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Abstract Bedforms of Thwaites Glacier, West Antarctica both record and affect ice flow, as shown by
geophysical data and simple models. Thwaites Glacier flows across the tectonic fabric of the West Antarctic rift
system with its bedrock highs and sedimentary basins. Swath radar and seismic surveys of the glacier bed have
revealed soft-sediment flutes 100 m or more high extending 15 km or more across basins downglacier from
bedrock highs. Flutes end at prominent hard-bedded moats on stoss sides of the next topographic highs. We use
simple models to show that ice flow against topography increases pressure between ice and till upglacier along
the bed over a distance that scales with the topography. In this basal zone of high pressure, ice-contact water
would be excluded, thus increasing basal drag by increasing ice-till coupling and till flux, removing till to allow
bedrock erosion that creates moats. Till carried across highlands would then be deposited in lee-side positions
forming bedforms that prograde downglacier over time, and that remain soft on top through feedbacks that
match till-deformational fluxes from well upglacier of the topography. The bedforms of the part of Thwaites
surveyed here are prominent because ice flow has persisted over a long time on this geological setting, not
because ice flow is anomalous. Bedform development likely has caused evolution of ice flow over time as till
and lubricating water were redistributed, moats were eroded and bedforms grew.

Plain Language Summary Thwaites Glacier, West Antarctica, is of great interest because ongoing
retreat could lead to faster future changes that could notably increase sea-level rise. Wide-ranging studies

are thus focused on gaining broad understanding of the glacier. Geophysical surveys discussed here show

that the bed of the glacier has been sculpted by the flowing ice, eroding large “moats” upglacier and to the
sides of bedrock obstacles, and depositing long tails of soft sediment downglacier of those obstacles. We use
simple models to show that these features formed over time because of the interactions among ice, bedrock,
and subglacial water and sediment, and that the behavior of the glacier must have changed as these features
developed. This knowledge does not directly affect estimates of the potential for future sea-level rise, but does
guide further studies to improve those estimates. This knowledge also may help understand the formation of
glacially sculpted landscapes left in widespread regions by former ice sheets.

1. Introduction

Subglacial bedforms, such as drumlins and mega-scale glacial lineations (MSGLs), have long intrigued Earth
scientists. An annotated bibliography on drumlins published in the year 1984, for example, included 1,027 refer-
ences (Menzies, 1984), and the literature has grown substantially since then.

Bedforms both influence and record the flow of ice and sediment (e.g., Spagnolo et al., 2014). Voluminous liter-
ature indicates that interest remains high in part because of a widespread belief that these influences and records
are not yet fully understood, and that additional useful information about subglacial processes should be available
from better interpretation of these features.
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Figure 1. Location map, with inset showing location in Antarctica. Radar surveys were conducted in the shaded boxes, and
seismic data were collected along the black lines in those boxes. Figure is modified from Clyne et al. (2020), with ice-flow
velocities (arrows; NASA MEaSUREs InSAR-derived data from Rignot et al., 2017), bed elevation from Bedmap2 (Fretwell
et al., 2013), and the grounding line in 2011 (black line) based on NASA InSAR (Rignot et al., 2016; following; Muto,
Anandakrishnan, et al., 2019). The yellow star shows the West Antarctic Ice Sheet Divide ice coring site.

Difficulty interpreting bedforms likely arises at least in part from their complicated history. The most-studied
features are generally on deglaciated land surfaces, which have experienced one or more cycles of ice advance
and retreat, so that the bedforms reflect the integrated effects of complex ice-marginal processes perhaps further
overprinted by post-glacial processes. These ice-marginal processes may be essential for formation of the bed-
forms, but may also obscure the essential processes that occurred farther from the ice margin, or both. Subglacial
conditions farther from the margin of the ice sheet are recorded more clearly in deposits of those marine-ending
glaciers that experienced relatively rapid “lift off” during retreat, together with relatively small grounding-zone
and postglacial sedimentation rates, preserving the “death mask™ of the ice sheet without modification during
retreat (e.g., Davies et al., 2017; Spagnolo et al., 2014; Wellner et al., 2006); however, this provides a somewhat
restricted sample of glaciers.

Geophysical surveys of modern glaciers have long been used to characterize their beds (e.g., Drewry et al., 1983),
including assessments of roughness and resolvable bedforms. These surveys are largely inadequate for many bed-
form studies, however. The Antarctic has roughly 0.1 km of radar flightline for each 1 km? of area, for example
(Morlighem et al., 2020), surely not enough to identify and characterize most bedforms (compare to ~0.7 km
of road for each km? of area in the USA including Alaska, or ~1.7 km/km? in the UK with even larger ratios in
much of the EU; OECD, 2015). Very dense grids of geophysical lines have occasionally been collected that do
allow characterization of bedforms (e.g., Bingham et al., 2017; King et al., 2009; Smith et al., 2007), but such data
collection is logistically difficult, so very few areas have been characterized in this way.

As reported by Holschuh et al. (2020), however, swath radar now can produce high-resolution three-dimensional
maps covering larger areas of modern glacier beds, with sufficient detail to allow meaningful comparisons to
terrestrial LIDAR and marine side-scan sonar. Results of the survey reported by Holschuh et al. (2020) over two
upstream portions of Thwaites Glacier (Figure 1), part of the West Antarctic Ice Sheet (WAIS), are shown in
Figure 2. After a short review of the Thwaites setting, we discuss many of the features shown in Figure 2, and
develop hypotheses for their formation. We provide simple models in support of the hypotheses, and briefly dis-
cuss some of the problems in conducting comprehensive modeling, but do not attempt this much-more-difficult
task. We hypothesize that: the high-pressure zones generated by flow against stoss sides of bedrock obstacles
exclude much of the ice-contact basal water; this couples ice more strongly to till to increase till deformational
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Figure 2. Swath-radar-derived topographic maps of the glacier bed, from Holschuh et al. (2020), for the downglacier (upper left panel) and upglacier (center left panel)
survey blocks indicated in Figure 1, together with annotated subregions of the upglacier block (A-E), as discussed further below. Smallest grid spacings are 1 km. Color
scale is in common for all panels, with deepest blue 1,500 m below sea level, and light tan 950 m below sea level, as indicated at upper left. Contour interval is 50 m.
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flux; the resulting till divergence exposes bedrock to erosion; the erosion produces moats; the moats then influ-
ence subglacial water flow and lubrication; furthermore, till transported across bedrock obstacles is deposited in
low-pressure lee-side positions to form prograding, soft-topped flutes; and, water diversion to the low-pressure
lee-side areas favors erosion and greater basal drag in troughs. After developing this hypothesis, we provide a
cartoon of it as Figure 7.

2. Motivation—Thwaites Glacier Bedforms
2.1. Geological Setting and Glacier Dynamics

Thwaites Glacier is arguably the most important ice-flow feature for near-future sea-level rise (e.g., Scambos
et al., 2017). Models have repeatedly shown that Thwaites is vulnerable to retreat, which beyond some threshold
could become both rapid and difficult to reverse, with the potential to raise global average sea level by more than
3 m over the following decades to centuries through retreat extending into neighboring drainages (e.g., DeConto
& Pollard, 2016; Joughin et al., 2014; Parizek et al., 2013).

The marine basins of WAIS, where rapid deglaciation is most likely to occur, occupy extended, down-dropped
crust of the West Antarctic Rift System (WARS) (e.g., Behrendt, 1999; Bingham et al., 2012; Winberry &
Anandakrishnan, 2004). The Transantarctic Mountains form one well-defined rift flank, with Marie Byrd Land
and other highlands along the Pacific (Amundsen Sea) coast forming the other rift flank. A tectonic fabric,
controlled at least in part by extensional faults (e.g., Behrendt, 1999; Muto et al., 2013), runs parallel to those
boundaries. Much of the ice flow is directed along this tectonic fabric, especially toward the Ross Embayment
along the ice streams of the Siple Coast. But, because this rift basin forms an elongated channel with an extended
flow path from its central region to the outlets, ice has built up sufficiently over that central part of WARS to drive
flow across the tectonic fabric through gaps in the Pacific rift flank, especially at Thwaites Glacier.

Ice flow typically is directed down the ice-air surface slope (e.g., Cuffey & Paterson, 2010) and routinely crosses
basal topography; however, most major ice streams still flow primarily parallel to basal topography (e.g., Bent-
ley, 1987; Morlighem et al., 2020). Thwaites is extreme in having so much flow across such strongly transverse
topography. This cross-topography flow may favor generation of bedforms.

Available data indicate that the bedforms of Thwaites Glacier have been formed over long times involving flow
processes that still are active today. Paleoclimatic data indicate that the interior regions of WAIS have been
continuously present with roughly their modern volume for at least ~100,000 years and possibly much longer,
and have been present for most of the last few million years (reviewed by R. B. Alley et al., 2015, pp. 209-212).
Retreat behind the modern grounding zone did occur during the mid-Holocene in the thin ice over the nearly
horizontal bed of the Siple Coast (Kingslake et al., 2018) and perhaps elsewhere, but with no evidence of recent
major retreat into the deep interior basins (e.g., Johnson et al., 2017).

Punctuated rapid subglacial lake drainage could be responsible for bedform formation at Thwaites, but we con-
sider this possibility unlikely. Subglacial lake drainages occur locally in the modern environment (Hoffman
et al., 2020; Malczyk et al., 2020; Smith et al., 2017), but the water-flow rates thus far observed from subglacial
Antarctic lakes do not appear to be fast enough to be geomorphically important (also see R. B. Alley, Cuffey, &
Zoet, 2019, p. 3). Furthermore, the features such as stoss-side moats and lee-side tails that we describe below
are widespread, and not focused in modern water-flow pathways as generally calculated assuming that subglacial
hydrologic potential arises from elevation and the overburden pressure of the ice (e.g., Holschuh et al., 2020). We
remain interested in the possibility that much larger floods have occurred, perhaps during WAIS growth or re-
growth, discharging water trapped by grounding of ice shelves bridging the deep basins (R. B. Alley et al., 2006;
also see Kirkham et al., 2019), but any such floods linked to ice-sheet regrowth must be at least tens of thousands
of years in the past. We thus assume that the bed of Thwaites Glacier in our inland study area has developed
in response to long-term ice flow more-or-less like today for at least tens of thousands of years (e.g., Cuffey
et al., 2016; Pollard & DeConto, 2009; Whillans, 1976), and thus that analyses starting from a steady-state as-
sumption may be useful, something that may not be true for most or all bedforms that have been well-studied in
deglaciated regions.

The geological setting of Thwaites exerts a first-order control on ice-sheet retreat behavior, and thus has helped
guide research priorities. At present, the grounding zone is somewhat stabilized on a transverse bedrock sill in
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the rift flank (e.g., Sergienko & Hindmarsh, 2013), and the most important question going forward is probably
whether the grounding zone will retreat from this sill. In some locations, particularly on the eastern tributary, the
grounding line has already started to retreat from this sill (Millilo et al., 2019). If further retreat occurs, numerical
models tend to simulate continuing retreat, often quite rapidly, although with slowdowns on deeper transverse
ridges farther upglacier; this focuses attention on 3-d bathymetry, with strong dependence on the loss or persis-
tence and strength of ice-shelf buttressing, and on estuarine processes in the grounding zone (e.g., K. E. Alley,
Scambos, et al., 2019; R. B. Alley, Cuffey, & Zoet, 2019; Horgan et al., 2013; Joughin et al., 2014; Morlighem
et al., 2020; Parizek et al., 2013; Sun et al., 2020).

But, models also show that retreat behavior depends on processes controlling motion at the ice-bed interface as
well as on bathymetry. As discussed below, the form of the basal “flow law” or friction law for ice motion is prob-
ably different between the stoss and lee sides of the subglacial ridges (e.g., Muto, Anandakrishnan, et al., 2019;
Muto, Alley, et al., 2019), with more-nearly viscous behavior on stoss sides where bedrock is exposed, and
more-nearly plastic behavior on lee sides where deformation of tills lubricates flow (Zoet & Iverson, 2020).
Modeling suggests that a more-nearly plastic bed initially delays grounding-zone retreat in response to oceanic
forcing, but accelerates retreat once initiated (Parizek et al., 2013). Modeling also suggests that, under some
conditions, ice-flow behavior over a bed with alternating till and bedrock will fall between behaviors with the
end-member beds, but under other conditions the alternating bed may exhibit novel behavior falling outside the
end-members (Koellner et al., 2019). Thus, we focus here on the interactions between ice and rock that both gov-
ern future behavior and act to reshape the subglacial landscape.

We start by highlighting certain features on the bed of Thwaites Glacier, as recently published from swath radar
and ground seismic surveys, that we consider to be especially important in providing clues to the controlling
processes. We then construct simplified models of flow over such features, documenting large perturbations on
the local pressure field. We synthesize these to hypothesize that effects of these pressure perturbations modify
subglacial processes in ways that initiate and stabilize the observed subglacial bedforms.

2.2. Bed Morphology and Swath Radar

We focus on selected areas in the swath radar data shown in Figure 2. We refer to hard (consolidated, likely lith-
ified sedimentary rock) and soft (till) beds, based on co-located seismic observations that have been published in
several papers, as discussed in the following section.

The data in Figure 2 show that:

1. Streamlining of the bed is widespread to ubiquitous (features are elongated along ice flow, with greater vari-
ability in bed elevation across flow than along flow);

2. Elongated bedforms composed of soft till locally exceed 100 m in height and more than 15 km in length (and
arguably much more; see below);

3. At least some of the broader bedforms (extending a few kilometers transverse to flow) are surmounted by
narrower features that parallel each other and that parallel the larger features (Figures 2a and 2b); still-smaller
features, if they exist, would have been difficult to resolve with the available data;

4. The most prominent elongated features (which might be called flutes, or MSGLs) occur in the down-dropped
sedimentary basins with their “soft” tills, but these features are tails of crag-and-tail features starting in the lee
of bedrock knobs in the “hard” uplands (Figure 2b);

5. Bedforms typically continue downglacier with little change in size until they approach the next major geologic
boundary (the edge of the next fault block or bedrock-controlled high) (Figure 2c). Bedrock knobs are more
common in the highlands, so the distance to the next bedrock-controlled high is shorter there, perhaps explain-
ing at least in part why the bedforms are shorter there;

6. The downglacier transitions from soft till to bedrock knobs, where flutes end or at least become greatly re-
duced in size, are often marked by moats (sometimes called sichelwannen; see Holschuh et al., 2020). These
are overdeepened regions upglacier of and extending to the sides of the bumps. The bed elevation typically
drops by more than 10 m into the moats, and in some places by more than 50 m (Figure 2d). Moats are gen-
erally deepest directly upglacier of an obstacle but are typically traceable around the sides into lows between
lee-side flutes (we will return later to the possibility that smaller moats also exist on the downglacier sides of
bumps);
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Figure 3. Bed of Thwaites Glacier along the upglacier cross-line in the upglacier grid shown in Figure 1, from Muto,
Anandakrishnan, et al. (2019, their Figure 3 V line, which also plots the generally small uncertainties), looking downglacier.
The stacked and migrated seismic section shows the prominent reflection from the bed between 2,600 and 2,700 m ice
thickness (right-hand scale). The topographic highs are lee-side bedforms of bedrock features upglacier. Acoustic-impedance
data are shown by the white line, which connects the individual measured data points. Note that the scale is inverted, so that
“softer” beds plot upwards. All observed values on this profile indicate a relatively soft bed or perhaps water. The relation
between topography and acoustic impedance is not entirely consistent, but tends to indicate that the bedform crests are softer
than the troughs.

7. Careful examination shows many cases in which a flute appears to cross a moat and continue across highland
topography, although with much-reduced amplitude of the flute. The available data are probably insufficient
to insist that these are dynamically continuous, but they appear to be (Figure 2e). If they are continuous, then
some bedforms are much longer than 15 km.

2.3. Bed Properties From Active-Source Seismic Surveys

Active-source seismic surveys were conducted during in the 2008—-2009 and 2009-2010 austral summers along
the survey lines shown in Figure 1. Collection, processing, data availability, and the main results are presented by
Muto, Anandakrishnan, et al. (2019); Muto, Alley, et al. (2019); and Clyne et al. (2020).

Of greatest relevance here, the seismic data show, as discussed in those papers and in Figure 3:

1. Quite low acoustic impedance, indicating soft, water-saturated, dilated and deforming till, in lee-side positions
including the major basins, as well as in smaller regions downglacier of bedrock bumps, and occasionally with
seismically detectable free water;

2. Somewhat higher acoustic impedance, consistent with weakly lithified sedimentary rocks (and, very locally
in the downglacier grid, crystalline rocks), on stoss sides of major topographic features, and, although with
fewer samples, in deeper parts of moats;

3. Low acoustic impedance on crests of the bedforms where crossed by seismic lines, with data likely showing
that the crests are even softer than the troughs, and no evidence of consistently harder crests than troughs
(Figure 3).

The seismic surveys do not consistently image reflectors within the bed, but it is likely that strong, shallow and
sharp material contrasts within the bedforms would have been identified if they existed. As noted by Muto,
Anandakrishnan, et al. (2019), the “-wavelength vertical resolution in ice is ~6.4 m, and roughly half that much
in soft till, based on peak frequency of ~150 Hz in the primary reflections, with Fresnel-zone width of ~365 m
at the average depth of ~2,600 m in the upglacier grid, so laterally extensive beds more than ~3—4 m thick in
the soft sediment could be resolved (e.g., Christianson et al., 2014). Interpretations are complicated by off-axis
reflections from adjacent bedform crests that might obscure other returns, and by the relatively small seismic shot
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sizes used, which were optimized for studying the ice-bed interface rather than deeper features. Pending addition-
al data, it appears that the bedforms are somewhat homogeneous at least in their upper parts.

We thus seek to provide insight to the formation of these widespread, highly elongated, soft-topped, relatively
homogeneous bedforms that occur at multiple scales up to and including >15 km long and >100 m high beneath
Thwaites Glacier, which generally start in the lee sides of structurally controlled bedrock highs, and end, or at
least are reduced in size, at stoss-side moats of the next structurally controlled bedrock features. The development
of bedforms must both reflect and cause heterogeneity in the stress field at the base of Thwaites glacier. Next,
we investigate the effects of the bedrock flow obstructions on the subglacial pressure field, with implications for
local erosion, deposition, and water routing. We use diagnostic models that provide intuition for bedform evolu-
tion, building on prior ideas such as those in Muto, Anandakrishnan, et al. (2019), Muto, Alley, et al. (2019) and
Holschuh et al. (2020), but originating much earlier, as described next.

3. Theory and Modeling—Influence of Bedforms on the Local Pressure Field

Fluctuations in bed-normal stress arising from ice flow over basal topography have long been central to models
of basal processes (the review by Cuffey & Paterson, 2010 in Chapters 6 and 7 is a useful starting point). In flow
past an obstacle, the pressure is raised on the upstream side and lowered on the downstream side to drive the flow
divergence and convergence needed to negotiate the obstacle. We consider obstacles on horizontal beds, rather
than sine-wave beds or other possible geometric models, to approximate the observed conditions of Thwaites
with fault-controlled highlands upglacier of nearly planar, nearly horizontal lowlands.

We recognize the large uncertainties in basal conditions (no-slip to free-slip, till deformation following a “law”
that may range between viscous and perfectly plastic, ice deformation exhibiting a power-law dependence on
stress that may range from squared to fourth power or even a wider range); thus, no single model can be taken
to represent behavior accurately. We thus emphasize those features that are found in common across a wide
range of models that likely span the natural conditions, and we use these common features in developing hy-
potheses for bedform development. We start with the classical Stokes solution for a falling sphere, then consider
Weertman (1957) sliding over a “tombstone,” and follow with numerical models exploring a range of boundary
conditions.

3.1. Idealized Models

Stokes (1851), in considering the motion of a pendulum, developed an analytic solution for flow of a viscous fluid
past a sphere. This situation has many physical similarities to flow of linear-viscous ice over a well-lubricated
horizontal bed across a no-slip hemispherical obstacle. In this classical Stokes (1851) model, flow of a fluid of
viscosity p past a spherical body of radius R moving at velocity U, the pressure P differs from the unperturbed
value Poo at great distance, with dependence on distance » from the center of the sphere according to:

P — Po =3uURcos 6/ (2r2) L

where @ is the polar angle from the far-field velocity vector.

Integrating this pressure perturbation over the surface of the sphere gives the contribution to the Stokes drag;
1/3 arises from pressure forces and 2/3 from viscous forces (e.g., Childress, 2009, Equations 7.34 and 7.38,
from Stokes, 1851, Section II.18). The pressure perturbation is largest on the surface of the sphere, at r = R,
and decreases into the fluid with an e-folding length of R*e”, thus scaling with the sphere size. The pressure
perturbation is largest along the diameter of the sphere parallel to the far-field flow, with elevated pressure on the
stoss side and reduced pressure in the lee. Note that the pressure perturbation continues to the side of the sphere,
falling to zero only along the circumference oriented perpendicular to the far-field flow (8 = 90°) (aspects of this
solution are shown in Figure 6, below).

Instead of the Stokes model, glaciologists have often found it more appropriate to start with the Weertman (1957)
solution for basal sliding over a cubic “tombstone” obstacle of side length L on an otherwise frictionless, planar
horizontal bed with free slip along the surfaces of the obstacle. In this model, far from the obstacle the stresses
are 6, =6, =0, with x oriented horizontally along the far-field flow, and the pressure is
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Figure 4. COMSOL model for flow of viscous ice (with viscosity of 10'3 Pa s) over a bedrock obstacle. (a) Geometry used.
This is a 2-d (vertical and along-flow) simulation, shown extended in the third (transverse) dimension here. (b) Ice-flow
vectors, together with pressure field shown as perturbations with scale bar on right. (c) Heat flow vectors in ice and bed,
together with temperature field in ice shown as perturbations with scale bar on right. The ice-rock interface is shown red
where there is net heat flow convergence, supporting melting, and blue where there is net heat flow divergence, supporting
freeze-on.

Poo=(0x+0'y+0'z)/3=3oxl3=ox ?2)

In the Weertman approximation, the x-directed stress is increased by do, in a volume of ice extending over a
distance L upglacier of the obstacle over the area of the obstacle. In that region of perturbed stress, the pressure
can be estimated as

P=(o,+do, +0,+0,)/3=Po+do, /3 3)
P-Pwo=do, /3 “

Hence, the pressure is increased by 1/3 of the added longitudinal stress. MacAyeal (2019) used COMSOL Mul-
tiphysics® finite element modeling to show (e.g., in his Figure 4), that the situation cannot be quite this simple,
and that the high-pressure region extends upglacier and to the sides over a distance that scales with the obstacle
size and with a smooth fall-off into the fluid, as in the Stokes solution, but this Weertman solution does capture
many aspects of the situation.

Then, following Weertman (1957) and Cuffey and Paterson (2010), the classic Weertman solution for the extra
stress from creep around obstacles is, for n = 3 in the ice flow law,

do, = ((912)v 1(za))", §)

with the creep parameter often taken as A = 2.4 x 1072* s~! Pa=>. Note that if ice is modeled as linear-viscous so
n =1, then A is equivalent to 1/p, and the Weertman solution yields the same functional dependence for total drag
and thus for pressure perturbation near the obstacle as in the Stokes solution, differing only in the geometry and
the free-slip Weertman interface versus no-slip Stokes interface. The requirement for high pressure on the upflow
side to drive the divergence is quite general, and persists in models going from free-slip to no-slip on the obstacle,
and hemispherical to cubic in its shape, for different ice rheologies.

Using the Weertman solution, with ice speed of U = 100 m/year (similar to the slowest surface velocity observed
in our upglacier survey grid) and L = 100 m for an obstacle (typical of the height of many obstacles in the survey
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A ] P——— 1000 grids) gives do_ = 4 x 105 Pa, and an excess pressure of ice on the bed of
- = e more than 10° Pa (1 bar). Smaller obstacles or faster sliding would yield larg-

er perturbations, but with smaller obstacles affecting a smaller region (e.g.,

0 kPa Lliboutry, 1979, Equation 84). For sufficiently large obstacles, the coupled
flow problem with deformation of the free surface becomes important, but
any solution will still involve notably enhanced pressure on the stoss side of
the obstacle.

-1000
3.2. Finite Element Models
= To provide further insight to the pressure perturbations caused by flow over
0 mK basal obstacles, we next return to solutions with linear-viscous ice. MacA-
yeal (2019) modeled enhanced-creep flow over hemispherical obstacles as
well as Weertman-type cuboid “tombstone” obstacles on a horizontal planar
e bed. Additional simulations have been conducted here, including with stoss-
side moats, and we present a few results that we consider to be especially in-
structive, but these simulations are not intended to exactly model the ice-flow
Figure 5. Simulated flow over a bedrock obstacle with stoss-side moat, situation at the bed of Thwaites, for reasons discussed below.
but with other parameters as in Figure 4. (a) Ice-flow vectors, together
with pressure field shown as perturbations with scale bar on right. (b) Heat 3.2.1. Flow Past a Basal Obstacle
flow vectors in ice and bed, together with temperature field in ice shown as
perturbations with scale bar on right, with the ice-rock interface shown red Sharp corners in the simulations produce singularities, which are especially
where there is net heat flow convergence, supporting melting, and blue where  evident with the Weertmanian “tombstones” but do not obscure the general
there is net heat flow divergence, supporting freezing. features of the solutions (MacAyeal, 2019). All our simulations demonstrate

that an obstacle generates a high-pressure perturbation on its stoss side and

a low-pressure perturbation on its lee side, and that these pressure perturba-
tions extend, with the same order of magnitude, into the adjacent ice and along the interface with the bed beneath
that ice over a distance that scales with the obstacle size. Introducing a stoss-side moat, though, perturbs the
stresses, offsetting the pressure perturbations in some ways but amplifying them in others.

As noted by MacAyeal (2019), the results of experiments of this type can be shown nondimensionally, because
the perturbations caused by an obstacle scale with the obstacle size. For ease of interpretation, the COMSOL
model results here (Figures 4 and 5; also see the Supporting Information S1) are presented dimensionally. MacA-
yeal (2019) showed three-dimensional simulations; the additional simulations here are two-dimensional (vertical
and along-flow; Figure 4a), for simplicity. A linear-viscous fluid (“ice”), with viscosity appropriate for temperate
ice (10'3 Pa s), flows over horizontal, elastic bedrock with one hemispherical protrusion of 100 m radius having
properties typical of sedimentary rock. The domain is 4,000 X 4,000 m, centered on the obstacle. The upstream
and downstream sides of both ice and rock are periodic for stress balance and temperature, the bottom of the rock
is fixed to have zero displacement, and the top of the ice is set at a uniform shear stress of 1 bar (10° Pa). The
ice/rock interface is constrained to be at the pressure-dependent melting temperature, with free slip on horizontal
surfaces, no slip on the bump and on the moat where present, and with the normal force of the ice acting on each
segment of the boundary to give the elastic response (no-slip and fully free-slip simulations are given in the Sup-
porting Information S1, as are runs with moats elongated along ice flow; the free-slip/no-slip simulation is shown
here because it most closely matches the Stokes solution, and also captures the likely great increase in dynamic
drag as ice moves from a soft till to exposed bedrock, where englacial debris likely is abrading the rock, as de-
scribed below). Thermally, the bottom boundary is insulating, and the temperature on top is set at 273.15 K. We
do not independently model a water system between ice and rock, but below we discuss the effects of the pressure
perturbations in the ice on a distributed water system. We do not include time-varying boundary conditions (e.g.,
Wolovick et al., 2014), because of the likelihood that the Thwaites system is fairly close to steady-state in this
location that is still well upglacier of the modern grounding zone, as discussed above (e.g., Cuffey et al., 2016;
Pollard & DeConto, 2009; Whillans, 1976); we note in Section 6 that some nonsteadiness at small-scale likely is
occurring, providing range for further experiments (e.g., Mantelli et al., 2019).

Figure 4b shows the pressure field (the mean of the trace of the stress tensor) in the ice, with ice-flow vectors (the
pressure field is also calculated in the elastic bed, but not shown). The pressure satisfies V2P = 0, in the two sep-
arate media. This means that the high pressure of the ice on the stoss side of the bump has a halo of high pressure
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Figure 6. Map-view of basal hydrologic potential (perturbation, shown by color scale and dashed black 5 kPa contours)

and water flow lines (blue) for ice flow from left to right, over a 100-m radius obstacle (black circle) centered at (0, 0) on a
horizontal bed, assuming the Stokes solution yielding a maximum pressure perturbation of ~10° Pa from viscosity 10'* Pa s
and 20 m/year ice velocity), a background hydrologic-potential gradient of 10 Pa/m, and water pressure equal to ice pressure,
including the perturbation caused by the elevation of the obstacle. The upglacier and downglacier saddle points, as described
in the text, are circled in white.

extending upglacier through the ice over a distance that scales with the bump size, which then causes similarly
high pressure on the flat part of the bed just upglacier of the bump; equivalent low-pressure regions exist on the
lee side. The total stress across the interface is continuous.

The pressure perturbations on the interface maintained at the pressure-dependent melting temperature impose a
heat flux to the stoss side of the obstacle and also to the flat part of the bed upglacier of the obstacle in both the
ice and the rock, as shown in Figure 4c. Discontinuity of this heat flux is, through the latent heat, the water pro-
duction/freezing rate. The resulting regelation velocity would be insignificant at this scale, but could be important
for smaller bumps, as in MacAyeal (2019) and as discussed further below.

We also conducted model runs (not shown here) introducing a viscous sublayer between ice and rock (viscosity
10~* that of the ice, and thickness 0.1 that of the obstacle radius); this most simply is understood as a till layer,
although it might also represent a temperate ice layer between cold ice and rock, or ice softened by included
materials. Introducing this layer alters the details of the solutions, and the temperature field is affected slightly
depending on whether the pressure-melting criterion is applied at the top or bottom of the viscous sublayer. The
pressure perturbations are robust, however, and extend through the ice and the viscous sublayer. Thus, any sub-
glacial till is also subject to the pressure perturbations caused by ice flow against the obstacle.

3.2.2. Flow in the Presence of a Subglacial Moat

In Figure 5, we repeat the simulation from Figure 4 with a crude approximation of a stoss-side moat, here taken
as a feature incised into the bed with a semicircular cross-section of radius half that of the obstacle. This in-
creases the maximum pressure perturbation on the obstacle, which is now taller on the stoss side, but, it creates
a low-pressure zone in the lee of the upglacier corner of the moat (the green extending just downglacier of the
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Figure 7. Diagram showing conceptual model for bedform development, as shown in a vertical section along flow (left),
from onset of glaciation (top) to modern setting (bottom), which is also shown, together with water-flow paths, in map view
on the right.

corner in Figure 5a). This corner acts as an obstacle, the equivalent of a locally high feature interrupting the mean
bed sloping down to the bottom of the moat from the upglacier horizontal region. As shown in the Supporting In-
formation S1, switching from this no-slip-obstacle/free-slip-elsewhere to fully free-slip or fully no-slip changes
the output in many ways, but preserves these basic features. Interestingly, Clyne et al. (2020) found exposed bed-
rock in moats, but with “soft” data points in the lee of the lips of the well-sampled moats toward the upglacier end
of their seismic line (their Figure 6). This is potentially important in water routing, as discussed below.

One could explore a much wider range of bump sizes and shapes, ice-flow velocities and basal rheologies (in-
cluding the effects of debris in basal ice) with varying combinations of basal-slip rules for far-field and on-the-
bump, and with varying sizes, shapes and sliding laws for moats. A few additional simulations are shown in the
Supporting Information S1, but with no intention to span the full possible parameter space. Based on prior work
and our simulations to date, rapid ice flow over obstacles will cause perturbations to the basal pressure field near
the obstacle that are of the same order of magnitude as the perturbations on the obstacle, over a length that scales
with the obstacle size, with compression upglacier, tension downglacier, and the perturbations extending some
distance to the side (explored further below, including Figure 6). Furthermore, stoss-side moats have a tendency
to offset the influence of obstacles on ice-bed contact pressure over the upglacier part of the moat, with potential
implications for subglacial water routing, lubrication, and further moat erosion.

4. Implications for Subglacial Processes Near Basal Obstructions to Flow
4.1. Overview of Subglacial Processes

The robust features of these simulations, combined with the site characteristics of our survey grids, motivate
our hypotheses for bedform origin. In this section, we review evidence for the nature of the water and till sys-
tems of the survey grids. Some of this information was introduced at least briefly in Muto, Anandakrishnan,
et al. (2019), Muto, Alley, et al. (2019), Clyne et al. (2020) or Holschuh et al. (2020); those discussions, and
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the discussion here, are supplemented by more-extensive, referenced background information in Text S4 of the
Supporting Information S1.

The water system in our study area is distributed and high-pressure, based on the very low acoustic impedance of
the tills observed in basins and lee-side positions, as well as on analogy to similar systems elsewhere (Text S4a in
the Supporting Information S1). Typical along-flow hydrologic potential gradients in the region are sufficiently
small that the large water-pressure perturbations caused by ice flow against obstacles will control ice-contact
water flow over distances that scale with obstacle size, as described below. In response, water flowing from far
upglacier toward an obstacle on a horizontal bed will be diverted to the sides, remaining well away from the
obstacle in all directions (Figures 6 and 7, below). This exclusion of water between ice and bed in a zone upgla-
cier of an obstacle will allow the ice to couple more strongly to the till there (e.g., Rempel, 2008; Zoet & Iver-
son, 2020), increasing till flux, based on observations at other sites and on models, as described in Text S4b in the
Supporting Information S1. In turn, this locally high stoss-side till transport will remove the till there, transferring
it downglacier. Some of this till will be deposited in lee-side positions, while the stoss-side removal of till will
expose bedrock to erosion that otherwise would be suppressed by the presence of till.

We have described a mechanism by which the pressure gradients resulting from ice flow around a large obstacle
drive enhanced erosion. This effect likely occurs at smaller spatial scales as well. Stoss-side high-pressure zones
exist for obstacles of all sizes, including abrading clasts. For small clasts (<10 cm), the melting-point depression
of the high pressure will drive significant heat convergence to the bed upglacier of the clast that will increase melt-
ing there, thus increasing the downward motion of ice past the clast, favoring faster abrasion as described in Text
S4c in the Supporting Information S1. The drop in melting temperature as ice approaches the stoss side of a large
obstacle should slightly increase abrasion there, also as described in Text S4c in the Supporting Information S1.

4.2. Flow Paths of Water From Upglacier

Water in a distributed ice-contact basal system is typically assumed to flow down the potential gradient arising
from variations in bed elevation and ice-surface elevation, with gradients in local effective pressure unimportant
over long distances (e.g., Kamb, 2001). Muto, Alley, et al. (2019) and Holschuh et al. (2020) calculated the
gradient in the hydrological potential for the distributed water system indicated by seismic and radar data in our
study area, assuming a spatially and temporally constant effective pressure. Averaged over the upglacier grid of
Figure 1, they found an along-ice-flow gradient of ~15 Pa/m, with important variations including local reversals
over shorter distances, and with the gradient generally of much smaller magnitude over the till-lubricated basins
and larger magnitude over the highlands. Thus, ice-pressure perturbations of order 10° Pa caused by ice flow
against major bumps are large compared to variations over similar length scales caused by ice and bed geometry
alone, and compared to any effective pressure that is expected nearby. Such perturbations thus will have major
effects on meltwater routing, tending to divert water from upglacier around any obstacles, over a considerable
distance that scales with the obstacle size as discussed above (Holschuh et al., 2020).

To illustrate this, in Figure 6 we show the Stokes solution for a 100-m-radius obstacle, with ice viscosity and ve-
locity chosen to yield a maximum pressure perturbation of ~10° Pa, reflective of the Weertman-based calculation
above (with ice viscosity 4 = 10'3 Pa s, this would be 20 m/year ice velocity, or 4 = 10! Pa s and 200 m/year, or
any other equivalent combination from Equation 1). Subglacial hydrologic potential contours and flow lines are
shown assuming that the water pressure equals the ice pressure or is offset by a constant amount (i.e., constant
effective pressure; discussed further below), and that the far-field “background” gradient in ice pressure and thus
hydrologic potential is 10 Pa/m, slightly smaller than long-distance average values along Thwaites Glacier but
higher than observed gradients in the till-mantled basins of Thwaites Glacier. The Stokes solution would be ap-
propriate for a free-slip boundary away from the bump and a no-slip boundary on the bump in linear-viscous ice,
as in Figures 4 and 5. We show a map-plane view of the bed extending 900 m laterally upglacier, downglacier,
and across flow from the 100 m obstacle, demonstrating that the perturbations in pressure from ice flow against
the obstacle will have a major effect on hydrologic routing extending well beyond the obstacle itself. This in turn
will influence till flux, as discussed further in Text S4b in the Supporting Information S1.

As shown in Figure 6, all subglacial water drainage flow paths originating well upglacier remain more than
~600 m from the center of the obstacle (500 m from the edge). Water flow along the centerline of the obstacle
diverges transversely at an upglacier “saddle point” at this distance (Figure 6), converging transversely at the
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downglacier saddle point. Closer to the obstacle, any ice-contact water system would be supplied only by the little
water generated locally (e.g., by pressure melting, geothermal flux, or heat of sliding close to the obstacle) or by
water arriving through a different path (e.g., groundwater flow; see below). With no significant water sink near
the lee of the obstacle except for the very small regelation-freeze-on fluxes balancing stoss-side regelation melt-
ing, the hydrological potential favors water flow into the lee-side low-pressure zone from all sides, for example,
through groundwater, which in turn would tend to raise the water pressure there by displacing ice. The rate of this
groundwater flow would depend in important ways on parameters such as bedrock permeability that often are not
included in glaciological models. This flow likely would be slow compared to usual subglacial water flow. After
onset or reestablishment of glaciation from an initially deglaciated state, this restriction on inflow might allow
relatively long-term persistence of a drained bed with low water pressure before formation of lee-side water-filled
cavities.

The calculations for Figure 6 assumed a constant effective pressure. Modeling of water flow is further compli-
cated by variations in effective pressure. Weertman (1972; also see Kamb, 1987 and review by R. B. Alley, 1996,
among other sources) argued that in the absence of persistent R-channels, steady water pressure decreases and
effective pressure increases with increasing basal shear stress. We have been considering the pressure variations
across individual obstacles. If one averages over some region of rough bed with numerous small obstacles, the in-
terconnected water will be excluded from stoss sides to accumulate in lee sides. The typical pressure of intercon-
nected water will thus reflect lee-side conditions, and will decrease with increasing shear stress, perhaps more-
or-less linearly with a constant of order one. (This influence of basal shear stress on effective pressure is usually
assumed to arise from the form drag over the fixed bed and not from interconnection of any cavities formed in the
lee of abrading clasts that contribute additional basal shear stress, but we do not know of extensive testing of this
idea.) This effect of higher basal shear stress giving lower water pressure cannot cause much change in effective
pressure on soft till, however, which cannot support high stoss-side stresses. If water pressure were to be reduced
in soft till, ice would tend to regelate into the top of the till (e.g., Meyer et al., 2018), coupling the ice to the till
and promoting till deformation and till flux (Text S4b in the Supporting Information S1).

5. Implications for Bedform Development—Stoss-Side Moats

With these insights to the interactions among ice, water and till flows, we return to address moat formation be-
neath Thwaites Glacier in this section, and then lee-side bedforms in the next section. Our view of formation of
these features is shown in the simplified diagram of Figure 7. We recognize that moats may form in other ways
than described next, including erosion by flowing water (e.g., Allen, 1971). But, as discussed above, we do not
believe that floods can fully explain the widespread, large features observed beneath Thwaites.

The ice sheet originally advanced into a marine basin (Bentley & Ostenso, 1961), where recent, unconsolidated
marine sediments must have abutted (and likely extended over, although perhaps in a thinner layer) the bedrock
topography. Furthermore, the ice sheet has deglaciated to allow marine sedimentation and then regrown, probably
several times although well in the past (e.g., Scherer et al., 1998; reviewed by R. B. Alley et al., 2015). Immedi-
ately following glaciation or re-glaciation, the preexisting water-saturated, unconsolidated sediments would have
favored low effective pressure, soft-till deformation mostly in thin layers near the base of the ice. But, the higher
pressure in the ice generated by the form drag upglacier of a bedrock obstacle would have diverted subglacial
water around the obstacle over a distance that scaled with the obstacle size and extended to the sides as well as
upglacier (Figure 6). This would have coupled the ice more strongly into the top of the till in those regions (e.g.,
Iverson & Semmens, 1995; Rempel, 2008), increasing the till flux along ice flow and thus removing the till,
exposing bedrock to faster erosion (Cuffey & Alley, 1996) and generating the bedrock-formed stoss-side moats
observed today. Transition from soft till on a horizontal surface, to exposed bedrock generating friction during
erosion by clasts in ice, with changing topography as moats were eroded, must have affected basal drag with
influence on ice-sheet flow, as discussed below.

Despite slight flow divergence, modern ice flow largely continues over the obstacles (Muto, Alley, et al., 2019),
as shown by the orientations of the superposed bedforms, by ice-flow modeling, and by analogy to data from
deglaciated landscapes. The excess till transported from the upglacier sides of obstacles thus would have been
taken over the obstacles to downglacier sides, enabling formation of lee-side bedforms (see below).
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Moat formation involves several important feedbacks that will need to be included in a full physical model, as
discussed next. We suspect that enough “free parameters” exist that it will be difficult to model their formation
from first principles, and some tuning to details of the modern moat form will be required.

Drag from the obstacle will evolve over time, in part based on the relative rate of erosion of the moat versus the
surface of the obstacle affecting the relief and shape of the obstacle, but also because of changes in water routing
and lubrication. Formation and then deepening of a moat increasingly will direct basal water down into the moat
through the effect of the bed slope on the hydrologic potential gradient, opposing the tendency for the excess
ice pressure from the bump to drive water away. Also, the growing moat will affect ice flow, causing vertical
extension into the moat and associated bridging stresses that reduce the ice-pressure perturbation on the bed, and
further reducing ice-contact pressure with the bed as the ice pulls away from the upglacier lip of the moat (see
Figure 5a, above). Furthermore, as noted above, the hard bed can sustain a higher effective pressure that scales
with the basal shear stress, which also would tend to direct basal water flow into a moat once it has formed.

Ice flow over single small obstacles will not significantly perturb the ice-air surface. For larger obstacles, how-
ever, all of the interactions mentioned above are further complicated by the ice-surface response, which depends
on the evolving basal topography and lubrication, but which also affects the basal hydrological routing and thus
lubrication (e.g., Hiester et al., 2016; Sergienko, 2012). All of this will interact to some degree with large-scale
lee-side cavities, discussed next, which influence drainage of basal water past obstacles. Formation of moats thus
offers a rich field for future work. Nonetheless, the evidence is strong that initiation of glaciation on a soft-sed-
iment bed with flow against a bedrock obstacle will generate high pressure on the upglacier face and toward the
sides of the obstacle over a distance that scales with the obstacle size (Figure 6), more strongly coupling ice to till
and increasing till flux, thus removing till and allowing bedrock erosion to produce a stoss-side moat continuing
around the sides. Moat erosion includes at least some tendency to be self-limiting, though, with time-evolving
influence of the bed form on ice flow, although we do not yet know whether the moats of Thwaites Glacier have
approached steady-state.

The observed moats of Thwaites Glacier are as much as 50 m deeper than the surface upglacier, and the limited
seismic data suggest that at least some of this relief is eroded into bedrock rather than soft sediment. Even a small
excess stoss-side erosion rate can explain that much relief over the million-year timescale since formation of the
West Antarctic Ice Sheet.

6. Implications for Bedform Development—Lee-Side Features
6.1. Lee-Side Lineations

The bed of Thwaites includes elongated, soft-sediment bedforms extending at least ~15 km along ice flow in the
lee of bedrock bumps (crag-and-tail features). These flutes (or tails of crag-and-tail features, or mega-scale glacial
lineations, or whatever terminology is adopted) taper and drop in elevation only slightly over that length, until
encountering another geological boundary with moats upglacier of bedrock bumps. Arguably, some of the flutes
continue in reduced form across the geological boundary. But, even if they do not continue, the form of the flutes
suggests that they would be much longer if the geological boundary were farther downglacier.

The flutes are up to 100 m high, and are seismically soft on top, indicating water pressure very close to overbur-
den pressure, hence small effective pressure N. The troughs between flutes also have small N, but the limited
data suggest that N is generally larger in troughs than on crests. One might expect, however, that the difference
in density between ice and water would cause N to be much larger on crests than on troughs—based purely on
hydrostatic considerations, water should drain away from crests. Seismically “soft” crests of elongated bedforms
have also been observed beneath Rutford Ice Stream (Smith et al., 2007) and the Northeast Greenland Ice Stream
(Riverman et al., 2019), and Barcheck et al. (2020) observed clustering of seismicity in troughs beneath Whillans
Ice Stream, suggesting a stronger bed there than on crests.

Either erosion or sedimentation separately, or both acting together, could create such streamlined lee-side bed-
forms. For Thwaites, it is likely that both are involved.

Looking first at erosion, the combined seismic and radar data (Figures 1 and 2; see the downglacier highlands
of Figure 6 in Clyne et al., 2020, and the highlands in Muto, Anandakrishnan, et al., 2019) show some upland
regions with streamlined bedforms that have high acoustic impedances indicating sedimentary bedrock rather
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than material deposited recently by Thwaites Glacier. Hence, we can conclude that erosion has contributed to
formation of the bedforms in at least part of our survey area.

We consider it highly likely that at least some of the “soft” materials in lee-side positions were deposited there
by glacial action rather than being entirely sculpted by erosion of unlithified preglacial sediments. Arguments
for this depositional origin are suggestive rather than conclusive, however, and motivate targeted investigations.

The soft-topped, lee-side bedforms are as much as 100 m high, and soft sediment likely continues beneath the in-
ter-ridge troughs at least in some places (Figure 3), so if the bedforms were entirely shaped by erosion, the preex-
isting sediment drape must have been at least 100 m thick. High-resolution West Antarctic seismic surveys often
identify reflectors in the top 100 m of sub-ice-bottom sediments (e.g., Peters et al., 2006; Rooney et al., 1987), so
the absence of such reflectors here is at least suggestive that the bedforms were not entirely eroded from exten-
sive preexisting sedimentary layers. More-detailed surveys to study the internal structure of the bedforms would
be of interest, looking for horizontal layering versus prograding layering from lee-side sedimentation (also see
Riverman et al., 2019).

Erosion of bedrock generally produces rough surfaces at multiple wavelengths (e.g., Boulton, 1979; Iver-
son, 2012), reflecting inhomogeneity in the rock or its fracture patterns, together with the rock being strong
enough to support this roughness against the ice-flow stresses. Lee-side soft-sediment accumulations are wide-
spread in our survey grids. One might expect that erosion sufficient to sculpt 100-m-high features in the lowlands
would have produced new roughness elements lacking inherited sediments in the highlands, or would have re-
moved all the inherited sediment from many of the roughness elements in the highlands.

Based on these considerations, on the long-standing conviction among glaciologists and glacial geologists that
lee-side sedimentation does occur (e.g., Fowler, 2010; Lliboutry, 1958), the documented growth of a bedform
under Rutford Ice Stream (Smith et al., 2007), and the observations presented here, it appears highly likely that
the bedforms of Thwaites were formed by lee-side sedimentation as well as by erosion, although we cannot prove
this with available data. In this view, erosion has occurred in the highlands and in troughs in the lowlands, with
deposition in lee-side positions in highlands and lowlands. Bedforms then comprise eroded “crags” at the upgla-
cier end, eroded troughs and flanks, and till deposited higher on flanks and beneath crests in lee-side positions.
Analogy can be drawn to drumlins, which in at least some cases have such a compound erosional-depositional
origin (e.g., McCracken et al., 2016; Whittecar & Mickelson, 1977; Woodard et al., 2020).

6.2. Lee-Side Cavities

The lee-side bedforms considered here are impressive in their height, width, and length, and in total are among
the more spectacular observed glacially streamlined features. The site characteristics, however, are unremarka-
ble, except for the long-term persistence of glaciation. Ice-flow velocity is modest (90-150 m/yr in the upglacier
grid, 300400 m/yr in the downglacier grid), with the bedforms generally somewhat longer in the lower-velocity
upglacier region than in the higher-velocity downglacier region (contrary to some models; Holschuh et al., 2020).
We suggest that the persistence of glaciation in our survey grids has been the most important contributor to the
great length of the well-defined bedforms we observe. This in turn suggests that many bedforms from deglaciated
terrains of, for example, the Laurentide and Fennoscandian ice sheets, had not reached steady state and so would
have continued to evolve if glaciation had persisted. This surely is not a new idea, but we develop it a little below,
suggesting that nonsteadiness may be important in the evolution of ice flow as well as bed character.

As noted above, research at least since Stokes (1851) on flow past an obstacle has shown that a stoss-side
high-pressure zone is paired with a lee-side low-pressure zone. In the subglacial system, water-filled cavities
often form in those lee-side positions, and have long been integral in major treatments of basal sliding (e.g., Fowl-
er, 2010; Schoof, 2005). Here, we are interested in the length of such cavities relative to the length of observed
bedforms because it provides a partial constraint on the origin of bedforms, but this poses some difficulties. As
discussed next, the most commonly used model for subglacial-cavity length suggests that the observed bedforms
could have formed by sedimentation in preexisting water-filled cavities that initially were as long as, or longer
than, the modern bedforms; however, additional considerations suggest instead that the initial cavities would have
been shorter than the observed bedforms, which reached their full length by prograding sedimentation (also see
Ives & Iverson, 2019).
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In the most commonly used physical model for lee-side water-filled cavities, their lengths are calculated by
balancing the rate of cavity opening through ice flow and cavity-roof melting against the rate of creep closure in
response to effective pressure N (Walder, 1986). Ignoring melting of the cavity roof (which is generally small, but
which, if included, would make the cavity longer), the cavity length L then is (Cuffey & Paterson, 2010):

L= U/[A(N/n)n} ©6)

for basal-ice-flow velocity U, power-law deformation of ice with prefactor A (often taken as A = 2.4 x 107
s7! Pa=3 for ice at the melting point, following Cuffey & Paterson, 2010), and power n = 3. As noted by
Cuffey and Paterson (2010), L can become very large at small effective pressure N. For an effective pressure
of 0.1 bar = 10* Pa, for example, a possible sub-ice-sheet value (see above), a velocity of ~110 m/year gives
cavity-length L equal to the circumference of the Earth. This clearly is absurd. A more-complete flow law for
ice including linear as well as power-law processes would estimate somewhat faster closure and thus somewhat
shorter cavities, but still orders of magnitude longer than the observed bedforms.

The modeling work of Barchyn et al. (2016) highlights this difficulty. They used a heuristic set of equations
for basal processes, including this Walder (1986)-type control on cavity length assuming linear-viscous ice, to
simulate realistic-looking bedforms matching observed dimensions of drumlins and other features of deglaciated
terrains; however, these results were obtained by setting the effective pressure N = 5 MPa, equivalent to air-filled
lee-side cavities under more than 500 m of ice. Reducing that effective pressure by two orders of magnitude or
more to match sub-ice-sheet conditions of Thwaites Glacier would yield cavities two orders of magnitude longer
or more in this linear model, with a greater difference if cubic power-law deformation were used.

As noted in the discussion of the water system, Figure 6 suggests another process that places a much more restric-
tive limit on the length of steady-state lee-side water-filled cavities, likely shorter than the observed bedforms;
this in turn implies that the long observed bedforms formed by sustained prograding sedimentation rather than
by infilling of a preexisting long cavity. In this simple example, groundwater flow will supply basal water to the
lee-side position until the water pressure exceeds the value at the saddle point and the water-filled cavity with
its single water pressure extends past the saddle point. Leakage from the downglacier end of the cavity into the
adjacent lower-pressure distributed water system then will limit further cavity growth. Total cavity length thus
may tend to be limited to somewhat longer than (approximately twice?) the distance to the saddle point, so that
water loss downglacier of the saddle point balances water inflow upglacier of the saddle point.

Clearly, as a cavity grows, it will disturb the pressure field, basal lubrication, and, for large obstacles, the ice-air
surface, so the distance to the saddle point cannot be a fixed value. Nonetheless, the scaling here may be useful.
Ice-marginal regions with steep potential gradients might have relatively short steady cavities, whereas inland
regions with low potential gradients will not. This will interact with sliding speeds, which are lower inland, favor-
ing smaller pressure perturbations across an obstacle and thus shorter cavities. This limit on cavity length seems
likely to give water-filled cavities significantly shorter than the longest observed bedforms in our survey or in
some other regions, suggesting that long bedforms may have reached that length not by sediment filling a long
preexisting cavity, but by filling a shorter cavity (or forming without a cavity) and then extending downglacier by
prograding sedimentation (see, e.g., Ives & Iverson, 2019; Zoet et al., 2021).

6.3. Lee-Side Sedimentation

Sedimentation in lee-side cavities thus is important in our hypothesis. Seismic surveys reveal extensive lee-side
bedforms today, but only restricted water-filled lee-side cavities (Clyne et al., 2020; Muto, Anandakrishnan,
et al., 2019). Presuming our hypothesis is correct, we do not know whether water-filled lee-side cavities formed
and then filled with sediment, or whether the ice-bedrock separation developed concurrent with sedimentation.
The Bentley and Ostenso (1961; also see Lindstrom, 1988) hypothesis that the West Antarctic Ice Sheet formed
by thickening of an ice shelf suggests that the ice grounded first on the high zones of the bed, which may have pro-
duced sub-ice-shelf tidal channels in the lee of bedrock highs (K. E. Alley et al., 2016; Horgan et al., 2013), which
then filled with sediment as the ice grounded. One can, however, imagine very different histories for Thwaites
Glacier, and for other ice sheets. For example, a cold-based ice cap that grows until the bed thaws would have very
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limited basal water initially, and might not be able to fill lee-side cavities rapidly with the available water, giving
a different history than for grounding of an ice shelf.

As noted above (also see Muto, Alley, et al., 2019), basal ice flow primarily continues across basal topography
despite some flow deflection. In a sedimentary basin well upglacier of a basal obstacle, small hydrologic-poten-
tial gradients lead to inefficient water drainage, partially decoupling the ice from the bed, so deforming till flux is
small although nonzero. The high-pressure perturbation on the stoss side of an obstacle increases ice-till coupling
and till deformation there, leading to thinning of the deforming till layer onto the obstacle, and likely producing
till discontinuity in space or time. If there were a lee-side cavity, this sediment would be deposited on the lee side,
building up to contact the ice roof of the cavity. Steady state could be reached when the ice-till coupling on the lee
side matched the ice-till coupling well upglacier of the obstacle, as required by till mass-balance considerations
along with the dependence of till transport rates on coupling. For Thwaites, the upglacier region has soft till and
high water pressure with weak coupling between ice and till, so similarly soft till weakly coupled to the ice is
required downglacier of the obstacle. (Clearly, ice, water, and till fluxes and ice velocity evolve along flow, so
lee-side and stoss-side conditions are not identical, but because the survey sites are well downglacier from the ice
divide, the flux and velocity changes across any one obstacle are small compared to the mean values.)

Counterfactually, if the crest of a lee-side bedform were well-drained, the ice then would be well-coupled to the
till there, till flux would be higher than the supply from upglacier of the obstacle, and the crest of the bedform
would be eroded until partial decoupling was achieved. Similarly, if the crest of the lee-side bedform were less-
well coupled to the ice than in upglacier regions, till flux along the lee-side bedform would be less than supply
from upglacier, and till would build up to raise the crest of the bedform. The steady-state condition must be
maintained with transverse groundwater flow, which may influence aspect ratios of the dominant bedforms that
develop. The water supplied to the low-pressure lee-side region from the surroundings leaves them less well
lubricated, favoring the slightly “harder” beds in troughs, with the concentrated microseismicity observed by
Barcheck et al. (2020).

In this picture, the rate of bedform elongation is the ratio of the sediment flux from upglacier to the bedform
height. Figure 1 shows bedforms beneath Thwaites extending at least to the moats generated by the next structur-
ally controlled bedrock highs, although as noted above, reduced-amplitude bedforms likely extend even farther. In
the absence of a bedrock high, the bedforms might be limited by along-flow variations in the ice sheet (a steady
bedform cannot emerge above the downward-sloping ice surface, for example), but very long bedforms are pos-
sible given enough integrated sediment flux, which increases with persistence of glaciation.

6.4. Lee-Side Moats?

In several places in the upglacier and downglacier grids in Figure 2, there are features that can be interpreted
as lee-side moats (see, e.g., the lower-left corner of Figure 2d). In most cases, these could also be seen as stoss-
side moats for obstacles farther downglacier, but there are hints of lee-side moats. We can think of at least three
possible explanations. The easiest might be lithologic control, such as a more-or-less circular volcanic plug with
an easily erodible alteration halo, but there seems to be little independent evidence to support this. Perhaps more
likely, the difficulty of lubricating water reaching lee-side positions, as described above, may have caused strong
coupling between ice and till in lee-side positions shortly after the onset of glaciation and lasting long enough for
some lee-side moat erosion before sufficient inflow of water to separate ice from till. And, perhaps most likely,
this part of Thwaites Glacier might initially have been glaciated by ice advancing from the nearby Amundsen Sea
rift flank and eroding stoss-side moats, followed by flow reversal to the modern pattern as the ice sheet built up
across the deep basins to the south (Lindstrom, 1988; Pollard & DeConto, 2009); some such moats might have
been eroded away or buried by sediment since formation, and all would have been initially small because of the
short duration of the reversed flow.

7. Synthesis

Onset and subsequent reestablishment of glaciation at Thwaites Glacier likely occurred by grounding of an ice
shelf (Bentley & Ostenso, 1961), as noted above, with great uncertainty as to what happened in detail, and
even which way the grounded ice flowed initially (Lindstrom, 1988). The first grounding or regrounding of ice
would have occurred on a drape of unconsolidated sediment, which likely was thicker in basins and thinner over
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topographic highs, and initially with no glacially carved moats or lee-side deposits. Erosion of the thinner and
more-exposed sediments on the highlands would have exposed the sedimentary bedrock, while soft-sediment
layers persisted in lowlands. Soft-sediment layers lubricate ice flow efficiently, giving low surface slopes and
driving stresses, and supporting a distributed water system with pressure close to the overburden.

Ice flow from well-lubricated basins against highlands generates stoss-side high-pressure and lee-side low-pres-
sure zones extending to the sides of the obstacle as well, and extending into the ice and against the bed over a
distance that scales with the obstacle size, and with large enough magnitude to redirect subglacial water flow
(Figure 7). On the stoss side of an obstacle, this excludes subglacial water and couples the ice more strongly to
the till, allowing the ice to more efficiently transport that till to the lee side and then erode a stoss-side moat into
the subjacent bedrock and extending to the sides of the obstacle. During bedrock erosion to form moats, the drag
will be enhanced compared to the initial till-lubricated bed or the subsequent water-lubricated bed after the moat
has redirected water into it. Hence, resistance to ice flow is expected to evolve notably over time.

On the lee side, the low-pressure zone may initially lack an efficient water supply because the water is routed
well around the obstacle; groundwater flow may be important. Eventually, any water-filled cavities that form may
be limited in length by downglacier leakage to the sides where the far-field water potential is lower than that in
the cavity. Steeper far-field hydrologic potential gradients then give shorter maximum cavity lengths. Sediment
transported over obstacles will be deposited in lee-side cavities or in lee-side positions even in the absence of
cavities, and can prograde downglacier to great lengths if glaciation is maintained for a long enough time, at a
rate that depends on sediment supply from upglacier. Tops of such lee-side deposits must be soft, as observed, to
approach steady-state with ice-till coupling similar to that in the till-mantled basin well upglacier of the obstacle.
Erosion of moats may allow water flow through them to more efficiently reach lee-side deposits.

Much work is required to develop, test, and extend the hypotheses presented here. Coupled modeling ap-
pears especially important, including ice with free-surface response (e.g., Sergienko, 2012, 2013; Whillans &
Johnsen, 1983), nonsteady water flow, till deformation, bedrock erosion, and redirection of subglacial distributed
water under the pressure perturbations from ice as well as the influence of varying basal shear stress (e.g., Hiester
et al., 2016).

Analogy to Rutford Ice Stream suggests that sediment transport may be notably nonsteady, further complicating
modeling (Smith et al., 2007; cf. Davies et al., 2018). The existence of seismically thick water in some places
beneath Thwaites (Clyne et al., 2020; Muto, Anandakrishnan, et al., 2019) suggests nonsteadiness; persistent
thick water likely would have been filled by sediment over the lifespan of the ice sheet. The observed subglacial
lake drainages of Thwaites (Hoffman et al., 2020; Smith et al., 2017), although geographically restricted, also
show local nonsteadiness. Ice flowing across a till-mantled sedimentary basin has an ice-contact water system,
low effective pressure N, poor ice-till coupling, and low till transport rates, enabling persistence of till within
the basin over the lifespan of the ice sheet to date, but with spatial variability that is important to both ice and
bedform dynamics.

The ice that reaches a bedrock obstacle primarily flows over it, while the water is diverted around, and that water
must reestablish a drainage system; this creates a situation that is nonsteady in a Lagrangian frame of reference
moving with the basal ice, and poses additional challenges for modeling the reestablishment of a distributed sys-
tem. These and more issues likely will need to be considered. We suspect that inverting models for parameters to
fit mapped bedforms will be important in moving forward to understand this complex system.

We are hopeful that these results provide insights to the formation of bedforms elsewhere. We are particularly
interested in the role of nonsteadiness in controlling bedforms, and of bedforms in controlling ice flow.

Appendix A

Members of the Geophysical Habitat of Subglacial Thwaites (GHOST) Collaboration team are Andy Smith, Rob
Arthern, Robert Bingham, Alex Brisbourne, Olaf Eisen, Coen Hofstede, Bernd Kulessa, Leigh Sterns, Paul Win-
berry, Julien Bodart, Louise Borthwick, Elizabeth Case, Chloe Gustafson, Jonny Kingslake, Helen Ockenden,
Charlotte Schoonman, and Emily Schwans.
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Introduction

The numerical simulations featured in Figures 4 and 5 were designed as thought
experiments with simplified dynamics, parameters and geometries so as to illustrate the
ideas discussed in the manuscript. Here we describe how the simulations were
formulated, document software used, list parameter values and note the location where
numerical data and software (COMSOL model files) are archived for use by readers of
the manuscript.

S1 Model description

COMSOL 5.5, a commercially maintained and distributed finite-element software
package, augmented by the Computational Fluid Dynamics (CFD) and Heat Transfer
modules, was used to perform all numerical simulations. A multi-part 2-d numerical
domain was developed using the geometry primitive shapes provided in the COMSOL
geometry interface. For numerical simulations related to Fig. 4, the domain consisted of
an ice layer and a bed layer with a circular bump in the bed of radius 100 m. For
simulations related to Fig. 5, a ‘moat’ was added to the ice layer by incising a depression
of circular, wedge shaped or elliptical geometry into the bed layer at the leading edge of
the hemispherical bump in the bed layer.

Viscous flow, with a viscosity of 10'3 Pa s, was simulated in the ice layer using boundary
conditions specified in Fig. 4a, as well as for additional ice-bed boundary conditions that
were separately tested to estimate robustness of results shown in Fig. 4. This simulation
was conducted using the COMSOL Fluid Flow: Single Phase Flow: Laminar Flow
module with inertial terms neglected. Basal boundary conditions at the ice/bed interface
were experimented with to assess robustness of results, and were specified as either free-
slip everywhere, no-slip everywhere or free-slip on horizontal planes and no-slip on the
bump. Ice density was specified as 900 kg m>. The boundary condition on the top of the
ice layer (dimensions are shown in Fig. 4) was an applied shear stress, parallel to the flat
parts of the ice/bed interface, equal to 100 kPa. The upstream and downstream
boundaries of the ice layer were assumed to be periodic with a zero pressure difference.
Gravity and hydrostatic pressure in the simulation were neglected, hence all results are
relative to a zero pressure reference level.

Heat transfer in the ice and bed layers was simulated using the Heat Transfer in Solids
module of COMSOL, which implements conduction only. (Experiments with advection
terms active in the ice layer were conducted, but not used in the research presented here.)
Thermal parameters for the ice and rock were: density, 900 and 2750 kg m™,
respectively; thermal conductivity, 2 and 2 W m™ K'!, respectively; heat capacity, 2100
and 800 J K'!, respectively. The thermal boundary condition applied at the ice/bed
interface was that temperature was equal to the pressure melting temperature Tm given by,
Tm=273.15 - P C, where P is the pressure on the ice/bed interface evaluated from the
viscous flow solution described above, and C =0.74 x 10”7 K Pa’'. Evaluation of net heat
flux into the ice/bed interface was done by summing the outward normal conductive heat
flux emerging from the ice and bed layers. Boundary conditions on the top of the ice



layer and bottom of the rock layer were T=273.15 K and no normal heat flux,
respectively. Periodic boundary conditions at the upstream and downstream sides of the
ice and rock layers were specified with a zero temperature difference.

The finite-element mesh was specified to be ‘physics-controlled’ and ‘extremely fine’ in
the mesh parameter module of COMSOL for all simulations.

To assess robustness of conclusions drawn from the numerical simulations, particularly
for those represented in Fig. 4, we conducted experiments with 3 different boundary
condition formulations applied to the ice/bed interface: free-slip everywhere, no-slip
everywhere, and no-slip on the bump, free-slip on the horizontal surfaces. Figure S1
presents a comparison of these three sensitivity tests.

S2 Experiments with moats

Numerical simulations were conducted to examine the effects of an eroded 50 m deep
moat-like bedform in the immediate upstream area of the bed bump shown in Fig. 4. The
geometry of these simulations is shown in Fig. S2. For the results shown in Fig. 5, a free-
slip boundary condition was applied to all parts of the ice/bed interface except that a no-
slip condition was applied on the surface of the bump immediately downstream of the
moat. To assess robustness of the idealized numerically facilitated thought experiments,
we present in Fig. S3 a comparison of the results of Fig. 5 with two additional
simulations, one where the ice/bed boundary condition was free slip everywhere and the
other where the ice/bed boundary condition was no slip everywhere. We additionally
assessed the effect of upstream length of the moat geometry, by replacing the
semicircular moat with an elliptical moat with variable semi-major axis length (Fig. S4).

In general, the experiments conducted with moat geometries of all types suffered from
the well-known singularity of pressure and temperature that exist on the upstream corner
of the moat, where it joins with the flat bed upstream of the moat and bump. This
singularity is described in Barcilon and MacAyeal (1993) and MacAyeal (2019), and
exists on ‘external corners’ where the ice must deform with infinite strain rate to round
the corner where a free-slip condition is applied. Clearly, the idealized physics of the
numerical experiments is inadequate for dealing with such singularities, as there is no
cavitation or other effects incorporated here. We recommend that the results of the moat
experiments be interpreted in the most idealized manner with awareness that further study
is needed, with more robust, physically complex models, to examine the dynamics of an
eroding moat in greater detail.



S3 Model software and data archival

The COMSOL models used for Figs. 4 and 5, and model-output data, are archived for
public availability according to the description provided in the main manuscript, at
http://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx?Dataset=6181
with doi https://doi.org/10.26208/ce9f-sm73 . The model-output data are chosen to
provide a means to repeat the model calculations with numerical simulation software that
is open-access (COMSOL is a commercially distributed finite-element package).

S4 Effects of ice flow against obstacles on basal behavior in survey region
S4a Water flow and effective pressure

Strong evidence summarized below indicates that the water system over the soft till
regions in our survey grids of Thwaites Glacier is dominantly distributed rather than
channelized, and generally at pressure very close to the ice-overburden pressure. In such
a system, the large stoss-side increase in ice-bed contact pressure caused by ice flow
against bedrock obstacles will divert subglacial water flow, coupling the ice more
strongly to any subglacial till to increase the deformational flux, and thus removing till to
allow bedrock erosion.

The most direct information on the basal water system of Thwaites Glacier in our
study region comes from physical interpretation of seismic surveys demonstrating that
the bed has very low acoustic impedance in large basins and in lee-side positions (Muto
et al., 2019a; 2019b; Clyne et al., 2020). Such low acoustic impedances indicate
unconsolidated, high-porosity, soft water-saturated sediment that likely is deforming, and
require that the water pressure supports almost the entire overburden pressure (e.g.,
Blankenship et al., 1986; Atre and Bentley, 1993; Muto et al., 2019a). Observations from
other sites show distributed rather than channelized water systems associated with such
till; water would drain away through groundwater flow in the absence of distributed
resupply at the base of the ice (e.g., Kamb, 2001; see below). The low acoustic
impedance also shows that the till is not suffering net loss of water by freeze-on to the ice
as beneath the Siple Coast ice streams (Christoffersen et al., 2014), consistent with net
melting beneath the ice of Thwaites Glacier (e.g., Hoffman et al., 2020).

Subglacial water pressure, Pw, is often expressed through the effective pressure N=P-Py,
with P the ice-overburden pressure. The observed low acoustic impedances in lee-side
positions and extensive basins beneath Thwaites Glacier indicate that N is small there
(<10° Pa or <<10° Pa). Tills with similarly low acoustic impedances have been widely
observed beneath ice streams on the Siple Coast of West Antarctica, where Tulaczyk et
al. (2008) found that N<2.5x10* Pa, and perhaps as low as N=2x10+0.8x10> Pa (also see
Blankenship et al., 1986; 1987; Peters et al., 2007) in association with widespread, high-
pressure, distributed water including subglacial lakes (e.g., Kamb, 2001). Subglacial
lakes have been detected beneath Thwaites Glacier (Smith et al., 2017; Hoffman et al.,
2020) and in other settings beneath the Antarctic ice sheet including upglacier of
Thwaites in central West Antarctica (Siegert et al., 2005), indicating N=0 in those places.
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The small effective pressures over the soft tills beneath Thwaites indicate a distributed
water system, lacking well-developed, steady Rothlisberger (R) (Rothlisberger, 1968)
channels capable of rapidly transmitting large quantities of water and sediment. This
lack of sustained, influential R-channels is not surprising. The bed of Thwaites in our
study area is supplied only by basal meltwater with no moulin drainages from the surface,
and basal meltwater on mountain glaciers and in coastal regions of the Greenland ice
sheet is unable to maintain the vigorous surface-melt-fed summertime R-channel system
through even a few winter months (Cuffey and Paterson, 2010; also see Bartholomew et
al., 2010; Dow et al., 2015; Kulessa et al., 2017; note that the proposed Schroeder et al.,
2013 transition beneath Thwaites is near the downglacier end of our downglacier survey
block). As argued by Walder (1982; 2010), ice flow pinches off small or incipient R-
channels by carrying them against bumps in the bed, requiring large water fluxes to
maintain open channels. This problem of flow against bumps is reduced in regions of
soft tills, but interactions with till there favor a distributed system (Walder and Fowler,
1994; Kamb, 2001). In a distributed water system, whether films, linked cavities, or
canals, the water pressure, storage, typical thickness and lateral extent all increase with
supply (e.g., Walder and Fowler, 1994; Alley, 1996; Cuffey and Paterson, 2010; Flowers,
2015).

Muto et al. (2019b and Holschuh et al., 2020) calculated the gradient in the hydrological
potential for the distributed water system indicated by seismic and radar data, assuming a
spatially and temporally constant effective pressure. Averaged over the upglacier grid of
Figure 1, they found an along-ice-flow gradient of ~15 Pa/m, with important variations
including local reversals over shorter distances, and with a gradient of generally much
smaller magnitude over the till-lubricated regions. Thus, ice-pressure perturbations of
order 10° Pa caused by ice flow against major bumps are large compared to variations
over similar length scales caused by ice and bed geometry alone, and compared to any N
that is expected nearby. Such perturbations thus will have major effects on meltwater
routing, tending to divert water from upglacier sides of obstacles, over a considerable
distance that scales with the obstacle size as discussed above (Holschuh et al., 2020), and
in section 4 of the paper.

S4b Controls on till flux

Water diversion from upglacier sides of obstacles will couple ice more strongly to till and
increase till flux by deformation, with lee-side decoupling leading to deposition there.
The divergence of this deforming-bed till flux is the most important factor in erosion and
deposition generating bedforms, as discussed next.

Data across a wide range of subglacial conditions show that soft tills deform (reviewed
by Alley, 2000). The somewhat limited available data indicate that till flux by subglacial
deformation exhibits a maximum at some intermediate effective pressure N.
Deformation is believed to be suppressed, giving lodgement till, at very low water



pressure/high N in sufficiently compacted till (e.g., Boulton and Hindmarsh, 1987;
Driemanis, 1989); thus, there are circumstances in which adding water and thus
decreasing N can increase till deformation. Deformation is also suppressed at high water
pressure/low N as water decouples ice from the bed, as discussed next. Well-validated
quantitative relations between till flux and N for a range of conditions are generally not
known, but the available evidence summarized below indicates that adding water and
thus decreasing N for the soft tills of Thwaites will decrease deformational till flux (also
see Muto et al., 2019b).

For Antarctica, the best data sets on subglacial tills are from the Siple Coast. The
extensive borehole experiments by Engelhardt and Kamb (1998) and Kamb (2001)
documented deforming till, with the measured deformation primarily concentrated in a
thin layer just below the ice (~3-25 cm thick). Adding water from the boreholes
decoupled ice from the bed and decreased the till deformation.

Observations in soft-bedded regions of Storglacidren, Sweden (Iverson et al., 1995) and
Trapridge Glacier, Canada (Fischer and Clarke, 2001; Kavanaugh and Clarke, 2006)
similarly found that, in response to rising water pressure leading to reduction in N,
deformation decreased in deforming subglacial tills. In some cases, adding water caused
till deformation to temporarily reverse sign, as the ice was decoupled from the bed and
the till responded elastically to the reduced stress from the ice (Iverson et al., 1995;
1999). As noted by Muto et al. (2019b), time-variation in surface-water input drove the
fluctuations at Trapridge Glacier and Storglacidren, a process that does not happen
beneath Thwaites (lake drainages may locally cause perturbations; Smith et al. 2017;
Hoffman et al, 2020). Nonetheless, physical similarity suggests that greater water supply
or smaller hydrologic-potential gradient will tend to decrease N and thus decrease till flux
by deformation beneath Thwaites, as also described in Muto et al. (2019b).

The tendency for ice to regelate into till when N is high (e.g., Meyer et al., 2018) does
favor sediment flux into the ice as well as subglacial till deformation. The basal ice
likely contains some debris, based on analogy to many other sites, and based on the
images from the 2019-2020 field season from beneath the ice shelf of Thwaites Glacier
showing debris-bearing basal ice (Schmidt et al., 2020). As argued by Muto et al.
(2019b), though, the divergence of this debris flux in ice is unlikely to be large compared
to the divergence in deforming beds. Regelation into subglacial till will be slow, in part
because the generally fine-grained nature of tills slows or stops regelation (e.g., Alley et
al., 1997, section 4.2), and because the regional high geothermal flux (e.g., Shen et al.,
2020) and heat of sliding act to oppose regelation into the bed. Changes along ice flow in
debris flux carried within ice thus will be small, leaving divergence in deforming-till flux
to balance deposition and erosion.

S4c Abrasion and plucking

Our main interest here is in the large-scale features of the bed of Thwaites Glacier. We
note, though, that pressure is raised upglacier of any obstacle to flow. This includes
small bumps, and should also include small abrading clasts in the ice for which regelation



dominates the relative motion. The Weertman solution for regelation around obstacles
emphasized the heat flow through the obstacle to the stoss-side face. As shown by Figure
5 of MacAyeal (2019), however, and in Figure 4 here, a numerical model for that heat
flow routes a significant fraction from the low-pressure region on the lee-side bed to the
high-pressure region on the stoss-side bed extending well beyond the obstacle itself; in
the Weertman model, this would cause melting upglacier of the clast on the horizontal
bed and freezing downglacier.

If the obstacle were an abrading clast that did not generate a lee-side cavity, the stoss-side
melting and lee-side freezing on the bed would tend to cause lee-side upward motion of
the ice and stoss-side downward motion, producing a torque on the clast opposing the
tendency for the clast to rotate rather than abrade, and thus favoring faster abrasion
(Hallet, 1979; Iverson, 1990; Byers et al., 2012). Perhaps more importantly, if the clast
develops a lee-side cavity (e.g., Hansen and Zoet, 2019), the stoss-side melting would not
be balanced by lee-side freeze-on along the bed, giving a net downward motion of the ice
in contact with the clast that could be much more rapid than usually calculated in the
Hallet (1979) abrasion model. This in turn would give a greater normal stress of the clast
on the bed than in that solution. This may help explain why measured clast-bed contact
forces are so high (Byers et al., 2012). A full analysis of these and related issues,
including the role of premelting (Rempel and Meyer, 2019), is beyond the scope of this
manuscript, but may be of considerable interest. Note further that a large obstacle (e.g.,
the 100-m scale in Figure 6) that raises the basal pressure over a large stoss-side area will
have a small but widespread effect on abrasion by lowering the melting point for ice as it
flows into that region, hence slightly increasing the basal melt rate and thus the
convergence rate of ice with the bed around any abrading clasts.

Plucking is favored by high contact forces between ice and bed (Hallet, 1996), up to and
including generation of stick-slip behavior (e.g., Zoet et al., 2013). Thus, higher drag
from abrading clasts can increase erosion from plucking as well, in those regions where
debris-laden ice contacts bedrock, contributing to moat erosion as discussed below.
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Supplemental Figures

Figure S1 Comparison of ice/bed boundary condition specification effects on
temperature and net heat flux to the ice/bed interface (A - C, free-slip everywhere, free-
slip on horizontal surfaces/no-slip on bump, no-slip everywhere, respectively; D,
comparison of net heat flux in mW to the ice/bed interface). Line along the ice/bed
interface in A - C is colored red where there is net heat convergence (melting) and blue
where there is net heat divergence (freezing). Streamlines show heat flux (arrow size and
line density not significant). S1-C shows the same conditions as Figure 4.
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Figure S2 Geometry of the numerical experiments involving a moat in the immediate
foreground of the bump on the bed. The depth of the moat in all simulations is 50 m,
which is half of the height of the bump. Experiments were conducted where the upstream
extent of the moat was enlarged (Fig. S4) by changing the moat from a semicircular cross
section to one with an elliptical cross section.
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Figure S3 Comparison of ice/bed boundary condition specification effects on

temperature and net heat flux to the ice/bed interface in the semicircular moat-geometry

experiments (A - C, free-slip everywhere, free-slip on horizontal surfaces/no-slip on
bump, no-slip everywhere, respectively; D, comparison of net heat flux in mW to the
ice/bed interface). For reference, the radius of the bump is 100 m and the depth of the

moat is 50 m. Line along the ice/bed interface in A - C is colored red where there is net

heat convergence (melting) and blue where there is net heat divergence (freezing).

Streamlines show heat flux (arrow size and line density not significant). S3-C shows the

same conditions as Figure 5.
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Figure S4 Comparison of differing upstream extent (300 m, 500 m, 900 m, panels A - C,
respectively) of semielliptical moat geometry for an ice/bed boundary condition that is
free slip everywhere except no-slip on the semicircular boundary of the bump. For
reference, the radius of the bump is 100 m and the maximum depth of the moat is 50 m.
Line along the ice/bed interface in A - C is colored red where there is net heat
convergence (melting) and blue where there is net heat divergence (freezing). Streamlines
show heat flux (arrow size and line density not significant).
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Appendix A

Members of the Geophysical Habitat of Subglacial Thwaites (GHOST) Collaboration
team are Andy Smith, Rob Arthern, Robert Bingham, Alex Brisbourne, Olaf Eisen, Coen
Hofstede, Bernd Kulessa, Leigh Sterns, Paul Winberry, Julien Bodart, Louise Borthwick,
Elizabeth Case, Chloe Gustafson, Jonny Kingslake, Helen Ockenden, Charlotte
Schoonman, and Emily Schwans.
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