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Abstract

Recent seismic measurements from upper Thwaites Glacier indicate that the bed-type variability
is closely related to the along-flow basal topography. In high-relief subglacial highlands, stoss
sides of topographic highs have a relatively higher acoustic impedance (‘hard’ bed) with lower
acoustic impedance (‘soft’ till) on lee sides. This pattern is similar to observations of many degla-
ciated terrains. Subglacial hydraulic-potential gradient and its divergence show a tendency for
water to diverge over the stoss sides and converge into the lee sides. Convergence favors a thicker
or more widespread water system, which can more efficiently decouple ice from the underlying
till. Under such circumstances, till deformation does occur but, fluxes are relatively small. Till
carried from the lee sides onto stoss sides of downstream bumps should couple to the ice
more efficiently, increasing the ability for transport by till deformation. In turn, this suggests
that steady-state till transport can be achieved if the stoss-side till layer is thin or discontinuous.
In addition, the large basal shear stress generated in the highlands seems too high for a bed lubri-
cated by a continuous although thin deforming till, suggesting till discontinuity, which would
allow debris-laden ice to erode bedrock on stoss sides, supplying additional till for transport.

Introduction

Ice flow is dictated to a large extent by the nature of the bed. Models exist for estimating the
basal-slip law from the bed type. When the bed is rigid, made of nondeforming rock (‘hard’
bed), classical Weertman sliding (Weertman, 1957) is usually applied, in which the basal vel-
ocity increases with a low power of the basal shear stress, usually between 1 and 3 (perhaps
limited to some maximum stress; Schoof, 2005; Joughin and others, 2019). For a bed made
of saturated, deforming till (‘soft’ bed), observations and experiments show that small strains
produce strong nonlinearity (Rathbun and others, 2008), with additional strain leading to
extreme nonlinearity approaching perfect plasticity (e.g. Kamb, 1991; Tulaczyk and others,
2001; Rathbun and others, 2008). Experiments have also shown that till deformation is
often consistent with the Coulomb-plastic rheology (e.g. Iverson and others, 1998; Tulaczyk
and others, 2000), in which the basal shear stress equals the ultimate strength of the till,
which is proportional to the effective pressure (ice-overburden pressure minus the subglacial
water pressure) (e.g. Cuffey and Paterson, 2010; Tsai and others, 2015).

Despite this accumulated knowledge and the ability to describe the basal-slip law for
different bed types, observations of the bed types are scarce, and many glacier and ice-sheet
models cannot incorporate variable bed types yet. Models are, therefore, often run with a
uniform-bed slip law, most commonly a power-law rule with a low exponent consistent
with Weertman sliding (e.g. Pollard and DeConto, 2012; Yu and others, 2018). This leads
to significant uncertainties in projections of future sea-level rise because the grounding-line
retreat rates of marine ice sheets such as the West Antarctic Ice Sheet can be quite different
for nearly plastic versus nearly viscous slip laws (Parizek and others, 2013; Ritz and others,
2015; Brondex and others, 2017).

Active-source seismic surveys can map the bed type (e.g. Smith, 2007; Brisbourne and
others, 2017; Kulessa and others, 2017). Recent reflection-seismic investigations in upper
Thwaites Glacier showed that along-flow variability in the bed type is closely related to the
along-flow basal topography (Muto and others, 2019; M2019 hereafter). The upstream portion
of the ∼40 km seismic profile revealed a ∼10 km-long, relatively flat basin capped by a con-
tinuous till layer that is soft (as indicated by its low acoustic impedance Zb; ∼1.5 × 106 < Zb
< 3.33 × 106 kg m−2 s−1) and likely deforming, with a few isolated spots of ponded water
(Fig. 1). Downstream of the basin, subglacial highlands with rugged topography continue
for at least the remaining length of the survey line (∼30 km). In these subglacial highlands,
stoss sides of topographic highs (bumps) were found to have a relatively higher acoustic
impedance (‘hard’ bed), with lower acoustic impedance (‘soft till’) on lee sides.

The reflection-seismic method, however, has some limitations; those pertaining to the
interpretation of the glacier-bed type were discussed in M2019. A particular limitation of inter-
est here in terms of till continuity is the thin-layer effect, discussed in detail by Booth and
others (2012). Briefly, if there is a deforming till layer (‘soft’ bed) that is <∼2 m thick (∼1/6
of a seismic wavelength λ; in our case λ = 12 m in till at the P-wave velocity of 1800 m s−1
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and the center frequency of 150 Hz) overlying a lodged, low-
porosity till layer (‘hard’ bed), then the apparent reflectivity
would be a composite of reflections from the top and the bottom
of the deforming till layer and the normal-incidence reflection
coefficient would be positive, indicating a hard bed rather than
a negative value from a soft till. This leaves the possibility that
the hard-bedded stoss sides of topographic highs found by
M2019 are in fact covered by seismically thin (<∼2 m) deforming
till. Also, we cannot be certain if the seismic signal for each data
point results from a uniform bed or a mix of bed types horizon-
tally over the Fresnel-zone width of the seismic signal (the in-line
distance over which the seismic response of the bed is integrated),
which in the case of M2019 is ∼365 m at the average bed depth
of ∼2600 m. The effect of the lateral distribution of bed types is
yet to be explored rigorously.

Here, we argue that the regions that appear hard-bedded in the
M2019 reflection-seismic data actually include hard-bedded areas,
perhaps with patchy thin till, rather than suffering from the thin-
layer effect. We rely on three lines of evidence, none of which is
unequivocal but which we believe make a strong case together:
(i) analogy to deglaciated terrains showing common stoss-side
bedrock and lee side till; (ii) physical understanding of continuity
of till flux informed by hydrologic calculations based on our data
suggesting inadequate till flux from soft-bedded regions to cover
roughness on stoss sides of bedrock; and (iii) calculations of
basal shear stress supported on different regions of the bed, with
large values on stoss sides suggesting interactions with bedrock.

Analogy to deglaciated terrain

Deglaciated terrains can never be perfect analogs for subglacial
conditions, both because of differences in conditions during gla-
ciation, and because the imprints of deglaciation and subsequent

changes are lacking beneath active glaciers. Nonetheless, experi-
ence shows that knowledge gained from glacial geology informs
glaciology (e.g. Boulton, 1976; Stokes and others, 2016).

Deglaciated terrains commonly expose stoss-side rock with lee
side till or other sediment, at many scales (e.g. Evans and
Hansom, 1996; Ives and Iverson, 2019). Figure 2a shows the
stoss side of a bump, ∼6 to 7 m tall, on Danmark Island, east
Greenland. The stoss side of the bump is visible, and ice went
up this slope away from the camera, striating and polishing (rock-
fall from the face has occurred postglacially). The lee side of this
bump is soft sediment, probably till, filled almost to the level of
the top of the bump. Figure 2b shows a smaller-scale bedrock
bump that was exposed within the last couple of years in front
of the rapidly retreating Sólheimajökull in Iceland. Although
not shown in the photo, the lee side of this bump has a slope
gentler than the stoss side and is made of sediment, indicating
sediment accumulation there.

In light of such widespread occurrence of stoss-side bedrock
and lee side sediment, it is reasonable to surmise that similar con-
ditions will exist in the subglacial environment.

Till continuity

The data of M2019 show regions of seismically thick till with the
acoustic impedance less than that for ice, indicating high porosity
and high basal-water pressure (e.g. Peters and others, 2006).
Under such conditions, prior work (some of which we summarize
below) suggests that the till is deforming, but primarily in a nar-
row zone close to the base of the ice, and that increasing water
supply will decrease till deformation by decoupling the ice from
the till.

Thwaites Glacier is within the West Antarctic Rift System and
is underlain by thin, stretched crust, likely resulting in elevated

Fig. 1. (a) Stacked, migrated seismic section of the L-line profile along the ice flow. (b) Normal-incidence reflection coefficient (R0). (c) The bed acoustic impedance
(Zb). Yellow and cyan bands indicate the possible values of deforming till and ice, respectively (Atre and Bentley, 1993). Blue dotted line is the acoustic impedance
of water. The interpreted bed type is shown with different colors for each data point. Modified from Muto and others (2019) and used with permission from Elsevier,
Earth and Planetary Science Letters.
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geothermal flux (Damiani and others, 2014; Schroeder and others,
2014), and there is abundant subglacial water supply (Joughin and
others, 2009; Schroeder and others, 2014; Smith and others,
2017). Seismic data of M2019 indicate a thawed bed with abun-
dant water, consistent with these studies.

On Whillans Ice Stream (formerly Ice Stream B), boreholes
near where seismic measurements earlier indicated water-
saturated deforming till at the bed (Blankenship and others,
1986, 1987) showed water pressures within 2% of flotation, with
a few measurements above flotation (Engelhardt and Kamb,
1997; Kamb, 2001). Below one of the boreholes, till deformation
was limited to a 3–25 cm layer at the top of the till package,
and accounted for only 17% of the total basal motion
(Engelhardt and Kamb, 1998; Kamb, 2001). It should be borne
in mind, however, that this is a single observation and some
large water-pressure fluctuations (up to 1 MPa) were recorded
during the observational period (Engelhardt and Kamb, 1998;
Alley, 2000), perhaps helping maintain dilatancy to greater
depth in the till to produce the seismically thick soft layer
(Leeman and others, 2016). Adding water from the boreholes
floated the ice off the bed (Kamb, 2001), thus reducing deform-
ation. The weak fabrics within the sediments recovered from
beneath Subglacial Lake Whillans, located ∼200 km downstream,
suggest that the till deformation was within the uppermost 10 cm
of the till layer (Hodson and others, 2016), supporting the earlier
observations.

Similar relations between the basal-water pressure and ice-till
coupling are observed beneath mountain glaciers. Transient
observations of water pressure in boreholes and shear strain rate

in till beneath Trapridge Glacier in Canada (Fischer and Clarke,
2001; Kavanaugh and Clarke, 2006) and Storglaciären in
Sweden (Iverson and others, 1995) showed reduced shear strain
rate when the water pressure rose. Even negative shear strain
rates were recorded during some water-pressure peaks (Iverson
and others, 1995; Fischer and Clarke, 2001), indicating that the
till decoupled from the bed locally and stopped shearing under
high water pressure (low effective pressure), responding elastically
to reduced shear stress (Iverson and others, 1995, 1999). These
changes beneath small alpine glaciers mainly result from water
input from the glacier surface, which does not occur on
Whillans Ice Stream nor Thwaites Glacier. Nevertheless, reduced
ice-till coupling under higher basal-water pressure was consist-
ently recorded and is physically almost inevitable.

We hypothesize that this time-varying behavior also applies to
spatial variations along flow in our survey region. As discussed
above, increase in water flux is observed to cause a rise in the
basal-water pressure, increasing the thickness or area of linked
cavities or other features that store and transmit water to balance
the greater water flux, and in turn leading to a larger mean thick-
ness of water separating ice and till (Iverson, 1999; Iverson
and others, 2007; see review by Alley, 1996). In turn, this may
focus stress on a few large clasts that plough the upper part of
the till, rather than the ice coupling more widely and driving dee-
per deformation (Iverson, 1999; Iverson and others, 2007).
Therefore, areas of greater water convergence should exhibit
greater decoupling between ice and till, and thus less till flux
from deformation. This implies that regions of along-ice flow con-
vergence of water have small till flux, whereas along-ice flow
divergence of water favors greater till flux. Transitions from
water convergence to divergence along ice flow then should
increase potential sediment flux, leading to till evacuation, expos-
ing bedrock. A thin deforming layer from soft-bed regions, with
deformation, largely occurring over a thickness of order 0.1 m
and only where ice and till are not separated by water, would
then thin as it was carried into the hard-bed regions, where it
would deform more rapidly. Such a layer would be unlikely to
bury bedrock topography, and thus likely would be discontinuous
in space and perhaps also in time.

We calculated the glaciological hydraulic potential (ϕ) along
the main M2019 L-line (Fig. 1), assuming ϕ depends on surface
and bed elevations, and that the basal-water pressure is equal to
the ice overburden pressure (Shreve, 1972),

f = rwgzb + rig (zs − zb) (1)

where ρw and ρi are the densities of water and ice, respectively, g is
the gravitational acceleration, and zs and zb are the surface and
bed elevations, respectively. Surface elevation (zs) is from the dif-
ferential GPS data collected concurrently with the seismic data,
and bed elevation (zb) is from the M2019 seismic data. We then
calculated the gradient of the hydraulic potential (dϕ/dx, the
first derivative of the hydraulic potential) and its divergence
(d2ϕ/dx2, the second derivative of the hydraulic potential) along
the line to find locations where the subglacial water is likely to
converge (positive d2ϕ/dx2) or diverge (negative d2ϕ/dx2). The
result is shown in Figure 3, with the cross plot of the acoustic
impedance (Zb) and d2ϕ/dx2 in Figure 4.

The pattern of water convergence/divergence and the bed
types show a reasonable match with our expectations based on
the surface and bed elevations and our current knowledge of
the basal slip (e.g. Cuffey and Paterson, 2010; Iverson, 2010), sup-
porting our hypothesis above. In the subglacial highlands (Figs 1a
and 3a), d2ϕ/dx2 fluctuates rapidly over several hundred meters to
a kilometer along flow, as expected from the more variable surface
and bed topographies (Fig. 3d). Negative d2ϕ/dx2 are found over

Fig. 2. (a) A stoss-side bedrock exposure in till fields on Danmark Island in east
Greenland. Inferred ice flow was into and slightly towards the left of the page.
(b) Stoss side of a bedrock bump within a till field in front of Sólheimajökull in
Iceland. The ice flow was into the page. Person kneeling down is A. Muto. Both
photos were taken by R. Alley.
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hard-bedded stoss sides (e.g. 23.5–24.2 km, 28.5–29.1 km and
33.9–34.5 km), seen as a cluster of points with higher Zb and
negative d2ϕ/dx2 in the cross plot (Fig. 4). Positive d2ϕ/dx2 mostly
corresponds to soft-bedded lee sides (e.g. 19.5–22 km and 25.5–
26.5 km). In the upstream soft-bedded basin, the magnitude of
d2ϕ/dx2 is smaller but mostly positive, indicating water conver-
gence, with some of the local maxima corresponding to locations
where seismic data indicated water ponding (4 and 11.5 km). The
Spearman’s rank correlation coefficient (ρ) of the Zb and d2ϕ/dx2

is −0.48 with the p-value close to 0 (Fig. 4), indicating a weak but
significant negative correlation, further supporting our expect-
ation that the hard (soft) bed is associated with water divergence
(convergence). We note, however, that the uncertainties of d2ϕ/
dx2 include both positive and negative values across this upstream
region, suggesting that the correlation of water convergence/diver-
gence with the bed type over the basin may not be as robust as in
the downstream highlands.

The acoustic-impedance data were collected at sites spaced
mostly ∼480 m apart and have the Fresnel-zone width of
∼365 m. However, there are data gaps up to ∼2-km long, arising

because of the relatively steep bed slopes where incidence angles
of the bed reflections exceeded 10° and the normal-incidence
approximation does not hold. This introduces some uncertainty
to the interpretation (e.g. 23.2, 28.3 and 33.6 km). We also find
regions that are not consistent with our hypothesis (e.g. 13.3–
17 km and 29.5–31 km) where d2ϕ/dx2 is negative, indicating
water divergence although the seismic data showed soft bed. We
cannot tell whether this arises from inadequacies in data, in our
assumptions (e.g. out-of-plane water flow), or whether additional
processes are active.

Despite these data shortcomings and some mismatches, our
results overall suggest that ice will couple more strongly to till
on stoss sides than on lee sides, so more till can be carried across
stoss sides than is supplied from lee sides. Unless rapid erosion
occurs to generate more till (which we discount in part because
the stoss sides are still there and have not been worn away), the
till then must thin from lee to stoss sides, making it less able to
bury small-scale bumps on the stoss sides and favoring a hard-
bedded sliding law on the stoss sides alternating with the soft-
bedded sliding law on lee sides.

Fig. 3. (a) Surface (blue solid line, left vertical axis) and bed (red solid line, right vertical axis) elevation profiles with the bed-elevation uncertainty (36 m) in red
dotted lines. Note that the scale is different for the two profiles and the uncertainty of the surface elevation (10 cm) is negligible. (b) Glaciological hydraulic poten-
tial (ϕ). (c) Hydraulic-potential gradient (dϕ/dx). (d) Divergence of the hydraulic-potential gradient (d2ϕ/dx2). (e) The bed acoustic impedance (Zb) and interpreted
bed type (same as Fig. 1c).
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Basal shear stress

If a thin, deforming till layer was present on stoss sides, it could
bury bumps at the sub-meter scale that may be most important
in limiting basal sliding (Weertman, 1957) and prevent friction
between bedrock and rocks carried in basal ice. In such a case,
we would expect relatively low dynamic drag at the bed. In con-
trast, bedrock not covered by till can support higher dynamic
drag.

We performed a simple inversion for the basal shear stress
along the M2019 L-line, which is aligned close to the ice flow dir-
ection, using observed surface and bed elevations and the surface
speed. We used the Pennsylvania State University 2-D higher-
order, finite element model (PSU2D, Parizek and others, 2010;
Koellner and others, 2019) as the forward model to simulate out-
let glacier flow. Within PSU2D, the basal-slip law is represented
by a power law:

tb = Bbu(b)
1
m (2)

where τb and Bb are the shear stress and drag coefficient, respect-
ively, at the basal interface. The bed exponent m was held con-
stant across the domain with values of either 1 (linear viscous)
or 3 (weakly nonlinear) to represent hard bed and 8 (effectively
plastic) to represent soft bed. Total basal traction along the
ice/bed interface is composed of both form drag arising from var-
iations in bed elevation and dynamic drag associated with the
basal shear stress that is supported by the subglacial material.

Surface elevation used here is from the Airborne Topographic
Mapper (ATM; Studinger, 2014, updated, 2018) and bed elevation
is from the Multi-channel Coherent Radar Depth Sounder
(MCoRDS; Paden and others, 2010, updated, 2018) of NASA’s
Operation IceBridge. A survey line along the ice flow, including
over the M2019 L-line, was flown on 11 November 2011. We
used these OIB surface and bed elevation data here rather than
in situ data from the seismic survey as was done for the hydraulic-
potential calculation in order to minimize boundary effects by
extending the model domain ∼85 km upstream and ∼5 km
downstream of the ∼40 km seismic line. For the surface speed,
we used the MEaSUREs InSAR-based velocity (Rignot and others,
2017) interpolated along the OIB data. All of these datasets were
interpolated at a 250-m interval along the flowline. This is spa-
tially coarse compared to the individual linked cavities or other

features generally envisioned to transmit basal water (e.g.
Iverson, 1999), so the inversion provides a spatial average across
such sub-meter to few-meter features.

We inverted for the basal drag by determining the pattern of
the basal drag coefficient (Bb) that reduces the misfit between
observed and modeled surface speeds. For each rheology tested,
we first looked for a uniform Bb value that gives the approximate
mean observed surface speed (∼125 m a−1) within the seismic-
survey subdomain. We then iteratively adjusted the Bb field
along the entire flowline, followed by additional fine-tuning itera-
tions along the subdomain such that the modeled surface speed
closely approximated the observed values along the seismic line
(within ∼7% on average, with misfits as low as ∼0.004% and as
high as ∼24% across the broad region (6–14 km Figs 3a and 5a)
of surface-slope reversal). We thereby recover variations of inter-
est in Bb and subsequently τb.

The observed and modeled surface speeds, the resulting basal
drag coefficient (Bb), and the calculated basal shear stress (τb) are
displayed for each basal-slip law (m) in Figures 5a–c, respectively.
We also plot Zb and τb for each seismic-data location as cross
plots for each basal-slip law (Fig. 6). At the broad scale for each
m, τb shows the expected pattern; basal shear stress is low in
the soft-bedded basin, high overall in the highlands with
mixed-bed conditions, and increases when bumps are encoun-
tered, and Zb and τb have weak, but positive correlation (Fig. 6).
Furthermore, τb varies more (less) with sharper (gentler) transi-
tions between low and high values for lower (higher) m, reflecting
the nature of the nearly viscous (nearly plastic) slip law to concen-
trate stresses locally (distribute stresses over a larger distance)
(Parizek and others, 2013; Koellner and others, 2019).

Within the basin and the initial upslope into the highlands
(between 4 and 16.5 km; Fig. 3a), the basal shear stress is essen-
tially zero (Fig. 5c) where the seismic data showed continuous
soft bed with a few locations with ponded water (Fig. 5e). Due
to positive surface slopes (negative driving stresses; Fig. 5d) across
this broad zone, PSU2D underestimates surface speed over this
region despite the lack of dynamic drag. This warrants further
investigation of transverse flow effects.

Just prior to entering this soft zone, τb is elevated within a
region where local driving stress reaches ∼270 kPa (Fig. 5d)
as ice flows over a ∼5-km-long, ∼45-m-high bump that begins
∼2 km upstream of the seismic line. Relatively high basal shear
stress here is consistent with the higher acoustic impedance values
among the soft-bedded regions, suggestive of deforming but likely
lower-porosity soft bed.

In the highlands, sharp increases in τb correspond to seismic-
ally hard, stoss sides of bumps (e.g. 18.5–19, and 23.5–24 and
28.5–29 km). Also, the longest stretch of high driving stress and
τb near the downstream end coincides with the longest section
of seismically hard bed between 32 and 35.5 km with relatively
high acoustic impedance values (except a long data gap at ∼33–
34 km), supporting our hypothesis. However, there are localized
sections such as 19.5–22 km, 25–26.5 km and 30–31 km where
τb remains high on the lee side of bumps with soft beds. As pre-
viously discussed, these may arise from data inadequacies,
out-of-plane effects, additional processes or some combination
of these; however, we cannot tell at this point which of these pos-
sibilities is at play.

Discussion and conclusions

Prior modeling (e.g. Parizek and others, 2013; Koellner and
others, 2019) has shown that the stability of the West Antarctic
Ice Sheet may depend on the form of the basal-slip law, not
just on the magnitude of the basal drag, with nearly linear, nearly
plastic and mixed beds giving often significantly different

Fig. 4. Cross plot of the acoustic impedance (Zb) and the divergence of the hydraulic-
potential gradient (d2ϕ/dx2). The color scale indicates the location of the
acoustic-impedance measurements along the seismic survey line. Spearman’s rank
correlation coefficient (ρ) of Zb and d2ϕ/dx2 and its p-value are shown.
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thresholds for onset of retreat and for subsequent rates of retreat.
To a greater extent than most other outlet glaciers such as Siple
Coast ice streams (e.g. Anandakrishnan and others, 1998; Peters
and others, 2006) and neighboring Pine Island Glacier (Jordan
and others, 2010; Smith and others, 2013), Thwaites Glacier
flows across the dominant topography rather than along it, giving
strongly contrasting basal conditions along flow lines. The sim-
plest interpretation of the seismic data from M2019 indicates
that hard and soft beds alternate, with hard stoss sides of elevated
bedrock and soft-till lee sides. Prior work, some of which are sum-
marized above, then suggests that basal velocity on stoss and lee
sides will obey quite different slip laws that have unique influences
on outlet-glacier dynamics in spite of the comparable surface vel-
ocities that are observed across these regions (cf. Joughin and
others, 2019).

The resolution of seismic data is high but still limited, and it
may be physically possible to have a dynamically significant sub-
resolution layer of deforming till in regions mapped as hard bed.
Whether such a layer can fully bury bedrock roughness has not
been studied extensively, but cannot be excluded based on current
understanding. Pending such studies, the data indicate that hard

and soft beds alternate along flow, suggesting that the exponent
of the basal-slip law alternates along flow, but a continuous soft
bed cannot be entirely excluded by the seismic data.

Three lines of evidence presented here suggest that the seismic
data accurately capture the basal character. First, the seismic pat-
tern of hard stoss sides and soft lee sides of topography is similar
to many deglaciated terrains.

Second, physical understanding and analogy to other subgla-
cial sites indicate that convergence of subglacial water should
decouple ice from till, reducing sediment flux by subglacial
deformation, whereas divergence of subglacial water should
increase ice/bed coupling and till-deformation flux. Our data
indicate water convergence over soft-bedded regions and diver-
gence over seismically hard regions. This, in turn, suggests that
the sediment flux from soft to hard regions is less than the poten-
tial sediment flux across the hard regions. In steady state, a rela-
tively thin (order of 0.1 m) deforming layer from the soft regions
overlies a much thicker layer of weakly deforming till. The
most-active deforming layer would thin onto the hard regions
as coupling to the ice and thus deformation increased, likely
becoming discontinuous in space or time, and almost surely

Fig. 5. (a) Observed (red solid line) and modeled (blue, black and orange solid lines) surface speeds. Note that colors for different m values apply to panels b and
c. (b) Basal drag coefficient (Bb). (c) Basal shear stress (τb). (d) Driving stress (τd). (e) The bed acoustic impedance (Zb) and bed type (same as Fig. 1c).
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would be insufficient to generate a widespread, continuous soft till
layer.

Third, our inversions indicate basal drag in the highlands,
especially focused on the stoss sides of the topography that is
much higher than can be easily explained by the form drag of
the resolved basal topography, indicating large dynamic drag. A
soft layer is unlikely to generate such a large, localized drag
(note smoothing of the basal shear stress across broader regions
for higher bed exponents in Fig. 5c), pointing to interactions
between ice or clasts in ice and (rough) bedrock, which requires
that soft till be discontinuous or absent on stoss sides.

We note that none of these lines of evidence is unequivocal.
Deglaciated bedrock is not a perfect proxy for active subglacial
conditions, and there are situations in which stoss-side sediments
are observed. We calculated the hydraulic-potential gradient and
its divergence only along the ice flow. However, a new high-
resolution 3-D basal topographic map created from swath-radar
data shows topographic variability across the ice flow; hence the
hydraulic-potential gradient may contain a significant across-ice
flow component (Holschuh and others, 2019). This may explain
mismatches between d2ϕ/dx2 and the expected bed type at some
locations. Our datasets were not collected in a perfectly synchron-
ous way (seismic data were collected between December 2008 and
January 2009 and IceBridge data were collected in November
2011), and time-evolution may have affected interpretations.
More sophisticated inversions for basal drag (e.g. Joughin and
others, 2009; Morlighem and others, 2013; Sergienko and

Hindmarsh, 2013) could be conducted. Important along-flow
transitions in bed type are observed at a spatial scale that is
near the effective resolution of our combined surveys, introducing
some uncertainty. Along-flow variations in slope of the ice-air
surface likely affect snow accumulation and firn density (e.g.
Arcone and others, 2005; Medley and others, 2013), influencing
detailed calculations of subglacial hydraulic potential and the
local driving stress for viscous ice flow that is ultimately balanced
by regional basal drag, lateral drag, and/or ice front conditions.

These and additional considerations are guiding the strategy
for planned collection of co-located synchronous reflection-
seismic, swath- and snow-radar and surface-velocity data to
accurately map 3-D hydraulic potential and its gradient and
divergence by the GHOST (Geophysical Habitat of Subglacial
Thwaites) project as part of the ongoing ITGC (International
Thwaites Glacier Collaboration). The pending success of that
effort (currently planned to begin in the 2020–21 Antarctic
field season), our results indicate that stoss faces of subglacial top-
ography along Thwaites Glacier are hard-bedded, with soft-
bedded lee faces. A full modeling strategy should include a variety
of basal-slip laws, but we recommend using the subglacial topog-
raphy and the results here to specify spatially variable basal-slip
laws.
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