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Key Points (must be < 140 characters):

o Unstable, brittle retreat of Crane Glacier after the collapse of the Larsen
B Ice Shelf occurred in mostly floating ice.

e Crane’s retreat into a narrow fjord and sea-ice growth re-established but-
tressing stresses and arrested terminus retreat.

o CIliff failure may have occurred during the last phase of retreat, only con-
sistent with models assuming heavily damaged ice.

Abstract

The fastest projected rates of sea level rise appear in models which include
“the marine ice cliff instability (MICI),” a hypothesized but mostly unobserved
process defined by rapid, brittle failure of terminal ice cliffs that outpaces vis-
cous relaxation and ice-shelf formation. The response of Crane Glacier to the
Larsen B Ice Shelf collapse has been invoked as observational evidence of this
process, but limited data coverage in space and time has limited our ability to
meaningfully refine our understanding of cliff failure processes using that event.
Updates to Crane’s subglacial topography show that much of its terminus re-
treat occurred in floating, not grounded ice, but its retreat, arrest, and regrowth
over the last decade indicate brittle (not viscous) processes dominated during
the 2 years following ice shelf collapse. If retreat occurred by cliff failure, maxi-
mum cliff heights would have been 111 m, consistent with process models that
incorporate damaged ice.

Plain Language Summary

The behavior of Antarctic glaciers will largely determine the pace and magni-
tude of future sea level rise. But the projections made by ice sheet models are
uncertain, in part due to the uncertain response of Antarctica to the loss of
its floating ice shelves. It has been hypothesized that ice shelf breakup could
trigger a self-sustaining mechanism of ice loss whereby ice cliffs collapse under
their own weight. This idea is controversial because it has not been unambigu-
ously observed in modern glacier systems, in part because the modern ice sheet
margins are geometrically different from the margins that will exist during West
Antarctic deglaciation. Some claim that Crane Glacier, located on the Antarctic
Peninsula, has shown behavior consistent with this process, but we show here
that much of the observed ice loss likely occurred by more established “calv-
ing” processes. If cliff failure did occur, existing models require damaged ice to
reproduce Crane’s behavior.
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1 Introduction

The West Antarctic Ice Sheet (WAIS) is bounded by floating ice shelves, which
play a critical role in buttressing ice stored in the continental interior (Dupont
& Alley, 2005; Weertman, 1974). Ice shelves respond to atmospheric and ocean
forcing, on average leading to acceleration and enhanced ice discharge to the
ocean today (Pritchard et al., 2012). While ice shelf change over the early
215% century has been dominated by ocean driven melt from below, the rapid
disintegration of the Larsen B Ice Shelf (LBIS) by surface melt and ice-shelf
hydrofracture has demonstrated that other modes of failure are possible (Glasser
& Scambos, 2008), leading to a range of studies about the future of Antarctic
ice shelves subject to a warmer atmosphere (Bell et al., 2018; Kingslake et al.,
2017; Lai et al., 2020).

To accurately project the rates of future sea level rise (SLR), ice sheet models
must capture the rate limiting processes. The delivery of ice to the ocean by
glacier sliding is the rate limiting process for most ice sheet models, and thus
much work is focused on improving both our theoretical understanding of the
physics of sliding (Helanow et al., 2020; Zoet & Iverson, 2020) and our empirical
methods for inferring the material properties governing sliding (Joughin et al.,
2019; Riel et al., 2021). But in a world where rapid ice-shelf breakup is common
and glacier termini sit in the unconfined basins of the WAIS interior, brittle
processes may control the rate at which ice mass is lost and sea level rises.

The “marine ice cliff instability (MICI)” is the idea that self-sustaining retreat
by brittle failure may dominate the deglaciation of WAIS. The inclusion of
MICI into models of sea level rise results in an Antarctic SLR eight times the
values predicted by models that do not include it by 2100 (Bulthuis et al., 2019;
DeConto & Pollard, 2016; Golledge et al., 2019). While it is not the only source
of spread in ice sheet projections, MICI does represent the largest source of
uncertainty (Fox-Kemper et al., 2021).

Recent models built from physics first principles (Parizek et al., 2019; Clerc et
al., 2019; Bassis et al., 2021; Schlemm et al., 2021; Crawford et al., 2021) support
MICT’s theoretical validity, but the modes and thresholds for failure differ across
them. Underlying every model of cliff failure is the fracture toughness of ice,
a critical but uncertain property controlled by the damage experienced by any
given ice parcel (Borstad et al., 2012; Lhermitte et al., 2020; Mobasher et al.,
2016). In addition, the height of subaerial ice cliffs that form after ice shelf
collapse, the glacier geometry (Parizek et al., 2019; Bassis et al., 2021; Crawford
et al., 2021), upstream velocity (Bassis et al., 2021; Crawford et al., 2021), and
bed topography (Schlemm et al., 2021) have all been raised as essential controls
on system behavior. Without observations of failure to refine our understanding
of cliff dynamics, ice-sheet wide models rely heavily on process models of ice cliff
failure to justify MICI’s inclusion and potential parameterization.

There are few geological or geophysical observations capable of improving our
understanding of ice cliff dynamics. The paleo-sea-level record may provide



indirect evidence of MICI; during several periods in Earth’s history, ice sheet
models have difficulty reproducing the observed rapid sea level rise without it
(Wise et al., 2016), but there is disagreement in the literature about whether
MICI is truly required to explain historical Antarctic ice loss (Edwards et al.,
2019). The Intergovernmental Panel on Climate Change (IPCC) names Crane
Glacier’s response to the Larsen B Ice Shelf (LBIS) collapse as the only potential
evidence for MICI behavior in the satellite record (Oppenheimer et al., 2019).
Crane Glacier has significantly influenced community thinking about MICI, with
its post-LBIS-collapse ice wastage rate used to constrain some parameterizations
of cliff failure in continental scale modeling (DeConto and Pollard, 2016). But
our knowledge of Crane Glacier’s geometry and behavior following the LBIS
collapse is limited by sparse geophysical data, challenging evaluation of whether
MICT style cliff failure occured.

By both identifying what we do know and what we cannot know based on the
data that are available, we can more precisely use Crane Glacier’s behavior
following the LBIS collapse event to refine our understanding of ice cliff failure.
In this work, we use geophysical data to improve our understanding of both the
rate and mechanisms for glacier terminus retreat. Finally, retreat behavior can
be evaluated against process models, to both identify whether or not cliff failure
was theoretically possible at Crane, and if so, what unknown model parameters
must be for failure to occur there.

2 Observational Data at Crane Glacier

To use Crane Glacier as a tool for evaluating ice cliff models, we must do three
things:

1. Constrain the rates of retreat, the glacier geometry (with a focus on ter-
minus height), and the grounding line position through time.

2. Show that brittle processes governed Crane’s retreat behavior after the
LBIS collapse.

3. Infer the floatation state of the glacier terminus through time.

All three of these objectives are challenging. Brittle processes play out on very
short timescales (from minutes to days) not captured by the recurrence inter-
val of satellite observations. In addition, ice penetrating radar data collected
over Crane Glacier before the LBIS collapse failed to clearly capture the ice
bottom geometry, leaving a poorly constrained ice thickness profile, grounding
line position, and terminus height at the time of collapse. But by revisiting
the question of Crane Glacier’s response to the LBIS collapse 20 years later,
this study benefits from the following: marine geophysical data that captured
the sea-floor morphology at the 2002 grounding line, additional aerogeophysi-
cal data capable of improving our knowledge of the upstream glacier geometry,
and surface elevation observations that capture the return to an advanced state
in the decades following collapse. These data allow us to better constrain the
floatation state of the glacier terminus through time, an important factor given



that modes of cliff failure depend on the basal stress state of the system. Addi-
tionally, these data allow us to refine estimates of retreat rates and potentially
narrow the range of thresholds (defined by current process models) that limit
brittle failure.

1. Surface Topography and Ice Velocity

Glacier behavior before and after LBIS collapse is best characterized by altime-
try and velocity time-series data (Figures 1, 2). Surface elevation data were
collected along the centerline of Crane Glacier by Pre-IceBridge and IceBridge
campaigns (Blair et al., 2018; Studinger, 2014; Thomas & Studinger, 2010);
these form the primary basis for our analysis. Satellite radar altimeters (includ-
ing Cryosat-2) suffer from reduced vertical accuracy in the high slope regions
of the peninsula (Fang Wang et al., 2015), and while satellite laser altimeters
(including ICESat and ICESat-2) capture surface elevation with high spatial
precision, their sampling is limited by cloud-cover in the peninsula and track
orientation and spacing in the region. Here, we use ICESat-2 ATL06 data to
calibrate photogrammetric DEM’s produced from Maxar stereopairs to extend
the altimtery record through 2021.

There is uncertainty in the effective ice thickness at Crane in 2002 due to uncer-
tainty in the firn air content (FAC) there (which reduces mass in the ice column,
leading to stresses comparable to a shorter ice cliff than measured). The GSFC-
FDMv1.1 model predicts 14 to 15 m of FAC near the Crane terminus and its
upstream catchment (Medley et al., 2020; Figure S1), in contrast with the 0
m FAC observed on the LBIS immediately before its collapse (Holland et al.,
2011). The GSFC-FDMv1.1 modeled FAC agrees with in-situ observations over
the Larsen C (Ashmore et al., 2017), supporting model accuracy. We present
both the conservative (observed height — 15 m) and maximum cliff heights (ob-
served height assuming no FAC).

In addition to the altimetry record, MEaSUREs (Mouginot et al., 2017) and
ITS_LIVE velocity data (Gardner et al., 2019) are used to characterize the
evolving flow field of Crane Glacier after LBIS collapse.

2.2 Subglacial Topography and Floatation Criteria

Crane Glacier’s bed elevation was refined by a marine geophysical survey con-
ducted in the Larsen B Inlet in 2006 (Rebesco et al., 2014), which captured
the bed over which the Crane terminus retreated. Radar campaigns designed
to capture ice-bottom elevations in the currently glaciated regions were flown
as part of NASA’s Operation IceBridge from 2009 — 2017, but because of the
narrow fjords and complex topography of the Antarctic Peninsula, those data
suffer from significant off-axis clutter, resulting in an ambiguous basal reflector
and an unknown ice thickness profile. We use the stack of all available radar
data, compared with the multibeam swath bathymetry, to derive a range of
reasonable bed elevations for the glacier interior (Figure S2, S3).

Monitoring the grounding line position and qunatifying the stress imbalance



at a marine ice cliff (and therefore its failure likelihood) requires knowledge of
the ice thickness relative to the floatation thickness (the minimum ice thickness
required to ground the ice bottom on the sea floor). With knowledge of the
density of ice (p;= 917 kg/m?) the density of sea water (pg,= 1027 kg/m?), and
the sea-floor elevation relative to the sea surface (b), the ice height at floatation

(hg) can be calculated by:
Psw
hp=0b(1-—
! ( Pi )

Ultimately, we derive floatation heights from the radar data, multi-beam
bathymetry, and estimates of the tidal state from sea-surface altimetry. This
can be compared to the measured, firn air corrected surface elevation to
estimate the grounding line position and grounding line evolution. Variability
in the bed topography across-flow affects our estimate of the grounding zone
position. To account for this, we calculate the floatation thickness using a range
of ocean bottom elevations, sampling +/- 100 m orthogonal to the central
flowline (Figure 1B).

2.3 The Imagery Record of Terminus Position and Sea Ice Cover

Due to infrequent collection of altimetry data over Crane immediately after the
LBIS collapse, Landsat imagery was used to further constrain the timing of ter-
minus retreat between 2002-2004. Landsat imagery also reveals the development
of land-fast sea ice in the Crane Fjord in 2011 (Figure S4).

3 Retreat, Stabilization, and Regrowth of Crane Glacier

Remote sensing observations collected around the collapse event have been thor-
oughly discussed in the literature. Ice shelf retreat and thinning preceded the
rapid collapse of the LBIS in February to March of 2002 (Glasser and Scambos,
2008). After collapse, the local buttressing stress at Crane Glacier’s grounding
line decreased by 30% (De Rydt et al., 2015). Crane Glacier showed little change
immediately post-collapse in 2002 (Scambos, 2004), followed by accelerated ice
loss from 2003-2007 (Scambos et al., 2011), and a slow deceleration of ice loss
from 2008-2013 (Wuite et al., 2015).

The MICI hypothesis, invoked for Crane, is predicated on the idea that rates of
brittle failure (and the resulting terminus retreat) outpace the ability of Crane
to viscously thin. Below, we reframe and extend the observational record of
Crane Glacier from 2002-2021 to highlight three distinct periods with the MICI
hypothesis in mind: the initiation of brittle failure and rapid terminus retreat,
the stabilization of the glacier terminus, and the regrowth and return to glacier
equilibrium with the modern climate. We argue these data show (a) the geo-
metric conditions under which brittle failure activates and deactivates for this
system, and (b) the disequilibrium behavior of Crane Glacier during retreat,
showing hysteresis in its response as it returns to an advanced configuration
within the modern climate.



3.1 Period 1: Retreat (2002-2004)

From 2002-2004, rapid terminus retreat of over 9.5 km occured (Figure 2). Dur-
ing this period, the glacier thinned by 60.9 m at the location of the post-collapse
ice front. Refinement to both our knowledge of the timing of retreat and the na-
ture of the glacier terminus through time (was it floating or grounded?) would
allow us to fully characterize the retreat processes. But because of the spatially
and temporally sparse data available, questions about these two aspects of the
system have proliferated in discussions of Crane in the literature.

Satellite-derived, pre-LBIS collapse grounding line positions do not agree with
field evidence for the grounding line inferred from the sea-floor sedimentary
record (Rebesco et al., 2014). Satellite data place the pre-collapse grounding
line near the opening of the fjord (Rack and Rott, 2004), implying that most
of the ice in Crane Glacier’s narrow embayment was grounded before the LBIS
collapse, and that the full extent of retreat observed from 2002-2004 occurred
by failure of a grounded ice cliff. Radiocarbon-dated sediment cores suggest
the pre-collapse grounding line was located much further inland of the fjord
opening (Rebesco et al., 2014). This means that a substantial portion of the
initial terminus retreat occurred in ice that was at or below floatation thickness
(Figure 1B).

While the majority of the Larsen B collapsed during February and March of
2002, Landsat imagery from March of 2004 shows a glacier terminus that still
had not retreated beyond the updated 2002 grounding line (Figure 2). That
floating ice gradually reduced in extent until its final removal. Based on the
elevation profile collected in November 2002 and the magnitude of thinning
that is observed between 2002 and 2004, the final breakup of the remnant ice
shelf occurred sometime after March 2004.
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Figure 1. Crane Glacier’s (a) location, (b) floatation state, and (c) ice velocity
through time. (a) Hillshade map of the Larsen B Ice Shelf region, showing the
2011 CReSIS flight line (dashed blue, which we use as our central flowline) and
an early, satellite-derived estimate of the 2002 grounding line (Rack and Rott,
2004; “RR04”; orange). (b) Range of floatation heights and ice surface elevations
in November 2002, suggesting that the 2002 grounding line was situated 4 km
inland of the RR04 grounding line. (c) ITS_LIVE (solid) and MEaSUREs
(dashed) ice velocity from 2005-2019.



During the following 9 month period, the glacier experienced 4.7 km of terminus
retreat, beginning 1 km down-flow of the updated 2002 grounding line and
halting at the 2004 terminus. Thus, 3.7 km of this ice may have been grounded
in 2002 (Figure 2). If grounded ice cliff failure occurred at Crane, it must have
happened during this time window, which limits the maximum duration of cliff
failure to the final stage of retreat, or 9 months. While there are no direct
observations of an extant ice cliff during that period, the first ice cliff that could
have formed (at the 2002 grounding line position) would have existed with a
height of 111 m (Figure 1). Mass wastage by cliff failure during this (include
both the ice resupplied to the terminus by ice flow in the 9 month period [1200
m, given ice velocities upwards of 1600 m/a] and the grounded ice loss) implies
minimum failure rates of ~5.9 km in 9 months, or 7.9 km/a.
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Figure 2. Data used to constrain timing of terminus retreat. (a) Landsat
images of the Crane terminus, with manually-identified ice fronts (white), the
RR04 grounding line (orange), and the calculated 2002 floatation point (orange)



shown. The ice front first retreated beyond the floatation-derived grounded
point by November 2004. (b) Terminus evolution through time, corresponding
to the (c) altimetry record of near-terminus surface elevation, collected using
NASA’s ATM and LVIS altimeters (2002-2018), and generated from ICESat-2-
calibrated (red point) photogrammetric DEMs produced from Maxar stereopairs
(2021).

3.2 Period 2: Stabilization (November 2004-2010)

By November 2004, the terminus of Crane Glacier had ceased its retreat 9.5
km upstream of its November 2002 terminus. The stress conditions there must
have defined the threshold for brittle failure of the system — the terminus was
unable to retreat further, but brittle failure continued there for the following six
years, as the terminus position fluctuated by less than 0.5 km along the central
flowline during that period. Meanwhile, the system adjusted to the large mass-
disequilibrium by thinning upstream (Figure S5), reducing the driving stress and
slowing its flow speed. This period saw an average thickness change of -16.3 m/a
(0-15 km from the terminus) and a maximum velocity change of approximately
-237.5 m/a?, which occurred between 2005-2007 (0-20 km from the terminus).

3.3 Period 3: Regrowth (2010-2021)

From 2010-present, Crane’s terminus has advanced and slowed. Additionally,
the main trunk of Crane has thickened, while its tributaries have thinned since
the launch of ICESat-2 in 2018 (Figure S5). From 2010-2011, the terminus
advanced by 0.45 km. Limited elevation data were collected along Crane’s
flowline between 2012-2015, but surface elevation data from 2016-2018 capture
an active calving front. This new terminus position, approximately 1.25 km
downstream of the 2010 terminus, has remained stable since. Crane Glacier’s
near-terminus surface elevation increased by approximately 5 m/a over this 11
year period, as captured by ICESat-2 calibrated Maxar stereo-DEMs from 2019-
2021 (Figures 2, S5). This thickening represents a redistribution of mass from
the tributaries, where ICESat-2 data shows thinning of approximately 5 m/year
from 2019-2021.

4 Discussion
4.1 Evaluating the Retreat Behavior of Crane Glacier

Without observations during the 9 month retreat window, there is no direct
evidence of ice cliff failure at Crane Glacier. But there is indirect evidence that
cliff failure may have occurred. The first and most often invoked evidence of
cliff failure is the rapid rate of terminus retreat observed shortly after the LBIS
collapse. Initial estimates of retreat assumed that at least 7.5 of the 9.5 km
flowline was grounded (based on the satellite derived grounding line), which
required a cliff failure rate of 5.4 km/a during the November 2002 — November
2004 period. With the updated grounding line, we show that only 3.7 km of
terminus retreat could have occurred by grounded cliff failure during that 9
month window.



Crane’s failure rate of 7.9 km/a represented an increase of its pre-collapse ice
shelf calving rate (Alley et al., 2008), but wastage rates greater than 11 km/a
have been recently observed elsewhere on the WAIS (Milillo et al., 2022), and
at Jakobshavn and Helheim Glaciers in Greenland, whose velocities exceed 17
km/a (Joughin et al., 2014) and 11 km/a (Howat et al., 2005), respectively.
However, the calving rates at Jakobshavn and Helheim, in part, accommodate
their high terminus velocities (9,400 to 15,400 m/a faster than the terminus of
Crane), which is an important qualitative difference between these systems and
Crane. As such, the retreat rate observed at Crane does not fall outside of the
range experienced by floating systems elsewhere in Antarctica and Greenland,
but is anamolous for a glacier flowing only 1600 m/a at its terminus.

The second line of indirect evidence supporting cliff failure is the unstable nature
of the retreat. Under stable retreat conditions, external forcing that reduces the
back-stress at the terminus of a glacier (i.e., the breakup of the LBIS) would
lead to glacier speed-up, which induces a mass imbalance that persists until
viscous processes thin the system to a new stress- and mass-balance equilibrium
profile. As we observed at Crane, brittle processes occurred faster than viscous
thinning could adjust the system. Despite the fact that external forcing (the
breakup of the LBIS) had ceased, terminus retreat continued off and on over a
2 year period, with a rapid final phase of retreat occurring where the ice had
been clearly grounded in 2002. Brittle failure persisted until its new terminal
stress state inhibited further retreat. Then, viscous processes dominated, the
system thinned, and and the terminus advanced in its thinner state, leading to
the formation of a new stable ice-shelf that extends into the Crane Glacier fjord.

Many conditions are known to inhibit cliff failure, including narrowing of the
fjord, development of sea-ice in the fjord which can apply sufficient backstress
to stabilize the cliff, retreat into thinner ice along a prograde slope, or retreat
into ice that is not preconditioned for failure by crevassing or other processes
that induce damage. In summer 2011, perennial landfast sea ice that formed in
Crane Glacier’s embayment (Figure S4) likely enabled the growth of an ice shelf,
consistent with models of sea ice backstress (Robel, 2017) and documented sea-
ice circulation patterns in the region (Christie et al., 2022). The reestablishment
of a floating ice shelf facilitated Crane Glacier’s recent thickening and velocity
decrease.

Thus, we see 9.5 km of retreat by brittle processes, including potentially 3.7 km
of terminus retreat by grounded cliff failure at Crane Glacier. With this estab-
lished, the mechanisms for failure can be evaluated using the rapidly developing
models used to understand ice cliff processes.

4.2 Evaluating Crane Retreat against Process Models

Models of ice cliff failure each have a stability threshold, defining the boundary
between configurations that enable brittle collapse and those in which cliffs are
stable and glaciers will thin and evolve by viscous processes. We can evaluate
the behavior of Crane against published ice cliff process models (Clerc et al.,
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2019; Bassis et al., 2021; Crawford et al., 2021; Parizek et al., 2019) in addition
to earlier parameterizations of MICI (Bassis and Walker, 2012; DeConto and
Pollard, 2016).

Although all models examined require an initially grounded cliff before the onset
of MICI, a number of mechanisms exist under the “cliff failure” umbrella, includ-
ing: fracture-induced full-thickness iceberg detachment (Bassis et al., 2021); ini-
tial slumping followed by buoyancy-driven retrogressive block rotation (Parizek
et al., 2019; Bassis et al., 2021; Crawford et al., 2021); and forward block rota-
tion resulting from surface crevassing (Crawford et al., 2021). While the stress-
state at the water-line is the dominant control, stresses and velocities near the
base of the glacier are sensitive to the floatation conditions. To compare with
published models, claims of cliff failure at Crane rely on it being grounded,
which could be the case for 3.7 km of its retreat in 2004.

Using nominal (undamaged) ice, process models require greater cliff heights
(Bassis and Walker, 2012; Parizek et al., 2019; Clerc et al., 2019; Crawford et al.,
2021) faster timescales of ice shelf collapse (Clerc et al., 2019), or a more extreme
ice cliff gradient and bed slope (Bassis et al., 2021) than we observe at Crane
Glacier to enable unstable retreat (Figure 3). When ice is treated as weak or
damaged, all process models predict that MICI could occur at some point along
Crane Glacier’s trajectory of retreat between 2002-2004. This suggests that
process models might more accurately predict MICI initiation if they consider
weak ice as a realistic scenario, rather than an extreme one.
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5 Conclusions

Despite Crane Glacier being invoked in many conversations of unstable ice cliff
failure, the limited data collected during the LBIS collapse event cannot unam-
biguously validate the MICI hypothesis. Previous analysis of Crane Glacier’s
behavior from 2002-2004 is predicated on an inaccurate 2002 groundingline posi-
tion, but our analysis shows that retreat in 2002 and 2003 occurred in a remnant,
floating ice shelf. Regardless, rapid, unstable terminus retreat dominated in the
years following LBIS collapse, highlighting the fact that brittle failure governed
Crane Glacier’s evolution through 2004. This includes the final phase of retreat,
which may have occurred by the failure of a grounded ice cliff with a height of
111 m. Data bounding the final phase of retreat constrain the minimum possible
failure rate of this system at ~7.9 km/a.

The glacier terminus retreated to a configuration with stresses at the brittle
failure threshold, where continued failure maintained a constant terminus posi-
tion for 7 years with no further retreat. Meanwhile, the mass dis-equilibrium
induced by terminus changes drove widespread thinning in the glacier interior.
Finally, as sea-ice filled the fjord in 2011, Crane Glacier’s terminus advanced
and an ice shelf was re-established, supporting a thickening and slowing (but
overall thinner than pre LBIS collapse) glacier profile.

Given a maximum terminal cliff height of only 111 m tall, available process
models indicate that terminus stresses would not exceed the yield strength of
undamaged ice. However, using realistic but high values for ice damage, and
with the corresponding reduction in yield strength, cliff failure at Crane Glacier
becomes consistent with the process models discussed here. This highlights the
importance of better understanding ice shelf damage in projecting future ice
sheet behavior — if high damage is plausible for Crane Glacier, it means that
cliff failure likely did govern the final stage of glacier retreat, and future ice
sheet margins may be susceptible to brittle failure with cliff heights as low as
60 m, as predicted by Clerc et al. (2019).

The rapid nature of ice shelf break up makes observing ice cliff failure an inher-
ently challenging problem. Brittle processes are fast and therefore require high
temporal sampling to observe, best accomplished in situ. Measuring cliff failure
processes will require having field sensors in the right place at the right time,
something not easily done at scale. This means that observational evaluation of
ice cliff models must, in part, rely on the temporally limited (and therefore at
times, ambiguous) remote sensing record. While studies like this one cannot end
the debate over model realism and the role of cliff failure in the future evolution
of the Antarctic Ice Sheet, they contribute to the larger corpus of evidence that
will be required to justify the inclusion and treatment of cliffs in continental
scale models of Antarctica and Greenland.
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generated using auto-RIFT (Gardner et al., 2018) and provided by the NASA
MEaSUREs ITS_LIVE project (Gardner et al., 2019) were downloaded from
the following repository: https://github.com/nasa-jpl/its_live. Landsat
images were downloaded from https://earthexplorer.usgs.gov. Figures were
made with Matplotlib version 3.4.3, available under the Matplotlib license at
https://matplotlib.org/.
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