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Thwaites Glacier (TG), West Antarctica, is losing mass in response to oceanic forcing. Future evolution
could lead to deglaciation of the marine basins of the West Antarctic Ice Sheet, depending on ongoing and
future climate forcings, but also on basal topography/bathymetry, basal properties, and physical processes
operating within the grounding zone. Hence, it is important to know the distribution of bed types of
TG’s interior and grounding zone, and to incorporate them accurately in models in order to improve
estimates of retreat rates and stability. Here we estimate properties of the bed by determining its acoustic
impedance from amplitude analysis of reflection seismic data. We report on the results from two lines
- a longitudinal (L-Line) and a transverse (N-Line) — on a central flowline of TG ~100 km inland from
the grounding zone. The data show considerable spatial variability in bed forms and properties, similar
to results from a comparable survey farther inland. Notably, we find the same pattern here of hard
(presumed bedrock) material on the stoss side of bumps and soft (presumed till) on the lee side. Physical
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understanding indicates the basal flow law describing motion over different regions of TG’s bed likely
varies from nearly-viscous over the bedrock regions to nearly-plastic over till regions, providing guidance
for modeling.

acoustic impedance
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1. Introduction

Thwaites Glacier (TG), located in the West Antarctic Ice Sheet
(WAIS), drains a basin with ~0.65 m sea-level-equivalent ice (Rig-
not et al,, 2019), and could potentially lead to the deglaciation of
the majority of the marine basins of WAIS and sea-level rise of
more than 3 m (reviewed by Alley et al., 2015; Scambos et al.,
2017). TG terminates in the Amundsen Sea (Fig. 1), where ocean
temperatures are influenced by changes in circulation of the rel-
atively warm Circumpolar Deep Water onto the continental shelf
and extending below the TG ice shelf (Jenkins et al., 2016; Hol-
land et al., 2019). Recent increase in this circulation has led to
greater basal melting of ice shelves in the Amundsen Sea embay-
ment including the TG shelf (Rignot and Jacobs, 2002; Shepherd
et al,, 2004; Holland et al., 2019). The resulting loss of buttressing
for the grounded ice has led to faster ice flow and accelerating in-
land migration of the grounding line (e.g., Christianson et al., 2016;

* Corresponding author.
E-mail address: erc25@psu.edu (E.R. Clyne).

https://doi.org/10.1016/j.epsl.2020.116543
0012-821X/© 2020 Elsevier B.V. All rights reserved.

Scambos et al.,, 2017). If the TG ice shelf melts or calves off to
a significant degree, the ice sheet may be exposed to the ocean
at the grounding line and could be susceptible to rapid calving
there (Bassis and Walker, 2012; Pollard et al., 2015; Parizek et al.,
2019).

The sensitivity of ice-sheet response to climate forcing depends
importantly on the topography and rheology of the bed beneath
the grounded ice. While the grounding zone of TG currently rests
on a stabilizing sill (topographic high), modeling indicates that ice-
shelf loss may have already committed TG to destabilization if
the bed is treated as nearly viscous (Joughin et al., 2014). With a
linear-viscous bed (e.g., sliding over a hard bed; Weertman, 1957),
thinning is localized near the coast, allowing the ice to float off
the stabilizing sill and the grounding zone to rapidly retreat in-
land (Parizek et al., 2013). If the bed is treated as more-nearly
plastic, then thinning can rapidly propagate upstream and tap into
ice from a larger region of TG, limiting near-coastal thinning. This
could result in delay or prevention of grounding-zone retreat from
the stabilizing sill, but basin-wide thinning would still contribute
to sea level rise and potentially trigger rapid basin-wide collapse if
thinning progresses beyond a certain threshold.
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Fig. 1. Map showing L-Line (this study) in the context of TG and Antarctica. The line lengths on the main figure are indicative, and we refer readers to the inset for accurate
lengths. Also shown is the study area of Muto et al. (2019a, 2019b), referenced in this paper. Co-located with the L-Line processed in this study is a radar-derived map of
the bed (Holschuh et al., 2020), represented by the gray box overlapping the lines and the results shown in the upper left inset. Arrows show surface ice flow direction.
Velocities in the study area are around 300 to 400 m yr~" (Rignot et al., 2019; Mouginot et al., 2012).

A prior seismic survey focused on TG bed conditions showed
highlands with either exposed bedrock, compacted tills, or very
thin soft till on stoss-sides, and lee-sides and lowlands mantled
in thick, soft till (Muto et al., 2019a, 2019b). Insights from labo-
ratory and field studies (e.g., Weertman, 1957; Kamb, 2001; see
summary in Koellner et al., 2019) indicate that the “hard” bedrock
regions follow a nearly viscous sliding law, with soft till exhibiting
more-nearly plastic behavior. Koellner et al. (2019) used a simpli-
fied flowline model to explore possible implications of this dis-
tribution of bed types, finding many situations in which modeled
behavior over a mixed bed fell between the modeled behaviors
for all-viscous and all-plastic end-members, but some situations in
which mixed-bed behavior fell outside the end-members. Hence,
it is important to know the actual distribution of bed types of TG
extending closer to the grounding zone, and to incorporate this
knowledge accurately in models.

As part of the effort to gain this information, 50 km of seismic
data were collected approximately along flow, and an additional
9 km across flow, on TG 70 km downglacier of the observations
of Muto et al. (2019a, 2019b). Along with the seismic data, swath
radar data were collected and processed (Holschuh et al., 2020;
inset, Fig. 1). Here we present the processed seismic data, and
compare reflectivity and acoustic impedance with the swath radar-
derived topographic map. This work serves as a baseline for further
data collection and analysis. There is considerable variability in bed
forms and properties, both within this dataset and upstream (Muto
et al., 2019a, 2019b).

2. Data acquisition and processing
2.1. Reflection-seismic acquisition and processing
For logistical reasons, data for the 50 km line oriented along

flow were collected in two 25-km segments using slightly different
procedures, but yield broadly comparable results. The data along

the upglacier 25 km (L-line, Fig. 1) were collected using a line of
48 receivers spaced 20 m apart and sources initiated every 480 m.
Explosive charges ranging from 175 to 400 g were detonated at
distances of +1920 m, +960 m, 0 m, and —960 m relative to the
center of the spread (with positive values downglacier along the
line). After the series of shots, half of the spread was moved for-
ward (advancing 480 m) and the four-shot sequence was repeated,
resulting in four-fold data. Each explosive hole was drilled to 90
m and used four times. For each use, a charge was lowered, the
hole was backfilled with snow that was allowed to sinter for one
day to improve coupling, and then the hole was shot. After deto-
nation, the bottom of the hole was unusable and the subsequent
shots were shallower. Shot depths thus ranged from 76 m to near
the surface.

The receiver spread was composed of alternating conventional
28 Hz single-element geophones and georods (four 40 Hz geo-
phone elements connected in series (Voigt et al, 2013)). All
the geophones and georods were orientated to record vertically-
traveling P-waves, and buried at 20 cm depth. Data were recorded
at a sampling rate of 4000 Hz for 4 seconds to capture reflections
from the ice bottom as well as the first multiple reflection. The
peak frequency of the primary ice-bed reflection is ~150 Hz, cor-
responding to a vertical resolution of ~6.4 m and a pre-migration
Fresnel zone of 315 to 350 m at the minimum and maximum
thickness of ice.

To create the stacked images, individual shot gathers were in-
spected to remove noisy traces, after which a band-pass filter
from 25 to 300 Hz, a top and bottom mute, an f-k (frequency-
wavenumber) filter, and a predictive deconvolution filter were ap-
plied. A velocity of 3850 ms~! was used for the normal moveout
correction and for Kirchhoff time migration.

Static corrections were applied for the depth of each shot in
the following way. The firn velocity-depth profile was determined
from a shallow firn survey via the Wiechert-Herglotz method (e.g.,
Horgan et al,, 2011; Shearer, 2019). This firn survey used a series
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of hammer blows at the surface at 2 m increments into a spread of
48 geophones spaced 20 m apart, allowing the arrival times of the
refracted waves through the firn to be picked in 2 m intervals. This
firn model was used to estimate a static offset to a standard datum
of 100 m below the surface. Traces were organized by common
mid-point and stacked.

Additional survey data were collected extending the L-line 25
km downstream (L-Line-extended) using a spread of 96 receivers
spaced 20 m apart. The spread was composed of the 48-receiver
array described above with alternating georods and geophones,
and a 48-receiver array of entirely 28 Hz geophones. The arrays
were leap-frogged moving along the line. This geometry was also
used to collect a 9.5 km cross line (N-Line; Fig. 1) across the L-
Line-extended. The same filters and muting as described above
were applied to L-Line-extended and N-Line. Shot depths along
these lines varied from near-surface to 96 m depths. For these
sources, regrettably, shot hole depths were not recorded due to
errors on the part of the field team. For the analyses, we set all
depths to 50 m, and we propagate the errors from the uncertain
shot depths to the reflectivity uncertainties.

2.2. Seismic-amplitude analysis

To characterize the bed, we calculated the normal-incidence re-
flection coefficients and the bed acoustic impedance. For this study,
any P-wave reflected from the bed at an incidence angle of less
than 10° is considered as a normally incident ray. This limits the
shots used to those with source-receiver offsets in the range of
—480 m to 480 m. The methods used for the amplitude analysis
are as outlined in Muto et al. (2019b). The reflection coefficients
Ro were calculated using the technique of Holland and Anandakr-
ishnan (2009):

0= ﬁ leadl (1)
Ao M
where A; is the amplitude of the primary ice-bed reflection, Ag
is the calculated source amplitude, @ is the attenuation constant
2.7 x 107% m~! (Horgan et al,, 2011) £1.35 x 10~% m~! (Muto
et al,, 2019b), y1 is the path amplitude factor (Medwin and Clay,
1998) for the path from source to receiver, and d; is the ray-path
distance from source to receiver. The path amplitude factor for
each receiver position was calculated by ray tracing through the
firn and ice using the aforementioned velocity-depth profile, and
d; was approximated as twice the ice thickness for all receivers
in each shot, under the assumption of normal incidence rays. To
calculate firn densities needed for the path amplitude factor, we
used the inverted P-wave velocities and equation 2 of Kohnen and
Bentley (1973).

To calculate the source amplitude Ag of each shot, we used the
multiple-path method for the N-Line; clear multiples were not al-
ways identifiable for the L-Line and L-Line-extended, so for them
we used the direct-path method (Holland and Anandakrishnan,
2009). The multiple path method compares the primary ice-bed
reflection amplitude A; to the first multiple amplitude A;:

2
_Ad

= — 2
0 e (2)

The direct-path method requires comparison of the direct-wave
amplitudes at pairs of geophones chosen so that the source-
receiver distance of the second geophone is twice that of the first
geophone, thus simplifying the calculation to:

_Biy

Ag =
B> )/12

(3)
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Fig. 2. Example of the gain scaling process. Top plots show the direct P-wave ar-
rivals for the high-gain (light gray) and low-gain (dark gray) receivers plotted over
distance from the source. The red lines are the exponential regressions. The bottom
plots show the amplitude values after the low-gain values have been scaled to the
high-gain values using the ratio of the exponential regression.

where By and B; represent the direct P-wave arrival amplitudes of
the geophone pair, and y; and y; their respective path-amplitude
factors determined by ray tracing through the firn-velocity model.
For both methods, the source amplitude and its uncertainty are
taken as the mean Ag and its standard deviation for each shot
gather.

A1, A2, By and By were picked for each trace, treating the ar-
rival wavelets as Ricker wavelets. The primary ice-bed reflections
were often closely followed (if not overlapped) by secondary ar-
rivals in regions with significant topography, complicating isolation
of the wavelet. Thus, amplitudes were always picked using only the
first lobe to avoid interference. The direct arrivals were clear Ricker
wavelets with a negative backswing as the first lobe; thus, ice-
bed reflections with negative-backswing first lobe were taken as
‘normal’ polarity reflections (higher acoustic impedance than ice),
and reflections with positive-backswing first lobe were taken as
‘reversed’ polarity reflections (lower acoustic impedance than ice).

The geophones and georods have different sensitivities. The
multiple-path method compares amplitudes between the primary
and multiple at a receiver, so the sensitivity of the receiver is ir-
relevant. For the direct-path method we compare amplitudes at
two different receivers, requiring a gain adjustment for arrival pairs
that had a geophone and a georod. We determined a scaling fac-
tor k that is the ratio of the georod (high gain) and geophone
(low gain) sensitivity. For each shot, the amplitudes of the direct
P-wave arrivals vs. distance were fit by an exponential function.
This was done separately for the georods and for the geophones
using amplitudes picked from bandpass filtered data in the range
where the frequency response of the two types of detectors is es-
sentially flat. The ratio of the exponential fit equations was used to
derive scaling factors, which were applied to the low-gain receivers
(Fig. 2). This approach allowed a greater number of receiver pairs
to be used in the calculation of Ag than only comparing high-gain
receivers, reducing the standard deviation of the calculated values.
This scaling approach works for the direct arrival wave under the
assumption that an exponential decay of amplitude with distance
reasonably represents the change in amplitude with distance from
the source. Some pairs were excluded because of noisy traces, or
outlier amplitude values. The minimum number of pairs used for
calculating Ag was 4, and the average was 10.
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Fig. 3. L-Line, ice flow from left to right. Top: Reflection coefficient. Middle: Bed acoustic impedance. The RO and Z0 mean values per shot gather are plotted with error bars.
Also marked are the acoustic impedances of ice (light blue), water (dashed blue), and the range of till (yellow). The Z, points are plotted as soft (gray), water (blue), or
hard (black) relative to the ice acoustic impedance. The positions of the Ry and Z, along-line have been migrated to account for basal topography effects. Bottom: Migrated
seismic line. Depth is with reference to the surface of the ice. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Gain-scaling was not attempted on the ice-bottom reflection
when measuring Aj. The amplitude-analysis method depends on
subtle changes in the amplitude of the ice-bottom reflection; thus,
attempting to adjust the amplitudes via gain-scaling would com-
promise the result. Ag represents the signal a receiver would mea-
sure if placed directly next to the source; hence, the low-gain
receivers should use a different Ag to calculate Ry than the high-
gain receivers. Since Ag is calculated with respect to the high-gain
receivers via the direct method in shots with alternating receiver
types, only A values measured on traces from high-gain receivers
were used to calculate Rg for these shots. The average number of
usable traces in this case is 15, and the minimum used is 7. For
any shots recorded using the same receiver types or with Ag cal-
culated using the multiple method, used all available A; and A;
measurements were used to calculate Rg. The average number of
usable traces in this case is 22, and the minimum used is 13.

Uncertainty in o and Ag is as stated above. Uncertainty in bed
depth for each shot was determined using an uncertainty in P-
wave velocity of +£70 m/s, determined from a velocity model of
travel times in a region with no topography. Uncertainty in the
path amplitude factor was determined as 1.9% by looking at the
maximum possible error induced by varying shot depth from 2 m
to 100 m, and adjusting ice thicknesses +100 m in the deepest and
shallowest shot gathers. The uncertainty in A; was taken as the
standard deviation of all usable values picked in each shot for the
ice-bed reflection. The uncertainty in Rg was taken as the larger
of the standard deviation of all Ry calculated per the shot or the
weighted error propagated from Ag, A1, d, ¥ and « via the law of
propagation of uncertainty (e.g., Taylor and Kuyatt, 1994).

Once the reflection coefficients were determined, the acous-
tic impedance of the bed was calculated as (Sheriff and Geldart,
1995):

Zb = Zice_— (4)

using a Zice of 3.33 4+ 0.04 x 10% kgm~2s~1. This value was origi-
nally derived for Kamb and Whillans ice streams by Atre and Bent-
ley (1993), chosen under the assumption of a 5 m layer of basal ice
at the pressure melting point. This Zjce assumption has been used
in prior seismic studies on Thwaites (Muto et al., 2019a, 2019b)
and neighboring Pine Island Glacier (Smith et al., 2013; Brisbourne
et al., 2017), among many other studies. The effect of using differ-
ent Zjce values and uncertainty is explored in the Results section.
The uncertainty in Z, was propagated from Rg and Zjc.

3. Results
3.1. Seismic profiles

We next provide a brief description of the seismic profiles along
each line. We divide the lines into separate regions for ease of
description (labeled in the profiles (Figs. 3, 4, 5) and radar map
(Fig. 6)), highlight ice thickness in notable locations, and discuss
topographic features and other interesting reflections. Recall that
the L-Line and L-Line-extended are approximately parallel to sur-
face ice flow, with the N-Line approximately perpendicular to sur-
face ice flow. Also recall that the L-Line and L-Line-extended are
one longer line, which we separate into two because of the switch
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in the way the seismic data were collected. It is worth noting that
the main line is ~10 to 15 degrees off the primary orientation of
the bedforms in the radar map. The seismic line was not perfectly
flow aligned, and the direction of flow curves slightly over the 50
km region surveyed, resulting in this slight offset.

3.1.1. L-Line

Starting at the upstream (left) end of the line (Fig. 3), the first
3 km are a flat lowland with an average ice thickness of ~2500
m. The radar map does not extend quite as far upstream as the
seismic line does, but extends similarly far upstream ~10 km off-
axis, and shows a similarly flat, deep, featureless bed there. Over
the next 6 km downstream, the bed rises into a relatively flat
plateau. Notable features atop the plateau, resolved by both radar
and seismic data (Fig. 6), are possible crag-and-tail features, simi-
lar to those seen elsewhere by, e.g., Muto et al. (2019b) and King et
al. (2007). These have relatively steep stoss-sides followed by elon-
gated lee-side tails. Continuing downstream, there is a 10-km-long
region of highlands with the greatest topographic relief observed
along the line, including the highest point observed in the bed
(Fig. 3 and 6; ~2020 m ice thickness at 17.5 km along-line). The
typical wavelength of the topography in the highlands along ice
flow is 4 km, and the peak-to-trough amplitude ranges from 100 to
150 m. The highlands region slopes upwards ~3% along ice flow.
The downstream 5 km of L-Line is a region of gentle undulating
topography, with ~2 km wavelength and ~50 m amplitude. This
appears at the center of the region of high topography in the radar
map (Fig. 6). In some regions (apparent in the unmigrated line),
numerous reflectors are observed below the base of the ice that do
not appear to be multiples or surface ghosts. These could be off-
axis reflections, commonly observed elsewhere on TG (Muto et al.,
2019b) and consistent with the widespread occurrence of nearby
topography in the radar map. Additional data and analyses would
be needed to learn whether any of these represent features within
the subsurface. In the plateau region and highlands, englacial re-
flectors occur ~100-200 m above the bed (cf. Horgan et al., 2011).
They are less discernable over the lowlands and the undulating
downstream end.

3.1.2. L-Line-extended

The undulating region in the L-Line continues another ~10 km
into L-Line-extended (Fig. 4). Two prominent reflectors that occur
at 25.5 and 27 km likely arise from off-axis topography. Other off-

axis reflectors may be present below the primary bed reflection,
based on the occurrence of nearby bedforms in the radar data
and general consistency between the other seismic reflectors and
the radar map along the seismic line. At 29 km there is a steep-
sloped depression (ice thickness ~2300 m, green colored trough
between bumps in Fig. 6) just before the last significant bump of
the undulating region. The rest of the line, labeled “The Plains”
in Fig. 4, is relatively smooth, gradually deepening and marked
by a few depressions, and with no clear off-axis reflections. There
may be some englacial reflectors above the undulating end of the
line, but they are hard to discern, possibly due to low-fold data
coverage rather than a lack of physical reflectors. The radar map
(Fig. 6) depicts muted but well-defined topography in the Plains
with flow-aligned elongated bedforms.

3.1.3. N-Line

The 8.5 km-long crossline (Fig. 5) is relatively flat with a step
down in the bed from 2250 m depth to 2330 m around 4.5 km
along-line, and a bump in the deeper region from 6.5 to 8 km. In
the radar map the line appears to cross the lee-side tails of a large
upstream bump at 0 km and a thin flow-aligned bedform at 6.5 to
8 km. The “ghost reflection” of the bed (from energy propagating
upward from shots, reflecting off the surface, then down to the bed
and back up) is visible along the entire line; this energy is referred
to as a ghost because it follows all reflections and multiples by a
fixed time. There are no clear off-axis reflections, likely due to less
topographic variation than the main line (Fig. 6), consistent with a
bed streamlined in the direction of ice flow. There are no clearly
discernible englacial reflectors, possibly due to the low fold from
processing issues rather than a lack of physical reflectors.

3.2. Amplitude analysis

We next provide a brief description of the calculated reflection
coefficients and acoustic impedance of the ice-bed boundary, plot-
ted above the seismic profiles (Fig. 3, 4, 5) and over the radar
map (Fig. 6). For reference, the generally accepted values for the
acoustic impedance of basal glacial ice (Zje = 3.33 + 0.04 x 10°
kgm~2s~1), fresh water (Zwater = 1.5 x 106 kgm—2s~1), dilated
till (2.3 x 105 kgm 25! to 3.8 x 10% kgm2s~1) and lodged
tills and bedrock (> 3.8 x 10 kgm—2s~1) are plotted (e.g., Atre
and Bentley, 1993; Muto et al.,, 2019a, 2019b; Brisbourne et al.,
2017; Smith, 1997). In this study, we took any regions with Rg > 0
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and Zped > 3.8 x 10° kgm~—2s~! as indicative of compacted till
or bedrock with porosities <0.3 and labeled them hard bed. Any
regions with Rg < 0 and Zwater < Zped < Zice indicate porosities
>0.3 to 0.45, consistent with dilated tills, and are labeled soft bed
(Atre and Bentley, 1993; Muto et al.,, 2019a, 2019b; Riverman et
al, 2019). Values between Zjc. and 3.8 x 106 kgm~2s~! fall in
the upper limit of tills generally considered to be dilated. We de-
fine these as a ‘hard’ till due to having a higher acoustic impedance
than ice. The behavior of till in this range is explored in Muto et
al. (2019a) and summarized in section 4.1 of this paper. As dis-
cussed by Muto et al. (2019a), it is likely that soft tills are thick
and highly dilated in lowlands and lee-side positions, and thinner
(sub-seismic wavelength), somewhat more compacted and perhaps
discontinuous in stoss-side positions, contributing to intermediate
Ro and Zpeq, which we label as hard. This has significant impli-
cations for changes in the ice-bed sliding/deformation mechanism
(Muto et al., 2019a, 2019b; Koellner et al., 2019; Parizek et al,,
2013).

We also considered the use of different Zjce values. While there
are no existing temperature measurements for this region, obser-
vations (Schroeder et al., 2014) and models (Joughin et al., 2009)
suggest the base of the ice is everywhere at the pressure-melting
point; thus, there is likely not much spatial variability in Zjc.
Ice thickness is over 2000 m in our study region, which places
the bed well below the transition of bubbles to clathrates (Neff,
2014), indicating the basal ice is bubble-free. Bubble-free ice at the
pressure-melting temperature has a density of ~917 kgm~3 (e.g.
Byrd Station, Gow, 1970; GISP2, Gow et al., 1997). It is possible the
basal ice may contain some debris; however, the relatively high
geothermal heat fluxes (Schroeder et al., 2014; Shen et al., 2020)
and heat of sliding favor basal melting and downward velocity of
the basal ice, which thus is unlikely to have high debris concen-
tration. Assuming up to 10% debris by weight and common crustal
rock densities of 2500 kgm™3 yields a basal ice density range of
917 to 1050 kg m—3. Using our P-wave velocity of 3850+70 ms~!
and this density range of 983.5 + 66.5 kgm™> to estimate Zic,
we arrive at 3.78 x 10® kgm—2s~! +8.5%. Switching between the
high-end and low-end values in this range has little effect on the
overall patterns and results, except for shifting numerical values
of bed character up or down slightly. So, following prior workers
to make comparisons easy, we use Zjc as determined in Atre and
Bentley (1993).

3.2.1. L-Line

In the upstream lowlands (Fig. 3), we observe normal-polarity
reflections and Zy, values higher than that of ice, which indicate
the bed is hard, but with Z, and inferred hardness decreasing
along flow towards the first topographic feature rising out of the
lowlands into the plateau. This feature, likely a crag-and-tail, ap-
pears to be hard on the stoss side and soft on the lee side, with
acoustic impedances only slightly above and below that of ice,
respectively, indicating a subtle change rather than a large tran-
sition. The tail appears to be soft sediment. The transition from
the plateau region into the highlands is a depression with soft till
on the lee side of the plateau and hard till on the stoss side of the
first bump ramping up to the highlands.

Within the highlands the bumps of varying sizes all display the
hard stoss/soft lee pattern previously observed (Fig. 3 and 6). Of
particular note, at 14 km along line the acoustic impedance is high
(>8x 1078 kgm~—25~1) on the stoss side of topography, the high-
est value observed in L-Line. Even with broad error bars, the high
acoustic impedance with Rg of ~0.4 to 0.5 indicates that the bed
is bedrock (e.g., Smith, 1997). Continuing downstream, the undu-
lating region has smaller-scale topography than observed in the
highlands and a greater degree of variability in bed type, including
what may be a seismically thick water layer near km 22.

3.2.2. L-Line-extended

The upstream end of L-Line-extended (Fig. 4) is a continuation
of the undulating region in the downstream portion of L-Line. Pos-
sible overlapping off-axis reflectors complicated the interpretation
of ice-bottom properties (due to rough off-axis topography, Fig. 6).
However, the general trend of hard-stoss and soft-lee is still evi-
dent in this region, with water-saturated till or water present in
some lee regions. In particular, two regions with high acoustic
impedances (> 5 x 1076 kgem~—25~!) occur near the tops of bumps
around 27 km and 33 km along-line. Downstream in the Plains,
the ice-bed has high-amplitude reversed reflectors, and the acous-
tic impedances indicate alternating pockets of soft till and water.

3.2.3. N-Line

The N-Line (Figs. 5 and 6) crosses the main line in the down-
stream region of L-Line-extended, where the bed is predominantly
soft till. The bed is consistently soft across the topography. This
suggests that the hard stoss/soft lee pattern observed along flow
arises from interactions caused by the flow. Additionally, the bed-
form from 6.5 to 8 km appears soft, and may be flanked by water
or water-saturated till in the region between the bedform tails
(Figs. 5 and 6).

4. Discussion
4.1. Hard stoss and soft lee

The finding of primarily hard beds on the stoss sides of bumps
and soft beds in the lee of bumps or depressions coincides with
observations elsewhere on TG (Muto et al., 2019a, 2019b) and Rut-
ford Ice Stream (King et al., 2007). In the context of this study,
some of the ‘hard’ regions (> 3.85 x 108 kgm2s~1) clearly are
highly compacted till or exposed bedrock (those well above Zjce).
More commonly, ‘hard’ values were positive-polarity reflections
with acoustic impedances in the range between ice and the up-
per end of dilated till, as defined in section 3.2 (ie. 3.33 x 10°
to 3.85 x 10% kgm=2s~1). Conceptually this case of ‘hard’ bed is
described in Muto et al. (2019a) and summarized here. Chang-
ing subglacial hydraulic-potential when ice flow encounters a bed
bump causes water to flow around a bump rather than over, cou-
pling the ice more strongly with the till and thus increasing de-
formation in the till; continuity then causes the till layer to thin
or become discontinuous. Such a case would produce seismic data
indicating a bed harder than a seismically thick soft till layer but
softer than a highly compacted till or bedrock substrate. A well-
coupled, thin soft till layer will have different basal sliding dynam-
ics than a thick soft till layer, closer to that of compacted till or
bedrock, and thus is treated here as hard bed.

Topographic position (stoss/lee) appears to exert the largest
control on the bed character, but there is no clear relation be-
tween the size of bed bumps and the length of the soft sediment
in the lee. Consider, for example, the potential crag-and-tail fea-
ture (~40 to 60 m height assuming a till seismic velocity of 1800
ms~!) in the plateau region, which has a long (1.5 km) tail of
soft sediment, compared to the large highlands bumps (100 to 150
m height) with no notable elongated downstream tails. Instead,
the lee-side tails appear to be especially elongated in regions of
generally soft bed with low ice surface slope, whereas short tails
are more common in the regions of more-widespread hard bed,
greater topographic relief, and steeper ice surface slope.

Holschuh et al. (2020) identified ‘stoss-side moats’ that occur
upstream of bed bumps and extend laterally around the sides of
the bumps. There is a moat delineating the plateau region from
the highlands region in the seismic data and the swath radar (8.5
km along line, Figs. 3 and 6). It is hypothesized (in Holschuh et
al., 2020 and Alley et al., 2019) that these moats are formed by
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seismic wavelets reflecting through the modeled layers.

the following steps: i) high pressure upglacier of bumps generated
by ice flow against the topography diverts distributed water flow
away from the bumps; ii) this causes ice to couple more strongly
to any till present; iii) that till is then removed due to the stronger
coupling, exposing bedrock to the ice and increasing erosion. This
is consistent with our data showing a hard bed (around 4 x 10°
kgm~2s~1) inside this moat. There are several additional cases of
hard depressions occurring upstream of bed bumps in our data (3
km and 10 km in L-Line and 31 and 35.5 km in L-Line-extended),
which may or may not have similar dynamics as larger distinct
moats. It is also worth noting in Fig. 6 there is soft bed in the lee of
the upstream lip of the moat. This may result from a low-pressure
zone created by ice interaction with the lip, with possible implica-
tions for water routing and erosion (Muto et al., 2019b; Holschuh
et al., 2020).

The highest acoustic impedances observed are in the lowlands
and highlands of L-Line (Fig. 3), and two bumps in L-Line-extended
(Fig. 4). The two bumps at 32.5 km and 33 km in L-Line-extended
are particularly notable. The stoss values are > 5 x 106 kgm—2s~!
with the highest values reaching well above 10 x 10® kgm—2 .
These indicate exposed bedrock, especially at 33 km, which falls in
the range of granite and metamorphic rocks (Eaton et al., 2003).
Even with large error bars, the presence of a higher acoustic
impedance material is supported by all shot gathers in this region
indicating values in excess of till. Based on radar data, Schroeder
et al. (2014) also argued that bedrock lacking significant sediment
cover is observed along the lower trunk of Thwaites Glacier. Sedi-
mentary rock units generally underly this region (e.g., Muto et al.,
2016), but igneous intrusions may also occur (e.g., Behrendt et al.,
1994; Wannamaker et al., 1996; Damiani et al., 2014).

N-Line crosses L-Line-extended in a region predominantly com-
posed of soft till with locally seismically thick water layers (see
below). The bump in N-Line from 6.5 to 8 km has steeply sloped
flanks and multiple internal reflectors, which contrasts with the
rest of N-Line. The bump appears to be a cross section of the elon-
gated bedform that N-Line crosses in the radar data (Fig. 6), with
acoustic impedance in the range of soft till. The bedform height
is ~140 m, based on the difference in ice thicknesses over the
bedform and the surrounding area as seen in the seismic profile
and the radar map. In the radar map (Fig. 6) the low topography
and elongated bedforms associated with these softer bed condi-
tions appear to dominate the majority of the downstream region,
suggesting much of it may have a similar character.

4.2. Water

There are several local regions along the main line with low
acoustic impedances suggestive of water pockets. Most of these
appear to occur in the downstream Plains region, associated with
the soft bed there. However, in the undulating region of L-Line

(Fig. 3 and 6), one of the soft lee sides exhibits a very low acoustic
impedance just above that of water. In the shot gather there may
be a reflection from the base of a saturated till/water layer with
some interference from the ice-bed reflection (Fig. 7). It is pos-
sible that there is a water layer that is thinner than our seismic
resolution of ~6.4 m. King et al. (2004) modeled the interference
pattern of a 150-Hz wavelet (as is ours) as it passed through a
layer of water between ice and compacted till. By comparing their
findings to the wavelet structures observed in our data (Fig. 7), it
appears there may be a pocket of water present over ~40 traces
(400 m assuming a flat bed) with a maximum depth around 5 to
6 m and a minimum <2 m. All of the regions of especially low
acoustic impedance along the main line appear similar. Additional
work would be required, including additional modeling and prob-
ably additional data, to provide strong conclusions.

The deepest region of N-Line flanking the bedform has reflec-
tivity and acoustic impedance values suggestive of water (5 to 6
km along-line, Fig. 5). Seismically thin layers may be involved, as
along the crossing main line. The soft character of the bed in this
region may account for the formation of numerous elongated bed
features (Fig. 6).

5. Conclusions

Seismic and radar data from TG show stoss locations with ex-
posed bedrock, hard till or thin/discontinuous soft till, alternating
along-flow with thick soft till and possibly seismically thin water
layers in lee-side positions. This is consistent with the findings of
Muto et al. (20193, 2019b) about 70 km farther upstream. Where
the seismic line crosses a well-developed stoss-side moat, the bed
is hard, supporting the hypothesis of Holschuh et al. (2020), al-
though with a little soft material in the lee of the lip of the moat.
These results provide a template for modeling ice-flow of TG, but
highlight that most of the glacier’s bed has not been surveyed in
this way. To improve future predictions of TG’s behavior, there is a
high-priority need for high-resolution bed maps beneath the out-
let glacier and its shear margins, to determine how basal rheology
varies and to establish physically-based correlations between that
variability and local basal topography and/or subglacial hydrology.
This may be accomplished with a mixture of seismic surveying
to directly measure acoustic impedance, and radar data for ice-
thickness to determine where hard-stoss and soft-lee conditions
should be applied.
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