a rock site (Ramsey Glacier) ~200 km from the local
base station. Rover position uncertainties are 5 cm or less in all dimensions.

3.2. Ice-Penetrating Radar

3.2.1. System Characteristics

Ice-penetrating data were collected using an impulse radar system operating at a center frequency of ~5 MHz
(Aice = 34 m). The system has undergone many changes over the years [Welch and Jacobel, 2003; Welch et al.,
2009; Christianson et al., 2012], primarily improvements to the digitizer receiver to increase the dynamicrange,
stacking speed, and time resolution. For this project, we utilized a commercially made pulse generator pro-
duced by Kentech Instruments, operating at a 1 kHz pulse-repetition frequency with a pulse amplitude of
4 kV. The resistively tapered dipole antenna arms were each 10 m in length (20 m per pair), and the system
was towed by snowmobile on two sleds with antenna center points separated by ~167 m. The large sepa-
ration between the transmitter and receiver reduced the interference of the direct arrival (air wave) on the
early arrivals from shallow depths. The digitizer receiver was a two-channel, 200 MHz, 14-bit digitizing PCI
board made by GaGe Applied Electronics and housed in a ruggedized, military-grade computer. One chan-
nel digitized a low-gain signal and the other an amplified signal for higher gain. This board provides 84 dB of
dynamic range for raw traces and a time accuracy of 5 ns, or approximately 0.5 m of ice thickness. Triggering
for the digitizer was initiated by the air-wave arrival, and typically 1000 triggers were stacked (averaged) for
each recorded waveform. At usual speeds of surface travel, this resulted in an average spacing of about 3 m
per waveform.

We note that this type of impulse radar, with dipole antennas towed end to end, has significant gain from side
lobes in the radiation pattern in the off-nadir directions, both fore and aft of the transmitter-receiver pair and
to either side [Engheta et al., 1982; Arcone, 1995; Jacobel et al., 2014]. For example, Arcone [1995] showed that
the antenna radiation pattern for a similar system has a gain only 3 dB less than the maximum at angles out
to 25° from the nadir. This pattern of receptivity can produce strong returns from targets within the side lobes
at arrival times greater than the nadir, mimicking targets that appear to be below the basal reflector, which
complicates interpretation.

3.2.2. Radar Processing

Altogether we acquired ~700 line kilometers of radar data using the radar system described above (see
section 3.2.1). Traces were geolocated using the time stamp recorded with the waveform from the GPS
receiver, and positions were corrected to the midpoint between the transmitter and the receiver. Processing
included band pass filtering (Butterworth band pass from 1 to 10 MHz), time correction for antenna
separation, interpolation to a precise trace spacing of 3.0 m, and along-track time-wave number migration.
Migration and conversion of travel time to depth assumed an average radar wave speed in ice of 169 m ps™'.
Surface elevation, bed elevation, internal layer topography, and glaciostatic hydropotential [Shreve, 1972]
were derived from the RES and GPS data interpolated to a 10 m posting using the nearest-neighbor algorithm
with a search radius of 1 km and then smoothed using a two-dimensional Gaussian filter with a 66 width of
2.5 km. Gridding parameters were chosen to eliminate obvious artifacts. In all profiles, the basal reflection
is clearly visible, and we frequently image IRHs to within a few meters of the basal reflection. The first mul-
tiple of the basal reflection is commonly detected, especially where the basal reflection is strong (Figure 5).
The basal and multiple reflections, IRHs, and other prominent features in the radar data were digitized using
a semi-automated routine that identified the Ricker wavelet corresponding to the selected reflection [Gades
et al., 2000]. The reflection power is calculated as the sum-of-the-squared amplitudes normalized by the
number of samples between the two outer peaks of the identified Ricker wavelet (Appendix A).
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Figure 5. Observations of the primary bed reflection and the first multiple bed reflection for profile AA’ (see Figure 2b for location). (a) Radargram of profile AA’
showing the bed reflection and its first multiple. (b) Expansions of the first multiple of the bed reflection (marked in Figure 5a; visible from 6 km seaward).
Variable area amplitude wiggle plots of (c) the bed reflection and (d) the first multiple wavelet in the boxes shown in Figure 5a where the ice-bed interface is
unambiguously glacier ice-seawater. In Figures 5a and 5b, colorbar indicates depth of seismically imaged water column [Horgan et al., 2013a] and grounding line
metrics detected using InSAR, GPS, and hydrostatic calculations are shown [Christianson et al., 2013].

3.2.3. Estimating Absolute Basal Reflectivity

To determine the reflection coefficient of the ice-bed interface, we applied geometric and attenuation cor-
rections. Sufficiently far downglacier of the grounding zone (yellow profiles in Figure 2b), we find strong and
consistent basal reflections and their first multiples (Figure 5), where it is expected that a smooth, specular
interface separates clean ice from seawater. The reflection coefficient at the base and the upper surface of the
ice can be calculated directly in this case, so the ratio of the first multiple of the basal reflection to the primary
basal reflection yields the depth-averaged englacial attenuation rate [MacGregor et al., 2011] (Appendix A). To
select portions of radar profiles where the basal reflection is almost certainly from an ice-seawater interface,
we require that the seismically imaged water column is at least 6 m thick, the ice is in full hydrostatic equilib-
rium, and the basal returned power is uniformly strong (Figure 2b and Appendix A). We identify 5925 traces
spanning 17.76 line kilometers and 37.6 m ice thickness variation that satisfy these criteria. If we assume that
the depth-averaged attenuation rate (N,) is uniform over our relatively small survey area, the spatially aver-
aged, one-way attenuation rate in this survey isN, = 17.8+2.1 dBkm~" (Appendix A). This value is comparable
to results from other studies in this region [Peters et al., 2005; Jacobel et al., 2009; MacGregor et al., 2011] but is
significantly greater than attenuation rates in overall colder ice columns [Oswald and Gogineni, 2008; Jacobel
etal, 2010; Christianson et al., 2014]. We note that basal debris load is likely negligible in the areas used in this
calculation; there are no point diffractors, areas of dim or variable reflectivity, or evidence of reflectivity gra-
dient. Some radar data we selected are also more than 10 km seaward of the modern grounding zone. For
the basal melt rates (~1 m yr~' from phase-sensitive radar measurements presented by Marsh et al. [2016])
and ice speeds in this area, ~20 m of ice has been melted away for ice that is ~10 km from the grounding
zone, likely resulting in little or no debris remaining in basal ice. Other factors affecting radar basal reflectivity
(e.g., variations in ice temperature and crystal-fabric orientation) likely have minor effects on this calculation
(Appendix B).
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3.2.4. Basal Reflectivity Uncertainty

The observed basal reflectivity is affected by instrument design, system and target geometry, englacial atten-
uation rate, and the reflectivity of a target interface [Matsuoka et al., 2010, 2012], which is the quantity
of interest. The method of using the long-path multiple to estimate englacial attenuation rate eliminates
uncertainty associated with instrumental factors and system geometry [MacGregor et al., 2011]. However,
uncertainties associated with target geometry and englacial attenuation of the radar wave remain. We
later use waveform modeling to analyze the possible of effect of target geometry on observed reflectivity
(see sections 3.4.3, 4.2.2, and 5.2.2). Englacial attenuation depends on ice temperature, chemistry, and
crystal-orientation fabric, which are generally poorly known. Ice chemistry throughout the ice column is
unlikely to change over our relatively small survey area because the ice is sourced from regions that are likely
to have experienced similar weather patterns over the time period preserved in the ice column, and there-
fore, the ice likely has similar acid and sea salt content. Crystal-orientation fabric likely has negligible effect
on reflectivity in this survey due to the comparatively small ice thickness to radar wavelength ratio [Matsuoka
etal., 2012]. Assessing the impacts of strain heating on ice temperature requires application of a thermome-
chanical ice sheet model. Past studies of the effects of a strain heating as ice flows across a grounding zone
indicate that englacial attenuation rate (for 5 MHz radar wave) may increase by up to 2 dB/km as ice goes afloat
[Matsuoka et al., 2012]. If strain heating were significant in our survey, we would expect to see this decrease in
reflectivity along the entire grounding line as the ice goes afloat, and we do not observe this at the subglacial
peninsula. In any case, we consider the calculated uncertainty in englacial attenuation rate (2.1 dB km™")
sufficient to account for uncertainty associated with strain heating (Appendix B).

Due to poor knowledge of ice chemistry and temperature and the nonuniqueness of geometric configura-
tions consistent with the radar data, it is generally considered impractical to precisely estimate the uncertainty
of basal reflectivity measurements [Matsuoka et al., 2012]. To obtain a rough estimate of the uncertainty in
our data, we consider the reflectivity associated with the data used to estimate the englacial attenuation rate,
which are reflections from a bright ice-seawater interface (yellow profiles in Figure 2). After correcting for
spherical spreading and englacial attenuation, two standard deviations in the observed reflectivity for these
profiles is 2.1 dB. We consider this a rough indication of the uncertainty in the basal reflectivity and do not
interpret reflectivity changes of less than 2 dB as significant.

3.3. Grounding Line Location

Following Christianson et al. [2013], we locate the grounding zone using multiple methods, each of which is
sensitive to different attributes. Here we summarize only the most salient points in this approach, some of
which have been updated as newer remote-sensing data have become available. First, we used repeat kine-
matic GPS profiles driven along-flow parallel radar and seismic profiles over one full tidal cycle [Horgan et al.,
2013a]. This allows us to place upstream and downstream limits on grounding line location via detection of
the upglacier extent of vertical motion at various times in the tidal cycle. Second, the grounding line is always
inland of the inland-most extent of seismically imaged water column, which is at least 2 m thick [Horgan et al.,
2013a]. Third, where seismic and kinematic data were not collected, we used satellite-based grounding lines
derived from differential interferometric synthetic aperture radar (DInSAR) and laser altimetry [Rignot et al.,
2011; Depoorter et al., 2014]. Fourth, we used estimates of hydrostatic equilibrium derived from our kinematic
GPS data and radar-determined ice thickness with a firn correction [Christianson et al., 2013]; the absolute
valueis slightly uncertain owing to grounding line motion with the tides, but the upglacier limit of the ground-
ing line at high tide is probably between the 0 and 10 kPa hydropotential contours shown in Figure 2a. Finally,
we used characteristic ice-penetrating radar echoes (see later section 6.2) to identify the grounding or sub-
glacial “estuarine zone” [Horgan et al., 2013b]. As the limit of inland tidal flexing is not detected by DInSAR
[Rignot et al., 2011] and grounding zone processes may persist inland of the detectable grounding line
(the inner limit of tidal motion) [Walker et al., 2013; Christianson et al., 2013; Horgan et al., 2013b], we use all
these metrics when considering the grounding zone location, prioritizing based on the information conveyed
and the question being asked.

3.4. Radar Basal Reflectivity Modeling

We use dielectric modeling to evaluate the physical mechanisms that could explain the observed basal reflec-
tivity. The model parameters we choose to examine are motivated by physically plausible basal conditions.
Previous studies [e.g., Peters et al., 2005; Anandakrishnan et al., 2007; MacGregor et al., 2011] have considered
the composition of the basal reflector (dielectric materials and two- versus three-layer interfaces) and the
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Figure 6. Returned power calculated via amplitude modeling for a 5 MHz radar wave incident on two- and three-layer
interfaces. Power returned from (a) a two-layer interface for all likely subglacial materials (see Table 1), (b) an ice
debris-laden ice-seawater interface, (c) ice water-groundwater till interface, and (d) ice-brackish water-freshwater till
interface. Black lines are 1 dB contours. Thick white lines indicate one (solid) and two standard (dashed) deviations of
reflectivity distribution of zone 3 (see text; Figure 11). Dashed box in Figure 6a indicates range of reflectivity returned for
all subglacial materials that are not water (see Table 1). Blue triangles indicate reflectivity of an ice-freshwater (low
conductivity) and ice-seawater (high conductivity) interface. In Figures 6b-6d, conductivity and middle layer thickness
vary. Glacier ice and lower layer dielectric parameters used in Figures 6b-6d are given in the text.

effects of scattering separately. We use full waveform modeling to simultaneously consider the effects of
dielectric contrast and scattering on reflectivity. We look first at reflection amplitude and then at waveforms.
3.4.1. Reflection Amplitude Modeling

We model reflection coefficients for several possible basal interface configurations, using both a two-layer and
a three-layer model. The power reflection coefficient of a two-layer interface illuminated at normal incidence
is given by

where ¢, and ¢, are the (complex) dielectric coefficients of the upper and lower layer, respectively. However, as
the thickness of the ocean (or brackish) water column is on the order of one-fourth radar wavelength (~11.3 m
in water for this system) in much of the embayment [Horgan et al., 2013a, 2013b], we must also consider
thin-film effects. To do so, we also alternatively model the power reflectivity of the basal reflection using a
three-layer model that accounts for multiple reflections and attenuation within the middle layer [Born and
Wolf, 1999; MacGregor et al., 2011]:

Rap = 20l0g; (1)

exp (—2ik,0)

)

Rpc = 2010940 |Fap + taploct N
abc 10 ["ab ab’ bc ab,I — Iyl €XP (—Zikb5)

where r and t are the (amplitude) reflection and transmission coefficients (subscripts indicate layer of
travel and layer of incidence), k, is the electromagnetic propagation constant of the middle layer, and &
is the thickness of the middle layer. This model allows destructive interference nodes for low-conductivity
materials.

To assess possible compositions of the subglacial interface, we input the permittivities and conductivities
of a variety of possible subglacial materials as the lower layers in these two models and always assume the
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Table 2. Dielectric Parameters of Medium Modeled Using Fourier Synthesis Shown in Figure 72

Permittivity Conductivity Permittivity Conductivity
Interface Film Film (Sm™") Lower Layer Lower Layer (Sm~")
Ice-seawater N/A N/A 77 29
Ice-groundwater till N/A N/A 36 0.037
Ice-frozen groundwater till N/A N/A 29 3.5%x 1074
Ice-seawater-groundwater till 77 29 36 0.037
Ice-freshwater-groundwater till 80 1.0x 1074 36 0.037
Ice-freshwater-seawater 80 1.0x 1074 77 2.9
Ice-brackish water #1-freshwater till 64 1.0x 1074 6.0 2.0x107%
Ice-brackish water #2-freshwater till 64 3.0x 1073 6.0 2.0x107%
Ice debris-laden ice-seawater 3.1 8.0x 107> 77 2.9

3n all cases, the upper layer is ice (permittivity is 3.2; conductivity is 7.0 x 10™> S m~") that is 750 m thick. The
intermediate layer (thin film), if present, is 15 m thick. The lower layer is treated is an infinite half-space.

uppermost layer is glacier ice (Table 1 and Figure 6). We focus on the following four specific scenarios to
capture the variable basal interface compositions likely to occur at an ice stream grounding zone:

1. Two-layer model. We modeled the power reflection coefficient for glacier ice over all likely subglacial
materials (permittivity (¢/) ranging from 0 to 80; conductivity (¢) ranging from 1 x 1074 t02.9S m™').

2. Icedebris-laden ice-seawater interface. In this scenario, the top layeris glacierice (¢/ = 3.2;6 = 7x107°Sm™),
the middle layer is debris-laden ice (¢/ = 3.1 assuming a 15% debris content (see Table 1); variable till con-
ductivity ranges from ¢ = 1x 107 t0 2.9 Sm~'; debris-laden ice thickness varies 0 to 20 m), and the bottom
layer is seawater (¢/=77;6 = 2.9Sm™").

3. Ice-water-till interface. In this scenario, the top layer is glacier ice, the middle layer is variable conductivity
water (¢/ = 80; variable conductivity ranging from ¢ = 1 x 1074 t0 2.9 S m~'; variable water column from 0
to 20 m), and the bottom layer is till of a relatively high conductivity (¢’ = 36; 6 = 0.037Sm™").

4. Ice-brackish, sediment-rich water-till interface. In this scenario, the top layer is glacier ice, the middle layer is
water with approximately 8% sediment content (¢’ = 64; variable conductivity ranges from e = 1 x 107 to
2.9S m~'; variable depth from 0 to 20 m), and the bottom layer is till of a relatively low conductivity (¢’ = 6;
6=20x10"*Sm™).

3.4.2. Fourier Waveform Synthesis

To further explore the composition of the basal substrate, we compare the form of the observed basal wavelet

to that of theoretical wavelets returned from the basal interfaces listed in Table 2, by using Fourier synthesis

[Arcone et al., 2006] to construct a synthetic basal echo for each case (Figure 7 and Table 2). We model the

reflected waveform E,(t) as a triple summation, such that

E(t) = Z E(@) D Ry D Ty €XP(= 20y, 3)
i p mp

where E;(w;) represents the transmitted waveform, R, is the Fresnel electric field reflection coefficient of each
of p successive interfaces, and the final summation accounts for the two-way electric field transmission coeffi-
cients between successive interfaces (m above and p below; T, ) where k = w/c is the free-space propagation
wave number, d,, is the layer thickness, and n,,, is the refractive index of the individual layer. The exponen-
tial function accounts for the two-way phase delay within individual layers of the medium. Here, as we do not
know the precise form of our transmitted wave, we simply used a 5 MHz sinusoid wavelet (+/- phase) sampled
at 5 ns (Figure 7a). Both transmitted and reflected waveforms were synthesized using 1000 frequencies cover-
ing a bandwidth of 0.25 MHz to 25 MHz in steps of 0.25 MHz. Amplitudes of reflected waveforms are scaled to
account for spreading and attenuation within the upper glacier ice layer, but not within lower layers, so that
relative amplitudes after the initial reflection are preserved. Dielectric parameters used are shown in Table 2.
3.4.3. Finite-Difference Time Domain Modeling

Our modeling so far has followed most prior work in radioglaciology by considering laterally extensive layers
with smooth, specular interfaces or distinct features such as crevasses. We also wish to consider the effects of
scattering from a surface with subresolution spatially variable roughness, possibly generated from reflections
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Figure 7. Synthetic waveforms (black) constructed via Fourier synthesis for (a) source pulse at 5 MHz, (b) ice-seawater
interface, (c) ice-groundwater till interface, (d) ice-frozen groundwater till interface, (e) ice-seawater-groundwater till
interface, (f) ice-freshwater-groundwater till interface, (g) ice-freshwater-seawater interface, (h) ice-brackish water
#1-freshwater till interface, (i) ice-brackish water #2-freshwater till interface, and (j) ice debris-laden ice-seawater
interface. Observed waveforms (gray) from (k) an ice-seawater interface and (I) dim ice-seawater (solid line) and
groundwater till (dashed line) interface. Layer parameters used to construct waveforms are given in Table 2. Reflection
amplitude of synthetic waveforms is scaled to account for attenuation of a normal incidence radar wave traversing
glacier ice 750 m thick with a relative permittivity of 3.2 and high-frequency conductivity of 7 - 107> S m~'. When not
labeled, axes are the same as in the previous plot.

off features such as melt-induced flutes or grooves in the basal interface. A similar approach has been used
before to analyze the appearance of moulins in the Greenland ice sheet [Catania et al., 2008].

To assess the possible effect of deviations from basal reflector specularity on our data, we performed
two-dimensional finite-difference time domain (FDTD) modeling of radar wave propagation. Using the
implementation of Irving and Knight [2006], we modeled six geometries (Figure 8):

1. A smooth ice-seawater interface. The top layer is glacier ice (¢/ = 3.2; 6 = 7 x 10> Sm~") and the bottom
layer is seawater (¢/ = 77;6 =2.95m™").

2. An ice-brackish water-groundwater till interface. The top layer is glacier ice, the middle layer (15 m thick)
is brackish water (¢/ = 64; ¢ = 1.0 x 107 S m™"), and the bottom layer is freshwater till (¢’ = 18;
6=20x10"4Sm™).

3. Asinusoidal ice-seawater interface with amplitude and wavelength below the imaging resolution of this radar
system (wavelength 20 m; amplitude 5.75 m; root-mean-square (RMS) height 4 m). The top layer is glacier ice
and the bottom layer is seawater.

4. A crevassed ice-seawater interface: crevasses (10 m wide, 10 m high) are inserted into the basal ice at positions,
so that the resulting RMS height is 4 m (crevasse superposition is permitted). The top layer is glacier ice and the
bottom layer is seawater.

5. An ice debris-laden ice-seawater interface. The top layer is glacier ice, the middle layer (15 m thick) is
debris-laden ice (¢/ = 3.1;6 = 8.0 x 107> S m~"), and the bottom layer is seawater.

6. A sinusoidal ice debris-laden ice-seawater interface with amplitude and wavelength below the imaging resolu-
tion of this radar system (wavelength 20 m; amplitude 5.75 m; RMS height 4 m). The top layer is glacier ice, the
middle layer (15 m thick) is debris-laden ice, and the bottom layer is seawater.

In all FDTD scenarios, the model domain is 1 km wide and 1000 m deep. Array size varies in order to allow max-
imum possible spatial field discretization without numerical dispersion [Irving and Knight, 2006]. The source is
a Blackman-Harris pulse with a dominant frequency of 5 MHz (roughly a sine wave with +/- phase). A synthetic
trace was acquired every 33 m.
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Figure 8. Finite-difference time domain synthetic modeling for six scenarios: (a) an ice-seawater interface, (b) an
ice-brackish water-groundwater till interface, (c) an ice-seawater interface with low-amplitude sinusoidal ice-bottom
topography below the radar’s imaging resolution (RMS height of 4 m), (d) an ice-seawater interface with randomly
placed crevasses, (€) an ice debris-laden ice-seawater interface, and (f) an ice debris-laden ice-seawater interface with
low-amplitude sinusoidal ice-bottom topography below the radar’s imaging resolution (RMS height of 4 m). Observed
reflections for (g) an ice-seawater interface and (h) the dim area (zone 4) in the subglacial embayment. For situation,
the true geometry (ice in gray, till in brown, debris-laden ice in aqua, and water in blue) is shown in the upper left, the
radargram in the upper right, the variable area amplitude plot of the basal return in the lower left, and the basal
reflectivity in the lower right. Dielectric parameters of the ice, water, and till input to the model are given in the text.
Power reflectivity is calculated assuming a known ice-seawater reflectivity. When not labeled, axes are the same as in the
previous plot.
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Figure 9. (a) Radar profile AA’ at the Whillans grounding zone (see Figure 2b for profile location), (b) variable area amplitude wiggle plot of basal reflection
wavelet, and (c) frequency composition of the basal reflection wavelet. The inset in Figure 9a shows ice sheet geometry and bathymetry. The colorbars in
Figures 9b and 9c show ocean water column depth [Horgan et al., 2013a, 2013b] and basal reflectivity, respectively. Grounding lines are from Rignot et al. [2011]
and Depoorter et al. [2014]. Other annotated features are discussed in the text.

4. Results

4.1. Absolute Basal Reflectivity

The basal reflectivity in our survey can be divided into four characteristic zones (Figure 4): (zone 1) inland areas
where reflectivity is generally consistent with that of an ice-unfrozen till interface; (zone 2) areas of bright
reflectivity in the vicinity of grounding; (zone 3) unambiguously floating areas, as indicated by active-source
seismic data [Horgan et al., 2013a, 2013b], where the reflectivity is anomalously low; and (zone 4) floating areas
where the basal reflectivity is typical of the high values expected from a specular ice-seawater interface.

In areas well inland of the grounding zone (zone 1), the reflectivity is variable but is generally within the range
of —16to —2 dB.

Zone 2 extends from ~100 to 2000 m inland of the inland limit of the seismically imaged water column and
GPS inland flexure limit (Figure 4) and exhibits reflectivity of approximately —4 to —6 dB. We note an arti-
fact in the limited area near the upstream end of the seismically imaged channel in the embayment, where
reflectivity is anomalously low because our automated digitizer selected only the upper branch of the bifur-
cated basal echo (see section 6.3). The finite width of the amplitude detection window therefore results in
less energy being captured. As this reflectivity reduction is associated with a basal geometric feature and not
solely a change in basal interface dielectric properties, we consider it an anomalous feature within zone 2
rather than a separate reflectivity zone.

Zone 3 occurs just downglacier of the grounding line in the embayment (km 10 to 25 in Figure 10, zone 3 in
Figure 4; within ~10 km of the grounding line), where the basal reflectivity is anomalously low (-7 to —11 dB;
Figure 11) compared to the expected reflectivity from an ice-seawater interface.

The fourth zone of basal reflectivity has uniformly high amplitude and is located downstream of the ground-
ing zone (Figure 4). The distance from the grounding zone to the onset of this high-reflectivity zone varies
greatly. For example, over the subglacial peninsula (line AA’ in Figure 9), the reflectivity transitions from
—10to ~0 dB in a few hundred meters straddling the upstream limit of the seismically detectable seawater.
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Figure 10. (a) Radar profile BB’ at the Whillans grounding zone (see Figure 2b for profile location), (b) variable area amplitude wiggle plot of basal reflection
wavelet, and (c) frequency composition of the basal reflection wavelet. The inset in Figure 10a shows local ice sheet geometry and bathymetry [Horgan et al.,

2013a, 2013b]. The colorbars in Figures 1

Ob and 10c show ocean water column depth [Horgan et al., 2013a, 2013b] and basal reflectivity, respectively. Grounding

lines are from Rignot et al. [2011] and Depoorter et al. [2014]. Other annotated features are discussed in the text.

Along this profile, the form of the basal echo is complex in the grounding zone (Figures 9 and 12a) but is
relatively simple elsewhere. Within the embayment, no reflectivity similar to zone 4 is observed, though basal
reflectivity does eventually transition to zone 4 downstream of the embayment (>10 km seaward from the
grounding line).

4.2. Basal Reflectivity Modeling

Comparison between our observations (Figure 4) and our basal reflectivity modeling (Figure 6 and section 3.4)
shows that all zones, except for zone 3, are well matched using a specular two-layer model, with different
materials in the different zones. Reflectivity zones 1, 2, and 4 correspond to expected reflectivity from a
two-layer interface composed of ice and till (of varying conductivity; zones 1 and 2) or ice and seawater (zone
4). The analysis suggests that reflectivity in zone 3 is reduced due to either the presence of a three-layer basal
interface causing destructive interference or scattering from a rough interface.

4.2.1. Fourier Waveform Synthesis

Synthetic reflections from a two-layer interface (Figure 7) consist of a single return, similar to that observed
outside the grounding zone (Figures 9 and 10). The amplitude of the return varies according to the dielec-
tric contrast across the modeled interface, and the phase is reversed for reflections from water and from
thawed till containing groundwater but is not reversed for a reflection from till containing frozen groundwater
(see Tables 1 and 2). The reflection from a three-layer interface with a middle layer of seawater is essentially the
same as that from an ice-seawater interface due to the high conductivity and thus low skin depth of seawater
(~10 cm for a radar wave at 5 MHz; Figure 7e and Table 1). Reflections from other three-layer interfaces include
multiple reflections off the interfaces at the top and bottom of the intermediate layer (Figures 7f-7h). The
amplitude of echoes that originate from repeated reflections within the intermediate layer are attenuated to
varying degrees depending on the conductivity of the intermediate layer, so that for some media only an initial
reflection from the top and bottom of the intermediate layer is observed (Figure 7i). The phase of these reflec-
tions follows expected patterns, always reversing if the dielectric constant increases as the wave traverses
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Figure 11. Basal reflectivity distribution within the zone of anomalously low basal reflectivity zone 3 (area between
thick black line and grounding line) in Figure 4. Black curve is a Gaussian fit to these data given by a mean and standard
deviation of —9.3 dB and 1.6 dB, respectively.

the interface. As noted earlier, with the exception of the long-path multiple, we generally do not observe a
spatially consistent reflection arriving later in time than the basal reflection (Figures 9 and 10; section 3.2.3).

In Figures 7k and 7I, we plot observed waveforms from an ice-seawater interface (zone 4), groundwa-
ter till interface (zone 1), and anomalously dim ice-seawater interface (zone 3). The waveforms from the
groundwater till interface and dim ice-seawater interface are practically indistinguishable. The observed dim
reflection from an “unknown” interface (zone 3) is most similar to the modeled reflection from either an
ice/brackish water/freshwater till interface (Figure 7k) or ice/debris-laden ice/seawater interface (Figure 71).
4.2.2, Finite-Difference Time Domain Modeling

Figure 8 shows results from the FDTD modeling. In all cases, the phase of the basal wavelet is reversed, as
expected, and the amplitude of the return is reduced in the cases where scattering occurs. The ice-brackish
water-till interface and sinusoid bed interface have essentially the same radar return with the sinusoid bed
showing a slightly wider (in travel time) bed echo (Figures 8b and 8c). These returns are qualitatively similar
to returns from a sinusoidal debris-laden ice-seawater interface (Figure 8f). In these simulations, the conduc-
tivity of the debris-laden ice is quite low (6 = 8.0 x 107> S m~"), and thus, the dielectric properties of the
debris-laden ice are similar to those of clean ice. Hence, the return from the debris-laden ice-seawater inter-
face (Figure 8e) is only slightly dimmer than that from the ice-seawater interface (Figure 8a) due to the slightly
lower dielectric permittivity of the debris-laden ice. Most of the reduction in amplitude of the return from the
sinusoidal debris-laden ice-seawater interface (Figure 8f) is due to the roughness of the ice bottom.

We plot the observed returns from an ice-seawater interface and anomalously dim ice-seawater interface
in Figures 8g and 8h, respectively. The decrease in reflectivity due to a rough basal interface is more than
sufficient to account for the observed dim interface in zone 3.

5. Interpretation

5.1. Absolute Basal Reflectivity

Values of absolute basal reflectivity well inland of the grounding zone are those expected for an ice-unfrozen
till or ice-unfrozen bedrock interface (—16 to —2 dB; Table 1; Zone 1 in Figure 4). We do not image reflec-
tivity typical of an ice-frozen bedrock interface in our survey. The variability of the reflectivity in this zone is
likely due to spatially heterogeneous subglacial hydrological and sedimentological conditions (examples of
different compositions of till-water interfaces and their reflectivities are given in Table 1), but generally, the
reflectivity is as expected for an ice-till interface (—7 to —10 dB for a till layer at least several meters thick;
Figure 6 and Table 1), with occasional lower reflectivity indicative of less water in the till matrix. Although
there may also be significant sediment (up to ~10 to 20%) entrained into the basal ice [Engelhardt and Kamb,
2013], the lack of strong dielectric contrast between ice and entrained rock (Table 1; here modeled as a mix-
ture of sand and ice) and the likely gradual changes in sediment concentration at the top of the debris-laden
basal ice layer [Bender et al., 2011] make detection and identification of an unambiguous ice-sediment-rich ice
or ice-sediment-rich ice-till interface difficult. Our inference of a relatively thick (several meters or more) sub-
glacial till layer is corroborated by reflection seismology [Horgan et al., 2013al. Because there is no indication
of a spatially continuous, subbasal reflection, and the bed wavelet form indicates a single interface (i.e., not
a superposition of multiple reflections from nearby layers; Figures 9 and 10), it is unlikely that this radar can
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Figure 12. Expansions of specific features in radar data: (a) grounding zone on line AA’, (b) grounding zone on line BB’, (c) enlargement of reflection from
subglacial crevasse(s) shown in yellow box in Figure 12b, and (d) enlargement of subglacial sediment deposit or channel shown in yellow box in Figure 12b.
Colorbars indicate basal reflectivity and subglacial water column depth. Annotated features are discussed in the text.

image through the thick (~10 to 19 m) till layer [Horgan et al., 2013al. Indeed, in order for this to occur, the till
conductivity would have to be abnormally low (<10™* S m~1), which would only be associated with especially
pure water and low-conductivity sediments.

Reflectivity in zone 2 is consistent with an ice-till contact (Figures 6 and 10 and Table 1). Most likely, the basal
interface is an “ice-groundwater till” interface, where water in the till matrix is more conductive than farther
upstream due to tidal flexure effects, which may pump seawater through the till matrix inland of the ground-
ing line [Walker et al., 2013], increasing the bulk conductivity of the till. Our results show enhanced bright
reflectivity up to 2 km inland of the seismically imaged grounding line (Figures 10 and 12a), which indicates
that some seawater infiltration inland of grounding may be possible. This is consistent with tidally driven water
flow exceeding the hydropotential gradient immediately upstream of grounding and the estuarine nature of
this embayment [Horgan et al., 2013b].

Reflectivity is anomalously low in zone 3 despite the presence of a substantial subglacial water column (gen-
erally ~14 to 16 m thick; Figures 2 and 13), as indicated by reflection seismology [Horgan et al., 2013a, 2013b]
and several remotely sensed and in situ grounding line metrics [Horgan and Anandakrishnan, 2006; Bruntet al.,
2010; Rignot et al., 2011; Christianson et al., 2013; Depoorter et al., 2014]. Nowhere in zone 3 do we image a
spatially continuous first multiple of the basal reflection as we do farther afloat (Figures 5, 9, and 10). From
interpretation of basal reflectivity alone, rough, debris-laden ice that scatters radar wave energy or thin-film
destructive interference effects arising from an ice-water-till interface are equally likely explanations for the
low radar reflectivity. In section 5.2, we use dielectric amplitude and waveform modeling to further explore
these possibilities.

Zone 4 isindicative of an ice-seawater interface. The transition in reflectivity over the subglacial peninsula (line
AA’ in Figure 9; Figure 12b) is as expected over an ice sheet grounding zone (Table 1). The complex waveform
observed in the grounding zone likely results from echoes off of subglacial crevasses. In most of our profiles
on the floating ice of the embayment the reflectivity eventually brightens downstream to that consistent with
an ice-seawater interface (Figure 4).
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5.2. Basal Reflectivity Modeling

As explained above (see sections 4.1 and
5.1), the reflectivity in zones 1, 2,and 4 can
be explained by a two-layer interface in a
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straightforward manner. Interpretation of
the reflectivity in zones 1 and 4 is straight-
forward (see section 5.1). Interpretation of
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reflectivity from zone 2 is complicated by
: grounding zone effects (see section 4.1),
0 5 10 15 but the reflection still clearly originates

Water Depth (m) from a two-layer interface. Here we use

our modeling experiments to explain the
Figure 13. Water depth distribution within the subglacial embayment g exp P

from active-source seismic data [Horgan et al., 2013a, 2013b]. more complex basal reflectivity in zone 3,

which is inconsistent with the reflection
from a simple ice-seawater interface.

The dim reflectivity in zone 3 (Figure 11) and seismic evidence of ice over a roughly 15 m thick water col-
umn (Figure 13) are inconsistent with any of our specular two-layer reflectivity models for ice and water. The
ice-brackish water-till combination has destructive interference node placement and width consistent with
the observed reflectivity in zone 3, suggesting the possibility that the basal interface in this zone may be of
this composition (Figures 11-13 and 6d). However, the reflectivity in this zone is also consistent with an ice
debris-laden ice-seawater interface (Figure 6b) for debris-laden ice of certain conductivities and thickness. As
there are difficulties with the water thin-film model (see section 5.2.1), an ice debris-laden ice-seawater model
may be preferable, with basal roughness also likely affecting reflectivity (see section 4.2.2).

5.2.1. Fourier Waveform Synthesis

Overall, these Fourier synthesis analyses are consistent with our earlier amplitude analysis (section 5.1), indi-
cating grounded ice over variable but thawed till (zones 1 and 2 in Figure 4) and ice over seawater in the
peninsula area and well downstream in the embayment (zone 4 in Figure 4).

Zone 3 (Figure 4), with weak reflections from floating ice near the grounding zone in the embayment,
remains enigmatic. Based on this Fourier synthesis modeling, the most likely configuration is either ice over
debris-laden ice over seawater, or ice overlying brackish and probably sediment-laden water overlying a
thawed till containing relatively fresh water in the pores, not unlike the suggested interface configuration
from the amplitude analysis (section 5.1). However, our understanding of the physical setting [Jenkins and
Doake, 1991; Holland and Jenkins, 1999; Jenkins, 2011] suggests that tidal mixing associated with the observed
tidal rise and fall of the ice in this region would yield more nearly normal marine salinities, as freshwater
fluxes from beneath the grounded ice [Fricker and Scambos, 2009; Christianson et al., 2012] and from basal
melting [Marsh et al., 2016] are small com-
pared to tidal flows. Furthermore, recent
direct conductivity, depth, and temperature
(CTD) observations from subglacial access
drilling at the grounding zone do not indi-
cate extensive brackish water (J. Mikucki,
personal communication, 2015). Instead,

a more likely answer to this puzzle may
be that the reduced reflections arise from
roughness and from scattering off discrete

Reflectivity Reduction (dB)

! 2 8 4 5 6 7 8 9 10 jnclusions, as discussed next.
RMS Height (m) . K R
5.2.2. Finite-Difference Time

Figure 14. Modeled reflectivity reduction as a function of reflector
RMS height following equation (D1). Dashed black line and gray
shadings indicate mean, one (dark gray) and two (light gray)
standard deviations, respectively, of the anomalously dim reflectivity
in zone 3 in Figure 4.

Domain Modeling

Conceptually, roughness smaller than the
imaging resolution of the system lowers
reflection amplitude compared to a smooth
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Debris-Laden Basal Ice  ‘lce-Bottom Fluting
from Till Irregulairty

Figure 15. Conceptual model of ice-bottom fluting. Fluting is generated
in the basal ice by lobate or ridged sedimentation in the grounding
zone that channelizes the water flow and localizes melting. A layer of
debris-laden basal ice (up to ~15 m thick) is likely also present. As ice
goes afloat and flows into the embayment, the lack of strong
thermohaline circulation and the gradually decreasing influence of the
deeper bed on water flow allow the fluting to melt off and debris to
melt out, leading to a flatter and more nearly specular reflector. For
simplicity, this schematic illustrates fluting at only a single wavelength;

interface by scattering energy away from
the nadir direction [Ulaby et al., 1982;
Ogilvy, 1991; Shepard et al., 2001; Peters
et al., 2005; MacGregor et al., 2013]. For
antennas that receive energy from nadir,
this effect can be quantified using sim-
ple expressions derived from Kirchhoff
theory [Peters et al, 2005; MacGregor
et al., 2013] (Appendix C). Our analysis
(Figure 14 and Appendix C) indicates that
for our system, basal roughness below
the radar’s imaging resolution (here the
imaging resolution is 4,../4=8.5mfor a
5 MHz radar wave) could reduce basal
reflectivity by nearly 15 dB. Thus, the dim
reflectivity of the basal reflector we
observe in the embayment could result
partially or completely from a basal

interface with a root-mean-square (RMS)
height of ~4 m (Figure 14). FDTD mod-
eling allows us to quantitatively match
the form of the basal wavelet to various
basal interface compositions thatinclude
a consideration of roughness.

however, our data suggest that fluting develops at multiple,
superimposed wavelengths.

The inference that there is no extensive brackish water layer in zone 3 implicates roughness as the most
likely reason for the reduction in basal reflectivity. Our FDTD modeling reinforces this conclusion. The basal
reflectivity observed in zone 3 best matches the rough bed with debris-rich basal layer modeling scenario
shown in Figure 8f. Following earlier studies [Peters et al., 2005; Anandakrishnan et al., 20071, we assume
low-conductivity sediment in the debris-laden ice. Higher-conductivity till could result in thin-film inter-
ference effects or, for high enough conductivities, lack of radar wave penetration into the debris-laden
ice (as shown in Figure 6), but we do not observe reflectivity or reflector waveforms that indicate
high-conductivity till in zone 3. We also do not observe the apparent high variability in basal reflectivity,
waveform, and ice-bottom topography that would result from reflections from widespread, irregularly spaced,
low-amplitude basal crevasses (Figure 8d). The observed basal wavelet in zone 3 actually exhibits minimal
spatial variation in form or frequency content (Figures 9 and 10), similar to that produced in modeling sce-
narios in Figures 8b, 8¢, and 8e. Thus, the most likely composition of the basal interface in zone 3 is rough,
debris-laden basal ice over seawater.

5.2.3. Physical Nature of the “Dim"” Ice-Seawater Interface

Our modeling analyses indicate that of the physically plausible explanations for the anomalously dim bed
return in the embayment, the best fit is provided by rough, debris-laden basal ice that overlies seawater,
such that the interface scatters incident radar waves rather diffusely (Figure 8f). However, from the radar data
alone, we cannot eliminate the possibility of a reflection from an interface that consists of ice over a thin film
of brackish, sediment-rich water, as has been suggested to occur elsewhere on the Siple Coast [MacGregor
etal., 2011]. Recent subglacial access drilling at the Whillans Ice Stream grounding zone in this embayment
eliminates the possibility of extensive brackish water but does reveal debris-rich basal ice with variable, subre-
solvable ice-bottom topography, and widespread clasts and sediment that are melting out of the ice [Scherer
etal, 2015]. There also is evidence of strong tidal mixing, including flux of visible suspended sediment inland
and seaward as the tide advances and then retreats. These observations are at odds with a three-layer model
of ice-brackish water-till (Figures 6 and 7), indicating that scattering is important, whether from discrete
inclusions in the basal ice, a rough ice-bottom topography, or both.

During melt-out of debris from the base of floating ice, scattering from individual clasts will decrease, but
clasts falling out of the ice will leave a rough ice-water scattering interface. Borehole observations indicate that
individual clasts are sufficiently small relative to the radar wavelength that scattering will not be large from
them or from an interface directly roughened by their fall out. However, sediment may be contained in clumps
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and have water around clasts, fluting may give variations in rock-sediment-layer thickness, and melting may
create local topography as clusters of clasts fall out of the basal ice (Figure 15). Thus, we consider a rough basal
interface and diffuse scattering off sediment as it melts out of the basal ice to be the most likely cause of low
reflectivity in the embayment, with higher reflectivity farther downstream after the debris has melted out. At
the peninsula, higher basal melt rates evident in the ice thickness profile cause this reflectivity transition to
occur over a shorter distance closer to the grounding line.

We cannot fully explain why the downglacier increase in reflectivity (from zone 3 into zone 4; Figure 4) in the
embayment is so strong and abrupt. One possibility is that this sharp boundary represents a change in basal
ice character that formed somewhere upglacier and is being advected through our study area, although this
would require an unlikely coincidence. Another possibility is that there has been a recent upglacier shift in
grounding line position, perhaps in response to thinning caused by tension from the rapidly moving ice shelf
in response the ongoing slowing of the ice stream [e.g., Winberry et al., 2014], such that sediment-rich basal
ice has been newly exposed to the ocean.

6. Grounding Zone Features: Observations and Interpretation

Here we describe additional features in the grounding zone radar data that extend the results from reflectivity.
These include IRH deformation, discontinuous basal reflectivity, and bifurcated and mirrored basal reflections.
We use reflection seismology, laser altimetry, and DInSAR to inform our interpretation. In sections 6.1-6.4, we
present observations in the first paragraph and interpret these data in the paragraphs that follow.

6.1. Internal Layers Folds

As reported in Christianson et al. [2013], we observe folded internal-reflecting horizons just upstream of the
grounding zone (Figures 9 and 10) (see Figure 1 in Christianson et al. [2013] for fold locations). These folds
deform internal layers for the entire imaged ice thickness. Fold wavelengths are 1-2 km with maximum ampli-
tudes of up to several hundred meters occurring near the bed and minimum amplitudes at the ice surface,
which itself is slightly raised over the folds.

In Christianson et al. [2013], we used a higher-order ice flow model to show that these IRH folds
(Figures 9 and 10) may be created due to ice flow over an area of anomalously high basal shear stress just
upstream of the grounding line. This zone of high basal friction is likely created by repeated tidal flexure over
awavelength of a few ice thicknesses upglacier, compacting and dewatering the till beneath, thereby increas-
ing basal friction [Walker et al., 2013; Murray and Clarke, 1995; Lekarp et al., 2000]. Although our observations
are specific to this single embayment of Whillans Ice Stream, any grounding zone with sufficient till and tidal
flexure may create such a zone of high basal friction. And in places that lack sufficient accommodation space
to create high-relief grounding zone sediment wedges that would provide form and dynamic drag, such as
this subglacial embayment [Horgan et al., 2013a, 2013b], this compaction process is likely especially impor-
tant for grounding zone stabilization. Identification of similar folds in IRHs at other ice sheet grounding zones
would lead to better understanding of nontopographic grounding line stabilization.

6.2. Discontinuous Basal Reflectivity

In the grounding zone in the embayment, we image a consistent zone of semicontinuous, nonhyperbolic
echoes that begin coincident with the basal echo and extend to apparent depths of nearly 300 m “below”
the basal reflector (Figures 10, 12b, and 12d). These returns occur over ~1.5 km downstream from near the
hydrostatic flotation grounding line, which is ~1 km upstream of the seismically imaged water column (water
thickness >2 m) (Figures 10, 12b, and 12d). Individual echoes are traceable for one to a few hundred meters
in the along-flow direction. We note that these features are generally not present in the few profiles collected
over the grounding zone at the subglacial peninsula (Figures 9 and 12a).

We hypothesize that the semicontinuous returns arise from similar features, with the “deeper” returns from
off-nadir targets imaged on either side of the radar traverse path, thus explaining the greater arrival times.
These features likely form near the upglacier limit of flotation (~0 m water depth), although we cannot resolve
in detail the precise origin relative to the tidally migrating grounding line. Interpretation is complicated by the
tortuous shape of the grounding line, which in some places runs more nearly parallel than perpendicular to
ice flow, so that some of our along-flow radar lines are nearly parallel to and not far from the grounding line.

The dielectric contrast between debris-laden and clean ice is not large enough to explain the high returned
power of these features (see section 5.2.3 for discussion of basal reflectivity). Instead, the strength of the
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returns and the physical setting suggest that these features arise from reflections from flutings in the base of
the ice (Figure 15), in contact with water or wet sediment, or possibly from sediment beneath very shallow
and quite fresh water. Continuity of the features along flow is of order hundreds of meters, and the transverse
wavelength is probably of order of meters; a transverse wavelength too much larger would allow us to resolve
them individually, whereas a notably smaller wavelength would cause them to merge into a uniformly weak
reflector rather than discrete reflections. Such shorter wavelengths may be present as well, contributing to the
dim reflectivity observed in zone 3. The along-flow continuity of these reflections indicates that the echoes
originate from features elongated parallel to flow and not from individual boulders or aggregates of clasts
melting out of the ice, nor from crevasses, which yield features described below (section 6.4).

We now consider the conditions leading to the origin of the along-flow discontinuous reflectors with the
caveat that we have not imaged individual features clearly nor characterized their time evolution, so addi-
tional studies would be needed to test our hypotheses. As flotation begins, sedimentation occurs through
some combination of melt-out from basal ice and loss of traction on deforming till, perhaps occasionally with
additional sedimentation from dissipation of outburst floods. This sedimentation in and just downglacier of
the zone influenced by tidal grounding line migration must interact with the strong tidal inflow and outflow
of seawater and with compaction of sediment contacting the moving ice during falling tides. We consider
it most likely that the sediment produces debris-flow-type lobes (see section 7.1) and that channelization of
water flow between these lobes causes preferential melting to generate flutes in the ice above. The radar
may penetrate sufficiently shallow and brackish water to image the upper surface of the sediment as well as
the base of the ice. We cannot exclude the possibility that the positive relief occurs not over the water chan-
nels but over sediment acting something like the longer-wavelength megascale glacial lineations that are so
common on deglaciated continental shelves [e.g., Anderson et al., 2002]. However, the features we image dis-
appear upglacier near the onset of fully grounded ice rather than extending under grounded ice, whereas
well-developed megascale glacial lineations probably continue beneath grounded ice [Anderson et al., 2002].
In our preferred model, the flutings incised into the base of the ice may be removed by melting farther
downglacier where the water is deep enough that the bed topography no longer strongly channelizes the
tidal flow (Figure 15), perhaps still in the zone where tidal mixing suppresses the thermohaline circulation
[Jenkins and Doake, 1991; Holland and Jenkins, 1999; Jenkins, 2011] so that it cannot maintain and expand
channels in the ice.

At the peninsula, where these features are generally absent, basal melting probably is faster based on physi-
cal understanding and the observed more rapid along-flow decrease in ice thickness just downglacier of the
grounding line. Seismic imaging shows that the resulting rapid deposition of melt-out sediment has formed
a small grounding zone sediment bump with a steeper ice-distal face that likely helps control the current
grounding line position [Horgan et al., 2013a], consistent with the morphology of other marine grounding
zone wedges [e.g., Dowdeswell and Fugelli, 2012]. The location of this sediment bump may also be partially
controlled by additional positive topography lower in the sediment column [Horgan et al., 2013a]. A similar,
but larger sediment deposit is located ~2 km downstream, which has much higher-amplitude positive topog-
raphy in the sediment column below it; the ice ephemerally grounds here, suggesting the possibility of recent
or ongoing grounding line migration. The steeper seafloor slopes at the peninsula may sufficiently limit the
along-flow extent of debris-flow lobes channelizing ice-contact tidal flows that localized strong channels are
not melted into the ice. The steeper slopes also likely allow vigorous mixing, suppressing brackish waters that
could allow radar imaging of the submarine sediment bed, while also rapidly dropping the sediment bed
beyond the radar penetration depth even in brackish water.

6.3. Basal Reflector Bifurcation

In some radar profiles in the embayment, we see an apparent bifurcation of the basal echo within the zone of
sediment deposition just discussed (e.g., Figures 10, 12b, and 12d). This bifurcation is visible ~100 m upstream
and downstream of the inland limit of the seismically imaged water column.

One possible interpretation of this return is a thin basal channel filled with water fresh enough that the
lower echo is still detectable (if the channel were filled with seawater, the seawaters high conductivity
would preclude seeing the channel bottom). If this interpretation were correct, the phase of the lower return
would be reversed relative to the ice-water interface and the channel dimension would need to be more
than several meters in thickness, according to our modeling with synthetic waveforms at this frequency
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(see section 5.2.1). Given the overlap in time of the two echoes, it is difficult to resolve a phase reversal, if
indeed it is present.

A more likely explanation, given the propensity for this radar to give strong returns from off-nadir, is that these
double echoes result from short sections of ridge-like structures, such as those discussed in the section 6.2.
The brighter echoes result from more continuous, higher-amplitude, or more favorably located features.
Again, we cannot exclude the possibility that these are megascale glacial lineations [e.g., Anderson et al., 2002;
Dowdeswell and Fugelli, 2012], or sediment lobes imaged through brackish waters, or some combination of
these, although features melted into the ice seem most likely because these features are found well down-
stream of the grounding line where the ice is fully afloat. In any case, these features are a signature in our
profiles of the region just downglacier of where ice comes afloat.

6.4. Mirrored Basal Reflections

Another feature in the radar record that occurs as part of the signature of the grounding zone in some of
our profiles is a mirror-like echo (near km 1 and 3 in Figure 9, km 11 in Figure 10, and Figures 12b and 12c).
These peculiar mirrored echo patterns were first discussed in Jacobel et al. [2014]. These echoes appear in
eight profiles, two along-flow and six across-flow, in an arcuate pattern immediately downstream of the zone
of discontinuous basal reflectivity in the embayment [see Jacobel et al., 2014, Figure 1]. Figure 12c is a radar-
gram enlargement showing one of these mirror echoes along profile BB'. In addition to the near symmetry of
the echoes at arrival times both longer and shorter than the basal return, the phase of the echo is the same
for both branches, which is the same as the basal echo (white-black-white). Notably, the later return is gener-
ally about 10 dB weaker than the earlier arrival. Also, the dip angle of the features imaged by these returns is
always in the direction of ice flow, so that the double image appears to open toward the direction of flow, with
the highest point/apex upglacier of the intersection of the feature with the base of the ice shelf. In contrast
to the mirrored echoes associated with the grounding zone we just described, many other basal-mimicking
echoes in the data have reversed phase relative to the basal reflection and appear at arrival times later than
the nadir. As such, they mimic returns from “below” the bed because that is where they plot in radargrams.
They more likely arise from off-nadir returns in which energy reflects from the highly reflective basal inter-
face, either prior or subsequent to reflection from the feature, producing the inverted phase and the later
arrival time.

Jacobel et al. [2014] hypothesized that the mirrored basal echoes were returns from parallel crevasses pro-
duced in areas of high stress at both margins of a water-filled channel in the basal substrate just where the ice
comes afloat. The arcuate pattern of these crevasses was thus interpreted as a trace of the channel and the
grounding line. We suggest that the data are more consistent with a long basal crevasse or series of crevasses
located just downstream of the grounding line, striking along the grounding line and dipping in the down-
flow direction. The upper branch of the crevasse echo signature is indicative of the actual dip and strike of
the crevasse. The lower branch (later in time) results from a return following two reflections from the basal
interface, one before and one after reflection from the crevasse (Figure 16). Thus, energy travels from the
transmitter to be reflected from the wet basal interface, then upward to be reflected from the crevasse, then
back to be reflected from the bed again, and finally to the receiver. The returned power from the later return
is lower due to reflection off the basal interface (reduction of ~6 to 8 dB in this region and additional englacial
attenuation as the radar wave travels through the ice after initially intersecting the crevasse. Thus, three reflec-
tions account for the correct phase of the echo relative to the upper branch, the 10 dB reduction in power,
and the mirror-like geometry of the features seen. We note that given the wide beam pattern of the radar
antennas, the reflections need not be perfectly specular in order for energy to be returned to the receiver.
This accounts for the slightly “fuzzy” appearance of the lower branch. These crevasses are created as the ice
goes afloat and will contribute to formation of rough ice-bottom topography, which then will be gradually
smoothed downflow by basal melt in the subice ocean cavity.

Although data are sparse, the consistent observed downglacier dip angle of these mirror-like crevasses is
consistent with opening of tensile cracks in a stress state with strong basal drag and has the opposite sense
from an initially vertical crevasse rotated by basal shear. These features likely form in the grounding zone
during low tide or just upglacier of the grounding zone, followed by transport with the moving ice but without
much cumulative deformation.
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Figure 16. Schematic indicating radar wave raypath that creates mirror-like reflection from basal crevasses. The upper
branch of the direct crevasse echo signature is indicative of its true geometry. The lower branch (later in time) results
from a return following two reflections from the basal interface, one before and one following reflection from the
crevasse.

The colocation of basal crevasses with the grounding line is expected as changes in basal drag are greatest
where ice transitions abruptly from contact with the bed to flotation [Jezek and Bentley, 1983; Jezek, 1984;
Logan et al., 2013]. So, in principle, an analysis of the full pattern of crevassing, including other crevasses as
well as the mirror-like returns, should reveal extensive information about the state of stress at the bed. But the
details of crevasse location, orientation and the patterns of their spatial distribution are challenging to inter-
pret in terms of ice dynamics without more information. The arcuate pattern of the mirror crevasses described
above is closely associated with other indications of grounding, but we have found other basal crevasses both
upglacier and downglacier of the grounding line, so the full interpretation of the larger pattern of basal stress
is not straightforward and is complicated further by the complex shape of the grounding zone, especially in
the embayment.

7. Synthesis

In this section, we synthesize our radar observations, modeling results, and interpretations to present a holis-
tic picture of the grounding zone investigated by our radar survey on Whillans Ice Stream. Our conclusions
generally start from an interpretation of the observed basal reflectivity then integrate the grounding zone
features discussed in section 6 and finally incorporate the results of previous studies. We focus particularly
on the nature of the subglacial interface, ice-ocean interactions, and the ramifications of our conclusions for
grounding zone stability. Although our conclusions are interpretative, they are based on a consistent inte-
gration of our radar observations, modeling, and results of previous studies. Additional field observations are
required to confirm our interpretations.

7.1. Basal Interface Composition

Well upstream of the embayment, basal reflectivity is consistent with an interface where grounded ice over-
lies thawed, water-saturated till. Farther downstream but still upstream of the grounding zone, the basal
reflector strengthens, as the radar wave returns from an interface of ice overlying more conductive water,
where seawater has possibly been forced upstream of the grounding zone via tidal flexure, especially along
the hydropotential low/channel in the embayment and spreading behind the grounding zone ridge asso-
ciated with tidal flexure. Straddling the seismically detected grounding line, and thus either downglacier
of the true grounding line or possibly straddling it (especially in the zone of tidally driven grounding line
migration), the basal reflector is weak, with more energy arriving after the basal reflector, likely because the
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bed becomes fluted and the flutes scatter energy. Strengthening of subglacial till caused by compression
under tidally driven flexure [Walker et al., 2013] may contribute to the origin of this enhanced fluting, and
channelization of the tidal water flow by sediment debris-flow lobes or in other ways is likely important. This
complex zone is manifested in the radar data as a reduction in basal reflectivity underlying the grounding
zone fold in IRH [cf. Christianson et al., 2013], just upstream of the area of inferred basal flute formation. Folding
from compression along flow in this grounding zone [Christianson et al., 2013], perhaps also with transverse
folding associated with the fluting, may also notably affect the thickness of debris-laden ice. The high temper-
ature of the deepest ice likely means that there is some meltwater associated with clasts in the debris-laden
basal ice, perhaps contributing to scattering.

As the ice goes afloat, the basal fluting and deformed, debris-laden ice are transported from the ground-
ing zone and become the base of the ice shelf (Figure 15). The underlying ocean water provides a stronger
reflector than till, but scattering from the complex interface causes the reflector to be weaker than a purely
specular contact between ice and seawater. Melting progressively removes the flutes [Reynolds and Whillans,
1979] as well as the debris in the basal ice, allowing the interface to eventually transition to a more specu-
lar reflector, resulting in brighter radar returns. At the adjacent peninsula, melting is faster than in the deeply
recessed, shallow, extensive embayment, so the zone of floating ice with a weak reflector is much narrower
at the peninsula.

This picture is complicated further by widespread crevassing and possibly by at least a little brackish water
in the upstream areas of the embayment. And because of the odd geometry of the embayment, flow is in
some places nearly parallel to the grounding line and in other places more nearly perpendicular, causing
complexity in the orientation of crevassing, fluting, etc. relative to our radar survey grid, with considerable
effects on the data. Although sufficiently thick freeze-on ice will increase englacial attenuation and decrease
basal reflectivity [MacGregor et al., 2011], we cannot rule out the presence of a thin veneer of accretionary ice in
downstream regions, which also could smooth the interface and favor more nearly specular reflection without
significantly affecting dielectric contrast across the interface. Despite additional complexities introduced into
our data from basal crevassing, variable orientation of crevasses and flutes, and perhaps variations in water
conductivity and distribution of water flow, we believe that additional studies should start from the hypothesis
that grounded ice overlies thawed till. Fluting develops or is amplified in the complex grounding zone through
interactions of sedimentation and melting by tidal water flows, and the resulting roughness melts off under
the ice shelf, with faster melting near peninsulas rather than in shallow, low-slope embayments (Figure 15).

7.2. Ice-Ocean Interactions

Our radar data suggest significant differences in sediment deposition, geometry, and ice-ocean interactions
at two nearby sites of the Whillans Ice Stream grounding zone. Unexpectedly, low basal reflectivity over some
floating areas of the embayment may arise at least in part from processes associated with entrained debris in
the basal ice and its melt-out, confirming the importance of this mechanism of debris transport [Christoffersen
etal., 2010]. Additional sediment transport in deforming subglacial till may still occur. It remains possible that
the variations in ice and water pressure associated with tidal flexure, and strengthening of the till through
compaction, lead to sediment entrainment to the ice through regelation into the bed or possibly even folding
processes [e.g., Alley et al., 1997] before melting out beneath the ice shelf; this would compete with enhanced
melting beneath the region of tidal flexure from increased basal shear stress and warmth of sea water pumped
inland there. Direct sediment flux in waters from subglacial lake drainage events is likely small, given the
relatively low volumes and rates involved, but may transiently be significant during drainage events [Carter
and Fricker, 2012; Christianson et al., 2012].

Steady state water fluxes from beneath the ice sheet likely are insufficient to support development of a strong
buoyant meltwater plume circulation in the subice shelf cavity. The very low ice-bottom and seafloor slopes in
the embayment may further limit thermohaline plume formation by extending the zone of tidal mixing farther
seaward, as shown by the low tidal elevation anomaly in the embayment (Figure 2a), thus limiting the basal
melt rate in this geometrically constrained, tidally mixed zone [Jenkins and Doake, 1991; Holland and Jenkins,
1999; Jenkins, 2011]. Although basal melt rate will increase during subglacial lake drainage episodes, these
appear to be too episodic and short duration to compensate for the protection provided by the embayment.
During subglacial lake drainage, thermohaline circulation may develop transiently in the embayment in the
slightly deeper water of the channel, which may have been formed by enhanced discharge and maintained
by tidal as well as thermohaline processes [Horgan et al., 2013b], but the constrained, low-slope environment
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would still limit the circulation strength and thus also the melting rate. As a result of this low basal melt
rate, sediment deposition in the embayment occurs over a large area, which is manifested as low radar basal
reflectivity and very low-slope progradational sediment deposition [Horgan et al., 2013a]. Nonetheless, the
low slopes in the embayment mean that the tidal range causes grounding line migration to be larger than in
other regions, with shallow water inflow extending long distances. We hypothesize that interactions of this
flow with ongoing sedimentation give rise to lobate or ridged sedimentation, channelizing the water flow to
localize melting and generate fluting in the ice (Figure 15), which is widespread in the subglacial embayment
as indicated by the low basal reflectivity. In deeper water farther offshore, the lack of strong thermohaline cir-
culation and the smaller influence of the deeper bed on water flow allow the fluting to melt off (Figure 15),
leading to a flatter and more nearly specular reflector. Our data are suggestive that fluting develops at
multiple wavelengths.

Data collected over the subglacial peninsula show low reflectivity extending from grounded ice only a few
hundred meters into the ice shelf before a relatively sudden brightening to values typical of smooth ice over
seawater. We interpret this as showing that sediment melt-out and deposition are completed in the first few
hundred meters seaward of the grounding line [Horgan et al., 2013a]. This is most likely due to a higher basal
melt rate in this location, despite a subglacial drainage flux that is very likely lower than that in the embayment
and may be close to zero. The tidal anomaly at the subglacial peninsula is much higher (Figure 2b) and the
position is inherently more exposed to the ocean, suggesting a more robust thermohaline circulation and
thus a higher basal melt rate. As a result of this higher basal melt rate, the area of sediment deposition is much
narrower on the peninsula, and sediment is deposited more abruptly, leading to the development of small,
but recognizable grounding zone sediment wedges [Horgan et al., 2013a].

These observations suggest that the basal melt rate and the area of melt-out sedimentation in low-slope
grounding zones are controlled primarily by exposure to the ocean and tidal currents. Subglacial water flux
from grounded ice in both locations is likely low enough that it does not promote a strong thermohaline cir-
culation. Our observations may be generally applicable to West Antarctica’s Siple Coast and other low-slope
regions, but not to regions of higher flux subglacial drainage or steeper geometries elsewhere. We note,
however, that if outburst flooding generates a channel, it may be maintained by tidal flow under some
conditions, thus influencing processes well after the outburst flood ends [Horgan et al., 2013b].

7.3. Grounding Zone Stability

Quantitative estimates of sediment and water flux across the ice sheet grounding line are poorly constrained.
Our data combined with recent in situ observations and direct sampling from the Whillans Ice Stream ground-
ing zone will significantly improve this picture. Here we present some initial interpretation based solely on
the geophysical data. Borehole drillings and initial observations at this location in the 2014-2015 austral
summer indicate that there are ~15 m of dirty basal ice, with ~10 to 20% debris content [Scherer et al.,
2015]; widespread drilling on grounded ice along the Siple Coast showed at least a few meters of dirty basal
ice are common, with drillings from Kamb Ice Stream also containing 10 to 20% debris content by volume
[Engelhardt and Kamb, 2013]. This debris can supply up to ~3 m of till as it melts out of the ice. The ice in
this location moves ~400 m a~'. At the peninsula location, radar basal reflectivity indicates that any sediment
melt-out probably occurs within the first 500 m seaward of the grounding line, implying basal melt rates on
the order of 10 m a~'. In contrast, reflectivity is reduced over ~5 to 10 km in the embayment, so we infer a
much lower basal melt rate of less than ~0.5 m a~'. Even though basal melt rates are higher at the peninsula,
its grounding line position may be more stable due to the more spatially focused sedimentation.

The recent deceleration of Whillans Ice Stream [Joughin et al., 2005] is not matched by strong deceleration
of other tributaries of the Ross Ice Shelf over the same interval, so “drag” from the ice shelf is expected to be
contributing to enhanced longitudinal extension/decreased longitudinal compression near the grounding
zone of Whillans, causing thinning there. The rapid sedimentation in the peninsula region may stabilize the
grounding line against retreat or even drive progradation. In the embayment, where sediment is deposited
more slowly over a larger area, retreat in response to the thinning is much more likely. The thinning ice would
easily float off the nearly flat bed, resulting in grounding line retreat, and the opening of a long, thin ice shelf
cavity with slow melting because a constrained geometry prevents efficient ingress of ocean currents. Such
a process could have formed the embayment we surveyed. This water column is now being gradually filled
by sediment, supplied from sediment melting out of the basal ice and any in-wash from subglacial water and
sediment flux at the grounding line. These sedimentation processes would result in a very thin, low-profile
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grounding zone wedge that would be difficult to recognize as a classic wedge deposit. This setting is thus quite
different from the locations that create high-profile wedges that are so well known downstream [Anderson
etal., 2002] and that may be presently forming at the nearby peninsula.

Although the current ice shelf cavity may be infilling, the lack of a high-profile grounding zone sediment
wedge [Horgan et al., 2013a] in this location could lead to an unstable grounding line in the absence of another
stabilization mechanism, especially if the ice stream continues to decelerate. We suggested tidal compaction
of subglacial till was one such stabilizing mechanism [Christianson et al., 2013], which requires only the pres-
ence of till upstream of grounding, and is indicated by both radar and seismic data. This grounding zone is still
not strongly stabilized against retreat and such retreat could occur due to a large increase in subglacial water
flux (possibly in response to subglacial lake drainage), an increase in ice shelf cavity water temperature caus-
ing higher basal melt rates, or further deceleration of the grounded ice. Future ice sheet models should note
that grounding lines in subglacial embayments, even if lacking prominent subglacial channels, are probably
especially prone to retreat via changes in subglacial water flux, ice flux, and ocean temperature.

8. Conclusions

We present a comprehensive radar survey of an ice sheet grounding zone. Radar basal reflectivity differs sig-
nificantly in different areas of our survey. The basal reflectivity inland of grounding is consistent with that
expected from an ice-water-saturated till interface, with differences in water conductivity driven by tidal flex-
ure pumping some seawater upglacier of grounding in favorable locations. In the subglacial embayment,
basal reflectivity over portions of the floating ice is unexpectedly dim. Our modeling indicates that this is likely
the effect of debris melt-out and undulatory ice-bottom topography. Eventually, reflectivity brightens to that
expected from an ice-seawater interface. Over the nearby peninsula that is more exposed to ocean currents,
basal reflectivity brightens more abruptly, indicating a higher basal melt rate, which leads to more rapid sed-
iment deposition over a smaller area. In both locations, our data indicate that extensive sediment deposition
occurs in and just downglacier of grounding zones via melt-out of debris in basal ice [Christoffersen et al., 2010].
Where extensive tidewater flow occurs in shallow water (i.e., the subglacial embayment), we infer that inter-
actions with the sediment being deposited lead to sediment ridges or debris-flow lobes, which may locally
be stabilized by compaction when exposed during falling tides, separated by channels melted into the ice by
the tidal flow; a range of channel sizes is most consistent with our data.

In the grounding zone, radar returns are complex because of effects associated with off-axis imaging of fluting
and/or channelization, and perhaps also of sediment deposits, and sediment melting out. Scattering from
englacial debris surrounded by meltwater and from basal roughness associated with melt-out of individual
clasts or debris aggregates may contribute to the diffuse basal reflector observed in the upglacier part of
the ice shelf in the embayment. We also image numerous large subglacial crevasses, and hyperbolic returns
indicate that there may be many small crevasses below the imaging resolution of the radar. Of particular
interest is the fact that some of the large crevasses seem to have propagated upglacier as well as upward,
perhaps in response to transient basal shear stress during tidal migration of the grounding line.

In summary, there are several important conclusions that arise from our data and modeling: (1) radar reflectiv-
ity in the grounding zone is reduced by entrained sediment and basal roughness; (2) sediment deposition via
melting of debris-laden basal ice may be more important than sediment flux from the upstream, grounded
ice in at least some grounding zones [see also Christoffersen et al., 2010]; and (3) grounding lines in sub-
glacial embayments without vigorous thermohaline circulation lack high-profile sediment wedges and thus
are more vulnerable to forcing from the ocean, subglacial water system, or ice dynamics. Thus, modeling stud-
ies should focus especially on properly depicting the coupled evolution of the ice shelf geometry and buoyant
ocean-plume circulation.

Appendix A: Englacial Attenuation

The power returned from the ice-bed interface (P,) is a function of the transmitted power (P,), effective
antenna gain (Q), ice thickness (H), depth-averaged one-way attenuation length (L,), and (power) reflectivity
of the ice-bed interface [Bogorodsky et al., 1985]:

P.G —2H
r= ZxHp P < L, )" (A1)
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where we neglect losses due to birefringence and volume scattering, which are small at 5 MHz [MacGregor
et al., 2007]. Although we record P,, the term of interest is R, which can be directly interpreted in terms of
basal properties (see Table 1). The only other term in equation (A1) that we measure is ice thickness (H), so we
cannot calculate Ry, directly. Thus, to correct for spherical spreading, englacial radar wave attenuation, and
system characteristics, following MacGregor et al. [2011], we use the power reflectivity of the first multiple of
the basal reflection, which is given by

P.G —4H
p,=—1 — |R%R., A2
N = ax@ne P ( L > ib"fa (A2)
where Ry, is the power reflectivity of the firn-air interface and all other terms are the same as in equation (A1).
Taking the ratio of the first multiple of the basal reflection (P,,) to the primary basal reflection (P,) yields

P 1 —2H
P—” =, &P <T>R,bea. (A3)

r

Then attenuation length (L,) is given by a linear least squares fit (constrained to pass through the origin) in
log space [MacGregor et al., 2011] or
P
n( 4 —”> -2y (A%)

Ribea P La

r

Depth-averaged attenuation length is converted to depth-averaged attenuation rate (N,; dB/km) using N, =
4343 /L, [Jacobel et al., 2009]. Alternatively, equation (A4) can also be used to calculate the attenuation rate for
every trace with a detectable primary bed reflection and its first multiple. In addition to detectable bed and
multiple reflections, we must also have a priori knowledge of the dielectric properties of the basal interface,
which is possible in our survey because roughly half of our survey is on the Ross Ice Shelf (Figure 2). Once
the attenuation length and R;, are known for a subset of our data, we can infer P,G in this subset. If we then
assume P,G and L, are constant for our survey, we can calculate Ry,.

In nearly all radar profiles, the first multiple becomes detectable as the ice goes afloat (Figure 5a and 5b). How-
ever, to implement this method we must know R;,; therefore, we choose to determine L, over areas where
the basal reflection is an unambiguous glacier ice-seawater interface. This also maximizes the signal-to-noise
ratio of the first multiple of the basal reflection because the signal of interest is higher in amplitude relative
to system noise. We identified these areas as having a relatively thick (>6 m) seismically imaged water col-
umn, ice that is in full hydrostatic equilibrium, and uniformly bright basal returned power (i.e., mean raw radar
returned power of 126.76 dB with a standard deviation of 2.47 dB; compared to mean of 111.84 dB and stan-
dard deviation of 7.95 dB for the entire data set). Using these criteria and assuming that the attenuation rate
does not vary over our relatively small survey area where the ice is in plug flow and is sourced from the same
tributary with minimal differences in accumulated strain, we identified 5925 traces where the basal reflec-
tion was unequivocally a glacier ice-seawater interface (Figure 2b). These traces span 17.76 line kilometers
where ice thickness varies by 37.6 m. For these traces, using the Fresnel equations, we calculate the basal
power reflectivity as that of a glacier ice-seawater interface at 5 MHz or R, = —0.22 dB, assuming the dielec-
tric constants of ice and seawater at 5 MHz are ¢; = 3.2 — 0.25i [Peters et al., 2005; MacGregor et al., 2011] and
€qy = 79.7 — (9.8 X 10%)i [Ellison et al., 1998], respectively. Again, following MacGregor et al. [2011], we assume
Ry, =—=17+1.5dB.

The lower signal-to-noise ratio of the first multiple reflection due to the longer travel path length introduces
an additional difficulty because a clear wavelet associated with the first multiple becomes more difficult to
identify, which complicated calculations of power returned. The primary bed reflection is a clear reversed
polarity (+/-/4) echo similar to a Ricker wavelet (Figure 5¢), as is expected if the permittivity of the subglacial
material is greater than that of ice. Thus, we expect the first multiple of the basal reflection to be a nor-
mal (relative to the transmitted pulse) polarity (-/+/-) Ricker wavelet-like echo due to another phase reversal
when the radar wave reflects off the ice-bed interface a second time. Inspection of the first multiple reflection
shows that this wavelet is somewhat more difficult to identify (Figure 5d). In order to assess the impor-
tance of accurately determining this wavelet, we calculated reflection power in three different time windows:
(1) three half cycles (classic definition), (2) from local minimum to local minimum surrounding the peak ampli-
tude of the reflection (to eliminate spurious changes in inflection associated with low signal-to-noise ratio
(SNR) in the multiple reflection), and (3) over a 10-sample window centered on the maximum of the reflection
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(to assess the accuracy of the digitizers at finding local extrema and inflection points). Estimating englacial
attenuation rate from a robust (L1-norm) least squares fit of the ratio of the primary basal reflec-
tion to the first multiple of the basal reflection as a function of depth following equation (A4) gives
N, = 16.44 +0.06,17.78 + 0.06, and 19.93 + 0.09 dB/km, respectively, where uncertainties are given by 95th
percentile confidence intervals. These uncertainties are unrealistically low due to the large number of points
used to constrain the fit. Therefore, we also estimate the attenuation rate for individual traces, which results
inN, =16.6 +2.4,17.8 + 2.1,and 20.1 + 3.4 dB/km, respectively, where uncertainties are given by one stan-
dard deviation. These results highlight the point that indiscriminately using least squares fits of power as a
function of changing ice thickness can result in poor estimates of uncertainty and that attenuation rate calcu-
lations are relatively insensitive (within uncertainty bounds) to time windows we tested. Due to the relatively
low SNR of the first multiple reflection, we choose the second definition of power and proceed accordingly in
our analysis using a one-way attenuation rate of N, = 17.8 + 2.1 dB/km.

Appendix B: Other Factors Affecting Basal Reflectivity

Other factors that can influence englacial attenuation or power returned from the basal interface, such
geothermal flux, ice temperature, crystal-fabric orientation (COF), or basal interface specularity [Matsuoka,
2009; Matsuoka et al., 2010], are unlikely to significantly alter the patterns in basal reflectivity discussed here.
COF has a relatively weak effect on reflectivity (~1 to 5 dB) at single frequencies [Eisen et al., 2007; Matsuoka
etal.,, 2009, 2012]. Following Matsuoka et al. [2012], we deem the power reduction due to birefringence from
COF alignment as insignificant because the ice thickness to radar wavelength ratio in our survey is small
(nearly identical to that reported in Matsuoka et al. [2012]). Although systematic reorientation of ice fabric
may occur as a result of traversing an area of high basal friction in the grounding zone [Christianson et al.,
2013], there is no evidence of downstream crystal reorientation coincident with the transition to uniformly
bright conditions further afloat in the embayment. Also, despite a large grounding zone fold, reflectivity at
the subglacial peninsula (Figure 9) changes from that characteristic of an ice-till to ice-seawater interface as
expected across the grounding zone, indicating that COF likely has negligible influence on reflectivity in our
survey. Strain heating can also increase englacial attenuation by raising the temperature of the ice [Matsuoka
etal., 2010, 2012]. Here such effects are likely minor as variations in surface strain rates are small in our sur-
vey area in the center of the ice stream. Although some strain from enhanced basal friction in the grounding
zone that is not captured by satellite data may affect ice at depth [Christianson et al., 2013], the relatively rapid
flow of the ice over this feature (a decade or less) likely results in minimal strain heating. Furthermore, the
expected pattern of reflectivity from such an effect (most reduced in the grounding zone and then gradu-
ally rising downstream) is not observed, and we do not see such a change in reflectivity over the subglacial
peninsula (Figure 9) where the highest amplitude folding (and thus heating) occurs. Finally, the effects of such
strain heating calculated using a thermomechanical ice sheet model are relatively minor (<2 dB km~" varia-
tion in modeled englacial radar attenuation rate as ice traverses a grounding zone) [see Matsuoka et al., 2012]
and cannot fully explain the amplitude reflectivity variation observed here. Finally, although geothermal flux
can have a significant effect on englacial attenuation rate [Matsuoka, 2009, this is not likely to be a significant
factor here due to the absence of local geothermal features in our survey area, low likelihood of significant
variation in regional geothermal flux over our relatively small survey area, and our calibration of basal reflectiv-
ity to an interface with a well-constrained reflectivity over seawater, so that effects of an unknown geothermal
flux are irrelevant as the ice is not in direct contact with material that effectively conducts geothermal heat.

Appendix C: Bed Reflectivity Reduction Due To Basal Roughness: Kirchoff Theory

Echoes returned from a rough reflector are reduced in amplitude compared to echoes returned from a smooth
reflector because less energy is reflected toward the receiving antenna. Following Ogilvy [1991], Peters et al.
[2005], and MacGregor et al. [2013], we use Kirchhoff theory to model the reduction in reflectivity due to

roughness (p,) as
4rey \>2 8r2¢2 \ 1’
P, = €xp —( n ) Iy > , (cn
ice ice
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where 4, is the wavelength of the radar wave in ice (4, = 33.8 m at 5 MHz), |, is the zero-order modified
Bessel function, and &, is the RMS height. The RMS height is given by

(2,00 —2,)°, (@)

M=

1
ép, = N1

3
i}

where z, (x) is the linearly detrended along-track bed topography, Z; is the mean detrended bed topogra-
phy over the horizontal range of interest, and N is the number of points in the horizontal range of interest,

24—~ = 168.35 m for ice of thickness

1/ ¢ tice
1/,
ice

which is the width corresponding to the first Fresnel zone (D, =
H = 750 m) [Shepard et al., 2001; MacGregor et al., 2013].

Reflectivity reduction as a function of RMS height is shown in Figure 14. If RMS heights are below the imag-
ing resolution of the radar system (4,./4 = 8.5 m for 5 MHz), the topographic variation would not be
directly detectable but could still affect the power returned from the basal interface. Here that effect could be
significant with possible reduction in bed reflectivity of many decibels (Figure 14).
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