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Key Points:

e The effect of vertical temperature structure on the stability of ice shelf basal crevasses
varies across several theories.

 Rift formation in each theory depends on dimensionless measures of crack depth,
density, ice hardness, and resistive stress.

« Rift formation requires a glaciological stress state near that of a freely-floating ice
tongue.
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Abstract

Basal crevasses threaten the stability of ice shelves through the potential to form
rifts and calve icebergs. Different existing fracture theories lead to distinct calving pre-
dictions. Furthermore, it is important to determine the dependence of crevasse stabil-
ity on temperature due to large vertical temperature variations on ice shelves. In this
work, we explore the transition from basal crevasses to full thickness fractures consid-
ering the vertical temperature structure. Nye’s Zero-Stress approximation violates New-
ton’s second law. By upholding horizontal force balance, it has been shown analytically
that the threshold stress for rift initiation is that of a freely- floating unconfined ice tongue.
We generalize the force balance argument to show that while temperature structure in-
fluences crack depths, the threshold rifting stress is insensitive to temperature. In the
classical Nye’s theory, basal crevasses would develop into rifts at a stress twice of that
in our Nye’s theory adhering to horizontal force balance.

Plain Language Summary

Ice shelves, the floating extensions of grounded ice sheets, have the ability to slow
down the flow of grounded ice and thus potentially decrease the rate of sea level rise. How-
ever, large fractures can damage ice shelves and reduce their ability to slow down sea
level rise. In this paper, we focus on large fractures on the bottom surface of ice shelves
known as basal crevasses, and under what conditions they break through the full ice thick-
ness to form so-called rifts. We study the role of how a linear temperature profile in the
vertical direction modifies existing fracture theories, with specific focus on what stress
values lead to rifts. We find that including vertical temperature variations can signifi-
cantly alter the transition from basal crevasses to rifts among two existing theories, with
negligible temperature dependence in a recent extension of the simpler theory. Given the
observations of this study, the most accurate theory for predicting rifts has a stress thresh-
old of an unconfined ice tongue, highlighting the sensitivity of ice shelves and importance
of ice shelf buttressing. Future work testing the sensitivities of rift formation stress thresh-
olds will help produce more accurate predictions of ice loss and sea level rise.

1 Introduction

Ice shelf buttressing plays an important role in reducing the rate of sea level rise.
A reduction in buttressing through calving or other processes can increase the mass loss
from ice sheets by increasing the grounding line flux (Thomas & MacAyeal, 1982; Rott
et al., 2002; Rignot et al., 2004; Dupont & Alley, 2005; Pritchard et al., 2012; Haseloff
& Sergienko, 2018). Basal crevasses, vertical fractures on the underside of ice, can play
an important role in the calving process and thus the stability of ice shelves and marine-
terminating glaciers (McGrath, Steffen, Rajaram, et al., 2012; Colgan et al., 2016; Jeong
et al., 2016). Individual basal crevasses can induce surface crevasses, create surface de-
pressions when sufficiently deep that may enable surface meltwater ponding, reduce the
ability of ice shelves to provide back stress to upstream grounded ice, and may penetrate
through the full ice thickness to form rifts (McGrath, Steffen, Scambos, et al., 2012; Luck-
man et al., 2012; Child et al., 2021; Pralong & Funk, 2005). When spaced periodically,
basal crevasses can potentially stabilize ice shelves from breakup through dampening stresses
transmitted through high-frequency elastic-flexural waves (Freed-Brown et al., 2012). The
evolution of basal crevasses has been modeled by the balance of ice shelf and hydrostatic
ocean stresses (Zarrinderakht et al., 2022), as well as idealized ocean dynamics and the
mass balance of melting and freezing (Jordan et al., 2014). Basal crevasses may play a
central role in the flexure-driven calving of marine-terminating glaciers seen in Green-
land and Canada (Wagner et al., 2014; Murray et al., 2015; Wagner et al., 2016; Benn
et al., 2017). In Antarctica, basal crevasses may initiate rifts that can propagate across
the ice shelf and calve icebergs (Lipovsky, 2020). These icebergs can transport fresh melt-
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water equatorwards and threaten biodiversity of islands in the Southern Ocean (Huth
et al., 2022).

While the calving of icebergs is likely caused by multiple mechanisms, we focus on
the transition from basal crevasses. In the absence of ample surface meltwater such as
surface melt ponds, basal crevasses are theoretically more vulnerable than surface crevasses
to full-thickness penetration and cause rift initiation (Lai et al., 2020). The depth-averaged
deviatoric stress formulations of Nye (Nye, 1955), Weertman (Weertman, 1973), and the
zero toughness or half-space formulations of Mode I Linear Elastic Fracture Mechanics
(LEFM) (van der Veen, 1998) all predict basal crevasses to be about nine times deeper
than dry (water-free) surface crevasses. The magnitude of lithostatic stress only decreases
as basal crevasses propagate upwards, yet increases as surface crevasses propagate down-
wards, making the initiation of rifts more likely due to basal crevasses than dry surface
crevasses. Thus, we study basal crevasses as the precursors of rifts in the absence of strong
atmospheric forcing (Morris & Vaughan, 2003; van Wessem et al., 2023).

Driven by the importance to predict rift initiation on ice shelves, here we extend
analytical and numerical models to predict the ice shelf threshold stress R, for rifts to
initiate from basal crevasses. Our fracture models’ deviations from standard implemen-
tations and validation of Nye’s Zero-Yield Stress (Nye, 1955) and Mode I LEFM for basal
crevasses (van der Veen, 1998) are summarized below. First, we include the depth vari-
ation of the resistive stress due to vertical temperature variation in all theories and com-
pare the results. We chose a linear temperature profile for simplicity and show in Sup-
porting Information S5 the effects of a different temperature structure. Second, we mod-
ify Nye’s Zero-Stress theory to uphold horizontal force balance and include vertical tem-
perature variations, following a procedure similar to (Buck, 2023) and obtaining a sim-
ple analytical result. Third, we shift the focus from crevasse depth prediction to rift for-
mation prediction, analyzing results in terms of stress required for basal crevasses to un-
stably propagate and initiate rifts or calving events. Fourth, we validate rift formation
predictions with an existing rift catalog (Walker et al., 2013) on the Ross Ice Shelf (RIS)
and Larsen C Ice Shelf (LCIS). We verified that the deviation in resistive stress between
the 1D fracture theory and the 2D Shallow-Shelf Approximation (SSA) (MacAyeal, 1989)
is less than 10%, thus ensuring validity of the 1D flow assumption in the regions of in-
terest.

2 Fracture Models of Basal Crevasses with Vertically Varying Ice Tem-
perature

[Figure 1 about here.]

Figure 1 shows the differences between existing isothermal basal crevasse depth predic-
tion theories: the Nye’s Zero-Stress approximation, LEFM, and a new model based upon
Nye’s theory in (Buck, 2023). While these theories differ for a range of crack depths, the
largest discrepancy is near the sea level, where basal crevasses can unstably propagate
and form rifts. Although the basal crevasse to rift transition is challenging to precisely
measure (see Supporting Information S2), Figure 1(c-f) motivates our study of rift ini-
tiation associated with basal crevasse vertical propagation. Importantly, ice shelves are
not isothermal, and basal crevasse depths are sensitive to the ice shelf vertical temper-
ature structure (Rist et al., 2002; Borstad et al., 2012; Lai et al., 2020). We analyze sev-
eral fracture models (Nye, 1955; van der Veen, 1998; Buck, 2023) and the stress required
to form rifts, considering a vertically linear temperature profile for simplicity. We assume
that the base of the ice shelf is held at T, = —2° C, and take a linear temperature pro-
file up to the surface temperature T as predicted by RACMO (van Wessem et al., 2018).

The Nye’s Zero-Stress (Nye, 1955) and LEFM (van der Veen, 1998) theories pre-
sented in this section share many basic assumptions. As shown in Figure 1(a), given a
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2D coordinate system with x as the horizontal dimension and z as the vertical dimen-
sion, assuming incompressibility and a stress-free upper surface, we can write the net lon-
gitudinal stress o, of (van der Veen, 1998) at the approximately vertical basal crevasse
interface as

On ('Z) = er (Z) — D (Z) + Pw (Z) ) (1)

where Ry, (%), pi (2), and py, () are the along-flow component of ice shelf resistive stress
defined in (Cuffey & Paterson, 2010), lithostatic pressure and hydrostatic water pres-
sure, respectively. We assume that there is negligible vertical shear stress in the ice due
to negligible shear stress on the surface and basal boundaries, thus simplifying the along-
flow component of resistive stress to twice that of the corresponding deviatoric stress com-
ponent, R, (2) & 27, (). By setting z = 0 at the ice shelf base and positive upwards
as shown in Figure 1(a), we define the pressure terms as p; = p;g (H — z) and water
pressure p,, = pwg max(z, — z,0), with gravitational acceleration g = 9.8m/s?, verti-
cally integrated ice density p; = 917kg/m? and ice thickness H. The piezometric head

zZn = %H as defined in (Nick et al., 2010) depends on the water density; for this study,
we assume constant saltwater density p,, = 1028kg/m?>.

The way that we account for vertical temperature structure T'(z) is through the
ice hardness B(T) in the effective viscosity. Modeling ice as a Non-Newtonian power-
law fluid (Glen, 1958), the effective viscosity is,

B(T).1-1  B(T) 2 (2)
2 2 rxr K

where the effective strain rate €, i.e. the second invariant of the strain rate tensor €,
is dominated by the along-flow component €,,. Thus, the along-flow resistive stress R,, =
27Tpe = 4p€z, can be written as

Ruw = 2B (T) éa. (3)

Based on lab experiments, the Glen’s flow law gives n = 3 (Glen, 1958), and B(T') (LeB. Hooke,

1981) can be expressed as

To C

B (T) = BO exp T m

, (4)

where By = 2.207 Pa - yrw, Ty = 3155 K, T, = 273.39 K, k = 1.17, and C = 0.16612
K* are constants determined from empirical fit (LeB. Hooke, 1981).

2.1 Nye’s Zero-Yield Stress

Nye’s theory (Nye, 1955) assumes that a crevasse will propagate until infinitesimal
crack tip growth would put the net longitudinal stress o,, at the crack tip into compres-
sion. Nye’s theory is self-consistent when surface and basal crevasses are both allowed
to propagate. As derived in Supporting Information S3, a basal crevasse on a freely-floating
ice shelf can unstably propagate to the surface when the resistive stress is above the thresh-
old

2T (3] §

In this equation, the overline g represents a depth-averaged value for the variable ¢. The
dimensionless numbers involved are the depth-averaged resistive stress R, relative to

the isothermal ice tongue resistive stress Rii = % — I’)i) pigH as derived by (Weertman,
1957); the ratio of densities p,,/p;; the unstable basal crevasse depth relative to ice thick-

ness d; /H; the nondimensional ice hardness B (T) = %; and the nondimensional

ice hardness at the unstable basal crevasse depth B (T (%)) Note that when we treat
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the ice as isothermal, the ice hardness ratio B (T')/B (T (dﬁ)) is 1, and the maximum

basal crevasse depth is from the base to sea level p—“ﬁ% = 1, making the right-hand side

of equation (5) 2. Thus, under Nye’s Zero-Stress tﬂeory, a basal crevasse will propagate
to the sea level, intersecting a surface crevasse to form a rift in isothermal ice when the
depth-averaged resistive stress is twice that of an isothermal ice tongue, as shown in Fig-
ure 1(b).

The simplicity of Nye’s theory comes with limitations. Nye’s original theory does
not include stress concentration near crack tips, the material strength of ice, accumu-
lation and melt, nor crevasse-induced stresses. The lack of stress concentration and zero
material strength is applicable in the limit of closely-spaced crevasses (De Robin, 1974;
Weertman, 1974), where the spacing between crevasses is much less than the individual
crevasse depths (Weertman, 1977). Observations indicate basal crevasse spacing to be
roughly one to several ice thicknesses (Luckman et al., 2012; McGrath, Steffen, Rajaram,
et al., 2012; Lawrence et al., 2023), breaking the densely-spaced crevasses assumption
in Nye’s theory. Recent extensions of Nye’s theory include non-zero material strength
(Benn et al., 2007) and accumulation and melting effects (Bassis & Ma, 2015; Huth et
al., 2021). In the limit of densely-spaced crevasses with negligible flexural stress, the ef-
fects of crevasse-induced stress on crack depth has been included to satisfy a horizon-
tal force balance argument (Buck, 2023). We present an approach to generalize this ap-
proximate crevasse-induced stress for vertically varying ice temperature in Section 2.3.

2.2 Linear Elastic Fracture Mechanics

In contrast to the Nye’s theory, the Linear Elastic Fracture Mechanics (LEFM) frame-
work applied by (van der Veen, 1998) considers an isolated basal crevasse with stress con-
centration near the crack tip. LEFM agrees with the analytical approach of including
stress concentration near crack tips by Weertman (Weertman, 1973) for small crack depths
(Buck & Lai, 2021). Unlike Weertman’s infinite thickness assumption (Weertman, 1973),
LEFM comes with the advantage of accounting for a prescribed finite thickness (van der
Veen, 1998), making it well suited for determining rift initiation stresses. The LEFM rift-
ing threshold Ezz for an isothermal ice shelf with traction-free upper and lower surfaces
had been reported by (Zarrinderakht et al., 2022) and (Lai et al., 2020). Building on the
work of (van der Veen, 1998; Tada et al., 2000; Lai et al., 2020), we extended the LEFM
analysis across a range of surface temperatures applicable to Antarctica and present the
rifting threshold sz for a vertically varying ice temperature. One of the largest sim-
plifications of this version of LEFM is having stress-free upper and lower surface bound-
ary conditions, thus neglecting the oceanic restoring force associated with the vertical
displacement at the ice-ocean boundary (Jiménez & Duddu, 2018; Huth et al., 2021; Zarrinder-
akht et al., 2022). Future work is needed to account for the oceanic restoring force.

2.3 Nye’s Zero-Yield Stress with Horizontal Force Balance

Here, we parameterize the crevasse-induced compressive stress through Nye’s frame-
work and an Eulerian control volume approach to describe vertically-varying tempera-
ture profiles. Note that the control volume argument is Newton’s Second Law, and our
assumptions of glaciostatic balance and stress distribution represent the limiting case of
a densely-crevassed ice shelf where flexural stresses are negligible. In order to satisfy hor-
izontal force balance (HFB), the extra compressive stresses in the unbroken ligament be-
tween the surface and basal crevasse tips, induced by the crevasses themselves, needs to
be considered. As in Supporting Information S4, we parameterize this crevasse-induced
stress to uphold the zero material strength assumption of Nye’s theory, continuity of stress
at crack tips (Buck & Lai, 2021), and horizontal force balance (Buck, 2023).
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Our fixed control volume has vertical boundaries at the ice shelf surface and base,
and horizontal boundaries at the symmetry plane of a basal crevasse, x = z., and at
a nearby downstream location x = .+ Ax with the same ice thickness and tempera-
ture profile, as depicted in Figure 1. Taking glaciostatic balance (Lindstrom & MacAyeal,
1987),

azo—zz = pPi9, (6)
we can integrate from a level z to the surface H and solve for pressure as p = —o,,+
T.. = pig (H — z) + 7., using a stress-free upper surface boundary condition. From

the downstream side of the control volume at z = z.+Ax, the ice shelf Cauchy stress
can be written as

Ope (Te + A2, 2) = —p+ Tow = —pig (H — 2) = Tz + Tow = —pig (H — 2) + Rex(2),  (7)

where 2D incompressibility gives 7., = —7.,. Note that this stress distribution is valid
for an uncrevassed location, where there is no basal crevasse-induced flexural stress.

At = x. the stress can be written in a piecewise fashion corresponding to a dry
surface crevasse of depth ds (H — ds < z < H), a water-filled basal crevasse of depth
dy (0 < z<dp), and a solid ice ligament between the two (dp < z < H — d),

0, H—d, <z<H (surface crevasse)
Oz (Xey2) = —pig (H — 2) + ¢Ryu(2), dp <2< H—ds (unbroken ice) (8)
—pwg (zn — 2), 0<z<d, (basal crevasse)

Here, cR;.(2) represents the sum of the background resistive stress and the crevasse-induced
compressive stress in the unbroken ice ligament. We use a constant multiplier ¢ to up-

hold the zero strength assumption and enforce horizontal force balance, as adding a con-
stant will impose a non-zero material strength. Investigations of material strength ef-

fects and crevasse-induced flexural stresses are subject to future work.

When the crack is stable, the crevasse depth is instantaneously determined by the
stress states. This is consistent with Nye’s and (van der Veen, 1998)’s basal crevasse LEFM
consideration neglecting time-dependent fracture propagation, but is a possible future
extension (Lawn, 1993). Due to the horizontal force balance on an Eulerian or fixed con-
trol volume, defined with negligible inertial term as

H Te+AT
0= / / [0000z + 0,72z dadz, ©))
0 Te

the negligible shear stress on the upper and lower surfaces simplifies equation (9) such
that the sum of the horizontal forces per unit width into the page on our control volume
is zero,

H
/o [02z (e + Ax) — 04y (x:)] dz = 0. (10)

Solving for the constant ¢ and finding a relation between surface and basal crack depths
will close the system of equations, allowing us to determine crevasse depths given a nor-
malized resistive stress R, /Eﬁ: Following (Buck & Lai, 2021), we use continuity of stress
at crack tips, z = H — ds and z = dp, as a constraint to determine the constant ¢ and

then a relation between the crevasse depths. At the tip of the surface crevasse, we have

that

0= 7ngds + C(Rmm)|z:H—dsa (11)
which easily resolves the constant as
pigds
c=—T— 12
(Rzz)|z:H7ds ( )
At the basal crevasse tip, we have that
-~ pigds
—pigH + pwgdy = —pig (H — dp) + 75—~ (Raz)|2=dy, (13)
(wa)‘z:Hde
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which can readily be simplified to a dimensionless relation between basal and surface crack
depth,
@ o Pi B (T‘Z:db)
ds B pw—pi B (T|Z:H_ds).

Thus the temperature profile T'(z) affects the relative surface to basal crevasse depth through
B (T (z)), with colder surface temperatures creating larger crevasse depth ratio d/dp.

(14)

Having solved for the constant, we may now evaluate the force balance constraint
of equation (10) with the stress expressions in equations (7) and (8). Defining the di-
mensionless variables d, = dy/H, ds = ds/H, and Z = z/H, the dimensionless force
balance can be written as

B - 1-d, _
Boo _ _Pu_pyPup, s / B(TG)dz. (15)
Ry, Pw=Pi i g (1 - ,5*) B(Tlsz1-a,)

Equations (14) and (15) form a system of two equations with the surface and basal crack
depths as the two unknowns, given that R,/ Eif is known. For isothermal ice shelves,
ice hardness functions become constants as in equation (S12), and the equation has an
analytical solution as presented in equation (S17) (Buck, 2023).

When we include the vertical temperature structure, we compute the ice hardness
function given vertical temperature variation numerically. We iterate through temper-
ature profiles and basal crevasse depths to solve for surface crevasse depth through the
equation residual of equation (14). Having numerically obtained a relation between dp
and d,, we use these values to solve for Ry, /R, in equation (15). We plot dimension-
less basal crack depth as a function of R, /Eix for the linear vertical temperature case
in Figure 2. Importantly, we find that the crevasse to rift transition for cold and warm
ice shelf surface temperatures occurs at roughly the same critical stress. Thus, Nye’s the-
ory with Horizontal Force Balance can be approximated by a simple analytical rifting
criteria that is independent of the vertical temperature structure,

=

RCL‘I
=1 (16)

R

T

2.4 Comparison between the three fracture models

The comparison between the three fracture models is presented in Figure 2. In or-
der of smallest to largest rifting threshold R:z /Rg, or highest to lowest vulnerability
to rifting, we have LEFM, Nye’s with Horizontal Force Balance (HFB), and Nye’s orig-
inal theory for all temperatures analyzed in this study. We note that the influence of tem-
perature is distinct between the three theories; while Nye’s with HFB has negligible tem-
perature dependence, colder surface temperatures lower the rifting threshold E;x /Riw
for Nye’s original theory yet increase the rifting threshold for LEFM. However, for Nye’s
with Horizontal Force Balance in Figure 2b), colder surface temperatures cause a decrease
(increase) in basal (surface) crevasse depth, yet leave the rifting threshold stress unchanged.
Thus, the effect of temperature on basal crevasse depth and rift initiation depends strongly
on the chosen theory.

[Figure 2 about here.]

3 Comparison with Observations

[Figure 3 about here.]
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As the three fracture theories predict distinct critical stresses that drive the basal
crevasse to rift transition, we evaluate the applicability of each theory by comparison with
observed rift locations. We analyze our results in two ways. First, we plot the predicted
rift locations on MODIS MOA (Scambos et al., 2007; Haran et al., 2018) compared with
the rifts previously mapped by (Walker et al., 2013) (labeled as “true rifts”) on Ross Ice
Shelf (RIS) in Figure 3. The goal of these rift formation theories is to maximize the over-
lap between the predicted and true rifts, colored in green in Figure 3. Because we do not
have values of strain rate or surface temperature at the time of rifting, the estimated stress
state uses modern surface temperature (van Wessem et al., 2018) and strain rate (Wearing,
2017) values, with limitations discussed in Supporting Information S1. In Figure 3, we
see that on the RIS rifts identified by (Walker et al., 2013), Nye’s theory with vertical
temperature structure underpredicts known rifts as shaded in blue. Similarly, LEFM with
a depth-averaged resistive stress, with analytical result given by (Zarrinderakht et al.,
2022), overpredicts rifts into areas they were not observed as shaded in red. However,
LEFM with vertical temperature structure and Nye’s theory with Horizontal Force Bal-
ance are the most accurate theories for these RIS rifts. Their differences are small enough
to warrant more observations to distinguish which theory is most applicable.

[Figure 4 about here.]

. . —* =IT .
Second, we construct a crack stability plot of the critical stress R, /R, for rift
formation for each theory as a function of the ice surface temperature T, as shown by
the curves in Figure 4. Noticeably, surface temperature has a negligible effect on the rift-

ing threshold for the Nye’s theory with Horizontal Force Balance; the rifting stress is that
Pi
Pw
mation stress criteria, the depth-averaged Nye’s theory requires a resistive stress 200%

that of a freely-floating ice tongue to cause rifts, while the depth-averaged formulation

for LEFM as presented by (Zarrinderakht et al., 2022) requires only 74% of that of a freely-
floating ice tongue to initiate rifts. It is our goal to constrain this substantial uncertainty
in the rift initiation stress threshold of these two classical theories, presented by the dashed
lines of Figure 4.

of a freely-floating ice tongue, E;w = Eif = % (1 — ) pigH. Comparing the rift for-

We quantitatively compare the rift criteria with the observed rifts on the RIS in
Figure 3 and Larsen C Ice Shelf (LCIS) in Figure S3. We identify the extensional, 1D
flow regions excluding the rift locations on the RIS and LCIS in Figure S4, and plot the
mean depth-averaged resistive stress and surface temperature across these regions in or-
ange on Figure 4 with one standard deviation of uncertainty due to the variation of re-
sistive stress and surface temperature across these regions. The bulk of the non-rift ice
shelf data should lie below the curves in Figure 4. While LEFM with depth-averaged re-
sistive stress may look accurate on Figure 4, the overprediction in red is clear in Figures
3c) and S3c). Additionally, the lack of force balance from classical Nye (1955)’s (dashed
blue line) and classical Nye (1955)’s with vertical temperature variation (solid green line)
invalidates these predictions on theoretical grounds. This lack of force balance manifests
as an underprediction of rifting, as discussed in Supporting Information S1 and demon-
strated in Figure S9. Therefore, within the uncertainty of our data as discussed in Sup-
porting Information S5, our results on two ice shelves suggest LEFM and Nye’s with Hor-
izontal Force Balance considering the vertically varying ice temperatures are the most
accurate theories for classifying the RIS and LCIS ice shelf data as containing or not con-
taining a rift.

4 Discussion and Conclusions

In this paper, we have determined several rift formation stress criteria as functions
of surface temperature for linear temperature profiles. We then use remote-sensing and
model output data to determine which theory best predicts observed rifts. We find that
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Nye’s Zero-Stress with either depth-averaged or vertically-varying resistive stress under-
predicts rifts, due in part to the inconsistency that the formulations do not uphold force
balance as first argued in (Buck, 2023). On the other hand, we find that LEFM with depth-
averaged resistive stress overpredicts rifts. Our result shows that on the RIS and LCIS

ice shelves, Nye’s theory with Horizontal Force Balance and LEFM with vertically-varying
resistive stress are the most accurate theories for correctly predicting rifts and non-rifts.
Further distinction between these two theories is inhibited by the number of rifts and
uncertainty of current data products used in this study. However, given that buoyancy

is expected to stabilize basal crevasses (Zarrinderakht et al., 2022) and is not available
analytically for the LEFM models, we expect the rift initiation stress threshold of LEFM
models to increase. Thus, we recommend the simple, analytical, temperature-independent
formulation of Nye’s with HFB’s rift initiation threshold R, /K. = 1 of equation (16),
which is both self-consistent and validated against observed rifts on RIS and LCIS. We
find a negligible temperature dependence of this rifting threshold. This result appears
robust to the choice of temperature profile, having been confirmed in Supporting Infor-
mation S5 for a Robin temperature profile (Robin, 1955).

A question may then naturally arise: How can the freely-floating ice tongue stress
be sufficient to form rifts, yet we see ice tongues exist in nature? It is important here
to draw a distinction between idealized ice tongues and those found in nature: any per-
turbations to the stress field will influence the stability of real ice tongues. For exam-
ple, sea ice or ice mélange can stabilize these structures through potentially providing
a force buttressing the ice shelf and dampening ocean waves that would otherwise in-
duce ice shelf flexural stress (Vaughan, 1995; Bromirski et al., 2010; Sergienko, 2010, 2013;
Hulbe et al., 2016; Massom et al., 2018; Gomez-Fell et al., 2022). Indeed, recent obser-
vational work analyzing the eastern Antarctic Peninsula found that 94% of calving oc-
curred during or shortly after the removal of sea ice (Christie et al., 2022).

This idealized study is subject to several limitations. We assume 2D (z, z), incom-
pressible, homogeneous density, elastic modulus, and fracture toughness (Rist et al., 2002)
ice shelves with zero across-flow strain rate and zero shear strain rate. These theories
do not include local thickness variation, creep closure, sub- and super-buoyant flexure
(Benn et al., 2017), ice front bending stresses (Reeh, 1968), grain size dependence of yield
stress (Ranganathan et al., 2021), snow accumulation, basal melting (Bassis & Ma, 2015;
Buck, 2023), and marine ice accumulation. In taking a constant density, we argue with
(van der Veen, 1998; Lai et al., 2020) that variations due to firn and an equation of state
for ice (Feistel & Wagner, 2006) are negligible for basal crevasse propagation. To uphold
the plane strain assumptions of our fracture theories when comparing with observations,
we develop a strain rate criteria in Supporting Information S1 to validate locations where
the flow is approximately 1D and Mode I fracture is applicable. In reality, ice shelves
can also have their stress states altered due to 3D effects such as shear fractures (van der
Veen, 1999) and torque from ocean currents (Gomez-Fell et al., 2022; Huth et al., 2022).
The interactions of the ocean, sea ice, mass balance, or other additional stresses may de-
termine the stability of the ice tongues and shelves in nature by modulating the ice shelf
stress. Effects such as the hydrographic environment in basal crevasses, crevasse-, tidal-

, or tsunami-induced flexural stresses (Walker et al., 2013; Brunt et al., 2011; Bromirski
et al., 2017; Gerstoft et al., 2017), viscous creep closure, realistic ice rheology, or the time-
dependent evolution of basal crevasses evolving into rifts are neglected. We leave the cou-
pling of these processes to future work.

With higher temporal-resolution strain rate estimates than presented in Figure 1(c),
cross-rift altimetry, and/or field-based data of the basal crevasse to rift transition, these
rifting stress threshold theories provide a basis for comparison. This study provides a
simple analytical rift formation stress threshold that can be coupled with numerical ice-
sheet simulations. One application could be to enforce that the vertical principal com-
ponent of damage becomes one from (Huth et al., 2021) when the stress state is above
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the rift formation stress threshold. In terms of theory, this study advances the common
fracture theories used in glaciology through the incorporation of vertical stress variations
due to the temperature dependence of the ice hardness, and the modifications of Nye’s
theory to properly account for horizontal force balance. An interesting extension would
be applying Nye’s with HFB to the analysis of the ice shelf necking instability developed
by (Bassis & Ma, 2015). The different rifting stress theories coupled with ice shelf sim-
ulations can lead to distinct calving predictions. Importantly, the classical Nye’s theory
would largely under-predict the ice mass loss compared with the Nye’s with HFB, and
impact the sea level projection over the coming centuries.
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Figure 1. a) Schematic of crevasses propagating stably or unstably and forming a full-
thickness fracture called a rift. Crevasse depths ds, dy, thickness H, coordinate system, and
piezometric head at sea level z, are illustrated. b) Several previously existing isothermal crevasse
depth predictions versus depth-averaged resistive stress R., normalized by the analytical depth-
averaged resistive stress Eﬁ for an unconfined ice tongue with H=300 meters. Circular red dots
are LEFM basal crevasse depth numerical predictions, solid lines are basal crevasse depth ana-
lytical theory, and dash-dotted lines are surface crevasse depth analytical theory. Rifts initiate
either where d,=H for LEFM or at the open circles that denote the intersection of surface and
basal crevasse tips for Nye’s Zero-Stress approximation. Formulations based on Nye’s theory
require surface and basal crevasses for theoretical consistency, whereas LEFM treats an isolated
basal crevasse. Subfigures c) to f) show a potential instance of the basal crevasse-to-rift transi-
tion (Jeong et al., 2016; Joughin et al., 2021) over Pine Island Ice Shelf during January to May
2019. c) An estimate of the ratio Em/ﬁiﬁ over Pine Island Ice Shelf in January 2019, found
using ice velocity data averaged over the month of January 2019 (Wuite et al., 2021). d) SAR
backscatter image at 50m resolution from 5th January 2019, and a close-up showing the terminus
region of Pine Island Ice Shelf where a fracture (can be surface crack, surface expression of basal
crack or rift) is dimly visible. e) The equivalent of (c) for May 2019. f) A backscatter image from
May 2019 where a rift is clearly visible. Grounding lines according to Mouginot et al. (2017) are
shown with a dashed black line. Grounded ice is masked with a MODIS Mosaic of Antarctica
(Haran et al., 2013). Calving fronts are marked with a black line.
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Figure 2. Predicted crevasse depths for a) Nye’s theory, b) Nye’s with horizontal force bal-
ance, and c) linear elastic fracture mechanics given a linear temperature profile in the vertical
direction from a basal temperature of —2°C to surface temperature Ts. The y-axes are nondi-
mensional height from the ice shelf base, and the x-axes are depth-averaged resistive stress nor-
malized by depth-averaged ice tongue resistive stress. The solid lines are the basal crack depths,
the dash-dotted lines are surface crevasse depths, and the vertical dashed lines and circles are
where unstable basal crevasses propagate to meet surface crevasses for the given B and linear
T'(z). The isothermal cases presented here at T'= —2°C of Nye’s and Nye’s with Horizontal Force

Balance are analytical, while all other results are numerical.
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Figure 3. a)to d) are map views in kilometers of observed ((Walker et al., 2013); labeled as
true rifts in blue) and theoretically predicted rifts (red) on the Ross Ice Shelf, overlain on MODIS
MOA 2014 (Haran et al., 2018; Scambos et al., 2007), with correctly predicted rifts in green. Rift
formation theories are a) LEFM with depth-varying stress due to temperature variation Rqz(z),
b) Nye’s with Rus(2), ¢) LEFM with depth-averaged stress Rq., and d) Nye’s with Horizontal
Force Balance with Ru.(2). €) is the estimated stress used for panel (a-d), with axes in meters.

Known rifts are padded with locally unbroken ice thickness.
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Figure 4. Nondimensional resistive stress required to initiate rifts versus surface tempera-
ture. The solid lines account for vertically-varying temperature structure through depth-varying
stress Raz (z), whereas the dashed lines utilize depth-averaged resistive stress R.s. For a given
theory, the region above and below the curve are predicted as a rift and non-rift, respectively.
Extensional ice shelf data that is not rifted and upholds the 1D fracture assumptions is plotted
in orange with mean and standard deviation. This data is shown in map view in Figure S4. We
use the average thickness in the unbroken area surrounding the rifts as H to calculate Eiz In
this figure, surface temperatures colder than —25°C are on the Ross Ice Shelf (RIS), whereas
those warmer are on the Larsen C Ice Shelf (LCIS). While the (Zarrinderakht et al., 2022) line in
dashed magenta looks compelling with the intact ice shelf data in orange, map view analyses (see

Figures 3c), S3c)) show that it overpredicts rifts.
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