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Abstract The geologic and morphologic records of prior ice sheet configurations show evidence of rapid,
back-stepping, meltwater intensive retreats. However, the potential for such a retreat in a contemporary
glacier depends on the lithology of the current ice sheet bed, which lies beneath kilometers of ice, making
its physical properties difficult to constrain. We use radar sounding and marine bathymetry data to compare
the bed configuration of Thwaites Glacier to the bed of paleo-Pine Island Glacier. Using observed and
modeled radar scattering, we show that the tributaries and upper trunk of Thwaites Glacier are underlain by
ice flow-aligned bedforms consistent with deformable sediment and that the lower trunk is grounded on

a region of high bed roughness consistent with outcropping bedrock. This is the same configuration as
paleo-Pine Island Glacier during its retreat across the inner continental shelf.

1. Introduction

Thwaites Glacier lies in the Amundsen Sea Embayment (ASE) of the marine West Antarctic Ice Sheet (WAIS)
and is one of the largest, most rapidly changing glaciers on Earth [Chen et al., 2009; Lee et al., 2012; Rignot
et al., 2014]. Its landward sloping bed reaches into the deep interior of the ice sheet [Holt et al., 2006], making
it a leading component in deglaciation scenarios [Bamber et al., 2009; Joughin et al., 2014]. Improved
predictions of the contribution of the WAIS to future sea level require assessing the potential that Thwaites
Glacier will experience an unstable retreat [Solomon et al., 2007]. The recent observed acceleration and
mass loss in the ASE, in general, and the Thwaites Glacier catchment in particular are thought to be driven by
the flux of warm ocean water reducing buttressing and melting ice near the grounding zone [Pritchard et al.,
2012; Rignot et al., 2013]. The magnitude and sensitivity of the response to this forcing, however, will

also depend on the geologic and geometric configurations of the contemporary ice sheet bed [Alley, 1989;
Blankenship et al., 2001; Jamieson et al., 2012; Parizek et al., 2013].

Shipborne acoustic bathymetric mapping of paleoice streams on deglaciated continental shelves has

been used to infer the configurations and processes associated with past ice sheet retreats [O'Cofaigh and
Pudsey, 2002; Lowe and Anderson, 2002; Wellner et al., 2006; Dowdeswell et al., 2008; Larter et al., 2009;
Jakobsson et al., 2012; Nitsche et al., 2013]. These observations show that Thwaites Glacier and Pine Island
Glacier once converged on the outer continental shelf of the ASE, sharing a single grounding line as part of
the paleo-Pine Island Glacier (Figure 1a). Morphologic and geologic records [Lowe and Anderson, 2003;
Graham et al., 2010; Kirshner et al., 2012; Jakobsson et al., 2012; Hillenbrand et al., 2013; Larter et al., 2014;
Nitsche et al., 2013; Witus et al., 2014] also show that paleo-Pine Island Glacier initially retreated across a
region of deformable sediments, leaving ice-flow-aligned lineated bedforms (Figure 1c). After crossing a
sedimentary to crystalline bed transition on the inner continental shelf (solid white line in Figure1a), the
grounding line progressed in a rapid, back-stepping, meltwater intensive retreat across exposed bedrock
(Figure 1b) with a network of interconnected channels [Witus et al., 2014; Smith et al., 2014]. Today, Pine Island
Glacier is grounded inland of that bedrock region on a landward sloping bed [Favier et al., 2014] with
actively eroding sediments [Jenkins et al., 2010; Muto et al., 2013; Smith et al., 2013].

Recent observations show that the grounding line of Thwaites Glacier has also been stepping back across a
series of bedrock ridges and is currently grounded on one of them [Tinto and Bell, 2011]. The initiation
and ultimate extent of a retreat from this position will be controlled by a combination of ocean forcing
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Figure 1. Bathymetry and bed topography [Fretwell et al., 2013] of (a) the ASE, including the sediment to bedrock transition on the inner continental shelf (solid white
line) [Kirshner et al., 2012] and the distributed concentrated subglacial water system transition beneath Thwaites Glacier (dashed white line) [Schroeder et al., 2013].
Bathymetry of (b) the exposed bedrock on the inner continental shelf Nitsche et al. [2013] and (c) the lineated sedimentary bedforms on the outer continental
shelf [Jakobsson et al., 2011; Anderson and Jakobsson, 2010]. The dashed black line shows the boundary of the Thwaites Glacier catchment.

[Assmann et al., 2013; Joughin et al., 2014], bed topography [Holt et al., 2006; Schoof, 2007; Jamieson et al.,
2012], grounding zone hydrology [Walker et al., 2013], geothermal flux [Schroeder et al., 2014a, 2014b],

and shear margin stability [MacGregor et al., 2013] of Thwaites Glacier. However, the pacing and character of
such a retreat will also depend on the geology of the bed upstream of the grounding line [Blankenship et al.,
2001; Parizek et al., 2013; Christianson et al., 2013; Alley et al., 2007; Anandakrishan et al., 2007].

2. Observing Subglacial Bedforms Using Airborne Radar Sounding

The marine bathymetry of the deglaciated bed of paleo-Pine Island Glacier (Figure 1a) provides two potential
configurations for the contemporary bed of Thwaites Glacier. The first configuration includes a layer of
deformable sediment that can form anisotropically rough ice-flow-aligned lineated bedforms [Jakobsson

et al,, 2011]. This bed configuration is a characteristic of numerous paleoice streams [Livingstone et al., 2012;
Spagnolo et al., 2014] including paleo-Pine Island Glacier from the Last Glacial Maximum to ~10.3 kya
[Kirshner et al., 2012] (seaward of the solid white line in Figure1a) as well as the contemptorary bed of the
Rutford Ice Stream [King et al., 2009]. The second configuration includes a bed of outcropping bedrock with
a network of interconnected meltwater channels. This was the bed configuration for paleo-Pine Island
Glacier ~7 kya [Kirshner et al,, 2012] (landward of the solid white line in Figure 1). Although, in some ways, these
configurations represent end-members on the continuum of observed paleo-ice-sheet beds [e.g., Wellner et al.,
2006; Bradwell et al., 2008; Livingstone et al., 2012], their geographic proximity and geologic context make
them plausible and informative hypotheses to test for the current bed of Thwaites Glacier.

Airborne [Peters et al., 2005] and ground-based [King et al., 2009] radar sounding systems have been used to
directly image the topography and morphology of contemporary ice sheet beds. However, the physical
scale of bedforms that can provide evidence of bed lithology (e.g., lineated deformable sediments) are
often near or below the resolution of radar sounding systems. Further, the survey line spacing required to
accurately track these bedforms between profiles is impractical for surveys that span the entire glacier
catchments. Fortunately, the contrasting orientation-dependent roughness (at the radar scattering scale)
of the two hypothesized bed configurations described above would be expressed in their orientation-
dependent radar scattering signatures [Peters et al., 2005]. Specifically, regions of the bed with lineated bedforms
will be relatively smooth in the along-track direction when survey lines are aligned with bed form orientation
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Figure 2. Bed echo specularity as a function of RMS slope of the bed for a ) .
survey height of 500 m, an ice thickness of 2 km, and focusing apertures of radar data collected with multiple
700 m and 2000 m (typical values for data used in this study). apertures (after Schroeder et al. [2013])

and survey orientations, the orientation-

dependent specularity of radar bed
echoes can be measured and used to discriminate the radar scattering signatures of regions with ice flow-
aligned lineated bedforms (relatively specular along flow and relatively diffuse across flow) from that of regions
with high roughness (relatively diffuse in all orientations). Notably, this orientation-dependent specularity is
sensitive to the meter-scale geometry of the bed [Schroeder et al., 2014a, 2014b], which is below the imaging
resolution of the radar [Peters et al., 20071].

2.1. (An)Isotropy of Thwaites Glacier Bed Echo Specularity

Recent observations of subglacial water systems [Schroeder et al,, 2013] and modeling of basal shear stress
[Joughin et al., 2009] for Thwaites Glacier identify two distinct subglacial regions within its catchment. The first is
the lower trunk region (downstream of the dashed white line in Figure 1a), which has relatively high basal
shear stress [Joughin et al., 2009] and channelized subglacial water [Schroeder et al., 2013]. The second

region includes the tributaries and upper trunk of Thwaites Glacier (upstream of the dashed white line in
Figure 1a), which has relatively low basal shear stress [Joughin et al., 2009] and distributed subglacial water
[Schroeder et al., 2013]. We first evaluate evidence for the lithology of these regions of the Thwaites Glacier bed
by comparing their bed echo specularity in the two orthogonal survey directions (shown in Figure 3a).

The specularity content of radar bed echoes is a measure of the angular distribution of returned radar energy
in the along-track direction and has been used to characterize subglacial water systems [Schroeder et al.,
2013]. By computing focused bed echo energies (E; and E,) using two different aperture lengths (L; and L)
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Figure 3. Radar profiles from an airborne survey of (a) the Thwaites Glacier catchment showing (b) the along-flow and (c) across-flow bedforms of the downstream
region as well as (d) the across-flow, (e) oblique-to-flow, and (f) along-flow bedforms of the upstream region.
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Table 1. Orientation-Dependent Specularity (%)

Mean Standard Deviation Number of Observations Anisotropy
Upstream Thwaites bed
Parallel to ice flow 12.1 8.2 10,854 0.41
Perpendicular to ice flow 8.0 6.7 5,930
Downstream Thwaites bed
Parallel to ice flow 94 6.0 6,051 0.09
Perpendicular to ice flow 8.0 6.5 5,262

[Peters et al., 2007], which span two different ranges of scattering angles (¢, and ¢,), we compute the
distributed energy (D) in the bed echo as

180°
D= (E2 — Ev), (M
P2 — P
the specular component of the bed echo as
(2] 91
=E - =E,—D-—L 2
3= E = Dygge = F2 = Digge: @
and the specularity content S, as
S
S, =——. 3
¢ S+D ®

The orthogonal configuration of the radar sounding survey used in this work [Holt et al., 2006] makes it
possible to compare the bed echo specularity content in perpendicular directions. We determine

the specularity content for north-south (Sys) and east-west (Sgy) survey directions and produce gridded
specularity maps (with 5x 5 km grid cells) for each survey direction. Using these two gridded data sets,

we calculate the anisotropy (A) and average specularity (S,ye) for each cell as

|Sns — Sew|
A= 2N T oEwl 4
(Sns + Sew)/2 )

and
Save = (Sns + Sew)/2. (5)

We compare the specularity values for grid cells where the survey orientations are parallel and perpendicular
to ice flow. To select the cells where the observed specularity values are parallel and perpendicular to ice
flow, we calculated the observation angle (Bs) for each survey line as

Oobs = Ofine — ®ice7 (6)
where Oy is the direction of the airborne survey line and O, is the direction of ice flow from interferometric
synthetic aperture radar-derived surface velocities [Rignot et al., 2011]. We then selected the cells where
one survey direction had an observation angle of 0° + 5° (and the other had an observation angle of +90° + 5°)
and the average specularity was less than 17.5% (expressing the geometry of bedforms rather than
subglacial water networks [Schroeder et al., 2014a, 2014b] ). Table 1 also shows the values of the anisotropy
of the specularity (A) for the upstream and downstream regions. These values show that the bed echo
specularity of the upstream region is relatively anisotropic (A =0.41) and is higher when the observation is
aligned with ice flow (@.ps =0°) and that the bed echo specularity of the downstream region is relatively
isotropic (A=0.09). This is consistent with the presence of flow-aligned lineated bedforms upstream and a
region of high bed roughness downstream.

3. Radar Imagery of Bedforms

We present focused radar profiles (Figures 3b-3f) from the airborne radar sounding survey of the catchment
(Figure 3a) [Holt et al., 2006] and compare these profiles of subglacial bedforms to the rough outcropping
bedrock (Figure 1b) and lineated sediments (Figure 1c) observed by shipborne acoustic bathymetry of

the ASE continental shelf [Anderson and Jakobsson, 2010; Jakobsson et al., 2011; Nitsche et al., 2013]. In the
upstream region of the Thwaites Glacier bed, radar profiles collected perpendicular (Figure 3d), oblique
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downstream region, the along-flow
(Figure 3b) and across-flow (Figure 3c)
radar profiles show bedforms that
are rough in both survey directions

Angle Between Survey Line and Ice Flow (degrees)

Figure 4. Box plots of angularly dependent specularity for the upstream
regions of the Thwaites Glacier bed. The red lines show the medians, the
blue boxes span the interquartile ranges, and the blue dashed lines extend and have physical scales and
to the full ranges of values. The black dashed lines show the analytic morphologies consistent with
specularity response for a sinusoidally corrugated sedimentary bed with the deglaciated outcropping

height to width ratios and surface texture RMS slopes of (a) 0.3 and 6°,

(b) 0.4 and 7°, and (c) 0.7 and &° bedrock on the inner continental

shelf of the ASE (Figure 1b).

Collectively, these radar profiles
support the interpretation that the observed variation in specularity is the result of lineated bed form
upstream and a region of high bed roughness downstream.

4, Constraining Bed Form Geometry With Orientation-Dependent Specularity

For the ice flow-aligned lineated bedforms in the upstream region of the Thwaites Glacier bed, the angularly
dependent specularity is an expression of meter-scale bed form geometry [Schroeder et al., 2014a, 2014b;
Peters et al., 2005]. Plotting the specularity of bed echoes for the upstream region as a function of observation
angle (O.ps) (Figure 4) shows that the specularity varies smoothly with angle and has the highest values
parallel to ice flow (Bgps = 0°) and the lowest values perpendicular to ice flow (04 = £90°) (these correspond
to the parallel and perpendicular specularity values in Table 1). To constrain the physical scale of the bed
forms producing the pattern of orientation-dependent specularity in the upstream region of the bed, we
compare those values to a set (Figures 4a—4c) of simple two-scale radar scattering models [Ogilvy, 1991] for a
bed that is sinusoidally corrugated at large (greater than tens of meters) scales and has a rough surface
texture at small (less than a meter) scales.

In these models, the bed is defined by the ratio of the crest-to-trough height (H) to the crest-to-crest
width (w) and the surface texture root-mean-square (RMS) slope (Gtexture)- As the observation angle (Ogps)
changes, the along-track profiles of the bed can be modeled as sine waves with an orientation-dependent
height-to-width ratio (H/wg) of

H H{ 1 -
w, w \sinOups/’

[©)

which corresponds to a bed form-scale RMS slope (oeq) Of

T H .
Obed = tan™" (75 S sin Oobs ) (8)

and a total combined (both bed form and surface texture) RMS slope oota) [Ogilvy, 1991] of

Ototal = V Ubedz + Utexturez~ 9)
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We model the return from this surface
as a Gaussian scattering function
[Nayar et al., 1991; MacGregor et al.,
2013] so that the echo energy E;
focused with an aperture that spans a
range of scattering angles (¢;) is
proportional to

E; « erf(&)7 (10)
Ototal

where erf is the error function. Then,
the specularity content (S.) of radar
echoes from 203, the modeled
sinusoidally corrugated bed is given
by equations (1-3).
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Comparing the observed orientation-
dependent specularity of the
upstream region of the Thwaites
Glacier bed (Figure 4) to these
models (Figures 4a-4c) puts
constraints on the geometry lineated
bed forms of height-to-width ratios
10° 107 10°  petween 0.3 and 0.7 and surface
Surfaces speed (m/yr) texture RMS slopes between 6° and 8°.

These values are consistent with
Figure 5. Axis of symmetry for anisotropic specularity (aligned with black

the geometry of mega-scale glacial
dashes) in areas with low-average specularity in the context of ice flow i g. by d gﬁ h 9
[Rignot et al., 2011]. ineations observed offshore

[Jakobsson et al., 2011; Spagnolo et al.,
2014] and beneath contemporary
ice sheets [King et al., 2009] (Figures 3d-3f) as well as the roughness of sedimentary surfaces [Shepard
etal., 2001].

115°W

5. Bed Form Orientation From Anisotropic Specularity

Since the radar only profiles along flight lines, which are separated by 15 km, we use the anisotropy of
radar scattering to determine the distribution and orientation of flow-aligned bed forms across the
catchment. By calculating the specularity content for both survey directions (Sys and Sgw) and producing
two orthogonal gridded specularity maps, we calculated the axis of symmetry of the specularity (@spec)
(which corresponds to bed form orientation) for each cell as

Ospec = tarr](SEW/SNS) (1

We resolve the ambiguity in the direction of @,y (resulting from the tan™") by mirroring the direction
across the center line of the glacier, which produces values that vary smoothly across the catchment and
prevents physically unrealistic discontinuities and divergence. For grid cells that have both anisotropic
specularity (A > 0.4) and lower average specularity (S,ve), we plot the radar-derived bed form orientation
(Ospec) in the context of the ice surface speed [Rignot et al.,, 2011] (Figure 5). This shows that bed form
orientations generally align with ice flow in the upper trunk and tributaries of the Thwaites Glacier catchment.

6. Discussion

The morphology of the upstream region of the contemporary Thwaites Glacier bed produces anisotropic
radar scattering (Table 1) with orientation-dependent specularity (Figure 4) consistent with flow-aligned
(Figure 5) sinusoidally corrugated bed forms on the scale of those visible in radar profiles (Figure 3). The radar
scattering signature of the upstream region is also consistent with the physical scale and morphology of
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lineated bed forms of deformable sediment observed on the outer continental shelf of the ASE (Figure 1c).
Although there are examples of anisotropically rough lineated bedrock in paleo-ice-stream regions [Bradwell
et al., 2008; Rippin et al., 2014], the height-to-width ratios of these features are too high to produce
orientation-dependent specularity values observed for the upstream region (Figure 4) and would instead
produce isotropically rough scattering values (Figure 2) like those observed for the downstream region
(Table 1). Therefore, we interpret these radar scattering signatures as evidence that the upstream region of
the Thwaites Glacier bed is underlain by lineated bed forms, mega-scale glacial lineations overprinting
deformable sediments, like those observed on the outer continental shelf of the ASE (Figure 1c¢) and that the
in downstream region is underlain by outcropping bedrock like that observed on the inner continental
shelf of the ASE (Figure 1b). This hypothesis is consistent with the local geology (outcropping bedrock of
the ASE adjacent to the downstream region [Lowe and Anderson, 2002] and deformable sediments of the
Siple Coast adjacent to upstream region [Blankenship et al., 2001]) and glaciology (concentrated water with
high basal shear downstream and distributed water with low basal upstream [Joughin et al., 2009; Schroeder
et al.,, 2013]) and could be tested using drilling or seismic data.

7. Conclusions

We conclude that the tributaries and upper trunk of Thwaites Glacier are underlain by ice flow-aligned
lineated bed forms with height-to-width ratios between 0.3 and 0.7 and surface texture RMS slopes between
6° and 8°. We also conclude that the lower trunk is grounded on a region of high bed roughness. This is
consistent with a bed configuration of deformable sediments (like those observed on the outer continental
shelf of the ASE) in the upstream region and outcropping bedrock lacking any significant sediment

cover (like that observed on the inner shelf of the ASE) in the downstream region. This is the same bed
configuration as paleo-Pine Island Glacier during its meltwater intensive retreat across the exposed bedrock
on the inner continental shelf.
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