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observations, there remains significant uncertainty in the applicability of
these results to naturally deforming glacier ice on larger scales. Here, we
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remote sensing data by identifying large-scale fractures on Antarctic ice
shelves, calculating the principal stresses from the observed strain rates,
and comparing the stresses of unfractured and fractured areas. Using the
inferred stresses, we evaluate five common fracture criteria: Mohr-
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observational studies. For n=4, we find tensile strengths of 423-565 kPa,
bringing our inferences closer to alignment with laboratory experiments.
Importantly, we show that crevassed and uncrevassed areas in the four
largest ice shelves are distinct in principal stress space, suggesting our
results apply to all ice shelves and the broader ice sheet.
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ABSTRACT.

The conditions under which ice fractures and calves icebergs from Antarctic
ice shelves are poorly understood due largely to a lack of relevant observations.
Though previous studies have estimated the stresses at which ice fractures
in the laboratory and through sparse observations, there remains significant
uncertainty in the applicability of these results to naturally deforming glacier
ice on larger scales. Here, we aim to better constrain the stresses under which
ice fractures using remote sensing data by identifying large-scale fractures
on Antarctic ice shelves, calculating the principal stresses from the observed
strain rates, and comparing the stresses of unfractured and fractured areas.
Using the inferred stresses, we evaluate five common fracture criteria: Mohr-
Coulomb, von Mises, strain energy, Drucker-Prager, and Hayhurst. We find
the tensile strength of ice ranges from 202 to 263 kPa assuming the viscous
stress exponent n = 3, narrowing the range produced by previous observational
studies. For n = 4, we find tensile strengths of 423 — 565 kPa, bringing our
inferences closer to alignment with laboratory experiments. Importantly, we
show that crevassed and uncrevassed areas in the four largest ice shelves are
distinct in principal stress space, suggesting our results apply to all ice shelves
and the broader ice sheet.

INTRODUCTION

The initiation and propagation of macroscale fractures (also known as rifts) on ice shelves acts as a signif-
icant control on the rate of mass loss from the Antarctic Ice Sheet. The propagation of active rifts both
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vertically and laterally can result in the calving of tabular icebergs, which directly contributes ice mass to
the oceans (Evans and others, 2022). Further, even fractures that do not directly result in calving events
can weaken the backstress that ice shelves provide to grounded ice, an effect known as buttressing. The
loss of load-bearing, and thus buttressing ability, of ice shelves can result in accelerated mass flow to the
ocean from the grounded ice, further adding to mass loss and affecting the stability of large regions of the
ice sheet (Reese and others, 2018; Lhermitte and others, 2020; Mitcham and others, 2021; Borstad and
others, 2013, 2017; Sun and others, 2017; Sun and Gudmundsson, 2023; Surawy-Stepney and others, 2023;
Borstad and others, 2016).

Additionally, the development and propagation of fractures can result, in certain cases, in the collapse
of large regions of ice shelves, as occurred in the case of the Larsen B Ice Shelf (Doake and others, 1998;
Banwell and others, 2013). Rapid breakup of ice is also occurring on Thwaites Ice Shelf in possibly a similar
process (Lhermitte and others, 2020; Benn and others, 2021; Surawy-Stepney and others, 2023), and other
regions of Antarctic ice shelves may be vulnerable to similar instabilities (Lai and others, 2020). These
collapses remove the buttressing effect and likely result in acceleration of grounded ice towards the ocean
(First and others, 2016), as has been identified after the Larsen B breakup (Rignot, 2004; Scambos, 2004).
Further, they may have large-reaching consequences for the stability of the Antarctic Ice Sheet, though
the extent of these consequences remains unknown (Pollard and others, 2015; DeConto and Pollard, 2016;
Clerc and others, 2019; Edwards and others, 2019; Robel and Banwell, 2019; Crawford and others, 2021;
Golledge and Lowry, 2021; Bassis and others, 2021; Schlemm and others, 2022).

An important step towards reducing uncertainty in sea level rise projections is understanding how
fracturing affects the flow of upstream ice and implementing this dynamic in models. The current lack
of observations on large-scale ice shelf failure and limited observations on calving events, in addition
to uncertainties in ice rheology and the grain-scale processes through which failure occurs, impede the
predictive capability of models. A strong foundation for understanding material failure already exists.
Fracture criteria, also known as yield criteria or failure envelopes (a relationship between the strength of a
material and the stresses applied to it), are well-studied in material science, several engineering disciplines,
and within the glaciological literature. Many different criteria have been applied to describe the nature of
ice fracture and to model iceberg calving (Pralong and Funk, 2005; Albrecht and Levermann, 2012; Duddu
and Waisman, 2012), as well as materials sometimes used as mechanical analogs for ice (e.g., Drucker and
Prager, 1952; Bhat and others, 1991). Other approaches have included using a pressure threshold (Duddu
and others, 2020) and a strain threshold (Duddu and Waisman, 2012), though these are currently less used
in large-scale ice sheet models. Most numerical models that represent ice fracture and calving use a stress
threshold, which describes a critical stress above which ice fractures (Hulbe and others, 2010; Borstad and
others, 2016; Jiménez and others, 2017; Lai and others, 2020). While many of these studies benchmark
their models against laboratory estimates, few studies have been able to use observations of natural systems
to determine the proper fracture criterion and stress threshold for ice fracture.

Even within models that use a stress threshold, the magnitude of the critical stress or the relationship
of the critical stress to principal stresses are not generally agreed upon. Various models use critical stresses,
also known as the strength of ice, ranging from 0.1 to 1 MPa, an order of magnitude difference (Duddu
and Waisman, 2013; Krug and others, 2014; Pralong and Funk, 2005; Pralong and others, 2003; Astrom
and others, 2013, 2014; Benn and others, 2017). These thresholds are based on laboratory experiments
and glaciological observations. Laboratory experiments provide a range of values from 500 kPa to as
high as 5 MPa (Currier and Schulson, 1982; Lee and Schulson, 1988; Druez and others, 1989; Petrovic,
2003), while observations have found a lower range of tensile strengths from 76 kPa to 1 MPa (Vaughan,
1993; Ultee and others, 2020; Chudley and others, 2021; Grinsted and others, 2024). Ultee and others
(2020) found the tensile strength of ice to be ~ 1 MPa by considering relatively undeformed and intact
ice on Vatnajokull Ice Cap in Iceland and determining the highest stresses present in unfractured ice
using linear-elastic mechanics (no assumed n value). While this provides a useful baseline for ice strength
in relatively undeformed and undamaged ice, the exact applicability to the conditions on Antarctic ice
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shelves, where ice has a longer history of deformation, and thus more accumulated damage or impurities,
remains unclear. Vaughan (1993), using stresses calculated from observed strain rates (and assuming
n = 3), found the tensile strength of ice in regions of Antarctica ranged from 90-320 kPa, below the lower
bound of strengths estimated by laboratory experiments. However, due to limited observations available in
the early 1990s, the broader applicability of Vaughan’s results to the entire Antarctic Ice Sheet is unclear.
Grinsted and others (2024) finds tensile strengths of ~ 150 — 250 kPa, and Chudley and others (2021)
finds an even lower critical stress of 76 kPa for fractures on the Greenland Ice Sheet, again assuming
n = 3. The difficulty of measuring stresses in-situ necessitates an assumption of ice rheology to calculate
the critical stress threshold, which introduces inconsistencies between observations and laboratory-derived
stress measurements. It is vital to understand the differences that assumptions in ice rheology make in
estimates of tensile strength, as variables such as deformation mechanism, flow speed, and other material
properties of the ice that vary regionally can affect rheology and therefore strength (Mellor, 1979; Currier
and Schulson, 1982; Ranganathan and others, 2021b; Ranganathan and Minchew, 2024). This knowledge
gap makes a complete study of the stress threshold across the Antarctic Ice Sheet, capturing many different
flow regimes, necessary and motivates this study.

Here, we use high-resolution, remotely sensed observations of surface strain-rate fields (Gardner and
others, 2018) and optical imagery of ice fractures (Haran and others, 2014, 2019, 2021), to estimate surface
stresses around areas of large-scale rifting. We use these stresses to evaluate and calibrate fracture criteria
that may be used in ice sheet models to represent rifting and calving. We consider five such criteria in
this study — Mohr-Coulomb, von Mises, strain energy, Drucker-Prager, and Hayhurst — each of which
we describe in some detail. Due to more recent and abundant satellite data, we can capture and evaluate
numerous fractures across Antarctic ice shelves, enabling a more complete look at fracturing in different
regions of the Antarctic Ice Sheet.

METHODS

Identifying fractures

We manually identify fractures on Amery, Larsen C, Ronne-Filchner, and Ross Ice Shelves using 2014-2015
Landsat-8 derived 240m x 240m effective strain rate fields (Gardner and others, 2018) and MODIS Mosaic
of Antarctica (MOA) 2004, 2009, and 2014 optical imagery (Haran and others, 2014, 2019, 2021; Scambos
and others, 2007). We look for linear features with high strain rate in the strain-rate data, and linear,
fracture-like features in MOA imagery on each ice shelf, and trace the identified features in QGIS. From
these traces, we create two datasets: one of crevasse features that can be identified on both optical imagery
and strain rate fields, and one of crevasse features that can be identified only on optical imagery. We
refer to the first category as “active crevasses”. The purpose of searching for high-strain-rate crevasses is
to filter out crevasses that may have advected downstream to a stress state different from the conditions
under which they formed. We aim to include active crevasses rather than inactive crevasses to gain a
better understanding of the stresses present during fracture formation and propagation, and note that
inactive crevasses may exist at stress states similar to those of unfractured ice. In optical imagery, it is
difficult to distinguish the depth of crevasses, and as such, both surface crevasses and full-thickness rifts
are likely included in our datasets. We find a total of 36 active crevasses out of a total of 110 crevasses
identified on optical imagery (Figure 1). Of the 36 active crevasses, we find 4 on Amery, 9 on Larsen C, 9
on Ronne-Filchner, and 14 on Ross. We sample principal deviatoric stresses at each pixel overlapped by a
fracture trace on our stress datasets.

To compare the difference in stress states present in crevassed ice and uncrevassed ice, we sample
principal deviatoric stresses of unfractured ice upstream of areas of crevasse fields and in unfractured areas
near the calving front. We avoid sampling stresses in suture zones, as previous studies have shown crevasse
propagation is slowed or stopped by suture zones, suggesting the ice present in such areas has a higher
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100 km i = 150 300 km
oy — d

Grounded Ice Identified Crevasses Active Crevasses Effective Strain Rate (1/a) Ice Velocity (m/yr)

- — E— B | O
10* 1073 102 107! 10° 10' 10? 10°

Fig. 1. Fractures observed via optical imagery (dark blue) and strain rate (neon blue) data over the four ice
shelves of interest: (a) Ronne-Filchner, (b) Amery, (¢) Larsen C, and (d) Ross. Ice upstream of the grounding line is
masked in grey (Morlighem, 2019) and not considered in estimates of ice strength. The inset shows ice velocity over
Antarctica (Rignot and others, 2017), with the aforementioned ice shelves boxed in red. We do not mask grounded
ice in the inset.
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tensile strength (Borstad and others, 2017; Hulbe and others, 2010; Glasser and others, 2009; Holland and
others, 2009). By comparing the stresses present in relatively undamaged and actively-crevassed ice, we
can determine a clear stress threshold at which ice will fail.

Stress Calculations

To study the conditions under which ice fractures, we calculate deviatoric stresses on ice shelves from
observed horizontal strain rate fields and the assumptions of incompressible ice and negligible vertical
shear. We calculate the strain rate tensor at each map location from the gradient of the Landsat-8 derived
surface velocity fields (Gardner and others, 2018). We calculate the gradient using a 2nd-order Savitsky-
Golay filter and a 2 km window, as in Minchew and others (2017). The principal strain rates are the
eigenvalues of the strain rate tensor. Taking ice to be incompressible (i.e., the trace of the strain-rate
tensor is zero), we calculate the effective strain rates (the square root of the second invariant of the 3D
strain-rate tensor) from horizontal principal strain rates as

éE:1/6%+é%+élég (1)

where ¢; is the most tensile horizontal principal strain rate and éo is the least tensile horizontal principal
strain rate. We adopt the sign convention of positive tensile values (i.e., €1 > €3). Because shear stresses
at the upper and lower surfaces of the ice shelf are negligible, one principal stress or strain rate is always
vertical, defined as normal to the surface and approximately aligned with the gravity vector. For conve-
nience, we denote the vertical principal components of strain rate (and, later, stress) with a subscript 3
regardless of their values relative to the horizontal principal components. We then calculate the principal
deviatoric stresses using the viscous constitutive relation

2néij = Tij (2)

where ¢€;; denotes the elements of the strain rate tensor, 7;; denotes the elements of the deviatoric stress
tensor, and 7 is the dynamic viscosity of ice, here taken to be isotropic. Adopting Glen’s Flow Law (Glen,
1955), we calculate the dynamic viscosity as

1 \l—n)/n
Uyt B 3)

where n is the stress exponent. We use both n = 3 and n = 4 in our analysis (Budd and Jacka, 1989;
Millstein and others, 2022). Glen’s Flow Law also can be written in the familiar scalar notation as

¢p = Arh (4a)

TE = A/TE + T3 + T1T2 (4b)

where 75 is the effective deviatoric stress.
To calculate the flow rate parameter, we use the Arrhenius relation

A= Agexp { ;f%} (5)

where Q. is the activation energy (here, we use Q. = 60 kJ mol~! (Duval and others, 1983; Glen, 1955;
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Table 1. Definition of variables and parametric values used in this work.
Symbol Description Units Value
€ Strain Rate a? -
T Deviatoric Stress kPa -
Stresses
o Cauchy Stress kPa -
Ox Most Tensile Principal Cauchy Stress kPa -
P Pressure kPa -
n Dynamic Viscosity kPa s -
n Stress Exponent - 3lal 4lb.c]
Flow Rate Parameter kPa~" a~! -
Viscosity Prefactor (n=3) kPa=3 a~! 2.290 x 10* [4]
and Flow Ao Prefactor (n = 4) kPa=% a~! 12.614[%
Q. Activation Energy kJ mol~! 60L4
R Ideal Gas Constant J K=! mol~ 8.314
T Absolute Temperature K -
o Internal Friction Coeflicient - -
Co Cohesion kPa -
ot Tensile Strength kPa -
Tuning
O¢ Compressive Strength kPa -
Parameters
m oc/o - -
« Hayhurst Tensile Stress Coefficient - 0.21[¢l
B8 Hayhurst von Mises Coeflicient - 0.63le]

[a] Nye (1953) [b] Goldsby and Kohlstedt (2001) [c] Millstein and others (2022)

[d] Duval and others (1983) [e] Pralong and Funk (2005)
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Goldsby and Kohlstedt, 2001; Weertman, 1983; Duval and Gac, 1982; Thomas, 1973; Paterson, 1977)),
R is the ideal gas constant, T is ice temperature, and take tabulated values of Ay for n = 3 and n = 4
(Table 1). We compute spatially varying flow rate parameters using RACMO2 annual means (1974-2014)
ice surface temperatures (Van Wessem and others, 2014), meaning that our calculated deviatoric stresses
are referenced to the surface, and surface temperatures are everywhere colder than -10°C, motivating our
use of the single value of ). given above. We neglect the mechanical influence of firn to provide a consistent
reference for readers and because we expect differences in temperature between the top and bottom of a
firn layer to impart a small error relative to uncertainties in the rheological parameters (e.g., Zeitz and
others, 2020; Goldsby and Kohlstedt, 2001; Millstein and others, 2022).

We estimate stress states near ice fractures from observed strain-rates, meaning the estimates of stress
are dependent upon assumptions about ice rheology. Here, we calculate two sets of stress fields from the
same strain rate data, and apply the same criteria to each stress field to compare how assumed rheology
changes estimated tensile strength. We define one stress field using n = 3 and tabulated A values from
Cuffey and Paterson (2010), and the other using n = 4 and tabulated A values from Goldsby and Kohlstedt
(2001). We assume a constant coefficient Ag for each n value for the prefactor A. This simplification does
not explicitly account for the effects of ice fabric (Staroszczyk and Morland, 2001; Pettit and others, 2007;
Hruby and others, 2020), grain size (Ranganathan and others, 2021b), ice damage (Borstad and others,
2012; Minchew and others, 2017; Lhermitte and others, 2020), and other factors. We make this assumption
for simplicity and reproducibility of our work and because the question of how to incorporate these effects
is an active area of research (Ma and others, 2010; Minchew and others, 2017).

While we calculate the deviatoric stresses from observed strain rates and Glen’s Flow Law (Egs. 2 and
3), yield criteria are often referenced to the Cauchy (or total) stresses, here denoted o;;. The deviatoric
and Cauchy stresses are related through the isotropic pressure (the mean of the normal Cauchy stresses)
such that

Tij = 0ij — POij (6)
where p = oy /3 is the pressure, oy is the trace of the Cauchy stress tensor (summation implied for repeated
indices), and ¢;; is the Kronecker delta. The trace is the first tensor invariant; thus, the principal Cauchy
stresses follow the same definitions and conventions discussed above for the strain rates and deviatoric
stresses. Because shear stresses at the surface of the ice are negligible, one principal stress must be normal
to the surface. We take the principal stress normal to the surface to be o3 = —pgz. At the surface of
the ice, z = 0, thus o3 = 0, and we can calculate the principal Cauchy stresses from the observationally
inferred deviatoric stresses as

o1 =21 + T2 (73)
o9 =279+ T (7b)

recalling that 73 = —71 — 75 by definition (cf. Eq. 6). The pressure at the surface is then

Yield Criteria

To determine the tensile and compressive strengths of ice, we plot our inferred stresses in principal devi-
atoric stress space and fit our data with a selection of yield criteria to delineate the boundary between
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Effective Stress

[ R Tension

\ D Compression . Grounded Ice
[ T Mixed

0 kPa 300 kPa

Fig. 2. A view of stress regimes on the (a) Ronne-Filchner, (b) Amery, (¢) Larsen C, and (d) Ross ice shelves.
Black represents grounded ice (Morlighem, 2019), blue represents a tensile regime (both principal Cauchy stresses
are positive), red represents a compressive regime (both principal Cauchy stresses are negative), and grey represents
a mixed regime (one principal Cauchy stress is positive and the other is negative). These colors correspond to the
background colors in Figure 3. Each color is scaled by the effective deviatoric stress (assuming n=3), with lighter
colors representing lower stresses. The mixed, tensile, and compressive regimes cover 41.1%, 45.0%, and 13.9% of all
ice shelves, respectively.
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stresses in uncrevassed and crevassed ice. Yield criteria, also known as failure envelopes, fracture criteria,
failure criteria, etc., are bounds defined by material properties that delineate stresses past which failure
should occur. In this work, we define yielding and failure as the conditions under which ice fractures and
interchange the above terms. Here, we consider fracture to be a phenomenological description of the for-
mation of new surfaces, not a description of the specific mechanisms that create those surfaces (i.e., we do
not distinguish between brittle and ductile fracture). We choose the criteria given by Vaughan (1993) —
Mohr-Coulomb, strain-energy dissipation, and von Mises criteria — plus the Drucker-Prager and Hayhurst
criteria.

Mohr-Coulomb

The Mohr-Coulomb criterion was originally defined for and is commonly used to describe the yield strength
of granular materials like soils and till (Lambe and Whitman, 1969; Davis and Selvadurai, 2002). The basis
of the Mohr-Coulomb criterion is the assumption that the strength of materials arises from a combination
of internal friction and cohesion. A related criteria, the Tresca criteria, is a special case where internal
friction is negligible and has been applied in the glaciological literature (Bassis and Walker, 2011). The
opposite special case, where cohesion is negligible, is commonly used to describe the strength of subglacial
till (e.g., Iverson, 2010; Minchew and others, 2016; Zoet and Iverson, 2020; Ranganathan and others, 2021a).
The Mohr-Coulomb criterion accounts for only the most tensile and most compressive principal stresses,
neglecting the intermediate principal stress, and is often written in a form that relates the shear strength
of a material 75 to the effective pressure N (difference in overburden and water pressures) through two
parameters representing cohesion ¢y and internal friction o (Labuz and Zang, 2012), such that 75 = N pu+c.
Applying Mohr’s Circle and assuming the friction coefficient is small (i.e., u = tan ¢ ~ sin ¢ where ¢ is the
friction angle), we can write the Mohr-Coulomb criterion in terms of principal Cauchy stresses (Vaughan,
1993) as

2
1j0 when o1 > 0 and 09 =0
"
o1 = 5 ] (9a)
e+ 02(1 = 1) when o1 > 0 and 03 <0
1+p
2
oy = — : €0 when o1 < 0 and 09 < 0, (9b)
—p

from which we can see that the tensile strength for the Mohr-Coulomb criterion oy, , the compressive
strength o.,__, and their ratio m,. = o¢,,./0t,,, are

260
= 10
Otme = T4 (10a)
260
— 10b
Ocme 1— L ( )
1+
Mme = ﬁ (10C)

We can see in Eq. 10 that the Tresca criterion (u = 0) requires the tensile and compressive strengths of
ice to be equal (m = 1), a condition that is contradicted by numerous laboratory experiments (Schulson
and Duval, 2009; Petrovic, 2003) but nonetheless tested with our results.

To connect with the observationally inferred deviatoric stresses, we apply Eq. 7 to write Eq. 9 in terms
of the principal deviatoric stresses arranged as the standard equation for a line (with 71 the x-axis and 7
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the y-axis) such that

( 2
—271 + 1_?)” when —% <7 and —27 <7
1+ 3u 2¢q T2
Ty = < — hen — =<7 < —2 11
2 711_3,“ 1— 34 when 5 1 2 (11)
\ _%_1?/1 when 7'1<—% and 7 < —27

Here, we can see that for the intermediate condition (when o1 > 0 and o2 < 0 and, equivalently, —75 <
211 < —47y), the slope of the line is a function of only the internal friction coefficient u while the y-intercept
(taking 79 to be the y-axis) is a function of the cohesion, ¢y, and the internal friction coefficient. For the
other two conditions, the lines have a constant slope with y-intercepts that depend on cohesion and internal
friction. Thus, taking all three regions given in Eq. 11, we can fit both ¢g and . We also note that the first
and last conditions in Eq. 11 contain two separate inequalities for 7y in terms of 75 because the principal
deviatoric stresses can be positive, negative, and zero valued; the only restriction is our chosen convention
T = To.

von Mises and Strain Energy

The von Mises criterion is a yield-stress-based parameterization of the rate of work done to deform a ductile
material, as we later show. In practice, this criterion defines the tensile yield strength of materials in terms
of a critical value of the octahedral stress, which is closely related to the effective deviatoric stress, 7p (Eq.
4b). Applying this criterion, the von Mises stress oy, is

Ovm = 1/0% + a% — 0109 (12a)

=318 (12b)

and the tensile strength of ice according to the von Mises criteria oy,,, is the value of g,,, that demarcates
crevassed and uncrevassed ice. Eq. 12 describes an ellipse in principal Cauchy stress space for all values of
the vertical principal stress, o3, meaning that the von Mises criterion provides no information about the
compressive strength of the materials (Davis and Selvadurai, 2002).

Because the von Mises criterion is a parameterization for the yield strength of materials as a work-
rate threshold, it is essentially the same as the strain-energy dissipation criterion introduced by Vaughan
(1993). In this criteria, the tensile strength of ice oy, is related to the rate of work: o;;é;; = 7;;€;5, where
the replacement of the Cauchy stress tensor o;; on the lefthand side with the deviatoric stress tensor 7;; on
the righthand side is justified by the incompressibility of ice (i.e., the pressure does not do work because
the volume remains constant under applied stress). By applying Eq. 2, it can be shown that the stress
associated with the viscous work rate (strain-energy dissipation) o, is proportional to the von Mises stress,
ouwm, and, thus effective deviatoric stress 7, such that

O = 20— (13)

Vi

The tensile strength from the Vaughan (1993) strain-energy dissipation criterion oy,, is proportional to the
tensile strength from the von Mises criterion such that oy, = o,,,/V/3.
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Drucker-Prager

The Drucker-Prager criterion links all of the previous criteria and provides a relatively simple framework,
like the von Mises (and strain energy) criterion, that provides constraints on the tensile and compressive
strengths of ice, like the Mohr-Coulomb criterion. In essence, the Drucker-Prager criterion is a smoothed
form of the Mohr-Coulomb criterion, initially derived to describe the yielding of soil (Drucker and Prager,
1952). The criterion is dependent upon the first invariant of the Cauchy stress tensor (relatedly, pressure,
p, Eq. 6) and the second invariant of the deviatoric stress tensor, 75 (relatedly, the von Mises stress, oy,
Eq. 12), and given as (Bhat and others, 1991; Davis and Selvadurai, 2002)

Mgy — 1 ma, + 1
Otgp = 3p <dp> + Ovm <dp> (14)

2mygp

where mg, = o0¢,,/0t,,, O1,, is the tensile strength and o, the compressive strength according to the
Drucker-Prager criterion. These values can be inferred by defining the failure envelope formed in principal
stress space by Eq. 14 that delineates crevassed and uncrevassed ice. Because the Drucker-Prager criterion
is a smoothed version of the Mohr-Coulomb criterion, we can relate the inferred strengths o i and o, 4p 1O
cohesion, ¢p, and internal friction, pu, of ice by requiring that the Drucker-Prager failure envelope intersect
the Mohr-Coulomb failure envelope at the latter’s major vertices, i.e., fully circumscribe the Mohr-Coulomb
envelope. The resulting relations are

660
Oty, = 3T (15a)
2c
O-Cdp S 1 _OM = Ucmc (15b)
3+ 1
_ 15
= 5T p) (15

all of which reduce to the same values as in Eq. 10 when p = 0 (the Tresca criterion). We also note that
the relations between tensile strength, cohesion, and friction differ for the Mohr-Coulomb and Drucker-
Prager failure envelopes, but the compressive strength relation is the same. This agreement in compressive
strength inexorably arises from our decision to have the Drucker-Prager envelope intersect the Mohr-
Coulomb envelope at the major vertices. The relations will vary if we make different choices for the
intersections of the Mohr-Coulomb and Drucker-Prager failure envelopes, but we stay with these relations
for illustrative purposes because the major vertices provide unambiguous reference points.

Hayhurst

The Hayhurst criterion was first developed to describe the failure of metals and is commonly used in
continuum damage mechanics models of ice fracture (Hayhurst, 1972; Pralong and Funk, 2005; Duddu and
others, 2020). It adds a term related to the most tensile principal Cauchy stress o, = max[o7,0] to the
Drucker-Prager criterion (Eq. 14), such that

Oty = Q0% + Boym +3(1 —a— B)p (16)

where v and 8 are non negative and 0 < (1 —a — ) < 1. We take
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Table 2. Tested values of internal friction (i), cohesion (cg), and, tensile strength (o) used to fit the criteria to our
stress data when n = 3. For each criterion, we present a low, best fit (highlighted in light blue), and high estimate
of tensile strength as described in the text.

Criterion p ¢ (kPa) op (kPa) o (kPa) m % Uncrev. % Crev.
0.3 77 118.5 220 1.9 23.9 0
0.3 164 252.3 468.6 1.9 99.4 7.3
0.3 171 263.1 488.6 1.9 100 8.6
Mohr-Coulomb
0.4 75 107.1 250 2.3 19.4 0
0.4 178 254.3 593.3 2.3 99.6 8.1
0.4 184 262.9 613.3 2.3 100 8.8
- - 147 - - 50.4 0
Von Mises - - 223 - - 98.8 5
- - 234 - - 100 6.7
0.3 62 112.7 177.1 1.6 24.4 0
0.3 139 252.7 397.1 1.6 97.9 8.5
0.3 152 276.4 434.3 1.6 100 13.5
Drucker-Prager
0.4 58 102.4 193.3 1.9 19.8 0
0.4 149 262.9 496.7 1.9 97.9 9.3
0.4 164 289.4 546.7 1.9 100 15.4
- - 59 125.5 2.1 13.3 0
Hayhurst
(= 0.21,53 = 0.63) - - 202 429.8 2.1 98.9 10.7
- - 211 448.9 2.1 100 13.5
Ot ¢
V3L 4 /3 -2 ]
xf 2 { Tsn
ﬁ _ 1 |:0'tH . O'tH . 1:|
\/g —2 Osu Ocy

(17a)

(17b)

251 as in Pralong and Funk (2005), where oy, is the tensile strength, o.,, is the compressive strength, and o;,,
252 is the shear strength. We solve both equations for the ratio m between compressive and tensile strength:

mpg =

1

a+28—-1
253 The Hayhurst criterion (Eq. 16) reduces to the Drucker-Prager criterion (Eq. 14) when a = 0.
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Fig. 3. A density plot in principal stress space of estimated principal stresses (assuming n=3) sampled along
crevasses (red) and in uncrevassed areas (blue). Colorbars for the crevassed and uncrevassed data are scaled logarith-
mically and normalized, with brighter colors representing a higher density of points in the area. The yield criteria are
plotted on top of the density plot using the best fit values of tensile strength in Table 2, with both the Drucker-Prager
and Mohr-Coulomb criteria plotted with 4 = 0.4. To aid in comparing principal stress space and geographic space,
we shade each quadrant with the corresponding colors used for stress states in Figure 2. Colorblind-accessible figures
are available in the supplement.
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RESULTS

Visualizing the conditions under which ice fractures

The goal of this work is to constrain the tensile strength of ice on Antarctic ice shelves. To do this, we look
to see if there is a clear threshold in our data at which unfractured ice will fail. We plot the uncrevassed and
crevassed data as density plots in principal deviatoric stress space, with the color of each point denoting
the number of points in its proximity (Figure 3). We find minimal overlap between the uncrevassed and
crevassed data. Because there is no particular significance to the assignment of 7 and 75 in principal stress
space, we reflect the data over the line 71 = 75 to aid in drawing yield criteria, as in Vaughan (1993).

We identify no active crevasses that exist in a compressive regime (both principal Cauchy stresses are
negative). Most ice shelves exist with a free calving front, which means it is unlikely for the system to be in
a compressional state because there is no resistive pressure from the ocean on the free calving front. There
are localized observations of compressive fractures in rapidly-changing areas such as Thwaites Ice Tongue
(Benn and others, 2021), but the applicability of fractures caused by ice acceleration to the large, slow-
growing fractures in this study needs further investigation. Even in unfractured ice, there are few regions
that fall into a purely compressional regime, with such areas covering about 13.9% of all Antarctic ice
shelves (Figure 2). As such, we find relatively few uncrevassed points in the compressive regime compared
to other regimes.

To find the tensile strength of ice, we plot the Mohr-Coulomb, von Mises, Drucker-Prager, and Hayhurst
criteria over our data and tune their fit using material properties such as cohesion, internal friction, and
tensile strength. We aim to draw the criteria between the crevassed and uncrevassed data, minimizing the
number of crevassed points included and maximizing the number of uncrevassed points included. The yield
criteria are shown in Figure 3. For the Drucker-Prager and Mohr-Coulomb criteria, we vary the values of
u and c¢g to fit the criteria. For the von Mises and Hayhurst criterion, we vary the values of o, to find
best fit. We do not investigate fit values for the Strain-Energy Criterion, as the shape of the criterion is
the same as that of the von Mises criterion, with tensile strength reduced by a factor of /3. We plot the
Hayhurst criterion using empirically determined values of a@ = 0.21, 5 = 0.63 (Pralong and Funk, 2005).

To analyze fit, we determine the percentage of uncrevassed and crevassed data points included in each
criterion using a dataset of ~11,700 and ~3,500 points, respectively. For each criterion, we test for three
scenarios of fit: 1) the highest integer value of the tuning parameter (co or o) where the criterion includes
no crevassed data, 2) the integer value of the tuning parameter where the derivatives of percent uncrevassed
and percent crevassed included with respect to the tuning parameter are equal, and 3) the lowest integer
value of the tuning parameter where the criterion includes 100% of uncrevassed data. We define "best fit" by
the second scenario and use the other two scenarios to provide an upper and lower bound for the estimates
of tensile strength produced by each criterion. Our low estimate of tensile strength encapsulates the error
of crevasse advection out of stress states of crevasse formation, which is evidenced by the low percentage of
uncrevassed points included in the criteria in the first scenario. While we aim to filter out inactive crevasses
through our identification methodology, some may still be included in our data. Therefore, it is better to
define criteria based on the current stress state of ice that remains unfractured rather than by excluding
crevassed data, as noted by Vaughan (1993).

Tensile Strength of Ice

Using the above framework and the four selected yield criteria, we find the tensile strength of ice to range
from 59 to 289.4 kPa when n = 3, and 127 to 633.5 kPa when n = 4. Under the best fit case, the tensile
strength ranges from 202 to 263 kPa assuming n = 3 and 423 to 565 kPa assuming n = 4. The predicted
tensile strengths increase by a factor of ~ 2.1 between n = 3 and n = 4, although a larger percentage
of crevassed points are included for criteria drawn around stresses calculated using n = 4. We present a
selected range of tensile strengths in Tables 2 and 3, and include a full range of tensile strengths for varying
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Table 3. Tested values of internal friction (i), cohesion (cg), and, tensile strength (o) used to fit the criteria to our
stress data when n = 4. For each criterion, we present a low, best fit (highlighted in light blue), and high estimate
of tensile strength as described in the text.

Criterion u ¢ (kPa) o; (kPa) o, (kPa) m % Uncrev. % Crev.
0.3 167 256.9 477.1 1.9 19.2 0
0.3 352 541.5 1005.7 1.9 99.2 9.9
0.3 364 560 1040 1.9 100 12.5
Mohr-Coulomb
0.4 162 231.4 540 2.3 15.3 0
0.4 377 538.6 1256.7 2.3 99.1 9.8
0.4 392 560 1306.7 2.3 100 12.7
- - 317 - - 43.8 0
Von Mises - - 480 - - 98.3 6.9
- - 513 - - 100 12.6
0.3 133 241.8 380 1.6 19.3 0
0.3 294 534.5 840 1.6 95.6 11.1
0.3 334 607.3 954.3 1.6 100 22.1
Drucker-Prager
04 124 218.8 413.3 1.9 15.4 0
0.4 320 564.7 1066.7 1.9 96.8 14.8
0.4 359 633.5 1196.7 1.9 100 234
- - 127 270.2 2.1 11.6 0
Hayhurst
(= 0.21,53 = 0.63) - - 423 900 2.1 97.1 14.7
- - 463 985.1 2.1 100 20.9

ot, cg, and p values in the supplement. We plot our best fit tensile strengths for the criteria in Figure 3,
and provide plots of criteria defined by the minimum and maximum tensile strengths in the supplement.

Under both assumed rheologies, the Mohr-Coulomb and von Mises criteria produce a more constrained
range of tensile strength estimates and include minimal crevassed data compared to the other two criteria.
When n = 3, the von Mises criterion has a difference of 87 kPa between low and high estimates for tensile
stress, and the Mohr-Coulomb criterion produces a range of 49 kPa when = 0 and 109 kPa when p = 0.4.
Both criteria include less than 10% of the crevassed data under our highest estimates of tensile strength
and g = 0 — 0.7. The Drucker-Prager criterion provides a smaller range of tensile strength values but
includes more crevassed points than the Mohr-Coulomb and von Mises criteria, especially as p increases.
The Hayhurst criterion produces a range of 138 kPa between our low and high estimates of tensile strength,
and contains the largest percentage of crevassed points, including 13.5% of the crevassed points when 100%
of the uncrevassed data are included.
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Tensile Strength (kPa)
100 200 300 400 500 600

Hayhurst
Drucker-Prager |- e
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Fig. 4. The range of tensile strengths produced by each criterion under our framework. Error bars represent our
minimum and maximum estimates for tensile strength, and our best fit case is plotted as a black dot. The height of the
shaded area on top of/beneath the error bar denotes the percent of uncrevassed points excluded (dark purple/blue)
and percent of crevassed points included (light purple/blue) by a criterion defined by that tensile strength for n = 3
and n = 4, respectively. For the Mohr-Coulomb and Drucker-Prager criteria, we plot the values for a criterion defined
by u = 0.4. A plot of the full range of p values is available in the supplement.
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DISCUSSION

Towards a general fracture criterion

We evaluate the applicability of previously derived yield criteria to observations of ice fracture. The
von Mises criterion (describing the failure of materials based on the second invariant of the deviatoric
stress tensor) and the strain energy criterion (describing the failure of materials based on strain-energy
dissipation) have been historically applied to the question of ice fracture (e.g. Vaughan (1993); Pralong
and Funk (2005); Albrecht and Levermann (2012)). Using yield criteria, Vaughan (1993) evaluates the
tensile strength in specific regions of Antarctica with a total of ~ 990 strain-rate measurements. Vaughan
(1993) finds the tensile strength to vary from 90 — 320 kPa, and the von Mises and Mohr-Coulomb criteria
to provide a good fit. This is comparable to the results of Grinsted and others (2024), who finds a von
Mises strength of 265 + 73 kPa. We similarly find the von Mises and Mohr-Coulomb criteria to fit the
data well, and our predicted tensile strength range of 202 to 263 kPa (assuming n = 3) falls within the
upper end of the values predicted by Vaughan (1993) and Grinsted and others (2024), both of whom only
consider stresses calculated with n = 3. Our predicted range of 423 to 565 kPa for n = 4 falls more than
100 kPa outside the upper bound of Vaughan’s range, although it is much closer to the range predicted by
laboratory experiments (Petrovic, 2003).

Vaughan (1993) provides a 230 kPa range of tensile strengths, while our predicted tensile strengths
produce a range of 61 and 142 kPa for n = 3 and n = 4, respectively. Our narrower predicted ranges
are likely due to the increased amount of data available for our study. Satellites have proved pivotal for
increasing the spatial and temporal resolution of strain rate measurements, allowing us to collect a sample
size of ~ 14,500 crevassed and uncrevassed data points. While our sample size of crevassed data is limited
by the number of crevasses visible on optical imagery and strain rate data, the ~ 11,000 uncrevassed points
are a small subsection of the data available for uncrevassed ice.

We find that the von Mises and Mohr-Coulomb criteria provide the best numerical fit to our data. Best
numerical fit means the range of inferred tensile strength values is small and few crevassed points are inside
the failure envelope. The Drucker-Prager criterion provides a good fit to the data when pu < 0.3. When
u = 0, the Drucker-Prager criterion reduces to the von Mises criterion and produces virtually identical
values of predicted tensile strength (Supplement Table S2). While the Hayhurst criterion provides the
poorest numerical fit to our data relative to all other criteria, it aligns well with the data in pure tension.
It mostly includes crevassed data in the mixed regime. As many fractures occur in pure tension, the
Hayhurst criterion still provides a viable framework for understanding damage evolution in this regime.
Further work is necessary to determine the applicability of the Hayhurst criterion to damage and failure in
shear regimes, though we expect the broad takeaways to hold because failure in shear zones often occurs
in tension.

It is particularly interesting to consider the pressure dependencies of the fracture criteria with regard
to their fit. Numerically, the von Mises criterion provides the best fit to the data. This criterion is also the
only criterion of those tested that is not pressure-dependent. We postulate that the von Mises criterion
fits so well because we consider stresses only at the surface, where the overburden pressure equals the
vertical normal stress o3 = 0. A von Mises criterion defined by our estimated tensile strengths from surface
crevasses will likely not fit well for basal crevasses since the criterion predicts the same tensile strength
for all depths. Overburden pressure (03 = —pgz) will act against crevasse formation at increasing depths.
Thus, observations of stresses surrounding basal crevasses are needed to properly constrain failure at depth.
By estimating stresses around basal crevasses, it may be possible to refine our results to a single fracture
criterion that fits data through the entire thickness of the ice.

We find the Drucker-Prager and Mohr-Coulomb criteria numerically fit best with lower values of pu.
Other studies also find models better replicate observations when using lower values of u (MacAyeal and
others, 1986; Bassis and Walker, 2011). However, a low value of p corresponds to a low ratio between
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tensile and compressive strength. When p = 0, the equations for compressive strength derived from the
yield criteria (Egs. 10 and 15) suggest the tensile and compressive strengths are equal, a phenomenon
that is not observed in most natural materials. For example, rocks commonly have p values of 0.5-0.7
(Byerlee, 1978), leading to compressive strengths 2.3 to 5.7 times higher than the tensile strength. The
compressive strength of ice in the lab has been measured between 5 and 25 MPa, far greater than lab
measurements of the tensile strength (Petrovic, 2003). The lack of observable crevasses in compressive ice
regimes also points to the compressive strength of ice being greater than the tensile strength. In this work,
we choose to present tensile strength ranges for the Drucker-Prager and Mohr-Coulomb criteria defined by
@ = 0.3 — 0.4, in spite of the fact that lower p values fit better numerically, due to the implications of u
on the predicted compressive strength of ice. We provide a full list of tensile strengths for each criterion
defined by © = 0 — 0.7 in the supplement.

One important limitation of our study arising from the lack of appropriate data is our inability to
constrain the strength of ice for the nucleation of new fractures. The data we use only allows us to
constrain the strength of ice that is relevant for fracture propagation. The key difference between nucleation
and propagation is the preexisting flaw sizes. We might assume that for a given fracture toughness,
we can simply scale ice strength as (the square root of) the flaw size (Schulson and Duval, 2009), but
this assumption remains to be tested in natural glacier ice, where impurities and air bubbles can play
important roles. This limitation provides opportunities, and perhaps impetus, for collecting and testing this
assumption with relevant data but does not undercut the value of providing constraints on the conditions
for fracture propagation, as we do here.

Applicability to modeling efforts

Our framework produces a range of tensile strengths for each yield criterion and two different flow regimes
based on how we define the fit to the data. These values are presented in Tables 2 and 3, and further
expanded in the supplement. In general, ice with active crevasses exists at higher stresses than unfractured
ice (Figure 2). We aim to give a broad understanding of how different definitions of fit may influence
the range of tensile strengths produced. Therefore, these results produce a constrained range of tensile
strengths, rather than a single value. The strength of ice is also likely to vary spatially based on rheological
properties, and our data likely captures this range (Schulson and Duval, 2009).

Given the quantity of data now available and the fact that we can produce continent-wide estimates
of tensile strength, we believe that these results could extend beyond providing single tensile strength
values to be used as fracture criteria in models. The range of tensile strength values could be thought of
as uncertainty bounds that can be input into stochastic models, rather than a set threshold for fracture,
to take into account the variability in the strength of ice with varying material properties. Additionally,
the percentage of uncrevassed and crevassed points included in the criteria (e.g. Figure 4) can provide
constraints on a probability distribution function. This may allow us to ask questions in a probabilistic
sense, such as what is the probability of ice fracture at certain principal stresses?

Additionally, our methodology can be used to determine the regional strength of ice. Because we see
very minimal overlap between the crevassed and uncrevassed data, it is possible to define an upper bound
for ice strength solely from uncrevassed data. As noted previously, Vaughan (1993) defined yield criteria
by including all uncrevassed points rather than excluding crevassed points. Regional tensile strengths can
be derived from looking at the upper bound of uncrevassed stresses in areas without crevasses. In future
work, we hope to explore the strength of suture zones and how they interact with crevasse propagation. We
also hope to investigate differences between tensile strength on each major Antarctic ice shelf to determine
what rheological properties may contribute to the measured tensile strength. Constraining the different
rheological properties affecting tensile strength and how they vary spatially across Antarctica is important
for accurately modeling fracture formation, propagation, and iceberg calving.
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Implications for damage

In this work, we present estimates for a stress threshold at which ice fractures initiate and propagate on a
large-scale. This can also be interpreted as the tensile strength of ice (that is, the maximum stress ice can
withstand under tension before fracturing). These estimates can also illuminate some material properties
of the ice itself.

The tensile strength of ice is dependent upon a number of physical properties, including ice temperature
and grain size (Schulson and others, 1984; Cole, 1987; Nixon and Schulson, 1987; Schulson and Duval, 2009).
Therefore, the estimates of ice strength presented in this study can provide constraints on the characteristic
flaw size of glacier ice. Ice grain size can be considered the characteristic flaw size of undamaged ice. Since
grain boundaries are irregular bonds connecting two ice grains, grain boundaries are inherently the smallest
flaw in glacier ice (Schulson and Hibler, 1991).

The relationship between the tensile strength of ice gy and characteristic flaw size d has been determined
through laboratory experiments to be (Currier and Schulson, 1982; Schulson and others, 1984)

KIC
ot = \/a

where K. is the Mode I (tensile) fracture toughness of ice (Nixon and Schulson, 1988). The fracture
toughness of ice has been experimentally determined to be within the range of 50 - 150 kPa,/m (Petrovic,
2003).

The estimates of tensile strengths presented in this study imply large characteristic flaw sizes d, with
d ~ 4 — 36 cm assuming n = 3 (0; ~ 250 kPa) and d ~ 1 — 9 cm assuming n = 4 (o; ~ 500 kPa). The
characteristic flaw size estimates for both n = 3 and n = 4 are an order of magnitude larger than the
typical grain sizes of glacier ice (on the order of millimeter scale), although the n = 4 estimates are much
closer to observed grain sizes (Ranganathan and others, 2021b; Gerbi and others, 2021; Thorsteinsson and
others, 1997; Gow and others, 1997; Fitzpatrick and others, 2014). The value of d can be interpreted as
the maximum flaw size within the ice that can be considered ductile. At flaw sizes (or microcracks) larger
than these estimated values of d, cracks will become unstable and propagate (Schulson and Duval, 2009).

(19)

Reconciling ice strength and ice viscosity

Notably, the regions in which we map fractures on Antarctic ice shelves overlap strongly with regions in
which the stress exponent is estimated to be n = 4 based on observations (Millstein and others, 2022),
suggesting that dislocation creep is the dominant mechanism of deformation. These are regions in which
the along-flow (normal) deviatoric stress is in tension and proportional to the local ice thickness (Millstein
and others, 2022). This has two implications.

Firstly, it suggests that the values of tensile strength we estimate from n = 4 are likely most applicable
in those regions. Historically, stresses have been calculated using n = 3, a value used in the literature from
the early 1960s onwards, derived from a combination of laboratory experiments and field measurements
(Glen, 1955, 1952, 1958; Haefeli, 1961; Nye, 1957; Lliboutry, 1968). However, recent studies have shown
that in Antarctica and specifically on the fast-flowing Antarctic ice shelves, the value of n for ice should be
closer to 4 (Millstein and others, 2022; Goldsby and Kohlstedt, 2001; Cuffey and Kavanaugh, 2011; Bons
and others, 2018; Ranganathan and Minchew, 2024). We find the tensile strength of ice is ~2.1 times
greater when assuming n = 4 compared to n = 3. While our results do not aim to constrain the value of
n, we do note that tensile strength estimates for n = 4 are much closer to those produced by laboratory
experiments than previous observational studies (Petrovic, 2003; Vaughan, 1993; Chudley and others, 2021;
Grinsted and others, 2024). Additionally, the lower tensile stress estimates of an n = 3 flow regime produce
larger characteristic flaw size estimates.
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Secondly, the presence of crevasses in these tensile areas in which n = 4 is the observed estimate of the
stress exponent indicates that the tensile stresses in these areas are larger than the tensile strength estimated
in this work, begging the question: Why is it common to find viscous stresses in the ice shelves that are
high enough to meet the fracture criteria? This suggests common mechanisms link viscosity and fracture
strength, such as dislocations (Weertman, 1996). Given recent inferences of the viscous stress exponent
n = 4, which laboratory studies show arises from dislocation creep (Goldsby and Kohlstedt, 2001), and the
fact that fractures are made up of dislocations aligned to form a surface (Weertman, 1996), we suppose
that the rapid formation and mobilization of dislocations required to allow for dislocation-creep-dominated
viscous flow creates a work-hardening effect that leads to microcracks and eventually macro-scale fractures.
Such a mechanism could also explain why ice fractures lead to large-scale rift formation even though it
takes months to years to build up enough stress in the ice for some rifts to propagate (Borstad and others,
2017). This observation of episodic rift propagation, where the time between episodes is much longer than
the viscoelastic relaxation time, is mysterious because when the viscous stress exponent has values of n = 3
to 4, the viscosity should tend to zero as the stresses intensify around the rift tip. Intuition suggests that
ice should relieve these stresses through viscous flow, yet rifts propagate as fractures. Our observations of
the alignment of tensile strength and viscosity of ice and the hypothesis that dislocations are responsible
for both viscous flow and fracture on ice shelves could explain episodic rift formation, too, and help to
reconcile our understanding of the flow, deformation, and fracture of ice.

CONCLUSION

We use observations of ice fractures and estimated stresses to evaluate the tensile strength of ice. We
produce a map of observed fractures in 2014 over four major Antarctic ice shelves and a range of tensile
strengths for stresses calculated with both n = 3 and n = 4. We find a tensile strength value between 202
and 263 kPa assuming n = 3, on the higher end of previous observational estimates but still lower than
experimentally-derived tensile strengths. When n = 4, the predicted tensile strength is 423 — 565 kPa.

Our predicted tensile strengths when n = 4 are within the lower bound, ~ 500 kPa, of tensile strength
estimates produced by laboratory experiments. Previous observational studies assuming n = 3 have pre-
dicted tensile strengths of ~ 100—300 kPa or about 200 kPa below the lower bound of laboratory estimates.
With the inclusion of impurities and damage in natural glacier ice, observationally inferred tensile strength
estimates are likely to be lower than those measured in pristine laboratory ice. Damage must be exten-
sive and pervasive to account for such a large difference between lab estimates and these observationally
derived tensile strengths. We hypothesize that assuming n = 4 rather than n = 3 accounts for most of
this discrepancy, as evidenced by our n = 4 tensile strength estimates aligning with laboratory studies.
This alignment in observed versus measured strength values brings us one step closer to bridging the gap
between experiments and observations, allowing us to better apply material properties of ice measured in
lab environments to naturally deforming glacier ice.

Ice rheology plays a central role in this work, both from the perspective of inferences of stress and
how our results inform a deeper understanding of the mechanical properties of natural glacier ice. The
viscous rheology of ice appears most prevalently as the stress exponent, n, and the corresponding prefactor
A in Glen’s Flow Law. The influence of our choices of n on the inferred strength of ice underscores the
importance of understanding the viscous properties of ice to help understand fracture properties. The
rheological connection of viscosity and fracture goes the other direction, too, via the question of why the
stresses involved in the viscous flow of ice are sufficient to generate fractures. Our results, especially when
we take n = 4, support the idea that dislocations are a common mechanism linking viscous deformation
and fracture.

While this work allows for more insight into fracture processes, further work is needed to fully un-
derstand the implications of the fracture criteria for ice sheet dynamics. Importantly, our results focus
only on fracture processes at the surface because those are the readily observable areas. However, basal
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crevasses are common across Antarctic ice shelves and contribute to calving and ice-shelf disintegration.
Further observations that can identify basal crevasses are needed to fully understand both surface and
basal fracture conditions. From a mechanistic perspective, the key difference is likely to be the dependence
of tensile strength on overburden pressure. Finally, the estimates provided here should allow for more ac-
curate fracture parameterizations and higher-fidelity calving relations in ice sheet models by constraining
key parameters: the stress threshold and the fracture criterion. In this work, we present multiple potential
fracture criteria, though the implications of different fracture criteria for modeling ice fractures are not
well understood. Future work may incorporate these estimates and criteria into models to determine the
response of ice sheets to these observationally-constrained estimates.

ACKNOWLEDGMENTS

We wish to pay tribute to our late colleagues and friends Christopher Borstad (1978-2023) and David
Vaughan (1962-2023) whose pioneering efforts motivated and formed the foundation of this work and whose
collegiality and inspiring intellects made an immeasurable impact on B.M. and countless others. We thank
Lizz Ultee, Jeremy Bassis, Joanna Millstein, Bryan Riel, Roger Denlinger, P. Wells-Moran, and the MIT
Glaciology Group for helpful and insightful discussions. Figures are made with the following MATLAB
add-ons: colorcet, curveintersections, dashline, densityplot, and legendflex (NS, 2024; Kovesi, 2015; He,
2024; Kearney, 2024; Abraham, 2024). All authors received funding from NSFGEO-NERC award 1853918
and the John W. Jarve seed fund. S.W-M. received funding from the National Science Foundation Graduate
Research Fellowship under Grant No. 2141064. M.I.R. was supported in part by the NOAA Climate and
Global Change Postdoctoral Fellowship Program, administered by UCAR’s Cooperative Programs for the
Advancement of Earth System Science (CPAESS) under the NOAA Science Collaboration Program award
#NA210AR4310383.

Cambridge University Press

Page 22 of 28



Page 23 of 28 Journal of Glaciology

516

517
518

519
520

521
522
523

524
525
526

527
528

529
530
531

532
533

534
535

536
537
538
539

540
541
542
543

544
545
546

547
548
549
550

551
552
553

554
555

556
557
558

Wells-Moran et al.: Fracture Conditions 22

REFERENCES

Abraham E (2024) dashline (https://www.mathworks.com/matlabcentral/fileexchange/1892-dashline), MATLAB
Central File Exchange. Retrieved June 21, 2023.

Albrecht T and Levermann A (2012) Fracture field for large-scale ice dynamics. Journal of Glaciology, 58(207),
165-176, ISSN 0022-1430, 1727-5652 (doi: 10.3189/2012J0oG11J191)

Banwell AF, MacAyeal DR and Sergienko OV (2013) Breakup of the Larsen B Ice Shelf triggered by chain reaction
drainage of supraglacial lakes. Geophysical Research Letters, 40(22), 5872-5876, ISSN 00948276 (doi: 10.1002/
2013GL057694)

Bassis JN and Walker CC (2011) Upper and lower limits on the stability of calving glaciers from the yield strength
envelope of ice. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences, 468(2140),
913-931, ISSN 1364-5021 (doi: 10.1098/rspa.2011.0422)

Bassis JN, Berg B, Crawford AJ and Benn DI (2021) Transition to marine ice cliff instability controlled by ice
thickness gradients and velocity. Science, 372(6548), 1342-1344, ISSN 0036-8075 (doi: 10.1126/science.abf6271)

Benn DI, Astrém J, Zwinger T, Todd J, Nick FM, Cook S, Hulton NRJ and Luckman A (2017) Melt-under-cutting
and buoyancy-driven calving from tidewater glaciers: new insights from discrete element and continuum model
simulations. Journal of Glaciology, 63(240), 691-702, ISSN 0022-1430, 1727-5652 (doi: 10.1017/jog.2017.41)

Benn DI, Luckman A, Astrom JA, Crawford A, Cornford SL, Bevan SL, Gladstone R, Zwinger T, Alley K, Pettit E
and others (2021) Rapid fragmentation of Thwaites Eastern Ice Shelf, West Antarctica. Cryosphere Discussions

Bhat SU, Choi SK, Wierzbicki T and Karr DG (1991) Failure Analysis of Impacting Ice Floes. Journal of Offshore
Mechanics and Arctic Engineering, 113(2), 171-178, ISSN 0892-7219 (doi: 10.1115/1.2919914)

Bons PD, Kleiner T, Llorens MG, Prior DJ, Sachau T, Weikusat I and Jansen D (2018) Green-
land Ice Sheet: Higher Nonlinearity of Ice Flow Significantly Reduces Estimated Basal Motion. Geo-
physical Research Letters, 45(13), 6542—6548, ISSN 1944-8007 (doi: 10.1029/2018GL078356), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029,/2018 GL078356

Borstad C, Khazendar A, Scheuchl B, Morlighem M, Larour E and Rignot E (2016) A constitutive framework for
predicting weakening and reduced buttressing of ice shelves based on observations of the progressive deterioration
of the remnant Larsen B Ice Shelf. Geophysical Research Letters, 43(5), 2027-2035 (doi: https://doi.org/10.1002/
2015GL067365), _eprint: https://agupubs.onlinelibrary.wiley.com /doi/pdf/10.1002/2015GL067365

Borstad C, McGrath D and Pope A (2017) Fracture propagation and stability of ice shelves governed by ice shelf
heterogeneity. Geophysical Research Letters, 44(9), 4186-4194, ISSN 1944-8007 (doi: 10.1002/2017GL072648),
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2017GL072648

Borstad CP, Khazendar A, Larour E, Morlighem M, Rignot E, Schodlok MP and Seroussi H (2012) A dam-
age mechanics assessment of the Larsen B ice shelf prior to collapse: Toward a physically-based calv-
ing law. Geophysical Research Letters, 39(18), ISSN 1944-8007 (doi: 10.1029/2012GL053317), _ eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2012GL053317

Borstad CP, Rignot E, Mouginot J and Schodlok MP (2013) Creep deformation and buttressing capacity of damaged
ice shelves: theory and application to Larsen C ice shelf. The Cryosphere, 7(6), 1931-1947, ISSN 1994-0416 (doi:
10.5194/tc-7-1931-2013), publisher: Copernicus GmbH

Budd WF and Jacka TH (1989) A review of ice rheology for ice sheet modelling. Cold Regions Science and Technology,
16(2), 107-144, ISSN 0165-232X (doi: 10.1016,/0165-232X(89)90014-1)

Byerlee J (1978) Friction of Rocks. In JD Byerlee and M Wyss (eds.), Rock Friction and Earthquake Prediction,
Contributions to Current Research in Geophysics (CCRG), 615-626, Birkhduser, Basel, ISBN 978-3-0348-7182-2
(doi: 10.1007/978-3-0348-7182-2_ 4)

Cambridge University Press



559
560
561
562

563
564

565
566

567
568
569

570
571

572
573

574
575

576
577

578
579

580
581
582

583
584

585
586
587

588
589

590
591

592
593
594

595
596

597
598

599
600
601

Journal of Glaciology

Wells-Moran et al.: Fracture Conditions 23

Chudley TR, Christoffersen P, Doyle SH, Dowling TPF, Law R, Schoonman CM, Bougamont M and Hubbard B
(2021) Controls on Water Storage and Drainage in Crevasses on the Greenland Ice Sheet. Journal of Geophys-
ical Research: Farth Surface, 126(9), e2021JF006287, ISSN 2169-9011 (doi: 10.1029/2021JF006287), _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029 /2021JF006287

Clerc F, Minchew BM and Behn MD (2019) Marine Ice Cliff Instability Mitigated by Slow Removal of Ice Shelves.
Geophysical Research Letters, 46(21), 12108-12116, ISSN 19448007 (doi: 10.1029/2019GL084183)

Cole D (1987) Strain-Rate and Grain-Size Effects in Ice. Journal of Glaciology, 33(115), 274-280, ISSN 0022-1430
(doi: 10.3198/1987J0G33-115-274-280)

Crawford AJ, Benn DI, Todd J, Astrém JA, Bassis JN and Zwinger T (2021) Marine ice-cliff instability modeling
shows mixed-mode ice-cliff failure and yields calving rate parameterization. Nature Communications, 12(1), 2701,
ISSN 2041-1723 (doi: 10.1038/s41467-021-23070-7), number: 1 Publisher: Nature Publishing Group

Cuffey K and Kavanaugh J (2011) How nonlinear is the creep deformation of polar ice? A new field assessment.
Geology, 39(11), 1027-1030, ISSN 0091-7613 (doi: 10.1130/G32259.1)

Cuffey KM and Paterson WSB (2010) The Physics of Glaciers. Elsevier Science, ISBN 978-0-12-369461-4, google-
Books-1D: f8fCIAEACAAJ

Currier J and Schulson E (1982) The tensile strength of ice as a function of grain size. Acta Metallurgica, 30(8),
1511-1514, ISSN 00016160 (doi: 10.1016/0001-6160(82)90171-7)

Davis RO and Selvadurai APS (2002) Plasticity and Geomechanics. Cambridge University Press, Cambridge, Eng-
land, first edition

DeConto RM and Pollard D (2016) Contribution of Antarctica to past and future sea-level rise. Nature, 531(7596),
591-597, ISSN 0028-0836 (doi: 10.1038/naturel7145)

Doake CSM, Corr HFJ, Rott H, Skvarca P and Young NW (1998) Breakup and conditions for stability of the northern
Larsen Ice Shelf, Antarctica. Nature, 391(6669), 778-780, ISSN 1476-4687 (doi: 10.1038/35832), number: 6669
Publisher: Nature Publishing Group

Drucker DC and Prager W (1952) Soil mechanics and plastic analysis or limit design. Quarterly of applied mathe-
matics, 10(2), 157-165

Druez J, McComber P and Tremblay C (1989) Experimental results on the tensile strength of atmospheric ice.
Transactions of the Canadian Society for Mechanical Engineering, 13(3), 5964, ISSN 0315-8977 (doi: 10.1139/
tcsme-1989-0010), publisher: NRC Research Press

Duddu R and Waisman H (2012) A temperature dependent creep damage model for polycrystalline ice. Mechanics
of Materials, 46, 23-41, ISSN 01676636 (doi: 10.1016/j.mechmat.2011.11.007)

Duddu R and Waisman H (2013) A nonlocal continuum damage mechanics approach to simulation of creep fracture
in ice sheets. Computational Mechanics, 51(6), 961-974, ISSN 01787675 (doi: 10.1007/s00466-012-0778-7)

Duddu R, Jiménez S and Bassis J (2020) A non-local continuum poro-damage mechanics model for hydrofracturing
of surface crevasses in grounded glaciers. Journal of Glaciology, 66(257), 415429, ISSN 0022-1430, 1727-5652 (doi:
10.1017/j0g.2020.16), publisher: Cambridge University Press

Duval P and Gac HL (1982) Mechanical Behaviour of Antarctic Ice. Annals of Glaciology, 3, 92-95, ISSN 0260-3055,
1727-5644 (doi: 10.3189/50260305500002585)

Duval P, Ashby MF and Anderman I (1983) Rate-controlling processes in the creep of polycrystalline ice. Journal of
Physical Chemistry, 87(21), 4066-4074, ISSN 00223654 (doi: 10.1021/j100244a014)

Edwards TL, Brandon MA, Durand G, Edwards NR, Golledge NR, Holden PB, Nias IJ, Payne AJ, Ritz C and
Wernecke A (2019) Revisiting Antarctic ice loss due to marine ice-cliff instability. Nature, 566(7742), 58-64, ISSN
14764687 (doi: 10.1038/s41586-019-0901-4)

Cambridge University Press

Page 24 of 28



Page 25 of 28 Journal of Glaciology

602
603

604
605
606
607

608
609
610

611
612
613

614
615
616

617
618
619

620
621

622
623

624
625

626
627
628

629
630

631
632
633
634

635
636
637

638
639

640
641

642
643

644
645

Wells-Moran et al.: Fracture Conditions 24

Evans E, Fraser AD, Cook S, Coleman R and Joughin I (2022) An observation-based approach to calculating ice-shelf
calving mass flux. Remote Sensing of Environment, 272, 112918, ISSN 00344257 (doi: 10.1016/j.rse.2022.112918)

Fitzpatrick JJ, Voigt DE, Fegyveresi JM, Stevens NT, Spencer MK, Cole-Dai J, Alley RB, Jardine GE, Cravens
ED, Wilen LA, Fudge TJ and Mcconnell JR (2014) Physical properties of the WAIS Divide ice core. Journal of
Glaciology, 60(224), 1181-1198, ISSN 0022-1430, 1727-5652 (doi: 10.3189/2014J0G14J100), publisher: Cambridge
University Press

Fiirst JJ, Durand G, Gillet-Chaulet F, Tavard L, Rankl M, Braun M and Gagliardini O (2016) The safety band
of Antarctic ice shelves. Nature Climate Change, 6(5), 479-482, ISSN 1758-6798 (doi: 10.1038/nclimate2912),
publisher: Nature Publishing Group

Gardner AS, Moholdt G, Scambos T, Fahnstock M, Ligtenberg S, van den Broeke M and Nilsson J (2018) Increased
West Antarctic and unchanged East Antarctic ice discharge over the last 7 years. The Cryosphere, 12(2), 521-547,
ISSN 1994-0424 (doi: 10.5194/tc-12-521-2018)

Gerbi C, Mills S, Clavette R, Campbell S, Bernsen S, Clemens-Sewall D, Lee I, Hawley R, Kreutz K and Hruby
K (2021) Microstructures in a shear margin: Jarvis Glacier, Alaska. Journal of Glaciology, 67(266), 1163-1176,
ISSN 0022-1430, 1727-5652 (doi: 10.1017/jog.2021.62)

Glasser NF, Kulessa B, Luckman A, Jansen D, King EC, Sammonds PR, Scambos TA and Jezek KC (2009) Surface
structure and stability of the Larsen C ice shelf, Antarctic Peninsula. Journal of Glaciology, 55(191), 400-410,
ISSN 0022-1430, 1727-5652 (doi: 10.3189/002214309788816597), publisher: Cambridge University Press

Glen JW (1952) Experiments on the Deformation of Ice. Journal of Glaciology, 2(12), 111-114, ISSN 0022-1430,
1727-5652 (doi: 10.3189,/50022143000034067)

Glen JW (1955) The creep of polycrystalline ice. Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences, 228(1175), 519-538 (doi: 10.1098/rspa.1955.0066), publisher: Royal Society

Glen JW (1958) The flow law of ice: A discussion of the assumptions made in glacier theory, their experimental
foundations and consequences. JASH Publ, 47(171), €183

Goldsby DL and Kohlstedt DL (2001) Superplastic deformation of ice: Experimental observations. Journal of Geo-
physical Research: Solid Earth, 106(B6), 11017-11030, ISSN 2156-2202 (doi: 10.1029/2000JB900336), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029 /2000JB900336

Golledge NR and Lowry DP (2021) Is the marine ice cliff hypothesis collapsing? Science, 372(6548), 1266—-1267 (doi:
10.1126/science.abj3266), publisher: American Association for the Advancement of Science

Gow AJ, Meese DA, Alley RB, Fitzpatrick JJ, Anandakrishnan S, Woods GA and Elder BC (1997) Phys-
ical and structural properties of the Greenland Ice Sheet Project 2 ice core: A review. Journal of
Geophysical Research: Oceans, 102(C12), 26559-26575 (doi: https://doi.org/10.1029/97JC00165), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029,/97JC00165

Grinsted A, Rathmann NM, Mottram R, Solgaard AM, Mathiesen J and Hvidberg CS (2024) Failure strength of
glacier ice inferred from Greenland crevasses. The Cryosphere, 18(4), 1947-1957, ISSN 1994-0416 (doi: 10.5194/
tc-18-1947-2024), publisher: Copernicus GmbH

Haefeli R (1961) Contribution to the Movement and the form of Ice Sheets in the Arctic and Antarctic. Journal of
Glaciology, 3(30), 1133-1151, ISSN 0022-1430, 1727-5652 (doi: 10.3189/50022143000017548)

Haran T, Bohlander J, Scambos T, Painter T and Fahnestock M (2014) MODIS Mosaic of Antarctica 2008-2009
(MOA2009) Image Map (doi: 10.7265/N5KP8037)

Haran T, Klinger M, Bohlander J, Fahnestock M, Painter T and Scambos T (2019) MEaSUREs MODIS Mosaic of
Antarctica 2014 (MOA2014) Image Map, Version 1 (doi: 10.5067/RNF17BP824UM)

Haran T, Bohlander J, Scambos T, Painter T and Fahnestock M (2021) MODIS Mosaic of Antarctica 2003-2004
(MOA2004) Image Map, Version 2 (doi: 10.5067/68TBT0CGJSOJ)

Cambridge University Press



646
647

648
649

650
651
652

653
654
655

656
657
658

659
660

661
662
663

664
665

666
667

668
669

670
671

672
673
674

675

676
677

678
679
680

681
682

683
684
685

686
687
688
6

<
©

Journal of Glaciology Page 26 of 28

Wells-Moran et al.: Fracture Conditions 25

Hayhurst DR, (1972) Creep rupture under multi-axial states of stress. Journal of the Mechanics and Physics of Solids,
20(6), 381-382, ISSN 0022-5096 (doi: 10.1016/0022-5096(72)90015-4)

He C (2024) densityplot(x,y,varargin) (https://www.mathworks.com/matlabcentral/fileexchange/65166-densityplot-
x-y-varargin), MATLAB Central File Exchange. Retrieved June 16, 2021.

Holland PR, Corr HFJ, Vaughan DG, Jenkins A and Skvarca P (2009) Marine ice in Larsen Ice
Shelf. Geophysical Research Letters, 36(11), ISSN 1944-8007 (doi:  10.1029/2009GL038162), _ eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2009GL038162

Hruby K, Gerbi C, Koons P, Campbell S, Martin C and Hawley R (2020) The impact of temperature and crystal
orientation fabric on the dynamics of mountain glaciers and ice streams. Journal of Glaciology, 66(259), 755-765,
ISSN 0022-1430 (doi: 10.1017/jog.2020.44)

Hulbe CL, LeDoux C and Cruikshank K (2010) Propagation of long fractures in the Ronne Ice Shelf, Antarctica,
investigated using a numerical model of fracture propagation. Journal of Glaciology, 56(197), 459-472 (doi: 10.
3189/002214310792447743), publisher: Cambridge University Press

Iverson NR (2010) Shear resistance and continuity of subglacial till: hydrology rules. Journal of Glaciology, 56(200),
1104-1114, ISSN 0022-1430, 1727-5652 (doi: 10.3189/002214311796406220)

Jiménez S, Duddu R and Bassis J (2017) An updated-Lagrangian damage mechanics formulation for modeling the
creeping flow and fracture of ice sheets. Computer Methods in Applied Mechanics and Engineering, 313, 406-432,
ISSN 00457825 (doi: 10.1016/j.cma.2016.09.034)

Kearney K (2024) legendflex.m: a more flexible, customizable legend (https://github.com/kakearney/legendflex-pkg),
GitHub. Retrieved June 20, 2023

Kovesi P (2015) Good Colour Maps: How to Design Them (doi: https://doi.org/10.48550/arXiv.1509.03700),
_eprint: 1509.03700

Krug J, Weiss J, Gagliardini O and Durand G (2014) Combining damage and fracture mechanics to model calving.
The Cryosphere, 8(6), 2101-2117, ISSN 1994-0416 (doi: 10.5194/tc-8-2101-2014), publisher: Copernicus GmbH

Labuz JF and Zang A (2012) Mohr—Coulomb Failure Criterion. Rock Mechanics and Rock Engineering, 45(6), 975—
979, ISSN 1434-453X (doi: 10.1007/s00603-012-0281-7)

Lai CY, Kingslake J, Wearing MG, Chen PHC, Gentine P, Li H, Spergel JJ and van Wessem JM (2020) Vulnerability
of Antarctica’s ice shelves to meltwater-driven fracture. Nature, 584(7822), 574-578, ISSN 0028-0836 (doi: 10.1038/
$41586-020-2627-8)

Lambe TW and Whitman RV (1969) Soil Mechanics. Wiley, New York, NY

Lee RW and Schulson EM (1988) The Strength and Ductility of Ice Under Tension. Journal of Offshore Mechanics
and Arctic Engineering, 110(2), 187191, ISSN 0892-7219 (doi: 10.1115/1.3257049)

Lhermitte S, Sun S, Shuman C, Wouters B, Pattyn F, Wuite J, Berthier E and Nagler T (2020) Damage accelerates
ice shelf instability and mass loss in Amundsen Sea Embayment. Proceedings of the National Academy of Sciences,
117(40), 24735-24741, ISSN 0027-8424 (doi: 10.1073/pnas.1912890117)

Lliboutry L (1968) General Theory of Subglacial Cavitation and Sliding of Temperate Glaciers. Journal of Glaciology,
7(49), 21-58, ISSN 0022-1430, 1727-5652 (doi: 10.3189/S0022143000020396)

Ma Y, Gagliardini O, Ritz C, Gillet-Chaulet F, Durand G and Montagnat M (2010) Enhancement factors for
grounded ice and ice shelves inferred from an anisotropic ice-flow model. Journal of Glaciology, 56(199), 805-812,
ISSN 0022-1430 (doi: 10.3189/002214310794457209)

MacAyeal DR, Shabtaie S, Bentley CR and King SD (1986) Formulation of ice shelf dy-
namic boundary conditions in terms of a Coulomb rheology. Journal of Geophysical Re-
search:  Solid Earth, 91(B8), 8177-8191 (doi:  https://doi.org/10.1029/JB091iB08p08177), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029,/JB091iB08p08177

Cambridge University Press



Page 27 of 28 Journal of Glaciology

690
691

692
693
694

695
696
697

698
699
700

701
702

703
704

705
706

707
708

709
710

711
712
713
714

715
716
77

718
719
720

721
722

723
724

725
726

727
728
729

730
731

Wells-Moran et al.: Fracture Conditions 26

Mellor M (1979) Mechanical Properties of Polycrystalline Ice BT - Physics and Mechanics of Ice. In IUoT Mechanics
and Applied (eds.), Physics and Mechanics of Ice, 217-245, Springer, Berlin, Heidelberg, ISBN 978-3-642-81434-1

Millstein JD, Minchew BM and Pegler SS (2022) Ice viscosity is more sensitive to stress than commonly assumed.
Communications Farth & Environment, 3(1), 1-7, ISSN 2662-4435 (doi: 10.1038/s43247-022-00385-x), number:
1 Publisher: Nature Publishing Group

Minchew BM, Simons M, Bjérnsson H, Palsson F, Morlighem M, Seroussi H, Larour E and Hensley S (2016) Plastic
bed beneath Hofsjokull Ice Cap, central Iceland, and the sensitivity of ice flow to surface meltwater flux. Journal
of Glaciology, 62(231), 147-158 (doi: 10.1017/jog.2016.26)

Minchew BM, Simons M, Riel B and Milillo P (2017) Tidally induced variations in vertical and horizontal motion on
Rutford Ice Stream, West Antarctica, inferred from remotely sensed observations. Journal of Geophysical Research:
Earth Surface, 122(1), 167-190, ISSN 21699011 (doi: 10.1002/2016JF003971)

Mitcham T, Gudmundsson GH and Bamber JL (2021) The impact of recent and future calving events on the Larsen
C ice shelf. preprint, Ice sheets/Numerical Modelling (doi: 10.5194/tc-2021-105)

Morlighem M (2019) MEaSUREs BedMachine Antarctica, Version 1 (doi:  https://doi.org/10.5067/
C2GFERGPTOSA)

Nixon W and Schulson E (1987) A Micromechanical view of the fracture toughness of ice. Le Journal de Physique
Colloques, 48(C1), C1-313-C1-319, ISSN 0449-1947 (doi: 10.1051/jphyscol:1987144)

Nixon WA and Schulson EM (1988) The Fracture Toughness of Ice Over a Range of Grain Sizes. Journal of Offshore
Mechanics and Arctic Engineering, 110(2), 192-196, ISSN 0892-7219 (doi: 10.1115/1.3257050)

NS (2024) Curve intersections (https://www.mathworks.com/matlabcentral/fileexchange/22441-curve-intersections),
MATLAB Central File Exchange. Retrieved Sept 13, 2023.

Nye JF (1953) The flow law of ice from measurements in glacier tunnels, laboratory experiments
and the Jungfraufirn borehole experiment. Proceedings of the Royal Society of London. Series A.
Mathematical and Physical Sciences, 219(1139), 477-489 (doi: 10.1098/rspa.1953.0161), _ eprint:
https:/ /royalsocietypublishing.org/doi/pdf/10.1098 /rspa.1953.0161

Nye JF (1957) The distribution of stress and velocity in glaciers and ice-sheets. Proceedings of the Royal Society
of London. Series A. Mathematical and Physical Sciences, 239(1216), 113-133 (doi: 10.1098/rspa.1957.0026),
publisher: Royal Society

Paterson WSB (1977) Secondary and tertiary creep of glacier ice as measured by borehole closure
rates. Reviews of Geophysics, 15(1), 47-55 (doi:  https://doi.org/10.1029/RG015i001p00047), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029 /RG015i001p00047

Petrovic JJ (2003) Review Mechanical properties of ice and snow. Journal of Materials Science, 38(1), 1-6, ISSN
1573-4803 (doi: 10.1023/A:1021134128038)

Pettit EC, Thorsteinsson T, Jacobson HP and Waddington ED (2007) The role of crystal fabric in flow near an ice
divide. Journal of Glaciology, 53(181), 277-288, ISSN 00221430 (doi: 10.3189/172756507782202766)

Pollard D, DeConto RM and Alley RB (2015) Potential Antarctic Ice Sheet retreat driven by hydrofracturing and ice
cliff failure. Farth and Planetary Science Letters, 412, 112-121, ISSN 0012821X (doi: 10.1016/j.epsl.2014.12.035)

Pralong A and Funk M (2005) Dynamic damage model of crevasse opening and application to glacier calving.
Journal of Geophysical Research: Solid Farth, 110(B1), ISSN 2156-2202 (doi: 10.1029/2004JB003104), _ eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2004JB003104

Pralong A, Funk M and Liithi MP (2003) A description of crevasse formation using continuum damage mechanics.
Annals of Glaciology, 37, 77-82, ISSN 0260-3055, 1727-5644 (doi: 10.3189/172756403781816077)

Cambridge University Press



732
733
734

735
736
737

738
739
740

741
742

743
744

745
746

747
748

749
750

751
752
753

754
755
756

757
758

759
760

761
762
763

764
765
766

767
768

769
770
771

772
773
774

Journal of Glaciology

Wells-Moran et al.: Fracture Conditions 27

Ranganathan M and Minchew B (2024) A modified viscous flow law for natural glacier ice: Scaling from laboratories to
ice sheets. Proceedings of the National Academy of Sciences, 121(23), €2309788121 (doi: 10.1073/pnas.2309788121),
_eprint: https://www.pnas.org/doi/pdf/10.1073/pnas.2309788121

Ranganathan M, Minchew B, Meyer CR and Gudmundsson GH (2021a) A new approach to inferring basal drag
and ice rheology in ice streams, with applications to West Antarctic Ice Streams. Journal of Glaciology, 67(262),
229-242, ISSN 0022-1430 (doi: 10.1017/jog.2020.95)

Ranganathan M, Minchew B, Meyer CR and Pe¢ M (2021b) Recrystallization of ice enhances the creep and vul-
nerability to fracture of ice shelves. Earth and Planetary Science Letters, 576, 117219, ISSN 0012821X (doi:
10.1016/j.epsl.2021.117219)

Reese R, Gudmundsson GH, Levermann A and Winkelmann R (2018) The far reach of ice-shelf thinning in Antarctica.
Nature Climate Change, 8(1), 53-57, ISSN 17586798 (doi: 10.1038/s41558-017-0020-x)

Rignot E (2004) Accelerated ice discharge from the Antarctic Peninsula following the collapse of Larsen B ice shelf.
Geophysical Research Letters, 31(18), 1.18401, ISSN 0094-8276 (doi: 10.1029/2004G1L.020697)

Rignot E, J Mouginot and B Scheuchl (2017) MEaSUREs InSAR-Based Antarctica Ice Velocity Map, Version 2 (doi:
10.5067/D7GK8F5J8MS8R)

Robel AA and Banwell AF (2019) A Speed Limit on Ice Shelf Collapse Through Hydrofracture. Geophysical Research
Letters, 46(21), 12092-12100, ISSN 0094-8276 (doi: 10.1029/2019GL084397)

Scambos TA (2004) Glacier acceleration and thinning after ice shelf collapse in the Larsen B embayment, Antarctica.
Geophysical Research Letters, 31(18), 1.18402, ISSN 0094-8276 (doi: 10.1029/2004G1L.020670)

Scambos TA, Haran TM, Fahnestock MA, Painter TH and Bohlander J (2007) MODIS-based Mosaic of Antarctica
(MOA) data sets: Continent-wide surface morphology and snow grain size. Remote Sensing of Environment,
111(2), 242257, ISSN 0034-4257 (doi: 10.1016/j.rse.2006.12.020)

Schlemm T, Feldmann J, Winkelmann R and Levermann A (2022) Stabilizing effect of mélange buttressing on the
marine ice-cliff instability of the West Antarctic Ice Sheet. The Cryosphere, 16(5), 1979-1996, ISSN 1994-0416
(doi: 10.5194/tc-16-1979-2022), publisher: Copernicus GmbH

Schulson E and Duval P (2009) Creep and Fracture of Ice. Cambridge University Press, Cambridge, ISBN
9780415475976

Schulson EM and Hibler WD (1991) The fracture of ice on scales large and small: Arctic leads and wing cracks.
Journal of Glaciology, 37(127), 319-322, ISSN 0022-1430 (doi: 10.1017/50022143000005748)

Schulson EM, Lim PN and Lee RW (1984) A brittle to ductile transition in ice under tension. Philosophical Magazine
A: Physics of Condensed Matter, Structure, Defects and Mechanical Properties, 49(3), 353-363, ISSN 01418610
(doi: 10.1080/01418618408233279)

Staroszczyk R and Morland LW (2001) Strengthening and weakening of induced anisotropy in polar ice. Proceedings
of the Royal Society A: Mathematical, Physical and Engineering Sciences, 457(2014), 2419-2440, ISSN 13645021
(doi: 10.1098/rspa.2001.0817)

Sun S and Gudmundsson GH (2023) The speedup of Pine Island Ice Shelf between 2017 and 2020: revaluating the
importance of ice damage. Journal of Glaciology, 1-9, ISSN 0022-1430, 1727-5652 (doi: 10.1017/jog.2023.76)

Sun S, Cornford SL, Moore JC, Gladstone R and Zhao L (2017) Ice shelf fracture parameterization in an ice sheet
model. The Cryosphere, 11(6), 25432554, ISSN 1994-0416 (doi: 10.5194/tc-11-2543-2017), publisher: Copernicus
GmbH

Surawy-Stepney T, Hogg AE, Cornford SL and Davison BJ (2023) Episodic dynamic change linked to damage on the
Thwaites Glacier Ice Tongue. Nature Geoscience, 16(1), 37-43, ISSN 1752-0908 (doi: 10.1038/s41561-022-01097-9),
publisher: Nature Publishing Group

Cambridge University Press

Page 28 of 28



Page 29 of 28 Journal of Glaciology

775
776

7T
778
779

780
781
782

783
784
785
786

787
788

790

791

792
793
794

796

797
798
799

800
801
802

Wells-Moran et al.: Fracture Conditions 28

Thomas RH (1973) The Creep of Ice Shelves Theory. Journal of Glaciology, 12(64), 45-53, ISSN 0022-1430, 1727-5652
(doi: 10.3189/50022143000022693)

Thorsteinsson T, Kipfstuhl J and Miller H (1997) Textures and fabrics in the GRIP ice core. Journal of
Geophysical Research: Oceans, 102(C12), 26583-26599 (doi: https://doi.org/10.1029/97JC00161), _ eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029,/97JC00161

Ultee L, Meyer C and Minchew B (2020) Tensile strength of glacial ice deduced from observations of the 2015 eastern
Skaftd cauldron collapse, Vatnajokull ice cap, Iceland. Journal of Glaciology, 66(260), 1024-1033, ISSN 0022-1430
(doi: 10.1017/jog.2020.65)

Van Wessem JM, Reijmer CH, Morlighem M, Mouginot J, Rignot E, Medley B, Joughin I, Wouters B, Depoorter
MA, Bamber JL, Lenaerts JT, Van De Berg WJ, Van Den Broeke MR and Van Meijgaard E (2014) Improved rep-
resentation of East Antarctic surface mass balance in a regional atmospheric climate model. Journal of Glaciology,
60(222), 761-770, ISSN 00221430 (doi: 10.3189/2014J0G14J051)

Vaughan DG (1993) Relating the occurrence of crevasses to surface strain rates. Journal of Glaciology, 39(132),
255-266, ISSN 0022-1430 (doi: 10.1017/S0022143000015926)

Weertman J (1983) Creep Deformation of Ice. Annual Review Earth Planetary Science, 11, 215-240, ISSN 0021-8936
(doi: 10.1115/1.2788975)

Weertman J (1996) Dislocation based fracture mechanics. World Scientific

Zeitz M, Levermann A and Winkelmann R (2020) Sensitivity of ice loss to uncertainty in flow law parameters
in an idealized one-dimensional geometry. The Cryosphere, 14(10), 3537-3550, ISSN 1994-0416 (doi: 10.5194/
tc-14-3537-2020), publisher: Copernicus GmbH

Zoet LK and Iverson NR (2020) A slip law for glaciers on deformable beds. Science, 368(6486), 76-78 (doi: 10.1126/
science.aaz1183)

Astrém JA, Riikild TT, Tallinen T, Zwinger T, Benn D, Moore JC and Timonen J (2013) A particle based simulation
model for glacier dynamics. The Cryosphere, 7(5), 1591-1602, ISSN 1994-0416 (doi: 10.5194/tc-7-1591-2013),
publisher: Copernicus GmbH

Astrom JA, Vallot D, Schifer M, Welty EZ, O’Neel S, Bartholomaus TC, Liu Y, Riikili TI, Zwinger T, Timonen
J and Moore JC (2014) Termini of calving glaciers as self-organized critical systems. Nature Geoscience, 7(12),
874-878, ISSN 1752-0908 (doi: 10.1038/nge02290), publisher: Nature Publishing Group

Cambridge University Press



