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Seismic measurements on Thwaites Glacier show a spatially variable bed character, with implications
for ice-sheet stability. The West Antarctic Ice Sheet is losing mass rapidly through outlet glaciers and
ice streams in the Amundsen Sea Embayment, including Thwaites Glacier, where limited observations
and modeling suggest that ice-flow rates depend on bed properties. Here we characterize bed properties
of Thwaites Glacier based on amplitude analysis of reflection-seismic data from a ~40-km-long profile
collected in the approximate flow direction and two ~10-km-long profiles transverse to flow. The
Keywords: upstream portion of the seismic profile reveals a ~12-km long sedimentary basin with ice-flow-aligned
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bedforms capped by a continuous till layer that is likely soft and deforming (porosity ~0.4-0.45), with
several locations where water has pooled at the bed. Downstream of the sedimentary basin, the bed
rises by ~400 m over ~25 km into subglacial highlands. Our seismic survey of these subglacial highlands
reveals strong spatial variations in bed character across rugged topography (~200 m amplitude at ~2-
to 5-km wavelength) resembling crag-and-tails. Till on the stoss sides (facing upglacier) of topographic
highs is more consolidated (porosity ~0.3-0.35 or lower), whereas the lee sides (facing downglacier) and
flat regions exhibit porosity similar to the till of the upstream sedimentary basin. Modeling studies could
use the observed correlation between bed character and bed aspect and slope to extend our observations
to other parts of Thwaites Glacier, resulting in more-realistic models of future grounding-line retreat. Our
findings highlight the need for more geophysical constraints on bed properties for important outlets in

Antarctica and Greenland.

© 2018 Published by Elsevier B.V.

1. Introduction

Deglaciation of the marine basins of the West Antarctic Ice
Sheet (WAIS) would raise global sea level by about 3.3 m (Bamber
et al., 2009). A large fraction of WAIS drains through the glaciers of
the Amundsen Sea Embayment (ASE), where satellite observations
show accelerations in grounding-line retreat and ice-mass loss in
the past decade (e.g., Mouginot et al., 2014; Harig and Simons,
2015). Thwaites Glacier (TG) is the largest ice reservoir in the ASE
and lost 89423 Gt/yr or 0.26 £ 0.06 mm/yr of sea-level-equivalent
mass between 2008 and 2015 (Gardner et al., 2018). Models show
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that deglaciation of other marine basins of WAIS could be initiated
by major retreat of TG, and some models even suggest that the un-
stable retreat of TG and WAIS has already started (Joughin et al.,
2014; DeConto and Pollard, 2016).

The ongoing acceleration of the ice-mass loss from the ASE
is largely attributed to the reduced buttressing of the grounded
ice by ice shelves due to their melting and thinning, caused by
the sub-shelf intrusion of relatively warm Circumpolar Deep Wa-
ter (e.g., Christianson et al., 2016; Jenkins et al., 2016). How the
grounded ice responds to such ocean forcing and whether it will
lead to unstable retreat critically depends on the geometry and
the character of the bed around the grounding zone (e.g., Parizek
et al, 2013; Nias et al., 2016). The current TG grounding line is
partially stabilized on a bedrock sill (Joughin et al., 2014). Parizek
et al. (2013) showed that when the bed was treated as viscous,
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Fig. 1. Maps of Thwaites Glacier (TG) showing the locations of our seismic-survey lines (pink solid lines). (a) Surface-speed map of TG from NASA MEaSUREs InSAR-derived
data (Rignot et al, 2017). The black line is the NASA InSAR-derived grounding line in 2011 (Rignot et al., 2016). The inset map shows the location of TG in Antarctica.
(b) Bed-elevation map of TG from Bedmap2 (Fretwell et al., 2013). This figure was created using the Antarctic Mapping Tools (Greene et al., 2017). (For interpretation of the

colors in the figure(s), the reader is referred to the web version of this article.)

as expected for sliding over a hard bed (Weertman, 1957), the
thinning in response to ocean warming is localized near the coast,
causing retreat from the bedrock sill into deep basins followed by
rapid deglaciation. However, Parizek et al. (2013) also showed that
plastic deformation at the bed, as expected for soft till, reduces
coastal thinning by rapidly tapping inland ice, delaying or elimi-
nating retreat from the stabilizing sill and the resulting ice-sheet
collapse.

The distribution of bed types beneath WAIS is poorly known,
leading to uncertainties in the timing and rate of future TG re-
treat. However, unknown bed properties can be constrained using
reflection-seismic data. Here we analyze the normal-incidence re-
flectivity of the glacier bed from ~60 km of active-source seismic
data collected in the upper TG (Fig. 1), finding spatial variations in
bed character that are correlated with the stoss (facing upglacier)
and lee (facing downglacier) sides of subglacial ridges oriented
in the ice flow direction. Related modeling (Koellner et al., 2018)
shows that TG stability is affected if similar patterns exist near the
modern grounding zone, motivating additional observations.

2. Data and methods
2.1. Reflection-seismic profiling

During December 2008 and January 2009, multichannel reflec-
tion-seismic data were collected on the main trunk of upper TG
(Fig. 1), with a ~37-km-long profile (labeled the L-line) approxi-
mately along the ice-flow direction, crossed by two ~10-km-long
profiles perpendicular to the L-line and transverse to ice flow (la-
beled V-, and R-lines). The same dataset was used to study the
crystal-orientation fabric as revealed by englacial seismic reflectiv-
ity (Horgan et al., 2011), and the details on the data collection can
be found in that paper.

We prepared seismic sections using standard multichannel-
processing techniques for Antarctic reflection-seismic data (e.g.,
Horgan et al, 2011; Smith et al,, 2013; Luthra et al., 2017). Pre-
stack processing included removal of noisy and bad traces, static
corrections to adjust for shot-hole and surface-elevation variations,

and band-pass and frequency-wavenumber (FK) filtering to reduce
residual broadband noise and the direct-arrival and ground-roll en-
ergy. We also applied predictive deconvolution to suppress the
energy of the “ghost” reflections (those that arise from energy
that travels upward from the explosive sources, which were buried
~40-50 m in the firn, before reflecting to the bed and back to the
sensors, arriving shortly after the primary reflections from energy
propagating down from the sources). Shot data were then sorted
into common depth point (CDP) gathers and the arrival times
corrected for receiver distance (normal moveout, or NMO) before
stacking. After stacking, we performed finite-difference migration
to position dipping reflectors correctly and to reduce diffraction
energy. The peak frequency of the primary reflections is ~150 Hz,
which corresponds to a vertical resolution in ice of ~6.4 m (using
the Rayleigh criterion of 1/4 wavelength) and a Fresnel-zone width
of ~365 m at the average depth of ~2600 m (Fig. 2a).

2.2. Seismic-amplitude analysis

We applied a separate processing flow for the seismic-amplitude
analysis to derive the normal-incidence reflection coefficient (Rp)
and the bed acoustic impedance (Zp). Here, our processing was
limited to removing noisy traces and applying static corrections
and frequency filtering; these steps preserve the true amplitudes
of the reflections. We determined Ry from the source and reflec-
tion amplitudes (Holland and Anandakrishnan, 2009):
R0=ﬁlead17 (1)

Aoy
where Ag and A; are the amplitudes of the source and the
recorded primary reflection, respectively, y is the path amplitude
factor (Medwin and Clay, 1998), which accounts for the geometri-
cal spreading through firn and ice, o is the attenuation constant
and d; is the distance along the path of the primary reflection.
The source amplitude (Ag) was determined by applying the direct-
path method of Holland and Anandakrishnan (2009), which uses
pairs of arrivals for which the ray-path length of one is double the
other. We chose the direct-path method rather than the multiple-
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Fig. 2. (a) Stacked, migrated seismic section of the L-line profile. Automatic gain control with the a 50-millisecond window has been applied to enhance the image quality for display purposes. The ice thickness indicated on
the right are from using a stacking velocity of 3810 m/s. R-line and V-line indicate where the transverse profiles intersect. L1 and L2 indicate the two strong bed reflections (see text for details). (b) Normal-incidence reflection
coefficient (Rp). (c) The bed acoustic impedance (Z). Yellow band indicates the possible values of deforming till (Atre and Bentley, 1993). Cyan band indicates the range of the acoustic impedance of ice (Atre and Bentley, 1993).
Blue dotted line is the acoustic impedance of water. The bar at the bottom shows our interpretation of the bed type.
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bounce method that is more commonly used (e.g., Smith, 2007;
Brisbourne et al., 2017) because our data lacked clear multiple re-
flections from the bed in most shots. The path amplitude factor ()
and the primary-ray-path length (d;) were determined by ray trac-
ing through a one-dimensional velocity model of the glacier that
includes both firn and ice (Horgan et al., 2011). We used an atten-
uation constant o =2.7 x 1074 m~! (Horgan et al., 2011). Horgan
et al. (2011) used a range of o from 2 to 4 x 10~* m~! in their un-
certainty estimate; here, we assigned a slightly larger uncertainty
of £1.35 x 1074 m~! (50%).

The wavelet of the direct arrival is similar to a zero-phase
Ricker wave, with a high-amplitude main lobe and lower-amplitude
side lobes (Sheriff and Geldart, 1995). The majority of primary
bed reflections have similar wavelets, although in some places
the primary reflection is followed closely by later arrivals. There-
fore, we measured the amplitude of the main lobe only, follow-
ing previous studies (e.g., Smith et al.,, 2002; Booth et al., 2012),
rather than calculating the root-mean-square time-window am-
plitudes to capture the whole wavelet (e.g., Horgan et al., 2011;
Brisbourne et al., 2017).

We used shot gathers that included source-to-receiver offsets of
—480 to 460 m. For ice-bottom dips less than 5°, this offset range
leads to incidence angles of the primary bed reflection less than
10°, which was the case for the majority of the shots used. Traces
with incidence angle >10° were excluded from the analysis. We
estimated the source amplitude (Ag) of each shot as the average of
A calculated from all available arrival pairs within a shot gather
with the standard deviation taken as its uncertainty (minimum of
3 pairs of traces with a mean of 8 pairs). Similarly, we estimated
the primary-reflection amplitude (A1) and its uncertainty for each
shot as the average and the standard deviation, respectively, of all
available traces within a shot gather (minimum of 18 traces with a
mean of 41 traces). The uncertainty in Rg for each shot was calcu-
lated by propagating the uncertainty in Ag, A1 and « in equation
(1) (e.g., Taylor and Kuyatt, 1994).

After determining Rg, the bed acoustic impedance (Z,) was cal-
culated as (e.g., Smith, 2007; Luthra et al., 2017)

(1+Ro)
(1—Ro)’

We assumed Zie. = 3.33 4+ 0.04 x 10° kgm—2s~!, following Atre
and Bentley (1993). This value was derived for Whillans and Kamb
Ice Streams (formerly Ice Streams B and C, respectively) assuming
a 5-m-thick layer of basal ice at the pressure-melting point. Al-
though there are no available temperature measurements for this
region of TG, observations (Schroeder et al.,, 2014a) and models
(e.g., Joughin et al., 2009) suggest that the base of the ice is at
the pressure-melting point. Although we do not know the thick-
ness of any temperate ice at this point, we follow previous seismic
studies of the neighboring Pine Island Glacier (Smith et al., 2013;
Brisbourne et al., 2017) in assuming that conditions are similar and
well-represented by the Zj.. estimate of Atre and Bentley (1993).
The uncertainty in Z, was calculated by propagating the uncer-
tainty in Rg and Zjc in equation (2).

(2)

Zb = ZLice

3. Results
3.1. Seismic profiles

Fig. 2a shows a stacked section of the along-flow L-line, high-
lighting a relatively smooth, flat subglacial basin that is approx-
imately 12-km long. Flow then encounters subglacial highlands,
where the bed rises by ~400 m over ~25 km with topographic
relief of up to ~200 m at several-kilometer length scales.

In the basin, we observe a strong bed reflection (L1) at a two-
way travel time of ~1.4 s. A second arrival (L2) directly after L1

is first apparent at km 2 and, by km 6.5, is about 20 millisec-
onds delayed relative to the L1 arrival. L2 merges back into L1 by
km 11.5 (Fig. 2a). We interpret both of these as off-axis arrivals
(side swipe) due to non-planar and non-horizontal cross-line bed
topography. For an observer looking downglacier, our transverse
V-line shows the bed rising from a trough on the left of our along-
flow L-line, to a ridge on the right (Fig. 3a). The first, L1 reflector
likely comes from this slope to the right of the L-line near the top
of the ridge, with the L2 reflection from just beyond the axis of
the trough. Because the reflector complexity can be explained by
local topography instead of sub-ice-bottom structures, we do not
attempt to estimate till thickness or other sub-ice-bottom geologic
structures.

In the downstream subglacial highlands, we observe bedforms
that are between 2- and 5-km long and up to ~200-m high (from
km 20 to 36), with steeper stoss sides and smooth, lower-angle
or horizontal lee sides (Fig. 2a). These are similar to some bed-
forms observed below the onset region of Rutford Ice Stream (King
et al., 2007; Smith et al., 2007). We also see more than one co-
herent arrival in some places, e.g., at km 15-16 and 25-27. The
L-line and the transverse R-line (Fig. 4a) show that the topography
is rougher in the highlands than in the basin, and that rough-
ness is greater transverse to flow on the R-line than along flow
on the L-line. This indicates that at least some of the coherent ar-
rivals are likely off-axis reflections. Ray-path modeling using both
lines and the radar-derived bed topography may allow reflectors
to be attributed to particular off-axis topographic features, but we
do not attempt that here. We thus do not interpret any sub-ice-
bottom structures because of the possibility that they are off-axis
ice-bottom reflections, and we caution that some off-axis ambigu-
ity is present in our results.

3.2. Rg and Zj, profiles

Estimates of the normal-incidence reflection coefficient (Rg)
and the acoustic impedance (Zj) for each profile are shown in pan-
els b and c, respectively, of Figs. 2 to 4. For the Zj profiles, we also
plot the generally accepted range of acoustic impedances from a
subglacial layer consisting of dilatant, deforming till and for basal
ice, and the preferred value for water (Atre and Bentley, 1993;
Smith, 1997). Values of Ry > 0 and Zj > 3.33 x 10 kgm2s~!
correspond to a till porosity of ~0.3-0.35 and lower, and include
lodged, non-deforming till. We thus refer to regions of Ry > 0
and Z, > 3.33 x 10% kgm~2s~! as “hard beds” and Rg < 0 and
2.0 x 108 < Z, < 3.33 x 10% kgm=2s~! as “soft beds” in panel
c of Figs. 2 to 4, noting that even softer beds (Z, lower than
the dilatant-till range of Atre and Bentley (1993) but not as low
as that of water, e.g., Vaughan et al., 2003; Peters et al., 2008),
and intermediate beds between “soft” and “hard” (Rg ~ 0 £ 0.1;
Luthra et al., 2017) might occur. Also, there are several locations
where we observed the polarity of the primary reflection switch-
ing within a shot gather, most notable of which are at km 35.5
in the L-line (Rp = —0.11 & 0.20) and at km 1.9 in the V-line
(Ro = —0.23 £ 0.24), showing our ability to resolve rapid spatial
variations in bed type.

The signs of the reflection coefficients (Rg) in the basin are con-
sistently negative along both the L-line (Fig. 2b) and the V-line
(Fig. 3b) profiles. Along the L-line, values of Ry ~ —0.1 at the up-
stream end of the basin, decreasing to Rg ~ —0.2 to —0.3 towards
the downstream end. There are also several locations with Ry be-
tween —0.35 and —0.45, which suggest the presence of water,
discussed further below. The V-line profile shows a similar range of
values. The resulting bed-acoustic-impedance estimates (Zj) in the
basin range mostly from about 1.7 to 3 x 10% kgm~—2 s~ (Fig. 3c),
consistent with the presence of deforming till, including till softer
than that found on Whillans Ice Stream (Blankenship et al., 1987;
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Fig. 3. Same as Fig. 2 but for V-line profile. Ice flow into the page.

Atre and Bentley, 1993). These values of Ry and Z, are observed
both in the troughs and on the ridges of cross-flow topography,
suggesting a continuous dilatant till. The bed in the entire basin is,
therefore, soft with several locations of pooled water.

In the subglacial highlands, we see both negative-polarity re-
flections indicative of soft beds, and positive-polarity reflections
showing hard beds. These variations appear correlated with the
topography, except on the ~3-km-long slope immediately down-
stream of the basin (km 11.5-14.5) where we see both soft and
hard beds. After this initial upslope into the highlands, hard beds
are observed on the upslope or stoss sides of the bedrock bumps,
and soft beds on the horizontal- to downstream-sloping lee sides.
Along the transverse R-line, the presence of soft and hard beds ap-
pears uncorrelated with topography, indicating that the bed char-
acter is controlled more by along-flow stoss/lee position than by
transverse (trough, flank or crest) position.

Discrete, seismically resolvable water layers (small lakes) are
suggested along all three profiles, with the largest being ~1 km
long. Some but not all of these occur where local lows in the bed
topography favor water pooling (e.g., km 11.7 and km 36 on the L-
line). Full 3-d calculation of hydrologic potential would be needed
to confirm water-flow convergence (e.g., Smith et al.,, 2017). But,
our data indicate that water in thicknesses exceeding our seis-
mic resolution (~2.4 m in water at 1432 ms~! (King et al., 2004)
and the dominant frequency of 150 Hz) is scattered in the upper
reaches of TG.

A summary of the normal-incidence reflection coefficients Rg is
given in the histogram in Fig. 5. Overall, the data fall into three
modes: water (values less than ~—0.3); soft tills (the other nega-
tive values), and harder material (positive values, likely from com-
pacted till or weakly lithified sedimentary rock). The usual caveats
for seismic surveys should be borne in mind, although we believe
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they do not affect the interpretations here. Seismically thin lay-
ers of dilatant till—less than 1/6 the seismic wavelength—on top of
lodged till are not independently resolvable (Booth et al., 2012). In
our case, with dominant frequency of 150 Hz, this is ~2 m in till
at 1800 ms~!, and ~4 m in clean ice. Hence, a thin layer of soft
till in the subglacial highlands would not be resolved. Values of Ry
and Zp intermediate between till and water (Rg ~ —0.3 to —0.2
and Z, ~2.0 to 2.2 x 10° kgm~2s~!) may result from a seismi-
cally thin layer of water between ice and till. Reflections from the
top (ice/water interface) and the bottom (water/till interface) of a
water layer less than ~1-m thick can destructively interfere, re-



204 A. Muto et al. / Earth and Planetary Science Letters 507 (2019) 199-206

sulting in an Rg higher than the theoretical —0.4 for the ice/water
interface (King et al., 2004). For example, the reflection amplitude
would be ~70% of the theoretical ice/water-interface value (i.e.,
Ro ~ —0.28) if the water layer is 0.4- to 0.6-m thick for the domi-
nant frequency of 150 Hz, and remains perturbed down to a water
thickness of ~0.2 m (King et al., 2004). It is possible that our ob-
servations of Rp ~ —0.3 to —0.2 resulted from water layers of ~0.2
to 0.6 m. King et al. (2004) also showed that reflections from the
top and the bottom of a water layer ~0.8- to 1.5-m thick can con-
structively interfere, resulting in Rg that are 10 to 20% lower than
—0.4. This could explain our observations of Rg ~ —0.43 to —0.44
at km 1.6 and 2.6 on the L-line (Fig. 2b) and km 4.6 and 6.8 on the
V-line (Fig. 3b).

In a number of shot gathers, we observed primary reflections
that deviated from simple, Ricker-like wavelets with one main lobe
and two side lobes, appearing to share the trailing side lobe with
the leading one of a closely-following arrival. As explained in sec-
tion 2.2, our choice of measuring the amplitude of the first main
lobe is intended to avoid interference effects from later arrivals.
However, we cannot totally rule out the possibility that the main
lobe we picked may include interference effects, such that our cal-
culated reflectivity may deviate from the true amplitude of the
primary bed reflection.

Basal ice often contains debris, which increases the density and
seismic velocity. We did not find identifiable reflections from seis-
mically thick debris-laden ice above the bed, but we cannot rule
out the possibility of a seismically thick layer with low but nonzero
debris concentration, or a seismically thin layer with higher con-
centration, either of which would have some effect on our results.
As an example, a thick layer of dirty ice with 5% sediment (density
= 1000 kg/m?3, with sediment density of 2500 kg/m3) would have
an acoustic impedance (Zic) of 3.63 x 10 kem~2s~!, which, if ig-
nored, would lead to an underestimate of Z;, by ~10%. This might
explain intermediate values, which should actually fall in the
dilatant-till range of Atre and Bentley (1993). We note, however,
that our distinction of hard versus soft bed is mainly based on the
polarity of the reflection, which would not be changed by such a
debris-bearing layer. Furthermore, the bed types we find—localized
water, extensive dilated soft till, and harder till or sediment—
are consistent with results from other West Antarctic sites (e.g.,
King et al, 2004; Smith et al., 2013; Brisbourne et al., 2017;
Luthra et al,, 2017).

The seismic data thus show that the bed is primarily either
“hard” (consolidated till or sediment), “soft” (dilated, deforming
till), or locally decoupled from the bed by a seismically resolvable
water layer. Hard beds occur on stoss sides of topography, with
soft beds on lee sides, including the ~12 km long basin at the up-
glacier end of our seismic line and the kilometers-scale lee sides
of topography in the subglacial highlands. Water is localized where
sharp bed-slope gradients favor water-flow convergence. We note
that we picked and analyzed only the first ice-bottom arrival re-
gardless of whether this arrival came from on- or off-axis. As we
explained above, our most significant result does not rely on the
precise location of observed Ry and Z; laterally.

4. Discussion

Our seismic observations indicate that diverse bedforms elon-
gated parallel to ice flow occur under the upper reaches of TG. In
the basin, we see smooth, continuous reflectors in the along-flow
L-line profile (Fig. 2a), and crests and troughs along the transverse
V-line profile (Fig. 3a). Seismic reflections from both crests and
troughs indicate soft and likely deforming till, except where pock-
ets of water occur. These features are ~500- to 1500-m wide and
~50- to 60-m high, similar to or somewhat larger than mega-scale
glacial lineations (MSGLs) inferred from airborne-radar images and

specularity for upstream TG including our study area (Schroeder et
al., 2014b), and also observed beneath other modern (King et al.,
2009; Bingham et al., 2017) and paleo-ice streams (Graham et al.,
2009; Spagnolo et al., 2017) in West Antarctica.

In the subglacial highlands, we observe bedforms of ~2- to
5-km long in the L-line with steeper, hard-bedded stoss sides and
smoother, horizontal to lower-angle soft-bedded lee sides (Fig. 2a).
Across-flow crest-and-trough structures in the R-line (Fig. 4a)
have higher relief than in the basin. These structures resemble
crag-and-tail features described from many current and formerly
glaciated regions including beneath Rutford Ice Stream (King et
al., 2007) and beneath the Amundsen Sea (Graham et al., 2009;
Nitsche et al., 2016). The airborne-radar data of Schroeder et al.
(2014b), which are sensitive primarily to meter-scale features too
small to be resolved in our seismic data, show lineated bedforms
in both the basin and the highlands. Additional work to integrate
radar and seismic data across spatial scales could yield further in-
sights.

Ice flow in the Amundsen Sea embayment likely has been
more-or-less steady for millennia or longer (Bingham et al., 2017),
so the inferred till deformation in the upper reaches of TG suggests
that till flux continues into downglacier reaches, and that simi-
lar features will be observed there. Joint interpretation of radar,
seismic and ice-flow data will be required to test this and other
hypotheses.

Physical understanding, laboratory and field data show that the
“flow law” relating basal velocity (up) to shear stress (tp) varies
strongly depending on bed type. This relation is often written as
a power-law, up = Bt;". On “hard” beds, ice may regelate (pres-
sure melt and refreeze) around small obstacles generating lin-
ear behavior (m = 1), creep around larger obstacles with mod-
erate nonlinearity (m = 3), or some combination of these with
m = 2 (Weertman, 1957). For soft beds, small strains produce
strong nonlinearity (m ~ 7; Rathbun et al., 2008), with additional
strain generating extreme nonlinearity approaching perfect plastic-
ity (m — oo) (e.g., Kamb, 1991; Tulaczyk et al., 2001; Rathbun et
al., 2008); nonsteady forcing may “remold” tills and allow persis-
tence of strong, rather than extreme, nonlinearity (Leeman et al.,
2016). (The drag from water in subglacial lakes is so small that
its viscous nature is unimportant. Also, for t, above some upper
limit that depends on bed geometry, a hard bed will transition to
more-nearly-plastic behavior; Schoof, 2005.)

Inversion for basal drag from observed ice thickness, surface
slope and surface velocity is a powerful tool for initialization of
ice-flow models (e.g., MacAyeal, 1992; Morlighem et al., 2013).
Such inversions have been conducted assuming linear-viscous,
plastic, and intermediate beds, and are all similarly successful in
matching the input data (e.g., Joughin et al., 2009, 2010). How-
ever, forward models using different degrees of basal nonlinearity
can simulate very different future behavior (Joughin et al., 2010;
Parizek et al., 2013; Koellner et al., 2018). Observations of time-
evolving ice velocity could help identify the degree of basal nonlin-
earity (e.g., Walker et al., 2012), and use of deformation of internal
radar reflectors through the ice thickness in addition to the sur-
face topography may provide additional information (e.g., Holschuh
et al,, 2017), but applying these techniques is not yet practical in
many cases.

The results here offer a possible way forward. For our along-
flow survey line, stoss faces of topography have hard beds, and lee
faces are soft till. Hence, stoss faces are expected to have nearly
linear behavior, and lee faces more-nearly plastic. Even if a thin
layer of soft sediment were present but unresolvable on the stoss
faces, the form drag of the topography would have m = 3 be-
havior (Weertman, 1957), much closer to linear than for the lee
sides. However, the common occurrence of crag-and-tail features
with hard upglacier faces and till tails on many length scales, as
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noted above, favors the hypothesis that the stoss faces are “hard”
at scales too small for resolution in the seismic data.

Targeted surface geophysics with borehole sampling would be
ideal for testing the ideas here. Pending such studies, our results
suggest that inversions for basal drag leading to prognostic model-
ing in our survey region should be conducted with the assumption
that the bed exhibits nearly linear-viscous behavior on stoss faces
where we find hard beds, and nearly plastic behavior on lee faces
where we find soft beds. Coupling such analyses to traditional end-
member treatments with linear and with plastic beds would give a
central estimate and the uncertainty range. Furthermore, although
additional seismic surveys should be used to extend our results to
other parts of TG, it is reasonable to use ice-thickness data to iden-
tify stoss and lee slopes where seismic surveys have not yet been
conducted, and to include the stoss-linear/lee-plastic model in fu-
ture studies of TG stability. Areas ~50 and 100 km downstream
of our seismic profiles show roughly east-west trending, ~10- to
20-km wide highlands between low-elevation basins (Fig. 1b), sim-
ilar to those of the subglacial highlands of our study area. These
may be areas where the stoss-linear/lee-plastic model may be ap-
plied.

5. Conclusion

Seismic data from upstream reaches of the main trunk of
Thwaites Glacier show a long, smooth downslope with large lin-
eated bedforms over ~12 km leading to a rising slope ~25 km
long with higher-frequency topography (wavelengths of several
km) resembling crag-and-tails. Spatial variations are observed in
the phase and the amplitude of the normal-incidence reflections
from this bed. Analyses of these reflections show several discrete
regions of ponded water, together with widespread regions of
“soft” bed consistent with deforming till, and of “hard” bed con-
sistent with consolidated till or sediment.

The distribution of the different bed types is correlated to the
basal topography. Hard regions occur on stoss (upglacier-facing)
slopes of the higher-frequency topography, and soft regions on the
lee slopes of that topography and on the long downslope, with wa-
ter in places favorable for ponding.

As discussed above, physical models plus laboratory and field
data from other sites suggest that the basal velocity of ice mo-
tion will increase as a small power of stress in hard-bed regions,
and as a large power of stress in soft-bed regions. Furthermore,
prognostic modeling suggests that proper specification of the basal
flow law will affect assessments of ice-sheet stability and contribu-
tions to sea-level rise. We thus suggest, pending further data and
hypothesis-testing, that inversions for basal drag used to inform
prognostic modeling should be conducted assuming near-linear be-
havior on stoss faces and near-plastic behavior on lee faces, to sup-
plement prior practice of assuming the entire bed is either nearly
linear or nearly plastic.
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