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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 viscous 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 retreat 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, maximum cliff heights would have

been 111 m, consistent with process models that incorporate damaged ice.
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e Calving of Crane Glacier’s terminus after the collapse of the Larsen B Ice Shelf accelerated by 55%
from 2002 until it arrested in 2004.

e 6.74 + 0.03 km of the 10.05 km retreat occurred in floating ice, with cliff failure possible during the
final phase assuming weak ice.

e Crane’s retreat into a narrow fjord and sea-ice growth re-established buttressing stresses and reversed
terminus retreat.

Abstract

The fastest projected rates of sea level rise appear in models which include “the marine ice cliff instability
(MICT),” a hypothesized but mostly unobserved process defined by rapid, brittle failure of terminal ice cliffs
that outpaces viscous relaxation and ice-shelf formation. Crane Glacier’s response to the Larsen B Ice Shelf
collapse has been invoked as evidence of MICI, but sparse data coverage of that event in space and time has
hindered interpretation of the processes controlling terminus retreat. Using available remote sensing data,
we deconstruct Crane’s retreat, arrest, and regrowth over the last two decades. Much of Crane’s terminus
retreat occurred in floating, not grounded ice, but calving accelerated by at least 55% during the 2 years
following ice shelf collapse, consistent with a positive geometric feedback. If calving occurred by cliff failure,



maximum cliff heights would have been 111 m, only consistent with process models that incorporate damaged
ice.

Plain Language Summary

The behavior of Antarctic glaciers will largely determine the pace and magnitude 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 future 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 unambiguously observed in modern glacier systems. We show that after the loss of
its ice shelf, Crane Glacier experienced a 2 year period of accelerating ice loss, consistent with a geometric
instability like the one proposed. Models of ice cliff failure that assume glacier ice has pre-existing weaknesses
are more consistent with the behavior we observe at Crane than models that assume pristine ice.

1 Introduction

The West Antarctic Ice Sheet (WAIS) is known to be a geometrically unstable system — thin near its modern
margins but thick in the interior, where the ice sheet sits in deep marine basins (Morlighem et al., 2020).
Because the flux of ice to the ocean by deformation and sliding scales non-linearly with ice thickness, forced
retreat into the thick ice sheet interior triggers a positive feedback, increasing ice discharge and driving a
self-sustaining mass imbalance that will proceed without further forcing (the Marine Ice Sheet Instability,
or MISI; Weertman, 1974).

At present, 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). While ice shelf change over the early 215
century has been dominated by ocean driven melt from below, the 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 calving dynamics and the future of Antarctic
ice shelves in a warmer atmosphere (Bell et al., 2018; Kingslake et al., 2017; Lai et al., 2020).

Calving occurs most frequently by the concentration of longitudinal stresses in ice shelves at crevasse tips
(Benn et al., 2007). Should WAIS experience widespread ice shelf break-up, thick glaciers could experience
stresses at their termini that exceed the fracture toughness of ice. Such configurations lead to cliff failure,
a specialized calving process controlled by differential stresses at the free surface of marine terminating ice
fronts (Parizek et al., 2019). CIliff failure is thought to proceed faster than traditional calving, but the
rate-limiting process is uncertain (DeConto & Pollard, 2016).

The “marine ice cliff instability (MICI)” is the idea that cliff failure, once initiated, accelerates with increasing
cliff height. Like with MISI, forced retreat into the WAIS interior by fracture processes would then be self-
sustaining. The inclusion of MICI into ice sheet models results in a sea level rise by 2100 equal to eight
times the values predicted by models that do not include it (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). As a result, there is a community desire to
evaluate the likelihood of MICI and constrain its initiation thresholds, a focus of this work.

Recent models of cliff failure built from physics first principles (Bassis et al., 2021; Bassis & Walker, 2012;
Clerc et al., 2019; Crawford et al., 2021; Parizek et al., 2019; Schlemm & Levermann, 2021; Ultee & Bassis,
2016) support MICI’s theoretical validity, but the modes of failure and controlling parameters differ across
them. Depending on the prescribed (but uncertain) material strength of ice, cliff-failure thresholds in the
literature span from 60 to 540 m high cliffs (Clerc et al., 2019). Ice-sheet wide models rely heavily on process
models (and their underlying assumptions about ice strength) to justify parameterizations of ice-terminus
dynamics.

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 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 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 calving rate used to constrain some parameterizations of cliff
failure (DeConto & 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 MICI-style cliff
failure occured.

By both identifying what we do know and what we cannot know based on available geophysical data, 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 evaluate Crane’s retreat behavior and terminal characteristics against
process models, to both identify whether or not unstable retreat by 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. Infer the glacier geometry, the floatation state, and the grounding line position through time.
2. Show that fracture processes governed Crane’s retreat behavior after the LBIS collapse.
3. Constrain the rates of retreat and their evolution through time.

All three of these objectives are observationally challenging. Brittle processes play out on very short
timescales (from minutes to days) not captured by the recurrence interval of most satellite observations.
In addition, we show here that 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 (a) new marine geophysical
measurements of the sea-floor morphology at the 2002 grounding line and (b) aircraft and satellite-measured
surface elevation and ice velocity data that capture the glacier’s retreat and advance in the decades following
collapse. These data allow us to better constrain the floatation state of the glacier terminus through time,
refine estimates of retreat rates, and potentially narrow the range of thresholds (defined by current process
models) that limit cliff failure.

Surface Topography and Ice Velocity

Glacier behavior before and after LBIS collapse is best characterized by altimetry and velocity time-series
data (Figs. 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 (including 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, track orientation, and spacing in the region. Here, we use ICESat-2 data
to calibrate photogrammetric DEM’s produced from Maxar stereoimagery to extend the altimetry record
through 2021.

There is uncertainty in the effective ice thickness at Crane in 2002 due to uncertainty 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 ~15 m of FAC near the Crane terminus and its upstream
catchment in 2002 (Medley et al., 2020; Figure S1), in contrast with the 0 m of FAC observed on the LBIS
immediately before its collapse (Holland et al., 2011). The GSFC-FDMv1.1 does, however, agree with in-
situ observations over the Larsen C (Ashmore et al., 2017). We present both the conservative cliff heights
(observed height minus 15 m) and maximum possible cliff heights (observed height assuming no FAC).

In addition to using the altimetry record, we use MEaSUREs (Mouginot et al., 2017) and ITS _LIVE velocity



data (Gardner et al., 2019) to characterize the evolving flow field of Crane Glacier. Together with ice terminal
retreat rates, we use velocities to estimate Crane Glacier’s calving rate post LBIS collapse.

2.2 Subglacial Topography and Floatation Criteria

Crane Glacier’s bed elevation was refined by a marine geophysical survey in the Larsen B Inlet in 2006
(Rebesco et al., 2014), which captured the bed over which the Crane terminus retreated in 2004. Radar
campaigns designed to capture ice-bottom elevations 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 (Figures S2, S3).

Monitoring the grounding line position and quantifying the stress imbalance at a marine ice cliff 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 the density of ice (p;= 917 kg/m3), the density of sea water
(psw= 1027 kg/m?), and the sea-floor elevation relative to the sea surface (b), the ice height at floatation (hy

) can be calculated by:
Psw
hy=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 surface elevation to estimate the
grounding line position. 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 centerline (Figure 1B).

2.3 The Imagery Record of Terminus Position and Sea Ice Cover

Due to infrequent collection of altimetry data over Crane, we use Landsat imagery to further constrain the
timing of terminus 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 thoroughly discussed in the liter-
ature. Ice shelf terminus retreat and thinning preceded the rapid collapse of the LBIS in February to March
of 2002 (Glasser & Scambos, 2008). We refine the following record found in the literature, which showed
little change at Crane immediately post-collapse in 2002 (Scambos et al., 2004), followed by accelerated mass
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 calving by cliff failure (and terminus
retreat into thicker ice with taller cliffs) causes an acceleration of the calving rate that outpaces the ability
of Crane to viscously thin and inhibit calving. 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 fracture processes and accelerating 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 the
disequilibrium behavior of Crane Glacier during retreat, including a positive geometric feedback as retreat
accelerates, and hysteresis in its response as it returns to an advanced but thin configuration within the
modern climate.
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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 a reference centerline (dashed blue, annotated every 10
km, which we use for all subsequent along-flow transects) and an early, satellite-derived estimate of the
2002 grounding line (Rack & Rott, 2004; “RR04”; orange). (b) Range of floatation heights and ice surface
elevations in November 2002 with our updated grounding line. (c) ITS LIVE (solid) and MEaSUREs
(dashed) ice velocity profiles along the flight line from 2005-2019.

3.1 Period 1: Retreat (2002-2004)

From 2002-2004, terminus retreat of over 10 km occurred, with moderate retreat rates from November 2002
to March 2004, and more rapid retreat from March to November 2004 (Figure 2). During this two year
window, the glacier thinned by 60.9 m at the location of the November 2004 ice front.

Satellite-derived, pre-LBIS collapse grounding line positions do not agree with the sea-floor sedimentary
record or the updated bathymetry measured post-collapse (Rebesco et al., 2014). Satellite data placed the
pre-collapse grounding line near the opening of the fjord (Rack & Rott, 2004), implying that the full extent
of retreat observed from 2002-2004 occurred by failure of a grounded ice cliff. Radiocarbon-dated sediment
cores show that ice was not grounded there in 2002, and suggest the pre-collapse grounding line was located
further inland of the fjord opening (Rebesco et al., 2014). In addition, measured surface elevations from
2002 at the purported grounding line fell far below the floatation threshold (Fig. 1B). This means that a
substantial portion of the initial terminus retreat occurred in ice that was at or below the floatation thickness.

Using our floatation criterion, we calculate an updated grounding line position for November 2002. Surface
elevation data show a break in slope at ~9.5 km along our reference line, more consistent with calculated
grounding lines assuming 0 m of FAC. We calculate retreat rates and cliff heights assuming this value.



While the majority of the Larsen B collapsed during February and March of 2002, a floating ice shelf remained
at Crane. Slow terminus retreat began, but had not reached the 2002 grounding line by March of 2004, after
5.30 km of retreat (Figure 2). Retreat continued, and during the following 8 month period, the glacier
experienced 4.75 km of additional terminus retreat, beginning 1.47 4+ 0.03 km down-flow of the updated
2002 grounding line and halting at the 2004 terminus. We quantify the effective rate of ice loss during the
periods preceding and following March 26, 2004 using a calving rate, equal to the sum of the terminus retreat
rate and the ice flow speed at the terminus (71.5 km per year, the nearest available satellite measurement in
space and time, and consistent with estimates from Scambos et al., 2004). This results in minimum calving
rate estimates of 5.48 km/a for the period ending on March 26, 2004, and 8.50 km/a in the period after, a
55% increase in calving rate over the 2 years following LBIS collapse.

If grounded ice cliff failure occurred at Crane, it must have happened during this final period of retreat.
While there are no direct observations of a grounded ice cliff during that period, the first cliff that could
have formed (at the 2002 grounding line position) would have existed with a height of 111 m (as measured
above the water line; Figure 1B).
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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 Rack & Rott (2004) grounding line, and the calculated 2002
floatation point (orange) shown. (b) Altimetry record of near-terminus surface elevation, from NASA’s ATM
and LVIS altimeters (2002-2018), and ICESat-2-calibrated photogrammetric DEMs produced from Maxar
stereoimagery (2021). (c) Terminus evolution through time, corresponding to ice fronts in (a) and altimetry
in (b).

3.2 Period 2: Stabilization (November 2004-2010)

By November 2004, the terminus of Crane Glacier had ceased its retreat 10.05 km upstream of its November
2002 terminus. The terminus remained stationary for the following six years, with a terminal cliff and

terminus position that fluctuated by less than 500 m during that period. One of two conditions must have
been met: either (a) the calving rate fell to the glacier speed at that location, or (b) this position defined



the threshold for cliff failure, with a calving rate much higher than the ice velocity downstream and a cliff
calving rate of 0 km/a upstream. 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. 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 sits approximately
1.25 km downstream of the 2010 terminus. Crane Glacier’s near-terminus surface elevation increased by
approximately 5 m/a over this 11 year period, as captured by ICESat-2 calibrated photogrammetric DEMs
from 2019-2021 (Figures 2, S5). This thickening represents a redistribution of mass from the tributaries,
where thinning of approximately 5 m/year occurred from 2019-2021, to the trunk (Figure S5).

4 Discussion
4.1 Evaluating the Retreat Behavior of Crane Glacier

Without observations during the rapid 8 month retreat window, there is no direct evidence of ice cliff failure
at Crane Glacier. But there is evidence for a geometric instability in the system, and indirect evidence that
cliff failure may have occurred. We examine these two ideas separately.

As we observed at Crane, fracture processes dominated following LBIS break-up, where a terminal ice cliff
was observed from 2002-2004. But immediately following the forcing event (LBIS collapse), retreat by
fracture was slow. As the terminus retreated into thicker ice, calving and retreat rates increased despite no
new climatic forcing, consistent with a geometric instability. Retreat continued, with a rapid final phase
occurring where the ice had been clearly grounded in 2002. The system eventually reached a configuration
with a terminal stress state that inhibited further retreat, and the system restabilized.

Many conditions are known to inhibit cliff failure and stabilize glacier systems, including narrowing of
the fjord (Schlemm & Levermann, 2021), development of sea-ice or mélange in the fjord which can apply
sufficient backstress to stabilize the cliff (Bassis et al., 2021; Crawford et al., 2021; Schlemm & Levermann,
2021), retreat into thinner ice along a prograde slope (Bassis et al., 2021), or retreat into ice that is not
preconditioned for failure by crevassing or other processes that induce damage (Clerc et al., 2019). As Crane’s
terminus retreated, the fjord narrowed to a point where calving and ice flow were in balance. Then, viscous
processes dominated, and the system thinned. In summer 2011, perennial land-fast sea ice formed in Crane
Glacier’s embayment (Figure S4), which 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.

Cliff failure is thought to be one of the fastest calving processes. Crane’s final minimum calving rate of
8.50 km/a represented an increase of both its pre-collapse ice shelf calving rate (Alley et al., 2008) and its
calving rate during the initial period following collapse, which could indicate a change in the mechanism
of calving over that period. But 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 calving rates
exceed 17 km/a (Joughin et al., 2014) and 11 km/a (Howat et al., 2005), respectively. The calving rates at
Jakobshavn and Helheim, in part, accommodate their high terminus velocities (9.5 to 15.5 km/a faster than
the terminus of Crane), which is an important qualitative difference between these systems and Crane. As
such, the calving 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 1.5 km/a at its terminus.

Ultimately, we see 10.05 km of terminus retreat, 3.28 + 0.03 km of which could have occurred in grounded
ice, with calving rates that accelerated over the course of retreat.



4.2 Evaluating Crane Retreat against Process Models

Models of ice cliff failure each have a stability threshold, defining the boundary between configurations that
naturally fail and those in which cliffs are stable and glaciers will thin and evolve by viscous processes. We
evaluate the behavior of Crane against published ice cliff process models (Bassis et al., 2021; Bassis & Ultee,
2019; Bassis & Walker, 2012; Clerc et al., 2019; Crawford et al., 2021; Parizek et al., 2019; Ultee & Bassis,
2016).

A number of mechanisms exist under the “cliff failure” umbrella, including: fracture-induced full-thickness
iceberg detachment (Bassis et al., 2021); initial slumping followed by buoyancy-driven retrogressive block
rotation (Parizek et al., 2019; Bassis et al., 2021; Crawford et al., 2021); and forward block rotation resulting
from surface crevassing (Crawford et al., 2021). Each model is built from a different physical framework,
and therefore requires as input a different quantification of the material strength of ice. Ice strength appears
in models through terms like the fracture toughness (Clerc et al., 2019; Crawford et al., 2021; Parizek et
al., 2019), the yield strength (Bassis et al., 2021; Bassis & Ultee, 2019; Crawford et al., 2021; Ultee &
Bassis, 2016), or critical strain thresholds (Crawford et al., 2021). Ideally, these terms can be constrained
by laboratory measurements using physics first-prinicples (Druez et al., 1989; Petrovic, 2003; Xian et al.,
1989), but in practice, they remain uncertain, as they are affected by the uncertain history of ice damage
that modifies real glacier systems (Borstad et al., 2012; Lhermitte et al., 2020; Mobasher et al., 2016).

Because of this parametric uncertainty, the models we compare against observations at Crane produce a
range of possible cliff-failure thresholds, assuming strength values ranging from intact or undamaged ice
(strong) to ice with a lower yield strength (Ultee & Bassis, 2016), lower fracture toughness (Clerc et al.
2019; Parizek et al. 2019), or ice including starter cracks (Bassis et al., 2021) (weak). We proceed using each
model’s self-described optimum parameters, but present alternative “strong” or “weak” failure thresholds in
Figure 3 if available (see the Supplementary Materials for a full description of model thresholds and strength
categorization).

Using nominal (strong) ice, process models require greater cliff heights (Bassis & Ultee, 2019; Bassis &
Walker, 2012; Clerc et al., 2019; Crawford et al., 2021; Parizek et al., 2019; Ultee & Bassis, 2016) and faster
timescales of ice shelf collapse (Clerc et al., 2019) than we observe at Crane Glacier to initiate retreat by cliff
failure (Figure 3). When ice is treated as weak or damaged, process models predict that cliff failure could
initiate at Crane with a terminus height of 111 m. This suggests that it is possible for accelerated calving
to have occurred by cliff failure, and if so, models might more accurately predict MICI initiation if they
consider weak ice a realistic scenario, rather than an extreme one.
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observe at Crane Glacier provided. (Right) Schematic diagram comparing cliff heights required for brittle



failure under strong (S) and weak (W) model treatment of ice, if included in referenced work (with the model
authors’ preferred estimate marked with a solid line).

5 Conclusions

Despite Crane Glacier being invoked in many conversations of unstable ice cliff failure, the limited data
collected during the LBIS collapse never directly measured a cliff failure event. Previous analysis of Crane
Glacier’s behavior from 2002-2004 is predicated on an inaccurate 2002 grounding line position. Our analysis
shows that retreat in 2002 and 2003 occurred in a remnant, floating ice shelf, but in the two years following
LBIS collapse, calving rates accelerated, consistent with a positive feedback and geometric instability. This
includes the final phase of retreat, which may have occurred by the failure of a grounded ice cliff with an
initial height of 111 m, with a minimum calving rate of ~8.50 km/a.

The glacier terminus retreated to a configuration where calving rates slowed, and the system maintained a
constant terminus position 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, available process models indicate that terminus stresses
would not exceed the failure threshold of undamaged ice. However, using model values consistent with
damaged ice, 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 more susceptible to fracture than anticipated.

The rapid nature of ice shelf break-up makes observing ice cliff failure an inherently 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 required to justify any novel treatment
of cliffs in continental scale models of Antarctica and Greenland.
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o Calving of Crane Glacier’s terminus after the collapse of the Larsen B Ice
Shelf accelerated by 55% from 2002 until it arrested in 2004.

e 6.74 £ 0.03 km of the 10.05 km retreat occurred in floating ice, with cliff
failure possible during the final phase assuming weak ice.

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

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 pro-
cess defined by rapid, brittle failure of terminal ice cliffs that outpaces viscous
relaxation and ice-shelf formation. Crane Glacier’s response to the Larsen B Ice
Shelf collapse has been invoked as evidence of MICI, but sparse data coverage
of that event in space and time has hindered interpretation of the processes con-
trolling terminus retreat. Using available remote sensing data, we deconstruct
Crane’s retreat, arrest, and regrowth over the last two decades. Much of Crane’s
terminus retreat occurred in floating, not grounded ice, but calving accelerated
by at least 55% during the 2 years following ice shelf collapse, consistent with
a positive geometric feedback. If calving occurred by cliff failure, maximum
cliff heights would have been 111 m, only 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 future
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 un-
ambiguously observed in modern glacier systems. We show that after the loss
of its ice shelf, Crane Glacier experienced a 2 year period of accelerating ice loss,
consistent with a geometric instability like the one proposed. Models of ice cliff
failure that assume glacier ice has pre-existing weaknesses are more consistent
with the behavior we observe at Crane than models that assume pristine ice.
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1 Introduction

The West Antarctic Ice Sheet (WAIS) is known to be a geometrically unstable
system — thin near its modern margins but thick in the interior, where the
ice sheet sits in deep marine basins (Morlighem et al., 2020). Because the
flux of ice to the ocean by deformation and sliding scales non-linearly with
ice thickness, forced retreat into the thick ice sheet interior triggers a positive
feedback, increasing ice discharge and driving a self-sustaining mass imbalance
that will proceed without further forcing (the Marine Ice Sheet Instability, or
MIST; Weertman, 1974).

At present, 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). While ice shelf change over the early 215 century has been
dominated by ocean driven melt from below, the 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 calving dynamics and the future of Antarctic ice shelves
in a warmer atmosphere (Bell et al., 2018; Kingslake et al., 2017; Lai et al.,
2020).

Calving occurs most frequently by the concentration of longitudinal stresses
in ice shelves at crevasse tips (Benn et al., 2007). Should WAIS experience
widespread ice shelf break-up, thick glaciers could experience stresses at their
termini that exceed the fracture toughness of ice. Such configurations lead to
cliff failure, a specialized calving process controlled by differential stresses at the
free surface of marine terminating ice fronts (Parizek et al., 2019). Cliff failure is
thought to proceed faster than traditional calving, but the rate-limiting process
is uncertain (DeConto & Pollard, 2016).

The “marine ice cliff instability (MICI)” is the idea that cliff failure, once ini-
tiated, accelerates with increasing cliff height. Like with MISI, forced retreat
into the WALIS interior by fracture processes would then be self-sustaining. The
inclusion of MICI into ice sheet models results in a sea level rise by 2100 equal to
eight times the values predicted by models that do not include it (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). As a result, there is a community
desire to evaluate the likelihood of MICI and constrain its initiation thresholds,
a focus of this work.

Recent models of cliff failure built from physics first principles (Bassis et al.,
2021; Bassis & Walker, 2012; Clerc et al., 2019; Crawford et al., 2021; Parizek
et al., 2019; Schlemm & Levermann, 2021; Ultee & Bassis, 2016) support MICI’s
theoretical validity, but the modes of failure and controlling parameters differ
across them. Depending on the prescribed (but uncertain) material strength of
ice, cliff-failure thresholds in the literature span from 60 to 540 m high cliffs
(Clerc et al., 2019). Ice-sheet wide models rely heavily on process models (and



their underlying assumptions about ice strength) to justify parameterizations
of ice-terminus dynamics.

There are few geological or geophysical observations capable of improving our
understanding of ice cliff dynamics. The paleo-sea-level record may provide indi-
rect 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
required to explain historical Antarctic ice loss (Edwards et al., 2019). The
Intergovernmental Panel on Climate Change (IPCC) names Crane Glacier’s re-
sponse to the 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 calv-
ing rate used to constrain some parameterizations of cliff failure (DeConto &
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 MIClI-style cliff failure occured.

By both identifying what we do know and what we cannot know based on
available geophysical data, 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 evaluate Crane’s retreat behavior and terminal characteristics
against process models, to both identify whether or not unstable retreat by
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. Infer the glacier geometry, the floatation state, and the grounding line
position through time.

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

3. Constrain the rates of retreat and their evolution through time.

All three of these objectives are observationally challenging. Brittle processes
play out on very short timescales (from minutes to days) not captured by the
recurrence interval of most satellite observations. In addition, we show here
that 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 (a) new marine
geophysical measurements of the sea-floor morphology at the 2002 grounding
line and (b) aircraft and satellite-measured surface elevation and ice velocity
data that capture the glacier’s retreat and advance in the decades following



collapse. These data allow us to better constrain the floatation state of the
glacier terminus through time, refine estimates of retreat rates, and potentially
narrow the range of thresholds (defined by current process models) that limit
cliff 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 (Figs. 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 pre-
cision, their sampling is limited by cloud-cover, track orientation, and spacing
in the region. Here, we use ICESat-2 data to calibrate photogrammetric DEM’s
produced from Maxar stereoimagery to extend the altimetry record through
2021.

There is uncertainty in the effective ice thickness at Crane in 2002 due to un-
certainty 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 ~15 m of FAC near the Crane terminus
and its upstream catchment in 2002 (Medley et al., 2020; Figure S1), in con-
trast with the 0 m of FAC observed on the LBIS immediately before its collapse
(Holland et al., 2011). The GSFC-FDMv1.1 does, however, agree with in-situ
observations over the Larsen C (Ashmore et al., 2017). We present both the
conservative cliff heights (observed height minus 15 m) and maximum possible
cliff heights (observed height assuming no FAC).

In addition to using the altimetry record, we use MEaSUREs (Mouginot et al.,
2017) and ITS_LIVE velocity data (Gardner et al., 2019) to characterize the
evolving flow field of Crane Glacier. Together with ice terminal retreat rates,
we use velocities to estimate Crane Glacier’s calving rate post LBIS collapse.

2.2 Subglacial Topography and Floatation Criteria

Crane Glacier’s bed elevation was refined by a marine geophysical survey in the
Larsen B Inlet in 2006 (Rebesco et al., 2014), which captured the bed over which
the Crane terminus retreated in 2004. Radar campaigns designed to capture ice-
bottom elevations 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 (Figures S2,
S3).



Monitoring the grounding line position and quantifying the stress imbalance at
a marine ice cliff 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 the density of ice (p,= 917 kg/m?), the density of sea water
(pew= 1027 kg/m?), and the sea-floor elevation relative to the sea surface (b),
the ice height at floatation (hy) can be calculated by:

Psw
h,=b|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 surface elevation to estimate the grounding
line position. 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 centerline (Figure 1B).

2.3 The Imagery Record of Terminus Position and Sea Ice Cover

Due to infrequent collection of altimetry data over Crane, we use Landsat im-
agery to further constrain the timing of terminus 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 terminus retreat and thinning pre-
ceded the rapid collapse of the LBIS in February to March of 2002 (Glasser &
Scambos, 2008). We refine the following record found in the literature, which
showed little change at Crane immediately post-collapse in 2002 (Scambos et
al., 2004), followed by accelerated mass 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 calving
by cliff failure (and terminus retreat into thicker ice with taller cliffs) causes an
acceleration of the calving rate that outpaces the ability of Crane to viscously
thin and inhibit calving. 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 fracture processes and accelerating
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 the disequilibrium behavior of Crane Glacier during retreat, including a
positive geometric feedback as retreat accelerates, and hysteresis in its response
as it returns to an advanced but thin configuration within the modern climate.
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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
a reference centerline (dashed blue, annotated every 10 km, which we use for
all subsequent along-flow transects) and an early, satellite-derived estimate of
the 2002 grounding line (Rack & Rott, 2004; “RR04”; orange). (b) Range of
floatation heights and ice surface elevations in November 2002 with our updated
grounding line. (c¢) ITS_LIVE (solid) and MEaSUREs (dashed) ice velocity
profiles along the flight line from 2005-2019.



3.1 Period 1: Retreat (2002-2004)

From 2002-2004, terminus retreat of over 10 km occurred, with moderate retreat
rates from November 2002 to March 2004, and more rapid retreat from March
to November 2004 (Figure 2). During this two year window, the glacier thinned
by 60.9 m at the location of the November 2004 ice front.

Satellite-derived, pre-LBIS collapse grounding line positions do not agree with
the sea-floor sedimentary record or the updated bathymetry measured post-
collapse (Rebesco et al., 2014). Satellite data placed the pre-collapse grounding
line near the opening of the fjord (Rack & Rott, 2004), implying that the full
extent of retreat observed from 2002-2004 occurred by failure of a grounded
ice cliff. Radiocarbon-dated sediment cores show that ice was not grounded
there in 2002, and suggest the pre-collapse grounding line was located further
inland of the fjord opening (Rebesco et al., 2014). In addition, measured surface
elevations from 2002 at the purported grounding line fell far below the floatation
threshold (Fig. 1B). This means that a substantial portion of the initial terminus
retreat occurred in ice that was at or below the floatation thickness.

Using our floatation criterion, we calculate an updated grounding line position
for November 2002. Surface elevation data show a break in slope at ~9.5 km
along our reference line, more consistent with calculated grounding lines assum-
ing 0 m of FAC. We calculate retreat rates and cliff heights assuming this value.

While the majority of the Larsen B collapsed during February and March of
2002, a floating ice shelf remained at Crane. Slow terminus retreat began, but
had not reached the 2002 grounding line by March of 2004, after 5.30 km of
retreat (Figure 2). Retreat continued, and during the following 8 month period,
the glacier experienced 4.75 km of additional terminus retreat, beginning 1.47 +
0.03 km down-flow of the updated 2002 grounding line and halting at the 2004
terminus. We quantify the effective rate of ice loss during the periods preceding
and following March 26, 2004 using a calving rate, equal to the sum of the
terminus retreat rate and the ice flow speed at the terminus (~1.5 km per year,
the nearest available satellite measurement in space and time, and consistent
with estimates from Scambos et al., 2004). This results in minimum calving rate
estimates of 5.48 km/a for the period ending on March 26, 2004, and 8.50 km/a
in the period after, a 55% increase in calving rate over the 2 years following
LBIS collapse.

If grounded ice cliff failure occurred at Crane, it must have happened during
this final period of retreat. While there are no direct observations of a grounded
ice cliff during that period, the first cliff that could have formed (at the 2002
grounding line position) would have existed with a height of 111 m (as measured
above the water line; Figure 1B).
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Figure 2. Data used to constrain timing of terminus retreat. (a) Landsat
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Rack & Rott (2004) grounding line, and the calculated 2002 floatation point
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evolution through time, corresponding to ice fronts in (a) and altimetry in (b).

3.2 Period 2: Stabilization (November 2004-2010)

By November 2004, the terminus of Crane Glacier had ceased its retreat 10.05
km upstream of its November 2002 terminus. The terminus remained stationary
for the following six years, with a terminal cliff and terminus position that fluc-
tuated by less than 500 m during that period. One of two conditions must have

Terminus Position Through Time

Period 1: Retreat (2002 - 2004)
Period 2: Stabilization (2004 - 2010)
Period 3: Regrowth (2010-2021)



been met: either (a) the calving rate fell to the glacier speed at that location,
or (b) this position defined the threshold for cliff failure, with a calving rate
much higher than the ice velocity downstream and a cliff calving rate of 0 km/a
upstream. 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/a2,
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. 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 sits approximately
1.25 km downstream of the 2010 terminus. Crane Glacier’s near-terminus sur-
face elevation increased by approximately 5 m/a over this 11 year period, as
captured by ICESat-2 calibrated photogrammetric DEMs from 2019-2021 (Fig-
ures 2, S5). This thickening represents a redistribution of mass from the tribu-
taries, where thinning of approximately 5 m/year occurred from 2019-2021, to
the trunk (Figure S5).

4 Discussion
4.1 Evaluating the Retreat Behavior of Crane Glacier

Without observations during the rapid 8 month retreat window, there is no
direct evidence of ice cliff failure at Crane Glacier. But there is evidence for a
geometric instability in the system, and indirect evidence that cliff failure may
have occurred. We examine these two ideas separately.

As we observed at Crane, fracture processes dominated following LBIS break-
up, where a terminal ice cliff was observed from 2002-2004. But immediately
following the forcing event (LBIS collapse), retreat by fracture was slow. As the
terminus retreated into thicker ice, calving and retreat rates increased despite no
new climatic forcing, consistent with a geometric instability. Retreat continued,
with a rapid final phase occurring where the ice had been clearly grounded in
2002. The system eventually reached a configuration with a terminal stress state
that inhibited further retreat, and the system restabilized.

Many conditions are known to inhibit cliff failure and stabilize glacier systems,
including narrowing of the fjord (Schlemm & Levermann, 2021), development
of sea-ice or mélange in the fjord which can apply sufficient backstress to stabi-
lize the cliff (Bassis et al., 2021; Crawford et al., 2021; Schlemm & Levermann,
2021), retreat into thinner ice along a prograde slope (Bassis et al., 2021), or
retreat into ice that is not preconditioned for failure by crevassing or other pro-
cesses that induce damage (Clerc et al., 2019). As Crane’s terminus retreated,
the fjord narrowed to a point where calving and ice flow were in balance. Then,
viscous processes dominated, and the system thinned. In summer 2011, peren-



nial land-fast sea ice formed in Crane Glacier’s embayment (Figure S4), which
likely enabled the growth of an ice shelf, consistent with models of sea ice back-
stress (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.

Cliff failure is thought to be one of the fastest calving processes. Crane’s final
minimum calving rate of 8.50 km/a represented an increase of both its pre-
collapse ice shelf calving rate (Alley et al., 2008) and its calving rate during the
initial period following collapse, which could indicate a change in the mechanism
of calving over that period. But 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 calving rates exceed 17 km/a (Joughin et
al., 2014) and 11 km/a (Howat et al., 2005), respectively. The calving rates at
Jakobshavn and Helheim, in part, accommodate their high terminus velocities
(9.5 to 15.5 km/a faster than the terminus of Crane), which is an important
qualitative difference between these systems and Crane. As such, the calving
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 1.5 km/a at its terminus.

Ultimately, we see 10.05 km of terminus retreat, 3.28 £+ 0.03 km of which could
have occurred in grounded ice, with calving rates that accelerated over the
course of retreat.

4.2 Evaluating Crane Retreat against Process Models

Models of ice cliff failure each have a stability threshold, defining the boundary
between configurations that naturally fail and those in which cliffs are stable
and glaciers will thin and evolve by viscous processes. We evaluate the behavior
of Crane against published ice cliff process models (Bassis et al., 2021; Bassis
& Ultee, 2019; Bassis & Walker, 2012; Clerc et al., 2019; Crawford et al., 2021;
Parizek et al., 2019; Ultee & Bassis, 2016).

A number of mechanisms exist under the “cliff failure” umbrella, including:
fracture-induced full-thickness iceberg detachment (Bassis et al., 2021); initial
slumping followed by buoyancy-driven retrogressive block rotation (Parizek et
al., 2019; Bassis et al., 2021; Crawford et al., 2021); and forward block rotation
resulting from surface crevassing (Crawford et al., 2021). Each model is built
from a different physical framework, and therefore requires as input a different
quantification of the material strength of ice. Ice strength appears in models
through terms like the fracture toughness (Clerc et al., 2019; Crawford et al.,
2021; Parizek et al., 2019), the yield strength (Bassis et al., 2021; Bassis & Ultee,
2019; Crawford et al., 2021; Ultee & Bassis, 2016), or critical strain thresholds
(Crawford et al., 2021). Ideally, these terms can be constrained by laboratory
measurements using physics first-prinicples (Druez et al., 1989; Petrovic, 2003;
Xian et al., 1989), but in practice, they remain uncertain, as they are affected by
the uncertain history of ice damage that modifies real glacier systems (Borstad
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et al., 2012; Lhermitte et al., 2020; Mobasher et al., 2016).

Because of this parametric uncertainty, the models we compare against obser-
vations at Crane produce a range of possible cliff-failure thresholds, assuming
strength values ranging from intact or undamaged ice (strong) to ice with a
lower yield strength (Ultee & Bassis, 2016), lower fracture toughness (Clerc et
al. 2019; Parizek et al. 2019), or ice including starter cracks (Bassis et al., 2021)
(weak). We proceed using each model’s self-described optimum parameters, but
present alternative “strong” or “weak” failure thresholds in Figure 3 if available
(see the Supplementary Materials for a full description of model thresholds and
strength categorization).

Using nominal (strong) ice, process models require greater cliff heights (Bassis
& Ultee, 2019; Bassis & Walker, 2012; Clerc et al., 2019; Crawford et al., 2021;
Parizek et al., 2019; Ultee & Bassis, 2016) and faster timescales of ice shelf
collapse (Clerc et al., 2019) than we observe at Crane Glacier to initiate retreat
by cliff failure (Figure 3). When ice is treated as weak or damaged, process
models predict that cliff failure could initiate at Crane with a terminus height of
111 m. This suggests that it is possible for accelerated calving to have occurred
by cliff failure, and if so, models might more accurately predict MICI initiation
if they consider weak ice a realistic scenario, rather than an extreme one.

Failure Criteria at Crane (Best Estimate)
Ultee and Bassis (2016): H =82m
— Model Failure Criterion
Parizek et al. (2019): H,=100m (Best Estimate)
. . — === Model Failure Criterion
Bassis et al. (2021): H.=110m e Tl cren
db _ dH _
ax s -0.018 o -0.03 s
@ Crawford et al. (2021): H.=136m
Bassis and Ultee (2019): H =165m
Clerc etal. (2019): H =540 m s : W
_ ireseeaeans H W :
collapse - 101 days .
Crane Conditions | [|7" W
= =102 @ = dH
H=111m, T . =10 days, dx 0, dx 0.01

[°]

W: Weak or Damaged Ice

Figure 3. Conditions at Crane Glacier compared to process model cliff-failure
thresholds. (Left) Cliff-height failure criteria required to trigger MICI (see Text
S1; Figure S6, S7), including subaerial cliff height (H,), bed slope (%), ice
thickness gradient (%)7 and timescale of ice shelf collapse (T qapse), With
conditions we observe at Crane Glacier provided. (Right) Schematic diagram
comparing cliff heights required for brittle failure under strong (S) and weak (W)

model treatment of ice, if included in referenced work (with the model authors’
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preferred estimate marked with a solid line).
5 Conclusions

Despite Crane Glacier being invoked in many conversations of unstable ice cliff
failure, the limited data collected during the LBIS collapse never directly mea-
sured a cliff failure event. Previous analysis of Crane Glacier’s behavior from
2002-2004 is predicated on an inaccurate 2002 grounding line position. Our
analysis shows that retreat in 2002 and 2003 occurred in a remnant, floating
ice shelf, but in the two years following LBIS collapse, calving rates accelerated,
consistent with a positive feedback and geometric instability. This includes the
final phase of retreat, which may have occurred by the failure of a grounded
ice cliff with an initial height of 111 m, with a minimum calving rate of ~8.50
km/a.

The glacier terminus retreated to a configuration where calving rates slowed, and
the system maintained a constant terminus position 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, available process models
indicate that terminus stresses would not exceed the failure threshold of un-
damaged ice. However, using model values consistent with damaged ice, 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 more susceptible to fracture than
anticipated.

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 evolu-
tion of the Antarctic Ice Sheet, they contribute to the larger corpus of evidence
required to justify any novel treatment of cliffs in continental scale models of
Antarctica and Greenland.
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Introduction

The following text, figures, and their associated captions supplement the main text of
“Evaluating the Retreat, Stabilization, and Regrowth of Crane Glacier against Marine Ice
Cliff Process Models.”

Text S1:

We relied on the following information from referenced papers for the cliff-height
failure criteria presented in Figure 3. Below, we deconstruct our classification of
“strong” and “weak” ice, and our choice of “best estimate” cliff height values.

Ultee and Bassis, 2016

The authors present a function (Eq. 26 from Ultee and Bassis) that relates terminus
ice thickness and water depth, which we use to reproduce their Fig. 1 (see Figure S6). We
extend their Fig. 1 to depths > 1000 m (suitable for depths near the Crane terminus,
where water depth was near 900 m) and solve for the subaerial cliff height (H - D) at 900
m water depth for each yield strength (Fig. $6).




The authors test their model using what they deem to be realistic yield strengths of
50 - 300 kPa, selecting 150 kPa as a best fit value to reproduce retreat of Columbia
Glacier (p. 1146). Here we present cliff height threshold values for 50 kPa as a weak case,
300 kPa as a strong case, and 150 kPa as the model best estimate.

Parizek et al., 2019

The abstract states that “the threshold cliff height for slumping is likely slightly
above 100 m in many cases, and roughly twice that (145-285 m) in mechanically
competent ice under well-drained or low-melt conditions” (449).

Following from this statement, we use 100 m as the critical cliff height for damaged
ice, and use 145-285 m as the critical height range for strong ice. We choose the 100 m
threshold as the model best estimate, because it is presented in the referenced work as
consistent with observed slumping events and as the threshold “in many cases”
(Abstract from Parizek et al.).

Bassis et al., 2021

In addition to the cliff height failure threshold, we also present criteria for the bed
slope and ice thickness gradient, which are thought to define the threshold for unstable
retreat. Because the exact failure thresholds for bed slope and ice thickness gradient are
not directly stated in the manuscript, we derive the criteria presented in Figure 3 of our
work from Figure 4 from Bassis et al., which shows the “average rate of terminus
advance over 1 year for an initial 800-m-thick glacier terminating in 690 m of water
[therefore a 110 m subaerial cliff height] for a range of thickness gradients and
upstream velocities” (p. 3) and displays the “catastrophic collapse” (p. 3) zone given a
particular bed slope, ice thickness gradient, and inflow velocity. Based on Figure 4, we
approximated the criteria required for catastrophic collapse.

We consider this critical height representative of damaged ice, because the Bassis
et al. (2021) supplement states that their “estimate of the yield strength implies the
presence of starter cracks that are tens of centimeters long,” and that “the assumption
that ice is undamaged results in significantly stronger ice and a much larger inferred ice
strength,” which results in “cliffs [that] are stable to a much greater height than
obtained from our simulations” (51.1.6).

Bassis and Walker, 2012, and Bassis and Ultee, 2019

In equation 2.12, Bassis and Walker (2012) derive an upper bound on ice thickness
at the terminus of glaciers that depends primarily on two things: crevasse penetration
and the depth-integrated yield strength of ice (which they define as 1 MPa). Bassis and
Ultee (2019) showed a missing factor of 2 in the derivation presented in Bassis and
Walker, and re-derive the equation for their model of calving glaciers, which they




present in equation 48 of their paper. Using equation 48 and a water depth of 900 m, we
calculate 3 possible threshold cliff heights for Crane: cliff heights in ice with no
crevassing (r=0, strong), in ice with crevasse penetration consistent with a Nye zero-
stress model at floatation (r=0.5, best estimate), and in ice with the greatest crevasse
penetration while still allowing an ice thickness greater than the buoyancy thickness
(r=0.7, weak). See Figure S7 for the results.

Crawford et al., 2021
Crawford et al. state that “structural ice-cliff failure is observed for B, [normal basal
slip] conditions when H. = 136 m” (p. 2).

We consider this cliff height representative of strong ice, because the manuscript
states that “this retreat rate parameterization was derived for simulations of largely
undamaged ice with high fracture toughness,” (p. 6) and from information given in the
supplement: “We note here that our main simulation series, which underpins the ice-cliff
failure retreat rate parameterization development, is conducted with the standard
HiDEM structure and parameter settings. As noted in the main text, the HiDEM lattice
structure and yield strength combine to represent strong ice that is largely undamaged
when initialized with the standard percentage of pre-seeded broken bonds”
(Supplementary Note 1 from Crawford et al.).

Clercetal., 2019

Clerc et al. state that “as the ice-shelf removal timescale increases, viscous
relaxation dominates, and the critical height increases to ~540 m for timescales greater
than days” (p. 12,108). Also see Figure 4 from Clerc et al. for a plot of cliff height
compared to timescale of ice shelf collapse, which shows that a critical height of ~540 m
is required for a 10'-days timescale of ice shelf collapse (the duration of the Larsen B Ice
Shelf Collapse). It is unclear how one should treat the characteristic timescale of a single
calving event (it could be seconds to minutes), but using small values for At in the Clerc
et al. framework would result in effectively no stable ice cliffs, which is inconsistent with
the retreat pattern we see at Crane.

We treat this 540 m critical height as representing strong ice, given the following
statement: “our prediction that a cliff formed at the grounding line could be stable at
great (~540 m) heights assumes the ice is undamaged,” (p. 12,115) and their 60 m critical
height as representing damaged ice, given: “prescribing a fracture toughness of 50 kPa
m1/2 and crack half-length of 50 mm (values chosen for damaged ice at calving fronts by
Parizek et al., 2019) yields a 60-m critical height” (p. 12,115). The authors state that they
“predict cliff failure only initiates in cliffs taller than ~540 m,” (p. 12,115) the cliff height
consistent with undamaged ice; thus, we treat 540 m as their model best estimate.
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Figure S1. Modeled Firn Air Content (FAC) of the Antarctic Peninsula from November,
2002 (Medley et al., 2020). Firn Model Resolution is 10 km by 10 km. FAC estimates for
the Larsen C Ice Shelf closely agree with observations from this period (Ashmore et al.,
2017), which supports an interpretation of 10+ m of FAC along the main trunk of Crane
Glacier. If included in the analysis, maximum cliff heights at Crane are reduced to 95 m,
below the threshold for failure in all models but Clerc et al. (2019) and Ultee and Bassis
(2016), when damaged ice is used.
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Figure S2. Radar imagery collected along the main trunk of Crane Glacier. Because of the

narrow fjords and complex topography of the Antarctic Peninsula, those data suffer

from significant off-axis clutter (primarily valley side walls), resulting in an ambiguous

basal reflector and an unknown ice thickness profile. In 2017, the central flowline of

Crane Glacier was resurveyed, but this time with NASA’s P3 aircraft equipped with a



fuselage and wing antenna array. While this system should allow for direction of arrival
analysis that reduces the ambiguity of the bed reflector, the low signal-to-noise ratio in
the data prevents swath radar processing. Instead, we use the stack of all available radar
data, compared with the multibeam swath bathymetry, to derive a range of reasonable
bed elevations, with the shallow bed thought to be the most plausible. All realistic beds
are significantly deeper (500+ meters) than established continent wide bed topography
products.
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Figure S3. Maps showing the (a) bathymetry in the fjord and along the main trunk of
Crane Glacier (derived from radar data in Fig. $3), and (b) and (c) the difference between
the bed elevations from Rebesco et al. (2014), this study, and BedMachine Antarctica v2.
Positive elevation differences indicate regions where BedMachine Antarctica’s bed
elevation is high relative to observations. Height differences presented in S3c can be
seen in Figure $2 by comparing the solid white and solid orange curves.
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Figure S5. Extended surface elevation profile, capturing evidence of upstream elevation
change. Local thickening upstream of the 2021 glacier terminus occurred ~12 km along
the flowline from 2008-2021, and a period of thinning 12-30 km along the flowline
occurred from 2002-2008. Data represent a combination of NASA airborne altimetry
data (Airborne Topographic Mapper data and Land, Vegetation, and Ice Sensor data),
and ICESat-2 calibrated stereophotogrammetric DEMs.
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Figure Sé6: Cliff Failure Criteria from Ultee and Bassis (2016). Here we extend Figure 1
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in 2002. From these curves, we derive the critical cliff height at Crane for yield strengths
of 50, 150 and 300 kPa.
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Figure S7: Reproduction of Figure 3 from Bassis and Walker (2012) using the updated
derivation from Bassis and Ultee (2019). H. is the maximum stable ice thickness and r is
the crevasse penetration ratio (where 0 is no crevassing, 1 is full-thickness crevassing).
The dashed black line represents the floatation thickness for a given water depth. We
include a horizontal line indicating the water depth at Crane Glacier, which we use to
calculate the range of reasonable cliff heights for Figure 3 in the main text of this
manuscript.
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