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Abstract

The largest uncertainty in future sea-level rise is loss of ice from the Green-
land and Antarctic Ice Sheets. Ice shelves, freely floating platforms of ice that
fringe the ice sheets, play a crucial role in restraining discharge of grounded
ice into the ocean through buttressing. However, since the 1990s, several
ice shelves have thinned, retreated, and collapsed. If this pattern continues,
it could expose thick cliffs that become structurally unstable and collapse
in a process called marine ice cliff instability (MICI). However, the feed-
backs between calving, retreat, and other forcings are not well understood.
Here we review observed modes of calving from ice shelves and marine-
terminating glaciers, and their relation to environmental forces. We show
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that the primary driver of calving is long-term internal glaciological stress, but as ice shelves thin
they may become more vulnerable to environmental forcing. This vulnerability—and the potential
for MICI—comes from a combination of the distribution of preexisting flaws within the ice and
regions where the stress is large enough to initiate fracture. Although significant progress has been
made modeling these processes, theories must now be tested against a wide range of environmental
and glaciological conditions in both modern and paleo conditions.

m Ice shelves, floating platforms of ice fed by ice sheets, shed mass in a near-instantaneous
fashion through iceberg calving.

m Most ice shelves exhibit a stable cycle of calving front advance and retreat that is insensitive
to small changes in environmental conditions.

m Some ice shelves have retreated or collapsed completely, and in the future this could expose
thick cliffs that could become structurally unstable called ice cliff instability.

m The potential for ice shelf and ice cliff instability is controlled by the presence and evolution
of flaws or fractures within the ice.

1. INTRODUCTION

Ice sheets are thick masses of ice that accumulate on land through snowfall and then flow toward
the ocean, where they form platforms of floating ice called ice shelves. Ice shelves play a crucial role
in modulating the dynamics of the grounded ice through their contact with walls and bathymetric
highs (pinning points) through a process known as buttressing (Goldberg et al. 2009, Hughes
1977, Hughes et al. 1977, Thomas & MacAyeal 1978, Weertman 1974). Ice shelves are located
near sea level and thus are in contact with both the atmosphere and ocean, making them sensitive
to climate forcing. Over the past three decades, we have seen thinning and acceleration of the
ice shelves that surround the Antarctic Ice Sheet (e.g., Scambos et al. 2004, Paolo et al. 2015,
Pritchard et al. 2009), the Greenland Ice Sheet (e.g., Moon & Joughin 2008, Ruckamp et al. 2019),
and Arctic ice shelves (Copland et al. 2017, Mueller et al. 2017a, Vincent et al. 2001). For example,
the 2002 collapse of the Larsen B Ice Shelf in the Antarctic Peninsula triggered an acceleration of
the glaciers that had previously nourished the ice shelf, demonstrating both the speed at which ice
shelves can collapse and the importance of ice shelves in buttressing ice sheets (e.g., Scambos et al.
2004).

Marine-based portions of ice sheets, grounded deep beneath sea level, are vulnerable to collapse
through a spectrum of instabilities (Hughes et al. 1977, Mercer 1978, Weertman 1974). Marine ice
sheet instability is hypothesized to occur when the ice sheet bed slopes downward into the interior
of the ice sheet, and weakening or collapse of fringing ice shelves triggers an irreversible cycle of
grounding line retreat and increased mass discharge into the ocean (Mercer 1978, Schoof 2012,
Weertman 1974). Marine ice cliff instability (MICI) has only recently been proposed (DeConto
& Pollard 2016) and is based on the realization that the height of calving cliffs is limited by the
strength of ice (Bassis & Walker 2012). If exposed ice at the grounding line cannot support its own
weight, it could trigger an instability resulting in an accelerating cycle of cliff collapse and retreat
(Bassis & Walker 2012, DeConto & Pollard 2016). Recent research suggests that in portions of
the West Antarctic Ice Sheet, such as Thwaites and Pine Island, ice shelf retreat could expose a
grounding line thick enough to trigger ice cliff instability (DeConto & Pollard 2016, Scambos
etal. 2017, Wise et al. 2017). This potential for a large-scale calving instability drives the range
of projections of sea-level rise (Fox-Kemper et al. 2021). However, MICI has yet to be directly
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observed and is currently based on theoretical principles (Bassis & Walker 2012, Bassis et al. 2021,
Crawford et al. 2021) and paleo inferences (DeConto & Pollard 2016, Edwards et al. 2019, Wise
et al. 2017), resulting in the Intergovernmental Panel on Climate Change including a distinct
low-confidence scenario for global sea-level rise (Fox-Kemper et al. 2021).

The processes responsible for ice shelf retreat and, ultimately, ice cliff instability are all related
to the role of failure, fracture, and calving in ice shelves. Calving, the process where blocks of ice
detach from an ice shelf or glacier, has been well recognized in the literature (e.g., Bassis et al.
2007, Larour et al. 2021, Walker et al. 2015). However, the focus of previous studies has been
primarily on calving and retreat of grounded glaciers where the bottom of the ice is in contact
with the bed (Benn et al. 2007; Nick et al. 2009, 2010; van der Veen 1996; Vieli & Nick 2011).
Less attention has been given to the role that calving and failure play in the structural health and
stability of ice shelves. This research landscape, however, is rapidly changing with renewed atten-
tion to meltwater-driven ice shelf collapse and concern about the potential collapse of Thwaites
and Pine Island Glaciers in the Amundsen Sea Embayment (Banwell & MacAyeal 2015; Rack &
Rott 2004; Rott et al. 1998; Scambos et al. 2003, 2017).

In this review, we discuss the environmental and glaciological factors that control ice shelf
stability, processes that perturb this stability and, finally, what (may) happen in the aftermath of
ice sheet retreat, including evidence for ice cliff instability. We center our attention on stable ice
shelves, based on the remarkable fact noted by Alley et al. (2023) that most ice shelves have main-
tained quasi-static calving fronts for centuries or longer. This stability, despite changes in ocean
and atmospheric forcing, and even fluctuations in the speed of ice streams feeding ice shelves
(Hulbe & Fahnestock 2007), suggests that at least the embayed ice shelves are stable to modest
climate perturbations. We then outline observed modes of calving and the forces that drive calving
before examining the different methods that are currently used to predict iceberg calving patterns.
Finally, we propose new synergies and research directions that incorporate the growing body of
available observations and modeling methods into testable hypotheses. These will be crucial for
making systematic advances to predict and project what comes next. Because readers may be un-
familiar with some of the terminology used in glaciology, we define key glaciological terms in the
Supplemental Glossary.

2. ICE SHELVES AND ICE TONGUES ACROSS CLIMATOLOGICAL
AND GLACIOLOGICAL REGIMES

Ice shelves exist across a wide range of sizes and environmental conditions, with floating ice shelves
currently found in Antarctica, Greenland, and the Arctic (Figure 1). For example, the mighty Ross
and Filchner-Ronne Ice Shelves are hundreds of kilometers long with sizes comparable to the state
of Texas. The largest ice shelves typically form in embayments or behind bedrock protrusions.
Many small ice shelves and ice tongues—narrow ice shelves that flow primarily in one direction—
simply extend into the ocean with widely varying sizes: The Erebus Ice Tongue typically extends a
little over 10 km into the ocean (Figure 1), whereas the Drygalski Ice Tongue can extend as much
as 100 km.

Greenland has only small and isolated ice tongues remaining, primarily in northern Greenland
(Figure 1b). Ice shelves in northern Greenland, such as the Petermann and Nioghalvfjerdsbrae
Ice Tongues, are embayed and have also retreated recently (Moon & Joughin 2008, Munchow
et al. 2016, Ruckamp et al. 2019). Some of the present floating portions of the Greenland
Ice Sheet might be remnants of more extensive ice shelves that spread across large swaths of
the Arctic Ocean (England 1999, Grosswald & Hughes 2002). There are hints of once-larger
ice shelves throughout the Arctic (Jakobsson et al. 2016, Kilfeather et al. 2011, Mercer 1970,
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Ice shelves exhibit a variety of shapes and sizes: ice shelves (shaded blue) over Moderate Resolution Imaging Spectroradiometer
(MODIS) mosaics of (#) Antarctica (Haran et al. 2018b) and () Greenland (Haran et al. 2018a). Insets with different scalebars
demonstrate the wide range: (#,i) Thwaites Ice Shelf, showing extensive fragmentation of the western ice tongue (MODIS); (4,i7) Ross
Ice Shelf (MODIS); (a,iii) Erebus Ice Tongue [Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), 2001];
(b,i) the Ellesmere Island Ice Shelves (Mueller et al. 2017b) after the August 2010 breakup of the Ward Hunt Ice Shelf (NASA Earth
Observatory, 2010); and (,77) Petermann Ice Shelf (Hoyle 2021), showing the tabular iceberg that detached in July 2012 (NASA Earth

Observatory, 2012).
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Polyak etal. 2001, Vermassen et al. 2020), but there is a paucity of geological evidence to constrain
past ice shelf extents. Currently, only a handful of small ice shelves remain in the Arctic, including
the vestiges of the once-extensive Ellesmere Ice Shelf (England et al. 2008, 2017; Jeffries 1992,
2017; Mueller et al. 2017a; Vincent & Mueller 2020; Vincent et al. 2001), and in the Severnaya
Zemlya and Franz Joseph Land archipelagos (Dowdeswell 2017, Dowdeswell et al. 1994, Williams
& Dowdeswell 2001). It is unclear how long these remaining shelves will last as over a dozen ice
shelf calving events over the past decades have left the Ellesmere Island Ice Shelf fringe in tatters
(Mueller et al. 2017a,b; White et al. 2015).

3. CALVING, FRACTURE, AND STABILITY OF ICE SHELVES
AND GLACIERS

Despite the variety of environments, ice shelves and marine-terminating glaciers end in near-
vertical cliffs submerged in the ocean. These cliffs are called calving fronts or calving cliffs because
fracture ultimately leads to the detachment of icebergs from glaciers and ice shelves. The mecha-
nism responsible for this, the iceberg calving process, can result in a quasi-stable cycle of calving
front advance and retreat (e.g., Fricker et al. 2002, Lazzara et al. 2008). However, the very concept
of stability is fraught with conflicting definitions and practical difficulties distinguishing stable sys-
tems from slowly changing systems (e.g., Glendinning 1994). Our definition of stability is based
on an average over time; although the calving front may fluctuate, there are recurring patterns in
the size and frequency of events and the calving front fluctuates, but advance and retreat episodes
do not breach a minimum extent (Fricker et al. 2002, Lazzara et al. 2008). Figure 2, for example,
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Figure 2
Advance and retreat of Amery Ice Shelf, East Antarctica, from 1936 to 2022. The Amery Ice Shelf, like most
large ice shelves, has multidecadal periods of advance where few icebergs detach. Retreat occurs in a

sequence of large tabular calving events that return the calving front to a location closer to the embayment.
Figure adapted from Fricker et al. (2002).

illustrates the multidecadal advance and retreat of the Amery Ice Shelf, which recently experienced
several large calving events returning the ice shelf from a historically advanced position to close
to its historical minimum (Fricker et al. 2002, Walker et al. 2021).

Stable periods of ice shelf advance and retreat can, however, be interrupted by periods of rapid
change where the calving front rapidly retreats behind previously documented minimum extents.
In Greenland, the floating portion of Sermeq Kujalleq (Jakobshavn Isbrz) thinned and eventually
disintegrated starting in the late 1990s, leading to an acceleration of the grounded portion of the
ice sheet (Echelmeyer et al. 1991, Holland et al. 2008, Joughin et al. 2004). Observed episodes
of rapid retreat correspond to transitions between calving regimes (Alley et al. 2023) and are of-
ten accompanied by pronounced changes in the pattern or mode of calving, including size and
frequency of icebergs produced (e.g., Walter et al. 2010). Factors controlling both the stability
of calving patterns and the underlying iceberg size/frequency distributions provide key insights
into processes governing stability (Bassis & Jacobs 2013, Benn et al. 2007, Walter et al. 2010).
This process-level understanding is particularly important when extrapolating projections to the
future when glaciological and climatological conditions may be different from today.
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4. AN INCOMPLETE TAXONOMY OF MARINE CALVING REGIMES

Given the wide variety of calving regimes, in this section, we summarize observations of recent ice
shelf and marine glacier behavior, focusing on the characteristics of stable systems (i.e., those that
have maintained a consistent minimum frontal position over decades to centuries) and transitions
to unstable retreat system states (i.e., those that exhibit episodes of rapid and/or sustained retreat).
Our interest, however, is in identifying broad end member patterns in calving styles based on
iceberg size and frequency that can ultimately be associated with fracture processes (Figure 3). We
include marine glacier regimes in our spectrum because retreat or collapse of ice shelves eventually
exposes cliffs grounded deep beneath sea level, a prerequisite for MICI. Moreover, evidence from
the Arctic, Greenland, and the Antarctic Peninsula suggests that once ice shelves are gone, they
rarely re-form under modern climate conditions. Hence, these grounded calving systems may
represent the future of today’s ice shelves.

4.1. Episodic Tabular Iceberg Detachment

Most ice shelves exhibit a pattern of slow advance punctuated by episodic retreat by calving that
occurs when one or more rifts—fractures that penetrate the entire ice shelf thickness—isolate and
separate an iceberg from the ice shelf (Figures 2 and 3¢). The timescale between these major
calving events is often measured in decades or longer (e.g., Bassis et al. 2007, 2008; De Rydt et al.
2018; Fricker et al. 2002; Joughin & MacAyeal 2005; Lazzara et al. 2008), but these sporadic
icebergs can be large, removing decades of accumulated ice shelf mass nearly instantaneously. For
example, in May 2021, an iceberg approximately 170 km long and 25 km wide (110 mi by 16 mi)
with the dreary name A-76 detached from the Filcher-Ronne Ice Shelf. This tabular calving mode
is observed in all regions with floating ice shelves, including Greenland and Ellesmere Island Ice
Shelves. The tabular calving style is ultimately controlled by the initiation and propagation of rifts.
Rifts, typically initiate upstream along the margins of embayed ice shelves or downstream of local
grounding on bathymetric highs (pinning points) or other features that concentrate stress (Benn
etal. 2022; De Rydt et al. 2018, 2019; Walker et al. 2013, 2015). Rifts often become stagnant after
initiating (Hulbe et al. 2010, Kulessa et al. 2014, Walker et al. 2013), especially when rifts intersect
with marine ice-filled suture zones (Borstad et al. 2017, Kulessa et al. 2014).

4.2. Explosive Meltwater-Triggered Ice Shelf Disintegration

Although observations indicate that the calving fronts of many ice shelves are stable, the po-
tential for rapid ice shelf collapse (Figure 3#) was dramatically illustrated by the explosive
meltwater-related disintegration of sections of the Larsen A and B Ice Shelves in the Antarctic
Peninsula (MacAyeal et al. 2003, Rack & Rott 2004, Rott et al. 1998, Scambos et al. 2003, Skvarca
1993). Increased tabular calving resulted in the gradual retreat of the ice shelf until, suddenly, in
2002 the Larsen B Ice Shelf explosively disintegrated in fewer than 6 weeks (e.g., Rack & Rott
2004, Scambos et al. 2003). The ice shelf—about the size of Rhode Island—had been stable for
thousands of years before disintegrating into a plume of small, needle-shaped icebergs (Alley
et al. 2023, Domack et al. 2005, Rack & Rott 2004, Scambos et al. 2003). The disintegration of
sections of the Larsen was the culmination of a longer-term retreat of the northernmost Antarctic
Peninsula ice shelves coincident with increased atmospheric temperatures across the Antarctic
Peninsula (Vaughan & Doake 1996). This style of catastrophic disintegration of ice shelves is
linked to the formation of melt ponds on the surface of the shelf that are hypothesized to have
triggered extensive hydrofracturing of the ice shelf and, ultimately, the explosive disintegration
(Banwell et al. 2014, Banwell & MacAyeal 2015, Banwell et al. 2013, Scambos et al. 2003).
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Ice shelves: floating calving events

Explosive disintegration Sustained calving of icebergs Rifting of tabular icebergs
Larsen B Ice Shelf Thwaites Glacier Brunt Ice Shelf

Marine-terminating glacier

Greenland outlet glaciers OR

Potential for MICI
No known observations

Figure 3

Schematic illustrating the different regimes of calving along with the approximate timescales, with examples from satellite imagery. For
floating ice shelves, the fastest mode of calving is explosive disintegration, such as the meltwater-triggered collapse of the Larsen B Ice
Shelf (Scambos et al. 2003) shown here in Moderate Resolution Imaging Spectroradiometer (MODIS) imagery (). Ice shelves can also
undergo a fragmentation style of calving where kilometer-sized bergs regularly detach, such as Thwaites Glacier (5) (Sentinel-1 image).
The standard mode of calving from ice shelves is the multidecadal detachment of tabular icebergs, such as Amery Ice Shelf (Figure 2)
and Brunt Ice Shelf (c) (Sentinel-1 image). For grounded marine-terminating glaciers, calving events take place on daily to monthly
timescales and remove ice thickness—sized bergs, such as Upernavik Glacier (d) (Sentinel-1 image). If the cliff at the calving front
exceeds a critical height, it can become structurally unstable, resulting in an unstable cycle of retreat called marine ice cliff instability
(MICI), for which we have few observations.
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4.3. Fragmentation and Accelerated Rifting

A sequence of calving and rifting events from the Thwaites Glacier in the Amundsen Sea
Embayment resulted in the transition of the Thwaites Glacier Western Tongue from a largely
intact tongue that shed tabular bergs to a fragmented remnant (Figure 35). The remnants consist
of a mixture of kilometer-sized icebergs bound together by a mixture of icebergs, sea ice, and
fast ice (Alley et al. 2021, Miles et al. 2020). This style of calving has been previously termed
disintegration, but we prefer the term fragmentation. The disarticulation and fragmentation of
the Thwaites Ice Tongue followed a string of tabular calving events that resulted in the unpinning
of the ice shelf from a bedrock high (Miles et al. 2020). The eastern portion of the Thwaites
Glacier Tongue remains intact, but large-scale fractures have propagated across large sections of
the ice shelf in a process that is linked to increased compression as the shelf abuts a bathymetric
high that serves as a pinning point (Alley et al. 2021, Benn et al. 2022). Evidence for this mode
of calving is also found in Pine Island Glacier, where more frequent tabular berg detachment
combined with a fragmentation style of calving in margins contribute to ice front retreat (Jeong
etal. 2016, Joughin etal. 2021, Liu et al. 2015). The slow fragmentation associated with Thwaites
is similarly visible in the Totten Ice Shelf, in East Antarctica, which has also experienced large
basal melt rates with a fragmented ice shelf that retreats through relatively smaller iceberg
calving events (Liu et al. 2015). Smaller ice shelves fringing the Antarctic Ice Sheet, such as
Cook in East Antarctica, have also experienced retreat punctuated by fragmentation (Miles et al.
2018).

4.4. Marine Glacier Calving and Ice CLiff Instability

Marine glacier calving has been reviewed extensively before (e.g., Benn & Astrom 2018, Benn etal.
2007, van der Veen 1996). We focus here on summarizing styles of calving typical of large glaciers
that might be exposed in the aftermath of ice shelf retreat or collapse. Typical calving events from
marine glaciers take on a variety of patterns, but the icebergs are usually much smaller and more
frequent than those that detach from floating ice—on the order of the ice thickness of the glacier
with separation on daily to monthly timescales compared to those that detach from floating ice
(Figure 3d). Some of the thickest Greenland glaciers, such as Sermeq Kujalleq (Jakobshavn Isbre),
have ice cliff heights that may currently approach the threshold necessary to, at least occasionally,
trigger ice cliff structural failure (e.g., Parizek et al. 2019). Similarly, the portion of the calving
cliff of Crane Glacier in the Antarctic Peninsula that extends above the waterline exceeded 100 m
following the collapse of the Larsen B Ice Shelf; it retreated rapidly, thinned, and then readvanced,
suggesting that, at least in this case, cliff failure did not lead to catastrophically unstable retreat
(Needell & Holschuh 2023).

Evidence to support ice cliff instability from the paleorecord is spotty. DeConto & Pollard
(2016) inferred that ice cliff instability was necessary to explain past variations in sea-level rise.
However, subsequent work has pointed out that large uncertainties associated with past climate
forcing cloud inferences about the relative roles of climate forcing and ice cliff instability in ex-
plaining sea-level variations (Edwards et al. 2019). At present, the most direct evidence to support
ice cliff instability comes from iceberg scour marks in the Amundsen Sea Embayment with shapes,
extents, and depths consistent with rapid, full-thickness calving (Wise et al. 2017). Moreover, it is
clear from paleo proxies that grounding lines have retreated much more rapidly in the past than
currently observed (e.g., Bart & Kratochvil 2022, Batchelor et al. 2023, Graham et al. 2022), and
there are hints in the paleorecord that past ice shelf disintegration events exposed grounded cliffs
(e.g., Bart & Kratochvil 2022, Majewski et al. 2018, Wise et al. 2017). Integrating clues from the
paleorecord to the mechanical processes that operated in the past or might operate in the future
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remains an ongoing challenge, but the emerging evidence clearly highlights the potential for rapid
ice shelf change.

5. CONTROLS ON THE STABILITY AND VIABILITY OF ICE SHELVES
AND MARINE GLACIERS

Despite the stability of many ice shelves, there is a growing catalog of evidence that both long-
term and short-term environmental forcings are increasingly pushing ice shelves outside of their
previously quasi-stable regimes. Given the wide variety of calving regimes and potential drivers
of calving behavior, we review evidence for (Section 5.1) glaciological and environmental controls
on ice shelf evolution, and then (Sections 5.2-5.4) the impact of both shorter- and longer-term
forcing on ice shelves.

5.1. Glaciological Controls on Ice Shelf and Glacier Stability

Ice shelves form under a complex assortment of climatologic and glaciologic conditions. De-
spite the variety of conditions, the dominant mode of calving from ice shelves is the sporadic
detachment of tabular bergs resulting in a quasi-stable calving front position. Moreover, given
the quasi-stability of the calving front of most ice shelves and decades-long quiescence periods
between major calving events, this mode of calving appears to be primarily controlled by the
internal glaciological stress within the ice. The geometry of ice shelves clearly exerts a significant
control on the long-term stress. The embayment and grounding on bathymetric highs (i.e.,
pinning points) that confine many ice shelves provide backstress that can offset extensional
stresses. The down-glacier limit of such regions defines a compressive arch (Doake et al. 1998).
In their prescient paper, Doake et al. (1998) proposed that a compressive arch, consisting of
compressive stress trajectories forming a bridge across the ice shelf, constitutes a criterion for
ice shelf stability. They hypothesized that retreat of the Larsen B shelf would inevitably follow if
the ice front continued to retreat, a reality that was observed four years later with the explosive
disintegration of the Larsen B (e.g., Rack & Rott 2004). Unconfined ice tongues, however, lack a
compressive arch, yet they still exhibit similar cycles of tabular berg detachment as those that are
confined. This suggests that a lack of confinement is not necessarily a prerequisite for instability or
collapse. There is also evidence that rift propagation and iceberg calving in ice shelves can, at least
under some circumstances, be driven by ocean swell (Aster et al. 2021, Lipovsky 2018, Olinger
et al. 2019), tsunamis (Brunt et al. 2011, Walker et al. 2015), and atmospheric rivers (Wille et al.
2022).

5.2. Atmospheric Forcing

Early theories connected the demise of Antarctic Peninsula ice shelves with the mean annual 2 m
—5°C atmosphericisotherm, suggesting thatice shelves in regions with warmer temperatures were
not viable (Vaughan & Doake 1996). This limit was based on the observation that no ice shelves
were present surrounding the Antarctic Ice Sheet where the —5°C annual isotherm was exceeded.
In the aftermath of the explosive disintegration of the Larsen B Ice Shelf, Scambos et al. (2003)
suggested that viability was instead connected to the —1.5°C summer isotherm associated with sig-
nificant surface meltwater production. Considering only the summer temperatures shifts a larger
set of ice shelves into the danger zone of viability because many ice shelves, such as the Amery Ice
Shelf, already experience significant summer melt despite currently frigid winters (Phillips 1998,
Scambos et al. 2003, Spergel et al. 2021). Studies have also pointed to sustained exposure to at-
mospheric rivers as a risk factor contributing to calving and disintegration of Antarctic Peninsula
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ice shelves (e.g., Wille et al. 2022). Atmospheric rivers could contribute to ice shelf vulnerability
because of the tendency to increase surface melt, but atmospheric rivers are also associated with
decreased sea ice extent, increased sea surface slope, and high winds (Francis et al. 2021, 2022;
Wille et al. 2022). However, a more nuanced understanding of the role of melt is emerging. Firn
densification plays a key role in creating the conditions where melt ponds can form (van Wessem
et al. 2023). Glaciological stress regime limits where hydrofracture is likely (Lai et al. 2020), and
efficient drainage of meltwater off the ice shelf through supraglacial river formation can prevent
melt ponds from forming (Bell etal. 2017, Dow et al. 2018, Kingslake et al. 2017). All these factors
mitigate the vulnerability of ice shelves to surface melt.

5.3. Ocean Forcing

Observations show that for many ice shelves, evolution is more tightly controlled by ocean forcing
than by surface melt, and this is especially true for the Amundsen Sea Embayment ice shelves
(Alley et al. 2021, Christianson et al. 2016, Davis et al. 2018, Milillo et al. 2019). Recent studies
have started to link increased basal melt with enhanced calving (Liu et al. 2015), but the physical
mechanisms that control this relationship remain elusive. Observational and theoretical studies
show that basal melting can excavate subshelf channels (e.g., Alley et al. 2016, Dutrieux et al.
2013, Jenkins 1991), and increased melt is associated with roughening of the ice shelf (Watkins
etal. 2021). Melt channels, in turn, alter the stress distribution within the ice, promoting fracture
of the ice (e.g., Dow et al. 2018, Vaughan et al. 2012). Recent studies also illustrate the potential
for bottom melting to excavate basal crevasses (Schmidt et al. 2023), a process hypothesized to
be related to ice shelf failure and stability (Bassis & Ma 2015). Ocean melt also erodes the ice
thickness, reducing contact with pinning points; triggers acceleration of grounded discharge;
and promotes shear margin weakening (e.g., Lhermitte et al. 2020). It is clear that in regions
such as Pine Island and Thwaites Glaciers, changes in calving patterns have been linked to
ocean forcing, but linking ocean forcing to ice shelf retreat and demise remains an active area of
research.

5.4. Sea Ice and Landfast Ice

Sea ice, landfast ice (sea ice that is attached or fastened to the land), and the mixture of icebergs
and sea ice that clogs fjords have all been hypothesized to play a role in stabilizing ice shelves.
Sea ice provides a buffer to ice shelves by dampening the ocean wave energy linked to ice shelf
flexure, fracture, and calving (Bromirski et al. 2010, Holdsworth & Glynn 1978, Massom et al.
2018). The disintegration of the Wilkins and Larsen A and B Ice Shelves was hypothesized to
be preconditioned by strain at the outer-shelf margins, imparted through ocean swell-induced
flexure following reduction in adjacent sea ice (Massom et al. 2018). Crucially low sea ice concen-
trations have been associated with major calving events along the Antarctic Peninsula (Massom
et al. 2018), North Greenland (Reeh et al. 2001), and East Antarctica (Miles et al. 2017). Open-
water conditions adjacent to the northwest coast of Ellesmere Island were tied to the majority
of ice shelf calving events that occurred between 1997 and 2011 in this region (Copland et al.
2017). By contrast, thick multiyear landfast sea ice might provide mechanical stability in addition
to damping ocean swell if the thickness is comparable to the ice shelf thickness. Reduction of mul-
tiyear ice can potentially lead to calving and retreat, as observed with the Thwaites Ice Tongue
(Miles et al. 2020), and has also been linked to the mechanical stabilization of ice shelves and ice
tongues, including the Mertz Ice Tongue, Wilkins Ice Shelf, and Parker Ice Tongue (Gomez-Fell
etal. 2022; Massom et al. 2010, 2015; Massom et al. 2018).
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6. MODELING FRACTURE, FAILURE, CALVING,
AND ICE SHELF STABILITY

The variety and variability of forcings and controlling responses at the calving front present stark
challenges for the modeling community in simulating the iceberg calving process. Models need not
only reproduce the modes of calving and quasi-stable positions of calving fronts but also explain
how the array of climate forcings interacts to destabilize the calving front. Below we summarize
the key approaches and organize these approaches roughly by the amount of complexity associated
with the method.

6.1. Calving Laws

The highest level of simplification involves formulating so-called calving laws. Although indi-
vidual calving events are stochastic and remove ice in a near-instantaneous fashion, as shown by
Bassis (2011), it is possible to define long-term averages over many calving events. Denoting the
vertically averaged calving front position by L(x, y, ), the normal to the calving front by 7, and the
component of the velocity normal to the calving front v, = ¥ - 7, we can define a relationship of
the form

aL

o=

where v, denotes the expected value of length lost due to discrete calving events. Calving laws

vy — U, 1.

then either seek to formulate a rate of calving by averaging over many calving events,

U[:f(pl,le"pN’t)) 2.

or determine the average position of the calving front,

L=g(p1,pz,...p[\],l'). 3.

Here f and g are functions, and p; are parameters that determine the calving rate or calving front
position. Equation 1 is sometimes written with an additional term that represents frontal melting.
However, because Ma & Bassis (2019) showed that frontal melt can promote or suppress calving,
we treat the frontal melting as a parameter that affects calving rate v,. In theory, we should be
able to derive a relationship between the two functions f and g from the underlying probability
distributions for calving events (Bassis 2011), but this is difficult and most calving laws remain
semiheuristic. Currently there is a zoo of calving laws and a growing catalog of unruly glaciers
that defy the expectation established by these so-called laws. Given our interest in ice shelves
and the transition from floating to grounded cliffs in the aftermath of ice shelf demise, we re-
view some of the more common forms of calving laws that are relevant to floating extensions of
ice.

6.1.1. Fixed calving front position. The simplest and most common calving law used assumes
that the calving rate always balances the velocity at the calving front (e.g., Hoffman et al. 2018,
Lipscomb et al. 2019). This calving law is easily implemented by holding the ice domain constant
but has no physical basis, and the only reason this particular calving law is usable is because the
calving fronts of many ice shelves have remained relatively unchanged over the past few centuries.
The problem is that these laws are incapable of resolving accelerated rifting, fragmentation, or
meltwater-triggered disintegration and should only be used cautiously when applied to simulations
of past or future changes.

6.1.2. Minimum ice thickness calving. Minimum thickness calving laws specify the calving
position based on where the ice thickness thins to less than a critical threshold (e.g., Albrecht
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et al. 2011). These laws are convenient because they are easy to implement in numerical models
and avoid the embarrassment of simulations that allow ice shelves and tongues to protrude far
beyond their embayment. This type of calving law, however, does not apply to grounded ice and,
even for floating ice, the variety of ice thicknesses observed near the calving fronts of ice shelves
is especially stark when we also consider Greenland and Arctic Ice Shelves.

6.1.3. Strain rate-based calving laws. An alternative calving law assumes that the rate at which
ice shelves spread controls the calving rate. Alley et al. (2008) showed that the calving rate for a
host of ice shelves near steady state was proportional to the strain rate parallel to the calving
front. Hindmarsh (2012) later showed that this relationship describes the velocity of embayed ice
shelves and may simply emerge as a consequence of the embayed ice shelf geometry. Levermann
etal. (2012) proposed an alternative strain rate-based calving law that takes the form v, = Kg|&,
where ¢ denotes the positive component of strain rate parallel to the calving frontand ¢, denotes
the positive component of strain rate transverse to the calving front with K a tuning parameter.
This eigencalving law has been used to predict the large-scale positions of calving fronts and is
especially useful for embayed ice shelves because the transverse spreading rate ¢, is usually small
or negative until ice shelves extend beyond their embayment (Albrecht & Levermann 2012,2014).
However, the tuning parameter K varies significantly between ice shelves and glaciers; thus, it is
difficult to judge how reliably this law can be extrapolated to new conditions.

6.1.4. Stress-based calving: the von Mises calving law. The von Mises calving law takes a
stress-based approach and sets v, = v, 22, where o, denotes the positive contributions to the

Omax ’

effective or von Mises stress at the calving front and oy, denotes a glacier-dependent parameter

(Morlighem et al. 2016). This calving law can be tuned to reproduce the calving front behaviors
of many glaciers and ice shelves (Campbell et al. 2017, Choi et al. 2018, Morlighem et al. 2016,
Yu et al. 2019). However, like the eigencalving law, o, varies significantly between glaciers, and
thus it is difficult to judge how reliably this law can be extrapolated to new conditions. Alternative
stress-based calving laws have been widely used to predict the depth of crevasses in glaciers, but
this requires an understanding of fracture mechanics, which we introduce next.

6.2. Fracture Mechanics, Crevasse Initiation, and Crevasse Propagation

Iceberg calving is ultimately caused by fractures that isolate an iceberg. Hence, a step up in
complexity seeks to understand the factors that control fracture initiation and propagation. One
advantage of considering fracture mechanics is that it is possible to include the effect of meltwater
filling crevasses to represent hydrofracture and, potentally, explosive ice shelf disintegration of
ice shelves. A key to understanding the fracture mechanics literature is that we distinguish be-
tween the orientation of loading relative to the fracture orientation. This decomposition results
in the classification of loading as mode I (opening mode), mode II (sliding or in-plane shear),
and mode III (tearing or out-of-plane shear) (e.g., Broberg 1999, Lawn 1993). Mode I, tensile
or opening mode, has received the most attention because of its clear relationship to rifting and
crevassing. However, it is mixed mode I and mode II failure that is associated with marine ice cliff
failure. Previous studies have extensively reviewed the various approaches used in the glaciological
literature to treat fracture of ice (e.g., Benn & Astrom 2018; Colgan et al. 2016; Schulson 2002;
van der Veen 1998a,b). Here, we focus on the links between fracture initiation and propagation to
calving in ice shelves.

6.2.1. Crevasse depth-based calving laws. The earliest attempt to estimate crevasse depths
assumed surface crevasses penetrate to the depth at which the horizontal stress vanishes (Nye
1957). This relationship, called the Nye zero stress model, was generalized by Jezek (1984) to
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apply to water-filled basal crevasses. Alternatively, linear elastic fracture mechanics (LEFM) has
been used to estimate the depth of surface and bottom crevasses, assuming they penetrate to the
depth at which the intensity of the stress singularity (i.e., the stress intensity factor) is equal to
the material fracture toughness (Rist et al. 2002, Smith 1976, Weertman 1980). Thus, LEFM typ-
ically results in deeper penetration of crevasses; however, Weertman (1976) reconciled the two
estimates and showed that when closely spaced crevasses are considered in LEFM, interaction
between crevasses reduces the stress singularity and results in a propagation criteria identical to
that of Nye (1957). This has led to the terminology where the Nye zero stress model is assumed to
apply to closely spaced crevasses, whereas the deeper crevasse depths associated with LEFM apply
to isolated crevasses (e.g., Clayton et al. 2022). More complicated stress and geometric situations
can be simulated with LEFM using tabulated interpolation functions for stress intensity factors
(Lai et al. 2020; Rist et al. 2002; van der Veen 1998a,b) or, preferably, by computing stress inten-
sity factors numerically (Jimenez & Duddu 2018). For both isolated and closely spaced crevasses,
studies comparing estimated or measured depths based on field or satellite observations to pre-
dicted crevasse depths have been limited and yielded mixed results (Enderlin & Bartholomaus
2019, Mottram & Benn 2009).

6.2.2. Application of crevasse depth laws to glaciers and ice shelves. A version of crevasse
depth—based calving laws treats every column of ice independently and predicts the position of the
ice front by assuming calving occurs when calculated crevasse depths penetrate the ice thickness
(or some fraction thereof) and isolate portions of ice from the main body of the glacier (Benn
et al. 2007). This type of crevasse depth model does not predict individual fractures or calving
events but an abstraction of fields of crevasses and the macroscopic effect these have on the calving
front position. Crevasse depth-based calving laws were first successfully applied in a shallow-shelf
flowline setting (Nick et al. 2007, 2009, 2010) but initially required that water depth is added as
a tuning knob to allow full-thickness penetration of crevasses. Full stress balance (i.e., full Stokes
models) leads to deeper crevasse penetration in grounded glaciers due to bending stresses near the
calving front, eliminating the need for water depth tuning (Benn etal. 2017, Ma & Bassis 2019, Ma
etal. 2017, Todd et al. 2018). However, crevasses are rarely predicted to instantaneously penetrate
the entire ice thickness in floating ice shelves and ice tongues, and crevasse depth models have
been less successful in these applications, a point we return to in Section 7.

6.3. Damage Mechanics

An alternative to fracture mechanics, damage mechanics relies on degrading the bulk material
properties (e.g., the ice stiffness or viscosity) to assess or predict the collective weakening of glacier
ice due to a distribution of cracks (Pralong & Funk 2005). The core idea of damage mechanics
is that there is a mapping between the (true) Cauchy stress in a body with voids and cracks to an
effective stress in a body devoid of any voids or defects. The effect of this mapping is typically
to reduce the bulk material properties by a factor of (1-D), where D is a scalar damage variable
that varies between 0 (intact) and 1 (fully broken). This scalar treatment of damage has been
especially welcomed by the ice sheet modeling community because damage provides a systematic
method to justify existing empirical adjustments to the stiffness of ice based on empirical evidence
of material degradation (e.g., Borstad et al. 2012, 2013, 2017; Larour et al. 2021; Lhermitte et al.
2020). We focus here on scalar damage to simplify the exposition, but damage can be defined to be
anisotropic, nonlocal, and generalized to include the effect of damage on permeability to describe
hydrofracture. A related approach is the so-called phase-field fracture model, which treats damage
as a distinct phase of matter with evolution of the material state determined by the minimization
of free energy (Clayton et al. 2022, Sondershaus et al. 2023, Sun et al. 2021).
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6.3.1. Creep-based damage production and crevasse depths. The earliest attempts to inte-
grate damage into glacier models translated a microscopic creep-damage formulation that uses a
power-law damage evolution equation (e.g., Clayton et al. 2022; Duddu & Waisman 2012; Duddu
etal. 2013, 2020; Mobasher et al. 2016; Pralong & Funk 2005; Pralong et al. 2003). The evolution
equation for creep damage is stress based and formulated in terms of the Hayhurst criterion, a
linear combination of the largest principal stress, the von Mises stress, and pressure (e.g., Pralong
et al. 2003). In theory, the Hayhurst criterion can accommodate mixed-mode failure, but most
simulations to date have focused on tensile failure. Moreover, with five tunable parameters and
a paucity of data to constrain these parameters, modelers have great leeway to tune models to
match laboratory or field observations. Despite the limitations, creep-based damage mechanics
can naturally handle complicated geometries and boundary conditions and have been successful
in reproducing surface and bottom crevasse depths predicted by LEFM and Nye zero models in
idealized scenarios (e.g., Duddu et al. 2020).

6.3.2. Shallow-shelf implementation of damage mechanics. Ata higher level of approxima-
tion, but with a lower computational burden, creep damage has been integrated into shallow-shelf
approximation and, with an appropriate initialization, shows promise in simulating the propa-
gation of rifts in idealized and real ice shelves (Huth et al. 2021, 2023). A key feature of the
creep-damage model is that the time-dependent production of damage is related to stress that
phenomenologically represents localized failure processes in ice; the large-scale flow of the ice
shelf, which adjusts more slowly, plays little role in driving creep damage. By contrast, Albrecht
& Levermann (2012) proposed a phenomenological damage production function that depends on
the largest principal strain rate.

6.3.3. Crevasse depth-based damage models. An alternative approach that harkens back to
the crevasse models (Section 6.2.1) defines the ratio of crevasse depth to ice thickness as a pseudo
damage variable. For example, Sun et al. (2017) advect crevasse depths initiated with the Nye zero
stress and consider the positive feedback between ice rheology and crevasse damage. By contrast,
Bassis & Ma (2015) derived an evolution equation for the ratio of crevasse depth to ice thickness
based on a linear-stability analysis in which crevasses, seeded by the Nye zero stress model, can
evolve based on a necking instability and the difference in melt inside and outside of crevasses.
This analytically deduced evolution law depends on strain rate, providing a physical basis for the
phenomenological strain rate-based evolution law proposed by Albrecht & Levermann (2012),
and provides a crucial connection between damage evolution and environmental forcing capable
of explaining the lengths of contemporary observations of ice tongues and ice shelves (Kachuck
etal. 2022).

6.4. Iceberg Resolving Models

At the highest level of complexity, models seek to resolve the processes involved in the formation
and detachment of individual icebergs. For example, discrete element models (DEMs) represent
glacier ice as a bonded assemblage of discrete boulders of ice. The DEM was first introduced by
Cundall & Strack (1980) to represent the heterogenous brittle failure of rock assemblages and has
been widely used to study brittle failure across a range of spatial and temporal scales. Early attempts
to apply DEMs to glaciological situations showed that these methods can reproduce idealized
patterns of calving (Astrom et al. 2013, Bassis & Jacobs 2013). The Helsinki Discrete Element
Model (HiDEM) provides one of the more sophisticated glaciological implementations (Astrom
et al. 2013). HIDEM creates glacier domains by creating lattices of particles linked by elastic
breakable beams where broken beams can coalesce into large-scale fractures that propagate across
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the domain. HIDEM was used to reproduce lab-scale compressive ice block fracture in 0.1- to 1-m
scales (Prasanna et al. 2022). These lab-scale simulations are promising because simulations of the
compressive brittle failure in ice remain difficult. Over larger glacier length scales, DEMs have
been used to simulate the detachment patterns of individual icebergs, observed calving styles and
the mechanical impact of mélange on the calving front of glaciers (Benn et al. 2017, Robel 2017),
and, with appropriate modifications, patterns of fracture and calving on Antarctic ice shelves (e.g.,
Astrom & Benn 2019, Benn et al. 2022). DEMs are computationally expensive, and simulations are
limited to relatively short timescales (minutes to hours) and typically do not include the longer-
term viscous creep of the ice.

6.5. Shear Failure and Ice Cliff Instability

Most of the research on ice fracture has focused on tensile failure of ice. However, ice also fails in
compression through the formation and coalescence of wing cracks and comb cracks into faults
(e.g., Schulson 2002). It is this potential for shear failure that is the basis for the ice cliff instabil-
ity (Bassis & Walker 2012), but it could also occur when ice is smashed into bathymetric highs
[pinning points (e.g., Benn et al. 2022)]. Under the modest confining stresses typical of the sur-
face of glaciers and ice sheets, brittle failure requires that the strain rate must also exceed the
brittle-ductile strain rate or ductile flow will diminish stresses concentrated near cracks. If the
brittle-ductile strain is exceeded, then shear localization is often represented by a Coulomb type
of failure law of the form |z,| = 7. + uN, where t, is the compressive strength, . is the cohesion,
u denotes the coefficient of friction, and N is the effective normal stress (Schulson 2002). The
coefficient of friction is believed to be a material property, but the cohesion, 7., and brittle-ductile
strain rate depend on the size of preexisting flaws (Schulson 2002). Large preexisting flaws result
in lower cohesion and a lower brittle-ductile strain rate resulting in lower barriers to shear failure.

6.5.1. Criterion for cliff stability and shear failure. Only a handful of studies have examined
shear failure in glaciological conditions. Bassis & Walker (2012) hypothesized that shear local-
ization occurs when faults connect surface and basal crevasses. Because the depth averaged shear
stress increases with ice thickness, this suggests that shear failure becomes more likely for tall ice
cliffs that tower over the ocean. Subsequent studies instead show that slumping and shear failure
connect seracs or surface crevasses with the waterline (Figure 4) (Parizek et al. 2019). Buoyancy
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Figure 4

Schematic of a marine-terminating glacier illustrating faults and mixed-mode failure connecting surface crevasses or seracs to the
waterline () followed by buoyancy-driven basal crevasse formation and propagation (b). Figure adapted from Parizek et al. (2019) and

Trevers et al. (2019).
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forces then trigger fractures that remove the submarine portion of the cliff (Bassis et al. 2021,
Parizek et al. 2019). This process, illustrated in Figure 4, suggests that it is the height of the cliff
above the waterline that controls structural stability. Carrying out a similar calculation to Bassis
& Walker (2012) to estimate the depth averaged shear stress of the calving front that extends a
height b above the surface of the water, the criterion for shear failure takes the form

47, (1-7r)
<

— : X
pig (1-2p)

where p; is the density of ice, g is acceleration due to gravity, and  denotes the fraction of the cliff
penetrated by surface crevasses and seracs. The above calculation ignores bending stresses near
the front, resulting in an underestimation of the shear stress. Nonetheless, the primary uncertainty
in determining the likelihood of shear failure is the cohesion 7., which is controlled by the size
of preexisting flaws within the ice (Bassis et al. 2021, Clerc et al. 2019, Parizek et al. 2019). Clerc
et al. (2019) argued that previous studies ignored visco-elastic relaxation and overestimated the
conditions when shear failure is likely. The difference between predictions, however, lies in subtle
assumptions about the strength of ice; the primary distinction in results is that Clerc et al. (2019)
assumed preexisting flaw sizes are millimeters to centimeters in size (typical of laboratory settings)
while Parizek et al. (2019) and Bassis et al. (2021) assumed starter flaws of the order of tens to
hundreds of centimeters (typical of modern Greenland glaciers). At present, little is known about
the size of preexisting flaws in ice. However, even when the size of flaws is known, the Coulomb
failure criterion provides little guidance on rates at which failure occurs.

6.5.2. Models of shear localization and ice cliff failure. Although DEMs have been effective
in simulating brittle failure across a wide range of conditions, the restriction to brittle failure makes
it more difficult to explore the balance between ductile flow and failure. Recent efforts, however,
have shown promise in using fully viscous models to simulate the longer-term evolution of glaciers
and then using HIDEM to resolve brittle fractures (Crawford et al. 2021). This iteration allows
the interplay of long-term viscous creep and short-term brittle failure to be explored. An alter-
native approach that builds on methods commonly used in the geodynamics community seeks to
simulate the failure of ice using plastic yield laws. For example, Bassis et al. (2021) examined flow
and failure near the onset of the critical cliff height and demonstrated that ice cliff instability is
governed by the balance between rates of brittle failure and the viscous thinning that reduces the
cliff height. In this case, rapid dynamic ice thinning can stabilize or result in a quasi-stable re-
treat. However, this mechanism only works near the onset of failure. As the cliff height increases,
modeling shows that the stresses and hence calving rates increase rapidly (Crawford et al. 2021).
All these simulations are sensitive to the assumed distribution of preexisting flaws within the ice,
and early work in this field has yet to fully examine the role of three-dimensional topography on
failure and stability.

7.1ICE SHELF STABILITY AND CLIMATE FORCING REVISITED

Despite the increasing sophistication of models of the calving process combined with the growing
catalog of observations documenting ice shelf change, significant disagreement remains about the
array of underlying processes driving calving. This is partly because models have often focused (or
been tuned) to reproduce observations in particular glaciers, conditions, or environments. More-
over, there is a dizzying array of conflicting and seemingly contradictory observational studies in
different environments that point at different controls on calving, which make it hard to deci-
pher the overarching controls on ice shelf and marine glacier stability. For example, studies hint
that the stability of some ice shelves is related to a compressive arch (Doake et al. 1998), but ice
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tongues happily exist with no lateral confinement. Similarly, there is evidence that disintegration
of ice shelves in some environments has been triggered by loss of sea ice, ocean swell, and other
short-term environmental forcings, but other ice shelves show little sensitivity to short-term trig-
gers. This diversity of environments and conditions eludes attempts to develop simple criteria to
parameterize calving and poses significant challenges to models that need to represent all these
different processes.

7.1. What Controls the Sensitivity of Ice Shelves to Long- and Short-Term
Environmental Forcing?

Here we seek to reconcile these disparate results. As ice shelves thin—or once extensive fractures
are present in the ice—stresses associated with ocean swell and other short-term environmen-
tal variables become an increasingly large component of the ice shelf stress balance. Figure 5
shows the order of magnitude of stress associated with background gravitational stresses and a
pulse of ocean swell. Thick ice shelves remain relatively insensitive to ocean swell, but as ice
shelves thin [or become fractured (e.g., Lipovsky 2018)], they may become increasingly vulner-
able to short-term environmental forcings present when sea ice and/or landfast ice is removed.
This increasing sensitivity to environmental forces appears to be the dominant mode of ice shelf
collapse in the Ellesmere Island Ice Shelves. This vulnerability, however, is preconditioned by the
longer-term atmospheric and oceanic forcing that is ultimately responsible for thinning the ice
shelves. Increased atmospheric temperatures can further destabilize ice shelves when conditions
support the formation of melt ponds; surface meltwater is gravitationally unstable, and abun-
dant meltwater trapped in depressions can trigger hydrofracture (e.g., Banwell & MacAyeal 2015,
Banwell et al. 2013). All these studies hint that ice shelves are sometimes vulnerable to short-term
environmental forcing (e.g., Wille et al. 2022), but this vulnerability needs to be preconditioned.
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Estimate of forces driving calving that illustrate the role of long-term internal, glaciologic stress and
shorter-term environmental stresses as a function of ice shelf thickness. For thin ice shelves, a 30-cm
amplitude swell can provide a significant portion of the stress that the ice shelf experiences (dotted line). The
contribution of environmental stress decreases for thick ice shelves, while the contribution by gravitationally
driven internal stress increases (dashed line).
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7.2. Glaciological Controls on Calving and Fracture Limited Stability

The thicker confined ice shelves common around the Antarctic Ice Sheet are less sensitive to
shorter-term environmental conditions than many of the thinner ice shelves seen in Greenland
and the Arctic. Many of these ice shelves are stabilized by lateral drag and constrained behind pin-
ning points resulting in a compressive arch that prevents fractures from propagating across the
center of the ice shelf. Pinning points and protrusions along the margins result in stress concen-
trations that serve as the initiation point of crevasses and, ultimately, rifting. As fractures advect
beyond the embayment and into regions without confining stresses, conditions may allow large
preexisting rifts to propagate laterally across large sections of the ice shelf and isolate large tabular
bergs, perhaps analogous to the process modeled by Lipovsky (2020). However, this process is ul-
timately controlled by the production and advection of fractures that initiate in upstream regions.
Unconfined ice tongues have little confining stresses, but the absence of margins and pinning
points also results in fewer locations with a stress sufficient to seed fractures. Margins and pinning
points of embayed ice shelves may play the dual role of stabilizing the ice shelves but also seeding
the fractures that ultimately destabilize the ice shelf and become the detachment boundaries of
icebergs.

7.3. Attractors and Stable Patterns of Calving

Given the disparity between observations of ice shelf and glacier change along with the limitations
of modeling approaches, we revisit the concept of stability from a dynamical systems perspective.
We hypothesize that stable patterns of calving front dynamics correspond to attractors in phase
space. So long as the calving front fluctuates within the basin of attraction, patterns remain stable.
The question is, how do we identify these attractors and the glaciological and environmental
factors that control them? This remains an active area of research. However, there is a broad family
of interrelated modeling approaches, including the Nye zero stress crevasse depth models (Benn
et al. 2007), LEFM-based predictions of crevasse depth (Lai et al. 2020), the necking instability
introduced by Bassis & Ma (2015), and the compressive arch proposed by Doake et al. (1998),
that all provide similar answers. For example, denoting the ratio of depth averaged compressive to
depth averaged tensile stresses by Sp, necking occurs when this dimensionless number is less than
unity. Large values of Sy correspond to the compressive arch of Doake et al. (1998), the inverse of
Sy is just the crevasse penetration ratio from the Nye zero stress model, and LEFM-based fracture
depths can be expressed as a function of the same nondimensional parameter (Lai et al. 2020). All
these different approaches ultimately provide a family of related approaches to determine the
minimal extent of ice shelves and glaciers. This family of techniques, however, is built on the
explicit assumption of tensile failure and cannot represent shear or mixed-mode failure associated
with processes such as ice cliff instability.

7.4. Testing Models of Shear Failure and Ice CIiff Instability

Significant progress has been made in identifying and modeling key ice shelf processes, including
fracture and failure. Theories of iceberg calving, ice shelf demise, and ice cliff instability must now
be fully tested against a wide range of environmental and glaciological conditions in both modern
and paleo conditions. This is especially true for the MICI, which has yet to be directly observed.
Modern observations of thick Greenland and Antarctic glaciers provide some constraints on
models, but the patchwork of paleo observations provides additional clues, constraints, and hints
about the fundamental processes at work now and in the past. Even with these constraints, the
theoretical foundation of ice cliff instability hinges on characterizing the difficult-to-measure

Bussis et al.



size of preexisting flaws, which may vary spatially and/or in time. Nonetheless, the presence of
meter-scale flaws assumed in studies of ice shelf fracture (e.g., Lai et al. 2020, Rist et al. 2002)
results in predicted cohesive strengths that are low enough that shear failure and faulting could
occur in modern ice shelves when ice shelves are pushed into bedrock protrusions, providing a
potentially rich testing ground to see when failure does and does not occur. In fact, studies have
already identified faults and mixed-mode failure regimes in the Brunt and Thwaites ice shelves
when the ice shelves collide with bedrock highs (Benn et al. 2022, Larour et al. 2014) and in a
Greenlandic marine-terminating glacier (Hubbard et al. 2021). It is possible that mixed-mode
fracture and faulting may be far more common in the fracture patterns that we currently observe,
and this can be used to help constrain models of ice cliff failure.

7.5. Marine Ice Cliff Versus Marine Ice Sheet Instability

Currently, the MICI remains controversial and is viewed as a phenomenon that is distinct from the
older and more established marine ice sheet instability. As we gather more observations and our
understanding progresses, the distinction between ice sheet and ice cliff instability may ultimately
be more nuanced. Large stresses are going to be created if thick grounding lines are exposed, and
the distinction between MICI and marine ice sheet instability is largely a question of whether
deformation is dominated by creep or failure; the reality is that it is likely that creep and fracture
both have roles. An integrated view of marine ice cliff and marine ice sheet instability is needed
to fully integrate the paleorecord into our understanding of the stability of marine-based ice
sheets.

8. OPPORTUNITIES FOR ADVANCING OUR KNOWLEDGE
OF ICE SHELF STABILITY

Atmospheric and ocean forcings are likely to continue to aggravate ice shelves, resulting in thinner
and more fragile ice shelves that become increasingly vulnerable to environmental triggers. Con-
tinued ice shelf retreat may reveal new regimes and patterns of failure that we have yet to identify.
To date, there is limited evidence that our current generation of models can predict ice shelf col-
lapse or disintegration before it happens. The embarrassing reality is that, despite the increase in
sophistication of our simulation toolsets, models have rarely successfully predicted major ice shelf
or glacier changes before they occurred. Models have instead been used as forensic tools to hunt
for clues about the causes and drivers of ice shelf change after they occur. However, with satellite
observations with increasing temporal and spatial resolution, we find ourselves on the precipice
of being able to observe fracture initiation and propagation with the potential to unearth new op-
portunities to study calving in near-real time. These new observations of ice shelf change provide
opportunities to test and refine our understanding of key processes so that we move beyond our
current forensic approach where we retroactively identify the taphonomy—or death assemblage
of ice shelves—and instead formulate falsifiable hypotheses.

Advances in satellite data are providing insights into ice shelf changes in unprecedented de-
tail. As we approach weekly or subweekly velocity coverage and meter-scale elevation, we can
begin to resolve the details of fracture propagation at spatial and temporal resolutions that can
calibrate, validate, and test existing theories of the calving processes at the fundamental scale.
Constraining the stability of ice shelves, inherently dynamic and transient systems, requires uni-
fication of conceptual and quantitative frameworks across the many disparate fields of glaciology,
paleoclimatology, materials science, and engineering. This integration that merges remote sens-
ing, modeling, and paleo studies has the potential to provide better constraints in the paramount
challenge of understanding projecting the past, present, and future behavior of ice shelves.
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